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ABSTRACT  Cell morphology is recognized as an important hallmark of neural cells. During the 
differentiation of human pluripotent stem cells (hPSCs) into neural cells, cell morphology changes 
dynamically. Therefore, characterization of the morphology of cells during this period is important to 
improve our understanding of the differentiation and development of neural cells. General methods 
for the directed induction of hPSCs include the steps of multi-cellular aggregation or high-density 
cell culture, particularly at the early phase of neural differentiation, and therefore, the morphology 
of each differentiating cell is difficult to recognize. Here, we have developed a new method for the 
directed differentiation of neuroepithelial-like cells (NELCs) from hPSCs at a low cell density in an 
adherent monolayer culture, as well as an image-processing algorithm to evaluate the cell mor-
phology of differentiating NELCs, in order to follow cell morphology during the differentiation of 
hPSCs into NELCs. Using these methods, the morphological transition of differentiating cells was 
observed in real time using phase contrast imaging and then quantified. Because cell morphology 
is also considered an inherent biological marker of neural cells cultured in vitro, this method is 
potentially useful to study the mechanisms underlying neural cell differentiation. 
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Introduction

Induced neural stem cells derived from human pluripotent stem 
cells (hPSCs), including human embryonic stem cells (hESCs) 
(Thomson et al., 1998) and human induced pluripotent stem cells 
(hiPSCs) (Takahashi et al., 2007), represent a promising new tool 
enabling improvements in our understanding of the mechanisms 
of human brain development, neural differentiation, and brain 
diseases. Because most neural cells, which are divided into neu-
rons and glial cells, have the fundamental functions of transmitting 
signals and communicating with each other through their many 
processes extending from soma, the morphology of neural cells is 
recognized as an important hallmark and differs from other types 
of cells (Parekh and Ascoli, 2013). Neural stem cells also display 
a characteristic morphology and dynamically change their mor-
phology during cell differentiation. In vertebrate embryogenesis, 
neuroepithelial cells function as neural stem cells which eventually 
differentiate to multiple types of neurons and glia in the brain and 
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the spinal cord. Neural induction is initialized by cell fate specifi-
cation of ectoderm germ layer towards neuroepithelial cells when 
signaling molecules are released from organizer cells at gastrula 
stage (Fukui and Asashima, 1994, Furue and Asashima, 2004). 
In this process, bone morphogenetic protein (BMP) signaling 
inhibition and fibroblast growth factor (FGF) signaling activation 
are important for neural cell fate commitment. Methods for in vitro 
neural induction from hPSCs have been developed by following 
these signaling pathway control in embryos. However, general 
methods for inducing the differentiation of neural cells from hP-
SCs include multi-cellular aggregation steps (embryonic bodies or 
neurospheres) or the use of a high cell density (Chambers et al., 
2009, Kelava and Lancaster, 2016). These conditions hamper to 
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monitor changes in cell morphology during differentia-
tion. Further, these high cell density in vitro conditions 
are not suitable to analyze the effects of exogenous 
growth factors because autocrine/paracrine signal-
ing factors are abundantly compensated from the 
cells themselves. To address these two issues, we 
developed a new neural induction method under low 
cell density condition.

We previously reported several culture methods for 
maintaining undifferentiated neuroectodermal cancer 
cells, mouse embryonic stem cells, and hPSCs in 
growth factor-defined serum-free culture medium, in 
which the effects of exogenous factors is able to be 
analyzed without the confounding influences of un-
defined components (Furue et al., 2005, Furue et al., 
1994, Furue et al., 2008, Na et al., 2010). In our defined 
conditions, a kinase inhibitor library was screened 
to identify fibroblast growth factor (FGF)-2-related 
molecular mechanisms regulating the self-renewal 
of hPSCs (Kinehara et al., 2013). The protein kinase 
C (PKC)/GSK-3b inhibitor GF109203X and mitogen-
activated protein kinase/ERK-1/2 kinase (MEK1/2) 
inhibitor U0126 promote the self-renewal of hPSCs 
by activating both the activin A and FGF-2 signaling 
pathways (Kinehara et al., 2013). In contrast, the 
bone morphogenetic protein (BMP) antagonist Noggin 
and the activin/Nodal/TGF-b inhibitor SB431542 are 
generally used to induce the differentiation of hPSCs 
into neural cells in KSR and/or Matrigel-containing 
culture conditions (Chambers et al., 2009, Kelava and 
Lancaster, 2016). 

Recently, the combination of image analysis meth-
ods with computational data processing techniques 
has facilitated the evaluation of cellular status based 
on non-labeled images (Maddah et al., 2014). We 
previously reported a non-invasive morphological 
analysis of hPSCs based on multiple morphological 
parameters measured from cell images (Kato et al., 
2016). Non-invasive time-lapse imaging can calculate 
the numbers and growth rate of hPSCs (Suga et al., 
2015). The classification based on cell biological 
features, such as marker profiles or gene expression, 

Fig. 1. Neuroepithelial-like cell (NELC) induction from 
human pluripotent stem cells (hPSCs). (A) Schematic of 
the NELC induction method established in this study. After 
plating at a low cell density, cells were cultured for 8 days. The 
medium was replaced on days 2 and 5. For immunostaining, 
the induced cells were fixed on days 2, 5 and 8. Live-cell 
morphology was monitored by capturing images of the cells 
every 6 hours throughout NELC induction, starting 6 hours 
after plating. (B,C) Morphology and the expression of NESTIN 
and SOX2 in cells differentiated from Tic hiPSCs (B) and H9 
hESCs (C) during NELC induction. Upper row: representative 
phase contrast images of an undifferentiated hPSC colony 
(Undiff.) and the cells at days 2, 5, and 8 of NELC induction. 
Middle row: representative images of immunostaining with 
antibodies against NESTIN (magenta) and SOX2 (green). 
Lower row: representative images of Hoechst 33342 (blue) 
nuclear staining. Bar, 50 mm.
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determined using invasive methods are comparable to classifica-
tion derived from a non-invasive morphological analysis (Kato et 
al., 2016, Suga et al., 2015).

Based on these findings, in the present study, we developed a 
new minimum essential culture condition for neuroepithelial-like cell 
(NELC) induction from hPSCs in an adherent monolayer culture 
at a low cell density to monitor the morphology of hPSCs as they 
differentiated into NELCs and an image-processing algorithm to 
evaluate the cell morphology. Under this condition, cell morphology 
and dynamics were observed during NELC induction in low cell 
density monolayer cultures, suggesting differentiation mechanisms.

Results

Induction medium for neuroepithelial-like stem cells
An adherent monolayer differentiation protocol at a low cell den-

sity would be suitable for monitoring and analyzing cell morphology 
during the differentiation of hPSCs into NELCs. Therefore, we de-
veloped a minimum essential medium, designated ESF-NS medium 
for NELC induction from hPSCs under low-cell-density monolayer 
culture conditions. A human lung fibroblast MRC-5-derived hiPSC 
line Tic (Nagata et al., 2009) and an hESC line H9 (Thomson 
et al., 1998) were serially cultured in a feeder-free, Xeno-free 
defined hESF-FX medium (PCT/JP2011/004691, Yanagihara et 
al., 2016), which we modified from hESF9 medium (Furue et al., 
2008) to maintain an undifferentiated state of hPSCs and develop 
a reproducible differentiation process in optimized NELC induction 
medium. Sets of supplements in hESF-FX medium were optimized 
as the required minimum essential components (Fig. S1), show-
ing that a set of sodium selenite and human recombinant insulin 
was minimally required for cell survival in the presence of human 
recombinant FGF-2 and L-ascorbic acid phosphate magnesium salt. 

20 ng/ml sodium selenite, 10 mg/ml human recombinant insulin, 5 
ng/ml human recombinant FGF-2, and 0.1 mg/ml L-ascorbic acid 
phosphate magnesium salt in the absence of human transferrin, 
oleic acid conjugated bovine albumin or recombinant albumin. 
When cells were plated on the dishes coated with poly-L-lysine 
and fibronectin, the cells were viable and adhered without the 
addition of the ROCK inhibitor to this medium (Figs. 1B and S2). 
This minimal essential medium was named ESF-NS1.

Signaling networks involving PI3K, MAPK/ERK, PKC, BMP, 
TGF-b/activin/Nodal, and Wnt determine the cell fate of hPSCs 
(Chambers et al., 2009, Dalton, 2013, Hayashi et al., 2010, Kine-
hara et al., 2013, Na et al., 2010, Vallier et al., 2009). To determine 
the effect of the PI3K inhibitor LY294002 (Vlahos et al., 1994), 
the MEK inhibitor U0126 (Favata et al., 1998), the BMP inhibitor 
Noggin (Valenzuela et al., 1995), the TGF-b/activin/Nodal inhibi-
tor SB431542 (Inman, 2002) and the PKC inhibitor (a potential 
GSK-3b inhibitor) GF 109203X (Hers et al., 1999) on cell viability 
and neural conversion in the adherent monolayer culture, the 
cells cultured for two days in ESF-NS1 were treated with various 
combinations of these 5 inhibitors in ESF-NS1 medium without 
ascorbic acid and with 100 ng/ml FGF-2 (Fig. S3). The addition 
of LY294002 or U0126 decreased cell numbers. When Noggin 
was added to the medium, the relative number of OCT-4-positive 
cells increased. The addition of GF 109203X did not affect the cell 
number, but it reduced the number of OCT-4-positive cells. When 
GF 109203X was added along with Noggin and SB431542, the 
number of OCT-4-positive cells was further reduced, and the cell 
number was increased slightly. Based on these results, inhibition 
of the BMP, TGF-b/activin/Nodal, and GSK-3b signaling pathways 
are sufficient for cell survival/proliferation and escape from the 
undifferentiated state. The ratio of NESTIN-positive cells to total 
viable cells revealed that GF 109203X induced neural differentia-

Fig. 2. Gene expression 
during NELC induction. Tic 
hiPSCs were differentiated 
into NELCs using the method 
described in Fig. 1A. Repre-
sentative qRT-PCR results for 
gene expression in the cells on 
days 5 (yellow), 7 (cyan), and 8 
(navy) are shown. GAPDH was 
used as an internal control. 
Relative gene expression was 
normalized to the expression 
in undifferentiated Tic hiPSCs 
cultured in hESF-FX (mean ± 
SD, n = 3).

Then, dissociated single 
undifferentiated hPSCs 
were plated on tissue culture 
plates coated with poly-
L-lysine, bovine collagen 
type IV, bovine fibronectin, 
poly-L-lysine and bovine 
fibronectin, or mouse lam-
inin, and cultured in mESF 
basal medium (Furue et 
al., 2005, Yanagihara et al., 
2016) supplemented with 
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tion (Fig. S3C). 
The use of a high dosage of FGF-2 (100 ng/ml) is costly. Heparan 

sulfate proteoglycans and heparin are well known cofactors that 
enhance the activity of FGF-2 (Flaumenhaft et al., 1990, Furue et 
al., 2008). We tested the effects of the addition of heparan sulfate 
to the medium and found that the induction of differentiation with 
heparan sulfate and a lower concentration of FGF-2 (10 ng/ml) 
produced cells that were similar to those induced with a high 
concentration of FGF-2 (100 ng/ml) (Fig. S3D). Based on these 
results, we established the NELC induction medium as mESF basal 
medium supplemented with 10 mg/ml human recombinant insulin, 
10 ng/ml sodium selenite, 100 ng/ml heparan sulfate sodium salt, 
10 ng/ml human recombinant FGF-2, 2.5 mM GF 109203X, and 
10 mM SB431542. Undifferentiated hPSCs maintained in hESF-
FX medium were dissociated into single cells by treatment with 
Accutase® and seeded in ESF-NS1 medium on a 6-well tissue 
culture plate coated with poly-L-lysine and bovine fibronectin at 
an appropriate cell density for each cell line (Tic: 2,400 cells/cm2; 
H9: 6,000 cells/cm2). Dissociation into single cells and seeding at 
appropriate cell density which requires skillful techniques was the 
critical process for the differentiation in our culture conditions (Fig. 
S3, F and G). However, stable differentiation was obtained by the 
addition of Noggin even with unskillful techniques. Dorsomorphin 
(600 nM) was replaced with Noggin, which is also costly. Finally, 
the protocol consisted of 2 steps: plating dissociated hPSCs in 
plating medium (ESF-NS1) on a culture plate coated with poly-
L-lysine and bovine fibronectin and replacing the medium with 
NELC induction medium, designated ESF-NS2(+), on day 2 and 
refreshing it on day 5 (Fig. 1A).

Expression of early ectodermal lineage markers in the induced 
neuroepithelial-like cellS (NELCs)

Using this protocol, undifferentiated Tic and H9 cells seeded 
at a low cell density in monolayer cultures were differentiated into 
NELCs (Fig. 1B and C). Phase contrast images displayed small 
assemblies of the cells on day 2. Relatively large assemblies of 
cells with protrusions were observed on day 5. From day 5 to day 
8, the induced cells started to disassemble and migrate out from 
the assemblies. According to the immunocytochemistry, these 
cells expressed the neural stem cell marker proteins NESTIN, 
SOX2, SOX1, and PAX6 (Figs. 1B, 1C, and S3). Another hiPSC 
line, iPS DF 19-9-7T cells, were serially cultured in mTeSR1 
medium (Yu et al., 2009) and treated using the same protocol 
described above to test the utility of our NELC induction method. 
The morphology of iPS DF 19-9-7T cells changed to an NELC-
like morphology, indicating that iPS DF 19-9-7T cells maintained 
in mTeSR1 medium differentiated into NELCs using the same 
protocol (Fig. S2E).

Gene expression was monitored in the cells on days 5, 7, and 
8 of NELC induction using qRT-PCR to examine the differentiation 
process during NELC induction (Fig. 2). The master pluripotency 
regulator genes OCT-4 and NANOG were significantly down-
regulated in the induced NELCs on days 7 and 8. An undifferen-
tiated stem cell marker, SOX2, and an early neural ectodermal 
linage marker, OTX2, were down-regulated but still expressed at 
relatively high levels. The NELC induction condition favored the 
expression of neural ectoderm- and neural cell-associated mark-
ers, including NESTIN, SOX1, SOX9, PAX6, ASCL1, and TUJ1. 
SOX9, which regulates development both in the central nervous 

system and in the neural crest, was expressed at a high level 
in the induced NELCs. PAX3 and MSX1, both known as neural 
fold markers and early neural crest markers, were expressed at 
high levels on day 5 but were slightly down-regulated on days 7 
and 8. The neural crest stem cell markers FOXD3 and SOX10 
were not up-regulated. The expression of the gene encoding the 
mesoderm marker T (brachyury transcription factor) was not de-
tectable. SOX17 and FOXA2, which are endoderm markers and 
transcription factors, were detected in the induced NELCs, but their 
expression was quite low compared with the induced definitive 
endoderm cells (Fig. S4). Taken together with the results of the 
immunostaining analysis (Figs. 1 and S3), the induced NELCs 
exhibited characteristics of early ectodermal and neuroepithelial 
cells but not neural crest, mesodermal or endodermal cells.

Neuronal differentiation potential of the induced NELCs
Next, we confirmed whether the induced NELCs displayed the 

potential for further neuronal differentiation. The induced NELCs 
were harvested on day 8 and plated on laminin-coated culture 
plates. Their media was replaced with the conventional neuronal 
differentiation medium 2 days after re-plating, and then they were 
cultured for 18 additional days. A large number of neurons with 
long, TUJ1-positive neurites and synapsin 1 (SYN1)-positive 
synaptic puncta were observed by immunostaining (Figs. 3 and 

Fig. 3. Potential of the induced NELCs to differentiate into neurons. 
To confirm whether the induced NELCS have differentiation potential into 
neurons, the induced NELCs were further differentiated into neurons in the 
conventional culture conditions. Fixed cells were stained for (A) tubulin b3 
(TUJ1, red) and (B) synapsin 1 (SYN1, green). (C) Merge of the images in 
(A,B). (D) Magnified image of the white rectangular region in C. (E) Magnified 
image of the white rectangular region in D. Arrows indicate representative 
SYN1-positive synaptic puncta along TUJ1-positive neurites. Bar, 100 mm.
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S6). Thus, the induced NELCs had the potential to undergo neuronal 
differentiation and terminal maturation.

Morphological transition during differentiation from hPSCs 
into NELCs

As described above, the low cell density monolayer method for 
inducing NELCs was successful. Next, using this induction method, 
the morphology of cells during NELC induction was monitored by 
time-lapse live imaging in a cell culture observation system. Phase 
contrast images were automatically acquired every 6 hours at a 
magnification of x4 and a resolution of 2 mm per pixel. Time-lapse 
imaging revealed dynamic changes in cell morphology and cell 
numbers during culture to promote the differentiation of hPSCs 
into early NELCs (Fig. 4 and Video S1). The attached singlet cells 
gathered together and grew as small cell assemblies until day 5. 
Drastic changes in cell morphology started at approximately day 
5. The induced cells showed an epithelial cell-like morphology for 
a short time and then suddenly changed their shape and started to 
dissociate and migrate as single cells with bipolar or multipolar pro-
trusions by day 7. Based on this finding, the epithelial-mesenchymal 
transition (EMT) occurred during NELC induction. EMT is judged 

Lamouille et al., 2014). Then, these EMT-related gene expression 
was determined in the cells on days 5, 7, and 8 (Fig. 5). E-CAD 
in the cells on day 5 was comparable with that of undifferentiated 
hPSCs but decreased on day 7 and 8 while VIMENTIN expression 
gradually increased. On days 5, 7, and 8, expression level of N-
CAD which is known to stimulate migration (Derycke and Bracke, 
2004) increased eight-fold or more than that of undifferentiated 
hPSCs. Fibronectin 1 (FN1) expression was slightly up-regulated 
on days 7 and 8 compared with that in undifferentiated hPSCs. 
SLUG expression was comparatively higher on day 7 compared 
with that in undifferentiated hPSCs and then decreased (Fig. 5). 
The gene expression change of SNAIL was small. Only on day 7, 
the expression level of SNAIL seemed slightly higher than that on 
undifferentiated state cells or day 5 cells, but the difference was not 
significant (Fig.5). Because GF 109203X inhibits up-regulation of 
EGR1 function, upstream of SNAIL in EMT (Kinehara et al., 2014), 
SNAIL expression might be inhibited in our culture conditions. On the 
other hand, TWIST expression level on day 5 was increased 37.8 
±2.9 fold higher than that in undifferentiated state, and remained at 
a high level on days 7 and 8 (Fig. 5). By contrast, cell numbers were 
not increased on day 7 according to the live-cell imaging data (Fig. 

Fig. 4. Morphological transition of 
the cells during NELC induction. 
Time-lapse phase contrast images were 
obtained during NELC induction from 
Tic hiPSCs using the method described 
in Fig. 1A. Images at the respective 
time points are shown. Time-lapse im-
ages of the same fields are shown as 
Supplementary Video S1B. Bar, 200 mm.

Fig. 5. EMT-related gene 
expression during the cell 
morphology transition. Tic 
hiPSCs were differentiated 
into NELCs using the method 
described in Fig. 1A. Repre-
sentative qRT-PCR results for 
gene expression in the cells on 
days 5 (yellow), 7 (cyan), and 8 
(navy) are shown. GAPDH was 
used as an internal control. 
Relative gene expression was 
normalized to the expression 
in undifferentiated Tic hiPSCs 
cultured in hESF-FX (mean ± 
SD, n = 3).

by loss of epithelial cadherin 
(E-CAD) expression and 
the expression of VIMEN-
TIN, FIBRONECTIN and 
neural cadherin (N-CAD). 
The switch in cell differen-
tiation is mediated by key 
transcription factors, includ-
ing SNAIL, SLUG, TWIST 
(Derycke and Bracke, 2004, 
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of Mask1 increased from days 0 to 5, but 
on day 6, the area of the Mask1 region 
decreased. The areas of Mask 2 and 
Mask3 were almost increased with days 
in culture (Figs. 6C, S7 and Video S2). 
According to the analysis of time-lapse 
images, the cell morphology transition and 
dynamic differentiation occurred from days 
5 to 6 during NELC induction without the 
need to stop the culture or damage cells.

Discussion

In the present study, we developed a 
method for NELC induction from hPSCs 
at a low cell density using a fully defined 
medium to monitor cell morphology during 
NELC induction in an adherent monolayer 
culture condition. Because the cell density 
was quite low, individual cells could be 
recognized and tracked during NELC 
induction without stopping cell culture. 
Thus, the cellular morphology transition 
was monitored and analyzed numerically.

Cell morphology itself is recognized as 
a biological marker. The morphology of 
neural cells is quite important to cellular 

Fig. 6. Analysis of cell morphology using 
phase contrast images of live cells. (A) Flow 
chart of phase contrast image-processing algo-
rithm. Phase contrast images were processed 
to segment whole-cell regions (whole-cell 
region mask, orange) and elongated single-cell 
regions (Mask3, magenta). Mask1 (purple) 
was created by detecting cell-dense regions 
in the whole-cell region. Mask2 (green) was 
created by subtracting the Mask1 region from 
the whole-cell region. Areas of Mask1, Mask2 
and Mask3 were measured. (B) Representa-
tive processed images from Mask1 (purple), 
Mask2 (green), and Mask3 (magenta). NESTIN 
immunostaining (green) and nuclear staining 
(blue) of the fixed cell samples are shown for 
comparison with the phase contrast (live) im-
age and the processed image. (C) Changes 
in the cell coverage areas of Mask1 (purple), 
Mask2 (green), and Mask3 (magenta) from 
days 0 to 8 (from 6 to 192 hours after seed-
ing) during NELC induction. Measured results 
within the analyzed area (11,075,584 mm2, 3.33 
x 3.33 mm) are shown. Black arrows in the 
graph panel indicate timing of medium change.

4 and Video S1). The expression of the proliferation marker MKI67 
decreased on day 7 (Fig. 5). Thus, changes in cellular phenomena 
and gene expression are temporally coordinated.

Image analyses of cell morphology during differentiation from 
hPSCs into NELCs

We developed an image-processing algorithm to classify cell 
morphology and measure each classified area in these phase 

contrast images (Fig. 6A and Table S2). The phase contrast im-
ages were processed to classify the cell coverage area into three 
types, Mask1, Mask2, and Mask3, according to cell morphology, 
after which the classified area was measured. Mask1 represented 
a densely populated region of cells, Mask2 represented a sparsely 
populated region of cells, and Mask3 represented a region containing 
elongated single cells (Fig. 6B). Cells detected in Mask2 and Mask3 
expressed high NESTIN levels by immunostaining (Fig. 6B). Area 
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development and the function of these cells (Kelava and Lancaster, 
2016, Parekh and Ascoli, 2013). The cell morphology transition 
during in vitro differentiation also provides valuable information 
because cell differentiation is a continuous phenomenon. In this 
study, we found that EMT occurred during NELC induction from 
hPSCs by monitoring the cellular morphology of the cultured cells. 
EMT is the morphological transition process by which epithelial cells 
become mesenchymal cells (Thiery et al., 2009). Epithelial cells, 
which display a square shape, change into mesenchymal cells, 
which elongate and migrate outwards. In early embryogenesis, EMT 
plays crucial roles in the differentiation of multiple tissues and organs 
and the formation of a body plan (Thiery et al., 2009). During the 
EMT process, E-cadherin expression is down-regulated and SNAIL, 
SLUG, TWIST1, and VIMENTIN expression are induced (Kinehara 
et al., 2014, Thiery et al., 2009). In the present study, cells that had 
been cultured for 5 days, the time at which cells migrated out and 
exhibited morphological alterations, expressed these EMT-related 
genes. Under this condition, it is considered that TWIST leads EMT 
phenomena independently in different pathway from SNAIL (Kang 
et al., 2005), because up-regulation of SNAIL are impaired by GF 
109203X (Kinehara et al., 2014). In addition to down-regulation of 
E-CAD and loss of E-CAD mediated cell-cell adhesion, acquisition 
of mesenchymal functions, particularly migratory function, initiates 
EMT and keeps cells in EMT state (Kang et al., 2005, Thiery et 
al., 2009). TWIST and other EMT-related genes including SLUG, 
VIMENTIN and N-CAD might play roles in the EMT events during 
NELC induction. The ability to monitor the cell morphology transi-
tion with time-lapse live-cell imaging provided valuable information 
about the mechanisms underlying differentiation.

We previously reported a non-invasive morphological analysis 
of hPSCs for classification of cell biological features, counting 
cell numbers and calculation of growth rate, measured from cell 
images (Kato et al., 2016, Suga et al., 2015). Based on these 
fundamental techniques, we quantified cell morphology during 
NELC induction from hPSCs. Time-lapse imaging revealed that the 
cells changed their shape and extended protrusions on days 5-6. 
We successfully report the ability to monitor differentiating cells 
and analyze the cellular transition using phase contrast imaging. 

The medium which we developed for NELC induction in this 
study includes insulin, FGF-2 and heparan sulfate which enhances 
FGF-2 activity as a cofactor for FGF-2, but excludes transferrin, 
and BSA. The medium also contains SB431542 and GF 109203X 
with / without Dorsomorphin. We previously reported that FGF-2 
induces activation of extracellular signal-regulated kinase-1/2 
(ERK-1/2), phosphatidylinositol-3 kinase (PI3K) and also protein 
kinase C (PKC) pathways in hPSCs (Kinehara 2013). Inhibition 
of PKC pathway by GF 109203X supports PI3K/AKT signaling 
under FGF-2 signal pathway is also considered to contribute on 
cell survival without using ROCK inhibitor or albumin (Kinehara 
et al., 2014, Kinehara et al., 2013, Na et al., 2010). Neural linage 
differentiation of hPSCs is promoted by ERK1/2 signal pathway 
activated by FGF-2 (Chambers et al., 2009, Na et al., 2010). On 
the other hand, Dual inhibition of SMAD signaling using SB431542 
and Noggin/Dorsomorphin is well-known to inhibit mesendoderm 
and extraembryonic differentiation of hPSCs cultured in the pres-
ence of knock-out serum replacement (KSR) and then promote the 
commitment into neural linage (Chambers et al., 2009). Because 
knock-out serum replacement which has BMP-like activity (Ying 
et al., 2003) is not included in our conditions, Dorsomorphin may 

not be required for the NELC induction. Considering that addition 
of Dorsomorphin supported the reproducible neural induction, au-
tocrine BMP signaling (Dalton, 2013, Sakaki-Yumoto et al., 2013) 
might be expressed in the cells. Whether Noggin/ Dorsomorphin 
is truly required for the NELC induction should be determined in 
future. An accurate analysis was performed in chemically defined 
culture conditions to examine the effects of added factors. As 
shown in our previous study, heparan sulfate promotes FGF-2 
activity in undifferentiated hESCs grown in a growth factor-defined 
culture medium, hESF9 (Furue et al., 2008). We screened a 
kinase inhibitor library to obtain a better understanding of FGF-
2-related molecular mechanisms regulating the self-renewal of 
hPSCs using hESF9 (Kinehara et al., 2013). Minimum essential 
culture conditions provide an experimental system suitable for 
elucidating the developmental responses to specific environmental 
stimuli, chemicals or drugs. The result in this study showed that 
the induced NELCs could differentiate into neurons with long, 
TUJ1-positive neurites and synapsin 1 (SYN1)-positive synaptic 
puncta. We also once tested the differentiation potential to glial 
cells, implying that they has a potential to differentiate into glial 
linage (data not shown). Using our new low-cell-density monolayer 
culture condition and non-invasive imaging technique, we are 
now planning to develop methods for analyzing diverse cellular 
phenomena in differentiating neural cells and their responses to 
extracellular compounds, such as growth factors, small-molecule 
inhibitors and agonists. The behavior, morphology and niche of 
individual cells should be accurately analyzed at each develop-
mental stage to obtain an understanding of cellular phenomena 
during embryonic development. 

Live-cell imaging based on fluorescent labeling with a fluorescent 
dye, immunostaining or exogenous gene expression is useful to 
track the expression of specific molecules (Hilderbrand, 2010, 
Kinehara et al., 2014, Kumagai et al., 2016, Suga et al., 2015). 
Specific target molecules are examined, and cells are subjected 
to some treatment; however, treated cells are not able to be used 
for further experiments or other purposes. In contrast, non-invasive 
live-cell imaging does not require cells to be treated (Kato et al., 
2016, Suga et al., 2015). Our NELC induction method represents 
a potentially useful tool as a part of in vitro culture models for 
studying developmental biology.

Materials and Methods

Cell lines
An human ES cell (hESC) line H9 (Thomson et al., 1998) (WiCell, 

WI, USA, WA09) and an human induced pluripotent cell (hiPSC) line Tic 
(Nagata et al., 2009) (JCRB cell bank, Osaka, Japan, JCRB1331) were 
maintained on plates coated with bovine fibronectin (Sigma-Aldrich, MO, 
USA) in growth factor-defined serum-free medium, hESF-FX, at 37°C 
in a 10% CO2 atmosphere, as previously described (Furue et al., 2008, 
Kumagai et al., 2016, Yanagihara et al., 2016). Cultures of hESCs and 
hiPSCs were routinely passaged in clumps at 5- to 7-day intervals using 
Dispase II (Roche Life Science, Manheim, Germany). These cell lines were 
used in experiments within 20 passages (approximately 5 months) after 
they were obtained from the cell banks. The hESCs were used according 
to the guidelines for the utilization of hESCs of the Ministry of Education, 
Culture, Sports, Science and Technology of Japan. All experiments using 
hESCs and hiPSCs were conducted in the National Institutes of Biomedi-
cal Innovation, Health and Nutrition (NIBIOHN) with the approval of the 
Institutional Review Board of the NIBIOHN.
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Cell culture media
The hPSC maintenance medium, hESF-FX, was composed of mESF 

basal medium (Wako Pure Chemical, Osaka, Japan) supplemented with 
2-aminoethanol (10 mM, Sigma-Aldrich), 2-mercaptoethanol (10 mM, 
Sigma-Aldrich), sodium selenite (20 nM, Sigma-Aldrich), human apo-
transferrin (5 mg/ml, Sigma-Aldrich), human recombinant insulin (10 mg/
ml, Sigma-Aldrich), L-ascorbic acid-2-phosphate (0.1 mg/ml, Wako), 
human recombinant FGF-2 (5 ng/ml, Katayama Chemical, Japan), and 
recombinant albumin (1 mg/ml, Sigma-Aldrich) conjugated with oleic acid 
(9.4 ng/ml, Sigma-Aldrich). Human recombinant activin A (2 ng/ml, R&D 
Systems, MN, USA) was added to hESF-FX when cells were passaged.

The plating medium for neuroepithelial-like cell (NELC) differentiation, 
ESF-NS1, was composed of mESF basal medium supplemented with so-
dium selenite (20 nM), human recombinant insulin (10 mg/ml), L-ascorbic 
acid-2-phosphate (0.1 mg/ml), and human recombinant FGF-2 (10 ng/ml).

The induction medium for NELC differentiation, ESF-NS2(+), was 
composed of mESF basal medium supplemented with sodium selenite (20 
nM), human recombinant insulin (10 mg/ml), human recombinant FGF-2 
(10 ng/ml), bovine heparan sulfate sodium salt (100 ng/ml, Sigma-Aldrich), 
SB431542 (10 mM, Tocris Bioscience, UK), GF 109203X (2.5 mM, Tocris 
Bioscience), and dorsomorphin (600 nM, Wako).

Plate preparation for NELC induction
Six-well tissue culture plates (Sumitomo Bakelite, Tokyo, Japan) were 

coated with poly-L-lysine (final concentration 40 ng/ml, Sigma-Aldrich) for 
30 minutes at room temperature and then with bovine fibronectin (1 mg/
cm2, Sigma-Aldrich) for 3 hours at 37°C.

NELC induction
Undifferentiated hPSCs maintained in hESF-FX medium were dis-

sociated into single cells by treatment with Accutase (Merck Millipore, 
Darmstadt, Germany) for 4 minutes at 37°C. Cells were suspended in 
ESF-NS1 medium and plated on a 6-well tissue culture plate coated with 
poly-L-lysine and bovine fibronectin at an appropriate cell density for each 
cell line (Tic: 2,400 cells/cm2; H9: 6,000 cells/cm2). The plated cells were 
cultured at 37°C in a 10% CO2 atmosphere, and the culture medium was 
replaced with ESF-NS2(+) on days 2 and 5.

Immunocytochemistry
Cells were fixed with 4% paraformaldehyde (Wako), followed by im-

munocytochemical staining using a previously described method (Kinehara 
et al., 2013). Primary antibodies against NESTIN (Merck Millipore), SOX2 
(R&D Systems), SOX1 (R&D Systems), PAX6 (Covance, MA, USA), TUJ1 
(tubulin b3, Covance), SYN1 (synapsin 1, Merck Millipore) were used in this 
study. Nuclei were stained with Hoechst 33342 (Thermo Fisher Scientific, 
MA, USA). The fluorescence and phase contrast images were obtained 
using an ECLIPSE Ti microscope system (Nikon, Tokyo, Japan).

Live-cell imaging
Phase contrast time-lapse images of live cells were automatically 

acquired at 4x magnification and 2 mm resolution per pixel in a culture 
observation system (BioStation CT, Nikon). The acquired images were 
analyzed using the image processing functions of CL-Quant software 
ver. 3.3 (Nikon). The scheme of image processing used in this study are 
described in Fig. 6A and Supplementary Table S2.

Neuronal differentiation
The induced NELCs were harvested with Accutase on day 8 and re-plated 

in ESF-NS2 medium supplemented with L-ascorbic acid-2-phosphate (0.1 
mg/ml) on a 24-well plate (BD Biosciences, NJ, USA) coated with mouse 
laminin (2.5 mg/cm2, Merck Millipore) at a density of 40,000 cells/cm2. Two 
days after re-plating, the culture medium was replaced with neuronal dif-
ferentiation medium (Brewer et al., 1993): Neurobasal-A medium supple-
mented with B-27 supplement minus vitamin A, an MEM non-essential 
amino acids solution, and Gluta-MAX supplement (all from Gibco, Thermo 

Fisher Scientific, MA, USA). The culture medium was replaced every 3-4 
days. The differentiated cells were fixed on day 20 after re-plating.

Quantitative real-time PCR
Total RNA was extracted from undifferentiated hPSCs or hPSC-derived 

NELCs using AllPrep DNA/RNA Mini kits (Qiagen, Germany), treated with 
RNase-free DNase I (Invitrogen Thermo Fisher Scientific, MA, USA), and 
reverse transcribed with SuperScript VILO cDNA synthesis kits (Invitro-
gen), according to the manufacturer’s instructions. Synthesized cDNAs 
were amplified using gene-specific primers (Invitrogen), which are listed 
in Supplementary Table S1.
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