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Development/Plasticity/Repair

Effects on Differentiation of Embryonic Ventral Midbrain
Progenitors by Lmx1a, Msx1, Ngn2, and Pitx3

Laurent Roybon,* Tord Hjalt,* Nicolaj S. Christophersen, Jia-Yi Li, and Patrik Brundin

Neuronal Survival Unit, Department of Experimental Medical Science, 221 84 Lund, Sweden

Neurons derived from neural stem cells could potentially be used for cell therapy in neurodegenerative disorders, such as Parkinson’s
disease. To achieve controlled differentiation of neural stem cells, we expressed transcription factors involved in the development of
midbrain dopaminergic neurons in rat and human neural progenitors. Using retroviral-mediated transgene delivery, we overexpressed
Lmx1la (LIM homeobox transcription factor 1, alpha), Msx1 (msh homeobox homolog 1), Ngn2 (neurogenin 2), or Pitx3 (paired-like
homeodomain transcription factor 3) in neurospheres derived from embryonic day 14.5 rat ventral mesencephalic progenitors. We also
expressed either Lmx1a or Msx1 in the human embryonic midbrain-derived progenitor cell line NGC-407. Rat cells transduced with Ngn2
exited the cell cycle and expressed the neuronal marker microtubule-associated protein 2 and catecholamine-neuron protein vesicular
monoamine transporter 2. Interestingly, Pitx3 downregulated the expression of SOX2 (SRY-box containing gene 2) and Nestin, altered
cell morphology, but never induced neuronal or glial differentiation. Ngn2 exhibited a strong neuron-inducing effect. In contrast, few
Lmx1la-transduced cells matured into neurons, and Msx1 overexpression promoted oligodendrogenesis rather than neuronal differen-
tiation. Importantly, none of these four genes, alone or in combination, enhanced differentiation of rat neural stem cells into dopami-
nergic neurons. Notably, the overexpression of Lmxla, but not Msx1, in human neural progenitors increased the yield of tyrosine
hydroxylase-immunoreactive cells by threefold. Together, we demonstrate that induced overexpression of transcription factor genes has
profound and specific effects on the differentiation of rat and human midbrain progenitors, although few dopamine neurons are
generated.
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Introduction

The concept that cell transplantation can be used to repair the
brain in neurological disease has received great attention. For
example, transplants of dopaminergic neurons derived from
aborted human embryos can be beneficial in Parkinson’s disease
(PD) (Olanow et al., 1996; Lindvall and Hagell, 2000; Bjorklund
etal., 2003). The main drawbacks are relative shortage of suitable
embryonic donor tissue and ethical issues related to the need for
a constant supply of tissue from aborted embryos. Some of these
problems would be solved if it were possible to derive the trans-
plant neurons from neural stem/progenitor cells. Rodent and
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human embryo-derived neurospheres contain multipotent stem/
progenitor cells that can proliferate and differentiate into all neu-
ral lineages. Rodent neurospheres are excellent tools for, as an
example, experimental studies in the areas of stem cell biology
and brain repair (Reynolds and Weiss, 1996; Svendsen et al.,
1999; Kim et al., 2006). Human neurospheres, conversely, could
potentially be used in toxicity studies, screening novel drugs, and
as an interesting potential source of cells for neural grafting in PD
patients. Unfortunately, when grown as neurospheres, even the
most dedicated culture protocols only generate a small number
(<5%) of dopaminergic neurons, which is the required cell type
for grafting in PD (Studer et al., 1998; Sanchez-Pernaute et al.,
2001; Kim et al., 2003; Roybon et al., 2004; Jensen and Parmar,
2006).

Several protocols aimed at generating midbrain dopaminergic
neurons from different types of cells have been tested. They in-
clude coculture systems (Kawasaki et al., 2000, 2002; Barberi et
al., 2003; Perrier et al., 2004), gene delivery strategies (Raymon et
al., 1997; Wagner et al., 1999; Kordower et al., 2000; Andersson et
al., 2007; Kim et al., 2007), and addition of exogenous growth
factors to the cultures (Ye et al., 1998; Castelo-Branco et al., 2003;
Schulte et al., 2005; Martinat et al., 2006; Bryja et al., 2007). The
recent increase in knowledge of the transcriptional control of
midbrain dopaminergic neurons during normal development
may help to create methods that generate higher numbers of
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dopaminergic neurons from stem cells. Development of mid-
brain dopaminergic neurons is complex and involves the activa-
tion of partially identified transcriptional cascades (Perlmann
and Wallen-Mackenzie, 2004; Simon et al., 2004). Mutant mouse
models and gene targeting studies have elucidated the role of
many of these transcription factors (Smits et al., 2003; Zhao et al.,
2004; Sgado et al., 2006). For example, the proneural basic helix—
loop—helix transcription factor Ngn2 (neurogenin 2) is required
for the proneural specification and pan-neuronal character of
ventral midbrain dopaminergic neurons (Andersson et al.,
2006a; Kele et al., 2006). In contrast, the homeobox gene Pitx3
(paired-like homeodomain transcription factor 3) seems to play a
role in the survival and maintenance of dopaminergic neurons
rather than as an upstream signal for neuronal specification
(Smidt et al., 2004). A recent study identified two genes, Lmxla
(LIM homeobox transcription factor 1, alpha) and Msx1 (msh
homeobox homolog 1), as major upstream regulators of the do-
paminergic neuronal subtype specification. Expression of Lmx1la
driven by the neural-specific nestin enhancer coupled to a mini-
mal thymidine kinase promoter (Lothian et al., 1999) induced the
maturation of mouse embryonic stem cells (ESCs) into ventral
midbrain dopaminergic neurons when sonic hedgehog (SHH)
and fibroblast growth factor 8 (FGF8) were present in the me-
dium (Andersson et al., 2006b).

Using single or double gene transduction, we have examined
the effects of the constitutive expression of each of the genes
Lmxla, Msx1, Pitx3, and Ngn2 on embryonic day 14.5 (E14.5) rat
and 7-week-old human ventral mesencephalic neural precursors.
The genes all had specific effects on the neural differentiation of
the precursors into different lineages. However, the single action
or dual combinations of these genes, in the presence or absence of
growth factors, were not sufficient to induce midbrain precursors
to differentiate into dopaminergic neurons with high yields.

Materials and Methods

Retroviral vectors construction, production, and titration. We generated
retroviral vectors pCMMP-Lmx1a—IRES2eGFP-WPRE, pCMMP—
Msx1-IRES2eGFP-WPRE, and pCMMP-Pitx3-IRES2e GFP-WPRE by
PCR amplifying the cDNA using high-fidelity polymerase Advantage 2
(Clontech, Mountain View, CA) of mouse Lmx1la, mouse Msx1 (Anders-
son et al., 2006b), and rat Pitx3 (Prof. J. Song, Cell and Gene Therapy
Research Institute, Pochon, Korea). [There were some anomalies in the
original mLmxla clone we observed after sequencing and which con-
sisted of a changed second codon (Leu-Val) and 16 additional amino
acids appended to the end of the reading frame (TSNSPITSLFAAPGTR)
and a different stop codon (TGA-TAA), which we corrected by PCR
using primers congruent to the mLmx1la sequence in GenBank (acces-
sion number NM_033652.2).] We cloned the genes into the restriction
sites Pmel (5') and Xhol (3") of the pPCMMP-IRES2e GFP-WPRE vector
(Hofstetter et al., 2005). We generated the retroviral vector pPCMMP—
Lmx1a—IRES2DsRed2-WPRE by substituting the IRES2eGFP sequence
for an IRES2DsRed2 sequence, using the restriction sites Xhol and Norl.
The constructs were confirmed using restriction digestion and DNA se-
quencing. We produced all viruses according to a protocol described
previously, using the producer cell line 293VSVG (Ory et al., 1996). We
resuspended the concentrated viruses into 0.5 ml of DMEM (Sigma, St.
Louis, MO). The titers varied from 0.7 X 10~ to 1.8 X 10 TU/ml.
Rat neurosphere transduction and differentiation. We generated and
differentiated neurospheres according to a protocol described previously
(Roybon et al., 2005). In brief, we dissected ventral mesencephalic tissue
from rat embryos at E14.5. We trypsinized and dissociated the tissue and
seeded single-cell suspensions. We passaged the neurospheres weekly, by
mechanical dissociation. After 7 d of expansion in vitro, we seeded E14.5
ventral mesencephalic and cortical neurospheres (passage two is P2)
onto poly-L-lysine (4 ug/ml; Sigma)/laminin (5 pg/ml; Sigma) (PLL/L)-
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coated 13 mm glass coverslips in 24-well plates. Each well contained an
equal starting population of 200,000 cells/ml, corresponding to 15-25
neurospheres. We transduced the wells independently with one of the
retroviruses or a combination of two retroviruses, at a multiplicity of
infection (MOI) of I, in proliferation medium supplemented with
protamine-sulfate (4 mg/ml; Sigma). We replaced the medium with nor-
mal basic differentiation medium 3 d after transduction and subse-
quently changed it every third day. Cells started to express green fluores-
cent protein (GFP) and differentiate within 12-24 h (see Fig. 4A1-A4).
We fixed the cultures 4, 8, and 12 d after the induction of differentiation.
For semiquantitative reverse transcription (RT)-PCR, we seeded E14.5
rat ventral midbrain neurospheres (P2) in PLL/L-coated flasks contain-
ing proliferation medium and transduced them with an MOI of 1. To
study the effect of SHH on Lmxla-, Msx1-, and double-transduced cul-
tures, we supplemented the medium already containing 100 ng/ml FGF8
with one of two concentrations of SHH (1.7 or 15 nm) from day 0 to day
16. We changed the medium every third day and fixed the cultures at days
8,12, and 16 for immunocytochemical stainings for tyrosine hydroxylase
(TH) and other dopaminergic markers.

RT-PCR. We prepared RNA from freshly trypsinized cells at days 4, 8,
and 12 of differentiation, using Trizol (Invitrogen, Carlsbad, CA) and
RNeasy CleanUp (Qiagen, Valencia, CA), according to the instructions
of the manufacturers. We performed reverse transcription using Super-
script IT (Invitrogen), with both random hexamers and oligo-dT reverse
primers (Promega, Madison, WI). We amplified cDNA using Advan-
tage2 polymerase (Invitrogen) and a PerkinElmer Life and Analytical
Sciences (Waltham, MA) 9700 machine. The cycling conditions were as
follows: 10 cycles of 94°C for 30 s, 68°C for 90 s, followed by 25 cycles of
94°C for 30 s, 60°C for 1 min, 68°C for 1 min, and finally 68°C for 2 min,
soak at 8°C. We designed the primers to straddle intron—exon bound-
aries and span introns (supplemental Table 1, available at www.jneuro-
sci.org as supplemental material), with the exception of the enhanced
GFP (eGFP) primers, which were designed for an unspliced eGFP cDNA
construct. If multiple transcriptional isoforms were known, such as for
Nurrl (nuclear receptor-related 1), we designed primers to amplify all
known isoforms.

Human embryonic NGC-407 cell line generation, proliferation, trans-
duction, and differentiation. The NGC-407 cell line was derived at Ns-
Gene (Ballerup, Denmark). Cells had been isolated from the ventral mid-
brain (VM) of a 7-week-old human embryo and immortalized using a
retroviral vector containing the v-myc oncogene (Khan et al., 2007).
Briefly, human midbrain cells in primary culture were prepared from a
7-week-old human fetal brain (in accordance with Lund University eth-
ical guidelines). Immediately after dissection of the ventral midbrain, the
tissue was cut in a drop of cell dissociation solution (Sigma) made of
DMEM/F-12 (Invitrogen), N2 supplement (Invitrogen), supplemented
with 0.5% human serum albumin (Sigma), 0.6% glucose (Sigma), 5 mm
HEPES (Invitrogen), B27 supplement (Invitrogen), 40 ng/ml basic FGF
(bFGF) (R&D Systems, Minneapolis, MN), and 20 ng/ml epidermal
growth factor (EGF) (R&D Systems). The cut tissue was centrifuged at
1000 rpm for 5 min and resuspended in fresh culture medium. Four days
after seeding, the cell cultures were transduced at an MOI of 1 with a
retroviral vector construct consisting of the gag—v-myc fragment of
v-myc (GenBank accession number AF033809) cloned as an EcoRI/Dral
fragment between EcoRI and Hpal sites of pLXSN (Clontech) (GenBank
accession number M28248). A gene conferring neomycin resistance
present in the vector allowed selection of transduced cells by adding
geneticin at a concentration of 800 ug/ml. After selection, cultures were
grown as an adherent monolayer in N2 medium supplemented with EGF
and bFGF that was renewed every 2-3 d. We transduced proliferating
NGC-407 cells overnight with Lmx1a, Msx1, and empty (control) retro-
virus at an MOI of 1. After an additional 48 h, we removed the growth
factors bFGF and EGF, which resulted in differentiation of the cells. To
study the effect of SHH and FGF8 on Lmxla- and Msx1-transduced
cultures, we supplemented the medium with 1-10 nm SHH-N (R&D
Systems) and 100 ng/ml FGF8b (R&D Systems). Half of the medium was
replaced every second day. We fixed the cultures 8 d after transduction.

Immunocytochemistry. We fixed both rat and human cultures in 4%
paraformaldehyde in 0.1 M PBS for 30 min and washed with PBS three
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Figure 1. Neural progenitors isolated from E14.5 rat midbrain have a high transduction capacity. A7-A4, Eighty percent of the ventral mesencephalic progenitors are transduced by the

retrovirus and express the immature neural marker Nestin. B—E, Ventral mesencephalic progenitors transduced with Lmx1a, Msx1, Ngn2, and Pitx3 express both the transgene and the reporter

gene eGFP, 4 d after transduction. Scale bars, 50 wm

times. We performed immunocytochemistry using standard protocols.
Primary antibodies and dilutions were as follows: rabbit anti-aldehyde
dehydrogenase 1A (ALDH1A) (1:200; gift from Dr. R. G. Lindahl, Uni-
versity of South Dakota School of Medicine, Vermillion, SD), mouse
anti-B-1II-tubulin (1:500, catalog #T8660; Sigma), rabbit anti-B-III-
tubulin (1:1000, catalog #PRB-435P; Nordic BioSite, Capistrano Beach,
CA), mouse anti-calbindin (1:1000, catalog #C9848; Sigma), mouse anti-
2',3"-cyclic nucleotide 3'-phosphodiesterase (CNPase) (1:1000, catalog
#C5922, Sigma), rabbit anti-dopamine transported (DAT) (1:400, cata-
log #DAT13-A; Alpha Diagnostic, San Antonio, TX), rabbit anti-dopa
decarboxylase (1:500, catalog #AB1569; Millipore Bioscience Research
Reagents, Temecula, CA), chicken anti-eGFP (1:1000, catalog #AB16901;
Millipore Bioscience Research Reagents), mouse anti-EN1 (engrailed
homolog 1) (1:200, 4G11; Developmental Studies Hybridoma Bank,
University of Iowa, Iowa City, IA), mouse anti-Girk2 (G-protein-gated
inwardly rectifying K™ channel 2) (1:80, catalog #APC-006; Alomone
Labs, Jerusalem, Israel), rabbit anti-glial fibrillary acidic protein (GFAP)
(1:1000, catalog #70334; Dako, Carpinteria, CA), mouse anti-Lmxla
(1:200, gift from Dr. M. German, University of California, San Francisco,
CA), mouse anti-Msx1 (1:200, 4G1; Developmental Studies Hybridoma
Bank), mouse anti-microtubule-associated protein 2 (MAP2) (1:500,
catalog #M4403; Sigma), mouse anti-Nestin (1:200, catalog #556309; BD
PharMingen, San Diego, CA), rabbit anti-Ngn2 (1:200, catalog #AB5682;
Millipore Bioscience Research Reagents), rabbit anti-Pitx3 [1:200; gift
from Dr. M. P. Smidt, Rudolf Magnus Institute of Neuroscience, Uni-
versity Medical Center Utrecht, Utrecht, The Netherlands; also pur-
chased from Zymed, South San Francisco, CA (catalog #38-2850)],
mouse anti-SOX2 (SRY-box containing gene 2) (1:50, catalog
#MAB2018; R&D Systems), mouse anti-TH (1:500, catalog #MAB318;
Millipore Bioscience Research Reagents), rabbit anti-TH (1:500, catalog
#AB152; Millipore Bioscience Research Reagents), and rabbit anti-
vesicular monoamine transporter 2 (VMAT?2) (1:500, catalog #AB1767;
Millipore Bioscience Research Reagents). Biotinylated antibodies (anti-
mouse and anti-rabbit) were used at the concentration 1:200 and pur-
chased from Vector Laboratories (Burlingame, CA). Fluorochrome-
conjugated antibodies were used at the concentration of 1:200 and

purchased from Invitrogen: Alexa488 goat anti-chicken (catalog
#A11039), Alexa594 goat anti-mouse (catalog #A11007), Alexa594 goat
anti-rabbit (catalog #A11005), Alexa594 goat anti-rat (catalog #A11012),
and streptavidin Alexa647 (catalog #532357). These antibodies were on
30-pum-thick coronal sections through the substantia nigra of an adult
Sprague Dawley rat (supplemental Fig. 2, available at www.jneurosci.org
as supplemental material) and had been reported previously (Roybon et
al., 2005).

Chloro-deoxyuridine pulse labeling and immunocytochemistry. We cul-
tivated second-passage VM neurospheres generated from E14.5 rat em-
bryos in proliferation medium for 7 d, followed by an overnight trans-
duction with the different viral vectors. We then incubated them from
day 13 to day 16 with chloro-deoxyuridine (CldU) (20 um; Sigma), as
represented in Figure 4 A. For immunocytochemistry, we fixed the cul-
tures with 4% paraformaldehyde at day 16, rinsed with PBS three times,
treated with 1 M HCI at 65°C for 10 min, and then incubated with anti-
CldU/BrdU serum raised in rat (1:200, monoclonal; Immunologicalsdi-
rect, Oxfordshire, UK). The remainder of the procedure followed the
protocol for immunocytochemistry mentioned above.

Cell counting and statistical analyses. We quantified neuronal differen-
tiation of rat and human midbrain neural progenitors after transduction,
using a fluorescence microscope or after screening using a confocal mi-
croscope. We quantified the numbers of stained cells on days 8 and 12
after transduction, with the exception of cleaved caspase3 and nestin
immunostaining that we studied at 4 d after gene transduction. We ex-
amined four fields of view per condition (more than 2000 cells per field)
for three independent experiments. To assess the effect of SHH/FGF8 on
dopaminergic differentiation and cell-cycle exit, we studied four fields of
view in two and three experiments for rat and human cultures, respec-
tively. We randomly selected fields of view and assessed them for the total
numbers of eGFP-positive cells and the number of immunopositive cells
for each of the markers (marker/eGFP double-immunopositive cells).
For double transduction, we performed two independent experiments.
We performed statistical comparisons with one- or two-factor ANOVA
with time and gene as factors, followed by post hoc analysis when we
observed significant differences. We express the data as the mean number
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Figure2. Maturation and neuronal differentiation of E14.5 rat midbrain progenitors after 8 d in vitro differentiation. A7-D2, In 4 d differentiated cultures, Lmx1a- and Msx1-transduced cells do
not completely downregulate the expression of the immature neural marker SOX2 as opposed to Ngn2- and Pitx3-transduced cells. F-J, Transduced progenitors adopt a neuronal morphology and
express MAP2 when overexpressing Lmx1a (F) and Ngn2 (H). Neuronal differentiation was not affected when cells were transduced with Msx1 () compared with control (J). Cells transduced with
Pitx3 do not express MAP2 in combination with the transgene, even after 12 d differentiation (/). K, L, Bar diagrams representing the percentage of SOX2- and MAP2-positive cells of the number of
transduced GFP-positive cells, after day 8 of in vitro differentiation. High magnification of the framed areas in A7, B1, €1, D1, and ET are represented in A2, B2, 2, D2, and E2, respectively.
Rectangular images on the bottom and right of A2, B2, €2, D2, and E2 represent a projection of 14 Z-stack images (total of 1014 pum thick). The crosshairs in A2 were positioned to show a cell
transduced (eGFP), positive for 3-lll-tubulin and negative for SOX2. Scale bars: A7, B1, €1, D1, E1, F-J, 50 um; A2, B2, (2, D2, E2, 25 pum.

of positive cells £ SEM. Bar diagrams represent the percentage of cells
immunopositive for each marker of the number of eGFP-transduced
cells. For each diagram, the level of significance ( p value) is represented
as follows: *p < 0.05; **p < 0.01; ***p < 0.001.

Microscopy and images. After immunocytochemistry, we analyzed the

specimens using a Leica (Wetzlar, Germany) fluorescence microscope
(Leica DMRBE, Openlab software) and Leica confocal microscope (Leica
software, equipped with an organ/neon and a helium/neon laser, using
the following lines of excitation: 488, 594, and 647 nm). We used 20X,
40X, and 63X objectives. We adjusted images of the positive immuno-
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Glial phenotype of cells overexpressing Lmx1a, Msx1, Ngn2, and Pitx3. A—E, Ventral midbrain progenitors express the oligodendrocyte marker CNPase when transduced with Lmx1a

(A), Msx1 (B), and control virus (E), but never when transduced with either Ngn2 (C) or Pitx3 (D). F-J, Ventral midbrain progenitors express the astrocyte marker GFAP when transduced with Lmx1a
(F), Msx1 (G), and control virus (J), but not when transduced with either Ngn2 (H) or Pitx3 (/). K, L, Bar diagrams representing the percentage of CNPase- and GFAP-positive cells of the number

of transduced GFP-positive cells, after day 8 in vitro differentiation. Scale bars, 50 m.

histochemical staining to define the optimal use of the dynamic range of
detection. We adjusted the background settings to the observed back-
ground in positive control specimens (supplemental Fig. 2, available at
www.jneurosci.org as supplemental material). We composed figures us-
ing CANVAS-X software.

Results

Effect of Lmx1a, Msx1, Ngn2, and Pitx3 on cell maturation
and neuronal differentiation

Knock-out and gene-silencing studies have revealed that Lmx1a,
Msx1, Ngn2, and Pitx3 are key transcription factors necessary for
the generation and development of dopaminergic neurons (Bur-
bach and Smidt, 2006; Smidt and Burbach, 2007). Retroviruses
are suitable tools to deliver foreign genes. They can transduce
cultured neural progenitors with higher efficiency (Fig. 1A1-A4)
compared with transfection or electroporation techniques (Falk
et al., 2002). We studied the phenotype of E14.5 rat midbrain
progenitors after retroviral-mediated delivery of each of the tran-
scription factors individually. The transduction efficiency was

>80% 4 d after transduction, as evaluated by double immuno-
staining for GFP and the neural progenitor marker Nestin (Fig.
1A1-A4). All transduced cells expressed both the transgene and
eGFP, even 12 d after transduction (Fig. 1 B-E).

We first studied whether the overexpressed genes could pre-
vent maturation, i.e., maintain the neural progenitors in an un-
differentiated state. We performed triple immunostaining for
eGFP, the neural progenitor marker SOX2 and the immature
neuronal marker B-III-tubulin. We found B-III-tubulin in all
transduced cultures, indicating neuronal maturation (Fig. 2A1—
E2). Downregulation of SOX2 correlated with the appearance of
B-1II-tubulin-immunopositive cells in cultures differentiated for
4 d. Statistical analysis confirmed that two genes, Ngn2 and Pitx3,
significantly promoted cell maturation (one-factor ANOVA;
main effect of the gene, F(, ;5 = 479.14; p < 0.0001) (Fig. 2K). In
cultures transduced with Ngn2, 85.1 = 3.4% of the eGFP-positive
cells had downregulated SOX2 expression by 4 d (Fig. 2C1,C2,K).
In cultures transduced with Pitx3, all of the eGFP-positive cells
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differentiated cultures, respectively (Fig.
1F,L). Interestingly, Pitx3 significantly in-
hibited neurogenesis (Fig. 1I,L) (one-
factor ANOVA; main effect of the gene
Pitx3, F 4 5 = 169.55; p < 0.0001). Finally,
Msx1 overexpression had no significant ef-
fect on MAP2 expression compare with
control (Fig. 1G,L).

Together, our data show that Lmxla
and Ngn2 promote neuronal differentia-
tion of neural progenitors.
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Figure4.

dendrocyte markers GFAP (G-) and CNPase (-C). Scale bars, 50 m.

stopped expressing SOX2 (Fig. 2DI1,D2,K). Similar results
were obtained using the neural progenitor marker Nestin. Less
than 5% of the Pitx3—GFP cells and Ngn2—-GFP cells were cola-
beled with Nestin (supplemental Fig. 1A, B, available at www.
jneurosci.org as supplemental material).

Because we had observed B-III-tubulin-expressing cells in
transduced cultures, we quantified the increase in cells stained
with the mature neuronal marker MAP2 over time (Fig. 2 F-J,L).
We found a significant increase in the number of MAP2-positive
neurons with time (one-factor ANOVA; main effect of time,
F1 20y = 26.09; p < 0.0001) (Fig. 1L) and a significant effect of
each gene on MAP2 expression compared with control (one-
factor ANOVA; main effect of the gene, F,,, = 169.55; p <
0.0001) (Fig. 1L). Both Ngn2 and Lmx]1a significantly promoted
MAP?2 expression. After 8 and 12 d differentiation, 81.2 * 2.6 and
>99%, respectively, of the eGFP-positive cells were MAP2-
positive in Ngn2-transduced cultures (Fig. 1H,L). Lmxla over-
expression generated 40.6 = 4.3 and 58.7 * 4.9% MAP2/eGFP-

Glial differentiation after dual transgene delivery. A7—B4, Ventral midbrain progenitors grew as neurospheres were
double transduced using control retroviruses that drive the expression of DsRed2 or eGFP reporter genes. Using different MOI for
each retrovirus (here 0.5 for DsRed control retrovirus and 1 for eGFP control retrovirus) allow us to confirm the specificity of the
resulting fluorescence. €7-H2, Ventral midbrain progenitors coexpressing Lmx1a and Ngn2 (E1, E2) become MAP2-
immunopositive neurons after 8 d differentiation. Low neuronal differentiation was achieved when overexpressing both Lmx1a
and Msx1 (€7, €2) or Lmx1a and Pitx3 (G1, G2). Dual transgene delivery had not effect on promoting glial differentiation as
shown after a combined immunocytochemistry using the same secondary antibody cyanine 5 to reveal the astrocyte and oligo-

Effect of Lmx1a, Msx1, Ngn2, and Pitx3
on glial differentiation
Next we examined the capacity of each sin-
gle gene to induce glial differentiation of
E14.5 midbrain neurospheres. We studied
the expression of the oligodendrocytic
marker CNPase and the astrocytic marker
GFAP in cultures differentiated for 8 d (Fig.
3). We observed a significant effect of the
genes Msx1, Ngn2, and Pitx3 on oligoden-
drocyte  differentiation  (one-factor
ANOVA; main effect of the gene, F(, |5, =
20.15; p < 0.001) (Fig. 3K). The major ef-
fect we observed resulted in a fourfold in-
crease in CNPase expression in cultures
transduced with Msx1 (Fig. 3B,K). How-
ever, Msx1 did not affect differentiation of
the progenitors into astrocytes (Fig. 3G,L).
Immunocytochemistry for both CNPase
and GFAP revealed Ngn2 and Pitx3 signif-
icantly  inhibited  gliogenesis  (Fig.
3C,D,H,IK,L). Transduction with Lmxla
did not have any effect on oligodendrogen-
esis or astrogenesis (Fig. 3A,F,K,L).
Immunocytochemistry for neuronal,
oligodendrocytic, and astrocytic markers
showed that some of the overexpressed
genes did not drive neuronal or glial differ-
entiation strongly. For example, Pitx3-
transduced eGFP-positive cells completely
downregulated the immature neural pro-
genitor markers SOX2 (Fig. 2D1,D2) and
Nestin (supplemental Fig. 1 B, available at www.jneurosci.org as
supplemental material), but only few became neurons (Fig. 21, L)
and none of them glia (Fig. 3D,[,K,L). Their precise phenotype
could not be determined, except that they were not neurons or
glia and that they exhibited a fibroblast-like morphology.
Together, Msx1 promoted oligodendrocyte differentiation of
the midbrain neural progenitors, and none of the four genes we
studied promoted astroglial differentiation efficiently.

Effect of dual retroviral transgene delivery on neuronal and
glial differentiation

We next studied whether Lmxla, Msx1, Ngn2, and Pitx3 can
synergistically induce neuronal or glial differentiation of ventral
midbrain progenitors. Lmxla is the first of the four genes of
interest that is expressed during dopamine neuron development.
Therefore, in an attempt to promote the generation of midbrain-
derived neurons, we overexpressed Lmxla combined with each
of the three remaining genes. To this aim, we generated a retro-
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viral vector capable of expressing Discosoma red 2 (DsRed2) re-
porter gene, in which we subcloned Lmxla. In an initial experi-
ment, we evaluated the efficacy of the dual transgene delivery. For
this purpose, we transduced the ventral midbrain progenitors
using control retroviruses that only drove the expression of either
a DsRed2 or eGFP reporter gene. One day after dual transduc-
tion, the cells started to express both reporter genes (Fig. 4A1-
A4), demonstrating that the procedure had worked. At 4 d, a
majority of the cells had migrated out of the core neurosphere
and expressed both reporter genes. When we used an MOI of 1,
between 30 and 50% of all cells coexpressed DsRed2 and eGFP.

We then examined the effects of simultaneously overexpress-
ing two transcription factors. Eight days after dual transgene de-
livery, >70% of Lmxla:DsRed2/Ngn2:eGFP-overexpressing
cells were MAP2 immunopositive (Fig. 4EI,E2). This result is
similar to that we obtained when we overexpressed Ngn2 alone
(Fig. 2H,L). Thus, isolated Ngn2 overexpression is sufficient
enough to promote neuronal differentiation. In contrast, neuro-
nal differentiation was low when we combined Lmx1a with Msx1
(<6%) or Pitx3 (<5%). Indeed, neither dual overexpression of
Lmxla and Msx1 nor Lmxla and Pitx3 increased neuronal dif-
ferentiation, beyond what we had observed when only overex-
pressing Msx1 or Pitx3, respectively (Fig. 4C1,C2,G1,G2). When
we assessed glial differentiation, we found that almost none of the
cells double transduced for the genes of interest expressed GFAP
or CNPase (Fig. 4D1,D2,F1,F2,HI,H2).

Together, these data demonstrate that cotransducing ventral
mesencephalic progenitors with Lmxla combined with Ngn2,
Msx1, or Pitx3 neither enhance neuronal differentiation beyond
what is seen when transducing the cells with the transcription
factors individually nor promote glial differentiation.

Effect of Lmx1a, Msx1, Ngn2, and Pitx3 on cell-cycle exit,
proliferation, and cell death
To further study the neuronal maturation of the transduced cells,
we used CldU incorporation to examine the capacity of each gene
to induce cell-cycle withdrawal (Fig. 5). After transduction, we
induced the cultures to differentiate for 6 d and then exposed
them to CIdU for 72 h. Both Lmxla- and Ngn2-transduced cells
stopped dividing, with 68.5 = 7.5 and 69.1 * 4.8% of transduced
GFP-positive cells, respectively, exiting the cell cycle (one-factor
ANOVA; main effect of the gene, F, 5, = 49.45; p < 0.0001)
(Fig. 5B1,B2,D1,D2,L). In contrast, cells overexpressing Msx1
and Pitx3 continued to proliferate (Fig. 5CI1,C2,E1,E2,L). Inter-
estingly, we observed a much higher frequency of cell mitosis in
cultures transduced with Pitx3 (Fig. 5E2). Furthermore, we
found that ~90% of the cells transduced with Pitx3 had incorpo-
rated CldU (Fig. 5L).

Finally, we investigated whether each gene influenced cell
death at 4 and 8 d after transduction and differentiation. We
immunostained cultures for cleaved caspase3, a marker of ongo-
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ing apoptosis (Fig. 5G1-G4,H1,H2,11,12,]1,]2,K1,K2). We ob-
served an increase in cell death in cultures harboring the Ngn2
and Pitx3 viruses compared with those infected with Lmxla,
Msx1, and control virus in which cell death was ~1.5% (two-
factor ANOVA; effect of the gene, F, 5, = 10.23; p < 0.0001)
(Fig. 5M) and over time (two-factor ANOVA; effect of time,
Fis0 = 4.76; p = 0.03) (Fig. 5M). In Ngn2- and Pitx3-
transduced cultures, 4.5 = 0.6 and 4.1 * 0.8%, respectively, of the
cells were undergoing apoptosis on day 4. At 8 d after transduc-
tion, cell death was still low (<2%) in cultures transduced with
Lmxla, Msx1, Pitx3, and control virus, but a high level of cell
death (27.3 = 10.9%) could be observed in Ngn2-transduced
cultures (Fig. 5M) (supplemental Fig. 1C,D, available at www.
jneurosci.org as supplemental material).

Effect of Lmx1a, Msx1, Ngn2, and Pitx3 on
dopaminergic differentiation
In the next step, we studied the dopaminergic phenotype in
Lmxla-, Msx1-, Ngn2-, and Pitx3-transduced cells. TH-positive
cells were rare in all culture conditions [fewer than five cells per
coverslip, representing less than five cells per >200,000 4',6’-
diamidino-2-phenylindole (DAPI)-positive cells]. Moreover,
these TH-positive cells had not been infected with any of the
constructs (Fig. 6A1,A2). None of the overexpressed genes sig-
nificantly induced the expression of the midbrain-related ho-
meobox gene Enl compared with the control-transduced cul-
tures (Fig. 6 BI,B2). It was suggested recently that Lmxla, in
response to SHH, strongly promotes differentiation of dopami-
nergic neurons from mouse embryonic stem cells (Andersson et
al., 2006b). Therefore, we studied the effect of SHH on Lmxla-
and Msx1-transduced rat midbrain cultures. Transduced cells
were differentiated with medium supplemented with 1.7 or 15 nm
SHH and 100 ng of FGF8, from day 0 to day 16. We found no
increase in the number of TH-immunoreactive transduced cells
atdays 8, 12, and 16 as a result of the addition of the morphogens
to the medium. Together, these data indicate that the single ex-
pression of these genes did not promote differentiation of E14.5
rat midbrain neural progenitors into dopaminergic neurons.
Furthermore, addition of SHH at various concentrations and
FGF8 did not enhance the dopaminergic differentiation of mid-
brain cultures transduced with either Lmx1a or Msx1 genes.
RT-PCR analysis from cultures transduced with Lmxla,
Msx1, Ngn2, and Pitx3 shows that the genes had no effect on
enhancing dopaminergic differentiation (Fig. 6C). We detected
mRNA for eGFP in all infected cultures. We found an increase in
Pitx3 mRNA levels in Pitx3-infected cell cultures on days 4, 8, and
12. We also observed upregulation of the transgene from the
other retroviruses carrying Ngn2, Lmx1la, and Msx1 (data not
shown). We noted that mRNA of Pax2 (paired box gene 2), a key
gene of the midbrain identity, was not or very weakly detectable
in any of the infected cultures and only weakly expressed in

Figure5.

Ngn2 and Lmx1a but not Msx1 or Pitx3 induce neuronal postmitotic phenotype of ventral mesencephalic progenitors. 4, Schematic representation of CldU pulse labeling assay. BT-F2,

Cloro-deoxyuridine pulse labeling shows that most of Ngn2-transduced (D7, D2) and Lmx1a-transduced (B1, B2) cells have adopted a postmitotic fate before CldU exposure and express both the
transgene (eGFP) and the neuronal marker B-Ill-tubulin. Important cell division was found in Pitx3-transduced cultures as shown by two dividing cells that had incorporated CldU (E2). Msx1-
transduced (CT), Pitx3-transduced (ET), and control virus-transduced (F7) cells highly incorporated CldU. High magnification of the framed areain BT, (1, D1, E1,and F1 are represented in B2, (2,
D2, E2,and F2, respectively. G7-K2, Immunocytochemistry for cleaved caspase3 (C-Casp3) shows the overexpression of the four genes and control mediated by the retrovirus is not toxic for the cells
and does not induce them to undergo apoptosis. 63, G4, High magnification of the framed areas in G7 and G2, respectively. GT-K1, White arrowheads show cells immunopositive for cleaved
caspase3. G3, G4, White arrowhead shows the phenotypic pyknotic nuclei of a cleaved caspase3-immunopositive cell undergoing apoptosis. L, Bar diagram representing the percentage of
CldU-immunopositive cells of the number of transduced GFP-positive cells. M, Bar diagram representing the percentage of cleaved caspase3-immunopositive cells of the number of transduced
GFP-positive cells after 4 d (black bars) and 8 d (gray bars) differentiation. Rectangular images on the bottom and right of B2—F2 represent a projection of 14, 14, 14, 20, and 14 Z-stack images,
respectively (total of 1014 wm thick). Scale bars: B1-F1, G1-K1, 62—K2, 50 jum; B2-D2, F2, 20 um; E2, G3, G4, 10 um.
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freshly dissected E14.5 VM tissue. The loss
of the midbrain identity of the expanded
ventral mesencephalic progenitors could
explain their lack of differentiation into
dopaminergic neurons after transgene de-
livery. We also studied the midbrain dopa-
minergic subtype identity marker calbi-
ndin and found a trend of differentiation
toward such phenotype in cultures overex-
pressing Msx1 (Fig. 6 D-H ). In general, the
mRNA levels of the cultures transduced
with any one of the four transcription fac-
tors exhibited only baseline expression
profiles for the midbrain dopaminergic
markers ALDH1A, DAT, L-amino acid de-
carboxylase (AADC), and Girk2.

However, RT-PCR data revealed that
the VMAT2 mRNA was strongly expressed
in the E14.5 VM tissue, whereas it only de-
tected atlow levels in all infected cultures at
day 4, except in the cells overexpressing
Lmxla and Ngn2 at day 8. Therefore, we
decided to further quantify the changes in
the number of VMAT2-immunopositive
cells generated after transgene delivery.
Immunocytochemistry confirmed a highly
significant increase in the number of
VMAT2/eGFP-positive cells in cultures
transduced with Ngn2 virus and over time
(two-factor ANOVA; effect of gene X time,
Fias0) = 4.64 p = 0.005) (Fig. 6K,N).
Ngn2 had induced 84.4 * 4.8 and 98.5 *
1.5% differentiation into VMAT2-positive
cells at days 8 and 12, respectively. In cul-
tures infected with Msx1 or Pitx3, a few
cells showed colocalization of eGFP and
VMAT?2 (Fig. 6],L,N). Lmxla had no sta-
tistically significant effects on the number
of VMAT2-expressing cells (Fig. 6I,N).

Together, these data demonstrate that
the genes of interest cannot direct dopami-
nergic differentiation of ventral mesence-
phalic progenitors and neither did the
combined effect of the genes and the mor-
phogenes SHH and FGF8. However,
among the four genes tested, Ngn2 was
found to be the most prone to direct the
expression of the VMAT2, thus leading to
the specific vesicular character of the dopa-
minergic neuron phenotype.

Dual retroviral transgene delivery fails
to induce dopaminergic differentiation
of rat E14.5 midbrain progenitors
During development, different transcrip-
tion factors synergize to promote neuronal
differentiation. Therefore, we simulta-
neously overexpressed two genes of inter-
est and monitored TH expression. We
transduced cultures with a retrovirus that
drives the expression of Lmx1la and the re-
porter gene DsRed2, in combination with
another retrovirus that drives the expres-
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Figure 6.  Neural progenitors isolated from E14.5 rat midbrain have a limited capacity to become dopaminergic neurons in
response to Lmx1a, Msx1, Ngn2, or Pitx3 overexpression. A7, A2, Cellsimmunopositive for TH (red) are the result of spontaneous
differentiation of nontransduced eGFP-negative progenitors. A2 represents high magnification of the framed areain F1, showing
a TH-immunopositive cell that does not express eGFP. A7 is a nonrepresentative picture showing three TH-immunopositive
neurons (white arrowheads) among hundreds of Lmx1a transduced eGFP-positive cells. BT, B2, En1 is not induced by Lmx1a
overexpression (<< 1% of the transduced cells express En1). High magnification of the framed area in BT is represented in B2. (,
RT-PCR shows the ventral midbrain progenitors have the capability to differentiate into dopaminergic neurons regardless of
Lmx1a, Msx1, Ngn2, or Pitx3 transgene overexpression. D—H, Msx1-transduced cells express the midbrain dopaminergic subtype
marker calbindin at higher frequency 8 d after in vitro differentiation than cultures transduced with either Lmx1a, Ngn2, Pitx3, or
control retroviruses (although <<1% of the total number of transduced cells). White arrowhead in D—H point out single
calbindin-immunopositive cells, either transduced or not. /-M, VMAT2 expression increases in cultures transduced with Ngn2
(K), whereas neither Msx1 (J) nor Pitx3 (L) have such an effect, when compared with control cultures transduced with the empty
vector (M). Atrend of increase VMAT2 expression was observed in Lmx1a-transduced cultures (/, N). Bar diagrams represent the
percentage of VMAT2 (N )-positive cells of the number of GFP-positive cells, after 8 d (black bars) and 12 d (gray bars) of in vitro
differentiation. Rectangular images on the bottom and right of A2 represent a projection of 14 stack images on z-axis (total of 14
um thick). Scale bars: A7,200 wm; A2, 25 wm; B1, D-M, 50 jxm; B2, 10 wm.
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sion of Msx1, Ngn2, or Pitx3 and the reporter gene eGFP. We
subjected them to three conditions: no growth factor, addition of
1.7 nm SHH, or addition of 1.7 nm SHH plus 100 ng/ml FGF8. We
did not detect TH expression in any of cells 8 and 12 d after
transduction, regardless of the genes we had overexpressed (Fig.
7A1,A2,C1,C2, E1,E2,G1,G2,11,12,K1,K2). When we added SHH,
alone or combined with FGF8, some cells expressed TH. How-
ever, very few (in Lmxla/Msx1 and Lmxla/Ngn2 cultures) or
almost none (in Lmxla/Pitx3 cultures) of the TH-
immunopositive cells had been transduced with either of the two
genes (Fig. 7B1-B3,D1-D3, F1-F3,HI1-H3,]1-J3,L1-L3).

The dual transduction experiment demonstrates that coex-
pression of Lmxla and Msx1, Ngn2, or Pitx3 does not promote
differentiation of E14.5 rat ventral mesencephalic progenitors
into TH-expressing cells, even in the presence of SHH and FGF8.

Dual transgene delivery does not promote TH expression. A7-D3, Ventral midbrain progenitors infected with
Lmx1a virus labeled with the DsRed2 reporter from an internal ribosome entry site (Lmx1a:DsRed) and Msx1 labeled with eGFP
reporter (Msx1:eGFP) do not become THimmunopositive. ET-H3, Ventral midbrain progenitors transduced with Lmx1a:DsRed2
and Ngn2:eGFP do not become TH immunopositive. /7—L3, Ventral midbrain progenitors transduced with Lmx1a:DsRed2 and
Pitx3:eGFP do not become TH immunopositive. Addition of 1.7 nm SHH (data not shown) or no growth factor did not induce TH
expression after8d (41,42, E1,E2,11,12) and 12d (C1, €2, G1, G2, K1, K2) in vitro differentiation. Addition of both 1.7 nm SHH
and 100 ng/ml FGF8 induced TH expression (<<1% of the cells), regardless of which transgenes were overexpressed (B1-B3,
D1-D3,F1-F3,H1-H3,J1-J3,L1-L3).Right column represents a high-magnification picture of the white frames areas. White
arrowheads point at the TH-immunopositive neurons. Scale bar: A7-L2, 100 um; B3-L3, 50 pum.

differentiation of human midbrain
progenitor cell line NGC-407

We also examined whether Lmxla and
Msx1 induce differentiation of human im-
mortalized ~ VM-derived  progenitors
[NGC-407 cellline (Khan et al., 2007)] into
dopaminergic neurons. Under basal condi-
tions, proliferating NGC-407 cells are Nes-
tin immunopositive (Fig. 8 A) and can dif-
ferentiate into both B-III-tubulin-positive
neurons (18.1 *= 4.9%) (Fig. 8B) and
GFAP-positive astrocytes (22.5 = 4.0%)
(Fig. 8 B). We found a significant threefold
increase in the total number of TH-positive
cells in NGC-407 cultures transduced with
Lmxla (3.2 £ 0.5%) compared with Msx1
(1.1 = 0.1%) and control (1.0 = 0.1%)
transduced cultures after 6 d (one-factor
ANOVA; F s 6, = 16.39% p < 0.05) (Fig. 5C—
N). Interestingly, the TH-immunopositive
cells tended to form clusters (Fig. 8 D-F).
However, >95% of the cells transduced
with Lmxla retrovirus (marked with GFP)
did not express TH.

These data show that Lmxla can en-
hance dopaminergic differentiation in hu-
man ventral mesencephalic progenitors.
Although the threefold increase in the
number of TH-expressing neurons is sta-
tistically significant, the effect was not ap-
parent in all of the transduced cells.

|[GFP Dsredz TH]

Discussion

We investigated the effects of retroviral-
mediated overexpression of the transcrip-
tion factors Lmx1la, Msx1, Pitx3, and Ngn2
in rat and human neural progenitors. Un-
der some conditions, neuronal and oligo-
dendrocytic differentiation was promoted.
Gain-of-function experiments and knock-
out studies have demonstrated previously
that the four transcription factors are re-
quired and essential for proper develop-
ment and survival of midbrain dopaminer-
gic neurons (Smidt et al., 2004; Andersson
et al., 2006b; Kele et al., 2006). Our data
show that overexpression of any of these transcription factors,
either alone or in dual combinations, was insufficient to induce
differentiation of E14.5 rodent ventral midbrain progenitors into
dopaminergic neurons. In an immortalized human mesence-
phalic cell line, we observed a significant, but small, effect of
Lmx1la overexpression.

Ngn2 induces cell-cycle exit and induces VMAT?2 expression

Ngn2 is involved in the generation of midbrain dopaminergic
neurons. It is expressed close to the midbrain ventricular zone in
a population of cells destined to become dopaminergic neurons.
In mutant mice, a lack of Ngn2 dramatically reduces the number
of dopaminergic neurons (Andersson et al., 2006a; Kele et al.,
2006). When Ngn2-expressing cells are harvested from dissoci-
ated embryonic ventral mesencephalon of Ngn2—GFP mice using
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fluorescence-activated cell sorting, they

preferentially generate dopaminergic neu-  —
rons, both in culture and after intracerebral
transplantation (Thompson et al., 2006).
We examined the effects of Ngn2 overex-
pression in neurospheres generated from
E14.5 rat midbrain tissue. The transgene
did not lead to the formation of dopami-
nergic neurons. Instead, Ngn2 induced
cell-cycle withdrawal and neuronal differ-
entiation, in keeping with the previously
established proneural function of the gene

Nestin

NGC-407 cells |

B-lll-tubulin GFAP DNA |

(Nieto et al., 2001). The vast majority of

| TH Lmx1la ||

cells transduced with Ngn2 rapidly became
postmitotic neurons that expressed
VMAT?2. Nurrl knock-out mice exhibit a
complete loss of VMAT?2 in the VM (Smits
etal., 2003), suggesting that Nurrl expres-
sion is obligatory for VMAT2 expression.
With this background, it was unexpected
that we could not detect Nurrl expressed
with VMAT2 in Ngn2-transduced cul-
tures. Our data demonstrate that, under
these conditions, VMAT?2 expression is not
directly dependent on Nurrl but can be
controlled by Ngn2 in a parallel genetic
pathway.

Msx 1 [ Lmxla

Pitx3 is involved in the maintenance of
the dopaminergic phenotype

Pitx3 plays a role during late stages of the
embryonic development of midbrain do-
paminergic neurons (Smidt et al., 2004;
Zhao et al.,, 2004). Pitx3 expression com-
mences when AADC-positive dopaminer-
gic neuroblasts have migrated to the ven-
tral part of the central midbrain. This is
independent from the Nurrl-mediated
transcriptional cascade, because Nurrl
knock-out mice still express Pitx3 and
AADC (Smits et al., 2003). The primary
role of Pitx3 in the midbrain is to promote
the survival of dopaminergic neurons,
once they have formed and migrated ven-
trally. We show that Pitx3-transduced cells stopped expressing
Sox2 and Nestin but did not adopt a neuronal or glial morphol-
ogy. Interestingly, despite downregulating these markers for im-
mature proliferating neural cells, Pitx3-transduced progenitors
continued to divide. During normal development of midbrain
dopaminergic neurons, Pitx3 appears after the dopaminergic
neuroblasts have become postmitotic. Thus, effects of Pitx3 over-
expression on dividing midbrain cells cannot be predicted from
normal midbrain development. Indeed, Pitx3, which is normally
expressed in different tissues, might play diverse roles depending
on when in the cell cycle it is expressed.

In the ventral midbrain, Ngn2 is probably the most potent
inducer of cell cycle exit and is expressed before Pitx3 in dopami-
nergic neurons. In our experiments, we overexpressed Pitx3 in
cells that had not yet expressed Ngn2. Therefore, the action of
Pitx3 in our paradigm differed from that seen in normal devel-
oping midbrain. Thus, Pitx3 downregulated proteins expressed
in immature cells (Sox2 and Nestin), without inducing cell-cycle
exit and maturation into neurons or astrocytes. Consequently,

Ctrl
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Lmx1a enhances dopaminergic differentiation of NGC-407 cells. A, Proliferating NGC-407 cells stained for nestin. B,
Six day differentiated NGC-407 cells stained for 3-IlI-tubulin and GFAP and counterstained using DAPI. NGC-407 cells transduced
with Lmx1a retrovirus display a threefold increase in the number of cells immunopositive for TH (3.2 == 0.5%; (—F) compared
with Msx1 retrovirus (1.1 = 0.1%; G-J) or control retrovirus (1.0 = 0.1%; K—N) after 6 d of differentiation (one-way ANOVA;
Fo6) = 16.39; p < 0.05, post hoc Dunnett's test). F, J, and N represent a high magnification of the framed areas in £, /, and M.
C-F show a nonrepresentative pictured area (*) of seven TH-positive neurons of 80 eGFP-positive/Lmx1a-positive cells (pointed
by white arrowheads). Among these seven TH-positive cells, three coexpress TH, eGFP, and Lmx1a. Scale bars: 4, B, F, J, N, 50
um. C-E, G-I, K-M, 200 pm.

our Pitx3-transduced cells could not differentiate into dopami-
nergic neurons. This is consistent with a recent study showing
that mouse and human ESCs overexpressing Pitx3 do not gener-
ate dopaminergic neurons (Martinat et al., 2006). Conversely, in
mouse ESCs, Pitx3 can maintain already induced TH and DAT
expression (Smits et al., 2003).

A previous study showed that signals present in earlier
stages of midbrain development are crucial for E14 midbrain-
derived neurospheres to develop into dopaminergic neurons,
and expression of Pitx3 can support their survival. When
Pitx3-transduced E14 midbrain-derived neurospheres were
cocultured with E11 midbrain explants, an increased number
of TH-expressing neurons appeared in the neurospheres
(O’Keeffe et al., 2008). Overexpression of Pitx3 in neuro-
spheres cocultured together with cortical explants did not re-
sultin an increase in the number of TH-positive neurons. This
demonstrates that midbrain explants have a unique capacity,
via secreted or membrane-bound factors, to induce dopami-
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nergic neurons in neurosphere cells. In this experimental par-
adigm, it appears that Pitx3 primarily maintains the dopami-
nergic phenotype in cells derived from neurospheres.

Driving dopaminergic neuronal differentiation of ventral
mesencephalic progenitors by Lmx1la and Msx1

Lmxla is expressed in several locations in the developing brain.
In the ventral midbrain, it is expressed in a spatiotemporal pat-
tern correlating with the onset of midbrain DA neurogenesis
(Andersson et al., 2006b). However, Lmxla is also expressed in
many nondopaminergic areas of the brain such as the hippocam-
pus, cerebellum, and dorsal spinal cord (Failli et al., 2002). Inter-
estingly, the Lmxla—Msx1 transcriptional cascade also exists in
the roof plate of the embryonic spinal cord but does not seem to
generate dopaminergic neurons in this region (Chizhikov and
Millen, 2004a,b; Liu et al., 2004). Expression of Lmx1a under the
control of the neural stem cell-specific Nestin enhancer in mouse
ESC is sufficient to induce midbrain DA neurons, albeit only in
the presence of SHH (Andersson et al., 2006b). When we overex-
pressed Lmxla in either E14.5 neurospheres derived from rat
cortex (data not shown) or midbrain, we did not observe an
induction of dopaminergic differentiation, even if the cells were
grown in the presence of SHH. A lower proportion of Lmxla-
transduced cells incorporated CldU, when exposed to the thymi-
dine analog during 3 d, than in control cultures or cultures trans-
duced with Msx1 or Pitx3. These data suggest that either the
length of the cell cycle was extended in the Lmx1a-tranduced cells
or that the pool of proliferating cells was reduced in size because
some of them had become postmitotic. Interestingly, an in-
creased proportion of Lmx1la-transduced cells expressed the ma-
ture neuronal marker B-III-tubulin, supporting the idea that
transduced cells were induced to differentiate. Conversely, the
proportion of Lmxla-transduced cells expressing the markers
SOX2 and Nestin was also higher than in control cultures, indi-
cating that many of them retained an immature phenotype. To-
gether, the results indicate that Lmx1a is an important regulator
of cell-cycle exit and induces a complex response in neural pro-
genitors. They further show that the effects of overexpressing
Lmxla on cell proliferation are not readily predictable. There-
fore, one should be cautious if considering to overexpress Lmx1la
in cells intended for intracerebral transplantation, because they
may proliferate excessively and generate tumors.

Dual overexpression of Lmx1la and Msx1, Ngn2, or Pitx3 was
not sufficient to promote mesencephalic-committed progenitors
to differentiate into TH-immunopositive neurons. When TH-
immunopositive neurons were found in cultures supplemented
with both SHH and FGF8, the proportion was very low (<1%)).
This indicates that almost all of the E14.5 progenitors have lost
their potential to differentiate into dopaminergic neurons.

Overexpression of Lmx1la or Msx1 in Nestin-positive human
NGC-407 cells revealed that Lmx1la can promote the generation of
TH-immunopositive neurons, albeit to a limited extent, in immor-
talized human progenitors. The proportion of TH-immunoreactive
neurons increased threefold from 1 to 3%. Although the effect rep-
resents a proof of principle that Lmxla can promote differentiation
of human progenitors into dopaminergic neurons, the cells that ex-
pressed TH represented only a small minority of the cells that were
transduced by the Lmx1a retrovirus. Indeed, the proportion of TH-
immunoreactive cells was too low to be of practical importance in a
neural transplantation context. Additional studies are needed to ex-
amine whether the effect can be boosted in human cells.

Several studies have demonstrated that VM-derived neural
progenitor cells exhibit limited capacity to differentiate into sta-
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ble dopaminergic neurons after having been propagated for even
short periods. A recent study compared neural progenitor cells
derived from E12.5 VM with those obtained from ESCs (Chung
etal., 2006). It described that expanded ESC-derived neural pro-
genitor cells retained their potential to differentiate into proper
midbrain DA neurons, whereas VM-derived neural progenitor
cells lost this ability after expansion. The effect of Lmx1la on the
human NGC-407 cells indicates that some cells within the NGC-
407 population remain responsive to the inductive effects of
Lmxla. This idea is supported by our observation that TH-
immunopositive cells tended to locate in patches within the cul-
tures of Lmx1la-transduced NGC-407 cells.

Based on our observations, we speculate that unidentified fac-
tors critical for effects mediated by transcription factors such as
Lmxla are missing in the rat and human midbrain-derived cell
cultures. Although Lmxla expression persists throughout adult
life, we cannot rule out that the strong overexpression mediated by
the retrovirus is not optimal for the promotion of dopaminergic
neuron differentiation. Indeed, the reported successful generation of
dopaminergic neurons from mouse ESC using a Nestin-enhancer—
Lmx1a construct (Andersson et al. 2006) could suggest that a precise
dosage of Lmxla is essential for differentiation of the dopaminergic
neurons from immature cells. In addition, potential species differ-
ences in molecular pathways between mice, rats, and humans must
be considered.

We propose that each transcription factor and morphogen
needs to be expressed in a specific order that is tightly temporally
regulated for dopaminergic neurons to develop from immature
progenitors obtained from neurospheres. Possibly, the
neurosphere-derived progenitors are not sufficiently immature
and may have passed crucial developmental checkpoints that re-
strict their plasticity after engineering. We must carefully pin-
point each molecular event underlying the development of dopa-
minergic neurons from their immature precursors to devise
protocols that can efficiently engineer midbrain precursors into
dopaminergic neurons. Moreover, our results also show that care
must be taken to monitor the proliferative capacity of engineered
cells if they are to be used safely for transplantation.
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