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Identifying enhancer-driven
subtype-specific prognostic
markers in breast cancer based
on multi-omics data

Hongying Zhao †, Siwen Zhang †, Xiangzhe Yin †, Caiyu Zhang †,
Lixia Wang, Kailai Liu, Haotian Xu, Wangyang Liu, Lin Bo,
Shihua Lin, Ke Feng, Lin Lin, Meiting Fei, Shangwei Ning*

and Li Wang*

College of Bioinformatics Science and Technology, Harbin Medical University, Harbin, China
Breast cancer is a cancer of high complexity and heterogeneity, with

differences in prognosis and survival among patients of different subtypes.

Copy number variations (CNVs) within enhancers are crucial drivers of

tumorigenesis by influencing expression of their targets. In this study, we

performed an integrative approach to identify CNA-driven enhancers and

their effect on expression of target genes in four breast cancer subtypes by

integrating expression data, copy number data and H3K27ac data. We identified

672, 555, 531, 361 CNA-driven enhancer-gene pairs and 280, 189, 113 and 98

CNA-driven enhancer-lncRNA pairs in the Basal-like, Her2, LumA and LumB

subtypes, respectively. We then reconstructed a CNV-driven enhancer-

lncRNA-mRNA regulatory network in each subtype. Functional analysis

showed CNA-driven enhancers play an important role in the progression of

breast cancer subtypes by influencing P53 signaling pathway, PPAR signaling

pathway, systemic lupus erythematosus and MAPK signaling pathway in the

Basal-like, Her2, LumA and LumB subtypes, respectively. We characterized the

potentially prognostic value of target genes of CNV-driven enhancer and

lncRNA-mRNA pairs in the subtype-specific network. We identified MUM1

and AC016876.1 as prognostic biomarkers in LumA and Basal-like subtypes,

respectively. Higher expression of MUM1 with an amplified enhancer exhibited

poorer prognosis in LumA patients. Lower expression of AC016876.1 with a

deleted enhancer exhibited poorer survival outcomes of Basal-like patients. We

also identified enhancer-related lncRNA-mRNA pairs as prognostic

biomarkers, including AC012313.2-MUM1 in the LumA, AC026471.4-PLK5 in

the LumB, AC027307.2-OAZ1 in the Basal-like and AC022431.1-HCN2 in the

Her2 subtypes. Finally, our results highlighted target genes of CNA-driven

enhancers and enhancer-related lncRNA-mRNA pairs could act as prognostic

markers and potential therapeutic targets in breast cancer subtypes.
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Introduction

Breast cancer is the most common cancer in women, with

more than 1,300,000 cases and 450,000 deaths worldwide each

year (1). Previous studies have shown that breast cancer is a

cancer of high complexity and heterogeneity. The currently

accepted classical classification of breast cancer uses

microarray-based breast cancer tumor gene expression profiles

to classify breast cancer into four intrinsic subtypes: Basal-like,

Her2, Luminal A (LumA), and Luminal B (LumB) (1, 2).

Different breast cancer subtypes have different molecular

characteristics, clinical responses, and the effects of prognostic

survival effects (3). Therefore, identifying the specific key

regulators in different breast cancer subtypes can provide new

ideas for understanding the occurrence and development

mechanisms and clinical treatment of different subtypes.

Enhancers, a class of key noncoding regulatory DNA

elements, have received increasing attention for their role in

cancer development (4). Enhancers are scattered in 98% of non-

coding protein genes in the human genome (5). Inactive

enhancers in the human genome are tightly bound by

unmodified nucleosomes, when the enhancer is activated, local

chromatin is modified (usually by H3K4me1) and TF binds to

the enhancer. Then when the enhancer is fully activated, the

enhancer is re-marked by H3K27ac and recruits the RNA

polymerase to initiate bidirectional transcription of genes (6).

Thus, in the human genome, active enhancers have the histone

modification signature of H3K27ac (7, 8). High-throughput

epigenomics suggests that there are more than one million

putative enhancers in the human genome, significantly

exceeding protein-coding genes (9). Although transcription is

a universal property of all cells, cancer cells are more dependent

on increased transcription levels from enhancers (10). Copy

number variations (CNVs) are probably most frequent genomic

alteration events (11). Previous studies showed a close

correlation between gen copy number variation and

differential gene expression across many cancer types. Recent

studies showed that alterations within enhancers are crucial

drivers of tumorigenesis by influencing expression of their

targets (12–14). For example, copy number amplification of

enhancer elements caused the upregulation of oncogene MYC

expression, which promotes malignant transformation of

pediatric neuroblastomas (15). These studies suggest that

aberrant alterations in enhancer can influence cancer

progression by affecting target genes (16).

Studies suggest that disease-associated variants were

significantly enriched in enhancer regulatory elements (17, 18)

and CNVs could affect the enhancer regulation and altering the

transcriptional regulation of downstream key target genes (13,

19). In a previous study, the investigators found that HOXC6

and DLX1 associate with different prostate tumor-specific

enhancer clusters and confer distinct transcriptomic changes
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on C42B prostate cancer cells, which play a role in prostate

tumor development (20). They also found that GATA3, which is

linked to the enhancer, was overexpressed in non-basal-like

breast tumors and affected the occurrence and development of

breast cancer (20). Although lncRNAs do not encode proteins,

many studies have shown that a small fraction of lncRNAs still

function independently of the DNA sequences that transcribe

them (21). Overexpression of LINC02095 promotes the

proliferation of triple-negative breast cancer cells by

promoting the expression of the oncogenic transcription factor

SOX9, which promotes tumor activity (22). LINC00908 inhibits

triple-negative breast cancer by regulating angiogenesis and

tumor growth (23). The strong spatial and temporal specificity

of lncRNA expression suggests that there may be a potential

interaction between enhancers and lncRNAs (24). The binding

of transcription factors NKX3.1 and YY1 to the PCAT19

promoter leads to strong enhancer activity and activation of

lncRNA PCAT19, thereby promoting tumor growth and

metastasis of prostate cancer (25). Therefore, an in-depth

understanding of the regulatory relationship and functional

relationship between enhancers, lncRNAs and mRNAs is of

great significance for us to explore the carcinogenic mechanism

of breast cancer, as well as to find novel and effective prognostic

markers as therapeutic targets.

This study characterized the effect of copy number variation-

driven enhancers and their affected biological functions in breast

cancer occurrence and progression by integrating TCGA breast

cancer multi-omics data. We identified CNA-driven enhancers

and their affected differentially expressed genes and lncRNAs in

the Basal-like, Her2, LumA and LumB breast cancer subtypes.

We then reconstructed the subtype-specific enhancer-lncRNA-

mRNA regulatory networks and performed their prognostic

analysis. Finally, in the LumA subtype, MUM1 and the

AC012313.2-MUM1 pair were identified as prognostic

biomarkers. In the LumB subtype, the AC026471.4-PLK5 pair

was identified as a prognostic biomarker. In the Basal-liked

subtype, AC016876.1 and the AC027307.2-OAZ1 pair were

identified as prognostic biomarkers. In the Her2 subtype, the

AC022431.1-HCN2 pair was identified as a prognostic

biomarker. Our results highlighted the important role of target

genes of CNA-driven enhancers and enhancer-related lncRNA-

mRNA pairs in clinical diagnosis and treatment of breast

cancer patients.
Results

Identification of copy number variation-
driven enhancers in breast cancer

To explore the effect of copy number variation on enhancer

elements in breast cancer, we firstly identify genomic regions
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that are significantly amplified or deleted across breast cancer

samples using GISTIC2.0 algorithm. We found that a large

number of copy number alterations were detected, with

amplification of part of chromosomes 1q, 8q, 16p, and 17q,

and deletion of part of chromosomes 8p, 16q, and 17p

(Figure 1A). Copy number variation chromosome maps also

validated the copy number variation profile of these regions (26,

27)(Figure 1B). At the same time, we found that some

chromosomes showed the same variation trend on the entire

chromosome, such as the overall copy number amplification of

chromosome 3, the overall copy number loss of chromosome 4,

but other chromosomes such as chromosomes 1, 8 and 16

showed the opposite trend of copy number variation at arm-

level (Figure 1B). For example, the chromosome 1q exhibited
Frontiers in Immunology 03
significant copy number expansion, while the chromosome 1p

did not.

Subsequently, in order to identify enhancers in breast cancer,

we obtained H3K27ac histone modification data in breast cancer

cell lines MCF-7 from the Cistrome database. We obtained

20,805 active enhancer sites using histone modification marker

H3K27ac (MACS2, q-value=0.01). Then we mapped significant

copy number variation to active enhancer sites using BEDtools

to identify copy number variation-driven (CNV-driven)

enhancers, we finally obtained 1617 CNV-driven enhancers in

breast cancer, of which 925 active enhancers were driven by

CNA amplification and 692 active enhancers were driven by

CNA deletion (Figure 1C). A large number of amplified

enhancers were located on chromosomes 1 and 16. Most of
A

B

D

C

FIGURE 1

Identification of copy number variation-driven enhancers in breast cancer. (A) The analysis of copy number variation in breast cancer by
GISTIC2.0. The left panel shows CNV variation heatmap, the middle panel shows copy number amplification regions and the right panel shows
copy number deletion regions. (B) Waterfall plot of CNV rates in breast cancer. The red line indicates copy number amplification and the blue
line indicates copy number deletion. (C) Chromosomal distribution of copy number variation-driven enhancers. (D) Comparative analysis of
significant copy number variation regions in four subtypes of breast cancer. The left panel shows illustrates the variation of the significant CNV
region in four subtypes and the overall mutation rate of these CNV region. The right panel shows a heatmap of folds of CNV mutation rate of
each subtypes and total mutation rate.
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deleted enhancers were located on chromosomes 16, 17 and 19.

In addition, to explore the differences of copy number variation

among breast cancer subtypes, we compared the differences of

copy number variation in significant CNV regions in breast

cancer subtypes, and the differences of copy number variation

between each subtype and all subtypes (Figure 1D). The heatmap

showed that there are obvious copy number variations in breast

cancer, for example, the mutation rate in the 1q44, 14q11.2 and

1q21.1 regions exceeds 70% (Figure 1D). At the same time, we

found that some regions, such as the 1q44, 14q11.2 and 1q21.1

regions, showed obvious amplification in most samples of four

subtypes, while some regions, such as 7p14.1, 11q25 and 20q13.2

regions, showed significantly higher mutation rate in LumB and

the Her2 subtypes than in other subtypes. We also found that the

copy number variation rate of the 16q24.3 region was

significantly lower in the Basal-like subtype than in other

subtypes (Figure 1D). By comparing the variation rate of each

subtype with the overall variation rate, we found that the

variation rate of the LumB subtype was generally higher than

the overall mutation rate, while the variation rate of the LumA

subtype was lower than the overall mutation rate (Figure 1D).

These findings provided evidence that copy number variants

(CNVs) were associated with breast cancer subtypes (28).
Constructing subtype-specific
regulations between CNV-driven
enhancers and lncRNAs and mRNAs

To investigate the effect of CNA-driven enhancers on

expression of target genes in the four breast cancer subtypes,

we firstly identified subtype-specific differentially expressed

genes (DEGs) and differentially expressed lncRNAs (DELs),

with a threshold of FDR < 0.05 and logFC > 1 in the Basal-

like, Her2, LumA, LumB subtypes, respectively (Figures 2A, B).

Comparative analysis between subtypes showed that the Basal-

like subtype showed a distinct and unique expression pattern of

genes and lncRNAs, with an overall trend towards low

expression, the LumA and LumB subtypes had very similar

expression patterns, with an overall trend towards high

expression, and the expression pattern of genes and lncRNAs

in Her2 subtype was not biased (Figures 2C, D). Furthermore,

we performed GO function and KEGG pathway enrichment

analysis on the differentially expressed genes of the four breast

cancer subtypes using the DAVID database (Figure 2E). The

results show that the four subtypes affect some specific biological

functions and pathways. For example, in the Basal-like subtype,

differentially expressed genes were enriched in the humoral

immune responses, calcium signaling pathways and NOD-like

receptor signaling pathway. In the Her2 subtype, differentially

expressed genes were enriched in chemotactic activity and CCR6

chemokine receptor. In the LumA subtype, differentially

expressed genes were enriched in the regulation of cell cycle
Frontiers in Immunology 04
arrest and the Ras signaling pathway. In the LumB subtype,

differentially expressed genes were enriched in ATPase activity

and the development of the vasculature. In addition, common

differentially expressed genes shared by the four subtypes were

enriched in protein binding or protein catabolism. Basal-like,

LumA and LumB subtypes were enriched in the regulation of

apoptosis, the regulation of cell death and the clearance of

apoptotic cells. The main biological functions and pathways

affected by LumA and LumB subtypes were more similar than

other subtypes, for example, both were enriched in negative

regulation of cell death, apoptotic process, protein N-terminus

binding, ABC transporters and Endocytosis. These functions are

critical in the survival, invasion, proliferation and immune

escape of breast cancer cells. Different subtypes shared some

biological functions, but also have many specific biological

functions, which lead to differences in cancer development and

outcomes among subtypes.

Additionally, we found that there was a significant

correlation between tumour subtypes and pathological stage of

breast cancer (Figure S1A). For example, the proportion of

patients with stage I breast cancer was significantly higher in

the LumA subtype (P=0.01, chi-square test). A significantly

higher proportion of patients with stage IV breast cancer were

observed in the Her2 subtype (P=0.03, chi-square test, Figure

S1A). For each subtype, subtype-specific DEGs (or DELs) within

100 kb of CNV-driven enhancers and showing consistency in

CNAs with gene expression were identified as subtype-specific

enhancer-gene (or enhancer-lncRNA) pairs (29, 30). As a result,

we identified 672 enhancer-gene pairs and 280 enhancer-

lncRNA pairs in the Basal-like subtype, 555 enhancer-gene

pairs and 189 enhancer-lncRNA pairs in the Her2 subtype,

531 enhancer-gene pairs and 113 enhancer-lncRNA pair in the

LumA subtype, and 361 enhancer-gene pairs and 98 enhancer-

lncRNA pairs in the LumB subtype (Table S1). Comparative

analysis revealed that the four cancer subtypes shared many

common target genes and lncRNAs of CNA-driven enhancers

(Figure 3A). At the same time, we noticed that in the enhancer-

lncRNA regulatory relationship pair, the LumA subtype did not

have specific enhancers and lncRNAs, but shared many

enhancers and lncRNAs with the Basal-like subtype

(Figure 3A). For example, AC009065.4 which is driven by

copy number-amplified enhancers is found to be differentially

expressed in LumA and Basal-like subtypes. Furthermore, we

identified co-expressed lncRNA-mRNA pairs (P<0.05) to

characterize the correlation between DELs and DEGs in each

breast cancer subtype. We found that most of the lncRNA-

mRNA pairs showed subtype-specific regulations, even for genes

shared by several subtypes (Figure 3B). For example, in the

LumA subtype, AC009065.4 is co-expressed with a key

mitochondrial fatty acid b-oxidation enzyme ECI1 (R=0.45,

P<0.001). AC009065.4 was upregulated in the LumA subtype

(logFC=1.67, P=6.12e-30) which is mediated by a CNV-

amplified enhancer (chr16:2268155-2273418). Its co-expressed
frontiersin.org
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gene ECI1 was also upregulated in the LumA subtype

(logFC=1.13, P=3.79e-10) which is mediated by a CNV-

amplified enhancer (chr16:2239402-2252300; Figure 3C).

Studies showed that over-expression of ECI1 are related with

the risk of distant metastasis and reduced survival in prostate

cancer patients (31). In the Basal-like subtype, AC009065.4 and

MRPS34 were significantly co-expressed (R=0.48, P=4.82e-13).

AC009065.4 was downregulated in the Basal-like subtype
Frontiers in Immunology 05
(logFC=-1.40, P=3.28e-36) which is mediated by a CNV-

deleted enhancer (chr16:2268155-2273418). Its co-expressed

gene MRPS34 was also downregulated in the Basal-like

subtype (logFC=1.13, P=3.79e-10) which is mediated by a

CNV-deleted enhancer (chr16:1771890-1773150; Figure 3C). It

is reported that dysregulated gene expression of MRPS34 was

related with cancer cell stemness and chemoresistance in

cholangiocarcinoma (32).
A B

D

E

C

FIGURE 2

The effect of CNA-driven enhancers on expression of target genes. Venn diagram of differential genes (A) and differential lncRNAs (B) in the four
subtypes. (C) Differential gene expression profiles of the four subtypes, and the differential gene set is the sum of the four subtype-specific
differential gene sets. (D) Differential lncRNA expression profiles of the four subtypes, and the differential lncRNA set is the sum of the four
subtype-specific differential lncRNA sets. (E) The top-ranked terms of GO function and KEGG pathway for differentially expressed genes in
Basal-like, her2, LumA and LumB subtypes using DAVID.
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Reconstruction and functional
characterization of subtype-
specific CNV-driven enhancer-
lncRNA-mRNA network

We reconstructed a subtype-specific enhancer-lncRNA-

mRNA regulatory network (ELMN) in each subtype by

integrating CNA-driven enhancers, enhancer-genes, enhancer-

lncRNAs and lncRNA-mRNA pairs. As a result, there were 100

CNV-driven enhancers, 17 DEGs and 15 DELs in the ELMN of

Basal-like subtype (Figure 4A), 88 CNV-driven enhancers, 29

DEGs and 43 DELs in the ELMN of Her2 subtype (Figure 4B),

22 CNV-driven enhancers, 26 DEGs and 24 DELs in the LumA

subtype (Figure 4C) and 21 CNV-driven enhancers, 7 DEGs and

11 DELs in the LumB subtype (Figure 4D). For example, PWWP

domain-containing protein MUM1 (also known as EXPAND1)
Frontiers in Immunology 06
is significantly co-expressed with lncRNA CIRBP-AS1 in LumA

subtype of breast cancer. MUM1 was upregulated in the LumA

subtype which is mediated by a CNV-amplified enhancer

(chr19:1285886-1286032). Its co-expressed lncRNA CIRBP-

AS1 was also upregulated in the LumA subtype which is

mediated by a CNV-amplified enhancer (chr19:1267471-

1270260; Figure 5A). Elevated expression of CIRBP-AS1 was

reported to be related with poor prognosis in breast cancer and

lower-grade gliomas (33). In the Basal-like subtype, lncRNA

AC016876.1 was identified to be significantly co-expressed with

PRPF8. AC016876.1 was downregulated in the Basal-like

subtype which is mediated by a CNV-deleted enhancer

(chr17:7484011-7484247). PRPF8 was also downregulated in

the Basal-like subtype which is mediated by a CNV-deleted

enhancer (chr17:1650629-1684867; Figure 5B). It was reported

that PRPF8 knockdown could lead to widespread intronic
A

B

C

FIGURE 3

The relationship between CNV-driven enhancer target genes and related lncRNAs (A) Venn diagram analysis of CNV-driven enhancer target
genes and related lncRNAs of four subtypes of breast cancer. The top panel shows the CNV-driven enhancer target genes and related lncRNAs,
respectively, in the four subtypes. The bottom panel shows the enhancers of DEGs and the enhancers of DELs in the four subtypes.
(B) Correlation analysis of differentially expressed genes and differentially expressed lncRNAs in four subtypes of breast cancer. X-axis is symbol
of DEGs and y-axis is symbol of DELs. (C) Copy number variation of enhancers (chr16:2239402-2252300; chr16:1771890-1773150;
chr16:2268155-2273418) and expression levels of ECI1, MRPS34 and AC009065.4 in breast cancer samples.
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retention and altered splicing of transcripts including protein

homeostasis, mitosis, and apoptosis in the Basal-like TNBC (34).

The enhancer-gene-lncRNA triplet is considered to be

involved in the occurrence and development of breast cancer

as a relatively stable functional unit in subtypes. In the LumA

subtype, there are two enhancer-lncRNA-mRNA triples,

including enhancer(chr16:84144692-84145136)-AC040169.1-

MBTPS1 and enhancer(chr16:84117027-84117446)-

AC040169.1-MBTPS1, were found in the ELMN (Figure 4C).

Enhancers (chr16:84117027-84117446 and chr16:84144692-

84145136) showed copy number loss in LumA subtype of

breast cancer. Their target genes MBTPS1 and AC040169.1

were significantly decreased in the LumA subtype as compared

to the other subtypes (Figure 5C). MBTPS1 was significantly co-

expressed with AC040169.1 in the LumA subtype (R= 0.24; P=

4.75e-9). LncRNA AC040169.3 transcribed from the intronic

region of MBTPS1. Previous studies showed that the decreased

expression of MBTPS1 produced by chromosome 16q loss were

reported in the oestrogen receptor (ER)-positive breast cancer

(35). It may suggest that enhancer-AC040169.1-MBTPS1 triples

could be associated with the risk of LumA breast cancer.

Functional enrichment analysis of the genes in the specific-

subtype CNV-driven ELMN showed that the top significant GO

terms in the Basal-like subtype regulatory network were
Frontiers in Immunology 07
regulation of gene expression, protein binding, cell cycle

regulation and the top KEGG pathways were P53 signaling

pathway and central carbon metabolism in cancer (Figure 5D).

In the Her2 subtype, the top significant GO term was regulation

of apoptotic process, and the top KEGG pathway was the PPAR

signaling pathway. In the LumA subtype, the top GO terms were

regulation of cell cycle regulation, protein binding, DNA

replication-dependent nucleosome assembly and the top

KEGG pathway was systemic lupus erythematosus. In the

LumB subtype, the top significant GO terms were regulation

of G1/S transition of the mitotic cell cycle, P53 binding,

regulation of protein stability, and the top KEGG pathway was

MAPK signaling pathway. The four subtypes were mainly

related to the cell cycle, apoptosis, protein binding and other

functions, which may affect the cell proliferation and the

occurrence and development of breast cancer (36).
Subtype-specific prognostic biomarkers
mediated by CNV-driven enhancer in
breast cancer

To explore the potentially prognostic value of target genes of

CNV-driven enhancer and lncRNA-mRNA pairs in the subtype-
A B

DC

FIGURE 4

The CNV-driven enhancer-lncRNA-mRNA networks in Basal-like subtype (A), Her2 subtype (B), LumA subtype (C) and LumB subtype (D). The
diamond represents CNA-driven enhancers (red: amplification; blue: deletion). The circle and square indicate differentially expressed genes and
lncRNAs, respectively. Pink denotes upregulation and green denotes downregulation.
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specific ELMN, we performed survival analysis. We found

MUM1 in the LumA subtype, lncRNA AC016876.1 in the

Basal-like subtype were able to significantly distinguish

patients in high-risk groups from those in low-risk groups in

terms of overall survival (Figure 6A; Table 1). For example,

MUM1 with an amplified enhancer was significantly highly

expressed in LumA subtype when comparing with the other

subtypes (P=2.7e-4, chi-square test; Figure S1B). Survival

analysis showed that higher expression of MUM1 was

associated with poorer prognosis in LumA subtype (P<0.05;

Figure 6A). It is reported that MUM1 was involved in DNA

repair and the regulation of DNA damage. Previous studies

showed that an interaction partner of EXPAND1, the p53-
Frontiers in Immunology 08
binding protein-1 (53BP1) showed higher expression in

luminal A breast cancer cell line MCF-7 and T47D when

comparing to MDA-MB-468 and MDA-MB-231 cell lines (37,

38). Knockdown of 53BP1 is reported to significantly enhance

the growth of luminal A breast cancer MCF-7 cells, which may

suggest that the EXPAND1 could play important role in

luminal A breast cancer by interacting with 53BP1. Thus, the

expression of MUM1 increased is used as a poor prognostic

marker in LumA patients. In the Basal-like subtype, AC016876.1

with a deleted enhancer was significantly down-expressed as

compared to the other subtypes (logFC=-3.53, FDR =2.89e-82,

DEseq2; Figure 6B; Wilcoxon test, P=2.2e-06, Figure S1C).

Kaplan–Meier survival curve showed that patients with low
A B

D

C

FIGURE 5

Functional enrichment analysis of target genes of CNA-driven enhancers in breast cancer subtypes. (A) Copy number variation of enhancers
(chr19:1285886-1286032; chr19:1267471-1270260) and expression levels of MUM1 and CIRBP-AS1 in breast cancer samples. (B) Copy number
variation of enhancers (chr17:7484011-7484247; chr17:1650629-1684867) and expression levels of AC016876.1 and PRPF8 in breast cancer
samples. (C) Copy number variation of enhancers (chr16:84144692-84145136; chr16:84116444-84116897) and expression levels of MBTPS1 and
AC040169.1 in breast cancer samples. (D) GO function and KEGG pathway analysis for key genes in the CNA-driven enhancer-lncRNA-mRNA
network in Basal-like, her2, LumA and LumB subtypes of breast cancer using DAVID. The significance threshold was FDR less than 0.05.
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expression of AC016876.1 were significantly associated with

poor overall survival in Basal-like subtype (log-rank test, P=

0.03; Figure 6A). A previous study showed that AC016876.1 is

associated with autophagy and can be used as a biomarker to

effectively guide and predict the clinical prognostic effect of

colorectal cancer patients (39). Thus, the expression of
Frontiers in Immunology 09
AC016876.1 decreased is used as a poor prognostic marker in

Basal-like patients.

Additionally, we also identified enhancer-related co-

expressed lncRNA-mRNA pairs as prognostic biomarkers,

including one (AC012313.2-MUM1) in the LumA, one

(AC026471.4-PLK5) in the LumB, one (AC027307.2-OAZ1) in
TABLE 1 Targets of CNA-driven enhancers and lncRNA-mRNA pairs as subtype-specific prognostic markers.

Subtype Prognostic markers CNA-driven enhancer P value
(log rank test)

LumA MUM1 Copy number amplification 0.02

LumA AC012313.2-MUM1 Copy number amplification 6.2e-4

LumB AC026471.4-PLK5 Copy number deletion 0.01

Basal-like AC016876.1 Copy number deletion 0.03

Basal-like AC027307.2-OAZ1 Copy number deletion 0.01

Her2 AC022431.1-HCN2 Copy number amplification 5.5e-4
A

B C

FIGURE 6

Target genes of CNA-driven enhancers elements and lncRNA-mRNA pairs are associated with prognosis in breast cancer subtypes. (A) Kaplan-
Meier survival curves according to the gene expression or risk score of lncRNA-mRNA in breast cancer subtypes. The log-rank test was used to
estimate the difference in survival time. (B) The differential expression of prognostic markers across the four subtypes using one-way ANOVA.
(*p < 0.05). (C) Copy number variation of enhancers (chr19:589881-617159; chr19:1508023-1536046) and expression levels of HCN2, PLK5 and
their co-expressed genes in breast cancer samples.
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the Basal-like and one (AC022431.1-HCN2) in the Her2 subtype

(Table 1; Figure 6A). For example, a high-risk score of the PLK5-

AC026471 .4 s igna ture in the LumB subtype had

shortened survival (P=0.01, log-rank test; Figure 6A). LncRNA

AC026471.4 was identified to be significantly co-expressed with

PLK5 in the LumB subtype. Tumor-suppressor PLK5 was

downregulated in the LumB subtype (log2 FC=-3.29; P=2.58e-

69) which is mediated by a CNV-deleted enhancer

(chr19:1508023-1536046). Its co-expressed lncRNA

AC026471.4 was also downregulated in the LumB subtype

(Figure 6C). It was reported that loss of heterozygosity and

downregulation of PLK5 gene were frequently detected in cancer

and its overexpression had an antiproliferative effect in cancer

cell lines (40). In the Her2 subtype, a high-risk score of the

HCN2-AC022431.1 signature was significantly associated with a

worse prognosis (P= 5.5e-4, log-rank test; Figure 6A). LncRNA

AC022431.1 was identified to be significantly co-expressed with

HCN2 in the LumB subtype (R=0.30, P=5.8e-3). HCN2 was

upregulated in the Her2 subtype (log2 FC=2.07, P=7.83e-15)

which is mediated by a CNV-amplified enhancer (chr19:589881-

617159). Studies have found that HCN2 showed the most

significant upregulation in the HER2-positive and triple-

negative breast cancer (TNBC) cell lines as compared to ER-

positive breast cancer cell lines (41). Knockdown of HCN2 using

shRNAs could significantly suppress proliferation of TNBC cell

lines (41). Collectively, our findings underline the crucial roles of

target genes of CNA-driven enhancer and enhancer-related

lncRNA-mRNA pairs in breast cancer subtype carcinogenesis

and their potential prognostic value.
Methods

Data

We obtained RNA-Seq expression profiles and copy number

profiles of 1109 breast cancer patients from The Cancer Genome

Atlas (TCGA) database (https://portal.gdc.cancer.gov/). Then

we downloaded the whole gene annotation file of the human

genome from the GENCODE database portal (https://www.

gencodegenes.org). H3K27ac histone modification data in

breast cancer cell line MCF-7 was obtained from the Cistrome

database (42).
Identification of copy number variation-
driven active enhancers

We used the GISTIC2.0 algorithm (43) to identify genomic

regions with significant copy-number variation (CNV) using

SNP6.0 array-based copy number data for breast cancer from the

TCGA database, H3K27ac ChIP-seq data was mapped to the

reference genome GRCh38 using BWA (version 0.7.15) with
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default settings (44). Peak calling for H3K27ac ChIP-seq was

performed using MACS2 with a q-value threshold of 0.01 (42).

Significant H3K27ac peaks were defined as potential enhancers

in breast cancer. Based on the genomic coordinates, CNV

regions were mapped to enhancers using BEDTools.

Enhancers with significant copy number variation (amplified

or deleted) were termed as CNA-driven enhancers.
Identification of enhancer-gene and
enhancer-lncRNA pairs

Identification of differentially expressed genes: we firstly

used the PAM50 algorithm (45) to classify TCGA breast

cancer samples into four subtypes (Basal-like, Her2, LumA,

LumB). For a given subtype, we identified subtype-specific

differentially expressed genes (DEGs) and differentially

expressed lncRNAs (DELs) compared to other subtypes using

DESeq2, with a threshold of log fold change (logFC) and the

false discovery rate (FDR) were set at 1 and 0.05, respectively.

For a given gene, its expression differences across the four

subtypes was calculated using one-way ANOVA with a

threshold of P value < 0.05.

Enhancer-gene and enhancer-lncRNA pairs: for each breast

cancer subtype, we firstly mapped genomic coordinates of

subtype-specific DEGs and DELs to CNV-driven enhancers

using BEDTools. Subtype-specific DEGs (or DELs) within 100

kb of CNV-driven enhancers were then selected (46, 47). Finally,

upregulated genes (or lncRNAs) with an amplified enhancer and

downregulated genes (or lncRNAs) with a deleted enhancer were

selected as enhancer-gene (or enhancer-lncRNA) pairs.
ELMN network construction and key
module identification

We performed co-expression analysis using Spearman

correlation between DEGs and DELs in each breast cancer

subtype. Co-expressed lncRNA-mRNA pairs were identified

using the threshold of statistical significance P < 0.05.

Furthermore, we integrated CNA-driven enhancers, enhancer-

genes, enhancer-lncRNAs, and lncRNA-mRNA co-expressed

pairs to reconstruct subtype-specific enhancer-lncRNA-mRNA

regulatory networks (ELMN) in each breast cancer subtype.
Survival analysis

We used GEPIA2 to calculate prognostic value for lncRNAs

or genes in the ELMN network (48). The expression median of the

selected lncRNAs or genes were used to divide the patients with a

specific breast cancer subtype into two groups. The Kaplan-Meier

method and log-rank test were used to assess the difference in
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survival time between the two groups. Log-rank tests were used

assess the differences in survival times between different groups of

patients. LncRNAs or genes with P value < 0.05 were determined

to be subtype-specific prognostic biomarkers.

For a lncRNA-mRNA pair, univariate cox regression

analysis was used to analyze the effect of individual lncRNA

and mRNA on the prognosis. A risk score was defined for each

patient according to a linear combination of the expression

values weighted by coefficients from univariate Cox regression

analysis. The breast cancer samples were then divided into high-

risk group and low-risk group according to the median value of

risk scores. The prognostic value of lncRNA-mRNA pairs were

determined using univariate cox regression analysis, stepwise

cox regression analysis, and log-rank test analysis. LncRNA-

mRNA pairs with P value<0.05 were determined to be subtype-

specific prognostic biomarkers.
Conclusions

This study characterized the effect of CNV-driven enhancers

on the expression of target genes and their potential prognostic

value in patients with breast cancer subtypes based on TCGA

breast cancer multi-omics data. We first identified breast cancer

copy number variation-driven enhancers, and then we identified

breast cancer subtype specific differentially expressed genes and

differentially expressed lncRNAs. In addition, by establishing the

association between CNV-driven enhancers and differentially

expressed genes and differentially expressed lncRNAs, we

constructed the subtype-specific CNV-driven enhancer-

lncRNA-gene networks for breast cancer. We identified targets

of CNA-driven enhancers and enhancer-related lncRNA-mRNA

pairs as prognostic biomarkers, including MUM1 and the

AC012313.2-MUM1 pair in the LumA, the AC026471.4-PLK5

pair in the LumB, AC016876.1 and the AC027307.2-OAZ1 pair

in the Basal-like subtype and the AC022431.1-HCN2 pair in the

Her2 subtypes. Our results provided new ideas for clinical

diagnosis and treatment of breast cancer patients.
Discussion

A large number of studies have shown that CNVs not only

directly affect the expression of genes but also regulate gene

expression by acting on enhancers (49). In this study, we

identified copy number variation-driven enhancers by

integration of expression data, copy number data, and

H3K27ac data and explored their effects on the expression of

subtype-specific target genes in the Basal-like, Her2, Luminal A

and Luminal B breast cancer subtypes. Based on subtype-specific

CNV-driven enhancer-lncRNA-mRNA regulatory network

mining and survival analysis, we reported that two CNV-

driven enhancer target gene, four enhancer-related co-
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expressed lncRNA-mRNA pairs could serve as breast cancer

subtype-specific prognostic biomarkers, providing new ideas for

clinical diagnosis and treatment of breast cancer patients.

We constructed subtype-specific enhancer-lncRNA-mRNA

networks and identified prognostic markers for each breast

cancer subtype. We identified two target genes located

downstream of enhancers and four lncRNA-mRNA

relationship pairs as prognostic biomarkers for breast cancer

subtypes. Six of these genes (MUM1, AC016876.1, PLK5, HCN2,

OAZ1, AC027307.2) have been identified as prognostic features

for many cancers, such as colorectal cancer, breast cancer, non-

small cell lung cancer (50, 51). MUM1 and AC016876.1 were

identified as independent prognostic biomarkers for LumA and

Basal subtypes, respectively. In the LumA subtype, MUM1 is a

risk factor, and in the Basal subtype, AC016876.1 is a protective

factor. We found that MUM1 was significantly up-regulated in

the LumA subtype, especially in stage II and stage III LumA

patients, as compared to LumB subtype using the TCGA dataset

(stage II; P=6.6e-3; stage III; P=1.5e-4; Figures S1D, E). To

further characterize the expression of MUM1 in LumA

subtype, we obtained expression data from METABRIC

dataset which consists of 1904 breast cancer samples through

cBioPortal. Consistent with the TCGA data, we found that the

expression of MUM1 are significantly overexpressed in the

LumA subtype as compared to LumB (P<0.05; Figure S1F). In

the Basal-like subtype, AC016876.1 was significantly

downregulated as compared to the other subtypes, but it was

not significantly difference between Basal-like and Her2

subtypes (P=0.64; Figure S1G). We assessed the expression

difference of AC016876.1 betwee Basal-like and Her2 patients

with different clinicopathologic features. We found that

AC016876.1 showed marginally significant lower expression in

Basal-like than Her2 patients with uninvolved lymph node

(stage ;N0; P=0.05; Wilcoxon test; Figure S1H). Lower

expression of AC016876.1 was significantly associated with

poorer prognostic outcome in the Basal-like subtype, whereas

it was not found in the Her2 subtype (Figure S1I). In addition,

we identified enhancer-related co-expressed lncRNA-mRNA

relationship pairs as prognostic biomarkers for breast cancer

subtypes, including one (OAZ1-AC027307.2) in Basal subtype,

one (MUM1-AC012313.2) in LUMA subtype, one (PLK5-

AC026471.4) in LUMB subtype, and one (HCN2-AC022431.1)

in HER2 subtype. And the high risk scores of lncRNA-mRNA

relationship pairs are risk factors for corresponding breast

cancer subtypes. Therefore, they may be candidates for

therapeutic targets in breast cancer. However, there are few

large-scale multi-omics studies and clinical data on breast cancer

subtypes, and our understanding of the commonality and

difference of the four breast cancer subtypes is not deep

enough. With the emergence of more large-scale multi-

dimensional omics and clinical data of breast cancer subtypes,

the ability of our method to characterize breast cancer subtypes

and identify subtype-specific prognostic factors may be further
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improved, providing new ideas for breast cancer subtype

classification and clinical treatment.
Data availability statement

The original contributions presented in the study are

included in the article/Supplementary Material. Further

inquiries can be directed to the corresponding authors.
Author contributions

HZ, SN and LW designed the study, implemented the

algorithm, and performed the analysis. HZ, SZ, LW and LL

wrote and revised the manuscript. XY, KL, LXW, LB, HX, SL,

KF, WL, and MF help to collect the data and prepare the figures

and tables. XY and CZ help to modify the manuscript and

figures. All authors contributed to the article and approved the

submitted version.
Funding

This work was supported by University Nursing Program for

Young Scholar with Creative Talents in Heilongjiang Province

(UNPYSCT-2020174); Excellent Youth Project of Provincial

scientific research Institute (CZKYF2022-1-C006); the Hei

Long Jiang Postdoctoral Special Foundation (LBH-TZ1018).
Frontiers in Immunology 12
Acknowledgment

We are grateful to all those who contributed to this study,

also thank to all the funding that provided financial support for

this study.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/

fimmu.2022.990143/full#supplementary-material
References
1. Koboldt DC, Fulton RS, McLellan MD, Schmidt H, Kalicki-Veizer J,
McMichael JF, et al. Comprehensive molecular portraits of human breast
tumours. Nature (2012) 490(7418):61–70. doi: 10.1038/nature11412

2. Parker JS, Mullins M, Cheang MCU, Leung S, Voduc D, Vickery T,
et al. Supervised risk predictor of breast cancer based on intrinsic subtypes. J
Clin Oncol Off J Am Soc Clin Oncol (2009) 27(8):1160–7. doi: 10.1200/JCO.2008.
18.1370

3. Perou CM, Sorlie T, Eisen MB, van de Rijn M, Jeffrey SS, Rees CA, et al.
Molecular portraits of human breast tumours. Nature (2000) 406(6797):747–52.
doi: 10.1038/35021093

4. Okabe A, Kaneda A. Transcriptional dysregulation by aberrant enhancer
activation and rewiring in cancer. Cancer Sci (2021) 112(6):2081–8. doi: 10.1111/
cas.14884

5. Pennacchio LA, Bickmore W, Dean A, Nobrega MA, Bejerano G. Enhancers:
Five essential questions. Nat Rev Genet (2013) 14(4):288–95. doi: 10.1038/nrg3458

6. Chen H, Li C, Peng X, Zhou Z,Weinstein JN, Caesar-Johnson SJ, et al. A pan-
cancer analysis of enhancer expression in nearly 9000 patient samples. Cell (2018)
173(2):386–99.e12. doi: 10.1016/j.cell.2018.03.027

7. Zboril E, Yoo H, Chen L, Liu Z. Dynamic interactions of transcription factors
and enhancer reprogramming in cancer progression. Front Oncol (2021)
11:753051. doi: 10.3389/fonc.2021.753051

8. Creyghton MP, Cheng AW, Welstead GG, Kooistra T, Carey BW, Steine EJ,
et al. Histone H3k27ac separates active from poised enhancers and predicts
developmental state. Proc Natl Acad Sci U.S.A. (2010) 107(50):21931–6.
doi: 10.1073/pnas.1016071107
9. Shiqi X, Hon GC. Experimental and computational approaches for single-cell
enhancer perturbation assay. Methods Mol Biol (Clifton, NJ) (2019) 1935:203–21.
doi: 10.1007/978-1-4939-9057-3_14

10. Sur I, Taipale J. The role of enhancers in cancer. Nat Rev Cancer (2016) 16
(8):483–93. doi: 10.1038/nrc.2016.62

11. Scherer SW, Lee C, Birney E, Altshuler DM, Eichler EE, Carter NP, et al.
Challenges and standards in integrating surveys of structural variation. Nat Genet
(2007) 39(7 Suppl):S7–15. doi: 10.1038/ng2093

12. Kumar R, Patiyal S, Kumar V, Nagpal G, Raghava GPS. In silico analysis of
gene expression change associated with copy number of enhancers in pancreatic
adenocarcinoma. Int J Mol Sci (2019) 20(14):3582. doi: 10.3390/ijms20143582

13. Guanxiong Z, Jian S, Shiwei Z, Yujia L, Liwen X, Huating Y, et al.
Diseaseenhancer: A resource of human disease-associated enhancer catalog.
Nucleic Acids Res (2018) 46(D1):D78–D84. doi: 10.1093/nar/gkx920

14. Zhao H, Liu X, Yu L, Lin S, Zhang C, Xu H, et al. Comprehensive landscape
of epigenetic-dysregulated lncrnas reveals a profound role of enhancers in
carcinogenesis in bc subtypes. Mol Ther Nucleic Acids (2021) 23:667–81.
doi: 10.1016/j.omtn.2020.12.024

15. ZimmermanMW, Liu Y, He S, Durbin AD, Abraham BJ, Easton J, et al. Myc
drives a subset of high-risk pediatric neuroblastomas and is activated through
mechanisms including enhancer hijacking and focal enhancer amplification.
Cancer Discovery (2018) 8(3):320–35. doi: 10.1158/2159-8290.CD-17-0993

16. Ounzain S, Pedrazzini T. The promise of enhancer-associated long
noncoding rnas in cardiac regeneration. Trends Cardiovasc Med (2015) 25
(7):592–602. doi: 10.1016/j.tcm.2015.01.014
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2022.990143/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.990143/full#supplementary-material
https://doi.org/10.1038/nature11412
https://doi.org/10.1200/JCO.2008.18.1370
https://doi.org/10.1200/JCO.2008.18.1370
https://doi.org/10.1038/35021093
https://doi.org/10.1111/cas.14884
https://doi.org/10.1111/cas.14884
https://doi.org/10.1038/nrg3458
https://doi.org/10.1016/j.cell.2018.03.027
https://doi.org/10.3389/fonc.2021.753051
https://doi.org/10.1073/pnas.1016071107
https://doi.org/10.1007/978-1-4939-9057-3_14
https://doi.org/10.1038/nrc.2016.62
https://doi.org/10.1038/ng2093
https://doi.org/10.3390/ijms20143582
https://doi.org/10.1093/nar/gkx920
https://doi.org/10.1016/j.omtn.2020.12.024
https://doi.org/10.1158/2159-8290.CD-17-0993
https://doi.org/10.1016/j.tcm.2015.01.014
https://doi.org/10.3389/fimmu.2022.990143
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Zhao et al. 10.3389/fimmu.2022.990143
17. Kai-How FK, Alexander M, Jiang Z, Markus K, HW J, Samantha B, et al.
Genetic and epigenetic fine mapping of causal autoimmune disease variants.
Nature (2015) 518(7539):337–43. doi: 10.1038/nature13835

18. Jian S, Li W, Xiangzhe Y, Lixia W, Lin B, Kailai L, et al. Comprehensive
characterization of clonality of driver genes revealing their clinical relevance in
colorectal cancer. J Trans Med (2022) 20(1):362. doi: 10.1186/s12967-022-03529-x

19. Zhao H, Shi J, Zhang Y, Xie A, Yu L, Zhang C, et al. Lnctard: A manually-
curated database of experimentally-supported functional lncrna-target regulations
in human diseases. Nucleic Acids Res (2020) 48(D1):D118–d26. doi: 10.1093/nar/
gkz985

20. Rhie SK, Guo Y, Tak YG, Yao L, Shen H, Coetzee GA, et al. Identification of
activated enhancers and linked transcription factors in breast, prostate, and kidney
tumors by tracing enhancer networks using epigenetic traits. Epigenet Chromatin
(2016) 9:50. doi: 10.1186/s13072-016-0102-4

21. Kopp F, Mendell JT. Functional classification and experimental dissection of
long noncoding rnas. Cell (2018) 172(3):393–407. doi: 10.1016/j.cell.2018.01.011

22. Yirong W, Siqi W, Xun Z, Liyuan Z, Jieqiong D, Fang L, et al. Lncrna-
encoded polypeptide asrps inhibits triple-negative breast cancer angiogenesis. J Exp
Med (2020) 217(3):jem.20190950. doi: 10.1084/jem.20190950

23. Tariq A, Hao Q, Sun Q, Singh DK, Jadaliha M, Zhang Y, et al. Lncrna-
mediated regulation of Sox9 expression in basal subtype breast cancer cells. RNA
(2020) 26(2):175–85. doi: 10.1261/rna.073254.119

24. Pixi Y, Yuyang LJ, Jing N, Juntao G, ZM Q, Yafei Y, et al. Lncrna Platr22
promotes super-enhancer activity and stem cell pluripotency. J Mol Cell Biol (2021)
13(4):295–313. doi: 10.1093/jmcb/mjaa056

25. Hua JT, Ahmed M, Guo H, Zhang Y, Chen S, Soares F, et al. Risk snp-
mediated promoter-enhancer switching drives prostate cancer through lncrna
Pcat19. Cell (2018) 174(3):564–75.e18. doi: 10.1016/j.cell.2018.06.014

26. Murakami F, Tsuboi Y, Takahashi Y, Horimoto Y, Mogushi K, Ito T, et al.
Short somatic alterations at the site of copy number variation in breast cancer.
Cancer Sci (2021) 112(1):444–53. doi: 10.1111/cas.14630

27. Larsen JR, Kuhn P, Hicks JB. Early breast cancer evolution by autosomal
broad copy number alterations. Int J Genomics (2022) 2022:9332922. doi: 10.1155/
2022/9332922

28. Takayuki U, Mitsuru E, Hidenori S, Noriko I, Mariko M, Katsumasa K, et al.
Genome-wide copy number analysis in primary breast cancer. Expert Opin Ther
Targets (2012) 16 Suppl 1(S1):S31–5. doi: 10.1517/14728222.2011.636739

29. Zhu I, Song W, Ovcharenko I, Landsman D. A model of active transcription
hubs that unifies the roles of active promoters and enhancers. Nucleic Acids Res
(2021) 49(8):4493–505. doi: 10.1093/nar/gkab235

30. Hou Y, Zhang R, Sun X. Enhancer lncrnas influence chromatin interactions
in different ways. Front Genet (2019) 10:936. doi: 10.3389/fgene.2019.00936

31. Bramhecha YM, Guerard KP, Audet-Walsh E, Rouzbeh S, Kassem O, Pernet
E, et al. Fatty acid oxidation enzyme Delta3, Delta2-Enoyl-Coa isomerase 1 (Eci1)
drives aggressive tumor phenotype and predicts poor clinical outcome in prostate
cancer patients. Oncogene (2022) 41(20):2798–810. doi: 10.1038/s41388-022-02276-z

32. Lifeng H, Dongwei X, Yawei Q, Xiaoqiang Z, Han G, Meng S, et al. A gene
signature is critical for intrahepatic cholangiocarcinoma stem cell self-renewal and
chemotherapeutic response. Stem Cell Res Ther (2022) 13(1):292. doi: 10.1186/
s13287-022-02988-9

33. Jiheng Z, Nan W, Jiasheng W, Xin G, Hongtao Z, Zhihui L, et al. 5-
methylcytosine related lncrnas reveal immune characteristics, predict prognosis
and oncology treatment outcome in lower-grade gliomas. Front Immunol (2022)
13:844778. doi: 10.3389/fimmu.2022.844778

34. Stefanie C, Praveen S, Rory K, Jie LY, Zach H, Silvia B, et al. Basal-a triple-
negative breast cancer cells selectively rely on rna splicing for survival. Mol Cancer
Ther (2017) 16(12):2849–61. doi: 10.1158/1535-7163.MCT-17-0461
Frontiers in Immunology 13
35. Hungermann D, Schmidt H, Natrajan R, Tidow N, Poos K, Reis-Filho JS,
et al. Influence of whole arm loss of chromosome 16q on gene expression patterns
in oestrogen receptor-positive, invasive breast cancer. J Pathol (2011) 224(4):517–
28. doi: 10.1002/path.2938

36. Lukasiewicz S, Czeczelewski M, Forma A, Baj J, Sitarz R, Stanislawek A.
Breast cancer-epidemiology, risk factors, classification, prognostic markers, and
current treatment strategies-an updated review. Cancers (Basel) (2021) 13
(17):4287. doi: 10.3390/cancers13174287

37. Li X, Xu B, Moran MS, Zhao Y, Su P, Haffty BG, et al. 53bp1 functions as a
tumor suppressor in breast cancer via the inhibition of nf-Kb through mir-146a.
Carcinogenesis (2012) 33(12):2593–600. doi: 10.1093/carcin/bgs298

38. Huen MSY, Huang J, Leung JWC, Sy SM-H, Leung KM, Ching Y-P, et al.
Regulation of chromatin architecture by the pwwp domain-containing DNA
damage-responsive factor Expand1/Mum1. Mol Cell (2010) 37(6):854–64. doi:
10.1016/j.molcel.2009.12.040

39. Cheng L, Han T, Zhang Z, Yi P, Zhang C, Zhang S, et al. Identification and
validation of six autophagy-related long non-coding rnas as prognostic signature in
colorectal cancer. Int J Med Sci (2021) 18(1):88–98. doi: 10.7150/ijms.49449

40. Raab CA, Monika R, Sven B, Klaus S. Non-mitotic functions of polo-like
kinases in cancer cells. BBA - Rev Cancer (2021) 1875(1):188467. doi: 10.1016/
j.bbcan.2020.188467

41. Mok KC, Tsoi H, Man EP, Leung MH, Chau KM, Wong LS, et al.
Repurposing hyperpolarization-activated cyclic nucleotide-gated channels as a
novel therapy for breast cancer. Clin Trans Med (2021) 11(11):e578–. doi:
10.1002/ctm2.578

42. Rongbin Z, Changxin W, Shenglin M, Qian Q, Qiu W, Hanfei S, et al.
Cistrome data browser: Expanded datasets and new tools for gene regulatory
analysis. Nucleic Acids Res (2019) 47(D1):D729–D35. doi: 10.1093/nar/gky1094

43. Mermel CH, Schumacher SE, Hill B, Meyerson ML, Beroukhim R, Getz G.
Gistic2.0 facilitates sensitive and confident localization of the targets of focal
somatic copy-number alteration in human cancers. Genome Biol (2011) 12(4):
R41. doi: 10.1186/gb-2011-12-4-r41

44. Heng L, Richard D. Fast and accurate short read alignment with burrows-
wheeler transform. Bioinf (Oxford, England) (2009) 25(14):1754–60. doi: 10.1093/
bioinformatics/btp324

45. Berger AC, Korkut A, Kanchi RS, Hegde AM, Lenoir W, Liu W, et al. A
comprehensive pan-cancer molecular study of gynecologic and breast cancers.
Cancer Cell (2018) 33(4):690–705 e9. doi: 10.1016/j.ccell.2018.03.014

46. Andreas K, Palaniraja T, Panagiotis N, Yohana G, Sofia N, Charalampos L,
et al. Three-dimensional chromatin landscapes in T cell acute lymphoblastic
leukemia. Nat Genet (2020) 52(4):388–400. doi: 10.1038/s41588-020-0602-9

47. Lan LQ, Xiang L, Li YY, Lin C, Xin HQ, Meng C, et al. Genome-wide
profiling in colorectal cancer identifies Phf19 and Tbc1d16 as oncogenic super
enhancers. Nat Commun (2021) 12(1):6407. doi: 10.1038/s41467-021-26600-5

48. Tang Z, Kang B, Li C, Chen T, Zhang Z. Gepia2: An enhanced web server for
Large-scale expression profiling and interactive analysis. Nucleic Acids Res (2019)
47(W1):W556–W60. doi: 10.1093/nar/gkz430

49. Weischenfeldt J, Dubash T, Drainas PA, Mardin BR, Chen Y, Stütz AM,
et al. Pan-cancer analysis of somatic copy-number alterations implicates Irs4 and
Igf2 in enhancer hijacking. Nat Genet (2017) 49(1):65–74. doi: 10.1038/ng.3722

50. Sun Y, Bao X, Ren Y, Jia L, Zou S, Han J, et al. Targeting Hdac/Oaz1 axis
with a novel inhibitor effectively reverses cisplatin resistance in non-small cell lung
cancer. Cell Death Dis (2019) 10(6):400. doi: 10.1038/s41419-019-1597-y

51. Weige Z, Shijing Z, H-Biao L, Zheyou C, Shuting T, L-xia C, et al.
Development of prognostic indicator based on autophagy-related lncrna analysis
in colon adenocarcinoma. BioMed Res Int (2020) 2020:9807918. doi: 10.1155/2020/
9807918
frontiersin.org

https://doi.org/10.1038/nature13835
https://doi.org/10.1186/s12967-022-03529-x
https://doi.org/10.1093/nar/gkz985
https://doi.org/10.1093/nar/gkz985
https://doi.org/10.1186/s13072-016-0102-4
https://doi.org/10.1016/j.cell.2018.01.011
https://doi.org/10.1084/jem.20190950
https://doi.org/10.1261/rna.073254.119
https://doi.org/10.1093/jmcb/mjaa056
https://doi.org/10.1016/j.cell.2018.06.014
https://doi.org/10.1111/cas.14630
https://doi.org/10.1155/2022/9332922
https://doi.org/10.1155/2022/9332922
https://doi.org/10.1517/14728222.2011.636739
https://doi.org/10.1093/nar/gkab235
https://doi.org/10.3389/fgene.2019.00936
https://doi.org/10.1038/s41388-022-02276-z
https://doi.org/10.1186/s13287-022-02988-9
https://doi.org/10.1186/s13287-022-02988-9
https://doi.org/10.3389/fimmu.2022.844778
https://doi.org/10.1158/1535-7163.MCT-17-0461
https://doi.org/10.1002/path.2938
https://doi.org/10.3390/cancers13174287
https://doi.org/10.1093/carcin/bgs298
https://doi.org/10.1016/j.molcel.2009.12.040
https://doi.org/10.7150/ijms.49449
https://doi.org/10.1016/j.bbcan.2020.188467
https://doi.org/10.1016/j.bbcan.2020.188467
https://doi.org/10.1002/ctm2.578
https://doi.org/10.1093/nar/gky1094
https://doi.org/10.1186/gb-2011-12-4-r41
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1016/j.ccell.2018.03.014
https://doi.org/10.1038/s41588-020-0602-9
https://doi.org/10.1038/s41467-021-26600-5
https://doi.org/10.1093/nar/gkz430
https://doi.org/10.1038/ng.3722
https://doi.org/10.1038/s41419-019-1597-y
https://doi.org/10.1155/2020/9807918
https://doi.org/10.1155/2020/9807918
https://doi.org/10.3389/fimmu.2022.990143
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Identifying enhancer-driven subtype-specific prognostic markers in breast cancer based on multi-omics data
	Introduction
	Results
	Identification of copy number variation-driven enhancers in breast cancer
	Constructing subtype-specific regulations between CNV-driven enhancers and lncRNAs and mRNAs
	Reconstruction and functional characterization of subtype-specific CNV-driven enhancer-lncRNA-mRNA network
	Subtype-specific prognostic biomarkers mediated by CNV-driven enhancer in breast cancer

	Methods
	Data
	Identification of copy number variation-driven active enhancers
	Identification of enhancer-gene and enhancer-lncRNA pairs
	ELMN network construction and key module identification
	Survival analysis

	Conclusions
	Discussion
	Data availability statement
	Author contributions
	Funding
	Acknowledgment
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


