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The midbrain dopaminergic (mDA) neurons are the largest
assembly of dopaminergic neurons in the central nervous
system and play an important role in motor control, reward,
addiction and cognition (Bjorklund and Lindvall 1984; Kelley
and Berridge 2002; Sesack and Carr 2002; Wightman and
Robinson 2002; Dailly et al. 2004; Ungless 2004). The
movement disorder in Parkinson’s disease (PD) is largely
because of the deficiency of brain dopamine content caused
by the degeneration of mDA neurons whilst some other
disorders such as schizophrenia also involve dopamine
dysfunction (Fearnley and Lees 1991; Lang and Lozano
1998; Fahn 2003; Bohlen und et al. 2004; Klockgether 2004).
Because of their close association with human neurological
diseases, mDA neurons are one of the most intensely studied
neuronal subtypes (Prakash and Wurst 2006a,b).

DA neurons are generated in a small region of the ventral
mesencephalon and constitute only around 1–5% of the
midbrain cell population (Brundin et al. 1985). As such,
restorative transplantation treatment for PD would be a viable
therapeutic approach, because only a relatively small number
of neurons need to be replaced (Dunnett and Bjorklund

1999). In this regard, transplantation of dopamine-producing
cells has been shown to alleviate PD symptons, with the best
results obtained using foetal midbrain neurons (Olanow et al.
1996; Lindvall and Hagell 2000; Dunnett et al. 2001;
Redmond et al. 2001). However, logistic and ethical issues
limit the applicability and viability of this approach. Thus,
embryonic stem (ES) and neural stem/precursor cells became
a promising source for generating DA neurons (Lee et al.
2000; Storch et al. 2001, 2003; Ying et al. 2003; Milosevic
et al. 2006; Liu et al. 2009; Sabolek et al. 2009), as
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Abstract

The robust generation of midbrain dopamine neurons from

embryonic stem cells and patient-specific induced pluripotent

stem cells is a prospective tool for the development of new

drugs and cell based therapies, and investigations into the

aetiology of Parkinson’s disease. To achieve this, it is crucial

to identify the fate-determining regulatory factors that influ-

ence dopamine cell fate decision and the underlying molecular

machinery. We identified FoxP1 as a novel marker for mid-

brain dopamine neurons. Enforced expression of FoxP1 in

embryonic stem cells actuates the expression of Pitx3, a

homeobox protein that is exclusively expressed in midbrain

dopaminergic neurons and is required for their differentiation

and survival during development and from embryonic stem

cells in vitro. We show that FoxP1 can be recruited to the Pitx3

locus in embryonic stem cells and regulate Pitx3 promoter

activity in a dual-luciferase assay. This transcriptional regu-

lation of Pitx3 by FoxP1 depends on the presence of two high

affinity binding sites in the distal Pitx3 promoter, through which

FoxP1 directly binds as demonstrated by chromatin immu-

noprecipitation and electrophoretic mobility shift assay. Thus,

this study demonstrates for the first time a transcription reg-

ulatory role for FoxP1 on the Pitx3 gene in mammalian stem

cells.
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candidates for the development of cellular and genetic
therapies for PD and for creation of in vitro drug discovery
and toxicological screens. The importance for efficient
production of large homogenous populations of DA neurons
from stem cells is also highlighted by the rapid development
of somatic reprogramming technology and the generation of
PD specific induced pluripotent stem cells (Park et al. 2008;
Wernig et al. 2008).

A great deal of progress has been made in recent years in
identifying transcription regulators that control the specifi-
cation, migration and functional maintenance of mDA
neurons, providing insight into the generation of these cells
in vitro from stem cells [reviewed in Simon et al. 2003;
Wallen and Perlmann 2003; Ang 2006; Prakash and Wurst
2006a,b; Smidt and Burbach 2007]. The bicoid-related
homeobox protein Pitx3 is exclusively expressed in post-
mitotic mDA precursors and nascent mDA neurons (Smidt
et al. 1997; Maxwell et al. 2005). Mice hypomorphic or
lacking Pitx3 suffer from a severe loss of DA neurons of the
substantia nigra as well as the expression of tyrosine
hydroxylase (TH) in these cells, demonstrating a pivotal
role for Pitx3 in the terminal differentiation of mDA
precursors and the survival of nascent mDA neurons (Hwang
et al. 2003; Nunes et al. 2003; van den et al. 2003; Smidt
et al. 2004; Maxwell et al. 2005). In keeping with its
essential developmental role, forced expression of Pitx3 in
ES cells promoted the generation of DA neurons with
midbrain complements as demonstrated by the co-expression
of endogenous Pitx3, En1, Adh2 and Nurr1 in TH+ neurons
derived from Pitx3 expressing ES cells (Maxwell et al. 2005;
Chung et al. 2006). Collectively, these findings highlight the
importance of Pitx3 in establishing mDA identity both
in vivo and in vitro from stem cell-derived neurons, which is
of significance because the success of transplantation ther-
apies is strongly influenced by the type of DA neurons used,
with the best results obtained using cells expressing midbrain
complements in addition to dopaminergic neurotransmitter
phenotype (Hudson et al. 1994; Thompson et al. 2005).

FoxP1 belongs to the hepatic nuclear factor-3/forkhead
domain family of winged-helix transcription factors that play
an important role in mammalian development and organo-
genesis (Li and Tucker 1993; Shu et al. 2001; Carlsson and
Mahlapuu 2002; Lehmann et al. 2003; Wang et al. 2003).
FoxP1 has been shown to directly regulate the transcription
of genes involved in B cell development, monocyte differ-
entiation and macrophage function (Shi et al. 2004, 2008;
Hu et al. 2006; Jepsen et al. 2008). Recently, FoxP1 has
been shown to establish the pattern of LIM-homeodomain
protein expression and the columnar identity and connectiv-
ity of spinal motor neurons during mouse development
(Dasen et al. 2008; Rousso et al. 2008).

By microarray profiling, we recently identified FoxP1 to
be differentially expressed in foetal Pitx3 expressing mDA
neurons (unpublished data). In this study, we investigate a

potential role for FoxP1 in mDA neuron differentiation in
mouse ES cells. Using the Pitx3-green fluorescent protein
(GFP) reporter ES cell model (Zhao et al. 2004), we show
that exogenous expression of FoxP1 in ES cells results in the
generation of Pitx3+ neurons following standard monolayer
neuronal differentiation, a system that does not normally
support the production of midbrain characteristic Pitx3+

neurons (Andersson et al. 2006; Parmar and Li 2007). Using
an in vitro promoter–reporter gene assay, we show that
FoxP1 regulates Pitx3 transcription and that this activity
depends on the presence of two high affinity promoter
binding sites, through which FoxP1 directly binds. These
results suggest a direct action of FoxP1 on the mouse Pitx3
gene and suggest that FoxP1 may be of physiological
relevance to the regulation of Pitx3 transcription and thus the
differentiation and/or maintenance of mDA neurons.

Materials and methods

Plasmid constructs
Mouse Pitx3 5¢ flanking regions were amplified by PCR and cloned

into the pGL3-Basic vector (Promega, Madison, WI, USA). Point

mutations were made using the QuickChange site-directed mutagen-

esis kit (Stratagene, La Jolla, CA, USA) according to the manufac-

turer’s recommendations. The oligonucleotide primers used to insert

mutations in sites VI and VII were 5¢)1442CGACTGTTTT-
TGTTGTTGTTGTTGTTGTGCTTTGTTGTTGTTGTTGTTGTTT-

TTGGTT)13843¢ and 5¢)1423TGTTGTTGTTTTTTGTTGTTG-
TTGTTGTTGTGCTTGGTTTTGGTTTTTGGTCAGGAAA)13653¢
(the underlined bases represent those modified during site directed

mutagenesis). The FoxP1 expression vector was generated by cloning

the full length mouse FoxP1 cDNA into the pPyCAG-IP vector.

Cell culture
Mouse ES cells and genetically modified derivatives were main-

tained in Glasgow minimum essential medium (GibcoBRL, Rock-

ville, MD, USA) supplemented with 0.1% b-mercaptoethanol, 1%

non-essential amino acids, 1% glutamine, 1% sodium pyruvate, 10%

foetal calf serum and 100U/mL leukemia inhibitory factor (LIF).

P19 embryonic carcinoma cells were cultured using the same

medium without leukemia inhibitory factor (LIF). All cultured cells

were maintained at 37�C in humidified air containing 5% CO2.

Transient transfections and reporter gene assays
Cells were transfected with the LipofectamineTM 2000 reagent

(Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s

recommendations using 500 ng of reporter plasmid, the indicated

amount of expression vector(s) and 10 ng of pRL-TK (Promega).

Empty expression vector was added to obtain the same total amount

of DNA. Transfected cells were harvested 30 h later and luciferase

activity measured using the Dual Luciferase Reporter Assay System

(Promega) according to the manufacturer’s protocol. The levels of

firefly luciferase activity were normalised with respect to the levels

of Renilla luciferase activity. Results are expressed as mean ± SEM.

Results are expressed as mean ± SEM of at least three independent

experiments performed in triplicate.
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Stable transfectants
A Pitx3-GFP ES cell line, Ptg, was used for expressing the FoxP1

transgene (Zhao et al. 2004). For transfection with the FoxP1

expression construct and vector control DNA, 2 · 107 ES cells were

electroporated with 10 ng of linearised plasmid DNA at 800 V and

3 lF in a 0.4-cm cuvette using a Bio-Rad gene pulser (Bio-Rad

Laboratories, Hercules, CA, USA). Transfected ES cells were

selected in the presence of 1.5 lg/mL puromycin (Sigma, St Louis,

MO, USA).

Neural differentiation of ES cells
Monolayer differentiation was carried out as previously described

(Ying and Smith 2003; Ying et al. 2003). Briefly, parental control
Ptg and two independent clones of FoxP1 over-expressing ES cells

(Ptg–FoxP1) were plated on gelatinized tissue culture plastics in

N2B27 medium at a density of 10 000 cells/cm2. Medium was

refreshed every other day, and cultures terminated at day 14 and

processed for immunostaining.

Transplantations
All animal-related procedures were conducted according to local

ethical guidelines (Lund University) and followed approved animal

care protocols. Cells were trypsinized, counted and resuspended at a

density of 100 000 cells/lL. Surgeries were performed on neonatal

rats under hypothermic anaesthesia. One microlitres of cell

suspension was injected unilaterally into the striatum using a glass

capillary fitted to a Hamilton syringe and the following coordinates

(in mm) from: antero-posterior: +0.7, medial-lateral )1.9 and dorso-

ventral: )2.9. After 4 weeks, the animals were transcardially

perfused with 0.9% saline followed by 4% ice cold paraformalde-

hyde. Brains were post-fixed for 2 h in 4% paraformaldehyde and

cryoprotected by incubation in 20% sucrose at 4�C overnight.

Measurement of dopamine levels
Dopamine levels from differentiated cell lysates were determined

using a commercially available Dopamine Research Enzyme Linked

Immunosorbent Assay (Kit No. BA E-5300; Labor Diagnostika

Nord GmbH, Nordhorn, Germany). The inter-assay CV was 7% and

the intra-assay CV was 2.4%.

Antibody staining
For immunostaining of mouse embryo sections and fixed cells

in vitro, the following antibodies were used: mouse anti-TH

(1 : 2000; Chemicon, Temecula, CA, USA), mouse anti-beta3

(1 : 1000; Promega), chicken anti-GFP (1 : 5000; Chemicon),

rabbit anti-Pitx3 (1 : 1000; Chemicon), goat anti-Foxa2 (1 : 200;

Santa Cruz Biotechnology, Santa Cruz, CA, USA); sheep anti-TH

(1 : 500; Pel-Freez, Rogers, AR, USA); rabbit anti-FoxP1 (1 : 500;

Abcam, Cambridge, UK).

Quantitative analysis of immunolabelled cells
The immunostaining data were obtained from studies using two

independent FoxP1 over-expressing ES cell lines (FoxP1.4 and

FoxP1.5). Two and three sets of in vitro differentiation were

performed with FoxP1.4 and FoxP1.5, respectively. The parental ES

cells were used as the control and each experiment was performed in

duplicates for each cell line. All positively stained cells in a well were

counted. Results in Fig. 2g–i were average of the five experiments.

Electrophoretic mobility shift assay
Electrophoretic mobility shift assay (EMSA) was performed using

the LightShift Chemiluminescent EMSA kit (Pierce, Rockford, IL,

USA) following the manufacturer’s protocol. EMSAwas carried out

at 21–25�C with 1 lM biotin-labelled probe and 5 lg nuclear

extract. Competitor probe was used at 200-fold molar excess to the

reaction mixture. For supershift assays, nuclear extracts were pre-

incubated for 15 min at 21–25�C with a FoxP1 antibody (sc-

31731x; Santa Cruz Biotechnology).

Chromatin immunoprecipitation assay
Cells were harvested and cross-linked with 1% formaldehyde for

15 min at room temperature. After quenching of formaldehyde with

125 mM glycine, whole cell lysates were prepared for chromatin

immunoprecipitation (ChIP) assays. Fragmented chromatin (140 lg,
300–1000 bp) was subjected to immunoprecipitation with specific

antibodies: anti-H3-carboxy terminal (Abcam), anti-dimethyl-H3K4

(Upstate Biotechnology, Lake Placid, NY, USA), anti-trimethyl-

H3K27 (Upstate), FoxP1 (AVIVA Systems Biology, San Diego, CA,

USA) and anti-b-catenin (Sigma). After elution of immune

complexes, DNA was resuspended in 80 lL dH2O. Quantification

of precipitated DNA was performed using real-time qPCR ampli-

fication. H3K4me2 and H3K27me3 levels were normalised against

total H3 detected. FoxP1 levels were normalised against a standard

dilution of starting input material. Results are expressed as

mean ± SEM of at least three independent experiments.

Real-time qPCR analysis
Real-time PCR analysis was carried out on a Chromo4 DNA engine

(Bio-Rad), running the following program: 95�C for 5 min, then 40

cycles of 95�C for 15 s, 60�C for 1 min, followed by plate read.

PCR reaction included 1· SYBR green PCR master mix (Eurogen-

tec, Southampton, UK), 500 nM primers and 2 lL of template in a

20 lL reaction volume.

Statistical analysis
A paired sample t-test was used to compare differences in relative

promoter activity in the presence and absence of FoxP1, as well as

differences in FoxP1 recruitment and methylation at the Pitx3 locus

between Ptg parental control mouse ES cells and FoxP1 over-

expressing mouse ES cells (Ptg–FoxP1). For neural differentiation

data, differences in cell counts between Ptg parental control mouse

ES cells and FoxP1 over-expressing mouse ES cells were analysed

using analysis of variance (ANOVA). Statistical significance was

defined as p < 0.05.

Results

FoxP1 is expressed by mDA neurons and their immediate
progenitors
FoxP1 was initially identified as a gene differentially
expressed by the Pitx3+ cells purified from the E12.5 mouse
midbrain. At this developmental stage, the Pitx3+ population
consist of post-mitotic mDA precursors that are TH) and
differentiated TH+ DA neurons (Maxwell et al. 2005). To
further confirm that FoxP1 is selectively expressed in the
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mDA lineage, we examined FoxP1 protein expression by
immunostaining on E12.5 midbrain coronal sections and
compared its pattern with that of Foxa2 and TH. Foxa2 was
found to be specifically expressed in the ventral region of the
mesencephalon encompassing the ventricular, intermediate
and mantle zone, as has been reported (Ferri et al. 2007;
Kittappa et al. 2007). FoxP1 was co-expressed in a subpop-
ulation of the Foxa2+ cells that lie at the most medial part of
the floor plate (Fig. 1a–d). Cells expressing high level of
FoxP1 were found to be concentrated in the intermediate
zone, whereas weak FoxP1+ cells were found to be scattered
in the mantle layer where differentiated TH+ mDA neurons
reside (Fig. 1b,e–h). The ventricular layer, where prolifera-
tive neural progenitor cells reside, was largely devoid of
FoxP1 expression. Double staining for FoxP1 and TH
revealed that the majority of the FoxP1+ cells lie immediately
above the band of TH+ DA neurons. This observation
suggests that FoxP1 is expressed in neural progenitors
destined to become mDA neurons and may play a role in this
process.

Over-expression of FoxP1 in ES cells promotes the
generation of Pitx3+ cells
To investigate the functional role of FoxP1 in mDA
differentiation from ES cells, we generated clonal lines of
FoxP1 over-expressing ES cells and examined its effect on
dopamine neuron production following in vitro neural
differentiation via monolayer (Ying et al. 2003). Previous
studies have shown that whilst TH+ DA neurons can be
produced using this protocol, these cells do not co-express
midbrain regional markers, such as Pitx3, unless ES cells
were engineered with Lmx1a or Pitx3 transgene (Andersson

et al. 2006; Parmar and Li 2007). Thus, the monolayer
differentiation paradigm serves as a valuable means to
investigate a potential activity of FoxP1 in the induction of
midbrain regional identity. We found that FoxP1 over-
expressing ES cells (Ptg–FoxP1) and the parental control
cells generated neurons at a similar frequency (Fig. 2a and
b). Similar to previous reports, no Pitx3+ cells as indicated by
Pitx3 linked GFP reporter expression were detected in
differentiated progeny of the Ptg parental control ES cells
(Andersson et al. 2006; Parmar and Li 2007). However,
FoxP1 expressing cultures generated GFP+ cells representing
4.2 ± 1.4% (n = 5) of the total cell population (Fig. 2c and
h). The majority (80.75 ± 9.1%) of these Pitx3-GFP+ cells
were immunoreactive to a Pitx3 antibody confirming the
expression of Pitx3 protein (Fig. 2d–f) and just over half of
them were neurons (Fig. 2g). Similar to the effects of Pitx3
manipulation (Chung et al. 2005; Maxwell et al. 2005),
over-expression of FoxP1 did not lead to a significant
increase in the numbers of TH+ cells when compared with
control group (8.8 ± 3.5% and 6.4 ± 3.0% for FoxP1 and
control, respectively; Fig. 2h). Consistent with this, no
significant differences in DA levels were observed in FoxP1
over-expressing ES cells compared with parental control
mouse ES cells (111 ± 0.03 pg/mL vs. 102 ± 0.05 pg/mL;
p = 0.45). This may be due to the apparent lack of Nurr 1
induction in FoxP1 cultures (Fig. 2g). However, in contrast
to no Pitx3 expression in TH+ neurons generated by the Ptg
parental ES cells, around 10% of the TH+ neurons generated
by FoxP1 ES cells co-express Pitx3 (Fig. 2i). Together these
data suggest that FoxP1 primarily affects Pitx3 gene
expression, a key trait of the midbrain dopaminergic neuronal
phenotype.

(a) (b) (c) (d)

(e) (f) (g) (h)

Fig. 1 FoxP1 expression in embryonic mouse ventral midbrain.

Coronal sections of the E12.5 mouse midbrain double stained with

FoxP1 (red) and Foxa2 (green) (a–c) or FoxP1 (red) and TH (green)

(e–g). Enlargement of boxed cells showing co-localization of FoxP1

and Foxa2 (d) or FoxP1 and TH (h) at the single-cell level. FoxP1 is

co-expressed in a subset of Foxa2+ cells at the intermediate zone and

partially overlaps with TH in the mantle layer.
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The mouse Pitx3 promoter is responsive to FoxP1
Analysis of the Pitx3 promoter region for potential FoxP1
binding sites, revealed seven putative sites in the first 2.5 kb

of the mouse Pitx3 promoter (sites I–VII in Fig. 3a). Five of
these sites (sites I–V) aligned perfectly with the FoxP1
consensus DNA binding site (TTATTT; Fig. 3a) (Wang et al.
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Fig. 2 Pitx3 expression during monolayer differentiation of ES cells.

(a–i) Parental Ptg ES cells and Ptg cells constitutively expressing

FoxP1 were differentiated as monolayer in N2B27 medium for 14 days

followed by immunostaining for TuJ1 counter stained with DAPI (a, b),

Pitx3 (d–f), or by direct visualisation of the Pitx3-GFP (c). FoxP1 ES

cells produced a number of GFP+ cells compared with none of this cell

type in the control cultures (h). (g, i) Quantitative analysis of dopamine

neuron marker expression in Pitx3+ or TH+ cell population. Data rep-

resent the average of two and three independent experiments carried

out in duplicate for Ptg–FoxP1.4 and Ptg–FoxP1.5, respectively. (j, k)

Analysis of grafts derived from Ptg (j) and Ptg–FoxP1 derived neurons

(k). Double anti-TH (red) and GFP (green) antibody staining of a graft

derived from the control Ptg (j) and Ptg–FoxP1 (k) ES cell derived

neural cultures. The Ptg–FoxP1 ES cells produced more Pitx3+ cells

following transplantation.
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2003), whereas two of these sites (sites VI and VII) aligned
perfectly with a documented active FoxP1 binding site from
the c-fms promoter (TTGTTT; Fig. 3a) (Shi et al. 2004).
In vitro promoter–reporter gene assays were performed using
P19 cells, to investigate whether the mouse Pitx3 promoter is
responsive to FoxP1. P19 cells, a pluripotent mouse embry-
onic carcinoma cell line, share the expression of numerous
markers with ES cells and preferentially differentiate towards
neuronal lineages. This cell lines has been used previously to
assess TH gene regulation by Pitx3 (Cazorla et al. 2000;
Lebel et al. 2001; Messmer et al. 2007). As shown in
Fig. 3b, FoxP1 activated (up to 76%) transcription from a
3.2-kb Pitx3 promoter fragment placed in front of the

luciferase reporter gene in a dose-dependent manner. To
determine which of the putative FoxP1 binding sites within
the Pitx3 promoter conferred the responses to FoxP1, a series
of promoter deletion constructs were generated (Fig. 3c).
Deletion of sequences between )3214 and )1508 bp did not
affect the response to FoxP1 (Fig. 3d, columns C2–C4).
However, deletion of the 189 bp sequence between )1508
and )1319bp, which contains two putative FoxP1 binding
sites (sites VI and VII), abolished the effect of FoxP1 on the
Pitx3 promoter (Fig. 3d, columns C5). The two shorter Pitx3
promoter deletion constructs, which do not contain any
FoxP1 binding sites, did not respond to FoxP1 (Fig. 3d;
columns C6 and C7). To substantiate further the role of
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Fig. 3 FoxP1 regulates Pitx3 promoter activity. (a) Schematic repre-

sentation of the mouse Pitx3 promoter indicating the position of

putative FoxP1 binding sites and the sequences of the mouse putative

FoxP1 binding sites. (b) P19 cells were transiently cotransfected with a

3.2-kb Pitx3 promoter–reporter gene construct and increasing

amounts of either control (pPyCAG-IP) or full-length FoxP1 expression

vector. (c) Schematic representation of the different promoter–reporter

gene deletion constructs used. (d) The promoter–reporter gene dele-

tion constructs and either control vector (pPyCAG-IP) or full-length

FoxP1 expression vector were transiently cotransfected into P19 cells.

(e) Schematic representation of the WT and mutant promoter–reporter

gene constructs. (f) The mutated Pitx3 promoter constructs and either

control vector (pPyCAG-IP) or full-length FoxP1 expression vector

were transiently contransfected into P19 cells. Results expressed as

mean ± SEM of at least three independent experiments performed in

triplicate; *p < 0.05, **p < 0.01.
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putative FoxP1 binding sites VI and VII in the Pitx3
promoter, point mutations were introduced into these two
sites (Fig. 3e). As shown in Fig. 3f, mutagenesis of sites VI
and VII, in the context of the shorter 1.5 kb Pitx3 promoter
construct (C4), prevented FoxP1 responsiveness. The activity
of FoxP1 on the promoter mutants was also diminished
following mutagenesis of sites VI and VII in the context of
the full length 2.5 kb Pitx3 promoter construct (C2).
Collectively, these data suggest that FoxP1 regulates Pitx3
transcription and that this activity is largely dependent on the
presence of two high affinity promoter binding sites (sites VI
and VII) located within a 189 bp fragment 1.5 kb upstream
of the transcription start site.

Pitx3 sites VI and VII function as targets for FoxP1
The relative affinity of FoxP1 for its putative binding sites in
the Pitx3 promoter was examined by EMSA, with probes

derived from FoxP1 binding sites VI and VII (Fig. 4a). Both
probes, designated WT1 (site VI) and WT2 (site VII), bound
a major complex when incubated with nuclear extracts from
FoxP1 over-expressing mouse ES cells (Fig. 4b). An iden-
tical, albeit weaker complex was obtained when the probes
were incubated with nuclear extracts prepared from Ptg
parental control mouse ES cells, which express low levels of
FoxP1. Competition with excess unlabelled competitor
probes efficiently impaired the binding of FoxP1 to the
labelled probes, displaying the specificity of the interaction.
Mutation of several bases within these probes abolished
complex formation, providing evidence for FoxP1 binding to
sites VI and VII. Addition of an antibody directed to FoxP1
impaired complex formation, providing further evidence that
the protein causing gel retardation is FoxP1. ChIP assays
were performed to determine whether FoxP1 can be recruited
to the Pitx3 promoter in vivo. In FoxP1 over-expressing

(a)

(c)

(e)

(d)

(b)

Fig. 4 FoxP1 binds to the Pitx3 promoter. (a) Sequences of the oli-

gonucleotide probes used in in vitro binding assays. (b) In vitro binding

and supershift assays performed with nuclear extracts prepared from

either Ptg or Ptg–FoxP1 ES cells. Wilt-type and mutant probes were

used in binding reactions. Unlabelled cold competitor, as well as

specific antibody to FoxP1 (a-FoxP1), were used for DNA competition

and antibody supershift. Data are representative of three independent

experiments. (c) Diagram illustrating the position of primer pairs (ar-

rows), within the Pitx3 promoter, used for ChIP analysis. Primers

surrounding FoxP1 binding sites VI and VII in the Pitx3 promoter

(Distal promoter) as well as primers encompassing a region of the

Pitx3 promoter lacking FoxP1 binding sites (Proximal promoter) were

used. (d) qPCR analysis of chromatin immunoprecipitated FoxP1 on

Ptg–FoxP1 or Ptg parental control mouse ES cells using either specific

antibody to FoxP1 (filled bars) or control antibody (open bars).

Abundance is shown relative to input DNA. Results expressed as

mean ± SEM of at least three independent experiments; *p < 0.05,

**p < 0.01. (e) Agarose gel representation of ChIP analysis in (b).
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mouse ES cells, immunoprecipitation with a FoxP1-specific
antibody but not control antibody resulted in significant
accumulation of the Pitx3 promoter fragment containing
FoxP1 binding sites VI and VII (Fig. 4d and e). No
accumulation for the Pitx3 promoter fragment lacking FoxP1
binding sites was observed upon immunoprecipitation with
the anti-FoxP1 antibody compared to control antibody
(Fig. 4d and e), demonstrating a specific requirement for
FoxP1 at binding sites VI and VII. Weak accumulation of the
Pitx3 promoter fragment containing FoxP1 binding sites VI
and VII was observed from chromatin samples of Ptg
parental control mouse ES cells, when immunoprecipitated
with the anti-FoxP1 antibody as compared with control
antibody (Fig. 4d and e). This result is not unexpected as ES
cells express low levels of FoxP1 and the in vitro binding
assays demonstrated weak complex formation when probes
were incubated with nuclear extracts from Ptg parental
control mouse ES cells (Fig. 4b). These data suggest that
FoxP1 is capable of interacting with sites VI and VII within
the Pitx3 promoter.

FoxP1 expression alters chromatin signature at Pitx3 locus
in mouse ES cells
ChIP against H3K4me2 and H3K27me3 was carried out in
Ptg parental control and Ptg–FoxP1 mouse ES cells to
investigate whether FoxP1 manipulation influences the active
state of the Pitx3 locus at the chromatin level. As illustrated
in Fig. 5, the Pitx3 locus was enriched for both H3K4me2
(Fig. 5b) and H3K27me3 (Fig. 5c) in both cell lines. The
level of H3K4me2 was higher in FoxP1 over-expressing
mouse ES cells compared with the Ptg parental control
mouse ES cells throughout the Pitx3 locus, and reached
statistical significance at the promoter region (Fig. 5b). A
trend towards lower H3K27me3 levels was observed in
FoxP1 over-expressing mouse ES cells compared with Ptg
parental control mouse ES, although this failed to reach
statistical significance (Fig. 5c). These data suggest that the
Pitx3 locus exhibits a more transcriptionally poised state in
the presence of FoxP1.

Discussion

Embryonic stem cells have become a promising source for
the generation of mDA neurons in culture. Mouse genetic
studies have shown that dopaminergic neurotransmitter
phenotype and midbrain regional identity of dopamine
neurons are controlled by apparently distinct transcription
factor networks. The dopaminergic neurotransmitter pheno-
type is governed by Nurr1, through the regulation of several
proteins required for dopamine synthesis and regulation,
namely TH, vesicular monoamine transporter 2, dopamine
transporter and RET receptor tyrosine kinase (cRET) (Sau-
cedo-Cardenas et al. 1998; Wallen et al. 2001; Smits et al.
2003). Midbrain regional identity on the other hand is

determined by transcription regulator programmes involving
Lmx1a, Lmx1b and Pitx3 (Bjorklund and Lindvall 1984;
Smidt et al. 2000, 2004; Hwang et al. 2003; Nunes et al.
2003; Andersson et al. 2006). Relevant to this, PD clinical
trials and experimental transplantation studies have demon-
strated that, the success of transplantation therapies is
strongly influenced by the type of DA neurons used, with
the best results obtained using foetal midbrain neurons
(Olanow et al. 1996; Lindvall and Hagell 2000; Dunnett
et al. 2001; Redmond et al. 2001). Therefore, it is important
that stem cell-derived neurons express midbrain comple-
ments in addition to being dopaminergic. However, whilst
TH+ neurons can be produced from ES cells using several
protocols (Lee et al. 2000; Ying et al. 2003), these neurons
fail to co-express midbrain regional markers without genetic
manipulation of transcription factors in the ES cells (Kim
et al. 2003; Chung et al. 2005; Maxwell et al. 2005;
Andersson et al. 2006; Parmar and Li 2007).

In this study, we show that FoxP1, a forkhead domain
winged-helix transcription factor, is specifically expressed in
the ventral most part of the mesenchephalon, the exact
region from where mDA neurons arise, consistent with a
role for FoxP1 in mDA development. FoxP1 belongs to a
distinct subfamily of forkhead transcription factors to that of
Foxa1/2, the two Fox proteins reported so far that are
required in midbrain dopamine neuron development. Nota-
bly, FoxP1 was found to exhibit a distinct expression pattern
to that of Foxa2 (Fig. 1). Foxa2 was found to be expressed
in the ventral region of the mesencephalon encompassing
the ventricular, intermediate and mantle zone, as has been
reported previously (Ferri et al. 2007; Kittappa et al. 2007).
FoxP1 was coexpressed in a subpopulation of the Foxa2+

cells that lie at the medial most part of the floor plate, with
the majority of FoxP1+ cells concentrated in the intermediate
zone, suggestive of an additional control mechanism
regarding midbrain dopamine neuronal fate specification.
Indeed, unlike Foxa1/2, the ectopic expression of which
does not influence Pitx3 or TH expression (Lin et al. 2009),
we show here that enforced expression of FoxP1 in mouse
ES cells leads to the generation of TH+Pitx3+ cells following
monolayer neuronal differentiation (Fig. 2), a system that
does not support the generation of this cellular phenotype
(Andersson et al. 2006; Parmar and Li 2007). Pitx3
expression was also detected in non-TH+ and/or non-neuron
cells, a phenomenon that is analogous to the induction of
TH by Nurr1 in ES cell derived non-neuronal cells (Sonntag
et al. 2004), suggesting that FoxP1 influences Pitx3 gene
expression independent of a dopaminergic neurotransmitter
phenotype.

In this regard, we show that FoxP1 can be recruited to the
Pitx3 locus in ES cells and can regulate Pitx3 promoter
activity in in vitro promoter–reporter gene assays. This
transcriptional regulation of Pitx3 by FoxP1 depends largely
on the presence of two high affinity binding sites (sites VI
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and VII) in the distal Pitx3 promoter (Fig. 3), through which
FoxP1 directly binds (Fig. 4). Sites VI and VII align
perfectly with a documented active FoxP1 binding site from
the c-fms promoter (TTGTTT) (Shi et al. 2004). Interest-
ingly, sites I–V, which align with the FoxP1 consensus
DNA binding site (TTATTT) (Wang et al. 2003), do not
appear to affect Pitx3 promoter activity in response to
FoxP1 (Fig. 3). These data would suggest that the third
residue of the consensus sequence appears to be of
particular importance for FoxP1 binding. Differences in
the immediate environment of these sites in the context of
the Pitx3 promoter may also help explain this observation.
Indeed, several studies have demonstrated that sequences
flanking the core Fox binding motif contribute to protein
recognition and binding specificity (Overdier et al. 1994;

Pierrou et al. 1994; Roux et al. 1995; Kaufmann and
Knochel 1996). The core region of the Fox binding motif
does, however, appear to be of particular importance for
protein recognition and binding, as illustrated in the in vitro
gel shift assays (Fig. 4).

At the chromatin level, the Pitx3 locus was enriched for
both H3K4me2 (a signature for active chromatin) and
H3K27me3 (a signature for inactive chromatin) in parental
ES cells (Fig. 5). Simultaneous presence of histone modifi-
cation marks associated with both active and inactive gene
activity has been reported previously in ES cells for a subset
of lineage-specific developmental genes (bivalent genes)
(Azuara et al. 2006; Bernstein et al. 2006). This histone
modification profile ensures that the bivalent genes are silent
or not productively expressed in ES cells, but are primed for

(a)

(b)

(c)

Gbfl

Pitx3

Cig30
3.5

1 2 3 4
10.7 0.2 0.38

Fig. 5 Chromatin signature of the Pitx3 locus in mouse ES cells. (a)

Diagram illustrating the structure of the Pitx3 genomic region [adapted

from (Semina et al. 2000)]. Pitx3 exons are shown as boxes numbered

1–4. The coding region is shown in black. Pitx3 is flanked by two

genes, Gbf1 and Cig30; the direction of expression of each gene is

indicated by bold arrows. The position of the four primer pairs used for

ChIP analysis are indicated by small arrows. (b, c) ChIP analysis of the

Pitx3 gene locus. H3K4me2 (a signature of active chromatin; b) and

H3K27me3 (a signature of inactive chromatin; c) occupancy across

the Pitx3 gene locus was assesses in Ptg parental control mouse ES

cells (open bars) and FoxP1 over-expressing mouse ES cells (filled

bars) using ChIP and qPCR. Relative abundance indicates the ratio of

modified H3 to unmodified H3 detected at each region of the Pitx3

locus. Results expressed as mean ± SEM of at least three indepen-

dent experiments; *p < 0.05, **p < 0.01.
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expression upon release of ES cells from self-renewal and
entry into lineage-specific differentiation (Boyer et al. 2006;
Jorgensen et al. 2006; Lee et al. 2006). Intriguingly, FoxP1
over-expressing mouse ES cells exhibited a lower level of
H3K27me3, whereas the level of H3K4me2 was higher when
compared with the parental ES cells (Fig. 5). These epige-
netic changes may be indicative of a more ‘competent’
transcriptional profile for the Pitx3 gene in the presence of
FoxP1, implicating a potential role for FoxP1 in chromatin
remodelling.

As aforementioned, Pitx3 is exclusively expressed in post-
mitotic mDA precursors and nascent mDA neurons (Smidt
et al. 1997; Maxwell et al. 2005). In accordance, Pitx3 is
actively expressed during the final stages of in vitro stem cell
and P19 neural differentiation (Wei et al. 2002). The lack of
‘productive’ Pitx3 expression in undifferentiated pluripotent
stem cells may help explain the relatively modest effect for
FoxP1 on Pitx3 promoter activity in P19 cells in the in vitro
promoter–reporter gene assays. The expression machinery
required for Pitx3 gene expression may not be intact in P19
cells, which may impact on the expression of the reporter
gene fused to the promoter region under investigation.
Alternatively, the lack of endogenous Pitx3 expression
during ES cell neuronal differentiation in the absence of
FoxP1, in addition to the modest effect of FoxP1 on the Pitx3
promoter in pluripotent P19 cells, may suggest that FoxP1
acts together with another developmental gene, present
during mDA differentiation, to modulate/facilitate Pitx3
expression. Further studies of combinatorial or sequential
expression of transcription factors involved in the differen-
tiation of mDA neurons would clearly be of interest. The
timing of transcription factor expression, the stoichiometry of
the different transcription factors to each other and the
cellular concentrations of transcription factors needed for
mDA neuron differentiation are likely to be the major
challenges of this approach.

Conclusion

Forced expression of transcription factors, either alone or in
combination, is a powerful tool in stem cell engineering, as
demonstrated by the successful generation of induced
pluripotent stem cells (Takahashi and Yamanaka 2006; Okita
et al. 2008). For dopaminergic neuron production from ES
cells, genetic manipulation of transcription factors is by far
the most effective approach (Kim et al. 2003; Chung et al.
2005; Maxwell et al. 2005; Andersson et al. 2006; Parmar
and Li 2007). Here, we exploited genetic manipulation and
neuronal differentiation of ES cells as a functional discovery
tool and identified FoxP1 as a transcription factor capable of
regulating Pitx3 in pluripotent stem cells. Elucidating the
molecular programs and mechanisms that control Pitx3
expression should facilitate the generation of functional
relevant dopaminergic neurons from ES cells in vitro, which

ultimately would lead to progress in stem cell based therapies
of PD and drug screens.
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