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ABSTRACT

Embryonic interneuron development underlies cortical function and
its disruption contributes to neurological disease. Yet the
mechanisms by which viable interneurons are produced from
progenitors remain poorly understood. Here, we demonstrate
dosage-dependent requirements of the exon junction complex
component Magoh for interneuron genesis in mouse. Conditional
Magoh ablation from interneuron progenitors, but not post-mitotic
neurons, depletes cortical interneuron number through adulthood,
with increased severity in homozygotes. Using live imaging, we
discover that Magoh deficiency delays progenitor mitotic progression
in a dosage-sensitive fashion, with 40% of homozygous progenitors
failing to divide. This shows that Magoh is required in progenitors for
both generation and survival of newborn progeny. Transcriptome
analysis implicates p53 signaling; moreover, p53 ablation in Magoh
haploinsufficient progenitors rescues apoptosis, completely recovering
interneuron number. In striking contrast, in Magoh homozygotes, p53
loss fails to rescue interneuron number and mitotic delay, further
implicating mitotic defects in interneuron loss. Our results demonstrate
that interneuron development is intimately dependent upon progenitor
mitosis duration and uncover a crucial post-transcriptional regulator of
interneuron fate relevant for neurodevelopmental pathologies.

This article has an associated ‘The people behind the papers’ interview.
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INTRODUCTION

The cerebral cortex is integral to higher cognition, including
analytical thought and decision making. Disruptions in
neurotransmission are hallmarks of multiple neurological disorders,
including autism, epilepsy and schizophrenia. These disorders are
thought to result from an imbalance in the number of excitatory
glutamatergic neurons and inhibitory GABAergic interneurons
(Takesian and Hensch, 2013; Marin, 2012). Importantly, cortical
interneuron number and function depend upon proper generation and
survival of GABAergic inhibitory interneurons during embryonic
development.
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In mammals, cortical interneurons are generated in the ganglionic
eminence, primarily in the medial (MGE) and caudal (CGE)
ganglionic eminences (Fig. 1A) (Bandler et al., 2017; Hu et al,,
2017b; Sultan and Shi, 2018; Anderson et al., 1997; Sultan et al.,
2016). In mice, cortical interneuron neurogenesis is accomplished
between embryonic days (E) 10 and 17. Within the ventricular zone
(VZ) and sub-ventricular zone (SVZ), cortical interneurons are
produced by radial glia and intermediate progenitors (IPs),
respectively (Petros et al., 2015; Turrero Garcia and Harwell,
2017). The MGE gives rise to the majority of cortical interneurons,
including somatostatin (SST) and parvalbumin (PV) subclasses.
SST interneurons are born earlier with peak generation around
E12.5 whereas PV interneuron generation peaks around E14
(Bandler et al., 2017; Inan et al., 2012). Single cell sequencing
reveals that heterogeneous progenitors contribute to this interneuron
diversity (Mayer et al., 2018; Mi et al., 2018; Chen et al., 2017).
Further, manipulation of progenitor attributes, such as polarity and
excitability, can bias production of interneuron subtypes (Petros
et al., 2015; Wamsley and Fishell, 2017). Yet there is still a limited
understanding of interneuron neurogenesis, including the role of the
cell cycle in fate specification (Glickstein et al., 2007; Ross, 2011).
In this context, clonal live imaging of individual progenitors and
progeny is invaluable, but these approaches have not been
previously implemented for investigation of interneurons.

Following their genesis, newborn interneurons migrate
tangentially through the marginal, intermediate and subventricular
zones of the dorsal telencephalon. Once in the dorsal telencephalon,
interneurons migrate radially along cortical radial glial scaffolds to
populate layers composed of excitatory neurons. They do so
clonally such that lineage-specific populations ultimately reside in
different laminar locations (Ciceri et al., 2013; Brown et al., 2011;
Sultan et al., 2016; Harwell et al., 2015; Mayer et al., 2015).

Molecular and genetic studies have implicated specific
transcription factors, signaling pathways and morphogenic
gradients in subtype interneuron generation, survival and
migration (Mayer et al., 2018; Mi et al., 2018; Hu et al., 2017b;
Tischfield et al., 2017; Guo and Anton, 2014). These intrinsic and
extrinsic factors function within radial glia, IPs and/or post-mitotic
interneurons to modulate development. Yet, with the exception of
a few examples (Wamsley et al., 2018), roles for post-
transcriptional regulation in interneuron development remain
largely unexplored.

The exon junction complex (EJC) is an outstanding candidate for
influencing interneuron  development  post-transcriptionally
(Fig. 1B). The EJC, composed of core components Magoh,
Rbm8a and Eif4a3, binds to mRNA to regulate nonsense-
mediated decay (NMD) and mRNA localization, translation and
splicing (Kataoka et al., 2000; van Eeden et al., 2001; Shibuya et al.,
2004; Ashton-Beaucage et al., 2010; Roignant and Treisman,
2010). Importantly, human mutations including copy number
variations (CNVs) in EJC components are associated with
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Fig. 1. Magoh is expressed within germinal zones of the mouse embryonic ganglionic eminence. (A) Schematic of embryonic interneuron development
depicting the medial ganglionic eminence (MGE), where progenitors (green) produce interneurons (red), which then migrate into the cortex. This study
investigates requirements for Magoh in cellular processes demarcated by questions marks. (B) Schematic of the exon junction complex (EJC) bound to pre-
mRNA and mRNA in the nucleus and cytoplasm, respectively. (C) Magoh in situ hybridization of an E14.5 embryo with boxed region (right) depicting robust
expression in progenitor zones of the ganglionic eminences (GE). (D-F) Coronal sections of E11.5 Nkx2. 1-Cre;Rosa!oxSTOPlextdTomato hraing co-immunostained for
Magoh (green), RFP (tdTomato, magenta) and Hoechst DNA stain (white). The boxed areas in D and E are magnified in E and F, respectively. (G) High-
magnification images of E13.5 MGE co-stained as in F. Scale bars: 200 um (D); 50 ym (E); 25 pm (F,G).

intellectual disability, autism and microcephaly (McMahon et al.,
2016). These neurological disorders can arise from aberrant
development of interneurons and excitatory neurons; although to
date most investigations of microcephaly have only focused on
glutamatergic neurogenesis (Gilmore and Walsh, 2012). Notably,
the EJC, and in particular Magoh, is crucial for the production of
excitatory neurons, but its role in inhibitory neurogenesis is entirely
unknown (McMahon et al., 2014, 2016; Mao et al., 2015, 2016;

Pilaz et al., 2016). This is a significant gap in our knowledge as we
posit that dysregulation of interneuron generation may contribute to
EJC-dependent disease etiology. Altogether, this begs the question
of whether Magoh functions in interneuron development.

Here, we use mouse models to demonstrate essential dosage-
sensitive requirements for Magoh in interneuron generation. We
discover that reduced expression of Magoh in interneuron
progenitors, but not post-mitotic interneurons, depletes interneurons
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within the neocortex. Using transcriptomics, genetics, and live
imaging, we pinpoint disrupted mitosis and p53 (Trp53) signaling
mechanisms. Our findings implicate Magoh as a crucial regulator of
interneuron development and further provide clues for how EJC
dysfunction may contribute to neurological disorders in humans.

RESULTS

Magoh is highly expressed in MGE progenitors and controls
interneuron number

To first assess roles for Magoh in GABAergic interneuron
development, we examined Magoh expression in the developing
brain. By in situ hybridization, Magoh transcript was highly enriched
in both ganglionic eminences at E14.5 (Fig. 1C) (Visel et al., 2004).
To assess Magoh protein expression, Nkx2./-Cre; Rosa26oStoriox-
tdTomato mice were used to label radial glia of the MGE, beginning at
E9.5 (Xu et al, 2008). Using immunofluorescence, Magoh
expression was evident throughout the developing ganglionic
eminence at EI11.5 and E13.5, spanning the early and middle
developmental stages of neurogenesis (Fig. 1D,E). A higher-
magnification view reflects Magoh expression in most Tomato"
cells at both stages (Fig. 1F,G).This expression pattern was
independently validated with previously published mouse single
cell expression data at E14.5 and postnatal day (P) 0 (Fig. S1A) (Loo
et al., 2019). Magoh transcript was also highly expressed within
interneuron progenitors of the human fetal cortex (Nowakowski et al.,
2017) (Fig. S1B). This indicates that Magoh expression in
interneuron progenitors is conserved between mice and humans.

To test the requirement of Magoh in MGE progenitors, we next
conditionally depleted Magoh in radial glia using Nkx2.-Cre. Again,
we utilized tdTomato to label Nkx2. I-Cre expressing progenitors and
their interneuron progeny. In order to monitor interneuron number,
we quantified tdTomato” cells that had migrated into the
dorsal telencephalon by E14.5 and E18.5 (Fig. 2A,D). At E14.5,
compared with control (Nkx2. I-Cre;ROSA'xStoplox-tdTomatoy " 3 r,00)
conditional heterozygote (cHet; Nkx2. I-Cre; ROSA'0xStoplox-tdTomato,
Magoh'*"") brains displayed a 30% reduction of cortical interneurons
(Fig. 2A-C). By E18.5, cHets displayed a more severe and significant
50% reduction of interneurons within the dorsal neocortex compared
with control (P<0.001) (Fig. 2D-F). To determine if Magoh controls
generation of GABAergic interneurons in a dosage-dependent
fashion, we quantified interneuron number in Magoh conditional
knockout (cKO; Nkx2.1-Cre;ROSA!0xStoplox-tdTomato, - 1o ploslox)
mice. Conditional homozygosity for Magoh led to an even more
striking loss of cortical interneurons, with 85% and 80% depletion at
E14.5 and E18.5, respectively (Fig. 2A-F). These data demonstrate
that Magoh is essential for cortical interneuron number in a dosage-
dependent fashion.

Interneurons pursue distinct tangential migratory paths into the
cortex before moving radially along radial glia. Further,
interneurons born early in development populate deeper layers of
the cortex whereas later-born interneurons populate more
superficial regions (Miller, 1985; Fairen et al., 1986; Peduzzi,
1988). We therefore asked if Magoh controls interneuron
distribution in the cortex as a proxy for investigating its role in
specifying early- versus late-born interneuron populations. For this,
we quantified the relative proportion of remaining tdTomato®
interneurons within five equivalent bins spanning the cortical VZ to
the pia. Neither heterozygotes nor homozygotes showed a
significant difference in interneuron distribution compared with
controls at E14.5 or at E18.5 (¥?>=0.69 and 0.73, respectively)
(Fig. 2G,H). These data indicate that although Magoh depletion
reduces overall interneuron number, the remaining interneurons are

still distributed normally within a radial column of the cortex. This
suggests that development of both early- and late-born interneurons
are equally affected by Magoh depletion.

We next asked if interneuron loss persists into adulthood. For this,
cortical interneuron number was quantified in Nkx2./-Cre;
ROSAloxStoplox—thomato and N]OCZ‘I-CI'G; ROSAIOXStoplox-thomato;
Magoh™¥* adult brains. Nkx2.1-Cre;Magoh'** mutants failed
to survive into adulthood, presumably because of Nkx2.1-Cre
expression outside the brain, thus precluding analysis of this
genotype. tdTomato™ cells were quantified in the neocortex of
2-month-old (P60) adult mice. The number of Nkx2.I-derived
GABAergic interneurons in Magoh haploinsufficient adult brains
was significantly lower than that in control littermates by 18%
(P<0.05) (Fig. 2L,J). The fold-reduction observed postnatally was
markedly less than at embryonic stages, suggesting there may be
compensatory mechanisms at play postnatally. As in the embryonic
neocortex, binning analysis showed no bias in interneurons
populating a specific cortical layer (Fig. 2K). However,
quantification of SST and PV interneurons showed a slight,
albeit not quite significant, shift in the ratio of these populations,
with trends towards more PV and fewer SST interneurons
(Fig. S2A-D). This suggests that Magoh could function in
subtype fate specification and/or differential control of SST- and
PV-producing progenitors (Hu et al., 2017b). Taken together, these
findings demonstrate that Magoh is essential for establishing proper
cortical interneuron number into adulthood, and functions in a
dosage-dependent fashion.

Magoh controls interneuron progenitor mitosis and progeny
survival

We reasoned that reduced cortical interneuron number could result
from Magoh expression in progenitors and/or its requirements for
migration. To discriminate between these possibilities, we depleted
Magoh from migrating post-mitotic interneurons by crossing
Magoh'*"** mice with DIx5/6-Cre, which is expressed in newly
born post-mitotic neurons prior to their migration into the cortex
(Monory etal.,2006; Wang et al., 2010). Quantification of tdTomato™
neurons within the neocortex revealed similar numbers of
interneurons in control, DIx5/6-Cre;Magoh’®”" and DIx5/6-Cre;
Magoh'*'** E14.5 and E18.5 brains (Fig. 3). As DIx5/6-Cre is
expressed in both MGE- and CGE-derived interneurons, Magoh
could differentially control survival and migration of both
populations. We assessed apoptosis in the ventral telencephalon
using cleaved caspase 3 (CC3), an apoptosis marker. However, we
observed no cell death in either ganglionic eminence for the cHet or
cKO. Moreover, we did not observe any striking difference in the
pattern of migratory tdTomato" interneurons into the cortex (Fig. S3).
Together with the Nkx2.1-Cre depletion experiments (Fig. 2), these
data argue that, although interneuron progenitors are exquisitely
sensitive to Magoh levels, Magoh is largely dispensable in post-
mitotic interneurons for their tangential migration and survival.

The genetic experiments using Nkx2.1-Cre and DIx5/6-Cre drivers
argue that Magoh controls interneuron number by modulating
progenitor behavior. But how might Magoh regulate progenitors? We
postulated that there could be defects in cell proliferation or cell survival.
Notably, siRNA-mediated ablation of Magoh in immortalized cells
causes a drastic mitotic arrest (Silver et al., 2010; Ishigaki et al., 2013).
Likewise, in the cortex, Magoh haploinsufficiency prolongs mitosis of
excitatory progenitors (McMahon et al., 2014; Pilaz et al., 2016; Silver
et al., 2010). This mitotic defect is associated with increased
neuronal apoptosis and depletion of the progenitor pool, which
ultimately results in fewer neurons. Given these observations, we
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Fig. 2. Magoh depletion from MGE progenitors results in a dosage-dependent loss of cortical interneurons in embryos and adults.

(A,D) Coronal sections of Nkx2.1-Cre;Rosa/oxSTOPloxtdTomato E14 5 (A) and E18.5 (D) cortices depicting Cre-derived tdTomato* interneurons. (B,E) High-
magnification images of the boxed regions in A and D of E14.5 (B) and E18.5 (E) Nkx2.1-Cre;Rosa/oxSTOFloxtdTomato (control, left), Nkx2. 1-Cre;Magoh™'*;
RosaloxSTOPloxtdTomato (cHet, middle), and Nkx2.1-Cre;Magoh'®'oX;Rosa/oxSTOPloxtdTomato (KO, right). (C,F) Quantification of total tdTomato* cells per 250 um
wide radial column for the indicated genotypes at E14.5 (C) and E18.5 (F). (G,H) Quantification of total tdTomato™ cells in five equally spaced bins, with Bin 5 at the
pia and Bin 1 at the ventricle at E14.5 (G) and E18.5 (H). (1) Coronal sections of P60 control (left) and cHet (right) cortices depicting Cre-derived tdTomato*
interneurons (white). (J) Quantification of tdTomato™ cell density in 350 pm wide radial column of control and conditional heterozygous P60 cortex. (K)
Quantification of tdTomato* cell distribution in five equally spaced bins as in G,H. For all graphs, individual dots are biological replicates and error bars represent
s.d.; a.u., arbitrary units. For B,E,|, cortices are oriented with ventricle at the bottom. A-H: n=3-4 brains each, >2 sections/brain; |I-K: n=3 brains each, n=6 sections/
brain. C,F: ANOVA with Tukey post-hoc, *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001; G: ¥?=0.692; H: x?>=0.918; J: two-tailed unpaired Student’s t-test,

*P=0.0385; K: x?=0.98. Scale bars: 300 ym (A,D); 50 ym (B,E,I).
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Fig. 3. Magoh is dispensable in post-mitotic cortical interneurons for their migration and number. (A,C) Coronal sections of DIx5/6-Cre;
RosagloxSTOPloxtdTomato E 14 5 (A) and E18.5 (C) cortices showing Cre-derived interneurons. (B,D) High-magnification images of the boxed regions in A and C
of E14.5 (B) and E18.5 (D) DIx5/6-Cre; RosaoxSTOPlextdTomato (|efty ' DIx5/6-Cre; Magoh'©'*;Rosg/oxSTOPloxtdTomato (middle) and DIx5/6-Cre; Magoh!©x/ox;
RosagloxSTOPloxtdTomalo (right). Brains are oriented with ventricle at the bottom. (E,F) Quantification of total tdTomato* cells per 250 pm-wide radial column at E14.5
(E) and E18.5 (F). n=3 for all conditions; >2 sections/embryo. ANOVA with Tukey post-hoc: P=0.891 (E), P=0.793 (F); ns, not significant. Individual dots represent
biological replicates. Error bars represent s.d. Scale bars: 200 pm (A); 300 pm (C); 50 um (B,D).

hypothesized that in the MGE, Magoh similarly controls
interneuron number by influencing progenitor mitosis and
subsequent interneuron survival.

To test this possibility, we quantified the mitotic status of MGE
progenitors in vivo. For this, we measured the fraction of mitotic
cells within the population of Ki67* cycling progenitors. This
mitotic index was calculated for control (Nkx2.1-Cre), cHet
(Nkx2.1-Cre;Magoh'") and cKO (Nkx2.1-Cre;Magoh'®"ox)
embryos (Fig. 4A-C). E11.5 was assessed as this marks a highly
proliferative stage of development. We assessed mitosis by
quantifying Ki67" progenitors exhibiting a mitotic morphology,
evidenced by Hoechst staining (Fig. 4D-F). Compared with control,
E11.5 Magoh haploinsufficient progenitors showed a 1.7-fold
increase in mitotic index, although this was not significant (P=0.10)
(Fig. 4G). In comparison, and consistent with dosage sensitivity,
cKO progenitors showed a significant twofold increase in mitotic
index relative to E11.5 control (P=0.03) (Fig. 4G). At E13.5, there
was no significant difference in mitotic index for cHets; however,
cKOs maintained a significant twofold increase compared with
controls (Fig. 4H). These data demonstrate that Magoh controls
progenitor mitotic progression in a dosage-dependent fashion
in vivo. Thus, similar to immortalized cells and cortical
progenitors, MGE progenitor mitosis is exquisitely sensitive to
Magoh levels.

In many systems, including the Magoh-deficient cortex, mitotic
defects are associated with cell death (McMahon et al., 2014; Pilaz
et al., 2016; Silver et al., 2010). Most relevant, apoptosis is
implicated in interneuron development, as exemplified by Couptf1/
2 (Nr2f1/2) and Lhx6 mutants (Denaxa et al., 2018; Hu et al.,
2017a). We thus postulated that excessive cell death could
contribute to interneuron loss in Magoh mutants. To assess this
possibility, we performed immunostaining for the apoptosis marker
CC3 in Nkx2.1-Cre control, cHet and cKO embryos between E10.5
and E14.5 (Fig. SA-F). There was negligible cell death observed in
the MGE of control embryos between these stages (Fig. 51, Fig. S4).
In cHets, apoptosis significantly increased as development proceeded
(Fig. 5L, Fig. S4). Apoptosis was evident in a small fraction of cells at
E11.5 but initiated primarily at E12.5 and continued to increase
through E14.5. In cKOs, apoptosis initiated even earlier, at E10.5, and
was more profound than that observed in cHets (e.g. 15-fold higher at
E13.5) (Fig. 51, Fig. S4A). We then asked whether apoptosis was
evident in both Tujl (Tubb3)* neurons and Tujl~ cells (presumed
progenitors). Quantification of E11.5, E12.5 and E13.5 cHets showed
that one-third of apoptotic cells were Tuj1" neurons (Fig. 5G,H,J).
Notably, by E14.5, the majority of apoptotic cells were neurons
(Fig. 5J). These results indicate that Magoh deficiency causes
apoptosis in a dosage-dependent fashion. Taken together with the
observation that interneuron number is unaffected in DIx5/6-Cre;
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E13.5: n=3 control and cHet, n=3 cKO; >2 sections/embryo. ANOVA with Tukey post-hoc: *P<0.05, **P<0.01. Individual dots represent biological replicates

and error bars represent s.d. Scale bars: 50 um (A-C); 25 ym (D-F).

Magoh cHet and cKO embryos (Fig. 2), these experiments indicate
that Magoh acts within progenitors to control survival of interneuron
progeny and presumed progenitor progeny.

Live imaging reveals autonomous requirements for Magoh in
MGE progenitors for interneuron production and survival in a
dosage-dependent fashion

The in vivo data indicate that Magoh is required for progenitor
mitosis and viability, and for interneuron number and survival. We
sought to pinpoint the mechanisms by which Magoh controls
progenitors and to further challenge the notion that interneuron
apoptosis results from the requirement for Magoh in progenitors.
Thus, we developed a live-imaging assay to monitor both MGE
progenitor divisions and the fate of their direct progeny (Fig. 6A).
We based this assay upon an experimental paradigm previously
established for the cortex that enables high-temporal resolution of
progenitor and cell fate dynamics (Pilaz et al., 2016). In brief, using
this assay we sought to quantify mitosis duration and couple this to
cell and viability fates of immediate progeny.

Dissociated progenitors were generated from E11.5 Nkx2.1-Cre
(control), Nkx2.1-Cre;Magoh'®" (cHet) and Nkx2. I-Cre; Magoh'®~"x
(cKO) embryos. Live imaging was carried out as described in
Materials and Methods. Live imaging over a 24-h period revealed
that cHet progenitors exhibited a slight but significantly longer
mitosis relative to control (average 3147 min versus 38+17 min,
P=0.002) (Fig. 6B,C). This finding is consistent with the trend
towards a higher mitotic index observed at E11.5 in cHets in vivo
(Fig. 4E). Notably, in cKO progenitors the average mitosis duration
was significantly longer compared with control and cHet (average
64+48 min, P<0.0001 each) (Fig. 6B). These data demonstrate that
the live-imaging clonal assay recapitulates dosage-dependent

requirements of Magoh for MGE progenitor mitosis. It also
highlights the sensitivity of live imaging for assaying progenitor
mitosis duration.

Using this live-imaging assay, we then monitored the fate of
Magoh-deficient progenitors, and specifically their ability to complete
mitosis. Although Magoh haploinsufficient progenitors displayed
delayed mitotic progression, 99% of these ultimately completed cell
division (Fig. 6D). This is in sharp contrast to ¢cKO, in which viable
divisions were evident in only 62% of progenitors. Instead, 38% of
cKO progenitors underwent mitotic slippage, in which cells exit a
prolonged mitosis and either senesce or undergo cell death
(Blagosklonny, 2007; Castedo et al., 2004). Notably, this link
between mitotic delay and subsequent cell death phenocopies the
mitotic catastrophe caused by Magoh siRNA depletion in immortalized
cells (Silver et al., 2010; Ishigaki et al., 2013; Pilaz et al., 2016).
Altogether, these data indicate that whereas virtually all cHets complete
divisions, this is not the case for cKOs, in which a significant fraction
of progenitors fail to divide. This provides a plausible mechanism
for interneuron depletion in the absence of Magoh.

Using this live-imaging assay, we then asked whether those
Magoh cHet and cKO progenitors that complete divisions produce
viable progeny. To monitor progeny, we used differential
interference contrast (DIC) microscopy for live imaging, as
previously described (Pilaz et al., 2016). Relative to control, cHet
progenitors showed a slight (5%) but significant increase in
production of non-viable progeny (Fig. 6E). This parallels slight
apoptosis in vivo at the same stage, E11.5 (Fig. 5G). Consistent with
the exquisite sensitivity of progenitors to Magoh dosage,
approximately one-third of all progeny derived from cKO
progenitors were non-viable (Fig. 6E). Thus, both cKO
progenitors and their direct progeny are subject to cell death.
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Merge Fig. 5. Genetic depletion of Magoh causes
dosage-dependent apoptosis of
progenitors and newborn interneurons.
(A-F) Coronal sections of E11.5 (A-C) and
E13.5 (D-F) Nkx2.1-Cre;Rosa'oxSTOPloxtdTomato
(control) (A,D), Nkx2.1-Cre;Magoh'/*;
Rosa'oxSTOPloxtdTomato (cHet) (B,E) and Nkx2.1-
Cre;Magohloxllox;RosaloxSTOPloxthomato (CKO)
(C,F) MGE stained for CC3 (green/left),
Hoechst DNA stain (white/middle), and Tuj1
(cyan/right), and tdTomato (magenta). Dashed
line demarcates the ventricular zone with
ventricle to the right. (G,H) High-magnification
images of red and yellow boxed areas in

E. Filled white arrowheads, CC3* Tuj1*
co-labeled cells; white unfilled arrowheads,
CC3* Tuj1- single-labeled cells. (1) Quantification
of total CC3* cells within defined ROI of
E11.5-E14.5 control (gray), cHet (blue) and cKO
(red) (n=3 for all conditions, 3 sections/embryo).
An ROI of 200 pm*200 pm or 200 umx300 ym
was quantified for E11.5 and >E12.5 embryos,
respectively, beginning at the ventricle of the
eminence. *P<0.05, **P<0.01, ***P<0.001.

(J) Pie charts representing the proportion of
Tuj1* (white) or Tuj1~ (black) CC3" cells in the
cHet at E11.5-E14.5. Unpaired two-tailed
Student’s t-test: cHet: E12.5 P=0.004, E13.5
P=0.008, E14.5 P=0.046; cKO: E11.5 P=0.006,
E13.5 P=0.0008. Individual dots represent
biological replicates and error bars represent
s.d. Scale bars: 25 ym.
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Fig. 6. Live-imaging analysis of Magoh-depleted interneuron progenitors reveals autonomous requirements for mitotic progression, survival and cell
fate. (A) Schematic of 24 h clonal live-imaging analysis with fixed analysis of progeny cell fate (example on the right). Dashed lines in images represent cell
borders. (B-G) Analyses of Nkx2.1-Cre; Rosa'*STOPloxtdTomate (control), Nkx2.1-Cre; Magoh'®/*; Rosg'o*STOPloxtdTomato (cHet) and Nkx2.1-Cre; Magoh/©/ox;
RosaoxSTOPloxtdTomato (¢K(), (B) Quantification of average mitosis duration (minutes) of tdTomato* cells. (C) Histogram of mitosis duration

(minutes). A threshold of delayed mitosis at 50 min (dashed line) is based upon control progenitors completing mitosis within this period. (D) Quantification of the
proportion of viable (gray) and non-viable (red) divisions. Non-viable divisions characterized as mitotic slippage were due to unsuccessful cytokinesis and
subsequent cell death. (E,F) Quantification of the proportion of progenitor progeny surviving (gray) or undergoing apoptosis (red) amongst all progeny (E) or
relative to mitosis duration (F). (G) Quantification of the proportion of progeny fate undergoing neurogenic (white) or proliferative (gray) divisions. Neuronal fate
was determined post-imaging by Tuj1* staining and progenitor fate was determined by Ki67*Tuj1~ staining. ANOVA with Tukey post-hoc: *P<0.05, **P<0.01,
***P<0.001 (B). ¥ analysis with post-hoc Bonferroni-adjusted P-values represented by asterisks: *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001 (B,D-G). ns, not
significant. Error bars represent s.d. Experiments represent two live-imaging sessions, two litters; control n=3 embryos (182 cells), cHet n=3 embryos

(219 cells), cKO n=2 embryos (57 cells). Scale bar: 10 pm.

We then asked whether survival of newborn progeny is linked to
abnormally long mitosis. Because virtually all control tdTomato"
progenitors completed mitosis within 50 min (n=360/362), we used
a threshold for mitotic delay of 50 min or longer for these analyses
(Fig. 6C). Strikingly, the likelihood of producing non-viable
progeny increased significantly with mitoses greater than 50 min
(Fig. 6F). This correlation parallels findings in the cortex, where
mitotically delayed precursors also preferentially produce apoptotic
progeny (Pilaz et al., 2016). Taken together, these live-imaging

experiments reinforce the dosage-dependent requirement of Magoh
for progenitor mitotic progression and also demonstrate that mitotic
length is directly correlated with production of viable interneurons.
Therefore, these findings provide important mechanistic insights
into in vivo apoptosis phenotypes. In cHets, apoptosis of newborn
interneurons and progenitors is linked to aberrant progenitor
divisions. Yet apoptosis was significantly more severe in cKOs;
this striking phenotype is attributed to death of progenitors via
catastrophe and, independently, death of progeny.
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A large fraction of cHet and cKO progenitors produce viable
progeny, which begs the question of what is the fate of these mutant
daughter cells? Thus, we asked whether Magoh-deficient progenitors
undergo appropriate neurogenic and proliferative divisions to
generate interneurons or two progenitors, respectively. For this, we
performed 24-h live imaging of progenitors followed by
immunostaining for Ki67 (progenitors) and Tujl (neurons)
(Fig. 6A). We then assigned fates of progeny to progenitor
divisions. Approximately 40% of control MGE progenitor
divisions were neurogenic, resulting in production of at least one
interneuron, and 60% were proliferative, resulting in production of
two new progenitors. In contrast, both Magoh cHet and cKO mutant
progenitors underwent more neurogenic and fewer proliferative
divisions (60 and 40%, respectively) (Fig. 6G). Thus, reduced Magoh
dosage in MGE progenitors disrupts their divisions, resulting in direct
production of interneurons at the expense of new progenitors. This
reduction of interneuron progenitors is predicted to ultimately deplete
the available precursor pool and thereby drastically affect interneuron
generation at subsequent stages of development.

Altogether these live-imaging experiments demonstrate that
Magoh-deficient progenitors exhibit delayed mitotic progression,
reduced proliferative divisions and increased apoptotic divisions.
Collectively, these phenotypes contribute to decreased interneuron
production and the observed loss of cortical interneurons in Magoh
cHet and c¢KO brains. In addition, a substantial fraction of cKO
progenitors fail to complete cell division, which exacerbates
interneuron loss in this genotype. More broadly, these findings
highlight mitotic duration as a conserved mechanism for impacting
interneuron fate and viability.

Transcriptome analysis of Magoh-deficient interneuron
progenitors highlights upregulated p53 signaling

Having exposed cell biological mechanisms at play in MGE
progenitors, we sought to further elucidate how Magoh depletion
affects progenitor mitosis and subsequent apoptosis at a molecular
level. For this, we quantified transcriptome alterations associated
with Magoh deficiency. In order to avoid potential confounding
effects of apoptosis evident in ¢cKO embryos and to pinpoint the
earliest onset of progenitor defects, we focused on E11.5 Nkx2.I-Cre;
Magoh'* embryos. We microdissected the ventral telencephalon
from Nkx2.1-Cre and Nkx2.1-Cre; Magoh'®”" tdTomato® embryos
and subsequently used fluorescence-activated cell sorting (FACs) to
purify tdTomato" cells. Samples were subjected to transcriptome
profiling (n=2 Magoh mutants, n=4 control) (Fig. 7A). As expected,
Magoh mutants showed a reduction in Magoh mRNA expression
(average 34%) by RNA-seq and qPCR (Fig. S5A).

The transcriptome profiling revealed that of 18,065 detected
coding and non-coding transcripts only 0.25% were differentially
expressed (FDR, g<0.05). This relatively limited impact on the
transcriptome parallels that seen in the Magoh haploinsufficient
cortex as well as the orthologous mago homozygous Drosophila
mutant (Mao et al., 2016; Roignant and Treisman, 2010). Magoh is
also implicated in the regulation of RNA splicing (Wang et al.,
2014; Malone et al., 2014), and controls exon skipping by
suppressing cryptic exonic splicing sites, including via recursive
splicing (RS) (Boehm et al., 2018; Blazquez et al., 2018).
Transcriptome analysis of Magoh mutant cortices indicates that
RS may be relevant for cortical development (Blazquez et al.,
2018). We therefore probed whether Magoh controls RS in
interneurons, by examining Hnrpdl and Dnmbp, two previously
noted Magoh RS targets that are expressed in the brain (Fig. S5B-D)
(Yoshizawa et al., 2003; Visel et al., 2004). Strikingly, both

transcripts showed dosage-dependent evidence of RS. This finding
further supports the role of Magoh in post-transcriptional regulation
of interneuron development.

We next focused on those transcripts for which expression levels
were Magoh dependent. Amongst these, four were upregulated and
46 were downregulated, compared with control (Fig. 7B). We noted
significant reductions in Fgf8, a canonical regulator of interneuron
development (Storm et al., 2006). This effect was validated using
RT-qPCR for independent samples (n=3 biological replicates each)
(Fig. 7C). Fgf8 controls interneuron development via Shh; however,
we did not observe any alteration in Shh levels, either by
transcriptome analysis or RT-qPCR (Fig. 7D).

Notably, of the four transcripts upregulated in Magoh
haploinsufficient progenitors, two are well-established p53-
signaling targets, Ccngl and Cdknla (p2l), both of which
promote p53-dependent cell-cycle arrest in response to cellular
stress (Hafner et al., 2019). Validation of these p53 targets using
independent samples (n=3 biological replicates each) confirmed
fourfold and twofold increased expression of Cdknla and Cengl,
respectively (Fig. 7E,F).

Given the dosage-dependent requirements of Magoh for
interneuron development, we next investigated whether transcript
levels of these signaling pathways were more dramatically affected
in the cKO (Fig. 7D-F). For this, we performed RT-qPCR on FACs-
isolated E11.5 tdTomato"™ Magoh cKO interneurons. Remarkably,
comparing Magoh cHet with cKO, there was an even greater
increase in levels of both p27 and Cengl transcripts. Notably, cKO
did not affect Shh levels, further reinforcing that this transcript (and
possibly this pathway) is not controlled by Magoh. Taken together,
this transcriptome analysis indicates that upregulation of p53
signaling may contribute to cortical interneuron loss, in a dosage-
dependent fashion.

Magoh mediates survival of newborn interneurons and
progenitors via p53 signaling

Notably, p53 targets were amongst the transcripts prominently
increased following Magoh haploinsufficiency in the MGE. This
prompted us to investigate the role of p53 activation in vivo as an
effector for interneuron loss. To assess p53 activation, we measured
stable p53 accumulation using immunostaining as a proxy, as
previously (Pilaz et al., 2016). We observed robust p53 activation in
Magoh mutant MGE in a dosage-sensitive fashion, with significant
25-fold increases in cHets and 100-fold increases in the cKO at both
E11.5 and E13.5 (Fig. 8A-G). This is consistent with a dosage-
dependent increase in transcript levels of p53 targets. We then
examined co-expression of p53" cells with cytoplasmic Tujl to
assess which cells were activated (Fig. 8D-G). p53 activation was
most prevalent in Tuj1~ cells (presumed progenitors), suggesting it
is an early defect associated with Magoh deficiency (Fig. 8F,G).
Consistent with this notion, the timing of p53 activation at E11.5 in
cHets precedes the onset of apoptosis, which is most prominent at
E12.5 (Fig. 5G, Fig. S4B,C).

To test whether the loss of cortical interneurons in Magoh cHets is
p53 dependent, we crossed conditional Magoh mutants onto a
Nkx2.1-Cre; Rosq!oxSTOPloxtdTomato, 1, §3lox/lox hackoround (Marino
et al., 2000). Interneurons were quantified using lineage tracing of
tdTomato® progeny at E18.5. Importantly, p53/°°* alone did not
affect cortical interneuron number, suggesting that p53 levels are
largely dispensable for normal embryonic cortical interneuron
number (Fig. 8H,I). Strikingly, conditional p53 deletion in a Magoh
conditional haploinsufficient background completely rescued
cortical interneuron number (P<0.01) (Fig. 8H,I). Reinforcing
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this rescue, ANOVA analysis demonstrated no significant
difference between control and Magoh'®*;p53 compound
mutants. To understand the mechanism of rescue, we measured
apoptosis in E13.5 compound mutants. As expected, apoptosis was
completely rescued in the compound mutants (Fig. S6A-C). This
genetic experiment demonstrates that p53-mediated apoptosis is
the major mechanism for interneuron loss in Magoh heterozygotes.

Relative to heterozygotes, Magoh homozygotes exhibited more
profound phenotypes, including more substantial apoptosis and
marked mitotic defects resulting in failed progenitor divisions. We
thus postulated that p53 activation could also explain the more
substantial interneuron loss in ¢cKO mice. Similar to compound
cHets, apoptosis was completely rescued in Magoh'"*;p53
compound knockout mutants (Fig. S6A,C). However, in contrast
to the heterozygotes, surprisingly, p53 loss was insufficient to
rescue cortical interneuron number in Magoh; p53 compound
homozygotes (Fig. 8H,I). This suggests that p5S3 upregulation and
increased apoptosis alone are insufficient to deplete interneuron
number in the complete absence of Magoh.

Given that pS3 was abundantly upregulated in Magoh cKO, we
sought to understand why p53 loss failed to rescue interneuron loss.
Compared with cHets, cKO showed a substantial mitotic delay.
Thus, we hypothesized that p53 may fail to rescue the cKO because
these mitotic defects are p53 independent. To test this possibility,
we quantified the mitotic index of E13.5 p53 alone and Magoh;p53
compound mutants (Fig. 8J). p53 loss alone did not affect baseline
mitotic index and resembled control. Likewise, Magoh cHet;p53
compound mutants showed no significant mitotic delay, as was
observed for E13.5 Magoh cHet alone (Fig. 4F). We predicted that if
mitotic defects are p53 independent Magoh ¢KO; p53 compound
mutants should exhibit equivalent mitotic indices to Magoh cKO
alone. Indeed, similar to Magoh cKO, the Magoh cKO; p53
compound mutants exhibited comparably high mitotic indices
(Fig. 8J). Thus, p53 loss failed to rescue the mitotic defect of
Magoh-deficient MGE progenitors. Notably, the mitotic cells in
Magoh cKO; p53 compound mutant brains were ectopically
distributed within the MGE, as evidenced by cell morphology
(Hoechst staining) and phospho-histone H3 staining (Fig. 8K-M,
Fig. S6C). This aberrant distribution resembled that of apoptotic
cells observed in Magoh cKO MGE but not LGE (compare with
Fig. 5). This observation suggests that in the absence of p353, cells
that were destined for an apoptotic fate instead remain stuck in
mitosis. The sustained mitotic defect in these mice thus provides a
plausible explanation for why p353 loss fails to rescue interneuron
number. Altogether, this result strongly implicates progenitor
mitotic defects as a major contributor to interneuron loss in
Magoh homozygotes.

DISCUSSION

Proper development of GABAergic interneurons is essential for
cortical function, yet the key mechanisms by which progenitors
produce interneurons are poorly understood. Here, we demonstrate a
novel layer of post-transcriptional regulation via the EJC component
Magoh in the control of cell fate specification of interneurons. Using
both in vitro and in vivo analyses, we discover that cortical
interneuron progenitors are exquisitely sensitive to Magoh dosage
for proper mitotic progression, as well as for generation and survival
of newborn interneurons (Fig. 8N). We further demonstrate that p53
signaling is integral to Magoh-mediated regulation of apoptosis but
not mitosis progression. Strikingly, this genetic analysis exposes
differential mechanisms at play in heterozygous and homozygous
mutant animals. Our study provides important insights into the

mechanisms underlying neurological disorders driven by
mutations of EJC components. More broadly, these findings
highlight fundamental roles for progenitor mitosis progression
and p53 signaling in the development of GABAergic cortical
interneurons.

Our study highlights the importance of precise regulation of
progenitor mitosis duration for interneuron development. By
coupling fixed analysis with a new assay for live imaging of
interneuron fate, we discover that prolonged mitotic duration is
linked to progeny apoptosis and death of dividing progenitors.
Coupled with our previous findings in cortical progenitors (Pilaz
et al., 2016), this discovery implicates aberrant mitosis duration in
cell fate specification in other brain regions. Importantly, in contrast
to cortical progenitors, far less is known about the contribution of
cell cycle control to interneuron production. Studies of the
ganglionic eminences have implicated G1 duration in cell fate;
however, the role of mitosis duration in interneuron fate has thus far
been unappreciated (Brown et al., 2011; Ross, 2011). Given this,
our findings raise a number of fascinating questions. Does mitosis
perturbation impact all MGE progenitors equivalently? Does
mitosis duration causally alter interneuron fate? Further, does
mitotic progression contribute to increased apoptosis and altered
cell fate in other genetic models of interneuron development and
disease? This latter point is of interest as microcephaly is heavily
linked to mitosis dysregulation (Gilmore and Walsh, 2012), yet most
studies of microcephaly mechanisms have primarily investigated
the impact on excitatory neurons.

Given the profound phenotypes associated with reduced Magoh
dosage, we conclude that Magoh is a major regulator of interneuron
development. This adds Magoh to a growing list of RNA-binding
factors, including Rbfox1, that mediate post-transcriptional control
during interneuron development (Wamsley et al., 2018). We did not
observe widespread steady-state transcriptome changes in E11.5
heterozyogotes. Going forward, to understand better how Magoh
cKO differentially controls interneuron development, unbiased
transcriptome analysis may be valuable. However, it is also likely
that Magoh controls interneuron development via diverse RNA
regulatory mechanisms, including splicing; Indeed, our study
suggests that comprehensive analysis of splicing, including
recursive splicing events, may give valuable insights into how
Magoh controls interneuron genesis.

From transcriptome and immunofluorescence analysis we
pinpoint p53 signaling upregulation amongst the earliest defects
in Magoh-deficient progenitors, driving pathogenic levels of
apoptosis. Thus, we employed genetic experiments to test whether
p53 dysregulation drives interneuron loss. The picture that emerged
was surprising and allowed us to discriminate contributions of
prolonged mitosis and apoptosis for Magoh-mediated interneuron
development. Magoh conditional heterozygotes displayed a 50%
reduction in cortical interneurons, and this was entirely explained by
pS53-dependent apoptosis. In contrast, in Magoh conditional
knockouts, there was a more severe 80% loss of interneurons,
which was not rescued by p53 loss. Instead, in the complete absence
of both Magoh and p53, mitotic cells that were destined to undergo
cell death were ectopic. Based upon the live-imaging assays, we
posit that these aberrant Magoh-deficient mitotic progenitors fail to
produce sufficient numbers of interneurons, and thus interneurons
remain depleted. Together, this exposes key apoptotic and mitotic
mechanisms by which Magoh controls interneuron development in
a dosage-dependent fashion.

Our study demonstrates conserved requirements for Magoh in
progenitors, pointing to parallel functions in the developing MGE
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and cortex. Indeed, for both excitatory and inhibitory progenitors,
Magoh promotes mitosis progression, viability of newborn neurons,
and neurogenic and proliferative divisions (Mao et al., 2016;
McMahon et al., 2014; Pilaz et al., 2016; Silver et al., 2010).
Further, for development of both neuronal populations, Magoh
mediates neuronal survival by acting within the precursor, and not
the post-mitotic neuron (Pilaz et al., 2016). This suggests
fascinating cellular requirements of Magoh for neuronal cell
survival. In the developing cortex, Magoh functions in the EJC to
control excitatory neuron production (Mao et al., 2016). Given
Rbm8a and Eif4a3 are also enriched in the MGE (Visel et al., 2004),
it will be exciting to investigate whether these proteins work in
concert with Magoh in a complex to control interneuron generation.

Although Magoh has conserved roles in excitatory and
interneuron radial glia it remains unclear to what extent Magoh
is required post-mitotically. We demonstrate that post-mitotic
depletion of Magoh from migrating interneurons is dispensable
for generation of the appropriate final number. As DIx5/6-Cre
marks both the MGE and CGE, Magoh could differentially impact
these populations. However, neither cell survival nor migratory
patterns from either eminence were disrupted in this context. It is
plausible that Magoh post-mitotic depletion causes postnatal
defects, including altered interneuron circuit formation and
function. Indeed, we observed a slight but not quite significant
difference in interneuron subtype number. Understanding the
nature of this difference will be interesting, including whether it is
due to a fate shift, and/or selective requirements of Magoh for
survival and proliferation of progenitors that produce SST*
interneurons.

Mutations in EJC components are linked to neurodevelopmental
pathologies, yet the mechanisms underlying these disorders are
poorly understood (McMahon et al., 2016). Copy number variations
in EJC components are linked to intellectual disability (Nguyen
et al., 2013). Moreover, RBMS&A loss of function is associated with
thrombocytopenia with absent radius (TAR) syndrome, and EIF4A3
hypomorphic mutations cause Richieri-Costa—Pereira (RCP)
syndrome(Brunetti-Pierri et al., 2008; Mefford et al., 2008; Albers
etal., 2012; Favaro et al., 2014; Bertola et al., 2017). Both disorders
present with neurological impairment, including microcephaly, and
language and learning deficits. Previous studies demonstrate that
defective excitatory neuron generation may contribute to these
pathologies (Mao et al., 2015; McMahon et al., 2016; Zou et al.,
2015). The current study now provides a more complete picture,
implicating EJC-mediated control of both glutamatergic and
GABAergic development in disease etiology. Altogether, future
investigation into how Magoh and its binding partners control
interneuron development promises to give new insights into post-
transcriptional regulation of cortical interneuron development and
disease.

MATERIALS AND METHODS

Ethics statement

All experiments were performed in agreement with the guidelines from the
Division of Laboratory Animal Resources from Duke University School of
Medicine and the Institutional Animal Care and Use Committee of Duke
University.

Mouse husbandry

Plug dates were defined as E0.5 on the morning the plug was identified.
Magoh'™"** animals were previously described (McMahon et al., 2014).
The following lines were obtained from The Jackson Laboratory: Nkx2.1-
Cre (The Jackson Laboratory, 008661), ROSA!*STOPlexTdTomato
(The Jackson Laboratory, 007905), DIx5a-Cre (The Jackson Laboratory,

008199), Trp53/"°* (The Jackson Laboratory, 008462). Genotyping for these
alleles was performed using The Jackson Laboratory protocols.

Immunofluorescence

Embryonic brains were fixed overnight in 4% paraformaldehyde (PFA) at
4°C, submerged in 30% sucrose overnight, and embedded in NEG-50
(Fisher Scientific, 22-110-617). Frozen sections (20 um) were generated on
a cryotome and stored at —80°C . Sections were permeabilized with 0.25%
Triton X-100 for 10 min at room temperature followed by blocking with
10% normal goat serum (NGS) in PBS for 1 h at room temperature. Sections
were incubated with primary antibodies overnight at 4°C , and secondary
antibodies at room temperature for 30 min. Cultured cells were fixed for
10 min in 4%PFA, permeabilized with 0.25% Triton X-100 for 10 min at
room temperature, blocked using 10% NGS for 30 min, incubated with
primary antibodies for 90 min at room temperature and secondary antibodies
for 25 min at room temperature. Adult animals were transcardially perfused
with 1x PBS followed by 4% PFA. Adult brains were incubated in 4% PFA
overnight at 4°C, cryoprotected in 30% sucrose, then frozen in NEG-50.
Cryotome sections (40 um) were permeabilized and blocked in blocking
solution (10% NGS, 0.3% Triton X-100, 1x PBS) for >1 h. Sections were
incubated in blocking solution with primary antibodies overnight at 4°C,
washed in 1x PBS and incubated in blocking solution with secondary
antibodies at room temperature for 30-60 min. As needed for some
experiments, anti-RFP was used (across all conditions). Images were
captured using a Zeiss Axio Observer Z.1 equipped with an Apotome for
optical sectioning. Tiled images (Fig. 1D, 2A,D,I and 3A,C) were acquired
and stitched using Zen software. The following primary antibodies were
used: mouse anti-TUJ1 (Biolegend, 801202, 1:1000), rabbit anti-CC3 (Cell
Signaling Technology, 9661, 1:250), rat anti-somatostatin (Millipore,
MAB354, 1:100), rabbit anti-parvalbumin (Abcam, ab11247, 1:400),
rabbit anti-RFP (Rockland, 600-401-379S, 1:500), rabbit anti-Magoh
(Proteintech, 12347-1-AP, 1:75), anti-p53 (Leica, CM5, 1:500), rabbit
anti-Ki67 (Cell Signaling Technology, 12202, 1:250), rat anti-tdTomato
(Kerafast, EST203, 1:250), rabbit anti-PH3 (Millipore, 06-570, 1:500).
Secondary antibodies were Alexa Fluor 488-, 594- and 647-conjugated
(Thermo Fisher Scientific, A32731, A32723, A32740, A32742 and
A32728, 1:500).

Expression analysis

E11.5 tdTomato" telencephalon was FACs sorted using a B-C Astrios cell
sorter directly into RLT buffer (Qiagen RNAeasy kit; Qiagen 74034). RNA
was extracted using the RNAeasy kit (Qiagen, 74034). cDNA was
synthesized using iScript kit (Bio-Rad, 1788090) following the
manufacturer’s protocol. qPCR was performed in triplicate using Tagman
probes (Life Technologies): Magoh (Mm00487546_ml) and GAPDH
(Mm99999915_G1). Sybr Green iTaq (Bio-Rad, 172-5121) was performed
using the following primer sets: B-actin (5" forward- AGATCAAGATCA-
TTGCTCCT and 3’ reverse- CCTGCTTGCTGATCCACATC), Cdknla (5
forward- TGACAGATTTCTATCACTCCAAGC and 3’ reverse- ACTTT-
AAGTTTGGAGACTGGGAGA), Cengl (5" forward- TTGGCTTTGAC-
ACGGAGACA and 3’ reverse- AAGCAGCTCAGTCCAACACA), Fgf8
(5" forward- CCCGACATCATATTTAAGGATGAGGA and 3’ reverse-
ACTCCAGGCCACTGGTTCA), Shh (5" forward- TTGGCTTTGACAC-
GGAGACA and 3’ reverse- AAGCAGCTCAGTCCAACACA), Hnrnpdl
(5" forward- GCAACAACAGAAAGGAGGCA and 3’ reverse- CCCAG-
CGTCCTCCTTTAGTA) and Dnmbp (5" forward- TGGAGAAGAGAG-
CCAAGGTG and 3’ reverse- AGGTGCTTCTGGGTCTTCTC).

RNA sequencing and bioinformatic analysis

E11.5 tdTomato" telencephalon was FACS sorted using a B-C Astrios cell
sorter directly into RLT buffer (Qiagen RNAeasy kit; Qiagen 74034) and
frozen at —80°C. RNA was extracted using the RNAeasy kit (Qiagen,
74034). Libraries were prepared using NuGEN mRNA Seq with
AnyDeplete Globin (AnyDeplete step was skipped during the library
preparation protocol). Libraries were sequenced using Illumina HiSeq4000
paired-end 150 bp reads. RNA-seq data were processed using the
TrimGalore toolkit which employs Cutadapt to trim low-quality bases and
Illumina sequencing adapters from the 3’ end of the reads (http:/www.
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bioinformatics.babraham.ac.uk/projects/trim_galore). Only reads that were
20 nt or longer after trimming were kept for further analysis. Reads were
mapped to the GRCm38v73 version of the mouse genome and
transcriptome using the STAR RNA-seq alignment tool (Dobin et al.,
2012; Kersey et al., 2012). Reads were kept for subsequent analysis if they
mapped to a single genomic location. Gene counts were compiled using
the HTSeq tool (https:/htseq.readthedocs.io/en/release_0.11.1/). Only
genes that had at least ten reads in any given library were used in
subsequent analysis. Normalization and differential expression was
carried out using the DESeq2 Bioconductor package with the R
statistical programming environment (Love et al., 2014; Huber et al.,
2015) (www.r-project.org). The false discovery rate (FDR) was calculated
to control for multiple hypothesis testing. Gene set enrichment analysis
was performed to identify pathways associated with altered gene
expression for each of the comparisons performed. Sequencing data
have been deposited in Gene Expression Omnibus under accession
number GSE142422.

Live-imaging experiments

El1.5 ganglionic eminences were isolated from either Nkx2./-Cre;
Ros aloxSTOPloxrdTomato (COI’ltIOl), Nioxc2. ]-CI‘C, Ma g0 hlox/+; Ros alaxSTOPonrdToman
(cHet) or Nkx2.1-Cre; Magoh'®°%; RosqloxSTOPlextdTomaro (¢K(O) embryos.
Tissue was prepared in a single cell suspension by trypsinization (10-15 min
with 0.25% Trypsin-EDTA) (Thermo Fisher Scientific, 25200056), and
mechanical dissociation by pipetting through a fire-polished pasteur pipette.
Isolated cells were plated in neural progenitor media (DMEM with glucose,
sodium pyruvate, B-27, N2, N-acetyl cystein and bFGF). Cells were plated
in either a 6- or 12-well glass-bottom dish (MatTek) and given 1-2 h to settle
at 37°C in 5% CO, prior to imaging. Images were captured every 10 min for
18 h using a 20x magnification on a Zeiss Axio Observer Z.1 equipped with
a XL multi S1 incubation chamber, CO, module S, temperature module S,
and humidity control. Mitosis duration, catastrophe and viability were
identified by morphology (rounding of cells and visual identification of
condensation of chromatin). Fate determination was performed post-imaging
by fixation with 4% PFA and immunostaining for Ki67 and Tujl. Analyses
were similar to those previously described (Pilaz et al., 2016).

Fixed quantification

Image analysis was conducted using Image)J or Zen software (Zeiss
Microscopy). Quantification within the medial ganglionic eminence utilized
a 200 pmx200 pm region of interest (ROI) and a 200 umx300 um ROI for
E11.5 and >E12.5 embryos, respectively, beginning at the ventricle of the
eminence. Quantification within the cortex utilized a 250 um- and 350 um-
wide radial column spanning pia to ventricle, for embryonic and post-natal
analyses, respectively (Figs 2, 3 and 8). For binning analysis, a radial
column was divided into five equally sized bins spanning from the pial to the
ventricular surface (Fig. 2). Mitotic cells were classified by presence of
bright Ki67 and Hoechst 33342 staining for characteristic chromatin pattern
(Fig. 4). Apoptotic cells were classified by bright CC3 staining and Hoechst
to detect stereotypical apoptotic morphology, as well by the presence or
absence of Tujl staining (Fig. 5). Because Tujl is cytoplasmic, TuJ1* cells
were defined when the entire cell cytoplasm was positive for this antibody.
p53* cells were classified by both bright and moderate signal co-expressed
with Tujl (delineated as above) (Fig. 8). Between two and four sections
were analyzed per embryo depending on the experiment, with at least three
biological replicates per condition. All analyses were performed blind to
genotype, and in some cases repeated by multiple individuals. In order to
maintain consistency, for a given marker, images were quantified by one
individual blinded to genotype within the same session. Images were
captured with identical exposures.
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