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Abstract
Autozygosity-driven exome analysis has been shown effective for identification of genes underlying recessive diseases 
especially in countries of the so-called Greater Middle East (GME), where high consanguinity unravels the phenotypic 
effects of recessive alleles and large family sizes facilitate homozygosity mapping. In Italy, as in most European countries, 
consanguinity is estimated low. Nonetheless, consanguineous Italian families are not uncommon in publications of genetic 
findings and are often key to new associations of genes with rare diseases. We collected 52 patients from 47 consanguine-
ous families with suspected recessive diseases, 29 originated in GME countries and 18 of Italian descent. We performed 
autozygosity-driven exome analysis by detecting long runs of homozygosity (ROHs > 1.5 Mb) and by prioritizing candidate 
clinical variants within. We identified a pathogenic synonymous variant that had been previously missed in NARS2 and we 
increased an initial high diagnostic rate (47%) to 55% by matchmaking our candidate genes and including in the analysis 
shorter ROHs that may also happen to be autozygous. GME and Italian families contributed to diagnostic yield comparably. 
We found no significant difference either in the extension of the autozygous genome, or in the distribution of candidate 
clinical variants between GME and Italian families, while we showed that the average autozygous genome was larger and 
the mean number of candidate clinical variants was significantly higher (p = 0.003) in mutation-positive than in mutation-
negative individuals, suggesting that these features influence the likelihood that the disease is autozygosity-related. We 
highlight the utility of autozygosity-driven genomic analysis also in countries and/or communities, where consanguinity is 
not widespread cultural tradition.

Introduction

In genetics, consanguineous marriages are commonly 
defined as unions between individuals related as second 
cousins or closer, resulting in a pedigree-based coefficient 
of inbreeding (F) in their progeny ≥ 0.0156 (Bittles 2001). 
Individuals whose parents are so closely related are expected 
to have an increased proportion of their autosomal genome 
that is autozygous, where two identical haplotypes descend 
from a recent common ancestor; the closer the degree of 

relatedness, the greater the proportion of the genome that 
is expected to be autozygous (Smith 1974). Autozygosity is 
considered to be the genomic hallmark of inbreeding, mani-
festing as long runs of homozygosity (ROHs), i.e., sizeable 
stretches of homozygous genotypes at consecutive polymor-
phic DNA marker positions, which are spread throughout an 
individual genome.

The most well-known medical impact of parental con-
sanguinity is the increased risk of rare autosomal recessive 
diseases in the progeny. Notably, the excess risk is inversely 
proportional to the frequency of the disease-related allele 
in the gene pool (Bittles 2001). As a result, genetic analy-
sis of consanguineous families paved the way to the iden-
tification of many genes underlying ultra-rare Mendelian 
conditions (Alkuraya 2013; Alazami et al. 2015). Since 
it was first proposed in 1987 (Lander and Botstein 1987) 
homozygosity mapping, which exploits the occurrence of 
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long ROHs surrounding the disease-related variant, proved 
to be a powerful tool to map recessive genes, and its com-
bination with Whole Exome Sequencing (WES) rapidly 
boosted novel gene discoveries in first years of the next 
generation sequencing era (Aldahmesh et al. 2011; Becker 
et al. 2011; Chiang et al. 2012; Shaheen al. 2011; Sobreira 
et al., 2010). More recently, diagnostic yield up to 60% has 
been reported in clinical settings, where homozygosity map-
ping and WES have been used to establish genetic diagno-
sis in children to consanguineous parents (Makrythanasis 
et al. 2014; Yavarna et al. 2015; Charng et al. 2016). It is 
usually emphasized how marriage between consanguineous 
spouses is a cultural tradition in countries of the so-called 
Greater Middle East (GME) (Scott et al. 2016), while is no 
longer common among most European populations, where, 
however, it was socially accepted and even favored at least 
until the nineteenth century (Bittles et al. 2001). In Italy, 
profound demographic changes occurred during the 2nd half 
of the twentieth century causing a rapid decrease in rates of 
consanguineous marriages, especially in the north (Cavalli 
Sforza et al. 2004). It has been argued that autozygosity-
driven WES analysis is most powerful in populations of 
GME countries, where the identification of genes under-
lying autosomal recessive diseases is facilitated by high 
population inbreeding rate and large family size (Monies 
et al. 2017a, b). Nonetheless, reports of genetic diagnoses 
and novel disease-gene associations in Italian consanguine-
ous families are not uncommon in the literature (see Spa-
taro et al. 2019; Ramos et al. 2019; Milev et al. 2018 as 
illustrative recent papers). We aimed to investigate whether 
autozygosity-driven WES analysis could be as effective in a 
country like Italy, where population inbreeding rate is lower 
and family size is on average smaller than in GME coun-
tries. Here we report on our findings in 52 patients from 47 
consanguineous families with suspected autosomal reces-
sive diseases, 29 that originated in GME countries and 18 
of Italian descent.

Materials and methods

Patients. This study includes 47 families referred in years 
2012–2017 to the Medical Genetics Unit, Sant’Orsola-
Malpighi University Hospital in Bologna, Italy or collab-
orative centers (Bellaria Hospital in Bologna, Italy; Città 
della Salute e della Scienza University Hospital, Turin, 
Italy; Department of Biochemistry, College of Medicine 
and Health Sciences, Sultan Qaboos University, Muscat, 
Oman; Department of ENT, Al Nahdha Hospital, Minis-
try of Health, Muscat, Oman; Alzahra University Hospital, 
Isfahan University of Medical Sciences, Isfahan, Iran) for 
suspected genetic condition in consanguineous families.

Written informed consent was obtained from all subjects 
and study was approved by the local institution ethical com-
mittee and review board (IRB protocol 3206/2016 at Poli-
clinico S. Orsola-Malpighi, Bologna (Italy); Ref No. SQU 
– EC/121/16, MREC # 1311 (Oman); Ethics Committee of 
the Città della Salute e della Scienza University Hospital, 
Torino (Italy) (approval number 0060884); IRM. MUI. REC 
of Isfahan University of Medical science (Iran)) and per-
formed according to the Declaration of Helsinki protocol.

Whole exome sequencing. Genomic DNA was extracted 
from peripheral blood samples collected in EDTA anti-
coagulant with the GenElute Blood Genomic DNA Kit 
(Sigma Aldrich, Missouri, USA), following the manufac-
turer’s instruction, and with the QIAamp DNA Blood Mini 
(Qiagen, Venlo, Netherlands), following a modified protocol 
(800 μl of blood instead of 200 μl and 2 additional washes 
with the kit’s buffer) to obtain 3 μg of DNA.

Targeted capture and enrichment were performed using 
different commercial kits: BGI exome (BGI Tech Solu-
tions, Shenzhen, China), Nextera Rapid CaptureExome 
(Illumina Inc., San Diego, CA), TruSeqExomeLibrary Prep 
Kit (Illumina), SeqCap EZ Exome Enrichment v2 and v3 
(Nimblegen Inc., Madison, WI). Libraries were sequenced 
as 91-bp or 100-bp paired-end reads on Illumina HiSeq2000 
or HiSeq2500 platforms (Illumina).

Generated reads were treated following a general pipe-
line elsewhere described (Magini et al. 2014) including 
alignment with BWA (Li and Durbin 2009) to the reference 
genome hg19, realignment and base quality score recali-
bration with GATK (DePristo et al. 2011) and duplicate 
removal with PicardTools (https ://picar tools .sourc eforg 
e.net). Alignment and coverage statistics were collected 
with SAMtools (Li et al. 2009) and GATK. Variants were 
called and filtered by quality with GATK HaplotypeCaller 
and Variant Quality Score Recalibration, and then annotated 
with RefSeq using ANNOVAR (Wang et al. 2010). H3M2 
(Magi et al. 2014) was used for the identification of ROHs 
from WES alignments.

Autozygosity-based variant prioritization workflow. To pri-
oritize variants according to their probability of being causal 
for autozygosity-related pathology, we classified ROHs iden-
tified by H3M2 into 2 size classes reflecting the presumed 
ROH origin (Pemberton et al. 2012):

1. Long ROH (larger than 1.5 Mb), typical of consanguine-
ous families as a consequence of close parental related-
ness and thus likely to be autozygous.

2. Short-medium ROH (smaller than 1.5 Mb), common in 
inbred communities but also present in outbred popula-
tions as a consequence of background parental related-
ness;

https://picartools.sourceforge.net
https://picartools.sourceforge.net
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Candidate clinical variants were defined as variants with 
potential to alter the protein product (missense, nonsense, 
small insertion/deletions and splicing-affecting variants) 
with allele frequency lower than 0.01 (rare variants from 
here on) and not seen in homozygous state in gnomAD data-
base (https ://gnoma d.broad insti tute.org/). Effect on splicing 
was assumed if variants impacted conventional splice-sites 
(± 2 bp from intron–exon junction) and/or were predicted 
as unconventional splicing-affecting variants (uSAVs) by 
MutPredSplice v1.3.2 (https ://mutdb .org/mutpr edspl ice).

We subsequently stratified homozygous candidate clini-
cal variants following their probability of being autozygous: 
autosomal homozygous variants in long ROHs (increased 
chance to be autozygous) and out of long ROHs (less likely 
to be autozygous).

Finally, we prioritized candidate clinical variants in 3 
layers. Based on the American College for Medical Genet-
ics (ACMG) (Richards et al. 2015) guidelines the first two 
layers were:

(a) Pathogenic:

• variant already reported as pathogenic or likely patho-
genic in ClinVar (https ://www.ncbi.nlm.nih.gov/clinv 
ar/) and/or in  HGMD® (https ://www.hgmd.cf.ac.uk/ac/
index .php) or for which pathogenicity is convincingly 
supported by data in the literature;

• variant predicted to be Loss of Function (LOF) (nonsense 
changes, frame-shift indels and splicing-affecting vari-
ants) within a gene reported in Online Mendelian Inherit-
ance in Man (OMIM) to be associated with a Mendelian 
phenotype;

(b) Likely pathogenic:

• non-LOF variant within a gene reported in OMIM to be 
associated with a Mendelian phenotype, consistent with 
the clinical diagnosis;

  The third layer included potentially pathogenic vari-
ants predicted to be deleterious by Combined Annotation 
Dependent Depletion (CADD v.1.3) score greater than 20 
and in genes not reported in OMIM to be associated with 
a Mendelian phenotype at the time when bioinformatic 
analysis was completed (31/12/2017).

Sanger sequencing. Variants were validated and their seg-
regation within parents and siblings was checked through 
Sanger sequencing. Specific primers (Eurofins Genomics) 
were manually designed and PCRs were carried out using 
KAPA ReadyMix (KAPA Biosystems) under standard con-
dition. Sanger sequencing was performed using the Big Dye 

Terminator v1.1 Cycle Sequencing Kit (Applied Biosys-
tems), following the manufacturer’s instructions. Sequencing 
analysis was performed by the automated sequencer with 48 
capillaries (3730 DNA analyzer, Applied Biosystems) and 
output files were analyzed through the software Sequencher 
5.0 (Gene Code Corporation).

NARS2 cDNA sequencing and real time PCR. Total RNA 
was extracted from cultured skeletal muscle cells and fibro-
blasts of a healthy individual and the proband of family 
ITA_9, using the tissue protocol of QIAmp RNA blood 
mini kit (Qiagen). 500 ng of extracted RNA and of human 
colon and whole brain RNA pools (Clontech) were retrotran-
scribed to cDNA through the high-capacity cDNA reverse 
transcription kit (Thermo Fisher Scientific). To evaluate 
possible splicing alterations around exon 9 in the patient, 
NARS2 cDNA was specifically amplified through standard 
PCR with primers complementary to exon 7 (forward) and 
exon 10 (reverse) sequences. Bands from gel electropho-
resis of NARS2 cDNA amplicons were separated, purified 
through the QIAquick gel extraction kit (Qiagen), sequenced 
using the BigDye terminator v1.1 cycle sequencing kit 
(Thermo Fisher Scientific) and run on the 3730 DNA Ana-
lyzer (Thermo Fisher Scientific). Expression of NARS2 wt 
transcript, including exon 9, was evaluated in patient’s and 
controls’ fibroblasts and skeletal muscle cells by quantita-
tive PCR through the Universal Probe Library (UPL) system 
(Roche). ACTB mRNA was used as endogenous normalizer 
and amplified separately. Each reaction was performed in 
triplicate. The ΔCt method was applied to real-time data 
to obtain a relative quantification of NARS2 wt transcript 
expression.

Statistical analysis. Differences between mean values of cov-
erage, proportion of autozygous genome and number of vari-
ants were assessed by Welch’s t-test, or unequal variances 
t-test, with R version 3.5.1. (https ://www.r-proje ct.org/). A 
p value ≤ 0.05 was considered significant.

Results

Patients’ population and autozygosity-driven WES variant 
prioritization. In this study, 52 individuals affected with dif-
ferent disorders of suspected genetic origin, belonging to 47 
consanguineous families, had WES performed. In detail, par-
ents’ probands were related as first cousins (40, 85.1%), first 
cousins once-removed (3, 6.4%), second cousins (3, 6.4%) 
or second cousins once-removed (1, 2.1%). Family history 
was negative for 43 probands (91.5%), while the remain-
ing had 1 (3 families, 6.5%) or 2 (1 family, 2%) affected 
siblings but no record of disease was reported for parents 
or relatives in upper generations, suggesting autosomal 

https://gnomad.broadinstitute.org/
https://mutdb.org/mutpredsplice
https://www.ncbi.nlm.nih.gov/clinvar/
https://www.ncbi.nlm.nih.gov/clinvar/
https://www.hgmd.cf.ac.uk/ac/index.php
https://www.hgmd.cf.ac.uk/ac/index.php
https://www.r-project.org/
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recessive inheritance. The majority of families (29, 62%) 
were from GME countries, while the remaining (18, 38%) 
were from Italy. There was no major difference in the distri-
bution of the degree of parental relatedness between Italian 
and GME families, with first cousins being preponderant in 
both (13/18 [72%] and 27/29 [93%], respectively). Clinical 
diagnoses reflected a composition of suspected Mendelian 
disorders, including either groups of families from single 
GME countries with homogeneous phenotype (12 Omani 
families with non-syndromic congenital deafness) or with 
syndromic conditions unified by a common sign (8 Iranian 
families with syndromic cleft palate), or families with het-
erogeneous multi-systemic (neuro)developmental disorders 
and of prevalent Italian ancestry (18/27, 64%) (Table 1). 
Genetic analyses performed prior to WES in 32 probands 
(68%) were inconclusive and laboratory tests prescribed in 
specific instances after clinical examination were negative, 
as summarized in Supplemental Table 1.

Notwithstanding differences in library preparation and 
capture, all WES experiments achieved comparable cover-
age which was adequate for the identification of homozy-
gous variants with, on average, a mean coverage of 82.5X 
(± 27.2X) and % of bases covered above 20X of 86.3% 
(± 5.3%) (Supplemental Table 2). Mean number of exonic 
and canonical splice-site variants (± 2 bp from exon/intron 
boundary) was 22,920 (± 1,271) per individual, of which 
8,853 (± 461) were homozygous. Autozygosity-driven prior-
itization restricted the list to a mean of 931 (± 477) variants 
within large ROHs including 38 uSAVs in 23 families (mean 
1.6 ± 0.7) as detailed in Supplemental Table 3, of which 19 
(± 12) per individual were candidate clinical.

Diagnostic yield of the autozygosity-driven WES analysis. 
In 22 out of 47 families, where we identified a variant clas-
sified as pathogenic (Table 2) or likely pathogenic (Table 3) 
according to our criteria, we claimed that we established 
diagnosis (47%). 

Nine variants were LOF, while 11 were missense. Clini-
cal significance of 4 missense variants was convincingly 
supported by ClinVar (Table 2), while one, ACP5 p.Q120R, 
was described in another Italian individual (Patient 21 in 
Briggs et al. 2016). MutpredSplice predicted 11 uSAVs 
within genes associated with autosomal recessive Mende-
lian diseases, 5 of which consistent with the patient’s clinical 
presentation. Four were nonsynonymous changes already 
classified as pathogenic or likely pathogenic, three in estab-
lished deafness genes (CDH23, COL9A2, PCDH15) and one 
in TRAPPC2L (Milev et al. 2018), while one was the novel 
synonymous NARS2 p.N90N variant. This unconventional 
splice-site variant was predicted to produce an Exonic Splic-
ing Enhancer (ESE) loss and Exonic Splicing Silencer (ESS) 
gain and it was, therefore, added to the list of pathogenic 
variants. We subsequently confirmed that the functional 
consequence of this variant was NARS2 exon 9 skipping 

resulting in an out-of-frame truncated protein (p.N90HfsX4) 
by analysis of cDNA from patient’s fibroblasts. With specific 
primers, we obtained a single NARS2 amplicon (318 bp) in 
all tested control tissues. In the patient, bands with differ-
ent size indicated the activation of alternative splice sites, 
including those eliminating exon 9 (280 bp). Interestingly, 
patient’s fibroblasts maintained the wild-type band, while 
skeletal muscle cells, which are one of the disease targets, 
lost it completely (Supplemental Fig. 1A, B). To assess 
the presence of the NARS2 wt transcript, a Real-Time PCR 
was carried out on RNA from both fibroblasts and muscle 
biopsy: in the proband the wt transcript resulted expressed 
at very low levels with respect to controls in both tissues 
(Supplemental Fig. 1C).

In two instances, the candidate clinical variants were 
found in association with phenotypes only partially over-
lapping the classical presentation ascribable to the genes. 
DDC p.Arg375Cys was described to expand the phenotypic 
spectrum of aromatic aminoacid decarboxylase deficiency 
related to DDC mutations (Graziano et al. 2015). MC2R 
p.L283R only partially explains the composite clinical pic-
ture in patient from family GME_14, since while it was 
assessed as causative of the glucocorticoid deficiency phe-
notype, it could not clarify patient’s craniostenosis, which 
is a feature that has never been observed so far in MC2R-
related disorders. In two further families, homozygous vari-
ants in two genes normally underlying autosomal dominant 
diseases, RAD21 (p.A622T) and NOTCH3 (p.C966X), were 
demonstrated to cause recessive phenotypes that partially 
overlapped the dominant ones (Bonora et al. 2015; Pippucci 
et al. 2015).

We then searched for variants out of long ROHs, to 
uncover disease-related variants within short-medium ROH. 
MYO15A p.Y393CfsX41, identified in three siblings affected 
with congenital deafness from family GME_17, was within a 
ROH ranging about 900 Kb and we previously demonstrated 
that it is a founder mutation in Oman (Palombo et al. 2017), 
the country from which this family originates.

We also evaluated potentially pathogenic variants iden-
tified in mutation-negative families after previous steps, 
resulting in 20 candidate genes. For 3 of these genes (TRAP-
PC2L, SMPD4 and CCDC32) we were connected through 
Gene Matcher to colleagues that had identified defects in 
one of the same genes in patients presenting with convinc-
ingly overlapping phenotypes. We were thus able to collect 
a series of genetic and functional evidence to support novel 
disease-gene association which are described in separate 
publications (Milev et al. 2018; Magini et al. 2019; Harel 
et al. 2020). Thanks to these collaborative efforts we were 
eventually able to ascertain the causative role of these three 
variants and to upgrade their pathogenicity classification 
from potentially pathogenic to pathogenic (Table 2). Overall, 
with the MYO15A variants and variants that were initially 
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Table 1  Overview of patients and pedigrees in this study

AIHA autoimmune haemolytic anaemia, ARMs ano-rectal malformations, CIPO chronic intestinal pseudo-obstruction, CNS Central Nervous 
System, CP Cleft Palate, HSP Hereditary Spastic Paraplegia, ID Intellectual Disability, THC thrombocytopenia
In the last column the target enrichment kits are indicated: †BGI_target; ‡Nextera; §SeqCapV2; ¶SeqCapV3; #Truseq

Family Country of origin Closest relationship between parents 
of probands

Phenotype WES (affected)

ITA_1 Italy First cousins Short stature, facial hirsutism, alopecia, dyslipidemia and extreme 
insulin resistance

1 † (1)

ITA_2 Italy Second cousins once removed ID 1† (1)
ITA_3 Italy First cousins ID 1† (1)
ITA_4 Italy First cousins Mitochondrial DNA depletion syndrome 1# (1)
ITA_5 Italy First cousins Epileptic Encephalopathy 1# (1)
ITA_6 Italy Second cousins Metabolic encephalomyopathy mitochondrial suspected 1‡ (1)
ITA_7 Italy Second cousins Syndromic ID 2# (2)
ITA_8 Italy First cousins Bilateral optic neuritis 2# (1)
ITA_9 Italy First cousins Reversible COX deficiency 2# (1)
ITA_10 Italy First cousins HSP and AIHA 1¶ (1)
ITA_11 Italy First cousins Leukoencephalopathy 1§ (1)
ITA_12 Italy First cousins Agammaglobulinemia 1§ (1)
ITA_13 Italy First cousins Corpus callosum agenesia 1† (1)
ITA_14 Italy First cousins once removed Microphtalmia and hypoacusia 1‡ (1)
ITA_15 Italy First cousins HSP, diplopia and nistagmo 1¶ (1)
ITA_16 Italy Second cousins ID (CNS malformation) 1† (1)
ITA_17 Italy First cousins Diaphragmatic hernia 1‡ (1)
ITA_18 Italy First cousins Neuroaxonal dystrophy 1† (1)
GME_1 Oman First cousins Deafness 1‡ (1)
GME_2 Oman First cousins Deafness 1‡ (1)
GME_3 Oman First cousins Deafness 1‡ (1)
GME_4 Oman First cousins Deafness 1‡ (1)
GME_5 Oman First cousins Deafness 1‡ (1)
GME_6 Oman First cousins Deafness 1‡ (1)
GME_7 Oman First cousins Deafness 1‡ (1)
GME_8 Oman First cousins Deafness 1‡ (1)
GME_9 Oman First cousins Deafness 1‡ (1)
GME_10 Oman First cousins Deafness 1‡ (1)
GME_11 Oman First cousins Deafness 1‡ (1)
GME_12 Turkey First cousins CIPO 2§ (2)
GME_13 Morocco First cousins HSP 2‡ (2)
GME_14 Pakistan First cousins Craniostenosis and glucocorticoid deficiency 1‡ (1)
GME_15 Bangladesh First cousins Severe psychomotor delay, aggression, early puberty 1‡ (1)
GME_16 Pakistan First cousins Microcephaly, mild developmental delay, atrial septal defect and 

multicystic left kidney
1‡ (1)

GME_17 Oman First cousins Deafness 3# (3)
GME_18 Morocco First cousins once removed Lissencephaly 2‡ (1)
GME_19 Iran First cousins Syndromic CP 1‡ (1)
GME_20 Iran First cousins once removed Syndromic CP 1‡ (1)
GME_21 Iran First cousins Syndromic CP 1‡ (1)
GME_22 Iran First cousins Syndromic CP 1‡ (1)
GME_23 Iran First cousins Syndromic CP 1‡ (1)
GME_24 Iran First cousins Syndromic CP 1‡ (1)
GME_25 Iran First cousins Syndromic CP 1‡ (1)
GME_26 Iran First cousins Syndromic CP 1‡ (1)
GME_27 Pakistan First cousins Leukodystrophy 1¶ (1)
GME_28 Saudi Arabia First cousins ARMs 1‡ (1)
GME_29 Iran First cousins THC 1† (1)



 Human Genetics

1 3

Ta
bl

e 
2 

 P
at

ho
ge

ni
c 

va
ria

nt
s i

n 
pa

tie
nt

s

†  gn
om

A
D

 =
 ge

no
m

e 
ag

gr
eg

at
io

n 
da

ta
ba

se
 (h

ttp
s :

//g
no

m
a d

.b
ro

ad
 in

sti
 tu

te
.o

rg
/);

 ‡ G
M

E 
=

 G
re

at
er

 M
id

dl
e 

Ea
st 

Va
rio

m
e 

Pr
oj

ec
t (

ht
tp

s :
//i

gm
.u

cs
d.

ed
u/

gm
e/

in
de

x .
ph

p)
. R

O
H

 =
 R

un
 O

f H
om

oz
yg

o-
si

ty

Fa
m

ily
D

is
ea

se
G

en
e

Va
ria

nt
gn

om
A

D
†

gn
om

A
D

†  a
lle

le
G

M
E‡  fr

eq
ue

nc
y

G
M

E‡  
ge

no
ty

pe
 

co
un

t

H
G

M
D

/C
lin

va
r

CA
D

D
RO

H
 si

ze

IT
A

_1
Sh

or
t s

ta
tu

re
, f

ac
ia

l 
hi

rs
ut

is
m

, a
lo

pe
ci

a,
 d

ys
-

lip
id

em
ia

 a
nd

 e
xt

re
m

e 
in

su
lin

 re
si

st
an

ce

PO
C

1A
N

M
_0

15
42

6.
5:

c.
10

07
du

pC
:p

.
G

33
7R

fs
*2

5
4.

29
5e

-6
1/

23
2,

83
2

N
A

N
A

N
o

N
A

26
 M

b

IT
A

_4
M

ito
ch

on
dr

ia
l D

N
A

 
de

pl
et

io
n 

sy
nd

ro
m

e
PO

LG
N

M
_0

01
12

61
31

.2
:c

.1
94

3C
 >

 G
:p

P
64

8R
8.

25
9e

-6
2/

24
2,

17
4

N
A

N
A

Ye
s

24
.7

3.
5 

M
b

IT
A

_5
Ep

ile
pt

ic
 e

nc
ep

ha
lo

pa
th

y
CA

C
N

A
2D

2
N

M
_0

01
00

55
05

.3
:c

.1
29

5d
el

T:
p.

N
43

2T
fs

*3
5

N
A

N
A

N
A

N
A

N
o

N
A

18
.1

 M
b

IT
A

_9
Re

ve
rs

ib
le

 C
O

X
 d

efi
-

ci
en

cy
N

A
R

S2
N

M
_0

01
24

32
51

.1
:c

.2
70

C
 >

 T
:p

.
N

90
N

N
A

N
A

N
A

N
A

N
o

N
A

6.
5 

M
b

IT
A

_1
0

H
SP

 a
nd

 A
IH

A
A

C
P5

N
M

_0
01

61
1.

5:
c.

35
9A

 >
 G

:p
.Q

12
0R

N
A

N
A

N
A

N
A

N
o

16
.5

6
4 

M
b

IT
A

_1
1

Le
uk

oe
nc

ep
ha

lo
pa

th
y

N
O

TC
H

3
N

M
_0

00
43

5.
3:

c.
28

98
C

 >
 A

:p
C

96
6*

N
A

N
A

N
A

N
A

N
o

39
3.

7 
M

b
IT

A
_1

6
ID

 (C
N

S 
m

al
fo

rm
at

io
ns

)
TR

A
PP

C
9

N
M

_0
01

16
03

72
.4

:c
.2

24
_2

25
de

lG
C

:p
.R

75
Q

fs
*2

2
N

A
N

A
N

A
N

A
N

o
N

A
13

 M
b

IT
A

_1
8

N
eu

ro
ax

on
al

 d
ys

tro
ph

y
TF

G
N

M
_0

01
00

75
65

.2
:c

.3
16

C
 >

 T
:p

.
R

10
6C

3.
91

8e
-5

11
/2

80
,7

52
0.

00
05

03
5

99
2:

1:
0

Ye
s

24
.7

22
.6

 M
b

G
M

E_
2

D
ea

fn
es

s
C

D
H

23
N

M
_0

22
12

4.
6:

c.
60

49
G

 >
 A

:p
.

G
20

17
S

2.
87

3e
-5

7/
24

3,
64

2
N

A
N

A
Ye

s
34

4 
M

b

G
M

E_
5

D
ea

fn
es

s
SL

C
26

A
4

N
M

_0
00

44
1.

2:
c.

12
46

A
 >

 C
:p

.T
41

6P
1.

94
9e

-4
55

/2
82

,1
96

N
A

N
A

Ye
s

19
.4

7
19

.5
 M

b
G

M
E_

6
D

ea
fn

es
s

CO
L4

A
3

N
M

_0
00

09
1.

5:
c.

82
8 +

 1G
 >

 C
N

A
N

A
N

A
N

A
N

o
16

10
 M

b
G

M
E 

_8
D

ea
fn

es
s

LO
X

H
D

1
N

M
_0

01
14

54
73

.2
:c

.7
71

C
 >

 A
:p

.
Y

25
7*

6.
31

3e
-6

1/
15

8,
40

4
N

A
N

A
N

o
41

27
 M

b

G
M

E 
_9

D
ea

fn
es

s
CO

L9
A

2
N

M
_0

01
85

2.
4:

c.
18

07
A

 >
 T

:p
.K

60
3*

N
A

N
A

N
A

N
A

N
o

39
10

 M
b

G
M

E 
_1

1
D

ea
fn

es
s

PC
D

H
15

N
M

_0
01

14
27

69
.3

:c
.4

70
5G

 >
 A

:p
.

Q
15

69
*

N
A

N
A

N
A

N
A

N
o

35
16

 M
b

G
M

E 
_1

3
H

SP
SP

G
20

N
M

_0
01

14
22

94
.1

:c
.8

92
du

pA
:p

.
T2

98
N

fs
*1

6
N

A
N

A
N

A
N

A
N

o
N

A
3.

7 
M

b

G
M

E 
_1

7
D

ea
fn

es
s

M
Y

O
15

A
N

M
_0

16
23

9.
4:

c.
11

71
_1

17
7d

up
G

C
C

 
A

TC
 T:

p.
Y

39
3C

fs
*4

1
N

A
N

A
N

A
N

A
N

o
N

A
80

0 
kb

G
M

E 
_1

8
Li

ss
en

ce
ph

al
y

SM
PD

4
N

M
_0

01
17

10
83

.2
:c

.1
26

4 +
 1G

 >
 A

N
A

N
A

N
A

N
A

N
o

17
22

 M
b

G
M

E 
_2

3
Sy

nd
ro

m
ic

 C
P

C
C

D
C

32
N

M
_0

01
08

07
91

.2
:c

.1
90

_1
91

in
sG

G
:p

.E
64

G
fs

*1
2

N
A

N
A

N
A

N
A

N
o

N
A

5.
23

 M
b

https://gnomad.broadinstitute.org/
https://igm.ucsd.edu/gme/index.php


Human Genetics 

1 3

classified as potentially pathogenic but were later assessed 
to be causative, we established diagnosis in 26/47 families 
(11/18 Italian families, 60%; 15/29 GME families, 51%) and 
we were thus able to increase the diagnostic yield to 55% 
(26/47). Diagnostic yields varied substantially between the 
principal different disease groups, as we achieved genetic 
diagnosis in 8/12 of the probands with non-syndromic con-
genital deafness (66%), in 3/8 of those with syndromic cleft 
palate (37%), and in 10/16 of those with neurodevelopmental 
disorders (62.5%).

Among the remaining 17 novel candidate genes 
(Table 4), we deem that at least NDUFAF7 deserves a 
comment although we were not able to provide likewise 
evidence that it is causative of the patient’s clinical mani-
festation. NDUFAF7 p.A278T was identified in a patient 
with a severe form of leukodystrophy with suspected mito-
chondrial origin. This gene, which has been functionally 
characterized only recently (Rhein et al. 2013), encodes 

a S-adenosylmethionine-dependent methyltransferase 
located in the mitochondrial matrix that symmetrically 
dimethylates the residue Arg-85 in the NDUFS2 subunit 
during the early stage of complex I assembly. Moreover, 
NDUFAF7 seems to be essential for normal vertebrate 
development as its knockout in mice is embryonically 
lethal (Zurita Rendón et al. 2014).

Proportion of autozygous genome and variants and 
evaluation of their impact on diagnostic yield. The cumu-
lative length of individual long ROHs, assumed to be the 
autozygous genome, ranged from 62.6 Mb to 432 Mb 
(mean: 253 Mb ± 97 Mb). Such a wide span in the autozy-
gous genome is consistent with literature data reporting a 
86 Mb-345 Mb range in the offspring to first cousin unions 
(Leutenegger et al. 2003). Although GME families had 
on average a larger autozygous genome than Italian fami-
lies (266 Mb ± 98 Mb vs. 231 Mb ± 96 Mb), there was 

Table 3  Likely pathogenic variants in patients

† gnomAD = genome aggregation database (https ://gnoma d.broad insti tute.org/); ‡GME = Greater Middle East Variome Project (https ://igm.ucsd.
edu/gme/index .php). ROH = Run Of Homozygosity

Family Disease Gene Variant gnomAD† gnomAD† 
allele

GME‡ 
fre-
quency

GME‡ 
genotype 
count

CADD ROH size

ITA_6 Metabolic 
encepha-
lomyopa-
thy mito-
chondrial 
suspected

TRAPPC2L NM_016209.5:c.109G > T:p.
D37Y

1.592e-5 4/251,318 NA NA 27.1 12.5 Mb

ITA_7 Syndromic 
ID

DDC NM_001242888.2:c.1123C > T:p.
R375C

1.591e-5 4/251,370 NA NA 16.21 3.3 Mb

GME_10 Deafness CDH23 NM_001171933.1:c.716A > C:p.
D239A

NA NA NA NA 28 40 Mb

GME _12 CIPO RAD21 NM_006265.3:c.1864G > A:p.
A622T

7.997e-6 2/250,086 NA NA 15.82 7.1 Mb

GME_14 Cranioste-
nosis and 
gluco-
corticoid 
deficiency

MC2R NM_000529.2:c.848 T > G:p.
L283R

NA NA NA NA 21.7 2.3 Mb

GME _16 Microceph-
aly, mild 
develop-
mental 
delay, 
atrial sep-
tal defect 
and multi-
cystic left 
kidney

CENPF NM_016343.4:c.5447 T > C:p.
V1816A

1.041e-4 26/249,662 NA NA 0.28 26 Mb

GME _19 Syndromic 
CP

ECEL1 NM_004826.4:c.1339C > T:p.
R447C

7.967e-6 2/251,048 NA NA 20.9 17 Mb

GME _22 Syndromic 
CP

COLEC11 NM_001255986.1:c.364G > A:p.
E122K

NA NA NA NA 17.58 2.4 Mb

https://gnomad.broadinstitute.org/
https://igm.ucsd.edu/gme/index.php
https://igm.ucsd.edu/gme/index.php
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substantial overlap in range (62.6–432 Mb vs. 96–406 Mb) 
resulting in no significant difference (p value = 0.3096).

The autozygous genome positively correlated with the 
total number of variants in long ROH (Adjusted R-squared: 
0.8103, p value: < 2.2e-16), as well as, although showing 
progressively weaker correlation, with the number of rare 
variants in long ROHs (Adjusted R-squared: 0.5711, p value: 
5.713e−11) or of only candidate clinical variants in long 
ROHs (Adjusted R-squared: 0.2364, p value: 0.000153) 
(Supplemental Fig. 2).

GME individuals had a higher mean number of variants 
in long ROHs compared to individuals of Italian ancestry for 
all total, rare and candidate clinical variants, although this 
difference was not significant (total: 32,390 vs. 16,029, mean 
981.5 std ± 483.6 vs. 843.6 ± 465.1, p value = 0.3166; rare: 
1156 vs. 473, 35 ± 22.1 vs. 24.9 ± 14.3, p value = 0.05105; 
candidate clinical: 126 vs. 68, 3.8 ± 2.7 vs. 3.5 ± 2.9, p 
value = 0.7766).

We eventually examined variables that could mark a dif-
ference between mutation-positive and mutation-negative 
families. First, since the mean depth of sequence cover-
age on target is commonly defined as a parameter of good 
experimental quality, we compared mean on-target coverage 
in mutation-positive (83.8×) and mutation-negative (80.5×) 
families finding no significant difference (p value = 0.6719). 
Differences in sequence coverage are not thus likely to deter-
mine failure or success to detect the diagnostic variant in 
this study.

We then wondered whether the proportion of autozygous 
genome and/or the proportion of candidate clinical variants 
in long ROHs was on average higher in families, where a 
causative variant was identified. Mutation-positive families 
showed trend towards a higher proportion of autozygous 
genome compared to mutation-negative families (Fig. 1) 

(282 Mb vs. 234 Mb; p value = 0.08548) and a statistically 
significant higher number of candidate clinical variants 
(Fig. 2) (5 vs. 2.5; p value = 0.003356), this trend surviv-
ing even when diagnostic variants in mutation-positive 
families were excluded from the analysis (4 vs.. 2.5; p 
value = 0.0698).

Discussion

In this study, a collection of 47 consanguineous families 
with occurrence of a variety of suspected genetic conditions 
underwent WES analysis under suspicion of an autozygo-
sity-related autosomal recessive disease. Therefore, an 
autozygosity-driven bioinformatics workflow similar to pre-
vious studies (Makrythanasis et al. 2014; Harripaul et al. 
2018), with the combined analysis of uSAVs by MutPred-
Splice, achieved an initial diagnostic yield of 47% (22/47 
families). This number includes a family displaying a non-
canonical phenotype ascribable to DDC mutations (Graziano 
et al. 2015), as well as a proband who received a partial diag-
nosis. This proband had glucocorticoid deficiency explained 
by a MC2R variant and sagittal synostosis, the most common 
form of craniostenosis known for a low contribution from 
monogenic forms (Wilkie et al. 2017), suggesting that the 
two defects are independent and that craniostenosis in this 
patient is not likely caused by a single variant. Moreover, 
in two families (Bonora et al. 2015; Pippucci et al. 2015) 
recessive variants were found in genes that are normally 
described in dominant clinically-overlapping phenotypes, 
a phenomenon observed also in other reports (Harel et al. 
2016; Monies et al. 2017a, b). In addition, identification of 
an ACP5 variant allowed clinical re-assessment of a patient 

Fig. 1  Boxplot showing proportion of autozygous genome in muta-
tion -positive and -negative families. Mutation-positive families 
showed trend towards a higher proportion of autozygous genome 
compared to mutation-negative families (282  Mb vs. 234  Mb; p 
value = 0.08548)

Fig. 2  Boxplot showing proportion of autozygous clinical candi-
date variants in mutation -positive and -negative families. Mutation-
positive families showed a statistically significant higher number of 
autozygous pathogenic/likely pathogenic/potentially pathogenic vari-
ants (5 vs. 2.5; p value = 0.003356)
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initially diagnosed with pure hereditary spastic paraplegia 
with associated autoimmune haemolitic anemia. Involve-
ment of ACP5, a gene associated with spondyloenchondro-
dysplasia with immune dysregulation (MIM 607944) which 
has spasticity among its clinical signs, motivated to perform 
X-rays in this patient. Radiologic findings revealed the pres-
ence of vertebra’s platispondilia and epiphysial radiolucen-
cies of the radius fully consistent with the ACP5-related 
phenotypic spectrum.

Interestingly, a homozygous uSAV in NARS2, otherwise 
discarded by canonical variant filtering workflows as it 
caused a synonymous codon change, was eventually dem-
onstrated to be an actual LOF variant that by impacting the 
normal splicing of NARS2 exon 9 led to generation of an 
out-of-frame transcript, and as such pathogenic (Supple-
mental Fig. 1). As their functional effect is more difficult to 
predict than that of missense changes, synonymous variants 
and uSAVs in general are usually overlooked in WES stud-
ies. The autozygosity-driven strategy allowed to narrow the 
search space to long ROHs, thus shortening the list of Mut-
PredSplice variants among which it was then easy to point 
to the NARS2 one. Since uSAVs can behave as LOF variants, 
it is becoming more and more urgent to investigate their role 
in autosomal recessive diseases and an autozygosity-driven 
analysis can be of great help in this task.

We were subsequently able to increase the diagnostic 
yield to 55% in two ways. First, we looked for homozy-
gous variants outside long ROHs. This revealed a MYO15A 
homozygous frame-shift small duplication that could explain 
the deafness phenotype, surrounded by a 849 Kb ROH 
shared by three Omani siblings. We demonstrated (Palombo 
et al. 2017) that this short-medium ROH reflected a founder 
haplotype introduced in Oman within the past 2–3 centu-
ries and with an estimated carrier frequency of about 1% 
in Northern Oman, suggesting that focusing on large ROHs 
(Prasad et al. 2018; Wakeling et al. 2019) may cause to 
miss clinical variants that are not linked to long haplotypes 
arising as a result of recent parental relatedness. Second, 
gene matchmaking (Sobreira et al. 2015) allowed to estab-
lish candidate genes as disease-associated before they were 
published (Milev et al. 2018; Magini et al. 2019; Harel et al. 
2020), with important implications for patient management 
and family counseling.

We achieved the highest diagnostic yield in probands 
with non-syndromic congenital deafness (66%), exceeding 
that obtained by WES and microarray approaches combined 
(56%) in another recent study on Australian non-consanguin-
eous families (Downie et al., 2019), likely explained by the 
consanguinity of our families. Two studies that embraced 
consanguineous cohorts with multiple congenital anomalies 
and neurocognitive/neurodevelopmental disorders reported 
diagnostic yields of 38.8% (Al-Dewick et al. 2019) and 
46–54% (Al-Dewick et al. 2019; Charng et al. 2016) for the 

two classes, respectively. These findings were comparable 
to our similar disease groups of syndromic CP (37%) and 
neurodevelopmental disorders (62.5%).

A 55% overall diagnostic yield is a striking result, but 
it is not unexpected in a WES study of consanguineous 
families. Makrythanasis et al. (2014) established diagno-
sis in 18/50 families of predominantly Arab ancestry (36%) 
(Makrythanasis et al. 2014). Yavarna et al. (2015) detected 
pathogenic or likely pathogenic variants in 89/149 Qatari 
probands (60%) (Yavarna et al. 2015). Charng et al. (2016) 
reported a potential molecular diagnosis in 17/31 families 
in Saudi Arabia (54.8%) (Charng et al. 2016). Finally, WES 
was used as first-line diagnostic tool in Palestinian and 
Israeli Arab consanguineous families, reaching a diagnos-
tic rate of 51% (42/83) (Hengel et al. 2020). Similar high 
diagnostic rates were recently reported in large cohorts of 
consanguineous families: in a multicenter clinical exome 
study, Alfares et al. (2017) identified likely disease-causing 
variants in 222/454 probands (49%) (Alfares et al. 2017), 
while Al-Dewik et al. (2019) reported the Clinical Exome 
Sequencing experience in Qatar with 246/509 probands 
receiving a molecular diagnosis (48.3%) (Al-Dewik et al. 
2019). In these studies, almost the entire cohorts have GME 
ancestry, which raises the question whether in our study 
GME patients, coming from countries with high inbreed-
ing rates, received more autozygosity-related diagnoses than 
Italian patients. Indeed, the two groups contributed com-
parably to the achieved diagnostic yield. On average, the 
autozygous genome was larger (and the number of variants 
in long ROHs was higher) in GME than in Italian patients, 
maybe a consequence of the closer parental relatedness of 
GME parents. However, these differences were not signifi-
cant, indicating that patients belonging to a GME population 
known to have high inbreeding levels and/or consanguin-
ity rates does not necessarily have significant autozygosity 
excess compared to patients from consanguineous families 
of European ancestry. Moreover, going down from total to 
rare and then to candidate clinical variants, the excess seen 
in GME patients is progressively smaller, suggesting that the 
augmented autozygosity does not necessarily reflects in sig-
nificant over-burden of deleterious variants as also indicated 
by the progressively weaker correlation between extent of 
the autozygous genome and the total/rare/candidate clinical 
variants in the whole sample.

We thus wanted to understand what could be signifi-
cantly different between mutation-positive and mutation-
negative patients, to get an insight into reasons that caused 
failure to identify the causative variant. We advanced three 
hypotheses:

• Differences in exome target coverage could explain why 
we failed to establish diagnosis in the remaining 21 fami-
lies;
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• Although most family loops had 1st cousins parents, 
extent of the autozygous genome varied substantially 
from family to family: families with smaller autozygous 
genome are, therefore, less likely to carry an autozygo-
sity-related variant than families with larger autozygous 
genome;

• Even with comparable extent of the autozygous genome, 
in some families there may be higher occurrence of del-
eterious variants in shared parental haplotypes result-
ing in a higher chance to inherit an autozygosity-related 
causative variant.

While there was no apparent discrepancy in exome tar-
get coverage that could justify detection failures, we noticed 
that mutation-positive probands showed a trend towards 
augmented autozygosity and, most importantly, had signifi-
cantly more autozygous deleterious variants. Notably, the 
extent of the “autozygome” was recently observed to cor-
relate with the detection rate of recessive disease-causing 
variants in patients from a high-consanguinity community 
(Hengel et al. 2020). Moreover, probands of Pakistani ances-
try in the Deciphering Developmental Disorders (DDD) 
study who were characterized by higher levels of genomic 
inbreeding also showed an increased rate in the diagnosis 
of autosomal recessive diseases (Martin et al. 2018). These 
observations have important implications, as they suggest 
that probands with lower degrees of genomic autozygosity, 
irrespective of the high pedigree-based inbreeding coeffi-
cient, are less likely to have their disease explained through 
an autozygosity-driven approach. The observation is con-
sistent with the recent finding in 1000 genomes project data 
that as the genome is progressively covered by autozygous 
regions the rate in gain of homozygous damaging alleles out-
paces that for less damaging alleles (Pemberton and Szpiech 
2018). This is well illustrated by two of our families, where 
all patients had an extent of the autozygous genome below 
the median value of our cohort (265 Mb). First, the three 
siblings from family GME_17 with the MYO15A variant, 
a founder mutation that is not linked to recent common 
parental haplotypes, had relatively low autozygosity levels 
(ranging 62–204 Mb) although these individuals belong to 
a population with one of the highest inbreeding level world-
wide (Islam 2012).

Second, in one of the Iranian probands the review of clini-
cal images suggested the hypothesis of Kabuki syndrome: 
ad-hoc inspection of KMT2D revealed a pathogenic LOF 
mutation that turned out to be de novo after parental test-
ing. Notably, also this patient had low autozygosity levels 
(214 Mb) and was the only one with a pathogenic/likely 
pathogenic variant in a known dominant gene. Assessment 
of this case was facilitated by a straightforward diagnosis 
after review, but it suggests that it is worth to consider that 
probands with low autozygosity levels may rather be affected 

by non autozygosity-related diseases. That probands from 
consanguineous families may have, e.g., a dominant disorder 
is an obvious consideration; however, the hypothesis that it 
is more likely to occur while autozygosity levels decrease 
may have consequences on study design (trio to have higher 
chance of detecting de novo variants in place of proband-
only sequencing that can instead be adequate when searching 
for homozygous causative variants).

In conclusion, we highlighted the utility of autozygosity-
driven WES analysis in an European population, where 
consanguinity is not widespread cultural tradition. Analysis 
of uSAVs, inspection of short-medium ROHs and genetic 
match-making were key in our study to improve diagnostic 
yield. Irrespective of patient’s population or ethnicity, aug-
mented genome autozygosity reflected in higher diagnos-
tic chance under the assumption of an autozygosity-related 
disease. These observations may influence study design and 
clinical prioritization of genetic variants in autozygosity-
driven WES studies.
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