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Wnt-Notch Signaling Interactions During Neural
and Astroglial Patterning of Human Stem Cells

Julie Bejoy, MS,* Brent Bijonowski, MS, Mark Marzano, MS, Richard Jeske, BS,
Teng Ma, PhD,{ and Yan Li, PhD

The human brain formation involves complicated processing, which is regulated by a gene regulatory network
influenced by different signaling pathways. The cross-regulatory interactions between elements of different
pathways affect the process of cell fate assignment during neural and astroglial tissue patterning. In this study,
the interactions between Wnt and Notch pathways, the two major pathways that influence neural and astroglial
differentiation of human induced pluripotent stem cells (hiPSCs) individually, were investigated. In particular,
the synergistic effects of Wnt-Notch pathway on the neural patterning processes along the anterior–posterior or
dorsal–ventral axis of hiPSC-derived cortical spheroids were explored. The human cortical spheroids derived
from hiPSCs were treated with Wnt activator CHIR99021 (CHIR), Wnt inhibitor IWP4, and Notch inhibitor
(N-[N-(3,5-difluorophenacetyl)-l-alanyl]-S-phenylglycine t-butyl ester [DAPT]) individually, or in combina-
tions (CHIR + DAPT, IWP4 + DAPT). The results suggest that CHIR + DAPT can promote Notch signaling,
similar or higher than CHIR alone, whereas IWP4 + DAPT reduces Notch activity compared to IWP4 alone.
Also, CHIR + DAPT promoted hindbrain marker HOXB4 expression more consistently than CHIR alone, while
IWP4 + DAPT promoted Olig2 expression, indicating the synergistic effects distinctly different from that of the
individual small molecule. In addition, IWP4 simultaneously promoted dorsal and ventral identity. The pat-
terned neural spheroids can be switched for astroglial differentiation using bone morphogenetic protein 4. This
study should advance the derivations of neurons, astroglial cells, and brain region-specific organoids from
hiPSCs for disease modeling, drug screening, as well as for hiPSC-based therapies.
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Impact Statement

Wnt signaling plays a central role in neural patterning of human pluripotent stem cells. It can interact with Notch signaling
in defining dorsal–ventral and rostral–caudal (or anterior–posterior) axis of brain organoids. This study investigates novel
Wnt and Notch interactions (i.e., Wntch) in neural patterning of dorsal forebrain spheroids or organoids derived from human
induced pluripotent stem cells. The synergistic effects of Wnt activator or inhibitor with Notch inhibitor were observed. This
study should advance the derivations of neurons, astroglial cells, and brain region-specific organoids from human stem cells
for disease modeling and drug screening, as well as for stem cell-based therapies. The results can be used to establish better
in vitro culture methods for efficiently mimicking in vivo structure of central nervous system.

Introduction

The development of a multicellular organ (such as the
brain) from stem cells involves complicated proces-

sing.1,2 Proliferating stem cells undergo the fate decision
process before developing into tissues or organs. This
process is controlled and regulated by a signaling pathway

network (called gene regulatory network).3 The network
comprises pathways created by the intrinsic and extrinsic
factors of the cells, which form the signal transduction to
control stem cell fate. There are various signal pathways
that have been discovered and studied for tissue develop-
ment and patterning, including Wnt signaling,4 Notch, and
receptor tyrosine kinase.5–7 It has been suggested that
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cross-regulatory interactions between elements of the
pathways (e.g., Wnt and Notch) affect the process of cell
fate assignment.8,9 Most components of Wnt signaling have
multiple interactions with other signaling pathways (e.g.,
Hippo/YAP and Notch) and, therefore, have been consid-
ered the center of the integrated network.10 For example,
Wnt signaling plays an important role in defining dorsal–
ventral (D–V) and rostral–caudal (or anterior–posterior
[A–P]) axis of brain organoids together with sonic hedge-
hog pathway.11

The implications on neural differentiation processes from
Wnt signaling interacting with other signaling pathways
remain largely unexplored. However, several studies re-
vealed major cross-interactions between Wnt and Notch
signaling and explained this interaction as integrated control
elements of the cells.12–15 For example, Notch signaling
promotes Wnt expression in Drosophila development.5,12

After Wnt refines its expression, it promotes the expression of
Notch Ligands (Delta), forming a positive feedback loop to
maintain Notch signaling and Wnt expression. A similar
mechanism exists for early germ layer specification, where
Wnt signaling activates the expression of Notch ligands. Wnt-
receptor binding triggers the suppression of the antagonistic
activity of Notch. It is also suggested that Wnt performs
prepatterning and Notch perform, lateral inhibition. Wnt and
Notch pathways control neuronal and astroglial differentia-
tion, in which Notch may not be a primary inducer, but a
transit amplifier during neural fate induction, producing si-
multaneous and synergistic effects (‘‘Wntch’’ signaling).

Wnt signaling has been studied for its influence on cardiac
and neural differentiation of induced pluripotent stem cells
(iPSCs).16–18 The influence of Wnt signaling on the fate de-
cision of stem cells is both concentration and stage depen-
dent.19 During early-stage ectoderm differentiation from
PSCs, inhibition of Wnt signals was found to promote anterior
character and enhance neuroectodermal differentiation.20

During late-stage neural differentiation, Wnt signaling en-
riches neural progenitor cells (NPCs) with a posterior neural
fate expressing themarkers for hindbrain and spinal cord.17 On
the other hand, Notch signaling keeps the neural precursors in
an undifferentiated state and inhibits neuronal differentia-
tion.21 Inhibition of Notch signaling using N-[N-(3,5-
difluorophenacetyl)-l-alanyl]-S-phenylglycine t-butyl ester
(DAPT) promotes neurogenesis in hPSC-derived NPCs.21–23

Notch inhibition was also used in deriving midbrain organoids
and dopaminergic neurons.24 However, despiteWnt andNotch
pathways playing a pivotal role in neural differentiation, cross
interactions between these two signaling pathways in pat-
terning of human brain organoids remain underexplored.

In this work, functional cross talks between Wnt and
Notch signaling as well as their impacts on the neural and
astroglial tissue patterning of human induced pluripotent
stem cell (hiPSC)-derived cortical spheroids were evaluated.
Previous studies reported that the promoting effect of Wnt
activation on neurogenesis of human NPCs was based on
modulation of Notch target genes.25,26 These findings
prompted us to hypothesize that manipulation of Wnt and
Notch signaling may influence the patterning of neural and
astroglial tissue along D–V axis and A–P axis of hiPSC-
derived neural spheroids. The cross interactions of the Wnt-
Notch signaling were examined using Wnt activator
CHIR99021 and Wnt inhibitor IWP4.27 The resulting in-

fluence on Notch and its proneurogenic effect was investi-
gated. At the same time, the impact of Notch inhibition
using DAPT on the Wnt signaling and the synergistic effects
with CHIR99021 or IWP4 on the neural and astroglial tissue
patterning were examined. Understanding these underlying
mechanisms that regulate neural and astroglial differentia-
tion and patterning from hiPSCs is essential for efficient
derivations of neurons, astroglial cells, and brain region-
specific organoids from hiPSCs used in disease modeling,
drug screening, and hiPSC-based therapies.

Materials and Methods

Undifferentiated hiPSC culture

Human iPSK3 cells were derived from human foreskin
fibroblasts transfected with plasmid DNA encoding repro-
gramming factors OCT4, NANOG, SOX2, and LIN28
(kindly provided by Dr. Stephen Duncan, Medical College
of Wisconsin).28,29 Human iPSK3 cells were maintained in
mTeSR serum-free medium (StemCell Technologies, Inc.,
Vancouver, Canada) on growth factor reduced Geltrex-
coated surface (Life Technologies).30 The cells were pas-
saged by Accutase every 5–6 days and seeded at 1· 106
cells per well of a six-well plate in the presence of 10mM
Y27632 (Sigma) for the first 24 h.25,30,31

Cortical spheroid formation from hiPSCs

Human iPSK3 cells were seeded into ultra-low attach-
ment 24-well plates (Corning Incorporated, Corning, NY) at
3 · 105 cells/well in a differentiation medium composed of
Dulbecco’s modified Eagle medium/Nutrient Mixture F-12
plus 2% B27 serum-free supplement (Life Technologies).
Y27632 (10mM) was added during the seeding and removed
after 24 h. On day 1, the cells formed embryoid bodies and
were treated with dual SMAD signaling inhibitors 10mM
SB431542 (Sigma) and 100 nM LDN193189 (Sigma).32,33

After 8 days, the cells were treated with fibroblast growth
factor-2 (10 ng/mL; Life Technologies) and retinoic acid
(5 mM; Sigma) until day 16.34 At day 17, the spheroids were
replated to Geltrex-coated tissue culture plates.

Wnt activation, inhibition, and Notch inhibition

During day 16–21, the spheroids were treated with six dif-
ferent conditions: (i) control, no small molecule was used; (ii)
CHIR99021 (10mM; StemCell Technologies, Inc.), which
activates Wnt signaling by inhibiting glycogen synthase
kinase-3b; (iii) IWP4 (5mM; Stemgent, Cambridge, MA),
which inhibits Wnt signaling through the porcupine, thereby
reducing the production of Wnt proteins35; (iv) the Notch in-
hibitor DAPT (10mM; Sigma). The g-secretase inhibitor
DAPT can inhibit the g-secretase-dependent S3 cleavage of
Notch, which releases the Notch internal cytoplasmic domain
NICD36,37; (v) CHIR99021 + DAPT; and (vi) IWP4 + DAPT
(Supplementary Fig. S1). The six conditions were labeled as
follows: Control, CHIR, IWP4, DAPT, C +D, and I +D. After
the treatments, the cells were harvested for immunostaining,
flow cytometry, Western blot, or RNA isolation.

For astroglial spheroid differentiation, on day 16, the
spheroids were treated with four conditions: (i) control, no
factor was used; (ii) bone morphogenetic protein (BMP)-4 at
10 ng/mL (R&D Systems); (iii) IWP4; and (iv) DAPT, up to
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day 32 to evaluate the effect of BMP-4 on astroglial fate
decision. To elucidate the influence of regional identity of
neural progenitors on astroglial differentiation, the spheroid
cells (day 21) in the above six conditions were switched to
BMP-4 treatment up to day 32. The cells were harvested for
characterization of astroglial progenitor markers and brain
regional identity markers (Supplementary Figs. S1 and S2).

Immunocytochemistry

Briefly, the samples were fixed with 4% paraformaldehyde
(PFA) and permeabilized with 0.2–0.5% Triton X-100. The
samples were then blocked for 30min and incubated with
various mouse or rabbit primary antibodies (Supplementary
Table S1) for 4 h. After washing, the cells were incubated with
the corresponding secondary antibody: Alexa Fluor� 488 goat
anti-Mouse IgG1, Alexa Fluor 594 goat anti-Rabbit IgG, or 594
donkey anti-goat IgG (Life Technologies) for 1 h. The samples
were counterstained with Hoechst 33342 and visualized using
a fluorescent microscope (Olympus IX70, Melville, NY) or a
confocal microscope (Zeiss LSM 880). The images from five
independent fields (800–1000 cells) were analyzed using Im-
ageJ software. The intensity was calculated based on the area
of marker of interest normalized to the nuclei, indicating the
relative expression among different conditions.32,38

Flow cytometry

To quantify the levels of various neural marker expression,
the cells were harvested by trypsinization and analyzed by flow
cytometry.39 Briefly, 1·106 cells per sample were fixed with
4% PFA and washed with staining buffer (2% fetal bovine
serum in phosphate-buffered saline [PBS]). The cells were
permeabilized with 100% cold methanol, blocked, and then
incubated with various primary antibodies (Supplementary
Table S1) followed by the corresponding secondary antibody
Alexa Fluor 488 goat anti-Mouse IgG1 or Alexa Fluor 594 Goat
Anti-rabbit or Donkey Anti-Goat IgG. The cells were acquired
with BD FACSCanto� II flow cytometer (Becton Dickinson)
and analyzed against isotype controls using FlowJo software.

Western blotting

Cells were pelleted, washed with ice-cold PBS, and lysed in
a hypotonic buffer containing 20mM HEPES (pH 7.4), 10mM
KCl, 2mM MgCl2, 1mM ethylenediaminetetraaceticacid,
1mM ethylene glycol-bis(b-aminoethyl ether)-N,N,N¢,N¢-
tetraacetic acid, and 1% fresh dithiothreitol. The lysate was
centrifuged at 800 g for 5min. NP-40 buffer was added to
lyse and resuspend the pellet. Protein concentration of the
lysed samples was determined by Bradford assay, and 20mg
of each sample was resolved on a 10% running/4% stacking
sodium dodecyl sulfate–polyacrylamide gel electrophoresis
gel for 20min at 100V and then at 200V until the end.
Proteins were then transferred onto nitrocellulose membranes
at 100V for 1 h. Then the blots were blocked with 3% milk
Tris-buffered saline-Tween 20 (TBST) solution for 30min.
After blocking, blots were probed with 0.05mg/mL of Notch-
1, Hes-1, Jagged-1, b-catenin, and so on (Supplementary
Table S1), or 1:10,000 b-tubulin (endogenous control) anti-
body in 3% milk/TBST overnight at 4�C. After washing with
TBST, each blot was incubated with 1:10,000 anti-rabbit or
anti-mouse Li-Cor (Linclon, NE) infrared secondary antibody

for one hour. Finally, blots were washed with TBST and
imaged on a Li-Cor Odyssey imager. The relative band in-
tensity was quantified using ImageJ. The average values and
standard variations from three blots were presented.

Reverse transcription–polymerase chain reaction
analysis

Total RNA was isolated from neural cell samples using
the RNeasy Mini Kit (Qiagen, Valencia, CA) according to
the manufacturer’s protocol followed by the treatment of
DNA-Free RNA Kit (Zymo, Irvine, CA). Reverse tran-
scription was carried out using 2 mg of total RNA, anchored
oligo-dT primers (Operon, Huntsville, AL), and Superscript
III (Invitrogen, Carlsbad, CA) (according to the protocol of
the manufacturer). Primers specific for target genes (Sup-
plementary Table S2) were designed using the software Oligo
Explorer 1.2 (Genelink, Hawthorne, NY). The gene b-actin
was used as an endogenous control for normalization of ex-
pression levels. Real-time reverse transcription–polymerase
chain reaction analysis (RT-PCR) reactions were performed
on an ABI7500 instrument (Applied Biosystems, Foster City,
CA), using SYBR1 Green PCR Master Mix (Applied Bio-
systems). The amplification reactions were performed as
follows: 2min at 50�C, 10min at 95�C, and 40 cycles of 95�C
for 15 s and 55�C for 30 s, and 68�C for 30 s. Fold variation in
gene expression was quantified by means of the comparative
Ct method: 2� (DCt treatment �DCt control), which is based on the
comparison of expression of the target gene (normalized to
the endogenous control b-actin) among different conditions.

Ca2+ signaling assay

For calcium signaling, the samples were replated on 1%
Geltrex-coated 96-well plate and grown overnight. The
growth medium was removed in each well and 100 mL of
1 ·Fluo-4 dye (Life Technologies) in assay buffer contain-
ing 1 ·Hank’s balanced salt solution and 20mM HEPES
(with 2.5mM probenecid) was added into the wells and
incubated at 37�C for 30min. The incubation was switched
to room temperature for an additional 30min. Baseline Ca2+

signals (I494/I516) were measured for more than 100 s, and
then the calcium dye medium was replaced with 100mL of
10mM adenosine 5¢-diphosphate (ADP; Sigma) solution in
assay buffer (without probenecid). Ca2+ recordings were
read on a fluorescent plate reader (FLX800; Bioinstrument,
Inc., Winooski, VT) using instrument settings appropriate
for excitation at 494 nm and emission at 516 nm.

Statistical analysis

The representative experiments were presented and the
results were expressed as (mean– standard deviation). To
assess the statistical significance, one-way analysis of vari-
ance followed by Fisher’s Least Significance Difference
post hoc tests were performed. A p-value <0.05 was con-
sidered statistically significant.

Results

Effects of Wnt and Notch modulators on Wnt-Notch
signaling

Effects of Wnt and Notch modulators on the expression of
b-catenin (a critical protein in canonical Wnt signaling) and
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Notch ligand Jagged 1 (Wnt-Notch interactions) were first
evaluated (Fig. 1). The immunocytochemical analysis
showed that the expression of b-catenin for the DAPT and
IWP4 conditions was reduced compared to the CHIR con-
dition, but was similar to the control condition (Fig. 1A).
The CHIR treatment increased the expression of b-catenin
compared to the control. Quantification using Western
blotting also showed the increased b-catenin expression for
the CHIR condition, indicating the activated canonical Wnt
signaling. The b-catenin expression in the other four con-
ditions (DAPT, IWP4, C + D, and I + D) was not signifi-
cantly different from the control condition (Fig. 1B[i], [ii]).
The I +D condition had higher b-catenin expression than
IWP4 alone or DAPT alone. The impact of Wnt and Notch
modulators on the expression of Jagged 1 was also exam-
ined using Western blotting. CHIR treatment increased the
expression of Jagged 1 compared to the control, whereas all
other modulators did not show a significant effect on Jagged
1 (Fig. 1C and Supplementary Fig. S3).

The expression of Notch-1 was evaluated by im-
munostaining, RT-PCR, and Western blotting (Fig. 2). From
RT-PCR analysis, C +D had higher Notch-1 expression than
CHIR alone or DAPT alone (Fig. 2B). I +D had lower
Notch-1 expression than IWP4 alone, which had the highest
Notch-1 expression. From Western blotting analysis, a
similar trend for Notch-1 protein was observed (Fig. 2C).
C +D had higher Notch-1 expression than CHIR alone, and
I +D had lower Notch-1 expression than IWP4 alone. The
Notch downstream target protein Hes1 was also evaluated
(Fig. 2C). CHIR treatment increased the Hes1 expression
compared to the control, indicating high Notch activity. The

IWP4 and C+D conditions had high Hes1 expression,
consistent with Notch-1. These results suggest that the C+D
can induce Notch signaling, similar or higher than CHIR
alone, and the I+D reduces Notch activity compared to
IWP4 alone, indicating synergistic effects of Wnt signaling
and Notch signaling.

The response of YAP localization to Wnt and Notch
modulators was qualitatively evaluated (Fig. 2A). Nuclear
localization of YAP was observed for the CHIR condition,
while more cytoplasmic YAP localization was found for
IWP4 treatment. C +D group showed more cytoplasmic
YAP than the CHIR group, with I +D group also showing
the intermediate level of cytoplasmic YAP. As Hippo/YAP
signaling also interacts with Notch signaling (i.e., YAP
regulates epidermal stem cell differentiation through Notch
inhibition),40 the three-way interactions of Wnt-Notch-YAP
is not surprising.

Effects of Wnt and Notch modulators on neural
patterning of hiPSCs

It was hypothesized that Wnt and Notch signaling path-
ways affect A–P identity (ranging from the telencephalon to
the spinal cord) and D–V identify of neural patterning from
hiPSCs. Therefore, the analysis of different brain regional
markers was performed. Markers correlating with the A–P
axis were evaluated, including FOXG1 (A), TBR1 (A),
OTX2 (P), and HOXB4 (P) proteins (Fig. 3).41 The D–V
identity was indicated by TBR1 (D), Nkx2.1 (V), and
PROX1 (V). On day 25, cells expressing deep-layer VI
cortical marker TBR1 were observed. TBR1+ cells were

FIG. 1. Effects of Wnt and Notch modulators on the expression of b-catenin and Notch ligand Jagged 1 (Wnt-Notch
interactions). The neural spheroids were treated with different Wnt and Notch modulators on day 16 and were analyzed for
expression of b-catenin and Jagged 1. (A) Fluorescent images of b-catenin and Jagged 1. Scale bar: 100mm. (B) (i)
Representative Western blots of b-catenin; (ii) b-catenin Western blot quantification (normalized expression) using aver-
ages from different experimental repeats (n = 3). (C) Western blots of Jagged 1 expression. *, **, and # indicate p < 0.05.
Color images are available online.
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FIG. 2. Effects of Wnt and Notch modulators on the expression of Notch receptor Notch-1 and YAP localization (Notch-
YAP interactions). The neural spheroids treated with different Wnt and Notch modulators were analyzed for Notch-1
expression and YAP localization. (A) Fluorescent images of Notch-1 and YAP. Scale bar: 100 mm. (B) RT-PCR analysis of
Notch-1 mRNA expression (n= 3). (C) (i) Western blots of the Notch-1 transmembrane segment and Notch-targeted Hes 1
expression. Western blot quantification (normalized expression) for (ii) Notch-1 and (iii) Hes 1 proteins (n = 3). *, **. #, and
$ indicate p< 0.05. RT-PCR, reverse transcription–polymerase chain reaction analysis. Color images are available online.

FIG. 3. Impacts of Wnt and
Notch modulation on neural tissue
patterning of hiPSCs. The neural
spheroids treated with Wnt and
Notch modulators on day 16 were
analyzed for different brain re-
gional markers. Fluorescent images
of different markers (at day 20):
dorsal forebrain-FOXG1; dorsal
cortical layer IV-TBR1; hippo-
campal marker-PROX1; ventral
marker-Nkx2.1; midbrain/hind-
brain marker-OTX2, hindbrain
marker-HOXB4. Scale bar:
100 mm. The six conditions were
labeled as follows: Control, CHIR
(C), IWP4 (I), DAPT (D), C + D,
and I + D. hiPSC, human induced
pluripotent stem cell; DAPT, N-[N-
(3,5-difluorophenacetyl)-l-alanyl]-
S-phenylglycine t-butyl ester.
Color images are available online.
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increased by IWP4 treatment compared to the control
(Fig. 3). The expression of ventral forebrain marker Nkx2.1
was also increased using IWP4.

Quantification of HOXB4, TBR1, and Nkx2.1 was per-
formed using flow cytometry (Fig. 4A). For HOXB4, C +D
(66.6 – 8.3%) and CHIR (65.9– 7.6%) conditions had the
highest expression, while all other conditionswere comparable
to the control. C+D had higher expression than DAPT alone,
while I+D showed lower expression than DAPT alone. For
TBR1, IWP4 (70.9– 2.9%) and DAPT (65.2– 7.1%) condi-
tions had the highest expression. C+D had lower expression
than DAPT alone or CHIR alone, while I+D had lower TBR1
expression than DAPT alone or IWP4 alone. The control
condition had the lowest expression (35.0– 8.8%). ForNkx2.1,
the highest expression was observed for IWP4 (53.5– 7.0%),
C +D (55.6 – 8.7%), and CHIR (52.4 – 2.2%) conditions.
In addition, C +D had higher expression than DAPT alone.
The representative flow cytometry histograms are shown in
Figure 4B.

Flow cytometry was also performed for FOXG1 (A), the
forebrain marker, and Olig2 (P, V), the hindbrain marker
expressed in motor neuron progenitors, cerebellar progeni-
tors, and spinal oligodendrocyte progenitors (Fig. 5A).42

CHIR reduced the level of FOXG1, whereas IWP4 treat-
ment upregulated FOXG1. For Olig2, CHIR had the highest
expression (22.3%), while the other conditions had low
expression (10.9–21.9%). Since the promoting effects of
IWP4 on forebrain markers (A, D) were definitive, but the
effects of CHIR on hindbrain markers were inconsistent,
another midbrain/hindbrain marker OTX2 was included.
Western blotting was performed for OTX2 and Olig2, as
well as HOXB4 and TBR1 (Fig. 5B). For HOXB4, CHIR
and IWP4 had the highest expression. C +D reduced the
expression compared to CHIR, and I +D reduced the ex-
pression compared to IWP4 alone. For OTX2, CHIR con-
dition had the highest expression. C +D group had lower
expression than CHIR, and the I+D group had lower ex-
pression than IWP4 alone. For Olig2, the highest expression
was observed for I +D condition. The trend of TBR1 ex-
pression using Western blotting was consistent with flow
cytometry results.

RT-PCR analysis was performed for mRNA expression of
HOXB4, TBR1, Nkx2.1, and Olig2, as well as hindbrain
cerebellar genes NEPH3 and MATH1 (Fig. 6). For HOXB4,
the highest expression was observed for IWP4 condition
(2.64 – 0.04), followed by C +D (2.18 – 0.01) and I +D
(1.95 – 0.35) conditions. The expression for C +D condition
was higher than CHIR alone or DAPT alone. For TBR1, the
highest expression was also observed for IWP4 condition
(16.89 – 1.68), followed by C +D (14.28 – 1.07) and I +D
(6.89 – 0.52) conditions. The expression for C +D condition
was again higher than CHIR alone or DAPT alone. Simi-
larly, for Nkx2.1, the highest expression was observed for
IWP4 condition (14.95– 0.36), followed byC+D (9.23– 0.54)
and I +D (9.48 – 0.36). However, for Olig2, the highest ex-
pression was observed for I +D (7.68 – 0.16) condition,
followed by DAPT (3.61 – 0.17) and IWP4 (3.53 – 0.62)
conditions. The expression for C +D condition was higher
than CHIR alone. For hindbrain cerebellar genes NEPH3 and
MATH1, the highest expression was observed for IWP4
condition. The inclusion of DAPT with IWP4 reduced the
expression significantly.

PAX6 is expressed dorsally in the forebrain. I +D reduced
the expression of PAX6 compared to IWP4 alone, sug-
gesting the reduction of anterior dorsal phenotype (Supple-
mentary Fig. S4). The basic helix-loop-helix transcription
factor PTF1a is expressed by ventricular zone of the cortical
plate. PTF1a+ progenitors have been reported to generate
GABAergic neurons of cerebellar cortex (Purkinje cells and
interneurons).43 The highest PTF1a expression was ob-
served for the C +D condition (33.4%), while other condi-
tions had low expression (1.4–20.8%), probably due to the
early developmental stage (Supplementary Fig. S4). The
general neural markers Nestin and b-tubulin III were also
evaluated (Supplementary Fig. S5). C+D (42.1%) and
CHIR (39.6%) conditions had the highest Nestin expression,
while the other conditions had 20.7–37.0% of Nestin+ cells.
The b-tubulin III+ cells were the most for CHIR (87.5%) and
I +D (89.8%) conditions, while the other conditions had
52.1–56.9%.

Taken together, these data indicate the synergistic effects
of C +D and I +D on A–P and D–V axis patterning of
hiPSCs compared to CHIR, IWP4, or DAPT alone. IWP4
alone promoted forebrain marker expression (dorsal and
ventral) and HOXB4 gene expression. CHIR alone did not
consistently promote hindbrain marker HOXB4 expression,
but it reduced FOXG1 expression. C +D promoted hind-
brain marker HOXB4 expression, while I +D promoted
Olig2 expression.

Effects of Wnt and Notch modulators on astroglial
patterning of hiPSCs

Neurons and astrocytes originate from the same neuroe-
pithelial cells in vertebrates where astrogliogenesis follows
neurogenesis. The gliogenic switch can be obtained using
Notch activating molecules and cytokines such as BMP4.1,44

Our hypothesis is that hiPSC-derived neural spheroids that
undergo tissue patterning using Wnt-Notch modulators
should switch to the fate of astroglial cells with the corre-
sponding brain regional identity under BMP4 treatment. In
this study, the effects of BMP4 on GFAP and S100b ex-
pression (co-localized with TBR1 and HOXB4) were ob-
served (Supplementary Figs. S6 and S7). Then, the cells of
the six conditions were changed to BMP4 treatment after
day 20 and the day 32 cells were analyzed for markers of
developing astrocytes, including GFAP, Aldolase C, S100b,
and vimentin (Fig. 7). The quantification of Western blot
showed that for GFAP, the highest expression was observed
for the CHIR group. All other groups had lower expression
than the control condition (BMP4 only). The expression in
the C +D group was lower than the CHIR condition, and the
I +D group had lower expression than the IWP4 group. For
S100b, the DAPT, C + D, and I +D groups had lower ex-
pression than the control condition, while the CHIR and
IWP4 groups had similar expression. For vimentin, the
IWP4 condition had lower expression than the control, while
all other conditions were similar to the control. For Aldolase
C, all the groups had comparable expression to the control.
C +D and DAPT groups had lower expression than CHIR
alone. The flow cytometry results of GFAP confirmed the
presence of astrocytes (Supplementary Fig. S8). The co-
localization of FOXG1/GFAP, HOXB4/GFAP, and Nkx2.1/
GFAP indicates that astroglial cells generated in each
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condition retained the brain regional identity (Supplemen-
tary Fig. S9). Our data also suggest that the cultures con-
tained developing astrocytes at different stages of maturity
(e.g., Aldolase C is a more mature marker).

Astrocytes express a large collection of metabotropic
receptors linked to Ca2+ signaling. The activation of these
receptors releases Ca2+ from intracellular stores. The Ca2+

changes in the derived astrocytes were determined using the
Ca2+ indicator Fluo-4. The baseline calcium transients were
measured followed with ADP (100 mM) stimulation. The
Ca2+ transient images were observed for different groups
(Supplementary Fig. S10A). A brief application (400 s) of
ADP triggered Ca2+ transients in astrocytes with a rapid
increase in intracellular Ca2+ levels (Supplementary
Fig. S10B). Only the I+D group expressed transients lower
compared with the control group.

Discussion

Wnt signaling pathway is one of the major determinants of
the brain regional identity of NPCs. D–V patterning of NPCs
can be achieved through a coordination of Wnt and sonic
hedgehog (Shh) signaling agonists and antagonists.17,32,45

The cross-regulatory interactions among different pathways,
such as Wnt, Hippo/YAP, Notch, and JAK-STAT, affect the
process of neurogenesis or gliogenesis from NPCs and ac-
celerate neural differentitaion.35,46 Wnt signaling was re-
ported to have recurrent interactions with Notch signaling,
which is a major pathway to elevate the expression of mature
neurons from stem cells.9,13,15,47 Notch signaling plays a vital
role in the neurogenesis of vertebrates and is required for the
maintenance of neural stem cells in the embryonic and adult
brain.48–50 Notch was found to regulate the balance between
the progenitor pool and neural differentiation, hence pre-
venting premature neurogenesis in vitro. The cross-
regulatory interactions between Wnt and Notch (i.e., Wntch)
can be activating, repressing, or with dynamicWnt and Notch

signaling oscillations,14 depending on the species and the tis-
sue context. In this study, functional cross-talk between Wnt
and Notch signaling on neural and astroglial tissue patterning
from hiPSCs was investigated.

Our results demonstrate that the combinational treatments
of hiPSC-derived cortical spheroids with Wnt and Notch
modulators have synergistic effects compared to the indi-
vidual factor treatment. Notch inhibition using DAPT did
not promote the expression of b-catenin, but the expression
was promoted when treated together with CHIR. On the
other side, CHIR increased the expression of Notch down-
stream target Hes1, possibly by upregulating Notch receptor
Jagged 1. IWP4 was able to increase Hes1 expression
compared to the control by upregulating Notch 1. Even
though the DAPT treatment reduced Notch activity, C+D
treatment was able to maintain Hes 1 expression, indicating
the dominating effect of Wnt activation over the Notch in-
hibition. However, for I +D treatment, IWP4 was not able to
maintain Notch activity in the presence of DAPT, suggest-
ing that Notch inhibition was dominant over Wnt inhibition.
These results suggest the possibility of repressing impact of
Notch inhibitor DAPT on Wnt inhibition and the positive
impact of Wnt activation on Notch signaling.27

In our study, combinational treatments of Wnt and Notch
modulators affected brain regional identity of iPSC-derived
spheroids. Our previous study indicates that Wnt activation
with CHIR leads to the higher expression of genes with a
hindbrain identity,25 whereas inhibition of Wnt signaling
with IWP4 results in the higher expression of markers with a
forebrain phenotype.51 This study indicates that the addition
of DAPT to CHIR or IWP4 influences neural patterning
effects of Wnt signaling. Notch inhibition using DAPT re-
duced the hindbrain HOXB4+ cells compared to the CHIR
condition, but the CHIR + DAPT treatment was able to
maintain the HOXB4+ cells based on flow cytometry results.
For midbrain marker OTX2, CHIR + DAPT treatment re-
duced the expression compared to CHIR alone. Analysis of

FIG. 7. Impacts of Wnt and Notch modulation on astroglial tissue patterning of cortical spheroids when treated with
BMP4. (A) Western blots of the astrocyte markers GFAP, S100B, V/vimentin, and Aldolase C; (B) Quantification (nor-
malized expression) of Western blot band density (n = 3). The six conditions were labeled as follows: Control, CHIR (C),
IWP4 (I), DAPT (D), C + D, and I + D. *, **, and # indicate p < 0.05. BMP, bone morphogenetic protein.
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forebrain markers TBR1 and FOXG1 showed that I +D
reduced their expression compared to IWP4 alone. I +D also
reduced the expression of ventral forebrain marker Nkx 2.1.
In addition, I+D treatment was able to increase the gene
expression of Olig2 (expressed in motor neuron progenitors,
cerebellar progenitors, and spinal oligodendrocyte progeni-
tors), while C+D treatment was not, indicating that Notch
inhibition dominates Wnt inhibition. The suggested Notch
activation by CHIR reduces the impact of DAPT on brain
regional patterning, whereas DAPT reduces the Wnt inhi-
bition effects. Discrepancy in gene and protein expression of
Olig2 was observed, possibly due to variability in differ-
entiation, cell-based nature of flow cytometry analysis, and
the semiquantitative nature of RT-PCR analysis.

Astrocytes were reported to exist in cerebral organoids
and get mature with time (reaching 10–20% in cerebral
organoids).52–54 The major molecules associated with NPC
commitment to astroglial cells include Notch molecules,
leukemia inhibitory factor, ciliary neurotrophic factor, and
BMP4.1,44 BMPs activate the astrocyte differentiation by
suppressing oligodendrocyte differentiation.55 In the brain,
BMPs are secreted from dorsal structures, which then form a
gradient, helping to pattern the D–-V axis of brain tissue.56

BMP4 treatment was reported to activate STAT proteins
through the serine-threonine kinase FKBP12/rapamycin-
associated protein (FRAP). FRAP, in turn, catalyzes phos-
phorylation of STAT and promotes astrocytic gene expression.
Synergic effects of LIF-STAT3 and BMP-Smad signaling
promote astrocytic differentiation by activating the GFAP
promoter through a STAT3-p300/CBP-Smad1 complex.

In this study, the cortical spheroids were treated with Wnt
and Notch signaling modulators and then switched to glio-
genesis by BMP4 treatment. Co-existence of neurons and
astrocytes was observed in our study. The co-development
of neurons, astrocytes, and oligodendrocytes was also re-
ported in a three-dimensional neural spheroid model.57 As-
trocytes have functional diversity in different human brain
regions.58,59 Since the cortical spheroids generated with
different Wnt and Notch modulators have different regional
identity, our hypothesis is that the astroglial cells produced
for each condition modulated by Wnt and Notch signaling
should retain the brain regional identity and may possess
functional diversity.60

Our results indicate that the CHIR group expresses the
highest levels of astrocyte markers GFAP and vimentin
compared to the other groups, possibly because that CHIR
treatment increases Notch activity and Notch ligand expres-
sion in the derived cortical spheroids. It was reported that
canonical Wnt signaling can transcriptionally activate Notch
signaling mediated by CTNNB1.27 Notch ligand-expressing
NPCs can provide feedback signals to the residual Notch-
expressing NPCs and activate astrocyte differentiation. The
activation of Notch signaling potentiates the differentiation
of NPCs into astrocytes, but requires the signals from
astrocyte-inducing cytokines for efficient differentiation.61

So the addition of Notch inhibitor DAPT to CHIR reduced
astrocyte marker expression. By contrast, treatment with
Wnt inhibitor IWP4 + BMP4 induced the expression of as-
trocyte markers Aldolase C, S100b, and GFAP, but the ex-
pression levels were not up to the level of the BMP4 control
group. The addition of DAPT to IWP4 also reduced the
astrocyte marker expression. The lowest expression of as-

trocyte markers was shown in the I +D group, indicating the
dominance of DAPT effect over IWP4 effect on astrocyte
differentiation.

Conclusions

In this study, the functional cross-talks between Wnt and
Notch signaling during neural and astroglial tissue pattern-
ing of hiPSCs were investigated using Wnt and Notch
modulators. The results suggest the possibility of repressing
effects of Notch inhibitor DAPT on Wnt inhibition and the
positive impact of Wnt activation on Notch signaling for
brain regional identity of hiPSC-derived cortical spheroids.
Taken together, the IWP4 condition is more optimal for
enrichment of a balanced population with forebrain or cer-
ebellar fates. The CHIR condition is more optimal for en-
richment of population with midbrain or certain hindbrain
fate, as well as gliogenesis. This study should advance the
derivations of neurons, astroglia, and brain region-specific
organoids from human stem cells for disease modeling and
drug screening, as well as for stem cell-based therapies.
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