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Neké is involved in G,/M phase cell cycle arrest through DNA
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Nek6 is a recently identified NIMA-related kinase that is
required for mitotic cell cycle progression. In the present study,
we examined the role of Nek6 in the DNA damage response. We
found that Nek6 is phosphorylated upon IR and UV irradiation
through the DNA damage checkpoint in vivo. Neko is also directly
phosphorylated by the checkpoint kinases Chkl and Chk2 in vitro.
Notably, Nek6 activation during mitosis is completely abolished by
IR and UV irradiation. Moreover, the ectopic expression of Nek6
overrides DNA damage-induced G,/M arrest. These results suggest
that Nek6 is a novel target of the DNA damage checkpoint and
that the inhibition of Nek6 activity is required for proper cell cycle
arrest in the G,/M phase upon DNA damage.

Introduction

Eukaryotic cells respond to DNA damage by triggering complex
signaling pathways that activate various cellular responses, including
DNA repair and arrest of cell cycle progression.! Cell cycle arrests at
the G, S and G,/M phases are essential steps in the proper DNA
damage response because they allow cells sufficient time to repair the
damaged DNA and thereby prevent the accumulation of mutations.
The ATM/ATR-Chk1/Chk2 DNA damage checkpoint pathway
plays a central role in the induction of cell cycle arrest in the G,, S
or G,/M phases by regulating important cell cycle regulators, such as
cdc25A, ¢dc25C, p53, Smcl and NBS1, through phosphorylation.?
Aberrant cell cycle regulation upon DNA damage is a hallmark of
various cancer cells and frequently causes the failure of repair of
DNA damage, thereby resulting in genomic instability. Thus, the
identification of physiological targets and the exploration of under-
lying regulatory mechanisms for DNA damage-induced cell cycle
arrest are critical issues.

Nek6 is a recently identified serine/threonine kinase that
belongs to the Neks (NIMA-related kinases) family, which has been

*Correspondence to: Jeanho Yun; Department of Biochemistry; College of Medicine;
Dong-A University; 3-1 Dongdaesin-Dong; Seo-Gu, Busan 602-714 South Korea; Tel.:
82.51.240.2919; Email: yunj@dau.ac.kr

Submitted: 05/07/08; Revised: 06/27/08; Accepted: 07,/03/08
Previously published online as a Cell Cycle E-publication:

http://www.landesbioscience.com/journals/cc/article/6551

www.landesbioscience.com

Cell Cycle

implicated in mitosis control.> Previous studies revealed that Nek6
plays an important role in mitotic cell cycle progression. It has been
shown that the protein level and the activity of Nek6 are increased
during mitosis.%> Moreover, the overexpression of a dominant nega-
tive mutant form of Nek6 or of an RNAI designed to knock down
Nek6 induced spindle defects, abnormal chromosome segregation,
mitotic arrest and eventually apoptosis,® thus indicating that Nek6 is
an essential mitotic kinase.

Interestingly, several lines of evidence suggest that the function of
Neko is related to tumorigenesis. For example, it was recently shown
that mRNA levels of Nek6 were upregulated in 70% of hepatic cell
carcinomas.® Yin et al., showed that the overexpression of inactive Nek6
decreases the growth rate and induces apoptosis in human breast cancer
cells. Moreover, the Nek6 gene is localized on chromosome 9q33-34,
a locus associated with several human cancers, such as bladder cancer,
neuroblastoma, and renal cell carcinoma.”8 However, it is not known
whether Nek6 is involved in cell cycle arrest upon DNA damage
and whether Nek6 is regulated by the DNA damage-induced signal
pathway. In this study, we describe our findings showing that Neko6 is
a novel target of the DNA damage checkpoint and that the inhibition
of Nek6 function is required for G,/M arrest upon DNA damage.

Results

Nek6 is phosphorylated upon DNA damage in vivo. Previous
studies have shown that DNA damage signals are frequently trans-
mitted through phosphorylation.! In order to explore the role Nek6
in the DNA damage response, we first examined whether Nek6
is phosphorylated upon DNA damage by using an in vivo [32P]
orthophosphate labeling assay, a method that can detect the phos-
phorylation of a protein under physiological conditions. Since the
immunological purification of endogenous Nek6 using currently
available antibodies was not successful in our setting, Flag-tagged
Nek6 protein was transiently expressed in Hela cells. After transfec-
tion, cells were treated with IR (10 Gy) or UV (50 J/m?) and labeled
with [32PJorthophosphate for 2 h. Flag-Nek6 was immunopre-
cipitated with anti-Flag antibody and analyzed by autoradiography.
Interestingly, a phosphorylated form of Flag-Nek6 was detected in
lysates from IR- and UV-treated cells (Fig. 1A), indicating that Nek6
is phosphorylated upon DNA damage in vivo.
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We next examined whether IR- and UV-induced phosphorylation
of Nek6 are mediated by the DNA damage signaling pathway by
using caffeine, a potent chemical inhibitor of the ATM/ATR-Chk2/
Chk1 signal pathway.!! As shown in Figure 1B, caffeine treatment
completely inhibited both IR- and UV-induced phosphorylation of
Neko (Fig. 1B), suggesting that Nek6 is phosphorylated through the
DNA damage checkpoint pathway.

Nek6 is a substrate for Chkl and Chk2 kinase in vitro. Chkl
and Chk2 act as effector kinases in the DNA damage signaling
pathway by regulating a wide range of target protein functions
through phosphorylation.? Based on the findings described above,
we examined whether Nek6 might be a direct target of Chkl and
Chk2. Nek6 was immunoprecipitated with anti-Flag antibody
from HeLa cells expressing Flag-Nek6 and used as a substrate for
the in vitro Chkl and Chk2 kinase assay. We found that Nek6 was
phosphorylated by both Chk1 and Chk2 at similar levels, while Flag-
immunoprecipitates from vector-transfected Hela cell lysates showed
no detectable phosphorylation product and auto-phosphorylation of
Nek6 without Chk1 and Chk2 was very weak (Fig. 2A); these result
suggests that Nek6 was specifically phosphorylated by Chkl and
Chk2, at least in vitro. This finding strengthens the notion that Nek6
is phosphorylated by the DNA damage checkpoint pathway.

The Chk kinase-mediated phosphorylation site is located in the
N-terminal region of Nek6. To further demonstrate that Neké6 is
phosphorylated by Chkl and Chk2 and to locate the target site for
phosphorylation, a series of Nek6 fragments (F1-F4) were generated
as GST-fusion proteins (Fig. 2B). The GST-fusion proteins were
purified from E. coli and used as substrates in a Chkl and Chk2
in vitro kinase assay. As shown in Figure 2C, the F1 fragment was
the only Nek6 fragment phosphorylated by Chkl or Chk2. The in
vitro kinase assay was performed several times, and the results were
essentially same each time. Based on these findings, we conclude
that the Chk1 and Chk2 phosphorylation target site is located in the
80-amino acid N-terminal region.

DNA damage inhibits Nek6 activation during mitosis. To
determine the functional role of DNA damage-induced Nek6 phos-
phorylation, we next examined whether DNA damage affects the
kinase activity of Nek6. Previously it has been shown that Nekoé is
activated mainly in mitotic phase and play important role in mitotic
cell cycle progression while the kinase activity of Nek6 is low in
non-mitotic phase.#> Thus, we examined the effect of IR and UV
irradiation on the kinase activity of Nek6 after synchronizing cells
in mitotic phase by nocodazole treatment. The results of cell cycle
analysis indicated that more than 98% of the cells were in M phase
after nocodazole treatment (Fig. 3A). The in vivo [>?PJorthophos-
phate labeling assay showed that Nek6 phosphorylation by IR and
UV-irradiation after nocodazole treatment was comparable to that
in asynchronous condition (Fig. 3B) and cell cycle distribution was
not changed by IR and UV in this time point (Fig. 3A). Consistent
with a previous report,¥ NekG activity was significantly upregulated
in nocodazole-treated cells compared to asynchronous cells (Fig.
3B). However, this nocodazole-induced activation of Nek6 was
completely abolished by IR and by UV irradiation. These results
suggest that the mitotic activation of Nek6 is immediately inhibited
upon DNA damage.

Overexpression of Nek6 overrides DNA damage-induced G,/M
arrest. Since Nek6 is necessary for mitotic cell cycle progression
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Figure 1. DNA damage-induced phosphorylation of Neké in vivo. (A)
Hela cells were transfected with the Flag-Neké expression plasmid and
labeled with [32P]orthophosphate after treatment with or without IR (10 Gy)
or UV (50 J/m?). The phosphorylated Neké was analyzed as described
in Materials and Methods. Parallel unlabelled samples were immunopre-
cipitated and analyzed by Western blotting using anti-Flag antibody (lower
panel). (B) Hela cells transiently expressing Flag-Neké were pretreated for
30 min with or without caffeine (5 mM). Cells were then labeled with [32P]
orthophosphate for 2 h in the presence or absence of caffeine (5 mM) and in
vivo phosphorylation of Neké was examined as described above.

and because we observed that DNA damage inhibits Nek6 activa-
tion during M phase, it is likely that DNA damage-induced Nek6
suppression is required for proper G,/M phase arrest. To test this
possibility, we examined whether the ectopic overexpression of Nek6
overrides DNA damage-induced G,/M arrest. As shown in Figure
4A, Hela cells that were transfected with the control vector were
predominantly arrested at the G,/M phase 12 h after IR irradia-
tion, and this arrest was maintained for at least 24 h. However, the
IR-induced G,/M arrest at 12 h was significantly diminished in Hela
cells overexpressing Nek6 (from 62% to 31%) (Fig. 4B). Instead, a
G, population was observed at 12 h after IR, and a sub-G, fraction,
which is indicative of cell death, emerged after 24 h while, consistent
with previous report,4 Nek6 overexpression itself showed no signifi-
cant effect on cell cycle distribution. These results suggest that cells
expressing a high level of Nek6 overcame the G,/M arrest after DNA
damage and were eventually subjected to cell death.

Discussion

In this study, we found that Nek6 is phosphorylated upon IR and
UV irradiation in vivo, and that this phosphorylation is mediated by
the caffeine-sensitive ATM/ATR-Chk2/Chk1 pathway (Fig. 1). We
also showed that Nek6 was directly phosphorylated by Chkl and
Chk2, at least in vitro (Fig. 2). These results revealed for the first time
that Nek6 is a direct target of the DNA damage checkpoint.

Several recent studies have suggested that the checkpoint kinases
Chk1 and Chk2 regulate important mitotic kinases, such as polo-like
kinase (Plk) and Aurora. For example, it has been reported that Chk2
is physically associated with Plk1 and Plk3.!%!3 Recently, it was also
revealed that Chk1 regulates the function of Aurora A and Aurora
B.!415 Nonetheless, the underlying mechanisms of mitotic cell cycle
regulation following DNA damage are not completely understood.
In the present study, we show that mitotic activation of Nek6 is
completely abolished by DNA damage (Fig. 3). Furthermore, the
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Figure 2. Direct phosphorylation of Neké by Chk1 and Chk2 in vitro. (A) Lysates from Hela cells transfected with vector (vec) or Flag-Neké (Neké) were
immunoprecipitated with anti-Flag antibody (M2) and used as substrates for the Chk1 and Chk2 in vitro kinase assay as described in Materials and Methods.
The Cdc25C Ser216 and Brcal Ser?88 motifs'0 were used as positive controls. The immunoprecipitation of Flag-Neké was confirmed by Western blotting
with anti-Flag antibody. (B) Schematic diagram of Neké and four GST-Neké fragments (F1-F4). (C) The phosphorylation of purified GST-Neké fragments
(F1-F4) by Chk1 and Chk2 was examined in an in vitro kinase assay as described above.

overexpression of Nek6 overrides DNA damage-induced G,/M arrest
(Fig. 4). Nek6 activation is an essential step for mitotic cell cycle
progression. Inactivation of Nek6 by either RNA interference or the
expression of a dominant negative mutant form of Nek6 resulted
in cell cycle arrest at mitosis. These results suggest that one of the
mechanisms involved in DNA damage-induced cell cycle arrest at
the G,/M phase, is the inhibition of Nek6 activation through Chk
kinase-mediated phosphorylation.

Of the Nek family members, Nek6 and Nek?7 are closely related in
amino acid sequence and structure. These kinases share 87% amino
acid homology in the kinase domain and show a significant difference
only in their N-terminal regions.!® Thus, it has been suggested that
Nek6 and Nek7 play a redundant role in mitotic cell cycle progres-
sion. However, recent reports have demonstrated that their patterns
of activation and subcellular localization are quite different.’¢18 In
addition, Nek6 and Nek?7 respond differently to serum deprivation
conditions.!” These studies suggest that Nek6 and Nek7 play distinct
physiological roles. Consistent with this notion, Nek6 showed strong
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phosphorylation upon DNA damage, but Nek7 phosphorylation
was not detected in the [>2P] in vivo labelling assay after IR and UV
(data not shown). The location of the Chk kinase-dependent phos-
phorylation site in the N-terminal region of Nek6, which is the only
variable domain between Nek6 and Nek7, also suggests that these
two proteins are differently regulated upon DNA damage.

In conclusion, our study revealed that Nekoé is a novel target of the
DNA damage checkpoint and that the inhibition of Nek6 is required
for proper cell cycle arrest upon DNA damage. Further investiga-
tion of the detailed mechanism by which DNA damage checkpoint
mediates Nek6 regulation will provide important insights into cell
cycle regulation following DNA damage, as well as novel targets for
cancer treatment.

Materials and Methods

Cell culture and treatments. HEK293 and Hela cells were grown
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS) (Invitrogen). For genotoxic
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treatments, cells were treated with
gamma irradiation (IR) by using a
131 Cs source, or with UV by using a
germicidal UV lamp and UV radiom-
eter (UVX-25, Ultra-Violet Products
Ltd) with the indicated dose. To enrich
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immunoprecipitated with anti-Flag
antibody and analyzed by autoradiog-

raphy. To confirm the equal loading of
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Flag-Nek6, unlabelled samples that had
been treated in parallel were immuno-
precipitated and analyzed by Western
blotting with anti-Flag antibody, as
described previously.!?

Cell cycle analysis. To determine
cell cycle distribution, cells were fixed
with 70% ethanol and stained with
propidium iodide (PI). Flow cyto-
metric analysis was performed using
FACSCalibur and Cell Quest software (Becton Dickinson, Mountain
View, CA).

Generation of GST-Nek6 fragments and purification. To
generate GST-Nek6 fragments (F1-F4), PCR amplification was
carried out using forward primers carrying an EcoRI site and reverse
primers containing an Xhol site (the sequence of the oligonucleotides

in Materials and Methods.

is available upon request). The amplified fragments were digested
with EcoRI-Xhol and subcloned into the pGEX-5X-1 vector. The
GST-fusion proteins were expressed in Escherichia coli BL21 (DE3)
and purified as described previously.!”

In vitro kinase assay. In vitro Chkl and Chk2 kinase assays
were performed essentially as described previously.!” To examine
the phosphorylation of full length Nek6, Flag-Nek6 purified by
immunoprecipitation with anti-Flag antibody from HeLa cells tran-
siently expressing the fusion protein or 2 ug of purified GST-Nek6
fragments were incubated in a kinase reaction buffer containing 0.1
ug of purified Chk1 or Chk2,!% and 5 uCi [y->’P]JATP. The level of
immunoprecipitated Flag-Nek6 was determined by Western blotting
with an anti-Flag antibody. The reaction mixture was separated by
SDS-polyacrylamide gel electrophoresis and analyzed by autoradiog-
raphy.

To measure Nek6 kinase activity, an in vitro Nek6 kinase assay
was performed as described previously. Flag-Nek6 was immunopre-
cipitated from Hela cells transiently expressing the fusion protein and
incubated with 2 ug of myelin basic protein (MBP) as substrate in a
reaction buffer containing 5 uCi of [y->2P]ATP.
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Figure 3. Mitotic activation of Neké is inhibited by DNA damage. (A) Hela cells were treated with or without
(no) 0.4 ug/ml of nocodazole for 24 h. The nocodazoletreated cells were then irradiated with 10 Gy of IR
or 50 J/m? of UV and harvested 2 h later. The cell cycle distribution was determined by flow cytometric analy-
sis. (B) Hela cells transfected with Flag-Neké (Neké) were treated with or without 0.4 ug/ml of nocodazole
for 24 h. Cells were then treated with 10 Gy of IR or 50 J/m?2 of UV and in vivo phosphorylation of Neké
was examined as described Figure 1. (C) Hela cells were transfected with Flag-Neké and incubated with
nocodazole for 24 h. Cells were then treated with or without 10 Gy of IR or 50 J/mZ of UV and harvested 2
h later. Neké kinase activity was measured by an in vitro kinase assay using MBP as substrate, as described
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