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Abstract Spatiotemporally ordered production of cells
is essential for brain development. Normally, most undif-
ferentiated neural progenitor cells (NPCs) face the apical
(ventricular) surface of embryonic brain walls. Pathologi-
cal detachment of NPCs from the apical surface and their
invasion of outer neuronal territories, i.e., formation of NPC
heterotopias, can disrupt the overall structure of the brain.
Although NPC heterotopias have previously been observed
in a variety of experimental contexts, the underlying mech-
anisms remain largely unknown. Yes-associated protein
1 (Yapl) and the TEA domain (Tead) proteins, which act
downstream of Hippo signaling, enhance the stem-like char-
acteristics of NPCs. Elevated expression of Yapl or Tead in
the neural tube (future spinal cord) induces massive NPC
heterotopias, but Yap/Tead-induced expansion of NPCs in
the developing brain has not been previously reported to
produce NPC heterotopias. To determine whether NPC het-
erotopias occur in a regionally characteristic manner, we
introduced the Yap1-S112A or Tead-VP16 into NPCs of
the telencephalon and diencephalon, two neighboring but
distinct forebrain regions, of embryonic day 10 mice by in
utero electroporation, and compared NPC heterotopia for-
mation. Although NPCs in both regions exhibited enhanced
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stem-like behaviors, heterotopias were larger and more fre-
quent in the diencephalon than in the telencephalon. This
result, the first example of Yap/Tead-induced NPC heteroto-
pia in the forebrain, reveals that Yap/Tead-induced NPC het-
erotopia is not specific to the neural tube, and also suggests
that this phenomenon depends on regional factors such as
the three-dimensional geometry and assembly of these cells.
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Abbreviations

BrdU  Bromodeoxyuridine

CNS Central nervous system

E Embryonic day

IKNM Interkinetic nuclear migration
IUE In utero electroporation

NE Neuroepithelium

NPC Neural progenitor cell

Tead  TEA domain transcription factor
vz Ventricular zone

Yapl  Yes-associated protein 1

Introduction

Undifferentiated neural progenitor cells (NPCs) are central to
the production of a variety of cells in developing and mature
brains [1-9]. During the early embryonic period before neu-
rons emerge, the nuclei/somata of NPCs are diffusely dis-
tributed throughout the initial wall of brain primordia [also
called the neuroepithelium (NE)]. This is because NPCs,
which adopt an elongated (~100 pm) epithelial morphol-
ogy, move their nuclei/somata along the apicobasal axis in
a cell cycle-dependent manner, a process called interkinetic
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nuclear migration IKNM) [reviewed in 10, 11]. Horizontal
assembly of NPCs individually differing in cell-cycle phase
and nuclear/somal position makes this NE structure “pseu-
dostratified” (i.e., although there are several layers of nuclei
in the NE wall, one layer of cells can host multiple layers of
nuclei). As the brain walls thicken (>100 pm), a new zone
in which differentiated neurons accumulate is added outside
(i.e., basal to) the original NE region, which is subsequently
called the ventricular zone (VZ) (~100 pm), and NPCs elon-
gate along the apicobasal axis by adding basal processes
[4-6, 8—11]. Throughout the neuron-producing period, the
elongated NPCs (also referred to as radial glial cells) keep
their nuclei/somata in the apical (inner) part of the wall, as
in the earlier NE period, maintaining the pseudostratified
structure and VZ thickness, which correspond to the range of
IKNM along the apicobasal axis. NPCs’ nuclei/somata move
only in the VZ, and therefore do not intermingle with neu-
rons located basally. Under diverse experimental and patho-
logical conditions, however, NPCs’ nuclei/somata assume
heterotopic positions; i.e., they invade neuronal territory
~200 pm away from the apical surface. A major reason for
the formation of such NPC heterotopias is over-proliferation
in the NE/VZ. For example, excessive activation of canoni-
cal Wnt-fB-catenin signaling [12-14], FGF signaling [15],
or cyclin D1 [16, 17], which can induce NPCs to maintain
stem-like proliferative and undifferentiated status rather than
undergoing quiescence and differentiation, results in extra-
VZ nuclear/somal distribution of NPCs, and these mecha-
nisms may underlie the pathogenesis of congenital brain
diseases in humans [18, 19]. Furthermore, physiological dis-
location of NPCs’ nuclei/somata to non-VZ positions seems
to have accompanied neocortical evolution [8, 9, 20-23].
Thus, elucidation of the mechanisms that regulate the extra-
VZ positioning of NPCs’ nuclei/somata is a critical goal in
the field of developmental neuroscience.

A previous study that focused on the developing neural
tube (designated here as the future spinal cord, not including
the regions that form the future brain) showed that excessive
activation of the Yes-associated protein 1 (Yapl) and the
TEA domain (Tead) proteins, key DNA-binding platforms
for Yap, in the NE results in over-proliferation of NPCs
[24]. Yapl and Tead are involved in cell density-dependent
regulation of proliferation. At high cell densities, strong
Hippo signaling suppresses cell proliferation by inhibiting
nuclear Yap accumulation, whereas at low cell densities,
weak Hippo signals allow nuclear Yap accumulation, pro-
moting cell proliferation through Tead activation [25-27].
The Yap/Tead-induced over-proliferation or expansion of
self-renewing stem-like NPCs in the neural tube NE/VZ is
almost always accompanied by NPC heterotopias outside the
VZ [24]. Interestingly, although Yap/Tead-induced NE/VZ
expansion has been consistently reproduced in multiple stud-
ies [28-32], NPC heterotopias have not, to our knowledge,

been clearly observed in primordial CNS regions other than
the neural tube.

Hence, we sought to determine whether Yap/Tead-
induced NPC heterotopias occur in a regionally character-
istic manner. Although it is possible that NPC heterotopias
might arise in a manner dependent upon the molecularly
regulated regional identities of NPCs, it is also possible that
the occurrence of NPC heterotopias reflects region-specific
three-dimensional conditions (e.g., the geometry and assem-
bly of NPCs). Yapl and Tead play multiple roles in response
to different physical/mechanical factors, such as tissue ten-
sion or compression [33-38], and they are involved in the
epithelial-mesenchymal transition [26, 27, 39].

To address this issue, we took advantage of in utero
electroporation (IUE)-mediated gene transfer into the early
embryonic mouse dorsal forebrain, which consists of the
telencephalon (future cerebrum) and the dorsal diencephalon
(future thalamus). The developing telencephalon and dien-
cephalon share some common molecular hallmarks (e.g.,
Pax6 expression in the NE/VZ of both regions, Fig. 1). Mor-
phologically, however, the extent to which a given wall por-
tion (and NE/VZ contained) expands tangentially/laterally
during the embryonic period differs between these regions.
The dorso-ventral extension of the thalamic wall is clearly
smaller than that of the cerebral wall, which expands to
form a large vesicle/hemisphere [40]. These differences in
physical limitations (inversely, lateral expandability) might
underlie the differential susceptibility to experimental/patho-
logical perturbations [41]. To investigate this possibility, we
performed IUE at embryonic day 10 (E10), because (1) the
forebrain primordium at this early stage is similar to the
neural tube in terms of the composition and structure of the
NE, and (2) in previous work, the use of the same protocol to
activate Wnt3a induced mild NPC heterotopias in the telen-
cephalon [14], allowing us to comparatively address possible
contributions of Yap/Tead in NPC heterotopia formation. We
found that artificial activation of Yap/Tead enhanced NPC
self-renewal in both telencephalic and diencephalic NE/VZ,
whereas NPC heterotopias formed much more frequently in
the diencephalon than in the telencephalon.

Materials and Methods
Animals
Pregnant ICR mice were obtained from SLC (Japan). All

protocols for animal experiments were approved by The
Animal Care and Use Committee of the Nagoya University.
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Fig.1 Yapl is expressed in undifferentiated forebrain NPCs. A coro-
nal section of an E11 mouse forebrain immunostained with anti-Yap1
(a) and anti-Pax6 (b). Yapl immunoreactivity was observed through-
out the pseudostratified NE of the dorsal diencephalon (c¢) and the
medial telencephalic wall (d), and it was also seen in the similarly
pseudostratified VZ of the lateral telencephalic wall (e). Outside the
VZ, where Pax6 was not detected (f), radially elongated fibers (i.e.,
basal processes of NPCs) were also Yapl-positive, whereas neurons
dominating in that region were Yapl-negative. NPCs showed nuclear
anti-Yap1 staining, with some heterogeneity in the NE/VZ (d’). Simi-

Immunohistochemistry

Embryonic mouse brains were fixed by the perio-
date-lysine—paraformaldehyde (PLP) fixative, immersed in
20% sucrose, embedded in OCT compound (Miles, Elkhart,
IN, USA), and then frozen and sectioned coronally (16 pm),
as previously described [6, 14, 42]. Frozen sections were
treated with the following primary antibodies: anti-Yap 1
(mouse, Abnova, Taipei, Taiwan); anti-Pax6 (rabbit, COV-
ANCE, CA, USA); anti-BrdU (rat, Novus Biologicals, CO,
USA); anti-P27 (mouse, BD Biosciences, NJ, USA); anti-
BIII-tubulin (TUJ1) (mouse, COVANCE, CA, USA); or
anti-GFP (rat, Nacalai Tesque, Kyoto, Japan; rabbit, MBL,
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lar immunostaining patterns were reproduced at E12 (g, h). Single-
cell transcriptome analysis of E11, E14, and E16 telencephalic cells
(i) revealed that Yapl expression was strongest in undifferentiated
NPCs [designated as apical progenitors (AP)] and weakest in neurons
(N), with intermediate levels of expression in basal progenitors (BP)
differentiating while keeping mitotic activity [43, 44]. At E11, the
NE/VZ was almost fully occupied by AP-type cells (undifferentiated
NPCs). Scale bars 100 um in a and b, 10 um in c—f, g, and h, 5 pm
ind’

Nagoya, Japan; chick, Aves Labs, OR, USA). After washes,
sections were treated with Alexa Fluor 488—, Alexa Fluor
546—, or Alexa Fluor 647—conjugated secondary antibodies
(Life Technologies), and subjected to confocal microscopy
(Olympus FV1000, Tokyo, Japan).

Yap1 Expression in Single Cell Transcriptome Profiles

Information of Yapl expression levels in single E11, E14
and E16 telencephalic cells was obtained from the single cell
transcriptome profiles available in the GEO database under
accession codes: GSE10881 (for E14) and GSE55981 (for
El1, E16) with probe set ID: 1448363 _at.
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Plasmids

The Yap1-S112A mutant (pEF1a-HA-Yap-SA-IRES-EGFP),
or Tead2-VP16 (pEF1a-Tead2-VP16-IRES-EGFP, encoding
a fusion protein of the N-terminal region of Tead2 contain-
ing the TEA domain and the activation domain of herpes
simplex virus VP16) was constructed using pMYs-HA-YAP-
SA-IRES-EGFP and pMYs-Tead2-VP16-IRES-EGFP [26].
Changing the Ser 112 into Ala increases nuclear Yapl and
enhances proliferation beyond normal confluency [26]. It has
also been known that increasing Tead activity by express-
ing the activator-modified Tead2 (Tead2-VP16) promoted
cell proliferation beyond confluence and resulted in a higher
saturation density [26]. As a control vector, pEF1a-IRES-
EGFP was used.

In Utero Electroporation

In utero electroporation (IUE) was performed using pregnant
ICR mice at E10 as described previously [14]. DNA solu-
tion was injected into the lateral ventricle. The head of the
embryo in the uterus was placed between the discs of a for-
ceps-type electrode (disc electrodes of 1 mm; CUY560P1,
NEPA GENE, Chiba, Japan), and electric pulses (50 V) were
charged four times, resulting in gene transfection into the
cerebral wall.

In Vivo Comparison of Stem-Like Characteristics
of NPCs

For obtaining %Pax6'/GFP*, embryos electroporated at
E10 were fixed at E13. Frozen coronal sections were double
immunostained with anti-GFP and anti-Pax6. For obtain-
ing %Pax6"/GFP*BrdU" or %p27*/GFP*BrdU™, embryos
electroporated at E10 were labeled at E11 with bromod-
eoxyuridine (BrdU) through intra-peritoneal injection into
mother mice (50 pg/g body weight), and fixed at E12. Fro-
zen coronal sections were triple immunostained with ant-
GFP, anti-BrdU, and anti-p27 or anti-Pax6, as previously
described [14].

Total number of sections examined: for Pax6 assay at E13
in telencephalon (Fig. 2c), 7 for control, 6 for Yap1-S112A,
and 7 for Tead2-VP16 (in each section, 44—107 cells were
counted). For Pax6 assay at E13 in diencephalon (Fig. 2c¢),
6 for control, 6 for Yapl-S112A, and 5 for Tead2-VP16 (in
each section, 61-159 cells were counted). For Pax6 assay at
E12 in diencephalon (Fig. 2d), 13 for control, 7 for Yap1-
S112A, and 18 for Tead2-VP16 (in each section, 28—-158
cells were counted). For p27 assay in diencephalon (Fig. 2d),
6 for control, 6 for Yap1-S112A, and 5 for Tead2-VP16 (in
each section, 1041 cells were counted). These sections were
prepared from three independent embryos in each of the
control, Yap1-S112A, and Tead2-VP16 experiments.
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Statistical Analysis

Differences were analyzed using Wilcoxon rank-sum test
(in Figs. 2c¢, 3d, 4c) or Permuted Brunner Munzel test (in
Fig. 2d) by R, and data were expressed as means + SD.

Results and Discussion

Yapl is Expressed in Early Embryonic Mouse
Forebrain NPCs

We first examined the expression of Yapl in the early (E11

and E12) telencephalic and diencephalic walls. Observation
of sections immunostained with anti-Yap1 antibody at low

Fig. 3 Yap/Tead overexpres- a

magnification revealed intense Yapl immunoreactivity in
the NE and VZ of both regions, which were also positive
for Pax6 (Fig. 1a, b). In the neuronal zone forming outside
the VZ, Yapl immunoreactivity was only faintly detected. In
individual E11, E14, and E16 telencephalic cells, single-cell
transcriptome analysis, which can discriminate among cells
of distinct differentiation status [43, 44], revealed prominent
Yap1 expression in undifferentiated NPCs but not in neurons
(Fig. 1i), confirming our immunohistochemical finding. At
a higher magnification (Fig. 1c-h), Yapl immunoreactivity
was most clearly observed in the cytoplasm of the pseu-
dostratified somata of NPCs, as well as in NPCs’ radial pro-
cesses extending basally (towards the pial surface). But, it
was also detected in the nucleus (Fig. 1d, d’, e), similar to a
pattern previously observed in the neural tube at E8.5 and
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vectors. b Basal zone domi-
nated by TUJ1* neurons in a
Yap1-S112A-IUE telencephalic
wall is shown at a higher mag-
nification, containing a large
cluster of heterotopic NPCs.
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Fig. 4 Yapl/Tead overexpres-

sion in the dorsal telencephalic
VZ resulted only rarely in NPC
heterotopias in the ventral-
most region. a Anti-GFP and
anti-Pax6 photomicrographs

of E13 dorsal telencephalons
that had been electroporated at
E10 with the control, Yapl-
S112A, or Tead2-VP16 vectors.
Distribution of Pax6* NPCs

in a is schematically shown

in b (green=GFP*Pax6*,
magenta=GFP Pax6*). Graph
¢ summarizes the distribution of
GFP*Pax6™ obtained from mul-
tiple sections [n=5 for control,
Yap1-S112A, and Tead2-VP16
(three independent embryos in
each group)], showing that most
GFP*Pax6™ NPCs were in the
VZ. d An exceptional case in
which a relatively large cluster
of heterotopic GFP"Pax6*
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E10.5 [26]. This nuclear Yap1 localization, a sign of Yapl’s
contribution to proliferation [25-27], is consistent with pre-
viously reported Yap!’s roles in NPCs [24, 28-32]. Nuclear
Yapl immunorectivity was not homogeneous in the NE/VZ
(i.e. some nuclei were more strongly stained than others,
Fig. 1d'), although the reason for this remains unknown.

Yap1 or Tead Enhances Stem-Like Behaviors of NPCs
in Both the Dorsal Telencephalon and the Dorsal
Diencephalon

To increase Yapl expression in the dorsal diencephalic or
telencephalic walls, we used the Yap1-S112A mutant, previ-
ously shown in NIH3T3 cells to induce proliferation, result-
ing in denser confluence than that achieved by Yapl without

mutations [26, 33]. We electroporated E10 mice with a
GFP-tagged Yap1-S112A or a control GFP vector. After
1 day (at E11), we compared anti-Yapl immunoreactivity
between un-electroporated, control GFP—electroporated, and
Yapl-S112A—electroporated cells. Yapl immunoreactivity
was more intense in the Yap1-S112A—electroporated NPCs
(both cytoplasmic and nuclear) than in un-electroporated
or control GFP—electroporated NPCs in both diencephalon
(Fig. 2b) and telencephalon (data not shown), confirming
that our IUE successfully increased the expression of Yapl
in a region-specific manner.

We next sought to evaluate the stem-like (i.e. self-renew-
ing) status of the Yapl-S112A—electroporated NPCs. Con-
sistent with previous studies revealing the formation of a
hypertrophic VZ in the Yap-overexpressed telencephalon
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[30, 31], our comparison of the proportion of the total
GFP™ cells that were also positive for Pax6, a transcription
factor expressed in stem-like NPCs [8, 43, 44] to control
the balance between their proliferative and undifferentiated
(VZ-remaining) status and differentiation [45, 46], between
control and Yapl-S112A IUE telencephalons (analyzed
at E13) revealed that the descendant cells of the Yapl-
S112A—electroporated cells were more frequently Pax6™®
(61%) than those of control GFP—electroporated cells (48%)
(p=0.0012) (Fig. 2a, c), suggesting that Yap1-S112A—elec-
troporated NPCs engaged in self-renewal (i.e., they divided
to give rise to stem-like daughter cells) to a greater extent
than the controls. We also electroporated E10 telencephalons
with activator-modified Tead2 (Tead2-VP16), previously
shown to mediate Yap-dependent enhancement of prolif-
eration in both NIH3T3 cells [26] and NPCs [24, 32]. The
frequency of Pax6 expression in GFP* cells (%Pax6"/GFP™)
in Tead2-VP16 IUE was greater (67%) than in control GFP
IUE (48%) (p=0.0006) (Fig. 2c), as also observed in the
Yap1-S112A TUE experiments.

Also in the diencephalon, %Pax6*/GFP* increased fol-
lowing introduction of Yap1-S112A (78% compared to 55%
in control, p=0.0022) or Tead2-VP16 (82%, p=0.0043) at
E13. The increase in %Pax6*/GFP* from the control level
was comparable to that observed in the telencephalon (+27%
by Yap1-S112A and +40% by Tead2-VP16 in the telenceph-
alon; +42% by Yap1-S112A and +49% by Tead2-VP16 in
the diencephalon). Because the stem-like characteristics of
NPCs have not been as carefully analyzed as those of cells in
the telencephalon, we performed a BrdU-based pulse-chase
experiment [3, 12, 14] starting at E11. At E12 (i.e., 24 h
after administration of a BrdU pulse at E11 and 48 h after
IUE at E10) (Fig. 2a, d), the frequency of expression of p27
(Cdknl1b) (a cell-cycle inhibitor, expressed in cells that have
exited the cell cycle [43]) among all GFP*BrdU™ cells was
significantly lower in Yap1-S112A TUE (5%) (p=0.0022)
and Tead-VP16 IUE (0%) (p=0.0043) than in control IUE
(20%) (Fig. 2d). Furthermore, %Pax6"/GFP*BrdU* was sig-
nificantly higher in Tead-VP16 IUE (72%) (p=0.0002) than
in control IUE (58%). Yap1-S112A IUE also exhibited a
significantly higher %Pax6*/GFP*BrdU* (74%) (p=0.0047)
(Fig. 2d). These results indicate that both Yap1-S112A and
Tead2-VP16 electroporated at E10 subsequently induced
the diencephalic NPCs to choose a division mode biased
towards proliferation rather than differentiation (i.e., to
remain as stem-like cells). Taken together, these results
suggest that excessive expression of Yap1-S112A or Tead2-
VP16 in the early telencephalon and diencephalon enhances
in stem-like characteristics of NPCs, thereby inducing cells
to stay in the VZ.
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NPC Heterotopias Form More Frequently in the Dorsal
Diencephalon than in the Dorsal Telencephalon

We next asked whether telencephalic or diencephalic VZs
exhibiting an elevated tendency toward self-renewal might
form NPC heterotopias, as previously observed in the neu-
ral tube [24]. By E13, the Yap/Tead-overexpressing dorsal
diencephalic walls frequently formed massive NPC het-
erotopias (Fig. 3) [extra-VZ NPCs were present in 61% in
Yap1-S112A TUE (p=0.0022) and 63% in Tead2-VP16 IUE
(p=0.0043), versus 13% in control IUE]. Each heterotopia,
150-200 pm away from the apical/ventricular surface and
within the TUJ1% neuronal territory, consisted of many
GFP*TUJ1~ somata (each containing the Pax6' nucleus)
(10-50 per 16-um-thick section), clustered to become
~50 um in aggregate diameter. Up to 63% of GFP*Pax6™
cell nuclei were outside the VZ, and formation of heterotopia
was very frequent (i.e., in most Yap1-S112A or Tead2-VP16
IUE cases). GFP immunostaining suggested that most (if
not all) of these heterotopically aggregated NPCs had lost
connections to the apical surface. In the control IUE, by
contrast, GFP" cells that were judged to have lost apical
attachment were TUJ1" (Pax6-negative) neurons.

Occasionally in Yap/Tead-overexpressing embryos,
Pax6* but GFP-negative nuclei/somata were observed in or
near the heterotopic NPC aggregates (~6% of all heterotopic
Pax6™ cells). Although some GFP-negative Pax6* cells were
observed in the control IUE cases, they were distributed
within 120-130 um from the apical surface and close to the
basal border of the VZ (Fig. 3¢). GFP-negative Pax6™ cells
in the Yap/Tead-overexpressing cases were observed in more
basal portions (150-200 um from the apical surface), near
the GFP*Pax6™ cells massively occupying such far-basal
regions. Therefore, it is possible that not only GFP* elec-
troporated cells or their descendant cells, but also a minor
fraction of the surrounding non-electroporated (GFP™) VZ
cells, were detached from the apical surface, presumably
due to mechanical effects near the apical surface, such as
overcrowding [11, 14, 47].

In dorsal telencephalon subjected to overexpression
of Yapl-S112A or Tead-VP16, NPC heterotopias were
observed much less frequently [extra-VZ NPCs were
observed in 6% of Yap1-S112A IUE (p=0.73) and 8% of
Tead2-VP16 IUE (p=0.27), versus 5% of control IUE]
(Fig. 4a—c), and clear aggregates, which were frequently
observed in diencephalic Yap1-S112A or Tead2-VP16 IUE
cases (>30 um in diameter), were not observed. However,
we observed relatively large (~50 um) NPC heterotopias
only when the most ventrolateral part of the dorsal telence-
phalic VZ was targeted by IUE (Fig. 4d). This specific region
may be under a physical constraint due to the neighboring
(but geometrically distinct) VZ of the ventral telencepha-
lon (future striatum) (schematically illustrated in Fig. 5a).
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it becomes three times broader
than at E10, whereas the dience-
phalic NE/VZ cannot expand so
extensively along the dorso-
ventral axis. Such differential
tangential expandability could
explain the differential heteroto-
pia formation by NPCs (b)
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Although the apical surface of the dorsal telencephalon is
concave, that of the ventral telencephalon is convex, mak-
ing the dorsal-to-ventral transitional region of the VZ bend
abruptly in a hairpin loop. In our previous experiments in
which Wnt3a was overexpressed in the dorsal telencephalic
VZ, this most ventrolateral part was most extensively thick-
ened along the apicobasal axis, and formed frequent large
NPC heterotopias, in contrast to other dorsal telencephalic
VZ regions that seemed to have freely expanded tangentially
(along the dorso-ventral axis) without apicobasal thickening
[14]. Physiological non-surface mitoses in the dorsal telen-
cephalon are observed earliest, and most frequently, in this
ventrolateral end region [48].

Although the precise mechanism underlying the dif-
ferential heterotopia formations between the diencephalic
and telencephalic NPCs under enhanced self-renewal due
to artificial activation of Yapl/Tead remains unknown, our
results suggest that NPC heterotopias may occur as a reflec-
tion of region-specific three-dimensional conditions. As
schematically (but semi-quantitatively) traced in Fig. Sa,
the telencephalic and diencephalic VZs differ in regard to
their lateral expandability during early embryonic days. The
lateral extension of the dorsal diencephalon is much smaller
than that of the dorsal telencephalon, which forms a large
vesicle/hemisphere [40, 49]. Such differential tangential
expandability of VZ (i.e., tissue-level permissiveness for
lateral expansion of the NE/VZ: telencephalon > diencepha-
lon) could explain the differential NPC heterotopia forma-
tion (telencephalon < diencephalon) that we observed in our
Yapl/Tead experiments.

In line with this model, we have observed that E11 or
E12 dorsal diencephalic walls to which Yap1/Tead had been
introduced at E10 did not form heterotopias when sliced and
cultured in collagen gel (Saito et al., unpublished observa-
tion). Although collagen gel gently holds embedded slices
to assist our time-lapse observations, it allows slices to grow
almost freely, without physically restricting slices’ expan-
sion and thickening. VZ in slice cultured brain walls may
be less laterally compressed than in vivo (i.e. permissive-
ness to VZ’s lateral expansion is greater in slice culture than
in vivo), thereby failing to reproduce the in vivo (heteroto-
pia-forming) behaviors of the Yap1/Tead-introduced dorsal
diencephalic VZ cells.

Excessive compression at/near the apical surface is
involved in epithelial cells’ detachment from the apical sur-
face [11, 14, 47]. Limited lateral expandability of the VZ
(Fig. 5b), which is more likely to arise in the diencephalon
and the neural tube than in the telencephalon, may thus act
as an inducer for NPCs to leave the apical surface. These
results provide a basis for future studies aimed at revealing
how Yapl/Tead might act in NPCs to sense and/or respond
to such hypothetical physical/mechanical limitations on the
lateral expansion of VZ, and thereby contribute to hetero-
topia formation.

Acknowledgements We thank Namiko Noguchi, Kumiko Ota, Maiko
Kuroda and Makoto Masaoka for excellent technical assistance, and
members of Miyata laboratory for discussion. This work was supported
by MEXT KAKENHI 22111006 (T.M.), JSPS KAKENHI 16H02457
(T.M.), JSPS KAKENHI 16K06990 (A.K.) and Grant-in-Aid for JSPS
Research Fellow (K.S.).

@ Springer



188

Neurochem Res (2018) 43:180-189

Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://crea-
tivecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give appro-
priate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made.

References

1. Davis AA, Temple S (1994) A self-renewing multipotential stem
cell in embryonic rat cerebral cortex. Nature 372(6503):263-266

2. Chenn A, McConnell SK (1995) Cleavage orientation and the
asymmetric inheritance of Notchl immunoreactivity in mamma-
lian neurogenesis. Cell 82(4):631-641

3. Takahashi T, Nowakowski RS, Caviness VS Jr (1995) The cell
cycle of the pseudostratified ventricular epithelium of the embry-
onic murine cerebral wall. J Neurosci 15(9):6046-6057

4. Malatesta P, Hartfuss E, Gotz M (2000) Isolation of radial glial
cells by fluorescent-activated cell sorting reveals a neuronal line-
age. Development 127(24):5253-5263

5. Noctor SC, Flint AC, Weissman TA et al (2001) Neurons derived
from radial glial cells establish radial units in neocortex. Nature
409(6821):714-720

6. Miyata T, Kawaguchi A, Okano H, Ogawa M (2001) Asymmet-
ric inheritance of radial glial fibers by cortical neurons. Neuron
31(5):727-741

7. Miyata T, Kawaguchi D, Kawaguchi A et al (2010) Mechanisms
that regulate the number of neurons during mouse neocortical
development. Curr Opin Neurobiol 20(1):22-28. doi:10.1016/].
conb.2010.01.001

8. Taverna E, G6tz M, Huttner WB (2014) The cell biology of neu-
rogenesis: toward an understanding of the development and evo-
lution of the neocortex. Annu Rev Cell Dev Biol 30:465-502.
doi:10.1146/annurev-cellbio-101011-155801

9. LuiJH, Hansen DV, Kriegstein AR (2011) Development and evo-
lution of the human neocortex. Cell 146(1):18-36. doi:10.1016/;.
cell.2011.06.030

10. Miyata T (2008) Development of three-dimensional architecture
of the neuroepithelium: role of pseudostratification and cellu-
lar ‘community’. Dev Growth Differ 50(Suppl 1):S105-S112.
doi:10.1111/5.1440-169X.2007.00980.x

11. Miyata T, Okamoto M, Shinoda T et al (2015) Interkinetic
nuclear migration generates and opposes ventricular-zone crowd-
ing: insight into tissue mechanics. Front Cell Neurosci 8:473.
doi:10.3389/fncel.2014.00473

12. Chenn A, Walsh CA (2002) Regulation of cerebral cortical
size by control of cell cycle exit in neural precursors. Science
297(5580):365-369

13. Munji RN, Choe Y, Li G et al (2011) Wnt signaling regulates neu-
ronal differentiation of cortical intermediate progenitors. ] Neuro-
sci 31(5):1676-1687. doi:10.1523/JINEUROSCI.5404-10.2011

14. Okamoto M, Namba T, Shinoda T et al (2013) TAG-1-assisted
progenitor elongation streamlines nuclear migration to opti-
mize subapical crowding. Nat Neurosci 16(11):1556-1566.
doi:10.1038/nn.3525

15. Inglis-Broadgate SL, Thomson RE, Pellicano F et al (2005)
FGFR3 regulates brain size by controlling progenitor cell prolif-
eration and apoptosis during embryonic development. Dev Biol
279(1):73-85

16. Lange C, Huttner W, Calegari F (2009) Cdk4/cyclinD1 overex-
pression in neural stem cells shortens G1, delays neurogenesis,
and promotes the generation and expansion of basal progenitors.
Cell Stem Cell 5(3):320-331. doi:10.1016/j.stem.2009.05.026

@ Springer

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

Nonaka-Kinoshita M, Reillo I, Artegiani B et al (2013) Regulation
of cerebral cortex size and folding by expansion of basal progeni-
tors. EMBO J 32(13):1817-1828. doi:10.1038/emboj.2013.96
Bizzotto S, Francis F (2015) Morphological and functional aspects
of progenitors perturbed in cortical malformations. Front Cell
Neurosci 9:30. doi:10.3389/fncel.2015.00030

Barkovich AJ, Guerruni R, Kuzniecky RI et al (2012) A devel-
opmental and genetic classification for malformations of corti-
cal development: update 2012. Brain 135(Pt 5):1348-1369.
doi:10.1093/brain/aws019

Fietz SA, Kelava I, Vogt J et al (2010) OSVZ progenitors of
human and ferret neocortex are epithelial-like and expand by inte-
grin signaling. Nat Neurosci 13(6):690-699. doi:10.1038/nn.2553
Hansen DV, Lui JH, Parker PR et al (2010) Neurogenic radial
glia in the outer subventricular zone of human neocortex. Nature
464(7288):554-561. doi:10.1038/nature08845

Shitamukai A, Konno D, Matsuzaki F (2011) Oblique radial glial
divisions in the developing mouse neocortex induce self-renewing
progenitors outside the germinal zone that resemble primate outer
subventricular zone progenitors. J Neurosci 31(10):3683-3695.
doi:10.1523/JINEUROSCIL.4773-10.2011

LaMonica BE, Lui JH, Wang X et al (2012) OSVZ progenitors in
the human cortex: an updated perspective on neurodevelopmen-
tal disease. Curr Opin Neurobiol 22(5):747-753. doi:10.1016/j.
conb.2012.03.006

Cao X, Pfaff SL, Gage FH (2008) YAP regulates neural progenitor
cell number via the TEA domain transcription factor. Genes Dev
22(23):3320-3334. doi:10.1101/gad.1726608

Zhao B1, Wei X, Li W et al (2007) Inactivation of YAP oncopro-
tein by the Hippo pathway is involved in cell contact inhibition
and tissue growth control. Genes Dev 21(21):2747-2761

Ota M, Sasaki H (2008) Mammalian Tead proteins regulate cell
proliferation and contact inhibition as transcriptional mediators of
Hippo signaling. Development 135(24):4059-4069. doi:10.1242/
dev.027151

Zhao B, Ye X, YuJ et al (2008) TEAD mediates YAP-dependent
gene induction and growth control. Genes Dev 15(14):1962-1971.
doi:10.1101/gad.1664408

Van Hateren NJ, Das RM, Hautbergue GM et al (2011) FatJ acts
via the Hippo mediator Yapl to restrict the size of neural pro-
genitor pools. Development 138(10):1893-1902. doi:10.1242/
dev.064204

Gee ST, Milgram SL, Kramer KL et al (2011) Yes-associated
protein 65 (YAP) expands neural progenitors and regulates
Pax3 expression in the neural plate border zone. PLoS ONE
6(6):€20309. doi:10.1371/journal.pone.0020309

Lavado A, He Y, Pare J et al (2013) Tumor suppressor Nf2 limits
expansion of the neural progenitor pool by inhibiting Yap/Taz
transcriptional coactivators. Development 140(16):3323-3334.
doi:10.1242/dev.096537

Cappello S, Gray MJ, Badouel C et al (2013) Mutations in genes
encoding the cadherin receptor-ligand pair DCHS1 and FAT4 dis-
rupt cerebral cortical development. Nat Genet 45(11):1300-1308.
doi:10.1038/ng.2765

Han D, Byun S-H, Park S et al (2015) YAP/TAZ enhance mamma-
lian embryonic neural stem cell characteristics in a Tead-depend-
ent manner. Biochem Biophys Res Commun 458(1):110-116.
doi:10.1016/j.bbrc.2015.01.077

Wada K-I, Itoga K, Okano T et al (2011) Hippo pathway reg-
ulation by cell morphology and stress fibers. Development
138(18):3907-3914. doi: 10.1242/dev.070987

Aragona M, Panciera T, Manfrin A et al (2013) A mechanical
checkpoint controls multicellular growth through YAP/TAZ
regulation by actin-processing factors. Cell 154(5):1047-1059.
doi:10.1016/j.cell.2013.07.042


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.conb.2010.01.001
https://doi.org/10.1016/j.conb.2010.01.001
https://doi.org/10.1146/annurev-cellbio-101011-155801
https://doi.org/10.1016/j.cell.2011.06.030
https://doi.org/10.1016/j.cell.2011.06.030
https://doi.org/10.1111/j.1440-169X.2007.00980.x
https://doi.org/10.3389/fncel.2014.00473
https://doi.org/10.1523/JNEUROSCI.5404-10.2011
https://doi.org/10.1038/nn.3525
https://doi.org/10.1016/j.stem.2009.05.026
https://doi.org/10.1038/emboj.2013.96
https://doi.org/10.3389/fncel.2015.00030
https://doi.org/10.1093/brain/aws019
https://doi.org/10.1038/nn.2553
https://doi.org/10.1038/nature08845
https://doi.org/10.1523/JNEUROSCI.4773-10.2011
https://doi.org/10.1016/j.conb.2012.03.006
https://doi.org/10.1016/j.conb.2012.03.006
https://doi.org/10.1101/gad.1726608
https://doi.org/10.1242/dev.027151
https://doi.org/10.1242/dev.027151
https://doi.org/10.1101/gad.1664408
https://doi.org/10.1242/dev.064204
https://doi.org/10.1242/dev.064204
https://doi.org/10.1371/journal.pone.0020309
https://doi.org/10.1242/dev.096537
https://doi.org/10.1038/ng.2765
https://doi.org/10.1016/j.bbrc.2015.01.077
https://doi.org/10.1242/dev.070987
https://doi.org/10.1016/j.cell.2013.07.042

Neurochem Res (2018) 43:180-189

189

35.

36.

37.

38.

39.

40.

41.

42.

Rauskolb C, Sun S, Sun G et al (2014) Cytoskeletal tension
inhibits Hippo signaling through an Ajuba-Warts complex. Cell
158(1):143-156. doi:10.1016/j.cell.2014.05.035

Piccolo S, Dupont S, Cordenonsi M (2014) The biology of YAP/
TAZ: hippo signaling and beyond. Physiol Rev 94(4):1287-1312.
doi:10.1152/physrev.00005.2014

Low BC, Pan CQ, Shivashankar GV et al (2014) YAP/TAZ as
mechanosensors and mechanotransducers in regulating organ size
and tumor growth. FEBS Lett 588(16):2663-2670. doi:10.1016/j.
febslet.2014.04.012

Porazinski S, Wang H, Asaoka Y et al (2015) YAP is essential
for tissue tension to ensure vertebrate 3D body shape. Nature
521(7551):217-221. doi:10.1038/nature 14215

Diepenbruck M, Waldmeier L, Ivanek R et al (2014) Tead2
expression levels control the subcellular distribution of Yap and
Taz, zyxin expression and epithelial-mesenchymal transition. J
Cell Sci 127(Pt 7):1523-1536. doi:10.1242/jcs.139865

Altman J, Bayer SA (1995) Atlas of prenatal rat brain develop-
ment. CRC Press Inc., Boca Raton

Saito K, Dubreuil V, Arai Y et al (2009) Ablation of cholesterol
biosynthesis in neural stem cells increases their VEGF expression
and angiogenesis but causes neuron apoptosis. Proc Natl Acad Sci
USA 106(20):8350-8355. doi:10.1073/pnas.0903541106
Nagasaka A, Shinoda T, Kawaue T et al (2016) Differences in
the mechanical properties of the developing cerebral cortical
proliferative zone between mice and ferrets at both the tissue
and single-cell levels. Front Cell Dev Biol 4:139. doi:10.3389/
fcell.2016.00139

43.

44,

45.

46.

47.

48.

49.

Kawaguchi A, Ikawa T, Kasukawa T et al (2008) Single-cell gene
profiling defines differential progenitor subclasses in mammalian
neurogenesis. Development 135(18):3113-3124. doi:10.1242/
dev.022616

Okamoto M, Miyata T, Konno D et al (2016) Cell-cycle-independ-
ent transitions in temporal identity of mammalian neural progeni-
tor cells. Nat Commun 7:11349. doi:10.1038/ncomms11349
Osumi N, Shinohara H, Numayama-Tsuruta K, Maekawa M (2008)
Concise review: Pax6 transcription factor contributes to both
embryonic and adult neurogenesis as a multifunctional regulator.
Stem Cells 26(7):1663-1672. doi:10.1634/stemcells.2007-0884
Sansom SN, Griffiths DS, Faedo A et al (2009) The levels of the
transcription factor Pax6 is essential for controlling the balance
between neuralstem cell self-renewal and neurogenesis. PLoS
Genet 5(6):¢1000511. doi:10.1371/journal.pgen.1000511
Mariani E, Mehonic A, Curran S et al (2012) Live-cell delamina-
tion counterbalances epithelial growth to limit tissue overcrowd-
ing. Nature 484(7395):542-545. doi:10.1038/nature 10984
Smart IHM (1973) Proliferative characteristics of the ependymal
layer during the early development of the mouse neocortex: a
pilot study based on the number, location and plane of cleavage
of mitotic figures. J Anat 116(1):67-91

Smart IHM (1972) Proliferative characteristics of the ependymal
layer during the early development of the mouse diencephalon, as
revealed by recording the number, location and plane of cleavage
of mitotic figures. J Anat 113(1):109-129

@ Springer


https://doi.org/10.1016/j.cell.2014.05.035
https://doi.org/10.1152/physrev.00005.2014
https://doi.org/10.1016/j.febslet.2014.04.012
https://doi.org/10.1016/j.febslet.2014.04.012
https://doi.org/10.1038/nature14215
https://doi.org/10.1242/jcs.139865
https://doi.org/10.1073/pnas.0903541106
https://doi.org/10.3389/fcell.2016.00139
https://doi.org/10.3389/fcell.2016.00139
https://doi.org/10.1242/dev.022616
https://doi.org/10.1242/dev.022616
https://doi.org/10.1038/ncomms11349
https://doi.org/10.1634/stemcells.2007-0884
https://doi.org/10.1371/journal.pgen.1000511
https://doi.org/10.1038/nature10984

	Neural Progenitor Cells Undergoing YapTead-Mediated Enhanced Self-Renewal Form Heterotopias More Easily in the Diencephalon than in the Telencephalon
	Abstract 
	Introduction
	Materials and Methods
	Animals
	Immunohistochemistry
	Yap1 Expression in Single Cell Transcriptome Profiles
	Plasmids
	In Utero Electroporation
	In Vivo Comparison of Stem-Like Characteristics of NPCs
	Statistical Analysis

	Results and Discussion
	Yap1 is Expressed in Early Embryonic Mouse Forebrain NPCs
	Yap1 or Tead Enhances Stem-Like Behaviors of NPCs in Both the Dorsal Telencephalon and the Dorsal Diencephalon
	NPC Heterotopias Form More Frequently in the Dorsal Diencephalon than in the Dorsal Telencephalon

	Acknowledgements 
	References


