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a b s t r a c t

Endometrial cancer (EC) is one of the three fatal tumors of the female reproductive system. Epigenetic
alterations have been reported to be important in tumorigenesis, especially the chromatin accessibility
changes and transcription factor binding differences. However, the regulatory mechanism underlying
epigenetic alterations in EC development remains unclear. Here, we identified and characterized tran-
scription factor binding site clustered regions (TFCRs) by integrating chromatin accessibility and tran-
scription factor binding information. We totally identified 78,820 TFCRs and explored the relationship
between TFCRs and regulatory elements, gene expression and mutation. Finally, we constructed a bioin-
formatic framework to identify candidate oncogenes and screened 13 candidate key genes, which may
serve as potential diagnostic markers or therapeutic targets of EC.

� 2022 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Endometrial cancer (EC) is the sixth most common cause of
cancer-related death in women [1,2]. EC patients in early stage
can reach over 90% survival rate after surgical treatment, but some
of them may enter the advanced stage before the symptoms and
signs appear, and the five-year survival rate is less than 20%
[3,4]. The median survival duration for patients with metastatic
or recurrent EC is only 12 to 15 months [5-8]. Providing histologi-
cal information by diagnostic curettage under hysteroscopy is the
gold standard for early diagnosis. However, hysteroscopy is expen-
sive, invasive and even painful, especially in nulliparous women,
bringing a risk of life-threatening uterine perforation and other
serious complications [9-12]. Previous studies demonstrated that
patients who have undergone hysteroscopy have a higher inci-
dence of malignant peritoneal cytology at hysterectomy than those
who have not [9,11]. According to the American Cancer Society,
there have been 420 thousand new cases of EC diagnosed in
2020 [1,2], which underscores the urgent need to develop effective
strategies for the diagnosis and treatment of EC.

Growing knowledge has confirmed the importance of gene
mutations and epigenetics in EC. To date, 16 genomic loci closely
associated with EC risk have been identified through genome-
wide association studies (GWASs) [13-15]. Next generation
sequencing (NGS) provides a new opportunity to study the clinical
significance of somatic mutations in EC [16,17]. Recent study have
demonstrated the importance of the epigenome to cancer initia-
tion and progression [18]. Epigenomic dynamics are governed by
reversible covalent modifications such as DNA methylation and
histone modifications. Compare with normal endometrium, EC
has both hypomethylated and hypermethylated changes and
abnormal gene promoter methylation according to global methyla-
tion studies [19-21]. Recent studies indicated that the expression
level of histone deacetylase (HDAC) 1/2/3 and SIRT1 are higher in
EC than in non-neoplastic endometrium [22,23]. EZH2, the major
enzyme that methylates the H3K27 residue, has been reported to
be up regulated in multiple tumors and associated with their
aggressiveness [24-27]. Besides, epigenetic changes lead to
alterations of chromatin accessibility and binding of transcription
factors (TFs), which collectively result in transcriptional dysregula-
tion [28]. Therefore, exploring gene mutations and epigenetic
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features in EC is of great significance for understanding the occur-
rence and development of tumor.

Eukaryotic genome is tightly located in chromatin, and only
open chromatin can be targeted by regulatory factors such as
TFs. The assay for transposase-accessible chromatin using
sequencing (ATAC-seq) makes it possible to quantify chromatin
accessibility and thus to assess the gene regulatory landscape in
primary human cancers [29]. In our previous research, we devel-
oped a method for identifying transcription factor binding site
clustered regions (TFCRs) based on chromatin accessibility and
TF motif [30]. We found that spatially located adjacent TFCRs
act as a whole to regulate gene expression, thereby generating
diverse modes of transcriptional regulation [31], and the HOT
region where transcription factor binding sites (TFBSs) are most
concentrated is significantly enriched in mutation sites related
to disease or tumor formation [32]. Based on this finding, we clo-
sely matched the ATAC-seq data with the TFCR to facilitate fur-
ther understanding of the transcriptional regulatory mechanisms
of EC. In this study, we first identified TFCRs in EC based on the
ATAC-seq data and conducted an in-depth exploration of their
nature. Additionally, we proposed a TFCR-based framework for
screening candidate oncogenes in EC, which provided new
insights into the mechanism underlying development of EC and
promoted the discovery of potential diagnostic and therapeutic
targets.
2. Results

2.1. Identification of TFCRs in human EC

We collected the ATAC-seq data of endometrial cancer from
previous study in Science [29]. Based on ATAC-seq data, we per-
formed an improved analysis to identify TFCRs (Fig. 1) [30]. Briefly,
we obtained DNA sequence motifs from the TRANSFAC [33], JAS-
PAR [34] and UniPROBE [35] databases and scanned the TFBSs in
the open chromatin regions using iFORM [36] (Fig. 1). Then, we
performed a Gaussian fitting on all TFBSs and got 78,820 TFBSs
clustered regions (TFCRs) (Fig. 1). We next calculated the two fea-
tures of TFCR, TF complexity (TC) and chromatin accessibility score
(CAS) (Fig. 1). TC reflects the number of TFBSs in query TFCR, and
CAS reflects the chromatin accessibility level measured by ATAC-
seq data of TFCR.

To characterize TFCRs, we compared them with ATAC-seq
peaks. The TFCRs covered 95% of the ATAC-seq peaks (Fig. 2A).
TFBSs is more enriched on the ATAC-seq peaks overlapping with
TFCRs and genes in non-overlapped region are associated with
transcription (Fig. 2B, C). The genome-wide coverage rates of
TFCRs and ATAC-seq peaks were 2.51% and 1.73%, respectively.
The average length of TFCR was 968 bp, and the variance was
300 bp (Table S1). It’s well accepted that tumor results from
the accumulated gene mutations and recent studies showed that
driver mutations which lead to endometrial cancer are initiated
early in life [37-39]. We obtained EC somatic mutations from
the TCGA to compare the mutation rate (q, defined as the number
of mutation sites listed in the TCGA MAF per kilobase in a specific
region of the genome) of the whole genome and different inter-
vals [40]. The mutation rate (q) of the whole genome was 0.29
while the mutation rates of ATAC-seq peaks and TFCRs were
0.57 and 0.53, respectively. Furthermore, the mutation rate (q)
of the TFCR-specific interval (TFCRs without a coincidence inter-
val with ATAC-seq peaks) was 0.51 (Fig. 2D). For EC, both TFCRs
and ATAC-seq peaks contain a large number of tumor mutation
sites, which indicate that the target genes corresponding to these
regulatory elements may play an important role in tumor
development.
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2.2. TFCRs target important cis-regulatory elements

To investigate the relationship between TFCRs and regulatory
elements, we compared the proportions of TFCRs or ATAC-seq
peaks located in promoters, enhancers, CpG islands and repeat ele-
ments. ATAC-seq peaks were divided into 10 groups (from CAS0 to
CAS9) according to chromatin accessibility levels. The proportion
of ATAC-seq peaks located in promoters first slightly decreased
and then gradually increased (Fig. 3A). The proportion from CAS0
to CAS4 decreased from 14.76% to 14.00%, and there was no signif-
icant difference in different groups. The proportion reached the
highest (62.90%) at CAS9, and the overall increase was 4.99 folds.
However, as the TC value increased, the proportion of TFCRs in pro-
moters gradually increased from 7.73% (TC0) to 38.95% (TC9)
(Fig. 3A). We next investigated the enhancers, the proportion of
TFCRs located near super-enhancers and typical enhancers
increased from 3.94% and 12.28% in TC0 to 7.23% and 28.97% in
TC9, respectively (Fig. 3B), while the proportion of ATAC-seq peaks
located near super-enhancers and typical enhancers increased
from 5.16% and 18.52% in CAS0 to 7.6% and 40.32% in CAS9, respec-
tively (Fig. 3B). Mendenhall et al defined HOT regions by studying
the chromatin associated protein (CAP) cluster and found that
more than 92% of HOT regions can be mapped to candidate pro-
moters or strong enhancer-like states, which suggested that TF
clusters might map to enhancers or promoters [41].

In addition, CpG islands were reported to play an important role
in regulating gene expression and gene mutation [42], next we
focused on the relationship between TFCRs and CpG islands and
found similar results (Fig. 3C). The proportion of TFCRs within
CpG islands increased nearly 3folds from TC0 (7.63%) to TC6
(21.19%) (Fig. 3C), while the proportion of ATAC-seq peaks within
CpG islands increased only 7.33% (< 2folds) from CAS0 (11.83%)
to CAS6 (18.06%) (Fig. 3C). Furthermore, we investigated the pro-
portion of TFCRs located in the promoters, enhancers, and those
with CpG islands located near other cis-regulatory elements at
the same time. As expected, the proportion at the corresponding
regulatory element was observed to increase steadily with the
increase of TC value in TFCRs, and similar results were observed
at ATAC-seq peaks (fig. S1).

Repeat elements are the same or symmetrical segments in the
genome that contain much genetic information and play important
role in the gene regulation. Microsatellites (tandem simple
sequence repeats, 1–6 bp motif) are abundant across the genome
and show high levels of polymorphism [43]. We found that the
proportions of TFCRs and ATAC-seq peaks in the microsatellite
regions increased as TC and CAS value increased, and the highest
proportions in TC9 and CAS9 were 27.33% and 15.09%, respectively
(Fig. 3D). In addition, we further analyzed other types of repeats. In
general, the proportion of TFCRs on repeats increased with the
increase of TC value, while the proportion of ATAC-seq peak on
repeat sequence decreased with the increase of CAS value (fig.
S2A). On the other hand, interspersed repeats showed a downward
trend regardless of TFCRs or ATAC-seq peaks while most tandem
repeats showed an upward trend (fig. S2B-G). Taken together,
these results confirmed a close relationship between TFCRs and
regulatory elements, demonstrating that TFCRs may affect the
cis-regulation.

2.3. Relationship between TF complexity and chromatin accessibility in
TFCRs

As TC and CAS reflect the two aspects of TFCRs, we next
investigated the relationship between TC and CAS in TFCRs. We
conducted a correlation analysis and found that the TC was not
correlated with CAS (R2 = 0.05) (Fig. 4A), indicating that there
may be a large difference between TC and chromatin accessibility



Fig. 1. Schematic diagram for the identification of TFCRs.
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score. According to the TC, TFCR was equally divided into 23 bins
with 10 as the interval value, and then we investigated the chro-
matin accessibility level of TFCRs in each bin and found: i) when
TC was less than 90, CAS showed a steady upward trend as the
TC increased; ii) when TC was between 90 and 110, the upward
trend gradually became flat; iii) when TC was greater than 110,
CAS showed an unstable decline (Fig. 4B). In other words, there
is a significant correlation between TC and CAS when TC is low.
However, the number of TFBSs in TFCR may have reached satura-
tion when TC is at a high level, leading TC and CAS to an unbal-
anced state. Perhaps phase separation is also a contributor to this
phenomenon. Many TFs contain intrinsically disordered regions
(IDRs), which contain low complexity amino acid sequences that
allow weak multivalent interactions with other TFs and cofactors
to facilitate liquid–liquid phase separation (LLPS) (Fig. 3D) [44-
46]. Next, we analyzed TFCR with a high imbalance of TC and
CAS, and found that cis-regulatory elements preferred to be
enriched near TFCRs with high TC or high CAS (fig. S3).

By exploring the relationship between TC/CAS of TFCRs and
gene expression, we found that, similar to ATAC-seq peaks
(Fig. 4C), a large number of highly expressed genes were enriched
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in the TC9 region (Fig. 4D), and CAS was also positively correlated
with gene expression (R2 = 0.59) (fig. S4A, S4B).
2.4. TFCRs with high TF complexity or chromatin accessibility score
may be the driver of tumorigenesis

Genomic mutations affect the expression of corresponding
genes and participate in the occurrence and development of
tumors [47]. We next collected the mutation sites from the TCGA
to explore the relationship between TFCRs and gene mutation.
We found that the overall mutation rate (q) in TFCRs did not
change significantly between different TC/CAS values (fig. S4C).
Gene promoter control the initiation and extent of gene expression
(transcription) by binding to TFs [48]. Therefore, mutations in pro-
moter region may be more important for transcriptional regula-
tion. We found that TFCRs with promoter have a higher mutation
rate (q) compared to those without (Fig. 4E). For TFCRs in promoter
region, the mutation rate decreased from TC0 (q = 1.69) to TC9
(q = 0.76), while it did not change obviously (the range was only
0.36) accompanied with the increase of CAS (Fig. 4F).



Fig. 2. Relationship between TFCRs and ATAC-seq peaks. (A) Pie chart shows the rate of overlap with TFCRs in ATAC-seq peaks. (B) Barplot shows the normalized TFBS
distribution for ATAC-seq peaks are overlapped with or without TFCRs. (C) Gene ontology analysis of genes whose ATAC-seq peaks are non-overlapped with TFCRs. (D) Barplot
shows the mutation rate (q) of the whole genome, TFCRs, ATAC-seq peaks and TFCR-specific peaks. q represents the number of TCGA mutation sites per thousand bases in a
certain range.
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Likewise, Moore et al obtained sites information on single base
substitution (SBS) driver mutations in normal endometrial gland
samples [39]. They suggested that cell clones with these oncogene
‘‘driver” mutations usually originate early in life and accumulate to
promote EC. We extracted 133 complete sites identified in Moore
et al’s study and found that 11.28% (15/133) of them located on
TFCRs involving RRAS2, ERBB3, ERBB2, FOXA2, and EGFR [39]. Next,
we compared previously reported oncogenes with an equal num-
ber of randomly selected protein-coding genes and found oncoge-
nes are more likely to fall on TFCRs (fig. S5). At the same time, we
examined the human driver genes identified by different research
teams and found that most of the cancer driver genes were located
on TC9 or CAS9 (Fig. 4G-H) [38,49-56].

According to the observations above, TFCRs contain a large
number of regions with extremely unbalanced TC and CAS. We
found that among TFCRs, the TC0 region had the highest mutation
rate and the lowest genome stability (Fig. 4F). Furthermore, we
found a higher proportion of known cancer driver genes and
enrichment of high expression genes in TC9 and CAS9, suggesting
that these regions may be involved in the formation and progres-
sion of tumors [49].
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2.5. Candidate oncogenes screening framework based on TFCRs

Based on the above, we fused two features of TFCR (TC and CAS),
which reflected the information of different dimensions, and con-
structed a cancer driver gene screening formula to calculate the
carcinogenic potential c of each TFCR (Fig. 5A).

c ¼ CAS� TC
CASþ TC

The difference between CAS and TC indicated that target TFCR is
prone to contain mutations or other complex factors, which is
more likely to be associated with the development of cancer. We
screened the genes contained in each TFCR with high carcinogenic
potential and focused on genes, which distinctly expressed in EC.
Among them, genes covered by TFCRs that belong to both TC0
and CAS9 possess the most carcinogenic potential. Finally, we
obtained 13 genes which might take part in the development of
EC, including SCNN1A, TROAP, UBE2C, TPX2, SOX13, BUB1, HOXA9,
MAOA, PRSS8, SCGB2A1, NRP2, LMOD1 and MTMR11 in which
BUB1, PRSS8, SCGB2A1, TPX2, TROAP, UBE2C and SCNN1A are up-
regulated in EC and others are down-regulated (fig. S6). SCGB2A1



Fig. 3. Genomic characterization of TFCRs and ATAC-seq peaks. (A) Barplot shows the proportion of TFCRs or ATAC-seq peaks located in gene promoters. (B) Stacked barplot
shows the proportion of TFCRs or ATAC-seq peaks located in super-enhancers (Red) and typical enhancers (Gray). (C) Barplot shows the proportion of TFCRs or ATAC-seq
peaks with CpG islands. (D) Barplot shows the proportion of TFCRs or ATAC-seq peaks on repeats (microsatellite sites). * P < 0.05.
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Fig. 4. Properties of the characteristic parameters TC and CAS in TFCRs. (A) Correlation analysis of the TF complexity and chromatin accessibility score in TFCRs (R2 = 0.05).
Boxplot shows (B) the distribution of score in different groups obtained by grouping the TF complexity of TFCRs with an interval value of 10. (C-D) The gene expression levels
in different groups in ATAC-seq peaks classified by CAS and TFCRs classified by TC. The upper and lower lines above and below the boxes are the whiskers. (E) Barplot shows
the mutation distribution of TFCR with promoter and TFCR without promoter. (F) The line graph shows the mutation rate of TFCRs in gene promoters (CAS: Darkblue; TC:
Darkred) classified by TC or CAS. (G-H) Barplots show the proportion of reported cancer driver genes distributed in different classification of TC and CAS.
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Fig. 5. Identification of key cancer genes in endometrial cancer. (A) The pipeline used to identify key cancer genes in endometrial cancer based on TFCRs and ATAC-seq peaks.
(B) The genome browser shows the positional relationship of the example gene, PRSS8with TFCRs, ATAC-seq peaks, TCGA mutation sites and transcription factor binding sites
in the genome. Each track represents a different component and is distinguished by different colors. The picture below is an enlarged image of the picture above.
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has been reported to be a promising independent prognostic factor
in EC and its decreased expression is significantly associated with
818
poor prognostic clinicopathological characteristics [57]. Besides,
UBE2C, TPX2 and BUB1 have also been reported to be closely related
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to proliferation, invasion, differentiation and prognosis of EC [58-
63].MTMR11 is shown to participate in drug resistance in endome-
trial cancer cells treated with salinomycin and NPR2 expression
increased with the degree of histological differentiation [64,65].
Proofs that these genes are associated with the development of
endometrial cancer suggested that TFCR-based method is indeed
effective in screening candidate oncogenes and provided a possibil-
ity to explain the mechanism underlying how these genes worked
in the development of EC.

2.6. Mutation of PRSS8 in EC

Reports have suggested that PRSS8 functions as a tumor sup-
pressor gene in a variety of tumors [58,62]. We found two base
substitution (G-to-A and A-to-T) located in the binding sites of
AHR (aryl hydrocarbon receptor) and ELF1 (E74 like factor 1) of
PRSS8 promoter region (chr16:31,131,433–31,135,830), respec-
tively (Fig. 5B). Previous studies have shown that AHR and ELF1
can inhibit cell proliferation and migration [66,67]. The mutation
in the binding sites of AHR and ELF1 may effect PRSS8 to exert its
anti-cancer effects in EC.

2.7. Validation of candidate key genes in EC

Except for the genes mentioned above, the role of HOXA9,
SCNN1A, TROAP, SOX13, MAOA and LMOD1 have not been validated
in EC. HOX genes play important role in reproductive tract develop-
ment, endometrial cyclic growth and embryo implantation in
which HOXA9 has been reported to stimulate cancer-associated
fibroblasts and promote ovarian cancer growth. To verify the role
of HOXA9 played in EC, we knocked down its expression in human
endometrial cell line (HEC-1-A) using siRNA (small interfering
RNA) (Fig. 6A), then flow cytometry and transwell assay were used
to detect the effect of HOXA9 knockdown on apoptosis, invasion
and migration. Decreased expression of HOXA9 enhanced the apop-
tosis of HEC-1-A cells (Fig. 6B) and the number of cells migrating to
the lower membrane in the si-HOXA9 group decreased markedly
compared with negative control (Fig. 6C). In addition, HOXA9
knockdown significantly impaired the invasion ability of HEC-1-A
cells (Fig. 6C). We detected the migration and invasion ability of
HEC-1-A with SCNN1A, TROAP, SOX13, MAOA and LMOD1 knock-
down, respectively (fig. S7A). The knockdown of these 5 genes also
significantly reduced the migration and invasion of HEC-1-A (fig.
S7B, C, D).
3. Discussion

Tumorigenesis is a multifactorial, multistage, multigenic pro-
cess involving the accumulation of genetic and epigenetic alter-
ations. Unlike gene mutations and gene deletions, epigenetic
modifications are reversible, so they can aid in cancer prevention
and treatment by restoring the expression of some key genes in
cancers or precancerous lesions. With the application of high-
throughput sequencing technology in clinical research, it is possi-
ble to conduct a detailed panoramic analysis of the genomes of
human cancers. Combined with the richness of diverse, orthogonal
data types in the TCGA, the chromatin accessibility landscape in
cancer provides a key link between somatic mutations, long-
range gene regulation, DNA methylation and gene expression
changes that affect cancer prognosis [29]. Transcription factor
binding sites are one of the main aspects to study the
non-coding regions of the genome. At present, annotations of gene
functions focus mainly on the coding regions of genes, while these
regions account for only 3% of the whole genome. The functions of
noncoding regions, which account for approximately 97% of the
819
whole genome, cannot be ignored. Over the past decade, GWASs
have identified a large number of genetic mutations associated
with human diseases and traits, most of which are located in non-
coding cis-regulatory sequences [68]. Genes are turned on and off
in the proper cell types and cell states by TFs acting on DNA regu-
latory elements that are scattered over the vast noncoding regions
of the genome and exert long-range influences [29]. Furthermore,
there are more than 1,000 transcription factors in the genome,
each corresponding to tens of thousands of TFBSs. TF-TF or TF-
genes form an extremely complex regulatory network, which is
difficult to study. Instead of considering the regulatory mechanism
of a single transcription factor, we take the TF cluster as a whole to
explore its regulatory mechanism in tumor formation.

Here, for the first time, we applied the improved TFCR identifi-
cation method to ATAC-seq data and obtained 78,820 TFCRs in the
whole genome. Two features of TFCRs were defined: TC and CAS.
TC is a characteristic scalar measuring the ability of a genomic
region to bind transcription factors, but the presence of TFBS does
not imply a certain binding to the transcription factor. The binding
of transcription factors to DNA is affected by some aspects such as
epigenetic modification, transcription factor concentration, and the
three-dimensional structure of chromatin. CAS is a characteristic
scalar to reflect the chromatin accessibility level of the region in
the actual sequencing process, which can represent the level of real
binding transcription factors to a certain extent. However,
sequencing noise, algorithm bias and other factors will also affect
its accuracy.

The values of TC and CAS have a strong correlation with geno-
mic location and gene expression. The loci on the genome where
TC is imbalanced from CAS are always of special biological signifi-
cance. Single nucleotide polymorphisms (SNPs), especially in the
transcription factor binding sites, may lead to misbinding and loss
of transcription factors (Fig. 6D, Table S2), which would influence
the function of oncogenes or anti-oncogens and finally lead to car-
cinogenesis. Neither TC nor CAS can independently characterize
the dynamic changes of the genome in human diseases. Combina-
tion TC and CAS of TFCRs provide a new perspective for us to
explore the mechanism of tumorigenesis and search for more com-
prehensive disease-related targets. Based on this, we constructed a
bioinformatics framework and identified 13 candidate key genes
associated with the regulation of TFCRs that may play important
roles in endometrial cancer formation, which may provide a direc-
tion for tumor therapy targeting transcription factors.

With the enrichment of more comprehensive sequencing data,
such as scATAC-seq, Bis-seq, ChIP-seq, and Hi-C data of EC tissues
and matched normal tissues, our research will further broaden
people’s understanding of the mechanism of cancer epigenetic reg-
ulation and we can identify cancer key genes more accurately. Our
method of screening key cancer genes in EC is not limited to speci-
fic types of tumors. It can be widely used in studies on various
human tumors and provide a new way to reveal the epigenetic
changes of human tumors and predict diagnosis and treatment
targets.
4. Materials and Methods

4.1. Datasets

The ATAC-seq data of EC were derived from the work of Corces
et al [29]. Raw ATAC-seq data, fastq or aligned BAM files, were
downloaded from the NIH Genomic Data Commons portal
(https://portal.gdc.cancer.gov/). The somatic mutation data of EC
were downloaded from the TCGA database (https://portal.gdc.can
cer.gov/repository) [40]. Expression data were obtained from the
TCGA database (https://portal.gdc.cancer.gov/repository). We



Fig. 6. Effect of HOXA9 knockdown on apoptosis, migration and invasion of HEC-1-A. (A) Effect of HOXA9 knockdown on (B) apoptosis, (C) invasion and migration potential of
HEC-1-A, detected by flow cytometry and transwell assay. Data are expressed as the mean ± standard deviation of three independent experiments. * P < 0.05; ** P < 0.01; ***
P < 0.001. NC, negative control. (D) TFCR regulation model.
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extracted the repeat sequences of the human reference genome
GRCH37/hg19 from RepeatMasker (http://www.repeatmasker.
org/). For somatic mutation analysis of TFCR, the human reference
genome (GRCH38/hg38) was used, and the rest of the analysis used
GRCH37/hg19 as reference. The use of the data strictly adhered to
the ENCODE Consortium Data Release Policy. The promoter is
defined as 2 kb region upstream and downstream of the transcrip-
tion start site (TSS). The enhancer data in the EC were obtained -
from the SEdb database (http://www.licpathway.net/sedb/) [69].
CpG islands data were obtained from the UCSC database (https://
genome.ucsc.edu/cgi-bin/hgTables).
4.2. Identification of TFBSs

A total of 796 motifs, which corresponded to 542 TFs, were col-
lected from the TRANSFAC [33], JASPAR [34], and UniPROBE [35]
databases. We used the genomic sequences under the chromatin
open sites in the hg19 genome as input for iFORM [36] to scan
for motif instances. The motif instances were combined to generate
the TFBSs for each TF.
4.3. Identification of TFCRs in EC

The identification of TFCR has been described in detail by Chen
et al [30] . In brief, we regarded each TFBS on the genome wide as a
Gaussian distribution with a bandwidth of 300 bp centered on this
point and fitted it to form a density distribution curve. The interval
corresponding to each peak point of the density curve was identi-
fied as the TFBS-clustered region (TFCR). The window for each TFCR
was determined by finding the maximum distance (in bp) from the
TFCR to a contributing TF and then adding 150 bp. Meanwhile, we
filtered out the TFBS with Gaussian signal intensity greater than
0.1 in each TFCR and added them together, and defined the accu-
mulated sum as the complexity of the interval. With this, we
examined the overlap of each TFCR and ATAC-seq peaks, and
defined the average score of all ATAC-seq peaks with overlapping
interval as the chromatin accessibility score, thus reflecting the
chromatin accessibility of TFCR for the first time.
4.4. Categorization of TFCRs

To describe TFCRs, we classified them according to their TF
complexity and chromatin accessibility score. All TFCRs were
sorted according to TF complexity, and then evenly divided into
10 groups, corresponding to TC0 to TC9. The same method was
applied to classify TFCRs by the chromatin accessibility score, cor-
responding to CAS0-CAS9. Therefore, TF complexity (TC) and chro-
matin accessibility score (CAS) were used as two features of TFCRs
to predict the number of TFs could bind and reflect the level of
chromatin accessibility.
4.5. Differential expression and cancer survival analyses

We used Gene Expression Profiling Interactive Analysis
(GEPIA2) to screen candidate key cancer genes that are signifi-
cantly differentially expressed between normal and tumor tissues
(log2FC � 3) (http://gepia2.cancer-pku.cn/#index). This platform
provides a rapid and customized delivery of functionalities based
on the TCGA and Genotype-Tissue Expression (GTEx) databases.
GEPIA2 was used to evaluate the impact of the key cancer genes
identified on survival to determine the prognostic value of their
expression.
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4.6. Cell culture

Human endometrial cell line (HEC-1-A) was purchased from the
Cell Bank of the Chinese Academy of Science (Shanghai, China). Cell
lines were cultured in McCoy’s 5A (Sangon Biotech, Shanghai,
China) medium supplemented with 10% foetal bovine serum
(FBS; Gibco, NY, USA) and 1% antibiotic/antimycotic solution (San-
gon Biotech, Shanghai, China) and incubated in a humidified atmo-
sphere with 5% CO2 at 37 �C.

4.7. Gene silencing

HOXA9, SCNN1A and TROAP were knocked down with siRNA
designed and synthesized by RiboBio (Guangzhou, China) and
scrambled negative control sequences were synthesized
(Table S3). For cell transfection, HEC-1-A cells were seeded in 24-
well plates and transfected with riboFECTTMCP Transfection Kit
containing siRNA of HOXA9, SCNN1A, TROAP or NC (si-NC1), respec-
tively. SOX13, MAOA and LMOD1 were knocked down with siRNA
designed and synthesized by GenePharma (Shanghai, China) and
scrambled negative control sequences were synthesized
(Table S3). Besides, HEC-1-A cells were seeded in 24-well plates
and transfected with LipofectamineTM 2000 containing siRNA of
SOX13, MAOA, LMOD1 or NC (si-NC2), respectively. Subsequently,
knockdown efficiency was examined by RT-qPCR (quantitative
reverse transcription PCR, RT-qPCR) 24 h after transfection.

4.8. RT-qPCR

Total RNA was isolated from cell lines with E.Z.N.A. Total RNA
Kit I (Omega, USA) according to the manufacturer’s instructions.
RNA was reverse transcribed using ReverTra Ace qPCR RT Master
Mix with gDNA Remover (TOYOBO, Japan). Real-time PCR was per-
formed using THUNDERBIRD SYBR� qPCR Mix (TOYOBO, Japan)
and primers (Table S4). The results were analyzed with the Step
OnePlus Real Time PCR System (Applied Biosystems, USA).
GAPDH was used as an endogenous control. The 2-44Ct method
was used to quantify the transcript levels.

4.9. Cell migration and invasion assays

The abilities of cell migration and invasion were measured
using transwell assay (Corning Incorporated, Corning, NY, USA)
24 h following transfection. Cells were suspended in 200 ll
serum-free medium (1 � 105 cells per well) and seeded in the
upper chambers of 24-well plates with an 0.8-lm pore membrane
insert. For the cell invasion assay, the upper chamber was pre-
coated with 50 ll Matrigel (Corning Incorporated). Then, 700 ll
medium containing 10% FBS was added to the bottom of chambers.
After incubation at 37 �C for 24 h, cells migrated to the lower side
of the membrane were fixed with 4% paraformaldehyde solution
and then stained with 0.1% crystal violet for 30 min at room tem-
perature. Then, stained cells were observed and counted under
microscope. All experiments performed three times.

4.10. Apoptosis analysis by flow cytometry

Cells were seeded in a six-well plate (5 � 105 cells/well) 24 h
following transfection. After 24 h, cells were harvested by centrifu-
gation at 1000 rpm for 5 min and washed with 1 � PBS three times,
and then incubated with 5 ll of FITC-conjugated Annexin V and
5 ll of PI for 10 min at room temperature in the dark. The stained
cells were detected by the BD FACS Aria II flow cytometer (BD Bio-
sciences, CA, USA). The Annexin V-FITC/PI Apoptosis Detection kit
(BD PharmingenTM, BD Biosciences, CA, USA) was used to deter-
mine apoptosis of cells.
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4.11. Statistical analysis

We used Mann-Whitney U test to verify the significance of
TFBSs distribution between TFCRs and ATAC-seq peaks. The Chi-
square tests were used to analyze base mutation rates in different
genomic regions and the differences between TFCRs or ATAC-seq
peaks classified using different features; In the verification part
of the experiment, paired two-tailed students were employed to
conduct statistical analysis and nominal P values are specified. Dif-
ferences in all comparisons were considered statistically signifi-
cant at P values < 0.05.
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