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Abstract
Background: Acid ceramidase (ACDase) deficiency is an ultrarare autosomal 
recessive lysosomal disorder caused by pathogenic N-acylsphingosine amidohy-
drolase (ASAH1) variants. It presents with either Farber disease (FD) or spinal 
muscular atrophy with progressive myoclonic epilepsy (SMA-PME).
Objective: The study aims to identify a novel splice site variant in a hydrops 
fetus that causes ASAH1-related disorder, aid genetic counseling, and accurate 
prenatal diagnosis.
Methods: We report a case of hydrops fetalis with a novel homozygous muta-
tion in ASAH1 inherited from non-consanguineous parents. We performed copy 
number variation sequencing (CNV-Seq) and whole exome sequencing (WES) on 
the fetus and family, respectively. Minigene splicing analyses were conducted to 
confirm the pathogenic variants.
Results: WES data revealed a splice site variant of the ASAH1 (c.458-2A>T), 
which was predicted to affect RNA splicing. Minigene splicing analyses found 
that the c.458-2A>T variant abolished the canonical splicing of intron 6, thereby 
activating two cryptic splicing products (c.456_458ins56bp and c.458_503del).
Conclusions: Overall, we identified a novel splice site variant in the mutational 
spectrum of ASAH1 and its aberrant effect on splicing. These findings highlight 
the importance of ultrasonic manifestation and family history of fetal hydrops 
during ASAH1-related disorders and could also aid genetic counseling and ac-
curate prenatal diagnosis. To the best of our knowledge, this is the shortest-lived 
account of ASAH1-related disorders in utero with severe hydrops fetalis.
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1   |   INTRODUCTION

Acid ceramidase deficiency is an ultrarare autosomal reces-
sive lysosomal storage disorder caused by pathogenic vari-
ants of the ASAH1. Acid ceramidase (ACDase, EC 3.5.1.23) 
enzyme, which is usually responsible for the degradation 
of ceramide to sphingosine and free fatty acids within ly-
sosomes, is ubiquitously expressed and localized in lyso-
somal and endosomal compartments. ACDase, encoded by 
ASAH1, is located on chromosome 8p21.3/22, which spans 
approximately 30 kb and comprises 14 exons and 13 introns. 
Its full-length cDNA comprises a 1185 bp open reading 
frame corresponding to a primary translation product of 395 
amino acids (Koch et al., 1996; Su et al., 2021).

Variations in lysosomal ACDase cause ceramides to 
accumulate inside lysosomes of various tissues. The most 
common phenotype of ASAH1 defects, namely Farber 
lipogranulomatosis (OMIMI #228000), is characterized 
by typical symptoms, including early-onset subcutane-
ous nodules, painful and progressively deformed joints, 
hoarseness by laryngeal involvement, as well as various 
combinations of respiratory, adult-onset peripheral oste-
olysis, and central and peripheral nervous system man-
ifestations. Spinal muscular atrophy with progressive 
myoclonic epilepsy (SMA-PME, OMIM #159950), the 
less prevalent phenotype, is characterized by the child-
hood onset of proximal muscle weakness and muscular 
atrophy due to the degeneration of spinal motor neurons, 
followed by onset of myoclonic seizures. Disseminated li-
pogranulomatosis was first identified in a 14-month-old 
infant in 1947 and was later linked to pathogenic variants 
of the ASAH1 in 1996 (Alayoubi et al., 2013; Farber, 1952). 
Numerous techniques have been developed for the diagno-
sis of FD. These include genetic testing to verify the patho-
genic variants of ASAH1 and/or measuring the activity of 
the ACDase enzyme in blood leukocytes or cultured fibro-
blasts. According to clinical reports, ACDase deficiency is 
extremely rare, with only about 200 FD patients reported 
in the literature so far (Burek et al., 2001; Yu et al., 2018). 
Most clinical phenotypes and disease progression have 
only been reported in children and adults. At present, the 
FD case with the shortest survival time is a female preterm 
infant at 29 weeks of gestation in 1996, who manifested 
severe hydrops fetalis and died 3 days after birth, and ce-
ramide depositions in the spleen and cultured fibroblasts 
were observed (Schäfer et al., 1996).

Here, we present the case of a 13-week-old fetus from 
China, who presented with severe hydrops fetalis, ab-
normal cardiac structure, arrhythmia, and bradycardia. 
Genetic analysis revealed a novel homozygous mutation 
(c.458-2A>T) in ASAH1 that was inherited from non-con-
sanguineous parents. Minigene splicing analyses revealed 
that the c.458-2A>T variant abolished the canonical 

splicing of intronic 6, thereby leading to the activation 
of two cryptic splicing products, namely a 56 bp inser-
tion and exon 7 deletion, which caused either truncation 
or skipping of the downstream exon accompanied by a 
loss-of-function mechanism. Our findings highlight the 
importance of ultrasonic manifestation and family history 
of fetal hydrops during ASAH1-related disorders.

2   |   MATERIALS AND METHODS

2.1  |  Samples

The index proband was a 14-gestational-week fetus 
with severe hydrops, which was the fourth pregnancy 
of the 29-year-old woman, who had a 9-year-old child, 
a previously induced termination of pregnancy due to 
nonmedical reasons, a history of fetal hydrops, and death 
in the uterus at 13 weeks of gestation, but without genetic 
tests (Figure  2a). The couple was non-consanguineous 
and healthy. Results from a first-trimester ultrasound, 
performed at 13 weeks of gestation, indicated that the 
index fetus had increased nuchal translucency (NT) 
thickness of 6.7 mm, severe hydrops fetalis, cardiac 
anomalies, arrhythmia, and bradycardia (65 beats/min). 
Despite the urgency of the current situation, the parents 
opted not to pursue invasive diagnostic testing to further 
analyze chromosome abnormalities. Upon their second 
visit to our center, it was evident that the fetus had died 
in utero at a gestational age of 14 weeks. The pregnancy 
was terminated. Macroscopic examination revealed 
moderate postmortem changes in a male fetus, with 
severe internal hydrops and two vessels in the umbilical 
cord. The parents did not consent to the autopsy and only 
allowed the collection of partial tissue for genetic analysis. 
DNA was extracted from the tissues and peripheral blood 
of the parents using the Qiagen DNA Blood Midi/Mini 
Kit (Qiagen GmbH, Hilden, Germany) according to the 
manufacturer's instructions.

2.2  |  Karyotype and copy number 
variation sequencing (CNV-seq)

To determine the karyotype of the parents' peripheral 
blood, we used colchicine to arrest samples at metaphase 
via conventional karyotyping. Next, we performed 
G-banding karyotyping at the 320–400 band level by 
analyzing 10 split phases. Briefly, genomic DNA was 
fragmented and libraries were constructed by end filling, 
adapter ligation, and PCR amplification. DNA libraries 
were subjected to CNV-seq on a NextSeq 500 platform 
(Illumina, San Diego, CA, USA). Next, we uniquely and 
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precisely mapped a total of 2.8–3.2 million reads onto the 
hg19 genomic sequence as a reference using the Burrows–
Wheeler algorithm. Chromosome profiles were plotted as 
copy numbers (Y-axis) relative to 20 kb count windows 
(X-axis). Identified and mapped CNVs were queried 
against publicly available databases, including Decipher, 
Database of Genomic Variants (DGV), 1000 genomes, 
and Online Mendelian Inheritance in Man (OMIM), and 
pathogenicity was evaluated according to the guidelines 
outlined by the American College of Medical Genetics 
(ACMG) for the interpretation of sequence variants.

2.3  |  Whole exome sequencing

Whole exome sequencing (WES) of the DNA libraries was 
performed using the Hiseq XTen platform (Illumina, Inc., 
San Diego, CA, USA) to generate 150-bp pair-end reads. 
Raw reads were filtered and aligned to the human reference 
genome (hg38/GRCh38). The BAM files were generated 
by SNP analysis, duplication marking, indel realignment, 
and recalibration using GATK and SAMtools. The minor 
allele frequencies (MAFs) of all known variants were 
annotated according to the 1000 Genome Project, dbSNP 
EVS, ExAC, and gnomAD databases. Databases such as 
OMIM and ClinVar, multiple computational algorithms 
were used to predict the biological effects of candidates 
including SIFT, Human Splicing Finder, PolyPhen2, 
MutationTaster, PROVEAN, CADD, and MaxEntScan. 
Variant pathogenicity was evaluated based on standards 
and guidelines outlined by the American College 
of Medical Genetics and Genomics (ACMG) (Zhou 
et al., 2020).

2.4  |  Sanger sequencing

DNA was isolated via standard procedures and purified 
using a QIAamp DNA Blood Maxi Kit (Qiagen, Hilden, 
Germany) according to the manufacturer's instructions. 
The final variant was verified via Sanger sequencing 
using the following primers: F: GTCCC​TCT​TGT​CTC​
AGC​ACTCA and R: GGTGA​AGG​CTT​AGG​ATA​TTA​
GGATG. PCR was performed using standard methods. 
PCR products were then purified and sequenced on an 
ABI 3730 DNA Analyzer using BigDye Terminator v3.1 
(Applied Biosystems).

2.5  |  Minigene analysis

The variant was subjected to in  vitro minigene splicing 
assay as previously described (Richards et  al.,  2015). 

Summarily, wild-type (WT) and mutant-type (MT) 
forms of the minigene regions, encompassing exons 6–8 
as well as introns 6 and 7 of ASAH1, were amplified via 
nested polymerase chain reaction (Nested PCR) from 
the proband's genomic DNA. The primer pairs used for 
amplification were 5′-GAATG​GAG​TTT​CTT​GGCAGC-3′ 
and 5′-CAACC​ATG​CGC​TTT​AAGGCC-3′, 5′-CCTGC​
CCA​GAT​GTT​CAGCT-3′ and 5′-AGATT​GTG​ACT​CCC​
AGCCCT-3′. PCR products were cloned into a pcDNA3.1 
reporter vector (Life Technologies, New York, USA) and 
double digested using KpnI and EcoRI enzymes. PCR 
and Sanger sequencing were used to verify the WT and 
MT expression plasmids prior to selection for subsequent 
transfection. Both 293T and HeLa cells were cultured and 
incubated for recombinant plasmid transient transfection 
with a Liposomal Transfection Reagent (40802ES03, 
YEASEN, Shanghai, China), as previously described 
(Richards et  al.,  2015). Next, total RNA was extracted 
from cells after 48 h using TRIzol reagent (Cowin Biotech 
Co., Jiangsu, China) according to the manufacturer's 
instructions. Reverse transcription-PCR (RT-PCR) was 
performed using the primer pair 5′-CTAGA​GAA​CCC​ACT​
GCTTAC-3′ and 5′-TAGAA​GGC​ACA​GTC​GAGG-3′. PCR 
fragments gene isoforms were determined via agarose 
gel electrophoresis and Sanger sequencing, respectively. 
Thereafter, the nucleotide sequence was translated into a 
protein sequence using the Expasy-translate tool (https://​
web.​expasy.​org/​trans​late/​), followed by analysis of the 
effect of the mutation on translation.

3   |   RESULTS

3.1  |  Clinical features

The first-trimester ultrasound scan showed that a 
13-gestational-week fetus had an increased NT thickness 
6.7 mm, accompanied by severe hydrops fetalis, cardiac 
anomalies, arrhythmia, and bradycardia (65 beats/min). 
Doppler ultrasonography revealed a ductus venosus alpha 
wave (Figure 1).

3.2  |  Karyotype, CNV-seq, and 
WES profiles

Karyotype results in this couple, and the CNV-seq 
profile of the fetus did not reveal any abnormalities. 
Consequently, the family consented, and we performed 
trio-WES and identified a novel homozygous c.458-
2A>T variation in ASAH1 (NM_177924.5) in the 
proband. However, both the unaffected parents were 
heterozygous. No other suspected variants were 

https://web.expasy.org/translate/
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identified. The family pedigree is shown in Figure  2a. 
Sanger sequencing confirmed the presence of the 
ASAH1 variant (Figure 2b). The c.458-2A>T variant has 
never been reported in any public database (gnomAD, 
1000Gennome, ExAC, EVS). Next, we employed 
SPIDEX, dbscSNV, spliceAI, NetGene2, and Beef Data 
and Genomics Programme databases to predict that the 
splice site variant (c.458-2A>T) in ASAH1 abrogated the 
intron 6 canonical splice site. ACMG guidelines suggest 
that it is likely to be pathogenic (PVS1 + PM2 + PM3_S) 
(Zhou et al., 2020).

3.3  |  The pathogenic ASAH1 c.458-2A>T 
gene variant

A schematic representation of the minigene vector 
construct is shown in Figure 3a. RT-PCR results revealed 
a single band for WT and two bands for MT both in HeLa 
and 293T cells (Figure  3b). Sanger sequencing results 
revealed normal splicing in the WT, but aberrant splicing 

of MT-A and B, which resulted in the insertion of 56 
nucleotides (lower band B) or skipping exon 7 (upper 
band A) (Figures 3c). The minigene splicing assay results 
suggested that the c.458-2A>T substitution could abrogate 
the intron 6 canonical acceptor splice site and activate two 
cryptic sites in exon 6, which is predicted to cause a 56 bp 
insertion (c.456_458ins56bp p.Gly152Alafs*4) and exon 7 
skipping (c.458_503del p.Gly153*4) (Figure 3d).

3.4  |  Bioinformatic analysis

To explore whether the 56 bp insertion or exon 7 skipping 
was associated with downstream ASAH1 dysregulation, 
we analyzed the coding potential of their sequences. The 
variation was first aligned back into the WT allele and 
deciphered by the central dogma. However, translation of 
the nucleotide to protein sequence revealed that not only 
did the 56 bp insertion induce a coding-frame shift leading 
to premature translational termination, but also the exon 
7 deletion incurred stop codons that interrupted the 

F I G U R E  1   Clinical presentation of the fetus with ASAH1-related disorder. (a) First trimester ultrasound showing increased NT 
thickness 6.7 mm (red arrow), severe hydrops fetalis, and cardiac anomalies. (b) Doppler ultrasound showed arrhythmia, bradycardia, and 
the ductus venosus alpha wave. The red arrow indicates the NT.
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translational process and resulted in truncated proteins 
(Figure 4).

4   |   DISCUSSION

Here, we describe a case of ASAH1-associated disease 
that presented as hydrops in the first trimester. The 
fetus was extraordinary because of its severe generalized 
edema with NT 6.7 mm at 13 weeks of gestation. After 

5 days, the fetus died in utero because of continued 
progress. After excluding thalassemia carriers from the 
parents, we subjected the fetus and parents to CNV-Seq 
and WES, respectively, and detected a novel splice site 
variant in ASAH1. This has not been previously reported 
in any public database or literature. According to ACMG 
guidelines, c.458-2A>T of ASAH1 is an acceptor variant 
2 bp upstream of exon 7, which causes truncation or 
skipping of the downstream exon. Results from minigene 
splicing analyses demonstrated that the c.458-2A>T 

F I G U R E  2   Pedigree and sequence analysis of the family. (a) The family pedigree. The black arrow indicates the proband. (b) The 
variant c.458-2A>T of ASAH1 was confirmed in the proband and non-consanguineous parents. The red arrows indicate variant site.
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variant abolished the canonical splicing of intron 6, 
thereby activating two aberrant splicing products, namely 
56 bp retention and exon 7 skipping. Predictions suggested 
that these aberrant splicing products can interrupt the 
translation process, resulting in truncated proteins. These 
findings reveal the characteristics of this novel splicing 
site variant in the mutational spectrum of ASAH1 in 
ASAH1-related diseases and its aberrant effect on splicing 
and are expected to aid genetic counseling and accurate 
prenatal diagnosis.

Previous studies have shown that variants of ASAH1 
result in a lack of ACDase activity and, in turn, cause 
a spectrum disorder that includes FD and SMA-PME 
(Zielonka et al., 2018). Both disorders are caused by vari-
ation in the ASAH1 sphingolipid metabolism that origi-
nates from a deficiency in lysosomal acid ceramidase, in 
an autosomal recessive manner. At present, only about 
200 cases with variants in ASAH1 have been identified, of 
which more than two thirds are associated with FD (Elsea 
et al., 2020; Yu et al., 2018). The most common manifes-
tations of classical FD usually occur within 4 months of 

birth and include the accumulation of joint contractures, 
progressive hoarseness of voice, formation of subcutane-
ous nodules, failure to thrive, and death at around 2 years 
of age. The clinical presentation of SMA-PME is variable 
and is characterized by childhood-onset progressive mus-
cle weakness and seizures (Kim et al., 2016).

In a mouse model, consecutive deposition of ceramide 
in tissues leads to multiple organ system pathologies, with 
potential impacts on the spleen, bone, central nervous sys-
tem, cartilage, immune system, lungs, and other internal 
organs (Alayoubi et al., 2013). The diagnosis of ASAH1-
related disorders is challenging mainly because of the 
complexity and variations in clinical symptoms. Patients 
may develop severe pathologies that lead to death during 
infancy or cardinal symptoms may take years to emerge, 
during which they are often initially misdiagnosed or not 
diagnosed until adulthood (Bonafé et  al.,  2016; Hugle 
et  al.,  2014). Ceramide, the main lipid accumulation in 
ASAH1-related disorders, was not identified until 1967, 
while ceramide metabolism disorder was caused by 
pathogenic variants of ASAH1 in 1996 (Koch et al., 1996; 

F I G U R E  3   Minigene assay for ASAH1 c.458-2A>T variant and schematic representation of the splicing pattern. (a) The construction 
of minigene vector. (b) RT-PCR results showing a single and two bands in the WT and MT, respectively (band a and b) in Hela and 293 T 
cell lines. (c) Minigene product sequencing demonstrated that the WT minigene formed normal mRNA, but the c.458-2A>T substitution of 
ASAH1 caused a splicing abnormality, which abrogate the intronic 6 canonical splice site and lead to activating two cryptic sites in exon 6, 
resulting in a 56 bp insertion (a) and exon 7 skipping (b); (d) Schematic representation of the splicing pattern in WT, MT-A, and MT-B.
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Prensky et al., 1967). Exome sequencing has been widely 
applied, either alone or in combination with biochem-
ical assays, to provide a conclusive diagnosis of ACDase 
deficiency. These results provide a better understanding 
of the pathogenesis, diagnosis, and treatment of indi-
viduals with ASAH1-related disorders (Gan et  al.,  2015; 
Teoh et al., 2016). Owing to scarce resources, the primary 
methods for diagnosing ASAH1-related disorders in un-
derdeveloped nations are clinical signs, enzyme activ-
ity measurements, and histological diagnoses (Schäfer 
et  al.,  1996; Van Lijnschoten et  al.,  2000). Although we 
did not perform an acid ceramidase enzyme activity as-
sessment on the patient in this study who presented with 
severe hydrops fetalis at 13 weeks of gestation, intrauter-
ine symptoms, ASAH1 sequencing, and coding potential 

prediction results strongly supported ASAH1-related dis-
order diagnosis.

ASAH1 is relatively small, comprising 14 exons 
that range between 46 and 1200 bp long (Schuchman 
et  al.,  2015). According to the NCBI ClinVar public ar-
chive, which contains deletion/duplication, CNVs and 
single nucleotide variants, 105 pathogenetic variations, 
and 48 likely pathogenic variations have been identified 
throughout ASAH1. Most of these variations appear to be 
missense mutations. Approximately, 10%–15% of these 
variants comprise different variations of splicing errors, 
most of which affect canonical splice sites at the exon/in-
tron boundaries and consequently lead to loss of protein 
function (Farber, 1952; Koch et al., 1996; Su et al., 2021). 
The ACDase was composed of an α (13 kDa) and a β 

F I G U R E  4   The ASAH1 c.458-2A>T variant results in premature stop codons and truncated proteins. (a) The translational process 
of WT, MT-A, and MT-B, both causing a premature stop codon at position 155. (b) WT protein, MT-A, and MT-B resulting in a truncated 
protein, and merge of the WT protein, MT-A, and MT-B proteins.
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(40 kDa) subunit, and the splice site c.458-2A>T that 
we reported was located in the region that encodes the 
β-subunit. (Alves et al., 2013; Bashyam et al., 2014; Elsea 
et al., 2020).

Little is known about the overall dynamics of ASAH1-
related disorder prevalence, mainly due to the extreme 
rarity of conditions (Yu et  al.,  2018). Notably, patients 
with mild or intermediate symptoms tend to live lon-
ger, with the oldest patient reported to be over 60 years 
of age. In more serious FD cases, the shortest-lived pa-
tients present with hydrops (Solyom et al., 2017). Of the 
two cases who presented with hydrops fetus, one was 
a 29-week-stillborn fetus with mild internal hydrops, 
foamy cells, and well-preserved spleen (Van Lijnschoten 
et  al.,  2000). The other case was a female preterm in-
fant, 29 weeks of gestation, with severe hydrops fe-
talis who died 3 days postnatum due to disseminated 
intravascular coagulation. Autopsy findings revealed 
an enlarged abdomen filled with hemorrhagic ascites, 
hepatosplenomegaly, and many white granulomas on 
the peritoneal surfaces of the liver, spleen, and lungs 
(Kattner et al., 1997; Schäfer et al., 1996). Genetic anal-
ysis revealed that the parents were ASAH1 mutations 
carrier (Bashyam et al., 2014). In addition to severe hy-
drops fetalis, cardiac abnormalities were observed by ul-
trasound in our report. We speculate that abnormalities 
of the heart may be related to increased nuchal translu-
cency (NT). Studies have reported that increased NT is 
likely to result from abnormal lymphatic development 
and is strongly associated with cardiac defects (Burger 
et  al.,  2015; Minnella et  al.,  2020). However, diverse 
clinical manifestations and progressive courses suggest 
that there maybe more variable forms of ASAH1-related 
disorders and that more careful clinical investigation is 
warranted.

Previous studies have shown that mice homozygous 
for the complete loss-of-function ASAH1 allele undergo 
apoptotic death at the two-cell stage due to the accumu-
lation of ceramide. These results indicate that ACDase 
expressed in human cumulus cells and follicular fluid, 
which are essential components of the environment 
and the level of expression is positively correlated with 
the quality of human embryos formed in  vitro (Eliyahu 
et al., 2007; Eliyahu et al., 2010). Our findings are in line 
with the above studies, which indicate that ACDase is es-
sential for oocyte and embryo survival, while complete 
loss-of-function variation in FD individuals may lead to 
early embryonic lethality. Importantly, ACDase is essen-
tial not only during early embryonic development but also 
during postnatal life. Previous studies have shown that 
suppression of ACDase activity contributes to lipid stor-
age disease, thereby inducing default apoptosis in cells 
(Eliyahu et al., 2007). As previously reported in two cases 

of fetal death, lipid storage disorders are fatal during em-
bryonic development. Studies have shown that surviving 
FD patients exhibit missense mutations that may be partly 
function preserved in ASAH1, rather than large fragment 
deletions, insertions, nonsense mutations, or frameshift 
mutations that cause complete loss-of-function (Bao 
et  al.,  2020; Elsea et  al.,  2020). Herein, we demonstrate 
that the acceptor splice site variant (c.458-2A>T) in intron 
6 of ASAH1 can cause truncation or exon skipping, which 
is typically accompanied by loss-of-function subsequently 
leading to severe hydrops fetalis and early embryonic 
lethality.

In recent decades, extensive progress has been made 
about ASAH1-related disorders diagnosis and treatment. 
Studies have shown that physical and anti-inflammatory 
therapies can be used to manage pain and mobility is-
sues, while surgical intervention can eliminate nodules 
in the hands and oral cavity when necessary (Mitchell 
et al., 2016; Moritomo et al., 2002). Another treatment op-
tion, hematopoietic stem cell transplantation (HSCT), has 
been shown to significantly alleviate pain and improve 
mobility in FD patients without CNS involvement (Ehlert 
et  al.,  2007). Remarkably, many other ongoing studies 
aimed to increase ACDase activity and decrease ceramide 
levels, as gene therapies using lentiviral or retroviral vec-
tors and enzyme replacement therapy (ERT) with recom-
binant human ACDase, and are expected to improve life 
expectancy in FD patients in the future (Pewzner-Jung 
et al., 2014; Schuchman et al., 2015). Gene therapies for 
monogenic lysosomal storage disorders are currently 
being tested in clinical trials (Huang et al., 2017; Tardieu 
et al., 2017).

Definitive diagnosis is very important since the varia-
tion in ASAH1 causes a spectrum disorder that includes 
FD and SMA-PME (Genovese et  al.,  2016). A broad age 
range at onset coupled with rapid disease progression may 
also be quite variable, even among individual patients. 
Exome sequencing, in combination with biochemical 
assays, is particularly informative for patients with non-
classical or mild symptoms (Gan et  al.,  2015; Zielonka 
et  al.,  2018). In the absence of biochemical assays, the 
symptoms, definitive genetic diagnosis, and in silico pre-
diction can be particularly significant for the diagnosis of 
related disorders, thus aiding genetic counseling for cou-
ples who prepare for pregnancy and prenatal diagnosis for 
the fetuses suspected to be inherited in utero.

5   |   CONCLUSION

Here, we present a case of ASAH1-associated disease pre-
senting with severe hydrops fetalis. These findings pro-
vide new insights into additional phenotypes and a novel 
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intronic pathogenic ASAH1 variant present in non-consan-
guineous parents that was found to have an aberrant effect 
on splicing. Collectively, these findings provide a better un-
derstanding of ASAH1-related disorders during prenatal ex-
amination and are expected to guide accurate diagnosis as 
well as genetic counseling for the family, which effectively 
blocks the transmission of genetic birth defects. Improved 
understanding of the disease will not only enable the iden-
tification and accurate diagnosis of more patients, but also 
effective management of the group.

AUTHOR CONTRIBUTIONS
Shujuan Yan and Can Liao designed this project. Fu 
Fang and Hang Zhou organized the genetic analysis and 
bioinformatic analysis. Ruibin Huang and You Wang 
collected the clinic data. All authors have read and 
approved the final article.

ACKNOWLEDGMENTS
We the families who participated in this research.

FUNDING INFORMATION
This work was supported by the Subproject of the 
National Key R&D Program (2021YFC2701002), the 
National Natural Science Foundation of China (82060388, 
81801461, 81873836, 81771594, 81671474, and 81501267), 
and the Guizhou Science and Technology Department 
(QKHJC[2020]1Y424).

CONFLICT OF INTEREST STATEMENT
The authors declare that they have no known competing 
financial interests or personal relationships that could 
have influenced the work reported in this study.

DATA AVAILABILITY STATEMENT
The data that support the finding of this study are available 
from the corresponding author upon reasonable request.

ETHICS STATEMENT
This study was approved by the Ethics Committee of 
Guangzhou Women and Children's Medical Center.

ORCID
Shujuan Yan   https://orcid.org/0000-0001-5676-9052 
Hang Zhou   https://orcid.org/0000-0002-1233-5065 
Can Liao   https://orcid.org/0000-0002-8411-136X 

REFERENCES
Alayoubi, A. M., Wang, J. C., Au, B. C., Carpentier, S., Garcia, V., 

Dworski, S., El-Ghamrasni, S., Kirouac, K. N., Exertier, M. J., 
& Xiong, Z. J. (2013). Systemic ceramide accumulation leads to 
severe and varied pathological consequences. EMBO Molecular 
Medicine, 5(6), 827–842.

Alves, M. Q., Le Trionnaire, E., Ribeiro, I., Carpentier, S., Harzer, 
K., Levade, T., & Ribeiro, M. G. (2013). Molecular basis of 
acid ceramidase deficiency in a neonatal form of Farber dis-
ease: Identification of the first large deletion in ASAH1 gene. 
Molecular Genetics and Metabolism, 109(3), 276–281.

Bao, X., Ma, M., Zhang, Z., Xu, Y., & Qiu, Z. (2020). Farber disease 
in a patient from China. American Journal of Medical Genetics. 
Part A, 182(9), 2184–2186.

Bashyam, M. D., Chaudhary, A. K., Kiran, M., Reddy, V., 
Nagarajaram, H. A., Dalal, A., Bashyam, L., Suri, D., Gupta, 
A., & Gupta, N. (2014). Molecular analyses of novel ASAH1 
mutations causing Farber lipogranulomatosis: Analyses of 
exonic splicing enhancer inactivating mutation. Clinical 
Genetics, 86(6), 530–538.

Bonafé, L., Kariminejad, A., Li, J., Royer-Bertrand, B., Garcia, V., 
Mahdavi, S., Bozorgmehr, B., Lachman, R. L., Mittaz-Crettol, 
L., & Campos-Xavier, B. (2016). Brief report: Peripheral osteol-
ysis in adults linked to ASAH1 (acid ceramidase) mutations: A 
new presentation of Farber's disease. Arthritis & Rheumatology, 
68(9), 2323–2327.

Burek, C., Roth, J., Koch, H. G., Harzer, K., Los, M., & Schulze-
Osthoff, K. (2001). The role of ceramide in receptor- and 
stress-induced apoptosis studied in acidic ceramidase-deficient 
Farber disease cells. Oncogene, 20(45), 6493–6502.

Burger, N. B., Bekker, M. N., de Groot, C. J., Christoffels, V. M., & 
Haak, M. C. (2015). Why increased nuchal translucency is as-
sociated with congenital heart disease: A systematic review on 
genetic mechanisms. Prenatal Diagnosis, 35(6), 517–528.

Ehlert, K., Frosch, M., Fehse, N., Zander, A., Roth, J., & Vormoor, 
J. (2007). Farber disease: Clinical presentation, pathogenesis 
and a new approach to treatment. Pediatric Rheumatology, 
5(1), 1–7.

Eliyahu, E., Park, J.-H., Shtraizent, N., He, X., & Schuchman, E. H. 
(2007). Acid ceramidase is a novel factor required for early em-
bryo survival. The FASEB Journal, 21(7), 1403–1409.

Eliyahu, E., Shtraizent, N., Martinuzzi, K., Barritt, J., He, X., Wei, 
H., Chaubal, S., Copperman, A. B., & Schuchman, E. H. (2010). 
Acid ceramidase improves the quality of oocytes and embryos 
and the outcome of in vitro fertilization. The FASEB Journal, 
24(4), 1229–1238.

Elsea, S. H., Solyom, A., Martin, K., Harmatz, P., Mitchell, J., Lampe, 
C., Grant, C., Selim, L., Mungan, N. O., & Guelbert, N. (2020). 
ASAH1 pathogenic variants associated with acid cerami-
dase deficiency: Farber disease and spinal muscular atrophy 
with progressive myoclonic epilepsy. Human Mutation, 41(9), 
1469–1487.

Farber, S. (1952). A lipid metabolic disorder: Disseminated lipogran-
ulomatosis; a syndrome with similarity to, and important differ-
ence from, Niemann-pick and hand-Schüller-Christian disease. 
AMA American Journal of Diseases of Children, 84(4), 499–500.

Gan, J. J., Garcia, V., Tian, J., Tagliati, M., Parisi, J. E., Chung, J. M., 
Lewis, R., Baloh, R., Levade, T., & Pierson, T. M. (2015). Acid 
ceramidase deficiency associated with spinal muscular atrophy 
with progressive myoclonic epilepsy. Neuromuscular Disorders, 
25(12), 959–963.

Genovese, G., Fromer, M., Stahl, E. A., Ruderfer, D. M., Chambert, 
K., Landén, M., Moran, J. L., Purcell, S. M., Sklar, P., & Sullivan, 
P. F. (2016). Increased burden of ultra-rare protein-altering 
variants among 4,877 individuals with schizophrenia. Nature 
Neuroscience, 19(11), 1433–1441.

https://orcid.org/0000-0001-5676-9052
https://orcid.org/0000-0001-5676-9052
https://orcid.org/0000-0002-1233-5065
https://orcid.org/0000-0002-1233-5065
https://orcid.org/0000-0002-8411-136X
https://orcid.org/0000-0002-8411-136X


10 of 10  |      YAN et al.

Huang, J., Khan, A., Au, B. C., Barber, D. L., López-Vásquez, L., 
Prokopishyn, N. L., Boutin, M., Rothe, M., Rip, J. W., & Abaoui, 
M. (2017). Lentivector iterations and pre-clinical scale-up/
toxicity testing: Targeting mobilized CD34+ cells for correc-
tion of Fabry disease. Molecular Therapy-Methods & Clinical 
Development, 5, 241–258.

Hugle, B., Mueller, L., & Levade, T. (2014). Why Farber disease 
may be misdiagnosed as juvenile idiopathic arthritis. The 
Rheumatologist, 8, 1–35.

Kattner, E., Schäfer, A., & Harzer, K. (1997). Hydrops fetalis: 
Manifestation in lysosomal storage diseases including Farber 
disease. European Journal of Pediatrics, 156(4), 292–295.

Kim, S. Y., Choi, S. A., Lee, S., Lee, J. S., Hong, C. R., Lim, B. C., Kang, H. 
J., Kim, K. J., Park, S. H., & Choi, M. (2016). Atypical presentation 
of infantile-onset Farber disease with novel ASAH1 mutations. 
American Journal of Medical Genetics Part A, 170(11), 3023–3027.

Koch, J., Gärtner, S., Li, C.-M., Quintern, L. E., Bernardo, K., Levran, 
O., Schnabel, D., Desnick, R. J., Schuchman, E. H., & Sandhoff, 
K. (1996). Molecular cloning and characterization of a full-
length complementary DNA encoding human acid ceramidase: 
Identification of the first molecular lesion causing Farber dis-
ease. The Journal of Biological Chemistry, 271(51), 33110–33115.

Minnella, G. P., Crupano, F., Syngelaki, A., Zidere, V., Akolekar, R., 
& Nicolaides, K. H. (2020). Diagnosis of major heart defects 
by routine first-trimester ultrasound examination: Association 
with increased nuchal translucency, tricuspid regurgitation and 
abnormal flow in ductus venosus. Ultrasound in Obstetrics & 
Gynecology, 55(5), 637–644.

Mitchell, J., Solyom, A., Makay, B., Arslan, N., Batu, E. D., Ozen, S., 
Hügle, B., Schuchman, E., & Magnusson, B. (2016). Farber dis-
ease: Implications of anti-inflammatory treatment. Molecular 
Genetics and Metabolism, 2(117), S81–S82.

Moritomo, H., Nakase, T., Maeda, K., Murase, T., & Yoshikawa, H. 
(2002). Surgical treatment of hand disorders in Farber's disease: 
A case report. The Journal of Hand Surgery, 27(3), 503–507.

Pewzner-Jung, Y., Tavakoli Tabazavareh, S., Grassmé, H., Becker, K. 
A., Japtok, L., Steinmann, J., Joseph, T., Lang, S., Tuemmler, 
B., & Schuchman, E. H. (2014). Sphingoid long chain bases 
prevent lung infection by Pseudomonas aeruginosa. EMBO 
Molecular Medicine, 6(9), 1205–1214.

Prensky, A. L., Ferreira, G., Carr, S., & Moser, H. W. (1967). Ceramide 
and Ganglioside Accumulation in Farber's Lipogranulomatosis. 
Proceedings of the Society for Experimental Biology and Medicine, 
126(3), 725–728.

Richards, S., Aziz, N., Bale, S., Bick, D., Das, S., Gastier-Foster, 
J., Grody, W. W., Hegde, M., Lyon, E., & Spector, E. (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. Genetics in Medicine, 17(5), 405–423.

Schäfer, A., Harzer, K., Kattner, E., Schäfer, H., Stoltenburg, G., & 
Lietz, H. (1996). Disseminierte Lipogranulomatose (M. Farber) 
mit Hydrops fetalis. Der Pathologe, 17(2), 145–149.

Schuchman, E. H., Clancy, J., Dimango, E., Petrache, I., Gulbins, 
E., & He, X. (2015). Novel use of the lysosomal enzyme acid 
ceramidase for the treatment of inflammatory lung diseases, 
including cystic fibrosis. Molecular Genetics and Metabolism, 
2(114), S104–S105.

Solyom, A., Mitchell, J., Beck, M., Hügle, B., & Schuchman, E. H. 
(2017). Farber disease: Design of the first observational and 
cross-sectional cohort study capturing retrospective and pro-
spective data on the natural history and phenotypic spectrum 
of patients, including novel methodologies for assessment of 
disease-specific symptoms. Molecular Genetics and Metabolism, 
1(120), S125.

Su, Y., Yang, L., Li, Z., Wang, W., Xing, M., Fang, Y., Cheng, Y., Lin, 
G. N., & Cui, D. (2021). The interaction of ASAH1 and NGF 
gene involving in neurotrophin signaling pathway contributes 
to schizophrenia susceptibility and psychopathology. Progress in 
Neuro-Psychopharmacology & Biological Psychiatry, 104, 110015.

Tardieu, M., Zérah, M., Gougeon, M.-L., Ausseil, J., de Bournonville, 
S., Husson, B., Zafeiriou, D., Parenti, G., Bourget, P., & Poirier, 
B. (2017). Intracerebral gene therapy in children with mucopo-
lysaccharidosis type IIIB syndrome: An uncontrolled phase 1/2 
clinical trial. The Lancet Neurology, 16(9), 712–720.

Teoh, H. L., Solyom, A., Schuchman, E. H., Mowat, D., Roscioli, T., 
Farrar, M., & Sampaio, H. (2016). Polyarticular arthritis and spi-
nal muscular atrophy in acid ceramidase deficiency. Pediatrics, 
138(4), e20161068.

Van Lijnschoten, G., Groener, J. E., Maas, S. M., Ben-Yoseph, Y., 
Dingemans, K. P., & Offerhaus, G. J. A. (2000). Intrauterine 
fetal death due to Farber disease: Case report. Pediatric and 
Developmental Pathology, 3(6), 597–602.

Yu, F. P., Amintas, S., Levade, T., & Medin, J. A. (2018). Acid cera-
midase deficiency: Farber disease and SMA-PME. Orphanet 
Journal of Rare Diseases, 13(1), 1–19.

Zhou, K., Huang, L., Feng, M., Li, X., Zhao, Y., Liu, F., Wei, J., Qin, 
D., Lu, Q., & Shi, M. (2020). A novel SLC26A4 splicing muta-
tion identified in two deaf Chinese twin sisters with enlarged 
vestibular aqueducts. Molecular Genetics & Genomic Medicine, 
8(10), e1447.

Zielonka, M., Garbade, S. F., Kölker, S., Hoffmann, G. F., & Ries, M. 
(2018). A cross-sectional quantitative analysis of the natural 
history of Farber disease: An ultra-orphan condition with rheu-
matologic and neurological cardinal disease features. Genetics 
in Medicine, 20(5), 524–530.

How to cite this article: Yan, S., Fu, F., Zhou, H., 
Huang, R., Wang, Y., & Liao, C. (2024). Functional 
analysis of a novel splice site variant in the ASAH1 
gene. Molecular Genetics & Genomic Medicine, 12, 
e2317. https://doi.org/10.1002/mgg3.2317

https://doi.org/10.1002/mgg3.2317

	Functional analysis of a novel splice site variant in the ASAH1 gene
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Samples
	2.2|Karyotype and copy number variation sequencing (CNV-seq)
	2.3|Whole exome sequencing
	2.4|Sanger sequencing
	2.5|Minigene analysis

	3|RESULTS
	3.1|Clinical features
	3.2|Karyotype, CNV-seq, and WES profiles
	3.3|The pathogenic ASAH1 c.458-2A>T gene variant
	3.4|Bioinformatic analysis

	4|DISCUSSION
	5|CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	ETHICS STATEMENT
	REFERENCES


