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ASPM and CITK regulate spindle orientation by
affecting the dynamics of astral microtubules
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Abstract

Correct orientation of cell division is considered an important
factor for the achievement of normal brain size, as mutations in
genes that affect this process are among the leading causes of
microcephaly. Abnormal spindle orientation is associated with
reduction of the neuronal progenitor symmetric divisions, prema-
ture cell cycle exit, and reduced neurogenesis. This mechanism has
been involved in microcephaly resulting from mutation of ASPM,
the most frequently affected gene in autosomal recessive human
primary microcephaly (MCPH), but it is presently unknown how
ASPM regulates spindle orientation. In this report, we show that
ASPM may control spindle positioning by interacting with citron
kinase (CITK), a protein whose loss is also responsible for severe
microcephaly in mammals. We show that the absence of CITK
leads to abnormal spindle orientation in mammals and insects. In
mouse cortical development, this phenotype correlates with
increased production of basal progenitors. ASPM is required to
recruit CITK at the spindle, and CITK overexpression rescues ASPM
phenotype. ASPM and CITK affect the organization of astral micro-
tubules (MT), and low doses of MT-stabilizing drug revert the
spindle orientation phenotype produced by their knockdown.
Finally, CITK regulates both astral-MT nucleation and stability. Our
results provide a functional link between two established
microcephaly proteins.
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Introduction

The orientation of cell division is carefully controlled in both embry-
onic and adult tissues, in which it may regulate cell fate, generate
tissue shape, and maintain normal histological architecture [1-3].
Studies conducted over the last two decades have established that
this process may play an important role to regulate the delicate
balance between proliferation and differentiation that underlies
normal brain development, with particular regard to the generation
of a normal number of cortical neurons [2,4,5]. During embryogene-
sis, the cerebral cortex is first composed of a single layer of
neuroepithelial (NE) cells, which initially expand through symmet-
ric divisions [6-9]. As development progresses, NE progenitors give
rise to radial glia (RG) cells that may further expand by dividing
symmetrically or may switch to asymmetric division, producing a
self-renewing progenitor and a daughter cell committed to differenti-
ation [5,10-12]. A characteristic feature of proliferative divisions of
NE and RG cells is that cleavage occurs perpendicular to the ventric-
ular surface of the neuroepithelium, while the switch from
symmetric to asymmetric divisions is accompanied by a deviation of
the cleavage plane [13-15]. Oriented cell division is achieved
through the proper positioning of the mitotic spindle [16-18], which
depends on the formation of molecular links between actin-rich cell
cortex and astral microtubules (MT) emanating from centrosome-
derived spindle poles [15,19,20]. Indeed, either loss of doublecortin
(DCX), which destabilizes MT [21], or mutations of LISI, NDEI, and
NDELI, which disrupt dynein—dynactin function at the cell cortex
[22-24], randomize the mitotic spindle in NE progenitors and lead
to their early exhaustion. A similar depletion of progenitor cells,
correlated with randomized spindle orientation, can be produced by
disruption of proteins involved in centrosome function [25-28].
Whether the relationship between spindle orientation and cell fate
choice in cortical development is causal or only correlative is
currently debated, on the basis of recent studies suggesting that
spindle orientation may not be essential for cortical neurogenesis
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[26,29,30]. Mutation of many proteins contributing to centriole
biogenesis, centrosome maturation, and spindle organization
[31,32] has been associated with human primary microcephaly
(MCPH). MCPH is characterized by reduced head circumference,
accompanied by relatively preserved brain architecture, resulting in
mild-to-moderate intellectual disability and few associated symp-
toms [33,34]. At least thirteen MCPH loci (MCPH1-MCPH13) have
been mapped to date [35-37], and it has been established that most
of the encoded proteins are capable of localizing at the centrosome,
at the spindle poles, or at the spindle. Nevertheless, our understand-
ing of how these proteins may affect spindle orientation and cell fate
determination is still very limited. ASPM (abnormal spindle-like
microcephaly-associated, MCPHS) is the most frequently mutated
gene in MCPH [28,38]. ASPM is a conserved protein that associates
with the MT minus ends, is recruited at the spindle poles during
mitosis, and controls spindle MT organization, spindle function, and
cytokinesis from insects to mammals [39—41]. In mammals, NE cells
with reduced ASPM expression fail to orient the mitotic spindle
perpendicular to the ventricular surface of the neuroepithelium and
show increased frequency of asymmetric divisions, with a reduction
of the pool of neuronal precursors [25,42]. Recent evidence indi-
cates that ASPM may control cell fate choice by regulating the
activity of Cdk2/cyclin E complex [43]. However, it is presently
unknown how ASPM regulates spindle orientation. Previous studies
[44] showed that ASPM physically interacts with the cytokinesis
regulator citron kinase (CITK) [45,46]. CITK is a conserved protein
prominently localized at the cleavage furrow and at the midbody of
mitotic cells [46,47] and is involved in abscission control at the end
of cytokinesis [48,49]. In rodents, CITK inactivation leads to severe
microcephaly and lethal epilepsy [45,50]. This phenotype is
believed to result from apoptosis due to cytokinesis failure. Delayed
metaphase-anaphase transition in CITK-deficient neuronal progeni-
tors has also been described [51]. Although ASPM and CITK are
both associated with microcephaly and may form a complex in HeLa
cells and in developing neural tissue [44], it remained unclear
whether their interaction could have functional relevance.

In this report, we show that in addition to its role in cytokinesis,
CITK plays a phylogenetically conserved role in the control of
mitotic spindle orientation, by promoting the nucleation and stabi-
lization of astral MT. Moreover, we show that CITK is recruited to
the spindle by ASPM and that CITK overexpression rescues the
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spindle orientation defect elicited by ASPM knockdown. These
results provide new insight into the mechanisms by which ASPM
loss may cause microcephaly and suggest that a spindle orientation
defect may contribute to the CITK microcephaly phenotype.

Results and Discussion

CITK is a phylogenetically conserved determinant of
spindle orientation

In light of the previously reported association between CITK and
ASPM [44] and of the role played by ASPM in regulating spindle
orientation [25,39], we asked whether CITK may also play a role in
controlling spindle orientation, besides promoting abscission [49].
To address this question, we first examined whether CITK contri-
butes to maintaining mitotic spindle perpendicular to the apical-
basal axis of mouse NE progenitors. To do so, we immunostained
fixed cryosections of E14.5 mice neocortices for spindle-pole protein
v-tubulin and DNA, and we measured the angle formed by the
cleavage plan of apical progenitors (AP) with the apical surface of
cortex [13,14,25,30] (Fig 1A). This angle was defined as vertical
when it was comprised between 76° and 90° and oblique when it
was in the range from 0 to 75°. Most AP (75%) divide vertically in
CitK*/™ cortices, while vertical divisions occurred in only 24% of
AP in CitK™/~ mice (Fig 1B), indicating that spindle orientation is
perturbed by CITK loss.

To evaluate whether this phenotype correlates with increased
commitment to differentiation, we pulse-labeled E13.5 embryos with
BrdU and analyzed how many cells had left the cell cycle 24 h later,
measuring the percentage of cells positive for BrdU, but negative
for the cell cycle marker Ki67 [52]. A significant increase in
BrdU " /Ki67~ cells was observed in the proliferative regions and in
the intermediate zone (Fig 1C and D), suggesting a shift from
proliferative to differentiative divisions. Indeed, the increase in cells
exited from cell cycle in these regions could not be explained
by neuron migration defects, because the percentage of neurons in
VZ/SVZ relative to the total neuron population is the same in
WT and CITK ™/~ mice (Fig 1E). Interestingly, the percentage of
BrdU*/Tbr2* cells in the proliferative regions was significantly
increased (Fig 1F). In contrast, the total number of Tbr2 ™ cells was

Figure 1. CITK controls mitotic spindle orientation in developing mouse and fly brains.

A WT and CITK /= embryonic (E14.5) mouse cerebral cortex was stained for y-tubulin (green) and DNA (gray). The ventricular plane is marked by a red dashed line, and
the spindle axis of apical progenitors is indicated by a white dashed line. The angle between these two lines represents the mitotic angle. Scale bars, 5 pm.

B Quantification of vertical divisions of apical progenitors in WT and CITK ™~

mice. n = 3 per each genotype.

C Pregnant CITK~ females, crossed with CITK*'~ males, were injected with BrdU at E13.5; 24 h later, WT and CITK™/~ embryonic (E14.5) mouse cerebral cortex was
fixed in 4% PFA, cryosectioned, and stained for Ki67 (red), BrdU (green), Tbr2 (blue), and DAPI (gray). The different cortical regions are indicated: CP, cortical plate; 1Z,
intermediate zone; SVZ, subventricular zone; VZ, ventricular zone. Scale bars, 10 um. White arrows in the inset indicate two Ki67~ cells positive for BrdU and Tbr2.

D Quantification of cell cycle exit (ratio of cells BrdU*/Ki67 ) in the proliferative regions (VZ/SVZ) and in the neuronal layers (IZ and CP) of sections prepared as in panel

(C) (n = 4 per each genotype).

E Sections prepared as in (C) were stained for TUBB3 (Tu)) to reveal post-mitotic neurons and with DAPI. Red arrowheads indicate apoptotic neurons (defined by
pyknotic nuclei). Quantification of neuronal distribution in VZ/SVZ versus total neurons population is shown on the right.

F  Quantification of the percentage of Tbr2-positive cells in the BrdU-positive population of the same sections analyzed for panel (D) (n = 4 per each genotype).
Neuroblasts of wild-type and dck alleles immunostained for a-tubulin and Miranda. Note that whereas in wild-type cells there is a tight coupling of the mitotic
spindle with the polarity axis, in dck alleles the spindle shows a more oblique orientation with respect to Mira crescent. Scale bar, 5 um.

H Distribution of spindle angle amplitude (°) in neuroblasts of wild-type and ck alleles (n = 58).

Data information: Data shown in histograms are means + SEM. Statistical significance was assessed using a two-tailed Student’s t-test. **P < 0.01; *P < 0.05.
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not different in control and knockout cortices (55.4 + 4.6 and
52.2 + 4.1 per 100-um-wide cortical column, respectively). It must
be noted that the number of neurons produced in CITK ™/~ may be
strongly underestimated, because of their apoptotic death (Fig 1E).
Indeed, we observed a strong absolute reduction of BrdU-positive
cells in the neuronal layers of CitK ™/~ mice (Fig 1C), consistent with
the previous finding that in this model apoptosis occurs especially
in post-mitotic neuroblasts and neurons [53]. Altogether, these
results indicate that CitK™/~ developing cortex is characterized
by increased cell cycle exit and increased generation of basal
progenitors.

Since the sequence of CITK is well conserved between Droso-
phila and mammals, and since the loss of CITK in Drosophila
produces a cytokinesis-failure phenotype remarkably similar to the
phenotype detected in mammalian cells [47,54-56], we asked
whether the role of CITK in spindle orientation is conserved as
well. To address this question, we analyzed neuroblast (NB) divi-
sions in larval brains from individuals homozygous for either dck’
or dck?, two presumptive null alleles at the locus encoding the
Drosophila orthologue of CITK [47]. Drosophila NBs are stem cells
that divide asymmetrically, to give rise to another NB and to a
smaller ganglion mother cell (GMC) committed to differentiation.
To ensure a correct asymmetric division, NB spindle must be
aligned to the cell polarity axis determined by the differential
apico-basal concentration of several proteins. The basal cortex is
enriched in proteins that are preferentially segregated into the GMC
at the end of division and whose localization is in turn mediated
by a large multiprotein complex that concentrates at the apical
cortex [57]. We immunostained wild-type and dck mutant larval
brains for tubulin and for the basal marker Miranda (Mira) and
measured the angle between a line connecting the two spindle
poles and a line bisecting the crescent formed by Mira in meta-
phase NBs (Fig 1G). The angle ranged between 0° and 5° in 88%
of control NBs (Fig 1H), indicating a tight coupling of the mitotic
spindle with the polarity axis. Conversely, although both dck! and
dck? mutant NBs consistently displayed well-formed Mira crescents,
the majority of the spindles showed more oblique orientations,
ranging from 6° to 45° (n = 33 for dck’, and 45 for dck?, respec-
tively; Fig 1H).

These results indicate that besides its role in abscission control,
CITK plays a phylogenetically conserved role earlier in mitosis, to
ensure correct positioning of the mitotic spindle.

To better characterize this function, we resorted to HeLa cells,
which are sensitive to CITK depletion [49,58] and have extensively
been used to study spindle positioning mechanisms [59]. We
depleted CITK in these cells by RNAi using validated sequences [49]
(Fig EV1A) and analyzed cell division through phase-contrast time-
lapse microscopy. Interestingly, divisions of cells treated with CITK-
specific sSiRNAs were misoriented, with the two forming daughters
partially overlapping rather than being adjacent and with one
daughter cell dividing outside of the focal plan, thus delaying adher-
ence to the substrate (Fig 2A-C and Movies EV1 and EV2). We then
analyzed, in fixed samples, the angles formed by metaphase spin-
dles with the culture dish. CITK-depleted cells displayed angles
distribution skewed toward high values and significant increase in
angles average (Fig 2D and E), whereas spindle length was not
affected by CITK depletion (Fig EV4A). A similar phenotype was
observed by inducing CITK depletion with a second, independent

© 2016 The Authors
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siRNA sequence (Fig EV1B and C). The phenotype was rescued by
restoring CITK levels through the expression of an RNAi-resistant
construct (Fig EV1C), further confirming that it is due to CITK
depletion rather than to off-target effects of the siRNA sequences
used. The phenotype observed in CITK-depleted cells was similar to
the phenotype produced by ASPM depletion [39] (Fig 2F). More-
over, the defect on mitotic spindle orientation caused by CITK and
ASPM simultaneous knockdown was the same as single knockdown
(Fig 2F), indicating that these two proteins are on the same
pathway.

Altogether, these results show that CITK is a conserved determi-
nant of spindle orientation and demonstrate that it acts in mitosis
even before becoming enriched at the cleavage furrow and midbody
during cytokinesis.

CITK is associated with mitotic spindle through ASPM

Several proteomic studies reported that CITK is associated with the
mitotic spindle [60-62], but this localization was not confirmed by
other techniques. Previous immunolocalization studies have shown
that CITK is localized to the nucleus in interphase cells, accumulates
in the cytoplasm before anaphase, and becomes enriched at the
cleavage furrow and at the midbody during cytokinesis [46,63]. A
similar pattern was detected by live cell imaging in HeLa cells
expressing physiological levels of GFP-tagged CITK from a stably
integrated BAC transgene [64-66] (Movie EV3). As expected, during
mitosis the protein appears to be evenly distributed in the cytoplasm
and no enrichment is visible at the spindle or at the cell cortex
(Movie EV3).

Although these data confirmed the previous reports [46,63], they
did not exclude the possibility that a pool of the protein may associ-
ate with mitotic spindle. To address this issue, we performed mild
detergent extraction before fixation, which removes cytosolic
proteins and facilitates the visualization of cytoskeleton-associated
proteins. Under these conditions, immunofluorescence with anti-
CITK antibodies detected a clear enrichment of the protein on both
the spindle and the spindle poles, as it partially overlapped with the
v-tubulin signal (Fig 3A). This signal disappears in cells treated with
CITK siRNA (Fig 3A). Similar results were obtained using anti-GFP
antibodies in HeLa cells expressing GFP-tagged CITK from a BAC
transgene [66] (Fig 3B). Specific association of CITK with spindle
poles was further validated through biochemistry, as we found that
CITK is enriched in centrosomal preparations obtained from HeLa
cells synchronized in metaphase (Fig 3C). In addition, we observed
that the signals of both CITK endogenous protein and CITK-GFP
extensively overlap with ASPM immunoreactivity at the spindle
poles (Fig 3D and E).

To confirm the physical interaction between CITK and ASPM, we
performed in situ proximity ligation assay (PLA) which can reveal
whether two proteins are at a distance < 40 nm [67]. In mitotic cells
expressing physiological levels of ASPM-GFP [66] and immunos-
tained for GFP and CITK, we observed a strong signal, which was
completely absent in normal HeLa cells, not expressing tagged
ASPM (Fig 3F). Fluorescence dots were observed throughout the
cytoplasm and in proximity of spindle and spindle poles (Fig 3F).
Since these cells were not pre-extracted, the result indicates that
CITK interacts with both the cytoplasmic ASPM pool and spindle-
associated ASPM.

EMBO reports Vol 17 | No 10| 2016
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Figure 2. CITK controls mitotic spindle orientation in HelLa cells.
A

Selected frames from time-lapse imaging experiments (see Movies EV1 and EV2) showing two dividing cells transfected with either control (CTRL) or CITK-specific

siRNAs, respectively. Note one of the two daughter cells in the lower panel (red arrow) going out of focus as a consequence of oblique division.

compared to control (n > 50 cells, three independent experiments).

Graphical representation of vertical and oblique divisions. The cleavage plane is indicated by a black dashed line.
Quantification of divisions showing uneven timing of daughter cell flattening onto the substrate after mitosis (oblique division) in CITK-siRNA-treated Hela cells

Control or CITK-depleted cells were immunostained for y-tubulin (red) and DNA (blue) and imaged in z (0.3-pm-thick sections). Upper panel: maximum-intensity

projections of confocal z-stacks are shown. Lower panel: cross section (XZ) through the two poles of the same cell. Scale bars, 5 um.
E Distribution of spindle angles (°) in control and in CITK-depleted cells. The values represent the angles between the axis crossing the two poles of metaphase spindles

and the coverslip (n > 150 cells, six independent experiments).

F Quantification of spindle angles average in control cells and in cells depleted of CITK or ASPM or codepleted of the two proteins (n > 150 cells, in at least three

independent experiments).

Data information: Data shown in histograms are means + SEM. Statistical significance was assessed using a two-tailed Student’s t-test. ***P < 0.001, **P < 0.01.

We then examined which CITK regions are involved in the inter-
action with ASPM. Based on the previously shown interaction
between CITK and ASPM C-terminal region (CTR) [44], we tested
the ability of ASPM-CTR to coimmunoprecipitate with different
myc-CITK fusion proteins (Fig EV2A), including kinase-active (FL)
or kinase-dead (KD) full-length CITK, citron-N (CN), which is a
brain-specific isoform of CITK completely lacking the kinase domain
[68], and the N-terminal and the C-terminal halves of CITK (CITK-
Nt and CITK-Ct, respectively). We found that ASPM-CTR can bind
all these proteins (Fig EV2B), suggesting that it may interact,
directly or indirectly, with different regions of CITK, independently
from its kinase activity.

We next analyzed the localization of CITK in ASPM-depleted
cells and vice versa. While the localization pattern of ASPM was

EMBO reports Vol 17 | No 10 | 2016

not affected by CITK-RNAI (Fig 3G), the percentage of cells with
CITK-positive spindle poles and the mean intensity of the CITK at
the spindle poles of positive cells were significantly decreased by
ASPM depletion (Fig 3H and I). These results confirm the interac-
tion between CITK and ASPM in mitotic cells and indicate that a
pool of CITK is recruited through ASPM at the spindle and
spindle poles, suggesting that CITK may act downstream of
ASPM.

CITK regulates astral-MT organization downstream of ASPM
Proper orientation of mitotic spindle during mitosis requires a

dynamic connection of astral MT to the cortical cytoskeleton
through the MT motor complex dynein/dynactin, which is

© 2016 The Authors
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Figure 3. CITK is associated with mitotic spindle poles through ASPM.
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Hela cells pre-extracted for 1 min with 0.5% Triton X-100 in PHEM buffer and immunostained for CITK (green), y-tubulin (red), and DNA (blue).

Hela cells expressing CITK-GFP (green) from a BAC transgene treated as in (A) and immunostained for y-tubulin (red) and DNA (blue).

Western blot of centrosome-containing fractions from Hela cells, showing that CITK copurifies with y-tubulin.

Hela cells pre-extracted 1 min with 0.5% Triton X-100 in PHEM buffer and immunostained for CITK (green), ASPM (red), and DNA (blue).

Hela cells expressing CITK-GFP treated as in (A) and immunostained for GFP (green), ASPM (red), and DNA (blue).

Close physical proximity between CITK and ASPM, revealed by PLA on ASPM-GFP-expressing Hela cells, incubated with GFP and CITK antibodies and developed with

Control or CITK-depleted cells immunostained for ASPM (green), y-tubulin (red), and DNA (blue).

H Control or ASPM-depleted cells treated as in (A) and immunostained for CITK (green), y-tubulin (red), and DNA (blue).
| Quantification of CITK-positive centrosomes and of the ratio of CITK spindle pole intensity versus total cell mean intensity, in control and ASPM-depleted cells (n > 75
cells, four independent experiments). Data presented are means £ SEM. ***P < 0.001; **P < 0.01. Statistical significance was assessed using a two-tailed Student’s

t-test.

Data information: All cell images represent maximume-intensity projections of confocal z-stacks. Scale bars: 10 um (A, B), 5 um (D, E, G and H), and 3 um (F).

localized at a cortical crescent by cortical adaptor proteins such
as NuMA [19,69-71]. We therefore analyzed by immunofluores-
cence whether CITK absence alters the localization of these
proteins at metaphase. No significant changes were observed in
the localization pattern of dynein or NuMA (Fig EV3A-C), while
the percentage of cells with a dynactin (p150) crescent was
slightly increased (Fig EV3A-C), indicating that the phenotype
induced by CITK depletion cannot be explained by defective
localization of these proteins. Moreover, no differences were
observed in the fluorescence intensity of these proteins at spindle
poles (Fig EV3A-C).

In contrast, if compared to controls, CITK-depleted cells
displayed a significant reduction in the number and length of
astral MT (Fig 4A and B). A similar phenotype was observed in
the case of ASPM depletion (Fig 4A and B). It has been reported
that asymmetric neurogenic division is associated with spindle-size
asymmetry, negatively controlled by the Wnt pathway [72]. Since
ASPM has been shown to act upstream of the Wnt pathway to
trigger symmetric divisions of cortical progenitors [73], we
assessed whether CITK loss of function impacts spindle symmetry.
We found that the difference (A) in the number of astral MT on
the two centrosomes of a mitotic cell did not change when either
CITK or ASPM was knocked down (Fig EV4B). These data further
indicate that CITK and ASPM may act through similar mechanisms
and reveal that they influence astral-MT organization. To function-
ally test the possibility that CITK may work downstream of ASPM,
we transfected ASPM-depleted cells with CITK overexpression
constructs. Remarkably, the overexpression of CITK reverted the
reduction of astral MT (Fig 4C) and the average increase in mitotic
angle (Fig 4D) elicited by ASPM depletion back to control values.
No rescue was observed when ASPM-depleted cells were cotrans-
fected with a kinase-dead mutant of CITK (CKD) or with CITN
(Fig 4D), indicating that CITK catalytic activity may be required
for spindle orientation. These results suggest that when CITK is
expressed at physiological levels, the presence of ASPM is a limit-
ing factor for its recruitment to spindle poles and for its activity
on spindle orientation, while CITK overexpression overcomes the
requirement for ASPM. A possible explanation for the latter
phenomenon could be provided by the finding that CITK can bind
to microtubules [48] through many microtubule-binding proteins,
including KIF14, MKLP1, PRC1 [58], KIF4A, and KIF10 [65]. Since
the localization of at least some of these proteins during meta-
phase may partially overlap with ASPM localization [74], it is

EMBO reports Vol 17 | No 10 | 2016

conceivable that at high CITK levels the binding with these
proteins, or other unknown partners, may compensate for ASPM
loss.

Next, we treated HeLa cells, depleted for either protein, with
low doses of the MT-stabilizing drug paclitaxel, which are
known to specifically affect the most dynamic pool of MT [75].
In both cases, the average of mitotic spindle angles was
restored to control values (Fig 4E). Altogether, these results indi-
cate that ASPM and CITK regulate spindle orientation through
astral-MT organization and that CITK is a downstream player of
ASPM.

CITK regulates astral-MT length, stability, and nucleation

To investigate which aspects of the dynamic behavior of MT are
affected by CITK, we performed RNAIi in HeLa cells stably express-
ing the MT + TIP protein EB3, fused with the fluorescent Tomato
tag, to track the plus ends of growing MT by time-lapse fluorescence
microscopy [20] (Fig 5A). Quantitative analysis of the correspond-
ing movies allows estimation of the different MT dynamic
parameters, as it has previously been described [20,76] (Fig SB).
This technique revealed that CITK loss leads to decreased MT stabil-
ity and maximal distance traveled from the spindle pole toward the
cell cortex, while no differences were observed in MT growth speed
(Fig 5C). Moreover, we observed a decrease in nucleation frequency
(Fig 5C).

To better address the latter phenotype, we resorted to MT growth
assay after cold-induced depolymerization, by incubating cells at
4°C for 30 min. One minute after switching from 4°C to 37°C, the
number of cells showing detectable MT growth (aster size > 1 um)
was significantly decreased in CITK-depleted cells (Fig 5D and E).
Moreover, although at 2 min the value of this parameter was
comparable to the control (Fig 5E), the aster size was still signifi-
cantly smaller in CITK-depleted cells (Fig S5F). Altogether, these
results indicate that CITK loss decreases MT nucleation and MT
stability in mitotic cells.

In summary, in this study we have provided evidence that ASPM
controls spindle orientation by regulating the dynamics of astral MT
and that CITK is a critical downstream partner of ASPM for this
activity. Moreover, although the analysis of CITK™/~ mice is compli-
cated by the high prevalence of cytokinesis failure and apoptosis,
our in vivo data suggest that the two proteins may also cooperate in
determining cell fate of dividing NP, a possibility consistent with the
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Figure 4. CITK regulates astral-MT and spindle orientation downstream of ASPM and through a kinase-dependent mechanism.

A Control, CITK-depleted, or ASPM-depleted HelLa cells immunostained for a-tubulin (red) and DNA (blue). Maximum-intensity projections of confocal z-stacks are
shown. Scale bars, 5 pm.

B Quantification of astral-MT number and maximal length in Hela cells transfected with CTRL, CITK, or ASPM siRNA (n > 130 cells in three independent experiments).
Quantification of the rescue of astral-MT number after CITK overexpression in ASPM-depleted Hela cells (n > 50 cells in three independent experiments).

D Quantification of spindle orientation rescues after overexpression of CITK, CITN (lacking the kinase domain), or CKD (citron kinase-dead) mutants in ASPM-depleted
Hela cells (n > 50 cells in three independent experiments).

E Synchronized Hela cells transfected with control, ASPM-specific, or CITK-specific siRNAs treated with DMSO or with 250 pM paclitaxel (Taxol) 30 min before
immunostaining for a-tubulin. Spindle angles were measured as above (n > 100 cells in six independent experiments).

Data information: Data presented in (B-E) are means + SEM. Statistical significance was assessed using a two-tailed Student’s t-test. ***P < 0.001; **P < 0.01;
*P < 0.05. All cell images represent maximum-intensity projections of confocal z-stacks.

reduction of postnatal neural stem cells described in CITK ™/~ rats Therefore, it will be interesting to test whether CITK may cooperate
[77]. Thus, our study suggests that besides apoptosis, disturbed cell with ASPM in controlling the activity of Cdk2/cyclin E complex
fate contributes to microcephalic phenotype of CITK™/~ mice. [43]. Tt also remains to be established how CITK may modulate
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Figure 5.

Loss of CITK decreases astral-MT length, stability, and nucleation.

EMBO reports

A Exemplar image of EB3—-tdTomato Hela cell used for kymograph analyses. To assess astral-MT number and dynamics, a line (blue) was added to images from the pole

to the cortex.

B Kymographs of pole (bottom)-to-cortex (top) line scans of control and CITK-depleted EB3-tdTomato Hela cells. The maximum projection of a 20-pixel-wide line
(exemplified above) was plotted at 500-ms time intervals from left to right. MT growth results in diagonal lines.
C Quantification of astral-MT dynamics. MT stability, length, growth speed (n > 250 MT, 30 cells), and nucleation frequency were calculated (n > 30 cells, three

independent experiments).

D Immunofluorescence microscopy images showing MT growth at mitotic spindle poles 0, 1, and 2 min after nocodazole washout. Control and CITK-depleted cells were

immunostained for a-tubulin (red) and DNA (blue).

E Percentage of cells showing detectable MT nucleation (aster size >1 pm) 0, 1, and 2 min after nocodazole washout (n > 100 cells, four independent experiments).
F Quantification of aster size 2 min after nocodazole washout (n > 100 cells, four independent experiments).

Data information: Data are presented as mean + SEM. Statistical significance was assessed using a two-tailed Student’s t-test. **P < 0.01; ***P < 0.001. Scale bars

(A D), 5 pum.

astral-MT dynamics. We have shown that CITK affects both MT
nucleation and stability. The function of CITK in cytokinesis has
already been linked to MT organization. Indeed, CITK promotes
midbody maturation by recruiting at the midbody the kinesins
KIF14 [48,78] and MLKP1 [58], which in turn recruit the MT-cross-
linking protein PRC1. CITK stabilizes midbody microtubules by indi-
rectly stimulating TUBB3 phosphorylation [53]. Finally, systematic
proteomic studies have found that CIT-K may interact with the kine-
sins KIF4A and KIF10 [65]. However, the roles of these proteins in
astral-MT organization and in spindle orientation have not been
established. Addressing the functional significance of CITK interac-
tion with these proteins and identifying CITK substrates will be an
interesting subject for future studies. In addition, it will be very
interesting to address whether other MCPH proteins associated with
MT function, such as WDR62, CDK5RAP2, CENPJ, and STIL [33],
may regulate astral MT functionally cooperating with ASPM and
CITK.

Materials and Methods

Cell culture, synchronization, and drug treatments

Unmodified HeLa cells were originally obtained from ATCC, and a
batch was frozen after five passages. All cells are routinely screened
for mycoplasma contamination.

HeLa cells were cultured in RPMI medium supplemented with
10% fetal bovine serum (FBS) and 1% penicillin/streptomycin.
HeLa cells expressing GFP-tagged CITK and ASPM from a
BAC transgene were obtained by courtesy of Hyman Lab (Max-
Planck Institute of Molecular Cell Biology and Genetics, Dresden)
cultured in DMEM-10% heat-inactivated FBS, 1% penicillin/
streptomycin, and 0.4 mg/ml G418 (Geneticin®; Life Technologies).
The HeLa cell line expressing EB3-tdTomato [79], obtained by
courtesy of Dr. Ann Straube (University of Warwick, Coventry,
United Kingdom), was maintained in DMEM-GlutaMAX (Invitro-
gen) supplemented with 10% FBS, 100 U/ml penicillin, 100 pg/ml
streptomycin, 200 pg/ml  Geneticin (Sigma), and 0.5 pg/ml
puromycin [20]. All cells were cultured in a humidified 5% CO,
incubator at 37°C.

Cells were synchronized by a double- or single-thymidine block.
For the double-thymidine block, asynchronous cultures were treated
with 2 mM thymidine (Sigma) for 16 h, then released for 4-6 h in
fresh complete medium, and again blocked for 16 h. Finally, cells
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were washed twice with fresh medium and allowed to progress
through mitosis.

For drug treatments, synchronized HeLa cells were treated with
250 pM of paclitaxel (Sigma) for 30 min before fixation for
immunofluorescence.

Transfection, RNAI, and rescue

In this study, we  used a previously validated
(CK1 = AUGGAAGGCACU AUUUCUCAA) (Gai et al [49]) and a
second CITK-siRNA sequence (CK2 = CCAUUCCUUGGCACCUGC
UU). The knockdown of ASPM was obtained using a previously
validated sequence [39] (GUGGUGAAGGUGACCUUUC). All siRNAs
were obtained from GE Healthcare (Dharmacon, Lafayette, CO). The
ON-TARGETplus non-targeting siRNA #1 (GE Healthcare, Dharma-
con) was used as a negative control for potential off-target effects.
The expression construct coding for CITK-Cherry was generated by
inserting the Myc-CITK cDNA into the pm-Cherry-N1 plasmid (Clon-
tech, Mountain View, CA) [49]. The same method was used to
generate constructs coding for CKD-Cherry and for CITN-Cherry.
HeLa cells plated on a six-well plate were transfected using 1 pg of
the required plasmid DNA and 3 pl of Trans-IT-LT1 transfection
reagent (Mirus Bio, Madison, WI), or 6.25 ul of the required siRNA
(20 uM) and 2.5 pl Lipofectamine 2000 (Invitrogen, Carlsbad, CA),
according to the manufacturers’ instructions. For rescue
experiments, cells were transiently transfected with siRNAs; 24 h
later, cells were transfected with DNA constructs and analyzed 24 h
later.

Cell staining

Fixation methods are as follows: for o-tubulin staining, 4%
paraformaldehyde at room temperature for 10 min or with
methanol at —20°C for 10 min; for y-tubulin, ASPM, and NuMA
staining, methanol at —20°C for 10 min; for dynactin and dynein
staining, cells were pre-extracted in 0.5% Triton X-100 in PHEM
buffer (60 mM PIPES, 25 mM HEPES, 10 mM EGTA, and 4 mM
MgSO,) for 1 min and then fixed in methanol at —20°C for
10 min; for CITK staining, cells were pre-extracted in 0.5% Triton
X-100 in PHEM buffer for 1 min and fixed with 4% paraformalde-
hyde at room temperature for 10 min. In all cases, cells were
permeabilized in 0.1% Triton X-100 in PBS for 10 min, saturated
in 5% BSA in PBS for 30 min, and incubated with primary anti-
body for 45 min at room temperature. Primary antibodies were
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detected with anti-rabbit Alexa Fluor 488 or 568 (Molecular
Probes, Invitrogen) used at 1:1,000 dilution for 30 min. Counter-
staining was performed with the DNA dye DAPI (Sigma) at
0.5 pg/ml for 1 min.

Antibodies

The following primary antibodies were used: mouse anti-alpha-
tubulin, 1:1,000 (Sigma, cat. no. T5168, clone B-5-1-2); rabbit
anti-alpha-tubulin, 1:200 (Abcam, cat. no. ab15246); mouse anti-
gamma-tubulin, 1:200 (Abcam, clone TU-30, cat. no. ab27074); rabbit
anti-gamma-tubulin, 1:1,000 (Sigma, cat. no. T5192); mouse anti-
CITK, 1:100 (BD Transduction Laboratories, clone 6/CRIK, cat. no.
611376); rabbit anti-NuMA, 1:2,000 (Abcam, cat. no. ab36999); rabbit
anti-dynein heavy chain, 1:300 (Santa Cruz, cat. no. sc-9115); rabbit
anti-ASPM, 1:2,000 [39]; mouse anti-p150, 1:1,000 (BD Biosciences,
cat. no. 610474); rabbit anti-GFP, 1:1,000 (Abcam, cat. no. ab290);
mouse anti-Ki67, 1:1,000 (BD Biosciences, clone B56, cat. no.
550609); mouse anti-BrdU, 1:200 (Chemicon, cat. no. MAB-1467);
mouse anti-TUBB3, 1:1,000 (clone TuJ1, Covance, cat. no. MMS-
435P); and rabbit anti-Tbr2, 1:200 (Millipore, cat. no. AB2283).

Mice

CITK /= E14.5 embryos and matched controls were obtained by
crossing CITK"/~ mice (mixed genetic background C57/Bl6 x
Sv129). Animals were housed in the Animal Facility of Molecular
Biotechnology Centre, University of Torino, under license no. 343/
2015 PR from Italian Ministry of Health. For estimate of sample size,
CITK phenotypes are usually 100% penetrant, with minimal vari-
ability due to genetic background. Under these conditions, analysis
of three biological replicates is usually sufficient to reveal the
existence of significant differences.

Mouse embryonic cortex staining

Embryonic brains were dissected at E14.5 and fixed for 12-16 h at
4°C in 4% PFA. For cell cycle exit analysis, pregnant females were
previously injected at E13.5 with 75 mg/kg BrdU. Fixed brains
were equilibrated in 30% sucrose in PBS for 12-24 h at 4°C.
Brains were embedded with Tissue-TEK (O.C.T., Sakura Finetek),
snap-frozen in liquid nitrogen, and stored at —20°C. Sectioning
was performed at 20 pm with a cryostat. Cryosections were
rehydrated five times in PBS before further processing. For
measurement of spindle angle, cryosections were subjected to anti-
gen retrieval by heating in 0.01 M citrate buffer pH 6.0 at 70°C for
1 h. Sections were then permeabilized using 0.3% Triton X-100 in
PBS for 30 min and quenched with 0.1 M glycine for 30 min.
Sections were then incubated with primary antibodies overnight at
4°C, followed by secondary antibody for 1 h at room temperature
in a solution of 0.2% gelatin, 300 mM NaCl, and 0.3% Triton
X-100 in PBS. DNA was stained in the last wash using DAPI. For
cell cycle exit experiments, BrdU antigen was retrieved using 2 N
HCl for 10 min in a steamer, followed by neutralization with
0.1 M borate buffer pH 8.5. Slides were then processed for IF as
above. We usually exclude samples that are not judged of suffi-
cient technical quality by microscopic analysis. In this study, no
samples were excluded.
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Drosophila strains

The Drosophila citron kinase' (ck') mutant allele, also called I(3)
7 m-62 or sticky’ (sti'), is described by [80] and by FlyBase (http://
flybase.bio.indiana.edu/).

The dck? allele was isolated from a collection of 1,600 ethyl-
methanesulfonate (EMS)-induced third-chromosome late lethals,
generated in Charles Zuker’s laboratory (University of California,
San Diego, CA) [47]. ck! and ck? mutant alleles were kept in stocks
over the TM6 C, a chromosome balancer which carries the domi-
nant larval marker Tubby (http://flybase.bio.indiana.edu/);
homozygous mutant larvae were recognized for their non-Tubby
phenotype. All stocks were maintained on standard Drosophila
medium at 25°C.

Immunostaining of Drosophila neuroblast cells

Brains from third-instar larvae were dissected and fixed according to
[81]. After two rinses in phosphate-buffered saline (PBS), brain
preparations were incubated overnight at 4°C with a monoclonal
anti-alpha-tubulin antibody (Sigma) diluted 1:1,000 in PBS and
rabbit anti-Miranda antibody (a gift of Y. N. Jan) diluted 1:100 in
PBS. After two rinses in PBS, primary antibodies were detected by
1-h incubation at room temperature with FITC-conjugated anti-
mouse IgG + IgM (1:20; Jackson Laboratories) and Alexa Fluor 555-
conjugated anti-rabbit IgG (1:300; Molecular Probes), diluted in
PBS. Immunostained preparations were mounted in Vectashield
H-1200 (Vector Laboratories) containing DAPI (4’,6-diamidino-2-
phenylindole). The angle between a line connecting the two spindle
poles and a line bisecting the crescent formed by Mira in metaphase
NBs was measured, by hand with a goniometer, on images captured
by a Zeiss Axioplan fluorescence microscope, equipped with an
HBO100W mercury lamp and a cooled charge-coupled device (CCD
camera; Photometrics CoolSnap HQ).

Microscopy

Imaging was performed using a Leica TCS SP5-AOBS 5-channel
confocal system (Leica Microsystems) equipped with a 405-nm
diode, an argon ion, and a 561-nm DPSS laser. Fixed cells were
imaged using a HCX PL APO 63x/1.4 NA oil immersion objective at
a pixel resolution of 0.108 x 0.108 pum.

Time lapses were recorded overnight with an interval of 5 min
using a 40x PlanApo N.A. 1.4 oil immersion objective on the cells
kept in the microscope incubator at 37°C and 5% CO,.

Image analysis

Spindle angle measurements were obtained using a trigonometric
formula, once we measured the three-dimensional (3D) distance
(across the x, y, and z planes) and the 2D distance (across the z
planes) between the two centrosomes of the spindle.

To quantify NuMA, dynein, and p150Glued signals at the centro-
some, we used Fiji (fiji.sc) [82]. After obtaining the sum of intensity
of all the z-stacks from multistack images, we built a ROI surround-
ing the signal at the centrosome and a ROI around the cells. Once
the ROIs were established, they were used for all the images
analyzed. We evaluated the corrected integrated density (CTCF), for
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both the centrosomes, calculating as Integrated Density (Area of
selection x Mean fluorescence of the background). Analysis requir-
ing manual counting was performed on blinded samples.

Measurement of astral-MT dynamics

Astral-MT nucleation frequencies were quantified as described [20]
by counting the number of EB3 comets in the focal plane that origi-
nated from each spindle pole during the observation time. Cytoplas-
mic growth speeds for individual comets were measured as the total
distance traveled from the spindle pole toward the cell cortex
divided by the time. Kymographs of astral-MT and spindle-pole
movements were obtained using Fiji.

Proximity ligation assay

PLA analysis [67] was performed using the kit provided by Olink
Bioscience (Uppsala Science Park, Uppsala, Sweden). Metaphase
HeLa cells and ASPM-GFP HeLa stable cell lines were incubated
with the previously described primary antibodies, and reactions
were performed following the manufacturer’s instructions.

MT regrowth assay

Forty-eight hours after siRNA transfection, MT were depolymerized
at 4°C for 30 min. Cells were then washed and incubated in culture
medium at 37°C to allow regrowth. Cells were fixed at different time
intervals in methanol at —20°C for 10 min and processed for
immunofluorescence microscopy to examine MT regrowth from
spindle poles in metaphase cells. The MT signal was quantified
using Fiji.

Centrosomal fractionation

Centrosome fractionation was performed as described previously
[83]. In brief, exponentially growing cells were incubated with
10 pg/ml nocodazole (Sigma-Aldrich) and 5 pg/ml cytochalasin B
(Sigma-Aldrich) for 90 min and then lysed by hypotonic treatment.
Centrosomes were harvested by centrifugation onto a 20% Ficoll
cushion and further purified by centrifugation through a discontinu-
ous (70, 50, and 40%) sucrose gradient. Fractions of 0.3 ml were
collected and analyzed.

Immunoprecipitation and Western blotting

For all immunoprecipitations, cells were extracted with lysis buffer
containing 1% Triton X-100, 120 mM NacCl, 50 mM Tris-HCl (pH
7.5), protease inhibitors (Roche, Mannheim, Germany), and 1 mM
phenylmethylsulfonyl fluoride (PMSF). The extracts were then clari-
fied by centrifugation. Antibodies and protein-G-Sepharose beads
(Amersham Biosciences, Uppsala, Sweden) were added to lysates
and incubated overnight at 4°C. Pellets were washed four times with
lysis buffer and analyzed by SDS-PAGE.

For immunoblots, immunoprecipitates or equal amounts of
proteins from whole-cell lysates were resolved by reduction with
SDS-PAGE and blotted to nitrocellulose filters, which were then
incubated with the indicated antibodies and developed using the
ECL System (Amersham Biosciences).

© 2016 The Authors
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Statistics

For the experiments in which we can show statistically signifi-
cant differences, sample size was determined on the basis of
pilot studies estimating the order of magnitude of differences.
For the experiments showing non-significant differences, we used
the same sample size of those revealing differences. Normal
distribution of data is evaluated by graphical analysis of data
plots. All the numbers represented by histograms were obtained
by averaging all the data points contained in the replicas (with a
comparable number of points per each replica). Statistical signifi-
cance of the differences was assessed using a two-tailed
Student’s t-test.

Expanded View for this article is available online.
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