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Background: Primary ciliary dyskinesia (PCD) is a clinically heterogeneous group of autosomal or,
less frequently, X-chromosomal recessive inheritance syndrome of motile cilia dysfunction characterized
by neonatal respiratory distress, oto-sino-pulmonary disease, infertility and situs inversus. Recently, type
43 PCD (CILD43, OMIM#618699) was established by autosomal-dominant loss-of-function mutations
identified in Forkhead box J1 (FOX71). However, the functional validation of FOX7I mutations in humans
and mice has not been fully performed. Here we studied a three-generation family with heterotaxy and
proband with complex congenital heart disease (CHD).

Methods: We performed whole-exome sequencing to investigate the causative variant of this family and
generated gene knock-in mice carrying the human equivalent mutation by homologous recombination.
Then, microscopy analysis was used to characterize the phenotype and ciliary ultrastructure of the model.
Effects of the variant on heart anomaly were preliminarily explored through transcriptome sequencing.
Results: A novel heterozygous deletion variant (c.1129delC/p.Leu3 77 Trpfs*76) of FOXFI was discovered

that exerts a dominant-negative effect (DNE) in vitro. Notably, both homozygous (Foxj%''** /e 11224T)

Vell24dhy mice developed situs inversus, hydrocephalus and showed a disruption of

and heterozygous (Foxj1
trachea cilia structure, whereas these abnormalities were only observed in previously reported Foxjl™”, not
FoxjI"~ mice. Thus, a more severe phenotype and higher expressivity of our mouse model further indicated
the DNE of this mutation. Meanwhile, several cardiomyopathy-related genes were differentially expressed in
the homozygous FoxjI knock-in mouse hearts, pointing to a probable function in cardiac pathology.

Conclusions: Overall, our study results showed that ¢.1129delC mutation in FOX7I was regarded as
the cause of situs inversus in this family and this mutant showed a capacity of DNE over wild-type FOX]J1,

causing more serious consequences than the allelic deletion of FoxjI.
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Introduction

Primary ciliary dyskinesia (PCD, OMIM#244400) is a rare
inherited motile ciliopathy, characterized by upper and lower
respiratory tract disease, organ laterality defects, subfertility,
and hydrocephalus due to the defective ciliary apparatus (1).
Over 40 genes have been reported to cause PCD, an
autosomal recessive or, less frequently, X-chromosomal
recessive inheritance pattern disorder (2). In 2019, type 43
PCD (CILD43, OMIM#618699) was created by de novo
autosomal-dominant loss-of-function mutations identified
in Forkhead box J1 (FOX7I) from six sporadic cases (3).
Subsequently, six unrelated individuals harboring
heterozygous variants in FOX7I were described in two
separate studies (4,5). The phenotypic presentation of
these patients encompasses the expected symptoms of a
multisystem motile ciliary defect, but exhibits a remarkably
variability and expressivity, involving the central nervous
system, the respiratory system and other systems (6).
So far, only eight FOX7I variants have been reported in
individuals with PCD or hydrocephalus, and the functional
roles of these mutants have rarely been studied. Moreover,
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Key findings

¢ Identification of a novel heterozygous deletion variant, ¢.1129delC,
in FOX71 (p.Leu377Trpfs*76) in a Chinese family with type 43
primary ciliary dyskinesia (CILD43).

What is known and what is new?

e FOX]1 is a master regulator of the ciliogenic program, and loss-of-
function mutations in FOX71 have been related to human primary
ciliary dyskinesia.

® In this study, the first Foxjl knock-in mice were generated and
recapitulated the ciliopathies of our patients. Our research revealed
that ¢.1129delC variant exerts a dominant-negative effect and

provided some ideas for the role of FOX71 in heart disease.

What is the implication, and what should change now?

® Previous report supposed that haploinsufficiency of FOX71
may be the cause of CILD43. Thus, more research is needed to
understand the action mechanism of FOX7I variants. In addition,
CILD43 patients should be aware of the cardiac abnormality and
CHD individuals could test for FOX71 variants.
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additional patients carrying mutations in FOX71 with
unusual phenotypic presentation could promote a deeper
understanding of the functional basis of this gene.

FOX]J1, also known as HFH-4, a member of the
forkhead family of transcription factors, is mainly expressed
in motile ciliated cells, where as a master regulator of the
ciliogenic program (7). Numerous researches have revealed
a pivotal role of FOX7I in many tissues that possess
highly ciliated cells, such as conducting airways, choroid
plexus, ependyma of the brain, testis, and oviduct (8-10)
as well as motile mono-cilia in the embryonic left/right
organizer (LRO) (11,12). Consistently, gene modifications
in animal models and mutations identified in humans have
demonstrated that FOX#1 dysfunction impairs ciliary action
in specific zones causing a variety of genetic disorders (3,13)
including hydrocephalus (14), laterality phenotypes (11)
and mucociliary clearance disorder (15) due to a dramatic
number reduction of motile cilia and axoneme structure
severe defects (11,13). Yet, Foxjl knock-in mouse model
corresponding to human mutation identified in CILD43
cases has not been reported and limited information
is currently known about the underlying molecular
mechanisms.

In this study, we characterized a family with heterotaxy and
the proband with complex congenital heart disease (CHD).
A heterozygous variant ¢.1129delC (p.Leu377Trpfs*76)
in FOX71 was identified. We found that this mutant
exhibited a dominant-negative effect on the transcriptional
activity of RFX3, downstream of FOX7I in the node, and
cooperatively induce the expression of ciliated genes (16).
The transcription factor RFX3 directs nodal cilium
development and left-right asymmetry specification (17).
Mice carrying the equivalent of the human FOX7I-
¢.1129delC mutation were generated and found to have
disrupted motile cilia structure in trachea epithelial cells
and randomized left-right patterning and hydrocephalus.
Meanwhile, transcriptome results of this knock-in mouse
heart tissues point to some genes involved in cardiac
pathology, which may provide clues for the role of FOX71
in heart disease. We present this article in accordance
with the ARRIVE reporting checklist (available at https://
tp.amegroups.com/article/view/10.21037/tp-23-27/rc).
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Methods
Family and patient

A non-consanguineous Chinese Han family from Anhui
Province was recruited for our study. The proband was a
51-day-old boy with dextrocardia who was found to have
complex congenital heart disease. His diagnoses were
confirmed by echocardiography, cardiac catheterization
examinations, computed tomography, and other operation
recordings. His affected mother has total situs inversus
visceral. Clinical features were checked at Shanghai
Children’s Medical Center (SCMC). The study was
conducted in accordance with the Declaration of Helsinki
(as revised in 2013). The study was approved by the Ethics
Committee of the Shanghai Children’s Medical Center
(SCMC) (No. SCMC-201015) and written informed

consent was obtained from the parents of the child.

Whole-exome sequencing for candidate gene identification

Peripheral blood samples of all cases were collected, and
genomic DNA was extracted using QIAamp® DNA Blood
Mini Kit (QIAGEN, Hilden, Germany) by standard
protocols. Exome sequencing was performed on the
proband (III:1) and his parents (II:2, II:3) using the Agilent
SureSelect capture kits (Agilent, Santa Clara, CA, USA).
The captured libraries were subsequently sequenced
using the Illumina HiSeq 2500 system. Sequencing data
alignment and variant calling were performed as previously
described (18). Given the nature of primary ciliary
dyskinesia (PCD) genetics, we began to search for variants
in known PCD-causing genes, considering rare truncating
and missense variants. The pathogenicity of variants was
evaluated using American College of Medical Genetics and
Genomics (ACMG) standards and guidelines (19). FOX71-
¢.1129delC (p.L377WI{s*76) was classified as pathogenic
based on the evidence of 1 very strong (PVS1) and 1 strong
(PS2) and 1 moderate (PM2). Co-segregation with the
phenotype were confirmed by Sanger sequencing. PCR
primers are listed in Table S1.

Plasmid construction

The coding region of the wild-type (WT) and mutant
(p-Leu377Trpfs*76) FOX71 containing a partial 3’
untranslated region were cloned into pcDNA3.1 vector
with a flag-tagged sequence in the 3' end. The human
RFX3 promoter sequence (chr9:3,525,790-3,527,302, hg38)
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was cloned into the pGL4.10 vector (Promega, Madison,
USA) to produce RFX3-promoter-Luc. All constructs were
validated by Sanger sequencing.

Cell culture and transfection

HEK 293T cell line was obtained from the cell bank of
the Committee on Type Culture Collection of the Chinese
Academy of Sciences (Shanghai, China) and cultured
in high-glucose Dulbecco Modified Eagle Medium
(#11965092, Gibco™) supplemented with 10% fetal
bovine serum (#10099141, Gibco™) at 37 °C with 5% CO,.
Transient transfection was performed with Lipofectamine
3000 Transfection Reagent (#L3000008, Invitrogen™)
according to the manufacturer’s protocol.

Western blot and immunofluorescence

HEK293T cells were seeded in 12-well plates, transiently
transfected with WT or mutant FLGA-FOX]J1 vectors,
and lysed after 48 hours using sodium dodecyl sulfate
(SDS) buffer for Western blot analyses. Polyvinylidene
difluoride (PVDF) membranes were incubated with
primary anti-FLAG antibody (#14793, CST) and loading
control antibody GAPDH #5174, CST), followed by anti-
rabbit IgG secondary antibodies conjugated to horseradish
peroxidase, then detected with the chemiluminescence
system. Protein band intensities were quantified by Image]
software (version 1.53t, National Institutes of Health, USA).
For immunofluorescence staining, transfected HEK293T
cells were fixed using 4% paraformaldehyde/phosphate-
buffered saline (PFA/PBS) for 20 min, rinsed with PBS,
permeabilized with 1% TritonX-100/PBS for 10 min, and
blocked with 1% bovine serum albumin/PBS solution for
30 min at room temperature. The treated cells were
incubated with anti-FLAG antibody at a dilution of 1:1,000
and then washed three times with PBS, followed by
incubation with fluorescein isothiocyanate conjugated
secondary antibody for 1 h. Finally, nuclei were stained with
4,6-diamidino-2-phenylindole (DAPI), and images were
captured using a Laser Scanning Confocal Microscope.

Dual-luciferase reporter assay

RFX3-Luc Photinus pyralis luciferase reporter plasmid,
WT/mutant FOX71 constructs or empty vector, and
internal control Renilla luciferase reporter plasmid pRL-TK
were co-transfected in HEK293T cells. Briefly, HEK293T
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cells were transiently transfected for 24 hours using
Lipofectamine 3000 with 200 ng of the RFX3-Luc, 20 ng
of Renilla pRL-TK, and co-transfected with either: 150 ng
pcDNA3.1 (empty vector); 75 ng pcDNA3.1 and 75 ng of
WT FOX71; 75 ng pcDNA3.1 and 75 ng mutant FOX7I;
and 75 ng WT FOX7I plus 75 ng mutant FOX7I. Both
luciferase activities were determined using the Dual-Glo®
Luciferase Assay System (#E2920, Promega) according
to the supplier’s recommendations, and then data were
expressed as the ratio of firefly/Renilla luciferase activity.
Experiments were performed three times independently
with three technical triplicates each.

Generation and bistological analysis of Foxj1-c.1129delT mice

Briefly, the Foxjl-c.1129delT targeting construct was
linearized by restriction digestion with Notl followed by
phenol/chloroform extraction and ethanol precipitation.
The linearized vector was transfected into C57BL/6N
embryonic stem cells (ESC) according to Cyagen’s (Suzhou,
China) standard electroporation procedures. Positive
ESC clone was injected into C57BL/6 albino embryos,
then re-implanted into CD-1 pseudo-pregnant females.
Founder animals were identified by their coat color, and
their germline transmission was confirmed by breeding
with C57BL/6 females and subsequent genotyping of
the offspring. The Neo cassette, flanked by SDA (self-
deletion anchor) sites, is self-deleted in germ cells, thus,
so the offspring is Neo cassette-free. Genotyping was
confirmed on mouse tail snip DNA by Sanger sequencing.
All experiments were performed under a project license
(No. SCMC-LAWEC-2023-005) granted by institutional
Animal Care and Use Committee of SCMC, in compliance
with SCMC institutional guidelines for the care and use
of animals. The sample size, genotype and age of the
experimental models are indicated in the legends. At same
age mice of each genotype were divided into groups for
comparative analysis. No other treatment was given to
the mice and no inclusion and exclusion were set. Mouse
brains were collected and fixed in 4% PFA/PBS overnight,
then were processed for paraffin embedding, sectioned at a
thickness of 5 pm, and stained with hematoxylin-eosin using
our reported procedures (18). Stained sections were imaged
with a Leica DM6000 microscope.

Electron microscopy (EM)

Mouse trachea was isolated and prefixed with 2.5% (vol/vol)
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glutaraldehyde in 0.2 M phosphate buffer overnight at 4 °C,
washed and then post-fixed in 1% (wt/vol) osmium tetroxide
for 1.5 h. Samples were prepared following standard
transmission electron microscope (TEM) and scanning
electron microscopy (SEM) protocols. We randomly
watched three hundred cilia for each sample using twenty
different microscope fields, but only those that could clearly
distinguished between the normal and abnormal ciliary
ultrastructure were counted and used for statistical analysis
from about one hundred cilia. Ultrastructural abnormalities
of the microtubule arrangement were counted by an expert.

RNA-Seq analysis

Total RNA isolated from the postnatal day 1 (P1) heart of
three WT and three Foxy1¢"*"*"!"*“T mice was for RNA
sequencing, respectively. Library preparation and RNA-seq
were performed on the NovaSeq 6000 System to generate
150 bp paired-end reads by Berry Genomics Corporation Ltd
(Beijing, China). Clean reads were aligned to the reference
genome (mm10) by HISAT2. DESeq2 package was used
for differential expression genes (DEGs) analysis as we did
before (20). Gene Ontology (GO) and KEGG pathway
analysis of the DEGs were performed using the The Database
for Annotation, Visualization and Integrated Discovery
(DAVID) Bioinformatics Resources and its functional
annotation tools (https://david.nciferf.gov/home.jsp).

Statistical analysis

GraphPad Prism (version 9.4.1, USA) was used for statistical
analysis. The data for the comparison of two groups were
analyzed using the independent samples 7-test, and one-way
analysis of variance (ANOVA) was used to compare data for
three or more groups. P<0.05 was considered statistically
significant.

Results
Clinical features and mutation analysis

In this study, a Chinese family with heterotaxy was identified
(Figure 14,1B). The proband (III:1) was a 51-day-old boy
who had dextrocardia and was born with complex congenital
heart disease including total anomalous pulmonary venous
connection (TAPVC), atrial septal defect, pulmonary valve
stenosis, and atrioventricular septal defect. He underwent
a primary TAPVC repair with concomitant PA banding
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Figure 1 Identification of a novel heterozygous variant in FOX7I in the reported family. (A) The pedigree of the family with situs inversus/
CHD. Squares and circles indicate males and females, respectively. Filled symbols indicate affected individuals, and open symbols indicate
unaffected individuals. (B) Radiological examination of the proband (III:1) and his mother (II:2). Preoperative chest X-ray showed
dextrocardia in ITI:1 (B1). Chest X-ray showed dextrocardia in II:2 (B2). Cross-sectional CT image revealed that II:2 had situs inversus totalis
with the stomach on the right and the liver on the left (B3). CT coronal scan showed that II:2 had situs inversus totalis, including bronchial
situs, left-sided liver, and right-sided stomach (B4). (C) Electropherograms of Sanger sequencing results of FOX71-c.1129delC variant for
the family members. (D) Schematic structure of the FOX]J1 gene and the FOX]J1 protein. FOX7I consists of two coding exons and encoding
a 421aa protein. ¢.1129delC variant located in Exon3 and indicated with a red arrow. FOX]J1 includes four acidic amino acid residues rich
regions (A1-A4), a proline-rich region (Pro-rich), a forkhead DNA binding domain (FKH/DBD), and two transactivation domains (TAD1
and TAD?2) (10). (E) Conservation analyses of residue 377 in FOX]J1 among different species by multiple sequence alignments and the
predicted amino acid sequence consequence of ¢.1129delC variant for FOX71. FOX71, Forkhead box J1; CHD, congenital heart disease;
CT, computed tomography.
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at 2-month-old, and subsequently a bidirectional Glenn
procedure was performed at age of 1 year and postoperative
monitoring showed an enhanced and blurred, and exudation
in both lungs. This patient had progressive pulmonary
hypertension and died of heart failure at 2.5 years of age.
His mother (I1:2) exhibited total situs inversus, and she
was infertile that get pregnant by assisted reproductive
technologies. These disease phenotypes are not seen in
other family members. The proband reported a history
of thick breathing sounds in both lungs after birth. To
identify the causal genetic responsible for the disorders in
this family, whole exome sequencing of the proband (III:1)
and his parents (II:2 and II:3) were conducted. Based on
the sequencing data, a heterozygous variant c.1129delC
in FOX71 (RefSeq accession number NM_001454.4) was
found in the proband and his affected mother. Further, we
performed Sanger sequencing for two affected members (II:2
and III:1) and four unaffected members (I:1, I:2, II:1 and
I1:3) and confirmed c¢.1129delC variant co-segregation with
the misplaced organ phenotype (Figure 1C). This deletion
variant is predicted to lead to a shift in the reading frame
at codon 377 (Leu377Trp) and altered the last 45 amino
acids (aa), abolished the original stop codon (422Ter), and
added 30aa (p.Leu377Trpfs*76) to the carboxyl-terminal
transactivation domain (TAD) of FOX]J1 (Figure 1D). The
protein sequence alignment showed that Leu377 through
the remaining amino acids (377-421aa) of human FOX]1 is
highly conserved among mammals (Figure 1E). Moreover,
the FOX71-c.1129delC variant has not previously been
reported in ClinVar, ExAC, genomAD, and 1,000 Genomes
databases and was classified as a pathogenic variant

according to the ACMG guidelines.

The p.Leu377Trpfs*76 mutation did not affect FOX71
expression levels and subcellular localization

To evaluate the functional consequence of the FOX7I-
c.1129delC mutation, we first detected the protein
expression level and cellular localization of FLAG-FOX]J1-
WT and -Leu377Trpfs*76 (p.L377Wfs*76) in HEK293'T
cells. Consistent with the predicted result that 30 more
amino acids of FOX]J1 (mutant: 451aa) were produced
than wild-type (WT) due to the ¢.1129delC mutation. We
observed a higher molecular weight band of mutants and
showed no significant difference in protein expression levels
when compared to WT FOX]J1 according to the western
blot analysis (Figure 24,2B). Moreover, we found that both
WT and mutant FOX]J1 proteins were explicitly localized

© Translational Pediatrics. All rights reserved.
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in the nucleus (Figure 2C). These results show that FOX71-
c.1129delC mutation produced longer non-canonical
stable proteins with normal subcellular distribution as WT
proteins are.

The FOXF1 mutant has a dominant-negative effect on the
RFX3 transcriptional activity

RFX3 is a key downstream of FOX]J1, interacts and
functions as a co-activator with FOX]J1 to regulate the
expression of cilia-related genes. Thus, we focused on
studying the effect of FOX]J1-Leu377Trpfs*76 mutant
on the transcriptional activity of RFX3. HEK293'T cells
transfected with plasmids encoding WT FOX]J1, empty
vector, and reporter plasmid showed an approximately 4.1-
fold higher luciferase activity than cells transfected with
empty vector alone (Vector: 0.49+0.01; WT: 1.91+0.11).
Transfection of HEK293T cells with FOXJ1 mutant led to
a luciferase activity that was about 1.5-fold higher than the
empty vector and was significantly reduced to 39%=+11%
compared with WT under the same experimental
conditions (p.Leu377Trpfs*76: 0.74+0.04). However,
when the plasmids encoding WT and mutant FOX]J1
were co-transfected (WT/p.Leu3 77 Trpfs*76: 1.31x0.09),
the reporter activity was reduced to 69%+9% of WT
alone. Additionally, a significant luciferase activity after
transfection of a mock vector could be due to endogenous
FOXJ1 expression in HEK293'T cells (Figure 2D). Thus,
our dual-luciferase reporter assay results indicate that the
FOXJ1 mutant exerts a dominant-negative effect on the
RFX3 transcriptional activity.

Generation and phenotypic characterization of FoxjI-
¢.1129delT knock-in mice

To model the human phenotype iz vivo and further
elucidate the potential underlying mechanisms, we
generated a knock-in mouse carrying a mutation c.1129del T
in Foxjl (orthologous mutation ¢.1129delC in human)
by homologous recombination using a targeting vector
containing exons 2 to 3 (Figure 34). This alteration was
also predicted to lead to a longer non-functional protein
production (p.Leu377Trpfs*84, Figure S1). Heterozygous
pups (Foxj17"***") were born at the expected Mendelian
frequency, yet exhibited dramatic growth retardation, and
all died within 2 months after birth with a mean survival
time of 28 days (Figure 3B). In addition, Foaj1"<'"*"
mice developed hydrocephalus at about 2 weeks of age
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Figure 2 Functional analysis of the wild-type and mutant FOX]J1 protein. (A) The protein expression level of FOXJ1-WT and
-L377Wts*76. GAPDH is used as an internal control. (B) Quantification of FLAG-FOX]J1/GAPDH. Significance was determined with the
two-tailed unpaired #-test, ns, no significance, P>0.05. (C) Immunofluorescence staining photography shows the localization of WT and
mutant FOX]J1 in HEK293T cells. Scale bar, 7.5 pm. (D) p.L377Wf{s*76 mutant influence the transcriptional activity of RFX3. Significance
was determined with the one-way ANOVA, ***, P<0.001, ****, P<0.0001. All the data are presented as mean * standard error of mean from
three replicate experiments. FOX]J1, Forkhead box J1; W'T, wild-type; RLU, relative light units; ANOVA, analysis of variance.

and displayed abnormal head morphology with complete
penetrance by 2 months (Figure 3C,3D). Homozygous
(Foxj 1?74 e 2%y mytation results in neonatal lethality
in mice accompanied by severe hydrocephalus and few
could survive 1 week (Figure 3E). Moreover, WT mice
show completely normal organ placement and cardiac
apical position. However, the Foxjl-c.1129delT mutants
with dextrocardia or mirror image reversal of internal organ
situs (Figure 3F). 11% (2 of 18 mutants) of the heterozygous
mice showed laterality defects, such as situs inversus totalis
or heterotaxis, and homozygous mutants presented with
situs inversus at a rate of 71% (5 of 7 mutants) in live births
based on the position of the heart and stomach (Figure 3G).
Our results demonstrated that compared with WT mice,
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Foxjl-¢.1129delT knock-in mice died early and presented
with hydrocephalus and randomization of left/right body
asymmetry.

Foxj1-c.1129delT mice show reduced numbers of cilia and
defective ciliary ultrastructure

Cilia have been implicated in the development of
hydrocephalus and the determination of asymmetry of the
heart and visceral organs. Hence, we characterized the
ciliary morphology and ultrastructure in Foxjl-c.1129del T
mutant mouse trachea epithelial cells. Immunofluorescence
(IF) microscopy analyses with antibodies targeting
acetylated-tubulin (a marker of the ciliary axonemes) and
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Figure 3 Generation and phenotype description of Foxjl-c.1129delT knock-in mice. (A) Schematic representation of the targeting
strategy for producing Foxjl-c.1129delT knock-in mice. (B) The general appearance of WT and Foxj]*/c‘lmdelT mice. (C,D) Gross
morphology (C) and HE stained sections (D) of postnatal days 28 WT and Foxjl mouse brains. Scale bar, 500 pm. (E) General

Zc.llz‘)delT/c.llZ‘)delT 1+/c.llZ‘)delT

mouse brains. (F) Dissections of 3-week-old WT, Foxj

+/¢.1129del T and

appearance and HE stained sections of WT and Foxj

Ic.l 129delT/c.1129del T

and Fouxj mice. The enlarged view and dashed line showed the direction of the heart apex of WT, Fouxjl

Foxy[¢"120e 11220 yice  respectively. (G) The frequencies of aberrant organ placement in mice of the indicated genotypes. The number of

mice present in each bar. FOXJ1, Forkhead box J1; WT, wild-type; HE, hematoxylin and eosin.
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Figure 4 Tracheal cilia of Foxjl-c.1129delT mutant mice. (A, B) Trachea sections from WT and FoxjI”""***'" mice were examined by
immunofluorescence staining (A) and SEM (B). y-tubulin, green; Ac-tubulin, red; nuclei are stained with DAPI (blue). (C) SEM images
of the ciliated cells from WT and Foxj1¢""**™"<"*** " mouse tracheal sections (P7). (D) TEM image of a cross-section of the tracheal
cilia from WT, Fole*/C'“”de'T, and Folec‘l”(”demc'l129delT mice. WT, wild-type; SEM, scanning electron microscopy; Ac-, acetylated; DAPI,
4,6-diamidino-2-phenylindole; TEM, transmission electron microscope.

y-tubulin (a marker of the centrosome) showed reduced
numbers and densities of trachea cilia and disorganized
along the surface of trachea epithelial cells in Foxjl """
mice as the images displayed with scanning electron
microscopy (SEM), while the WT mouse cilia signal
was continuously observed and well-organized along the
surface of trachea epithelial cells (Figure 44,4B). The
homozygous Foxj1¢""**™"T mytant mouse exhibited
a significant reduction in tracheal cilia and far fewer and
shorter cilia formed in contrast to the abundant, long
broom-like cilia of WT cells by SEM (Figure 4C). We

© Translational Pediatrics. All rights reserved.

then analyzed the ultrastructure of the mouse trachea
cilia by transmission electron microscope (TEM). In
Foxj1¢!10eme1290T mice | classical motile type cilia with a
clearly defined 9+2 microtubule doublets ultrastructure were
entirely destroyed in tracheal cells, but only about 23%
(14 of 54 cilia) of tracheal cilia from Foxjl"”*""***" mouse
showed a disorganized arrangement of the microtubule
doublets by counting 20 TEM images from two mice
(Figure 4D). Collectively, those results show that FoxjI-
¢.1129del T knock-in mutation affects microtube orientation
and ciliogenesis.
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Transcriptomic analyses of Foxjl mutant mouse beart tissues

To investigate the clues associated with abnormal heart
phenotype in the proband, we performed RNA-Seq with
P1 WT and Foxj1¢'"?**™e12% T mouse heart tissue. A
total of 667 genes showed changes (differentially expressed
genes, DEGs) in expression in the Fouj]«!'?/Tet120lt
compared with their expression in the WT, including
432 up-regulated genes (64.8%) and 235 down-regulated
genes (35.2%) (Figure 5A and available online https://cdn.
amegroups.cn/static/public/tp-23-27-1.xls). The Gene
Ontology (GO) functional analysis of the DEGs was
divided into the biological process (BP), molecular function
(MF) and cell component (CC). The top 15 results obtained
from the GO enrichment analysis of the up-regulated
and down-regulated DEGs are shown in Figure 5B,
website: https://cdn.amegroups.cn/static/public/tp-23-
27-2.xls and website: https://cdn.amegroups.cn/static/
public/tp-23-27-3 xls. The up-regulated genes were mainly
enriched in response to virus/immune process (Ontology:
BP), the stress fiber/Z disc (Ontology: CC), and protein
binding/cytokine activity (Ontology: MF) and the down-
regulated genes were mainly enriched in potassium ion
transport/transcription regulation, T-tubule/sarcolemma
and (phospho-) lipid transporter activity/nucleotide (DNA)
binding, respectively. The top 30 KEGG pathways for
DEGs are shown in Figure 5C and website: https://cdn.
amegroups.cn/static/public/tp-23-27-4.xls, which contain
human diseases such as hypertrophic cardiomyopathy and
dilated cardiomyopathy. In addition, pathway “adrenergic
signaling in cardiomyocytes” was enriched among genes
commonly down-regulated in Foxjl mutant heart tissue
(Figure 5D). These preliminary results may provide clues
for the associations between Foxjl and heart disease.

Discussion

In this study, we identified a novel heterozygous deletion
mutation (c.1129delC/p.Leu377Trpfs*76) of FOX71 in
one Chinese family with situs inversus, and the proband is
complicated with complex congenital heart disease (CHD).
This mutant p.Leu377Trpfs*76 protein, expressed with
an almost equal level of the WT and localized normally
in the nucleus, shows a dominant-negative effect on the
expression of RFX3 in vitro. Moreover, we generated the
first Foxjl knock-in (c.1129delT; ortholog of the ¢.1129delC
in human FOX7I) mice that recapitulated the situs
anomalies of our patients. Together, we report maternally

© Translational Pediatrics. All rights reserved.

1485

inherited and a heterozygous dominant de-novo mutation in
FOX71 with type 43 primary ciliary dyskinesia (CILD43,
OMIM#618699). Additionally, transcriptome data of Foxjl
knock-in mouse hearts suggest that we should be aware of
cardiac anomalies in individuals with FOX7I variants.

Even though FoxjI null mice are well known for their
abnormalities in left-right axis determination over two
decades (11,13), the FOX71 mutations concerning human
disorders are just identified over the past several years (3).
To date, only eight FOX71 mutations have been reported,
of which one is an amino acid substitution and seven are
premature termination products on protein sequence, in 12
individuals (Table S2). Collectively, exon 3 of FOX7I seems
to be a mutational hotspot and the majority of pathogenic
variants were nonsense or frameshift type. The C-terminal
region of FOXJ1 contains a transactivation region and
removing the fourth acidic domain causes a significant
decrease in its transcriptional activity (10). Consistent with
this study, we found that c¢.1129delC alteration, predicted to
disrupt the A4 region of FOXJ1, reduced its transcriptional
activity on RFX3 via a dominant negative mechanism.
Similar to our findings, action models like FOX71-
¢.1129delC mutation have been reported in other forkhead
transcription factors. For example, Foxol lacking the
C-terminal transactivation domain could act in a dominant-
negative manner (21) and dominant-negative mutant of
FOXE3 with an autosomal-dominant trait contributes to
human ocular disease (22). However, the only functional
study carried out so far indicates haploinsufficiency being
the disease cause by 3'mRNA-seq of air-liquid interface-
cultured respiratory epithelial cells from two controls and
two FOX7 mutant individuals (3). Thus, it would be helpful
to further test this dominant negative mutant in vivo by
using Foxjl knock-out and Foxjl-c.1129delT knock-in
mouse models, and more research is needed to understand
the action mechanism of FOX71 variants.

FOX]J1 is the master regulator of the transcriptional
program that drives the assembly of motile cilia. Abnormal
ciliary structure and function in Foxjl deficient model
organisms are considered as the causative of Foxjl-
related disorders (11,23). In our study, heterotaxy and the
rough breathing sounds of both lungs presented in the
patients implied an impairment of the node cilia cells and
ciliated pulmonary epithelial cells. Similarly, our FoxjI-
c.1129delT knock-in mice presented with randomization
of left/right body asymmetry. As expected, the number
and density of tracheal cilia from Foxjl-c.1129delT
mutant mice were reduced and cilia were disorganized
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along the surface of tracheal epithelial cells. The typical
9+2 cilia axoneme ultrastructure was entirely and partially
destroyed in homozygous and heterozygous Foxjl knock-
in mice, respectively. Ciliary cross sections of respiratory
epithelial cells from FOX7I affected individuals exhibited
variable cilia structural defects, and some did not show any
abnormalities of the 9+2 axonemal architecture. However,
the number of cells with normal amounts of cilia in all
sufferers was reduced. These affected individuals have an
associated mucociliary clearance disorder, but only half have
situs inversus (3). Thus, we noted that foxj1l dysfunction is
not causing a uniform ciliary ultrastructure abnormality,
but rather a decreased number and random changes in
organization. Meanwhile, the proband’s mother was unable
to conceive naturally. These reduced fertility conditions have
been earlier reported in three patients with FOX7I mutation.
One was unable to become pregnant, one had hydrosalpinx,
and one male had severe oligoasthenoteratospermia
(Table S2). In a mouse model, attempts on mating male or
female FoxjI”" mice with productive WT counterparts were
unsuccessful (13). These data suggest that FOX71 mutation
might influence ciliogenesis in the female reproductive
tract and sperm flagella movement thereby affecting human
fertility. Regretfully, Foxjl-c.1129delT knock-in mice died
soon after birth, and the offspring number at birth was not
evaluated. In addition, as shown in Table S2, hydrocephalus
seems to be a fully penetrant condition from previously
reported FOX7I mutant patients. Even though this
phenotype is not informed in our patient, dilated ventricles
were observed in almost all Foxjl-c.1129delT knock-
in mice. This prominent phenotype could be explained
by specific or preferential FOX71 expression in the brain
ependymal cells, and defects in the ependymal cilia affect
the cerebrospinal fluid passage during brain formation that
led to hydrocephalus (24). Meanwhile, further detailed
inspection is required to investigate the other common
PCD-related symptoms and ciliary ultrastructure from the
proband’s mother. Collectively, these data demonstrated that
heterozygous Foxjl-c.1129delT mutation could results in
mouse ciliary ultrastructural defects and this model presents
primary ciliary dyskinesia related phenotypes and mimics the
clinical symptoms of our patient.

In addition, another remarkable aspect, severe and
complex CHD, is presented in the proband. Although
assisted reproduction technologies have also been associated
with higher risk of birth defects, such as congenital
heart defects (25). Interestingly, CHD phenotypes were

mentioned in other two cases with FOX7I variants, one
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presented with a ventricular septal cardiac defect and
another with a small atrial septal defect (TableS 2). Besides,
we screened two rare and predicted damaging FOX7I
variants (c.266G>A/p.Gly89Asp, Exon2; ¢.637C>T/
p.Arg213Trp, Exon3) in our cohort of patients with
Tetralogy of Fallot (Table S3 and Figure S2). RNA-seq
on cardiac cell line AC16 overexpressing wild-type or
p-Arg213Trp mutant of FOX71 were performed and found
that enriched KEGG pathways of down-regulated DEGs
included the calcium signaling pathway and adrenergic
signaling in cardiomyocytes, which is important for early
gene expression of myocardial cells, and cardiomyocyte
maturation and apoptosis (26,27) (Table S4). Similarly,
cardiomyopathy-associated genes are differentially
expressed [e.g., Tpm2/3 (28); Tgtb2/3 (29)] and adrenergic
signaling in cardiomyocytes pathway are enriched from the
transcriptome results of FoxjI knock-in mouse heart tissues.
While this does not exclude the possibility that these
genetic changes result from structural cardiac anomalies
rather than a direct Foxjl effect. To date, the relationship
between FOX71 variants and CHD is barely known, our
preliminary findings may provide new information on
the association between CHD and FOX7I. Although
hydrocephalus is common in animals with primary ciliary
dyskinesia (PCD), these models distinctly have an increased
incidence of CHD (30,31). Hence, CILD43 patients should
be aware of the cardiac abnormality and CHD individuals
could test for FOX71 variants.

Irl our I‘eport, bOt}I Fo}g-]&llZ‘)delT/QlIZ‘)delT and Foacj1+/c.1129delT
mice developed situs inversus and hydrocephalus, and
showed a disruption of trachea cilia structure, whereas these
abnormalities are only observed in previous reported Foxjl™
mice and no aberration existed in single FoxjI allele deletion
(Foxj1™") mice. FoxjI” mice all died within postnatal days 40
(P40) and approximately half of the born had situs inversus
and hydrocephalus (11,13). However, our Foxy[¢'2T/e 1294t
mice seem to have a higher proportion reversal of
internal organs, die earlier, and almost all mice developed
hydrocephalus, though the numbers of mice examined was
insufficient to reflect the proper incidence of situs inversus
for Foxjl-c.1129delT mice early death. The proband died
from severe CHD. Collectively, mice with c¢.1129delT
mutation in Foxjl showed a severer phenotype than Fouxj!
allele deletion, which reflects a potential toxicity effect of
the existence of aberrant Foxjl. In addition, hydrocephalus
impacts the fundamental aspects of brain development,
associated phenotypes such as intellectual disability and
neurodevelopmental delay are not infrequent findings among
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patients (4), but the developmental delay simply told in three
patients with congenital hydrocephalus who carry a FOX71
mutation (Table S2). And growth failure was observed in
Foxj1”~ (13) and our Foxjl"*"***" mice. In summary, Foxj1-
¢.1129del T knock-in mice generally showed the same traits

_/-

as FoxjI”" mice, but produced more severe effects, implying

an adverse consequence of FoxjI-c.1129del T mutants.

Conclusions

Our findings expand the clinical and mutational spectrum
of type 43 primary ciliary dyskinesia caused by mutations
in FOX71. Meanwhile, much work remains to be done
in unraveling the pathogenesis of FOX71 mutations.
Identifying more patients with FOX7I variant will be toward
a comprehensive understanding of the genotype-phenotype
relationships and provide valuable diagnosis data. More
distinct forms of Foxjl knock-in mice can help to elucidate
the mechanism underlying various clinical traits.
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Supplementary

Table S1 The primers used for validation of FOX71 variants

Primers Sanger sequencing (5'-3")

Gly89Asp Forward: CTCCATTCTCAACGCCAAG
Reverse: ATCTTGGTGGCCTTGCTG

Arg213Trp Forward: CAAGTGCTTCATCAAAGTGC
Reverse: AAGTTGCCTTTGAGGGGTTC

p.Leu377Trpfs*76 Forward: GAACCCCTCAAAGGCAACTT
Reverse: CTAGGTGGTGGGGTGTCTGT

FOXJ1_ . MAESWLRLSGAGPAEEAGPEGGLEEPDALDDSLTSLQWLQEFSILNAKAPALPPGGTDPH 60

Foxj1,_ . MAESWLRLCGAGPGEEAGPEGGMEEPDALDDSLTSLQWLQEFSILNAKAPTLPPGGTDPH 60
sokokiololok okl skkelololoiolok + selolokaicolokiclolokaiclolokaioolokatoolokaolok + sookokatololokok

mut

FOXJ1,, GYHQVPGSAAPGSPLAADPACLGQPHTPGKPTSSCTSRSAPPGLQAPPPDDVDYATNPHV 120
Foxj1 . GYHQVPGLVAPGSPLAADPACLGQPHTPGKPTSSCTSRSAPPGLQAPPPDDVDYATNPHV 120
fopkkiolk | solkokiokiciolkiciolkiclolokiclolokiclokokiclokokiolokokiolokokiolokokdolokokk

mut

FOXJ1_ . KPPYSYATLICMAMQASKATKITLSAIYKWITDNFCYFRHADPTWQNSIRHNLSLNKCFI 180

Foxj1_ . KPPYSYATLICMAMQASKATKITLSAIYKWITDNFCYFRHADPTWQNSTRHNLSLNKCFI 180
fokkiokokokiolkiokokiokokiokskioksokskokiolokaiolokiokokatokokaoksodoksookatookatolokkokok

FOXJ1_ . KVPREKDEPGKGGFWRIDPQYAERLLSGAFKKRRLPPVHIHPAFARQAAQEPSAVPRAGP 240
Foxj1 . KVPREKDEPGKGGFWRIDPQYAERLLSGAFKKRRLPPVHIHPAFARQASQEPSAAPWGGP 240
sokiokkokokiokiokokokokokiokiokskokokokokiokatokeokskeokadokatokoookok - dokadokok k| sk

FOXJ1_ . LTVNTEAQQLLREFEEATGEAGWGAGEGRLGHKRKQPLPKRVAKVPRPPSTLLPTPEEQG 300

Foxj1_ . LTVNREAQQLLQEFEEATGEGGWGTGEGRLGHKRKQPLPKRVAKVLRPPSTLLLTQEEQG 300
sk skedokokedok oketoloketolok | okek - skelokeeokeolokaolokatolokatoloketok sokoeokokk % skekokok

FOXJ1_ . ELEPLKGNFDWEAIFDAGTLGGELGALEALELSPPLSPASHVDVDLTIHGRHIDCPATWG 360

Foxj1, . ELEPLKGNFDWEAIFEAGALGEELSSLEGLELSPPLSPSSHGDVDLTVHGRHINCPATWG 360
sekkkkkkkkkkoklokok 1ok ok ok, ok sielololololololok ok selololok « selololok « sokolololok

1L377W
FOXJ1_ PSVEQAADSLDFDETFWPHPSCSTPGTRAAVAACPRSPSLRLGMPPWPPTCRTGPAWGPS 420

Foxj1_ . PPAEQAADSLDFDETFWPHPSYSIPGMRVVVAACPQNPSLKQGMPPWPLTCRTGPVWVPS 420
* | kcbkkololoololooloook k sk ok kiololok s kol kool skokatololok ok kok

FOXJ1_,, CKRPGPAPPLDSAQVRVANCPPTQVHRHPTT——————— 451

Foxj1_, CKRSGPTPSPDSAQVRAQNCLPRQARGHLSTQAGTGPGL 459
fofok dokok kkololokk kokk ok k% ok

Figure S1 Amino acid sequence comparison of mutant human (FOX]J1,,,) and mouse (Foxjl,,,). Sequences were aligned using Clustal

Omega, and the numbers indicate the positions of amino acid residues on the complete sequence alignment.
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Table S2 Summary of previously published and this paper reported pathogenic variants in FOX71

Clinical features

Patient Gender Ethnicity  Nucleotide change Location Protein Change Situs Reference
MCCD hydrocephalus CHD inversus Fertility Other phenotype

OP-1743 111 Male Germany c¢.901G>T Exon3 p.Glu301* + + - - (3)

OP-2950 111 Female Germany c¢.868_871dup Exon3 p.Thr291Lysfs*12  + + - + Infertility Macrocephaly

RBH II1 Female Germany c¢.967delG Exon3  p.Glu323Serfs*10  + + - - Hydrosalpinx

OP-1933 111 Male Germany c¢.826C>T Exon3 p.GIn276* + + VvSD -

us-111 Male USA c.826C>T Exon3 p.GIn276* + + - +

us-2 111 Male USA €.939delC Exon3  p.lle314Serfs*19  + + - + Subfertility

KCHYD109-2* Female European ¢.287C>G Exon2 p.Thr96Arg - - - - - (4)

KCHYD109-1° Male European ¢.287C>G Exon2 p.Thr96Arg - + - - Developmental delay

KCHYD376-1 Male European ¢.826C>T Exon3 p.GIn276* - + - - Developmental delay

KCHYD238-1 Female European ¢.967delG Exon3  p.Glu323Serfs*10 - + - - Developmental delay

UNC-1459 Female Jewish c.945delC Exon3 p.Phe315Leufs*18 + + ASD + (5)

UNC-0852 Male Irish/USA  ¢.929_932delACTG Exon3  p.Asp310Glyfs22 + + - - -

1:2 Female Chinese c¢.1129delC Exon3 p.Leu377Trp*fs76 - - Infertility This paper

1:1 Male Chinese  ¢.1129delC Exon3 p.Leu377Trp*fs76  + - + -

MCCD, mucociliary clearance disorder; CHD, congenital heart disease; VSD, ventricular septal defect; ASD: atrial septal defect; a, b, mother-child relationship.

Table S3 In silico pathogenicity prediction of FOXJ1 variants

chr hg19 _pos ref alt aaref aaalt rs_dbSNP aapos genename Ensembl_geneid Ensembl_transcriptid Ensembl_proteinid Uniprot_acc SIFT_score SIFT_pred Polyphen2_HDIV_score Polyphen2_HDIV_pred Polyphen2_HVAR_score Polyphen2_HVAR_pred MutationTaster_score MutationTaster_pred CADD_phred h1000Gp3_AF UK10K_AF ESP6500_AF EXAC_AF gnomAD_exomes_AF gnomAD_genomes_AF
17 74136211 C T G D  rs780094426 89 FOXJ1 ENSG00000129654 ENST00000322957 ENSP00000323880 Q92949 0.025 D D 1 2.56E-05
17 74134063 G A R W rs764249412 213 FOXJ1 ENSG00000129654 ENST00000322957 ENSP00000323880 Q92949 0 D D 1 1.65E-05 4.27E-06 6.57E-06
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¢.266G>A/ p.Gly89Asp c.637C>T/ p.Arg213Trp
c6cceGINNcAAGCC AAGAAGNGGCGAC

/AN A AAAAAAAAN

Figure S2 DNA sequence chromatographs confirming the heterozygous alteration in FOX71.

Table S4 The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway results of down-regulated genes in FOX71-¢.637C>T overexpressed AC16 cells

Category Term Count % PValue Genes List Total Pop Hits Pop Total Fold Enrichment Bonferroni Benjamini FDR

KEGG_PATHWAY  hsa04970: salivary secretion 4 5.79710145 6.97E-04 GUCY1A2, CHRM3, CALML6, ATP2B2 17 92 8164 20.8797954 0.06673378  0.069040701 0.069040701
KEGG_PATHWAY  hsa04020: calcium signaling pathway 4 5.79710145 0.01058194 CHRMS3, CALML6, CACNATA, ATP2B2 17 240 8164 8.003921569 0.65117839  0.523806164 0.523806164
KEGG_PATHWAY  hsa04261: adrenergic signaling in cardiomyocytes 3 4.34782609 0.03399868 CALML6, ATP2B2, CACNA2D4 17 150 8164 9.604705882 0.96743177  0.819035304 0.819035304
KEGG_PATHWAY  hsa04921: oxytocin signaling pathway 3 4.34782609 0.0356801 GUCY1A2, CALML6, CACNA2D4 17 154 8164 9.355233002 0.97259109  0.819035304 0.819035304
KEGG_PATHWAY  hsa04022: cGMP-PKG signaling pathway 3 4.34782609 0.04136542 GUCY1A2, CALMLG6, ATP2B2 17 167 8164 8.626981331 0.98473643  0.819035304 0.819035304

FDR, false discovery rate.
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