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Abstract
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Background Multiple acyl-coenzyme A (CoA) dehydrogenase deficiency (MADD) is an autosomal recessive disorder
resulting from mutations in the ETFDH gene. It is characterized by a wide spectrum of clinical symptoms, of which
polycystic kidney disease is a specific phenotype of early-onset MADD. This study aims to broaden the genetic
mutation spectrum of ETFDH gene. And we clarify the pathogenic mechanism of polycystic kidney caused by the loss
of function of the ETFDH gene through in vitro experiments.

Results Compound heterozygous variants in ETFDH (NM_004453: c487+2T>A, c.1395T>G and c.1773-1774 del
AT(in cis with ¢.1395 T> G) were identifed via trio-Whole Exome Sequencing (trio-WES) and confirmed pathogenic
through Minigene Splice Assay and RT-PCR. This study, for the first time, demonstrated through both in vivo and in
vitro experiments that c487+2 T > A mutation lead to mRNA degradation through nonsense-mediated decay (NMD).
Further cell experiments showed that downregulation of ETFDH gene led to lipid accumulation, enhanced oxidative

Conclusions This study clarify the pathogenicity of c487+2T> A and ¢.1395 T > G mutations, aiding in the diagnosis
and genetic counseling of ETFDH in clinical practice. The significance of this study is to reveal that ETFDH gene may be
a key regulatory gene in the development of polycystic kidney.
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Introduction

Multiple acyl-coenzyme A (CoA) dehydrogenase defi-
ciency (MADD, OMIN#231680), also referred to as glu-
taric aciduria type II, is an inherited autosomal recessive
disorder characterized by defects in either electron trans-
fer flavoprotein (ETF), which is encoded by the ETFA and
ETFB genes, or ETF-ubiquinone oxidoreductase (ETE-
QO), encoded by the ETFDH gene (NM_004453) [1-3].
Patients with MADD exhibit a wide spectrum of clinical
symptoms, including hypotonia, hypoglycemia, recurrent
rhabdomyolysis, cardiomyopathy, polycystic kidneys,
and lipid storage myopathy. These manifestations can be
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classified into three distinct types: Type I (neonatal onset
with congenital anomalies), Type II (neonatal onset with-
out congenital anomalies), and Type III (late onset) [4, 5].
A definitive diagnosis of MADD is established through
the identification of elevated levels of several acylcarni-
tine species in blood, along with increased excretion of
multiple organic acids in urine, and through the detec-
tion of biallelic pathogenic variants in the ETFA, ETFB,
or ETFDH genes.

The genotype of ETFDH mutation seems to reflect the
clinical phenotype heterogeneity of MADD [6]. Approx-
imately 74% of the variants in ETFDH are missense
mutations, the majority of which typically retain some
residual enzymatic activity, leading to late-onset MADD
with relatively mild symptoms. The remaining 26% of
mutations consist of splicing, nonsense mutations, and
frameshift mutations, which generally result in a com-
plete deficiency of enzymatic activity, seems to be more
strongly associated with severe earlye-onset MADD [7].
To date, 255 different mutations in the ETFDH gene have
been reported in the Human Gene Mutation Database
(HGMD). Among these, 20 variants are associated with
the cystic kidney phenotype [8—11]. However, the spe-
cific hotspot regions of mutation and the mechanisms by
which ETFDH mutations contribute to the development
of renal cystic disease remain unknown.

In this study, we report a neonatal-onset MADD
patient carrying the c.487+2 T>A, c.1395 T>G and
c.1773-1774 del AT(in cis with ¢.1395 T > G)heterozy-
gous mutation of ETFDH gene. This is the first report
of the c.487+2 T>A mutation, which leads to frame
shift and premature termination of protein translation.
The ¢.1395 T>G (p.Tyrd65X) result in premature ter-
mination of ETF-QO which had been reported previ-
ously [12]. In vivo and in vitro experients demonstrate
that the two variants lead to nonsense-mediated mRNA
decay. Although it has been reported in many literatures
that the mutation of ETFDH gene will lead to polycystic
kidney phenotype, the pathogenesis is still unclear. The
significance of this study is to expand the spectrum of
pathogenic variants of ETFDH gene and demonstrate the
pathogenic mechanisms by which ETFDH gene deletion
leads to the development of polycystic kidney disease.

Methods

Study subject and ethical compliance

The pregnant woman had a history of two prior miscar-
riages. The first miscarriage was attributed to embry-
onic developmental arrest. During the 23rd week of her
second pregnancy (July 2021), ultrasound examination
revealed fetal malformations, raising suspicion of poly-
cystic kidney disease. The fetus was subsequently aborted
and the tissue from the abortion underwent whole exome
sequencing. Informed consent was obtained from the
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patients for this study, which was approved by the Eth-
ics Committee of Shengjing Hospital of China Medical
University.

Sequencing analysis

Genomic DNA was isolated from the abortion tissue
using the AxyPrep Multisource Genomic DNA Miniprep
Kit (Axygen, Silicon Valley, USA). Genes were enriched
using biotinylated capture probes, and the capture exper-
iments were conducted according to the manufacturer’s
protocol (MyGenostics, Beijing, China) as previously
described. The samples were sequenced on the Illumina
NextSeq 500 platform (San Diego, California, USA) with
50x coverage. Variant calling was performed using the
Illumina NextSeq Reporter Software, with the NCBI37/
hgl9 assembly of the human genome as the reference.
The ¢.1395T > @G, ¢.1773_1774delAT, and c.487 +2T>A
mutations in the ETFDH gene were confirmed in fetus
and the fetus’s parents via Sanger sequencing. The primer
information is listed in Supplementary Table 1. Poly-
merase chain reaction products were sequenced using
the BigDye Terminator Cycle Sequencing Ready Reaction
Kit and analyzed with the ABI Prism 3730 Genetic Ana-
lyzer (Applied Biosystems, USA).

ETFDH mRNA transcript analysis

Total RNA was extracted from peripheral blood samples
using a TransZol Up Plus RNA Kit (#ER501-01, Trans-
Gen Biotech Co., LTD, Dalian, Beijing, China). cDNA
was synthesized from total RNA using PrimeScript™ RT
reagent Kit with gDNA Eraser (#RR047A, Takara, Dalian,
China). ETFDH mRNA transcripts were identified by
Sanger sequencing.

Minigene splice assay in vitro

The genomic fragment of ETFDH, including exon 3
(230 bp), intron 3 (781 bp), exon 4 (82 bp), intron 4
(427 bp), and exon 5 (119 bp), was amplified from patient
genomic DNA. The wild-type (WT) c487+2 T and
mutant (MT) c.487+2 A sequences were then cloned
into the minigene vector pMini-CopGFP (Hitrobio.tech,
China) using a ClonExpress II One Step Cloning Kit
(Vazyme, Nanjing, China). WT and MT recombinant
vectors were confirmed by sequencing and subsequently
transfected into the HEK293T cell line. Total RNA was
extracted using TRIzol reagent (Thermo Fisher Scientific,
Waltham, MA, USA). Reverse transcription-polymerase
chain reaction (RT-PCR) was conducted using a HiS-
cript I 1st Strand cDNA Synthesis Kit (Vazyme Biotech,
China). The PCR products were separated by electro-
phoresis and analyzed by Sanger sequencing. All primers
used in this experiment are detailed in Supplementary
Table 1.
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Small interfering RNA transfection

RNA oligonucleotides duplexes to target ETFDH gene
was synthesized by Sangon Biotech (Shanghai) Co., Ltd
and the sequences of siRNA were as shown in Supple-
mentary Table 1. Human Embryonic Kidney 293T cells
(HEK293T) cells were seeded onto six-well plates at 24 h
before transfection. In each well, 22 pmoles of siRNA
were diluted in jetPRIME® buffer with 4 pl jetPRIME®
reagent, vortex 1ls spin down and incubate 10 min at
room tempurature. After 48 h RNA interfere efficiency
was detected by Western Blot.

RT-PCR analyse

Total RNA was extracted by using TRIzol reagent (Invi-
trogen), which was used to generate cDNA by using
SuperScript III RT (Invitrogen) with an oligo-dT primer.
Real-time PCR was performed using Platinum SYBR
Green qPCR SuperMix (Invitrogen) as recommended
by the manufacturer. The primers used are listed in Sup-
plementary Table 2. GAPDH was used as the internal
control.

Western blot analysis

HEK293T cells were transfected with siRNA of ETFDH
gene. Total cell proteins were extracted from cells. Super-
natants were fractionated by 10% SDS-polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred onto
polyvinylidene fluoride (PVDF) (Millipore, Bedford, MA,
USA) for immunoblot analysis. The membranes were
then blocked with 5% non-fat milk in Tris-buffered saline
containing 0.1% Tween-20 (TBST) at room temperature
for 1 h to prevent nonspecific binding. After blocking, the
membranes were incubated overnight at 4 °C with pri-
mary antibodies, including mouse anti-ETFQO mono-
clonal antibody (Abcam, Cambridge, MA, USA, Cat No.:
ab131376), mouse anti-FLAG antibody (Abcam, Cam-
bridge, UK, Cat. No.: ab125243), and rabbit anti-GAPDH
antibody (Proteintech Group, Inc., USA, Cat No.: 10494-
1-AP), each diluted according to the manufacturer’s
instructions. The blots were revealed using the Enhanced
Chemiluminescence (ECL) detection kit (Bimake, Shang-
hai, China, Cat No.: B18005) after incubated with perox-
idase-conjugated secondary antibodies goat anti-rabbit
IgG and goat anti-mouse IgG (ZSGB, Beijing, China, Cat
No.: ZB-2301 and ZB-2305). The intensity of the protein
bands was quantified using Quantity One software ver-
sion 5.0 (Bio-Rad Laboratories, Inc., Hercules, CA, USA)
and Image] analysis software.

Seahorse real-time cell metabolic assay

The ATP production was measured by Seahorse XF
real-time ATP ratio Test Kit (Agilent, 103592-100). The
extracellular acidification rate (ECAR) was measured
using the Seahorse XF Glycolysis Stress Test Kit (Agilent,
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103020-100). Prior to measurement, cellular medium was
replaced with glycolysis analysis buffer containing phe-
nol red-free DMEM supplemented with 143 mM NaCl
and 2 mM glutamine (pH adjusted to 7.4), followed by
a 60-minute equilibration period in a 37 °C non-CO,
incubator. Baseline measurements of non-glycolytic
acidification were recorded before sequential administra-
tion of test compounds. Fundamental glycolytic activity
was determined following introduction of 10 mM glu-
cose, while maximum glycolytic potential was evaluated
post-administration of 1 uM oligomycin. The differential
between maximal and basal glycolytic rates defined the
glycolytic reserve capacity. Metabolic termination was
achieved through application of 100 mM 2-deoxyglucose.
All ECAR values were standardized per 10,000 seeded
cells.

RNA-seq analysis

RNA-seq analysis was conducted on HEK293T cells
transfected with si-NC and si-ETFDH-3, with each group
containing three biological replicates. Total RNA was
extracted and reverse transcribed into cDNA. Following
library construction, RNA sequencing was performed
on the Illumina HiSeq™ 2500/4000 platform by Gene
Denovo Biotechnology Co., Ltd. (Guangzhou, China).
Bioinformatics analysis was carried out using Omic-
smart, a dynamic real-time interactive online platform
for data analysis (http://www.omicsmart.com). Different
ially expressed genes were screened using the criteria of
Log2(FC)>1.5 and p<0.05.

Result

Ultrasonic and genetic testing

Ultrasound examination at 23 weeks of gestation revealed
polycystic enlargement of the fetal liver and kidneys in
the pregnant woman. As illustrated in Fig. 1A, the bilat-
eral kidneys of the fetus are significantly enlarged with
increased echogenicity, measuring 4.2x2.5 cm for the
left kidney and 4.2x3.2 cm for the right kidney. Subse-
quently, we performed targeted next-generation sequenc-
ing on the abortion tissues and identified three mutated
sites in the ETFDH gene. As shown in Fig. 1C, the
¢.487+2T > A mutation was inherited from the mother,
while both ¢.1395T > G and ¢.1773-1774del AT mutations
were in cis and inherited from the father.

Pathogenicity analysis of mutation sites

Variant interpretation was performed according to the
guidelines set forth by the American College of Medical
Genetics [13] (Supplementray Table 3). The ¢.487+2T > A
variant is likely to lead to exon skipping or partial intron
retention; however, experimental data to support this
conclusion is currently lacking. To investigate whether
the c. 487 +2 T'> A mutation effect pre-mRNA splicing,
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Fig. 1 Ultrasonic and genetic analysis. A, Pedigree of the patient’s family; B, Ultrasound detection of the fetal kidneys; C, D and E, Mutation screening
using next-generation sequencing, with suspicious pathogenic sites verified by Sanger sequencing. The red asterisks indicate that these two mutation

sites are in cis and inherited from the father

we preformed Minigene Splice Assay. The WT and MT
(c. 487+2 T>A) minigenes recombinant vector were
constructed as Fig. 2A. After RNA extraction and reverse
transcription, two electrophoresis bands (507 bp and
929 bp) were detected in mutant group (Fig. 2B). Sanger
sequencing analysis of the RT-PCR products showed that
both of the two insertion variants caused by c. 487 +2
T > A leading to frame shift and premature termination
of protein translation, which were ¢.487 +1_487 + 5ins-
GAAAG (p.Leul64LysfsTer5) and c.487 +1_487 +427ins
inron4 (p.Leul64LysfsTer3) (Fig. 2C, D and E). Fur-
thermore, we extracted the total RNA from peripheral

blood sample and performed the reverse transcription
and sanger sequencing. As shown in Fig. 2F and G, the
cDNA sequence showed presence of normally-spliced
mRNA in the carrier mother. We also confirmed c.1395
T>G mutation from father by Sanger sequencing of
the cDNA products. As shown in Fig. 2H, the cDNA
sequence showed presence only T (T >G) nucleotide in
the carrier father. The c.1395 T>G (p. Y465X) caused
premature termination codons (PTCs). According to the
cDNA sequencing results, no mutant nucleotide gua-
nine had been detected in the peripheral blood sample
of the proband’s father. All these results indicated that
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both ¢.487+2 T>A and ¢.1395 T>G induced the non-
sense-mediated mRNA decay (NMD). Taken together,
the results of in vivo and in vitro established that the het-
erozygous mutation of ¢.487+2 T>A and ¢.1395 T>G
may induced complete loss of function in ETFQO pro-
tein level. As shown in Fig. 2I, a summary of the litera-
ture on ETFDH gene mutations associated with MADD
and polycystic kidney disease includes 17 mutation sites,
consisting of 6 missense mutations and 11 nonsense and
frameshift mutations, the latter of which lead to prema-
ture termination of protein translation. Based on this
study and relevant literature, we propose that the func-
tional loss of ETFDH gene may be closely associated with
the onset and progression of polycystic kidney disease.

Knockdown of ETFDH reduced ATP production and
elevated mitochondrial oxidative stress

We used siRNAs to suppress ETFDH expression in
HEK293T cells.As shown in Fig. 3A, the siRNA duplex
si-ETFDH-3 exhibited the highest interference efficiency
and was chosen for subsequent experiments. Cellular
ATP production consists of mitochondrial OXPHOS
and glycolysis. The ATP production rate was calculated
using OCR and ECAR data obtained from Seahorse
analysis to clarify the role of ETFQO in ATP genera-
tion pathways. As shown in Fig. 3B, compared to wild-
type group, significant reductions in ATP content were
observed in siETFDH-3-transfected cells, and ribofla-
vin therapy showed no significant recovery effects in
this group(Fig. 3B). The extracellular acidification rate
(ECAR), was evaluated using the Seahorse XF analyzer.
Both relative basal glycolysis and glycolytic capacity were
increased in the siETFDH-3 transfected group (Fig. 3C),
indicating that endogenous ETFQO is crucial for regulat-
ing glycolysis.

RNA-seq analysis of HEK293T cell line with ETFDH gene
knockdown

To identify the key target genes regulated by down-reg-
ulation of ETFDH, RNA sequencing was performed in
HEK293T cells with ETFDH knockout. A total of 184 dif-
ferentially expressed genes were identified, with 80 genes
upregulated and 104 genes downregulated (Fig. 4A).
The differentially expressed genes were performed Gene
Ontology (GO) analysis. The analysis results indicate
that the differentially expressed genes may be involved in
protein binding, localization, and ATP-dependent kinase
activity(Fig. 4B). A subset of differentially expressed
genes was displayed in Fig. 4C, with selection crite-
ria of read counts>200 and fold change>1.5, including
the low-expression group of ETFDH, IFIT1, IFIT2, and
IFIT3 genes and the high-expression group includes the
ACSM3, HSPAIB, and ZNF267 genes. The expression
of ACSM3, HSPA1B, ZNF267 and ETFDH genes in the
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control and ETFDH knockdown groups was validated by
Real-time PCR. The detection results shown in Fig. 4D
confirm that the changes in gene expression levels are
consistent with the RNA-seq data. Oil Red O staining
experiments revealed that knocking down the ETFDH
gene leads to abnormal lipid accumulation in the cyto-
plasm after palmitic acid (PA) stumilation(Fig. 4E). The
precise pathogenic mechanism requires further experi-
mental validation.

Discussion

In this study, we reported a compound heterozygous
variant combination, ¢.487+2 T>A and ¢.1395 T>G,
in ETFDH gene, which we demonstrated to be causative
for neonatal onset MADD. The c.487+2 T>A variant
was first reported in the present study. In the ClinVar
database (https://www.ncbi.nlm.nih.gov/clinvar/), the
pathogenicity of c.487+2 T>A was classified as Likely
Pathogenic and was expected to disrupt RNA splicing.
However, it has not been reported in the literature in
individuals affected with ETFDH-related MADD after
searching Pubmed database. This variant has not been
presented in population gnomAD databases (https://gn
omad.broadinstitute.org/). The ¢.1395 T>G variant cre
ates a premature translational stop signal (p.Tyr465%) in
the ETFDH gene. It was expected to result in an absent or
disrupted protein product. This variant is also not pres-
ent in population databases (gnomAD no frequency).
ClinVar contains an entry for this variant (Variation ID:
1456462) and has classified as Pathogenic. In this study,
both in vivo and invitro experiments demonstrated that
the ¢.487 +2 T > A variant affected the splicing of ETFDH
mRNA. Importantly, our findings expand the known
pathogenic variant spectrum of ETFDH in MADD.

The minigene assays showed that this mutation dis-
rupts mRNA splicing, leading to premature termination
of protein coding. However, Sanger sequencing of cDNA
samples from peripheral blood of both parents did not
detect the mutation site. Therefore, we hypothesize that
both the c¢.487+2 T>A and ¢.1395 T >G variants lead
to NMD, resulting in a complete loss of ETFDH gene
function, which is likely a key factor in the development
of polycystic kidney type MADD. Based on the clinical
phenotypes of the reported cases, we propose that when
c.487+2 T>A or ¢.1395 T>G occurs in compound het-
erozygosity with other splicing or nonsense mutations in
the ETFDH gene, it is highly likely to result in fetal-onset
MADD with polycystic kidney disease.

Literature review revealed multiple nonsense, splic-
ing, or frameshift mutations in the ETFDH gene, which
typically severely impair the structure and function of
ETFQO, as reported in neonatal-onset MADD with poly-
cystic kidney [8, 9]. We believe that the ETFDH gene is
closely associated with the onset and progression of
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Fig. 3 Effect of ETFQO on cellular energy metabolism. A. RNA interference efficiency in ETFQO expression was assessed by Western blot. B. The Seahorse
XF real-time ATP ratio assay was performed to quantify ATP production from OXPHOS and glycolysis. C.The extracellular acidification rate (ECAR) was
measured using the Seahorse XF Glycolysis Stress Test to evaluate the effects on glycolysis. *P<0.05, **P<0.01, and ****P<0.001 by 2-tailed, Two-way
ANOVA test. Data represent the mean +SD

polycystic kidney disease. Current evidence suggests
that ETFDH dysfunction may significantly reduce acetyl-
CoA levels, leading to enhanced glycolysis and increased
lactate production in the kidney. Incomplete glucose
breakdown into lactate provides carbon backbones for

nucleotide synthesis, thereby facilitating cell prolifera-
tion [10]. OXPHOS and glycolysis typically compensate
for one another. In this study, we knocked down ETFDH
gene expression in cells and observed a significant
decrease in ATP production and an increase in glycolysis.



Zhang et al. Orphanet Journal of Rare Diseases

Oil Red O
(0.1% triton X-100)

m

Number of genes

100

80

60
40

20

(2025) 20:121

Page 8 of 10

104 O UP [ Biological Process [ Molecular Function B Cellular Component
; “ DOWN
T Cellular process -
80 { Biological regulation |
- 4 Regulation of biological process
Response to stimulus
Immune system process
N Metabolic process -
Multicellular organismal process
. Signaling -
Localization
Developmental process -
T Viral process -
Locomotion
Multi-organism process
! Growth
0 5 10 15
heatmap I control Binding -
si-ETFDH Catalytic activity4
Transcription regulator activity
FAM76A
4 4 ‘ * ‘ ATP-dependent activity
OCAZ T T T
0 5 10 15
’ * * ’ ‘ ACSM3 Cellular anatomical entity
* ‘ * * ‘ EFNA2 0 5 10 15
4+ 444694 D Gene number
HSPA1B
OO0 nor :-5
4 ¢ ¢ ¢ Oun 05 4 kkk hekok *okk
O O erron 00 ot ot .
[ ]
44444 — :(1).5 - 2 control
IF o o si-ETFDH
400 ¢ o QU SE R o
2.0
00000 — i~ -
[
HERC5 § 5
x
+ 4+ ¢+ SN 55,
S > 2
+ 44+ + Sie 85 P
X X CDKL5 E 0 . .
YO CD68 ACSM3 HSPA1B ZNF267 ETFDH
control+PA siETFDH+PA

w
]

N
[

-
[

Relative area of lipid droplets
(=]
L

i

Control+PA siETFDH+PA
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Recent studies also show that ETFDH deletion caused
only a slight increase in glycolytic flux in ETFDH knock-
out (ETFDH-ko) myoblasts [14]. It was demonstrated
that ETFQO can directly interact with mitochondrial
respiratory chain complex III, serving as a key protein
molecule that ensures mitochondrial function and pro-
motes oxidative phosphorylation. In Etfdh gene mus-
cle-specific knockout mice, it was observed that in the
absence of ETFDH, some mitochondria appeared swol-
len, empty, and exhibited dysfunctional cristae arrange-
ment. Additionally, there was an accumulation of lipid
droplets around the abnormal mitochondria [14]. Mito-
chondrial dysfunction is closely associated with the
occurrence and progression of polycystic kidney disease
(PKD). In mouse models of polycystic kidney disease
caused by PKD gene mutations, decreased activities of
mitochondrial respiratory chain complexes I, I, III, and
IV can be detected. Notably, the faster the reduction in
mitochondrial respiratory chain complex enzyme activ-
ity, the more rapid the structural progression of polycys-
tic kidneys in these mice [15]. The deletion of the ETFDH
gene can significantly inhibit the activity of complex III,
leading to an increase in mitochondrial oxidative stress
levels [16, 17], increased lipid synthesis and abnormal
lipid droplet accumulation can lead to sarcomere disor-
ganization and debris formation in muscle tissue.

In this study, ZNF267 was found to be highly expressed
in ETFDH-knockdown HEK293T cells. Zinc finger pro-
tein 267(ZNF267), a member of the Kruppel-like zinc
finger family, plays a significant role in cellular pro-
cesses. Previous studies have demonstrated that ZNF267
is upregulated in hepatocellular carcinoma (HCC) and
contributes to tumor progression by promoting cell pro-
liferation and migration [18]. In the study on ZNF267
and non-alcoholic fatty liver disease (NAFLD), it has
been pointed out that hepatocellular lipid accumulation
induced formation of reactive oxygen species (ROS), and
also increased ZNF267 mRNA expression [19]. In sum-
mary, we hypothesize that loss of function of ETFDH
gene may lead to polycystic kidney by upregulating
ZNF267 expression. Notably, previous investigations
have consistently reported decreased ETFDH expres-
sion in HCC tissues, which exhibits a negative correlation
with serum alpha-fetoprotein (AFP) levels. Further-
more, tumor differentiation status appears to influence
ETFDH expression patterns, with significantly lower
levels observed in poorly differentiated HCC compared
to moderately and well-differentiated counterparts [20].
However, there is no direct evidence to prove the inevi-
tability of MADD patients suffering from liver and kid-
ney tumors. At present, we do not recommend routine
screening for liver or kidney tumors in MADD patients.
However, we acknowledge the potential value of moni-
toring liver and kidney health in MADD patients, by
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AFP testing and ultrasound scans (USSCAN), particu-
larly when clinical signs or symptoms indicate hepatic
involvement. The functional role of ETFDH and ZNF267
in polycystic kidney diseases remains unknown, which
opens up new avenues for research into the pathogenesis
of polycystic kidney disease and tumors.

The confirmation of variant pathogenicity of ETFDH
gene significantly enhances genetic counseling, par-
ticularly for prenatal diagnose, thereby improving the
efficiency of clinical diagnosis and therapeutic decision-
making. Based on genotype-phenotype correlation
analysis, we suggest that patients with MADD carrying
ETFDH splicing, nonsense, or frameshift mutations—
which result in complete loss of protein function—might
consider undergo timely ultrasound examinations and
clinical assessments of liver and kidney function.Many
affected individuals with type I (neonatal onset with
congenital anomalies) and type II (neonatal onset with-
out congenital anomalies) succumb in the newborn
period despite metabolic therapy [9]. Establishing the
pathogenicity of the variant, which facilitates early dis-
ease diagnosis and also enables the prevention of variant
transmission through preimplantation genetic testing.

Conclusion

This study represents the first identification and char-
acterization of the ETFDH c.487+2 T>A mutation.
Through integrated in vivo and in vitro approaches, we
demonstrate that this mutation induces mRNA deg-
radation via NMD, leading to complete loss of pro-
tein function. The genotype-phenotype correlation
analysis establishes ETFDH as a pivotal pathogenic driver
in polycystic kidney disease progression. Importantly, the
observed ETFDH deficiency-induced lipid accumulation
and abnormal energy metabolism suggesting that anti-
oxidant intervention or modulation of ZNF267 signaling
pathways may constitute viable treatment strategies for
MADD.This study not only expands the pathogenic vari-
ant spectrum in ETFDH gene but also redefine it’s role
as a potential therapeutic node in polycystic kidney and
hepatorenal neoplasms.
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