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Abstract. Breast cancer (BC) is the most frequently diagnosed 
type of cancer, and the leading cause of cancer‑associated 
mortality in females worldwide. The aim of the present 
study was to investigate the prognostic and therapeutic 
potential of NUF2 in BC. The expression levels of NUF2 in 
BC tissues and cell lines were evaluated via bioinformatics, 
reverse transcription‑quantitative PCR, western blot analysis 
and immunohistochemistry (IHC). In addition, the effect of 
NUF2 knockdown on BC cell proliferation and apoptosis was 
investigated using small interfering RNA (siRNA) technology. 
Bioinformatics and IHC analysis showed that NUF2 was 
overexpressed in BC tissues. Furthermore, western blot and 
RT‑qPCR analyses demonstrated that NUF2 was upregulated 
in BC cells. In addition, BC cells transfected with NUF2 
siRNA exhibited significantly decreased proliferation and 
colony formation, and increased apoptosis, compared with the 
control. Additionally, cell cycle analysis revealed that NUF2 
induced G0/G1 cell cycle arrest by inhibiting cyclin B1 expres-
sion. Collectively, the present study suggested that NUF2 may 
represent a promising prognostic biomarker and a potential 
therapeutic target for BC.

Introduction

Breast cancer (BC) is the leading cause of cancer‑associated 
mortality among females worldwide (1,2). In total, ~268,600 
new cases of BC were diagnosed worldwide in 2019, whereas 
BC is the second leading cause of cancer‑associated mortality 
(15%) after lung cancer; the incidence of BC is increasing 
among Asian women, with an annual rate of 1.8% (3). Recently, 
the development of screening tools and effective treatment 

approaches have greatly improved the survival rate of patients 
with BC (4,5). The treatment of early BC involves complex 
combinations among the three main treatment modalities, 
namely surgery, systemic therapy and radiation therapy (6). 
Notably, the mortality rate of BC declined by 40% between 
1989 and 2016; despite advances in early detection and treat-
ment of BC, 20‑30% of patients with early BC will develop 
recurrent disease and distant metastases  (3,7). Metastasis 
remains the leading cause of death in patients with BC (3,7). 
Molecular targeted therapeutic approaches have advanced 
current knowledge concerning disease pathogenesis and indi-
vidualized treatment. For example, the monoclonal antibody 
trastuzumab, targeted against human epidermal growth factor 
receptor, has been shown to improve survival in patients with 
BC (8); however, the prognosis remains poor. Therefore, more 
personalized therapies with less adverse events are urgently 
required, further supporting the need for effective therapeutic 
targets and prognostic biomarkers.

NUF2, a core component of the Ndc80 kinetochore 
complex, also known as cell division cycle associated 1, was 
first identified as a centromere protein (9). It has been reported 
that NUF2 may interact with centromere‑associated protein E 
(CENP‑E) and contribute to stable spindle kinetochore‑micro-
tubule attachment (10,11). NUF2 downregulation promotes 
kinetochore attachment defects and induces mitotic cell 
death (10). Notably, NUF2 serves an important role in regu-
lating mitosis. NUF2 is upregulated in several types of cancer, 
including colon, gastric, ovarian and renal cell cancers (12‑14). 
Furthermore, NUF2 overexpression is associated with poor 
prognosis in patients with non‑small cell lung and colorectal 
cancers  (14,15). In colorectal and gastric cancer, it was 
reported that NUF2 knockdown attenuated tumor growth 
and significantly increased the sub‑G1 fraction of the cell 
cycle (12). These reports supported the possible role of NUF2 
in tumorigenesis.

The present study provided substantial evidence regarding 
the important role of NUF2 in the malignant potential and 
survival of BC, and revealed a promising prognostic biomarker 
and a therapeutic target for BC.

Materials and methods

Cell culture. The human mammary carcinoma cell lines 
MCF‑7, MDA‑MB‑231, Hs578T and T47D, and the human 
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breast epithelial cell line MCF10A were purchased from 
the Cell Bank of Chinese Academy of Sciences. MCF‑7, 
MDA‑MB‑231, Hs578T and T47D cells were maintained in 
DMEM (HyClone; Cytiva) supplemented with 10% fetal 
bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.). 
MCF10A cells were cultured in DMEM with Ham's F12 
mixture (DMEM/F12) supplemented with 6% equine serum 
(Gibco; Thermo Fisher Scientific, Inc.), 10 µg/ml insulin, 
0.5 mg/ml hydrocortisone (both Sigma Aldrich; Merck KGaA) 
and 1% penicillin‑streptomycin (HyClone; Cytiva). All cell 
lines were maintained at 37˚C in a humidified atmosphere 
with 5% CO2.

Patients and tissue samples. BC tissues and corresponding 
adjacent normal tissues samples were obtained from 49 patients 
with BC (mean age, 54.65±12 years; range, 33‑86 years) under-
going surgery at Shaoxing People's Hospital (Shaoxing, China) 
between December 2015 and April 2016 for immunohisto-
chemistry (IHC). Clinical characteristics were retrospectively 
reviewed, and prognostic information was recorded on the 
basis of clinical follow‑up visits or telephone (once every 
6 months). The pathological stages of breast cancer patients 
were determined based on the 7th edition of the American 
Joint Committee on Cancer staging system (16). Patients who 
had received neoadjuvant chemotherapy or radiotherapy, or 
who had a history of other malignant tumors were excluded. 
The Ethics Committee of Shaoxing People's Hospital approved 
the present study, and written informed consent was obtained 
from all participants.

IHC. IHC was conducted using 3‑µm paraffin‑embedded 
tissue sections. The tissue samples were fixed in 10% neutral 
formalin at room temperature for 24 h. Briefly, the tissue 
sections were heated at 65˚C for deparaffination, and at 121˚C 
for 120 sec in citrate buffer (pH 6.0) for antigen retrieval. To 
block endogenous peroxidase activity, all sections were treated 
with 3% (v/v) hydrogen peroxide at room temperature for 
10 min. Following blocking with 10% goat serum (Beyotime 
Institute of Biotechnology) at  37˚C for 30  min, tissue 
sections were then incubated with an anti‑NUF2 primary 
antibody (1:400; cat. no. ab122962; Abcam) at 37˚C for 1 h. 
Subsequently, the sections were incubated at 37˚C for 30 min 
with HRP‑conjugated polymer as a secondary antibody, stained 
with 3,3'‑diaminobenzidine according to the instructions of 
the GTVision™ III Detection System/Mo Rb kit (GeneTech 
Biotechnology Co., Ltd.) and counterstained with hematoxylin 
at room temperature for 2‑3 min. The negative control sections 
were incubated with phosphate buffered saline (PBS) instead 
of the primary antibody. The immunostaining images were 
acquired using a light microscope (magnification, x100; 
Leica DM3000; Leica Microsystems GmbH). All sections 
were evaluated independently by two pathologists, who were 
blinded to the purpose of the study.

The immunohistochemical staining score was calculated 
by counting the percentage of positive cells in five randomly 
selected fields from each slide. The staining positive rate was 
defined as follows: 0, <25% positive cells; 1, 25‑50% positive 
cells; 2, 50‑75% positive cells and 3, 75‑100% positive cells. 
In addition, staining intensity was scored as follows: 0, no 
coloration; 1, light yellow; 2, yellow; and 3, brown. The two 

scores were combined to obtain the overall score: 0, negative 
(‑); 1‑2, weakly positive (+); 3‑4, moderate positive (++); and 
5‑6, strongly positive (+++).

Bioinformatics analysis. The expression levels of NUF2 in 
patients with BCs and normal controls were further compared 
using Gene Expression Profiling Interactive Analysis 
(GEPIA2; http://gepia2.cancer‑pku.cn/#index). GEPIA2 is 
an online database for analyzing the gene expression profiles 
of 9,736 tumors and 8,587 normal samples from The Cancer 
Genome Atlas (TCGA; https://cancergenome.nih.gov/) and 
the genotype‑tissue expression programs (https://www.
gtexportal.org/)  (17). The Kaplan‑Meier Plotter database 
(http://kmplot.com/analysis/) were used to perform survival 
curve and log‑rank test analyses to identify the association 
between NUF2 expression and the prognosis of patients with 
BC. Patients were divided into high and low expression groups 
based on the median expression value.

Transfection. The small interfering RNA (siRNA) clone 
targeting human NUF2 gene (NM_031423; siNUF2) was 
purchased from Guangzhou RiboBio Co., Ltd. [siRNA‑1, 
cat. no.  siB1533140940; siRNA‑2, cat. no.  siB1533141009; 
siRNA‑3, cat. no. siG151013041657; negative control siRNA 
(siNC), cat. no. siN05815122147]. siRNA‑1 was selected as 
the siNUF2 for subsequent experiments after evaluating 
transfection efficiency. MCF‑7 and MDA‑MB‑231 cells were 
seeded into 6‑well plates at a density of 2x105 cells/well prior 
to transfection, and when they reached the log growth phase 
and 60‑70% confluence, cells were transfected with siNUF2 or 
siNC (50 nM) using Lipofection 6000 (Beyotime Institute of 
Biotechnology), according to the manufacturer's instructions. 
Following transfection for 24‑48 h, the cells were washed 
with PBS and collected for reverse transcription‑quantitative 
(RT‑q)PCR and western blot analysis.

RT‑qPCR analysis. Total RNA was extracted from MCF‑7 
and MDA‑MB‑231 cells using TRIzol® reagent (Invitrogen; 
Thermo Fisher Scientific, Inc.) and RT‑qPCR was conducted 
with a One Step TB Green™ PrimeScript™ RT‑PCR kit II 
(Takara Bio, Inc.) according to the manufacturer's protocol: 
42˚C for 5 min and 95˚C for 10 sec; followed by 40 cycles 
of 95˚C for 5 sec and 60˚C for 20 sec; and finally 65˚C for 
15 sec. The mRNA expression levels were determined on a 
Roche LightCycler® 480 instrument (Roche Diagnostics) 
using the following pairs of primers: NUF2 forward, 5'‑TAC​
CAT​TCA​GCA​ATT​TAG​TTA​CT‑3' and reverse, 5'‑TAG​AAT​
ATC​AGC​AGT​CTC​AAA​G‑3'; and β‑actin (internal control) 
forward, 5'‑CAT​GTA​CGT​TGC​TAT​CCA​GGC‑3' and reverse, 
5'‑CTC​CTT​AAT​GTC​ACG​CAC​GAT‑3'. All experiments were 
performed in triplicate, and the mRNA expression levels of 
NUF2 were calculated using the 2‑ΔΔCq method (18).

Western blot analysis. Total proteins isolated from MCF‑7, 
MDA‑MB‑231, Hs578T, T47D and MCF10A cells were used 
for western blot analysis. Briefly, cultured cells were lysed 
with RIPA buffer (Beyotime Institute of Biotechnology) 
supplemented with 1 mM PMSF and 0.25 U/µl RNase, and 
the protein concentration was then determined using a BCA 
protein assay kit (Beyotime Institute of Biotechnology). 
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Subsequently, equal quantities of proteins (25‑30 µg/lane) 
were separated via 10% SDS‑PAGE, and were then trans-
ferred onto PVDF membranes (cat. no.  IPVH00010; EMD 
Millipore). The membranes were blocked with 5% skimmed 
milk at room temperature for 2 h, and probed with anti‑NUF2 
(1:1,000; cat.  no.  ab180945; Abcam), β‑actin (1:5,000; 
cat.  no.  BS6007M; Bioworld Technology, Inc.), anti‑Bax 
(1:1,000; cat.  no.  2772; Cell Signaling Technology, Inc.), 
anti‑Bcl‑2 (1:1,000; cat. no. 4223; Cell Signaling Technology, 
Inc.) and anti‑cyclin B1 (1:1,000; cat. no. ab7957; Abcam) 
antibodies at 4˚C overnight. Membranes were then washed 
with TBS‑0.1% Tween 20 and incubated with the corre-
sponding HRP‑conjugated secondary goat anti‑rabbit IgG 
antibody (1:5,000; cat. no. BS13278; Bioworld Technology, 
Inc.) at room temperature for 1  h. Protein bands were 
detected with BeyoECL Plus Enhanced Chemiluminescence 
reagent (Beyotime Institute of Biotechnology) and analyzed 
on a LAS‑4000 Science Imaging System (Fujifilm Holdings 
Corporation). Densitometry of protein bands was measured 
and analyzed with ImageJ software (v1.52a; National Institutes 
of Health).

Colony formation assay. For the colony formation assay, 
following siRNA transfection for 24 h, 103 cells/well were 
seeded into a new 6‑well plate, and cultured in 2 ml DMEM 
supplemented with 10% FBS for 10 days or until colonies 
were visible to the naked eye. Colonies were then washed 
with PBS, fixed in 95% ethanol for 15 min at room tempera-
ture, and stained with 0.1% crystal violet for 15 min at room 
temperature. After being washed twice with PBS, colonies 
(>50 cells/colony) were counted using ImageJ v1.52a software.

Cell proliferation assay. To evaluate the effect of NUF2 
knockdown on BC cell proliferation, cell proliferation 
assays were conducted in both MCF‑7 and MDA‑MB‑231 
cell lines using a Cell Counting Kit‑8 (CCK‑8; Jiangsu Kaiji 
Bio‑Technology Co., Ltd.) according to the manufacturer's 
instructions. Briefly, cells were seeded into 96‑well plates at 
a density of 1x103 cells/well in quintuple and cultured at 37˚C 
for 1, 2, 3 or 4 days. Subsequently, 10 µl CCK‑8 reagent was 
added into each well, and cells were then incubated for an 
additional 1 h. Cell proliferation was determined by measuring 
the absorbance at 450 nm using a microplate reader (Bio‑Rad 
Laboratories, Inc.).

Cell cycle analysis. The cell cycle was evaluated in MCF‑7 and 
MDA‑MB‑231 cells via flow cytometry following cell staining 
with propidium iodide (PI). Briefly, 24 h after siRNA transfec-
tion, MCF‑7 and MDA‑MB‑231 cells (2x105/well) were seeded 
into 6‑well plates and incubated at 37˚C. Subsequently, cells 
were harvested and fixed in 75% (v/v) ethanol overnight at 4˚C. 
Fixed cells were washed twice with ice cold PBS, resuspended 
in RNase A solution and incubated at 37˚C for 30 min. The 
cell suspension was then supplemented with PI and incubated 
at room temperature for 30 min. The cell cycle was performed 
on a flow cytometer (FACS Calibur; BD Biosciences). Data 
were analyzed using ModFit LT 4.0 (Verity Software House).

Apoptosis analysis. Apoptosis was analyzed by flow cytom-
etry. Briefly, MDA‑MB‑231 and MCF‑7 cells were seeded into 

6‑well plates at a density of 2x105 cells/well. Following transfec-
tion with siRNA clones for 24 h, cells were harvested, washed 
with ice‑cold PBS and resuspended in 1X binding buffer. The 
apoptosis rate was quantitatively determined by detecting 
phosphatidylserine on apoptotic cells using an Annexin V/PI 
double‑staining apoptosis assay kit (cat. no. KGA511; Nanjing 
KeyGen Biotech Co., Ltd.) according to the manufacturer's 
instructions. Cells were incubated with Annexin V and PI for 
30 min, and analyzed with a flow cytometer (FACS Calibur; 
BD Biosciences) and ModFit software. The apoptotic rate 
was calculated as the sum of the percentage of early and late 
apoptotic cells. All experiments were performed in triplicate.

Statistical analysis. Statistical analyses were performed with 
SPSS 23.0 (IBM Corp.) and GraphPad Prism 7  software 
(GraphPad Software, Inc.). All experiments were performed in 
triplicate. The IHC results with respect to patient characteris-
tics were analyzed using Fisher's exact test, while comparisons 
of IHC scores between two paired groups were performed 
by Wilcoxon signed‑rank test. Bioinformatics comparison 
of expression in patients and controls was performed using 
Student's t‑test. Comparisons between three or more groups 
were performed by one‑way ANOVA followed by Dunnett's 
post hoc test. Univariate and multivariate analyses of clinical 
indicators of cancer‑associated mortality were conducted using 
the Cox proportional hazard model. P<0.05 was considered to 
indicate a statistically significant difference.

Results

NUF2 is associated with poor prognosis in BC. The expres-
sion of NUF2 was detected in 49 BC tissue specimens via 
IHC. Furthermore, its expression pattern was classified in 
tissues based on staining from negative, to weakly, moderately 
and strongly positive (Fig. 1). Positive staining was observed 
in 43/49 BC cases (87.8%), including 29 cases (59.2%) with 
strongly positive staining and 14 cases (28.6%) with weakly 
or moderately positive staining, in addition to 6 cases (12.2%) 
negative for NUF2 staining (Table I). Subsequently, the asso-
ciation between NUF2 expression and clinical characteristics 
was assessed. The number of distant metastasis in patients with 
BC was too small to adequately perform association analysis. 
For those variables that could be analyzed, it was determined 
that NUF2 was significantly associated with estrogen receptor 
(ER) status only (P=0.042; Table I). Furthermore, univariate 
analysis was performed to evaluate the association between 
prognosis and other factors, including age (≥53 vs. <53 years), 
lymph node stage (N1+N2 vs. N0), tumor stage (T3+T4 vs. 
T1+T2) and NUF2 expression status (strong vs. weak/absent). 
Among these parameters, strong NUF2 expression (P=0.0334) 
and advanced age (P=0.0456) were significantly associated 
with a less favorable prognosis. In multivariate analysis, strong 
NUF2 expression (P=0.0183) and advanced age (P=0.0263) 
were identified as independent prognostic factors (Table II).

NUF2 is highly expressed in BC tissues and cell lines. The 
NUF2 expression data from 1,085 patients with BC were 
analyzed using the GEPIA2 database. The results indicated 
that NUF2 was upregulated in patients with BC (Fig. 2A). 
Kaplan‑Meier plotter database analysis revealed that increased 
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expression of NUF2 in patients with BC was closely associ-
ated with a poor prognosis (Fig.  2B). Additionally, IHC 
results revealed that NUF2 was upregulated in tumor tissues 
compared with adjacent normal tissues (Fig. 2C). Consistently, 
the mRNA and protein expression levels of NUF2 were 
increased in BC cell lines compared with non‑tumorigenic 
epithelial MCF‑10A cells, as demonstrated by RT‑qPCR and 
western blot analysis, respectively (Fig. 2D and E). These find-
ings indicated that NUF2 was significantly upregulated in BC 
tissues and cell lines. Among different BC cell lines, MCF‑7 
and MDA‑MB‑231 cells exhibited relatively higher NUF2 
expression; therefore, these cell lines were considered suitable 
for subsequent loss‑of‑function experiments.

NUF2 knockdown in BC cells using siRNA. To evaluate the 
effects of NUF2 in BC cells, MCF‑7 and MDA‑MB‑231 cells 
were transfected with siNUF2 to silence its expression. As 
shown in Fig. 3, compared with the siNC group, the protein and 
mRNA expression levels of NUF2 were significantly decreased 
following siNUF2 transfection in both MDA‑MB‑231 and 
MCF‑7 cells. Based on the transfection efficiencies of different 
siNUF2 sequences, siRNA‑1 was selected for subsequent 
experiments.

Knockdown of NUF2 inhibits BC cell proliferation and colony 
formation. To investigate the biological effect of NUF2 in BC 
cell growth, a CCK‑8 assay over a 4‑day period was conducted 

Table I. Association between NUF2 expression and clinical characteristics of patients with breast cancer (n=49).

	 NUF2 expression
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Characteristic	 Number	 ‑	 +/++	 +++	 P‑value

Age, years
  <53	 24	 3	 7	 14	 0.993
  ≥53	 25	 3	 7	 15
Tumor size, cm
  <2	 10	 1	 2	 7	 0.732
  ≥2	 39	 5	 12	 22
TNM stage
  I	 13	 0	 3	 10	 0.095
  II	 24	 4	 10	 10
  III	 12	 2	 1	 9
ER status
  Positive	 37	 4	 14	 19	 0.042
  Negative	 12	 2	 0	 10
PR status
  Positive	 30	 3	 11	 16	 0.281
  Negative	 19	 3	 3	 13
HER2 status
  Positive	 47	 6	 13	 28	 0.733
  Negative	 2	 0	 1	 1
Lymph node metastasis
  Yes	 25	 4	 6	 15	 0.617
  No	 24	 2	 8	 14
Tumor stage
  T1	 23	 3	 4	 16	 0.483
  T2	 19	 3	 8	 8
  T3	 2	 0	 1	 1
  T4	 5	 0	 1	 4
Lymph node stage
  N0	 25	 2	 7	 16	 0.536
  N1	 13	 2	 5	 6
  N2	 5	 0	 1	 4
  N3	 6	 2	 1	 3

ER, estrogen receptor; HER2, human epidermal growth factor receptor; PR, progesterone receptor.
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Figure 2. NUF2 is upregulated in BC tissues and cell lines, and is associated with poor prognosis. (A) Box plots of NUF2 transcripts in tumor and adjuvant 
normal tissues. (B) Kaplan‑Meier analysis of the overall survival of patients with BC according to the expression levels of NUF2. The HR and 95% confidence 
interval are included. (C) IHC analysis revealed that NUF2 was upregulated in BC tissues. (D) Reverse transcription‑quantitative PCR and (E) western blot 
analyses of NUF2 expression in BC cells. Relative NUF2 expression levels in BC cells were normalized to β‑actin and NUF2 expression in MCF‑10A cells. 
Data are presented as the mean ± SD of three independent repeats. *P<0.05, **P<0.01, ****P<0.0001 vs. MCF10A or as indicated; lines above multiple groups 
indicate the significance of the result of the one‑way ANOVA. BC, breast cancer; HR, hazard ratio; IHC, immunohistochemistry; N, normal; T, tumor; TPM, 
transcripts per kilobase million. 

Figure 1. Immunohistochemistry analysis of NUF2 expression in human BC tissues. (A) NUF2‑negative normal adjacent tissues. (B) Weak NUF2 expression 
in BC tissues. (C) Strong NUF2 expression in BC tissues. Magnification, x100; scale bar, 200 µm. BC, breast cancer.

Table II. Cox proportional hazards model analysis of prognostic factors in patients with breast cancer.

Variable	 Hazard ratio	 95% CI	 Unfavorable/favorable	 P‑value

Univariate analysis
  NUF2 expression	 5.144	 1.137‑23.271	 strong/weak, absent	 0.0334a

  Age, years	 8.738	 1.043‑73.203	 ≥53/<53	 0.0456a

  Tumor stage	 0.239	 0.053‑1.085	 T3+T4/T1+T2	 0.0637
  Lymph node stage	 0.400	 0.089‑1.793	 N1+N2/N0	 0.2313
Multivariate analysis
  Age, years	 0.074	 0.008‑0.736	 ≥53/<53	 0.0263a

  NUF2 expression	 8.412	 1.434‑49.357	 strong/weak, absent	 0.0183a

aP<0.05. CI, confidence interval.
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in MDA‑MB‑231 and MCF‑7 cells. NUF2 knockdown signifi-
cantly attenuated MDA‑MB‑231 cell proliferation compared 
with siNC‑transfected cells on days  3 and 4 (Fig.  4A). 
Similarly, NUF2 knockdown inhibited the proliferation of 
MCF‑7 cells on days 3 and 4 (Fig. 4B). These results suggested 
that knockdown of NUF2 could potently suppress BC cell 
proliferation. Furthermore, the effect of NUF2 expression on 
long‑term cell proliferation capacity was evaluated using a 
colony formation assay. The results revealed that colony forma-
tion ability was affected in MDA‑MB‑231 and MCF‑7 cells 
following siRNA‑mediated NUF2 knockdown. As presented 
in Fig. 4C and D, the number of colonies in the siNUF2 group 
was significantly reduced compared with the siNC group. 
These findings indicated that silencing of NUF2 expression 
served an important role in inhibiting BC cell growth.

Suppression of NUF2 induces cell cycle arrest and down‑
regulates the expression of cell cycle regulators. NUF2 is 
a key mediator of kinetochore‑microtubule attachment (9); 
therefore, NUF2 knockdown‑mediated inhibition of BC 
cell proliferation may occur due to impediment of cell cycle 
progression or enhanced apoptosis. Therefore, to evaluate the 
mechanisms underlying the effect of NUF2 knockdown on cell 
cycle progression, the cell cycle distribution of both MCF‑7 
and MDA‑MB‑231 cells was evaluated via flow cytometry, 
and the percentage of cells in each phase of the cell cycle 
was determined. Compared with the siNC group, cell cycle 
progression was inhibited in the siNUF2 group, as determined 
based on the significant increase in the percentage of MCF‑7 
and MDA‑MB‑231 cells in G0/G1 phase (Fig. 5). Furthermore, 
the protein expression levels of the cell cycle‑associated 

Figure 3. Knockdown efficiency of siNUF2 in breast cancer cells. Western blot analysis showing siRNA‑mediated NUF2 downregulation in (A) MCF‑7 and 
(B) MDA‑MB‑231 cell lines. Quantification of NUF2 protein expression after siRNA transfection in (C) MCF‑7 and (D) MDA‑MB‑231 cells. mRNA expres-
sion levels of NUF2 were decreased in (E) MCF‑7 and (F) MDA‑MB‑231 cells following transfection with siNUF2. Data are presented as the mean ± SD of at 
least three independent experiments. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 vs. siNC or as indicated; lines above multiple groups indicate the significance 
of the result of the one‑way ANOVA. NC, negative control; siRNA, small interfering RNA. 
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protein cyclin B1 were decreased following NUF2 knockdown 
(Fig.  6). These results suggested that NUF2 knockdown 

mediated cell cycle arrest at the G0/G1 phase via cyclin B1 
downregulation.

Figure 5. Effect of NUF2 knockdown on cell cycle progression in BC cells. (A) Flow cytometric analysis of cell cycle distribution and (B) quantitative analysis 
in MCF‑7 BC cells transfected with siNUF2 or siNC. (C) Flow cytometric analysis of cell cycle distribution and (D) quantitative analysis in MDA‑MB‑231 
BC cells transfected with siNUF2 or siNC. Percentages of cells in the G0/G1, S and G2/M phases of the cell cycle are presented. Data are presented as the 
mean ± SD of three independent repeats. *P<0.05. **P<0.01 vs. siNC. BC, breast cancer; NC, negative control; siRNA, small interfering RNA.

Figure 4. NUF2 affects BC cell proliferation. Cell Counting Kit‑8 assay showing decreased proliferation of (A) MCF‑7 and (B) MDA‑MB‑231 BC cells 
following NUF2 knockdown. (C) Colony formation assay showing decreased colony formation ability of MCF‑7 and MDA‑MB‑231 cells following NUF2 
knockdown. (D) Quantification of the colony formation assay results. Data are presented as the mean ± SD of three independent repeats.  ****P<0.0001 vs. siNC 
or as indicated. BC, breast cancer; NC, negative control; OD, optical density; siRNA, small interfering RNA.
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NUF2 knockdown attenuates BC cell apoptosis. Cell 
apoptosis was examined by flow cytometry using Annexin 
V/PI double staining. Following NUF2 silencing, the results 
revealed a significant increase in the apoptotic rate of MCF‑7 
cells (Fig. 7). Similarly, the apoptotic rate was significantly 
increased in MDA‑MB‑231 cells in the siNUF2 group 
compared with the siNC group (Fig. 7). In addition, the expres-
sion levels of the apoptosis‑associated proteins Bax and Bcl‑2 
were significantly upregulated and downregulated, respec-
tively, in BC cells transfected with siNUF2 compared with 
siNC (Fig. 6). These findings indicated that NUF2 knockdown 
exerted a pro‑apoptotic effect on BC cells.

Discussion

In the Ndc80‑NUF2 complex, NUF2 is required to maintain 
the integrity of the centromere and the stability of the micro-
tubule‑binding site in the outer plate of the centromere (19). It 
has been reported that the Ndc80‑NUF2 complex is involved 
in the development of several types of human cancer, including 
hepatocellular, lung, prostate and oral carcinomas (20‑23). 
Although marked progress has been achieved in molecular 
targeted therapy for BC in the previous few years, current anti-
cancer agents are characterized by limited efficacy and drug 
resistance (8). Therefore, the development of novel therapeutic 

Figure 7. NUF2 knockdown promotes apoptosis in BC cells. (A) Flow cytometric analysis of apoptosis in MCF‑7 and MDA‑MB‑231 BC cells transfected 
with siNUF2 or siNC. Cells were stained with Annexin V and propidium iodide, and analyzed via flow cytometry. (B) Percentage of apoptotic cells calculated 
from the corresponding quadrant. Data are presented as the mean ± SD of three independent repeats. ***P<0.001, ****P<0.0001. BC, breast cancer; NC, negative 
control; siRNA, small interfering RNA. 

Figure 6. NUF2 knockdown affects the expression of cell cycle‑associated proteins and apoptosis regulators in BC cells. Western blot analysis of cyclin B1, 
Bcl‑2, Bax and β‑actin expression in (A) MCF‑7 and (B) MDA‑MB‑231 BC cells following NUF2 knockdown. Quantified expression of proteins in (C) MCF‑7 
and (D) MDA‑MB‑231 cells. Data are presented as the mean ± SD of three independent repeats. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. BC, breast cancer; 
NC, negative control; siRNA, small interfering RNA.
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targets to improve the clinical outcome of patients with BC is 
urgently required.

In the present study, IHC analysis revealed that NUF2 
was upregulated in BC tissues compared with normal adja-
cent tissues (43/49 BC cases). This finding was consistent 
with results obtained from the GEPIA2 database analysis. 
Furthermore, Kaplan‑Meier and Cox proportional hazard 
model analysis demonstrated that NUF2 overexpression 
was associated with a poor prognosis in patients with BC. 
NUF2 was also upregulated in BC cell lines. These data 
supported the role of NUF2 as a prognostic biomarker for 
BC. To further investigate the biological effect of NUF2 in 
BC cells, MDA‑MB‑231 and MCF‑7 cells were transfected 
with siNUF2 to silence NUF2 expression. NUF2 downregu-
lation significantly attenuated BC cell growth by inhibiting 
cell proliferation and colony formation ability, and induced 
apoptosis in BC cells. However, in the present study, the 
upregulation of NUF2 was not associated with tumor size. It 
is proposed that the number of patients enrolled in the study 
may have been too small to observe such an association, or 
there may have been inaccuracies in tumor size measure-
ment, amongst other possible factors.

In addition, NUF2 silencing affected the expression levels 
of apoptosis‑ and cell cycle‑associated proteins, including Bax, 
Bcl‑2 and cyclin B1, in BC cells. Cyclin B1 serves an important 
role in the initiation of mitosis, and inhibition of cyclin B1 may 
result in cell cycle blockage and eventually apoptosis (24). In 
the present study, cell cycle analysis showed that the percentage 
of cells in G0/G1 phase was significantly increased following 
NUF2 knockdown, which was accompanied with decreased 
cyclin B1 expression levels. These results indicated that cell 
cycle blockage was associated with decreased cell prolifera-
tion and increased apoptosis.

NUF2 is a highly conversed component of the mitotic 
cycle complex, which serves an important role in maintaining 
spindle microtubule‑kinetochore attachment (25). Decreased 
NUF2 expression inhibits the attachment of the kinetochore to 
the spindle microtubules, resulting in abnormal chromosome 
segregation, which in turn results in mitotic arrest and cell 
death (10,11,26). In the early stages of mitosis, kinetic particles 
are attached to spindle microtubules to form a stable complex; 
however, impaired binding of kinetic particles to microtubules 
leads to complex instability and shortened complex half‑life, 
eventually resulting in abnormal cell division and cell 
death (10,11). Consistent with the these observations, NUF2 
knockdown in BC cells resulted in reduced cell proliferation 
and increased apoptosis.

The present study had certain limitations, such as the 
absence of NUF2 overexpression experiments. Another 
potential limitation is that the specific underlying molecular 
mechanisms of NUF2‑promoted cell proliferation were 
not revealed. Furthermore, the association between NUF2 
expression in patients with BC and clinicopathological char-
acteristics such as distant metastasis requires a greater number 
of patients. Further follow‑up studies are required to more 
rigorously address these issues.

In conclusion, the present study demonstrated that NUF2 
may serve an important role in the development and progres-
sion of BC, thus providing a potential target for molecular 
targeted therapy against BC.
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