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Abstract

F oxPsubfamily geneswererecentlyrecognizedto be membersof the Fox genefamily.Foxp
subfamily memberscontain a zinc fingerdomain and a leucinezipper motif in addition
to a forkheaddomain and their DNA binding capacities and transcriptionalactivities are

regulated by homo- and heterodimerization via a zinc fingerand a leucine zipper motif Three
Foxpsubfamily membersareabundantly expressed in developing brains.The expression patterns
of thesegenesareoverlapping, but they aredistinctlyexpressed in someregions. Thus thesegenes
appearto beinvolved in thedevelopmentcontrolof the centralnervoussystem.Recently,FOXP2,
a member of the Foxp subfamily, was identified as the first gene to be linked to an inherited
form oflanguage and speechdisorder. The discovery ofa mutation in FOXP2 in a family with a
speech and language disorder opened a new window to understandingthe geneticcascades and
neural circuits that underliespeechand languagevia molecular approaches. The spatiotemporal
FOXP2 mRNA expression pattern suggests that the basicneural network that underlies speech
and languagemayincludemotor-relatedcircuits,includingfrontosrriaral and/or frontocerebellar
circuits.Thisassumptionissupported bybrain imagingdata obtained byusingfMRI and PET on
the FOXP2-mutated patients and alsobyanalysis of Foxp2mutant mice.

Introduction
TheFox genefamilyencodesa largegroupof transcription factorsthat sharea commonDNA

bindingdomainofsequences calledtheforkheador wingedhelixmotif afterthe foundingmember
of this gene family,Jorkhead in Drosophila:' ManyFoxfamily membersare involved in embryonic
morphogenesis and mutations in Fox geneshavebeen implicated in a rangeof human develop
mental disorders.' Foxp subfamily genes wererecently recognizedto be membersof the Fox gene
family. Membersof the Foxp subfamilycontain a zincfingerdomain and aleucinezippermotif in
addition to a forkheaddomain.' Recentstudieshaverevealed that threeFoxp subfamily members
areabundantlyexpressed in developing brainsand that the expression patterns of thesegenes are
overlapping,but distinctlyin someregions.Thusthesegenesappearto beinvolved in development
of the centralnervoussystem. Recently, FOXP2, amemberof theFoxpsubfamily,wasidentified. It
is the firstgeneto be linked to an inherited form oflanguage and speechdisorder,"Thediscovery
of a mutation in FOXP2 in a family with a speechand languagedisorderopens a newwindowto
understandingof the geneticcascades and neural circuits that underlie speechand language via
molecularapproaches. In this chapter,wefocuson the neuralexpression ofFOXP2 asa 'Language
Gene' as well as the expression patterns ofother Foxp subfamily membersand their correlation
with anatomicaland functional abnormalities in the brains ofFOXP2-mutated patients.
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TheFoxpSubfamily
The Foxpsubfamily, whichconsists of four members, Foxp1,Foxp2, Foxp3 and Foxp4, ischar

acterizedon the basisof its memberscontaininga C2H2-type zinc fingerdomain and a leucine
zipper motif in addition to a forkheaddomain at the Cvterminus .l" C-terminallocation of the
forkhead domain is an atypicalfeaturein the Foxpsubfamily, as most other Foxfamily members
havethisdomain in N-terminalportion. Amongthe subfamily members, Foxp1,Foxp2and Foxp4
are highly homologous (showing more than 60%identity at the amino acid level); in particular,
their forkheaddomainsshowapproximately 80%identityat the aminoacidlevel. Also,Foxp1and
Foxp2, but not Foxp4, havepolygluramine tractsat the N-terminus and thesemaybe involved in
protein-protein interactions.

Members of the Fox family of proteins have been demonstrated to bind to target DNA as
monomers. Bycontrast, Foxpl, Foxp2and Foxp4proteins require dimerizationfor DNA bind
ing and their transcriptional activities are regulated by homo- and hererodimerization,? The
dimerizationsare dependent on the conservedstretch of sequence, containing a zinc fingerand
a leucinezipper motif.

Although one might suspectthat the FOXP2 gene, beinglinked to an inherited language and
speechdisorder, mightbeahuman-specific gene,because speechand language isuniqueto humans,
orthologs existin manyspecies. Comparison of the Foxp2 genesof manyorganisms has revealed
that the Foxp2protein isratherextraordinarilyconserved(amongthe 5%mostconservedproteins)
among mammals.8 Thereareonly two amino acidsdifferent (out of71 5 amino acid residues) be
tween humans and chimpanzees and three differentbetweenhumansand mice.Surprisingly, the
amino acid sequenceof the forkheaddomain is completelyidenticalamongrodents,nonhuman
primatesand humans.Recently, Krause and colleagues? reported that the Neanderthalscarrieda
FOXP2 protein that wasidentical to that of modern humans in the two positions that differed
betweenhumans and chimpanzees.

DiscoveryofFOXP2 asa 'Language Gene'
Speechand languagedisordersarecommon in childhood.Although twin studieshaveshown

that genetic factors play an important role in the etiology of such disorder,a gene that predis
poses individuals to speech and languagedisorders had not been identified until FOXP2 was
discovered.

In 1990,Hurst and colleagues reporteda uniquecaseofalargethree-generation pedigree (called
the KE family), halfofwhosemembershaveadevelopmental verbaldyspraxia that is inherited in
a pattern consistent with an autosomaldominant penerrance.'? (Detailsof the languageimpair
ments of the KE family willbe addressed later). Usingstandard positional cloningtechniquesin
combination with bioinformatics, Fisherand colleagues!' performed a genome-wide searchfor
the candidategeneunderlyingthe speechand language disordersin this family. Theymappedthe
genelocus to the long arm of chromosome7. In 2001, they finally identifiedFOXP2 as the gene
responsible for this speechand language disorderby further analyzing the breakingpoint of the
genome of a patient, CS, who had similarsymptomsto the affectedmembersof the KE family
and a translocationbetweenchromosomes 5 and 7.4

The one point mutation in the FOXP2 geneof the affectedmembers of the KE family ispre
dicted to result in an arginine-to-histidinesubstitution (RSS3H) in the forkheaddomain of the
FOXP2protein. RSS3 isinvariantamongallFOXproteinsin species rangingfromyeast to humans.
Thismutation occurredin everyaffectedKE family member, but not in unaffectedmembers, nor
in unrelated control subjects. The translocation breakpoint in CS disrupted the gene structure
ofFOXP2. Furthermore, a nonsensemutation at arginine 328 (R328X) in the FOXP2 genewas
found in a family, whoseaffectedmembershad orofacialdyspraxia.P'Iherefore, it islikelythat the
amino acidsubstitution in FOXP2 protein leadsto a lossof function of one copyof the FOXP2
geneand that the remainingcopyis insufficient for FOXP2 function (haploinsufficiency).There
areseveral examples of human disease statesregardedto bes consequence of haploinsufficiencyof
FOX proteins: mutationsinFOXCl, FOXC2, FOXEl andFOXL2in humansareassociated 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 inherirance .P:"

FOXP2 and SpecificLanguage Impairment(SLI) andAutism
Although the phenotype in the KE family characterized byverbal dyspraxia does not duplicate

the language abnormalities ofautism and common forms ofspecificlanguage 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 SLI,1?,18 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. 19.20 Thus it is still unclear whether the role ofFOXP2 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.i' :" the results ofthe majority ofassociation stud
ies ofFOXP2 and autism have been negative.23-25The 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 ofFoxp SubfamilyMembers in the Brain
The tissue distributions ofFoxp subfamily genes and proteins have been investigated in many

species, such as zebrafish, mice, rats, songbirds, nonhuman primates and humans. Foxpl, 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 Foxpl, 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 ofFoxpl 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. Foxpl 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,"
BecauseFoxp1null embryos die at E14.5, the role ofFoxp1 in the later stagesofbrain development
has not been fully clarified. Foxpl null embryos showed abnormalities in motor neuronal identity
in the spinal cord.29,30 In addition,FOXP1has received considerable attention in the field ofcancer
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 srage." 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 ofearly embryonic death.

Several groups have demonstrated the expression patterns ofFoxp2 mRNA or protein in rodent,
nonhuman primate and human brains Y-38The expression patterns ofFoxp2 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 ofFoxp2 and those of its paralogs Foxpl and Foxp-i,
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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 ofFoxpl, Foxp2 and Foxp4 proteins is required for DNA binding
and their transcriptional activities? the precise combination ofhomodimers and heterodimers of
different Foxp proteins in the same neurons may regulate the transcription ofdownstream target
genes during brain development and, thus control the patterning ofbrain structures.

Basal Ganglia
Foxpl, Foxp2 and Foxp4 share partially overlapping and yet differentially regulated expression

patterns in the striatum during development.33.37.39.4O 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
only in the LGE, but not in the MGE (medial ganglionic eminence), there was a subtle difference
among the expression patterns ofthese three genes within the LGE . Recent studies havesuggested
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 giverise 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 ofthe dorsal and ventral LGE, while Foxp1 is
only expressed in the SVZ and the mantle zone ofthe ventral LGE, but not in the dorsal LGE .36

The ontogeny ofFoxp expression is also distinct in the striatal compartments.35.36The striatum
comprises two distinct neurochemical compartments, striosomes (or patch) and the matrix.42•44

Neurons in these two compartments differ in terms ofthe expression levelsofvarious neurochemi
cal molecules, neurogenesis and neural connectivity.

Expression ofFoxp1starts later than that ofFoxp2 and Foxp4 in the earlyembryonic stage.Foxp1
expression is detected in both striosomal and matrix compartments until adulthood. Although
expression ofFoxp2 and Foxp4 in the striatum starts at the same earlyembryonic stage and similar
and homogeneous 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
Foxp2high/Foxp4low, whereas the matrix is Foxp2n,gative-low/Foxp4high. The differential expression of
Foxpl, Foxp2 and Foxp4 might play an important role in establishing specific types ofneuron in
each compartment ofthe striatum.

In the fetal human brain, FOXP2and FOXP1 mRNAs are also expressed in the striatal
primordia.34.38The expression ofFOXP2 is developmentally regulated: the expression isquite 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. I) .
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Figure 1. Expression of FoxP2 and FoxP1 in postnata l monkey striatum . FoxP2-pos itive patches
were aligned w ith 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, FoxP1 mRNA expression is homoge
neous in the caudate nucleus and putamen in the prenatal and postnatal periods in monkeys."
Then, FoxP1 expression decreases both in the caudate nucleus and the putamen.

Cerebral Cortex andHippocampus
Foxp family genes are also differentially expressed in the developing cerebral cortex. The ex

pression patterns ofFoxpl, Foxp2 and Foxp4 genes show characteristic rnedio-lateral differences
and layer specificity.33-36

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 ofFoxp2 mRNA isvery different from that ofFoxp4. Foxp2 is only expressed in
the lateral telencephalon without any gradient. Foxplexpression starts a little later than expression
ofFoxp2 and Foxp4 and becomes apparent in the medial telencephalon.

In the embryonic and postnatal periods, Foxp-t,Foxp2 and Foxp1genes are expressed in specific
layers ofthe cerebral cortex. During the early developmental stages in the cerebral cortex,Foxp4 is
expressed in proliferatingcells in the ventricular zone/subventricular zone (VZ/SVZ) and migrat
ing neurons in the intermediate zone (IZ). Expression ofFoxp1mRNA isobserved in the upper half
ofthe cortical plate (CP), while that ofFoxp2 mRNA is observed in the lower part ofthe cortical
plate (CP). Thus the expression pattern ofFoxp2 appears complementary to that ofFoxpl.



122 Forkhead Transcription Factors: VitalElementsin Biology andMedicine

During the latedevelopmental stages of corticogenesis,Foxp2 isexpressed in the lowercortical
layers, where early-born neurons resideand Foxp1 isexpressed in the upper corticallayers, where
late-born neurons reside. On the other hand, Foxp4 is expressed in the entire cortical layers, in
cluding the subplate (SP).This complexpattern of expression maysuggest the possibilitythat a
layer-specific identity of corticalneurons maybe defined,at leastin part, bycombinatorialcodes
ofFoxp genes.

In the postnatal cerebralcortex,expression ofeachFoxp geneshowsregionalspecificity.Foxp1
is expressed in the dorsaland medialcortex,whileFoxp2 isnot expressed in the dorsalor medial
cortex,but isexpressed in the lateralcortex, suchasin the insularcortex. In addition, both Foxp2
and Foxp1 are expressed in the olfactory tubercle,but not in the piriform cortex,although the
expression patterns of thesetwo genes aredifferentwithin the olfactorytubercle.Bycontrast, the
regionalexpression of Foxp4 is different from that of Foxp1 or Foxp2. Foxp4 is expressed in the
piriform cortex,but not in the olfactorytubercle. Theseexpression patterns of Foxp1 and Foxp2
in the cerebralcortexpersistuntil adulthood, whileFoxp4 expression declinesbyadulthood.

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 Foxp1 in
the hippocampal anlage.

In the postnatal hippocampus, Foxp4 isexpressed in the hilar regionand from CA3 to CAl,
while Foxp1 is expressed mainly in CAL There is no Foxp2 expression in the hippocampus
throughout development. Foxp4 expression declines in the mature hippocampus, while Foxp1
expression persistsuntil adulthood. In human fetalcortex,FOXP1 isexpressed in moresuperficial
layers than FOXP2,asin rodents.The expression of FOXP1 and FOXP2 in the cerebralcortex 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. Thelayer-specific expression of these two FoxP genes issimilarto that
in mouse, rat and human brain.33.35.38 FoxP2 is widelyexpressed throughout the cortical areas,
including frontal, parietal, temporal, insular and occipital cortices,although expression is faint
in the cingulatecortex. Bycontrast,moderateFoxP1 expression isdetected in all areasexamined,
includingthe cingulatecortex.Foxp2/FoxP2 expression in the developing cerebralcortexappears
to be conservedin rodents and primates.

HippocampalFoxP2 andFoxP1 expression patterns in the nonhuman primatearealsosimilar
to thosein the rat;35.37 that is,lowFoxP2 expression isdetectedin thehippocampus, whereas FoxP1
is expressed in the CAl-CA3 regionof the hippocampus.On the whole,regionalFoxp2/FoxP2
expression isverysimilarin ratsand nonhuman primates,although the temporal expression pat
tern of Foxp2/FOXP2 isdifferent.

Thalamus
In the developingdiencephalon, Foxp1, Foxp2 andFoxp4 areexpressed in the epithalamus, the

dorsalthalamus(DT) , theventralthalamusand the hypothalamus. However, thedistributionsand
expression levels of thesefamily membersin eachregionaredistinct; for example,Foxp4 ishighly
expressed in the proliferatingcellsin the DT, whereas Foxp2 expression is high in differentiated
cellslocated in the lateralpart of the DT, but lowin proliferatingcells. Thusexpression pattern of
Foxp2 iscomplementaryto that ofFoxp4. Theexpression ofFoxp1 in differentiatedcellsissimilar
to that of Foxp2, although the level of Foxp1 expression ismuch lowerthan that ofFoxp2.

Human FOXPI and FOXP2 expression overlaps in the developingthalamus." FOXP2 is
highly expressed in the centromedian nucleusand mediodorsal nucleusof the thalamus. More
moderateexpression ofFOXP2 isobservedin the anterior nucleusand parafascicular nucleus. In
the neonatal nonhuman primate brains, expression of FoxP1 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.Theyare alsoexpressed in the inferiorolive. The expression of these
membersin cerebellum and inferiorolivedeclines postnatallyand diminished in the adulthood.

Spinal Cord
Foxpl is expressed in most of the motor neurons in the brachial spinal cord, whileFoxp4 is

expressed in asubsetof motor neuronsand asubsetofspinalinterneurons." Foxp2 isnot expressed
in motor neurons,but isexpressed in a largenumber ofinterneurons.

Language Impairments in the Affected Members ofthe KE Family
Despitethe extensive behavioral analyses of the KEfamily, therehave beeninconsistencies in the

analyses and it is stillunclear how manycoredeficits there are. However, there isat leastone core
deficit, verbal and orofacial dyspraxia underlying the speechand 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', whichisusually seenin patientssuffering frombraindamage in the 'Broca's
language center' locatedin the leftfrontallobe,oftencaused bycerebrovascular diseases. ThereKE
patientshaveno hearingloss or neurological deficits that affect swallowingor limbmovements.Nor
do theyhave abnormalityin other organs. In that sense, the disease observed in the affected family
members in the KE family is really regarded asdistinctive 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 affectedmembersof the KE familyhave been investigatedusingMRI.45.46
The structural brain abnormalities in the affectedmembersof the KE familywereinvestigated
usingvoxel-based morphometric (VBM) methods ofMRI 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 wasalsofound in a relatedpositron emissiontomography (PET) study.
Moreover, the reduction in volume was Significantly correlated with the performance of the
affectedmemberson severallanguagetasks.

The affectedmembersof the KE family showedhighlyatypicalfMRI brain activationwhen
performingboth covert(silent)and overt(spoken)verbgenerationtasks, aswellaswordrepetition
tasks.VThe unaffectedfamily membersshoweda typicalleft-dominantactivationin the inferior
frontal gyrus,including Broca's area, in both generation tasksand a more bilateralactivationin
the repetition tasks,whereas the affectedmembersshowedsignificant underactivation of Broca's
areaand its right homolog, aswellaslanguage-related cortical regionsand the putamen. Also,in
affectedcases, paradoxical activationwasobservedin corticalregionsthat arenot usually involved
in language tasks.

The underactivationof Broca's areain affectedmembersremindsusof patients suffering from
motor aphasiacausedbycerebrovascular brain damage. Thelanguage deficits in both cases arevery
similar. The functional abnormality in the putamen suggests dysfunctionof the striatum.

The FOXP2 Expression Pattern in the Brain and Its Relation
to the Cognitive Functions ofSpeechand 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 speechand language impairmentsfound
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 speechand language function and that formationof this network
is dependent upon a genenetworkvia FOXP2. The spatiotemporalFOXP2 mRNA expression
pattern suggests that the basicneural network that underlies speechand language mayinclude
motor-relatedcircuits,includingcorticostriatal and/or corticocerebellar circuits.

Thisassumption issupportedbybrainimagingstudiesonFOXP2-mutated KEfamily members.
Morphometricalanalysis usingMRI and a functional anatomicalstudy,usingPET and fMRI,
revealed abilateralabnormality in the inferiorfrontalcortex,caudate-putamen andcerebellum.v"
In particular,FOXP2 expression in the striosomes of the caudatenucleus might haveimportant
implications forbrainabnormalities inducedbyFOXP2 mutationsin KEfamily patients.Graybiel
and colleagues haveshown that striosomes with patches containing low levels of acetylcholin
esterase activityare more prominent in the caudatenucleus than in the putamen,43.49 suggesting
that striosomes mayfullyengage in the neural circuits running through the caudatenucleus. If
FOXP2 expression levels in the caudatenucleus of the human brain are truly higher than those
in the putamen, the FOXP2 mutation mayresultin a strongerphenotype in the caudatenucleus,
which isobservedin the brainsof affected KE family members.

The affected membersof the KE family showimpairedmovementof mouth, lipsand tongue
duringspeech.A studyusingmonkeys hasshownthat astriosorne-dominant activation, asmarked
by immediate-earlygene expression, could occur under conditions in which repetitive move
ments are induced by dopamineagonists." Moreover, dopamine agonist-induced dyskinesia of
repetitivemovements ispresentinexperimental parkinsonism.l' :" Therefore,wehypothesize that
the symptomsof orofacial dyspraxia in KE family patients maybe related to dysfunction of the
striosomalsystem in the striatum.

Asdescribedabove, language impairments in the affected members of the KEfamily resemble
thosein Broca's aphasia, whichusually involves the inferiorfrontallobe.Althoughthebasalganglia
are not generally considered to be necessary for language acquisition, several recent reports sug
gest that the caudatenucleus, in particular, is involved in language processing.P'" Damasio and
Darnasio" hypothesize that the basalganglia circuitrycontributesto granunatical ruleprocessing
in conjunctionwith the frontallobe. Ullmanand colleagues'S" found that granunatical mistakes
occurred in patients suffering from Parkinson's disease or Huntington's disease and developed a
declarative/procedural modeloflanguage.Accordingto the model,the mentalgranunarinvolves
proceduralmemory-like skills and habits and is rooted in the frontal lobe-basal ganglia, whereas
the mental lexicon dependson declarative memoryand is rooted in the temporallobe.

The role of the cerebellum in languagefunction 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 borh."

Phenotype in Foxp2 Mutant Mice
Foxp2 mutant mice have been generated and analyzed by three groupS.59-61 Homozygotes

deficientfor both Foxp2 alleles (null mutant) showedsevere motor impairment (delayed right
ening-reflex maturation), prematuredeath and an absence of ultrasonicvocalization when pups
were isolated from their mothers. Shu and colleagues" reported abnormalities in the cerebella
ofhomozygotes. Specifically, alignmentofPurkinje cells wasirregularand the externalgranular
layer(EGL),which should not be retained at the comparative age, wasretained. Heterozygotes
alsoshoweda modest developmental delay, cerebellar abnormalities and a significant changein
ultrasonicvocalization in response to isolation.

Other groupS59.60 generatedknock-inmicewith apoint mutation in theFoxp2 geneto giverise
to aRSS2Hmutation(corresponding to the humanFOXP2RSS3Hmutation).Homozygous and
heterozygous RSS2HmicereportedbyFujitaand colleagues"showedlargely similarphenotypes
to the KO mice reported by Shu.61 Of particular interest, in the homozygous RSS2H mutants,
some neurons had nuclearaggregates of Foxp2 protein. In addition to the immaturecerebellar
development, the nuclearaggregates might further compromise the functionofPurkinje cells and
cerebralneurons,resultingin their death.
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Thereweresomedifferentphenotypesand interpretationsin another lineof mutant micewith
the sameR552H mutation/" HomozygousR552H miceshowedsevere reductions in cerebellar
growth and postnatal weight gain, but wereable to produce complexultrasonicvocalization in
response to isolation. Heterozygous R552H mice were overtlynormal in brain structure and
development.The most interestingfindingsin their study were that heterozygous R552H mice
show significant deficits in motor-skilllearning and abnormal synapticplasticityis observedin
striataland cerebellar brain slices byelectrophysiological analysis.

Thus findingsin thesemutant miceseemto support a role for Foxp2in the developmentand
function of the striatum and cerebellum and a possible involvement of corticostriatal and/or
corticocerebellar circuits in the brainsof the FOXP2-mutatedKE familymembers.

Transcriptional Activity ofthe FOXP2 Protein
Protein expression, subcellular localization, DNA-binding and transactivationproperties of

disease-causing mutations in FOXP2 havebeen studied usingcultured cellmodels.62,63
Wild-type FOXP2 protein expressed in human cell lines is localizedmainly in the nucleus.

This intracellular localizationis disrupted in the mutants: FOXP2 with a R553H mutation is
localizedin both nucleusand cytoplasm, whereas FOXP2 with R328X localizedpredominantly
in the cytoplasm.In addition, R328X yields an unstable protein product possibly by nonsense
mediated RNA decay.

The DNA-binding propertiesofwild-typeand mutant formsofFOXP2 wereinvestigated via
electrophoretic mobility shift assays (EMSAs) usingan oligonucleotideprobe bound to mouse
Foxpl. Wild-type FOXP2 protein possesses DNA-binding capacity, while neither R553H nor
R328X mutants bound to the target DNA.

It wasreported that mouseFoxp1and Foxp2proteins stronglyrepress transcription from the
SV40promoter, viabinding to a naturallyoccurring target site in the promoter sequence.v The
transcription capacities of FOXP2 variantswere determined by luciferase reporter gene assays.
Wild-typeFOXP2, FOXP1and FOXP4 function astranscriptionalrepressor forSV40 promoter,
whereas R528H and R328X mutants losethe repressor activity.62

In sum, FOXP2 disease-causing mut ations disrupt normal subcellular localization,
DNA-binding or transactivation capacities in mammalian cell model systems. Thus similar
functional changescausedby the mutations are expected to occur in vivoin affectedhumans.

Foxp2 Upstream and Downstream Genes (Fig. 2)
FOXP2gene mutation is so far the only known causeof developmental speechand language

disordersin humans.Identifyingthe molecularnetwork of this geneand its encodedprotein will
provide a unique window into neural processes involved in speechand language. The upstream
regulatorymechanisms that controlFOXP2 expression and the downstreammoleculareventsthat
are regulatedby the FOXP2 genearebeinginvestigated byseveral approaches asfollows.

Since FOXP2 is a transcription factor, its potential transcriptional targets can be identified
byusingthe technique of chromatin irnmunoprecipitationfollowed bythe microarray analysis of
promoter regions (ChIP-chip assay) and the functional regulationof targetsby FOXP2 can be
validated in vitro and in vivo.TwogroupshaveidentifiedtargetsofFOXP2 in vivoin two brain
regions (basalgangliaand inferior frontal cortex) of the human fetal brain and also in a human
neuronal cellmodels.65.66 Interestingly, halfof the target genes identifiedby the thesestudies are
overlapped. FOXP2 protein bound to the promotersof genesinvolved in diverse biological func
tions, includingcellsignaling, synaptictransmission, neuraldevelopment, ion transport and axon
guidancein fetalhuman brain and livingneuron-likecelllines.Theexpression ofa majorityof the
targetgenes(suchasANKl, KCN] 15and LBR)wasrepressed byFOXP2 in cellculture models,
while expression of a minority of the targets (such asTAGLN and CALCRL) wasactivatedby
FOXP2. Thus FOXP2 can act as both a repressor and an activatorunder certain circumstances,
possibly dependent upon FOXP2 cofactors(such as Foxpl, Foxp4and CtBPI) or its posttrans
lational modifications.
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Figure 2. Perspectives. Identification of Foxp2-downstream genes may provide insights into
the molecular mechanisms underlying the neural developmentsuch asstriatalcompartmen
talization and the neural network formation of frontostriatal and frontocerebellar circuits,
potentially related to language acquisition. Theidentification of the Foxp2-downstream genes
mightalsoleadto thediscoveryof thesusceptible genes for SLI (specific language Impairment)
and autism.Further understanding the genenetwork maybe valuable for development of the
therapeutics for SLI and autism.

Ithasbeen reportedthat Foxp1worksasacofactorfor Hoxprotein inestablishingspinalmotor
neuronal identity.29JO A numberof transcriptionfactorshavebeen shownto bepreferentially and
highlyexpressed in the developing striarurn/"A geneexpression studyusingin situ hybridization
revealed that two transcriptionfactorgenes,Pbx3andMeis2, belongingto theTALE(threeamino
acidloop extension) superclass of the homeoboxgenefamily,68 aswellasFoxp2,to bepreferentially
expressed in the striosomes of the developingrat and nonhuman primate striatum.3s.37Because
Pbxand Meisproteinsact ascofactorsfor varioustranscription factors, suchas Hox proteinsand
bHLH proteins,69.70 and Foxp2, Pbx3 and Meis2 are co-expressed in the developing striatum, a
direct or indirect interaction between Foxp2and Pbx/Meisproteins is expected.

There is so far only one report on the upstream regulationof the Foxp2 gene." There are six
Lefl binding sitescornmonbetweenzebrafish, mouseand humans in the Foxp2 genomicregion
and expressions ofLef1 and Foxp2 isoverlappedin the zebrafish brain duringdevelopment. Lefl
is a transcription factor activatedby the canonicalWnt/~-catenin signalingpathwayinvolved in
body patterning, neuronal cell specification and axon pathfinding. Knockdown of Lefl using
siRNA causedlossofFoxp2 expression in a restrictedpart of the brain in zebrafish experiments.
Also, a ChIP experimentconfirmedthat Lefl binds to sitesin the Foxp2 enhancer region. Thus
Lefl mayalsoregulatethe expression ofFoxp2 in humans.

Perspectives
Molecular networkanalysis regardingFOXP2willprovideat leasttwoimportantopportunities

in the fieldofcognitiveand behavioral neurology. First,uncoveringthe geneand protein networks
related to FOXP2/FOXP2 willaid elucidationof the molecularmechanisms underlyingneural
developmentpotentiallyinvolved in language acquisition(especially in the striatalcompartments,
cerebral and cerebellar structures).Second,understandingthegenes andpathways that areregulated
byFOXP2 might leadto discovery ofcandidategenesfor SLI(specific language Impairment)and
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autism. Finally, the progresses that wemakein the 'neurobiology oflanguage'willgive ushints in
developing pharmacological tools not only for treatingspeechand language disorders, but also
for potentiating or improvingspeechand language skills.
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