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Selection Based on FOXA2 Expression Is Not Sufficient
to Enrich for Dopamine Neurons From Human
Pluripotent Stem Cells

JuLIO CESAR AGUILA,? ALEXANDRA BLAK,® JORIS VAN ARENSBERGEN,® AMAIA SOUSA,? NEREA VAZQUEZ,?
ARIANE ADURIZ,Y MAYELA GAYOssO,? MARIA PAz LOPEZ MATO,® RAKEL LOPEZ DE MATURANA,?
EVA HEDLUND,® KAI-CHRISTIAN SONNTAG,’ ROSARIO SANCHEZ-PERNAUTE?
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ABSTRACT

Human embryonic and induced pluripotent stem cells are potential cell sources for regenerative
approaches in Parkinson disease. Inductive differentiation protocols can generate midbrain dopa-
mine neurons but result in heterogeneous cell mixtures. Therefore, selection strategies are necessary
to obtain uniform dopamine cell populations. Here, we developed a selection approach using lenti-
virus vectors to express green fluorescent protein under the promoter region of FOXA2, a transcription
factor that is expressed in the floor plate domain that gives rise to dopamine neurons during embryo-
genesis. We first validated the specificity of the vectors in human cell lines against a promoterless
construct. We then selected FOXA2-positive neural progenitors from several human pluripotent stem
celllines, which demonstrated a gene expression profile typical for the ventral domain of the midbrain
and floor plate, but failed to enrich for dopamine neurons. To investigate whether this was due to the
selection approach, we overexpressed FOXA2 in neural progenitors derived from human pluripotent
stem cell lines. FOXA2 forced expression resulted in an increased expression of floor plate but not
mature neuronal markers. Furthermore, selection of the FOXA2 overexpressing fraction also failed
to enrich for dopamine neurons. Collectively, our results suggest that FOXA2 is not sufficient to induce
a dopaminergic fate in this system. On the other hand, our study demonstrates that a combined ap-
proach of promoter activation and lentivirus vector technology can be used as a versatile tool for the
selection of a defined cell population from a variety of human pluripotent stem cell lines. STEm CELLS
TRANSLATIONAL MEDICINE 2014;3:1032-1042

obtain the desired cells at high purity and exclude
contaminant populations, which can pose arisk or
diminish efficacy. Optimized inductive protocols
combining morphogens and small molecules and
improved culture conditions have been developed
to better reproduce the in vivo conditions during
DA neurogenesis [11-13]. However, inductive pro-
tocols habitually produce a mixed variety of cell
types, and selection procedures have been assayed
to enrich for defined phenotypes [14-16]. Regard-
ing DA neurons, most selection approaches have
been based on transgenic PSC lines that express
fluorescent markers controlled by tissue specific
transcription factors or on cells stably transformed
to overexpress key DA factors [17-21]. These
approaches are useful, but their application is lim-
ited tothe transgeniccell line. An alternative would
be to use cell-surface markers. Nevertheless, de-
spite their indisputable interest, there is limited

INTRODUCTION

Parkinson disease is a common neurodegenera-
tive disorder characterized by selective degener-
ation of the midbrain dopamine (DA) neurons of
the substantia nigra (SN) that project to the dorsal
striatum and regulate motor programs. Cell re-
placement to restore nigro-striatal DA levels has
been successfully achieved using fetal midbrain
transplants in patients [1-4] with remarkable
long-term benefit [5]. Notwithstanding, both eth-
ical and practical issues limit the clinical applica-
tion of fetal cells. Additionally, fetal grafts are
heterogeneous, and the presence of non-DA cells
in the transplants has been related to motor com-
plications such as graft-induced dyskinesias [6, 7].
Upon striatal transplantation, DA neurons de-
rived from pluripotent or reprogrammed cells
can restore DA levels, modulate DA storage and
synaptic release, and correct motor deficits in an-

imal models [8-10]. However, the successful ap-
plication of pluripotent stem cells (PSCs) in
regenerative medicine relies on our ability to im-
plement efficient differentiation paradigms to

knowledge about surface markers for human DA
neurons, in addition to generic neuronal codes
that have been used to exclude nonneuronal cells
[22, 23]. Here, we devised a strategy based on
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lentiviral-mediated expression of a reporter gene under the control
of the FOXA2 (Forkhead box A2, HNF3B, or TCF-3B) specific pro-
moter. Our approach could provide the necessary flexibility to
select target cells derived from any PSC line, which would be con-
venient for the expanding number of available human induced plu-
ripotent stem cells (iPSCs).

During early embryogenesis, FOXA2 is transiently expressed
in midline structures such as the node and notochord and,
importantly for this study, at the base of the folding neural plate,
where it is required for floor plate development [24, 25]. FOXA2
isinduced by Sonic hedgehog (SHH), and FOXA2-positive neuro-
epithelial cells in the floor plate reciprocally express high levels
of SHH [26—-28]. FOXA2 plays both SHH-dependent and indepen-
dent rolesin floor plate specification [29]. At the midbrain level,
both FOXA2 and FOXA1 have been implicated in the generation
of DA neurons of the SN and ventral tegmental area [30-34], as
well as other (non-DA) neurons that contribute to the red nucleus
and the oculomotor complex [35, 36]. Given the apparent role of
FOXAZ2 in floor plate specification, in midbrain neurogenesis, and
in particularin DA neurogenesis [30, 37], we chose the FOXA2 pro-
moter to drive the expression of green fluorescent protein (GFP)
in a lentiviral construct, as a flexible system to select floor plate
and ventral midbrain progenitors derived from any human PSC
line.

MATERIALS AND METHODS

Human ES Cell Propagation

Human embryonic stem cells (hESCs) lines: H9 (WA-09, passages
51-80), ES3 (CMR[B], passages 37-54), and ES5 (CMR[B], pas-
sages 27-55) and a human iPS cell line derived from a healthy in-
dividual in our laboratory, iPSC C1 (BP-143) (supplemental online
Fig. 1) (passages 7-36), were maintained on irradiated human
foreskin fibroblasts (HFF1, SCRC-1041; American Type Culture
Collection [ATCC], Manassas, VA, http://www.atcc.org) in human
embryonic stem (hES) medium composed of knockout Dulbecco’s
modified Eagle’s medium (DMEM) (10829-018; Invitrogen, Carls-
bad, CA, http://www.invitrogen.com), supplemented with 2 mM
L- GlutaMAX (35050038; Invitrogen), 50 uM B-mercaptoethanol
(31350-010; Invitrogen), 1X nonessential amino acids (M7145;
Sigma-Aldrich, St. Louis, MO, http://www.sigmaaldrich.com),
20% knockout serum (KSR; Invitrogen), 50 U/ml penicillin, 50
ug/ml streptomycin, and 10 ng/ml of fibroblast growth factor
(FGF) 2 (100-18B; PeproTech).

In Vitro DA Differentiation

DA differentiation of hES cells followed, with some modifications,
the protocol described by Perrier et al. [38]. For neural induction,
we combined the dual SMAD inhibition protocol [13] with
other small molecules [12] and recombinant morphogens as
follows. Two days after plating undifferentiated cells on MS5
stromal cells, hESC medium was supplemented with 500 ng/ml
of recombinant human noggin (120-10C; PeproTech, Rocky
Hill, NJ, http://www.peprotech.com) or 100 nM of 4-[6-(4-
piperazin-1-yl phenyl)pyrazolo[1,5-a]pyrimidin-3-yl]lquinoline
hydrochloride (LDN193189 (130-096-226; Miltenyi Biotec,
Bergisch Gladbach, Germany, http://www.miltenyibiotec.com) until
day in vitro (DIV) 12. 4-[4-(1,3-Benzodioxol-5-yl)-5-pyridin-2-yl-1H-
imidazol-2-yllbenzamide hydrate (SB)-431542 (1614; Tocris
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Bioscience, Bristol, U.K., http://www.tocris.com) at 10 uM,
was supplemented from DIV2 to DIV6. Recombinant mouse
SHH (C25II-N, 464-SH; R&D Systems Inc., Minneapolis, MN,
http://www.rndsystems.com) at 250 ng/ml or the SHH agonists
purmorphamine (2 uM, 130-095-560; Miltenyi Biotech) or
N-methyl-N’-(3-pyridinylbenzyl)-N’-(3-chlorobenzo[b]thiophene-
2-carbonyl)-1,4-diaminocyclohexane (SAG) (0.5 uM, 566660; Milli-
pore, Billerica, MA, http://www.millipore.com) were applied from
DIV2 to DIV12 in addition to 6-[[2-[[4-(2,4-dichlorophenyl)-5-(5-
methyl-1H-imidazol-2-yl)-2-pyrimidinyl]Jamino]ethyllamino]-3-
pyridinecarbonitrile (CHIR)-99021 (0.5 uM, 13122; Cayman
Chemicals, Ann Arbor, MI, http://www.caymanchem.com). From
DIV12 to DIV14, hES medium was gradually shifted to N2 medium
(DMEM/F-12 with 1X N2 supplement (17502048; Invitrogen).
At this time, the SAG concentration was reduced to 100 nM.
On days 12-14, neural rosettes were manually picked and pas-
saged onto plates coated with 0.1% gelatin (GL, G1393; Sigma-
Aldrich), 15 ug/ml polyornithine, and 1 wg/ml fibronectin and
expanded at high cell densities (>300,000/cm?) in BASF medium
(N2 medium supplemented with 20 ng/ml brain-derived neuro-
trophic factor [BDNF], 200 wM ascorbic acid (AA), 100 nM SAG,
100 ng/ml FGFS8, and 10 ng/ml FGF2). Subsequent passages of
neural progenitors were done using Accutase solution (SCRO05;
Millipore). For terminal differentiation, BASF was replaced with
neurobasal medium containing 1X B27 supplement (17504-044;
Invitrogen), 2 mM L-glutamine (G7513; Sigma-Aldrich), 20 ng/ml
BDNF, 20 ng/ml glial cell-derived neurotrophic factor, 200 uM
AA, 0.5 mM dibutyryl cAMP, and 1 ng/ml transforming growth
factor BlIl.

Viral Vectors

Viruses were produced in a dedicated core facility in Inbiomed.
Cloning was performed using standard molecular biological tech-
niques, and all constructs were confirmed by sequence analysis.
The self-inactivating lentiviral vector pRRLSIN.cPPT.PGK-GFP.
WPRE [39] was kindly provided by Dr. D. Trono (University of Ge-
neva, Geneva, Switzerland). To drive GFP from the human FOXA2
promoter, the phosphoglycerate kinase gene promoter was ex-
cised using Xhol and Agel and replaced with two different sequen-
ces of the FOXA2 promoter previously amplified by PCR. One
construct contained a 400-base pair (bp) fragment located up-
stream of exon 1 (pFOXA2.GFP). A second construct contained
1,600 bp of the promoter region upstream of the ATG start codon
in exon 2 and included the untranslated exon 1 and intron 1
sequences (pFOXA2.5'.GFP). Replication incompetent, vesicular
stomatitis virus G-coated lentiviral particles were packaged in
293T cells (CRL-11268; ATCC). Viral supernatants were concen-
trated by the ViraBind Lentivirus Concentration and Purification
Kit (VPK-090; Bionova Cientifica S.L., Madrid, Spain, http://
www.bionova.es) or by ultracentrifugation (Optima L-100 XP UI-
tracentrifuge; Beckman Coulter, Fullerton, CA, http://www.
beckmancoulter.com) and thereafter titrated with the Lenti-X
gRT-PCR Titration Kit (631235; Clontech, Mountain View, CA,
http://www.clontech.com) and/or by flow cytometry (FACSCali-
bur; Becton, Dickinson and Company, Franklin Lakes, NJ, http://
www.bd.com). The vector pRRL.CMV.GFP was previously devel-
oped in the platform and was always produced in parallel with
similar titers. The retroviral construct pMXs-FoxaPTVppEGFP
was kindly provided by Dr. Alessandra Giorgetti. A control vector
lacking a promoter sequence was generated as follows: the
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FOXA2 Selection of Neural Progenitors

FOXA2 promoter was excised from the vector pRRLSIN.cPPT.
pFOXA2.GFP.WPRE using Xhol and Agel, and the linearized plas-
mid was subsequently purified. The large (Klenow) fragment of
the DNA polymerase | was used to fill in the 5" overhangs to form
blunt ends, which were then religated. Lentiviral vectors were
produced as described above.

Transduction Experiments

ATCC cell lines (HepG2-HB8065, P19; HEK-293T CRL-3216, P22)
were transduced with the pFOXA2.GFP or pFOXA2.5'.GFP vec-
tors. Attached cells were infected with viral supernatant at a mul-
tiplicity of infection (MOI) of 10 with 8 ug/ml hexadimethrine
bromide (Polybrene) overnight (ON). Three days later, cells were
trypsinized and analyzed for GFP expression by flow cytometry.
Untransduced cells from each line were used as negative con-
trols for GFP expression, and other cells were fixed to examine
endogenous FOXA2 expression by immunofluorescence (IF).

Neural precursors derived from hESCs were transduced
around DIV28 of differentiation, as stated in the results and figure
legends for individual experiments. Transductions were done in
attachment or in suspension using MOls of ~8-10 and 2 ug/ml
of Polybrene. Concentrated viral supernatants were diluted in
BASF medium and added to the cells ON. The next day the virus
was removed, and cells were expanded in fresh medium.

Fluorescence-Activated Cell Sorting

Human neural progenitors were sorted for GFP following opti-
mized fluorescence-activated cell sorting (FACS) conditions [22]
with some modifications. Briefly, cells were incubated with 5
1M of the Rock inhibitor Y-27632 (1614; Tocris Bioscience) 30
minutes before harvesting, gently dissociated into a single-cell
suspension with Accutase, resuspended directly in sorting buffer,
and filtered through cell strainer caps (40 um).

Cell sorting was performed in a FACSAria lll cell sorter with the
FACSDiva software (BD Biosciences, San Diego, CA, http://www.
bdbiosciences.com). The population of interest was identified by
forward- and side-scatter gating, using the viability markers,
7-aminoactinomycin D (A9400; Sigma-Aldrich) or To-Pro 3
(E3341F; Thermo Fisher Scientific, Waltham, MA, http://www.
thermofisher.com). Using a 488-nm laser for excitation, eGFP
was determined according to fluorescence intensity with a bipara-
metric analysis in the fluorescein isothiocyanate and phycoery-
thrin channels (490-nm long-pass and 510/20-nm band-pass
filters). Nontransduced cells at the same stage of differentiation
were used as the eGFP-negative control. Cells were recovered in
the corresponding expansion or differentiation medium supple-
mented with 10 ng/ml of FGF2 and 50% fetal bovine serum. The
purity of all sorted eGFP fractions was determined by reanalysis
using FACS. Cells were sorted using a purity mask excluding
doublets and conflicts. A 100-um nozzle, sheath pressure of
20-25 psi, and an acquisition rate of 1,000-2,000 events per sec-
ond were used as the standard conditions [21, 40]. Further flow
cytometric analysis was performed using FlowJo software (Tree
Star, Ashland, OR, http://www.treestar.com). Cells to be further
analyzed in vitro after FACS for eGFP expression were replated in
droplets at high densities (>300,000/cm?) onto polyornithine/
fibronectin-coated coverslips or on irradiated primary striatal
rat astrocytes (R-CpAs-522; Lonza, Walkersville, MD, http://
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www.lonza.com) in expansion or differentiation medium supple-
mented with 10 ng/ml of FGF2.

Inmunofluorescence and Confocal Analysis

Cells and tissues were analyzed by IF staining as previously de-
scribed [8] and examined using an LSM510 Meta confocal micro-
scope equipped with ultraviolet, argon, and helium-neon lasers
(Carl Zeiss, Jena, Germany, http://www.zeiss.com).

Briefly, cells on coverslips were fixed with 4% paraformalde-
hyde in 1X phosphate-buffered saline (PBS) for 20 minutes at
room temperature (RT). Cells were then incubated in blocking
buffer consisting of 10% normal donkey serum (017000121-
10ml; Jackson Immunoresearch), 0.1% Triton X-100 in 1X PBS
for 1 hour at RT, followed by incubation overnight with the
primary antibodies at 4°C. Primary antibodies are listed in
supplemental online Table 1. After washing in 1X PBS with
10% normal donkey serum, the coverslips were incubated in
fluorescence-labeled Alexa Fluor secondary antibodies (at 1:
500 dilution) for 1 hour at RT, washed, and counterstained with
Hoechst 33258 (861405; Sigma-Aldrich, diluted 1/1,000 in
H,0). The coverslips were finally washed in H,O and mounted
onto slides with Vectashield mounting medium H-1000, Vector
Laboratories (Burlingame, CA, https://www.vectorlabs.com/). On
selected coverslips, the primary antibody was omitted to verify
specificity of staining.

For identification of signal colocalization within a cell, optical
thickness was kept to a minimum, and orthogonal reconstruc-
tions were obtained from optical stacks. Quantitative analysis
was performed on randomly selected visual fields from at least
two independent experiments. In each field, images were ac-
quired at X40 magnification, and cells were counted using Image)
1.42q (NIH, Bethesda, MD, http://rsb.info.nih.gov/ij, cell counter
plugin). On average, 16 visual fields were acquired per coverslip,
and a total of 1,000-5,000 cells were counted per experiment in
a blinded manner by two investigators.

Reverse Transcription and Quantitative Real-Time
Polymerase Chain Reaction

Total RNA from plated cells at different stages of the differentia-
tion protocol was prepared using TRIzol reagent (15596-026; Invi-
trogen) followed by terminal purification with RNeasy Mini Kit
(74104; Qiagen, Hilden, Germany, http://www.qgiagen.com). To-
tal RNA from sorted samples included TRIzol treatment followed
by terminal purification with RNAqueous Micro Kit (AM1931;
Ambion, Austin, TX, http://www.ambion.com). For quantitative
real-time polymerase chain reaction (qPCR), up to 2 ug of total
RNA was transcribed into cDNA using the High Capacity cDNA Re-
verse Transcription kit with RNAse Inhibitor (4374966; Applied
Biosystems, Foster City, CA, http://www.appliedbiosystems.
com) and random hexamer primers. Quantitative analysis of gene
expression was done in the StepOne Plus Real-Time PCR System
(Applied Biosystems). Primers are listed in supplemental online
Table 2. Amplifications were performed in 20 ul containing 50
nM of each primer, 0.5X Power SYBR Green PCR Master Mix
(436870; Applied Biosystems), and 10 ng of cDNA. Forty PCR
cycles were performed with a temperature profile of 95°C for
30 seconds and annealing temperature of 60°C for 1 minute.
The dissociation curve of each PCR product was determined to
test the specificity of the fluorescent signals. RNA from mouse
and human tissue was isolated and reverse transcribed, and
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standard curves with serial 10-fold cDNA dilutions were built
to validate primers sets. The fluorescent signals from specific
gPCR products were normalized against that of a housekeeping
gene (glyceraldehyde 3-phosphate dehydrogenase [GAPDH] or
eukaryotic translation elongation factor 1 alpha 1 [EEF1A1]),
and the relative expression was calculated by the AACt method
[41]. Two to three replicates were done for each sample. Primers
for detection of reporter and viral constructs were previously
published [42].

Western Blot

Protein extracts were prepared from the phenol:ethanol phase
left over after RNA extraction with TRIzol according to the suppli-
er’s guidelines (Life Technologies, Rockville, MD, http://www.
lifetech.com). Ten percent SDS-PAGE and immunoblotting
were carried out as previously described [43]. Primary anti-
bodies are listed in supplemental online Table 1. Visualization
of horseradish peroxidase-labeled proteins was performed using
enzyme-linked chemifluorescence (Thermo Fisher Scientific) and
quantified using ImagelJ software.

RESULTS

Expression of FOXA2 in Human Neurons Derived From
Pluripotent Stem Cells

FOXA2 has been proposed to be a master regulator involvedin the
specification, maturation, and maintenance of midbrain DA neu-
rons [30, 32, 44, 45]. We first confirmed the expression of FOXA2
in tyrosine hydroxylase (TH)?*® cells during development in the
mouse embryo (supplemental online Fig. 2A; supplemental
online data), and in agreement with previous studies [8, 30,
45], we found that FOXA2 expression was maintained in THP®
neurons in the adult rodent [8] (supplemental online Fig. 2B)
and nonhuman primate SN (supplemental online Fig. 2C). In pri-
mary ventral midbrain cultures, FOXA2 was initially expressed in
both THP® and TH"®® neurons but became progressively re-
stricted to THP®® cells (supplemental online Fig. 2D-2E), and at
DIV20, 80% of FOXA2P°* cells were THP®,

We next examined FOXA2 expression in human neurogenesis
from PSCs. To differentiate human PSCs toward a midbrain floor
plate phenotype, we followed an inductive protocol combining
dual SMAD inhibition (Fig. 1A) [13] and glycogen synthase kinase3
B inhibition [12]. Despite the inherent transcriptional variability
between human PSCs lines, there was an early and sustained ex-
pression of ventral and floor plate transcription factors, OTX2,
FOXA2/1, EN1/2, and LMX1A (Fig. 1B). In parallel, there was
a strong induction of nestin followed by the neuron-specific Sl
tubulin and, later on, by TH. Transcripts for OCT4 were undetect-
able after in vitro day 10, and other pluripotency genes and me-
soderm and endoderm markers were below detection threshold
(data not shown). Using IF, we corroborated the expression of
FOXA2 in nestin®® progenitors, in BllI tubulin (TuJ1)P°* neuro-
blasts, and, upon differentiation, in TH®®® neurons (Fig. 1C-1E).
Bl tubulin and TH protein content, measured by Western blot,
increased in late differentiation stages (Fig. 1F). The average per-
centage of TH®® cells was 10.6% * 0.41% (n = 4) (Fig. 1G) at 4
weeks (early differentiation) and ~15% at later stages (>6 weeks)
(Fig. 1G). THP®* cells expressed OTX2 and other midbrain regional
transcription factors (Fig. 1H and supplemental online Fig. 1F).

www.StemCellsTM.com

Design and Validation of Lentiviral Vectors

To drive gene expression from the FOXA2 promoter, we used
acloned 5’ fragment that contains the 400-bp putative promoter
region [46] and generated lentiviral vectors expressing the GFP
cDNA [39] controlled by this promoter sequence, pFOXA2.GFP
(Fig. 2A). To validate the specificity of the FOXA2 promoter se-
quence, we excised this region from the pFOXA2.GFP construct
and generated a promoterless vector (pLess.GFP) (Fig. 2A). We
first tested the functionality and specificity of the vectors in
HepG2 cells, a human hepatocarcinoma cell line that expresses
high levels of FOXA2 [47], and HEK-293T cells, as a negative con-
trol (Fig. 2B and supplemental online Fig. 3A). We transduced
HepG2 cells with either pFOXA2.GFP or the pLess.GFP vector at
different MOls and measured GFP expression 1 week later by flow
cytometry. At an MOI of 1, less than 4% of cells transduced with
the promotor-less virus were GFPP®, in contrast to 50% GFPP°*
cells in the pFOXA2.GFP transductions (Fig. 2B). At higher MOls
(5 and 10), we observed an increase in the fraction of GFP* cells
with the promotor-less virus, although the mean fluorescence
intensity remained low (8%—12% of pFOXA2.GFP). GFPP** cells
were observed in pFOXA2.GFP-transduced HEK-293T cells (22%;
supplemental online Fig. 3A), but importantly, the mean fluores-
cence intensity was very low (<10% of HepG2). This can be
explained by a low expression of FOXA2 in these cells that is de-
tectable at the protein level in the cytoplasm by IF and Western
blot (WB) (supplemental online Fig. 3B, 3C). The GFP signal was
very low in HEK-293T cells transduced with the promoterless virus
(<<5% at MOI 10; supplemental online Fig. 3A), further supporting
the idea that the signal observed in these cells with the pFOXA2.
GFP is specific and corresponds to the low level of transcript
present in these cells (supplemental online Fig. 3D). Collectively,
these data demonstrated that GFP expression from the pFOXA2.
GFP construct is specific, even if at high MOls there can be some
ectopic reporter gene expression. Transduction with this vector
did not modify the levels of FOXA2 RNA transcript (supplemental
online Fig. 3E). Inclusion of the 5'-untranslated region com-
prising exon 1 and intron 1, in another vector, pFOXA2.5'.GFP,
increased the percentage and intensity (more than twofold) of
GFP signal in HepG2 cells but also in the 293T cells (supplemental
online Fig. 4), making this vector unsuitable to select FOXA2°%®
cells.

We next examined the expression in PSCs-derived neural pre-
cursors transduced at DIV28-DIV34 with the pFOXA2.GFP lentivi-
ral vector (Fig. 2C, 2D) or with a CMV.GFP control virus, in which
GFP expression was ubiquitously and constitutively expressed, to
control for transduction efficiency (~60%) (data not shown).
pFOXA2.GFP transduced cells expressed GFP, FOXA2, and the
neuronal markers neural cell adhesion molecule (NCAM) and Bl
tubulin (Fig. 2E, 2F), and Tau and TH at later stages (Fig. 2G). Trans-
duction with this vector did not alter the level of expression of
FOXA2 as determined by qPCR (Fig. 2H). These results demon-
strated that the pFOXA2.GFP reporter construct recapitulated
FOXA2 expression as in neural development and labeled stem
cell-derived neuronal cells.

Selection of Human PSC-Derived FOXA2"°* Cells Based
on Endogenous Expression Using Lenti pFOXA2.GFP

Stem cell-derived cultures were sorted at different time points
during differentiation (from 4 days to 6 weeks post-
transduction, n = 17 independent experiments) (Fig. 3A). The
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Figure 1. FOXA2 expression in midbrain dopamine neurons derived from human pluripotent cells. (A): DA differentiation paradigm for neural
induction of human PSCs lines (human embryonic stem cells: H9, ES3, ES5, and iPSC C1; see supplemental online Fig. 1). (B): Transcriptional
profile by quantitative real-time polymerase chain reaction shows early induction of FOXA2 and the region-specific transcription factors
Enl and OTX2. (C-E): Expression of FOXA2 in neural progenitors and neurons was corroborated by immunofluorescence in all PSCs lines by
coexpression with Nestin, Tul1, and TH at corresponding differentiation stages. (F): Blll tubulin and TH protein content increased in the cultures
upon differentiation, shown in a representative Western Blot. (G): Quantification of the percentage of THP® cells in cultures at early (4 weeks)
and late (>6 weeks) differentiation stages. (H): THP* cells also expressed other ventral markers like OTX2 (see also supplemental online Fig. 1)
Scale bars =100 wm. Abbreviations: AA, ascorbic acid; BDNF, brain-derived neurotrophic factor; bFGF, basic fibroblast growth factor; CHIR, 6-[[2-
[[4-(2,4-dichlorophenyl)-5-(5-methyl-1H-imidazol-2-yl)-2-pyrimidinyl]Jamino]ethyl]amino]-3-pyridinecarbonitrile; DAPI, 4[prime],6-diamidino-
2-phenylindole; diff, differentiation; div or DIV, day in vitro; FBN, fibronectin; FGF, fibroblast growth factor; GDNF, glial cell-derived neurotrophic
factor; GEL, gelatin; iPSC, induced pluripotent stem cell; LDN, 4-[6-(4-Piperazin-1-ylphenyl)pyrazolo[1,5-a]pyrimidin-3-yl]quinoline hydrochloride;
POL, polyornithine; SB, 4-[4-(1,3-benzodioxol-5-yl)-5-pyridin-2-yl-1H-imidazol-2-yl]benzamide hydrate; SAG, N-methyl-N’'-(3-pyridinylbenzyl)-
N’-(3-chlorobenzo[b]thiophene-2-carbonyl)-1,4-diaminocyclohexane; TGF, transforming growth factor; TH, tyrosine hydroxylase; tub,
tubulin.

detailed gating procedures followed to exclude debris, dead cells,
and doublets are provided in supplemental online Figure 5. The
percentage of GFPP®® cells in all experiments was remarkably sta-
ble, with an average of 27.3 = 2.7% (Fig. 3B). Because transduc-
tion efficiency was ~60%, this would roughly correspond to ~45%
FOXA2 cells in the culture at the time of transduction. There was

©AlphaMed Press 2014

good colocalization of GFP and FOXA2 after sorting (Fig. 3C), fur-
ther corroborating the specificity of the vector. Most experiments
(n = 11) were performed either at 1 week or at 2 weeks post-
transduction. At 2 weeks, there was a clear trend toward a de-
crease in nestin and an increase in SlIl tubulin mRNA content
in all the fractions, reflecting a progressive maturation of the cells
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Figure 2. Validation of lentiviral vector. (A): Representation of the human FOXA2 gene with the promoter region (in red) and the 5’-untrans-
lated region (in orange) used to regulate the expression of GFP (see also supplemental online Fig. 4) and later removed to generate a promoter-
less vector (pLESS.GFP). (B): Quantification of GFPP* cells (%) and mean fluorescence intensity by flow cytometry, 3 days after transduction of
HepG2 cells, a human cell line with robust constitutive expression of FOXA2. Excision of the promoter sequence from the vector demonstrates
the specificity of the construct, at low MOI; at high MOls, it showed leakage with increase in the percentage of GFPP®* cells, although the mean
intensity was always very low. (C, D): Transduction of human neural progenitors was carried out at approximately DIV28 with sustained expres-
sion of GFP in the neural cultures. Shown are representative microphotographs of live human embryonic stem cell-derived neurons 1 week after
lentiviral transduction. (E, F): IF and confocal analysis confirmed that GFP expression was restricted to FOXA2P°* cells and was colocalized with
neuronal markers like NCAM and Bl1I tubulin. (G): GFPP°* neurons expressed Tau and TH and displayed mature features with axonal localization
of Tau. Inset (g) shows a higher magnification of the boxed area in (G). (H): Transduction with this vector did not modify the endogenous levels of
FOXA2 transcript or the expression of other relevant genes by quantitative real-time polymerase chain reaction, 1 week post-transduction.
Scale bars =50 um in (E) and (F) and 100 wm in (D) and (G). Abbreviations: cPPT, central polypurine tract; CTRL, control; DANs, dopamine neurons;
DAPs, dopamine progenitors; DIV, day in vitro; eGFP, enhanced green fluorescent protein; GFP, green fluorescent protein; hESC, human embryonic
stem cell; IF, immunofluorescence; LTR, long terminal repeat; MOI, multiplicity of infection; NCAM, neural cell adhesion molecule; NPs, neural
progenitors; tdx, transduction; UTR, untranslated region; wk, week; WPRE, Woodchuck hepatitis virus Postranscriptional Regulatory Element.

at these stages. The change in nestin content was significant
(F = 10.667; p < .005), with no significant differences between
the fractions (Fig. 3D). Next we analyzed the relative expression
of several floor plate and DA genes in the sorted populations (Fig.
3E; values are plotted in a log scale for clarity). Taking together all
experiments, there was a significant difference in the expression
of these markers between the GFPP®* fraction and the unsorted
cells (two-tailed Wilcoxon signed rank test, p < .0002), whereas
the GFP"®® population was not different from the unsorted cells
(p =.087). In addition to the enrichment for FOXA2 (5.4-fold), in
the GFPP®* fraction, there was a relative enrichment for LMX1A
(3.8-fold), FOXA1 (~2-fold), FABP7 (also known as BLBP) (2.5-
fold), and f-spondin (SPON1) (19-fold) consistent with floor plate
fates. On the other hand, there was little effect on TH (1.4-fold)
and EN1 (1.3-fold). Replated cells from the positive fraction were

www.StemCellsTM.com

later analyzed by IF. Survival was improved by plating the cells on
irradiated astrocytes [21] (Fig. 3F), but only a few GFPP°* cells
corresponded to THP®® neurons (Fig. 3G).

Collectively, these results showed that the pFOXA2.GFP vec-
tor can be used to select human ES-derived neural progenitors
and enrich for floor plate cells. However, the selection of FoxA2P%®
cells did not enrich for DA progenitors or postmitotic DA neurons
after differentiation.

Overexpression of FOXA2 to Promote DA Neurogenesis

To exclude technical reasons for the lack of DA enrichment using
the putative promoter of FOXA2, we used a retroviral vector to
overexpress FOXA2 in the cells at similar differentiation times
(Fig. 4A; supplemental online Fig. 6A). Retroviral transduction
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Figure 3. Selection of human dopamine progenitors transduced with the lentiviral vector pFOXA2.GFP. (A): Schematic panel showing the pro-
tocol of human pluripotent stem cell differentiation with cells transduced at week 4 and selected by FACS 1 or 2 weeks later. (B): Representative
gating strategy for isolation of viable GFPP®® cells (shown is a selection of H9-derived cells, 1 week after transduction) (see supplemental online
Fig. 5 for methodological details and postsort analysis). (C): Postsorting immunofluorescence (IF) confirmed a good overlap of GFP and FOXA2
(~90%). (D): Analysis of nestin and BlII tubulin at 1 and 2 weeks in the unsorted, GFPP°, and GFP"°8 fractions by quantitative real-time poly-
merase chain reaction immediately after FACS. Shown are pooled data from 11 independent experiments. There was a significant decrease in
nestin in the 2 weeks (p < .01). (E): Transcriptional profiles for floor-plate, DA, neural, and neuronal genes in the FACS cellular fractions showed
enrichment for midbrain floor plate transcripts in the GFPP®*® fraction; data are shown here as fold change relative to unsorted cells for the
corresponding transduction experiments, in a log scale for clarity. (F): Isolated GFPP®* fractions could be maintained in vitro when plated at
high cell densities in coculture with rat striatal astrocytes. (G): Analysis by IF of the GFPP*® cells plated on astrocytes (GFP negative nuclei) showed
few THP®® cells that were GFPP® (arrows) at 2 weeks postsorting. Scale bars =50 wm in (C), (F), and left panel in (G) and 20 wm for right panelin
(G). Abbreviations: DANs, dopamine neurons; DAPs, dopamine progenitors; DAPI, 4[prime],6-diamidino-2-phenylindole; FACS, fluorescence-
activated cell sorting; FSC, forward scatter; GFP, green fluorescent protein; hESC, human embryonic stem cell; NPs, neural progenitors; POL,
polyornithine; tdx or TDX, transduction; TH, tyrosine hydroxylase; wk, week.

was less efficient; we obtained an average of 6.7 * 0.34% of
GFPP cells in the sorting experiments (n = 6) (Fig. 4B, 4C). Despite
the low number of transduced cells by IF, we found a significant
increase in the number of FOXA2P°° cells: 27.8% at 3 weeks com-
pared with 7% FoxA2P°° cells in untransduced cultures at the same
time of differentiation (supplemental online Fig. 6B and data not
shown). We sorted the cells at 1 or 2 weeks after transduction. Mul-
tivariate analyses with FOXA2 as covariate (F(1,1y= 509; p < .05)
showed a significant effect of the sorting (F(,1)= 746; p < .05).
Gene expression profiles of the selected cell fractions showed

©AlphaMed Press 2014

that FOXA2 expression was increased in the GFPP* cell fraction,
by 12-fold at 1 week and 40-fold at 2 weeks. There was also an
increase of typical floor plate transcripts similar to what was
found using the FOXA2 promoter construct (Fig. 3E). At 2 weeks
there was an increase in netrin (3.3-fold), SPON1 (3.3-fold),
FOXAL1 (2.5-fold), and LMX1A (2.5-fold) in the positive fraction,
and arelative decrease in TH, TUBB3, PAX6, and EN1 in the sorted
fractions (Fig. 4E). At 2 weeks, IF showed few neurons in the pos-
itive fraction, and most GFP cells colocalized with the radial glial
marker 3CB2 (Fig. 4F). Indeed, in transduced unsorted cultures
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Figure 4. Selection of human neural progenitors that overexpress FOXA2. (A): Cells were differentiated, transduced, and selected as in the
promoter experiments shown in Fig. 3. (B): GFPP*° cells overexpressing FOXA2 were selected by FACS 1 or 2 weeks after transduction. Theimage
shows a representative gating strategy for isolation of viable GFPP®* cells 1 week after transduction (exclusion of doublets is not shown for
clarity; see Materials and Methods and supplemental online Fig. 5). (C): Representative microphotographs of neural progenitors transduced
at DIV33. (D, E): Quantitative real-time polymerase chain reaction (qPCR) transcriptional profiles for midbrain and floor plate genes are shown
for cultures sorted at 1 and 2 weeks. Fold increase over unsorted cells revealed a remarkable increase in the GFPP®* fraction for FOXA2 as
expected and for other midbrain floor plate markers, in particular at 2 weeks with decreases in TH and PAX6 among others. Data are shown
as fold change over unsorted controls in a log scale for clarity. (F): Most GFPP°* cells coexpressed the radial glial marker 3CB2, shown at 10 days
post sorting. (G): gPCR analysis showed a persistent increase of FOXA2 and a concomitant decline in TH and TUBB3 in transduced unsorted
cells compared with untransduced control cultures. (H): A similar trend was observed at the protein level in unsorted cultures at 2 weeks
post-transduction, with an increase in vimentin by Western blot. Scale bars = 100 wm in (C) and 50 wm in (F). Abbreviations: DANs, dopamine
neurons; DAPs, dopamine progenitors; FACS, fluorescence-activated cell sorting; FSC, forward scatter; GFP, green fluorescent protein; hESC,
human embryonic stem cell; NPs, neural progenitors; POL, polyornithine; tdx or TDX, transduction; TH, tyrosine hydroxylase; tub, tubulin; wk, week.

there was a relative decrease in TH and TUBB3 at 3 weeks com-
pared with untransduced controls (Fig. 4G). A similar trend was
observed in the protein content by WB analysis with a relative in-
crease in vimentin (3CB2; Figure 4H).

Finally, to rule out the possibility of a delayed effect of FOXA2
forced expression on DA neurogenesis, we followed another set

www.StemCellsTM.com

of transduced (unsorted) cells for up to 8 weeks (supplemental
online Fig. 6). The results of these experiments both at the RNA
and protein levels (supplemental online Fig. 6B, 6C) failed to dem-
onstrate any effect on DA neurogenesis (or indeed on neurogen-
esis at all, because there was no evidence of enrichment for
serotonergic, red nucleus, or cranial motor neurons) with
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persistent expression of radial glia and floor plate markers in
these cultures.

Taken together, these overexpression experiments showed
that FOXA2 is not sufficient to enhance DA neurogenesis from hu-
man PSCs in this system.

DiscussiON

Cellular heterogeneity is a problem for the development of cellu-
lar therapies because it decreases safety, efficacy, and efficiency.
Homogeneous populations are also desirable for in vitro disease
modeling to facilitate the identification of disease phenotypes
[48]. Here, we developed a selection approach using lentivirus
vectors to express GFP under the promoter region of FOXA2,
a transcription factor that is expressed in the floor plate domain
that gives rise to DA neurons during embryogenesis. Previous
reports have shown that FOXA2 is involved in the specification,
maturation, and maintenance of DA neurons [30, 37, 45, 49,
50]. Deletion of FOXA1/2 in postmitotic DA neurons results in loss
of phenotype, at least in part through reduced binding of NURR1
to the promoter region of TH [45]. Two other independent studies
have also shown that FOXA2 functions cooperatively with LMX1a
to promote DA neuron development [49, 50]. Moreover, charac-
terization of the FOXA2 cis-regulatory network by chromatin
immunoprecipitation has shown its ability to regulate the tran-
scription of most determinants of ventral midbrain progenitors
contributing to the DA neuronal fate, including LMX1A, LMX1B,
MSX1, and FERD3L, while repressing components of the SHH sig-
naling pathway like Patched-1, GLI 1-3, NKX2.2, and NKX2.9 [32].
Thus, itappearsindisputable that FOXA2 plays a permissive role in
patterning of the midbrain floor plate and that FOXA2 floor plate
cells give rise to DA progenitors. However, our data strongly sug-
gest that FOXA2 is not sufficient for the production of human
midbrain DA neurons.

The profile that we observed in our selected cultures is com-
patible with the midbrain floor plate. The floor plate extends from
the preoptic area caudally into the midbrain, hindbrain, and spinal
cord and has different properties along the anteroposterior axis
[36]. Anterior floor plate cells express SIX6 and NOV, which were
not enriched in our paradigm (data not shown), most probably
because we used FGF8 in our inductive protocol. It has been
shown that anterior floor plate cells derived from hES cells can
be caudalized by the addition of retinoic acid, WNT1, or FGF8
[51]. f-Spondin is an extracellular matrix protein involved in axon
guidance that, like netrin-1, is secreted by the midbrain floor
plate. FOXA2 also plays arole in the regulation of axonal guidance
across the floor plate [32]. The regional midbrain identity of the
floor plate cells that we selected for, using the FOXA2 constructs,
should have the capacity to generate neuroblasts and give rise to
DA neurons [30, 37, 52-54]. However, we failed to enrich for DA
neurons using both the endogenous promoter and the forced ex-
pression approaches. One explanation is that FOXA2 can play are-
pressor role on ventro-lateral midbrain genes [32] that may be
important for the progression toward postmitotic phenotypes.
This can also explain the relatively low efficiency of our protocol,
compared with other protocols that are similar but use a high
dose of SHH for shorter periods [10, 11]. In addition, lineage-
tracing studies [55] suggest that SHH signaling is not directly
involved in DA development and specification, which would be
under the control of the canonical WNT pathway [56]. The neuro-
epithelial midline cells express FOXA2 and SHH that are
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reciprocally induced. Floor plate cells are responsive to SHH,
i.e., GLI2a induces GLI1 in response to SHH and is inhibited when
the cells start expressing SHH themselves. Although it has been
proposed that the two pathways, WNT and SHH, cooperate at dif-
ferent stages of specification and differentiation [45, 49], it is
plausible that we overestimated the role of SHH-FOXA2 in DA
neurogenesis. WNT1 is expressed in a restricted ventral domain
in the midbrain floor plate that is sufficient to antagonize SHH,
allowing neurogenesis, and specifically the production of DA neu-
rons. On the other hand, FOXA2 expression is robust in adult SN
neurons and collaborates with NURR1 to regulate the expression
of TH and AADC at the promoter level [45]. Thus, FOXA2 may
be useful for selection at later stages and could be used to retro-
spectively identify specific cell-surface markers for enrichment
without genetic manipulation. A recent study [57] used early
selection of cells expressing CORIN, a floor plate surface marker,
toward enrichment in FOXA2/LMX1A DA progenitors from hu-
man iPSC. Altogether, our selection experiments, using both en-
dogenous and forced FOXA2 expression, did not increase the
proportion of DA neurons derived from human PSC lines. These
results suggest that FOXA2 is not sufficient to induce the DA fate,
in line with the hypothesis that DA neurogenesis is under the di-
rect control of canonical WNT and not SHH signaling.

On a technical level, lentivirus promoter-based cell selection
is a versatile tool applicable to a broad number of human PSCs
lines and could be important not only for direct therapeutic appli-
cations but also for drug screening and disease models, to study
cell autonomous and nonautonomous mechanisms. As our study
shows, it is critical to verify appropriate expression from the pro-
moter sequence in the specific cell context, taking into account
ectopic expression of the reporter gene and possible require-
ments for tissue-specific enhancers. As for FACS sorting, survival
of cells grown in attachment and with complex morphology such
as neurons is poor. It isimportant to consider that some cell types
(or cells at certain maturation stages) are more resilient, which
could result in their relative enrichment in both positive and neg-
ative fractions. Likewise, more vulnerable postmitotic neurons
may decrease in both fractions relative to the unsorted cells. De-
spite these limitations, we show that it is feasible to use this ap-
proach for selection of defined human populations derived from
any PSC line. Finally, it may be worth considering selection strat-
egies not only aiming to obtain a uniform homogeneous popula-
tion but to establish a “structured” contextual heterogeneity in
the culture (in lieu of the random heterogeneity generated in
vitro) by using regional domain determinants. In this sense, a se-
lection approach based on expression of an early multilineage re-
gional determinant, such as FOXA2 for the ventral floor plate,
could provide this kind of contextual regional heterogeneity to fa-
vor survival and functional maturation of the target cells.
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