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Abstract

Background: Pluripotent human embryonic stem cells (hESCs) proffer cures for a wide range of neurological disorders by
supplying the diversity of human neuronal cell types in the developing CNS for repair. However, realizing the therapeutic
potential of hESC derivatives has been hindered by generating neuronal cells from pluripotent cells through uncontrollable
and inefficient multi-lineage differentiation. Previously, we used a defined platform to identify retinoic acid as sufficient to
induce the specification of neuroectoderm direct from the pluripotent state of hESCs and trigger uniform neuronal
lineage-specific progression to human neuronal progenitors (hESC-I hNuPs) and neurons (hESC-I hNus) in the developing
CNS with high efficiency.
Methods: Having achieved uniformly conversion of pluripotent hESCs to a neuronal lineage, in this study, the expression
and intracellular distribution patterns of a set of chromatin modifiers in hESC-I hNuPs were examined and compared to
the two prototypical neuroepithelial-like human neural stem cells (hNSCs) either derived from hESCs or isolated directly
from the human fetal neuroectoderm in vivo.
Results: These hESC-I hNuPs expressed high levels of active chromatin modifiers, including acetylated histone H3 and H4,
HDAC1, Brg-1, and hSNF2H, retaining an embryonic acetylated globally active chromatin state. Consistent with this
observation, several repressive chromatin remodeling factors regulating histone H3K9 methylation, including SIRT1,
SUV39H1, and Brm, were inactive in hESC-I hNuPs. These Nurr1-positive hESC-I hNuPs, which did not express the
canonical hNSC markers, yielded neurons efficiently and exclusively, as they did not differentiate into glial cells. Following
engraftment in the brain, hESC-I hNuPs yielded well-dispersed and well-integrated human neurons at a high prevalence.
Conclusions: These observations suggest that, unlike the prototypical neuroepithelial-like nestin-positive hNSCs, these in
vitro neuroectoderm-derived Nurr1-positive hESC-I hNuPs are a more neuronal lineage-specific and plastic human stem
cell derivative, providing an engraftable human embryonic neuronal progenitor in high purity and large supply with
adequate neurogenic potential for scale-up CNS regeneration as stem cell therapy to be translated to patients in clinical
trials.
Keywords: human embryonic stem cells; human; human pluripotent stem cells; human neural stem cells; human neuronal
progenitors; human stem cells; neurons; multipotency; pluripotency; epigenome; acetylation; methylation; chromatin;
plasticity; differentiation; lineage-specific; derivative; development; cell therapy; CNS repair; regeneration

Introduction

Human pluripotent stem cells (hPSCs), most classically
exemplified by human embryonic stem cells (hESCs) derived
from the inner cell mass (ICM) or epiblast of the blastocyst [1],
have the theoretic ability to differentiate into all somatic cell
types, whereas human somatic stem/progenitor/precursor
cells (hSSCs) are multipotent, indicating that their potential
is restricted to a particular germ layer, organ, or tissue of
origin. Although hSSCs have traditionally been isolated
directly from such sources of origin in vivo (primary hSSCs),
the field is becoming more adept at deriving hSSCs in vitro
from pluripotent cells (secondary hSSCs). Heretofore, these
two derivation strategies have been regarded as equivalent to
generate transplantation materials for therapeutic use despite

mounting evidences of their discrepancies. Previous reports
indicate that neural progenitors derived from hPSCs give rise to
non-teratoma neoplastic cells following transplantation into an
adult animal model of Parkinsonism, while neural progenitors
derived from the CNS tissue, when transplanted into models
of the same disease, do not [2-5]. It has been recognized that
hPSCs, when spontaneously differentiating towards a particular
lineage, continue to express genes associated with extraneous
lineages [5,6]. In view of the growing interest in the use of
hPSCs, including artificially-reprogrammed human induced
pluripotent cells (hiPS cells) [7-10], teratoma formation and/
or the emergence of inappropriate or undesired cell types
remain a constant concern following transplantation [2, 3, 5].
The growing numbers of identified stem cell populations
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or derivatives and the escalating concerns for safety and
efficacy of these cells towards clinical applications have made
it increasingly crucial to assess the likely relative risk-benefit
ratio of a given stem cell from a given source for a particular
disease. Selection of an optimal source of human stem cells
for safe and effective clinical translation requires reliably
predictive molecular parameters for comparing not only the
plasticity but, more importantly, the specificity of a particular
stem cell derivative in its lineage-commitment to the tissue
or organ in need of repair prior to transplantation. Similar
metrics are required as well for evaluating the protocols for
differentiating such human stem cells once chosen towards
clinically-relevant lineages for cell-based therapy.
Packaging of the eukaryotic genome into chromatin, a
nucleoprotein complex in which the DNA helix is wrapped
around an octamer of core histone proteins to fold into
nucleosomal DNA structures, confers a higher order of
epigenomic structure and control over the unfolding of
lineage commitment programs, which goes beyond what
might be predicted based solely on profiling a cell’s genomic
or proteomic patterns [11]. Discerning the intrinsic plasticity
and potential of human stem cell populations might reside in
chromatin modifications that shape the respective epigenomes
of their derivation routes. Therefore, chromatin states have
been used to characterize and compare the intricate plasticity
and potential of human stem cell derivatives [11-17]. In
general, histone acetylation is associated with a globally
active chromatin state, while histone deacetylation and
histone H3 K9 methylation are associated with a globally
repressed chromatin state [11-17]. However, without a practical
strategy to convert pluripotent cells direct into a specific
lineage, previous studies and profiling of pluripotent hESCs
and their differentiating multi-lineage aggregates have not
been able to resolve the epigenomic landscape features of
human stem cell populations that might be used to predict
their intrinsic plasticity and regenerative potential, hence,
safety and efficacy, when deriving the optimal human stem
cell preparations for clinical indications.
Human stem cell transplantation represents a promising
therapeutic approach closest to provide a cure to restore the
lost nerve tissue and function for a wide range of devastating
and untreatable neurological disorders. However, to date, lack
of a clinically-suitable source of engraftable human stem/
progenitor cells with adequate neurogenic potential has
been the major setback in developing effective cell-based
therapy as a treatment option for restoring the damaged or
lost central nervous system (CNS) structure and circuitry. The
traditional sources of engraftable human stem cells with neural
potential for transplantation therapies have been multipotent
human neural stem cells (hNSCs) isolated directly from the
human fetal CNS [4,5,18-21]. However, cell therapy based on
CNS tissue-derived hNSCs has encountered supply restriction
and difficulty to use in the clinical setting due to their limited
expansion ability and declining plasticity with aging, potentially
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restricting the tissue-derived hNSC as an adequate source for
graft material [4,5,18-21]. Alternatively, the pluripotent hESCs
proffer cures for a wide range of neurological disorders by
supplying the diversity of human neuronal cell types in the
developing CNS for regeneration and repair [5,22-26]. However,
realizing the therapeutic potential of hESC derivatives has
been hindered by the current state of the art for generating
functional cells through multi-lineage differentiation of
pluripotent cells, which is uncontrollable, inefficient, instable,
highly variable, difficult to reproduce and scale-up, and often
causes phenotypic heterogeneity and instability, hence, a
high risk of tumorigenicity following transplantation [2,3,5,2226]. Under protocols presently employed in the field, the
prototypical neuroepithelial-like nestin-positive hNSCs, either
isolated from CNS in vivo or derived from pluripotent cells in
vitro via conventional multi-lineage differentiation, appear to
exert their therapeutic effects primarily by their non-neuronal
progenies through producing trophic and/or neuroprotective
molecules to rescue endogenous dying host neurons, but not
related to regeneration from the graft or host remyelination
[5,26]. In previous reports, we found that pluripotent hESCs
maintained under the defined culture conditions can be
uniformly converted into a specific neural or cardiac lineage by
small molecule induction [26 -30]. Retinoic acid (RA) was found
to induce the specification of neuroectoderm direct from the
pluripotent state of hESCs and trigger uniform progression
to human neuronal progenitors (hESC-I hNuPs) and neurons
(hESC-I hNus) in the developing CNS efficiently by promoting
nuclear translocation of the neuronal-specific transcription
factor Nurr-1 [26, 27, 30]. Similarly, nicotinamide (NAM) was
found to induce the specification of cardiomesoderm direct
from the pluripotent state of hESCs and trigger uniform
progression to human cardiac precursors and beating
cardiomyocytes efficiently by promoting the expression of
the earliest cardiac-specific transcription factor Csx/Nkx2.5
[26, 28 -30]. This technology breakthrough enables wellcontrolled generation of a large supply of neuronal lineagespecific derivatives across the spectrum of developmental
stages direct from the pluripotent state of hESCs with small
molecule induction.
Having achieved uniformly conversion of pluripotent
hESCs to a neuronal lineage, in this study, the expression
and intracellular distribution patterns of a set of chromatin
modifiers in these in vitro neuroectoderm-derived Nurr1positive hESC-I hNuPs were examined and compared to
the prototypical neuroepithelial-like nestin-positive hNSCs
either isolated directly from the fetal CNS, which acquire
their neurectodermal identity in vivo through primary in
vivo developmental processes, or derived secondarily from
pluripotent hESCs in culture. These in vitro neuroectodermderived hESC-I hNuPs expressed high levels of active chromatin
modifiers that have been associated with the chromatin states
of embryonic stem cells and their derivatives [11-17], including
acetylated histones H3 and H4 (acH3 and acH4), histone
2
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deacetylase 1 (HDAC1), ATP-dependent active chromatinremodeling factors (Brg-1 and hSNF2H), suggesting that
hESC-I hNuPs retain an embryonic acetylated globally active
chromatin state. Consistent with this observation, several
repressive chromatin remodeling factors regulating histone
H3K9 methylation and mediating chromatin-silencing [3133], including the NAD+-dependent histone deacetylase
SIRT1, the histone methyltransferase (HMT) SUV39H1, and
the chromatin remodeling factors Brm, were localized to
the cytoplasm, suggesting that they were inactive in hESC-I
hNuPs. These Nurr1-positive hESC-I hNuPs, which did not
express the canonical hNSC markers, yielded neurons
efficiently (> 90%) and exclusively, as they did not differentiate
into glial cells, such as astrocytes, and oligodendrocytes.
Following engraftment in the brain, hESC-I hNuPs yielded
well-dispersed and well-integrated human neurons at a high
prevalence. By contrast, the prototypical neuroepitheliallike nestin-positive hNSCs derived either from hESCs or CNS
can spontaneously differentiate into a mixed population of
cells containing undifferentiated hNSCs, neurons (10-30%),
astrocytes, and oligodendrocytes in vitro and in vivo [4,5,1826]. These observations suggest that, unlike the prototypical
neuroepithelial-like nestin-positive hNSCs, these in vitro
neuroectoderm-derived Nurr1-positive hESC-I hNuPs are a
more neuronal lineage-specific and plastic human stem cell
derivative in the developing CNS, providing an engraftable
human embryonic neuronal progenitor in high purity and
large supply with adequate neurogenic potential for scaleup CNS regeneration as stem cell therapy to be translated to
patients in clinical trials.

Materials and Methods

Culture of undifferentiated hESCs under the defined culture.
The hESC lines WA01 and WA09 (WiCell Research Institute)
and newly-derived biologics-free hESCs (Xcel-hESCs) [29]
were used in this study. The defined culture systems consist of
DMEM/F-12 or KO-DMEM (knockout-DMEM) (80%), Knockout
Serum Replacement (KO) (20%), L-alanyl-L-gln or L-gln (2 mM),
MEM nonessential amino acids (MNAA, 1X), β-Mercaptoethanol
(β-ME, 100 µM) (all from Invitrogen), human purified laminin
(Sigma) or laminin/collagen (growth factor reduced Matrigel,
BD Bioscience) as the matrix protein, and bFGF (basic fibroblast
growth factor, 20 ng/ml) (PeproTech Inc). The KO can be
replaced with defined essential factors containing MEM
essential amino acids (MEAA, 1X), human insulin (20 mg/ml)
(Sigma), and ascorbic acid (50 mg/ml) (Sigma), in which activin
A (50 ng/ml, Sigma), human albumin (10 mg/ml, Sigma), and
human transferrin (8 mg/ml, Sigma) were added in order to
increase cell survival and maintain normal shape and healthy
colonies. Long-term stable expansion of pluripotent hESCs
maintained under the defined culture (~50-150 passages,
~12-36 months) has been published in our previous reports
[26, 29]. These hESCs were stored by cryopreservation over
their long-term expansion periods.
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Neuronal lineage-specific differentiation direct from the
pluripotent state of hESCs:
Pluripotent hESCs maintained under the defined culture
(~50-150 passages, ~ 2-36 months) [26, 29] were used to
generate hESC derivatives in this study. Undifferentiated
hESCs maintained under the defined culture conditions were
treated with RA (10µM) 3 days after seeding for 4-5 days. These
neuroectoderm-differentiated hESCs were transferred to a
serum-free suspension culture to allow floating neuroblasts
(hESC-I hNuPs) to form in the hESC media lacking bFGF for
4-5 days. To limit the effects of long-term culture on those
hESC-I hNuPs, only cells within the first 6 passages were used
for the analyses. For further differentiating into a neuronal
phenotype, the neuroblasts were then permitted to attach
to a tissue culture plate in a defined medium containing
DMEM/F-12, N-2 supplement (1%), heparin (8 mg/ml), VEGF (20
ng/ml), NT-3 (10 ng/ml), and BDNF (10 ng/ml). β-III-tubulin- and
Map-2-expressing, extensively neurite-bearing cells (hESC-I
hNus) and pigmented cells, typical of those in the ventral
mesencephalon, were observed within 2 weeks of continuous
cultivation, increased in numbers with time. The generated
hESC neuronal derivatives were stored by cryopreservation
over passaging periods.
Generation of hESC-D hNSCs and CNS-D hNSCs:
A homogenous population of hESC-D hNSCs was generated by
standard well-established procedures described previously [2225]. Briefly, differentiation of hESCs was initiated by growing
hESCs in a suspension culture as embryoid bodies (EBs). The
differentiating EBs were then allowed to attach to tissue
culture plates and develop into clusters of neural rosettes. A
homogeneous population of Nestin, Vimentin, and Musashiexpressing hNSCs was isolated, characterized, and maintained
in a defined neural stem cell media containing bFGF (20 ng/
ml). To limit the effects of long-term culture on those hESC-D
hNSCs, only cells within the first 6 passages were used for the
analyses. The CNS-D hNSCs were isolated directly from the
ventricular zone of the telencephelon (a neurectoderm-derived
structure) of two 11-13 week human fetal cadavers (HFB2030
and HFT13) [4,20,21]. These hNSCs were propagated without
genetic manipulation following a serial growth factor and
engraftment selection process, characterized, and maintained
in a karyotypically normal state in a defined NSC media
containing bFGF (20 ng/ml) and leukemia inhibitory factor
(LIF) (10 ng/ml) as previously described [4,20,21]. Fresh vials of
low passage cells from the initial isolation and derivation of
these hNSCs were used for these studies. The homogeneity
and comparability of hNSCs was verified by insuring that
>95% of the cells expressed standard neural stem/progenitor
markers, including Nestin, Musashi, and Sox-2, and no longer
expressed markers associated with pluripotency, including
Oct-4, SSEA-4, Tra-1-60, Tra-1-80, or markers of non-neural
lineages. Neural differentiation of hNSCs was initiated by
removal of bFGF followed by culture in a defined medium
3
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containing neurotrophin-3 (NT-3, 10 ng/ml) and brain-derived
neurotrophic factor (BDNF, 10 ng/ml) for 2-3 weeks before
further analysis. These hNSCs, either derived from hESCs or
CNS, were stored by cryopreservation over passaging periods.
Immunofluorescence and Deconvolution Microscopy:
Cells were grown in 12- or 24-well plates, fixed with 4%
paraformaldehyde, and blocked in phosphate buffered
saline (PBS) containing 0.1% Triton X-100 and 2% bovine serum
albumin (BSA). Cells were further incubated with the primary
antibody (Santa Cruz Biotech.; Upstate Biotech.; and Millipore)
in wash buffer (0.1% Triton X-100 in PBS) at 4°C overnight, and
then with the secondary antibody (Invitrogen) in wash buffer
for 45 min at room temperature. After staining with DAPI, cells
were mounted onto a microscope slide and visualized under
an immunofluorescence and deconvolution microscope. The
specificity of all antibodies were independently verified on
known positive and negative control cells before being used
in these studies.
High-Resolution Three-Dimensional Quantitative
Intracellular Imaging:
The cell-image-based assays for protein intensity and
intracellular localization pattern (e.g., cytoplasmic-to-nuclear
translocation, nuclear foci formation) were carried out using a
Beckman Coulter Q3DM IC-100/GE-Amersham IN Cell Analyzer
1000 and Cytoshop software.
Analysis of Nucleoprotein Complexes:
Chromosomal proteins were cross-linked to DNA by adding
1% formaldehyde directly to culture medium and incubating
at 37°C for 10 min. Cells were isolated and resuspended in
PBS. This cell mixture was loaded into a double-chamber
cytofunnel and centrifuged in a Cytospin 3 (Shandon) at 900
rpm for 5 min onto clean glass microscope slides. Immediately
after centrifugation, slides were placed in lysis buffer (25 mM
Tris [pH 7.5], 500 mM NaCl, and 1% Triton X-100) for 15 min,
then processed for immunofluorescence and deconvolution
microscopic analysis.
Transplantation into mouse brain:
Human neuronal progenitors were generated from
undifferentiated hESCs maintained under the defined culture
by retinoic acid induction. The human neuronal progenitor cells
in suspension culture were pulled together and dissociated
with a brief treatment (~1min.) of Accutase (Invitrogen)
followed by gently triturated into single cell suspension,
and resuspended in PBS (Mg2+ & Ca2+ free) (Invitrogen) at
a density of 50,000/ml. A total of 10×6 human donor cells (20
ml at 50,000/ml) were injected into the cerebral ventricles of
immunocompetent wild type and SOD1 mutant newborn
mice (n = 54) (The Jackson Laboratory). Controls were similarly
transplanted with the same amount of human fibroblast
cells (Hs27, ATCC). After at least 3 months post-grafting, the
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mice were sacrificed and processed for histological and
immunocytochemical analysis of the transplanted brain.
No graft overgrowth, formation of teratomas or neoplasms,
or appearance of non-neuronal cell types was observed
in at least 54 transplanted animals and at least 1 year after
transplantation (the latest time point examined). Transplanted
wild type mice developed hyper-active behavior, such as fast
movement and fast spin (see videos at http://www.sdrmi.
org). The animal experiments were reviewed and approved
by the relevant institutional animal care and use committees.

Results and Discussion

The in vitro neuroectoderm-derived nuclear-Nurr1-positive
hESC-I hNuPs do not express the canonical hNSC markers:
Previously, we have identified the minimal essential
components for sustaining the epiblast pluripotence of
hESCs in a defined culture system, serving as a platform for
de novo derivation of clinically-suitable hESCs and effectively
directing such hESCs uniformly towards functional lineages
by small molecule induction [26 -30]. In order to achieve
uniformly conversion of pluripotent hESCs to a lineage-specific
fate, we have used the defined culture system to screen the
differentiation inducing effect of a variety of small molecules
and growth factors on the pluripotent state of hESCs. We
found that such defined conditions rendered small molecule
RA sufficient to induce the specification of neuroectoderm
direct from the pluripotent state of hESCs and trigger neuronal
lineage-specific progression to human neuronal progenitors
(hESC-I hNuPs) and neurons (hESC-I hNus) in the developing
CNS with high efficiency [26,27, 30]. RA induces a cascade of
neuronal lineage-specific differentiation events direct from the
pluripotent state of hESCs by promoting nuclear translocation
of the neuronal specific transcription factor Nurr1, a member of
the orphan nuclear hormone receptor super-family implicated
in ventral neuronal development [26, 27]. Genome-scale
profiling of microRNA differential expression showed that
the expression of pluripotence-associated hsa-miR-302 family
was silenced and the expression of Hox miRNA hsa-miR-10
family that regulates gene expression predominantly in
neuroectoderm was induced to high levels in those hESC
neuronal lineage-specific derivatives, suggesting that hESC-I
hNuPs have acquired a neuroectodermal identity through
RA induction of pluripotent hESCs in vitro [30].
Compared to the two prototypical neuroepithelial-like
nestin-positive hNSCs either derived from hESCs or CNS,
hESC-I hNuPs did not express the canonical early neural
lineage stem/progenitor cell markers of hNSCs, including
Nestin, Musashi, and Sox-2 [4,5,18-26], but assumed uniformly
strong expression and nuclear localization of the neuronalspecific transcription factor Nurr-1 (Figure 1). Although CNSderived hNSCs (CNS-D hNSCs), which have acquired their
neurectodermal identity through in vivo developmental
processes [4,5,18-21], show moderate expression and nuclear
localization of Nurr-1, in hESC-derived hNSCs (hESC-D hNSCs)
4
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Figure 1. The in vitro neuroectoderm-derived
nuclear-Nurr1-positive hESC-I hNuPs do not
express the canonical hNSC markers.
hESC-I hNuPs display strong expression and
nuclear localization of Nurr-1, compared to
fetal CNS-derived hNSCs (CNS-D hNSCs)
that show moderate expression and nuclear
localization of Nurr-1 and hESC-derived
hNSCs (hESC-D hNSCs) that show cell-surface
and cytoplasm localization of Nurr-1. hESCI hNuPs did not express the canonical early
neural lineage stem/progenitor cell markers
of hNSCs, including Nestin, Musashi, and
Sox-2, compared to the two neuroepitheliallike nestin-positive hNSCs either derived from
hESCs or CNS. The relative nuclear localization
of Nurr1 in these human stem cell derivatives
was further verified by quantitative intracellular imaging analysis. DAPI stains nuclei. The
nuclear localization of Nurr1 in CNS-D hNSCs
is set at 100%. Scale bars: 5 μm.

[5,22-26], Nurr-1 localizes to the cell-surface and cytoplasm,
suggesting its being inactive (Figure 1). The relative nuclear
localization of Nurr1 in these human stem cell derivatives was
further verified by quantitative analysis with high-resolution
3-dimensional intracellular microscopic imaging system
[34] (Figure 1). These observations suggest that, unlike the
prototypical neuroepithelial-like nestin-positive hNSCs, these
nuclear-Nurr1-positive hESC-I hNuPs are an hESC neuronal
lineage-specific derivative in the developing CNS during
human embryonic neurogenesis.

further examined the expression and intracellular distribution
patterns of a set of chromatin modifiers in hESC-I hNuPs,
compared to hESC- and CNS-derived hNSCs (Figures 2 and
3). We observed that these in vitro neuroectoderm-derived
Nurr1-positive hESC-I hNuPs expressed high levels of active
chromatin modifiers that have been associated with the
chromatin states of embryonic stem cells and their derivatives
[11-17], including acetylated histones H3 and H4 (acH3 and
acH4), histone deacetylase 1 (HDAC1), ATP-dependent active
chromatin-remodeling factors (Brg-1 and hSNF2H) (Figure 2),
suggesting that hESC-I hNuPs retain an embryonic acetylated
The in vitro neuroectoderm-derived hESC-I hNuPs retain globally active chromatin state. In contrast, the prototypical
an embryonic acetylated globally active chromatin:
neuroepithelial-like nestin-positive hNSCs either derived from
In previous report, we examined the global chromatin dynamics hESCs or the fetal CNS tissue displayed decreasing histone H3
in the pluripotent hESCs maintained under the defined culture acetylation (~ 2 fold) and decreasing histone H4 acetylation
and found that the pluripotency of undifferentiated hESCs that (~ 3-6 fold), despite strong expression of active chromatindisplay normal stable expansion is associated with high levels remodeling factors HDAC1, Brg-1, and hSNF2H (Figure 2). In
of expression and nuclear localization of active chromatin either hESC-derived hNSCs or CNS-derived hNSCs, significantly
remodeling factors that include acetylated histone H3 and H4, higher degrees of decreasing in histone H4 acetylation, in
Brg-1, hSNF2H, and HDAC1; weak expression or cytoplasmic comparison with histone H3 acetylation, were observed
localization of repressive chromatin remodeling factors that (Figure 2). Chromatin remodeling factors are ATP-utilizing
are implicated in transcriptional silencing; and residual H3 motor proteins that mediate the interaction of proteins with
K9 methylation [11]. Having achieved uniformly conversion nucleosomal DNA by DNA/nucleosome-translocation [11]. Brgof pluripotent hESCs to a neuronal lineage, in this study, we 1 is a subunit of the Swi/Snf chromatin remodeling complex
5
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Figure 2. The in vitro neuroectoderm-derived
hESC-I hNuPs retain an embryonic acetylated
globally active chromatin. The strong expression
and nuclear localization of a set of active chromatin modifiers in hESC-I hNuPs, compared to
hESC-D and CNS-D hNSCs, including acetylated
histones H3 and H4 (acH3 and acH4), HDAC1,
chromatin-remodeling factors Brg-1 and hSNF2H. DAPI stains nuclei. Quantitative intracellular imaging analysis shows that the prototypical
neuroepithelial-like hNSCs either derived from
hESCs or the fetal CNS tissue display decreasing
histone H3 acetylation (~ 2 fold) and decreasing
histone H4 acetylation (~ 3-6 fold), despite strong
expression of active chromatin-remodeling factors
HDAC1, Brg-1, and hSNF2H. The expression levels of these active chromatin-modifying molecules
in these human stem cell derivatives were quantified and plotted as relative levels in comparison
to their expression levels in pluripotent hESCs.
The expression levels of these active chromosomal
proteins in pluripotent hESCs are set at 100%.
Scale bars: 5 μm. Quantification data are presented as Mean ± SD; Statistical significance was
defined as *P < 0.05, **P < 0.01.

implicated in the regulation of cellular proliferation and as
a tumor suppressor; while hSNF2H is a human homolog of
the ISWI family of chromatin remodeling proteins [11]. HDAC1
is a general maintenance histone deacetylase that sustains
global transcription at a basal level [11]. Quantitative analysis
of the expression levels of the active chromatin-modifying
molecules in these human stem cell derivatives, compared to
their expression levels in pluripotent hESCs, with intracellular
imaging analysis further confirmed their expression patterns
(Figure 2).
Consistent with this observation, several repressive
chromatin remodeling factors regulating histone H3K9
methylation and mediating chromatin-silencing in
development [31-33], including the class III NAD+-dependent
histone deacetylase SIRT1, the histone methyltransferase
(HMT) SUV39H1, the chromatin remodeling factors Brm, and
the K9 methylated histone H3 (meH3K9) were localized to the
cytoplasm (SIRT1, SUV39H1, Brm, meH3K9) and/or expressed
at low levels (SUV39H1, Brm, meH3K9), suggesting that they
were inactive in hESC-I hNuPs, similar to the expression
patterns in hESC-derived hNSCs (Figure 3). In contrast, the
fetal CNS tissue derived hNSCs displayed strong expression
and nuclear location of these repressive chromatin modifiers,
including SIRT1, SUV39H1, Brm, meH3K9 (Figure 3). Quantitative
analysis of expression levels and nuclear localization in these
human stem cell derivatives with intracellular imaging analysis
further confirmed the spatial and temporal patterns of these
chromatin-modifying molecules (Figure 3). These observations

suggest that, in spite of neuronal lineage specification from
pluripotent hESCs, these in vitro neuroectoderm-derived
Nurr1-positive hESC-I hNuPs retain an embryonic acetylated
globally active chromatin.
Epigenomic landscape profiles of nucleoprotein complexes
reveal embryonic chromatin plasticity of the hESC neuronal
lineage-specific derivative.
To better view the genome-wide localization patterns of
these chromosomal proteins, immunofluorescence and
deconvolution microscopic analysis of the formaldehyde
cross-linked nucleoprotein complexes in the nuclei of these
human stem cell derivatives was performed [35, 36]. Analysis
of the cross-linked nucleoprotein complexes revealed that the
basal and active chromatin remodeling factors acH3, acH4,
Brg-1, hSNF2H, and HDAC1 formed large chromatin-localized
nucleoprotein complexes and remained strongly expressed in
these human stem cell derivatives (Figure 4), suggesting that
they might be critical for maintaining the undifferentiated state
of human stem cell derivatives in general. Interestingly, acH4
chromatin deposition displayed a pattern of global distribution
on the genome of hESC-I hNuPs, as compared to the patterns
of discrete distribution of acH4 chromatin deposition on the
genomes of hNSCs and the patterns of discrete distribution
of acH3 chromatin deposition on the multipotent genomes
of all the human stem cell derivatives examined (Figure 4). A
considerable amount of evidence suggests that acetylation
of histone H3 and H4 has distinct functional and temporal
6
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Figure 3. Repressive chromatin remodeling factors regulating histone H3K9 methylation and mediating
chromatin-silencing are inactive in hESC-I hNuPs. The weak expression and cytoplasmic localization of repressive
chromatin remodeling factors in hESC-I hNuPs, including H3K9 methylated histones, Brm, SUV39H1, and SIRT1,
similar to the expression patterns in hESC-derived hNSCs. In contrast, the CNS-D hNSCs display strong expression
and nuclear location of these repressive chromatin modifiers. DAPI stains nuclei. Quantitative intracellular imaging
analysis of expression levels and nuclear localization in these human stem cell derivatives confirmed the spatial and
temporal patterns of these chromatin-modifying molecules. The expression levels and nuclear localization of these
repressive chromatin-modifying molecules in these human stem cell derivatives were quantified and plotted as relative levels in comparison to their expression levels and nuclear localization in CNS-D hNSCs. The expression levels
and nuclear localization of these repressive chromosomal proteins in CNS-D hNSCs are set at 100%. Scale bars: 5
μm. Quantification data are presented as Mean ± SD; Statistical significance was defined as *P < 0.05, **P < 0.01.

patterns [33]. The H3 modifications seem to be connected
to proper control of gene expression, whereas acetylation
of H4 seems to be most important in histone deposition and
chromatin structure [31, 33]. Of the four lysine residues in
the N-terminal tail of H4 (K5, 8, 12, 16), lysine 16 (K16) is the
specific target of SIRT1 and plays a unique role in regulating
chromatin structure [31, 33]. Histone H4 K16 acetylation is
important in epigenetic regulation as substantiated by its
being the only lysine residue among the N-terminal tails of all

histones that is targeted by an exclusive category of histone
acetyltransferases (HATs) as well as HDACs, such as the MYST
family of HATs and the class III NAD-dependent HADCs to
mediate silencing of chromatin locus during phenotype
switch in human development [31, 33].
Analysis of the cross-linked nucleoprotein complexes
revealed that the repressive chromatin remodeling factors
SIRT1, SUV39H1, Brm, and, consequently, H3K9 methylated
histones (meH3K9) remained weakly expressed in hESC
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Figure 4. Epigenomic landscape profiles
of active nucleoprotein complexes reveal
embryonic chromatin plasticity of the hESC
neuronal lineage-specific derivative. Images
of the cross-linked nucleoprotein complexes
show the extent of chromatin-localization
and the distribution patterns of acH3, acH4,
HDAC1, Brg-1, and hSNF2H, in these human stem cell derivatives. Scale bars: 2 μm.

Figure 5. Repressive nucleoprotein complexes remain weakly expressed in hESC lineage-specific
derivatives.
The chromatin depositions of
SIRT1, SUV39H1, Brm, and meH3K9 were significantly increased
in CNS-D hNSCs, compared
to those expressed at low levels
in hESC-I hNuPs and hESC-D
hNSCs, suggesting that CNSderived tissue-resident hNSCs had
acquired a more silenced chromatin. Scale bars: 2 μm.
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Figure 6. The neuroectodermderived hESC neuronal lineagespecific derivative is highly neurogenic in vitro and in vivo.
(A). Under neuronal differentiation
conditions, hESC-I hNuPs yielded
exclusively neurons that expressed
neuronal marker β-III-tubulin
and co-expressed Map-2 with a
drastic increase in efficiency when
compared to similarly cultured cells
derived from un treated embryoid
bodies (EBs) as the control. No
cell expressed glial lineage marker
GFAP and MBP. Accordingly, a large
proportion of these hESC-derived
neuronal cells began to express
tyrosine hydroxylase (TH).
(B). hESC-I hNuPs were injected
into the cerebral ventricles of
newborn mice. Histological analysis
of transplanted mice showed welldispersed and well-integrated human neurons at a high prevalence,
indicated by anti-human mitochondrial antibody (hMit) and their immunoreactivity to Map-2, including
Nurr1-positve and TH-positive DA
neurons, within neurogenic regions
of the brain. DAPI nuclear marker
stains all cells in the field.

lineage-specific derivatives (Figure 5), suggesting that hESC-I
hNuPs retain hESC globally active open chromatin state [11].
The chromatin depositions of SIRT1, SUV39H1, Brm, and
meH3K9 were significantly increased in CNS-derived hNSCs,
compared to those expressed at low levels in hESC-I hNuPs and
hESC-derived hNSCs (Figure 5), suggesting that CNS-derived
tissue-resident hNSCs had acquired a more silenced chromatin.

conditions, hESC-I hNuPs yielded exclusively neurons that
expressed neuronal marker β-III-tubulin and co-expressed
Map-2 with a drastic increase in efficiency (~95%) when
compared to similarly cultured cells derived from untreated
embryoid bodies (EBs) as the control (Figure 6A). That these
in vitro neuroectoderm-derived hESC-I hNuPs differentiate
exclusively to a neuronal fate was confirmed by the absence of
markers associated with other neural cells such as glial lineage,
The neuroectoderm-derived hESC neuronal lineage-specific as indicated by no cell expressing GFAP and MBP (Figure 6A).
derivative is safely engraftable and highly neurogenic in Accordingly, a large proportion of these hESC-derived neuronal
vitro and in vivo.
cells began to express tyrosine hydroxylase (TH) (Figure 6A),
To confirm these in vitro neuroectoderm-derived Nurr-1- consistent with the early stages of acquiring catecholaminergic
positive hESC-I hNuPs commit to a neuronal fate, hESC-I hNuPs or dopaminergic potential [26,27]. By contrast, the prototypical
were permitted to attach in a defined media containing neuroepithelial-like nestin-positive hNSCs derived either
neurotrophic factors without bFGF to further differentiate from hESCs or CNS can spontaneously differentiate into a
into neurons [26, 27]. Under these neuronal differentiation mixed population of cells containing undifferentiated hNSCs,
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neurons (10-30%), astrocytes, and oligodendrocytes in vitro therapies.
and in vivo [4,5,18-26]. These observations suggest that, unlike We must bear in mind that the pluripotent hESC itself cannot
the prototypical neuroepithelial-like nestin-positive hNSCs, be used for therapeutic applications. It has been recognized
these in vitro neuroectoderm-derived Nurr1-positive hESC-I that pluripotent hESCs must be transformed into fate-restricted
hNuPs are a more neuronal lineage-specific human stem cell derivatives before use for cell therapy. Realizing the therapeutic
derivative in the developing CNS, yielding neurons exclusively, potential of pluripotent hESC derivatives will demand a
as they do not differentiate into other neural cell types such better understanding of how a pluripotent cell becomes
as oligodendrocytes and astrocytes (Figure 6A).
progressively constrained in its fate options to the lineages
To address whether these neuroectoderm-derived Nurr1- of tissue or organ in need of repair. It is obvious that we do
positive hESC-I hNuPs could be safely engrafted in the brain not want the hESC so uncommitted that it retains its ability
and could migrate and retain their neurogenic ability in vivo, to yield teratoma or to give rise to cell types inappropriate
hESC-I hNuPs were transplanted into the cerebral ventricles to the engrafted organ. Neither, however, do we want the
of newborn mice of both wild type and SOD1, the transgenic hESC so terminally-differentiated that it cannot integrate
mouse model expressing mutated forms of the enzyme copper- in vivo, respond to microenvironmental cues, and yield the
zinc superoxide dismutase 1 (SOD1) that replicate with fidelity diversity of cross-talking cell types that might be necessary
the onset and progression of the disease of Amyotrophic to reconstitute an organ’s function [4,5,18,19]. We are coming
Lateral Sclerosis (ALS) and have been largely used to test to recognize – particularly in the CNS -- that an ideal cell
therapies to be translated to patients in clinical trials [37]. This source for derivation of therapeutic stem cells should have
route allows excellent access to the subventricular zone (SVZ), the ability for long-term stable large-scale expansion in vitro
a secondary germinal zone from which cells widely migrate and as well as the capacity to yield, following engraftment, an
respond to appropriate regional developmental cues [4]. The array of appropriate lineage-specific cell types necessary for
animal experimental protocols were reviewed and approved reconstituting the CNS structure and circuitry [4,5,18,19,26,29].
by the relevant institutional animal care and use committees. Based on the clinical indication, we will need to choose
After at least 3 months post-grafting, the mice were sacrificed the human stem cell that has sufficient plasticity to yield a
and processed for histological analysis. Transplanted hESC-I range of requisite interacting components yet enough neural
hNuPs survived, engrafted, and migrated widely and yielded lineage specificity not to give rise to lineages and cell types
well-dispersed and well-integrated human neurons at a inappropriate or undesirable in the CNS.
high prevalence, including Nurr1-positve dopaminergic
Turning stem cells into the desired cell types necessary for
(DA) neurons, within neurogenic regions of the brain (Figure restitution of damaged host structure and circuitry depends
6B), demonstrating their potential for neuron replacement on interactions between extrinsic signals in the host and
therapy. No graft overgrowth, formation of teratomas or autonomous programs intrinsic to the grafted cell [5,18,19].
neoplasms, or appearance of non-neuronal cell types was Transplantation studies suggest that stem cells from different
observed following engraftment. Transplanted wild type sources vary greatly in their capacity to reconstruct the
mice developed hyper-active behavior, such as fast movement damaged structures. To date, the most promising results
and fast spin (see videos at http://www.sdrmi.org), which have been obtained using somatic stem cells isolated directly
also suggested that transplanted human neuronal cells had from the tissue or organ system of interest, that is, employing
survived and integrated into the mouse brain to function and cells restricted to the lineage in need of repair [4, 5,18 -21].
control mouse behavior. SOD1 mouse is an animal model However, as tissue-resident stem cells become more restricted
of ALS, a fatal neurodegenerative disease characterized by in their developmental potential with aging, their capacity
progressive degeneration of motor neurons due to toxic to be directed by host cues in a region-specific manner is
astrocytes [37-39]. No human neuron from engrafted human downregulated or lost. The pluripotent hESCs, on the other
cells was found in the spinal cord of transplanted SOD1 mice hand, start with the capacity to respond to an exceptionally
to mediate behavior improvement. It is unclear whether it wide spectrum of developmental signals and to generate
is because the transplanted human cells could not migrate a variety of cell types, some of which may be desired for
out of brain into the spinal cord or could not survive the toxic structural and functional recovery while others may not
astrocytes of SOD1 mice or both. These findings suggest [2, 3,5,22-26]. The pluripotent cell-derived grafts, even when
that this novel engraftable hESC neuronal lineage-specific used successfully in therapeutic paradigms, tend to display
derivative will dramatically increase the clinical efficacy of phenotypic instability and pose oncogenic risk [2, 3,5]. Safe
graft-dependent neuron replacement and safety of hESC- and effective clinical translation of stem cell biology requires
derived cellular products for scale-up CNS regeneration.
a better knowledge of the inherent cellular mechanisms
maintaining plasticity and then stabilizing lineage-specific
Conclusion
commitment. Our studies address a heretofore underUsing chromatin marks to judge the intrinsic plasticity of appreciated mechanism whereby the global remodeling
human stem cell lineage-specific derivatives for cell-based of chromatin structure may be fundamental to defining
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the intrinsic potential of human stem cell populations or
derivatives.
In summary, this study shows that the intrinsic plasticity
of human stem cell derivatives can be differentiated by their
epigenomic features. These in vitro neuroectoderm-derived
hESC neuronal lineage-specific derivative expressed high
levels of active chromatin modifiers that have been associated
with the chromatin states of embryonic stem cells and their
derivatives [11-17], including acH3 and acH4, HDAC1, Brg-1, and
hSNF2H, suggesting that hESC-I hNuPs retain an embryonic
acetylated globally active chromatin state. Consistent with
this observation, several repressive chromatin remodeling
factors regulating histone H3K9 methylation and mediating
chromatin-silencing [31-33], including SIRT1, SUV39H1, and Brm,
were localized to the cytoplasm, suggesting that they were
inactive in hESC-I hNuPs. These chromatin marks described
here might help us to select the human stem cell derivative
prospectively that strikes the proper balance desired for future
therapeutic tasks to insure the safety and efficacy of stem
cell engraftment when translated to patients in clinical trials.
These Nurr1-positive hESC-I hNuPs, which did not express the
canonical hNSC markers, yielded neurons efficiently (> 90%)
and exclusively, as they did not differentiate into glial cells.
Following engraftment in the brain, hESC-I hNuPs yielded
well-dispersed and well-integrated human neurons at a high
prevalence. By contrast, the prototypical neuroepithelial-like
nestin-positive hNSCs derived either from hESCs or CNS
can spontaneously differentiate into a mixed population of
cells containing undifferentiated hNSCs, neurons (10-30%),
astrocytes, and oligodendrocytes in vitro and in vivo [4,5,1826]. These observations suggest that, unlike the prototypical
neuroepithelial-like nestin-positive hNSCs, these in vitro
neuroectoderm-derived Nurr1-positive hESC-I hNuPs are a
more neuronal lineage-specific and plastic human stem cell
derivative in the developing CNS, providing an engraftable
human embryonic neuronal progenitor in high purity and
large supply with adequate neurogenic potential for scaleup CNS regeneration as stem cell therapy to be translated
to patients in clinical trials.
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