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NCAPG upregulation mediated by four microRNAs
combined with activation of the p53 signaling pathway is a
predictor of poor prognosis in patients with breast cancer
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Abstract. The role of non-SMC condensin I complex subunit G
(NCAPQG) in breast cancer remains unclear. The present study
used online databases, reverse transcription-quantitative
PCR, flow cytometry and western blotting to determine
the expression levels, prognosis and potential molecular
mechanisms underlying the role of NCAPG in breast cancer.
The association between NCAPG expression and several
different clinicopathological parameters in patients with
breast cancer was determined, and the results revealed that
NCAPG expression was negatively associated with estrogen
receptor and progesterone receptor positive status, but was
positively associated with HER2 positive status, Nottingham
Prognostic Index score and Scarff-Bloom-Richardson grade
status. Furthermore, upregulated expression levels of NCAPG
resulted in a poor prognosis in patients with breast cancer.
A total of 27 microRNAs (miRNAs/miRs) were predicted
to target NCAPG, among which four miRNAs (miR-101-3p,
miR-195-5p, miR-214-3p and miR-944) were predicted to most
likely regulate NCAPG expression in breast cancer. A total of
261 co-expressed genes of NCAPG were identified, including
cell division cyclin 25 homolog C (CDC25C), and pathway
enrichment analysis indicated that these co-expressed genes
were significantly enriched in the p53 signaling pathway.
CDC25C expression was downregulated in breast cancer
and was associated with a poor prognosis. These findings
suggested that upregulated NCAPG expression may be a prog-
nostic biomarker of breast cancer.
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Introduction

Cancer has been one of the leading causes of disease-
associated death worldwide since 2010, and the incidence and
mortality rates associated with various types of cancer are
increasing (1). Breast cancer is the most commonly diagnosed
type of cancer and the leading cause of cancer-associated
death in women, with ~17,000,000 new cases occurring annu-
ally in the world (2), and its incidence and mortality rates are
expected to increase significantly in the next 5-10 years. In
developing countries, the incidence rate will increase by 55%
and the mortality rate will increase by 58% within 20 years (2).
There are several causes of breast cancer, among which gene
mutations are closely associated with the development and/or
progression of breast cancer (3,4). The diagnosis, treatment
and prognosis of patients with breast cancer has improved;
however, the median survival of the majority of patients with
metastatic cancer remains low (24 months) (5). Additionally,
a majority of patients with breast cancer will experience a
relapse following treatment. Therefore, identifying effective
prognostic biomarkers may assist in predicting the prognosis
of patients with cancer and the curative effects of several
therapeutics, consequently providing a suitable treatment plan
and ultimately improving the clinical efficacy and survival
outcomes.

MicroRNAs (miRNAs/miRs) are endogenous non-coding
RNAs 18-23 nucleotides in length that can regulate the
expression of non-coding and coding RNAs (6,7). In human
cells, a single miRNA can directly regulate a large number of
RNAs (8). Thus, dysregulated miRNA expression can result
in the aberrant expression levels of coding RNAs in cancer
cells (5). In addition, dysregulation of miRNA expression may
result in the acquisition of malignant properties, leading to
cancer progression, metastasis and treatment resistance (9-12).
Ke et al (13) revealed that miR-148b serves an inhibitory role in
hepatocellular carcinoma (HCC) and that the miR-148b-CSF1
axis induces tumor-associated macrophage infiltration, thus
promoting HCC. Han ef al (14) demonstrated that miR-338-5p
negatively regulates the inhibitor of DNA binding-1, altering
5-FU chemoresistance and suppressing the metastasis of
esophageal squamous cell carcinoma. Additionally, it has
been revealed that miR-1231 expression is downregulated
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in pancreatic cancer and serves a role in the TNM stage of
pancreatic cancer, suggesting that miR-1231 exhibits an
inhibitory role on the metastasis and development of pancre-
atic cancer (15).

Non-SMC condensin I complex subunit G (NCAPG)
is a subunit of the condensed protein complex, which is
responsible for the condensation and stabilization of chro-
mosomes during mitosis and meiosis (16). According to
Gene Ontology (GO) analysis, the pathways associated with
NCAPG are involved in cell cycle progression, mitosis and
concentration of cell cycle chromosomes in the prophase
and metaphase (17). An increasing number of studies has
revealed increased NCAPG expression in prostate cancer,
glioma and lung cancer, indicating the notable involvement
of NCAPG in various biological functions (18-20). For
example, Arai et al (19) indicated that NCAPG was regu-
lated by miR-99a-3p and that its overexpression was involved
in the pathogenesis of castration-resistant prostate cancer.
Liang et al (20) revealed that CENPE, KIF14 and NCAPG
were direct targets of miR-137 or miR-6500-3p, and that
knockdown of CENPE, KIF14 or NCAPG combined with
temozolomide treatment resulted in a combined suppres-
sive effect on pediatric high-grade glioma cell proliferation.
Studies have revealed that upregulated NCAPG expression
is associated with a poor prognosis in patients with prostate
cancer (21). Ke et al (13) demonstrated that small homologous
RNA-mediated knockdown of NCAPG significantly impaired
cell viability, caused aberrant mitotic division, fragmented
the mitochondrial network and increased cell death. Notably,
upregulated NCAPG expression is significantly associated
with a poor overall and disease-free survival in patients with
HCC (22). However, to the best of our knowledge, previous
studies on the role of NCAPG in breast cancer and the poten-
tial mechanisms by which NCAPG affects breast cancer are
insufficient (23), and the association between the expression
levels of NCAPG and prognosis in breast cancer has not been
determined.

In the present study, NCAPG expression was assessed in
breast cancer. Subsequently, the prognostic effect of NCAPG in
patients with breast cancer based on their clinicopathological
characteristics was determined. Additionally, the underlying
mechanisms by which NCAPG regulated breast cancer devel-
opment and progression were determined.

Materials and methods

Human protein atlas database analysis. Expression levels of
NCAPG protein in different human normal and cancer tissues
were determined using the Human Protein Atlas database
(https://www.proteinatlas.org/) (24).

UALCAN database analysis. The UALCAN database (ualcan.
path.uab.edu/) is an interactive network resource that provides
a convenient method to obtain open cancer transcriptome data
from The Cancer Genome Atlas (TCGA) (25). In the present
study, the gene expression levels and the correlations between
two genes were assessed using the UALCAN database. The
UALCAN database performed the statistical analysis using a
log-rank test. P<0.05 was considered to indicate a statistically
significant difference.

Breast cancer gene expression miner. Breast cancer gene
expression miner (Bc-GenExMiner; bcgenex.centregaudu-
cheau.fr/) is an online platformthat can analyze gene expression,
prognosis and the associations in breast cancer (26,27). Based
on the different clinicopathological characteristics of patients
with breast cancer, Bc-GenExMiner was used to detect the
expression levels of NCAPG in breast cancer. In addition,
Bc-GenExMiner calculated the correlation between NCAPG
and cell division cyclin 25 homolog C (CDC25C) expression.
P<0.05 was considered to indicate a statistically significant
difference.

Kaplan-Meier Plotter database analysis. Kaplan-Meier
Plotter (kmplot.com/) is based on data obtained from Gene
Expression Omnibus, which includes data on gene expression
and survival information of patients with cancer (28). Two
probes (218662 _s_at and 218663_at) were used to analyze
the association between NCAPG expression and the overall
survival, relapse-free survival, distant metastasis-free survival
and post-progression survival rates in patients with breast
cancer. Briefly, NCAPG was selected in the database, and the
Kaplan-Meier survival curves were plotted. The cases were
classified into low and high expression groups based on the
median NCAPG expression. Subsequently, the cohorts were
compared using Kaplan-Meier survival plots, and the online
tool calculated the hazard ratio (HR), 95% CI and log-rank
P-values. Additionally, the Kaplan Meier-Plotter database
was used to evaluate the prognostic values of the predicted
miRNAs in breast cancer. A log-rank P<0.05 was considered
to indicate a statistically significant difference.

PrognoScan database analysis. The PrognoScan database
(dna00.bio.kyutech.ac.jp/PrognoScan/) collates clinically
annotated publicly available cancer microarray datasets
for bladder, brain, breast, blood, esophageal, colorectal and
head and neck cancer (29). In the present study, PrognoScan
was used to evaluate the biological association between the
expression levels and prognosis of NCAPG in breast cancer.
The datasets were as follows: GSE19615 (30), GSE12276 (31),
GSE6532-GPL570 (32), GSE9195 (33), GSE12093 (34),
GSE11121 (35), GSE1378 (36), GSE1379 (37), GSE2034 (38),
GSE1456-GPL96 (39), GSE7378 (40), E-TABM-158 (41),
GSE3494-GPL96 (42), GSE4922-GPL96 (43), GSE2990 (33)
and GSE7390 (44). A log-rank P<0.05 was considered to indi-
cate a statistically significant difference.

starBase database. The starBase database (starbase.sysu.
edu.cn/) is an open-source platform that systematically
defines the RNA-RNA and protein-RNA interactions from
crosslinking-immunoprecipitation and high-throughput
sequencing (45). In the present study, the upstream miRNAs
of NCAPG were predicted using starBase, and the negative
correlations between each miRNA expression and NCAPG
expression were identified using starBase. R<-0.1 and P<0.05
were used as the thresholds for identification of potential
miRNAs targeted by NCAPG for further investigation.

OncomiR database analysis. OncomiR (oncomir.org/) is an
online resource for exploring dysregulated miRNA expression
in several types of cancer. OncomiR acquires RNA-sequencing
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(seq), miRNA-seq and clinical data from TCGA, then performs
a systematic statistical analysis to identify the dysregulated
miRNAs associated with the development and progression of
several types of cancer (46). OncomiR was used to explore
the expression levels of miRNAs in breast cancer. A log-rank
P<0.05 was considered to indicate a statistically significant
difference.

Gene expression profiling interactive analysis (GEPIA)
database. GEPIA (gepia.cancer-pku.cn/) is a database that
provides key interactive and customizable functions, including
correlation analysis, differential expression analysis, patient
survival analysis, dimensionality reduction and similar gene
detection analysis (47). In the present study, GEPIA was used
to determine the co-expressed genes of NCAPG in breast
cancer.

cBio cancer genomics portal (cBioPortal) database analysis.
cBioPortal (cbioportal.org/) is an open online access resource
for interactive analysis of multidimensional datasets for cancer
genomics, acquiring data from >5,000 tumor samples from
172 cancer studies (48). cBioPortal was used to obtain the
genes that were co-expressed with NCAPG in breast cancer,
and the correlated genes with a Pearson's r>0.3 were selected
for further analysis.

Enrichr database analysis. Enrichr (amp.pharm.mssm.
edu/Enricht/) is a comprehensive application, including new
gene-set libraries, an optional approach to rank the enriched
terms and a JavaScript library. Data-driven documents
offer multiple interactive visualization approaches to show
the enrichment results. The top 10 enriched GO items and
pathways were displayed using Enrichr.

Human tissue samples and cell culture. A total of 24 pairs
of breast cancer and adjacent normal tissues (>1 cm from
the tumor) were collected from the Tongji Medical College
of Huazhong Science and Technology University (Wuhan,
China) between May 2019 and June 2019. Additionally,
113 paired cancer samples and adjacent tissue data were
obtained from TCGA database. The 24 pairs of fresh breast
cancer samples were acquired from excision surgery and
immediately preserved in RNAlater Stabilization Solution
(Qiagen GmbH) overnight at 4°C, and subsequently stored at
-80°C until total RNA was extracted. All patients were female,
with a median age of 57 years (range, 35-67 years). None of the
patients had previously received pre-operative chemotherapy
or radiotherapy. All procedures involving human participants
in the present study were performed according to the ethical
standards of the Ethics Committee of Tongji Medical College
of Huazhong Science and Technology University, and written
informed consent was provided by each participant. The
human breast cancer MCF-7 cell line was obtained from The
Cell Bank of Type Culture Collection of the Chinese Academy
of Sciences. MCF-7 cells were cultured in DMEM (Gibco;
Thermo Fisher Scientific, Inc.) supplemented with 10% FBS
(Sigma-Aldrich; Merck KGaA) at 37°C with 5% CO,.

Cell transfection. Small interfering (si)RNAs targeting
NCAPG and a scrambled control siRNA used as the negative
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control (NC) were purchased from Guangzhou RiboBio Co.,
Ltd. NCAPG siRNAs and the NC (50 nM) were transfected
using Lipofectamine® 3000 reagent (Invitrogen; Thermo Fisher
Scientific, Inc.) into cells, according to the manufacturer's
protocol. Each well was transfected with 2 ug siRNAs. After
48 h of transfection at 37°C, cells were collected for subsequent
experiments. Expression levels of NCAPG following transfec-
tion were detected using reverse transcription-quantitative
(RT-gPCR). The sequences of siRNAs and NC used are listed
in Table SI.

RT-gPCR. Total RNA from the human samples or the cell lines
was extracted using TRIzol® reagent (Invitrogen; Thermo
Fisher Scientific, Inc.). Total RNA was reverse-transcribed
according to the manufacturer's protocol using HiScript®II RT
SuperMix (Vazyme Biotech Co., Ltd.). gPCR was performed
in a Roche LightCycle480 II Real-Time PCR Detection
System using SYBR Premix Ex Taq (cat. no. RR420A; Takara
Biotechnology Co., Ltd.). The following thermocycling condi-
tions were used for qPCR: Initial denaturation at 95°C for
10 min, followed by 45 cycles at 92°C for 15 sec and 72°C
for 5 min. All the measurements were performed in triplicate.
The sequences of the primers used in the present study are
listed in Table SI. Quantitative mRNA data were normalized
and presented as a ratio to GAPDH, calculated using the 2-44¢4
method (49).

Flow cytometry. For cell cycle distribution, transfected cells
were stained with propidium iodide (BD Biosciences) and
fixed in ice-cold 75% ethanol overnight at 4°C. After fixing,
the cells were washed and resuspended twice in PBS, and were
then incubated with propidium iodide according to the manu-
facturer's protocol (BD Biosciences) and RNase for 30 min
at room temperature. The cells were then analyzed using a
FACSCalibur flow cytometer (BD Biosciences) with a laser
beam at 488 nm. The data were analyzed using FlowJo v7.6
(FlowJo LLC).

Western blotting. Cells were lysed using RIPA lysis buffer
(Thermo Fisher Scientific, Inc.) containing protease inhibitors.
Total protein concentration was measured using a Bradford
assay. Subsequently, 20 g protein/lane was separated via
10% SDS-PAGE and transferred to nitrocellulose membranes.
Membranes were blocked at room temperature in TBS-Tween
(0.1% Tween-20) with 5% skimmed milk for 1 h and then
incubated overnight at 4°C with rabbit anti-CDC25C
(1:200; cat. no. ab32444; Abcam) and mouse anti-GAPDH
(1:1,000; cat. no. ab8245; Abcam) primary antibodies.
Subsequently, the membranes were washed with Tris-HCI
solution + 0.1% Tween-20 three times for 10 min and were
incubated with horseradish peroxidase-conjugated anti-rabbit
(1:3,000; cat. no. ab150077; Abcam) and anti-mouse (1:3,000;
cat. no. ab150113; Abcam) secondary antibodies for 1 h at
room temperature. Signals were visualized using an enhanced
chemiluminescence reagent (Thermo Fisher Scientific, Inc.)
and imaged using a GelDocXR+ (Bio-Rad Laboratories, Inc.).
GAPDH was used as the loading control.

Statistical analysis. Data are presented as the mean + standard
error of the mean. Statistical analysis was performed using
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Figure 1. NCAPG expression in breast cancer. (A) NCAPG expression in
clinical breast cancer tissues compared with in matched adjacent normal
tissues (n=24). (B) Protein expression levels of NCAPG in breast cancer
and normal breast tissues were analyzed using immunohistochemical
staining from the Human Protein Atlas database (https:/www.proteinatlas.
org/ENSG00000109805-NCAPG/pathology/breast+cancer#img). (C) NCAPG
expression in breast cancer tissues compared with in normal tissues was
analyzed using the UALCAN database. (D) NCAPG expression in 113 paired
breast cancer samples and adjacent tissues from TCGA. ““P<0.001. NCAPG,
non-SMC condensin I complex subunit G; TCGA, The Cancer Genome Atlas.

GraphPad Prism 5.0 (GraphPad Software, Inc.). Unpaired
Student's t-test was used to analyze the differences between

Table I. Association between NCAPG expression and clinico-
pathological characteristics of patients with breast cancer in
The Cancer Genome Atlas.

NCAPG
expression

Features Cases,n High/low,n P-value

Age at diagnosis, years

<51 349 184/165 0.2035
>51 686 333/353
Estrogen receptor status
Positive 765 311/454  <0.0001
Negative 221 180/41
Progesterone receptor status
Positive 663 255/408  <0.0001
Negative 320 235/85
HER?2 status
Positive 173 104/69 0.0034
Negative 721 344/3717
Pathological stage
I 171 63/108 0.0002
v 841 443/398
T stage
1 268 102/166  <0.0001
2/3/4 764 413/351
N stage
NO/N1 823 413/410 0.9643
N2/N3 192 96/96
M stage
MO 861 452/409 0.6740
M1 21 12/9

T, tumor; N, node; M, metastasis; NCAPG, non-SMC condensin I
complex subunit G.

two groups and paired Student's t-test was used to compare
NCAPG expression between paired cancer and normal
tissues. Multiple comparisons were analyzed using a one-way
ANOVA with Tukey's post-hoc test. The y* test was used to
analyze the association between NCAPG expression and clini-
copathological features. The correlations between CDC25C
and NCAPG expression were analyzed using Spearman's and
Pearson's correlation analyses. Kaplan-Meier survival analysis
and univariate/multivariate Cox proportional hazards analyses
with log-rank method were used to compare the survival
between the high and low NCAPG expression groups. The
enrichment pathways of the co-expressed genes of NCAPG
were analyzed using Fisher's exact test to obtain the Cox
P-value. P<0.05 was considered to indicate a statistically
significant difference.

Results

NCAPG expression is upregulated in breast cancer tissues.
In the present study, the expression levels of NCAPG in



SPANDIDOS
PUBLICATIONS

ONCOLOGY LETTERS 21: 323, 2021

f‘ Box plot of NCAPG expression ? Box plot of NCAPG expression _C Box plot of NCAPG expression
o according to age [ according to nodal status Q according to ER(IHC)
2 101 . 21 . 2 10 )
< < <
pd pd pd
c o o
1S € 1S
o 5] ) 3 51 3 51 .
@ . 2 2 . ;
© . | © i © ! |
(] (] ]
= = 2 |
§ o ] o 5 0f [EEm 50
[} w (]
D B D !
3 ' | 3 ! | 3 i
O -5 O -5+ : ' O -5 ‘
P P<0.0001 __u>m P P<0.0001 __ucn P P<0.0001 __msm
(ZJ <51 >51 2 N- N+ CZD ER- ER+
(No))  (2726) (4619) (No:)  (4205) (3266) (No:)  (2224) (6152)
D . E : F :
_ Box plot of NCAPG expression _ Box plot of NCAPG expression Box plot of NCAPG expression
o according to PR(IHC) o according to HER2(IHC) [ according to NPI
kel ; ? : 3
< < ; <
£ £ o z
E E £
3 : ; 3 3
5] ] =
° ] ° el
7] 7] | | %
% 1 % | = s L + =
2 3 Rl 2 ? g ; 5
ORI , ‘ OR _ o .
< |P<0.0001 __um % [P<0.0001 e &  [P<0.0001 , ,
e PR- PR+ e HER2- HER2+ o NP1 NPH  NPI3
(No:) (1526) (2122) (No)  (2389) (438) (No:) (1208)  (2056)  (662)
G H I
_ Box plot of NCAPG expression Box plot of NCAPG expression Box plot of NCAPG expression
% according to SBR ] according to basal-like status ° according to triple-negative status
- . [ . o .
< 2 k)
Z < <
Z
£ : £
e
5 . ° ° .
£ . . by ' . 8 ) ;
S - | P o
[= © ©
ol 12} T [} |
(2] (o] ' [a] H
° I ' =4 | 3 ’ |
8 ) ) 6 | . o | . .
g ot g [P<0oooy e g [P<0.0001 e
=z SBR1 SBR2 SBR3 % Basal-like  Not basal-like % TNBC Not TNBC
(No:)  (910)  (2990)  (2973) (Noz)  (1864) (7067) (Noz)  (573) (6447)

Figure 2. Differences in NCAPG expression in patients with breast cancer based on different clinicopathological features from The Cancer Genome Atlas.
NCAPG expression according to (A) age, (B) N status, (C) ER status, (D) PR status, (E) HER2 status, (F) NPI score, (G) SBR grade, (H) basal-like status and
(D) triple-negative status. ER, estrogen receptor; PR, progesterone receptor; NPI, Nottingham Prognostic Index; SBR, Scarff-Bloom-Richardson; NCAPG,
non-SMC condensin I complex subunit G; THC, immunohistochemistry; TNBC, triple-negative breast cancer; N, nodal.

24 pairs of breast cancer and adjacent normal breast tissues
were determined using RT-qPCR. NCAPG expression was
significantly upregulated in breast cancer tissues compared
with in normal breast tissues (Fig. 1A). Subsequently,
NCAPG expression in breast cancer was analyzed using the
UALCAN database based on data obtained from TCGA,
revealing that NCAPG mRNA expression was significantly
higher in breast cancer tissues compared with in normal
tissues (Fig. 1C). Furthermore, the results from 113 paired
cancer samples and adjacent tissues from TCGA data-
base demonstrated that NCAPG mRNA expression was
significantly upregulated in tumor tissues compared with in
para-cancerous tissues (Fig. 1D). Additionally, the protein

expression levels of NCAPG in breast cancer tissues were
higher compared with in normal breast tissues (Fig. 1B),
analyzed using the GEPIA database. Subsequently, the asso-
ciation between NCAPG expression and clinicopathological
characteristics of patients with breast cancer was analyzed
using TCGA breast cancer data. The results revealed that
NCAPG expression was significantly associated with
estrogen receptor (ER) status (P<0.0001), progesterone
receptor (PR) status (P<0.0001), HER?2 status (P=0.0034), T
stage (P<0.001) and TNM pathological stage (50) (P=0.0002)
(Table I). The current results indicated that NCAPG expres-
sion was significantly upregulated in breast cancer and was
associated with the progression of breast cancer.
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Figure 3. Prognostic value of NCAPG expression (Affymetrix ID, 218662 _s_at and 218663 _at) in patients with breast cancer. (A) Overall survival,
(B) relapse-free survival, (C) distant metastases-free survival and (D) post-progression survival curves of patients with breast cancer based on NCAPG expres-
sion. NCAPG, non-SMC condensin I complex subunit G; HR, hazard ratio.
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Figure 4. Prognostic values of five potential miRNAs in breast cancer analyzed using Kaplan-Meier plotter. (A) miR-101, (B) miR-195, (C) miR-214,

(D) miR-944 and (E) miR-5691. miRNA/miR, microRNA; HR, hazard ratio.

Association between NCAPG expression and clinicopatho-
logical characteristics of patients with breast cancer. NCAPG
expression and its association with the different clinicopatho-
logical parameters of patients with breast cancer were analyzed
using the Bc-GenExMiner database. The average expression
levels of NCAPG were significantly upregulated in patients
<51 years old (Fig. 2A), nodal-positive (Fig. 2B), ER" (Fig. 2C),
PR (Fig. 2D) and HER2" positive (Fig. 2E).

There was a positive association between the expression
levels of NCAPG and the Nottingham Prognostic Index (NPI)
score (51) and Scarff-Bloom-Richardson (SBR) grade (52), as
shown in Fig. 2F and G. Additionally, the average NCAPG

expression was significantly increased in basal-like (Fig. 2H)
and triple negative breast cancer cases compared with in
non-basal-like and non-triple-negative breast cancer cases,
respectively (Fig. 2H and I).

The aforementioned results suggested that patients with
higher expression levels of NCAPG were more likely to
develop clinically advanced or more aggressive breast cancer

types.

Patients with breast cancer with high expression levels of
NCAPG haveapoor prognosis.The prognostic value of NCAPG
in breast cancer was evaluated. The Kaplan Meier-Plotter
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Table II. Association between NCAPG expression and prognosis in patients with breast cancer using the PrognoScan database.

Dataset Endpoint Patient number Probe ID Cox P-value Hazard ratio (95% CI)
GSE19615 Distant metastasis-free survival 115 218663_at 0.3759 1.41 (0.66-3.05)
GSE19615 Distant metastasis-free survival 115 218662_s_at 0.5339 1.32 (0.55-3.18)
GSE12276 Relapse-free survival 204 218663_at 0.0001 1.53 (1.24-1.90)
GSE12276 Relapse-free survival 204 218662_s_at  6.88x10% 1.51(1.23-1.85)
GSE6532-GPL570 Distant metastasis-free survival 87 218662_s_at 0.1155 1.37 (0.93-2.03)
GSE6532-GPL570 Distant metastasis-free survival 87 218663_at 0.0361 1.47 (1.03-2.11)
GSE6532-GPL570  Relapse-free survival 87 218662_s_at  0.1155 1.37 (0.93-2.03)
GSE6532-GPL570 Relapse-free survival 87 218663_at 0.0361 1.47 (1.03-2.11)
GSE9195 Distant metastasis-free survival 77 218663_at 0.4349 1.30 (0.67-2.50)
GSE9195 Distant metastasis-free survival 77 218662_s_at 0.1658 1.67 (0.81-3.43)
GSE9195 Relapse-free survival 77 218662_s_at  0.2247 1.49 (0.78-2.83)
GSE9195 Relapse-free survival 77 218663_at 0.4998 1.22 (0.68-2.21)
GSE12093 Distant metastasis-free survival 136 218662_s_at 0.0062 3.38 (1.41-8.09)
GSE12093 Distant metastasis-free survival 136 218663 _at 0.0123 2.52 (1.22-5.19)
GSE11121 Distant metastasis-free survival 200 218662 s at  4.52x10% 3.01(1.77-5.12)
GSEl11121 Distant metastasis-free survival 200 218663_at 0.0099 1.78 (1.15-2.75)
GSE1378 Relapse-free survival 60 21899 0.7551 1.07 (0.71-1.59)
GSE1379 Relapse-free survival 60 21899 0.7284 1.08 (0.69-1.71)
GSE2034 Distant metastasis-free survival 286 218662_s_at 0.0330 1.43 (1.03-1.98)
GSE2034 Distant metastasis-free survival 286 218663_at 0.0025 1.67 (1.20-2.34)
GSE1456-GPL96  Overall survival 159 218662_s_at  0.0008 2.91 (1.56-5.43)
GSE1456-GPL96  Disease-specific survival 159 218663_at 0.0006 2.67 (1.52-4.71)
GSE1456-GPL96 Overall survival 159 218663_at 0.0020 2.06 (1.30-3.27)
GSE1456-GPL96 Relapse-free survival 159 218662_s_at  0.0003 3.16 (1.70-5.88)
GSE1456-GPL96 Disease-specific survival 159 218662_s_at 0.0002 3.99 (1.90-8.34)
GSE1456-GPL96 Relapse-free survival 159 218663 _at 0.0005 2.26 (1.42-3.57)
GSE7378 Disease-free survival 54 218663_at 0.0335 1.92 (1.05-3.52)
GSE7378 Disease-free survival 54 218662_s_at 0.0709 1.74 (0.95-3.18)
E-TABM-158 Overall survival 117 218662_s_at  0.2037 0.80 (0.56-1.13)
E-TABM-158 Distant metastasis-free survival 117 218662_s_at 0.6812 1.09 (0.72-1.66)
E-TABM-158 Relapse-free survival 117 218663_at 0.3616 0.84 (0.58-1.22)
E-TABM-158 Disease-specific survival 117 218663_at 0.0900 0.67 (0.42-1.06)
E-TABM-158 Distant metastasis-free survival 117 218663_at 0.7572 1.07 (0.70-1.63)
E-TABM-158 Overall survival 117 218663_at 0.3616 0.84 (0.58-1.22)
E-TABM-158 Disease-specific survival 117 218662_s_at  0.0352 0.63 (0.42-0.97)
E-TABM-158 Relapse-free survival 117 218662_s_at  0.2038 0.80 (0.56-1.13)
GSE3494-GPL96 Disease-specific survival 236 218662_s_at 0.0003 2.45 (1.51-3.96)
GSE3494-GPL96  Disease-specific survival 236 218663 _at 0.0016 1.80 (1.25-2.61)
GSE4922-GPL96  Disease-free survival 249 218663_at 0.0007 1.61 (1.22-2.13)
GSE4922-GPL96 Disease-free survival 249 218662_s_at 4.93x10% 2.24 (1.52-3.32)
GSE2990 Distant metastasis-free survival 125 218662_s_at 0.0760 1.42 (0.96-2.10)
GSE2990 Relapse-free survival 125 218662_s_at  0.1234 1.27 (0.94-1.72)
GSE2990 Relapse-free survival 62 218663_at 0.1058 1.65 (0.90-3.03)
GSE2990 Distant metastasis-free survival 54 218662_s_at 0.0024 2.45 (1.37-4.37)
GSE2990 Distant metastasis-free survival 125 218663_at 0.0797 1.51 (0.95-2.39)
GSE2990 Relapse-free survival 125 218663_at 0.1058 1.37 (0.94-2.00)
GSE2990 Distant metastasis-free survival 54 218663_at 0.1420 1.74 (0.83-3.67)
GSE2990 Relapse-free survival 62 218662_s_at  0.0037 2.07 (1.27-3.38)
GSE7390 Distant metastasis-free survival 198 218663 _at 0.1751 1.15 (0.94-1.42)
GSE7390 Overall survival 198 218663_at 0.0655 1.24 (0.99-1.55)
GSE7390 Relapse-free survival 198 218662_s_at  0.2174 1.15(0.92-1.44)
GSE7390 Relapse-free survival 198 218663_at 0.1340 1.14 (0.96-1.34)
GSE7390 Distant metastasis-free survival 198 218662_s_at 0.2798 1.16 (0.88-1.54)
GSE7390 Overall survival 198 218662_s_at  0.2032 1.21 (0.90-1.63)
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Table III. Pearson correlation between predicted miRNAs and
non-SMC condensin I complex subunit G expression.

Predicted miRNA R P-value

miR-101-3p -0.264 8.14x10°"
miR-195-5p -0.210 2.94x1012
miR-214-3p -0.104 5.96x10%
miR-369-3p -0.108 3.67x10%
miR-381-3p -0.165 4.55x10%8
miR-410-3p -0.201 2.17x10™"
miR-432-5p -0.167 3.43x10%
miR-494-3p -0.128 2.52x10%
miR-543 -0.102 8.04x10%
miR-655-3p -0.174 8.54x10
miR-944 -0.140 3.42x100
miR-5691 -0.234 6.31x10°"°

miRNA/miR, microRNA.

database contained two probes (218662 _s_at and 218663 _at) of
NCAPG expression. As shown in Fig. 3, high expression levels
of NCAPG resulted in a less favorable prognosis in patients with
breast cancer compared with low expression levels, including
less favorable overall survival, relapse-free survival, distant
metastasis-free survival and post-progression survival rates
in both probes. In addition, the association between NCAPG
expression in breast cancer tissues and prognosis was deter-
mined using the PrognoScan database. The results revealed
that the expression levels of NCAPG were negatively associ-
ated with overall survival (GSE1456-GPL96), disease-specific
survival (GSE1456-GPL96), relapse-free survival (GSE12276,
GSE6532-GPL570 and GSE1456-GPL96), disease-free
survival (GSE7378) and distant metastasis-free survival
(GSE6532-GPL570, GSE12093, GSE11121 and GSE2034)
(Table II).

Identification of miRNAs that potentially regulate NCAPG.
The starBase database was used to predict the upstream
miRNAs of mRNAs. The miRNAs that potentially regulated
NCAPG were predicted using starBase. A total of 27 miRNAs
(hsa-miR-488-3p, hsa-miR-181b-5p, hsa-miR-181a-5p,
hsa-miR-15a-5p, hsa-miR-494-3p, hsa-miR-543,
hsa-miR-495-3p, hsa-miR-422a, hsa-miR-497-5p,
hsa-miR-27a-3p, hsa-miR-23a-3p, hsa-miR-181c-5p,
hsa-miR-181d-5p, hsa-miR-128-3p, hsa-miR-124-3p,
hsa-miR-124-5p, hsa-miR-15b-5p, hsa-miR-378a-3p,
hsa-miR-340-5p, hsa-miR-340-3p, hsa-miR-590-5p,
hsa-miR-27b-3p, hsa-miR-374b-5p, hsa-miR-424-5p,
hsa-miR-506-3p, hsa-miR-374a-5p and hsa-miR-23b-3p) were
identified to potentially regulate NCAPG expression. It is
well known that certain miRNAs negatively regulate mRNA
expression (53-55). Thus, the correlations (using Pearson's
correlation analysis) between the expression levels of the
predicted miRNAs and NCAPG were explored using TCGA.
The results revealed that 12 miRNAs were inversely correlated
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with NCAPG expression (Table III). Subsequently, the prog-
nostic values of the 12 miRNAs in patients with breast cancer
were assessed using Kaplan-Meier Plotter. Low expression
levels of miR-101-3p, miR-195-5p, miR-214-3p, miR-944 and
miR-5691 were significantly associated with a poor prognosis
in patients with breast cancer, compared with high expression
levels (Fig. 4). The prognostic analyses of the other miRNAs
are shown in Fig. S1. Overall, the present results and previous
studies revealed that the expression levels of these 4 miRNAs
(miR-101-3p, miR-195-5p, miR-214-3p and miR-944) were
downregulated in breast cancer, resulting in a poor prognosis,
and were also negatively correlated with NCAPG expression.

GO functional annotation and pathway enrichment anal-
ysis of co-expressed genes of NCAPG. GEPIA, UALCAN
and cBioPortal were used to analyze the co-expressed
genes of NCAPG. A total of 261 co-expressed genes of
NCAPG were identified in these three databases (Fig. 5A).
To determine the functions of the co-expressed genes, GO
functional annotation and pathway enrichment analysis was
performed using Enrichr. The functional annotation was
stratified into molecular function, cellular component and
biological process. Additionally, the cell signaling pathways
from the National Cancer Institute (NCI)-Nature, KEGG
and Panther were analyzed for pathway enrichment using
the Enrichr database. As shown in Fig. 5B, D and F, the
top 10 enriched GO terms in each category included ‘DNA
metabolic process’, ‘mitotic cell cycle phase transition’
and ‘mitotic sister chromatid segregation’ in the biological
process category; ‘spindle’, ‘microtubule cytoskeleton’ and
‘nuclear chromosome part’ in the cellular component cate-
gory; and ‘DNA-dependent ATPase activity’, ‘microtubule
binding’ and ‘tubulin binding’ in the molecular function
category. Fig. 5C, E and G presents the top 10 enriched
signaling pathways (such as ‘cell cycle’, ‘DNA replication’
and ‘PLK1 signaling pathway’) in the NCI-Nature, KEGG
and Panther databases, respectively. The p53 signaling
pathway was the intersection of the pathways that were
significantly enriched in the three databases (Table SII).
Thus, the corresponding genes of the p53 signaling pathway
were analyzed in KEGG, Panther and NCI-Nature pathways
(Fig. 5H), revealing a total of 12 genes [cyclin (CCN)A2,
CCNBI, CCNB2, CCNE2, CDC25C, CDK1, CDK2, check-
point kinase (CHEK)1, CHEK?2, G, and S phase expressed
1 (GTSE1), ribonucleotide reductase regulatory subunit M2
(RRM?2) and S-phase kinase-associated protein 2 (SKP2)]
enriched in the p53 signaling pathway.

Upregulated CDC25C expression is associated with
dysregulation of the p53 signaling pathway. In order to
determine the effects of p53 signaling on NCAPG-mediated
progression of breast cancer, the UALCAN database was
used to assess the expression levels of the 12 genes enriched
in the p53 signaling pathway (Fig. 6A-L). The results
revealed that SKP2 expression (Fig. 6L) was downregulated
in breast cancer, while CCNA2 (Fig. 6A), CCNBI (Fig. 6B),
CCNB2 (Fig. 6C), CCNE2 (Fig. 6D), CDC25C (Fig. 6E),
CDKI1 (Fig. 6F), CDK?2 (Fig. 6G), CHEK1 (Fig. 6H), CHEK?2
(Fig. 6I), GTSELI (Fig. 6J) and RRM2 (Fig. 6K) expression
was upregulated in breast cancer compared with in normal
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Figure 5. Pathway enrichment and GO functional annotation analysis of the co-expressed genes of NCAPG. (A) Venn diagram of the co-expressed genes
of NCAPG from GEPIA, UALCAN and cBioPortal databases. GO functional annotation according to (E) biological process, (F) cellular component and
(G) molecular function of the 261 co-expressed genes of NCAPG. Pathway enrichment analysis of the 261 co-expressed genes of NCAPG according to
(B) KEGG, (C) Panther and (D) NCI-Nature. (H) Venn diagram of the genes enriched in the p53 signaling pathway from Panther KEGG and NCI-Nature
databases. GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; NCAPG, non-SMC condensin I complex subunit G; GEPIA, Gene
Expression Profiling Interactive Analysis; cBioPortal, cBio Cancer Genomics Portal; NCI, National Cancer Institute.

breast tissue samples. The prognostic value of these 12 genes  High CDC25C expression resulted in a significantly worse
was assessed using Kaplan-Meier Plotter (Fig. 6M-X). prognosis in patients with breast cancer compared with
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Figure 6. Continued.

low CDC25C expression (Fig. 6Q). For the other 11 genes,
there were no significant associations based on expression
and survival. Therefore, it was hypothesized that CDC25C
expression was closely associated with NCAPG expression
in breast cancer. GEPIA, UALCAN, bc-GenExMiner and
cBioPortal were used to further detect the positive correla-
tion between CDC25C and NCAPG expression in breast
cancer (Fig. S2).

To preliminarily assess the association between CDC25C
and NCAPG in breast cancer, the expression levels of CDC25C
and NCAPG were determined following knockdown of
NCAPG using siRNA-NCAPG in the common breast cancer
MCEF-7 cell line. The knockdown effects of siRNA-NCAPG

are presented in Fig. 7A. Additionally, a significant decrease
in CDC25C mRNA and protein expression was observed
following NCAPG-knockdown (Fig. 7B and C). Previous
studies have demonstrated that CDC25C is a cell cycle
regulatory protein and serves an important role in the cell
cycle (56,57). Thus, the effects of NCAPG-knockdown on
cell cycle progression in MCF-7 cells were determined.
Cell cycle analysis revealed that NCAPG-knockdown
resulted in an increased proportion of cells in the S phase
(31.95% with siRNA-NCAPGI) and G, phase (76.78% with
siRNA-NCAPG2) compared with the control group (S phase,
12.95% and G, phase, 67.45%), suggesting that downregula-
tion of NCAPG resulted in S/M and G,/M arrest of MCF-7
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Figure 6. Continued.

cells (Fig. 7D-F). Overall, the current results suggested that
NCAPG may be associated with p53 signaling through regula-
tion of CDC25C, in turn promoting cell cycle progression in
breast cancer.

Discussion

NCAPG is a subunit of the condensin complex and is
hypothesized to serve important roles in the mitosis and
meiosis responsible for the condensation and stabilization of
chromosomes (16). Several studies have revealed that higher
expression levels of NCAPG serve a role in cell proliferation,
angiogenesis and tumor therapy resistance in cancer (22,58,59).

Wang et al (22) revealed that transient inhibition of NCAPG
using specific siRNAs resulted in a significant decrease in
cell proliferation and migration in vitro in hepatocellular
carcinoma. Ai et al (59) reported that miR-181c induced hepa-
tocellular carcinoma suppression via the regulation of NCAPG
expression. However, at present, the specific mechanism by
which NCAPG exerts its effects in cancer remains unclear.
To the best of our knowledge, the role and mechanism
of NCAPG in the development and progression of breast
cancer has not been extensively studied. NCAPG was
upregulated in breast cancer clinical samples compared with
in matched adjacent normal clinical samples. Additionally,
NCAPG expression in breast cancer was upregulated based
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Figure 6. Continued.

on analysis of the UALCAN database. The average NCAPG
expression was negatively associated with PR and ER status,
and positively associated with HER2 status, NPI score, SBR
grade, basal-like status and triple-negative status in breast
cancer. Thus, it was hypothesized that upregulated NCAPG
expression was associated with the progression of breast
cancer. Kaplan-Meier Plotter analysis results revealed that
high NCAPG expression was associated with a less favorable
progression in patients with breast cancer. Additionally, the
prognostic role of NCAPG analyzed by PrognoScan suggested
that low NCAPG expression was associated with a favorable
prognosis in patients with breast cancer.

Subsequently, the potential mechanisms by which NCAPG
exerted its effects in breast cancer were studied. miRNAs

can regulate genes post-transcriptionally (60). Among the
miRNAs predicted to potentially regulate NCAPG, 4 miRNAs
(miR-101-3p, miR-195-5p, miR-214-3p and miR-944) were
previously reported to function as tumor suppressor genes in
breast cancer (Table IV) (4,61-65), combined with the prog-
nosis analysis, text mining, expression analysis and correlation
analysis.

A total of 261 co-expressed genes of NCAPG were
identified by co-expression analysis, and pathway enrich-
ment analysis indicated that these co-expressed genes
were significantly enriched in the p53 signaling pathway.
Numerous studies have demonstrated that the activation of
the p53 signaling pathway is associated with the development
of various types of cancer, including breast cancer (66-68).
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Figure 6. Potential co-expressed genes of NCAPG in breast cancer. Expression levels of (A) CCNA2, (B) CCNBI, (C) CCNB2, (D) CCNE2, (E) CDC25C,
(F) CDK1, (G) CDK2, (H) CHEKI, (I) CHEK2, (J) GTSEI, (K) RRM2 and (L) SKP2 in breast cancer analyzed using UALCAN. Prognostic roles of
(M) CCNAZ2, (N) CCNBL, (O) CCNB2, (P) CCNEZ2, (Q) CDC25C, (R) CDK1, (S) CDK2, (T) CHEKI, (U) CHEK?2, (V) GTSEL, (W) RRM2 and (X) SKP2 in
breast cancer analyzed using Kaplan-Meier Plotter. NCAPG, non-SMC condensin I complex subunit G; BC, breast cancer; CCN, cyclin; CDC25C, cell division
cyclin 25 homolog C; CHEK, checkpoint kinase; GTSEL, G, and S phase expressed 1; RRM2, ribonucleotide reductase regulatory subunit M2; SKP2, S-phase

kinase-associated protein 2; TCGA, The Cancer Genome Atlas.

Furthermore, the association between NCAPG and p53 has
been previously reported. Liu ef al (69) revealed that silencing
NCAPG in SMMC-7721 and BEL-7404 cells resulted in
decreased cell proliferation and increased apoptosis, and
was associated with increased mRNA expression levels of
p53, p27 and Bad. Additionally, 6 crucial proteins (NDCS8O0,
ESR1, ZWINT, NCAPG, ENO3 and CENPF) in HCC were
primarily enriched in cell cycle regulation and p53 signaling
pathway (70). A total of 12 genes (CCNA2, CCNB1, CCNB2,
CCNE2,CDC25C,CDKI1,CDK2,CHEK1, CHEK?2, GTSE],

RRM?2 and SKP2) were enriched in the p53 signaling pathway.
TCGA breast cancer data, UALCAN and Kaplan-Meier
Plotter were used to further determine the roles of these
12 genes, including their expression and prognostic value in
breast cancer. Among these genes, CDC25C expression was
upregulated in breast cancer, and high CDC25C expression
resulted in a significantly worse prognosis compared with
low CDC25C expression. CDC25C is a cell cycle regulatory
protein that serves a role in cell cycle progression (4,63).
In the present study, CDC25C expression was significantly
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Table I'V. Text mining the roles of potential miRNAs in breast cancer.

First author, year ~ PubMed ID miRNAs Direct targets Function Overall effect (Refs.)

Zhang et al, 2018 30583076 miR-101-3p Med19 Inhibit tumor growth and ~ Tumor suppressor (61)
metastasis

Wang et al, 2020 32226515 miR-101-3p E2F8 Inhibit tumor growth and ~ Tumor suppressor (62)
metastasis

Yang et al, 2019 30621700 miR-195-5p CCNEI1 Inhibit proliferation, Tumor suppressor (63)
migration, invasion

Luo et al, 2014 24402230 miR-195-5p CCNE1 Inhibit cell proliferation, ~ Tumor suppressor 4)
reduced cell colony
formation, suppressed
cell migration

Han et al, 2019 31539134 miR-214-3p Survivin Inhibit proliferation Tumor suppressor (64)

Flores-pérez 27377268 miR-944 SIAH1, Inhibit migration and Tumor suppressor (65)

etal,2016 PTP4A1 invasion

miRNA/miR, microRNA.
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Figure 7. NCAPG-knockdown decreases CDC25C expression and results in cell cycle arrest at the G,/M phase. (A) Effect of siRNA-mediated knockdown of
NCAPG in the MCF-7 cell line. CDC25C (B) mRNA and (C) protein expression following knockdown of NCAPG in MCF-7 cells. Effects of (D) siRNA-NC,
(E) siRNA-NCAPGI and (F) siRNA-NCAPG?2 on cell cycle distribution in MCF-7 cells. "P<0.05. NCAPG, non-SMC condensin I complex subunit G;
CDC25C, cell division cyclin 25 homolog C; siRNA, small interfering RNA; NC, negative control.

decreased following knockdown of NCAPG. Additionally,
downregulation of NCAPG resulted in G,/M arrest in
MCEF-7 breast cancer cells. It was preliminarily confirmed
that NCAPG inhibited cell cycle progression in breast cancer

by regulating CDC25C. Additionally, the present results
indicated that NCAPG was downregulated by four targeted
miRNAs, possibly by elevating CDC25C expression to
promote the development of breast cancer.
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Although the present study revealed that NCAPG expres-
sion was associated with the clinical prognosis of breast
cancer, due to the limitations of online databases, only a single
factor analysis was performed as opposed to a multifactor
comparison of NCAPG expression. The grouping mode of
the bc-GenExMiner database requires further optimization.
Additionally, the association between NCAPG, CDC25C, the
four identified miRNAs (mir-101-3p, mir-195-5p, mir-214-3p
and mir-944) and the p53 signaling pathway in breast cancer
samples and the potential therapeutic application of NCAPG
needs to be further clarified.

In conclusion, the present study revealed that NCAPG
expression was upregulated in breast cancer, and this upregu-
lated expression was associated with a less favorable prognosis.
In addition, NCAPG expression was targeted by four miRNAs
and was associated with the dysregulation of the p53 signaling
pathway, via increased expression levels of CDC25C. The
current findings suggested that NCAPG may serve a key role
in the development of breast cancer and may become a new
therapeutic target for breast cancer.
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