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The common meeting point of embryology and genetics is found in the relation between the heredi-
tary units in the chromosomes, the genes, and the protoplasm of the cell where the influence of
the genes comes to visible expression. ... The implication in most genetic interpretation is that
all the genes are acting all the time in the same way. This would leave unexplained why some
cells of the embryo develop in one way, some in another, if the genes are the only agents in the
results. An alternative view would be to assume that different batteries of genes come into action
as development proceeds.

1934, Thomas Hunt Morgan

(from ´Master Control Genes in Development and Evolution: The Homeobox Story´ by Walter J.
Gehring, 1998)
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Forkhead transcription factors in embryonic development
During mammalian embryonic development, spatial and temporal gene expression patterns are
tightly regulated by tissue-specific transcription factors that bind to specific regulatory sequence
elements located proximal or distal to the promoter region. Such transcription factors can be as-
signed to different families based on the conservation of their DNA binding domain. One such
family comprises the forkhead family of transcription factors, named after the first gene identi-
fied containing this highly conserved DNA binding domain in Drosophila [335, 334, 168]. To
date, over 100 forkhead genes have been identified in a large variety of species, implicated in di-
verse biological functions [145, 33], including metabolism, cell cycle regulation and embryonic
development. This thesis is focused on the role of forkhead transcription factors in embryonic
development, with special attention to the central nervous system. This chapter reviews current
knowledge about forkhead transcription factors and their roles in development of mice and men.

Forkhead organisation
Nomenclature

Since the existence of a forkhead family was recognised, many forkhead genes have been iden-
tified in species ranging from yeast to human, though not in plants. Interestingly, the number of
forkhead genes in different species rises with increased anatomical complexity, from 4 known fam-
ily members in baker´s yeast to over 35 in mouse and man. In 2000, a unified nomenclature was
introduced which reflects the phylogenetic origin for all known chordate forkhead genes [136],
and has replaced diverse names such as fkh, FREAC, HFH and FKHR. In this nomenclature, each
family member is designated e.g. Foxd2, whereby Fox reflects the presence of the forkhead box,
and the trailing letter refers to the subfamily, currently ranging from A to R, while the number dis-
tinguishes between subfamily members. Species differences are indicated by the use of uppercase
letters for human (e.g. FOXD2), a capital F for mouse (e.g. Foxd2) and the first and subclass let-
ters uppercase for all other chordate species (e.g. FoxD2). Classification into subfamilies is based
on the structural similarities in the conserved DNA binding domain, as depicted graphically for
murine forkhead domains in figure 1.

Forkhead domain

3D structure All forkhead transcription factors share a highly conserved DNA binding domain,
named after the Drosophila forkhead gene. Mutations in this gene cause homeotic transformation
of certain gut structures, resulting in replacement of both fore- and hindgut by ectopic spike-
formed head structures, hence the name forkhead [335]. The three-dimensional structure of the
forkhead domain has been characterised by both X-ray crystallography and nuclear magnetic res-
onance (NMR) spectroscopy [130, 202, 315, 337, 195, 45]. Its apparent resemblance to the shape
of butterflies, in addition to the comparable composition to the helix-turn-helix motif, resulted in
the label ´winged-helix domain´ [21, 45]. Not all winged helix proteins are forkhead transcrip-
tion factors, however, and other evolutionary unrelated winged helix proteins have been identified
[84]. The canonical forkhead domain consists of three α-helices, three β-sheets and two loops or
wings, typically arranged in a α1-β1-α2-α3-β2-w1-β3-w2 order (Fig. 2). Variations upon this
order include additional α-helices [195] and missing β-sheets or wings [315, 337], and although
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Figure 1: Graphical display of structural relationship of murine forkhead domains. Forkhead domains
were selected based on the SMART protein analysis service of the European Molecular Biology Laboratory
(http://smart.embl-heidelberg.de/) [181, 272]. The tree was created from a multiple sequence alignment based on
methods described elsewhere [74, 108].
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Figure 2: 3D model of the forkhead DNA binding domain of the human FOXK2 transcription factor [195]. Note the
presence of a fourth α-helix in the second wing. α1-3, α-helices (yellow/red); β1-3, β-sheets (blue); W1-2, wings.

DNA binding generally does not cause major structural changes, an additional helix is formed in
Foxd3 upon DNA binding [131]. Conservation of the functional structure of the forkhead domain
is mirrored at the amino acid level over approximately 100 residues (Fig. 3). High sequence sim-
ilarity exists in the α-helices and β-sheets, the third helix in particular, but lower identity exists
in the wings and in between the second and third helix, notably the locations of most structural
variations.

DNA binding Information about how binding specificity is conferred comes from work on the
3D structure of forkhead domains bound to matching DNA sequences [130, 202, 315, 337, 195,
45]. Unlike certain other transcription factor families, forkhead transcription factors usually bind
target DNA sequences as monomers, though recent findings suggest Foxp1, Foxp2 and Foxp4 re-
quire dimerisation for DNA binding [186]. Though multiple contacts with the sugar-phosphate
backbone occur, the primary binding interaction is through the third α-helix, dubbed recognition
helix, which directly binds target DNA in the major groove. Interactions with the minor groove
through binding of the second wing can also influence binding stability and specificity. The first
wing, though contacting DNA, does not contribute significantly to the protein-DNA interactions
[84, 131]. Considering the high degree of sequence and structural conservation, especially in the
recognition helix (Fig. 3), all forkhead transcription factors are thought to bind in similar fashion.
Since most residues that are in contact with the target DNA are highly conserved, additional fea-
tures must exist that govern sequence specificity, and variations in amino acid sequence N-terminal
to the recognition helix and in the second wing are thought to be involved [232, 240, 195]. Differ-
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Figure 3: Alignment of murine forkhead domains showing the high degree of amino acid conservation. Above the
alignment, the approximate position of the structural features are depicted, taken from the human FOXK2 factor [195].
Coloured residues are absolutely (black) or highly (>2/3) conserved (grey). Note the high degree of conservation in
the third α-helix (α3), also referred to as recognition helix. The short insertion in the Foxo-subclass between helices
2 and 3 has little effect on domain structure [337]. α1-3, α-helices; β1-3, β-sheets; W1-2, wings. Dots represent gaps
in the sequence alignment. The alignment was created based on methods described elsewhere [74, 108].
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ences in electrostatic distribution are also thought to contribute [337], but the mechanisms of DNA
binding specificity clearly require additional research.

The conserved recognition helix binds to different DNA sequences, all complying with the core
consensus sequence A/C-A-A-C/T-A, which is required but not sufficient for binding [232, 240,
337, 146]. Additional flanking sequences are essential for ensuring highly specific binding, com-
plicating formulation of longer consensus sequences useful for e.g. in silico genomic screening.
Members of the same forkhead subfamily, however, have the ability to bind to highly identical
DNA sequences, e.g. FoxO factors, which can all recognise and bind to the consensus sequence
T/C-G/A-A-A-A-C-A-A [11].

Regulatory domains
In contrast to the highly conserved forkhead domain, few similarities exist between regions outside
the DNA binding domain of different forkhead family members. Still, several conserved domains
and motifs have been identified in multiple forkhead factors, usually within specific subclasses.

Transactivation domains Forkhead factors differ in their transcriptional regulatory properties in
that they can either act as activators or repressors of target gene expression. In the past few years,
data has accumulated that several forkhead factors may direct gene expression either way, depend-
ing on recruitment and interaction with co-factors or -repressors. Table 1 lists current knowledge
on transactivational properties of most forkhead proteins. In general, members of the same sub-
family share similar activating or repressing functions, though there are several clear exceptions
to this rule. The inconsistencies in transactivational properties between forkhead factors are re-
flected by the lack of conserved conventional activation or repression domains, such as basic or
acidic stretches or regions enriched for specific amino acid residues. Between subfamily mem-
bers, however, non-canonical sequence similarities have been observed in the case of FoxA and
FoxF families [105, 199, 234, 247]. In Foxd2 and Foxd3, an acidic patch has been identified N-
terminal to the forkhead domain. Such acidic domains, however, have been identified as regions
required for transactivation [196, 257], whereas Foxd2 and Foxd3 generally function as repressors
of gene expression. Other repressors, particularly Foxp1 and Foxp2, share a similar repressor do-
main N-terminal relative to the forkhead domain, which includes a Zinc finger motif [283]. They
also contain a typical polyglutamine stretch that influences repressor activity and is lacking in a
particular splice variant [324].

Nuclear localisation signals (NLS) For transcription factors to exert their gene regulatory func-
tion, they must be located in the nucleus. Nuclear localisation signals (NLS) have been identified
in most gene family members, all confined to regions of the forkhead domain. A well characterised
bipartite NLS is shared by all members of the FoxO subfamily, located in the C-terminal end of
the forkhead domain [24, 311], whereas an additional NLS is present in FOXO1 [359]. Interest-
ingly, a protein kinase B phosphorylation motif located within the conserved NLS has a major
impact on its functional abilities, acting in concert with other posttranslational modifications to
drive FoxO factors out of the nucleus (see section below). In the case of FoxA2, FOXC1, FOXF2
and FOXJ2, nuclear localisation is dependent on two amino acid stretches at both N-terminal (α1)
and C-terminal (W2) ends of the forkhead domain [105, 247, 16, 92]. Considering the high de-
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Forkhead +/- References
FoxA + Abbani et al., 2005; Qian et al., 1995; Liu et al., 2002a
FoxC1 + Berry et al., 2002
FoxC2 +/- Freyaldenhoven et al., 1997; Dahle et al., 2002
FoxD1 + Zhang et al., 2003
FoxD2 +/- Freyaldenhoven et al., 1997; Johansson et al., 2003
FoxD3 - Sutton et al., 1996
FoxE1 - Perrone et al., 2000
FoxF1-F2 + Hellqvist et al., 1998; Mahlapuu et al., 1998
FoxG1 - Bourguignon et al., 1998
FoxH1 +* Zhou et al., 1998
FoxI1 + Overdier et al., 1997
FoxJ1-J2 + Lim et al., 1997; Gomez-Ferreria and Rey-Campos, 2003
FoxK1 - Yang et al., 2000a
FoxK2 + Nirula et al., 1997
FoxL2 - Pisarska et al., 2004
FoxM1 + Korver et al., 1997a
FoxN1 + Schuddekopf et al., 1996
FoxO1-O6 +/- So and Cleary, 2002; Jacobs et al., 2003; Kitamura et al., 2002
FoxP1-P4 - Li et al., 2004a; Shu et al., 2001; Schubert et al., 2001
FoxQ1 - Hoggatt et al., 2000

Table 1: Transcription regulatory properties of forkhead transcription factors. Listed are forkhead factors for which
evidence for transcriptional activation (+) or repression (-) is available (Third column). Note that for some family
members, both activation and repression has been reported (+/-). * FoxH1 reportedly lacks any transcriptional activa-
tion properties and depends on interactions with Smad factors for target gene expression [9].

gree of sequence similarity within the forkhead domain, it is tempting to speculate that nuclear
localisation signals may be similarly arranged in other forkhead family members.

PKB phosphorylation motifs Forkhead activity can be controlled by posttranslational modifi-
cations in addition to gene expression levels. The most extensively studied modification is phos-
phorylation of FoxO proteins by protein kinase B (PKB) upon stimulation with insulin-like growth
factors. Three conserved PKB recognition sites exist in FoxO subfamily members, one of which
is lacking in FoxO6 [128]. A single PKB site is present in the N-terminus of the forkhead domain,
which upon phosphorylation affects DNA binding and transactivational potential [358, 252, 306].
Phosphorylation of all three PKB motifs, in combination with SGK and CK1 phosphorylation of
two serines adjacent to the C-terminal PKB site, results in nuclear exclusion and sequestration in
the cytosol, thereby terminating FoxO functional activity (Fig. 4, reviewed in van der Heide et
al., 2004). FoxA2 is the single other forkhead factor outside the FoxO subfamily which is also
regulated by such insulin-responsive PKB mediated translocation control [345], albeit by phos-
phorylation of a non-canonical PKB motif. Still, the presence of the consensus RXRXXS/T motif
recognised by PKB [3] can also be found in others members, raising the possibility of PKB control
of other forkhead factors.
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Another potentially interesting feature consists of posttranslational modifications under con-
trol of the Ras-Ral pathway. Ral-dependent phosphorylation of C-terminal residues has been re-
ported for FOXO4, which affects transcriptional competence, independent of nuclear shuttling
[60]. Whether such a regulatory pathway applies to other FoxO and other family members remains
to be determined.

Figure 4: Phosphorylation by protein kinase B (PKB) leads to nuclear exclusion of FoxO transcription factors. (i) In
the absence of insulin signalling, FoxO transcription factors are bound to regulatory DNA motifs of downstream target
genes.(ii) Upon stimulation, signalling cascades converge on PKB, which is activated and transfers into the nucleus,
where it phosphorylates the PKB recognition site in the forkhead domain. As a consequence, FoxO factors no longer
bind to DNA, and gene expression is terminated. In addition, phosphorylation at this position renders two other PKB
sites accessible. (iii) When all three sites are phosphorylated, FoxO factors are actively translocated from the nucleus
into the cytosol. Note that additional FoxO modifiers (e.g. SGK, CK1) and shuttling proteins (e.g. 14-3-3 proteins)
are left out for clarity reasons. For a comprehensive review of PKB regulation of FoxO transcription factors see [311].

Acetylation motifs In addition to regulation by PKB phosphorylation, a second pathway has
been identified that regulates FoxO transcriptional activity. Direct acetylation of FoxO factors by
CBP/p300 or deacetylation by Sir2 can influence transcriptional regulation of downstream target
genes [80, 28, 213, 54, 313]. The mechanisms whereby CBP/p300 and Sir2 bind and modify FoxO
factors and how this influences FoxO functioning are still unclear. It has been proposed, however,
that acetylation of FoxO proteins attenuates their transcriptional activity. Contradictory, CBP/p300
acetylation activity is also required for transcriptional activation by FoxO factors, suggestive of a
regulatory role for CPB/p300 in histone acetylation of FoxO target genes [312]. Whether the
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widespread occurrence of consensus acetylation sites [64] in forkhead proteins reflects the exis-
tence of a common regulatory pathway remains to be determined.

Forkhead associated domain (FHA) Alignment of a subset of forkhead transcription factors
from multiple species lead to the identification of a second conserved domain, designated fork-
head associated (FHA) domain [110]. With the cloning of additional forkhead genes, however,
it became clear that it is not a common feature for forkhead factors to contain such a FHA do-
main, and none have been identified outside the FoxK subfamily. Although the FHA domain is
a highly conserved structural module, this does not apply to the amino acid sequence, which is
highly divergent. It is found in proteins in a wide variety of species, from bacteria to human, and
its presence in Arabidopsis suggest that the FHA domain stems from earlier periods in ancient
evolutionary history than the forkhead DNA binding domain. It specifically recognises and binds
phosphorylated threonines on target proteins, thereby mediating protein-protein interactions. FHA
domains have been identified in proteins ranging from kinases to ubiquitin ligases, implicated in
divergent processes such as protein degradation and vesicular trafficking, but the majority is in-
volved in checkpoint and cell cycle control [68, 97]. An important role for the FHA domain has
been postulated in expression timing of a whole set of genes referred to as the Clb2 cluster in
Saccharomyces cerevisiae (reviewed by [343]). Here, the forkhead transcription factor Fkh2 is de-
pendent on its FHA domain for interactions with the phosphorylated Ndd1 cofactor and subsequent
transcriptional activation [254, 55], providing a very elegant mechanism for tightly controlled tran-
scriptional regulation (Fig. 5).

Smad interaction domains (SID) Forkhead transcription factors have been implicated in sig-
nalling pathways of the TGFβ-superfamily. Activation of TGFβ receptors leads to phosphory-
lation and formation of Smad protein complexes which subsequently translocate to the nucleus
where they mediate transcriptional regulation of downstream target genes [303]. FoxH1 was iden-
tified as a cofactor for SMAD complexes, through direct binding of its C-terminal Smad interaction
domain (SID) (Fig. 6 and [39, 40]). Comparison of the FoxH1 SID with other SMAD interacting
proteins resulted in the identification of two Smad interaction motifs, P-P-N-K (SIM) and L-P-T-
S-Y and P-N-V/A-V-A/M-P-L/P (FM, FoxH1 motif) in the C-terminus of FoxH1, which contact
the MH2 domain of Smad2 [90, 251]. Recently, FoxO factors were shown to directly interact with
Smad complexes at the p21CIP1 locus [275]. This connection in achieved through binding of the
FoxO DNA binding domain to the MH1 domain in Smad3 and Smad4. Interestingly, the transcrip-
tional repressor FoxG1 can directly bind to the FoxO-Smad complex through a C-terminal domain,
thereby inhibiting the transactivation of p21CIP1 [275]. Similarly, FoxG1 can inhibit TGFβ sig-
nalling through comparable interactions with FoxH1 [66]. To our knowledge, no SID nor FM
sequences have been identified in forkhead factors other than FoxH1, suggesting the existence of
other interaction domains.

Genomic organisation

The genes coding for forkhead transcription factors are distributed across the genome. However,
the absence of forkhead genes on several human chromosomes (including chr4, chr10, chr21,
chr22 and Y-chromosome) and the contrasting abundance on others (e.g. chr1, chr6 and chr9)
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Figure 5: A FHA domain-dependent mechanism of transcriptional control. During the yeast cell cycle, G2/M specific
expression of >30 genes collectively known as the Clb2 cluster is tightly regulated by a complex consisting of the fork-
head transcription factor Fkh2 (in grey), Mcm1 and Ndd1. During G1/S-phase, Mcm1 and Fkh2 (via its DNA binding
domain [FOX]) occupy recognition binding sites in regulatory regions of Clb2 cluster genes, causing transcriptional
repression of target genes (upper left). During S-phase, the transcriptional co-activator Ndd1 is synthesised, but is un-
able to bind to the Mcm1-Fkh2 complex (upper right). Upon entry of G2-phase, Ndd1 is phosphorylated by a Cdc28-
Clb kinase complex (lower left), and is subsequently recognised and bound by the FHA domain of Fkh2, enabling
transcriptional activation of Clb2 cluster genes during G2/M phase (lower right) [55, 111, 154, 160, 239, 254, 362].

argues against random positioning throughout the genome. The existence of a number of small
forkhead gene clusters is suggestive of ancestral gene duplications. These include chr1p31-34,
chr6p25, chr9q21-22, chr12p13, chr14q13 and chr16q24, with some forkhead genes in the same
cluster transcribed in opposite direction [180]. Human forkhead transcription factors vary in size
between 319 (FOXE3) and 801 amino acids (FOXM1) [352, 274], and the relatively small pro-
tein sizes are reflected by their genomic organisation, with most forkhead genes containing few
introns. Actually, quite a few forkhead genes are comprised of a single exon, such as FoxC and
FoxD family members, whereas others are interrupted by a single intron that usually splits the
forkhead domain, e.g. FoxI and FoxJ members. Still, several examples exist of forkhead genes
that contain multiple introns, such as members of the FoxM and FoxP subclasses. Importantly,
genomic features such as intron/exon structure are well conserved between subfamily members
and their respective orthologues in other species.
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Figure 6: TGFβ induced gene regulation by FoxH1 is dependent on its Smad interaction domain (SID). Binding
of TGFβinduces association of TGFβreceptors type I and II, which leads to phosphorylation of receptor-regulated
Smads, in this case Smad2. Phosphorylated Smad2 then forms a dimeric (or heterotrimeric) complex with Smad4,
which in turn translocates and accumulates in the nucleus. Through interaction with the SID of FoxH1, the Smad
complex is directed to target gene promoters through DNA binding specificity of the FoxH1 forkhead domain (FOX),
where it activates transcription. Note that this pathway can also result in repression of target genes.

Despite the low abundance in introns, splicing is a common feature for forkhead genes. Tra-
ditional alternative splicing of a core mRNA has been reported for numerous forkhead transcripts,
including FoxK and FoxM members [352, 349, 225]. More complex mRNA variants include al-
ternative transcriptional or translational start sites and polyadenylation location, as described for
FoxN and FoxP factors [283, 324, 270].

Finally, recent findings of simultaneous expression of sense and antisense mRNA transcripts
for murine Foxl2 launches a new area of forkhead gene regulation [47].

Mechanisms of transcriptional regulation
Despite the expanding list of forkhead genes and knowledge about in vitro and in vivo functions,
still relatively little is known about the mechanisms of activation or repression of gene expression
by forkhead transcription factors. Direct interactions with components of the basic transcriptional
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machinery (e.g. TBP and TFIIB) have been described for FOXF2 and FoxO family members
[105, 292]. As mentioned before, transactivation by FoxO factors is also dependent on acetylation
activity of its co-activator CBP/p300 [54, 312]. Since direct acetylation of FoxO proteins attenuates
gene activation, it is tempting to speculate that CBP/p300 must be recruited by FoxO factors to
target genes for histone acetylation, resulting in local changes in chromatin conformation and
access to the promoter for general transcription factors, providing a second mechanism by which
FoxO members regulate transactivation [312].

FoxA1, and possibly other FoxA members, determine nucleosome positioning of enhancer
sites in transcriptional-competent cells, as has been established for the albumin enhancer [43, 207,
206, 282]. Similar to linker histones H1 and H5, which both contain a winged-helix domain
but lack a second wing [36, 249], FoxA factors can bind to nucleosomal core histones, thereby
replacing linker histones and relieving chromatin compaction at target enhancer and/or promoter
sites. In addition, FoxA binding causes a sharp bend of the DNA helix, resulting in widening of
the minor groove [45, 240] which is reflected by increased DNAseI sensitivity [43]. Together,
this creates an open chromatin configuration, enabling other transcriptional activators to induce
target gene expression. Although essential for gene activation, FoxA binding is not sufficient
for nucleosomal positioning at the mammary tumour virus long terminal repeat (MMTV LTR),
depending on hormone-induced glucocorticoid receptor binding for nucleosomal rearrangements.
Initial changes in chromatin structure, however, are induced by binding and activity of FoxA in
both absence and presence of glucocorticoid receptors, hence the name pioneer factor [112].

In case of the transcriptional repressor Foxk1, interactions with the scaffolding protein Sin3b
have been described [350]. This large protein is part of a co-repressor complex that also includes hi-
stone deacetylases (HDACs) and/or nucleosomal remodelling factors (for review see [284]). Since
this complex lacks DNA binding activity, recruitment by Foxk1 results in reversal of open chro-
matin conformation and specific repression of downstream target genes.It is currently not known
whether other transcriptional repressors, such as Foxd3 and Foxp1, could operate through a similar
mechanism.

Forkhead transcription factor in embryonic development
Similar to most other transcription factors families, forkhead factors are commonly involved in
embryonic development, in roles often conserved across different species. The concise overview
presented here is largely based on reports from mice. The role of forkheads in development of the
central nervous system is covered in another section (see ´Forkhead factors in brain development´).

There are striking parallels between the number of forkhead genes in different species and their
anatomical complexity. Not surprisingly, forkhead transcription factors are often implicated in the
regulation of differentiation processes during embryonic development.

Patterning during gastrulation and early organogenesis

Already during early embryonic patterning, forkhead factors are implicated in gastrulation and
the formation of midline structures required for establishing the body plan. During gastrulation,
nodal signalling is an important regulator of pattern formation, cell fate determination and morpho-
genetic movements [265]. Transcriptional regulation in response to nodal and other TGFβ-related
signalling pathways is dependent on FoxH1 for directing Smad family members to target gene
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promoters [361, 164, 39, 260]. The severe phenotype of Foxh1-/-mice reflects the importance of
Foxh1 in nodal signalling, as primitive streak, node, notochord and prechordal plate mesoderm are
all severely affected in null mutants [114, 348]. Similarly, Foxa2-/-mice do not develop a proper
notochord and other midline structures either [338, 7], and Foxh1 is actually thought to regulate the
expression of Foxa2, amongst others [114]. In the absence of these vital patterning structures, both
null mutants do not develop beyond E8.5-9.5, and show severe secondary patterning defects. An-
other forkhead, Foxj1, is essential for establishing left-right asymmetry during early development.
The expression of Foxj1 is highly specific for ciliated cells, including ciliated cells in the node at
presomite stages, and side-determination of organ positioning is disturbed in these animals which
develop to term but die within a few days after birth [38, 23]. Exactly how Foxj1 regulates left-right
asymmetry is still unknown, but it may involve regulation of lefty-2 expression, another member of
the TGFβ family for which the typical left-sided expression pattern is lost in Foxj1-/-mice [357].

During the very early stages of organogenesis, forkhead factors are also heavily involved in
patterning of the germ layers. In the absence of Foxa2, patterning defects in the definitive endo-
derm result in malformation of the foregut [338, 7], in analogy to the original forkhead gene in
Drosophila [335], and similar defects can be observed in Foxh1-/-mice [114]. In the mesoderm,
forkhead factors are involved in specification of developmental fate, in which Foxc factors induce
a paraxial mesodermal fate from which somites will subsequently develop [341]. In accordance,
null mutant mice display skeletal, ocular and cardiovascular defects [162, 163, 342, 107, 124].
Contrary to Foxc factors, Foxf1 promotes differentiation into lateral plate mesoderm, and sub-
sequently into splanchnic mesoderm, which gives rise to mesenchymal tissues and vasculature.
Additionally, Foxf1 is implicated in development of extraembryonic mesoderm tissues including
placenta, amnion and yolk sac, and mice deficient for Foxf1 show defects in vascularisation of
these extraembryonic tissues and the developing lungs [141, 198].

Cellular differentiation

During later stages of organogenesis, the cellular role of forkheads in the regulation of differenti-
ation becomes apparent. Many forkheads induce tissue-specific gene expression, and mice mutant
for particular forkheads often display differentiation-related developmental defects.

Foxa1 is important for androgen receptor-mediated regulation of prostate-specific genes, sug-
gesting a possible role in prostate lineage commitment [86]. In lung and liver, specific gene ex-
pression programmes during morphogenesis and differentiation are regulated by complementary
activity of Foxa1 and Foxa2 [322, 50, 323, 174, 297]. In the absence of Foxa1 and/or Foxa2,
tissue-specific expression of pancreatic genes and α- and β-cell development are also affected
([298, 174, 281, 135] and see section ´Metabolism´). Foxd1 null mutant mice die within 24 hours
after birth from renal failure, caused by malformations such as impaired branching morphogen-
esis and nephron patterning and differentiation [102, 182]. Interestingly, Foxd1 can affect renal
cell differentiation both autonomously and non-autonomously, by transcriptional activation of the
secreted placental growth factor [356]. In Foxe1 deficient mice, thyroid glands fail to develop
properly, probably due to the role of Foxe1 in regulation of thyroid-specific genes such as thy-
roglobulin and thyroid peroxidase [59, 354, 44].

Development of the inner ear is severely affected in mice deficient in Foxi1, resulting in hearing
and balance impairments [120]. Additionally, Foxi1-/-mice suffer from distal renal tubular acidosis
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[18]. Parallels between cellular defects in inner ear and kidney development suggest a function
for Foxi1 in specification of an intercalated cell fate [2]. Foxj1 is a central player in ciliogenesis
during development, and Foxj1 deficiency results in the absence of cilia in respiratory, reproductive
and central nervous systems [38, 23]. Though the underlying mechanism is still unclear, Foxj1 has
been suggested to regulate expression and intracellular localisation of ezrin [117, 93], a membrane-
cytoskeleton linking factor implicated in establishing cell polarity in epithelial cells [200]. Mice
deficient in Foxl2 are characterised by infertility due to premature ovarian failure, and analysis of
the mouse mutant suggests that Foxl2 is a key factor in granulosa cell differentiation, which in turn
regulates the delicate timing of follicle activation [308, 266].

The role of FoxM1 in cell cycle regulation is well established (see section ´Cell cycle regula-
tion´), and Foxm1-/-mice display severe proliferation-related defects. In addition, however, Foxm1
directs hepatoblast differentiation towards a biliary epithelial cell lineage fate [159]. Mutations in
the Foxn1 gene are responsible for the phenotype of nude mice [221, 273], characterised by abnor-
malities in hair follicle and epidermis development, as well as the virtual absence of the thymus
[78, 151]. Its expression is mainly restricted to postmitotic cells in hair follicles and epithelial cells
in thymus, nails, and nasal cavity, where it is implicated in decisions of differentiation [176, 12].
In hair follicles, Foxn1 is thought to be repressed by MAPK activity in proliferating cells, and
becomes derepressed upon commitment to differentiate, and becomes involved in cell type spe-
cific gene expression [12, 133]. In the eyes of Foxn4-/-mice, there is a decrease in the number
of amacrine and horizontal cells, whereas the opposite is observed upon overexpression of Foxn4,
suggesting a crucial role in directing retinal progenitor cells into amacrine and horizontal cell fates
[185].

Homozygous deletion of Foxp1 results in midgestational embryonic lethality, caused by failing
cardiac development. Increased proliferation in combination with an aberrant myocardial organ-
isation suggest a role for Foxp1 in myocyte maturation [325]. Much of current knowledge on
Foxp3 functioning stems from analysis of the scurfy mouse, caused by mutations in the Foxp3
gene. These mice die after less than a month with overrepresentation of CD4+ T cells which in-
filtrate lymph nodes, liver and spleen, and suggest a role for Foxp3 in development of a specific
T cell subtype ( [29, 115] and see section ´immunoregulation´). Finally, a natural mutant called
satin possesses thinner hairs with faulty keratinisation, due to defects in differentiation of the hair
shaft. Hong and colleagues identified Foxq1 as the mutated gene [113], but how Foxq1 regulates
development and differentiation of the hair shaft is still unknown.

Balancing differentiation and proliferation

In addition to the direct induction of tissue-specific gene expression during development, several
forkhead factors regulate differentiation by controlling the decision of cells to commence differ-
entiation. FoxD3, for one, prevents differentiation of embryonic stem cells and maintains them in
a pluripotent state [100]. Foxd3 is also expressed in multipotent migratory neural crest cells, but
expression is downregulated upon terminal differentiation into mature cell lineages. Interestingly,
when overexpressed, Foxd3 prevents differentiation into mature melanocytes [65], suggesting a
critical role for Foxd3 in the prevention of (premature) differentiation of progenitor cells. Exactly
how FoxD3 would prevent differentiation is still unclear, but as a transcriptional repressor, FoxD3
may prevent the expression of genes with differentiation activity. Alternatively, FoxD3 may act
through chromatin remodelling in order to prevent the expression of multiple differentiation genes
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in ES cells. In the dorsal neural tube, however, Foxd3 is thought to restrict progenitor cells to
adopt a neural crest fate, while suppressing an interneuronal cell fate. Since ectopic expression of
FoxD3 in the chick neural tube can induce differentiation of neural crest cells and emigration from
the neural tube, Foxd3 could possibly be actively involved in promoting cell differentiation.

Several other factors, notably Foxe3 and Foxg1, prevent differentiation of proliferating cells
by stimulating them to keep dividing. In the eyes of mice carrying mutations in the Foxe3 gene (a
natural mutant called ´dysgenetic lens (dyl)´), the lens does not properly form and does not detach
from the corneal epithelium. Detailed analyses suggest that Foxe3 is imperative for suppression
of premature differentiation while stimulating proliferation and cell survival [17, 25], downstream
of Pax6 in a complex pathway involving Fgf and Bmp signalling [25, 169, 72]. Similarly, during
cortical brain development, Foxg1 is involved in maintaining progenitor cell in the neuroepithe-
lium in a proliferative state ([347, 99] and section ´Brain development´). Since the competence
of progenitor cells to generate specific cell types becomes restricted over time, such coordination
of differentiation timing by forkhead factors may influence cell type specification during develop-
ment.

Another forkhead factor, Foxl1, is also implicated in balancing proliferation an differentiation
timing, as null mutant mice exhibit increased numbers of proliferating cells in gastrointestinal ep-
ithelia, whereas formation of gastric glands and intestinal villi are markedly delayed [139, 237].
This excessive proliferation is possibly caused by an upregulation of heparan sulphate proteogly-
cans, which can stabilise interactions between proliferation inducing Wnt molecules and frizzled
receptors, [193, 237].

Are all forkhead transcription factors implicated in regulating differentiation during develop-
ment? Some factors may serve other roles in addition to their role in differentiation. For example,
in addition to its role in differentiation of neural crest cells, FoxD3 also induces neural crest cells
to emigrate from the neural tube, and regulates the expression of cell-adhesion molecules such as
N-Cad in migrating neural crest cells [41].

Other forkheads do not seem to have a direct connection with the differentiation process, and
are implicated in other processes, such as cell cycle regulation or survival. Their roles in embryonic
development, however, have not yet been studied extensively, and future research may eventually
disclose some role in differentiation after all. Foxo factors, for example, have been studied exten-
sively, especially in vitro, and they are important for metabolism, cell cycle regulation and survival.
However, the cellular roles of Foxo factors during embryonic development are still unclear, and
null mutants have only recently become available. Foxo1 deficient mice die midgestational from
defective vascular development of both embryos and yolk sac, suggesting a vital role for Foxo1 in
vasculogenesis, possibly in response to VEGF signalling [82, 116]. Foxo3 null mutant mice are
viable and visibly healthy, but females suffer from age-related progressive infertility. Premature
follicle activation in homozygous mutants causes a precocious reduction of fertile oocytes, render-
ing females rapidly infertile [34, 116]. Foxo4-/-mice are visibly indistinguishable from wild type
littermates, and no defects have been observed to date [116].

Foxk1 is specifically expressed in developing and adult myogenic progenitor cells in skeletal
muscle, and mutant mice that do make it to term show a significant growth deficit and muscle
atrophy. Interestingly, due to disturbed cell cycle progression caused by an upregulation of the
cell cycle inhibitor p21CIP [104], myogenic progenitor cells of Foxk1 knock out mice have lost
the ability to proliferate and provide in novel myocyte populations in repair of muscular injury

24



[87]. However, mice with targeted mutation of Foxk1 only develop in 6% of cases, suggesting that
Foxk1 is vital for embryonic development. Not much is known, however, about its function in
Foxk1 positive tissues such as somites, myocardium and brain during development.

Brain development

Many forkhead genes appear to be expressed in the developing and adult central nervous system.
Still, relatively little is known about possible functions during neurodevelopment. Although spatial
and temporal expression patterns can lead to attractive hypotheses about possible forkhead func-
tions, our account is generally centred around analyses of gain- and loss-of-function models in
mice.

Foxa1 is expressed from E6 in the anterior notochord, which induces neural differentiation and
formation of the neural tube, and subsequently in the floorplate of the neural tube [261, 8, 259].
Expression becomes gradually restricted to postmitotic dopamine neurons in the substantia nigra
and ventral tegmental area in later stages of development and adult brain [304]. In embryonal
carcinoma cells, Foxa1 expression is induced upon neuronal differentiation in response to retinoic
acid, [126, 127], a regulator of early brain development and a promoter of neurogenesis [278, 96].
Together, this suggests a role for Foxa1 in early neurogenesis and differentiation. In Foxa1 -/- mice,
however, no neuronal phenotype can be distinguished until their death within two weeks after birth
[281, 67]. The lack of a phenotype is possibly due to functional redundancy with its closest relative,
Foxa2, which, as described earlier, is also expressed in notochord, floorplate and primitive streak,
but slightly earlier and might actually regulate Foxa1 expression. Contrary to Foxa1, however,
Foxa2 null mutants fail to properly form node and notochord, and completely lack the presence
of a floorplate, resulting in secondary defects in development of the neural tube [7, 338, 261].
Interestingly, formation of a functional dorsal floorplate is induced when Foxa2 is ectopically
expressed in the dorsal midbrain, resulting in additional generation of ventral neurons [262]. Foxa2
was found to genetically interact with fellow ventralising factors sonic hedgehog and goosecoid
in floorplate formation, suggesting a key role for Foxa2 in complex molecular cascades crucial
for dorsoventral patterning of the neural tube and induction of ventral neuronal differentiation
[70, 69, 122, 123, 263, 76].

Foxb1 is expressed in spinal cord interneurons, the mammillary domain in the hypothalamus
and superior and inferior colliculi in the midbrain, among other brain areas [165, 8, 138, 333].
Foxb1 -/- mice display growth retardation and muscle weakness after birth. Interestingly, female
mutant mice show remarkable lactation defects which are not due to absence of milk or the milk-
ejection stimulating neuropeptide oxytocin, but can be circumvented by injection of oxytocin.
Aberrations of the central nervous system that could underlie these lactation defects include de-
fective mammillary bodies in the hypothalamus and smaller and displaced inferior colliculi in the
midbrain, which are all implicated in the oxytocin-mediated milk-injection reflex. Finally, fail-
ure to enter and connect projection areas results in degeneration of the mammillothalamic tract
which may also contribute to the phenotype [165, 333, 150]. Recently, Radyuskin and colleagues
subjected Foxb1 deficient mice to particular memory tasks, and found highly specific impairments
in spatial working memory, suggesting a requirement for the mammillary bodies in hippocampal
controlled working memory. In this context it is worth mentioning that amnesia encountered in
patients suffering from Korsakoff´s psychosis is often thought to be caused by structural changes
in the area of the mammillary bodies [248, 299].
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Foxd1 is important for correct development of the visual system, in the formation of the optic
chiasm and retinal projections. In the diencephalon, patterning of the optic chiasm is dependent
on a boundary created by the mutually exclusive expression of Foxd1 and another forkhead factor,
Foxg1 [201, 106]. In the absence of Foxd1, the organisation of the optic chiasm is altered, leading to
misrouteing of pioneering retinal projections. The Foxg1 domain is expanded, and the expression
of several guidance molecules is affected. In addition, Foxd1 in the retina regulates the expression
of Zic2 and EphB1 which are both required for specification and guidance of retinal ganglion cells
that exclusively project ipsilaterally to the lateral geniculate nucleus and superior colliculus. In
Foxd1 -/- mice, the majority of these cells either stall in the optic chiasm or project contralaterally,
and only few cells project to their usual target areas [106].

In contrast to the observed defects in Foxd1 -/- mice, retinal ganglion cells of Foxg1 mutant
mice fail to cross the optic chiasm, resulting in more ipsilateral projections. Foxg1 is expressed in
the retina and at the optic chiasm [347, 103], but since both axonal outgrowth and optic chiasm
organisation are still intact, Foxg1 is thought to mediate expression of guidance cues that influence
decision making at the optic chiasm [243]. More serious developmental damage in Foxg1 -/-mice,
which die at birth, is observed in the the telencephalon, with severe hypoplasia of both cerebral
hemispheres [347, 99]. The absence of ventral telencephalic markers in the Foxg1 -/- forebrain
[204, 347] suggests that this part of the telencephalon is never specified during early development,
possibly due to a lack of Shh [204, 118]. During later stages, Foxg1 normally maintains cortical
progenitors in the neuroepithelium in a proliferative state through inhibition of the cell cycle in-
hibitor p21CIP1, and loss of Foxg1 allows for the activation of p21CIP1 upon TGFβ signalling
[275], resulting in decreased proliferation rates and premature differentiation of cortical progeni-
tor cells [347, 99]. Interestingly, the only cortical cell layer formed in these mice is abundant in
Cajal-Retzius cells, which are normally present in the first and outermost layer in the neocortex
and archicortex. An elegant conditional knock-down approach was used to demonstrate a role for
Foxg1 in active suppression of the Cajal-Retzius phenotype after establishment of the first cortical
layer [98]. A recent study, however, proposed that altered patterning of the telencephalic pri-
mordium is the cause for the increase in Cajal-Retzius cells [215]. In the absence of Foxg1, which
is normally expressed in a rostrolateral (high) to caudomedial (low) gradient, all of the remainder
of the telencephalon develops into archicortex, which is more densely packed with Cajal-Retzius
cells than the neocortex. This eventually results in ectopic formation of hippocampal-like struc-
tures, and suggests that Foxg1 is actively involved in suppression of caudomedial specific expres-
sion programmes. Overall, though the exact mechanism has not been established, the importance
of Foxg1 in telencephalic development in evident.

AS described earlier, the phenotypes of Foxh1 and Foxa2 null mutant mice are strikingly sim-
ilar. Failure to correctly form the anterior primitive streak in the absence of Foxh1 results in a
lack of midline structures including node, notochord and prechordal plate mesoderm, resulting in
a failure of the neural tube to develop properly [114]. Foxh1 seemingly cooperates with Smad
factors in transducing nodal signalling during development of these midline structures, regulating
the expression of goosecoid [164] and possibly Foxa2 [114], amongst others.

Foxo transcription factors are expressed throughout the developing and adult brain [128, 109].
They are key factors in regulation of neuronal survival and cell death in response to insulin sig-
nalling [26, 91]. In primary cell cultures, phosphorylation of FoxO factors mediates cell survival
in hippocampal and cerebellar granule neurons in response to insulin- and neurotrophin signalling
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[194, 360]. Conversely, phosphorylation of FoxO factors exacerbates amyloid β-induced toxic-
ity in Alzheimer disease [290]. This suggests that FoxO factors can also have a neuroprotective
effect, and is in accord with other in vitro findings that FoxO factors can attenuate cell death
through induction of a favourable metabolic state that promotes cell survival in stressful condi-
tions [153, 220]. FoxOs are also thought to interact with Foxg1 at the p21CIP1promoter in the
telencephalic neuroepithelium [275], which could inhibit cell cycle re-entry of cortical progenitor
cells and interfere with cortical development. To date, however, there is no in vivo evidence for
requirement of Foxo factors for development of the central nervous system.

Heterozygous mutations in the FOXP2 gene were identified in patients with a severe speech and
language disorder, establishing an exciting link between developmental genetics and the human
ability to speak [166]. Except for a single patient with chromosomal rearrangements involving the
FOXP2 gene, all patients are member of the so-called ´KE´ family, and are characterised by an
impaired ability to co-ordinate the accurate movements required for speech (referred to as verbal
dyspraxia). In addition, they have difficulty in using and processing grammatical information [166,
317], spurring other people on to look for FOXP2 mutations in other language-related disorders,
including autism and dyslexia, but these efforts appeared to no avail [142, 223, 331, 89]. Additional
variants in the FOXP2 gene have been identified, however, in children non-related to the KE family
but also diagnosed with verbal dyspraxia, suggesting that the additional grammatical deficits in KE
patients may be secondary to the developmental failure causing the inability to speak [197]. Using
different types of brain imaging techniques, structural and functional changes were observed in
KE patients, involving the caudate nucleus, putamen, cerebellum and Broca´s area, amongst other
tissues [332, 14, 187]. It is thought that FOXP2 may play a role in establishment of frontostriatal
and frontocerebellar networks involved in motor control of speech [317]. Interestingly, FOXP2
is actually expressed in many brain structures implicated in development of the neural circuitry
underlying motor control, and possibly orofacial movements in speech, including several of the
structures affected in KE patients [283, 166, 75, 300]. The molecular mechanisms behind these
abnormalities remain elusive, but despite the apparent differences in FoxP2 function and the ability
to speak, the generation of appropriate mouse models will help elucidating the molecular cascades
involved in FoxP2 mediated development of the neural circuitry that governs speech.

Cellular functions of forkhead transcription factors
With the forkhead family expanding rapidly, it becomes increasingly difficult to give a compre-
hensive overview of the functional roles of all forkhead factors. Since multiple detailed reviews
on specialised forkhead topics are readily available, this review only briefly touches upon known
cellular functions.

Cell cycle regulation

In yeast, progression through the different stages of the cell cycle is coordinated by waves of
expression of a large number of genes. The controlled periodicity of G2/M specific expression of
>30 genes collectively known as the Clb2 cluster is controlled by the forkhead transcription factor
Fkh2 (Fig 5). During the cell cycle, Fkh2 and Mcm1 are collectively bound to promoters of Clb2
cluster genes, and are thought to actively repress gene expression [154, 160]. In the G2 phase,
however, binding of a phosphorylated form of Ndd1 acts as a switch for transactivation of target
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genes, required for entry into M phase and the process of mitosis [55, 111, 154, 160, 239, 254, 362].
Interestingly, the closely related Fkh1 factor is also recruited to Clb2 cluster promoters, although
to a much lesser extent than Fkh2 [154, 111]. In contrast to Fkh2, Fkh1 does not interact with
Mcm1 [111], and exactly how Fkh1 mediates Clb2 gene expression is not yet clear.

In mammalian cells too, expression of multiple G2/M related genes is regulated by a forkhead
transcription factor. Foxm1 gene expression is restricted to proliferating cells, and FoxM1 activity
is cell cycle regulated [155]. Dividing cells from Foxm1-/-mice exhibit mitotic defects, result-
ing from dysregulated expression of genes required for mitotic entry and progression, including
cyclin B, Plk1 (Polo-like kinase 1) and the kinetochore component CENP-F [172, 328, 159]. In
addition, FoxM1 controls progression into S-phase by upregulating expression of the CDK2 acti-
vating phosphatase Cdc25A, while downregulating protein levels of the cyclin dependent kinase
inhibitors p21CIP1 and p27KIP1 [351, 327, 329, 51]. Together, defects in S- and M-phase by loss
of FoxM1 result in chromosomal instability and polyploidy [172].

Cell division is influenced by FoxO factors at two seperate levels. First, FoxO transcription fac-
tors prevent cells from entering the cell cycle. This quiescent state is maintained through regulation
of a whole set of cell cycle mediators. Induction of p27kip1results in inhibition of cyclin E-CDK2
complexes, involved in entry into S-phase [209, 220, 296, 63]. Upregulation of the retinoblastoma
protein family member p130 by FoxO factors prevents transcriptional activation of an array of cell
cycle entry inducers by E2F4 [153]. In addition, stimulation of Cyclin G2 expression, specifically
expressed in quiescent cells, and downregulation of Cyclin D family members, involved in regu-
lation of cell cycle entry, further assist in preventing cell cycle entry [203, 267, 250]. Secondly,
FoxO factors seem to have contrasting roles in regulation of G2/M phase regulation. During G2
phase, they increase the expression of Cyclin B and Plk1 genes, required for mitotic entry and
completion [4]. In contrast, FoxO factors were also found to induce a delay in G2 and entry of
mitosis, possibly through regulation of GADD45a, a component of the G2/M checkpoint system
[81, 305, 172]. Precisely how FoxO factors regulate the transition from G2 to M phase clearly has
not been established yet, and requires further investigations.

Survival

A clear indication that forkhead transcription factors are implicated in regulation of cell survival
came from observations in Caenorhabditis elegans, where the forkhead DAF-16 is an important
regulator of longevity [228, 191]. Additionally, life span regulation by DAF-16 appeared to be
controlled by Akt-mediated insulin responsive signalling pathways [235]. Interestingly, these path-
ways are highly conserved in other species, and in mammals the DAF-16 orthologues FoxO1,
FoxO3, FoxO4 and FoxO6 are all regulated by PKB/Akt (see section ´Phosphorylation´). Mam-
malian PKB, induced by insulin-like growth signals, actively suppresses apoptosis through inhi-
bition of FoxO transcription factors [26], but cannot prevent apoptosis triggered by expression of
PKB resistant FoxO mutants [301]. In vivo, a lot of data points to a role for FoxO factors in me-
diating haematopoietic and neuronal apoptosis [26, 91, 61], and they have recently been linked to
amyloid β toxicity in Alzheimer disease [290]. Interestingly, other cell types generally respond
to FoxO activation by going into cell cycle arrest [153, 220]. Such a quiescent state has a more
favourable metabolic rate and can promote cell survival in stressful conditions, analogous to in-
creased stress resistance and longevity during periods of nutrient starvation in C. elegans Dauer
formation.
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The mechanisms that underlie FoxO mediated cell cycle arrest and apoptosis involve tran-
scriptional regulation of pro-apoptotic target genes, such as the FasL, Bim and FLIP (a caspase 8
inhibitor) genes [91, 62, 26, 286]. Alternative pathways that result in a similar cell fate include
FoxO regulation of p27KIP1, which prevents cell cycle entry and induces cell death in certain cell
types [63, 209]. Exactly why FoxO factors induce cell cycle arrest in some cell types, while caus-
ing apoptosis in the other is not entirely clear. A major clue could come from studies that have
distinguished between DNA binding-dependent and -independent FoxO targets genes, and found
that cell death induction, but not cell cycle arrest, requires FoxO DNA binding ability [250].

Longevity (and therefore ageing) is inextricably linked to stressful stimuli, mainly in the form
of reactive oxidative species [77, 13]. Similar to DAF-16 in C. elegans, FoxO factors provide
cells with stress resistance strategies. Protection of quiescent cells against oxidative stress involves
FoxO mediated upregulation of manganese superoxide dismutase (MnSOD) and catalase, two en-
zymes with anti-oxidant activity [152, 222]. Under low stress conditions, any DNA damage that
may result from oxidative stress is overcome by FoxO induction of the GADD45 DNA repair gene
[305]. These stress-response mechanisms suggest that in mammals too, FoxO factors may have
the ability to regulate life span.

Metabolism

To date, metabolic regulation by forkhead transcription factors is confined to members of the FoxA,
FoxC and FoxO subfamilies. Evidence for involvement of FoxA1 and FoxA3 in metabolic pro-
cesses comes from findings of hypoglycemia in Foxa1 and Foxa3 null mutant mice [281, 135, 279].
Foxa2-/-mice are embryonic lethal, but tissue-specific deletion in pancreatic β-cells also results in
hypoglycemia and disorganised islet arrangements [298]. The underlying causes for hypoglycemia
can differ between FoxA family members, however, with glucagon levels affected in Foxa1-/-mice
and the GLUT2 glucose transporter in Foxa3-/-mice, whereas subunits of a β-cell specific potas-
sium channel were identified as Foxa2 target gene. For Foxa2, multiple additional target genes
have been identified in pathways controlling insulin secretion and glucose homeostasis in the pan-
creas [326, 171]. In the liver, Foxa2 has recently been linked to fat metabolism, as it was shown to
be responsible for regulation of fatty-acid burning upon fasting [344].

FoxC2 has an important role in regulating energy storage and fat metabolism. Analysis of
Foxc2+/-mice (homozygous animals die in utero), in which changes in brown adipose tissue mass
were observed, suggest that FoxC2 is involved in regulating energy storage [35]. Upon overex-
pression of Foxc2 in adipocytes, there is a decrease in total body fat mass, and these transgenic
mice are protected against diet-induced insulin resistance [149, 35]. FoxC2 in adipocytes, there-
fore seems to influence overall glucose metabolism in transgenic mice, and Foxc2 overexpression
seems to prevent diet-induced obesity and insulin resistance.

Members of the FoxO family also occupy important roles in regulation of metabolism (re-
viewed in [11, 1]). A principle feature that links FoxO factors with metabolism is the insulin-
dependent regulation by PKB, as described previously. Additional links include the fact that FoxO
target genes are often implicated in metabolic processes in liver, muscle and pancreas. Exam-
ples include glucose-6-phosphatase, involved in gluconeogenesis in the liver [268, 219], pyruvate
dehydrogenase kinase 4 (PDK4), implicated in glucose saving in liver and muscle [83] and the
3-hydroxy-3-methylglutaryl-CoA synthase gene, involved in ketone body production in the liver
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[216]. Other clues come from in vivo models using heterozygous Foxo1 knockout mice (homozy-
gous null mutants are embryonic lethal [116]), which are protected against diabetes, whereas mice
transgenic for a dominant active Foxo1 show opposite effects and develop diabetes [217, 218].
Overall, FoxO factors appear to be important in controlling the effects of insulin signalling on
gluconeogenesis and other metabolic processes, and provide possible targets for therapeutic inter-
vention in diabetes.

Immunoregulation

Forkhead transcription factors are increasingly implicated in regulation of the immune system.
Since comprehensive reviews exist that are dedicated to this topic [49, 134], we will only briefly
mention current knowledge. Foxp3 is essential for development and function of regulatory (CD4+
CD25+) T cells, which are important for regulating T cell reactivity and preventing autoimmunity
[29, 115]. Similar prevention of autoimmunity additionally requires Foxj1, which is thought to act
by transcriptional activation of IκB, a potent inhibitor of NF-κB. Since NF-κB can cause T cell
activation, inhibition of this factor results in reduced autoimmunity [192]. As the gene responsible
for the nude phenotype, Foxn1 is known for its function in regulation of proliferation and differ-
entiation of epithelial cell populations [22]. The same holds true for the thymus, where Foxn1 is
required for development and differentiation of thymic epithelial cells, which are in turn essential
for development and selection of T cells [221]. As described before, FoxO transcription factors
are known regulators of the cell cycle. Similar functions have been proposed in thymic cells,
where FoxO factors induce T cell quiescence [48, 353]. Finally, roles for Foxd2, Foxp1 and Foxq1
have been proposed [205, 132, 280, 113], but future work is required to clarify their functions in
immunoregulation.

Human diseases caused by forkhead mutations
Several human phenotypes can be attributed to mutations within members of the forkhead family
of transcription factors (reviewed in [180]. Strikingly, a substantial fraction of these mutations
are implicated in ocular phenotypes. These include mutations in the FOXC1 gene in cases of
congenital glaucoma and Axenfeld-Rieger anomaly [179, 208, 212], FOXC2 mutations in distichi-
asis in addition to lymphoedema [73], FOXE3 mutations in ocular anterior segment anomalies
and cataract [274, 230] and FOXL2 mutations in blepharophismosis-epicanthus inversus syndrome
(BPES) [58, 52]. Other forkhead related phenotypes include thyroid agenesis, cleft palate and
choanal atresia as a result of mutations in the FOXE1 gene [46] and T-cell immunodeficiency in
combination with alopecia and nail dystrophy caused by FOXN1 mutations [79] whereas mem-
bers of the FOXO subfamily have been implicated in cancers such as rhabdomyosarcoma and
leukaemia [6, 20, 85]. The identification of mutations in the human FOXP2 gene in a family with
a severe speech and language disorder has provided an interesting link between neurodevelop-
ment and development of speech ([166] and section ´Brain development´). Finally, mutations in
the X-linked FOXP3 gene can result in IPEX syndrome, which includes immuno dysregulation
and endocrinopathies [15]. Additionally, striking similarities have been observed between human
anomalies and murine phenotypes caused by mutation or deletion of forkhead genes. Examples
include Foxi1-/- mice, which suffer from severely impaired audition, and developmental defects in
the inner ear resemble phenotypes in certain congenital human hearing conditions [120]. However,
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disease-causing mutations in the human orthologue have not yet been identified. To date, the vast
majority of known mutations affect the DNA binding domain, either by local mutations or as a
result of missense mutations N-terminal to the forkhead domain. Though mutations identified so
far are mainly homozygous, it remains to be determined whether heterozygous mutations or single
nucleotide polymorphisms can cause similar or less severe phenotypes.

Aim and outline of this thesis
Forkhead transcription factors have emerged as important transcriptional regulators of embryonic
development and cellular processes such as proliferation, differentiation and survival. Relatively
little is known, however, about forkhead factors in the developing and adult central nervous sys-
tem. A neural system in which proliferation, differentiation and survival have been particularly
outlined, is the midbrain dopamine system [289]. This system, comprised of dopaminergic neu-
rons of the ventral tegmental area and substantia nigra pars compacta, is implicated in the regula-
tion of emotional behaviour and voluntary movement, and has been associated with schizophrenia
[276], addiction [19] and Parkinson´s disease [57]. The aim of this thesis was to identify forkhead
transcription factors expressed in the midbrain dopamine system, and to functionally characterise
selected forkhead factors.

We first made an inventory of which forkhead genes are expressed in particular brain areas
(Chapter 2). Using a RT-PCR based approach, we have screened for forkhead transcription factors
expressed in dopamine neurons of the substantia nigra pars compacta and ventral tegmental area
in the adult ventral midbrain (midbrain dopamine neurons). We identified a novel forkhead factor,
ilf1/Foxk2 in both adult and developing dopamine neurons, and describe the expression patterns
of forkhead genes that were previously not established in the murine brain. In the same screen,
we identified a novel mammalian forkhead gene, designated Foxi2, and chapter 3 describes the
cloning of this gene, analysis of the FoxI protein family and its developmental expression pattern.
Some genes, however, are only transiently expressed during brain development, as we found to
be the case for Foxd2. Detailed analysis of the spatiotemporal expression pattern of Foxd2 has
provided us with novel insights into the molecular pathways that govern development of midbrain
dopamine neurons (Chapter 4). Chapter 5 reports on the cloning of Foxk2, identified in our initial
screen. Through a combination of in vitro and in vivo studies, we have established a role for Foxk2
in survival of proliferating cells, and in embryonic development. Finally, Chapter 6 discusses our
findings in relation to current knowledge of forkhead transcription factors in embryonic and brain
development.
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Chapter 2

Identification of forkhead transcription factors in cortical and dopa-
minergic areas of the adult murine brain.
Patrick J. E. C. Wijchers, Marco F. M. Hoekman, J. Peter H. Burbach and Marten P. Smidt
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Abstract
The murine forkhead family of transcription factors consists of over 30 members, the vast majority
of which is important in embryonic development. Implicated in processes such as proliferation,
differentiation and survival, forkhead factors show highly restricted expression patterns. In search
for forkhead genes expressed in specific neural systems, we identified multiple family members,
including two previously unidentified forkhead factors. We performed a detailed expression analy-
sis for Foxj2, Foxk1 and the murine orthologue of the human ILF1 gene, which show a remarkable
preference for complex cortical structures. In addition, a comprehensive examination of fork-
head gene expression in dopamine neurons of the ventral tegmental area and substantia nigra pars
compacta, revealed Ilf1 as a novel transcriptional regulator in midbrain dopamine neurons. These
forkhead transcription factors may play a role in maintenance and survival of developing and adult
neurons.
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Introduction

The forkhead gene family consists of transcription factors sharing a highly conserved DNA binding
domain, named after the forkhead gene identified in Drosophila [168, 335, 334, 336]. Thus far,
over 30 forkhead factors have been identified in mice, conserved across a wide range of species,
and many of which are important for embryonic development [145, 33]. In the murine central
nervous system, forkhead transcription factors have been shown to be essential for development in
regulating early patterning, growth and cell survival [106, 76, 333, 165, 347]. The identification
of mutations in the FOXP2 gene in a family with a severe speech and language disorder [166]
set up an intriguing link between forkhead genes and neurodevelopment. Despite the increasing
availability of data that underline their importance in embryonic development, still relatively little
is known about the identity and expression of forkhead transcription factors in brain development.

The midbrain dopamine (mDA) system comprises dopamine neurons of the substantia nigra
pars compacta (SNc) and ventral tegmental area (VTA), and is involved in control of voluntary
movement and emotional behaviour. Associated with Parkinson´s disease [57], schizophrenia
[276] and addiction [19], these neurons are subject to extensive investigations. Over the past
few years, data has started to accumulate about the genetic cascades involved in the developmental
pathways of these neurons. Transcription factors of the homeobox family such as Lmx1b, en-
grailed and Pitx3 have been studied extensively, and shown to be important for development of
the mDA system [189, 289, 30]. Still, little do we know about how these and other transcription
factors direct certain developmental processes, about developmental differences between SNc and
VTA and the selective vulnerability of the SNc in Parkinson´s disease and related models.

Recently, the forkhead transcription factor Foxa1 was found to be specifically expressed in
dopamine neurons of the midbrain [304], and two members of the Foxp-subfamily, Foxp1 and
Foxp2, were also reportedly expressed in the substantia nigra [75, 300, 167]. In this study, we
sought to identify forkhead transcription factors with selective expression patterns in the central
nervous system, with an initial focus on the mDA system. In addition to the forkheads known to be
expressed in mDA neurons, forkhead family members have been linked to several developmental
regulators of the mDA system in other tissues, and therefore represent likely candidates in our
search for novel players in mDA development.

For transcription factors involved in the later stages of development, expression usually con-
tinues into adulthood, a principle demonstrated by all mDA developmental regulators identified
up till now [289]. Under this assumption, we conducted a degenerate RT-PCR screen to identify
forkhead transcription factors with restricted expression in the adult central nervous system. We
found multiple forkhead factors expressed in adult ventral midbrain tissue, and analysed their brain
expression patterns by in situ hybridisation, showing distinct patterns of expression. Furthermore,
in Ilf1 we have identified a novel transcriptional regulator expressed in dopamine neurons of the
substantia nigra and ventral tegmental area.

Experimental Procedures

Animals and tissues

Brain tissue was collected from adult wild type mice (C57/Bl/6). For in situ hybridisation, tissue
was immediately frozen on dry ice, and stored at -80 ◦C. 16 µm cryosections were made, mounted
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SET FORWARD PRIMER REVERSE PRIMER SUBFAMILIES ISOLATED GENES

A TSAYCRYSATGGCYATCCAG GGGCHVCTWCTGGRCSMT Foxa-b-f Foxb1, Foxb2

B AWMGCBCTYATCRYSATGGC GGCAAGGRCARCTAYTGGA Foxc-d-g-q -

C GMCAARCCMCCMTAYWCCTAC CTGGGCSKTGSATSYSAGC Foxa-h -

D AAGCCACSSTACWSCTATG CACAACCTBTCYYTKAACM Foxk-j Foxk1, Ilf1, Foxj1, Foxj2

E MRARGCCVMYCTACTCTTA GCTGGMAGAAYWSYVTKCG Foxm-n-l Foxi2

F CTSACHYTSKCSCAGATCTACGA CTTGGTGGATSMTSAAYCCMGAK Foxo Foxo1, Foxo3, Foxo4, Foxo6

G GACCHCCHTTYACHTATGC GCAGTRTGGACHGTRGAYGA Foxp Foxp1, Foxp2

H CGGCCACTACAGCGTGGGAAGC CGGCTCAGGCTGCAAGCCCAAC Foxe -

Table 2: Cloning of forkhead transcription factors by RT-PCR. An overview of the degenerate primer sets used in the
RT-PCR screen. Degenerate primers were based on the conserved DNA binding domain of all murine forkhead tran-
scription factors reported in the Fox nomenclature database (http://www.biology.pomona.edu/fox.html) [136]. Each
primer set was deduced from the subfamilies depicted in the fourth column. The fifth column represents the forkhead
genes for which we isolated cDNA fragments. All primer sequences are portrayed in a 5´ to 3´ fashion. Note that at
the time of the experiments, Foxe3 was the only identified Foxe-subfamily member.

on SuperFrost+ slides (Menzel Glaser) and stored at -80 ◦C till further use.

PCR cloning

Fresh ventral midbrain tissue was isolated from adult mice, and subject to total RNA isolation using
TRIzol Reagent (Invitrogen), followed by cDNA synthesis with Superscript II reverse transcriptase
(Invitrogen). In PCR reactions using degenerate primers based on the conserved DNA binding
domain (Table 2), we specifically amplified 150 bp - 220 bp fragments of forkhead transcription
factors, with annealing temperatures varying from 40 - 55 ◦C. Resulting products were cloned into
the pGEM-T Easy vector (Promega) and 50 - 100 clones per primer set were sequenced using a
CEQ Dye Terminator Cycle Sequencing kit (Beckman Coulter).

cRNA probe synthesis

For in situ hybridisation digoxygenin (DIG)-labelled cRNA probes were used, synthesised by in
vitro transcription using T3-, T7- or Sp6-RNA polymerase in combination with a DIG-RNA La-
belling kit (Roche). We PCR amplified fragments corresponding to bp 473 - 1286 of the murine
Foxa1 coding sequence, bp 776 - 1281 of the murine Foxb2 coding sequence and bp 1132 - 1956
of the novel murine Ilf1, and cloned them into the pGEM-T Easy vector. EST clones were obtained
from the Deutsches Ressourcezentrum fur Genomforschung (RZPD) for Foxk1 (IMAGp998M179-
263Q2), Foxj2 (IMAGp998E149225Q2), Foxp1 (IMAGp998D218170Q2) and Foxp2 (IMAGp99-
8G13581Q2). For hybridisation, probes were added at 100 ng DIG labelled cRNA probe per ml
hybridisation solution for each 100bp in length. We have never observed any positive signal using
sense probes.
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Figure 7: Foxj2 distribution in the adult mouse brain. Foxj2 mRNA is present in the piriform cortex (A-A´),
hippocampus (B-B´), habenula (B) and the granular cell layer in the cerebellum (C-C´). ca1-3, hippocampal field 1-3;
dg, dentate gyrus; gcl, granular cell layer; mhb, medial habenular nucleus; pir, piriform cortex; sub, subiculum. Boxes
delineate regions magnified in accompanying ´-figures (e.g. B´).

In situ hybridisation

The procedure of in situ hybridisation was as follows (all steps at room temperature unless indi-
cated otherwise). Cryosection slides were fixed for 10 min in 4% paraformaldehyde in phosphate-
buffered saline (PBS), washed 3x in PBS and acetylated for 10 min in a solution containing 245
ml H2O, 3.3 ml triethanolamine, 438 µl 37% HCl and 625 µl acetic anhydride. After three more
washing steps in PBS, slides were incubated for 2 hours at room temperature for prehybridisation
in 50% deionized formamide, 5x SSC, 5x Denhardt´s solution, 250 µg/ml tRNA from Baker´s
yeast, and 500 µg/ml sonificated salmon sperm DNA. Hybridisation was performed overnight at
72 ◦C in 150 µl prehybridisation mix, with probe added in aforementioned concentrations. Probes
were removed by incubation for 2 hours in 0.2x SSC at 72 ◦C. After room temperature washes in
buffer 1 (100 mM TrisHCl pH 7.4, 150 mM NaCl), sections were incubated for 1 hour in a humid-
ified chamber with heat-inactivated foetal calf serum (HIFCS), 10% in buffer 1, followed by a 1
hour incubation with alkaline-phosphatase-conjugated anti-DIG antibody (Roche, diluted 1:5000
in buffer 1 with 1% HIFCS). Sections were subsequently washed in buffer 1, and preincubated in
100 mM TrisHCl pH 9.5, 100 mM NaCl and 50 mM MgCl2 (Buffer 2). Finally, mRNA locali-
sation was visualised after overnight incubation with NBT/BCIP (Roche) and levamisole (200 µl
and 2.4 mg in 10 ml buffer 2) in the dark. The colour reaction was terminated by the addition
of 10 mM TrisHCl pH 8.0 and 5 mM EDTA pH 8.0. Sections were dehydrated with ethanol and
mounted in Entellan (Merck).

Combined in situ hybridisation and immunohistochemistry

Sections were initially treated as described for in situ hybridisation. However, after termination of
the colouring reaction, sections were washed twice in tris-buffered saline (TBS), placed in 0,3%
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Figure 8: Foxk1 distribution in the adult mouse brain. Foxk1 is expressed in the piriform cortex (A-A´) and indusium
griseum (B-B´). In the hippocampus, Foxk1 resides in particular in the dentate gyrus and CA3 area (C-C´). In the
cerebellum, Foxk1 is confined to the Purkinje cell layer (D-D´). ca1-3, hippocampal field 1-3; dg, dentate gyrus; ig,
indusium griseum; pir, piriform cortex; pcl, Purkinje cell layer. Boxes delineate regions magnified in accompanying
´-figures (e.g. B´).

H2O2 in TBS for 30 min, washed twice in TBS, and blocked with 4% HIFCS in TBS for 30
min. After two more washes in TBS, a polyclonal rabbit anti-TH antibody (Pelfreez) was applied
overnight in a humidified chamber, diluted 1:1000 in 50 mM TrisHCl pH 7.4, 0.9% NaCl and 0.5%
Triton (TBST). Slides were rinsed three times in TBS before the biotinylated secondary antibody
was applied (goat anti-rabbit immunoglobulin, Jackson ImmunoResearch Laboratories Inc.), di-
luted 1:1000 in TBST for 1 hour. Again, slides were rinsed three times in TBS and incubated for 1
hour with avidin-biotin-peroxidase reagent (ABC elite kit, Vector Laboratories), diluted 1:1000 in
TBST. After three more washing steps, slides were stained with 3,3´- diaminobenzidine (0.5 mg/ml
in TBS containing 0.036% H2O2) until light background staining first appeared. Finally, slides
were rinsed twice in distilled water, dehydrated using ethanol and mounted in Entellan (Merck).
All steps described above were performed at room temperature.

Results

Identification of forkhead transcription factors in adult ventral midbrain tissue

To screen for forkhead transcription factors with selective brain expression patterns, we carried out
RT-PCRs on RNA isolated from adult ventral midbrain tissue, containing dopamine neurons from
VTA and SNc. Using degenerate primers deduced from the conserved forkhead DNA binding
domain of different subfamilies, eleven 150bp-220bp cDNA fragments were isolated coding for
parts of known forkhead transcription factors (Table 2). In addition, we isolated fragments coding
for two previously unknown orthologues of forkhead genes, which we have classified as Foxi2
(Described elsewhere [339]) and Ilf1. Surprisingly, we failed to isolate Foxa1, a gene previously
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Figure 9: Ilf1 expression in the adult mouse brain. Figures are from rostral (A) to caudal (J). Ilf1 is expressed in
the piriform cortex (A-A´), cells lining the lateral ventricle and in the major islands of Calleja and cells lining the
lateral ventricle (B-B´), the bed nucleus of stria terminalis (C-C´), the paraventricular thalamic nucleus (D-D´) and
habenula (E). In the hippocampus, Ilf1 is expressed in all compartments, including dentate gyrus, subiculum and the
CA subfields (E-E´). Other sites of expression include the medial hypothalamic nucleus (F-F´), cerebral cortex (G-
G´) and the Purkinje cell layer in the cerebellum (J-J´). Ilf1 is also expressed in dopamine neurons of the substantia
nigra (H-H´) and to a lesser extent in the ventral tegmental area (I-I´). Note the speckled patterns throughout several
non-defined brain areas. bst, bed nucleus of stria terminalis; ca1-3, hippocampal field 1-3; cx, cerebral cortex; dg,
dentate gyrus; icjm, major islands of Calleja; mh, medial hypothalamic nucleus; mhb, medial habenular nucleus; pir,
piriform cortex; pcl, Purkinje cell layer; pv, paraventricular thalamic nucleus; sub, subiculum. Boxes delineate regions
magnified in accompanying ´-figures (e.g. B´).
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shown to be expressed in mDA neurons [304], and Foxa2, an important regulator of ventral
midbrain development and expressed in the floorplate where mDA neurons are born [262, 261].
No cDNA fragments were amplified using the primer sets directed at Foxq1, Foxg1 and the Foxc,
Foxd, Foxe and Foxh subfamilies. From the isolated factors, we included Foxb2, Foxj2, Foxk1,
Ilf1, Foxp1 and Foxp2 as possible candidates in our search for mDA expressed transcription fac-
tors. Although we did not isolate Foxa1 and Foxa2 in our screen, we included them in our in situ
hybridisation analysis nonetheless. For Foxb1 [5, 138], Foxj1 [188] and Foxo members [128, 109],
detailed expression patterns had previously been described, discarding them from further analysis.
Since no data was yet available about their expression patterns in the central nervous system, we
analysed the full expression patterns in the adult murine brain for Foxj2, Foxk1 and Ilf1.

Restricted Forkhead expression patterns in adult mouse brain

In order to map the expression patterns of Foxj2, Foxk1 and Ilf1, we performed in situ hybridis-
ation experiments using digoxygenin-labelled probes on coronal cryosections of the adult mouse
brain. Expression of Foxj2 was observed in the piriform cortex (Fig.7A-A´), the medial habenular
nucleus and all subcompartments of the hippocampus (Fig. 7B-B´). In the cerebellum, Foxj2 was
specifically expressed at high levels in the granular cell layer (Fig. 7C-C´).

Foxk1 too, was expressed in the piriform cortex (Fig. 8A-A´) and hippocampus. In contrast to
Foxj2, however, Foxk1 expression in the hippocampus was restricted to the granular cell layer of
the dentate gyrus and CA3 hippocampal field (Fig. 8C-C´). Other Foxk1 expression areas include
the indusium griseum (Fig. 8B-B´) and the Purkinje cell layer in the cerebellum (Fig. 8D-D´).

The expression pattern of Ilf1 included a wide range of adult brain regions. Similar to Foxj2
and Foxk1, Ilf1 was expressed in the piriform cortex (Fig. 9A-A´) and hippocampus, where like
Foxj2, all hippocampal structures were positive (Fig. 9E-E´). Ilf1 transcript was also detected in
the major islands of Calleja and cells lining the lateral ventricles (Fig. 9B-B´), the bed nucleus of
stria terminalis (Fig. 9C-C´), the paraventricular thalamic nucleus (Fig. 9D-D´) and habenula (Fig.
9E). Furthermore, expression was present in the hypothalamus (Fig. 9F-F´), cerebral cortex (Fig.
9G-G´) and, like Foxk1, in the Purkinje cell layer in the cerebellum (Fig. 9J-J´). Interestingly, we
also found expression of Ilf1 in the substantia nigra pars compacta (Fig. 9H-H´) and in a more
sparse pattern in the ventral tegmental area (Fig. 9I-I´).

Forkhead expression in midbrain dopamine neurons

To determine whether any of the forkhead genes identified in our screen are expressed in adult
midbrain dopamine neurons, we performed combined in situ hybridisation for a selection of fork-
head factors with immunohistochemistry for tyrosine hydroxylase (TH), the rate-limiting enzyme
in the dopamine synthesis pathway.

We observed colocalisation of Foxa1 and TH in midbrain dopamine neurons (Fig. 10A-A´´),
which is in accord with previous reports [304]. During embryonic development, Foxa2 marks the
floorplate in the ventral midbrain where mDA neurons are born [261, 262]. We did not, however,
detect Foxa2 expression in adult mDA neurons (Fig. 10B-B´´), nor any other regions of the adult
brain, suggesting Foxa2 is switched off at later stages of mDA development.
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Figure 10: Forkhead transcription factor expression in mDA neurons. Combined forkhead gene expression (blue)
with immunohistochemistry for tyrosine hydroxylase (TH, brown) in coronal sections through the adult SNc and
VTA. Second (´) and third (´´) columns represent higher magnifications of subpopulations (boxed) in first and second
columns, respectively. Note the colocalisation of Foxa1 (A) and Ilf1 (D) mRNA with TH protein in mDA neurons,
and the absence of Foxa2 (B), Foxb2 (C), Foxj2 (E), Foxk1 (F), Foxp1 (G) and Foxp2 (H) from the mDA system. snc,
substantia nigra pars compacta; vta, ventral tegmental area.
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Figure 11: Foxp2 expression in the subthalamic nucleus. (A) Lack of Foxp2 expression in the substantia nigra
(approximate position indicated by arrowhead). ca3, hippocampal field (reference point). (B) Foxp2 expression in the
winged-shaped subthalamic nucleus (stn) in the adult murine brain. Note the expression in the parafascicular thalamic
nucleus (pf) and the sixth cortical layer (IV) as reference points. (B´) Magnification of boxed area in (B).

Of all other forkhead genes examined, only Ilf1 was also expressed in mDA neurons (Fig. 10D-
D´´). Contrary to previous reports which did not include colocalisation with markers for mDA
neurons [75, 300, 167], Foxp1 and Foxp2 were not detected in neurons of the substantia nigra
pars compacta. This is not likely to result from technical complications, since we found abundant
expression throughout the adult brain, in all other structures previously identified as Foxp-positive
(Not shown), including the subthalamic nucleus, the rostral extension of SNc (Fig. 11).

Ilf1 expression during late embryonic brain development

To determine whether Ilf1 is also expressed in mDA neurons during development, we analysed
the expression pattern of Ilf1 during late embryonic brain development, from E12.5 when the first
mDA neurons are born. At E12.5, there is virtually ubiquitous expression of Ilf1 in the developing
central nervous system (Fig. 12A), a pattern persisting at E14.5 (Fig. 12B) and E16.5 (Fig. 12C).
Expression levels did vary, however, and structures such as the developing thalamus and the neu-
roepithelium generating the cortex, also positive in the adult brain, could clearly be distinguished
at all developmental stages examined. Interestingly, a small cell population is discernible in the
mesencephalic flexure, where developing mDA neurons were located (Arrows in fig. 12A´-C´). It
is not yet clear, however, whether these cells indeed comprise a dopaminergic cell population.

Discussion

Forkhead transcription factors are important regulators of embryonic development, and are in-
creasingly linked to neurodevelopmental processes [106, 76, 333, 165, 347]. Here, we used a
degenerate RT-PCR approach to identify forkhead genes expressed in the adult central nervous
system, particularly in the midbrain dopamine neurons of the ventral tegmental area and substantia
nigra pars compacta. For several of the isolated forkhead factors, no or little data was available
on expression patterns in the central nervous system, prompting us to analyse expression patterns
in adult mouse brains. In addition, we have identified the murine orthologue of the human ILF1
factor as a novel transcriptional regulator expressed in midbrain dopamine neurons in the adult and
developing mouse brain.
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Figure 12: Ilf1 expression during late embryonic brain development. Ilf1 expression pattern in the central nervous
system at E12.5 (A), E14.5 (B) and E16.5 (C). Figures A´-C´ represent higher magnifications of the mesencephalic
flexure in A-C, where the arrows point to a subpopulation in the mesencephalic flexure. Note the higher intensity at all
stages in the thalamus and neuroepithelium lining the ventricles, amongst other structures. mf, mesencephalic flexure.

In our screen, we identified cDNA fragments coding for parts of thirteen forkhead transcrip-
tion factors expressed in the adult ventral midbrain. Considering the number of forkhead factors
identified, including previously unidentified family members, the value of a classical degenerate
RT-PCR method has been demonstrated once more. However, the fact that we did not isolate
Foxa1, which was previously shown to be expressed in our target area, shows that this approach
is not all-inclusive. Though the vast majority of known transcription factors involved in late em-
bryonic development continue to be expressed into adulthood, we cannot exclude the possibility of
forkhead genes having gone unnoticed that may be involved in mDA development, but are switched
off before adulthood, exemplified by Foxa2 in this study.

We analysed complete brain expression patterns for the forkhead factors Foxj2, Foxk1 and Ilf1,
and found highly specific patterns. Interestingly, certain brain structures seem to express a whole
array of forkhead family members. The piriform cortex expressed all three forkhead factors anal-
ysed in detail, in addition to other family members such as Foxo1 and Foxo6 [109]. A similar
abundance of forkhead gene expression applies to the hippocampus, though different subcompart-
ments express different combinations of Foxj2, Foxk1, Ilf1, Foxo1, Foxo3, Foxo6 [109] and Foxp1
[75]. Finally, different cell layers in the cerebellum (Purkinje and granular cell layers) also express
distinct sets of forkhead transcription factors [75, 109]. It remains to be determined whether and
how these complex expression patterns reflect functional and structural parallels between these
different brain structures. In this context, it is interesting to note the similarities in the cortical lay-
ered organisation of these structures, which are all three implicated in memory formation, either
in associative memory retrieval upon olfactory stimulation (piriform cortex), in long-term mem-
ory formation (hippocampus) or in motor or procedural memory (cerebellum). Apart from these
three structures, all forkhead genes display considerable selectivity for particular brain nuclei in
their expression patterns. This raises the possibility that forkhead transcription factors are involved
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in conferring and maintaining regional identity during brain development, as has previously been
suggested [33].

Previous reports suggested that Foxa1, Foxp1 and Foxp2 are expressed in mDA neurons [75,
300, 167, 304]. Of special interest is the Foxp2 gene, which has been implicated in a severe speech
and language disorder [166]. Because of the importance of the motor circuitry for speech, the strik-
ing expression pattern of Foxp2 in virtually all nuclei implicated in motor control, including the
SNc, has received a lot of attention [317]. However, of these three family members, we could only
confirm the presence of Foxa1 in the neurons of both VTA and SNc. Despite high-sensitivity ex-
pression data throughout the adult brain, we could not detect Foxp1 nor Foxp2 in the SNc. Though
the SNc can be distinguished by its anatomical winged-shaped appearance, no colocalisations with
dopaminergic markers have been described until now. Our data indicate that both Foxp family
members are absent from mDA neurons, but are expressed in the similar-shaped subthalamic nu-
cleus, immediately adjacent and projecting to the SNc. All other forkheads were not expressed in
mDA neurons, but expression in structures located in or in close proximity to the ventral midbrain
(e.g. CA3 hippocampal field, subthalamic nucleus) accounts for the isolation of all these factors in
our screen.

In addition to Foxa1, we identified a novel transcription factor expressed in mDA neurons. In
our screen, we isolated a cDNA fragment coding for part of the novel murine orthologue of the
human interleukin enhancer binding factor 1 gene (ILF1). This forkhead DNA binding domain
containing factor, identified in a search for factors binding to purine rich motifs in the HIV long
terminal repeat and interleukin 2 promoters [183], is expressed in adult dopamine neurons of both
VTA and SNc in mice. Though expressed in several other brain structures in the adult brain, vir-
tually all brain cells express Ilf1 during late embryonic development, suggesting that any function
for Ilf1 in mDA development may apply to all or most other brain areas. Why Ilf1 is subsequently
turned off in most brain structures while others retain expression remains to be determined. Alter-
natively, it is conceivable that Ilf1, and possibly other forkhead transcription factors, may serve a
distinct role in adult neurons from its developmentally regulatory function, as has been established
for FoxA and FoxC subfamily members [33]. Recently, amyloid β toxicity in Alzheimer disease
was shown to be increased by inactivation of FoxO factors [290], whereas FoxO factors have also
been implicated in neuronal apoptosis [26, 91]. Since many forkhead transcription factors share
similar functions in adult cell populations, it is tempting to speculate that Ilf1 too, might be in-
volved in transcriptional regulation of metabolic processes, maintenance or survival of midbrain
dopamine neurons and other neuronal cell populations.
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Abstract
Forkhead transcription factors comprise a large family of key regulators of embryonic develop-
ment. Recently, the in silico identification of putative Foxi2 and Foxi3 genes was reported in mice.
Here we describe the cloning and analysis of the murine Foxi2 gene, coding for a putative 311
amino acid protein resembling Foxi subfamily members in mice and other species. Expression
analysis during the final stages of embryonic development revealed that Foxi2 is mainly expressed
in epithelial structures, including the olfactory and dental epithelium. In addition, Foxi2 is ex-
pressed in submandibular and salivary ducts and endolymphatic duct in the inner ear. In the central
nervous system, Foxi2 expression is restricted to the developing forebrain and the neural layer of
the retina. Overall, the expression pattern of Foxi2 is consistent with a proposed role for FoxI
transcription factors in controlling cellular identity.
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Introduction

Forkhead transcription factors direct various developmental processes through regulation of tissue
specific expression of target genes. They share a highly conserved DNA binding domain called
forkhead domain, based on the founder member in Drosophila [335, 168]. To date, over 100
forkhead genes have been identified in a large variety of species, implicated in diverse biological
functions [145, 33]. In embryonic development in particular, forkhead factors have been shown
to be important in many tissues, including brain [76, 333, 165, 106, 347], pancreas [170], lung
[330, 50] and kidney [182, 162, 161, 18]. In addition, roles in cell cycle regulation and survival
have been described [31, 172, 27]. The importance of these transcription factors is highlighted by
their involvement in a range of human diseases [180, 33].

The FoxI1 gene is the only known member of the mammalian FoxI subclass of forkhead tran-
scription factors. In mice, Foxi1 (formerly known as fkh10) shows restricted expression in the
developing otic vesicle, and mice with a null mutation for Foxi1 exhibit defects in inner ear forma-
tion, resulting in hearing and balance impairment [120]. Expression is also present in the devel-
oping and adult kidney [233], where Foxi1 targeting leads to disruption of acid/base homeostasis
[18]. Parallels between the defects in cells expressing Foxi1 in these tissues suggest a function for
Foxi1 in determining cellular identity.

In zebrafish, the foxi class consist of at least three members [294], of which foxi1 has a con-
served role in inner ear development [226, 178, 293, 101]. The non-overlapping expression pat-
terns of zebrafish foxi1-i3b argues for the existence of additional mammalian FoxI family members
[294]. Recently, a homology-based search of the mouse genome has resulted in the in silico iden-
tification of putative Foxi2 and Foxi3 genes [229]. Expression pattern analysis of Foxi2 and Foxi3
from embryonic day 6.5 to 10.5 suggest an important role for Foxi factors in craniofacial develop-
ment.

In this study, we report the cloning and characterisation of the murine Foxi2 gene and describe
the expression pattern during the later stages of development, which is mainly restricted to subsets
of cells in epithelial structures and the developing forebrain. This cell type-specific pattern is in
accordance with a putative function for FoxI factors in controlling cellular identity.

Experimental Procedures

Isolation of the mouse Foxi2 cDNA

From adult mouse ventral midbrain tissue (C57/Bl6), total RNA was isolated using TRIzol Reagent
(Invitrogen) and reverse transcribed using Superscript II (Invitrogen) in combination with both
oligo(dT) and random hexamer primers. A 151 bp fragment was isolated in a PCR (annealing tem-
perature of 45 degrees Celsius) using degenerate oligonucleotides 5´-MRARGCCVMYCTACTCT-
TA-3´ (forward) and 5´-GCTGGMAGAAYWSYVTKCG-3´ (reverse), deduced from a subset of
forkhead transcription factors. NCBI database searching revealed high sequence homology to the
FoxI family. Based on the sequence information of two expressed sequence tags (accession num-
bers BQ900150 and BB643511), the complete coding sequence (-72 till STOP codon) of Foxi2 was
predicted and isolated from the same cDNA library using a Qiagen One-Step RT-PCR kit (forward
primer: 5´-AGGGTGAATGGAGCTCCCATGAGC-3´; reverse primer: 5´-TCAAACTTCAGTCC-
CATCCCGGC-3´).
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In situ hybridisation

The complete Foxi2 coding cDNA was subcloned into the pGEMT-easy vector (Promega) for
digoxigenin labelling. Full length sense and antisense cRNA probes were synthesised by in vitro
transcription using T7- or Sp6-RNA polymerase in combination with a DIG-RNA Labelling kit
(Roche). In situ hybridisation was performed on 16µm cryostat sections as described previously
[128]. We have never observed any positive signal using the sense probe. Though forkhead do-
mains are highly conserved between Foxi1 and Foxi2 at the amino acid level, an overall nucleotide
conservation level of 53% (82% in the forkhead domain)ensures high specificity for Foxi2 target
mRNA.

Results

Isolation and characterisation of the murine Foxi2 cDNA.

In a RT-PCR based screen for forkhead transcription factors expressed in ventral midbrain tissue
of adult mice, we isolated a 151bp fragment with high sequence homology to the mouse Foxi1
gene. Database homology analysis predicted the existence of a second Foxi-class gene. Based on
the sequence information obtained from two mouse-derived ESTs (accession numbers BQ900150
and BB643511), the complete coding sequence was determined, and the cDNA sequence was
isolated by PCR and sequenced. The cDNA corresponded to the forkhead transcription factor
recently identified in silico by Ohyama & Groves, and designated as Foxi2 [229]. After in depth
sequence analysis, however, we deviate from their initial design and propose an additional level of
complexity in the composition of the Foxi2 gene and the regulation of the resulting protein levels.

Figure 26 shows the Foxi2 cDNA sequence isolated, the coding sequence comprising 933bp,
coding for a 311 amino acid protein, containing a conserved forkhead DNA binding domain
(DBD). Two upstream ATG sequences are located in the 72 bp preceding the putative start codon
(Italic in Fig. 26), and two additional upstream ATGs can be identified in silico within 130 bp of
the putative start codon, none of which are embedded in a favourable context for initiation of trans-
lation [156], nor are they conserved in other species (Not shown). In contrast, conservation with
Foxi2 genes from human (designed in silico based on an EST with accession number AW271332)
and zebrafish starts at the designated methionine (See also Fig. 14), coded for by an AUG codon
surrounded by preferred nucleotides at key positions for initiation (A at pos -3 and G at pos +4,
[156]). Thus, while previous reports designated the in frame AUG at position -44 as the starting
codon, our analysis suggests that the predicted methionine at position +1 is the likely translational
starting site. The occurrence of upstream AUGs, however, is known to have a negative effect on the
efficiency of translational initiation [157, 210], arguing for an important post-transcriptional role
in regulation of Foxi2 protein levels. Finally, a polyadenylation signal (AATAAA) was identified
in silico at 1320bp of the STOP codon.

The mouse Foxi2 gene is located on chromosome 7qF3, where the two coding exons are sep-
arated by a 658bp intron (Fig. 26). The possibility of additional non-coding introns and exons,
however, cannot yet be excluded. This chromosomal region is syntenic to human chromosome
10q26.2, where the putative FOXI2 is located. Though several disorders have been linked to this
region, there is no evidence yet to support involvement of FOXI2 in any of these.
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Figure 13: Nucleotide and deduced amino acid sequence of murine Foxi2. Amino acids residues are depicted
in single-letter codes. The underlined sequence indicates the forkhead DNA binding domain. The >< refers to the
interruption of the two coding exons by a single 658bp intron. Note the additional ATG sequences upstream of the
ATGSTART(Italic). Other 5´ and 3´ untranslated region features referred to in the text have been identified in silico.

Analysis of the FoxI subclass of transcription factors.

The DNA binding domain of Foxi2 is highly conserved from human to zebrafish, exhibiting 98%
and 92% identity relative to murine Foxi2 (Fig. 14). These high conservation levels also apply to
the forkhead domains of the murine homologues, Foxi1 and the putative Foxi3 (>92% identical).
Along the entire length, Foxi2 orthologues display a lower level of identity, sharing 79% (putative
Homo sapiens) and 60% (Danio rerio) with the murine Foxi2. Despite lower levels of conservation
outside the forkhead domain, several other short regions exist which show relatively high levels
of conservation across all species. These include regions adjacent to the forkhead domain, and N-
terminal and C-terminal residues. Interestingly, translation of the putative zebrafish gene is thought
to initiate at an earlier less beneficial AUG codon (G at pos -3) than the murine and putative human
orthologues [294], despite a lack of conservation in the region preceding the conserved methionine
(Not shown). Compared to the Foxi1 and putative Foxi3 (identified in silico based on an EST
with accession number CF736134), Foxi2 amino acid conservation along the entire length does
not exceed 65%.
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Figure 14: Alignment of the FoxI2 proteins from Homo sapiens (hs), Mus musculus (mm) and Danio rerio (dr).
Amino acid residues 151 to 244 comprise the forkhead DNA binding domain (boxed in blue). Despite the low overall
conservation across all three species, several short conserved regions can be identified (orange boxes), including the
N and C-termini. Note the extended N-terminus of the zebrafish Foxi2 protein, outside the conserved region. Colour
coding refers to the relative similarity between amino acid residues based on their physio-chemical properties (e.g.
aromatic residues F, Y and W are depicted in red). Dots represent gaps in the sequence alignment.

Expression of Foxi2 during late development.

We analyzed the expression patterns of Foxi2 during later stages of mouse embryonic development.
From embryonic day 12.5 till 18.5, there is little variation in the expression pattern. Representative
is the expression pattern at E16.5, where expression is present in the olfactory epithelium, albeit
only in a subset of cells lining the nasal cavity (Fig. 15A). Foxi2 is also faintly expressed in the
developing whiskers (Fig. 15B). In the tooth, Foxi2 transcript was detected in the dental epithelium,
but was excluded from the dental mesenchyme (Fig. 15C). Elsewhere in the developing cranium,
we found expression in cells lining the endolymphatic duct in the inner ear (Fig. 15D). The latter
structure was already positive at E12.5 (Not shown), suggesting an age at onset between E10.5,
when the otic placode is reportedly negative for Foxi2, and E12.5. No apparent changes in the
expression in these regions can be observed at E18.5 (Not shown).

At E18.5, when certain structures show more detail, expression is observed in the kidney (Fig.
16A, B), in a regular pattern of the hair follicles (Fig. 16A, C) and in the thymus (Fig. 16G).
Foxi2 is also detected in the mandibular gland, where it seems to be confined to collecting ducts
that transport saliva to the oral cavity (Fig. 16D). This becomes more apparent in the sublingual
and submaxillary ducts of the salivary gland, where the speckled pattern suggests expression in a
subset of epithelial cells lining the lumen (Fig. 16E, F).

In the developing central nervous system (CNS), Foxi2 expression was restricted to the telen-
cephalon, in the cortical layers and ganglionic eminence (Fig. 17A, B). This was already observed
at E14.5 (Fig. 17B), however, at this stage, there is additional faint expression in the roof of the
midbrain (Fig. 17D). Though still present at E16.5, the intensity of the signal is decreased to such
extent that it is hardly visible (Not shown). Despite the cloning of Foxi2 from adult brain tissue,
we could not detect any signal at that stage using in situ hybridisation (Not shown), indicating that
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Figure 15: In situ hybridisation for Foxi2 shows expression in head structures in E16.5 sagittal cryosections. (A)
Expression is present in a subset of cells in the olfactory epithelium. (B) Weak expression was observed in the
whiskers. (C) In the tooth, Foxi2 is expressed exclusively in the dental epithelium. (D) Foxi2 mRNA was detected in
epithelial cells of the endolymphatic duct of the inner ear. de, dental epithelium; eld, endolymphatic duct; oe, olfactory
epithelium; wh, whiskers.

Foxi2 transcript numbers have decreased to levels undetectable by classic ISH, requiring highly
sensitive RT-PCR methods for detection. Expression in the CNS is not limited to the brain, since
Foxi2 is extensively expressed in the neural layer of the retina (Fig. 17C).

Discussion
We have isolated the Foxi2 gene, a novel member of the murine FoxI class of forkhead transcrip-
tion factors, and analyzed its expression during late development. We identified Foxi2 as a 936bp
coding sequence, coding for a 311 amino acid protein. Though our data points to the designated
ATG being the correct initiation codon, we cannot exclude the possibility of N-terminal extended
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Figure 16: Foxi2 localisation in epithelial structures at E18.5. Expression is visible in the kidney (A, B) and hair
follicles (A, C). (D) Expression in the mandibular gland, marking cells of the collecting ducts, ending up in the
sublingual and submaxillary ducts of the salivary gland (E, F). We also observed staining in the thymus (G). hf, hair
follicles; kid, kidney; mg, mandibular gland; sg, salivary gland; th, thymus.

isoforms, since four ATGs exist that precede the putative start codon by less than 130bp, two of
which are in frame with the Foxi2 open reading frame. These are located however, in a context
not likely to adequately function as translational starting sites [156]. Nonetheless, upstream AUGs
are regarded as an elegant tool to regulate functional protein levels synthesised from mRNA, par-
ticularly in genes encoding potent regulators, including transcription factors [157, 210]. Tight
regulation by such upstream AUGs has been reported for a number of murine transcription factors
such as Rx/Rax [307], GATA-1 [32] and C/EBP [231]. Therefore, these upstream AUGs should be
considered as potential regulators of Foxi2 protein levels.

At the protein level, the forkhead DNA binding domain of Foxi2 is highly conserved in ze-
brafish and human. Regions outside the forkhead domain were more divergent though, while the
closely related Foxi1 and putative Foxi3 displayed lower levels of identity in regions N- and C-
terminal from the conserved DBD.
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Figure 17: Foxi2 distribution in the central nervous system. Foxi2 specifically marks the developing forebrain at
E16.5, delineating the boundary with the diencephalon (A). Forebrain expression is maintained from E14.5, when faint
expression can also be detected in the roof of the midbrain (B, B´). Expression (here at E18.5) is also apparent in the
neural layer of the retina (C). cx, cortex; nlr, neural layer of retina; rm, rood of midbrain; tel, telencephalon.

Interestingly, Foxi2 is expressed in several tissues positive for Foxi1 during later stages of
development, such as the endolymphatic duct and kidney. In addition, Foxi2 is expressed in sub-
mandibular and salivary ducts. Within these ducts, the composition of the secretion is altered by
sodium, potassium and bicarbonate ion exchange, similar to processes taking place in the collecting
ducts of the kidney and endolymphatic duct. Strikingly, in the latter structures, Foxi1 is expressed
and important for development of cells responsible for the maintenance of acid-base homeostasis
[18, 119]. It is therefore tempting to speculate that Foxi2 might serve a similar function as Foxi1
in regulating cellular specification of cells that control acid/base homeostasis in these collection
ducts. Despite this overlap however, Foxi1 null mutants show defects in the development of both
tissues [18, 119], suggesting partially distinct functions of these closely related factors.

In the brain, Foxi2 expression seems to delineate the boundary between telencephalon and
diencephalon, supporting a role in patterning of the developing forebrain. Strikingly, Foxi2 is often
expressed in epithelial structures, sites of continued birth of cells, all requiring specification of their
developmental fate. Altogether, Foxi2 displays interesting expression patterns, fuelling speculation
that FoxI family members are implicated in developmental regulation of cellular identity.

53



Acknowledgements
This work was supported by an NWO grant (903-42-190) and a Korczak Foundation research
fellowship.

54



Chapter 4

Foxd2 marks immature dopamine neurons of the substantia nigra
with a diencephalic origin.
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Abstract
The midbrain dopaminergic (mDA) system is comprised of dopaminergic neurons in the substan-
tia nigra pars compacta (SNc) and the ventral tegmental area (VTA). Parkinson’s disease is pri-
marily caused by the selective degeneration of dopaminergic neurons in the substantia nigra pars
compacta. Still, little is known about molecular differences with dopaminergic neurons of the
ventral tegmental area (VTA), that could underly the selective vulnerability of SNc neurons. Re-
search aimed at elucidating the developmental pathways of mDA neurons has mostly focused on
the regulation of specification, differentiation and survival by transcription factors in the mes-
encephalon. We found that the forkhead transcription factor Foxd2 is specifically expressed in
immature dopamine neurons that are migrating to their final destination, upon which Foxd2 is
switched off. Interestingly, Foxd2 marks the basal layer of the caudal diencephalon, suggesting
that subsets of midbrain dopamine neurons have a diencephalic origin. In addition, Foxd2 marks
subsets of immature neurons in the basal layer that are migrating radially towards a rostro-lateral
position. Presumably, these subsets will go on to populate the SNc, suggesting that Foxd2 is the
first transcriptional regulator which displays specificity for migrating SNc neurons. The transverse
and longitudinal differences in developmental origin exposed here, may confer differential com-
petence to respond to developmental signals, and provide a possible cause for putative variance in
cellular properties.
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Introduction

The midbrain dopamine (mDA) system refers to the mesencephalic dopaminergic neurons in the
ventral tegmental area (VTA) and substantia nigra pars compacta (SNc), and is important for
emotional behaviour and controlling voluntary movement, respectively. This system is subject
to intense research because of the implications in schizophrenia [276], addiction [19] and Parkin-
son’s disease [57]. Despite their similarities in transmitter identity, in Parkinson’s disease (PD)
dopaminergic neurons of the SNc are lost, whereas the VTA is relatively spared [309]. Similar
selectivity has been observed in Parkinsonian models using the neurotoxin 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) [214, 285, 316].

The selective vulnerability of SNc neurons is probably based on molecular differences between
dopaminergic neurons of SNc and VTA, which could originate from distinct developmental path-
ways. Although recently transcription factors such as Nurr1, engrailed, Lmx1b and Pitx3 have been
shown to be essential for proper development of dopamine neurons in the midbrain [289, 30, 190],
no transcriptional regulators have been reported that are selectively expressed in either SNc or VTA
during development. Interestingly, though uniquely expressed in both nuclei, mice mutant for the
Pitx3 gene show a severe depletion of dopamine neurons in the SNc, whereas the VTA is much
less affected [121, 310, 227, 288].

Based on detailed analysis of anatomical markers, Puelles and Rubenstein postulated a model
which suggests that the developing neural tube can be divided into transverse segments, or neu-
romeres [245, 244, 256]. Since the introduction of this model, data has accumulated about the
anatomical organisation of dopaminergic neurons in the central nervous system. In humans, both
the SNc and VTA are thought to consist of a diencephalic component (prosomeres p1, p2 and pos-
sibly p3), in addition to the mesencephalic origin. Based on longitudinal subdivisions however, the
SNc and VTA are thought to have a different neuromeric origin. It has been proposed that neurons
from the SNc (known as A9 neurons) develop from the basal plate, whereas the VTA (A10) is gen-
erated in the floorplate [246]. Contrary to this, the opposite organisation has also been suggested
[319]. In mice, VTA neurons are thought to derive from the floorplate, extending into prosomer 3,
and SNc neurons originate in the basal plate from mesencephalon to p2 [320]. Clearly this matter
is not yet fully resolved, and a lack of molecular markers selectively expressed in either VTA or
SNc complicates discriminating these two groups of neurons. However, differences in neuromeric
origin could confer distinct properties to each separate group of DA neurons, possibly underlying
the selective vulnerability of SNc neurons.

In this study, we have performed a detailed analysis of the brain expression pattern of the
Foxd2 gene, a member of the Forkhead family of transcription factors [346]. Our data indicate
that Foxd2 is the first marker specific for the basal plate in prosomeres p1 and p2 during late
embryonic development. Overlapping expression patterns with dopaminergic markers suggest a
diencephalic origin for dopamine neurons of the SNc and VTA. During development of mDA
neurons, Foxd2 is expressed in a subset of migrating postmitotic DA precursors, but is switched
off upon terminal differentiation into tyrosine hydroxylase positive DA neurons. Considering its
rostrolateral position, this subset is thought to correspond to developing neurons of the SNc. The
differences in developmental origin and pathways described here may confer distinct properties to
subsets of dopaminergic neurons.
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Experimental Procedures

Animals and tissues

Embryos from different stages (the day of vaginal plug detection was considered embryonic day
0.5) and adult brain tissue were collected from C57/Bl/6 mice and immediately frozen on dry ice,
and stored at -80 degrees Celsius. 16 µm cryosections were made and mounted on SuperFrost+
slides (Menzel Glaser), and stored at -80 degrees Celsius till further use in in situ hybridisation.

Adult brains from homozygous Foxd2-/- mice [161] and wild-type littermates (C57/Bl/6) were
isolated and fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS). Vibratome sections
(7 µm) were mounted on SuperFrost+ slides (Menzel Glaser) and stored at room temperature till
further use in immunohistochemistry.

cRNA probes

For in situ hybridisation digoxygenin (DIG)-labelled cRNA probes were used, synthesised by in
vitro transcription using T3-, T7- or Sp6-RNA polymerase in combination with a DIG-RNA La-
belling kit (Roche). The following cDNA were used as template: a 609 bp fragment (bp 701
- 1308) of the murine Foxd2 coding sequence, a BalI/EcoRI fragment (bp -11 till 1131) of the
rat tyrosine hydroxylase (TH) cDNA , a cDNA fragment containing bp 22 - 488 of the murine
aromatic-L-amino acid decarboxylase (AADC) coding sequence [291], a murine Kruppel-like fac-
tor (KLF15) fragment containing the 3 end of the coding sequence (from 784 bp) extending up
to bp 1397 into the 3´UTR [314], and finally a 510 bp fragment of the first exon of the murine
sonic hedgehog (Shh) gene, including the first 236 coding nucleotides. For hybridisation, probes
were added at 600 ng (Foxd2 and KLF15) or 400 µg (TH and AADC) DIG-labelled probe per ml
hybridisation solution.

In situ hybridisation

Briefly, the in situ hybridisation procedure was as follows (all steps at room temperature un-
less indicated otherwise). Cryosection slides were fixed for 10 min in 4% paraformaldehyde in
phosphate-buffered saline (PBS), washed 3x in PBS and acetylated for 10 min in a solution con-
taining 245 ml H2O, 3.3 ml triethanolamine, 438 µl 37% HCl and 625 µl acetic anhydride. After
three more washing steps in PBS, slides were incubated for 2 hours at room temperature for pre-
hybridisation in 50% deionized formamide, 5x SSC, 5x Denhardt’s solution, 250 µg/ml tRNA
from Bakers yeast, and 500 µg/ml sonificated salmon sperm DNA. Hybridisation was performed
overnight at 72 degrees Celsius in 150 µl prehybridisation mix, with probe added in aforemen-
tioned concentrations. Probes were removed by incubation for 2 hours in 0.2x SSC at 72 degrees
Celsius. After room temperature washes in buffer 1 (100 mM TrisHCl pH 7.4, 150 mM NaCl),
sections were incubated for 1 hour in a humidified chamber with heat-inactivated foetal calf serum
(HIFCS), 10% in Buffer 1, followed by a 1 hour incubation with alkaline-phosphatase-conjugated
anti-DIG antibody (Roche, diluted 1:5000 in Buffer 1 with 1% HIFCS). Sections were subse-
quently washed in buffer 1, and preincubated in 100 mM TrisHCl pH 9.5, 100 mM NaCl and
50 mM MgCl2 (Buffer 2). Finally, mRNA localisation was visualised after overnight incubation
with NBT/BCIP (Roche) and levamisole (200 µl and 2.4 mg in 10 ml Buffer 2) in the dark. The
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colour reaction was terminated by the addition of 10 mM TrisHCl pH 8.0 and 5 mM EDTA pH
8.0. Sections were dehydrated with ethanol and mounted in Entellan (Merck).

Immunohistochemistry

Paraffin sections were deparaffinated in xylene and rehydrated to distilled water using ethanol se-
ries. After washing three times in tris-buffered saline (TBS), sections were placed on 0,3% H2O2
in TBS for 30 min, washed twice in TBS, and blocked with 4% HIFCS in TBS for 30 min. After
two more washed in TBS, primary antibody was applied overnight in a humidified chamber, di-
luted in 50 mM TrisHCl pH 7.6, 0.5 M NaCl and 0.5% Triton (THZT). Primary antibodies used
in this study were a polyclonal rabbit anti-TH (diluted 1:1000, Pelfreez) and a polyclonal rabbit
anti-AADC (1:500, Chemicon). Slides were rinsed three times in TBS before the biotinylated sec-
ondary antibody were applied (goat anti-rabbit immunoglobulin, Jackson ImmunoResearch Labo-
ratories Inc.), diluted 1:1000 in THZT for 1 h. Again, slides were rinsed three times in TBS and in-
cubated for 1 h with avidin-biotin-peroxidase reagent (ABC elite kit, Vector Laboratories), diluted
1:1000 in THZT. After three more washing steps, slides were stained with 3,3- diaminobenzidine
(0.5 mg/ml in TBS containing 0.036% H2O2) until light background first appeared. Finally, slides
were rinsed twice in distilled water, dehydrated using ethanol and mounted in Entellan (Merck).
All steps described above were performed at room temperature.

Results

Diencephalic Foxd2 expression during brain development.

Foxd2, previously known as mf2, FREAC9 and FKHL17 [71, 261], is one of four members of the
FoxD subclass of transcription factors, and is known to be involved in kidney development [161]
and immunoregulation [134]. Foxd2 has also been found to be expressed in the developing central
nervous system (CNS), in a specific area spanning the caudal diencephalon and rostral mesen-
cephalon [346]. We analysed Foxd2 expression in the cephalic flexure in more detail, and found
Foxd2 to be expressed throughout late development in this region (Fig. 18). At E12.5. we observed
expression in the meninges, nose, and tongue, consistent with previous findings [346]. In the CNS,
expression was restricted to distinct regions in the hindbrain (not shown), hypothalamus and caudal
diencephalon (Fig. 18A). A closer look at the diecenphalic expression domain revealed the inter-
section of the fasciculus retroflexus (Fig. 19A, arrowhead), indicating the nearness of the border
between prosomeres p1 (pretectum) and p2 (dorsal thalamus). This suggests that the rostral border
of this domain is marked by prosomer p2. Whether the rostral-most part of the mesencephalon is
included can not be concluded from these data. However, the existing gap between the isthmus
and the Foxd2 expression domain suggests an absence of Foxd2 expression in the mesencephalon.
The expression in the diencephalon persists throughout development, although the signal weakens
until it becomes undetectable in the adult brain (Fig. 18B-D and data not shown). This suggests
that a function of Foxd2 in this area is restricted to developing brain cells.
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Figure 18: Diencephalic Foxd2 expression during late development in medial sagittal sections. (A) At E12,5 Foxd2
is expressed in the caudal diencephalon. Additional sites of expression include the meninges, nose, tongue, hypotha-
lamus. (B, C) Expression in the diencephalon is maintained at E14,5 and E16,5. (D) At E18,5 there is faint residual
Foxd2 expression, which becomes undetectable in the adult brain (not shown). di, diencephalon; hy, hypothalamus;
mn, meninges; no, nose; tg, tongue.

Foxd2 is excluded from mature midbrain dopamine neurons.

The restricted expression of Foxd2 in the cephalic flexure is reminiscent of that of tyrosine hy-
droxylase (TH), the rate-limiting enzyme in dopamine synthesis. High levels of TH are detected in
the mesencephalic flexure from E11.5, which marks the terminally differentiated dopamine neu-
rons that comprise the primordial substantia nigra pars compacta and ventral tegmental area. We
compared the expression patterns of Foxd2 and TH in the cephalic flexure at E12.5, when the first
differentiated DA neurons are present, and additional precursors are still born and migrating to
their final positions (Fig. 19). We found that the Foxd2 expression domain covered the rostral
part of the TH positive region (e.g. Fig. 18CD). In addition to its more rostral position, Foxd2
seemed to be expressed in a more lateral position, with the expression reduced in the more me-
dial section (Fig. 18G). The complementary, but mutually exclusive patterns suggested that Foxd2
is excluded from terminally differentiated DA neurons. Considering the anatomical localisation,
however, Foxd2 possibly marked DA precursors that have not yet differentiated.

Foxd2 expression in a subset of immature dopamine neurons.

Midbrain dopamine neurons are born from neuroepithelial stem cells, as postmitotic dopamine pre-
cursor cells. As these cells migrate, maturation continues until they reach their final destination,
upon which they finalize differentiation and start to express TH [289]. To determine whether Foxd2
is expressed in DA precursors, we compared its expression to markers for fully differentiated DA
neurons in the mantle zone (TH), DA precursor in the intermediate layer (aromatic-L-amino acid
decarboxylase, AADC) and neuroepithelial cells in the ventricular zone (Kruppel-like factor 15,
KLF15; [314]) at E12.5. Fig. 20A shows the expression of Foxd2 in sagittal sections, seemingly
confined to the intermediate zone of the cephalic flexure. Comparison with TH (Fig. 18B) con-
firmed our previous finding that Foxd2 was absent from dopaminergic cells in the mantle zone.
AADC expression, however, in both differentiated mature DA neurons cells in the mantle zone
and immature DA neurons in the intermediate zone, overlaps with Foxd2 in a rostral subset of
migrating DA precursors in the intermediate zone (Fig. 18C). The expression of KLF15 in the
ventricular zone
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Figure 19: Comparison of expression of Foxd2 and TH in the cephalic flexure. In situ hybridisation for Foxd2 (A,
C, E and G) and TH (B, D, F and H) on adjacent sagittal sections of the cephalic flexure at E12,5. AB, CD, EF and
GH represent overlays of the separate Foxd2 and TH pictures. Sections range from a relatively lateral (A, B) to medial
position (G, H). Foxd2 covers the rostral domain of the TH expressing cell population. The position of the isthmus is
indicated by the dashed line. Note that Foxd2 expression is less apparent in medial sections. The occurrence of the
fasciculus retroflexus (fr) in (A) delineates the proximity of the border between prosomeres p1 and p2.

(Fig. 18D) and Foxd2 in the intermediate zone are mutually exclusive, suggesting that Foxd2
is selectively expressed in migrating immature dopamine neurons in the cephalic flexure.

To verify these observations, we repeated these experiments in coronal sections, which pro-
vided a more detailed view of the different developmental stages during mDA neurogenesis (Fig.
21). As expected from our previous findings, we could not detect Foxd2 in caudal sections close
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Figure 20: Foxd2 is expressed in immature dopamine neurons. In situ hybridisation for Foxd2 (A), TH (B), AADC
(C) and KLF15 (D) on sagittal sections of the cephalic flexure at E12,5. Foxd2 is expressed in cells of the intermediate
zone (A), TH marks differentiated DA neurons in the mantle zone (B). AADC overlaps with TH in differentiated
neurons, but is also present in DA precursors in the intermediate zone (C) whereas KLF15 is only present in the
ventricular zone (D). A schematic representation indicates the seperate zones in the developing neural tube, with in
grey an indication of the location of dopamine neurons. Note the absence of Foxd2 from differentiated dopamine cells,
as determined by TH, and from neuroepithelial cells, marked by KLF15. Overlap exists however, with a rostral subset
of AADC expressing immature dopamine neurons in the intermediate zone. cf, cephalic flexure; iz, intermediate zone;
mz, mantle zone; vz, ventricular zone.

to the isthmus (Fig. 21A), nor in more rostral mesencephalic sections (Fig. 21A). Only in
more rostral sections, at the level of prosomer p1, did we find expression of Foxd2 (Fig. 21A). In
accordance with our findings in sagittal sections, Foxd2 is expressed in two symmetric spheres in
the intermediate zone, where mDA precursor cells reside. Also in agreement is the absence from
terminally differentiated mDA cells, assessed by TH (Fig. 21, series B), and from neuroepithelial
cells (Fig. 21, series D). Overlapping expression of Foxd2 with AADC was also consistent with
our sagittal studies, (Fig. 21, series C). In an attempt to demonstrate that Foxd2 and AADC
reside in the same cells, we performed Foxd2 in situ hybridisation in combination with AADC
immunohistochemistry, but AADC protein levels in immature DA neurons appeared too low to
confirm colocalisation. Since the expression pattern of Foxd2 is virtually identical to AADC in
rostral immature DA neurons (Fig. 22), we conclude that both factors are expressed in the same
neurons.

Another interesting feature we can infer from these coronal views is the selectivity of Foxd2 for
immature DA neurons in the basal plate. Midbrain dopamine neurons from the basal plate migrate
radially to a more lateral position. Additionally, Foxd2 marks immature DA neurons in rostral
sections where VTA neurons are absent (Fig. 22G,H). Considering the more rostrolateral location
of Foxd2 positive immature DA neurons, this would correspond to neurons that will eventually
populate the substantia nigra pars compacta. Thus, Foxd2 participates in the expression programme
of (a subset of) developing SNc neurons in a temporary fashion.

Shh as a putative inducer of Foxd2 expression.

Previously, it was shown that Foxd2 expression in mesodermal tissues was often adjacent to sites
of Sonic hedgehog (Shh) expression. Furthermore, Foxd2 expression is induced by Shh in tissue
explants of presomitic mesoderm [346]. The morphogen Shh, expressed in the notochord and
floorplate, is an essential regulator of dorsoventral patterning of the neural tube, and is required in
the midbrain for induction of the dopaminergic cell fate [255]. This raises the possibility of a role
for
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Figure 21: Foxd2 is expressed in rostrolateral precursor dopamine neurons. Expression analysis on coronal sections
at the mes-p2 level in the cephalic flexure at E12,5 for Foxd2 (series A), TH (series B), AADC (series C) and KLF15
(series D), organised from caudal (left) to rostral (right). Dashed lines in the schematic overview indicate the positions
of the sections used for ISH. Pictures labelled represent overlays of adjacent sections with Foxd2 (purple) in combina-
tion with TH, AADC or KLF15 (black). Foxd2 expression is only present in rostral sections (A). TH marks terminally
differentiated dopamine neurons (B-B), as does AADC, which additionally marks migrating dopamine precursors (C-
C). KLF15 delineates neuroepithelial cells in the ventricular zone (D-D). Note the selectivity of Foxd2 expression
for rostrolateral migrating dopamine precursors in the intermediate zone of the basal layer. cf, cephalic flexure; is,
isthmus; mes, mesencephalon; p1-p2, prosomeres 1-2.
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Figure 22: Foxd2 expression in rostral immature dopaminergic neurons. In situ hybridisation for TH, AADC
and Foxd2 on adjacent (16 m gaps) series of coronal brain sections spanning the mDA system from caudal (A) to
rostral (H). (A-C) TH marks mature DA neurons in the caudal VTA (vta) in the presumptive floorplate. AADC
marks mature DA neurons, and additional migrating immature DA neurons. (D) Little wings, characteristic of the
SNc (snc), are starting to be formed, and more AADC positive immature DA neurons are present. (E-H) Substantia
nigra neurons become predominant, and progressively localised to more lateral positions. In medial position, immature
AADC/Foxd2 double positive cells are labelled close to the ventricular zone, and migrate towards the the final position
of the SNc. A schematic representation of the estimated positions of the sections used (upper left).

Shh in the regulation of Foxd2 expression in mDA development. We therefore compared the
expression patterns of Foxd2 and Shh, to see whether a potential Shh signal is located in neigh-
bouring cells. At E13.5 in the diencephalon, Foxd2 displays its typical pattern in the intermediate
zone (Fig. 623), whereas Shh is expressed in neuroepithelial cells in the ventricular layer of both
aquaduct and third ventricle (Fig. 23B). Interestingly, we observed a gap in the expression pattern
of Shh at the level of p1 and p2, which corresponds to the expression domain of Foxd2. Thus, also
in the diencephalic flexure, Foxd2 seems to be expressed in cells adjacent to sources of Shh.

Normal morphology of midbrain dopamine neurons in Foxd2-/- mice.

Because Foxd2 was specifically expressed in a subset of presumptive SNc neurons, we wanted
to investigate whether Foxd2 is required for development and/or survival of these neurons. We
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therefore analysed the mDA system in adult brains from homozygous Foxd2-/- mice [161]. Im-
munohistochemistry for TH marks dopaminergic neurons in the SNc and VTA, as well as their
projection areas in the striatum (Fig. 24). When compared to wild-type, Foxd2 null mutants did
not display any absence of rostrolateral SNc neurons or other mDA neurons. The morphology of
both the SNc and VTA looked normal, and their projection areas were also unaffected (compare
Fig. 24A with Fig. 24A etc.). A second marker for dopamine neurons, AADC, did not demonstrate
any differences between wild-type and null mutant mice either. Thus, Foxd2 is not required for the
formation of dopamine neurons in the SNc and VTA.

Figure 23: The Foxd2 expression domain is immediately adjacent to the Shh domain. In situ hybridisation on E13,5
embryos. (A) Typical Foxd2 expression pattern in the intermediate zone of the caudal diencephalon. (B) Expression
of Shh in the floorplate of the hindbrain and in the neuroepithelial layers where mDA neurons are generated. (C)
AADC expression as a marker of mDA neurons and their precursors. Foxd2 expressing cells are surrounded by Shh
expressing cells in the neuroepithelial layer. Note that Foxd2 expression fits the gap in the expression domain of Shh.

Discussion
We have analysed the expression of the forkhead transcription factor Foxd2 in the caudal dien-
cephalon during embryonic development. We found that it is expressed in the intermediate zone in
the cephalic flexure, in a cell population highly reminiscent of AADC positive immature dopamine
neurons, but excluded from terminally differentiated DA neurons and neuroepithelial cells in the
ventricular zone. The expression of Foxd2 does not completely overlap with AADC, however, but
is only expressed in the rostrolateral population. This suggests that a subset of cells destined to be-
come dopaminergic are born in the neuroepithelium, and migrate as Foxd2 positive DA precursor
cells to their final destination, upon which Foxd2 expression is switched off and cells differentiate
into mature dopamine neurons (Fig. 25). Foxd2 is first detected in the caudal diencephalon at
E10.5 [346], shortly before the first TH-positive neurons can be identified in the cephalic flexure.
The fact that Foxd2 expression continues until E18.5 suggests that the development of midbrain
dopamine neurons continues beyond E16.5, when dopamine transmission to the striatum has be-
come functional [238].

Previous work on human embryos, has indicated that human midbrain dopamine neurons arise
in the diencephalon, in addition to their well-known mesencephalic origin [319, 246]. Despite
initial reports by Vitalis et al. [320], this is not yet recognised in the murine central nervous
system. The fact that Foxd2 expression, a marker for prosomeres p1 and p2, is expressed in im-
mature mDA neurons confirms the concept of a diencephalic origin for both SNc and rostral VTA.
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However, since Foxd2 marks the rostral border of the AADC expressing immature DA neuron pop-
ulation, the diencephalic component seems to be limited to p1 and p2, contrary to previous reports
[320]. Interestingly, the rostral boundary of prosomere p2 borders the zona limitans intrathala-
mica (ZLI), the boundary between the caudal and rostral diencephalon. The ZLI resembles the
midbrain-hindbrain border in that it functions as a signalling centre involved in the establishment
of diencephalic structures [147, 148]. The knowledge of a partially diencephalic origin for these
neurons invites to drawing up a new inventory of potentially interesting genes for mDA develop-
ment.

Figure 24: Normal mDA morphology in Foxd2 null mutant mice. Immunohistochemistry for TH and AADC in
adult brains of wild-type (A-F) and homozygous Foxd2-/- mice (A-F). Coronal sections show immunoreactivity in
dopamine neurons of the SNc (A-B) and VTA (C-D), as well as in the nerve terminals projecting to the striatal areas
(E-F). Note that no differences in morphology are apparent between wild-type and null mutant mice (compare A with
A etc.).

Since it is restricted to the caudal diencephalon, Foxd2 is not involved in development of DA
neurons that arise in the mesencephalon. Within the diencephalon, however, we found Foxd2
to be selectively expressed in the basal plate, but excluded from the floorplate. The rostrolateral
localisation of this Foxd2 specific cluster corresponds to developing DA neurons that are migrating
to what will eventually become the SNc. This would confirm previous hypotheses that there is a
clear distinction between the SNc developing in the basal plate on one side, and the VTA in the
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floorplate on the other [320, 246]. Whether the Foxd2 positive population comprises the complete
precursor pool of the SNc remains to be determined.

Recently, large-scale microarray data have provided more insight into the molecular differences
between the adult SNc and VTA [95, 94]. Until now, however, no differences have been reported
in the transcriptional regulation of the developing SNc and VTA, since all genes known to be
important for mDA development seem to be expressed by both sets of neurons, albeit at different
levels. Foxd2 is the first transcriptional regulator that is selective for developing neurons of the
SNc in the basal layer of the caudal diencephalon. It will be interesting to learn what SNc-specific
feature could be conferred by Foxd2 prior to the final step of differentiation into a dopaminergic
neuron, and which downstream targets are involved.

The selectivity for a subset of putative mDA precursors, and the fact that Foxd2 is switched
off upon final differentiation argues against a role for Foxd2 in determining transmitter identity.
It is also highly unlikely that, in analogy to other forkhead transcription factors [27], Foxd2 is
involved in regulation of cell survival. Foxd2 is not the first developmental regulator expressed
in DA precursors, but contrary to factors such as Nurr1, engrailed 1 and Lmx1b, Foxd2 is the
first transcription factor switched off upon differentiation. Besides making it a useful marker for
migrating precursor cells, this feature confines any possible function to migrating precursor cells.
A direct function in the process of migrating is therefore a likely option. Other possibilities in-
clude a role for Foxd2 in the early specification of cell fate, suppression of a different cell lineage,
or in prevention of premature differentiation. In this context, it is interesting to note the striking
similarities with the role of a close relative of Foxd2 in neural crest development. There, Foxd3
has been shown to promote a neural crest cell fate, while inhibiting differentiation into interneu-
rons. Interestingly, Foxd3 is expressed in a population of migrating neural crest cells where it
regulates expression of cell-adhesion molecules [41], and similar to Foxd2, Foxd3 expression is
down-regulated upon differentiation into mature melanocytes [65]. In similar fashion, expression
of fellow subfamily member Foxd4 is restricted to the intermediate zone in a region caudal to the
isthmus from E11.5 [137].

Foxd2 has previously been shown to be regulated by Shh signalling from adjacent tissues in
presomitic mesoderm [346]. Foxd1 too, can be induced by Shh in mouse embryonic cell lines
[125]. Shh signals to neighbouring cells via the patched-smoothened receptor complex, resulting
in the activation of members of the Gli-family of transcription factors [258]. Shh is a well known
inducer of ventral cell fates in the neural tube, and its importance in mDA development has been
well documented [255], while its downstream mediator Gli1 can induce mDA neurogenesis when
ectopically expressed [123]. In the diencephalon we found Foxd2 expression adjacent to Shh
domains in the ventricular layer, making Shh a likely candidate for induction of Foxd2 in cells
leaving the neuroepithelium.

Speculation about a putative function for Foxd2 is complicated by the lack of an apparent phe-
notype in Foxd2-/- mice, as determined by immunohistochemical analysis of the adult mDA sys-
tem, although we cannot exclude the possibility of alterations that have gone unnoticed. Foxd2-/-

mice have previously shown to have a minimal phenotype, with fewer than 40% displaying renal
abnormalities, possibly due to functional redundancy with other forkhead genes [161]. Consid-
ering the similarities in expression patterns of other Foxd family members this seems to be valid
explanation. In addition, Foxd2 is located on mouse chromosome 4d1, in close proximity to close
relatives Foxd3 and Foxe3. This feature, retained by its human counterpart on chromosome 1p32 (a
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Figure 25: Foxd2 in development of mDA neurons. Schematic drawing of a coronal view of the neural tube around
E12.5, subdivided into roofplate (rp), alar plate (ap), basal plate (bp) and floorplate (fp), with differentiated dopamine
neurons in dark grey. Midbrain dopamine precursors are born in the neuroepithelium (ne) in the ventricular layer.
Our data suggest that cells destined to populate the ventral tegmental area (vta) are born in the floorplate and migrate
ventrally to their final positions. In contrast, future SNc neurons are born in the neuroepithelium in the basal plate.
Cells that have exited the cell cycle leave the neuroepithelium, and start to express Foxd2 (light grey) during radial
migration in rostrolateral direction to their final destination. Subsequently, Foxd2 is switched off and cells commence
terminal differentiation into a dopaminergic phenotype (snc).

region linked to Parkinson’s disease), indicates a common ancestry of this triplet of forkheads, pos-
sibly suggestive of functional similarity. Functional similarity has already been shown for Foxd1
and Foxd2, both factors regulating the expression of the cAMP-dependent protein kinase subunit
RI \alpha in testicular sertoli cells and T-lymphocytes respectively [53, 132].

In summary, we have identified a novel player involved in development of putative midbrain
dopamine neurons. Our data suggests that Foxd2 is the only transcription factor to date, that is
expressed in a subpopulation of mDA precursors. This subpopulation migrates in rostrolateral
direction, presumably towards the SNc. These data also demonstrate a diencephalic origin for
dopamine neurons, in which Foxd2 plays an as yet undefined role in the transcriptional programme
directed at specification and/or migration of neurons of the substantia nigra pars compacta.
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Abstract
Forkhead transcription factors are important regulators of embryonic development, in particular in
controlling cellular proliferation, differentiation and survival. Here, we report the identification of
murine Foxk2, a forkhead transcription factor highly conserved from Homo sapiens to Drosophila.
Foxk2 is expressed in various tissues, including kidney, intestines and olfactory system, often at
sites of continued proliferation. In addition, Foxk2 and its human and rat orthologues are expressed
in all cell lines that we examined, and have been found in multiple cases of neoplasia in mouse and
human. It is constitutively expressed in proliferating and arrested cells, and is invariantly localised
to the nucleus. Foxk2 deficiency leads to increased apoptosis in proliferating cells, whereas Foxk2
overexpression prevents cells from programmed cell death. Developing Xenopus embryos are
severely affected and suffer from growth retardation in the absence of FoxK2. We propose a role
for Foxk2 in regulation of cell survival of proliferating cells and embryonic development.

70



Introduction

Embryonic development requires tight regulation of various biological processes including re-
gional patterning, and cellular proliferation, differentiation and maintenance. The accurate tempo-
ral and spatial expression of executive factors is controlled by tissue specific transcription factor
families. One such family comprises the forkhead family, consisting of over 100 members in a
large variety of species sharing a highly conserved DNA binding domain called forkhead, based
on the founder member in Drosophila [335, 168]. The majority of forkhead factors are involved in
embryonic development of tissues such as lung, kidney and central nervous system [33]. Forkhead
factors are particularly involved in regulating the balance between proliferation, differentiation and
cell survival. Foxe3, for example, prevents lens epithelial cells from premature differentiation and
maintains them in a proliferative state [17, 25]. A similar function is exerted by Foxg1 in the cor-
tical neuroepithelium [99, 347]. Conversely, FoxO factors can have the opposite effect, inducing
cell cycle arrest in response to stressful stimuli such as oxidative stress [209, 220]. In addition to
inducing or inhibiting proliferation, forkheads also serve core regulatory functions in cell cycle pro-
gression. During G2 phase, FoxO transcription factors induce the expression of genes required for
regulation of mitotic entry and completion [4, 81, 305], and chromosomal translocations involving
FOXO factors are associated with several forms of cancer [85, 236, 10, 277, 20]. In similar fashion,
FoxM1 controls cell cycle progression at the S- and G2/M phases by transcriptional regulation of
multiple phase-specific genes [172, 351, 159, 329]. Interestingly, in Saccharomyces cerevisiae, the
forkhead Fkh2 is a key factor in transcriptional regulation of a whole cluster of genes in the G2/M
phase of the cell cycle [343], suggesting that forkhead regulation of proliferating cells is highly
conserved.

In mice, Foxk1 (previously known as MNF) is the only known member of the Foxk subfamily.
It induces proliferation of myogenic stem cells during muscle development and in regeneration
upon muscle injury [87, 104]. In man, a factor called interleukin enhancer binding factor 1 (ILF1)
is thought to belong to the Foxk family as well. Identified as factor binding to purine rich motifs in
the HIV long terminal repeat and interleukin-2 promoter, it is known to bind constitutively to the
latter promoter, where it is required for interleukin-2 activation in T-lymphocytes [225].

Here, we describe the identification and characterisation of the murine Foxk2 transcription fac-
tor. Foxk2 is expressed in various epithelial areas where proliferation and differentiation take place
continuously, as well as in immortalised cell lines. We demonstrate that Foxk2 and orthologous
factors are important for survival of proliferating cells, and have a vital role during embryonic
development.

Experimental procedures

Animals and tissues

Embryos from embryonic day 18.5 (the day of vaginal plug detection was considered embryonic
day 0.5) and adult brain tissue were collected from C57/Bl/6 mice, immediately frozen on dry ice
and stored at -80 ◦C. 16 µm cryosections were made and mounted on SuperFrost+ slides (Menzel
Glaser), and stored at -80 ◦C till further use in in situ hybridisation.
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Isolation of the mouse Foxk2 cDNA

From adult mouse ventral midbrain tissue (C57/Bl6), total RNA was isolated using TRIzol Reagent
(Invitrogen) and reverse transcribed using Superscript II (Invitrogen) in combination with both
oligo(dT) and random hexamer primers. A 169 bp fragment was isolated in a PCR (annealing tem-
perature of 55 ◦C) using degenerate oligonucleotides 5´-AAGCCACSSTACWSCTATG-3´ (for-
ward) and 5´-CACAACCTBTCYYTKAACM-3´ (reverse), deduced from a subset of forkhead
transcription factors. Multiple expressed sequence tags (ESTs) are available (e.g. Genbank ac-
cession numbers BG807887, CN784330 and BI697262) that were used to compile the complete
coding sequence of the murine ILF1 orthologue, including partial 5´- and 3´- untranslated regions
(-144 bp till 55 bp after STOP codon). The cDNA was isolated in two steps. A 1895bp frag-
ment spanning bp 117 of the coding sequence till 55bp after the termination codon was isolated in
a Qiagen One-Step RT-PCR (forward primer: 5´-CGAGTACCTCATGAAGAAGC-3´; reverse
primer: 5´-CAGCATCTCCTTTTGGCAC-3´, annealing temperature of 56 ◦C). The remaining 116
bp fragment was amplified from genomic DNA using a high-efficiency Expand Long Template
PCR kit (Roche) with addition of DMSO (forward primer: 5´- ATCCCTGTGACATACGGGTC-
GATG -3´; reverse primer: 5´- TGGTGGTGAGTCTAGCCTTCCTTG -3´, annealing temperature
of 52 ◦C), and the complete cDNA was compiled using an XhoI restriction site in an overlapping
part. The alternatively spliced region was amplified along with the full length 3´ end.

In situ hybridisation

For in situ hybridisation, we amplified a 824 bp fragment spanning the C-terminus from just beyond
the forkhead domain till the STOP codon (forward primer: 5´- GCCCAGACCCCCGAGAGCCT
-3´; reverse primer: 5´- CTAGTTCTGGATTGCCTTTTCTC -3´), which exhibits the lowest level
of sequence similarity to its closest relative Foxk1 (<45%). This fragment was subcloned into the
pGEMT-easy vector (Promega) for digoxigenin labelling. Both sense and antisense cRNA probes
were synthesised by in vitro transcription using T7- or Sp6-RNA polymerase in combination with
a DIG-RNA Labelling kit (Roche). We have never observed any positive signal using the sense
probe.

Briefly, the in situ hybridisation procedure was as follows (all steps at room temperature un-
less indicated otherwise). Cryosection slides were fixed for 10´ in paraformaldehyde (PFA, 4%
in phosphate-buffered saline), washed 3x in phosphate-buffered saline (PBS) and acetylated for
10 min in a solution containing 245 ml H2O, 3.3 ml triethanolamine, 438 µl 37% HCl and 625 µl
acetic anhydride. After three more washing steps in PBS, slides were incubated for 2 hours at room
temperature for prehybridisation in 50% deionized formamide, 5x SSC, 5x Denhardt´s solution,
250 µg/ml tRNA from Baker´s yeast, and 500 µg/ml sonificated salmon sperm DNA. Hybridis-
ation was performed overnight at 72 ◦C in 150 µl prehybridisation mix, with probe added at a
concentration of 800 ng/ml hybridisation mix. Probes were removed by incubation for 2 hours in
0.2x SSC at 72 ◦C . After room temperature washes in buffer 1 (100 mM TrisHCl pH 7.4, 150 mM
NaCl), sections were incubated for 1 hour in a humidified chamber with HIFCS, 10% in Buffer 1,
followed by a 1 hour incubation with alkaline-phosphatase-conjugated anti-DIG antibody (Roche,
diluted 1:5000 in Buffer 1 with 1% HIFCS). Sections were subsequently washed in buffer 1, and
preincubated in 100 mM TrisHCl pH 9.5, 100 mM NaCl and 50 mM MgCl2 (Buffer 2). Finally,
mRNA localisation was visualised after overnight incubation with NBT/BCIP (Roche) and lev-

72



amisole (200 µl and 2.4 mg in 10 ml Buffer 2) in the dark. The colour reaction was terminated by
the addition of 10 mM TrisHCl pH 8.0 and 5 mM EDTA pH 8.0. Sections were dehydrated with
ethanol and mounted in Entellan (Merck).

Cell culture

Cells of all cell types (HEK-293, NIH3T3, AtT20, OS3, N2a and Rat1 fibroblasts) were cultured
in Dulbecco´s modified Eagle´s medium supplemented with 10% (v/v) heat-inactivated fetal calf
serum (HIFCS), 100 units/ml penicillin, 100 units/ml streptomycin, and 2 mM L-glutamine in a
humidified atmosphere with 5% CO2 at 37 ◦C. Twenty-four hours before transfection, cells were
seeded in appropriately sized plates.

Foxk2-GFP translational fusion

The full length Foxk2 coding sequence was fused in frame to a green fluorescent protein (GFP)
reporter gene. Using primers containing appropriate restriction sites, the Foxk2 coding sequence
(without the STOP codon) was positioned upstream of the pEGFP-N1 vector (Clontech), whereby
the resulting construct (Foxk2-EGFP) codes for a fusion protein of Foxk2 linked to GFP, which
contains the STOP codon. HEK-293 cells were grown on coverslips, and cultured for another 24 h
after calcium phosphate transfection with expression vectors in medium with or without 10% (v/v)
HIFCS. Cells were fixed in 4% PFA, embedded in Dabco-mowiol and analysed by fluorescence-
microscopy.

RT-PCR screen

Randomly selected mouse and human cell lines were cultured in 100 mm dishes, and total RNA
was extracted using TRIzol Reagent (Invitrogen), and subsequently reverse transcribed using Su-
perscript II (Invitrogen) in combination with both oligo(dT) and random hexamer primers. Us-
ing intron-spanning FoxK2 primers in exons 5 and 6 (mouse forward 5´- ATTCAATTCGCCA-
CAATCTCTC -3´ and reverse 5´- AAACCTGGCCTCCTGGATG -3´; human forward 5´- GCCA-
CAATCTCTCTCTGAATC -3´ and reverse 5´- TTCCTGGATGACAGCGAG -3´, annealing tem-
perature of 56 ◦C for both primer sets), we were able do distinguish between PCR end-products
from cDNA (353 bp and 335 bp for mouse and human resp.) and genomic origin (1044 bp and
1413 bp).

Northern Blot

NIH 3T3 murine fibroblasts were grown in 75 cm2 flasks in medium containing 10% (v/v) HIFCS.
After 24 hours, medium was replaced by fresh medium with or without HIFCS. Twenty-four hours
later, cells from both conditions were harvested and RNA was isolated using TRIzol Reagent
(Invitrogen).

Total RNA (10 µg) was denatured by glyoxylation (1 h at 55 ◦C) and loaded onto agarose gels
(1.5% in BPTE buffer) for electrophoresis. RNA was transferred to a positively charged nylon
membrane (Hybond-N+, Amersham) by downward capillary blotting. After washing in 6 x SSC
and 1% (w/v) SDS in 0.2 x SSC, RNA was fixed to the membrane by UV cross linking. Hybridi-
sation, preceded by prehybridisation, was performed overnight at 65 ◦C using 32P-labelled cDNA
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probes for Foxk2 (full-length coding sequence) and GAPDH (bp 97 - 981 of coding sequence), la-
belled with a Random primed labeling kit (Roche). After high stringency washing, the membrane
was exposed to a blanked phosphor-imager screen and analysed on a FLA-5000 (FUJI).

siRNA design and efficiency

To study Foxk2 function in vitro, we used synthetic siRNAs to knock down Foxk2 expression. Four
Foxk2 specific siRNA duplexes were purchased (Proligo), 5’-UUACUGUCCAGCGGCAGCUTT-
3’ (sense strand, si1280), 5’-GCCAACAUAUGGAGAGGACTT-3’ (si1766), 5’-UUUAUCAGGA-
GCCAUUGUATT-3’ (si886) and 5’-UUUGAUGAAAUAACGGUUCTT-3’ (si909). The numbers
in the siRNA names refer to the relative position in the Foxk2 coding sequence. Two of these
(si1280 and si1766) were designed by the Proligo online design tool. The other two (si886 and
si909) were designed manually based on guidelines proposed by Reynolds and colleagues [253].
As controls, a scrambled siRNA was designed with a similar nucleotide composition as si1280
(siCON, 5’-GGGACGUUCACAGACUAGCTT-3’) and a functional GFP-specific siRNA (siGFP)
was purchased from Dharmacon (GFP Duplex III [158]). We never observed any effects using
siCON compared with pBluescript (pSK) carrier DNA controls.

Western Blot. In the absence of an antibody against Foxk2, we tested the efficiency of these
siRNAs to downregulate exogenous Foxk2-EGFP levels. HEK-293 cells were grown in 6-well
plates and transfected with a total of 5 µg of DNA/well (Calcium phosphate method) comprised of
0.6 µg siRNA, 0.6 µg Foxk2-EGFP vector, 0.6 µg pDsRed-Express-N1 (Clontech) and 3.2 µg pSK
carrier DNA. The pDsRed-Express-N1 vector was included to control for differences in transfec-
tion efficiencies between individual samples, and red fluorescence was measured on a FLA-5000
imager (FUJI). After transfection, cells were grown for another 48 h in the presence of serum
before harvesting with lysis buffer containing 50 mM TRIS, 1 mM EDTA, 1 mM EGTA, 0.5%
Triton X-100, 1 mM phenylmethylsulfonyl fluoride, 100 mM sodium fluoride and 1 mM sodium
vanadate on ice. Insoluble material was removed from the sample by brief centrifugation. Concen-
trated SDS sample buffer containing 66 mM TrisHCl pH 6.8, 3% (w/v) SDS, 5% (v/v) glycerol,
0.001% (w/v) bromophenol blue and 2% (v/v) beta-mercapthoethanol was added to the samples
before samples were heated for 15´ at 100 ◦C. Protein samples were separated by 9% SDS-PAGE.
After electrophoresis protein was transferred to nitrocellulose membranes (Amersham) using a
Biorad wet Blotting apparatus according to manufacturer’s instructions. Protein transfer and blot-
ting efficiency were verified with ponseau-S. Blots were blocked for 1 h at room temperature in
PBS containing 0.05% Tween-20 (PBS-Tween) and 5% milkpowder. Membranes were incubated
with anti-GFP, diluted 1:10000 in PBS-Tween, for 1 h at room temperature. Secondary anti-rabbit
antibody-HRP conjugate was diluted 1:50000 in PBS-Tween and incubated for 45´ before visuali-
sation with ECL detection substrate (Amersham) and HyperFilm (Amersham).

Immunocytochemistry. To test the efficiency of the siRNAs in murine cell lines, NIH3T3 and
AtT20 cells were grown on coverslips in 6-well plates and transfected with 0.6 µg siRNA or pSK
and 0.6 µg Foxk2-EGFP vector using Lipofectin (Invitrogen). Cells were subsequently grown
for 48 h in the presence of serum, fixed in 4% PFA and embedded in Dabco-mowiol. Using
fluorescence microscopy, the number of green fluorescent cells was counted for each coverslip.
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Cell cycle immunocytochemistry

BrdU staining. NIH3T3 cells were seeded on coverslips in 12 wells plates in medium containing
10% (v/v) HIFCS. After 24 h, cells were transfected with 0.3 µg siRNA (or pSK) in combination
with 0.3 µg pEGFP-N1 expression vector using Lipofectin. After 48 h, cells were pulse-labelled
for 1h with 10 µM BrdU (Upstate) in serum supplemented medium at 37 ◦C. Cells were fixed for
20´ in 4% PFA, and subsequently permeabilised with 0.2% Triton-X-100 in PBS (PBST) for 10´.
Following blocking for 20´ with 10% HIFCS in PBS, cells were treated for 90´ with DNAseI (50
U/ml) in PBS containing 0.5 mM CaCl2 and 0.9 mM MgCl2. Cells were then incubated for 1 h
with anti-BrdU (1:200, Neomarkers) in PBST in the dark, followed by 1 h with Cy3 conjugated
donkey anti-mouse IgG (1:400, Jackson ImmunoResearch Laboratories, Inc.) in PBST in the dark.
Finally coverslips were embedded in Dabco-mowiol and analysed by fluorescence microscopy. All
steps were performed at room temperature unless stated otherwise. For 50-100 green fluorescent
cells, BrdU incorporation was evaluated as either positive or negative without prior knowledge of
sample identity. Experiments were performed at least 4 times.

Phospho-Histone H3 (Ser10) staining. NIH3T3 cell culture and transfection were essentially
similar to the BrdU stained cells. Control transfections with pSK were not considered a require-
ment anymore since we have never observed any difference between siCON and pSK. After 48 h,
cells were fixed for 20´ in 4% PFA and permeabilised in PBST for 3´. Cells were blocked for 30´
with 5% HIFCS in PBS and incubated for 2 h with α-phospho-Histone H3 (Ser10, Upstate) diluted
1:200 in PBS in the dark. After 1 h incubation in the dark with Cy3 conjugated goat anti-rabbit IgG
(1:400, Jackson ImmunoResearch Laboratories, Inc.) coverslips were embedded in Dabco-mowiol
and analysed by fluorescence microscopy. All steps were performed at room temperature unless
stated otherwise. For 100 green fluorescent cells, phosphorylation of histone H3 was evaluated as
either positive or negative without prior knowledge of sample identity. Experiments were repeated
at least 4 times.

Flow cytometry

NIH3T3 cells were grown in 100 mm dishes and transfected and treated as described above, with
the amounts adjusted to the number of cells. For propidium iodide (PI) analysis, pEGFP-n1 was
substituted by a membrane-localised spectrin-GFP fusion vector [140]. Forty-eight hours after
transfection, cells were harvested and fixed in ice-cold 70% ethanol, washed with PBST and sub-
sequently stained with PI. In case of transfection with the pEGFP-n1 and Foxk2-EGFP expression
vectors, cells were harvested and incubated with hoechst 33342 without prior fixation. DNA pro-
files of transfected (green fluorescent) cells were determined by flow cytometry.

Xenopus laevis embryo manipulation

Fertilisation, growth conditions and buffers used were as described previously [321]. Embryos
were staged according to Nieuwkoop and Faber [224]. A FoxK2 specific morpholino (5´- CAGC-
CCCACAAACCGCGACCGCCAT - 3´) and control morpholino (5´ - CCTCTTACCTCAGTTA-
CAATTTATA - 3´) were designed by and purchased from Gene Tools (Oregon, USA), based on
the Xenopus FoxK2 orthologue (Accession number BC046369). Morpholinos were micro-injected
into each blastomere at the 4-cell stage (10 ng or 20 ng per blastomere). Injected and non-injected
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control (NIC) embryos were grown until the NICs had reached stage 28 and subsequently fixed in
4% PFA.

Results

Isolation and characterisation of the murine Foxk2 cDNA

In a attempt to identify forkhead transcription factors expressed in murine ventral midbrain tissue,
we isolated a 169 bp fragment in a RT-PCR based approach using degenerate oligonucleotides.
Interestingly, this murine fragment shared most sequence homology to a human gene, coding for
the interleukin enhancer binding factor 1 (ILF1), a factor that binds to purine rich motifs in the
HIV long terminal repeat and interleukin-2 promoter [183, 184, 225]. Initially identified as ILF1,
it has also been referred to as FOXK1a [195], and the ILF1 name has been used as an alternative
for Myocyte nuclear factor (MNF) and FOXK1 [33]. Based on sequence analysis, however, ILF1
appears to be a second member of the human FOXK subfamily, and in accord with the forkhead
nomenclature should be referred to as FOXK2 [136], but a murine orthologue has never been
reported. The complete coding sequence of the murine Foxk2 was then compiled using a whole set
of mouse-derived expressed sequence tags (ESTs). Except for the first 116 bp, the complete coding
sequence was isolated by PCR from an adult brain cDNA library. We were unable to amplify a
short fragment at the 5´ end from cDNA, despite the existence of several ESTs confirming our
prediction. This was possibly due to high GC content in both the remaining coding fragment
(87%) and 5´UTR (83%). Since all available ESTs were in agreement about the location of the 5´
end, we used genomic DNA to isolate the fragment.

Figure 26 shows the cDNA sequence that we isolated, a 2155 bp sequence, 1953 bp of which
code for the Foxk2 protein. No murine EST exists that extends beyond the depicted 144 bp 5´UTR,
whereas the 3´UTR was isolated from cDNA but is thought to extend until at least 578 bp down-
stream of the STOP codon based on the longest available 3´ EST (CF737245). The first polyadeny-
lation signal (AAUAAA), however, is located at 1794 bp downstream of the STOP codon. The
predicted starting codon (Bold in Fig. 26) is embedded in a beneficial context for initiation of
translation, as the AUG is surrounded by a G in positions -3 and +4 [156], and additional upstream
ATGs are absent in all three frames. The mouse Foxk2 gene codes for a 651 amino acid protein,
containing a forkhead DNA binding domain. In addition, Foxk2 contains a so-called forkhead
associated domain (FHA), a mediator of protein-protein interactions that specifically recognises
and binds phosphorylated threonines on target proteins and is mainly found in cell cycle related
proteins [68, 97].

The mouse Foxk2 gene is located at the outermost end of chromosome 11qE2, syntenic to
chromosome 17q25 where the human orthologue is found [184]. The mRNA of the full length
Foxk2 protein is divided into 9 exons, ranging in size from 146 bp till 392 bp. The gene spans over
47 kb, with a particularly large first intron (24,9 kb), although we cannot exclude the possibility
of additional non-coding exons. Additionally, we isolated an alternatively spliced form of Foxk2,
which completely lacks exon 8, a 210 bp region not part of either the FHA or forkhead domain. In
man, two alternative splice forms exist, and despite the presence of a single EST corresponding to
a third splice form in mice (BM944406), we have not been able to amplify it from brain tissue.
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Figure 26: Nucleotide and deduced amino acid sequence of the murine Foxk2 transcription factor. Amino acids
residues are depicted in single-letter codes. The uppercase sequences indicate the forkhead associated domain and
forkhead DNA binding domain (underlined). Start codon is highlighted in bold/italic. Exons are labelled with a
number, and the a` signs refer to exon boundaries in the full length coding sequence. Splicing of exon 8 (dashed
underlining) generates a 1743 bp alternative mRNA. Numbers of the left and right indicate nucleotide and amino acid
positions, respectively.
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Figure 27: Alignment of FoxK2 proteins from Mus musculus (Mm), Homo sapiens (Hs), Xenopus laevis (X), Gallus
gallus (Gg) and Drosophila melanogaster (Ds). Residues in black are completely conserved in all five species, whereas
grey residues are conserved across 4 out of 5 species. Note that except for the N-terminus, FoxK2 is highly conserved.
Dots within the alignment represent gaps in the sequence alignment, whereas the dots in front of GgFoxK2 indicate
that the protein extends N-terminal to the alignment.
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Sequence analysis of the FoxK subclass of transcription factors

Together with Foxk1 [104], Foxk2 comprises the Foxk subfamily in mouse, as do their human or-
thologues. In Xenopus laevis, FoxK2 has also been identified (Accession number BC046369) and
putative orthologues can be found in species including Gallus gallus (XM_425369), Drosophila
melanogaster (NP_729672), and Saccharomyces cerevisiae (Fkh2). Interestingly, FoxK2 proteins
are highly conserved across species, and the murine Foxk2 shares 95% identity with FOXK2 and
84% with its Xenopus counterpart (Fig. 27). Within the forkhead domain, only one small change
(valine to isoleucine, both are aliphatic residues) distinguishes human from mouse Foxk2, whereas
the forkhead domains of mouse and Xenopus are identical. Despite a highly conserved three-
dimensional structure, forkhead associated domains are remarkably distinct at the sequence level
[97], which partially applies to FoxK2 factors, where the FHA is highly divergent, except for a 35
AA stretch. In fact, the N-terminus shows significantly lower levels of sequence identity compared
with the C-terminus. Still, the relatively conserved MAAAL-like starting residues indicate that
the designated starting codon is indeed correct. Compared to its closest relative, Foxk1, there is
limited conservation outside the conserved forkhead and FHA domains, exhibiting 71% identity
relative to the full length Foxk1 (90% in forkhead domain).

Expression of Foxk2 during late embryonic development

We have previously described the expression pattern of Foxk2 in the developing and adult central
nervous system [340]. To gain more insight in the expression pattern of Foxk2, we conducted in
situ hybridisations on E18.5 mouse embryos, when formation of most tissues is in its final stages of
development, and therefore provide a good overview of all tissue and cell types. Figure 28 shows
tissues with distinct Foxk2 expression. Expression in the dental and olfactory systems was highly
restricted to the epithelial layers (Fig. 28A-B). In the thymus, there was widespread expression
which seems more pronounced in cortical areas where immature lymphocytes are located (Fig.
28C). Foxk2 was also expressed in the hair follicles of the skin (Fig. 28D) and in the kidney (Fig.
28E), where expression was largely confined to mesenchymal cells in the outer nephrogenic zone,
where cells are born and differentiate during migration into more central zones. Finally, Foxk2
was expressed in restricted areas of the intestinal epithelium (Fig. 28F), including the proliferative
compartment. Interestingly, most of these areas are sites where continued proliferation occurs.

FoxK2 expression in exponentially dividing cell lines

In order to study functions of Foxk2 in vitro, we searched for an appropriate cell line that expresses
Foxk2. Using primers to distinguish between cDNA and possible genomic contamination, we
employed RT-PCR to screen several randomly selected cell lines for FoxK2 expression. Strikingly,
FoxK2 transcripts were detected in all cell lines examined in this study, in a large variety of cell
types (Fig. 29). To determine whether Foxk2 expression levels were dependent on proliferation
status, we performed Northern blot analysis of Foxk2 levels under both serum-rich and serum-free
conditions. Despite a robust inhibitory effect on cell proliferation by serum starvation, we only
observed a slight decrease, if any, in the expression levels of Foxk2 in NIH3T3 cells (Fig. 29B).
Interestingly, only a single RNA band could be observed, suggesting that a single form of Foxk2
is sufficient for its in vitro function, in this cell type at least.
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Figure 28: Foxk2 expression pattern at E18.5. Foxk2 is expressed in cells in the dental (A) and
olfactory epithelium (B). In the thymus, Foxk2 seems to be expressed in a slight gradient from the
outer cortical areas to the more central located medulla (C). In the skin, Foxk2 expression displays
the typical patchy pattern of the hair follicles (D). Kidney expression is conned to the outer zone,
also referred to as the nephrogenic zone (E). In the intestinal epithelium, staining is visible in the
proliferative compartment and underlying mucosa (F). (A´-F´) Magnifications of boxed areas in
A-F. Note that expression areas are often sites where proliferating and immature cells are located.
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Cell line Species origin Cell type Evidence
AtT20 Mouse Pituitary gland tumour cells RT-PCR
N2a Mouse Neuroblastoma cells RT-PCR
NIH3T3 Mouse Embryonic fibroblasts RT-PCR, northern blot
OS3 Mouse Glial cells RT-PCR
HEK293 Human Embryonic kidney cells RT-PCR
HeLa Human Epithelial cervical carcinoma cells Northern blot [183]
Jurkat Human Leukaemia derived T-lymphocytes Western blot [225]
Rat1 Rat Fibroblasts RT-PCR

Figure 29: FoxK2 is expressed in all examined cell lines. (A) A representation of primer design for
the RT-PCRs conducted on murine cell lines. Resulting fragments correspond to either cDNA (353
bp) or genomic DNA (1044) coding for Foxk2 exemplified for NIH3T3 cells after gel electrophore-
sis. A similar design was applied to human and rat cDNA samples. (B) Northern hybridisation of
Foxk2 and GAPDH mRNA from NIH3T3 cells. Only a minor decrease, if any, can be observed
in serum-free conditions. GAPDH serves as an indicator of the sample load. (C) Overview of cell
lines positive for FoxK2 expression. References are included when evidence does not come from
this study.
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Figure 30: In vitro application of siRNA effectively knocks down Foxk2 levels. (A) Western blot
depicting the levels of Foxk2-GFP and GFP when transfected in the presence of different siRNAs,
indicated above each lane. (B) Total number of green fluorescent NIH3T3 cells after transfection
of Foxk2-EGFP in combination with different siRNAs or pSK. (C) Similar to (B) for AtT20 cells.
Note the large decrease in Foxk2-GFP levels upon transfection with si886 and si909.

siRNA downregulates Foxk2 in vitro

To obtain an effective model of Foxk2 loss-of-function, we screened several synthetic siRNA du-
plexes for their efficiency to knock down Foxk2 levels. Since an antibody against Foxk2 did not
exist, we could not directly test the ability of siRNA to downregulate endogenous FoxK2 levels.
We therefore co-transfected HEK-293 cells with siRNAs against the murine Foxk2 gene together
with a Foxk2-EGFP expression vector, and measured levels of Foxk2-green fluorescent protein
fusion protein. Using an antibody against green fluorescent protein (GFP), we observed an ap-
proximately 100 kDa size fusion protein. Since EGFP has a molecular weight of 25 kDa, this
corresponds to previous reports of the 75 kDa human FOXK2 [225]. Of the four siRNA duplexes
examined, si886 and si909 appeared highly efficient in downregulating Foxk2-EGFP levels (Fig.
30A), whereas si1280 and si1766 had only minor effects compared to control siRNA, which sup-
posedly has no effect because of a lack in sequence homology. As expected, GFP-specific siRNA
was also capable of reducing the amount of fusion protein. Interestingly, the most potent siRNAs
were based on guidelines for siRNA design, confirming the value of these proposals by Reynolds
and colleagues [253]. Contrary to Foxk2-EGFP, EGFP levels were not significantly affected by
any of the Foxk2-specific siRNAs, in contrast to siGFP.

Since we could only test murine siRNAs on the Foxk2-EGFP fusion vector, we then tested
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whether the functional siRNAs had similar abilities in murine cell lines. Because they could not
be transfected with Foxk2-EGFP fusion vector at similar efficiency levels as HEK-293 cells, we
transfected NIH3T3 and AtT20 cells on coverslips and counted the total number of green fluores-
cent cells (Fig. 30B), as an alternative to Western blot. In both cell lines, si886, si909 and siGFP
caused a reduction of approximately 90% in the number of GFP positive cells, compared to control
siRNA. Replacing siRNA with carrier DNA (pSK) resulted in similar numbers to control siRNA,
discarding the possibility of an aspecific effect of siRNA. Considering the high efficiency of these
siRNA duplexes to downregulate exogenous FoxK2 levels, we anticipate a substantial decrease on
endogenous Foxk2 levels too.

Figure 31: Reduced proliferation in cells lacking Foxk2. (A) Representation of microscopic view
of GFP positive cells (left column), red fluorescent labelled BrdU molecules (S-phase marker,
middle column) and both fluorescent channels at the same time (merged, right column). The table
displays the average percentage of BrdU positive cells for each situation. (B) Similar to (A) but
BrdU substituted for phosphorylated histone H3 (p-H3, M-phase marker). Note the decrease in the
number of cells in both phases of the cell cycle when transfecting si886, and a smaller decrease
with si909. Error bars indicate standard error of the mean.

Reduced proliferation in Foxk2 deficient cells

To determine whether Foxk2 can influence the cell cycle, we labelled cells for either BrdU or
phosphorylated histone H3, markers for S- and M-phase, respectively. We transfected NIH3T3
fibroblasts with siRNA in combination with a vector for GFP to select for transfected cells, and
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determined for each green fluorescent cell whether it was positive or negative for these markers
(Fig. 31). Both control samples (siCON and pSK) gave similar results in the BrdU experiments,
and as differences have never been observed, pSK controls were left out in subsequent experi-
ments. In the BrdU experiments, we observed a decrease in the number of BrdU positive cells of
approximately 45% with si886, and a smaller reduction (15%) with si909. Such a reduction in
BrdU incorporation suggests a decrease in the number of cells in S-phase, although lengthening
of the cell cycle is another possibility due to the time-window of incorporation. A similar pattern,
however, was observed when cells were labelled for phosphorylated histone H3, with a decrease of
over 50% for si886 and approximately 30% upon transfection with si909. Together, the reduction
of cells in both S- and M-phase suggests that Foxk2 deficiency results in reduced proliferation.
Interestingly, the yeast orthologue of Foxk2, the forkhead factor Fkh2, is a key factor in transcrip-
tional regulation of a whole cluster of genes in the G2 phase of the cell cycle in Saccharomyces
cerevisiae [343] suggesting that the proliferation defects are possibly due to an impairment in cell
cycle progression.

Figure 32: Foxk2 mediates cellular survival rate. Cell cycle distribution of cells transfected with
siRNA, Foxk2- EGFP or carrier DNA. Cells were either co-transfected with spectrin-GFP and
stained with PI (A) or co-transfected with just GFP and stained with hoechst 33342 (B). Tables
display the percentages of subdiploid (DNA content <2n) cells. Note the enlarged subdiploid
peak in si886 and si909 samples relative to siCON, which is reduced upon Foxk2 overexpression
(Foxk2).
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Changes in Foxk2 levels induce altered cell survival rates

To gain a more detailed view of the observed proliferation defects, we analysed the cell cycle dis-
tribution by measuring DNA content in cells with or without Foxk2. Strikingly, we did not find
any clear changes in the cell cycle distribution upon downregulation of Foxk2, with a similar per-
centage of cells present in all phases of the cell cycle (Fig. 32A). This suggests that the decreased
proliferation is not due to defect in the cell cycle machinery. We did, however, observe an increase
in the number of cells with a DNA content of less than 2n, a feature indicative of apoptotic cell
death due to nuclear condensation [56]. Interestingly, upon transfection with an expression vector
coding for Foxk2 fused to EGFP, this subdiploid peak in DNA content histograms was markedly
reduced, complemented by an enlarged 2n peak, whereas the G2/M peak was unaltered (Fig. 32B).
Together, this suggests that Foxk2 is implicated in regulation of cell survival of proliferating cells.

Figure 33: Subcellular localisation of Foxk2 is not regulated by insulin signalling in vitro. Dis-
played is the intracellular localisation of protein products of transfected expression vectors in HEK-
293 cells. Enhanced GFP (EGFP, left column) is normally distributed throughout the cell under
both serum-rich and -free conditions. Foxk2 fused to enhanced GFP (middle column) is localised
to the nucleus under both circumstances. In contrast, Foxo1-EGFP is translocated from the cytosol
to the nucleus upon serum-starvation (right column).

Subcellular localisation of Foxk2 is not regulated by insulin signalling

For transcription factors to be functional, they need to be present in the nucleus. The FoxO family
is also known to be involved in regulation of cell survival. Interestingly, the activity of FoxO
factors is regulated by protein kinase B (PKB) upon insulin stimulation, whereby phosphorylation
of forkhead proteins results in intracellular translocation to the nucleus [311, 345]. To investigate
whether such an insulin-responsive posttranslational mechanism could regulate Foxk2 activity, we
cultured cells transfected with an expression vector coding for Foxk2 fused to Enhanced GFP, in
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serum-rich (insulin-like growth factor containing) or serum-free medium. Under normal, serum-
rich conditions, Foxk2-EGFP was localised in the nucleus, whereas EGFP alone was distributed
throughout the cell (Fig. 33). In contrast, a Foxo1-GFP fusion protein was excluded from the
nucleus and accumulated in the cytosol. Upon serum deprivation, Foxo1 mostly translocated to the
nucleus where it can regulate the expression of downstream target genes. The intracellular location
of Foxk2, however, was not influenced by insulin signalling and is still restricted to the nucleus.
As expected, GFP showed no preference for nucleus or cytosol under serum-rich of serum-free
conditions. Foxk2 localisation, therefore, seems constitutively nuclear and was not influenced by
insulin-like or other growth factors in serum.

Developmental defects in Xenopus embryos deficient in FoxK2

Since Foxk2 transgenic or knockout mice were not available, we studied the importance of FoxK2
for embryonic development in Xenopus laevis, which is easily manipulated by injection of sta-
ble antisense oligo stretches (´morpholino´) that block translation of target mRNA. We injected
a FoxK2 specific morpholino (MO) into all blastomeres at the 4-cell stage, and observed severe
defects in the development of these embryos (Fig. 34). Embryos were grown until non-injected
control (NIC) embryos had reached tailbud stage 28. When compared to embryos injected with
a control morpholino, FoxK2 MO injected embryos were severely growth retarded and about half
the size. From a macroscopic view, however, neurulation seemed to have taken place (Fig. 34B)
suggesting that the basic bodyplan was generated, but that subsequent growth and morphogenesis
were affected. Since neurulation is normally completed around stage 20, the phenotype becomes
apparent quite soon after this stage. Upon two-fold higher doses of FoxK2 MO, the developmental
defect was more severe, suggestive of a dosage dependent morphological defect, and anatomical
structures became hard to distinguish (Fig. 34C). The similar developmental phenotypes of con-
trol MO injected and non-injected embryos discarded possible aspecific effects due to morpholino
injection (Fig. 34D). These data indicated that FoxK2 served a vital role in postneurulation em-
bryonic development.

Discussion

We describe here the identification of the murine orthologue of the human interleukin enhancer
binding factor 1, which belongs to the highly conserved FoxK subfamily. In situ hybridisation
revealed Foxk2 is frequently expressed in epithelial tissues packed with dividing and immature
progenitor cells. In addition, Foxk2 is expressed in all exponentially dividing cell lines examined
so far, which suggested that FoxK2 might play a role in regulation of proliferation and/or differen-
tiation. Using specific siRNAs to deplete cells in vitro, we demonstrated a decrease in the number
of proliferating cells. However, this was not caused by defects in the cell cycle machinery, as could
be expected based on the cell cycle defects observed in the yeast cells lacking the Foxk2 orthologue
Fkh2. Instead, we observed increased apoptosis in cells with decreased Foxk2 level, whereas cells
with increased levels of Foxk2 remain in G0/G1 phase and are prevented from cell death. This
suggests that FoxK2 regulates survival of proliferating cells, both in epithelial tissues with contin-
ued proliferation and in immortalised cell lines. Intriguingly, numerous ESTs coding for FoxK2
have been identified in both human and murine tumours and carcinomas (e.g. ESTs BF121760,
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BG682076, BM463672, BE908382), suggesting that FoxK2 may be involved in survival of tumour
cells as well.

A role for forkhead transcription factors in cell survival has previously been described for
FoxO factors, which induce particular cell types to go into cell cycle arrest, a quiescent state more
favourable in stressful conditions [220, 152], although apoptosis is induced in several other cell
types [26, 91, 61]. One mechanism by which FoxO factors mediate cell cycle arrest is through
transcriptional upregulation of the cell cycle inhibitor p27KIP1[63, 209]. Interestingly, in mice
with targeted mutation of Foxk1, the closest relative of Foxk2, myogenic stem cells display prolif-
eration defects, which is due to upregulation of the cell cycle inhibitor p21CIP1 [104, 88]. Simi-
larly, Foxg1 normally maintains cortical progenitors in the neuroepithelium in a proliferative state
through inhibition of the cell cycle inhibitor p21CIP1[275]. Seoane and colleagues have also
shown that Foxg1 and FoxO factors can interact at the p21CIP1promoter [275], suggesting that
the CIP/KIP family of cyclin-dependent kinase inhibitors are common cellular targets of forkhead
transcriptional regulation in proliferative tissues.

Figure 34: Xenopus embryos display developmental defects in response to FoxK2 depletion. A
representative selection of Xenopus embryos at stage 28 of development. (A) Control morpholino
(MO) injected embryos develop normally to stage 28. (B) Depletion of FoxK2 results in severe
impairments in development. This effect seems dosage dependent since the phenotype after a dou-
ble dose results is more severe (C). (D) Non-injected embryos develop similar to control injected
embryos.

Perhaps contrasting with a putative role in survival, withdrawal of growth and survival factors
did not result in substantial changes in Foxk2 expression levels. Interestingly, changes in insulin
and insulin-like growth factor conditions can modulate the intracellular localisation of FoxO family
members (reviewed in [311]). Such translocation of FoxO factors from the nucleus into the cytosol
is mediated by PKB phosphorylation of particular recognition motifs, which are lacking in Foxk2.
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However, the intracellular translocation of FoxA2 in response to insulin signalling is independent
of such PKB motifs, suggesting that other translocation mechanisms exist [345]. In addition, the
FHA domain, present in Foxk2, has been suggested to be involved in intracellular localisation of
a DNA repair complex to DNA strand breaks [302]. Using Foxk2-GFP fusion proteins we estab-
lished that Foxk2 is localised to the nucleus, irrespective of growth factor stimulation, which is
in accord with previous findings that the human FOXK2 and the yeast FKH2 bind constitutively
to motifs in target gene promoters [225, 111]. This suggests that Foxk2 activity is not regulated
at the mRNA level or by protein translocation, but is dependent on post-translational modifica-
tions or activated co-factors for transcriptional activation of target genes, possibly through protein
interactions mediated by its conserved FHA domain, in analogy to FKH2 [55, 111, 154, 239, 254].

Considering the consequences in vitro, we reasoned that Foxk2 deficiency would cause severe
defects in embryonic development. To verify this hypothesis, we set up a loss-of-function model
by morpholino injections into Xenopus blastomeres. Consistent with a proposed role in cell sur-
vival and proliferation, Foxk2 deficient embryos are severely growth retarded in their development.
From the outside, neural tubular structures could be distinguished, suggesting that the germ layers
have been established and that neurulation has been induced. This implies that the developmen-
tal defects are primarily due to failure to sustain growth during patterning and morphogenesis.
Prospective experiments to analyse these embryos in more detail should provide a more detailed
view of FoxK2 function in vivo.
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The forkhead family is a quickly expanding family of transcription factors that are important for
embryonic development. They control fundamental developmental processes by mediating the
transcriptional activation of downstream effector genes. Although their importance for embryonic
development is well documented, still relatively little is known about ´forkheads´ in development
of the central nervous system (CNS). In addition to its physiological and clinical importance, the
developmental pathways of the midbrain dopamine system have been studied extensively [289],
and this system therefore provides a good model to study forkhead functions in the brain. The aim
of this thesis was to identify forkhead transcription factors expressed in the midbrain dopamine
system, and to functionally characterise selected forkhead factors in relation to brain development
and related developmental processes. This chapter summarises and discusses our efforts to meet
these goals.

Fox hunting in the murine central nervous system
Despite recent expansions in the number of forkhead family members, little is known about the
identity and expression of forkhead factors in the central nervous system. Using degenerate RT-
PCR, we searched for forkhead factors expressed in the adult mouse brain, in particular the ventral
midbrain (Chapter 2). The murine forkhead family consists of over 30 members, 13 of which
were identified in our screen. Considering the fact that other forkheads are expressed elsewhere
in the brain, e.g. Foxg1, Foxd1 and Foxj1 [347, 38], or only transiently during development, e.g.
Foxa2 ([261] and Chapter 2) and Foxd2 ([346] and Chapter 4), this suggests that the vast majority
of forkhead factors is expressed in the adult or developing brain, and will thus have a role in
regulating brain development.

In the central nervous system, forkhead factors show highly restricted expression patterns. We
performed a detailed expression analysis for Foxj2, Foxk1 and the murine orthologue of the human
ILF1/FOXK2 gene, which show a remarkable preference for complex cortical structures of the hip-
pocampus, piriform cortex and cerebellum. Interestingly, it appears that different combinations of
forkhead genes are expressed in different brain structures, whereas no two forkheads are expressed
in exactly the same pattern (Table 3). In the CA1 area of the hippocampus, for example, Foxj2 and
Foxk2 are expressed whereas Foxk1 is not. The cerebellum, however, expresses a different com-
bination of this subset, with Foxk1 and Foxk2 in the Purkinje cell layer, and Foxj2 in the granular
cell layer. It remains to be determined whether these striking combinations are already established
during embryonic development and which temporal expression differences exist. Since the fork-
head family has expanded in species with increased anatomical brain complexity, it is tempting to
speculate that forkhead factors are key players in controlling patterning and cellular diversity in
the central nervous system, in concert with members from other transcription factor families.

We also identified the novel Foxi2 transcription factor in the central nervous system. Although
not expressed at a sufficiently high level to map expression sites in the adult brain using in situ
hybridisation, the expression pattern during embryonic development suggests that Foxi2 expression
is restricted to telencephalic brain structures, such as the cortex and striatum (Chapter 3).

Identification of novel forkhead transcription factors
A major advantage of the use of degenerate primers in RT-PCR screens for genes expressed in
particular tissues, is the possibility of isolating cDNA fragments that code for proteins that have
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Foxj2 Foxk1 Foxk2 Foxo1 Foxo3 Foxo6 Foxp1 Foxp2
dg + + + + + + - -
ca1 + - + - + + + -
ca3 + + + +(*) + + +/- -

gcl + - - - + - - -
pcl - + + - - - - +

pir + + + + + + - -

Table 3: Different combinations of forkheads are expressed in different brain structures. Examples of brain areas that
express different sets of forkhead genes in the adult brain. (*) Foxo1 is only expressed in the ventral part of the ca1
area, not in the dorsal part. +/-, Foxp1 positive cells are sporadically detected in the ca3 area. ca1 and -3, hippocampal
fields 1 and 3; dg, dentate gyrus; gcl, granular cell layer of cerebellum; pcl, Purkinje cell layer of cerebellum; pir,
piriform cortex. References, Foxj2, Foxk1 and Foxk2 [Chapter 2]; Foxo1-o6 [109]; Foxp1-p2 [75].

not previously been identified. This feature proved useful in our screen, where we isolated frag-
ments that code for two novel murine forkhead transcription factors, Foxi2 and Foxk2 (Chapter 2).
Starting from 151 - 169 bp fragments, we determined and isolated the complete coding sequences
based on expressed sequence tags (Chapter 3 and Chapter 5).

With the identification of Foxi2 and Foxk2, the murine forkhead family currently consists of
about 40 members, and for most of these human orthologues have been described. The completion
of the human genome and that of other species has accelerated the identification of the remaining
forkhead genes. Although the remaining number of mammalian forkhead factors is not yet clear, a
simple BLAST search on the mouse genome using a forkhead domain protein sequence suggests
that the majority of forkheads has been identified. Still, in other species, such as ascidian and
Xenopus, a few forkhead family members have been identified without recognised orthologues in
mice [269, 129]. In addition, the murine factors Foxi3, Foxn5 and Foxn6 have already been iden-
tified in silico [143, 144, 229], suggesting that the forkhead family is comprised of approximately
45 - 50 members in mice and man.

Function of Foxi2 and Foxk2 in the central nervous system
The importance of forkhead transcription factors for the developing brain has so far been estab-
lished for a few forkhead family members through the use of null mutant mice and human genetic
disorders [261, 165, 333, 106, 347, 166, 317]. Involved in regulation of patterning and growth, the
mechanisms through which these forkheads exert their function are still unclear for most cases.
In the developing brain, Foxi2 expression displays a remarkable specificity for telencephalic brain
structures, such as the cortex and striatum. In extraneural tissues, Foxi2 is restricted to subpopu-
lations of cells in several epithelial tissues. In some tissues, Foxi2 expression is reminiscent of its
closest relative Foxi1, which is implicated in specification of particular cell fates [18, 119]. The
expression pattern of Foxi2 in specific cells lining the endolymphatic, submandibular and salivary
ducts are consistent with a similar role in cell fate determination. The sharp boundary between te-
lencephalon and diencephalon demarcated by Foxi2 expression, points to a possible role for Foxi2
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in the regionalisation of the developing forebrain.
Foxi2 and all other forkheads implicated in CNS development to date, display specific expres-

sion patterns in the developing brain. In contrast, Foxk2 is ubiquitously expressed during the later
stages of embryonic brain development, which complicates speculation about a possible function
for Foxk2 in the developing brain. Does Foxk2 have a similar function in all different brain struc-
tures? Since it is expressed in the neuroepithelium and in postmitotic neurons, Foxk2 may induce
neuroprogenitor cells into cell cycle arrest. Alternatively, since there seems to be little preference
for particular cell populations, Foxk2 may control neuronal lineage specification. These options,
however, would not explain why Foxk2 is continuously expressed in some areas and turned off in
others. Another possibility is that in adult neurons, Foxk2 function could actually differ from that
in developing neurons.

Such a difference between forkhead function in developing and adult tissue has been demon-
strated for Foxa2, which is crucial for specification and differentiation of pancreatic α- and β-cell
development, and regulates core insulin- and glucose-related metabolic processes in adult cells
[171, 298, 174]. Interestingly, FoxO, FoxC and the remaining FoxA factors are also implicated
in regulation of insulin-related metabolism, suggesting that this is a relatively common function
for forkheads in adult cells [11, 1, 149, 281, 279]. In the CNS, insulin and the closely related
insulin-like growth factor are also implicated in glucose metabolism, in addition to regulation of
diet-associated energy balance, learning and memory and neuronal survival (reviewed in [241]). It
is therefore possible that Foxk2 serves a similar role in regulation of metabolic processes in adult
neurons.

A few studies have addressed the role of FoxO factors in insulin- and neurotrophin controlled
survival in primary cultured neurons, and found that phosphorylation of FoxO factors mediates
cell survival in hippocampal and cerebellar granule neurons [194, 360], which is in accord with
FoxO-induced neuronal apoptosis previously found in vitro [26, 91]. Conversely, phosphorylation
of FoxO factors can aggravate amyloid β-induced toxicity in Alzheimer disease [290], suggesting
a neuroprotective role for FoxO factors. Such a role would correspond to other in vitro findings
that FoxO factors can attenuate cell death through induction of a favourable metabolic state that
promotes cell survival in stressful conditions [153, 220]. Despite apparently contrasting roles,
modulation of neuronal cell survival is clearly an important function for FoxO factors, and the
findings that Foxk2 is also implicated in cell survival (Chapter 5) suggest that Foxk2 might be
involved in neuronal survival too.

Forkhead gene expression in midbrain dopaminergic neurons
Our initial screen was focused on forkheads expressed in ventral midbrain tissue, because this
region includes all dopamine neurons of the substantia nigra pars compacta (SNc) and ventral
tegmental area (VTA), collectively called midbrain dopamine (mDA) neurons. The SNc is in-
volved in control of voluntary movement and degeneration of these neurons is associated with
Parkinson´s disease [57], whereas the VTA is implicated in emotional behavioural aspects and
associated with behavioural disorders such as schizophrenia and addiction [19, 276]. In search
for novel transcription factors expressed in midbrain dopamine neurons, we identified the murine
Foxk2, which together with Foxa1 [304] is the only forkhead to date known to be expressed in mDA
neurons. Although both Foxa1 and Foxk2 seem to be present in mDA neurons during embryonic
development, Foxa1 shows a much more restricted expression pattern in the floorplate and mature
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mDA neurons [261, 304]. In contrast, Foxk2 is ubiquitously expressed during brain development,
and while its expression persists into adulthood in several brain structures, it is apparently switched
off in all other structures.

Midbrain dopamine neurons; not so midbrain after all?
Because of their implications in schizophrenia, addiction and Parkinson´s disease [57, 276, 19],
midbrain dopamine neurons are subject to intense investigation, with a particular focus on ge-
netic cascades during development of these neurons. A lot of studies on mDA development have
primarily focused on transcription factors such as Nurr1, engrailed, Lmx1b and Pitx3, which are
implicated in specification, maintenance and dopamine homeostasis [30, 289, 190].

Based on detailed analysis of anatomical markers, Puelles and Rubenstein have postulated a
model which suggests that the developing neural tube can be divided into transverse segments, or
neuromeres [244]. Dopamine neurons of the SNc and VTA are usually referred to as midbrain or
mesencephalic dopamine neurons because of their mesencephalic origin and localisation. We have
shown that expression of AADC, a marker for catecholaminergic neurons, overlaps with Foxd2
expression in a subset of immature mDA neurons (Chapter 4). Interestingly, we and others have
also demonstrated that Foxd2 is a marker for prosomeres p1 and p2 of the caudal diencephalon,
which suggests that subsets of mDA neurons have a diencephalic origin. Such a difference in
neuromeric origin might confer differential competence to subpopulations of dopamine neurons to
respond to developmental signals.

Figure 35: Neuromeric context of mDA development. Midbrain dopaminergic neurons originate in prosomeres p1
and p2, in addition to the mesencephalon. The developmental pathways of dopaminergic neurons are therefore likely
to be influenced by signals from both the midbrain-hindbrain border (MHB) and zona limitans intrathalamica (ZLI,
light grey zones). In addition, the lineage restrictive ability of the diencephalon-mesencephalon border (DMB, solid
black) will ensure separation of distinct cell populations from the mesencephalon and p1. The border between p1 and
p2 (dashed) has no known signalling or lineage restrictive capabilities. cf, cephalic flexure; di, diencephalon; mes,
mesencephalon, p1-2, prosomere 1-2; rhomb, rhombencephalon; tel, telencephalon.
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To date, the midbrain-hindbrain border (MHB, or isthmus) is the only boundary in the devel-
oping neural tube implicated in specification of midbrain dopamine neurons [30, 289, 190]. The
uncovering of a diencephalic source of dopamine neurons opens up new possibilities for future
research into the development of diencephalic dopamine neurons. Interestingly, the rostral border
of the Foxd2 expression domain extends to prosomere p2, where the zona limitans intrathalamica
(ZLI) is located. The ZLI constitutes a separate developmental compartment that acts as a bound-
ary between the caudal diencephalon (p1-p2) and the rostral diencephalon (p3), and functions as a
signalling centre involved in the establishment of diencephalic structures [147]. In addition, though
not a signalling centre similar to the MHB and ZLI, the diencephalon-midbrain border (DMB) acts
as a lineage restriction boundary, and may therefore serve an important role in the development of
distinct populations of mesencephalic and diencephalic dopamine neurons (Fig 35).

Foxd2 marks subpopulations of developing mDA neurons

In the murine mDA system, VTA and SNc can be distinguished based on their anatomical position,
with the SNc located rostro-lateral relative to the VTA. During development, immature mDA pro-
genitor cells are born in the neuroepithelium, and then migrate ventrally and radially towards their
final position. There, final differentiation into a dopaminergic phenotype takes place, and cells
start to express tyrosine hydroxylase, the rate-limiting enzyme in dopamine synthesis. Interest-
ingly, Foxd2 is expressed in a subpopulation of immature mDA neurons, migrating laterally in the
putative basal plate of the developing neural tube (Chapter 4). Together with the rostral location
of the Foxd2 expression domain, this suggests that Foxd2 marks rostro-lateral migrating neurons,
corresponding to neurons that will eventually populate the SNc. To date, none of the currently
known transcriptional regulators of mDA development show specificity for either VTA or SNc.
This makes Foxd2 the first transcription factor differentially expressed in immature SNc neurons,
and suggests that SNc neurons originate in the basal plate, whereas VTA neurons are based in the
floorplate (Fig. 36). This longitudinal difference in developmental origin might confer differential
competence to respond to MHB- or ZLI-derived signals, and a possible cause for putative variance
in cellular properties.

Foxd2 function in mDA development

Pitx3 is the only transcriptional regulator to date, that is only expressed in terminally differentiated
mDA neurons [30, 289, 190]. Other transcription factors in mDA development, such as Nurr1
and Lmx1b, are already expressed in immature dopamine neurons and remain expressed in mature
dopamine neurons into adulthood [264, 355, 287]. We have established that Foxd2 is expressed in
immature mDA progenitor cells that have left the neuroepithelium and migrate towards their final
positions, but is switched off upon differentiation into mature mDA neurons (Chapter 4). Hence,
the other transcriptional regulators of mDA development are required for developmental processes
that may continue into adulthood, such as maintenance and dopamine homeostasis [30, 289, 190],
whereas Foxd2 function is restricted to migrating immature dopamine neurons. A direct function
in the transcriptional regulation of genes implicated in the process of migration would therefore
be a likely option. Similarly, its close relative Foxd3 has been shown to regulate the expression of
cell-adhesion molecules in migrating neural crest cells [41].
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Another possibility is that Foxd2 is involved in early specification of a dopaminergic, or per-
haps SNc specific, cell fate. That would not explain, however, why expression is switched off, since
a particular cell fate often requires active maintenance. The opposite scenario is also conceivable,
in which Foxd2 actively suppresses premature differentiation or differentiation into a different cell
fate. Such a role has been described for other forkhead factors such as Foxe3 in the developing eye
lens [17, 25], and Foxg1 in cortical progenitor cells in the neuroepithelium [347, 99]. But while
preventing differentiation, proliferation is simultaneously stimulated, which cannot be the case in
the postmitotic Foxd2 expressing neurons. The closely related Foxd3, however, shows striking
similarities in that it is expressed in migratory neural crest cells but is switched off upon differen-
tiation into mature melanocytes [65]. Foxd3 has been shown to promote a neural crest cell fate,
while inhibiting differentiation into interneurons, and is required for maintaining embryonic stem
cells in a pluripotent state [100]. Interestingly, expression of fellow subfamily member Foxd4 is
similarly restricted to the intermediate zone in a region caudal to the isthmus from E11.5 [137].

Figure 36: Foxd2 expression in immature mDA neurons. Schematic drawing of a coronal view of the neural tube
around E12.5, subdivided into roofplate (rp), alar plate (ap), basal plate (bp) and floor plate (fp), with differentiated
dopamine neurons in dark grey. Midbrain dopamine precursors are born in the neuroepithelium (ne) in the ventricular
layer. Our data suggest that cells destined to populate the ventral tegmental area (vta) are born in the floorplate and
migrate ventrally to their final positions. In contrast, future SNc neurons are born in the neuroepithelium in the basal
plate, and start to express Foxd2 (light grey) during radial migration in rostrolateral direction to their final destination.
Subsequently, Foxd2 is switched off and cells commence terminal differentiation into a dopaminergic phenotype (snc).
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Redundancy in forkhead function
The forkhead family has expanded considerably in organisms with increased complexity, and sin-
gle forkhead orthologues have often evolved into multiple subfamily members. The FoxA sub-
family is only comprised of the original forkhead gene in Drosophila, but is represented by three
members in mice. Similarly, FoxD in Drosophila has diverged into 4 Foxd members in mice
[177]. Although new specialised functions are likely to be adopted to ensure increased anatomical
and physiological complexity, the original function of the single orthologue is probably divided
over subfamily members. Many biophysical and biochemical properties are therefore often con-
served between subfamily members, and as a result, one factor, mostly a homologous factor, can
compensate for the absence of the other. Consequently, mutations in a single subfamily member
can often result in a minimal phenotype, the functional importance of the gene obscured by com-
pensatory activity of a closely related forkhead. Foxa1 and Foxa2, for example, are both expressed
in the notochord and floorplate during development, but whereas Foxa2-/- mice fail to properly de-
velop a notochord and lack a floorplate, Foxa1-/- mice exhibit no apparent phenotype in the CNS
[281, 7, 261].

Foxd2-/- mice have previously been shown to have only a minimal kidney phenotype, and no
other abnormalities have been described [161]. Using immunohistochemical analysis, we did not
observe any differences in the morphology of the mDA system, nor in the areas to which SNc and
VTA neurons project. We did not analyse any electrophysiological properties of these neurons,
such as firing activity or dopamine release, as these are unlikely to be altered since Foxd2 is not
expressed in mature dopamine neurons. Although other changes could have gone unnoticed, it
appears that Foxd2 is not required for mDA development.

As mentioned before, Foxd2, Foxd3 and Foxd4 display interesting parallels in their expression
patterns, albeit in different cells. Functional similarities have also been shown, as Foxd1 and Foxd2
can both regulate the expression of the same target gene in the form of the cAMP-dependent protein
kinase subunit RIα in testicular sertoli cells and T-lymphocytes respectively [53, 132]. In addition,
the Foxd2 gene is clustered with the Foxd3 and Foxe3 genes on mouse chromosome 4d1, and
the syntenic human chromosome 1p32. Such clustering of closely related genes is indicative of
a common ancestry of this triplet of forkheads, possibly suggestive of functional similarity. The
absence of a mDA phenotype in Foxd2 deficient mice could therefore be caused by the existence
of functional redundancy with other (forkhead) factors, causing its role in mDA to remain elusive
for now.

Foxk2 regulates survival of proliferating cells
Forkhead transcription factors serve a variety of functions during embryonic development, many
of them in processes related to proliferating cells, such as differentiation, survival and cell cycle
regulation. We established that the Foxk2 expression pattern includes several tissues that show
continuous proliferation (Chapter 5). In addition, we found that FoxK2 is expressed in all expo-
nentially dividing cell lines that we examined, which suggested that FoxK2 may be important for
proliferating cells, although cell lines may exist that are Foxk2 negative. Using specific siRNAs to
deplete cells in vitro, we demonstrated an increase in programmed cell death (PCD) in proliferat-
ing cell lines. Since the cell cycle distribution of surviving cells seemed unchanged, this suggests
that the cell death is not due to inhibition of progression at a particular stage of the cell cycle.
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Interestingly, increased levels of Foxk2 prevent cells from an apoptotic cell fate, suggesting that
Foxk2 is actively involved in promoting cell survival of proliferating cells.

Possible targets of Foxk2
The mechanism behind Foxk2 regulated survival is currently unclear. Foxk2 could possibly prevent
apoptosis through transcriptional repression of pro-apoptotic genes. Interestingly, in haematopoi-
etic and neuronal cells, activation of FoxO factors results in PCD, through activation of pro-
apoptotic genes such as Bim and Fas ligand [26, 91, 61, 62, 296]. Since certain forkheads can
differentially regulate expression at the p21CIP1promoter [275], it is possible that Foxk2 downreg-
ulates similar pro-apoptotic genes. Conversely, Foxk2 could also prevent apoptosis by promoting
the expression of anti-apoptotic genes, such as Bcl-2 and members of the IAP family (´inhibitors
of apoptosis proteins´). A third way of preventing apoptosis could be through upregulation of anti-
oxidant enzymes which provide protection against oxidative stress. Two such enzymes, manganese
superoxide dismutase (MnSOD) and catalase are known to be upregulated by FoxO subfamily
members, albeit in quiescent cells [152, 222].

The outcome of different growth factor or apoptotic signals is also determined by cellular con-
text, as FoxO factors can induce apoptosis in neuronal and haematopoietic cell lines, and cell sur-
vival in most other cell types. Through induction of the cyclin dependent kinase inhibitor p27KIP1,
FoxO factors cause these proliferating cells to go into cell cycle arrest, and subsequently into a
quiescent state which is more favourable in stressful conditions [63, 209]. We did not observe any
apparent changes in the cell cycle distribution upon Foxk2 deprivation in proliferating cells. Strik-
ingly, Foxk2 overexpression caused a slight increase in G0/G1 phase at the expense of apoptotic
cells, which could indicate that cells are induced to exit the cell cycle. Regulation of p21CIP1

or p27KIP1 would then be a likely strategy, since additional forkhead factors such as Foxg1 and
Foxk1 also act upon p21CIP1expression, albeit in a repressive manner [275, 104], and members
of the CIP/KIP family of cyclin-dependent kinase inhibitors are therefore common target genes.

Foxk2 mode of action
FoxO control of survival and apoptosis is in turn regulated by the Phosphoinositide 3-kinase (PI3K)
pathway, through phosphorylation by Protein kinase B (PKB), resulting in nuclear exclusion of
FoxO factors (reviewed in [311]). Since the PI3K pathway is one of the major signalling path-
ways in regulation of cell survival [295], we examined whether Foxk2 could also be regulated by
protein translocation. We found that Foxk2 is localised to the nucleus, both in the absence and
presence of serum, which includes growth factors that stimulate the PI3K and other proliferation
and survival pathways. We also found that serum deprivation had little effect on Foxk2 expression
levels, despite a clear reduction in proliferation rates. Interestingly, although functionally differ-
ent, FoxK2 factors do display biophysical behavioural similarities to the yeast Fkh2 transcription
factor. FOXK2 expression does not fluctuate in T-lymphocytes, where it is constitutively bound
to the IL-2 promoter [225], similar to Fkh2 which is always present at target gene promoters in
a complex with mcm1 [111, 154]. For transcriptional activation of target genes, this complex is
dependent on the phosphorylation of co-activators, which are then recruited through binding to the
forkhead associated domain (FHA) of Fkh2 [55, 254]. Since FoxK factors are the structural ortho-
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Figure 37: Possible mechanisms whereby Foxk2 could promote cell survival in proliferating cells. Foxk2 is required
to prevent proliferating cells from adopting an apoptotic cell fate. This figure schematically displays the possible
transcriptional targets of Foxk2 that can exert its anti-apoptotic effect. Upregulation of CDK inhibitors p21 and/or
p27 results in cell cycle arrest resulting in a more stable state in stressful conditions. Upregulation of anti-apoptotic
factors such as Bcl-2 inhibits caspase activity and subsequent apoptosis. Repression of pro-apoptotic genes such as
Bim prevents cytochrome c release, a key signal in apoptosis. Under stressful conditions, upregulation of anti-oxidants
such as MnSOD protect against oxidative stress, a major cause for apoptosis. Note that the factors stated in this figure
represent complete families of apoptotic regulators.

logues of Fkh2 and the only mammalian DNA binding transcription factors to date containing a
FHA domain, a similar mechanism seems likely for mammalian FoxK factors.

In this context, it is interesting to note that the mammalian orthologue of mcm1 is Serum re-
sponse factor (SRF), a ubiquitously expressed transcription factor of the MADS-box family [211].
Positively regulated by both PI3K and ERK1/2 (extracellular signal-regulated kinases 1 and 2)
pathways [37, 242], SRF promotes cell survival during murine embryonic development through
regulation of bcl-2 expression [271]. It is therefore tempting to speculate that FoxK2 and SRF may
interact at the promoters of cellular survival genes.

Evolutionary considerations

Although structurally related, neither Foxk1 or Foxk2 represent functional orthologues of Fkh2 in
yeast, and it would therefore be intriguing to know why a highly conserved forkhead with such
an important role in G2/M specific gene expression programmes has evolved into two mammalian
factors with distinct functions. In accord with increased biological complexity, the function of
Fkh2 seems to have diverged and is partially exerted by several forkhead factors in mammals,
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none of which display particularly high structural similarity. To date, the most important transcrip-
tional regulator of periodic gene expression in the G2/M phase is FoxM1, regulating genes such as
cyclin B, Cdc25B phosphatase, Polo-like kinase and the kinetochore protein CENP-F [172, 159].
Induction of several target genes, however, was still observed, and the mitotic defects experienced
in the absence of FoxM1 are largely circumvented upon expression of a nondegradable form of cy-
clin B. This suggests that other transcriptional regulators can take over from FoxM1 [172]. FoxO
factors have also been shown to activate similar G2/M phase specific genes (e.g. Cyclin B, Polo-
like kinase) [4], but conversely induce mitotic delay by activation of checkpoint related genes such
as Gadd45 [81, 305]. Since FoxO factors can not rescue expression of Cyclin B and Polo-like
kinase in FoxM1 deficient cells, FoxM1 and FoxO factors appear not to be functionally redundant.
Homozygous null mutant mice for Foxo3 and Foxo4 are viable and relatively healthy, whereas
Foxo1 and Foxm1 deficient mice develop until midgestation and E17 respectively, suggesting that
during development, functional redundancy ensures G2/M specific gene expression through other
transcription factors. Whether a true mammalian Fkh2 orthologue does exist remains doubtful.
Perhaps FoxK factors have the ability to take over expression when called upon, but other fork-
head factors seem to provide mammals with a decent back up system.

Foxk2 function in vivo

Consistent with a proposed role in cell survival, Foxk2 deficient Xenopus embryos are severely
growth retarded in their development. Neural tubular structures could be distinguished, suggest-
ing that the germ layers have been established and that neurulation has been induced, although
our data does not provide conclusive data on whether these processes have been properly com-
pleted. This implies that the developmental defects are primarily due to failure to sustain growth
during patterning and morphogenesis, possibly due to increased cell death and an accompanying
decrease in proliferation. Similarly, PKB deficient mice exhibit impairments in both embryonic
and postnatal growth, due to increased apoptosis [42]. Mice homozygous mutant for the survival
promoting Bcl-2 gene are growth retarded and display several defects including reduced neuronal
cell numbers [318]. Although the phenotype of Foxk2 deficiency appears to be in accord with
other pro-survival gene mutants, the defect in Foxk2 deficient embryos appears much more severe,
although this may be incomparable due to species differences. Future studies will examine fur-
ther whether the defects observed are indeed due to increased PCD, and accompanied by reduced
proliferation as we hypothesise. Still, these experiments suggest that FoxK2 serves a vital role in
embryonic development.

We have shown that FoxK2 is important for survival of proliferating cells, both in epithelial
tissues with continued proliferation and in immortalised cell lines. Intriguingly, numerous ESTs
coding for FoxK2 have been identified in both human and murine tumours and carcinomas, includ-
ing neuroblastomas, squamous cell carcinomas, melanomas and leiomyosarcomas, suggesting that
FoxK2 may be crucial for survival of tumour cells as well. Future studies on Foxk2 regulation of
cell survival may therefore provide more insight into the survival strategies of tumour cells. Since
anti-apoptotic molecules are preferred targets in development of strategies in cancer treatment,
Foxk2 may, in the distant future, prove to be a potential targeting agent.
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Extraneural functions as an indicator of brain developmental function
Since much is known about forkheads in developmental processes, it would be beneficial to future
research if possible cellular processes directed by forkhead transcription during brain develop-
ment could be inferred from known roles in similar processes in extraneural tissues. Although the
function in both brain and extraneural development has been described for only a few forkheads,
functional similarities have been demonstrated for most of these cases. Foxa2 directs differentia-
tion during lung and liver development through transcriptional activation of tissue-specific target
genes [173, 323, 175]. In the developing brain, Foxa2 is expressed in the node, notochord and
floorplate, where it remains expressed until at least E12.5 [261, 76, 264]. Interestingly, Foxa2
has the ability to induce generation of ventral neurons when ectopically expressed in the dorsal
roofplate [262], suggesting that in the developing brain, Foxa2 is also implicated in cell lineage
specification. Foxd1, expressed in highly specific fashion, regulates patterning and differentiation
of both renal nephrons and the optic chiasm in the diencephalon [106, 102, 182]. Finally, Foxj1
is implicated in differentiation of ciliated cells in the respiratory and reproductive systems, as well
as in the choroid plexus in the CNS [23, 38]. Therefore, the involvement of forkhead factors in
particular processes seems predictive of participation in similar developmental processes in the
CNS.

In vitro studies have mainly benefitted research on biochemical properties of forkhead proteins,
as functional aspects of forkhead proteins may be highly dependent on cell type and physiologi-
cal context. Most functional studies on forkhead factors have therefore been limited to regulation
of proliferation and differentiation, which are relatively easily analysed. During brain develop-
ment, however, processes such as migration and axonal outgrowth play a major role and are tightly
regulated and context dependent. Useful in vitro models are therefore not commonly available,
which is reflected by the low number of studies that have provided evidence for involvement of
forkheads in brain developmental processes. Nevertheless, several studies that addressed the reg-
ulation of FoxO factors in survival in response to insulin and neurotrophin signalling have been
conducted on cultured neurons from hippocampal and cerebellar granule neurons taken directly
from rat brains [194, 360], and are consistent with the accepted role of FoxO factors in modulation
of cell survival.

In summary, this thesis described the detailed expression analysis of forkhead gene expression in
the central nervous system and the identification of two novel murine forkhead genes. The detailed
analysis of forkhead gene expression has provided novel insights in the developmental pathways
of midbrain dopamine neurons. In addition, a key factor in survival of proliferating genes and
embryonic development has been identified, with possible consequences for survival of neuronal
cell populations.
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AADC L-aromatic amino acid decarboxylase
bp base pairs
BrdU 5-bromo-2´-deoxyuridine
cDNA complementary DNA
CNS central nervous system
DA dopamine
DBD DNA binding domain
DMB diencephalon-midbrain boundary
EGFP enhanced green fluorescent protein
E(n) embryonic day (number of days post fertilisation)
EST expressed sequence tag
FHA forkhead-associated (domain)
Fox forkhead box
GFP green fluorescent protein
IL-2 interleukin 2
ILF1/Ilf1 interleukin enhancer-binding factor 1
kb kilo base pairs
Klf15 Kruppel-like factor 15
mDA midbrain dopaminergic
MHB midbrain-hindbrain boundary
MNF myocyte nuclear factor
MO morpholino
MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
mRNA messenger RNA
NIC non-injected control
NLS nuclear localising signal
p1, p2 prosomere 1, prosomere 2
PCD programmed cell death
PD Parkinson’s disease
p-H3 phosphorylated histone H3
PI3K phosphoinositide-3-kinase
PKB protein kinase B
pSK pBluescript II SK
RT-PCR reverse transcription-polymerase chain reaction
SID Smad interaction domain
Shh sonic hedgehog
SNc substantia nigra pars compacta
siRNA small interfering RNA
TH tyrosine hydroxylase
VTA ventral tegmental area
ZLI zona limitans intrathalamica

.
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Dopamine is an important messenger substance (neurotransmitter) that is important for the regu-
lation of movement control and emotion-related behaviour. The best-known dopamine system in
the brain consists of neurons in the substantia nigra pars compacta (SNc) and the ventral tegmental
area (VTA), and is located in the midbrain (the so-called mDA-system). This system is subject
to intense research, because of its involvement in neurological and psychiatric disorders such as
Parkinson´s disease, addiction and schizophrenia. Relatively little is known, however, about how
these neurons develop, and how performance and function of this system are affected by defects
during development. Recent investigation into the developmental pathways of this system has fo-
cused primarily on the role of transcription factors in development of the murine mDA-system.
Transcription factors are proteins that regulate the expression (activity) of genes. During embry-
onic development, these genes are usually involved in developmental processes of cells, such as cell
division (proliferation), adopting a particular cell fate (differentiation) and migration. Only a few
transcription factors are known to be present in neurons of the mDA-system. The research project
described in this thesis was aimed at identifying novel transcription factors in mDA-neurons, and
studying their function during embryonic development. We used the mouse as a model system,
since in principle, findings from mice also apply to men, due to great similarities in developmental
mechanisms.

In our search for novel factors in the mDA-system we have focused on so-called ´forkhead´ tran-
scription factors. The forkhead family of transcription factors consists of over 30 members contain-
ing an evolutionary conserved domain, the so-called forkhead (´fox´)-domain, which enables these
factors to bind specific DNA-elements in the genome. After binding such elements, they can sub-
sequently regulate the expression of certain genes. Some forkhead transcription factors are known
to be important for embryonic development. Additionally, ´forkheads´ are involved in processes
such as metabolism and cell division in adult tissues (Chapter 1). Still, relatively little is known
about which forkheads are present in the brain, and what function they exert in brain development
and regulation of brain function. From small pieces of adult brain tissue containing mDA-neurons,
we have isolated 11 forkhead factors using an RT-PCR-amplification technique. From 3 of these,
the presence in the brain was not yet known, so we have determined precisely in which brain areas
these genes are expressed (Chapter 2). We also identified two unknown factors, Foxi2 and Foxk2.
Structurally, Foxi2 resembles Foxi1, a protein involved in specification of certain cell types. Foxi2
is expressed in particular subpopulation of cells, in cells lining collecting ducts of glands, amongst
other tissues. It is therefore plausible that Foxi2, similar to Foxi1, is involved in regulating cellular
differentiation (Chapter 3). Foxk2, as was established in this study, is expressed in adult mDA-
neurons among other brain regions. During development, Foxk2 also appears to be expressed in
mDA-neurons. During development, however, Foxk2 seems to be present in virtually the entire
brain. Presumably, Foxk2 remains expressed after development to exert specific functions in cer-
tain brain structures. Which functions are regulated by Foxk2 remains to be determined (Chapter
2).

Strikingly, extraneural expression of Foxk2 was often restricted to tissues where continued pro-
liferation takes place, and new cells are continuously born. Interestingly, Foxk2 was also present
in all cultured cell lines that we examined, which are continuously dividing. Using a technique
(siRNA-transfection) that enabled us to decrease protein levels, we established that Foxk2 is im-
portant for survival of dividing cells in cultured cell lines (Chapter 5). Increasing Foxk2 levels
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prevented these cells from dying. To determine whether Foxk2 has a similar function during em-
bryonic development, we have created Foxk2-deficient embryos through injection of molecules
that specifically block protein production of Foxk2 (morpholino´s). We used the African clawfrog
(Xenopus laevis) as an animal model, because this technique is applicable in this model, and its
development can be readily observed. In accord with the function of Foxk2 in cultured cells,
Xenopus embryos that lack Foxk2 display severe defects during development: they are signifi-
cantly smaller and the organisation of tissues appears disturbed. This is possibly due to increased
cell death and/or decreased cell proliferation. Future research should determine whether Foxk2 is
also important for survival of cells in living organisms. Additionally, future research should reveal
whether Foxk2 has a similar function in dopamine neuron. This could be important in view of the
cell death of dopamine neurons that occurs in patients who suffer from Parkinson´s disease.

The SNc and VTA are situated in the midbrain, and these dopamine neurons are thought to arise
in the midbrain already during development, in response to signals from a compartment that forms
the border between the mid- and hindbrain (the ´midbrain-hindbrain border´). Dopamine neurons
in the SNc and VTA differ in function and have distinct molecular characteristics. Relatively little
is known, however, about the molecular differences between the SNc and VTA during embryonic
development. We identified a forkhead transcription factor, Foxd2, which is specific expressed
in a group of migrating and still developing dopamine-precursor cells (Chapter 4). Considering
the anatomical localisation of these cells, this appears to be a subpopulation that will eventually
make up the SNc, or a part of it, but not the VTA. Since other transcription factors that are known
to be involved in mDA-development do not show any specificity for either SNc or VTA, Foxd2
is the first transcription factors that is specific for the SNc. Interestingly, this forkhead marks an
area outside the midbrain, in the posterior part of what is called the diencephalon, an area located
adjacent to the midbrain. This suggests that subpopulations of mDA-neurons are not born in the
midbrain but in the diencephalon. As a consequence, these neurons are exposed to signals from
another signalling compartment (the ’zona limitans intrathalamica’, or ZLI) that can influence the
properties of these dopamine neurons. These findings could provide a possible explanation for the
differences in function and molecular properties between mDA-neurons of the SNc and the VTA.
These differences are probably the underlying cause for the selective degeneration of SNc-neurons
in Parkinson´s disease.

The research described in this thesis has demonstrated that forkhead transcription factors are dif-
ferentially expressed in the developing and adult brain. Certain forkheads may be implicated in
processes such as cell division and cell death, and could therefore be important for brain-related
disorders.

132



Samenvatting

133



.

134



Dopamine speelt als boodschapperstof (neurotransmitter) een belangrijke rol in de controle van
beweging en emotiegerelateerd gedrag. Het bekendste dopaminesysteem in de hersenen bestaat
uit zenuwcellen (neuronen) in de substantia nigra pars compacta (SNc) en het ventraal tegmen-
taal gebied (VTA) en is gelegen in de middenhersenen (het zogenaamde mDA-systeem). Er wordt
veel onderzoek gedaan naar dit systeem, omdat het betrokken is bij neurologische en psychia-
trische aandoeningen als de ziekte van Parkinson, verslaving en schizofrenie. Er is echter nog
maar weinig bekend over hoe deze neuronen zich ontwikkelen en hoe afwijkingen tijdens de on-
twikkeling het functioneren van dit systeem beïnvloeden. Recent onderzoek daarin heeft zich
vooral gericht op de rol van transcriptiefactoren in de ontwikkeling van het mDA-systeem in de
muis. Transcriptiefactoren zijn eiwitten die de expressie (activiteit) reguleren van genen. Tijdens
de embronale ontwikkeling zijn deze genen vaak betrokken bij bepaalde ontwikkelingsprocessen
van cellen, zoals celdeling (proliferatie), het aannemen van een bepaalde identiteit (differentiatie)
en migratie. Er zijn slechts enkele transcriptiefactoren bekend in het mDA-systeem. Het onder-
zoek beschreven in dit proefschrift was gericht op het identificeren van nieuwe transcriptiefactoren
in mDA-neuronen, en het bestuderen van de functie van deze factoren in de embryonale ontwikke-
ling. We hebben hiervoor de muis als modelsysteem gebruikt, omdat is gebleken dat bevindingen
in de muis in principe vertaald kunnen worden naar de mens, dankzij de grote overeenkomsten in
ontwikkelingsmechanismen.

In onze zoektocht naar nieuwe factoren in het mDA-systeem hebben wij ons gefocust op de zoge-
naamde ’forkhead’ -transcriptiefactoren. Dit is een familie van meer dan 30 leden met een evolu-
tionair geconserveerd domein, het zogenaamde forkhead (’fox’)-domein, waarmee deze factoren
kunnen binden aan specifieke DNA-elementen in het genoom. Na binding aan zulke elementen
kunnen ze vervolgens de expressie van bepaalde genen controleren. Van bepaalde forkhead-
transcriptiefactoren is bekend dat zij belangrijk zijn voor de embryonale ontwikkeling. Daar-
naast zijn ´forkheads´ betrokken bij processen als stofwisseling en celdeling in volwassen weefsels
(Hoofdstuk 1). Er is echter nog maar weinig bekend over welke forkheadfactoren aanwezig zijn
in de hersenen en wat hun rol is in de hersenontwikkeling en regulatie van hersenfuncties. Uit
kleine stukjes volwassen hersenweefsel die de mDA-neuronen bevatten hebben we door middel
van de RT-PCR-amplificatietechniek 11 forkheadfactoren geïsoleerd. Daarvan waren er 3 waarvan
aanwezigheid in het brein nog onbekend was. Van deze factoren is gekeken in welke hersenenge-
bieden ze zich precies bevinden (Hoofdstuk 2). Ook hebben we twee nog onbekende factoren
ontdekt, Foxi2 and Foxk2. Foxi2 lijkt wat structuur betreft veel op Foxi1, een eiwit dat betrokken
is bij specificatie van bepaalde celtypes. Foxi2 komt voor in specifieke subpopulaties van cellen,
o.a. in de wanden van verzamelkanalen van klieren. Het is daarom aannemelijk dat Foxi2, net als
Foxi1, ook betrokken is bij celdifferentiatie (Hoofdstuk 3). Foxk2, zo bleek in deze studie, komt
onder andere tot expressie in volwassen mDA-neuronen. Ook tijdens embryonale ontwikkeling
lijkt Foxk2 aanwezig te zijn in dopamineneuronen. Echter, Foxk2 lijkt tijdens de ontwikkeling in
vrijwel het gehele brein tot expressie te komen. Het is waarschijnlijk dat Foxk2 na de ontwikkeling
aanwezig blijft in sommige neuronen om daar specifieke functies uit te oefenen. Welke functies
dat zijn is niet bekend (Hoofdstuk 2). met

Het was opvallend dat de expressie van Foxk2 buiten het brein beperkt was tot weefsels waar
voortdurend celdeling plaatsvindt en nieuwe cellen worden geboren. Opvallend genoeg blijkt deze
factor ook aanwezig te zijn in alle onderzochte gekweekte cellijnen die onophoudelijk delen. Door

135



gebruik te maken van een techniek (siRNA-transfectie) waarbij men de hoeveelheid van een ei-
wit drastisch kan verlagen, hebben we laten zien dat Foxk2 belangrijk is voor de overleving van
delende cellen in gekweekte cellijnen (Hoofdstuk 5). Door de hoeveelheid Foxk2 te verhogen
in cellen kon worden voorkomen dat deze cellen afsterven. Om na te gaan of deze factor ook een
dergelijke functie heeft tijdens de embryonale ontwikkeling hebben we door injectie van moleculen
die speciek de eiwitaanmaak van Foxk2 remmen (morpholino’s) embryo’s gecreëerd die te weinig
Foxk2 hadden. We hebben hiervoor de klauwpad (Xenopus laevis) als proefdier gebruikt, omdat
deze techniek goed werkt in dit dier, en omdat de ontwikkeling van de klauwpad gemakkelijk te
volgen is. In overeenstemming met de functie van Foxk2 in gekweekte cellen hebben Xenopus
embryo’s zonder Foxk2 grote problemen tijdens de ontwikkeling: ze zijn veel kleiner en de organ-
isatie van weefsels lijkt zwaar verstoord. Dit is mogelijk veroorzaakt door toegenomen celdood
en verminderde celdeling. Toekomstig onderzoek is erop gericht om na te gaan of Foxk2 ook in
levende organismen belangrijk is voor de overleving van cellen. Ook moet toekomstig onderzoek
uitwijzen of Foxk2 deze functie ook heeft in dopamineneuronen. Dat kan van belang zijn met het
oog op de enorme celdood van dopamineneuronen die optreedt in de SNc bij mensen met de ziekte
van Parkinson.

De SNc en VTA zijn gelegen in de middenhersenen, en van deze dopamineneuronen wordt gedacht
dat ze tijdens de ontwikkeling onstaan in de middenhersenen zelf, als gevolg van signalen van een
compartiment dat de grens vormt tussen de midden- en achterhersenen (de ’midbrain-hindbrain
border’, of MHB). Dopamineneuronen in de SNc en VTA verschillen in functie en moleculaire
eigenschappen. Er is echter nog weinig bekend over de moleculaire verschillen tussen neuro-
nen van de SNc en VTA tijdens de embryonale ontwikkeling. Wij hebben een forkheadfactor
gevonden, Foxd2, die specifiek is voor een groep migrerende en nog ontwikkelende dopamine-
voorlopercellen (Hoofdstuk 4). Gezien de anatomische lokatie van deze cellen lijkt dit een subpop-
ulatie te zijn die uiteindelijk de SNc, of een deel daarvan, gaat vormen, maar niet het VTA. Waar
andere transcriptiefactoren die betrokken zijn bij mDA-ontwikkeling geen verschillen vertonen
tussen de SNc en VTA, is Foxd2 de eerste transcriptiefactor die specifiek is voor de SNc. Mogelijk
nog belangrijker is het feit dat deze forkheadfactor een gebied markeert buiten de middenhersenen,
in het achterste gedeelte van de tussenhersenen (of diencephalon). Hieruit blijkt dat subpopulaties
van mDA-neuronen niet in de middenhersenen geboren worden, maar in de tussenhersenen. Het
gevolg hiervan is dat zij blootgesteld worden aan signalen uit een ander signaalcompartiment (de
’zona limitans intrathalamica’, of ZLI) die de eigenschappen van deze dopamineneuronen kun-
nen beïnvloeden. Deze bevindingen zouden een mogelijke verklaring kunnen vormen voor de
verschillen in functie en moleculaire eigenschappen tussen mDA neuronen van de SNc en VTA.
Deze verschillen zijn waarschijnlijk de onderliggende oorzaak voor de selectieve degeneratie van
SNc-neuronen in de ziekte van Parkinson.

Het onderzoek beschreven in dit proefschrift heeft aangetoond dat forkhead-transcriptiefactoren in
grote verscheidenheid voorkomen in de ontwikkelende en volwassen hersenen. Enkele van deze
factoren zijn mogelijk betrokken bij celdeling en celdood, en kunnen daardoor van belang zijn bij
ziekten van het zenuwstelsel.
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Dan denk je dat je klaar bent, maar dan volgt nog het belangrijkste stuk van het proefschrift. En
ook het moeilijkste stuk, want hoe verwoord ik nou al die dingen die ik zou willen zeggen?

Ten eerste wil ik natuurlijk mijn promotor en co-promotoren bedanken, die me hebben gemaakt tot
de wetenschapper die ik nu ben. Ze zeggen altijd dat je steeds meer op je begeleiders gaat lijken
tijdens je AIO tijd. Met de luxe van drie begeleiders hoop ik dat ik een beetje selectief ben geweest
met het overnemen van ieders goede eigenschappen.

Peter, ondanks dat je niet direct betrokken bent geweest bij uitdokteren van mijn experimenten,
had je altijd grote belangstelling voor het reilen en zeilen ervan, en probeerde je altijd goed op de
hoogte te blijven van wat er speelde. Ik snap nog steeds niet hoe je ondanks je drukke schema
steeds tijd lijkt te hebben op het moment dat ik je kamer binnenval. Tijdens zulke gesprekken,
maar ook tijdens seminars en praatjes op de gang had je vaak nog wel adviezen en ideeën, en ook
je scherpe blik tijdens de het schrijven van dit proefschrift was vaak leerzaam. Ik hoop in de loop
der jaren net zo´n helikopterview te ontwikkelen. Ik waardeer het ook enorm wat je in de afgelopen
twee maanden voor me hebt gedaan.

Marten, het heeft even (jaartje of drie) geduurt voordat we gewend waren aan elkaars werk-
wijze, maar sindsdien zit de vaart er naar mijn bescheiden mening wel in. Ik heb enorm veel van
je geleerd over de leuke maar ook de minder leuke kanten van de wetenschap. Ik hoop je als ik
ooit het lab weer bezoek aan je bench aan te treffen, want daar ben je onovertroffen. Experimenten
gaan altijd in een keer goed, met of zonder de speciale ´incubate slides for 10 seconds on the
floor-treatment´. Hopelijk kan ik in de toekomst ook eenzelfde (of in de buurt komende) efficiëntie
opbouwen voor het doen van experimenten. Ook je bewonderenswaardige drive weet je goed over
te brengen op de mensen met wie je werkt, waardoor je een ontzettend leuk clubje om je heen hebt
weten te creëeren. Maar een van je belangrijkste zetten voor mij blijft toch wel dat je mij achter
een ´Linuxbak´ hebt gezet. En hoewel ik het nog steeds voor elkaar krijg om zelfs Linux te laten
crashen is met Lyx dit proefschrift er toch aardig uit gaan zien. Enne, geldt dat aanbod nog steeds
voor een aanblijvende GCG account?

Bij het hebben van twee directe begeleiders kan het wel moeilijk zijn om de balans te bewaren.
Marco, gezien onze overeenkomstige denkwijze op veel vlakken was het niet zo vreemd dat jij
met name in mijn beginperiode ontzettend belangrijk voor me bent geweest in het vinden van mijn
plekkie in het lab (in the corner of wisdom). Als ik zwaar balend jouw kamer in kwam kreeg je mij
er altijd weer fris en positief uit, een kwaliteit die weinig mensen gegeven is, en erg inspirerend kan
werken. Maar ook buiten de wetenschap hadden we veel dingen gemeen, zoals onze interesse voor
voetbal. Ook heb je samen met Bo nog een poging gedaan mijn muzikale kennis bij te spijkeren,
waardoor ik tegenwoordig ook kan meepraten over oudelullen muziek [;)]. We moeten ook nog
steeds een keer gaan dansen op nieuwelullen muziek, ik weet nog wel een paar leuke clubs in
London.......

Ik weet niet waarom, maar mensen lijken het niet lang uit te houden met mij op een kamer. Maar
ik heb het altijd wel heel leuk gehad met iedereen, en wil daarom bedanken: Martien, Tineke,
Gitte, Dorien, Raymond, Mischa, Sharon en nog wat mensen die niet lang genoeg bleven om hun
namen te kunnen onthouden. Twee mensen hebben het echter de hele tijd uitgehouden met mij.
Koeneboen, het was goed dat er iemand was die ´s morgens nog vrolijker is dan ik. Ik ken veel
attente mensen, maar niemand anders krabt op de deur voordat ze binnenkomen om te voorkomen
dat ik weer tegen het plafond zit. Ik was net zo blij als jij toen je je construct af had, en hoop dat
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je die positieve lijn nu doorzet. Enne, Cornelle en ik hebben geen ruzie hoor. En dan Noortje,
vanaf dag 1 de enige echte roomie. Voor mij de ideale kamergenoot: gezellig, humor, kapper....
en trendy, een zeldzaamheid in de wetenschap, waardoor in ieder geval één iemand het leuk vond
als ik wat anders dan een fleece aan had. De derde donderdag in april moet je maar vrijhouden....
ik ga je opgeven voor secretaresse van het jaar. Trouwens, ergens in februari heb ik nog wel een
gaatje.... kun jij dan?

Groepsvorming in openbare ruimtes schijnt vaak te leiden tot overlast. Dan zitten we op het
RMI/F&A toch met een klein probleempje, aangezien ik behoorde tot een forkhead-clubje, de
dopamine club, Peter´s club, Speerpunt Marten en zo kan ik er nog wel een paar bedenken. Ik kan
niet iedereen bij naam noemen, maar jullie worden allemaal bedankt voor de leuke samenwerking.
Simone, na 3 jaar konden we dan eindelijk eens discussieren over mDA ontwikkeling. Bedankt
voor je bijdragen aan mijn favoriete hobbies (ISH en snijden), en je adviezen bij het printen van
mijn proefschrift. Ik vond in situs en embryo´s snijden zo leuk dat ik met moeite toe heb gekeken
hoe ook Anita en Larsje/Ellen/Schaap voor mij soms aan de slag gingen. Heel erg bedankt daar-
voor. Dan zijn er nog de mensen die niet direct bij proeven betrokken waren, maar die altijd klaar
stonden voor vragen of om te faciliteren: Sjaak, Leo, Keith (this year we´ll win the premiership),
Henk, Ria en Marijke. ´Linux is very user-friendly, it´s just picky about its friends´, en soms
integreert het nu eenmaal makkelijker als je al iemand kent. Roger, bedankt voor het fungeren
als helpdesk, ik hoop dat ik nog lang bij je aankloppen voor ondersteuning. En verder natuurlijk
Gitte, Frank (morgen squash?), Jacq, Annemarie, Daniel (binnenkort samen London nog onveiliger
maken?), Geert, de voetballers van RMI5/6 en alle anderen, waarbij ik ook even Sharon en Jeroen
wil noemen voor de waardevolle gesprekken in de korte tijd dat ik ze ken. En dan zijn er nog een
hoop voormalige collega´s. Het is niet de bedoeling dat mijn dankwoord langer wordt dan de de
wetenschappelijke inhoud van het proefschrift, dusse.... allemaal bedankt!

Ook buiten het RMI hebben mensen een belangrijke bijdrage geleverd aan mijn proefschrift. Prof.
dr. Medema, beste René, de gesprekken die we hadden in Snowbird zijn erg belangrijk geweest
voor de voortzetting van mijn project, en zonder jou had hoofdstuk 5 er waarschijnlijk heel anders
uit gezien.

Voor de morpholino injecties in Xenopus embryo´s ben ik dank verschuldigd aan Prof. dr.
Anthony Durston en dr. Willem van den Akker. Ik dacht dat FoxK2 wel eens belangrijk zou
kunnen zijn voor de embryonale ontwikkeling.... dat weet ik nu wel zeker!

Ik heb ook nog de eer gehad twee getalenteerde studenten te mogen begeleiden. Mannen, het was
erg leuk en leerzaam om jullie wegwijs te maken in de onderzoekswereld, en ik hoop dat ik jullie
iets bij heb kunnen brengen. Raymond, jij hebt er een baan aan over gehouden op het lab, en Youri
een co-auteurschap op een paper, dus zo slecht is het jullie nog niet vergaan.

Utrecht was de volgende in een reeks plaatsen waar ik de afgelopen 10 jaar heb doorgebracht.
Maar ik ben trots dat ik nog veel vrienden heb overgehouden aan mijn tijd in andere plaatsen. Ik
ben de laatste die beweert dat Best een mooi dorp is, maar er komt wel degelijk wat goeds vandaan.
Bart, Nick en Heleen, de middelbare school was een mooie tijd... kijk waar we nou beland zijn.
Heleen ook nog heel erg bedankt voor het helpen met de omslag van mijn proefschrift.

Shelagh, Nick, Heidi and Dirk-Jan, even though my stay in Edinburgh was already before my
PhD ship, it still remains one of the best periods of my life, and one of the most important ones
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in my ´career´. If it wasn´t for that time, I might not have this obsession for fundamental gene
regulation. Thanks for having me around all the time, and perhaps when I am on the same side of
the North Sea, we can do it all more often.

Al moet ik kruupe, op bloote vuute goan.... Nijmegen zal na Ferus nooit meer hetzelfde zijn. Ik
ben trots bij zo´n mooie club mannen te horen. Lassie, bedankt voor je hulp met HTML program-
mering. En dan mijn maatjes en maatinnen, Bart (en Manon), Janus, Wiets, Mike an Vanes..... we
hebben een mooi clubje samen, en als we gewoon niet te vaak met zijn allen op vakantie gaan dan
zullen we nog lang leuke tijden beleven. Jullie hebben allemaal gezorgd voor de nodige ontspan-
ning buiten het werk. Alleen kan het ook spanning opleveren, wanneer mijn verstand het wint van
mijn hart, en ik ergens nee tegen moet zeggen. Het was de afgelopen maanden helaas te vaak nee,
wat ik nu maar goed moet gaan maken. Zeven oktober lijkt me een uitgelezen mogelijkheid om
daarmee te beginnen.

Vanaf dag 1 was voor mij wel duidelijk wie mijn paranimfen zouden zijn. Lars, wat hebben wij
veel samen gedeeld tijdens onze AIO-periode. We hadden veel dezelfde ideeën over het doen van
wetenschap en hebben leuke proeven samen gedaan. En tijdens onze squash avonturen was het
ook heerlijk zeiken over wat er volgens ons anders moet in de wetenschap en op het RMI. Het is
toch anders nu je weg bent.

Michael, ondanks compleet andere wetenschappelijke interesses, hebben we vanaf de intro-
ductie van onze studie in 1996 onze wetenschappelijke ervaringen samen gedeeld. Samen afges-
tudeerd, samen begonnen als AIO, en als ik een goede week had dan was de kans groot dat jij dat
ook had (helaas geldt dat ook voor frequentere slechte weken). Als er iets voorviel dan was jij de
tweede die het wist, en ik ben dan ook blij je 7 oktober ook aan mijn zijde te hebben.

De Stapelbroekjes wil ik graag bedanken voor hun warme welkom in de familie.... en voor Janneke
natuurlijk.

Hoewel ze niet altijd begrijpen waarom bepaalde dingen op mijn manier moeten heb ik toch
altijd op de onvoorwaardelijke steun kunnen rekenen van mijn familie. Of ik nu fietsenmaker, arts
of vuilnisophaler was geweest, trots waren zij toch geweest. Mocht ik een eigenschap bezitten die
toch wel wordt gewaardeerd, dan mogen complimenten gericht worden aan mijn opvoeders: pap,
mam, wat jullie in Duitsland en daarna hebben gedaan heeft toch wel aardig uitgepakt. Toch was
mijn opvoeding niet compleet geweest zonder de bijdrage van mijn grote broer en zus. Arno en
Heidy, het spijt me dat ik er zo weinig ben, en het wordt alleen nog maar erger..... Hoewel het
vaak niet veel verder kwam dan ´Hoe is het met je celletjes, eten ze nog?´ zijn jullie allemaal altijd
oprecht geïnteresseerd geweest. Willem, Michiel en Rianne, jullie maken mijn moeder, zus en
broer gelukkig, en daar ben ik jullie ontzettend dankbaar voor.

Om te promoveren moet je leren omgaan met tegenslagen. Jans, in jouw omgeving kan ik niet
chagrijnig of boos zijn. Voor jou was ik in Nederland gebleven.......

Patje, Patrique, Patty, Omepatrick, Spetje, Pat....... Patrick
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