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In a perspective of regenerative medicine, multipotent human neural progenitor cells (hNPCs) offer a therapeutic
advantage over pluripotent stem cells in that they are already invariantly ‘‘neurally committed’’ and lack
tumorigenicity. However, some of their intrinsic properties, such as slow differentiation and uncontrolled
multipotency, remain among the obstacles to their routine use for transplantation. Although rodent NPCs have
been genetically modified in vitro to overcome some of these limitations, the translation of this strategy to
human cells remains in its early stages. In the present study, we compare the actions of 4 basic helix-loop-helix
transcription factors on the proliferation, specification, and terminal differentiation of hNPCs isolated from the
fetal dorsal telencephalon. Consistent with their proneural activity, Ngn1, Ngn2, Ngn3, and Mash1 prompted
rapid commitment of the cells. The Ngns induced a decrease in proliferation, whereas Mash1 maintained
committed progenitors in a proliferative state. As opposed to Ngn1 and Ngn3, which had no effect on glial
differentiation, Ngn2 induced an increase in astrocytes in addition to neurons, whereas Mash1 led to both
neuronal and oligodendroglial specification. GABAergic, cholinergic, and motor neuron differentiations were
considerably increased by overexpression of Ngn2 and, to a lesser extent, of Ngn3 and Mash1. Thus, we provide
evidence that hNPCs can be efficiently, rapidly, and safely expanded in vitro as well as rapidly differentiated
toward mature neural (typically neuronal) lineages by the overexpression of select proneural genes.

Introduction

The properties of neural stem cells—including self-
renewal, multipotency, and engraftability—have made

these cells attractive tools for cell and/or molecular replace-
ment therapies in a range of central nervous system (CNS)
pathologies. In rodents, stem-cell based interventions have
been demonstrated to reverse the course in a number of
models of neurodegenerative diseases, myelin disorders, and
traumatic injuries [1–6]. On the basis of these advances, efforts
have been made to identify and isolate neural stem and pro-
genitor cells from humans, including from blastocysts [7],
fetal organs [8–13], and adult tissues [14]. More recently, hu-
man neural stem cells have been also derived from induced
pluripotent stem cells [15]. All of these stem cell types provide
valuable sources of transplantation material, each with ad-
vantages and disadvantages, and offer the potential for de-
signing therapeutic paradigms for a variety of pathologies. In
particular, fetal tissue–derived multipotent human neural
progenitor cells (hNPCs), such as those used in the present

study, offer a therapeutic advantage over pluripotent stem
cells in that they are already invariantly ‘‘neurally committed’’
and lack tumorigenicity after grafting.

However, whether derived from embryonic, fetal, or adult
material, human neural stem and progenitor cells share some
species-related properties that have been recognized as po-
tential obstacles to their use in clinical trials. First, hNPCs
differentiate much slower than their rodent counterparts [16–
18]. As a consequence, prolonged proliferation was observed
in vivo and eventually led to graft overgrowth [19,20], with
deleterious consequences on the host tissue cytoarchitecture.
Second, hNPCs undergo decreased neurogenesis upon ex-
pansion in vitro [21,22], which might limit the potential
benefit for neuronal replacement. Finally, the heterogeneity
of their progeny may lead to undesired side effects because
of the presence of unintended donor-derived cell types after
transplantation, particularly from pluripotent stem cell
sources, but even from multipotent tissue-derived somatic
stem cell starting material. Therefore, whatever the source,
restraining hNPC proliferation potential and specifying their
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differentiation toward a desired phenotype represent major
prerequisites for regenerative therapy.

Several strategies have been tested to overcome these
obstacles, including prospective isolation of desired cell
types [23–26] and commitment of hNPCs toward the rele-
vant lineage by epigenetic stimulation [12,13,16,19,27–31]. A
strategy that has more recently emerged consists of genetic
induction of neural stem cell differentiation toward a par-
ticular phenotype. Thus, in rodents, the specification of diverse
cell types, such as dopaminergic neurons [32–36], GABAergic
neurons [37,38], motor neurons [39,40], or oligodendrocyte
progenitor cells (OPCs) [41], was induced by forced expression
of various genetic determinants, including basic helix-loop-he-
lix (bHLH) transcription factors, which are known to regulate
crucial steps during CNS and peripheral nervous system (PNS)
development [42,43]. In human cells, similar approaches have
been tested, albeit to a lesser extent. OPCs were specified from
fetal hNPCs through Olig2 overexpression, which resulted in a
2-fold increase in myelin generation after transplantation into a
mouse dysmyelination model [44]. Moreover, regionally spec-
ified mesencephalic hNPCs could be redirected toward a neu-
ronal phenotype by genetic manipulation with the acheate-
scute-related transcription factor ASCL1 [2]. However, the va-
riety of paradigms under which hNPCs were genetically
modified (eg, after isolation from different brain regions,
through transfection or transduction using different viral vec-
tors, with different genes) did not allow a direct comparison of
the different proneural gene effects on hNPC development in a
well-controlled cellular context.

In the present study, we provide a comparative analysis of
the effects of overexpression of the bHLH transcription fac-
tors Ngn1, Ngn2, Ngn3, and Mash1 on the fate of human
telencephalic NPCs expanded in vitro. Together with vari-
able effects on cell proliferation, enhanced proneural activity
of all these genes promoted a rapid cell specification favoring
neuronal production. The actions of each of the bHLH
transcription factors were a bit different, allowing us to de-
vise a systematic protocol for their rational combined use in
providing the best product for translational studies. This
work, therefore, provides insights into the manipulation of
fetal hNPCs and may facilitate the design of a variety of
adequate paradigms for the treatment of CNS pathologies.

Materials and Methods

Tissues

Human fetuses were obtained after legal abortion ac-
cording to the recommendations of the Agence de la Bio-
medecine with written consents of the patients. The age of
the samples was determined by crown-to-rump length
measurement by ultrasound scanning and by observation
of fingers and toes development. The collection procedure
was performed as previously described [8].

Cell culture

Primary cultures were initiated from the human fetal
cortex (HFC) of 2 independent fetuses (6 and 7 weeks of
gestation), named HFC6 and HFC7. Briefly, after removal of
the meninges, telencephalic vesicles were open and gangli-
onic eminences were separated from the cortical leaf. This
latter was cut into small pieces and single-cell suspensions

were obtained by incubation in dissociation solution (0.05%
trypsin, 0.1% glucose, and 0.5 nM ethylenediaminetetraacetic
acid) for 20 min at 37�C, followed by mechanical trituration.
Dissociated cells were seeded at the density of 106 cells/T75
flask and grown as floating clusters in a medium consisting of
a 1:1 mixture of Dulbecco’s modified Eagle’s medium–F12
(Invitrogen) supplemented with 1% N supplement (Invitro-
gen), 0.5% B27 (Invitrogen), 25mg/mL insulin (Sigma-Aldrich),
6 mg/mL glucose (Sigma-Aldrich), 5 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES) (Invitrogen), 20 ng/
mL basic fibroblast growth factor (bFGF) (Sigma-Aldrich), and
20 ng/mL epidermal growth factor (EGF) (Sigma-Aldrich).
Fresh medium was added twice a week and cells were pas-
saged every 2 weeks by incubation in dissociation solution.

Vector design and production

Murine Ngn1, Ngn2 and Mash1, rat Ngn3, and LacZ cDNAs
were inserted between the BamH1 and XhoI restriction sites of
the lentiviral plasmid pFlap-woodchuck hepatitis virus post-
transcriptional regulatory element (WPRE) [45], under the
control of the ubiquitous murine phosphoglycerate kinase
(PGK) promoter. Final constructions were noted pFlap-PGK-
Ngn1-WPRE, pFlap-PGK-Ngn2-WPRE, pFlap-PGK-Ngn3-
WPRE, pFlap-PGK-Mash1-WPRE, and pFlap-PGK-LacZ-
WPRE. Recombinant lentiviral particles were generated by
transient transfection of HEK293T cells using the calcium
phosphate precipitation method. Cells were cotransfected with
the vector plasmid (pTrip-PGK-Ngns/mash1-WPRE), the
transcomplementation plasmid (p8.9), and the envelope plas-
mid encoding the vesicular stomatitis virus envelope glyco-
protein (pVSV) as previously described [45]. The medium was
replaced 12 h after transfection and collected 36 h later. Super-
natants were treated with DNase and passed through a
0.45-mm filter. Viral particles were then concentrated by ultra-
centrifugation (90 min, 22,000 rpm, rotor SW28) and re-
suspended in 1 · phosphate-buffered saline (PBS; Gibco). Total
particle concentration of viral stocks was quantified by human
immunodeficiency virus-1 p24 enzyme-linked immunosorbent
assay (Beckman Coulter). Final stocks were noted as VSV-PGK-
Ngn1, VSV-PGK-Ngn2, VSV-PGK-Ngn3, VSV-PGK-Mash1,
and VSV-PGK-LacZ.

Human fetal cell transduction

After 160 days in vitro (P8–P9), HFC6 and HFC7 cells were
dissociated and seeded in 24-well plates supplied with 12-mm-
diameter glass coverslips and coated with gelatin (25mg/cm2;
Merk) and laminin (1.7mg/cm2; Sigma). Cells were seeded at the
density of 1.2 · 105 cells/well in N medium supplemented with
10 ng/mL bFGF (terminated N + F medium). Four days later,
the medium was replaced by 400mL N + F fresh medium
containing 50 ng p24 of viral vectors (day 1). For each cell line,
6 groups were established as follows: 1 control group con-
sisting of nontransduced hNPCs (n = 24 wells); 1 control
group consisting of hNPCs transduced with the VSV-PGK-
LacZ vector (n = 24); 4 ‘‘experimental groups’’ consisting of
hNPCs subjected to a single transduction with either the VSV-
PGK-Ngn1 vector (n = 24), the VSV-PGK-Ngn2 vector (n = 24),
the VSV-PGK-Ngn3 vector (n = 24), or the VSV-PGK-Mash1
vector (n = 24). On days 2 and 4, the medium was replaced
by fresh N + F medium. On day 5, cells were fixed in 4%
paraformaldehyde for 30 min at room temperature.
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Immunocytochemistry

Human cell characterization was performed using the fol-
lowing primary antibodies: mouse monoclonal anti-human
nestin (Clone 10C2; Chemicon; Cat. No. MAB5326; 2mg/mL),
mouse monoclonal anti-MAP5 (Clone AA6; Sigma; Cat. No.
M4528; 1/400 dilution of ascites fluid), mouse monoclonal
anti-b3-tubulin (Clone SDL.3D10; Sigma; Cat. No. T8660; 1/
400 dilution of ascites fluid), mouse monoclonal anti-MAP2
(Clone AP20; Chemicon; Cat. No. MAB3418; 1.25mg/mL),
rabbit polyclonal anti-glail fibrillary acidic protein (GFAP)
(Dako; Cat. No. Z0334; 1/400 dilution of antisera), mouse
monoclonal A2B5 [American Type Culture Collection
(ATCC); 1/2 dilution of hybridoma supernatant], mouse
monoclonal O4 (ATCC; 1/10 dilution of hybridoma super-
natant), rat monoclonal anti-serotonin (Clone YC5/45; Che-
micon; Cat. No. MAB352; 1/50 dilution of culture
supernatant), rabbit polyclonal anti-dopamine b-hydroxylase
(DBH) (Chemicon; Cat. No. AB1538; 1/200 dilution of anti-
sera), rabbit polyclonal anti-choline acetyl transferase (ChAT;
Chemicon; Cat. No. AB143; 1/100 dilution of antisera), rabbit
polyclonal anti-Hb9/HLXB9 (Abcam; Cat. No. ab12028; 5mg/
mL), mouse monoclonal anti-glutamate decarboxylase 67
(GAD67) (Clone 1G10.2; Chemicon; Cat. No. AB143; 2mg/
mL), and rabbit polyclonal anti-gamma aminobutyric acid
(GABA; Sigma; Cat. No. A2052; 1/500 dilution of buffered
aqueous solution). Proliferation was assessed using the rabbit
polyclonal anti-Ki67 (Abcam; Cat. No. ab15580; 1/400 dilution
of antisera). Briefly, after fixation, cells were incubated in a
blocking solution (2% normal goat serum, 0.25% gelatin, and
0.1% Triton X-100 in PBS) and then with primary antibodies
diluted in the blocking solution overnight at 4�C. Corre-
sponding secondary antibodies were incubated 2 h at room
temperature in the blocking solution and Hoescht 33342 was
used to counterstain nuclei. Coverslips were then mounted in
moviol solution. Immunofluorescence was visualized with a
Zeiss Axioplan 2 fluorescence microscope.

Cell counting

All experiments were independently performed on HFC6
and HFC7 cells. Each staining was performed in triplicate on
3 independent glass coverslips. For each coverslip, 10 inde-
pendent fields were counted, consisting of a total of at least
3,000 cells. Positive cell number was counted using the Im-
ageJ software and expressed as a percentage of total cell
number, as determined by Hoechst-positive nuclei counting.

Statistical analysis

All data in this study are presented as mean – standard de-
viations. Data were analyzed by Student’s t-tests, performed
using the SigmaStat software. The t-test results and P-values
are presented in Supplementary Table S1 (Supplementary Data
are available online at www.liebertonline.com/scd).

Results

Human neural progenitors isolated from the fetal
cortex constitute a heterogeneous population
of neural stem cells and committed progenitors

Neural progenitors were isolated from the HFC of 2 fe-
tuses (6 and 7 weeks of age, respectively) and grown in vitro

as neurospheres for 8–9 passages. At that time, cell popula-
tions were characterized by immunocytochemistry using a
set of markers specific for the different neural types and
lineages (Fig. 1B), including nestin for immature neuroe-
pithelial-like cells, MAP5 for early neuroblasts, b3-tubulin for
late neuroblasts/immature neurons, MAP2 for postmitotic,
more terminally differentiated neurons, GFAP for astrocytes,
A2B5 for early OPCs and neuroblasts, and O4 for oligoden-
drocytes. Cell proliferation was estimated using the Ki67
marker. Because some of these markers can have expression
patterns that extend beyond one neural cell type, often dual
marker expression was used in this study to clarify specific
neural cell types along the differentiation continuum. In
particular, distinction was made between Nestin + cells that
expressed GFAP and those that did not (Fig. 1E). Although it
is now well established that GFAP is expressed by adult
rodent neural stem cells in vivo [46], this protein is not ex-
pressed by immature neuroepithelial-like progenitor during
early fetal development [47]. This was also the case in our
study, wherein cells from both the 6- and 7-week-old cortex
did not express GFAP at the time of isolation (not shown) but
began to do so after amplification in vitro. By that time,
numerous Nestin + cells coexpressed Ki67 (not shown), but
virtually none of the GFAP + cells did so, confirming that
GFAP + cells were not immature, self-renewing neuroe-
pithelial-like cells. Therefore, cells that were Nestin + but
GFAP - were designated as immature, undifferentiated
NPCs, whereas cells that were Nestin + but also GFAP + were
deemed to be astrocytes. Similarly, A2B5 + /MAP5 + cells
were designated as neuroblasts, whereas A2B5 + cells that
were MAP5 - were deemed to be OPCs.

Nontransduced human fetal cortical cells from the 7-week-
old fetus (HFC7 cells) constituted a heterogeneous cell pop-
ulation (Fig. 1A–F) comprising numerous proliferating cells
(29.5% – 1.4% of Ki67 + cells), a large proportion of immature,
undifferentiated NPCs (41.8% – 1.8% Nestin + /GFAP - cells),
as well as committed cells from either the neuronal lineage
(18.5% – 0.4% of MAP5 + and 4.0% – 0.4% of A2B5 + /MAP5 +

neuroblasts; 19.6% – 1.2% of b3-Tubulin + immature neurons
and 60.9% – 4.9% of MAP2 + mature neurons), the astroglial
lineage (17.1% – 1.4% of GFAP + astrocytes), or the oligo-
dendroglial lineage (12.6% – 1.0% of A2B5 + /MAP5 - OPCs
and extremely rare— < 0.005%—O4 + oligodendrocytes). Be-
cause there are cells that are in transition between immature
and mature states, it is possible that some of these would be
double counted, allowing for the possibility of exceeding
100%.

The nontransduced HFC6 cell population displayed a
phenotype very similar to the HFC7 cell population (Sup-
plementary Fig. S1A–C), with 29.1% – 2.2% of proliferating
cells, a large proportion of neuroepithelial-like cells
(41.7% – 0.6% of Nestin + /GFAP - cells), and committed cells
from the 3 main lineages of the CNS (23.1% – 4.0% of MAP5 +

neuroblasts, 27.9% – 1.6% of b3-Tubulin + immature neurons,
44.2% – 1.4% of MAP2 + postmitotic neurons, 28.3% – 1.3% of
GFAP + astrocytes, and 8.1% – 0.5% of A2B5 + /MAP5 -

OPCs). Nevertheless, the slightly higher proportion of neu-
roepithelial-like cells and immature neuroblasts in the HFC6
cell population, as well as the lower proportion of post-
mitotic neurons, compared with HFC7, attested to a slightly
less mature global phenotype, possibly related to the re-
spective ages of the fetuses used in these experiments.
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The various bHLH proneural genes produce
different effects on hNPC proliferation

Cells from HFC7 and HFC6 populations were transduced
with a VSV-PGK-LacZ vector. Transduction with this control
vector did not induce any significant change in the expres-
sion of most markers tested (Supplementary Fig. S2). How-
ever, a slight decrease in the proportion of Ki67 +

proliferating cells (from 29.5% – 1.4% to 22.6% – 0.5%;

P = 0.01) and in the proportion of Nestin + /GFAP - immature
cells (from 41.7% – 0.6% to 38.5% – 0.8%; P = 0.03) was ob-
served in the HFC7 and HFC6 cell populations, respectively
(Supplementary Fig. S2). Therefore, to get rid of any phe-
notypic changes that may be attributable to transduction by
itself, hNPCs transduced with the VSV-PGK-LacZ vector
were used as controls to assess the effects of proneural gene
overexpression. All Student’s t-tests and P-values are pre-
sented in Supplementary Table S1. Overexpression of the

FIG. 1. The HFC7 hNPC population
is composed of immature neuroe-
pithelial-like cells and committed pro-
genitors from the 3 main CNS lineages.
(A) Proportions of cells expressing
various markers in the HFC7 hNPC
population after amplification in vitro
(passages 8), expressed as a percentage
of total Hoechst + nuclei –
SEM. HFC7 cells are a heterogeneous
population composed of Ki67 + prolif-
erating cells as well as Nestin + neu-
roepithelial-like cells, glial fibrillary
acidic protein (GFAP) astrocytes,
A2B5 + , MAP5 + , and b3 tubulin +

neuroblasts, and MAP2 + mature
neurons. Extremely rare ( < 0.005%)
O4 + oligodendrocytes were detected
among HFC7 cells. (B) Immuno-
fluorescent staining illustrating typical
morphology of cells expressing each
marker tested in A. (C) Among the
Nestin+ cell population, a majority
corresponds to Nestin+ /GFAP - neu-
roepithelial-like cells, whereas less than
one-third corresponds to Nestin+ /
GFAP + astrocytes. Note that, among
total GFAP + astrocyte population, the
vast majority coexpresses nestin. (D)
Among the A2B5 + cell population,
*¼ corresponds to A2B5 + /MAP5 +

neuroblasts, whereas 3̌̌/4 are A2B5 + /
MAP5 - OPCs. (E) Double-immuno-
fluorescent staining against nestin (red)
and GFAP (green), showing a Nestin +

/GFAP + astrocyte (upper cases) and
a Nestin + /GFAP - neuroepithelial-like
cell (lower cases). (F) Double-immuno-
fluorescent staining against A2B5 (red)
and MAP5 (green), showing a A2B5 + /
MAP5 + neuroblast with typical bipo-
lar morphology (upper cases) and a
A2B5 + /MAP5 - OPC with more flat,
multipolar morphology (lower cases).
Scale bars: 30mm. HFC, human fetal
cortex; hPNC, human neural progeni-
tor cell; CNS, central nervous system;
SEM, standard error of the mean;
OPC, oligodendrocyte progenitor cell.
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proneural genes Ngn1, Ngn2, Ngn3, and Mash1 was in-
duced in HFC6 and HFC7 cell populations by lentiviral
transduction with the VSV-PGK-Ngn1, VSV-PGK-Ngn2,
VSV-PGK-Ngn3, and VSV-PGK-Mash1 vectors. Dot blot
analysis attested to the transduction efficiency of each vector
(Supplementary Fig. S3).

Ngn1 and Ngn 3 overexpression induced a dramatic de-
crease in the proliferation of HFC7 cells, as shown by
quantifying of Ki67 expression (Fig. 2A, B). Four days after
transduction, the proportion of Ki67 + cells underwent a
97.6% and 95.9% decrease after overexpression of Ngn1 and
Ngn3, respectively (P < 0.001 in both cases). A similar, albeit
less pronounced, effect was observed after Ngn2 over-
expression, with a 46.2% decrease in the proportion of Ki67 +

cells (P < 0.001). In contrast, Mash1 overexpression did not
modify the proportion of proliferating cells (P = 0.965). Si-
milar tendencies were observed after overexpression of the
Ngns and of Mash1 in HFC6 cell population (Supplementary
Fig. S4 and Supplementary Table S1). Altogether, these re-
sults indicate that the various bHLH proneural genes pro-
duce distinct effects on human neural progenitor
proliferation.

Ngn1 overexpression induces hNPC neuronal
specification, although not their full neuronal
differentiation, without affecting glial differentiation

Four days after transduction of HFC7 cells, Ngn1 over-
expression induced a highly significant decrease in the pro-
portion of Nestin + cells (from 54.7% – 2.7% to 33.6% – 3.1%;
P = 0.007) (Fig. 3A, B), which was strictly related to the de-
crease of Nestin + /GFAP - neuroepithelial-like cells
(P < 0.001) and did not reflect any significant change in the
proportion of Nestin + /GFAP + astrocytes (P = 0.125) (Fig.
3C). In contrast, Ngn1 overexpression consistently affected

the proportion of neuroblasts, as shown by the increase in
MAP5 + (from 19.0% – 0.5% to 37.7% – 5.1%; P = 0.022) and
b3-Tubulin + (from 18.8% – 0.2% to 39.4% – 2.5%; P = 0.001)
cell proportions (Fig. 3A, B). Moreover, an increase in A2B5 +

cell proportion was also observed (from 16.6% – 1.2% to
38.5% – 3.4%; P = 0.004), which reflected a highly significant
increase in the proportion of A2B5 + /MAP5 + neuroblasts
(P = 0.007) but no significant changes in the proportion of
A2B5 + /MAP5 - OPCs (P = 0.274) (Fig. 3D). Noticeably, the
proportion of postmitotic neurons was not affected 4 days
after transduction with the Ngn1-encoding vector, as shown
by the absence of significant effect on the MAP2 + cell pop-
ulation (P = 0.873), suggesting that Ngn1 overexpression
displays an effect on neuronal specification, but this action
alone does not result in full neuronal maturation; additional
intracellular signaling processes appear to be required. Si-
milar results were obtained after transduction of the HFC6
cells with the VSV-PGK-Ngn1 vector (Supplementary Fig.
S5A–C; Supplementary Table S1). Thus, Ngn1 over-
expression induced a commitment of neuroepithelial imma-
ture cells toward the neuronal lineage (although not to their
full differentiation), without affecting glial differentiation.

Ngn2 overexpression affects both neuronal
and astroglial differentiation pathways

After transduction of the HFC7 cells with the VSV-PGK-
Ngn2 vector (Fig. 4), no significant changes were observed in
the proportion of Nestin + cells (P = 0.247) (Fig. 4A, B).
However, this apparent lack of change in Nestin expression
masks the more refined analysis that the proportion of
Nestin + /GFAP - neuroepithelial progenitors decreased
(from 40.3% – 2.5% to 24.9% – 2.2%; P = 0.01), whereas the
proportion of Nestin + /GFAP + astrocytes increased (from
14.4% – 0.3% to 24.7% – 0.6%; P < 0.001) (Fig. 4C). Neuronal

FIG. 2. Overexpression of
Ngn1, Ngn2, and Ngn3 in
HFC7 cell population de-
creases the proportion of
proliferating cells, whereas
Mash1 does not affect prolif-
eration. (A) Impact of pro-
neural gene overexpression
on proliferation, expressed as
the relative quantity of Ki67 +

proliferating cells in trans-
duced populations (LacZ,
Ngn1, Ngn2, Ngn3, and
Mash1) reported on the
quantity of Ki67 + proliferat-
ing cells in the control LacZ
population. Proliferation un-
derwent a highly significant
decrease after Ngn1, Ngn2,
and Ngn3 overexpression,
whereas it was not affected
by Mash1 overexpression,
highlighting different roles of
Ngns and Mash1 in hNPC
proliferation. Student’s t-test:

***P < 0.001. (B) Immunofluorescent staining against Ki67 (green), illustrating hNPC proliferation in control populations
(LacZ) and after overexpression of Ngn1, Ngn2, Ngn3, and Mash1. Scale bar: 50mm.
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specification was also induced by Ngn2 overexpression, as
shown by an increase in MAP5 + (from 19.0% – 0.5% to
35.7% – 4.8%; P = 0.026), b3-tubulin + (from 18.8% – 0.2%
to 44.4% – 2.8%; P < 0.001) and A2B5 + (from 16.6% – 1.6% to
27.8% – 2.2%; P = 0.014) cells, which was only related to the
increase of A2B5 + /MAP5 + neuroblasts (from 4.6% – 1.2% to
14.3% – 1.6%; P = 0.008) (Fig. 4D). Moreover, the MAP2 + cell
proportion also increased after Ngn2 overexpression (from
65.0% – 3.3% to 78.1% – 1.9%; P = 0.027) (Fig. 4A, B), indicat-
ing that this factor plays a role in both neuronal specification

and differentiation. In contrast, no effect on A2B5 + /MAP5 -

OPCs was observed (P = 0.671) (Fig. 4D), indicating that
Ngn2 did not affect the oligodendroglial differentiation
pathway. Similar results were obtained after transduction of
HFC6 cells with the VSV-PGK-Ngn2 vector (Supplementary
Fig. S6A–C and Supplementary Table S1). Thus, Ngn2
overexpression induced a decrease in neuroepithelial im-
mature cells, attended by commitment toward both the
neuronal and astroglial lineages, without affecting the oli-
godendroglial lineage.

FIG. 3. Ngn1 displays its proneural activity on HFC7 cells without affecting glial pathways. (A) Proportions of HFC7 cells
from different neural lineages at 4 days after transduction with the VSV-PGK-LacZ and VSV-PGK-Ngn1 vectors. Over-
expression of Ngn1 induced a very significant decrease in the proportion of Nestin + cells, together with a very significant
increase in the proportions of A2B5 + cells and b3 Tubulin + neuroblasts, and a significant increase in the proportion of
MAP5 + neuroblasts. However, it did not affect the proportions of GFAP + astrocytes, O4 + oligodendrocytes, and MAP2 +

mature neurons. (B) Immunofluorescent staining against the various markers tested in A, after hNPC transduction with the
VSV-PGK-LacZ (upper cases) and VSV-PGK-Ngn1 (lower cases) vectors. (C) The decrease in the proportion of Nestin + cells
reflected a very significant decrease in Nestin + /GFAP - neuroepithelial cells exclusively. Ngn1 overexpression did not affect
the proportions of Nestin + /GFAP + astrocytes. (D) The increase in the proportion of A2B5 + cells reflected a very significant
increase in A2B5 + /MAP5 + neuroblast proportion exclusively. Ngn1 overexpression did not affect the proportion of A2B5 + /
MAP5 - OPCs. Student’s t-test: *P < 0.05; **P < 0.01. Scale bar: 50mm. VSV, vesicular stomatitis virus envelope glycoprotein;
PGK, phosphoglycerate kinase.
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Ngn3 overexpression induces neuronal
specification of hNPCs without affecting
glial differentiation

In the HFC7 cell population, Ngn3 overexpression in-
duced a highly significant decrease in the Nestin + cell pro-
portion (from 54.7 – 2.7 to 26.9% – 1.6%; P < 0.001) (Fig. 5A,
B), affecting both the Nestin + /GFAP - neuroepithelial pro-
genitor cell population (from 40.3% – 2.5% to 15.6% – 1.9%;

P = 0.001) and the Nestin + /GFAP + astroglial cell population
(from 14.4 – 0.3% to 11.3% – 0.3%; P = 0.002) (Fig. 5C). How-
ever, no significant effect was observed on the GFAP + cell
population (P = 0.076). Ngn3 overexpression also induced
neuronal specification, as shown by an increase in MAP5 +

(from 19.0% – 0.5% to 35.3% – 3.0%; P = 0.006), b3-Tubulin +

(from 18.8% – 0.2% to 36.4% – 4.2%; P = 0.014), and A2B5 + /
MAP5 + (from 4.6% – 1.2% to 17.2% – 1.7%; P = 0.004) cell
proportions (Fig. 5A–B, D). In contrast, transduction of

FIG. 4. Ngn2 overexpression affects both neuronal and astroglial pathways in HFC7 cells. (A) Proportions of HFC7 cells
from different neural lineages at 4 days after transduction with the VSV-PGK-LacZ and VSV-PGK-Ngn2 vectors. Over-
expression of Ngn2 did not affect the global proportions of Nestin + cells but induced a highly significant increase in the
proportions of GFAP + astrocytes and b3 Tubulin + neuroblasts, together with a significant increase in the proportions of
A2B5 + cells, MAP5 + neuroblasts, and MAP2 + mature neurons. (B) Immunofluorescent staining against the various markers
tested in A, after hNPC transduction with the VSV-PGK-LacZ (upper cases) and VSV-PGK-Ngn2 (lower cases) vectors. (C) The
global lack of changes in the proportion of Nestin + cells contrasted with the effects of Ngn2 overexpression on the neu-
roepithelial and astroglial cell populations. Overexpression of Ngn2 induced a very significant decrease in the proportion of
Nestin + /GFAP - neuroepithelial cells, along with a highly significant increase in the proportion of Nestin + /GFAP + astro-
cytes. (D) The increase in the proportion of A2B5 + cells reflected a very significant increase in the proportion of A2B5 + /
MAP5 + neuroblasts exclusively. Ngn1 overexpression did not affect the proportion of A2B5 + /MAP5-OPCs. Student’s t-test:
*P < 0.05; **P < 0.01; ***P < 0.001. Scale bar: 50 mm.
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HFC7 cells with the VSV-PGK-Ngn3 vector induced a dra-
matic decrease in MAP2 + cells (from 65.0% – 3.3% to
38.0% – 7.1%; P = 0.026). Finally, no significant effect of Ngn3
overexpression was observed on A2B5 + /MAP5 - OPCs
(P = 0.078) (Fig. 5D). Similar effects were observed after Ngn3
overexpression in HFC6 cells (Supplementary Fig. S7A–C
and Supplementary Table S1). Therefore, these results indi-
cate that Ngn3 overexpression induced a specification of
immature cells toward the neuronal lineage, without affect-
ing the astroglial and oligodendroglial pathways.

Mash1 overexpression promotes both neuronal
and oligodendroglial specification of hNPCs

In HFC7 cell population, Mash1 overexpression did not
induce any significant change in Nestin + and GFAP + cell
populations (P = 0.419 and 0.939, respectively) (Fig. 6A, B).
Among the Nestin + cells, neither the Nestin + /GFAP-neur-
oepithelial cells nor the Nestin + /GFAP + astrocytes were
affected (P = 0.380 and 0.775, respectively) (Fig. 6C). How-
ever, Mash1 overexpression induced consistent neuronal

FIG. 5. Ngn3 displays its proneural activity on HFC7 cells without affecting glial pathways. (A) Proportions of HFC7 cells
from different neural lineages at 4 days after transduction with the VSV-PGK-LacZ and VSV-PGK-Ngn3 vectors. Over-
expression of Ngn3 induced a highly significant decrease in the proportion of Nestin + cells, together with a very significant
increase in the proportions of A2B5 + cells and MAP5 + neuroblasts, and a significant increase in b3 Tubulin + neuroblasts.
However, it did not affect the proportions of GFAP + astrocytes and O4 + oligodendrocytes. Note that the proportion of
MAP2 + mature neurons underwent a significant decrease, which may reflect either neuronal death or dedifferentiation. (B)
Immunofluorescent staining against the various markers tested in A, after hNPC transduction with the VSV-PGK-LacZ (upper
cases) and VSV-PGK-Ngn3 (lower cases) vectors. (C) The decrease in the proportion of Nestin + cells reflected a very significant
decrease in the proportions of both Nestin + /GFAP-neuroepithelial cells and Nestin + /GFAP + astrocytes. However, the
global proportion of GFAP + astrocytes was not affected by Ngn3 overexpression. (D) The increase in the proportion of
A2B5 + cells reflected a very significant increase in the proportion of A2B5 + /MAP5 + neuroblasts. However, Ngn3 over-
expression did not affect the proportion of A2B5 + /MAP5 - OPCs. Student’s t-test: *P < 0.05; **P < 0.01; ***P < 0.001. Scale bar:
50 mm.
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specification, as shown by the increase in MAP5 +

(from19.0% – 0.5% to 43.7% – 2.5%; P < 0.001), b3-Tubulin +

(from 18.8% – 0.2% to 29.2% – 3.7%; P = 0.049), and A2B5 + /
MAP5 + (from 4.6% – 1.2% to 16.6% – 0.4%; P < 0.001) neuro-
blast proportions. Most interestingly, the global increase in
A2B5 + cells (from 16.6% – 1.6 to 38.3% – 2.0%; P < 0.001) was
not only related to the increase in neuroblasts, but also re-
flected a very significant increase in the proportion of
A2B5 + /MAP5 - OPCs (from 12.1% – 1.2% to 21.6% – 1.6%;
P = 0.009) (Fig. 6D). Moreover, scarce O4 + oligodendrocytes

appeared among the transduced cells (Fig. 6B). Similar re-
sults were obtained after transduction of the HFC6 cell
population (Supplementary Fig. S8A–C). However, the ef-
fects of Mash1 overexpression on neuronal terminal differ-
entiation were not clear, because a highly significant
decrease in the proportion of MAP2 + postmitotic neurons
was observed among HFC7 cells (from 65.0% – 3.3% to
34.0% – 1.3%; P < 0.001), whereas no significant effects
were highlighted on HFC6 cells (P = 0.642). Thus, our results
indicate that Mash1 overexpression did not affect the

FIG. 6. Mash1 overexpression in HFC7 cells promotes both neuronal and oligodendroglial specification. (A) Proportions of
HFC7 cells from different neural lineages at 4 days after transduction with the VSV-PGK-LacZ and VSV-PGK-Mash1 vectors.
Overexpression of Mash1 did not affect the global proportions of Nestin + cells and GFAP + astrocytes, but induced a very
significant increase in the proportions of A2B5 + cells, a highly significant increase in the proportion of MAP5 + neuroblasts,
and a significant increase in the proportion of b3 Tubulin + neuroblasts. Most insterestingly, scarce O4 + oligodendrocytes
appeared as soon as 4 days after Mash1 overexpression. Note that the proportion of MAP2 + mature neurons underwent a
highly significant decrease, which may reflect either neuronal death or dedifferentiation. (B) Immunofluorescent staining
against the various markers tested in A, after hNPC transduction with the VSV-PGK-LacZ (upper cases) and VSV-PGK-Mash1
(lower cases) vectors. (C) Among the Nestin + cells, neither the proportion of Nestin + /GFAP - neuroepithelial cells nor that of
Nestin + /GFAP + astrocytes was affected by Mash1 overexpression. (D) The increase in the proportion of A2B5 + cells
reflected both a highly significant increase in the proportion of A2B5 + /MAP5 + neuroblasts and a very significant increase in
the proportion of A2B5 + /MAP5 - OPCs. Therefore, Mash1 overexpression induced both neuronal and oligodendroglial
specification from HFC7 cells. Student’s t-test: *P < 0.05; **P < 0.01; ***P < 0.001. Scale bar: 50mm.

OVEREXPRESSION OF PRONEURAL GENES IN HNPCS 547



proportions of immature neuroepithelial-like cells and as-
trocytes, but displayed a concomitant effect on neuronal and
oligodendroglial specification in vitro.

Ngns and Mash1 overexpression produce
distinct effects on terminal differentiation of hNPCs

To assess the abilities of Ngns and Mash1 overexpression
to promote neuronal subtype specification, we further char-

acterized the phenotype of the transduced human fetal
neural cells using a panel of neuronal subclass-specific anti-
bodies, including anti-serotonin (5HT) to detect serotonin-
ergic neurons, anti-DBH for adrenergic neurons, anti-ChAT
for cholinergic neurons, anti-HB9 for motor neurons, and
anti-GAD67 and anti-GABA for GABAergic neurons.

Among the control HFC7 cell population transduced with
the VSV-PGK-LacZ vector, a variety of neuronal subtypes
were identified, including GABAergic, adrenergic, choliner-

FIG. 7. Overexpression of Ngns and Mash1 promotes neuronal subtype specification. (A) Immunofluorescent labeling against
the neuronal subtype-specific markers GAD67 (red, first line), GABA (green, second line), HB9 (green, third line), and ChAT (green,
fourth line) in hNPC populations transduced with the VSV-PGK-LacZ, VSV-PGK-Ngn1, VSV-PGK-Ngn2, VSV-PGK-Ngn3, and
VSV-PGK-Mash1 vectors. Control hNPCs (LacZ) spontaneously gave rise to GAD67+ /GABA + GABAergic, ChAT + cholin-
ergic, and HB9+ motor neurons. Overexpression of Ngn1 did not promote hNPC differentiation into any of these lineages. On
the contrary, overexpression of Ngn2 strongly increased the expression of GAD67, HB9, and ChAT and, to a lesser extent, of
GABA. Ngn3 strongly increased the expression of GAD67 and HB9 and, to a lesser extent, of GABA and ChAT. Finally, Mash1
increased the expression of both GAD67 and GABA, as well as HB9, but displayed its strongest effect on the expression of
ChAT. Scale bar: 200mm. (B) Semiquantitative evaluation of the effects of Ngn1, Ngn2, Ngn3, and Mash1 overexpression on
terminal neuronal differentiation of hNPCs, compared with control cells transduced with the VSV-PGK-LacZ vector. ( + / - )
< 1% positive cells; ( + ) 1%–20% positive cells; ( + + ) 20%–50% positive cell; (4) no effect; (Y4) < 10% positive cell decrease;
(4[) < 10% positive cell increase; ([) 10%–50% positive cell increase; ([[) > 50% positive cell increase.
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gic, and motor neurons (Fig. 7A, B). However, the relative
proportions of these different subclasses were very different,
with a predominance of GABA + and GAD67 + GABAergic
neurons and a very low proportion of the other subtypes.
Serotoninergic neurons were not detected at all.

Overexpression of the proneural genes did not favor ex-
clusive terminal phenotypes, but rather produced relative
variations in the proportions of cells expressing the different
markers tested as well as variable intracellular intensities of
expression (Fig. 7A, B). Thus, although no significant effects of
proneural gene overexpression were apparent on the seroto-
ninergic and adrenergic neuron populations (not shown),
major effects were noted on the other neuronal subtypes
(Fig. 7A, B). Thus, Ngn2 overexpression dramatically in-
creased the proportions of GAD67 + GABAergic neurons,
HB9 + motor neurons, and ChAT+ cholinergic neurons. Ngn3
overexpression had similar effects on the GAD67 + and HB9 +

populations, but only induced a moderate increase in ChAT +

neurons. Mash1 overexpression increased the proportions of
GAD67 + GABAergic neurons and HB9 + motor neurons,
but to a lesser extent than Ngn2 and Ngn3. Moreover, as
did Ngn2, Mash1 also consistently increased the proportions
of ChAT+ neurons. Finally, Ngn1 had only moderate or
even no apparent effect on the different neuronal populations
(Fig. 7B).

Discussion

Human neural stem cells represent a substantial donor
source for potential cell-based therapy of a number of CNS
diseases, provided that some of their features, such as pro-
longed proliferation and multipotent differentiation, can be
better understood and mastered to avoid graft overgrowth
and undesired cell progeny after transplantation. In the
present study, we provide a unique in vitro paradigm under
which fetal hNPCs from the dorsal telencephalon were
transduced with proneural gene-encoding vectors, thus al-
lowing the direct comparison of the effects of Ngn1, Ngn2,
Ngn3, and Mash1 on hNPC differentiation.

Proneural genes encode transcription factors of the bHLH
class that are both necessary and sufficient to promote neu-
ronal specification from neuroepithelial cells during CNS
and PNS development [42,43]. In the telencephalon, Mash1
and Ngns are expressed in dorsal territories and together
account for the specification of all cortical neuronal progen-
itors, whereas Mash1 is the only known proneural gene ex-
pressed in the ventral telencephalon and participates in
ventral neuronal progenitor emergence [48–50]. Along with
their proneural activity, bHLH transcription factors also
participate in neuronal subtype specification [48,51,52].
However, accumulating evidence suggested that proneural
genes are not sufficient to specify neuronal identity by
themselves [40] and that the selection of a particular cell fate
ultimately results from the integration of multiple extrinsic
and intrinsic signals [40,53–55]. In vitro, the spatiotemporal
emergence of neurons and glia could therefore be re-
produced in rodent spinal cord neural stem cells [40] through
the combinatorial action of bHLH proneural genes and other
determinants known to specify the positional identity of
multipotent progenitor, such as Pax6, Olig2, and Nkx2.2 [56].

In human systems, very few studies have addressed the
role of bHLH transcription factors in cell fate choice. Over-

expression of Mash1 was shown to enhance neuronal
production from regionally specified hNPCs [2] and over-
expression of Olig2 promoted oligodendrogenesis from fetal
hNPCs both in vitro and in vivo after grafting [44]. These
data suggested that the fate of hNPCs can be redirected to-
ward a desired phenotype by genetic modifications. In our
study, overexpression of Ngn1, Ngn2, Ngn3, and Mash1 in
human cortical fetal NPCs induced a dramatic increase in the
proportions of neuronal progeny in vitro. Our data thereby
highlight an evolutionary conserved role of these genes and
confirm their proneural activity in a human system. Most
interestingly, although human NPCs are known to differ-
entiate slower than their rodent counterparts [17,31,47],
proneural gene overexpression drastically accelerated their
neuronal commitment and a 2–3-fold increase in neuroblasts
was observed as soon as 4 days after lentiviral transduction.
Our strategy, therefore, provides a means of rapidly com-
mitting hNPC differentiation, which may help overcome
both delayed differentiation and undesired cell type gener-
ation after grafting.

Consistent with the ability of some bHLH transcription
factors to promote cell-cycle exit [57–59], the Ngn1-, Ngn2-,
and Ngn3-driven neuronal specification of hNPCs was
accompanied by a dramatic decrease in the proportions of
proliferating cells at 4 days after transduction. On the
contrary, Mash1 overexpression did not seem to affect cell
proliferation. This observation is in agreement with former
studies that pointed to a divergence in the effects of Ngns
and Mash1 on cell-cycle exit in various cellular contexts
[49,50,60,61]. In vitro, overexpression of Ngn1 in neural
crest stem cells [49] and of Ngn2 in CNS progenitors [61]
have been shown to promote a more rapid cell-cycle
withdrawal and earlier neuronal differentiation than
Mash1, which, in contrast, maintained progenitor popu-
lations in a proliferative state. Significant differences in the
ability of Ngn2- and Mash1-expressing cells to incorporate
BrdU were also highlighted in the mouse telencephalon
and spinal cord [50,60]. The mechanisms underlying these
divergences have been proposed to be related to a greater
sensitivity of Mash1, when compared with Ngns, to
Notch-mediated inhibition of neurogenesis [49,58,62].
Here, we show that Ngns were able to override the mito-
genic effects of bFGF and to rapidly downregulate prolif-
eration of hNPCs. This was especially true for Ngn1 and
Ngn3, which, by 4 days posttransduction, induced an al-
most complete inhibition of hNPC proliferation, in parallel
with a considerable decrease in immature Nestin + /
GFAP - neuroepithelial-like cells. On the contrary, Mash1
overexpression maintained the progenitors in a prolifera-
tive state and had little (HFC6) or no effect (HFC7) on the
pool of Nestin + /GFAP - cells. Thus, in a therapeutic per-
spective, Ngns may be used when limited proliferation
and rapid neuronal commitment are required, whereas
Mash1 may allow, together with a rapid neuronal restric-
tion of hNPC differentiation potential, a prolonged pro-
liferation and possibly extended migration of the committed
progenitors.

We further evaluated the ability of each factor tested to
favor neuronal subtype specification. In contrast to studies
suggesting that GABAergic differentiation was the major, if
not the only, default differentiation pathway for hNPCs of
various CNS origins [21,63,64], we showed that, even after
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amplification, fetal cortical hNPCs were able to spontane-
ously give rise to a variety of neuronal subtypes in vitro,
including GABAergic, adrenergic, cholinergic, and motor
neurons. After proneural gene overexpression, transduced
hNPCs gave rise to the same range of neuronal subtypes,
suggesting that Ngns and Mash1 were not sufficient to re-
direct hNPC differentiation toward one specific neuronal fate
in vitro. This is consistent with studies performed in rodents,
which indicated that the combinatorial action of proneural
genes with other genetic determinants was required for the
specification of various neuronal subtypes [40,57,61].
Nevertheless, our results suggest that Ngns and Mash1 share
a proneural activity on hNPCs in vitro and each of these
genes also displays its proper ability to interact with other
factors to specify different neuronal subtypes at different
rates and following different patterns. Thus, Ngn2 over-
expression simultaneously promoted GABAergic, choliner-
gic, and motor neuron emergence from hNPC cultures,
whereas Ngn3 preferentially promoted GABAergic and
motor neuron production and displayed a much weaker ef-
fect on cholinergic neurons. Mash1 also promoted GA-
BAergic, cholinergic, and motor neuron specification, but its
effect was less obvious than that of Ngn2 and 3, with both a
lower proportion of positive neurons and a weaker expres-
sion of the markers tested, which was probably related to the
particular ability of this factor to maintain the progenitors in
an immature, proliferative state. Finally, Ngn2, Ngn3, and
Mash1 had no effect on adrenergic and serotoninergic neu-
ron production, whereas Ngn1 had little or no effect on all
lineages tested. Ultimately, the generation of a specific neu-
ronal subtype may require a combination of different strat-
egies, including genetic induction of neuronal commitment,
as was performed here, and either addition of other tran-
scription factors [35,40,61,65] or epigenetic manipulation of
the cells [13,29,66].

Most interestingly, Ngn2 and Mash1 not only promoted
neuronal commitment of the hNPCs but also seemed to play
a role in glial pathways. Thus, Ngn2 increased astrocyte
generation in 2 independent experiments from HFC7 and
HFC6 cells, whereas Mash1 promoted the emergence of
A2B5 + /MAP5 - oligodendroglial progenitors, along with
scarce O4 + oligodendrocytes. Previous studies highlighted
the dual role of Mash1 in the generation of neurons and
oligodendrocytes within the developing forebrain and spinal
cord [40,67,68]. In our study, although hNPCs were isolated
at a time when human OPCs have not yet emerged within
the dorsal telencephalon [47], they were able to produce ol-
igodendrocytes through Mash1 overexpression. This sug-
gests that, beyond its proneural activity, Mash1 was able to
act as an instructive factor for human OPC specification and
to override the intrinsic properties of the cells. This obser-
vation may be of crucial importance for the design of ther-
apeutic strategies in myelin diseases. Indeed, cell
transplantation in these pathologies has long been hampered
by the difficulty to derive oligodendroglial cells from human
neural stem/progenitor cells [69]. Although Olig2 promoted
OPC emergence from fetal hNPCs [44], overexpression of
both Olig2 and Mash1 in rodent NSC clones gave rise to
higher levels of oligodendrocytes than Olig2 overexpression
alone [40]. This suggests that overexpression of both these
genes in human NPCs may significantly yield more oligo-
dendrocytes than Olig2 or Mash1 alone, which may, there-

fore, consistently improve the potential of hNPCs to reverse
the course of demyelinating diseases.

The role of Ngn2 in the astroglial lineage is less clear. Our
results are at variance with previous studies reporting that in
vitro overexpression of Ngns promoted the exclusive dif-
ferentiation of multipotent or pluripotent stem cells into
neurons [57,70,71] and that overexpression of Ngn2 in spinal
cord–derived rodent NPCs dramatically reduced astroglial
differentiation and astroglial-mediated side effects after
transplantation in a model of spinal cord trauma [39]. During
telencephalon development, the timing of astrogliogenesis is
regulated in part by accumulation of gliogenic cytokines,
including CNTF, LIF, and cardiotrophin-1 [72]. These factors,
secreted by newborn neurons during late neurogenesis, ac-
tivate the JAK-STAT signaling pathway [29,73,74], which
ensures, when sufficient levels of cytokines are accumulated,
the transition from neurogenesis to astrogliogenesis [72,75].
In our study, among the genes tested, Ngn2 was the most
efficient in promoting a clear maturation of neurons and
may, therefore, have prompted the accumulation of suffi-
cient amounts of cytokines to promote a negative feedback
loop and subsequent generation of astrocytes. Moreover,
along with their ability to maintain neural stem cells in an
undifferentiated state, bFGF and EGF have been shown to
promote the acquisition by cortical progenitors of a compe-
tence to respond to cytokine signaling and differentiate into
astrocytes [55,76,77]. The fact that hPNCs were amplified as
neurospheres in the presence of these growth factors may
also have induced a greater sensitivity of hNPCs to cytokine-
induced astroglial differentiation. However, evidence has
been provided that Ngns, in parallel to their proneural ac-
tivity, inhibit the generation of astrocytes by at least 2 com-
plementary mechanisms that intervene downstream
cytokine signaling [71,78,79]. Ngns induce the sequestration
of the gliogenic complex SMAD1/CBP/P300 away from the
GFAP promoter and repress components of the JAK/STAT
pathway [71]. These mechanisms are highly dependent on
the levels of expression of Ngns, which, upon down-
regulation, play a permissive role in astrogliogenesis. How-
ever, in our study, Ngn2 expression was under the control of
the ubiquitous PGK promoter, which yielded high levels of
transgene expression, and it is, therefore, very unlikely that
Ngn levels of expression were at some point low enough to
promote astrocyte generation. Finally, maintaining NPCs as
3-dimensional neurospheres—wherein a large degree of
unobservable cellular cross-talk occurs—may yield results
that would not be seen when the cells were maintained in
monolayer. Thus, the reason why Ngn2 overexpression
yielded astrocyte production in human fetal telencephalic
NPC cultures remains to be answered in future studies.

Conclusion

CNS-derived multipotent somatic stem cells present an
advantage over pluripotent stem cells [7,15] in that they are
already ‘‘neurally committed’’ and lack tumorigenicity after
grafting. Their major barrier to widespread use has been
rapid expandability and scalability. Here, we provide evi-
dence that human neural stem/progenitor cells can be effi-
ciently, rapidly, and safely expanded in vitro as well as
rapidly differentiated toward mature neural (typically neu-
ronal) lineages by the overexpression of select proneural
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genes. Our study further highlights the individual roles of
Ngn1, Ngn2, Ngn3, and Mash1 in hNPC proliferation, neu-
ronal versus glial commitment, and terminal differentiation.
Deciphering these aspects of hNPC development constitutes
a crucial step toward the establishment of large-scale, valu-
able donor cell sources and may allow the design of exper-
imental models for the treatment of a range of CNS diseases.
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