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PAR3 restricts the expansion of neural precursor cells by
regulating hedgehog signaling
Tomonori Hirose1,2,*, Yoshinobu Sugitani2,3, Hidetake Kurihara4,5, Hiromi Kazama1, Chiho Kusaka1,
Tetsuo Noda2,6, Hidehisa Takahashi1,* and Shigeo Ohno1,*

ABSTRACT

During brain development, neural precursor cells (NPCs) expand
initially, and then switch to generating stage-specific neurons while
maintaining self-renewal ability. Because the NPC pool at the onset
of neurogenesis crucially affects the final number of each type
of neuron, tight regulation is necessary for the transitional timing
from the expansion to the neurogenic phase in these cells. However,
the molecular mechanisms underlying this transition are poorly
understood. Here, we report that the telencephalon-specific loss of
PAR3 before the start of neurogenesis leads to increased NPC
proliferation at the expense of neurogenesis, resulting in disorganized
tissue architecture. These NPCs demonstrate hyperactivation of
hedgehog signaling in a smoothened-dependent manner, as well as
defects in primary cilia. Furthermore, loss of PAR3 enhanced ligand-
independent ciliary accumulation of smoothened and an inhibitor of
smoothened ameliorated the hyperproliferation of NPCs in the
telencephalon. Thus, these findings support the idea that PAR3 has
a crucial role in the transition of NPCs from the expansion phase to
the neurogenic phase by restricting hedgehog signaling through the
establishment of ciliary integrity.
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INTRODUCTION
Differentiated neurons do not proliferate, and therefore it is
necessary to generate and maintain a large reserve of neural
precursor cells (NPCs) in order to generate the vast number of
neurons during brain development (Lui et al., 2011; Rakic, 1995).
Indeed, during the initial expansion phase, NPCs exclusively
undergo proliferative symmetric divisions to generate a sufficiently
large pool of themselves. During the following neurogenic phase,
NPCs go through irreversible differentiative asymmetric divisions
to produce self-renewing NPCs as well as differentiated
intermediate progenitors or specific subtypes of neurons in a

developmental stage-specific manner (Miyata et al., 2010; Taverna
et al., 2014). During development of the mouse telencephalon, the
expansion and neurogenic phases correspond to approximately
embryonic days (E) 8.5-E10.5 and E10.5-E17.5, respectively
(Takahashi et al., 1999). Thus, to generate the appropriate number
and diversity of neurons, it is essential to control the timing of the
transition from the expansion to neurogenic phase of NPC division
at approximately E10.5. In mouse NPCs, several cellular
characteristics differ between these phases, including the location
of mitosis within the tissue (Haubensak et al., 2004; Miyata et al.,
2004), the proliferative capacity (Calegari, 2005) and the cleavage
plane orientation to the ventricular surface (Postiglione et al., 2011;
Shitamukai et al., 2011). Therefore, these complex cellular changes
need to be carefully orchestrated during the transition from the
expansion to the neurogenic phase (Miyata et al., 2010; Taverna
et al., 2014). This phase transition has been demonstrated to depend
on Notch (Hatakeyama et al., 2004) and FGF (Sahara and O’Leary,
2009) signaling, as well as all-trans retinoic acid secreted from the
meninges (Siegenthaler et al., 2009). However, our understanding
of the underlying mechanisms is still limited.

NPCs in the developing mouse telencephalon exhibit apicobasal
cell polarity and cell division characteristics that differ according to
their self-renewal capacity (Haubensak et al., 2004;Miyata et al., 2004;
Taverna et al., 2014). Undifferentiated NPCs have a highly polarized
and elongated morphology, and face the basement membrane and the
ventricle, where they repeat self-renewal divisions, and their nuclei are
tightly packed to form the ventricular zone (Taverna et al., 2014).
Another type of self-renewing NPC, outer subventricular zone
(OSVZ) progenitors, which possess only the basal processes without
the apical domains required to detach from the ventricle, was identified
in primates and other mammals (Fietz et al., 2010; Hansen et al.,
2010). Moreover, intermediate progenitors committed to the neural
lineage lost their apical domains and divided away from the ventricle to
produce pairs of neurons without self-renewal ability (Miyata et al.,
2004; Taverna et al., 2014). Given the importance of the balance
between these NPC subtypes, various proteins regulating apicobasal
cell polarity have been studied in the context of neurogenesis,
including atypical protein kinase Cλ (aPKCλ) (Imai et al., 2006),
Cdc42 (Cappello et al., 2006), Llgl1 (Jossin et al., 2017) and PAR3.
Among the evolutionarily conserved polarity regulators, PAR3
appears to have dual roles in the proliferation and differentiation of
mouse NPCs that differ in a developmental stage-specific manner.
During the early neurogenic phase, PAR3 is required for neurogenic
divisions by limiting Hippo signaling for self-renewal proliferation in
the mouse dorsal telencephalon (Liu et al., 2018), whereas it inhibits
neuronal differentiation by promoting proliferative divisions via Notch
signaling in the mid-neurogenic phase (Bultje et al., 2009; Costa et al.,
2008). Although such differences are crucial for the transition from the
expansion to the neurogenic phase during neurogenesis, the functions
of PAR3 during this phase transition have not been reported to date.
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The hedgehog (Hh) family of ligands, including sonic hedgehog
(Shh), function as mitogens by binding to the 12-pass
transmembrane receptor patched 1 (Ptch1), which is a negative
regulator for the seven-pass transmembrane protein smoothened
(Smo). Upon ligand binding, Ptch1 releases Smo, which then
mediates the activation of Gli transcription factors, resulting in the
induction of target genes (Briscoe and Thérond, 2013). In
vertebrates, the primary cilia provide an environment that is
essential for Hh signaling (Briscoe and Thérond, 2013; Goetz and
Anderson, 2010). Indeed, the ciliary localization of Ptch1, Smo and
Gli proteins is key for the regulation of Hh signaling (Corbit et al.,
2005; Haycraft et al., 2005; Rohatgi et al., 2007). Moreover, the
phenotypes observed in many human congenital disorders and
mutant animals with ciliary defects were linked to compromised Hh
signaling, ranging from blockade to inappropriate activation (Bangs
and Anderson, 2017; Goetz and Anderson, 2010). During mouse
brain development, Hh signaling is required for ventral telencephalic
patterning in the initial phase (Fuccillo et al., 2004; Rallu et al., 2002)
and maintenance of NPC proliferation during the neurogenic phase
(Komada et al., 2008; Palma and Ruiz i Altaba, 2004). In addition to
these stage-specific functional differences, a single-cell gene
profiling study revealed that Hh signaling activity was
significantly higher in undifferentiated NPCs than in committed
neural progenitors (Kawaguchi et al., 2008). Furthermore,
hyperactivation of Hh signaling induced robust NPC expansion
and neocortical growth (Matsumoto et al., 2020; Wang et al., 2016).
Together, these observations suggest that tight temporal regulation of
Hh signaling is essential for telencephalic development (Sousa and
Fishell, 2010; Yabut and Pleasure, 2018). However, little is known
about the mechanisms involved in this regulation.
Here, we show that mouse PAR3 is required for the appropriate

transition of NPCs from the expansion to the neurogenic phase in the
telencephalon by temporally regulating NPC proliferation. Loss of
PAR3 results in hyperproliferation of NPCs and hyperactivation of
Hh signaling with inappropriate accumulation of Smo in defective
primary cilia. Together with the effects of the inhibition of Smo, our
observations support the idea that PAR3 restricts NPC expansion
through the establishment of ciliary integrity in the apical domain.

RESULTS
Foxg1-Cre-mediated selective deletion of PAR3 in the
telencephalon
To study the role of PAR3 during the early neurogenic phase in the
telencephalon, we immunolabeled a neuron-specific βIII tubulin,
TuJ1 (Tubb3), in PAR3-deficient (Par3ΔE3/ΔE3) and control
forebrains at E11.5 (Fig. S1A,B). Although we found abnormal
neural layer development in the Par3ΔE3/ΔE3 telencephalon and
diencephalon (Fig. S1B), mid-gestational embryonic lethality
caused by defective cardiac development hampered further
analysis (Hirose et al., 2006). To circumvent the embryonic
lethality, we established a mouse line harboring a conditional
Par3 mutant allele (Par3floxE3; Fig. 1A-C) and employed a Foxg1-
Cre knock-in mouse line [Foxg1tm1(cre)Skm] to induce selective
deletion of the Par3 gene in the emerging telencephalic region
starting at approximately E8.0-E8.5 (Fig. S1C), before the
expansion phase (Hébert and McConnell, 2000). Because this
Foxg1-Cre mouse line exhibits size reduction of the dentate gyrus
caused by haploinsufficiency of the Foxg1 gene (Shen et al., 2006),
we compared the Foxg1+/Cre;Par3floxE3/ΔE3 conditional knockout
(referred to as Par3 cKO hereafter) embryos with Foxg1+/Cre;
Par3floxE3/+ embryos, as controls, unless otherwise indicated. We
examined PAR3 expression by immunofluorescence at E9.5. As

previously observed (Manabe et al., 2002), PAR3 was clearly
localized to the apical cell–cell junctions of neuroepithelial cells in
the control telencephalon and spinal cord (Fig. 1E,F). We confirmed
these PAR3 signals were markedly reduced in the Par3 cKO
telencephalon, but not in the spinal cord, with preservation of ZO-1
(Tjp1) at the apical cell–cell junctions (Fig. 1G,H). Next, we
examined PAR3 by immunoblotting proteins extracted from the
telencephalon at E10.5. The long isoform of PAR3 protein was
detected in control samples but was consistently decreased in all
Par3 cKO samples (Fig. 1D; *P=0.015 determined by two-tailed
Welch’s t-test; n=3). Furthermore, we obtained Par3 cKO embryos
almost at the expectedMendelian ratio throughout embryonic stages
E9.5 to E18.5 (26.3%; n=378/1436). These data indicate that our
Par3 cKO mouse line exhibits selective depletion of PAR3 in the
telencephalon prior to the onset of the neurogenic phase without
embryonic lethality.

Selective loss of PAR3 in the telencephalon enhances the
proliferation of NPCs and results in ectopic neurogenesis
Although the gross appearance of the Par3 cKO telencephalon at
E10.5 was indistinguishable from controls (Fig. S2A,B),
histological analysis revealed an irregular pial surface and thicker
telencephalic tissues (Fig. 2B). Alongside this abnormal tissue
architecture, the Par3 cKO telencephalon had densely packed nuclei
around the ventricle, indicating the formation of the ventricular
zone. To assess the proliferation and differentiation of embryonic
NPCs, the embryonic telencephalon was immunolabeled for pulse-
labeled 5-bromo-2′-deoxyuridine (BrdU) or TuJ1. In the control
telencephalon, as previously reported, many mitotic cells were
aligned at the ventricular surface, with BrdU-positive NPC nuclei
forming a zone on the outer side of the ventricular zone, and TuJ1-
positive neural cells forming the outermost layer in the
telencephalon (Fig. 2A). However, the Par3 cKO telencephalon
appeared to contain more BrdU-positive nuclei, which neither
formed a clear zone nor were distributed within the ventricular zone
(Fig. 2B). Moreover, TuJ1-positive neurons formed an irregular
layer on the outermost region and were also ectopically distributed
to the inner region (Fig. 2B, arrowheads). We also found many
mitotic cells ectopically localized between these TuJ1-positive
outermost and inner regions. These data indicate dysregulated
proliferation and differentiation of Par3 cKO NPCs before and
during the initiation of the neurogenic phase.

To investigate the consequence of these defects, we examined
embryos at later stages: E11.5 and E18.5. At E11.5, the control
neuronal layer continued to thicken normally during development,
and more BrdU-positive nuclei were aligned to the outer side of the
ventricular zone (Fig. 2D). In contrast, the Par3 cKO neuronal layer
developed an aberrant architecture, including many ectopic BrdU-
positive nuclei and mitotic NPCs (Fig. 2E). Moreover, a substantial
number of BrdU-positive nuclei formed a zone in the outer side of
the ventricular zone in a manner similar to controls. These
telencephalic phenotypes are highly reminiscent of those observed
in Par3ΔE3/ΔE3 brains (Fig. S1B); however, no apparent defects were
found in the Par3 cKO diencephalon (Fig. 2C,E). Although the size
of the Par3 cKO telencephalon at E18.5 was comparable to controls,
they displayed an irregular translucency and smaller olfactory bulbs
(Fig. 2F). Indeed, Par3 cKO telencephalic structures were severely
perturbed, with overall hypertrophy, resulting in smaller ventricles,
disturbed cortical layers and the formation of neural rosettes
(Fig. 2G, right). These data consistently demonstrated that Par3 cKO
NPCs had high proliferative activity, with preservation of their
differentiation potential into neurons to a certain extent. There were
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no viable Par3 cKO newborn pups (0/19 Par3 cKO pups from
13 litters), or failures to resuscitate after cesarean section at E18.5
(successful resuscitation in two litters examined:Par3 cKO pups, 0/3;
other littermates, 12/13), indicating neonatal lethality in Par3 cKO
pups. Importantly, conditional deletion of PAR3 with the Nestin-
Cre transgene (NesCreTg+;Par3floxE3/ΔE3) exhibited much milder
phenotypes (Fig. 2H,I) than those in the Par3 cKO telencephalon
(Fig. 2B,E). The observation that the Nestin-Cre transgene induced
NPC-selective recombination in the early neurogenic phase around
E11.5, about 3 days later than that of Foxg1-Cre (Fig. S1C,D) (Imai
et al., 2006), indicates that PAR3 has a crucial role in NPCs before
the neurogenic phase. Taken together, our observations indicate that
PAR3 is required for the appropriate regulation of NPC proliferation
within a narrow window of development to establish normal
telencephalic tissue architecture.

Impaired morphology and interkinetic nuclear migration of
Par3 cKO NPCs
The histological disorganization of the Par3 cKO telencephalon
prompted us to assess the radial alignment and bipolar morphology

of the NPCs. Immunofluorescence of the phosphorylated forms of
vimentin and nestin, or pericentrin can mark radial fibers and the
orientation of apical domains, respectively (Hansen et al., 2010;
Imai et al., 2006). In control telencephalons at E10.5 and E11.5,
we consistently confirmed that elongated NPCs were radially
aligned with apical domains facing the ventricle and dividing
mainly at the ventricular surface (Fig. 3A-C; Fig. S2C). These
observations are consistent with previous reports of interkinetic
nuclear migration (INM), i.e. the nuclei of NPCs translocate
toward the ventricular surface along the radially aligned cell
bodies during mitosis, and the daughter nuclei migrate away after
mitosis (Noctor et al., 2001; Sauer, 1935). In the Par3 cKO
telencephalon, many NPCs in the outer region displayed a
disturbed radial orientation with tangled processes (Fig. 3D-H;
Fig. S2D). Immunofluorescence of pericentrin and β-catenin
revealed many ectopic divisions of NPCs with rearranged cell–cell
junctions away from the ventricular surface (Fig. 3E,G,
arrowheads). Of note, Par3 cKO NPCs facing the ventricular
surface had no obvious perturbations in apical junctions at E10.5
(Fig. S2F), but junctional proteins were diminished in the lateral

Fig. 1. Foxg1-Cre-mediated conditional disruption of the
Par3 gene. (A) Schematic structure of the PAR3 protein with
the conserved oligomerization (CR1), three PDZ, and
aPKC-binding domains. The third coding exon (E3; 181 bp)
encodes amino acids 75-135. Black bars indicate the
antigenic regions for anti-PAR3 mAb (2G12) and pAb
(#07-330). (B) Restriction maps of wild-type, flox (Par3floxE3)
and deleted (Par3ΔE3) mouse Par3 alleles. The loxP
sequences are shown as magenta triangles. Black bars
indicate the position of the 5′ probe for the Southern blot
analysis shown in C. Ap, ApaI; Nc, NcoI; Nd, NdeI; Ns, NsiI;
RV, EcoRV. (C) Southern blot analysis of EcoRV- or
ApaI-digested genomic DNA from the original ESC clone and
four F1 pups derived from the chimeric mouse. The genomic
region corresponding to each band is indicated in B.
(D) Immunoblotting for PAR3 using anti-PAR3 pAb (07-330) in
total protein extracts from dissected telencephalons at E10.5.
The values below the bands show relative intensities of PAR3
normalized to GSK3β. The genotypes of control embryos are
Foxg1+/Cre;Par3floxE3/+ or Foxg1+/+;Par3floxE3/+. The white
arrowhead indicates extra bands exclusively detected in the
samples with, but not without, the recombined Par3ΔE3

allele generated by Foxg1-Cre. The deletion of the third
coding exon may induce a cryptic Par3 transcript.
(E-H) Immunofluorescence of PAR3, using anti-PAR3 mAb
(2G12), and ZO-1 in the telencephalon and spinal cord of
control and Par3 cKO littermates at E9.5 (22 somites each).
Scale bars: 10 μm.
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ganglionic eminence by E15.5 (Fig. S2H). Instead, some NPCs in
the outer region lost apical domains but extended basal processes
to the pial surface at E11.5 (Fig. 3H). Including ectopic NPCs,
Par3 cKO NPCs showed intense nuclear accumulation of
Sox2 and cleaved intracellular domain of Notch1, similar to

control telencephalon (Fig. 3I,J). These observations indicate
that, despite the abnormal morphology and distribution, ectopic
NPCs had preserved self-renewal activity at a level similar to that
of the other and control NPCs (Hansen et al., 2010; Mizutani et al.,
2007).

Fig. 2. Loss of PAR3 in the telencephalon results in hyperproliferation of NPCs and hypertrophy of the telencephalon. (A-E) Immunohistochemistry
of pulse-labeled BrdU and TuJ1, and Hematoxylin and Eosin (H&E) staining in coronal sections of control and Par3 cKO telencephalons at E10.5 (A,B) or
E11.5 (D,E). Arrowheads indicate mitotic figures. Schematic in C shows a coronal section of the forebrain including the telencephalon (Tel., blue),
diencephalon (Di., pink) and optic cup (green) at E11.5. (F) Whole-mount brains of control and Par3 cKO littermates at E18.5. Brackets and arrowheads
indicate telencephalons and olfactory bulbs, respectively. (G) H&E staining of coronal sections from control and Par3 cKO littermate telencephalons at E18.5.
(H,I) Immunohistochemistry of TuJ1, immunofluorescence of PAR3 and pulse-labeled BrdU, and DAPI staining in the telencephalons of control and Nestin-
Cre-mediated Par3 mutant telencephalons at E12.5 (H) or E14.5 (I). Arrowheads indicate PAR3 localized at cell–cell junctions of the ventricular surface. Red
and yellow boxes correspond to the regions magnified alongside. To cover wide areas, low (A,B) and high (G) power images were prepared by merging two
photos each. Scale bars: 50 μm (A,B); 0.5 mm (C); 200 μm (D,E,G-I); 1 mm (F).
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Fig. 3. Loss of PAR3 in the telencephalon perturbs tissue architecture and interkinetic nuclear migration. (A-H) Representative immunofluorescence
for pericentrin, vimentin phosphorylated on Ser55 (p-vimentin) and β-catenin in coronal sections of control and Par3 cKO telencephalons at E11.5. Dashed
rectangles correspond to the magnified regions alongside. Arrowheads indicate ectopic clustering of pericentrin. Arrows indicate a cell process extending
from a dividing NPC. (I,J) Representative immunofluorescence of p-vimentin and Sox2, or TuJ1 and NICD with DAPI staining in control and Par3 cKO
telencephalons at E11.5. Asterisks indicate regions containing ectopic NPCs. (K,L) Representative immunofluorescence of CldU, IdU and Sox2 in the dorsal
region of control and Par3 cKO littermate telencephalons at E10.5 and E11.5. CldU and IdU were administered 2 and 0.5 h before sacrifice, respectively.
Arrowheads and arrows indicate nuclei labeled with only CldU (G2-M) or IdU (early S), respectively. (M,N) Quantification of the nuclear positions labeled
with only CldU or IdU at E10.5 and E11.5. Two and three pairs of embryos were analyzed at E10.5 and E11.5, respectively, and the numbers of quantified
cells in each embryo are indicated. The boxplots represent the first and third quartiles with thick lines indicating median values. The whiskers represent
1.5 times the interquartile ranges or correspond to the minimum or maximum values. Black circles indicate outliers. Scale bars: 50 μm (A,D,I,J); 20 μm
(B,C,E-H,K,L).
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To examine further whether the INM was affected in Par3 cKO
NPCs, we examined the dorsal telencephalon by sequential labeling
with two thymidine analogs, 5-chloro-2′-deoxyuridine (CldU) and
5-iodo-2′-deoxyuridine (IdU), at 2 and 0.5 h before sacrifice. As
previously demonstrated (Takahashi et al., 1996), we considered that
NPCs labeled with CldU, but not IdU, had proceeded to the G2-M
phase. In addition, NPCs in early S phase should be labeled by IdU
only. Indeed, we readily identified NPCs in different phases of the
cell cycle in control and Par3 cKO dorsal telencephalons at E10.5
and E11.5 (Fig. 3K,L). At E10.5, the nuclei of control NPCs in early
S phase were localized away from the ventricle (median distance
38.0 μm; n=65) and reached the ventricular surface by the G2-M
phase (median distance 13.2 μm; n=72), reflecting appropriate INM
(Fig. 3K,M). In the control telencephalon at E11.5, alongside the
majority of NPCs showing clear INM, a portion of the NPCs in the
G2-M phase were distributed away from the ventricle (Fig. 3N,
outliers), suggesting the production of intermediate progenitor cells
(Noctor et al., 2004). In sharp contrast, Par3 cKO NPCs at E10.5
were broadly distributed throughout the telencephalon irrespective of
whether they were in the early S (median distance 35.1 μm; n=95) or
G2-M (median distance 20.5 μm; n=74) phase (Fig. 3K). We
observed further disorganization at E11.5 (Fig. 3L,N), confirming
severe INM disturbance in the Par3 cKO telencephalon. Thus, these
results suggest that the perturbed morphology, cell–cell junctions
and INM of Par3 cKO NPCs could be the cause of the histological
disorganization of the telencephalon.

Impaired regulation of the self-renewal and differentiation of
Par3 cKO NPCs at the beginning of the neurogenic phase
The above data revealed that many Par3 cKO NPCs ectopically
divided outside the ventricular zone. As shown in Fig. 4A-C,
quantitative analysis at E10.5 confirmed that most control NPCs in
the dorsal (91.8%, n=292/318; median distance 7.7 μm) and ventral
(92.1%, n=351/381; median distance 7.2 μm) telencephalon
divided within 30 μm of the ventricular surface, essentially
consistent with a previous report (Fujita et al., 2020). In contrast,
significantly fewer Par3 cKO NPCs divided within 30 μm of the
ventricular surface in the dorsal (59.8%, n=229/383; median
distance 13.8 μm) and ventral (45.6%, n=244/535; median
distance 45.7 μm) telencephalon. Other peaks of Par3 cKO NPC
divisions were found 75-90 μm away from the ventricle (Fig. 4B,C),
representing ectopic NPCs between the neural layers (Figs 2B, 3J).
Production of NPCs away from the ventricle could arise from the

altered cleavage plane orientation at the ventricular surface during
the expansion and early neurogenic phases (Shitamukai et al., 2011;
Yingling et al., 2008). To assess this, we analyzed the cleavage
plane orientation of NPC divisions at the ventricular surface at
E10.5 (Fig. 4D). Although 72.8% of control NPCs (n=49/81)
divided at 70-90° to the ventricular surface, significantly fewer
NPCs (54.2%, n=34/83) divided vertically in the Par3 cKO
telencephalon (Fig. 4E,F). Regarding perturbed cell–cell
junctions, these data suggest that the altered cleavage plane
orientation at the ventricular surface might also cause the
production of ectopic NPCs in the Par3 cKO telencephalon.
Several studies reported that the orientation of NPC divisions

affected the self-renewal and differentiation of their progeny (Fish
et al., 2006; Postiglione et al., 2011; Yingling et al., 2008). We
therefore performed pulse-chase analysis using BrdU combined
with immunofluorescence for self-renewal and differentiation
markers, Sox2 and TuJ1, respectively. As previously reported
(Takahashi et al., 1995) and observed in our preliminary analysis,
the cell-cycle length of NPCs was estimated at more than 8 h in the

telencephalon at E10.5. To analyze the fates of NPCs within a single
cell cycle, we pulse-labeled pregnant dams at day 10 postcoitum
with BrdU 8 h before sacrifice, and then the embryonic
telencephalons were co-immunolabeled with BrdU and the fate
markers indicated above (Fig. 4G). As shown in Fig. 4H, we clearly
identified BrdU-labeled cells positive for Sox2 or TuJ1 (black or
white arrowheads, respectively). We also observed single or double
layers of TuJ1-positive cells, indicating the beginning of the
neurogenic phase. Quantitative analysis of ventral but not dorsal
telencephalons revealed a significant increase in the self-renewal
activity of Par3 cKO NPCs (Fig. 4I,J). In ventral telencephalons,
control NPCs revealed that single divisions gave rise to 9.9% of
differentiated neurons and 90.1% of self-renewing daughter cells
(n=4 embryos). However, in Par3 cKO NPCs, the ratio of
differentiated neurons was significantly decreased to 6.6%, and
that of self-renewing daughters was reciprocally increased to 93.4%
(n=3 embryos). Because NPCs initially proliferate to self-renew
during the expansion phase and then start to differentiate into
neurons in the following neurogenic phase, a switch in the balance
between self-renewal and differentiation is necessary. Our
observations suggest that a larger proportion of Par3 cKO NPCs
maintained self-renewal activity compared with controls at the
beginning of the neurogenic phase. Taken together, these findings
indicate that PAR3 is required for the appropriate transition of NPCs
from the expansion to the neurogenic phase, especially in the ventral
telencephalon.

Hyperactivation of hedgehog signaling in Par3 cKO NPCs
To identify the molecular mechanisms responsible for the observed
defects in Par3 cKO NPCs, we analyzed signaling pathways
regulating the self-renewal and differentiation of NPCs, including
Notch (Hatakeyama et al., 2004; Shimojo et al., 2008), Shh
(Komada et al., 2008; Wang et al., 2016) and canonical Wnt
pathways (Hirabayashi et al., 2004; Woodhead et al., 2006). Using
quantitative reverse transcription-PCR (RT-qPCR), we analyzed
several downstream mRNAs for these pathways in the
telencephalon at E10.5. Among the mRNAs examined in Fig. 5A,
Hes5 and Gli1 were significantly increased in the Par3 cKO
telencephalon, suggesting the activation of Notch and Hh signaling
pathways. For confirmation, we analyzed several proteins involved
in these pathways in the telencephalon at E11.5 (Fig. 5B-F; Fig. S3).
Immunoblotting data, however, did not demonstrate the increased
accumulation of activated Notch1, the cleaved intracellular domain
(NICD; Fig. 5B), in the Par3 cKO telencephalon.We also examined
Numb protein, a negative regulator of the Notch signaling pathway;
however, we found no significant decrease in total Numb protein
and no increase in inhibitory phosphorylation in the Par3 cKO
telencephalon (Fig. 5B). In contrast, we consistently found a
significantly increased accumulation of Gli1 protein in the Par3
cKO telencephalon at E11.5 (Fig. 5C,D). Thus, these data
demonstrate that Hh signaling is hyperactivated in the Par3 cKO
telencephalon around the beginning of the neurogenic phase. Of
note, full-length Gli3 protein (Gli3FL) is primarily processed into a
repressor form (Gli3R) and Hh signaling counteracts this
conversion to generate a Gli3R gradient along the dorsoventral
axis of the telencephalon (Rallu et al., 2002; Wang et al., 2000).
Although we found that the ratio between Gli3FL and Gli3R was
higher in ventral than dorsal parts, no significant difference was
detected between Par3 cKO and control telencephalons in both
parts (Fig. 5E,F). These data suggest that the processing of Gli3FL
into Gli3R is not significantly affected in both parts of the Par3 cKO
telencephalon at E11.5.
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Next, we clarified how Hh signaling was compromised in Par3
cKO NPCs. To achieve this, we took advantage of primary
neurosphere cultures to expand NPCs exclusively (Nagao et al.,
2008; Reynolds and Weiss, 1996), and inhibited Hh signaling with
SANT-1, a direct Smo antagonist (Chen et al., 2002) (Fig. 5G). We
prepared primary neurospheres from Par3 cKO and control
telencephalons at E11.5 and treated them with various
concentrations of SANT-1 for 1 day. RT-qPCR analysis revealed
a significant increase in mRNAs of the downstream targets of Hh

signaling, Gli1 and Ptch1, but not those of upstream molecules, in
the neurospheres derived from the Par3 cKO telencephalon
(Fig. 5H). These results indicate that neurospheres faithfully
mimic the hyperactivation of Hh signaling observed in vivo. Of
note, Hes5 mRNA was not significantly changed in the Par3 cKO
neurospheres, suggesting that increased Hes5 mRNA detected in
whole telencephalons (Fig. 5A) might have resulted from a higher
proportion of NPCs in Par3 cKO telencephalons than controls at
E10.5. Treatment of Par3 cKO neurospheres with 5 nM SANT-1, a

Fig. 4. Loss of PAR3 in NPCs affects the cleavage plane orientation and promotes proliferative divisions. (A) Representative immunofluorescence of
phosphorylated histone H3 at Ser10 (pHH3) and N-cadherin (cadherin 2), and DAPI staining in coronal sections of control and Par3 cKO telencephalons at
E10.5 (38 and 35 somites, respectively). Arrowheads indicate ectopic mitotic figures. (B,C) Quantification of the mitotic nuclear positions in dorsal and ventral
telencephalons at E10.5. Three embryos were analyzed each for control and Par3 cKO telencephalons, and the numbers of quantified cells are indicated.
(D) A representative mitotic NPC immunolabeled for pHH3 and N-cadherin, and DAPI staining. The angle between the cleavage plane and the ventricular
surface (indicated by double-headed arrow) was quantified. (E,F) Quantification of the cleavage plane orientation for mitotic NPCs at the ventricular surface of
control and Par3 cKO telencephalons at E10.5. Three embryos were analyzed for each genotype, and the numbers of analyzed NPCs are indicated.
(G) Schematic of the experimental protocol used to analyze the fate of newly divided NPCs. Neu, neuron. (H) Representative immunofluorescence for BrdU
labeling 8 h before sacrifice, TuJ1 and Sox2 in control (38 somites) and Par3 cKO (36 somites) littermate telencephalons at E10.5. Black or white arrowheads
indicate BrdU-labeled cells positive for Sox2 or TuJ1, respectively. (I,J) Quantification of the cell fate analysis in four control and three Par3 cKO telencephalons
from two litters at E10.5. The numbers of analyzed BrdU+ nuclei are indicated. The bars and whiskers represent mean values and s.d., respectively. P-values
were determined with the Brunner–Munzel test (B,C,E,F) or two-tailed Welch’s t-test (I,J). Scale bars: 100 μm (A); 5 μm (D); 20 μm. (H).
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Fig. 5. Loss of PAR3 in NPCs results in hyperactivation of Hh signaling. (A) RT-qPCR analyses for the indicated mRNAs in dissected telencephalons at
E10.5. The numbers of analyzed embryos are indicated. (B-F) Immunoblot analysis of the indicated proteins in dissected whole (B-D), dorsal (d) and ventral
(v) (E,F) telencephalons at E11.5. GSK3β or Sox9 were used as loading controls. The IDs of control and Par3 cKO embryos are labeled in white and black,
respectively. The genotypes of control embryos are Foxg1+/Cre;Par3ΔE3/+ (39-01, 39-02, 39-03, 39-05) or Foxg1+/Cre;Par3floxE3/+ (the others). (G) SANT-1
directly binds to and inhibits Smo in the Hh signaling pathway. (H) RT-qPCR analyses of primary cultured neurospheres derived from telencephalons of
three control and four Par3 cKO embryos at E11.5. Neurospheres on day 3 were incubated for 24 h with vehicle (DMSO) or SANT-1 at the indicated
concentrations. The bars and whiskers in all graphs represent mean values and s.d., respectively. P-values were determined by the two-tailed Welch’s t-test.
n.s., not significant.
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much lower concentration than the IC50 (20 nM) used in previous
reporter assay studies (Chen et al., 2002), inhibited the accumulation
of Gli1 mRNA to a level similar to that observed in control
neurospheres without SANT-1. Moreover, treatment with 40 nM
SANT-1 almost completely blocked Gli1 mRNA accumulation
in both neurospheres, consistent with the Smo-dependent
autoregulatory function of Gli1 transcription factor (Vokes et al.,
2007). This contrasts with a previous report showing that
aPKC phosphorylated Gli1 and enhanced DNA-binding activity
to induce Gli1 transcription by itself in a Smo-independent manner
(Atwood et al., 2013); aPKC forms an evolutionarily conserved
complex with PAR3 that is required for controlling cell polarity
(Ohno et al., 2015). Treatment with SANT-1 similarly inhibited,
but did not completely block, the accumulation of Ptch1 mRNA in
the Par3 cKO neurospheres. Although we did not detect a
significantly increased accumulation of Ptch1 mRNA in the Par3
cKO telencephalon at E10.5, the results in neurospheres derived
from telencephalons at E11.5 suggest that the accumulation of
Ptch1 mRNA might be followed by increased Gli1 mRNA
expression (Fig. 5G). These observations reveal that Smo activity
is required for the hyperactivation of Hh signaling in Par3 cKO
NPCs.

PAR3 is required for ciliary integrity to restrict smoothened
in primary cilia
Next, we investigated which step in Hh signaling was compromised
in the Par3 cKO telencephalon. Although we assessed the
expression pattern and intensity of Shh in the ventral
telencephalons at E10.5, we did not observe any difference
between Par3 cKO and control embryos (Stoykova et al., 2000)
(Fig. S4A,B). Staining of NPCs for several marker proteins of
dorsoventral telencephalic regions confirmed the establishment of
sharp pallial-subpallial boundaries in Par3 cKO and control
telencephalons at E11.5 (Englund, 2005; Guillemot and Joyner,
1993; Toresson et al., 2000) (Fig. S4C-F). Next, we focused on
Ptch1 and Smo in primary cilia. In vertebrates, although cilia-
localized Ptch1 excludes Smo, Shh binding to Ptch1 allows Smo to
be localized to cilia and activate downstream Hh signaling (Fig. 6K)
(Bangs and Anderson, 2017; Corbit et al., 2005; Rohatgi et al.,
2007). In addition, PAR3 is required for the biogenesis of primary
cilia in cultured epithelial cells (Sfakianos et al., 2007). Therefore,
we examined primary cilia in the apical domain of NPCs that
comprise the ventricular surface of the telencephalon by finite
super-resolution confocal microscopy at E10.5 (Borlinghaus and
Kappel, 2016). In control ventricles, en face images demonstrated
that many primary cilia had an elongated club-like shapewith a neck
and were associated with the basal bodies in NPCs (Fig. 6A).
Although every Par3 cKO NPC developed primary cilia associated
with the basal bodies, we found many shorter cilia without apparent
necks (Fig. 6B). Quantitative analysis supported the observation
that the primary cilia in Par3 cKO NPCs were significantly shorter
than those in controls (median length 1.01 μm versus 1.12 μm;
n=211 versus n=152; Fig. 6C). Scanning electron microscopy
demonstrated further that many Par3 cKO NPCs had shorter and
bullet-shaped primary cilia, whereas most control NPCs had an
elongated club-like shape with a neck (Fig. 6D,E). These
observations suggest that the integrity of the primary cilia is
compromised in Par3 cKO NPCs.
Even subtle defects in ciliary integrity have been reported to

possibly result in the activation or inhibition of Hh signaling (Bangs
and Anderson, 2017). The hyperactivation of Hh signaling can be
caused by the ciliary exclusion of Ptch1 and/or a dysregulated

ciliary concentration of Smo. To assess whether the ciliary
regulation of Hh signaling depends on PAR3, we examined the
ciliary localization of YFP-tagged Ptch1 and Smo (Milenkovic
et al., 2009; Rohatgi et al., 2007) in Flp-In 3T3 cell lines expressing
each protein via site-specific recombination into the single Flp
recombination target site (Dorn et al., 2012). Immunoblotting and
immunofluorescence analyses revealed a reduction of PAR3 by
transient transfection with two independent siRNAs in the
established Flp-In-3T3/Ptch1-YFP and Flp-In-3T3/YFP-Smo cell
lines (Fig. 6F,G,I). Serum-starvation for 18 h with 0.5% calf serum
successively induced the formation of primary cilia (Schneider
et al., 2005) in cell lines transfected with the non-silencing control
(NS Ctrl) or Par3-targeting siRNAs (Fig. 6G,I). As previously
reported (Rohatgi et al., 2007), Ptch1-YFP localized to the tips and
bases of primary cilia in Flp-In-3T3/Ptch1-YFP cells transfected
with NS Ctrl siRNA (Fig. 6G). Two independent siRNAs targeting
Par3 did not consistently diminish this localization pattern or the
concentration of Ptch1-YFP in primary cilia (Fig. 6G,H; Fig. S5E).
In addition, stimulation of these cells with 20 nM of recombinant
Shh-N C24II mutant, which is eightfold more potent than wild-type
Shh (Taylor et al., 2001), similarly reduced the ciliary localization of
Ptch1-YFP irrespective of the transfected siRNA (Fig. S5A-D).
Together with the observations showing high Ptch1 mRNA
accumulation in the Par3 cKO neurospheres (Fig. 5E), these data
suggest that the loss of PAR3 does not hyperactivate Hh signaling
by impacting Ptch1 activity.

Finally, we assessed the ciliary localization of YFP-Smo
following the reduction of PAR3. As expected (Milenkovic et al.,
2009), few control cells displayed ciliary localization of YFP-Smo
without stimulation (Fig. 6I; Fig. S5F; NS Ctrl). In contrast, two
independent siRNAs targeting Par3 significantly increased ciliary
accumulation of YFP-Smo without stimulation (Fig. 6I,J; Fig. S5F;
Par3 RNAi/H2, M2). Notably, stimulation with 10 nM SAG1.3, a
direct agonist of Smo (Chen et al., 2002), induced greater
accumulation of YFP-Smo in these cells irrespective of the
transfected siRNA (Fig. S5G-I). Collectively, these findings
demonstrate that PAR3 has a crucial role in restricting ciliary Smo
localization to regulate Hh signaling through the establishment of
ciliary integrity (Fig. 6K). To confirm this idea in vivo, we compared
ciliary Smo intensities between Par3 cKO and control
telencephalons at E11.5. We employed finite super-resolution
confocal microscopy to quantitatively observe ciliary Smo with
IFT88, a ciliary marker protein used as a control (Pazour et al., 2002)
(Fig. 7A). In dorsal and ventral ventricles, we detected significantly
higher Smo intensities in primary cilia of Par3 cKO telencephalons
than controls at E11.5 (Fig. 7B). These data suggest that PAR3 is
required for the appropriate exclusion of Smo from primary cilia in
the telencephalon.

To address whether the hyperactivation of Hh signaling has a
causative role in the phenotypes observed in the Par3 cKO
telencephalon, we injected cyclopamine, a direct Smo inhibitor, or
vehicle alone to pregnant dams at day 9.5 postcoitum, and then
analyzed embryonic telencephalons at E10.5 (Chen et al., 2002;
Incardona et al., 1998; Palma and Ruiz i Altaba, 2004). We
confirmed the successful but partial inhibition of Hh signaling by
cyclopamine in the limb buds of embryos by RT-qPCR for Gli1
mRNA (Fig. 7C). Immunofluorescence of phosphorylated histone
H3 at Ser10 and BrdU pulse-labeled 30 min before sacrifice
revealed that the proportion of NPCs in M phase was significantly
decreased by cyclopamine in Par3 cKO dorsal telencephalons
(mean 10.9% versus 13.1%, n=3 embryos each; Fig. 7D,E) to a level
similar to that in control embryos treated with vehicle (mean 10.4%,
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Fig. 6. Loss of PAR3 perturbs ciliary integrity and leads to dysregulated localization of Smo in primary cilia. (A,B) Representative whole-mount
immunofluorescence of Arl13b, pericentrin and β-catenin in control (35 somites) and Par3 cKO (36 somites) littermate telencephalons at E10.5. Finite
super-resolution confocal images were acquired en face, and maximal intensity projection images were prepared from deconvoluted images. (C) Quantification
of ciliary length in telencephalons of three pairs of control and Par3 cKO embryos from four independent litters at E10.5. The numbers of quantified cilia are
indicated. (D,E) Representative scanning electron microscopy of the ventricular surface of control and Par3 cKO littermate (32 somites each) telencephalons
at E10.5. White and black arrowheads indicate bottle neck-like and bullet-shaped cilia, respectively. (F) Immunoblotting of PAR3 in Flp-In-3T3/Ptch1-YFP
cells transfected with the indicated siRNAs. Arrowheads indicate the PAR3 isoforms expressed in fibroblasts. GSK3β was used as a loading control.
(G,I) Immunofluorescence of PAR3, YFP and acetylated α-tubulin, and DAPI staining in Flp-In-3T3/Ptch1-YFP (G) or Flp-In-3T3/YFP-Smo cells (I) transfected
with the indicated siRNAs. (H,J) Quantification of the ciliary intensity of Ptch1-YFP (H) or YFP-Smo (J) in each group of cells transfected with the indicated
siRNAs. The cilia on PAR3-negative cells were analyzed for Par3 RNAi/H2 and M2 cells. (K) PAR3 restricts the ciliary localization of Smo in the Hh signaling
pathway. Boxplots represent the first and third quartiles with thick lines indicating median values (C,H,J). The whiskers represent 1.5 times the interquartile
ranges or correspond to the minimum or maximum values. The Brunner–Munzel test was used to determine P-values (C,J). Scale bars: 1 μm (A,B); 500 nm
(D,E); 5 μm (G); 20 μm (I).
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Fig. 7. Hyperactivation of Smo activity promotes increased NPC proliferation in the Par3 cKO telencephalon. (A) Representative whole-mount
immunofluorescence of Smo and IFT88 in control and Par3 cKO telencephalons at E11.5. Finite super-resolution confocal images were acquired en face,
and ciliary signals are shown in deconvoluted single slices. Scale bar: 2 μm. (B) Quantification of the ciliary accumulation of Smo in telencephalons of four
control and Par3 cKO embryos each. Dorsal and ventral parts were separately analyzed, and the numbers of analyzed cilia are indicated. Horizontal lines
represent median values. (C) RT-qPCR analyses for the indicated mRNAs in limb buds of Par3 cKO embryos treated with cyclopamine (CPN) or vehicle
alone. The numbers of analyzed embryos are indicated. (D) Representative immunofluorescence of phosphorylated histone H3 at Ser10 and pulse-labeled
BrdU, and DAPI staining in coronal sections of the dorsal telencephalon of Par3 cKO embryos with or without cyclopamine treatment and a control embryo at
E10.5 (34, 32 and 34 somites, respectively) treated with the indicated reagents. Scale bars: 50 μm. (E,F) Quantification of mitotic cells (E) and nuclear
positions (F) in dorsal parts of Par3 cKO and control telencephalons at E10.5 treated with CPN or vehicle alone. Each of three Par3 cKO and four control
embryos was used to analyze 737-2227 cells per embryo (E) or the numbers of cells indicated (F). P-values were determined by the Brunner–Munzel test
(B,F) or two-tailed Welch’s t-test (C,E). (G) Schematic of the role of PAR3 in the transition of NPCs from the expansion to the neurogenic phase. Mouse
telencephalic NPCs exclusively proliferate at approximately E8.5-E10.5 (expansion phase) and shift to produce neurons at approximately E11.5-E18.5
(neurogenic phase). Hh signaling activity is maintained at a high level in the expansion phase, whereas it is reduced in the following neurogenic phase.
PAR3 restricts Hh signaling in NPCs through the establishment of ciliary integrity to induce the transition from the expansion to the neurogenic phase at the
proper developmental time.
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n=4 embryos). However, the proportions of ectopic NPCs were not
significantly altered by cyclopamine (Fig. 7F), suggesting that this
phenotype was not as sensitive as the proliferation measure, or that
many NPCs were already detached from the ventricle by E9.5.
Nonetheless, these observations support the idea that the Smo-
dependent hyperactivation of Hh signaling increases NPC
proliferation in the Par3 cKO telencephalon.

DISCUSSION
During brain development, the final number of neurons is highly
dependent on the size of the NPC pool at the onset of neurogenesis.
Thus, the timing of the transition from the proliferative to the
neurogenic division phase is tightly controlled in NPCs (Miyata
et al., 2010; Rakic, 1995; Taverna et al., 2014). Here, we
demonstrated that PAR3 is required for this appropriate transition
by restricting proliferative NPC divisions during early telencephalic
development, especially in the ventral region. Moreover, PAR3 has
crucial roles in the regulation of ciliary integrity and the repression
of Smo activity in primary cilia. These observations support the idea
that PAR3 restricts Hh signaling in NPCs to induce the transition
from the expansion to the neurogenic phase for proper development
of the telencephalon (Fig. 7G).
The Par3 cKO telencephalon and primary cultured NPCs showed

robust activation of Hh signaling (Fig. 5A,C,E). Consistent with the
effect of Hh signaling on the proliferation of several types of NPCs,
including those in dorsal and ventral telencephalon (Komada et al.,
2008; Matsumoto et al., 2020; Wang et al., 2016), we demonstrated
that the hyperactivation and hyperproliferation in Par3 cKO NPCs
depends on Smo activity (Figs 5E, 7E). We further showed the
requirement of PAR3 to restrict ciliary localization of Smo in the
telencephalon (Fig. 7B). On the basis of these findings, along with
our observations demonstrating defective ciliary development in
Par3 cKO NPCs (Fig. 6B,E), we propose that PAR3 restricts Hh
signaling by establishing ciliary integrity in NPCs in the developing
telencephalon, thereby controlling ciliary Smo localization
(Fig. 7G). This is consistent with previous reports demonstrating
crucial roles of PAR3 in the biogenesis of the primary cilium and the
establishment of apical domain integrity in several types of
polarized cells (Hirose et al., 2006; Horikoshi et al., 2009;
McCaffrey and Macara, 2009; Sfakianos et al., 2007). In
particular, molecular interaction between PAR3 and KIF3a, a
subunit of the anterograde kinesin-2 motor complex, has been
shown to be required for ciliary development in MDCK cells
(Sfakianos et al., 2007). Because ciliary Smo localization was
induced by Shh-dependent association with KIF3a (Kovacs et al.,
2008), it is plausible that PAR3 competes with Smo for association
with KIF3a, thereby restricting ciliary Smo localization.
Previous studies in mouse NPCs indicate that PAR3 promotes

neurogenic divisions during the early neurogenic phase and
proliferative divisions in the mid-neurogenic phase, in a
developmental stage-specific manner (Bultje et al., 2009; Costa
et al., 2008; Liu et al., 2018). In this study, two different Par3
mutant mouse lines (Foxg1+/Cre;Par3ΔE3/floxE3 and NesCreTg+;
Par3ΔE3/floxE3) were used to extend our knowledge of the stage-
specific roles of PAR3 in NPC proliferation (Fig. 2). In particular,
our results reveal that PAR3 is required for the restriction of NPC
proliferation to a narrow time window to permit neurogenic division
for the appropriate transition from the expansion to the neurogenic
phase (Fig. 7G). Because a limited number of molecules have been
shown to be involved in this phase transition, the function of PAR3
sheds new light on the basic mechanisms underlying the
development of the telencephalon.

Analyses of several mouse mutants and human ciliopathies
revealed that primary cilia in NPCs are required for cerebral
development by controlling apicobasal cell polarity, mitotic spindle
orientation, proliferation and differentiation (Guemez-Gamboa et al.,
2014; Liu et al., 2021;Willaredt et al., 2013). Moreover, it was shown
that some ciliary proteins, including Arl13b, KIF3a and IFT88, have
crucial roles in brain development, particularly before the neurogenic
phase (Higginbotham et al., 2013; Snedeker et al., 2017; Tong et al.,
2014; Wilson et al., 2012). Previous (Liu et al., 2018) and current
results are in intriguing agreement with the stage-specific function of
PAR3 in the regulation of NPC proliferation during similar
developmental stages. This suggests that a mechanism involving
PAR3 in primary cilia might also be involved in the transition from
the expansion to the neurogenic phase during neurogenesis.

Recent studies have indicated that the generation of various types
of NPCs during telencephalic development involved several cellular
mechanisms, including the regulation of apical cell–cell junctions,
INM, and cleavage plane orientations (LaMonica et al., 2012;
Matsuzaki and Shitamukai, 2015; Taverna et al., 2014). In particular,
increased oblique cleavage plane orientations enhanced the
production of OSVZ progenitors during the development of mouse
and ferret telencephalons (Martínez-Martínez et al., 2016;
Shitamukai et al., 2011). We observed dysregulation of INM and
cleavage plane orientations (Figs 3K-N, 4D-F), as well as the
overproduction of self-renewing NPCs dividing away from the
ventricle (Figs 3D-J, 4A-C). Considering that these characteristic
phenotypes are induced by deletion of the Par3 gene in a stage-
dependent manner, our observations imply that hypertrophy in the
Par3 cKO telencephalon resulted from the enhanced production of
OSVZ progenitor-like cells during a specific developmental time
window. This hypothesis is supported by previous reports showing
that human and ferret OSVZ progenitors lost PAR3 expression (Fietz
et al., 2010), and that Par3mRNA expression in the ventricular zone
tended to be downregulated concomitant with the transient peak of
OSVZ progenitor production during ferret telencephalic development
(Martínez-Martínez et al., 2016). Indeed, we observed Par3 cKO
NPCs with OSVZ progenitor-like morphology (Fig. 3H) and the
expression of marker proteins, including Sox2, NICD and Pax6
(Fig. 3J; Fig. S4D), in the telencephalon. Furthermore, the possible
expansion of OSVZ progenitor-like cells with hyperactivation of Hh
signaling is in line with previous reports demonstrating that increased
Hh signaling was sufficient to expand self-renewing OSVZ
progenitors and cause hypertrophy in the mouse and ferret
neocortex (Matsumoto et al., 2020; Wang et al., 2016).

Taken together, our findings reveal crucial roles for PAR3 in the
transition of NPCs from the expansion to the neurogenic phase
during a limited developmental period by regulating Hh signaling,
especially in the ventral region. Further investigations of the Par3
cKO telencephalon should clarify the mechanisms regulating the
initial expansion of the NPC pool, as well as the production of
OSVZ progenitors.

MATERIALS AND METHODS
Reagents
We obtained BrdU (027-15561), IdU (094-01761) and 2-hydroxypropyl-
beta-cyclodextrin (HPβCD, 326-84232) from Wako Pure Chemicals,
SANT-1 (559303) and SAG1.3 in solution (566661) from EMD
Millipore, CldU (C6891) and 5-bromo-4-chloro-3-indolyl β-D-
galactopyranoside (X-gal, B4252) from Sigma-Aldrich, and recombinant
human Shh (C24II, 130-095-727) fromMiltenyi Biotec. A stock solution of
cyclopamine (C-8700, lot BAC-117, LC Laboratories) was produced at
25 mg/ml in ethanol and a solution for injection at 1 mg/ml was prepared in
PBS(–) containing 45% HPβCD with agitation every 10 min at 65°C.
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Animals
All mouse experiments were conducted in accordance with the Guidelines
for Proper Conduct of Animal Experiments (Science Council of Japan),
and all protocols were approved by our institutional review boards. We used
the mouse lines listed in Table S1 to obtain Par3 cKO (Foxg1+/Cre;
Par3ΔE3/floxE3), Nestin-Cre-mediated Par3 mutant (NesCreTg+;
Par3ΔE3/floxE3) and control (Foxg1+/Cre;Par3+/floxE3 or NesCreTg+;
Par3+/floxE3) embryos (Hébert and McConnell, 2000; Hirose et al., 2006;
Iden et al., 2012; Imai et al., 2006).

To obtain embryonic stem cell (ESC) clones harboring the Par3floxE3

allele but not the floxed NeoR cassette in the Par3Neo allele, the previously
established Par3Neo/+ ESC clone #38 (Hirose et al., 2006) was
electroporated with pCre-PAC (Taniguchi et al., 1998) to transiently
express Cre recombinase and puromycin N-acetyltransferase. ESC clones
harboring the Par3floxE3 allele without Cre gene integration were screened
by PCR and Southern blot analysis, and then injected into C57BL/6J
blastocysts to obtain chimeric mice. The chimeric males were crossed to
C57BL/6J females (CLEA Japan) and germline transmission of the
Par3floxE3 allele was confirmed by genomic Southern blotting. We also
bred Par3ΔE3/+ (Hirose et al., 2006) mice with Foxg1-Cremice (Hébert and
McConnell, 2000) to generate Foxg1+/Cre;Par3ΔE3/+ mice. The established
founder mouse lines were backcrossed to 129X1/SvJ mice (The Jackson
Laboratory) for three generations to achieve tissue-specific Cre expression
(Hébert and McConnell, 2000). These mouse lines (Par3floxE3/floxE3

and Foxg1+/Cre;Par3+/ΔE3 mice) were then bred to obtain Par3 cKO
(Foxg1+/Cre;Par3floxE3/ΔE3) and control (Foxg1+/Cre;Par3floxE3/+) embryos.
All mice were housed under a 12-h light/dark cycle with access to water and
standard chow ad libitum.

Primer sets used to genotype Par3 or Foxg1-Cre mice are listed in
Table S3. For the Par3 gene, Par3/-423iF, Par3/0509R and Par3/+598iR
primers generated products of 484 bp for wild type, 563 bp for the E3-floxed
allele, and 292 bp for the ΔE3 allele. For the Foxg1 gene, Bf1–F25, Bf1–
R159, and NCre+243R primers gave products of 186 bp for wild type and
265 bp for the Cre knock-in allele (Muzio and Mallamaci, 2005). ROSA26
Cre reporter mice (The Jackson Laboratory) were genotyped according to a
previous report (Soriano, 1999). The Nestin-Cre transgene containing a
neuroepithelial enhancer was detected by the presence of a 325-bp product
using the Enes+233iF and Enes+557iR primers for the second intron of the rat
nestin gene (Imai et al., 2006; Zimmerman et al., 1994).

For pulse-labeling with thymidine analogs, pregnant dams were
intraperitoneally injected with BrdU, IdU and CldU at 165 nmol/g. Stock
solutions of BrdU and CldU or IdUwere prepared at 16.5 nmol/μl in PBS(–)
or 10% DMSO/PBS(–), respectively. To inhibit Smo in embryos, pregnant
dams were intraperitoneally injected with cyclopamine at 10 μg/g 24 h
before sampling at E10.5 (Palma and Ruiz i Altaba, 2004).

Immunoblotting
Dissected whole, dorsal or ventral telencephalons at E10.5 or E11.5 were
lysed in 20 mM HEPES-NaOH (pH 7.5), 150 mM NaCl, 0.1% SDS and
1.0% Triton X-100, supplemented with 1.0% each of protease and
phosphatase inhibitor cocktails (P8340 and P5726, Sigma-Aldrich), and
subjected to immunoblotting with the following antibodies: anti-PAR3
pAb (0.5 μg/ml), anti-Notch1 (2.0 μg/ml), anti-cleaved-Notch1 (1/1000),
anti-Numb (1/1000), anti-p-Numb (1/1000), anti-GSK3β (0.25 μg/ml), anti-
Gli1 (1/250), anti-Sox9 (0.5 μg/ml), anti-Gli3 (1.0 μg/ml) and anti-Nkx2.1
(1.0 μg/ml) (see Table S2). The chemiluminescent signals from the
corresponding secondary antibodies were captured with a luminoimage
analyzer (LAS-4000IR, Fujifilm) using ImmunoStar LD (292-69904,
Wako Pure Chemicals) for Gli1 or Immobilon Western (WBKLS0500,
Millipore) for the other proteins. The results of immunostaining were
analyzed using Multi Gauge software (v2.2, Fujifilm). Statistical analyses to
compare each pair of results were performed using the two-tailed Welch’s
t-test using R statistical software (R Foundation for Statistical Computing;
Table S4).

Immunofluorescence
For cryosections, dissected embryos were fixed in 1% (w/v) trichloroacetate
(TCA; 4°C, 30 min), 4% paraformaldehyde (PFA)/PBS (4°C, 3-4 h), or

PFA-lysine-periodate fixative (PLP; 2 h, 4°C) (McLean and Nakane, 1974),
cryoprotected through increasing concentrations of sucrose up to 30% in
PBS at 4°C, and then embedded in 67% Tissue-Tek O.C.T. compound
(Sakura Finetek Japan) and 10% sucrose in PBS. For paraffin sections,
embryos were fixed in Bouin’s fixative (3 h, 4°C) or 4% PFA/PBS (4°C,
overnight), dehydrated, and embedded in paraffin wax. The cryosections
and paraffin sections were processed for heat-induced epitope retrieval
(HIER) using target retrieval solution (S1700, Dako/Agilent Technologies)
at 105 or 121°C for 15 min for anti-BrdU/IdU (0.5 μg/ml), anti-BrdU/CldU
(2.5 μg/ml) and anti-integrin β1 (2.0 μg/ml) monoclonal antibodies (mAbs),
or anti-PAR3 (2.0 μg/ml), anti-phospho-histone H3 (1.0 μg/ml) and anti-
Sox2 (4.0 μg/ml) polyclonal antibodies (pAbs), respectively. HIER was
not used for the following: anti-PAR3 (ascites, 1/100) and anti-ZO-1
(0.5 μg/ml) mAbs in TCA-fixed cryosections; anti-pericentrin (1.0 μg/ml),
anti-phospho-vimentin (1.0 μg/ml), anti-Sox2 (1.0 μg/ml), anti-N-cadherin
(1.0 μg/ml), anti-aPKCλ (2.5 μg/ml), anti-nestin (5.0 μg/ml), anti-Shh
(1.0 μg/ml), anti-Pax6 (2.0 μg/ml) mAbs, anti-β-catenin (0.2 μg/ml), anti-
phospho-histone H3 (1.0 μg/ml), anti-TTF1/Nkx2-1 (1.0 μg/ml) and anti-
Gsh2 (1/500) pAbs in PLP-fixed cryosections; and anti-βIII-tubulin mAb
(0.5 μg/ml) in paraffin sections. We used a biotin-free tyramide-fluorescein
signal amplification system with peroxidase-conjugated anti-fluorescein
(CSAII kit and CSAII Rabbit Link, K1497 and K1501, Dako) with rabbit
anti-cleaved Notch1 mAb (1/500). For whole-mount immunofluorescence,
PLP-fixed telencephalons were incubated with anti-Arl13b (2.0 μg/ml) and
anti-pericentrin (2.0 μg/ml) mAbs, and anti-β-catenin pAb (0.5 μg/ml),
or anti-Smoothened mAb (5.0 μg/ml) and anti-IFT88 pAb (2.0 μg/ml).
Flp-In-3T3/Ptch1-YFP or Flp-In-3T3/Smo-YFP fibroblasts were fixed in
2% PFA/PBS for 10 min at room temperature for anti-PAR3 (2.0 μg/ml) and
anti-GFP (2.0 μg/ml) pAbs, and anti-acetylated-α-tubulin mAb (ascites,
1/1000). The primary antibodies were visualized using corresponding
secondary antibodies (1.0-2.0 μg/ml). Details of all the antibodies used are
given in Table S2. Sections were counterstained with 4′,6-diamidino-
2-phenylindole dihydrochloride (DAPI), and mounted in ProLong Gold or
ProLong Glass Antifade Mountant (P36930 or P36984, Thermo Fisher
Scientific).

Fluorescent images were acquired using an epifluorescence microscope
(BX50, Olympus) equipped with a CCD camera (Sensys 1400-G2,
Teledyne Photometrics), a laser-scanning confocal microscope system
(Axioimager Z1 with LSM700, Carl Zeiss), or a spinning-disk confocal
microscope system (Axioimager Z1, Carl Zeiss; CSU10, Yokogawa Electric
Corporation; ORCA-R2, Hamamatsu Photonics). Finite super-resolution
images were acquired on a confocal microscope system (TCS SP8 with
HyD, Leica Microsystems) with a ×100 objective lens (HC PL APO
CS2×100/1.40 NA OIL) with a pinhole of 0.5 Airy unit diameter
(Borlinghaus and Kappel, 2016). The xy- and z-sampling rates were
respectively set to 22.7 and 80 nm, or 45.5 and 150 nm, and acquired images
were deconvoluted using Huygens Professional software (Scientific Volume
Imaging). Images were processed, arranged and labeled using ImageJ
(Schneider et al., 2012) (NIH), Photoshop CS5 (v12.0 x64, Adobe) and
Illustrator CS5 (v15.0.0, Adobe).

Immunohistochemistry and histology
Paraffin sections (2 μm thick) were subjected to immunohistochemistry
using the primary monoclonal antibodies anti-BrdU/IdU (0.5 μg/ml) and
anti-βIII-tubulin (0.5 μg/ml). Biotinylated secondary antibodies (1.0 μg/ml,
anti-mouse IgGs) were visualized using a VECTASTAIN Elite ABC
kit (PK-6100, Vector Laboratories; RRID: AB_2336819) with 3,3′-
diaminobenzidine (DAB) as a substrate and counterstained with Carazzi’s
Hematoxylin (30021, Muto Pure Chemicals). We utilized a biotin-free
tyramide-fluorescein signal amplification system with peroxidase-conjugated
anti-fluorescein (CSAII kit and CSAII Rabbit Link, K1497 and K1501,
Dako) for anti-Mash1/Ascl1 mAb (0.5 μg/ml) and anti-Tbr2 pAb
(0.5 μg/ml). See Table S2 for full details of antibodies used. For
histological analysis, paraffin sections were stained with Carazzi’s
Hematoxylin, Eosin Y and phloxine B (E6003 and P2759, Sigma-Aldrich).
Slides for immunohistochemistry and histologywere imaged under an upright
microscope (DMR, Leica Microsystems) equipped with a CCD camera
(Pro 600ES, Pixera).
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X-gal staining
Embryos at E8.5 or E9.5 were fixed in 2% PFA/PBS at 4°C for 10 or 15 min,
rinsed three times in 0.1 M phosphate buffer (pH 7.5) with 2 mM MgCl2,
0.01% sodium deoxycholate and 0.02% NP-40, and then stained at 37°C
overnight or for 1 h in the same detergent solution supplemented with
1 mg/ml X-gal (a stock solution at 25 mg/ml in N,N-dimethylformamide),
5 mM K3[Fe(CN)6] and 5 mM K4[Fe(CN)6)]. The stained embryos were
post-fixed in 4% PFA/PBS(–) at room temperature for 3 h and photographed
under a stereo microscope (MZ APO, Leica Microsystems) equipped with a
CCD camera (Pro 600ES, Pixera).

Scanning electron microscopy
Dissected heads of embryos at E10.5 were mid-sagittally opened with a
76-μm-thick cutting blade (4761, Nisshin EM) to expose the telencephalic
ventricle, gently flushed with PBS, fixed overnight at 4°C in 2.5%
glutaraldehyde/0.1 M phosphate buffer (pH 7.4), and post-fixed in 1%
OsO4/0.1 M phosphate buffer (pH 7.4). After dehydration through a graded
ethanol series, samples were transferred to t-butyl alcohol, and freeze-dried
with a freeze dryer (ES-2030, Hitachi High-Technologies). After mounting
on aluminum stubs with carbon paste, the specimens were coated with
osmium with an osmium plasma coater (OPC80T, Filgen), and observed
using a field-emission scanning electron microscope (S-4800, Hitachi High-
Technologies).

RNA extraction, reverse transcription and quantitative PCR
(RT-qPCR)
The whole telencephalon or limb buds at E10.5 were dissected from each
embryo in ice-cold PBS(–) under a stereo microscope (MZ APO, Leica
Microsystems) and stored in RNAlater (AM7020, Ambion) at −20°C. Total
RNA was extracted from each tissue and concentrated using QIAshredder
(79656, QIAGEN), RNeasy Plus Mini Kit (74134, QIAGEN) and
Agencourt RNAClean XP (A63987, Beckman Coulter). For RT-qPCR,
total mRNA was reverse-transcribed using the High Capacity cDNA
Reverse Transcription kit (4368814, Applied Biosystems). The threshold
cycle (Ct) values were determined by RT-qPCR using qPCR Master
Mix Plus (312-80291, Nippon Gene) and a MyiQ Single Color Real Time
PCR Detection System (Bio-Rad) with TaqMan probes (Tables S3 and S4).
The transcript levels were normalized to 18S rRNA (Rn18s), and
relative ratios to one of the control samples were calculated with the
2−ΔΔCt method using iQ5 Optical System Software (v2.0, Bio-Rad;
Table S4). Statistical analyses to compare each pair of results were
performed using two-tailed Welch’s t-test in R statistical software
(Table S4). The results are presented using R statistical software as bee-
swarm plots (Table S4) merged with box-whisker plots or bar graphs
showing mean+s.d., if applicable.

Primary neurospheres
Primary neurospheres were prepared according to previous reports (Nagao
et al., 2008; Reynolds and Weiss, 1996) with some modifications. The
whole telencephalon at E11.5 was manually dissected in ice-cold artificial
cerebrospinal fluid (10 mM HEPES-NaOH, pH 7.4, 124 mM NaCl, 5 mM
KCl, 1 mM MgCl2, 1 mM CaCl2, 10 mM D-glucose) supplemented with
100 U/ml penicillin and 100 μg/ml streptomycin, incubated in dissociation
solution (0.02% EDTA, 0.25% Trypsin, 1000 U/ml DNaseI, 1600 U/ml
hyaluronidase type IV-S in PBS) at 37°C for 20 min, and then gently
triturated in Neurobasal Medium (21103-049, Gibco) containing 1.0 mg/ml
soybean trypsin inhibitor (109878, Roche). The residual meninges were
removed, and the neural cells were resuspended in a media hormone mix
[MHM; Neurobasal Medium containing 2%B27 supplement minus vitamin
A (Gibco, 12587-010), 20 ng/ml EGF (AF-100-15, PeproTech), 20 ng/ml
basic FGF (233-FB, R&D Systems), 0.5 mM L-glutamine, penicillin
(100 U/ml) and streptomycin (100 μg/ml)]. After the dissociated cells were
allowed to settle for 5 min, they were seeded onto two low-attachment
dishes (9 cm2 area; MS-9035X, Sumilon) containing MHM, and cultured
for 3 days to form neurospheres. The neurospheres were divided into three
9-cm2 low-attachment dishes, each containing MHM with 0, 15 or 40 nM
SANT-1 (559303, EMD Millipore) along with 0.08% DMSO, cultured for
1 day, and then processed for RNA extraction.

Constructs
The SRD5/Ptch1-YFP/FRT-Hyg or SRD5/YFP-Smo/FRT-Hyg vectors
were constructed from mouse Patched1 tagged with YFP at the C terminus
(Rohatgi et al., 2007) or mouse smoothened tagged with YFP at the N
terminus (Dorn et al., 2012) (pCS2+ YFP-Smo, Addgene plasmid #41086),
in the SRD YK539 (Ohno et al., 1988), pcDNA5/FRT (V601020,
Invitrogen) and pNL2.1[Nluc/Hygro] vectors (N1061, Promega) using
PCR, a ligation kit (6022, Takara Bio) and a Gibson Assembly Kit (E2611,
New England Biolabs Japan).

Stable cell lines
NIH 3T3 Flp-In cells (R761-07, lot 1146559, Life Technologies) stably
expressing Ptch1-YFP or YFP-Smo were respectively established by
co-transfection of pCAGGS-Flpo-IRES-Puro (Kranz et al., 2010) with
SRD5/Ptch1-YFP/FRT-Hyg (1:3) or SRD5/YFP-Smo/FRT-Hyg (1:1) using
PolyFect (301107, lot 136246701, QIAGEN), following selection with
hygromycin B (089-06151, Wako Pure Chemicals) at 200 μg/ml for 15 or
12 days. The isolated colonies were expanded, and then confirmed by
immunoblotting and immunofluorescence. The established cell lines (clone
3B, Flp-In-3T3/Ptch1-YFP; clone F3, Flp-In-3T3/YFP-Smo) were grown in
Dulbecco’s modified Eagle’s medium (05919, Nissui Pharmaceutical)
supplemented with 7% calf serum (16170-078, Gibco), 4 mM L-glutamine,
100 U/ml penicillin, 100 μg/ml streptomycin and 0.15% sodium bicarbonate.
siRNA-mediated gene silencingwas performed for two consecutive days using
siLentFect (1703362, Bio-Rad) with 20 nM of each siRNA listed in Table S3.

Quantification and statistical analysis
The distances of CldU- or IdU-labeled nuclei, or mitotic nuclei from
the ventricular surface were analyzed using ImageJ (Schneider et al.,
2012) (NIH). The angles of the cleavage plane orientation for mitotic
NPCs, and the immunoblotting results were analyzed using Multi Gauge
software (v2.2, Fujifilm). The numbers of analyzed embryos and cells are
indicated in the figure legends. Statistical analyses to compare each pair of
results were performed using the Brunner–Munzel test (Brunner and Munzel,
2000; Neubert and Brunner, 2007) using R statistical software (Table S4).

To measure the ciliary length in the telencephalon, deconvoluted
finite super-resolution images were reconstructed into maximal intensity
projection images, and Arl13b-positive regions were measured using
ImageJ. The intensities of YFP-tagged proteins or acetylated α-tubulin in
fibroblasts were measured in epifluorescence microscope images using
ImageJ, and intensities of YFP-tagged proteins were normalized against
acetylated α-tubulin. To measure the ciliary intensities of Smo and
IFT88 in the telencephalon, ciliary regions were quantified along with
z-slices of deconvoluted finite super-resolution images using ImageJ.
The results are presented using R statistical software as bee-swarm plots
merged with box-whisker plots or violin plots (Table S4). The numbers of
cilia and embryos analyzed are indicated in the figure legends. The
Brunner–Munzel test was performed using R statistical software with the
brunnermunzel package by Toshiaki Ara (Table S4).
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