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Abstract

For stem cell-based treatment of neurodegenerative diseases a better understanding of key
developmental signaling pathways and robust techniques for producing neurons with high-
est homogeneity are required. In this study, we demonstrate a method using N-cadherin-
based biomimetic substrate to promote the differentiation of mouse embryonic stem cell
(ESC)- and induced pluripotent stem cell (iPSC)-derived neural progenitor cells (NPCs)
without exogenous neuro-inductive signals. We showed that substrate-dependent activa-
tion of N-cadherin reduces Rho/ROCK activation and -catenin expression, leading to the
stimulation of neurite outgrowth and conversion into cells expressing neural/glial markers.
Besides, plating dissociated cells on N-cadherin substrate can significantly increase the dif-
ferentiation yield via suppression of dissociation-induced Rho/ROCK-mediated apoptosis.
Because undifferentiated ESCs and iPSCs have low affinity to N-cadherin, plating dissoci-
ated cells on N-cadherin-coated substrate increase the homogeneity of differentiation by
purging ESCs and iPSCs (~30%) from a mixture of undifferentiated cells with NPCs. Using
this label-free cell selection approach we enriched differentiated NPCs plated as monolayer
without ROCK inhibitor. Therefore, N-cadherin biomimetic substrate provide a powerful tool
for basic study of cell—material interaction in a spatially defined and substrate-dependent
manner. Collectively, our approach is efficient, robust and cost effective to produce large
quantities of differentiated cells with highest homogeneity and applicable to use with other
types of cells.
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Introduction

Unlike peripheral nervous system (PNS), neurons in the central nervous system (CNS) do not
spontaneously regenerate injured axons because of extrinsic inhibitory factors and intrinsically
lower growth capacity [1,2]. Conditioning neurons by neural extracellular matrix (ECM) com-
ponents and cell adhesion molecules (CAMs) are thought to play an important role in increas-
ing the intrinsic growth capacity of neurons and neurites both in vitro and in vivo [3,4].
Furthermore, during embryonic development, ECMs and CAMs play a major role in the for-
mation and expansion of the neural crest and neural tube that finally results in PNS and CNS,
respectively [5-7].

The extracellular part of neural CAM (N-cadherin) typically mediates calcium-dependent
homophilic interaction and modulates several signaling pathways including Akt, Wnt/B-cate-
nin, fibroblast growth factor (FGF)-2, and Rho GTPases [8-12]. During neurogenesis, N-cad-
herin plays important role in axon outgrowth [13], dendritic branching [14], synaptogenesis
[15], and synaptic plasticity [16-18]. In a number of studies, molecular tethering of CAMs and
growth factors (GFs) has been proposed to understand key developmental signaling pathways
by increasing protein stability, promoting persistent signaling, and reducing complexities asso-
ciated with in vivo microenvironment [19-22]. Despite the emphasis given to biological surface
modification in order to mimic pluripotent stem cell microenvironment, few studies have uti-
lized these modified surface for controlling stem cell differentiation in a spatially defined and
substrate-dependent manner.

This study began with an observation that, when cultured on surfaces pre-coated with
recombinant mouse N-cadherin-Fc chimera (termed N-cad-Fc throughout this paper) in the
absence of exogenous neuro-inductive signals, embryonic stem cell (ESC)- and induced plurip-
otent stem cell (iPSC)-derived neural progenitor cells (NPCs) showed remarkable enhance-
ment in neurite formation compared to cells cultured under identical conditions on substrates
commonly used for neuronal cell culture. To the best of our knowledge, such enhancement in
neurite extension and neuronal conversion has not been observed previously for ESC- and
iPSC-derived NPCs differentiated without exogenous GFs or inhibitors. The molecular mecha-
nism underlying such effects is associated with reduced Rho/ROCK activation and B-catenin
expression.

Additionally, we presumed that plating dissociated cells versus neurospheres (cluster of
NPCs) would also significantly increase the homogeneity of differentiated neural cells, as
shown previously by Barde and coworkers [23,24]. However, most of the conventionally used
extracellular matrices do not have selectivity to particular cell types. Also, many cell types
including ESCs [25], ESC-derived NPCs [26], intestinal stem cells [27], and keratinocytes [28]
are susceptible to dissociation-induced RhoA/ROCK-mediated apoptosis. These are two major
obstacles associated with the derivation of differentiated cells in high yield and purity. Even
though, it has been reported that a selective ROCK inhibitor is capable of increasing survival
and cloning efficiency of dissociated single cells in vitro [25], the chemicals or inhibitors neces-
sary for stem cell culture and differentiation require strict monitoring of all critical aspects clas-
sically associated with embryotoxicity and cytotoxicity [29]. To circumvent these obstacles,
first, we dissociated neurospheres into single cells by the traditional enzymatic methods and
secondly, we plated dissociated cells on a surface coated with N-cad-Fc. We found that N-cad-
herin-mediated suppression of Rho/ROCK signaling markedly diminishes dissociation-
induced apoptosis, while cadherin-dependent homophilic interaction allowed us to isolate
NPCs from a heterogeneous mixture of various cell types.
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Materials and Methods
Ethics Statement

All animal experiments were performed with the approval of the Animal Ethics Committees of
Tokyo Institute of Technology and in accordance with the Ethical Guidelines for Animal
Experimentation of Tokyo Institute of Technology. Four-weeks-old BALB/c mouse brain was
used as control.

Cell culture

The culture parameters for feeder-dependent mouse ESC line ST1 [30] and Nanog-GFP
expressing iPSC line (APS0001 iPS-MEF-Ng-20D-17, RIKEN BioResource Center) have been
explained in details elsewhere [30,31]. In brief, ST1 and iPSCs cell lines were cultured on irradi-
ated mouse embryonic fibroblast (CF-1 MEF, GlobalStem), grown on gelatin-coated dish, in a
humidified atmosphere of 5% CO, at 37°C. The cell culture medium for ST1 cells was com-
posed of Dulbecco’s Modified Eagle’s Medium (DMEM,; Sigma-Aldrich) supplemented with
20% (v/v) fetal bovine serum (FBS; Biochrom AB), ImM L-glutamine, 1% nonessential amino
acids (NEAA; Gibco, Life Technologies), 1 mM sodium pyruvate (nacalaitesque), 0.1 mM
2-mercaptoethanol (Sigma Chemical), 1000 units/ml recombinant leukemia inhibitory factor
(LIF; Chemicon, Millipore), 50 pg/ml penicillin, and 50 pg/ml streptomycin (nacalaitesque).
iPSCs were maintained in the same self-renewal media used for ST1, except that iPSC medium
was supplemented with 15% FBS. ESCs and iPSCs were passaged in every third day with daily
media change.

Cell culture dish coating

Control plates: tissue culture plates (Iwaki) were coated for 30 min at 37°C with sterile solution
of 0.1% (w/v) gelatin type A (Sigma Chemical) and 100 ug/ml poly-L-lysine (PLL; Sigma-
Aldrich). PLL coated surface was washed with sterile water and allowed to dry. Glass-bottom
35 mm dishes (Matsunami) were used for confocal imaging. Cadherin coating: expression,
purification and immobilization of E-cad-Fc and N-cad-Fc on non-treated tissue culture poly-
styrene dishes have been explained in details elsewhere [30,32]. Briefly, to prepare cadherin-
Fc-coated surface non-treated polystyrene dishes (Iwaki) were treated with 10 ug/ml of purified
cadherin-Fc and incubated for 1 h at 37°C. The spent solutions were discarded and surfaces
were rinsed once with PBS. Prepared plates were used immediately.

Induction of differentiation

Basal differentiation medium (BDM) for ESCs and iPSCs contained Glasgow Minimum Essen-
tial Medium (GMEM, Sigma-Aldrich) supplemented with 10% (v/v) knockout serum replace-
ment (KSR; Gibco), 1 mM sodium pyruvate, 1 mM L-glutamine, 1% NEAA, 0.1 mM
2-mercaptoethanol, 50 ug/ml penicillin, and 50 pg/ml streptomycin. The differentiation induc-
tion and maturation factors that were used in this study were as follows: CKI-7 (Sigma-
Aldrich), SB431542 (Wako) and basic fibroblast growth factor (bFGF;Promega). Before induc-
tion of differentiation, ESCs and iPSCs were cultured on E-cad-Fc-coated plates for two or
three passages to remove feeder cells. For the induction of ESCs and iPSCs into NPCs, neuro-
spheres were generated by suspension culture. For suspension culture-based differentiation,
ESCs/iPSCs cultured on E-cad-Fc were treated with Accutase (Innovative Cell Technologies)
for 3 min at 37°C. Dissociated cells were resuspended in BDM at a density of 5x10* cells/35
mm dish. The day on which cells were seeded to differentiate was defined as day 0. In the dif-
ferentiation protocol, BDM containing 5 uM of CKI-7 and 5 uM of SB431542 were used for the
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first 3 days of differentiation. On day 3, medium was changed to fresh differentiation medium
with half the initial concentration of CKI-7 and SB431542 (abbreviated CK/SB throughout this
paper). The neurospheres were cultured for 2 more days. Medium was changed every two days
and bFGF (20 ng/ml) was used between 10 and 20 days of differentiation. In suspension culture
technique, neurospheres were also generated spontaneously in BDM. This GF/inhibitor-free
differentiation protocol was used to further elucidate the neuro-inductive properties of sub-
strate bound N-cadherin.

Neurite outgrowth assay

For qualitative analysis, axons outgrowing from the neurospheres were confirmed by B-IIT
tubulin (Tuj) expression. For neurite outgrowth assay, neurite outgrowth surface (Sn) and neu-
rosphere surface (Se) were measured using the Metamorph software (Universal Imaging Cor-
poration) and a neurite extension index (Sn/Se) was calculated, as initially described by
Matsunaga et al [33]. Time-lapse imaging was performed to show a phase-contrast movie of
differentiated cells 24 h after plating on N-cadherin substrate at 135 frames, one frame per 10
min, with parameter set as each pixel equivalent to 1 pm.

Inhibition, activation, and viability assays

For inhibition and activation assay, the neurospheres were incubated for 1 h in the presence of
FGFR signaling inhibitor, PD173074 (75 nM; Sigma-Aldrich); ROCK inhibitor, Y-27632

(10 pg/ml; Sigma-Aldrich), and RhoA activator I, CNO1 (1 U/ml; calpeptin; Cytoskeleton,
Inc.). The intact or dissociated neurospheres were then transferred on ECM molecules and cul-
tured for additional 2 days in the presence of these inhibitors and activator. Control experi-
ments without inhibitors and activator were carried out in parallel. For viability assay, the
dissociated neurospheres on day 5 were plated at a density of 50,000 cells per cm” on ECM-
coated plates in the presence and absence of Y-27632 and left to adhere for 4 hours in a cell
incubator. Subsequently, the plates were washed three times to remove the non-adherent cells
followed by enzymatic dissociation of adherent cells. The dissociated cells were stained with
0.4% Trypan Blue (Bio-Rad) to get initial seeding density for normalization. The cells cultured
for 48 h were dissociated by following the same approach mentioned above and used for sur-
vival assay using TC20 Automated Cell Counter (Bio-Rad). All the experiments were per-
formed in triplicates.

Immunocytochemistry

Cells were fixed with Mildform 20N (8% formaldehyde; Wako) for 30 min and permeabilized
with 0.2% Triton X-100 (nacalaitesque) for 5 min. Fixed cells were blocked with Blocking One
solution (nacalaitesque) for 1h. The primary antibodies used here were: rabbit anti-human
Nestin (1:200; N-1602; IBL Ltd.), mouse anti-neuron specific BIII-tubulin antibody (1:500;
TuJ-1; R&D Systems), mouse monoclonal anti-MAP2 antibody (1:500; Sigma-Aldrich) and
anti-mouse B-catenin (1:1000; BD Bioscience, USA). The samples were washed for three times,
and incubated with goat anti-mouse IgG F(ab’)2-TRITC (1: 100; Santa Cruz) and anti-rabbit
IgG F(ab’)2 Alexa Fluor 555 conjugate (1: 1000; Cell Signaling Technology) at room tempera-
ture for 1 h. After three times of washing, the samples were counterstained with 4’-6-diami-
dino-2-phenylindol (DAPI, Invitrogen), and examined by confocal inverted microscope
(Nikon Eclipse T, Japan). Fluorescent images of approximately 400 cells in at least 3 different
areas were analyzed for Tuj-positive cells. DAPI was used to quantify the total number of cells.
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Western-blot analysis

The total cellular proteins were extracted with a lysis buffer (20 mMTris-HCI, pH 8.0, 50
mMNaCl, 1% Nonidet P40 (Sigma), 1% Triton X100), 1% (v/v) phenylmethanesulfonyl fluo-
ride (PMSF, Sigma), and 1% (v/v) protease inhibitor cocktail (nacalaitesque) (PI; pH 7.4). The
cell lysates were centrifuged at 15,000g for 15 min at 4°C to achieve protein sample solutions.
Proteins with sample buffer were separated by sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE) on polyacrylamide gels (7.5% and 10%) and electrophoretically trans-
ferred onto a polyvinylidenedifluoride (PVDF; Immobilon- P, Millipore) membrane. The
membranes were incubated with primary antibodies of mouse anti-B-actin (1: 2000; Sigma-
Aldrich), anti-pAkt (1: 1000; Cell Signaling), total-Akt (Cell Signaling) and B-catenin (1: 2000;
BD Bioscience) for 2 h at room temperature. The incubation with horseradish peroxidase
(HRP)-conjugated secondary antibody (1:10,000 dilution; Jackson ImmunoResearch Laborato-
ries) was performed for 2 h at room temperature. HRP activity was assayed with the Immobi-
lon Western detection reagents (Millipore) according to the manufacturer’s instruction.

Pull-Down Assay

Effector pull-down assay were performed using active RhoA binding Rhotekin-RBD protein
GST beads (Cytoskeleton, USA) [34]. Cells were lysed using cell lysis buffer and the lysates
were rotated for 1 hour at 4°C with 90 pg of either active RhoA binding Rhotekin-RBD protein
GST beads (Cytoskeleton, USA). Following incubation, the beads were centrifuged and washed
with washing buffer (25 mM Tris pH 7.5, 30 mM MgCl,, 40 mM NaCl) three times. Bound
Rho proteins were eluted by incubation in Laemmli lysis buffer at 95°C for 7 min and subjected
to SDS-PAGE and Western blot analysis.

Real-time quantitative PCR

Total RNA from the cells were extracted using Trizol reagent (Ambion, Thermo Scientific).
cDNA was synthesized using 0.2 pg of total RNA in 20 pl reaction mixture, containing oligo-
dT primer using Moloney murine leukemia virus (M-MLV) reverse transcriptase (Invitrogen,
Life Technologies), according to the manufacturer’s instructions. Real-time PCR was per-
formed with SYBR Green (Applied Biosystems, Life Technologies) on Thermal Cycler Dice
Real Time System Single and the results were analyzed by its software. All reactions were done
in duplicates. Mouse brain was used for normalizing the expression of neuronal markers, while
undifferentiated ESCs- or iPSCs were used to normalize Nanog (pluripotency marker) expres-
sion. Primers used are listed in S1 Table.

Flow cytometry

The iPSC-derived neural progenitors were harvested with Accutase and analyzed. The dissoci-
ated 1x10° cells/ml were ashed with cold PBS. The Nanog-GFP expression was then analyzed
using flow cytometer (Guava Technologies, Millipore).

Statistical analysis

Data are presented as the meantstandard deviations (SD). Statistical analyses were performed
with Student’s t-test for paired samples. A p-value < 0.05 was considered statistically
significant.
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Results

To directly investigate the functional involvement of N-cadherin in the regulation of neurite
growth and neural conversion from ESCs and iPSCs, we used N-cadherin extracellular
domain-Fc fusion protein (N-cad-Fc). This fusion aimed at producing a constitutive dimeric
form of the extracellular region of N-cadherin, which can be used in a controlled fashion to
mimic N-cadherin dependent cell—cell contact. To achieve ESC/iPSC conversion to their
terminal differentiation into neural and glial cells in an efficient and reproducible way, we
generated neurospheres from ESCs and iPSCs in suspension in the presence and absence of
neuro-inductive signals, CK/SB (S1 Fig). We followed previously reported neural differentia-
tion protocols [35,36] with minor modifications by eliminating signals (serum and activin
A), which induce multi-lineage differentiation [37]. The NPCs generated under serum-free
condition were transferred on N-cadherin substrate and cultured additional days for
maturation.

Effects of N-cadherin substrate on neurite outgrowth

Studies imply that Akt activation by N-cadherin induces neuronal differentiation during corti-
cal development [8]. To test the functionality of immobilized N-cadherin ectodomain through
Akt activation, NPCs generated in the presence and absence of CK/SB for five days were plated
in tissue culture dishes coated with N-cad-Fc and gelatin. As expected, cells seeded on N-cad-
herin showed increase in Ser473P Akt activation than gelatin controls (Fig 1A). We then
assessed the effect of matrix tethered N-cadherin on neurite outgrowth. ESC/iPSC-derived
neurospheres plated on N-cadherin-coated surface showed dramatic enhancement in neurite
outgrowth than controls (Fig 1B). While it took at least 32 h to see any visible outgrowth on
gelatin- or PLL-coated surfaces, neurospheres on N-cadherin substrate formed neurites within
18 h of culture, suggesting a faster growth rate on N-cadherin (data not shown). We have also
used time-lapse video microscopy to confirm the growth of neurites on N-cadherin substrate
(S1 Movie). These observations are supported by previous reports that local stimulation with
extrinsic N-cadherin is sufficient for the activation of earliest signals involve in the formation
of neurites [38]. The influence of N-cadherin was further analyzed quantitatively by previously
reported neurite outgrowth assay [33] using a neurite extension index, defined as the ratio of
neurite outgrowth surface (Sn) and explants surface (Se). Fig 1C shows that neurospheres cul-
tured on N-cadherin substrate for 48 h formed 2- and 40-times longer neurites than spheres on
poly-L-lysine (PLL) and gelatin, respectively. The neurite extension index on N-cad-Fc, PLL
and gelatin were 4.20+0.084, 1.96+0.45 and 0.16+0.17, respectively. The differences in exten-
sion index were more dramatic while cells were cultured for additional days on these substrates.
Compared to PLL and gelatin, the number of neurites on N-cad-Fc was also 4- and 60-fold
higher, respectively (Fig 1D). With regard to the role of soluble N-cadherin ligand in axonal
growth, evidence suggested both a stimulatory and a trivial effect on primary neural cells
[39,40]. In this study, we did not observe any significant increase in neurite outgrowth when
soluble N-cad-Fc was added in the differentiation medium of neurospheres grown on gelatin
substrate (Fig 1D).

In addition to bright-field images, outgrowth was also evaluated by staining with microtu-
bule-associated protein (MAP)-2 in ESC- and iPSC-derived NPCs, which were stained positive
for neuronal cytoskeletal antigen (class III f-tubulin isotype or BIII-tubulin) and nestin (Fig
1E). Different from gelatin, outgrowth on N-cadherin substrate was more robust and showed
less bundles with spreaded curvilinear trajectories. Taken together with previous findings
[38,41], these results support the notion that substrate bound N-cadherin is extremely potent
in inducing neurite outgrowth than other CAMs (e.g., L1) and ECM proteins (e.g., gelatin,
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Fig 1. Enhancement of neurite outgrowth by substrate bound N-cadherin. Neurospheres generated in suspension for 5 days with and without CKI-7/
SB-431542 were cultured on substrates pre-coated with N-cad-Fc, PLL, or gelatin for 48 hrs in the absence of growth factors. (A) N-cadherin substrate leads
to upregulation of Ser473P (active) Akt in NPCs, as analyzed by western blot. (B) Cellular phenotype on different extracellular matrices was assessed by
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MAP2 expression. DAPI shows total nuclei in the field of view. Data are mean + SD, n = 3. Scale bar is equivalent to 50 pm unless otherwise mentioned.
Abbreviation: PLL- poly-L-lysine; sol, soluble; Ncad, N-cad-Fc; Gel, gelatin.

doi:10.1371/journal.pone.0135170.g001

collagens, and laminin). Overall, these data demonstrate the profound effect of cadherin-based
biomaterial substrate to accelerate the process of neurite growth from ESC- and iPSC-derived
NPCs. Later in this study we will confirm the mechanism underlying enhancement of neural
conversion on N-cadherin substrate.
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Neuronal differentiation on N-cad-Fc without exogenous growth factors
and inhibitors

Default differentiation of mouse ESC to neuroectoderm occurs when culturing cells in serum-
free medium and in the absence of any exogenous GFs [37,42]. Previous reports have also
shown a vital role of endogenous signals in inducing mesoderm and endoderm lineages when
differentiated without exogenous GFs [43,44]. Therefore, we sought to investigate if the effects
of N-cadherin substrate on neurite growth and neuronal conversion could be replicated with-
out exogenously added soluble GFs and inhibitors. Compared to CK/SB-free differentiation, a
significant enhancement in neurite outgrowth was observed when differentiations were per-
formed under the guidance of CK/SB (Fig 2A). Surprisingly, the expression level of well
described markers for NPCs including nestin, neurogenin 1 (Ngn1), and BIII-tubulin (Tuj) was
similar at day 7 in both conditions, as analyzed by qRT-PCR (Fig 2B).

To gain further molecular insight into these observations, adherent differentiation paradigm
was assessed on day 15 (i.e., 20 days of differentiation including suspension culture) for subtype
specific genes known to be responsible for different aspects of neuronal differentiation and
lineage commitment. First, we noticed that cells on N-cadherin and gelatin substrate proliferate
rapidly at or near the periphery of the sphere and grow as a monolayer leaving small spheres at
the center (Fig 2C). As expected, differentiated cells on N-cadherin were phenotypically more
homogeneous than cells on gelatin. Compared to CK/SB-free differentiation, bright-field
images show slightly better homogeneity in differentiated cells induced with CK/SB. To con-
firm these observations, qRT-PCR was performed to analyze neuronal progenitor genes includ-
ing N-cad, Nestin, Ngn1, Mitf and Tuj (Fig 2D). Similar to Fig 2B, no significant difference was
observed between differentiated cells cultured with and without CK/SB. Of note, the expression
of neuronal markers on N-cadherin substrate was higher than differentiated cells on gelatin
substrate (S2 Fig).

We also characterized the functional phenotype of neuronal cells on substrate bound N-cad-
herin based on the expression of neurotransmitter genes including Nurr (dopaminergic),
CHAT (cholinergic), SLC (glutamatergic), and GAD2 (GABAergic). GFAP was used as glial
cell marker. Consistent with previous observations, similar levels of transcripts for neurotrans-
mitter genes were found at day 20 in ESC/iPSC progeny differentiated with or without CK/SB
(Fig 2E). Of note, the expression of CHAT was lowest among other neurotransmitter genes,
though recent reports indicate that N-cadherin induces partial differentiation of cholinergic
presynaptic terminals in heterologous cultures of brainstem neurons and CHO cells [45]. Cells
at day 20 also expressed GFAP, as gauged by qRT-PCR.

At this stage rather than separating subtype specific neuronal and glial cells, which act syn-
ergistically to maintain physiological function [46], we put the focused on the isolation of neu-
ral/glial cells from heterogeneous cell populations by analyzing the markers for pluripotency
(Nanog), mesoderm (Brachyury, Bra), and endoderm (albumin, Alb) lineages. Compared to
mouse brain as negative control, the expression of markers for mesoderm and endoderm line-
ages was almost null in differentiated cells cultured with and without CK/SB (S3 Fig). We infer
from this and other studies that the removal of serum that contains poorly defined endoderm-
and mesoderm-inducing factors together with early differentiation induction under adhesion-
free condition preferentially induced neuronal lineages [47]. However, we cannot oversee the
cumulative data suggesting the obvious presence of residual undifferentiated cells associated
with neurosphere- or embryoid body-based differentiation protocol [42,48]. Not surprisingly,
the expression of Nanog was detectable in all conditions regardless of the presence and absence
of CK/SB (Fig 3A). Compared to N-cadherin substrate, Nanog expression was higher in cells
on gelatin substrate. While CK/SB was not added into the differentiation media the expression
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Fig 2. Neuronal differentiation on N-cadherin substrate without exogenous growth factors or
inhibitors. (A-B) ESCs cultured in suspension for 5 days with and without CKI-7 and SB-431542 (CK/SB)
was further induced on N-cadherin substrate for 48 h in the absence of exogenous growth factors. The
degree of neural conversion was analyzed by (A) neurite extension index and (B) gRT-PCR for relative
mRNA expression of nestin, neurogenin 1 (Ngn1), and BllI-tubulin (Tuj). (C) Cellular phenotype of
differentiated cells on N-cad-Fc and gelatin substrates at 20 days of differentiation was assessed by bright-
field images. Scale bar: 200 pm. (D) Characterization of neural cells at 20 days of differentiation by the
expression of neuronal progenitor cell markers, including N-cad, Nestin, Ngn1, Mitf and Tuj. (E) The relative
mRNA expression level of neurotransmitter and subtype-specific genes (Nurr, CHAT, SLC, GAD2 and
GFAP) in ESC- and iPSC-derived neuronal cells differentiated for 20 days on N-cadherin substrate.
Abbreviation: ESCs, embryonic stem cells; iPSCs, induced pluripotent stem cells; Ngn1- Neurogenin 1; Mitf-
Microphthalmia-associated transcription factor; N-cad, N-cadherin; Nurr- nuclear receptor-related factor;
CHAT- choline acetyltransferase; SLC- solute carrier; GAD- glutamate decarboxylase; GFAP- glial fibrillary
acidic protein.

doi:10.1371/journal.pone.0135170.g002

of Nanog was increased by a factor of 2 and 30 for N-cadherin and gelatin substrates, respec-
tively (Fig 3A and 3B). These data further confirm the neuro-inductive effect of substrate
bound N-cadherin. We also checked the presence of Nanog-GFP expressing cells at day 7 in
order to localize remaining undifferentiated cells. Interestingly, a cluster of cells expressing
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Fig 3. N-cadherin homophilic interaction enrich neuronal cells by eliminating undifferentiated ESCs/
iPSCs. (A) The presence of Nanog expression in ESC- and iPSC-derived differentiated cells at 20 days of
differentiation, as analyzed by qRT-PCR. Nanog expression was detectable regardless of the presence and
absence of CK/SB. (B) qRT-PCR analysis for the expression of Nanog in differentiated cells cultured on N-
cad-Fc and gelatin at day 20. (C) Nanog-GFP expressing iPSCs-derived neurospheres generated in
suspension with CK/SB were seeded on N-cad-Fc shows the presence of Nanog (green) and Nestin (red) at
7 days of differentiation. (D) iPSC-derived neurosperes grown in suspension with CK/SB were enzymatically
dissociated and plated on N-cadherin substrate for 48 h. Fluorescence images shows the absence of Nanog-
GFP and the presence of Tuj (red). (E) Different from neurosphere-based differentiation, qRT-PCR analysis
shows the absence of Nanog in dissociated cells cultured on N-cadherin for 48 h (total 7 days of
differentiation). (F) mRNA expression analysis of Nestin, Ngn1 and Tuj expression in iPSC-derived progeny
derived with or without CK/SB. Dissociated cells on N-cadherin substrate were harvested for analysis on 7
days of differentiation. (G, H) FACS analysis of Nanog-GFP expressing iPSCs. Neurospheres on day 5 were
dissociated and cultured on N-cad-Fc and gelatin substrate for 48 h before analysis. DAPI shows total nuclei
in the field of view. Scale bar: 50 um.

doi:10.1371/journal.pone.0135170.g003

Nanog-GFP was observed at the innermost layer of the spheres, which was clearly distinguish-
able by their physical separation from nestin-expressing cells (Fig 3C). This data is not surpris-
ing considering the notion that some pluripotent cells escape differentiation and remain
undifferentiated over months under neural differentiation condition [48]. Regardless, we
found that the neural differentiation on gelatin was more heterogeneous than N-cad-Fc sub-
strate and the presence of remaining undifferentiated cells was inevitable, irrespective of the
addition of exogenous soluble neuro-inductive signals.
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N-cadherin-dependent homophilic interaction to eliminate remaining
undifferentiated cells

Previously we reported an E-cadherin-based “matrix-dependent cell-sorting” approach to
enrich endoderm-derived hepatic progenitors [22]. Here, we wanted to see if N-cadherin sub-
strate can replicate similar sorting effect in order to enrich neuronal progenitors by eliminating
undifferentiated cells. Of note, unlike neuronal cells, naive ESCs and iPSCs do not express or
poorly express cell surface N-cadherin [30]. In order to achieve highest homogeneity, iPSC-
derived spheres grown in suspension without CK/SB were enzymatically dissociated at day 5
and cultured for 48 h on gelatin and N-cadherin substrates (54 Fig). Immunostaining images
show the absence of markers for pluripotency (Nanog), mesoderm (Brachyury), and endoderm
(o-fetoprotein or AFP) lineages in differentiated cells, which were stained positive for Tuj (Fig
3D and S5 Fig). Likewise, qPCR analysis confirmed the absence of Nanog and presence of NPC
markers in singly dissociated cells plated on N-cadherin substrate for 48 h (Fig 3E and 3F). Itis
noteworthy that more than 97% of dissociated cells on N-cadherin were Nanog-GFP negative
(Fig 3G) and Tuj positive (Fig 3D), while 30% cells on gelatin expressed Nanog (Fig 3H), as
determined by flow cytometry and immunofluorescence assay.

Besides the lack of selectivity, a massive cell death was observed while dissociated cells were
plated onto the control substrates. We observed >50% cell death within 24 h of culture on gela-
tin, whereas the viability was increase to ~82% with ROCK-inhibitor, Y-27632. Strikingly, the
viability of dissociated cells on N-cadherin cultured without Y-27632 was similar to those cells
plated on gelatin with Y-27632 and increased to 95% in the presence of Y-27632 (56 Fig). In
the next section we will reveal the mechanism underlying the enhancement of neural conver-
sion and suppression of dissociation induced apoptosis on N-cadherin substrate.

Suppression of Rho/ROCK and B-catenin signaling pathways by N-
cadherin substrate

An extensive body of research has demonstrated that FGFR2, B-catenin and RhoGTPase sig-
naling pathways controlled by N-cadherin can stimulate axon growth in primary neural and
glial cells [8,9,11,12,40]. To test if Rho/ROCK signaling is involved in stimulating neurite out-
growth, we cultured neurospheres for 48 h in the presence of RhoA activator (CN01) on N-
cad-Fc and ROCK inhibitor (Y-27632) on gelatin. The neurite outgrowth was markedly
increased on gelatin in the presence of Y-27632 and decreased on N-cad-Fc with CNO1 (Fig
4Ai-4Aiv). Besides bright-field images, the neurite outgrowth was confirmed by Tuyj staining
(Fig 4Av-4Aviii). Treatment with PD173074, a specific antagonist of FGF2R, did not affect the
formation and extension of neurites (Fig 4B). To provide the direct evidence on the involve-
ment of Rho proteins in stimulating neurite outgrowth on N-cadherin substrate, the relative
cellular concentrations of activated RhoA protein was determined using effector pull-down
assay exploiting the RhoA binding domain Rhotekin. The activation of RhoA on N-cad-Fc was
lower than cells cultured on gelatin-coated surface (Fig 4C).

We also analyzed the effect of N-cadherin on Rho/ROCK signal activation in dissociated
cells cultured on N-cadherin for 48 h without growth factors. As shown in Fig 5A, cells on gela-
tin were able to form neurites outgrowth in the presence of Y-27632. However, the differenti-
ated cells on gelatin never achieved a true confluent culture nor do they form a homogeneous
monolayer. In contrast, dissociated cells cultured on N-cadherin-coated surface attached well
and formed a monolayer of cells with extended neurites in the absence of Y-27632. Similar
effect was observed in cells induced with and without CK/SB. There were no differences with
regard to cell shapes and neurite growth between cells growing on N-cadherin in the absence
or presence of Y-27632 (data not shown). Pull-down assay also shows a significant down-
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Fig 4. N-cadherin substrate reduces Rho/ROCK activation in ESC-/iPSC-derived neurospheres. ESCs
and iPSCs were induced with CK/SB for 5 days and then plated on surface pre-coated with gelatin and N-
cad-Fc for 48 h with and without ROCK inhibitor (Y-27632), RhoA activator (CNO1) or FGF2-receptor
antagonist (PD173074). (A) Bright-field images shows the enhancement of neurite extension on gelatin when
cultured with Y-27632. Complete inhibition of neurite outgrowth was observed on N-cadherin substrate when
cells were treated with CNO1. The presence of neurite outgrowth was confirmed by staining with Blll-tubulin
staining (red). (B) The degree of neurite extension on N-cadherin substrate was similar, regardless of the
presence and absence of PD173074, as gauged by immunostianing of Blll-tubulin (red). (C) Pull-down assay
of active RhoA protein in differentiated iPSCs. DAPI shows total nuclei in the field of view. Scale bar: 50 um.

doi:10.1371/journal.pone.0135170.g004

regulation of RhoA activity in dissociated cells cultured on N-cadherin, irrespective of the addi-
tion of CK/SB in the early stages of differentiation (Fig 5B). These data suggest that N-cadherin
stimulates neurite outgrowth by suppressing Rho/ROCK signaling.

It has been shown in cortical cells that N-cadherin can enhance neuronal differentiation
and reduce neuronal precursor proliferation by down-regulating Wnt/f-catenin singling path-
way [8]. To see whether ESC and iPSC-derived NPCs respond similarly to N-cadherin, we
checked B-catenin expression level by western-blotting and immunostaning and confirmed
that N-cadherin reduced the expression of B-catenin in NPCs (Fig 5C-5E). There was no
noticeable differences found in B-catenin expression in NPCs generated with and without CK/
SB (Fig 5C). Also, undifferentiated cells formed compact cellular aggregates and showed
increased level of B-catenin in neurospheres (Fig 5E). Reasonably, the expression of §-catenin
in dissociated single-cells on N-cadherin was nearly disappeared (Fig 5C and 5F), supporting
previous finding on cardiac myocytes where Wnt signaling induces aggregation and adhesion
by increased cadherin-B-catenin complex [49]. Fig 5E and 5F also suggest that plating dissoci-
ated cells on N-cadherin can selectively enrich NPCs by eliminating Nanog-expressing
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to N-cadherin substrate, cells on gelatin failed to form neurites in the absence of Y-27632, as analyzed by
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Fc substrate. 3-catenin (red) expression is higher in Nanog expressing cells (green). (F) B-catenin expression
was undetectable in dissociated cells plated on surfaces pre-coated with N-cad-Fc. DAPI shows total nuclei
in the field of view. Scale bar: 50 ym.

doi:10.1371/journal.pone.0135170.g005

undifferentiated iPSCs. Taken together, substrate bound N-cadherin mediated down-regula-
tion of RhoGTPase played vital role in enhancing neurite extension, neural conversion as well
as neuroprotection against dissociation induced Rho/ROCK-mediated apoptosis.

Discussion

In contrast to previously reported neural differentiation protocols which typically rely on the
addition of exogenous soluble factors, this study demonstrates an alternative method using N-
cadherin-based biomimetic substrate to promote the differentiation of ESC- and iPSC-derived
NPCs. We also identified the mechanism underlying the enhanced differentiation process on
N-cadherin coated cell culture plate and showed that N-cadherin adhesion couples to RhoGT-
Pase and B-catenin to accelerate the process of neurite growth and suppress dissociation
induced apoptosis even in serum/GF-free condition. We showed that binding selectivity of cad-
herins can be useful to purge remaining ESCs/iPSCs from differentiated NPCs. Such a
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biomimetic system allows a precise control of spatial presentation of ligand molecules to the
cells, which is not possible in natural contacts where different types of adhesion proteins can
coexist with the lack of lineage selectivity. The experimental findings are summarized in Fig 6.
In general, the exogenous addition of GFs and small molecules improve the efficiency of
ESC/iPSC differentiation into defined lineages [35,50]. It has recently been reported that endog-
enously secreted factors can control ESC self-renewal and differentiation. For example, cell
secreted fibroblast growth factor 4 (FGF4) involve in generating neuroectodermal precursors
[51]. Several other reports pointed to the vital role of cell secreted factors in inducing mesoderm
and endoderm lineages under GF-free condition [43,44]. In the present study, homogeneous
population of cells with neural phenotype were obtained by 10 days of differentiation in the
absence of complex GFs, cytokines or inhibitors when grown on N-cadherin substrate. bFGF,
by itself is not sufficient in controlling neural stem cell fate selection [51], was added in the
NPC-maturation media between day 10 and 20 of differentiation. The intension behind using
bFGF is simply to accelerate the differentiation process through enhancement of the activity of
the GFs produced by the cells themselves [52]. The realization of the biomimetic substrate to
control the differentiation process demonstrated here strengthens the growing body of literature
indicating that biomaterials, much like the extracellular matrix, can direct stem cell fate [53,54].
In the present study, we also identified the mechanisms underlying the enhanced differenti-
ation of NPCs on N-cadherin substrate. To mediate strong functional adhesion, cadherin must
cluster, and the cluster is solely regulated by RhoGTPase and B-catenin. The exact role of B-
catenin in cadherin-mediated axonal outgrowth remains to be clarified, as there is growing evi-
dence suggesting both stimulatory and inhibitory influence of B-catenin on axonal growth and
migration [9,55]. One reason for this discrepancy could be the lack of suitable assay condition.
In the case single neuronal cells which were not involved in N-cadherin-mediated interaction
showed inhibitory effect of B-catenin on neurite outgrowth, while cells in compact aggregates
showed stimulatory influence. With N-cadherin coated surface we confirmed the inhibitory
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Fig 6. Proposed pathway connecting N-cadherin, Rho/ROCK, B-catenin signaling in neural differentiation. The neurospheres were heterogeneous;
harboring undifferentiated ESC/iPSCs might be due to irregular distribution of soluble factors. To achieve better homogeneity, these spheres were
dissociated and expanded on N-cadherin-coated surface. The down-regulation of -catenin and Rho/ROCK pathways inhibited dissociation-induced
apoptosis and enhanced neural conversion. N-cadherin mediated homophilic interaction is also implicated in the enrichment of neural population by
eliminating undifferentiated ESC/iPSCs under serum/growth factor-free differentiation condition.

doi:10.1371/journal.pone.0135170.g006
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role of B-catenin on neurite outgrowth in dissociated NPCs (Fig 5C and 5F). Although the
expression level of B-catenin was higher in cellular aggregates compared to dissociated NPCs,
the overall expression level was low in both cases on N-cadherin compared to integrin-
depended extracellular matrix molecules. The higher expression of B-catenin in cellular aggre-
gates might be due to the presence of undifferentiated ESC which was confirmed by immunos-
taining of Nanog-expressing cells (Fig 5D). Regardless, we found the inhibitory role of N-
cadherin in down-regulation of B-catenin signaling in ESC/iPSC-derived NPCs. Although
these finding are related to primary neural cells, suppression of Rho/ROCK signaling increases
neurite outgrowth. It is noteworthy that the neurospheres plated on N-cadherin substrate dis-
played reduced Rho/ROCK signal activation and the effect was most dramatic while singly dis-
sociated cells plated on this substrate (Fig 5B). We assumed that a separation of the cells from
each other forced a direct interaction of the cell surface N-cadherin with the matrix bound N-
cadherin, thereby enhancing the effect of the substrate on the signaling molecules.

In this study, we did not generate sub-type specific mature neuronal or glial cells. It has
already been reported that CK/SB can induce ESCs and iPSCs into functional retinal pigment
epithelia cells [36,48]. Besides, the same group have reported the presence of residual undifferen-
tiated cells in final differentiation outcome (retinal cells) even at day 40 of differentiation [48].
In order to develop safe stem cell-based treatments, the hurdle of tumorigenicity arising from
undifferentiated cells must be addressed. Dissociation of neurospheres or multi-cellular colonies
into single cells was a necessary step in the present method as these colonies generate heteroge-
neous populations by preserving Nanog-expressing undifferentiated cells (Fig 3C). However,
dissociating neurospheres by the traditional enzymatic method resulted in cell survival rate
lower than 20% on gelatin coated plates (S6 Fig). Together with dissociation-mediated apopto-
sis, lack of selectivity to particular cell type are major reasons of the failure of experiments in
which singly dissociated cells are plated on ECM proteins (e.g., collagens, laminin, or gelatin) for
better homogeneity. The exciting outcome of N-cadherin mediated down-regulation of Rho/
ROCK signaling is the suppression of dissociation-induced apoptosis. We also explored the cell
selection potential of N-cadherin substrate based on homophilic interaction. Because cadherins
bind preferentially to similar cadherins (e.g., N-cadherin to N-cadherin), presentation of specific
cadherins in an immobilized form will serve as a marker for isolation of homogeneous popula-
tion of cells. Remarkably, with this approach we were able to generate pluripotent stem cell-free
neuronal populations. Even though, undifferentiated ESC does not express or poorly express N-
cadherin, the possible presence of N-cadherin expressing mesoderm populations cannot be
overlooked on N-cadherin surface. Most interestingly, the expression of mesoderm- and endo-
derm-derived lineage markers was almost null. We suggest that the removal of serum containing
endoderm- and mesoderm-inducing factors together with differentiation under adhesion-free
condition preferentially induced ESCs- and iPSCs into neuronal cells on N-cadherin substrate.

Our findings on the effects of substrate-bound N-cadherin-dependent enhancement of
neurite extension and neural conversion are consistent with reports published by our group
[30] and Cherry et al. [56]. However, unlike these reports, this paper shows the influence of N-
cadherin substrate on RhoGTPase and a transcriptional regulator, B-catenin in mouse ESC-
derived NPCs. We also demonstrated a unique way to harness cadherin-based homophilic
adhesion for cell selection and generation of better defined neuronal population in the absence
exogenous soluble GFs and inhibitors.

Conclusions

Our data suggest that N-cadherin exerts a neuritogenic effect in NPCs by enhancing neurite
outgrowth and neural conversion via RhoGTPase and B-catenin signaling pathways. We also
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describe a label-free negative-selection approach to enrich NPCs simply by plating dissociated
neurospheres on biomaterials substrata. Most importantly, the new method presented is not
only a convenient and efficient way to enhance the viability and homogeneity of neuronal cells,
but also demonstrates the successful strategy of using an appropriate biomaterial matrix to
direct stem cell differentiation under completely defined and GF-free condition.

Supporting Information

S1 Fig. Schematic representation of the neuronal differentiation.
(PDF)

S2 Fig. Characterization of ESC-derived neuronal cells differentiated for 20 days on N-cad-
herin- and gelatin-coated substrate.
(PDF)

S3 Fig. Endoderm and mesoderm gene expression signature of differentiated ESCs.
(PDF)

$4 Fig. Schematic representation of the modified neuronal differentiation procedure from
mouse ESCs/iPSCs in order to enhance the homogeneity of differentiation.
(PDF)

S5 Fig. Endoderm and mesoderm markers in differentiated cells upon dissociation.
(PDF)

S6 Fig. N-cadherin inhibited dissociation-induced-apoptosis in iPSCs.
(PDF)

S1 Table. Primer sequences used in qPCR.
(PDF)

S1 Movie. Time-lapse movie of neurite growth and migration from neurospheres on N-cad-
herin substrate.
(AVI)

Acknowledgments
We thank Professor Yoh-ichi Tagawa for ST1 ESC line and mouse brain.

Author Contributions

Conceived and designed the experiments: AH TA. Performed the experiments: AH NA AM
FA KK. Analyzed the data: AH NA AM TA. Contributed reagents/materials/analysis tools: SH
TA KK KN EK. Wrote the paper: AH NA FA TA.

References

1. Ahmed Z, Douglas MR, John G, Berry M, Logan A (2013) AMIGO3 is an NgR1/p75 co-receptor signal-
ling axon growth inhibition in the acute phase of adult central nervous system injury. PLoS One 8:
€61878. doi: 10.1371/journal.pone.0061878 PMID: 23613963

2. Horner PJ, Gage FH (2000) Regenerating the damaged central nervous system. Nature 407: 963-70.
PMID: 11069169

3. Aubertl, Ridet JL, Schachner M, Rougon G, Gage FH (1998) Expression of L1 and PSA during sprout-
ing and regeneration in the adult hippocampal formation. J Comp Neurol 399: 1-19. PMID: 9725697

4. Weidner N, Blesch A, Grill RJ, Tuszynski MH (1999) Nerve growth factor-hypersecreting Schwann cell
grafts augment and guide spinal cord axonal growth and remyelinate central nervous system axons in

PLOS ONE | DOI:10.1371/journal.pone.0135170 August 5, 2015 16/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0135170.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0135170.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0135170.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0135170.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0135170.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0135170.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0135170.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0135170.s008
http://dx.doi.org/10.1371/journal.pone.0061878
http://www.ncbi.nlm.nih.gov/pubmed/23613963
http://www.ncbi.nlm.nih.gov/pubmed/11069169
http://www.ncbi.nlm.nih.gov/pubmed/9725697

@’PLOS ‘ ONE

N-Cadherin Substrate for Differentiation, Survival and Selection

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

a phenotypically appropriate manner that correlates with expression of L1. J Comp Neurol 413: 495—
506. PMID: 10495438

Pla P, Moore R, Morali OG, Grille S, Martinozzi S, Delmas V, et al. (2001) Cadherins in neural crest cell
development and transformation. J Cell Physiol 189: 121-32. PMID: 11598897

Nakagawa S, Takeichi M (1995) Neural crest cell-cell adhesion controlled by sequential and subpopu-
lation-specific expression of novel cadherins. Development 121: 1321-32. PMID: 7540531

Nieto MA (2001) The early steps of neural crest development. Mech Dev 105: 27-35. PMID: 11429279

Zhang J, Woodhead GJ, Swaminathan SK, Noles SR, McQuinn ER, Pisarek AJ, et al. (2010) Cortical
neural precursors inhibit their own differentiation via N-cadherin maintenance of B-catenin signaling.
Dev Cell 18:472-9. doi: 10.1016/j.devcel.2009.12.025 PMID: 20230753

Noles SR, Chenn A (2007) Cadherin inhibition of beta-catenin signaling regulates the proliferation and
differentiation of neural precursor cells. Mol Cell Neurosci 35: 549-58. PMID: 17553695

Hansen SM, Berezin V, Bock E (2008) Signaling mechanisms of neurite outgrowth induced by the cell
adhesion molecules NCAM and N-cadherin. Cell Mol Life Sci 65: 3809—-3821. doi: 10.1007/s00018-
008-8290-0 PMID: 18791849

Nusser N, Gosmanova E, Zheng Y, Tigyi G (2002) Nerve growth factor signals through TrkA, Phospha-
tidylinositol 3-Kinase, and Rac1 to inactivate RhoA during the initiation of neuronal differentiation of
PC12 cells. J Biol Chem 277:35840-6. PMID: 12133829

Li X, Saint-Cyr-Proulx E, Aktories K, Lamarche-Vane N (2002) Rac1 and Cdc42 but not RhoA or Rho
kinase activities are required for neurite outgrowth induced by the Netrin-1 receptor DCC (deleted in
colorectal cancer) in N1E-115 neuroblastoma cells. J Biol Chem 277: 15207-14. PMID: 11844789

Riehl R, Johnson K, Bradley R, Grunwald GB, Cornel E, Lilienbaum A, et al. (1996) Cadherin function is
required for axon outgrowth in retinal ganglion cells in vivo. Neuron 17: 837—48. PMID: 8938117

Yu X, Malenka RC. Beta-catenin is critical for dendritic morphogenesis (2003) Nat Neurosci 6: 1169—
77. PMID: 14528308

Benson DL, Tanaka H (1998) N-cadherin redistribution during synaptogenesis in hippocampal neu-
rons. J Neurosci 18: 6892-904. PMID: 9712659

Bozdagi O, Shan W, Tanaka H, Benson DL, Huntley GW (2000) Increasing numbers of synaptic puncta
during late-phase LTP: N-cadherin is synthesized, recruited to synaptic sites, and required for potentia-
tion. Neuron 28: 245-59. PMID: 11086998

Togashi H, Abe K, Mizoguchi A, Takaoka K, Chisaka O, Takeichi M (2002) Cadherin regulates dendritic
spine morphogenesis. Neuron 35: 77-89. PMID: 12123610

Okamura K, Tanaka H, Yagita Y, Saeki Y, Taguchi A, Hiraoka Y, et al. (2004) Cadherin activity is
required for activity induced spine remodeling. J Cell Biol 167: 961-72. PMID: 15569714

Cavallaro U, Dejana E (2011) Adhesion molecule signalling: not always a sticky business. Nat Rev Mol
Cell Biol 12: 189-97. doi: 10.1038/nrm3068 PMID: 21346732

Lutolf MP, Gilbert PM, Blau HM (2009) Designing materials to direct stem-cell fate. Nature 462: 433—
41. doi: 10.1038/nature08602 PMID: 19940913

Irvine DJ, Hue KA, Mayes AM, Giriffith LG (2002) Simulations of cell-surface integrin binding to nano-
scale-clustered adhesion ligands. Biophys J 82: 120-32. PMID: 11751301

Haque A, Hexig B, Meng Q, Hossain S, Nagaoka M, Akaike T (2011) The effect of recombinant E-cad-
herin substratum on the differentiation of endoderm-derived hepatocyte-like cells from embryonic stem
cells. Biomaterials 32: 2032—42. doi: 10.1016/j.biomaterials.2010.11.045 PMID: 21163520

Bibel M, Richter J, Lacroix E, Barde YA (2007) Generation of a defined and uniform population of CNS
progenitors and neurons from mouse embryonic stem cells. Nat Protoc 2: 1034-43. PMID: 17546008
Bibel M, Richter J, Schrenk K, Tucker KL, Staiger V, Korte M, et al. (2004) Differentiation of mouse
embryonic stem cells into a defined neuronal lineage. Nat Neurosci 7: 1003-9. PMID: 15332090
Watanabe K, Ueno M, Kamiya D, Nishiyama A, Matsumura M, Wataya T, et al. (2007) A ROCK inhibitor
permits survival of dissociated human embryonic stem cells. Nat Biotechnol 25: 681-6. PMID:
17529971

Koyanagi M, Takahashi J, Arakawa Y, Doi D, Fukuda H, Hayashi H, et al. (2008) Inhibition of the Rho/
ROCK pathway reduces apoptosis during transplantation of embryonic stem cell-derived neural precur-
sors. J Neurosci Res 86: 270-80. PMID: 17828770

Sato T, Vries RG, Snippert HJ, van de Wetering M, Barker N, Stange DE, et al. (2009) Single Lgr5 stem
cells build crypt-villus structures in vitro without a mesenchymal niche. Nature 459: 262-5. doi: 10.
1038/nature07935 PMID: 19329995

PLOS ONE | DOI:10.1371/journal.pone.0135170 August 5, 2015 17/19


http://www.ncbi.nlm.nih.gov/pubmed/10495438
http://www.ncbi.nlm.nih.gov/pubmed/11598897
http://www.ncbi.nlm.nih.gov/pubmed/7540531
http://www.ncbi.nlm.nih.gov/pubmed/11429279
http://dx.doi.org/10.1016/j.devcel.2009.12.025
http://www.ncbi.nlm.nih.gov/pubmed/20230753
http://www.ncbi.nlm.nih.gov/pubmed/17553695
http://dx.doi.org/10.1007/s00018-008-8290-0
http://dx.doi.org/10.1007/s00018-008-8290-0
http://www.ncbi.nlm.nih.gov/pubmed/18791849
http://www.ncbi.nlm.nih.gov/pubmed/12133829
http://www.ncbi.nlm.nih.gov/pubmed/11844789
http://www.ncbi.nlm.nih.gov/pubmed/8938117
http://www.ncbi.nlm.nih.gov/pubmed/14528308
http://www.ncbi.nlm.nih.gov/pubmed/9712659
http://www.ncbi.nlm.nih.gov/pubmed/11086998
http://www.ncbi.nlm.nih.gov/pubmed/12123610
http://www.ncbi.nlm.nih.gov/pubmed/15569714
http://dx.doi.org/10.1038/nrm3068
http://www.ncbi.nlm.nih.gov/pubmed/21346732
http://dx.doi.org/10.1038/nature08602
http://www.ncbi.nlm.nih.gov/pubmed/19940913
http://www.ncbi.nlm.nih.gov/pubmed/11751301
http://dx.doi.org/10.1016/j.biomaterials.2010.11.045
http://www.ncbi.nlm.nih.gov/pubmed/21163520
http://www.ncbi.nlm.nih.gov/pubmed/17546008
http://www.ncbi.nlm.nih.gov/pubmed/15332090
http://www.ncbi.nlm.nih.gov/pubmed/17529971
http://www.ncbi.nlm.nih.gov/pubmed/17828770
http://dx.doi.org/10.1038/nature07935
http://dx.doi.org/10.1038/nature07935
http://www.ncbi.nlm.nih.gov/pubmed/19329995

@’PLOS ‘ ONE

N-Cadherin Substrate for Differentiation, Survival and Selection

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Chapman S, Liu X, Meyers C, Schlegel R, McBride AA (2010) Human keratinocytes are efficiently
immortalized by a Rho kinase inhibitor. J Clin Invest 120: 2619-26. doi: 10.1172/JC142297 PMID:
20516646

Anson BD, Kolaja KL, Kamp TJ (2011) Opportunities for use of human iPS cells in predictive toxicology.
Clin Pharmacol Ther 89: 754-8. doi: 10.1038/clpt.2011.9 PMID: 21430658

Haque A, Yue XS, Motazedian A, Tagawa Y, Akaike T (2012) Characterization and neural differentia-
tion of mouse embryonic and induced pluripotent stem cells on cadherin-based substrata. Biomaterials
33:5094—106. doi: 10.1016/j.biomaterials.2012.04.003 PMID: 22520296

Ogawa S, Tagawa Y, Kamiyoshi A, Suzuki A, Nakayama J, Hashikura Y, et al. (2005) Crucial roles of
mesodermal cell lineages in a murine embryonic stem cell-derived in vitro liver organogenesis system.
Stem Cells 23: 903—-13. PMID: 16043458

Nagaoka M, Koshimizu U, Yuasa S, Hattori F, Chen H, Tanaka T, et al. (2006) E-cadherin-coated
plates maintain pluripotent ES cells without colony formation. PloS One 1:e15. PMID: 17183641

Matsunaga M, Hatta K, Nagafuchi A, Takeichi M (1998) Guidance of optic nerve fibres by N-cadherin
adhesion molecules. Nature 334:62—4.

Mattias L, Haque A, Adnan N, Akaike T (2014) The effects of artificial E-cadherin matrix-induced embry-
onic stem cell scattering on paxillin and RhoA activation via alpha-catenin. Biomaterials 35: 1797-806.
doi: 10.1016/j.biomaterials.2013.11.042 PMID: 24321709

Fumitaka Osakada F, Jin Z, Hirami Y, Ikeda H, Danjyo T, Watanabe K, et al. (2009) In vitro differentia-
tion of retinal cells from human pluripotent stem cells by small-molecule induction. J Cell Sci 122:
3169-79. doi: 10.1242/jcs.050393 PMID: 19671662

Osakada F, Ikeda H, Sasai Y, Takahashi M (2009) Stepwise differentiation of pluripotent stem cells into
retinal cells. Nat Protoc 4: 811-24. doi: 10.1038/nprot.2009.51 PMID: 19444239

Murry CE, Keller G (2008) Differentiation of embryonic stem cells to clinically relevant populations: les-
sons from embryonic development. Cell 132: 661-80. doi: 10.1016/j.cell.2008.02.008 PMID:
18295582

Gartner A, Fornasiero EF, Munck S, Vennekens K, Seuntjens E, Huttner WB, et al. (2012) N-cadherin
specifies first asymmetry in developing neurons. EMBO J 31: 1893-903. doi: 10.1038/emboj.2012.41
PMID: 22354041

Marthiens V, Gavard J, Padilla F, Monnet C, Castellani V, Lambert M, et al. (2005) A novel function for
cadherin-11 in the regulation of motor axon elongation and fasciculation. Mol Cell Neurosci 28: 715—
26. PMID: 15797718

Utton MA, Eickholt B, Howell FV, Wallis J, Doherty P (2001) Soluble N-cadherin stimulates fibroblast
growth factor receptor dependent neurite outgrowth and N-cadherin and the fibroblast growth factor
receptor co-cluster in cells. J Neurochem 76: 1421-30. PMID: 11238727

Bixby JL, Zhang R (1990) Purified N-cadherin is a potent substrate for the rapid induction of neurite out-
growth. J Cell Biol 110: 1253-60. PMID: 2324197

Ying QL, Stavridis M, Giriffiths D, Li M, Smith A (2003) Conversion of embryonic stem cells into neuroec-
todermal precursors in adherent monoculture. Nat Biotechnol 21: 183-6. PMID: 12524553

Tropepe V, Hitoshi S, Sirard C, Mak TW, Rossant J, van der Kooy D (2001) Direct neural fate specifica-
tion from embryonic stem cells: a primitive mammalian neural stem cell stage acquired through a
default mechanism. Neuron 30: 65-78. PMID: 11343645

Mizuno Y, Chang H, Umeda K, Niwa A, Iwasa T, Awaya T, et al. (2010) Generation of skeletal muscle
stem/progenitor cells from murine induced pluripotent stem cells. FASEB J 24: 2245-53. doi: 10.1096/
.09-137174 PMID: 20181939

Flannery RJ, Brusés JL (2012) N-cadherin induces partial differentiation of cholinergic presynaptic ter-
minals in heterologous cultures of brainstem neurons and CHO cells. Front Synaptic Neurosci 4: 6. doi:
10.3389/fnsyn.2012.00006 PMID: 23227006

Allen NJ, Barres BA (2009) Neuroscience: Glia—more than just brain glue. Nature 457: 675-7. doi: 10.
1038/457675a PMID: 19194443

Teo AK, Valdez IA, Dirice E, Kulkarni RN (2014) Comparable generation of activin-induced definitive
endoderm via additive Wnt or BMP signaling in absence of serum. Stem Cell Reports 3: 5—-14. doi: 10.
1016/j.stemcr.2014.05.007 PMID: 25068117

Kuroda T, Yasuda S, Kusakawa S, Hirata N, Kanda Y, Suzuki K, et al. (2012) Highly sensitive in vitro
methods for detection of residual undifferentiated cells in retinal pigment epithelial cells derived from
human iPS cells. PLoS One 7: e37342. doi: 10.1371/journal.pone.0037342 PMID: 22615985

Toyofuku T, Hong Z, Kuzuya T, Tada M, Hori M (2000) Wnt/frizzled-2 signaling induces aggregation
and adhesion among cardiac myocytes by increased cadherin-beta-catenin complex. J Cell Biol 150:
225-41. PMID: 10893270

PLOS ONE | DOI:10.1371/journal.pone.0135170 August 5, 2015 18/19


http://dx.doi.org/10.1172/JCI42297
http://www.ncbi.nlm.nih.gov/pubmed/20516646
http://dx.doi.org/10.1038/clpt.2011.9
http://www.ncbi.nlm.nih.gov/pubmed/21430658
http://dx.doi.org/10.1016/j.biomaterials.2012.04.003
http://www.ncbi.nlm.nih.gov/pubmed/22520296
http://www.ncbi.nlm.nih.gov/pubmed/16043458
http://www.ncbi.nlm.nih.gov/pubmed/17183641
http://dx.doi.org/10.1016/j.biomaterials.2013.11.042
http://www.ncbi.nlm.nih.gov/pubmed/24321709
http://dx.doi.org/10.1242/jcs.050393
http://www.ncbi.nlm.nih.gov/pubmed/19671662
http://dx.doi.org/10.1038/nprot.2009.51
http://www.ncbi.nlm.nih.gov/pubmed/19444239
http://dx.doi.org/10.1016/j.cell.2008.02.008
http://www.ncbi.nlm.nih.gov/pubmed/18295582
http://dx.doi.org/10.1038/emboj.2012.41
http://www.ncbi.nlm.nih.gov/pubmed/22354041
http://www.ncbi.nlm.nih.gov/pubmed/15797718
http://www.ncbi.nlm.nih.gov/pubmed/11238727
http://www.ncbi.nlm.nih.gov/pubmed/2324197
http://www.ncbi.nlm.nih.gov/pubmed/12524553
http://www.ncbi.nlm.nih.gov/pubmed/11343645
http://dx.doi.org/10.1096/fj.09-137174
http://dx.doi.org/10.1096/fj.09-137174
http://www.ncbi.nlm.nih.gov/pubmed/20181939
http://dx.doi.org/10.3389/fnsyn.2012.00006
http://www.ncbi.nlm.nih.gov/pubmed/23227006
http://dx.doi.org/10.1038/457675a
http://dx.doi.org/10.1038/457675a
http://www.ncbi.nlm.nih.gov/pubmed/19194443
http://dx.doi.org/10.1016/j.stemcr.2014.05.007
http://dx.doi.org/10.1016/j.stemcr.2014.05.007
http://www.ncbi.nlm.nih.gov/pubmed/25068117
http://dx.doi.org/10.1371/journal.pone.0037342
http://www.ncbi.nlm.nih.gov/pubmed/22615985
http://www.ncbi.nlm.nih.gov/pubmed/10893270

@’PLOS ‘ ONE

N-Cadherin Substrate for Differentiation, Survival and Selection

50.

51.

52.

53.

54.

55.

56.

Chambers SM, Fasano CA, Papapetrou EP, Tomishima M, Sadelain M, Studer M (2009) Highly effi-
cient neural conversion of human ES and iPS cells by dual inhibition of SMAD signaling. Nat Biotechnol
27:275-8. doi: 10.1038/nbt.1529 PMID: 19252484

Blagovic K, Kim LY, Voldman J (2011) Microfluidic perfusion for regulating diffusible signaling in stem
cells. PLoS One 6: €22892. doi: 10.1371/journal.pone.0022892 PMID: 21829665

Kano MR, Morishita Y, lwata C, lwasaka S, Watabe T, Ouchi Y, et al. (2005) VEGF-A and FGF-2 syner-
gistically promote neoangiogenesis through enhancement of endogenous PDGF-B-PDGFRbeta sig-
naling. J Cell Sci 118: 3759-68. PMID: 16105884

Engler AJ, Sen S, Sweeney HL, Discher DE (2006) Matrix elasticity directs stem cell lineage specifica-
tion. Cell 126: 677-89. PMID: 16923388

Flaim CJ, Chien S, Bhatia SN (2005) An extracellular matrix microarray for probing cellular differentia-
tion. Nat Methods 2: 119-25. PMID: 15782209

Zhang J, Shemezis JR, McQuinn ER, Wang J, Sverdlov M, Chenn A (2013) AKT activation by N-cad-
herin regulates beta-catenin signaling and neuronal differentiation during cortical development. Neural
Dev 8:7.doi: 10.1186/1749-8104-8-7 PMID: 23618343

Cherry JF, Bennett NK, Schachner M, Moghe PV (2014) Engineered N-cadherin and L1 biomimetic
substrates concertedly promote neuronal differentiation, neurite extension and neuroprotection of
human neural stem cells. Acta Biomater 10:4113-26. doi: 10.1016/j.actbio.2014.06.001 PMID:
24914828

PLOS ONE | DOI:10.1371/journal.pone.0135170 August 5, 2015 19/19


http://dx.doi.org/10.1038/nbt.1529
http://www.ncbi.nlm.nih.gov/pubmed/19252484
http://dx.doi.org/10.1371/journal.pone.0022892
http://www.ncbi.nlm.nih.gov/pubmed/21829665
http://www.ncbi.nlm.nih.gov/pubmed/16105884
http://www.ncbi.nlm.nih.gov/pubmed/16923388
http://www.ncbi.nlm.nih.gov/pubmed/15782209
http://dx.doi.org/10.1186/1749-8104-8-7
http://www.ncbi.nlm.nih.gov/pubmed/23618343
http://dx.doi.org/10.1016/j.actbio.2014.06.001
http://www.ncbi.nlm.nih.gov/pubmed/24914828

