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Abstract
In a patient with Usher syndrome and atypical muscle complaints, we have identi-
fied two separate variants in MYO7A and NEB genes by exome sequencing. The 
homozygous variants in these two recessive genes could explain the full phenotype 
of our patient.
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1 |  INTRODUCTION

Genome-wide technologies enable the identification of po-
tentially causal variants in human disease and establish 
coherent genotype-phenotype associations, particularly in 
conditions with complex clinical presentation and genetic 
heterogeneity,1-4 with a thorough interpretation of causality 
due to incomplete penetrance, mosaicism, or variable dis-
ease expression.1,4-10 Homozygosity mapping proved invalu-
able in identifying variants in recessive Mendelian diseases, 
particularly in consanguineous families.11,12 Although rare, 
phenotypic heterogeneity of typical Mendelian segregating 
disorders, caused by combined effects in several genes, has 
been previously described.4,10 Yet, 44 diseases caused by 213 
digenic combinations, involving 136 genes and 364 patho-
genic variants, are described at the digenic diseases database 
(DIDA, https://omict ools.com/dida-2-tool, accessed 7 May 
2020).13 Herein, we report a 16-year-old male patient, born to 
consanguineous parents, presenting with a clinical phenotype 
resembling Usher Syndrome.9 Besides ocular and hearing 
impairments, a history of mild skeletomuscular involvement 
was within his medical file. Since the latter is usually ab-
sent in Usher patients, we hypothesized that mutations in 
two genes could underlie the patient's phenotype. Following 
exome sequencing, further investigation of variants in mor-
bid genes pinpoints to nine putatively pathogenic variants on 
chromosomes 2, 11, and X. Further in silico studies suggest 
that Usher disease phenotype is due to a variant in MYO7A 
modified by a Nebulin-associated myopathy, caused by a ho-
mozygous pathogenic variant in NEB gene.

2 |  CASE REPORT

The proband is the oldest child of first-cousin healthy par-
ents (Figure 1A). His sister is healthy, and there is no rel-
evant family history. At 16 years of age, he was referred to 
the genetics clinic presenting with sensorineural hearing loss 
(HP:0000407) and retinitis pigmentosa (HP:0000510). He 
was born by eutocic delivery after full-term uncomplicated 
pregnancy, and showed normal somatometric parameters. 
He had no other symptoms except for muscular hypotonia 
(HP:0001252). At 4  months (mo), he was diagnosed with 
congenital, profound sensorineural bilateral hearing loss 
(HP:0008527), with the absence of auditory evoked poten-
tials (HP:0006958). He has never accepted hearing aids. The 
patient's developmental milestones were smiling at 5  mo, 
cervical control at 8 mo, sitting at 15 mo, and independent 
walking at 36 mo. He was diagnosed with a global develop-
mental delay (HP:0001263) and severe language impairment 
(HP:0002463) by a developmental psychologist. He always 
had special education support. At 2.5 years, the muscular hy-
potonia was still noticed by the neurologist. Brain MRI per-
formed then revealed wide subarachnoid space (HP:0012704) 
and mild operculation delay. He also showed mild failure 
to thrive (HP:0001508), from which he had recovered by 
age 4. At 15 years old, he presented with decreased visual 
acuity (HP:0007663). Although uncooperative during the 
observation in the ophthalmologic clinic, he was shown to 
have low visual accuracy, nyctalopia (HP:0000662), bilat-
eral retinitis pigmentosa, and cataract (HP:0000518) on the 
right eye. After assessment in the neuromuscular clinic, a 

F I G U R E  1  Proband's pedigree and clinical images at the age of 16 y. A, Segregation of the missense variants in PHF8 
(NM_001184896.1:c.278A>G), ACER3 (NM_018367.6:c.583T>C), MYO7A (NM_000260.3:c.6028G>A), and NEB 
(NM_001271208.1:c.25277G>A) (for each gene from left to right: proband, father, mother, and sister), where “+” indicates presence and “−” 
absence of each variant per allele. B, Mild facial asymmetry, telecanthus, and hypertelorism. C, Ears with underfolded helix and large lobe, 
prognathism, and kyphosis

(A) (B) (C)
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mild flexor weakness of the neck (HP:0003722) was identi-
fied and he is currently on a waiting list for muscle biopsy. 
The consequent referral to the medical genetics clinic dem-
onstrated minor dysmorphisms with mild facial asymmetry 
(HP:0000324), telecanthus (HP:0000506) and hypertelorism 
(HP:0000316) (Figure  1B), ears with under folded helix 
(HP:0008577) and large earlobe (HP:0009748), high narrow 
palate (HP:0002705) with dental crowding (HP:0000678), 
mandibular prognathia (HP:0000303), and kyphosis 
(HP:0002808) (Figure  1C). Normal genetic investigations 
included conventional karyotype, FMR1 CGG repeat num-
ber analysis, and sequencing of GJB2 and MED12 genes. 
Multiplex ligation-dependent probe amplification analysis 
of subtelomeric regions and microdeletion/microduplication 
syndromes revealed a normal copy number for all probes. 
No pathogenic variant was identified in a panel of 175 vari-
ants, coded by 14 genes implicated in syndromic congenital 
deafness. Metabolic screening of very-long-chain fatty acids, 
phytanic and pristanic acids, and carbohydrate-deficient 
transferrin was within reference values. The initial clinical 
diagnosis was Usher Syndrome although his full phenotypic 
spectrum could not be explained.

3 |  METHODS

Proband's phenotypic abnormalities were described follow-
ing the Human Phenotype Ontology Project (HPO; https://
hpo.jax.org/app/) terminology.14,15 Exome sequencing (ES) 
analysis was performed on proband's blood sample genomic 
DNA (gDNA) obtained by salting-out.16 Exome librar-
ies were captured using SureSelect V5-post Kit (Agilent 
Technologies, Santa Clara, CA, USA), and 100-bp paired-
end sequencing was performed using the Illumina HiSeq 
2000/2500 (Illumina, San Diego, CA, USA). Raw data of 
FASTQ file format were assembled into the University of 
California Santa Cruz (UCSC) Genome Browser using ge-
nome analysis toolkit (GATK v3.4.0) (http://genome.uscs.
edu/; hg19 - NCBI build GRCh37), and variants were an-
notated using SnpEff (SnpEff_v4.1g).17 Variants passing 
following filters were selected for clinical correlation: (a) 
frequency <1% (dbSNP, GnomAD Browser, and local data-
bases); (b) gene component, that is, exon and canonical splice 
acceptor or donor sites; (c) nonsynonymous consequence; 
and (d) in silico deleteriousness and spliceogenic effect pre-
dictions, using tools: (i) combined Annotation Dependent 
Depletion scoring (http://cadd.gs.washi ngton.edu/score; 
CADD threshold ≥15)18; (ii) SpliceSiteFinder-like (SSF, 
normal score threshold ≥70 for SDS and SAS)19; (iii) 
MaxEntScan (MES, normal score threshold ≥0 for SDS and 
SAS)20; (iv) NNSPLICE (NNS, normal score threshold ≥0.4 
for SDS and SAS)21; and (v) GeneSplicer (GS, normal score 
threshold ≥0 for SDS and SAS).22 Variant nomenclature 

follows the Human Genome Variation Society (HGVS) rec-
ommendations (http://hgvs.org/mutno men/).23 The putative 
candidate variants were validated and assessed for familial 
segregation analysis by Sanger sequencing using gDNA iso-
lated from peripheral blood samples from parents, sister and 
a second blood sample from the proband. Briefly, symmetric 
PCR products were purified using the Illustra™ ExoStar™ 
1-Step (GE Healthcare Life Sciences®, Little Chalfont, UK), 
sequenced using the BigDye® Terminator v3.1 cycle se-
quencing kit (Applied Biosystems™), and further analyzed 
with SeqScape Software v2.5 (Applied Biosystems™). We 
used the human androgen receptor gene assay (HUMARA) 
to determine the X-chromosome inactivation (XCI) pattern 
in proband's mother gDNA sample.24 The XCI ratio obtained 
after digestion with  HhaI methylation-sensitive endonucle-
ase is calculateddividing the percentage of methylation of 
allele 1 by allele 2; [80:20] random; [90:10] highly skewed; 
and [100:0] completely skewed.25

4 |  RESULTS

The initial variant filtering was restricted to the X-chromosome 
and large autozygous regions given the parental consanguinity, 
allowing the identification of nine putative pathogenic vari-
ants (Table S1). We identified only one X-linked variant, in 
PHF8 gene (OMIM*300560), NM_001184896.1:c.278A>G, 
p.(His93Arg) (Figure  1A). This hemizygous missense vari-
ant is present in the PHF8 demethylase domain a highly con-
served amino acid, juxtaposed to the plant homeodomain 
finger domain. Pathogenic PHF8 variants are implicated in 
Siderius X-linked mental retardation syndrome (MRXSSD, 
OMIM#300263).26-28 Patients affected with MRXSSD show 
broad assiduous features like developmental delay, dysarthric 
speech and developmental impairment, and typical dysmor-
phic features, absent in our proband, such as cleft lip/palate, 
preaxial polydactyly, large hands and cryptorchidism. PHF8 
c.278A>G variant, with a CADD score of 24.3, is maternally 
inherited and is classified in ClinVar as variant of unknown 
significance (VOUS) (Table  S1). A normal X-chromosome 
inactivation (XCI) pattern [85:15] was identified in our 
proband's mother blood sample. A complete skewing of the 
XCI pattern has been previously reported in the majority of 
PHF8 carrier mothers.26,28 Using a homozygous cutoff ratio 
above 85%, SNP autozygosity mapping was assessed based on 
exome data (Figure 2). Two large autozygous regions at chro-
mosome 2 (g.136873549 - g.213886454) and chromosome 
11 (g.136873549 - g.78776192), were observed (Table  S1). 
Within these regions, putative homozygous pathogenic 
variants were identified in LRP1B (OMIM*608766), NMI 
(OMIM* 603525) and NEB (OMIM*161650), ANAPC15 
(OMIM* 614717), ACER3 (OMIM*617036) and MYO7A 
(OMIM*276903) genes (Table S1), but only those identified 

https://hpo.jax.org/app/
https://hpo.jax.org/app/
http://genome.uscs.edu/
http://genome.uscs.edu/
http://cadd.gs.washington.edu/score
http://hgvs.org/mutnomen/
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within morbid genes, namely ACER3, MYO7A, and NEB, 
were further analyzed. The identified homozygous missense 
variant NM_018367.6:c.583T>C, p.(Phe195Leu) in ACER3 
gene is not described in gnomAD and affects a highly con-
served amino acid residue. ACER3 pathogenic variants are 
the underlying cause of Early Childhood-onset Progressive 
Leukodystrophy (PLDECO, OMIM#617762), a gradual condi-
tion affecting the central nervous system with leukodystrophy 

and cerebral atrophy. Dysmorphic features, such as coarse 
facies and macrocephaly, together with developmental re-
gression, severe intellectual disability, absence of language 
are described in PLDECO.29 None of these severe clinical 
features are observed in our proband, corroborated by MRI 
analysis. Two homozygous missense variants were identified 
in MYO7A gene, NM_000260.3:c.1007G>A, p.(Arg336His) 
and NM_000260.3:c.6028G>A, p.(Asp2010Asn), despite a 

F I G U R E  2  Manhattan plot of the occurrence (%) of single nucleotide polymorphisms (SNPs) among the autosomes. Each dot stands for a 
variant where each color represents a different autosome (indicated above of the plot). A significant number of contiguous SNPs with a percentage 
of occurrence >85% result in gaps. In chromosomes 2 and 11 ideograms (extracted from UCSC genome browser40), the homozygosity regions are 
represented as red rectangles with the respective bordering genomic coordinates

F I G U R E  3  MYO7A and 
NEB segregation studies. Partial 
electropherograms showing homozygous 
MYO7A (*) NM_000260.3:c.6028G>A 
(exon 44), and NEB (#) 
NM_001271208.1:c.25277G>A (exon 181) 
variants in the proband (II:1) and confirming 
the heterozygous carrier status of both 
parents (I:1 and I:2), as well as the absence 
of variants in both genes in the healthy sister 
(II:2)
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previous analysis of a panel for syndromic congenital deafness, 
which comprised 175 variants, among 14 genes, MYO7A in-
cluded. MYO7A pathogenic variants are a well-known cause of 
Usher syndrome type 1 B (USH1B, OMIM#276900), a geneti-
cally heterogeneous autosomal recessive disorder mainly char-
acterized by eyes/vision and hearing impairment.9,30 USH1B 
patients usually present hearing loss, retinitis pigmentosa, vi-
sion loss, and delayed motor development.31-33 The variant 
c.1007G>A with CADD score of 24.1, targets a moderately 
conserved amino acid residue, has been reported in homozygo-
sity in two individuals (gnomAD) and is classified as VOUS or 
likely benign (ClinVar RCV000765013.1/RCV000710328.1/
RCV000036038.4), whereas c.6028G>A with a CADD score 
of 27.3, has been reported as likely pathogenic/pathogenic 
(ClinVar RCV000666616.1/RCV000763284.1) and has no 
represented homozygosity, indicating a pathogenic impact. 
Segregation studies, by Sanger sequencing, confirmed the pres-
ence of this pathogenic variant in heterozygosity in both parents, 
and the absence in the heathy sister (Figure 3). Although the 
kyphosis presented by our proband could be, at least partially, 
explained by the vestibular impairment, the other musculoskel-
etal complaints are not associated with Usher syndrome.34 NEB 
pathogenic variants are implicated in the nemaline myopathy 
type 2 (NEM2, OMIM#256030), mainly characterized by 
early-onset muscle weakness, predominately in proximal limb 
muscles with a high variability, ranging from mild to severe.35 
Moreover, patients with a mild muscle involvement, despite 
onset in childhood, can be misclassified as adult/late-onset 
form, due to heterogeneousness of both the clinical presenta-
tion and the disease progression. The majority of the NEM2 
adult patients, which represent 4% of NEB cases,36 develop 
generalized weakness around the second or the fifth decade 
of age, without any previous symptom. Other clinical features 
may also be present, including, cardiomyopathy, the "dropped 
head" syndrome and severe weakness of neck extension with 
or without neck flexor weakness. The identified NEB gene ho-
mozygous missense variant NM_001271208.1:c.25277G>A, 
p.(Arg8426Gln) with CADD score of 23.5, minor allele fre-
quency 2.91e−5 (gnomAD) has been reported as VOUS 
(ClinVar, RCV000686525.1). However, both data resources 
have no represented homozygosity for p.(Arg8426Gln), sug-
gesting a likely pathogenic effect. Segregation studies, by 
Sanger sequencing, confirmed the presence of this variant in 
heterozygosity in both parents and the absence in the heathy 
sister (Figure  3). The highly conserved 8426 Arginine resi-
due is located at the NEB C-terminus, a region responsible for 
Z-disk anchoring and protein interactions.37 Previous studies 
reported that NEB frameshift changes are predicted to truncate 
protein significantly, while missense variants compromise the 
interaction with other proteins, such as actin and tropomyo-
sin, leading to the myopathy.38,39 Likewise, we hypothesize 
that mutated Nebulin is mislocated or unable to interact with 
other critical muscular proteins thus compromising the normal 

muscle functioning and causing the milder muscular course ob-
served in our proband.

5 |  DISCUSSION

Herein, we report a patient with a complex phenotype, with 
vision, hearing and muscle involvement caused by variants 
in MYO7A and NEB genes. To enable a thorough and com-
prehensive analysis of patients' phenotype, HPO terminology 
was used to describe the clinical features. HPO has been in-
creasingly used as a gold-standard resource, allowing the in-
tegration of clinical data across the scientific community and 
translational research, improving disease diagnosis yield.14,15

Each one of the variants, per se, does not explain the over-
all spectrum of the proband's clinical phenotype. However, the 
cumulative effect of the two molecular defects could cause this 
complex clinical presentation. MYO7A variant (c.6028G>A) is 
implicated in the visual and hearing impairments, while the skel-
etal muscle involvement and some dysmorphisms, such as hy-
pertelorism and high palate, could be caused by the NEB variant 
(c.25277G>A).9,30,35 Interestingly, a panel for syndromic con-
genital deafness, including MYO7A variants, does not include 
those identified here, which led the authors to conclude that 
this is not a cost-effective approach, particularly deafness gene 
panels targeting specific variants. There is an increase in the 
number of patients described with a combination of pathogenic 
variants in distinct genes, mostly due to the use of genome-wide 
technologies. The presence of two rare conditions, rather than 
one disease with phenotypic expansion, is not an unusual find-
ing, particularly, but not exclusively, in consanguineous fami-
lies. In fact, recent estimates revealed that 7% of the molecularly 
diagnosed patients carry a combination of two pathogenic vari-
ants implicated in distinct Mendelian disorders.10 Therefore, 
care should be taken to publish new “broaden” phenotypes 
in well-established syndromes particularly those that include 
“skeletal or muscle changes.” This report also highlights that 
a precise clinical characterization, and consequently a correct 
molecular diagnosis, might be hampered by the noncoincident 
age of onset of each condition, as well as adult-onset disorders, 
progressive diseases, and mild phenotypes. In conclusion, we 
show the first molecular diagnosis of two Mendelian diseases 
unraveled by ES data homozygosity mapping, in a patient with 
a clinical diagnosis of Usher syndrome and unrelated muscle 
complaints. The presence of two clinical entities has allowed an 
ophthalmological and otorhinolaryngological follow-up as well 
as referral for neuromuscular consultation for proper monitoring 
of the skeletal muscle complaints. Furthermore, this report also 
emphasises the limitations of phenotype-targeted gene panels as 
a first-tier test and demonstrates that introducing exome scale 
sequencing into the clinical workflow can shorten the diagnostic 
odyssey and provide clinical utility and potential tailored thera-
peutic interventions.
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