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Abstract FOXP2 is a transcription factor containing a
polyglutamine tract, a zinc-finger motif, and a forkhead
DNA-binding domain. The FOXP2 gene islocated on 7g31.
A missense mutation in the forkhead domain (exon 14)
and a balanced reciprocal trangocation t(5;7)(g22;931.2)
with a breakpoint between exons 3b and 4 have recently
been associated with a speech and language disorder
(SPCH1). Therole of FOXP2 in this neurodevel opmental
disorder suggests that mutations in FOXP2 could cause
other neuropsychiatric disorders. To begin investigation
of this possibility, we examined the genomic structure and
CAGICAA repeat region of FOXP2. We detected little
polymorphism and no expansions in the FOXP2 CAG/
CAA repeat in 142 individuals with progressive move-
ment disorders. We found evidence of alternate splice
variants and six previously undetected exons: three 5' un-
translated exons (sl, s2, s3), two additional untranslated
exons (2a and 2b) between exons 2 and 3, a trandated
exon (4a) between exons 4 and 5, and alonger version of
exon 10 (10+) that contains an alternate stop codon and
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produces a truncated protein (FOXP2-S). Our results sug-
gest that FOXP2 spans at least 603 kb of genomic DNA,
more than twice the previously defined region, and pro-
vide evidence of a promoter region flanking exon s1. This
demonstration of additional FOXP2 exons and splice vari-
ants should facilitate understanding of FOXP2 function
and the search for additional FOXP2 mutations.

Introduction

FOXP2 belongsto afamily of transcription factors (K aest-
ner et a. 2000) containing the DNA-binding forkhead/
winged helix domain. FOXP2 aso contains a zinc-finger
motif (Shu et al. 2001) and one of the longest polygluta-
mine stretches in the human genome. The initia report of
FOXP2 described 19 exons, two of which (3aand 3b) are
variably spliced into transcripts, covering approximately
300 kb on chromosome 7931 (Lai et a. 2001).

We first detected a 5' fragment of FOXP2 in a cDNA
library screen designed to identify genes containing CAG
repeats encoding polyglutamine tracts, as part of our ef-
fort to test the hypothesis that such genes may be involved
in neuropsychiatric disorders (Margoliset a. 1997, 1999).
The polyglutamine tract, near the N terminal of the
FOXP2 protein, consists of 40 consecutive glutamines
encoded by (CAG),CAA(CAG)4(CAA),(CAG),(CAA),
(CAG)5(CAA)5(CAG),(CAA),(CAG)sCAA(CAG)sCAA
CAG followed eight residues later by ten consecutive glu-
tamines encoded by (CAG),CAACAGCAA. A glutamine-
rich sequence flanks both sides of the repeat domain. The
possibility that this repeat may undergo expansion muta-
tion is supported by the recent report that expansion of a
repeat of similar length and structure in the TATA-binding
protein (TBP) gene causes the neurodegenerative disorder
spinocerebellar ataxia type 17 (Nakamura et al. 2001;
Koide et al. 1999).

FOXP2 was recently associated with a speech and lan-
guage disorder in the large KE family and an unrelated in-
dividual (CS; Lai et al. 2001). The phenotype is complex,
and severa different aspects have been described (Vargha-



Khadem et al. 1995, 1998; Hurst et al. 1990; Gopnik and
Crago 1991). The central deficit appears to bein the coor-
dination of orofacial movements; the lower face and
mouth of affected individuals are relatively immobile
(Vargha-Khadem et a. 1998). There are aso deficits in
language skills (Vargha-Khadem et al. 1995; Gopnik and
Crago 1991). Structural studies have shown abnormalities
in severa brain areas, including a bilateral reduction in
the volume of the caudate nucleus thought to be the un-
derlying pathological cause of the orofacia dyspraxia
(Vargha-Khadem et al. 1998). The known FOXP2 muta-
tions that are associated with this disorder are a missense
mutation in exon 14 in the forkhead domain in the KE
family and a t(5;7)(g22;g31.2) translocation with a break
point between exons 3b and 4 in individual CS (Lai et al.
2001). This association with a complex disorder affecting
the basal ganglia, among other brain regions, and with
clinical manifestations that include prominent abnormali-
ties of speech and language confirms the importance of
FOXP2 as a modulator of brain development and function
and as a candidate for related neuropsychiatric disorders.

To facilitate investigation of the role of FOXP2 in such
disorders, we sought to characterize further the genomic
structure of FOXP2 and to identify alternative splice vari-
ants. In addition, we examined the stability of the FOXP2
glutamine-encoding region. Our results demonstrate the
presence of previously undetected 5 untranslated exons
and internal exons, a splice variant that encodes a trun-
cated version of the FOXP2 protein lacking the forkhead
domain (FOXP2-S), and relative stability in the length of
the glutamine-repeat encoding region.

Materials and methods

We first identified CAGH44 and P22 (an overlapping clone) in a
fetal brain cDNA library screen by using a (CAG),s probe (Mar-
golis et al. 1997). CAGH44 was initially mapped to chromosome
6. Subsequently, the availability of additional genomic sequence
indicated that the 3' end of CAGH44 was chimeric and, eliminat-
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ing that region from consideration, CAGH44 mapped to chromo-
some 7931 consistent with the published data (Lai et al. 2001).
Two probes from the overlap between P22 and CAGH44 (5'-
ATCTCTGCTGCCAGCATCTAATTGGCTGCTTAGAGTGCT-
CATTCC-3 and 5-AGGTGGAATGGAGATGAGTCCCTGAC-
GCTGAAGGCTGAGCAGATG-3') were used to screen human
frontal cortex and fetal brain libraries (Stratagene), yielding clones
FC2A1, FCA1, and HF2B2. To search for additional 3' exons, we
performed RACE (rapid Amplification of cDNA ends, LTI) with
human brain poly-A RNA (Clontech) and two sets of nested
primers (set 1. 5-GGCCAGGCAGCACTTCC-3 and 5-TCCA-
ATCGCTGCCTCAAG-3'; set 2: 5-CCAAAGCCTCACCACC-3
and 5'-GGGCCTCTCACACTCTCT-3'), designed from the 3' end
of sequence obtained from the above clones. Primer set 1 yielded
clone 3Race700, primer set 2 yielded clone BA4. To confirm the
3’ end of the open reading frame derived from this group of clones,
we performed reverse transcription/polymerase chain reaction
(RT-PCR) on a striatal cDNA library (Stratagene) with a vector-
specific primer and nested primer set 2, yielding clone STR 7. We
then performed RT-PCR to amplify the entire open reading frame
of FOXP2-S from exon 2 through exon 10+, by using RNA from
human amygdala and priming cDNA synthesis from sequence in
the 10+ UTR (primer EX3 5-TGTTACATTGGTAGAGC-3).
PCR was performed with EXS' (5-ATTAAGTCATGATGCAG-3')
and Q40 EX3' as the outer primers, and 5-GATCCTCGAGTT-
TACTGTTTATAAAGCAATATGCACT-3 and 5'-GATCGGA-
TCCCCATGCAGGAATCTGCGACAGAGACAA-3 as inner
primers. This experiment yielded two independent clones, Amyg
2a2 and Amyg 8a.4.

We performed basic local alignment search tool (BLASTN)
searches of GenBank with our clones by using the National Center
for Biotechnology Information server (www.ncbi.nim.nih.gov/
blast/blast.cgi), which yielded IMAGE clone 121181 and expressed
sequence tags (ESTs) AW490098.1, BF700673.1, AV693086.1,
BB656124, and BB660527.

To confirm the expression of the novel exons and splice vari-
ants we performed a series of RT-PCRs with the primers listed in
Table 1. We synthesized cDNA with oligo dT priming (Super-
script First Strand Synthesis System, Invitrogen) from poly-A
RNA derived from human adult brain, fetal brain, caudate nucleus,
and lung (Clontech). We performed PCR with Buffer J and Taq
polymerase (Invitrogen) over 36 amplification cycles. PCR prod-
ucts were visualized on 1.2% (for products larger than 1000 bp) or
3% (for products smaller than 500 bp) agarose gels stained with
ethidium bromide. To rectify variations in cDNA quality, digital-
ized images from the same PCR were spliced together.

To test repeat length stability and screen for possible expansion
mutations, we amplified across the region encoding Q.XgQio (by

Tablel RT-PCR primers

Primer Sequence Tm Target(s)
O
sl.5'-1 AGCAGCTGCCCGGACTCG 67 s1-17, s1-10+, s1-s3
15-1 ACTGTTTTCTGTGCTGGCTTTTT 61 1-17
1.5-2 TGAAGTTGAAACCGGGAAGTTTGC 67 1-10+
s3.5-1 GGACTCCGTTTCAAGGTTAATTCG 64 s3—2a, s3—2b, s3-2
45-1 GTGTCAGTGGCCATGATGACTCC 66 4-4a
sl.5-2 TGTGTTGTTTGGGGGCTTCTG 57 sl-2
17.3-1 TGTCCCTTCACGCTGAGGTTTCA 68 s1-17, 1-17
10+.3-1 TGCCGTATTTTTCATCACACTCATTG 65 s1-10+
10+.3'-2 TGTTCATTTTCTTAGTCTGTTACATTGG 60 1-10+
2a3-1 ACTGCTTGAGCCCAGGAGTTCCA 68 s3-2a
2b.3-1 AACCTGGGTGTAAGAGACAACATC 60 s3—2b
4a.3-1 GGCAGCTCTGAAATTTTCCAATCC 66 4-4a
s3.3-1 GGAAAATTCAATCCCAGCATCAC 63 s1-s3
23-1 GGTGTCACCACTTGATCTTCCAT 62 S3-2
2.3-2 TCTGTCGCAGATTCCTGCATC 56 s1-2
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Fig.1A—C Structure of FOXP2. A Genomic structure of FOXP2.
Novel exons are in bold. Exons longer than 200 bp are drawn twice
as wide as smaller exons. Exon 10+ includes exon 10. Hash marks
Introns longer than 50,000 bp. B FOXP2 human cDNAs and ESTs.
Dark gray Areas of open reading frame, white untrandated regions,
dotted pattern use of aternate donor/acceptor splice sites that extend
the length of the given exon (these exons are designated by L follow-
ing the respective exon number), Safter exon number use of an alter-
nate donor/acceptor splice site that shortens the corresponding exon,
wavy line pattern probable retained intronic sequence, line with four
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Exon Start End Length
51 1 234 234
52 76459 76603 145
s3 201534 201624 9

1 328736 328875 140
1L 328518 328875 358
2 340017 340194 178
2a 376581 376678 98
2b 412398 412605 211
3 448132 448221 a0
3a 451841 451900 58
3b 484322 484396 75
4 542055 542192 138
da 543107 543157 21
4al 543087 543234 148
] 543320 543520 2m
55 543356 543520 165
5L 543302 543520 219
6 545043 545220 178
7 565925 556138 214
8 558200 558304 105
9 565718 565805 88
10 567441 567524 84
10+ 567441 567658 218
1 571581 571782 202
12 572869 572945 80
13 573084 573188 105
14 575518 575701 124
15 576964 577035 72
18 577786 577951 166
17 603207 603615 319

As poly-A tail. All pictured exons use canonical donor/acceptor
splice sites except the variants of exons 4a and 5 in AV693086.1.
Some cDNAs and ESTs do not contain the entire exon that is pictured
at their 3' or 5' end. Sources. FC2A1, FCA1 adult frontal cortex,
CAGH44, P22, HF2B2 fetal brain, 3RACE700, BA4 adult whole
brain, STR7 adult striatum, Amyg 2A.2, Amyg 4A.4 amygdala, 121181
fetal liver and spleen, AV693086.1 hepatocellular carcinoma,
BF700673.1 fetal primitive neuroectoderm. C Precise positions and
lengths of FOXP2 exons. The relative chromosomal location of each
exon is listed; the first basepair of sl is considered as basepair 1



using primers 5-GCAAGAGCAGTTACATCT-3 and 5'-GGAA-
GACAAGCTGCTGGG-3') in DNA extracted from 142 subjects
referred to the Neurogenetics Testing Laboratory at Johns Hopkins
University for testing for repeat expansion diseases. Theseindivid-
uals had tested negative for the known repeat expansions and had
progressive movement disorders of unknown etiology involving
the cerebellum or the basal ganglia. Allele length was assessed by
using 6% polyacrylamide gel electrophoresis of radiolabeled PCR
products or automated detection of fluorescently labeled primers
(Perkin-Elmer).

Results

Previously unidentified 5" exons were found in three inde-
pendent human cDNAs from two different sources (Fig.
1B) and mouse ESTs AW490098.1, BB656124, and
BB660527. The three exons, termed sl, s2, and s3, may
be aternately spliced with exon 1, as no clone contains
both exon 1 and an “s’ exon. The “s’ exons are untrans-
lated and do not affect the open reading frame of FOXP2,
which startsin exon 2. Mouse EST AW490098.1 aligns to
exons sl, s2, s3, 2, and 3 at 83% identity. The region that
aligns to exons 2 and 3 matches the first 199 bp of the
open reading frame of mouse Foxp2 at 99%, indicating
that the 5' untranslated region (UTR) exons s1, s2, and s3
are part of the genomic structure of both mouse and hu-
man FOXP2. In mouse ESTs BB656124 and BB660527,
exon sl extends an additional 137-141 bp 5' to the most
5" FOXP2 human cDNA sequence that we have identi-
fied. This upstream mouse sl sequence is 90% identical to
human genomic sequence, suggesting that human exon sl
may extend further upstream than the arbitrary start site
denoted in Fig. 1A.

We used Promoter Inspector (http://genomatix.gsf.de/
promoterinspector; experimentally derived specificity of
85%, sensitivity of 50%; Scherf et al. 2000) to analyze the
5-kb sections of genomic sequence 5' to the 5" end of ex-
ons sl, s2, s3, and 1. Defining the first basepair of the
most 5' transcript of exon sl as basepair 1, promoter re-
gions were predicted in proximity to sl (at —235 to +220
and —1531 to —1208; Fig. 2A), and no promoters were pre-
dicted in proximity to exons s2, s3, and 1. Analysis of
1 kb genomic sequence 5' to the 3' end of exons sl, 2, s3,
and 1 by using the TSSG human pol Il recognition algo-
rithm (http://searchlauncher.bcm.tmc.edu/seq-search/gene-
search.html; Prestridge 1995) also indicated a promoter
region adjacent to exon s1, with atranscription start site at
position —149 (Fig.2A). No transcription start sites were
predicted for exons s2, s3, or 1. Like the promoter regions
of the previously studied fox genes foxfl (Chang and Ho
2001) and foxj1 (Brody et al. 1997), the exon s1 promoter
region of FOXP2 contains no TATA box and is GC-rich
(Fig.2B). The GC content climbs to a peak of 80% at ap-
proximately —1400 bp and again at the start of exon si;
between these peaks, the GC content averages 60%
(http://bioweb.pasteur.fr/seganal/interfaces/cpgpl ot.html).
The agorithm GraillEXP v3.3 (Hyatt et al. 1997; http://
compbio.ornl.gov/grailexp/) predicts CpG idands at
—1543 bp to —1245 bp and —291 to +305 bp. No CpG is-
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land was predicted in the 5' flanking region of exon 1. The
GC content of the 1.5 kb sequence upstream of exon 1
(and aso of exons s2 and s3) is approximately 40%
(Fig.2C).

We used Matlnspector (http://genomatix.gsf.de/mat_
fam; Quandt et al. 1995) to search the 5' flanking region
of exon sl (—1500 bp to +100 bp) for the presence of tran-
scription-factor-binding sites (Fig.2B). Five sites, more
than doubl e the frequency expected by chance alone, were
predicted for SP1, a factor that can initiate transcription
from TATAless promoters (Pugh and Tjian 1990). The
Wilm's tumor (WT) suppressor site, expected to occur
0.97 times per 1 kb by chance, occurred eight times;
FOXD1, another member of the forkhead family, is regu-
lated by the WT suppressor (Ernstsson et al. 1996). The
E2F-binding site with an e-value of 0.06 occurs in six
places, three of which are within 300 bases of the start of
sl. Four AP2 sites, three GC box sites, two nuclear factor
1 sites, three Egr-1/NGF1-A sites, four Ras-responsive-
element-binding protein 1 sites, five neural restrictive si-
lencer element sites, two Elk-1 sites, and one CREB site
were also predicted. The nearest CCAAT box to exon sl
is at —1070 bp and may not be relevant as functional
CCAAT boxestypically reside 30—150 bp upstream of the
transcription start site.

We a'so used Matinspector to examine the flanking re-
gion of exon 1 (Fig.2D). Unlike the flanking region of
exon s, there are no SP1, NRSE, WT, RREBP1, GC Box,
Egr-U/NGF1-A, AP2, NF1, Elk-1, or CCAAT boxes, and
there is just one E2F site. Instead, the exon 1 flanking re-
gion isrich in octamer-binding protein 1 sites (10), SEF1
sites (4), GATA3 sites (5), and other Fox-protein-binding
sites (5). Three MyT1 sites, three GFI1 sites, and two
CREB sites are also present. The nearest TATA box is at
—1004 bp.

Three novel internal exons, viz., 2a, 2b, and 4a, were
found in clone FC2A1 (Fig. 1). It isunlikely that exons 2a
and 2b are translated, as the open reading frame that starts
in exon 2 and that includes these exons ends with stop
codons within them. An alternative start codon in exon 4,
also used in transcripts containing exon 3a (Lai et al.
2001), may serve as the primary start site if these exons
are part of the transcript. Exon 4a contains an open read-
ing frame, as does the 18 additional base pairsin exon 5L
present in this clone because of the use of an alternate
donor splice site (Fig. 3). Exon 2b, accompanied by exons
1L and 2, isaso found in human EST BF700673.1 (Fig. 1).
Exon 4a plus exons 5-7 are in EST AV693068.1 (Fig.1).
In this EST, because of the use of alternate donor/acceptor
splice sites, exon 4alL includes additional sequence ex-
tending 20 bp 3' and 77 bp 5' to exon 4ain FC2A1, and
exon 5S lacks the first 36 bp of the 201 bp of exon 5. An
extension of exon 4 that continues 288 bp beyond the pub-
lished exon 4 sequence with an in-frame stop codon oc-
curring after 33 bp and a poly-A signal present after 193
bp was found in clone 121181 (Fig. 1). There is no poly-A
tail and no additional evidence supporting this exon, sug-
gesting that it may be aretained intronic sequence. An ex-
tension of exon 8 is present in clone HF2B2 (Fig.1); it
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Fig.2A-D Analysis of the 5' regions flanking exons s1 and 1.
A, C GC content in a 100-nuclectide sliding window of exon sl
and exon 1, respectively. The first basepair of each exon is num-
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tion-factor-binding sites for exons sl and 1, respectively
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Fig.3 FOXP2 and FOXP2-S proteins. Both full length and trun-
cated FOXP2 (FOXP2-S) are depicted. The glutamine repeat re-
gion, zinc finger, and forkhead domain are in gray with their re-
spective amino acids numbered. Above the full length FOXP2 are
the additional amino acids encoded when the three variably spliced
exons with open reading frames (3b, 4a and 5L) are present.
FOXP2-Sis 432 amino acids long. The last 10 amino acids are en-
coded by exon 10+ and are not present in the full length FOXP2

continues an additional 1041 bp and contains a stop codon
immediately after the published end of exon 8, and poly-
A signals after 67, 483, and 512 bp. There is no poly-A
tail and no further evidence supporting this exon, so it is
also likely to be aretained intronic sequence.

Exon 10+ was detected in five independent clones
from three different sources of cDNA (Fig.1B) and
encodes ten additional amino acids not present in the
published exon 10 (Fig.3). A polyadenylation signal
(AATAAA) is present 78 bp 3' to the stop codon, and the
poly-A tail begins after an additional 27 bp. The extra 134
bp that are present in exon 10+, but not present in exon
10, are conserved at 91% in the mouse genome. The
cDNAs Amyg 2a.2 and Amyg 4a.8 (Fig. 1B) contain the
entire open reading frame of FOXP2-S from exon 2-10+
and support the existence of this alternative splice variant.

We performed a series of RT-PCR experiments to con-
firm the expression of the novel FOXP2 exons and splice
variants detected by cDNA library screens and to investi-
gate the possibility of tissue-specific splicing. In addition
to whole brain, we examined fetal brain to search for de-
velopmental differences in the expression patterns of
FOXP2 splice variants. Since caudate is the most pro-
foundly affected region in individuals with SPCH1 (Vargha
Kahadem et al. 1998) and FOXP2 is important for lung
development (Shu et al. 2001), we also examined these
two tissues. RT-PCR demonstrated the expression of
FOXP2 transcripts that begin with either exon s1 or exon
1 and end at exon 10+ or exon 17 (Fig.4A-D). Both
FOXP2 and FOXP2-S are expressed in adult brain, fetal
brain, caudate, and lung. Both FOXP2 and FOXP2-Sexist
in aternate forms that begin with either exon s1 or exon 1.
There is some evidence of splice variants in al tran-
scripts, as expected.

Given the multiple possible aternative splice variants
of similarly sized small exons, we designed RT-PCR ex-

141

periments to check specifically for the presence of exons
sl, s2, s3, 2a, 2b, and 4a. Exons 4a, 2a, and 2b are present
in at least some transcriptsin all tissue types (Fig.4E-G).
Figure 4E and F show exons 2a and 2b amplified from
transcripts containing exon s3; exons 2a and 2b are aso
expressed in transcripts containing exon 1 (data not shown).
In Fig.4F, the smaller product is consistent with the inclu-
sion of exon 2 between exons s3 and 2b (predicted prod-
uct length of 266 bp), whereas the large product is consis-
tent with the inclusion of exons 2 and 2a between exons
s3 and 2b (predicted product length of 364 bp). Tran-
scripts containing exons sl, s2, and s3 are present in all
tissue types (Fig.4H), and trace amounts of a product
145 bp shorter is consistent with the existence of a tran-
script in which exon s2 is spliced out (data not shown).
We designed several RT-PCR experiments to investi-
gate the possibility that the “s’ exons and exon 1 are mu-

adult fetal forward reverse  predicted
brain brain caudate luny primer  primer length
A 3p—e 2534
2 kbp —-|
25 chp
B 17 2297
z MJD
2 kbp ==
[ 51 10+ 1748
1.5 kbp —e
p ' : m 1 10+ 1403
1 th
E 00bp—= 83 2a 287
250 bip ==
AD0 bp —=
300 bp —= 53 2b 266 and 364
F  250pp—s
200 bp —=
150 bp —=
400 bp —e=
300 bp —-
| s3 2 187
200 bp —=
500 bp —=|
300 bp —e=

Fig.4A-J RT-PCR of FOXP2 novel exons and splice variants.
PCR primers, derived from specific exons listed adjacent to the
PCR results, were used to determine the presence of exons and
splice variants in human whole brain, fetal brain, caudate nucleus,
and lung (see Table 1 for primer sequences). In A-D, the listed
length is the predicted RT-PCR product of each reaction assuming
the absence of the variably spliced exons 2a, 2b, 3a, 3b, and 4a
The detection of products of other lengthsis consistent with thein-
clusion of these exons in various combinations. The two predicted
lengths in F represent products with and without exon 2a (see Fig.
1C for individual exon lengths)
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tually exclusive and may represent the use of distinct pro-
moter regions. We found no evidence of transcripts with
exons between S3 and 2 (Fig. 4l). RT-PCR from exons s1,
2, or s3 to exon 1 never produced a product (data not
shown). RT-PCR from exon sl to exon 2 yielded a main
product consistent with the presence of exons sl, s2, s3,
and exon 2 (Fig.4J), and a barely discernable product,
145 bp smaller than the main product, consistent with the
absence of exon s2 (data not shown). Given that exon 2
appears to be invariant, these results in aggregate further
suggest that FOXP2 transcripts contain either the s1-s3
exon group or exon 1, but not both.

We also investigated the possibility that an expansion
in the glutamine-repeat-encoding region of FOXP2 might
be associated with a neurodegenerative disorder. Repeat
length analysis in 142 individuals with progressive move-
ment disorders of unknown etiology reveded that the
polyglutamine-encoding region of FOXP2 is only mini-
mally polymorphic. Two individuals had a single addi-
tional triplet in one alele, whereas others were homozy-
gotes for a single band of the expected size. No expan-
sions were detected.

Discussion

Our results demonstrate the presence of additional 5 ex-
ons, internal exons, and alternate splice variants of FOXP2,
with no distinct differences in expression of splice vari-
ants in the four tissue types examined. The implication,
supported by our sequence analysis of the 5' region of
FOXP2, is that at least one FOXP2 promoter lies up-
stream of exon s1, more than 300 kb 5' to the previously
described exon 1. The presumed promoter region lacks a
TATA box but is CpG-rich, resembling the FOXF2
(FREAC-2, FKHL6) promoter (Blixt et a. 1998). No re-
peat expansions were detected in the CAG/CAA polyglu-
tamine encoding region of FOXP2.

Establishing the promoter(s) for FOXP2 is of consider-
able importance in understanding the spatial and temporal
regulation of FOXP2 expression. Several lines of evi-
dence indicate that the expression of FOX genesistightly
regulated and specific levels are necessary for normal
growth and development. FOX genes are known to play
key regulatory roles in embryonic development, cell dif-
ferentiation, and oncogenesis (Kaufmann and Knochel et
al. 1996). Mutations in FOX genes cause several human
developmental disorders. blepharophimosis, ptosis, and
epicanthus inversus syndrome (BPES, FOXL2; Crisponi
et al. 2001); immune dysregulation, polyendocrinopathy,
enteropathy, and X-linked syndrome (IPEX, FOXPS;
Wildin et al. 2001; Bennett et al. 2001a, 2001b); anterior
segment ocular dysgenesis (ASOD and cataract, FOXES;
Semina et a. 2001); lymphedema and distichiasis (LD,
FOXC2; Fang et a. 2000); anterior chamber defects asso-
ciated with glaucoma (FOXC1; Nishimura et al. 1998;
Mears et al. 1998); and thyroid agenesis (FOXEL; Clifton-
Bligh et al. 1998). A wide spectrum of mutations have
been implicated (De Baere et a. 2001; Erickson et al.

2001; Bell et a. 2001; Bennett et al. 2001a, 2001b), many
affecting the forkhead domain and several thought to
cause disease through a gene-dosage effect or through
other mechanisms that affect expression levels. Haploin-
sufficiency of several FOX genes is associated with auto-
somal dominant diseases: BPES (Crisponi et a. 2001),
LD (Fang et a. 2000), and anterior chamber defects with
glaucoma (Nishimura et al. 1998; Mears et al. 1998). Ei-
ther haploinsufficiency (Smith et al. 2000) or duplication
of FOXC1 (Lehmann et al. 2000; Nishimura et al. 2001)
causes abnormal ocular development. In addition, translo-
cation events that occur far upstream from FOXC2,
FOXC1, and FOXL2 are among the probable causes of
LD (Fang et a. 2000), anterior chamber defects with glau-
coma (Nishimura et a. 1998; Mears et al. 1998), and
BPES (Crisponi et a. 2001), respectively, through posi-
tion effects that interfere with control of expression.
Lastly, a polyadenylation signal mutation in FOXP3 is be-
lieved to cause IPEX through increased degradation of
FOXP3 mRNA (Bennett et al. 2001a, 2001b).

We have identified a truncated splice variant of
FOXP2, viz., FOXP2-S, that does not contain the fork-
head domain. A similar splice variant of mouse Foxpl
(which has a high degree of homology to mouse Foxp2
and human FOXP2) has also been described in which ex-
ons encoding a portion of the forkhead domain are ex-
cluded, resulting in the loss of forkhead function (Shu et
al. 2001). Both this splice variant and FOXP2-S include
the C2H2 zinc-finger domain and the polyglutamine do-
main. The zinc-finger domains in mouse and human
FOXP2 proteins are identical, and in mouse, this domain
has been shown to function as an independent transcrip-
tional repressor (Shu et al. 2001). Overexpression of
FOXP2-Sin mammalian cells leads to cytoplasmic aggre-
gation and toxicity (J.K. Cooper and C. Nucifora, unpub-
lished data). The cytoplasmic localization of the over-ex-
pressed FOXP2-5, although potentially influenced by ag-
gregation, is consistent with the recent report that the
highly similar forkhead domain of FOXP3 is required for
nuclear localization and DNA binding (Schubert et al.
2001). Thus, it is unlikely that FOXP2-S functions as a
transcription factor.

The absence of an expansion of the FOXP2 CAG/CAA
repeat region in 142 cases of idiopathic neurodegenerative
movement disorders demonstrates that expansion of this
region is not acommon cause of this type of disorder, a-
though very rare expansions associated with neurodegen-
erative movement disorders or an association between ex-
pansion and other types of diseases cannot be excluded.
The very minimal length polymorphism of the repeat re-
gion (heterozygosity of about 1%) is consistent with the
absence of arepeat expansion, since most repeats that are
known to undergo expansion are highly polymorphic in
the normal population, typically with heterozygosity
scores over 70% and a wide range of repeat length (Mar-
golis and Ross 1998). For instance, the repeat in TBP that
expands to cause SCA17 is highly polymorphic in the
normal population, with heterozygosity ranging from
71% to 85% among different ethnic groups (Rubinsztein



et a. 1996) and length variation at the protein level of be-
tween 25 and 42 consecutive glutamines. Nonethel ess, the
FOXP2 glutamine-encoding domain remains a candidate
site for neurodegenerative diseases linked to the 731 re-
gion, such as a recently described autosomal dominant
disorder characterized by sensory and motor neuropathy
with ataxia (Brkanac et al. 2002).

Our detection of additional FOXP2 exons may prove
of value in establishing cell and animal models of FOXP2
function and also for detecting mutations in individuals
with speech and language disorders similar to those seen
in the KE family. The recent report that no FOXP2 muta-
tions have been detected in individuals with autism or
specific language impairment (Newbury et al. 2002) em-
phasizes the importance of establishing the complete ge-
nomic structure of FOXP2. For instance, in both IPEX
(associated with FOXP3) and ASOD (associated with
FOXC1), mutations outside of presumed coding regions
are postulated to explain the failure to identify mutations
in affected pedigrees with linkage to the relevant FOX
gene chromosomal locus (Wildin et al. 2001; Nishimura
et a. 2001). Such mutations may occur in unidentified
coding regions or noncoding regions where mutations
may affect transcriptional regulation or RNA splicing.
Our preliminary Northern anaysis (with a cDNA probe
spanning exons 2-4, data not shown), consistent with that
reported by La et al. (2001), has demonstrated a 6-kb
message that is approximately twice the sum of the
lengths of all known FOXP2 exons. It therefore seems
likely that additional FOXP2 exons remain to be identi-
fied.
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