
Original Article
A novel oncogenic enhancer
of estrogen receptor-positive breast cancer
Chunjie Bao,1,3 Jialun Duan,1,2,3 Ying Xie,1,3 Yixuan Liu,1 Peishan Li,1 Jianwei Li,1 Huihui Zhao,1 Haitao Guo,1

Yanchen Men,1 Yuxin Ren,1 Jiarui Xu,1 Guiling Wang,1 and Wanliang Lu1

1State Key Laboratory of Natural and Biomimetic Drugs, Beijing Key Laboratory ofMolecular Pharmaceutics and Drug Delivery Systems, School of Pharmaceutical Sciences,

Peking University, Beijing 100191, China; 2College of Pharmacy, Jiangsu Provincial TCM Engineering Technology Research Center of High Efficient Drug Delivery System

(DDS), Nanjing University of Chinese Medicine, Nanjing 210023, China
Received 20 April 2022; accepted 17 August 2022;
https://doi.org/10.1016/j.omtn.2022.08.029.
3These authors contributed equally

Correspondence: Wan-Liang Lu, PhD, State Key Laboratory of Natural and Bio-
mimetic Drugs, Beijing Key Laboratory of Molecular Pharmaceutics and Drug
Delivery Systems, School of Pharmaceutical Sciences, Peking University, Beijing
100191, China.
E-mail: luwl@bjmu.edu.cn
Estrogen receptor-positive (ER+) breast cancer accounts for
the majority of breast cancers diagnosed, and nearly 20% of
patients do not respond to endocrine therapy. The pathogen-
esis of ER+ breast cancer has not been well elucidated. The
enhancer is a cis-regulatory element that promotes gene tran-
scription and plays an important role in the spatiotemporal
expression of cellular genes. Nevertheless, the oncogenic
enhancer and its role in the occurrence and progression of
cancer remain unclear. Here, we report a novel oncogenic
enhancer (named aEmyc) for c-Myc and reveal its activation
mechanism in ER+ breast cancer. The results demonstrated
that aEmyc enhanced the transcription of downstream genes
more than 20-fold. The deletion of the 7-bp region (GGT
TGCA) in aEmyc significantly downregulated the expression
of c-Myc, resulting in cell nuclear changes, cell-cycle arrest,
cell apoptosis, and finally, remarkable inhibition of cell
proliferation. In conclusion, the present study discovers a
novel oncogenic enhancer aEmyc (801 base pairs [bp], at
Chr8: 127668529–127669329) and offers a remarkable core
enhancer target (GGTTGCA) of aEmyc for gene therapy of
ER+ breast cancer.

INTRODUCTION
Enhancers have gradually been recognized as functional noncoding
DNA sequences, which are cis-regulatory elements that can remark-
ably promote gene transcription in a specific cell or tissue. The
enhancer is located at the 50 or 30 end of a specific gene and exists
at the sequence either near the promoter of the target gene or thou-
sands of base pairs (bp) away from the target gene.1 With the partic-
ipation of cofactors such as histone acetyl transferases, topological
changes in chromatin occur, forming a three-dimensional DNA-
loop structure. Such a structure shortens the spatial distance be-
tween the enhancer and promoter, thereby inducing the recruitment
of transcription factors such as RNA polymerase II (RNA Pol II) to
stimulate the transcription of target genes. To some extent, an
enhancer could increase the transcription level of a specific gene
by 10–1,000 times.

It is known that enhancers are able to regulate the precise spatiotem-
poral patterns of gene expression during cell development.2–4
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Furthermore, enhancers may also be involved in tumorigenesis.5–8

Previous investigations showed that the activated enhancers of onco-
genes in a tumor-specific environment could drive the uncontrolled
growth and metastasis of cancers.7,9–11 Nevertheless, the oncogenic
enhancer itself and its role in the occurrence and progression of can-
cer are not understood.

Here, we report a novel oncogenic enhancer (named aEmyc) that plays
a major role in the proliferation of estrogen receptor-positive (ER+)
breast cancer cells by promoting the transcription of c-Myc. We
further reveal the clinical significance of the finding that this onco-
genic enhancer could be a remarkable treatment target for this type
of cancer.

Breast cancer is the leading type of cancer in women worldwide, ac-
counting for 19.9% of all cancer cases.12 Based on the expression of
three receptors, ER, progesterone receptor (PR), and human
epidermal growth factor receptor 2 (HER2), breast cancer can be clas-
sified into ER+ breast cancer cells, HER2+ breast cancer cells, and tri-
ple-negative breast cancer cells.13,14

ER+ breast cancer accounts for approximately 79% of all breast can-
cers diagnosed.15 Clinically, patients with ER+ breast cancer are basi-
cally treated with drugs (e.g., tamoxifen) to block estrogen effects
(endocrine therapy)16–18 since increasing evidence supports that es-
trogen stimulates malignant proliferation of such cancer cells.19,20

However, endocrine therapy results in severe side effects because of
the extensive role of estrogen systemically.21–23 Moreover, more
than 20% of patients suffer from relapse of cancer after endocrine
therapy, and some die of the disease.24,25 Therefore, new action tar-
gets for the treatment of ER+ breast cancer remain an urgent clinical
issue to be solved.
The Author(s).
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Figure 1. Discovery of the active oncogenic enhancer for c-Myc in ER+ breast cancer cells

(A) Heatmap for screening cancer-associated enhancers by ChIP-seq in MCF-7 cells and MDA-MB-231 cells. The active oncogenic enhancers of MCF-7 cells (ER+) and

MDA-MB-231 cells (triple-negative) were indicated by cancer-associated signaling pathways and enriched by KEGG analyses. The active oncogenic enhancers were defined

(legend continued on next page)
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The oncogene c-Myc, which is located at chromosome 8q24,26,27 is
overexpressed in a variety of cancers and plays a critical role in pro-
moting the proliferation of cancer cells.28–30 Recent studies have
revealed that the tissue-specific enhancer of c-Myc participates in
the development and progression of prostate cancer,31 colorectal
cancer,32,33 acute myeloid leukemia,34–36 etc.

c-Myc is one of the key effectors of the estrogen signaling pathway in
ER+ breast cancer, and it is associated with the continuous rapid
growth of cancer cells after endocrine therapy.37–39 Nevertheless,
the promoter of c-Myc has no estrogen-response element.40 Accord-
ingly, we hypothesize that the regulation of c-Myc expression could be
induced by estrogen through an estrogen-response enhancer. There-
fore, the objectives of this study were to identify the enhancer of
c-Myc, to verify the function of the enhancer and to reveal the under-
lying activation mechanism in ER+ breast cancer.

RESULTS
Discovery of the active oncogenic enhancer for c-Myc in ER+

breast cancer cells

To understand the regulatory landscape of enhancers in breast cancer,
two epigenetic hallmarks of open chromatin, consisting of histone-3
lysine-4 methylation (H3K4me1) and histone-3 lysine-27 acetylation
(H3K27ac), were investigated by chromatin immunoprecipitation
sequencing (ChIP-seq) in distinct types of human breast cancer cells
(ER+ MCF-7 and triple-negative MDA-MB-231), respectively. The
active enhancers were indicated by the DNA sequence overlapping
with H3K4me1 and H3K27ac signals, while the density of the
H3K27ac signal was used to indicate the activity of enhancers.41

The pathway analysis demonstrated that active enhancers in two cells
were highly associated with cancer-related pathways, including the
adenosine monophosphate-activated protein kinase (AMPK)
signaling pathway, central carbon metabolism in cancer, DNA repli-
cation, etc. (Figure 1A).

Further observation showed that the most pathways were correlated
with c-Myc-related pathways (Figure 1B). Moreover, the relevance
of c-Myc-related pathways in ER+ breast cancer cells (MCF-7) was
much higher than that in triple-negative breast cancer cells (MDA-
MB-231). This indicated that the genes in c-Myc-related pathways
had active enhancers in MCF-7 cells.

Then, the regulatory landscape of the oncogene c-Myc was investi-
gated by the UCSC genome browser. The H3K4me1 and H3K27ac
signals were remarkably enriched �65 kb upstream of c-Myc in
as the overlapping DNA peak areas of H3K4me1 and H3K27ac ChIP-seq. The pathways

with the negative logarithm of the p value. (B) Differentially active oncogenic enhancers

231 cells. The difference in active oncogenic enhancers was indicated by the enrichment

logarithm of pR3 are highlighted by the green panel. (C) Discovery of an active oncogen

genome browser. The promoter and the enhancer of c-Myc are highlighted by blue dotte

was predicted by the following tracks: (1) RNA Pol II ChIA-PET data of MCF-7 cells; (2) H3

BT-549 (ER+), MDA-MB-468 (ER+), and ZR-75-1 cells (ER+); (3) DNase I hypersensitivit

different species (100 species).
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MCF-7 cells, indicating that this region contained a candidate active
enhancer of c-Myc in MCF-7 cells (Figure 1B). Moreover, the signals
in the same region were not enriched in MDA-MB-231 cells, suggest-
ing that this region did not contain the active enhancer in MDA-MB-
231 cells (Figure 1B).

In addition, the results from H3K27ac ChIP-seq of three other kinds
of ER+ breast cancer cells (BT-549, MDA-MB-468, and ZR-75-1)
showed that the candidate region was a common active enhancer of
c-Myc (Table S1).

To further identify the function of this region, several sequencing
datasets were employed from the public database. Based on the
cis-regulatory function of RNA-Pol II,42 the RNA Pol II chromatin
interaction analysis using paired end tag sequencing (ChIA-PET)
in MCF-7 cells was processed in the UCSC genome browser. The
peaks of RNA Pol II were found in the candidate region, indicating
that this region may regulate the coding region of c-Myc by connect-
ing with a DNA loop containing RNA Pol II (Figure 1C). In addition,
DNase I hypersensitivity peak clusters in the UCSC genome browser
confirmed that the candidate region played a transcription function
(Figure 1C). More interestingly, the Vertebrate Multiz Alignment &
Conservation (100 Species) track in the UCSC genome browser
showed that this candidate region was a highly conserved noncoding
genomic region across different species, including rhesus, mouse, and
dog. The results showed that this candidate region carried important
gene regulatory information during evolution (Figure 1C). These
sequencing data further suggested that the candidate region
contained an active enhancer of c-Myc in ER+ breast cancer cells.

Verification of the active oncogenic enhancer aEmyc in ER+

breast cancer cells

To verify the function of the active enhancer, ChIP-quantitative po-
lymerase chain reaction (ChIP-qPCR) was performed onMCF-7 cells
and MDA-MB-231 cells. MDA-MB-231 cells were used as the nega-
tive control since they lacked H3K4me1 and H3K27ac enrichment
around the candidate region. Five primer sets were designed for
ChIP-qPCR, among which four primer sets (P1 to P4) were designed
to cover the region of the active enhancer, while the remaining primer
set (P0) was designed as the negative control at the locus �30 kb
downstream of the candidate region (Figure 2A; Table S2).

The specificity of varying sets of primers was validated by genomic
PCR, and then the amplified PCR products were analyzed by agarose
gel electrophoresis (AGE). The results showed that the PCR
with p <0.05 were included for investigation. The values in the map were calculated

for all genes in c-Myc-associated signaling pathways in MCF-7 cells and MDA-MB-

significance of c-Myc-associated signaling pathways. The pathways with a negative

ic enhancer of c-Myc in ER+ breast cancer cells by comparing images in the UCSC

d boxes. The candidate active enhancer for c-Mycwas found only in MCF-7 cells and

K27ac andH3K4me1ChIP-seq data of MCF-7(ER+), MDA-MB-231(triple-negative),

y peak clusters from ENCODE (95 cell types); and (4) genomic conservation across



Figure 2. Verification of the active oncogenic enhancer aEmyc in ER+ breast cancer cells

(A) Illustrations of H3K27ac ChIP-seq peaks at the c-Myc locus, ChIP-qPCR primer sets and luciferase reporter fragments. Top: magnified view of H3K27ac ChIP-seq peaks

at the c-Myc locus of MCF-7 cells (ER+). The region of the highest signals of H3K27ac was further magnified (red rectangle). Four primer sets (P1 to P4) for ChIP-qPCR were

designed to cover this region. One primer set (P0) for the region without H3K27ac signals was used as the negative control (blue rectangle). Bottom: reporter fragments F1 to

F3 (green rectangles) covering primer sets (P2 to P4) were cloned upstream of a minimal luciferase promoter. (B) Enriched H3K27ac at the candidate oncogenic enhancer

region in MCF-7 cells (n = 3). (C) Enriched H3K27ac at the candidate oncogenic enhancer region in MCF-7 cells. The studies (B and C) were performed in MCF-7 cells (ER+)

and MDA-MB-231 cells (triple-negative) by ChIP-qPCR via primer sets P0 to P5 (n = 3). (D) Enhanced transcription effects of F2 and F3 on the luciferase reporter gene in

MCF-7 cells. Each construct was transfected into cells along with a plasmid expressing Renilla luciferase. Luciferase activity was first normalized to Renilla luciferase activity

(internal control) and subsequently normalized to an empty vector control (n = 3). Experiments were repeated three times independently. Data are presented as the mean ±

standard deviation.
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amplification products were of specificity, and the length of each was
less than 1,000 bp (Figure S1A).

The target region of P3 and P4 demonstrated significant H3K4me1
and H3K27ac enrichment in MCF-7 cells by ChIP-qPCR, suggesting
that the target region of P3 and P4 was an active enhancer in MCF-7
cells (Figures 2B and 2C). Similar to the results from ChIP-seq, there
was no signal enrichment of either H3K4me1 or H3K27ac at the
candidate region in MDA-MB-231 cells, indicating that this region
did not contain the active enhancer in MDA-MB-231 cells
(Figures 2B and 2C).

To determine the locus of the active enhancer in the candidate region,
a dual-luciferase reporter assay was employed in two distinct types of
cells. Three DNA fragments (F1, F2, and F3) were designed to cover
the candidate enhancer region, each of which was 300–500 bp in
length (Figure 2A). Their specificity was verified by PCR-AGE (Fig-
ure S1B). Then, the DNA fragments were cloned into the firefly lucif-
erase reporter in front of a minimal promoter and verified by DNA
sequencing (Figure S2). Afterward, each reporter construct was co-
transfected with a pRL Renilla luciferase reporter, which was used
to normalize the difference in transfection efficiency in different cells.
The results showed that the fragments F2 and F3 enhanced the tran-
scription level of the reporter gene (luciferase) more than 20-fold
compared with the control in MCF-7 cells. Similarly, fragment F1
increased the level up to 3-fold (Figure 2D). In contrast, fragments
F1, F2 and F3 did not enhance the transcription level of luciferase
inMDA-MB-231 cells (Figure 2D). The dual-luciferase reporter assay
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Figure 3. Oncogenic enhancer aEmyc promotes the expression of c-Myc in ER+ breast cancer cells

(A) Design for deletion of oncogenic enhancer aEmyc in MCF-7 cells. Left: illustration of sgRNA construction; right: illustration of gene editing by the CRISPR-Cas9 system. To

prepare aEmyc-del cells, sgRNA 1 was designed to delete the aEmyc locus (F2 and F3 fragments); to prepare F1-del cells, sgRNA 2 was designed to delete the F1 fragment;

and to prepare MCF-7 NC cells, a nonspecific sequence was designed as the blank control. (B) Verification of aEmyc deletion and F1 deletion. DNA sequencing results of

aEmyc-del cells and F1-del cells were aligned to the genome sequence of MCF-7 NC cells. (C) Diminished expression of c-Myc protein in aEmyc-del and F1-del cells. The study

was performed by Western blotting. b-actin was used as the internal reference. (D) Relative ratio of c-Myc protein expression in aEmyc-del and F1-del cells (n = 3).

Quantification of c-Myc protein was performed by ImageJ. Experiments were repeated three times independently. Data are presented as the mean ± standard deviation.
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confirmed the active enhancer of c-Myc in ER+ MCF-7 cells, and the
locus (F2 plus F3 region, 801 bp, at Chr8: 127668529–127669329) was
verified as the active enhancer of c-Myc (named aEmyc afterward;
Table S3).

Oncogenic enhancer aEmyc promotes the expression of c-Myc in

ER+ breast cancer cells

To evaluate the enhancing effect of aEmyc (F2 plus F3) on the tran-
scription of c-Myc in MCF-7 cells, the CRISPR-Cas9 system was
employed to delete aEmyc. MCF-7 cells were infected by lentivirus car-
rying LentiCRISPR v2 vector encoding sgRNA 1 to form aEmyc-del
840 Molecular Therapy: Nucleic Acids Vol. 29 September 2022
cells (targeting aEmyc) or encoding sgRNA 2 to form F1-del cells (tar-
geting F1) (Figure 3A). In addition, MCF-7 cells infected with lenti-
virus encoding the LentiCRISPR v2 vector without single guide
RNA (sgRNA) were used as the negative control (MCF-7 NC cells)
(Figure 3A). The construction of LentiCRISPR v2 vectors was vali-
dated by DNA sequencing (Figure S3).

To verify the deletion of targeting sites, genomic PCR and DNA
sequencing were employed in the experimental groups. The results
revealed a 7-bp deletion in aEmyc-del cells at aEmyc, while a 16-bp
deletion was found in F1-del cells at F1 (Figure 3B).



(legend on next page)
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To evaluate the expression of c-Myc, qPCR with reverse transcription
(qRT-PCR) andWestern blotting were employed in the experimental
groups. The results showed that the deletion of aEmyc led to signifi-
cant downregulation of c-Myc at both the transcriptional (Figure S4)
and protein (Figure 3C) levels compared with those in the control. In
addition, the deletion of F1 also resulted in the downregulation of
c-Myc expression at both the transcriptional (Figure S4) and protein
(Figure 3C) levels. This result indicated that, as the neighboring re-
gion of aEmyc, F1 also displayed an enhancing effect on the transcrip-
tion of c-Myc. Nevertheless, the effect of F1 deletion was not as
remarkable as that of aEmyc deletion (Figure 3D).

Deletion of oncogenic enhancer aEmyc impedes the proliferation

of ER+ breast cancer cells

To investigate the impacts of the oncogenic enhancer on cell
morphology, proliferation, cell cycle, and necrosis, aEmyc of ER+

breast cancer cells was deleted by the designed CRISPR-Cas9 systems.
To evaluate the changes in morphological features, images of aEmyc-
del cells, F1-del cells, and MCF-7 NC cells were captured by a high-
content imaging system, and the parameters were quantified,
including cell area, nuclear roundness, width-length ratio, and ratio
of nuclei to cells. The results showed that the morphological features
of the cells changed remarkably after aEmyc deletion, consisting of
more scattered, size-varied, area-increased, cell roundness-decreased,
nucleus roundness-decreased, and polynuclear cells, compared with
those of MCF-7 NC cells and F1-del cells (Figures 4A and 4B).

The cell proliferation rates for aEmyc-del cells, F1-del cells, and
MCF-7 NC cells were measured by a high-content imaging system
and CCK-8 assay, respectively. The results from the high-content im-
aging system showed that the proliferation rate of aEmyc-del cells was
significantly reduced compared with that ofMCF-7NC cells or F1-del
cells (Figures 4C and S5). Moreover, the results from the CCK-8 assay
confirmed the inhibitory effect on proliferation after aEmyc deletion in
MCF-7 cells (Figure 4D).

To observe the effect on the cell cycle, aEmyc-del cells, F1-del cells, and
MCF-7 NC cells were analyzed by flow cytometry. The results showed
that the aEmyc-del cells were arrested in S phase compared with
MCF-7 NC cells (increased by 13.24% ± 1.64%) or F1-cells (increased
by 5.96% ± 1.54%) (Figure 4E). Consequently, aEmyc-del cells in G0
and G1 phases were decreased (Figure S6). This phenomenon demon-
strated that the period of DNA synthesis in aEmyc-del cells was
increased significantly.
Figure 4. Deletion of oncogenic enhancer aEmyc impedes the proliferation of E

(A) Changed cell morphology in aEmyc-del cells. Representative images were captured

Green channel, cellular membrane stained by DiO; blue channel, nuclei stained by Hoec

Scale bar, 100 or 25 mm (magnified view). (B) Morphology parameters of aEmyc-del cells.

B4, number ratio of nuclei to cell in MCF-7 NC cells, aEmyc-del cells, and F1-del cells, res

quantified by a high-content imaging system at varying time points. The cell proliferation

0 h (n = 5). (D) Reduced proliferation of aEmyc-del cells verified by CCK-8 assay. The vi

calculated by normalizing the viability at each time point to that at 0 h (n = 5). (E) Cell-cy

studies (E and F) were performed by flow cytometry. Experiments were repeated three
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To measure the effect on cell necrosis, MCF-7 NC cells, aEmyc-del
cells, and F1-del cells were stained with Annexin V-fluorescein iso-
thiocyanate (FITC)/propidium iodide (PI). During necrosis, the
plasma membrane structure was incomplete, and PI entered the
cell and stained the nuclei. At the same time, phosphatidylserine
(PS) was exposed on the outer leaflet of the plasma membrane in
necrotic cells, while the exposed PS was bound with Annexin
V-FITC. The results from the flow cytometry showed that the
necrotic rate of aEmyc-del cells was evidently increased compared
with that of MCF-7 NC cells (increased by 3.88% ± 0.14%) or
that of F1-del cells (increased by 1.08% ± 0.17%) (Figure 4F).
The results demonstrated that deletion of aEmyc was able to induce
cell necrosis.

Oncogenic enhancer aEmyc recruits the transcription factor ERa

by estradiol stimulation in ER+ breast cancer cells

The above results demonstrated that the deletion of aEmyc could
inhibit the expression of c-Myc in MCF-7 cells (ER+) but not in
MDA-MB-231 cells (triple-negative). To understand the critical
role of ERa in the activity of the aEmyc region in MCF-7 cells, the
expression of c-Myc in two distinct types of cells was investigated after
stimulation with estradiol (E2). The results from qRT-PCR andWest-
ern blotting showed that E2 was able to stimulate the expression of
c-Myc in MCF-7 cells compared with the hormone-deprived (HD)
control, while the stimulation was effectively blocked by ICI-182780
(ERa antagonist, ICI). In contrast, E2 did not affect the expression
of c-Myc in MDA-MB-231 cells (Figures 5A and 5B).

It was reported that the promoter of c-Myc had no estrogen-
response element, and hence, we studied whether the aEmyc region
had an estrogen-response element. On the one hand, the investiga-
tion was performed to observe whether ERa was enriched in the
aEmyc region. Accordingly, the ChIA-PET data targeting ERa in
MCF-7 cells from the public GEO database and our H3K27ac
ChIP-seq data in MCF-7 cells were visualized together with the
UCSC Genome Browser, and the results of the comparison showed
that ERa was enriched in the aEmyc region in MCF-7 cells
(Figure 5C).

On the other hand, the motif of ERa (the estrogen-response element
[ERE]) was predicted by the Jaspar database. The result showed that
the complete sequence of ERE was AGGTCANNNTGACCT (Fig-
ure 5D), and a half-ERE (TGACCT) motif was found at the aEmyc

region (Figure 5E).
R+ breast cancer cells

by a high-content imaging system. Red arrows, cells with abnormal morphology.

hst; merged, a combination of the above channels; and magnified view, 16� folds.

B1, cell surface area; B2, nucleus roundness; B3, width-length ratio of nucleus; and

pectively (n = 5). (C) Reduced proliferation of aEmyc-del cells. The number of cells was

rate was calculated by normalizing the number of objects at each time point to that at

ability of cells was measured at varying time points. The cell proliferation rates were

cle arrest of aEmyc-del cells (n = 3). (F) Cell apoptosis of aEmyc-del cells (n = 3). The

times independently. Data are presented as the mean ± standard deviation.



Figure 5. Oncogenic enhancer aEmyc recruits the transcription factor ERa by estradiol regulation in ER+ breast cancer cells

(A) Enhanced expression of c-Myc protein by estradiol regulation in MCF-7 cells. b-actin was used as the internal reference. The study was performed byWestern blotting. (B)

Enhanced expression of c-MycmRNA by estradiol regulation in MCF-7 cells. In (A and B) assays, MCF-7 cells (ER+) andMDA-MB-231 cells (triple-negative) were treated with

hormone-free culture medium containing E2, E2 + ICI, ICI, or vehicle. Normal medium- and vehicle-treated cells (A and B) served as the controls. The study was performed by

qRT-PCR (n = 3). (C) Enriched transcription factor ERa at the enhancer aEmyc locus inMCF-7 cells. ChIA-PET data of ERa in MCF-7 cells (ER+) and H3K27ac ChIP-seq data in

MCF-7 (ER+) cells were visualized by UCSCGenomeBrowser at the c-Myc locus. (D) Motif of the ERa binding site. The prediction was performed by JASPAR. (E) Illustration of

(legend continued on next page)
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To investigate whether the half ERE was bound to ERa in MCF-7
cells, primer set P5 was designed for ChIP-qPCR, covering the half
ERE (Figure 5E). Then, primer sets (P0, P2, P3, P4, and P5) were
used to evaluate the enrichment of ERa at the aEmyc region in the
E2-treated MCF-7 cells and in the HD MCF-7 cells. The results
from ChIP-qPCR demonstrated that the target regions of P3 and
P5 had high ERa enrichment after E2 treatment, and the target region
of both P3 and P5 covered the sequence region of the half ERE (Fig-
ure 5F). In contrast, the half ERE was not bound to ERa after hor-
mone deprivation (Figure 5G).

The above fact demonstrated that under the stimulation of estradiol,
aEmyc recruited the transcription factor ERa through a half ERE in
ER+ breast cancer cells.

Activation mechanism of the oncogenic enhancer aEmyc in ER+

breast cancer cells

To understand whether the activation of aEmyc relied on the coupling
of ERawith a half ERE, a CRISPR-dCas9-KRAB system was designed
to block the half ERE at the aEmyc region. MCF-7 cells were infected
with lentivirus carrying the FLAG-dCas9-KRAB vector encoding
sgRNA 3, which targeted half ERE (treated with dCas9-sgRNA 3).
In addition, MCF-7 cells infected with lentivirus carrying the
FLAG-dCas9-KRAB vector, but without sgRNA, were used as the
NC (dCas9-vector treated). Infected cells were selected by puromycin,
further treated with E2, and finally analyzed by ChIP-qPCR or West-
ern blotting (Figure 6A).

The results from ChIP-qPCR performed on dCas9-sgRNA 3-treated
cells showed that the FLAG protein was evidently enriched at the target
region of P5 (the half ERE), but ERawas not enriched at the same locus
(Figures 6B and 6C). In addition, the results fromWestern blotting per-
formed on dCas9-sgRNA 3-treated cells and on dCas9-vector-treated
cells indicated that the FLAG-dCas9-KRAB fusion protein was ex-
pressed in both treated cells (Figure 6D). This fact demonstrated that
when the half ERE was occupied by FLAG-dCas9-KRAB, the binding
of half ERE with ERa was effectively blocked (Figures 6B and 6C).

To investigate the activity of aEmyc after half-ERE blocking,
ChIP-qPCR was performed on dCas9 vector-treated cells and on
dCas9-sgRNA 3-treated cells. The results showed that H3K27ac was
significantly enriched at the half ERE (P5) in dCas9 vector-treated cells
compared with the negative region (P0). However, H3K27ac was not
enriched at the half ERE (P5) in dCas9-sgRNA 3-treated cells (Fig-
ure 6E), demonstrating that the blockage of half ERE significantly
reduced the activity of the oncogenic enhancer aEmyc.

To observe whether aEmyc had a transcription-enhancing effect after
half-ERE blocking, qRT-PCR and Western blotting were performed
half ERE (green rectangle) at the aEmyc locus. The drawing indicates the relative location

(orange rectangle) loci. (F) Enrichment of the transcription factor ERa at half ERE in estra

ERa at half ERE in hormone-deprived (HD) MCF-7 cells (n = 3). The studies (F and G) we

were repeated three times independently. Data are presented as the mean ± standard
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on dCas9-sgRNA 3-treated cells and on dCas9 vector-treated cells
to measure the expression of c-Myc, respectively. The results showed
that the expression of c-Myc at both the mRNA (Figure S7) and pro-
tein levels (Figure 6D) was significantly decreased in dCas9-sgRNA
3-treated cells compared with the dCas9 vector-treated cells, demon-
strating that half ERE played a critical role in the transcription-
enhancing effect of aEmyc on c-Myc.

The above results showed that the 7-bp deletion in aEmyc by Cas9-
sgRNA 1 nearly abolished the expression of c-Myc (Figure 3C), indi-
cating that this 7-bp region was a core region of aEmyc and played a
crucible role in oncogenic translational function. To investigate
whether the 7-bp region deletion would affect the E2-induced ERa
recruitment to half ERE, the enrichments of ERa in E2-treated
aEmyc-del cells and in E2-treated MCF-7 NC cells were explored.
The results from ChIP-qPCR showed that ERa was significantly en-
riched at the half-ERE (P5) in E2-treated MCF-7 NC cells compared
with the negative region (P0). In contrast, ERawas not enriched at the
half ERE (P5) in E2-treated aEmyc-del cells (Figure 6F), demon-
strating that deletion of the 7-bp region impaired the E2-induced
recruitment of ERa to the half ERE. This phenomenon implied that
the 7-bp region was likely bound by other transcription factors
(TFs) involved in the recruitment of ERa to half ERE and in the acti-
vation of aEmyc.

Based on the above results, the activation of aEmyc could be described
as follows: (1) TFs bound to the 7-bp region; (2) TFs recruited ERa
induced by E2 to the half-ERE region; (3) the formed complex further
recruited internal mediator and RNA Pol II to form a DNA loop
with c-Myc; and (4) aEmyc promoted the transcription of c-Myc
(Figure 6G).

DISCUSSION
The enhancer is the functional noncoding DNA sequence that en-
hances the transcription of the target gene. The oncogenic enhancer
and its function in the occurrence and progression of cancer have
not yet been defined. In this study, we identified a novel oncogenic
enhancer (aEmyc) for c-Myc in ER+ breast cancer and confirmed an
efficient core enhancer site (GGTTGCA) of aEmyc for gene therapy
of ER+ breast cancer.

As an important TF, c-Myc has been recognized as one of the most
vulnerable targets in the treatment of cancer due to its extensive im-
pacts on the full genome. For years, a number of investigations have
reported that the downregulation of c-Myc is beneficial for the treat-
ment of cancers, and a variety of regulation strategies have been devel-
oped, such as c-Myc transcription inhibition by direct G-quadruplex
stabilizers, c-Myc mRNA degradation by antisense oligonucleotides,
and c-Myc protein inactivation by small-molecular inhibitors.43,44
of the half ERE and ChIP-qPCR primer sets for the F1 (yellow rectangle) and aEmyc

diol-treated MCF-7 cells (n = 3). (G) Deprived enrichment of the transcription factor

re performed by ChIP-qPCR via primers P0 and P2 to P5, respectively. Experiments
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Figure 6. Activation mechanism of the oncogenic enhancer aEmyc in ER+ breast cancer cells

(A) Illustration of the inhibition of half ERE by the CRISPR-dCas9-KRAB system in MCF-7 cells. MCF-7 cells (ER+) were infected with lentivirus encoding the FLAG-dCas9-

KRAB system, selected by puromycin, and further treated with estradiol (E2) for 30 min for ChIP-qPCR or 6 h for Western blotting. (B) Enriched FLAG protein at half ERE in

dCas9-sgRNA 3-treated MCF-7 cells (n = 3). (C) Deprived enrichment of ESR1 at half ERE in dCas9-sgRNA 3-treated MCF-7 cells (n = 3). (D) Expressions of FLAG protein

and c-Myc protein in dCas9-sgRNA 3- or dCas9 vector-treated MCF-7 cells. The study was performed by Western blotting. b-actin was used as the internal reference. (E)

Deprived enrichment of H3K27ac at half ERE in dCas9-sgRNA 3-treated MCF-7 cells (n = 3). (F) Deprived enrichment of ERa at half ERE in aEmyc-del cells. The studies (B, C,

E, and F) were performed by ChIP-qPCR via primers P0 or P5 (n = 3). (G) The activation mechanism of the oncogenic enhancer aEmyc. The activation could involve the

following process: (1) TFs bound to the 7-bp region; (2) TFs recruited ERa induced by E2 to the half-ERE region; (3) the formed complex further recruited internal mediator and

RNA Pol II in forming a DNA loop with c-Myc; and (4) aEmyc promoted the transcription of c-Myc. Experiments were repeated three times independently. Data are presented

as the mean ± standard deviation.
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However, these strategies require sustainable exposure to drugs or
continued drug administration to reduce the persistent expression
of c-Myc. Here, we report a new strategy that disrupts aEmyc by
gene-editing technology. This strategy achieves significant sustained
downregulation of c-Myc and ensures the integrity of c-Myc at the
same time, since c-Myc is an essential regulator in cells. Moreover,
we demonstrate that this strategy achieves remarkable efficacy for
the treatment of cancer.

Approaches to identify enhancers that have been typically applied
include (1) ChIP-seq of H3K4me1 and H3K27ac45 and (2) DNase-
seq, which can reveal open chromatin regions.46 Although these
methods are able to yield thousands of candidate enhancers, the
candidate enhancers require further verification by experiments. In
this study, we first performed ChIP-seq of H3K4me1 and H3K27ac
in ER+ breast cancer cells and discovered a candidate active enhancer
of c-Myc. To identify the key enhancer region and to verify the func-
tion of the enhancer, ChIP-qPCR and dual-luciferase assays were em-
ployed. We reveal that the key enhancer region aEmyc could enhance
the transcription of downstream genes more than 20-fold. To further
investigate the transcription-enhancing effect of the enhancer on
c-Myc expression, the CRISPR-Cas9 system was used to delete the
enhancer. We further elucidate that the deletion of aEmyc is able to
inhibit the expression of c-Myc at both the mRNA and protein levels.
In contrast to the previously reported c-Myc enhancer40 in ER+ breast
cancer, we identify the pivotal enhancer region (801 bp, at Chr8:
127668529–127669329) as aEmyc and reveal for the first time the spe-
cific oncogenic enhancer function of aEmyc in ER+ breast cancer.

c-Myc is involved in a variety of pathways to guide specific gene
expression and to regulate biological processes, including the cell cy-
cle, cell proliferation, and cell apoptosis.39 Accordingly, we demon-
strate that the deletion of aEmyc downregulates the expression of
c-Myc, thereby leading to cell nucleus changes, cell-cycle arrest, cell
necrosis, and finally inhibition of cell proliferation. Regarding the
changes in the nucleus of the cells, the most likely explanation is
that an increase in DNA synthesis time during the cell cycle leads
to the formation of polynucleus cells in aEmyc-del cells.

The function of enhancers has high cell/tissue specificity, which is due
to the different landscapes of TFs in varying cells. Previous studies have
demonstrated that ERa is one of the key TFs in the development of ER+

breast cancer.17 By prediction of the Jaspar database, we revealed the
motif of ERa and confirmed a half ERE at the aEmyc locus. It has
been reported that the coupling of ERa with ERE has high plasticity,
which means that complete ERE is not always necessary. Accordingly,
we demonstrate that ERa binds to half ERE at the aEmyc locus under
estrogen stimulation in ER+ breast cancer cells by CRISPR-dCas9
and ChIP-qPCR technologies, which is consistent with a previous
study.40 This phenomenon explains why the enhancer aEmyc is specific
in ER+ breast cancer but not in triple-negative breast cancer.

It is known that the activation of enhancers involves many protein
machines. In this study, we demonstrate that the recruitment of
846 Molecular Therapy: Nucleic Acids Vol. 29 September 2022
ERa to half ERE plays an important role in activating aEmyc. Interest-
ingly, we further demonstrate that the 7-bp region is essential for the
recruitment of ERa to half ERE, suggesting that there are other TFs
involved in the recruitment of ERa at the 7-bp region of aEmyc. A pre-
vious study indicated that the TF C/EBP homologous protein
(CHOP) can bind with an enhancer element (GGTTGCA),47 while
this sequence is consistent with that of the 7-bp region in the present
study. Such involvement as for whether CHOP is enriched at the 7-bp
region of aEmyc and takes part in the activation mechanism of aEmyc

leaves a meaningful clue for future research.

In sum, we discover and confirm a new oncogenic enhancer (named
aEmyc) for c-Myc in estrogen-positive breast cancer. aEmyc enhances
the transcription of downstream genes more than 20-fold. The
deletion of the 7-bp core region at aEmyc is able to evidently downre-
gulate the expression of c-Myc, including its gene, mRNA, and pro-
tein, and consequently results in cell nucleus changes, cell-cycle ar-
rest, cell necrosis, and finally, remarkable inhibition of cell
proliferation. Moreover, we reveal that the activation of aEmyc in-
volves TFs binding with the 7-bp region, followed by the recruitment
of ERa to the half-ERE region. In conclusion, the present study
discovers a novel oncogenic enhancer aEmyc (801 bp, at Chr8:
127668529–127669329) and offers a highly efficient core enhancer lo-
cus (GGTTGCA) of aEmyc for gene therapy of ER

+ breast cancer.

MATERIALS AND METHODS
Cell lines

Human breast cancer cells (MDA-MB-231 cells andMCF-7 cells) and
human embryonic kidney cells (HEK293T cells) were purchased from
the Institute of Basic Medical Sciences, Chinese Academy of Medical
Sciences (Beijing, China). MDA-MB-231 cells, MCF-7 cells, and
HEK293T cells were cultured in Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% fetal bovine serum (FBS; PAN, Bei-
jing local agent, Germany), 100 U/mL penicillin, and 100 mg/mL
streptomycin (Macgene, Beijing, China) at 37�C under 5% CO2.

Plasmids

pGL4.23 (plasmid #E8411) and pRL-tk (plasmid #E2241) were pur-
chased from Promega (Beijing local agent, China). The pCMV-
VSV-G (plasmid #8454), pMDLg/pRRE (plasmid #12251), pMD2.
G (plasmid #12259), psPAX2 (plasmid #12260), LentiCRISPR v2
(plasmid #52961), and FLAG-dCas9-KRAB (plasmid #71236) were
purchased from Addgene (Beijing local agent, China).

Drugs and treatment

b-Estradiol (#IE0210, E2) was purchased from Solarbio (Beijing,
China). ICI-182780 (#ab120131, ICI) was purchased from Abcam
(Beijing local agent, China). The chemicals were dissolved in dimethyl
sulfoxide (DMSO), and the final concentrations of E2 and ICI were
10 nM.

Antibodies

Histone H3 (mono methyl K4, H3K4me1) antibody (#ab8895) and
histone H3 (acetyl K27, H3K27ac) antibody (#ab4729) were
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purchased from Abcam (Beijing local agent, China). ERa antibody
(#13258), c-Myc antibody (#5605), FLAG antibody (#14793), rabbit
immunoglobulin G (IgG) isotype control (#3900), and b-actin anti-
body (#4970) were purchased from Cell Signaling Technology (Bei-
jing local agent, China).

ChIP and ChIP-qPCR

To measure the targeted DNA fragments bound by specific proteins,
ChIP experiments were performed using an EZ-ChIP chromatin
immunoprecipitation kit (Merck Millipore #17-371, Beijing local
agent, China) according to the manufacturer’s protocol. Briefly,
approximately 10 million cells were crosslinked with 1% formalde-
hyde for 10 min at room temperature (25�C) and quenched by the
addition of glycine to a final concentration of 125 mM for 5 min.
The fixed cells were resuspended in SDS lysis buffer in the presence
of protease inhibitor cocktail II and then subjected to 12 cycles
(turn on for 20 s and turn off for 10 s) of sonication (Biorupter,
Ningbo, China) to generate chromatin fragments of 200–1,000 bp
in length. Lysates were centrifuged at 14,000 � g for 10 min at 4�C
to remove insoluble material. The supernatant was diluted in ChIP
Dilution Buffer. For immunoprecipitation, the diluted chromatin
was incubated with NC or specific antibodies overnight at 4�C with
constant rotation, followed by incubation with protein G agarose
for 1 h. Beads were washed continuously with low-salt immune com-
plex wash buffer, high-salt immune complex wash buffer, LiCl im-
mune complex wash buffer, and Tris-EDTA buffer. Between washes,
beads were collected by centrifugation at 4�C. The pulled-down chro-
matin complex was decrosslinked at 65�C for 5 h in elution buffer.
Eluted DNA was digested with RNase at 37�C for 30 min and with
proteinase K at 45�C for 2 h for further purification. Purified DNA
was enriched by spin columns and analyzed by ChIP-qPCR using spe-
cific primers (Table S2). The enrichment fold was calculated by
normalizing the specific antibody enriched against the nonspecific
IgG-enriched chromatin.

ChIP-seq library construction

To construct the ChIP-seq library, DNA was combined with end
repair mix and incubated at 20�C for 30 min. The end-repaired
DNA was purified with a QIAquick PCR-purification kit (Qiagen,
Beijing local agent, China), and then A-Tailing mix was added
and incubated at 37�C for 30 min. The purified adenylate 30 end
DNA, adapter, and ligation mix were combined and incubated at
20�C for 15 min. The adapter-ligated DNA was purified with a
QIAquick PCR purification kit. Several rounds of PCR amplification
with PCR Primer Cocktail and PCR Master Mix were performed to
enrich the adapter-ligated DNA fragments. Then, the PCR products
were selected (approximately 100–300 bp, including adaptor se-
quences) by running a 2% agarose gel to recover the target frag-
ments. The gel was purified with a QIAquick Gel extraction kit
(Qiagen, Beijing local agent, China). The final library was quantified
in two ways: the average molecule length and sample integrity as
well as purity were quantified using an Agilent 2100 bioanalyzer
instrument (Agilent DNA 1000 Reagents) and quantified using
real-time qPCR.
The double-stranded PCR products were heat denatured and circu-
larized by the splint oligo sequence. The single-strand circle DNA
(ssCir DNA) was formulated as the final library. The library was qual-
ified by a Qubit ssDNA kit. The sequencing was performed with the
BGISEQ-500 sequencing system, featuring combinatorial probe-
anchor synthesis (cPAS) and DNA Nanoballs (DNB) technology
for superior data quality (BGI, Shenzhen, China).

Bioinformatics analysis

ChIP-seq raw reads were first filtered to remove low-quality or adaptor
sequences by SOAPnuke with the following parameters: filter �1 5 –q
0.5 –n 0.1 –Q 2–5 1 –c 50. Cleaned reads were mapped to the reference
genome of NCBI hg38 using SOAPaligner/SOAP2 (v.2.2.5), whose pa-
rameters were –v 2 –s 35. MACS2 (v.2.1.2) was used to call peaks (open
chromatin regions), in which “—bw 200 –g NCBI –s 50 –p le-5 –m 10
30 –broad –B –trackline” was used. The overlapping enrichment peaks
between two samples were identified by bedtools intersect mode
with an overlap of 50%. KEGG (https://www.kegg.jp/) enrichment
of active enhancer regulated genes was performed using phyper
(https://en.wikipedia.org/wiki/Hypergeometric_distribution) to calcu-
late the p value, cooperatingwith the false discovery rate (FDR) by Bon-
ferroni (Table S4).

In silico identification of enhancers

MCF-7 and MDA-MB-231 ChIP-seq data targeting H3K4me1 and
H3K27ac were displayed by UCSC Genome Browser. Publicly avail-
able ChIA-PET data targeting RNA Pol II in MCF-7 cells and ChIP-
seq data targeting H3K27ac in a panel of human breast cancer cell
types (accession numbers for the datasets used are listed in
Table S1) were downloaded from the GEO database (https://www.
ncbi.nlm.nih.gov/geo/) and visualized in UCSC Genome Browser.
The Vertebrate Multiz Alignment & Conservation (100 Species) track
in the UCSC Genome Browser was employed to identify highly
conserved noncoding genomic regions across different species. The
DNase I Hypersensitivity Peak Clusters from ENCODE (95 cell types)
track in UCSC Genome Browser was employed to identify open chro-
matin areas.

In silico identification of ERa regulating aEmyc

MCF-7 ChIA-PET data targeting ERa were processed together with
ChIP-seq data targeting H3K27ac by UCSC Genome Browser. The
motif of the ERa binding element was predicted by the Jaspar
Database.

Enhancer deletion

To delete aEmyc, sgRNAs targeting the enhancer were designed by
Guide Design Resources (https://zlab.bio/guide-design-resources).
Then, sgRNAs were cloned into the LentiCRISPR v2 vector using
the restriction enzyme BsmB I digestion method and confirmed by
DNA sequencing (Tsingke, Beijing, China). The primers are listed
in Table S2. HEK293T cells grown to 75% confluency on a 10-cm
dish were transfected in DMEM culture medium with 5 mg
LentiCRISPR v2 vectors containing sgRNA, 1 mg pCMV-VSV-G,
and 200 ng pMDLg/pRRE. After 12 h of culture, the medium was
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replaced with fresh complete medium. Viral supernatant was
collected at 48 and 72 h posttransfection and concentrated by PEG
8000. MCF-7 cells were infected with concentrated lentivirus encod-
ing the CRISPR-Cas9 system (with verifying designed sgRNAs) in the
presence of 4 mg/mL polybrene (Merck Millipore, Beijing local agent,
China). After selection with 1 mg/mL puromycin for 2 weeks, cells
were single-cell sorted into 96-well culture plates with infinite dilu-
tion. Expanded cells were further verified by genomic PCR andWest-
ern blotting.

Half-ERE blockade by the CRISPR-dCas9-KRAB system

To block the half-ERE site of the aEmyc region, FLAG-dCas9-KRAB
vectors were constructed in the same way as LentiCRISPR v2 vectors.
Briefly, for lentivirus packaging (encoding the CRISPR-dCas9-KRAB
system), HEK293T cells grown to 75% confluency on a 10-cm dish
were transfected in DMEMwith 2.5 mg FLAG-dCas9-KRAB damping
vectors, along with 0.5 mg pMD2. G and 2 mg psPAX2. After 12 h of
culture, the medium was replaced with fresh complete medium. Viral
supernatant was collected at 48 and 72 h posttransfection, followed by
concentration with PEG 8000. MCF-7 cells were infected with
concentrated lentivirus encoding the CRISPR-dCas9-KRAB system
in the presence of 4 mg/mL polybrene. After 48 h of culture after
infection, the cells were selected with 1 mg/mL puromycin for another
48 h. Furthermore, the cells were treated with E2 for 30 min for ChIP-
qPCR or 6 h for Western blotting.

Genomic PCR

To investigate aEmyc deletion or F1 deletion, genomic DNA of 5� 105

cells was extracted from aEmyc-del cells, F1-del cells, and MCF-7 NC
cells using a Tissue & Cell Genomic DNA Purification Kit
(GeneMark, Beijing local agent, China). The concentration of
genomic DNA was quantified with a Nano300 microspectrophotom-
eter (YPG-Bio, Beijing, China). The target genomic DNA sequences
were amplified using I-5 2� High-Fidelity Master Mix (Tsingke
Biotech, Beijing, China) according to the manufacturer’s protocol.
All primer sets were blasted by NCBI to avoid amplifying nonspecific
DNA and are listed in Table S2. PCR amplification was set at 94�C for
5 min and 30 cycles (98�C for 15 s, 55�C for 30 s, and 72�C for 1 min),
followed by 72�C for 5 min for a final extension. The PCR products
were analyzed by AGE (1.5%, w/v) and confirmed by DNA
sequencing.

qRT-PCR and qPCR

Gene-expression transcription levels were determined by qRT-PCR.
Total RNA was extracted from 106 cells using a TRIzol plus RNA pu-
rification kit (Invitrogen, Beijing local agent, China) according to the
manufacturer’s instructions. The concentration of total RNA was
quantified with a Nano300 microspectrophotometer. cDNA was syn-
thesized from the total RNA using PrimeScript RT reagent (Takara
Bio, Shiga, Japan) by the qRTPCR system (Applied Biosystems CFX
Connect Real-Time PCR Detection System; Bio-Rad, Hercules, CA,
USA). Then, cDNA was further amplified by adding specific primers
and SYBR Premix Ex Taq II (Takara Bio, Shiga, Japan) and measured
by the same qRT-PCR system. The expression levels of the target
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genes were normalized to the expression of GAPDH mRNA or the
NC (IgG) in each sample using the 2�DDCt method. Each experiment
was performed in triplicate.

Western blotting

To investigate the expression of target proteins, total proteins were
determined by Western blotting assay. Proteins were extracted using
Pierce RIPA buffer (Applygen, Beijing, China) supplemented with
protease phosphatase inhibitor (Beyotime, Shanghai, China). To
collect total proteins, the cell lysates were removed by centrifugation
at 12,000 RPM at 4�C for 20 min. Total proteins were quantified using
the bicinchoninic acid (BCA) protein assay kit (Beyotime, Shanghai,
China) according to the manufacturer’s instructions. The total pro-
teins were further separated by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE), and the separated proteins
were transferred onto polyvinylidene fluoride (PVDF) membranes
(Merck-Millipore, Darmstadt, Germany). The blots on PVDF mem-
branes were blocked with 5% BSA in tris-buffered saline with Tween
20 (TBS-T) solution, incubated with the appropriate primary anti-
bodies at 4�C overnight, and further incubated with horseradish
peroxidase (HRP)-conjugated secondary antibodies at room temper-
ature (25�C) for 1 h. Afterward, the blots were visualized with Immo-
bilon Western chemiluminescent HRP substrate (Millipore, Burling-
ton, MA, USA), and images were obtained using MiniChemi610
(Sage Creation, Beijing, China). The quantification of blots was per-
formed by ImageJ.

Dual-luciferase reporter assays

To evaluate the enhancement effect of the active enhancer candidate
region, DNA fragments (F1 to F3), each 300–500 bp in size, covering
1.2 kb of the H3K27ac peak region were amplified by PCR from hu-
man genomic DNA and then cloned into pGL4.23 in front of the
minimal promoter. The fragments were cloned using the restriction
enzymes XhoI (at the 50 end) and HindIII (at the 30 end). For lucif-
erase assays, 3� 103 cells were seeded in 96-well plates for 24 h before
transfection with 50 ng of empty pGL4.23 vector or enhancer
pGL4.23 vector plus 1 ng Renilla plasmid pRL-tk for each well.
Each vector was transfected into triple wells. After 48 h, the luciferase
activity of the cells was assayed using the dual-luciferase reporter
assay system (Promega, Beijing local agent, China). Firefly luciferase
activity was normalized to Renilla luciferase activity.

Cell-cycle assay

To investigate the cell cycle, MCF-7 NC cells, aEmyc-del cells, and
F1-del cells were starved for 24 h to synchronize the cell cycle.
Then, the cells were harvested, washed, and fixed in ice-cold 75%
ethanol overnight at �20�C, followed by incubation with RNase A
solution (200 mg/mL) at 37�C for 30 min. Afterward, PI solution
(100 mg/mL) was added 5 min before each measurement. The DNA
content of the cells was measured using flow cytometry (Becton
Dickinson, San Jose, CA, USA) equipped with a 15-mW, 488-nm,
air-cooled argon ion laser and analyzed by FlowJoTM software v.7
(Becton Dickinson, San Jose, CA, USA). The results are presented
as percentages of cells in G0/1, S, and G2/M phases.



www.moleculartherapy.org
Cell apoptosis

To investigate cell apoptosis, MCF-7 NC cells, aEmyc-del cells, and F1-
del cells were seeded into 96-well culture plates at a density of 5� 103

cells per well and allowed to adhere overnight. Cells were harvested,
washed, and incubated in 200 mL Annexin V binding buffer contain-
ing 4 mL 0.5 mg/mL PI along with 2 mL Annexin V-FITC for 15 min at
room temperature (25�C) in the dark. Then, the cells were washed
with PBS (pH 7.4) three times and measured by flow cytometry
(FCM; FACScan, Becton Dickinson, San Jose, CA, USA) equipped
with a 15-mW, 488-nm, air-cooled argon ion laser. Files were
collected for 10,000 gated events, and three independent duplicate ex-
periments were conducted.

Cell proliferation

To observe cell proliferation, MCF-7 NC cells, aEmyc-del cells, and
F1-del cells were seeded into 96-well culture plates at a density of
4 � 103 cells per well and allowed to adhere overnight. Thirty-five
fields in the middle of each well were captured at 0, 6, 12, 24, and
48 h by a high-content imaging system, and then the number of ob-
jects for each field was counted by digital phase contrast. The number
of objects for each well was the sum of 35 fields. The number of ob-
jects at a defined time point was normalized to the number of objects
at 0 h. Cells were imaged with a 20� objective lens.

To investigate cell proliferation, MCF-7 NC cells, aEmyc-del cells, and
F1-del cells were seeded into 96-well culture plates at a density of
2 � 103 cells per well and allowed to adhere overnight. Cell viability
was separately determined at 0, 24, 48, 72, and 96 h by CCK-8 assay
following the manufacturer’s instructions. The absorbance of each
well was measured using a microplate reader at 450 nm. Relative
cell viability was calculated by normalizing the cell viability at defined
time points to that at 0 h.

Cell morphology

To understand the morphological features, MCF-7 NC cells, aEmyc-
del cells, and F1-del cells were seeded into a 96-well culture plate at
a density of 5 � 103 cells per well and allowed to adhere overnight.
The cells were stained with DiO (DiOC18-3) (5 mM) for 5 min and
then stained with Hoechst 33342 (5 mg mL�1) at 4�C for 10 min (pro-
tected from light). Morphological features were observed and
captured by filter-based imaging at 405 or 488 nm using the high-con-
tent imaging system with a 20� objective lens. The quantified param-
eters of the cells were analyzed with high-content analysis software.

Statistical analysis

Prism 7 (GraphPad, La Jolla, CA, USA) was used for statistical
analyses, unless otherwise specified. A two-tailed, unpaired Student’s
t test was used for comparisons. The results are presented as the
mean ± standard deviation. A value of p <0.05 was considered to
be statistically significant.
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