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Francisco, San Francisco, CA 94158, USA

Abstract

Directed neural differentiation of human embryonic stem cells (ESCs) enables researchers to
generate diverse neuronal populations for human neural development study and cell replacement
therapy. To realize this potential, it is critical to precisely understand the role of various
endogenous and exogenous factors involved in neural differentiation. Cell density, one of the
endogenous factors, is involved in the differentiation of human ESCs. Seeding cell density can
result in variable terminal cell densities or localized cell densities (LCDs), giving rise to various
outcomes of differentiation. Thus, understanding how LCD determines the differentiation
potential of human ESCs is important. The aim of this study is to highlight the role of LCD in the
differentiation of H9 human ESCs into neuroectoderm (NE), the primordium of the nervous
system. We found the initially seeded cells form derived cells with variable LCDs and
subsequently affect the NE differentiation. Using a newly established method for the quantitative
examination of LCD, we demonstrated that in the presence of induction medium supplemented
with or without SMAD signaling blockers, high LCD promotes the differentiation of NE.
Moreover, SMAD signaling blockade promotes the differentiation of NE but not non-NE germ
layers, which is dependent on high LCDs. Taken together, this study highlights the need to
develop innovative strategies or techniques based on LCDs for generating neural progenies from
human ESCs.
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1. Introduction

Generating desired cell types from human embryonic stem cells (ESCs) offers the potential
of creating new cell sources for regenerative medicine [1,2,3]. To realize this potential, it is
essential to precisely understand the role of various endogenous and exogenous factors
involved in the differentiation of human ESCs [4,5,6].

Cell density is a factor taken into consideration but is still rather poorly understood.
Normally, cell density indicates a specific number of cells in a total culture space, which is
applicable only for the single-cell-based cell seeding method. For human ESCs, high density
culturing generates central nervous system (CNS)-neuronal derivatives, while lower density
conditions favor peripheral nervous system (PNS) development [6]. Nevertheless, high cell
seeding densities is required for the final differentiation of pancreatic amylase-positive cells
from human ESCs [7]. High density cultures also favor pancreatic progenitor commitment
and an increased formation of pancreatic endocrine cell populations [5]. Thus, different
differentiation protocols using human HESCs seeded at a high cell density result in the
divergent outcomes of different germ layers, leaving an elusive question: how can human
ESCs seeded at a high cell density give rise to desired outcomes during neural
differentiation of human ESCs?

During human neural development, neuroectoderm (NE) differentiation is a key process that
generates the primordium of the human nervous system [8,9]. Unless mechanisms involved
in NE differentiation from human ESCs are elucidated, generating desired neural derivatives
from human ESCs for regenerative medicine might only be a bench work that is far from
clinical applications. Although cell seeding density plays a role in the differentiation of
human ESCs into different germ layers, we cannot ignore that it is the terminal cell density
or LCD that presents final outcomes of various differentiation experiments. Localized cell
density (LCD), a niche property of human ESCs, is a function of the number of neighbors a
cell has within a given space and has been proposed to play a role in the self-renewal and
differentiation of human ESCs [10], highlighting the importance of examining LCD when
optimizing human ESC neural differentiation protocols. However, the role of LCD in
affecting NE differentiation from human ESCs still remains unclear.

In the present study, we attempted to address the importance of the role of localized rather
than seeding cell density in the differentiation of NE from H9 human ESCs. We report the
initially seeded cells form derived cells with variable LCDs and subsequently affect the NE
differentiation. Using a newly developed method to quantitatively examine LCD, we
showed that in the presence of induction medium supplemented with or without SMAD
signaling blockers, high LCD contributes to the differentiation of NE. Further study
indicated that SMAD signaling blockade facilitates the LCD-dependent differentiation of
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NE but not non-NE cells. Taken together, these results may indicate a need to develop
highly efficient protocols based on LCD for H9 cell neural differentiation.

2. Materials and Methods

2.1 Cell Culture

The human ESC line H9 has been previously described [11,12]. The cells were propagated
weekly on Matrigel (BD Bioscience, Bedford, MA) in mTeSR medium (Stem Cell
Technologies, Vancouver, BC, Canada) or on irradiated mouse embryonic fibroblasts
(MEFs, Chemicon) in human ESC medium consisting of Knockout-DMEM (Invitrogen,
Carlsbad, CA), 0.1mM B-mercaptoethanol (Sigma), 1 mM L-glutamine (Invitrogen), 1 %
nonessential amino acids (Invitrogen), 20 % knockout serum replacement (KSR;
Invitrogen), 1 % penicillin streptomycin (Invitrogen), and 10 ng/ml human basic fibroblast
growth factor (FGF2; R &D), as previously described [6]. The ESC medium was changed
every day. A cell-clump-based method was performed according to the protocol from Stem
Cell Company; the mTeSR medium was changed every day. The human ESCs were
passaged using dispase (Stem Cell Technologies) and replated in mTeSR medium at a
dilution of 1:6.

2.2 Neuroectoderm Induction

Single cell-based differentiation of NE was performed as previously described [6]. Briefly,
H9 cells were cultured on MEFs in KSR medium (DMEM/F12, 20 % KSR, 0.1 mM -
mercaptoethanol, 10 ng/ml of FGF-2) and disaggregated using accutase (Millipore, Billerica,
MA, USA) for 20 min, washed with KSR medium and pre-plated on gelatin-coated 6-well
plates for 1 h at 37 °C in the presence of the ROCK inhibitor (Y-27632) to remove MEFs.
The nonadherent human ESCs were washed and plated on a Matrigel-coated 6-well plate at
a density of 4,000~20,000 cells/CM? in MEF-conditioned KSR medium with 10 ng/ml
FGF-2 and ROCK inhibitor. The ROCK inhibitor was withdrawn the next day, and the
human ESCs were allowed to expand in the mTeSR medium for 3 days or until the cells
were nearly confluent. For the cell-clump-based differentiation of NE, human ESCs cultured
on Matrigel in mTeSR medium were passaged with dispase and replated on a Matrigel-
coated 6-well plate at a dilution of 1:3 in mTeSR medium. The human ESC clumps were
allowed to expand in mTeSR medium for 3 d or until the cells were nearly confluent. Next,
the clumps were subjected to NE induction. NE induction medium is a combination of the
KSR medium and N2 medium (DMEM/F12, 1 % N2 supplement, 10 ng/ml FGF2, 0.1 mM
mercaptoethanol). The amount of N2 medium was increased (25%, 50%, 75%, and 100%)
with the induction. The derived cells were subjected to an IF assay on the 5 day and were
harvested and subjected to an RT-PCR assay on the 6! day. For SMAD signaling blockade,
the NE induction medium was supplemented with 10 uM SB431542(S) (Tocris) and 500
ng/ml of NOGGIN(N) (Sigma) for the indicated times. N2 medium supplemented with 0.2
mM AA (ascorbic acid, Sigma) was used for prolonged differentiation until d11.

2.3 Immunofluorescence (IF) Assay

The IF assay was performed as previously described [13]. Cells cultured on Matrigel-coated
coverslips were fixed using 4 % paraformaldehyde for 20 min, washed with PBS,
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permeabilized using 0.1 % Triton X-100 in PBS and blocked with 0.1 % FBS in PBS.
Antibodies used for immunofluorescence analysis were as follows: mouse anti-Oct4 (Santa
Cruz, 1:500), rabbit anti-PAX6 (1:1000, Covance), mouse anti-PAX6 (1:400; Millipore),
rabbit anti-PAX6 (1:200, Millipore), rabbit anti-NESTIN (Sigma, 1:1000), and mouse anti-
beta-111-tubulin (1:200) (Millipore). An Axioobserver Z1 (Zeiss) microscope and a NIKON
Eclipse 801 fluorescence microscope were used for microscopy. The nuclei were
counterstained with 4,6-diamidino-2-phenylindole (DAPI).

Human ESCs or derived cells were harvested for total RNA isolation using an RNA
isolation KIT (Axygen). For RT-PCR analysis of mRNAs, 1 pg of total RNA from each
sample was reverse transcribed with Superscript 111 (Invitrogen). Next, 10 % of the first-
strand reaction (2 pl) was used for subsequent PCRs for each gene of interest, with a
GAPDH endogenous control used for normalization. PCR primers for the markers have been
previously described [14]. The sequences of the primers and the size of the PCR products
are shown in Table 1.

2.5 Immunoblotting (IB) Assay

An immunoblotting (IB) assay was performed as previously described [15]. Antibodies used
for IB were as follows: monoclonal rabbit anti-OCT4 (1:500, Santa Cruz), rabbit anti-PAX6
(1:500, Millipore), mouse anti-beta-I11-tubulin (1:500, Millipore), and rabbit anti-GAPDH
(1:5000, Ptglab).

2.6 Statistics

3. Results

To evaluate the differences in protein levels, Image J software was used. The relative
expression of OCT4 and PAX6 among the total cells was calculated based on the areas in
the OCT4, PAX6 and DAPI (4, 6-diamidino-2-phenylindole) channels. Differences in cell
numbers were evaluated based on the number of positive cells for PAX6 and DAPI.
Statistical analysis was performed using one-way ANOVA, and the data are presented as the
mean = SD.

3.1 Cells with LCD showed direct differentiation outcomes in H9 cells

PAX6 is a NE determinant in humans [16]. Thus, we used PAX6 as a marker to monitor the
differentiation of NE. We investigated PAX6 expression during the differentiation of H9
cells using a single-cell-based induction method. This method uses KSR and N2 medium
supplemented with two blockers of SMAD signaling, namely NOGGIN and SB431542. H9
cells maintained on Matrigel in mTeSR medium were used as a control (Fig. 1A-D). Cells
grown for 5 days in mTeSR medium generated cells with high LCDs (Fig. 1C). These cells
were not PAX6-positive (Fig. 1 A and D) but were OCT4-positive (Fig. 1B and D). In
contrast, KSR and N2 medium supplemented with Noggin and SB431542 induced PAX6
expression (Fig. 1 E, H, I and L), combined with a down-regulation of OCT4 (Fig. 1F, H, J
and L). Unexpectedly, H9 cells plated at a lower density (8x103 cells/cm?) formed many cell
masses in which most cells were PAX6-positive (Fig. 1E and H), while H9 cells plated at a
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higher density (2x10% cells/cm?2) did not form PAX6-positive cell masses but demonstrated
scattered PAX6-positive cells (Fig. 11 and L). Moreover, the PAX6-positive cell masses
were characterized by higher LCDs compared to PAX6-negative cells (Fig. 1E and H,
arrows). Statistical data of OCT4 and PAX6 signals in H9 cells and H9-derived cells
indicated a significant increase in PAX6 expression, which was correlated with a significant
decrease in OCT4 expression in a cell density-dependent manner (Fig. 1M).

Taken together, these results indicated that the initially seeded cells form derived cells with
high LCDs first, and the derived cells subsequently affect PAX6 expression during the
differentiation of the NE from H9 cells.

3.2 Quantitative examination of PAX6 expression in NE cells

To quantitatively examine LCD, we developed a new cell counting strategy, of which each
micrograph was obtained with a resolution of 3840 x 3072 pixels (25 cm x 20 cm) and was
divided into 20 (5 x 4) small squares (Fig. 2A-D). Each square has a limited area (1.69 x
10~ cm?) such that the LCD can be calculated by counting the number of cells within it.
Because ESCs differentiated spontaneously under a confluent condition even in the presence
of feeder cells, which might disrupt directed lineage specification [17], we plated H9 cells as
small clumps for NE differentiation (Fig. 2). NESTIN, a neural stem cell marker that is also
expressed at an earlier stage of neural differentiation, was used as a control. At day 6, both
PAX6 and NESTIN were expressed in the derived cells (Fig 2A-D). Interestingly, the PAX6
expression was found to be highest in cells with high LCD (Fig. 2A and D), while NESTIN
expression was found to be highest in cells with low LCD (Fig. 2B and D). The PAX6-
positive, NESTIN-positive and DAPI-positive cells (Fig. 2B and D) in each square were
quantified using Image J software. Regions with equivalent LCDs were binned together, and
the average cell densities of different regions are shown (Fig. 2E). The ratio of PAX6 and
NESTIN to DAPI was subjected to statistical analysis (Fig. 2F). More than 50% NESTIN-
positive cells were found in the lowest LCD region (0.41x 10° cells/cm?). The ratio
decreased with an increase in LCD and is less than 3% when the LCD reached the highest
density (2.06 x 10° cells/cm?). In contrast, only 25% PAX6-positive cells were found in the
lowest LCD region. When the LCD increased to a density of 1.53x10° cells/cm?, the ratio of
PAX6-positive cells increased significantly to 59%, which is similar to that of the cells in
the highest LCD region. These results provide a quantitative evaluation that PAX6
expression in NE cells is LCD-dependent.

3.3 Quantitative evaluation of the synergistic contribution of LCDs and SMAD signaling
blockade to NE differentiation

To minimize the use of exogenous factors and to examine if LCD and SMAD signaling
blockers have synergistic effects on NE differentiation, we next performed cell-clump-based
differentiations of NE with or without the presence of NOGGIN and SB431542. Without the
presence of NOGGIN and SB431542, PAX6 expression was also identified in H9-derived
cells (Fig. 3 A-B). Quantitative analysis indicated that high LCDs resulted in a significant
increase in the number of PAX6-positive cells (Fig. 3E). The presence of NOGGIN and
SB431542 promoted NE differentiation by increasing the number of PAX6-positive cells
even in cells with relatively low LCDs (Fig. 3F). RT-PCR assays also demonstrated that
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NOGGIN and SB431542 decreased OCT4 and increased PAX6 mRNA levels. In contrast,
weak or no mRNA expression of Brachyury and GATAZ2, two non-NE markers [3,18], was
detected despite the presence of NOGGIN and SB431542 (Fig. 3G).

These results quantitatively indicated that high LCD is one of the endogenous parameters
that cooperates with SMAD signaling blockers, thereby contributing to the differentiation of
NE.

3.4 Expression of marker proteins in H9 cells and H9-derived neural cells

To further examine the neuronal differentiation potential of NE cells, H9 cells and H9-
derived cells were harvested at different time points and subjected to IB for the indicated
markers. Robust expression of OCT4 was detected in H9 cells, while OCT4 expression in
the H9-derived cells was found to significantly decrease at d5 and disappeared at d10. PAX6
expression was upregulated during differentiation and peaked at d5, followed by a
downregulation at d10. Beta-IlI-tubulin, a neuronal cell marker, was upregulated during
differentiation and reached its highest expression at d10 (Fig. 4A). Downregulation of OCT4
expression at d5 was demonstrated using the IF assay (Fig. 4B). Upregulation of beta-I11-
tubulin was also shown using the IF assay (Fig. 4C and D).

4. Discussion

The promise of human ESCs in regenerative medicine is dependent on their potential to
generate diverse neural cell populations[19]. Both endogenous and exogenous factors are
involved in regulating human ESC neural differentiation[20]. When cultured in NE
induction medium supplemented with SMAD signaling blockers, H9 cells seeded at
different densities showed differential expression of PAX6-positive cells, which was
correlated with the different LCDs (Fig. 1 E-H and Fig. 1 I-L), indicating that different
seeding cell densities resulted in cells with variable LCDs, which finally induce variable
expression of PAX6 in NE cells. H9 cells are characterized by growth in cell clumps with
different sizes [17]. We also demonstrated that H9 cells plated as single cells at different cell
densities resulted in cell clumps with variable sizes (Supplement Fig. 1). Thus, we propose
that in addition to seeding cell density, terminal cell density or LCD is also one of the
endogenous factors required during neural differentiation of human ESCs.

Using a newly established strategy for the quantitative examination of LCD, it is possible to
obtain a quantitative understanding of the role of LCDs in the expression of PAX6 in NE
cells. Differential LCD-dependent expression of PAX6 and NESTIN was subsequently
observed (Fig. 2). Expression of PAX6 is upregulated with an increase in LCD (Fig. 2A-F).
Thus, we used PAX6 as an indicator to investigate the synergistic contribution of LCDs and
SMAD signaling blockers in the differentiation of NE cells. Although the expression of
PAX®6 is also LCD-dependent (Fig. 3 A, B and E), in the absence of SMAD signaling
blockers, the NE differentiation efficiency significantly decreased. SMAD signaling
blockers increased NE differentiation efficiency by decreasing the cell density required for
PAX®6 induction (Fig. 3 C, D and F). RT-PCR assays also confirmed the contribution of
SMAD signaling blockers in the expression of PAX6 but not non-NE marker genes (Fig.
3G).
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Using the IB assay, downregulation of OCT4 and upregulation of PAX6 were confirmed
(Fig. 4A), which were consistent with the IF assay and RT-PCR assay results. Moreover,
using both the IF assay and IB assay, the expression of beta-I11-tubulin was found to
increase with differentiation (Fig. 4A, C and D), suggesting the generation of more neuronal
cells. These data support the idea that generating H9 cells with high LCDs may be a better
way to differentiate NE compared to average or overall high cell densities. Because human
ESCs are maintained routinely as cell clumps [17], it may be difficult to specify various
LCDs only according to seeding cell density. Recently, a Matrigel-dependent patterning
technique, which enables a method resembling the cell-clump-based plating method, has
been used to study mechanisms involved in human ESC self-renewal and
differentiation[21]. Further studies using similar technique may provide an understanding of
the optimal tight control of LCDs for the neural induction of H9 cells. Finally, cell density is
only one of the various factors involved in the neural differentiation of human ESCs. It has
been combined with other factors, such as growth factors[7], colony and aggregate size[10],
expansion time[22], seeding protocol[23] and matrix concentration[24], to play a crucial role
in the differentiation of various stem cells, including the neural differentiation of human
ESCs. Thus, it also remains to be elucidated how cell density, particularly LCD, cooperates
with other factors involved in NE induction to generate optimal outcomes.

Taken together, our data may be a step forward to focus on the role of high LCD in the
differentiation of NE, which may contribute to the development of highly efficient protocols
for the generation of neural derivatives from human ESCs.
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Figure 1. LCD shows direct differentiation outcomes of H9 cells seeded at different densities
A-D, Undifferentiated H9 cells with localized high cell density were subjected to IF using

anti-PAX6 (A and D) and anti-OCT4 (B and D) antibodies. E-L, H9 cells seeded at low
density (8x103 cells/ cm?) (E-H) and high density (1x10* cells/ cm?) (I-L) were treated with
KSR and N2 medium supplemented with noggin and SB431542 for 5 days. The cells were
then subjected to the IF assay using anti-PAX6 antibody (green, E, H, I and L) and anti-
OCT4 antibody (red, F, H, Jand L) in the H9-derived cells. M, The areas of the signals in
the OCT4, PAX6 and DAPI channels were calculated using Image J software. The ratios of
the OCT4 and PAX6 area to DAPI area are shown (X+SD, n=8; *, P<0.05; **, P<0.01,
compared with the H9 cells; #, P<0.05; ##, P<0.01, compared with the low density, using
one-way ANOVA with SPSS 17.0 software).
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Figure 2. Differential LCD-dependent expression of PAX6 and NESTIN during NE
differentiation

A-D, Cell-clump-based differentiation of NE was performed for 5 days. The cells were then
subjected to the IF assay using anti-PAX6 (Fig. 2A and D) and anti-NESTIN (Fig. 2B and
D) antibodies. A square-based cell quantification strategy was developed. Each micrograph
with a resolution of 3840 x 3072 pixels was divided into 20 (5x4) squares (Fig. 2A-D). E-F,
Next, the PAX6-positive cells, NESTIN-positive cells and DAPI-positive cells in each
square were quantified using Image J software. Regions with equivalent LCDs were binned
together into five subgroups, and the average cell densities are shown (Fig. 2E). Statistical
analyses were performed on the ratio of PAX6 and NESTIN to DAPI in the derived cells
with different cell densities (Fig. 2F).
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Figure 3. Synergistic contribution of SMAD signaling blockers and localized high cell density in
NE differentiation

A-F, Five days after the cell-clump-based differentiation of NE in KSR and N2 medium
with (D-F) or without (A-C) SMAD signaling blockers, H9-derived cells were subjected to
the IF assay using anti-PAX6 antibody (green, A-D). The nuclei were stained using DAPI
(blue, C and D). The micrographs were divided into 20 (5x%4) squares as indicated (C and
D). E-F, The number of total cells and PAX6-positive cells in each square was quantified
using Image J software. The ratio of PAX6-positive cells to total cells in each square was
determined. The squares with equivalent ratios were binned together. The ratios of PAX6-
positive cells to total cells in each bin are shown (F, X£SD, **P<0.01, using one-way
ANOVA with SPSS 17.0). G, Cell-clump-based differentiation of NE was performed with
(lane 2) or without (lane 1) noggin and SB431542. On the 6! day of differentiation, the HO-
derived cells were harvested and subjected to RT-PCR assays for the indicated marker
genes. OCT4, a pluripotent marker; PAX6, a human NE determinant; Brachyury, a
mesoendoderm marker; GATAZ2, a non-NE marker.
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Figure 4. Expression of neuronal marker proteins in the derived neuronal cells
A, H9-derived cells were subjected to the IB assay using the indicated antibodies at different

time points of the cell-clump-based H9 differentiation. The undifferentiated H9 cells were
used as a control. B-D, H9-derived cells were subjected to the IF assay for the indicated
marker proteins. Beta-I11-tubulin, a neuronal marker.
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Table 1

Primer sequences of markers used for RT-PCR analysis. The size of each PCR product is shown.

Primer Sequence Size (bp)

OCT4 5-AGTGAGAGGCAACCTGGAGA-S 273

5-GTGAAGTGAGGGCTCCCATA-S

PAX6 5-AACAGACACAGCCCTCACAAACA-S' 275

5-CGGGAACTTGAACTGGAACTGAC -&/

GAPDH 5-GTACTCAGCGCCAGCATCG-3 302

5-AGCCACATCGCTCAGACACC-3

BRACHYURY 5-CTTCCCTGAGACCCAGTTCAC-S 289

5-CAGGGTTGGGTACCTGTCAC-3

GATA2 5-AGCCGGCACCTGTTGTGCAA -3 242

5-TGACTTCTCCTGCATGCACT-3
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