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Mitotic spindle positioning specifies the plane of cell division during anaphase. Spindle orientation and positioning are 
therefore critical to ensure symmetric division in mitosis and asymmetric division during development. The control of astral 
microtubule length plays an essential role in positioning the spindle. In this study, using gene knockout, we show that the 
kinesin-8 Kif18b controls microtubule length to center the mitotic spindle at metaphase. Using in vitro reconstitution, we 
reveal that Kif18b is a highly processive plus end–directed motor that uses a C-terminal nonmotor microtubule-binding 
region to accumulate at growing microtubule plus ends. This region is regulated by phosphorylation to spatially control 
Kif18b accumulation at plus ends and is essential for Kif18b-dependent spindle positioning and regulation of microtubule 
length. Finally, we demonstrate that Kif18b shortens microtubules by increasing the catastrophe rate of dynamic 
microtubules. Overall, our work reveals that Kif18b uses its motile properties to reach microtubule ends, where it  
regulates astral microtubule length to ensure spindle centering.
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Introduction
Spindle positioning and orientation is essential to ensure accu-
rate chromosome partitioning and symmetrical cell division. 
Proper spindle placement is also particularly important during 
development and in stem-cell homeostasis, when cells divide 
asymmetrically to specify cell differentiation and generate 
daughter cells of different cell sizes and fates (Siller and Doe, 
2009). The length and density of astral microtubules influence 
the position of the spindle by altering the interactions between 
astral microtubules and cortical force generators (Samora et al., 
2011; Kiyomitsu and Cheeseman, 2012; Garzon-Coral et al., 2016). 
At the interphase-to-mitosis transition, the microtubule cyto-
skeleton undergoes rapid remodeling. The increased dynamism 
of microtubules allows the depolymerization of long interphase 
microtubules and subsequent assembly of dynamic spindle and 
astral microtubules that build and position the bipolar spindle 
(Belmont et al., 1990; Rusan et al., 2001).

Kinesin-8 and kinesin-13 motors regulate microtubule 
dynamics and length across eukaryotes. However, the microtu-
bule depolymerization mechanism of kinesin-8 motors appears 
to differ across species. In budding yeast, Kip3 walks along 
microtubules and depolymerizes them (Gupta et al., 2006; Varga 
et al., 2009; Su et al., 2011), whereas Drosophila melanogaster 
Klp67A localizes to kinetochores, where it regulates spindle 
length (Savoian and Glover, 2010). Whether human kinesin-8 
Kif18a motor is a depolymerizing enzyme, a processive motor 
that dampens microtubule plus-end dynamics, or both remains 
under debate (Mayr et al., 2007; Stumpff et al., 2008; Locke 

et al., 2017). A second human kinesin-8, Kif18b, is reported to 
exhibit diffusion on the microtubule lattice using its C terminus 
and weak directed motility, which does not explain how it could 
target to or destabilize microtubule plus ends (Shin et al., 2015). 
Kif18b has previously been implicated in the negative regulation 
of astral microtubule length and has a modest contribution to 
chromosome alignment (Stout et al., 2011; Tanenbaum et al., 
2011; Walczak et al., 2016). Kif18b requires EB1 for microtubule 
end accumulation, but the EB-binding motifs in Kif18b are not 
sufficient for plus tip localization (Tanenbaum et al., 2011). Addi-
tionally, Kif18b may precede EB1 at microtubule ends (Shin et al., 
2015), suggesting that other mechanisms enable Kif18b target-
ing to microtubule ends. Whether Kif18b cooperates with the 
kinesin-13 microtubule depolymerase mitotic centromere- asso-
ciated kinesin (MCAK) or independently depolymerizes micro-
tubule ends also remains under debate (Tanenbaum et al., 2011; 
Walczak et al., 2016).

In this study, we combine cell biology, biochemistry, and sin-
gle-molecule reconstitution assays to define the molecular mech-
anisms that allow Kif18b to differentially target and accumulate at 
microtubule ends, where it plays an important role in regulating 
microtubule length and spindle positioning. We demonstrate that 
Kif18b tracks the growing ends of microtubules autonomously in 
vitro and reduces microtubule length by promoting microtubule 
catastrophe. We propose that Kif18b uses its motile properties to 
reach and accumulate at microtubule ends in a phosphospecific 
manner to selectively destabilize astral microtubules.
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Results
Kif18b and MCAK are major mitotic motors negatively 
regulating microtubule length
Microtubule length regulation plays an important role in spindle 
assembly, geometry, and positioning. Previous work has analyzed 
the consequences of depleting kinesins that regulate microtu-
bule length in human cells, but with differing results, possibly 
because of variable efficiencies of protein depletion or off-tar-
get effects (Manning et al., 2007; Mayr et al., 2007; Bakhoum 
et al., 2009; Tanenbaum et al., 2009; Welburn and Cheeseman, 
2012). To identify kinesins that regulate microtubule length, we 
measured microtubule length in cells depleted for the kinesin-13 
members Kif2a, Kif2b, and Kif2c/MCAK and the kinesin-8 mem-
bers Kif18a and Kif18b using siRNA after Eg5 inhibitor treatment 
(Fig. S1, A and B). We found that both MCAK and Kif18b regulate 
microtubule length in mitotic cells, in agreement with previ-
ous studies (Stout et al., 2011; Tanenbaum et al., 2011; Walczak 
et al., 2016). However, Kif2a, Kif2b, and Kif18a depletion did not 
alter microtubule length, in agreement with previous studies 
(Tanenbaum et al., 2009; Welburn and Cheeseman, 2012). In 
addition, codepletion of Kif18b and MCAK did not have an addi-
tive effect on microtubule length, suggesting they may work 
together to regulate astral microtubules as previously suggested 
(Fig. S1, A and B; Tanenbaum et al., 2011).

To define the effect of Kif18b in regulating microtubule 
length, we generated a stable monoclonal HeLa cell line lacking 
Kif18b using CRI​SPR/Cas9-mediated gene targeting, indicating 
that Kif18b is not essential for viability of cultured HeLa cells (see 
Materials and methods). We found that Kif18b expression was 
eliminated from our monoclonal HeLa cell line targeted by Cas9 
and offered an advantage in reproducibility over Kif18b siRNAi 
depletion, which needs to be performed for each experiment 
and may not result in 100% knockdown efficiency (Fig. 1 A). We 
then observed the mitotic microtubule organization of the cell 
line lacking Kif18b. As in cells depleted for Kif18b using RNAi, 
we observed a strong increase in the length of astral microtu-
bules (Fig. 1 B; Stout et al., 2011; Tanenbaum et al., 2011). This was 
particularly apparent when Aurora kinases A and B were simul-
taneously inhibited. In the absence of Aurora kinase activity, 
microtubules in HeLa cells were almost completely depolymer-
ized, whereas they remained >6 µm in the cell line lacking Kif18b 
(Fig. 1, C and D). This is consistent with the Aurora kinases neg-
atively regulating Kif18b-mediated microtubule destabilization 
(Tanenbaum et al., 2011).

Kif18b ensures correct spindle positioning
To define the role of Kif18b-regulated astral microtubule length 
control on spindle assembly and positioning, we imaged mitotic 
cells using a previously described assay to examine spindle bipo-
larity establishment (Young et al., 2014). Overall, spindle elonga-
tion dynamics and length were similar in control cells and Kif18b 
knockout (KO) cells, although we observed a significant delay in 
reaching the maximum spindle length when Kif18b was absent 
(Fig. 1, E and F). The spindles of HeLa cells became bipolar and 
remained centered and parallel to the imaging plane, with a spin-
dle displacement rate of 0.19 µm/min (±0.13 µm; Fig. 1, G and 
H). In contrast, we observed frequent spindle rotation outside of 

the imaging plane (>30°) in cells lacking Kif18b (Fig. 1 I). Kif18b 
KO spindles displayed strong positioning defects, with spindles 
moving around the cell center and proximally to the cell cor-
tex (Video 1). Spindles had a random oscillatory-like trajectory, 
moving at a mean of 0.50 µm/min (±0.18 µm) within the cell 
(Fig. 1, G–I; and Video 1). Kif18b RNAi–depleted cells showed a 
similar spindle mispositioning phenotype, although the overall 
spindle length was similar to that of control cells (Fig. S1, C–E). 
These results indicate that increasing astral microtubule length 
causes spindle mispositioning and rocking, likely through addi-
tional interactions with force generators at the cell cortex. At 
anaphase entry, the spindles of Kif18b KO cells were less cen-
tered than those of control HeLa cells. During anaphase, the 
rate of spindle elongation and final spindle length for Kif18b 
KO cells were greater than those of control HeLa cells, possibly 
because of increased interactions of microtubules with corti-
cal-force generators (Fig. 2, A and B). In both Kif18b KO cells and 
control HeLa cells, the displacement of the spindle with respect 
to the center of the cell decreased, resulting in the correction 
of spindle mispositioning (Fig. 2, A and C). Previous work has 
shown that an anaphase-specific dynein-dependent pathway 
centers the spindle as cells progress to anaphase (Kiyomitsu and 
Cheeseman, 2013). It is possible that the anaphase spindle posi-
tioning mechanism becomes essential when the length of micro-
tubules increases and that the spindle is mispositioned during 
metaphase. Collectively, our data indicate that Kif18b plays a role 
in reducing the length of astral microtubules to facilitate the cor-
rect positioning of the metaphase spindle.

Kif18b has a C-terminal microtubule-binding domain whose 
affinity is controlled by phosphorylation
Kif18b localizes to microtubule ends during mitosis (Tanenbaum 
et al., 2011; Walczak et al., 2016). Although Kif18b requires EB1 
to localize to microtubule ends, additional factors play a role in 
Kif18b plus-end targeting (Stout et al., 2011; Tanenbaum et al., 
2011). To define the unique targeting properties of Kif18b, we 
generated multiple Kif18b constructs based on its molecular 
organization (Fig. 3 A). First, we observed that the GFP N-ter-
minal tagging of Kif18b led to chromosome targeting of Kif18b 
as well as its physiological localization to astral microtubules 
(Fig. S1 F). This indicates that GFP at the N terminus of Kif18b 
interferes with its motor properties. We then generated minimal 
Kif18b motor constructs lacking the C terminus with a C-termi-
nal GFP. Kif18b-GFP displayed robust localization to microtubule 
plus ends (Fig. 3 B). In the absence of the C terminus, the Kif18b 
motor targets only to spindle microtubules (Fig.  3  B). To test 
whether the C terminus of Kif18b was the main determinant in 
motor targeting, we swapped the C termini of Kif18a for those 
of Kif18b. Despite highly conserved motor domains, Kif18a and 
Kif18b target to distinct cellular localizations. Typically, Kif18a 
targets to K-fibers and kinetochores, whereas Kif18b targets 
to microtubule plus ends (Fig. 3 B; Mayr et al., 2007). We gen-
erated a chimeric kinesin consisting of the motor and neck-
linker region of Kif18a fused to the C terminus of Kif18b. This 
Kif18a-Kif18b chimera targeted to microtubule ends, colocalizing 
with EB1 (Fig. 3 C), in contrast with the spindle localization of 
the motor domain of Kif18a alone (Stumpff et al., 2011). These 
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experiments demonstrate that the C terminus of Kif18b deter-
mines the localization of the motor domain to microtubule ends 
and that the Kif18a motor domain can become a Kif18b-like motor 
when fused to the C terminus of Kif18b.

We next examined the role of the C terminus of Kif18b in 
Kif18b targeting. The C terminus is largely unstructured, except 
for domain 500–593, which is predicted to be globular. In cells, 
Kif18b500–852 targeted weakly to microtubule ends (Fig. 3 D). Sur-
prisingly, Kif18b591–852 targeted to the spindle, rather than micro-
tubule ends. This result suggests that this region contains a second 
weak microtubule-binding region, but also that Kif18b500–593 may 
promote C terminus dimerization to increase the affinity of Kif18b 
for EB proteins and microtubules (Fig. 3 D). Indeed, we found that 
Kif18b500–593 is a dimer in solution (Fig. 3, E and F). To test whether 
the C terminus of Kif18b could bind microtubules independently 
of the motor, we generated a series of truncated constructs and 
found that the far C-terminal tail (CT; CTKif18b, amino acids 767–
852), is sufficient to localize to spindle microtubules (Fig. 3 D). In 

addition, we found that recombinant CTKif18b binds to microtubules 
in vitro (Figs. 3 G and S2). The isoelectric point of the CTKif18b is 
11.92, highly basic and likely to bind electrostatically to the neg-
atively charged microtubule. This also explains why the Kif18b C 
terminus binds to DNA in vivo (Fig. 3 D).

The CTKif18b is strongly phosphorylated in human cells during 
mitosis (Fig. 3 A; Dephoure et al., 2008). To test whether phos-
phorylation regulates the microtubule binding properties of the 
CTKif18b, we generated a phosphomimetic mutant by substituting 
eight residues within Kif18b767–852 that are phosphorylated in vivo 
to aspartates (Figs. 3 A and S2; Dephoure et al., 2008; Sharma et 
al., 2014). This phosphomimetic CTKif18bSD did not bind to micro-
tubules in vitro, but a nonphosphorylatable mutant CTKif18bSA 
did, similarly to CTKif18b (Fig. 3 G). These data indicate that phos-
phorylation regulates the affinity of the CTKif18b for microtu-
bules by changing the electrostatic charges of the CTKif18b. The 
CTKif18b contains additional serines and threonines, which could 
be phosphorylated, although they have not been identified so 

Figure 1. Kif18b controls astral microtubule length and spindle positioning. (A) Western blot showing depletion and gene KO of Kif18b in HeLa cells 
using siRNA and CRI​SPR-Cas9. (B) Representative immunofluorescence images of control and Kif18b-KO HeLa cells acquired using antibodies against Ndc80 
and β-tubulin. (C) Representative immunofluorescence images of control and Kif18b-KO HeLa cells treated with Aurora kinase A and B inhibitors MLN8237 and 
ZM447439 acquired using antibodies against Ndc80 and β-tubulin. (D) Quantification of microtubule length was measured in >30 cells per experiment. Error 
bars represent SD. (E) Representative time-lapse imaging of cells incubated with SiR-tubulin and CellMask dye after an STLC washout and MG132 treatment. 
(F) Graph representing the mean spindle length and the corresponding SD for HeLa and Kif18b-KO HeLa cells (n = 32 and 36), defined in E during spindle 
elongation. Delay in spindle elongation of Kif18b-KO cells was statistically significant. (G) Schematic diagram showing how spindle position, displacement, and 
rotation are determined. (H) Box-and-whisker plot showing quantification of the spindle displacement from the center of the cell during metaphase. Each point 
represents the displacement of one spindle over at least 30 min (HeLa, n = 26 cells; Kif18b KO, n = 34 cells). Line in the middle box is plotted as the median, 
and edges of the box represent 25th and 75th percentiles. The whiskers represent the minimum and maximum displacement of cells. (I) Quantification of the 
number of cells undergoing >30° rotation in z out of the imaging plane during metaphase (HeLa, n = 86 cells; Kif18b KO, n = 122 cells). Bars, 5 µm. Asterisks 
indicate unpaired t test significance: ***, P < 0.001; ****, P < 0.0001.
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far. Collectively, these results show that the C terminus of Kif18b 
provides a second microtubule-binding domain to Kif18b that is 
regulated by phosphorylation.

The Kif18b C terminus is required for Kif18b accumulation at 
microtubule plus ends
Because Kif18b has a C-terminal nonmotor microtubule-binding 
domain, CTKif18b, we hypothesized that it may regulate the micro-
tubule end targeting and functional properties of full-length 
Kif18b in vivo. To distinguish the contribution of the microtu-
bule-binding properties of the CTKif18b and the end-binding (EB) 
motifs to the plus end accumulation of Kif18b in vivo, we trans-
fected Kif18b, Kif18bΔSXIP mutated for the last two residues in 
the putative EB-binding motif to NN (Aps-Asp), and Kif18bΔC, 
a mutant lacking the CTKif18b into the Kif18b KO cells. Kif18b 
colocalized with EB1 at microtubule plus ends (Fig. 4, A–C). Kif-
18bΔSXIP had strongly reduced plus tip localization. However, we 
could still observe weak plus tip targeting (Fig. 4, A–C) as pre-
viously reported (Tanenbaum et al., 2011). Kif18bΔC was also 
strongly reduced at microtubule plus ends (Fig. 4, A–C), despite 
the presence of an upstream SxIP motif (Fig. 3 A). Importantly, 
Kif18bSXIPmut2, with mutations in the C-terminal EB-binding 
motif (773SXIP776), still robustly localized to microtubule ends 
(Figs. 3 A and S3, A and B), indicating that the CTKif18b and the 
SxIP-binding motifs play nonredundant targeting functions.

Because mitotic phosphorylation decreases the affinity of 
the CTKif18b for microtubules, we hypothesized that phosphor-
ylated Kif18b would accumulate less at astral microtubule plus 
ends, whereas a nonphosphorylatable Kif18b mutant would 
be enriched. To test this, we generated nonphosphorylatable 
(Kif18SA-GFP) and phosphomimetic (Kif18SD-GFP) mutants for 
the eight previously identified phosphorylated sites (Dephoure 
et al., 2008). Kif18bSA targeting to astral microtubule plus tips 

was comparable with that of Kif18b. We could also see some 
accumulation of Kif18bSA to microtubule ends within the spin-
dle (Fig.  4  A). In contrast, Kif18bSD showed severely reduced 
astral plus tip localization, similar to Kif18bΔC and Kif18bΔSXIP, 
indicating that mitotic phosphorylation of its CTKif18b controls 
its accumulation at astral microtubule ends (Fig. 4, A–C). Collec-
tively, these results indicate that Kif18b uses both its C-terminal 
microtubule-binding properties and its EB-binding motifs to 
accumulate at microtubule plus ends. Phosphorylation of the 
CTKif18b reduces its plus-end accumulation, which could control 
the spatial distribution of Kif18b during mitosis.

The C terminus of Kif18b is a requirement for microtubule 
length control and spindle positioning
Next, we sought to test whether the CTKif18b was necessary for 
its ability to shorten astral microtubules and center the spindle 
in Kif18b KO cells. First, we tested that Kif18b-GFP could restore 
astral microtubule length in Kif18b KO cell lines (Fig. S3, C and D). 
However, it is challenging to measure astral microtubule length. 
Therefore we used the robust assay previously performed in Fig. 1 
(C and D) to test the depolymerase activity of our Kif18b mutants 
in the presence of Aurora kinase small molecule inhibitors. In 
our HeLa Kif18b KO cell line, microtubules remain long in the 
presence of Aurora kinase inhibitors (Fig. 1, C and D). Kif18b and 
Kif18bSA transfection restored the control of microtubule length, 
with shortened and depolymerized microtubules as observed in 
HeLa cells (Fig. 4, D and E). In contrast, the ability of Kif18bSD 
and Kif18bΔC to depolymerize microtubules was low, suggest-
ing that CTKif18b plays a role in microtubule depolymerization. 
Kif18bΔSXIP displayed an intermediate ability to depolymerize 
microtubules, consistent with its weak localization to plus ends 
(Fig. 4 E). Finally, we tested whether the CTKif18b was important 
for the ability of the kinesin to control spindle positioning. Kif18b 

Figure 2. Spindle centering is corrected during 
anaphase. (A) Representative time-lapse images 
of cells going through mitosis incubated with 
SiR-tubulin (green) and CellMask dye (red). The 
0 time point is defined as the last frame before 
anaphase spindle elongation takes place. Bar, 10 µm.  
(B) Graph representing the mean spindle length 
during the metaphase-to-anaphase transition for 
HeLa and Kif18b-KO HeLa cells (n = 64 and 44).  
(C) Graph showing the displacement of the center 
of the spindle with respect to the center of the cell 
along the spindle elongation axis. Shaded areas rep-
resent 95% confidence intervals.
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restored correct spindle centering to cells lacking Kif18b, in line 
with its ability to reduce astral microtubule length (Fig. 4, F and 
G; and Fig. S3, C and D). However, the ability of Kif18bSD to center 
the spindle was strongly reduced, consistent with the fact that 
Kif18bSD did not rescue proper microtubule length. These results 
indicate that the presence of the CTKif18b is important for microtu-
bule length regulation and spindle positioning. Phosphorylation 
of the CTKif18b reduces Kif18b accumulation at microtubule ends 
to prevent microtubule depolymerization.

Kif18b is a processive plus end–directed motor
The precise activity of Kif18b and how it reaches microtubule 
ends to shorten them remain unclear. To determine whether 
Kif18b acts as a bona fide microtubule depolymerase at micro-
tubule ends, we expressed and purified Kif18b-GFP from 
insect cells (Fig. S4 A). Using size-exclusion chromatography–
multiangle light scattering (SEC-MALS), we determined that 
Kif18b-GFP assembles as a dimer in solution (Fig. S4 B). We 
immobilized GMP​CPP-stabilized microtubules on coverslips 

Figure 3. The C terminus of Kif18b is a microtubule-binding domain. (A) Top: Schematic diagram representing Kif18b structural domain organization. 
EB-binding motifs (EBMs) are indicated. Bottom: Amino acid sequence of the C terminus of Kif18b (CTkif18b). EB-binding motif is highlighted in orange. Red, 
amino acids that are phosphorylated in vivo and mutated to aspartates in this study; blue, phosphorylatable residues. (B) Representative live-cell images of 
HeLa cells transfected with full-length and truncated Kif18b motor, costained with Sir-tubulin. (C) Representative images by immunofluorescence of chimeric 
construct GFP-Kif18aCT18b (motor domain of Kif18a fused to the C terminus of Kif18b) costained with an anti-EB1 antibody. (D) Representative live-cell images of 
truncation constructs of Kif18b C terminus. Red arrows indicate Kif18b487–852 localizing to microtubule (MT) plus ends. Bar, 10 µm. (E and F) Coomassie-stained 
gel showing recombinantly expressed and purified Kif18b500–593 (E) and its corresponding elution profile (F; black line, left y axis) from SEC-MALS analysis. 
Outcome of the MALS analysis for the peak is presented in pink (molecular weight, right y axis). (G) Coomassie-stained gels showing a cosedimentation assay 
of CTKif18b, CTKif18bSA, and CTKif18bSD in the presence of 2 µM taxol-stabilized microtubules.
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Figure 4. The C terminus of Kif18b contributes to Kif18b targeting to microtubule plus ends and the control of microtubule length in vivo. (A) Repre-
sentative immunofluorescence images of Kif18b-KO HeLa cells transfected with Kif18b-GFP constructs and stained with an anti-EB1 antibody. (B) Quantification 
of GFP/EB1 signal intensity ratio at microtubule (MT) plus ends. Each data point represents one cell for which a mean of four comet intensities were measured 
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that had surface-adsorbed antitubulin antibodies at low density. 
Microtubules alone remained stable over time. In the presence of 
50 nM MCAK, microtubules rapidly depolymerized at a speed of 
0.2 µm/min. In contrast, in the presence of Kif18b, the microtu-
bules remained stable (Fig. 5, A and B). This suggests that Kif18b 
does not use the same mechanism as MCAK and Kip3 to depo-
lymerize microtubules (Gardner et al., 2011; Su et al., 2011). To 
analyze the motile properties of Kif18b, we imaged Kif18b-GFP 
on stabilized microtubules using a single-molecule total inter-
nal reflection fluorescence (TIRF) microscopy. We observed that 
Kif18b moved processively toward the plus ends of microtubules 
for long distances, with a mean speed of 349 ± 7 nm/s (mean ± 
SEM; Fig. 5, C and D; and Video 2). Kif18b could travel over dis-
tances >7 µm, with the run length limited by the length of the 
microtubule (Fig. S4, C and D). As Kif18b-GFP reached the plus 
end of microtubules, it dwelled at the plus tip of microtubules 
for a significant amount of time (Fig. 5, E and F). Thus Kif18b 
accumulates at the end of stabilized microtubules in vitro inde-
pendently of EB proteins. In our single-molecule imaging, we 
observed variable GFP intensities of moving Kif18b. To test the 
oligomeric composition of Kif18b, we used single-molecule pho-
tobleaching and found that most Kif18b molecules were dimeric 
(Fig. 5, G–I). We did see variability in GFP intensities, suggesting 
that some Kif18b-GFP molecules oligomerize on microtubules 
over time (Fig. 5 C). However, the intensity of Kif18b-GFP mole-
cules did not correlate with the speed or tip dwell time of Kif18b 
(Fig. 5, J and K). These data indicate that Kif18b is a fast and pro-
cessive plus end–directed motor that accumulates at the ends of 
microtubules in vitro.

Given that CTKif18b is important for its accumulation at micro-
tubule ends in vivo, we hypothesized it may be important for 
this targeting property in vitro. To test the role of the CTKif18b on 
the motility and microtubule end targeting of full-length Kif18b, 
we purified Kif18bΔC-GFP lacking the last 75 amino acids of the 
CTKif18b. Kif18b and Kif18bΔC had a similar elution profile (Fig. S4 
E). Overall, the velocity of Kif18bΔC was similar to that of Kif18b 
(Fig. 5, C and D), and the motor remained highly processive (Fig. 
S4, C and D). However, there was a remarkable reduction in its 
dwell time at the tips. On average, Kif18bΔC remained at the 
plus end of microtubules 8.5 s, in contrast with Kif18b (22.8 s; 
Fig. 5 F). In total, our data indicate that the CTKif18b plays a key 
role in the tethering of Kif18b, independently of EB1, once Kif18b 
reaches the microtubule end.

The C terminus of Kif18b interferes with motor domain 
depolymerase activity
We noted that the Kif18bΔC retained some ability to dwell at 
microtubule ends, suggesting that the remaining C terminus 

of Kif18b (591–767) contributed plus tip targeting properties 
to Kif18b. To exclude effects of the C terminus of Kif18b on 
the depolymerase activity of Kif18b, we generated a dimeric 
Kif18b construct, Kif18b590, lacking residues 591–852 (Fig. 3 A). 
We found that Kif18b590 does indeed depolymerize GMP-CPP–
stabilized microtubules (Fig. 6, A and B), with a depolymerization 
rate of 0.046 ± 0.002 µm/min, comparable with that seen for 
Kif18a (0.05 µm/min; Locke et al., 2017). Although the C terminus 
of Kif18b inhibits its depolymerase activity in vitro, in cells the 
binding of this region to other partners, for example EBs, may 
alleviate this interference.

Single Kif18b590 motors walk faster and have a much shorter 
run length than Kif18b (Fig.  6, C–E). The mean velocity of 
Kif18b590 motors is 610 ± 35 nm/s in 0.1 mM ATP. The run length 
distribution can be fitted by an exponential with a decay constant 
t = 240 ± 10 nm. This shows that although CTKif18b is important 
for correct in vivo regulation of Kif18b, the entire C terminus 
contributes to enhancing the run length and enabling plus tip 
accumulation of Kif18b in vitro. We next observed Kif18b590 on 
dynamic microtubules. Kif18b590 did not reach microtubule plus 
ends or tip track because of its short run length (Fig. 6, F–I). How-
ever increasing concentrations of Kif18b590 led to a significant 
increase in both catastrophe frequency and growth rate. Micro-
tubule length reduced with increasing concentration of Kif18b590 
but remained modest.

Kif18b promotes microtubule catastrophe
Although Kif18b590 displayed microtubule depolymerase proper-
ties, it was not able to accumulate to microtubule plus ends. Thus, 
to determine how full-length Kif18b regulates dynamic micro-
tubules, we analyzed microtubule dynamic parameters and the 
length of dynamic microtubules in the presence and absence of 
Kif18b. First, we observed that Kif18b walks processively to the 
ends of dynamic microtubules (Fig. 7 A). Kif18b then tracks the 
growing ends of microtubules. The microtubule growth speed 
and catastrophe frequency modestly increase with increas-
ing amounts of Kif18b (Fig. 7, B and C). Inversely, the length of 
dynamic microtubule extensions decreased with increasing con-
centrations of Kif18b (Fig. 7, D and E). Extensions in the presence 
of tubulin alone were a mean of 1.7 ± 0.1 µm long, whereas in the 
presence of 100 nM Kif18b, extensions were significantly short-
ened to 1.4 ± 0.1 µm (mean ± SEM). Increased Kif18b levels did 
not dramatically increase microtubule catastrophe; rather Kif18b 
was then observed on the lattice. Kif18bΔC also tracked growing 
microtubule ends but had a nonsignificant reduced effect on 
microtubule dynamics, likely because of its reduced residency 
time at microtubule ends (Fig. S5). Overall, these results indi-
cate that full-length Kif18b causes an increase in microtubule 

and averaged (mean ± SD). Kif18b-GFP transfection was repeated twice; all others were repeated three times. (C) Mean linescan profile of measured EB1 comets 
and their corresponding linescan profiles for GFP-Kif18b constructs from cells measured in B. (D) Representative immunofluorescence images of Kif18b-KO 
HeLa cells transfected with Kif18b constructs, stained with Hoechst for DNA, and immunostained with anti-Ndc80 and antitubulin antibodies. Cells were 
treated with the Aurora kinase A and B inhibitors MLN8237 and ZM447439. (E) Quantification of microtubule length in cells treated with STLC and MLN8237/
ZM447439 after transfection of Kif18b-GFP constructs (111 > n > 66). (F) Time-lapse imaging series of Kif18b-KO HeLa cells transfected with Kif18b-GFP and 
Kif18bSD-GFP, imaged with SiR-tubulin and CellMask dye. (G) Quantification of the displacement of the spindle from the center of the cell during metaphase 
(mean ± SD). Each data point represents spindle displacement over 30–40 min. Asterisks indicate ordinary one-way ANO​VA significance value: ***, P < 0.001; 
****, P < 0.0001. Bars, 10 µm.
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Figure 5. Kif18b is a fast processive plus end–directed motor that uses its C terminus to accumulate at microtubule ends. (A) Example kymographs of 
GMP-CPP–stabilized microtubules in the presence of 150 nM Kif18b and 50 nM MCAK. (B) Depolymerization rates for GMP-CPP–stabilized microtubules with 
no added motor (n = 47), 50 nM Kif18b (n = 74), 150 nM Kif18b (n = 50), and 50 nM MCAK (n = 113; mean ± SEM). (C) Kif18b is a plus end–directed motor with a 
run length of >7 µm. Polarity-marked GMP-CPP–stabilized microtubules (HiLyte and rhodamine labeled) with Kif18b motors. Motors walk processively toward 
the plus end of the microtubules, pausing at the microtubule tips before dissociation. (D) Velocities of Kif18b (n = 193) and Kif18bΔC (n = 142) as measured 
from kymographs. (E) Example kymograph showing Kif18b dwelling at a microtubule tip for >1 min. (F) Tip dwell time for Kif18b (n = 103) and Kif18bΔC (n = 
73). Kif18bΔC dwells at microtubule tips for shorter times than full-length Kif18b (median; error bars represent interquartile range). **, P < 0.01. (G) Kymograph 
showing a processively moving Kif18b-GFP motor that photobleaches in two steps, indicating the presence of two GFP molecules. (H) Corresponding intensity 
profiles for motors in G. Horizontal lines show the mean intensity for the respective sections of the profile. (I) Frequency of intensity of Kif18b-GFP motors at 
the beginning of a processive run; the majority of motors form a peak at 3,500 AU. However, ∼35% of motors have intensities >5,000 AU. (J) Dependence of 
velocity on intensity for Kif18-GFP motors; no clear dependence on intensity can be seen. (K) Dependence of tip dwell time on intensity for Kif18-GFP motors; 
no clear dependence on intensity can be seen.
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dynamicity in vitro, which leads to a modest reduction in micro-
tubule length. The C terminus of Kif18b is essential for Kif18b 
plus tip targeting; however, it also interferes with its depoly-
merase activity in vitro.

In total, our data demonstrate that Kif18b uses its catalytic 
and motile properties to promote remodeling of the cytoskel-
eton during mitosis and positioning of the metaphase spindle. 
Kif18b is a processive plus end–directed motor that uses its C 
terminus to accumulate at microtubule ends, where it promotes 
microtubule catastrophe. Mitotic phosphorylation of CTKif18b 
provides a mechanism to regulate the accumulation of Kif18b 
to subpopulations of microtubule ends, depending on the local 
kinase-phosphatase environment, and to shorten subcellular 
populations of microtubules to ensure spindle positioning. As 
its effect in vitro on microtubule length is weak, Kif18b may also 
use activation partners or its motile properties to transport other 
microtubule regulators and shorten microtubules.

Discussion
Microtubule depolymerization is an essential process in 
eukaryotes to ensure microtubule remodeling and facilitate 

microtubule-based processes. Kinesin-13 and kinesin-8 are the 
major motor families responsible for stimulating microtubule 
depolymerization. Although the mechanisms by which kine-
sin-13 motors destabilize microtubule ends is well established, 
the mechanism by which kinesin-8 motors reduce microtu-
bule length is more controversial and differs between members 
across species. Recent work published that Kif18b is a poorly 
processive motor that uses diffusion to reach microtubule ends, 
suggesting that Kif18b tracks microtubule plus ends through a 
bind-and-release mechanism, similarly to other plus tip track-
ing proteins (Akhmanova and Steinmetz, 2008; Shin et al., 2015). 
We believe that, in these experiments, the N-terminal GFP tag 
inhibits the motile properties of Kif18b, leading to its diffusive 
behavior (Fig. S1 F; Shin et al., 2015). Instead, our data reveal 
that Kif18b is a highly processive motor that walks to the plus 
ends of microtubules and negatively regulates dynamic micro-
tubules by promoting catastrophe. The single-molecule behavior 
of Kif18b, with high processivity and dwell times at microtubule 
tips reported in this study, is similar to that of kinesin-8s Kif18a 
and yeast Kip3, although Kif18b is faster (Stumpff et al., 2011; Su 
et al., 2011). As with Kif18a and Kip3, the run length and micro-
tubule tip dwell time of Kif18b is enhanced by the presence of 

Figure 6. Kif18b590 depolymerizes microtubules. (A) 
Example kymographs of GMP-CPP–stabilized microtubules 
in the absence and presence of 50 nM Kif18b. (B) Depo-
lymerization rates for GMP-CPP–stabilized microtubules 
with no added motor (n = 97) and 50 nM Kif18b (n = 125; 
mean ± SEM). Unpaired t test significance: ****, P < 0.0001.  
(C) Example kymograph of Kif18b590 in 0.1 mM ATP. (D) His-
togram plot of Kif18b1–590 velocities determined from kymo-
graph in A; n = 229. (E) Run Length frequency (100-nm bins), 
single exponential fit, parameter 240 ± 10 nm; no run lengths 
were measurable <400 nm. n = 229. (F) Example kymo-
graphs of rhodamine-labeled dynamic microtubules in 7 µM 
tubulin with 0 and 50 nM dimeric Kif18b590-GFP. (G) Mea-
sured growth speeds of dynamic extensions in the presence 
of 7 µM tubulin and 0, 12.5, and 50 nM dimeric Kif18b590-GFP. 
Asterisks indicate ANO​VA significance: ****, P < 0.0001.  
(H) Catastrophe frequencies of dynamic microtubule 
extensions in the presence of 7 µM tubulin and 0, 12.5, and 
50 nM dimeric Kif18b590-GFP. Each data point corresponds 
with the catastrophe frequency for an individual microtu-
bule. Asterisks indicate Kolmogorov–Smirnov significance:  
***, P < 0.001; ****, P < 0.0001. (I) Mean lengths of dynamic 
microtubule extensions in the presence of 7 µM tubulin and 
0, 12.5, and 50 nM dimeric Kif18b590-GFP. Each data point 
corresponds with the mean length of the rhodamine-labeled 
extension from a Hilyte647-labeled seed over the course of a 
kymograph. Asterisks indicate Kolmogorov–Smirnov signifi-
cance: *, P < 0.05. Error bars represent SEM. 
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a second microtubule-binding region. On stable microtubules, 
the rate of depolymerization of Kif18b590 is similar to that of the 
Kif18a motor domain as would be expected given the similarity 
in sequence within the two motor domains. However, the Kif18b 
C terminus interferes with this depolymerization activity. Inter-
estingly the tail domain of Kip3 has also been shown to counter-
act the depolymerase activity of Kip3, by stabilizing shrinking 
microtubules (Su et al., 2011). Future work is needed to examine 
whether the C terminus of Kif18b interferes with the depoly-
merase activity of the Kif18b motor domain when EB proteins 
and other Kif18b-regulatory proteins are present.

We also show that unlike Kif18a, Kif18b does not appear to 
increase pausing and microtubule stabilization (Stumpff et al., 
2011). Although Kif18a appears to dampen microtubule dynam-
ics, we demonstrate that Kif18b achieves a reduction in micro-
tubule length through an increase in microtubule dynamics, 
principally the catastrophe frequency (Stumpff et al., 2011). The 
C termini of Kif18b and Kif18a are highly divergent and explain 
the distinct targeting properties. Additionally, the loop L2 is sig-
nificantly different in Kif18a, Kif18b, and Kip3. In kinesin-13, this 
loop contains the KVD motif, which is essential for microtubule 
depolymerization. Therefore, this region could also be responsi-
ble for biochemical differences between kinesin-8s.

Kif18b uses a C-terminal nonmotor microtubule-binding 
domain to recognize and accumulate at microtubule ends in 
vitro, similar to multiple other kinesins (Welburn, 2013). These 
nucleotide-insensitive microtubule-binding regions play import-
ant roles in specifying the unique functions and targeting of 
kinesins. Kif18b590 lost its ability to track growing microtubules 

and had a severely shortened run length. Kif18bΔC lacking its 
regulatory CTKif18b retained some ability to dwell at microtu-
bule plus ends in vitro. However, in the crowded cellular context 
where other proteins compete for microtubule plus-end binding, 
CTKif18b seems critical for plus tip accumulation. Given its long run 
length and its speed in vitro, Kif18b may walk along microtubules 
in vivo until it reaches microtubule ends. Single-molecule imag-
ing of Kif18b in vivo measured that Kif18b moves processively 
on microtubules at a speed of 635 nm/s, which would allow it to 
reach the end of a polymerizing microtubule (Tanenbaum et al., 
2014). We show in this study that in vitro, Kif18b can track grow-
ing ends autonomously. In vivo, Kif18b appears to use a dual plus 
end–targeting mechanism, through microtubule end tethering 
and EB binding, to robustly localize to the growing microtubule 
tip (Fig. S5 F). Endogenous Kif18b is enriched specifically at the 
ends of astral microtubules and is excluded from microtubules in 
the vicinity of chromosomes and centrosomes (Stout et al., 2011; 
Tanenbaum et al., 2011). Aurora kinases and Plk1 localize specif-
ically to chromosomes and centrosomes during mitosis, thereby 
creating a spatial phosphorylation gradient for substrates (Liu 
et al., 2009; Ye et al., 2015). We propose that phosphorylation of 
the CTKif18b by spatially restricted mitotic kinases could exclude 
or at least reduce Kif18b from dwelling at the tips of microtu-
bules in these regions. As Kif18b walks on microtubules away 
from the kinase activity gradient, it becomes dephosphorylated 
by cytoplasmic phosphatases. This dephosphorylation allows 
Kif18b to dwell at microtubule tips longer, leading to subcellular 
accumulation of Kif18b at the plus tips of the longer astral micro-
tubules. In this manner, microtubule plus end–localized Kif18b 

Figure 7. Kif18b accumulates at the tips of 
growing microtubules and acts as a catastro-
phe factor to reduce microtubule length. (A) 
Kif18b tracks the tips of growing microtubules. 
Example kymographs of rhodamine-labeled 
dynamic microtubules in 7  µM tubulin with 0 
and 100 nM dimeric Kif18b-GFP. (B) Measured 
growth speeds of dynamic extensions in the 
presence of 7 µM tubulin and 0, 50, and 100 nM 
dimeric Kif18b-GFP. Asterisks indicate ANO​VA 
significance: ****, P < 0.0001. (C) Catastrophe 
frequencies of dynamic microtubule extensions 
in the presence of 7 µM tubulin and 0, 50, and 
100 nM dimeric Kif18b-GFP. Each data point 
corresponds with the catastrophe frequency 
for an individual microtubule. Asterisks indi-
cate Kolmogorov–Smirnov significance: ***, P < 
0.001. (D) Mean lengths of dynamic microtubule 
extensions in the presence of 7 µM tubulin and 
0, 50, and 100 nM dimeric Kif18b-GFP. Each data 
point corresponds with the mean length of the 
rhodamine-labeled extension from a Hilyte647-la-
beled seed over the course of a kymograph. 
Asterisks indicate Kolmogorov–Smirnov signifi-
cance: **, P < 0.002. Error bars represent SEM. 
(E) Table containing the microtubule dynamic 
parameters (mean + SEM) in the absence and 
presence of 50 and 100 nM Kif18b-GFP.
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will be able to selectively destabilize these microtubules, helping 
to ensure correct spindle positioning. In vitro, CTKif18b is not an 
Aurora kinase substrate (unpublished data). Several kinases and 
phosphatases control spindle positioning by regulating how the 
LGN–NuMA complex recruits the cortical force generator dynein 
(Kiyomitsu and Cheeseman, 2012; Afshar et al., 2016; Kotak et 
al., 2016). Future work should determine which mitotic kinases 
and phosphatases regulate Kif18b spatially and temporally to 
control microtubule length and spindle positioning close to the 
cortex. Changes in astral microtubule length alter the contacts 
between the spindle and the cortical force generators and the 
length-dependent forces applied to the spindle, which causes 
mispositioning (Howard and Garzon-Coral, 2017). We propose 
that Kif18b controls spindle positioning by shortening micro-
tubules, thereby preventing excessive contacts between astral 
microtubules and the cell cortex, rather than directly affecting 
the cortical LGN–NuMA complex.

Our study sheds light on at least one mechanism by which 
Kif18b destabilizes microtubules. Kif18b regulates microtubule 
plus end dynamics negatively by promoting catastrophe, result-
ing in a net reduction in the length of microtubules (Fig.  7). 
Because Kif18b also modestly increases microtubule growth 
speed, microtubules are not completely depolymerized, unlike in 
the presence of MCAK. Rather, microtubules have a tighter length 
distribution, which is important in mitosis. Kif18b is nuclear in 
interphase. In mitosis, Kif18b localizes preferentially to a subset 
of microtubules extending toward the cell cortex (Tanenbaum et 
al., 2011; Walczak et al., 2016). Therefore, Kif18b access to micro-
tubules at mitotic onset and its spatial regulation contribute to 
the increase in microtubule dynamics and remodeling of the 
cytoskeleton in mitosis. In agreement with previous research, 
our data suggest that MCAK and Kif18b may work in the same 
pathway to regulate microtubule length (Tanenbaum et al., 2011). 
However, this may differ with cell types and organisms (Rankin 
and Wordeman, 2010; Corrigan et al., 2013; Garzon-Coral et al., 
2016). Future work should determine the mechanism by which 
Kif18b and MCAK cooperate using their distinct mechanisms to 
regulate microtubules during mitosis.

Materials and methods
Cloning
To assay the localization in cell culture of Kif18b subdomains, 
various constructs were generated from Kif18b transcript variant 
1 (NM_001252506.1) and cloned into pBABE-puro containing an 
N- or C-terminal LAP tag using restriction enzymes (Cheeseman 
and Desai, 2005). For constructs expressing a C-terminal LAP-
tag at the C terminus of Kif18b, an N-terminal Kozak consen-
sus sequence (5′-ACC​GTC​GCC​AC-3′) was included upstream of 
Kif18b for enhanced translation initiation. The nonphosphory-
latable (SA) and phosphomimetic (SD) mutants were synthesized 
as gBlock fragments (Integrated DNA Technologies). The CTKif18b 
and the corresponding mutants CTKif18bSD and CTKif18bSA were 
cloned into pET3aTr and included a 3C protease cleavage site 
followed by a 6xHis tag. Full-length Kif18bSD and Kif18bSA-GFP 
constructs were generated in a two-step PCR reaction. In the first 
step, the Kif18bSD and Kif18bSA gBlock fragments and Kif18bΔC 

were amplified with the following sets of overlapping primers: 
5′-cccGTC​GACAC​CGT​CGC​CAC​CAT​GGC​AGT​GGA​GGA​CAG​CAC​
GC-3′, 5′-TTG​GCT​TGG​GGC​CCT​TCA​TGG​TGA​ACA​GGG​GCA​CAG​
GTG​CCC​TGG-3′ and 5′-CTG​TGC​CCC​TGT​TCA​CCA​TGA​AGG​GCC​
CCA​AGC​CAA​CAT​CTT-3′, 5′-cccGAA​TTCGAC​ACC​TTG​GTG​ACG​
CCG​TTC-3′, respectively. In the second step, the fragments were 
joined by PCR using overlapping overhangs created by the prim-
ers in step 1 using 5′-cccGTC​GACACC​GTC​GCC​ACC​ATG​GCA​GTG​
GAG​GAC​AGC​ACGC-3′, 5′-cccGAA​TTCGAC​ACC​TTG​GTG​ACG​CCG​
TTC-3′. In all sequences, the primer overhang and the enzyme 
restriction sites are highlighted in lowercase and uppercase ital-
ics, respectively. The final PCR product was then inserted into a 
pBABE-puro–derived plasmid using SalI and EcoRI. Previously 
proposed EB-binding motifs were mutated using site-directed 
mutagenesis (QuikChange). Residues mutated are underlined: 
653SFLP656, 773SSLP776, and 799ARLP802, although we do not con-
sider this last sequence an SXIP motif as A at this position is 
nonbinding to EB (Buey et al., 2012). For recombinant expression 
in insect cells, full-length Kif18-GFP-6×His was cloned into pFL. 
Details of constructs and cloning are listed in Table S1.

Protein expression, purification, and assays
Protein purification and microtubule cosedimentation assays 
were performed as previously described (Talapatra et al., 2015). 
His-tagged proteins were purified using Ni-NTA–agarose beads 
(GE Healthcare) according to the manufacturer’s guidelines. 
Proteins were then purified using gel filtration chromatography 
preequilibrated in gel filtration buffer (for full-length Kif18b: 
25 mM Hepes, pH 7.5, 150 mM NaCl, 300 mM KCl, 5 mM β-mer-
captoethanol, 1 mM MgCl2, 1 mM Na-EGTA, and 1 mM ATP; for 
Kif18b microtubule-binding domain: 50  mM Hepes, pH 7.5, 
150 mM NaCl, and 5 mM β-mercaptoethanol). Analytical gel fil-
tration chromatography was performed using either a Superdex 
75 or a Superdex 200 10/300 GL column (GE Healthcare). For 
the Kif18b microtubule-binding domain, cleavage of the 6xHis 
tag was performed using the his-3C protease overnight at 4°C. 
For detection of Kif18b by Western blotting, an antibody against 
Kif18b500–593 was raised in rabbit (Covance) and affinity purified.

SEC-MALS
SEC-MALS was performed using a Superdex 200 10/300 GL 
column on an ÄKTA fast protein liquid chromatography sys-
tem. MALS measurements were performed using a MiniDAWN 
in-line detector (Wyatt Technology). Kif18b-GFP-His was at 
0.3 mg/ml in gel filtration buffer described above. Kif18b590–593 
was at 2 mg/ml. Protein concentration was monitored using a 
UV monitor at 280 nm, and a refractive index detector was set at 
690 nm (Optilab DSP; Wyatt Technology). Data were analyzed as 
previously described (Talapatra et al., 2015).

Cell culture and transfection
HeLa cells were used and maintained in DMEM (Lonza) sup-
plemented at 37°C in a humidified atmosphere with 5% CO2. 
Cells were monthly checked for mycoplasma contamina-
tion (MycoAlert detection kit; Lonza). For live imaging, cells 
were plated on 35-mm glass-bottom microwell dishes (Mat-
Tek). Transient transfections were conducted using Effectene 
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reagent (QIA​GEN) according to the manufacturer’s guidelines. 
RNAi experiments were conducted using RNAi MAX trans-
fection reagent (Invitrogen) according to the manufacturer’s 
protocol. Cells were visualized after 24–48  h. Previously pub-
lished and validated siRNAs were used to deplete Kif18b (Kif18b 
ON-TAR​GETplus SMA​RTpool siRNA; GE Healthcare; Tanenbaum 
et al., 2011). Control RNAi was a siGEN​OME nontargeting siRNA 
pool 1 (GE Healthcare).

CRI​SPR-Cas9 KO
The Kif18b single guide RNA was designed using http://​crispr​
.mit​.edu. Phosphorylated oligonucleotides 5′-CAC​CCA​CGC​TGC​
AAG​TAG​TGG​TAC-3′ and 5′-AAA​CGT​ACC​ACT​ACT​TGC​AGC​GTG-3′ 
were annealed and ligated into pX330. We transfected mCherry–
Streptococcus pyogenes Cas9 (gift from P. Hohenstein, University 
of Edinburgh, Edinburgh, Scotland, UK) and the plasmid pX330 
(gift from F. Zhang, Broad Institute, Cambridge, MA) containing 
a single guide RNA targeting the first exon of the Kif18b gene 
in HeLa cells. Double-stranded DNA breaks are generated in 
the targeted exon such that repairs of these cuts can generate 
indels that disrupt the open reading frame and abolish protein 
synthesis (Cong et al., 2013). We then selected the monoclo-
nal cell lines that lacked Kif18b and verified that the depletion 
was specific to Kif18b. After 48 h, single cells were sorted into 
96-well plates. Clonal cell lines were screened by Western blot 
for Kif18b depletion.

Microscopy
For live-cell imaging, HeLa cells were transferred to Leibowitz L15 
medium (Thermo Fisher Scientific) supplemented with 10% FBS 
and penicillin/streptomycin (Gibco) and imaged at 37°C using a 
DeltaVision core microscope (Applied Precision Ltd.) equipped 
with a CoolSnap HQ2 charge-coupled device camera. For live-cell 
imaging, 4–10 z sections were acquired at 0.5–1-µm steps using 
a 60× or 100× objective lens. For live imaging of spindle posi-
tioning, the cells were imaged every 3 min. To visualize micro-
tubules and the cell cortex, 20–50 nM SiR dye (SpiroChrome) 
and 1:2,000 to 1:40,000 dilution of Cell Mask orange (Thermo 
Fisher Scientific) were used for 3 h and 5 min, respectively. For 
fixed imaging, 10–20 z sections were acquired at 0.2–0.5 µm. For 
immunofluorescence, cells were then washed in PBS and fixed 
by one of two methods: either in methanol for 10 min at −20°C 
and permeabilized with cooled acetone for 1 min at –20°C, or in 
3.8% formaldehyde in PHEM buffer (60 nM Pipes, 25 mM Hepes, 
10 mM EGTA, and 2 mM MgSO4, pH 7.0) for 20 min. Immuno-
fluorescence in human cells was conducted using antibodies 
against mouse anti–β-tubulin (1:1,000; Sigma-Aldrich), mouse 
EB1 (1:400; BD), and rabbit Ndc80 antibodies (1:1,000; gift from 
I. Cheeseman, Massachusetts Institute of Technology, Cambridge, 
MA). For experiments with small-molecule inhibitors, the pro-
teasome inhibitors MG132, ZM447439, and MLN8237 and the 
Eg5 inhibitor STLC were used at final concentrations of 10 µM, 
2 µM, 300 nM, and 5 µM, respectively. For examining levels of 
Kif18b at plus tips, we imaged transfected Kif18b-GFP and EB1. 
Comet intensities stained for EB1 were measured using a lines-
can in MetaMorph. A linescan parallel and close to the comet was 
used as background fluorescence and subtracted from the comet 

intensity. The linescans were then overlaid to measure the inten-
sities for the GFP constructs at the same location. Comet mean 
intensity for EB1 and GFP constructs was obtained by aligning EB1 
comet profiles with respect to the maximum EB1 peak intensity. 
Individual linescans for Kif18b-GFP constructs were then aligned 
with the translation corresponding with its matched EB1 linescan, 
and mean intensities were calculated for Kif18b-GFP constructs. 
In Fig.  3, GFP intensities were binned into four classes (low, 
medium, high, and overexpression). Analysis was performed 
on low- and medium-expressing cells. Only cells expressing low 
levels of Kif18b were analyzed to avoid artifacts resulting from 
overexpression. For microtubule length measurement and GFP 
signal visualization, 20 and three z sections were acquired at 
0.2–0.3-µm and 1-µm step sizes, respectively.

TIRF microscopy
For experiments using stabilized microtubule seeds, silanized 
coverslips were prepared as by Bechstedt et al. (2011) except 
that in place of treatment with Piranha solution, coverslips were 
incubated overnight in 12% hydrochloric acid at 50°C. For exper-
iments using dynamic microtubules, coverslips were prepared 
with a with a PEG-biotin surface (Bieling et al., 2010). Flow cham-
bers were formed using double-sided tape, a treated coverslip, 
and a microscopy slide. Flow chambers were 7–8 µl in volume.

All experiments were performed in BRB80 buffer (80 mM K ⋅ 
Pipes, 1 mM MgCl2, and 1 mM EGTA, pH 6.8). For single-molecule 
assays, anti–β-tubulin antibodies (Sigma-Aldrich) at 1:10 dilu-
tion were first introduced to the chamber. The surface was 
then blocked with 1% pluronic F-127 (Sigma-Aldrich), and 7% 
rhodamine-labeled microtubules (Cytoskeleton) stabilized with 
GMP-CPP (Jena Bioscience) were bound to the glass surface via 
the antibodies. The surface was then further blocked with 1 mg/
ml casein (Sigma-Aldrich assay buffer consisting of BRB80 with 
1 mM ATP, 0.5 mg/ml casein, and an oxygen-scavenging system 
[0.2 mg/ml glucose oxidase, 0.035 mg/ml catalase, 4.5 mg/ml 
glucose, and 140  mM β-mercaptoethanol]). 1–10 nM dimeric 
Kif18b-GFP-His, Kif18bΔC-GFP-His in assay buffer was intro-
duced to the flow chamber, and the chamber was sealed with nail 
varnish and imaged immediately at 37°C. For Kif18b590-GFP-His 
single-molecule experiments, an ATP concentration of 0.1 mM 
and a temperature of 30°C were used.

For dynamic microtubule experiments, the surface was first 
blocked with 5% pluronic F-127 before introduction of 50 µg/ml 
NeutrAvidin (Invitrogen). The chamber was washed with 1 mg/ml 
casein and 1% Tween-20 (Scientific Laboratory Supplies) before 
introduction of GMP-CPP–stabilized microtubule seeds with 7% 
Hilyte647 label (Cytoskeleton) and 7% biotin label (Cytoskeleton). 
Microtubule seeds were allowed to bind to the surface before fur-
ther blocking with 1 mg/ml casein and 1% Tween-20. Final assay 
buffer consisted of BRB80 with 1 mM ATP, 1 mM GTP, 0.5 mg/ml 
casein, 0.5% Tween-20, 7 µM tubulin (6% rhodamine-label), and 
up to 250 nM motor mix (or an equivalent volume of gel filtra-
tion buffer) and an oxygen scavenging system. The assay buffer 
was introduced to the flow chamber, and the chamber was sealed 
with nail varnish and imaged at 30°C.

Imaging was performed on a Zeiss Axio Observer Z1 TIRF 
microscope using a 100× NA1.46 objective and a Photometrics 
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Evolve Delta electron-multiplying charge-coupled device camera 
controlled by Zeiss Zen Blue software. Single-molecule imaging 
was performed for up to 5 min at 2 frames per second (fps) for 
Kif18b-GFP-His and Kif18bΔC-GFP-His, and for up to 1 min at 
10 fps for Kif18b590-GFP-His. For calculation of tip dwell times, 
a frame rate of 1 fps was used. Depolymerization assays were 
performed over 15 min at 4 fpm. Microtubule dynamics were 
imaged at 0.25 fps for up to 15 min. Kymographs were produced 
using ImageJ (National Institutes of Health), and run lengths 
and velocities of motors and microtubule growth rates were 
measured from these kymographs. Tip dwell times were calcu-
lated from two-color kymographs where a motor could be seen 
to reach an unoccupied microtubule tip. Catastrophe frequencies 
were calculated from the length of and number of catastrophes 
seen in individual kymographs. Microtubule extension lengths 
are means over individual kymographs. Normality was checked 
using Anderson–Darling test, and P < 0.05 was used to reject the 
null hypothesis. Kolmogorov–Smirnov test was used to compare 
data that were not normally distributed (Fig. 6, H and I; Fig. 7, C 
and D; and Fig. S5, C and D). Images were stored and visualized 
using an OME​RO.insight client (OME; Allan et al., 2012).

Statistics and reproducibility
Statistical analyses were performed using Prism 6.0 (Graph-
Pad Software) or R software. No statistical method was used 
to predetermine sample size. No samples were excluded from 
the analyses. The investigators were not blinded to allocation 
during experiments and outcome assessment. All experiments 
were performed and quantified from at least three independent 
experiments (unless specified otherwise), and representative 
data are shown.

Online supplemental material
Fig. S1 shows the effect of kinesin-8 and kinesin-13 motor families 
on microtubule length during mitosis, the effect of Kif18b RNAi 
depletion on spindle positioning, and how a GFP N-terminal tag 
interferes with Kif18b localization. Fig. S2 shows the purification 
of Kif18b C-terminal constructs. Fig. S3 shows that Kif18bSXIPmut2 
still targets to microtubule plus ends and that Kif18b-GFP res-
cues spindle architecture defects. Fig. S4 shows the biochemical 
characterization of Kif18b. Fig. S5 shows how Kif18bΔC accumu-
lates at the tips of growing microtubules and its effect on micro-
tubule dynamics. Video 1 shows a cell in metaphase displaying 
rocking and displacement of the spindle over time. Video 2 uses 
single-molecule imaging to show Kif18b-GFP walking toward the 
plus ends of microtubules. Table S1 lists the constructs and clon-
ing details used in this study.

Acknowledgments
Plasmids pX330 and plasmid carrying mCherry-Cas9 were gifts 
from F. Zhang and P. Hohenstein. Bonsai Ndc80 antibody was a 
gift from I. Cheeseman. We thank Sebastien Besson for help with 
script editing and image analysis linked to Omero; Thomas Sur-
rey and Johanna Roostalu for help with setting up microtubule 
dynamics experiments; Sarah Young for help during the early 

stages of the project; Iain Cheeseman for discussions; and the 
Welburn laboratory for critical reading of the manuscript.

J.P.I. Welburn is supported by a Cancer Research UK Career 
Development Fellowship (C40377/A12840), a Wellcome Trust 
Senior Research Fellowship (207430), and a Royal Society grant 
(RG160003). The Wellcome Centre for Cell Biology is supported 
by core funding from the Wellcome Trust (203149).

The authors declare no competing financial interests.
Author contributions: T. McHugh, A.A. Gluszek, and J.P.I. Wel-

burn designed and performed experiments and analyzed data. 
J.P.I. Welburn wrote the manuscript.

Submitted: 16 June 2017
Revised: 22 November 2017
Accepted: 29 March 2018

References
Afshar, K., M.E. Werner, Y.C. Tse, M. Glotzer, and P. Gönczy. 2016. Regula-

tion of cortical contractility and spindle positioning by the protein 
phosphatase 6 PPH-6 in one-cell stage C. elegans embryos. Development. 
143:2689. https://​doi​.org/​10​.1242/​dev​.141515

Akhmanova, A., and M.O. Steinmetz. 2008. Tracking the ends: A dynamic 
protein network controls the fate of microtubule tips. Nat. Rev. Mol. Cell 
Biol. 9:309–322. https://​doi​.org/​10​.1038/​nrm2369

Allan, C., J.M. Burel, J. Moore, C. Blackburn, M. Linkert, S. Loynton, D. Mac-
donald, W.J. Moore, C. Neves, A. Patterson, et al.. 2012. OME​RO: flexible, 
model-driven data management for experimental biology. Nat. Methods. 
9:245–253. https://​doi​.org/​10​.1038/​nmeth​.189622373911

Bakhoum, S.F., S.L. Thompson, A.L. Manning, and D.A. Compton. 2009. 
Genome stability is ensured by temporal control of kinetochore-mi-
crotubule dynamics. Nat. Cell Biol. 11:27–35. https://​doi​.org/​10​.1038/​
ncb1809

Bechstedt, S., M. Wieczorek, M. Noujaim, and G.J. Brouhard. 2011. Variations 
on the single-molecule assay for microtubule-associated proteins and 
kinesins. Methods Mol. Biol. 777:167–176. https://​doi​.org/​10​.1007/​978​-1​
-61779​-252​-6​_12

Belmont, L.D., A.A. Hyman, K.E. Sawin, and T.J. Mitchison. 1990. Real-time 
visualization of cell cycle-dependent changes in microtubule dynamics 
in cytoplasmic extracts. Cell. 62:579–589. https://​doi​.org/​10​.1016/​0092​
-8674(90)90022​-7

Bieling, P., I.A. Telley, C. Hentrich, J. Piehler, and T. Surrey. 2010. Fluorescence 
microscopy assays on chemically functionalized surfaces for quantita-
tive imaging of microtubule, motor, and +TIP dynamics. Methods Cell 
Biol. 95:555–580. https://​doi​.org/​10​.1016/​S0091​-679X(10)95028​-0

Buey, R.M., I. Sen, O. Kortt, R. Mohan, D. Gfeller, D. Veprintsev, I. Kretzschmar, 
J. Scheuermann, D. Neri, V. Zoete, et al. 2012. Sequence determinants of 
a microtubule tip localization signal (MtLS). J. Biol. Chem. 287:28227–
28242. https://​doi​.org/​10​.1074/​jbc​.M112​.373928

Cheeseman, I.M., and A. Desai. 2005. A combined approach for the localiza-
tion and tandem affinity purification of protein complexes from meta-
zoans. Sci. STKE. 2005:pl1.

Cong, L., F.A. Ran, D. Cox, S. Lin, R. Barretto, N. Habib, P.D. Hsu, X. Wu, W. 
Jiang, L.A. Marraffini, and F. Zhang. 2013. Multiplex genome engineer-
ing using CRI​SPR/Cas systems. Science. 339:819–823. https://​doi​.org/​10​
.1126/​science​.1231143

Corrigan, A.M., R.L. Shrestha, I. Zulkipli, N. Hiroi, Y. Liu, N. Tamura, B. Yang, 
J. Patel, A. Funahashi, A. Donald, and V.M. Draviam. 2013. Automated 
tracking of mitotic spindle pole positions shows that LGN is required 
for spindle rotation but not orientation maintenance. Cell Cycle. 12:2643–
2655. https://​doi​.org/​10​.4161/​cc​.25671

Dephoure, N., C. Zhou, J. Villén, S.A. Beausoleil, C.E. Bakalarski, S.J. Elledge, 
and S.P. Gygi. 2008. A quantitative atlas of mitotic phosphorylation. 
Proc. Natl. Acad. Sci. USA. 105:10762–10767. https://​doi​.org/​10​.1073/​pnas​
.0805139105

Gardner, M.K., M. Zanic, C. Gell, V. Bormuth, and J. Howard. 2011. Depolymer-
izing kinesins Kip3 and MCAK shape cellular microtubule architecture 

D
ow

nloaded from
 http://rupress.org/jcb/article-pdf/217/7/2403/1600688/jcb_201705209.pdf by guest on 06 D

ecem
ber 2025

https://doi.org/10.1242/dev.141515
https://doi.org/10.1038/nrm2369
https://doi.org/10.1038/nmeth.1896
https://doi.org/10.1038/ncb1809
https://doi.org/10.1038/ncb1809
https://doi.org/10.1007/978-1-61779-252-6_12
https://doi.org/10.1007/978-1-61779-252-6_12
https://doi.org/10.1016/0092-8674(90)90022-7
https://doi.org/10.1016/0092-8674(90)90022-7
https://doi.org/10.1016/S0091-679X(10)95028-0
https://doi.org/10.1074/jbc.M112.373928
https://doi.org/10.1126/science.1231143
https://doi.org/10.1126/science.1231143
https://doi.org/10.4161/cc.25671
https://doi.org/10.1073/pnas.0805139105
https://doi.org/10.1073/pnas.0805139105


McHugh et al. 
Kif18b walks to microtubule ends and shortens them

Journal of Cell Biology
https://doi.org/10.1083/jcb.201705209

2416

by differential control of catastrophe. Cell. 147:1092–1103. https://​doi​
.org/​10​.1016/​j​.cell​.2011​.10​.037

Garzon-Coral, C., H.A. Fantana, and J. Howard. 2016. A force-generating 
machinery maintains the spindle at the cell center during mitosis. Sci-
ence. 352:1124–1127. https://​doi​.org/​10​.1126/​science​.aad9745

Gupta, M.L. Jr., P. Carvalho, D.M. Roof, and D. Pellman. 2006. Plus end-specific 
depolymerase activity of Kip3, a kinesin-8 protein, explains its role in 
positioning the yeast mitotic spindle. Nat. Cell Biol. 8:913–923. https://​
doi​.org/​10​.1038/​ncb1457

Howard, J., and C. Garzon-Coral. 2017. Physical limits on the precision of 
mitotic spindle positioning by microtubule pushing forces: Mechanics 
of mitotic spindle positioning. BioEssays. 39:1700122. https://​doi​.org/​10​
.1002/​bies​.201700122

Kiyomitsu, T., and I.M. Cheeseman. 2012. Chromosome- and spindle-pole-de-
rived signals generate an intrinsic code for spindle position and orienta-
tion. Nat. Cell Biol. 14:311–317. https://​doi​.org/​10​.1038/​ncb2440

Kiyomitsu, T., and I.M. Cheeseman. 2013. Cortical dynein and asymmetric 
membrane elongation coordinately position the spindle in anaphase. 
Cell. 154:391–402. https://​doi​.org/​10​.1016/​j​.cell​.2013​.06​.010

Kotak, S., K. Afshar, C. Busso, and P. Gönczy. 2016. Aurora A kinase regulates 
proper spindle positioning in C. elegans and in human cells. J. Cell Sci. 
129:3015–3025. https://​doi​.org/​10​.1242/​jcs​.184416

Liu, D., G. Vader, M.J. Vromans, M.A. Lampson, and S.M. Lens. 2009. Sensing 
chromosome bi-orientation by spatial separation of aurora B kinase 
from kinetochore substrates. Science. 323:1350–1353. https://​doi​.org/​10​
.1126/​science​.1167000

Locke, J., A.P. Joseph, A. Peña, M.M. Möckel, T.U. Mayer, M. Topf, and C.A. 
Moores. 2017. Structural basis of human kinesin-8 function and inhi-
bition. Proc. Natl. Acad. Sci. USA. 114:E9539–E9548. https://​doi​.org/​10​
.1073/​pnas​.1712169114

Manning, A.L., N.J. Ganem, S.F. Bakhoum, M. Wagenbach, L. Wordeman, and 
D.A. Compton. 2007. The kinesin-13 proteins Kif2a, Kif2b, and Kif2c/
MCAK have distinct roles during mitosis in human cells. Mol. Biol. Cell. 
18:2970–2979. https://​doi​.org/​10​.1091/​mbc​.E07​-02​-0110

Mayr, M.I., S. Hümmer, J. Bormann, T. Grüner, S. Adio, G. Woehlke, and T.U. 
Mayer. 2007. The human kinesin Kif18A is a motile microtubule depoly-
merase essential for chromosome congression. Curr. Biol. 17:488–498. 
https://​doi​.org/​10​.1016/​j​.cub​.2007​.02​.036

Rankin, K.E., and L. Wordeman. 2010. Long astral microtubules uncouple 
mitotic spindles from the cytokinetic furrow. J. Cell Biol. 190:35–43. 
https://​doi​.org/​10​.1083/​jcb​.201004017

Rusan, N.M., C.J. Fagerstrom, A.M. Yvon, and P. Wadsworth. 2001. Cell 
cycle-dependent changes in microtubule dynamics in living cells 
expressing green fluorescent protein-alpha tubulin. Mol. Biol. Cell. 
12:971–980. https://​doi​.org/​10​.1091/​mbc​.12​.4​.971

Samora, C.P., B. Mogessie, L. Conway, J.L. Ross, A. Straube, and A.D. McAinsh. 
2011. MAP4 and CLA​SP1 operate as a safety mechanism to maintain a 
stable spindle position in mitosis. Nat. Cell Biol. 13:1040–1050. https://​
doi​.org/​10​.1038/​ncb2297

Savoian, M.S., and D.M. Glover. 2010. Drosophila Klp67A binds prophase kine-
tochores to subsequently regulate congression and spindle length. J. Cell 
Sci. 123:767–776. https://​doi​.org/​10​.1242/​jcs​.055905

Sharma, K., R.C. D’Souza, S. Tyanova, C. Schaab, J.R. Wiśniewski, J. Cox, and 
M. Mann. 2014. Ultradeep human phosphoproteome reveals a distinct 
regulatory nature of Tyr and Ser/Thr-based signaling. Cell Reports. 
8:1583–1594. https://​doi​.org/​10​.1016/​j​.celrep​.2014​.07​.036

Shin, Y., Y. Du, S.E. Collier, M.D. Ohi, M.J. Lang, and R. Ohi. 2015. Biased Brown-
ian motion as a mechanism to facilitate nanometer-scale exploration 

of the microtubule plus end by a kinesin-8. Proc. Natl. Acad. Sci. USA. 
112:E3826–E3835. https://​doi​.org/​10​.1073/​pnas​.1500272112

Siller, K.H., and C.Q. Doe. 2009. Spindle orientation during asymmetric cell 
division. Nat. Cell Biol. 11:365–374. https://​doi​.org/​10​.1038/​ncb0409​-365

Stout, J.R., A.L. Yount, J.A. Powers, C. Leblanc, S.C. Ems-McClung, and C.E. 
Walczak. 2011. Kif18B interacts with EB1 and controls astral microtubule 
length during mitosis. Mol. Biol. Cell. 22:3070–3080. https://​doi​.org/​10​
.1091/​mbc​.E11​-04​-0363

Stumpff, J., G. von Dassow, M. Wagenbach, C. Asbury, and L. Wordeman. 
2008. The kinesin-8 motor Kif18A suppresses kinetochore movements 
to control mitotic chromosome alignment. Dev. Cell. 14:252–262. https://​
doi​.org/​10​.1016/​j​.devcel​.2007​.11​.014

Stumpff, J., Y. Du, C.A. English, Z. Maliga, M. Wagenbach, C.L. Asbury, L. Wor-
deman, and R. Ohi. 2011. A tethering mechanism controls the processiv-
ity and kinetochore-microtubule plus-end enrichment of the kinesin-8 
Kif18A. Mol. Cell. 43:764–775. https://​doi​.org/​10​.1016/​j​.molcel​.2011​.07​
.022

Su, X., W. Qiu, M.L. Gupta Jr., J.B. Pereira-Leal, S.L. Reck-Peterson, and D. 
Pellman. 2011. Mechanisms underlying the dual-mode regulation of 
microtubule dynamics by Kip3/kinesin-8. Mol. Cell. 43:751–763. https://​
doi​.org/​10​.1016/​j​.molcel​.2011​.06​.027

Talapatra, S.K., B. Harker, and J.P. Welburn. 2015. The C-terminal region of the 
motor protein MCAK controls its structure and activity through a con-
formational switch. eLife. 4:06421. https://​doi​.org/​10​.7554/​eLife​.06421

Tanenbaum, M.E., L. Macůrek, A. Janssen, E.F. Geers, M. Alvarez-Fernández, 
and R.H. Medema. 2009. Kif15 cooperates with eg5 to promote bipolar 
spindle assembly. Curr. Biol. 19:1703–1711. https://​doi​.org/​10​.1016/​j​.cub​
.2009​.08​.027

Tanenbaum, M.E., L. Macurek, B. van der Vaart, M. Galli, A. Akhmanova, and 
R.H. Medema. 2011. A complex of Kif18b and MCAK promotes microtu-
bule depolymerization and is negatively regulated by Aurora kinases. 
Curr. Biol. 21:1356–1365. https://​doi​.org/​10​.1016/​j​.cub​.2011​.07​.017

Tanenbaum, M.E., L.A. Gilbert, L.S. Qi, J.S. Weissman, and R.D. Vale. 2014. 
A protein-tagging system for signal amplification in gene expression 
and fluorescence imaging. Cell. 159:635–646. https://​doi​.org/​10​.1016/​j​
.cell​.2014​.09​.039

Varga, V., C. Leduc, V. Bormuth, S. Diez, and J. Howard. 2009. Kinesin-8 motors 
act cooperatively to mediate length-dependent microtubule depolymer-
ization. Cell. 138:1174–1183. https://​doi​.org/​10​.1016/​j​.cell​.2009​.07​.032

Walczak, C.E., H. Zong, S. Jain, and J.R. Stout. 2016. Spatial regulation of astral 
microtubule dynamics by Kif18B in PtK cells. Mol. Biol. Cell. 27:3021–
3030. https://​doi​.org/​10​.1091/​mbc​.E16​-04​-0254

Welburn, J.P. 2013. The molecular basis for kinesin functional specificity 
during mitosis. Cytoskeleton (Hoboken). 70:476–493. https://​doi​.org/​10​
.1002/​cm​.21135

Welburn, J.P., and I.M. Cheeseman. 2012. The microtubule-binding protein 
Cep170 promotes the targeting of the kinesin-13 depolymerase Kif2b to 
the mitotic spindle. Mol. Biol. Cell. 23:4786–4795. https://​doi​.org/​10​.1091/​
mbc​.E12​-03​-0214

Ye, A.A., J. Deretic, C.M. Hoel, A.W. Hinman, D. Cimini, J.P. Welburn, and T.J. 
Maresca. 2015. Aurora A kinase contributes to a pole-based error cor-
rection pathway. Curr. Biol. 25:1842–1851. https://​doi​.org/​10​.1016/​j​.cub​
.2015​.06​.021

Young, S., S. Besson, and J.P. Welburn. 2014. Length-dependent anisotropic 
scaling of spindle shape. Biol. Open. 3:1217–1223. https://​doi​.org/​10​.1242/​
bio​.201410363

D
ow

nloaded from
 http://rupress.org/jcb/article-pdf/217/7/2403/1600688/jcb_201705209.pdf by guest on 06 D

ecem
ber 2025

https://doi.org/10.1016/j.cell.2011.10.037
https://doi.org/10.1016/j.cell.2011.10.037
https://doi.org/10.1126/science.aad9745
https://doi.org/10.1038/ncb1457
https://doi.org/10.1038/ncb1457
https://doi.org/10.1002/bies.201700122
https://doi.org/10.1002/bies.201700122
https://doi.org/10.1038/ncb2440
https://doi.org/10.1016/j.cell.2013.06.010
https://doi.org/10.1242/jcs.184416
https://doi.org/10.1126/science.1167000
https://doi.org/10.1126/science.1167000
https://doi.org/10.1073/pnas.1712169114
https://doi.org/10.1073/pnas.1712169114
https://doi.org/10.1091/mbc.E07-02-0110
https://doi.org/10.1016/j.cub.2007.02.036
https://doi.org/10.1083/jcb.201004017
https://doi.org/10.1091/mbc.12.4.971
https://doi.org/10.1038/ncb2297
https://doi.org/10.1038/ncb2297
https://doi.org/10.1242/jcs.055905
https://doi.org/10.1016/j.celrep.2014.07.036
https://doi.org/10.1073/pnas.1500272112
https://doi.org/10.1038/ncb0409-365
https://doi.org/10.1091/mbc.E11-04-0363
https://doi.org/10.1091/mbc.E11-04-0363
https://doi.org/10.1016/j.devcel.2007.11.014
https://doi.org/10.1016/j.devcel.2007.11.014
https://doi.org/10.1016/j.molcel.2011.07.022
https://doi.org/10.1016/j.molcel.2011.07.022
https://doi.org/10.1016/j.molcel.2011.06.027
https://doi.org/10.1016/j.molcel.2011.06.027
https://doi.org/10.7554/eLife.06421
https://doi.org/10.1016/j.cub.2009.08.027
https://doi.org/10.1016/j.cub.2009.08.027
https://doi.org/10.1016/j.cub.2011.07.017
https://doi.org/10.1016/j.cell.2014.09.039
https://doi.org/10.1016/j.cell.2014.09.039
https://doi.org/10.1016/j.cell.2009.07.032
https://doi.org/10.1091/mbc.E16-04-0254
https://doi.org/10.1002/cm.21135
https://doi.org/10.1002/cm.21135
https://doi.org/10.1091/mbc.E12-03-0214
https://doi.org/10.1091/mbc.E12-03-0214
https://doi.org/10.1016/j.cub.2015.06.021
https://doi.org/10.1016/j.cub.2015.06.021
https://doi.org/10.1242/bio.201410363
https://doi.org/10.1242/bio.201410363

