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� Trigenic ADH5 / ALDH2 / ADGRV1 variants in myelodysplastic syndrome with Usher syndrome were identified.
� Two novel pathogenic frameshift variants in ADGRV1 in compound heterozygous state with Usher syndrome type II were described.
� Findings on next generation sequencing guided rapid and accurate diagnosis, resulting in patient-tailored therapy.
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A B S T R A C T

Trio-next generation sequencing is useful to identify undiagnosed inherited diseases. We have attended a patient
with trigenic ADH5/ALDH2/ADGRV1 pathogenic variants, which caused two distinct diseases, myelodysplastic
syndrome and Usher syndrome. Whole genome sequencing of peripheral blood from the patient and his parents
were applied to identify disease-causing genes. Sanger sequencing was performed to validate the identified
ADH5/ALDH2/ADGRV1 variants. Our results identified disease-associated variants in ADGRV1 (disease inheri-
tance autosomal recessive) and in ADH5 (disease inheritance also autosomal recessive) and a variant in ALDH2
(disease inheritance autosomal dominant). Although the variants identified in ADH5 and ALDH2 have been re-
ported, their co-existence in association with disease-causing variation in a third gene has not. They broaden the
spectrum of ADGRV1 in Usher syndrome. Findings on next generation sequencing guided rapid and accurate
diagnosis, resulting in patient-tailored therapeutic intervention.
1. Introduction

Since the advent of next generation sequencing (NGS), digenic or
trigenic inheritance has come to the forefront of attention. We have
encountered a rare instance of co-existent myelodysplastic syndrome
(MDS) and Usher syndrome (USH) diagnosed by NGS of the patient and
his unaffected parents (trio-NGS).

MDS is a group of clonal hematopoietic stem cell diseases charac-
terized by cytopenia, dysplasia in at least one major myeloid lineage,
ineffective hematopoiesis, and increased risk of acute myeloid
o).
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leukemia (Cazzola, 2020). Combined deficiency of both cytosolic
alcohol dehydrogenase 5 (ADH5) and mitochondrial aldehyde dehy-
drogenase 2 (ALDH2) triggers the development of MDS in both mouse
and human (Dingler et al., 2020). ADH5 is the main enzyme that de-
toxifies the ubiquitous, highly reactive molecule formaldehyde, which
is detrimental to our genome (Sanghani et al., 2000; Staab et al., 2008,
2009; Teng et al., 2001). ALDH2, active mainly in detoxifying acetal-
dehyde, also takes part in formaldehyde detoxification (Marchitti et al.,
2008; Schmidt et al., 1972; Uotila and Koivusalo, 1974; Wang et al.,
2002, 2009). DNA crosslink repair by the products of genes mutated in
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Fanconi anemia, such as BRCA2, provides an essential backstop against
the effects of formaldehyde (Dingler et al., 2020). Dingler et al.
discovered that endogenous formaldehyde is physiologically the prin-
cipal substrate for ALDH2 and ADH5; established methods to quantify
blood formaldehyde; and demonstrated that combined ADH5 and
ALDH2 deficiency leads to formaldehyde accumulation, with in
consequence profound hematopoietic disruption and reduced numbers
of hematopoietic stem cells (Dingler et al., 2020). The features of MDS
with ADH5 or ALDH2 mutations are diverse. They resemble those of
Fanconi's anemia, with skin pigmentation, caf�e-au-lait spots, mild
mental retardation, short stature, vitiligo, and microcephaly (Auer-
bach, 2009; Dingler et al., 2020). Oka and colleagues concurrently
reported that a functional G>A single-nucleotide polymorphism, rs671,
in ALDH2 (exon 12, Glu504Lys) when present in heterozygous or ho-
mozygous state causes facial flushing in response to drinking alcohol
(frequent in Asians). The rs671 polymorphism protects against alco-
holism, but also is associated with an increased risk of cardiovascular
disorders and certain types of cancer. Furthermore, in combination
with mutations in ADH5 the rs671 polymorphism causes a newly
named disorder, AMeD (aplastic anemia, mental retardation, and
dwarfism) syndrome, as do other ALDH2 variants (Oka et al., 2020).

USH is an autosomal recessive disease characterized by sensorineural
hearing loss and retinitis pigmentosa (RP). Its prevalence ranges from 3.2
- 6.2/10000, with 3.2/100000 for Colombia (Tamayo et al., 1991),
4.4/100000 for the USA (Boughman and Fishman, 1983), and
6.2/100000 for Birmingham, UK (Hope et al., 1997).

Three subtypes, I, II and III, are historically distinguished by age of
onset, severity, progression of clinical symptoms, and absence or pres-
ence of balance disorder (Boughman et al., 1983; Espinos et al., 1998;
Hope et al., 1997; Rosenberg et al., 1997; Vernon, 1969). USH type I is
most debilitating, with severe congenital hearing loss, vestibular are-
flexia, and early onset of RP (within the first decade, as a rule). Type II is
most frequently encountered, with moderate to severe hearing loss,
normal vestibular function, and onset of RP in the second decade. USH
type III is characterized by progressive postlingual hearing loss, variable
onset of RP, and variable vestibular response (Keats and Corey, 1999;
Kimberling et al., 2010; Mathur and Yang, 2015). Vestibular-function
phenotype does not, however, map exactly to USH subtype (Wafa
et al., 2021). To date, 12 genes have been associated with USH. USH type
I genes are MYO7A, USH1C, CDH23, PCDH15, USH1G, and CIB2. USH
type II genes are USH2A, ADGRV1 (USH2C), PDZD7 (DFNB57), and
WHRN (DFNB31). USH type III genes are CLRN1 andHARS1 (Mathur and
Yang, 2015). The roles of 3 are disputed; CIB2, PDZD7, and HARS are
thought to be very rare contributors to USH (Booth et al., 2018; Wafa
et al., 2021). USH2A is most often identified as mutated in USH type II
patients (80%); but ADGRV1 mutation also causes USH type II. ADGRV1
encodes the largest known cell surface protein (6306 amino-acid resi-
dues), G protein-coupled receptor 98 or very large G protein coupled
receptor 1 (VLGR1), expressed in brain and in cochlear and retinal
structures (Foord et al., 2002; Schwartz et al., 2005). VLGR1 is critical for
proper hair cell development and maintenance of photoreceptor struc-
tures (Liu et al., 2007; Yang et al., 2010).
Table 1. Primers for validating ADH5, ALDH2 and ADGRV1 variants by Sanger seque

Gene P

ADGRV1 Exon 4 5

5

Exon 86 5

5

ADH5 Exon 8 5

5

ALDH2 Exon 12 5

5

2

We initially suspected that our patient had an inherited bone marrow
(BM) failure syndrome such as Fanconi's anemia or dyskeratosis con-
genita. We performed trio-NGS to identify candidate disease genes. This
permitted successful diagnosis of 2 distinct hereditary diseases, MDS
with ADH5/ALDH2 mutations and USH type II with ADGRV1 mutations.
The sequencing data were very helpful in clinical decision making.

2. Materials and methods

2.1. Study participants and clinical evaluations

The use of material and clinical information was approved by the
Research Ethics Committee of the Faculty of Medicine, Juntendo Uni-
versity, and was in accordance with the Declaration of Helsinki. Written
informed consent for genetic testing was preparatorily obtained from the
parents of the patient.

2.2. Audiologic evaluation

Audiologic evaluation included otoscopy, pure-tone threshold testing
by air conduction (0.125, 0.25, 0.5, 1, 2, 4, 8 kHz) and bone conduction
(0.25, 0.5, 1, 2, 4 kHz), and conventional tympanometry (226 Hz).
Distortion-product (DP) otoacoustic emission studies (DPOAE) were
conducted using the DP-gram in response to pure tones in the frequency
range of 0.5–8 kHz.

2.3. Ophthalmologic evaluation

Ophthalmologic evaluation included ocular examination, electroret-
inography, and optical coherence tomography. Full-field electroretino-
grams were recorded using a four-primary ganzfeld stimulator and were
obtained using standard protocols detailed by the International Society
for Clinical Electrophysiology of Vision (McCulloch et al., 2015). Retinal
images were obtained by Spectralis spectral-domain optical coherence
tomography (Heidelberg Engineering, Heidelberg, Germany).

2.4. Hematologic evaluation

Complete blood counts and determinations of various biomarker
values were performed. To detect morphologic dysplasia and blasts, iliac-
crest BM aspiration and biopsy were performed, with chromosome
analysis and routine cytopathologic and histopathologic evaluation.

2.5. Genomic DNA preparation

Genomic DNA was isolated from patient and parent whole blood
using Maxwell RSC Whole Blood DNA Kit (Promega, Madison, WI).

2.6. Genetic analysis

Indexed genomic DNA libraries were prepared from patient genomic
DNA. A whole genome sequencing (WGS) library was established using a
ncing.

rimer sequence PCR product size (bp)
0-aatttttcatttggaacttcttaacca-30 690
0-ttctttcaatatgctttctcatctcc-30

0-tttgcgctgaaagtgtctgag-30 363
0-ccaagaagcaggagaaactgg-30

0-ctctccatcccctcaaactca-30 479
0-ttccagagttctgtcctgggta-30

0-atacagggggtcctgggagt-30 500
0-acagagcagaggctgggtct-30



Figure 1. Clinical findings in the patient. (A)
Hematopathologic findings, MDS. Blue, white,
and black arrows respectively indicate micro-
megakaryocytes and, in neutrophils, pseudo-
Pelger-Huet anomaly and hypogranular cyto-
plasm (May-Grünwald-Giemsa, original magnifi-
cation, 1000 x). (B) Audiogram image. Audiogram
image, red circles (right ear) and blue crosses (left
ear) indicate air-conduction hearing, and square
brackets (red, right ear; blue, left ear) indicate
bone-conduction hearing. The audiogram shows
moderate hearing loss. (C) Fundoscopy images.
Pigmentary deposits and attenuation of retinal
vessels are shown. (D) Optical coherence tomo-
grams, both eyes, demonstrate binocular thinning
and atrophy of outer retinal segments.
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MGIEasy DNA Library Prep Kit V1.1 (BGI, Shenzhen, China) according to
the manufacturers’ protocols. Sequencing was performed on a MGISEQ-
2000 using MGISEQ-2000RS High-throughput Sequencing Set PE100
V3.0 (BGI). After the sequencing step, reads were obtained by Trimmo-
matic V.0.39 (Bolger et al., 2014; Kohda et al., 2016). Read alignment
was performed and aligned to human GRCh/hg19 genome using
Burrows-Wheeler Aligner V.0.6.1. (Li and Durbin, 2009). The aligned
data were processed with Samtools V.1.11 (Li et al., 2009) and Picard
[http://picard.sourceforge.net./]. GATKV.4.1.9.0 (McKenna et al., 2010)
was also used for insertion and deletion realignment, quality recalibra-
tion, and variant calling. Detected variants were annotated using both
Annotate Validation (ANNOVAR) V.11/12/2014 (Wang et al., 2010) and
custom Ruby scripts. The variants were assessed in silico for likely effects
using PROVEAN protein program V.1.1.3 (Choi and Chan, 2015)),
DDIG-in software V.9/13/2020 (Folkman et al., 2015), and NMDEsc-
Predictor (Coban-Akdemir et al., 2018).
3

2.7. Sanger sequencing

Mutation analyses of ADGRV1 (exons 4 and 86), ADH5 (exon 8) and
ALDH2 (exon 12) were performed by PCR and direct sequencing. PCR
amplification was performed using PrimeSTAR GXL DNA Polymerase
(Takara Bio, Shiga, Japan; primer sequences, Table 1). PCR cycle con-
ditions were 30 cycles of 98 �C for 10sec, 60 �C for 15sec, and 68 �C for
7min. Purified DNA for sequencing was obtained by eluting PCR products
from gels using a NucleoSpin Gel and PCR Clean-up (Takara Bio). DNA
sequencing was performed by FASMAC (Kanagawa, Japan).

2.8. TA cloning

The purified PCR products were incubated with A-overhang enzyme
at 65 �C for 10 minutes to add dATP and were then subcloned into the
pMD20-T vector (Mighty TA Cloning Kit, Takara Bio). Inserted sequence

http://picard.sourceforge.net./


Figure 2. Genetic findings in the patient. (A)
Location ofmutations inADH5 andALDH2. (B)
Family pedigree, patient. Symbols for clinically
unaffected individuals are empty (circle, fe-
male; square, male). The symbol, a square, for
the patient is filled. M1 and M2 indicate the
mutant alleles of ADH5, whereas W indicates a
wild-type allele. (C and D) Sanger sequencing
results, ADGRV1 variants in the patient. In C, a
chromatogram is abnormal; the arrow indicates
the duplicated nucleotide within ADGRV1, i.e.,
c.448_449dup. In D, achromatogram again is
abnormal; the arrow indicates the site at which
a nucleotide within ADGRV1 has been deleted,
i.e., c.18295del. (E) ADGRV1 variants were
identified in a non-consanguine family. Sym-
bols for clinically unaffected individuals are
empty (circle, female; square, male). The sym-
bol, a square, for the patient is filled. M1 and
M2 indicate the mutant alleles of ADGRV1,
whereas W indicates a wild-type allele.
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was confirmed using the forward primer 50-CAGGAAACAGCTATGAC-30

and the reverse primer 50-GTTTTCCCAGTCACGAC-30 (FASMAC).

3. Results

3.1. Clinical findings

An 18-year-old man was referred to our hospital for evaluation of
chronic idiopathic anemia. He had hearing loss, retinal degeneration,
short stature, and mild mental retardation, all since childhood. Unex-
plained anemia had required occasional transfusions of red blood cells
for a decade. His parents and an older brother are well. The parents are
not consanguine. At presentation, he had no abnormal physical features,
including his skin and hair color, and he was normocephalic. The pa-
tient's white blood cell count was 1,500/μL, his hemoglobin 7.9 g/dL,
and his platelet count 48,000/μL. No clinical-biochemistry abnormalities
4

were identified. Unfortunately, we had no access to measurement of
serum formaldehyde concentrations.

BM biopsy and aspiration specimens yielded normocellular marrow
with multilineage dysplasia manifest as micromegaryocytosis and, in
neutrophil granulocytes, as pseudo-Pelger-Hu€et anomaly and hypo-
granular cytoplasm (Figure 1A). BM chromosome analysis found 3
different populations containing clonal aberrations characterized by
unbalanced translocation and duplication. Abnormalities of chromo-
somes 5, 7, 8, and 20 – del (5q), del (7q),þ8, del (20q) – characteristic of
MDS, were not detected (Cazzola, 2020).

The diagnosis of MDSwith multilineage dysplasia was assigned (2016
WHO criteria), with a Revised International Prognostic Scoring System
(IPSS-R) score of 6.5 (very high risk of malignancy). Median survival per
IPSS-R was predicted as 0.8 years with BM transplantation (BMT) ur-
gently required. Allogeneic BMTwas successful, with complete remission
for 1 year to date and without severe acute graft-versus-host disease. BM



Table 2. Characteristics of the mutations found in the patient and his parents.

Chromosome Position (GRCh37) Gene CCDS ID cDNA mutation Protein change rsID PROVEAN DDIG-in GnomAD % TOPMed %

5 89914992 ADGRV1 47246.1 c.448_449dup p.Asn150Lysfs*9 - - disease No data No data

5 90368404 ADGRV1 47246.1 c.18295del p.Arg6099Glyfs*9 - Deleterious disease No data No data

4 99993857 ADH5 47111.1 c.966del p.Trp322* rs748162259 Deleterious disease 0.05 0.0004

12 112241766 ALDH2 9155.1 c.1510G>A p.Glu504Lys rs671 Deleterious - 25.7 0.9
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examination after remission showed no morphologic markers of MDS,
and donor chimerism was over 99.9%. His hematologic indices showed
no abnormalities, and he is not dependent on blood transfusion.

External auditory canals and tympanic membranes were intact on
otoscopy. Pure tone audiometry showed moderate to severe sensori-
neural hearing loss with gradient worsening at increasing frequencies
(Figure 1B). DPOAE assessment found bilateral cochlear hearing
impairment at all frequencies tested. Tympanometry found no middle-
ear dysfunction. Findings typical of RP were identified on fundoscopy,
including pigmentary deposits resembling bone spicules and attenuation
of retinal vessels (Figure 1C). Electroretinography could not be
completed due to claustrophobia. Optical coherence tomograms
demonstrated binocular thinning and atrophy of outer retinal segments
(Figure 1D).

3.2. Genetic findings

Trio WGS revealed homozygosity for a variant (c.966delG) in ADH5
(NM_000671.4), predicted to yield a frameshift with a premature stop
codon (p.Trp322*) causing functional deficiency of formaldehyde
detoxification. The patient also was heterozygous for a maternally
inherited variant (c.1510G>A) in ALDH2 (NM_000690.4), predicted to
yield an amino-acid residue substitution (p.Glu504Lys) contributing to
functional deficiency of formaldehyde detoxification (Figure 2A and B).
Both these variants are reported (Oka et al., 2020). These variants were
confirmed by Sanger sequencing using highly specific primers to detect
only ADH5 rather than variation in a pseudogene. We also analyzed 22
genes associated with Fanconi syndrome, because dysfunction of these
can cause genome instability and give rise to a phenocopy of
ADH5/ALDH2 disease (Auerbach, 2009). No pathogenic variants were
detected. The variant c.966delG in ADH5 was uniformly predicted to be
deleterious (PROVEAN protein)/disease-causing (DDIG-in) and to result
in nonsense-mediated mRNA decay or truncated protein production
(NMDEscPredictor); scores and probabilities are listed in Table 2.

The patient also was compound heterozygous for biallelic variants in
ADGRV1 (NM_032119.4) (Figure 2C and D). One variant, within exon 4,
is c.448_449dup (p.Asn150Lysfs*9) (Figure 2C). The other, within exon
86, is c.18295del (p.Arg6099Glyfs*9) (Figure 2D). The variants were
confirmed by Sanger sequencing (Figures 2C and D), with that in exon 86
confirmed by subcloning (Figure 2D). Each variant in ADGRV1 was
inherited from a different parent (Figure 2E). The variants were uni-
formly predicted to be deleterious (PROVEAN)/disease-causing (DDIG-
in) and to result in nonsense-mediated mRNA decay or truncated protein
production (NMDEscPredictor); scores and probabilities are provided in
Table 2. None of the variants is recorded in the gnomAD V2.1.1 (Karc-
zewski et al., 2020) database or the NCBI database. We consider them
novel.

4. Discussion

Many mechanisms protect the genome from formaldehyde. Endoge-
nous formaldehyde clearance is especially important for normal hema-
topoiesis (Dingler et al., 2020; Oka et al., 2020). Our patient was
homozygous for a variant in ADH5 and heterozygous/wild-type for a
variant in ALDH2, whereas DNA crosslink repair genes were intact.

Our patient required BMT to cure MDS. Before BMT, high-dose
chemotherapy was needed to eradicate dysplastic cells. Cytotoxic
5

agents are contraindicated in patients with MDS associated with Fanco-
ni's anemia or dyskeratosis congenita because of deficiencies in DNA
repair. Trio NGS identified that our patient had neither, permitting a
usual pre-transplant chemotherapy regimen. Diagnosis by trio-NGS thus
was valuable in clinical decision-making.

ADGRV1 variants account for a minority of instances of USH type II,
with small insertions, point mutations, deletions, and splicing alter-
ations reported (Wei et al., 2018; Weston et al., 2004). VLGR1 is a major
component of hair cell stereocilia ankle links, which are critical to
normal development of auditory hair bundles (McGee et al., 2006). Our
patient had moderate to severe hearing loss and progressive RP without
vestibular dysfunction, clinically typical in USH type II. Born to
non-consanguine parents, our patient harboured in trans the ADGRV1
variants c.448_449dup and c.18295del, each derived from a different
parent. These findings permitted assignment of the diagnosis of USH
type II.

In summary, our results identified trigenic ADH5/ALDH2/ADGRV1
mutations in association with MDS and USH type II, an unprecedented
combination of disorders. Furthermore, we report 2 novel pathogenic
frameshift variants in ADGRV1 associated in compound heterozygous
state with USH type II in a non-consanguineous family. Our work con-
tributes to expanding the perspective not only of MDS with ADH5/
ALDH2 mutations, but also of USH with ADGRV1 pathogenic variants.
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