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Individuals affected with developmental disorders of speech and
language have substantial difficulty acquiring expressive and/or
receptive language in the absence of any profound sensory or
neurological impairment and despite adequate intelligence and
opportunity'. Although studies of twins consistently indicate that
a significant genetic component is involved'~, most families
segregating speech and language deficits show complex patterns
of inheritance, and a gene that predisposes individuals to such
disorders has not been identified. We have studied a unique three-
generation pedigree, KE, in which a severe speech and language
disorder is transmitted as an autosomal-dominant monogenic
trait®. Our previous work mapped the locus responsible, SPCH1,
to a 5.6-cM interval of region 7q31 on chromosome 7 (ref. 5). We
also identified an unrelated individual, CS, in whom speech and
language impairment is associated with a chromosomal translo-
cation involving the SPCH1 interval®. Here we show that the gene
FOXP2, which encodes a putative transcription factor containing
a polyglutamine tract and a forkhead DNA-binding domain, is
directly disrupted by the translocation breakpoint in CS. In
addition, we identify a point mutation in affected members of
the KE family that alters an invariant amino-acid residue in the
forkhead domain. Our findings suggest that FOXP2 is involved in
the developmental process that culminates in speech and language.

Investigations of the KE family (Fig. 1) have been central to
discussions regarding the innate aspects of language ability>’~".
Affected members have a severe impairment in the selection and
sequencing of fine orofacial movements, which are necessary for
articulation (referred to as a developmental verbal dyspraxia; MIM
602081)**". The disorder is also characterized by deficits in several
facets of language processing (such as the ability to break up words
into their constituent phonemes) and grammatical skills (including
production and comprehension of word inflections and syntactical
structure)”®.

Although the mean non-verbal IQ of affected members is lower
than that of unaffected members®, there are affected individuals in
the family who have non-verbal ability close to the population
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average, despite having severe speech and language difficulties;
therefore, non-verbal deficits cannot be considered as characteristic
of the disorder. Functional and structural brain-imaging studies of
affected members of the KE family have suggested that the basal
ganglia may be a site of bilateral pathology associated with the trait’.
Although there has been some debate over which feature of the
phenotype constitutes the core deficit in this disorder, all the
different studies agree that the gene disrupted in the KE family is
likely to be important in neural mechanisms mediating the devel-
opment of speech and language.

After our initial localization of SPCH1 to 7q31 (ref. 5), we used a
bioinformatic approach to construct a transcript map of the crucial
interval containing nearly 8 megabases of completed genomic
sequence’. In addition, we reported molecular cytogenetic studies
of an unrelated patient CS, who has a speech and language disorder
that is strikingly similar to that of the KE family, associated with a
de novo balanced reciprocal translocation t(5;7)(q22;q31.2)%. As
observed for affected members of the KE family, CS presents with a
severe orofacial dyspraxia despite normal early feeding and gross
motor development. For both KE and CS phenotypes, there is
substantial impairment of expressive and receptive language abil-
ities. In both cases, general intelligence is relatively spared: although
there is some lowering of IQ, deficits are more profound in the
verbal domain.

Fluorescence in-situ hybridization (FISH) with a series of bacter-
ial artificial chromosome (BAC) clones enabled us to map the
7q31.2 breakpoint of CS to a single clone, named NH0563005, and
did not reveal any additional associated genomic rearrangements in
the vicinity of the translocation®. We discovered that the
NHO0563005 clone contains several exons from CAGH44, a brain-
expressed transcript encoding a large stretch of consecutive
polyglutamines® (Fig. 2). A previous study of CAGH44 had deter-
mined only the first 869 base pairs (bp) of coding sequence from a
partial transcript of the gene, in which no in-frame stop codon had
been reached'. Investigation of this 5’ part of the open reading
frame (ORF) in the KE family did not detect any sequence variant
co-segregating with the speech and language disorder®.

To isolate the complete coding region of this candidate gene, we
obtained the genomic sequence of NH0563005 and adjacent BAC
clones. Computer-based investigation of these data, using database
search tools and gene prediction programs, enabled us to assemble
the sequence of a hypothetical 2.5-kilobase (kb) transcript compris-
ing 17 exons and containing a complete ORF of about 2.1 kb (Fig. 2).
We verified the predicted transcript sequence experimentally (see
Methods), confirming the exon—intron structure of the gene and
identifying alternative splicing of two additional exons at the 5" end
of the gene in all tissues examined (Fig. 2b). The carboxy-terminal
portion of the predicted protein sequence encoded by this gene
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Figure 1 Pedigree of the KE family. Affected individuals are indicated by filled symbols.
Asterisks indicate those individuals who were unavailable for genetic analyses. Squares
are males, circles are females, and a line through a symbol indicates that the person is
deceased.
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contains a segment of 84 amino acids (encoded by exons 12—14)
that shows high similarity to the characteristic DNA-binding
domain of the forkhead/winged-helix (FOX) family of transcription
factors'™* (Fig. 2c). The complete gene has been therefore desig-
nated FOXP2, in accordance with the standard nomenclature
proposed for this rapidly growing gene family".

Northern blot analysis (see Supplementary Information) of
several human adult tissues showed that there is broad expression
of a roughly 6.5-kb transcript. This transcript was also observed in
fetal tissues, with strong expression in brain. Similarly, an investiga-
tion of the murine homologue of FOXP2 has demonstrated expres-
sion in a range of adult and fetal mouse tissues”. Using in situ
hybridization, it was also found that murine FOXP2 is expressed in
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defined regions of the central nervous system during mouse
embryogenesis, including the neopallial cortex and the developing
cerebral hemispheres”.

We used additional FISH experiments and Southern blot analysis
of DNA from CS to investigate further the relationship between the
translocation and the FOXP2 locus. We thereby localized the
translocation breakpoint to a 200-bp region in the intron between
exons 3b and 4 (Fig. 3). These results indicate that disruption of
FOXP2 is implicated in the aetiology of the speech and language
disorder of this patient.

We screened the newly defined coding regions (exons 1, 3b and 8—
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Figure 2 Identification of the human FOXP2 gene. a, Representation of human FOXP2
gene structure. Boxes represent exons, with positions of initiation and termination codons
indicated. The scale shown applies only to exons; the entire region spans more than
267 kb of genomic DNA. Exons encoding polyglutamine tracts (PolyQ) and the
forkhead domain (FOX) are indicated. The gene includes regions corresponding

to expressed sequence tag ye50f03.r1 (exon 1), the partial CAGH44 transcript (exons
2-7) and a partial cDNA clone YX52EQ7 (exons 11—15). BAC genomic sequence entries
are aligned beneath the gene structure. b, Alternative splicing of exons 3a and 3b
(indicated by asterisks) leads to four different transcripts. ‘I' was originally identified by
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genomic predictions. ‘lI" contains exon 3b, which inserts 75 bp in-frame into the
coding region. ‘lIl"and ‘IV" include the 58-bp exon 3a, which shifts the frame such that the
ORF begins in exon 4, rather than exon 2. ¢, Amino-acid sequence encoded by

human FOXP2 (transcript ‘'), aligned with human FOXP1 (accession AAG47632). The
40-residue and 10-residue stretches of polyglutamine in FOXP2 are reduced to only three
glutamines each in FOXP1. FOXP2 transcript ‘II" inserts 25 amino acids between residues
86 and 87. Transcripts ‘lIl" and IV’ give a shorter product beginning with the methionine at
residue 93.
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Figure 3 Disruption of FOXP2 in patients with severe speech and language disorder.
a, Localization of the CS translocation breakpoint. A 499-bp probe (indicated by a thick
black line) from the intron between exon 3b and exon 4 detected abnormal restriction
fragments on Southern blots with four different enzymes, EcoRlI, EcoRV, Avrll and Hindlll.
A scaled restriction map of the normal locus is shown, with estimated sizes (in kilobases)
of detected junction fragments displayed at the side. The Hindlll results indicate that
the CS breakpoint maps to a region of ~200 bp on the centromeric side of the probe.
Examples of Southern blot hybridizations with digested DNA from the patient (P) and a

shown to co-segregate perfectly with the speech and language
disorder in the KE pedigree (Fig. 3). Using a restriction-enzyme-
based assay, we showed that the mutation was absent in 364
independent chromosomes from normal Caucasian controls (data
not shown), indicating that it does not represent a naturally occurring
polymorphism. The mutation is predicted to result in an arginine-to-
histidine substitution (R553H) in the forkhead DNA-binding
domain of FOXP2 (Fig. 4). Forkhead (or winged-helix) domains
adopt a characteristic structure, comprising three amphipathic a-
helices followed by two large loops (called ‘wings’), in which the third
a-helix is presented to the major groove of the target DNA'>'S. The
R553H change occurs in this third helix, which is the most highly
conserved part of the forkhead domain'?, adjacent to a histidine
residue that makes a direct base contact with the target DNA'S,

The R553 amino acid is invariant in all the currently known

Affected

control (C) are also shown for two of the enzymes, with the junction fragments indicated
by arrows. b, Direct sequencing of exons from FOXP2 detected a G-to-A transition
causing an R553H substitution in the forkhead domain in family KE. All affected
individuals from the KE pedigree were heterozygous for this mutation, whereas all
unaffected individuals were homozygous for the wild type (see Fig. 1). Somatic cell hybrids
containing only the chromosome 7 associated with the speech and language disorder®
were hemizygous for the mutation.

members of the large family of forkhead proteins, in species ranging
from yeast to human (see http://www.biology.pomona.edu/
fox.html). Furthermore, it has been proposed as an invariant feature
of all homeodomain recognition helices'?. Therefore, we suggest
that this arginine residue is crucially important for the function of
the forkhead domain, and that the histidine substitution observed
in affected members of the KE family disrupts the DNA-binding
and/or transactivation properties of FOXP2. The alternative
hypothesis—that the R553H change is in linkage disequilibrium
with a pathogenic mutation in a neighbouring gene and that the
disorder in the translocation patient actually results from positional
inactivation of this other gene—is highly unlikely.

Many members of the forkhead family are known to be key
regulators of embryogenesis". Mutations in FOX genes have been
implicated in specific human disorders, including congenital

FOXP2
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Figure 4 Forkhead domains of the three known FOXP proteins aligned with representative
proteins from several branches of the FOX family. All sequences are from Homo sapiens.
Residues that are invariant in this selection of forkhead proteins are given beneath the

alignment. Asterisks show sites of the substitution mutations in FOXC1, FOXE1 and FOXP3
that have been previously implicated in human disease states'’~*?*?* The upwards
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arrow indicates the site of the R553H substitution identified in FOXP2 in affected members
of the KE pedigree. The proposed structure of the forkhead domain as established by
X-ray crystallography'® is shown, containing three a-helices, three B-strands (S1-3) and
two ‘wings'.
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glaucoma (FOXC1)'"'®, thyroid agenesis (FOXE1)", lymphedema—
distichiasis (LD) syndrome (FOXC2)%, blepharophimosis/ptosis/
epicanthus inversus (BPES) syndrome (FOXL2)*, and anterior-
segment dysgenesis associated with cataracts (FOXE3)*. The mouse
phenotype scurfy and a similar syndrome found in humans both
result from disruption of FOXP3 (refs 23—25), a gene that is closely
related to FOXP2.

A significant number of the mutations identified in FOX genes are
missense changes, and all of these result in substitution at residues
in the forkhead domain'’~"****, as observed here for FOXP2 (Fig. 4).
Frameshift and nonsense mutations yielding truncated protein
products that lack a forkhead domain have also been
identified'”'****, In addition, there have been reports of balanced
translocations causing positional effect inactivation of FOXCI,
FOXC2 and FOXL2 in glaucoma', lymphedema—distichiasis®
and BPES”, respectively. Data from those studies'’***, as well
as from mouse models®®~* and in vitro functional assays", indicate
that inactivation or loss of the forkhead domain is a general
mechanism by which mutation of FOX genes can lead to human
disease states. Investigations of forkhead-domain mutations asso-
ciated with autosomal dominant traits suggests that the resulting
disorders are a consequence of haplo-insufficiency during embryo-
logical development'”'***¥. The finding that duplications involv-
ing FOXC1 can cause anterior-chamber defects of the eye””
provides further evidence that the correct gene dosage of forkhead
transcription factors is important in embryogenesis.

In addition to the forkhead domain, the FOXP2 protein also
contains a stretch of 40 consecutive glutamines followed by a second
stretch of only 10 glutamines. Abnormal expansion of variable
polyglutamine tracts has been implicated in several hereditary
neurodegenerative disorders”. The polyglutamine region of
FOXP2 is encoded by a mixture of CAG and CAA codons,
making it highly stable in normal individuals'’. Although poly-
glutamine tracts have been found in many transcription-related
proteins™ this is the first report of such a domain in a FOX family
member. The amino-acid sequence of FOXP2 shows remarkable
similarity throughout its length to FOXP1, another member of the P
branch of the forkhead family that has been identified in humans
(68% identity; 80% similarity). However, an intriguing difference
between these two human paralogues is that the polyglutamine
tracts of FOXP2 are reduced markedly in FOXP1 (Fig. 2¢); thus,
comparison of the properties of the two proteins might shed light
on the role of polyglutamine repeats in non-pathological processes.

In conclusion, we have shown that the FOXP2 gene is directly
disrupted by a translocation in a patient with a speech and language
disorder, and that a mutation affecting a crucial residue of the
forkhead domain of this putative transcription factor co-segregates
with affection status in the KE family. We propose that, in both
cases, FOXP2 haplo-insufficiency in the brain at a key stage of
embryogenesis leads to abnormal development of neural structures
that are important for speech and language. This is the first gene, to
our knowledge, to have been implicated in such pathways, and it
promises to offer insights into the molecular processes mediating
this uniquely human trait. O

Methods
Bioinformatic analyses

We obtained BAC genomic sequence data from the Washington University Genome
Sequencing Center database (http://genome.wustl.edu/gsc). Genomic sequence data were
analysed with database search tools and gene prediction software, as implemented in
the NIX package (http://www.hgmp.mrc.ac.uk/NIX). Amino-acid sequences of FOXP2
and FOXP1 in Fig. 2c were aligned using BLAST2 (http://www.ncbi.nlm.nih.gov/blast/
bl2seq/bl2.html). Forkhead-domain sequences from human FOX proteins in Fig. 4 were
aligned using ClustalW, accessed through the Baylor College of Medicine Search Launcher
(http://searchlauncher.bcm.tmc.edu:9331/multi-align/multi-align.html).

FOXP2 mRNA sequence and genomic structure

We used a reverse-transcriptase polymerase chain reaction (RT—PCR)-based approach to
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confirm the FOXP2 mRNA sequence that had been predicted by bioinformatics. Primers
were designed from putative exonic sequence and used to amplify by PCR first-strand
complementary DNA from a range of adult tissues, which was obtained from Clontech.
Products were sequenced as described® and compared with the predicted sequence.

Expression analyses of FOXP2

Adult and fetal northern blots were obtained from Clontech and hybridized according
to the manufacturers’ instructions, using a cDNA probe isolated from exons 8—11 of
FOXP2.

Translocation mapping

We performed FISH on metaphase spreads of cells from CS, using a series of roughly 10-kb
genomic probes obtained from the NH0563005 BAC clone, as described®. In parallel, we
ran Southern blot analyses of several restriction fragments spanning the FOXP2 locus,
comparing digested DNA from CS with that from unaffected controls, according to
standard procedures.

Mutation search

On the basis of genomic sequence information, we designed primers to flank each FOXP2
exon. These were used for PCR amplification of DNA from affected and unaffected
individuals of the KE family, and from hybrid cell lines containing the affected chromo-
some 7 (ref. 6). We sequenced products as described®. The G-to-A transition detected in
exon 14 of affected individuals destroys a restriction site for the enzyme Maell (A|CGT).
An assay using this restriction enzyme was developed to test for the exon 14 change in 182
unrelated normal controls.

GenBank accession numbers

BAC genomic sequence data, AC073626, AC003992 and AC020606; human FOXP2
mRNA sequence, AF337817.
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The Gram-negative bacterium Yersinia pestis is the causative
agent of the systemic invasive infectious disease classically
referred to as plague', and has been responsible for three
human pandemics: the Justinian plague (sixth to eighth centu-
ries), the Black Death (fourteenth to nineteenth centuries) and
modern plague (nineteenth century to the present day). The
recent identification of strains resistant to multiple drugs®* and
the potential use of Y. pestis as an agent of biological warfare mean
that plague still poses a threat to human health. Here we report the
complete genome sequence of Y. pestis strain CO92, consisting of a
4.65-megabase (Mb) chromosome and three plasmids of 96.2
kilobases (kb), 70.3 kb and 9.6 kb. The genome is unusually rich
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in insertion sequences and displays anomalies in GC base-
composition bias, indicating frequent intragenomic recombina-
tion. Many genes seem to have been acquired from other bacteria
and viruses (including adhesins, secretion systems and insecti-
cidal toxins). The genome contains around 150 pseudogenes,
many of which are remnants of a redundant enteropathogenic
lifestyle. The evidence of ongoing genome fluidity, expansion
and decay suggests Y. pestis is a pathogen that has undergone
large-scale genetic flux and provides a unique insight into the
ways in which new and highly virulent pathogens evolve.

Yersinia pestis is primarily a rodent pathogen, usually transmitted
subcutaneously to humans by the bite of an infected flea, but also
transmitted by air, especially during pandemics of disease. Notably,
Y. pestis is very closely related to the gastrointestinal pathogen
Yersinia pseudotuberculosis, and it has been proposed that Y. pestis
is a clone that evolved from Y. pseudotuberculosis (probably serotype
O:1b (ref. 3)) 1,500-20,000 years ago*. Thus Y. pestis seems to have
rapidly adapted from being a mammalian enteropathogen widely
found in the environment, to a blood-borne pathogen of mammals
that is also able to parasitize insects and has limited capability for
survival outside these hosts. Horizontally acquired DNA may be
significant in having enabled Y. pestis to adapt to new hosts;
conversely, the identification of gene remnants produced through
genome decay may be associated with a redundant enteric lifestyle.
Given the historical importance of plague and the need to
understand the evolution and pathogenesis of such a potentially
devastating pathogen, we undertook the genome sequencing of
Y. pestis CO92 (biovar Orientalis), a strain recently isolated from a
fatal human case of primary pneumonic plague contracted from an
infected cat’.

The general features of the genome are shown in Fig. 1 and Table
1. The most striking large-scale features in the genome are anoma-
lies in GC bias. All bacterial genomes sequenced to date have a small
but detectable bias towards G on the leading strand of the bidirec-
tional replication fork®. Anomalies in this plot can be caused by the
very recent acquisition of DNA (such as prophages) or by the
inversion or translocation of blocks of DNA. The three anomalies
visible in the Y. pestis plot (see Supplementary Information; see also
http://www.sanger.ac.uk/Projects/Y_pestis/) are each bounded by
insertion sequence elements, suggesting that they could be the result
of recent recombination between these perfect repeats. To investi-
gate this, we designed polymerase chain reaction (PCR) primers to
test for the presence and absence of the predicted translocation, and
for the orientation of the two inversions (see Supplementary
Information). PCR confirmed the position of the translocation,
but, intriguingly, the results for the two inversions showed that both
orientations were present in the same DNA preparation, with the
inverse orientation predominating. This suggests genomic rearran-
gement during growth of the organism. The results were similar in
DNA from three different subcultures of CO92 and investigation of
other strains indicated that similar rearrangements may have
occurred (see Supplementary Information). These results demon-
strate that the Y. pestis genome is fluid, and capable of frequent
intragenomic recombination in vitro; the rapid emergence of new
ribotypes of Y. pestis biovar Orientalis in the environment following
pandemic spread’ shows that chromosomal rearrangements are
common in vivo. The effects of these rearrangements on the biology
and pathogenicity of the organism are unknown.

Gene acquisition has been important in the evolution of Y. pestis.
In addition to the 70-kb virulence plasmid (pYV/pCD1) found in all
pathogenic Yersinia, Y. pestis has acquired two unique plasmids that
encode a variety of virulence determinants. A 9.5-kb plasmid
(pPst/pPCP1) encodes the plasminogen activator Pla (ref. 8), a
putative invasin that is essential for virulence by the subcutaneous
route. A 100—110-kb plasmid (pFra/pMT1) encodes murine toxin
Ymt and the F1 capsular protein, which have been shown to have a
role in the transmission of plague. No conjugation apparatus is
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