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Fig. 3 Defective differentiation of NS-NPCs into neural cells. a Aberrant gliogenesis of NS-neural cells. NS-NPCs were differentiated into neural cells under
spontaneous conditions for 21-23 days. NS-neural cells showed a higher proportion of GFAP-positive cells compared with the WT-neural cells. MAP2
positive (red) and GFAP positive (green) represent neuronal and glial cells, respectively. Scale bar, 50 um. b Increase of CD 44" population in the NS-neural
cells. The CD 44 population in the NS-neural cells was analyzed by FACS. The percent of CD 44" population are presented as the mean + SEM (n=4). ¢
Reduced neurites of neuronal cells in the NS-neural cells. In neural cells, dendritic and axonal regions were detected by the MAP2 antibody (red) and TAU1
antibody (green), respectively. Lengths of the dendrites (n =50 cells) and axons (n = 30 cells) were traced and measured using the ImageJ program. These
comparisons were analyzed against the results of three independent experiments. Scale bars, 20 um (MAP2) and 50 um (TAU1). d Reduced expression of
TAUT and increments of p-CREB in the NS-neural cells. The relative band intensities are presented as the mean + SEM (n =4). p values were determined
using an unpaired Student’s t test. *p < 0.05, **p < 0.01, **p < 0.001. Abbreviation: WT, wild-type; NS, Noonan syndrome




Ju et al. Stem Cell Research & Therapy (2020) 11:209 Page 11 of 19

WT

DAPI| 2 N \ ‘ ' B

N
o

1 1 Non-treated
I PHPST .

] |

—_
(¢,
1

O
[¥]
—
1]
(9]
—
o
c
o
=z

% of CD44+ population
g 2

o

WT NS1 NS2 NS3
C
MAP2DAP| B

3
= 1004 [ Non-treated r
o E PHPS1
c = an-
s 5%

z

601

C

o

£ 40-

5

o

2 20;

WT NS1 NS2 NS3

D WT NS1 NS2 NS3
SR 3007 (] Non-treated
= I PHPS1 o
of "
Z €
2 22001

=

i)

[

i)

€ 1007

o

>

<

0

WT NS1 NS2 NS3




Ju et al. Stem Cell Research & Therapy (2020) 11:209

Page 12 of 19

(" (See figure on previous page.)

\_phenylhydrazonopyrazolone sulfonate 1

Fig. 4 Recovery of abnormal phenotypes in the NS-neural cells by inhibition of SHP2 signaling. a Effects of SHP2 inhibition on gliogenesis in the
NS-neural cells. WT-NPCs and NS-NPCs were treated with a SHP2 inhibitor (10 uM PHPST1) for 1 week and then differentiated into neural cells for
21-23 days. NS-neural cells treated with the inhibitor exhibited a lower proportion of GFAP-positive cells compared with the non-treated NS-
neural cells. Scale bars, 50 um. b Reduction of CD44" population by SHP2 inhibition in the NS-neural cells. Percentages of CD 44" population are
expressed as the mean + SEM (n = 3). ¢ Extension of dendritic lengths in the NS-neural cells by SHP2 inhibition. Dendritic lengths were measured
in the MAP2-positive cells of the WT- and NS-neural cells after treatment with the appropriate chemicals (n =30 cells). The comparisons were
analyzed against the results of three independent experiments. Scale bar, 20 um. d Extension of axonal lengths in the NS-neural cells by SHP2
inhibition. Axonal lengths were measured in the TAU1-positive cells of the WT- and NS-neural cells after treatment with the appropriate
chemicals (n =30 cells). The comparisons were analyzed against the results from three independent experiments. Scale bar, 50 um. p values were
determined using an unpaired Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001. Abbreviation: WT, wild-type; NS, Noonan syndrome; PHPST,

reduction of CD44" cells in NS-neural cells following
the SHP2 inhibition (Fig. 4b). Secondly, we examined
whether inhibition of SHP2 is associated with the devel-
opment of neurites in NS-neural cells. As results, short-
ened dendritic and axonal lengths were significantly
recovered to the normal range in NS-neural cells by in-
hibition of SHP2 signaling during in vitro differentiation,
respectively (Fig. 4c, d). In addition, SHP2 inhibition en-
hanced the level of TAU1 expression and slightly nor-
malized the activity of p-CREB in NS-neural cells
(Additional file 6: Fig. S5A and S5B). Taken together,
our findings suggest that SHP2 mutation is associated
with imbalanced gliogenesis and defective development
of neurites in NS-NPCs during neural differentiation.

NS-cerebral organoids also show precocious gliogenesis
and reduced neural activities

Cerebral organoids are useful for studying spatiotempo-
ral neurodevelopment of the human brain [45]. To know
whether abnormal phenotypes in NS-neural cells are re-
producible in 3D structures during neural development,
cerebral organoids were produced from NS-iPSCs. Fig.
S6A (Additional file 7) represents a protocol for the pro-
duction of the cerebral organoids from human iPSCs.
Like WT-iPSCs, NS-iPSCs normally developed to cere-
bral organoids that express neuroectodermal markers
such as NESIN, SOX2, and SOX1 (Additional file 7: Fig.
S6B), which is presumed as the neural progenitor stage,
and further differentiated into neural cells expressing
MAP2 (Additional file 7: Fig. S6C). To determine when
gliogenesis appears during the development of NS-
cerebral organoids, the organoids were collected at dif-
ferent days during in vitro culture. GFAP-positive cells
were detected around 134 days of differentiation in WT-
cerebral organoids, whereas they appeared from the 43rd
day of differentiation in NS-cerebral organoids (Fig. 5a).
The glial cells gradually increased in NS-cerebral orga-
noids up to 134 days of differentiation. Thus, like 2D-
cultured neural cells (Fig. 3a), NS-cerebral organoids
showed precocious gliogenesis. Although NS-cerebral
organoids cultured for 56 days had similar morphologies
compared to WT ones, they also highly expressed

diverse glial cell markers such as GFAP, GLAST, and
S100 (Fig. 5b). FACS analysis displayed a higher pro-
portion of CD44-positive cells in NS-organoids than WT
ones (Fig. 5¢). Thus, the fate of glial cells in NS-cerebral
organoids seems to be determined early in the neurode-
velopment process. Inhibition of SHP2 decreased popu-
lations of GFAP™ glial cells (Fig. 5d) and CD44" cells in
NS-cerebral organoids (Fig. 5e). Thus, SHP2 mutations
lead to precocious appearance of astrocytes in NS-
cerebral organoids during neural development in vitro.
To assess the functionality of NS-neural cells, the extra-
cellular neural activity was examined in differentiated
neural cells using a MEA system. The extracellular neural
activity appeared to occur approximately 6 weeks after the
induction of neural differentiation, and then the number
of extracellular spikes gradually increased during culturing
in a time-dependent manner in both the WT- and NS-
neural cells during neural differentiation (Additional file 8:
Fig. S7A). Interestingly, the extracellular neural activity
was very low in the NS-neural cells at 12 weeks after the
induction of neural differentiation (Additional file 8: Fig.
S7B, upper panel). The total number of extracellular
spikes reduced in NS-neural cells compared to WT-neural
cells (Additional file 8: Fig. S7C, open bars). Treatment
with SHP2 inhibitor partially rescued the extracellular
neural activity in NS-neural cells (Additional file 8: Fig.
S7B, lower panel, and S7C, filled bars). Nevertheless, spike
frequency of the NS-neural cells was similar to those of the
WT-neural cells (Additional file 8: Fig. S7D). The propor-
tion of GFAP-positive cells decreased in the NS-neural
cells at 12 weeks of neural differentiation after SHP2 inhib-
ition (Additional file 8: Fig. S7E). To know whether the
NS-cerebral organoids lead to low extracellular spontan-
eous activities, extracellular spontaneous activity was moni-
tored between the 55th and 62th day during differentiation
of cerebral organoids. No differences were observed in total
number of spikes and spike frequency at 55 days of differ-
entiation between control and SHP2 inhibition in NS-
cerebral organoids (Additional file 9: Fig. S8). At 62 days of
differentiation, intriguingly, NS-cerebral organoids showed
low extracellular neural activity compared to WT ones
(Fig. 6A, upper panel). SHP2 inhibition in NS-cerebral
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Fig. 5 Increased gliogenesis in NS-cerebral organoids. a Time-dependent gliogenesis of NS-cerebral organoids. Scale bar, 20 um. b Increment of
glial cells in NS-cerebral organoids. NS-cerebral organoids expressed several glial cell markers such as GFAP (panel Il), GLAST (panel Ill), and S1003
(panel IV) in cortical plate zone. MAP2 expression was analogous between WT- and NS-cerebral organoids. Scale bar, 20 um. ¢ Increase of CD44 *
population in the NS-cerebral organoids. Percentages of CD 44 population are represented as the mean + SEM (n=5). d Reduction of GFAP-
positive cells by SHP2 inhibition in NS-cerebral organoids. NS-cerebral organoids were transiently incubated with a SHP2 inhibitor (10 uM PHPST)

for 7 days (28-35th day), and then further differentiated for 3 weeks. NS-cerebral organoids treated with the inhibitor exhibited reduction of
GFAP-positive cells compared with the non-treated NS-cerebral organoids. Scale bar, 20 um. e Decreased proportion of CD44* cells by SHP2
inhibition in NS-cerebral organoids. Percentages of CD44" population are indicated as the mean = SEM (n = 7). p values were determined using
an unpaired Student’s t test. *p < 0.05, **p < 0.01. Abbreviation: WT, wild-type; NS, Noonan syndrome; VZ, ventricular zone; CP, cortical plate;

PHPS1, phenylhydrazonopyrazolone sulfonate 1

organoids improved the spontaneous firing (Fig. 6a,
lower panel). The number of spikes and spike fre-
quency were significantly increased in NS-cerebral
organoids by SHP2 inhibition, respectively (Fig. 6b, c).
These observations demonstrate that spontaneous
neural activities decrease in both NS-neural cells and
NS-cerebral organoids during neural development.
Therefore, we suggest that SHP2 mutations cause
dysfunctional electrophysiological property in NS-
neural cells and NS-cerebral organoids.

Discussion

Here we demonstrate for the first time that the neuro-
logical manifestations of NS may be responsible for the
imbalance in neural development that leads to dispropor-
tionate numbers of neuronal and glial cells. In this study,
two impairments were found in the neurodevelopmental
process of NS-iPSCs during neural differentiation in vitro:
defective maintenance of NS-EBs at the early stage and
precocious gliogenesis in NS-neural cells and NS-cerebral
organoids at the later stage. Various aberrant phenotypes,
intriguingly, including enriched astrocytes, shortened
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neurites, and low electrophysiological activity was rescued
in NS-neural cells and NS-cerebral organoids by SHP2 in-
hibition. Our results indicate that SHP2 mutation may
contribute to imbalanced population of neurons and glial
cells and reduced neurite outgrowth.

In this study, we used human iPSCs (hiPSCs) with the
PTPNI11 mutations to model NS at the molecular and
cellular levels during early neural development in vitro.
SHP2 is ubiquitously expressed in the cytoplasmic re-
gion of cells [55] and regulates the self-renewal and dif-
ferentiation in ESCs [56, 57]. Similar to WT-iPSCs, NS-
iPSCs normally generated from dermal fibroblasts and
maintained without any differentiation (Additional file 2:
Fig. S1A). Interestingly, the level of p-SHP2 in the NS-
iPSCs was similar to that of the WT-iPSCs (Additional
file 3: Fig. S2). Thus, SHP2 mutations in NS-iPSCs may
not affect the pluripotency competence. However, anom-
alies in the NS-iPSCs were observed in EB maintenance
(Fig. 1b), and NS-EBs did not further develop into NRs
(Fig. 1c). Similarly, CFC syndrome-iPSCs with the BRAF
mutation show elevated SMADI signaling, which leads
to failures of EB development and NR formation [40]. In
the present study, the activities of p-SHP2, p-ERK, p-
SMADI, and p-SMAD2 were enhanced in the NS-EBs
compared with the WT-EBs (Fig. 1e). Intriguingly, inhib-
ition of both the BMP and TGF- signaling pathways
rescued EB development and subsequent NR formation
in NS-iPSCs, whereas inhibition of p-SHP2 or p-ERK
was not effective on rescuing EB and NR development
(Additional file 5: Fig. S4B and S4C). Based on these re-
sults, the dual inhibition of the SMAD1 and SMAD?2 sig-
naling pathways is known to be effective for the neural
induction of hESCs [58]. Elevated BMP signaling inter-
rupts neural induction and results in induction towards
the mesodermal lineage [59, 60]. Activin A treatment ac-
tivates the expression of meso-endodermal genes in hu-
man and mouse ESCs [61]. These results indicate that
both the BMP and TGF- signaling pathways (but not
the Ras-ERK signaling pathway) play important roles in
the early neural induction of NS-iPSCs.

Although a variety of symptoms observed in NS pa-
tients are related to the activation of the RAS-MAPK
pathway, it is unclear whether the SHP2 mutations influ-
ence cell fate determination during neural development.
A SHP2 expression is detected in various brain tissues at
the postnatal stage [62]. Here, we report that the SHP2
mutations are responsible for enhanced gliogenesis dur-
ing neural development in humans. In this study, NS-
NPCs preferentially developed to GFAP-positive glial
cells even under neuronal induction conditions, whereas
the WT-NPCs did not (Fig. 3a, b). Ptpnil "°“'* |Nestin-
Cre” conditional knock-in mice markedly increase the
number of astrocytes in both cortex and hippocampus at
1 month old [63]. Ras-hyperactivating mutations, such as
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H-Ras G12V mutation and Nfl-inactivating mutation,
cause an increase in gliogenesis in mice [64, 65]. Mek1/2
knockout results in the depletion of developmental glio-
genesis in vivo [66]. NS-linked Raf1™*13V™ mutant mice
exhibit increased GFAP" astrocytes and OLIG2" oligo-
dendrocyte progenitors in mature forebrain [67]. There-
fore, it is likely that RAS-MAPK signaling is involved in
the gliogenesis during neural development. Recently, it
has been reported that strong expression of glial markers,
including GFAP, S100 , and OLIG2, and elevated p-ERK
levels are observed in the glioneuronal tumors or glioma
of NS patients [26-28]. The levels of p-SHP2 and p-ERK
increased in the NS-NPCs (Fig. 2d). Interestingly, SHP2
inhibition was effective on decreasing the numbers of
GFAP-positive cells in the NS-neural cells and NS-
cerebral organoids (Figs. 4a and 5d). Thus, elevated
p-SHP2 activity seems to be associated with incre-
ment of gliogenesis in NS during neural development.

SHP2 plays a role in promoting neurogenesis by acti-
vating the Ras-Erk pathway and suppressing Jak-Stat3
signaling at embryonic days 13 and 14 during the pro-
gression of brain development in mice [22, 62]. Activa-
tion of the LIF-Jak-Stat3 pathway induces gliogenesis in the
central nervous system [68]. In this study, we questioned
whether increased glial development in the NS-NPCs might
account for the activation of the JAK-STAT3 pathway. Al-
though the NS-NPCs showed the same or low level of p-
STAT3 compared with the WT-NPCs (Additional file 10:
Fig. S9A), they retained their molecular and cellular proper-
ties (Fig. 2b, c). It is known that NOTCH signaling pro-
motes transcriptional activation of GFAP in rodent cortical
neural stem cells [69]. Sustained activation of LIF-STAT3
pathway enhances atrogliogenesis by activation of Smad 1
in mouse neuroepithelial cells [70]. In contrast, our results
represent that JAK-STAT3, NOTCH, and BMP path-
ways do not seem to be critical for the cell fate deter-
mination of NS-NPCs towards glial cells (Additional
file 10: Fig. S9A and S9B). Collectively, our results in-
dicate that a gain-of-functional mutation of SHP2
gives rise to the precocious cell fate determination to
gliogenesis during neural development.

In this study, another interesting finding was that the
NS-neuronal cells had shortened dendrites and axons
compared with the WT-neuronal cells. Similarly, neurons
derived from CS-iPSCs (HRAS-G12V) exhibited short-
ened neurite length [37]. However, elevated Ras levels are
known to be associated with increments of neurite out-
growth in neurons [71]. Nonetheless, the mechanisms
underlying the induction of shortened dendritic and
axonal lengths by the SHP2 mutation are unclear. The
transcriptional expression of tau is suppressed by the acti-
vation of p-CREB [72]. In this study, NS-neural cells ex-
hibited decreased TAU1 and increased p-CREB compared
with that of the WT-neural cells (Fig. 3f). Nonetheless, it
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remains elusive whether the shortened lengths of den-
drites and axons are associated with increased p-CREB via
elevated p-ERK in the NS-neural cells. Midbrain dopamin-
ergic neurons with the LRRK-G2019S mutation exhibit
shortened neurite outgrowth by the activation of p-ERK
[73]. Fragile X syndrome-derived neurons exhibit in-
creased p-ERK as well as shortened neurite lengths [74].
Here, SHP2 inhibition led to an increase of TAU1 protein
expression and a decrease of p-CREB activity in the NS-
neural cells (Additional file 6: Fig. S5). Our results demon-
strate that the SHP2 mutations cause defective neuronal
development in the NS-neural cells through low TAU1
expression and p-CREB hyperactivation.

In this study, NS-neural cells exhibited unbalanced cell
fate decisions into glial cells and shortened neural morph-
ologies (Fig. 3). We questioned whether these anomalies
in the NS-neural cells influence neural functions. As
shown in Fig. 6 and S7 (Additional file 8), the NS-neural
cells and NS-cerebral organoids exhibited a decrease in
the number of extracellular spikes compared to WT ones.
Therefore, reduction of extracellular spontaneous firing
seems to be responsible for shortened neurites in NS-
neural cells and NS-cerebral organoids. In addition, SHP2
inhibition not only extended neurite lengths in NS-
neuronal cells (Fig. 4c, d), but also recovered extracellular
neural activities in NS-neural cells and NS-cerebral orga-
noids (Fig. 6 and S7). Nonetheless, it is still uncertain
whether enhanced glial cells affect the extracellular neural
activity in NS-neural cells and NS-cerebral organoids.

Based on our results, we propose a putative model for
neurodevelopmental defects in NS-iPSCs during neural
differentiation in vitro (Fig. 6d). SHP2 mutations exces-
sively activated ERK, BMP, and TGF- signaling pathways
and then impaired early neuroectodermal development in
NS-iPSCs. We found that both BMP and TGF-83 signaling
pathways, not ERK signaling pathway, were critical for
early neuroectodermal development in NS-iPSCs. There-
after, various neurodevelopmental anomalies (increased
glial cells, shortened neurites, and reduced extracellular
neural activities) were observed in NS-neural cells and
NS-cerebral organoids. Interestingly, SHP2 inhibition res-
cued those anomalies in NS-neural cells and NS-cerebral
organoids. Taken together, we suggest that early and late
combinatorial anomalies are associated with neurological
impairments in Noonan syndrome.

Conclusions

In vitro disease modeling for the neurological dysfunc-
tions of NS patients has not been reported to date. In
this study, we observed early neuroectodermal defects
and imbalance between neuronal and glial cells in NS-
iPSCs during neural development. Our results suggest
possible deficiencies that can affect cognitive impair-
ments during brain development in NS patients.
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Supplementary information accompanies this paper at https://doi.org/10.
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Additional file 1: Table S1. Primers® used in this study Table S2.
Primary antibodies used for the immunofluorescence and western
blotting assays.

Additional file 2: Figure S1. Characterization of NS-iPSCs. (A) Expres-
sion of pluripotency markers in the NS-iPSCs. Similar to the WT-iPSCs, the
NS iPSCs expressed various pluripotency markers, such as OCT4, SOX2,
NANOG, TRA-1-60, and TRA-1-81. Scale bar, 200 um. (B) Normal karyo-
types of NS-iPSCs. (C) Single point mutation of the PTPN11 gene in the
NS-iPSCs. The point mutation of the PTPN11 gene was verified by DNA
sequencing.

Additional file 3: Figure S2. Activation of p-ERK upon bFGF stimulation
in NS-iPSCs. WT-iPSCs and NS-iPSCs were starved in hPSC medium con-
taining 0.1% SR without bFGF for 6 hr and then incubated in hPSC
medium supplemented with 20 ng/ml bFGF for 10 and 20 min. Similar to
the WT-iPSCs, the activity of p-ERK in the NS-iPSCs was slightly enhanced
upon starvation. The relative band intensities are presented as the mean
+ SEM (n=3). P values were determined by using an unpaired Student’s t-
test. ¥, p < 0.05; **, p < 0.01; ***, p < 0.001.

Additional file 4: Figure S3. Downregulation of p-ERK, p-SMAD1, and
p-SMAD?2 by dual inhibition of BMP and TGF-{ signaling in the NS-EBs.
Dual inhibition downregulated the levels of p-ERK, p-SMAD1, and p-
SMAD?2 but did not affect the activity of p-SHP2 in the NS-EBs. The rela-
tive ratios are presented as the mean + SEM (n=2).

Additional file 5: Figure S4. Treatments of NS-iPSCs with diverse che-
micals during EB formation. (A) Effects of BMP inhibitor and TGF-f inhibi-
tor on EB formation in NS-iPSCs. Treatment of either BMP inhibitor or
TGF-B inhibitor alone was not effective for the morphological recovery of
NS-EBs. NS-EBs were morphologically improved by the dual inhibition of
BMP and TGF-B signaling. Scale bar, 200 um. (B) Effects of SHP2 inhibition
on EB formation in NS-iPSCs. NS-iPSCs were independently incubated
with 10 uM PHPST (SHP2 inhibitor). SHP2 inhibition did not improve EB
formation in NS-iPSCs. Scale bar, 200 um. (C) Developmental failure of
NS-EBs treated with SHP2 inhibitor to NR. Scale bar, 20 pm.

Additional file 6: Figure S5. Regulation of TAUT and p-CREB level by
SHP2 inhibition in NS-neural cells (A) Expression of TAU1 in the NS-neural
cells by SHP2 inhibition. Protein level of TAUT was slightly increased in
PHPS1-treated NS-neural cells compared with the non-treated NS neural
cells. The relative band intensities are presented as the mean + SEM (n=
3). (B) Protein level of p-CREB in the NS-neural cells by SHP2 inhibition.
The relative band intensities are presented as the mean + SEM (n=2). P
values were determined by using an unpaired Student’s t-test. *, p < 0.05;
** p <001

Additional file 7: Figure S6. Characterization of cerebral organoids
developed from human iPSCs. (A) Schematic protocol for differentiation
of cerebral organoids from human iPSCs. (B) Expressions of
neuroectodermal markers in cerebral organoids at 25 day of culture. Scale
bars, 50 um. (C) Expression of neuroectodermal and neuronal markers in
cerebral organoids. WT-and NS-cerebral organoids retained neuroectoder-
mal cells expressing SOX2 in ventricular zone (VZ) and neuronal cells ex-
pressing MAP2 in cortical plate (CP). Scale bars, 50 um.

Additional file 8: Figure S7. Time-course extracellular neural activities
of NS-neural cells. (A) Monitoring of number of spontaneous extracellular
spikes during neural differentiation. In WT- and NS-neural cells, recording
of extracellular neural activities were obtained for 5 min at a two-week
interval from 6 to 12 weeks during neural differentiation from NPCs. The
number of extracellular spikes was significantly reduced in NS-neural cells
at 12 week. Data were represented as mean + SEM (6 week, n=5; 8 week,
n=3; 10 week, n=2; 12 week, n=2). (B) Raster plot of extracellular spikes of
NS-neural cells cultured for 12 weeks. Active channels with extracellular
spikes in NS-neural cells were fewer than WT-neural cells (non treated,
upper panel). A number of active channels increased via SHP2 inhibition
in NS neural cells (lower panel). Extracellular spikes are shown as dots
among the 64 electrodes. The bin size is 1 ms. The electrodes with extra-

cellular spikes are defined as active channels. (C) Comparison of number
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of extracellular spikes between non- and PHPS1-treated groups. In the
non-treated group (open bar), a small number of extracellular spikes were
detected in NS-neural cells compared to WT-neural cells. SHP2 inhibition
partially increased number of extracellular spikes in NS-neural cells (filled
bar). (D) Spike frequency of NS-neural cells. No difference was detected in
the spike frequency of neural cells between non- and SHP2 inhibited
groups. (E) Decrease of glial cells in NS-neural cells after SHP2 inhibition.
Glial cells were reduced in NS-neural cells after treatment of PHPST.
MAP2-positive (red) and GFAP-positive (green) cells represented neuronal
and glial cells, respectively. Scale bar, 50 um. These results were repeated
twice independently with a different set of neural cells. P values were de-
termined by using an unpaired Student's t-test. ¥, p < 0.05; **, p < 0.01.

Additional file 9: Figure S8. Spontaneous neural activities of cerebral
organoids at 55 day of culture (A) Raster plots for extracellular spikes
measured in cerebral organoids at 55 day of culture. (B-C) Number of
spikes and spike frequency in cerebral organoids. These results were
repeated from independently generated cerebral organoids (n = 3).

Additional file 10: Figure S9. Activities of STAT3, NOTCH and BMP
signalings in NS NPCs (A) Activity of p-STAT3 in the NS-NPCs. Level of p-
STAT3 in NS-NPC was lower than WT ones. (B) Levels of cleaved NOTCH
and p-SMADT in NS-NPCs. There was no difference in the level of cleaved
NOTCH and p-SMAD1 between WT- and NS-NPCs. The relative band in-
tensities are presented as the mean + SEM (n=4). P values were deter-
mined by using an unpaired Student’s t-test. **, p < 0.01; ***, p < 0.001.
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