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A bifurcated signaling cascade of NIMA-related
kinases controls distinct kinesins in anaphase
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In mitosis, cells undergo a precisely orchestrated series of spatiotemporal changes in cytoskeletal structure to divide their
genetic material. These changes are coordinated by a sophisticated network of protein—protein interactions and post-
translational modifications. In this study, we report a bifurcation in a signaling cascade of the NIMA-related kinases
(Neks) Neké, Nek7, and Nek9 that is required for the localization and function of two kinesins essential for cytokinesis,
Mklp2 and Kif14. We demonstrate that a Nek9, Neké, and Mklp2 signaling module controls the timely localization and
bundling activity of Mklp2 at the anaphase central spindle. We further show that a separate Nek?, Nek7, and Kif14
signaling module is required for the recruitment of the Rho-interacting kinase citron to the anaphase midzone. Our
findings uncover an anaphase-specific function for these effector kinesins that is controlled by specific Nek kinase sig-

naling modules to properly coordinate cytokinesis.

Introduction

Mitosis is a highly dynamic and tightly controlled phase of the
cell cycle that spans diverse biological functions, including
chromosome condensation, formation of a microtubule-based
bipolar spindle, sister chromatid separation, and segregation,
ultimately culminating in the formation of two genetically
identical daughter cells (Musacchio and Salmon, 2007; Rieder,
2011). The spatiotemporal coordination of these processes is
achieved by a complex array of signaling molecules, including
kinases, phosphatases, and G proteins, among others. For ex-
ample, the timely phosphorylation of key substrates by cyclin-
dependent kinase 1 (Cdkl), the Aurora family (AurA and
AurB), and Polo-like kinase 1 (Plkl) enzymes is crucial for
successful completion of most aspects of cell division (Harper
and Adams, 2001; Nigg, 2001; Carmena and Earnshaw, 2003).
These upstream mediators of signal transduction in mitosis en-
gage in protein—protein interactions with coactivators, inhib-
itors, and substrates to coordinate transient phosphorylation of
their protein substrates and ensure proper mitotic progression.
In addition to direct substrate phosphorylation to regulate their
activity, localization, and abundance, some of their substrates
are also kinases (Kettenbach et al., 2011), which in turn gener-
ate a complex network of signaling pathways that relay infor-
mation and coordinate parallel mitotic functions.

One such module of downstream kinases implicated in
mitotic signal transduction consists of the three NIMA-related
kinases (Neks) Nek9, Nek6, and Nek7, all of which are required
for faithful cell division (O’Regan et al., 2007). In this signaling
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cascade, Nek9 is thought to lie upstream of Nek6 and Nek7
and activates them by both physical interaction (Richards et al.,
2009) and phosphorylation of their respective activation loops
in mitosis (Belham et al., 2003). In early mitosis, Nek9, Nek6,
and the kinesin Eg5 form a signaling module downstream of
Cdk1 and PIk1 that is required for centrosomes to separate and
form a bipolar spindle (Rapley et al., 2008; Bertran et al., 2011).
Nek9 also phosphorylates Nedd1 to recruit and retain y-tubulin
at centrosomes (Sdelci et al., 2012). Nek6 and Nek7 are thought
to phosphorylate Nup98 and facilitate nuclear envelope perme-
abilization (Laurell et al., 2011). Nek6 has been shown to phos-
phorylate Hsp72, thereby stabilizing kinetochore—microtubule
fibers (O’Regan et al., 2015). Finally, there is considerable
evidence that Nek6, Nek7, and Nek9 contribute to faithful cy-
tokinesis: Nek6, Nek7, and Nek9 localize to the midbody in cy-
tokinesis (Roig et al., 2005; Kim et al., 2007; O’Regan and Fry,
2009), and depletion of Nek9 by siRNA (Kaneta and Ullrich,
2013), engineered knockout of Nek7 in mouse embryonic fi-
broblasts (Salem et al., 2010), or overexpression of kinase-dead
Nek7 (Yissachar et al., 2006) leads to an increase in binucleated
cells. Also, although overexpression of fully inactive Nek6 or
Nek7 arrests cells in metaphase, overexpression of partially ac-
tive Neko6 or Nek7 arrests cells in cytokinesis (O’Regan and Fry,
2009), indicating that higher amounts of Nek6 and Nek?7 kinase
activities are required to complete cytokinesis than to traverse
metaphase. Although the mechanism by which Nek9 and Nek6
function in prometaphase has been investigated (Rapley et al.,
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2008; Bertran et al., 2011), there is currently no mechanistic
insight into how Neks contribute to cytokinesis.

For successful completion of cytokinesis and abscission, a
dramatic reorganization of the microtubule cytoskeleton is ini-
tiated in anaphase to form the central spindle at the midzone
between the two poles (Glotzer, 2009; Green et al., 2012). The
central spindle is a dynamic signaling platform composed of
microtubule-associated proteins, kinesin motor proteins, mitotic
kinases, and phosphatases. For instance, Mklp2 is a kinesin-6
family member that interacts with the chromosomal passenger
complex (CPC) and targets it to the central spindle in anaphase
in a manner regulated by Cdkl (Gruneberg et al., 2004; Hiim-
mer and Mayer, 2009; Kitagawa et al., 2014). In addition, Plk1
interacts with and phosphorylates Mklp2, which contributes
to the localization of Plk1 to the central spindle and regulates
the microtubule-bundling ability of Mklp2 (Neef et al., 2003).
Kif14 is a kinesin-3 family member that is thought to recruit the
effector kinase citron to the midzone (Gruneberg et al., 2006).
Citron, in turn, is essential for proper midbody formation and
abscission (Bassi et al., 2013). Both of these kinesins are re-
quired for accurate completion of cytokinesis.

In this study, we investigated the role of Neks in mito-
sis. We discovered that Nek9 regulates a bifurcated pathway in
which its downstream effector kinases, Nek6 and Nek7, each
control distinct kinesins that are required for faithful cytokine-
sis. We show that Nek9, Nek6, and the kinesin Mklp2 form a
signaling module, which is required for Mklp2 to localize to the
central spindle in anaphase. Nek6 also phosphorylates Mklp2
at Ser244, inhibiting its bundling activity until anaphase onset.
Similarly, Nek9, Nek7, and Kifl4 form a signaling module
in which Nek7 phosphorylates Kif14, allowing the kinesin to
localize citron kinase to the cleavage furrow in anaphase and
contribute to proper midbody formation in cytokinesis. Al-
though previously considered to be functionally equivocal in
early phases of mitosis (Bertran et al., 2011), our data provide
clear evidence for the participation of Nek6 and Nek7 in dis-
tinct arms of separate pathways that converge at cytokinesis.
Collectively, these studies shed new light on the cellular and
molecular mechanisms by which Neks contribute to faithful
mitotic progression.

The physiological relevance of Nek-mediated regulation of
cytokinesis is exhibited by a significant increase in cytokine-
sis failure upon depletion of Nek6, Nek7, or Nek9. Previous
literature has shown that depletion of Nek9 or its downstream
effectors Nek6 and Nek7 increases the number of binucleated
cells, which are the result of failed cytokinesis (Salem et al.,
2010; Kaneta and Ullrich, 2013), although the precise molec-
ular mechanisms that underlie the relationship between these
Nek kinases and faithful cell division have not been reported.
In our hands, the cancer cell lines HelLa and U20S display
two- to fourfold increases in the percentage of binucleated cells
after 2 d of Nek depletion when compared with control cells
(Fig. 1, A and B). After 3 d, binucleation increased further such
that a total of 10-18% of all cells were tetraploid, indicating a
rate of cytokinesis failure that results in the accumulation of

binucleated cells (Fig. 1, A and B). In the immortalized but
nontransformed RPE1 cell line, the percentage of binucleated
cells increased to a similar extent after 2 d of Nek depletion;
however, tetraploid cells do not accumulate over time as in
transformed cells (Fig. 1 C), consistent with previous literature
that has shown p53-dependent senescence and apoptosis after
cytokinesis failure (Minn et al., 1996; Lanni and Jacks, 1998;
Andreassen et al., 2001; Castedo et al., 2006; Krzywicka-Racka
and Sluder, 2011). These tetraploid cells are likely to result in
higher rates of chromosome missegregation in subsequent cell
divisions (Ganem et al., 2009), increasing chromosomal insta-
bility and promoting aneuploidy. Nek9 depletion also disrupted
the structure of the midbody, as indicated by disorganized and
asymmetrical staining of PRC1 and tubulin (Fig. 1 D). This ob-
servation is similar to the midbody defects previously observed
upon depletion of essential midbody proteins such as citron ki-
nase (Bassi et al., 2013).

Given that Nek9 contains several protein—protein interac-
tion domains and has been shown to stably interact with Nek6
or Nek7 as well as other proteins (Fig. 2 A), we hypothesized
that Nek9 may interact with proteins involved in cytokinesis
and that knowledge of these proteins would provide additional
insights into its function in this process. We generated HeLa cell
lines stably expressing 6xMyc-tagged Nek9 or the tag alone and
immunoprecipitated epitope-tagged Nek9 with anti-Myc anti-
body from mitotic cells. The resulting copurified proteins were
separated by gel electrophoresis, digested to peptides, and iden-
tified by mass spectrometry using the tag-only sample as a neg-
ative control to distinguish specific from nonspecific interactors
(Table S2). In addition to an array of protein interactors that par-
ticipate in other mitotic functions, including KifC1, MYPT1,
and NuMAI1, we identified several proteins with known roles
in cytokinesis as reproducible specific binding partners of Nek9
(Fig. 2 B). We confirmed these AP-MS results by Western blot-
ting for the central spindle components Kif14, protein regulator
of cytokinesis 1 (PRC1), inner centromere protein (INCENP),
Mklpl, and Mklp2, demonstrating specific enrichment of these
proteins in anti-Myc Nek9 versus anti-Myc control immuno-
precipitations (Fig. 2 C). The absence of other midbody pro-
teins by AP-MS (e.g., Kif4A, Ect2, citron, and Cep55; Table
S2) and Western blot (Kif4A and citron; Fig. 2 C) supports the
idea that the identified proteins are soluble interactors of Nek9
and not the result of precipitated midbodies. Collectively, Nek9
appears to interact with an array of regulatory proteins in mito-
sis, including select cytokinetic factors, raising the intriguing
possibility that it may control their function in a way that pro-
motes the formation of a stable midbody and successful com-
pletion of cytokinesis.

To divide faithfully, cells begin the process of mitotic exit at
anaphase, after chromosome segregation. The anaphase central
spindle is organized as layers of signaling proteins on top of
core structural components, the latter of which bind directly
to and in some cases bundle central spindle microtubules for
the recruitment of the former (Barr and Gruneberg, 2007). Al-
though we observed Nek9 interacting with structural compo-
nents of the central spindle, including PRC1, Mklp1, and INC
ENP (Fig. 1, B and C), depletion of Nek9 by siRNA (Fig. S1
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Figure 1. Nek depletion promotes cytokinesis failure. (A-C) Hela (A), U20S (B), and RPE1 (C) cells were treated with 10 nM of the indicated siRNAs for

48 and 72 h. Cells were fixed and stained for immunofluorescence, and the percentage of binucleated cells in >500 interphase cells was counted in three
independent experiments. (D) Under conditions of Nek® depletion, cytokinetic midbodies display disorganized PRC1 and tubulin staining that is consistent
with depletion of citron kinase. Detergent-extracted Hela cells stained with endogenous antibodies. n > 100 cytokinesis cells per condition in more than
three independent experiments. *, P < 0.05 by Student's t test; bar graphs show means + SD. Bars: (main images) 20 pm; (insets) 5 pm.

A) did not affect the localization of these proteins by fixed-cell
immunofluorescence microscopy (Fig. S1, B-D). In contrast,
depletion of Nek9 abrogated the localization of two regulatory
kinesins, Mklp2 and Kif14, to the central spindle in anaphase
(Fig. 3, A and B). Surprisingly, however, both kinesins were
observed at the midbody in telophase cells lacking Nek9, sug-
gesting a phase-specific delay in their recruitment to the cen-
tral spindle apparatus.

Prior studies have demonstrated persistent localization
of Mklp2 at the central spindle and midbody from anaphase
to cytokinesis. When mislocalized, for example in INCENP-
depleted cells (Gruneberg et al., 2004; Hiimmer and Mayer,
2009), Mklp2 was not observed at these structures at any point
beyond metaphase. In our fixed-cell immunofluorescence mi-
croscopy experiments, we failed to observe endogenous Mklp2
localization in >90% of anaphases in cells transfected with

NIMA-related kinase signaling in anaphase
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Category Gene Description % Coverage|Peptide Count|iBAQ Area [iBAQ Ratio
Kinesins KIF20A |Kinesin-like protein KIF20A (Mklp2) 20 9 6.8E+05 16.00
KIF14 |Kinesin-like protein KIF14 17 13 2.5E+05 26.49
Centralspindlin | KIF23 |Kinesin-like protein KIF23 (Mklp1) 20 8 1.9E+05 14.00
RGAP1 |Rac GTPase-activating protein 1 (MgcRacGAP) 25 9 4.1E+05 11.42
CPC BOREA |Borealin 50 9 3.9E+06 16.00
INCE |Inner centromere protein 22 19 2.5E+06 16.00
AURKB (Serine/threonine-protein kinase 12 (AurB) 47 8 2.1E+06 10.52
Phosphorylation| NEK6 |Serine/threonine-protein kinase Nek6 22 6 7.6E+05 25.82
NEK?7 |Serine/threonine-protein kinase Nek7 22 4 7.2E+05 25.12
PLK1 |Serine/threonine-protein kinase PLK1 41 25 5.8E+06 17.15
MYPT1 |Protein phosphatase 1 regulatory subunit 12A 14 7 2.3E+05 16.00
Rho interactors | RHGBA |Rho GTPase-activating protein 11A 14 9 3.0E+05 16.00
MPRIP [Myosin phosphatase Rho-interacting protein 17 10 2.8E+05 16.00
Cytoskeleton ANLN |Actin-binding protein anillin 27 19 9.1E+05 11.75
PRC1 |Protein regulator of cytokinesis 1 16 5 1.9E+05 16.00

Figure 2. Nek9 interacts with proteins involved in cytokinesis. (A) Nek9 signaling modules receive inputs from master mitotic regulators such as Cdk]1
and Plk1 and either relay those signal to helper Neké and Nek? kinases or signal directly to other targets. The integration of these signals is facilitated by
protein—protein interaction domains on Nek9. CC, coiled-coil. (B) Proteins known to be involved in cytokinesis stably interact with Nek9. The coverage,
peptide count, and intensity-based absolute quantification (iBAQ) area for proteins identified in Nek9 immunoprecipitates (IPs) and the iBAQ ratio (log,
ratio of iBAQ area in Nek9 immunoprecipitate over iBAQ area in control immunoprecipitates) represent the mean values from three independent AP-MS
experiments. (C) Putative Nek9 interactors identified by mass spectrometry are confirmed by Western blot (WB). For the complete list of Nek9 interactors

and corresponding quantification data, see Table S2.

Nek9 siRNA, whereas nearly all cells in telophase exhibited
normal Mklp2 staining (Fig. 3 C). To confirm that we could ob-
serve both behaviors of Mklp2 in the same cell, we performed
live-cell imaging at 2-min intervals from metaphase to mitotic
exit of a HeLa cell line stably expressing EGFP-Mklp2 and
transfected with Nek9 siRNA. As previously described (Grune-
berg et al., 2004), EGFP-MkIp2 localized to the central spindle
at the onset of anaphase and gradually became concentrated at
the midbody in telophase (Fig. 3 D). However, upon depletion
of Nek9, EGFP-Mklp2 accumulation at the central spindle was
greatly reduced until telophase (Fig. 3 D). Comparison of mid-
zone-localized EGFP-Mklp2 fluorescence intensity in control
(n > 6) and Nek9 siRNA (n > 6)-transfected cells confirmed a
statistically significant difference (*, P < 0.05; Student’s ¢ test)
between Mklp2 abundance at the central spindle in anaphase

(Fig. 3 D, right). The decrease in Mklp2 abundance at the cen-
tral spindle was likely the result of mislocalization to the cyto-
sol rather than degradation, as treatment with siRNA to Nek9
or Nek6 did not decrease the total levels of endogenous or
EGFP-MKklIp2 protein, as measured by Western blot (Fig. S4 C).

As with Mklp2, Nek9 depletion displaced Kifl4 from
anaphase central spindles in >90% of siRNA-transfected cells
in fixed-cell imaging experiments (Fig. 3 C). Consistent with
previous literature (Maliga et al., 2013), repeated attempts to
generate stable EGFP-Kif14 HeLa cells by transfection and
by retroviral transduction were unsuccessful and uniformly re-
sulted in cell death after a limited number of cell passages; this
ultimately precluded us from performing live-cell imaging of
Kif14. As an alternative strategy, however, we were able to syn-
chronize mitotic HeLa cells by arresting WT or Nek9 siRNA-
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Figure 3. Nek9 protein is required to localize Kif14 and Mklp2 to the anaphase midzone. (A and B) siRNA-mediated depletion of Nek9 results in mislocal-
ization of Mklp2 (A) and Kif14 (B) in anaphase but not in telophase. Detergent-extracted Hela cells stained with antibodies against endogenous proteins.
(C) Quantification of localization behavior in A and B. n > 100 anaphase cells per condition in more than three independent experiments. (D) Live-cell
imaging of a stable EGFP-Mklp2 Hela cell line indicates that under conditions of Nek9 depletion, EGFP-MkIp2 localizes to the cell midzone 4-6 min later
than in control cells. n > 5 cells per condition. Bars: (A and B) 20 pm; (D) 10 pm. (E) Depletion of Mklp2 or Kif14 by siRNA significantly increases the
proportion of binucleated cells observed after 48 h. Cells were fixed and stained for immunofluorescence, and the percentage of binucleated cells in >500
inferphase cells was counted in three independent experiments. *, P < 0.05 by Student's t test; points and bar graphs show means = SD.

treated, thymidine-released cells with low-dose exposures to
nocodazole to facilitate a transient mitotic arrest, followed by
nocodazole washout and fixed-cell immunofluorescence mi-
croscopy at 5-min intervals after metaphase (Fig. S3 A). As was
observed in asynchronous HeLa cells, >90% of synchronized

cells exhibited a delay in recruitment of Kif14 to the midzone
until telophase (Fig. S3 B).

Broadly speaking, we conclude that at least one aspect of
Nek9 function is to ensure the timely localization of specific
regulatory components to the central spindle such that these

NIMA-related kinase signaling in anaphase * Cullati et al.
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proteins can perform their biological roles at later points in cell
division. Such roles are important for the faithful completion of
cytokinesis, as depletion of Mklp2 or Kif14 by siRNA signifi-
cantly increased the proportion of binucleated cells observed
after 48 h (Fig. 3 E). Similar rates of cytokinesis failure have
been shown to occur in Drosophila melanogaster S2 cells (Bassi
etal.,2013) and HeLa cells (Gruneberg et al., 2006) upon Kif14
depletion, citron depletion (Gruneberg et al., 2006; Bassi et al.,
2013), and Mklp2 depletion (Neef et al., 2003).

Having established that Nek9 is necessary for proper lo-
calization of Mklp2 and Kif14 in anaphase, we sought to de-
termine whether Nek9 kinase activity is also required for this
function. To do this, we generated two different kinase-dead
mutants of Nek9 (K81M and D176A; Roig et al., 2002; Ber-
tran et al., 2011). In our hands, HeLa cells transfected with the
same amount of DNA expressed lower levels of 6xMyc-Nek9
K8IM protein compared with 6xMyc-Nek9 WT and 6xMyc-
Nek9 D176A (Fig. S1 E). Therefore, we used D176A as the
kinase-dead mutant of Nek9. This mutant exhibited a minimal
amount of kinase activity in vitro (Fig. 4 A), but still permitted
observation of cellular effects that are highly sensitive to Nek9
kinase activity in cells.

We generated HeLa cell lines stably expressing either WT
or D176A Nek9 that contained silent mutations to render them
insensitive to Nek9 siRNAs (Fig. S1 F). We then compared the
endogenous Mklp2 central spindle localization in HeLa cells
expressing WT or D176A Nek9 in the presence or absence of
endogenous Nek9, and we detected no difference in anaphase or
telophase staining (Fig. 4 B). Mklp2 was readily recruited to the
central spindle in anaphase in HeLa cells lacking Nek9 activ-
ity, but expressing Nek9 D176A protein. Similarly, endogenous
Kif14 was also able to localize to the central spindle in anaphase
in HeLa cells lacking endogenous Nek9 activity but expressing
Nek9 D176A (Fig. 4 C). Collectively, these results imply that
rather than being direct or indirect targets of Nek9 kinase ac-
tivity, Mklp2 and Kif14 rely on Nek9 protein as a scaffold to
promote their localization to the central spindle in anaphase.

Nek9 is known to form mutually exclusive complexes with ei-
ther Nek6 or Nek7 as well as to activate these kinases by di-
rect binding and phosphorylation (Roig et al., 2002; Belham
et al., 2003). To determine whether Nek9 impacts Mklp2 or
Kif14 localization through the action of Nek6 or Nek7, we de-
pleted the two kinases from HeLa cells using siRNA (Fig. S2,
A-C). Interestingly, although Nek7 depletion had no effect on
MklIp2 localization to the central spindle in anaphase, depletion
of Nek6 mirrored the effects of Nek9 and significantly abol-
ished Mklp2 central spindle localization in anaphase in >90%
of HeLa cells (Fig. 5 A). We confirmed this result by live-cell
imaging in HeLa cells expressing EGFP-MkIp2 in the presence
and absence of Nek6 and found that Mlkp2 localization to the
midzone in anaphase was strongly delayed and reduced upon
Nek6 depletion (Fig. S2 D). This reduction in Mklp2 local-
ization and timing at the central spindle upon Nek6 depletion
recapitulated our prior observations for Nek9 depletion in live
cells (Fig. 3 D). In contrast, depletion of Nek6 did not affect
Kif14 localization (Fig. 5 B). However, Nek7 depletion abol-
ished Kif14 at the central spindle in anaphase (Fig. 5 B), as was
observed for Nek9 (Fig. 3 B).
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Figure 4. Nek9 kinase activity is dispensable for Mklp2 and Kif14 lo-
calization. (A) Recombinant Nek9 WT and D176A (kinase-dead) were
incubated with peptide substrate for 16 h at 28°C, and ATPase activity
was measured. Graphs are normalized to mean WT kinase activity from
three independent experiments. *, P < 0.05 by Student's ttest; bar graphs
show means = SD. (B and C) Stable Hela cell lines containing either WT
or D176A Nek9 rendered siRNA resistant by silent mutations were alter-
natively treated with Nek? siRNA or transfection reagent alone, and then
detergent was extracted, fixed, and stained for Mklp2 (B) or Kif14 (C) in
anaphase and telophase cells. Note that both kinesins localize normally
with or without Nek? kinase activity in both mitotic phases. Bars, 20 pm.
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We also asked whether Nek6 and Nek7 kinase activities
were required for the localization of their respective kinesins.
We generated HeLa cell lines stably expressing siRNA-resistant
WT and D172A (kinase inactive) Nek6 as well as WT and
D161A (kinase inactive) Nek7 (Fig. S2, E and F). When we
investigated these cell lines for Mklp2 localization in the ab-

sence of endogenous Nek6, only WT and not D172A Nek6 was
able to rescue localization of Mklp2 to the central spindle in
anaphase (Fig. 5 C). Similarly, in the absence of endogenous
Nek7, siRNA-resistant WT but not D161A Nek7 was able to
rescue Kifl4 localization to the central spindle in anaphase
(Fig. 5 D). This indicates that in contrast to Nek9 (Fig. 4, B

NIMA-related kinase signaling in anaphase
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and C), Nek6 and Nek7 kinase activities are required for
proper timing of Mklp2 and Kif14 localization to the central
spindle, respectively, and suggests that these kinesins could be
also be Nek substrates.

This observation raises the interesting question of how en-
dogenous Nek6 and Nek7 were activated in our Nek9 D176A
cell line such that Mklp2 and Kif14 were able to localize to the
central spindle (Fig. 4, B and C). It is possible that the residual
kinase activity of Nek9 D176A (Fig. 4 A) is sufficient to phos-
phorylate Nek6 and Nek7 over time in cells. In addition, it has
been shown that Nek9 binding alone releases an autoinhibitory
conformation to partially activate Nek7 without phosphoryla-
tion (Richards et al., 2009). Alternatively, there could exist ad-
ditional signaling upstream of Nek6 and Nek?7 that is parallel to
but independent of Nek9. In any case, our data point to Mklp2
and Kif14 localization as more sensitive to Nek6 and Nek7 ki-
nase activities, respectively, than to Nek9 activity.

To determine whether Kif14 is a direct substrate of Nek7, we
performed in vitro kinase assays using recombinant active
Nek7 and Kif14, followed by phosphorylation site identifi-
cation by liquid chromatography—tandem mass spectrometry
(LC-MS/MS). In these analyses, we identified five potential
Nek7 phosphorylation sites on Kif14 that were present upon
incubation of Kifl4 with Nek7 but not in control reactions
lacking Nek7: Ser33, Ser56, Ser607, Ser1217, and either
Ser1219 or Ser1220, the last of which could not be confidently
localized by mass spectrometry (Fig. 6 A). To determine the
role of these phosphorylation sites in Kifl4 central spindle
localization, we generated six single-site Ser-to-Ala mutants
by site-directed mutagenesis and tested for protein stability in
HeLa cells by transient transfection. Except for EGFP-Kif14
S33A, protein expression of these phosphoablated mutant
Kif14 constructs was detectable by Western blot analysis,
and expression levels were comparable to WT EGFP-Kif14
protein levels (Fig. S3 C). Furthermore, immunofluorescence
microscopy of the expressed Kif14 mutants showed differ-
ent degrees of mislocalization of mutant Kif14 to the central
spindle in anaphase cells (Fig. 6 B). Finally, to determine
whether potential Nek7 phosphorylation sites had an additive
effect on Kif14 localization, we generated an EGFP-Kif14-5A
construct in which Ser56, Ser607, Ser1217, Ser1219, and
Ser1220 were all mutated to Ala. When transfected into HeLa
cells, EGFP-Kif14-5A was expressed to similar levels as WT
Kif14 (Fig. S3 C), but its localization to the central spindle
in anaphase cells was completely abolished (Fig. 6 C). These
data suggest that phosphorylation of Kif14 by Nek7 may be
required for accurate and timely central spindle localization of
Kif14 in anaphase, but not in telophase.

Little is known about the molecular and structural mech-
anisms through which Kif14 is required for cytokinesis. How-
ever, it was previously shown that Kif14 is essential for the
recruitment of the Rho-interacting kinase citron to the central
spindle (Gruneberg et al., 2006). Thus, we sought to determine
whether Nek7 or Nek9 are also required for citron localization.
Indeed, for HeLa cells transfected with Nek7 or Nek9 siRNA
in which Kifl4 was absent from the central spindle, citron
kinase also failed to localize in anaphase, but both were pres-
ent at the midbody in telophase (Fig. 6 D). A previous study
of cells undergoing abscission while depleted of citron kinase

(Bassi et al., 2013) revealed asymmetric, misshapen midbodies
with structural defects similar to those we observed in cells de-
pleted of Nek9 (Fig. 1 D).

To test whether Nek6 can directly phosphorylate Mklp2 and
to identify potential Nek6-dependent phosphorylation sites on
Mklp2, we performed in vitro kinase assays using recombi-
nant active Nek6 and Mklp2 and analyzed them by LC-MS/
MS. Using this approach, we identified five sites on Mklp2
that specifically increased in phosphorylation upon incubation
with Nek6 versus control reactions: Ser240, Ser244, Ser683,
Ser754, and Ser883, the first two of which are located in its
motor domain (Fig. 7 A).

To determine the biological significance of these phos-
phorylation sites, we separately mutated each of these five Ser
residues to a phosphoablated Ala and transfected the single-site
mutants into HeLa cells. Western blot analysis of protein expres-
sion revealed that whereas EGFP-MklIp2-S240A protein could
not be detected, EGFP-Mklp2-S883A expression was compa-
rable to WT EGFP-Mklp2, and S244A, S683A, and S754A ex-
pression were slightly higher than WT EGFP-Mklp2 (Fig. S4
A). Immunofluorescence microscopy showed that transiently
transfected EGFP-MklIp2-S683A, -S754A, and -S883A local-
ized normally in anaphase and telophase (Fig. S4 B). However,
transfected EGFP-MkIp2-S244A (Fig. 7 B) phenocopied the
loss of endogenous Mklp2 from the central spindle in anaphase
upon depletion of Nek6 and Nek9 protein (Figs. 3 A and 5 A)
and Neko6 kinase activity (Fig. 5 C).

In addition to transient overexpression, we also made
stable HeLa cell lines by retroviral transduction for live-
cell imaging of EGFP-Mklp2 phosphomutants. Surprisingly,
cells stably expressing EGFP-MklIp2-S244A displayed the
correct localization of the S244A mutant in anaphase at the
central spindle (Fig. 7 C, top). Given that Mklp2 is a dimer in
cells, we surmised that the stable cell lines may exhibit lower
levels of EGFP-MklIp2-S244A such that most of it would be
in complex with endogenous Nek6-phosphorylated Mklp2,
which could be sufficient for recruitment to the central spin-
dle in anaphase. Conversely, we hypothesized that transient
transfection of EGFP-S244A-Mklp2 would be likely to re-
sult in significant overexpression of the mutant compared
with endogenous Mklp2, generating predominantly ho-
modimeric EGFP-Mklp2-S244A, which is not capable of
localizing to the anaphase midzone. To test this, we affini-
ty-purified EGFP-Mklp2-WT and -S244A from transiently
transfected or stably expressing HeLa cells and determined
the ratio of endogenous Mklp2 bound to EGFP-Mklp2 pro-
teins in the pulldowns by Western blot (Fig. 7 E). Indeed,
although both EGFP-MkIp2-WT and -S244A coprecipi-
tated endogenous Mklp2 in stable cell lines (Fig. 7 E, gray
arrow), their transient transfection and purification resulted
in mostly homomeric complexes that lacked endogenous
Mklp2 (Fig. 7 E, black arrows).

Interestingly, live-cell imaging of EGFP-Mklp2-S244A
cells progressing from metaphase to cytokinesis revealed a de-
creased time to cleavage furrow ingression by approximately
one to two intervals (2—4 min; Fig. 7, C [top] and D). These
data suggest that it is possible that phosphorylation of Mklp2
at Ser244 inhibits a post-anaphase function of Mklp2 while it
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is localized to the midzone in anaphase. Under this hypothesis,
Mklp2 S244 A might function prematurely, which would explain
our observations of the decreased time to cleavage furrow in-
gression when it was localized to the central spindle via endoge-
nous Mklp2 dimerization. Consistent with this, treatment of the
EGFP-MkIp2-S244A cell line with siNek6 both disrupted the

anaphase localization of the mutant and restored WT cell cycle
timing (Fig. 7 C, bottom). Further supporting this hypothesis,
in cells treated with Mklp2 siRNA, cotransfection of EGFP-
MkIp2-WT rescued the binucleated cell phenotype, whereas
cells expressing EGFP-Mklp2-S244A did not (Fig. 7 F). In-
terestingly, cells cotransfected with Mklp2 siRNA and EGFP-
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Figure 8. Ser244 phosphorylation inhibits microtubule bundling but not
microtubule binding or ATPase activity. (A) Western blot (WB) of pellets
from microtubule (MT) pelleting assays performed in 25 mM KCI. Ser244
mutation to Ala or Glu does not affect the ability of Mklp2 to bind micro-
tubules. (B) Mklp2 WT, S244A, or S244E was incubated with or without
Neké followed by addition of taxol-stabilized microtubules and centrifu-
gation onto coverslips. Microtubule bundling was observed by immuno-
fluorescence. Neké inhibits bundling of Mklp2 WT, but Mklp2 S244A is
refractory to Neké inhibition, whereas Mklp2 S244E is significantly attenu-

Mklp2-S244E showed an intermediate number of binucleated
cells, suggesting that this phosphomimetic mutant was able to
partially rescue the loss of endogenous Mklp2 (Fig. 7 F).

These observations are consistent with phosphorylation of
Mklp2 S244 by Nek6 being necessary for both the anaphase
localization of MkIp2 and also to prevent Mklp2 activation until
an appropriate time. Persistent residence at the central spindle
may then lead to dephosphorylation of S244, perhaps by the
same as-yet-unidentified phosphatase implicated in dephos-
phorylating Cdk1 sites on Mklp2 (Kitagawa et al., 2014), which
has been proposed to activate Mklp2 at anaphase onset so that
cell division can progress.

MklIp2 has been shown to bundle microtubules in vitro in a man-
ner that is negatively regulated by Plk1 and Cdk1 activity (Neef
etal., 2003; Kitagawa et al., 2014). We considered that bundling
may be an anaphase function of Mklp2 also inhibited by Nek6
phosphorylation. Such inhibition may occur by reducing the ca-
pacity for Mklp2 to interact with microtubules or, more directly,
by impacting its kinesin activity. Incubation of recombinant
WT, S244A, and S244E-Mklp2 with taxol-stabilized micro-
tubules resulted in a similar degree of microtubule-dependent
pelleting (Fig. 8 A), indicating that Nek6 phosphorylation does
not reduce Mklp2 interaction with microtubules in vitro. How-
ever, preincubation of recombinant WT Mklp2 with Nek6 and
ATP strongly inhibited microtubule bundling, whereas S244A-
MklIp2 exhibited robust microtubule bundling in the presence
or absence of Nek6 (Fig. 8 B). In contrast, the phosphomimetic
S244E-Mklp2 mutant did not efficiently bundle microtubules in
this assay under any condition (Fig. 8 B). In this study, bundling
activity appeared to be distinct from ATPase activity, as results
from endpoint assays for the extent of microtubule-dependent
hydrolysis of ATP are indistinguishable between Mklp2 WT,
S244A, and S244E (Fig. 8 C).

In this study, we describe a new cellular mechanism by which
bifurcation in the Nek signaling cascade downstream of Nek9
affects the fidelity of cell division by regulating the localiza-
tion and activity of essential kinesins in anaphase. Collectively,
these data demonstrate distinct, noninterchangeable roles of
Nek6 and Nek7 kinase activity downstream of Nek9 in mitosis
and support a model in which Nek9 forms at least two sepa-
rate signaling modules: one composed of Nek6 and Mklp2, and
the other of Nek7 and Kif14. In these modules, Nek9 activates
Nek6 and Nek7 by releasing autoinhibitory conformations
through direct binding (Richards et al., 2009) and by phosphor-

ated in bundling activity in both conditions. Representative images of three
independent experiments are shown. Bar, 20 pm. (C) Ser244 mutation
to Ala or Glu does not affect the microtubule-dependent ATPase activity
of Mklp2. Recombinant Mklp2 WT, S244A, and S244E were incubated
with or without taxol-stabilized microtubules for 30 min at 28°C, and then
ATPase activity was measured. Graphs are normalized to mean WT
ATPase activity from three independent experiments. *, P < 0.05 by Stu-
dent's ttest; bar graphs show means + SD.
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ylating their activation loops (Belham et al., 2003; Richards et
al., 2009) and facilitates their recruitment to the respective sub-
strate kinesins, enabling specific phosphorylation of Mklp2 by
Neko6 and Kif14 by Nek7 in prometaphase (Fig. 9).

Our findings suggest that the Nek9—Nek6—MklIp2 sig-
naling module that results in Ser244 phosphorylation before
chromosome separation promotes timely recruitment of Mklp2
to the central spindle in anaphase while keeping the bundling
activity of the kinesin in check until dephosphorylation by a
phosphatase later in anaphase, which could activate its bun-
dling activity (Fig. 9). Consistent with this model, we found
that localization of nonphosphorylatable, bundling-competent
MkIp2-S244A to the central spindle in anaphase by heterodi-
merization with WT Mklp2 (Fig. 7 C, top) results in decreased
time to cleavage furrow ingression (Fig. 7 D). Similarly, par-
ticipation in a Nek9—Nek7-Kif14 complex to facilitate phos-
phorylation at multiple sites by Nek7 promotes localization of
Kif14 to the central spindle, where it traffics citron kinase, an
event necessary for proper cleavage furrow ingression and ab-
scission (Bassi et al., 2013).

Interestingly, siRNA-mediated depletion of Nek kinases
resulted in mislocalization of these kinesins in anaphase but
not telophase; although their central spindle localization was
abrogated, Mklp2 and Kif14 still localized to the midbody in
telophase. This indicates that temporally distinct mechanisms
are responsible for the localization of Mklp2 and Kif14 to the
central spindle and midbody. Although Mklp2 and Kif14 were
eventually able to localize to the telophase midbody under
conditions of Nek depletion, evidence suggests that these
midbodies were not fully functional. Both tubulin and PRC1
(Fig. 1 D) appeared disorganized, and Nek-depleted cells have
high incidences of cytokinesis failure that result in binucle-
ated cells as observed in this study and in others (Yissachar
et al., 2006; Salem et al., 2010; Kaneta and Ullrich, 2013).
Additionally, expression of EGFP-MkIp2-S244A was unable
to rescue depletion of endogenous Mklp2 (Fig. 7 F). Even
though the mutant protein localized to the telophase midbody,
these cells failed to complete cytokinesis efficiently, suggest-
ing that localization of this mutant in telophase and beyond is
insufficient to rescue the entirety of its post-anaphase func-
tion or functions. Although Mklp2 may be responsible for
additional functions at the anaphase central spindle, our data
suggest that it also receives signals, possibly in the form of
additional posttranslational modifications, that are required
to modulate its function after anaphase. Alternatively, solu-
ble Mklp2 may perform as of yet underappreciated functions
in a Nek activity—dependent manner. Our data are consistent
with the hypothesis that Nek-dependent residence of Mklp2
and Kif14 at the central spindle in anaphase is important for
their later functions to coordinate faithful completion of cyto-
kinesis, although the precise mechanisms by which this occurs
remain to be elucidated.

Intriguingly, recent evidence suggests that Cdkl-de-
pendent phosphorylation of Mklp2 inhibits both microtubule
binding as well as bundling activity of Mklp2 (Kitagawa et
al., 2014). In that study, the authors concluded that Cdkl
phosphorylation of Mklp2 maintains its solubility in the cy-
tosol in early mitosis; rapid turnover of Cdkl phosphoryla-
tion sites by a phosphatase at anaphase onset was posited
as a requirement for loading of Mklp2 onto chromosomes,
where it subsequently relocalizes to the central spindle.
Additionally, transit of the CPC from chromosomes to the

central spindle immediately at anaphase onset has been
shown to depend on the Cdkl phosphorylation status of
Mklp2 (Hiimmer and Mayer, 2009; Kitagawa et al., 2014).
Our data in which the CPC member INCENP localizes at the
anaphase central spindle whereas Mklp2 does not in Nek9
protein— and Nek6 activity—depleted cells suggest that ad-
ditional layers of regulation beyond Cdkl phosphorylation
are required for faithful deposition of the CPC to the mid-
zone and that Cdk1-dependent physical interactions between
INCENP and Mklp2 alone may not be sufficient to explain
the mechanism by which Mklp2 promotes this event. Finally,
we suggest that the removal of the Nek6 phosphorylation site
or sites on Mklp2 is likely to occur later, after anaphase, in
light of our observations of reduced time to furrow ingres-
sion for S244A-Mklp2—containing cells. The identity of the
phosphatase (or phosphatases) responsible for the phase-
and site-specific activation of Mklp2 will likely shed addi-
tional light on how these events are coordinated to ensure
faithful exit from mitosis.

Nek6 and Nek7 share 87% sequence identity and poten-
tially redundant functions (Bertran et al., 2011). Although the
presence of separate Nek9—-Nek6 and Nek9—Nek7 complexes
has been known for some time (Roig et al., 2002; Belham
et al., 2003), the strict dependence of Mklp2 localization on
Nek6 and Kif14 localization on Nek7 represents a concrete,
functional distinction between these two very similar kinases.
In the context of kinesin localization in anaphase, depletion
of either Nek6 or Nek7 results in unique defects that cannot
be compensated for by the other kinase, providing strong evi-
dence for their unique cellular roles in cytokinesis. Analogous
to AurA and AurB kinases, which are highly similar enzymes
with very distinct cellular functions, the divergent N termini
of Nek6 and Nek7 may provide clues into the mechanisms
by which they carry out their separate roles (O’Regan et al.,
2015) as well as how they may be differentially regulated by
Nek9 or other upstream signals.

Our AP-MS experiment for Nek9-interacting proteins
revealed a large number of proteins associated with Nek9
during nocodazole arrest, of which a subset were already
known to play roles in cell division and cytokinesis. Although
this study has implicated two of them, Kif14 and Mklp2, as
downstream targets of Nek9 signaling, it is also very likely
that our AP-MS data contain additional protein effectors
of Nek biology in cell division, cytokinesis, or other aspects
of mitosis that were not in this study. Indeed, the presence of
cytoskeletal proteins and other motors (NuMA 1, dynein, and
anillin) raises the likelihood that the net impact of Nek9 loss
on cytokinesis is a mixture of the direct effects on Mklp2
and Kif14, as described in this study, and potentially indi-
rect effects on other as of yet unstudied Nek9 effectors. As
a kinase family, Neks are broadly involved in microtubule
organization, either through the formation of cilia (Nek1 and
Nek8; Mahjoub et al., 2004; Evangelista et al., 2008; Sha-
lom et al., 2008; Zalli et al., 2012) or more explicitly during
mitotic functions (Nek2, Nek6, Nek7, and Nek9; Fry et al.,
2012). With this study, we provide evidence that the kinesins
Mklp2 and Kif14 are regulated by Nek6, Nek7, and Nek9
in anaphase, and previous work has shown Nek regulation
of Eg5 (Rapley et al., 2008; Bertran et al., 2011). Perhaps
coordination of kinesin activity is a general characteristic
of Neks. Future work focused on whether other Nek family
members perform their microtubule-organizing functions via
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Figure 9. Model for Nek kinase-dependent signaling modules that specify anaphase behavior of Mklp2 and Kif14. For Mklp2, preanaphase cells con-
tain high Cdk1 and Nek activity, rendering Mklp2 cytosolic and inactive. Dephosphorylation at anaphase onset by loss of Cdk1 activity and/or gain of
phosphatase activity while maintaining Nek-dependent phosphorylation status licenses Mklp2 for deposition to the anaphase central spindle. Residence at
the anaphase central spindle then registers it via an unknown mechanism for functions in telophase and beyond; analogous mechanisms are proposed to

exist for Kif14. Pptase, phosphatase.

kinesins or other mechanisms will further clarify the biolog-
ical roles for these essential enzymes.

Materials and methods

Cell lines

pBMN-IRES-Neo(6xMyc-Nek9), pBMN-IRES-Neo(6xMyc-Nek6),
pBMN-IRES-Neo(6xMyc-Nek7), or pBMN-IRES-Neo(EGFP-
Mklp2) was transfected into Phoenix Ampho cells, and the result-
ing retrovirus was used to infect HeLa cells; this was followed by
neomycin selection to isolate a polyclonal population of cells. Quik-
Change Lightning Multi (Agilent Technologies) site-directed mu-
tagenesis was used to generate siRNA-resistant silent mutations
in pBMN-IRES-Neo(6xMyc-Nek9), pBMN-IRES-Neo(6xMyc-
Nek6), and pBMN-IRES-Neo(6xMyc-Nek7), and then these con-
structs were used to create stable cell lines by neomycin selection.
QuikChange Lightning (Agilent Technologies) was used to gener-
ate kinase-dead pBMN-IRES-Neo(6xMyc-Nek9 siRNA DI176A),
pBMN-IRES-Neo(6xMyc-Nek6 siRNA D172A), and pBMN-
IRES-Neo(6xMyc-Nek7 siRNA D161A) as well as pPBMN-IRES-
Neo(EGFP-MklIp2-S244A), and then these constructs were used to
create stable cell lines by neomycin selection.

Antibodies

Nek9, Nek6, and Nek7 antibodies were generated in rabbits by Co-
vance against three Nek9 antigens, one Nek6 antigen, and one Nek7
antigen. DNA corresponding with Nek9 amino acids 1-58, 301-349,
and 360-388, Nek6 amino acids 1-39, and Nek7 amino acids 1-35
was cloned into pGEX-6p1, expressed in BL21DE3 pLys Escherichia
coli, and purified by affinity chromatography using glutathione-
Sepharose resin (GE Healthcare). GST was cleaved, antigen solu-
tions were lyophilized, and the three Nek9 antigens were combined
and submitted to Covance; the resulting sera was affinity-purified
using antigens coupled to N-hydroxysuccinimide ester—Sepharose
per Covance protocols.

Lamin A/C antibody was a gift from F. McKeon (University of
Houston, Houston, TX). All other antibodies were commercially avail-
able as follows: PRC1 and INCENP (Cell Signaling Technology), Mklp1
and GFP (Genetex), Mklp2 (Abcam), Kifl4 (Bethyl Laboratories,
Inc.), a-tubulin (Sigma-Aldrich), myc (clone 9E10), and citron (BD).

Coimmunoprecipitation

Four 15-cm-diameter dishes of HeLa cells were arrested in 2-mM thy-
midine for 22 h followed by 100 ng/ml nocodazole for 15 h. Cells were
harvested by mitotic shakeoff, washed in PBS, and resuspended in im-
munoprecipitate lysis buffer (150 mM NaCl, 50 mM Tris, pH 7.5, | mM
MgCl,, 1 mM EDTA, 0.5% Triton X-100, 1 mM f-glycerophosphate,
1 mM NaMoO,, 1 mM NaF, | mM Na tartrate, | mM DTT, and prote-
ase inhibitor [Roche]) to an approximate protein concentration of 2 mg/
ml. Cells were lysed by sonication and then centrifuged in a refrigerated
benchtop centrifuge at max speed at 4°C for 15 min. Supernatants were
cleared by rotating at 4°C for 4-6 h and then centrifuging. Anti-myc anti-
body clone 9E10 was cross-linked to protein G Agarose (Thermo Fisher
Scientific) using 20 mM dimethyl pimelimidate (Sigma-Aldrich). A vol-
ume of bead slurry equivalent to 30 ug antibody was added to the cleared
lysate and incubated at 4°C for 16 h with rotation. Beads were washed
with immunoprecipitate lysis buffer, and bound proteins were eluted in
SDS-PAGE sample buffer without DTT.

Eluates were reduced with 5 mM DTT, alkylated with 15 mM
iodoacetamide (Sigma-Aldrich), and separated by SDS-PAGE. Gel re-
gions were excised and digested with trypsin (Promega). Proteins were
identified by LC-MS/MS on an Orbitrap Fusion (Thermo Fisher Sci-
entific) exactly as was described previously (Lyons et al., 2009; Choi
etal., 2010; Yore et al., 2011; Hood et al., 2012; Zhang et al., 2012).

siRNA and plasmid transfections

siGENOME SMARTpool siRNAs (GE Healthcare) for Nek9, Nek6,
and Nek7 were transfected at 10 nM for 48 h using RNAiMax (Thermo
Fisher Scientific). siRNAs targeting Mklp2 and Kifl4 were synthe-
sized according to previously published sequences (Gruneberg et al.,
2006) and transfected at 40 nM for 48 h using RNAiMax. All siRNA

NIMA-related kinase signaling in anaphase * Cullati et al.

2351

920z Areniged g0 uo 3senb Aq Jpd'5G0Z1.510Z 90/099865 L/6£E2/8/91 Z/Pd-8onie/qol/Bio sseidnyj/:dny woly papeojumoq



2352

sequences are listed in Table S1. pEGFP-C1(Mklp2) and pEGFP-
C1(Kif14) were transfected at 1 pg/ml for 24 h using jetPRIME (Poly-
plus). QuikChange Lightning (Agilent Technologies) was used to
generate phosphorylation site mutants of pEGFP-C1(Mklp2) and
pEGFP-C1(Kif14), which were then transfected (see Fig. 6, B and C;
Fig. 7, B, E, and F; Fig. S3 C, and Fig. S4, A and B). For rescue exper-
iments, 250 ng pEGFP-C1(Mklp2) and 40 nM siMklp2 were cotrans-
fected for 48 h using jetPRIME.

Immunofluorescence microscopy

Cells were extracted with MTSB (100 mM Pipes, pH 6.8, 5 mM MgCl,,
1 mM EGTA, 30% glycerol, and 0.5% Triton X-100) for 2 min and fixed
in 3.5% paraformaldehyde in PBS. Primary antibodies were diluted in
TBS-BSA (10 mM Tris, pH 7.5, 150 mM NaCl, 10 mg/ml BSA, 0.1%
NaNj, and 0.1% Triton X-100) and incubated 1-24 h at 4°C. Secondary
antibodies (goat anti—rabbit Alexa Fluor 488 or goat anti-mouse Alexa
Fluor 568; Thermo Fisher Scientific) were diluted 1:1,000 in TBS-BSA
and 1 pg/ml Hoechst 33258 (Sigma-Aldrich) and then incubated 1 h
at room temperature. Coverslips were mounted on slides using Pro-
Long Diamond (Molecular Probes). Images were acquired with a Clara
cooled charge-coupled device camera (Andor Technology) mounted
on an Axioplan2 microscope (ZEISS) with an Apochromat 100x 1.4
NA oil immersion objective. Exposure times were determined for each
protein under WT conditions, and then the same time was applied to
any mutants and siRNA-treated cells. Image channels were merged,
contrast-adjusted (histogram stretching according to Cromey [2010]),
and assembled into figure panels in Photoshop (CS6 v13; Adobe).

Live-cell imaging

EGFP-MkIp2-WT and -S244A HeLa cell lines were plated on glass-
bottomed dishes (MatTek Corporation) and transfected with Nek6 or
Nek9 siRNA as described in Figs. 3 D, 7 (C and D), and S2 D. During
imaging, cells were maintained at 37°C with 5% CO, in an incuba-
tor surrounding the stage on an IX83 inverted microscope (Olympus)
with a Zyla sSCMOS camera (Andor Technology). Metaphase cells with
bipolar spindles were identified using differential interference con-
trast microscopy. 10 1-um optical sections were collected along the z
axis at 2-min intervals with an Apochromat 63x 1.4 NA oil immer-
sion lens for a total of 20 min. The exposure time was determined for
EGFP-Mklp2-WT cells untreated with siRNA, and this time was used
consistently for all cells and conditions. Images were obtained using
MetaMorph Advanced software (v7.8.3.0). To quantify fluorescence,
we measured pixel intensities within a rectangular area surrounding the
metaphase plate and subsequent spindle midzones and midbodies as
identified by differential interference contrast microscopy. A cytosolic
area of the same size was measured and subtracted from the midzone
intensity. Maximum projections were used for all quantification and
figure displays. To quantify furrow ingression, the distance across the
cell equator from membrane to membrane as identified by differen-
tial interference contrast microscopy was measured at each time point
and normalized to the metaphase value to generate the equatorial cell
diameter as a percentage of the metaphase cell width. Images were
quantified using Image] (National Institutes of Health). Images were
contrast-adjusted and assembled into figure panels in Photoshop.

Protein purification

pFastBacl(GST-Nek9), pFastBacl(6xHN-Nek6), pFastBacl
(6xHN-Nek7), pFastBacl(6xHis-Mklp2), and pFastBacl(GST-Kif14)
were transformed into DH10Bac E. coli. Bacmids were purified, and
recombination was confirmed by PCR according to the manufacturer’s
protocol (Thermo Fisher Scientific). Bacmids were transfected into Sf9
cells using Cellfectin (Thermo Fisher Scientific). 5-7 d after transfec-

tion, p0 viral supernatants were harvested and further amplified. Sf9
cells were infected with amplified virus and incubated at 28°C for
60-72 h. Infected cells were treated with 100 nM okadaic acid 2 h before
harvest. Cells were pipetted off the flask, pelleted, and washed in PBS.

For 6xHis-Mklp2, cells were lysed via sonication in pulldown buf-
fer (10 mM Hepes, pH 7.7, 20 mM f-glycerophosphate, 5 mM EGTA,
5 mM B-mercaptoethanol, 150 mM NaCl, 1% Chaps, 20 mM imidazole,
and protease inhibitors), clarified at 8,000 g and 4°C for 30 min, and
bound to Ni-NTA beads (QIAGEN) for 2 h at 4°C while rotating. Beads
were washed in wash buffer (10 mM Hepes, pH 7.7, 20 mM f-glycero-
phosphate, 5 mM EGTA, 5 mM f-mercaptoethanol, 500 mM NaCl, and
20 mM imidazole) and eluted in elution buffer (10 mM Hepes, pH 7.7,
20 mM f-glycerophosphate, 5 mM EGTA, 5 mM B-mercaptoethanol,
25 mM NaCl, 400 mM imidazole, | mM DTT, | mM EDTA, and protease
inhibitors). Protein was dialyzed overnight at 4°C against dialysis buffer
(10 mM Hepes, pH 7.7, 100 mM NaCl, 1 mM DTT, 0.1 mM EDTA, and
10% glycerol). 6xHN-tagged proteins were purified as in Figs. 4 A, 6 A,
7 A, and 8 B, except with 10, 10, and 250 mM imidazole in the pulldown,
wash, and elution buffers, respectively.

For GST-tagged proteins, cells were lysed via sonication in GST
lysis buffer (PBS to 350 mM NaCl, 0.5% Triton X-100, 1 mM EDTA,
0.5 mM DTT, and protease inhibitors), clarified at 8,000 g and 4°C for
30 min, and bound to glutathione-Sepharose (GE Healthcare) for 1 h at
4°C while rotating. Beads were washed in PBS and eluted in GST elu-
tion buffer (50 mM Tris, pH 8.7, 150 mM NaCl, 50 mM reduced gluta-
thione, 0.5 mM DTT, and 0.1% Chaps). Protein was dialyzed overnight
at 4°C against dialysis buffer.

In vitro kinase assays

To measure kinase activity, 600 ng recombinant kinase and 100 uM
dephosphorylated tryptic peptide substrate were incubated in kinase
buffer (20 mM Hepes, pH 7.7, 1| mM DTT, 20 mM MgCl,, 150 mM
NaCl, and 100 uM ATP) at 28°C for 2 h. Negative controls contained
100 uM substrate and buffer only. The ATP consumed in each reaction
was measured using the ADP-Glo Kinase Assay kit (Promega) accord-
ing to the manufacturer’s instructions.

To determine in vitro phosphorylation sites, 1 pug of recombinant
kinesin substrate and 100 ng of recombinant kinase were incubated
in kinase buffer at 28°C for 16 h. Negative controls contained 1 pg
substrate and buffer only. Reactions were reduced with 5 mM DTT,
alkylated with 15 mM iodoacetamide (Sigma-Aldrich), and separated
by SDS-PAGE. Substrate bands were excised and digested with tryp-
sin (Promega), desalted on a micro solid phase extraction (pSPE) plate
(Oasis), and dried. Phosphorylation sites were identified by LC-MS/
MS on a QExactive* (Thermo Fisher Scientific) exactly as described
previously (Baker et al., 2009; Hood et al., 2012).

Microtubule bundling, pelleting, and ATP hydrolysis assays
Bundling and pelleting assays were generally performed as de-
scribed previously (Neef et al., 2003) with the following specifi-
cations: taxol-stabilized microtubules were polymerized in vitro
from tubulin monomers (Cytoskeleton) by incubation in BRB80
(80 mM Pipes, pH 6.8, 1| mM MgCl,, and | mM EGTA) + | mM
DTT + 1 mM GTP at 37°C with increasing additions of taxol (1 uM,
10 uM, and 100 pM). Microtubules were centrifuged through a
40% glycerol cushion at 70,000 rpm for 12 min in a TLA100
rotor (Beckman Coulter). Microtubule pellet was washed once
then resuspended in BRB80 + 1 mM DTT + 25 uM taxol to a final
concentration of 1 mg/ml.

500 ng 6xHis-Mklp2 WT or S244A was incubated with 25 ng
6xHN-Nek6 or buffer alone in BRB80 + 1 mM DTT + 1 mM ATP
+ 25 mM KCI at 28°C for 30 min. For bundling assays, 1 ul taxol-
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stabilized microtubules was added, and the reaction was incubated
at 25°C for 15 min. Microtubules were cross-linked with 1% glutar-
aldehyde and then centrifuged through a 25% glycerol cushion onto
acid-washed, poly-lysine—coated coverslips at 15,000 rpm for 1 h in a
Sorvall SureSpin rotor. Coverslips were fixed with cold methanol and
stained with antitubulin antibody.

For pelleting assays, kinase reactions were performed as in
Fig. 8 A, 5 pl taxol-stabilized microtubules or buffer was added, and
then reactions were incubated at 25°C for 15 min. Reactions were cen-
trifuged through a 40% glycerol cushion at 55,000 rpm for 20 min in
a TLA100 rotor (Beckman Coulter). Microtubule pellets were washed
once and then resuspended in SDS-PAGE buffer.

To measure ATP hydrolysis, 250 ng recombinant Mklp2 was in-
cubated with or without 500 ng taxol-stabilized microtubules in BRB80
+ 1 mM DTT + 500 uM ATP + 20 mM KCI at 28°C for 30 min. The
ATP consumed in each reaction was measured using the ADP-Glo Ki-
nase Assay kit (Promega) according to the manufacturer’s instructions.

Online supplemental material

Fig. S1 shows controls for the Nek9 siRNA efficiency, siRNA-resistant
cell lines, and coimmunoprecipitations as well as immunofluorescence
images of central spindle proteins not mislocalized by Nek9 depletion.
Fig. S2 shows controls for the Nek6 and Nek7 siRNA efficiency and
siRNA-resistant cell lines as well as live-cell imaging of EGFP-MkIp2
in siNek6. Fig. S3 includes an experiment analyzing the localization of
Kif14 in a synchronized cell population and controls for the production
of Kif14-phosphoablated mutants. Fig. S4 shows controls for the pro-
duction of Mklp2-phosphoablated mutants and EGFP-MklIp2 cell lines,
additional immunofluorescence images of Mklp2 in early mitosis, and
images of INCENP localization when Mklp2 and Nek9 are depleted
concurrently. Table S1 lists the sequences and sources of siRNAs used
in this study. Table S2 contains the complete list of Nek9 interactors
and quantitative data acquired by LC-MS/MS.
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