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Background: Circular RNAs (circRNAs) have been shown to play important roles in the
development and progression of human cancers. Emerging evidence shows that
circRNAs have the potential to be promising biomarkers for cancer diagnosis and
prognosis. However, the roles of circRNAs in breast cancer axillary lymph node
metastasis (ALNM) remain to be determined.

Methods: Transcriptome sequencing was utilized to screen the differentially expressed
circRNAs in three breast cancer tissues with ALNM and three without ALNM. Differentially
expressed circRNAs were further verified by quantitative real-time PCR. Moreover, receiver
operating characteristic (ROC) curve analysis was performed to calculate the value of
circRNAs to distinguish breast cancer tissues with ALNM and those without ALNM. To
explore the potential mechanism of the circRNAs, a circRNA-mMIiRNA-mMRNA network was
constructed based on the Circlnteractome, circBank, and mirDIP online software.

Results: In total, 31 differentially expressed circRNAs were identified by transcriptome
sequencing; among them, 21 were upregulated and 10 were downregulated in breast
cancer with ALNM compared to those without ALNM. Circ_0000160 was validated to be
downregulated in breast cancer tissues with ALNM compared with those without ALNM.
The ROC curve showed the ability of circ_0000160 to distinguish breast cancer tissues
with ALNM and those without ALNM, with an area under the curve of 0.7435. Furthermore,
bioinformatics analysis revealed that the predicted mRBNAs for circ_0000160 may be
related to lymph node metastasis. The predicted mRNAs for circ_0000160 may be
involved in many cancer-related pathways.

Conclusion: A decreased expression of circ_0000160 was found in breast cancer with
axillary lymph node metastasis. Circ_0000160 may have the potential to distinguish breast
cancer with axillary lymph node metastasis from those without axillary lymph node
metastasis.
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INTRODUCTION

Breast cancer is one of the most common malignant tumors and
the leading cause of cancer-related death in women. For breast
cancer, deaths are usually caused not by the primary tumor but by
metastases (Wang et al., 2020; Kim, 2021). Axillary lymph node
metastasis (ALNM) is one of the most important prognostic
indicators and a crucial component in the staging system (Sawaki
et al., 2019) Metastasis to lymph nodes is a high-risk factor for
relapse and poor survival (Si et al, 2019). Additionally,
identifying metastasis is essential for treatment regimens (Choi
et al., 2017). Currently, ideal biomarkers are needed for ALNM
prediction (Lee et al., 2018; Chang et al., 2020).

Breast Cancer Metastasis-Related CircRNAs

Circular RNAs (circRNAs) are single-stranded, covalently
closed RNA molecules and are the downstream products of
precursor mRNA back-splicing (Vo et al, 2019). Their high
abundance, stability, evolutionary conservation among species,
and high cell and tissue specificity endow circRNAs with the
potential as molecular biomarkers for cancer diagnosis (Wang S.
etal.,2021; Weietal,, 2021). For example, circEHD?2, circENGLN3,
and circNETO2 were found to be upregulated in clear cell renal
carcinoma and showed diagnostic and prognostic values (Frey
etal., 2021). Recently, Mani et al. identified hsa_circ_0006743 and
hsa_circ_0002496 to be significantly upregulated in early-stage
breast cancer tissues compared to normal samples (Rao et al,
2021). We have previously found that circ_0000745, circ_0001531,
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FIGURE 1 | Screening axillary lymph node metastasis (ALNM)-related circRNAs in breast cancer using transcriptome sequencing. (A) The flow diagrams of the

current study. (B) Human transcriptome sequencing was used to screen dysregulated circRNAs associated with breast cancer axillary ALNM in three breast cancer
tissues with ALNM and three without ALNM. In total, 21 circRNAs were upregulated and 10 were downregulated in breast cancer with ALNM compared with those
without ALNM. (C) Four circRNAs were selected for further investigation due to their high raw signal (junction reads) in transcriptome sequencing and potential

association with breast cancer determined by the Circ2Traits database. (D) gRT-PCR was used to detect the expression of the four circRNAs in three breast cancer
tissues with ALNM and three without ALNM. Girc_0000160 and circ_0001798 were downregulated, and circ_0001750 was upregulated in three breast cancer tissues
with ALNM compared with three breast cancer tissues without ALNM (*p < 0.05, **p < 0.01). Girc_0000002 did not show significant differences between the two groups.
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FIGURE 2 | Decreased expression of circ_0000160 was found in breast cancer with ALNM in the validation cohort containing 56 patients. (A) Circ_0000160 was
downregulated in 24 breast cancer tissues with ALNM compared to 32 tissues without ALNM. (B,C) Circ_0001798 and circ_0001750 did not show significant
differences between the two groups. (D) ROC analysis showed that circ_0000160 had an area under the curve of 0.7435 (p = 0.0020) to discriminate tissues with ALNM
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and circ_0001640 were upregulated in breast cancer, compared
with benign tumor and healthy control (Wang Y.-W. et al., 2021).
However, the profile of ALNM-related circRNAs in breast cancer
has not been well established.

In this study, we investigated the profile of circRNAs using
transcriptome sequencing and quantitative real-time PCR
(qQRT-PCR) in breast cancer tissues with and without ALNM.

MATERIALS AND METHODS

Tissue Samples

For transcriptome sequencing, breast cancer tissues were
collected from six patients, including three with ALNM and
three without ALNM, at the Qilu Hospital of Shandong
University (Shandong, China). The inclusion criteria were
breast cancer patients who had undergone mastectomy, were
pathologically diagnosed with ALNM or without ALNM, and
signed informed consent. Patients who had preoperative
chemotherapy or radiotherapy were excluded. Patients with
ALNM were matched with patients without ALNM with
respect to the timing of the sampling and duration of
specimen storage. In the validation stage, another 56 breast
cancer tissues (24 with ALNM and 32 without ALNM) were
collected from the Qilu Hospital of Shandong University. Typical
figures of hematoxylin and eosin (H&E)-stained sections of breast
cancer with ALNM and without ALNM are provided in
Supplementary Figure S1. All cases of breast cancer were
evaluated histologically according to the WHO Classification
of Tumors of the Breast (4th edition, 2012) and staged using
the Tumor-Node-Metastasis (TNM) staging of the American
Joint Committee on Cancer (AJCC, 7th edition, 2010). All fresh

specimens were frozen in liquid nitrogen until further use.
Written informed consent was obtained from all of the
enrolled participants. The present study was approved by the
Ethics Committee of the Qilu Hospital of Shandong University.

Transcriptome Sequencing for circRNA
Profiling

Total RNA was isolated from breast cancer tissues using TRIzol
reagent (Invitrogen, Carlsbad, CA, United States) according to the
manufacturer’s protocol. RNA quality and quantity were measured
on a Nanodrop spectrophotometer (ND-1000, Nanodrop
Technologies), and RNA integrity was determined by gel
electrophoresis. Total RNA was used to remove the rRNAs
using Ribo-Zero rRNA Removal Kits (Illumina, United States)
following the manufacturer’s instructions. RNA libraries were
constructed by using rRNA-depleted RNAs with the TruSeq
Stranded Total RNA Library Prep Kit (Illumina, United States)
according to the manufacturer’s instructions. Libraries were
controlled for quality and quantified using the BioAnalyzer
2,100 system (Agilent Technologies, United States). Ten pM
libraries were denatured as single-stranded DNA molecules,
captured on Illumina flow cells, amplified in situ as clusters,
and finally sequenced for 150 cycles on an Illumina HiSeq
Sequencer according to the manufacturer’s instructions. Paired-
end reads were harvested from an Illumina HiSeq Sequencer after
quality filtering. The reads were aligned to the reference genome/
transcriptome with Bowtie2 software, and circRNAs were detected
and identified with find_circ software. Raw junction reads for all
samples were normalized by a total read number and log2
transformed. Differentially expressed circRNAs were identified
by the t test between two groups. The transcriptome sequencing
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FIGURE 3| Association between the circ_0000160 expression and clinicopathological parameters in the validation cohort containing 56 patients. (A) A decreasing
trend of circ_0000160 was found in breast cancer tissues with more advanced N stages (increasing ALNM number, one-way analysis of variance, p = 0.0157); however,
the comparison for each two stages did not reach statistical significance (N1 vs. N2, p = 0.8520; N1 vs. N3, p = 0.4128; N2 vs. N3, p = 0.5176). (B) Circ_0000160 was
even decreased in breast cancer with a more advanced tumor stage (one-way analysis of variance, p = 0.0484; stage | vs. stage Il, p = 0.3152; Il vs. Ill, p = 0.0509; |
vs. lll, p = 0.0221). (C)-(I) Circ_0000160 expression showed no relationship with the tumor size, tumor grade, ER/PR/HER2/Ki-67 expression, or molecular type (ER,
estrogen receptor; PR, progesterone receptor).

data were deposited in the Gene Expression Omnibus (GEO)
database under the accession number GSE173766.

Quantitative Real-Time PCR

Briefly, total RNA was extracted from breast cancer tissues using
TRIzol reagent (Invitrogen, Carlsbad, CA, United States) according
to the manufacturer’s protocol. Reverse transcription was
performed using the Invitrogen SuperScript III Reverse
Transcriptase kit (Invitrogen). QqRT-PCR was performed on a
ViiA 7 Real-time PCR system (Applied Biosystems) using the
AceQ qPCR SYBR Green Master Mix (Vazyme, Nanjing, China).
ACTB levels were used to normalize the expression of circRNAs.
The data were analyzed by the 27*““" method. Related primers are
shown in Supplementary Table S1.

CircRNA-miRNA-mRNA ceRNA
(Competing Endogenous RNA) Network
Analysis

The circRNA-miRNA interaction was predicted using
CircInteractome (Dudekula et al., 2016) and circBank (Liu et al.,
2019). miRNAs shared by the two software programs were selected
for further mRNA predictions. The mRNAs targeted by miRNAs
were predicted using mirDIP v4.1 (Tokar et al., 2018). The top 10
mRNA targets of miRNAs were first screened based on the integrated
score provided by mirDIP. The circRNA-miRNA-mRNA ceRNA
network was visualized by Cytoscape software (Shannon et al., 2003).

KEGG pathway analysis for mRNAs was performed by the
WebGestalt online tool (Liao et al, 2019), and the top 10
pathways based on the p value are presented.

Bioinformatics Analysis

For analysis of the predicted miRNAs, mRNAs and host gene for
circ_0000160, miRNA, and mRNA expression profiles and the
corresponding clinicopathological information [lymph node
metastasis (LNM) status] of the breast cancer patients were
obtained from The Cancer Genome Atlas (TCGA) (https://
portal.gdc.cancer.gov/). For further analysis, the RNA-
sequencing data were normalized as TPM (transcripts per
kilobase of exon model per million mapped reads) for
mRNA or reads of exon model per million mapped reads for
miRNA. Log2-transformed normalized values were used for
identification of differentially expressed genes between two
groups (with LNM and without LNM) using the Wilcoxon
rank sum test.

Statistical Analysis

Statistical analyses were performed using GraphPad Prism 5.0
(GraphPad Software, Inc., San Diego, CA, United States) and
SPSS 20.0 (SPSS, Chicago, IL, United States). The significance of
the differences was determined by a nonparametric test between
two groups and one-way analysis of variance between multiple
groups. The chi-square test or Fisher’s exact test was used, as
appropriate, to analyze the relationship between the circRNA
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TABLE 1 | Association between the circRNA expression and clinicopathologic features in breast cancer.

Variables circ_0000160 p circ_0001798 p circ_0001750 P
Low High Low High Low High

Age ()

<50 12 14 12 14 12 14

>50 16 11 0.592 16 14 0.592 16 14 0.592
Tumor grade

Il 14 16 16 14 18 12

1l " 9 0.564 10 10 0.817 9 11 0.297

Unknown 6 6 6
Lymph node metastasis

Negative 12 20 15 17 14 18

Positive 16 8 0.031 13 11 0.589 14 10 0.280
ER

Negative 12 8 12 8 8 12

Positive 16 20 0.265 16 20 0.265 20 16 0.265
PR

Negative 14 12 14 12 9 17

Positive 14 16 0.592 14 16 0.592 19 11 0.032
HER2

Negative 16 16 17 15 16 16

Positive ihl 8 0.585 8 11 0.447 8 11 0.585

Unknown 5 5 5
Ki-67

<30% 13 12 13 12 16 9

>30% 15 16 0.788 15 16 0.788 12 19 0.060
p53

Negative 15 14 14 15 16 13

Positive 12 14 0.680 13 13 0.898 ihl 15 0.341

Unknown 1 1 1
T stage

1 8 10 6 12 6 12

2 19 17 21 15 21 15

3 1 1 0.846 1 1 0.223 1 1 0.223
N stage

0 12 20 15 17 14 18

1 8 6 8 6 8 6

2 6 1 3 4 4 3

3 2 1 0.103 2 1 0.829 2 1 0.738
Tumor stage

| 4 7 3 8 3 8

1 16 19 20 15 19 16

1l 8 2 0.097 5 5 0.225 6 4 0.231
Molecular subtypes

Luminal A 3 1 1 3 2 2

Luminal B 13 18 15 16 17 14

HER2-enriched 8 2 6 4 4 6

Triple-negative 4 6 0.122 6 4 0.612 4 6 0.784

Unknown 1 1 1

expression and clinicopathological variables. p < 0.05 was
considered statistically significant.

RESULTS

Expression Profiling of circRNAs in Breast
Cancer With Axillary Lymph Node
Metastasis and Without ALNM

To identify dysregulated circRNAs associated with breast cancer
ALNM, transcriptome sequencing was performed on three breast

cancer tissues with ALNM and three without ALNM (Figure 1A).
In total, 31 circRNAs were found to be differentially expressed in
breast cancer with ALNM vs. without ALNM (fold change >2, p <
0.05) (Figure 1B). Among the 31 circRNAs, 21 were upregulated
and 10 were downregulated in breast cancer with ALNM
compared with those without ALNM.

Next, we utilized Circ2Traits (Ghosal et al., 2013), a database
collecting disease-associated circRNAs based on bioinformatics
analysis and publications, to screen potential disease-associated
circRNAs. Nine circRNAs were included in the Circ2Traits
database, which were supposed to be associated with human
cancers, cardiac hypertrophy, nonalcoholic fatty liver disease,
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Duchenne muscular dystrophy, and other human diseases.
Finally, four of the nine circRNAs were selected for further
investigation. These four circRNAs (upregulated: circ_0000002
and circ_0001750; downregulated: circ_0000160, circ_0001798)
showed relatively high raw signals (junction reads) in
transcriptome sequencing and were thought to be associated
with breast cancer, as determined by the Circ2Traits database
(Figure 1C).

Validation of Differentially Expressed
circRNAs Using qRT-PCR

First, qRT-PCR was used to detect the expression of
circ_0000002 and  circ_0001750,  circ_0000160, and
circ_0001798 in the testing set (the six patients used in the
transcriptome  sequencing). The data showed that
circ_0000160 and circ_0001798 were downregulated and that
circ_0001750 was upregulated in three breast cancer tissues with
ALNM compared with three breast cancer tissues without ALNM
(Figure 1D, p < 0.05). The expression of circ_0000002 did not
show significant differences between the two groups (Figure 1D).

Then, the differential expression of circ_0000160, circ_0001798,
and circ_0001750 was further validated in a larger cohort
containing 56 patients. Only circ_0000160 was downregulated
in 24 breast cancer tissues with ALNM compared with 32
breast cancer tissues without ALNM (Figures 2A-C). The
receiver operating characteristic (ROC) curve reflected strong
separation between tissues with ALNM and those without
ALNM, with an area under the curve (AUC) of 0.7435 (p =
0.0020) (Figure 2D). A decreasing trend of circ_0000160 was
found in breast cancer tissues with more advanced N stages
(increasing ALNM number, Figure 3A, one-way analysis of
variance, p = 0.0157); however, the comparison for every two
stages did not reach statistical significance (N1 vs. N2, p = 0.8520;
N1 vs. N3, p = 0.4128; N2 vs. N3, p = 0.5176).

Association Between the circRNA
Expression and Clinicopathological

Parameters of Breast Cancer Patients

To further determine the clinical significance of circRNAs, we
analyzed the association between the circRNA expression and the
clinicopathological parameters of breast cancer patients
(Table 1). Here, the patients were divided into a high-
expression group and a low-expression group based on the
median expression value of circRNA. Our results showed that
the low expression of circ_0000160 was correlated with axillary
lymph node metastasis (p = 0.031). Additionally, circ_0000160
was even decreased in breast cancer with a more advanced tumor
stage (Figure 3B, one-way analysis of variance, p = 0.0484; Stage I
vs. Stage I, p = 0.3152; IT vs. ITI, p = 0.0509; I vs. III, p = 0.0221).
For circ_0001750, a higher expression was found in breast cancer
tissues with a higher tumor grade, negative progesterone receptor
(PR), or higher Ki-67 expression (Supplementary Figure S2;
Table 1). No association was found between the circ_0001798
expression and any  clinicopathological ~ parameters
(Supplementary Figure S3).

Breast Cancer Metastasis-Related CircRNAs

CircRNA-miRNA-mRNA ceRNA Network

Construction

Circ_0000160 was subjected to further bioinformatics analysis to
explore the potential mechanisms in breast cancer. Based on the
prediction of CircInteractome and circBank, eight miRNAs
(miR-607, miR-127-5p, miR-1272, miR-1299, miR-1183, miR-
217, miR-767-3p, and miR-1256) could potentially interact with
circ_0000160. Then, the mRNA targets of these miRNAs were
predicted using mirDIP v4.1, and the top 10 mRNAs of each
miRNA were included in the circRNA-miRNA-mRNA network
construction (Figure 4). The potential targets of miRNAs were
enriched in cancer-related pathways, such as pathways in cancer,
the cell cycle, cellular senescence, and the JAK-STAT signaling
pathway (Table 2).

TCGA data were used to test whether the predicted miRNAs
and mRNAs (and the host gene SUCO) for circ_0000160 are
deregulated in breast cancers with lymph node metastasis.
Among the predicted miRNAs and mRNAs, ADAMY,
CAND1, CNOTS8, DACH1, EIF3], RAP2C, RB1, and VCAN
were found to be deregulated in breast cancer with lymph
node metastasis compared with those without lymph node
metastasis (Figures 5A-H). Of note, DACH1 and VCAN
showed obvious upregulation in breast cancer with lymph
node metastasis. However, the host gene SUCO (Figure 5I)
and the analyzed miRNAs (data not shown) showed no
obvious difference in breast cancer with lymph node
metastasis and those without lymph node metastasis.

DISCUSSION

Breast cancer is one of the most common cancers. Recently,
circRNAs have shown emerging promise as potential disease
biomarkers (Verduci et al, 2021). Based on transcriptome
sequencing followed by qRT-PCR confirmation, we identified
circ_0000160 as significantly associated with ALNM in breast
cancer. Circ_0000160 showed a relatively high predictive value to
distinguish breast cancer patients with and without ALNM. It is
noted that three pairs were evaluated by transcriptome sequencing
as a discovery set, which may result in bias, which means that a small
number of samples in high-throughput screening may produce
“false positive” and “false negative” results. First, potentially
differentially expressed circRNAs revealed by transcriptome
sequencing may not be truly differential and should be further
validated in a larger cohort. Second, we cannot exclude the
possibility that there are other ALNM-related circRNAs other
than the 31 circRNAs revealed by our transcriptome sequencing
data. More ALNM-related circRNAs should be explored with a
larger cohort using high-throughput technology.

Circ_0000160 is a novel circRNA that has not ever been
investigated in human diseases, including cancers. The host
gene SUCO (the SUN domain containing the ossification
factor) has rarely been investigated in human cancers. Harland
et al. found that mice lacking SUCO showed impaired bone
formation and spontaneous fractures, and their results suggested
SUCO as a candidate gene for brittle bone disorders (Sohaskey
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network.

FIGURE 4 | circRNA-miRNA-mRNA ceRNA network for circ_0000160. miRNAs were predicted by Circinteractome and circBank. mRNAs were predicted using
mirDIP v4.1. The top 10 mRNA targets of each miRNA were selected based on the integrated score provided by mirDIP. Cytoscape software was used to visualize the

TABLE 2 | KEGG analysis of circ_0000160 based on the ceRNA network.

Description Enrichment ratio p value
Pathways in cancer 3.47 0.0015
Thyroid hormone signaling pathway 7.84 0.0016
Renal cell carcinoma 9.88 0.0033
Kaposi sarcoma-associated herpesvirus infection 4.89 0.0085
Th17 cell differentiation 6.37 0.0113
Cell cycle 5.50 0.0168
Cellular senescence 4.26 0.0325
Central carbon metabolism in cancer 6.99 0.0329
JAK-STAT signaling pathway 4.21 0.0336
Non-small cell lung cancer 6.89 0.0338

et al., 2010). Recently, exome sequencing identified SUCO
mutations in mesial temporal lobe epilepsy, and a lack of
SUCO led to abnormal development of neurons (Sha et al.,
2015). SUCO was found to be upregulated in hepatocellular
carcinoma (Yue et al,, 2019) and may be targeted by miR-497

(Chen et al., 2021). Our data showed that circ_0000160 was
downregulated, while the host gene SUCO showed no significant
change in breast cancer with lymph node metastasis compared
with those without lymph node metastasis. Recently, Kristensen
et al. found that the expression of circRNAs does not often
correlate well with the expression of host genes linearly
(Kristensen et al., 2018). This argues that circRNAs are not
merely steady-state byproducts of mRNA splicing but rather
the product of a new type of regulated alternative splicing. We
then analyzed the isoform expression data of the SUCO gene in
breast cancer based on the GEPIA2 database (Tang et al., 2017).
SUCO has 10 main isoforms (transcripts), and they showed
distinct ~ expression  distributions in  breast  cancer
(Supplementary Figure S4A). Overall, SUCO was upregulated
in breast cancer tissues compared with normal breast tissues
(Supplementary Figure S4B). However, some transcripts (e.g.,
ENST00000263688.3, circ_0000160 was derived from this
transcript) were upregulated, some (e.g., ENST00000608566.1)
showed no obvious change, and some (e.g., ENST00000609685.1)
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FIGURE 5 | Differentially expressed mRNAs between breast cancer with lymph node metastasis and those without lymph node metastasis based on the TGCA
dataset (BRCA). ADAM9, CAND1, CNOT8, DACH1, EIF3J, RAP2C, RB1, and VCAN were upregulated in breast cancer with lymph node metastasis (n = 551) compared
with those without lymph node metastasis (A-H, n = 505). The SUCO expression showed no obvious difference in breast cancer with lymph node metastasis and those
without lymph node metastasis (I).

even showed a downregulation trend in breast cancer
(Supplementary Figures S4C-L). These results suggested that
different isoforms may show distinct expression patterns. Further
investigation on the function and mechanism of circ_0000160, as
well as its relationship with SUCO, is needed in the future.

There were a few limitations in our study. First, the sample size
was small. Circ_0000160 and the other two circRNAs
circ_0001798 and circ_0001750, which did not show a
relationship with ALNM, need further confirmation, ideally,
with varied geographic and ethnic populations, with different
stages, subtypes, and treatment regimens. Second, the present
study mainly focused on clinically significant circRNAs in breast
cancer. The function and mechanism of circRNAs in breast
cancer need further investigation. Third, a single marker is not
sufficiently accurate to predict ALNM. In future studies, the
integration of multiple biomarkers to predict lymph node
metastasis may supersede their individual predictive value.

In conclusion, we revealed the circRNA profile related to
breast cancer ALNM using transcriptome sequencing. A

decreased expression of circ_0000160 was found in breast
cancer with axillary lymph node metastasis. Bioinformatics
analysis showed that circ_0000160 may interact with
numerous miRNAs and mRNAs and participate in many
cancer-related pathways. The predicted mRNAs for
circ_0000160 may be related to lymph node metastasis. This
study provides a framework for understanding the mechanisms
of breast cancer ALNM from the perspective of circRNAs.
Circ_0000160 may have the potential to distinguish breast
cancer with axillary lymph node metastasis from those without
axillary lymph node metastasis.
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