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ABSTRACT

Never in Mitosis (NIMA) Related Kinase 2 (NEK2) plays a key role in regulating mitotic processes, including
centrosome duplication and separation, microtubule stabilization, kinetochore attachment and spindle
assembly checkpoint. NEK2 is aberrantly overexpressed in a wide variety of human cancers and has been
implicated in various aspects of malignant transformation, including tumorigenesis, drug resistance and
tumor progression. The close relationship between NEK2 and cancer has made it an attractive target for
anticancer therapeutic development; however, the mechanisms of how NEK2 coordinates altered
signaling to malignant transformation remains unclear. In this paper, we discuss the functional roles of
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NEK2 in cancer development; highlight some of the significant NEK2 signaling in cancer, and summarize

recent advances in the development of NEK2 inhibitors.

Introduction

Never in Mitosis (NIMA) Related Kinases (NEKs) are a family
of serine/threonine kinases that have a broadly structural simi-
larity to the mitotic regulator NIMA of the filamentous fungus
Aspergillus nidulans.' The family is consists of 11 different
members (NEK1-11), of which NEK2 exhibits the greatest
sequence identity to NIMA, with 47% identical within the cata-
lytic domains.” The human NEK2 gene is located on the long
arm of chromosome 1(1q32.2-1g41) and it is comprised of 8
exons.>” With the alternate splicing, NEK2 is expressed as 3
splice variants, namely NEK2A, NEK2B and NEK2C.>*
NEK2A is the full length protein with 445 amino acids
(48 KDa) and is the most studied variant. It is comprised of an
N-terminal catalytic kinase domain and a C-terminal regula-
tory domain. The C-terminal domain possesses multiple regu-
latory motifs, including leucine zipper (LZ), coiled coil (CC),
centrosome, and nucleolar localization and microtubule bind-
ing sites, PP1 binding site, APC binding site KEN-box and
extended cyclin A-type destruction box (D-box) (Fig. 1).°
NEK?2 is well recognized as a multifunctional protein with roles
in cell cycle regulation, such as centrosome duplication and
separation,”” microtubule stabilization,*” kinetochore attach-
ment'®'" and spindle assembly checkpoint.'*'* In recent years,
the oncogenic roles of NEK2 have attracted considerable atten-
tion. Plenty of studies have reported that NEK2 is highly
expressed in various cancers and usually predicts poor overall
survival. The essential roles of NEK2 as well as its important
upstream and downstream proteins in drug resistance, tumor
metastasis and progression have been gradually disclosed.
Herein, we summarize current knowledge on the oncogenic
NEK?2 signaling in cancer and describe the mechanism-based
development of therapeutic approaches targeting NEK2.

Regulation of NEK2 expression and activity

The expression of NEK2 exhibits a cell cycle-dependent pat-
tern, which is low in G1 phase, peaking in S and G2 phase."®
Upon entry into mitosis, NEK2A undergoes a rapid disappear-
ance whereas NEK2B persists until the subsequent G1 phase.’
Both the transcriptional and post-transcriptional regulation
contributes to the dynamic protein level of NEK2s.

Several proteins have been demonstrated as transcriptional
repressors of NEK2. Chromatin immunoprecipitation (ChIP)
assay demonstrated that the E2F4, a member of the E2F tran-
scription factor family, binds to the promoter of NEK2 in early
GI1. E2F4 functions as a transcriptional repressor in GO and
early G1 cells, which requires the binding to the pRB-related
proteins pl07 and p130. NEK2 mRNA is significantly dere-
pressed in p107~'~ and p130~'~ mouse embryonic fibroblasts
(MEFs)."° A direct and specific association of p53 with the dis-
tal NEK2 promoter has also been detected by ChIP assay. DNA
methylation was restricted to the distal region of the NEK2 pro-
moter. The DNA-demethylating agent 5aza-dC reduced the
NEK?2 transcript levels in HCT116 colon cancer cells but not in
isogenic p53~'" cells. Stabilization of endogenous p53 by doxo-
rubicin or ectopic expression of p53, but not a p53 DNA-bind-
ing mutant, decreased NEK2 expression.'” This study suggests
that NEK2 is a novel p53-repressed gene and its binding region
is protected by p53 from accumulating DNA methylation.
Moreover, NEK2 is a direct functional target of MicroRNA-
128, which suppressed NEK2 in colorectal cancer cells. Patients
with high MicroRNA expression had significantly lower NEK2
expression and lower recurrence rates than those with low
MicroRNA expression.'® In contrast to the above repressors,
the expression of NEK2 is positively regulated by the forkhead
transcription factor FoxM1. Overexpression of recombinant
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Figure 1. Genomic information of human NEK2 gene. The genomic locus of DJ-1 gene is located on the long arm g32 of chromosome 1 with 17,375 base pairs in length.
NEK2 contains 8 exons (blue boxes), which currently has been transcribed with 5 transcript variants, and 3 of them coding proteins. The full-length transcript
(NM_002497.3) and encoded protein structure is illustrated. The localization of the catalytic domain (serine/threonine kinase), leucine zipper (LZ), coiled coil (CC), PP1
binding site, KEN-box, D-box, centrosome localization microtubule binding site and nucleolar localization are indicated.

FoxM1 increases the mRNA level of NEK2, while FoxM1
depletion reduces NEK2 expression.'®*

Besides the transcriptional regulation, the cellular NEK2
abundance is also mediated by the ubiquitin-proteasome sys-
tem (UPS). The sudden decreasing of NEK2A upon mitotic
entry is resulted from proteasomal degradation, which depends
on the binding of NEK2A to the anaphase promoting complex/
cyclosome (APC/C) via 2 C-terminal motifs, the KEN-box and
the D-box. Moreover, the proteasomal degradation of NEK2A
may require its centrosomal localization.”'** As to NEK2B, its
abundance persists until the subsequent Gl phase may be
explained by its absence of the binding site to APC/C. However,
to our knowledge, the decrease of NEK2B levels in G1 phase
remains unknown.

As a serine/threonine kinase, the phosphorylation of
NEK2 is required for its activation. NEK2 dimerization via
the LZ motif leads to trans-autophosphorylation.”* Mass
spectrometric analysis identified 4 sites of autophosphoryla-
tion (Thr-170/ Ser-171, Thr-175, Thr-179, and Ser-241)
within the catalytic domain. Autophosphorylation of Thr-
170/ Ser-171 and Thr-175 increases NEK2 activity, while of
Thr-179 and Ser-241 may negatively regulate NEK2. In the
case of NEK2A, other autophosphorylation sites outside the
kinase domain have been described; 4 around the KEN-box
and 2 in the CC region may be involved in modulating
dimerization and localization.” Besides autophosphoryla-
tion, NEK2 activity is regulated by other kinases. Actually,
the catalytic domain of NEK2 is phosphorylated and acti-
vated by p90RSK2, an effector of the MAPK pathway, which
is important for the chromatin condensation in mouse sper-
matocytes.”® Moreover, the C-terminal of NEK2A, but not
NEK2B, contains a binding site for protein phosphatase 1
(PP1) and the interaction of NEK2A with PP1 can lead to
dephosphorylation and inhibition of NEK2A.*” Together, the

controlled expression of NEK2 and its activity guarantee the
performance of its biological function.

Biological function of NEK2

NEK?2 plays an indispensable role in cell cycle progression, par-
ticularly with respect to the centrosome cycle (Fig. 2). NEK2
localizes to the centrosome and triggers centrosome separation
by phosphorylating centrosome cohesion proteins C-Napl,
Rootletin and Cep68.°**° NEK2 also regulates microtubule orga-
nization and stabilization. Through phosphorylation of ninein-
like protein (NIp) that is involved in microtubule anchoring at
the centrosome during interphase, NEK2 promotes Nlp removal
from the centrosome upon mitotic entry.”' NIP2/centrobin plays
an essential role in stabilizing the microtubule structure, NEK2
antagonizes the microtubule stabilizing activity of centrobin by
phosphorylates it.*** Moreover, NEK2 operates a faithful kineto-
chore microtubule attachments by phosphorylation of highly
expressed in cancer 1 (Hecl).'"™" Through direct interaction
with mitotic arrest deficient-like 1 (MADI) or phosphorylation
of Hecl and Sgol, NEK2 also modulates chromosome alignment
and signaling of the spindle assembly checkpoint, thus regulating
chromosome separation.'*'* In addition, NEK2 is involved in
regulating chromatin condensation in meiosis. After phosphory-
lated and activated by the MAPK pathway, NEK2 phosphory-
lates the architectural chromatin protein high-mobility group
protein A2 (HMGA?2) and decreases the affinity of HMGA2 for
DNA, thus might drive its release from the chromatin upon the
G2/M progression, thereby promoting chromatin condensation
in mouse spermatocytes.**>’

Apart from its involvement in cell cycle regulation, novel func-
tions of NEK2 have been disclosed recently. NEK2 has been
reported as a novel regulator of B cell development and immuno-
logical response. Transgenic mice with conditional expression of
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Figure 2. NEK2 interacting signaling. The figure is a schematic diagram depicting the interaction of NEK2 and its related proteins. This view represents frequently studied
aspects of NEK2 activities along with several newly described interactions. Aberrant activation of NEK2 by its upstream proteins or overexpression of NEK2 results in the
activation of its downstream proteins, not only leading to the malfunction of NEK2 in normal cell cycle regulation, but also interrupting apoptosis, metastasis and drug

resistance.

NEK2 in the B cell lineage does not develop spontaneous tumor
formation up to 24 month after induction, but develop spontane-
ous germinal centers and exhibit an enhanced T cell dependent
immune response. Overexpression of NEK2 in the B cell lineage
affects the development of B cells by increasing the proportion of
immature B cells in the bone marrow and decreasing B-1 B cells
in peritoneal cavity.”* In addition, NEK2 is involved in regulating
cilia disassembly by phosphorylation and activation of Kif24, a
microtubule depolymerizing kinesin. NEK2 and Kif24 are overex-
pressed in breast cancer cells, and depletion of either Nek2 or
Kif24 restores ciliation and reduces proliferation of these cells.”
These novel biological functions significantly expand the tradi-
tional recognition of NEK2 as a centrosomal kinase.

Oncogenic role of NEK2 in human cancer
NEK2 is overexpressed in human cancers

NEK?2 is frequently overexpressed in a wide variety of human
cancers (Table 1). The aberrant expression of NEK2 was first
reported in cell lines derived from Ewing’s tumors through a
microarray analysis of over 1700 cancer-associated genes.*
Accumulating evidences have shown that mRNA and/or protein
level of NEK2 are up-regulated in primary tumor tissues or can-
cer cell lines listed as follows: diffuse large B-cell lymphoma
(DLBCL),>”"® breast cancer,’®** cervical cancer,’>* ovarian
cancer,>>* prostate cancer,”®*  leukemia,* cholangiocarci-
noma,* colorectal cancer,"®*”** neuroblastoma,*’ testicular
multiple myeloma,*' bladder cancer,*' glioblas-

seminomas,”
41 41 : 41
toma,” mantle cell lumphoma,” mesothelioma,” head and

neck squamous cell carcinoma,*’ melanmoma,*' peripheral
nerve sheath tumor,® pancreatic ductal adenocarcinoma,
hepatocellular carcinoma,*”*> non-small cell lung cancer
(NSCLC)** and its subtype lung adenocarcinoma.*>> Thus
overexpression of NEK2 is a frequent event in cancer cells and
indicated a potential role of NEK2 in cancer development.

NEK2 overexpression leads to tumorigenensis

Given the important roles of NEK2 in the regulation of centro-
some separation, microtubule organization, chromatin conden-
sation, SAC, and chromosome congression during cell division,
overexpression of NEK2 may perturb its normal biological func-
tion. Previous study has shown that overexpression of active
NEK?2 in osteosarcoma U20S cells induces a premature separa-
tion of centrosomes, while overexpression of either active or
inactive NEK2 leads to dispersal of centrosomal material and
loss of a focused microtubules.® Transfection of NEK2 in Her2+
breast cancer cells HCC1954 enhances centrosome amplifica-
tion, leading to aneuploidy and chromosome instability (CIN).>
In consistence, overexpression of NEK2 in breast cancer cell
lines, MDA-MB-231 and MCF-7, also leads to centrosome
amplification and multinucleation.”” Moreover, in immortal
HBL100 breast epithelial cells, ectopic expression of NEK2 indu-
ces an accumulation of multinucleated cells with supernumerary
centrosomes.”” What’s more, overexpression of NEK2 signifi-
cantly increased cell proliferation in normal fibroblasts and in
cell lines of multiple myeloma, lung cancer and breast cancer.*!
These suggest that elevated NEK2 levels can lead to CIN and
aneuploidy, which will ultimately trigger tumorigenesis.
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Table 1. Overview of overexpression of NEK2 in human primary tumors and cancer cell lines investigated.

Human tumor type

Expression level

Test Technique

Clinical impact

Ref.

Ewing’s tumors

Diffuse large B-cell
lymphoma
(DLBCL)

Breast cancer

Cervical cancer
Ovarian cancer

Prostate cancer

Leukemia

Cholangiocarcinoma
Colorectal cancer

Neuroblastoma

Testicular
seminomas
Multiple Myeloma

Bladder cancer
Glioblastoma
Mantle cell
lymphoma
Mesothelioma
Head and neck
squamous cell
carcinoma
Melanmoma
Peripheral nerve
sheath tumor
Pancreatic ductal
adenocarcinoma
Hepatocellular
carcinoma

Non-small cell lung
cancer (NSCLC)

Lung
Adenocarcinoma

Increased expression
3/5 patients >3 -fold; 4/7
patients 2.2-fold

Higher
about 2-fold

Higher; 2-13-fold®
Over-expression
Overexpression

about 2-fold
Up-regulated
2-5-fold
Upregulated
about 2-fold
Up-regulated

1-5-fold
Over-expression
Higher

Higher
Upregulated
Higher
1.5-3.6-fold?

2/20 patients’ serum
showed serological
responses to NEK2
5-fold®
Up-regulated
Overexpression
Over-expression
Overexpression
Over-expression
Upregulated
Up-regulated
Upregulated and about 3-fold®
3-fold®
Up-regulated
about 5-fold®
Overexpression

Over-expression

Overexpression

Microarray
Microarray; gRT-PCR

Microarray and
immunohistochemistry

Western blot and
immunohistochemistry

Western blot; qRT-PCR

Microarray

Microarray, gPCR and
immunohistochemistry

NA
Tumor transformation

Tumor transformation
Diseases progression

Cell survival

Inferior survival

Greater risk of patient
mortality and higher disease
recurrence

36

37

38

39

40

41
42

39

Western blot NA

Microarray NA s
Western blot NA 39
Microarray Drug resistance a4
Western blot NA 3

gRT-PCR, western blot and
Immunohistochemistry

Western blot

Microarray

RT-PCR and protein gel blot

Western blot

Microarray

gRT-PCR

Western blot, immunofluorescence
microscopy and
immunohistochemistry

Luciferase immunoprecipitation

Western blot and
immunohistochemistry

Shorter recurrence-free time

NA

Inferior survival

Tumorigenic growth and survival

NA

NA

Poor prognoses

Tumor progression and
shortened overall survival

Tumor antigen

Progression of neoplastic
transformation

45
39
4
46
47

41

48

49

50

4

Microarray Poor prognosis and

drug resistance
Microarray Inferior survival 4
Microarray Inferior survival 4
Microarray Inferior survival 41
Microarray Inferior survival 4
Microarray NA 4
Microarray NA 4

Nanostring nCounter system and
immunohistochemistry
Immunohistochemistry and gPCR

Microarray

Immunohistochemistry, western blot and

gPCR
Immunohistochemical and
immunofluorescence techniques
Microarray

Microarray

Malignant transformation

Poor prognosis

NA

NA

Poorer overall survival rate and poor
prognosis

Inferior survival

Tumor progression

51

52

4

53

54

4

55

“These ‘x-fold’ were not directly presented by the authors of the articles and are calculated using the quantitative data in these articles.

NA: not answered

NEK2 is required for the cancer phenotype

NEK?2 is required for maintenance of the transformed pheno-
type of cancer cells, regulating transformed growth, survival,
and chemo-resistance of several tumor types including cholan-
giocarc:inoma,46 breast cancer,”® colorectal cancer,*’ multiple
myeloma,*' hepatoma® and prostate cancer.*” Silencing NEK2
expression induces cell growth inhibition and enhances sensi-
tivity of tumor cells to anticancer drugs such as cisplatin,*’

paclitaxel,”® doxorubicin,”® and bortezomib.*' These findings
demonstrate that NEK2 is functionally required for the trans-
formed behavior of cancer cells and indicate the potential role
of NEK2 in tumor progression and metastasis.

NEK2 contributes to drug resistance

Studies in multiple types of cancers have implicated the role of
NEK2 in drug resistance. Multiple myeloma cells



overexpressing NEK2 exhibited less sensitivity to anticancer
drugs (bortezomib, doxorubicin and etopside)-induced apopto-
sis compared with control cells. Further study demonstrated
that NEK2-induced drug resistance was mainly through activa-
tion of efflux drug pumps.*' NEK2 is also involved in aldehyde
dehydrogenase 1-A1 (ALDHI1A1)-induced drug resistance in
multiple myeloma. Overexpression of ALDH1A1 in myeloma
cells led to increases mRNA and protein levels of NEK2,
whereas NEK2 depletion decreases drug efflux pump activity
and drug resistance.” In addition, NEK2 expression is upregu-
lated in drug-resistant ovarian cancer cells compared with their
parental counterparts, indicating NEK2 contributes to drug
resistance in ovarian cancer.** NEK2 is also highly expressed in
breast cancer cell lines HCC1954 and JIMT-1 which are ER-
PR-Her2+ and display primary resistance to trastuzumab,
albeit the co-overexpression of PLK4 might be essential for
drug resistance.”” Taken together, these findings indicate that
NEK?2 plays important role in drug resistance.

NEK2 expression is associated with tumor progression and
predicts poor prognosis

Elevated NEK2 expression is usually correlated with malignant
transformation and tumor progression. DLBCL is a general
transformed type of follicular lymphoma (FL), the expression
of NEK?2 is much higher in DLBCL than in FL, thus identifying
the transformed DLBCL from FL.’”*®* In contrast to the
restricted NEK2 staining only in tumor cells of ductal carci-
noma in situ (DCIS), an early step in breast cancer, the NEK2
positive cells are present throughout the stroma and are no lon-
ger confined within ducts or lobules, indicating NEK2 might
precede metastasis in breast cancer.’® Actually, NEK2 is one of
these 5 genes that build molecular grade index (MGI) to pro-
vide prognostic information for breast cancer.®! In consistence,
the high NEK2 mRNA expression patients of colorectal cancer
showed greater tumor depth, lymphatic invasion and peritoneal
dissemination than the low NEK2 expression patients.'®
Another group also showed that NEK2 was not only over-
expressed in tumors, but also in metastatic sites, including
lymph node and liver metastases.*® Moreover, the enhanced
NEK2 overexpression with advanced tumor stage is also
observed in patients with prostate cancer," testicular semino-
mas,”® peripheral nerve sheath tumor,”’ and lung adenocarci-
noma,”” which indicating an contributory role of NEK2 in
cancer progression. With regard to overall survival, patients
with high NEK2 expression have poorer prognosis than those
with low NEK2 expression in breast cancer,*"*" leukemia,*"
colorectal cancer,'®*® multiple myeloma,*' bladder cancer,*
glioblastoma,41 mantle cell lymphoma,41 mesothelioma,*! pan-
creatic ductal adenocarcinoma,”® NSCLC>* and its subtype
lung adenocarcinoma.*’ Thus, NEK2 expression may be useful
for indicating tumor progression and diseases prognosis.

Oncogenic NEK2 signaling

Despite the relationship between NEK2 and cancer has been
frequently reported, and CIN is considered as an important
link between malfunction of NEK2 and tumor formation, the
detailed mechanisms of how NEK2 coordinates altered
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signaling with tumorigenesis remains elusive. Here we discuss
the oncogenic NEK2 signaling in cancer, including its key
upstream regulators and downstream effectors, which lead to
tumorigenensis, tumor progression and drug resistance (Fig. 2).

Upstream regulators of NEK2

PLK1

Polo-like kinase 1 (PLK1), a serine-threonine kinase, plays a
pivotal role in regulating many key stages of the cell cycle,
including centrosomes maturation, bipolar spindle assembly,
M phase entry, sister chromatid cohesion, formation of kineto-
chore-microtubule attachments and finally mitotic exit and
cytokinesis.”> A previous report demonstrated that PLK1 con-
trols the NEK2-PP1y antagonism in centrosome disjunction by
phosphorylating the mammalian sterile 20-like kinase 2
(MST2).*> MST2 is a component of Hippo pathway and
directly interact with NEK2A, and regulates its ability to local-
ize to centrosomes, and phosphorylate C-Nap1 and rootletin.**
The absence phosphorylation of MST2 by PLK1 promotes
assembly of NEK2A-PP1y-MST2 complexes, in which PPly
counteracts NEK2A kinase activity. In contrast, PLK1 phos-
phorylation of MST2 prevents PP1y binding to MST2-NEK2A,
allowing NEK2A to promote centrosome disjunction.® In
addition, PLK1 was shown to regulate NEK2 phosphorylation
and stabilization of B-catenin at mitotic centrosomes.®> Thus
NEK2 might work as an executor for the PLKI-associated
development of human cancers.

CIP2A

Cancerous inhibitor of protein phosphatase 2A (CIP2A) is cor-
related with the aberrant proliferation of human cancer cells
and with cancer progression in a large variety of human malig-
nancies.® A recent study has demonstrated that CIP2A is
involved in regulation of centrosome separation and mitotic
spindle dynamics, which is through the regulation of NEK2. The
authors first showed that NEK?2 is a binding partner for CIP2A
by a yeast 2-hybrid assay and coimmunoprecipitation assays.
Then they showed silencing of CIP2A reduced NEK2 activity
while overexpression of CIP2A enhanced NEK2 activity. The
activating effect of CIP2A on NEK2 depends on direct interac-
tion, which is independent on PP1 or PP2A.% This suggests that
NEK2 is an essential target for CIP2A-induced tumorigenesis.

CDK4

Cyclin-dependent kinase 4 (CDK4) is a key regulator of the G1/
S transition. It forms a complex with Cyclin D1, phosphorylates
and inactivates the retinoblastoma (Rb) protein, drives progres-
sion through the cell cycle.”* CDK4 has also been reported to
regulate centrosome duplication. Abolishing the expression of
CDK4 abrogated both centrosome amplification and binuclea-
tion in p53-null MEFs and in Her2+ breast cancer cells.”>®
Silencing of CDK4 decreased the protein levels of NEK2, indi-
cating a molecular connection between CDK4 and NEK2.
Overexpression of NEK2 restored CDK4 knockdown-induced
reduction of centrosome amplification. Interestingly, expres-
sion of CDK4 protein was also restored in cells overexpressing
NEK2. Moreover, NEK2 knockdown led to a marked reduction
in CDK4 protein expression, suggesting there is a potential
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signaling loop between CDK4 and NEK2.>® Therefore, abnor-
mal expression of either CDK4 or NEK2 will alter its normal
function, leading to CIN and aneuploidy that finally cause
cancer.

Downstream effectors of NEK2

The mitotic proteins

As described above, NEK2 regulates chromosome separation
by modulating the SAC through direct interaction or phos-
phorylation Hecl, MAD1, MAD2 and CDC20. Of note, the
interaction of NEK2 and Hecl has attracted great attention.
NEK2 phosphorylates Hecl at Serl65, which is essential for
faithful kinetochore microtubule attachments and successful
chromosome alignment in mitosis.'®'"'? Tt is found that fol-
lowing the phosphorylation of S165 during earlier stages of
mitosis, the kinetochore pS165 signal diminishes after meta-
phase alignment and prior to anaphase onset, correlating with
the timing of proper attachment of microtubules to kineto-
chores. Expressing phosphor-mimicking Hecl (Hecl®'*)
hampers chromosome alignment and triggers severe mitotic
arrest associated with increased Mad1/Mad2 signals at prome-
taphase kinetochores. Thus it is reasonable to presume that
overexpression of NEK2 may interrupt the dynamic changes
of Hecl phosphorylation during mitosis, thus leading to
tumorigenensis."> Meaningfully, disruption of Hecl/Nek2 pro-
tein-protein interaction by small molecules has shown impres-
sive anticancer activities (see below), suggesting a potential
treatment for cancer therapy.

In addition, NEK2 physically binds to and phosphorylates
both MAD2 and CDC20. Overexpression of NEK2 enhances
the ability of MAD2 to induce a delay in mitosis, in which
kinase activity of NEK2 is essential.”® In contrast, elimination
of NEK2 by siRNA decreases the assembly of MAD2 to kineto-
chores and causes aberrant premature chromosome segrega-
tion.'” Thus aberrant expression of NEK2 may promote
aneuploidy by disrupting the mitotic checkpoint signaling,
leading to malignant transformation.

TRF-1

Telomeric repeat binding factor 1 (TRF1) is a double-stranded
telomere DNA-binding protein that negatively regulates telo-
mere elongation by telomerase and promotes efficient DNA
replication at telomeres.”" TRF1 also plays important roles in
cell cycle regulation. TRF1 depletion disrupts proper sister
chromatid cohesion and induces merotelic kinetochore attach-
ment.”? It is found that NEK2 directly binds and phosphory-
lates TRF1 through multiple sites on TRF1.5”7® Moreover,
mitotic aberrations through NEK2 overexpression are likely to
require TRF1. NEK2 overexpression in breast cancer cells,
MDA-MB-231 and MCF7, results in centrosome amplification,
multinucleation, chromosomes misalignment and cytokinetic
failure, which leads to aneuploidy. Interestingly, silencing of
TRF1 prevents all these phenomena. Moreover, adding exoge-
nous TRF1 back in NEK2-overexpressed cells with endogenous
TRF1 depletion, cells had re-induced cytokinetic failure.
Together, all these results suggests that TRF1 is indispensable
for overexpressed NEK2 to trigger abnormal mitosis and chro-
mosomal instability.””

B-catenin

B-catenin is a multifunctional protein that plays important roles
in Wnt signaling pathway, cell-cell adhesion, centrosome dis-
junction and bipolar spindle formation.”*”®> Previous studies
have demonstrated that NEK2 binds to and phosphorylates
B-catenin, prevents f-catenin ubiquitination and degradation,
leading to the stabilization and accumulation of S-catenin at
centrosomes in mitosis.”>’® The clinicopathological correlation
of NEK2 and B-catenin has been disclosed in breast carcinoma.
The increased NEK2 cytoplasmic expression was correlated
with the increased B-catenin cytoplasmic expression in pure
DCIS, concomitant DCIS and IDC.”” In addition, NEK2 also
influence extra-centrosomal B-catenin localization. Overexpres-
sion of NEK2 in NSCLC A549 cells led to a severe reduction of
B-catenin signal at the cell-cell adherens junction complexes
and increase of B-catenin signal in and around the nucleus, an
invasive state of cells.”® In consistence, overexpression of NEK2
in multiple myeloma ARP1 cells and lung cancer H1299 cells
resulted in nuclear accumulation of S-catenin, while NEK2
knockdown decreased the expression of nuclear B-catenin.'
Moreover, overexpression of NEK2 in resected colorectal cancer
tissues was associated with lower tumor membranous S-catenin
expression and higher cytoplasmic and nuclear S-catenin accu-
mulation.*® Together, these studies indicated NEK2 upregula-
tion may influence localization of extra-centrosomal S-catenin,
thus triggering tumorigenensis, metastasis and drug resistance.

SRSF1

Alternative splicing is a major resource contributing to structural
transcript variation and proteome diversity. Aberrant splicing is
frequently happened in cancer cells, thus enhancing their ability
to adapt to the adverse growth conditions of the tumor microen-
vironment.”” A novel function for NEK2 in splicing regulation
has been demonstrated recently. NEK2 is found to be localized in
the nucleus of cancer cells derived from tissues of patients with
testicular seminoma, breast, lung, colon, prostate and cervix can-
cer. Moreover, NEK2 co-localizes in splicing speckles with SRSF1
and SRSF2, two splicing factor. NEK2 phosphorylates SRSF1 and
affects the splicing activity of SRSF1 toward reporter minigenes
and endogenous targets. Knockdown of NEK2 induces expres-
sion of pro-apoptotic variants from SRSF1-target genes and sen-
sitizes cells to apoptosis, which were recapitulated by knockdown
of SRSF1.** This study demonstrates a novel mechanism that
helps explain the malfunction of NEK2 and cancer development.

Therapeutic targeting of NEK2

Given the compelling evidence mentioned above, there is no
doubt that NEK2 is an ideal target for intervention in cancer.
Generally speaking, targeting NEK2 could be executed by: i)
modulating the protein level by using RNA interference; ii)
blocking of ATP binding site; and iii) interfering protein inter-
actions. We will discuss the progression of these interventions
in detail as follows.

RNA interference

As the essential roles of NEK2 in tumorigenesis, progression
and drug resistance, RNAi-based down-regulation of NEK2



can be a viable therapeutic strategy. Several preclinical studies
using RNA interference targeted at NEK2 have shown the anti-
tumor effect against different type of cancers. Suppression of
the NEK2 expression with siRNA inhibited cell proliferation
and induced cell death of breast cancer, cholangiocarcinoma,
colorectal cancer, multiple myeloma, hepatoma and prostate
cancer cells in vitro, and led to a reduction of tumor size in
xenograft-nude mouse model.*******”>* Moreover, silencing
of NEK2 expression in breast cancer and colorectal cancer cells
dramatically increased the susceptibility to chemotherapeutic
drugs, such as paclitaxel, doxorubicin and cisplatin.*”*® Despite
the success in preclinical reports, the RNAi-based NEK2 inter-
vention therapeutics for clinical application still require plenty
of work, including the problems related with the RNA interfer-
ence technology itself and the potential side effect that might
be resulted from NEK2 silencing in patients.

Blocking of ATP-binding site

The clinical successes of a number of kinase-targeted drugs
have attracted an enormous amount of attention during the
past decades of years. NEK2 is one of serine/threonine kinases
that are ideal for drug development. The first compound
reported to exhibit an inhibitory effect on NEK2 was SU11652
(compound 1), which was observed during the structural analy-
sis of the NEK2 kinase domain. As a cell-permeable compound,
SU11652 inhibited a number of tyrosine kinases and serine/
threonine kinases, including platelet-derived growth factor
receptor B, vascular endothelial growth factor receptor 2, fibro-
blast growth factor receptor, EGFR, and Kit family members.*
During the development of thiophene-based inhibitors of
PLKI1, 2 compounds (compound 2 and 3) were found to have
activity against NEK2, even though the inhibition on PLK1
(ICs50=2 nM) were greater than on NEK2 (IC5,=21/25 nM).3!
Then a series of viridin/wortmannin-like compounds (com-
pound 4-6) were identified to inhibit the NEK2 activity by a
high-throughput screening, however, these compounds gener-
ally exhibited similar levels of activity against Aurora A, Cdkl
and PLK1.* Similarly, a series of aminopyrazine inhibitors
were developed based on the initial hit compound (compound
7) identified by HTS. These compounds inhibited the NEK2
kinase in both the phosphorylated and unphosphorylated
states, thus inhibiting its entire lifespan. However, none of
them were active in cells because of insufficient membrane per-
meability. Moreover, as PLK1 possess similar ATP binding site
of NEK2, some aminopyrazines inhibitors exhibited poor selec-
tivity against NEK2.** To identify selective NEK2 inhibitors
with low activities on PLKI, series of compounds derived from
the thiophene-based PLK1 inhibitor (compound 2) were syn-
thesized and evaluated. A potent NEK2 inhibitor (compound
8) characterized by more than hundred-fold selectivity against
PLKI1 was identified and it showed an unusual binding mode to
the DFG-out conformation of NEK2. However, this compound
was lack of cellular activity.** By combining key scaffold of the
above series of compounds, aminopyrazines and benzimida-
zoles, the hybrids finally led to a potent compound (aminopyri-
dine, compound 9) with the ability to reversibly inhibit activity
of NEK2, thus modulate the phosphorylation of NEK2
substrates in cells, and sufficient selectivity against the most
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relevant cell cycle kinases, including PLK1, Mpsl, Aurora A
and CDK2.*

Compared with noncovalent inhibitors, irreversible inhibitors
have plenty of advantages including prolonged pharmacodynam-
ics, high potency and selectivity. Irreversible inhibition of NEK2
kinase can be achieved by targeting the enzyme’s cysteine 22
(Cys-22) residue lying near the catalytic site. Up to now, 2 irre-
versible NEK2 inhibitors, oxindole propynamide (JH295, com-
pound 10)*® and 2-arylamino-6-ethynylpurines (NCL-00017509,
compound 11)*” have been reported. JH295 used an N-arylpro-
piolamide as Michael acceptor for attack by the Cys-22. Meaning-
fully, JH295 did not affect the activities of other mitotic kinases,
CDK1, PLKI1, Aurora B, or Mpsl. Given this selective profile,
JH295 is useful for determining the biological roles of NEK2
beyond RNAi knockdown method. Two-arylamino-6-ethynyl-
purines binds to NEK2 by conjugate addition of the Cys-22 to the
terminus of the electrophilic alkyne to afford a (Z)-thioalkenyl-
purine. A model study further indicated heterocyclic scaffolds are
likely to be more promising for inhibition of NEK2.**

Interruption of protein interaction

Previous studies have reported that NEK2 plays important roles
in cell division by interacting with a series of proteins, including
Hecl, c-Napl, Rootletin, MADI1 and MAD?2, thus interrupting
these interactions would affect the biologic function of NEK2.
Of note, preclinical experiments has demonstrated the disrupt-
ing of NEK2 and Hec1 binding was effective for cancer interven-
tion. A chemical genetic screening has identified a small
molecular (INH1, compound 12), which specifically disrupt the
Hecl/NEK?2 interaction via direct Hecl binding, consequently
leading to metaphase chromosome misalignment, spindle aber-
rancy, and eventual cell death. INH1 effectively inhibited the
proliferation of multiple human breast cancer cells in vitro and
retarded tumor growth in nude mice bearing xenografts derived
from the human breast cancer MDA-MB-468.%° To further
improve the efficacy of INHI1, a series of INH analogs were
designed, synthesized and evaluated.”® Of note, 2 INH deriva-
tives INH41 (compound 13) and INH154 (compound 14) have
recently been reported to binding to Hecl, thus blocking Hecl
phosphorylation by NEK2, and kill cancer cells at the nanomolar
range. Moreover, the binding of INHs to Hecl formed a virtual
death-trap to trigger NEK2 degradation through proteasome
pathway.”" Another series of INH derivatives named TAls were
also synthesized to improve the anti-cancer activity of INHI.
TAI-1 (compound 15) was highly potent with a wide anti-cancer
spectrum in vitro and was effective orally in in vivo xenografted
mouse models of triple negative breast cancer, colon cancer and
liver cancer.”” To optimize the oral bioavailability, solubility,
and pharmacokinetic parameters, the further development led
to compound TAI-95 (compound 16). TAI-95 was active on a
number of breast cancer and liver cancer cell lines at nM levels
and demonstrated strong inhibition of tumor growth of breast
cancer and liver cancer models without inducing weight loss or
other obvious toxicity.””* In addition, another series of Hecl/
NEK2 inhibitors, 4-aryl-N-arylcarbonyl-2-aminothiazoles were
synthesized. Compound 17 bearing C-4' 4-methoxyphenoxy
and 4-(o-fluoropyridyl)carbonyl groups showed low nanomolar
in vitro antiproliferative activity and significant in vivo
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Table 2. Overview of NEK2 inhibitors.

Action Mode Compound Name Structure NEK2ICs (M) Ref.
Blocking 1 SU11652 0] 8.0
ATP-binding site NﬁN 2
/Y < =5
. cl /N
2-3 Thiophene-based H 0.025
compounds o 8
N
H
N\ S~ ~CONH,
\
(o)
o X
AT
2 X=CF;3
3X=Cl 0.021
4-6 Viridin/wortmannin-like 1.9
compounds 82
o}
OH 14
44

0.870

7 Aminopyrazine hit MeO = I
compound N ’O\ 83
COOH

8 Benzimidazole 0.360

compound 84
9 Aminopyridine 0.022

compound 85

10 Oxi [ = N )
xindole propynamide o = ) 1] 0.770 .
(JH295) 7 ,K\

(Continued on next page)
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Action Mode Compound Name Structure NEK2ICso (tM) Ref.
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ND: not determined

antitumor activity in mice bearing human MDA-MB-231
xenografts.”

Concluding remarks

As an important mitotic kinase, NEK2 plays key role in regulat-
ing cell cycle progression. However, overexpression of NEK2 is
frequently observed in a variety of human cancers. Elevated
expression of NEK2 appears to participate in the initiation,
maintenance, progression, metastasis of cancer and is positively
associated with poor prognosis. In addition, NEK2 has been
shown to promote chemoresistance in a number of cancer types
and silencing of NEK2 sensitizes these tumor cells to chemo-
therapeutics. These facts suggest that NEK2 is a promising
therapeutic target for cancer treatment. Recently, great efforts
have been made to develop the NEK2 inhibitors (Table 2). As
reviewed above, some NEK2 inhibitors have shown low nano-
molar in vitro anti-proliferative activity and significant in vivo
antitumor activity in xenograft nude mouse model. However,

up to now, there is no NEK2 inhibitor that has been reported
to undergo clinical trial, thus the development of NEK2 inhibi-
tors is in the very early stage. There are still many questions
that need to be addressed to maximize the effect of anti-NEK2
therapy. First, the specificity of currently available ATP-com-
petitive inhibitors should be improved without losing their bio-
logical activities. Second, the molecular basis of how NEK2
interacts with its binding targets remains unknown. A better
understanding of this will be fundamentally important for pro-
viding new insights into the development of novel NEK2 inhib-
itors. Third, although many novel interaction partners have
been reported, the oncogenic NEK2 signaling deserves to be
further defined for future drug discovery against NEK2. Fourth,
identifying robust and sensitive biomarkers which may lead to
more successful clinical trials of NEK2 inhibitors is greatly
encouraged. In conclusion, current knowledge demonstrates
that NEK2 is oncogenic in a variety of human cancers; novel
strategies targeting NEK2 will bring convincing outcomes for
cancer therapy.
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Abbreviations

ALDHI1A1

aldehyde dehydrogenase 1-A1l

APC/C anaphase promoting complex/cyclosome

CcC coiled coil

CDK4 cyclin-dependent kinase 4

ChIP Chromatin immunoprecipitation

CIN chromosome instability

CIP2A cancerous inhibitor of protein phosphatase 2A

DCIS ductal carcinoma in situ

DLBCL diffuse large B-cell lymphoma

FL follicular lymphoma

Hecl highly expressed in cancer 1

HMGA2  high-mobility group protein A2

Lz leucine zipper

MADI1 mitotic arrest deficient-like 1

MEFs mouse embryonic fibroblasts

MGI molecular grade index

MST2 mammalian sterile 20-like kinase 2

NEK2 Never in Mitosis (NIMA) Related Kinase 2
NEKSs Never in Mitosis (NIMA) Related Kinases
Nlp ninein-like protein

NSCLC non-small cell lung cancer

PLK1 polo-like kinase 1

PP1 protein phosphatase 1

Rb: retinoblastoma

TRF1 telomeric repeat binding factor 1

UPS ubiquitin-proteasome system.
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