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dynamic HIPPO signaling drives cortical
enlargement with massive heterotopia
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Proper organization and orderly mitosis of radial glial progenitors (RGPs) drive the formation of a laminated mam-
malian cortex in the correct size. However, the molecular underpinnings of the intricate process remain largely
unclear. Here we show that RGP behavior and cortical development are controlled by temporally distinct actions of
partitioning-defective 3 (PARD3) in concert with dynamic HIPPO signaling. RGPs lacking PARD3 exhibit devel-
opmental stage-dependent abnormal switches in division mode, resulting in an initial overproduction of RGPs
located largely outside the ventricular zone at the expense of deep-layer neurons. Ectopically localized RGPs
subsequently undergo accelerated and excessive neurogenesis, leading to the formation of an enlarged cortex with
massive heterotopia and increased seizure susceptibility. Simultaneous removal of HIPPO pathway effectors Yes-
associated protein (YAP) and transcriptional coactivator with PDZ-binding motif (TAZ) suppresses cortical en-
largement and heterotopia formation. These results define a dynamic regulatory program of mammalian cortical

development and highlight a progenitor origin of megalencephaly with ribbon heterotopia and epilepsy.
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The cerebral cortex is responsible for all higher-order
brain functions, such as sensory perception, motor con-
trol, and cognition. A defining feature of the cortex is its
lamination. Individual laminae or layers are segregated
largely by cell type and neuronal connections (Kwan
et al. 2012; Greig et al. 2013). Therefore, laminar forma-
tion is of central importance to both the structural and
functional development of the cortex. Cortical lamination
relies on the intricate organization and behavior of radial
glial cells, the principal progenitor cells responsible for
producing neurons as well as glia in the cortex (Malatesta
et al. 2000; Miyata et al. 2001; Noctor et al. 2001, 2004;
Tamamaki et al. 2001; Anthony et al. 2004; Kriegstein
and Alvarez-Buylla 2009; Florio and Huttner 2014,
Homem et al. 2015). Radial glial progenitors (RGPs) pos-
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sess a highly characteristic morphology, with the cell
body located in the ventricular zone (VZ), a long radial
glial fiber extending to the pia, and a short ventricular end-
foot reaching the lateral ventricle (Rakic 2003). Moreover,
the cell bodies of RGPs in the VZ are organized in a pseu-
dostratified manner, and the neighboring ventricular end-
feet form junctions at the luminal or apical surface of the
VZ (i.e., the VZ surface) (Chenn et al. 1998; Bultje et al.
2009).

During cortical development, RGPs actively divide at
the VZ surface. At the early stage (e.g., before embryonic
days 11-12 [E11-E12] in mice), RGPs largely undergo
symmetric proliferative division to amplify the progeni-
tor pool (Kriegstein and Alvarez-Buylla 2009; Florio and
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Huttner 2014; Homem et al. 2015). After that, RGPs pre-
dominantly undergo asymmetric neurogenic division to
self-renew and simultaneously produce neurons either
directly or indirectly via transit-amplifying progenitors
(TAPs), such as outer sub-VZ (SVZ) RGPs (oRGs; also
known as basal RGPs or intermediate RGPs) and interme-
diate progenitors (IPs) that further divide in the SVZ (Hau-
bensak et al. 2004; Noctor et al. 2004; Englund et al. 2005;
Fietz et al. 2010; Hansen et al. 2010; Reillo et al. 2011;
Wang et al. 2011; Kelava et al. 2012; Betizeau et al.
2013). RGPs also produce short neural precursors located
in the VZ (Gal et al. 2006). While IPs are the predominant
TAPs in the developing mouse cortex, additional types of
TAPs with expanded neurogenic capacity are more abun-
dant in the developing ferret and primate cortices (Fietz
et al. 2010; Hansen et al. 2010; Garcia-Moreno et al.
2012; Betizeau et al. 2013; Geschwind and Rakic 2013).
Toward the late stage, RGPs mostly undergo terminal
neurogenic or differentiation division to exit the cell cy-
cle, whereas a defined fraction remains proliferative to
produce glial cells (Anthony et al. 2004; Noctor et al.
2004; Kessaris et al. 2006; Gao et al. 2014). Newborn neu-
rons migrate radially along the mother radial glial fiber to
progressively constitute future cortical layers in a birth
date-dependent inside-out manner (Angevine and Sidman
1961; Rakic 1971, 1988; Hatten 1999; Noctor et al. 2001;
Marin and Rubenstein 2003; Thomsen et al. 2016). Ear-
ly-born neurons occupy deep layers, whereas late-born
neurons occupy superficial layers.

The orderly processes of neurogenesis and neuronal mi-
gration supported by RGPs orchestrate the intricate devel-
opment of the cortex to the correct size and form. In
particular, asymmetric division of RGPs represents an
elaborate balance of proliferation and differentiation and
is responsible for producing virtually all cortical neurons.
However, the molecular underpinnings of RGP organiza-
tion and asymmetric division remain poorly understood.
Previous studies in Caenorhabditis elegans and Droso-
phila have identified key molecular pathways that control
asymmetric cell division (Doe et al. 1998; Kemphues 2000;
Jan and Jan 2001; Wodarz and Huttner 2003; Knoblich
2008). Among them, the evolutionarily conserved parti-
tioning-defective (PARD) protein complex, consisting of
PARD3, PARDG, and atypical protein kinase C (aPKC), is
at the top of the genetic regulatory hierarchy (Johnson
and Wodarz 2003). Notably, the PARD complex is ex-
pressed abundantly in the developing vertebrate nervous
system (Manabe et al. 2002). Despite the fact that the
PARD complex represents an essential entry point of
dissecting the molecular control of vertebrate neural pro-
genitor asymmetric division, its precise function in
vertebrate neural progenitors remains debated (Costa et
al. 2008; Bultje et al. 2009; Alexandre et al. 2010; Dong et
al. 2012). Thus far, a genetic deletion analysis of Pard3 in
the mammalian brain has not yet been conducted. More-
over, the key signaling pathway that mediates the action
of PARD3 in controlling RGP division behavior and order-
ly cortical development is largely unknown.

Disruptions in neurogenesis and neuronal migration are
well known to cause cortical malformations and human
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diseases. Early defects in RGP division lead to brain
growth dysregulation and changes in cortical size, such
as microcephaly (small brain) and megalencephaly (large
brain) (Bizzotto and Francis 2015). On the other hand, ab-
errant neuronal migration results in cortical heterotopia,
such as periventricular heterotopia (PH; neurons located
along the ventricles) and subcortical band heterotopia
(SBH; neurons located in the white matter under the cor-
tex) (Ross and Walsh 2001; Bielas et al. 2004). Interesting-
ly, these abnormalities may coexist in complex forms. For
example, there have been individuals reported with meg-
alencephaly and massive subcortical ribbon-like heteroto-
pia, distinct from the classic SBH (Barkovich et al. 2012).
The compound abnormalities in volume increase and
massive heterotopia represent new types of human corti-
cal malformations that are currently poorly understood.

In this study, we found that loss of PARD3 in mouse
cortical RGPs causes severe malformations of the cor-
tex, including increased volume, systematic and drastic
changes in neuronal subtype composition, and massive
ribbon-like heterotopia. These defects in neuronal produc-
tion and organization arise progressively from temporally
distinct abnormal RGP mitotic behaviors regulated by dy-
namic HIPPO as well as NOTCH signaling. The mutant
mice exhibit elevated seizure susceptibility. Interestingly,
simultaneous removal of Yes-associated protein (YAP)
and transcriptional coactivator with PDZ-binding motif
(TAZ), two essential effectors of the HIPPO pathway, sup-
presses cortical enlargement and giant heterotopia forma-
tion caused by PARD3 loss. Together, our findings define
a key molecular program controlling RGP behavior and
cortical organization and provide insights into unusual
cortical malformation characterized by megalencephaly
with giant ribbon-like heterotopia and epilepsy.

Results

Pard3 deletion in RGPs leads to an enlarged cortex
with giant SBH

To dissect the molecular control of RGP organization and
division underlying mammalian cortical development,
we generated a conditional Pard3 mutant mouse line,
Pard3™ (see the Materials and Methods), and crossed it
to the EmxI1-Cre mouse line, in which Cre recombinase
is selectively expressed in RGPs of the developing cortex
starting at approximately E9.5 (Gorski et al. 2002). While
PARD3 was abundantly expressed in RGPs, especially at
the VZ surface, in the littermate wild-type control cortex,
it was depleted in the VZ of the Emx1 -Cre;Pard3™” condi-
tional knockout (referred to here as Pard3 cKO) cortex at
E12.5 (Supplemental Fig. S1A, arrows and insets). The re-
sidual PARD3 expression near the pial surface was likely
from migrating interneurons originated from the ventral
telencephalon or post-mitotic neurons produced prior to
Cre recombination (Supplemental Fig. S1A, asterisks).
Western blot assay also showed a drastic loss of PARD3
expression in the Pard3 cKO cortex compared with the
control (Supplemental Fig. S1B). Notably, while PARD3
was ablated in RGPs, no obvious defects in junction
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organization and centrosome localization at the VZ
surface were observed at this stage (Supplemental Fig.
S1C-E).

Pard3 cKO mice were born at the expected frequency
and survived to adulthood. The brains of Pard3 cKO
mice appeared similar to those of littermate control
mice at postnatal days 21-30 (P21-P30) (Fig. 1A). Howev-
er, histological examination revealed a striking phenotype
in the Pard3 cKO cortex compared with the control
(Fig. 1B). A massive ribbon-like tissue mass was found un-
derneath an apparently layered but thinner cortex. The
heterotopic cortical tissue (“HC”) (Fig. 1B, asterisks) ex-
ceeded the seemingly normotopic cortex (“NC”) in thick-
ness in the mediodorsal region, where the expression of
Cre recombinase initiates (Gorski et al. 2002; Li et al.
2003), and the overall cortical region was thicker in the
Pard3 cKO brain than in the control (Fig. 1B, right). Given
that the “NC” and “HC” in the Pard3 cKO brain harbored
the neural progeny of cortical RGPs marked by Emx1-Cre,
they were both considered as the cortical tissue. Of note,
selective deletion of Pard3 in post-mitotic neurons using
the Nex-Cre mice (Schwab et al. 2000) did not cause any
obvious defects in cortical development (Supplemental
Fig. S1F-I). Together, these results suggest that selective
removal of PARD3 in RGPs, but not in post-mitotic neu-
rons, leads to a thicker cortex with massive ribbon-like
heterotopia.

To determine whether the heterotopia in the Pard3
cKO cortex represents PH or SBH, we stained brain sec-
tions with antibodies against SMI-312 (Supplemental
Fig. S1J, green), a pan-axonal neurofilament protein, and
isolectin B4 (Supplemental Fig. S1J, red), which labels
blood vessels (Supplemental Fig. S1J). We found that the
heterotopia was surrounded by the axonal fibers and con-
tained blood vessels, indicative of SBH in nature. No obvi-
ous change in the number of blood vessels was observed
(Supplemental Fig. S1J), consistent with the fact that Cre
is not expressed in blood vessels in Emx1-Cre. In line
with the increase in cortical thickness, the whole-brain
magnetic resonance imaging (MRI) analysis showed that
the cortical volume in the Pard3 cKO brain, including
the giant heterotopia (Fig. 1C-E, orange, asterisks), was
substantially larger than that of the control (Fig. 1C-E).
These results demonstrate that PARD3 removal in
RGPs results in an enlarged cortex with giant SBH.

Pard3 cKO mice display increased seizure susceptibility

Cortical heterotopia is often associated with epilepsy in
humans (Watrin et al. 2015). Mice with cortical heteroto-
pia show different seizure susceptibilities, depending on
the genetic mutations (Croquelois et al. 2009; Gabel
et al. 2013). To examine the seizure susceptibility of adult
(3- to 4-mo-old) Pard3 cKO and littermate control mice, we
administered pilocarpine, a chemoconvulsant commonly
used for seizure induction (Kandratavicius et al. 2014), to
animals and continuously monitored their behavioral re-
sponse for 100 min (Fig. 1F). Remarkably, all five Pard3
cKO mice began to seize as soon as 10 min after injection
and progressed to severe seizure behaviors ranging from vi-
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Figure 1. Pard3 deletion in RGPs leads to an enlarged cortex
with giant SBH. (A) Representative whole-mount images of con-
trol and Pard3 cKO brains at P21. Bar, 2.5 mm. (B) Representative
Nissl staining images of the control and Pard3 cKO brain coronal
sections at P21. (Asterisks) Giant heterotopia. High-magnifica-
tion images of the cortex (dashed lines) are shown at the right.
(Double-headed arrows) Overall thickness of the cortex. Bars:
left, 1.25 mm; right, 25 nm. (C) Three-dimensional (3D) rendering
images of the control and Pard3 cKO brains at P21 based on mag-
netic resonance imaging (MRI) data. The NC is highlighted in
yellow, and the heterotopia is highlighted in orange. (D) Represen-
tative fractional anisotropy (FA) maps of the control and Pard3
cKO brains at P21 along the rostrocaudal axis. Dashed lines indi-
cate the overall cortical tissue, and asterisks indicate the giant
heterotopia. Bar, 1 mm. (E) Quantification of the whole cortical
volume. n=7 brains per genotype; unpaired two-tailed t-test
with Welch'’s correction. In the box and whisker plot, the center
line indicates the median, the box indicates the interquartile
range, and the whiskers indicate minimum and maximum.
(F) Behavioral responses of the control (black lines; n=5) and
Pard3 cKO (red lines; n = 5) mice at 3-4 mo of age upon pilocarpine
administration.

olent convulsions to generalized seizures that lasted for
30-60 sec, and two of them died from the seizures toward
the end of the observation period. In contrast, none of the
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littermate controls exhibited severe seizure symptoms
similar to that of Pard3 cKO mice. While three out of
five control mice developed mild clonic episodes such as
single or multiple short jerks for 1-2 sec, the other two
mice did not show any obvious seizure-like activity
throughout the entire period. These results suggest that
Pard3 cKO mice exhibit increased seizure susceptibility
compared with the control.

Systematic alterations in neuronal composition in the
Pard3 cKO cortex

The enlarged cortex in the Pard3 cKO brain, including the
NC and HC, indicates abnormalities in neuronal produc-
tion. To determine this, we stained P21 brain sections
with antibodies against FOXP2 (a layer VI neuronal mark-
er) (Fig. 2A) or SATB2 (a pan-neuronal marker with enrich-
ment in superficial layers) (Fig. 2C; Greig et al. 2013). As
expected, FOXP2* neurons were located predominantly
in the deep layer VI in the control cortex (Fig. 2A, left). No-
tably, a much thinner band of FOXP2* neurons in the NC,
in addition to a few scattered ones in the HC, was found in
the Pard3 cKO brain (Fig. 2A, right). The density as well as
the total number of FOXP2" neurons were significantly
decreased in the Pard3 cKO cortex compared with the
control (Fig. 2A,B; Supplemental Fig. S2A,B). In contrast,
we observed a substantial increase in the density and total
number of SATB2" neurons in the Pard3 cKO cortex com-
pared with the control (Fig. 2C,D; Supplemental Fig. S2C,
D). Together, these results suggest that PARD3 removal
in RGPs leads to a reduced production of deep layer neu-
rons and a concomitant overproduction of superficial lay-
er neurons.

To further characterize neuronal changes, we stained
sections with antibodies against CTIP2 (a layer V/VI neu-
ronal marker (Fig. 2E, green) and CUX1 (a layer II/II[/IV
neuronal marker) (Fig. 2E, red; Greig et al. 2013). Com-
pared with the control, we observed similarly positioned
but thinner layers of CUX1* and CTIP2" neurons in the
NC of the Pard3 cKO brain (Fig. 2E). On the other hand,
neurons in the HC were predominantly CUX1"* neurons
with a few scattered CTIP2" neurons. Consequently,
while the total density of CTIP2* neurons was comparable
between the control and Pard3 cKO cortices (Fig. 2F, left),
the total density of CUX1" neurons in the Pard3 cKO cor-
tex was nearly double that of the control cortex (Fig. 2F,
right). These results further demonstrate that PARD3 re-
moval in RGPs leads to an excessive production of super-
ficial layer neurons that predominantly occupy the HC in
addition to the NC.

Interestingly, in comparison with the control, the
changes in neuronal composition in the Pard3 cKO cortex
were systematic and progressive, depending on laminar
identity (Fig. 2G). While the deep layer VIFOXP2" neurons
were significantly reduced, the superficial layers II-IV
CUX1" as well as SATB2* neurons were concurrently
and robustly increased. As a result, the total number of
neurons in the cortex and the cortical volume were sub-
stantially increased. In addition, while the NC in the
Pard3 cKO brain contained a proportion of deep and super-
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ficial layer neurons similar to that of the control brain,
the HC harbored predominantly superficial layer neurons
(Fig. 2H). Coinciding with an overall increase in neuronal
production, we also observed an increase in the number of
glial cells in the Pard3 cKO cortex (Supplemental Fig.
S2E-G). Together, these results suggest that PARD3 re-
moval in RGPs leads to a gradual but dramatic shift to-
ward the production of late-born neurons at the expense
of early-born neurons, resulting in the formation of an
enlarged cortex with two distinct parts: the NC with a
relatively normal lamination but reduced in size and the
HC with no lamination and excessive superficial layer
neurons.

Pard3 deletion causes abnormal RGP dynamics
and organization

To understand the origins of altered neurogenesis and
lamination in the Pard3 cKO cortex, we next examined
RGP behavior and organization at the embryonic stage.
We systematically stained brain sections across the entire
period of embryonic cortical development (i.e., E11.5-
E17.5) with an antibody against PAX6, a transcription fac-
tor highly expressed in cortical RGPs (Gotz et al. 1998;
Englund et al. 2005). While there was no obvious change
in the number or localization of PAX6* RGPs at E11.5,
we observed a significant increase in the number of
PAX6* RGPs in the VZ as well as outside of the VZ (i.e.,
extra-VZ) (Fig. 3A, asterisks) at E12.5 in the Pard3 cKO
cortex compared with the control (Fig. 3A). Moreover, as
development proceeded, RGPs in the Pard3 cKO cortex
exhibited distinct dynamic changes in number and local-
ization (Fig. 3A,B). While the density of RGPs in the con-
trol cortex remained largely comparable between E13.5
and E17.5, it exhibited a time-dependent biphasic change
in the Pard3 cKO cortex (Fig. 3B, left). It increased and
peaked at E15.5 and then rapidly decreased after that.
The changes in the VZ and extra-VZ appeared to be differ-
ent (Fig. 3B, middle and right). Compared with the control,
the density of RGPs in the VZ briefly increased at E12.5
and then gradually decreased after E13.5 (Fig. 3B, middle),
whereas the density in the extra-VZ gradually increased
until E15.5 and then decreased (Fig. 3B, right). Consistent
with their RGP identity, PAX6" cells in both the VZ and
extra-VZ expressed brain lipid-binding protein (BLBP; a
bona fide RGP marker) (Supplemental Fig. S3A; Hartfuss
et al. 2001; Anthony et al. 2004) but not HOPX (Supple-
mental Fig. S4A), PTPRZ1 (Supplemental Fig. S4B), or
TNC (Supplemental Fig. S4C)—previously suggested
oRG markers (Pollen et al. 2015; Thomsen et al. 2016).
While the VZ PAX6" cells possessed a typical bipolar
morphology with a long radial glial fiber reaching the
pia (Supplemental Fig. S3B), the ectopic PAX6" cells in
the extra-VZ possessed mostly a multipolar morphology
with several short processes but no obvious single long
basal process (Supplemental Fig. S3C,D), indicating that
they are not typical oRGs previously characterized in
the developing mouse cortex (Wang et al. 2011). Based
on their expression of PAX6 and BLBP as well as their
mitotic behavior (e.g., symmetric proliferation) (see
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Figure 2. Pard3 deletion leads to systematic alterations in neuronal composition in the cortex. (A) Representative confocal images of P21
control and Pard3 cKO cortices stained for layer VI neuronal marker FOXP2 (green) and counterstained with DAPI (blue). Bar, 70 um.
(B) Quantification of the number of FOXP2* cells per 300-um radial column in control and Pard3 ¢cKO mice at P21. n =4 brains per geno-
type; unpaired two-tailed t-test with Welch’s correction. (C) Representative confocal images of P21 control and Pard3 cKO cortices stained
for layer II/III/V neuronal marker SATB2 (red) and counterstained with DAPI (blue). Bars, 70 pm. (D) Quantification of the number of
SATB2" cells per 300-um radial column in control and Pard3 cKO mice at P21. n=4 brains per genotype; unpaired two-tailed t-test
with Welch’s correction. (E) Representative images of P21 control and Pard3 cKO cortices stained for layer V/VI neuronal marker
CTIP2 (green) and layer II-TV neuronal marker CUX1 (red) and counterstained with DAPI (blue). Bars, 70 um. (F) Quantification of the
number of CTIP2* (left) and CUX1* (right) cells per 300-pm radial column in control and Pard3 cKO mice at P21. n = 4 brains per genotype;
unpaired two-tailed t-test with Welch’s correction. (G) Quantification of the relative ratio of the respective neuronal (FOXP2, CTIP2,
SATB2, and CUX1) numbers in Pard3 cKO versus control cortices. n = 4 brains per genotype; x* test for linear trend. Note that there is
a progressive change in neuronal composition. (H) The percentage of FOXP2" (blue), CTIP2" (red), and CUX1" (green) cells in control
and the “NC” and “HC” of Pard3 cKO cortices at P21. n = 4 brains per genotype; x> test. Data are presented as mean + SEM (standard error
of the mean). For all box and whisker plots, the center line indicates the median, the box indicates the interquartile range, and the whiskers
indicate minimum and maximum.

Figs. 4, 5), we considered them RGPs or RG-like progeni- The changes in RGP number and localization in the
tors. Together, these results show that PARD3 removal Pard3 cKO cortex occurred at E12.5 and E13.5, prior to
leads to abnormal dynamic changes in RGP number and any obvious defect in the junction and apical domain orga-
organization, but not oRG generation, in the embryonic nization at the VZ surface (Supplemental Fig. S1C-E K),
cortex. Consistent with the giant SBH formation, suggesting that the original defects in the Pard3 cKO cor-
PARD3 removal also disrupted neuronal migration in tex arise from abnormal behavior of RGPs but not junc-
the developing cortex (Supplemental Fig. S3E). tion or VZ disorganization. Consistent with this, we
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Figure 3. Pard3deletion causes abnormal RGP dynamics and organization in the embryonic cortex. (A) Representative confocal images of
control and Pard3 cKO cortices stained for RGP marker PAX6 (green) and counterstained with DAPI (blue) from E11.5 to E17.5. Double-
headed arrows indicate the VZ, and asterisks indicate ectopic RGPs or RG-like progenitors. Bars, 30 um. (B) Quantification of the number of
PAXG6" cells per 200-um radial column in the entire cortex (left), the VZ (middle), and outside the VZ (i.e., extra-VZ; right) in control (blue)
and Pard3 cKO (red) mice. E11.5: n =4 control; n = 6 Pard3 cKO. E12.5: n = 6 control; n = 4 Pard3 ¢cKO. E13.5: n = 4 control; n = 4 Pard3 cKO.
El14.5:n =6 control; n =5 Pard3 cKO. E15.5: n = 5 control; n = 4 Pard3 cKO. E16.5: n = 4 control; n = 10 Pard3 cKO.E17.5: n=4 control; n=4
Pard3 cKO. Data are presented as mean + SEM. Two-tailed Mann-Whitney test was used to assess statistical significance.

observed a significant increase in the number of dividing
cells at the VZ surface in the Pard3 cKO cortex at E11.5
(Supplemental Fig. S5A,B). Notably, this increase in mito-
sis appeared before any significant change in the overall
density of RGPs (Fig. 3). Together, these results suggest
that PARD3 removal changes the mitotic behavior of
RGPs. The increase in mitotic cells at the VZ surface per-
sisted at E12.5 (Supplemental Fig. S5B, top). Interestingly,
we observed a robust and progressive increase in the num-
ber of mitotic cells away from the VZ surface between
E11.5 and E15.5 in the Pard3 cKO cortex (Supplemental
Fig. S5B, middle). As a result, the total number of mitotic
cells increased until E15.5 (Supplemental Fig. S5B, bot-
tom). Consistent with the biphasic changes in RGP num-
ber and localization, we also observed a rapid and
significant decrease in the number of mitotic cells at the
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VZ surface as well as away from the VZ surface after
E15.5 (Supplemental Fig. S5B).

During cortical neurogenesis, RGPs divide at the VZ
surface to produce neurons as well as IPs that continue
to divide in the SVZ (Haubensak et al. 2004; Noctor
et al. 2004; Englund et al. 2005). The increase in extra-
VZ surface division in the Pard3 cKO cortex may be attrib-
utable to IPs. To test this, we examined the production
and organization of IPs (Supplemental Fig. S6). We stained
brain sections with an antibody against TBR2 (Supple-
mental Fig. S6, red), a T-box transcription factor highly ex-
pressed in IPs (Englund et al. 2005). As expected, TBR2*
IPs were found predominantly in the SVZ of the control
cortex (Supplemental Fig. S6A, left). In contrast, TBR2*
IPs were frequently observed in the SVZ as well as the in-
termediate zone (IZ) and cortical plate (CP) (Supplemental
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Fig. S6A, right, asterisks), where ectopic PAX6* RGPs
were located, in the Pard3 cKO cortex. Interestingly, the
relative ratio of TBR2* IPs to PAX6" RGPs was sig-
nificantly lower in the Pard3 cKO cortex than in the
control cortex across the embryonic stages (Supplemental
Fig. S6B), indicating an overall reduction in IP generation
by RGPs lacking PARD3. Collectively, these results sug-
gest that PARD3 removal drastically alters the mitotic
behavior and organization of RGPs, leading to dynamic
changes in the number and localization of RGPs as
well as IPs.

Pard3 deletion promotes RGP symmetric proliferation at
the early neurogenic phase

To further dissect progenitor behavior that may be respon-
sible for altered neurogenesis and enlarged cortex with
massive heterotopia in the Pard3 cKO brain, we examined
the cell cycle exit index of cortical progenitors prior to
E15.5, when a progressive increase in RGPs was observed
(Fig. 3). A single pulse of EdU was administered at E13.5,
and brains were extracted at E14.5 and stained for the pro-
liferative marker Ki67 (Fig. 4A). We analyzed the fraction
of EdU" cells that were Ki67~ (i.e., exited the cell cycle)
and found that there was a significant reduction in cell cy-
cle exit in the Pard3 cKO cortex compared with the con-
trol (Fig. 4B).

The reduced rate of cell cycle exit is consistent with an
overproduction of RGPs (Fig. 3) and also suggests a change
in the division mode of RGPs. To test this, we performed
in vivo clonal analysis to directly examine the division
mode of RGPs (Fig. 4C). We injected serially diluted
low-titer retroviruses expressing enhanced green fluores-
cent protein (EGFP) into the lateral ventricle at E13.5
and recovered the brains at E14.5 for analysis. To assess
the division mode of labeled RGPs, brains were serially
sectioned and stained with antibodies against PAX6 and
Ki67. We identified all sparsely labeled cell pairs in the
cortices that originated from individual dividing RGPs
by three-dimensional (3D) reconstruction (Fig. 4C,D; Sup-
plemental Movies S1, S2). In these experiments, PAX6*/
Ki67*, PAX67/Ki67*, and PAX67/Ki67~ cells correspond-
ed to RGPs, IPs, and neurons, respectively. As expected,
the majority of cell pairs in the control cortex contained
a bipolar RGP and a multipolar IP or neuron (Fig. 4C
[top], D [top], E; Supplemental Movie S1), indicating
asymmetric neurogenic division. In contrast, the vast ma-
jority of cell pairs in the Pard3 cKO cortex contained two
RGPs (Fig. 4C [bottom], D [bottom], E; Supplemental
Movie S2), indicating symmetric proliferative division.
Notably, the RGP pairs observed in the Pard3 cKO cortex
often exhibited a multipolar morphology and were locat-
ed outside the VZ (Fig. 4C, bottom; Supplemental Fig.
S3D). Together, these results suggest that PARD3 remov-
al leads to a switch in RGP division mode from asymmet-
ric neurogenic division to symmetric proliferative
division. This division mode switch would account for
the progressive overproduction of RGPs at the early phase
of cortical neurogenesis and the concomitant loss of ear-
ly-born deep layer neurons.

PARD3 regulates mammalian cortical development

Pard3 deletion promotes RGP differentiation and
accelerates neurogenesis at the late neurogenic phase

While the production of early-born neurons was reduced
due to abnormal symmetric proliferation of RGPs, the
cortical volume was increased with excessive late-born
neurons in the Pard3 cKO brain. These results indicate
an accelerated neurogenesis at the late embryonic stage.
To test this, we examined the embryonic production
of SATB2* neurons (Fig. 5A). At E15.5, the density of
SATB2" neurons in the Pard3 cKO cortex was significantly
lower than that in the control cortex (Fig. 5A [left], B). In
sharp contrast, at E17.5, the density of SATB2* neurons
in the Pard3 cKO cortex was substantially higher than
that in the control cortex (Fig. 5A [right], B). This accelerat-
edincrease in SATB2" neurons between E15.5and E17.5 in
the Pard3 cKO cortex occurred predominantly below the
CP (the future HC), whereas the rate of increase in the
CP (the future NC) was similar to that in the control cortex
(Fig. 5C). An accelerated production of CTIP2* neurons
was also observed in the Pard3 cKO cortex (Supplemental
Fig. S7). Together, these results suggest that PARD3 re-
moval leads to an accelerated neurogenesis at the late neu-
rogenic phase, predominantly producing superficial layer
neurons that occupy the future HC.

To further understand the cellular basis of the accelerat-
ed neurogenesis, we examined the division mode of RGPs
in vivo at the late neurogenic stage (i.e., after E15.5) by per-
forming in vivo clonal analysis (Fig. 5D). In the control
cortex, the vast majority of sparsely labeled cell pairs con-
tained a RGP and an IP or neuron (Fig. 5D [top], E [top], F;
Supplemental Movie S3), indicative of asymmetric neuro-
genic division. In contrast, in the Pard3 cKO cortex, a
large fraction of sparsely labeled cell pairs contained two
IPs or two neurons (Fig. 5D [bottom], E [bottom], F ; Sup-
plemental Movie S4), indicative of symmetric differentia-
tion/neurogenic division. Together, these results suggest
that PARD3 removal results in a switch in RGP division
mode from asymmetric neurogenic division to symmetric
differentiation division at the late neurogenic phase. No-
tably, PARD3 removal also led to a randomization of the
mitotic spindle orientation of dividing RGPs at or away
from the VZ surface (Supplemental Fig. S8), indicating
that PARD3 regulates the mitotic spindle orientation of
RGPs. Given the initial overproduction of RGPs, this
division mode switch would lead to an accelerated and ex-
cessive production of late-born neurons that largely con-
tribute to the heterotopia and enlarged cortex.

Temporally distinct alterations in RGP division coincide
with HIPPO signaling

Our results showed that PARD3 removal leads to tempo-
rally distinct changes in RGP mitotic behavior, raising the
intriguing question about the underlying mechanism of
the differences. Recent studies in cell cultures suggest
that cell polarity proteins, including PARD3, regulate
the HIPPO pathway (Lv et al. 2015; Zhang et al. 2016), a
conserved signaling pathway that controls cell prolifera-
tion and tissue development (Pan 2010; Yu and Guan
2013). To test whether HIPPO signaling is associated
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Figure 4. Pard3 deletion promotes RGP symmetric proliferation at early neurogenic phase. (A) Representative confocal images of E14.5
control and Pard3 cKO cortices stained for proliferating marker Ki67 (green) and EdU (red) and counterstained with DAPI (blue). A sche-
matic protocol of the cell cycle exit assay is shown at the top. High-magnification images (dashed squares) are shown at the bottom.
Arrows indicate Ki67*/EdU" progenitors, and arrowheads indicate Ki67~/EAU" post-mitotic cells. Bars: top, 30 nm; bottom, 5 pm.
(B) Quantification of the cell cycle exit index in control and Pard3 cKO cortices at E14.5. n =3 per genotype; unpaired two-tailed ¢-test
with Welch’s correction. In the box and whisker plot, the center line indicates the median, the box indicates the interquartile range,
and the whiskers indicate minimum and maximum. (C) Representative images of enhanced green fluorescent protein (EGFP)-expressing
retrovirus-labeled two-cell clones stained with EGFP (green), PAX6 (red), and Ki67 (gray) in E14.5 control and Pard3 cKO cortices. A sche-
matic protocol of the in vivo RGP division pattern assay is shown at the top. High-magnification images of representative clones (dashed
rectangles) are shown at the right. Dashed polygons indicate the cell bodies of EGFP-expressing cells. Note that the clone in the control
cortex is composed of one bipolar PAX6"/Ki67* RGP and one multipolar PAX67/Ki67~ neuron, whereas the clone in the Pard3 cKO cortex
is composed of two PAX6*/Ki67* RGPs with a multipolar morphology. Bars: left, 30 pm; middle, 15 nm; right, 5 nm. (D) Representative 3D
reconstruction images of a cortical hemisphere with all EGFP-labeled clones in control (top) and Pard3 cKO (bottom) embryos. Colored
lines represent the pial surface and the lateral ventricle. (Green filled circles) RGPs; (yellow filled circles) IPs; (red filled circles) neurons
(N). (E) The percentages of EGFP-labeled RGP-IP/neuron (green), IP-IP or neuron-neuron (red), and RGP-RGP (blue) clones in control (n =
4) or Pard3 cKO (n = 4) embryos at E14.5 ( test).

with abnormal behavior of RGPs in the Pard3 cKO cortex, naling usually results in decreased YAP expression and/or

we stained cortical sections with an antibody against
YAP, a major downstream effector of the HIPPO pathway
(Fig. 6; Pan 2010; Yu and Guan 2013). Suppression of HIP-
PO signaling typically leads to elevated YAP expression
and/or reduced YAP phosphorylation and thereby pro-
motes cell proliferation, whereas activation of HIPPO sig-
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increased YAP phosphorylation and facilitates cell differ-
entiation (Pan 2010; Yu and Guan 2013).

Interestingly, compared with the control, the expres-
sion of YAP in RGPs, including in the nucleus, was
increased (Fig. 6A,C)—whereas the expression of phos-
phorylated YAP (pYAP) in RGPs was significantly
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Figure 5. Pard3 deletion promotes RGP symmetric differentiation and accelerates neurogenesis at the late neurogenic phase. (A) Repre-
sentative confocal images of control and Pard3 cKO cortices stained for layer II/II[/V neuronal marker SATB2 (red) and counterstained
with DAPI (blue) at E15.5 (left) and E17.5 (right). Asterisks indicate SATB2* neurons located below the CP (i.e., the future “HC”). Bar,
30 um. (B) Quantification of the number of SATB2* cells per 200-um radial column of the control (blue; n=3) and Pard3 cKO (red; n =
4) embryos at E15.5 and E17.5 (unpaired two-tailed t-test with Welch’s correction). Data are presented as mean + SEM. (C) Quantification
of the ratio of SATB2" cells at E17.5 versus E15.5 per 200-pm radial column in the CP (left) and below the CP (right; i.e., the future “HC”) of
the control (n=3) and Pard3 cKO (n=4) embryos (unpaired two-tailed t-test with Welch’s correction). In the box and whisker plot, the
center line indicates the median, the box indicates the interquartile range, and the whiskers indicate minimum and maximum. (D) Rep-
resentative confocal images of EGFP-expressing retrovirus-labeled two-cell clones stained with EGFP (green), PAXG6 (red), and Ki67 (gray)
in E16.5 control and Pard3 cKO cortices. A schematic protocol of the in vivo RGP division pattern assay is shown at the top. High-mag-
nification images of representative clones (dashed rectangles) are shown at the right. Dashed polygons indicate the cell bodies of EGFP-
expressing cells. Note that the clone in the control cortex is composed of one bipolar PAX6*/Ki67* RGP and one multipolar PAX67/Ki67~
neuron, whereas the clone in the Pard3 cKO cortex is composed of two PAX67/Ki67" IPs. Bars: left, 30 um; middle in contro, top in Pard3
cKO, 15 um; right in control, bottom in Pard3 cKO, 5 pm. (E) Representative 3D reconstruction images of a cortical hemisphere with all
EGFP-labeled clones in control (top) and Pard3 cKO (bottom) embryos. Colored lines represent the pial surface and the lateral ventricle.
(Green filled circles) RGPs; (yellow filled circles) IPs; (red filled circles) neurons (N). (F) The percentages of EGFP-labeled RGP-IP/neuron
(green), IP-IP or neuron-neuron (red), and RGP-RGP (blue) clones in control (1 = 4) or Pard3 cKO (n = 4) embryos at E16.5 (x> test).

decreased (Fig. 6B,D)—in the Pard3 cKO cortex at E13.5. contrast, compared with the control, YAP expression in
These results suggest that PARD3 removal in RGPs leads RGPs was substantially reduced in the Pard3 cKO cortex
to decreased HIPPO activity at the early neurogenic stage, at the late neurogenic phase (Fig. 6E,F), consistent with ac-
which would promote excessive RGP proliferation. In celerated differentiation/neurogenesis at this stage.
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Figure 6. Pard3 deletion leads to temporally distinct alterations in the level of HIPPO signaling. (A) Representative confocal images of
E13.5 control and Pard3 cKO cortices stained for PAX6 (green) and HIPPO pathway effector YAP (red) and counterstained with DAPI
(blue). High-magnification images (dashed rectangles) of RGPs in the VZ (arrows; areas 1) and extra-VZ (filled arrowheads; areas 2) are
shown at the right. Open arrowheads indicate YAP expression in the blood vessel, which exhibits no obvious change between control
and Pard3 cKO cortices. High-magnification images, including those of individual RGPs (dashed lines), are shown at the right. Note
the increased nuclear YAP signals in RGPs in the VZ and extra-VZ upon Pard3 deletion. Bars: left, 30 pm; top right, 15 nm; bottom right,
2.5 nm. (B) Representative confocal images of E13.5 control and Pard3 cKO cortices stained for PAX6 (green) and phospho-YAP (red) and
counterstained with DAPI (blue). Bars: left, 30 nm; right, 15 pm. (C) Quantification of YAP staining signal intensity per RGP in the VZ and
extra-VZ of the control and Pard3 cKO cortices at E13.5. n =3 brains per genotype; unpaired two-tailed t-test with Welch’s correction.
(A.U.) Arbitrary unit. (D) Quantification of phospho-YAP staining signal intensity per RGP in the VZ and extra-VZ of the control and
Pard3 cKO cortices at E13.5. n = 3 brains per genotype; unpaired two-tailed t-test with Welch'’s correction. (E) Representative confocal im-
ages of E17.5 control and Pard3 cKO cortices stained for PAX6 (green) and YAP (red) and counterstained with DAPI (blue). Bars: left, 30 um;
right, 15 pm. (F) Quantification of YAP staining signal intensity per RGP in the VZ and extra-VZ of the control and Pard3 cKO cortices at
E17.5.n =3 brains per genotype; unpaired two-tailed ¢-test with Welch’s correction. For all box and whisker plots, the center line indicates
the median, the box indicates the interquartile range, and the whiskers indicate minimum and maximum.

Notably, no obvious change in the expression of YAP or HIPPO signaling regulation depends on both Pard3
pYAP in the blood vessels was observed (Fig. 6A,B,E, deletion and NOTCH activity
open arrowheads). Together, these results suggest that

PARD3 removal causes temporally distinct changes in Temporally distinct changes in YAP expression in Pard3-
HIPPO signaling in RGPs that coincide with the alter- deficient RGPs indicate that additional factors are critical
ations in their mitotic behavior. for HIPPO signaling regulation in response to PARD3
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removal. To explore this, we examined the role of
NOTCH signaling, a central signaling pathway in regulat-
ing RGP division and progeny output (Chenn and McCon-
nell 1995; Gaiano et al. 2000; Li et al. 2003; Petersen et al.
2004; Dong et al. 2012). NOTCH signaling activity is
thought to be high in RGPs to maintain their progenitor
identity. To test whether NOTCH activity is related to
temporally distinct changes in YAP expression and RGP
mitotic behavior upon PARD3 removal, we first examined
NOTCH activity in RGPs at different embryonic stages.
To achieve this, we took advantage of a well-characterized
NOTCH signaling activity reporter mouse line that con-
tains the consensus NOTCH effector C promoter-binding
factor 1 (CBFI; also called RBPJ) response element to di-
rect the expression of a nuclear-localized Venus fluores-
cent protein (CBF:H2B-Venus) (Nowotschin et al. 2013).
Using this reporter line, the endogenous NOTCH signal-
ing activity can be inferred based on Venus expression.
As expected, Venus expression was observed predomi-
nantly in the VZ, where RGPs reside (Supplemental Fig.
S9A). Moreover, the Venus intensity in RGPs progres-
sively decreased as development proceeded (Supplemen-
tal Fig. S9B), indicative of a gradual decrease in NOTCH
activity. Interestingly, the decrease in Venus expression
was most prominent between E14.5 and E15.5, suggest-
ing a sharp reduction in NOTCH signaling in RGPs at
E15.5 under normal conditions. Notably, this drastic
decrease in NOTCH activity temporally coincides with
HIPPO signaling change as well as the alteration in
RGP mitotic behavior in the Pard3 cKO cortex. These re-
sults are consistent with the notion that NOTCH activity
level influences HIPPO signaling and YAP expression
and/or phosphorylation in RGPs in response to PARD3
removal.

To directly test this, we examined whether enhanced
NOTCH signaling activity would promote YAP expres-
sion in RGPs lacking PARD3 at the late neurogenic stage.
We took advantage of the conditional Notch1 intracellular
domain expression allele R26-LSL-NICD, which allows
Cre recombinase-dependent expression of NICD with con-
stitutive signaling activity (Murtaugh et al. 2003). In addi-
tion, we used a tamoxifen (TM)-inducible cortical RGP-
specific Cre mouse line, Emx1-CreER (Kessaris et al.
2006), to selectively remove Pard3 as well as drive NICD
expression in a temporal-specific manner. To ensure effec-
tive removal of PARD3 toward the late neurogenic phase,
we treated timed pregnant single- or double-mutant mice
with a single dose of TM at E13.5 and examined YAP ex-
pression in the cortex at E17.5 (Fig. 7). Consistent with
our previous observation, YAP expression was reduced in
Pard3-deleted RGPs compared with the control (Fig. 7A
[top], B). Interestingly, while YAP expression in NICD-ex-
pressing RGPs did not obviously change, it was substan-
tially increased in Pard3-deleted and NICD-expressing
RGPs, especially in those located outside the VZ (Fig. 7A
[bottom], B). Together, these results suggest that PARD3
removal in conjunction with high NOTCH activity pro-
motes YAP expression in RGPs.

As expected on the basis of NOTCH and HIPPO signal-
ing activities, while the number of PAX6* RGPs was re-
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duced in the Pard3-deleted cortex, it was increased in the
NICD-expressing cortex compared with the control (Sup-
plemental Fig. S10A,B). Importantly, the number of
RGPs was further substantially increased in the Pard3-de-
leted and NICD-expressing cortex, especially outside the
VZ (Supplemental Fig. SI0A, asterisk). Notably, compared
with the control, the NOTCH signaling activity did not ex-
hibit any obvious change at the early neurogenic phase but
was significantly decreased at the late neurogenic phase in
the Pard3 cKO cortex (Supplemental Fig. S9C,D), indicat-
ing that NOTCH signaling does not change prior to
PARD3 removal. Together, these results suggest that
PARD3, NOTCH activity, and HIPPO signaling act syn-
ergistically in regulating RGP mitotic behavior.

To further test this, we examined whether the initial ex-
cessive proliferation of RGPs and the reduction in HIPPO
signaling upon PARD3 removal at the early neurogenic
stage were dependent on NOTCH activity. To suppress
NOTCH activity, we used a conditional deletion allele
of Rbpj (i.e., Cbf1) that encodes a transcriptional regulator
essential for NOTCH signaling (Han et al. 2002). We gen-
erated cortex-specific single or double knockout of Pard3
and Rbpj using Emx1-Cre. Notably, while we observed a
drastic overproduction and ectopic localization of PAX6*
RGPs in the Pard3 cKO cortex, there was a strong reduc-
tion of PAX6" RGPs and a concomitant increase
in TUJ1* post-mitotic neurons in the Pard3 and Rbpj
conditional double-knockout (Pard3;Rbpj cDKO) cortex,
similar to that in the Rbpj cKO cortex (Supplemental
Fig. SIOC-E). Moreover, YAP expression level was sig-
nificantly decreased in the Pard3;Rbpj c¢cDKO cortex
compared with the control (Supplemental Fig. SOE, F). To-
gether, these results suggest that the excessive RGP prolif-
eration and HIPPO signaling suppression at the early
neurogenic phase caused by PARD3 removal depend on
the relatively high NOTCH signaling.

Deletion of Yap and Taz fully suppresses giant
heterotopia formation

To further determine the functional role of HIPPO signal-
ing in driving defective RGP behavior and cortical malfor-
mation in the absence of PARD3, we took advantage of
the conditional deletion alleles of Yap and Taz (Reginensi
et al. 2013) and generated cortical-specific single, double,
or triple knockout of Pard3, Yap, or Taz using Emx1-Cre
(Fig. 8; Supplemental Fig. S10). Notably, simultaneous
deletion of Yap and Taz suppressed the drastic overpro-
duction and ectopic localization of PAX6* RGPs in
the Pard3 cKO cortex at the embryonic stage (Fig. 8A,B).
No obvious change in the density or localization of
RGPs was observed in the Yap and Taz single- or dou-
ble-cKO cortex (Fig. 8A,B). These results strongly suggest
that YAP and TAZ play an essential role in mediating
abnormal behavior and organization of RGPs lacking
PARDA3.

Strikingly, in contrast to the massive heterotopia for-
mation in the Pard3 cKO cortex, we observed no heteroto-
pia formation in the Pard3, Yap, and Taz conditional
triple-knockout (Pard3;Yap;Taz cTKO) cortex at the
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Figure 7. PARD3 and NOTCH signaling work synergistically to regulate HIPPO signaling. (A) Representative confocal images of E17.5
control (top left), Emx1-CreER;Pard3™" (top right), Emx1-CreER;R26-LSL-NICD (bottom left) and Emx1-CreER;Pard3"";R26-LSL-NICD
(bottom right) cortices stained for PAX6 (green) and YAP (red) and counterstained for DAPI (blue). A schematic protocol of TM induction is
shown at the top. High-magnification images (dashed squares) of the RGPs in the VZ and extra-VZ (filled arrows and arrowheads and in-
sets) are shown at the right. Open arrowheads indicate YAP signal in the blood vessel. Dashed circles indicate the cell bodies of represen-
tative RGPs in the extra-VZ. High-magnification images are shown in the insets. Note that the VZ and ectopic PAX6" cells in the Emx1-
CreER;Pard3™.R26-LSL-NICD cortex exhibit a strong YAP staining signal. Bars: left, 50 nm; right, 15 um; inset, 5 pm. (B) Quantification
of the YAP staining signal intensity per RGP in the VZ (left) and extra-VZ (right) at E17.5. n = 3 brains per genotype; unpaired two-tailed ¢-
test with Welch’s correction. (A.U.) Arbitrary unit. In the box and whisker plot, the center line indicates the median, the box indicates the
interquartile range, and the whiskers indicate minimum and maximum.

postnatal stage (Fig. 8C). Compared with the control, the
lamination was largely normal in the Pard3;Yap;Taz
cTKO cortex. There was no increase in the density of
superficial layer neurons; instead, we observed a relatively
small but significant reduction in the densities of both
superficial and deep layer neurons in the Pard3;Yap;Taz
c¢TKO cortex as well as in the Yap;Taz ¢cDKO cortex (Fig.
8D,E). Consistent with a previously reported role of YAP
in regulating the generation of ependymal cells that line
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the ventricle (Park et al. 2016), we observed a loss of epen-
dymal cells (Supplemental Fig. S10F) and severe hyhroce-
phalus (Fig. 8C, arrowheads) in the Yap;Taz ¢cDKO and
Pard3;Yap;Taz ¢cTKO brains, which may contribute to
the small decrease in cortical size. Together, these results
clearly suggest that cortical enlargement and massive het-
erotopia formation in the Pard3 cKO cortex depend on
YAP and TAZ, two essential transcriptional coactivators
of the HIPPO pathway.
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Figure 8. Yap and Taz deletion suppresses ectopic RGP generation and heterotopia formation in the Pard3-deficient cortex. (A) Repre-
sentative confocal images of E14.5 control, Pard3 cKO, Yap;Taz cDKO, and Pard3;Yap;Taz conditional triple-knockout (¢cTKO) cortices
stained for PAX6 (green) and counterstained for DAPI (blue). Asterisk indicates the ectopic PAX6* RGPs in the Pard3 cKO cortex. Bar,
30 pm. (B) Quantification of the number of PAX6"* cells per 200-um radial column in E14.5 control, Pard3 cKO, Yap;Taz ¢cDKO, and
Pard3;Yap;Taz cTKO cortices. n = 6 brains per genotype; unpaired two-tailed t-test with Welch'’s correction. (C) Representative nissl stain-
ing images of P12 control, Pard3 cKO, Yap;Taz ¢cDKO, and Pard3;Yap;Taz ¢cTKO brain sections. (Asterisks) Giant heterotopia; (arrow-
heads) defective VZ surface and hydrocephalus. Bar, 2.5 mm. (D) Representative confocal images of P12 control, Pard3 cKO, Yap;Taz
¢DKO, and Pard3;Yap;Taz cTKO cortices stained for layer V/VI neuronal marker CTIP2 (green) and layer II-IV neuronal marker CUX1
(red) and counterstained for DAPI (blue). Bar, 70 pm. (E) Quantification of the number of CTIP2* (top) and CUX1" (bottom) cells per
300-pm radial column in control, Pard3 cKO, Yap;Taz cDKO, and Pard3;Yap;Taz ¢ TKO cortices at P12. n = 6 brains per genotype; unpaired
two-tailed t-test with Welch’s correction. For all box and whisker plots, the center line indicates the median, the box indicates the inter-
quartile range, and the whiskers indicate minimum and maximum.

Discussion the molecular control of the orderly RGP behavior in the

embryonic cortex remains poorly understood. In this
Proper RGP organization and division are instrumental to study, we reveal for the first time that the temporally dis-
orderly neurogenesis and cortical development; however, tinct activities of PARD3 in concert with dynamic HIPPO
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and NOTCH signaling regulate RGP division and cortical
formation. At the early neurogenic phase, when NOTCH
activity is relatively high, PARD3 removal suppresses
HIPPO signaling and promotes RGP symmetric prolifera-
tion, leading to an excessive production of RGPs or RG-
like progenitors largely located outside the VZ at the ex-
pense of early-born deep layer neurons. In sharp contrast,
at the late neurogenic phase, when NOTCH activity is rel-
atively low, PARD3 removal enhances HIPPO signaling,
reduces NOTCH activity, and facilitates RGP symmetric
differentiation, resulting in an accelerated and overpro-
duction of late-born superficial layer neurons predomi-
nantly residing below the emerging cortex. As a result,
the mutant cortex is significantly enlarged with massive
SBH, and the mutant animal exhibits increased seizure
susceptibility. Simultaneous removal of YAP and TAZ,
two key transcriptional coactivators of the HIPPO path-
way, prevents RGP overproliferation and delocalization
in the absence of PARD3 and fully suppresses excessive
neurogenesis and giant heterotopia formation. Together,
our data define a key molecular and signaling program of
PARD3, HIPPO signaling, and NOTCH activity, which
act in concert to ensure orderly RGP division behavior
and neuronal production in the mammalian cortex.

Previous studies using shRNAs or morpholinos have
implicated PARD3 in regulating neural progenitor cell
division in vertebrates. However, its function appears to
be contrary in different systems (i.e., zebrafish vs. mice)
with regard to promoting the generation of progenitors
(proliferation) (Alexandre et al. 2010; Dong et al. 2012)
or neurons (differentiation) (Costa et al. 2008; Bultje
et al. 2009). Interestingly, we found that PARD3 removal
can facilitate either proliferation or differentiation of
RGPs, depending on the developmental stage, in conjunc-
tion with HIPPO and NOTCH signaling activities. Our
finding that PARD3 removal promotes RGP proliferation
at the early neurogenic stage (e.g., E13.5) is essentially op-
posite to the previous study showing that PARD3 knock-
down causes RGP premature cell cycle exit and depletion
(Costa et al. 2008). The temporally distinct function of
PARDS3 in regulating progenitor behavior has not been
suggested in the previous studies, including those in C.
elegans and Drosophila. Our data indicate that PARD3 ac-
quires complex functions in supporting RGP division and
orderly neurogenesis in the mammalian cortex.

A recently study in Madin-Darby canine kidney
(MDCK) epithelial or tumor cells suggested that PARD3
has a dual role in regulating HIPPO signaling, depending
on the cellular context (Zhang et al. 2016). Our data sug-
gest that NOTCH activity can be a key factor in determin-
ing the precise regulation of HIPPO signaling by PARD3.
Previous genome-wide analysis has implicated YAP as a
direct transcriptional target of NOTCH activity (Li et al.
2012). Notably, we found that elevated NOTCH activity
alone (e.g., NICD expression) is ineffective in promoting
YAP expression. On the other hand, elevated NOTCH ac-
tivity together with PARD3 removal strongly promotes
YAP expression. These results suggest that cellular organi-
zation such as polarity and junction formation related to
PARD3 expression is critical for HIPPO signaling regula-
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tion, consistent with their functional context in tissue de-
velopment and homeostasis (Pan 2010; Yu and Guan
2013). PARD3 has also been shown recently to regulate
the activation of TAZ (Lv et al. 2015), the other down-
stream transcription coactivator of the HIPPO pathway
(Pan 2010). As shown in our functional analysis, both
YAP and TAZ play a critical role in PARD3-dependent reg-
ulation of RGP behavior and cortical neurogenesis.

The initial excessive proliferation of RGPs upon
PARD3 removal occurs at E11-E12, prior to any obvious
defects in the organization of the VZ, including the integ-
rity of the apical VZ surface. While PARD3 has been
shown previously to be enriched at the VZ surface junc-
tion formed between the endfeet of neighboring RGPs
(Bultje et al. 2009), our data suggest that PARD3 is not es-
sential for the maintenance of existing junctions at the VZ
surface. Moreover, our data suggest that a primary func-
tion of PARD3 is to regulate progenitor division mode
and daughter cell fate specification in concert with
NOTCH and HIPPO signaling activities. On the other
hand, PARD3 is likely required for junction formation
by newly specified RGPs. As a result, overproduced
RGPs lacking PARD3 fail to form junctions at the VZ sur-
face (i.e., be anchored to the apical junction belt of the VZ)
and consequently become ectopically localized outside
the VZ. As time proceeds, accumulating RGPs become ec-
topically located, and the junction organization at the VZ
surface is progressively disrupted.

Of note, even when junction defects were observed to-
ward the late neurogenic stage, there was no drastic global
disorganization of the VZ in the Pard3 cKO cortex. This is
clearly distinct from the RhoA or junction gene (e.g., Cad-
herin2 or a-E-Catenin) mutant cortex (Cappello et al.
2012; Gil-Sanz et al. 2014; Schmid et al. 2014) despite
the fact that a similar SBH (but with no obvious cortical
enlargement) is observed. Due to the severe disruption
of the junction and VZ, dividing cells labeled by PHH3
in the embryonic RhoA or junction gene mutant cortex
are broadly dispersed. It is unclear whether the division
mode of RGPs in these mutant cortices exhibits any
changes. In contrast, many dividing cells in the embryonic
Pard3 cKO cortex remain aligned at the VZ surface (e.g.,
E15.5), as expected for dividing VZ RGPs, in addition to
those ectopically localized dividing cells. Therefore, our
data reveal that the initial switch in RGP division mode
producing excessive ectopically localized RGPs followed
by an accelerated neurogenesis triggers the formation of
massive SBH and an enlarged cortex. Consistent with
this, we found that simultaneous deletion of Yap and
Taz suppresses the excessive production and ectopic lo-
calization of RGPs due to Pard3 deletion and completely
prevents the formation of heterotopia. Our data not only
demonstrate that the overproliferation of RGPs depends
on HIPPO signaling but also show that RGP overprolifer-
ation is responsible for their delocalization away from the
VZ and the subsequent heterotopia formation.

While the overall thickness of the NC in the Pard3 cKO
brain is greatly reduced, the relative proportion of individ-
ual neuronal layers appears to be largely comparable with
the control cortex. On the other hand, the HC or



hetertopia is predominantly composed of late-born super-
ficial layer neurons. These results suggest that the progen-
itor origins of the NC and heterotopia are different. It is
intriguing that a normally laminated cortex consisting
of both superficial and deep layer neurons forms above
the massive heterotopia. The orderly production and mi-
gration of neurons occupying the NC likely occur in the
Pard3 cKO brain before E15.5, when the VZ and radial gli-
al fiber scaffold remain prominent. On the other hand, the
accumulating RGPs in the ectopic location undergo ex-
cessive proliferation and do not effectively generate neu-
rons initially. Remarkably, the heterotopia is completely
suppressed in the Pard3;Yap;Taz ¢TKO brain. In accor-
dance with this, the ectopic RGPs are greatly reduced in
the Pard3;Yap;Taz cTKO cortex at the embryonic stage.
These results confirm that the massive heterotopia origi-
nates from the ectopic RGPs. While cortical heterotopia
has been observed previously (Cappello et al. 2012; Gil-
Sanz et al. 2014; Schmid et al. 2014; Jossin et al. 2017),
our study defines the distinct progenitor origin of hetero-
topia as well as the underlying signaling mechanism.

The initial change in RGP mitotic behavior and the
adult phenotype in the Pard3 cKO cortex are reminiscent
of those in HeCo mice, which carry a retrotransposon in-
sertion in echinoderm microtubule-associated protein-
like 1 (Eml1) (Croquelois et al. 2009; Kielar et al. 2014).
It is intriguing that both PARD3 and EMLI1 are microtu-
bule-interacting proteins (Chen et al. 2013), indicating a
potential importance of microtubule regulation in RGPs
for division mode control. Interestingly, EML1 mutations
have been genetically linked to human megalencephaly
and giant ribbon-like heterotopia with epilepsy and intel-
lectual disability (Kielar et al. 2014). This relatively rare
type of cortical malformation is distinct from the classic
human SBH linked to mutations in genes encoding other
microtubules or microtubule-associated proteins predom-
inantly involved in controlling neuronal migration, such
as al-Tubulin (TUBA1A), Lissencephaly 1 (LIS1, also
known as PAFAH1B1), and Doublecortin (DCX) (Bizzotto
and Francis 2015). Notably, the etiology of megalence-
phaly in association with giant heterotopia in human pa-
tients remains largely unclear, as the cortex in HeCo mice
is not obviously enlarged (normocephalic). In comparison,
our study demonstrates that Pard3 deletion causes a dras-
tic cortical malformation that is highly reminiscent of hu-
man megalencephaly with giant ribbon-like heterotopia
as well as increased seizure susceptibility. Therefore,
our study highlights a progenitor origin of cortical malfor-
mation linked to progenitor organization and division
mode control and provides insights into the pathophysiol-
ogy of a severe atypical form of human disorder.

Materials and methods

Animals

The Pard3 knockout-first (Pard3t™14(KOMP/Wisi) embryonic stem
cell line (EPD0334_1_C04) was obtained from the International
Knockout Mouse Consortium. After confirmation, embryonic
stem cell clones were injected into C57BL/6] blastocysts, and
the resulting chimeras were crossed with C57BL/6] females to ob-
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tain germline transmission. The knockout-first allele was con-
verted to the conditional allele by crossing with B6.Cg-Tg
(ACTFLPe) mice (The Jackson Laboratory, stock no. 005703) to ex-
cise the gene trap cassette. The resulting Pard3™* conditional
mice were subsequently intercrossed to generate Pard3™ mice,
in which exons 8 and 9 were flanked by loxP sites. Deletion of ex-
ons 8 and 9 causes a frameshift in the subsequent exons. Emx1-Cre
(stock no. 005628) and Nex-Cre (Schwab et al. 2000) mice were
used to delete Pard3 in the cortex. R26-LSL-NICD mice (stock
no. 008159) were purchased from The Jackson Laboratory.
Emx1-CreER, Rbpj"™" CBF:H2B-Venus, Yap™", and Taz" (Regi-
nensi et al. 2013) mouse lines were kindly provided by
Dr. N. Kessaris (University College London, UK), Dr. B.G. Nov-
itch (University of California at Los Angles), Dr. A.K. Hadjantona-
kis (Memorial Sloan Kettering Cancer Center), Dr. Alexander
L. Joyner (Memorial Sloan Kettering Cancer Center), and Dr. Jeff
Wrana (The Lunenfeld-Tanenbaum Research Institute, Canada),
respectively. Genotyping was carried out using standard PCR pro-
tocols. The mice were maintained at the facilities of Memorial
Sloan Kettering Cancer Center, and all animal procedures were
approved by the Memorial Sloan Kettering Cancer Center Institu-
tional Animal Care and Use Committee. For timed pregnancies,
the plug date was designated as EOQ, and the date of birth was de-
fined as PO.

Tissue preparation, immunohistochemistry, confocal imaging,
and quantification

Embryonic or adult mice were transcardially perfused with 4%
ice-cold paraformaldehyde (PFA) in PBS (pH 7.4). Brains were dis-
sected out and post-fixed in 4% PFA solution for 4 h at 4°C. Coro-
nal sections were prepared at 20 um with a cryostat (Leica
Microsystem) or at 40 pm with a vibratome (Leica Microsystem).
Sections were blocked in 10% serum and 0.1% Triton-X in PBS
and incubated with the primary antibody overnight at 4°C. The
primary antibodies used included rabbit antibody to PARD3
(1:200 for immunofluorescence and 1:1000 for Western blots
[Sigma, HPA030443]), biotin-conjugated antibody to Isolectin B4
(1:500; Sigma, L2140), mouse antibody to SMI-312 (1:500; Biole-
gend, smi-312r), goat antibody to FOXP2 (1:200; Santa Cruz Bio-
technology, sc-21069), rat antibody to CTIP2 (1:200; Abcam,
ab18465), rabbit antibody to CUX1 (1:500; Santa Cruz Biotechnol-
ogy, sc-13024), rabbit antibody to SATB2 (1:500; Abcam,
ab92446), rabbit antibody to PAX6 (1:500; Biolegend, prb-278p),
mouse antibody to PAX6 (1:50; Developmental Studies Hybrid-
oma Bank, PAXG6s), chicken antibody to GFP (1:1000; Fisher,
GFP-1020), mouse antibody to Ki67 (1:200; BD Transduction Lab-
oratories, 610968), mouse antibody to TUJ1 (1:500; Covance,
MMS-435P), rabbit antibody to PCNT (1:500; Biolegend, prb-
432c¢), mouse antibody to ZO-1 (1:500; Fisher, 33-9100), mouse
antibody to N-Cadherin (1:200; BD Biosciences, 610920), rabbit
antibody to p-Catenin (1:200; BD Biosciences, 610153), rat anti-
body to TBR2 (1:200; eBioscience, 12-4875-12), mouse antibody
to YAP (1:200; Santa Cruz Biotechnology, sc-101119), rabbit anti-
body to phospho-YAP (1:200; Cell Signaling, 4911), mouse anti-
body to S100p (1:500; Thermo Fisher, MA1-25005), rabbit
antibody to OLIG2 (1:500; Millipore, AB9610), rat antibody to
phosphorylated histone H3 (1:200; Abcam, ab10543), rabbit anti-
body to BLBP (1:200; Abcam, ab32423), mouse antibody to P-
Vimentin (1:500; Abcam, ab22651), rabbit antibody to PTPRZ1
(1:1000; Sigma-Aldrich, HPA015103), rabbit antibody to TNC
(1:200; Abcam, ab108930), and rabbit antibody to FOX]J1 (1:200;
Invitrogen, 19-9965-80). EdU staining was performed according
to the manufacturer’s protocol (Life Technologies). Nuclei were
stained with DAPI (Sigma, D8417). Alexa fluor 488-, 546-, or
647-conjugated secondary antibodies (1:1000; Life Technologies)

GENES & DEVELOPMENT 777



Liu et al.

were used to visualize the signals of primary antibodies. For Nissl
staining, the 40-um vibratome sections were mounted onto posi-
tively charged plus slides and air-dried overnight. After the defat
step, slides were submerged briefly in staining solution (5 g/L cre-
syl violet acetate in 0.3 % acetic acid [Sigma-Aldrich]), dehydrated,
and mounted. Images were acquired with a confocal microscope
(Olympus, FV1000) or a brain scanner (Hamamatsu Photonics,
NanoZoomer 2.0-HT), and analyzed with Volocity (ImproVision),
Neurolucida (MBF Bioscience), and Photoshop (Adobe Systems).
Animals were assigned to groups according to the genotyping
results. Age-matched wild-type littermates were used as the con-
trols in all experiments. For cell number quantification, all cells
positive for the corresponding markers were counted in a 200-
pm width (embryonic) or 300-um width (postnatal) columnar
area from the lateral ventricle to the pial surface in similar regions
of the neocortex (embryonic) or the primary somatosensory cor-
tex (postnatal). At least three animals in each group and two sec-
tions in each hemisphere were analyzed in all experiments. Both
male and female mice were used in experiments. Data are pre-
sented as mean + SEM (standard error of the mean), and statistical
differences were determined using Student’s two-tailed t-test, x>
test, ANOVA test, or nonparametric Mann-Whitney test and
Kruskal-Wallis test. Statistic significance was set as P <0.05.

Cell cycle exit analysis

To label proliferating cells, pregnant females were injected intra-
peritoneally with 10 mg of EdU per kilogram of body weight. At
24 h after the injection, embryonic brains were collected, sec-
tioned, and stained with the antibodies to EAU and Ki67. The
cell cycle exit index was analyzed as the fraction of EdU*/Ki67~
cells among all EAU™ cells.

In vivo RGP division pattern assay

To sparsely label dividing RGPs at the VZ surface of the embryon-
ic cortex, serially diluted low-titer replication-incompetent
EGFP-expressing retroviruses were injected into the lateral ven-
tricle of embryos in utero as described previously (Yu et al.
2009). At 24 h after the injection, embryonic brains were collected
and serially sectioned using a vibratome (Leica Microsystem).
Consecutive sections covering the entire cortex were collected
and stained with the antibodies against EGFP, PAX6, and Ki67.
The entire cortices were reconstructed to recover all EGFP-la-
beled cell pairs by Neurolucida (MBF Bioscience) on an upright
microscope equipped with epifluorescence illumination and
cooled charge-coupled device camera (Zeiss).

Seizure susceptibility analysis

Seizure susceptibility analysis was carried out as described previ-
ously (Croquelois et al. 2009). In brief, Pard3 cKO mice and con-
trol littermates at 3-4 mo of age received intraperitoneal
injections of 1 mg/kg scopolamine methyl bromide (Sigma,
$8502) in sterile saline 30 min prior to pilocarpine injection to re-
duce its peripheral cholinergic effects. Subsequently, mice were
injected intraperitoneally with 300 mg of pilocarpine hydrochlo-
ride (Sigma, P6503) per kilogram of body weight in sterile saline.
Mice were observed continuously for 100 min after the injection,
and the most severe symptom was documented every 10 min.
Seizure severity was determined by the following five stages:
stage 0, normal; stage 1, single jerk; stage 2, multiple jerks; stage
3, violent convulsion; stage 4, generalized seizure; and stage 5,
death. Jerks refer to an uncontrolled shake of the neck and
head, convulsion refers to an uncontrolled shake of the whole
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body, and generalized seizure refer to the loss of consciousness
followed by generalized body stiffening for 30-60 sec.

MRI

Ex vivo MRI of 4% PFA fixed mouse brain specimens was per-
formed on a horizontal 7 Tesla MR scanner (BrukerBiospin, Biller-
ica) with a triple-axis gradient system. Images were acquired
using a quadrature volume excitation coil (72-mm diameter)
and a receive-only four-channel phased array cryogenic coil.
The specimens were imaged with skull intact and placed in a sy-
ringe filled with Fomblin to prevent tissue dehydration. High-res-
olution diffusion MRI data were acquired using a modified 3D
diffusion-weighted gradient and spin-echo (DW-GRASE) se-
quence (Wu et al. 2013) with the following parameters: echo
time (TE)/repetition time (TR)=33/400 msec, two signal averag-
es, field of view (FOV) =16 mm x 12.8 mm x 18 mm, resolution =
0.125 mm x 0.125 mm x 0.2 mm, two nondiffusion weighted im-
age (b), 10 diffusion directions, and b = 2000 sec/mm?. The total
imaging time was ~1 h for each specimen. From the diffusion
MRI data, the average diffusion-weighted images (DWIs) were
used to manually segment the entire brains. Diffusion tensors
(Basser and Jones 2002) were calculated using the log-linear fitting
method implemented in DTIStudio (http://www.mristudio.org)
at each pixel. The fractional anisotropy (Basser and Jones 2002)
maps generated from the diffusion tensor data provided strong
white matter and gray matter contrasts and were used to segment
the cortex and heterotopia. Structural volumes were calculated
based on the results of manual segmentation.
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