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Background: FOXGl-related encephalopathy, also known as FOXG1
syndrome or FOXG1-related disorder, affects most aspects of development
and causes microcephaly and brain malformations. This syndrome was
previously considered to be the congenital variant of Rett syndrome.
The abnormal function or expression of FOXG1, caused by intragenic
mutations, microdeletions or microduplications, was considered to be crucial
pathological factor for this disorder. Currently, most of the FOXG1-related
encephalopathies have been identified in Europeans and North Americans,
and relatively few Chinese cases were reported.

Methods: Array-Comparative Genomic Hybridization (Array-CGH) and whole-
exome sequencing (WES) were carried out for the proband and her parent to
detect pathogenic variants.

Results: A de novo nonsense mutation (c.385G>T, p.Glul29Ter) of FOXG1
was identified in a female child in a cohort of 73 Chinese children with
neurodevelopmental disorders/intellectual disorders (NDDs/IDs). In order to
have a comprehensive view of FOXG1-related encephalopathy in China,
relevant published reports were browsed and twelve cases with mutations in
FOXG1 or copy number variants (CNVs) involving FOXG1 gene were involved
in the analysis eventually. Feeding difficulties, seizures, delayed speech, corpus
callosum hypoplasia and underdevelopment of frontal and temporal lobes
occurred in almost all cases. Out of the 12 cases, eight patients (66.67%)
had single-nucleotide mutations of FOXG1 gene and four patients (33.33%)
had CNVs involving FOXG1 (3 microdeletions and 1 microduplication). The
expression of FOXG1 could also be potentially disturbed by deletions of
several brain-active regulatory elements located in intergenic FOXG1-PRKD1
region. Further analysis indicated that PRKD1 might be a cooperating factor
to regulate the expression of FOXG1, MECP2 and CDKL5 to contribute the
RTT/RTT-like disorders.
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Discussion: This re-analysis would broaden the existed knowledge about the
molecular etiology and be helpful for diagnosis, treatment, and gene therapy
of FOXG1-related disorders in the future.

KEYWORDS

Rett syndrome, FOXG1-related encephalopathy, FOXG1, PRKD1, haploinsufficiency,
intergenic regulatory elements

Introduction

Rett syndrome (RTT; OMIM#312750) is a severe syndromic
disorder that affects almost exclusively females with a prevalence
of 1/10,000 under an X-linked dominant (XLD) mode of
inheritance (Grillo et al., 2012). The characterized clinical
phenotypes include arrested growth at an early stage (usually
between 6 months and 18 months after birth), loss of
speech, withdrawal of acquired skills, hand stereotypies,
microcephaly, seizures, and intellectual disability (Moog et al.,
2003).

It has been reported that mutations of the Xq28-localized
MECP2 gene are responsible for about 90% of RTIT cases.
Except for MECP2, CDKL5 (Zhu and Xiong, 2019) and
FOXGI (Byun et al, 2015) are two other well-known RTT
causal genes. Recently, STXBPI (Cogliati et al., 2019), KIF1A
(Wang et al, 2019), GRINI (Wang et al, 2019), NTNGI
(Borg et al., 2005; Archer et al., 2006; Nectoux et al., 2007;
Aldosary et al.,, 2020), NTNG2 (Heimer et al., 2020), MEF2C

Abbreviations: CNV, copy number variant; RTT, Rett syndrome; ACMG,
American College of Medical Genetics and Genomics; MAF, minor
allele frequency; ExAC, Exome Aggregation Consortium; gnomAD,
Genome Aggregation Database; GO-ESP, NHLBI Grand Opportunity
Exome Sequencing Project; TOPMED, NHLBI Trans-Omics for Precision
Medicine; CNKI, Chinese National Knowledge Infrastructure; GEO,
gene expression omnibus; OFC, occipitofrontal head circumference;
ACTH, EEG,
fVEP, flash visually evoked potential; ABR, auditory brainstem response;
MRI,
CGH,

adrenocorticotropic  hormone; electroencephalogram;
magnetic resonance imaging; CNS, central nervous system;

comparative genomic hybridization; WES, whole exome
sequencing; WGS, whole genome sequencing; CMA, chromosomal
molecular analysis; CDS, coding sequence; DD, developmental delay;
ID, intellectual disability; FHD, fork-head domain; JBD, JARID1B
binding domain; GBD, Groucho-binding domain; CHD, congenital
heart disease;

dysplasia; ENCODE, Encyclopedia of DNA Elements Consortium; SECR,

CHDED, congenital heart defects and ectodermal

strongly-evolutionarily conserved region; ORegAnno, Open Regulatory
Annotation; Hi-C, High-through Chromosome Conformation Capture;
TAD, topologically associating domain; LD, linkage disequilibrium; NMD,
nonsense-mediated mMRNA decay; GTEx, Genotype-Tissue Expression

project; eQTL, expression quantitative trait locus; GO, Gene Ontology.
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(Wang et al, 2018; Anitha et al, 2022), SATB2 (Lee et al,,
2016), and WDR45 (Hoffjan et al., 2016; Kulikovskaja et al.,
2018) have also been implicated as genetic factors of RTT
or RTT-like syndromes. According to the molecular assays
for two large cohorts recruited 486 Chinese patients with
RTT, MECP2 accounted for 83.74% (407/486) and CDKL5 for
0.82% of the cases. No mutations of FOXGI were detected
(Li et al., 2007; Zhang et al, 2012). In 2017, four de novo
FOXGI1 mutations were first reported in a cohort of 451
Chinese patients with RTT or RTT-like disorders (Zhang et al.,
2017). Except for intragenic mutations, CNVs containing the
FOXGI gene were also reported in Chinese patients with
neurodevelopmental disorders (Wang et al, 2017; Li et al,
2021).

Previously, patients carrying pathogenic FOXGI mutations
were initially diagnosed as a congenital variant of the RTT
syndrome (OMIM#613454), for having global development
delay and disease onset from early infancy (before 6 months
of age) and seizure onset after 3 months of birth (Ariani et al,,
2008; Jacob et al., 2009). However, with the accumulation of
clinical phenotypes associated with FOXG1 mutations, the
patients generally lacked social eye contact, faced more severe
sleep difficulty, and experienced difficulty in the postnatal
development of language and ambulation (Papandreou
et al, 2016; Mitter et al, 2018; Vegas et al, 2018). More
importantly, the patients also lacked obvious regression
of required psychomotor abilities as observed in RTT
(Caporali et al., 2018). Therefore, the spectrum associated
with FOXG1 mutations has been considered to be a separate
clinical entity and termed “FOXGl-related encephalopathy,’
(Wong et al., 2019b) “FOXGl1-related disorder,; (McMahon
et al, 2015) or “FOXGl-related syndrome” (Wong et al,
2019a).

Recently, a de novo non-sense mutation (c.385G>T,

p.Glul29Ter) of the FOXGI gene was identified in
a  Chinese female patient with neurodevelopmental
disorders/intellectual ~ disorders ~ (NDD/IDs).  Currently,

most of the patients of FOXGl-related encephalopathy are
of European and North American origins, and only 12
Chinese cases have been identified so far. In the current
project, a comprehensive reanalysis of the genotypes of
FOXGI1 was carried out for the Chinese FOXGI-related
encephalopathies. Four main types of underlying molecular
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etiologies for this disorder were categorized, such as intragenic
mutations, CNVs containing FOXGI, CNVs containing
the intergenic region FOXGI-PRKDI, and the contributing
gene PRKDI.

Materials and methods

Sample collection

This study was conducted in accordance with the Code
of Ethics of the World Medical Association (Declaration of
Helsinki) for experiments involving humans. This study was
approved by the Ethical Committee of the Shenzhen Bao’an
Women’s and Children’s Hospital (LLSC-2022-02-05-16-KS).
Written informed consent was obtained from the parent.
Peripheral venous blood was collected from the infant and
her parent.

Array-comparative genomic
hybridization

Genomic DNA was extracted using the TIANamp Blood
DNA Kit (DP348, TianGen Biotech, Beijing, China) according
to the manufacturer’s instructions. Genomic aberrations were
detected by array-CGH using the Fetal DNA Chip (version 1.2)
designed by The Chinese University of Hong Kong (CUHK)
(Leung et al,, 2011; Huang et al., 2014). Procedures of array-
CGH were conducted according to the public Agilent protocol
(Agilent Oligonucleotide Array-Based CGH for Genomic DNA
Analysis, version 3.5). Briefly, hybridized slides were scanned
with SureScan High-Resolution Microarray Scanner (G2505B,
Agilent Technologies, Santa Clara, CA, USA), and the image
data were extracted and converted to text files using the
Agilent Feature Extraction software (version 10.5.1.1). The data
were graphed and analyzed using the Agilent CGH Analytics
software. Only duplications or deletions that were covered
by at least three consecutive probes on the Fetal DNA Chip
were considered.

Trio-whole exome sequencing

Whole exome sequencing for the trio (Trio-WES) was
conducted by the Illumina HiSeq 2500 platform (Illumina, San
Diego, CA, United States) according to our previous reports
(Lu et al,, 2021; Peng et al., 2022). Briefly, 1 mg of sheared
DNA was ligated with adaptors and then amplified by PCR. The
amplified fragments were hybridized and captured with xGen
Exome Research Panel v2.0 (Integrated DNA Technologies,
Coralville, TA, USA) according to the manufacturer’s protocol.
The captured products were amplified, purified, and quantified
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using an Agilent Bioanalyzer 2100 (Agilent Technologies,
Santa Clara, CA, USA). Finally, the established libraries were
sequenced on the Illumina HiSeq 2500 platform and the NextSeq
CN500 platform (Berry Genomics, Beijing, China) for paired-
end sequencing.

The sequencing reads were aligned against the human
reference genome (hgl9/GRCh37) using the BWA software
(version 0.7.10) (Li and Durbin, 2010). The Verita Trekker®
Variants Detection System (version 2.0, Berry Genomics,
Beijing, China) was used for variant calling. The annotation
and interpretation of the variants were conducted using Enliven
Variants Annotation Interpretation System (Berry Genomics,
Beijing, China) (Yang et al, 2019). A position was called
heterozygous if 25% or more of the reads identify the minor
allele. The retained variants for subsequent interpretation
should have a minor allele frequency (MAF) <1% in 1000
Genomes Project, Exome Aggregation Consortium (ExAC) (Lek
et al,, 2016), NHLBI GO Exome Sequencing Project (ESP)
(Fu et al, 2013), Genome Aggregation Database (gnomAD),
NHLBI Trans-Omics for Precision Medicine (TOPMed) (Taliun
et al.,, 2021). We also removed non-functional variants such
as synonymous mutation and non-coding region mutation.
According to the criteria for interpretation of genetic variants
proposed by American College of Medical Genetics and
Genomics (ACMG) guidelines, the annotated variants could
be categorized into five classes, namely, “pathogenic,” “likely
pathogenic,” “uncertain significance,” “likely benign,” and
“benign” (Richards et al., 2015). The candidate variants were
confirmed by Sanger sequencing.

Compilation of Chinese patients with
FOXG1-related disorder

Using “FOXG1”, “Forkhead box GIl7, “14ql2”,
“RIT”, “Rett”, “Intellectual disability”,
“Developmental delay”, “Chinese”, and “China” as keywords
to search the English-written articles in NCBI PubMed
(https://pubmed.ncbi.nlm.nih.gov/), and  Chinese-written
articles in WANFANG DATA (https://c.wanfangdata.com.
cn/periodical), Chinese National Knowledge Infrastructure
(CNKI) (https://www.cnkinet/), and VIP (http://www.cqvip.
com/) periodical databases. Twenty-one relative articles were

“Rett syndrome”,

obtained from public periodical databases. After removing
duplicates and reviews, eight articles (four English and four
Chinese) were selected for subsequent analysis. After careful
evaluation, one family was reported two times due to seeking
medical consultations at different hospitals. Totally, six
articles were qualified. The workflow chart was depicted in
Supplementary Figure S1. Twelve cases with FOXGI1 mutations
or CNVs involving the FOXGI gene were compiled for
subsequent analysis.

frontiersin.org


https://doi.org/10.3389/fnmol.2022.1039990
https://pubmed.ncbi.nlm.nih.gov/
https://c.wanfangdata.com.cn/periodical
https://c.wanfangdata.com.cn/periodical
https://www.cnki.net/
http://www.cqvip.com/
http://www.cqvip.com/
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org

Lu et al.

Molecular analysis of FOXG1-related Rett
syndrome

To have a comprehensive analysis for mutations of the
FOXGI gene, single nucleotide mutations, microduplications,
and microdeletions were extracted from NCBI ClinVar,
DECIPHER (Firth et al., 2009), ClinGen (the
Genome Resource) (Rehm et al., 2015), copy number variants
from 29,083 cases (nstd100) and 15,767 cases (nstd54) of
Developmental Delay and Intellectual Disability (DD/ID)
(Cooper et al., 2011; Coe et al., 2014), and Database of Genomic
Variants (DGV) (MacDonald et al., 2014). The CNVs were
mapped against the human genome (hgl9) by the UCSC

Clinical

genome browser. The protein sequences of FOXG1 were
downloaded from the NCBI gene track (https://www.ncbi.nlm.
nih.gov/gene) and aligned with the integrated CLUSTALW tool
of MEGA (version 11.0.8) under default settings. The protein
structures of FOXGI1 with Ser197Ile (S1971) and Asn232Tyr
(N232Y) mutations were predicted with AlphaFold2. As
for protein-coding genes, pHI (the probability of being a
haploinsufficient gene) and pAD (the probability of being
autosomal dominant) were analyzed by DECIPHER and
DOMINO
respectively. The genomic conservation evolution analysis was

(https://wwwfbm.unil.ch/domino/index.php),

carried out by the ECR browser (https://ecrbrowser.dcode.org/).
The Hi-C (high-through chromosome conformation capture)
data for seven human cell lines (namely, GM12878, K562,
KBM7, HMEC, HUVEC, IMR90, and NHEK) were downloaded
from gene expression omnibus (GEO) (https://www.ncbinlm.
nih.gov/geo/query/acc.cgi?acc=GSE63525).

Results

Clinical features of our patient with a
FOXG1 mutation

This patient was a 1 year and 11 months old female
infant who was referred to our department because of early-
onset delay of psychomotor development. The proband was
delivered uneventfully at full-term to a 34-year-old mother
by cesarean section due to breech position in 2019. Her
birth weight was 3.09kg. Her mother accepted all of the
regular inspections as required and no abnormalities were
found during her pregnancy. She was the second child of
a non-consanguineous couple. Her 5-year-old brother had
a normal developmental trajectory (Figure 1A). The patient
was found obvious developmental delay after birth and was
diagnosed with developmental delay till she was 7 months
old. She had typical clinical phenotypes involving impaired
social interaction, lack of speech development, delayed motor
development, stereotypic movements of hands, hypotonia,
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bruxism while awake, sleep rhythm disorder, and seizure
(Figure 1B).

For physical development, her height was 77 cm (<P3)
and her weight was 10kg (P18), which was suggested to be
short stature. Her occipitofrontal head circumference (OFC) was
42 cm (<P3), referred to be microcephalus. For psychomotor
development, she could not gain full head control and smooth
roll over. She could neither sit nor stand without assistance.
She could not develop hand grasping with a specific purpose.
Excessive unconscious hand movements were observed, such
as shaking and flapping. Eye contact was very few. A lack of
speech development was observed. Hypotonia was observed
after birth. Feeding difficulties were seen after adding semisolid
food. Sleeping disturbance has been observed soon after birth
and lasted till now. She also had bruxism while awake.

When she was 1 year and 6 months old, the seizure
was first observed with a sudden loss of consciousness, eye
gaze, and limb spasms that spontaneously resolved after 1-
3min. An episode of seizure occurred almost daily. She was
diagnosed with generalized tonic-clonic seizures and began to
receive antiseizure therapy 2 months later with oral antiepileptic
drugs, such as topiramate, Depakin, Topamax, and i.v. drip
of adrenocorticotropic hormone (ACTH). The seizures were
relieved but not completely controlled. At present, the seizures
still occurred two or three times a month.

Her first regular electroencephalogram (EEG) at 7 months
old was normal. Her 24-h video of EEG at 1 year and 8 months
showed generalized temporal spike and spike-slow waves during
the wakefulness and sleep stages. Her first brain magnetic
resonance imaging (MRI) scan at 7 months old showed widened
bilateral temporal extracerebral space (the widest spaces were
14 mm on the right and 19 mm on the left, respectively), small
bilateral temporal lobes, and delayed myelination development
(equivalent to 3-4 months). At the age of 1 year and 2
months, she took her second MRI scan. Except widened
bilateral temporal extracerebral space, small bilateral temporal
lobes, and delayed myelination development (equivalent to 6-
7 months) as before, corpus callosum hypoplasia was also
observed (Figure 1C).

She accepted examinations of neural electrophysiological
examinations involving flash visually evoked potential (fVEP)
and auditory brainstem response (ABR) when she was 9
months old. The fVEP showed bilateral prolonged baseline
P100 and N145 latencies. Auditory brainstem response (ABR)
showed bilateral prolonged latencies of waves I, III, and V.
No abnormality of the urinary system was found by color
Doppler ultrasound at 10 months old. DR X-ray film for hip
joint anteroposterior and abducent projections at 1 year and 11
months old found no abnormalities.

Molecular analysis with whole exome sequencing identified
a de mnovo non-sense mutation of FOXG1 (c.385G>T,
rs1555321264, and 14:29236870) in the patient (Figure 1D)
and further confirmed by Sanger sequencing (Figure 1E).
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FIGURE 1

Characterization of the clinical features of the proband. (A) Pedigree of the proband; (B) photos of the facial, hands, and foot; (C) brain MRI scan
taken at 7-months old and 1-year-2-months old; (D) WES identified c.385G>T in the proband; (E) sanger sequencing. The red arrow represents
the abnormal region.
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The ¢.385G>T mutation generated a premature stop codon
at position 129 (GAG) for glutamic acid (Glu, E) to (TAG,
X) (p.Glul29Ter). This mutation was not been detected in
any of the four public human genome projects, such as 1000
Genomes (n = 2,504), GO-ESP (n = 6,503), ExAC (n = 60,706),
gnomAD Genomes (n = 15,708), gnomAD Exomes (n =
125,748), and TOPMED (n = 25,199,470) databases. According
to the ACMG guideline, this mutation was classified to be
pathogenic (PVS1+PM2+-PP5).

Combined with characteristic clinical phenotypes, brain
MRI, and molecular analysis, the child was diagnosed as a
congenial variant of Rett syndrome, (OMIM#613454), which
was also named FOXG1-related encephalopathy.

Comprehensive analysis of 12 Chinese
with FOXG1 mutations

Previous articles have reported 11 individual Chinese cases
with 11 de novo FOXG1 mutations. To have a comprehensive
reanalysis of these mutations, the medical records and clinical
phenotypes of all the patients (11 + 1) were carefully inquired
and compiled (Table 1). Pedigrees of all 12 patients were
depicted in Figure 2. The ranking of the pedigrees was based on
the mutation’s location on the FOXG1 protein.

After compiling the described clinical features of the 12
patients (Table 1), we noticed that 11 of them were female
(91.67%) and only 1 male (8.33%). Since the clinical descriptions
for patients 10 and 11 were scarce, they were removed
for the subsequent clinical spectrum analysis. The head size
development of eight patients (8/10) was lagging behind
the standard of the same age and displayed a microcephaly
phenotype. The regression was reported in three patients
with the progressive disappearance of acquired language skills.
Bruxism was also identified in four patients. As for abnormalities
of the musculoskeletal system, hypotonia and stereotypic
movements with limited functional hand use were reported in
almost all the patients. In the early stages, no patients could walk
or sit normally; however, with increasing age, six patients could
sit without aid after 10 months. Patient 11 could walk without
aid at 3 years old. As for the eyes, almost all the patients had
poor eye contact and could not follow moving objects.

As for the features concerning the central nervous system
(CNS), delayed speech, feeding difficulties, seizures, abnormal
EEGs, and stereotypic movements were reported in most of
the patients. As for seizures, the onset time was at or after
4 months, and in patient 1, it was at 18 months. Two types
of seizures were reported in these patients, such as partial or
generalized tonic-clonic. According to the reported MRI/CT
results, corpus callosum hypoplasia and underdevelopment of
the frontal and temporal lobes were seen in most of the patients.
Delayed myelination or hypomyelination was reported in only
two patients.
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Single-nucleotide mutations identified by
next-generation sequencing

The FOXGI gene was mapped to an evolutionarily
conserved region (Figure3A), including only one exon
(Figure 3B). To date, there are eight heterozygous single-
nucleotide mutations of FOXGI detected in Chinese patients
with intellectual disability (ID). The details of these mutations
were described in Table 1. For our patient (patient 1), the de
novo nonsense mutation, ¢.385G>T (Figure 3C) generated a
premature stop codon at position 129 (GAG) for glutamic acid
(Glu, E) to (TAG, X) (p.Glul29Ter). As far as we know, this
mutation has been detected in an individual with unknown
diseases by GeneDx in 2017 and recruited in ClinVar. Besides,
no pathogenic mutations were detected in other genes for
RTT/RTT-like disorders. As for mutations in patients 2, 4, 5,
and 6, all four mutations were insertions with one nucleotide,
which caused frame-shifting of the original coding sequence
(CDS) of FOXGI (Figures 3C-E). c.460dup (rs398124204 in
patient 2) was reported more than 10 times in European patients
(Bahi-Buisson et al., 2010; Van der Aa et al, 2010; Kortim
et al., 2011; Bean et al., 2013; Seltzer et al., 2014; Richards et al.,
2015; Cellini et al., 2016; Nykamp et al., 2017; Mitter et al.,
2018; Vegas et al, 2018) and only once in Chinese patients
(Zhang et al.,, 2017). ¢.506dup (rs1450095073 in patient 3) and
the other two frame-shift mutations (c.858dup in patent 5 and
¢.974dup in patient 6) had been submitted to the NCBI ClinVar
database by GeneDx and reported in two Chinese patients with
Rett syndrome (Zhang et al., 2017; Niu et al., 2020). Although
the inserted locations of the mutations were varied, the CDSs
containing these four frame-shifting mutations terminated at
the same premature stop codon to produce a truncated protein
with 455 amino acids (Figure 3F). According to the criteria
of ACMG classification, these mutations were annotated as
“pathogenic” (PVS1+-PS2+PM2).

As for the two missense mutations (c.590G>T, p.Ser197Ile
in patient 4 and c.694A>T, p.Asn232Tyr in patient 5), they
were located in the DNA-binding forkhead domain (FHD).
Both amino acids (such as Ser197 and Asn232) were strongly
conserved (Figure 3D) during evolution and not detected in
the known public genomic databases, such as 1000 Genome (n
— 2,504), NHLBI GO-ESP (n = 6,503), EXAC (n = 60,706),
gnomAD (n = 15,708), and TOPMED (n = 60,000). According
to the criteria of ACMG classification, they were annotated
as “likely pathogenic” (Table 1). For ¢.590G>T (p.Ser1971le),
it has been submitted to the ClinVar database by the Genetic
Services Laboratory of the University of Chicago (Accession:
SCV002069287.1) and identified in a 47-month-old patient
(Mitter et al., 2018). Analyzed by Missense3D, the 197Ile
substitution disrupts all side-chain/main-chain H-bonds formed
by the buried Ser residue (RSA 2.3%) (CO197-Ser OG/CO194-
Tle O, CO197-Ser OG/CO201-Arg O; CO200-Lys NZ/CO197Ser
O, CO200Lys N/CO197Ser OG, CO201-Arg N/CO197Ser OG).
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TABLE 1 Characterizations of the 12 Chinese patients with FOXG1 mutations.

General information

Cases Our Zhang Yangetal. Baietal. Zhang Zhang Bai et al. Zhang Bai et al. Lietal. Tangetal. Wangetal.
project etal. (2019) (2021) etal. etal. (2021) etal. (2021) (2021) (2021) (2017)
(2017) (2017) (2017) (2017)

Patient No. Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6 Patient 7 Patient 8 Patient 9 Patient 10 Patient 11 Patient 12

Sex Female Female Female Female Female Female Female Female Female Male Female Female

Age lyllm ly 2y5m ly6ém 4y6m 1y8m 2y 2y 2y6m 8d 3y 9y

Molecular

analysis

Locations 14:29236870 14:29236945 14:29236986 14:29236986 14:29237179 14:29237343 14:29237408 14:29237457 14:29128665- 14:25084632- 14:26622393- 14:28904992-

(hg19) 30217058 34690056 31444468 30805462

Genetic ¢.385G>T ¢.460dup ¢.506dup 590G>T c.694A>T ¢.858dup c923G>A c.974dup / / / /

mutations (p.Glul29Ter)  (p.Glul54 (p.Lys170 (p.Ser197Ile) (p.Asn232Tyr)  (p.Lys287 (p-Trp308Ter)  (p.Leu325

GlyfsTer301) GlnfsTer285) GlnfsTer168) PhefsTer130)

CMAs / / / / / / / / arr[hg19]14q12 arr[hgl9]14 arr[hgl19]14q12 arr[hgl9]14ql12
(29128665- ql2ql13.1 (26622393- (28904992-
30217058)x1 (25084632- 31444468)x1 30805462)x3

34690056)x1

Consequence Stopgain Frameshift Frameshift Missense Missense Frameshift Stopgain Frameshift Microdeletion ~ Microdeletion ~ Microdeletion ~ Microduplication

Karyotypes 46, XX 46, XX 46, XX 46, XX 46, XX 46, XX 46, XX 46, XX 46, XX 46, XY 46, XX 46, XX
del(14)(q12) del(14)(q12q13.1)del(14)(q12) dup(14)(q12)

ACMG Pathogenic Pathogenic Pathogenic Likely Likely pathogenic Pathogenic Pathogenic Pathogenic / / / /

classification PVS1+ PVS1+ PVS1+ pathogenic PS2+ PVS1+ PVS1+ PVS1+

PS2+PM2 PS2+PM2 PS2+PM2 M1+ PM2+PP3 PS2+PM2 PM2+PP5 PS2+PM2
PM2+PP2+
PP3+PP5

dbSNP ID rs1555321264 rs398124204 151452295073 / 1s786205486 / / / / / / /

Inheritance De novo De novo De novo De novo De novo De novo De novo De novo De novo De novo De novo De novo

Head 42 43 40.5 39 49 42 38.5 45.5 / / / 46

circumstance

(cm)

Microcephaly Y Y Y Y N Y Y Y / / / Y

(Continued)

ey n

0666£01°220210WU/682¢°0T
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TABLE 1 (Continued)

General information

Cases Our Zhang Yangetal. Baietal Zhang Zhang Bai et al. Zhang Bai et al. Lietal. Tangetal. Wangetal.
project etal. (2019) (2021) etal. etal. (2021) etal. (2021) (2021) (2021) (2017)
(2017) (2017) (2017) (2017)
Regression N N Y N N Y N N Y / / /
Bruxism Y Y, 12m / / Y, 12m Y, 19m / N / / / /
Hypotonia Y Y Y Y Y Y, 8d /
Stereotypic Y Y,3m Y, 10m Y, 12m Y,8m / /
movements
Limited Y Y / Y Y Y Y Y Y / / Y
functional
hand use
Rising head Y,10m Y, 8 m Y, 11m Y Y, 5m Y,7m Y Y, 2m Y,9m / / Y, 36 m
(m)
Sitting N N N Y Y, 12m N Y Y, 10m Y,1lm / / Y, 48 m
Walking N N N N, standing N N N N / / Y, 72 m
with aid at
24m
Poor eye Y Y Y Y Y / Y Y Y / Y Y
contact
Delayed Y Y Y Y Y Y Y Y Y / Y Y
speech
Feeding Y Y Y / Y / / Y / Y,8d / Y
difficulties
EEG Y Y Y N Y Y N Y N / Y Y
abnormalities
Seizure onset Y, 18 m Y, 10m Y, 16 m N Y, 6m Y, 10.5m N Y, 10.5m Y, 13-15m / Y, ? Y, 4m
time (m)
Seizure types Generalized Partial Generalized N Partial Partial N Partial / / ? ?
tonic-clonic tonic-clonic
Seizure with N Y / N Y Y N Y Y / / /
cyanosis
Sleep Y Y Y / Y N / Y / / / /
disturbances
(Continued)

ey n

0666£07°220210WUy/6825°0T
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This mutation also results in a switch from the buried
Ser (RSA 2.3%) to exposed Ile (26.6%) (Figures3G,H). The
buried H-bond breakage and buried/exposed switch might
disrupt the local structure of the PHD domain. For c.694A>T
(p-Asn232Tyr), it has been submitted to the ClinVar database
by the DGU-KFSHRC (Developmental Genetics Unit, King
Faisal Specialist Hospital & Research Centre) and reported in
a Chinese patient with RTT (Zhang et al, 2017). The side
chain of Asn (N) is a small-sized amino carbonyl but a bulky
p-hydroxyphenyl for Tyr (Y). Analyzed by Missense3D, this
mutation led to a switch from a buried Asn (RSA 7.0%) to an
exposed Tyr (63.4%), which disrupted all side-chain/side-chain
H-bonds (AO187-Asn ND2/A0232-Asn ODI; A0232-Asn
ND2/A0231-His NE2; AO236-Asn ND2/AO232-Asn OD1) and
two side-chain/main-chain H-bonds (A0232-Asn ND2/A0228-
Ser O and AO236-Asn ND2/A0232-Asn OD1). The Tyr232
only forms one side-chain/main-chain H-bond with Asn236
(AO236-Asn ND2/A0232-Tyr O) (Figures 31,]).

To comprehensively explore the mutation patterns of
FOXGI, variants annotated as “pathogenic” and “likely
pathogenic” from NCBI ClinVar and DECIPHER were
aligned against the CDS of FOXGI (Supplementary Figure S2).
Totally, 171 mutations in the CDS of FOXGI were recruited
in both databases. Among 38.60% (66/171) were missense
mutations, 37.43% (64/171) were frame-shift mutations, and
23.98% (41/171) were non-sense mutations. For the missense
mutations, about 93.94% (62/66) were located in the forkhead
domain (FHD) which was responsible for DNA binding, 4.55%
(3/66) in the JARID1B binding domain (JBD) responsible for
the interaction between FOXG1 and JARIDI1B (also called as
KDMS5B). Only one likely-pathogenic missense (c.1439A>G,
p.GIn480Arg) was localized in the C-terminal disordered region.
As for the pathogenic insertion/deletions (ins/del), they were
distributed throughout the whole region of FOXGI.

Copy number variations containing the
FOXG1 gene

Through oligonucleotide array-CGH, four different CNV's
were identified, three microdeletions in patients 9, 10, and
11, and one microduplication in patient 12 (Table1). As
for the three microdeletions, the one in Li et al. (2021)
was about 9.61 Mb in length (14:25,084,632-34,690,056) and
contained 19 protein-encoding genes, including FOXGI (Li
et al., 2021). Another 4.82 Mb microdeletion (14:26,622,393—
31,444,468) in Tang et al. (2021) was completely covered by Li
et al. (2021) and contained seven protein-coding genes (such as
NOVAI, FOXGI, PRKDI1, G2E3, SCFDI, COCH, and STRN3)
(Table 2). The last microdeletion in Bai et al. (2021) was the
shortest (14:29,128,665-30,217,058, 1.09Mb) and covered only
two genes, such as FOXGI and PRKDI (Figures 4A,B) (Bai et al.,
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Current Zhang Q, et al. Yan N, et al, Bai, et al,
project 2017 2018 2021
Patient 1 Patient 2 Patient 3 Patient 4
1 2 9 2 1 2
E FOXG1 FOXG1 FOXG1 FOXG1
¢.385G>T ¢.460dup ¢.506dupG, ¢.590G>T
3 propang 4 PGlu129Ter 3 p.Glu154Glyfs 3 plys170Ginfs p 5 pSertoriie
Ter301 Ter285
Zhang Q, et al. Zhang Q, et al. BaiY, etal, Zhang Q, et al.
2017 2017 2021 2017
Patient 5 Patient 6 Patient 7 Patient 8
1 2 1 2 1 2 1 2
FOXG1 1 FOXG1 FOXG1 FOXG1
C.694A>T A c.858dup €.923G>A €.974dup
3 p.Asn232Tyr 3 4 p.Lys287Ginfs 3 p.Trp308Ter 3 p.Leu325Phefs
Ter168 Ter130
Bai Y etal Li S, etal, Tang Z,et al, Wang F, et al,
2021 2021 2021 2017
Patient 9 Patient 10 Patient 11 Patient 12
1 2 1 2
5 arr[hg19]14q12 arr[hg19]14q12q13.1 arr[hg19]14912913.1 arr[hg19]14q12
(29128665-30217058)x1 (25084632-34690056)x 1 (26622393-31444468)x1 A (27974743-29875213)x3
3 Proband * 3 g 3
FIGURE 2
Pedigrees of 12 patients with FOXG1-related encephalopathy.

2021). A 1.90 Mb microduplication at 14q12 (14:27,974,743-
29,875,213) was discovered in patient 12 and contained only
the FOXGI gene (Supplementary Figure S3) (Wang et al., 2017).
There were no obvious chromosomal aberrations detected in
their parents.

About 76 individual deletions in the genomic region [Li
et al. (2021), chrl4: 25,084,632-34,690,056] were recruited in
different public databases, such as 10 in ClinGen (Clinical
Genome Resource), 21 in ClinVar, 16 in DECIPHER, and 29 in
the Copy Number Variation Morbidity Map of Developmental
Delay (Figures 4C-F) databases. Out of these microdeletions,
31 of them (40.79%) spanned the CDS of the FOXGI
gene, 5 in ClinGen, 14 in ClinVar, 4 in DECIPHER, and
8 in the Developmental Delay databases. The Database of
Genomic Variants (DGV) involving healthy individuals were
also checked and only one short microdeletion (nsv1042959)
was obtained (Figure 4G). Six short deletions just contained
the FOXGI gene in which the three shortest deletions,
1057648 (chrl4: 29,236,486-29,237,955, 1.47 Kb, ClinVar),
820618 (chr14: 29,236,466-29,237,975, 1.51 Kb, ClinVar), and
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290100 (chrl4: 29,236,278-29,237,804, 1.52 Kb, DECIPHER),
just covered the protein-coding sequence of FOXGI.

Mutation analysis of PRKD1 gene

PRKDI was also contained in the two microdeletions of
patients 8 and 9. Therefore, it is necessary to assess the
contribution of PRKDI to the clinical phenotype of FOXG1-
related disorder. After compiling the pathogenic mutations
in the CDS of PRKDI from published articles, the ClinVar
and DECIPHER databases, 13 patients were found to have
single nucleotide mutations annotated as pathogenic or likely
pathogenic (Figure 5A and Supplementary Table S1). Based on
the mode of inheritance of these patients, five were heterozygous
(4 de novo and 1 unknown), seven were homozygous (from two
consanguineous families), and one was unknown. It is worth
noting that patients with homozygous mutations, all of them
suffered only from non-syndromic congenital heart diseases
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2 hgl9
A et 292360001 292365001 202370001 227501 2280001 223501 20239001 229501
488

| i st S A U A s bty
v - T T
Eé.pmu e |
B s, M e LI

FOXG1
NM_005249

(&
Current project Z‘Q3 2017 YN, 2018  YN,2018  Z7.Q,2017 7.Q,2017 B.Y, 2021 Z.Q,2017
Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6 Patient 7 Patient 8
¢.385G>T  ¢.460dup c.506dup  ¢.590G>T  c.694A>T ¢.858dup ¢.923G>A  ¢.974dup
D | | | [ I I I I

Human GGKGEPGGG ~GAGGEEKKG ~DGEGGKEG- ATRQSPEKR STRHNLSLN ~KLAFKRGAR GSLYWPMSP ASSTLSYNG
Chimpanzee GGKGEPGGG GAGGEEKKG DGEGGKEG- ATRQSPEKR STRHNLSLN ~KLAFKRGAR GSLYWPMSP ASSTLSYNG
Horse GGKGEPGGG GAGGEEKKG ~DGEGGKEG- ATRQSPEKR SIRHNLSLN ~KLAFKRGAR GSLYWPMSP ASSTLSYNG

Cow GGKGEPGGG ~GAGGEEKKG ~DGEGGKEG- ATRQSPEKR SIRHNLSLN ~KLAFKRGAR GSLYWPMSP ASSTLSYNG

Mouse GAKGEPGGG ~GAGGEEKKG ~DGEGGKEG- ATRQSPEKR STRHNLSLN ~KLAFKRGAR GSLYWPMSP ASSTLSYNG

Rat GAKGEPGGG GAGGEEKKG ~DGEGGKEG- ATRQSPEKR STRHNLSLN ~KLAFKRGAR GSLYWPMSP ASSTLSYNG
Platypus GGKGEPGAG ~GLGVEEKKA ~AKEAGEGG- ATRQSPEKR STRHNLSLN ~KLAFKRGAR GSLYWPMSP ASSTLSYNG

Chicken AGKGEAGAA -———EEKKG DGESGKEG- AIRQSPEKR SIRHNLSLN KLAFKRGAR GSLYWPMSP ASSTLSYNG
Zebrafish ——————— ———EEKR- EGEGGKEG- ATRQSPEKR SIRHNLSLN KLAFKRGAR GSLYWPMSP ASSALSYNG
X. tropicalis —GKGDPAAS ———SlliDKKA DGEN(I}KEGG AIRQSPEKR SIRHNLSLN KLAFKRGAR GSLYWPMSP ASSALSYNG
E p. Glu129Ter p.Glul54Glyfs p.Lys170GlInfs p. Ser197Ile p. Asn232Tyr p. Ly5287Glnfs p. Trp308Ter p. Leu3;5Phefs
\Terwl Ter285 : I) Ter130
1 181-275 307-317 383-406
F Glul29Ter
1 128
Glul54GlyfsTer301
1 455
Lys170GInfsTer285
1 455
Lys287GInfsTer168
! R 455
Trp308Ter
Leu325PhefsTer130
1 . & 455
G ’ lle197 I Asn232 Tyr232

FIGURE 3

Single-nucleotide mutations of FOXG1 identified in Chinese patients. (A) Conservation of the genomic region; (B) Gene structure of FOXG1; (C)
Nucleotide changes of the mutations; (D) Conservation analysis of the mutations; (E) Amino acid changing of the mutations; (F) Proteins
containing truncating mutations. (G) Structure of FHD domain with Ser197; (H) Structure of FHD domain with Ile197; (I) Structure of FHD
domain with N232; (J) Structure of FHD domain with Y232. FHD, DNA binding fork-head domain; GBD, Groucho-binding domain; JBD, JARID1B
binding domain. The yellow cylinder represents the aberrant amino acids caused by frameshifting mutations.
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FIGURE 4
Characterization of the microdeletions containing FOXG1. (A) Genomic regions and protein coding genes of microdeletion in patients 9, 10, and
11; (B) Covered regions of the two Chinese microdeletions; (C) Microdeletions in ClinGen database; (D) Microdeletions in NCBI's ClinVar
database; (E) Microdeletions in DECIPHER database; (F) Microdeletions in Developmental Delay; (G) Microdeletions in Database of Genomic
Variants (DGVs).
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FIGURE 5
Distribution of mutations in PRKD1. (A) Distribution of SNMs of PRKD1; (B) Copy number variations of PRKD1; (C) Ratios of clinical phenotypes
in patients with CNVs containing PRKD1.

(CHDs) and no other systemic phenotypes were manifested
(Shaheen et al., 2015; Massadeh et al., 2021). The heterozygous
mutations could lead to not only CHDs but also abnormalities
of the CNS, such as intellectual disability, global developmental
delay, hearing impairment, delayed language development, or
microcephaly (Swaminathan et al., 2012; Sifrim et al., 2016).
There
microdeletions completely or partially covering only PRKDI

were also five microduplications and nine
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recruited in the ClinVar and DECIPHER databases (Figure 5B,
there
phenotypes for 4 microduplications (14q12, nssv13647033,
and nssv13643620 in ClinVar and 380299 in DECIPHER),
10 CNVs (9 microdeletions and 1 microduplication) were

Supplementary Table S2).  Since were no clinical

remained for subsequent analysis. Except for abnormalities of
the cardiovascular system (Tetralogy of Fallot, Ventricular septal
defect, and hypertension) in 6.45% (4/62) of all the reported
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modification of 7 human cells from ENCODE; (F) Regulatory elements in ORegAnno database; (G) Enhancers in VISTA enhancer browser; (H) 6
neuronal active enhancers in mouse embryos; (1) In situ Hi-C for seven human cell lines.
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FIGURE 7
eQTLs and STRINGed network analysis for FOXG1 and PRKD1. (A) eQTLs for FOXG1 and PRKD1; (B) STRINGed protein interaction network. (C)
GO analysis for the interacting components.

clinical phenotypes, there also exhibited RTT-like phenotypes, 2/62), behavioral abnormality (3.23%, 2/62), feeding difficulties
such as facial dysmorphisms (17.74%, 11/62), intellectual (3.23%, 2/62), global developmental delay (1.61%, 1/62),
disability (11.29%, 7/62), microcephaly (8.06%,5/62), hypotonia agenesis of corpus callosum (1.61%, 1/62), delayed myelination
(6.45%, 4/62), seizure (4.84%, 3/62), hypoplasia of the corpus (1.61%, 1/62), simplified gyral pattern (1.61%, 1/62), and
callosum (3.23%, 2/62), delayed language development (3.23%, others (11.29%, 7/62) (Figure 5C). As for others, it included
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TABLE 2 Haploinsufficiency predictions for the 7 shared genes in microdeletions of three patients.

Development disorder

genotype - phenotype
(DDG2P)

/

10.3389/fnmol.2022.1039990

Gene curation
coalition
(GenC(C)

/

ClinGen

/

Name pHI Inheritance Phenotype/
model OMIM
(PA(D)

NOVA1 2.330 0.977: VLD /

FOXG1 3.110 0.998: VLD 613454/Rett
syndrome,
congenital variant

PRKDI1 2.790 0.698: LD 617364/Congenital
heart defects and
ectodermal
dysplasia
(CHDE(D)

G2E3 13.460 0.213: LR /

SCFD1 9.330 0.822: VLD /

COCH 15.090 0.355: LR 601369/Deafness,
autosomal
dominant
9 (DFNA9)
618094/Deafness,
autosomal recessive
110 (DENB110)

STRN3 7.730 0.725: LD /

Monoallelic; Definitive: 3 Definitive: AD
Loss of function; Strong: 1 Haploinsufficiency:
Congenital Variant of 3

Rett Syndrome; Triplosensitivity: 0
Monoallelic; Limited: 1 /

All missense/in frame;

Syndromic Congenital

Heart Defects

/ / /

/ / /

Definitive: 1 Definitive: AD

VLD, Very likely dominant; LD, Likely dominant; VLR, Very likely recessive; LR, Likely recessive; pAD, probability of being autosomal dominant.
The bold means the two genes, FOXG1 and PRKDI, contained in the shortest microdeletion.

bruxism, hypothyroidism, intrauterine growth retardation,
microdontia, nystagmus, obesity, and short stature. It is very
likely that serine/threonine-protein kinase D1 (PRKDI1) acts
as an independent contributor or collaborator with FOXGI,
for the clinical phenotypes of a congenital variant form of
Rett syndrome.

Intergenic regulatory elements in the
region between FOXG1 and PRKD1

According to the reports regarding the large-scale
identification of functional elements in the human genome
revealed by the Encyclopedia of DNA Elements (ENCODE)
Consortium, intergenic non-coding regions often contain
multiple regulatory elements, such as enhancers, silencers, or
insulators (Maurano et al., 2012). There were many pathogenic
CNVs covered the intergenic genomic region between FOXGI
and PRKDI1 (FOXGI-PRKDI) (Figures 6A,B). It is implied that
the FOXGI-PRKDI might be involved in the pathogenesis of
FOXGl-related encephalopathy. Interestingly, four de novo
inter-chromosomal translocations involving the intergenic

region FOXGI-PRKDI were identified in patients with Rett
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syndrome, congenital variant (OMIM:613454) (Goubau et al.,
2013; Mehrjouy et al., 2018), which was also named as FOXG1-
related encephalopathy. These translocations were #(; 14y (436.1,
q12), t(4,14) (26, q12), 914y (q22.31, q12), and #(13,14) (P11,
ql12) (Figure 6C). The CDS of FOXGI in these patients was
intact and could produce proteins with normal functions,
implying that the missing genomic regions might be able to
regulate the expression levels of FOXGI.

To evaluate the contribution of intergenic CNVs to the
phenotypes of FOXGI-related encephalopathy, longer CNVs
spanning the whole region of FOXGI plus PRKDI were
removed and only those partially covering FOXGI or PRKDI
were left for subsequent analysis. Genomic sequences from
zebrafish, Xenopus tropicalis, chicken, opossum, rat, mouse, dog,
Rhesus macaque, and chimpanzee were compared against the
human genome (chr14:28,827,675-30,608,124, hgl9), FOXGI
was strongly conserved during evolution in all the selected
animals. As for PRKDI, it appeared in mammals and might be
a mammalian-specific gene (Figure 6D). Besides, eight strongly
evolutionarily conserved regions (SECRs) were identified in
the intergenic FOXGI-PRKDI region (Figure 6D). According
to the chromatin modification patterns from ENCODE project,
the FOXGI-PRKDI region might contain several regulatory
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elements, such as enhancers or silencers (Figure 6E). Fourteen
annotated regulatory elements were contained in this genomic
region, which was collected in the Open Regulatory Annotation
(version 3.0, ORegAnno) database (Lesurf et al., 2016)
(Figure 6F). Most of them overlapped with the SECRs. For
the annotated regulatory elements, 12 of them (70.59%, 12/14)
were tested for enhancer activity in transgenic mouse embryos
(E11.5) with LacZ staining in the VISTA enhancer browser
(Visel et al., 2007). Six of the SECRs acted as active enhancers,
three in the mouse forebrain (hs566, hs1523, and hs342), two
in the hindbrain (hs1539 and hs1168), and one in the neural
tube (hs598) (Figures 6G,H). After analyzing the in situ Hi-
C (High-through Chromosome Conformation Capture) data
for seven human cell lines (GM12878, K562, KBM7, HMEC,
HUVEC, IMR90, and NHEK)), this region has three topologically
associating domains (TADs). FOXGI and the intergenic
region (FOXGI-PRKDI1) were completely constrained in the
second TAD (Figure 6I), which was completely encompassed
by linkage disequilibrium (LD) blocks that were divided by
recombination hotspots.

Discussion

The FOXG1 (OMIM#164874) is a single exon gene, located
in 14q12, which encodes a forkhead transcription repressor.
FOXGI is expressed highly in the telencephalon, nasal retina,
otic vesicles, and olfactory placodes, and serves as a hallmark of
the telencephalon in vertebrates (Toresson et al., 1998). It plays
a determining role in the development of the telencephalon,
cerebral cortex, and genesis of corpus callosum (Manuel et al.,
2010). The expression level of FOXGI at specific developmental
timing is critical for the development of neuronal GABAergic
inhibitory circuits. In mouse models, no matter increased
or decreased expression of FOXGI in both excitatory and
inhibitory neurons could be detrimental to the inhibitory circuit
formation and result in ASD-like social impairments (Miyoshi
et al,, 2021). It also plays an important role in the patterning
of the early rostral brain and pacing of the telencephalic
neurogenesis, specifically stimulating the dendrite elongation
(Chiola et al.,, 2019). Although controlling the neurological
development of the telencephalon in the embryonic period,
the expression of FOXGI continues after birth and through
adulthood to prevent the apoptosis and promote the survival
of postmitotic neurons (Dastidar et al, 2011), to maintain
the neural plasticity (Yu et al,, 2019), and to promote the
formation of the hippocampal dentate gyrus, especially during
early postnatal stage (Tian et al., 2012), which is vital to high-
grade function.

In recent years, with the application of molecular genetic
testing approaches including chromosomal microarray analysis
(CMA), exome array, gene-targeted testing (multigene panel),
whole exome sequencing (WES), and whole genome sequencing
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(WGS), it is found that unlike many other monogenic diseases
with clear and single mutation sites and mutation modes, the
genomic region of the FOXGI gene is very unstable, resulting
in diversified mutation types. The reported cases carried dozens
of mutation types, such as non-sense, missense, frameshift,
initiator loss, terminator loss, large fragment duplication, and
large fragment deletion. These mutations were distributed in
different functional regions of FOXGI (Wong et al.,, 2019b).
Since the FOXGI gene contains only one exon, the resultant
non-sense and frameshifting transcripts could be translated
into aberrant proteins, instead of being degraded by the non-
sense-mediated mRNA decay (NMD) (Kurosaki et al., 2019).
The diversity of mutation sites and mutation types could
affect the brain developmental events regulated by FOXG1 to
varying degrees, which eventually led to the diversity of clinical
manifestations of FOXG1-related encephalopathies.

Currently, there were four Chinese patients identified
to have heterozygous large fragment abnormalities in their
genomes, three microdeletions, and one microduplication.
In order to find out if there existed other 14ql2 copy
number variants (CNVs), large-scale CNV screening analyses
for Chinese patients with developmental delay/intellectual
disability (DD/ID) were reviewed. Totally, in 2,870 DD/ID
complied cases, 707 pathologic/likely pathologic CNVs were
identified, accounting for 24.86% of the patients. However,
no more 14q12 CNVs involving FOXG1 were identified. It is
indicated that the occurrence of FOXGl-related disorder was
extremely rare in China. The minimally overlapped region of
the three microdeletions contains two protein-coding genes
(FOXGI and PRKDI). FOXGI and PRKDI were reported to
cause the occurrence of a congenital variant of Rett syndrome
(OMIM#613454) and congenital heart defects and ectodermal
dysplasia (CHDED) (OMIM#617364), respectively. In the
ClinGen database, FOXGI was curated as a haploinsufficient
gene with dosage pathogenicity. Although no annotations about
PRKDI in the ClinGen database, it has many similar features to
FOXGI, such as being haploinsufficient, dominantly inherited,
and contained in the same microdeletions or microduplications
with FOXGI, it is very difficult to exclude PRKDI from the
underlying genetic factors for FOXG1-related disorder.

After compiling CNVs recruited in several databases, such
as ClinGen, ClinVar, and DECIPHER, six shortest CNVs just
covered the CDS of FOXG1, four microdeletions (nssv3442672
in ClinGen, 1073841 and 830776 in ClinVar, and 290100 in
DECIPHER) and two microduplications (1020268 and 471463
in ClinVar). It has been reported that FOXGI was vital for the
telencephalon development, the survival of postmitotic neurons,
neural plasticity, and the formation of the hippocampal dentate
gyrus, therefore, FOXGI should be the crucial molecular factor
for disorders with 14q12 abnormalities.

The PRKDI gene was known as the molecular etiology
for CHDED (Sifrim et al., 2016). In the case of patients
with heterozygous mutations in the CDS of the PRKDI
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gene, they suffered from not only CHDs but also intellectual
disability, global developmental delay, hearing impairment,
delayed language development, or microcephaly (Swaminathan
et al.,, 2012; Sifrim et al., 2016). These clinical features were
very similar to those of FOXGlI-related disorders. To further
understand the possibility of PRKDI to FOXG1-related disorder,
clinical features were compiled from patients with deletions or
duplications containing only the PRKDI gene. As for the one
microduplication and nine microdeletions covering only the
PRKDI gene with detailed clinical phenotypes in the ClinVar
and DECIPHER databases (Figure 5B, Supplementary Table S2),
in addition to abnormalities of the cardiovascular system,
clinical features similar to FOXGlI-related encephalopathy
were also identified. The encoded protein PRKDI1 is a
serine/threonine protein kinase involved in many cellular
processes, such as Golgi body membrane integrity and transport,
cell migration and differentiation, and cell survival. It is
important for neuronal polarity, synapse formation, and
synaptic plasticity (Bisbal et al., 2008; Yin et al., 2008; Cen
et al, 2018). PRKDI also plays an important anti-apoptotic
survival role for dopaminergic neurons during the early
stage of oxidative stress (Asaithambi et al, 2011). It had
been reported that PRDKI was associated with intelligence
(Hill et al., 2019), cognitive performance (Lee et al., 2018),
depressive symptoms (Baselmans et al., 2019), and susceptibility
to schizophrenia (a kind of psychiatric disorder) (Pantelis
et al, 2014; Wu et al, 2020). Overall, PRKDI might be
a contributing factor for the varying clinical phenotypes of
FOXGl-related encephalopathies.

As for the FOXGI-PRKDI intergenic region, most of the
CNVs overlapped partially or completely with the intergenic
region (Figure 6), it is inferred that the FOXGI-PRKDI region
might play some unknown functions for the disease. Six of the
SECRs in the intergenic region were experimentally verified as
active enhancers in the embryonic mouse brain (Visel et al,
2007). Based on the in situ Hi-C data for human cells (Rao et al.,
2014), FOXGI and the FOXGI-PRKDI region were completely
contained in a large topologically associating domain (TAD). In
this TAD, a schizophrenia-related SNP, rs1191551 was localized
in close vicinity to the last putative enhancer (element_555),
which was 760 kb away from the gene body of FOXG1. Reporter
assay and genomic editing by CRISPR/Cas9 showed that the
short region containing rs1191551 regulated the expression of
FOXGI but not the nearby PRKDI1 (Won et al., 2016). According
to the significant single tissue expression quantitative trait loci
(eQTLs) for FOXGI and PRKDI curated in the Genotype-
Tissue Expression (GTEx) project, there were 137 eQTLs that
were exclusively located in the FOXG1-specific TAD. As for the
214 eQTLs of PRKDI, only two (rs80019464 and rs78802132,
0.93%) were located in the FOXG1-specific TAD (Figure 7A).
These imply that the intergenic regulatory elements primarily
regulate the expression of FOXGI, instead of PRKDI, by a cis-
acting model. However, it is not clear about the plethora of
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transcription factors and regulatory manners of the intergenic
enhancers to control the expression of FOXGI.

The STRINGed network for the 14 proteins involving well-
known RTT or RTT-like genes, such as MECP2, CDKLS5, and
FOXGI, plus PRKD1 was constructed using Cytoscape (version
3.9.0) (Figure 7B). FOXGI could interact with MECP2 and
CDKL5. IGF1-IGFIR complex and INSR-IRS1 complex could
regulate directly the expression of FOXGI and indirectly the
expression of MECP2 and CKDL5. As for PRKDI, it had been
reported that PRKDI1 could interact with IGFIR (Hermanto
etal., 2002). Gene Ontology (GO) analysis revealed that genes in
the GO term “regulation of cell proliferation” in the biological
process were the most significantly enriched (p = 5.54E-06)
(Figure 7C). Genes in the “insulin receptor complex” in cellular
component and “IGFIR binding” were the second and third
most enriched. It implied that insulin or insulin-like factor
pathways might play an important role in the pathogenesis of
RTT or RTT-like syndrome. It has been reported that IGF1
could ameliorate RTT-relevant phenotypes in animal models
and improve some clinical manifestations in clinical trials (Pini
et al., 2012; Keogh et al., 2020). Since possessing the ability
to bind and regulate the expression of IGFIR, it is very likely
that PRKDI is a novel contributor to the clinical phenotypes
of FOXGI-related disorder. Experiments under cellular and
animal levels should be carried out to provide solid evidence
showing the involvement of PRKDI1 in the pathogenesis of
FOXGI-related encephalopathy.

Conclusion

Based on our comprehensive reanalysis of FOXGI1
the FOXG1-
related encephalopathies were quite complex. It could
in the CDS of FOXGI1 itself,
microdeletion/microduplication of the FOXG1,
microdeletion/microduplication of the regulatory elements
in the intergenic FOXGI-PRKDI region, and modified by
PRKDI. The management of FOXG1-related encephalopathy is
a great challenge for medical practitioners.

mutations, molecular  etiologies  for
result from mutations

whole

Data availability statement

The datasets presented in this study can be found in
online repositories. The names of the repository/repositories
and  accession be found in the

number(s) can

article/Supplementary material.

Ethics statement

The studies involving human participants were reviewed
and approved by Shenzhen Baoan Women’s and Children’s

frontiersin.org


https://doi.org/10.3389/fnmol.2022.1039990
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org

Lu et al.

Hospital. Written informed consent to participate in this
study was provided by the participants’ legal guardian/next
of kin. The animal study was reviewed and approved by
Shenzhen Baoan Women’s and Children’s Hospital. Written
informed consent was obtained from the individual(s), and
minor(s)” legal guardian/next of kin, for the publication
of any potentially identifiable images or data included in
this article.

Author contributions

GL and JW conceived the project, wrote, and revised
the manuscript. QP and YZ performed genetic counseling,
analyzed the clinical data, and revised the manuscript. HX
and XH performed the bibliographic search and analyzed
the data. PX, LW, and DL collected data and recruited
mutations. All authors critically revised the article for important
intellectual content.

Funding

This work was supported by the Science and Technology
Research and Development Foundation of Shenzhen City
(JCYJ20180305164359668 and JCYJ201908809183601667), Key
Research and Development Project of Deyang City’s Science and
Technology Bureau (2021SZ003), Special Fund for Incubation
Projects of Deyang People’s Hospital (FHG202004), Natural
Science Foundation of Sichuan Province (2022NSFSC0714), and

References

Aldosary, M., Al-Bakheet, A., Al-Dhalaan, H., Almass, R., Alsagob, M.,
Al-Younes, B., et al. (2020). Rett syndrome, a neurodevelopmental disorder,
whole-transcriptome, and mitochondrial genome multiomics analyses
identify novel variations and disease pathways. OMICS Mar. 24, 160-171.
doi: 10.1089/0mi.2019.0192

Anitha, A., Poovathinal, S. A., Viswambharan, V., Thanseem, I, Iype, M., Anoop,
U., etal. (2022). MECP2 mutations in the Rett syndrome patients from South India.
Neurol. India. 70, 249-253. doi: 10.4103/0028-3886.338714

Archer, H. L., Evans, J. C., Millar, D. S., Thompson, P. W., Kerr, A. M., Leonard,
H., et al. (2006). NTNG1 mutations are a rare cause of Rett syndrome. Am. J. Med.
Genet. A. 140, 691-694. doi: 10.1002/ajmg.a.31133

Ariani, F., Hayek, G., Rondinella, D., Artuso, R., Mencarelli, M. A., Spanhol-
Rosseto, A., et al. (2008). FOXG1 is responsible for the congenital variant
of Rett syndrome. Am. J. Hum. Genet. 83, 89-93. doi: 10.1016/j.ajhg.2008.
05.015

Asaithambi, A., Kanthasamy, A. Saminathan, H., Anantharam, V., and
Kanthasamy, A. G. (2011). Protein kinase D1 (PKD1) activation mediates a
compensatory protective response during early stages of oxidative stress-induced
neuronal degeneration. Mol. Neurodegener. 6, 1-19. doi: 10.1186/1750-1326-6-43

Bahi-Buisson, N., Nectoux, J., Girard, B.,, Van Esch, H., De Ravel, T,
Boddaert, N, et al. (2010). Revisiting the phenotype associated with FOXGI1
mutations: two novel cases of congenital Rett variant. Neurogenetics. 11, 241-249.
doi: 10.1007/s10048-009-0220-2

Frontiersin Molecular Neuroscience

19

10.3389/fnmol.2022.1039990

Special Program of Department of Science and Technology of
Sichuan Province (2018JY0389 and 2019YFS0443).

Acknowledgments

We sincerely appreciate the cooperation of the participants
of our cohort of NDD/ID.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnmol.
2022.1039990/full#supplementary-material

Bai, Y., Yi, A, Xin, J., Xu, J., and Huang, M. (2021). Genotype-phenotype
implications from three representative clinical FOXGI variants associated with
FOXGI1 syndrome. Seizure. 89, 45-47. doi: 10.1016/j.seizure.2021.04.023

Baselmans, B. M., Jansen, R., Ip, H. F.,, van Dongen, J., Abdellaoui, A., van de
Weijer, M. P,, et al. (2019). Multivariate genome-wide analyses of the well-being
spectrum. Nat. Genet. 51, 445-451. doi: 10.1038/s41588-018-0320-8

Bean, L. J., Tinker, S. W., da Silva, C., and Hegde, M. R. (2013). Free the data:
one laboratory’s approach to knowledge-based genomic variant classification and
preparation for EMR integration of genomic data. Hum. Mutat. 34, 1183-1188.
doi: 10.1002/humu.22364

Bisbal, M., Conde, C., Donoso, M., Bollati, F., Sesma, J., Quiroga, S., et al. (2008).
Protein kinase d regulates trafficking of dendritic membrane proteins in developing
neurons. J. Neurosci. 28, 9297-9308. doi: 10.1523/J]NEUROSCI.1879-08.2008

Borg, L, Freude, K., Kiibart, S., Hoffmann, K., Menzel, C., Laccone, F., et al.
(2005). Disruption of Netrin G1 by a balanced chromosome translocation in a girl
with Rett syndrome. Eur. J. Hum. Genet. 13, 921-927. doi: 10.1038/sj.ejhg.5201429

Byun, C.K,, Lee, J. S., Lim, B. C., Kim, K. J., Hwang, Y. S., Chae, J. H., et al. (2015).
FOXG1 mutation is a low-incidence genetic cause in atypical Rett syndrome. Child
Neurol. Open. 2, 2329048X.14568151. doi: 10.1177/2329048X14568151

Caporali, C., Signorini, S., De Giorgis, V., Pichiecchio, A., Zuffardi, O., Orcesi,
S., et al. (2018). Early-onset movement disorder as diagnostic marker in genetic
syndromes: Three cases of FOXGI-related syndrome. Eur. J. Paediatr. Neurol. 22,
336-339. doi: 10.1016/j.ejpn.2018.01.007

frontiersin.org


https://doi.org/10.3389/fnmol.2022.1039990
https://www.frontiersin.org/articles/10.3389/fnmol.2022.1039990/full#supplementary-material
https://doi.org/10.1089/omi.2019.0192
https://doi.org/10.4103/0028-3886.338714
https://doi.org/10.1002/ajmg.a.31133
https://doi.org/10.1016/j.ajhg.2008.05.015
https://doi.org/10.1186/1750-1326-6-43
https://doi.org/10.1007/s10048-009-0220-2
https://doi.org/10.1016/j.seizure.2021.04.023
https://doi.org/10.1038/s41588-018-0320-8
https://doi.org/10.1002/humu.22364
https://doi.org/10.1523/JNEUROSCI.1879-08.2008
https://doi.org/10.1038/sj.ejhg.5201429
https://doi.org/10.1177/2329048X14568151
https://doi.org/10.1016/j.ejpn.2018.01.007
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org

Lu et al.

Cellini, E., Vignoli, A., Pisano, T., Falchi, M., Molinaro, A., Accorsi,
P., et al. (2016). The hyperkinetic movement disorder of FOXG 1-related
epileptic—dyskinetic encephalopathy. Dev. Med. Child Neurol. 58, 93-97.
doi: 10.1111/dmen.12894

Cen, C, Luo, L. D, Li, W. Q, Li, G, Tian, N. X,, Zheng, G., et al. (2018).
PKDI promotes functional synapse formation coordinated with N-cadherin in
hippocampus. J. Neurosci. 38, 183-199. doi: 10.1523/J]NEUROSCI.1640-17.2017

Chiola, S., Do, M. D., Centrone, L, and Mallamaci, A. (2019). Foxgl
overexpression in neocortical pyramids stimulates dendrite elongation
via Hesl and pCrebl upregulation. Cerebral Cortex. 29, 1006-1019.
doi: 10.1093/cercor/bhy007

Coe, B. P., Witherspoon, K., Rosenfeld, J. A., Van Bon, B. W., Vulto-van Silfhout,
A. T, Bosco, P, et al. (2014). Refining analyses of copy number variation identifies
specific genes associated with developmental delay. Nat. Genet. 46, 1063-1071.
doi: 10.1038/ng.3092

Cogliati, F., Giorgini, V., Masciadri, M., Bonati, M. T., Marchi, M., Cracco, L,
et al. (2019). Pathogenic variants in STXBP1 and in genes for GABAa receptor
subunities cause atypical rett/rett-like phenotypes. Int. J. Mol. Sci. 20, 3621.
doi: 10.3390/ijms20153621

Cooper, G. M., Coe, B. P., Girirajan, S., Rosenfeld, J. A., Vu, T. H., Baker, C,,
etal. (2011). A copy number variation morbidity map of developmental delay. Nat.
Genet. 43, 838-846. doi: 10.1038/ng.909

Dastidar, S. G., Landrieu, P. M. Z., and D’'Mello, S. R. (2011). FoxGl
promotes the survival of postmitotic neurons. J. Neuroscience. 31, 402-413.
doi: 10.1523/JNEUROSCI.2897-10.2011

Firth, H. V., Richards, S. M., Bevan, A. P., Clayton, S., Corpas, M., Rajan, D.,
et al. (2009). DECIPHER: database of chromosomal imbalance and phenotype
in humans using ensembl resources. Am. J. Hum. Genet. Apr. 84, 524-533.
doi: 10.1016/j.2jhg.2009.03.010

Fu, W., O’connor, T. D., Jun, G., Kang, H. M., Abecasis, G., Leal, S. M,,
et al. (2013). Analysis of 6,515 exomes reveals the recent origin of most human
protein-coding variants. Nature. 493, 216-220. doi: 10.1038/nature11690

Goubau, C., Devriendt, K., Van der Aa, N., Crepel, A., and Wieczorek, D.,
Kleefstra Tet al. (2013). Platelet defects in congenital variant of Rett syndrome
patients with FOXG1 mutations or reduced expression due to a position effect at
14q12. Eur. J. Hum. Genet. 21, 1349-1355. doi: 10.1038/ejhg.2013.86

Grillo, E., Villard, L., Clarke, A., Ben Zeev, B., Pineda, M., Bahi-Buisson, N., et al.
(2012). Rett networked database: an integrated clinical and genetic network of Rett
syndrome databases. Hum. Mutat. 33, 1031-1036. doi: 10.1002/humu.22072

Heimer, G., van Woerden, G. M., Barel, O., Marek-Yagel, D., Kol, N., Munting, J.
B., etal. (2020). Netrin-G2 dysfunction causes a Rett-like phenotype with areflexia.
Hum. Mutat. 41, 476-486. doi: 10.1002/humu.23945

Hermanto, U., Zong, C. S., Li, W,, and Wang, L. H. (2002). RACK1,
an insulin-like growth factor I (IGF-I) receptor-interacting protein,
modulates IGF-I-dependent integrin signaling and promotes cell spreading
and contact with extracellular matrix. Mol. Cell Biol. 22, 2345-2365.
doi: 10.1128/MCB.22.7.2345-2365.2002

Hill, W. D., Marioni, R. E., Maghzian, O., Ritchie, S. J., Hagenaars, S. P.,
McIntosh, A. M., et al. (2019). A combined analysis of genetically correlated traits
identifies 187 loci and a role for neurogenesis and myelination in intelligence. Mol
Psychiatry. 24, 169-181. doi: 10.1038/s41380-017-0001-5

Hoffjan, S., Ibisler, A., Tschentscher, A., Dekomien, G., Bidinost, C., Rosa, A.
L., et al. (2016). WDR45 mutations in Rett (-like) syndrome and developmental
delay: Case report and an appraisal of the literature. Mol. Cell Probes. 30, 44-49.
doi: 10.1016/j.mcp.2016.01.003

Huang, J., Poon, L., Akolekar, R., Choy, K. W., Leung, T. Y., Nicolaides, K.,
et al. (2014). Is high fetal nuchal translucency associated with submicroscopic
chromosomal abnormalities on array CGH? Ultrasound Obstetr. Gynecol. 43,
620-624. doi: 10.1002/u0g.13384

Jacob, F. D., Ramaswamy, V., Andersen, J., and Bolduc, F. V. (2009). Atypical
Rett syndrome with selective FOXGI deletion detected by comparative genomic
hybridization: case report and review of literature. Eur. . Hum. Genet. 17,
1577-1581. doi: 10.1038/ejhg.2009.95

Keogh, C., Pini, G., Gemo, L, Kaufmann, W. E., and Tropea, D. (2020).
Functional network mapping reveals state-dependent response to IGF1 treatment
in rett syndrome. Brain Sci. 10, 515. doi: 10.3390/brainscil0080515

Kortiim, F., Das, S., Flindt, M., Morris-Rosendahl, D. J., Stefanova, 1., Goldstein,
A., et al. (2011). The core FOXGI syndrome phenotype consists of postnatal
microcephaly, severe mental retardation, absent language, dyskinesia, and corpus
callosum hypogenesis. J. Med. Genet. 48, 396-406. doi: 10.1136/jmg.2010.087528

Kulikovskaja, L., Sarajlija, A., Savic-Pavicevic, D., Dobricic, V., Klein, C,
Westenberger, A., et al. (2018). WDR45 mutations may cause a MECP2

Frontiersin Molecular Neuroscience

20

10.3389/fnmol.2022.1039990

mutation-negative Rett syndrome Neurol. Genet. 4, e227.

doi: 10.1212/NXG.0000000000000227

Kurosaki, T., Popp, M. W., and Maquat, L. E. (2019). Quality and quantity
control of gene expression by nonsense-mediated mRNA decay. Nat. Rev. Mol. Cell
Biol. 20, 406-420. doi: 10.1038/s41580-019-0126-2

Lee,J.]J., Wedow, R,, Okbay, A., Kong, E., Maghzian, O., Zacher, M., et al. (2018).
Gene discovery and polygenic prediction from a genome-wide association study
of educational attainment in 1.1 million individuals. Nat. Genet. 50, 1112-1121.
doi: 10.1038/s41588-018-0147-3

Lee, J. S., Yoo, Y., Lim, B. C., Kim, K. J., Choi, M., Chae, J. H., et al. (2016).
SATB2-associated syndrome presenting with Rett-like phenotypes. Clin. Genet. 89,
728-732. doi: 10.1111/cge.12698

Lek, M., Karczewski, K. J., Minikel, E. V., Samocha, K. E., Banks, E., Fennell,
T., et al. (2016). Analysis of protein-coding genetic variation in 60,706 humans.
Nature. 536, 285-291. doi: 10.1038/nature19057

Lesurf, R, Cotto, K. C., Wang, G., Griffith, M., Kasaian, K., Jones, S. J.,
et al. (2016). ORegAnno 3.0: a community-driven resource for curated regulatory
annotation. Nucleic Acids Res. 44, D126-D132. doi: 10.1093/nar/gkv1203

Leung, T. Y., Vogel, I, Lau, T. K., Chong, W, Hyett, J. A., Petersen, O. B., et al.
(2011). Identification of submicroscopic chromosomal aberrations in fetuses with
increased nuchal translucency and apparently normal karyotype. Ultrasound in
obstetrics and gynecology. 38, 314-319. doi: 10.1002/u0g.8988

phenotype.

Li, H, and Durbin, R. (2010). Fast and accurate long-read alignment
with Burrows-Wheeler transform. Bioinformatics Mar 1. 26, 589-595.
doi: 10.1093/bioinformatics/btp698

Li, M. R, Pan, H,, Bao, X. H,, Zhang, Y. Z., and Wu, X. R. (2007). MECP2 and
CDKLS5 gene mutation analysis in Chinese patients with Rett syndrome. J. Human
Genet. 52, 38-47. doi: 10.1007/s10038-006-0079-0

Li, S, Sun, G., Zhao, G., and Kong, X. (2021). Analysis of a case with
heterozygous 14q12 deletion and FOXG1 gene-related disease. Chin. J. Med. Genet.
38, 366-368. doi: 10.3760/cma.j.cn511374-20200307-00142

Lu, G, Peng, Q., Wu, L., Zhang, J., and Ma, L. (2021). Identification of de novo
mutations for ARID1B haploinsufficiency associated with Coffin-Siris syndrome 1
in three Chinese families via array-CGH and whole exome sequencing. BMC Med.
Genom. 14, 270. doi: 10.1186/s12920-021-01119-2

MacDonald, J. R., Ziman, R., Yuen, R. K., Feuk, L., and Scherer, S. W. (2014).
The Database of Genomic Variants: a curated collection of structural variation in
the human genome. Nucleic Acids Res. 42, D986-D992. doi: 10.1093/nar/gkt958

Manuel, M., Martynoga, B., Yu, T., West, ]J. D., Mason, J. O., Price, D.
J., et al. (2010). The transcription factor Foxgl regulates the competence of
telencephalic cells to adopt subpallial fates in mice. Development. 137, 487-497.
doi: 10.1242/dev.039800

Massadeh, S., Albeladi, M., Albesher, N., Alhabshan, F., Kampe, K. D,
Chaikhouni, F., et al. (2021). Novel autosomal recessive splice-altering variant
in PRKD1 is associated with congenital heart disease. Genes. 12, 612.
doi: 10.3390/genes12050612

Maurano, M. T., Humbert, R., Rynes, E., Thurman, R. E., Haugen, E., Wang,
H., et al. (2012). Systematic localization of common disease-associated variation in
regulatory DNA. Science. 337, 1190-1195. doi: 10.1126/science.1222794

McMahon, K. Q., Papandreou, A., Ma, M., Barry, B. J., Mirzaa, G. M., Dobyns,
W. B, et al. (2015). Familial recurrences of FOXG1-related disorder: Evidence for
mosaicism. Am. J. Med. Genet. A. 167A, 3096-3102. doi: 10.1002/ajmg.a.37353

Mehrjouy, M. M., Fonseca, A. C., Ehmke, N., Paskulin, G., Novelli, A,
Benedicenti, F., et al. (2018). Regulatory variants of FOXG1 in the context
of its topological domain organisation. Eur. J. Hum. Genet. 26, 186-196.
doi: 10.1038/s41431-017-0011-4

Mitter, D., Pringsheim, M., Kaulisch, M., Plimacher, K. S., Schréder,
S., Warthemann, R., et al. (2018). FOXGI1 syndrome: genotype—phenotype
association in 83 patients with FOXGI variants. Genet. Med. 20, 98-108.
doi: 10.1038/gim.2017.75

Miyoshi, G., Ueta, Y., Natsubori, A., Hiraga, K., Osaki, H., Yagasaki, Y., et al.
(2021). FoxGl regulates the formation of cortical GABAergic circuit during
an early postnatal critical period resulting in autism spectrum disorder-like
phenotypes. Nat. Commun. 12, 1-17. doi: 10.1038/s41467-021-23987-z

Moog, U., Smeets, E. E., van Roozendaal, K. E., Schoenmakers, S., Herbergs, J.,
Schoonbrood-Lenssen, A. M., etal. (2003). Neurodevelopmental disorders in males
related to the gene causing Rett syndrome in females (MECP2). Eur. J. Paediatr.
Neurol. 7,5-12. doi: 10.1016/S1090-3798(02)00134-4

Nectoux, J., Girard, B., Bahi-Buisson, N., Prieur, F., Afenjar, A., Rosas-
Vargas, H., et al. (2007). Netrin G1 mutations are an uncommon cause of
atypical Rett syndrome with or without epilepsy. Pediatr. Neurol. 37, 270-274.
doi: 10.1016/j.pediatrneurol.2007.06.002

frontiersin.org


https://doi.org/10.3389/fnmol.2022.1039990
https://doi.org/10.1111/dmcn.12894
https://doi.org/10.1523/JNEUROSCI.1640-17.2017
https://doi.org/10.1093/cercor/bhy007
https://doi.org/10.1038/ng.3092
https://doi.org/10.3390/ijms20153621
https://doi.org/10.1038/ng.909
https://doi.org/10.1523/JNEUROSCI.2897-10.2011
https://doi.org/10.1016/j.ajhg.2009.03.010
https://doi.org/10.1038/nature11690
https://doi.org/10.1038/ejhg.2013.86
https://doi.org/10.1002/humu.22072
https://doi.org/10.1002/humu.23945
https://doi.org/10.1128/MCB.22.7.2345-2365.2002
https://doi.org/10.1038/s41380-017-0001-5
https://doi.org/10.1016/j.mcp.2016.01.003
https://doi.org/10.1002/uog.13384
https://doi.org/10.1038/ejhg.2009.95
https://doi.org/10.3390/brainsci10080515
https://doi.org/10.1136/jmg.2010.087528
https://doi.org/10.1212/NXG.0000000000000227
https://doi.org/10.1038/s41580-019-0126-2
https://doi.org/10.1038/s41588-018-0147-3
https://doi.org/10.1111/cge.12698
https://doi.org/10.1038/nature19057
https://doi.org/10.1093/nar/gkv1203
https://doi.org/10.1002/uog.8988
https://doi.org/10.1093/bioinformatics/btp698
https://doi.org/10.1007/s10038-006-0079-0
https://doi.org/10.3760/cma.j.cn511374-20200307-00142
https://doi.org/10.1186/s12920-021-01119-2
https://doi.org/10.1093/nar/gkt958
https://doi.org/10.1242/dev.039800
https://doi.org/10.3390/genes12050612
https://doi.org/10.1126/science.1222794
https://doi.org/10.1002/ajmg.a.37353
https://doi.org/10.1038/s41431-017-0011-4
https://doi.org/10.1038/gim.2017.75
https://doi.org/10.1038/s41467-021-23987-z
https://doi.org/10.1016/S1090-3798(02)00134-4
https://doi.org/10.1016/j.pediatrneurol.2007.06.002
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org

Lu et al.

Niu, Y., Cao, L., Zhao, P., and Cai, C. (2020). A. case of congenital Rett variant
in a Chinese patient caused by a FOXG1 mutation. Ann. Saudi Med. 40, 347-353.
doi: 10.5144/0256-4947.2020.347

Nykamp, K., Anderson, M., Powers, M., Garcia, J., Herrera, B., Ho, Y. Y.,
et al. (2017). Sherloc: a comprehensive refinement of the ACMG-AMP variant
classification criteria. Genet. Med. 19, 1105-1117. doi: 10.1038/gim.2017.37

Pantelis, C., Papadimitriou, G. N., Papiol, S., Parkhomenko, E., Pato, M. T.,
Paunio, T., et al. (2014). Biological insights from 108 schizophrenia-associated
genetic loci. Nature. 511, 421. doi: 10.1038/nature13595

Papandreou, A., Schneider, R. B., Augustine, E. F., Ng, J., Mankad, K., Meyer,
E., et al. (2016). Delineation of the movement disorders associated with FOXG1
mutations. Neurology. 86, 1794-1800. doi: 10.1212/WNL.0000000000002585

Peng, Q., Lu, G, Ma, L., Xu, P., Xian, B., Wu, L,, et al. (2022). A de Novo ZMIZ1
pathogenic variant for neurodevelopmental disorder with dysmorphic facies and
distal skeletal anomalies. Front. Genet. 13, 840577. doi: 10.3389/fgene.2022.840577

Pini, G., Scusa, M. F., Congiu, L., Benincasa, A., Morescalchi, P., Bottiglioni, 1.,
etal. (2012). IGF1 as a Potential Treatment for Rett Syndrome: Safety Assessment
in Six Rett Patients. Autism. Res. Treat. 2012, 679801. doi: 10.1155/2012/679801

Rao, S. S., Huntley, M. H., Durand, N. C,, Stamenova, E. K., Bochkov,
I. D., Robinson, J. T, et al. (2014). A 3D map of the human genome at
kilobase resolution reveals principles of chromatin looping. Cell. 159, 1665-1680.
doi: 10.1016/j.cell.2014.11.021

Rehm, H. L., Berg, J. S., Brooks, L. D., Bustamante, C. D., Evans, J. P., Landrum,
M. ], et al. (2015). ClinGen-the clinical genome resource. N. Engl. J. Med. 372,
2235-2242. doi: 10.1056/NEJMsr1406261

Richards, S., Aziz, N., Bale, S., Bick, D., Das, S., Gastier-Foster, J., et al. (2015).
Standards and guidelines for the interpretation of sequence variants: a joint
consensus recommendation of the American College of Medical Genetics and
Genomics and the Association for Molecular Pathology. Genet. Med. 17, 405-423.
doi: 10.1038/gim.2015.30

Seltzer, L. E., Ma, M., Ahmed, S., Bertrand, M., Dobyns, W. B., Wheless, J.,
et al. (2014). Epilepsy and outcome in FOXGI-related disorders. Epilepsia. 55,
1292-1300. doi: 10.1111/epi.12648

Shaheen, R., Al Hashem, A., Alghamdi, M. H., Seidahmad, M. Z., Wakil, S. M.,
Dagriri, K., et al. (2015). Positional mapping of PRKD1, NRP1 and PRDM1 as
novel candidate disease genes in truncus arteriosus. J. Med. Genet. 52, 322-329.
doi: 10.1136/jmedgenet-2015-102992

Sifrim, A., Hitz, M. P., Wilsdon, A., Breckpot, J., Al Turki, S. H., Thienpont,
B., et al. (2016). Distinct genetic architectures for syndromic and nonsyndromic
congenital heart defects identified by exome sequencing. Nat. Genet. 48,
1060-1065. doi: 10.1038/ng.3627

Swaminathan, G. J., Bragin, E., Chatzimichali, E. A., Corpas, M., Bevan, A.
P., Wright, C. F., et al. (2012). DECIPHER: web-based, community resource for
clinical interpretation of rare variants in developmental disorders. Hum. Mol.
Genet. 21, R37-44. doi: 10.1093/hmg/dds362

Taliun, D., Harris, D. N., Kessler, M. D., Carlson, J., Szpiech, Z. A., Torres, R.,
et al. (2021). Sequencing of 53,831 diverse genomes from the NHLBI TOPMed
Program. Nature. 590, 290-299. doi: 10.1038/s41586-021-03205-y

Tang, Z., Tong, G., Hong, L., Zhou, T., and Xu Y. (2021). Application value
of chromosome microarray analysis in the genetic etiology of children with
unexplained intellectual disability/developmental delay. J. Anhui Health Vocat.
Technic. Coll. 20, 121-124. doi: 10.1159/000509645

Tian, C., Gong, Y., Yang, Y., Shen, W., Wang, K,, Liu, J., et al. (2012). Foxgl
has an essential role in postnatal development of the dentate gyrus. J. Neurosci. 32,
2931-2949. doi: 10.1523/JNEUROSCI.5240-11.2012

Toresson, H., Martinez-Barbera, J. P., Bardsley, A., Caubit, X., and Krauss, S.
(1998). Conservation of BF-1 expression in amphioxus and zebrafish suggests
evolutionary ancestry of anterior cell types that contribute to the vertebrate
telencephalon. Dev. Genes. Evol. 208, 431-439. doi: 10.1007/s004270050200

Van der Aa, N., Van den Bergh, M., Ponomarenko, N., Verstraete, L., Ceulemans,
B., Storm, K., et al. (2010). Analysis of FOXG1 is highly recommended in

Frontiersin Molecular Neuroscience

21

10.3389/fnmol.2022.1039990

male and female patients with Rett syndrome. Mol. Syndromol. 1, 290-293.
doi: 10.1159/000330755

Vegas, N. Cavallin, M. Maillard, C., Boddaert, N., Toulouse, J.,
Schaefer, E., et al. (2018). Delineating FOXG1 syndrome: From congenital
microcephaly to hyperkinetic encephalopathy. Neurol. Genet. 4, e281.
doi: 10.1212/NXG.000000000000028 1

Visel, A., Minovitsky, S., Dubchak, I, and Pennacchio, L. A. (2007). VISTA
Enhancer Browser—a database of tissue-specific human enhancers. Nucleic Acids
Res. 35, D88-D92. doi: 10.1093/nar/gkl822

Wang, F., Luo, R,, Zhou, B., Yu, T., and Chen, X. (2017). Report of a case with
14q12 triplication and literature review for FOXGI related diseases. Chin. J. Med.
Genet. 34, 671-675.

Wang, J., Zhang, Q., Chen, Y., Yu, S., Wu, X,, Bao, X,, et al. (2018). Novel MEF2C
point mutations in Chinese patients with Rett (-like) syndrome or non-syndromic
intellectual disability: insights into genotype-phenotype correlation. BMC Med.
Genet. 19,191. doi: 10.1186/s12881-018-0699-1

Wang, J., Zhang, Q., Chen, Y., Yu, S., Wu, X, Bao, X, et al. (2019). Rett and Rett-
like syndrome: Expanding the genetic spectrum to KIF1A and GRIN1 gene. Molec.
Genet. Genom. Med. 7, €968. doi: 10.1002/mgg3.968

Won, H., de La Torre-Ubieta, L., Stein, J. L., Parikshak, N. N., Huang, J., Opland,
C. K, etal. (2016). Chromosome conformation elucidates regulatory relationships
in developing human brain. Nature. 538, 523-527. doi: 10.1038/nature19847

Wong, L. C,, Singh, S., Wang, H. P., Hsu, C.]., Hu, S, C., Lee, W. T., et al. (2019b).
FOXG1-related syndrome: from clinical to molecular genetics and pathogenic
mechanisms. Int. J. Mol. Sci. 20, 4176. doi: 10.3390/ijms20174176

Wong, L. C, Wu, Y. T,, Hsu, C. J., Weng, W. C,, Tsai, W. C., Lee, W. T,,
etal. (2019a). Cognition and Evolution of Movement Disorders of FOXG1-Related
Syndrome. Front Neurol. 10, 641. doi: 10.3389/fneur.2019.00641

Wu, Y., Cao, H., Baranova, A., Huang, H,, Li, S., Cai, L., et al. (2020). Multi-trait
analysis for genome-wide association study of five psychiatric disorders. Transl.
Psychiatry. 10, 1-11. doi: 10.1038/s41398-020-00902-6

Yang, K., Shen, M., Yan, Y., Tan, Y. A,, Zhang, J., Wu, J,, et al. (2019). Genetic
analysis in fetal skeletal dysplasias by trio whole-exome sequencing. Biomed. Res.
Int. 2019, 2492590. doi: 10.1155/2019/2492590

Yin, D.-, M., Huang, Y-, H, Zhu, Y.-, B, and Wang, Y. (2008). Both
the establishment and maintenance of neuronal polarity require the activity
of protein kinase D in the Golgi apparatus. J. Neurosci. 28, 8832-8843.
doi: 10.1523/JNEUROSCI.1291-08.2008

Yu, B, Liu, J., Su, M., Wang, C., Chen, H., Zhao, C,, et al. (2019). Disruption of
Foxgl impairs neural plasticity leading to social and cognitive behavioral defects.
Mol. Brain. 12, 1-12. doi: 10.1186/s13041-019-0484-x

Zhang, Q., Wang, J., Li, J., Bao, X, Zhao, Y., Zhang, X, et al. (2017). Novel
FOXG1 mutations in Chinese patients with Rett syndrome or Rett-like mental
retardation. BMC Med. Genet. 18, 96. doi: 10.1186/s12881-017-0455-y

Zhang, X., Bao, X, Zhang, J, Zhao, Y., Cao, G., Pan, H, et al

(2012).  Molecular  characteristics of Chinese patients with  Rett
syndrome. Eur ] Med Genet. 55, 677-681. doi: 10.1016/j.ejmg.2012.
08.009

Zhu, Y. C., and Xiong, Z. Q. (2019). Molecular and synaptic bases
of CDKL5 disorder. Dev. Neurobiol. 79, 8-19. doi: 10.1002/dneu.
22639

© 2022 Lu, Zhang, Xia, He, Xu, Wu, Li, Ma, Wu and Peng. This is an
open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other
forums is permitted, provided the original author(s) and the copyright
owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with
these terms.

frontiersin.org


https://doi.org/10.3389/fnmol.2022.1039990
https://doi.org/10.5144/0256-4947.2020.347
https://doi.org/10.1038/gim.2017.37
https://doi.org/10.1038/nature13595
https://doi.org/10.1212/WNL.0000000000002585
https://doi.org/10.3389/fgene.2022.840577
https://doi.org/10.1155/2012/679801
https://doi.org/10.1016/j.cell.2014.11.021
https://doi.org/10.1056/NEJMsr1406261
https://doi.org/10.1038/gim.2015.30
https://doi.org/10.1111/epi.12648
https://doi.org/10.1136/jmedgenet-2015-102992
https://doi.org/10.1038/ng.3627
https://doi.org/10.1093/hmg/dds362
https://doi.org/10.1038/s41586-021-03205-y
https://doi.org/10.1159/000509645
https://doi.org/10.1523/JNEUROSCI.5240-11.2012
https://doi.org/10.1007/s004270050200
https://doi.org/10.1159/000330755
https://doi.org/10.1212/NXG.0000000000000281
https://doi.org/10.1093/nar/gkl822
https://doi.org/10.1186/s12881-018-0699-1
https://doi.org/10.1002/mgg3.968
https://doi.org/10.1038/nature19847
https://doi.org/10.3390/ijms20174176
https://doi.org/10.3389/fneur.2019.00641
https://doi.org/10.1038/s41398-020-00902-6
https://doi.org/10.1155/2019/2492590
https://doi.org/10.1523/JNEUROSCI.1291-08.2008
https://doi.org/10.1186/s13041-019-0484-x
https://doi.org/10.1186/s12881-017-0455-y
https://doi.org/10.1016/j.ejmg.2012.08.009
https://doi.org/10.1002/dneu.22639
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org

	Identification of a de novo mutation of the FOXG1 gene and comprehensive analysis for molecular factors in Chinese FOXG1-related encephalopathies
	Introduction
	Materials and methods
	Sample collection
	Array-comparative genomic hybridization
	Trio-whole exome sequencing
	Compilation of Chinese patients with FOXG1-related disorder
	Molecular analysis of FOXG1-related Rett syndrome

	Results
	Clinical features of our patient with a FOXG1 mutation
	Comprehensive analysis of 12 Chinese with FOXG1 mutations
	Single-nucleotide mutations identified by next-generation sequencing
	Copy number variations containing the FOXG1 gene
	Mutation analysis of PRKD1 gene
	Intergenic regulatory elements in the region between FOXG1 and PRKD1

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


