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Abstract

Mutations in centrosome genes deplete neural progenitor cells
(NPCs) during brain development, causing microcephaly. While
NPC attrition is linked to TP53-mediated cell death in several
microcephaly models, how TP53 is activated remains unclear. In
cultured cells, mitotic delays resulting from centrosome loss
prevent the growth of unfit daughter cells by activating a pathway
involving 53BP1, USP28, and TP53, termed the mitotic surveillance
pathway. Whether this pathway is active in the developing brain is
unknown. Here, we show that the depletion of centrosome
proteins in NPCs prolongs mitosis and increases TP53-mediated
apoptosis. Cell death after a delayed mitosis was rescued by inacti-
vation of the mitotic surveillance pathway. Moreover, 53BP1 or
USP28 deletion restored NPC proliferation and brain size without
correcting the upstream centrosome defects or extended mitosis.
By contrast, microcephaly caused by the loss of the non-centroso-
mal protein SMCS5 is also TP53-dependent but is not rescued by loss
of 53BP1 or USP28. Thus, we propose that mutations in centrosome
genes cause microcephaly by delaying mitosis and pathologically
activating the mitotic surveillance pathway in the developing
brain.
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Introduction

Neocortical development relies on the extensive proliferation of
neural progenitor cells (NPCs) during embryonic development
(Noctor et al, 2001; Florio & Huttner, 2014). Radial glial cells (RGCs)
are located in the ventricular zone (VZ) and constitute the major
subtype of NPC within the developing neocortex (Malatesta et al,
2000; Noctor et al, 2001; Heins et al, 2002). During cortical develop-
ment, RGCs undergo proliferative symmetric divisions to replenish
themselves and asymmetric divisions to produce a second type of
NPC termed intermediate progenitors (IPs) (Miyata et al, 2004;
Noctor et al, 2004; Franco & Muller, 2013). IPs reside in the sub-
ventricular zone (SVZ) and are thought to produce the majority of
cortical neurons (Haubensak et al, 2004; Englund et al, 2005;
Kowalczyk et al, 2009). Newborn neurons migrate outward toward
the cortical plate giving rise to the inside-out formation of the
lamina layers of the mature neocortex (Rakic, 1972; Noctor et al,
2001). Defects in NPC divisions result in the generation of incorrect
numbers of progenitors, which in turn influences brain size and
function (Feng & Walsh, 2004; Lizarraga et al, 2010; MclIntyre et al,
2012; Chen et al, 2014; Insolera et al, 2014; Marjanovic et al, 2015;
Ding et al, 2019; Shi et al, 2019; Sheehan et al, 2020).

Autosomal recessive primary microcephaly (MCPH) is an inher-
ited disorder of fetal brain growth characterized by a dramatically
reduced cerebral cortex that is architecturally normal (Jayaraman
et al, 2018). MCPH is caused by a depletion of the NPC pool and
death of neurons during embryonic development, both of which
lead to the generation of fewer mature neurons in the developed
cortex (Faheem et al, 2015). So far, MCPH has been linked to muta-
tions in ~ 25 genes (Jayaraman et al, 2018; Degrassi et al, 2019).
Remarkably, many of these genes encode proteins required for
centrosome duplication, underscoring a critical role of these
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organelles in the production of normal neuronal populations in the
cortex (Marthiens & Basto, 2020).

Centrosomes are microtubule-nucleating organelles with important
roles in interphase and in forming the mitotic spindle. Each centro-
some comprises a pair of centrioles, which assemble a surrounding
protein matrix known as the pericentriolar material (PCM) that
harbors proteins required for microtubule nucleation (Woodruff et al,
2014). Forming the core of centrosomes, a mature centriole can dock
at the plasma membrane and form a basal body, which templates the
formation of cilia (Firat-Karalar & Stearns, 2014; Breslow & Holland,
2019). Multiple mouse models with mutations in centrosome proteins
have been found to exhibit microcephaly (Lizarraga et al, 2010;
Gruber et al, 2011; McIntyre et al, 2012; Chen et al, 2014; Insolera
et al, 2014; Marjanovic et al, 2015; Jayaraman et al, 2016; Ding et al,
2019; Lin et al, 2020). Analysis of these animals revealed that NPCs
are depleted by both apoptosis and the precocious onset of neuro-
genic divisions. Importantly, for several of these models, micro-
cephaly can be rescued by deletion of TP53, highlighting a central
role of this transcription factor in NPC attrition and microcephaly
pathogenesis (Insolera et al, 2014; Marjanovic et al, 2015; Lin et al,
2020). Nevertheless, the pathway responsible for TP53 activation in
NPCs with defective centrosomes remains unknown.

Recent work has established that in vitro, centrosome loss triggers
activation of a USP28-53BP1-TP53 signaling axis hereafter referred
to as the mitotic surveillance pathway (Fong et al, 2016; Lambrus
et al, 2016; Meitinger et al, 2016). Cultured cells with defects in
centrosome number or function take longer to assemble a bipolar
spindle, resulting in an increased mitotic duration (Bazzi & Ander-
son, 2014; Lambrus et al, 2015; Wong et al, 2015). This, in turn, trig-
gers a Gl arrest in daughter cells to prevent the expansion of
potentially unfit progeny. The current evidence suggests that centro-
some defects activate the mitotic surveillance pathway by prolonging
mitosis (Uetake & Sluder, 2010; Fong et al, 2016; Lambrus et al,
2016; Meitinger et al, 2016). Nevertheless, it remains unclear in
which context the mitotic surveillance pathway functions in vivo.

Consistent with work in cell culture, depletion of centrosome
proteins in the developing mouse brain leads to an increased mitotic
index in NPCs (Gruber et al, 2011; Insolera et al, 2014; Marjanovic
et al, 2015; Pilaz et al, 2016; Ding et al, 2019; Shi et al, 2019). In
addition, prolonging mitosis in NPCs with pharmacological agents
or through depletion of the exon junction complex protein MAGOH,
leads to increased death or premature differentiation of the progeny
from these divisions (Pilaz et al, 2016; Mitchell-Dick et al, 2020).
The intriguing link between extended mitotic duration and NPC cell
fate motivated us to ask whether activation of the mitotic surveil-
lance pathway is responsible for the depletion of NPC in micro-
cephalic brains with centrosome defects.

Here, we show that NPCs with centrosome defects delay in mito-
sis but undergo normal chromosome segregation. The increase in
mitotic duration in NPCs activates the mitotic surveillance pathway
and suppresses the proliferation of the progeny from these divisions.
Disabling the mitotic surveillance pathway prevents TP53 activation
and restores the expansion of the NPC pool and brain size in two
microcephaly mouse models with centrosome defects. Finally, we
show that loss of the non-centrosome protein SMC5 leads to micro-
cephaly that is not rescued by the inactivation of the mitotic surveil-
lance pathway. Since mutations in centrosome and spindle proteins
are the major cause of primary microcephaly, we propose that
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activation of the mitotic surveillance pathway is a central mecha-
nism underlying microcephaly pathogenesis in human patients.

Results
Neural progenitors with centrosome defects delay in mitosis

To investigate the impact of centrosome defects on NPC divisions,
we analyzed two published microcephaly mouse models with
decreased levels of the centrosome proteins CEP63 or SAS4 (Bazzi &
Anderson, 2014; Insolera et al, 2014; Marjanovic et al, 2015). CEP63
localizes at the base of the parent centriole, and mutations in Cep63
cause Seckel syndrome, which is characterized by both growth
retardation and microcephaly (Sir et al, 2011). SAS4/CENPJ/CPAP
is a centriole protein and mutations in Sas4 cause microcephaly in
humans (Bond et al, 2005).

Mice that are homozygous for a gene-trap insertion in the Cep63
gene (Cep63™") exhibit growth retardation and microcephaly
(Marjanovic et al, 2015). Consistently, we observed that the telen-
cephalic area of Cep63”/" animals was reduced by 26% and cortical
thickness was reduced by 19% at P60 (Figs 1A and B, and EV1A
and B). Conditional deletion of Sas4 from NPCs using Nestin-Cre
(hereafter referred to as Sas4<©) produced a more severe micro-
cephaly phenotype leading to a 30% reduction in telencephalic area
and a 17% reduction in cortical thickness at P14 (Figs 1C and D,
and EV1C and D) (Insolera et al, 2014). As previously reported,
Sas4“© mice also lack cilia and develop severe hydrocephalus
and cerebellar hypoplasia (Chizhikov et al, 2007; Insolera et al,
2014). As a consequence, 33% of Sas4°“° mice failed to survive
past P14 (Fig EV3D).

To examine how the loss of CEP63 and SAS4 disrupted centriole
duplication and spindle organization in vivo, we analyzed dividing
NPCs at the VZ in E14.5 cortices. Loss of CEP63 led to a decline in
centriole and centrosome number and a concomitant increase in the
percentage of monopolar spindles in dividing NPCs, phenotypes that
were even more severe in Sas4<° embryos (Figs 1E and F, and
EV1E-G). Surprisingly, centrosome defects in Cep63”" and Sas4“°
mice did not grossly disrupt the orientation of NPC divisions relative
to the ventricular surface (Fig EV1H). To determine if centrosome
loss leads to an increased mitotic duration in vivo, we calculated the
fraction of phosphorylated H3-Ser10-positive (PH3") mitotic cells
among the Ki67" cycling progenitors. The mitotic index of Cep63™/*
and Sas4“C developing brains were increased by 2.1- to 2.7-fold
compared to control brains, consistent with a delayed progression
through mitosis due to spindle assembly defects (Fig 1G and H).

To establish if NPCs from Cep63”/T and Sas4°“° embryos success-
fully completed mitosis following a mitotic delay, we performed live
imaging of dissociated Nuclear-mCherry" progenitors from control,
Cep63™T and Sas4¥° brains (Fig 1I). Cultures generated from
embryonic brains consisted of TBR2" intermediate progenitors (5-
10%) and PAX6' radial glial cells (55-61% in WT and Cep63™'7,
34% in Sas4°C) (Fig EV1I and J). As expected, centrosome loss and
monopolar spindle configurations were observed in cultured
Cep63™T and Sas4“® NPCs (Fig EV1K). Nevertheless, time-lapse
imaging showed that >95% of these progenitors successfully
completed mitosis and divided into two daughter cells (Fig EV1L).
However, while control NPCs had an average mitotic duration of
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22 min, Cep63™" and Sas4“® NPCs took an average of 10 and
35 min longer to divide, respectively (Fig 1J and K). This increase
in mitotic duration did not significantly alter the total cell cycle
length, indicating that the duration of other cell cycle phases is not
affected by the loss of CEP63 or SAS4 (Fig EVIM and N). Collec-
tively, these data show that Cep63”7 and Sas4““° NPCs delay in
mitosis and that the length of the mitotic delay scales with the sever-
ity of centrosome loss.

Cep63™" B Telencephalon (P60)

The EMBO Journal

Delays in NPC mitosis lead to increased frequency of cell death in
the progeny

We next evaluated if the mitotic delay observed in NPCs leads to an
alteration in the fate of progeny cells. To assess this, we tracked the
progeny of NPCs after mitotic exit and determined if they divided,
arrested, or underwent cell death (Movies EV1 and EV2). While
60% of control progeny re-entered mitosis within the time frame of
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Figure 1. NPCs with centrosome defects delay in mitosis.

Thao P Phan et al

A Representative whole mount images of WT and Cep63m brains at P60. Scale bar = 0.2 cm.

m o 0O ®m

Representative images of E14.5 WT, Cep63™", and Sas4°<©

Telencephalon area of WT and Cep63™" brains. WT littermates N = 4, Cep63”7 N = 7; two-tailed Mann-Whitney t-test.

Representative whole mount images of WT and Sas4*© brains at P14. Scale bar = 0.2 cm.

Telencephalon area of WT and Sas4© brains. WT littermates N = 8, Sas4°® N = 7; two-tailed Mann—-Whitney t-test. Black circles represent Nestin-Cre" animals.
cortices stained with antibodies against a-tubulin (green), y-tubulin (red), and DAPI (blue). Magenta arrows

indicate dead cells; white and yellow arrows indicate cells with bipolar and monopolar spindles, respectively. Insets showing zoomed in view of DAPI and 2
representative cells. Dashed lines showing the orientation of the cleavage plane relative to the ventricular surface. Scale bar = 25 pum.

F Graph showing the percentage of bipolar, monopolar, and multipolar cells at the ventricular surface of E14.5 cortices. WT n = 201 cells, N = 3 embryos; Cep63m
n = 312 cells, N = 3 embryos; Sas4°“° n = 296 cells, N = 3 embryos; #, chi-square test with *, post hoc analysis, comparisons are made to WT.

G E14.5 cortices stained with antibodies against Ki67 (red) and phosphorylated-Histone H3 (PH3, yellow). Insets showing zoomed in view of cells in the ventricular zone

(VZ) and sub-ventricular zone (SVZ). Scale bar = 100 pm.

H Ratio of mitotic (PH3") to cycling (Ki67") cells in E14.5 cortices. WT N = 5, Cep63”" N = 3, Sas4°° N = 3; two-tailed Mann-Whitney t-test.

| Protocol for the establishment of primary NPC cultures for live imaging.

] Representative images from live-cell movies of Nuclear-mCherry" WT, Cep63”7, and Sas4X° NPCs. The timing of mitosis began at nuclear envelope breakdown (NEBD)
and finished at nuclear envelope reformation. White arrows track the mitotic events of the mother cell from NEBD to the generation of daughter cells following

cytokinesis.

K Plot showing the duration of mitosis in WT, Cep63™",

and Sas4K° NPCs. Triangles represent individual cells; triangles of the same color represent cells derived from

the same embryo. Circles represent the average mitotic duration of cells from each embryo. WT n = 202 cells, N = 4 embryos; Cep63”" n = 141 cells, N = 3 embryos;

Sas4K0 n = 138 cells, N = 3 embryos; two-tailed Welch’s t-test.

Data information: All data represent the means &+ SEM. *P < 0.05; **< 0.01; ***< 0.001; ****< 0.0001 and not significant indicates P > 0.05. See also Fig EV1.

our movies, only 38% of Cep63™" and 29% of Sas4“° daughter
cells divided again (Figs 2A-C and EV2A). In the case of control
cells, the majority of the non-proliferative progeny underwent a cell
cycle arrest, while a small fraction of NPCs (9%) died in interphase
(Fig 2A). By contrast, the progeny of Cep63”" and Sas4“C NPCs
underwent much higher rates of cell death (25 and 37%, respec-
tively) (Figs 2B and C, and EV2A).

We hypothesized that the NPCs with mitotic delays would prefer-
entially undergo cell death. To test this, we evaluated the fate of
progeny derived from NPCs that experienced a normal or delayed
mitosis. Virtually all control (92%) NPCs completed mitosis within
30 mins, and thus, we classified delayed mitosis as lasting longer
than 30 mins (Fig 2A and D). Control, Cep63T/ T and Sas4°° NPCs
that progressed through mitosis in < 30 mins produced primarily
viable progeny (Fig 2A-F). By contrast, control, Cep63™" and
Sas4“® NPCs that delayed in mitosis produced an increased
frequency of non-viable progeny. Moreover, the frequency of cell
death increased with the duration of the extended mitosis (Fig 2D—
F). In the most extreme cases in which Sas4°“® NPCs spent > 90 min
in mitosis, 16% of the mother cells died during cell division, while
66% of the progeny underwent cell death in the following interphase
(Fig 2F). These data argue that the probability of generating non-
viable progeny increases with mitotic duration.

Since chromosome missegregation has been shown to occur
following centrosome loss or delays in cell division (Lambrus et al,
2015; Wong et al, 2015), we assessed whether loss of CEP63 or
SAS4 was associated with an increase in aneuploidy in the brain.
We performed single-cell DNA sequencing of dissociated NPCs from
two control, Cep63T/T and Sas4“° E14.5 cortices. While all of the
control and Cep63”7T cells analyzed were diploid, 5% (2/42) of the
cells from Sas4““C brains showed gains of a large region of chromo-
some 14, and in one case, an accompanying loss of a large part of
chromosome 9 (Figs 2G and H, and EV2B). We conclude that the
mitotic delay observed in Sas4*“® NPCs is associated with only a
modest increase in the level of aneuploidy.

Our findings suggest that centrosome defects prolong mitosis in
NPCs, leading to an increased frequency of cell death in the progeny.
Therefore, we analyzed whether TP53 was induced following
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centrosome loss in Sas4“C and Cep63™" dissociated progenitors. We
observed a > 5-fold increase in the fraction of TP53" progenitors in disso-
ciated cultures from Cep63”" and Sas4™© cortices (Fig EV2C-E). More-
over, > 70% of the TP53" Cep63T/ T and Sas4°“C NPCs had a reduction in
centrosome number (Fig EV2E). Since aneuploidy is rare in the Cep63”7/"
and Sas4¥C brains, the upregulation of TP53 in NPCs with centro-
some defects is unlikely to be a result of chromosome missegregation.

Centrosome defects activate the mitotic surveillance pathway to
reduce cortical expansion

Centrosome defects have been shown to activate the mitotic surveil-
lance pathway by delaying mitosis (Uetake & Sluder, 2010; Bazzi &
Anderson, 2014; Fong et al, 2016; Lambrus et al, 2016; Meitinger
et al, 2016). Thus, we set out to test whether pathological activation
of the mitotic surveillance pathway causes the reduced cortical
expansion in Cep63”7T and Sas4°®° animals. While knockout of
TrpS53, Usp28, or Trp53bpl alone did not alter brain size (Fig EV3A
and B), genetic ablation of Usp28 or Trp53bpl largely restored the
telencephalic area and cortical thickness of Cep63™/% mice at P60 and
of Sas4°C animals at P14 (hereafter referred to as double knockout
animals) (Fig 3A-F). Intriguingly, knockout of Usp28 or Trp53bpl
did not rescue the reduced body weight of young Cep63”™" mice,
suggesting that centrosome defects cause whole-body growth retar-
dation and microcephaly via distinct mechanisms (Fig 3G). As
expected, the severe hydrocephalus and cerebellar hypoplasia
caused by the loss of cilia in Sas4°“C brains were also not rescued by
knockout of Usp28 or Trp53bpl (Figs 3A and EV3C). Nevertheless,
Sas4®C;Usp28™° and Sas4““°;Trp53bpl™/~ mice had improved
overall survival compared to Sas4°%C animals, showing that alleviat-
ing microcephaly extended the lifespan of these animals (Fig EV3D).

To assess the organization of the cortical layers in the adult
brain, we compared the number of CUX1" cells in the superficial
layers (layer II-IV) and CTIP2" cells in the deep layers (layer V-VI)
of the cortex between control, Cep63%7, Sas4“°, and double knock-
out animals. Cep63™/" cortices showed a loss of CUX1" upper layer
and CTIP2" deep layer neurons, while Sas4°© brains had a preferen-
tial reduction of CUXI1" neurons (Figs 3H-K and EV3E-H). By
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contrast, the overall cell density and the total number of CUX1" and
CTIP2" neuronal subtypes in double knockout animals were similar

to that of control mice (Figs 3H-K and EV3E-H). Collectively, these

data demonstrate that genetic ablation of the mitotic surveillance
pathway can restore brain size and the abundance of neurons in
two microcephaly mouse models with centrosome defects.

The EMBO Journal

Inactivation of the mitotic surveillance pathway prevents the
attrition of NPCs in mice with centrosome defects

To determine if the rescue of cortical size and neuronal production
in double knockout animals was associated with a restoration of the

NPC pool, we analyzed the abundance of PAX6" RGCs and TBR2"
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Figure 2. Prolonged mitosis leads to an increased frequency of cell death in the progeny of NPCs.

A-C Graph showing the mitotic duration of NPCs and the fate of their progeny in primary cultures generated from E14.5 embryos. Each bar represents one cell; its
height represents the amount of time the mother cell spent in mitosis; bar color represents the fate of the progeny. Dashed line is set at 30 mins. WT n = 330 cells,
N = 4 embryos; Cep63”" n = 260 cells, N = 3 embryos; Sas4°° n = 223 cells, N = 3 embryos.

D-F Percentage of proliferating, arrested and apoptotic progeny within each group of the indicated mitotic duration, calculated from data shown in (A-C); groups
with n < 20 cells were excluded from this quantification; #, chi-square test with *, post hoc analysis, within each genotype, comparisons are made to the 0-30

min group.

G Genome-wide copy number plots of single cells sequenced from dissociated dorsolateral telencephalons of E14.5 embryos. Individual cells are represented in rows
with copy number states indicated by colors; arrows on the zoomed in view (right) indicate aneuploid cells. WT n = 38 cells, N = 2 embryos; Cep63mn = 40 cells,

N = 2 embryos; Sas4“° n = 42 cells, N = 2 embryos.

H Percentage of aneuploid cells from the single-cell sequencing data shown in (G).

Data information: All data represent the means + SEM. *P < 0.05; **< 0.01; ***< 0.001; and not significant indicates P > 0.05. See also Fig EV2.

IPs in E14.5 brains from control, Sas4°<°, Cep63”%, and double
knockout animals. Consistent with previous reports, the number of
RGCs was reduced in both Cep63™7 and Sas4%© cortices (Insolera
et al, 2014; Marjanovic et al, 2015; Fig 4A and B). In addition, a
portion of these progenitors were displaced from their normal posi-
tion in the VZ and mislocalized to regions further away from the
ventricle (Fig 4A). TBR2" IPs were also significantly reduced in
Sas4°%° but not in Cep63™" cortices (Fig 4A and C).

While the deletion of the mitotic surveillance pathway genes
alone did not alter the number of PAX6" or TBR2" NPCs in the
developing cortex (Fig EV4A and B), knockout of Usp28 restored
both populations of progenitors in Sas4°“® and Cep63™" cortices to
levels similar to that in controls (Fig 4A-C). Although the total
number of progenitors in the double knockout cortices was compa-
rable to control mice, we observed a large population of ectopic
PAX6" RGCs in the SVZ and intermediate zone (IZ) of the develop-
ing neocortex (Fig 4A). A similar phenotype has been reported in
Sas4CKO;Trp53’/ ~, and Cep63T/ T;Trp53’/ ~ mice and arises due to
the suppression of cell death in the misplaced RGCs (Insolera et al,
2014; Marjanovic et al, 2015). We also observed ectopic IPs in both
Sas4C;Usp28° and Cep63”T;Usp28~/~ embryonic brains that
were displaced from the SVZ (Fig 4A). Altogether, these data show
that inactivation of the mitotic surveillance pathway rescues the
attrition of the NPC pool in mice with centrosome defects but does
not prevent the NPC delamination.

To establish whether suppression of apoptosis contributed to the
restoration of NPC pools, we analyzed the levels of TP53 and
cleaved-caspase 3 (CC3) at E14.5. Only rare instances of TP53 and
CC3 labeling were observed in the cortex of control mice (Fig 4D—
F). However, TP53" and CC3" cells were widespread in the cortex of
Cep63T/ T and Sas4®° animals, with cell death occurring in both
NPCs and TBR1" neurons (Figs 4D-F, and EV4C and D). Strikingly,
deletion of Usp28 reduced the number of TP53 and CC3-expressing
cells in the Sas4° and Cep63™7 cortices to levels similar to that
observed in control brains (Fig 4D-F). This shows that activation of
the mitotic surveillance pathway is responsible for TP53 upregula-
tion and cell death in NPCs and neurons.

To determine whether the loss of SAS4 or CEP63 leads to DNA
damage that can activate TP53, we stained cortices with the DNA
double-strand break marker y-H2AX. Although there was a minor
increase in y-H2AX" cells in both Cep63”/T and Sas4°“© animals, the
staining occurred in apoptotic cells with either a condensed DNA
morphology or no DNA staining (Fig EV4E and F). DNA damage
occurs in dying cells as a result of caspase-activated DNase activity
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(Enari et al, 1998). In accordance with this, suppression of cell
death by knockout of Usp28 dramatically reduced the number of y-
H2AX" cells in Cep63T/ T and Sas4“© cortices (Fig EV4E and F). We
conclude that centrosome defects induced by loss of SAS4 or CEP63
do not lead to an increase in DNA damage outside of apoptotic cells.

Inactivation of mitotic surveillance does not rescue centrosome
function or alleviate mitotic delays in Sas4°“° and Cep63™" NPCs

To determine if the primary deficits persist following inactivation of
the mitotic surveillance pathway, we analyzed centrosome number
and mitotic duration in Sas4“® and Cep63™T NPCs that lacked
Usp28. Similar to what we observed in the cortex of Cep63”7 and
$as4© mice, mitotic progenitors in Cep6377;Usp28~/~ and
Sas4‘KO;Usp28EKO animals had reduced numbers of centrioles and an
increased frequency of monopolar spindles (Figs 5A and B, and
EVSA and B). To examine if mitotic delays persisted in Sas4“° and
Cep63™T NPC after inactivation of the mitotic surveillance pathway,
we stained E14.5 brains with PH3 and Ki67. As expected, the dele-
tion of TrpS53, Usp28, or Trp53bp1 alone did not significantly change
the mitotic index in the developing cortex (Fig EV5C). By contrast,
the mitotic index in Cep63¥T;Usp28~/~ and Sas4C;Usp28KC
cortices was increased to a level similar to that observed in the
Sas4%© and Cep63™" mice (Fig 5C). To directly measure the mitotic
duration in these NPCs, we performed live imaging of dissociated
Sas4°KC;Usp28™° NPCs. This confirmed that the inactivation of the
mitotic surveillance pathway did not alter the extended mitotic
duration in Sas4“*° progenitors (Fig 5D and E).

We next proceeded to track the fate of Sas4““°;Usp28X° progeny
after mitotic exit. While only 29% of Sas4“C progeny re-entered
mitosis within the time frame of our movies, 64% of Sas4“°;
Usp28°© daughter cells divided again, which is similar to what was
observed in control NPCs (Figs SF and G, and EV5D). In the case of
Sas4%C cells, 37% of progeny underwent cell death in interphase,
and this was reduced by > 3.5-fold in Sas4”*°;Usp28™° progenitors
to a level similar to that of control NPCs (Figs 5F-1, and EV5D).
Importantly, knockout of Usp28 dramatically reduced the frequency
of apoptosis in the progeny that resulted from an extended mitosis
(Fig 5G and I). Finally, single-cell DNA sequencing of dissociated
progenitors showed that similar to Sas4© mice, cells from Sas4KC;
Usp28°€© brains had only modest levels of aneuploidy (2.4%, 1/41)
(Fig EVSE and F). Note that this level of aneuploidy is similar to
that of Sas4° (5%) (Fig 2G and H). Thus, the continued prolifera-
tion of NPCs with centrosome defects does not lead to a clear
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increase in chromosome segregation errors. We conclude that
inactivation of the mitotic surveillance pathway rescues the
proliferation of NPCs downstream of the centrosome defects and
extended mitoses.

To directly test if the mitotic surveillance pathway is responsible
for triggering apoptosis in NPCs with extended mitotic duration, we
adopted an approach to reversibly delay NPCs in mitosis using the
spindle poison nocodazole (Uetake & Sluder, 2010; Pilaz et al,
2016). Dissociated control and Usp28°“C NPCs were treated with

The EMBO Journal

nocodazole for 4 h to delay cells in mitosis and subsequently
released into drug-free media for an additional 48 h (Fig EV5G).
This approach allowed us to track the fate of progeny from cells
with different mitotic durations. Control and Usp28“%° NPCs that
entered mitosis following nocodazole washout divided with a
normal mitotic duration, showing that the drug treatment was fully
reversible (Fig EVSH, K and L). 47% of control cells that were
delayed in mitosis (> 30 min) produced non-viable progeny
(Fig EV5H and I). By contrast, cell death was reduced by 2.6-fold in
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Figure 3. Centrosome defects reduce brain size through activation of the mitotic surveillance pathway.

A Representative whole mount images of WT, Sas4<¥°, Sas4¥%:Trp53bp1~"~, Sas4X%Usp28°K° animals at P14. Arrows indicate the cerebellar hypoplasia resulting from

the lack of primary cilia. Scale bar = 0.2 cm.

B Telencephalon area of P14 brains of the indicated genotypes. WT littermates N = 8, Sas4X° N = 7, Sas4*%:Trp53bp1~'~ N = 6, Sas4<%:Usp28°° N = 10, Sas4°°;
Trp53~/~ N = 5; one-way ANOVA with post hoc analysis. WT and Sas4°° data are from Fig 1D and shown alongside for comparison. Black circles represent Nestin-

Cre" animals.

C Cortical thickness of P14 brains of the indicated genotypes. WT littermates N = 4, Sas4*° N = 4, Sas4*°:Trp53bp1~'~ N = 4, Sas4¥°:Usp28°° N = 4, Sas4°;
Trp53~/~ N = 4; one-way ANOVA with post hoc analysis. WT and Sas4°° data are from Fig EV1D and shown alongside for comparison. Black circles represent Nestin-

Cre™ animals.

D Representative whole mount images of WT, Cep63™", Cep637;Trp53bp1~'~, Cep63™";Usp28 '~ animals at P60. Scale bar = 0.2 cm.

E Telencephalon area of P60 brains of the indicated genotypes. WT littermates N = 4, Cep63”" N = 7, Cep63m;Trp53bpl’/’ N =6, Cep63m;Usp28’/’ N = 5; one-way
ANOVA with post hoc analysis. WT and Cep63™7 data are from Fig 1B and shown alongside for comparison.

F  Cortical thickness of P60 brains of the indicated genotypes. WT littermates N = 4, Cep63”" N = 5, Cep63™":Trp53bp1 '~ N = 3, Cep63™";Usp28 '~ N = 3; one-way
ANOVA with post hoc analysis. WT and Cep63m data are from Fig EV1B and shown alongside for comparison.

G Body weight of P7 animals of the indicated genotypes. WT littermates N = 18, Cep63™" N = 16, Cep63™":Trp53bp1~'~ N = 2, Cep63"":Usp28 '~ N = 10; one-way

ANOVA with post hoc analysis.

H  Quantification of total number of cells within a 500 pm-width column of cortices at P60. WT littermates N = 4, Cep63”T N = 4, Cep637T:Trp53bpl '~ N = 4,

Cep63":Usp28~/~ N = 3; one-way ANOVA with post hoc analysis.

I, Quantification of the number of cells in the (I) superficial layer (CUX1") and (J) deep layer (CTIP2*) within a 500 um-width column of P60 cortices. WT littermates
N =3, Cep63”T N = 4, Cep63™":Trp53bp1l ™'~ N = 4, Cep63™";Usp28~'~ N = 3; one-way ANOVA with post hoc analysis.
K P60 cortices of indicated genotypes stained with antibodies against the deep layer marker CTIP2 (green), superficial layer marker CUX1 (red) and DAPI (blue). Scale

bar = 200 pm.

Data information: All data represent the means 4 SEM. *P < 0.05; **< 0.01; ***< 0.001; ****< 0.0001 and not significant indicates P > 0.05. See also Fig EV3.

Usp28KC NPCs that experienced similarly prolonged mitoses
(Fig EVSH and J). Altogether, these data confirm that USP28
is required to initiate cell death in the progeny of cells that delay
in mitosis.

Distinct pathways lead to TP53 activation in microcephaly

Our data suggest that activation of the mitotic surveillance path-
way is a central cause of microcephaly in multiple mouse
models with centrosome dysfunction. To examine whether
defects in non-centrosomal genes also cause microcephaly via
activation of the mitotic surveillance pathway, we examined a
microcephaly mouse model caused by loss of the structural
maintenance of chromosome (SMC) complex protein SMC5. The
SMCS5/6 complex is best characterized for its function in DNA
repair and maintenance of genome stability (Fousteri &
Lehmann, 2000; Sergeant et al, 2005; Zhao & Blobel, 2005), and
mutations in the SMC5/6 complex component NSMCE2 cause
primordial dwarfism and microcephaly in humans (Payne et al,
2014). Conditional deletion of Smc5 using Nestin-Cre (hereafter
referred to as Smc5XY) did not alter centriole or centrosome
number in dividing NPCs (Fig 6A-C) or increase the mitotic
index in the developing neocortex (Fig 6D and E). However, loss
of Smc5© resulted in increased numbers of TP53" and CC3"
cells in the cortex at E14.5 (Figs 6F and G, and EV6A), leading
to a 24% reduction in telencephalic area at P21 (Fig 6H and I).

Prior work has shown that knockout of TP53 partially rescues
progenitor numbers and the microcephaly phenotype in SmcS™©
animals (Atkins et al, 2020). We, therefore, tested if the knockout of
the mitotic surveillance pathway component Usp28 can also rescue
brain size in Smc5%© mice. Genetic ablation of Usp28 failed to
provide any rescue of brain size in Smc5° mice (Figs 6H and I,
and EV6B). Thus, these data show that genetic deletion of Usp28/
TrpS53bpl and TrpS3 are not functionally equivalent in vivo, and
that deficiency in the SMC5/6 complex leads to activation of TP53
independently of the mitotic surveillance pathway.

8 of 18 The EMBO Journal ~ 40: €106118 | 2021

Discussion

Previous work in cultured cells showed that centrosome loss acti-
vates the mitotic surveillance pathway by prolonging mitosis (Fong
et al, 2016; Lambrus et al, 2016; Meitinger et al, 2016). However,
the consequence of activating this pathway in vivo remain unex-
plored. In this manuscript, we provide several lines of evidence to
support the proposal that pathological activation of the mitotic
surveillance pathway leads to NPC depletion and reduced brain
growth in microcephaly mouse models with centrosome defects.
First, NPCs with centrosome defects delay in mitosis, and the proba-
bility of producing non-viable cells increased with mitotic duration.
Second, inactivation of the mitotic surveillance pathway suppresses
apoptosis and restores NPC pools and brain size in two micro-
cephaly models. Third, this restoration of the NPC number occurs
without correction of the upstream defect in centrosome function or
the increase in mitotic duration. Altogether, these data argue that
activation of the mitotic surveillance pathway is a central cause of
microcephaly in mice, and potentially human patients, with centro-
some dysfunction.

Our findings are consistent with previous work showing that
extending mitosis in NPCs leads to increased apoptotic progeny and
premature differentiation (Pilaz et al, 2016; Mitchell-Dick et al,
2020). We show that depletion of centrosome proteins that are
mutated in human patients with microcephaly delays bipolar
spindle assembly and prolongs mitosis in NPCs. Delayed NPCs
complete mitosis with minimal chromosome segregation errors, but
the extended mitotic duration increases the frequency of death in
the resulting progeny. This apoptotic phenotype was suppressed by
the deletion of USP28, leading to a full rescue of telencephalon size
and cell number in the adult brains of Sas4® and Cep63™"
animals. Although Cep63”7;Usp28~/~ and Sas4*C;Usp28°“° embry-
onic brains have restored NPC pools, some progenitors are located
outside of the VZ and SVZ. This is consistent with prior work show-
ing that centrosome loss leads to the delamination of RGCs from the
VZ (Insolera et al, 2014; Marjanovic et al, 2015). Knockout of
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Figure 4. Inactivation of the mitotic surveillance pathway prevents NPCs depletion in brains with centrosome defects.

A Cortices from E14.5 brains stained with antibodies against the radial glial cell marker PAX6 (yellow), intermediate progenitor marker TBR2 (red) and DAPI (blue).

Scale bar = 50 pm.

B, C Quantification of the number of (B) radial glial cells (PAX6") and (C) intermediate progenitors (TBR2") within a 250 pm-width column of E14.5 cortices. WT N = 3,
Cep63"T N = 4, Cep63™":Usp28 '~ N = 3, Sas4%© N = 3, Sas4K°:Usp28K° N = 4; one-way ANOVA with post hoc analysis.
Cortices from E14.5 embryos stained with antibodies against cleaved-caspase 3 (CC3, white), TP53 (red) and DAPI. Scale bar = 50 pm.

E,F Quantification of the number of CC3" apoptotic cells (E) and cells with TP53 activation (F) within a 250 um-width column of E14.5 cortices. WT N = 5, Cep63™"
N =3, Cep637T;Usp28 '~ N = 3, Sas4¥° N = 4, Sas4%Usp28° N = 4; one-way ANOVA with post hoc analysis.

Data information: All data represent the means &+ SEM. *P < 0.05; **< 0.01; ***< 0.001; ****< 0.0001 and not significant indicates P > 0.05. See also Fig EV4.

USP28 suppresses apoptosis in these ectopic RGCs, allowing them to
continue to proliferate and produce the correct number of IPs and
neurons. Thus, while our analysis of cortical layer markers showed
that the gross organization of adult Cep63™7;Usp28~/~ and Sas4“*%;
Usp28°K© cortices are normal, we do not rule out specific defects in
lamina organization or brain function. Nevertheless, our data clearly
demonstrate that genetic ablation of the mitotic surveillance path-
way is sufficient to restore the proliferation of NPCs with centro-
some defects and rescue neuronal loss and microcephaly in adult
animals.

Although multiple microcephaly genes have established func-
tions at the centrosome, several of these genes have reported
roles in DNA damage signaling and defects in many DNA repair
and DNA damage signaling factors also result in microcephaly
(Jayaraman et al, 2018). Several lines of evidence argue that the
depletion of NPCs in Sas4”“° and Cep63”" animals is a result of
activating the mitotic surveillance pathway and not a conse-
quence of DNA damage signaling. First, while long mitotic delays
of > 8 h can lead to the initiation of apoptosis and subsequent
DNA damage (Orth et al, 2012), the mitotic delay caused by loss
of CEP63 or SAS4 in NPCs was well below this threshold, with
the majority of Cep63™" and Sas4“° progenitors completing mito-
sis in less than 90 min. Second, we, and others, did not observe
an increase in DNA breaks outside of the apoptotic cells in the
cortices of Cep63T/T and Sas4© animals (Insolera et al, 2014;

Marjanovic et al, 2015). Third, despite not being critical for the
DNA damage response in vitro and in vivo (Knobel et al, 2014),
USP28 removal can dramatically rescue NPC abundance and
suppress cell death in both Cep63”7 and Sas4™® embryonic
brains. Finally, prior work showed that unlike removing TPS3,
loss of ATM or CHK2 does not rescue the microcephaly pheno-
type in Cep63™" mice (Marjanovic et al, 2015). Taken together
with previous data in cultured cells demonstrating that the mitotic
surveillance pathway is mechanistically distinct from the DNA
damage response (Fong et al, 2016; Lambrus et al, 2016;
Meitinger et al, 2016), our data strongly indicate that activation
of the mitotic surveillance pathway is the major mechanism lead-
ing to NPC depletion in the developing neocortex with centro-
some defects.

Nevertheless, our work highlights that multiple mechanisms
can promote TP53 activation and the attrition of NPCs in the
neocortex. Defects in DNA double-strand break (DSB) repair
factors, including LIG4, NBS1 and RADS50, have been shown to
result in apoptosis in the developing brain and underlie multiple
human syndromes characterized by microcephaly (McKinnon,
2017). Loss of ATM, CHK2, or TP53 rescued viability and
suppressed neuronal apoptosis in LIG4-deficient mice and Trp53
deletion suppressed cell death in mice lacking NBS1 (Carney
et al, 1998; Varon et al, 1998; Frank et al, 2000; Lee et al, 2000;
O’Driscoll et al, 2001; Frappart et al, 2005; Waltes et al, 2009;

Figure 5. Inactivation of the mitotic surveillance pathway rescues NPC proliferation without alleviating the centrosome defects or mitotic delay.

A Representative images of E14.5 cortices stained with antibodies against centrin (green), y-tubulin (red) and DAPI (blue). White and yellow arrows indicate cells with
bipolar and monopolar spindles, respectively. Insets showing zoomed in view of 2 representative cells. Dashed lines showing the orientation of the cleavage plane

relative to the ventricular surface. Scale bar = 10 pm.

B Percentage of bipolar, monopolar and multipolar cells at the ventricular surface of E14.5 cortices. WT n = 201 cells, N = 3 embryos; Cep63T/T;Usp28’/’ n = 205 cells,
N = 3 embryos; Sas4“%;Usp28°© n = 308 cells, N = 3 embryos; #, chi-square test with *, post hoc analysis, comparisons are made to WT. WT data are from Fig 1F

and shown alongside for comparison.

C Ratio of mitotic (PH3") to cycling (Ki67") cells in E14.5 cortices. WT N = 5, Cep637":Usp28~'~ N = 4, Sas4K%Usp28°K° N = 3; two-tailed Mann-Whitney t-test. 3 WT

data points are from Fig 1H and shown alongside for comparison.

D  Representative images from live-cell movies of Nuclear-mCherry* WT, Sas4*, and Sas4““%;Usp28°“° NPCs. White arrows showing the nuclei of daughter cells

following cytokinesis.

E Plot showing quantification of mitotic duration of WT, Sas4°“?, and Sas4“%;Usp28°C NPCs. Triangles represent individual cells; triangles of the same color represent
cells derived from the same embryo. Circles represent the average mitotic duration of cells from each embryo. WT n = 202 cells, N = 4 embryos; Sas4““° n = 138
cells, N = 3 embryos; Sas4““%Usp28°© n = 191 cells, N = 4 embryos; two-tailed Welch’s t-test. WT and Sas4° data are from Fig 1K and shown alongside for

comparison.

F Graph showing the mitotic duration of NPCs and the fate of their progeny in primary cultures generated from Sas4“%;Usp28°C E14.5 embryos. Each bar represents
one cell; its height represents the amount of time the mother cell spent in mitosis; bar color represents the fate of the progeny. Dashed line is set at 30 min.

Sas4“%,usp28© n = 271 cells, N = 3 embryos.

G  Percentage of proliferating, arrested, and apoptotic progeny within each group of the indicated mitotic duration, calculated from data shown in (F); #, chi-square

test with *, post hoc analysis, comparisons are made to the 0-30 min group.
H, | Data from Fig 2C and F shown alongside for comparison with (F and G).

Data information: All data represent the means &+ SEM. *P < 0.05; **< 0.01; ***< 0.001; ****< 0.0001 and not significant indicates P > 0.05. See also Fig EV5.
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Figure 6. TP53 is activated through a distinct pathway in a microcephaly model caused by the loss of Smc5.

A WT and Smc5 cortices at E14.5 stained with antibodies against centrin (green), y-tubulin (red) and DAPI (blue). Insets showing zoomed in view of 2

representative cells. Scale bar = 25 um.

B, C Quantification of the number of (B) centrin foci and (C) y-tubulin foci in mitotic cells in the VZ of E14.5 cortices. WT n = 175 cells, N = 4 embryos; Smc57C n = 134
cells, N = 3 embryos. #, chi-square test. WT data are from Fig EV1F and G and shown alongside for comparison.
D E14.5 cortices stained with antibodies against Ki67 (red) and phosphorylated-Histone H3 (PH3, yellow). Insets showing zoomed in view of cells in the VZ and SVZ.

Scale bar = 100 pm.

E Ratio of mitotic (PH3") to cycling (Ki67") cells in E14.5 cortices. WT N = 5, Smc5%° N = 5; two-tailed Mann-Whitney t-test. WT data are from Fig 1H and shown

alongside for comparison.

F, G Quantification of the number of (F) apoptotic cells (CC3") and (G) cells with TP53 activation within a 250 um-width column of E14.5 cortices. WT N = 5, Smc5<©
N = 4; two-tailed Mann-Whitney t-test. WT data are from Fig 4E and F and shown alongside for comparison.

H  Representative whole mount images of WT, Smc5%©, Smc55%Usp28K°, Smc5%°:Trp53~/~ brains at P21. Scale bar = 0.2 cm.

| Telencephalon area of P21 brains of the indicated genotypes. WT littermates N = 6, Smc5%© N = 5, Smc5C:Usp28%° N = 4, Smc5%C:Trp53~/~ N = 5; one-way

ANOVA with post hoc analysis.

J Model for two TP53-dependent pathways underlying primary microcephaly. In the first model, NPCs with mutations in centrosome genes take longer to assemble
their spindle in mitosis. This delay triggers the activation of the mitotic surveillance pathway, which activates TP53 through 53BP1 and USP28. By contrast, in
microcephaly caused by mutations in genes required for DNA repair or genome stability, centrosome function and mitotic duration are unaffected. Instead,
accumulated DNA lesions trigger DNA damage signaling in NPCs to activate TP53. In both models, increased TP53 activity leads to apoptosis, thus depleting the

NPC pool and decreasing the final number of neurons.

Data information: All data represent the means + SEM. *P < 0.05; ***< 0.001; ****< 0.0001 and not significant indicates P > 0.05. See also Fig EV6.

Foster et al, 2012), indicating that DSBs potently activate TP53
through the ATM-CHK2 pathway during neurodevelopment. Consis-
tent with these previous findings, our data show that while knock-
out of TP53 largely rescued brain size in Smc5™© animals, the loss
of USP28 had no effect. In addition, loss of SMCS5 in cultured cells
activates CHK2 (Venegas et al, 2020) and knockout of Chk2 also
rescues microcephaly in Smc5C animals (Atkins et al, 2020),
further establishing that the role of USP28 in rescuing NPCs is
uncoupled from DSB signaling. Thus, we propose that centrosome
defects activate TP53 via the USP28-dependent mitotic surveillance
pathway, while DNA damage signaling in response to DSBs can
independently upregulate TP53 through ATM and CHK2 (Fig 6J).
The pathways that feed into TP53 activation in NPCs are therefore
likely to vary depending on the particular function of the micro-
cephaly gene that is mutated. In this regard, it is also worth noting
that microcephaly caused by hypomorphic mutations in ATR, an
ATM-related kinase that responds to replication stress and is
mutated in Seckel Syndrome, is exacerbated by Trp53 deletion
(O’Driscoll et al, 2003; Murga et al, 2009). This indicates that
while TP53 activation is a prominent cause of microcephaly, there
are also TP53-independent pathways relevant to microcephaly that
are caused by non-centrosomal defects.

While mutations in some centrosome proteins cause both
primary microcephaly and dwarfism (Chavali et al, 2014), several
microcephaly genes only affect brain size (Mahmood et al, 2011).
This leads to an outstanding conundrum of why mutations in ubig-
uitously expressed centrosome proteins selectively impact brain
development. One explanation could be that NPCs have a lower
threshold for activating the mitotic surveillance pathway compared
to other cell types. Our data from dissociated cultures suggest that
this threshold is set at around 30 min for NPCs, with cell death stea-
dily increasing with additional time spent in mitosis. Whether this
threshold is indeed higher for other proliferating cells in the body
remains to be tested. Another possible explanation is that activation
of the mitotic surveillance pathway promotes different cellular
responses between NPCs and other cell types. In retinal pigment
epithelial (RPE1) cells, TP53 targets CDKN1A (P21) and triggers a
G1 arrest instead of cell death following an extended mitosis (Fong
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et al, 2016; Lambrus et al, 2016; Meitinger et al, 2016). This
suggests that TP53 signaling occurs through different downstream
factors to induce apoptosis in NPCs. Last but not least, our data
reveal that although inactivation of the mitotic surveillance pathway
restores brain size in Cep63™” mice, these double knockout animals
still display body growth retardation. This argues that mutations in
centrosome genes can cause brain and body size reduction through
distinct pathological mechanisms.

In conclusion, our data provide evidence to support the patholog-
ical role of the mitotic surveillance pathway in neurodevelopmental
disorders. Inhibitors of USP28 are under development and may have
therapeutic utility in disorders of brain growth (Wrigley et al, 2017).
Understanding the biochemical “timing” mechanism that allows
cells to measure mitotic duration and what sets the sensitivity of this
response are important questions for the future.

Materials and Methods

Animals

Cep63™T mice were obtained from the laboratory of T. Stracker
(Institute for Research in Biomedicine, Spain; Marjanovic et al,
2015). The following primers were used for genotyping: Cep63-5P2,
5'-GTAGGACCAGGCCTTAGCGTTAG-3'; Cep63-3Pla, 5-TAAGTGT
AAAAGCCGGGCGTGGT-3’' and MutR (B32), 5'-Caaggcgattaagttgggta
acg-3'.

Sas4°“© mice were obtained from the laboratory of K. Anderson
(Memorial Sloan Kettering Cancer Center, USA; Bazzi & Anderson,
2014). The following primers were used for genotyping: Cenpj
LoxP2 F, 5-TGCTTGCTTGTCTCTCCTGA-3'; Cenpj LoxP2 R
5'-GCTGACACCAAGTGGGAAAT-3'; Cenpj FRT1IF 5-GGGGAGCAG
ACTTCAACACT-3'.

Smcs™C mice were generated in the laboratory of P. Jordan
(Johns Hopkins Bloomberg School of Public Health, USA; Atkins
et al, 2020). The following primers were used for genotyping: Smc5F
(WT/Flox) Primerl Fwd 5-ACTCAGTCTCACACGGCAAG-3’; Smc5F
(WT/Flox) Primer2 Rev 5'-ATCCTTCCCACCTTGGAAAC-3'.
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Nestin-Cre mice were obtained from The Jackson Laboratory (s-
tock #003771). The following primers were used for genotyping:
Nestin-Cre Fwd 5-ATTGCTGTCACTTGGTCGTGGC-3’; Nestin-Cre
Rev 5-GGAAAATGCTTCTGTCCGTTTGC-3'.

Trp53bpl~/~ mice were obtained from the laboratory of S.
Franco at (Johns Hopkins University School of Medicine, USA;
Rybanska-Spaeder et al, 2013). The following primers were used for
genotyping: 53bpl Common 10694 5-GAACTTGGCTCACACCCATT-
3’; 53bpl WT 10693 5'-CTCCAGAGAGAACCCAGCAG-3'; 53bpl Mut
0IMR5316 5-CTAAAGCGCATGCTCCAGAC-3'.

Usp28™" mice were obtained from the laboratory M. Eilers
(University of Wuerzburg, Germany; Diefenbacher et al, 2014). The
following primers were used for genotyping: Usp28 Common Fwd
1718 27 5-GAGGCTTGAGTTATGACTGG-3'; Usp28 WT Rev 1718
m28 5-AGAACACCTGCTGCTTAAGC-3’; Usp28 Del Rev 5'-
TCCCCCAAGAGTGTTTTCAC-3'.

Trp53’/ ~ mice were obtained from The Jackson Laboratory (s-
tock #02101). The following primers were used for genotyping:
TP53 COMMON 01 MR 0336 5-ATAGGTCGGCGGTTCAT-3'; TP53
WT 01MR 0337 5-CCCGAGTATCTGGAAGACAG-3’; TP53 MUT
01IMR 0013 5-CTTGGGTGGAGAGGCTATTC-3'.

Nuclear-mCherry™™ mice were obtained from The Jackson Labo-
ratory (stock #023139). The following primers were used for geno-
typing: Nuclear-mCherry COM Fwd oIMR8545 5'-AAAGTCGCTCT
GAGTTGTTAT-3’; Nuclear-mCherry WT Rev 0IMR8546 5-GGAG
CGGGAGAAATGGATATG-3'; Nuclear-mCherry Flox Rev 10507
5-TTATGTAACGCGGAACTCCA-3'.

Analysis of Smc5™° and Cep63™7 mice and associated genotypes
was performed on a congenic C57BL6 background, while analysis of
Sas4°%° mice and associated genotypes was performed on a mixed
FVB/NJ and C57BL6 background. Genotyping was carried out using
standard PCR protocols. Embryos and adults from both genders
were included in our analysis. Mice were housed and cared for in
an AAALAC-accredited facility, and all animal experiments were
conducted in accordance with Institute Animal Care and Use
Committee approved protocols.

Post-natal brain dissection, whole-brain imaging, and histology

Post-natal day 14 (P14), P21 and P60 animals were anesthetized
with Avertin before being perfused with PBS and 1% paraformalde-
hyde. The brains were removed from the skull and post-fixed in 4%
paraformaldehyde overnight at 4°C. The next day, the brains were
rinsed three times with PBS before being weighed and imaged using
a MU1003 digital camera attached to a dissecting microscope
(Amscope). The two hemispheres were separated down the midline;
one hemisphere was processed for cryosectioning (details below),
while the other hemisphere was sent for histological analysis. The
Johns Hopkins University, School of Medicine, phenotyping core
performed the tissue processing, paraffin embedding and hema-
toxylin & eosin staining.

Brain section, immunohistochemistry, and confocal imaging

For analysis of embryonic brain sections, timed pregnant females
carrying the respective transgenes were anesthetized with isoflurane
before cervical dislocation. The heads of the embryos were removed
and rinsed with ice-cold PBS, followed by incubation in 4%
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paraformaldehyde for 4 h (for TBR1 and Mouse-Pax6 antibody
specifically) or overnight (for all other antibodies) at 4°C. The next
day, the brains were dissected out of the skulls, rinsed three times
in PBS before being incubated in 30% sucrose at 4°C for 24 h.
Brains were embedded in O.C.T medium and frozen for cryosection-
ing. 20 pm brain sections were cut using a Leica CM1950 or
CM3050 cryostat and collected on Superfrost microscope slides
(Thermo Fisher Scientific). For immunohistochemistry staining, the
brain sections were rehydrated with PBS, blocked and permeabi-
lized with blocking solution (10% donkey serum (Sigma Aldrich),
0.1-0.5% Triton X-100 in PBS), and incubated with the respective
primary antibodies diluted in blocking solution for 12 h at 4°C or
1.5 h at RT (Table EV3). The following primary antibodies were
used: Rabbit-PAX6 (Covance, PRB-278P, 1:500), Chicken-TBR2
(EMD Millipore, AB15894, 1:250), Rat-a-tubulin (Pierce Antibodies,
MA1-80017, 1:500), Goat-y-tubulin (homemade, polyclonal, raised
against the peptide CDEYHAATRPDYISWGTQEQ, 1:500), Rabbit-
Ki67 (D3BS) (Cell Signaling, 9129, 1:500), Mouse-PH3 (Cell Signal-
ing, 9701, 1:100), Rabbit-CC3 (Aspl75) (Cell Signaling, 9661,
1:500), Rabbit-centrin (in house, raised against human centrin2
(a.a. 1-172); 1:500), Rabbit-y-H2AX (p-Ser139) (Cell Signaling,
2577, 1:250), Mouse-TP53 (1C12) (Cell Signaling, 2524S, 1:250),
Mouse-TBR1 (ProteinTech, 66564-1-Ig, 1:250) and Mouse-PAX6
(Thermo Fisher Scientific, MA1-109, 1:250). Following primary anti-
body staining, the tissue slides were washed 3 times with PBST
(0.1-0.5% Triton X-100) and incubated with secondary antibodies
and DAPI diluted in blocking solution for 1 h at room temperature.
Following secondary antibody staining, the tissue slides were
washed three times with PBST before mounting. Secondary antibod-
ies were conjugated to Alexa Fluor 488, 555, or 647 (Thermo Fisher
Scientific, 1:500).

For analysis of P14, P21 and P60 brain sections, the brains were
dissected and post-fixed in 4% paraformaldehyde at 4°C overnight
as described above. The next day, brains were rinsed with PBS,
incubated in 30% sucrose for at least 48 h and embedded in O.C.T
medium. 20 pm brain sections were collected onto Superfrosted
microscope slides. For antigen retrieval, slides containing the brain
sections were rehydrated with PBS and boiled in citrate buffer
(10 mM citric acid, 0.1% Triton X-100, pH 6.0) at 95°C for 15 min.
Slides were then rinsed three times in PBS before being incubated
with blocking solution and stained with respective primary and
secondary antibodies, as described above. The following primary
antibodies were used: Rat-CTIP2 (Abcam, ab18465, 1:1,000) and
Rabbit-CUX1 (ProteinTech, 11733-1-AP, 1:1,000). Secondary anti-
bodies were conjugated to Alexa Fluor 488, 555, or 647 (Thermo
Fisher Scientific, 1:500).

Stained tissue sections were mounted in ProLong Gold Antifade
Mountant (Invitrogen). Images of stained sections were obtained
using an LSM700 (Zeiss) or SP8 (Leica Microsystems) confocal
microscope. For centrosome and centriole staining, images were
collected using a Leica 63x 1.40 NA oil objective at 0.25 um
z-sections. For all other staining, images were collected using a Zeiss
20x 0.8 NA air objective at 1 pm z-sections.

Neural progenitor primary cultures

Embryos at embryonic day 14.5 (E14.5) were removed from preg-
nant females following cervical dislocation. The brain was removed
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from the skull and the dorsolateral telencephalon isolated as previ-
ously described (Landeira et al, 2017). Following dissection, the
dorsolateral telencephalon tissues were incubated with Trypsin-
EDTA (0.05%) for 10 min at 37°C. Proliferation medium (10% FBS,
0.4% glucose, 1% penicillin/streptomycin in DMEM) was added to
stop Trypsin activity, and the cells were mechanically dissociated by
gentle pipetting. Cells were then washed twice with proliferation
medium to remove residual Trypsin before being counted. For time-
lapse imaging, 500,000 cells were seeded into each well of a 48-well
glass-bottom plate (MatTek Corporation) or 8-chamber glass-bottom
dish (ibidi) coated with Poly-p-Lysine. For immunofluorescence
staining, 1,000,000 cells were seeded onto 12-mm glass coverslips
(Thermo Fisher Scientific) coated with Poly-p-Lysine. Seeded cells
were maintained at 37°C, 5% CO, for 2-5 h before being used for
fixed or live-cell imaging.

Time-lapse Imaging of neural progenitor culture

Cells were maintained in proliferation media at 37°C, 5% CO, with
an environmental control station throughout the entire imaging
session. 24 to 52-h time-lapse movies were captured using a SP8
microscope (Leica microsystems) controlling a Leica DFC9000 GTC
sCMOS camera. Images were acquired with a 40x 0.8 NA air objec-
tive. Every 5 min, 6 x 3-um z-sections were acquired in the Texas-
Red channel to observe the Nuclear-mCherry signal. Note that
Nuclear-mCherry corresponds to a transgenic H2B-mCherry mouse
obtained from Jax (stock #023139). While the H2B-mCherry fusion
protein fails to localize to the chromosomes, it provides a nuclear
signal that disperses at the beginning of mitosis and reappears in
late anaphase when nuclear envelope reformation occurs. Thus, we
were able to make use of the H2B-mCherry protein to monitor
mitotic duration by determining the time taken from NEBD to
nuclear envelope reformation.

Prolonged mitosis assay

500,000 cells were seeded into each well of a 48-well glass-bottom
plate as described above. After 2 h of incubation at 37°C, media with
nocodazole (0.08 uM final concentration) was added, and fields of
cells were continuously followed by video time-lapse microscopy at
37°C for 4 h. After 4 h, media with nocodazole was removed and
cells washed with fresh medium several times. The same fields of
view were continuously followed for an additional 48 h.

Immunofluorescence staining of neural progenitor culture

Cells were grown on glass coverslips and fixed for 10 mins in 4%
paraformaldehyde at room temperature. Cells were blocked in
blocking solution (2.5% FBS, 200 mM glycine, and 0.1% Triton X-
100 in PBS) for 1 h at room temperature or overnight at 4°C. Cells
were then incubated in primary antibody diluted in the blocking
solution for 1 h, rinsed with PBST (0.1% Triton X-100 in PBS),
followed by secondary antibody staining prepared in the same
blocking solution. DNA was stained with DAPI, and cells were
mounted in ProLong Gold Antifade Mountant (Invitrogen). The
following primary antibodies were used: Rabbit-PAX6 (Covance,
PRB-278P, 1:1,000), Chicken-TBR2 (EMD Millipore, AB15894,
1:1,000), Mouse-TUJ1 (Covance, MMS-435P, 1:1,000), Goat-y-
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tubulin (homemade, polyclonal, raised against the peptide CDEY-
HAATRPDYISWGTQEQ, 1:1,000) and Mouse-TP53 (1C12) (Cell
Signaling, 2524S, 1:1,000). Secondary antibodies were conjugated to
Alexa Fluor 488, 555, or 647 (Thermo Fisher Scientific, 1:1,000).

Single-cell sequencing

Single cells were isolated from embryonic brains at E14.5, as
described above, and immediately stored in proliferation medium
with 10% DMSO at —80°C until sorted. Single-cell karyotype analy-
sis was performed and analyzed as previously described (Bakker
et al, 2016; Levine et al, 2017).

Quantification and statistical analysis

Image and movie analysis

Imaris software version 9.2.1 (Bitplane) was used to quantify the
total number of nuclei per field of view in the tissues stained with
Ki67, PH3, PAX6, TBR2, CC3, TP53, CTIP2, CUX1, y-H2AX, and
DAPI. ImageJ software (US National Institutes of Health) was used
to quantify the telencephalon area from whole-brain images and
cortical thickness from stained brain sections. The same software
was also used to quantify the fraction of dissociated neural progeni-
tor cells stained with PAX6, TBR2, and TP53.

LAX software (Leica) was used to measure mitotic duration
(from NEBD to nuclear envelope reformation), cell cycle length
(from NEBD of the mother cell to the NEBD of one of the two
daughter cells), and track cell fate following cell division in Nuclear-
mCherry” dissociated neural progenitor cultures. For cell cycle
length and cell fate analysis, dissociated NPC were filmed for 48 h
and only cells that enter mitosis within the first 24 h period were
selected for fate tracing. The same software was also used to quan-
tify spindle angle or the number of centrioles and centrosomes per
NPC in embryonic sections.

Statistical analysis

Statistical analysis was performed using GraphPad Prism software.
Differences between samples were analyzed using a two-tailed
unpaired Student t-tests (Mann—Whitney t-test or Welch’s t-test),
chi-square test with post hoc analysis, one-way ANOVA with post
hoc analysis, or a log-rank test for survival analysis as indicated in
the figure legends. Error bars represent SEM unless otherwise indi-
cated. Figure legends state the number of cells or animals used per
experiment (Tables EV1 and EV2).

Data availability
This study includes no data deposited in external repositories.
Expanded View for this article is available online.
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