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Abstract

Background This study aimed to identify the differentially expressed genes (DEGs) and the typical fusion genes in different
types of breast cancers using RNA-seq.

Methods GSES52643 was downloaded from Gene Expression Omnibus, which included 1 normal sample (MCF10A) and
7 breast cancer samples (BT-474, BT-20, MCF7, MDA-MB-231, MDA-MB-468, T47D, and ZR-75-1). The transcript
abundance and the DEGs screening were performed by Cufflinks. The functional and pathway enrichment was analyzed by
Gostats. SnowShoes-FTD was applied to identify the fusion genes.

Results We screened 430, 445, 397, 417, 369, 557, and 375 DEGs in BT-474, BT-20, MCF7, DA-MB-231, MDA-MB-468,
T47D, and ZR-75-1, respectively, compared with MCF10A. DEGs in each comparison group (such as CD40 and CDH1)
were significantly enriched in the functions of cell adhesion and extracellular matrix organization and pathways of CAMs
and ECM receptor interaction. UCP2 was a common DEG in the 7 comparison groups. SFRP1 and MMP7 were significantly
enriched in wnt/—catenin signaling pathway in MDA-MB-231. FAS was significantly enriched in autoimmune thyroid disease
pathway in BT-474. Besides, we screened 96 fusion genes, such as ESRI-C60rf97 in ZR-75-1, COBRA1-C90rf167 in BT-20,
and VAPB-IKZF3 and ACACA-STAC?2 in BT-474.

Conclusions The DEGs such as SFRP1, MMP7, CDH1, FAS, and UCP2 might be the potential biomarkers in breast cancer.
Furthermore, some pivotal fusion genes like ESRI-C60rf97 with COBRA 1-C90rf167 and VAPB-IKZF3 with ACACA-STAC?2
were found in Luminal A and Luminal B breast cancer, respectively.
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Introduction (458,400) of the total cancer deaths in 2008 [1]. Breast can-

cer was a collection of diseases that had distinct histopatho-

Breast cancer, the leading cause of cancer death among
females, possessed an approximately proportion of 23%
among the total new cancer cases as well as mortality of 14%
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logical features including genetic and genomic variability,
and multiple prognostic outcomes [2]. All these meant that
clinical management for breast cancer should consider cases
within the differences to arrive at appropriate therapeutic
advice [3]. Gene expression studies using DNA microarrays
have classified breast cancer into distinct subtypes, includ-
ing basal-like, human epidermal growth factor receptor-2
positive/estrogen receptor negative (HER2+/ER-), luminal
A, and luminal B [4]. However, these subtypes had different
epidemiological risk factors [5, 6], different natural histories
[7, 8], and different responses to systemic and local therapies
[9-11], which brought a big challenge for the treatment of
breast cancer.

So far, various gene biomarkers have been found for breast
cancer. For example, Erf could reduce the tumorigenesis
by down-regulating the tumor cell cycle and transcription
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in T-47D [12]. In addition, the chemokine receptor CXCR7
could promote the breast cancer cell proliferation by inter-
acting with EGFR [13]. However, the mechanisms related to
the different type of breast cancer were still unclear to us. In
recent years, DNA and RNA microarrays have been of great
value in illustrating the complex biological mechanisms,
resulting in a new understanding of the development and
progression of human cancer [14]. In addition, the second-
generation sequencing of the transcriptome (RNA-seq) was
a sensitive and efficient method for detecting gene fusions,
somatic mutations, and alternatively spliced forms [15]. For
all the advantages, RNA-seq was a revolutionary tool for the
breast cancer treatment.

In our study, RNA-seq along with the bioinformatics
analysis was used to identify the differentially expressed
genes (DEGs), fusion genes, and the biological processes
related to several breast cancer cell lines and to provide theo-
retical guidance for the future breast cancer treatment.

Materials and methods
RNA-seq data sets

The breast cancer RNA-seq data GSE52643 was down-
loaded from Gene Expression Omnibus (GEO, http://www.
ncbi.nlm.nih.gov/geo/), which was based on the platform of
INlumina HiSeq 2000 (GPL11154). GSE52643 data set was
a collection of 1 normal mammary epithelial cell sample
(MCF10A) and 7 breast cancer cell samples [Luminal A
subtype (MCF7, T47D and ZR-75-1), Luminal B subtype
(BT-474), and triple negative (TN) subtype (BT-20, MDA-
MB-231 and MDA-MB-468)], as shown in Table 1. The
RNA-seq data set was paired-end sequenced with the read
length of 50 bp.

RNA-seq data set pre-processing
The raw data set with SRA format was downloaded from

FTP in national center for biotechnology information
(NCBI) and then was transferred into the fastq format with

the software SRAtoolkit (version: 2.3.5-2, http://www.ncbi.
nlm.nih.gov/Traces/sra/sra.cgi?view=software) [16]. Then,
FastQC (version: 0.11.2, http://www.bioinformatics.babra
ham.ac.uk/projects/fastqc/) [17] was applied to investigate
the data quality. In addition, the FASTX-Toolkit (version:
0.06, http://hannonlab.cshl.edu/fastx_toolkit/index.html)
was employed to screen the RNA-seq data. The short frag-
ments whose 90% nucleotide base sequencing quality scores
no less than 20 were taken as the high-quality reads. The
Python script was used to re-integrate the fragments from
both ends of the sequence to obtain the paired-end reads
with high quality.

Alignments of paired-end reads

The paired-end reads with high quality were mapped to the
human genome (version: GRCh37, which was downloaded
from the official website of Tophat, http://ccb.jhu.edu/softw
are/tophat/igenomes.shtml) using the software Tophat (ver-
sion: 2.0.12) with the default parameters (with two mismatch
at most) to get the BMA files [18].

Transcript abundance calculation of transcript
and the screening of DEGs

The FPKM (Fragments Per Kilobase of exon per Million
fragments mapped, FPKM) was introduced to evaluate the
expression abundance of each transcript by the software
Cufflinks (version: 2.21) [19] using the BMA profiles. The
Cuffdiff of Cufflinks [20] was used to screen the DEGs.
Benjamini and Hochberg method [21] was used to conduct
multiple tests. The adjusted p value [that is, false discovery
rate (FDR)] < 0.05 was taken as the cut-off criteria. Finally,
these DEGs were represented using the heat map, and was
visualized by the R package pheatmap (version: 1.0.8) [22].

Functional and pathway enrichment analysis
of DEGs

The Gostats package of R language [23] was used to con-
duct the analysis of functional and pathway enrichment. The

Table 1 Detail information of

; Cell lines Disease state ER PR HER-2 Subtypes GEO number
the 8 cell lines
BT-474 Breast cancer + + + Luminal B SRX381532
MCF10A Normal breast - - - Normal SRX381533
BT-20 Breast cancer - - - Triple negative (TN) SRX381534
MCF7 Breast cancer + + - Luminal A SRX381535
MDA-MB-231 Breast cancer - - - TN SRX381536
MDA-MB-468 Breast cancer - - - TN SRX381537
T47D Breast cancer + + - Luminal A SRX381538
ZR-75-1 Breast cancer + - - Luminal A SRX381539
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adjusted p value (FDR) <0.05 and DEGs counts >?2 were
used as the cut-off criteria for the identification of signifi-
cantly enriched pathways and functions for DEGs.

The analysis of common DEGs in 7 comparison
groups

For the DEGs of 7 comparison groups, the intersection
analysis between samples was performed using Upset R
package (version 1.3.3, https://cran.r-project.org/web/packa
ges/UpSetR) [24]. Then, the common DEGs were selected.
Meanwhile, the R package clusterprofiler (http://www.bioco
nductor.org/packages/release/bioc/html/clusterProfiler.html)
[25] was used to conduct GO-BP [26] function enrichment
analysis. The p value < 0.05 was set as the cut-off criteria for
identification of significantly enriched functions for com-
mon DEGs.

Fusion gene identification

The data of fusion genes were downloaded from GEO (http://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE52643).
The paired-end reads were mapped to the human genome
(version: GRCh37) using the tool BWA (version: 0.6.2) [27,
28] to get the SAM profiles which could be sorted by the tool
SAMotools based on the reading IDs. Then, the fusion genes
were identified by Snowshoes-FTD (version: 2.0) [29] based
on the Mitelman database.

Results
Alignment analysis

The alignments of sequenced reads are shown in the sup-
plementary Table 1. Among them, sample ZR-75-1 had
the highest ratio (78.19%) (22,111,223/28,279,001) of
paired-end reads with high quality to total reads, while
the sample MDA-MB-231 obtained a ratio of 27.25%
(8,555,113/31,393,951), which was mainly due to the poor-
sequencing quality of a single end (supplementary Fig. 1).
For the mapping ratio among the 8 samples, the MDA-
MB-231, BT-20, and MCF10A possessed the relatively
high ratio of 88.83%, 88.41%, and 88.27%, respectively. The
BT-474 had the highest total reads of 33,108,579, while the
T47D had the lowest total reads of 27,834,336.

Screening of DEGs related to breast cancer

Compared with the MCF10A, the identified DEGs in
BT-474 (164 up-regulated and 266 down-regulated
DEGs), BT-20 (107 up-regulated and 308 down-regulated
DEGs), MCF7 (127 up-regulated and 270 down-regulated

DEGs), MDA-MB-231 (76 up-regulated and 341 down-
regulated DEGs), MDA-MB-468 (81 up-regulated and
288 down-regulated DEGs), T47D (143 up-regulated
and 414 down-regulated DEGs), and ZR-75-1 (124 up-
regulated and 251 down-regulated DEGs) are shown in
the clustering heat map (Fig. 1). These DEGs could well
distinguish the breast cancer cell lines and normal breast
cell line. Furthermore, after intersection analysis of DEGs
in 7 comparison groups (supplementary Fig. 2, data are
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Fig. 1 Clustering heat map of the differentially expressed genes
(DEGs) between the breast cancer cell lines and the normal breast
cell line. The horizontal axis represents samples and vertical axis rep-
resents gene expressions
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partly showed), a total of 16 common DEGs were identi-
fied, such as UCP2, RGL3, and SGIP1. It was found that
UCP2 was over-expressed among all the 7 comparison
groups.

Functional and pathway enrichment analysis

According to the GO function enrichment analysis, DEGs
such as ALOX15 and CD44 were significantly enriched in
the function of cell adhesion (GO: 0007155). DEGs like
AGT and VCAN were significantly related to extracellular
matrix organization (GO: 0030198). Moreover, these two
GO terms were significantly associated with the DEGs
screened from all of the 7 breast cancer cell samples. The
enriched top five GO terms for the DEGs of the 7 breast
cancer cell samples are shown in Table 2. Meanwhile, as is
indicated in the Fig. 2, the common DEGs from 7 compari-
son groups were significantly enriched in the functions of
extracellular matrix organization (GO: 0030198) and cel-
lular response to organonitrogen compound (GO:0071417).

For the KEGG pathway enrichment, DEGs such as CD40
and CDH1 were significantly enriched in the pathway of cell
adhesion molecules (CAMs) (KEGG ID: 4514) and DEGs
like COLIA2 and CD44 were significantly enriched in the
pathway of ECM receptor interaction (KEGG ID: 4512).
What’s more, DEGs of the 7 breast cancer cell samples were
significantly enriched in these above two pathways. In addi-
tion, in the MDA-MB-231 cell line of TN breast cancer,
DEGs such as MMP7 and SFRP1 were significantly enriched
in wnt-signaling pathway (KEGG ID: 4310). Besides, in
BT-474 of Luminal B breast cancer, DEGs such as FAS
and HLA-A were significantly enriched in the pathway
of autoimmune thyroid disease, while, in the other breast
cancer types, there did not exist. Furthermore, the UCP2
was significantly enriched in the functions of regulation of
cell death and regulation of apoptotic process. The top five
KEGG pathways for the DEGs of the 7 breast cancer cell
samples are listed in Table 3.

Fusion gene analysis

Totally, 96 fusion genes were identified with tool Snowh-
soes-FTP in 8 breast cell lines (Table 4). Among them,
the partner genes of 18 fusion genes were from different
chromosomes (inter-chr), while the remains’ partner genes
came from the same chromosome (intra-chr). Searching for
the Mitelman database, a total of 12 fusion genes (such as
VAPB-IKZF3 and ACACA-STAC?2) were found to be related
to cancer. Moreover, these 12 fusion genes were all from the
BT-474 and MCF7 cell lines (Table 5). What’s more, it was
also found that these 12 fusion genes were existed in the spe-
cific cell line in our study, for example, GLBI-CMTM?7 only
existed in BT-474 cell line, while ARFGEF2-SULF?2 only
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in MCF7. In addition, our study also discovered that some
fusion genes such as ADCK4-NUMBL, ARPC4-TTLL3,
ESRI1-C6orf97, COBRAI1-C90rfl67, FAM76A-MCM4, and
LOC100131434-IDS were found in two different cell lines
(supplementary Table 2). However, fusion gene was not
found to be expressed in three or more cell lines.

Discussion

In this study, we screened out the DEGs in the breast can-
cer cell lines by comparing with normal breast cell line and
performed the functional analysis as well as the fusion genes
analysis. UCP2 was found to be over-expressed in all the 7
breast cancer cell lines. According to the functional enrich-
ment, UCP2 was significantly enriched in the functions of
regulation of cell death and regulation of apoptotic process.
The mitochondrial uncoupling protein 2 (UCP2, also known
as uncoupling protein 2) is a mitochondrial anion carrier
proteins. Dysfunctional mitochondria could cause retrograde
response in the cell nuclear, leading to cell reprogramming
[30]. Mitochondrial uncoupling and Warburg effect were the
molecular basis for metabolic recombination of cancer cells
[31]. Chen et al. proved that the expression of UCP2 could
help the adaptation and survival of tumor cells in an increas-
ingly hostile tissue microenvironment and make a contribu-
tion to the tumor evolution [32]. In addition, reportedly, it
has been suggested that UCP2 was over-expressed in neck,
skin, pancreas, and prostate tumor tissues, and promoted
tumors growth [33]. What’s more, former report has shown
that UCP2 was over-expressed in breast cancer and could
promote tumorigenic properties [34]. Thus, UCP2 could be
a potential target gene for the treatment of breast cancer.
According to the GO function enrichment analysis, DEGs
of each comparison group were closely related to cell adhe-
sion and extracellular matrix organization, and the com-
mon DEGs from 7 comparison groups were significantly
enriched in the functions of extracellular matrix organiza-
tion. To some extent, it was suggested that cell adhesion and
extracellular matrix organization played a key role in breast
cancer. Furthermore, the recent study has showed that the
poor treatment and the high mortality of breast cancer were
attributed to the metastasis of tumor cells [35]. To complete
the process of tumor metastasis, the tumor cells should first
enhance the interaction with neighboring cells through the
cell adhesion, the ECM, and the microenvironment [36].
Consequently, cell adhesion and extracellular matrix organi-
zation might play key roles in the metastasis of breast cancer.

In addition, the pathway enrichment revealed that the
DEGs in all the 7 comparison groups were significantly
enriched in the pathways of CAMs and ECM-receptor inter-
action. CAMs were cell-surface proteins that performed the
interactions for cell-to-cell or cell-to-ECM. Furthermore,
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Table 2 Top five enriched function of the DEGs in the 7 comparison groups

Groups GO IDs

FDR

Counts Terms

Gene symbols

BT-20 vs. MCF10A

GO:0044707

G0:0032501

GO:0048731

GO:0007275

G0:0048856

BT-474 vs. MCF10A

G0:0030198

GO:0043062

G0:0032501

GO:0044707

GO:0051239

MCF7 vs. MCF10A

GO:0030198

G0:0044707

G0:0043062

GO:0032501

G0:0032502

MDA-MB-231 vs. MCF10A

G0:0007155

GO0:0022610

G0:0048731

GO:0044707

2.99E - 19

1.43E — 18

1.52E — 17

1.64E — 17

2.73E - 16

2.34E - 17

2.59E - 17

4.15E - 14

5.22E - 14

3.67E — 11

1.22E - 15

1.27E - 15

1.34E - 15

8.79E — 15

591E - 14

5.66E — 20

7.22E - 20

8.47E — 20

9.68E — 19

226

230

163

185

178

43

43

219

213

97

39

203

39

206

181

80

80

172

230

Single-multicellular organism

process

Multicellular organismal process

System development

Multicellular organismal develop-

ment

Anatomical structure development

Extracellular matrix organization

Extracellular structure organization

Multicellular organismal process

Single—-multicellular organism

process

Regulation of multicellular organis-

mal process

Extracellular matrix organization

Single-multicellular organism

process

Extracellular structure organization

Multicellular organismal process

Developmental process

Cell adhesion

Biological adhesion

System development

Single-multicellular organism
process

SERPINA3, ACTG2, JAGI, AGT,
ALOXS5, ALOX15, AMPH, ANGPTI,
ANKI, ANXAI ...

SERPINA3, ACTG2, JAGI, AGT,
ALOXS5, ALOX15, AMPH, ANGPTI,
ANKI, ANXALI...

JAGI, AGT, ALOX15, ANGPT]I,
ANKI, ANXAI, APBA2, APBB2,
BDNF, BMPRIB ...

JAGI, AGT, ALOX15, ANGPT1I,
ANKI, ANXAI, APBA2, APBB2,
BDNF, BMPRIB ...

JAGI, AGT, ALOX15, ANGPT1I,
ANKI, ANXAI, APBA2, APBB2,
BDNF, BMPRIB ...

BMPI1, BMP7, CD44, COLIA2,
COL3AI, COL6A2, COLI6AI,
COLI7A1, VCAN, CTSB ...

BMPI1, BMP7, CD44, COLIA2,
COL3A1, COL6A2, COLI6AI,
COLI17A1, VCAN, CTSB ...

ACTG2, ADD2, AFP, AGTRI,
ALDHIA3, AMPD2, ANGPT]I,
ANK?2, APBA2, KLK3 ...

ACTG2, ADD2, AFP, AGTRI,
ALDHIA3, AMPD2, ANGPTI,
ANK2, APBA2, KLK3 ...

AGTRI, ANGPTI, ANK2, KLK3,
FAS, ASCL2, BDNF, BMP1, BMP7,
C3...

APBBI, BMP1, BMP7, COLIA2,
COL3AI, COL5A1, COL8A2,
COLI6A1, CTSB, DCN ...

ACTA2, ACTCI, ACTG2, ADD2, AFP,
ALDHIA3, ALOX15, ANGPTI,
ANK2, APBA2 ...

APBBI, BMP1, BMP7, COLIA2,
COL3AI, COL5A1, COLSA2,
COLI6A1, CTSB, DCN ...

ACTA2, ACTCI, ACTG2, ADD2, AFP,
ALDHIA3, ALOX15, ANGPTI,
ANK?2, APBA2 ...

ACTA2, ACTCI, ADD2, AFP,
ALDHIA3, ALOX15, ANGPT]I,
ANK?2, APBA2, APBBI ...

ADAMS, AGT, ANGPTI, AZGP1,
BMPI1, BMP2, DDRI, CD22,
CDHI, CDH6 ...

ADAMS, AGT, ANGPTI, AZGP1,
BMPI, BMP2, DDRI, CD22,
CDHI, CDH6 ...

ACPS5, ACTA2, ADAMS, AFP, AGT,
ALDHIA3, ANGPTI, APBA2,
APOE, BMPI ...

SERPINA3, ACP5, ACTA2, ACTG2,
ADAMS, AFP, AGT, ALDHIA3,
AMPH, ANGPT]I ...
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Table 2 (continued)

Groups GO IDs FDR

Counts Terms

Gene symbols

GO:0001501 2.19E —18 48

MDA-MB-468 vs. MCF10A GO:0048731 7.24E —21 156

GO0:0022610 2.11E—-20 74

GO:0007155 7.02E—-20 73

GO:0007275 3.75E—-19 172

GO0:0048856 1.27E —17 165

T47D vs. MCF10A

GO:0030198 8.49E —-19 51

GO:0043062 9.58E—-19 51

G0O:0009653 4.15E — 17 143

GO:0044707 1.52E—-16 272

GO:0007275 2.49E — 16 224

ZR-75-1 vs. MCF10A

GO:0044707 6.11E —19 204

GO:0030198 1.15E—-18 42

GO:0043062 1.27E —18 42

GO:0032501 4.39E — 18 207

GO:0048731 2.76E — 17 148

Skeletal system development

System development

Biological adhesion

Cell adhesion

Multicellular organismal develop-

ment

Anatomical structure development

Extracellular matrix organization

Extracellular structure organization

Single-multicellular organism
process

Multicellular organismal develop-
ment

Single-multicellular organism

process

Extracellular matrix organization

Extracellular structure organization

Multicellular organismal process

System development

ACPS5, BMP1, BMP2, CBS, CDH11,
CHI3L1, COLIAI, COLIA2,
COL3AI, COLI3AI ...

ADD?2, AFP, ALOX15B, ALPL,
ANGPTI, ANK2, APBB2, BDNF,
C3, CACNAIC ...

ANGPTI, CD22, CDH4, CDH11,
CDH13, CDKN2A, CNTNI1,
COL6A2, COL6A3, COLI6AI ...

ANGPTI, CD22, CDH4, CDH11,
CDH13, CDKN2A, CNTNI1,
COL6A2, COL6A3, COLI6AI ...

ADD?2, AFP, ALOXI5B, ALPL,
ANGPTI, ANK2, APBB2, BDNF,
C3, CACNAIC ...

ADD?2, AFP, ALOX15B, ALPL,
ANGPTI, ANK2, APBB2, BDNF,
C3, CACNAIC ...

A2M, BMP1, CD44, COLIA2,
COL6A2, COL6A3, COLI6AI,
COLI17A1, VCAN, DCN ...

A2M, BMP1, CD44, COLIA2,

COL6A2, COL6A3, COLI6AI,
COL17A1, VCAN, DCN ...

Anatomical structure morphogenesis ACTCI, ALDHIA3, ANPEP, BDNF,

BMPI, C3, CA2, CD44, CDH11,
CHNI ...

A2M, SERPINA3, ACTCI, ADD?2,
AFP, ALDHIA3, ALOX15, ANPEP,
ANXAI, RHOH ...

ACTCI, ADD2, AFP, ALDHIA3,
ALOX15, ANPEP, ANXAI, RHOH,
BDNF, BMPI ...

ACTCI, ADD2, AFP, ALOX5, ANK?2,
ANXAI, APOD, KLK3, RHOH,
ATP2A3 ...

BMPI, CD44, COL6A3, COL7AI,
COLI6A1, COLI7A1, CTSB, DCN,
FAP, FGFR4 ...

BMPI, CD44, COL6A3, COL7AI,
COLI6A1, COLI7A1, CTSB, DCN,
FAP, FGFR4 ...

ACTCI, ADD2, AFP, ALOX5, ANK2,
ANXAI, APOD, KLK3, RHOH,
ATP2A3 ...

ACTCI, ADD2, AFP, ANK2, ANXAI,
APOD, KLK3, RHOH, BDNF,
BMPI ...

CAMs also played a key role in the metastasis in breast
cancer by promoting the tumor cells detachment from the
primary tumor as well as the reduction of intercellular
adhesion [37]. Besides, it was found that the DEGs such
as CD40 and CDH1 were significantly enriched in CAMs
pathway. CD40 was a member of the tumor necrosis factor
receptor superfamily and was broadly expressed to inhibit
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the tumor growth by induction of the tumor cell apoptosis
in breast cancer [38]. In addition, CDHI (E-cadherin 1),
belonging to cadherin superfamily, was a tumor suppressor
gene [39]. Former reports have demonstrated that the loss
of E-cadherin could induce the mesenchymal state of breast
cancer cells, and then, invasion and metastasis occurred [40,
41]. Therefore, we assumed that the CD40 and CDH might
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Fig.2 Function enrichment analysis of the common DEGs in the 7
comparison groups

be key genes through regulating the CAMs pathway in the
breast cancer. Apart from the common pathways, we also
identified the wnt-signaling pathway in MDA-MB-231 of
TN type breast cancer. In general, it has been found that
the wnt-signaling pathway always recruited the cytoplas-
mic protein f-catenin to act as a key signaling intermediate
and was known as the wnt/p-catenin signaling pathway [42].
Furthermore, the wnt/B-catenin signaling pathway was pref-
erentially activated and played a key role in the development
and progression of breast cancer cell [43]. Moreover, in our
study, we also discovered that MMP7 and SFRPI were sig-
nificantly enriched in the wnt/p-catenin signaling pathway.
Recent study has shown that MMP7 expression was associ-
ated with tumor invasion, metastasis, and survival in breast
cancer by degrading all the ECM components which was
considered an essential step in the processes of invasion and
metastasis [44, 45]. Furthermore, reports have also demon-
strated that, in the TN breast cancer, the MMP7, which was
involved in the wnt/p-catenin signaling pathway, was associ-
ated with the functional loss of PTEN gene, the most com-
mon first event associated with TN breast cancer [46, 47].
In addition, the former report has discovered that SFRP1
(secreted frizzled-related protein 1) was a negative regulator
for the wnt pathway and the loss of SFRPI expression in the
early stage breast tumors was associated with poor prognosis
[48]. As a result, we assumed that MMP7 and SFRP1 could
take part in the regulation of TN breast cancer through the
wnt/p-catenin signaling pathway. In addition, in the BT-474
cell line of Luminal B breast cancer, FAS was significantly
enriched in the pathway of autoimmune thyroid disease. It
has been proven that women affected by either benign or
malignant thyroid disease had a significantly greater risk of
breast cancer and the thyroid auto-antibodies appear to be
protective against breast cancer. Moreover, FAS has been
found to interact with the FasL which might trigger the cell

death pathways in breast cancer cell and killed tumors by
immune-effector cells [49, 50]. Thus, we speculated that
FAS could trigger the immune-effector cells to kill the breast
cancer cells through the autoimmune thyroid disease path-
way in the BT-474 of luminal B breast cancer. However,
further experiments are still necessary to verify the role of
these genes in various subtypes of breast cancer cell lines.

Moreover, for the fusion gene analysis, a fusion gene
ESRI-C60orf97 was screened out in the luminal A type breast
cancer including MCF7 and ZR-75-1. Former research has
shown that a SNP on 6g25.1 which was associated with
breast cancer lay ~200 kb upstream of ESR/ in an intron
of C6orf97 [51]. Moreover, it has also been proven that
ESRI could be co-expressed with the closely adjacent gene
C6orf97 spanning a breast cancer susceptibility locus at
6q25.1 [52]. Consequently, we speculated that the expres-
sion of ESRI-C60rf97 could be related to the breast cancer
susceptibility. In addition, in the luminal B type breast can-
cer, VAPB-IKZF 3 was also identified. It has been found that
the knock-down of VAPB-IKZF3 could lead to the inhibition
of breast tumor cell growth [53]. When analyzing the partner
genes of the fusion genes, we found that the partner genes
COBRA] of fusion gene COBRA1-C90rf167 in BT-20 (TN)
and MCF7 (luminal A) and ACACA of ACACA-STAC?2 in
BT-474 (Luminal B) were related to breast cancer. COBRA 1
could modulate estrogen-dependent and independent tran-
scription, and suppresses the growth of breast cancer cells
by binding to the breast cancer susceptibility gene product-
BRCA1 and its expression was significantly reduced in meta-
static and recurrent breast cancer, referring to be a tumor
suppressor in breast cancer development [54]. It has been
also found that the ACACA could activate the fatty acid syn-
thesis which was required for breast carcinogenesis [55].
However, there were a few reports on these fusion genes
which were related to breast cancer. Former study has proven
that the gene fusion could give rise to the activation of the
silenced genes. For example, GSDMB could be activated by
the fusion gene TATDNI-GSDMB in SK-BR-3 breast cancer
cells and IKZF3 could be activated by GSDMB-IKZF3 in
BT474 breast cancer cells [53]. Thus, it was speculated that
the COBRAI and ACACA might be activated by the fusion
gene to be involved in the breast cancer. Besides, we also
discovered that the most fusion genes were only existed in
one breast cancer cell line, while only 6 fusion genes were
found in two kinds of cell lines. None of fusion genes was
simultaneously existed in three or more cell lines. All these
findings suggested that the expression of fusion genes might
have something to do with the molecular subtypes of breast
cancer.

Unfortunately, we did not obtain a regular relationship
between fusion genes and breast cancer types, which might
be due to the insufficient samples involved in our research.
In addition, our results were not validated through animal
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Table 3 Top five enriched pathway with the DEGs in the 7 comparison groups

Groups

KEGG IDs Terms

FDR

Counts Gene symbols

BT20 vs. MCF10A 4510

4512

4514

4974

300
BT474 vs. MCF10A 4512

4510

4610

4640

5410

MCF7 vs. MCF10A 4512

5146

4610

4514

4510

MDA-MB-231 vs. MCF10A 53

5410

5414

Focal adhesion

ECM-receptor interaction

Cell adhesion molecules (CAMs)

Protein digestion and absorption

Lysine biosynthesis
ECM-receptor interaction

Focal adhesion

Complement and coagulation cas-
cades

Hematopoietic cell lineage

Hypertrophic cardiomyopathy

ECM-receptor interaction

Amoebiasis

Complement and coagulation cas-
cades

Cell adhesion molecules

Focal adhesion

Ascorbate and aldarate metabolism

Hypertrophic cardiomyopathy

Dilated cardiomyopathy

2.08E — 05

7.84E — 05

0.0008

0.001345

0.002095
5.56E - 09

2.66E — 06

3.18E - 06

291E - 05

0.000107

7.88E — 07

8.50E — 06

3.84E - 05

8.43E — 05

0.000332

3.76E — 09

5.38E - 09

1.60E — 08

17

10

11

17

10

10

12

12

12

14

14

14

CCND2, COLIA2, COL5A1, COL6A3,
FNI1, TNC, ITGA4, ITGAS, ITGB3,
KDR, LAMA4, MYLK, PAK3, PDG-
FRB, VEGFC, PDGFD, COL6A6

COLIA2, COL5A1, COL6A3, FNI,
TNC, ITGA4, ITGAS, ITGB3,
LAMA4, COL6A6

CD22, CNTNI1, VCAN, HLA-B, HLA-
F, ITGA4, MAG, NRXN3, PVRL3,
NLGN4X, CADM3

FXYD2, COLIA2, COL5A1, COL6A3,
MME, SLC8A1, SLC7AS, COL6A6

ALDH7AI, AADAT

CD44, COLIA2, COL3AI, COL6A2,
FNI1, HSPG2, ITGAS, ITGB3,
ITGB4, ITGB6, LAMA4, LAMCI,
LAMC2, SPP1

COLIA2, COL3AI, COL6A2, ERBB?2,
FNI, FYN, ITGAS, ITGB3, ITGB4,
ITGB6, LAMA4, LAMCI, LAMC2,
MYLK, RAC2, SPP1, PDGFC

CFB, CIR, C2, C3, CD59, F7, PLAU,
PLAUR, PROSI, TFPI

CDI14, CD44, CD59, CSF2RA, CSF3R,
EPOR, IL6, ITGAS, ITGB3, TPO

CACNA2D1, DMD, IL6, ITGAS,
ITGB3, ITGB4, ITGB6, TPM1,
CACNA2D4

CD36, COLIA2, COL3A1, COL5A1,
FNI, TNC, ITGAS, ITGB3, LAMA4,
LAMB3, LAMC2, LAMAI

COLIA2, COL3AI, COL5AI, FNI,
CXCLI, ILIB, LAMA4, LAMB3,
LAMC2, SERPINB2, SERPINB10,
LAMAI

CFB, CIR, C2, C3, F3, CFH, PLAT,
PLAU, PLAUR

CD22, CD40, CNTN1, CLDN3,
NCAM1, NCAM2, NRCAM, PTPRM,
CADM1, CNTNAP2, CADM3,
PDCDILG2

COLIA2, COL3A1, COL5AI, FNI,
TNC, ITGAS, ITGB3, LAMAA4,
LAMB3, LAMC2, MYLK, PDGFC,
PDGFD, LAMAI

UGTIAIO, UGTIAS, UGTIA7,
UGTIA6, UGTIAS, UGTIAY,
UGTIA4, UGTIAI, UGTIA3

CACNAIC, CACNA2D1, CACNB3,
DMD, IGF1, ITGA4, ITGB6, SGCA,
SGCD, SLC8A1,TNF, TNNT2, TPM1,
TPM?2

CACNAIC, CACNA2DI, CACNB3,
DMD, IGF1, ITGA4, ITGB6, SGCA,
SGCD, SLC8A1,TNF, TNNT2, TPM1,
TPM2
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Table 3 (continued)

Groups KEGG IDs

Terms

FDR

Counts Gene symbols

40

514

MDA-MB-468 vs. MCF10A 4512

4640

4514

5412

4510

T47D vs. MCF10A 5410

5414

40

53

982

ZR-75-1 vs. MCF10A 4512
4640

4610

4510

Pentose and glucuronate interconver-
sions

Other types of O-glycan biosynthesis

ECM-receptor interaction

Hematopoietic cell lineage

Cell adhesion molecules

Arrhythmogenic right-ventricular
cardiomyopathy
Focal adhesion

Hypertrophic cardiomyopathy

Dilated cardiomyopathy

Pentose and glucuronate interconver-
sions

Ascorbate and aldarate metabolism

Drug metabolism—cytochrome P450

ECM-receptor interaction

Hematopoietic cell lineage

Complement and coagulation cas-
cades

Focal adhesion

2.99E - 08

7.37E — 08

1.16E — 06

7.73E - 05

8.81E — 05

0.000132

0.000235

1.36E - 10

4.37E — 09

4.66E — 08

8.21E — 08

8.79E — 08

3.29E - 07

4.85E — 07

2.59E - 06

8.72E — 06

9

10

11

11

13

18

17

10

14

12

12

10

16

UGTIAIO, UGTIAS, UGTIA7,
UGTIA6, UGTIAS, UGTIASY,
UGTIA4, UGTIAI, UGTIA3

UGTIAIO, UGTIAS, UGTIA7,
UGTIA6, UGTIAS, UGTIA9,
UGTIA4, UGTIAI, UGTIA3,
ST6GAL2

COLIA2, COL6A2, COL6A3, FNI,
GPIBB, ITGA4, ITGAS, ITGB3,
LAMA3, SDC2, SPP1

CD22, CSF2RA, CSF3R, EPOR,
GPIBB, ILIA, ITGA4, ITGAS,
ITGB3

CD22, CD40, CDH4, CNTNI1, CLDN3,
VCAN, HLA-DQAI, ITGA4, NRCAM,
SDC2, NLGN4X

CACNAIC, GJAL, ITGA4, ITGAS,
ITGB3, SGCA, SLC8AI, LEF1

COLIA2, COL6A2, COL6A3, FNI,
ITGA4, ITGAS, ITGB3, LAMA3,
MYLK, PAK3, SPP1, VEGFC,
PDGFD

ACTCI, CACNA2DI, ACE, DMD,
IGF1, ITGA3, ITGA4, ITGAS,
ITGB3, ITGB6, SGCA, SGCD,
SLC8AI, TGFB2, TNNI3, TPM1,
TPM4, CACNA2D3

ACTCI, CACNA2D1, DMD, IGF1,
ITGA3, ITGA4, ITGAS, ITGB3,
ITGB6, SGCA, SGCD, SLC8AI,
TGFB2, TNNI3, TPM1, TPM4,
CACNA2D3

AKRIBI, UGTIAIO, UGTIAS,
UGTIA7, UGTIAG6, UGTIAS,
UGTIAY, UGTIA4, UGTIAI
UGTIA3

UGTIAIO, UGTIAS, UGTIA7,
UGTIA6, UGTIAS, UGTIASY,
UGTIA4, UGTIAI, UGTIA3

ALDH3AI, ALDHIA3, AOX1, GSTM1,
GSTM2, UGTIAI0, UGTIAS,
UGTIA7, UGTIAG6, UGTIAS,
UGTIAY, UGTIA4, UGTIAI
UGTIA3

CDA44, COL6A3, FNI1, TNC, ITGA3,
ITGA4, ITGB3, ITGB6, LAMAA4,
LAMB3, LAMC2, THBS1

CD44, CD59, CSF1, CSF2RA, EPOR,
ILIB, IL7R, ITGA3, ITGA4, ITGB3,
MME, TPO

CFB, CIR, C2, C3, CD59, F3, FGG,
PLAT, PLAUR, TFPI

CAV2, COL6A3, FLNA, FNI, FYN,
TNC, ITGA3, ITGA4, ITGB3, ITGB6,
LAMA4, LAMB3, LAMC2, MYLK,
THBSI, PDGFC
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Table 3 (continued)

Groups KEGG IDs Terms FDR Counts Gene symbols
5410 Hypertrophic cardiomyopathy 1.42E-05 10 ACTCI, CACNA2DI, ITGA3, ITGA4,
ITGB3, ITGB6, SGCA, SLCS8AI,
TGFB2, TPM1

Table 4 Fusion genes screened in the normal breast cell line and the 7 breast cancer cell lines

Cell lines Disease states

Counts

Gene symbols

MCF10A Normal breast

BT-474 Breast cancer

BT-20 Breast cancer

MCF7 Breast cancer

MDA-MB-231 Breast cancer
MDA-MB-468 Breast cancer
T47D Breast cancer
ZR-75-1 Breast cancer

6

22

15

34

~ L O

10

ARIH2-ZNF283, LOC155060-ZNF783, CNPY2- CS, ARPC4-TTLL3, GXYLT2-PPP4R2, SIDT2-
TAGLN

ACACA-STAC2, CYP4FS-ILVBL, CIZ1-FAM102A, FITM2-UQCC, COL5A2-FLNB, CMTM7-GLB1,
LAMPI-MCF2L, MEDI-STXBP4, PIP4K2B-RAD51C, MGAT4C-PPPIRI2A, MYO9B- RAB22A,
RPS6KBI-SNFS8, DOK5-STARD3, SYNRG-TOBI, MYO19-TRIM37, MRPL45-TRPC4AP, IKZF 3-
VAPB, CEP250-ZMYNDS, CIZI-FAM102A, PIP4K2B-RAD51C, IKZF3-VAPB, CEP250-ZMYNDS8

ACTB-RNF216, ADCK4-NUMBL, CIZI-LCN2, C90rfl67-COBRAI, GOLGBI-ILDRI, LIMAI-
USP22, IDS-LOC100131434, CHD2-LOC100507217, ARHGEF4-PLEKHB2, RASSF3-TBK1,
CRTC2-SLC39A1, KIAA1984-TMEM 141, TYWI-VOPPI, CIZI-LCN2, GOLGBI-ILDRI

ADAMTS19-SLC27A6, ADCK4-NUMBL, ARFGEF2-SULF2, ARPC4-TTLL3, ASL-CRCP, ATXN7L3-
FAM171A2, ATXN7-BCAS3, BCAS3-REG4, BCAS3-BCAS4, BMP7-SULF2, ABCCI-Cl60rf45,
Cl60rf62-10CK, C90rfl67-COBRAI, DEPDCIB-ELOVL7, EIF3H-RAD21, C60rf97-ESRI,
GATAD2B-NUP210L, GCNILI-MSI1, BCAS3-KIAA1324L, IDS-LOC100131434, FCHO1-MYO9B,
AK7-PAPOLA, MATN2-POPI1, CATSPER2-PPIP5K1, DIAPH3-RPS6KBI, RPS6KB1-VMP1, MIF-
SLC2A11, CARMI1-SMARCA4, PRICKLE2-SULF2, BRIP1-TAF4, CA4-TANC2, SYAP1-TXLNG,
RPS6KBI1-VMPI1, PRICKLE2-SULF2

ARIDIA-MAST2, FAM76A-MCM4, C160rf46-GCSH, SLC25A32-UBRS5, C160rf46-GCSH
ARID3C-DCTN3, FAM76A-MCM4, SH3BP5-VGLL4, FAM149B1-VPS26A

ARL6IPI-RPSI5A, ARHGAP39-BOP1, Clorfl51-NBLI-RCC2, C6orf97-ESR1, EXOSCI0-KPNAG,
MINOSI-RCC2, PDCD4-RBM20, SCNNIA-TNFRSFIA, HOMERI-SREKI, C60rf97-ESRI

Table 5 Fusion genes verified
in BT-474 and MCF7 breast
cancer cell lines

Sample title Fusion gene directional Type Fusion_ Dis-con- Split reads 5’ Chro- 3’ Chro-

Strand  cordant read mosome mosome
pairs

BT-474
BT-474
BT-474
BT-474
BT-474
BT-474
BT-474
BT-474
MCF7
MCF7
MCF7
MCF7

GLB1->CMTM7
ACACA->STAC2
LAMPI1->MCF2L
RAB22A->MYOQO9B
RPS6KB1->SNF8
STARD3->DOK5
VAPB->IKZF3
ZMYNDS8->CEP250
ARFGEF2->SULF2
BCAS4->BCAS3
MYO9B->FCHO1
PAPOLA->AK7

Intra-chr — 14

Intra-chr
Intra-chr
Inter-chr
Intra-chr
Inter-chr
Inter-chr
Intra-chr
Intra-chr
Inter-chr
Intra-chr

Intra-chr

I+ + + + +

+ + + +

72
7
18
162
21
82
196
422
1750
35
18

21

35
13

156
55

11

17
13
19
17
20

20
20
17
19
14

17
13
20
17
17
20
20
20
20
19
14

or clinical experiments, which was really a limitation in this
study. Therefore, further studies are still needed to confirm

our findings.

@ Springer

Conclusions

In conclusion, according to the RNA-seq data analysis,
UCP2, CD40, and CDHI might be potential target genes
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for the treatment of TN, luminal A, and luminal B breast
cancer. In addition, SFRPI and MMP7 might be associated
with the TN breast cancer through wnt/p-catenin signal-
ing pathway. Besides, FAS could be related to the luminal
B breast cancer. Moreover, the fusion ESRI-C60rf97 and
COBRAI1-C90rf167 were related to the luminal A breast
cancer including MCF7 and ZR-75-1. VAPB-IKZF3 and
ACACA-STAC2 were related to luminal B breast cancer.
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