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Introduction
The human genome encodes a family of 11 NIMA-related, or 
Nek, protein kinases (Moniz et al., 2011; Fry et al., 2012). 
Functional studies indicate that the majority have roles either  
in cell cycle progression or at the primary cilium (O’Connell  
et al., 2003; Quarmby and Mahjoub, 2005; O’Regan et al., 2007; 
Moniz et al., 2011; Fry et al., 2012). For example, Nek2, Nek6, 
Nek7, and Nek9 contribute to centrosome separation and mitotic 
spindle assembly; Nek1, Nek8, Nek10, and Nek11 contribute to 
the DNA damage response; and Nek1, Nek4, and Nek8 contribute 
to ciliary function.

Nek5 remains the least well characterized of this family, 
with the only studies to date pointing to a role in myogenic  
differentiation (Tadokoro et al., 2010; Shimizu and Sawasaki, 
2013). Here, we demonstrate that Nek5, in common with sev-
eral other family members, localizes to centrosomes. Moreover, 
its loss leads to premature centrosome separation, a phenotype 
that also results from overexpression of Nek2 (Fry et al., 1998b; 
Faragher and Fry, 2003). During interphase, centrosomes are 
held together by a proteinaceous linker that is composed of 
coiled-coil proteins, including C-Nap1, rootletin, Cep68, centlein, 
and LRRC45 (Fry et al., 1998a; Mayor et al., 2000; Bahe et al., 

2005; Yang et al., 2006; Graser et al., 2007; He et al., 2013; 
Fang et al., 2014). This linker, which extends between and con-
nects the proximal ends of the mother and daughter centrioles, 
is disassembled in late G2 as a result of phosphorylation of 
linker proteins by Nek2 (Hardy et al., 2014). This allows cen-
trosomes to separate in prophase and generate a bipolar spin-
dle capable of accurate chromosome segregation (Mardin and 
Schiebel, 2012).

Here, we have explored the functions of Nek5 in regulat-
ing centrosome organization. We show that it contributes not 
only to uncoupling of the centrosome linker but also to the in-
tegrity of the pericentriolar material (PCM) and centrosomal 
microtubule (MT) nucleation. Together, these processes ensure 
the timely separation of centrosomes in early mitosis.

Results and discussion
Nek5 is a novel component of  
the centrosome
To investigate the cellular role of Nek5, we first confirmed its  
expression using semiquantitative RT-PCR in HEK293 and 
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primary cilia function. Here, we show that Nek5, simi-
lar to Nek2, localizes to the proximal ends of centrioles. 
Depletion of Nek5 or overexpression of kinase-inactive 
Nek5 caused unscheduled separation of centrosomes in 
interphase, a phenotype also observed upon overexpres-
sion of active Nek2. However, separated centrosomes that 
resulted from Nek5 depletion remained relatively close 
together, exhibited excess recruitment of the centrosome 

linker protein rootletin, and had reduced levels of Nek2.  
In addition, Nek5 depletion led to loss of PCM compo-
nents, including -tubulin, pericentrin, and Cdk5Rap2, with 
centrosomes exhibiting reduced microtubule nucleation. 
Upon mitotic entry, Nek5-depleted cells inappropriately 
retained centrosome linker components and exhibited 
delayed centrosome separation and defective chromo-
some segregation. Hence, Nek5 is required for the loss 
of centrosome linker proteins and enhanced microtubule 
nucleation that lead to timely centrosome separation and 
bipolar spindle formation in mitosis.
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to nuclei and centrosomes (Fig. 1 f). We then compared the 
centrosomal localization pattern of endogenous Nek5 with that 
of centrin1-GFP, a marker of centriole distal ends, and C-Nap1, 
rootletin, and Nek2, markers of centriole proximal ends (Fig. 1,  
g and h). Nek5 staining was clearly distinct from centrin but 
overlapped with the proximal end markers. Consistent with it 
being a centriolar protein, Nek5 colocalized with basal bodies, 
but not axonemal microtubules, in ciliated hTERT-RPE1 cells 
(Fig. 1 i). During mitotic progression, Nek5 was detectable at 

U2OS cells, as well as a panel of cancer cell lines (Fig. 1, a and b). 
We then generated a rabbit polyclonal antibody that detected re-
combinant Nek5 with a Western blot (Fig. 1 c). This antibody, as  
well as a commercial Nek5 antibody, stained the nucleus and cen-
trosomes under immunofluorescence microscopy (IF; Fig. 1 d).  
Although these antibodies did not obviously detect endoge-
nous Nek5 when using a Western blot, the IF signals were lost 
upon RNAi-mediated depletion of Nek5 (Fig. 1 e; and Fig. S1,  
a and b). Furthermore, recombinant GFP-tagged Nek5 localized 

Figure 1. Nek5 localizes to the centrosome. (a) RT-PCR of Nek5 and actin with RNA from U2OS or Hek293 cells. (b) RT-PCR of Nek5 and GAPDH with 
RNA from cancer cell lines (blue, colorectal; black, breast; orange, pancreatic) and immortalized breast epithelial cells (HBL100; bold). (c) Western blot 
analysis of U2OS cells that were mock-transfected or transfected with GFP-Nek5 for 24 h. Blots were probed with the in-house Nek5 antibody. -Tubulin 
was used as loading control. (d) Staining of U2OS cells with either an in-house or commercial Nek5 antibody and -tubulin. (e) Staining of Nek5 (with 
in-house antibody) and -tubulin in U2OS cells transfected with Nek5- or GL2-specific siRNAs for 48 h. (f) GFP-Nek5–transfected U2OS cell stained for 
-tubulin. (g) HeLa::centrin1-GFP cell stained for Nek5. (h) U2OS cells stained for Nek2, rootletin, or C-Nap1 and Nek5. The schematic illustrates relative 
localization of proteins within centrioles. (i) Staining of a ciliated hTERT-RPE-1 cell for Nek5 and acetylated tubulin. (j) Staining of -tubulin and Nek5 in 
U2OS cells at the stages indicated. The intensity of Nek5 at the centrosome relative to interphase is indicated. Data are mean ± SD of at least 20 centro-
somes (n = 2). Bars: (d–g and i–j, main images) 10 µm; (d–f, g, and i–j, insets, and h) 1 µm.

http://www.jcb.org/cgi/content/full/jcb.201412099/DC1
http://www.jcb.org/cgi/content/full/jcb.201412099/DC1
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significant increase in the proportion of interphase cells (54.7 ± 
8.2% compared with 24.3 ± 3.6% in controls) in which centro-
somes were separated by >2 µm was observed upon overexpres-
sion of GFP-Nek5KD. In contrast, overexpression of wild-type 
Nek5 did not alter the extent of centrosome separation (Fig. 2, 
d and e). Moreover, RNAi-resistant wild-type, but not kinase-
dead, Nek5 was able to rescue the centrosome separation defect 
induced by Nek5 depletion (Fig. 2, f and g). Interestingly, although 
the frequency of centrosome separation was increased upon Nek5  
depletion or overexpression of kinase-dead Nek5, the mean dis-
tance of separation was relatively modest, being increased from 
1.74 to 2.59 (Nek5 depletion) and 2.44 µm (overexpression of 
kinase-dead; Fig. 2 h). In contrast, overexpression of wild-type 
Nek2 led to a mean separation of 5.36 µm, which suggests that 
the mechanisms of centrosome separation that result from loss of 
Nek5 and overexpression of Nek2 are distinct (Fig. 2 h).

spindle poles, although staining was diminished in metaphase 
and anaphase (Fig. 1 j). Hence, these data provide good evi-
dence that Nek5 is a novel component of the centrosome that 
localizes toward the proximal end of centrioles.

Nek5 is required for normal centrosome 
linker organization
Depletion of Nek5 with two independent siRNAs led to prema-
ture centrosome separation in U2OS cells. The percentage of 
cells in which centrosomes were separated by >2 µm increased 
from 20% in controls to >55% upon Nek5 depletion (Fig. 2, 
a–c; and Fig. S1 b). A recombinant kinase-dead Nek5 construct 
(Nek5KD) was then generated with mutations in two residues 
that are expected to be essential for catalytic activity: K33 and 
D128. Although we have not been able to establish kinase 
assays to confirm inactivation of Nek5 by these mutations, a 

Figure 2. Nek5 loss leads to premature cen-
trosome separation in interphase. (a) RT-PCR 
of Nek5 and GAPDH with RNA collected after 
72 h of siRNA treatment of U2OS cells with 
mock, GAPDH, or Nek5 siRNAs. Three individ-
ual Nek5 siRNAs were tested. (b) Staining of 
Nek5 and -tubulin in U2OS cells transfected 
with Nek5- or GL2-specific siRNAs for 48 h.  
(c) Quantification of cells treated as in b with 
centrosomes split by >2 µm. (d) Staining of  
-tubulin and DNA in U2OS cells transfected for 
48 h with GFP, GFP-Nek5WT, or GFP-Nek5KD. 
(e) Quantification of cells with centrosomes 
separated by >2 µm in cells treated as in d.  
(f) U2OS cells were transfected with either si-
RNAs against Nek5 or GL2, or mock treated for 
24 h before GFP-Nek5WT and GFP-Nek5KD 
RNAi sensitive and resistant constructs were 
transfected into the cells. Cells were harvested 
24 h after plasmid transfection and analyzed 
by Western blotting with Nek5, GFP, and  
-tubulin antibodies. (g) Quantification of cells 
with centrosomes separated by >2 µm in U2OS 
cells treated as in f. (h) Box and whisker plot 
of the distance between centrosomes in mock-,  
GL2-, or Nek5-depleted cells, and either un-
transfected cells or those expressing GFP, GFP-
Nek5WT, GFP-Nek5KD, or GFP-Nek2WT. Bars:  
(main images) 10 µm; (insets) 1 µm. *, P < 0.05; 
**, P < 0.01; ****, P < 0.0001. Histograms 
show mean + SD (error bars); n = 3, 200 cells 
per experiment. Boxes represent the 25th and 
75th percentile, and whiskers the 10th and 
90th percentile of centrosome distances mea-
sured in 50 cells.
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Figure 3. Nek5 loss leads to increased rootletin but reduced PCM at interphase centrosomes. (a) Staining of -tubulin together with Nek5, C-Nap1, root-
letin, or Nek2 in U2OS cells treated with siRNAs against GL2 or Nek5 for 48 h. (b) Histogram of relative intensities of Nek5, -tubulin, C-Nap1, rootletin, 
and Nek2 in U2OS cells mock-treated or with siRNAs against GL2 or Nek5 for 48 h. (c) Histogram of relative intensities of -tubulin, C-Nap1, rootletin, 
and Nek2 in U2OS cells transfected with GFP, GFP-Nek5WT, or GFP-Nek5KD for 48 h. Representative images from GFP-Nek5WT– and GFP-Nek5KD– 
transfected cells stained for each protein are shown. (d) Staining of rootletin and -tubulin in mock- and Nek5-depleted cells. (e) Staining of GFP and -tubulin 
in cells transfected with GFP-rootletin for 24 h. (f) Quantification of cells with centrosomes separated by >2 µm in mock-, GFP-, or GFP-rootletin–transfected 
cells. (g) Staining of rootletin and -tubulin in mock-, Nek2-, or Nek2- and Nek5-depleted cells. (h) Western blot analysis of C-Nap1, rootletin, Nek2, and 
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-tubulin from mock-, GL2-, Nek5- or Nek2-depleted cells. (i) Quantification of cells with centrosomes separated by >2 µm in mock-, GL2-, Nek5-, Nek2-, 
or Nek2- and Nek5-depleted U2OS cells. (j) Quantification of cells with centrosomes separated by >2 µm in untransfected or GFP-Nek2KD–transfected 
mock-, GL2-, or Nek5-depleted U2OS cells. (k) Staining of centrin, Cdk5Rap2, Cep192, and pericentrin in GL2- and Nek5-depleted cells. (l) Histogram of 
intensities of centrin, Cdk5Rap2, Cep192, and pericentrin in U2OS cells treated with siRNAs against GL2 or Nek5 for 48 h relative to mock-treated cells. 
(m) Staining of pericentrin, EB1, and -tubulin in GL2- and Nek5-depleted cells treated with nocodazole for 5 h and 60 s washout to allow MT regrowth. 
(n) Histogram of the diameter of MT asters formed after 60 s regrowth in mock-, GL2-, and Nek5-depleted cells. Bars: (a, k, and m, main images) 10 µm; 
(a, k, and m [insets], c–e, and g) 1 µm. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. Histograms show mean + SD (error bars); n = 3, 
40 centrosomes (b, c, l, and n) or 200 cells (f, i, and j) per experiment.

 

Nek5 is required for PCM  
recruitment and MT nucleation
To investigate how Nek5 contributes to centrosome cohesion, 
the localization of centrosome linker proteins was assessed after 
Nek5 depletion (Fig. 3, a and b). C-Nap1 and Nek2 were both 
reduced in cells depleted of Nek5. In contrast, rootletin was in-
creased twofold. Similar changes were observed in cells expres-
sing kinase-inactive Nek5 (Fig. 3 c). The extra rootletin present 
at centrosomes in Nek5-depleted cells formed extended fibers 
(Fig. 3 d), similar to those formed upon overexpression of root-
letin (Fig. 3 e; Bahe et al., 2005). However, centrosome separa-
tion was inhibited, rather than promoted, in the presence of 
overexpressed rootletin, possibly through cytoplasmic seques-
tration of Nek2 (Fig. 3 f).

To explore the relationship between Nek5 and Nek2 in 
regulating centrosome cohesion, we analyzed cells that were  
either singly or co-depleted of Nek2 and Nek5. We found that 
each condition led to an approximately twofold increase in root-
letin at the centrosome (Fig. 3 g). Western blot analysis indi-
cated that the total protein levels of C-Nap1 and rootletin were 
unchanged (Fig. 3 h). Nek2 depletion did not lead to an increase 
in centrosome separation, whereas codepletion with Nek5 led  
to a reduced frequency of separation relative to Nek5 depletion 
alone (Fig. 3 i). Consistent with this, overexpression of kinase-
dead Nek2 (GFP-Nek2KD) reduced the frequency of centro-
some separation in Nek5-depleted cells from 54.6 ± 10.5% upon 
Nek5 depletion alone to 31.3 ± 3.5% in cells also expressing 
GFP-Nek2KD (Fig. 3 j). Hence, we conclude that Nek2 and 
Nek5 have distinct but cooperative functions in regulating orga-
nization of the centrosome linker.

We had noted that -tubulin levels were also reduced in 
Nek5-depleted cells (Fig. 3, a and b). We therefore assessed 
the abundance of other centrosomal components to determine 
whether there was a general loss of centrosome integrity. The 
PCM components pericentrin, Cep192, and Cdk5Rap2 (Cep215) 
were also significantly reduced, whereas the core centriole com-
ponent, centrin, was unaffected (Fig. 3, k and l; and Fig. S1 c). 
This suggests that loss of Nek5 primarily disrupts PCM integ-
rity as opposed to centriole structure. Consistent with this, MT  
regrowth was slowed after nocodazole-induced depolymeriza-
tion, with the asters formed in Nek5-depleted cells being only 
half the diameter of those formed in control cells after 60 s (Fig. 3,  
m and n).

Nek5 promotes centrosome linker 
disassembly in mitosis
We next tested the importance of Nek5 for mitotic progression. 
Flow cytometry showed no major change in cell cycle profile  

in Nek5-depleted cells or cells overexpressing wild-type or  
kinase-dead Nek5 (Fig. S1 d). However, this does not rule out a 
more subtle cell cycle defect, and microscopy analysis revealed 
an increase in the relative fraction of mitotic cells in prophase/
prometaphase in Nek5-depleted cells, with a concomitant de-
crease in metaphase cells (Fig. 4, a and b). Although no defect 
was observed in the spindle assembly checkpoint response to 
taxol (Fig. S1 e), metaphase spindles assembled in Nek5- 
depleted cells exhibited altered geometry, with poles often out 
of line with normal spindle orientation (Fig. 4, c and d). Addi-
tionally, C-Nap1 and rootletin still remained on separated cen-
trosomes in prophase (Fig. 4, e–g). Conversely, Nek2 abundance 
and C-Nap1 phosphorylation were reduced at centrosomes in 
Nek5-depleted prophase cells. Similar increases in C-Nap1 and 
rootletin abundance and a decrease in phosphorylated C-Nap1 
were observed at separated centrosomes in prophase after Nek2 
depletion (Fig. 4 h). Thus, we propose that the absence of Nek5 
hinders recruitment of Nek2 to centrosomes, leading to reduced 
C-Nap1 phosphorylation and inappropriate retention of centro-
some linker proteins in prophase. However, although there was 
a decrease in phospho-C-Nap1 and Nek2 in response to Nek5 
depletion, the increase in total C-Nap1 leaves it possible that 
there is also a change in localized activity of Nek2 at the centro-
some (Fig. 4, g and h).

Nek5-depleted prophase cells also had reduced levels of 
-tubulin, Cdk5Rap2, Cep192, and pericentrin, and a reduced 
rate of MT regrowth (Fig. 4, e–g, and i–l). Thus, the spindle  
geometry defect may be attributed to both retention of linker 
proteins and reduced MT-nucleating capacity of prophase cen-
trosomes. Indeed, Cdk5Rap2 has dual roles in both centrosome 
cohesion and PCM integrity, which suggests that its loss may 
contribute to both phenotypes observed upon Nek5 loss (Pagan 
et al., 2015).

Nek5 is required for timely centrosome 
separation and genome integrity
To test the impact of Nek5 depletion on the timing of centro-
some separation, we performed time-lapse imaging of HeLa cells 
stably expressing GFP–-tubulin. Upon mitotic entry, a bright 
GFP dot becomes visible as the MT organizing center (MTOC) 
increases nucleation activity. This MTOC then separates to op-
posite sides of the cell to establish a bipolar spindle. Designat-
ing the time at which a distinct MTOC is first seen as T = 0, 
we observed that Nek5-depleted cells take 15 min longer to 
establish a bipolar spindle with opposing poles compared with 
control cells (Fig. 5, a and b; and Videos 1–6). Indeed, only 48% 
of Nek5-depleted cells enter prometaphase with centrosomes at 
opposite poles, as compared with 76% of control cells (n = 25). 

http://www.jcb.org/cgi/content/full/jcb.201412099/DC1
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Figure 4. Nek5 loss leads to retention of centrosome linker proteins and reduced MT nucleation in mitosis. (a) Staining of DNA, -tubulin, and pericentrin 
in GL2- and Nek5-depleted cells at the mitotic stages indicated. (b) Histogram of cells in different stages of mitosis, as indicated, after 48 h of mock, GL2, 
or Nek5 depletion in U2OS cells. (c) Metaphase GL2- and Nek5-depleted cells stained for DNA, -tubulin, and pericentrin. The yellow line indicates the 
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plane of the metaphase plate; the white line indicates the pole-to-pole spindle axis. (d) Dot plot of the angle between the spindle axis and metaphase plate 
for mock-, GL2-, and Nek5-depleted cells. Each dot represents a single cell with data collected over two independent experiments, bars represents mean ± SD. 
(e and f) Staining of C-Nap1 or rootletin and -tubulin in prophase U2OS cells after mock, GL2, or Nek5 depletion. (g) Histogram of relative intensities of 
-tubulin, C-Nap1, rootletin, Nek2, and phospho-C-Nap1 (pC-Nap1) in mock-, GL2-, Nek5-, and Nek2-depleted prophase U2OS cells. Each protein was 
normalized to its intensity in mock-treated cells. (h) Staining of pC-Nap1 and Nek2 in prophase U2OS cells that were mock, GL2, or Nek5 depleted. The 
ratios of pC-Nap1/Nek2 intensities are indicated. (i) Staining of centrin, Cdk5Rap2, Cep192, and pericentrin in GL2- and Nek5-depleted prophase cells.  
(j) Histogram of relative intensities of centrin, Cdk5Rap2, Cep192, and pericentrin in prophase U2OS cells that were mock-, GL2-, or Nek5-depleted for 48 h.  
Each protein was normalized to its intensity in mock-treated cells. (k) Staining of pericentrin, EB1, and -tubulin in GL2- and Nek5-depleted prophase cells 
treated with nocodazole for 5 h and 60 s washout to allow MT regrowth. (l) Histogram of the diameter of MT asters formed after 60 s of regrowth in mock-, 
GL2-, Nek5-, and Cep192-depleted cells. Bars: (a, c, e, f, h, and i, main images) 10 µm; (c) 5 µm; (e, f, h, i, and k, insets) 1 µm. Histograms show mean + 
SD (error bars); n = 3, 40 centrosomes (l) or 100 cells (b, g, and j) per experiment. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

 

Additionally, the time taken from nuclear envelope breakdown 
to anaphase onset was increased by 25 min in Nek5-depleted 
cells (Fig. 5 c). Together, these data suggest that spindle assem-
bly is less efficient in Nek5-depleted cells, which is consistent 
with the increase in prophase/prometaphase duration.

A block to prophase centrosome separation leads to spin-
dle assembly via a prometaphase pathway that is dependent on 
motor protein–driven pole separation (Toso et al., 2009; Kaseda 
et al., 2012; Mchedlishvili et al., 2012). However, spindles as-
sembled via the prometaphase pathway exhibit increased fre-
quencies of merotelic attachments and chromosome segregation 
defects (Silkworth et al., 2012). We noted that upon Nek5 de-
pletion there was a fourfold increase in interphase cells that had 
micronuclei, as well as a significant increase in binucleated 
cells (Fig. 5, d and e). These observations are consistent with 
chromosome segregation errors and cytokinesis failure, both of 
which occur in response to merotelic attachments. Micronuclei 
in Nek5-depleted cells contained 0, 1, or 2 centromeres, which 
suggests that they arise from both acentric chromosome frag-
ments and lagging whole chromosomes (Fig. 5 f). There was 
also an increase in the frequency of anaphase cells with lagging 
chromosomes, rising from 6.6% in control cells to 48.4% upon 
Nek5 depletion (Fig. 5, g–i). We also observed unresolved sister 
chromatids that gave rise to chromosome bridges (Fig. 5, g and 
i). Similar results were seen upon depletion of Nek2, but not 
after overexpression of rootletin (Fig. 5, e and h), which sup-
ports the hypothesis that both Nek2 and Nek5 are required for 
timely separation of centrosomes in early mitosis.

In summary, we provide the first demonstration of a cell 
cycle role for Nek5. We propose that Nek5 is important for both 
maintenance of PCM integrity and the mitotic loss of centrosome 
cohesion. Together, these processes are essential for the timely 
separation of centrosomes at the G2/M transition. Disassembly of 
the centrosome linker may be achieved through cooperation with 
Nek2, although how this happens remains to be determined. In-
deed, there are many potential substrates for these kinases, given 
the growing list of centrosome linker components. Nevertheless, 
in the absence of either Nek2 or Nek5, centrosome separation is 
delayed, leading to chromosome segregation errors and high-
lighting the importance of these kinases for genome stability.

Materials and methods
Plasmid construction and site-directed mutagenesis
A full-length Nek5 cDNA clone (GenBank accession no. BC063885) encod-
ing a 708-residue protein was obtained from GeneCopoeia. For antibody 

production, a Nek5 DNA fragment corresponding to amino acids 505–708 
was amplified by PCR and cloned into the pETM-11 (T7 promoter; EMBL) 
vector. To generate tagged mammalian expression constructs, full-length 
Nek5 cDNA was PCR amplified and cloned into the pEGFP-T7 (pEGFP-
C1 [CMV promoter; Takara Bio Inc.] with an additional T7 promoter [Fry 
laboratory]) or pFLAG-CMV-2 (CMV promoter; Sigma-Aldrich) vectors. 
Point mutations to generate the GFP-Nek5-K33R/D128A mutant were in-
troduced by sequential site-directed mutagenesis of the GFP-Nek5WT con-
struct using the GeneTailor Site-Directed Mutagenesis System (Invitrogen). 
RNAi-resistant constructs were generated using primers designed to change 
the third position of each codon recognized by oligos #1 and #3 (#1 for-
ward, CCTTCTTCAATTCATTTCAAGAAAACGGGAGACTCTTCATCGTA-
ATGGAAT, and reverse, TTGAAATGAATTGAAGAAGGCTACAATGTT; 
#3 forward, TCTTTCAAGTATCTCCTCGAGATCGCCCGTCGATCAACTC-
GATTTTGAAAA, and reverse, TCGAGGAGATACTTGAAAGAGCTGAGA-
TAT). GFP-rootletin (full-length human rootletin), Myc-Nek2WT (full-length 
wild-type human Nek2A) and GFP-Nek2KD (amino acid change, K37R, 
in full-length Nek2A to give inactive Nek2A) have been described previ-
ously (Fry et al., 1998b; Faragher and Fry, 2003; Bahe et al., 2005). All 
plasmid constructs were verified by DNA sequencing (The Protein Nucleic 
Acid Chemistry Laboratory, University of Leicester).

Antibody generation
For production of Nek5 antibodies, rabbits were immunized by Cambridge 
Research Biochemicals with bacterially expressed His-tagged protein corre-
sponding to amino acids 505–708 of Nek5. For affinity purification, His-
Nek5-507-708 was coupled to CNBr-activated Sepharose according to the 
manufacturer’s instructions (GE Healthcare). Antiserum was passed over the 
column, and after extensive washing with 10 mM Tris-HCl, pH 7.5, followed 
by 10 mM Tris-HCl, pH 7.5, 500 mM NaCl, specific antibodies were eluted 
with 100 mM glycine, pH 2.5, or 100 mM Triethylamine, pH 11.5, into 
tubes containing neutralizing quantities of 1 M Tris-HCl, pH 8.0.

Cell culture, drug treatments and transfection
All cell lines were maintained in a humidified 5% CO2 atmosphere at 
37°C. U2OS, tetracycline-inducible U2OS::GFP-Nek2WT (USOS cells 
with stably incorporated GFP-Nek2WT full length under a tetracycline-
inducible promoter; Faragher and Fry, 2003), Hek293, HeLa::GFP– 
-tubulin (stably expressing GFP-tagged full length -tubulin), HeLa::cen-
trin1-GFP (stably expressing GFP-tagged full-length centrin1), as well as 
colorectal (SW620, SW480, HT29, HCT116), breast (HBL100), and 
pancreatic (MIA-Pa-Ca-2, Panc-1) cancer cell lines were cultured in DMEM 
(Invitrogen). Other breast (MDA-MB-468) and pancreatic (AsPc, BxPc-3) 
cancer cell lines were cultured in RPMI 1640 media (Invitrogen). hTERT-
RPE1 cells were cultured in DMEM/Ham’s F12 supplemented with 0.4% 
wt/vol sodium bicarbonate solution. All cell lines were supplemented with 
10% vol/vol FBS and penicillin-streptomycin (100 U/ml and 100 µg/ml, 
respectively). Primary cilia formation was induced in hTERT-RPE1 cells 
by culturing cells in serum-free medium for 48 h. To induce expression 
of Nek2 in the U2OS::GFP-Nek2WT cell line, doxycycline was added 
at 1 µg/ml for 24 h. To arrest cells in mitosis, cells were treated with 
10 µM taxol (Sigma-Aldrich). For MT regrowth experiments, cells were 
treated with 20 µM nocodazole (Sigma-Aldrich) for 5 h, then cells were 
washed and incubated in culture medium without nocodazole at 37°C 
for the indicated time. For transient transfections, 1 µg of plasmid DNA 
was complexed with Lipofectamine 2000 (Invitrogen) in serum-free Opti-
MEM (Gibco) according to the manufacturer’s instructions and added 
to cells at 60% confluency. Cells were fixed and analyzed 24–48 h  
after transfection.

http://www.ncbi.nlm.nih.gov/nucleotide/BC063885


JCB • volume 209 • numBer 3 • 2015 346

Immunofluorescence microscopy
Cells were extracted with 0.2% NP-40 in 80 mM Pipes, pH 6.8, 1 mM 
MgCl2, and 1 mM EGTA for 30 s before fixation with methanol at 20°C 
for 10 min. After rehydration with PBS for 20 min, cells were blocked in 
1% wt/vol BSA-PBS and incubated with primary antibodies for 1 h at room 
temperature followed by a 45-min incubation with secondary antibodies. 
Secondary antibodies used were Alexa Fluor 488, 594, and 647, FITC or 
Rhodamine-red goat or donkey anti–rabbit, goat or donkey anti–mouse, 
and donkey anti–rat IgGs (1 µg/ml; Invitrogen or Jackson ImmunoResearch 
Laboratories, Inc.). DNA was stained with Hoechst 33258 or DAPI (Sigma-
Aldrich). Coverslips were mounted with 3% wt/vol N-propyl-gallate,  

RNAi
siRNA oligonucleotides specific to Nek5 (#1, GAGAAUGGCAGGCUGUU-
UAUU; #2, GAAUAAACCCUACAACAAUUU; #3, GACCGACCAUC-
CAUAAAUUUU; GE Healthcare or QIAGEN), Nek2 (GAAAGGCAAU-
ACUUAGAUG and AAACAUCGUUCGUUACUAU; Thermo Fisher Scien-
tific), GAPDH (AM4631; Ambion), or luciferase GL2 (D-001100-01-20; 
Thermo Fisher Scientific) were transfected at 50 nmol into cells using Oligo-
fectamine or Lipofectamine 2000 (Invitrogen) in serum-free OptiMEM (Gibco) 
according to the manufacturer’s instructions. Cells were analyzed 48–72 h 
after transfection. Unless otherwise indicated, Nek5 depletions were under-
taken with siRNA oligonucleotides #1 and #3 combined.

Figure 5. Nek5 loss leads to delayed centrosome separation and chromosome segregation errors in mitosis. (a) Brightfield and GFP stills from time-lapse 
imaging of GL2- and Nek5-depleted HeLa cells expressing GFP–-tubulin. Time is in minutes and t = 0 was defined as the frame in which a distinct MTOC 
becomes visible. (b) Dot plot of time from when an MTOC becomes visible to bipolar spindle formation in mock-, GL2-, and Nek5-depleted HeLa::GFP– 
-tubulin cells. (c) Dot plot of time from nuclear envelope breakdown (NEBD) to anaphase onset in mock-, GL2-, and Nek5-depleted HeLa::GFP–-tubulin 
cells. (d) DNA stain in U2OS cells depleted of Nek5 for 48 h. (e) Histogram of interphase U2OS cells that were binucleated or contained micronuclei after 
mock, GL2, Nek5, or Nek2 depletion or GFP-rootletin overexpression. (f) Interphase Nek5-depleted U2OS cells stained for DNA and CENP-A. (g) Ana-
phase Nek5-depleted U2OS cells stained for DNA. (h) Histogram of anaphase cells with lagging chromosomes after mock, GL2, Nek5, or Nek2 depletion 
or GFP-rootletin overexpression. (i) Anaphase Nek5-depleted U2OS cells stained for DNA and CENP-A. Bars: (a, d, and f, main images) 10 µm; (g and i, 
main images) 5 µm; (f and i, insets) 1 µm. Histograms show mean + SD (error bars); n = 3, 100 cells per experiment. For dot plots, each dot represents a 
single cell with data collected over two independent experiments; bars represent mean ± SD. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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RT-PCR
To prepare RNA for RT-PCR, cells were homogenized with TRIzol reagent 
(Sigma-Aldrich). 1 (GAPDH, actin) or 5 µg (Nek5) of total RNA was then 
used for first strand cDNA synthesis with Superscript III reverse transcription 
(Invitrogen) according to the manufacturer’s instructions. 25% of the first 
strand reaction was then used in the PCR reaction mixture, with 25 µl total 
volume, containing 1.5 mM MgCl2, 0.2 mM dNTPs, 0.8 µM of each for-
ward and reverse primer, and 1 U Taq DNA polymerase (Invitrogen). 30 
cycles of PCR were used after denaturation at 95°C for 2 min. Cycles con-
sisted of 95°C for 1.5 min, annealing at 50°C for 2 min, and elongation 
at 72°C for 1 min, followed by one final extension at 72°C for 10 min. The 
primer pairs used were as follows: Nek5 forward, CTTAAACATCCTTTT-
GAGGGTAAC; and reverse, TACTCAGCAGGCCATTGACTTGGG; GAPDH 
forward, CGGAGTCAACGGATTTGGTCGTAT; and reverse, ATGGACT-
GTGGTCATGAGTCCTTC; and actin forward, TGATGGTGGGCATGGGT-
CAG; and reverse, CATTTGCGGTGGACGATGGAG. PCR products were 
analyzed by agarose gel electrophoresis.

Statistical analysis
All quantitative data represent mean and SD of at least three independent 
experiments in which at least 100–200 cells were quantified. For protein 
intensity measurements, the intensity of each protein was normalized to its 
intensity in control-treated cells. 40 centrosomes were quantified for each 
protein for each condition in three independent experiments. Statistical 
analyses were performed using a one-tailed unpaired Student’s t test as-
suming unequal variance. P-values are defined as: *, P < 0.05; **, P < 
0.01; ***, P < 0.001; ****, P < 0.0001. For box and whisker plots, 
boxes represent the 25th and 75th percentile, and whiskers the 10th and 
90th percentile of centrosome distances measured in 50 cells. For dot 
plots, each dot represents a single cell with data collected over two inde-
pendent experiments, and the bar represents mean ± SD.

Online supplemental material
Fig. S1 shows Western blot, IF, RT-PCR, and flow cytometry data that sup-
port conclusions drawn from the figures in the manuscript. Videos 1–6  
show time-lapse imaging movies of GL2 and Nek5-depleted HeLa cells 
expressing GFP–-tubulin as they progress into mitosis. Online supple-
mental material is available at http://www.jcb.org/cgi/content/full/ 
jcb.201412099/DC1.
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