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Fig. 5. Independent effects of RA and SHH on patterning of NE cysts in Gel-3D. (A) Effect of RA stimulation (1 or 0.1 M) alone from day 4 to day 9. Representative 
confocal micrographs show cysts at day 18 stained for dorsal and ventral markers as indicated. (B) Percentages of different patterned cysts as a function of RA dose. Data 
represent means ± SEM. Fifty cysts were counted from each independent experiment. n = 3 independent experiments at each RA dose. (C) Effect of RA stimulation (1 or 0.1 M) 
alone from day 4 to day 18. Representative confocal micrographs show cysts at day 18 stained for dorsal and ventral markers as indicated. (D) Percentages of differ-
ent patterned cysts as a function of RA dose. Data represent means ± SEM. Fifty cysts were counted from each independent experiment. n = 3 independent experi-
ments at each RA dose. (E) Effect of SHH stimulation alone from day 4 to day 9. Representative confocal micrographs show cysts at day 18 stained for dorsal and 
ventral markers as indicated. (F) Effect of inhibition of SHH signaling with cyclopamine from day 4 to day 9. Representative confocal micrographs show cysts at day 18 
stained for dorsal and ventral markers as indicated. (G) qRT-PCR analysis of PAX3, OLIG2, NKX2.2, FOXA2, and SHH expression for cysts at day 18 with or without cyclopamine 
treatment. Data are normalized against GAPDH and represent means ± SEM. n = 3 independent experiments. P values were calculated using unpaired two-tailed Student’s 
t test. *P < 0.05, **P < 0.01, and ***P < 0.001. Scale bars, 50 m (A, C, D, and E).

 on D
ecem

ber 11, 2019
http://advances.sciencem

ag.org/
D

ow
nloaded from

 



Zheng et al., Sci. Adv. 2019; 5 : eaax5933     11 December 2019

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

9 of 13

subtypes in each domain. The OLIG2+ pMN domain will give rise 
to MNs. We thus sought to specify OLIG2+ pMN progenitor cells in 
NE cysts into MNs. Our data in Fig. 2D showed an effective induc-
tion of OLIG2+ pMN progenitor cells in NE cysts by supplementing 
RA and SAG from day 4 to day 9 (Fig. 6A). At day 9, neuronal pro-
genitor cells with characteristic neuronal morphology and expression 
of neuronal markers III-TUBULIN and MAP2 were evident in NE 
cysts (Fig. 6B). After continuous culture of NE cysts in neural in-
duction medium for another 9 days, by day 18, numerous neurites 
were evident extending into the surrounding environment from the 
cyst basal surface as detected by immunostaining for III-TUBULIN 
and MAP2 (Fig. 6B). There were a few cells even migrating out of 

NE cysts (Fig. 6B). NE cysts at day 18 contained a few cells expressing 
ISLET1/2 (MN-associated transcription factor); however, no HB9+ 
cells were detectable (HB9 is an MN-specific transcription factor), 
suggesting incomplete MN specification.

We next added neurotrophic factors brain-derived neurotrophic 
factor (BDNF; 10 ng ml−1), glial-derived neurotrophic factor (GDNF; 
10 ng ml−1), ciliary neurotrophic factor (CNTF; 10 ng ml−1), insulin- 
like growth factor–1 (IGF-1; 10 ng ml−1), cyclic adenosine mono-
phosphate (cAMP; 1 M), and ascorbic acid (AA; 0.2 g ml−1) into 
neural induction medium from day 9 onward (Fig. 6C). BDNF is a 
member of neurotrophin family and is required for the differentiation 
and survival of specific neuronal subpopulations (37). GDNF increases 
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Fig. 6. Induction of spinal MNs from NE cysts in Gel-3D. (A and B) Induction of spinal MNs with RA and SAG supplemented from day 4 to day 9. Representative confocal 
micrographs in (B) show cysts at days 9 and 18 stained for III-TUBULIN, MAP2, ISLET1/2, and HB9 as indicated. DAPI counterstained nuclei. (C and D) Induction of spinal 
MNs with RA and SAG supplemented from day 4 to day 9 and neurotrophic factors BDNF, GDNF, CNTF, IGF-1, cAMP, and AA supplemented from day 9 to day 18. Repre-
sentative confocal micrographs in (D) show cysts at day 18 stained for ISLET1/2, MAP2, HB9, and III-TUBULIN as indicated. DAPI counterstained nuclei. The zoomed-in 
image shows a magnified view of the area highlighted by the white square. (E and F) Induction of spinal MNs with RA and SHH supplemented from day 4 to day 9 and 
neurotrophic factors from day 12 to day 25. Representative confocal micrographs in (F) show cysts at day 25 stained for FOXA2, OLIG2, HB8, and ISLET1/2. (G) Percentage 
of different patterned cysts. Data represent means ± SEM. ncyst = 126 and 134 for HB9 staining and ISLET1/2 staining, respectively. n = 3 independent experiments. Scale 
bars, 50 m (B, D, and F).
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proliferation of MN progenitor cells and promotes neuronal differ-
entiation and survival (38). CNTF is important for the survival of 
MNs (39), whereas IGF-1 promotes differentiation and survival of 
MNs (40). When these growth factors are used together in vitro, they 
have been shown to be effective in driving hPSC-derived neural 
progenitor cells into MNs (41). At day 18, extensive MAP2+ and 
III-TUBULIN+ neurites were evident extending from the cyst basal 
surface, and there were ISLET1/2+ and HB9+ neuronal cells migrating 
out of NE cysts (Fig. 6D). There were ISLET1/2+HB9+ MNs evident 
at the cyst peripheral region (Fig. 6D), suggesting successful MN 
specification.

ISLET1/2+HB9+ MNs are derived from the pMN domain and 
localized at the ventral part of the NT in vivo. To further examine 
whether ISLET1/2+HB9+ MNs developed in patterned NE cysts were 
derived from the pMN domain, we applied RA and SHH as DV 
patterning signals from day 4 to day 9 before neurotrophic factors 
were implemented at day 12 (Fig. 6E). Excitingly, at day 25, about 
17% of NE cysts contained HB9+ and ISLET1/2+ MNs at the cyst 
basal region adjacent to the OLIG2+ pMN domain (Fig. 6, F and G), 
suggesting that HB9+ and ISLET1/2+ MNs were developed from the 
pMN domain in NE cysts.

DISCUSSION
As the embryonic precursor to the CNS, the NT generates distinct 
classes of neuronal progenitor cells located at defined positions within 
the NT through intricate patterning events. Considerable progress 
has been made in determining the signaling activities and genetic 
networks that control region-specific neuronal fate patterning in the 
NT (1, 2, 24). It is now appreciated that acquisition of a specific neuro-
nal fate depends on the position of precursor NE cells within the NT, 
which defines their exposure to inductive morphogens that gradually 
constrain their developmental potential in each local domain. 
Morphogens instructing DV patterning of the NT include WNTs, 
BMPs, and SHH, with WNT and BMP emanated from the dorsal 
ectoderm and roof plate, favoring dorsal identities, and SHH emanated 
from the notochord, inducing ventral identity (1, 2, 24). In this work, 
we have established the neurogenic Gel-3D culture that promotes 
hPSCs to self-organize into spherical, lumenal NE cysts, mimicking 
the development of the NT tissue in vivo. The intrinsic lumenogenic 
property of hPSCs prompts the cells to undergo lumenogenesis in 
Gel-3D to form a central apical lumen (fig. S2) (21). Under the neural 
induction environment, hPSCs in the lumenal cyst exit pluripotency 
and progress along the neural lineage while continuing to divide 
(fig. S2). By day 9, NE cysts emerge in Gel-3D, featuring a single 
central lumen with correct apicobasal polarity, displaying interkinetic 
nuclear migration and pseudostratification, and expressing early 
neuroectodermal markers including PAX6, SOX2, SOX1, NESTIN, 
and N-CAD (Fig. 1). NE cysts at day 9 appear to correspond to an 
early stage of the neural plate formation in the dorsal ectoderm 
germ layer. Our data show that both ECM dimensionality and matrix 
rigidity are critical extracellular microenvironmental factors for 
proper development of NE cysts from hPSCs. In particular, a 3D 
culture environment is required for the development of 3D cystic 
NE tissues enclosing a central lumen (Fig. 1C). Consistent with previous 
studies on mouse NE tissues (12, 13), hESC-derived NE cysts have 
a default dorsal neural identity (Fig. 2, A and B), supporting a 
conserved default dorsal neural identity of the NT for vertebrates 
including humans.

NE cysts derived from hPSCs in Gel-3D are responsive to mor-
phogen stimulations (Fig. 2C), opening the door to modulating 
exogenous morphogen signals for achieving region-specific neuronal 
fate patterning. Excitingly, under proper DV patterning conditions, 
NE cells within lumenal cysts differentiate into region-specific pro-
genitors in discrete local domains and achieve cell fate patterning along 
the DV axis (Fig. 3). Progressive development of NE cysts features 
sequential emergence of neural progenitor domains, with the ventral 
FP, P3, and pMN domains emerging progressively in discrete, non-
overlapping regions and the PAX3+ dorsal territory progressively 
restricted to the opposite, prospective dorsal pole (Fig. 4). The OLIG2+ 
pMN domain in DV patterned NE cysts can be further specified into 
ISLET1/2+HB9+ MNs (Fig. 6).

In the Gel-3D culture, DV patterning of hPSC-derived NE cysts 
appears to initiate after removal of exogenous morphogen signals 
(Fig. 4). This observation may be related to the hysteresis property 
of SHH signaling, in which intracellular SHH signaling remains active 
after withdrawal of exogenous morphogens (42). Previous studies 
using mouse NT explants suggest that the transcriptional network 
for ventral patterning of the NT can produce hysteresis, providing 
NE cells in the NT with a memory of SHH signaling even when extra-
cellular signaling gradients recede (43). Our data further suggest a 
role of intracellular SHH signaling in the ventralizing effect of RA 
(Fig. 5). This observation is consistent with previous studies of the 
effect of RA on NE tissues derived from mouse ESCs, which have 
shown induction of SHH by RA administration and consequently 
expression of ventral NT markers (12). In vivo, both the notochord 
and FP secrete RA (24), and it has been suspected that RA may act 
as a permissive signal for SHH-mediated ventral patterning of the 
NT (12). Thus, it is likely that supplementation of RA in our system 
promotes SHH signaling, which, in turn, induces the specification 
of FOXA2+ FP progenitor cells.

It remains puzzling how global applications of exogenous mor-
phogens lead to the formation of a local FOXA2+ FP domain. Our 
temporal immunofluorescence data suggest that at the initial phase of 
DV patterning, FOXA2+ FP progenitor cells emerge in a scattered 
fashion at the basal surface of NE cysts. Soon thereafter, FOXA2 
expression becomes restricted to a local prospective FP region at the 
putative ventral pole of NE cysts. This observation suggests a likely 
involvement of a self-enhancing activator/inhibitor signaling system, 
leading to a single localized FP region formation. This hypothesis  
warrants future investigation.

In this work, we have successfully derived DV patterned NT-like 
tissues from hPSCs. Nonetheless, it remains a considerable challenge 
(and thus a future goal) to obtain NT-like tissues containing all pro-
genitor domains along the DV axis. In vivo, DV patterning of the 
NT involves multiple morphogen gradients emanated from neighboring 
signaling centers located at different anatomical regions. Our current 
Gel-3D system applies global administrations of exogenous morpho-
gens. It remains a future goal to integrate neural induction of hPSCs 
with advanced microfluidic systems to introduce well-defined, 
dynamic parallel and antiparallel morphogen gradients to achieve 
full DV patterning of NT-like tissues. Our DV patterned NT develop-
ment model offers great opportunities for experimental control 
of key parameters and quantitative measurements, providing an 
advantageous experimental platform for advancing our under-
standing of the emergent self-organizing principles and patterning 
mechanisms that provide robustness and reliability to NT DV pattern-
ing, a long-standing question in biology. Patterned NT-like tissues 
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derived from hPSCs are also useful for the development of stem 
cell–based regenerative therapies, disease models, and screening 
applications for diagnosis, prevention, and treatment of neurological 
disorders that are resulted from impairments of the development 
and growth of the CNS system.

MATERIALS AND METHODS
Cell culture
hESC line H9 [WA09, WiCell; National Institutes of Health (NIH) 
registration number: 0062], H1 (WA01, WiCell; NIH registration 
number: 0043), and 1196a hiPSC line (from the University of Michigan 
Pluripotent Stem Cell Core) were cultured under a standard feeder- 
free condition in mTeSR1 medium (STEMCELL Technologies) with 
daily medium exchange. Cells were passaged every 5 days using dispase 
(STEMCELL Technologies) and the StemPro EZPassage Disposable 
Stem Cell Passaging Tool (Invitrogen). Cell pellets resuspended in 
mTeSR1 were transferred onto a six-well tissue culture plate 
(BD Biosciences) precoated with 1% lactate dehydrogenase–elevating 
virus (LDEV)–free hESC-qualified reduced growth factor basement 
membrane matrix Geltrex (Thermo Fisher Scientific). All cell lines 
used in this study had a passage number of <P70, and they were 
authentic ated as karyotypically normal by Cell Line Genetics. H9 hESC 
line was tested negative for mycoplasma contamination (LookOut 
Mycoplasma PCR Detection Kit, Sigma-Aldrich).

Fabrication of gel beds
Geltrex gel bed was generated on the basis of a “sandwich” scheme 
developed recently for inducing amniogenesis from hPSCs (5). In 
brief, two 12-mm-diameter round glass coverslips were treated with 
air plasma (Harrick Plasma) for 2 min. One of the coverslips, which 
was to be coated with the gel bed, was soaked in poly-(l-lysine) 
solution (0.1 mg ml−1) (Sigma-Aldrich) for 30 min and then in 
1% glutaraldehyde solution (Electron Microscopy Sciences) for another 
30 min. The other coverslip was coated with poly-(l-lysine)-graft-
poly-(ethylene glycol) (PLL-g-PEG, 0.1 mg ml−1; SuSoS) solution 
for 1 hour. To obtain gel beds with nominal thickness of 20, 60, and 
100 m, undiluted Geltrex (10, 30, and 50 l, respectively) was then 
sandwiched between the two coverslips on ice before being incubated 
at 37°C for 30 min. The glass coverslip coated with the Geltrex gel 
bed was then gently separated from the PLL-g-PEG–coated coverslip 
before being submerged in Dulbecco’s modified Eagle’s medium 
(DMEM)/F12 medium (Thermo Fisher Scientific) and incubated at 
37°C overnight before plating cells at the following day.

Neural induction
hPSC colonies were first treated with Accutase (Sigma-Aldrich) for 
10 min at 37°C. Cells were rinsed briefly with phosphate-buffered 
saline (PBS) before being collected, centrifuged, and resuspended in 
mTeSR1 containing the ROCK inhibitor Y27632 (10 M; Tocris). 
Singly dissociated hPSCs were plated onto coverslips at an initial cell 
seeding density of 50 × 103 cells cm−2 and cultured overnight. For 
Gel-2D and Gel-3D cultures, the coverslip was precoated with the 
Geltrex gel bed, whereas for Glass-2D and Glass-3D conditions, glass 
coverslips were precoated with 1% Geltrex solution for 1 hour at room 
temperature. On the following day (day 1), culture medium was 
switched to fresh N2B27-based neural induction medium (see below). 
For Gel-3D and Glass-3D conditions, this neural induction 
medium contained 2% (v/v) Geltrex. Thereafter, fresh neural in-

duction medium with or without 2% (v/v) Geltrex supplement was 
exchanged daily.

N2B27-based neural induction medium comprised Advance 
DMEM/F12 (Gibco):Neurobasal medium (1:1; Gibco), 0.5× 
N2 (Gibco), 0.5× B27 (Gibco), 1× nonessential amino acids (Gibco), 
2 mM l-glutamine (Gibco), and 0.1 mM -mercaptoethanol (Sigma- 
Aldrich). N2B27-based neural induction medium further contained 
the TGF- pathway inhibitor SB (10 M; STEMCELL Technologies) 
and the BMP inhibitor LDN (0.1 M; STEMCELL Technologies).

For dorsalization of NE cysts, 3 M CHIR (STEMCELL Technologies) 
was supplemented into neural induction medium from day 4 to day 9. 
For ventralization of NE cysts, all-trans RA (1 M; STEMCELL Technol-
ogies), recombinant human SHH (10 or 100 nM; PeproTech), and/or 
SAG (1 M; STEMCELL Technologies) were supplemented into neural 
induction medium from day 4. For MN induction, the following 
chemicals were added to neural induction medium from day 9 or day 12: 
BDNF (10 ng ml−1; R&D Systems), GDNF (10 ng ml−1; PeproTech), 
CNTF (10 ng ml−1; PeproTech), IGF-1 (10 ng ml−1; PeproTech), cAMP 
(1 M; Sigma-Aldrich), and AA (0.2 g ml−1; Sigma-Aldrich).

Immunocytochemistry
Cystic tissues were fixed in 4% paraformaldehyde (Electron Microscopy 
Sciences) at room temperature for 1 hour before being permeabilized 
with 0.1% SDS (dissolved in PBS) solution at room temperature for 
3 hours. Cysts were then blocked in 10% goat serum solution (Thermo 
Fisher Scientific) or 4% donkey serum solution (Sigma-Aldrich) at 
4°C overnight. Immunostaining was performed in primary antibody 
solutions prepared in blocking buffer for 24 hours at 4°C. Cysts were 
then washed with PBS and incubated with goat- or donkey-raised 
secondary antibodies at 4°C for another 24 hours. DAPI (4′,6-diamidino- 
2- phenylindole; Invitrogen) was used for counterstaining cell nuclei. 
All primary antibodies, their sources, and dilutions are listed in table S1. 
For EdU incorporation, NE cysts at day 8 were incubated with EdU 
for 1 hour and fixed thereafter. EdU was detected using the Click-iT 
EdU Alexa Fluor 488 Imaging Kit (Thermo Fisher Scientific).

qRT-PCR analysis
Total RNA was isolated from untreated hPSCs or NE cysts using the 
RNeasy Micro Kit (Qiagen). RNA quality and concentration were detected 
using a NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific). 
RNA was reverse-transcribed using the iScript cDNA Synthesis Kit 
(Bio-Rad). qRT-PCR was performed with QuantiTect SYBR Green 
Master Mix (Qiagen) and gene-specific primers on the CFX Connect 
Real-Time System (Bio-Rad). Human glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) was used as an endogenous control for 
quantifying relative gene expression by calculating 2−Ct with the 
corresponding SEM. All analyses were performed with at least three 
biological replicates. Primers used in this work are listed in table S2.

Confocal microscopy and image analysis
Images were recorded using an Olympus DSUIX81 fluorescence 
microscope with a CSU-X1 spinning disc unit (Yokogawa). 3D re-
constructed cyst images were obtained using ImageJ (NIH).

Western blotting
Whole-cell lysates were extracted from cells before being homogenized 
by sonication. SDS–polyacrylamide gel electrophoresis (SDS-PAGE) 
was used for separation of proteins, which were then transferred onto 
polyvinylidene difluoride (PVDF) membranes. PVDF membranes 
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were incubated with blocking buffer (Li-Cor) for 3 hours and then 
with primary antibodies (table S1) overnight at 4°C. Blots were 
incubated with IRDye secondary antibodies (Li-Cor) for 3 hours at 
room temperature. Protein expression was detected by the Odyssey 
Sa Infrared Imaging System (Li-Cor).

Statistical analysis
All data are shown as means ± SEM. Statistical analysis on the qRT-
PCR data was performed using two-sided unpaired Student’s t tests 
in Excel (Microsoft). P < 0.05 was considered statistically significant.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/12/eaax5933/DC1
Fig. S1. Morphology and molecular features of multicellular structures developed at day 8 
under different conditions.
Fig. S2. Dynamics of NE cyst formation in Gel-3D.
Fig. S3. Full Z-stack confocal micrographs showing patterned NE cysts at day 18 in Gel-3D.
Fig. S4. Patterning of NE cysts in Gel-3D reveals distinct cytomorphologic features of FOXA2+ 
FP domain.
Fig. S5. DV patterning of NE cysts from multiple hPSC lines in Gel-3D.
Fig. S6. NKX6.1 expression in ventral patterned NE cysts in Gel-3D.
Fig. S7. Morphology of NE cysts in Gel-3D with or without RA treatment.
Fig. S8. Effect of RA on the specification of A-P positional identity of NE cysts.
Table S1. List of primary antibodies used in immunocytochemistry and Western blotting.
Table S2. List of primers used in qRT-PCR.

View/request a protocol for this paper from Bio-protocol.
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