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Overexpressed NEK2 contributes

to progression and cisplatin resistance
through activating the Wnt/B-catenin
signaling pathway in cervical cancer
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Abstract

Background Cervical cancer ranks as the fourth most common cancer among women, with cisplatin resistance
posing a significant challenge to the long-term survival of patients.

Methods The roles of NEK2 in cervical cancer were examined through bioinformatics analysis. Transfection efficiency
and molecular mechanisms were assessed using real-time quantitative polymerase chain reaction (qRT-PCR) and
western blotting (WB). To evaluate cell functions, a series of assays, including cell counting kit-8 (CCK-8), wound
healing, transwell, colony formation, and flow cytometry (FCM), were performed on Hel a, SiHa, and Hel.a/DDP
(cisplatin-resistant) cell lines.

Results We found that NEK2 is upregulated in cervical cancer tissues compared to normal tissues and is further
elevated in cisplatin-resistant cervical cancer compared to cisplatin-sensitive cases. The overexpression of NEK2 is
associated with enhanced cancer progression, poorer prognosis, and increased cisplatin resistance in cervical cancer
patients. Notably, in the presence of cisplatin, the knockdown of NEK2 inhibited cell viability, proliferation, migration,
invasion, and G2/M phase arrest in cervical cancer cells, while also enhancing the sensitivity of cisplatin-resistant
cervical cancer cells through the inactivation of the Wnt/(B-catenin signaling pathway.

Conclusions NEK2 is upregulated in cervical squamous cell carcinoma (CESC) compared to normal tissues and
exhibits higher levels in cisplatin-resistant CESC than in sensitive counterparts, correlating with disease progression
and poor prognosis. Thus, NEK2 is implicated in the cisplatin resistance of CESC via the activation of the Wnt/3-catenin
signaling pathway, suggesting its potential as a prognostic marker and a novel target for the diagnosis and treatment
of cisplatin-resistant CESC.
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Background

Cervical cancer is a malignant disease that originates
from the cervix uteri, which originates from a lot of car-
cinogenic agents [1]. Cervical squamous cell carcinoma
(CESC) accounts for the primary pathological type of
cervical cancer and is the fourth most frequently diag-
nosed gynecological cancer among females. Meanwhile,
CESC represents the fourth cancer-related mortality in
females worldwide [2]. It was estimated that 604,127 new
cases and 341,831 women died because of CESC in 2020
[2]. As the first generation platinum chemotherapeutics,
cisplatin (DDP) plays a vital role in locally advanced and
recurred cervical cancer [3]. DDP concurrent with radio-
therapy after surgery is the standard treatment com-
monly applied to cervical cancer patients [4]. However,
chemotherapy for cervical cancer usually fails because of
the inherent or acquired resistance to DDP [5]. Hence, it
is essential to discover the underlying mechanism of DDP
resistance in cervical cancer.

As a serine/threonine centrosomal kinase, NIMA-
related kinase 2 (NEK2) is a central constituent of the
human centrosome, which plays a pivotal role in mitosis,
especially in spindle formation and chromosome segre-
gation [6]. NEK2 was regarded as an important oncogene
in various tumors [7]. It was discovered that NEK2 was
overexpressed in a wide variety of human cancers, includ-
ing cervical cancer [8], ovarian cancer [9], breast cancer
[10], prostate cancer [11], head and neck squamous cell
carcinoma [12], and so on. Upregulated NEK2 levels can
lead to chromosome instability and aneuploidy, which
will ultimately promote carcinogenesis [13]. Meanwhile,
it was discovered that upregulated NEK2 contributed to
cisplatin-based chemotherapy resistance [12, 14]. How-
ever, the roles and underlying mechanisms of NEK2 in
cisplatin resistance in CESC have not been investigated.

It was confirmed that NEK2 is highly expressed in cer-
vical cancer cells compared to normal cervical epithe-
lial cells, and upregulated NEK2 inactivates the Hippo
pathway to advance the proliferation of cervical cancer
cells [15]. However, the pathogenic effect of upregulated
NEK?2 on cisplatin resistance in cervical cancer has not
been studied. Previous research has demonstrated that
NEK2 activates the Wnt/p-catenin signaling pathway via
Wntl to drive oncogenesis and radioresistance in cervical
cancer, indicating that NEK2 may be a promising target
for the radiosensitization of cervical cancer [16]. How-
ever, the pathogenic mechanism of overexpressed NEK2
on cisplatin resistance in cervical cancer remains unclear.
It was reported that high expressed NEK2 was related to
multidrug resistance of head and neck squamous cell car-
cinoma, and high NEK2 contributed to cisplatin-based
chemotherapy resistance in nasopharyngeal carcinoma
[17, 18]. In summary, the above studies prove that over-
expression of NEK2 may be related to the pathogenesis
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of cervical cancer, and NEK2 may be a key gene related
to tumor drug resistance. However, the effect and mecha-
nism of overexpression of NEK2 on cisplatin resistance of
cervical cancer are still unclear.

The canonical Wnt/p-catenin signaling pathway plays a
vital role in regulating plenty of physiological and patho-
logical processes, such as cell proliferation, migration,
invasion, and so on [19]. B-catenin is a multipurpose pro-
tein that plays essential roles in the Wnt/[-catenin signal-
ing pathway and centrosome segregation [20]. Various
research indicated that NEK2 can interact with -catenin
to prevent B-catenin degradation and enhance the pro-
gressive properties of cancer cells [21, 22]. It is reported
that the disordered Wnt/B-catenin signaling pathway
correlated with tumorigenesis in several kinds of tumors,
such as ovarian cancer, breast cancer, and hepatocellular
carcinoma (HCC) [23, 24]. Meanwhile, it was discov-
ered that Wnt/B-catenin signaling played an important
part in cisplatin resistance by influencing DNA damage
repair [25]. Nevertheless, there is limited evidence on the
combinatorial effect of NEK2 with cisplatin resistance in
CESC. Furthermore, the relationship of NEK2 with the
Wnt/B-catenin signaling pathway on cisplatin resistance
in CESC is poorly understood.

The purpose of our study is to screen out a clinically
valuable gene target to predict and treat cisplatin resis-
tance in CESC and elucidate the underlying mechanism
of oncogenesis and inducing cisplatin resistance.

Materials and methods

Data extraction

We filtrated the datasets from the Gene Expression
Omnibus (GEO) database associated with CESC and
downloaded two datasets (GSE9750 (including 24 normal
samples and 33 CESC samples) and GSE63514 (includ-
ing 24 normal samples and 28 CESC samples)), and
then we filtrated the datasets from GEO database asso-
ciated with CESC and cisplatin resistance and obtained
two datasets (GSE56363 (including 12 therapy-sensitive
CESC samples and 9 intrinsic resistant CESC samples).
We downloaded CESC datasets (including 3 normal sam-
ples and 306 CESC samples) from the Cancer Genome
Atlas (TCGA) database (https://portal.gdc.cancer.gov
/), including gene expression data and clinical informa-
tion. The detailed clinical characteristics of the CESC
patients from TCGA are listed in Table 1. GSE9750 and
GSE56363 were used as training groups, while GSE63514
were used as testing groups. Human CESC tissue was
from a woman with CESC aged 32, and normal cervix tis-
sue was from a healthy woman aged 37.

Data analysis
We employed the ‘limma’ R package to read transcrip-
tome profiling information and microarray data and
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Table 1 Characteristics of the study participants
Variable CESC Normal Total P-value
306 3 309
Age Mean (IQR) 47(39,57) 55(48,62) 044°
Sex Female 306(100.0%) 3(100.0%) 309(100.0%) >099°
Male 0(0.0%) 0(0.0%) 0(0.0%)
Smoking Yes 263(85.9%) 2(66.7%) 265(85.8%) 037°
No 43(14.1%) 1(33.3%) 44(14.2%)
Pregnancy Yes 250(81.7%) 2(66.7%) 252(81.6%) >099°
No 17(5.6%) 0(0%) 17(5.5%)
Unknown 39(12.7%) 1(33.3%) 40(12.9%)
Grade G1 18(5.9%)
G2 136(44.4%)
G3 121(39.5%)
G4 1(0.3%)
GX 30(9.8%)
Primary tumor size T1 140(45.8%)
T2 72(23.5%)
T3 22(7.2%)
T4 10(3.3%)
X 62(20.3%)
Lymph node status NO 135(44.1%)
N1 58(19.0%)
NX 113(36.9%)
Metastasis status MO 135(44.1%)
M1 10(3.3%)
MX 161(52.6%)
Tumor stage | 163(53.3%)
Il 70(22.9%)
Il 46(15.0%)
[\ 21(6.9%)
X 6(2.0%)
Chemotherapy Complete response Partial response Unknown
Cisplatin 64(58.2%) 18(16.4%) 28(25.5%) 110
Carboplatin 0(0%) 4(66.7%) 2(33.3%) 6
Others 12(50.0%) 5(20.8%) 7(29.2%) 24
Unknown 68(41.0%) 7(10.6%) 91(54.8%) 166

aT test; b Pearson’s Chi Square test/Fisher’s exact analysis

normalize the gene expression levels of each sample for
differential analysis. We gained the differential expression
genes (DEGs) of each file with P-values and logFC values
with t-tests. We filtered the DEGs with |log2foldchange|
> 1 and adjP <0.05.

IC; of cisplatin in cervical cancer is defined as half the
maximal inhibitory concentration of cisplatin to cervi-
cal cancer cell lines, which refers to the concentration of
cisplatin that can inhibit the viability of cervical cancer
cells to 50% under experimental conditions in this work.
We calculated ICy, based on the GraphPad method. As
follows: First, three multiple holes were set up in each
group. After the experiment was completed, absorbance
(OD) at 450 nm was measured by enzyme marker (Tecan,
Switzerland) for the blank control group (Ab), positive
control group (Ac), and experiment group treated with

different concentrations of cisplatin (As). The mean OD
value of each group was calculated respectively, and the
survival rate was calculated by the formula as follows:
[(As-Ab)/(Ac-Ab)]*100%. Second, fill the GraphPad table
with the survival rate and transform the concentration of
cisplatin to log10 (standard) in the analysis. Subsequently,
the log inhibitor VS normalized response-variable slope
function was used to calculate the survival rate so as to
obtain the corresponding IC;, value. Finally, the curve
of the relative change of cisplatin concentration and cell
viability was fitted.

LASSO regression analysis was used to extract the
key dominant factors in a subset. Kaplan-Meier survival
analysis was used to evaluate the survival condition of
a crowd based on current information, which was pre-
sented by the overall survival (OS) and progression-free
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survival (PFS) curve. The receiver operating characteris-
tic (ROC) curve was used to estimate the performance
of a disaggregated model. Gene ontology (GO) analysis
was used to achieve functional classification of genes or
proteins based on sequence information. Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) analysis is mainly
aimed at the analysis of metabolic pathways in organisms
based on gene expression information. Gene set enrich-
ment analysis (GSEA) is used to identify whether a pre-
defined set of genes exhibits significant and consistent
differences between two biological states.

Celllines and culture

HeLa and SiHa cell lines were purchased from Shang-
hai Meixuan Biological Science and Technology LTD
(Shanghai, China), HeLa/DDP (cisplatin-resistant) cell
line was purchased from TONGPAI BIOTECHNOLOGY
CO., LTD (Shanghai, China), and human normal cervical
epithelial cell lines (HUCEC) was provided from Dr. Li.
HeLa, SiHa and HeLa/DDP cell line have recently been
authenticated by detecting STR and Amelogenin loci. All
of the cell lines have recently been tested for mycoplasma
contamination. All the cell lines were cultured in 1640
medium (GIBCO, Grand Island, NY, USA) appended
with 10% fetal bovine serum (FBS) (Hyclone, Logan, UT,
USA) and 1% penicillin-streptomycin (Hyclone). All cells
were cultured in an incubator with 5% CO, and humidifi-
cation at 37 C.

Plasmid assembling and cell transfection

We  synthesized the full-length NEK2 cDNA
(NM_002497) from cells and then sub-cloned it into the
vector (pEGFP-N1ZB04981) to construct the pcDNA-
NEK2 overexpression (OE-NEK2) plasmid (Sangon
Biotech, Shanghai, China). shRNA sequences targeting
NEK?2 were synthesized and then cloned into hU6/EGFP/
puro plasmid (Genechem, Shanghai, China). Transient
transfections of all plasmids were performed using Lipo-
fectamine 8000 reagent (Beyotime, Shanghai, China).
All cell transfections were based on the manufacturer’s
instructions. The sequences of these nucleic acids are
listed in Supplementary Table 1.

Extracting RNA and gRT-PCR

Total RNA was extracted using TRIzol Reagent (Simgen,
Hangzhou, China). The concentration and purity of total
RNA were determined by a micro-spectrophotometer
(Allsheng, Hangzhou, China). CDNA was synthesized
using the M-MuLV First Strand ¢cDNA Synthesis Kit
(Sangon Biotech). The real-time quantitative polymerase
chain reaction (qQRT-PCR) was performed using 2x SG
Fast qPCR Master Mix (Sangon Biotech) and Roche
LightCycler® 96 (Roche, Basel, Switzerland). GAPDH
was used as an internal reference gene. The results were
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analyzed by the 2-AACt method. All primer sequences
are listed in Supplementary Table 1.

Extracting protein and Western blot

The cells were washed with phosphate-buffered saline
(PBS, Meilunbio) and then lysed in RIPA buffer (Cwbio,
Beijing, China). To remove any cell debris, the lysates
were centrifuged at 12,000 g for 15 min at 4 °C. An equal
amount of total protein lysates (20 pg) was subjected to
8-10% sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) and subsequently transferred
onto an NC membrane (Amresco, Solon, OH, USA).
Following blocking to prevent nonspecific binding, the
membranes were incubated with a primary antibody
overnight at 4 °C, and then with a secondary antibody
(1:10000 dilution; Biodragon, Suzhou, China) for 1 h at
room temperature. The bands were visualized using an
automatic chemical exposure analysis system complex
2000. Primary antibodies were as follows: NEK2 (1:1,000;
Proteintech, Wuhan, China), GAPDH (1:3,000; Affin-
ity, Changzhou, China), C-Myc (1:1,000; Proteintech),
B-catenin (1:1,000; Proteintech), B-Tubulin (1:3,000;
Affinity). The experiments were independently repeated
in triplicate.

Cell counting kit-8 (CCK-8) assay

To perform the cell viability assay, 1 x 10> HeLa and SiHa
shRNA transfected cells in 100 pL of complete culture
media were seeded in 96-well plates and then treated
with different concentrations of cisplatin for 24 h. Cell
viability was measured using a CCK-8 assay (TOP-
SCIENCE, Shanghai, China) following the manufac-
turer’s instructions. After incubating the cells at 37 °C
for 4 h, the absorbance was measured at 450 nm using a
microplate reader (Tecan, Mannedorf, Switzerland). The
experiments were independently repeated in triplicate.

Colony formation assay

HeLa and SiHa shRNA transiently transfected cells were
counted and 100 cells were inoculated into 6 cm plates
and treated with 2 pM cisplatin, which were cultured in
an incubator with 5% CO, and humidification at 370C
for two weeks. The cells were then washed with PBS
fixed with 4% paraformaldehyde (Biosharp, Hefei, China)
and stained with 0.1% crystal violet (Beyotime), and the
experiments were independently repeated in triplicate.

Wound healing assay

HeLa and SiHa shRNA transiently transfected cells were
seeded in six-well plates at a density of 2.5 x 10° cells per
well. Once the cells reached 100% confluency, a straight
wound was created by using 200-pL tips, and the cells
were then incubated in a medium containing 1% FBS and
2 pM cisplatin. The closure of the wound was monitored
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at 0 and 48 h, and the experiments were independently
repeated in triplicate.

Transwell assay

The upper chambers (LABSELECT, Hefei, China) of a
24-well plate were coated with Matrigel (Corning Bio-
science, New York, NY, USA) in a non-serum medium
and incubated for 2 h at 37 °C. Next, 1x 10° transfected
cells were seeded in the upper chamber using serum-free
1640, while the lower chamber was filled with culture
medium containing 10% FBS and 2 puM cisplatin. After
48 h, the invaded cells were fixed with 4% paraformal-
dehyde and stained with crystal violet. The cells that had
invaded through the membrane were counted and visual-
ized using a microscope (Zeiss, Oberkochen, Germany);
5 fields were selected to count the cells. The experiments
were independently repeated in triplicate.

Flow cytometry (FCM) assay

The cell cycle assay kit (Elabscience, Wuhan, China) was
used to evaluate the cell cycle following the manufactur-
er’s protocol. Briefly, HeLa and SiHa shRNA transiently
transfected cells treated with 2 uM cisplatin for 24 h were
harvested and treated with absolute ethyl alcohol and
RNaseA Reagent in turn and stained with PI, respectively.
Changes in cell cycle were detected based on DNA con-
tent and were measured using BD FORTESSA (Becton,
Dickinson and Company, Franklin Lake, NJ, USA). PI was
detected at 575 nm. The experiments were independently
repeated in triplicate.

Statistical analysis

Data were analyzed by SPSS 25.0 and displayed as
mean+SD. The statistical significance of differences
was evaluated by two-tailed Student’s t-test or two-way
ANOVA. Statistical analyses were performed using Prism
software (GraphPad Software). P<0.05 were considered
statistically significant.

Results

NEK2 was the key gene contributing to platinum drug
resistance in CESC

To gain a comprehensive understanding of the distribu-
tion of DEGs, we generated volcano maps (Fig. 1A and
C) and heat maps (Fig. 1B and D) specifically depicting
the DEGs in GSE9750 and GSE56363, respectively. We
found that there were 706 genes upregulated in GSE9750,
and 122 genes upregulated in GSE56363; meanwhile,
there were 620 genes down-regulated in GSE9750, and
225 genes upregulated in GSE56363, respectively. To
screen out the common genes both upregulated and
down-regulated in GSE9750 and GSE56363, we con-
ducted Venn diagrams and found 32 genes upregu-
lated both in GSE9750 and GSE56363 (Fig. 1E), and 13
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genes down-regulated both in GSE9750 and GSE56363
(Fig. 1F). On account of the typical 45 DEGs, we imple-
mented GO enrichment analysis (Fig. 1G and I), and
discovered the biological functions of these 45 co-expres-
sion DEGs mainly enriched in chromosome segrega-
tion, nuclear division and positive regulation of cell cycle
process. We also carried out KEGG enrichment analysis
(Fig. 1] and K), and found the pathways of these 45 co-
expression DEGs mainly enriched in drug metabolism,
platinum drug resistance, and Fanconi anemia pathway.
In order to gain the key pathogenic genes of CESC and
intrinsic resistant CESC, firstly, we implemented protein-
protein interaction (PPI) analysis of all 45 co-expression
DEGs to gain PPI network in different ways (Fig. 2A), and
drawn a node network diagram which convey the inter-
action of each gene and all of the genes were upregulated
in CESC (Fig. 2B). We further searched cluster network
based on the node network above, and obtained two
cluster networks, which indicated the genes with close
relations in a cluster (Fig. 2C). We conducted hub gene
analysis of the PPI network, which allowed us to obtain
15 core genes of the network (Fig. 2D). We also carried
out GeneMANIA network analysis based on the 15 core
genes, with which we could know the interaction net-
work and functions of core genes, which indicated us
the functions of the core genes mainly focus on mitotic
nuclear division and mitotic sister chromatid segrega-
tion (Fig. 2E). We implemented GO analysis to study the
functions of the core genes (Fig. 2F and G), which mainly
focus on nuclear division, chromosome segregation and
mitotic sister chromatid segregation. Moreover, we con-
ducted a KEGG analysis to reveal the pathways related
to the core genes (Fig. 2H and I), which revealed that
the core genes had an impact on CESC’s platinum drug
resistance. We then filtered the core genes using Lasson
regression analysis to obtain the characteristic genes of
CESC and therapy-resistant CESC. We acquired 4 char-
acteristic genes in GSE9750 (Fig. 2] and K), and 4 charac-
teristic genes in GSE56363 (Fig. 2L and M), respectively.
Therewith, we did a Venn analysis between 4 character-
istic genes in GSE9750 and in GSE56363 (Fig. 2N) and
gained a gene NEK2, which was the key gene related to
both CESC and intrinsic resistant CESC, through influ-
encing nuclear division and platinum drug resistance.

NEK2 is upregulated in CESC and intrinsic resistant

CESC compared to normal tissues and sensitive CESC,
respectively, and is associated with tumor growth, cisplatin
resistance, and worse prognosis in CESC

We conducted the differential expression analysis of
NEK2 in pan-cancers and found NEK2 was overex-
pressed in various carcinomas; NEK2 was significantly
upregulated in CESC based on TCGA (P<0.01, Fig. 3A
and B). Meanwhile, we implemented a comparative
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Fig. 1 Co-expression differential genes in CESC and intrinsic resistance CESC and their GO and KEGG analysis. (A) Volcano plot of DEGs of GSE9750. (B)
Heatmap of top 50 DEGs of GSE9750. (C) Volcano plot of DEGs of GSE56363. (D) Heatmap of top 50 DEGs of GSE56363. (E) The Venn diagram of DEGs is
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KEGG analysis based on 45 co-expression DEGs in GSE9750 and GSE56363
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Fig. 2 NEK2 is the key pathogenic gene relating to CESC and intrinsic resistant CESC through influencing nuclear division and platinum drug resistance.
(A) The protein-protein interaction (PPI) network based on PPl analysis of all 45 co-expression DEGs, each circle represents a single gene, and the tie line
in different colors means two genes interacted in different ways. (B) In the node network diagram of all 45 co-expression DEGs, the red color of each gene
means the gene is upregulated in CESC. (C) Two cluster networks based on the node network. (D) In the hub gene analysis of the PPI network, the depth
of the color indicates the importance of the gene, and the darker color means the more important the gene. (E) GeneMANIA network analysis based on
the 15 core genes, the inner circle represents the hub genes while the outside circle represents the genes related to the hub genes; the tie line in different
colors means two genes interacted in different ways, the different color of pies in a circle represents different functions. (F) The barplot and (G) the bubble
plot of GO analysis based on 15 core genes. (H) The barplot, (I) the bubble plot of KEGG analysis based on 15 core genes

analysis of NEK2 expression level between CESC and
normal samples based on GSE9750 and GSE63514 and
found NEK2 was significantly overexpressed in CESC
(P<0.001, Fig. 3C and E). We also carried out a compari-
son of NEK2 between intrinsic resistant CESC and sen-
sitive CESC based on GSE56363, and found NEK2 was
significantly overexpressed in intrinsic resistant CESC
(P<0.001, Fig. 3D). What is more, the expression level
of NEK2 was found to be a valuable predictor of CESC
and intrinsic resistant CESC, as indicated by ROC curve
based on GSE9750 (area under the curve (AUC)=0.965,
Fig. 3F), GSE56363 (AUC=0.991, Fig. 3G) and GSE63514
(AUC=0.900, Fig. 3H). Survival analysis indicated that
patients with high levels of NEK2 did not exhibit signifi-
cantly reduced overall survival time (P=0.738, Fig. 3I)
and progression-free survival time (P=0.082, Fig. 3J),
while high expression level of NEK2 related to shorter
progression-free survival time (Fig. 3J). ROC curve indi-
cated that the expression level of NEK2 could not effec-
tively predict a survival time in 5 years (all AUC<O0.6,
Fig. 3K).

To study the association of NEK2 with clinical charac-
teristics, we conducted the correlation analysis of NEK2
expression with age (P=0.83, Fig. 4A), grade (Fig. 4B),
stage (Fig. 4C), primary tumor size (T) (Fig. 4D), lymph
node metastasis (N) (P=0.24, Fig. 4E), distant metastasis
(M) (P=0.12, Fig. 4F) and cisplatin response (P =0.00072,
DDP_Response) (Fig. 4G) in CESC. We also drew the
heatmap of different clinical characteristics in high and
low NEK2 expression groups and found the expres-
sion level of NEK2 was correlated with grade (P<0.001,
Fig. 4H) and DDP_Response (P<0.01, Fig. 4H), which
was consistent with the results above. In terms of OS, we
developed a nomogram (Fig. 4I) to assess the prognostic
value of NEK2 expression level and clinical character-
istics, as well as a calibration graph (Fig. 4]). Moreover,
based on NEK2 expression level and clinical character-
istics, we implemented independent prognostic analysis
and found NEK2 could not be used as an independent
prognostic factor in univariate COX analysis (P=0.622,
Fig. 4K) and multivariate COX analysis (P=0.074,
Fig. 4L). However, we found lymph node metastasis could
be used as an independent prognostic factor in univariate
COX analysis (P<0.001, Fig. 4K) and multivariate COX
analysis (P=0.01, Fig. 4L); we also found cisplatin resis-
tance could be used as an independent prognostic factor

in univariate COX analysis (P<0.001, Fig. 4K) and mul-
tivariate COX analysis (P=0.025, Fig. 4L). These results
indicated that NEK2 was observably correlated with
grade, primary tumor size, and cisplatin resistance, while
lymph node metastasis and cisplatin resistance could be
used as independent prognostic factors.

GO, KEGG, and GSEA analysis of NEK2-related genes in
CESC based on TCGA

To study the functions and pathways of NEK2-related
genes, we analyzed the DEGs based on the expres-
sion level of NEK2 and drew the heatmap for the top 50
DEGs (Fig. 5A). Meanwhile, we conducted GO analysis
based on the DEGs and investigated the functions of the
DEGs mainly focused on axoneme assembly, microtu-
bule -based movement and cell motility (Fig. 5B and
D). Furthermore, we performed KEGG analysis based
on the DEGs and found the pathways of the DEGs
mainly concentrated on motor proteins and neuroac-
tive ligand - receptor interaction (Fig. 5E and F). We also
implemented GSEA enrichment analysis to discover the
differential biological functions or pathways associated
with high and low NEK2 expression groups. The results
conveyed that the functions of the low NEK2 expression
group are principally related to the down-regulating of
epidermal cell differentiation, keratinization, and immu-
noglobulin complex (Fig. 5G). The pathways of the low
NEK?2 expression group were predominantly associated
with autoimmune thyroid disease, graft-versus-host dis-
ease, and ribosome (Fig. 5H). These findings hinted that
NEK2 may promote CESC tumorigenesis and cisplatin
resistance by influencing cell movement and the immune
microenvironment.

Downregulated NEK2 inhibits cell proliferation, migration,
invasion, and cell cycle in CESC cells and restrains cisplatin
resistance through Wnt/B-catenin pathway inactivation in
cisplatin-resistant CESC cells

To study the differential expression of NEK2 in CESC and
normal cervical cell lines, we detected NEK2 mRNA and
protein expression in HUCEC, HeLa, and SiHa cell lines
and discovered NEK2 were significantly overexpressed
in HeLa and SiHa cells compared to HUCEC cells both
in mRNA (Fig. 6A) and protein (Fig. 6B) levels. Based
on the THPA (https://www.proteinatlas.org) proteomi
¢ data website, we compared the differential expression
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of NEK2 in human CESC tissue and normal cervix tis-
sue; the results indicated NEK2 was upregulated in
human CESC tissues than normal cervix tissue (Fig. 6C),
human CESC tissue was from a woman with CESC aged
32, and normal cervix tissue was from a healthy woman
aged 37. To assess the functional roles of NEK2 in CESC,
we constructed NEK2-knockdown and NEK2-overex-
pression cell models with HeLa and SiHa cells. Results
showed transfection with NEK2-knockdown (shNEK2)
plasmid significantly decreased NEK2 mRNA (Fig. 6D)
and protein (Fig. 6E) expression levels compared to the
shRNA-NC (shNC) groups in HeLa and SiHa cells. On
the contrary, transfection with NEK2-overexpression
(OE-NEK?2) plasmid significantly increased NEK2 mRNA
(Fig. 6F) and protein (Fig. 6G) expression levels com-
pared to the Vector groups in HeLa and SiHa cells. The
results suggested that we successfully constructed NEK2-
knockdown and NEK2-overexpression cell models using
HeLa and SiHa cells.

Based on CCK-8 assays, we discovered that silenc-
ing of NEK2 significantly reduced the cell viability of
HeLa (Fig. 6H) and SiHa (Fig. 6I) cells at the concentra-
tion gradient of cisplatin, while overexpression of NEK2
significantly increased the cell viability of HeLa (Fig. 6])
and SiHa (Fig. 6K) cells at concentration gradient of cis-
platin. Based on wound healing assays, we found that
knockdown of NEK2 and further treatment with cispla-
tin significantly decreased cell migration compared to
shNC groups in both HeLa (P<0.05, Fig. 6L) and SiHa
(P<0.05, Fig. 6M) cells. The results from transwell assays
revealed that silencing NEK2 and further treatment with
cisplatin significantly decreased invasive cell numbers
compared to shNC groups in both HeLa (P<0.01) and
SiHa (P<0.05) cells (Fig. 6N). The results of colony for-
mation assays indicated that silencing NEK2 and further
treatment with cisplatin could significantly inhibit cell
proliferation in both HeLa (P<0.05) and SiHa (P<0.05)
cells (Fig. 60). Furthermore, results from the FCM assays
revealed that the knockdown of NEK2 and further treat-
ment with cisplatin promoted cell cycle arrest in the
G1/S phase and inhibited cell cycle arrest in the G2/M
phase in both HeLa and SiHa cells (Fig. 6P). These find-
ings suggest that NEK2 conferred cisplatin resistance and
played a vital role in regulating cell viability, proliferation,
migration, invasion, and cell cycle in CESC in vitro.

To study the role of NEK2 in cisplatin-resistant CESC
cells, we examined NEK2 mRNA and protein expression
in HeLa and HeLa/DDP cells. We discovered NEK2 was
overexpressed in HeLa/DDP cells compared to HeLa cells
both in mRNA (P<0.05, Fig. 7A) and protein (P<0.01,
Fig. 7B) levels. We constructed NEK2-knockdown cell
models in HeLa/DDP cells. Results showed transfec-
tion with shNEK2 plasmid significantly decreased NEK2
mRNA (P<0.05, Fig. 7C) and protein (P<0.01, Fig. 7D)
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expression levels compared to shNC group. Furthermore,
we detected the cell viability and cisplatin IC;, of HeLa
and HeLa/DDP cells using CCK-8, and found that cispla-
tin IC;, of HeLa/DDP cells was 5 times larger than HeLa
cells (Fig. 7E). Transfection with shNEK2 decreased cis-
platin IC;, of HeLa/DDP cells, and increased HeLa/
DDP cells’ sensitivity to cisplatin (Fig. 7F). Cell prolif-
eration analysis indicated transfection with shNEK2
decreased the cell cloning numbers of HeLa/DDP cells,
and increased HeLa/DDP cells’ sensitivity to cispla-
tin (P<0.01, Fig. 7G). It has been discovered that NEK2
could promote oncogenesis and radioresistance through
the Wnt/B-catenin signaling pathway in cervical cancer
[26]. A review of the BioGRID database (https://downlo
ads.thebiogrid.org/BioGRID) suggested that MYC poten
tially interacted with NEK2. We hypothesize that NEK2
could facilitate cisplatin resistance in CESC through
the Wnt/B-catenin signaling pathway. The variation
in Wnt/p-catenin proteins prompted that knockdown
or overexpression of NEK2 changed the activity of the
Wnt/B-catenin signaling pathway in the HeLa/DDP cells
with cisplatin treatment (Fig. 7H and I). Knockdown of
NEK?2 and cisplatin treatment resulted in decreased pro-
tein expression levels of B-Catenin (P<0.001, Fig. 7H)
and C-Myc (P<0.01, Fig. 7H) in HeLa/DDP cells. On the
contrary, overexpression of NEK2 and cisplatin treat-
ment promoted protein expression of p-Catenin (P<0.01,
Fig. 7I) and C-Myc (P<0.001, Fig. 7I) in HeLa/DDP cells.
Taken together, these data suggest that NEK2 drove cis-
platin resistance through Wnt/B-catenin pathway activa-
tion in cisplatin-resistant CESC cells.

Discussion

This study processed a large number of clinical speci-
mens and data by means of bioinformatic analysis with-
out assuming the scope of specific key tumor pathogenic
genes and discovered that NEK2 may be the key gene
leading to cervical cancer and cisplatin resistance. Subse-
quently, the study used in vitro experiments to verify the
carcinogenic function of NEK2 on cervical cancer patho-
genesis and cisplatin resistance. This research discovered
that upregulation of NEK2 could promote cervical cancer
tumorigenesis and cisplatin resistance by activating the
Wnt/p-catenin signaling pathway.

CESC is the fourth most common carcinoma in females
and is the leading cause of death among malignancies for
women worldwide [27]. Surgery followed by cisplatin-
centered chemotherapy is the standard therapy for CESC
patients. However, the frequent emergence of drug resis-
tance limits the efficacy of anti-cancer therapies, which
remains the major obstacle to the long-term survival of
CESC patients [28]. The present research discovered that
NEK2 is the key gene modulating cisplatin resistance in
CESC through activation of the Wnt/B-catenin signaling
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Fig. 3 NEK2 is upregulated in CESC and intrinsically resistant CESC compared to normal tissues and sensitive CESC, and it is associated with a worse
prognosis. (A) The differential expression analysis of NEK2 in pan-cancers. (B) The boxplot of differential expression of NEK2 in CESC compared to normal
samples based on TCGA. (C) The boxplot of differential expression of NEK2 in CESC compared to normal samples based on GSE9750. (D) The boxplot
of differential expression of NEK2 in intrinsic resistance CESC compared to sensitive CESC samples based on GSE56363. (E) The violin plot of differential
expression of NEK2 in CESC compared to normal samples based on GSE63514. The ROC curve for the predictive value of NEK2 is based on GSE9750 (F),
GSE56363 (G), and GSE63514 (H). (I) The Kaplan-Meier curve for overall survival of patients with high and low levels of NEK2 in CESC. (J) The Kaplan-Meier
curve for progression-free survival of patients with high and low levels of NEK2 in CESC. (K) The ROC curve for the predictive value of NEK2 in 1-year, 3-year,

and 5-year survival time for CESC patients; * P<0.05, ** P<0.01 or *** P<0.001

pathway and is associated with a worse prognosis of
CESC patients. The results from this study suggested that
we can implement NEK2 as a novel diagnosis and treat-
ment target for CESC patients in clinical.

Genetic heterogeneity within the tumor is a pivotal
factor affecting the occurrence and progression of the
tumor, which affects the therapeutic effect and progno-
sis of patients [29]. It is an important approach to infer
the functional role of differential genes for purposes of
disease diagnosis and drug exploitation. Based on vari-
ous genomic sequencing data, we can scan the disease-
causing differential expression genes and predict the gene
functions with great potential. In this study, we selected
the key genes that mediate carcinogenesis and platinum
resistance in CESC based on data related to cervical can-
cer and platinum resistance in public databases (Fig. 1).
This study discovered 15 key genes related to carcinogen-
esis and platinum resistance of CESC patients, includ-
ing NUSAP1, NEK2, CENPF, CDCAS8, BRCAI, and
so on (Fig. 2). Drug resistance including intrinsic and
acquired, is mainly induced by individual differences in
patients and genetic differences in the tumor [30]. Dis-
ordered drug resistance-related genes play a vital role in
drug resistance. It is reported that NUSAP1 potentiates
chemoresistance in glioblastoma [31]. NEK2 is regarded
as the key factor in cisplatin resistance in ovarian cancer
[14]. CENPF is related to tumor malignancy and drug
resistance in triple-negative breast cancer (TNBC) [32].
CDCAS8 could promote cancer progression and drug
resistance in ovarian cancer [33]. BRCAL1 plays a vital role
in cisplatin chemoresistance in lung adenocarcinoma [34,
35]. These findings indicated that the results from this
study were reasonable and persuasive to testify that all
15 genes could promote the carcinogenesis and platinum
resistance of CESC patients.

As an oncogene, NEK2 is involved in the development
and progression of cancers and plays different oncogenic
roles in multiple cancers. Meanwhile, overexpression of
NEK2 is related to poor survival in cancer patients, and
NEK2 could be used as a prognostic predictor for can-
cers [36]. NEK2 is highly expressed in cervical cancer tis-
sues rather than normal cervical tissues and is correlated
with worse outcomes in cervical cancer patients [15]. It
has been discovered that NEK2 is overexpressed in gas-
tric cancer (GC), which plays a carcinogenic role in the
malignant proliferation, migration, and tumor growth of

GC, and is potentially forecasted a poor prognosis of GC
patients [37, 38]. As an oncogenic kinase, NEK2 is signifi-
cantly upregulated in TNBC and regulates the inclusion
of cassette exons in splice variants, which correlates with
poor prognosis and modulates migration and invasion of
TNBC cells [39, 40]. This study discovered NEK2 is over-
expressed in CESC tissues, upregulated NEK2 is corre-
lated with worse progression-free survival and presents a
good diagnostic, predictive effect of CESC (Fig. 3), which
hinted to us that we could implement NEK2 as the target
of diagnosis and prognostic prediction in CESC.

Overexpression of NEK2 is correlated with higher
TNM staging, lymph node metastasis, and tumor inva-
sion in cervical cancer [26] and colon cancer [41]. Upreg-
ulated NEK2 is related to primary tumor size (T) and
lymph node metastasis (N) in GC patients [42]. NEK2 is
overexpressed in clear cell renal cell carcinoma (ccRCC),
which could promote tumor cell growth and metastasis,
and is correlated with higher age and grade, larger pri-
mary tumor size (T), lymph node metastasis (N), and
poor prognosis in ¢ccRCC [41, 43]. Clinical correlation
analysis found NEK2 is correlated with higher grade and
larger primary tumor size (T) and is relevant to cisplatin
resistance in CESC (Fig. 4). Lymph node metastasis (N)
and cisplatin resistance could be the independent prog-
nostic factors of CESC (Fig. 4). With the results above,
we established a nomogram based on NEK2 and clini-
cal characteristics to predict the survival rate of CESC
patients at different times (Fig. 4).

As a chromosomal instability (CIN) gene, NEK2 is
markedly associated with drug resistance, tumor recur-
rence, and poor prognosis in multiple cancers and could
induce drug resistance to promote cell proliferation
through activation of the efflux pumps [44]. Upregula-
tion of NEK2 contributes to drug resistance in ovarian
cancer and could be used as an important therapeutic
target [9]. NEK2 is regarded as the core regulatory factor
of chemotherapy resistance in TNBC [45]. A combina-
tion of silencing NEK2 could enhance the sensitivity of
cisplatin in colorectal cancer (CRC) [46]. NEK2 plays a
vital role in cisplatin resistance in nasopharyngeal carci-
noma (NPC) [12] and ovarian cancer [14]. Our research
has found NEK2 is upregulated in normal CESC cells and
cisplatin-resistant CESC cells (Fig. 6). Stimulated by cis-
platin, overexpression of NEK2 could promote the cell
viability of CESC cells, while the silencing NEK2 could
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Fig. 4 Association of NEK2 with Clinical Characteristics and its independent prognostic
(A), grade (B), stage (C), primary tumor site (T) (D), lymph node metastasis (N) (E), distant metastasis (M) (F) and cisplatin response (G) in CESC. (H) The
heatmap of different clinical characteristics in high and low expression groups of NEK2. (1) The nomogram is based on clinical characteristics and NEK2
to predict the survival rate of patients at different times. (J) The calibration graph is based on nomogram-predicted OS (%) and observed OS (%) at differ-
ent times. (K) The independent prognostic analysis for univariate factors of NEK2 and clinical characteristics. (L) The independent prognostic analysis for
multivariate factors of NEK2 and clinical characteristics; * P<0.05, ** P<0.01, or *** P<0.001

potential in CESC. The correlation analysis of NEK2 with age
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Fig. 5 GO, KEGG, and GSEA analysis of NEK2-related genes in CESC based on TCGA. (A) The heatmap of DEGs in high and low NEK2 expression groups.
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Fig.6 NEK2 was upregulated in CESC compared to normal cells, and upregulation of NEK2 conferred cisplatin resistance in CESC in vitro. (A) NEK2 mRNA
expression in HUCEC, Hela, and SiHa cells. (B) NEK2 protein expression in HUCEC, Hel.a, and SiHa cells. (C) The expression of NEK2 in human cervical
cancer tissue compared to normal cervical tissue. (D) NEK2 mRNA expression decreased in HelLa and SiHa cells after transfection with shNEK2. (E) NEK2
protein expression decreased in Hel.a and SiHa cells after transfection with shNEK2. (F) NEK2 mRNA expression increased in Hela and SiHa cells after
transfection with OE-NEK2. (G) NEK2 protein expression increased in Hela and SiHa cells after transfection with OE-NEK2. Cell viability analysis of Hela
(H) and SiHa (1) cells transfected with shNEK2 and further treated with different concentrations of cisplatin for 48 h. Cell viability analysis of HeLa (J) and
SiHa (K) cells transfected with OE-NEK2 and further treated with different concentrations of cisplatin for 48 h. Cell migration analysis of HelLa (L) and SiHa
(M) cells transfected with shNEK2 and further treated with cisplatin. (N) Cell invasion analysis of Hel.a and SiHa cells transfected with shNEK2 and further
treated with cisplatin. (O) Cell proliferation analysis of Hela and SiHa cells transfected with shNEK2 and further treated with cisplatin. (P) Transfection
with shNEK2 and further treated with cisplatin inhibited cell cycle arrest of G2/M phase in Hela and SiHa cells using flow cytometry assays; * P<0.05, **

P<0.01, or *** P<0.001

inhibit cell viability, migration, invasion, proliferation,
and G2/M stage arrest (Fig. 6). Furthermore, knockdown
of NEK2 increased the sensitivity of resistant CESC cells
and inhibited the proliferation of resistant CESC cells in
the presence of cisplatin (Fig. 7). The results above indi-
cated that NEK2 plays an important role in cisplatin-
based chemotherapy resistance and could serve as the
therapy target for CESC patients.

It was discovered that a hypoxia-derived gene signature
contains nine potential prognostic HIF-1 genes, which
could successfully predict cisplatin responsiveness in cer-
vical cancer patients and cell lines [47]. It is accounted
that this gene signature showed greater sensitivity and
specificity than other reported models in predicting the
prognosis of patients with cervical cancer, which hinted
us that this gene signature could serve as a potential
individual factor for assessment of response to cisplatin
in cisplatin-treated patients [47]. Recent reports dem-
onstrate that genetic factors play a critical role in the
development of resistance against different anti-tumoral
agents, especially cisplatin. Currently, few studies have
investigated the earliest molecular alterations of cancer
cells in intrinsic resistance to cisplatin. A study reported
that a gene signature was associated with cisplatin resis-
tance in lung adenocarcinoma [48]. There was a direct
relationship between the level of SOCS1 expression and
cisplatin resistance of lung cancer [48]. As a gene sig-
nature, SOCS1 could be employed as a predictive bio-
marker of cisplatin treatment and as a potential target
to overcome resistance to standard chemotherapeutics
in lung cancer patients. It was reported that cisplatin-
perturbed gene expression and pathway enrichment, as
well as BCL2L1, were used to define a gene signature in
several malignancies [49]. This gene signature was fur-
ther utilized to develop a cisplatin sensitivity prediction
model, which performed better (>80% accuracy) than all
other machine learning models when compared to a wide
range of machine learning algorithms [49].

We discovered that upregulated NEK2 was not only the
cause of cervical cancer but also contributed to cervical
cancer cisplatin resistance. We constructed a plasmid
shNEK2 that could successfully silence the expression
of NEK2 in cervical cancer cell lines. Small-molecule

inhibitors of NEK2 could increase the efficacy of bort-
ezomib in decreasing proteasome activity in myeloma
cell lines [1]. However, there are no small molecules tar-
geting NEK2 that could be applied to cervical cancer cis-
platin resistance research successfully at present, which
inspired us to conduct more in-depth studies on search-
ing for small molecules targeting NEK2 in future works.

The dynamic balance of the Wnt/B-catenin signaling
pathway is crucial in regulating cell proliferation, migra-
tion, differentiation, and apoptosis [50]. Additionally,
the Wnt/B-catenin signaling pathway plays a critical role
in cisplatin resistance in cancers [51, 52]. NEK2 could
interplay with P-catenin to enhance the proliferation
and invasion of cancer cells [21]. It has been discovered
that abnormal expression of MYC drives platinum resis-
tance in small-cell lung carcinoma (SCLC) [53]. Overex-
pression of NEK2 could modulate oncogenesis through
promoting the expression of B-catenin and c-myc [38,
54, 55]. It is discovered that the Wnt/[B-catenin signal-
ing pathway is dysregulated in platinum-based chemo-
therapy resistance in ovarian cancer [56]. Our study
discovered that knockdown of NEK2 could inhibit the
activity of B-catenin and c-myc under the impact of cis-
platin in cisplatin-resistant CESC cells (Fig. 7). The dis-
covery hinted to us that upregulated NEK2 plays a vital
role in cisplatin-resistant CESC through activation of the
Wnt/p-catenin signaling pathway.

In summary, this study found that NEK2 could be
served as a key pathogenic gene leading to cervical can-
cer and cisplatin resistance. NEK2 could be used as a
better marker to predict cisplatin resistance in cervical
cancer, and could be used as a therapeutic target for the
treatment of cisplatin-resistant cervical cancer.

Conclusion

Overall, the present study demonstrated NEK2 is over-
expressed in CESC than normal cervical tissue and cis-
platin-resistant CESC than cisplatin-sensitive CESC,
which is correlated with a worse prognosis of CESC
patients. Upregulated NEK2 possesses a good diagnos-
tic predictive effect of CESC. NEK2 plays an important
role in cisplatin-based chemotherapy resistance through
activation of the Wnt/B-catenin signaling pathway. This
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