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ABSTRACT

Dysfunction of Tumour Suppressor Genes (TSGs) is
a common feature in carcinogenesis. Epigenetic ab-
normalities including DNA hypermethylation or aber-
rant histone modifications in promoter regions have
been described for interpreting TSG inactivation.
However, in many instances, how TSGs are silenced
in tumours are largely unknown. Given that miRNA
with low expression in tumours is another recog-
nized signature, we hypothesize that low expression
of miRNA may reduce the activity of TSG related en-
hancers and further lead to inactivation of TSG dur-
ing cancer development. Here, we reported that low
expression of miRNA in cancer as a recognized sig-
nature leads to loss of function of TSGs in breast
cancer. In 157 paired breast cancer and adjacent nor-
mal samples, tumour suppressor gene GPER1 and
miR-339 are both downregulated in Luminal A/B and
Triple Negative Breast Cancer subtypes. Mechanis-
tic investigations revealed that miR-339 upregulates
GPER1 expression in breast cancer cells by switch-
ing on the GPER1 enhancer, which can be blocked
by enhancer deletion through the CRISPR/Cas9 sys-
tem. Collectively, our findings reveal novel mechanis-
tic insights into TSG dysfunction in cancer develop-
ment, and provide evidence that reactivation of TSG

by enhancer switching may be a promising alterna-
tive strategy for clinical breast cancer treatment.

INTRODUCTION

Tumour suppressor genes (TSGs) refer to genes that pro-
tect normal cells from malignant transformation. Since the
discovery of the first TSG termed Rb (retinoblastoma sus-
ceptibility gene), a myriad of genes has been described as
TSGs (1-3). Based on the ‘two-hit’ hypothesis, these TSGs
take part in cell-cycle control, apoptosis, DNA damage re-
pair and senescence (4-6). Loss of function or inactivation
of TSGs is being recognized as common factors contribut-
ing to carcinogenesis in most cancers (7-9).

Despite cancer being generally considered a result of ge-
netic abnormalities, accumulating evidence has indicated
that epigenetic aberrations exert deep and ubiquitous func-
tions in carcinogenesis (10-14). The leading epigenetic ma-
chinery for gene silencing in cancers involves promoter-
specific DNA hypermethylation, abnormal histone modi-
fications and posttranscriptional regulation by non-coding
RNAs (15-19). Particularly, while a good deal of evidence
demonstrates that DNA hypermethylation leads to TSG si-
lencing in tumour development, it is nonetheless less preva-
lent than we are led to believe, suggesting that the whole
story of TSG dysfunction is far from elucidation. For ex-
ample, the well-known TSG T'P53 is not methylated in head
and neck cancer (20), as well as RBI in breast, gastric,
colorectal, and pancreatic cancers (21,22). Repressive his-
tone modifications like H3K9me3 and H3K27me3 can only

*To whom correspondence should be addressed. Fax: +86 21 54237978; Email: wenqiangyu@fudan.edu.cn
Correspondence may also be addressed to Hailin Wang. Email: hlwang@rcees.ac.cn

Correspondence may also be addressed to Daqgiang Li. Email: daqianglil974@fudan.edu.cn

fThe authors wish it to be known that, in their opinion, the first five authors should be regarded as Joint First Authors.

© The Author(s) 2021. Published by Oxford University Press on behalf of Nucleic Acids Research.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License
(http://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work
is properly cited. For commercial re-use, please contact journals.permissions@oup.com


http://orcid.org/0000-0002-5113-2332
http://orcid.org/0000-0002-1843-999X
http://orcid.org/0000-0001-9920-1133

partially account for TSG inactivation, such as DAXX (23),
KLF6 (24), EZH?2 (25) and KDMG6A (26). Since the regula-
tion of eukaryotic gene expression is a knowingly compli-
cated process (27), other uncovered players must exist be-
hind TSG inactivation or loss of function. Given that en-
hancers are crucial cis-regulatory elements far superior in
number compared to promoters in the mammalian genome
(28-30), it is of great interest to investigate whether en-
hancer switching might play a role in TSG dysfunction in
cancer.

Enhancers, with the length of about 50-1500nt, typi-
cally serve as transcription factor binding platforms to in-
crease gene transcription levels independent of their ori-
entation and locations (29,31). Histone markers such as
H3K27ac and H3K4mel are applied to identify and clas-
sify enhancer regions. More specifically, enhancers enriched
with H3K4mel are only taken as poised enhancers, whereas
H3K27ac can be detected for ‘active’ enhancer to be distin-
guished from poised enhancers (32,33). However, the pro-
cess in which enhancer elements are triggered to become
active is still unclear. While analysing the regulatory func-
tion of enhancers, we surprisingly discovered that there is
an ocean of miRNA genome loci overlapped within the
active enhancer regions, that is, these annotated human
miRNA precursor loci are within the peaks of H3K27ac
modification. We termed these enhancer-overlapped miR-
NAs as NamiRNAs (Nuclear activating miRNAs) due to
their function as an enhancer trigger. We further proposed
a NamiRNA—enhancer—target gene activation network
to strengthen our understanding of the crosstalk between
NamiRNAs and enhancers in regulating gene transcrip-
tion (34-36). Herein, the expression levels of NamiRNAs
can positively endow their corresponding enhancers with
an active or inactive status, like an on/off switch, thus up-
regulating or down-regulating targeted genes (35). Later,
other groups also found the interactions between these two
elements, and discovered that the processing of these spe-
cial miRNAs is controlled by enhancer constituents, all in
support of our previous results (37). However, the lack of
evidence validating how enhancers and miRNAs interplay
in regulating TSG transcription prompted us to explore the
underlying crosstalk between enhancers and miRNAs for
loss of function of TSGs in cancers.

Breast cancer, a heterogeneous cancer with diversely
clinical and morphological characteristics, is the leading
cause of cancer-related death in women worldwide (38).
According to the presence or absence of molecular mark-
ers for oestrogen or progesterone receptors (ER or PR)
and human epidermal growth factor 2 (ERBB2; formerly
HER?), it is classically categorized into four major sub-
types: Luminal A, Luminal B (oestrogen and progesterone
receptor-positive, about 70% of patients), HER2+ (HER2-
overexpressing, about 15%~20%), and triple-negative (tu-
mours lacking all three standard molecular markers; about
15%) (39). It has been reported that hundreds of tu-
mour suppressor genes are downregulated in breast cancer
(40,41). For instance, the expression of GPERI is lower in
breast cancer patients compared to normal tissues, confirm-
ing that GPERI establishes a pattern of tumour suppressor
(42,43), which can inhibit breast cancer growth and prolif-
eration (44,45). Similar results are found in ovarian cancer
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(46). However, the means by which GPERI becomes down-
regulated in breast cancer or interplays with enhancer and
NamiRNA needs further investigation.

Herein, we discovered that enhancer marker H3K27ac es-
tablishes a distinct pattern between breast cancer and nor-
mal cells for most of the tumour suppressor genes, but no
obvious discrepancy of DNA methylation status in promot-
ers, implying that DNA methylation is not a key player gen-
erally in breast cancer development. Meanwhile, we noticed
that there are many annotated miRNAs overlapping with
enhancer regions as NamiR NAs, many of which show lower
expression and feature as tumour suppressors. Through
bioinformatics analysis, we screened out miR-339 as a po-
tential NamiRNA in breast cancer and GPERI as one of
the target genes regulated by miR-339. Interestingly, both
miR-339 and GPERI are down-regulated in Luminal A,
Luminal B, and TNBC breast cancer subtypes compared
to HER2-overexpressing subtype, and miR-339 could in-
hibit the proliferation and growth of breast cancer LM2-
4175 and T47D cells, supporting that miR-339 could be
used for breast cancer re-classification and a potential tar-
get for treatment. We further demonstrated that miR-339
up-regulated GPERI by targeting the corresponding en-
hancer and relies on the integrity of the enhancer element.
Finally, we validated miR-339 as a potential suppressor of
breast tumour growth in mouse xenograft models by tar-
geting GPERI. Our findings shed light on understanding
enhancer-mediated TSGs loss of function in breast cancer
development, in which NamiRNAs serve as a key regula-
tor, and showcase miR-339 as a promising inhibitor for the
clinical treatment of breast cancer.

MATERIALS AND METHODS
Cell lines and plasmids

Human breast cancer cell lines T47D (Luminal A subtype
of breast cancer), MDA-MB-231 derived LM2-4175 (Triple
Negative subtype of breast cancer) and human embryonic
kidney HEK293T (HEK293T) cells were routinely main-
tained in Dulbecco’s modified Eagle’s medium (DMEM,
HyClone) in a humidified atmosphere of 5% CO, at 37°C,
with routine detection of morphology and mycoplasma.
The culture was supplemented with 10% fetal bovine serum
(HyClone) and 1% penicillin/streptomycin (HyClone). All
cells were expanded less than 6 months after resuscitation.
MDA-MB-231-derived LM2-4175 cells were kindly pro-
vided by Guohong Hu (University of Chinese Academy of
Sciences, Shanghai, China).

Fragments of pre-miR-339 (94 bp) and pri-miR-339
(336bp) were amplified from genomic DNAs in HEK293T
cells and cloned into the vector pPSUPER-retro-GFP/Neo
and lentiviral vector pCDH-CMV-MCS-EF1-copGFP re-
spectively, to generate miR-339 expression vectors for tran-
sient and stable transfection, respectively. The recombinant
lentivirus was harvested at 72 h after transfection and then
used to infect LM2-4175 and T47D cells. Cells were selected
through flow cytometry (BD Biosciences) with strong GFP-
positive. Human GPERI short hairpin RNAs (shRNAs)
and related shControl in pGLVH1/GFP + Puro vector were
purchased from GenePharma (D02001).
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Chemical reagents and antibodies

Inhibitors of miR-339 and the negative control RNA du-
plex (NC) were purchased from RiboBio (Guangzhou,
China). The transfection of plasmids and miRNA in-
hibitors were performed using the Hieff Trans™ Liposomal
Transfection Reagent (Yeasen, China) in line with the man-
ufacturer’s instructions.

Tissue samples

Paired breast cancer samples were collected from a cohort
of 157 patients with malignant breast cancers who under-
went initial surgery or surgical biopsies at Fudan University
Shanghai Cancer Center (Shanghai, China) during the year
2018 t0 2019. Another 29 ovarian tissue samples (23 ovarian
cancer tissues and 6 normal tissues) and 13 endometrial tis-
sues (10 cancer tissues and 3 normal tissues) were obtained
from Jinshan Hospital of Fudan University. Studies involv-
ing human tumour tissues were carried out under the pro-
tocol approved by the Ethics Committee at Fudan Univer-
sity, and after approval by an institutional review obtained
informed written consent from all patients. Tissue sections
were frozen in liquid nitrogen immediately and stored at
—80°C before usage.

RNA extraction, qRT-PCR and absolute qPCR

Total RNA fractions were isolated using TRIzol reagent
(Invitrogen, 15 596 018). With the amount of 1 pg, the
total RNA was reversely transcribed into cDNA using
PrimeScript RT reagent Kit with gDNA Eraser (Takara).
RNA purity and concentration were evaluated by using
NanoDrop ND-2000 (Thermo Scientific). gRT-PCR was
performed on LightCycler 480 II Real-time PCR system
(Roche) using a SYBR Green qRT-PCR master mix kit
(TTIANGEN) according to the manufacturer’s procedure.
For qRT-PCR assay, standard vector with 2837 bp was di-
luted to 50 ng/pl, and its copy number was 1.61 x 10'° cal-
culated by formula 6.02 x 10?* x concentration (50 ng/ul)
x 107 / (2837 x 660). Next, the standard was diluted into
four different gradient concentrations to abtain the stan-
dard curve. All primer sequences were listed in Supplemen-
tary Table S1. The 2~24C method was applied to detect the
relative expression of each gene.

Western blotting

Cultured cells were lysed in SDS lysis buffer with protease
inhibitors (Roche) and centrifuged at 13 000 rpm for 15
min at 4°C. Protein cell lysates were loaded on a 4-12%
gradient SDS-polyacrylamide gel (Life technologies) and
then transferred onto PVDF membranes (Millipore, Biller-
ica, MA). The immunoblots were probed with a primary
antibody against GPER1 (1/2000 dilution), AGO2 (mouse
anti-integrin, 1/1000 dilution) and GAPDH in 5% milk, fol-
lowed by horseradish peroxide (HRP)-conjugated donkey
anti-rabbit or anti-mouse secondary antibodies (1/2000 di-
lution; Amersham), and immunostaining was detected with
an enhanced chemiluminescent system (ECL).

CRISPR/Cas9 system

An epiCRISPR/Cas 9 vector with GFP-positive was con-
structed with insertions of two guide RNAs to transfect
HEK?293T cells and thus delete the targeted enhancer re-
gions (deleted 44 bp). Guide RNAs 5-GGCCGCTCTC
CCTGTCCTCC-3 and 5'-GCTCTGTCGTCGAGGCGC
TC-3' for epiCRISPR /Cas9 vector construction were de-
signed to carry out the deletion experiment in the en-
hancer region according to Zhang lab’s public instruc-
tions (https://zlab.bio/guide-design-resources). The trans-
fected cells were sent to Sanger Sequencing to determine
if the constructed plasmid effectively deleted the target se-
quence. Transfected cells were separated through flow cy-
tometry to 96-well plate, cultured in 5% CO, at 37°C for
2 weeks, and then transferred into 24-well plate to obtain
monoclonal cells. PCR products of the monoclonal cells
were sent to Sanger sequence to screen the cells with efficient
deletions.

ChIP and ChIP-qPCR

After 3 days of transfecting lentivirus of miR-339, the cells
were washed twice using PBS and fixed in 1% formalde-
hyde for 15 min at room temperature. After the formalde-
hyde was quenched by 0.125 M glycine solution for 10 min,
the cells were harvested and resuspended in lysis buffer (10
mM HEPES pH 7.9, 1.5 mM MgCl,, 0.5% NP-40,10 mM
KCI) containing protease inhibitor cocktail (Roche). Nu-
cleus extracts were gained and dissolved in nuclear lysis
buffer (50 mM Tris—HCI pH 8.1, 0.3% SDS, 10 mM EDTA
and | x cocktail). Following sonication, the cell extract was
incubated with antibody against H3K27ac at 4°C for 16 h
and Protein A Dynabeads (Invitrogen). Qiagen DNA pu-
rification kit was then used for further immunoprecipitated
DNA purification. ChIP template DNA was assayed in 10
wl gPCR reactions with a LightCycler 96 System (Roche)
according to the protocol using chromatin region-specific
primers listed in Supplemental Table S1.

Dual luciferase reporter assays

The predicted enhancer region containing miR-339 lo-
cus and corresponding mutated sites were amplified us-
ing PCR from HEK293T cells and inserted into pGL3-
promoter plasmid for enhancer activity assays. The con-
structed plasmids were cotransfected with the Renilla lu-
ciferase reporter vector pRL-SV40 into HEK293T cells.
Then the cell extracts were prepared after transfection for
48 hours and assayed using a Dual Luciferase Reporter
Assay System (Promega) according to the manufacturer’s
procedures. Renilla luciferase was used to normalize for
transfection efficiency, and the ratio of firefly/Renilla lu-
ciferase activities defined the relative activity of the en-
hancer region. The assay was repeated three times in
duplicate.

CCKS assays, colony formation and transwell assays

Cells transfected with miR-339 expression vectors, shG-
PER 1 knock-down vectors, and corresponding control vec-
tors were cultured in 96-well plates with 6000 cells in each
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well and live cells (CCKS8) were detected daily at 0, 24,
48 and 72 h, respectively. The OD value at 0 h actually
was detected at 6 h since it takes about 6 hours for the
breast cancer cells to adhere to the glassware wall. All
CCKS assays were performed in triplicates to evaluate cell
viability.

After incubation for 72 h, 4175 and T47D cells were
transfected with miR-339 lentivirus or control and shG-
PERI or control shRNA. Single-cell suspensions of trans-
fected 4175 and T47D cells were seeded at 1000 cells/well in
6-well plates and cultured for 10-14 days to form colonies.
Cell colonies were stained with 0.25% crystal violet on
day 14, imaged, counted and reported as the number of
colonies.

Similarly, transfected 4175 and T47D cells were seeded
at 20 000 cells/well upper chamber (BD Biosciences) plated
in 24-well plates, adding with serum-free DMEM. In the
lower compartment, 20% FBS-DMEM was added as the
chemoattractant. Cells were incubated for 24 h, then fixed
with 100% methanol for 15min and stained with 0.1% crys-
tal violet solution. Cells migrated to the lower surface were
counted under a microscope.

Animals and in vivo assays

Breast cancer cells 4175 transfected with lentiviral con-
structs with overexpression miR-339 or knock-down
GPERI and related controls were harvested and selected
through flow cytometry to gain stable transfection cells. Ap-
proximately 5 x 10° 4175 cells were injected subcutaneously
in the flank of each 6-week-old female Balb/c nude mouse,
respectively. The volume of initiated-tumours were mea-
sured after 4 weeks’ feeding. The tumour size was calculated
by using (X?Y)/2, where X = tumour width and Y = tu-
mour length. After 8 weeks, mice were sacrificed to gain the
tumours for further analyses. The standard procedure for
histopathologic analyses was performed. All animal exper-
iments were approved by the Fudan Committee on Animal
Care and in compliance with ethical guidelines and proce-
dures.

THC assay

The tumour samples of mice were soaked in 10% neutral
formalin for 72 h. Subsequently, paraffin embedding and
sectioning were performed to further staining assay after
dehydration in accordance with routine procedures. For
immunohistochemistry assay, 5 wm tumour sections em-
bedded in the paraffin were mounted on polylysine-coated
glass slides. They were incubated at 60°C for 24 h and
then defatted in xylene and followed by rehydration with
ethanol. Then, the slides were immersed in 3% H,O, for
30 min to quench endogenous peroxidase activity, rinsed,
and incubated with the primary antibody (anti-G-protein
coupled receptor 30 (1:50) overnight at 4°C. Subsequently,
the slides were detected by using EnVision Detection Sys-
tems (Peroxidase/DAB, Rabbit/Mouse; DAKO, K5007),
then counterstained with hematoxylin staining and pho-
tographed under the Olympus BX53 fluorescence micro-
scope (Tokyo, Japan).
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Next-generation sequencing and NamiRNA candidates
screening analyses

For high-throughput mRNA and miRNA sequencing, total
RNA containing small RNAs was extracted from ~1 x 10’
cells for each sample using TRIzol reagent according to
the manufacturer’s instructions (Invitrogen, 15 596 018).
RNA concentration and quality were measured using Nan-
odrop 2000 (Thermo Scientific) and the Bioanalyzer 2100
(Agilent Technologies) for further library preparation. The
RNA-seq analysis sequencing reads were aligned to the hu-
man reference genome hg38 using Tophat2 (http://ccb.jhu.
edu/software/tophat). Read counts were calculated by using
featureCounts (http://subread.sourceforge.net). And differ-
ent expression genes (DEGs) and statistical analysis were
performed with DESeq2 (version 3.12) in R (version 4.0).
Fold change >1.5, P < 0.05.The heatmaps were created us-
ing the ComplexHeatmap (Bioconductor project). A total
of 20 ng prepared DNA templates were used to build li-
braries for ChIP-seq. ChIP-Seq data analysis sequencing
reads were aligned to human genome assembly hg38 using
Bowtie2 (version 2.2.5). Then duplicate reads were removed
with Samtools (version 0.1.19). MACSI14 (https://github.
com/taolit/MACS/) was used to call the H3K27ac peaks
with default setting, comparing with pCDH plasmid trans-
ferred H3K27ac ChIP-Seq. The miRNA target region was
predicted by using miRanda (version 3.3a) among all the
upregulated peak regions. The parameters of miRanda were
optimized by comparing the difference in the up-regulated
H3K27ac peaks group and the random peaks group as set-
ting: score cutoff >120, energy cutoff <—20 kcal/mol.

Human microRNA annotations were downloaded from
miR Base database (http://www.mirbase.org/). Enhancer re-
gion were downloaded from enhanceratlas 2.0 database
(http://enhanceratlas.org/). If the miRNA transcriptional
locus was overlapped with the enhancer regions, the
miRNA was chosen as NamiRNA candidates, referring to
our previous work (34).

For breast cancer samples, expression data were down-
loaded from The Cancer Genome Atlas (TCGA, https://
portal.gdc.cancer.gov/). Available DNA methylation data
(450k) of TSGs for breast cancer (BC) and kidney renal
clear cell carcinoma (KIRC) were downloaded from TCGA
database. The difference between the mean methylation lev-
els of paired samples >5% followed by Wilcoxon Rank
Sum Test was considered to be significant. Then, the pro-
moter sites modified by H3K27ac were removed (includ-
ing TSS & 1 kb region). GSE78011 and GSE174002 can be
gained from the National Center for Biotechnology Infor-
mation’s Gene Expression Omnibus.

Statistical analysis

All values are presented as calculated means + standard
deviations with triplicated experiments unless otherwise
noted. Statistical analyses between two samples were ob-
tained by two-tailed Student r-test. If one-Anova method
was performed among three samples, it will be indicated in
the figures. **** means P < 0.0001, *** means P < 0.001,
**means P < 0.01 and * means P < 0.05. Values of P < 0.05
were taken as significant. All analyses were performed with
GraphPad Prism (Version7.0, GraphPad Software, Inc.).


http://ccb.jhu.edu/software/tophat
http://subread.sourceforge.net
https://github.com/taoliu/MACS/
http://www.mirbase.org/
http://enhanceratlas.org/
https://portal.gdc.cancer.gov/

8560 Nucleic Acids Research, 2021, Vol. 49, No. 15

RESULTS

Lower expression pattern of TSGs in breast cancer without
promoter DNA hypermethylation

Epigenetic dysregulation and DNA hypermethylation in
promoter regions are considered critical in the inactiva-
tion or loss of function of TSGs (47-49). Therefore, we
performed a comprehensive gene profiling, of which 1217
breast cancer and normal control tissues were downloaded
from the TCGA database to acquire their expression pat-
terns by bioinformatics analysis in combination with text
retrieval in PubMed. We discovered that a total of 622 TSGs
may be involved in breast cancer, like MAP3KS, DUSP6,
NFI, CDHI, PTEN and GPERI. Next, we classified them
according to up-regulated or down-regulated ones in breast
cancer samples and found that, among the total 622 TSGs,
there were 383 downregulated genes in breast cancer (Figure
1A, Supplementary Table S2). As expected, Gene Ontology
(GO) analyses for these TSGs showed that they are signif-
icantly linked to typically cancer-associated p53 and Wnt
signaling pathways (Supplementary Figure S1A) (4,50). To
find out how these 383 TSGs become downregulated in
breast cancer, we comprehensively analysed the methyla-
tion statuses of these TSGs’ promoter in breast cancer.
Only 274 TSGs’ methylation data were available, based on
a rank-sum test by profiling 878 breast cancer and corre-
sponding normal tissue samples. Herein the differential ra-
tio within £5% was identified no methylation difference.
Unexpectedly, the analysis results as seen in Cluster 1 of
Figure 1B revealed that only 62 genes (about 22.6%) of
the total downregulated TSGs, exhibited relative DNA hy-
permethylation status in promoter regions; yet 187 (about
68.2%) downregulated TSGs like PTCHI, MTUSI and
GPERI showed hypomethylation but with no methylation
difference in Cluster 2 (Figure 1B), and the remained 25
TSGs are DNA hypermethylated in promoter regions in
both breast cancer and normal controls but without methy-
lation difference (Cluster 3, Figure 1B).

In order to figure out how broad the patterns are seen
in other tumour types, we investigate the DNA methylation
states of 491 downregulated TSGs in kidney renal clear cell
carcinoma (KIRC) from TSGene database (https://bioinfo.
uth.edu/TSGene/). Available DNA methylation data of 464
TSGs and clinical information of patients with kidney renal
clear cell carcinoma (KIRC) were downloaded from TCGA
database. As seen in Supplementary Figure S1B, 358 down-
regulated TSGs (accounting for 77.1% of the total down-
regulated TSGs) showed hypomethylation in Cluster 3, and
only 42 TSGs (about 9.1%), exhibited relative DNA hyper-
methylation status in promoter regions in Cluster 2; yet, the
remained 64 TSGs (about 13.8%) are DNA hypermethy-
lated in promoter regions in both cancer and normal con-
trols but without methylation difference in Cluster 1. Taken
together, these results suggest that promoter hypermethyla-
tion of TSG genes is not always the case in causing TSG
downregulation.

To elucidate these abnormal regulation patterns, we fo-
cused our attention on another cis-regulatory element, the
enhancers. By collecting the ChIP-seq profile from EN-
CODE database, we analysed the enrichment of H3K27ac,
an active enhancer marker around these 187 TSGs with

no significant difference for promoter DNA methylation in
breast tumours compared to normal counterparts. As pre-
dicted, we found that there were 45 TSGs with significantly
decreased H3K27ac peaks such as GPERI, supporting that
the inactivation of enhancers is involved in downregulat-
ing TSG expression in breast cancer (Supplementary Table
S3). All these profiling processes are presented in Figure 1C.
Based on these results, we next explored how enhancer dis-
function is involved in TSG alteration.

NamiRNAs act as key regulator in breast cancer leading to
TSG lower expressions

Female hormone-related cancers like breast, ovarian, uterus
and endometrial cancers pose serious risk to women’s
health worldwide. Therefore, there is an urgent need to
explore potential initiative processes and treatment strate-
gies to mitigate these malignancies. Since TSGs are usu-
ally downregulated in breast cancer, we set breast cancer
as an example to investigate the underlying mechanism of
TSGs downregulation or inactivation during tumourigene-
sis. Based on our previous work (34), it is worth mention-
ing that massive miRNA DNA loci were found overlapping
within the enhancer region. These enhancer-overlapped
miRNAs can positively regulate their target genes through
enhancers, termed as nuclear activating miRNAs (NamiR-
NAs). Therefore, we pulled out a list of NamiRNA candi-
dates in breast cancer based on text mining (Supplemen-
tary Table S4). Most of them have been reported to be tu-
mour suppressors or display tumour suppressor features,
such asmiR-107 (51), miR-375 (52), miR-326 (53), miR-339
(54) and miR-638 (55). Among these NamamiRNA candi-
dates, we randomly selected five NamiRNAs to perform ab-
solute qPCR to testify their expression levels by comparing
their copy numbers in breast cancer cell line 4175 and nor-
mal breast cell line MCF-10A. The result showed the copy
numbers of these five NamiRNAs are indeed smaller in
breast cancer cell line 4175 than those in the normal breast
cell line MCF-10A (Supplementary Figure S2A). In addi-
tion, miR-339 and miR-1248 have the lowest copy numbers
in breast cancer cell line 4175. We chose miR-339 as prior-
ity since it is clearly reported to exert suppressive functions
on cancer development by positively impacting the p53-
governed response in cancerous cells (56) as well as, by play-
ing a role in controlling breast cancer hallmarks like pro-
liferation, invasion, metastasis and apoptosis (57). Hence,
miR-339 was screened as a specific example for us to ex-
plore the connection between enhancer and NamiRNA.
On account that NamiRNA positively regulates the tar-
get gene through enhancer and miR-339 is downregulated
in breast cancer, we wanted to find miR-339’s target among
the downregulated genes in the TCGA database. Firstly,
we predicted potential target genes of miR-339 according
to the seed sequence that overlapped with enhancer ele-
ments, leading us to a total of 10168 positively related tar-
get genes of miR-339 in genome-wide. Having recognized
383 tumour suppressor genes that are lower expressed in
878 TCGA breast cancer samples, we wanted to know how
many TSGs are among these 10126 potential target genes of
miR-339. Accordingly, we found that 332 TSGs downreg-
ulated in breast cancer (Figure 2A) were positively related
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up-regulated (3146) or down-regulated (4501) genes in breast cancer samples compared to normal controls. (B) Heatmap of promoter methylation status
of TSGs in 878 TCGA breast cancer samples. The different DNA methylation level within 4 5% was identified no difference. Cluster 1 represents 62 genes
(about 22.6%) of the total downregulated TSGs are hypermethylated in promoter regions in breast cancer; Cluster 2, as seen in red box, representing 187
TSGs (about 68.2%) with hypomethylation but without methylation difference between breast cancer and normal controls; Cluster 3 represents 25 TSGs
are DNA hypermethylated in promoter in both breast cancer and normal controls but without methylation difference (within 5%). (C) Schematic diagram
for the profiling processes of TSGs. Among the total 622 TSGs in breast cancer in TCGA database, there are 383 downregulated TSGs. 274 TSGs with
available methylation data are obtained in the 383 downregulated TSGs, in which 187 TSGs are DNA hypomethylated but with no methylation difference
(within 5%). Among these 187 TSGs, there is a number of 45 genes, accounting for about 24.1%, of which the downregulation is related to enhancer
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to miR-339 regulation (Supplementary Table S5), includ-
ing YAPI, DUSP6 and GPERI. Further KEGG pathway
analysis of these 332 TSGs revealed that they were indeed
involved in p53 signal pathway and cancer related pathways
(Figure 2B).

Breast cancer is an estrogen related carcinoma. Estro-
gen functions on regulating cell response mainly through
binding the two classical receptors ER « And ER . Ex-
cept for these two classical estrogen receptors, GPERI,
a membrane-bound G-protein-coupled oestrogen receptor,
also known as GPR30 is a newly discovered estrogen re-
ceptor in recent years. It is involved in the rapid activa-
tion of ERK1/2 and CAMP mediated by estrogen, which
plays inhibitory role in hormone sensitive malignant breast
cancer (44). Moreover, it was reported that GPERI func-
tions as a tumour suppressor in coleorectal cancer (58) and
the downregulation of GPER] is correlated to the poor clin-
ical outcome of breast cancer (42). According to our pre-
vious findings (34), NamiRNAs overlapped with enhancer
are inclined to activate their neighboring genes. Among
those TSGs, GPERI is the only one located on chromo-
some 7 with miR-339, in the 60kb downstream. Hence,
GPERI is naturally selected as a prior target candidate of
miR-339.

Further, in order to validate the positive relationship be-
tween miR-339 and its target genes, we performed RT-PCR
assay to detect whether the expression level of its targeted
genes (GPERI and another five randomly selected target
genes including CDKNIC, DUSP6, GOS2, STAT5A and
MAP3KS) would increase after transfecting miR-339 in
4175 breast cancer cells. The result showed these target
genes are all upregulated after transfecting miR-339 in 4175
cells (Supplementary Figure S2B), indicating miR-339 in-
deed plays positive regulation on targeted TSGs in breast
cancer cells.

To further validate this concern, we performed RNA-seq
high throughput analysis using 4175 cells with transfecting
miR-339 lentivirus and empty control in triplicate. Interest-
ingly, we observed a total of 127 genes are upregulated (fold
change > 1.5, P < 0.05) after transfecting miR-339 (Sup-
plementary Table S6), among which there is eight TSGs in-
cluding GOS2, GPERI and MAP3KS8 (Right panel of Sup-
plementary Figure S2C), which are consistent with the re-
sults verified by qPCR assay in Supplementary Figure S2B.
Next, we figured out 91 genes are regulated by miR-339
through targeting enhancer among the total 127 upregu-
lated genes (Supplementary Table S7), while other 36 ones
are only regulated by enhancer without miR-339, indicat-
ing genes with NamiRNA are likely to be differentially reg-
ulated when compared to genes with the exact same proper-
ties, like with H3K27ac enrichment, minus the presence of
NamiRNAs. Furthermore, we profiled whether these 91 up-
regulated genes with different targeting sites of miR-339 in
enhancer. The results showed most upregulated genes with
multiple targeting sites of miR-339 in enhancer, however,
the number of targeting sites in enhancer is not correlated
to the fold changes of these genes (Supplementary Table S7,
correlation coefficient = —0.08672). Thereafter, with com-
bination of the high throughput profilings and qPCR re-
sults, we utilized miR-339 and GPERI as the prototypes
to further investigate how NamiRNAs regulate their tar-
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get TSGs with enhancers during breast cancer development
and progression.

The behaviour of tumour suppressor genes varies in dif-
ferent breast cancer subtypes (59,60). For instance, TSG
APC1is downregulated in TNBC, yet upregulated in the Lu-
minal B subtype (60). Given this, we wanted to further in-
vestigate the potential effects of miR-339 and its positive
regulated TSG GPERI in particular subtypes of breast can-
cer. We collected 157 pairs of breast tumour tissues and
matched normal tissues (Luminal A, B, HER2-positive and
TNBC are 43, 45, 35 and 34, respectively), and then exam-
ined the expression levels of miR-339 and its target gene
GPERI by RT-PCR. Results showed that both GPERI and
miR-339 were significantly down-regulated in most of three
subtypes of Luminal A (about 83.7%), Luminal B (about
88.9%) and TNBC (about 79.4%), but not in HER2 posi-
tive subtypes (only 42.8%, Figure 2C-F and Supplementary
Figure S3A, B). Of note, there is a positive correlation be-
tween the expressions of miR-339 and GPERI in all these 4
different subgroups (Figure 2C-F). These results confirmed
that miR-339 indeed positively regulated GPERI in breast
tumour samples, leading us to further seek their poten-
tial roles on breast cancer development. Moreover, we per-
formed transcriptional mRNA detections via RT-PCR in
ovarian and endometrial cancer tissue samples, as all these
cancers are oestrogen-related and GPERI is an oestrogen-
related receptor. Accordingly, both miR-339 and GPERI
were downregulated in ovarian and endometrial cancer tis-
sues compared to the controls, further validating the ex-
pression level of miR-339 positively correlates with that of
GPERI in these hormone-associated cancers (Supplemen-
tary Figure S3C, D). These findings provide us new insight
on miRNA positively regulated genes in oestrogen-related
cancer development. Furthermore, the cis-regulator miR-
339 might be a new target for breast cancer treatment by
reactivating GPERI, which gave us a clue to design gain-
of-function and loss-of-function assays to validate this ex-
pectation.

MiR-339 specifically activates GPERI to repress the prolif-
eration of breast cancer cells

To elucidate the regulating effects of miR-339 on GPERI
in breast cancer, we transfected miR-339 and empty con-
trol lentivirus into 4175 (TNBC cell line) and T47D (Lu-
minal A breast cancer cell line), and found that miR-339
was upregulated in 4175 and T47D cells transfected with
miR-339 by 10.6- and 3.5-fold, respectively, compared to
cells transfected with empty controls. As expected, GPER]
was accordingly upregulated by about 3.8- and 2.8-fold
in 4175 and T47D miR-339 groups (Figure 3A, D). Con-
versely, transfection of miR-339-inhibitors into 4175 and
T47D cells led to significant down-regulation of miR-339
and GPERI (Figure 3B, E), and western blotting assay
exhibited the consistent results (Figure 3C, F). These re-
sults demonstrated that miR-339 was able to activate TSG
GPERI expression in breast cancer cells.

Another crucial question we wanted to ask is whether
miR-339 and GPERI could affect the biological behaviour
of breast cancer cells. Therefore, we detected the prolifera-
tion ability alterations of 4175 and T47D miR-339 groups
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Figure 3. MiR-339 reactivates TSG GPERI and inhibits proliferation of 4175 and T47D breast cancer cells. (A, B) MiR-339 reactivated its targeted TSG
GPERI expression (A) but downregulated GPERI! by transfecting miR-339 inhibitors (B) in 4175 cells through RT-PCR detection. (C) MiR-339 and
its inhibitors respectively reactivated and downregulated the GPER1 protein expression levels in 4175 cells by western blot assay. (D-F) the expression
of targeted TSG GPERI, was reactivated by miR-339 (D) and downregulated by miR-339 inhibitors in T47D cells (E) through RT-PCR detection and
Western blot assay (F). (G, H) MiR-339 repressed the proliferation cells (G) and colony formation ability (H) of 4175 cells. (I) MiR-339 did not impact on
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and their corresponding controls by CCK8 and colony for-
mation assays. The CCKS assay showed that proliferation
rate of both 4175 and T47D with miR-339 groups was sig-
nificantly lower than that of the controls at 72 and 96 h
(Figure 3G, Supplementary Figure S4A). For colony forma-
tion assay, a total number of 113 stained colonies were cal-
culated in 4175 cells with transfecting miR-339 lentivirus,
which is significantly less than the control group with 181
colonies after incubation for 14 days (Figure 3H). Simi-
larly, a total number of 170 stained colonies were calcu-
lated in T47D cells with transfecting miR-339 lentivirus,
which is discernibly less than the control group with a
number of 263 colonies (Supplementary Figure S4B). Since
metastasis is another feature of breast cancer, we performed
transwell migration assays to test whether miR-339 can play
an inhibitory function on breast cancer cell migrating abil-
ities on top of exerting a repressive effect on their prolif-
eration ability. However, transwell migration assay showed
there was no significant difference for migration abilities be-
tween miR-339 transfected and control groups in 4175 and
T47D cells (Figure 31, Supplementary Figure S4C), suggest-
ing that miR-339 exerted no effect on migrating ability of
breast cancer cells.

Given that miR-339 can repress the proliferation of
breast cancer cells, we wondered whether GPERI, as the
target TSG of miR-339, can also inhibit their prolifera-
tion as well. Therefore, we knocked down GPERI in 4175
and T47D breast cancer cell lines by transfecting sShGPER 1
lentivirus to discern whether GPERI plays an inhibitory
function on breast cancer cells. Subsequently, GPERI ex-
pression was successfully downregulated in 4175 and T47D
shGPERT1 groups compared to their corresponding groups
by RT-PCR detection (Supplementary Figure S4D). Fur-
thermore, The CCKS assay results showed GPERI knock-
down in 4175 and T47D shGPER1 groups led to an obvious
increase in their proliferation ability at 72 and 96 h (Fig-
ure 3J, Supplementary Figure S4E), indicating that GPERI
may play an inhibitory function on breast cancer cells.
Meanwhile, the colony formation assay showed GPERI
knock-down in both 4175 and T47D shGPER1 groups con-
tributed to significantly more colony numbers compared to
the controls (Figure 3K, Supplementary Figure S4F). In
detail, a total number of 221 stained colonies were calcu-
lated in the 4175 shGPERT1 group, while only 167 colonies
in the corresponding control group. For T47D breast can-
cer cells, the stained colony number was 231 in shGPER1
group, yet in the control group they merely formed 173
stained colonies. We detected their migrating ability alter-
ations as well. There was no difference between GPERI
knock-down and control groups (Figure 3L, Supplemen-
tary Figure S4G). These results indicate that GPERI can
indeed repress the proliferation and growth of breast can-
cer cells, yet has no impact on their migrating abilities.

To further confirm that TSG GPERI plays an inhibitory
function on breast cancer cells as modulated by miR-
339, we subsequently performed a rescue assay by using
4175 and T47D shGPERI1 groups. Specifically, we trans-
fected miR-339 lentivirus and the empty control lentivirus
into 4175 and T47D shGPERI1 groups, respectively. Then,
we confirmed that miR-339 was successfully expressed in
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4175 and T47D shGPER1 groups compared to the con-
trol groups by RT-PCR assay (Supplementary Figure S5A).
Here we defined 4175 shGPER1 + miR-339, T47D shG-
PER1 + miR-339 as the experimental group, and 4175 shG-
PER1 + empty control, T47D shGPERI + empty con-
trol as the control group. Next, CCKS8 and colony forma-
tion assays were performed to investigate their prolifera-
tion ability alterations. Results from CCKS assays showed
that the proliferation rate of both 4175 shGPER1 + miR-
339 and T47D shGPER1 + miR-339 experimental groups
were significantly lower than the controls at 72 and 96 h
(Supplementary Figure S5B-C). Meanwhile, 156 and 158
stained colonies were formed after incubation for 14 days in
4175 and T47D experimental groups by colony formation
assay, which is significantly smaller in the colony number
than the control groups, indicating that transfected miR-
339 can repress breast cancer cell proliferation by reactivat-
ing TSG GPERI expression (Supplementary Figure S5D,
E). All these results show that miR-339 is capable of inhibit-
ing breast cancer cell growth and proliferation via targeting
GPERI, which may provide a new strategy for breast cancer
treatment.

MiR-339 activation depends on the enhancer integrity

Our observation that miR-339 could activate the tumour
suppressor GPERI expressions in breast cancer cell lines
led us to further explore the underlying mechanism of how
miR-339 modulates GPERI positively as a cis-regulator
via enhancer. Naturally, we explored the interactions be-
tween NamiRNA-339 and its corresponding enhancer
elements to understand how they together affect TSG
expression.

Firstly, we examined whether the genome sequence con-
taining miR-339 locus can function as an enhancer. To test
the potential enhancer activity of the miR-339 genome lo-
cus, a DNA fragment (588bp) containing miR-339 genome
locus in the upstream 60 kb of GPERI was amplified and
inserted into pGL3 vector, named as pGL3-miR339. Then,
pGL3-miR339 and pGL3-Control vector were transfected
to HEK293T cells using lipofectamine, respectively. We
then detected both the Luciferase and Renilla activities in
HEK293T cells by Dual Luciferase Reporter Assay Kit
(Promega) at 48h after transfection. As Expected, the activ-
ity of the reporter gene increased after pGL3-miR339 trans-
fection compared to the control group with pGL3-Control
vector transfection, demonstrating that the DNA fragment
containing miR-339 genome locus can serve as an enhancer
(Figure 4A).

Secondly, we were interested in seeing whether miR-
339 activates the reporter gene by interacting with the en-
hancer region. For this purpose, we initially amplified pre-
miR-339 (94bp) and inserted this fragment into plasmid
pSUPER-GFP/NEO to obtain new plasmid pSR-miR339.
Transfection of pSR-miR339 increased miR-339 expres-
sion compared to the control group as confirmed by RT-
PCR assay, shown in Supplementary Figure SSF. Then,
we co-transfected pSR-miR339 and pGL3-miR339 into
HEK293T cells and harvested these cells to detect luciferase
activity by calculating the ratio of Luc+/Rluc+. The re-
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sult showed that the ratio of Luc+/Rluc+ for the experi-
mental group was remarkably higher than that in the con-
trol group with co-transfecting pGL3-miR339 and pSU-
PER empty plasmids, suggesting that miR-339 was able to
activate the reporter gene by interacting with the enhancer
(Figure 4B, a, b).

Thirdly, we were eager to learn how miR-339 interacts
with enhancers, and in turn, plays an activating function.
Since the seed sequence of miRNAs plays a critical role in
its regulatory function (34), we mutated the seed sequence
of miR-339 by constructing the plasmid mut-pSR-miR339
and its corresponding complementary sites in the enhancer
region by constructing plasmid mut-pGL3-miR339. To de-
tect if miR-339 interacts with the enhancer region via the
seed sequence, we co-transfected pSR-miR339 and mut-
pGL3-miR339, mut-pSR-miR339 and pGL3-miR339 re-
spectively, any of which will have mismatch sites due to
mutants in miR-339 or its target enhancer. As expected,
the luciferase activity was down-regulated (Figure 4B, a—
d), indicating that the miR-339 activating function needs
to bind to the enhancer region through the seed sequence.
Once the seed sequence of miR-339 or the complementary
sequence on the enhancer region was mutated, the bind-
ing sites could form the mismatch and become impaired,
which eventually contributes to a decrease of luciferase ac-
tivity compared to the control group. Given that miR-339
can bind to its corresponding enhancer region to exhibit
a positive regulatory function, this begs the question: can
luciferase activity be rescued by mutating the binding sites
in a complementary base-pair manner? To clear this point,
we detected the luciferase activity after co-transfecting the
two mutated plasmids mut-pGL3-miR339 and mut-pSR-
miR339 and found that the luciferase activity was rescued
(Figure 4B, c—¢). Notably, these two plasmids mutated the
seed sequence binding region of the enhancer and seed
sequence of miR-339 in a base complementary fashion.
Overall, these data indicate that miR-339 interacts with its
targeted enhancer region positively in a base-pair match
manner.

Fourthly, we aimed to see whether miR-339 can con-
tribute to an increase in the activity of GPERI enhancer.
For this purpose, we carried out H3K27ac ChIP-qPCR
since the histone modification of H3K27ac is frequently en-
riched as a surrogate marker for the enhancer. Expectedly,
the enrichment of H3K27ac in the enhancer region 60kb
upstream of GPERI, which contains the miR-339 genome
locus when transfected with miR-339, is recognizably at
higher level than that of the control group and knockout
group (Figure 4C). Besides, ChIP-seq analyses confirmed
the results in Figure 4D, supporting that miR-339 could
raise enhancer activity. Knowing that miR-339 was able to
upregulate enhancer activity, could enhancers also influence
the regulatory function of miR-339 on GPERI?

In this final stage of our inquiry, we delved into iden-
tifying the effect of enhancer integrity on the regula-
tory function of miR-339 by deleting the enhancer region
through CRISPR /Cas9 system. After we transfected miR-
339 in HEK293T cells for 48 h, GPERI expression level
perceptibly increased approximately 2 folds by RT-PCR
detection (Supplementary Figure S5F). To see whether
miR-339 would no longer activate GPERI after remov-
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ing its enhancer region in HEK293T cells, we deleted
the corresponding enhancer region in HEK293T cells by
CRISPR/Cas9 system (Figure 4E). Subsequently, we trans-
fected miR-339 in these HEK293T cells with the deleted
enhancer region (44 bp), wherein miR-339 and GPERI ex-
pression levels were determined by RT-PCR assays, respec-
tively. When miR-339 was successfully expressed (Figure
4F), we saw that GPERI could no longer be activated after
the deletion of the enhancer region; in turn, it was signif-
icantly down-regulated (Figure 4F). Overall, these results
demonstrate that enhancer integrity should exert a criti-
cal influence on GPERI activation by miR-339, coincid-
ing with the observations in the dual luciferase reporter
assay.

AGO2 binding orchestrates the positive regulatory function
of miR-339

AGO?2 is a core protein for miRNA processing, which mod-
ulates the maturation of precursor miRNAs or enhance
the stability of miRNAs (61). To determine whether AGO2
is involved in the miR-339 activating function, we con-
structed the shRNA expressed-plasmid shAGO2 to sup-
press AGO2 expression (shCtrl as the control plasmid).
Then the shAGO2 plasmids and control plasmids were
respectively co-transfected with miR-339 expression plas-
mids into HEK293T cells as shCtrl + miR-339 group and
shAGO2 + miR-339 group. RT-PCR results confirmed that
mRNA expression level of AGO2 was obviously downreg-
ulated in the shAGO2 + miR-339 group compared to the
shCtrl and shCtrl + miR-339 groups, and meanwhile, miR-
339 can be detected at a higher level in the shCtrl + miR-339
group and the shAGO2 + miR-339 group than in the shC-
trl control group (Figure 4G). Subsequently, the changes
of GPERI expression after knocking down AGO2 was de-
termined through RT-PCR and western blotting assays.
Notably, GPERI was no longer activated by miR-339 in
the shAGO2 + miR-339 as it was in the shCtrl + miR-
339 group, suggesting that the transcriptional activation of
GPERI gene by miR-339 depended on the AGO2 expres-
sion (Figure 4G, H). We hypothesized that miR-339 could
recruit the AGO2 protein to GPERI enhancer during its
positive regulating processes. To test this theory, we per-
formed an AGO2 ChIP-qPCR in HEK293T cells with up-
regulated miR-339, and detected whether AGO2 can be re-
cruited to the miR-339 genomic locus overlapped with the
enhancer region. The result showed that there was signifi-
cantly more enrichment of AGO2 in the miR-339 locus than
in the control group (Figure 41), supporting that AGO2 was
a vital player in GPERI reactivation by miR-339.

MiR-339 acts as a potential suppressor for breast cancer due
to TSG activation

Having demonstrated that miR-339 can activate TSG
GPERI in breast cancer, we then investigated whether miR-
339 can act as a potential inhibitor for breast cancer treat-
ment. Therefore, we would like to explore the effects of miR -
339 and GPERI on tumour growth in subcutaneous tu-
mour models using 4175 breast cancer cell lines. The above-
mentioned 4175 cells with stable expression of miR-339
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were used in mouse models as the experiment group, and
transfecting empty lentivirus as the control group. Accord-
ingly, we injected these lentivirus-transfected 4175 cells into
the flanks of nude mice to further validate effects of miR-
339 on tumour growth. Expectedly, the growth rate of tu-
mours in experiment group was reduced on average than in
the control group (Figure 5A). In addition, the volume and
weight of the sacrificed mice tumours were calculated. We
observed that those miR-339-transfected cells formed sig-
nificantly smaller tumours in mice compared to the control
group (Figure 5B, C). These results together indicate that
miR-339 was able to inhibit tumour cell proliferation.

Since GPERI is the activating target of miR-339 and
function as a TSG for suppressing tumour cell proliferation,
we wonder whether knockdown of GPERI could reverse
the effects of miR-339 in the tumour growth. Therefore, we
knocked down GPERI by transfecting shGPER1 in 4175
cells with stable expression of miR-339 and then injected
these cells into the flanks of nude mice. Indeed, GPERI-
knock-down obviously led to reverse the tumourigenicity by
increasing the tumour volume and tumour weight (Figure
5A-C), further supporting that miR-339 function through
activating the TSG GPERI in breast cancer. Next, [HC
staining of Ki67 was applied to detect the proliferating cells.
Clearly, we found that there was less Ki67 positive cell when
miR-339 was upregulated, and meanwhile, when we knock-
down the miR-339 activating target GPERI, Ki67 positive
cell was increased accordingly (Figure 5D, E). These find-
ings in xenograft mouse models support that miR-339 and
its target GPERI together establish tumour suppressor fea-
tures in breast cancer, and loss function of either will pro-
mote the cell growth in tumourigenesis. Therefore, miR-339
exhibits potential application in providing new treatment
strategies for breast cancer, especially TNBC.

DISCUSSION

TSG promoter methylation and enhancer regulation in breast
cancer

TSGs are frequently and aberrantly expressed during the
process of tumourigenesis. Since the discovery of the first
TSG by Knudson, encoding retinoblastoma protein (RB),
TSGs have been linked with the famous ‘two-hit” hypothe-
sis and thought to play a role in carcinogenesis (1). In recent
years, a myriad of evidence has gradually demonstrated that
the low expression of tumour suppressor genes is closely
related to epigenetic regulatory factors beyond gene muta-
tion. Conventionally, the main epigenetic reason for TSG
downregulation was thought to be ascribed to hypermethy-
lation of their promoters, and sometimes to aberrant hi-
stone modifications and non-coding RNA dysregulations
(13,14). Here, we found that ~68.2% of the downregulated
TSGs in breast cancer has no significant DNA hypermethy-
lation in promoter regions compared with the normal con-
trol group, while the active enhancer marker H3K27ac on
their enhancer regions display a significantly distinct enrich-
ment pattern, implying that the abnormal H3K27ac modi-
fication of enhancers may partially explain the low expres-
sion of tumour suppressor genes. Our results support that
enhancers are involved in TSG expression patterns: the se-
quence containing miR-339 genomic locus with a length

of 588bp exhibited enhancer activity by dual luciferase re-
porter gene assay; in turn, a deletion of 44 bp in enhancer
region of GPERI leads to its downregulation. Meanwhile,
our results were also supported by the finding that the lowly
expressed tumour suppressor gene CST6 and BRMSI were
hypermethylated at promoters only in 17.9% and 32.1% of
breast cancerous samples, respectively, which is in accor-
dance with the idea that promoter hypermethylation is not
essential to altered TSG expression cancerous tissues (62);
furthermore, deletion of the enhancer sequence through
CRISPR /Cas9 system can downregulate the expression of
TSG CDKNIA, indicating that the low expression of the
tumour suppressor gene may be linked with enhancer inac-
tivation (63), yet the mechanism was unclear.

Enhancer switching on/off by NamiRNA

What was particularly striking about our results in our pre-
vious work was that there are a great number of miRNA ge-
nomic loci overlapped within the enhancer regions, which
were nominated as NamiRNAs (Nuclear activating miR-
NAs) since they play activating functions in the nucleus and
form a regulatory network with enhancers to co-regulate
gene expression (34). Crucially, we revealed that NamiRNA
miR-339 can reactivate its targeted TSG GPERI via en-
hancer in our current work, and through this network, it
is able to suppress the proliferation of breast cancer cells,
demonstrating that miR-339 may act as a potential breast
cancer inhibitor. Of note, ChIP-seq data exhibited that en-
richment of the enhancer marker H3K27ac became signif-
icantly higher after overexpressing miR-339, implying that
the activity of enhancers can be increased by NamiRNAs.
Enhancer switching on or off depended on NamiRNAs,
once the expression of NamiRNA was aberrantly downreg-
ulated, the corresponding enhancer would switch off and
thus lead to inactivation of TSGs and vice versa. Moreover,
low expression of miRNAs is a feature of tumours, as shown
by miRNAs in normal tissues exhibiting higher expression
levels than that in tumours (64-66). For instance, lez-7 fam-
ily can negatively regulate expression of MYC and RAS
family oncogene to inhibit tumour development, and low
expression of /et-7 miRNA was observed in different can-
cers (67); the expression of miR-199a/199b in liver cells was
downregulated, which was related to the occurrence and de-
velopment of liver cancer (68). Most lowly expressed miR-
NAs in cancers display tumour suppressor features, is it pos-
sible that these miRNAs can play activating functions like
NamiRNAs? As we speculate, these miRNAs like miR-339,
which harbour tumour suppressor gene features, are upreg-
ulated in normal cells and downregulated in tumour cells;
and these altered expressed miRNAs eventually contribute
to targeted tumour suppressor gene inactivation, so as to
promote the occurrence and development of tumour cells,
among which enhancer activity is critical to the regulatory
functions of these miRNAs (Figure 6).

MiR-339 activates GPERI for repressing proliferation

miR-339, located on chromosome 7 of the human genome,
has been reported to inhibit the proliferation of different
types of cancers, like breast cancer (54), lung cancer (69),
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Figure 5. MiR-339 acts as an inhibitor by using mouse xenograft breast cancer models. (A) MiR-339 inhibited tumour growth by activating GPERI
via measuring the volume of tumours in mice by days. The nude mice formed the first measurable tumour marked as d0, and then tumours in mice
were measured in the next 4 weeks until sacrifice. (B, C) MiR-339 inhibits the tumour growth by measuring weight and volume, which was counteracted if
knockdown GPERI. The weight (B), the tumour virtual size (C, Left panel), and the calculated tumour volume (C, Right panel) of tumours in the sacrificed
mice. (D, E) The alteration of Ki67 staining within breast cancer cell from xenograft mouse models. Ki67 staining decreased with miR-339 expression and
increased after knocking down GPERI by microscope (D) and by image J software calculation (E). Data are presented as mean £+ SD of experiments
conducted in triplicate (one-Anova test, followed by Tukey’s test). ****P < 0.0001, **P < 0.01, *P < 0.05.

gastric cancer (70) and melanoma (71). In our work, we
collected a total of 157 breast cancer tissue samples with
different subtypes, and confirmed that the expression of
miR-339 was downregulated in Luminal A/B and TNBC
breast cancer subtypes, but there was no significant dif-
ference in HER2-positive breast cancer compared to cor-
responding adjacent tissues by RT-QPCR assay. Since al-

most only HER2-positive breast cancer subtype can be
effectively treated by Herceptin (Trastuzumab Injection),
yet other three subtypes face different problems on clini-
cal treatments. Our results indicate miR-339 might bring a
good therapeutic target for Luminal A/B and TNBC breast
cancer subtypes. Moreover, our results demonstrate that
miR-339 in breast cancer cells can activate GPERI in T47D
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and 4175 breast cancer cells, thereafter the proliferation of
these breast cancer cells was repressed significantly. Con-
sistently, GPERI expression was also significantly lower in
ovarian cancer cells SOV-3 and OVCAR-3 than that in the
normal control group, which function as a tumour suppres-
sor gene to inhibit the proliferation of the ovarian cancer
cells (72); meanwhile, more evidence found GPERI can in-
hibit the growth of breast cancer cells and was even corre-
lated to poor prognosis (73). Intriguingly, the in vivo assay
in mice further verified that miR-339 and GPERI can sup-
press the proliferation of breast cancer cells, supporting that
miR-339 can act as a potential inhibitor and provide a new
clinical strategy for breast cancer treatment, especially for
the TNBC.

In summary, our current work unraveled the co-
regulation of enhancers and NamiRNAs and their collec-
tive role on TSG inactivation in breast cancer. Further-
more, miR-339 was able to inhibit the proliferation of breast
cancer cells by reactivating the expression of target TSG
GPERI through enhancers, implying that miR-339 can be
used as a potential therapeutic target for breast cancer, es-
pecially for TNBC. Additionally, it is believed that the acti-
vating regulation of NamiRNAs and enhancers can also be
used to explain the molecular mechanism of breast cancer
development. Future research should aim to explore the in-
teraction between enhancers and NamiRNAs in these fields
to broaden our understanding of NamiRNAs’ regulatory
role in various physiological and pathological processes.
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