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Abstract

Induced pluripotent stem cells (iPSCs) are reprogrammed from somatic cells via ectopic gene expression and,
similarly to embryonic stem cells (ESCs), possess powerful abilities to self-renew and differentiate into cells of
various lineages. However, the neural differentiation potency of iPSCs remains unknown. In this study, we
demonstrated the neural differentiation ability of iPSCs compared with ESCs using an retinoic acid (RA)
induction system. The neural differentiation efficiency of iPSCs was obviously lower than that of ESCs.
Retinoic acid receptor-o (RARa) was critical in the RA-induced neural differentiation of iPSCs, and the effect
of RAR« was confirmed by applying a specific RAR« antagonist ER50891 to ESCs. These findings indicate that
iPSCs do not possess the complete properties that ESCs have.

Introduction

MBRYONIC STEM CELLS (ESCs) are derived in vitro from

the inner cell mass of blastocysts and possess unlimited
self-renewal ability and pluripotency to differentiate into
various cell types of all three germ layers (Evans and
Kaufman, 1981). These characteristics of ESCs provide a
promising resource for studying the mechanisms of pluri-
potency, lineage commitment, and cell fate specification
and allow their application to disease modeling, drug
screening, and cell-based therapy. Although ESCs possess
powerful properties, it is difficult to apply them to autolo-
gous cell transplantation because of immune and ethical
issues. To address these problems, somatic cells were re-
programmed via ectopic expression of Oct4, Sox2, Klf4,
and cMyc to derive induced pluripotent stem cells (iPSCs)
(Takahashi and Yamanaka, 2006). These iPSCs, similarly to
ESCs, exhibit an unlimited proliferation ability and are
pluripotent and germ-line competent (Okita et al., 2007).
Although the transgenes present in iPSCs raised concerns
regarding their clinical application, these cells represent an
unlimited source for cell therapy with clearly reduced im-
mune rejection events (Araki et al., 2013). On the basis of
these powerful characteristics, differentiated gene-targeted
autologous iPSCs have served as therapeutic cells for clin-
ical treatment (Deyle et al., 2012). However, although

iPSCs undergo differentiation programs, the differentiation
efficiency of iPSCs remains obscure.

All-trans retinoic acid (ATRA), which is a metabolic prod-
uct of vitamin A, is a well-known and important morphogen
that induces stem cell differentiation into various cell lineages,
especially a neural lineage (Maden, 2007; Rhinn and Dolle,
2012). After binding to nuclear retinoic acid receptors (RARS)
and coordinating with retinoid X receptors (RXRs), the RA—
RAR-RXR complex binds to functional retinoic acid response
elements (RAREs) to activate downstream genes. Thus, RA
triggers a downstream signaling that is involved in the main-
tenance of adult neurons and neural stem cells and induces
axon outgrowth and nerve regeneration (Corcoran and Maden,
1999; Corcoran et al., 2000; Corcoran et al., 2002). In previous
studies, ATRA was used to induce neural differentiation from
ESCs in vitro; the derived neurons exhibited functional neu-
ronal properties (Bain et al., 1995; Fraichard et al., 1995).

In this study, we used RA as an inducer to promote in vitro
neural differentiation, and we compared the neural differen-
tiation potency of iPSCs with that of ESCs. We observed that
iPSCs were able to differentiate into neurons and glial cells,
albeit with a lower differentiation efficiency. We found that
the expression of RARw in iPSCs was one of the major factors
that attenuated the RA effects of neural differentiation. Our
results indicate that iPSCs are capable of yielding differenti-
ated cells but with lower neural differentiation efficiency.
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Materials and Methods
Cultivation of mouse ESCs and iPSCs

The mouse ESC line AB1 from 129S7/SvEvBrd mice was
kindly provided by Dr. You-Tzung Chen (Graduate Institute
of Clinical Genomics, National Taiwan University, Taipei,
Taiwan) (McMahon and Bradley, 1990). The D3 line from
129S2/SvPas mice was purchased from the American Cell
Type Collection, and the iPS-MEF-Ng-20D-17 mouse iPSC
line from RF8 mouse ESCs from 12954 mice was generously
provided by Dr. Shinya Yamanaka (Center for iPS Cell Re-
search and Application, Kyoto University, Kyoto, Japan)
(Okita et al., 2007). ESCs and iPSCs were maintained on
tissue-culture dishes (Corning, Corning, NY, USA) in the
presence of gamma-irradiated mouse embryonic fibroblasts in
Dulbecco’s Modified Eagle Medium (DMEM) supplemented
with 15% Knockout Serum Replacement (KSR), 1% Gluta-
MAX, 1% Minimum Essential Medium (MEM) nonessential
amino acids (NEAA), 1% antibiotic—antimycotic (all from
Invitrogen, Carlsbad, CA, USA), 0.2 mM f-mercaptoethanol
(Sigma-Aldrich, St. Louis, MO, USA), and 1000 U/mL of
ESGRO Leukemia Inhibitory Factor (LIF) (Millipore, Bill-
erica, MA, USA). All cultures were kept at 37°C ina 5% CO,
humidified air incubator.

Neural induction

For embryoid body (EB) formation, ESCs and iPSCs were
detached and dissociated into single cells with 0.25% trypsin—
EDTA (Invitrogen) and resuspended in EB medium (ESC
medium without ESGRO LIF) at a density of 5x 10* cells/
mL. Hanging drops plated onto lids of nonadherent bacterial
Petri dishes were cultured for 4 days; each drop contained
1000 cells in 20 uL. of EB medium. After 4 days of hanging
drop culture, EBs were formed and transferred to new Petri
dishes in fresh EB medium containing 1 uM RA (Sigma-
Aldrich). EBs were cultured for an additional 4 days, and the
medium was changed every 2 days (4—/4+ protocol) (Bain
et al, 1995). For treatment with the RARo antagonist
ER50891, this drug was added into EB medium at day 4 to
day 8 of differentiation, and the medium was changed every
day. After 4 days of RA induction, EBs were collected and
plated on Matrigel (Becton Dickinson, Palo Alto, CA, USA)-
coated tissue culture dishes in serum-free neural induction
medium, which consists of a 1:1 mixture of DMEM/F12
supplemented with N2 and neurobasal medium supplemented
with B27 (all from Invitrogen). The medium was replaced
every 2 days until 8 days of adherent culture.

Immunocytochemistry

Cells were fixed with 4% paraformaldehyde for 10 min
at room temperature, washed with phosphate-buffered sa-
line (PBS) (Invitrogen) three times, and permeabilized for
15 min in 0.1% Triton X-100/PBS. After washing with PBS
three times, cells were blocked in PBS containing 4% nor-
mal goat serum for 30 min. Primary antibodies were diluted
in blocking buffer and applied for 1 h at room temperature.
After washing three times with PBS, the cells were incu-
bated for 1 h at room temperature with secondary antibodies
and the nuclear-staining dye Hoechst 33342 (1:1000; Sigma-
Aldrich). After washing with PBS, cells were mounted in
Crystal Mount (Biomeda, Foster City, CA, USA), and images
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were obtained with a Leica TCS SP5 laser confocal micro-
scope (Leica, Wetzlar, Germany). The primary antibodies
used were as follows: Mouse anti-Oct3/4 (1:100; Santa Cruz,
Santa Cruz, CA, USA), goat anti-Sox1 (1:400; Santa Cruz),
mouse anti-Nestin (1:400; Becton Dickinson), rabbit anti-
Tujl (1:1000; Sigma-Aldrich), mouse anti-glial fibrillary
acidic protein (GFAP; 1:400; Sigma-Aldrich), and mouse
anti-2’,3’-cyclic-nucleotide 3’-phosphodiesterase (CNPase;
1:400; Millipore, Billerica, MA, USA). The secondary anti-
bodies used were as follows: Alexa Fluor 488-conjugated
donkey anti-mouse immunoglobulin G (IgG), Alexa Fluor
594-conjugated donkey anti-rabbit IgG, and Alexa Fluor 594-
conjugated donkey anti-goat IgG (1:400; Invitrogen).

Quantitative RT-PCR

Total RNA was isolated using the TRI Reagent (Applied
Biosystems, Foster City, CA, USA) according to the man-
ufacturer’s instructions. First-strand cDNA was synthesized
from 2 ug of total RNA using ThermoScript RT (Invitrogen)
with oligo(dT) primers. Quantitative PCR was performed
with FastStart SYBR Green Master (Roche, Mannheim,
Germany), and signals were detected on an Mx3000P QPCR
System (Agilent Technologies, Santa Clara, CA, USA). The
relative expression level was calculated using the Ct=AA
method and normalized against glyceraldehyde 3-phosphate
dehydrogenase (GAPDH). The experimental results con-
tained three biological repeats, and each biological repeat was
assayed with three technical triplicates. Each experiment was
performed more than three times with same trend. The primer
sequences used were as follows: Oct4, forward (F), 5-GAA
GCAGAAGAGGATCACCTTG-3, reverse (R), 5-TTCTT
AAGGCTGAGCTGCAAG-3 (129bp); Soxl, F, 5-ATACC
GCAATCCCCTCTCAG-3, R, 5-ACAACATCCGACTCC
TCTTCC-3" (167bp); Nestin, F, 5-GGTCACTGTCGCC
GCTACTC-3, R, 5-CGGACGTGGAGCACTAGAGAA-3’
(77bp); Tujl, F, S-TAGACCCCAGCGGCAACTAT-3’, R,
5-GTTCCAGGTTCCAAGTCCACC-3" (127 bp); CYP26al,
F, 5-TTCTGCAGATGAAGCGCAGG-3’, R, 5-TTTCGCT
GCTTGTGCGAGGA-3" (211bp); Raldh2, F, 5-TTGCA
GATGCTGACTTGGAC-3", R, 5-TCTGAGGACCCTGCT
CAGTT-3 (201 bp); RARa, F: 5-CTTCTGACTGTGGCTG
CTTG-3, R, 5-CTCTTCGGAACTGCTGCTCT-3’ (232bp);
RARp, F, 5-GGACCTTGAGGAACCAACAA-3’, R, 5-
GAATGTCTGCAACAGCTGGA-3" (375bp); RARy, F, 5'-
AGGTCACCAGAAATCGATGC-3, R, 5-CTGGCAGAGT
GAGGGAAAAG-3'(212bp); RXRa, F, 5-CTTTGACAG
GGTGCTAACAGAGC-3, R, 5-ACGCTTCTAGTGACG
CATAACACC-3" (173bp); RXRp, F, 5’-TCAACTCCA
CAGTGTCGCTC-3’, R, 5-TAAACCCCATAGTGCT
TGCC-3’ (175bp); RXRy, F, 5-TTCTTCAAAAGGACCAT
CAGG-3, R, 5-CGTTCATGTCACCGTAGGATTCT-3’
(289bp); Fgf4, F, 5-CTACTGCAACGTGGGCATC-3', R,
5-TCGGTAAAGAAAGGCACACC-3" (201bp); and Fgf8,
F, 5-CATCAGCGCGAGGTGCACTTC-3’, R: 5-CGTGA
AGGGCGGGTAGTTGAG-3" (99 bp).

Western blotting

Cells were collected and lysed in Cell Lysis Buffer (Cell
Signaling Technology, Danvers, MA, USA) supplemented
with a protease inhibitor cocktail (Roche). After centrifuga-
tion at 14,000 rpm for 30 min, the supernatant was collected,
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and the protein concentration was measured using the Protein
Assay Dye Reagent Concentrate (Bio-Rad, Hercules, CA,
USA). Protein samples (30 pg) in I1x sample buffer were
boiled for 10min, resolved by 10% sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE), and trans-
ferred to polyvinylidene difluoride (PVDF) membranes (Mil-
lipore, Billerica, MA, USA). Subsequently, blots were blocked
with 5% nonfat milk in Tris-buffered saline with 0.1% Tween-
20 (TBST) for 1h, and incubated with primary antibodies in
blocking buffer overnight at 4°C. After washing three times
with TBST, the blots were incubated with horseradish peroxi-
dase (HRP)-conjugated secondary antibodies in blocking buffer
for 1h at room temperature. The detection of signals was
performed using the Immobilon Western Chemiluminescent
HRP Substrate (Millipore, Billerica, MA, USA). The primary
antibodies used were as follows: Mouse anti-Oct3/4 (1:1000;
Santa Cruz), rabbit anti-phosphor-Erk1/2 (1:1000; Cell Sig-
naling Technology), rabbit anti-Erk1/2 (1:1000; Cell Signaling
Technology), and mouse anti-GAPDH (1:5000; Sigma-
Aldrich). The secondary antibodies used were as follows:
HRP-conjugated rabbit anti-mouse IgG and HRP-conjugated
goat anti-rabbit IgG (1:2000; Sigma-Aldrich).

Flow cytometry

Cultured cells were trypsinized into individual cells, fixed
in 4% paraformaldehyde for 10 min, and washed three times
with PBS. Subsequently, cells were permeabilized with 0.1%
Triton X-100/PBS for 15 min, washed in PBS three times, and
blocked in PBS containing 2% bovine serum albumin (BSA)
for 30 min. The primary antibodies were diluted in blocking
buffer and applied for 1h at room temperature. After three
washes in PBS, cells were incubated with secondary antibodies
for 1h at room temperature. Finally, cells were washed three
times in PBS and used for sorting. Fluorescence-activated cell
sorting (FACS) analysis was performed using a BD FACSAria
II Cell Sorter (Becton Dickinson), and data were analyzed by
the BD FACSDiva Software (Becton Dickinson). The primary
antibodies used were mouse anti-Oct3/4 (1:100; Santa Cruz)
and goat anti-Sox1 (1:100; Santa Cruz). The secondary anti-
bodies used were Alexa Fluor 488-conjugated donkey anti-
mouse IgG and Alexa Fluor 594-conjugated donkey anti-goat
IgG (all at 1:200; all from Invitrogen). Each result was obtained
from at least 1x 10° cells in total for one antibody staining.

Statistical analyses

The statistical data were analyzed by the SigmaPlot 10.0
software (Systat Software, San Jose, CA, USA). An analysis
of variance (ANOVA) test was used to compare the dynamic
changes of gene expression at different time points in one cell
type, and Student’s 7-test was used to compare the difference
of gene expression between two cell types at one time point.
A p value <0.05 was considered significant. All data were
shown as the mean = standard error of the mean (SEM).

Results

iPSCs differentiated into neural-lineage cells,
similar to ESCs but with some differences

To understand the neural differentiation ability of iPSCs,
cells were subjected to differentiation according to the
procedure of in vitro neural differentiation. Undifferentiated
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cells were detached from feeder cells and cultured in the
suspension condition with EB medium, to form EBs (Fig.
1Aa, Ba). The EBs from ESCs looked like spherical cell
aggregates with a smooth surface (Fig. 1Aa); EBs from
iPSCs also formed spherical aggregates, albeit with a rough
and irregular surface (Fig. 1Ba). After 4 days of treatment
with RA and plating onto cell culture dishes, neurite out-
growth from both types of EBs was observed in adherent
cultures (Fig. 1Ab, Bb). Immunocytochemical analyses re-
vealed that Nestin-positive neural-progenitor cells (Fig.
1Ac, Be), Tujl-positive neurons (Fig. 1Ac—e, Bc—e), GFAP-
positive glial cells (Fig. 1Ad, Bd), and CNPase-positive
oligodendrocytes (Fig. 1Ae, Be) were present in differenti-
ated ESCs and iPSCs. Interestingly, the number of Nestin-
positive neural-progenitor cells, Tujl-positive neurons,
GFAP-positive glial cells, and CNPase-positive oligoden-
drocytes derived from ESCs was apparently greater than that
of those derived from iPSCs; moreover, the length of Tujl-
positive neurites derived from ESCs was obviously longer
than that of those derived from iPSCs (Fig. 1Ac—e, Bc—e).
These observations indicate that these two types of stem cells
differentiated into neural lineage cells, with some differences.

To clarify whether there was a difference in early neural
differentiation between ESCs and iPSCs, we examined the
mRNA expression of a pluripotent gene (Oct4) and of early
neural genes (Sox/ and Nestin) by quantitative PCR at days 1,
2, and 4 after RA treatment. Oct4 mRNA expression de-
creased dramatically in both RA-treated ESCs and iPSCs as
assessed by ANOVA test (Fig. 1C). This observation suggests
that RA promotes the differentiation of ESCs and iPSCs, with
no obvious difference in the Oct4 mRNA expression level
between ESCs and iPSCs, which implies that the differenti-
ating program started in both types of cells. Subsequently, we
focused on the neural differentiation potency of ESCs and
iPSCs after RA treatment. During rapid downregulation of
Oct4 expression, upregulation of the Sox/ and Nestin mRNAs
was observed in RA-treated cells by quantitative PCR as
assessed by ANOVA test (Fig. 1D, E). SoxI expression in
ESCs and iPSCs was first increased at day 1 after RA treat-
ment, and then was decreased gradually after day 2. Although
the temporal expression pattern of iPSCs was similar to that
of ESCs, the SoxI mRNA expression level in iPSCs was
significantly lower than that observed in ESCs at days 1, 2,
and 4 after RA treatment (Fig. 1D). Similar to (but with some
differences from) the SoxI expression pattern, the expression
of the Nestin mRNA was upregulated after RA-induced Sox/
expression as assessed by ANOVA test; moreover, the level
of expression of Nestin in iPSCs was significantly lower than
that observed in ESCs, similar to Sox/ expression (Fig. 1E).
These findings suggest that iPSCs possess a weaker neural
differentiation potency than do ESCs.

To confirm the temporal protein expression pattern, dif-
ferentiating ESCs and iPSCs were subjected to examination of
Oct4, Sox1, and Nestin expression by immunostaining anal-
ysis at days 0, 2, and 4 after RA treatment. Similar to what
was found for the RNA expression patterns, Oct4-positive
cells were decreased readily after RA treatment in both ESCs
and iPSCs as assessed by ANOVA test (Fig. 2A-C). Con-
versely, Sox1- and Nestin-positive cells were clearly enriched
after RA treatment (Sox1, Fig. 2A-F; Nestin, Fig. 2D-F).
Similar to the results obtained in the RNA analysis (Fig. 1),
the population of Soxl- and Nestin-positive cells was
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FIG. 1. Neural differentiation of ESCs and iPSCs. Both ESCs and iPSCs formed EBs (Aa and Ba). ESC-derived EBs

looked like spherical aggregates with a smooth surface (Aa); in contrast, iPSCs formed spherical aggregates with a rough
surface (Ba). After plating EBs for 8 days, ESC- and iPSC-derived neurite outgrowth was observed by phase-contrast
microscopy (Ab and Bb). Nestin-positive neural progenitors and Tujl-positive neurons were detected in ESC- and iPSC-
differentiated cells by immunocytochemical analysis using confocal microscopy (Nestin, Ac and Be; Tujl, Ac—e and Be—e).
GFAP-positive astrocytes and CNPase-positive oligodendrocytes were detected in ESC-differentiated cells (Ad and Ae), but
were hardly found in iPSC-differentiated cells, as assessed by immunocytochemical analysis using confocal microscopy (Bd and
Be). Nuclear staining with Hoechst 33342 was shown (Ac—e and Be-e). Oct4 was rapidly downregulated in both ESCs and iPSCs
after RA treatment (C). Sox1 expression in ESCs and iPSCs was first increased at day 1 after RA treatment, with expression
levels that were markedly lower in iPSCs than they were in ESCs (D). Nestin expression in ESCs and iPSCs was rapidly
increased at day 2 after RA treatment, with expression levels that were markedly lower in iPSCs compared with ESCs (E). Tujl
expression in ESC- and iPSC-derived cells was upregulated after RA treatment, with expression levels that were significantly
higher in ESC-derived cells than they were in iPSC-derived cells. Error bars represent the mean = SEM. (*) P <0.05, (**)P <0.01.

obviously smaller in differentiating iPSCs compared with
differentiating ESCs. The low Sox1-positive cell proportion
detected in differentiating iPSCs was confirmed by flow cy-
tometric analysis, in which undifferentiated cells were used as
the parallel controls (Fig. 2G). Taken together, these results
indicate that, although the order and timing of early neural
differentiation in iPSCs resembled those observed in ESCs,
the expression levels of early neural genes in iPSCs were
significantly lower than those detected in ESCs.

RA-Fgf/Erk signaling was attenuated in iPSCs

To elucidate the mechanism underlying this difference in
neural differentiation potency between iPSCs and ESCs, we
first examined the RA signaling pathway. In this signaling

pathway, RA located in the extracellular region penetrates the
membrane and travels to the nucleus to bind RARs. Subse-
quently, the complex functions as a transcription activator.
Thus, the expression pattern of RARs was first examined by
qRT-PCR analysis. Among the RARs and RXRs, the in-
creased patterns of RARa, RARS, RXRa, and RXRf ex-
pression in ESCs and those of RARa, RARf, and RXRu in
iPSCs were found after RA treatment as assessed by ANOVA
test (Fig. 3A, B, D, E). In contrast, the decreased pattern
of RARy and RXRy expression ESCs and that of RARy
expression in iPSCs were observed during early neural
induction (Fig. 3C, F). Notably, at the early stage of RA-
induced differentiation, the expression of RAR«, RARp,
RXRa, and RXRy was apparently different between ESCs
and 1PSCs, and the levels of these RARs in iPSC cultures
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FIG. 2. Detection of the expression of pluripotent and neural markers during early neural differentiation by immuno-
cytochemical analysis. During early neural differentiation, the pluripotent marker Oct4 was rapidly downregulated after RA
treatment (A2, AS, B2, BS, C2, and CS5). Cells that were positive for the neural markers Nestin and Sox1 were enriched after
RA treatment in both ESCs and iPSCs (Nestin, D2, D5, E2, ES, F2, and F5; Sox1, Al, A4, B1, B4, C1, C4, D1, D4, E1, E4,
F1, and F4). However, the number of Nestin-positive cells derived from iPSCs (D5, ES, and F5) was obviously lower than
that derived from ESCs (D2, E2, and F2), and the number of Sox1-positive cells derived from iPSCs (A4, B4, C4, D4, E4,
and F4) was obviously lower than that derived from ESCs (A1, B1, C1, D1, E1, and F1). Nuclei were stained with Hoechst
33342 and shown in merged images. Scale bar, 50 um. (G) Flow cytometry analysis of RA-treated mouse ESCs and iPSCs
revealed that the proportion of Sox1-positive cells increased largely in ESCs and iPSCs, and that the proportion of Sox1-
positive cells in ESC cultures was greater than that observed in iPSC cultures. Undifferentiated cells were used as the
control.
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FIG. 3. Expression of RA nuclear receptors during early neural differentiation Screening of the RNA expression of RARs
(RARo, RARS, and RARY) and RXRs (RXRa, RXRf, and RXRy) by qRT-PCR showed that RARy and RXRy exhibited a
rapid decrease during early neural induction, whereas RAR«, RARf, RXRa, and RXRf; were upregulated in ESC culture after
RA treatment (A-F). Western blot analysis revealed that the expression of RARa was induced after RA treatment in ESCs and
iPSCs (G). Using ImagelJ software to quantify protein expression, we showed that the level of induction of the RAR« protein in
ESCs was significantly higher than that detected in iPSCs (H). The error bar represents the mean+ SEM. (*) P<0.05.

were markedly lower than those in ESC cultures (Fig. 3A,
B, D, F). However, although downregulation of RARy and
upregulation of RXRf were observed, respectively, there
was no significant difference in this regard between ESCs
and iPSCs (Fig. 3C, E).

Because the change of RAR expression levels was ap-
parent in iPSCs and ESCs, the cells were further subjected
to western blot analysis to examine the protein expression
pattern. Undifferentiated cells and mouse brain were used in
parallel as controls. Similar to what was found regarding the
RNA and protein expression pattern, the expression of the
RAR« protein was obviously increased after RA treatment,
as assessed by ANOVA test (Fig. 3G, H). Notably, RAR«
protein was significantly lower than that detected in differ-
entiating ESCs, not only in undifferentiated but also dif-
ferentiating iPSCs at day 2 after RA treatment (Fig. 3H).
The protein expression levels of RARS and RARy were not
increased or decreased, respectively, which was not con-

sistent to the RNA expression pattern (Fig. 3G, H). These
results suggest that the expression of RARs in iPSCs was
aberrant, and the expression of RAR« was attenuated from
the undifferentiated cell stage.

According to previous investigations on RA-induced
neural differentiation (Kunath et al., 2007; Li et al., 2000;
Lu et al., 2009; Stavridis et al., 2007; Stavridis et al., 2010),
fibroblast growth factor (Fgf)/extracellular signal-regulated
kinase (Erk) signaling may cooperate with RA signaling
and play an important role in promoting the transition from
a pluripotent state to neural lineage commitment in RA-
induced early neural induction. In the presence of RA, Fgf8-
Erk1/2 signaling was activated and Fgf4 signaling was
weakened, as shown in Figure 4A. To test whether Fgf8 and
Fgf4 signaling were affected in RA-treated ESCs and iPSCs,
differentiating cells were subjected to an analysis of the
RNA expression of Fgf4 and Fgf8. The results of qRT-PCR
showed that Fgf4 was downregulated after RA treatment and
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FIG. 4. Expression of RA-Fgf/Erk signaling during early neural differentiation Schematic diagram of RA-Fgf/Erk sig-
naling in early neural differentiation (A). The screening of the RNA expression of Fgf4 and Fgf8 by qRT-PCR showed that
the expression of Fgf4 was readily decreased during the differentiation process and the expression of Fgf8 was increased (as
a surge) at day 1 after RA treatment (B). Western blot analysis revealed that phosphor-Erk1/2 was upregulated after RA
treatment, and then downregulated in differentiating ESCs and iPSCs (C). Using the ImagelJ software to quantify protein
expression, we showed that the ratio of phosphor-Erk1/2 intensity to total Erk1/2 intensity was increased to a greater extent
in ESCs compared with iPSCs at days 1, 2, and 4 after RA treatment (D). Error bars represent the mean + SEM. (¥) P <0.05.

that the expression of Fgf8 peaked at day 1 after RA treatment
in both ESCs and iPSCs by ANOVA test (Fig. 4B). Further
examination of the Fgf8 downstream effector phosphor-Erk1/
2 by western blot analysis showed that the phosphor-Erk1/2
protein was readily upregulated after RA treatment and re-
sponded faithfully to the expression of Fgf8 (Fig. 4C).
These results indicated that an effect of RA on Fgf4 and
Fgf8 signaling was present and functional in these two
pluripotent cells. However, the tendency for Fgf4 down-
regulation in differentiating iPSCs was slower than that
observed in differentiating ESCs, and the level of Fgf8 and
its downstream effector phosphor-Erk1/2 were obviously
lower in iPSCs compared with ESCs (Fig. 4B, C). Taken
together, these results suggest that RARs, especially RARa,
and its downstream effectors were attenuated in iPSCs.

RARu was a critical cause of impairment
of RA signaling in iPSCs

Our screening revealed that the expression of RARs was
lower in iPSCs and that downstream SOX1 expression and
RA-Fgt/Erk signaling were downregulated, indicating that
RARSs might be the cause of the weakened RA signaling in
iPSCs. Because the expression pattern in RNA analysis and
protein analysis of RARa was consistent whereas that of
RARS was not (Fig. 3A, B, G, H), we next examined whether
RARu is a critical factor in the impairment of the neural
differentiation ability of iPSCs. To this end, we used the
RARo antagonist ER50891 to prevent RAR« signaling in RA-

treated ESCs and iPSCs. To examine whether the antagonist
yielded side effects or even cytotoxicity, ESCs and iPSCs
were only treated with ER50891 in parallel as the control (Fig.
5A, Bb, Cb). The screening of the expression of the neural
differentiation effector Tujl by qRT-PCR analysis and west-
ern blot analysis showed that this effector was induced by RA
treatment in both ESCs and iPSCs (Fig. SA). However, its
expression was delayed and was obviously lower in iPSCs
compared with ESCs as assessed by ANOVA test (Fig. 5A).
In addition, the presence of the RAR«x antagonist ER50891
reversed the effect of RA significantly in both ESCs and
iPSCs (Fig. 5A). Further examination of Nestin and Tujl
protein expression by immunostaining showed that the pres-
ence of RA induced long Tujl-positive processes in differ-
entiating ESCs and iPSCs compared with that observed in
untreated and ER50891-treated control cells (Fig. 5Ba—, Ca—
¢). Moreover, the addition of the RAR« antagonist ER50891
to RA treatment inhibited the RA effect significantly in both
differentiating ESCs and iPSCs (Fig. 5Bd, Cd); this obser-
vation was consistent with the findings obtained in the qRT-
PCR analysis (Fig. 5Aa). Taken together, these results sug-
gest that deficient RARa expression was a critical cause of
impairment of the neural differentiation ability of iPSCs.

Discussion

Previous studies have reported that iPSCs achieve plur-
ipotency and provide beneficial opportunities in regenerative
medicine, with reduced immune responses and ethical issues
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loss of long processes in both ESCs (Bd) and iPSCs (Cd). Cells without RA or ER50891 treatment (Ba and Ca) and with only
ER50891 treatment (Bb and Cb) were used as controls. Scale bar, 50 um. Error bars represent the mean® SEM. (*) P <0.05.

(Araki et al., 2013; Deyle et al., 2012). However, the dif-
ferentiation efficiency of iPSCs remains obscure. The aim of
the current study was to improve our understanding of the
neural differentiation ability of iPSCs. Our results showed
that iPSCs were capable of differentiating into neural line-
ages, including neurons and glial cells, via the known RA
induction pathway. However, the efficiency of neural differ-
entiation in iPSCs was significantly lower than that of ESCs.
Further screening of molecules involved in the RA pathway
revealed that RARo may serve as an important deficient cue
in iPSCs that attenuates their neural differentiation efficiency.
Our combined observations suggest that iPSCs exhibited a
low differentiation efficiency.

In our study and previous investigations, RA was used to
induce ESC and iPSC differentiation into neural lineage cells

(Fig. 1) (Bain et al., 1995; Fraichard et al., 1995). It has been
reported that RA binds to RAR and forms a transcriptional
complex with RXR (Bastien and Rochette-Egly, 2004). This
RA-RAR-RXR complex recognizes RAREs to modulate
downstream gene expression (Maden, 2007; Rhinn and Dolle,
2012). For instance, the RA-RAR-RXR complex binds to
the RARE located in the Oct4 promoter to suppress the ex-
pression of the Oct4 pluripotent gene (Okazawa et al., 1991;
Pikarsky et al., 1994). Conversely, this complex activates
downstream neural lineage genes and signaling pathways to
promote neural differentiation (Freemantle et al., 2002).
These findings suggest that the presence of RARs and
RXRs in cells is important for RA signal pathways. In pre-
vious studies, the activation of RARo and RAR 5 was required
for neural differentiation and proliferation in vitro and in vivo
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(Goncalves et al., 2005; Goncalves et al., 2009), and these
molecules were upregulated by RA-induced neural differen-
tiation in ESCs (Lu et al. 2009). Moreover, RARo partici-
pated in the differentiation process of neurons and glial cells
(Chandran et al., 2003; Goncalves et al., 2005). Consistent
with previous studies, we found that RARo was important for
the neural differentiation process and that deficiency of RAR«
expression in iPSCs may be a critical defect that leads to their
impaired neural-differentiation ability.

Currently, study on the comparison of human ESCs and
iPSCs showed that during neural differentiation both human
ESCs and iPSCs followed the same neural developmental
time course and genetic regulation program whereas iPSCs
showed significantly reduced efficiency and variability be-
tween lines (Hu et al., 2010). In line with previous reports,
our study found that, although the neural differentiation
potency of iPSCs was significantly lower than that of ESCs,
both differentiation progressions followed the same tempo-
ral program. For example, pluripotent genes were down-
regulated and neural genes were upregulated (Figs. 1C-E,
2G, 5A, and Fig. S1) (Supplementary Data are available at
www.liebertpub.com/cell/). Unlike the human system, the
mouse iPSCs we used were germ-line transmission (Okita
et al., 2007), i.e., the characteristics of mouse iPSCs were
very close to those of ESCs in at least general body for-
mation and gonad environment. However, we still observed
similar results as in human studies.

The discrepancy of between ESCs and iPSCs might be a
result of several possibilities. One is incomplete repro-
gramming of iPSC generation. Incomplete reprogamming
causes epigenetic unevenness. It has been demonstrated that
genomic methylation, which is an epigenetic modification of
DNA, in iPSCs might influence gene expression and the
propensity of cell fate commitment (Hu et al., 2010; Kim
et al., 2010). This property, so-called ‘‘epigenetic memory,”’
in iPSCs is caused by residual DNA methylation of donor
cells with incomplete erasure during reprogramming, rather
than by the presence of the transgenes, and might explain
the lower efficiency of neural differentiation of iPSCs
compared with the ESCs observed here. During repro-
gramming, demethylation is a late phenomenon that prob-
ably occurs passively (Mikkelsen et al., 2008), and the
origin of somatic cells might affect the efficiency and fi-
delity of reprogramming to pluripotency (Aoi et al., 2008;
Kim et al., 2010; Mabherali et al., 2008; Miura et al., 2009).

Interestingly, the differences between iPSCs and ESCs
may not be apparent in the pluripotent state and may appear
only after differentiation (Kim et al., 2010). Here, although
we used germ line—competent iPSCs, we still obtained
consistent results, which might have resulted from residual
epigenetic markers that are retained in specific loci of the
genome and influence the cell differentiation fate (Doi et al.,
2009; Kim et al., 2010). Our results may also support this
suggestion. Thus, to completely reprogram somatic cells
into ““ground-state” pluripotent stem cells was important for
further application (Silva et al., 2008). Previous studies have
suggested several methods for improving reprogramming,
such as serial reprogramming steps (Chin et al., 2009;
Hanna et al., 2007; Kim et al., 2010; Wernig et al., 2008) or
applying demethylating agents (Chiu and Blau, 1985; Eden
et al., 1998). In doing so, patient-specific cells might be able
to reprogram fully into ground-state pluripotent stem cells
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without a propensity for differentiation. In this way, iPSCs
might be more suitable for drug screening and cell therapy.
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