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Abstract
Breast cancer is a frequent cancer among women. The current study investigated the biological functions of Nek2 in breast 
cancer and its possible mechanism. The mRNA expression of Nek2 in breast epithelial cells and eight breast cancer cell lines 
was detected by qRT-PCR. Silencing Nek2 was transfected into MDA-MB-231 and MCF7 cells to examine its roles in the 
viability, migration, invasion, cell colony, apoptosis and cell cycle of the breast cancer cells by performing CCK-8, wound 
scratch, Transwell, clone formation and flow cytometry assays, respectively. The expressions of related genes were detected 
using qRT-PCR and Western blot. MAPK pathway agonist IGF (insulin-like growth factor-1) was added into MDA-MB-231 
and MCF7 cells and then cell viability was examined. Nek2 expression was frequently up-regulated in breast cancer cell lines, 
and silencing Nek2 significantly inhibited the viability, cell migration, invasion and clone formation, promoted cell apoptosis 
of MDA-MB-231 and MCF7 cells, and arrested cell cycle in G0/G1 phase. Furthermore, knocking down Nek2 decreased 
the mRNA and protein expressions of Bcl-2, CyclinB1 and CyclinD1, and increased Bax and p27 expressions. Moreover, 
knocking down Nek2 inhibited the phosphorylation of ERK and p38, and almost completely reversed the expression of p-ERK 
increased by IGF, but Nek2 knockdown had no obvious effect on p-p38. The inhibitory effect of Nek2 silencing on the cell 
viability was mainly realized by the inhibition of ERK/MAPK signaling. Nek2 plays an important role in the regulation of 
the progression of breast cancer in vitro probably through regulating the ERK/MAPK signaling.
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Introduction

Breast cancer is a frequent cancer among women and ranks 
second among the causes for the cancer-related death in 
women (Fahad Ullah 2019). According to the estimation 
by the American Cancer Society, there will be 276,480 
cases of breast cancer and 42,170 cases of death in patients 
with breast cancer in 2020 in the US (Siegel et al. 2020). 

According to the degree of diffusion, breast cancer can be 
classified into orthotopic breast cancer and invasive breast 
cancer (Cedolini et al. 2014; Ward et al. 2015), the former 
of which has two main types, namely, Ductal Carcinoma 
In  Situ (DCIS) and Lobular Carcinoma In  Situ (LCIS) 
(Badve and Gökmen-Polar 2019; Wen and Brogi 2018). 
Additionally, breast cancer can also be classified into the 
four main intrinsic molecular subtypes, such as Luminal 
A, Luminal B, HER2-enriched, and TNBC (Triple Nega-
tive Breast Cancer) (Fisusi and Akala 2019; Tsang and 
Tse 2020). At present, mastectomy is widely applied in the 
treatment for breast cancer (Zehra et al. 2020). However, 
the metastasis remains as the major obstacle in the manage-
ment of breast cancer, and metastasis in the advanced stages 
of breast cancer could decrease the survival of patients to 
approximately 5 years (Peart 2017; Tian et al. 2017). Early 
detection and early diagnosis are the keys to the treatment 
of breast cancer, with the focus from cellular pathology to 
molecular pathology (Lorenzoni 2019). The application of 
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molecular biological techniques contributes to the discovery 
of some oncogenes in breast cancer, which facilitates the 
diagnosis of early breast cancer (Liu et al. 2018; Suarez-
Cabrera et al. 2018; Ye et al. 2018).

As the center of the microtubule tissue of human cells, 
the centrosome is closely related to the tumorigenesis. It 
has been showed that the damaged cells in the centrosome 
affect the movement of cell because they cannot accurately 
reposition the spindle of the body during the morphologi-
cal changes of cells, thus hindering the smooth progress of 
cell cycle (Ye et al. 2005). The regulation of centrosomal 
kinases on the centrosome has been widely studied recently 
(Kazazian et al. 2017; Sdelci et al. 2012). The families of 
centrosomal kinases consist of Aurora protein kinase family, 
Polo-like Kinases (PLK) family, Cyclin-Dependent Kinase 5 
Regulatory subunit-Associated protein 2 (CDK5RAP2) and 
Never in mitosis gene A (NIMA) Related Kinases family 
(Li and Li 2006). NIMA-related expressed kinase (NEK), 
which is a kind of NIMA-associated protein kinase in mam-
malian cells, is originally the cell cycle mutant NIMA 
discovered by Morris in his study of Aspergillus nidulans 
(Morris 1975). Nek2 has the highest homology with NIMA 
and is the most representative member of Neks family (Fry 
et al. 1995; Schultz et al. 1994). Nek2 plays an important 
role in cell mitosis. It was also found that the expression of 
Nek2 was increased in many tumors, such as prostate cancer, 
Ewing’s tumor, colorectal cancer, breast cancer, malignant 
peripheral neurilemmoma, lymphoma, ovarian cancer, and 
cholangiocarcinoma. Moreover, Nek2 expression is closely 
correlated with the degree of malignancy and the prognosis 
of the tumors (Kokuryo et al. 2016; Liu et al. 2019; Lu et al. 
2015; Marina and Saavedra 2014; Zeng et al. 2015).

We aimed to explore the roles of Nek2 in the regula-
tion of the progression of breast cancer and the possible 
mechanism.

Materials and methods

Cell culture

Normal breast epithelial cells (MCF-10A cells) and eight 
breast cancer cell lines (BT474, BT20, MCF7, Hs578T, 
MDA-MB-231, T47D, MDA-MB-453 and ZR75-1 cells) 
were purchased from American Type Culture Collec-
tion (ATCC, Manassas, USA). The cells were cultured in 
RPMI-1640 medium (Sigma, USA) containing 10% fetal 
bovine serum, 100 U/ml streptomycin and penicillin (Gibco, 
Thermo Fisher, USA) at 37 °C with 5%  CO2.

After the cells adhered to the plate wall, 120 ng/ml IGF 
(IGF-1, PeproTech, Rocky Hill, NJ, USA) was added into 
medium to incubate with the cells. The medium with 120 
ng/ml IGF was refreshed once a day.

Cell transfection

The cells were seeded in 6-well plates (1.0 ×  105) for 24 h 
(h). Nek2 silencing sequence (siNEK2, Cat No.:143612) and 
negative control (NC, Cat No.:12935111) were synthesized 
by Invitrogen (USA). The transient transfection was per-
formed using Lipofectamine 3000 (Invitrogen, USA) accord-
ing to manufacturer’s protocol. siNek2 or NC and Lipo-
fectamine 3000 were respectively added into Opti-MEM 
medium. Lipofectamine/silencing RNA mixtures were cul-
tured at room temperature for 10 min (min) and then added 
into Opti-MEM medium. After culture for 6 h, the medium 
was replaced by RPMI 1640 medium containing 10% FBS.

Cell counting kit‑8 (CCK‑8)

MDA-MB-231 and MCF7 cells were respectively placed 
into 96-well plates at a density of 5 ×  103 cells per well for 
24 h. Then cells were administrated and incubated for 24, 
48 or 72 h. 10 μl CCK-8 solution was subsequently added 
into each well and incubated the cells at 37 °C for another 
1 h. The viability of cell was determined using a microplate 
reader (Thermo Fisher, USA) at 450 nm.

Wound Scratch assay and transwell assay

After the transfection, the cells (8 ×  104) were seeded in 
6-well plates at 37 °C overnight. A wound was drawn using 
the 100 μl sterile pipette tip in the center of the plates. The 
cells were gently washed with PBS 3 times, the suspended 
cells were then removed and the serum-free medium was 
added into the cells. Cell migration was observed under an 

Table 1  Primers used in qRT-PCR

Gene Primer Sequence

Nek2 Forward 5′-CCA GCC CTG TAT TGA GTG  -3′
Reverse 5′-ACT TCC GTT CCT TTA GCA -3′

Bcl-2 Forward 5′-CGA CGA CTT CTC CCG CCG CTA CCG C-3′
Reverse 5′-CCG CAT GCT GGG GCC GTA CAG TTC C-3′

Bax Forward 5′-GCC CTT TTG CTT CAG GGT TTCA-3′
Reverse 5′-TGG GCG TCC CAA AGT AGG AG-3′

Cyclin B1 Forward 5′-CCA AAA TGC CTA TGA AGA AG-3′
Reverse 5′-CTT GGA GAG GCA GTA TCA AC-3′

Cyclin D1 Forward 5′-CGT GGC CTC TAA GAT GAA GG-3′
Reverse 5′-CTG GCA TTT TGG AGA GGA AG-3′

P27 Forward 5′-AGC CTA CGC TCC GAC TGT TTG-3′
Reverse 5′-CCT CCT GCC ACT CGT ATC TGC-3′

GAPDH Forward 5′-TGA AGG TCG GAG TCA ACG GAT TTG 
GT-3′

Reverse 5′-CAT GTG GGC CAT GAG GTC CAC CAC -3′
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Fig. 1  Nek2 was highly expressed in breast cancer cells and silencing 
Nek2 inhibited cell viability. a The mRNA expressions of Nek2 in 
normal breast epithelial cells (MCF-10A cells) and eight breast can-
cer cell lines (BT20, BT474, Hs578T, MCF7, MDA-MB-231, MDA-
MB-453, T47D and ZR75-1) were detected by qRT-PCR. (*com-
pared with MCF-10A, *P < 0.05; **P < 0.01). b The transfection 
efficiency of Nek2 on MDA-MB-231 cells was detected by qRT-PCR 
and western blot. c The transfection efficiency of Nek2 on MCF7 

cells was detected by qRT-PCR and western blot. d The effects of 
silencing of Nek2 on cell viability were detected by CCK-8 in MDA-
MB-231 cells at 24, 48 and 72 h. E The effects of silencing of Nek2 
on cell viability were detected by CCK-8 in MCF7 cells at 24, 48 and 
72 h. GAPDH served as an internal control. Data were expressed as 
mean ± SD from three independent experiments (^compared with con-
trol, #compared with NC, ^/#P < 0.05; ^^/##P < 0.01)
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inverted microscope at 48 h, and the scratch area was meas-
ured using Image J software. Migration rates were calculated 
as indicated: (distance 0 h − distance 48 h)siNEK2/(distance  
0 h − distance 48 h)Control × 100%.

After the treatment with transfection and digestion, the 
cells were resuspended in serum-free medium and were 
then seeded at a density of 1 ×  104 cells/well in the upper 
chamber coated with matrigel. In the lower 24-well chamber, 
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Fig. 2  The effects of silencing of Nek2 on the migration and inva-
sion in MDA-MB-231 and MCF7 cells. a The migration of cell was 
detected by wound scratch assay and observed under an inverted 
microscope after MDA-MB-231 cells were transfected with siNek2. 
b The invasion of cell was detected by Transwell assay after MDA-
MB-231 cells were transfected with siNek2, and the cells were 
stained with crystal violet. C Cell migration was performed by wound 
scratch assay and observed under an inverted microscope after MCF7 
cells were transfected with siNek2. D Cell invasion was detected by 
Transwell assay after MCF7 cells were transfected with siNek2, and 
the cells were stained with crystal violet. Data were expressed as 
mean ± SD from three independent experiments (^compared with con-
trol, #compared with NC, ^/#P < 0.05; ^^/##P < 0.01)

◂

RPMI1640 medium containing 10% fetal bovine serum was 
added and used to incubate with the cells for 60 h at 37 °C 
with 5%  CO2. The cells in the lower chamber were fixed 
with 1% formaldehyde for 10 min at 25 °C and stained with 
0.01% crystal violet for another 5 min. The invasion of cells 
was counted at 200 × magnification.

Plate clone formation assay

The cells were divided into control group, NC group (cells 
were transfected with negative control) and siNEK2 group 
(cells were transfected with siNek2 sequence), and respec-
tively incubated in the dishes at the density of 3.0 ×  102 
cells/dish at 37 °C with 5%  CO2. After culture for about 10 
days, the cells were washed with PBS twice and stained with 
crystal violet for 15 min, followed by washing with deion-
ized water. The number of colonies containing 50 cells was 
counted under a microscope.

Flow cytometry

The cells were digested with 0.25% trypsin and centrifuged 
at 2000 r/min for 5 min. Apoptosis assay was performed by 
Annexin V-FITC. The cells were washed twice using wash-
ing buffer, and the suspension was cultured with Annexin 
V-FITC and propidium iodide (PI, Cayman Chemical, Can-
ada) in the dark at 25 °C for 20 min. The binding buffer was 
subsequently added into each well, and the samples were 
subjected to the detection with flow cytometry within 1 h.

After transfection for 48 h, the cells were washed twice 
with PBS and fixed in ethanol at 4 °C for 30 min. After 
being centrifuged at 1000 r/min for 5 min, the cells were 
washed and resuspended in PBS with RNase and PI at 37 
°C for 30 min.

Quantitative real‑time polymerase chain reaction 
(qRT‑PCR)

Trizol regent (Invitrogen, USA) was used to extract RNAs 
from the cultured cells according to the manufacturer’s 

protocol. GoScript™ Reverse Transcription kit (Promega, 
USA) was used to conduct the reverse transcription of RNAs 
into cDNAs. The qRT-PCR was performed by SYBR Fast 
qPCR Mix (Invitrogen, USA) for detecting the expressions 
of Nek2, Bcl-2, Bax, Cyclin B1, Cyclin D1 and p27. The 
samples were run under the following cycling parameters: 
Nek2, 95 °C for 10 min, 95 °C for 15 s (sec), followed by 
40 cycles of 53 °C for 30 s and 72 °C for 30 s; Bcl-2, 94 
°C for 5 min, 94 °C for 30 s, followed by 35 cycles of 55.9 
°C for 30 s and 72 °C for 59 s; Bax, 94 °C for 5 min, 94 °C 
for 30 s, followed by 35 cycles of 50 °C for 30 s and 72 °C 
for 59 s; Cyclin B1, Cyclin D1 and p27, 95 °C for 5 min, 
94 °C for 30 s, followed by 40 cycles of 54 °C for 30 s and 
72 °C for 30 s. The sequences for the primers are listed in 
Table 1. All the primers were commercially purchased from 
Sangon Biotech (Shanghai, China). For the amplification of 
the products, 2% agarose gels were used for electrophore-
sis. The  2−ΔΔCT method was used to calculate the relative 
expressions of genes.

Western blotting analysis

RIPA lysis buffer (Beyotime, Shanghai, China) was used to 
isolate and extract the proteins from the cultured cells, and 
the contents of proteins were detected by BCA protein quan-
tification (Thermo Fisher, USA). The proteins were loaded 
on 12% SDS-PAGE gel for the separation and then trans-
ferred onto a polyvinylidene difluoride (PVDF) membrane 
(Millipore, USA). The membranes were blocked in 5% non-
fat milk, and TBS, Tween-20. The proteins were incubated 
with the following primary antibodies: rabbit anti-Nek2 
antibody (ab227958, 1:500, Abcam, USA) anti-Bcl-2 anti-
body (ab182858, 1:2000, Abcam, USA), anti-Bax antibody 
(ab77566, 1:1500, Abcam, USA), anti-CyclinB1 antibody 
(ab181593, 1:2000, Abcam, USA), anti-CyclinD1 antibody 
(ab16663, 1:200, Abcam, USA), anti-p27 antibody (sc-1641, 
1:200, Santa Cruz Biotechnology, USA), anti-ERK antibody 
(ab184699, 1:1000, Abcam, USA), anti-p-ERK antibody 
(ab201015, phospho T202, phospho T185, 1:1000, Abcam, 
USA), anti-p38 antibody (ab170099, 1:1000, Abcam, USA), 
anti-p-p38 antibody (sc-7973, Tyr 182, 1:1000, Santa 
Cruz Biotechnology, USA), and anti-GAPDH antibody 
(ab181602, 1:10,000, Abcam, USA). After the incubation at 
4 °C overnight, the blots were washed with TBST, and then 
incubated with secondary antibody HRP-conjugated goat 
anti-Rabbit IgG (Protein tech, USA). Enhanced chemilumi-
nescence (ECL; Thermo Fisher, USA) was used to detect the 
signal. The density of the blots was read by the Quantity one 
software version 2.4 (Bio-Rad, USA).



814 Journal of Molecular Histology (2021) 52:809–821

1 3



815Journal of Molecular Histology (2021) 52:809–821 

1 3

Fig. 3  The effects of silencing of Nek2 on the cell clone formation, 
apoptosis and cell cycle of MDA-MB-231 and MCF7 cells. a The 
colony number was observed to assess the effect of silencing of Nek2 
on the clone formation in MDA-MB-231 cell. b The apoptosis of 
cell was detected by flow cytometry after MDA-MB-231 cells were 
transfected with siNek2. c Cell cycle was detected by flow cytometry 
after MDA-MB-231 cells were transfected with siNek2. d The colony 
number was observed to assess the effect of Nek2 silencing on the 
clone formation in MCF7 cell. e The apoptosis of cell was detected 
by flow cytometry after MCF7 cells were transfected with siNek2. 
f Cell cycle was detected by flow cytometry after MCF7 cells were 
transfected with siNek2. Data were expressed as mean ± SD from 
three independent experiments (^compared with control, #compared 
with NC, ^/#P < 0.05; ^^/##P < 0.01)

◂

Statistical analysis

Statistical analysis was detected by Prism Graphpad version 
6.0 software. All the data were presented as mean ± standard 
deviation (SD). Differences were determined using one-way 
analysis of variance (ANOVA) following Tukey multiple 
comparison. A P < 0.05 was considered as statistically 
significant.

Results

Up‑regulation of Nek2 expression in breast 
cancer cells and transfection efficiency of Nek2 
in MDA‑MB‑231 and MCF7 cells

Eight breast cancer cell lines (BT20, BT474, Hs578T, 
MCF7, MDA-MB-231, MDA-MB-453, T47D and ZR75-1) 
and normal breast epithelial cells (MCF-10A cells) were 
used for the detection of Nek2 expression by qRT-PCR. The 
result showed that Nek2 was high-expressed in all of breast 
cancer cells compared with MCF-10A (P < 0.01, Fig. 1a). 
Highly metastatic MDA-MB-231 and low metastatic MCF7 
were used as research breast cancer cells in the following 
experiments. The Nek2 silencing plasmid was respectively 
transfected in MDA-MB-231 (Fig. 1b) and MCF7 (Fig. 1c) 
cells. Compared with control or NC group, mRNA and pro-
tein expressions of Nek2 were significantly down-regulated 
in siNEK2 group (P < 0.01).

Nek2 silencing inhibited cell proliferation, 
migration and invasion of MDA‑MB‑231 and MCF7 
cells

To explore the effects of Nek2 silencing on breast cancer, a 
series of biological functional experiments were performed. 
The results showed that the viabilities of MDA-MB-231 
(Fig.  1d) and MCF7 (Fig.  1e) cells were significantly 
decreased at 48 h and 72 h after transfection of silenc-
ing Nek2 (P < 0.01). As shown in Fig. 2, Nek2 silencing 

noticeably inhibited the cell migration (P < 0.01, Fig. 2a) and 
invasion (P < 0.01, Fig. 2b) of MDA-MB-231 cells. Simi-
larly, the migration (P < 0.01, Fig. 2c) and invasion (P < 0.01, 
Fig. 2d) of MCF7 were significantly suppressed in Nek2 
silencing group as compared with control or NC group. It 
might be not perfect to use cells with visible gaps at the start 
of the assay; however, it might not affect the detection of the 
wound healing effect (Jonkman et al. 2014).

Nek2 silencing attenuated cell clone formation, 
induced cell apoptosis and arrested cell cycle 
of MDA‑MB‑231 and MCF7 cells

The effects of Nek2 silencing on cell clone formation, 
apoptosis and cell cycle were detected. The clone forma-
tion of MDA-MB-231 cells was inhibited by silencing 
Nek2 (P < 0.01, Fig. 3a). Also, silencing Nek2 remark-
ably increased cell apoptosis (P < 0.01, Fig. 3b). As for 
cell cycle, silencing of Nek2 significantly enhanced G0/G1 
phase of cycle (P < 0.01, Fig. 3c) but obviously reduced 
G2/M phase of cycle (P < 0.01). For MCF7 cells, silencing 
of Nek2 showed similar effects as those on MDA-MB-231 
cells, and specifically, silencing of Nek2 inhibited cell 
clone formation (P < 0.01, Fig. 3d), promoted cell apop-
tosis (P < 0.01, Fig. 3e) and arrested cell cycle at G0/G1 
phase (P < 0.01, Fig. 3f).

Nek2 silencing regulated the expressions of related 
genes in MDA‑MB‑231 and MCF7 cells

Moreover, qRT-PCR and Western blot were performed to 
detect the expressions of related genes. Silencing Nek2 
significantly decreased the mRNA and protein expressions 
of Bcl-2, CyclinB1 and CyclinD1 (P < 0.01, Fig. 4a and b), 
and noticeably increased the expressions of Bax and p27 
both at mRNA and protein levels in MDA-MB-231 cells 
(P < 0.01). In MCF7 cells, Bcl-2, CyclinB1 and CyclinD1 
expressions were obviously down-regulated by silencing 
Nek2 (P < 0.01, Fig. 4c and d). Moreover, silencing Nek2 
also increased the mRNA and protein expressions of Bax 
and p27 (P < 0.01).

Nek2 silencing suppressed cell proliferation 
via reversing the activation of ERK/MAPK signaling 
in MDA‑MB‑231 and MCF7 cells

Furthermore, we explored the effect of Nek2 silencing and 
IGF on ERK/MAPK signaling in breast cancer cells. In 
MDA-MB-231 cells, the phosphorylation ratio of p-ERK/
ERK and p-p38/p38 were detected. Moreover, significant 
elevated protein ratios of p-ERK/ERK (P < 0.01, Fig. 5a, 
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Fig. 4  The effects of silencing of Nek2 on the expressions of apopto-
sis and cyclin-associated proteins genes in MDA-MB-231 and MCF7 
cells. a qRT-PCR was performed to detect the mRNA expressions of 
Bcl-2, Bax, CyclinB1, CyclinD1 and p27 after MDA-MB-231 cells 
were transfected with siNek2. b Western blot was used to assess the 
protein expressions of Bcl-2, Bax, CyclinB1, CyclinD1 and p27 after 
MDA-MB-231 cells were transfected with siNek2. c qRT-PCR was 
performed to detect the mRNA expressions of Bcl-2, Bax, CyclinB1, 
CyclinD1 and p27 after MCF7 cells were transfected with siNek2. 
d Western blot was used to assess the protein expressions of Bcl-2, 
Bax, CyclinB1, CyclinD1 and p27 after MCF7 cells were trans-
fected with siNek2. GAPDH served as an internal control. Data were 
expressed as mean ± SD from three independent experiments (^com-
pared with control, #compared with NC, ^/#P < 0.05; ^^/##P < 0.01)

◂

b) and p-p38/p38 were induced by IGF, an activator of 
ERK/MAPK signaling, compared with control. Silencing 
of Nek2 greatly decreased the protein ratios of p-ERK/
ERK and p-p38/p38 (P < 0.01), and greatly reversed the 
increased protein ratios of p-ERK/ERK and p-p38/p38 
(P < 0.01) induced by IGF. Then, CCK-8 assay was per-
formed to detect the effects of Nek2 silencing and IGF on 
the viability of breast cancer cells. We found that the cell 
viability was decreased at 48 h and 72 h in silencing Nek2 
group (P < 0.01, Fig. 5c). Moreover, the IGF-promoted 
cell viability was reversed by silencing Nek2 (P < 0.01). 
In MCF7 cells, silencing of Nek2 had similar effects on 
the protein expressions of ERK/MAPK signaling and the 
viability. Noticeably, silencing Nek2 expression could 
down-regulate the protein expressions of p-ERK/ERK 
and p-p38/p38 (P < 0.01, Fig. 5d, e). In addition, silenc-
ing Nek2 expression reversed the increased activation of 
ERK/MAPK by IGF and cell viability induced by IGF 
(P < 0.01, Fig. 5f).

Discussion

Centrosome replication is a contributor to carcinogenesis 
and the protein kinases regulating centrosome in tumor cells 
are abnormally controlled, and abnormally expressed Nek2 
could cause CIN and aneuploidy, which would eventually 
lead to the tumorigenesis (Zhou et al. 2013). It has been 
reported that Nek2 overexpression enhances the centrosome 
amplification in her2 + breast cancer model (Harrison Pitner 
and Saavedra 2013). It was also found that Nek2 is high-
expressed in human tumor cell lines and tissues, such as 
gastric cancer (Li et al. 2019; Ouyang et al. 2019), cervi-
cal cancer (Xu et al. 2020) and hepatocellular carcinoma 
(Deng et al. 2019). The up-regulation of Nek2 is involved 
in the transformation of malignant cell and the progression 
of tumor (Takahashi et al. 2014; Zhang et al. 2018; Zhou 
et al. 2013). As for breast cancer, under the condition of 
increased positive expression of Nek2, the tumor cells pen-
etrate the basement membrane and are not confined to ducts 

or lobules, suggesting that Nek2 may play a role in the inva-
sion and metastasis of breast cancer (Hayward et al. 2004). 
Nek2 serves as one of the five genes that constructs molecu-
lar grade index (MGI) to provide prognostic information 
for patients with breast cancer (Marina and Saavedra 2014). 
The cytoplasmic expression of Nek2 in invasive ductal car-
cinoma (IDC) is positively correlated with the grade and 
size of the tumor (Wang et al. 2011). Therefore, Nek2 may 
promote tumorigenesis both in vitro and in vivo. In various 
human breast cancer cell lines, Nek2 knockdown induced 
aneuploidy and cell cycle arrest that led to cell death (Cap-
pello et al. 2014). In our study, Nek2 was found significantly 
high-expressed in several breast cancer cell lines.

In addition, we used two different types of breast cancer 
cell lines to systematically examine the biological effects of 
Nek2 silencing. Highly metastatic MDA-MB-231, which is a 
cell line of trip-negative breast cancer, is a subtype of breast 
cancer without the expressions of estrogen receptor (ER), 
progesterone receptor (PR) and human epidermal growth 
factor receptor 2 (HER2) (Heuser et al. 2018; Kong et al. 
2016). MDA-MB-231 is characterized by the high invasive-
ness and malignancy that impose great difficulties for the 
treatment. MCF7 cell is usually studied for its sensitivity 
to hormone, such as ER and PR (Holliday and Speirs 2011; 
Razak et al. 2019). Silencing of Nek2 in these two breast 
cancer cell lines could inhibit cell viability, migration, inva-
sion, cell clone formation, and promote cell apoptosis and 
arrest G0/G1 phase of cell cycle. The effect of hormones 
(ER, PR and HER2) on the rested proteins needs to be fur-
ther explored and elucidated. Nek2 is associated with cell 
cycle, and the expression of Nek2 is lower in G1 phase but 
will be increased after entering the S phase, and decreased 
upon cell entry into mitosis (Kokuryo et al. 2019). Cap-
pello demonstrated that knockout of Nek2 in breast cancer 
cells could induce aneuploidy, cell cycle arrest, and Cas-
pase-dependent and non-dependent cell death (Cappello 
et al. 2014). Lai also reported that down-regulation of Nek2 
induced hepatocellular carcinoma cell arrest in the G2/M 
phase by retarding the S phase of cell cycle (Lai et al. 2017). 
The results are not in consistence with those in our study, 
which might be explained by the possible involvement of 
intratumor heterogeneity.

Cyclin D1, which is a rate-limiting regulator of G1 pro-
gression, promotes cells to enter S phase, thereby increasing 
cell proliferation (Ramos-García et al. 2017; Tchakarska and 
Sola 2020). Cyclin B1 is high-expressed in many malignant 
tumors, including in breast cancer and cervical cancer, and 
knockdown of cyclin B1 inhibits the proliferation of cancer 
cell (Androic et al. 2008). p27 is a negative regulator of cell 
cycle, and its protein binds tightly to Cyclin/CDKs complex 
in cell cycle to inhibit serine/threonine kinase activity of 
the protein, promoting cell cycle arrest in G1 phase from 
entering S phase to synthesize histone and the enzyme for 
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Fig. 5  Silencing of Nek2 suppressed cell proliferation via reversing 
the activation of ERK/MAPK signaling in MDA-MB-231 and MCF7 
cells. a Western blot was performed to detect the effects of Nek2 
silencing and IGF on the expression of ERK/MAPK signaling-related 
proteins in MDA-MB-231 cells. b Relative proteins levels (p-ERK/
ERK and p-p38/p38) were shown as bar diagrams. c The effects of 
Nek2 silencing and IGF on cell viability was detected by CCK-8 
assay at 24, 48 and 72 h. d Western blot was performed to detect the 

effects of Nek2 silencing and IGF on the expression of related pro-
tein of ERK/MAPK signaling in MCF7 cells. e Relative proteins lev-
els (p-ERK/ERK and p-p38/p38) were shown as bar diagrams. f The 
effects of Nek2 silencing and IGF on cell viability were detected by 
CCK-8 assay at 24, 48 and 72 h. Data were expressed as mean ± SD 
from three independent experiments (^compared with control, #com-
pared with NC, &compared with IGF, ^/#/&P < 0.05; ^^/##/&&P < 0.01)
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DNA replication, thus inhibiting DNA replication (Roy and 
Banerjee 2015). In this study, silencing of Nek2 suppressed 
the expressions of Bcl-2, Cyclin B1 and Cyclin D1, pro-
moted Bax and p27 expressions. The effects of Nek2 silenc-
ing on the regulation of the expressions of related genes in 
our study were in accordance with the biological functions in 
breast cancer cells. The lack of analysis on CDK4 and CDK6 
phosphorylation, and cell cycle inhibitors was a limitation 
of this study.

ERK/MAPK pathway is an important signaling pathway 
that mediates cellular responses, and their hyperactivation 
plays a major role in the development and progression of 
cancers (Guo et al. 2020). As a class of threonine/serine 
protein kinases, ERK/MAPK pathway participates in regu-
lating gene expressions, and transduces signals from out-
side cell into the nucleus and then activates transcription 
factors via MAPKK-MAPKK-MAPK (conserved cascade 
of three reactions) (Eblen 2018; Guo et al. 2020). Shah 
reported that DCIS could switch to invasive breast cancer 
by activating ERK/MAPK signaling (Shah et al. 2018). 
Also, DNA-dependent protein kinase catalytic subunit 
promotes breast cancer cell growth via p38MAPK-AP1 
signaling (Zhang et al. 2019). Insulin-like growth factor-1 
(IGF-1), which is a MAPK pathway agonist, mediates epi-
thelial-mesenchymal transition (EMT) of breast, lung and 
gastric cancer cells, and thus, an IGF-treated cell model 
was established in MCF7 and MDA-MB-231 cells (Ceven-
ini et al. 2018). Nek2 knockdown inhibited the phospho-
rylation of ERK and the proliferation in gastric cancer 
cells (Fan et al. 2019), and Nek2 could be a carcinogenic 
factor and regulated the proliferation and apoptosis of 
human hepatoma cells via MAPK signal pathway (Zhang 
et al. 2016). In consistence with the previous research, our 
findings demonstrated that silencing of Nek2 could inhibit 
the phosphorylation of ERK and p38 in breast cancer cells. 
In addition, silencing of Nek2 almost reversed the ratios 
of p-ERK/ERK and p-p38/p38 which were increased by 
IGF, the activator of MAPK signaling, indicating that the 
inhibitory effect of Nek2 silencing on breast cancer cell 
viability was related to ERK/MAPK pathway. This study 
may provide a new target gene for the treatment of breast 
cancer and enrich the regulatory mechanism of Nek2 in 
the development of breast cancer.

Collectively, it was demonstrated in this work that Nek2 
plays an important role in the regulation of the progression 
of breast cancer in vitro. Nek2 expression was up-regu-
lated in a number of breast cancer cells and silencing of 
Nek2 could inhibit cell proliferation, invasion and metas-
tasis via regulating the ERK/MAPK signaling.
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