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Abstract: Objective: The purpose of this investigation was to study the expression profile and potential function of
circular RNA (circRNA) and long noncoding RNA (IncRNA) in triple-negative breast cancer (TNBC). Methods: RNA
sequencing technology was used to detect differentially expressed circRNAs and IncRNAs between TNBC tissues
and the adjacent tissue. The potential functions of these different RNAs were analyzed by GO and KEGG enrich-
ment analysis by bioinformatics tools. We also selected and analyzed these key circRNAs and IncRNAs to verify
their important functions in TNBC. Results: A total of 139 differentially expressed circRNAs and 1001 IncRNAs
were obtained. The co-expression analysis showed that the hub IncRNAs (OIP5-AS1, DRAIC) were associated with
several tumors and mainly enriched in tumor metastasis. We also screened 5 circRNA-hosting genes (NTRK2, FNTA,
BAPGEF2, MGST2, ADH1B) that were associated with the brain-derived neurotrophic factor (BDNF) receptor signal-
ing pathway and cerebral cortex development, as well as AMPK and TGF- signaling pathway. Conclusion: We identi-
fied a large number of differentially expressed circRNAs and IncRNAs, which provide useful insight in understanding
TNBC carcinogenesis.
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Introduction

Breast cancer (BC) is one of the most common
gynecological tumors among women through-
out the world [1]. BC can be divided into three
broad subtypes according the expression sta-
tus of estrogen receptor, progesterone-recep-
tor and human epidermal growth factor recep-
tor 2 [2]. Triple-negative breast cancer (TNBC),
with negative expression of all three receptors
of these receptors, is more aggressive than
other BC types [3]. Patients with TNBC have a
higher risk of recurrence, earlier and multiple
organ metastasis and worse prognosis [4].

Recently, the application of high throughput
sequencing (NGS) technology has facilitated
the discovery and investigation of genes in
patients with cancer [5]. Reports have found
several gene alternations and abnormal path-
ways that are associated with the occurrence
of TNBC [6, 7]. In addition, the non-coding RNAs
and mRNAs play important roles in regulation

of cancer initiation and progression [8]. INncRNAs
are long-stranded RNAs without coding func-
tion, with a transcription lengths varying from
200 bp to 1000 kb [9]. There are two main reg-
ulation modes of IncRNAs; one is cis regulation,
where IncRNA regulates the expression of its
neighboring genes [10]. The cis-regulated tar-
get genes are mainly predicted based on the
positional relationship, which are defined as
abnormally expressed IncRNAs and abnormally
expressed mMRNAs upstream and downstream
of the chromosome by 100 kbp [11]. Cis-acting
elements are sequences that affect gene
expression in the flanking sequences of gen-
es, including promoters, enhancers, regulatory
sequences, and induction elements. They par-
ticipate in the regulation of gene expression in
the nucleus, and are usually transcribed into
non-coding RNA [12]. The second type of regu-
lation is trans regulation, where IncRNAs regu-
late the expression of genes across chromo-
somes. Their target genes mainly depend on
the amount of free energy between IncRNA and
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MRNA sequences. Studies have shown that
IncRNAs function in DNA epigenetics and par-
ticipate in multiple biological regulatory pro-
cesses [13, 14].

Moreover, circular RNAs (circRNAs) also play
important roles in cancer research. As a new
category of non-coding RNAs, circRNAs have
had been used as diagnostic and prognostic
biomarkers for their high stability and tissue/
stage specificity [15]. Four types of circRNAs,
including all-exon circRNA, EICircRNA with a
combination of introns and exons, Lasso-type
CiRNA composed of introns and viral RNA cir-
cRNA, are produced by circularization of ge-
nome [16]. Except for a small part of the ciRNAs
or EICircRNA produced by intron circularization
located in the nucleus, most of the circRNAs
are mainly located in the cytoplasm. Different
types of circRNAs have different biological
functions, such as ciRNAs or EICircRNAs locat-
ed in the nucleus which are mainly involved in
transcriptional regulation. Since the competing
endogenous RNA (ceRNA) hypothesis was pro-
posed in 2011 [17], circRNAs are considered to
compete with mRNA for the target binding site
of miRNA to regulate multiple malignancies
[18]. Previous studies have demonstrated that
several circRNAs participate in the carcinogen-
esis and development of TNBC [19, 20].

Although the important role of non-coding
RNAs exists in TNBC, the systematic analysis of
their expression profile and function is still rare.
The aim of this study was to screen different
expression profiles using RNA-sequencing of a
IncRNA library and establish the interrelation
between non-coding RNAs and mRNAs. The key
molecules were further analyzed for explora-
tion of their function and potential marker
effects in TNBC.

Materials and methods
Clinical specimen acquisition

Four pairs of TNBC tissues and corresponding
adjacent tissues from patients who underwent
surgical treatment in the First Affiliated Hos-
pital of Bengbu Medical College (China) were
collected for this study. The patients did not
receive any treatment before the surgery, and
they all signed the informed consent. The
Ethics Committee of Bengbu Medical College
approved this study.
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Preparation of sequencing library and circRNA
sequencing

Total RNA was extracted from TNBC and the
adjacent tissues, the chain-specific library was
constructed by the method of rRNA depletion.
After the library passed a quality check, Illumina
Novaseq™ 6000 was used for RNA sequenc-
ing, and the paired-end read length was 2*150
bp (PE150) [21]. We obtained the clean data
after filtering the unqualified sequences, which
were used for further statistical analysis.

Gene expression profile research

The latest transcript assembly software
StringTie was used to assemble and quantify
the read out, and R package edgeR was used
for the analysis of different statistics and for
illustration. Moreover, the abundance value
of gene expression was calculated by FPKM
(Fragments Per Kilobase of exon model per
Million mapped reads), from which we calculat-
ed the expressed abundance for each gene in
different samples.

Analysis of differentially expressed genes
(DEGS)

The DEGs were obtained by edgeR analysis,
and the screening conditions were absolute
value of log2 fold change greater than 1 and p
value less than 0.05. Importantly, the different
threshold was defined according to the results
of the initial operation.

Cluster analysis of DEGs

The clustering analysis of gene regulation pat-
terns under different experimental conditions
was defined as differential gene cluster analy-
sis. Summarizing the same points of sample
gene expression profiles for gene cluster analy-
sis can directly display the expression levels of
genes in different samples, and then obtain
relevant information. Logl10 (FPKM+1) was
used for exhibition of the gene value.

Gene Ontology (GO) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) enrichment
analysis of DEGs

As an internationally standardized gene func-
tion classification system, GO describes the
molecular function, cell composition and bio-
logical process of the DEGs. In the meantime,
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Table 1. Gene expression distribution in triple-negative breast cancer tissues and adjacent tissue

samples
Sample Exp gene Min. 1stQu. Median Mean  3rd Qu. Max. Sd. Sum.
CT_1 74855 0.00 0.00 0.31 2.53 1.54 15696.66 90.51 189165.55
CT_2 74855 0.00 0.00 0.39 3.45 1.54 41097.28 186.47 258037.31
CT_3 74855 0.00 0.00 0.19 3.85 1.22 41724.94 214.09 286441.20
CT_4 74855 0.00 0.00 0.23 4.02 1.33 61065.60 266.09 301013.33
NT_1 74855 0.00 0.00 0.26 2.18 1.42 13033.19 65.12 163111.13
NT_2 74855 0.00 0.00 0.34 2.53 1.55 23007.14 100.65 189606.81
NT_3 74855 0.00 0.00 0.21 2.60 1.15 23555.05 112.93 194271.78
NT_4 74855 0.00 0.00 0.31 2.89 1.52 23053.36 122.89 216599.42
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Figure 1. LncRNA expression profile in TNBC and
6000 adjacent tissues. A: TNBC samples with statistical
distribution of gene expression values (FPKM). The
@) s abscissa is the sample name, CT: cancer tissues; NT:
§ normal tissues. B: Distribution of LncRNA expression
density. C: Distribution of LncRNA ORF length. The
2000 horizontal axis represents the length of the ORF, and
the y-axis represents the number of LncRNAs equal
to the length of the ORF.
0
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we further investigated the biological function
through the KEGG database, which could en-
rich the DEGs into multiple signal pathways. R
ggplot2 was used to analyze the enrichment
results as a scatter diagram.

Co-expression analysis of differentially ex-
pressed IncRNAs and genes

In order to associate functional genes to
each DEGs, co-expression of the top 100 dif-
ferentially expressed IncRNAs and mRNAs were
performed with the criterion of Pearson correla-
tion coefficient larger than 0.99 by WGCNA
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-

database, followed by construction of integrat-
ed networks using Cytoscape 3.2.0 (http:/
cytoscape.org/). The hub nodes were identified
based on the degree and betweenness central-
ity. Finally, the hub IncRNAs and mRNAs in this
network were functionally analyzed by the
DAVID database.

Results
The overall gene expression level of TNBC

A total of 74,855 genes were identified in TNBC
and adjacent tissues, and the gene expression
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Figure 2. Analysis of the overall expressed level of INCRNA in TNBC. A: Score of IncRNA CPC in each sample, CPC:
Coding Potential Calculator. B: Score of INcRNA CNCI in each sample, CNCI: Coding-Non-Coding Index. C: Visualiza-
tion of IncRNA genome mapping in different CT samples. D: Visualization of IncRNA genome mapping in different
NT samples. Every 25 MB of each chromosome was taken as a basic unit, the level of IncRNAs in each segment of
genome were counted and mapped in different samples, and the mapping number of INcRNAs was counted in dif-
ferent parts of the INcCRNA genome. The detected INcRNAs were represented by the larger inner green ring, and the
smaller inner loops indicated differentially expressed IncRNAs folding changes >2 and P value <0.05. The up and
down regulation of IncRNAs have been marked with red and blue bars.

CT 1 CT 2 CT 3 transcripts, novel mMRNAs that
= [ (68.07%) = 1(68.07%) = (68.07%) had the encoding functions

W j(6.41%) 6.41%, W j(6.41% 1
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(15.41%)
(3.6%)

82;«;)%) eventually harvested the Inc-
RNAs sequences. Statistical
calculations of the predicted
scores of InNcRNAs in samples
were performed by CPC and

CT 4 NT_1 NT_2 CNCI, as shown in Figure 2A
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the distribution of IncRNA
candidates in the chromo-
some (Figure 2C, 2D). Lastly,
the ratio of IncRNA's class
code in each sample was
showed as the pie chart
(Figure 3).

Differential expression of In-
CRNAs in TNBC

Figure 3. Pie chart illustration the ratios of INcCRNA class code. j: Potentially
novel isoform (fragment): at least one splice junction is shared with a ref-
erence transcript; i: A transfrag falling entirely within a reference intron; o:
Generic exonic overlap with a reference transcript; u: Unknown, intergenic
transcript; x: Exonic overlap with reference on the opposite strand.

A total of 1001 differentially
expressed IncRNAs were ob-
tained, which were constitut-
ed of 555 up-regulated and

of each sample was shown as the FPKM value
(Table 1; Figure 1A). We further compared the
trends of INcCRNA expression in each sample,
which is shown on the density distribution
graph (Figure 1B). Lastly, the statistical histo-
gram was used to show the length distribution
of the open reading frame (ORF) region of
IncRNAs (Figure 1C), suggesting that short frag-
ments (<300) had the large number of counts.

Transcripts assembling and IncRNA screening

We used the String software to assemble the
Reads. After removing the known mRNA and
transcripts smaller than 200 bp, INncRNAs were
predicted in the residual transcripts by CPC
(Coding Potential Calculator) and CNCI (Coding-
Non-Coding Index) software. In the residual
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446 down-regulated IncRNAs

(Figure 4A, 4B), with the con-
dition of LOG|FC| >1, P value <0.05. In the
meantime, according to the degree of similarity
in the gene expression profiles, clustering anal-
ysis of the top 100 differentially expressed
INcRNAs were shown using a heat map. The
value of Log10 (FPKM+1) was used for intui-
tively reflecting the clustering pattern (Figure
4C).

GO and KEGG analysis of DEGs

Scatter plot was used to show the results of the
GO enrichment based on the calculation of q
value (Figure 5A). The results showed that the
differentially expressed IncRNA-target genes
mainly enriched in N-acyltransferase and CCR
chemokine receptor binding. KEGG analysis
showed that these IncRNA-target genes were

Am J Transl Res 2022;14(11):8049-8063
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Figure 4. The differentially expressed IncRNAs in TNBC. A: Histogram showing the number of up and down ex-
pressed IncRNAs in TNBC. B: Volcano plot showing the up and down expressed IncRNAs in TNBC. The x-axis repre-
sents the normalized difference (TNBC group/normal group). The y-axis represents the normalized P value. C: Heat
map showing the clustering analysis of the differentially expressed IncRNAs in TNBC. Different colors represent
different gene expression levels, and the color range from blue to white to red represents the expressed level (log10

(FPKM+1)) from low to high.

mainly enriched in complement and coagula-
tion cascade pathways and caffeine metabo-
lism (Figure 5B).

Comparison of IncRNA and mRNA structural
characteristics

We know that the structural characteristics
(including length distribution, number of exons)
and expressed levels of INcRNA and mRNA are
quite different. Hence, we mainly focused on
the comparative analysis of the structural char-
acteristics and expression levels of them. We
found that the number of exons in mMRNAs were
significantly higher than IncRNAs (Figure 6A),
and most of IncRNAs (75%) had a number of
exons less than 3. The expression levels of
IncRNAs and mRNAs in TNBC are showed in
Figure 6B, 6C, which suggested that the mRNA
levels were slightly higher than IncRNA.

Interaction analysis of IncRNAs and mRNAs

The top 100 differentially expressed IncRNAs
and mRNAs were included in WGCNA, and
the co-expression networks were established
(Figure 7). In this network, we found OIP5-AS1
was co-expressed with MATN3, BGN, FN1,
PAHA3; BPIFB1, NUNBA, and COL1DA1 was
co-expressed with ACD447B4; STMND1 and
ABCC11/12 were co-expressed with AC1037-
18, AL513327 and ACD93001. We selected
hub RNAs because of their higher degree and
betweenness centrality, including IncRNAs
OIP5-AS1, DRAIC, AC093904, ACO44784, LIN-
C02747 and mRNAs UNC5A, BPIFB1, MBOAT2,
PITX1, STMND1, KLK4. In addition, functional
analysis of hub IncRNAs indicated their roles in
cancer-related process, such as cell prolifera-
tion and metastasis. The hub mRNAs were
mainly enriched in neuron projection develop-
ment and glycerolipid metabolic pathways.

Screening of key circRNA-hosting genes

We found that several types of circRNA existed
in TNBC samples, including all-exon, lasso-type
composed of introns and intergenic region
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types (Figure 8). Second, according the screen-
ing threshold with LOG|FC| >1, and P value
<0.05, we identified a total of 139 differently
expressed circRNAs, of which 26 were up-regu-
lated and 113 were down-regulated in TNBC
(Figure 9A, 9B). The cluster analysis was per-
formed (Figure 9C) by heat map according the
Logl10 (FPKM+1) value. Furthermore, GO and
KEGG analysis showed that the differentially
expressed circRNA-hosting genes enriched in
ubiquitin conjugating enzyme binding and cere-
bral cortex development through GO analysis,
and were mainly enriched in AMPK and TGF-
signaling pathway (Figure 10). Eventually, we
selected five key hosting genes of circRNAs,
including NTRK2, FNTA, BAPGEF2, MGST2,
ADH1B, and their target circRNAs, such as
circRNA11248, circRNA13256, circRNA10523,
were associated with the BDNF receptor signal-
ing and ubiquitin conjugating enzyme binding,
as well as the AMPK and TGF-$3 pathway.

Discussion

The investigation of non-coding RNAs and their
functions have become new hotpots in cancer
research. As we know, the pathogenesis of
TNBC is complex and not fully recognized. It
has been demonstrated that various molecules
and factors could result in the occurrence of
TNBC [22, 23], and ncRNAs play crucial roles in
regulating the initiation and progression of
cancers [24]. Recently, the differential expres-
sion of IncRNAs and circRNAs were comprehen-
sively analyzed based on the RNA-sequencing
technology, which has been extensively applied
to identify the targets in multiple diseases.

In this study, we discovered the differentially
expressed profile of IncRNAs and circRNAs
between TNBC and adjacent tissues. For
IncRNAs, 1001 differently expressed IncRNAs
(555 up-regulated and 446 down-regulated)
were involved in TNBC. With the aim to assess
the relationship between IncRNAs and mRNAs,
we established the co-expression network and
further screened the hub RNAs. We showed
that the hub IncRNAs OIP5-AS1, DRAIC,

Am J Transl Res 2022;14(11):8049-8063
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AC093904, AC044784, LINCO2747 were all UNC5A, BPIFB1, MBOAT2, PITX1, STMND1,
up-regulated in TNBC, and the hub mRNAs KLK4 were up-regulated while CADM2 was
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CT_1 CT 2

= circANA
m CiRNA
intergenic

circANA
ciRNA
intergenic

circRANA
ciRNA
intergenic

down-regulated in TNBC. Moreover, enrichment
analysis showed that the hub IncRNAs OIP5-
AS1 and DRAIC were associated with various
cancers and involved in cancer metastasis,
while hub mRNAs were mainly enriched in
neuron projection development and the glycer-
olipid metabolic pathway. Several reports
have discussed that IncRNA OIP5-AS1 plays
multiple roles in different diseases. For exam-
ple, Xiaowei Niu et al. [25] found that OIP5-AS1
could attenuate myocardial ischaemia/reperfu-
sion injury through the ceRNA mechanism, but
it accelerated intervertebral disc degeneration
by Zhaoping Che’s report [26]. In cancer
research, OIP5-AS1 is overexpressed in various
tumors [27], including breast cancer. We pro-
vided that IncRNA OIP5-AS1 was up-reregulat-
ed in TNBC, which is consistent with the con-
sensus. For another, DRAIC showed differen-
tially expressed trends in distinct cancers [28,
29] but was still overexpressed in breast can-
cer [30]. Our study demonstrated that the
expression of IncRNAs seems analogous
between breast cancer and TNBC.

We noticed that most of the hub mRNAs were
enriched in pathways relative to neuron-related
function, which seems amazing. In fact, neuro-
genesis has been associated with cancer
research a long time ago, which aimed to iden-

8059

CT_3

= circANA = circRNA
= ciRNA m ciRNA

intergenic intergenic
= circRNA w circRNA
| ciRNA | ciRNA

intergenic intergenic
= cicRNA Figure 8. Statistics of circRNA
| oRNA types in each sample. CircRNAs in

intergenic

TNBC is composed of three types,
including circRNA, ciRNA and in-
tergenic RNAs.

tify functional roles played by the neural system
in cancer [31]. Perineural invasion has been
observed in multiple cancer types [32], and
cancer cells surrounding nerves tend to be
more resistant to apoptosis [33]. However, the
function of the neural system in the formation
of breast cancer, particularly in TNBC, still
remains elusive. Renbo Tan’s study [34] com-
pared the difference of neural functions
between TNBC and non-TNBC, and discovered
that neural crest formation is associated with
enhancing adaptive immunity in TNBC. We
showed that TNBC might be regulated by genes
related to neurogenesis, which is a new
research orientation for the therapy of TNBC.

Recently, circRNAs seem more prominent due
to their specific characterizations, such as high
stability, time- and tissue-specificity [15]. Such
noncoding RNAs are produced by a non-canon-
ical splicing event known as backsplicing [35].
Hence, another aim of our study was to screen
the key circRNAs in TNBC. We observed 139
circRNAs that were differentially expressed in
TNBC tissues, of which 26 circRNAs showed a
significant up-regulation trend, and 113 cir-
cRNAs showed a significant down-regulation
trend. The GO analysis showed that the cir-
cRNA-hosting genes were mainly enriched in
brain-derived neurotrophic factor receptor sig-
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Figure 9. The differentially expressed circRNAs in TNBC. A: Histogram showing the number of up and down expressed circRNAs in TNBC. B: Volcano plot showing
the up and down expressed circRNAs in TNBC. The x-axis represents the normalized difference (TNBC group/normal group). The y-axis represents the normalized P
value. C: Heat map showing the clustering analysis of the differentially expressed circRNAs in TNBC. Different colors represent different gene expression levels, and
the color range from blue to white to red represents the expressed level (log10 (FPKM+1)) from low to high.
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naling pathways and cerebral cortex develop-
ment, while AMPK and TGF-( signaling pathway
was seen in KEGG analysis. Hence, the rela-
tionship between neurological function and
TNBC are mentioned again from the enrich-
ment of circRNA. TGF-B signaling pathway is
implicated in the dysregulation of carcinogene-
sis, and the elevated TGF-3 activity is associat-
ed with poor clinical outcome [36]. Importantly,
cell autophagy driven by TGF-B further initiates
cell proliferation and apoptosis. Moreover, as
an energy sensor, AMPK regulates protein and
lipid metabolism according to the alterations of
energy supply. It has been proven that the
AMPK signaling pathway play an important role
in regulating the growth and the development
of drug resistance in TNBC cells [37]. The new
circRNAs and their hosting genes screened in
this study might be the potential targets for the
drug therapy.

In summary, this study provided an expression
profile of circRNA and IncRNA in TNBC using
RNA-sequencing, and further analyzed the co-
expression interrelation between IncRNAs and
MRNAs. The new circRNA-hosting genes could
be used as potential markers for the patients
with TNBC. GO and KEGG were used to anno-
tate the function of differentially expressed or
hub RNAs for the TNBC. However, the detailed
function and mechanism of these hub IncRNAs
and mRNAs, as well as key circRNAs, need to
be further studied with in vitro and in vivo
experiments.
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