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WDR62 regulates spindle dynamics as an adaptor
protein between TPX2/Aurora A and katanin

Junjie Huang“>*®, Zhuobi Liang">*®, Cuirong Guan*?, Shasha Hua'?, and Kai Jiang"?®

WDR62 is a microcephaly-related, microtubule (MT)-associated protein (MAP) that localizes to the spindle pole and regulates
spindle organization, but the underlying mechanisms remain elusive. Here, we show that WDR62 regulates spindle dynamics by
recruiting katanin to the spindle pole and further reveal a TPX2-Aurora A-WDR62-katanin axis in cells. By combining cellular
and in vitro experiments, we demonstrate that WDR62 shows preference for curved segments of dynamic GDP-MTs, as well
as GMPCPP- and paclitaxel-stabilized MTs, suggesting that it recognizes extended MT lattice. Consistent with this property,

WDR62 alone is inefficient in recruiting katanin to GDP-MTs, while WDR62 complexed with TPX2/Aurora A can potently
promote katanin-mediated severing of GDP-MTs in vitro. In addition, the MT-binding affinity of WDR62 is autoinhibited
through JNK phosphorylation-induced intramolecular interaction. We propose that WDR62 is an atypical MAP and functions as
an adaptor protein between its recruiting factor TPX2/Aurora A and the effector katanin to orchestrate the regulation of

spindle dynamics.

Introduction

The mitotic spindle is composed of bipolar arrays of micro-
tubules (MTs) with the minus ends embedded at the spindle
pole and the plus ends projecting toward the chromosome.
MTs are highly dynamic structures that undergo continual
switching between growth and shrinkage. The dynamic changes
in the spindle MTs, which are orchestrated by a variety of
microtubule-associated proteins (MAPs), play an essential role
in ensuring faithful chromosome segregation during mitosis
(Petry, 2016; Kapoor, 2017). However, despite a wealth of knowl-
edge on the regulation of the plus-end dynamics of spindle
MTs, little is known about how the minus-end dynamics are
regulated by the spindle pole-associated MAPs. Interestingly, a
significant number of spindle pole-associated proteins, including
WDR62 (WD repeat-containing protein 62), have been linked to
MCPH (autosomal-recessive primary microcephaly), a neuro-
developmental disorder characterized by a reduction in brain
size, highlighting the importance of mitotic spindle regulation in
MCPH etiology (Bilgiivar et al., 2010; Nicholas et al., 2010; Yu
et al,, 2010).

Mutations in WDRé62 are the second-most common genetic
cause of MCPH (Bilgiivar et al., 2010; Nicholas et al., 2010; Yu
et al., 2010). Studies in different model systems have revealed
that WDR62 participates in many biological events, including
mitotic progression, meiotic initiation, neuronal migration, and

proliferation, which may depend on its diverse functions in
spindle orientation, spindle assembly, asymmetric centrosome
inheritance and maintenance, and centriole duplication, as well
as cilium disassembly (Bogoyevitch et al., 2012; Novorol et al.,
2013; Chen et al., 2014; Xu et al., 2014; Kodani et al., 2015; Lim
et al.,, 2015; Jayaraman et al., 2016; Ramdas Nair et al., 2016;
Sgourdou et al., 2017; Xu et al., 2018; Zhou et al., 2018; Hu and
Jasper, 2019; Qin et al., 2019; Zhang et al., 2019). Among these,
the spindle-related function has been implicated to rely on its
MT-binding activity (Lim et al., 2015). However, the biochemical
nature of WDR62’s MT-binding activity is yet obscure, and how
this activity contributes to its cellular function remains elusive.
The spindle pole localization of WDR62 depends on Aurora A, to
which WDR62 directly binds, and TPX2, the upstream activator
of Aurora A, demonstrating that WDR62 acts downstream of
TPX2/Aurora A (Lim et al., 2015; Lim et al., 2016). However, the
exact roles of this pathway in spindle organization and the un-
derlying mechanisms remain unclear.

In this study, we identify katanin, a MT-severing enzyme
(Sharp and Ross, 2012; McNally and Roll-Mecak, 2018), as a
new binding partner of WDR62. WDR62 recruits katanin to
the spindle pole and regulates spindle minus-end depolymer-
ization. WDR62 preferentially binds to curved segments of dy-
namic MTs, as well as GMPCPP- and paclitaxel-stabilized MTs,
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suggesting that WDR62 recognizes extended MT lattice. Con-
sistently, WDR62 can recruit katanin to sever curved MT
lattices in cells and GMPCPP-stabilized MTs in vitro. Using
the auxin-inducible degron (AID) system, we establish in cells
a TPX2-Aurora A-WDR62-katanin axis. Reconstitution experi-
ments demonstrated that the TPX2-Aurora A-WDR62-katanin
module can potently disassemble GDP-MTs in vitro. Moreover,
we reveal that the MT-binding affinity of WDR62 is repressed by
an intramolecular interaction mediated by JNK phosphorylation.
In summary, we propose that WDR62 recognizes extended MT
lattice and regulates spindle dynamics through a TPX2-Aurora
A-WDR62-katanin axis and that perturbation of these activities
might lead to microcephaly.

Results

WDR62 and katanin form a complex at the spindle pole

To gain insight into the function of WDR62, we searched for its
binding partners. Extracts of HEK293T cells expressing WDR62
with a GFP and biotinylation tag (GFP-Bio) together with the
biotin ligase BirA were used for streptavidin pull-down assays,
and the resulting proteins were analyzed by mass spectrometry.
In addition to the already known binding partners of WDR62,
such as CEP170 and Aurora A (Chen et al., 2014; Qin et al., 2019;
Zhang et al., 2019), we identified two subunits of katanin, p60
and p80, among the most prominent hits (Fig. 1 A).

Both WDR62 and katanin have been previously reported to
localize to the spindle pole (Nicholas et al., 2010; Bogoyevitch
et al,, 2012). To compare their subcellular localization directly,
we generated a CRISPR knock-in HeLa cell line in which the
endogenous WDR62 protein was C-terminally tagged with GFP
(Fig. S1, A-C). Immunofluorescent staining in this cell line with
an anti-p80 antibody showed that WDR62 and katanin colocalize
at spindle poles during mitosis, with the strongest overlap from
prometaphase to metaphase (Fig. 1 B). Knockout of WDR62 in
Hela cells dramatically reduced the spindle pole localization of
p80 by ~90%, while knockout of p80 reduced the spindle pole
localization of WDR62 by ~50% (Fig. 1, C-E; and Fig. S1, D and E),
demonstrating that WDR62 and katanin depend on each other
for their localization and that the dependence of katanin local-
ization on WDR62 is much stronger than vice versa.

WDR62-katanin regulates spindle organization and dynamics

We next investigated the functional significance of the interac-
tion between WDR62 and katanin. Knockout of WDR62 and p80
in HelLa cells decreased both the number and length of astral
MTs, as previously described (Fig. 2, A-C; Jiang et al., 2017;
Miyamoto et al., 2017). However, unlike p80 knockout, knock-
out of WDR62 did not cause an increase in extra centrosomes
and multipolar spindles (Fig. S1 F), suggesting that katanin’s
function in limiting centrosome number and multipolarity is not
through WDR62 but other, yet unknown proteins. In addition,
the mitotic index did not significantly increase in both knockout
cells (Fig. S1 G). We further investigated the centrosome-spindle
pole connection by costaining y-tubulin (centrosome marker)
and NuMA (spindle pole marker). In both WDR62 and p80
knockout HeLa cells, the centrosome exhibited an inward
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displacement relative to the spindle pole, making the centrosome
appear “embedded” within the spindle pole, as determined by
the immunofluorescence images and the shifted line scan in-
tensity profiles as well as 3D reconstructions (Fig. 2, D and E).
Quantitative analyzes revealed that compared with control
metaphase spindles, the pole-to-pole distance was slightly de-
creased by 5% and 8% while the centrosome-to-centrosome
distance was decreased by 12% and 16% in WDR62 knockout and
p80 knockout cells, respectively (Fig. 2 F); accordingly, the dis-
tance between centrosome and spindle pole (Fig. 2 G, denoted by
double-headed arrow) increased ~1.5-fold in both knockout cells.
Consistently, although the total intensity of y-tubulin and NuMA
remained largely unchanged (Fig. S1, H and I), the ratio of
“outside” versus total NuMA intensity increased approximately
twofold in both knockout cells (Fig. 2 H; Materials and methods
for details).

We previously showed that the rate of MT minus-end de-
polymerization at the spindle pole was dramatically reduced in
p80 knockout cells, highlighting a role of katanin in the regu-
lation of spindle dynamics (Jiang et al., 2017). To investigate
whether WDR62 is also involved in this process, we knocked out
WDR62 in U20S cells stably coexpressing photoactivatable (PA)-
GFP-a-tubulin and EB3-TagRFP (Fig. S1 J). Photoactivation ex-
periments showed that the rate of minus-end depolymerization
was strongly reduced in WDR62 knockout cells, to a similar
extent as in p80 knockout cells (Fig. 2, I-K; and Video 1). Since
the spindle pole or centrosome localization of KIF2A and
KIF2C, which was previously reported to regulate spindle flux
(Ganem et al., 2005), remained largely unaffected in WDR62
knockout HeLa cells (Fig. S1, K-Q), we conclude that WDR62
regulates spindle dynamics mainly by recruiting katanin to
the spindle pole.

To investigate whether the reduced rate of minus-end de-
polymerization impacts spindle stability, we treated cells with
cold for 5 min. After cold treatment, ~1.7-fold and ~1.9-fold
higher spindle MT intensity was observed in WDR62 knockout
and p80 knockout HeLa cells, respectively, compared with
control cells, demonstrating that spindle MTs become more
stable in both knockout cells (Fig. 2, L and M). Even more
strikingly, almost all knockout cells displayed disorganized
spindle with curved MTs, which was not frequently observed in
control cells (~13%; Fig. 2, L and N). We assume that these ab-
normal, curved spindle MTs arise from buckling in response to
the less efficient minus-end depolymerization. Collectively, we
conclude that the WDR62-katanin complex regulates spindle
organization and dynamics.

Biochemical characterization and mutational analysis of the
WDR62-katanin complex

To explore the interaction between WDR62 and katanin in more
detail, we performed pull-down assays. WDR62 interacts with
the p80 subunit of katanin but not p60, and this interaction
depends on the N-terminal WD40 domain (residues 1-315) of
p80 (Fig. 3, A and B). We also mapped the p80-binding region of
WDR62. WDR62 comprises an N-terminal WD40 domain, which
is responsible for MT binding, followed by an unstructured re-
gion containing JNK binding and phosphorylation sites and a
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Figure 1. WDR®62 interacts with katanin at spindle poles. (A) Mass spectrometry results of streptavidin pull down from HEK293T cells transiently
transfected with WDR62-GFP-Bio and synchronized in mitosis by nocodazole treatment. (B) Immunofluorescence staining of p80 and DNA (DAPI) in WDR62-
GFP-Strep knock-in Hela cells during mitosis. (C-E) Immunofluorescence staining and quantification of WDR62 and p80 intensities at spindle poles in control
or indicated knockout (KO) HeLa cells. For WDR62 intensity, control, n = 31 spindle poles; p80 knockout, n = 44. For p80 intensity, control, n = 34; WDR62
knockout, n = 47. Scale bars, 2 pm. Data represent mean + SD. ***, P < 0.001; two-tailed t test.

C-terminal coiled-coil domain required for its dimerization
(Cohen-Katsenelson et al., 2011; Cohen-Katsenelson et al., 2013;
Lim et al., 2015). By using deletion mutants of WDR62, we found
that the interaction between p80 and WDRé62 is mediated by
a 44-aa stretch (residues 850-893) in the middle of WDR62
(fragment MI; Fig. 3, C and D; and Fig. S2 A), within which an
MCPH-associated mutation R863H is positioned (Fig. 3 E;
Poulton et al., 2014). Streptavidin pull-down assay showed that
substitution of R863 by histidine (R863H) dramatically reduced
the binding affinity of WDR62 for p80. Interestingly, sub-
stitution of R863 by alanine (R863A) had a relatively mild effect
on the WDR62-p80 interaction; however, substitution of the
neighboring residue W864 by alanine (W864A) almost com-
pletely abrogated this interaction, suggesting that the W864
residue is critical for this interaction while R863 also contributes
to this interaction, albeit to a lesser extent than W864 (Fig. 3 F).
Of note, both the R863 and W864 residues are evolutionarily
conserved (Fig. 3 E). StrepTactin pull-down assay using puri-
fied proteins further validated a direct interaction between
WDR62 and p80 and confirmed the importance of residue W864
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(Fig. 3 G).To examine the effects of these mutations under
physiological conditions, we introduced WT, R863H, and W864A
versions of WDR62-GFP constructs into WDR62 knockout HeLa
cells. All these constructs showed clear spindle pole localization.
However, while the expression of WT WDR62-GFP could rescue
the phenotypes caused by endogenous WDR62 knockout, in-
cluding impaired accumulation of p80 at spindle poles, reduced
number and length of astral MTs, and inward displacement of
the centrosome relative to the spindle pole, expression of the
R863H and W864A mutants failed to do so (Fig. 3, H and [; and
Fig. S2, B-G), further validating the importance of the R863 and
W864 residues. Thus, we conclude that WDR62 directly interacts
with the p80 subunit of katanin, and the interface responsible
for this interaction consists of the WD40 domain of p80 and
residues 850-893 of WDR62.

WDR62 shows a preference for extended MT lattices

In previous studies, the localization of fluorescently tagged
WDR62 was predominantly cytoplasmic in interphase cells;
however, in the presence of paclitaxel, WDR62 binding evenly
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Figure 2. WDR62-katanin regulates spindle organization and dynamics. (A) Immunofluorescence staining for a-tubulin and DAPI in control and indicated
knockout (KO) HeLa cells. Maximum intensity projections of Z series with 30 stacks at 0.11-um steps are shown. (B and C) Quantification of astral MT number
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and length as shown in A. n = 28, 24, and 20 spindle poles for control, p80 knockout, and WDR62 knockout, respectively. (D) Left: Immunofluorescence staining
for NuMA, y-tubulin, and DAPI in control and the indicated knockout HeLa cells. Insets show enlargements of the boxed areas. Right: Normalized line-scan
intensity profiles of NuMA (green) and y-tubulin (red) corresponding to the white dashed lines in left images. (E) 3D reconstruction of images shown in D. The
length of the grid in the images is 3.65 um. (F) Quantification of centrosome-to-centrosome distance and pole-to-pole distance (see Materials and methods for
details) in control and indicated knockout HeLa cells. n = 40 cells for all conditions. (G) Left: Schematic representation of the distance between centrosome and
pole (denoted by double-headed arrow), as measured from the center of y-tubulin (y-tub) spot (red) to the distal edge of NuMA spot (green). Right: Quan-
tification of the distance between centrosome and pole in control and indicated knockout Hela cells. n = 80 poles for all conditions. (H) Left: Schematic
representation of outside and inside. The centers of two semicircular ROls were selected to overlap with the visually determined center of the y-tubulin spot
(red). The chromosome- and cortex-directed ROIs were referred to as inside and outside, respectively. Right: Quantification of outside versus total intensity of
y-tubulin and NuMA in control and indicated knockout HeLa cells. n = 80 poles for all conditions. (1 and J) Time-lapse images of PA-GFP-tubulin stripe in control
or indicated knockout U20S cells stably expressing PA-GFP-a-tubulin (1) and corresponding plots of the distance between PA-GFP stripe and spindle pole
against time (J). (K) Quantification of minus-end depolymerization rate in control and indicated knockout U20S cells. The minus-end depolymerization rate was
derived from the plot slopes in J. Control, n = 33 cells; p80 knockout, n = 22; WDR62 knockout, n = 27. (L) Following cold treatment at 0°C for 5 min, the control
and indicated knockout HeLa cells were fixed and immunostained for a-tubulin and DAPI. Maximum intensity projections of Z series with 30 stacks at 0.11-um
steps are shown. Arrows denote the curved spindle MTs. (M) Quantification of integrated intensity of spindle MTs in control and indicated knockout HeLa cells
as shown in L. The intensity of each spindle was averaged from four middle stacks. n = 20 cells for all conditions. (N) Quantification of percentage of metaphase
cells with normal or disorganized spindles in control and indicated knockout HeLa cells as shown in L. From left to right, n = 314, 280, 306 cells. Scale bars,

2 pum. Data represent mean + SD. *, P < 0.05; ***, P < 0.001; two-tailed t test.

along MTs became readily apparent; in addition, its N-terminal
fragment (1-841 aa) prominently decorated MTs during inter-
phase (Lim et al., 2015). To better understand the MT-binding
property of WDR62, we revisited its localization in MRC5 cells
at low expression levels by applying total internal reflection
fluorescence (TIRF) microscopy. Unexpectedly, we found that
without paclitaxel treatment, WDR62-GFP preferentially accu-
mulated at MT segments with high local curvature (Fig. 4 A and
Video 2); moreover, its WD40 domain (1-790 aa; hereafter WD),
compared with the full-length (FL) protein, displayed a higher
affinity for curved regions (Fig. 4 A and Video 3). Interestingly,
Drosophila melanogaster WDR62 tagged with GFP showed a
similar preference for curved MTs in a human cell line (Fig. 4 B),
suggesting that this activity is evolutionarily conserved.

The MT geometry preference of WDR62 reminds us of Dou-
blecortin (DCX), which associates with straight MTs in the ab-
sence of paclitaxel (Jean et al., 2012; Ettinger et al., 2016) but
with curved MTs in the presence of paclitaxel (Bechstedt et al.,
2014; Ettinger et al., 2016). Therefore, we examined the relative
distributions of WDR62 and DCX in MRC5 cells. As WDR62 WD
decorated curved MTs more evidently than its FL version, we
cotransfected DCX with WDR62 WD, both fluorescently tagged.
As expected, WDR62 WD and DCX displayed a mutually exclu-
sive localization pattern along MTs, with WDR62 WD being most
enriched at curved MT segments where the lowest DCX signal
was observed (Fig. 4 C). Further time-lapse imaging of a single
MT showed that WDR62 WD and DCX responded in an opposite
and reversible manner to MT buckling and straightening
(Fig. 4 D and Video 4). We then wondered whether paclitaxel can
reverse the MT geometry preference of WDR62, as it did in the
case of DCX (Ettinger et al., 2016). In contrast to its almost ex-
clusive binding to curved regions of MTs in the absence of
paclitaxel, WDR62 WD was distributed along both curved re-
gions and straight parts in the presence of paclitaxel, although
its intensity along the curved regions was still stronger than that
along the straight parts (Fig. S3, A and B).

We then set out to investigate MT-binding activity of WDR62
in vitro. To this end, recombinant FL. WDR62 was purified
from HEK293T cells through one-step affinity purification with
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StrepTactin beads (Fig. S5 G). We started by performing an
in vitro dynamic assay according to a standard procedure de-
scribed previously (Mohan et al., 2013). We noticed that WDR62
preferentially decorated the GMPCPP seeds and its intensity
along seeds increased progressively over time; however, accu-
mulation of WDR62 was hardly observed along the GDP-MTs
grown from the seeds (Fig. 4, E-G). Since WDR62 showed a
preference for curved MTs in cells, we next sought to determine
whether this phenomenon could be recapitulated in vitro.
Therefore, we used an alternative protocol aiming at producing
curved MTs in vitro (see Materials and methods for details).
WDR62 strongly accumulated along the curved regions but not
straight parts of GDP-MTs (Fig. 4, H and I). Moreover, its in-
tensity along the curved region increased with increasing local
curvature (Fig. 4 J). We next examined the effect of paclitaxel on
the WDR62-MT association in vitro. We found that WDR62
displayed strong binding to paclitaxel-stabilized MTs, and the
WDR62 intensity in this case was even approximately twofold
enhanced compared with that observed with GMPCPP-stabilized
MTs (Fig. S3, C and D).

Taken together, our data show that WDR62 preferentially
binds to GMPCPP- and paclitaxel-stabilized MTs, both of which
have a more extended lattice structure compared with GDP-MTs
(Alushin et al., 2014), as well as curved dynamic GDP-MTs, the
outside protofilaments of which, in theory, are also in an ex-
tended state (Ettinger et al., 2016). We therefore propose a model
in which WDR62 recognizes the extended MT lattice (Fig. S3 E).
Since DCX has been proposed to recognize the compacted GDP-
MT lattice (Ettinger et al., 2016), our model can also explain the
series of opposite behaviors of WDR62 and DCX described above.

JNK phosphorylation-mediated autoinhibition regulates
MT-binding affinity of WDR62

As shown in Fig. 4 A, the MT-binding affinity of WDR62 WD was
much stronger than that of the FL protein in cells. Consistently,
our in vitro assays using purified proteins showed that the af-
finity of WDR62 WD for GMPCPP-stabilized MTs increased
fourfold to fivefold compared with the FL protein, whereas the
deletion mutant lacking WD (AWD) completely lost such affinity
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Figure 3. Biochemical characterization and mutational analysis of the WDR62-katanin complex. (A) Schematic overview of the domain organization of
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Huang et al.
WDR62 regulates spindle dynamics

Journal of Cell Biology
https://doi.org/10.1083/jcb.202007167

6 of 22


https://doi.org/10.1083/jcb.202007167

TR
(: k(J
IV

N-terminus; AAA, AAA-ATPase domain. (B) Streptavidin pull-down assays with extracts of HEK293T cells expressing Bio-GFP-tagged p60 or p80 subunit or the
indicated fragments (bait) together with WDR62-GFP (prey), analyzed by Western blotting with GFP antibody. (C) Schematic overview of the domain or-
ganization of WDR62 and the deletion mutants and summary of their interactions with p80. CC, coiled-coil domain. (D) StrepTactin pull-down assays with
extracts of HEK293T cells expressing Strep-p80 WD40 domain (WD; bait) together with GFP-tagged WDR62 or its indicated fragments (prey) analyzed by
Western blotting with indicated antibodies. LZ, leucine zipper from GCN4, was used as a dimerization domain. (E) Alignment of katanin-binding region in
WDR62 from five vertebrate species. The conserved arginine and tryptophan residues are indicated with asterisks. (F) Streptavidin pull-down assays with
extracts of HEK293T cells expressing the Bio-GFP-p80 WD (bait) together with GFP-tagged WT WDR62 or its indicated mutants (prey) analyzed by Western
blotting with GFP antibody. (G) Coomassie blue-stained gel of StrepTactin pull down using Strep-p80 WD or Strep-GFP purified from HEK293T cells and
immobilized on StrepTactin beads as the bait and WT WDR62 M1 fragment or its W864A mutant purified from E. coli as the prey. (H and 1) Immunofluo-
rescence staining and quantification of p80 intensities at spindle poles in WDR62 knockout (KO) Hela cells transiently transfected with GFP-tagged WT
WDR62 or its indicated mutants or control GFP vector. The values were normalized to the intensity of control Hela cells. For all conditions, n = 74 spindle

poles. Scale bar, 2 um. Data represent mean + SD. ##*, P < 0.001; two-tailed t test.

(Fig. 5, A and B; and Fig. S5 G). We reasoned that the WDR62
molecule may exist in a folded conformation, which allows its
other regions to directly contact WD, thereby potentially
masking some of the MT-binding sites on WD. To test this
possibility, we performed a streptavidin pull-down assay, using
WD as bait and middle or C-terminal fragments as prey. Both
fragments C3 (residues 1001-1523) and M3 (residues 1001-1230)
could be pulled down by WD, demonstrating that intramolecular
interaction in WDR62 indeed exists. Sequence analysis of frag-
ment M3 revealed that JNK phosphorylation site T1053 is located
within this minimal WD-binding region (Fig. 5, C and D; and Fig.
S2 A). Whereas JNK phosphorylation was previously reported to
negatively modulate association of WDR62 with MTs (Lim et al.,
2015), the precise mechanism remains undetermined. Based on
the published results and our observations described here, we
further hypothesized that JNK phosphorylation within the M3
region might induce its intramolecular interaction with WD,
thus leading to an autoinhibited conformation. To support this,
our pull-down assay showed that introducing of T1053A sub-
stitution into fragment C3 or the presence of JNK inhibitor can
abrogate the interaction between WD and fragment C3 (Fig. 5 E).
Consistently, our in vitro experiments showed that introduction
of T1053A substitution into the recombinant FL. WDR62 led to a
marked increase in its MT-binding affinity compared with the
WT version and that a similar increase was observed when the
WT WDR62 was expressed and purified in the presence of JNK
inhibitor (Fig. 5, F and G; and Fig. S5 G). We conclude that JNK
phosphorylation can mediate autoinhibition of WDR62, thereby
negatively modulating WDR62 association with MTs.

WDR®62 recruits katanin to sever curved MTs in cells and
GMPCPP-stabilized MTs in vitro

We then set out to investigate the combined activities of WDR62
and katanin. To better visualize WDR62 behavior in MRC5
cells, we used WDR62 fragment N2 (WDR62-N2-GFP), which
contains both WD and p80-binding region (Fig. 3 C and Fig.
S2 A). Live-cell imaging together with quantification analyses
showed that in the presence of WT WDR62-N2-GFP or the ka-
tanin binding-deficient mutant WDR62-N2-W864A-GFP alone,
~10% of curved MTs could break, most likely due to mechanical
stress, and the average lag time between appearance of bending
and breakage was ~30 s (Fig. 6, C and D; and Fig. S3, F and G).
When WDR62-N2-GFP was cotransfected with p60/TagBFP-p80
or p60/TagBFP-p80 R615A, which is deficient in MT end binding
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and bending (Jiang et al., 2017), both versions of katanin could
be recruited to curved MTs, 95% of which subsequently broke,
and the average lag time between appearance of bending and
breakage was ~10 s (Fig. 6, A, C, and D; Fig. S3 H; and Video 5),
suggesting that katanin-mediated severing was much faster and
more efficient than the mechanical break caused by WDR62 N2
alone. As expected, when WDR62-N2-W864A-GFP was cotransfected
with p60/TagBFP-p80 or when WDR62-N2-GFP was cotransfected
with p60 E309Q/TagBFP-p80, which is catalytically inactive (Eckert
et al., 2012; Shin et al., 2019), curved MT breakage occurred to a
similar extent as with WDR62 N2 alone (Fig. 6, B-D; and Fig. S3 I).
Collectively, our data showed that in cells, WDR62 can recruit
katanin to sever curved MTs, but the end-binding/bending activity
of katanin is dispensable for this process.

We then asked whether WDR62 can recruit katanin to sever
MTs in vitro. The severing activity of FL katanin p60/p80 pu-
rified from HEK293T cells (Fig. S5 G) was investigated over a
range of concentrations from 2-8 nM in the absence or presence
of a fixed concentration of WDR62 (45 nM). Addition of WDR62
led to an increased accumulation of p60/p80 along GMPCPP-
stabilized MTs at all tested concentrations (Fig. 6, E and F).
Consistently, the severing frequency of p60/p80 also increased,
with the increase being more prominent at 4 nM and 8 nM
(fourfold for 4 nM, 8.5-fold for 8 nM; Fig. 6, G and H). WDR62
can thus enhance the severing activity of katanin by recruiting it
to GMPCPP-stabilized MTs.

Taken together, our data demonstrate that WDR62 can re-
cruit katanin to curved MTs in cells and to GMPCPP-stabilized
MTs in vitro, suggesting that WDR62 by itself specifically targets
katanin to sever extended MT lattices.

TPX2-Aurora A-WDR62-katanin pathway exists in cells

Although WDRe62 displayed an intrinsic affinity for extended
MT lattices, MT lattices around spindle poles, in most cases, are
unlikely to be in this special conformational state. Thus, the
prominent spindle pole localization of WDR62 could not be at-
tributed to its own MT-binding activity but instead should be
determined by other recruiting factors. Previously, it was re-
ported that Aurora A and its upstream coactivator TPX2 can
recruit WDR62 to the spindle pole (Lim et al., 2015; Lim et al.,
2016). Together with our data showing that WDR62 can recruit
katanin to the spindle pole, it is reasonable to predict that ka-
tanin acts in the same pathway as WDR62, Aurora A, and TPX2.
To test this prediction, we performed conditional knockdown of
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Figure 4. WDR62 preferentially binds to curved segments of dynamic MTs, as well as GMPCPP-stabilized MTs. (A) TIRF microscopy images of live
MRC5 cells expressing GFP-tagged WDR62 FL or its WD40 domain (WD) together with mCherry-a tubulin. Insets show enlargements of the boxed areas.
(B) Widefield fluorescence images of fixed MRC5 cell expressing GFP-fly WDR62 together with mCherry-a-tubulin. Insets show enlargements of the boxed
areas. (C) TIRF microscopy images of live MRC5 cells expressing WDR62 WD-GFP together with DCX-mCherry. Insets show enlargements of the boxed areas.
(D) Left: Time-lapse images showing the disappearance and reappearance of DCX-GFP and WDR62 WD-mCherry to mutually exclusive sites of a single MT, in
response to MT buckling and straightening. Right: Corresponding fluorescence intensity profiles of WDR62 WD (red) and DCX (green) obtained from a line scan
along the MT. (E) TIRF microscopy time-lapse images and kymograph showing gradual accumulation of WDR62-GFP (30 nM) on GMPCPP seed but not on the
dynamic GDP lattice grown from the seed in a standard dynamic MT assay. (F) Quantification of WDR62-GFP intensity on GMPCPP seeds and GDP lattices at
0 min as shown in E. The values were normalized to the intensity on GMPCPP seeds. n = 23 MTs from three experiments. (G) Plot of WDR62-GFP intensity on
GMPCPP seeds and GDP lattices against time. n = 23 MTs from three experiments. (H and 1) TIRF microscopy images showing the preferential binding of
WDR62-GFP (30 nM) to curved but not straight segments of dynamic GDP lattice in a flow-in assay (H) and quantification of the intensities of WDR62-GFP on
straight and curved segments of GDP lattices (1). The arrow in H denotes the GMPCPP seed. The values were normalized to the intensity of curved segments.
n = 87 MTs from three experiments. (J) Plot of WDR62-GFP intensity against the MT curvature k, as shown in H. n = 31 MTs from three experiments. Horizontal
scale bars, 2 um; vertical scale bar, 2 min. Data represent mean + SD. ***, P < 0.001; two-tailed t test.
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organization of WDR62 and the deletion mutants and summary of their interactions with WD40 domain. CC, coiled-coil. (D) Streptavidin pull-down assays with
extracts of HEK293T cells expressing WDR62-WD-GFP-Bio (bait) together with the indicated GFP-tagged WDR62 truncations (prey) analyzed by Western
blotting with GFP antibody. (E) Streptavidin pull-down assays with extracts of HEK293T cells expressing WDR62-WD-GFP-Bio (bait) together with GFP-tagged
WT WDR62 C3 fragment with or without JNK inhibitor treatment or its TI053A mutant (prey) analyzed by Western blotting with GFP antibody. (F and
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GMPCPP-stabilized MTs (red). The values were normalized to the intensity of the WT WDR62-GFP without JNK inhibitor treatment. From left to right, n = 150,

150, and 124 MTs from three experiments. Scale bars, 2 pm. Data represent mean + SD. ###, P < 0.001; two-tailed t test.

proteins using the AID system (Nishimura et al., 2009). Upon
treatment with Indole-3-acetic acid (IAA) for 12 h, TPX2 and
Aurora A could be knocked down by 93% and 86%, respectively,
without significantly reducing the expression of each other or
WDR62 and katanin (Fig. S4, A-D). Depletion of TPX2 and Au-
rora A resulted in mitotic arrest and severe spindle defects, in-
cluding monopolar spindle and fragmented spindle, as well as
prometaphase-like spindle (TPX2 depletion only) or small bi-
polar spindle (Aurora A depletion only; Fig. S4, E-]), similar to
those described previously (Garrett et al., 2002; Gruss et al.,
2002; Kufer et al., 2002; Bird and Hyman, 2008). To examine
the effect of depletion of TPX2 or Aurora A on the spindle pole
localization of WDR62 and katanin, we only scored cells with
two spindle poles, and to enrich the population of these cells, we
treated cells with IAA for a shorter period (6 h). As previously
described, TPX2 is required for the spindle localization of Aurora

Huang et al.
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A (Fig. S4, K and L). And depletion of TPX2 or Aurora A resulted
in the expected impaired accumulation of WDR62 and katanin at
the spindle pole, while knockout of WDR62 or katanin had little
impact on the spindle pole localization of TPX2 and Aurora A
(Fig. 7, A-F; and Fig. S4, M-P). Based on the sequential re-
cruitment observed in previous works and in this study, we
conclude that these four proteins interact and assemble at the
spindle pole in a hierarchy, with TPX2 at the apex and Aurora A,
WDR62, and katanin at sequentially lower positions.

As controversy exists over the molecular details of the Aurora
A-WDR62 interaction (Chen et al., 2014; Lim et al., 2016), we
next investigated this issue by performing pull-down assays. We
found that WDR62 interacts with Aurora A through WD, which
is also responsible for its association with MTs (Fig. 7, G and H;
and Fig. S2 A). We also mapped the WDR62-binding region of
Aurora A to its C-terminal kinase domain (Fig. 7, I and J).
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Figure 6. WDR62 recruits katanin to sever curved MTs in cells and GMPCPP-MTs in vitro. (A and B) Time-lapse images of live MRC5 cells expressing
GFP-tagged WT WDR62 N2 fragment (A) or its W864A mutant (B) together with DCX-mCherry and p60/TagBFP-p80. Arrows showing that p60/TagBFP-p80
was recruited to curved MT lattices by WDR62 N2 WT-GFP (A), but not by WDR62 N2 W864A-GFP (B), and that breakage occurred in the former but not the
latter case. DCX-mCherry was used to distinguish between straight and curved MT lattices. (C) Quantification of MT breakage frequency in MRC5 cells ex-
pressing indicated constructs. n = 3 experiments; 90-120 curved MTs were measured. (D) Quantification of lag time between appearance of bending and
breakage in MRC5 cells expressing indicated constructs. n = 90-100 breakage events for WDR62 N2 WT-GFP cotransfected with p60/TagBFP-p80 or p60/
TagBFP-p80 R615A; n = 10-30 for other conditions. (E and F) Images and quantification of p60/SNAP-p80 (blue) intensity on GMPCPP-stabilized MTs (red) at
various concentrations (2 nM, 4 nM, and 8 nM) in the absence (indicated with "x" in the left panels) or presence of 45 nM WDR62-GFP (green). The values were
normalized to the intensity of 8 nM p60/SNAP-p80 in the presence of 45 nM WDR62-GFP. n = 40-60 MTs from three experiments. (G and H) Images and
quantification of MT-severing frequency of p60/SNAP-p80 (2 nM, 4 nM, and 8 nM) in the absence or presence of 45 nM WDR62-GFP. n = 3 experiments;
40-60 MTs were measured. Scale bars, 2 pm. Data represent mean + SD.
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Figure 7. Validation of a TPX2-Aurora A-WDR62-katanin axis in cells. (A-C) Immunofluorescence staining and quantification of WDR62 and katanin p80
intensities at spindle poles in Aurora A-mAID-mClover knock-in HeLa cells without or with doxycycline (Dox) and 1AA treatment. For WDR62 intensity, control,
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n = 102 spindle poles; doxycycline and IAA treatment, n = 108; for p80 intensity, both control and doxycycline and IAA treatment, n = 104. (D-F) Immu-
nofluorescence staining and quantification of WDR62 and katanin p80 intensities at spindle poles in TPX2-mAID-mClover knock-in HelLa cells without or with
doxycycline and IAA treatment. For all conditions, n = 100 spindle poles. (G) Coomassie blue-stained gel with GST and GST-Aurora A purified from E. coli and
used for the GST pull-down assays in H. (H) GST or GST-Aurora A pull-down assays with extracts of HEK293T cells expressing GFP-tagged WDR62 FL or its
indicated fragments analyzed by Western blotting with GFP antibody. M, middle region; CC, coiled-coil; LZ, leucine zipper. (1) Schematic overview of the
domain organization of Aurora A and the deletion mutants and summary of their interactions with WDR62. (J) StrepTactin pull-down assays with extracts of
HEK293T cells expressing Strep-GFP-tagged Aurora A FL, N-terminal part (NT), or C-terminal kinase domain (CT; bait) together with WDR62-GFP (prey)
analyzed by Western blotting with GFP antibody. Scale bars, 2 um. Data represent mean + SD. ***, P < 0.001; two-tailed t test.

Consistently, we observed by fluorescent microscopy that in
MRCS5 cells WDR62 WD-mCherry can recruit GFP-tagged Aurora
A FL and its C-terminal kinase domain, but not its N-terminal
part, to MTs (Fig. S5, A and B). In addition, the fact that WDR62
WD can bind to MT and Aurora A simultaneously indicates the
presence of distinct binding sites for MT and Aurora A within
WD. Previous study had shown that two MCPH-associated
missense mutations (V65M, R438H) within WDR62 WD can
impair the spindle pole localization of WDR62 and perturb the
WDR62-Aurora A interaction (Lim et al., 2015; Lim et al., 2016).
We then extended this analysis and examined most MCPH-
associated missense mutations, including V65M, F223S, W224S,
E400K, R438H, and D51IN, located within WD (Shohayeb et al.,
2018). We found that ectopically expressed FL. WDR62 harboring
these individual mutations failed to interact with Aurora A and
displayed mislocalization in mitosis and a corresponding failure
to rescue the spindle pole localization of p80 in WDR62 knockout
Hela cells (Fig. S5, C-E). Moreover, all these mutations per-
turbed the MT-binding activity of WDR62 WD in interphase
MRCS5 cells (Fig. S5 F). Therefore, interference with WDR62 in-
teractions with Aurora A and MT might be general consequences
of these MCPH-associated mutations, most likely caused by the
misfolding of WDR62 WD.

TPX2-Aurora A-WDR62-katanin pathway promotes
disassembly of GDP-MTs in vitro

As mentioned above, WDR62 alone can only recruit katanin to
sever GMPCPP-stabilized MTs in vitro. We then asked whether
TPX2/Aurora A can recruit WDR62 to straight GDP-MTs, which
in turn targets katanin and promotes katanin-mediated severing
of GDP-MTs. To this end, recombinant TPX2 and Aurora A were
either purified individually or copurified from HEK293T cells
through one-step affinity purification with StrepTactin beads
(Fig. S5 G). Varying concentrations of these proteins were sub-
sequently applied into the in vitro dynamic MT assays. In our
assay conditions, besides seeds binding, TPX2 also localized to
GDP-MTs and accumulated progressively over time until reach-
ing a plateau, leading to biased enrichment of TPX2 toward older
regions of GDP-MTs, with the tendency being more prominent at
lower concentrations (3 nM and 7.5 nM; Fig. 8, A-D; and Fig. 8, A
and B, arrows, denoting no binding of TPX2 to newly generated
segments of GDP-MTs). Similar observations were described for
TPX2 in Xenopus laevis egg extracts (Thawani et al., 2019). Al-
though MT binding was hardly observed for Aurora A alone, in
the presence of TPX2, which was used at the same concentrations
as Aurora A to form a 1:1 complex, Aurora A was strongly re-
cruited and exhibited a similar distribution pattern along MTs as
TPX2 (Fig. 8, E-G).
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We next examined the effects of TPX2, Aurora A, or the
copurified TPX2/Aurora A complex on WDR62 behavior in vitro.
As expected, the addition of either TPX2 or Aurora A failed to
recruit WDR62 to GDP-MTs (Fig. 8, H and I). By contrast, ad-
dition of increasing concentrations of TPX2/Aurora A complex
caused increased recruitment of WDR62 to GDP-MTs. Conse-
quently, WDR62 displayed a similar biased distribution pattern
toward older regions of GDP-MTs as TPX2/Aurora A complex.
However, WDR62 and TPX2/Aurora A showed different kinet-
ics. Especially at 15 nM TPX2/Aurora A, at which concentration
TPX2/Aurora A quickly reached peak intensity within 1 min,
WDR62 intensity persistently increased during the 6-min imag-
ing window (Fig. 8, J-L). Therefore, WDR62 displayed stronger
“older GDP-MT region” bias than TPX2. Of note, although WDR62
itself displayed strong affinity for GMPCPP seeds, its intensity
along seeds also increased with increasing TPX2/Aurora A con-
centration (Fig. 8 L).

Finally, we set out to investigate the overall activity of the
TPX2-Aurora A-WDR62-katanin module in vitro. We first
performed a titration in katanin concentration from 30 nM to
120 nM in the dynamic MT assays. We observed that its MT-
binding affinity and severing frequency both increased in a
dose-dependent manner. Moreover, its affinity for GMPCPP
seeds was stronger than that of GDP-MTs; hence, severing
events were more frequently observed along seeds (Fig. 9, A and
C-E). Consistent with our previous work, the FL katanin also
showed MT end binding (Fig. 9 B).

Since no severing was observed at 30 nM katanin, to high-
light the contribution of TPX2/Aurora A in subsequent assays,
both katanin and WDR62 were used at a fixed concentration of
30 nM, while TPX2/Aurora A was used over a range of con-
centrations from 7.5 nM to 60 nM. Increasing concentrations of
TPX2/Aurora A caused the expected increased recruitment of
katanin to both seeds and GDP-MTs (Fig. 9, F and H-J). Sur-
prisingly, the severing frequency peaked at moderate concen-
trations and dropped at high concentrations of TPX2/Aurora A
(Fig. 9, G and K; compare severing in the presence of 30 nM and
60 nM TPX2/Aurora A in Video 6). We reasoned that TPX2 can
not only indirectly recruit katanin to sever MTs but can also
stabilize MTs by itself. Both of these two opposing effects in-
crease with increasing TPX2/Aurora A concentration; only at
moderate concentrations could the effect of katanin-mediated
severing predominate over the stabilization effect, leading to
the peak severing frequency. For controls, we also examined the
severing activity of 30 nM katanin in the presence of three other
factors either alone, combined in pairs, or altogether, but using
W864A mutant instead of WT WDR62; as expected, when WT
WDR62 was present, katanin could be recruited to sever seeds;
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Figure 8. TPX2/Aurora A complex recruits WDR62 to GDP-MTs in vitro. (A) Time-lapse images showing progressive accumulation of 3 nM TagBFP-TPX2
(green) on GDP-MT over time (compare the TPX2 intensity between two vertical dashed lines at indicated time points), leading to biased deposition of TPX2 on
older lattice segment near the seed and no binding to newly generated segment of GDP-MT (arrows). The distance between two vertical dashed lines is 2 um,
and the position of the right dashed line is MT plus end at O min. (B) Images and corresponding kymographs showing MT binding of 3 nM, 7.5 nM, and 15 nM
TagBFP-TPX2 (green). Vertical arrows in images and horizontal arrows in kymographs indicate the absence of TPX2 (3 nM and 7.5 nM) from newly generated
segment of GDP-MT. (C) Plots of average intensity of TagBFP-TPX2 at indicated concentrations on a 2-pm-long segment of GDP-MT as in A (between two
vertical dashed lines) against time. The values were normalized to the maximum intensity of 15 nM TPX2. n = 10-20 MTs from two experiments. (D) Plots
of intensities of TagBFP-TPX2 (green) and MT (red) against distance (denoted by the horizontal dashed line at 1 min in A), showing stronger TPX2 intensity
on older GDP lattice. (E) Images and corresponding kymographs of GFP-Aurora A (AurA) alone (green) or together with TagBFP-TPX2 (blue) at indicated
concentrations. In the presence of TPX2, Aurora A was recruited to MTs and colocalized with TPX2. The "x" in left panels indicates that TPX2 was not included
in the assay. Vertical arrows in images and horizontal arrows in kymographs indicate the absence of TPX2 and Aurora A (3 nM and 7.5 nM) from newly
generated segment of GDP-MT. (F) Quantification of intensities of 15 nM GFP-Aurora A on GMPCPP seeds and GDP MTs in the absence or presence of 15 nM
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TagBFP-TPX2 after 5 min of GDP-MT growth from seed. n = 21 or 22 MTs from two experiments. (G) Plots of average TagBFP-TPX2 or GFP-Aurora A intensity
on a 2-pum-long segment of GDP-MT at indicated concentrations against time as in C. The values were normalized to the maximum intensity in the condition of
TPX2 and Aurora A both at 15 nM. n = 10-20 MTs from two experiments. (H) Images of MTs grown in the presence of 30 n(M WDR62-GFP (green) together with
15 nM TagBFP-Aurora A (blue) or 15 nM TagBFP-TPX2 (blue). Note that Aurora A can weakly localize to seeds in the presence of WDR62 (compare E and H).
(1) Quantification of intensities of 30 nM WDR62-GFP on the GMPCPP seeds and GDP MTs in the absence or presence of 15 nM TagBFP-Aurora A or 15 nM
TagBFP-TPX2 after 5 min of GDP-MT growth from seed. n = 20-30 MTs from two experiments. (J) Images and corresponding kymographs of MTs grown in the
presence of WDR62-GFP (green) and TPX2/TagBFP-Aurora A complex (blue) at indicated concentrations. Vertical arrows in images and horizontal arrows in
kymographs indicate the absence of WDR62 from newly generated segment of GDP-MT at all TPX2/Aurora A concentrations. (K) Plots of average WDR62-GFP
or TPX2/TagBFP-Aurora A intensity on a 2-pm-long segment of GDP-MT at indicated concentrations against time as in C. The values were normalized to the
maximum intensity in the condition of 30 nM WDR62 with 15 nM TPX2/Aurora A. n = 10-16 MTs from two experiments. (L) Quantification of intensities of
30 nM WDR62-GFP on GMPCPP seeds and GDP MTs in the absence or presence of TPX2/TagBFP-Aurora A at indicated concentrations after 5 min of GDP-MT
growth from seed. The values were normalized to the intensity of WDR62 alone on GMPCPP seeds. n = 17-30 MTs from two experiments. Horizontal scale bar,

2 pm; vertical scale bar, 1 min. Data represent mean + SD. ***, P < 0.001; two-tailed t test.

however, in all cases, recruitment of katanin to GDP-MTs was
hardly observed, and hence no severing occurred there (Fig. 9,
L-0). Collectively, we conclude that TPX2, Aurora A, WDR62,
and katanin act together as a highly efficient module for disas-
sembly of GDP-MTs, which underlies the precise regulation of
spindle MT dynamics.

Discussion

In this study, we unveil WDR62 as an atypical MAP presumably
recognizing extended MT lattice. This unique property makes it
unlikely to directly regulate spindle MT dynamics. Rather,
WDR62 functions as an adaptor protein between its recruiting
factor TPX2/Aurora A and the effector katanin to regulate MT
dynamics at spindle poles. Mechanistically, reconstitution as-
says showed that the TPX2-Aurora A-WDR62-katanin axis can
potently promote disassembly of GDP-MTs in vitro.

TPX2 is a well-established positive regulator of MT assembly,
as it can stimulate MT nucleation and directly promote MT
stability by slowing down depolymerization and reducing the
frequency of catastrophe (Schatz et al., 2003; Roostalu et al.,
2015; Wieczorek et al., 2015; Reid et al., 2016; Woodruff et al.,
2017). Here, we showed that TPX2 promotes katanin-mediated
disassembly of GDP-MTs via the TPX2-Aurora A-WDR62-
katanin axis, thus uncovering an unexpected role of TPX2 in
negatively regulating MT assembly. In contrast to WDR62 and
katanin, which almost exclusively localized at the spindle pole
during mitosis, both TPX2 and Aurora A were distributed along
the whole spindle, being relatively more prominent at the pole
region. In the current study, our in vitro assays showed that
WDR62 displays older GDP-MT region bias due to TPX2/Aurora
A’s recruitment, and this bias was even stronger than TPX2, due
to WDR62’s more persistent accumulation over time. This
mechanism may partially contribute to the prominent spindle
pole localization of WDR62. Collectively, it is tempting to spec-
ulate that while TPX2 generally functions as a positive regulator
within spindle, the spindle pole-localized pool of TPX2 together
with Aurora A can locally recruit WDR62 and katanin to nega-
tively regulate MT assembly, which might contribute to the
homeostasis of spindle.

As shown in Fig. 2, we described a series of defects in spindle
organization and dynamics in both WDR62 and p80 knockout
HeLa cells. This prompted us to consider possible links between
these defects. Our data demonstrate that the lack of WDR62 or
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katanin results in less efficient minus-end depolymerization
and, as a consequence, leads to more stable spindle MTs. We
further envision that the more stable spindle MTs may affect the
activity of minus end-directed motors involved in cross-linking
between the centrosome and the spindle pole, such as the dynein
complex and/or HSET (Gaglio et al., 1997; Goshima et al., 2005;
Chavali et al., 2016), which in turn leads to inward displacement
of the centrosome relative to the spindle pole; the “embedded”
centrosome within the spindle pole may cause steric hindrance
to astral MTs emanating from the centrosome, thus leading to
the reduced number and length of astral MTs.

Recently, the Basto group found that at early neurogenic
stages, when neural stem cells (NSCs) undergo proliferative
symmetric divisions to expand the NSC pool, spindles display
more astral MTs and fewer spindle MTs; in contrast, at late
neurogenic stages, when NSCs undergo asymmetric neurogenic
divisions to give rise to committed neuronal precursors, spindles
display fewer astral MTs and higher spindle MT density and
stability (Vargas-Hurtado et al., 2019). In our WDR62 and ka-
tanin knockout HeLa cells, the number and length of astral MTs
were reduced, but the stability of spindle MTs was increased,
which is similar to the spindle morphology at late neurogenic
stages. We envision that during the transition from early to late
neurogenic stages, the loading of WDR62 and katanin to the
spindle pole may be down-regulated to cause a switch in spindle
morphology; if this was the case, loss of function of WDR62 and
katanin at early neurogenic stages may cause premature neuronal
differentiation and hence lead to reduction of the NSC pool and
small brain size, which may provide a possible explanation for the
MCPH etiology associated with WDR62 and katanin mutations.

In the current study, our systematic analysis revealed that
MCPH-related mutations within the WD40 domain generally
correlate with perturbations in WDR62 interactions with Aurora
A and MT. In addition, the MCPH-associated R863H substitution
dramatically reduced WDR62 binding to katanin. These findings
may provide useful insight for the mechanistic understanding of
the MCPH pathogenesis.

Our previous work showed that ASPM acts in complex with
katanin to regulate spindle dynamics, and knockout of ASPM
could reduce the spindle pole localization of p80 by ~50% (Jiang
et al.,, 2017). By contrast, in the current study, knockout of
WDR62 dramatically reduced the spindle pole localization of p80
by ~90%, suggesting that WDR62 might be the major recruiting
factor of katanin in our system. In agreement with our results,
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Figure 9. The TPX2-Aurora A-WDR62-katanin module can potently disassemble GDP-MTs in vitro. (A-C) Images and quantification of 30 nM, 60 nM,

and 120 nM p60/SNAP-p80 binding to preassembled dynamic MTs in flow-in experiments. At 60 nM, p60/p80 was also observed to bind and bend the MT end

Journal of Cell Biology 15 of 22

https://doi.org/10.1083/jcb.202007167

Huang et al.
WDR62 regulates spindle dynamics


https://doi.org/10.1083/jcb.202007167

TR
(: k(J
IV

(B). n = 19-22 MTs from two experiments. (D) Time-lapse images showing no severing, a few severing events on GMPCPP seed (arrows), and efficient severing
of preassembled dynamic MTs in flow-in experiments with 30 nM, 60 nM, and 120 nM p60/SNAP-p80, respectively. (E) Severing frequency of p60/p80 on
GMPCPP seeds and GDP MTs at indicated concentrations. n = 2 experiments; 19-22 MTs were measured. (F) Images showing the recruitment of 30 nM p60/
SNAP-p80 to dynamic MTs preassembled in the presence of 30 nM WDR62-GFP and indicated concentration of TPX2/TagBFP-Aurora A (AurA) in flow-in
experiments. (H-J) Quantification of intensities of TPX2/Aurora A (H), WDR62 (1), and p60/p80 (J) on GMPCPP seeds and GDP MTs immediately after flow-in as
shown in F. Values were normalized to the intensity in the condition with 30 nM TPX2/TagBFP-Aurora A, 30 nM WDR62-GFP, and 30 nM p60/SNAP-p80 on
GMPCPP seeds. n = 20-30 MTs from two experiments. (G and K) Images and quantification of MT-severing frequency of 30 nM p60/SNAP-p80 in the presence
of 30 nM WDR62-GFP and indicated concentration of TPX2/TagBFP-Aurora A. n = 2 experiments; 20-30 MTs were measured. (L and N) Images and
quantification of intensities of p60/p80 on GMPCPP seeds and GDP MTs in the presence of indicated factors. All proteins were used at 30 nM. The "x" in L
indicates the absence of TPX2/AurA or WDR62 in the corresponding assays. Values were normalized to the intensity in the condition with 30 nM TPX2/
TagBFP-Aurora A, 30 nM WDR62-GFP, and 30 nM p60/SNAP-p80 on GMPCPP seeds. n = 20-30 MTs from two experiments. (M and O) Images and
quantification of MT-severing frequency of p60/p80 on GMPCPP seeds and GDP MTs in the presence of indicated factors at the same concentrations as in L.
Arrows indicate severing events on GMPCPP seeds. Of note, the severing frequency of p60/p80 on seeds in the presence of WDR62 and TPX2 was lower than
that in the presence of WDR62 alone or WDR62 and Aurora A, which reflects the stabilization effect exerted by TPX2. n = 2 experiments; 20-30 MTs were

measured. Scale bars, 2 um. Data represent mean = SD. N.D., not detected.

an accompanying study from the Meraldi laboratory also dem-
onstrated that WDR62 can localize katanin at spindle poles to
ensure efficient minus-end depolymerization (Guerreiro et al.,
2021). Although our studies revealed two pathways (ASPM and
WDR62) for recruiting katanin to the spindle pole in HeLa cells,
how they work together needs further investigation.

By combining live-cell imaging with in vitro assays, we dis-
covered several lines of evidence supporting that WDR62 rec-
ognizes extended MT lattice. This mode of MT binding is unique
to the best of our knowledge. MT buckling is a well-documented
phenomenon (Waterman-Storer and Salmon, 1997; Janson et al.,
2003; Brangwynne et al., 2006; Robison et al., 2016). However,
despite great progress toward a better understanding of this
subject from biophysical aspects, its cellular function and the
underlying mechanisms remain enigmatic. Our identification of
WDR62 as a specific marker for curved MTs will provide a useful
tool for future functional and mechanistic studies on this subject.

It should be noted, however, that in the WDR62-GFP-Strep
knock-in HeLa cells used in this study, WDR62 was dispersed in
the cytoplasm and no binding to curved MTs could be observed
in interphase, maybe because of the low endogenous expression
levels (data not shown). Thus, direct experimental evidence for
the contribution of WDR62’s intrinsic affinity for curved MTs is
currently lacking in our system. Despite this, since fly WDR62
also shows preference for curved MTs, it suggests that this
property is conserved among species and hence may function in
other cell types or developmental contexts. Previously, the Black
group reported that DCX associates with straight but not curved
MTs in the neuronal growth cone and that depletion of DCX
family members results in MTs becoming more curvy. They
propose that DCX may promote MT straightness to support its
function in axonal transport (Jean et al., 2012). In the future, it
will be interesting to investigate whether WDR62 could be ob-
served to specifically bind to curved MTs in the growth cone and
further promote katanin-mediated severing there, thus also
contributing to the directional axonal transport.

Materials and methods

DNA constructs

Katanin p60 (NM_001083961) was cloned into Bio-GFP-C1 vec-
tor and pTT5 vector without tag, and katanin p80 (NM_028805)
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was cloned into Bio-GFP-C1, pTagBFP-Cl, Strep-Cl, and Strep-
SNAP-CI vectors. Human WDR62 (NM_001083961), Aurora A
(NM_001323303.2), and TPX2 (NM_012112) were amplified
from HeLa cDNA. Full-length WDR62 and its truncations were
cloned into EGFP-Strep-N1, EGFP-N1, mCherry-N1, EGFP-Cl,
Bio-GFP-Cl, and pET-32a (+) vectors. Aurora A was cloned into
pTT5-Strep-GFP-C1, pTT5-Strep-TagBFP-Cl, and pET-Strep-
GST-C1 vectors. TPX2 was cloned into pTT5-Strep-TagBFP-Cl1
vector and pTT5 vector without tag. Human DCX (NM_001369371.1)
was a gift of Jiahuai Han (Xiamen University, Xiamen, China)
and cloned into EGFP-N1 and mCherry-N1 vectors. Fly WDR62
was amplified from a Drosophila ¢cDNA clone (ID: LDO1189;
Drosophila Genomics Resource Center) and cloned into EGFP-
Cl1 vector.

Cell culture and transfection

All cell lines were cultured in DMEM/F12 (1:1; Hyclone) sup-
plemented with 10% FBS and 5 U/ml penicillin and 50 pg/ml
streptomycin and kept at 37°C in 5% CO,. FuGENE6 (Promega)
was used to transfect plasmids into HeLa, MRC5, or U20S cells
for knockdown, knock-in, immunofluorescence, and live-cell
imaging; polyethylenimine (PEL Polysciences) was used to
transfect plasmids into HEK293T cells for protein purification
and pull-down experiments.

Antibodies

The following primary antibodies were used: rabbit polyclonal
antibodies against GFP (Proteintech; 50430-2-AP), katanin p80
(Proteintech; 14969-1-AP), WDR62 (Thermo Fisher Scientific;
A301-560A), TPX2 (Proteintech; 11741-1-AP), NuMA (Thermo
Fisher Scientific; PA3-16829), KIF2A (Proteintech; 13105-1-AP),
KIF2C (ABclonal; A5449), and a-tubulin (Proteintech; 11224-1-
AP); a rabbit monoclonal antibody against Aurora A (CST; 4718);
mouse monoclonal antibodies against B-tubulin (Sigma-Aldrich;
T5201), y-tubulin (Thermo Fisher Scientific; MA1-19421), and
Strep II-Tag (ABclonal; AE066); and a rat monoclonal antibody
against a-tubulin YL1/2 (Thermo Fisher Scientific; MA1-80017).

Generation of stable cell lines

To generate WDR62 knockout HeLa cell line, cells grown on six-
well plates were transfected with 2 pg PX459 bearing single
guide RNA (5'-GTGTCACTCGAGAAGGTGCT-3') and selected
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with 8 ug/ml puromycin for 2 d. 4-5 d after removal of puro-
mycin, cells were diluted in 96-well plates to isolate single-cell
colonies. Positive clones were screened by immunofluorescence
and Western blotting. Katanin p80 knockout HeLa cell line
(gRNA: 5'-CGTCCGCCTCAACACCCCCG-3') was generated in a
similar way and characterized previously (Jiang et al., 2017).

To tag WDR62 locus with GFP at the C-terminus, 2 pg donor
construct harboring a GFP-Strep-T2A-blas cassette was co-
transfected with 1 ug PX459 bearing single guide RNA (5'-GCC
GTGCGGAGGAAGGCACG-3') into Hela cells grown on six-well
plates. Cells were first selected with 8 yug/ml puromycin for 2 d
and then selected with 5 pg/ml blasticidin for 1 wk, followed by
serial dilution in 96-well plates. Positive clones were screened
by immunofluorescence and Western blotting. The KIF2C-GFP-
Strep knock-in HeLa cell line (gRNA: 5'-TTTTATTTGCAGTCG
TCACT-3') was generated in a similar way. For previously de-
scribed U20S-PA-GFP-tubulin-EB3-TagRFP cell line (Jiang et al.,
2017), a tandem cytomegalovirus cassette expressing PA-GFP-
tubulin and EB3-TagRFP was stably integrated into the AAVSI
locus (gRNA: 5'-GTCACCAATCCTGTCCCTAG-3').

For genotyping of WDR62 knockout HeLa cell line, WDR62
knockout genotyping-forward primer (5'-TTCTCTCTTGCACCC
ATCATTACTTG-3') and WDR62 knockout targeting sequence-
reverse primer (5'-TCCCAGAATCGCTGTCACCT-3’) were used
(Fig. S1 E and Table S1). For genotyping of WDR62- or KIF2C-
GFP-Strep knock-in HeLa cell lines, 5' homology arm-forward
primers and 3’ homology arm-reverse primers (WDR62: 5'-GCA
TTGGAGCAGAGACCTGT-3' and 5'-CCCTGTTGCAGATGGGGA
CAC-3'; KIF2C: 5’ -ATGGGGATAAGCTTGGGATAGGA-3’ and 5'-
GTTCCCAGGCCTAGTAAGCA-3') were used (Fig. S1, B and P;
and Table S1).

Generation of Auxin (IAA)-inducible degradation cell lines

To establish cell lines for Auxin-inducible degradation of TPX2
or Aurora A, we took a two-step approach. We first generated
the Tet-3xHA-OsTIR1-puro parental HeLa cell line. pMK243
plasmid (Addgene; #72835) was modified to generate the donor
construct for inducible expression of 3xHA-OsTIR1 at AAVS1
locus. 2 pg donor construct and 1 pug PX330 bearing single guide
RNA (5'-GGGGCCACTAGGGACAGGAT-3') were cotransfected
into HeLa cells grown on six-well plates. 2 d after transfection,
the cells were selected with 1 pug/ml puromycin for 2 d followed
by serial dilution after withdrawing drug selection. The positive
clones were selected based on the expression level of 3xHA-
OsTIRI in the presence of doxycycline as assessed by immuno-
fluorescence staining and Western blotting. Subsequently, the
TPX2 or Aurora A locus was further tagged with the mini AID
(mAID)-mClover-hygro cassette at the C-terminus in the pa-
rental cell line via CRISPR/Cas9 (gRNA for TPX2: 5'-CTCACA
GCTGAGTTTAGCAG-3’; gRNA for Aurora A: 5'-CAGTCTTAG
GAATCGTGCAG-3'). For this, 2 ug donor construct and 1 ug
PX330 bearing single guide RNA were cotransfected into the
parental cell line grown on a six-well plate. 3 d after transfec-
tion, the cells were selected with 200 pg/ml hygromycin B for
1 wk followed by serial dilution after withdrawing drug selec-
tion. Immunofluorescence staining was performed to select
positive clones, and further Western blotting was performed to
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select the homozygous knock-in clones. The 5’ homology-arm
forward primers and 3’ homology-arm reverse primers (TPX2:
5'-TGCCTTCTTTAGCCACCCTTC-3' and 5-GTGAGGCTCCCCATG
AATCC-3’; Aurora A: 5'-TGTCATTGCGACCAGGCTTT-3' and 5'-
TAACAGCTCTGAGACACATGGC-3') were used for genotyping
(Fig. S4 C and Table S1).

The established Aurora A- or TPX2-mAID-mClover knock-in
HelLa cell lines were first treated with 2 pug/ml doxycycline for
12 h to induce the expression of OsTIR1. Subsequently, cells were
treated with 2 pg/ml doxycycline and 500 uM IAA for 6 h (Fig. 7,
A, B, D, and E; and Fig. S4, K and L) or 12 h (Fig. S4, D-J) to induce
the degradation of Aurora A- or TPX2-mAID-mClover. For
Western blotting analysis in Fig. S4 D, 10 uM S-Trityl-L-cysteine
(STLC) was added together with 2 pg/ml doxycycline and
500 uM IAA for 12 h before harvesting to synchronize cells in
mitosis.

Protein expression and purification from HEK293T cells

For protein overexpression in HEK293T cells, EGFP-Strep-N1
vector was used for WDR62 FL and WD40 domain-containing
fragments and pTT5 vector for other proteins.

Generally, HEK293T cells grown on 15-cm dishes were
transfected with 20-30 ug DNA per dish using PEI. Cells were
treated with 200 ng/ml nocodazole overnight before harvesting.
36 h after transfection, the medium was removed from the
dishes, and cells were collected with cold PBS (4°C, 10 ml for
each 15-cm dish) into 15-ml falcon tubes quickly. Cells were
centrifuged at 1,000x rpm, 4°C for 10 min to remove the su-
pernatant, and the pellets were lysed in 900 pl lysis buffer
(50 mM Hepes, 300 mM NaCl, and 0.5% Triton X-100, pH 7.4)
containing protease inhibitors (Roche) for 10 min on ice. Cell
lysate was centrifuged at 14,000x rpm, 4°C for 20 min, and the
supernatant was incubated with 60~100 pl StrepTactin beads
(GE Healthcare) at 4°C for 45 min. After removal of the super-
natant by centrifuging at 3,000x rpm, 4°C for 1 min, beads were
washed with 1 ml lysis buffer four times and 1 ml wash buffer A
(50 mM Hepes, 150 mM NacCl, and 0.01% Triton X, pH 7.4) two
times. Finally, proteins were eluted with 60~100 pl elution
buffer (50 mM Hepes, 150 mM NaCl, 0.01% Triton X-100, and
2.5 mM desthiobiotin, pH 7.4), snap frozen, and stored at -80°C.

To copurify the TPX2/Aurora A complex, nontagged pTT5-
TPX2 was cotransfected with pTT5-Strep-TagBFP-Aurora A at a
ratio of 1 to 1. The complex was purified as described above.

To copurify the katanin complex, Strep-SNAP-katanin p80
was cotransfected with nontagged pTT5-katanin p60 at a ratio of
1 to 1.5. Cells were collected and lysed as described above. After
incubation with the supernatant, beads were washed with lysis
buffer four times and wash buffer A two times as described
above. Subsequently, to label SNAP-tag proteins, beads were
incubated with 100 ul wash buffer A containing 10 uM SNAP-
Surface Alexa Fluor 647 (NEB) at 4°C for 1 h in darkness. After
extensive washing with lysis buffer four times and wash buffer
B (50 mM Hepes, 300 mM NaCl, and 0.01% Triton X, pH 7.4) two
times, proteins were eluted with 60 pl elution buffer containing
300 mM instead of 150 mM NaCl.

The yield of Strep-TagBFP-TPX2, Strep-TagBFP-Aurora A,
Strep-GFP-Aurora A, and Strep-TagBFP-Aurora A/TPX2 was
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~35-75 g per 15-cm dish. The yield of WDR62 FL WT-GFP-Strep
with or without JNK inhibitor treatment, WDR62 FL W864A-
GFP-Strep, WDR62 WD-GFP-Strep, Strep-GFP-WDR62 AWD,
WDR62 FL T1053A-GFP-Strep, and p60/Strep-SNAP-p80 was
~2.5-5 ug per 15-cm dish. Of note, in the case of WDR62 FL WT-
GFP-Strep with JNK inhibitor treatment, cells were treated with
10 M JNK inhibitor VIII (Cayman; 15946) together with 200 ng/
ml nocodazole overnight before harvesting; the lysis buffer was
also supplemented with 10 pM JNK inhibitor VIII.

All purified proteins described above were analyzed by SDS-
PAGE (Fig. S5 G).

Protein expression and purification from Escherichia coli

For protein overexpression in E. coli, BL21 (DE3) strain was used.
Aurora A was cloned into a modified pET28a vector (Novagen)
containing a GST tag. GST control was expressed from the pGEX
6p-1 vector (GE Healthcare). GST-Aurora A and GST control
were purified with Glutathione Sepharose 4 fast flow beads (GE
Healthcare). Beads in lysis buffer containing 50% (vol/vol)
glycerol were snap frozen and stored at -80°C for subsequent
GST pull-down assays. WDR62 M1 WT and W864 mutant were
cloned into pET32a vector with a trxA-6xHis tag. trxA-6xHis-
WDR62 MI proteins were purified with Ni-NTA agarose (Qia-
gen). Proteins were eluted with 500 ul elution buffer containing
250 mM imidazole, snap frozen, and stored at -80°C. Purifica-
tion conditions and procedures were performed according to the
manual provided by the vendors.

Pull-down assays

For StrepTactin pull-down assays (Fig. 3 D, Fig. 7 ], and Fig. S5
C), HEK293T cells seeded on six-well plates were cotransfected
with 1 pg Strep- or Strep-GFP-tagged bait construct and 1 pg
GFP-tagged prey construct (2 pg total DNA) using PEIL 36 h after
transfection, cells were collected and lysed in 100 pl lysis buffer
for 5 min on ice. Cell lysate was centrifuged at 14,000x rpm, 4°C
for 20 min, and the supernatant was incubated with 10 pl
StrepTactin beads at 4°C for 45 min. Subsequently, beads were
washed with lysis buffer four times and then subjected to
Western blotting.

For the StrepTactin pull-down assay in Fig. 3 G, HEK293T cells
seeded on six-well plates were transfected with 2 pg Strep-GFP
or Strep-p80 WD. Strep-tagged proteins immobilized on
StrepTactin beads were used as bait. trxA-6xHis-WDR62 M1
proteins purified from E. coli as described above were used as
prey. Approximately 3 ug prey proteins diluted in 100 pl lysis
buffer was incubated with bait-bound beads at 4°C for 45 min.
Subsequently, beads were washed with lysis buffer four times
and then subjected to SDS-PAGE.

For streptavidin pull-down assays (Fig. 3, B and F; and Fig. 5,
D and E), HEK293T cells seeded on six-well plates were co-
transfected with 1 ug Bio-GFP-tagged bait construct, 1 ug GFP-
tagged prey construct, and 1 pg BirA construct (3 pig total DNA)
using PEIL 36 h after transfection, cells were collected and lysed
in100 pllysis buffer for 5 min on ice. Cell lysate was centrifuged
at 14,000x rpm, 4°C for 20 min to collect the supernatant.
Streptavidin-coated magnetic beads (Invitrogen; Dynabeads M-
280; 15 pl for each sample) were preblocked with 500 pl block
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buffer (0.1% Triton X-100 and 1 mg/ml chicken egg white in
PBS) for 30 min at room temperature. The supernatant was
incubated with Dynabeads at 4°C for 45 min. Subsequently,
beads were washed with lysis buffer four times and then sub-
jected to Western blotting. Of note, in the case of JNK inhibitor
treatment (Fig. 5 E), cells were treated with 10 uM JNK inhibitor
VIII overnight before harvesting; the lysis buffer was also sup-
plemented with 10 uM JNK inhibitor VIIL.

For GST pull-down assays (Fig. 7 H), HEK293T cells seeded on
10-cm dishes were transfected with 10 pug GFP-tagged prey
construct using PEI. 36 h after transfection, cells were collected
and lysed in 300 pl lysis buffer for 10 min on ice. Cell lysate was
centrifuged at 14,000x rpm, 4°C for 20 min to collect the su-
pernatant. GST control and GST-Aurora A (bait) were purified
from E. coli and immobilized on beads as described above. The
beads were washed with lysis buffer two times and then incu-
bated with the supernatant at 4°C for 45 min. Subsequently,
beads were washed with lysis buffer four times and then sub-
jected to Western blotting.

In vitro MT assays

Double-cycled GMPCPP MT seeds were made as described pre-
viously (Mohan et al., 2013). Briefly, 8.25 pl tubulin reaction
mixture in MRB80 buffer (80 mM Pipes, 1 mM EGTA, and 4 mM
MgCl2, pH 6.8), which contained 14 uM unlabeled porcine brain
tubulin (Cytoskeleton), 3.6 uM biotin-tubulin (Cytoskeleton),
2.4 uM rhodamine-tubulin (Cytoskeleton), and 1 mM GMPCPP
(Jena Biosciences), was incubated at 37°C for 30 min. MTs were
then pelleted by centrifugation in an Airfuge (Beckman) at ~28
psi for 5 min. After the supernatant was carefully removed, the
pellet was resuspended in 6 pl MRB8O buffer and depolymerized
on ice for 20 min. Subsequently, a second round of polymeri-
zation was performed at 37°C in the presence of freshly sup-
plemented 1 mM GMPCPP. The MT seeds were then pelleted as
described above and resuspended in 50 ul MRB8O buffer con-
taining 10% glycerol, snap frozen, and stored at -80°C.

Flow chambers for assays were made of plasma-cleaned
glass coverslips and microscope slides. The flow chambers
were sequentially incubated with 0.2 mg/ml Poly (L-lysine)-poly
(ethylene glycol) (PLL-PEG)-biotin (Susos AG) and 1 mg/ml
neutravidin (Invitrogen) in MRB80 buffer. GMPCPP seeds were
then attached to coverslip via biotin-neutravidin links, followed
by blocking with 1 mg/ml k-casein. The reaction mixture, which
consisted of purified protein and MRB8O buffer containing
20 pM porcine brain tubulin, 0.5 uM rhodamine-tubulin, 1 mM
GTP, 0.2 mg/ml k-casein, 0.1% methylcellulose, and oxygen
scavenger mix (50 mM glucose, 400 pg/ml glucose oxidase,
200 pg/ml catalase, and 4 mM DTT), was added to the chamber
after centrifugation in an Airfuge for 5 min at ~28 psi. The flow
chamber was sealed with vacuum grease and imaged immedi-
ately at 30°C using a TIRF microscope. The imaging interval was
3 s unless stated otherwise.

For all severing assays (Fig. 6, E and G; and Fig. 9), additional
1 mM ATP was added into the reaction mixture. For severing
assays of dynamic MTs, GMPCPP seeds were first elongated in
the presence of the first-round reaction mixture, which con-
tained 20 pM tubulin (Fig. 9, A, B, and D) or 20 pM tubulin
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together with the indicated proteins except for katanin (Fig. 9, F,
G, L, and M). After reaction for 10 min on the microscope stage
(30°C), the sample in the unsealed flow chamber was imaged
for ~1 min. Subsequently, the second-round reaction mixture,
which contained 10 uM tubulin together with all indicated
proteins including katanin, was gently flowed into the chamber.
The imaging interval was 10 s.

For assays with nondynamic MTs, tubulin was excluded from
the reaction mixture. The imaging interval was 10 s.

For assays aiming to generate curved MTs (Fig. 4 H),
GMPCPP seeds were first elongated in the presence of 20 uM
tubulin for 5 min. Subsequently, the reaction mixture contain-
ing 30 nM purified WDR62 and 10 uM tubulin was quickly
flowed into the chamber with preassembled dynamic MTs. MT
buckling appeared frequently because of the mechanical strain
cause by the solution exchange.

TIRF microscopy

TIRF microscopy was performed on Nikon Eclipse Ti2-E with
the perfect focus with the Nikon CFI Apo TIRF 100x 1.49 NA oil
objective, Prime 95B camera (Photometrics), SOLE laser engine
(four lasers: 405 nm, 488 nm, 561 nm, and 638 nm; Omicron) and
controlled by NIS-Elements software (Nikon). Images were mag-
nified with a 1.5x intermediate lens on Ti2-E before projected onto
the camera. The resulting pixel size is 73.3 nm/pixel. Stage top
incubator INUBG2E-ZILCS (Tokai Hit) was used to keep cells at
37°C or in vitro samples at 30°C. Imaging medium (DMEM/F12
supplemented with 10% FBS and 5 U/ml penicillin and 50 pg/ml
streptomycin) was prewarmed in a water bath at 37°C.

Optosplit ITI beamsplitter (Cairn Research Ltd.) was used for
simultaneous imaging of green and red fluorescence. Stream
acquisition was used for simultaneous imaging of green and red
fluorescence in vivo. Sequential acquisition was used for three-
or four-color imaging experiments.

Photoactivation

The microscope setup for photoactivation experiments was the
same as that for TIRF microscopy except that the epi-fluorescence
illuminator was used (Intensilight; Nikon) and the 1.5x interme-
diate lens was omitted. Photoactivation of PA-GFP-tubulin at
designated regions in the spindle was achieved using Nikon Galvo
Miniscanner with a 405-nm laser.

Immunofluorescence

Cells for immunofluorescence were seeded on coverslips in 24-
well plates and transfected with 0.5-0.75 ug plasmid using Fu-
GENES6. 18 h after transfection, cells were fixed with different
methods. For staining of astral MTs in Fig. 2 A and Fig. S2 B and
for staining of cold-resistant spindle MTs in Fig. 2 L, cells were
fixed in 4% formaldehyde and 0.1% glutaraldehyde in 37°C
prewarmed MRB8O buffer for 10 min at room temperature. For
staining of MTs in Fig. S4, E and F and Fig. S5, A and F, cells were
sequentially fixed in -20°C methanol for 5 min and 4% form-
aldehyde in PBS for 5 min at room temperature. For staining
of other proteins, cells were fixed with -20°C methanol for
10 min. Cell membranes were permeabilized with 0.15% Triton-
X 100 in PBS, and subsequent blocking and labeling steps were
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performed in PBS supplemented with 2% BSA and 0.05%
Tween-20. The permeabilizing, blocking, and labeling steps
were performed at room temperature. Finally, coverslips were
rinsed with 70% and 100% ethanol, air-dried, and mounted on
glass slides with Vectashield mounting medium (Vector Labo-
ratories). Slides were stored at —20°C.

Images were captured using Nikon Ni-U with 60x 1.40 NA oil
objective equipped with DS-Qi2 camera (Nikon) for single-slice
acquisition or Nikon Eclipse Ti2-E with 100x 1.45 NA oil objec-
tive equipped with Prime 95B camera for 3D acquisition with
0.11 pm z steps.

Cold treatment

Cells were seeded on coverslips in 24-well plate for 18 h. The
plate was cooled in an ice-water bath for 5 min, followed by
immunofluorescence staining of cold-resistant spindle MTs
(Fig. 2 L), which was described above.

Image analysis and processing

For measurement of the intensity of indicated proteins at the
spindle pole (Fig.1 E; Fig. 3 ; Fig. 7, C and F; Fig. S1, H and M; and
Fig. S4, L, O, and P), a trapezoid region of interest (ROI) was
selected to cover the spindle pole structure. For measurement of
the intensity of KIF2C and y-tubulin at the centrosome (Fig. S1, I
and N), a circular ROI was selected to cover the centrosome
structure.

For measurement of “inside” and “outside” intensities of
NuMA (spindle pole marker) and y-tubulin (centrosome marker)
in Fig. 2 H and Fig. S2 F, images were rotated to orient the
spindles with a horizontal centrosome-to-centrosome axis.
Two semicircular ROIs generated by the Image] macro Half-
CircleSelections formed a circle to cover the whole spindle pole
structure. The center of the circle was placed at the visually
determined center of the y-tubulin spot. The chromosome- and
cortex-directed ROIs were referred to as inside and outside,
respectively. The outside versus total intensity of y-tubulin was
~0.5 on average, indicating that the visually determined center
of the y-tubulin spot is reliable. The same ROIs were used to
measure the inside and outside intensities of NuMA.

For measurement of the integrated intensity of the cold-
resistant spindle MTs (Fig. 2 M), a polygon ROI was selected
to cover the spindle. The intensity of each spindle was averaged
from the integrated intensity of the four middle Z-stacks. The
number and length of astral MTs were measured manually in
Image] using the maximum projection image of Z-stacks (Fig. 2,
B and C; and Fig. S2, C and D).

The center of the y-tubulin spot and the distal edge of the
NuMA spot were determined visually in Image]. The tcen-
trosome-to-centrosome distance was defined as the center-to-
center distance between two y-tubulin spots, and the pole-to-pole
distance was defined as the distal edge-to-distal edge distance
between two NuMA spots (Fig. 2 F). The distance between the
centrosome and spindle pole was defined as the distance between
the center of the y-tubulin spot and the distal edge of the NuMA
spot (Fig. 2 G and Fig. S2 G).

For measurement of the intensity of indicated proteins in the
in vitro assays, a 5-pixel-wide linear ROI was drawn along the
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MT at the start of imaging (Fig. 4 F; Fig. 5, B and G; and Fig. 6 F),
or immediately after flow-in (Fig. 4 I; and Fig. 9 C, H-J, and N), or
after 5 min of GDP-MT growth from seed, when the signals of
indicated proteins reached a plateau (Fig. 8, F, I, and L). For plots
of the intensity of indicated proteins against time (Fig. 8, C, G,
and K), a 2-pm-long segment of GDP-MT, as illustrated in Fig. 8
A (between two dashed lines), was tracked for 3 min or 6 min
with a time interval of 10 s.

For fluorescence intensity profiles (Fig. 2 D and Fig. 4 D), the
line scan was performed using the profile function in Image].
To analyze the relative distribution of y-tubulin and NuMA, a
1-pixel-wide line was drawn along the centrosome-to-centro-
some axis, in which the intensities of y-tubulin and NuMA were
measured. The y-tubulin intensity was normalized to its maxi-
mum value for each centrosome, and similarly, the NuMA in-
tensity was normalized to its maximum value for each spindle
pole (Fig. 2 D). To analyze the relative distribution of WDR62
and DCX, a 5-pixel-wide line was drawn along the MT (Fig. 4 D).

Surface function in Imaris was used to rebuild the 3D re-
construction. The length of the grid in the image is 3.65 um
(Fig. 2 E).

Severing frequency in vitro was determined as the observed
number of MT-severing events divided by the product of the MT
length and the observation time. For severing of GMPCPP-
stabilized MTs (Fig. 6 H; and Fig. 9, E, K, and O, GMPCPP
MT), the MT length was the initial length measured at 0 min
(the start of imaging). For severing of dynamic GDP-MTs at high
frequency in flow-in assays (Fig. 9, E and K, 120 nM), the MT
length was the initial length immediately measured after flow-
in. For severing of dynamic GDP-MTs at low frequency in flow-
in assays (Fig. 9, E and O, 30 nM and 60 nM), in which the MTs
showed overall growth, the MT length was the average of
lengths measured immediately after flow-in and at the end of
imaging. The imaging windows for nondynamic MT assays and
dynamic MT assays were 10 min and 8 min, respectively.

The MT breakage frequency in cells was determined as the
number of curved MT breakage events divided by the total number
of WDRé2-decorated curved MTs (Fig. 6 C). The lag time between
appearance of bending and breakage was counted from the time of
WDR62 loading onto curved MTs to the time of breakage (Fig. 6 D).

The minus-end depolymerization rate (Fig. 2 K) was mea-
sured using an Image] macro. Briefly, the position of the spindle
pole was determined as the center of a circular ROI that enclosed
the tubulin signal at the centrosome. A polygon ROI was selected
to cover the PA-GFP-a-tubulin stripe. Each pixel within the
polygon ROI was projected onto the pole-to-pole axis, and the
average distance between the projected pixels and the pole was
measured. Measurements were conducted at seven time points
with a 0.5~1-min interval. Linear regression was then per-
formed to calculate the minus-end depolymerization rate.

All intensity measurements in this study were background-
subtracted. “Kappa,” an Image] plugin, was used to quantify the
MT curvature, |«|, and protein intensity on both curved and
straight MTs (Bechstedt et al., 2014). Kymograph was generated
with an Image] plugin, KymoResliceWide. 3D image stacks were
deconvolved using Huygens Essential (SVI). Images were pre-
pared for publication using Image] and Adobe Photoshop.
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Identification of WDR62-interacting proteins by mass
spectrometry

To identify WDR62-interacting proteins, HEK293T cells were
cotransfected with WDR62-GFP-Bio and BirA and treated with
200 ng/ml nocodazole for 16 h before harvesting. WDR62-GFP-
Bio and its associated proteins were pulled down by streptavidin
beads and run on SDS-PAGE gel for 1 cm. After the gel was
stained with Coomassie dye G-250, the lane was cut and sub-
jected to mass spectrometry using UHR-QqTOF mass spec-
trometer (Bruker) and PEAKS 8.5 software (BSI).

Statistical analysis

Statistical analysis was performed with Excel (Microsoft). P
values were determined by unpaired two-tailed t test: *, P < 0.05;
** P < 0.0L; **, P < 0.001. Data distribution was assumed to be
normal, but this was not formally tested.

Online supplemental material

Fig. S1 characterizes the WDR62 knock-in and knockout cell
lines. Fig. S2 shows the overview of WDR62 deletion mutants
used in this study and the rescue of spindle defects by WT
WDR62-GFP but not its katanin binding-deficient mutants.
Fig. S3 shows that paclitaxel alters the MT lattice preference
of WDR62 and katanin disassembles WDR62-decorated curved
MT lattices. Fig. S4 characterizes the TPX2- or Aurora A-mAID-
mClover knock-in cell lines. Fig. S5 shows that MCPH-associated
mutations within the WD40 domain of WDRé62 disrupt its in-
teractions with both MTs and Aurora A. Video 1 shows the re-
duced rate of MT minus-end depolymerization at the spindle
pole in katanin p80 and WDR62 knockout cells. Video 2 and
Video 3 show that WDR62-GFP and WDR62 WD-GFP preferen-
tially accumulate at curved segments of dynamic MTs in cells.
Video 4 shows that WDR62 WD-mCherry and DCX-GFP exhibit
opposite responses to MT buckling and straightening. Video 5
shows that WT WDR62 N2-GFP recruits p60/TagBFP-p80 to
sever curved MTs in cells. Video 6 shows that TPX2, Aurora A,
WDR62, and katanin form an efficient module to sever GDP-MTs
in vitro. Table Sl lists the CRISPR-Cas9 guide RNA targeting
sequences and PCR primers for generating homology recombi-
nation donor constructs and genotyping.
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Figure S1. Characterization of WDR62 knock-in and knockout cell lines. (A-C) Characterization of WD62 knock-in HeLa cell line. (A) Schematic illus-
tration of primer sets and the expected PCR products. PCR genotyping (B) and Western blotting analysis (C) showing that the WDR62-GFP-Strep knock-in Hela
cell line used in this study is heterozygous. BSD, blasticidin S deaminase. (D) Western blotting with the indicated antibodies in control, katanin p80 knockout
(KO), and WDR62 knockout Hela cells. (E) Sequencing results of WDR62 knockout Hela cell line used in this study. 1 nucleotide (nt) insertion will result in
p.V65VfsX13. sgRNA, single-guide RNA. (F) Frequency of multipolarity in control or the indicated knockout HeLa cells in prometaphase or metaphase. Control,
n = 224 cells; p80 knockout, n = 189; WDR62 knockout, n = 211. (G-1) Quantification of mitotic index (G), NuMA total intensity (H), and y-tubulin total intensity
(1) in control, p80 knockout, and WDR62 knockout Hela cells. For mitotic index, n = 3 experiments, control, 1,363 cells; p80 knockout, 1,708 cells; WDR62
knockout, 1,385 cells. For NuMA intensity, n = 70 spindle poles in all conditions. For y-tubulin intensity, n = 74 centrosomes in all conditions. () Western
blotting with the indicated antibodies in control, katanin p80 knockout, and WDR62 knockout U20S stable cell lines expressing PA-GFP-a-tubulin. Both
knockouts are from a mixed population of cells after transient transfection with PX459 bearing single guide RNA) followed by drug selection, rather than from
single cell cloning. (K and M) Immunofluorescence staining for KIF2A, y-tubulin, and DAPI (K) and quantification of KIF2A intensity at spindle poles (M) in
control and WDR62 knockout Hela cells. n = 50 spindles poles for both conditions. (L and N) Immunofluorescence staining for y-tubulin and DAPI (L) and
quantification of KIF2C intensity at centrosomes (N) in control and WDR62 knockout KIF2C-GFP-Strep knock-in HeLa cells. The WDR62 knockout is from a
mixed population of cells after transient transfection with PX459 bearing single guide RNA followed by drug selection, rather than from single cell cloning. n =
50 spindles poles for both conditions. (O and P) Western blotting (O) and PCR genotyping (P) showing that the KIF2C-GFP-Strep knock-in HeLa cell line used in
L is homozygous. Red asterisk denotes a nonspecific band detected by the KIF2C antibody. (Q) Western blotting with the indicated antibodies in control and
WDR62 knockout KIF2C-GFP-Strep knock-in HeLa cells. The WDR62 knockout is from a mixed population of cells after transient transfection with PX459
bearing single guide RNA followed by drug selection, rather than from single cell cloning. Scale bars, 2 pm. Data represent mean + SD.
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Figure S2. Overview of WDR62 deletion mutants used in this study and the rescue of spindle defects by WT WDR62-GFP but not its katanin-binding
deficient mutants. (A) Schematic illustration of the functional domains of WDR62 and summary of all the deletion mutants used in this study. WD40 domain
(WD; light blue): MT binding and Aurora A binding; M1 (dark blue): p80 binding; M3: (green): autoinhibitory domain that interacts with WD40 domain. The
horizontal lines were drawn to indicate the region spanned by the corresponding fragments (M1: dark blue; M3: green; others: black). The vertical dashed lines
were drawn to indicate the boundaries of fragments M1 and M3. Note that JNK phosphorylation site T1053 (red) was located within the autoinhibitory M3
fragment. M, middle region; CC, coiled-coil. (B) Immunofluorescence staining of a-tubulin and DAPI in WDR62 knockout (KO) HeLa cells or the knockout cells
transiently transfected with GFP-tagged WT WDR62 or its indicated mutants. Maximum intensity projections of Z series with 30 stacks at 0.11-um steps are
shown. (C and D) Quantification of the number and length of astral MTs shown in B. From left to right, n = 20, 20, 22, 20, and 20 spindle poles. (E) Im-
munofluorescence staining of NuMA and y-tubulin in WDR62 knockout Hela cells or the knockout cells transiently transfected with GFP-tagged WT WDR62 or
its indicated mutants. Insets show enlargement of boxed areas. (F and G) Quantification of “outside” versus total intensity of y-tubulin (y-tub) and NuMA (F)
and distance between the centrosome and the pole (G) shown in E. n = 50 spindle poles for all conditions in F; n = 48 spindle poles for all conditions in G. Scale
bars, 2 um. Data represent mean + SD. ***, P < 0.001; two-tailed t test.
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Figure S3. Paclitaxel alters the MT lattice preference of WDR62, and katanin disassembles WDR62-decorated curved MT lattices. (A) TIRF mi-
croscopy images of live MRC5 cells expressing WDR62 WD-GFP together with DCX-mCherry before (top panels) or after (bottom panels) addition of 1 uM
paclitaxel. (B) Quantification of the fluorescence intensities of WDR62 WD-GFP on straight and curved segments of dynamic MTs without or with paclitaxel
treatment shown in A. The values were normalized to the intensity of curved segments without paclitaxel treatment. n = 30 MTs from three experiments for all
conditions. (C and D) Images and quantification of the binding of WDR62-GFP (15 nM) to the GMPCPP- or paclitaxel-stabilized MTs in vitro. The values were
normalized to the intensity of GMPCPP-stabilized MTs. From left to right, n = 196 and 163 MTs from three experiments. (E) Model of the recognition of
extended MT lattice by WDR62. In the absence of paclitaxel, the outside protofilaments of the curved segments are in a more extended state compared with
the rest of the MT lattices, explaining the preferential binding of WDR62 (green cartoon) to curved MTs both in cells and in vitro. In the presence of paclitaxel,
except the inside curvature, which was occupied by DCX (red cartoon), the remainder of the MT lattices are all in an extended state, explaining why paclitaxel
could change the MT geometry preference of WDR62. (F and G) Time-lapse images of live MRCS5 cells expressing WDR62 N2-GFP together with DCX-mCherry.
F represents the more frequently observed phenomenon (~90%) that no breakage occurred (indicated with arrows) in WDR62 N2-GFP-decorated curved MTs,
while G represents the less frequently observed phenomenon (~10%) in which breakage occurred (indicated with arrows). (H and I) Time-lapse images of live
MRC5 cells expressing p60/TagBFP-p80 R615A mutant or p60 E309Q/TagBFP-p80 mutant together with WDR62 N2-GFP and DCX-mCherry. Arrows indicate
that p60/TagBFP-p80 R615A (H), but not p60 E309Q/TagBFP-p80 (1), could disassemble curved MT lattices, although both katanin mutants were recruited
there by WDR62 N2-GFP. DCX-mCherry was used to distinguish between straight and curved MT lattices. Scale bars, 2 um. Data represent mean = SD. **, P <
0.01; ***, P < 0.001; two-tailed t test.
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Figure S4. Characterization of TPX2- or Aurora A-mAID-mClover knock-in cell lines. (A) Schematic representation of the strategy to construct con-
ditional AID mutant of TPX2 or Aurora A via CRISPR/Cas9 as well as primer sets for genotyping and the expected PCR products. Tet-on 3G, Tet-On 3G
transactivator; pPGK, Phosphoglycerate kinase 1 promoter; pTRE3GS, TRE3GS promoter; Kl, knock-in; Puro, puromycin resistance gene; Hygro, hygromycin
resistance gene. Parental cell lines were first generated by introducing 3xHA-OsTIR1 at the AAVSI locus. Subsequently, the mAID-mClover cassette was
introduced into parental cells after the last codon of TPX2 or Aurora A. (B and C) The homozygous TPX2- or Aurora A (AurA)-mAID-mClover knock-in Hela cell
lines were confirmed by Western blotting with indicated antibodies (B) and PCR genotyping (C). (D) Western blotting analysis of indicated protein levels in
TPX2- or Aurora A-mAID-mClover knock-in Hela cells without or with doxycycline (Dox) and IAA treatment. For all conditions, cells were synchronized in
mitosis with STLC. (E and F) Images showing indicated spindle defects in TPX2- or Aurora A-mAID-mClover knock-in HeLa cells treated with doxycycline and
IAA. (G) Quantification of mitotic index in TPX2- or Aurora A-mAID-mClover knock-in Hela cells without or with doxycycline and IAA treatment, n = 3 ex-
periments. For TPX2-mAID-mClover, control cells, 1,113 cells; doxycycline and IAA treatment, 838 cells. For Aurora A-mAID-mClover, control, 1,126 cells;
doxycycline and IAA treatment, 1,142 cells. (H and I) Percentage of cells with indicated spindle phenotypes in TPX2- or Aurora A-mAID-mClover knock-in Hela
cells in prometaphase or metaphase without or with doxycycline and IAA treatment. For TPX2-mAID-mClover, control, n = 221 cells; doxycycline and 1AA
treatment, n = 244 cells. For Aurora A-mAID-mClover, control, n = 231 cells; doxycycline and IAA treatment, n = 220 cells. () Quantification of the length of
bipolar spindle in Aurora A~-mAID-mClover knock-in Hela cells without or with doxycycline and IAA treatment. For both conditions, n = 40 cells. (K and
L) Immunofluorescence staining and quantification of Aurora A intensity at spindle poles in TPX2-mAID-mClover knock-in Hela cells without or with doxy-
cycline and IAA treatment. For both conditions, n = 100 spindle poles. (M-P) Immunofluorescence staining and quantification of Aurora A and TPX2 intensities
at spindle poles in control or the indicated knockout (KO) Hela cells. For all conditions, n = 100 spindle poles. Scale bars, 2 pm. Data represent mean + SD. ***,
P < 0.001; two-tailed t test.
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Figure S5. MCPH-associated mutations within WD40 domain of WDR62 disrupt its interactions with both MTs and Aurora A. (A) Immunofluorescence
staining of a-tubulin in MRCS5 cells transiently expressing GFP-tagged Aurora A FL, N-terminal part (NT), or C-terminal kinase domain (CT). All these Aurora A
constructs by themselves failed to localize to MTs. (B) Images of fixed MRCS5 cells transiently expressing WDR62 WD-mCherry together with GFP-tagged
Aurora A FL, NT, or CT. WDR62 WD-mCherry can recruit GFP-tagged Aurora A FL and CT, but not NT, to MTs. (C) StrepTactin pull-down assays with extracts of
HEK293T cells expressing Strep-GFP-Aurora A (bait) together with GFP-tagged WT WDR62 or its indicated MCPH-associated mutants (prey). (D and
E) Immunofluorescence staining and quantification of katanin p80 intensities at spindle poles in WDR62 knockout (KO) Hela cells transiently transfected with
GFP-tagged WT WDR62 or its indicated MCPH-associated mutants. For all conditions, n = 42 spindle poles. (F) Immunofluorescence staining of a-tubulins in
MRC5 cells transiently transfected with GFP-tagged WT WDR62 or its indicated MCPH-associated mutants. (G) Purified proteins used for in vitro assays. The
bands corresponding to indicated proteins are marked with red asterisks on Coomassie blue-stained gels. Note that molecular chaperone HSP70 (~70 KD) was
copurified with all indicated proteins. Scale bars, 2 pm. Data represent mean + SD.
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Video 1. Reduced rate of MT minus-end depolymerization at the spindle pole in katanin p80 and WDR62 knockout cells. Photoactivation of PA-
GFP-a-tubulin in control (left), p80 knockout (KO; middle), and WDR62 knockout (right) U20S metaphase cells. Images were collected with a widefield
fluorescent microscope at 2-s intervals. Video is sped up 30 times (15 frames/s). Time is shown in the format min:s.

Video 2. WDR62-GFP preferentially accumulates at curved segments of dynamic MTs in cells. MRC5 cells were cotransfected with WDR62-GFP and
mCherry-a-tubulin. Images were collected with a TIRF microscope in stream mode (2 frames/s). Video is sped up 10 times.

Video 3. WDR62 WD-GFP displays strong affinity for curved segments of dynamic MTs in cells. MRC5 cells were cotransfected with WDR62 WD-GFP
and mCherry-a-tubulin. Images were collected with a TIRF microscope in stream mode (2 frames/s). Video is sped up 10 times.

Video 4. WDR62 WD-mCherry and DCX-GFP exhibit opposite responses to MT buckling and straightening. MRC5 cells were cotransfected with
WDR62 WD-mCherry and DCX-GFP. Arrows indicate that WDR62 WD and DCX displayed a mutually exclusive localization pattern along MTs. Images were
collected with a TIRF microscope in stream mode (2 frames/s). Video is sped up 10 times.

Video 5. WT WDR62 N2-GFP recruits p60/TagBFP-p80 to sever curved MTs in cells. MRC5 cells were cotransfected with WT WDR62 N2-GFP, DCX-
mCherry, and p60/TagBFP-p80. Arrows indicate that p60/TagBFP-p80 was recruited to curved MT lattices by WDR62 N2 WT-GFP and that breakage oc-
curred. Images were collected with a TIRF microscope at 2-s intervals. Video is sped up 10 times (5 frames/s).

Video 6. TPX2, Aurora A, WDR62, and katanin form an efficient module to sever GDP-MTs in vitro. MTs were first polymerized in the tubulin po-
lymerization reaction mixture (20 uM unlabeled tubulin and 0.5 pM rhodamine-tubulin in MRB8O buffer) supplemented with 30 nM WDR62-GFP and 30 nM
(top panels) or 60 nM (bottom panels) TPX2/TagBFP-Aurora A (AurA). After reaction for 10 min on the microscope stage (30°C), the sample in the unsealed
flow chamber was imaged for ~1 min. Subsequently, the second-round reaction mixture, which contained 10 uM tubulin together with 30 nM p60/SNAP-Alexa
Fluor 647-p80, 30 nM WDR62-GFP, 30 nM (top panels) or 60 nM (bottom panels) TPX2/TagBFP-Aurora A, and 1 mM ATP was gently flowed into the chamber.
Images were collected with a TIRF microscope at 10-s intervals. Video is sped up 60 times (6 frames/s). Time is shown in the format min:s.

Table S1, provided online, presents CRISPR-Cas9 gRNA targeting sequences and PCR primers for generating homology
recombination donor constructs and genotyping.
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