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Clonal cell culture is crucial for experimental protocols that require growth or selection of pure populations of cells. High-density
derivation of neural progenitors from human embryonic stem cells (hESCs) can lead to incomplete differentiation, and transplantation
of resulting heterogeneous cell mixtures can cause proliferation of tumorigenic clusters in vivo. We have identified the neural precursor
that resides among normal hESC colonies as a TRA-1-60 �/SSEA4 �/SOX1 � cell and developed a method that allows for the clonal
expansion of these FACS-selected progenitors to neural stem cells (NSCs) in serum-free conditions. Single TRA-1-60 �/SSEA4 �/SOX1 �

cells grown in serum-free media give rise to multipotent NSCs with an efficiency of 0.7%. The fate of the TRA-1-60 �/SSEA4 �/SOX1 �

neural precursor becomes specified in maintenance conditions by inhibition of BMP signaling. This clonal culture method can be scaled
up to produce NSCs for differentiation and use in cell therapies.

Introduction
The developmental potential of human embryonic stem cells
(hESCs) (Thomson et al., 1998) has triggered an explosion of
research on directing differentiation to specific cell types re-
quired for cell replacement therapies. Neural stem cells
(NSCs) are self-renewing, multipotent cells of the CNS that
generate neurons and glia, and can be used as precursors for
potential cell-based therapies, including dopaminergic neu-
rons for parkinsonian patients.

Existing methods for deriving NSCs and their progenitors
from hESCs are not clonal. Heterogeneous populations of cells
produced by high-density culture can create problems for cell
therapies: trials with transplanted hESC-derived NSCs in parkin-
sonian rats produced functional improvement; however, a subset
of the heterogeneous mix of transplanted cells proliferated in
undifferentiated tumorigenic clusters (Erdö et al., 2003; Roy et
al., 2006; Cai et al., 2010). Uncontrolled differentiation techniques
like embryoid body formation and high-density monolayer culture
are used frequently in the simultaneous differentiation of multiple
cell types from hESCs, including neural progenitors (Reubinoff et
al., 2001; Schuldiner et al., 2001; Zhang et al., 2001; Nistor et al., 2005;
Kang et al., 2007; Dhara and Stice, 2008; Elkabetz et al., 2008; Koch et
al., 2009). Several groups have successfully used serum-free media
(SFM) to generate neural cells from hESCs (Conti et al., 2005;
Chambers et al., 2009; Vallier et al., 2009), but without a vigorous

demonstration of clonality these methods also rely on high-density
differentiation.

Addressing problems created by high-density propagation of
mixed populations of cells in undefined conditions, we created a
clonal method whereby single cells from hESC colonies were prop-
agated at low densities to form NSCs in serum-free conditions. In-
terestingly, we found hESCs were primed to acquire a neural identity
in maintenance conditions, unlike mouse ESCs (mESCs) that tran-
sition directly to a neural identity by default in minimal culture con-
ditions that minimize transforming growth factor � (TGFB)
signaling (Tropepe et al., 2001; Smukler et al., 2006).

We identified the NSC colony-forming cell among hESC col-
onies as TRA-1-60�/SSEA4�/SOX1�. This cell proliferated in
defined conditions, forming clonal floating sphere colonies (neu-
rospheres) containing NSCs and their progenitors. Quantitative
PCR (Q-PCR) analyses of mRNA transcripts show that neuro-
spheres express neural precursor markers but not early endoder-
mal and mesodermal markers, indicating entirely neural
colonies. Neurospheres generated from single NSCs were differ-
entiated in vitro and in vivo to form neurons and glia [confirmed
by immunocytochemical (ICC) staining and Q-PCR], illustrat-
ing multipotentiality. Neurospheres passaged long term (11
months), forming clonal descendent spheres, exhibiting self-
renewal and confirming the presence of NSCs in addition to pro-
genitors that can display multipotentiality but not passage
repeatedly. Expansion of NSCs by passage was robust, thus scale-
able for clinical needs.

The mechanism by which hESCs are primed to adopt a neural
fate spontaneously in maintenance conditions relies on negative
regulation of BMP signaling. BMP signaling was inhibited by
addition of Noggin to maintenance cultures, generating an in-
crease in NSCs produced by selection in serum-free conditions.
While addition of anti-apoptotics like rho-associated kinase
(ROCK) inhibitor leads to dramatic increase in frequency of col-
ony production, however the cells in these colonies are not stably
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committed to a neural lineage and could be unsuitable for cell
replacement therapies.

Materials and Methods
Propagation and maintenance of hESCs. H9 (Thomson et al., 1998) (fe-
male, normal karyotype) and CA1 (male, normal karyotype) hESCs were
used in all experiments. The CA1 hESCs are fully characterized and ap-
proved by the Stem Cell Oversight Committee at the Canadian Institute
of Health Research. (Correspondence concerning the isolation and char-
acterization of the CA1 hESC cells should be directed to Andras Nagy,
Samuel Lunenfeld Research Institute, Mount Sinai Hospital, Toronto,
Ontario M5G 1X5, Canada; nagy@mshri.on.ca.). Transgenic hESCs
(provided by Jon Draper, McMaster University, Hamilton, Ontario,
Canada) included H9-red fluorescent protein (RFP), CA1-RFP, and
CA1-green fluorescent protein (GFP), which carry histone 2B/GFP, or
histone 2B/RFP fusion proteins. hESCs were maintained on mitotically
inactivated mouse embryonic fibroblast feeder layers in media contain-
ing 80% knock-out DMEM and 20% knock-out serum replacement (In-
vitrogen), 1% non-essential amino acids, 1 mM L-glutamine, 0.1 mM

2-mercaptoethanol, and 4 ng/ml basic fibroblast growth factor (FGF).
Confluent colonies were disaggregated into �100 cell clumps using 0.1%
type IV collagenase (Invitrogen) and passaged 1:3 or 1:4 every 4 –7 d. For
Noggin pretreatment, 100 ng/ml mouse recombinant Noggin/Fc chi-
mera (R&D systems) was added to fresh media each day until colonies
became confluent (4 –7 d).

Neurosphere culture. hESCs were incubated at 37°C for 15–20 min in
TrypLE Express for dissociation and then quenched with mouse embry-
onic fibroblast (MEF)-conditioned media before centrifugation. Cells
were resuspended and triturated with a small borehole Pasteur pipette
before being filtered through a 40 �m cell strainer. The resulting single-
cell suspension was plated at 10 cells/�l in chemically defined SFM with
growth factors. SFM contained a 1:1 mixture of DMEM and F-12 nutri-
ent (Invitrogen) with 0.6% D-glucose, 5 mM HEPES, 3 mM NaHCO3, 2
mM glutamine, 25 �g/ml insulin, 100 g/ml transferrin, 20 nM progester-
one, 60 �M putrescine, and 30 nM sodium selenite (all Sigma). Growth
factors added singly or in combination included 1400 U/ml human LIF
(Millipore Bioscience Research Reagents), 10 ng/ml FGF2, 2 �g/ml hep-
arin, and 20 ng/ml epidermal growth factor (EGF) (all Sigma), 1x B27
(Invitrogen), 100 ng/ml recombinant Noggin/Fc chimera (R&D sys-
tems), and rho-kinase inhibitor Y-27632 (Calbiochem), and were used at
a final concentration of 10 �M. hESCs were plated in the center 24 wells of
48-well coated plates (Nunclon) and re-fed at 2 weeks with an equal
volume of plating media (300 �l). Floating sphere colonies �75 �m were
scored at 4 weeks. Neurospheres cultured with rho kinase inhibitor were
collected every 11 d. To assess self-renewal of neurospheres, 4 week col-
onies were collected in bulk and floated in a 10 cm Petri dish where
colonies �75 �m were picked for passage. Multiple spheres were disso-
ciated into single cells (bulk dissociation) by incubation in trypsin/EDTA
(Sigma) for 10 min, followed by manual trituration with a small borehole
Pasteur pipette.

Single-neurosphere cell suspension was then plated at 10 cells/�l. Sec-
ondary sphere colonies were quantified after 2– 4 weeks. For single-
sphere passage, each sphere was dissociated separately, and the resulting
single-cell suspension was replated into a single well. After 2– 4 weeks,
single neurospheres from a well were picked and dissociated individually,
and the single-cell suspension from each colony was again plated into
discreet wells. Karyotyping of the neurospheres was performed by Wi-
Cell. For differentiation, a single neurosphere per well was plated on
matrigel (BD Bioscience)-coated plates in SFM supplemented with 1%
fetal calf serum (FCS; Hyclone). Spheres were re-fed at 7 d and cultured
for 14 d. Undifferentiated and differentiated neurospheres were collected
for Q-PCR analysis or fixed for ICC.

Clonality assays. A single H9-RFP cell per well was sorted into a min-
imum of 2016 wells (per experiment) of 96-well plates using the FACS
Aria 3-laser system. After 3 h, all wells were scored for the presence of
single cells. Wells containing single cells (80.4%) were scored at 2 weeks
for the presence of a sphere colony �50 �m in diameter. A total of 19.6%
of wells contained no cells.

For mixing experiments, H9-RFP and CA1-GFP cells were prepared
for the neurosphere assay, as previously described. Equal proportions of
two cell types were plated at final densities of 5, 10, 20, and 50 cells/�l.
The following cell combinations were used: H9 and H9-RFP; CA1 and
CA1-GFP; and H9-RFP and CA1-GFP. A control for frequency of sphere
formation was performed for each cell type in each experiment. At 2 and
4 weeks, floating spheres were scored for chimerism. For single-cell-per-
well experiments, H9-RFP cells were prepared for the neurosphere assay.

Transplant experiments. On postnatal day 3 (P3) to P7, NOD/SCID
mice were anesthetized using isoflurane and injected with 100,000 disso-
ciated cells in 1.0 �l PBS using a 5.0 �l Hamilton syringe. Three cell types
(CA1-RFP�) were tested: hESCs, and neurospheres grown in the pres-
ence or absence of ROCK inhibitor. Injections were made unilaterally,
�1.5 mm lateral to bregma and 1.5 mm below the dura, to target the
striatum. Animals were killed 3 weeks post-transplant. For tissue analy-
sis, animals were perfused with 4% paraformaldehyde (Sigma); brains
were removed, soaked in 4% paraformaldehyde overnight, and trans-
ferred to 30% sucrose for a minimum of 24 h. Brains were individually
embedded in cryomatrix (Ted Pella) and frozen. Fifteen micrometer
sections were taken using a Jencons OTF5000 cryostat and mounted on
Superfrost Plus slides (Fisher Scientific). For immunohistochemical
analysis, RFP� transplanted cells were located around the injection site
using 10� magnification and scored in random fields at 40�. Analysis
and imaging were performed using an Olympus Fluoview Confocal
Imaging System. See the “Immunocytochemistry” section for anti-
body information.

hESC minimal condition assays. hESCs were dissociated into a single-
cell suspension using TrypLE Express (Invitrogen) and plated at �10
cells/�l in defined serum-free media (described above) without growth
factors. Cells were collected for Q-PCR analysis or fixed for immunocy-
tochemical analysis at 4 h, 24 h, and 3 d time-points. For analysis by ICC,
cells were plated at on laminin/poly-L-ornithine-coated culture plates
(Nunclon). To assess the survival of individual hESCs, they were plated at
50 cells/well in 48-well plates. At 4 h, 24 h, and 3 d, viable cells were scored
by trypan blue exclusion.

RNA isolation, cDNA preparation, and Q-PCR. Total RNA was isolated
using an RNeasy extraction kit (Qiagen) according to instructions with
optional DNase treatment. Total RNA was quantified using a NanoDrop
ND-1000 spectrophotometer. cDNA was prepared from 150 –500 ng
RNA using 200 U SuperScript III RNase H-Reverse Transcriptase (Invit-
rogen) and 0.2 ng random hexamer primer (6-mer, Fermentas). Q-PCR
was performed using predesigned TaqMan gene expression assays (Table
1) with TaqMan universal PCR master mix (both Applied Biosystems)
under universal cycling conditions (95°C for 10 min; 95°C for 15 s, 60°C
for 1 min for 40 cycles) on a 7900HT Fast Real-Time PCR System (Ap-
plied Biosystems). Reactions were in triplicate and always included a
negative control (no template). 18S was the endogenous control as it had
consistent expression across all samples. A dilution curve of hESC RNA
demonstrated that efficiencies of targets were similar to those of endog-
enous controls. The relative quantity was calculated by assigning the

Table 1. TaqMan gene expression assays

Gene Gene expression assay identification number

18S Hs99999901_s1
�-Actin Hs99999903_m1
OCT4 Hs01895601_u1
LIN28 Hs00702808_s1
SOX2 Hs00602736_s1
NES Hs00707120_s1
SOX1 Hs00534426_s1
PAX6 Hs00240871_m1
TUBB3 Hs00801390_s1
FOXA2 Hs00232764_m1
HNF4A Hs00766846_s1
GATA4 Hs00171403_m1
GATA1 Hs00231112_m1
T Hs00610080_m1
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highest expressing sample of each gene as the calibrator to which the
expression of that gene in other samples was related. In cases where the
highest expresser was not consistent among experiments the value for
the highest expresser is �1 and is represented as a mean � SEM.

FACS analysis. Fluorescence-activated cell sorting was performed on
CA1 and H9 cells. hESC colonies were dissociated into single-cell suspen-
sions (as above). Cells were suspended in blocking solution containing
HBSS (Invitrogen) with 2% FCS (Hyclone) before adding primary anti-
bodies TRA-1-60 (IgM) (Millipore Bioscience Research Reagents; 1:100)

and SSEA4 (IgG) [Developmental Studies Hy-
bridoma Bank (DSHB; 1:5)] at 4°C for 30 min.
Goat anti-mouse R-phycoerythrin (RPE) con-
jugate and goat anti-mouse fluorescein iso-
thiocyanate (FITC) conjugate (both at 1:100;
Southern Biotech) secondary antibodies were
applied for 30 min at 4°C. Cells were then
washed twice and strained through a 40 �m cell
strainer. 7-AAD (7-amino-actinomycin D)
was added to mark dead and dying cells. Live
cells were sorted at low pressure (20 psi) by a
FACS Aria 3-laser system (Becton Dickinson)
using FACS DiVa software version 5.02. Cells
were sorted into four separate fractions (�/�,
�/�, �/�, and �/�) based on RPE and FITC
fluorescence. All fractions were kept on ice un-
til plated in the neurosphere assay or collected
for PCR. Unstained hESCs were used as nega-
tive controls. RPE-only-, FITC-only-, and
RPE-plus-FITC-labeled cells were used as pos-
itive controls to set gates for sorting and to as-
sess survival of sorted cells.

Immunocytochemistry. Adherent cells, colo-
nies and tissues were fixed with 4% parafor-
maldehyde in PBS, pH 7.3, for 20 min at room
temperature and then washed with three times
with PBS. Cells were permeabilized with 0.3%
Triton X-100 for 5 min and then washed twice
with PBS before being blocked with PBS con-
taining 1% BSA and 10% normal goat serum
(NGS) for 1 h at room temperature. Blocking
solution was washed off with PBS before pri-
mary antibodies were applied. Antibodies were
diluted in PBS containing 0.3% Triton and 1%
NGS, and were applied to cultures overnight
at 4°C. Primary antibodies used were as follows:
mouse monoclonal human specific anti-
NESTIN (NES) (IgG) at 1:200, mouse monoclo-
nal human specific anti-NF (IgG) (Millipore) at
1:100, rabbit polyclonal anti-RFP at 1:100, mouse
monoclonal anti-O4 (IgM), at 1:200, rabbit poly-
clonal anti-SOX1 at 1:100, mouse monoclonal
anti-MAP2 (IgG) at 1:250, mouse monoclonal
anti-NF (IgG) at 1:150, and rabbit polyclonal
anti-TH at 1:1000, anti-GAD 65/67 at 1:1000 (all
Millipore); mouse monoclonal anti-�3-tubulin
(IgG) (Sigma) at 1:500; rabbit polyclonal anti-
GFAP (Dako) at 1:1000; mouse monoclonal anti-
OCT-3/4 (IgG) (BD Biosciences) 1:200; mouse
monoclonal anti-FOXA2 (IgG) (DSHB) at 1:10;
goat monoclonal anti-FOXA2 (IgG) (Santa Cruz
Biotechnology) at 1: 200; and rabbit polyclonal
anti-VGLUT1 at 1:1000 (Synaptic Systems). Af-
ter overnight incubation, cultures were washed
3x with PBS before secondary antibodies were ap-
plied. Alexa Fluor secondary antibodies were
used at a dilution of 1:400 and included: 488 goat
anti-rabbit, 488 goat anti-mouse, 568 goat anti-
rabbit, 568 goat anti-mouse, 568 donkey anti-
goat, and 647 goat anti-mouse (Invitrogen).
Secondary antibodies were suspended in PBS

with 1% NGS and applied for 2 h at 37°C. Cultures were then washed three
times before applying Hoechst dye 33258 (0.015 mg/ml stock solution di-
luted to 0.001 mg/ml in PBS; Sigma) to stain the nuclei of all cells. Hoechst
was applied for 10 min at room temperature after which cells were washed
three times with PBS. Positive, negative, and secondary only controls were
used for each experiment. All controls were stained simultaneously using the
same method, except for the omission of primary antibodies from
secondary-only controls. Fluorescence was quantified only when neg-

Figure 1. Clonal neurospheres grow in defined conditions over 4 weeks, express only neural markers, and could differentiate
into neurons and glia. a, A floating clonal neurosphere at 28 d, grown from a single cell from an hESC colony. b, A comparison of
mRNA transcript levels in hESCs versus primary neurospheres by Q-PCR revealed that clonal NSC colonies have an entirely neural
phenotype: they express neural markers (NES, SOX1, PAX6, TUBB3) but not pluripotency genes (OCT4, LIN28), endodermal genes
(FOXA2, HNF4A, GATA4 ), or mesodermal genes (GATA1, T ), n � 4. c– g, Differentiation potential was assessed by plating single
neurospheres on matrigel-coated plates in SFM with 1% FCS for 14 d. Differentiated neurospheres produced TUBB3� (c) and
MAP2� (g) neurons (shown here growing out of a whole sphere), GFAP� (e) astrocytes, and O4� (f ) oligodendrocytes, while
many cells still expressed the neural precursor marker NES (d). All nuclei were counterstained with Hoechst stain (blue). h,
Quantification of marker proteins by ICC show that differentiated cell types consisted of neural precursors (45.9% � 6.9% NES�),
neurons (37.9% � 8.3% TUBB3�, and 15.2% � 4.2% MAP2 �), astrocytes (34.7% � 4.2% GFAP�), and oligodendrocytes
(5.8% � 1.9% O4�). i, A population of differentiating cells colocalize neural precursor marker NES, and astrocyte marker GFAP.
Cells were double labeled with GFAP (red) and NES (green) to reveal a population of differentiating cells positive for both proteins
(yellow). This overlapping expression accounts for combined marker expression in h being �100%. j, k, Differentiation to 5 weeks
produced GABAergic (j) and dopaminergic (k) neurons. Data are represented as mean � SEM; for Q-PCR, the highest expressing
sample (value of “1”) was used as the calibrator.
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ative and secondary only controls were neg-
ative for staining. Cells in the differentiation
and neural default assays were quantified by
assessing the number of positively stained cells as
a percentage of Hoechst-positive nuclei in at
least four photographed fields for a minimum
four colonies in a minimum of three individual
experiments. Cell fluorescence was visualized
using a motorized inverted microscope (IX81;
Olympus) and a Fluoview Confocal Micro-
scope (Olympus). Fluorescent images were
captured using Olympus MicroSuite version
3.2 image analysis software, MicroSuite Five
Biological Suite (Soft Imaging System), and
Olympus Fluoview Confocal Imaging System.

Embryoid body formation. To confirm the plu-
ripotent ability of CA1 and H9 hESCs, colonies
were disaggregated into �100 cell clumps (as de-
scribed previously) and cultured in hanging
drops (in media containing 15% FCS (Hyclone),
100 �M �-mercaptoethanol (Invitrogen), 100
U/ml penicillin, 100 �g/ml streptomycin, 20%
5� high-glucose DMEM, 1 mM L-glutamine, 10
mM HEPES, 0.6% glucose, 0.1% NaCO3 (all
Sigma). Thirty microliter drops containing
�3000 cells were cultured for 2 d before being
rinsed onto uncoated plates (Phoenix Biomedical)
and cultured for an additional 3 to 10 d. Alternately,
suspensionsofsinglecellssuchassortedcellsneeded
to be aggregated using greater force; thus, a “spin
embryoid body (EB)” method was used (Dang et
al.,2002;Ungrinetal.,2008).EBsgeneratedbyboth
methods were collected for Q-PCR.

Statistical analysis. Statistics were calculated
using two-way ANOVA, one-way ANOVA,
and Bonferroni post-tests. Error bars represent
the SEM of three or more replicates. Data were
pooled when no significant difference between
cell lines was determined by two-way ANOVA.
Single asterisks (*) indicate statistical signifi-
cance, with p values reported in figure legends.

Results
Single cells from hESC colonies
differentiate into colony-forming NSCs
without serum or feeder cells
To investigate the ability of single cells
from hESC colonies to proliferate in vitro
to form neural colonies in the absence of
serum, feeder layers, or EB formation, we
used conditions originally used to isolate
brain-derived NSCs that have since been
adapted for the growth of clonal neurospheres from single
mESCs (Reynolds and Weiss, 1996; Tropepe et al., 2001;). hESC
colonies were dissociated to single cell suspensions and plated at
low density in defined serum-free conditions. By 28 d in vitro,
floating neurospheres had formed ranging from 50 to 300 �m.
An average-sized colony of 150 �m contained �10,000 cells (Fig.
1a). As spheres derived from restricted progenitors tend to be
smaller (Louis et al., 2008), only spheres �75 �m were included
for analysis. Q-PCR showed that neurospheres expressed the
neural markers SOX1, NES, PAX6, and TUBB3 but not the endo-
dermal markers FOXA2, HNF4A, GATA4 nor mesodermal
marker T (also known as brachyury), indicating that these colo-
nies are neural in character (Fig. 1b). In addition, neurospheres
do not express pluripotency genes OCT4 (also known as

POU5F1) or LIN28, indicating the absence of cells that could be
teratocarcinoma initiating in vivo (Roy et al., 2006).

To determine the potential of neurospheres to form neurons
and glia, single colonies were placed on matrigel-coated plates
and differentiated in the presence of serum for 14 d. By ICC,
differentiating cells are positive for the neural precursor protein
NES, early and mature neuronal proteins TUBB3 and MAP2,
respectively, neural precursor and astrocyte marker GFAP, and
oligodendrocyte marker O4 (Fig. 1c– g). All single colonies differ-
entiated to contain proportions of neurons, astrocytes, and oli-
godendrocytes (Fig. 1h), and we found no unipotent or bipotent
spheres. Immature astrocytes stain positively for neural precur-
sor marker NES, as well as GFAP, and overlapping expression of
GFAP and NES accounted for marker quantification being
�100% (Fig. 1i). Further differentiation to 5 weeks generated

Figure 2. Neurospheres passaged clonally long term stably express neural markers after repeated passage, are committed to
the neural lineage, and are karyotypically normal. a– c, Neurospheres passaged clonally long term and stably expressed neural
markers. a, Primary neurospheres (passage 0) were dissociated and plated as single cells at clonal densities in SFM plus FGF each
month for 11 months, n � 3. Over 11 passages, an average of 79 � 3 new colonies form at each passage. b, Floating 11th passage
neurospheres formed from single dissociated 10th passage neurosphere cells. c, Q-PCR analysis compares mRNA levels in passaged
neurospheres versus cells from hESC colonies, n � 6. Passaged neurospheres stably express neural markers. d, Q-PCR analysis of
mRNAs in late passage (P5–P7) neurospheres plated on MEFs shows that they do not reinitiate expression of endodermal,
mesodermal, or pluripotency genes, n � 3. e, Karyotype for NSCs is normal under conditions of enzymatic dissociation of hESCs to
single cells, n � 6. Data are represented as mean � SEM; for Q-PCR, the highest expressing sample (value of “1”) was used as the
calibrator.
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GABAergic and dopaminergic neurons, but not glutamatergic
neurons (Fig. 1j,k).

NSCs exhibit long-term self-renewal and are stably
committed to the neural lineage
To assess long-term self-renewal, primary neurospheres were
passaged at clonal density each month. Neurospheres passaged
clonally for 11 months (Fig. 2a,b), indicating the continued gen-
eration of NSCs, in addition to progenitors that do not self-renew
over multiple passages (Seaberg and van der Kooy, 2002). More-
over, there is enormous expansion of NSCs with continued cul-
ture. A single well containing 3000 dissociated neurosphere cells
gives rise to an average of 79 � 3 (n � 11) secondary colonies
(Fig. 2a). This suggests that 2.6% of neurosphere cells are neural
stem cells. With an average of 10,000 cells per clonal neurosphere,
we estimate that each clonal sphere can give rise to 260 clonal
secondary NSC-derived spheres. This 260-fold expansion from a
single NSC with each passage suggests that a single NSC can
expand to produce over 17 million NSCs within three passages.

Q-PCR of passaged neurospheres re-
vealed that neural gene expression remained
stable over time (Fig. 2c), indicating the sus-
tained propagation of pure populations of
NSCs and their progenitors. The ability of
the progeny from late passage spheres to dif-
ferentiate into neurons and glia was con-
firmed by ICC (data not shown).

To further investigate the commit-
ment of hESC colony-derived NSCs to the
neural lineage, we plated late-passage
neurospheres on MEFs to test whether
they could generate ES-like colonies or
differentiate to endodermal or mesoder-
mal cell types. This colony selection
method is used in the derivation of in-
duced pluripotent stem cells to identify
clones that have been successfully repro-
grammed (Takahashi and Yamanaka,
2006; Takahashi et al., 2007). After 7 d of
cultivation in hESC maintenance condi-
tions, cells were collected and analyzed by
Q-PCR (Fig. 2d). This analysis revealed
that extraneural gene expression was not
initiated, further suggesting that hESC
colony-derived NSCs are intractable to
differentiation to other cell types.

Although there is some evidence that en-
zymatic cell dissociation can give rise to an-
euploidy (Mitalipova et al., 2005), NSCs
generated using our method (which in-
cludes enzymatic dissociation of hESCs)
have a normal karyotype (Fig. 2e).

NSC colonies can be clonally derived
from hESC colony cells
To establish that neurospheres can arise
from a single cell and to investigate the
frequency at which this occurs, we plated a
single cell per microwell and checked for
sphere formation at 2 weeks. After plating,
all wells were assessed for the presence of a
single cell, and only wells containing sin-
gle cells were tracked for colony growth.

In total, five colonies formed from 3881 single cells representing
0.11% of the starting population (Fig. 3a,e).

For the purpose of practical large-scale expansion of hESCs to
NSCs, growth of single cells at low densities is more efficient than
a single cell per well. To establish the density at which single
hESCs could proliferate clonally to form neurospheres rather
than by aggregation with other cells, equal numbers of RFP and
GFP hESCs were plated at final densities of 5, 10, 20, 50, and 100
cells/�l. The resulting neurospheres were scored for chimerism.
At 5 and 10 cells/�l, only unmixed spheres were found, indicating
a clonal origin (Fig. 3b,c,e), while at densities of 20 –100 cells/�l,
some spheres of mixed colors formed, indicating that these colo-
nies had arisen by aggregation (Fig. 3d,e). When single cells from
hESC colonies were plated at 10 cells/�l, 0.14% of the starting
single cell population formed neurospheres. This frequency is
similar to that of neurosphere formation when cells from hESC
colonies are plated at one cell per microwell (Fig. 3e).

Single neurospheres were also serially passaged to confirm
that the progeny from a single cell can produce large numbers of

Figure 3. Single-cell-per-well experiments illustrate that NSC colonies grow clonally. At densities of �10 cells/�l, NSC colo-
nies also grow from single cells rather than by multicellular aggregation. a, Single-cell-per-well experiments tracked the growth of
3881 individual cells and confirmed that �1 in 900 cells was capable of forming a clonal neural colony in serum-free conditions. b,
c, e, When equal numbers of RFP and GFP cells from hESC colonies were plated together (n � 4), spheres of one color (b, c) that
indicate a clonal origin, only arose at 10 and 5 cells/�l (e). d, e, Some chimeric spheres (d) arose at densities of 20 and 50 cells/�l
(e), indicating that these colonies had formed by the aggregation of �2 cells. f, A comparison of sphere formation from single cells
per well versus 10 cells/�l (3000 cells/well) showed that the frequency of sphere formation of isolated single cells was equivalent
to when cells were plated at 10 cells/�l (t(4) � 1.22, p � 0.32), n � 3. Data are represented as mean � SEM.
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NSCs at each passage. The vast majority of individual single-cell-
derived primary colonies passaged to form an average of 38 � 3
secondary, tertiary, and quaternary spheres per colony. This rep-
resents substantial expansion; however, it is less than when colo-
nies are dissociated in bulk followed by single-cell plating at
clonal density because a majority of cells die during the extreme
stress of single-sphere dissociation.

hESC colony-derived NSCs are FGF dependent, and ROCK
inhibitor improves survival but biases cell fate
NSCs derived from embryonic and adult cells are dependent on
different growth factors for their propagation in vitro. mESC-
derived primary neurospheres originate from “primitive” NSCs
(pNSCs) that rely on leukemia inhibitory factor (LIF) to mediate
self-renewal, where passaging of these neurospheres yields “de-
finitive” NSCs (dNSCs) dependent on FGF (Tropepe et al., 2001;
Hitoshi et al., 2004; Smukler et al., 2006). Embryonic and adult
mouse forebrain ventricular tissue contains NSCs that require
FGF or EGF to form primary and secondary colonies (Tropepe et
al., 1999). To ascertain whether there is a specific growth factor
dependency of input cells that survive to proliferate as NSCs, cells
from hESC colonies were plated at clonal densities in wells con-
taining LIF, FGF, EGF, and the culture supplement B27 either
singly or in combination. At low cell densities, input cells were
dependent on FGF but not LIF, EGF, or B27 (Fig. 4a). Cell sur-
vival and proliferation are extremely limited in the minimal cul-
ture conditions provided by SFM. We assessed cell survival by
plating 50 cells per well and then scoring live cells by trypan blue
exclusion at various time points. When 50 cells/well were plated
in SFM alone, 69.7 � 7.9%, 38.6 � 4.9%, and 15.5 � 3.3% of cells
survived to 4 h, 24 h, and 3 d, respectively (doublets and aggre-
gates were not scored). The addition of FGF and B27 improved
survival to 87.92 � 2.8%, 65.8 � 5.8%, and 33.5 � 8.3% at 4 h,
24 h, and 3 d, respectively (Fig. 4b).

It has been shown that addition of ROCK inhibitor Y-27632
diminishes the dissociation-induced apoptosis that challenges
hESC survival after dissociation to single cells (Watanabe et al.,
2007). Survival of hESCs in SFM with FGF and B27 can be further
improved by the addition of ROCK inhibitor such that the fre-
quency of sphere generation is increased by 14-fold to 60.8 � 15.3
spheres per 3000 cells (2% of the starting hESC population). In
addition, these colonies are ready to be collected in 11 d rather
than in 2 to 4 weeks. Unfortunately, primary, secondary, and
tertiary neurospheres cultured with ROCK inhibitor do not com-
pletely neuralize (Fig. 4c) and also display residual pluripotency,
as evidenced by their ability to form ESC-like colonies when
plated on MEFs (Fig. 4d). Even when ROCK inhibitor is used
only in primary neurosphere culture and then removed from
subsequent culture, passaged spheres retain pluripotency (data
not shown), and as such could be unsuitable for cell therapies.
Q-PCR for regional marker expression also indicated differences
between NSCs derived with and without ROCK inhibitor: NSCs
derived clonally without ROCK inhibitor are regionally uncom-
mitted in that they express both anterior (EMX1, OTX1) and
posterior (EGR2, HOXB4) markers, while NSCs grown with
ROCK inhibitor present an anterior phenotype. In ROCK
spheres, there is a 16-fold increase in OTX expression, a 1.7-fold
increase in EMX1 expression, a 6.5-fold decrease in EGR2 expres-
sion, and a 94.6-fold decrease in HOXB4 expression compared
with neurospheres grown without ROCK inhibitor (fold differ-
ence relative to control, normalized to 18S).

Unlike mESCs, neural specification of hESCs does not occur
in minimal culture but in maintenance culture conditions
During vertebrate gastrulation, the first neurally specified cells
arise from the ectoderm (Spemann and Mangold, 1924) through
a process of release from the inhibition of local BMPs (Hemmati-

Figure 4. Primary neurosphere formation is dependent on FGF, and the addition of growth
factors improves survival in SFM, but ROCK inhibitor influences cell fate. a, A comparison of
culture conditions with addition of different growth factors reveals that the ability of single cells
from hESC colonies to form neurospheres was reliant on the addition of FGF. One-way ANOVA
showed a significant main effect of growth factors (F(7,31) � 56.46, p � 0.0001), while Bon-
ferroni’s multiple-comparison tests showed a significant difference between FGF and LIF ( p �
0.05) and FGF�B27 compared with LIF�B27 ( p � 0.05), illustrating that neurospheres are
FGF dependent and not LIF dependent, n � 4. b, Single-cell survival in SFM versus SFM with
growth factors represents the survivors as a percentage of starting cell populations. Two-way
ANOVA showed that the survival of single cells in both conditions is diminished over time
(F(2,30) � 42.40, p � 0.0001) and that the addition of growth factors to single cells in SFM
improves survival (F(1,30) � 19.23, p � 0.0001), n � 3. c, Comparison of mRNA levels by Q-PCR
showed that primary, secondary, and tertiary spheres cultured with ROCK inhibitor maintain
expression of pluripotency (OCT4, LIN28) and non-neural genes (FOXA2, HNF4A, T and GATA4 )
unlike neurospheres from standard culture (Fig. 1k,l ) that only express neural markers, n � 6.
d, Q-PCR analysis of mRNA transcripts show that when ROCK inhibitor-cultured spheres are
plated on MEFs in hESC maintenance conditions, ESC-like colonies form, and FOXA2 ( p �
0.001), HNF4A ( p � 0.001), and GATA4 ( p � 0.001) expression is upregulated (by Bonferroni
post-test comparison of primary, secondary, and tertiary spheres to passaged spheres on MEFs),
n � 10. The data from c and d indicate that exposure to ROCK inhibitor prevents complete
neuralization of hESCs in minimal conditions, resulting in colonies containing cells that are not
stably committed to a neural lineage. Data are represented as mean � SEM; for Q-PCR, the
highest expressing sample (value of “1”) was used as the calibrator.
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Brivanlou and Melton, 1994). BMPs are members of the TGFB
superfamily that are strong inhibitors of neural differentiation
(Wilson and Hemmati-Brivanlou, 1995). Noggin, Chordin, and
Follistatin secreted from a specialized group of dorsal mesoder-
mal cells (organizer/node) bind BMPs extracellularly, preventing
them from binding to their receptors on ectoderm cells and pro-
moting neuralization (Piccolo et al., 1996). The underlying asser-
tion of this model is that in the absence of extrinsic signaling,
ectodermal cells (and even earlier embryonic cells) become neu-
ral. This “default” mechanism of neural fate specification was
elucidated by experiments in which single cells from early cleav-
age and gastrulating embryos were cultured at low density in

serum-free conditions, mimicking an envi-
ronment free of extrinsic signaling. In these
conditions, cells autonomously adopted a
neural identity (Godsave and Slack, 1989;
Grunz and Tacke, 1989; Sato and Sargent,
1989). Low-density culture in minimal,
serum-free conditions with mESCs yielded
similar findings as these cells adopted a neu-
ral phenotype within 4 to 24 h (Tropepe et
al., 2001; Smukler et al., 2006).

Based on these studies, we hypothe-
sized that single pluripotent hESCs would
directly transition to a neural identity in
minimal conditions by a default mecha-
nism. To test this, we cultured dissociated
single hESC colony cells at 1 cell/�l in
SFM with no growth factors (neural default
conditions) and collected the cells at various
time points for analysis by Q-PCR. By day 3,
hESCs had begun to downregulate expres-
sion of pluripotency and mesodermal genes,
but not endodermal genes (Fig. 5a). Taking
into account the longer cell cycle time of
hESCs (analysis at day 3), this was still a dif-
ferent outcome than the experiments with
mESCs that showed exclusively neural gene
expression by 24 h. This result made us
question the assumption of our original hy-
pothesis that NSCs would transition directly
from pluripotent hESCs in minimal condi-
tions—i.e., are hESCs becoming prespeci-
fied in maintenance conditions? To address
this assumption, we sorted cells from con-
fluent hESC colonies labeled with cell sur-
face antigens TRA-1-60 and SSEA4. These
markers are expressed on pluripotent
hESCs and become downregulated during
differentiation (Henderson et al., 2002). We
then cultured all four fractions of TRA-1-60
and SSEA4 sorted cells in the clonal neuro-
sphere assay to determine which fractions
could give rise to NSC-containing neuro-
spheres. Surprisingly, the pluripotent
(double-positive) cells did not form neuro-
spheres. In fact, it was the TRA-1-60�/
SSEA4� fraction that contained the
sphere-originating cells (Fig. 5b). In con-
fluent colonies TRA-1-60�/SSEA4�, cells
represent only 6.1% of the mixed popula-
tion (Fig. 5c) and TRA-1-60�/SSEA4� cells
produced clonal neurospheres at a fre-

quency of 0.7% (adjusted to control for loss of cells in FACS). This
means that in 3000 cells plated, �180 cells will be TRA-1-60�/
SSEA4�, and with a sphere formation frequency of 0.7% should
produce �12 neurospheres. In fact, when unsorted cells were placed
in the neurosphere assay, the frequency of sphere production was
0.1% or 4.1 � 0.5 spheres per 3000 cells, indicating that even in
mixed cultures it may only be the single �/� cells that give rise to
spheres. These data suggest that neural fate specification is taking
place in the hESC maintenance cultures, and that cells primed for
neural differentiation are those surviving to proliferate into spheres.

To establish an expression profile of the neurosphere-forming
cell, gene expression of TRA-1-60�/SSEA4� was compared with

Figure 5. hESCs default to a mixed ectodermal and endodermal identity in SFM alone. Neurosphere-originating cells are
TRA-1-60 �/SSEA4 �, make up 6.14% of cells in confluent colonies, and are characterized by elevated levels of neural and
endodermal gene expression. a, A comparison of gene expression by Q-PCR analysis of mRNAs from confluent cells from hESC
colonies in maintenance conditions versus single cells from hESC colonies at low density in SFM for 3 d shows that when cells from
hESC colonies are free of extrinsic signals their phenotype shifts from pluripotent to mixed endodermal and ectodermal. Two-way
ANOVA revealed a significant interaction between gene expression and time in SFM alone (F(10,54) �8.24, p�0.0001). Bonferroni
post-tests showed a significant decline in pluripotency genes OCT4 ( p � 0.01), LIN28 ( p � 0.01), and SOX2 ( p � 0.05), as well as
the mesoderm gene T ( p � 0.001), along with a significant increase in expression of the neural gene SOX1 ( p � 0.001), n � 4. b,
When single cells from hES colonies were sorted on TRA-1-60 and SSEA4 expression and the resulting four fractions were plated at
clonal density in SFM plus growth factors, only cells from the double-negative fraction could form neurospheres, indicating that the
neurosphere-originating cell in an unsorted population is a TRA-1-60 �/SSEA4 � cell. One-way ANOVA showed a significant main
effect of starting cell population (F(6,34) � 10.06, p � 0.0001), while Bonferroni’s post-test revealed a significant difference in the
sphere-forming capacity of TRA-1-60 �/SSEA4 � cells vs TRA-1-60 �/SSEA4 � cells ( p � 0.05), n � 7. c, FACS shows that a
minority of cells in confluent cells from hES colonies are TRA-1-60 �/SSEA4 � (6.14 � 1.35%), supporting the idea that neuro-
spheres are arising solely from this fraction. The majority of hESCs in confluent colonies are TRA-1-60 �/SSEA4 � (65.78�3.23%),
with the remaining 7.12 � 2.31% being TRA-1-60 �/SSEA4 �, and 21.24 � 3.84% being TRA-1-60 �/SSEA4 �, n � 9. d, A
comparison of mRNA transcript levels by Q-PCR in TRA-1-60 �/SSEA4 � versus TRA-1-60 �/SSEA4 � cells showed significant
differences in pluripotency, and neural and endodermal gene expression (significant interaction between sorted fraction and gene
expression by two-way ANOVA: F(10,58) � 14.67, p � 0.0001). The TRA-1-60 �/SSEA4 � fraction, which contains the
neurosphere-forming cell, is characterized by the significant upregulation of neural genes SOX1 ( p � 0.001) and PAX6 ( p �
0.001), and endodermal genes FOXA2 ( p � 0.001), HNF4A ( p � 0.001), and GATA4 ( p � 0.001); and downregulation of OCT4
( p � 0.001) (all by Bonferroni post-tests), n � 4. Data are represented as mean � SEM; for Q-PCR, the highest expressing sample
(value of “1”) was used as the calibrator.
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TRA-1-60�/SSEA4� cells by Q-PCR. This analysis revealed a
downregulation of pluripotency gene OCT4 along with an up-
regulation in the neural genes SOX1 and PAX6 and endodermal
genes FOXA2, HNF4A, and GATA4 in the double-negative frac-
tion (Fig. 5d). We predict that the TRA-1-60�/SSEA4� cells con-
tain separate neural and endodermal populations. This is
supported by studies on colony morphology demonstrating that
extraembryonic endoderm-like cells tend to ring the outsides of
hESC colonies, while small clusters of neuroepithelial-like cells
are contained within (Peerani et al., 2007).

Noggin promotes neural fate specification only in hESC
maintenance cultures
As previously described, neural fate specification in the embryo
relies on the inhibition of BMPs by antagonists such as Noggin
(Zimmerman et al., 1996; Muñoz-Sanjuán and Brivanlou, 2002).
Neuroectodermal differentiation of hESCs is improved by cul-
ture with Noggin; however, this has been achieved by concomi-
tant growth on transgenic MS5-Wnt1 stromal feeders that
facilitated neural differentiation (Sonntag et al., 2007). In an-
other study, Noggin treatment was administered to multicellular
hESC aggregates that proliferated in minimal conditions and
were highly but not exclusively enriched for neural progenitors
(Itsykson et al., 2005). As previously mentioned, neural default
studies suggest that Noggin promotes neural fate specification by
inhibiting paracrine signaling in vivo (Zimmerman et al., 1996),
while single cells grown at low cell densities will acquire a neural
fate autonomously (Godsave and Slack, 1989; Grunz and Tacke,
1989; Sato and Sargent, 1989). This suggested that to use Noggin
to direct differentiation in our clonal assay, it might be more
effective to administer it to hESC colonies in maintenance culture
conditions rather than to single cells in neurosphere-forming
conditions. We added Noggin to hESC maintenance cultures
each day for 6 –7 d before colonies reached confluency. We then
plated these Noggin-treated cells from hESC colonies in the
clonal sphere-forming assay. Noggin-treated cells from hESC
colonies produced significantly more neurospheres than controls
(Fig. 6), indicating that inhibition of BMPs facilitates the process
of neuralization of hESCs. To test the effects of Noggin on single
cells from hESC colonies in low-density minimal conditions
(SFM plus growth factors), we grew hESC colonies to confluency
in the absence of Noggin and then added Noggin to our neuro-
sphere culture. In this case, there was no increase in the number
of spheres produced (Fig. 6), indicating that inhibition of BMPs
by Noggin mediates the hESC-to-NSC transition by inhibiting
paracrine signaling in high-density ESC maintenance cultures
rather than inhibiting autocrine signaling in low-density, mini-
mal culture conditions.

Transplanted clonal NSCs integrate into host mouse striatal
tissue, differentiate into neurons and glia, and do not produce
tumors
To evaluate the tumorigenicity of clonal NSCs and to assess their
ability to integrate and form neurons and glia in vivo, clonal NSCs
were transplanted into or near the striatum of neonatal mice.
After 3 weeks, clonal NSC progeny differentiated to form separate
neural precursor cells positive for NES (Fig. 7a,b), neurons pos-
itive for NF (Fig. 7c,d), and glia positive for GFAP (Fig. 7e,f).
Transgene shutoff during differentiation of transplanted cells was
noted, as many cells positive for human specific NES did not have
RFP� nuclei (Fig. 7a). Nonetheless, only cells with RFP� nuclei
were scored, so differentiated cell counts may underestimate the
percentage of human cells positive for each marker. Transplanted

clonal NSCs integrated into mouse tissue (Fig. 7a,c,e) and, im-
portantly, did not produce tumors in any of the hosts, whereas
tumors arose in two of three mice transplanted with hESCs (Fig.
7g–i). Despite the residual pluripotency displayed by neuro-
sphere cells cultured in the presence of the ROCK inhibitor, these
cells did not produce tumors when transplanted in hosts (n � 4).

Discussion
This article reports the development of an assay that allows for the
clonal isolation of NSCs from hESC colonies. In the absence of
serum, feeder layers, or EB formation, single cells from hESC
colonies differentiate into colony-forming NSCs that can be
propagated, expanded long term, produce progenitor cells that
differentiate into neurons and glia in vitro and in vivo, and are not
tumorigenic in vivo. There have been many previous studies re-
porting the derivation of neural cells from hESCs; however, these
protocols have relied on high-density cell culture (Nistor et al.,
2005; Chambers et al., 2009), long-term differentiation (Reubi-
noff et al., 2001), and EB formation (Schuldiner et al., 2001;
Zhang et al., 2001; Kang et al., 2007; Elkabetz et al., 2008). Under
high-density culture conditions, it is impossible to assess the
properties of an NSC, and there is potential carryover of
teratoma-forming ES cells to transplantable populations. Some
of these studies also describe the formation of neurospheres as a
method of neural precursor selection (Reubinoff et al., 2001;
Zhang et al., 2001; Nistor et al., 2005; Kang et al., 2007), but,
again, this is done at high cell densities or with cell clusters. It
must be emphasized that the protocol presented in this article
produces clonal neurospheres. This enables us to distinguish

Figure 6. Noggin treatment of hESC colonies enhances the generation of NSCs but admin-
istration of Noggin to low-density neurosphere culture has no effect. When Noggin was admin-
istered as a “treatment” to hESC colonies grown to confluency in maintenance conditions, these
cells went on to produce significantly more neurospheres than when Noggin was added directly
to single cells in hESC colonies in neurosphere-forming minimal conditions (“Noggin in SFM”).
Data are represented as a fold of control (neurosphere formation from single cells grown in SFM
plus growth factors in the absence of Noggin). Two-way ANOVA shows a main effect of treat-
ment (F(1,8) � 7.17, p � 0.03), n � 3. This result illustrates that Noggin-mediated neuraliza-
tion takes place when cells are grown at high densities, rather than at low (clonal) densities,
where paracrine signaling has ceased. Data are represented as mean � SEM.
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multipotent NSCs from other cell types. We also observed differ-
entiation of these clonal neurospheres into neurons and astro-
cytes similar to that reported by Reubinoff et al. (2001) and
Zhang et al. (2001). As was found in those studies, oligodendro-
cyte formation was very low in our differentiation cultures, pos-
sibly because oligodendrocytes require specific growth factors
and much longer periods for differentiation to mature, morpho-
logically distinct phenotypes (Nistor et al., 2005; Kang et al.,
2007).

The current study defines the clonal neurosphere-forming cell
as a TRA-1-60�/SSEA4� cell that grows within hESC colonies
and reveals that BMP inhibition with Noggin mediates the acqui-
sition of this identity. It is possible that pluripotent TRA-1-60�/
SSEA4� hESCs could form neurospheres directly but that the cell
death associated with dissociation of pluripotent cells to single
cells prevents this. Cloning of single pluripotent hESCs is notori-
ously difficult. Perhaps this has less to do with the sensitivity of
single cells than the culture requirements of colony-forming cells.
Initial studies on the dependence of undifferentiated culture of
hESCs on bFGF examined heterogeneous populations of cells for
the presence of FGF receptors but assumed it was the undifferen-

tiated fraction that possessed them (Xu et
al., 2005a,b). It has since been shown that
all known FGF receptors are expressed on
the subfraction of hESCs that lack OCT4
expression and are incapable of forming
pluripotent colonies. A signaling loop is
established between differentiated cells
that receive FGF and in turn secrete
insulin-like growth factor (IGF) for which
pluripotent, clonogenic hESCs have re-
ceptors (Bendall et al., 2007). We propose
that in the minimal conditions we use to
generate clonal neurospheres, cell densi-
ties are so low that paracrine signaling
ceases between differentiated cells and
pluripotent cells, such that there is insuf-
ficient IGF for pluripotent cells to survive.
Being FGF dependent, the TRA-1-60�/
SSEA4� fraction is sustained by growth
factor supplementation and proliferates
to form clonal NSC colonies. We observed
that SOX1 was expressed in the TRA-1-
60�/SSEA4� population and in neuro-
spheres but not in hESCs. This suggests
that Sox-1 may be a specific, early marker
for identifying neural stem cells.

Neural fate specification in mESCs
takes place in the absence of extrinsic sig-
nals, paralleling a model of BMP inhibi-
tion in vivo (Tropepe et al., 2001; Smukler
et al., 2006). Although studies using
hESCs have supported the concept of neu-
ral differentiation by default, the analyses
were not clonal (Schulz et al., 2004; Vallier
et al., 2004). In our clonal neural default
assay, substantial cell death and the het-
erogeneity of starting cell populations
confound this experimental approach.
However, our finding that pluripotent
hESCs do not become entirely neural
when grown in serum-free conditions in
the absence of growth factors does not

rule out a neural default program. The ability of the BMP inhib-
itor Noggin to increase the frequency of sphere formation when
added to hESC maintenance culture but not sphere-formation
media suggests that neural specification occurs in hESC culture
by the removal of an inhibitor (the in vivo demonstration of a
default mechanism). The inherent heterogeneity of hESC cul-
tures could be creating local signaling microenvironments (akin
to the regional inhibitory environment that leads to neural spec-
ification in the embryo) that can influence cell fate along extra-
embryonic endodermal or neuroectodermal lineages (Sonntag et
al., 2007). However, it is only neurally specified cells that survive
and proliferate to form colonies in serum-free media, suggesting
that the neural cells of the TRA-1-60�/SSEA4� fraction have a
survival advantage. These minimal conditions also seem to select
for dNSCs rather than the pNSCs that are selected from mESCs in
neural default conditions (Smukler et al., 2006) because, first, the
human cells have been specified previously in maintenance hESC
culture conditions, and, second, only differentiated FGF-
dependent human NSCs (hNSCs) survive in minimal neural cul-
ture conditions. Indeed, the lack of dependence of hESCs and
their early progeny on exogenous LIF suggests that it is impossi-

Figure 7. Transplanted clonal hNSCs integrate into host tissue, differentiate into neurons and glia, and do not form tumors,
while transplanted hESCs do not integrate and form tumors. a, c, e, Integration and differentiation of transplanted human cells into
host tissue. b, d, f, Quantification of marker proteins in transplanted hESC-derived clonal neurosphere cells grown without ROCK
inhibitor shows that 16.1 � 3.3% (n � 3) are NES� (b); 35.25%�8.1% (n � 4) are NF� (d); and 4.9%�0.03% (n � 3) are
GFAP� (f ). a, Transgene shutoff occurred in some differentiated cells, confirmed by human specific antibody staining in the
absence of RFP� nuclei. g–i, Transplanted hESCs do not integrate and give rise to hyperproliferative masses in two of three hosts.
All nuclei were counterstained with Hoechst stain (blue). Data are represented as mean � SEM.
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ble to use LIF in minimal culture conditions to isolate a pNSC
from hESCs as is done in mouse ESC cultures. Recently, LIF-
dependent “naive” hESCs were generated from normal or
“primed” hESCs by ectopic expression of OCT4, KLF2, and KLF4
(Hanna et al., 2010). The use of these naive hESCs in neural
default studies may better aid the investigation of the acquisition
of neural identity by pluripotent cells. The mechanism by which
TRA-1-60�/SSEA4� cells are prespecified to TRA-1-60 �/
SSEA4 � cells in maintenance cultures has yet to be elucidated. As
such we have not succeeded in completely specifying the mecha-
nisms underlying the direct differentiation of pluripotent hESCs
to hNSCs.

The influence on cell fate of certain culture agents begs further
investigation in light of our findings that neurospheres cultured
with ROCK inhibitor harbor cells with some pluripotent ability
even after multiple passages in conditions that would normally
specify cells irreversibly to a neural lineage. We observed that
LIN28 expression decreased significantly in spheres grown with-
out ROCK inhibitor but was maintained in neurospheres cul-
tured in the presence of ROCK inhibitor. Also, though OCT4
expression has essentially been shut off in tertiary spheres that are
able to re-form ES-like colonies, LIN28 expression is maintained.
LIN28 is an RNA-binding protein highly expressed in undiffer-
entiated hESCs (Balzer et al., 2010) and is known to regulate
OCT4 (Qiu et al., 2010). It is possible that sustained expression of
LIN28 is the mechanism by which spheres grown in ROCK in-
hibitor maintain an ability to revert to a pluripotent phenotype. It
is unclear whether the addition of ROCK inhibitor to our sphere-
formation cultures selected for a different, more pluripotent,
proliferative cell, or altered the fate of the NSC. In either case,
these cells were specified but not committed to the neural lineage,
leaving the potential for them to form other, possibly tumori-
genic, cell types. Interestingly, in vivo transplantation of NSCs
grown with ROCK inhibitor did not produce tumors in hosts.

The importance of this work lies in the clonality of the
method. The ability to select and expand single hESC colony-
derived NSCs is crucial for a variety of reasons. hESC colonies are
heterogeneous, containing cells with differing developmental po-
tential. Dissection of neuroepithelial rosettes from hESC cultures
and/or uncontrolled differentiation to neural subtypes through
an EB stage has produced mixed populations of cells, some of
which retain unsuitable capabilities such as teratoma formation
in graft recipients (Brederlau et al., 2006; Roy et al., 2006). Com-
mitment to the neural lineage must be stable and complete before
cells are expanded for the purpose of transplantation, and this
process can by aided by the selection and expansion of single
neural stem cells. The propensity of hESCs maintained in vitro to
undergo genetic and epigenetic alterations (Draper et al., 2004;
Maitra et al., 2005), as well as the standard heterogeneity of col-
onies, make clonal selection of untransformed and specified cells
a prudent step in the differentiation and expansion of hESCs to
transplantable cell types.
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