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Abstract

oxp subfamily genes were recently recognized to be members of the Fox gene family. Foxp
F subfamily members contain a zinc finger domain and a leucine zipper motif in addition

to a forkhead domain and their DNA binding capacities and transcriptional activities are
regulated by homo- and heterodimerization via a zinc finger and a leucine zipper motif. Three
Foxp subfamily members are abundantly expressed in developing brains. The expression patterns
of these genes are overlapping, but they are distinctly expressed in some regions. Thus these genes
appear to be involved in the development control of the central nervous system. Recently, FOXP2,
a member of the Foxp subfamily, was identified as the first gene to be linked to an inherited
form of language and speech disorder. The discovery of a mutation in FOXP2 in a family with a
speech and language disorder opened a new window to understanding the genetic cascades and
neural circuits that underlie speech and language via molecular approaches. The spatiotemporal
FOXP2 mRNA expression pattern suggests that the basic neural network that underlies speech
and language may include motor-related circuits, including frontostriatal and/or frontocerebellar
circuits. This assumption is supported by brain imaging data obtained by usingfMRI and PET on
the FOXP2-mutated patients and also by analysis of Foxp2 mutant mice.

Introduction

The Fox gene family encodes a large group of transcription factors that share a common DNA
binding domain of sequences called the forkhead or winged helix motif after the founding member
of this gene family, forkbead in Drosophila.' Many Fox family members are involved in embryonic
morphogenesis and mutations in Fox genes have been implicated in a range of human develop-
mental disorders.> Foxp subfamily genes were recently recognized to be members of the Fox gene
family. Members of the Foxp subfamily contain a zinc finger domain and a leucine zipper motif in
addition to a forkhead domain.? Recent studies have revealed that three Foxp subfamily members
are abundantly expressed in developing brains and that the expression patterns of these genes are
overlapping, but distinctly in some regions. Thus these genes appear to be involved in development
of the central nervous system. Recently, FOXP2,a member of the Foxp subfamily, was identified. It
is the first gene to be linked to an inherited form of language and speech disorder.* The discovery
of a mutation in FOXP2 in a family with a speech and language disorder opens a new window to
understanding of the genetic cascades and neural circuits that underlie speech and language via
molecular approaches. In this chapter, we focus on the neural expression of FOXP2 asa ‘Language
Gene’ as well as the expression patterns of other Foxp subfamily members and their correlation
with anatomical and functional abnormalities in the brains of FOXP2-mutated patients.
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The Foxp Subfamily

'The Foxp subfamily, which consists of four members, Foxp1, Foxp2, Foxp3 and Foxp4, is char-
acterized on the basis of its members containing a C2H2-type zinc finger domain and a leucine
zipper motif in addition to a forkhead domain at the C-terminus.>¢ C-terminal location of the
forkhead domain is an atypical feature in the Foxp subfamily, as most other Fox family members
have this domain in N-terminal portion. Among the subfamily members, Foxp1, Foxp2 and Foxp4
are highly homologous (showing more than 60% identity at the amino acid level); in particular,
their forkhead domains show approximately 80% identity at the amino acid level. Also, Foxp1 and
Foxp2, but not Foxp4, have polyglutamine tracts at the N-terminus and these may be involved in
protein-protein interactions.

Members of the Fox family of proteins have been demonstrated to bind to target DNA as
monomers. By contrast, Foxp1, Foxp2 and Foxp4 proteins require dimerization for DNA bind-
ing and their transcriptional activities are regulated by homo- and heterodimerization.” The
dimerizations are dependent on the conserved stretch of sequence, containing a zinc finger and
a leucine zipper motif.

Although one might suspect that the FOXP2 gene, being linked to an inherited language and
speech disorder, might be a human-specific gene, because speech and language is unique to humans,
orthologs exist in many species. Comparison of the Foxp2 genes of many organisms has revealed
that the Foxp2 protein is rather extraordinarily conserved (among the 5% most conserved proteins)
among mammals.? There are only two amino acids different (out of 715 amino acid residues) be-
tween humans and chimpanzees and three different between humans and mice. Surprisingly, the
amino acid sequence of the forkhead domain is completely identical among rodents, nonhuman
primates and humans. Recently, Krause and colleagues® reported that the Neanderthals carried a
FOXP2 protein that was identical to that of modern humans in the two positions that differed
between humans and chimpanzees.

Discovery of FOXP2 as a ‘Language Gene’

Speech and language disorders are common in childhood. Although twin studies have shown
that genetic factors play an important role in the etiology of such disorder, a gene that predis-
poses individuals to speech and language disorders had not been identified until FOXP2 was
discovered.

In 1990, Hurst and colleagues reported a unique case of a large three-generation pedigree (called
the KE family), half of whose members have a developmental verbal dyspraxia that is inherited in
a pattern consistent with an autosomal dominant penetrance.!® (Details of the language impair-
ments of the KE family will be addressed later). Using standard positional cloning techniques in
combination with bioinformatics, Fisher and colleagues'! performed a genome-wide search for
the candidate gene underlying the speech and language disorders in this family. They mapped the
gene locus to the long arm of chromosome 7. In 2001, they finally identified FOXP2 as the gene
responsible for this speech and language disorder by further analyzing the breaking point of the
genome of a patient, CS, who had similar symptoms to the affected members of the KE family
and a translocation between chromosomes 5 and 7.4

The one point mutation in the FOXP2 gene of the affected members of the KE family is pre-
dicted to result in an arginine-to-histidine substitution (R553H) in the forkhead domain of the
FOXP2 protein. R553 is invariant amongall FOX proteins in species ranging from yeast to humans.
This mutation occurred in every affected KE family member, but not in unaffected members, nor
in unrelated control subjects. The translocation breakpoint in CS disrupted the gene structure
of FOXP2. Furthermore, a nonsense mutation at arginine 328 (R328X) in the FOXP2 gene was
found in a family, whose affected members had orofacial dyspraxia.'? Therefore, it is likely that the
amino acid substitution in FOXP2 protein leads to a loss of function of one copy of the FOXP2
gene and that the remaining copy is insufficient for FOXP2 function (haploinsufficiency). There
are several examples of human disease states regarded to be s consequence of haploinsufficiency of
FOX proteins: mutations in FOXCI, FOXC2, FOXEI and FOXL2 in humans are associated with
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congenital hereditary glaucoma, hereditary lymphedema-distichiasis syndrome, thyroid agenesis
and ovarian failure with craniofacial anomalies (blephalophimosis/ptosis/epicanthus inversus
syndrome) with autosomal dominant inheritance.!>1¢

FOXP2 and Specific Language Impairment (SLI) and Autism

Although the phenotype in the KE family characterized by verbal dyspraxia does not duplicate
the language abnormalities of autism and common forms of specific language impairment, chromo-
some 7q31, in which FOXP2 is located, has been considered to be a potential susceptibility locus
for the language deficits in specific language impairment (SLI) and autism. Therefore, association
and mutation screening analyses on FOXP2 gene have been performed in these disease groups.

Chromosome 7q31 has been implicated in SLL'"*® No mutations were found in exon 14
(where the KE family mutation exists) of the FOXP2 gene, but a strong association to genetic
markers adjacent to FOXP2 was found. However, no mutation or association with FOXP2 within
SLI patients was found in two studies.””* Thus it is still unclear whether the role of FOXP2 in
speech and language disorders is generalized to more common and genetically complex forms of
language impairment.

Chromosome 7q31 has been repeatedly linked to autism, suggesting that this chromosomal
region is likely to harbor a susceptibility gene for autism. Therefore, association studies with
FOXP2 and autism were conducted. Although two genetic association studies in Japanese and
Chinese subjects showed a positive association,?"** the results of the majority of association stud-
ies of FOXP2 and autism have been negative.>?> The FOXP2 gene is very large in size (>600 Mb)
and novel exons have recently been found.? Further genetic studies on the relationship between
FOXP2 and SLI or autism will be necessary.

Expression of Foxp Subfamily Members in the Brain

‘The tissue distributions of Foxp subfamily genes and proteins have been investigated in many
species, such as zebrafish, mice, rats, songbirds, nonhuman primates and humans. Foxp1, Foxp2
and Foxp4 are expressed in the brain, whereas Foxp3 is not. Foxp3 is exclusively expressed in the
immune system.”” However, the brain is not the only region where Foxp1, Foxp2 and Foxp4 are
expressed: their expression is also seen in other organs, including the lung, heart and gut.

Since this chapter is focused on the relationship between Foxp subfamily members and the
nervous system, we will first describe the expression patterns of FoxpI and Foxp4 in other organs
briefly, because their mutant mice have some phenotypes in tissues outside the brain.

Murine Foxpl is expressed in the developing brain, heart, lung and gut. Foxp! null embryos
have severe defects in the cardiovascular system, including defects in ventricular and outflow tract
separation, endocardial cushion development and cardiac myocyte proliferation and maturation.?®
Because Foxp ! null embryos die at E14.5, the role of Foxp1 in the later stages of brain development
has not been fully clarified. FoxpI null embryos showed abnormalities in motor neuronal identity
in the spinal cord.?** In addition, FOXP1I has received considerable attention in the field of cancer
research, as discussed in another chapter.

It has been revealed that Foxp4 is essential for cardiac morphogenesis: mouse Foxp4 null mice
developed abnormally, with two complete hearts and died in the embryonic stage.’? Although
Foxp4 is expressed in developing rodent brains as described below, the role of Foxp4 in neural
development has not yet been fully elucidated, because of early embryonic death.

Several groups have demonstrated the expression patterns of Foxp2 mRNA or protein in rodent,
nonhuman primate and human brains.** The expression patterns of Foxp2 in fetal mouse, rat,
nonhuman primate and human brains show striking similarities at comparative developmental
stages. Therefore, we describe the data on the expression pattern in rodents, unless otherwise
commented in this section.

Foxp2 is expressed in several structures of the central nervous system during development,
including the cerebral cortex, striatum, thalamus, cerebellum and spinal cord. There are many
overlaps between the expression patterns of Foxp2 and those of its paralogs Foxpl and Foxp4,
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although detailed analysis revealed a distinct pattern of expression for each member in some
neuronal cell types, even though they are expressed in the same anatomical regions. Given that
homo- or heterodimerization of Foxp1, Foxp2 and Foxp4 proteins is required for DNA binding
and their transcriptional activities,” the precise combination of homodimers and heterodimers of
different Foxp proteins in the same neurons may regulate the transcription of downstream target
genes during brain development and, thus control the patterning of brain structures.

Basal Ganglia

Foxpl, Foxp2and Foxp4 share partially overlapping and yet differentially regulated expression
patterns in the striatum during development.***”*# During development in rodents, these three
Foxp genes are expressed in the striatal primordia (lateral ganglionic eminence, LGE). Foxp2 and
Foxpl are persistently expressed in adulthood, whereas expression of Foxp4 is developmentally
down-regulated in the postnatal stage.

Although these three genes have a common character in that all three Foxp genes are expressed
onlyin the LGE, but not in the MGE (medial ganglionic eminence), there was a subtle difference
among the expression patterns of these three genes within the LGE. Recent studies have suggested
that the LGE can be divided into a large ventral domain (ventral LGE) giving rise to the striatum
and a smaller dorsal domain (dorsal LGE) suggested to give rise to interneurons that migrate in the
rostral migratory stream to populate the olfactory bulb.* Both Foxp2 and Foxp4 are expressed in
the subventricular zone (SVZ) and the mantle zone of the dorsal and ventral LGE, while Foxp1 is
only expressed in the SVZ and the mantle zone of the ventral LGE, but not in the dorsal LGE.*

The ontogeny of Foxp expression is also distinct in the striatal compartments.?¢ The striatum
comprises two distinct neurochemical compartments, striosomes (or patch) and the matrix. >4
Neurons in these two compartments differ in terms of the expression levels of various neurochemi-
cal molecules, neurogenesis and neural connectivity.

Expression of Foxp1 starts later than that of Foxp2 and Foxp4in the early embryonic stage. Foxpl
expression is detected in both striosomal and matrix compartments until adulthood. Although
expression of Foxp2 and Foxp4in the striatum starts at the same early embryonic stage and similar
and homogencous expression patterns continue until the late embryonic stage, Foxp2 expression
becomes restricted to the striosomal compartment and continues until adulthood, while Foxp4
expression declines in compartmental order: first in the striosomes and later in the matrix, from
the late embryonic to the early postnatal stages. Thus in a certain time window, the striosomes are
Foxp2's"/Foxp4'", whereas the matrix is Foxp2#*-lov/Foxp4"", The differential expression of
Foxpl, Foxp2 and Foxp4 might play an important role in establishing specific types of neuron in
each compartment of the striatum.

In the fetal human brain, FOXP2 and FOXP1 mRNA:s are also expressed in the striatal
primordia.>** The expression of FOXP2 is developmentally regulated: the expression is quite low
in the adult according to northern blot analysis.*

In developing nonhuman primates, FoxP2 is selectively expressed in the striosomal com-
partment of the basal ganglia in the perinatal period.” Thus the Foxp2/FOXP2 expression
pattern in the basal ganglia seems to be conserved in rodents and primates. Nevertheless, there
are several aspects in which Foxp2/FoxP2 striatal expression differs in monkey and rodent
brains. First, the striosomal FoxP2 expression pattern in the monkey striatum is only detected
during the perinatal and early postnatal periods and expression declines during postnatal
development. By contrast, Foxp2 striosomal expression in the rodent striatum persists into
adulthood. Second, regional differences in FoxP2 mRNA expression exist within the striatum.
The monkey striatum comprises the caudate nucleus and the putamen. In the monkey brain,
the FoxP2 mRNA expression level in the striosomal compartment is differentially regulated
in the caudate nucleus and putamen; specifically, FoxP2 expression in the caudate nucleus is
higher than that in the putamen in the perinatal stage and expression is barely detectable in
the putamen in the postnatal period (Fig. 1).
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Figure 1. Expression of FoxP2 and FoxP1 in postnatal monkey striatum. FoxP2-positive patches
were aligned with PPT (preprotachykinin)-positive striosomes in the monkey caudate nucleus.
In contrast, FoxP1 was expressed homogeneously in the caudate nucleus and the putamen.

In contrast to the striosomal FoxP2 expression pattern, FoxPI mRNA expression is homoge-
neous in the caudate nucleus and putamen in the prenatal and postnatal periods in monkeys.*”
Then, FoxPI expression decreases both in the caudate nucleus and the putamen.

Cerebral Cortex and Hippocampus

Foxp family genes are also differentially expressed in the developing cerebral cortex. The ex-
pression patterns of Foxpl, Foxp2 and Foxp4 genes show characteristic medio-lateral differences
and layer specificity. >

In the early embryonic stage, Foxp4 has a mediolateral graded expression in the cerebral cortex:
high expression in the medial cortex, low expression in the lateral cortex. By contrast, the cortical
expression pattern of Foxp2 mRNA is very different from that of Foxp4. Foxp2is only expressed in
the lateral telencephalon without any gradient. Foxp! expression starts a little later than expression
of Foxp2 and Foxp4 and becomes apparent in the medial telencephalon.

In the embryonic and postnatal periods, Foxp4, Foxp2 and Foxp1 genes are expressed in specific
layers of the cerebral cortex. During the early developmental stages in the cerebral cortex, Foxp4is
expressed in proliferating cells in the ventricular zone/subventricular zone (VZ/SVZ) and migrat-
ing neurons in the intermediate zone (IZ). Expression of Foxpl mRNA is observed in the upper half
of the cortical plate (CP), while that of Foxp2 mRNA is observed in the lower part of the cortical
plate (CP). Thus the expression pattern of Foxp2 appears complementary to that of Foxpl.
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During the late developmental stages of corticogenesis, Foxp2 is expressed in the lower cortical
layers, where early-born neurons reside and Foxp1 is expressed in the upper cortical layers, where
late-born neurons reside. On the other hand, Foxp4 is expressed in the entire cortical layers, in-
cluding the subplate (SP). This complex pattern of expression may suggest the possibility that a
layer-specific identity of cortical neurons may be defined, at least in part, by combinatorial codes
of Foxp genes.

In the postnatal cerebral cortex, expression of each Foxp gene shows regional specificity. Foxpl
is expressed in the dorsal and medial cortex, while Foxp2 is not expressed in the dorsal or medial
cortex, but is expressed in the lateral cortex, such as in the insular cortex. In addition, both Foxp2
and Foxp1 are expressed in the olfactory tubercle, but not in the piriform cortex, although the
expression patterns of these two genes are different within the olfactory tubercle. By contrast, the
regional expression of Foxp4 is different from that of FoxpI or Foxp2. Foxp4 is expressed in the
piriform cortex, but not in the olfactory tubercle. These expression patterns of Foxpl and Foxp2
in the cerebral cortex persist until adulthood, while Foxp4 expression declines by adulthood.

In addition to the developing cerebral cortex, Foxpl, Foxp2 and Foxp4 are differentially
expressed in the developing hippocampus. Foxp4 expression is first observed in the medial tel-
encephalon, including the hippocampal anlage, but is absent from the most medial part called
the cortical hem. During this developmental stage, there is no expression of Foxp2 or Foxpl in
the hippocampal anlage.

In the postnatal hippocampus, Foxp4 is expressed in the hilar region and from CA3 to CAl,
while Foxpl is expressed mainly in CAl. There is no Foxp2 expression in the hippocampus
throughout development. Foxp4 expression declines in the mature hippocampus, while Foxpl
expression persists until adulthood. In human fetal cortex, FOXPI is expressed in more superficial
layers than FOXP2, as in rodents. The expression of FOXPI and FOXP2 in the cerebral cortex is
not asymmetrical.

In the developing monkey cerebral cortex, differential expression of FoxP1 and FoxP2 is
evident. FoxP2 is expressed in the deeper cortical layers, whereas FoxP1 is highly expressed in
the more superficial layers. The layer-specific expression of these two FoxP genes is similar to that
in mouse, rat and human brain.3338 FoxP2 is widely expressed throughout the cortical areas,
including frontal, parietal, temporal, insular and occipital cortices, although expression is faint
in the cingulate cortex. By contrast, moderate FoxPI expression is detected in all areas examined,
including the cingulate cortex. Foxp2/FoxP2 expression in the developing cerebral cortex appears
to be conserved in rodents and primates.

Hippocampal FoxP2 and FoxP1 expression patterns in the nonhuman primate are also similar
to those in the rat:*>¥ that is, low FoxP2 expression is detected in the hippocampus, whereas FoxP1
is expressed in the CA1-CA3 region of the hippocampus. On the whole, regional Foxp2/FoxP2
expression is very similar in rats and nonhuman primates, although the temporal expression pat-
tern of Foxp2/FOXP2 is different.

Thalamus

In the developing diencephalon, Foxp1, Foxp2 and Foxp4 are expressed in the epithalamus, the
dorsal thalamus (DT, the ventral thalamus and the hypothalamus. However, the distributions and
expression levels of these family members in each region are distinct; for example, Foxp4is highly
expressed in the proliferating cells in the DT, whereas Foxp2 expression is high in differentiated
cells located in the lateral part of the DT, but low in proliferating cells. Thus expression pattern of
Foxp2 is complementary to that of Foxp4. The expression of Foxpl in differentiated cells is similar
to that of Foxp2, although the level of Foxp! expression is much lower than that of Foxp2.

Human FOXP1 and FOXP2 expression overlaps in the developing thalamus.®® FOXP2 is
highly expressed in the centromedian nucleus and mediodorsal nucleus of the thalamus. More
moderate expression of FOXP2 is observed in the anterior nucleus and parafascicular nucleus. In
the neonatal nonhuman primate brains, expression of FoxPI and FoxP2 is quite similar to that
in human counterparts.
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Cerebellum

Foxpl, Foxp2 and Foxp4 are all expressed in the cerebellar primordia. Expression of these
members is detected in Purkinje cells, cerebellar nuclear neurons, but not in granular neurons
or cerebellar interneurons. They are also expressed in the inferior olive. The expression of these
members in cerebellum and inferior olive declines postnatally and diminished in the adulthood.

Spinal Cord

Foxpl is expressed in most of the motor neurons in the brachial spinal cord, while Foxp4 is
expressed in a subset of motor neurons and a subset of spinal interneurons.?” Foxp2 is not expressed
in motor neurons, but is expressed in a large number of interneurons.

Language Impairments in the Affected Members of the KE Family

Despite the extensive behavioral analyses of the KE family, there have been inconsistencies in the
analyses and it is still unclear how many core deficits there are. However, there is at least one core
deficit, verbal and orofacial dyspraxia underlying the speech and language disorders, in the affected
members of the KE family. The verbal and orofacial apraxia in the affected members strikingly re-
sembles ‘Broca’s aphasia, which is usually seen in patients suffering from brain damage in the ‘Broca’s
language center’ located in the left frontal lobe, often caused by cerebrovascular diseases. There KE
patients have no hearingloss or neurological deficits that affect swallowing or limb movements. Nor
do they have abnormality in other organs. In that sense, the disease observed in the affected family
members in the KE family is really regarded as distinctive speech and language disorders.

Imaging Studies on the KE Family

Although there is still much to be learned about neuropathology, there is no reported
autopsy of an affected member of the KE family. The structural and functional abnormalities
in the brains of the affected members of the KE family have been investigated using MRL#+46
The structural brain abnormalities in the affected members of the KE family were investigated
using voxel-based morphometric (VBM) methods of MRI analysis. The VBM analyses showed
bilateral abnormalities in the caudate nucleus, the inferior frontal gyrus (Broca’s area), the
precentral gyrus, temporal pole and the cerebellum (lobules VIIB and VIIIB) in the affected
members, compared with unaffected members and age-matched controls, who did not differ
from each other. The abnormality in the caudate nucleus was of particular interest, because
functional abnormality was also found in a related positron emission tomography (PET) study.
Moreover, the reduction in volume was significantly correlated with the performance of the
affected members on several language tasks.

The affected members of the KE family showed highly atypical fMRI brain activation when
performingboth covert (silent) and overt (spoken) verb generation tasks, as well as word repetition
tasks.”” The unaffected family members showed a typical left-dominant activation in the inferior
frontal gyrus, including Broca’s area, in both generation tasks and a more bilateral activation in
the repetition tasks, whereas the affected members showed significant underactivation of Broca’s
area and its right homolog, as well as language-related cortical regions and the putamen. Also, in
affected cases, paradoxical activation was observed in cortical regions that are not usually involved
in language tasks.

The underactivation of Broca’s area in affected members reminds us of patients suffering from
motor aphasia caused by cerebrovascular brain damage. The language deficits in both cases are very
similar. The functional abnormality in the putamen suggests dysfunction of the striatum.

The FOXP2 Expression Pattern in the Brain and Its Relation

to the Cognitive Functions of Speech and Language

FOXP2 is extensively expressed in the developing brain and its expression is down-regulated
in the adult. This fact suggests the possibilities that the speech and language impairments found
in the affected members of the KE family are due to the developmental defects of the neural
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network critically involved in speech and language function and that formation of this network
is dependent upon a gene network via FOXP2. The spatiotemporal FOXP2 mRNA expression
pattern suggests that the basic neural network that underlies speech and language may include
motor-related circuits, including corticostriatal and/or corticocerebellar circuits.

This assumption is supported by brain imaging studies on FOXP2-mutated KE family members.
Morphometrical analysis using MRI and a functional anatomical study, using PET and fMRI,
revealed a bilateral abnormality in the inferior frontal cortex, caudate-putamen and cerebellum -
In particular, FOXP2 expression in the striosomes of the caudate nucleus might have important
implications for brain abnormalities induced by FOXP2 mutations in KE family patients. Graybiel
and colleagues have shown that striosomes with patches containing low levels of acetylcholin-
esterase activity are more prominent in the caudate nucleus than in the putamen,®* suggesting
that striosomes may fully engage in the neural circuits running through the caudate nucleus. If
FOXP2 expression levels in the caudate nucleus of the human brain are truly higher than those
in the putamen, the FOXP2 mutation may result in a stronger phenotype in the caudate nucleus,
which is observed in the brains of affected KE family members.

The affected members of the KE family show impaired movement of mouth, lips and tongue
during speech. A study using monkeys has shown that a striosome-dominant activation, as marked
by immediate-early gene expression, could occur under conditions in which repetitive move-
ments are induced by dopamine agonists.** Moreover, dopamine agonist-induced dyskinesia of
repetitive movements is present in experimental parkinsonism.*"*? Therefore, we hypothesize that
the symptoms of orofacial dyspraxia in KE family patients may be related to dysfunction of the
striosomal system in the striatum.

As described above, language impairments in the affected members of the KE family resemble
those in Broca’s aphasia, which usually involves the inferior frontal lobe. Although the basal ganglia
are not generally considered to be necessary for language acquisition, several recent reports sug-
gest that the caudate nucleus, in particular, is involved in language processing.*** Damasio and
Damasio® hypothesize that the basal ganglia circuitry contributes to grammatical rule processing
in conjunction with the frontal lobe. Ullman and colleagues’*** found that grammatical mistakes
occurred in patients suffering from Parkinson’s disease or Huntington’s disease and developed a
declarative/procedural model of language. According to the model, the mental grammar involves
procedural memory-like skills and habits and is rooted in the frontal lobe-basal ganglia, whereas
the mental lexicon depends on declarative memory and is rooted in the temporal lobe.

The role of the cerebellum in language function is partially understood.”” It is not certain
whether the speech and language disturbances in the KE family are caused by defects of
cortico-striatal or cortico-cerebellar circuits, or both.*

Phenotype in Foxp2 Mutant Mice

Foxp2 mutant mice have been generated and analyzed by three groups.’**! Homozygotes
deficient for both Foxp2 alleles (null mutant) showed severe motor impairment (delayed right-
ening-reflex maturation), premature death and an absence of ultrasonic vocalization when pups
were isolated from their mothers. Shu and colleagues® reported abnormalities in the cerebella
of homozygotes. Specifically, alignment of Purkinje cells was irregular and the external granular
layer (EGL), which should not be retained at the comparative age, was retained. Heterozygotes
also showed a modest developmental delay, cerebellar abnormalities and a significant change in
ultrasonic vocalization in response to isolation.

Other groups®*® generated knock-in mice with a point mutation in the Foxp2 gene to give rise
toaR552H mutation (corresponding to the human FOXP2 R553H mutation). Homozygous and
heterozygous R552H mice reported by Fujita and colleagues® showed largely similar phenotypes
to the KO mice reported by Shu.®! Of particular interest, in the homozygous R552H mutants,
some neurons had nuclear aggregates of Foxp2 protein. In addition to the immature cerebellar
development, the nuclear aggregates might further compromise the function of Purkinje cells and
cerebral neurons, resulting in their death.
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There were some different phenotypes and interpretations in another line of mutant mice with
the same R552H mutation.* Homozygous R552H mice showed severe reductions in cerebellar
growth and postnatal weight gain, but were able to produce complex ultrasonic vocalization in
response to isolation. Heterozygous R552H mice were overtly normal in brain structure and
development. The most interesting findings in their study were that heterozygous R552H mice
show significant deficits in motor-skill learning and abnormal synaptic plasticity is observed in
striatal and cerebellar brain slices by electrophysiological analysis.

Thus findings in these mutant mice seem to support a role for Foxp2 in the development and
function of the striatum and cerebellum and a possible involvement of corticostriatal and/or
corticocerebellar circuits in the brains of the FOXP2-mutated KE family members.

Transcriptional Activity of the FOXP2 Protein

Protein expression, subcellular localization, DNA-binding and transactivation properties of
disease-causing mutations in FOXP2 have been studied using cultured cell models. >4

Wild-type FOXP2 protein expressed in human cell lines is localized mainly in the nucleus.
This intracellular localization is disrupted in the mutants: FOXP2 with a R553H mutation is
localized in both nucleus and cytoplasm, whereas FOXP2 with R328X localized predominantly
in the cytoplasm. In addition, R328X yields an unstable protein product possibly by nonsense
mediated RNA decay.

The DNA-binding properties of wild-type and mutant forms of FOXP2 were investigated via
electrophoretic mobility shift assays (EMSAs) using an oligonucleotide probe bound to mouse
Foxpl. Wild-type FOXP2 protein possesses DNA-binding capacity, while neither R553H nor
R328X mutants bound to the target DNA.

It was reported that mouse Foxp1 and Foxp2 proteins strongly repress transcription from the
SV40 promoter, via binding to a naturally occurring target site in the promoter sequence.* The
transcription capacities of FOXP2 variants were determined by luciferase reporter gene assays.
Wild-type FOXP2, FOXP1 and FOXP4 function as transcriptional repressor for SV40 promoter,
whereas R528H and R328X mutants lose the repressor activity.®?

In sum, FOXP2 disease-causing mutations disrupt normal subcellular localization,
DNA-binding or transactivation capacities in mammalian cell model systems. Thus similar
functional changes caused by the mutations are expected to occur in vivo in affected humans.

Foxp2 Upstream and Downstream Genes (Fig. 2)

FOXP2 gene mutation is so far the only known cause of developmental speech and language
disorders in humans. Identifying the molecular network of this gene and its encoded protein will
provide a unique window into neural processes involved in speech and language. The upstream
regulatory mechanisms that control FOXP2 expression and the downstream molecular events that
are regulated by the FOXP2 gene are being investigated by several approaches as follows.

Since FOXP?2 is a transcription factor, its potential transcriptional targets can be identified
by using the technique of chromatin immunoprecipitation followed by the microarray analysis of
promoter regions (ChIP-chip assay) and the functional regulation of targets by FOXP2 can be
validated in vitro and in vivo. Two groups have identified targets of FOXP2 in vivo in two brain
regions (basal ganglia and inferior frontal cortex) of the human fetal brain and also in a human
neuronal cell models.% Interestingly, half of the target genes identified by the these studies are
overlapped. FOXP2 protein bound to the promoters of genes involved in diverse biological func-
tions, including cell signaling, synaptic transmission, neural development, ion transport and axon
guidance in fetal human brain and living neuron-like cell lines. The expression of a majority of the
target genes (such as ANK1, KCNJ15 and LBR) was repressed by FOXP2 in cell culture models,
while expression of a minority of the targets (such asTAGLN and CALCRL) was activated by
FOXP2. Thus FOXP2 can act as both a repressor and an activator under certain circumstances,
possibly dependent upon FOXP2 cofactors (such as Foxpl, Foxp4 and CtBP1) or its posttrans-
lational modifications.
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l __Identiﬁcation of Foxp2-Downstream Genes
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Figure 2. Perspectives. Identification of Foxp2-downstream genes may provide insights into
the molecular mechanisms underlying the neural development such as striatal compartmen-
talization and the neural network formation of frontostriatal and frontocerebellar circuits,
potentially related to language acquisition. The identification of the Foxp2-downstream genes
might also lead to the discovery of the susceptible genes for SLI (specific language Impairment)
and autism. Further understanding the gene network may be valuable for development of the
therapeutics for SLI and autism.

It hasbeen reported that Foxp1 works as a cofactor for Hox protein in establishing spinal motor
neuronal identity.?*** A number of transcription factors have been shown to be preferentially and
highly expressed in the developing striatum.®” A gene expression study using in situ hybridization
revealed that two transcription factor genes, Pbx3 and Meis2, belonging to the TALE (three amino
acid loop extension) superclass of the homeobox gene family,% as well as Foxp2, to be preferentially
expressed in the striosomes of the developing rat and nonhuman primate striatum.**” Because
Pbx and Meis proteins act as cofactors for various transcription factors, such as Hox proteins and
bHLH proteins,®” and Foxp2, Pbx3 and Meis2 are co-expressed in the developing striatum, a
direct or indirect interaction between Foxp2 and Pbx/Meis proteins is expected.

There is so far only one report on the upstream regulation of the Foxp2 gene.” There are six
Lef1 binding sites common between zebrafish, mouse and humans in the Foxp2 genomic region
and expressions of LefI and Foxp2 is overlapped in the zebrafish brain during development. Lefl
is a transcription factor activated by the canonical Wnt/f-catenin signaling pathway involved in
body patterning, neuronal cell specification and axon pathfinding. Knockdown of Lefl using
siRNA caused loss of Foxp2 expression in a restricted part of the brain in zebrafish experiments.
Also, a ChIP experiment confirmed that Lef1 binds to sites in the Foxp2 enhancer region. Thus
Lefl may also regulate the expression of Foxp2 in humans.

Perspectives

Molecular network analysis regarding FOXP2 will provide at least two important opportunities
in the field of cognitive and behavioral neurology. First, uncovering the gene and protein networks
related to FOXP2/FOXP2 will aid elucidation of the molecular mechanisms underlying neural
development potentially involved in language acquisition (especially in the striatal compartments,
cerebral and cerebellar structures). Second, understanding the genes and pathways that are regulated
by FOXP2 might lead to discovery of candidate genes for SLI (specific language Impairment) and
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autism. Finally, the progresses that we make in the ‘neurobiology of language’ will give us hints in
developing pharmacological tools not only for treating speech and language disorders, but also
for potentiating or improving speech and language skills.
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