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NEK7 is a centrosomal kinase critical for microtubule nucleation
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Abstract

NIMA in Aspergillus nidulans is a mitotic kinase for chromosome condensation and segregation. We characterized NEK7, a human
homologue of Aspergillus NIMA. NEK7 was located at the centrosome throughout the cell cycle. Temporal localization of NEK7 at mid-
body of the cytokinetic cell was also observed. NEK7 knockdown by RNAi caused a prometaphase arrest of the cell cycle with monopolar
or disorganized spindle. We propose that such defects in spindle assembly are resulted from reduction in microtubule nucleation activity at
the centrosome. In consistent to the proposal, we observed a decrease in the centrosomal c-tubulin levels and reduction of the microtubule
re-growth activity in the NEK7-suppressed cells. In addition, it was evident that NEK7 was directly involved in cytokinesis.
� 2007 Elsevier Inc. All rights reserved.

Keywords: NEK7; Mitotic kinases; Centrosome; Spindle assembly; Microtubule nucleation; Cytokinesis
Phosphorylation is one of the key regulatory mecha-
nisms for execution of a series of mitotic events. Once
Cdc2 is activated at the onset of mitosis, several other ser-
ine/threonine kinases, such as Aurora, NIMA-related
(NEK) and Polo-like (PLK) kinases are accompanied for
mitotic progression. Such mitotic kinases are often multi-
functional. For example, PLK1 is implicated in diverse
mitotic functions, including centrosome maturation, bipo-
lar spindle assembly, sister chromatid cohesion, ana-
phase-promoting complex/cyclosome activation, and
cytokinesis [1]. To carry out these functions, PLK1 phos-
phorylates multiple substrates at the sites of action, includ-
ing centrosome, kinetochore, and midbody. Furthermore,
the mitotic kinases are functionally interactive so that a
kinase is activated by phosphorylation with another kinase,
or that two kinases share a substrate for an action [2].
Mitotic kinases are often linked to tumorigenesis as their
overexpression was frequently observed in solid human
tumor tissues [3].

NEK kinases were initially identified as human homo-
logues of the Aspergillus NIMA, and so far 11 NEKs have
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been identified in the human genome [4,5]. As Apsergillus

NIMA was known as a mitotic kinase for chromosome
condensation and segregation [6,7], human NEKs have
been also suspected to be involved in mitotic events [5].
Perhaps NEK2 is most extensively studied among the
NEK family proteins. NEK2 is centrosomal and promotes
the splitting of duplicated centrosomes at the onset of mito-
sis [8]. NEK2 is also present outside of the centrosome, and
involved in other mitotic events, such as spindle assembly
and checkpoint [9–12]. Other NEK family proteins have
been investigated to some extents. Cumulative works sug-
gested that NEK6, NEK7, and NEK9 are involved in mito-
sis while NEK1 and NEK8 are linked to polycystic kidney
disease [13–17].

In this paper, we investigated biological functions of
NEK7. The results showed that NEK7 was centrosomal
and critical for spindle assembly at prometaphase and for
cytokinesis.

Materials and methods

Antibodies. Polyclonal NEK7 antiserum was raised against the GST-
NEK7 fusion protein. The NEK7 antibody was affinity purified by incu-
bation of the antiserum with a strip of nitrocellulose membrane blotted
with the NEK7 fusion protein and eluted with 100 mM glycine, pH 2.5.
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The antibodies against a-tubulin (Sigma), b-tubulin (Sigma), c-tubulin
(Sigma), the Myc tag (Cell Signaling), GFP (Cell Signaling), Aurora B
(BD Biosciences), NEK2 (Transduction Laboratories), PLK1 (Zymed),
and phospho-histone H3 (Upstate) were purchased.

Cell culture, transfection, flow cytometry, immunoblot, and immunocy-

tochemistry. HeLa, U2OS, and 293T cells were cultured in DMEM with
10% fetal bovine serum. The cells were treated with 2 mM thymidine and
100 ng/ml nocodazole for S and M phase arrest, respectively. Transient
transfection into HeLa or 293T cells was carried out using Lipofect-
AMINE Plus reagent (Invitrogen). Flow cytometry, immunoblot and
immunocytochemistry were carried out as described previously [18].

Microtubule re-growth assay. Cells were placed on ice for 30 min to
disrupt cellular microtubule organization, and then transferred to a 37 �C
environment to initiate microtubule growth. Twenty seconds later, the
cells were fixed and subjected to immunocytochemistry.

RNA interference. For RNAi suppression, siRNAs specific to NEK7

(CTCCGACAGTTAGTTAATATT), NEK2 (AAGCGGGACTTCCGC
ACATAC), and PLK1 (GCGGGACTTCCGCACATACTT) were trans-
fected into HeLa cells with oligofectAMINE (Invitrogen) according to the
manufacture’s instructions. Forty-eight hours after transfection, the cells
were fixed for immunocytochemistry or prepared for immunoblot or
FACS analysis. Non-specific control siRNA (AAGTAGCCGAGCTTCG
ATTGC) was also prepared.
Results

Expression and subcellular localization of NEK7

We raised a polyclonal antibody against bacterially
expressed GST-NEK7 fusion protein and affinity-purified.
Immunoblot analysis was carried out with the HeLa cells
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Fig. 1. Expression and subcellular localization of NEK7. (A) HeLa cells wer
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endogenous NEK7 was detected along with the ectopic NEK7 proteins. (B) T
arrest or with 2 mM thymidine (THM) for S phase arrest. The cell lysates w
specific to NEK7, phospho-histone H3 (pHH3), and c-tubulin. (C) The U2O
stained with DAPI. Arrowheads and an arrow indicated spindle poles and the s
in this figure legend, the reader is referred to the web version of this paper.)
in which Myc-NEK7 or GFP-NEK7 was ectopically
expressed. The results showed that the NEK7 antibody
detected not only the ectopic NEK7 proteins but also the
endogenous NEK7 protein of 34 kDa in size (Fig. 1A).

The NEK7 protein levels were determined in the HeLa
cells whose cell cycle was arrested at S and M phases with
treatment of thymidine and nocodazole, respectively. The
results showed that the cellular NEK7 levels were more
or less constant throughout the cell cycle (Fig. 1B).

When the NEK7 antibody was used for immunostaining
U2OS cells, it detected the centrosome distinctly. NEK7
was present at centrosome throughout the cell cycle
(Fig. 1C). In addition, the NEK7 signal was also detected
at spindle midzone of the anaphase cells and eventually
concentrated at the midbody (Fig. 1C, Supplementary
Fig. 1). Presence of NEK7 in cytoplasm was also evident,
since its diffused cytoplasmic signal disappeared in the
NEK7-suppressed cells (Fig. 2A). Such subcellular localiza-
tion of NEK7 suggests its functional link to the centrosome
and mitosis.

NEK7 is required for the microtubule nucleation activity of

the centrosome

We transfected siRNAs specific to NEK7 or other
related kinases, such as PLK1 and NEK2, and observed
that their expression was suppressed efficiently (Supple-
mentary Fig. 2). At the same time, we observed increases
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Fig. 2. Reduction of the microtubule nucleation activity in the NEK7-suppressed cells. (A) The NEK7-suppressed HeLa cells were stained with antibodies
specific to NEK7 and c-tubulin. The relative amount of the centrosomal c-tubulin was measured by the immunostaining intensities. For statistical
analyses, the experiments were repeated three times and more than 20 cells were used per each experimental group. The results were shown as means and
standard errors. (B) The microtubule re-growth assay was carried out with the NEK7-suppressed HeLa cells. The cells were immunostained with
antibodies specific to NEK7 and b-tubulin. For statistical analysis, the assay was repeated three times. Scale bars, 10 lm.
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in the phospho-histone H3 (pHH3) levels in the PLK1- and
NEK7-suppressed cells, indicating that the cell cycle of
these population is accumulated at M phase.

We co-immunostained the NEK7-suppressed cells with
antibodies specific to c-tubulin and NEK7. As expected,
the NEK7 signal disappeared below a detection level at
the centrosome and cytoplasm of the NEK7-suppressed
cells (Fig. 2A). At the same time, the centrosomal c-tubulin
levels were reduced by 60% of control, suggesting that
NEK7 is involved in c-tubulin recruitment into the centro-
some (Fig. 2A). Next, we examined the microtubule nucle-
ation activity in the NEK7-suppressed cells. Results from
the microtubule re-growth assay indicated that the micro-
tubule nucleation activity was reduced significantly in the
NEK7-suppressed cells (Fig. 2B).

NEK7 is required for bipolar spindle formation in mitotic

cells

FACS analysis revealed an increase of the 4N popula-
tion in both NEK7- and PLK1-suppressed cells (Supple-
mentary Fig. 3A). As indicated by the pHH3-positive cell
population as well as by microscopic observation, increases
in the M phase cells were also accompanied (Supplemen-
tary Fig. 3A and B). These results suggest that both
NEK7 and PLK1 are required for M phase progression
of the cell cycle.

Majority of the mitotic cells in the NEK7 knockdown
population appeared to be arrested at prometaphase with
nuclear envelope breakdown and chromosome condensa-
tion (Fig. 3A). We were able to detect a pair of centrosomes
at the NEK7-suppressed cells at M phase. However, the
centrosomes were positioned in the middle of the cells next
to each other without visible spindle irradiations. As a
result, condensed chromosomes became scattered through-
out the cell (Fig. 3A). Such phenotypes were comparable to
the PLK1-suppressed cells of which the cell cycle was
arrested at prometaphase with monopolar and disorga-
nized spindles in an equal odd [19,20] (Fig. 3B). Since both
monopolar and disorganized spindles were resulted from
reduction in c-tubulin recruitment and centrosomal spindle
irradiation [19,20], it is likely that the NEK7- as well as
PLK1-suppressed cells had defects in microtubule nucle-
ation activity of the centrosome.

Another distinct phenotypes observed in the NEK7-sup-
pressed cells are presence of the multinucleated cells (Sup-
plementary Fig. 4). Each cell contains several or more
small nuclei with diffused chromatin. The multinucleation
is probably a consequence of the aberrant mitotic exit with-
out appropriate chromosome segregation and cytokinesis
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Fig. 3. NEK7-suppression induced mitotic arrest with defects in bipolar spindle assembly. (A) The HeLa cells were transfected with siCTL or siNEK7.
Forty-eight hours later, the cells were immunostained with antibodies specific to NEK7 (green) and b- or c-tubulins (red). DNA was stained with DAPI.
Scale bars, 10 lm. (B) Statistical analysis of the phenotypes of the HeLa cells transfected with siCTL, siPLK1 or siNEK7. The experiments were repeated
three times and more than 50 mitotic cells were used per each experimental group. The results were presented as means and standard errors. Black, gray
and blank bars represent monopolar, bipolar, and irregular spindles, respectively. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this paper.)
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[21]. Individual mininucleus would contain a misaligned
clump of chromosomes. Such multinucleated cells have
been observed in cells whose mitosis was arrested with a
low concentration of paclitaxel, causing mitotic exit with-
out cytokinesis [21,22]. Therefore, it is suspected that a
fraction of the NEK7-suppressed cells somehow escaped
from the prometaphase arrest and ended up forming the
multinuclear cells.

Direct involvement of NEK7 in cytokinesis

In the previous experiments, we observed that NEK7

knockdown resulted in accumulation of the prometaphase
cells, due to the failure in bipolar spindle formation. In
order to determine additional phenotypes of the NEK7-
suppressed cell, we removed the spindle checkpoint by
depleting the MAD2 protein simultaneously. As a result,
the pHH3 levels were reduced significantly in the NEK7/
MAD2 double knockdown cells, indicating that the mitotic
cell population was reduced by passing the spindle check-
point and exiting mitosis (Supplementary Fig. 5A). A sim-
ilar phenomenon was also observed in the PLK1/MAD2

double knockdown cells [20] (Supplementary Fig. 5A). In
consistent, microscopic observations revealed reduction in
mitotic cells in the double knockdown populations (Sup-
plementary Fig. 5B). These results suggest that the mitotic
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arrest in both NEK7- and PLK1-suppressed cells were
attributed, in part, to spindle checkpoint [20].

Immunocytochemical analysis revealed the presence of
abnormal nuclei in the NEK7/MAD2 and PLK1/MAD2

double knockdown cells (Fig. 4A). Irregular shaped nuclei
and multiple nuclei were observed frequently in both pop-
ulations. Abnormal shapes of nuclei were also observed in
the MAD2-suppressed cells, as reported previously [23].
However, nuclear abnormality was severer and more fre-
quent in the double knockdown cells than in the MAD2

single knockdown cells, indicating that depletion of
NEK7 or PLK1 is responsible for the phenotype to some
extents (Fig. 4A).

We determined cell cycle stages of the double knock-
down cells. As shown previously, NEK7- or PLK1-suppres-
sion induced accumulation of the 4N cells, probably due to
the prometaphase arrest with defects in spindle assembly
(Supplementary Fig. 5C). The cell cycle profile of the
MAD2-suppressed population looked more or less normal
[23,24] (Supplementary Fig. 5C). In the NEK7/MAD2 dou-
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Fig. 4. Direct involvement of NEK7 in cytokinesis. (A) The HeLa cells were
Forty-eight hours later, the cells were immunostained with the b-tubulin antib
abnormal nuclei were counted and analyzed statistically with three independent
The HeLa cells were transfected with siRNAs specific to NEK7 or PLK1, alon
with antibodies specific to Aurora B and a-tubulin. Number of cells at cytoki
were repeated three times and more than 50 cells were used per each experime
interpretation of the references to color in this figure legend, the reader is refe
ble knockdown population, the number of pHH3-positive
cells was reduced to a normal range while that of 4N pop-
ulation was not affected (Supplementary Fig. 5C). Similar
results were also observed in the PLK1/MAD2 double
knockdown population, suggesting that the double knock-
down cells exited the mitosis, but failed cytokinesis.

The PLK1/MAD2 or NEK7/MAD2 double knockdown
cells were immunostained with an antibody specific to Aur-
ora B, a marker for the cytokinetic process [25]. The results
showed that NEK7/MAD2 double knockdown cells under-
went cytokinesis with a much less frequency than the
PLK1/MAD2 double knockdown cells did (Fig. 4B). Fur-
thermore, we observed morphological differences between
the double knockdown cells. In PLK1/MAD2-suppressed
cells, nuclear division occurred in an asymmetric manner,
as reported previously [20] (Fig. 4B). On the other hand,
the NEK7/MAD2-suppressed cells did not enter cytokinesis
but formed abnormal nuclei, similar to the Aurora B-sup-
pressed cells [26,27]. These results suggest direct involve-
ment of NEK7 in cytokinesis.
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Discussion

In the present study, we observed that NEK7 was
located at the centrosome throughout the cell cycle. Tem-
poral localization of NEK7 at the midbody of the cytoki-
netic cells was also evident. A similar subcellular
distribution has been reported in other NEK family pro-
teins. For example, NEK2 exhibited dynamic changes in
its distribution during the cell cycle but was detected at
the centrosome persistently and also at the midbody of
the mitotic cells [8,10]. A phosphorylated form of NEK9
was centrosomal [15]. In fact, Aspergillus NIMA, the
founding member of the NEK family proteins, was
detected at the mitotic spindle and spindle pole bodies
[7]. These results suggest that NIMA and NEK family pro-
teins share not only structural homology but also func-
tional resemblance in relation to microtubule organizing
and cilia formation [5].

The NEK7-suppressed cells were accumulated at pro-
metaphase with monopolar or disorganized spindle. Yissa-
char et al. also observed a similar phenotype at
prometaphase with multipolar spindle in the NEK7-
depleted cells [14]. We believe that such defects in spindle
assembly are resulted from reduction in microtubule nucle-
ation activity, as evidenced by reduction of the centrosomal
c-tubulin levels [28]. NEK7 is also required for the micro-
tubule nucleation in interphase cells as evidenced by the
microtubule re-growth assay. However, the most visible
phenotype would be defects in spindle assembly when the
highest microtubule nucleation activity was required
throughout the cell cycle [29].

So far PLK1 [19,20], Aurora A [30,31], NEK2 [12], and,
recently, CDK11 [32] have been known to be located at the
centrosome and control the microtubule nucleation and
anchoring activity. Depletion of these kinases usually
resulted in prometaphase arrest with defects in spindle
assembly. Reduction in the centrosomal c-tubulin levels
were typically accompanied. In the present study, we
added NEK7 to the list of the centrosomal kinases. It is
likely that phosphorylation is an important mechanism
in regulating microtubule nucleation and anchoring at
the centrosome.

Defects in spindle assembly were also observed when a
number of centrosomal protein components were depleted.
Therefore, it is likely that centrosomal kinases regulate bio-
logical functions of these centrosomal proteins for microtu-
bule nucleation at mitosis. In fact, a limited number of the
centrosomal proteins have been identified as substrates of
the centrosomal kinases. For example, NLP is involved
in microtubule nucleation in interphase cells and it is phos-
phorylated by NEK2 and PLK1 sequentially [33,34].
TACC3 and Eg5 are known to be substrates of Aurora A
and play roles in c-tubulin recruitment [30,35,36]. None-
theless, the current information is not sufficient to elucidate
whole regulatory mechanisms for microtubule nucleation
and anchoring in the centrosome. It is helpful if molecular
identity of the NEK7 substrates is discovered.
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