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Abstract
Activating mutations within the tyrosine kinase (TK) domain of epidermal growth factor receptor (EGFR) gene are observed 
in 10 ~ 30% of the patients diagnosed with non-small cell lung cancer (NSCLC), and are causally related to NSCLC initiation 
and progression. Treatments with tyrosine kinase inhibitors (TKIs) targeting EGFR significantly improve the outcome of 
NSCLC patients with EGFR mutation, but are often associated with drug resistance, which is the main cause of treatment 
failure and cancer relapse. In the present study, by screening the transcriptome of NSCLC patients, we found that EGFR 
activation is highly correlated with the up-regulation of mitotic regulator, never in mitosis gene A-related kinase 2 (NEK2). 
NEK2 overexpression is associated with the poor survival of EGFR-mutant patients but not the wild-type patients. Further 
functional validation revealed that EGFR mutation induces NEK2 expression by activating ERK signaling pathway. Elevated 
NEK2 level promotes the rapid cell cycle progression and favors the rapid proliferation of EGFR-mutant NSCLC cells. Of 
note, NEK2 overexpression also impairs the efficacy of TKI treatment via inhibiting apoptosis, while depleting NEK2 sup-
presses cell growth and restored the sensitivity of TKI in NSCLC cells. Taken together, our study revealed that NEK2 is an 
oncogene regulated by EGFR mutation and is involved in disease progression and treatment response in NSCLC with EGFR 
mutation. These findings will pave the road for optimizing personalized treatment strategies to overcome drug resistance and 
improve the prognosis of lung cancer patients with EGFR mutation.
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Introduction

Lung cancer is the leading cause of cancer morbidity 
and mortality worldwide, and non-small cell lung cancer 
(NSCLC) accounts for approximately 85% of all lung can-
cer cases [1]. Notably, there are 10–30% of patients with 
NSCLC bear activating mutations in the epidermal growth 
factor receptor (EGFR) gene [2–4]. The majority of the 

mutations (~ 90%) are characterized as short in-frame dele-
tions in exon 19 (delE746-A750) and point mutation in exon 
21 (Leu858Arg) within the tyrosine kinase (TK) domain, 
which lead to the constitutive activation of EGFR-mediated 
cell proliferation and cell survival and has been recognized 
as an important driver of lung tumorigenesis [5, 6].

Tyrosine kinase inhibitors (TKIs) of EGFR, such as gefi-
tinib, erlotinib and afatinib, are capable of inhibiting the 
activation of mutant EGFR and have been used as the first 
line treatment for EGFR-mutant NSCLC at advanced disease 
stages. A large portion (60 ~ 85%) of the patients receiving 
EGFR-TKIs show favorable treatment response. The pro-
gression-free survival and overall survival in these patients 
are also largely improved compared to chemotherapy [7, 8]. 
Although growing evidence confirms the significant ben-
efit of EGFR-targeted TKIs for lung cancer patients, most 
of the patients eventually develop drug resistance, which is 
the major cause of treatment failure [9]. It has been found 
that a secondary mutation in the EGFR gene (Thr790Met) 
causes conformational change to prevent TKI binding and 
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is responsible for a large fraction (~ 50%) of drug resistance 
in EGFR-mutant patients [10, 11]. Other genetic variations, 
such as mutations in v-Raf murine sarcoma viral oncogene 
homolog B (BRAF) gene and phosphatidylinositol-4,5-bis-
phosphate 3-kinase (PIK3CA) gene, genetic amplifications 
of MNNG HOS transforming (MET) gene and human epi-
dermal growth factor receptor 2 (HER2) gene, have also 
been frequently associated with EGFR-TKI resistance and 
are found to promote cancer progression via mechanisms 
different from EGFR activation [12–14]. Despite the great 
efforts devoted to investigating the underlying mechanism 
and developing novel methods to improve drug efficacy, the 
molecular process by which cancer cells acquire such resist-
ance is yet to be investigated and disease relapse inevitably 
occurs in most patients over a period of 9 to 13 months. 
All these prior findings imply the complexity of NSCLC 
development in the setting of EGFR mutation. Therefore, 
understanding how EGFR mutations initiate tumor devel-
opment and how these EGFR-mutant tumor cells persist as 
residual disease during treatment is highly required for the 
optimization of current treatment strategy and the develop-
ment of additional, alternative approaches to treat EGFR 
inhibitor resistant cells.

Here we focus on the discovery of new mechanisms 
related to EGFR mutation and EGFR-TKI resistance in 
NSCLC. Combining transcriptomics-based screening and 
functional validation, we found that cell mitotic regulator, 
never in mitosis gene A-related kinase 2 (NEK2), is an onco-
gene specific to EGFR-mutant NSCLC, while knockdown 
of NEK2 suppresses disease progression and enhances the 
response to TKI treatment in EGFR-mutant NSCLC cells. 
Findings from our studies will hopefully lead to improved 
treatments that overcome resistance to EGFR inhibitors and 
increase the survival of lung cancer patients.

Methods

Cell culture

Cell lines used in the study include normal lung epithe-
lial cells Beas-2B, EGFR wild-type NSCLC cells A549 
and H1703 as well as EGFR-mutant NSCLC cells PC-9 
and H3255. PC-9 cells have E746-A750 deletion in exon 
19 (Del19) and H3255 cells bear Leu858Arg mutation in 
exon 21(L858R). All cell lines were obtained from Cell 
Resource Center of Shanghai Institutes for Biological Sci-
ences. Gefitinib-resistant cell lines PC-9/GR and H3255/GR 
were established by continuously culturing parental PC-9 
and H3255 cells in gefitinib-containing media [15]. The gefi-
tinib concentration started from 0.01 μM and was gradu-
ally increased when the cells acquired resistance. BEAS-2B 
cell was cultured in DMEM media. PC-9, H3255, PC-9/GR 

and H3255/GR cells were growth in RPMI-1640 medium. 
All cell cultures were supplemented with 10% fetal bovine 
serum, 2 mM glutamine 1% penicillin and 1% streptomycin, 
and incubated at 37 °C in a humidified atmosphere contain-
ing 5% CO2.

Stable cell line expressing mutant EGFR or NEK2

pBabe-puro vectors containing mutant EGFR (Del19 or 
L858R) and empty pBabe-Puro vector were transfected 
into 293T cells together with packaging plasmid using 
Lipofectamine 2000. Recombinant lentivirus was collected 
2 days after transfection and was used to infect Beas-2B 
cells. Puromycin was used to select stable cells expressing 
mutant EGFR.

To overexpress NEK2 (NEK2 OE), recombinant lentivi-
rus expressing either empty vector or pLVX-Puro containing 
the NEK2 cDNA sequence were obtained by co-transfecting 
293T cells with packaging vector, and were transduced into 
PC-9 and H3255 cells. Transduction efficiency was evalu-
ated using puromycin.

NEK2 knockdown

Small interfering RNA (siRNA) against NEK2 (siNEK2) 
were introduced into PC-9/GR and H3255/GR cells using 
Lipofectamine 2000 according to manufacturer’s instruction, 
followed by 72 h incubation at 37 °C. siRNA with nonsense 
sequence (siCtrl) was also used to transfect the cells and was 
used as negative control.

Transcriptome data and gene set enrichment 
analysis (GSEA)

Publicly available transcriptome data GSE31210 and 
GSE13213 were obtained from Gene Expression Omnibus 
(GEO) database. GSEA analysis was performed using data 
preranked based on the correlation of a gene with EGFR 
expression. Gene Ontology database was used. Gene sets 
with FDR < 0.05 were considered as significantly correlated 
with EGFR.

Quantitative polymerase chain reaction (qPCR)

Trizol reagent was used to extract total RNA from Beas-2B 
and NSCLC cells treated under different conditions. cDNA 
was synthesized from extract RNA via reverse transcription 
and was used as the template for qPCT assay. qPCR was 
performed in triplicate using gene specific primers, includ-
ing NEK2: forward 5′-ACG​GAA​GTT​CCT​GTC​TCT​GGCA-
3′; reverse 5′-GCA​CTT​GGA​CTT​AGA​TGT​GAGCT-3′; 
GAPDH: forward 5′-GTC​TCC​TCT​GAC​TTC​AAC​AGCG-
3′; reverse 5′-ACC​ACC​CTG​TTG​CTG​TAG​CCAA-3′. The 
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relative NEK2 mRNA level was calculated using 2−ΔΔCT 
method with GAPDH as the reference.

Cell viability assay

Cell viability was assessed using MTS assay. To measure 
cell proliferation, NSCLC cells were plated in 96-well plate 
and cell viability was assessed every 12 h for up to 96 h. 
To evaluate drug sensitivity, NSCLC cells were plated in 
96-well plate for 12 h and were then treated with different 
concentrations of TKIs, including gefitinib, erlotinib and 
afatinib. Cell viability was assessed after incubation for 72 h. 
All the experiment was performed with three replications.

Cell cycle assay

NSCLC cells overexpressing NEK2 or empty vector were 
harvested. After ethanol fixation and permeabilization, the 
cells were stained with propidium iodide (PI) in the pres-
ence of RNAse A and were analyzed by FACSCalibur flow 
cytometry. Experiment was performed in triplicate.

Carboxyfluorescein succinimidyl ester (CFSE)

CFSE enables long last fluorescent labeling of live cells. 
The fluorescent signal decreases as cells divide, allowing 
for the monitoring of cell proliferation. On Day 0, suspended 
NSCLC cells were labeled with CFSE reagent (BD biosci-
ence) following manufacturer’s instruction, and were plated 
in 6-well plate. After 48 h incubation, the cells were har-
vested and cell proliferation was assessed by flow cytometry. 
The experiment was replicated three times.

Terminal deoxynucleotidyl transferase dUTP nick 
end labeling (TUNEL) assay

TUNEL assay was used to detect apoptotic cells. NSCLC 
cells were treated with 0.1 µM gefitinib for 48 h accord-
ing to previous studies [16, 17]. After formaldehyde fixa-
tion, cells were stained with TUNEL labeling reagent per 
manufacturer’s instruction. Nuclei were counterstained with 
DAPI. TUNEL and DAPI positive cells were visulized under 
fluorescence microscopy and photographed.

Apoptosis by flow cytometry

Cell apoptosis was also assessed by Annexin V/PI double 
staining method. NSCLC cells were plated in 6-well plates 
for 12 h and were treated with 0.1 µM gefitinib for another 
48 h [16, 17]. After that, cells were harvested and labeled 
with Annexin V and PI. The fluorescent signal was detected 
using flow cytometry.

Western blot assay

NSCLC cells were lysed using RIPA lysis buffer and were 
centrifuged at 15,000×g for 30 min. The supernatant was 
collected and the total protein concentration was quanti-
fied using BCA method. Equal amount of proteins from 
each sample were separated by denaturing sodium dodecyl 
sulfate polyacrylamide gel electrophoresis and transferred 
onto polyvinylidene fluoride membrane (Millipore). After 
blocking with 5% non-fat skim milk for 1 h, the membrane 
were incubated overnight with primary antibodies NEK2, 
pEGFR, EGFR, pERK, ERK, pAKT, AKT, pCDC20, 
CDC20, Ki-67, Bax, Caspase 3 and GAPDH. The protein 
signal was detected using secondary antibody conjugated 
with horseradish peroxidase and visualized using enhanced 
chemiluminescence detection system (PerkinElmer).

Results

NEK2 is highly associated with EGFR activation

As EGFR mutations cause constitutive EGFR activa-
tion even in the absence of extracellular ligand, we thus 
screened for the biological functions and genes most cor-
related with EGFR expression using public transcriptome 
datasets GSE31210 and GSE13213, which comprise gene 
expression data obtained from 226 and 117 NSCLC patients, 
respectively. All the genes were ranked according to their 
correlation coefficients with EGFR expression and were sub-
jected to gene set enrichment analysis (GSEA). As a result, 
chromosome segregation, an essential part of cell division, 
was revealed to be most associated with EGFR activation 
(Fig. 1a). Moreover, by analyzing the top genes involved 
chromosome segregation, we found that never in mitosis 
gene A-related kinase 2 (NEK2) was highly correlated with 
EGFR in both patient cohorts (Fig. 1b), indicating that 
NEK2 might be a common responder of EGFR activation 
in NSCLC patients.

NEK2 is an oncogene specific to EGFR mutation

NEK2 is an oncogene overexpressed in a wide range of 
human cancers and predictive of poor prognosis [18–22]. 
As shown in Fig. 2a, NEK2 was significantly correlated with 
EGFR expression. Patients with high EGFR expression show 
elevated NEK2 levels than those with low EGFR expression 
(Fig. 2b). Of note, when we stratified the NSCLC patients 
based on their EGFR mutation state, this kind of correlation 
was only evident in patients with EGFR mutation but not 
in patients with wild-type EGFR (Fig. 2a, c). Moreover, in 
EGFR-mutant NSCLC, NEK2 expression was also corre-
lated with patient prognosis. Patients with high NEK2 levels 
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were at largely increased risk of death within 10 years after 
diagnosis (Fig. 2d). However, we didn’t see a statistically 
significant association between NEK2 and the survival of 
EGFR wild-type patients (Fig. 2d). A significant difference 
was observed between EGFR-mutant and wild-type NSCLC 
when combining the two datasets (GSE31210, GSE13213) 
using meta-analysis (Fig. 2e). All these findings suggested 
that the oncogenic function exerted by NEK2 is more pro-
nounced in EGFR-mutant NSCLC.

Of note, by analyzing the transcriptome data obtained 
from EGFR-mutant NSCLC cells (GSE75309, GSE112274), 
we found that tyrosine kinase inhibitors (TKIs) treatment 
dramatically inhibited NEK2 expression (Fig. 2f) and NEK2 
expression gradually increased with the generation of TKI 
resistance (Fig. 2g), suggesting that NEK2 is playing a role 
in the response to EGFR-targeted treatment.

EGFR mutation induces NEK2 expression via ERK 
signaling pathway

The above transcriptome data mining identified NEK2 as a 
potential regulator in EGFR-mutant NSCLC, we then spe-
cifically investigated NEK2 function in lung cells express-
ing activating EGFR mutation. As exon 19 E746-A750 
deletion (Del19) and exon 21 Leu858Arg mutation 
(L858R) account for up to 90% of EGFR mutations in 

NSCLC, we first constructed cells line expressing those 
mutations in normal lung epithelial cells Beas-2B, and we 
found that introducing EGFR mutations increased NEK2 
expression in both mRNA and protein levels (Fig. 3a, b). 
Moreover, in NSCLC cells, those with Del19 or L858R 
mutations (PC-9, H3255) showed higher NEK2 mRNA 
and protein expression than the cells with wild-type EGFR 
(A549, H1703) (Fig. 3c, d). As EGFR mutation results in 
consistent EGFR activation, these findings further sup-
porting a correlation between EGFR activation and NEK2 
overexpression, while inhibiting EGFR with gefitinib sig-
nificantly suppressed NEK2 expression in NSCLC cells 
with EGFR mutation (PC-9, H3255) (Fig. 3e, f).

EGFR mutation has been reported to activate ERK 
and AKT signaling pathways [23]. Consistent with this, 
decreased phosphorylation of ERK and AKT was observed 
following gefitinib treatment, suggesting the deactivation 
of the downstream oncogenic pathways (Fig. 3e). Moreo-
ver, specifically suppressing ERK signaling pathway with 
ERK inhibitor (SCH772984) also reduced NEK2 expres-
sion in EGFR-mutant NSCLC cells, while AKT inhibitor 
(LY294002) showed no influence on NEK2 level (Fig. 3e, 
f). We thus concluded that EGFR mutation induced NEK2 
overexpression in NSCLC cells is mediated by ERK sign-
aling pathway but not AKT signaling pathway.

NEK2 overexpression promotes the proliferation 
of EGFR‑mutant NSCLC cells

To understand the function of NEK2 in NSCLC with 
EGFR mutation, we overexpressed NEK2 in EGFR-mutant 
NSCLC cell lines PC-9 and H3255 (NEK2 OE). NEK2 
is a mitotic regulator involved in centrosome separation, 
chromosome condensation and spindle formation. Ele-
vated NEK2 may thus favor the progression of cell divi-
sion. In our study, NEK2 overexpression in EGFR-mutant 
NSCLC cells was associated with coordinated activation 
of cell division cycle protein 20 (CDC20), a cell division 
regulator initiating chromosome separation and mitotic 
exit (Fig. 4a). A decrease in cell proportion arrested at 
G2/M phase was also observed following NEK2 over-
expression (Fig. 4b, c), consistent with accelerated cell 
division process. Rapid cell cycle progression is coupled 
with rapid cell proliferation. As evidenced by more diluted 
CFSE signal (Fig. 4d, e) and faster growth rate (Fig. 4f), 
the proliferation of EGFR-mutant cells was enhanced by 
NEK2 overexpression. This result was also supported by 
the up-regulation of proliferation marker Ki-67 in NEK2-
overexpressed cells (Fig.  4a). Taken together NEK2 
facilitates the rapid division and growth of EGFR-mutant 
NSCLC cells.

Fig. 1   Transcriptome screening for EGFR-related biological func-
tions. a The top biological functions associated with EGFR expres-
sion in two different NSCLC transcriptome datasets GSE31210 and 
GSE13213. Data are ranked according to normalized enrichment 
score (NES) obtained from GSEA analysis. b Chromosome segrega-
tion was positively correlated with EGFR and NEK2 was identified as 
a potential candidate for further investigation



19Molecular and Cellular Biochemistry (2020) 475:15–25	

1 3

NEK2 overexpression impairs the efficacy of TKI 
treatment

As EGFR mutation increases the sensitivity to TKI 
treatment, we then tested the influence of NEK2 on the 
response of EGFR-mutant cells to several TKIs, includ-
ing gefitinib, erlotinib and afatinib. As revealed by drug 
sensitivity assay (Fig. 5a), NEK2 promoted cell viability in 
the presence of all these TKIs. More drugs were required 
by NEK2-overexpressed cells to inhibit 50% cell growth 
(IC50) (Fig. 5b). As gefitinib is the first EGFR inhibitor 

approved for NSCLC treatment, we then specifically inves-
tigate the influence of NEK2 on gefitinib treatment. As 
shown in Fig. 5c and d, when exposed to gefitinib, cells 
overexpressing NEK2 were detected with less TUNEL 
positive staining. The expression level of pro-apoptotic 
Bax and the activity of caspase 3 were also decreased with 
NEK2 overexpression (Fig. 5e), suggesting impaired apop-
tosis on gefitinib treatment. All these results implied a role 
of NEK2 in TKI response, which might be associated with 
EGFR-TKI resistance, a major obstacle in clinical manage-
ment of NSCLC.

Fig. 2   NEK2 is an oncogene specific to EGFR mutation. a The corre-
lation of NEK2 expression with EGFR expression in NSCLC patients 
with mutant EGFR (EGFR Mut) and wild-type EGFR (EGFR WT) 
in two different transcriptome datasets GSE31210 and GSE13213. 
b NEK2 levels in patients with high and low EGFR expression. 
Patients with EGFR levels higher than average are classified into high 
EGFR group, and those with EGFR levels lower than average are in 
low EGFR group. c The correlation coefficient of NEK2 and EGFR 
expression in NSCLC patients with and without EGFR mutation. d 
The association of NEK2 expression with the overall survival of 
NSCLC patient with mutant and wild-type EGFR. e The risk of lung 

cancer death regarding NEK2 expression was assessed using Cox 
proportional-hazards model for EGFR-mutant NSCLC patients and 
EGFR wild-type NSCLC patients, respectively, and was compared 
between the two patient groups. Meta-analysis was performed to 
combine the results from GSE31210 and GSE13213 datasets. f NEK2 
expression in public transcriptome dataset (GSE75309) evaluating 
gene expression change in response to gefitinib treatment. g NEK2 
expression in public transcriptome dataset (GSE112274) assessing 
gene expression change during the development of TKI resistance. 
*p < 0.05; **p < 0.01; ***p < 0.001
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NEK2 knockdown inhibit cell proliferation 
and restores drug sensitivity

To further investigate the function of NEK2 in EGFR-TKI 
resistance, we established gefitinib resistant cell lines (PC-9/
GR and H3255/GR) from parental PC-9 and H3255 cells by 
long-term exposure to gefitinib. Compared to parental cells, 
gefitinib resistant cells were observed with increased NEK2 
expression (Fig. 6a), which is consistent with our analysis 
of public transcriptome data in Fig. 2f.

As revealed by above results, NEK2 is involved in the pro-
liferation of EGFR-mutant NSCLC cells, we then evaluated 
the influence of NEK2 on the growth of gefitinib resistant 
cells by depleting NEK2 expression using small interfering 
RNA (siRNA). As shown in Fig. 6b, NEK2-depleted cells 
were seen with deactivation of mitotic regulator CDC20, 
which may subsequently slow down cell cycle progression. In 
addition, decreased expression of proliferation marker Ki-67 

as well as decreased proliferation rate were also observed in 
gefitinib resistant cells following NEK2 knockdown (Fig. 6b, 
c), indicating that NEK2 is responsible for the rapid growth of 
EGFR-TKI resistant cells. More importantly, as evidenced by 
increased level of Bax and active Caspase 3 (Fig. 6b), knock-
down of NEK2 increased the apoptotic potential in gefitinib 
resistant cells. More NEK2-depleted cells were undergoing 
apoptotic cell death on gefitinib treatment (Fig. 6d, e). The 
cellular sensitivity to gefitinib was largely restored in those 
cells and the gefitinib IC50 concentration was significantly 
decreased (Fig.  6f, g), suggesting that NEK2 depletion 
increased TKI efficacy in EGFR-mutant NSCLC cells.

Fig. 3   NEK2 is induced by EGFR mutation via ERK signaling path-
way. a EGFR mutation was introduced into Beas-2B cells, which 
originally expresses wild-type EGFR, and the mRNA level of NEK2 
was measured. b NEK2 expression at protein level was measured in 
Beas-2B cells with and without EGFR mutations. c NEK2 mRNA 
expression in NSCLC cells with wild-type and mutant EGFR. d 
NEK2 protein expression in NSCLC cells with wild-type and mutant 

EGFR. e The expression status of NEK2 and the activation status of 
EGFR, ERK and AKT was measured in EGFR-mutant NSCLC cells 
PC-9 (Del19) and H3255 (L858R) under different treatment condi-
tion. SCH772984 is ERK inhibitor and LY294002 is AKT inhibitor. 
f The mRNA level of NEK2 in EGFR-mutant NSCLC cells under dif-
ferent treatment condition. *p < 0.05; **p < 0.01; ***p < 0.001
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Discussion

Activating EGFR mutation is associated with an important 
subgroup of NSCLC patients [2–4]. The clinical application 
of EGFR-TKIs has dramatically improved the prognosis of 
NSCLC patients with EGFR mutation and is a milestone 
in targeted therapy of NSCLC [7, 8]. However, during the 
treatment process, most of the patients inevitably develop 
acquired resistance to TKIs, leading to treatment failure and 
disease relapse [9]. Given these, understanding the molec-
ular processes related to EGFR mutation and EGFR-TKI 
resistance will provide valuable information to optimize 
NSCLC treatment and improve drug efficacy. In the present 
study, we provided evidence that activating EGFR mutation 
induces the expression of mitotic regulator NEK2 via ERK 
signaling pathway. NEK2 overexpression promotes the pro-
gression of EGFR-mutant NSCLC, impairs thus response 
to TKI treatment and is associated with the poor prognosis 
of EGFR-mutant NSCLC patients. More importantly, our 
analysis also revealed that the oncogenic function of NEK2 
is more specific to EGFR mutation rather than wild type, 

highlighting the potential of NEK2 as a therapeutic target 
in this specific patient group.

NEK2 has been increasingly recognized as an oncogene 
associated with the initiation and progression of various 
human cancers, such as breast cancer, colorectal cancer, 
prostate cancer and lung cancer [18–22]. In our study, we 
found that NEK2 favors the NSCLC progression and drug 
resistance by promoting cell division and inhibiting apopto-
sis. In addition to this, NEK2 is also implicated in the trans-
formation of indolent follicular lymphoma into aggressive 
diffuse large B-cell lymphoma [24, 25]. In ovarian cancer, 
NEK2 overexpression was reported to impair drug effi-
cacy by activating drug efflux [26]. There is also evidence 
revealing that NEK2 induces cell metastasis by cooperating 
with other oncogenic Ras and Src signaling pathways, and 
this kind of cooperation is modulated by PI3K/Akt path-
ways [27]. More recently, NEK2 has been characterized 
with a role in autophagy, which is tightly associated with 
the response to various cancer treatments and may serve 
as a promising therapeutic target [28–30]. Moreover, many 
studies have identified a direct interaction of NEK2 with 

Fig. 4   NEK2 overexpression promotes the proliferation of EGFR-
mutant NSCLC cells. a The expression of cell division regulator 
CDC20 and cell proliferation marker Ki-67 in EGFR-mutant NSCLC 
cells PC-9 (Del19) and H3255 (L858R) expressing empty vector and 
overexpressing NEK2 (NEK2 OE). b, c The changes of cell cycle 
distribution in EGFR-mutant NSCLC cells with and without NEK2 

overexpression. d The influence of NEK2 overexpression on the pro-
liferation of EGFR-mutant NSCLC cells was assessed using CFSE 
method. e Comparison of CFSE signal in EGFR-mutant NSCLC cells 
with and without NEK2 overexpression. f The influence of NEK2 on 
the viability of EGFR-mutant NSCLC cells after different incubation 
periods. *p < 0.05; **p < 0.01; ***p < 0.001
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oncogene β-catenin [31, 32], implying the possible involve-
ment of NEK2 in β-catenin-mediated oncogenic signaling 
network, such as Wnt signaling pathway and cell–cell adhe-
sion. All these findings indicate NEK2 as a multifunctional 
oncogene, and the tumorigenic function of NEK2 in NSCLC 
as well as other types of cancer is thus far more complex 
than previously thought, which deserves to be investigated 
in the future studies.

EGFR mutation is now widely accepted as an impor-
tant driver of lung cancer. It has been frequently reported 
that EGFR mutation initiates the growth, differentiation 
and angiogenesis of cancer cell via various oncogenic 

mechanisms [23]. For example, EGFR mutation has been 
reported to enhances the expression Cadherin-5 and pro-
mote angiogenesis by activating AKT signaling pathway 
[33]. EGFR activation also up-regulates PD-L1 through 
ERK/c-Jun axis and mediates immune escape in EGFR-
mutant NSCLC [34]. Our study identified NEK2-mediated 
cell mitosis as a regulator of NSCLC progression specific to 
EGFR mutation. Moreover, according to our discovery tran-
scriptome analysis, many other mitotic regulators and many 
other cellular functions, such as DNA replication, protein 
synthesis and mitochondrial oxidative phosphorylation, are 
also highly correlated with EGFR and are thus very likely 

Fig. 5   NEK2 overexpression confers drug resistance in EGFR-mutant 
NSCLC cells. a The influence of NEK2 overexpression on gefitinib, 
erlotinib and afatinib response. b IC50 concentration of gefitinib, 
erlotinib and afatinib in EGFR-mutant NSCLC cells with and with-
out NEK2 overexpression. c TUNEL assay of the apoptosis of EGFR-
mutant NSCLC cells expressing empty vector (Vector) and overex-

pressing NEK2 (NEK2 OE). Cells were treated with 0.1 µM gefitinib 
for another 48 h. Scale bar: 50 µm. d Comparison of TUNEL posi-
tive cells between EGFR-mutant NSCLC cells with and without 
NEK2 overexpression. e The expression of apoptosis marker Bax and 
Caspase 3 was assessed in EGFR-mutant NSCLC cells. *p < 0.05; 
**p < 0.01; ***p < 0.001
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to play a role in EGFR-mutant NSCLC. All these pieces of 
evidences imply a complex functional network regulated by 
EGFR mutation, which are closely related to various tumor 
phenotypes and affect disease development and treatment 
response. Therefore, systematically understanding the 
molecular alterations induced by EGFR mutation will pro-
vide novel insights to optimize the treatment and improve 
the survival of NSCLC patients.

Taken together, combining large-scale data mining and 
experimental validation, our study revealed that NEK2 
is an oncogene highly correlated with EGFR mutation 
and is responsible for the progression of EGFR-mutant 
NSCLC, while depleting NEK2 expression suppresses the 
rapid growth of cancer cell and improves the efficacy of 

EGFR-TKIs, which could become a novel therapeutic option 
for lung cancer management in clinic.
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