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Human ES cell-derived neural rosettes
reveal a tunctionally distinct early neural
stem cell stage
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Neural stem cells (NSCs) yield both neuronal and glial progeny, but their differentiation potential toward
multiple region-specific neuron types remains remarkably poor. In contrast, embryonic stem cell (ESC)
progeny readily yield region-specific neuronal fates in response to appropriate developmental signals. Here we
demonstrate prospective and clonal isolation of neural rosette cells (termed R-NSCs), a novel NSC type with
broad differentiation potential toward CNS and PNS fates and capable of in vivo engraftment. R-NSCs can be

derived from human and mouse ESCs or from neural plate stage embryos. While R-NSCs express markers
classically associated with NSC fate, we identified a set of genes that specifically mark the R-NSC state.
Maintenance of R-NSCs is promoted by activation of SHH and Notch pathways. In the absence of these
signals, R-NSCs rapidly lose rosette organization and progress to a more restricted NSC stage. We propose that
R-NSCs represent the first characterized NSC stage capable of responding to patterning cues that direct
differentiation toward region-specific neuronal fates. In addition, the R-NSC-specific genetic markers
presented here offer new tools for harnessing the differentiation potential of human ESCs.
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Neural stem cells (NSCs) are defined by their ability to
clonally give rise to the three major CNS lineages: neu-
rons, astrocytes, and oligodendrocytes. The in vitro iso-
lation and propagation of NSCs from the developing and
adult CNS has provided an essential tool to study neural
precursor biology and lineage differentiation potential
(Gage 2000). Much attention has been focused on the
factors directing the expansion and differentiation of
NSCs in vitro. These studies demonstrated that single
factors act instructively to specify neuronal versus glial
fate choice (Johe et al. 1996). Two major challenges have
limited the use of NSCs to study neural differentiation
and to develop cell-based strategies for brain repair: First,
under most growth conditions, NSCs show increased
gliogenic bias and concomitant loss of neurogenic poten-
tial in culture. Second, in vitro expanded NSCs cannot
be regionally specified in response to developmental pat-
terning cues. For example, SHH/RA or SHH/FGFS treat-
ment induce motoneuron and midbrain dopamine neu-
rons, respectively, in neural plate explants (Roelink et al.
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1995; Ye et al. 1998) and embryonic stem cell (ESC) prog-
eny (Wichterle et al. 2002; Barberi et al. 2003) but not in
cultured NSCs (Caldwell et al. 2001; Jain et al. 2003).
Recent work has shown improved neurogenic poten-
tial of NSCs after long-term culture (Conti et al. 2005),
although potential for regional specification was not ad-
dressed. Studies in mouse ESCs suggested the existence
of FGF2/LIF-responsive primitive NSCs (Tropepe et al.
2001). However, these cells exhibit ESC-like differentia-
tion potential in chimeric mice and cannot be main-
tained without progressing toward a “definitive” NSC
stage with limited differentiation potential. Therefore,
despite the contribution of these recent studies the iso-
lation of NSCs with true self-renewal and full patterning
and differentiation potential has remained elusive.
During neural differentiation human ESCs (hESCs) un-
dergo morphogenetic events characterized by the forma-
tion of radially organized columnar epithelial cells
termed “neural rosettes” (Zhang et al. 2001; Perrier et al.
2004). These structures comprise cells expressing early
neuroectodermal markers such as Pax6 and Sox1 and are
capable of differentiating into various region-specific
neuronal and glial cell types in response to appropriate
developmental cues (Perrier et al. 2004; Li et al. 2005).
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The broad differentiation potential is unique to early ro-
sette stage cells and lost upon further in vitro prolifera-
tion. Similar differential competency to patterning sig-
nals is observed in neural development comparing neural
precursors at the neural plate stage exhibiting broad pat-
terning potential versus neural precursors emerging after
neural tube closure (Jessell 2000).

A key question remains as to whether early rosette
stage cells contain NSCs that can be prospectively iso-
lated and maintained in vitro while retaining their broad
differentiation potential. We and others have shown pre-
viously that hESC-derived neural rosettes can be prolif-
erated in the presence of FGF2/EGF, giving rise to pre-
cursor cells that maintain expression of NSC markers
such as Sox1, Sox2, and nestin, but lack epithelial orga-
nization (Conti et al. 2005; Tabar et al. 2005; Shin et al.
2006). We further demonstrated that upon transplanta-
tion these cells were capable of integrating into the adult
SVZ and contributing to olfactory neurogenesis in a
manner similar to host adult rodent NSCs (Tabar et al.
2005). The stem cell characteristics of ESC-derived
NSCs have been further demonstrated by clonal analysis
in vitro (Barberi et al. 2003). However, there is no evidence
that in vitro expanded ESC-derived NSCs can be regionally
specified in a manner similar to rosette stage cells.

Here we demonstrate that hESC-derived rosettes rep-
resent a novel type of NSCs that can be prospectively
isolated, regionally specified, and expanded in vitro
without losing rosette properties. By default, neural ro-
settes adopt anterior CNS characteristics, including ex-
pression of Foxglb (BF1) (Tao and Lai 1992). However,
prospective isolation of these BF1* rosettes using Forsel,
a marker of stem and precursor cells specific to anterior
CNS fate, demonstrated respecification toward caudal
fates, including spinal motoneurons or midbrain dopa-
mine neurons. The stem cell nature of rosettes was as-
sessed by clonal analysis demonstrating rosette reforma-
tion and patterning from single-cell progeny. While ro-
sette stage cells express the currently known NSC
markers, we identified a unique set of genes selectively
expressed in rosette stage cells. Furthermore, rosette
stage cells exhibit distinct growth requirements and dif-
ferentiation potential toward both CNS and PNS fates.
Finally, we demonstrate that in addition to hESCs, both
mouse ESCs and primary tissue at the neural plate stage
can serve as a source of neural rosettes. We propose that
neural rosettes represent a novel NSC type distinct from
currently characterized NSC stages. The unique differ-
entiation potential of rosette cells yields improved ac-
cess to therapeutically relevant neuron types. Insights
from our study on the molecular mechanisms control-
ling rosette state should enhance basic understanding of
NSC biology.

Results

hESC-derived neural rosettes adopt polarized
neuroepithelial structures of anterior CNS fate

The morphogenetic events underlying rosette induction
and CNS regionalization, and the relationship of rosettes

Human ES cell-derived neural rosettes

and NSC biology are poorly understood. To address these
questions we monitored neural induction and rosette
formation in hESC cultures on neural-inducing MS5
stroma (Barberi et al. 2003; Perrier et al. 2004) and upon
neural induction using a serum-free embryoid body
(SFEB) culture protocol (Zhang et al. 2001; Watanabe et
al. 2005). Gene expression analysis confirmed the pro-
gressive loss of pluripotency markers such as Nanog, and
an increase in the expression of markers defining early
neural fate (Fig. 1A). Progressive neural fate specification
was paralleled by an increase in the expression of mark-
ers defining anterior CNS identity at the expense of cau-
dal markers (Fig. 1B). These data demonstrate that in the
absence of extrinsic patterning cues neural rosettes ac-
quire markers of anterior neural ectoderm.

The formation of neural rosettes (Supplemental Fig. 1)
was initiated by the acquisition of cell polarity in hESC
progeny illustrated by the redistribution of ZO-1, a tight
junction protein (Itoh et al. 1993) expressed evenly on
the surface of undifferentiated hESCs (Fig. 1C). We ob-
served that asymmetric apical localization of ZO-1 is a
key feature of neural induction (Fig. 1D,E) whereby ZO-1
is colocalized with the neuroepithelial marker N-cad-
herin (N-cad) at adherens junctions. Distribution of the
stem cell marker CD133 similarly became restricted to
the apical membranes during neural induction (Fig. 1F).
Cell polarity within rosettes was paralleled by a func-
tional asymmetry characterized by the specific distribu-
tion of cell nuclei undergoing M phase. While all cells
within rosettes proliferated and incorporated BrdU, M-
phase cells marked by Phospho-Histone H3 (PH3) ex-
pression were restricted to the luminal zone of rosettes
(Fig. 1G). Most rosette cells expressed Pax6, while a sub-
set of these cells coexpressed 3CB2 (Fig. 1H), a marker of
radial glia (Prada et al. 1995; Conti et al. 2005). Immu-
nocytochemical analyses confirmed the neural stem cell,
neuroepithelial, and anterior CNS character of hESC-de-
rived neural rosettes (Fig. 1I-K). Expression of NSC
markers was maintained after FGF2/EGF expansion of
neural rosette progeny (Tabar et al. 2005). These FGF2/
EGF expanded cells match marker expression and func-
tional properties of symmetrically dividing NSC popula-
tions (NS cells) (Conti et al. 2005) described previously,
and are defined in the context of this study as NSCsF<F/
ecr. While NSCsFSF2/EGF express NSC and radial glial
markers comparable with rosette stage cells (Fig. 1L,M),
NSCsPSF2/EGF show decreased expression of BF1 and a
complete loss of epithelial organization and ZO-1 ex-
pression (Fig. 1N,O).

Forsel as a marker for the prospective isolation
and clonal derivation of anterior neural rosette cells

We next tested whether neural rosette cells exhibit NSC
properties similar to those described for NSCFGF2/EGE
cultures (Conti et al. 2005; Tabar et al. 2005). To this end
we developed a strategy aimed at the prospective isola-
tion of putative rosette stage NSCs. Cultures of early
hESC-derived neural rosettes are not homogenous and
can contain differentiated neurons, neural crest deriva-
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Figure 1. hESC-derived neural rosettes adopt polarized
neuroepithelial structures of anterior CNS fate. (A) RT-
PCR analysis during neural rosette formation for neurec-
todermal (Pax6 and Soxl1), neuroepithelial (N-cad), and
neural precursor (Nestin) markers, as well as markers of
undifferentiated hESCs (Nanog). (B) RT-PCR analysis for
anterior CNS markers (BF1, Six3, and Otx2) and markers
of posterior CNS fate (Gbx2, Krox20, and Hoxb4). (C) Im-
munocytochemistry for tight junction protein ZO-1 in
undifferentiated hESCs, in day 12 rosettes (D), and in day
16 rosettes colocalized with N-cad (E). (F) Immunocyto-
chemistry for CD133 and N-cad. Dashed line outlines a
single rosette with an average diameter of ~100 um. (G)
Immunocytochemistry for PH3 and BrdU. Evidence of in-
terkinetic nuclear migration. (H) Expression of Pax6 and
the radial glia marker 3CB2. Immunocytochemistry in
hESC-derived rosettes for markers of NSCs (Nestin and
Sox2; I), neuroepithelial cells (Pax6 and Sox1; J), and an-
terior fate (Pax6 and BF1; K). Immunocytochemistry in
NSCsFSF2/ECE for markers of NSCs (Nestin and Sox2; L),
radial glia and neuroepithelial cells (Pax6, 3CB2, and
Sox1; M), and anterior fate (BF1; N, and ZO-1; O). The
morphological progression to rosette and NSCsFGF2/EGE
state is presented in Supplemental Figure 1. Bar in O cor-
responds to 12.5 pm in D, 35 um in G (inset), 50 pm in E
and H, 67 pm in C and G, 100 pm in I and L-N, 125 pm
in F, and 200 uym in J and K.

ESC to Neural Rosettes

NscFGFIEGF

tives, nonneural derivatives, or undifferentiated hESCs.
Forsel was originally isolated as an antibody recogniz-
ing a surface epitope expressed in neuroepithelial cells
derived upon RA-induction of the human embryonal car-
cinoma cell line NT2D1 (Tole et al. 1995). A recent
study reported Forsel expression in a subset of hESC-
derived neural progeny (Pruszak et al. 2007). We ob-
served that hESC-derived neural rosettes show a progres-
sive increase in Forsel expression, labeling cells within
N-cad* rosettes (Fig. 2A). Dissociation of neural rosettes
revealed that Forsel expression is restricted to nestin®
cells and not expressed in B3-Tubulin* neurons (Fig.
2B,C). Additional characterizations of Forsel expression
are presented in Supplemental Figures 2-5.

Clonal analysis of prospectively isolated rosette cells
was performed using a constitutively eGFP-expressing
hESC line (RU-01eGFP) (James et al. 2006). Forsel*/N-
cad” cells were isolated via fluorescence-activated cell
sorting (FACS) from RU-01eGFP and plated at clonal di-
lution on stage-matched rosette cells derived from a non-

154 GENES & DEVELOPMENT

N-cad/ZO1/DAPI

F N-cadicD133mAPI G

L sox2/Nestin/DAPI

Neuroectodermal B
day0 12 16

Antero-/posterior
day0 12 16 20 28

Six3
BF1
Otx2
Gbx2
Krox20
HoxB4

Dn-cadizo1pAPI  E N-cadizO1/DAPI

PH3/BrdU H 3CB2/Pax6

K Pax6/BF1

N BF1/DAPI O ZO1/DAPI

GFP hESC line (WA-09). Single -cell-derived eGFP*
clones were marked, and proliferated for 8 d in the pres-
ence of SHH/FGF8 (Perrier et al. 2004), passaged, and
analyzed after an additional 8-21 d of in vitro expansion.
These data showed that single Forsel* rosette stage cells
can generate new rosettes (Fig. 2D). However, not all
rosettes were positive for Forsel (Fig. 2E) and purified
Forsel™ cells were also capable of rosette formation
(Supplemental Fig. 6). The main difference between
Forsel* and Forsel™ rosettes was expression of BF1. We
found that virtually all hESC-derived Forsel* cells at the
rosette stage coexpress the forebrain marker BF1 (Fig.
2H). These results are compatible with data in mouse
development where Forsel predominantly marks fore-
brain precursor cells (Tole et al. 1995).

M 3cB2/Paxeisox1

Anterior neural rosettes can be respecified toward
caudal fates

The prospective isolation of Forsel™ and Forsel™ cells
offers the possibility to directly compare the differentia-
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tion potential of rosettes expressing anterior versus pos-
terior fate markers. To this end hESC-derived rosette
progeny was isolated at P1 (day 25 of differentiation).
Cells were sorted into Forsel*/N-cad®&® and Forsel /N-
cad™s" populations and replated in the presence of de-
fined patterning molecules known to direct spinal mo-
toneuron and midbrain dopamine neuron differentiation
(Fig. 3A,B). Induction of HB9* spinal motoneurons (SHH/
RA) and Enl* midbrain precursors (SHH/FGF8) was ob-
served in both Forsel™ and Forsel* rosette cells although
Forsel™ R-NSCs were significantly more efficient at gen-
erating these caudal neuron types. Importantly, how-
ever, cells at the NSCFGF2/EGF gtage did not yield any
HB9" motoneurons and minimal numbers of Enl* pre-
cursors (Fig. 3A,B). These data demonstrate that neural
rosette stage cells can undergo AP specification, and that
expression of BF1 at the rosette stage does not irrevers-
ibly mark forebrain committed cells. Our findings on
patterning BF1* rosette stage cells were further con-
firmed in clonal populations of Forsel* cells derived
from RU1-eGFP plated onto unmarked H9-derived ro-
sette stage cells (Fig. 3A,B, insets). Adoption of caudal
markers in anterior rosette stage cells in response to RA
was monitored by loss of Forsel and BF1 expression and
a concomitant increase in the expression of caudal mark-
ers such as HoxB4 (Supplemental Fig. 7). Expression of
BF1 in all Forsel® rosette stage cells, gradual loss of
Forsel and BF1 expression, clonal analyses, and the lack
of significant cell death during RA patterning (data not
shown) strongly support the hypothesis that RA acts on
hESC-derived rosettes via respecification of anterior
cells rather than the expansion of a rare putative caudal
cell population.

Differentiation of neural rosette progeny in the ab-
sence of caudalizing factors but in the presence of ventral
and dorsal patterning cues such as SHH or Wnt3A led to
the induction of markers compatible with ventral fore-
brain fate and the emergence of GABA* neurons (Fig. 3C)
and cells expressing dorsal markers such as Msx1 (Fig.
3D). Neural rosettes could also be directed toward astro-
cytic or oligodendrocytic fates (Fig. 3E) following previ-

B ForselNestm/DAPI C Forse/3Tub/GFAP

Forse/BF-1
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Figure 2. Forsel is a novel NSC marker for the pro-
spective isolation of anterior neural rosette cells (A).
Immunocytochemistry for Forsel in N-cad* rosettes.
Forsel and Nestin (NSC marker) (B) and Forsel and B3-
tubulin (neuronal marker) (C) staining in dissociated
rosette stage cells. (D, left panel) Forsel*/N-cad™&" ro-
sette stage cells were isolated from RU-01eGFP and re-
plated at single-cell density on stage-matched high-cell-
density rosette cells from H9 (WA-09). (Right panel)
Representative image showing clonally derived ZO-1*/
eGFP" rosette. (E) Immunocytochemistry for Forsel and
N-cad demonstrates the presence of Forsel* and Forsel~
rosettes. (F) Forsel colocalization with the telencephal-
ic marker BF1. Bar in A corresponds to 50 pym in A-C
and E, 75 pm in D, and 100 pm in F.

ously published protocols (Perrier et al. 2004). The ca-
pacity for neurosphere formation (Fig. 3F) was compa-
rable in rosette and NSCFSF2/EGF populations. However,
particularly among NSCFSF2/EGE gstage cells, Forsel®
cells were more efficient at neurosphere formation than
Forsel™ cells.

In vivo survival of rosette-derived neuronal subtypes
was demonstrated upon transplantation into the adult
rat CNS. Rosette-derived motoneuron cultures grafted
into the ventral spinal cord yielded ChAT*/HoxA5* mo-
toneurons 6 wk after transplantation. Human identity
was confirmed by expression of human nuclear antigen
(Fig. 3G, left panel). Rosette-derived dopamine neurons
cultures were grafted into the adult rat striatum and ana-
lyzed for coexpression of human nuclear antigen and ty-
rosine-hydroxylase (Fig. 3G, right panel). The transplan-
tation data provided clear evidence for survival and in
vivo phenotype maintenance of rosette-derived dopa-
mine neurons. Our in vitro data (Fig. 3A) showed that
NSCsFCGF2/ESE gre unable to generate spinal motoneuron
and midbrain dopamine neuron in response to patterning
cues. Transplantation of NSCsFSF2/EGF into the adult rat
striatum confirmed absence of motoneuronal and dopa-
minergic progeny in vivo while overall neuronal differ-
entiation was not compromised (Fig. 3H).

Our data on the clonal derivation and multilineage
differentiation of rosettes are indicative of NSC poten-
tial. The capacity of rosettes to undergo neural pattern-
ing in response to appropriate extrinsic cues and survival
of rosette-derived neuron types in vivo are unique to the
rosette stage and not observed in NSCFSF2/EGE There-
fore, rosette stage cells are referred to as “R-NSCs” for
the remainder of this study.

Genetic characterization of R-NSCs and NSCsF¢2/EGE

Global gene expression analysis in R-NSCs confirmed
anterior bias in Forsel® versus Forsel~ R-NSC progeny
(Fig. 4A). Forsel™ R-NSCs were also enriched in markers
associated with NSC fate. However, a few NSC markers
were enriched in the Forsel™ compartment, including
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ID1 and Hes5, suggesting regional differences in NSC
marker expression along the AP axis. Forsel™ cells were
enriched for caudal CNS markers and markers of differ-
entiating neuroblasts. The most notable enrichment
within the Forsel™ compartment concerned the expres-
sion of markers indicative of neural crest fate (Fig. 4A).
Neural crest identity was corroborated by enrichment
for the neural crest precursor marker p75 after FACS-
mediated isolation of Forsel™ cells in vitro (data not
shown) and after transplantation of Forsel~ R-NSCs in
vivo (Supplemental Fig. 8). While Forsel* cells were
negative for neural crest markers, neural crest differen-
tiation could be induced after RA-mediated caudaliza-
tion (data not shown). These data demonstrate that
Forsel® R-NSCs are biased toward anterior fates but re-
tain the capacity to generate caudal fates. Forsel”
R-NSCs are enriched in posterior CNS markers and ex-
hibit increased potential for both neural crest differen-
tiation and specification toward caudal CNS neuron
fates.

R-NSCs and NSCsFCF2/ESF ghare expression of key
NSC markers but are distinct in differentiation poten-
tial. We next attempted the identification of genes
unique to the R-NSC stage by comparing global gene
expression profiles of Forsel™ and Forsel™ R-NSCs ver-
sus Forsel* NSCsFGF2/EGF Forsel~ NSCsTGF2/EGF were
excluded from the analysis as Forsel® NSCsFGF2/EGE
were enriched for NSC features compared with Forsel~
NSCsFSF2/EGF - A Venn diagram was established com-

Figure 3. Respecification of anterior neural rosettes to-
ward caudal fates. (A) Analysis and quantification of
HB9* motoneurons and Enl* midbrain precursors in re-
sponse to SHH/RA- or SHH/FGF8-mediated patterning,
respectively, of Forsel* and Forsel™ rosette stage cells.
Insets show representative images following clonal
analyses for GFP* Forsel® rosette stage cells exposed to
SHH/RA or SHH/FGFS, respectively. Top inset) HB9
(red) and GFP (green). (Bottom inset) Enl (red) and GFP
(green). Statistical analysis: mean + SEM; (**) P < 0.01;
(*) P <0.05; ANOVA. (B) Results for SHH/RA- or SHH/
FGF8-treated Forsel* and Forsel™ NSCsFSF2/ECE ghow-
ing a complete lack of HB9* motoneurons and near com-
plete lack of En1* precursors. (C) Immunocytochemistry
for the ventral forebrain marker Nkx2.1 upon exposure
of Forsel* rosette stage cells to SHH. (Inset) Prolonged
differentiation yielded cells immunoreactive for GABA
(red). (D) Induction of the dorsal marker Msx1 was ob-
served upon exposure of Forsel* rosette stage cells to
Wnt3A. (E) Analysis for GFAP and O4 (inset) expression
in rosette stage cells expanded in FGF2/EGF followed by
exposure to CNTF or T3, respectively. (F) Neurosphere
formation of Forsel* R-NSCs and Forsel~ R-NSCs (in-
set; note differences in size). (G) In vivo survival of spi-
nal motoneurons and midbrain dopamine neurons de-
rived from rosettes in vitro. Insets show confocal image
stacks after 3D reconstruction confirming human iden-
tity of the grafted cells. (H) Expression of neuronal mark-
ers in NSCFSF2/EGF progeny in vivo. Bar in A, (top right
panel) corresponds to 100 pym in A and B (top panels),
and D, E, G, and H; 200 pm in C; 250 pm in A and B
(bottom panels); and 500 um in F.
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En1
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in vitro
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paring transcripts significantly increased in any of the
three NSC populations compared with undifferentiated
hESCs. A total of 2389 transcripts were identified
with expression levels five times or higher compared
with undifferentiated hESCs (Fig. 4B). Since Forsel™ and
Forsel™ population are distinct but both share R-NSC
properties, we hypothesized that R-NSC-specific genes
are shared between Forsel* and Forsel~ R-NSCs but are
not expressed in either NSCsPSF2/ESF or undifferentiated
hESCs. This analysis revealed 298 R-NSC-specific genes
(Fig. 4B). Genes with the highest levels of differential
expression included many transcription factors such as
PLAGLI1, Dachl, and PLZF (ZBTB16). The group of
449 genes shared among all three NSC populations in-
cluded most of the known NSC markers including
FABP7 and SOXI1. The top marker was Zicl, a gene not
previously associated with NSC identity but reported to
be expressed in neuroectodermal precursors during
mouse development (Nagai et al. 1997) and early neural
progeny derived from hESCs (Pankratz et al. 2007).
Markers specific to NSCFSF2/EGF gtage comprised a to-
tal of 1209 transcripts including later stage neural pre-
cursor markers such as S100B and AQP4 (Fig. 4C). All
gene expression data are deposited in public data-
bases (Gene Expression Omnibus (GEO): accession no.
GSE9921.

Immunocytochemical analysis was used to confirm
specificity of key R-NSC, shared R-NSC/NSCFGF2/EGE
and NSCFCSF2/EGF markers in vitro (Fig. 4D,E; Supple-
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LMO3 13 114 93 93 Clorf61 235 93 1517
DMRT3 107 108 87 88 RFX4 146 322 505
FAM70A 180 188 49 51 ARX 284 199 47
EVI1 12 237 65 138 AsCL1 19 189 651
MMRN1 69 7 91 92
RSPO3 54 106 134 260
EMX20S 117 45 53 20
LEF1 61 44 54 39 Fold change
NSC FGF/EGF vs.
hESCs Forse+ Forsed-
S1008 1568 1566 202
PMP2 1336 1341 1389
HoP 1191 992 1003
AQP4 1007 993 1069
SPARCL1 864 951 864
oLIG1 286 286 244
E 3CB2/AQP4 3CB2/PLZF/Olig1

NSCFGF/EGF

Rosettes

Rosettes
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Figure 4. Genetic characterization of R-NSCs and NSCs*GF2/EGF (A) Global gene expression analysis (Affymetrix, U133-Plus2)
comparing Forsel* versus Forsel™ R-NSCs at P1 (day 25). (B) Venn diagram representing genes specifically expressed in Forsel* (red)
and Forsel~ (green) R-NSCs, and in Forsel* NSCsFSF2/EGF (blue). R-NSC-specific genes are marked in yellow, while genes shared
between all three NSC groups are marked in white. (C) Fold changes calculated from Affymetrix analysis for the top differentially
expressed transcripts. Fold changes are grouped into those specific for R-NSCs, those shared between R-NSCs and NSCs"GF2/EGF and
those specific to NSCsFSF2/ESF (D) Immunocytochemical confirmation of representative markers shared between R-NSCs and
NSCsFSF2/EGE (7ic1), or markers specific to R-NSC state (Dachl). (E) Colabeling studies of 3CB2 and NSCsFSF2/ESF gpecific (AQP4) or
R-NSC-specific (PLZF) markers. Bar in D corresponds to 50 pum for all panels.

mental Fig. 9). Quantification and specificity of all key
R-NSC markers was validated and confirmed by quanti-
tative RT-PCR (qQRT-PCR|) analysis (Supplemental Fig.
10). R-NSC marker expression was not limited to in vitro
culture, as expression was maintained in R-NSC progeny
in vivo 4 wk after transplantation into the adult rat stria-
tum. Grafted NSCs*SF2/EGF [acked expression of R-NSC
markers in agreement with in vitro data. Sets of trans-
planted R-NSCs also retained rosette cytoarchitecture,
as illustrated by ZO-1* lumens and distribution of M-
phase cells indicative of interkinetic nuclear migration
(Supplemental Fig. 11). Enrichment of neural crest prog-
eny in Forsel™ rosette stage cells was confirmed in vivo
upon transplantation of Forsel™ P1 cells into the adult
rat striatum (Supplemental Fig. 8).

Notch and SHH signaling are required for R-NSC
maintenance

We next set out to develop culture conditions for the in
vitro expansion of R-NSCs. We first investigated the ef-
fect of cell density on rosette maintenance. Dissociated
P2 R-NSCs maintained in the presence of SHH/FGF8
efficiently reformed rosettes with a near absence of neu-
ronal differentiation, if plated at high cell densities. In
contrast, low plating densities resulted in increased lev-
els of neuronal differentiation and a significant reduction
in rosette formation efficiency (Fig. 5A). These data sug-
gest that endogenous density-dependent signals are criti-
cal for maintaining R-NSC state. Notch is a signaling
pathway that has been implicated in stem cell mainte-
nance and cell-to-cell signaling (Artavanis-Tsakonas et
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Figure 5. Effects of cell density, SHH, and Notch signaling
pathways on R-NSC maintenance. (A) Effect of cell plating den-
sity and DAPT treatment on rosette reformation (Zic/ZO-1) and
spontaneous neuronal differentiation (MAP2/Dcx) in dissoci-
ated P2 R-NSCs. Right panel shows quantification of rosette
lumens as a surrogate marker of rosette growth. Statistical
analysis: mean + SEM; (***) P <0.001; (**) P <0.01 (compared
with high density; ANOVA: Newman-Keuls test). (B) Phase
contrast images of R-NSCs maintained in SHH/FGF8 over mul-
tiple passages (loss of rosette structure). (C) Schematic model
illustrating symmetric versus asymmetric division mode in ro-
settes and relationship to lumen size. (D) Quantification of ZO-
1* rosette lumen size in P2 R-NSC cultures treated with various
agonists and antagonists of candidate signaling pathways. Sta-
tistical analysis: mean + SEM; (***) P <0.001; (**) P<0.01
(compared with control; ANOVA: Dunnett test). (E) Represen-
tative images (ZO-1/Sox1) of P2 R-NSC cultures at day 4 of
treatment with candidate factors. Scale bar in A corresponds to
50 ym in A and B, and 75 pm in E.

Jag1 FGF8 Noggin

al. 1999). Exposure of high-density R-NSCs to DAPT, a
pharmacological inhibitor of the Notch pathway, was
sufficient to induce premature neuronal differentiation
and to significantly disrupt rosette morphology (Fig. 5A).
Continued growth and passage of R-NSCs at high cell
densities resulted in spontaneous differentiation and loss
of rosette morphology (Fig. 5B). Therefore, we designed a
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candidate screen aimed at the identification of signaling
molecules that permit long-term R-NSC expansion. The
screening strategy was based on measuring rosette lu-
men size as used for the quantification of rosette forma-
tion in Figure 5A. This measure is based on the assump-
tion that rosettes expand in size through symmetric di-
vision, reflected by an increase in the size of the rosette
lumen over time. On the other hand, asymmetric divi-
sion of R-NSC progeny, such as neuronal differentiation
and/or migration outside of rosettes, will lead to a de-
crease in lumen size (Fig. 5C). We found that treatment
with Notch and SHH agonists induced the most robust
increases in lumen size and overall rosette growth (Fig.
5D,E). A significant increase in lumen size was also ob-
served upon treatment with Dkk, suggesting an involve-
ment of Wnt signaling in the control of rosette mainte-
nance.

We next tested whether the combination of SHH and
Notch agonists is sufficient for long-term R-NSC main-
tenance. High-density P2 R-NSCs were replated in the
presence of FGF2/EGF, SHH/FGFS, SHH/DIl4/Jag, or
SHH/DI14/Jag/FGF8. At P3, rosette morphology was
maintained under all conditions (Fig. 6A) except FGF2/
EGF treatment, which led to a rapid loss of rosette mor-
phology (data not shown). In contrast, at P4 only SHH/
Dll4/Jag treatment was sufficient to retain rosette struc-
ture in R-NSC cultures (Fig. 6A). Addition of FGF8 to
SHH/DI14/Jag resulted in the loss of rosette morphology,
suggesting that long-term exposure to FGF8 can override
the effects of the SHH and Notch pathways on rosette
maintenance. Conditions best at maintaining rosette
morphology were also superior in R-NSC proliferation
(Fig. 6B). Immunocytochemical analysis (Fig. 6C) con-
firmed maintenance of both rosette morphology (ZO-1)
and R-NSC marker expression (PLZF) in the presence of
SHH/DI14/Jag. R-NSC progeny cultured in the presence
of FGF2/EGF or SHH/FGF8 showed a loss of rosette mor-
phology, a decrease in R-NSC markers, and a concomi-
tant increase of markers associated with NSCsF<F2/EGE
such as S100B. Generic NSC markers shared between
R-NSCs and NSCsFSF2/EGF guich as Zicl and 3CB2 were
maintained under all treatment conditions. We next as-
sessed the lineage relationship of R-NSCs and NSCs™t/
ecr at the clonal level. To this end Forsel*/N-cadh&h
rosette stage cells were isolated from RU-01eGFP and
replated at single-cell density on stage-matched high-
cell-density rosette cells from H9 (WA-09) in the pres-
ence of SHH/FGF8. These data showed loss of PLZF ex-
pression in a subset of clonally derived R-NSC progeny
with a concomitant loss of rosette morphology and in-
creased expression of the NSCsFSF2/EGF marker S100B
(Fig. 6D).

In addition to analyzing individual R-NSC markers,
we established an algorithm termed “rosette score” to
read out gene expression for the full set of 298 R-NSC
markers (Fig. 6E; see Materials and Methods for details).
As expected, NSCsFGF2/ESF showed a dramatic decrease
in rosette score. In contrast, P2 R-NSCs exhibited a
slight increase in rosette score compared with Pl
R-NSCs, suggesting enrichment of either R-NSC purity
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over multiple passages in R-NSC cultures maintained with candidate growth factor regimens. (C) Corresponding immunocytochem-
ical analyses for rosette structure (Zicl/ZO-1), markers of R-NSCs (PLZF), NSCs"SF2/EGF (S100B), and radial glia (3CB2). (D) Clonal
analysis of constitutively eGFP-expressing R-NSCs sorted for Forsel. Cells are shown at the transition toward NSCsFSHESE with
partial loss of PLZF expression and loss of epithelial organization in a subset of clonally derived eGFP* cells. (E) Effect of passage and

growth regimen on “rosette score,”

a composite measure for gene expression for all 298 R-NSC markers. (F) QRT-PCR analysis for

PLZF expression over passage in SHH/DI14/Jag- versus SHH/FGF8-treated R-NSCs. Bar in C corresponds to 50 pm in A and C.

or marker expression. Importantly, at P3 we observed a
clear difference in rosette scores between R-NSCs
treated with SHH/FGF8 (negative score) versus those
maintained in SHH/DIl4/Jag (positive score) (Fig. 6E).
qRT-PCR analysis for PLZF, a key R-NSC marker, con-
firmed loss of expression in SHH/FGF8 treated R-NSCs
versus those maintained in SHH/DI14/Jag at P3. The dif-
ference between the two treatment conditions continued
to increase at P4 (Fig. 6F).

R-NSCs exhibit in vivo overgrowth

While transplantation of undifferentiated hESCs leads to
teratomas, the transplantation of NSCFSF2/EGF into the
adult rodent brain results in long-term graft survival and
neural stem-like behavior in the host striatum and SVZ
(Tabar et al. 2005). Here we tested the in vivo growth
behavior of cultures at the R-NSC stage. Histological
analysis of P2 R-NSC grafts 4 wk after transplantation
(Fig. 7A) revealed signs of neural overgrowth, as evi-
denced by large grafts composed of rosette structures
maintaining Pax6 expression. Rosettes were surrounded
by a zone of differentiating neurons. Rosette formation
and overgrowth behavior was retained after FACS-medi-

ated isolation of Forsel* R-NSCs, supporting the hypoth-
esis that in vivo growth is caused by R-NSCs rather than
a rare population of contaminating undifferentiated
hESCs. However, to rule out the possibility of ESC con-
tribution completely, future studies should test in vivo
growth potential in R-NSCs derived from primary CNS
tissue (see below). Interestingly, neural overgrowth di-
rectly from primary CNS tissue has been reported in the
past upon transplantation of human basal forebrain pre-
cursor into rodent models of Huntington’s disease (Geny
et al. 1994). The propensity for continued rosette growth
in vivo may have important implications in the context
of recent studies reporting signs of neural overgrowth
and spontaneous forebrain fates in vivo upon transplan-
tation of ESC-derived dopamine neurons in rodent mod-
els of PD (Ferrari et al. 2006; Roy et al. 2006). Under-
standing rosette biology will be critical for harnessing in
vitro differentiation potential and controlling in vivo
growth behavior.

R-NSCs can be derived from mouse ESCs and primary
neural plate cultures

The functional genetic characterization of R-NSCs will
be significantly accelerated through the availability of
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Figure 7. Generalization of neural rosette biology: in vivo maintenance, derivation from mouse ESCs and from primary neural plate
tissue. (A) In vivo behavior of hESC-derived rosettes: immunohistochemical analysis of R-NSC progeny 4 wk after transplantation into
the adult rat striatum. (B) Characterization of mouse ESC-derived neural rosettes: Immunocytochemical analysis is shown for rosette
structure (ZO-1,DAPI), R-NSC marker (PLZF, Dachl), and anterior fate (BF1). (C) Neural rosettes derived from primary mouse neural
plate: Anterior neural plate tissue from E8.25 mouse embryos was maintained for 4 d in the presence of SHH/DIl4/Jag. Emerging
rosettes were characterized for rosette structure (phase-contrast image, ZO-1) and R-NSC marker expression (Dachl, PLZF). Bar in A
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pm in A (left panel). (D) Model of neural rosette biology: R-NSCs are proposed to represent a novel NSC stage intermediate between
undifferentiated ESCs and FGF2/EGF-expanded NSCs (NSCsFSF2/EGF) with distinct marker expression, morphology, fate potential, in

vivo behavior, and signaling requirements (see the text for details).

protocols suitable for the isolation of mouse ESC-derived
rosettes. To this end we adapted a recently established
SFEB protocol (Watanabe et al. 2005) for R-NSC deriva-
tion (Fig. 7B). At day 5 of differentiation SFEBs were dis-
sociated into single cells and replated at high density (P1
stage) in the presence of factors shown to promote ro-
sette maintenance from hESCs. Under high-density cul-
ture conditions SFEB progeny yielded R-NSCs expressing
PLZF and exhibiting ZO-1" rosette lumens. The majority
of mouse ESC-derived R-NSCs expressed BF1 suggesting
anterior CNS bias similar to R-NSCs derived from
hESCs. Other rosette markers such as Dachl were also
observed in mouse ESC-derived R-NSCs.

We next attempted the isolation of R-NSCs directly
from primary CNS tissue. To that end E8.25 anterior
neural plate tissue was isolated, dissected, and mechani-
cally dispersed into small colonies grown in the presence
of SHH/DIl/Jag. After 24-48 h of in vitro culture, the
formation of PLZF* and Dachl” rosette structures was
visible, centered around ZO-1* lumens (Fig. 7C). Under
the conditions tested, efficient derivation of R-NSC like
structures from primary mouse tissue appeared re-
stricted to the stages prior to E9.5 with a dramatic drop
in the efficiency of R-NSC derivation at later develop-
mental stages. Our data in mouse ESCs and primary neu-
ral tissue suggest that cells with R-NSC properties exist
at the neural plate stage, and that such cells may repre-
sent the earliest NSC stage in vivo.

Discussion

Our work demonstrates that R-NSCs represent a novel
stem cell state in the progression of ESCs toward differ-
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entiated neural fates as summarized in Figure 7D. While
R-NSCs share markers with both ESCs and NSCsF<F%/
ecr including Sox2, markers such as PLZF and Dachl are
specific to R-NSC state. The progression of R-NSCs to
NSCsFSF2/EGE ig reflected by the induction of NSCsF<F/
eGr-specific markers such as S100B and AQP4. Classic
markers of NSC fate are shared between R-NSCs and
NSCsFGF2/EGE - This indicates that NSCs properties
emerge at the R-NSC stage but that R-NSCs inevitably
progress toward the NSCsFSF2/EGF stage under standard
NSC growth conditions. One of the most important
properties of R-NSCs is their comprehensive differentia-
tion potential toward CNS and PNS fates. Given the lim-
ited potential of NSCs*SF2/EGF tq yield early type projec-
tion neurons, such as spinal motoneurons or midbrain
dopamine neurons, R-NSCs may represent the first NSC
type capable of recreating the full neuronal diversity.
However, broad differentiation potential is accompanied
with extensive growth potential as reflected by neural
overgrowth observed upon transplantation of R-NSCs
into the adult CNS. Similar to undifferentiated ESCs
that pose a risk for teratoma formation, R-NSCs will
require techniques that harness differentiation potential
while addressing the risk for neural overgrowth in vivo.
The unique signaling required for maintaining R-NSCs
will guide efforts aimed at eliminating R-NSCs at the
time of transplantation. Obvious strategies include treat-
ment with antagonists of Notch and SHH signaling that
promote neuronal differentiation of R-NSCs. Treatment
with FGF2/EGF will induce transition of R-NSCs to
NSCsFCGF2/ECE that have a low risk of tumor formation
but exhibit more restricted differentiation potential. Spe-
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cific neuron types derived from R-NSC cultures such as
spinal motoneurons or midbrain dopamine neurons re-
tain post-mitotic status and phenotypic properties upon
transplantation. This suggests that understanding the
molecular control of R-NSC maintenance versus differ-
entiation will be critical in developing cell-based strate-
gies in neurodegenerative disease.

The prospective isolation of Forsel*/N-cad* R-NSCs
enabled us to demonstrate respecification of anterior
BF1" neuroectodermal cells toward caudal fates includ-
ing spinal motoneurons and midbrain dopamine neu-
rons. Forsel could become a powerful tool to isolate
NSC populations with anterior CNS bias at various
stages of development to probe developmental compe-
tency. Default acquisition of anterior neural fate ob-
served in R-NSCs is reminiscent of the anterior neural
default model postulated in classical studies of Xenopus
CNS development. These studies showed that anterior
CNS fates are established first and are followed by caudal
transformation in response to secreted signals (for re-
view, see Sasai and De Robertis 1997). Forsel /N-cad*
R-NSCs correspond to posterior regions of the neuroepi-
thelium with the capacity to generate neural crest lin-
eages. Neural crest differentiation potential reflects the
early developmental stage and broad differentiation po-
tential of R-NSCs, as neural crest specification in vivo
occurs at the neural plate stage (Yamada et al. 1993; La-
Bonne and Bronner-Fraser 1999). The isolation of Forsel ™~
R-NSCs provides a novel strategy for studying early hu-
man neural crest development in vitro. Neural crest po-
tential of R-NSCs also points to the importance of moni-
toring neural crest fates in studies aimed at the genera-
tion of defined CNS derivatives. Forsel* cells lack neural
crest markers but retain the plasticity toward neural
crest fates upon exposure to caudalizing cues that sup-
press anterior CNS identity.

While R-NSCs and NSCsFSF2/EGF share expression of
common NSC markers including Nestin, Sox2, 3CB2,
our data define a set of unique R-NSC-specific molecular
markers. It is tempting to speculate that the great num-
ber of transcription factors such as zinc-finger and ho-
meodomain proteins, enriched in the R-NSC stage, may
have a functional role in R-NSC induction and mainte-
nance. One such candidate factor is PLZF, a zinc-finger
protein involved in self-renewal of adult male germ stem
cells (Buaas et al. 2004; Costoya et al. 2004) and highly
expressed in multipotent hematopoietic precursors (Reid
et al. 1995). PLZF is known to bind the polycomb group
protein BMI-1, a crucial component in hematopoietic
and NSC self-renewal. In the nervous system, PLZF is
expressed broadly at the neural plate-stage followed by a
temporally dynamic spatial restriction to rhombomere
boundaries followed by rapid loss of expression by day
10.5 of mouse development (Cook et al. 1995). PLZF ex-
pression has also been reported in RA-treated P19 em-
bryonal carcinoma cells at early stages of neural differ-
entiation (Cook et al. 1995). These reports are compat-
ible with a possible role for PLZF in rosette maintenance
and with the model that neural rosettes represent an
early neural plate-like stage of development. PLZF and

Human ES cell-derived neural rosettes

Evi-1, another highly expressed R-NSC marker, are also
known factors associated with acute myelogenic leuke-
mias (Morishita et al. 1992; Grignani et al. 1998). Evi-1
acts as a repressor of TGF-B signaling via inhibition of
SMAD3 (Kurokawa et al. 1998). Interestingly, Dachl can
also participate in negative regulation of TGF-@ signaling
via interaction with NCoR and Smad4 (Wu et al. 2003),
suggesting that repression of TGF-B signaling may be
critical for rosette maintenance.

Our study provides multiple evidence for the involve-
ment of Notch signaling in rosette maintenance, includ-
ing DAPT-mediated induction of neuronal differentia-
tion in R-NSCs as well as enhanced maintenance of R-
NSC state and proliferation in the presence of D114 and
Jagl. Notch is a well-known regulator of NSC self-re-
newal in the developing and adult CNS (Artavanis-Tsa-
konas et al. 1999). Data from studies in NSCs suggest
increased levels of symmetric divisions (Shen et al. 2004)
and reduced cell death (Androutsellis-Theotokis et al.
2006) upon Notch activation. Genetic evidence in mouse
development suggests that Notchl signaling promotes
radial glia identity (Gaiano et al. 2000). Another set of
recent studies in mice has shown that loss of function of
the Lgll gene (Lethal giant larvae 1) induces neural ro-
sette formation in vivo by preventing asymmetric local-
ization of the Notch inhibitor Numb (Klezovitch et al.
2004). The effect of SHH on R-NSC growth and mainte-
nance could be due to general effects on cell prolifera-
tion. SHH is a well-known mediator of cell proliferation
for cerebellar granule cell precursors (Wechsler-Reya and
Scott 1999) and precursors of the developing and adult
forebrain (Machold et al. 2003). SHH has also been
shown to regulate cell proliferation and survival in early
neuroepithelial precursors, prior to E9.0 (Ishibashi and
McMahon 2002), a stage that most closely mimics the
stage represented in R-NSCs. Other possible mecha-
nisms of SHH action on R-NSC growth include SHH-
mediated ventralization (Roelink et al. 1995) and sup-
pression of dorsal CNS fates (Yamada et al. 1993), includ-
ing neural crest lineages, associated with loss of rosette
structure. SHH could also act indirectly via activation of
Notch signaling, as shown in cerebellar granule cell pro-
liferation (Solecki et al. 2001). Finally, activation of the
SHH pathway in mouse models causes epithelial tumors
such as basal cell carcinoma and medulloblastoma (Good-
rich et al. 1997). Rosette formation is one of the key
histopathological features of human medulloblastomas.
Future studies are required to further explore the effect
of Wnt signaling on rosette growth. The effect of Dkk on
rosette growth and the dramatic enrichment of LEF1
mRNA in R-NSCs versus NSCsFGF/EGF gyggest that Wnt
signals may affect rosette biology in a complex manner.

In early development, neural precursors transit from
nestin® single-layer neurepithelial cells into FABP7* ra-
dial glial cells that progress to a S100B* stage and even-
tually give rise to GFAP-expressing adult NSCs (Gotz
and Barde 2005). Recent studies have reported the gen-
eration of ESC-derived precursor cells with radial glia
properties (Bibel et al. 2004) that can be propagated in the
presence of FGF2/EGF (Conti et al. 2005). In our study
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R-NSCs indeed express markers of radial glia, and these
markers are maintained after FGF2/EGF expansion
(NSCFGF2/EGF gtage). However, FGF2/EGF expanded R-
NSCs showed a dramatic increase in NSCFSF2/EGF mark-
ers such as S100B and loss of rosette markers. While
radial glia identity is considered a hallmark of NSC iden-
tity (Alvarez Buylla et al. 2001), our data show clear dif-
ferences in competency of R-NSCs versus NSCF&F2/EGE
cultures. Our data suggest that R-NSCs can be converted
at the clonal level into cells expressing NSCFGF2/EGF
markers. However, we cannot exclude the possibility
that some NSCsFGF2/ESF could also be generated without
going through an obligate R-NSC intermediate. Future
studies should also address whether epithelial organiza-
tion is functionally important for maintaining R-NSC
properties and whether disruption of this organization is
critical in NSCsFSF2/EGF transition. Location of M-phase
cells adjacent to ZO-1" rosette lumens indicates that the
lumen may act as a niche regulating rosette growth.
Mechanisms that may require rosette structure, and the
presence of a luminal niche include control of symmet-
ric versus asymmetric cell division and competency to
respond to spatial patterning cues.

Our work demonstrates conditions that direct R-NSCs
toward one of the following stages: maintenance of ro-
sette state (high density, SHH/DIl/Jag), transition to
NSCFGF/EGF (EGF2/EGF), or neuronal differentiation
(low density/DAPT). The isolation of R-NSCs as a novel
more universal NSC stage has important implications
for both basic NSC biology and for applications in regen-
erative medicine. The list of R-NSC-specific transcripts
should yield an extensive set of markers for the prospec-
tive isolation and characterization of neural rosettes. It
should also shed light onto the transcriptional networks
regulating R-NSC function. Another fundamental ques-
tion in rosette biology concerns the existence of an in
vivo correlate of R-NSCs during neural development and
whether similar cells persist in the adult CNS. While our
data indicate that rosettes most closely mimic the neural
plate stage, the availability of defined R-NSC markers
will be a starting point to probe the presence of R-NSCs
at later developmental stages. Finally, it will be critical
to test whether R-NSC-specific transcription factors can
induce R-NSC features in NSCs*'2/EGF The feasibility
of reprogramming cells from more accessible NSC stages
would have important implications in regenerative
medicine. While exposure of NSCs"“F2/EGF to SHH/DII/
Jag seems not sufficient to induce conversion to R-NSC
state (data not shown) overexpression of key R-NSC
transcription factors may be a promising complementary
strategy toward this end.

The NSC progression model proposed here is compat-
ible with changes in competency observed in other stem
cell types. Both developmental and region-specific bias
in differentiation potential has been reported in neural
crest stem cells (Bixby et al. 2002; Kruger et al. 2002). In
mesenchymal stem cells early precursors derived from
hESCs efficiently yield skeletal muscle fates (Barberi et
al. 2007), a fate not readily accessible to adult mesenchy-
mal stem cells (Pittenger et al. 1999).
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In conclusion, we demonstrated the isolation and the
genetic and functional characterization of a novel more
universal NSC stage. Our findings should facilitate stud-
ies of early human neural development and significantly
improve our ability to use NSC derivatives in regenera-
tive medicine. The broad differentiation potential of R-
NSCs suggests that these cells may represent the first
neural cell type that—similar to stem cells in the hema-
topoietic system—is capable of generating the full cellu-
lar diversity in the mammalian nervous system.

Materials and methods

Culturing undifferentiated hESCs

hESC lines H9 (WA-09, XX, P25-35), H1 (WA-01, XY, P30-50),
and RU-01eGFP (James et al. 2006) (XY, P15-30) were cultured
on mitotically inactivated mours embryonic fibroblasts (MEFs)
(Specialty Media). Undifferentiated hESCs were maintained as
described previously (Zhang et al. 2001; Perrier et al. 2004).

Neural induction and rosette formation

MS5 stromal cells were grown in a-MEM medium containing
10% FBS and 2 mM L-glutamine (Barberi et al. 2003). Neural
differentiation of hESCs was performed as described previously
(Perrier et al. 2004). Feeder-free neural induction and rosette
formation were based on an EB-based approach (Zhang et al.
2001), although we extended the EB stage from 4 d to 6-10 d.

Rosettes were harvested mechanically, beginning on day 14 of
differentiation (MS5 system) or day 6 after replating (EB system,
day 12-16 of differentiation). Rosettes were replated on culture
dishes precoated with 15 pg/mL polyornithine/1 pg/mL laminin
(Po/Lam) in N2 medium supplemented with SHH (200 ng/mL),
FGF8 (100 ng/mL), ascorbic acid (AA, 0.2 mM), and BDNF (20
ng/mL). Replated rosettes were defined as P1 R-NSC cultures.
After 7-9 d (80% confluency), cells were dissociated after incu-
bation (1 h) in Ca?/Mg?-free HBSS. Cells were resuspended and
plated onto Po/Lam culture dishes. For R-NSC maintenance,
cells were seeded at 400 x 102 cells per square centimeter in the
presence of AA/BDNF and/or SHH (500 ng/mL), FGF8 (100 ng/
mL), DII4 (500 ng/mL), Jagged-1 (Jag; 500 ng/mL), FGF2 (20 ng/
mL), and EGF (20 ng/mL) (all from R&D Systems). For neural
patterning, R-NSCs were seeded at 50 x 10 per square centime-
ter in the presence of AA/BDNF and were exposed to SHH (200
ng/mL) and RA (1 pM) for 12 d (spinal motoneurons), or SHH
(200 ng/mL) and FGF8 (100 ng/mL) for 8 d (midbrain precursors).
Other conditions tested for R-NSC maintenance/differentiation
include Dkk (100 ng/mL), Wnt3A (40 ng/mL), Noggin (500 ng/
mL), and BMP4 (50 ng/mL) (all R&D Systems); DAPT (5 uM;
Calbiochem); and Cyclopamine (1 pM; Sigma). For clonal den-
sity assays, see the main text and Supplemental Material.

Immunocytochemistry and RT-PCR analyses

Fixation in 4% paraformaldehyde/0.15% picric acid was fol-
lowed by immunocytochemical analysis. A complete list of an-
tibodies and conditions is provided in the Supplemental Mate-
rial. RT-PCR analyses were performed after RNA extraction
(RNeasy), DNase I treatment (Qiagen), and reverse transcription
(SuperScript, Invitrogen). Linear amplification range was deter-
mined for each primer. PCR products were identified by size,
and identity was confirmed by DNA sequencing. MS5 cells
were negative for all primers used in this study. When cocul-
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tured with MS5, hESC progeny was mechanically separated
from feeders to avoid cross-contamination. Primer sequences,
cycle numbers, and annealing temperatures are provided upon
request.

For QqRT-PCR analysis, 20 ng of cDNA per sample were used
on an iCycler (Bio-Rad) with predesigned TagMan Probes for
PLAGL1, ZNF312, PLZF, LEFI, NR2FI, DMRT3, LMO3,
S100B, and HPRT. Threshold cycle values were determined in
triplicate and presented as average normalized to HPRT. Fold
changes were calculated using the 2727 method.

FACS

Cells were dissociated with Accutase (Innovative Cell Tech-
nologies, Inc.) and subjected to FACS using SSEA4 (1:75; DSHB),
Forsel (1:75; DSHB), or N-Cadherin (1:100; Sigma) antibodies on
a MoFlo flow cytometer (Cytomation).

Gobal gene expression analysis

For identification of R-NSC-specific transcripts, RNA (200 ng)
was obtained from SSEA4* hESCs, P1 R-NSCs (sorted for
Forsel /N-Cad™s® or Forsel /N-Cad™s?), and NSCsFGF>/EGF
(sorted for Forsel*/N-Cad*). For the R-NSC maintenance assay,
samples were obtained from P2 and P3 R-NSCs maintained in
SHH/FGFS8, and P3 R-NSCs maintained in SHH/DIl4/Jag. All
samples were processed by the MSKCC Genomics Core Facility
and hybridized on Affymetrix U133-Plus2 human oligonucleo-
tide arrays. Fold changes and significance values for the direct
comparison of Forsel*/N-Cad™#" versus Forsel /N-Cad™s cells
were calculated using GCOS (Affymetrix). Venn diagram was
established using previously published statistical criteria (Bar-
beri et al. 2007). A detailed description is provided in the Supple-
mental Material.

Maintenance of R-NSC marker profile under various treat-
ment regimens was estimated by calculating the effective dis-
tance (“rosette score”) of each treatment condition on a vector
between the P1 R-NSC and NSCFGF2/EGF state, Negative or posi-
tive distance values indicate loss or increase in rosette markers,
respectively. Detailed information and a mathematical descrip-
tion of the procedure are in the Supplemental Material.

All microarray data are available on GEO (accession no.
GSE9921).

Animal surgery and isolation of neural plate

All animal experiments were done in accordance with protocols
approved by our Institutional Animal Care and Use Committee
and following NIH guidelines for animal welfare. Stereotactic
implantations were performed into the striatum (Tabar et al.
2005) (100,000 NSCsFSF/EGF p] R-NSCs, FACS purified Forsel™
P1 R-NSCs, or P2 R-NSC-derived midbrain dopamine neuron
cultures |Perrier et al. 2004]) and into the ventral spinal cord (P2
R-NSCs derived motoneuron cultures [Lee et al. 2007]) as de-
scribed previously. For neural plate dissection, E8.25 embryos
were isolated from Swiss Webster mice. Neural plates were me-
chanically dispersed into small colonies, plated on Po/Lam/fi-
bronectin-coated dishes, and maintained in N2 medium supple-
mented with Shh/Dll4/Jag.

Derivation of neural rosettes from mouse ESCs

Mouse ESCs (CJ7, R1) were neurally induced using a modified
SFEB protocol (Watanabe et al. 2005). Cells were plated on ul-
tralow adherence dishes (Costar) in KSR/N2 medium (1:1) for 5
d. At day 5, SFEBs were dissociated following 1 h of incubation

Human ES cell-derived neural rosettes

in Ca%/Mg>-free HBSS, replated at 400 x 10% cells per square
centimeter on Po/Lam/fibronectin-coated dishes, and main-
tained in N2 medium with factors as described in the text. After
an additional 6 d, cultures were fixed and analyzed by immu-
nocytochemistry for ZO-1* lumens and rosette markers. Mouse
ESCs (CJ7, R1) were neurally induced using a modified SFEB
protocol (Watanabe et al. 2005).
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Erratum

Genes & Development 22: 152-165 (2008)

Human ES cell-derived neural rosettes reveal a functionally distinct early neural stem cell stage
Yechiel Elkabetz, Georgia Panagiotakos, George Al Shamy, Nicholas D. Socci, Viviane Tabar, and Lorenz Studer

In the above-mentioned paper, the authors missed a reference (Lazzari et al. 2006) relevant to the current
manuscript. On page 161, in the left column, the second paragraph should read as follows:

The prospective isolation of Forsel*/N-cad* R-NSCs enabled us to demonstrate respecification of anterior BF1*
neuroectodermal cells toward caudal fates including spinal motoneurons and midbrain dopamine neurons. Forsel
could become a powerful tool to isolate NSC populations with anterior CNS bias at various stages of development
to probe developmental competency. Default acquisition of anterior neural fate observed in R-NSCs is reminiscent
of the anterior neural default model postulated in classical studies of Xenopus CNS development. These studies
showed that anterior CNS fates are established first and are followed by caudal transformation in response to
secreted signals (for review, see Sasai and De Robertis 1997). Forsel /N-cad* R-NSCs correspond to posterior regions
of the neuroepithelium with the capacity to generate neural crest lineages. Neural crest differentiation potential
reflects the early developmental stage and broad differentiation potential of R-NSCs, as neural crest specification in
vivo occurs at the neural plate stage (Yamada et al. 1993; LaBonne and Bronner-Fraser 1999). Interestingly,
differentiation toward putative neural crest derivatives has been reported previously in a culture system where
neural rosettes are derived directly from cloned bovine blastocysts (Lazzari et al. 2006). The isolation of Forsel™
R-NSCs provides a novel strategy for studying early human neural crest development in vitro. Neural crest
potential of R-NSCs also points to the importance of monitoring neural crest fates in studies aimed at the
generation of defined CNS derivatives. Forsel™ cells lack neural crest markers but retain the plasticity toward
neural crest fates upon exposure to caudalizing cues that suppress anterior CNS identity.

In addition, the following reference should have been added to the Reference section:
Lazzari, G., Colleoni, S., Giannelli, S.G., Brunetti, D., Colombo, E., Lagutina, 1., Galli, C., and Broccoli, V. 2006.
Direct derivation of neural rosettes from cloned bovine blastocysts: A model of early neurulation events and neural

crest specification in vitro. Stem Cells 24: 2514-2521.

The authors regret this omission.
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