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ORIGINAL INVESTIGATION

The landscape of genetic diseases in Saudi Arabia based on the
first 1000 diagnostic panels and exomes

Dorota Monies!’ - Mohamed Abouelhoda!" - Moeenaldeen AlSayed>'¢ - Zuhair Alhassnan®' - Maha Alotaibi? -
Husam Kayyali* - Mohammed Al-Owain®!® - Ayaz Shah* - Zuhair Rahbeeni’ - Mohammad A. Al-Muhaizea'>'¢ -
Hamad I. Alzaidan®!® - Edward Cupler* - Saeed Bohlega'? - Eissa Fageih?* - Maha Faden® - Banan Alyounes™’ -

Dyala Jaroudi'*" - Ewa Goljan'"*" - Hadeel Elbardisy' - Asma Akilan' - Renad Albar>’ - Hesham Aldhalaan'? -
Shamshad Gulab®® - Aziza Chedrawi'? - Bandar K Al Saud”'® - Wesam Kurdi®!® - Nawal Makhseed® -

Tahani Alqasim'? - Heba Y. El Khashab>?! - Hamoud Al-Mousa’"!® - Amal Alhashem'®!® - Imaduddin Kanaan'? -
Talal Algoufi' - Khalid Alsaleem’ - Talal A. Basha® - Fathiya Al-Murshedi!” - Sameena Khan'>16 -

Adila Al-Kindy!” - Maha Alnemer® - Sami Al-Hajjar’ - Suad Alyamani'? - Hasan Aldhekri’ - Ali Al-Mehaidib’ -
Rand Arnaout’ - Omar Dabbagh'? - Mohammad Shagrani'®!’ - Dieter Broering!®!® - Maha Tulbah’ -

Amal Algassmi® - Maisoon Almugbel’ - Mohammed AlQuaiz!® - Abdulaziz Alsaman?’ - Khalid Al-Thihli'” -
Raashda A. Sulaiman®!® - Wajeeh Al-Dekhail” - Abeer Alsaegh!” - Fahad A. Bashiri'? - Alya Qari? -

Suzan Alhomadi® - Hisham Alkuraya? - Mohammed Alsebayel'® - Muddathir H Hamad'? - Laszlo Szonyi'® -
Faisal Abaalkhail'®!® - Sulaiman M. Al-Mayouf”"' - Hamad Almojalli'® - Khalid S. Alqadi* - Hussien Elsiesy'®" -
Taghreed M. Shuaib? - Mohammed Zain Seidahmed' - Ibraheem Abosoudah™ - Hana Akleh’ -

Abdulaziz AlGhonaium’ - Turki M. Alkharfy!® - Fuad Al Mutairi® - Wafa Eyaid® - Abdullah Alshanbary>! -
Farrukh R. Sheikh” - Fahad I. Alsohaibani'® - Abdullah Alsonbul’ - Saeed Al Tala?? - Soher Balkhy?® -

Randa Bassiouni'®!! - Ahmed S. Alenizi® - Maged H. Hussein'® - Saeed Hassan'® - Mohamed Khalil*' -

Brahim Tabarki'® - Saad Alshahwan'® - Amira Oshi®® - Yasser Sabr** - Saad Alsaadoun'# - Mustafa A. Salih'? -
Sarar Mohamed'® - Habiba Sultana’ - Abdullah Tamim?¢ - Moayad El-Haj*° - Saif Alshahrani’ «

Dalal K. Bubshait*® - Majid Alfadhel® - Tariq Faquih'** - Mohamed El-Kalioby'*’ - Shazia Subhani*’ -
Zeeshan Shah'*" - Nabil Moghrabi?® - Brian F. Meyer'*’ - Fowzan S. Alkuraya®'%3

Received: 30 May 2017 / Accepted: 5 June 2017 / Published online: 9 June 2017

© The Author(s) 2017. This article is an open access publication

Abstract In this study, we report the experience of the only
reference clinical next-generation sequencing lab in Saudi
Arabia with the first 1000 families who span a wide-range of
suspected Mendelian phenotypes. A total of 1019 tests were
performed in the period of March 2016-December 2016
comprising 972 solo (index only), 14 duo (parents or affected
siblings only), and 33 trio (index and parents). Multigene
panels accounted for 672 tests, while whole exome sequenc-
ing (WES) represented the remaining 347 tests. Pathogenic
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or likely pathogenic variants that explain the clinical indi-
cations were identified in 34% (27% in panels and 43% in
exomes), spanning 279 genes and including 165 novel vari-
ants. While recessive mutations dominated the landscape
of solved cases (71% of mutations, and 97% of which are
homozygous), a substantial minority (27%) were solved on
the basis of dominant mutations. The highly consanguineous
nature of the study population also facilitated homozygo-
sity for many private mutations (only 32.5% of the recessive
mutations are founder), as well as the first instances of reces-
sive inheritance of previously assumed strictly dominant
disorders (involving ITPRI, VAMPI, MCTP2, and TBP).
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Surprisingly, however, dual molecular diagnosis was only
observed in 1.5% of cases. Finally, we have encountered
candidate variants in 75 genes (ABHD6, ACY3, ADGRB?2,
ADGRG7, AGTPBPI, AHNAK2, AKAP6, ASB3, ATXNIL,
Cl70rf62, CABPI, CCDCI186, CCP110, CLSTN2, CNTN3,
CNTN5, CTNNA2, CWC22, DMAPI, DMKN, DMXLI,
DSCAM, DVL2, ECII, EP400, EPB41L5, FBXL22, GAP43,
GEMIN7, GIT1, GRIK4, GRSF1, GTRPI, HIDI, IFNLI,
KCNC4, LRRCS52, MAP7D3, MCTP2, MED26, MPP7,
MRPS35, MTDH, MTMR9, NECAP2, NPAT, NRAP, PAX7,
PCNX, PLCH2, PLEKHFI1, PTPNI2, QKI, RILPL2, RIM-
KLA, RIMS2, RNF213, ROBOI, SECI6A, SIAHI, SIRT2,
SLAIN2, SLC22A20, SMDTI, SRRT, SSTRI1, ST20, SYT9,
TSPANG6, UBR4, VAMP4, VPS36, WDR59, WDYHVI, and
WHSCI) not previously linked to human phenotypes and
these are presented to accelerate post-publication matchmak-
ing. Two of these genes were independently mutated in more
than one family with similar phenotypes, which substanti-
ates their link to human disease (AKAP6 in intellectual dis-
ability and UBR4 in early dementia). If the novel candidate
disease genes in this cohort are independently confirmed, the
yield of WES will have increased to 83%, which suggests
that most “negative” clinical exome tests are unsolved due to
interpretation rather than technical limitations.
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Introduction

Next generation sequencing (NGS) has ushered in a
new era in the delivery of genomic medicine where
the genetic diagnosis is no longer limited by the a pri-
ori knowledge of the caring physician (Bamshad et al.
2011). The capacity to screen all or a large subset of
genes based on broad clinical categories, e.g., develop-
mental delay, rather than a nuanced clinical phenotype,
e.g., Malpuech syndrome, has also greatly expanded our
knowledge of the relationship between known or puta-
tive disease genes and the resulting phenotype (Yang
et al. 2013). Indeed, reverse phenotyping is now com-
monplace in the era of clinical genomics (Alkuraya
2015). The ultimate benefit of improving patient care in
terms of precise diagnosis, management and treatment
has propelled NGS-based assays to the forefront of mod-
ern molecular diagnostics.

Much has been learned from large scale NGS stud-
ies in the diagnostic setting. They revealed a higher
diagnostic yield (usually around 30%) across clini-
cal indications compared to standard approaches,
expanded the genetic and allelic heterogeneity of many
conditions, and challenged the concept of “atypical”
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presentations as instances of dual (or sometimes tri-
ple) molecular diagnoses in some patients (Posey et al.
2017; Trujillano et al. 2017). However, very few stud-
ies focused on highly consanguineous populations,
which are known to differ from outbred populations
in a number of ways that impact the landscape of dis-
ease-causing mutations (Alfares et al. 2017; Yavarna
et al. 2015). For example, we have previously shown
that the highly consanguineous nature of the Saudi
population is biased in the occurrence of recessive,
typically homozygous, mutations in diseases that are
typically caused by de novo dominant mutations, e.g.,
severe intellectual disability (Anazi et al. 2016). These
characteristics are predicted to increase the sensitivity
of next-generation sequencing-based tests, which has
indeed been observed in a few studies (Alfares et al.
2017; Yavarna et al. 2015).

In March 2016, we launched the first reference lab
for NGS-based assays in Saudi Arabia. The tests offered
include previously validated multigene panels, as well
as standard whole exome sequencing (WES) (Group
2015). The high demand for these tests by clinicians
from various medical and surgical specialties across the
country represented a unique opportunity to observe the
distribution of disease-causing mutations in the Saudi
population. This is the largest study to date on the muta-
tional spectrum of genetic diseases in the Saudi popula-
tion in the diagnostic setting. The unselected nature of
tested families and their representation of all regions of
the Kingdom, allowed us to infer important patterns of
genetic diseases in our highly consanguineous popula-
tion that are relevant to the wider community of diagnos-
tic NGS labs around the world.

Materials and methods
Human subjects

All patients underwent testing on a clinical basis with the
specific test (panel vs. exome) chosen by their treating
physician. A standard informed consent was signed by
all patients or their guardians to explain the nature of the
test and its potential to reveal secondary findings with the
option to decline receiving such findings. Phenotypes were
collected as entered by the ordering physician on the requi-
sition forms. For solo tests, only the index was sequenced,
while parents were also included in trio tests. Couples who
presented with a history of prior affected children were
offered duo tests if none of the affected children were avail-
able for testing. Duo testing was also rarely requested on
two affected siblings.

Panel tests

Seven clinically themed multigene panels were offered
(neuro, dysmorphology/skeletal dysplasia, renal, inborn
errors of metabolism, vision, primary immunodeficiency,
and gastrointestinal). The gene content and validation of
these panels were previously described (Group 2015).

Whole exome sequencing (WES), variant calling,
annotation and autozygome determination

WES was performed using an Agilent Sureselect All Exons
V5 (50 Mb) capture kit (Agilent Technologies; Santa
Clara, CA, USA) for library preparation. Briefly, DNA
was sheared mechanically after which targeted fragments
were captured by probe hybridization and amplified before
sequencing. An Illumina HiSeq 2500 (Illumina Inc; San
Diego, CA, USA) was used for paired-end 100nt sequenc-
ing. Sequence alignment, indexing of the reference genome
(hg19), variant calling and annotation used a pipeline based
on BWA, Samtools, GATK (https://software.broadinstitute.
org/gatk/) and Annovar, respectively. Essentially, variants
were annotated using a combination of public knowledge
databases available from the Annovar package and in-house
databases which included collections of previously pub-
lished Saudi disease causing variants. Autozygome defini-
tion solely from whole exome sequence data was under-
taken as previously described (Carr et al. 2013).

Variant interpretation

Our previously described in-house variant interpretation
pipeline was used (Group 2015). Briefly, each variant
was annotated based on 117 tracks that include chromo-
somal location, zygosity, number of reads for the ref-
erence and alternate alleles, quality metrics, presence
within autozygome, local and global frequency data, in
silico prediction and previous association with diseases
based on HGMD and ClinVar (Harrison et al. 2016; Sten-
son et al. 2017). Our reporting strategy was as follows:
we first considered previously reported disease-causing
variants and evaluated them for relevance to the patient’s
phenotype. If such variants were identified, we indepen-
dently evaluated them for likely pathogenicity using local
and global population frequency data, as well as in silico
prediction of pathogenicity. If our evaluation of the vari-
ant is in agreement with the previously reported patho-
genicity, we reported them as the likely causal variants.
If none was identified, we searched for other relevant
variants. Again, such novel variants were evaluated for
pathogenicity. In the case of apparently loss-of-function
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variants with compatible population frequency with the
disease in question, we reported these as likely causal.
However, in the case of missense and in-frame indels, the
burden of proof is much higher according to the ACMG
guidelines, so these were usually reported as variants of
unknown significance (VOUS) and the result was consid-
ered ambiguous (Richards et al. 2015). When only one
heterozygous candidate variant was identified in a rel-
evant known recessive disease gene, in the absence of a
more compelling candidate, we also opted to report this
finding as an ambiguous result. When no candidate vari-
ants were identified in known disease genes, we consid-
ered variants in genes not previously linked to human dis-
ease only when biological relevance was suspected based
on a number of factors (pathway known to be implicated,
relevant animal models or at least relevant expression
data). Results involving novel candidate genes were also
considered ambiguous. Only results involving pathogenic
or likely pathogenic variants in known disease genes
that explain the phenotype in the correct zygosity were
labeled “positive”. Patients who opted to receive second-
ary information (virtually all) only received pathogenic
or likely pathogenic variants in the ACMG list of 59
genes recommended for reporting (Kalia et al. 2016).

Sanger confirmation

After Sanger validation of the first 200 variants, we identi-
fied a quality metric above which SNVs had a 99.5% prob-
ability of being a true positive. All subsequent candidate
variants (other than indels) above this value were reported
without Sanger validation and with a disclaimer explain-
ing the above. All candidate indels were Sanger validated
before reporting regardless of their quality value.

Results

High diagnostic yield of panels and WES in Saudi
patients

We report in this study the results of the first 1013
families, all indigenous Arabs (originally from Arabia)
referred for testing by our diagnostic laboratory (Table
S1). One of the seven offered panels was requested in
666 families (645 solo, 16 trio and 5 duo) while WES
was requested in the remaining 347 families (321 solo,
17 trio and 9 duo; 15 had WES after receiving negative
panel results, i.e., reflex WES) (Table S1). A positive
result was reported in 27% of those tested with panels,
and 43% with WES (Fig. 1). A breakdown of the diagnos-
tic yield by indication shows marked variability, with the

@ Springer

highest yield being multiple congenital malformations in
the prenatal setting where the yield was 68%, followed
by skeletal dysplasia where the yield was 58% (Table
S1). Similarly, duo testing of couples who lost children
with a likely genetic diagnosis was associated with a high
yield of 50% (83% if novel candidate genes are counted).
One notable example is a couple with a history of recur-
rent non-immune hydrops, one child who died of epider-
molysis bullosa and another of osteogenesis imperfecta.
Shared carrier status for heterozygous variants in THSD1,
ITGB4 and P3HI, respectively, was considered relevant
(Table S1). Although we always recommended WES
when the panel result was negative or ambiguous, reflex
WES only accounted for 4% of the WES samples.

The distribution of disease-mutations in Saudi patients

Autosomal recessive pathogenic and likely pathogenic
mutations accounted for the majority of positive cases
(235/332, 71%), and were almost always homozygous
(97%). This is consistent with the high rate of consan-
guinity in this cohort. Among the 482 families for whom
information on consanguinity was provided, 376 reported
consanguinity (78%). In addition, seven families reported
endogamy, i.e., intratribal marriage, but no recognizable
consanguinity otherwise. Dominant, presumptive de novo
being the rule, mutations accounted for 27% of positive
cases, followed by X-linked mutations (2%) (Fig. 1). In
total, pathogenic or likely pathogenic variants spanning
279 known disease genes were identified, 166 of these
(43%) are reported here for the first time (Table S1). Of
the recessive positive cases, 33% were due to founder
mutations (defined as those encountered in other patients
or present in the heterozygous state at least once in our
in-house database of Saudi variants, which is based on
>10,000 Saudi individuals), whereas 67% were private.
The frequency of identified pathogenic or likely patho-
genic mutations ranged from the most common variant
Cl20rf57:.NM_001301837:exonl:c.1A>G:p.M1?,  rep-
resenting 1.5% of all positive cases, to the exceedingly
rare, e.g., TRAF3IP2:NM_001164283:exon4:c.200G>
C:p.W67S, which represents only the second mutation
in TRAF3IP2 in the context of severe eczema (Maddire-
vula et al., in press) (Table S1). We also observed sev-
eral instances of biallelic pathogenic or likely pathogenic
variants in strictly dominant disease genes in the setting
of normal parents, e.g., ITPRI (Table 1). Dual molecu-
lar diagnosis was rare and only accounted for 1.5% of
exome-sequenced cases (panel-sequenced cases were
not included given the inherent limitation of panel test-
ing to comprehensively detect dual diagnosis) (Table 2).
ACMBG secondary findings were also very rare and were
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Gene Panels

Fig. 1 Pie charts showing the A
yield of the two testing modali-
ties and the breakdown of muta-
tion classes in positive cases

H Positive B Positive

B Ambiguous B Ambiguous

Negative Negative

C Mutations in positive cases

only identified in 1.2% of exome-sequenced cases. On
the other hand, carrier status for previously established
Saudi pathogenic mutations was observed in a substantial
fraction (90%).

Expanding the morbid genome of Mendelian diseases

Pathogenic or likely pathogenic mutations were identified
in nine genes with only tentative links to human diseases,
thus confirming their classification as bona fide disease
genes (Table 3). In addition, our analysis highlighted 75
genes that we propose as novel candidates based on a num-
ber of criteria (Table 4). A few such candidates deserve a
special emphasis. AKAP6 was mutated in a patient with
intellectual disability (16W-0212). Through our internal
matchmaking effort, we were able to identify another de
novo truncating variant in the same gene in a patient with
intellectual disability: NM_004274.4:c.1572_1573del:p.
Lys525Glufs30*. Thus, it seems likely that this is a bona
fide disease gene for intellectual disability in humans.
Similarly, we have identified independent deleterious
variants in UBR4 in two families with very early onset
dementia (16-2737 and 16-2768). This gene is involved in
ubiquitin ligation, a mechanism that is impaired in sev-
eral neurodegenerative diseases so it seems likely that
our analysis has uncovered a bone fide autosomal domi-
nant form of early-onset dementia (Parsons et al. 2015).
In 16W-0295 we identified an apparently loss-of-function
variant in a gene (WHSCI1:NM_001042424:exonl3:c.
251841G>A) long suspected to be the candidate gene
for manifestations of Wolf-Hirschhorn syndrome, which

H Recessive
® Dominant

X-linked

overlaps significantly with our patient’s features (Nimura
et al. 2009).

Phenotypic expansion

Table 5 summarizes positive cases in which the molecular
lesion was unexpected, given the established phenotype for
the respective gene. For example, 16N-0149 presented with
a CHARGE-like presentation but was found to have a de
novo variant in KMT2A, the gene responsible for Kabuki
syndrome. We have previously suggested the overlap
between CHARGE and Kabuki to be biologically relevant
and this has been confirmed very recently by a large study
(Butcher et al. 2017; Patel and Alkuraya 2015). Similarly,
16W-0253 presented with progressive spasticity, hyper-
reflexia and behavioral changes due to a homozygous trun-
cating mutation in FAM134B. This presentation is different
from what has been different in the context of FAM134B
mutation, which is a form of hereditary sensory and auto-
nomic neuropathy characterized by early childhood onset
of distal sensory impairment usually resulting in ulcera-
tion and associated with variable autonomic features, such
as hyperhidrosis and urinary incontinence (Ilgaz Aydinlar
et al. 2014; Kurth et al. 2009).

Impact on management
With very few exceptions, solved cases were positive for
genes not suspected a priori by the ordering physician

according to the information provided. Furthermore, the
correct molecular characterization of many patients led
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Table 1 Recessive mutations in genes only known to cause dominant phenotypes

ID Variant Zygosity Observed phenotype Reported dominant phenotype
16N-0062 ITPRI1:NM_002222:exon50:c.6862C> Hom GDD and brain atrophy Spinocerebellar ataxia 15
T:p.R2288X
16W-0091 VAMP1:NM_014231:exon2:c.129 + Hom Congenital hypotonia, rigid spine, Spastic ataxia 1, autosomal dominant
1G>A myopathic facies, normal CK
16W-0191 MCTP2:NM_001159644:exon5:c.384d Hom Severe congenital heart disease, failure ~Congenital heart disease
upT:p.N128 fs to thrive, developmental delay and
nephrotic syndrome
16W-0332 TBP:NM_001172085:exon2:c.171del =~ Hom Familial mild ID with difficulty in Spinocerebellar ataxia 17

G:p.Q57 s

VAMP1:NM_001297438:exon2:c.128_ Hom
129del:p.E43 fs

16W-0082

Atrial septal defect, fine/gross motor
delay, hypotonia, muscle weakness,

walking and abnormal movement

Spastic ataxia 1, autosomal dominant

contractures, pneumonia, congenital

myopathy
Table 2 Dual molecular diagnoses
1D Variant 1 Zygosity Observed pheno- Variant 2 Zygosity Observed phenotype 2
type 1

16-2491 G6PC:NM_000151  Hom GSD type 1 GAA:NM_000152:exon2:c.266G>A: Hom GSD type 2
:exon2:¢.247C>T: p-R8OH
p-R83C

16W-0328 TYRPI1:NM_000550 Het Abnormal pigmenta- TGIF1:NM_170695:exon1:c.90G>A: Het Hemimegalencephaly,
:exon8:c.1557T>G: tion p-W30X developmental delay,
p.Y519X ADHD

16-2752 RLBPI1:NM_000326 Hom Retinitis pigmentosa SYT9:NM_175733:exon7:c.1471 Het Epilepsy
:exon8:c.773T>G: C>T: p.R491X
p.L258 W

16-2775 LCAS5:NM_0011227 Hom LCA Not identified Multiple congenital
69:exon4:c.763C> anomalies
T: p.R255X

16W-0261 CRB1:NM_001193 Hom Retinitis pigmentosa ADIPOR1:NM_001290553:exon4:c.3 Hom ID

640:exon5:¢c.1898
C>T: p.T633 M

46C>A:p.P116T

to immediate implementation of management changes.
Examples include a child with maple syrup urine disease
who was missed by newborn screening and presented at
6 m of age with failure to thrive, developmental regression,
abnormal hair, exfoliative skin lesions and epilepsy (16N-
0566). 16N-0616 presented with intellectual disability,
which was misdiagnosed as hypoxic ischemic encephalop-
athy but was found to have a novel startloss PTEN muta-
tion, thus enabling the treating physician to implement
active tumor surveillance. 16N-0617 is 2-year-old child
who presented with unexplained chronic liver failure with
hyperbilirubinemia and was being considered for liver
transplant. The finding that he has polycystic liver disease
(no cysts were identified on ultrasonography) caused by
an autosomal dominant PRKCSH:NM_001289103:exonl
7:¢.1462-1G>C mutation was very helpful in selecting an
unaffected donor from his relatives. 16N-0653 was man-
aged for many years with anti-inflammatory agents to treat

@ Springer

her “Crohn’s disease” but she was found to have leukocyte
adhesion molecule deficiency caused by ITGB2:NM_0002
11:exon13:c.1756C>T:p.R586 W resulting in a drastically
different management. 16N-0703 presented in the 2nd
year of life with severe nephrolithiasis and his manage-
ment was significantly altered when he was found to have
autosomal dominant polycystic kidney disease (PKD2:NM
_000297:exon1:c.567G>A:p.W189X), a known risk factor
of nephrolithiasis although his very early presentation was
unusual (Grampsas et al. 2000). 16W-0247 is an 8-year-
old child who was followed for seizures, ataxia and learn-
ing disability but the diagnosis of neurofibromatosis type I
was missed until exome sequencing revealed a previously
known pathogenic mutation in NFI. 16 W-02609 is a 6-year-
old child who was managed for years as a case of Bartter
syndrome but exome sequencing led to a change in man-
agement after revealing a pathogenic mutation in SLC26A3
thus establishing the correct diagnosis of chloride-losing
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diarrhea. 16-2717 is a 2-year-old child whose diagnosis of
pyridoxine-dependent epilepsy was missed until revealed
by exome sequencing leading to immediate initiation of
pyridoxine.

Discussion

Genetic studies on the Saudi population have contributed
significantly to the global effort of identifying the causal
mutations of Mendelian diseases, particularly in the area
of autosomal recessive diseases (Alkuraya 2014). The
very characteristics that make this population a signifi-
cant contributor to the analysis of recessive diseases, i.e.,
consanguinity and large family size, have also recently
been exploited to advance our knowledge of other areas
of human genetics research, including dominant disorders
(by reclassifying dominant mutations when observed in
homozygosity in individuals who lack the reported domi-
nant phenotype) and even common diseases (by identifying
Mendelian phenocopies and by challenging or supporting
GWAS candidate genes when observed in individuals who
are functional “knockouts”, i.e., homozygous for loss-of-
function alleles as a function of autozygosity) (Abouel-
hoda et al. 2016; Monies et al. 2017) (Maddirevula et al.,
in press). However, despite the wealth of published data on
genetic diseases in Saudi Arabia, unbiased data on the over-
all distribution of these diseases and their genetic landscape
are largely lacking.

Our molecular diagnostic lab is the sole major refer-
ral NGS laboratory in Saudi Arabia. As such, it receives
samples from patients with suspected genetic disorders

nificant overlap with the provided features PubMed:
19483677)

mammalian cells, which has been implicated in the
pathogenesis of neurodegenerative diseases PMID:
gene for Wolf-Hirschhorn syndrome, which has sig-

23499006)

Failure to thrive, facial dysmorphism, triangular face (a) The nature of the variant (novel, predicted deleteri-
ous) and (b) the nature of the gene (pLI 1.00, this

(a) The nature of the variant (extremely rare, truncat-
ing) and (b) the nature of the gene (it encodes
NTAQI, a component of the N-terminal pathway in
gene has long been suspected to be the candidate

Justification for candidacy

Father of an affected child
mild

Zygosity Observed phenotype

T Ej from all healthcare sectors in the country (private hospitals
and practices, as well as state-funded healthcare system).

< This provided us with a unique opportunity to observe and

:2_ report a wide spectrum of phenotypes from all regions of

the country, as well as other countries in Arabia (Oman
and Kuwait) in a largely unbiased fashion. In this report,
we describe our laboratory’s prospective analysis of fami-
lies referred for panel or exome sequencing. The unbiased
selection of the first 1000 samples has allowed us to derive
important conclusions about the nature of genetic diseases
in the country.

Autosomal recessive disorders, as expected, accounted
for the bulk of Mendelian disease burden. This is con-
sistent with several previous reports, including the very

WHSC1:NM_001042424:exon13:c.2518

16N-0291 (duo) WDYHV1:NM_001283024:ex0on5:¢c.256C>T:p.

= >
§ 3 recent report by Alfares and colleagues who retrospec-
s 22 . .-
3 > tively analyzed 454 families that underwent exome
E sequencing by various commercial labs although they
E did not provide phenotyping information (Alfares et al.
o v . .
- § 2017). It is noteworthy that enhanced autozygosity also
= = led to several instances of autosomal recessive inherit-
g8 S ance of strictly dominant genes. These cases can improve
y g P
@ Springer



937

Hum Genet (2017) 136:921-939

Ayredonou A10suds "paid :SON ‘uonounysAp

T SIUSWIOAOWI JOLITJA aANTuS00 ON "AIssaIS01d MO[S BIXEIE JSUO JNPY 1°H XSLPI d:I<DETHT0:6U0X2:61ZS00 TNN:DDA  SOSO-NOT
adKyjoArey
[euLIou ‘Apoq o} 19A0 [[e ‘uonejuswdid feuLouqy
t Areydoouasordojoy  ‘@HQAYV ‘Ae[op [esudwdofosdp ‘Areydosusesowruoy 1°H X0EM d:V<D06"2: TUOXGE90LT AN TAIDL  8TE0-MIT
sisodA13o1yyre ou ‘NS paoadsns ‘sIsor|
sisodA1SoIy)ry  -09s 9AISSaIS01d 9I9A9S ‘SSOUNBAIM QUUIT JOMO] IOAIS WoH s} 16V d:i[OP6LT €LT9:€U0X:890720 JAN:ZOZAId  12E0-MOT
Apiqestp Surures| {1 ‘SqUII| 1oMO[ XT6€d
SISOUa300ATS S[osn Jo Ayonseds ‘squury zoddn oy jJo Surnysod oruoisA(g woy ‘di L <OPLIT0:ZTUOX:0L922T 100 NN TVIHd  1620-M 9T
dSH paoadsns ‘soxapal ysuq
d11 2d£) ‘orwouojne pue K10suas Arejparay ‘AyjedonaN  ‘s[rej juonbaij ‘ssouyeom oposnuw ‘soSueyod [eIorABYeqg WoH X891 d:D<DE0G0:9u0%a:0006T0 AN:AYSTINVA  €ST0-M9T
Ayredo[n3eoo pue ‘A[eSowo) SIS
-edoy ‘sainzies ‘eruojodLy ‘Aefop reyuowdoroasp pasrewr  -wareway ‘Asdoqide ‘q@o ‘Areydesolor [e3uaduo)) WOl D<DT+G/L9:LU0X:6687S0 NN TLId  SET0-M9T
3D [ewou
jueuTWOp [ewosoine ‘| erxeje onsedg  ‘soroey onyjedoAw ‘ourds piSur ‘eruojodAy [eruasuo)) woH V<DI+6]19:qUoX: [ €ZH 10 NN TdINVA  1600-M91
uononNNsqo [eun
-sqyu1 [ended ‘1opIosIp AJ[NOW [BUNSIIUT MO[ ‘BIUIAY
onewderyderp reyruaduod ‘ersejdodAy Suny ‘eruroy
sIsolpiyue pue (I snyery ‘Ae[op [eyuowdo[aAdp [2GO[S DALIY) O) dMM[Ie] WoH DOVPT-LITT T TSLOTO AN 9D0D L9ST91
oseastp Koupry onsAoK[od jururwiop [ewosoINy o1 jo 1K pug oYy ut siseryorydon 10H X681 M d:V<DL9G2:TUOXa: /67000 AN:TASd  €0L0-NOT
Kouaroyap uorsaype a)K00Na' 9sBasIp [oM0q ATojeuIuIRuU] WOH M 998G d:I<D9SLT D TUOXD: 117000 NN:TIDLI  £590-NOT
9SLaSIp IAAT] dSAIAT0g $15£2 OU “asLASIp JAAT] dIU0IYd dryredorpy 1°H D<DI-T9H179:LTUOX:€0168C100 NN'HSONYUd  LI90-N 91
¢ adfy
DIAd pa1sa33ns Asdoiq JIoAT] ‘OseasIp IoAI] pajesuad
-UWI0D JIUOIYD JO ANSITINS SOWAZUD JOAI] PAIBAS[D
A Inq UIqNUI[Iq Wiles pue [HH [BULIOU yiim
[ ‘[e3uaSuo0 199§0p SISAIUAS Proe ofig POATOSAI JAYE] JeL) ASUBJUT U STSLISA[OYD [HD YSIH WoH ~<LTH1690:9U0X2:¢616T0 NN'LAEASH  18¥0-N9I
TV ‘uonewt
-lojreu [ejoatoue ‘siso)d ‘Ayredoinqmny [euas ‘uonewr
QwoIpuAs aSue[ op BI[OUIO)  -IOJ[eW [eual ‘erxele ‘(] ‘Areydesoroew ‘qimoISIonQ 1°H XETM d:y¥<Dg89'0:7u0%2:697900 TAN:TZAVE  6E€70-NOT
oseasIp yoid-uuewaIN SISEISI[OYD [eJBUOAU I2A3S WwoH ACTPH & L<DLITT 0:4U0X2:¢46000” AN TAdINS ~ S6€0-N 91
9 uoneuLIOj[eW 100)/puey-1dg A1K10ep£jod puey pue uoneulojew 1005 1dg woH D<DI-8EEPUOXAP6EC00 INN-HOLLNM  SETO-NIIT
0€801d
awoIpuks Hnqes A-HOIVHO °H "diy<DBHTE I HUOXHOTLOTTO0 NANIVCLINY  6710-N9T
G ®Ixeye Tefjaqareooutdg Aydoxne ureiq pue o WwoH X88¢2d d:1.<D79890:05U0X:Z2ZT00 INN:TUdLI  T900-N9T
adKjouayd parroday adKjouayd pearosqQ  ANso3L7Z JUBLIBA ail

sadKyouoyd [eordA1y G 91qe],

pringer

A's



938

Hum Genet (2017) 136:921-939

our understanding of the molecular pathogenesis of the
dominant counterpart (Monies et al. 2017). For exam-
ple, we report two families with a severe congenital
myopathy phenotype each with a different homozygous
truncating mutation in VAMPI inherited from healthy
non-ataxic parents. This suggests that the dominant spi-
nocerebellar ataxia previously reported in a family with
a heterozygous VAMPI mutation may not be caused by
haploinsufficiency as originally suggested but a differ-
ent mechanism, e.g., dominant negative (Bourassa et al.
2012). Furthermore, the difference in phenotype between
the observed recessive and previously reported domi-
nant phenotypes should serve as a reminder that caution
is warranted before dismissing variants in genes deemed
“irrelevant” to the phenotype in question. These cases
also provide an alternative explanation to non-manifest-
ing carriers of clearly pathogenic mutations in dominant
genes other than reduced penetrance, i.e., truly recessive
inheritance. The predominance of autosomal recessive
disorders also allowed us to perform “molecular autopsy
by proxy” in families who lost children in the past due to
recessive conditions but have no material left to test those
children directly. Duo analysis of the parents allowed us
to identify the likely causal mutation in the overwhelming
majority. The highlighted couple who lost three pregnan-
cies/neonates with three different disorders all of which
were identified by duo exome sequencing is an example
of the power of this approach. It may be surprising that
despite this trend, we have only confirmed dual molecular
diagnosis in 1.5% of our cohort. This could be attributed
to our methodology (we only considered dual diagnosis
if both molecular lesions could be classified as at least
likely pathogenic).

Secondary findings represent a complicated ethical
and practical issue in genomic sequencing. In our analy-
sis, we followed the ACMG recommendations of report-
ing only pathogenic/likely pathogenic variants in the list
of 59 actionable genes (Kalia et al. 2016). Only 1.2% of
our cohort received positive results for this class of sec-
ondary findings, consistent with previous studies (Dheensa
et al. 2016). However, we also opted to report carrier status
for a select list of pathogenic recessive mutations that we
have previously characterized in our population. Although
it is generally discouraged to disclose these results in the
pediatric setting, the very high rate of consanguinity in
our population prompted us to consider the consequences
of not disclosing this information. The carrier status of the
index essentially indicates that at least one parent is a car-
rier, so if the other parent is related then the probability of
both parents being carriers of the same mutant allele may
not be rare. Thus, we considered this an opportunity to pre-
vent the occurrence of another recessive disease unrelated
to the disease being tested by counseling parents about this

@ Springer

possibility and offering them the option of being tested for
their carrier status. This class of secondary findings was
positive in a large fraction of WES cases (90%).

The establishment of novel links between genes and
diseases remains a priority in human genetics research to
enable the molecular diagnosis of all Mendelian diseases
in the near future. The final percentage of genes that are
linked to Mendelian phenotypes remains a highly con-
tested speculation (Boycott et al. 2017). However, large
iterative sequencing efforts from the same population can
provide helpful clues in this regard. For example, we have
recently reported identification of 35 novel disease genes
in the context of developmental delay and intellectual disa-
bility in an unselected sample of 337 patients (Anazi et al.
2016). Our identification of an additional 75 novel can-
didate genes by exome sequencing 348 patients from the
same population seems to suggest that the number of yet
to be identified genes with mutations etiologic in human
disease remains large. We suggest that two of these novel
candidates appear to meet the standard cutoff of establish-
ing disease-gene link. Although the phenotype associated
with AKAP6 is nonspecific developmental delay and sei-
zures, the phenotype we observe in the two families with
different heterozygous variants in UBR4 is highly specific
and consists of early onset dementia. The remaining can-
didate genes will require independent confirmation in the
future. It is noteworthy that if all 75 novel candidates are
confirmed, this will increase the yield of exome sequenc-
ing to 83%, which suggests that most clinical exomes
that are reported as “negative” by clinical laboratories are
reported as such due to interpretation rather than technical
limitations as we have proposed in an earlier work (Sham-
seldin et al. 2016).

In conclusion, this is the largest diagnostic genomic
sequencing study of an unselected clinical cohort from
Saudi Arabia with suspected genetic disease from a single
clinical sequencing lab. In addition to providing numerous
examples of phenotypic expansion, we report the first auto-
somal recessive inheritance of genes that have thus far been
linked to human diseases only in a dominant fashion. We
add 166 novel variants in known disease genes, and pro-
posed 75 genes as novel disease candidates, two of which
are independently mutated in more than one family with
the same phenotype. It is hoped that the results of this study
will improve the diagnostic yield of genomic sequencing
locally and globally.
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