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Heterozygous variants that disturb the transcriptional
repressor activity of FOXP4 cause a developmental disorder
with speech/language delays and multiple congenital
abnormalities
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Purpose: Heterozygous pathogenic variants in various FOXP genes
cause specific developmental disorders. The phenotype associated
with heterozygous variants in FOXP4 has not been previously
described.

Methods: We assembled a cohort of eight individuals with
heterozygous and mostly de novo variants in FOXP4: seven
individuals with six different missense variants and one individual
with a frameshift variant. We collected clinical data to delineate the
phenotypic spectrum, and used in silico analyses and functional
cell-based assays to assess pathogenicity of the variants.

Results: We collected clinical data for six individuals: five
individuals with a missense variant in the forkhead box DNA-
binding domain of FOXP4, and one individual with a truncating
variant. Overlapping features included speech and language delays,
growth abnormalities, congenital diaphragmatic hernia, cervical
spine abnormalities, and ptosis. Luciferase assays showed loss-of-

INTRODUCTION
The FOXP subgroup of transcription factors consists of four
different proteins: FOXP1, FOXP2, FOXP3, and FOXP4,
all with important regulatory functions in developmental
processes.' > For three of these FOXP proteins, heterozygous
loss-of-function variants have been shown to cause Mendelian
disorders, encompassing a broad spectrum of associated
phenotypes. Variants in FOXPI cause an intellectual disability
syndrome with speech delays, autism spectrum disorder,
dysmorphisms, and congenital abnormalities in some affected
individuals (MIM 613670);" variants in FOXP2 give rise to a
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function effects for all these variants, and aberrant subcellular
localization patterns were seen in a subset. The remaining two
missense variants were located outside the functional domains of
FOXP4, and showed transcriptional repressor capacities and
localization patterns similar to the wild-type protein.

Conclusion: Collectively, our findings show that heterozygous
loss-of-function variants in FOXP4 are associated with an
autosomal dominant neurodevelopmental disorder with speech/
language delays, growth defects, and variable congenital abnorm-
alities.
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disorder in which childhood apraxia of speech is a prominent
feature (MIM 602081);" while variants in FOXP3 can
cause X-linked immunodysregulation, polyendocrinopathy,
and enteropathy (MIM 304790).°

In contrast to the other FOXP genes, FOXP4 has not yet
been convincingly linked to a Mendelian disorder. FOXP4 is
expressed in subsets of cells in a variety of tissues throughout
the body, including in the developing brain, lungs, and gut.*’
The encoded protein has regulatory roles in the development
and maturation of the central nervous system.>’ It is
coexpressed with FOXP1 and/or FOXP2 in several different
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brain regions, such as the cortex, cerebellum, and striatum,'®
where these transcription factors may heterodimerize, to
potentially coregulate downstream targets. The phenotype
associated with heterozygous germline FOXP4 variants
remains to be defined. A homozygous loss-of-function variant
in FOXP4 was previously reported in a child with develop-
mental delays, laryngeal hypoplasia, feeding difficulties, and
a ventricular septal defect, suggesting autosomal recessive
inheritance."' However, several different heterozygous de
novo FOXP4 variants of unknown significance have been
identified in research cohorts that included individuals
with specific disorders (developmental disorders, congenital
diaphragmatic hernia, or high myopia)'">'* and in clinical
diagnostic next-generation sequencing laboratories, fitting a
possible autosomal dominant disease model.

We aimed to study if heterozygous de novo FOXP4
variants can cause a specific human disorder by collecting
clinical data of individuals with rare coding FOXP4 variants,
characterizing the associated phenotype, and investigating
the functional impact of variants using cell-based assays.
A Dbetter understanding of pathogenicity of different
FOXP4 variants and the associated disease models might
directly improve clinical care by facilitating correct
classification of variants found in diagnostic and research-
based sequencing studies and providing families with
precise recurrent risks. In addition, research on rare FOXP4
variants and the associated phenotypes expands our knowl-
edge of the key roles that FOXP transcription factors play in
human disease.

MATERIALS AND METHODS
Identification and clinical characterization of individuals
with FOXP4 variants
We used GeneMatcher'” and denovo-db'® to identify
individuals with de novo variants in the coding region of
FOXP4 (including canonical splice sites) and individuals with
reported FOXP4 variants of unknown significance in
diagnostic next-generation sequencing studies. De-identified
clinical data and variant details were collected using Castor
EDC."” Additional single-nucleotide variants and copy-
number variants considered to be possibly pathogenic and/
or to possibly contribute to the phenotype, are listed in
Table S1. All variants in this paper are annotated with respect
to the NM_001012426.1 transcript (FOXP4 isoform 1).

Cell culture and transfection

HEK293T/17 cells (CRL-11268, ATCC) were cultured in
DMEM (Gibco) with 10% fetal bovine serum (Gibco) and
Pen/Strep (Thermo Fisher) at 37 °C with 5% CO,. GeneJuice
(Merck Millipore) was used for transfection, following the
manufacturer’s protocol.

DNA constructs and site-directed mutagenesis

Wild-type FOXP4 (NM_138457.2; FOXP4 isoform 2) was
amplified from human fetal brain complementary DNA
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(cDNA) using the primers listed in Table S2. Isoform 2
(NM138457.2; 667 amino acids) is a slightly shorter isoform
than isoform 1 (NM_001012426.1; 680 amino acids).
For consistency, all variants in this study are annotated using
isoform 1. Constructs carrying FOXP4 variants were gener-
ated using the QuikChange Lightning Site-Directed Mutagen-
esis Kit (Agilent). Primer sequences used for site-directed
mutagenesis are provided in Table S2. FOXP4 wild-type and
variant cDNAs were subcloned into pYFP and pRluc vectors
(Clontech) using BamHI and Xbal restriction sites. All
constructs were verified by Sanger sequencing. Plasmid
sequences are available upon request.

Luciferase assays

For the luciferase assays, we used a pGL4.23 firefly luciferase
reporter vector (Promega), in which the promoter region of
SRPX2 was subcloned as previously described.'® HEK293T/17
cells were transfected with this firefly reporter construct
(9.45 ng), a FOXP4-YFP-expression construct or empty YFP-
expression vector (41.36ng), and a pGL4.74 (hRluc/TK)
Renilla reniformis luciferase construct (0.30 ng) 24 hours after
seeding in 96-well plates. At 24 hours post-transfection, cells
were lysed and luciferase activities were measured using the
Dual-Luciferase Reporter Assay System (Promega) and an
Infinite M Plex microplate reader (Tecan). Firefly luciferase
activities (experimental condition) were normalized to Renilla
luciferase activities (control condition).

Fluorescence imaging of subcellular localization
HEK293T/17 cells were grown on coverslips coated with poly-
D-lysine (Merck Millipore) in a 24-well plate, and transfected
24 hours after seeding, with 125 ng DNA per well. At 24 hours
post-transfection, the cells were fixed with 4% paraformalde-
hyde (Electron Microscopy Sciences) in PBS for 15 minutes at
room temperature. Hoechst 33342 (Invitrogen) was used for
nuclear staining, before mounting with Fluorescence Mount-
ing Medium (Dako).

Bioluminescence resonance energy transfer assays
Bioluminescence resonance energy transfer (BRET) assays
were performed as previously described."” HEK293T/17 cells
were plated in white 96-well plates with transparent bottoms
(Greiner) and transfected with equimolar concentrations of
YFP and RLuc plasmids. A RLuc-NLS (nuclear localization
signal) plasmid was used as a negative control. At 40 hours
post-transfection, medium was replaced with DMEM without
phenol red and 10% fetal bovine serum (both Invitrogen),
supplemented with 60 uM EnduRen Live Cell Substrate
(Promega) and incubated for four hours at 37 °C. An Infinite
F200PRO Microplate reader (TECAN) was used for
the measurements using the Bluel and Greenl filter.
Corrected BRET ratios were calculated using the following
formula: [Greenl(experimental condition)/Bluel(experimental condition)]
- [Greenl(control condition)/Bluel(control condition)]) with OHIY the
RLuc-NLS plasmid expressed in the control condition.

535



ARTICLE

a Individual 1 2 3 4 5 6
(=]
N
o = = s 5 £
g EE 2 9 g8
g = = = 2 @
B % % 5 % ¢
5 8|8 92 g £
F < < I < O
CADD score 31 |26.8] 26.8(27.3| 26.3| NA| |26 .3-31
De novo? + | + | + ] + NK| (5/5
Gender F| M FIM| MM 4M/2F
Age (years;months) 5;11| 8;3|7;10[ 16 | 50| 1;9| |1;9-16
Short stature (<P3) B I R + | |46 |
Tall stature (2P97) 1/6|
Macrocephaly (2P97) + - + - - 3/6 |
Delayed motor development + + - - + 4/6 |

Delayed speech development + [+ |+ +]| +]]|66

+ |+ |+ |+ |+ |+

Intellectual disability (mild) + | - | NK| |2/5 | |
Hypotonia + + - - + 4/6 |
Congenital diaphragmatic hernia - - - - + + 2/6

Cervical spine abnormalities - - - + + - 2/6

Ptosis - +| + | - - - 2/6

Strabismus - + |+ | - + | - 3/6

Cryptorchidism NA| + | NA| - + + 3/4 |

SNIJDERS BLOK et af

Individual 1 Individual 4

L
gl

Individual 2

Individual 2

Indiwduai 4

Individual 4

Fig. 1 Clinical features and dysmorphisms. (a) Visual overview of clinical features present in six individuals with a heterozygous FOXP4 variant, more
details on phenotypes are provided in Table S1. + present, - not present, NA not applicable, NK not known. *Short stature in history, after growth hormone
treatment now normal height. (b) Facial phenotype of three individuals with a FOXP4 variant. Recurrently reported dysmorphisms include tented and/or
flared eyebrows, ptosis, small teeth, and gingival hyperplasia. (c) Additional abnormalities as noted by physical examination. In individual 2, asymmetric
scapulae were reported. Individual 4 presented with a very short stature (<P1) and a short and broad neck.

Statistical analysis

For protein expression experiments, quantified microscopy
data, luciferase reporter assays, and BRET assays, statistical
analysis was done for each type of assay using one-way
analysis of variance (ANOVA) followed by Bonferroni
correction for the number of conditions tested. All analyses
were performed with GraphPad Prism software.

Ethics statement

All experiments were performed in accordance with relevant
guidelines and regulations. All study proceedings involving
humans were in compliance with the principles set out in the
Declaration or Helsinki. Next-generation sequencing in this
study was either performed in a diagnostic setting (with
relevant clinical quality accreditations and consent proce-
dures) or in a research setting (University of Alabama at
Birmingham Institutional Review Board [IRB-300000328]
and Columbia University Irving Medical Center Institutional
Review Board [IRB-AAAB2063]). For all individuals in this
study, written consent was obtained for publication of the
data. For the individuals of which photos are published,
specific consent for publication of photos was obtained.

RESULTS

Identification of FOXP4 variants

Using denovo-db'® and GeneMatcher,'® we aimed to collect
data on all reported de novo variants in the coding region of
FOXP4 in research cohorts, as well as all reported FOXP4
variants of unknown significance in diagnostic sequencing
cohorts. Eight unrelated individuals with heterozygous
FOXP4 variants were identified, seven of whom had a de
novo missense variant. One individual carried a truncating
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FOXP4 variant that was not inherited from the mother; the
father was unavailable for testing (Fig. 1a; Table S1). Among
the seven individuals with a de novo missense variant, six
different variants were found; two unrelated individuals had
the same variant (p.Ala514Thr). None of the variants
included in our study were present in the gnomAD and
dbSNP databases.

Phenotypes of individuals with heterozygous FOXP4
variants

We were able to collect further details on phenotypes for six of
the eight individuals with FOXP4 variants: five individuals with
a missense variant in the forkhead box DNA-binding domain
(four different variants, one recurrent), and the individual with
a heterozygous truncating variant (p.Gln65Serfs*20). A sum-
mary of recurrent clinical features for these six individuals can
be found in Fig. 1a, with a more detailed overview in Table SI.
For the two remaining individuals, both of whom had
a missense variant outside the forkhead box domain, we were
not able to collect additional information on phenotypes
(all available data are included in Table S1).

The six individuals included in our phenotypic comparison
comprised four males and two females, with an age range of
1 year 9 months to 16 years. Four individuals had a short
stature (<P3), one of these four reached a normal height after
treatment with growth hormone. One individual had a tall
stature. Macrocephaly (head circumference > P97) was seen
in three out of six individuals. Weights were generally normal
for height, although one individual (individual 3) had a low
weight (<P3).

Developmental delays were observed in all six individuals.
While only four of six individuals showed delayed motor
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development, speech/language development was delayed in all
of them. All six individuals had received speech therapy and
two individuals had a formal diagnosis of expressive language
disorder. Despite having shown prominent speech delays in
infancy, for three of six individuals (aged 5-16 years) current
speech is described as normal with full and complex
sentences. Two individuals had a mild intellectual disability,
three individuals had no intellectual disability, and for one
individual this was unknown. Infant hypotonia was seen in
four of the six individuals.

Different types of congenital abnormalities were present in
different individuals. Interestingly, congenital diaphragmatic
hernia was present in two individuals. Vertebral abnormalities
were present in two individuals: one individual had
abnormalities of the craniocervical junction and malforma-
tions of several arches of C1, C2, and C3 vertebrae (details in
Table S1) and in the other individual vertebra C1 was fused to
the skull. An additional individual had uneven scapulae, but
normal spine films (Fig. 1c). Pectus excavatum was reported
in another individual. Two individuals had ptosis (requiring
surgery in one individual), and strabismus was reported in
three individuals. Cryptorchidism was present in three of four
males. In addition to congenital abnormalities, overlapping
facial features were reported in several individuals, which
included tented and/or flared eyebrows, small teeth, and
gingival hyperplasia (Fig. 1b).

In silico variant analysis

We used an array of computational tools to predict the
functional effects of all missense variants that were found,
including the two missense variants for which no additional
information on phenotypes was available. Four of the six
different missense variants clustered in the DNA-binding
forkhead box domain of the encoded FOXP4 protein, while
the remaining two were located outside known functional
domains (Fig. 2a). The cross-species conservation of the a-
mino acid sequences in the affected regions is shown in
Fig. 2b. The mutated amino acid sites are invariant across all
the species that we analyzed, with the sole exception of the
Serine 273 residue, which is less conserved. For all missense
variants, CADD, PolyPhen, and SIFT scores were derived, all
of which predicted pathogenicity for the four forkhead box
domain variants (Fig. 1a and Table S1).

As no three-dimensional protein structure is available for
FOXP4, we used the SWISS-MODEL Homology Modeling
online tool™ to create a homology model of the forkhead box
domain structure of FOXP4 (amino acids 456-542) based on
a FOXP1 template model. We then visualized the three-
dimensional location of the four different missense variants
mapping to this functional domain (Fig. 2c). Three of the four
missense variants (p.Ala514Thr, p.His517Asn, p.Asn518Ser)
are located in the third helix of the DNA-binding domain (the
recognition helix), and the fourth variant (p.Tyr503Cys) maps
to the hinge loop region.

FOXP4 belongs to the large family of FOX transcription
factor proteins, defined by the presence of the distinctive
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highly conserved forkhead box domain. For at least 16 FOX
proteins, missense variants in this characteristic DNA-binding
domain have already been linked to Mendelian disorders in
humans.”"** We therefore assessed whether the potentially
pathogenic missense variants that we identified in the
forkhead box domain of FOXP4 were comparable with the
known pathogenic missense variants in these other FOX
transcription factors (Fig. 2d). Indeed missense variants in the
FOXP4 DNA-binding domain matched well to the known
pathogenic missense variants in other FOX transcription
factors (Fig. 2d).

We went on to use the MetaDome web tool*” to visualize all
six different FOXP4 missense variants in the tolerance
landscape of the gene (Fig. 2e), which shows regional
tolerance for genetic variation based on a missense over
synonymous variant count ratio using data from the gnomAD
database.”* This showed us that the four missense variants
that cluster in the FOX domain are located in a region of high
intolerance (low missense over synonymous variant count
ratio), while the two that map elsewhere are located in more
tolerant regions of the protein (see Table S1). It is interesting
to note that the gnomAD Z-score for missense variants in
FOXP4 as a whole is not particularly high (1.95),** indicating
that the complete coding region of the FOXP4 gene is not
extremely intolerant for missense variation overall. This
finding is in line with the results from the MetaDome
analysis, which show that only a few small regions of FOXP4
show high intolerance for missense variants, including the
part of the forkhead box domain in which our four different
missense variants are located.

Effects of variants on localization and transcriptional
repression activity

Functional assays in HEK293T/17 cells were performed for all
the seven different FOXP4 variants that were identified (six
missense variants and one variant causing an early frame-
shift). We used overexpression constructs of FOXP4 (isoform
2) with an N-terminal YFP-tag to assess the subcellular
localization of the respective mutant FOXP4 proteins. While
all experiments were performed with isoform 2 FOXP4
proteins (consisting of 667 amino acids), all variants in this
study are annotated in isoform 1 for consistency of the
interpretation. Immunoblotting indicated that the wild-type
and mutant proteins were expressed at the expected size
and at comparable levels (Fig. S1). In assessments of
subcellular localization using fluorescence imaging, wild-
type FOXP4 showed nuclear localization, as did mutant
proteins with the two missense variants mapping outside the
known functional domains (p.Ser273Phe and p.Ser429Phe;
Fig. 3a). Three of the four different missense variants in the
forkhead box domain led to aberrant localization of the
mutant protein: p.Tyr503Cys and p.His517Asn showed
cytoplasmic expression with aggregates, and for the
p-Asn518Ser variant a nuclear granular pattern was seen.
Overexpression of the truncated protein yielded by the
frameshift variant (p.Gln65Serfs*20) led to diffuse
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Fig. 2 In silico analyses of heterozygous FOXP4 variants. (a) Linear representation of the FOXP4 protein (Q8IVH2-1) with the identified variants and
functional domains annotated: FOX forkhead box domain, LZ leucine zipper, ZF zinc finger. (b) Conservation of FOXP4 across different species, with the
amino acids affected by missense variants indicated. Species include Homo sapiens (UniProt sequence Q8IVH2), Pan troglodytes (AOA2J8NZN5), Mus
musculus (Q9DBYO0), Gallus gallus (AOA3Q2U1ES), Xenopus laevis (Q4VYR7), and Danio rerio (B3DJK9). Regions shown span amino acids 269-277,
425-433, and 501-525 of FOXP4 isoform 1 (Q8IVH2). (c) Visualization of missense variants in the FOX domain in a three-dimensional structure. A homology
model for the FOX domain of FOXP4 (amino acids 456-542) was built based on template structure 2kiu.1.A (FOXP1 monomer), using the SWISS-MODEL
Homology Modeling online tool.?° (d) Alignment of missense variants in a subset of the FOX domain with pathogenic missense variants in other FOX
proteins. An alignment was made of the Pfam Forkhead domain (PF00250) using Clustal Omega Multiple Sequence Alignment** of all FOX proteins with
missense variants present in HGMD database 2019.3. Only missense variants labeled as pathogenic were included for this analysis. (e) Tolerance landscape
of FOXP4 protein visualized via the MetaDome web server.?®> A tolerance landscape is computed based on single-nucleotide variants in the gnomAD
database, and shows per amino acid position the missense over synonymous ratio in a sliding window of 21 residues. Green and blue peaks represent
regions tolerant to missense variation; red valleys show intolerant regions. The missense variants in the FOX domain are located in extremely intolerant
regions of FOXP4, while the two remaining missense variants are located in extremely tolerant regions.

mislocalization in the cytoplasm, although the protein was
still present in the nucleus.

We used luciferase assays to assess the capacity of FOXP4 to
repress an SRPX2-derived promoter element. Wild-type
FOXP4 showed significant repression of reporter gene
expression compared with a control construct (Fig. 3b).
The four FOXP4 proteins with amino acid substitutions
in the forkhead box domain (p.Tyr503Cys, p.Ala514Thr,
p-His517Asn, and p.Asn518Ser) all showed a loss of this
transcriptional repressor activity, significantly different from
wild-type FOXP4. Loss of function was also seen for the
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truncated FOXP4 protein (p.Gln65Serfs*20), consistent with
the lack of a DNA-binding domain. For proteins with the two
remaining missense variants (p.Ser273Phe and p.Ser429Phe),
both located outside known functional domains of FOXP4,
repression capacities were no different from the wild-type
protein. In summary, the localization and luciferase assays
pointed to pathogenicity for the four missense variants in the
forkhead box domain, with a loss-of-function mechanism, in
contrast to the two missense variants located elsewhere in the
protein, which did not differ from wild-type in these
experiments.
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() Results of bioluminescence resonance energy transfer (BRET) assays to measure dimerization capacity of mutant FOXP4 constructs (donor) with wild-type
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calculated using one-way ANOVA with Bonferroni correction.In panel A, B and C, ‘GIn65fs’ is used as a short description for the variant ‘p.GIn65Serfs*20".

As FOXP4 is known to be able to dimerize with itself and/or
other FOXP proteins, mediated by a conserved leucine zipper
motif,”> we also assessed the effects of variants on dimeriza-
tion capacities using BRET assays. In these assays, wild-type
and variant versions of FOXP4 with an N-terminal Renilla
luciferase tag (donor) were coexpressed with wild-type
FOXP4 with an N-terminal YFP-tag (acceptor). The corrected
BRET ratios of all FOXP4 proteins with missense variants
were no different from those of wild-type FOXP4, indicating
intact dimerization capacities for all these proteins (Fig. 3c).
The truncated version of FOXP4 showed a complete loss of
dimerization capacity, similar to the negative rLuc-NLS
control construct (Fig. 3c).

DISCUSSION

To characterize the clinical and molecular consequences
of heterozygous FOXP4 variants identified in several next-
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generation sequencing cohorts, we collected data on indivi-
duals with rare and possibly pathogenic variants in this gene.
We identified seven individuals with a de novo missense
variant (six different variants, since one was found indepen-
dently in two unrelated cases). Using luciferase assays, we
showed that four of the six different missense variants had
loss-of-function effects on transcription repressor activity of
the encoded FOXP4 protein. Notably, these four disruptive
missense variants were all located in the forkhead box DNA-
binding domain, a key functional motif of the protein. There
was also one individual with a frameshift variant of unknown
parental origin. The transcript with the frameshift variant will
most likely undergo nonsense-mediated decay (NMD),
leading to FOXP4 haploinsufficiency in this individual, and
our cell-based experiments indicate that any truncated protein
resulting from NMD escape would lack repressor activity.
Based on our findings we conclude that heterozygous FOXP4
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variants can cause a neurodevelopmental disorder, with
prominent speech/language problems, short stature, macro-
cephaly, overlapping dysmorphisms, congenital diaphrag-
matic hernia, and cervical vertebral abnormalities.

Four of the six different missense variants were clustered in
the DNA-binding domain of the encoded protein, at positions
that are highly conserved across species, and also across
different members of the FOX transcription factor family
(Fig. 2b, d). Three of these four missense variants
(p-Ala514Thr, p.His517Asn, and p.Asn518Ser) map within
the third helix of the DNA-binding domain (Fig. 2c), also
known as the recognition helix since it mediates sequence
specific interaction with nucleotides in the major groove of
the DNA of downstream targets.”® Many different missense
variants in FOX family proteins at similar positions in the
DNA-binding domain have already been shown to be
pathogenic (Fig. 2d). Using direct immunofluorescence, we
showed that three of the four missense variants located in the
DNA-binding domain of FOXP4 led to an aberrant
subcellular localization of the protein. Although the precise
mechanism by which these variants affect the localization
pattern is not known, these results match well with previous
observations of aberrant localization patterns associated with
missense variants in the FOX domain of FOXPI*’ and
FOXP2,”® and in more distantly related forkhead genes such
as FOXCI*® and FOXC2.>° We used luciferase assays with an
SRPX2-derived promoter sequence as a reporter to demon-
strate that each variant yielded a loss of transcriptional
repression activity for the respective FOXP4 protein. The
fourth DNA-binding domain variant, p.Tyr503Cys, is located
in the hinge loop region of this motif. Previous studies
reported that a variant of the conserved tyrosine residue at the
equivalent position in FOXP2 (p.Tyr540Phe in FOXP2
isoform 1; NP_055306.1) disrupted DNA binding, and also
had effects on dimerization capability.”’ In our assays, the
p-Tyr503Cys variant of FOXP4 significantly disrupted
transcription factor capacities to a similar degree to the other
DNA-binding domain variants, consistent with loss of
function, but no effect on dimerization with FOXP4 wild-
type protein was observed. All in all, the observations in
functional studies for the different forkhead box DNA-
binding domain missense variants all point to a loss-of-
function effect, which is in line with existing literature about
other FOX-associated disorders.

Two missense variants (p.Ser273Phe and p.Ser429Phe) did
not show any difference compared with wild-type FOXP4 in
functional assays. For these variants, the functions of the
regions and amino acids involved is not known. The
p.Ser273Phe variant was found in a large exome sequencing
study in children with developmental disorders'* but no
additional information on phenotype could be collected for
this individual. The p.Ser429Phe variant was found in a small
trio exome sequencing cohort, in a young child with high
myopia.'> This individual also carried a hemizygous missense
variant in CACNAIF (NP_005174.2: p.[Argl060Trp]), which
has already been described as a pathogenic variant causing
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X-linked congenital stationary night blindness (MIM 300071),
possibly explaining the phenotype in this individual. Taking
all data into account, these two missense variants might very
well be benign variants, although pathogenicity cannot be
completely excluded based on our assays.

The remaining variant in our study was a frameshift variant,
for which the transcript will most likely undergo NMD,
resulting in haploinsufficiency for FOXP4. If the transcript
with the variant would still escape NMD, a truncated and
dysfunctional version of FOXP4 would be expressed that has
an aberrant subcellular localization pattern, does not show
transcriptional repressor capacities in SRPX2-reporter lucifer-
ase assays, and is unable to dimerize. FOXP4 is known to be
extremely intolerant of loss-of-function variation, with a
probability of loss-of-function intolerance (pLI) score of 0.98
based on sequencing data from 141,456 individuals, providing
independent evidence that FOXP4 haploinsufficiency is
pathogenic.”* The Decipher database contains seven micro-
deletions encompassing FOXP4, but as these are all large
deletions (2.41 to 4.57 Mb in size) it is hard to draw
conclusions about the contribution of FOXP4 haploinsuffi-
ciency to the corresponding phenotypes. But interestingly, in
the literature one individual has been reported with develop-
mental delays, laryngeal hypoplasia and a ventricular septal
defect, and a homozygous truncating FOXP4 variant: c.815del;
p.(Leu272Profs*95)."" Both parents were shown to be
heterozygous for this variant, suggesting autosomal recessive
inheritance, but no further clinical details were reported on
the parents or other family relatives. As the individual with
the heterozygous frameshift variant in our cohort had a
phenotype entirely in line with the individuals with the likely
pathogenic forkhead box domain missense variants: a
congenital diaphragmatic hernia, short stature, developmental
delays, hypotonia, and cryptorchidism, we assume that the
FOXP4 variant is causative. Although for our missense
variants we cannot exclude a possible dominant-negative
mechanism in addition to the loss-of-function effects, in
which FOXP4 proteins with these variants would interfere
with wild-type FOXP protein functions via their intact
dimerization capacities, we propose that truncating variants
in FOXP4 can be pathogenic in a heterozygous state.

FOXP4 was first characterized by Lu et al.” and Teufel
et al.’”* and shown to be expressed in a range of tissues,
including heart, brain, lung, liver, kidney, and testis.
Importantly, FOXP4 is not only expressed in adult tissue,
but also during different stages of development of, e.g., the
heart, lungs, gut, and skeleton, where it has been shown to
play important functional roles.>”*> This widespread
expression pattern, in combination with the large number
of transcriptional targets and protein-protein interactions
known for FOXP transcription factors,'>*** could poten-
tially yield a large variety of downstream consequences when
FOXP4 functions are compromised. It is thus not surprising
that we found a broad range of associated phenotypes in
individuals with likely pathogenic FOXP4 variants, including
growth deficits, developmental delays and a spectrum of
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associated congenital abnormalities. Although caution is
warranted given the limited cohort size of our study, variants
in FOXP4 seem to be associated with certain phenotypic
features (e.g., vertebral abnormalities and congenital dia-
phragmatic hernia) that appear distinct from those observed
in individuals carrying variants in FOXPI or FOXP2.
Congenital anomalies are not a common finding in
individuals with pathogenic FOXP2 variants,”” and in
FOXP1I-associated disorder different abnormalities are recur-
rently reported, such as congenital heart defects or kidney
abnormalities*>*" (Table S3). Variants in FOXP3 are not
associated with a neurodevelopmental disorder phenotype,
and were thus not included in this phenotypic comparison.
Future studies will establish how the distinctive FOXP
expression patterns, together with differences in profiles of
cofactors and downstream targets in the relevant tissues,
contribute to the different phenotypes associated with
haploinsufficency of each transcription factor.

Of note, in FOXPI- and FOXP2-related disorders, expres-
sive speech problems are a prominent feature,”” and the
contributions of these regulatory factors to the development
and function of relevant neural circuits are extensively
studied.'”** A recent study linking FoxP1/2/4 functions to
vocal learning in songbirds suggested that FOXP4 should also
be considered as a candidate for involvement in vocal
disorders.”” Indeed, all individuals with likely pathogenic
FOXP4 variants in our study had delayed speech/language
development, with expressive problems prominently present.
As FOXP1, FOXP2, and FOXP4 show partially overlapping
coexpression in various different regions of the developing
brain,'® further research is needed to delineate if loss-of-
function of FOXP4 directly impairs speech/language devel-
opment, or whether secondary disruption of FOXP1 and/or
FOXP2 function via heterodimerization with dysfunctional
FOXP4 could play a role as well.

In conclusion, through clinical characterization and func-
tional assays, we implicate heterozygous FOXP4 variants in a
neurodevelopmental disorder with mild developmental
delays, most prominently in the speech/language domain.
The disorder shows variable expressivity: a broad spectrum of
associated features is present in a subset of individuals and
includes short stature, macrocephaly, congenital diaphrag-
matic hernia, vertebral abnormalities, ptosis, and cryptorchid-
ism. As several congenital abnormalities are recurrently
observed in our patients with likely pathogenic variants, and
developmental delays can be mild, the possibility of FOXP4
involvement should not only be considered in individuals
with neurodevelopmental disorders but also in cohorts of
individuals with multiple congenital abnormalities, in parti-
cular, congenital diaphragmatic hernia and/or vertebral
abnormalities.

SUPPLEMENTARY INFORMATION

The online version of this article (https://doi.org/10.1038/s41436-
020-01016-6) contains supplementary material, which is available
to authorized users.

GENETICS in MEDICINE | Volume 23 | Number 3 | March 2021

ARTICLE

ACKNOWLEDGEMENTS

We thank all included individuals and their families for their
contribution, and we specifically thank the parents of individual 1
for contacting us about the FOXP4 variant found in their child,
which was the starting point of this research project. Funding was
provided by the Netherlands Organization for Scientific
Research (NWO) Gravitation Grant 24.001.006 to the Language
in Interaction Consortium (L.S.B., S.E.F., and H.G.B.), the Nether-
lands Organization for Health Research and Development (ZonMw
grant 91718310 to T.K.), the Max Planck Society (S.E.F.), and by
PO1THD068250 to W.K.C.

FUNDING
Open Access funding enabled and organized by Projekt DEAL.

DISCLOSURE

R.E.S., Y.S., and T.S.-S. are employees of GeneDx, Inc. W.K.C. is a
member of the scientific advisory board of the Regeneron
Genetics Center. For D.M. the following statements are applic-
able: 'Research disclaimer: The views expressed in this article
reflect the results of research conducted by the authors and do
not necessarily reflect the official policy or position of the
Department of the Navy, Department of Defense, or the United
States Government. Copyright statement: | am a military service
member. This work was prepared as part of my official duties.
Title 17 U.S.C. 105 provides that “Copyright protection under this
title is not available for any work of the United States
Government.” Title 17 U.S.C. 101 defines a United States
Government work as a work prepared by a military service
member or employee of the United States Government as part of
that person'’s official duties.” The other authors declare no other
conflicts of interest.

Publisher's note Springer Nature remains neutral with regard
to jurisdictional claims in published maps and institutional
affiliations.

REFERENCES

1. ShuW, Yang H, Zhang L, Lu MM, Morrisey EE. Characterization of a new
subfamily of winged-helix/forkhead (Fox) genes that are expressed in
the lung and act as transcriptional repressors. J Biol Chem. 2001;276:
27488-27497.

2. Lu MM, Li S, Yang H, Morrisey EE. Foxp4: a novel member of the Foxp
subfamily of winged-helix genes coexpressed with Foxp1 and Foxp2 in
pulmonary and gut tissues. Mech Dev. 2002;119:5197-5202.

3. Hori S, Nomura T, Sakaguchi S. Control of regulatory T cell development
by the transcription factor Foxp3. Science. 2003;299:1057-1061.

4.  Hamdan FF, Daoud H, Rochefort D, et al. De novo mutations in FOXP1 in
cases with intellectual disability, autism, and language impairment. Am J
Hum Genet. 2010,87:671-678.

5. Lai CS, Fisher SE, Hurst JA, Vargha-Khadem F, Monaco AP. A forkhead-
domain gene is mutated in a severe speech and language disorder.
Nature. 2001;413:519-523.

6. Chatila TA, Blaeser F, Ho N, et al. JM2, encoding a fork head-related
protein, is mutated in X-linked autoimmunity-allergic disregulation
syndrome. J Clin Invest. 2000;106:R75-R81.

7. Takahashi K, Liu FC, Hirokawa K, Takahashi H. Expression of Foxp4 in the
developing and adult rat forebrain. J Neurosci Res. 2008;86:3106-3116.

8. Rousso DL, Pearson CA, Gaber ZB, et al. Foxp-mediated suppression of N-
cadherin regulates neuroepithelial character and progenitor maintenance
in the CNS. Neuron. 2012;74:314-330.

541


https://doi.org/10.1038/s41436-020-01016-6
https://doi.org/10.1038/s41436-020-01016-6

ARTICLE

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

542

Tam WY, Leung CK, Tong KK, Kwan KM. Foxp4 is essential in
maintenance of Purkinje cell dendritic arborization in the mouse
cerebellum. Neuroscience. 2011;172:562-571.

. Co M, Anderson AG, Konopka G. FOXP transcription factors in vertebrate

brain development, function, and disorders. Wiley Interdiscip Rev Dev
Biol. 2020;9:e375.

. Charng WL, Karaca E, Coban Akdemir Z, et al. Exome sequencing in

mostly consanguineous Arab families with neurologic disease provides a
high potential molecular diagnosis rate. BMC Med Genomics. 2016;9:42.

. Longoni M, High FA, Qi H, et al. Genome-wide enrichment of damaging

de novo variants in patients with isolated and complex congenital
diaphragmatic hernia. Hum Genet. 2017;136:679-691.

. Jin ZB, Wu J, Huang XF, et al. Trio-based exome sequencing arrests de

novo mutations in early-onset high myopia. Proc Natl Acad Sci USA.
2017;114:4219-4224.

Deciphering Developmental Disorders Study. Prevalence and architecture of
de novo mutations in developmental disorders. Nature. 2017;542:433-438.

. Sobreira N, Schiettecatte F, Valle D, Hamosh A. GeneMatcher: a

matching tool for connecting investigators with an interest in the same
gene. Hum Mutat. 2015;36:928-930.

. denovo-db. http://denovo-db.gs.washington.edu. Accessed 2 February

2020.

. Castor EDC. Castor electronic data capture. https:/castoredc.com. 2019.

Accessed 28 August 2019.

. Estruch SB, Graham SA, Deriziotis P, Fisher SE. The language-related

transcription factor FOXP2 is post-translationally modified with small
ubiquitin-like modifiers. Sci Rep. 2016;6:20911.

. Deriziotis P, Graham SA, Estruch SB, Fisher SE. Investigating protein—protein

interactions in live cells using bioluminescence resonance energy transfer.
J Vis Exp. 2014,(87):51438.

Waterhouse A, Bertoni M, Bienert S, et al. SWISS-MODEL: homology
modelling of protein structures and complexes. Nucleic Acids Res.
2018;46:W296-W303.

Golson ML, Kaestner KH. Fox transcription factors: from development to
disease. Development. 2016;143:4558-4570.

Stenson PD, Ball EV, Mort M, et al. Human Gene Mutation Database
(HGMD): 2003 update. Hum Mutat. 2003;21:577-581.

Wiel L, Baakman C, Gilissen D, Veltman JA, Vriend G, Gilissen C.
MetaDome: pathogenicity analysis of genetic variants through aggregation
of homologous human protein domains. Hum Mutat. 2019;40:1030-1038.
Karczewski KJ, Francioli LC, Tiao G, et al. The mutational constraint
spectrum quantified from variation in 141,456 humans. Nature. 2020;
581:434-443.

Li S, Weidenfeld J, Morrisey EE. Transcriptional and DNA binding activity
of the Foxp1/2/4 family is modulated by heterotypic and homotypic
protein interactions. Mol Cell Biol. 2004;24:809-822.

Stroud JC, Wu Y, Bates DL, et al. Structure of the forkhead domain of
FOXP2 bound to DNA. Structure. 2006;14:159-166.

Sollis E, Graham SA, Vino A, et al. Identification and functional
characterization of de novo FOXP1 variants provides novel insights into
the etiology of neurodevelopmental disorder. Hum Mol Genet.
2016;25:546-557.

Vernes SC, Nicod J, Elahi FM, et al. Functional genetic analysis of
mutations implicated in a human speech and language disorder. Hum
Mol Genet. 2006;15:3154-3167.

Saleem RA, Banerjee-Basu S, Berry FB, Baxevanis AD, Walter MA. Structural
and functional analyses of disease-causing missense mutations in the
forkhead domain of FOXC1. Hum Mol Genet. 2003;12:2993-3005.

Berry FB, Tamimi Y, Carle MV, Lehmann OJ, Walter MA. The
establishment of a predictive mutational model of the forkhead

31.
32.

33.
34.

35.
36.

37.

38.
39.
40.
41.
42.
43.

44.

SNIJDERS BLOK et af

domain through the analyses of FOXC2 missense mutations identified
in patients with hereditary lymphedema with distichiasis. Hum Mol
Genet. 2005;14:2619-2627.

Perumal K, Dirr HW, Fanucchi S. A single amino acid in the hinge loop
region of the FOXP forkhead domain is significant for dimerisation.
Protein J. 2015;34:111-121.

Teufel A, Wong EA, Mukhopadhyay M, Malik N, Westphal H. FoxP4, a
novel forkhead transcription factor. Biochim Biophys Acta. 2003;1627:
147-152.

Li S, Zhou D, Lu MM, Morrisey EE. Advanced cardiac morphogenesis does
not require heart tube fusion. Science. 2004;305:1619-1622.

Zhao H, Zhou W, Yao Z, et al. Foxp1/2/4 regulate endochondral
ossification as a suppresser complex. Dev Biol. 2015;398:242-254.

Li S, Morley M, Lu M, et al. Foxp transcription factors suppress a non-
pulmonary gene expression program to permit proper lung development.
Dev Biol. 2016;416:338-346.

Oswald F, Kloble P, Ruland A, et al. The FOXP2-driven network in
developmental disorders and neurodegeneration. Front Cell Neurosci.
2017;11:212.

Estruch SB, Graham SA, Quevedo M, et al. Proteomic analysis of FOXP
proteins reveals interactions between cortical transcription factors
associated with neurodevelopmental disorders. Hum Mol Genet. 2018;
27:1212-1227.

Vernes SC, Spiteri E, Nicod J, et al. High-throughput analysis of promoter
occupancy reveals direct neural targets of FOXP2, a gene mutated in
speech and language disorders. Am J Hum Genet. 2007;81:1232-1250.
Reuter MS, Riess A, Moog U, et al. FOXP2 variants in 14 individuals with
developmental speech and language disorders broaden the mutational
and clinical spectrum. J Med Genet. 2017;54:64-72.

Siper PM, De Rubeis S, Trelles MDP, et al. Prospective investigation of
FOXP1 syndrome. Mol Autism. 2017;8:57.

Bekheimia MR, Bekheirnia N, Bainbridge MN, et al. Whole-exome
sequencing in the molecular diagnosis of individuals with congenital
anomalies of the kidney and urinary tract and identification of a new
causative gene. Genet Med. 2017;19:412-420.

den Hoed J, Fisher SE. Genetic pathways involved in human speech
disorders. Curr Opin Genet Dev. 2020;65:103-111.

Norton P, Barschke P, Scharff C, Mendoza E. Differential song deficits
after lentivirus-mediated knockdown of FoxP1, FoxP2, or FoxP4 in area X
of juvenile zebra finches. J Neurosci. 2019;39:9782-9796.

Sievers F, Wilm A, Dineen D, et al. Fast, scalable generation of high-
quality protein multiple sequence alignments using Clustal Omega. Mol
Syst Biol. 2011;7:539.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, provide a link
to the Creative Commons license, and indicate if changes were made. The
images or other third party material in this article are included in the article’s
Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is notincluded in the article’s Creative Commons license and
your intended use is not permitted by statutory regulation or exceeds the
permitted use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http:/creativecommons.org/licenses/
by/4.0/.

© The Author(s) 2020

Volume 23 | Number 3 | March 2021 | GENETICS in MEDICINE


http://denovo-db.gs.washington.edu
https://castoredc.com
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Heterozygous variants that disturb the transcriptional repressor activity of FOXP4 cause a developmental disorder with speech/language delays and multiple congenital abnormalities
	INTRODUCTION
	MATERIALS AND METHODS
	Identification and clinical characterization of individuals with FOXP4 variants
	Cell culture and transfection
	DNA constructs and site-directed mutagenesis
	Luciferase assays
	Fluorescence imaging of subcellular localization
	Bioluminescence resonance energy transfer assays
	Statistical analysis
	Ethics statement

	RESULTS
	Identification of FOXP4 variants
	Phenotypes of individuals with heterozygous FOXP4 variants
	In silico variant analysis
	Effects of variants on localization and transcriptional repression activity

	DISCUSSION
	Supplementary information
	ACKNOWLEDGMENTS
	DISCLOSURE
	References




