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Introduction
Glioblastoma (GBM) is the most prevalent and lethal primary 

brain tumor in adults, with a median overall survival of less than 

2 years after diagnosis, even with maximal therapy (1, 2). Survival 

rates for patients with GBM are dismal, with 2-year survival rates 

ranging from 26% to 33% and 5-year survival rates below 5% (3, 

4). The standard treatment for GBM includes maximal safe sur-

gical resection, followed by radiotherapy and chemotherapy with 

temozolomide (TMZ) (2, 5, 6). However, life-threatening tumor 

recurrences are inevitable in the vast majority of patients given the 

best available treatments (4, 7). Recent studies have shown that, 

like some other malignant tumors, GBM exhibits a large range of 

phenotypic, molecular, and cellular heterogeneity, and a small 

subpopulation of tumor cells, termed glioma stem cells (GSCs), 

is responsible for tumorigenesis, treatment resistance, and subse-

quent tumor recurrence (8, 9). Therefore, it is critical to elucidate 

the molecular mechanisms underlying the maintenance of the 

characteristics of the GSC population and the resistance of these 

cells to radiotherapy or chemotherapy.

NIMA-related kinase 2 (NEK2) is a poorly characterized serine/ 

threonine kinase that belongs to the NIMA-related kinase family 

(10). Recent studies suggest that during the mitotic phase of the cell 

cycle, NEK2 activation leads to the phosphorylation of centrosomal 

NEK2-associated protein 1 (C-NAP1), rootletin, and β-catenin (11). 

These proteins function to link paired centrosomes during inter-

phase, and their subsequent phosphorylation results in their dis-

sociation from the centrosome, promoting centrosome separation 

(12, 13). Other studies suggest that NEK2 transcription is increased 

in several cancer types and associated with poor survival rates (14, 

15). In colorectal cancer, NEK2 expression is regulated by miR-128 

(16), and in ovarian cancers, NEK2 overexpression promotes drug 

resistance through the regulation of the cell cycle and microtubules 

(17). Another study reported that NEK2 protein is associated with 
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(23). We also found that EZH2-mediated GSC maintenance and 

the radiation resistance of GSCs depend on maternal embryonic 

leucine zipper kinase (MELK) by its protein complex formation 

with the transcription factor FOXM1 (24). These studies led us to 

speculate that the MELK/EZH2/STAT3 signaling axis is a central 

regulator for GSC tumorigenicity in GBM.

In this study, we initially tested the efficacy of the MELK 

inhibitor OTS167 in a mouse intracranial model of human-derived 

glioma xenografts. OTS167 showed short-term efficacy by inhib-

iting GBM growth in vivo. However, GSC-containing cultures 

subsequently established resistance to MELK inhibition. Unex-

pectedly, these MELK-independent glioma spheres retained their 

EZH2 dependence, as both naive and MELK inhibitor–resistant 

glioma spheres from the same patients were equally sensitive to 

EZH2 inhibition. These data led us to identify the poorly studied 

serine/threonine kinase NEK2 as a protein-binding partner for 

EZH2, thereby promoting its stabilization in glioma spheres. As a 

result, in this study, we sought to focus on the characterization of 

NEK2 in GBM tumors and their oncogenic stem cells.

the phosphorylation of highly expressed cancer protein 1 (HEC1) 

at serine 165, thereby modulating chromosome segregation (18). 

Despite these findings, the physiological role of NEK2 and its 

molecular targets in GBM and cancer stem cells remain elusive.

Polycomb group (PcG) proteins are essential epigenetic regu-

lators of somatic and cancer stem cells. They play a critical role in 

embryonic development and cell fate decisions (19). Furthermore, 

PcG proteins execute transcriptional repression in 2 multiprotein 

complexes, termed polycomb-repressive complexes 1 and 2 (PRC1 

and PRC2). Enhancer of zeste homolog 2 (EZH2) is one of the 

core functional components in PRC2, and it functions as a lysine 

methyltransferase and catalyzes the trimethylation of histone H3 

at lysine 27 (H3K27me3) (20). Recent studies have demonstrated 

that EZH2 expression is elevated in various human cancer types, 

including prostate cancer, breast cancer, and GBM, and it is closely  

associated with tumor malignancy and poor patient out-

comes (21–23). We recently identified that EZH2 binds to and  

catalyzes the methylation of STAT3, thereby enhancing STAT3 

activity in GSCs and regulating GSC self-renewal and survival 

Figure 1. NEK2 plays an essential role in the posttranslational regulation of EZH2. (A) OTS167 treatment attenuated tumor growth in a U87 sub-Q xeno-

graft mouse model (n = 6). *P < 0.05, by 1-way ANOVA. (B) Long-term OTS167 treatment induced a resistant population in 83 glioma spheres (n = 6).  

P < 0.01, by 1-way ANOVA. (C) An in vitro clonogenicity assay using limiting dilution neurosphere formation indicated that the OTS167-resistant population  

in 83 glioma spheres was more resistant to radiotherapy (IR) (n = 10). **P < 0.01, by ELDA. (D) An in vitro cell viability assay indicated that the OTS167- 

resistant population in 83 glioma spheres was still sensitive to the EZH2 inhibitor GSK343 (n = 6). P > 0.05, by 1-way ANOVA. (E) qRT-PCR showed that 

EZH2 expression was dramatically decreased by OTS167 treatment in a U87 tumor from a sub-Q xenograft mouse model (n = 3). ***P < 0.001, by 2-tailed 

t test. (F) Western blotting showed that EZH2 protein was only modestly affected by OTS167 treatment in a U87 tumor from a sub-Q xenograft mouse 

model. Replicate samples were run on parallel gels to obtain total EZH2 and phosphorylated EZH2 (p-EZH2) (Ser21) at the same time. (G) Western blotting 

for a CHX assay of 267 glioma spheres pretreated with OTS167 at the IC
50

 concentration (10 nM) for 4 weeks. (H) Genome-wide transcriptome microarray 

analysis (GSE67089) showed that NEK2 was the most upregulated kinase-encoding gene in glioma spheres. (I) NEK2 showed a strong association with EZH2 

expression at the protein level in THPA database (EZH2hi samples, n = 69; EZH2lo samples, n = 83). (J) Western blotting indicated that NEK2 expression was 

increased in a U87 sub-Q xenograft mouse model after OTS167 treatment.
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both cases, OST167 treatment strongly inhibited tumor growth in 

the mice, resulting in decreased tumor burden, while not affecting 

their body weight (Figure 1A and Supplemental Figure 1C).

Recent evidence suggests that the rapid induction of resistance 

is a major limitation of various kinase inhibitors in cancer treat-

ment, because the tumors reemerge with therapy-resistant prop-

erties. Therefore, we treated 4 patient-derived glioma sphere lines 

with OTS167 at the IC
50

 doses for up to 4 weeks to investigate the 

subsequent OTS167 treatment–mediated phenotypical changes. 

When the sensitivities to OTS167 were compared between these 

long-term–treated glioma spheres and their untreated counter-

parts, the pretreated spheres had gained OTS167 resistance (Figure 

1B and Supplemental Figure 1, D–F), suggesting the establishment 

of MELK inhibitor resistance after long-term OTS167 treatment. 

These MELK inhibitor–resistant glioma spheres also showed resis-

tance to radiation and TMZ (Figure 1C and Supplemental Figure 

1G). In contrast to these results, the glioma spheres that received 

long-term OTS167 treatment retained sensitivity to EZH2 inhibi-

tion via GSK343 treatment (Figure 1D and Supplemental Figure 1, 

H–J). To validate the mechanism of this action, we harvested U87- 

Results
NEK2 plays an essential role in the posttranslational regulation of 

EZH2. In a previous study, we demonstrated that the radioresis-

tance of GBM tumors depends on MELK-mediated EZH2 sig-

naling in GSCs (24). The MELK kinase inhibitor OTS167 is cur-

rently being tested in a phase I clinical trial for solid nonbrain 

cancers (https://clinicaltrials.gov/ct2/show/NCT01910545?term= 

OTS167&rank=1). To investigate the efficacy of OTS167 in GBM, 

we tested the compound on the commercially available GBM cell 

line U87 as well as previously characterized patient-derived glioma 

sphere lines (n = 7) (Supplemental Figure 1, A and B; supplemental 

material available online with this article; https://doi.org/10.1172/

JCI89092DS1). In vitro OTS167 treatment attenuated U87 cell 

growth in a dose-dependent manner, with an IC
50

 of 15 nM (Sup-

plemental Figure 1A). Like the results with U87 cells, we observed 

potent inhibitory effects of OTS167 on patient-derived glioma 

sphere lines (Supplemental Figure 1B). We then examined in vivo 

efficacy using U87-derived xenograft mouse tumor models with 

2 different regimens: oral gavage at 10 mg/kg for 14 consecutive 

days and i.v. injection at 20 mg/kg every other day for 14 days. In 

Figure 2. NEK2 expression is significantly elevated in GSC-enriched cultures. 

(A) Western blotting for NEK2 expression in the indicated glioma spheres. 

Cell growth and sphere formation were observed on day 10 and normalized 

to day 0 (n = 6). (B) ICC for NEK2 and GFAP expression in 528 glioma spheres 

and 528 differentiated cells. Scale bars: 50 μm (left panels) and 5 μm (right 

panels). (C) Western blotting for NEK2 expression in 528 glioma spheres and 

528 differentiated cells. (D and E) qRT-PCR for NEK2 expression in CD133hi and 

CD133lo cells derived from PN 528 glioma spheres (D) and ALDHhi or ALDHlo cells 

derived from MES 83 glioma spheres (E) (n = 3). *P < 0.05 and ***P < 0.001, by 

2-tailed t test.
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Figure 3. NEK2 silencing reduces GSC 

self-renewal in vitro and tumorigenesis in 

vivo. (A) Western blotting for NEK2 in 528 

glioma spheres transduced with shNEK2 no. 

1, shNEK2 no. 2, or shNT. (B) In vitro growth 

assay showed that NEK2 silencing inhibited 

the cell proliferation of 528 glioma spheres  

(n = 6). ***P < 0.001, by 1-way ANOVA. (C) An 

in vitro clonogenicity assay by limiting dilu-

tion neurosphere formation indicated that 

NEK2 silencing decreased the clonogenicity 

of 528 glioma spheres (n = 10). ***P < 0.001, 

by ELDA. (D) qRT-PCR for CD133 expression in 

528 glioma spheres transduced with shNEK2 

no. 1, shNEK2 no. 2, or shNT (n = 3). *P < 0.05 

and ***P < 0.001, by 1-way ANOVA followed 

by Dunnett’s post-hoc test. (E) ICC for NEK2 

and GFAP expression in 528 glioma spheres 

transduced with shNEK2 no. 1, shNEK2 no. 2, 

or shNT. Scale bars: 5 μm. (F) Representative 

images of H&E-stained mouse brain sections 

after the intracranial transplantation of 528 

glioma spheres transduced with shNEK2 no. 

1, shNEK2 no. 2, or shNT. Scale bars: 1 mm 

(top) and 100 μm (bottom). (G) Kaplan-Meier 

analysis of nude mice harboring an intracra-

nial tumor derived from 528 glioma spheres 

transduced with shNT (n = 6), shNEK2 no. 1  

(n = 5), or shNEK2 no. 2 (n = 5). **P = 0.0021, 

for shNT versus shNEK2 no. 1; **P = 0.0017, 

for shNT versus shNEK2 no. 2; both by  

log-rank test.
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ferentiated glioma spheres under differentiation conditions (Figure 

2C). We further examined NEK2 expression in GSCs using an anti-

CD133 antibody and an ALDEFLUOR assay for the enrichment of 

proneural (PN) GSCs and mesenchymal (MES) GSCs, respectively 

(25). NEK2 levels were elevated in GSCs enriched for the CD133 

surface marker and the high-ALDH-activity population relative to 

matched negative tumor cells from 5 glioma sphere lines. (Figure 2, 

D and E, and Supplemental Figure 2, D–F). Taken together, these 

data indicate that NEK2 is preferentially expressed in GSCs.

NEK2 is functionally required for GSCs in vitro and in vivo. We 

then examined the pathophysiological role of NEK2 in glioma 

spheres. Two patient-derived glioma sphere lines (528 and 83) 

were transduced with either 1 of 5 lentiviral shRNA clones target-

ing NEK2 (shNEK2 D5–D9) or a nontargeting shRNA (shNT). The 

sequences of these shRNAs are described in Supplemental Table 

2. Western blotting was used to validate the reduction of NEK2 

expression after these shRNAs were transduced into the glioma 

spheres (Supplemental Figure 3A). On the basis of their knock-

down efficiency, we then selected shNEK2 D6 and D7 (designated  

as shNEK2 no. 1 and shNEK2 no. 2) for a functional analysis of 

NEK2 in GSCs. Western blotting demonstrated that NEK2 protein 

expression was markedly decreased by shNEK2 no. 2 and, to a 

lesser extent, by shNEK2 no. 1 in 528 (Figure 3A) and 83 (Supple-

mental Figure 3A) glioma spheres. The in vitro cell growth kinet-

ics of shNEK2-transduced 528 glioma spheres was diminished 

proportionally to the reduction of NEK2 by the 2 shRNA clones 

(Figure 3B). To assess the stem cell properties in the shNEK2- 

transduced glioma spheres, we performed a limiting dilution assay 

with 528 glioma spheres transduced with shNEK2 no. 1, shNEK2 

no. 2, or shNT. Their clonal formation capability was substantially 

attenuated by NEK2 knockdown (Figure 3C and Supplemental Fig-

ure 3B). Similar results were obtained with the 83 glioma spheres 

(Supplemental Figure 3, B–D). In addition, NEK2-silenced 528 

glioma spheres appeared to undergo differentiation, as evidenced 

by qRT-PCR data showing that CD133 expression was decreased 

after NEK2 was knocked down (Figure 3D). To confirm these 

results, we used another patient-derived glioma sphere sample 

(711 glioma spheres) infected with shNEK2 no. 2 or a control len-

tivirus, followed by qRT-PCR for stem cell–associated genes. Sup-

plemental Figure 3E shows that the major stem cell genes (e.g., 

CD133, ABCG2, NANOG, OCT4, and SOX2) were downregulated 

by NEK2 knockdown in 711 glioma spheres. We also performed 

ICC on shNEK2-transfected glioma spheres with the glial differ-

entiation marker GFAP. The result demonstrated that shNEK2- 

infected 528 glioma spheres had an increased GFAP immunoreac-

tivity compared with that seen in the control cells (Figure 3E), indi-

cating the possible differentiation of GSCs by NEK2 silencing.

Next, we investigated the effects of NEK2 knockdown on in 

vivo tumor formation. To this end, we used glioma sphere–derived 

mouse intracranial tumor models, as described previously (25). 

While the control mice with xenografts of shNT-transduced 528 

glioma spheres rapidly formed lethal hypervascular GBM-like 

tumors within 50 days (with a median survival of 46.2 ± 2.28 days), 

most of the mice transplanted with shNEK2-transduced 528  

glioma spheres failed to form tumors (Figure 3, F and G, and Sup-

plemental Figure 3F), highlighting the potent antitumorigenic 

effect of NEK2 knockdown. We also obtained similar results in 

derived tumors treated with either OTS167 or vehicle (DMSO) for 

2 weeks for analysis by quantitative real-time PCR (qRT-PCR) and  

Western blotting. As expected, EZH2 mRNA expression was sub-

stantially decreased by OTS167 treatment (Figure 1E). In contrast, 

EZH2 protein levels were only modestly affected by OTS167 treat-

ment (Figure 1F). We then performed a protein degradation assay 

for EZH2 using 267 glioma spheres following 4 weeks of treatment 

with OTS167 at the IC
50

 dose (10 nM) or with DMSO with cyclo-

heximide (CHX) to block protein synthesis. The EZH2 protein in 

267 spheres treated with OTS167 for 4 weeks had a longer half-life 

than did that detected in the naive counterparts (Figure 1G). These 

data raised the possibility that some undetermined protein kinase 

may overcome the effects of OTS167 long-term treatment to sus-

tain EZH2 activation, thereby retaining and even promoting GBM 

tumorigenesis and GSC stemness maintenance. To this end, we 

analyzed the microarray data from Mao’s data set in the NCBI’s 

Gene Expression Omnibus (GEO) database (GSE67089) (25) and 

found that NEK2 was the most upregulated kinase-encoding gene 

in glioma spheres compared with normal human astrocytes (NHAs) 

(Figure 1H). Furthermore, we searched The Human Protein Atlas 

(THPA), which contains the protein expression profiles of various 

human cancer types, including glioma, lung cancer, colorectal 

cancer, and breast cancer, to identify molecules that had expres-

sion profiles similar to those of EZH2. Expression of the serine/ 

threonine kinase NEK2 had a strong association with EZH2  

expression (Figure 1I and Supplemental Figure 1K). Additionally, 

a Pearson’s correlation analysis was performed using The Cancer 

Genome Atlas (TCGA) database, and the results indicated that 

NEK2 was one of the most highly relevant kinase-encoding genes 

for EZH2 in GBM (Supplemental Table 1). Moreover, data analy-

sis from the Ivy GBM database (http://glioblastoma.alleninstitute.

org/) indicated that the expression of both NEK2 and EZH2 was 

highly enriched at the cellular tumor area and microvascular pro-

liferation area of tumors compared with other regions within the 

tumor (Supplemental Figure 1, L and M). Interestingly, the results 

of Western blotting showed that NEK2 expression was substantially 

elevated in mouse GBM tumors after OTS167 treatment (Figure 1J). 

Taken together, these results suggest that NEK2 may play an essen-

tial role in the posttranslational regulation of EZH2 in GBM.

NEK2 expression is enriched in GSCs. Since NEK2 was the most 

upregulated kinase-encoding gene in glioma spheres compared 

with NHAs, we performed Western blotting to confirm this find-

ing in glioma sphere models. The results revealed that NEK2 pro-

tein levels were elevated in glioma spheres from 13 patients com-

pared with NEK2 levels in NHAs (Figure 2A and Supplemental 

Figure 2A). Although NEK2 expression varied within the glioma 

sphere lines, a correlation with faster growth and more clonogenic  

(neuro) sphere-forming cells was found in cell lines with higher 

NEK2 expression levels (Figure 2A and Supplemental Figure 2, 

B and C). We then compared NEK2 expression under 2 different 

culture conditions (serum-free and serum conditions). Immuno-

cytochemistry (ICC) data showed that glioma spheres were highly  

immunoreactive to NEK2, with no detectable expression of the  

glial differentiation marker glial fibrillary acidic protein (GFAP), 

and this expression was reversed under serum conditions for 14 

days (Figure 2B). Consistent with this finding, Western blotting 

showed that NEK2 expression was dramatically decreased in dif-
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83 glioma spheres (Supplemental Figure 3, F–H). Taken together,  

these results indicate that NEK2 is required for GSC stemness 

maintenance and growth in vitro and in vivo.

NEK2 forms a protein complex with EZH2 to phosphorylate 

and then protect EZH2 from proteasome-dependent degradation in 

GSCs. Since there was an increase in NEK2 protein expression in 

response to EZH2 downregulation due to OTS167 treatment in gli-

oma spheres, we hypothesized that NEK2 may contribute to the 

posttranslational regulation of EZH2. We performed IP experi-

ments with an NEK2 antibody in glioma spheres. Immunoblotting 

analysis of the immunoprecipitated proteins indicated that NEK2 

physically binded to EZH2 in 528 glioma spheres (Figure 4A). We 

confirmed this physical interaction between EZH2 and NEK2 by 

reciprocal IP using the same glioma spheres (Figure 4B). We fur-

ther confirmed the results for this set of IP immunoblots using the 

83 glioma spheres (Supplemental Figure 4, A and B).

Next, we investigated whether NEK2 silencing affected the 

temporal change of EZH2 expression in glioma spheres. qRT-PCR 

with shNEK2-transduced 528 glioma spheres showed no notice-

able change in EZH2 mRNA expression compared with control 

cells (Figure 4C). In contrast, Western blotting results showed that 

EZH2 protein levels (both the total form and the phosphorylated 

active form) were strongly suppressed by NEK2 silencing in 528 

glioma spheres (Figure 4D). The level of H3K27me3, a downstream 

target of EZH2, showed similar results (Figure 4D). Likewise, ICC 

showed a reduction of EZH2 protein by NEK2 knockdown in dis-

sociated cells from 528 glioma spheres (Figure 4E). These results 

were confirmed in 83 glioma spheres (Supplemental Figure 4C). 

Furthermore, qRT-PCR showed that a set of EZH2 downstream 

target genes (24) were largely downregulated by NEK2 silencing 

in 528 glioma spheres (Supplemental Figure 4D). To elucidate the 

molecular mechanisms underlying the NEK2-mediated regulation 

of EZH2 protein levels in glioma spheres, we evaluated whether 

NEK2 silencing altered EZH2 protein expression by inhibiting de 

novo protein synthesis and/or promoting proteasome-mediated 

protein degradation. When 528 glioma spheres were pretreated 

with CHX, the EZH2 protein decayed more rapidly in the presence 

of shNEK2 transduction than in the presence of shNT transduc-

tion, indicating that NEK2 stabilized the EZH2 protein from deg-

radation (Figure 4, F and G). Consistent with these results, ubiq-

uitinated EZH2 levels were clearly increased in shNEK2 samples 

compared with levels in the shNT samples in the 2 glioma sphere 

lines (Figure 4H). Western blotting showed that pretreatment of 

the proteasome inhibitor MG132 caused the temporal accumula-

tion of NEK2 and EZH2 protein in shNT-transduced 528 glioma 

spheres, whereas the initial shNEK2-mediated decrease in EZH2 

protein levels was largely, if not completely, reversed by MG132 

(Figure 4I and Supplemental Figure 4, E and F). Moreover, we 

obtained similar results with 83 glioma spheres (Supplemental 

Figure 4, G and H). Collectively, these data suggest that NEK2 is 

essential for protecting EHZ2 from proteasome-mediated protein 

degradation in glioma spheres.

Because we and others have reported that EZH2 is necessary 

for the maintenance of GSC phenotypes (23, 24), we further inves-

tigated whether exogenous EZH2 expression could rescue the 

effect of NEK2 silencing in glioma spheres. The attenuated prolif-

eration and clonal sphere–formation ability resulting from NEK2 

knockdown were both partially rescued by EZH2 overexpression 

(Figure 4J and Supplemental Figure 4, I and J). Furthermore, a 

wound-healing assay showed that 267 cell motility was decreased 

by NEK2 silencing and could be rescued by exogenous EZH2 

expression (Supplemental Figure 4K). Altogether, NEK2 signaling 

in glioma spheres is at least partially mediated by the regulation of 

EZH2 protein stability.

To clarify whether the silencing of NEK2 altered EZH2 as a 

result of the loss of NEK2 protein or loss of NEK2 kinase activity, 

we designed overexpression vectors for NEK2 WT and the K37R 

mutant, which is a well-known major catalytically inactive muta-

tion of NEK2 (26). We transfected these vectors into 267 glioma 

spheres, and the results demonstrated that shNEK2 decreased 

EZH2 expression and that this effect was rescued by the NEK2 WT 

overexpression vector but not by the K37R-mutant vector (Figure 

4K). Additionally, the NEK2 WT and K37R proteins from 293T cells 

were subjected to a GST pull-down assay using GST-EZH2 and 

analyzed by immunoblotting using an anti-NEK2 antibody. The 

results showed that NEK2 WT protein could be strongly detected  

in the GST-EZH2 pull-down samples, while the K37R mutant 

showed a very limited association with EZH2 protein (Figure 4L). 

Similar results were observed in the GBM-022 cell line (Supple-

mental Figure 4, L and M). Furthermore, we used three 3′-UTR-

shNEK2 lentiviral clones (shNEK2 D5, shNEK2 09, and shNEK2 

48) to block NEK2 expression in 267 glioma spheres, and the 

NEK2-knockdown–induced attenuated proliferation could be res-

cued by exogenous NEK2 WT overexpression but not by the K37R 

mutant (Supplemental Figure 4, N–P). Moreover, GST-EZH2 was 

immunoprecipitated with anti-GST antibodies from a cell lysate 

of GBM-022 that was overexpressed with GST-EZH2 and either 

NEK2-WT or the K37R-mutant vector. Immunoblot analysis indi-

cated that both EZH2 phosphorylation and H3K27me3 were dra-

matically decreased in the K37R-overexpressed GBM cells com-

Figure 4. NEK2 signaling is mediated through the regulation of EZH2 protein 

stability in GSCs. (A and B) Immunoblotting (IB) for IP using a NEK2 antibody 

(A) or an EZH2 antibody (B) in 528 glioma spheres. IgG served as a control. (C) 

qRT-PCR for NEK2 and EZH2 expression in 528 glioma spheres transduced 

with shNEK2 no. 1, shNEK2 no. 2, or shNT (n = 3). *P < 0.05 and P > 0.05 (NS), 

by 1-way ANOVA followed by Dunnett’s post-hoc test. (D) Western blotting for 

NEK2, EZH2, p-EZH2 (Ser21), and H3K27me3 expression in 528 glioma spheres 

transduced with shNEK2 no. 1, shNEK2 no. 2, or shNT. (E) ICC for NEK2 and 

EZH2 in 528 glioma spheres transduced with shNEK2 no. 1, shNEK2 no. 2, or 

shNT. Scale bars: 5 μm. (F and G) Western blotting for EZH2 in CHX-treated 

528 glioma spheres pretransduced with shNEK2 no. 2 or shNT (F). EZH2 had 

a shorter half-life in the presence of silenced NEK2 (G). n = 3. **P < 0.01, by 

1-way ANOVA. (H) The absence of NEK2 increased the ubiquitination of EZH2 

in 528 and 267 glioma spheres. (I) Western blotting for EZH2 expression in 

MG132-treated 528 glioma spheres pretransduced with shNEK2 no. 2 or shNT. 

(J) An in vitro clonogenicity assay indicated that NEK2 silencing decreased the 

clonogenicity of 267 glioma spheres, which could be partially rescued by EZH2 

overexpression (n = 10). **P < 0.01 and ***P < 0.001, by ELDA. (K) Western 

blotting indicated that NEK2 silencing decreased EZH2 expression in 267 

glioma spheres, which could be rescued by NEK2 WT but not K37R-mutant 

overexpression. (L) NEK2 WT or K37R-mutant proteins were subjected to a 

GST pull-down assay using GST-EZH2 and detected by immunoblotting. (M) 

Immunoblotting analysis indicated that EZH2 phosphorylation and H3K27me3 

levels were decreased in K37R-overexpressed GBM-022 cells compared with 

WT-overexpressed cells. (N) An in vitro kinase phosphorylation assay showed 

that NEK2 phosphorylated EZH2 in a dose-dependent manner.
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EZH2 protein expression in 44 tumor tissue samples from patients 

with varying grades of glioma and 9 adjacent normal brain tissue 

samples using IHC. We detected high NEK2 expression levels in the 

cytoplasm and nuclei of some glioma tissues, and EZH2 was prefer-

entially present in the nuclei of malignant glioma tissues (Figure 5A). 

We then used German IHC scores (GIS) to quantify the expression 

levels of NEK2 and EZH2 in each sample. NEK2 was highly expressed 

in approximately half of the glioma samples (25 of 44) but not in the 

majority of normal brain tissues (1 of 6 samples) (Figure 5B). At the 

same time, a trend indicated that gliomas with higher NEK2 expres-

sion also had higher EZH2 expression (23 of 34 samples) (Figure 

pared with that observed in the WT-overexpressed cells (Figure 

4M). Last, we performed an in vitro kinase phosphorylation assay 

to explore the phosphorylation effects of NEK2 on EZH2 protein. 

The results indicated that the cell-free phosphorylation of EZH2 

was increased by NEK2 in a dose-dependent manner (Figure 4N). 

All together, these results indicate that NEK2 regulates the post-

translational modification of EZH2 via NEK2 kinase activity.

NEK2 is highly expressed in glioma and is associated with a poor 

prognosis in glioma patients. Given the results from these experiments, 

we sought to determine whether NEK2 was a druggable target mole-

cule in GBM. To address this question, we first examined NEK2 and 

Figure 5. NEK2 is a clinically relevant 

molecular target in GBM. (A) Represen-

tative IHC images of NEK2 and EZH2 in 

glioma and nontumor brain samples. 

(B) An analysis of NEK2 in glioma  

(n = 44) and nontumor brain samples 

(n = 6) showed that NEK2 was highly 

expressed in glioma samples. (C) NEK2 

expression in EZH2hi (n = 34) and EZH2lo 

(n = 10) glioma samples. Scale bars: 

50 μm. (D) Kaplan-Meier analysis was 

performed to evaluate the correlation 

between NEK2 expression and the sur-

vival of 44 glioma patients. P = 0.0375,  

by log-rank test. (E) An analysis of the 

REMBRANDT data indicated that NEK2 

expression was elevated in GBM sam-

ples. *P < 0.05 and **P < 0.01, and  

P > 0.05 (NS), by 1-way ANOVA followed 

by Dunnett’s post-hoc test (probe set: 

211080_s_at) (n = 541). (F) An analysis 

of the REMBRANDT data indicated 

an inverted correlation between NEK2 

expression and the post-surgical sur-

vival of glioma patients. n = 117 for the 

NEK2-upregulated group, n = 314 for the 

NEK2-intermediate group, n = 110  

for the NEK2-downregulated group 

(probe set: 211080_s_at). P values were 

determined by log-rank test.
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the correlation of NEK2 expression with post-surgical patient out-

comes, patients with higher NEK2 expression levels demonstrated 

significantly shorter survival periods than did those with intermedi-

ate or low expression levels (Figure 5F). In addition, another probe for 

NEK2 in the REMBRANDT database yielded consistent results (Sup-

plemental Figure 5, D and E). These data indicate that NEK2 is likely 

a clinically relevant molecular target in GBM.

NEK2 promotes radioresistance in GSCs. We recently reported 

that EZH2 promotes radioresistance in GSCs (24). Therefore, we 

hypothesized that NEK2 may contribute to GSC radioresistance, 

thereby leading to tumor recurrence after therapeutic failure. In 

fact, NEK2 expression was highly enriched in MES GSCs, which 

5C). Furthermore, the survival period was significantly longer in the  

NEK2lo group than in the NEK2hi group (Figure 5D). We observed 

the same results from an independent validation cohort including 56 

patients’ samples obtained through collaboration with the Depart-

ment of Neurosurgery, The First Affiliated Hospital of Xi’an Jiaotong 

University (Supplemental Figure 5A). Additionally, we found that 

NEK2 and EZH2 expression levels were elevated and highly correlat-

ed in 4 subtypes of GBM in TCGA database (Supplemental Figure 5, 

B and C). Moreover, data from the REMBRANDT database (https://

gdoc.georgetown.edu/gdoc/workflows/index) also demonstrated 

that NEK2 expression in GBM is significantly higher than that in non-

tumor and other lower-grade glioma groups (Figure 5E). Regarding 

Figure 6. NEK2 promotes radioresistance in glioma spheres by maintaining EZH2 protein stability. (A) mRNA expression analysis (GSE67089) showed 

that NEK2 was highly enriched in glioma spheres compared with normal astrocytes. *P < 0.05 and ***P < 0.001, by 1-way ANOVA followed by Dunnett’s 

post-hoc test. n = 6 for PN, n = 3 for MES and n = 1 for NHAs. 3 or more replicates were performed at the same time. (B) Genome-wide transcriptome 

microarray analysis showed that NEK2 was one of the most upregulated kinase-encoding genes in post-radiation glioma spheres (12 Gy) compared with 

naive glioma spheres. (C) qRT-PCR for NEK2 in post-radiation 528 glioma spheres (12 Gy) compared with naive 528 glioma spheres (n = 3). ***P < 0.001, 

by 2-tailed t test. (D) Western blotting for NEK2 and EZH2 in 528 glioma spheres treated with radiation (12 Gy) compared with naive 528 glioma spheres. 

(E and F) Flow cytometric analysis for apoptosis (E) and Western blotting for NEK2 and EZH2 expression (F) in 528 glioma spheres pretransduced with 

shNEK2 no. 1, shNEK2 no. 2 or, shNT and then treated with or without (Non)  radiation (12 Gy). (G) Representative IHC images for NEK2 expression in pri-

mary untreated tumors and post-radiation recurrent tumors from matched GBM patients. Scale bars: 50 mm. (H) Percentage of NEK2 positive-stained cells 

in primary untreated tumors and post-radiation recurrent tumors from matched GBM patients (n = 5). *P < 0.05, by 2-tailed t test.
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Figure 7. The NEK2 inhibitor CMP3a attenuates tumor growth 

and increases radiosensitivity in GBM. (A) General methods for 

the development of CMP3a. (B) Chemical structure of CMP3a. 

(C) In vitro cell viability assay for CMP3a with the NEK2hi glioma 

spheres group (83, 267, 374, and 528) compared with the NEK2lo 

glioma spheres group (84, 1016, 339, and 157) and NHAs  

(n = 6). P < 0.05, by 1-way ANOVA. (D) Relative kinase activity of 

NEK2 incubated with varying doses of CMP3a, determined by a 

cell-free in vitro kinase-binding assay (n = 3; IC
50

 = 82.74 nM). (E) 

CMP3a was screened at 15 nM against 97 kinases representing 

all kinase clusters using KINOMEscan. S score, KINOMEscan 

selectivity score (targets exhibiting less than 35% remaining 

activity). (F) PK analysis for CMP3a with 1.0 mg/kg i.v. injection in 

Wistar rats (n = 5). (G) Kaplan-Meier analysis for mice intracrani-

ally transplanted with 374 glioma spheres followed by a 10-day 

continuous treatment with different does of CMP3a or vehicle via 

tail vein injection (n = 6 ). P values were determined by log-rank 

test. (H) IP was performed with a NEK2 antibody or IgG in 528 gli-

oma spheres, with or without CMP3a treatment. Immunoblotting 

was used to measure EZH2 expression. (I) Western blotting for 

EZH2 expression in CHX-treated 267 glioma spheres pretreated 

with CMP3a or DMSO. (J) An in vitro clonogenicity assay indicated 

that the combination of CMP3a with radiation (12 Gy) decreased 

the clonogenicity of 528 glioma spheres (n = 10). **P < 0.01 and 

***P < 0.001, by ELDA. (K) Chou-Talalay analysis showed a CI of 

radiation treatment and CMP3a, indicating that CMP3a had a 

synergistic effect with radiation. Fa, fraction affected.
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ited NEK2 kinase activity in GSCs. To this end, we established a 

NEK2 computational binding model and a focused kinase inhibi-

tor fragment library (300 compounds) to identify NEK2-selective 

inhibitors. An initial screening of this 300-compound kinase frag-

ment library identified fragment 1 as having activity against NEK2  

(IC
50

 = 20 μM). Using a computer-based drug discovery method-

ology with fragment 1, we designed and synthesized compound 2, 

which showed improved binding to the NEK2 active site according 

to the computational modeling (Figure 7A). Compound 2 indeed 

showed improved activity in the NEK2 enzymatic assay, with an 

IC
50

 of 0.1 μM. The introduction of a methyl group to the benzylic 

position and the replacement of the phenyl linker with a thiophene 

in compound 2 produced compound 3, which showed a 3-fold 

improvement in activity (IC
50

 = 0.03 μM). Compound 3 was a mix-

ture of 2 enantiomers, and the pure single isomer 3a from the chi-

ral separation was approximately 2-fold more potent (IC
50

 = 0.015 

μM) than the racemic mixture 3, while the IC
50

 of the other isomer 

3b was greater than 0.2 μM. The enantiopure single isomer 3a or 

3b could be obtained from the commercially available R or S 1-(2- 

(trifluoromethyl)phenyl) ethanol (Figure 7A). Therefore, we 

selected compound 3a (hereafter designated CMP3a) as the lead 

candidate for GBM therapy (Figure 7B). The procedure for CMP3a 

synthesis is described in Supplemental Figure 7 and in the Supple-

mental Methods. To characterize the efficacy of this NEK2 inhibi-

tor, we investigated the IC
50

 of CMP3a in different patient-derived 

glioma sphere samples. As expected, in vitro sensitivities of the  

glioma sphere cells to CMP3a were correlated with their NEK2 

expression levels, while NHAs were markedly resistant to CMP3a 

(Figure 7C). A cell-free kinase-binding assay showed that NEK2 

kinase activity was strongly inhibited by CMP3a at doses from 10 to 

100 nM (IC
50

 = 82.74 nM), which were quite similar to the IC
50

 doses 

from our in vitro cytotoxicity assay (Figure 7D). To assess the spec-

ificity, CMP3a was screened at a concentration of 15 nM against 97 

kinases representing all kinase clusters (KINOMEscan; https://

www.discoverx.com/technologies-platforms/competitive- 

binding-technology/kinomescan-technology-platform). Only 3 

kinases (YSK4, FLT3-ITDD835V, and FLT3-ITDF691L) showed 

greater than 65% inhibition. Therefore, CMP3a was relatively 

selective for NEK2 inhibition (Figure 7E and Supplemental Figure 

8A). The pharmacokinetic (PK) profile of CMP3a was character-

ized in Wistar rats via a contract with Pharmacon. Using an i.v. dose 

of 1 mg/kg, CMP3a demonstrated the following PK properties: the 

elimination half-life (t
1/2

) was 1.4 h; the clearance (CL) was 7,304 

ml/h/kg; the volume of distribution (VOD) was 14,872 ml/kg;  

and the AUC was 130 mg/h/kg. Although the AUC was relatively 

low, most of the drug was probably distributed in the tissues, given 

the high VOD (Figure 7F). We then selected 2 HEC1/NEK2 inhib-

itors (INH1 and INH6) and 1 PLK1/NEK2 inhibitor (Ro3280) to 

compare the potential efficiency of CMP3a in attenuating tumor 

cell growth (Supplemental Figure 8, B–D). The in vitro data indi-

cated that CMP3a attenuated glioma sphere cell growth more 

efficiently than did other inhibitors in 2 different glioma spheres 

(Supplemental Figure 8, E and F). Additionally, a cell-free kinase- 

binding assay indicated that CMP3a more efficiently inhibited 

NEK2 kinase activity than did the other 3 inhibitors (Supplemental 

Figure 8G). Next, we investigated the effect of CMP3a on in vivo 

tumor initiation and propagation using GSC-derived mouse intra-

were closely associated with the post-radiation recurrence of GBM 

(Figure 6A). A transcriptome microarray analysis focused on the 

668 kinase–encoding genes in 2 glioma sphere samples with either 

a PN signature (AC17 glioma spheres) or a MES signature (83  

glioma spheres) demonstrated that NEK2 was among the top 13 

genes that were upregulated after 12-Gy radiation (Figure 6B). Both 

the qRT-PCR and Western blotting results indicated that NEK2 and 

EZH2 were similarly elevated in the 528 glioma spheres after radi-

ation with 12 Gy (Figure 6, C and D). Similar results were observed 

with 83 glioma spheres (Supplemental Figure 6A). We then per-

formed flow cytometry for apoptosis with an annexin V (AV) anti-

body and propidium iodide (PI) using shNEK2-transduced 528 

glioma spheres, with or without radiation treatment (12 Gy). The 

proportions of cells undergoing early (AV+, PI–) and late (AV+, PI+) 

apoptosis were both dramatically increased after radiation when 

combined with NEK2 knockdown compared with radiation alone 

(Figure 6E). Along with this post-radiation increase in apoptosis via 

NEK2 knockdown, the post-radiation increase in EZH2 was largely,  

if not completely, eliminated by NEK2 knockdown in 528 glioma 

spheres (Figure 6F). Taken together, these data suggest that NEK2 

promotes GSC radioresistance through the regulation of EZH2.

To investigate whether these results were clinically relevant, 

we collected 5 matched GBM tissues from the initial surgery 

for untreated tumors and from the second surgery after treat-

ment failure with radiation and TMZ chemotherapy for NEK2 

IHC analysis. Although the staining intensities for NEK2 varied 

among the GBM tissues from the initial surgeries, we observed an 

overall trend of increased NEK2 expression in recurrent tumors 

compared with naive tumor sections (4 of 5) (Figure 6G and 

Supplemental Figure 6, B and C). Similarly, the proportions of 

NEK2-positive tumor cells were generally increased in recurrent 

tumors compared with the matched primary tumors (Figure 6H). 

Collectively, NEK2 is upregulated in post-radiation GBM tissues 

and GSC-containing cultures, indicating that NEK2 may play an 

important role in the development of their radioresistance.

Development of a NEK2 inhibitor for GBM therapy. In an effort 

to develop NEK2-targeted cancer therapeutics, we sought to 

design clinically applicable small molecules that selectively inhib-

Figure 8. CMP3a inhibits proliferation and tumorigenicity in GSCs through 

interrupting EZH2-NEK2 interaction then results in a proteasomal degra-

dation of the EZH2.  Ub, ubiquitin.
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radiation in 528 glioma spheres. The result showed that CMP3a 

treatment decreased the radioresistance of the 528 glioma spheres 

in a dose-dependent manner (Supplemental Figure 9C). Further-

more, flow cytometry showed that radiation increased the propor-

tion of apoptotic cells when combined with CMP3a treatment in 

a dose-dependent manner (Supplemental Figure 9, D and E). To 

distinguish whether NEK2 inhibition had an additive or synergis-

tic effect with radiation, we applied the Chou-Talalay model to 

the data (27, 28). The results showed that the combination index 

(CI) for radiation and CMP3a was less than 1, which indicated that 

NEK2 inhibition had a synergistic effect with radiation on the 528 

glioma spheres (Figure 7K).

Additionally, we used NHAs to assess the safety of CMP3a com-

bined with radiation. Unlike what we observed with GBM cells, the 

qRT-PCR results showed that NEK2 expression was dramatically 

decreased after radiation in NHAs (Supplemental Figure 9F), and 

flow cytometric analysis revealed that CMP3a did not significantly 

affect the sensitivity of NHA cells to radiation (Supplemental Figure 

9G). Altogether, these data suggest that CMP3a decreases radio-

resistance and abolishes GSC growth by regulating the stability of 

EZH2 protein (Figure 8).

Discussion
The radioresistance of GBM is a major cause of tumor recurrence 

and subsequent patient mortality (1). Evidence suggests that 

GSCs may play a critical role in tumor radiation resistance and 

subsequent life-threatening recurrence (2). Previously, we identi-

fied the serine/threonine kinase MELK as a key regulator of GSC 

radioresistance via transcriptional regulation of the oncogenic his-

tone H3 methyltransferase EZH2. Our study demonstrated that 

the short-term inhibition of MELK by the small-molecule inhibi-

tor OTS167, a cancer drug candidate in a phase I study for triple- 

negative breast cancer, suppressed the downstream signaling driven  

by EZH2. However, long-term suppression resulted in the reactiva-

tion of EZH2 signaling, thereby driving GBM cells to persistently 

rely on EZH2 dependence for their survival, propagation, and radi-

ation resistance. Through extensive screening using transcriptome 

and IP techniques, we identified the poorly characterized serine/ 

threonine kinase NEK2 as an alternative mechanism to maintain 

EZH2 dependence in GSCs. Further characterization based on 

qRT-PCR data for CD133+ cells in PN glioma sphere cultures and 

ALDH1A3+ cells in MES glioma sphere cultures demonstrated that 

NEK2 expression was relatively restricted to the cancer stem cell 

subpopulation in GBM tumors (25, 29). NEK2 knockdown attenu-

ated GBM cell clonogenicity in vitro and the tumor-initiating ability 

(tumorigenicity) of GSCs in vivo in 2 patient-derived glioma sphere 

samples, indicating that NEK2 was required for GSC survival and 

growth. With regard to the molecular mechanism in GSCs, unlike 

MELK, NEK2 forms a protein complex with EZH2, thereby phos-

phorylating and protecting EZH2 from the proteasome-dependent 

degradation in glioma spheres. Clinically, NEK2 immunoreactivity 

was negatively linked to GBM patient prognosis, suggesting that 

NEK2 might be a potential therapeutic target in GBM. As expected, 

NEK2 expression was markedly elevated in post-radiation recur-

rent tumors compared with expression levels detected in primary 

tumors in matched GBM cases, raising the possibility that NEK2 

played a role in establishing therapy resistance in GBM. To target 

cranial tumor models. CMP3a treatment was initiated 7 days after 

the xenotransplantation of 267 or 374 glioma spheres. The treat-

ment was continued for 10 days via tail vein injection at a dose of 

10 or 20 mg/kg/day. As expected, we observed decreased in vivo 

tumor growth and prolonged overall survival in the CMP3a-treated  

group compared with the vehicle-treated group (Figure 7G and 

Supplemental Figure 8, H and I). To determine whether CMP3a 

elicits any off-target effects, we performed IHC and observed a 

dramatic decrease of EZH2 in the tumors from a CMP3a-treated 

xenograft mouse model compared with EZH2 levels in the control 

group tumors (Supplemental Figure 8J).

Since NEK2 silencing decreased EZH2 expression by destabi-

lizing the EZH2 protein, we treated glioma spheres with different 

concentrations of CMP3a for 48 hours. Western blotting indicated  

that EZH2 and H3K27me3 expression levels were reduced in a 

dose-dependent manner with NEK2 inhibition (Supplemental 

Figure 8K). We then purified the protein from the 528 glioma 

spheres treated with or without CMP3a (0.5 μM and 5 μM) for 2 

hours, followed by IP with an NEK2 antibody. Immunoblot anal-

ysis showed that CMP3a treatment resulted in the blockage of 

NEK2-EZH2 complex formation (Figure 7H). Additionally, a CHX 

assay showed that the half-life of EZH2 protein was decreased in 

the glioma spheres after 24 hours of CMP3a treatment, a result 

similar to that seen with shNEK2 (Figure 7I).

As NEK2 has been shown to be a mitotic kinase, promoting 

tumor cell proliferation mainly through centrosome separation 

and bipolar spindle formation at the centrosome (15), we sought 

to clarify whether the function of NEK2 in GSCs mainly depends 

on the regulation of mitotic progression. ICC was performed, and 

acetylated α-tubulin was used to label the microtubes and centro-

somes. We observed with a confocal microscope that NEK2 pro-

tein was still localized to the centrosomes after CMP3a treatment 

(Supplemental Figure 8L) and that glioma sphere mitosis was not 

largely affected by CMP3a treatment (Supplemental Figure 8M). 

Additionally, flow cytometry showed that NEK2 expression in 

DMSO- or CMP3a-treated glioma spheres was comparable in all 

phases of the cell cycle, including the mitotic phase (Supplemen-

tal Figure 8N). Furthermore, flow cytometry demonstrated that 

NEK2 inhibition by CMP3a did not cause any noticeable changes 

to the cell cycle in 267 glioma spheres at the IC
50

 dose (Supple-

mental Figure 8O). Moreover, exogenous NEK2 or empty vector 

was overexpressed in 267 glioma spheres and followed by a cyto-

toxicity assay with CMP3a. The results showed that exogenous 

NEK2 induced resistance to CMP3a in 267 glioma spheres when 

compared with the baseline control cells, indicating that CMP3a 

inhibited tumor proliferation as a result of its inhibition of NEK2 

kinase activity (Supplemental Figure 8P).

We then combined CMP3a treatment with radiation in 528 

glioma spheres. Western blot analysis indicated that EZH2 expres-

sion was increased after radiation and eliminated by NEK2 inhi-

bition with CMP3a (Supplemental Figure 9A). Using cell-growth 

and sphere-formation assays, we found consistent results between 

gene silencing and the pharmacological inhibition of NEK2 in 

glioma spheres. The 528 glioma spheres showed decreased cell 

proliferation and sphere-formation capability after the combined 

treatment of CMP3a and radiation (Figure 7J and Supplemen-

tal Figure 9B). Next, we combined varying doses of CMP3a with 
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thereby promoting EZH2 ubiquitination and subsequent degra-

dation by the proteasome in vitro. This CDK1-mediated EZH2 

phosphorylation is enriched in cells that are arrested in mitosis 

compared with S-phase cells (40). Another study reported that 

treatment of the DNA methylation inhibitor DZNep in 293T cells 

upregulates the ubiquitin ligase PRAJA1, which degrades EZH2 in 

vitro (41). Additionally, another study indicated that the SMAD 

ubiquitination regulatory factor 2 (Smurf2) is an E3 ubiquitin ligase 

responsible for the polyubiquitination and proteasome-mediated 

degradation of EZH2 in human mesenchymal stem cells (hMSCs) 

in vitro and in an intracranial xenograft model (42). These studies 

provide insights into the mechanism of EZH2 degradation through 

ubiquitination, mostly in normal somatic cells in vitro. However, 

there are very limited data on how cancer stem cells regulate the 

half-life of the EZH2 protein to promote tumor aggressiveness and 

therapy resistance in GBM. Our data indicated that GSCs used a 

unique, previously unidentified molecular mechanism to main-

tain the protein stability of EZH2 via NEK2 as a binding partner 

to protect EZH2 protein from proteasome-dependent degrada-

tion. Interestingly, this signaling axis via the NEK2-EZH2 protein 

complex was upregulated after cellular damage (e.g., MELK inhi-

bition), although a subset of GBMs might exhibit this upregulation 

in naive, untreated tumors. Disrupting NEK2-EZH2 interaction in 

cancer cells had the potential to target their cancer stem cell com-

partment. This strategy may serve as a new therapeutic approach 

to treat recurrent tumors and a subgroup of primary tumors. How-

ever, whether NEK2-dependent tumor growth depends solely on 

its interaction with EZH2 or other unidentified signaling mole-

cules such as mitosis-related proteins remains unclear. In addi-

tion, the NEK2-mediated protection of EZH2 degradation in GSCs 

may require some protein modification (e.g., phosphorylation) in 

the binding domain or elsewhere. Moreover, our results indicated  

that overexpression of the NEK2 K37R mutant could partially res-

cue the effects of NEK2 knockdown on glioma cell proliferation, 

raising the possibility that the interaction between NEK2 and 

EZH2 might protect EZH2 from degradation by either phosphory-

lation or physical occupation of the ubiquitination site of EZH2. To 

answer these questions, further studies are needed to identify the 

binding structure and the specific phosphorylation site of EZH2.

Methods
Reagents. The following reagents were used in this study: EGF (Pepro-

Tech); basic FGF (bFGF) (PeproTech); B27 (Invitrogen, Thermo Fisher 

Scientific); heparin (Sigma-Aldrich); DMEM-F12 (Gibco, Thermo Fisher  

Scientific); FBS (Gibco, Thermo Fisher Scientific); Accutase Solution  

(Sigma-Aldrich); AlamarBlue (Invitrogen, Thermo Fisher Scientific); radio 

immunoprecipitation assay (RIPA) buffer (Sigma-Aldrich); phosphatase 

inhibitor cocktail (Sigma-Aldrich); protease inhibitor cocktail (Sigma- 

Aldrich); Quick Start Bradford Protein Assay (Bio-Rad); BSA (BioLabs); 

PageRuler Plus Prestained Protein (Thermo Fisher Scientific); iScript 

Reverse Transcription Supermix (Bio-Rad); Protein A/G Magnetic Beads 

(Thermo Fisher Scientific); and IP Lysis Buffer (Thermo Fisher Scientific).

Antibodies. The following primary antibodies were used in this 

study: anti-NEK2 antibody (Abcam; ab117553, mouse, IHC and IP); 

anti-NEK2 antibody (Thermo Fisher Scientific; PA5-31259, rabbit, 

ICC); anti-NEK2 antibody (Thermo Fisher Scientific; PA5-15337, rab-

bit, Western blotting); anti-NEK2 antibody (Abcam; ab55550, mouse, 

NEK2, we developed a potent and highly selective NEK2 inhib-

itor through 3 rounds of structural modifications of small mole-

cules using a molecular structure–based drug design. The lead 

compound, CMP3a, exhibited a set of inhibitory effects on glioma  

spheres in vitro and GSC-derived mouse GBM tumors in vivo that 

were consistent with those caused by shRNA-mediated NEK2 

knockdown. We are currently in the process of pharmacokinetic 

and pharmacodynamic analyses with CMP3a to design an early- 

phase clinical trial for GBM and other NEK2/EZH2-dependent 

cancers. In addition to these findings, we also found that CMP3a 

treatment reduced tumor growth in vivo, however, the efficacy of 

tumor growth inhibition was not as effective as the in vitro knock-

down of NEK2. Further studies focusing on the improvement of 

the bioavailability of CMP3a and the possible development of more 

efficacious derivatives of CMP3a will need to be performed.

NEK2 encodes a cell-cycle–regulated protein kinase that is 

localized in the centrosome and required for bipolar spindle forma-

tion for mitotic progression (30). NEK2 overexpression has been 

recognized in various cancers, including breast cancer, lymphoma, 

testicular seminomas, lung cancer, and colorectal cancer, and it has 

been shown to correlate with an aggressive phenotype and poor 

prognoses for these cancers (11, 31–34). A recent study reported 

that NEK2 silencing by shRNAs reduces tumor cell progression by 

interference with chromosomal segregation in human breast cancer 

cell lines in vitro and in fat pad xenograft mouse models, leading to 

aneuploidy and subsequent cell death (35). Another study indicated 

that in human lung and colorectal cancer cell lines, NEK2 plays a 

critical role in the subcellular transfer of β-catenin from the plasma 

membrane to the cytoplasm and the nucleus, leading to an invasive 

cellular phenotype in vitro and in vivo (11, 36). Our data indicated 

that NEK2 expression was elevated in the stem cell fraction in GBM 

and was essential for GSC stemness in vitro and in vivo. Although 

OTS167 treatment in GBM mouse models had an initial tumor- 

suppressive effect, the cellular damage to GSCs appeared to switch 

their dependence from MELK to NEK2 to retain EZH2 activation. 

Unlike the MELK signaling mechanism, the regulation of EZH2 by 

NEK2 was at least partially dependent on the formation of a pro-

tein complex that prolonged the half-life of EZH2 by inhibiting its  

proteasome-dependent degradation in GSCs. These observations 

highlight what we believe to be a novel function of NEK2 as an essen-

tial kinase for GSC stemness and in vivo tumorigenesis in addition 

to its mitosis-specific functions. Furthermore, we demonstrated that 

NEK2 overexpression was associated with a poor prognosis in GBM 

patients and that NEK2 depletion in GSCs increased the radiosensi-

tivity of GSCs, indicating that NEK2 may be a new therapeutic tar-

get for radioresistant GBM. Aside from these findings, it is unclear 

whether NEK2 functions in EZH2 posttranslational regulation by 

regulating protein modification or perhaps through an alternate,  

still undetermined mechanism.

Accumulating evidence, along with the contributions from 

the present study, suggests that EZH2 is a transcriptional silencer 

in various cancers, including GBM, that protects the cancer stem 

cells from differentiation and radiation-induced cell death (23, 

24, 37–39). Nevertheless, the mechanism of EZH2 protein metab-

olism in cancers and cancer stem cells remains elusive. A recent 

study reported that in HEK293T cells, cyclin-dependent kinase 1 

(CDK1) mediates EZH2 phosphorylation at Thr345 and Thr487, 
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t test. Multiple group comparisons were performed using a 1-way  

ANOVA followed by Dunnett’s post-hoc test. The in vitro clonogenicity 

assays were analyzed using extreme limiting dilution analysis (ELDA). 

The significance of a Kaplan-Meier survival plot was determined by log-

rank analysis. Statistical analysis was performed using GraphPad Prism 

6 and SPSS 19.0 software. A P value of less than 0.05 was considered 

statistically significant.

Study approval. This study was conducted under protocols 

approved by the IRBs and IACUCs of UCLA, MD Anderson Cancer 

Center (MDA), the University of Alabama at Birmingham (UAB), and 

The Ohio State University (OSU).
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flow cytometry); anti-EZH2 antibody (Cell Signaling Technology; 

4905, rabbit, IP and Western blotting); anti-EZH2 antibody (Thermo  

Fisher Scientific; MA5-15101, mouse, ICC); anti-H3K27me3 anti-

body (EMD Millipore; 07-449, rabbit); anti–β-actin antibody (Sigma- 

Aldrich; A5316, mouse); anti-ubiquitin antibody (Cell Signaling Tech-

nology; 3936, mouse); anti–acetylated α-tubulin antibody (Abcam; 

ab24610, mouse); and anti–phosphorylated serine/threonine anti-

body (Cell Signaling Technology; 9631, rabbit).

GSC cultures. Glioma sphere cultures from clinical samples were cul-

tured in DMEM/F12 medium containing 2% B27 supplement (% vol), 2.5 

mg/ml heparin, 20 ng/ml bFGF, and 20 ng/ml EGF. The bFGF and EGF 

reagents were added twice a week, and the culture medium was replaced 

every 10 days. Experiments with neurospheres were performed with lines 

that were cultured for fewer than 40 passages since their initial establish-

ment. An in vitro limiting dilution neurosphere formation assay and in 

vitro cell viability assay were performed as previously described (43).

Western blotting. The cell lysates were prepared in RIPA buffer con-

taining 1% protease and 1% phosphatase inhibitor cocktail on ice. The 

sample protein concentrations were determined using the Bradford 

method. Equal amounts of protein lysates (10 μg/lane) were fraction-

ated on a NuPAGE Novex 4%–12% Bis-Tris Protein Gel (Invitrogen, 

Thermo Fisher Scientific) and transferred onto a PVDF membrane 

(Invitrogen, Thermo Fisher Scientific). Subsequently, the membranes 

were blocked with 5% skim milk for 1 hour and then treated with the 

appropriate antibody at 4°C overnight. Protein expression was visual-

ized with an Amersham ECL Western Blot System (GE Healthcare Life 

Sciences). β-Actin served as a loading control. ImageJ software (NIH) 

was used to analyze the Western blot results. See complete unedited 

blots in the supplemental material.

In vivo intracranial xenograft tumor model. Six-week-old female 

nude mice were used for glioma sphere intracranial xenotransplanta-

tion. The glioma sphere suspension (1 × 104 cells for 83 glioma spheres, 1 

× 105 cells for 528 glioma spheres, or 1 × 105 cells for 267 glioma spheres 

in 2 μl PBS) transduced with shNT or shNEK2 lentivirus was injected 

into the brains of the nude mice as previously described (25, 29). Six 

mice were used for each group. When neuropathological symptoms 

developed, the mice were sacrificed and perfused with ice-cold PBS and 

4% (wt/vol) paraformaldehyde (PFA). Then, the mice brains were dis-

sected and fixed in 4% PFA for 24 hours, transferred to 10% formalin, 

and sectioned. Mice were administered the drug via a tail vein injection.

Further details on the materials and methods used can be found in 

the Supplemental Methods.

Statistical analysis. All data are expressed as the mean ± SD. The 

number of replicates for each experiment is stated in the figure legends. 

Statistical differences between 2 groups were evaluated using a 2-tailed 
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