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A novel homozygous splicing variant

in FREM1 expands the phenotypic spectrum
of BNAR syndrome: functional validation
and successful PGT-M
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Abstract

Background Bifid nose with or without anorectal and renal anomalies (BNAR) is a rare autosomal recessive genetic
congenital disorder characterized by bifid nose and renal agenesis, with or without anorectal malformations. Our
research identified the genetic factors associated with BNAR in a Chinese pedigree.

Methods Muscle tissue specimens from the fetus and peripheral blood specimens from the parents were collected,
and genomic DNA was extracted for whole-exome sequencing. Sanger sequencing was used to verify the emergence
of variants in the pedigree. Minigene assays and structural modeling were performed to confirm the influence of
intronic variants on mRNA splicing.

Results We identified a homozygous splicing variant, ¢.3274+4 A> G, in the FREM1 gene in the fetus. Sanger
sequencing revealed that the parents were heterozygous. In vitro and in intro minigene assays revealed exon 18
skipping, causing a nonframeshift, 62 amino acid deletion in FREM1. Structural predictions indicate the deletion
severely disrupts the FREM1 CSPG6 domain, replacing its stable interwoven 3-sheet architecture with a single 3-sheet
and an aberrant a-helix. This profound conformational shift likely abolishes the interaction interfaces required for
FRAS1/FREM multiprotein complex assembly, impairing its overall function. Based on these findings, the variant was
categorized as likely pathogenic according to the American College of Medical Genetics and Genomics guidelines.
Accordingly, after being informed about the hazards of the pathogenic variant, the couple selected preimplantation
genetic tests for monogenic disorders (PGT-M) and had a healthy baby.

Conclusion This study presents a Chinese fetus with FREMI-related pathology. Moreover, this study extends the
phenotypic spectrum of BNAR, while laying a foundation for PGT-M.
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Introduction
Bifid nose with or without anorectal and renal anoma-
lies (BNAR, MIM 608980) syndrome is a rare congenital
anomaly characterized by a bifid nose and renal agenesis
in the presence or absence of anorectal malformations
and without intellectual disability [1, 2]. A bifid nose is
a congenital malformation caused by paired nasal pro-
cesses that fail to fuse to a single midline organ in early
gestation [2]. BNAR can be triggered by homozygous
or complex heterozygous variants in the FREMI gene,
which encodes a basement membrane protein that may
play a role in craniofacial and renal progress [1, 2].
FREM1 encodes FRAS1-related extracellular matrix
(ECM) protein 1, which belongs to the FRAS1/FREM
family of ECM proteins, and is localized to the sublamina
densa of epithelial basement membranes during embry-
onic development in mammals [3]. FREM1 forms a ter-
nary complex with other ECM proteins, such as FRAS1
and FREM2 [4]. This ternary complex is important for
maintaining epithelial-mesenchymal cohesion during
embryonic development in mammals [3]. FREM1 patho-
genic variants in humans are predicted to disrupt inter-
actions with proteins in this complex, without reducing
the expression levels of FRAS1 and FREM2 [5]. Disrup-
tion or loss of the ternary complex decreases epithelial-
mesenchymal adhesion during development, and the
subsequent generation of characteristic clinical manifes-
tations are related to Fraser syndrome and FREM1 auto-
somal recessive conditions [6]. Recently, only 13 cases of
BNAR syndrome from five unrelated families have been
reported to have mutations in FREM]I [1, 2, 7, 8]. How-
ever, genotype-phenotype relationships may not exist in
view of the rarity of the condition and the limited num-
ber of described variants.

This study describes a Chinese fetus with BNAR that
exhibited a typical clinical phenotype associated with
BNAR, in addition to a clinical symptom that has not
been previously reported. The variant was functionally
characterized using a minigene assay, which revealed
variant-induced abnormal splicing events. Our findings
clarify the pathogenicity of the splice variant, expand the
clinical spectrum of BNAR-related phenotypes, and pro-
vide evidence for subsequent pregnancies in patients.

Materials and methods

Clinical examinations

The Chinese family member was recruited the Affiliated
Women and Children’s Hospital of Ningbo University,
Ningbo, China. Figure 1A shows the family pedigree.
The proband was a fetus suspected of suffering from
intracranial hemorrhage, fetal left renal hydronephro-
sis, and upper ureteral obstruction based on a prena-
tal ultrasound at 32 weeks of gestation (Fig. 1B, C). Left
hydronephrosis was confirmed using magnetic resonance
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imaging (MRI) at 32 weeks and 2 days of pregnancy, and
hydrocephalus, intracerebral hemorrhage into the left
ventricle, left subdural hemorrhage, and subarachnoid
hemorrhage were observed (Fig. 1D, F). The parents were
non-consanguineous. This was their first pregnancy and
there was no relevant family history. After being com-
pletely informed about the fetal prognosis and under-
going genetic counseling, the couple was requested to
terminate the pregnancy at 33 weeks and 2 days. The
male fetus weighed 2,700 g and had a bifid nose. Upon
external examination, all other parts were normal
(Fig. 1G). Whole-exome sequencing (WES) analysis was
executed using DNA extracted from the fetus’s muscle
tissue and the parents’ blood. This study was approved by
the Affiliated Women and Children’s Hospital of Ningbo
University Committee. Informed consent was obtained
from the parents (approval number: EC2023-094).

Whole-exome sequencing

Genomic DNA (gDNA) was extracted from muscu-
lar tissue from the fetus and peripheral blood from the
parents according to the manufacturer’s instructions
(Qiagen, Hilden, Germany). WES was conducted using
the JunoXome OmniSeek v1 Kit (Twist Bioscience, San
Francisco, CA, USA) and the MGISEQ-T7 platform
(BGI, Shenzhen, China). Raw sequencing reads were
aligned to the human reference genome, GRCh38/hg38,
using Burrows-Wheeler Aligner(BWA). Single nucleo-
tide variants (SN'Vs), insertions and deletions (INDELs )
were called using the Genome Analysis Toolkit (GATK)
HaplotypeCaller instrument and sentieon (2021.12). The
identified variants were annotated using VEP (v105) and
ANNOVAR (v2022.6.8) software. Notably, each vari-
ant was compared against public databases, including
gnomAD (https://gnomad.broadinstitute.org/), the 1000
Genomes Project (https://www.internationalgenome.
org/), and the Single-Nucleotide Polymorphism Datab
ase (dbSNP, https://www.ncbi.nlm.nih.gov/snp/). The
effects of selected variants were predicted using SIFT,
PolyPhen-2, Mutation Taster, SPliceAl, Human Splicing
Finder (HSF), REVEL, and CADD. The classification of
variants was performed based on the variant interpreta-
tion guidelines of American College of Medical Genetics
and Genomics (ACMG) [9, 10].

Sanger sequencing

Potential causative variants were further validated using
Sanger sequencing. The following primers were used:
FREMI-F, 5-TTGTTGTAGATGAGGGCTGCT-3’ and
FREMI-R, 5-ATTAAGCATGACCTGGCCAATCGC
T-3', based on the FREM1 variant, c.3274+4 A >G. The
polymerase chain reaction (PCR) products were purified
using a TIANgel Midi Purification Kit (TianGen, Bei-
jing, China). The products were analyzed using a 3500DX
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Fig. 1 Clinical features and sequence analysis of patients with FREM] variants. A Family pedigree. B-C Fetus ultrasound image at 32 weeks gestation
shows that the left renal pelvis of the fetus was separated 12 mm, the upper ureter showed “beak-like changes’, the posterior angle of the right lateral
ventricle (LV) of the fetus reaches approximately 18 mm, the posterior angle of the left LV reaches approximately 32 mm, the third ventricle is dilated, and
the widest part is 5.1 mm. A heterogeneous, slightly hyperechoic area measuring 67 x 28 mm was detected in the left cerebral parenchyma of the fetus,
with partial cystic characteristics. D-F At 32*2 weeks of amenorrhea, the magnetic resonance image of the fetus shows a patchy area of a short T1 and
prolonged T2 signal in the left LV near the fetal brain, with unclear boundaries and intrusion into the left LV. The left LV shows cistern-like and finger-like
hydrops dilating and changing. The posterior horn is approximately 36 mm wide, while the posterior horn of the right LV is approximately 14.5 mm wide.
The third ventricle shows cyst-like dilatation, with the midline structure slightly displaced to the right. The corpus callosum is visible. Short T1 signal shad-
ows are observed on the lateral subdural and cerebral surfaces. The lower hemispheres of the cerebellum are clear, the vermis of the cerebellum is visible,
and the hydrophilic expansion of the adjacent ventricles is visible. The subarachnoid space is widened in the posterior fossa. No obvious abnormality was
found in the structure or signal of the cerebellar parenchyma. G The fetus following pregnancy termination at 33*? weeks gestation shows a bifid nose.
H Sanger sequencing revealed a homozygous splice variant, c.3274+4 A> G, of the FREM1 gene in the proband. The mother and father were found to be

heterozygous for this variant. The red arrow indicates the variant

Capillary Sequencer (Applied Biosystems, Foster City,
CA, USA). The sequences were analyzed using Sequenc-
ing Analysis Software 6 (Applied Biosystems).

Construction and splicing analysis of the minigene

Wild-type (wt) FREM1 was obtained by nested PCR
using genomic DNA as the template. Deletion muta-
tions were introduced using a pair of primers. Mutant
(mut) FREM1 was amplified using overlap extension
PCR. The PCR products were digested with restriction
enzymes before being ligated into the restriction sites
of pcMINI (Bioeagle Biotech Company Ltd., Wuhan,
China) and pcMINI-C to produce the recombinant

plasmids pcMINI-FREMI-wt/mutant and pcMINI-
C-FREMI-wt/mut. The recombinant plasmids were
ligated overnight at 4 °C and then delivered to com-
petent Escherichia coli DH5a cells. After 12 h, colony
PCR was performed to verify the structures of the
required base variations. To confirm this variation, the
plasmids were sequenced. A Rapid Plasmid Mini Kit
(Sigma Aldrich, St Louis, MO, USA) was used for plas-
mid extraction, according to the manufacturer’s speci-
fications. The recombinant plasmids were transiently
transfected into HEK-293T and HeLa cells using
Liposomal Transfection Reagent (SIMGEN, Hang-
zhou, China). Total RNA was extracted 2 days after
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transfection using TRIzol reagent (TaKaRa, Dalian,
China). cDNA was amplified using a reverse transcrip-
tion kit (YESEN, Shanghai, China) according to the
manufacturer’s guidelines. The amplification prod-
ucts were subjected to 2% agarose gel electrophoresis
and confirmed by Sanger sequencing. Table 1 lists the
primer sequences used in the minigene assay.

In vivo reverse transcription splicing analysis

Total RNA was obtained from fetal muscular tissues
and controls (muscle tissue from an induced abortion
fetus at the same gestational age without pathogenic
FREM1 gene variants) using a MiniBEST Universal
RNA Extraction Kit (TaKaRa, Dalian, China) according
to the manufacturer’s instructions. cDNA was reverse
transcribed using a reverse transcription kit (TaKaRa,
Dalian, China). The designed primers (FREMI-F1:
5-CTCAGAGGCCGTGACATACA-3', FREMI-R1:
5-GGCTGGCTGCTTATTCTCAG-3’) were used for
nested PCR with the reverse-transcribed cDNA as a
template. The amplified products were subsequently
subjected to further amplification using the prim-
ers FREM1-F2: 5'-CCCAATCCATCTGTTCCACT-3’
and FREMI-R2: 5'-AGCGCTGATGATGGAAGAGT
C-3’). The PCR products were identified by electro-
phoresis on a 2% agarose gel and confirmed by Sanger
sequencing.

Protein 3D structure analysis

The structure of human FREM1 was used as a tem-
plate. The wt and mut FREM1 structures were pre-
dicted using AlphaFold3 [11]. The predicted tertiary
structures were observed and aligned using the PyMol
molecular visualization tool.

Table 1 Confirmation of the primers used for the minigene
assay
Primer name

Sequences (5'-3')

FREM1-MINI-BamHI-F
FREM1-MINI-Xhol-R

FREM
FREM

I

I-mut-F
J-mut-R
FREMT-MINI-C-Xhol-R
FREM1-MINI-C-Kpnl-F
FREM1-61318-F2
FREM1-61000-F1
FREM1-64320-R1
FREM1-64148-R2
FREM1-63389-R3
pcMINI-F
pcMINI-R
pcMINI-C-F
pcMINI-C-R

GCTCGGATCCttaaccttatttgcttttta
tttcCTCGAGcttttaaaccattctttctt
GCATAAGTATAGgtaggctgtagcttcgtca
tgacgaagctacagcctacCTATACTTATGC
AGACTCGAGAGTAATATTCTGCACTACAAA
ggtaGGTACCaattccataggtcaaagtaa
gggacaaggacaacattgca
ATACCCAGTAGACAACCAGC
agaagccccgaccctaggea
acatagccttccccactcc
caaggtgctggattgagtgg
ACTTAAGCTTatgagtgggctttggggtggccggtt
GCCCTCTAGActggtcattccggctc
ACTTAAGCTTatgagtgggctttggggtggccggtt
TAGAAGGCACAGTCGAGG
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Preimplantation genetic test for monogenic disorders
(PGT-M) and prenatal genetic diagnosis

Whole-genome amplification (WGA) was performed on
biopsied trophectoderm (TE) cells (approximately 5-8 cells)
from each embryo using the multiple displacement ampli-
fication (MDA) method (REPLI-g Single Cell MDA kit,
Qiagen, Germany) [12]. The whole-genome products were
then purified using a DNA Clean-up Kit (CWBIO, Jiangsu,
China). In addition to agarose electrophoresis, nanodrop
quantification was used to determine the DNA quality. Each
biopsy from the TE was added to MDA lysis buffer within
PCR tubes for WGA and follow-up tests. In addition to
Sanger sequencing, PCR amplification was performed to
verify the FREM1 ¢.3274 + 4 A > G variant in WGA and
coupled products.

To avoid the misdiagnosis of allele dropout (ADO) and
homologous reintegration of chromosomes, next-genera-
tion-sequencing-based haplotyping was performed using
SNPs in the 2 Mb area flanking the target gene.

For TE specimens, low-depth whole-genome sequenc-
ing was performed for chromosome analysis. The DNA
sequencing library was formulated without modifica-
tions, as previously described, using a gene sequencing
library kit (Yikon Genomics, Shanghai, China). Libraries
were sequenced on a MiSeq Dx platform using MiSeq
Reagent Kit v3 (Illumina, San Diego, CA, USA). For
CNV analysis, the FASTQ files were uploaded to the
ChromGO platform. Within each embryo, duplications
or deletions of more than 4 Mb were reported as cali-
brated reads. When the analysis was completed, the final
results, such as quality control details and CNVs, were
output.

Following the genetic diagnosis, embryo transfer
was performed at our reproductive medical center. The
selected embryo was delivered, resulting in an excellent
pregnancy. Prenatal diagnosis was made through amnio-
centesis during the second trimester. Sanger sequencing,
WES, karyotyping, and chromosomal microarray analy-
sis (CMA) of amniotic fluid cells were used to validate
the mutated FREM 1 allele and chromosomal normality.

Results

Genetic analysis

WES revealed that the proband harbored a homozy-
gous variant, ¢.3274 + 4 A > G, in intron 18 of FREMI
(NM_001379081.2). Sanger sequencing confirmed bipa-
rental inheritance (Fig. 1H). SpliceAl software predicted
an acceptor loss score of 0.73, which reflects potential
mRNA splicing. The variant has already been listed in
gnomad v4.1.0, with an allele frequency of 0.00004539 in
East Asia, and was previously described as a compound
heterozygous variant with ¢.2078 + 1G > T in individu-
als with BNAR [8]. According to the ACMG criteria,
the ¢.3274 + 4 A > G variant was initially categorized as
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having uncertain significance (PM2_Supporting, PM3,
and PP3).

Minigene splicing assay

To describe the influence of the variant at the mRNA
level, we first implemented an in vitro minigene splic-
ing assay. The minigene for pcMINI-FREMI-wt/mut was
constructed by inserting part of intron 17 (391 bp), exon
18 (186 bp), and part of intron 18 (593 bp) into pcMINI
(Fig. 2A). To determine whether the mutation affected
the splicing of exon A-exon 18-exon B, pcMINI-FREM -
wt and pcMINI-FREMI-mut plasmids were transiently
transfected into 293T and HeLa cells. Total RNA derived
from cells transfected with pcMINI-FREM 1-wt generated
a 435 bp PCR product suggesting normal mRNA splicing.
However, cells transfected with pcMINI-FREMI-mut
generated a shorter product (255 bp; Fig. 2B). The mutant

A ST TS SBATE § §C

TATTGGC ATAAGTA
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plasmid sequence showed that the ¢.3274+ 4 A > G muta-
tion led to the complete deletion of exon 18, with cDNA
and protein present as ¢.3089_3274del (p.Gly1030_Ile-
1091del) (Fig. 2C). Sequencing results validated the tar-
get segment of pcMINI-FREMI-wt/mut (Fig. 2D). The
minigene for pcMINI-C-FREMI-wt/mut achieved con-
sistent results (Fig. 3).

Moreover, we performed reverse transcription PCR
(RT-PCR) splicing analysis in vivo. The WT sample pos-
sessed a single longer amplicon spanning approximately
528 bp, whereas the proband had a shorter amplicon
(Fig. 4A). Sequencing analysis of the normal and short-
sized bands confirmed the deletion of 62 amino acids in
exon 18 of the shorter segment (Fig. 4C). Skipping exon
18 did not cause subsequent changes in the reading
frame, but resulted in an internal loss of 62 amino acids,

¢.3274+4A>G

Tac 6T AR

6 CTGTAGC TTCGT CACCAGCARA

TGACTCCCTTCC

mut

CTGTAGCTTCGTCACCAGCAATGACTCCCTTC

B C
=— ExonA — Exonl8 — ExonB ==

ExonA

b ExonA

g

192bp 186bp 57bp

I
’
/

a ExonA ’ " Exonl8’ ‘ExonB

Exonl8 ExonB

CT CCAT GGCCTAGACAAGGT CCC GT 6T TT GT T GTA

GGCATAAGTATAGGAGCTCATT GGTGCAACE

ammmm&mmwmmwmm

ExonA

ExonB

GCCGAGAT GGACCAGATACT CCATGGCCT

AGACAAGGAGCT CATT GGT GCAACGGBCAGGGAAGCT GCA

Fig. 2 Results of the pcMINI vector minigene assay. A Sequencing results showed that the target segment of the pcMIN-FREMT-wt/mut minigene was
successfully introduced. B The pcMINI-FREMT-wt/wt plasmids were transfected into 293T and Hela cells. Gel electrophoresis of the reverse transcription-
polymerase chain reaction (RT-PCR) products show that the size of the wild-type product exceeded that of the mutant. C lllustration of the mini-gene
construction and the c.3274+4 A> G variant-related abnormal splicing. The arrow indicates the location of the c.3274+4 A> G variant. D The minigene
product sequencing outcomes were: a the wild-type minigene (pcMINI-FREM1-wt) formed a normal mRNA consisting of exon A, exon 18, and exon B and
(b) the mutant mini-gene (pcMINI-FREM1-mut) triggered a splicing anomaly, triggering the deletion of exon 18
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Fig. 3 Results of the pcMINI-C vector minigene assay. A Sequencing results showed that the target segment of the pcMIN-C-FREMT-wt/mut minigene
was successfully introduced. B pcMINI-C-FREM 1-wt/wt plasmids were transfected into 293T and Hel a cells. Gel electrophoresis of the RT-PCR products:
the size of the wild-type band exceeded that of the mutant. C Schematic diagram of mini-gene construction and the c3274+4 A>G variant-related
abnormal splicing. The arrow indicates the location of the c.3274+4 A>G variant. D The minigene product sequencing results were: a the wild-type
minigene (pcMINI-C-FREM1-wt) formed a normal mRNA consisting of exon A, exon 18, and exon 19; b the mutant mini-gene (pcMINI-C-FREM1-mut) trig-

gered a splicing anomaly, triggering the exon 18 deletion

which may have produced a truncated protein with a
length of 2,117 amino acids (Fig. 4B).

Structural analysis of the identified FREM1 variant

We evaluated the effects of FREM1 variants on this pro-
tein using in silico methods. The FREM1 protein contains
12 chondroitin sulfate proteoglycan (CSPG) domains that
function in concert to endow the protein with the func-
tion of a cell surface receptor. Under normal circum-
stances, the CSPG domains form a sheet-like structure
interwoven by multiple B-sheets (as shown in the orange
part of Fig. 5A). However, due to the deletion of 62 amino
acids, the CSPG6 domain in the variant is severely dis-
rupted, retaining only a single p-sheet and presenting an
aberrant a-helix (Fig. 5B). In view of these outcomes, the
function of the protein encoded by the FREMI gene is
changed. Therefore, we speculated that this variant might
weaken the signal transduction ability of the protein

and impair FRASI/FREM complex interaction. Com-
bined with the functional experimental results, evidence
for the c.3274+4 A >G variant was upgraded to a likely
pathogenic variant (PVS1_Moderate, PM2_Supporting,
PM3, and PP4). The fetus was diagnosed with BNAR
based on the clinical phenotype and molecular genetic
manifestations.

PGT-M and prenatal diagnosis

The couple experienced a single pre-implantation genetic
test (PGT) cycle, in which four embryos (E1-4) ultimately
developed into blastocysts after intracytoplasmic sperm
injection. Following TE biopsy, 5-8 cells were used for
whole-genome amplification. No CNVs exceeding 4 Mb
or aneuploidies were found in E1 or E3. E2 was consid-
ered a mosaic embryo (Fig. 6A). Linkage analysis based
on pedigree SNP haplotypes showed that E1 inherited
pathogenic variants, and was not recommended for
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Fig. 4 Results of the minigene splicing assay in vivo. A Agarose gel elec-
trophoresis of RT-PCR products. The wild-type band is labeled @’ and the
proband bands are labeled “b” A longer amplicon of approximately 528 bp
observed in controls aligned with the anticipated band size. The b-band
(342 bp) is shorter than the a-band. B Schematic diagram of primer design
and the ¢3274+4 A>G-variant related aberrant splicing. The red arrow
denotes the variant position. C Sequencing analysis of splicing bands a
and b. Band a indicates for normal splicing, with the splicing mode as exon
17 (195 bp)-exon 18 (186 bp)-exon 19 (197 bp)-exon 20 (223 bp); band b
indicates aberrant splicing showing exon 18 skipping, with the splicing
mode as exon 17 (195 bp)-exon 19 (197 bp)-exon 20 (223 bp)

. CSPG6 domain

R\ Corrupted
et CSPG6 domain

Wild type

Mutant
¢. 3089_3274del p. Gly1030_Ile1091del

Fig. 5 The predicted three-dimensional structure of FREM1. A The struc-
ture depicts wild type FREM1 (orange denotes the CSPG6 domain). B The
amino acid sequence deletion as a result of the ¢.3089_3274del variant
is underscored in pink. The structure specifically highlights the corrupted
CSPG6 domain (only one beta fold was retained and an abnormal alpha
helix appeared) of FREM1
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Fig. 6 Prenatal genetic test for monogenic disorders of the embryos. A
Copy number variation (CNV) outcomes of the embryos. E1 and E3 are
euploid embryos. E2 exhibits mosaic monosomy of chromosome 21.
E4 shows a 20 Mb mosaic duplication of chromosome 9p23p21.1 and a
102.8 Mb deletion on chromosome 9, spanning from p13.1 to q34.3. B
Results of haplotype linkage analysis. The haplotype linkage analysis is
illustrated for family members and embryos. The left side displays the
reference SNP cluster ID numbers. The dark blue and orange ID numbers
indicate downstream and upstream informative SNPs, respectively. The
dark blue and dark orange bars signify the normal haplotypes of the moth-
ers and fathers, respectively. The blue bars full of slashes show the paternal
mutational haplotype, with the orange bars full of slashes signifying the
maternal mutational haplotype. E1 is the patient, E2 is a normal embryo,
and E3 is a paternal mutational carrier

transfer. E2 did not inherit pathogenic variants. E3 inher-
ited only the paternal risk allele and was classified as a
carrier embryo. E4 amplification failed (Fig. 6B). Sanger
sequencing of the four embryos yielded results concor-
dant with the haplotype analysis, with the exception of
an ADO event in E3. Additionally, E4 exhibited segmen-
tal deletions and duplications, alongside mosaic signals
across multiple chromosomes (Table 2).

Despite the ADO event, haplotype analysis defini-
tively confirmed embryo E3 as a heterozygous carrier
of the pathogenic variant. Given the autosomal reces-
sive inheritance pattern of BNAR syndrome, this carrier
embryo is clinically unaffected and suitable for transfer.
Exhibiting appropriate developmental progression and
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Table 2 Summary of the detection results of the four biopsied blastocysts

Embryo ID Biopsy date Gardner grade CNV analysis SNP haplotype Sanger
Sequenc-
ing

E1 D5 4BB 46, XN Patient c.804+2
T>C, ho-
mozygote

E2 D5 4BB 46, XN, -21(x1, mos, ~32%) Normal Normal

E3 D5 4BB 46, XN Paternal carrier ADO

E4 D5 4BB 46, XN, dup(9)(p23p21.1) Amplification failure Amplifica-

(~20.00 Mb,~60%),del(9)(p13.1q34.3) tion failure

(~102.80 Mb)

CNV copy number variant (detected using low-pass whole-genome sequencing), SNP single-nucleotide polymorphism (detected using multiplex polymerase chain

reaction and targeted next-generation sequencing)

morphological quality (Day 5 blastocyst, grade 4BB),
E3 was selected for implantation. Following compre-
hensive genetic counseling, the patient underwent a
single embryo transfer, resulting in a successful clini-
cal pregnancy. A prenatal test using amniocentesis
was performed at 19" weeks of age. WES and Sanger
sequencing showed heterozygous variations in FREMI
c.3274+4 A>G, but no chromosomal anomalies were
detected by karyotyping or CMA. Throughout the preg-
nancy, total ultrasonographic examination showed no
morphological fetal anomalies. The patient delivered a
full-term girl at full term at the Affiliated Women and
Children’s Hospital of Ningbo University. No anomalies
were observed during the examination of the newborn.
Until now, follow-up assessments at 6 months of age have
illustrated outstanding outcomes.

Discussion

FREM1I1 autosomal recessive diseases encompass
BNAR syndrome, Manitoba oculotrichoanal (MOTA)
syndrome, and isolated congenital anomalies of the
kidney and urinary tract (CAKUT) [1, 8, 13, 14].
MOTA is a rare disorder characterized by cryptoph-
thalmos; eyelid colobomas; microphthalmia/anoph-
thalmia; an abnormal hairline; a broad or bifid nasal
tip; and gastrointestinal abnormalities, such as anal
stenosis and omphalocele [13, 15]. For example,
Slavotinek et al. [15] reported that eye defects occur in
patients with MOTA syndrome, yet they have not been
reported in patients with BNAR. Conversely, renal
agenesis is a characteristic of BNAR, but has not been
detected in MOTA syndrome. FREMI-CAKUT has
been identified in individuals with renal hypodysplasia
and vesicoureteral reflux [14]. However, the incidences
of these syndromes have not been established [16].
Symptoms may vary in severity, even within the same
family. Usually, growth and psychomotor development
are normal. Since the discovery of BNAR in 2002, 14
patients have been reported, including our patient [1,
2, 7, 8]. Most cases present with a bifid nose (93.33%,

15/14); a short, thick oral frenula (66.67%, 4/6); renal
malformations (64.29%, 9/14); anorectal malforma-
tions (25%, 3/12); limb anomalies (25%, 3/12); airway
malformations (16.67%, 2/12); and delayed develop-
mental milestones (10%, 1/10). A bifid nose is the most
commonly reported symptom (Table 3).

The human FREM1I gene is located on chromosome
9p22.3 and contains 46 exons. FREM1 is expressed in
areas of epidermal-mesenchymal interplay and exhib-
its significant embryonic expression. The developing
nose is largely located in the epithelial-mesenchymal
transitional region at the two medial nasal processes
[17, 18]. The FREM1 protein contains a putative sig-
nal sequence, 12 CSPG repeats, a calx-P region, and a
C-terminal type C lectin-like region [2, 19]. Previously
published causative variants have been positioned
throughout the CSPG domains [7], and the ¢.3274 +
4 A > G variant identified in our case was located in
the sixth CSPG repeat. Pathogenic variants of FREMI
may disrupt CSPG domains and impair the interplay
between proteins of the FRAS1/FREM complex [4,
20, 21]. FREM1 plays a critical role in craniofacial and
renal development. Analysis of the mouse craniofa-
cial skeleton demonstrated that homozygous Frem1°*
mice exhibit a significantly shorter upper midface,
encompassing the nasal bone and premaxilla, as well
as slightly wider nasal bones, with heterozygous mice
displaying similar but less pronounced phenotypic
alterations [2, 5]. In addition, FREMI1 is sufficient to
induce cranial neural crest cell growth in a concentra-
tion-dependent manner, and Sonic Hedgehog signal-
ing pathway antagonism decreases Freml expression
levels in the etiology of midfacial hypoplasia [18].
These observations concur with the early expression of
Freml in developing facial prominences and the func-
tion of recessive FREM1 variants in BNAR syndrome.

In this study, we describe a Chinese patient affected
by hydrocephalus, cerebral hemorrhage, left hydrone-
phrosis, and dysmorphic features harboring a newly
described homozygous variant in the FREMI gene:
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Table 3 BNAR-related clinical manifestations and literature review
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References This study [1] [2] [7] [8]
No. of patients 1 4 5 2 1
Origin China Egypt Afghanistan; Turkey Germany
Pakistani
Consanguinity Non-consanguineous Consanguineous Consanguineous Consanguineous  NA
Gender Female 2 female, 2 male UK 1 female, 1 male  NA
Age range at last At 32 weeks of gestation At birth UK 12 years,22 years  NA
assessment
Fetus during pregnancy Intracranial hemorrhage, 3 normal, 1 severe Oligo- UK Tunilateral renal  Urogenital sinus
hydrocephalus, left hydramnios, prenatal ul- agenesis and hydronephrosis,
hydronephrosis, upper trasound revealed bilateral congenital heart  unilateral renal agenesi,
ureter obstruction renal agenesis disease, 1 normal hydrometrocolpos,
cloacal malformation
Bifid nose 1/1 4/4 5/5 2/2 0/1
Anorectal malformation  0/1 3/4 0/5 0/2 UK
Airway malformation 0/1 0/4 0/5 2/2 UK
Renal agenesis 11 4/4 2/5 1/2 11
Short, thick oral frenula UK 3/4 NA 1/2 UK
Limb anomalies 0/1 3/4 0/5 2/2 UK
Developmental UK 0/3 0/5 1/2 UK
milestones
Variant Cc3274+4 A>G €2721delG(p.Vo085fsX17) 1945 C>T E19-30del c2078+1G>T(p.2)/
(pR649W); €3274+4 A>G(p.?)
c4318G>A
(0.G14405)
Genotypes Homozygotes Homozygotes Homozygotes Homozygotes Compound
heterozygote
Variant consequences  Splicing Frameshifts Missense Microdeletion Splicing

UK unknown

c.3274 + 4 A > G. SpliceAl, RT-PCR, and minigene
array analyses were performed to explore the etiol-
ogy of the splicing variation. The variant led to a 63
bp deletion and skipping of exon 18. Using Alpha-
Fold predictions, an approximate model of the over-
all structure was obtained. It largely consisted of 12
B-strands. Specifically, the ¢.3274 + 4 A > G variant
disrupts the CSPG6 domain, providing robust evi-
dence that it is an in-frame deletion that alters the
protein length and contributes to the pathogenesis of
BNAR. Notably, Koenigbauer et al. reported a case
involving a complex variant of ¢.3274 + 4 A > G and
c.2078 + 1G > T that exhibited hydronephrosis, cloacal
malformation, urogenital sinuses, hydrometrocolpos,
and unilateral renal agenesis [8]. Yang et al. [22] oob-
served that pathogenic variants of FREMI were related
to acute prenatal hydrocephalus and shortened limbs
in prenatal patients. However, the prenatal phenotypes
of cerebral hemorrhage detected by ultrasound in our
patient did not overlap with those of BNAR or MOTA
cases, as reported in previous cases of homozygous or
compound heterozygous variants of the FREM1 gene.
Overall, the pathogenicity of the ¢.3274 + 4 A > G vari-
ant has been reclassified as likely pathogenic. Herein,
we report a fetal case homozygous for this variant,

expanding the phenotypic spectrum of BNAR syn-
drome to include a novel manifestation of intracranial
hemorrhage. While FREMI mutations are classically
associated with epithelial and craniofacial anomalies,
the observed intracranial hemorrhage suggests an
underrecognized role in vascular integrity. We hypoth-
esize two potential mechanisms for this novel central
nervous system phenotype. First, given the essential
function of the FREMI1 protein in anchoring base-
ment membranes via the FRAS1/FREM complex, its
disruption may directly compromise the structural sta-
bility of the cerebrovascular endothelium, predispos-
ing developing blood vessels to spontaneous rupture
[3]. Second, alternative splicing of FREM1 produces
the TILRR isoform, a co-receptor critical for interleu-
kin-1 signaling [23]. Pathogenic variants disrupting
this pathway could induce localized neuroinflamma-
tion or endothelial dysfunction, further exacerbating
vascular fragility. Future functional studies examining
neurovascular basement membrane. To date, only Six
FREM1 variants have been associated with BNAR, and
the genotype-phenotype correlation remains unclear
(Table 3). Following the proband’s diagnosis of BNAR,
the couple selected PGT-M and prenatal diagnosis



Yan et al. BMC Medical Genomics (2026) 19:80

to prevent the delivery of specific variants to their
offspring.

Our study has some limitations, such as missing
information about detailed postmortem investigations
and developmental assessments. This issue must be
addressed in future studies. Our findings confirm the
demand for a molecular genetic diagnosis of BNAR.
Minigene assays contribute to the characterization of
cases of abnormal splicing due to candidate splicing
variants. Trio-WES is a valid high-throughput method
for diagnosing BNAR and other ultrasonic structural
abnormalities.

Conclusions

We report that a homozygous variant of the FREM1 gene,
€.3274+4 A > G in a Chinese fetus with BNAR. This vari-
ant affects normal mRNA splicing, which may contribute
to the progression of fetal BNAR. Follow-up functional
research is required to provide in-depth evidence based
on the assumption that the ¢.3274+4 A >G variant may
disrupt the maintenance of normal FREM1 protein func-
tion and stability, leading to BNAR.

Abbreviations

BNAR Bifid nose with or without anorectal and renal anomalies
ECM Extracellular matrix

MRI Magnetic resonance imaging

WES Whole-exome sequencing

gDNA Genomic DNA

SNVs Single nucleotide variants
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GATK Genome Analysis Toolkit

HSF Human Splicing Finder

ACMG American College of Medical Genetics and Genomics
PCR Polymerase chain reaction

PGT-M Preimplantation genetic test for monogenic disorders
WGA Whole-genome amplification

TE Trophectoderm

MDA Multiple displacement amplification

ADO Allele dropout

CMA Chromosomal microarray analysis

CSPG Chondroitin sulfate proteoglycan

MOTA Manitoba oculotrichoanal

CAKUT  Congenital anomalies of the kidney and urinary tract
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