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Purpose: The purpose of this study is to describe recessive alleles in
strictly dominant genes. Identifying recessive mutations in genes for
which only dominant disease or risk alleles have been reported can
expand our understanding of the medical relevance of these genes
both phenotypically and mechanistically. The Saudi population is
enriched for autozygosity, which enhances the homozygous occur-
rence of alleles, including pathogenic alleles in genes that have been
associated only with a dominant inheritance pattern.

Methods: Exome sequencing of patients from consanguineous fam-
ilies with likely recessive phenotypes was performed. In one family,
the genotype of the deceased children was inferred from their parents
due to lack of available samples.

Results: We describe the identification of 11 recessive variants (5
of which are reported here for the first time) in 11 genes for which

INTRODUCTION

Mendelian genes are so labeled because of the capacity of vari-
ants therein to express themselves as discernible phenotypes
that follow one of the classical modes of Mendelian inheri-
tance.! It may be more accurate to refer to variants rather than
genes as Mendelian because a given gene can harbor variants
that cause Mendelian phenotypes as well as variants that con-
tribute risk to multifactorial traits.” The power of Mendelian
variants to unravel important physiological functions of genes
at the organismal level is well known.!

The molecular pathogenesis of Mendelian variants var-
ies widely. Dominant variants can exert their effect by vir-
tue of deficiency of the mutant protein (haploinsufficiency),

only dominant disease or risk alleles have been reported. The
observed phenotypes for these recessive variants were novel (e.g.,
FBN2-related myopathy and CSFI1R-related brain malformation and
osteopetrosis), typical (e.g., ACTG2-related visceral myopathy), or
an apparently healthy state (e.g., PDEI11A), consistent with the cor-
responding mouse knockout phenotypes.

Conclusion: Our results show that, in the era of genomic sequenc-
ing and “reverse phenotyping,” recessive variants in dominant genes
should not be dismissed based on perceived “incompatibility” with
the patient’s phenotype before careful consideration.
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interference with the normal protein (dominant negative),
acquisition of a novel toxic function (toxic gain of function), or
loss of the capacity for homeostatic regulation (dominant gain
of function). With the exception of the first mechanism, these
mechanisms are typically conferred by a highly specific class
of variants that can provide valuable insights into the func-
tional topology of proteins, although they may not necessarily
reflect the normal physiological roles of these proteins. Loss-
of-function variants, however, tend to more faithfully unravel
the physiological context of the respective genes. Discerning
the exact molecular pathomechanism of dominant variants can
be difficult. By contrast, recessive mutations are typically loss-
of-function in nature (partial or complete), thus facilitating
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comparison of the human phenotype with the corresponding
knockout animal models.

The abovementioned differences between dominant and
recessive mutations have important clinical and basic scientific
implications. For example, dominant and recessive mutations
in the same gene can express themselves in markedly differ-
ent phenotypes. Conversely, when the dominant and recessive
phenotypes are distinctly different, it can be assumed that the
molecular pathomechanism of the dominant mutations is not
simple haploinsufficiency. This is important in the context of
molecular karyotyping because the recommendation of the
American College of Medical Genetics and Genomics (ACMG)
is to focus on dominant disease genes with established haploin-
sufficiency as the molecular pathomechanism when reporting
the gene content of hemizygous deletions.” Furthermore, the
requirement for efficient filters to handle the massive number
of variants identified by genomic sequencing can risk eliminat-
ing causal recessive variants in genes in which only dominant
alleles have been reported when the reported phenotype shows
little or no resemblance to the patient’s presentation.

In our search for novel genotype-phenotype correlations,
we have published many novel disease and candidate disease
genes.! However, we have also encountered a number of known
dominant genes for which the observed recessive phenotype
was surprisingly different.’ Examples include ELOV4-related
Sjogren-Larssen syndrome vs. Stargardt macular degeneration,
BRCA2-related severe microcephalic primordial dwarfism vs.
hereditary breast and ovarian cancer, and APC-related Cenani-
Lenz syndrome vs. hereditary adenomatous polyposis coli.>®
In this study, we report additional novel recessive mutations in
known dominant diseases and discuss the biological and medi-
cal relevance of this information to the application of clinical
genomics.

MATERIALS AND METHODS
Human subjects
All patients described in this study were enrolled with informed
consent as part of various institutional review board-approved
protocols, depending on the clinical presentation (KFSHRC
RAC 2080006, 2070023, and 2121053).

Identification of recessive mutations

Cases typically undergo autozygome analysis using the Axiom
SNP Chip (Affymetrix, Santa Clara, CA) according to the
manufacturers instructions, followed by mapping of runs
of homozygosity >2Mb as surrogates of autozygosity using
AutoSNPa. When multiple affected individuals were available,
we searched for their overlapping autozygome, as described in
detail elsewhere.” When the index was unavailable, a search
for the likely disease haplotype was conducted by comparing
the parents using IBDelphi.'” Exome sequencing was typically
performed only on the index; when the index was unavailable,
we resorted to exome sequencing of both parents to infer the
genotype of the index. Exome variants were filtered by the coor-
dinates of the candidate autozygome or, in the case of parents
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with no available affected children, the candidate haplotypes, as
determined by AutoSNPa and IBDelphi, respectively.'! We only
considered novel or very rare (minor allele frequency <0.001)
variants based on an in-house database of 2,793 Saudi exomes
(from patients with various Mendelian diseases) and ExAC
that were either coding or in the flanking intronic sequences.
Because GABRD and FBN2 were also included in the Neurology
and Dysmorphology and Skeletal Dysplasia gene panels,
respectively, an additional 1,787 and 739 Saudis were screened
for these two genes, respectively. We considered the candidacy
of genes even if the published phenotype appeared inconsistent
with the patient’s presentation. Sanger confirmation was per-
formed for variants discussed in this article, as was segregation
analysis for all available members, which was consistent with
their candidacy as fully penetrant autosomal recessive variants.
We included in this study only autosomal recessive mutations
in genes that had been linked to human phenotypes in a strictly
autosomal dominant fashion.

Computational structural analysis of mutants

Sequences were retrieved from the UniProt database. RaptorX
was used for prediction of secondary structures and protein
disorder, and RaptorX and SWISS-MODEL were used to pro-
duce homology models.”>"* Models were manually inspected,
and mutations were evaluated using the PyMOL program
(http://pymol.org). Transmembrane helices were predicted
using Phobius." Functional information was compiled from
various resources, including UniProt, InterPro,” and publica-
tions associated with the model templates used.

RESULTS

We identified a total of 11 likely causal autosomal recessive vari-
ants in genes that had only been linked to human phenotypes
in an autosomal dominant fashion, five of which are described
here for the first time (pedigrees are shown in Supplementary
Figure S1 online). Unless stated otherwise, the heterozygous
parents and siblings were asymptomatic. These variants fall into
three categories and are described in detail below.

Recessive variants that cause similar phenotypes to the
dominant phenotypes

We report the first homozygous truncating mutation in ACTG2
in a 16-year-old girl with severe visceral myopathy. Although
this is the same phenotypic category of the previously estab-
lished ACTG2-related dominant phenotype, we note that the
phenotype is very severe; it caused death in the sister (24 years
old at the time of death) due to intestinal obstruction and per-
foration (presumed to be homozygous but never tested) and
similarly severe recurrent intestinal obstruction requiring
intestinal transplant in the index case (Figure 1). The hetero-
zygous parents (confirmed in father and presumed in mother
who refused testing) and siblings reported chronic intermit-
tent constipation, suggesting a semidominant inheritance. Our
finding is consistent with the previously suggested haploinsufhi-
ciency mechanism.' Interestingly, an adult sister with a history
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Figure 1 Recessive mutation in ACTG2 in family 15DG1406. (a) Plain
abdominal radiograph showing significant distention of the colon. (b) Water-
soluble contrast enema showing distended rectum, sigmoid, and descending
colon and obstruction suggestive of transverse colon volvulus.

of chronic constipation similar to that of the parents and het-
erozygous siblings was found to be homozygous, which sug-
gests that the severe intestinal phenotype observed in the living
homozygous and presumed homozygous deceased sisters was
incompletely penetrant (Supplementary Figure S1 online).

A heterozygous variant in GABRD, specifically Glu177Ala,
has been reported to contribute to epilepsy at reduced pen-
etrance in one family."” Although a homozygous Arg220His
was also reported in the context of epilepsy, the high fre-
quency of this variant in ExAC is incompatible with being
disease-causing. In 16NGS-0186, a 24-month-old boy who
presented with global developmental delay, severe hypotonia,
and epileptic encephalopathy, we identified a novel homozy-
gous missense variant in GABRD: NM_000815.4:¢.875C>T:p.
(Thr292Met). According to ACMG guidelines,'® this vari-
ant should be classified as variants of unknown signifi-
cance because the only support of potential pathogenicity
comes from its complete absence in controls, its segregation
with the disease within the family, and in silico prediction
(PolyPhen (1), SIFT (sorting intolerant from tolerant) (0),
and CADD (combined annotation-dependent depletion)
(18)). Thr292 is located in the membrane-integral channel
part of the protein (which consists of an extracellular ligand-
binding domain and a membrane-spanning channel domain)
(Supplementary Figure S2 online). In the pentamer, Thr292
is located at the inner side of the channel. The replacement of
the short, rigid, and partly hydrophilic threonine by a long
flexible and completely hydrophobic methionine is expected
to substantially alter the inner side of the channel and
hence the passage of molecules (Supplementary Figure S2
online). Pathogenicity is further substantiated by the recently
described pLI (probability of being loss of function-intol-
erant) score of 0.92 for GABRD" as well as the phenotype
of Gabrd” mice that have increased seizure susceptibility.?’
It remains to be seen, through the identification of future
patients, whether recessive GABRD variants are a bona fide
cause of epileptic encephalopathy.
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Recessive mutations with distinctly different phenotypes
compared with the dominant phenotypes

Case 16DGO0107 presented to us at the age of 13.5 years because
of motor difficulties. Bilateral clubfoot deformity was noted
immediately after birth and was managed with serial casting.
Although walking was not particularly delayed (17 m), his gait
has always been abnormal and his clubfoot deformity slowly
recurred. He had serious functional limitations at the time of
presentation, when he could walk only with difficulty and could
not run. He fatigues easily and experiences dyspnea on exertion
despite a normal cardiac workup. He has a history of frequent
patellar dislocations, for which he receives supportive therapy.
Magnetic resonance imaging of the spine revealed mild L4/L5
and L5/S1 disc herniation and abnormal bulging of the discs in
the cervical spine, with no evidence of spinal canal stenosis or
cord compression. His neurosurgical evaluation is ongoing. He
has gynecomastia, which is being investigated by endocrinol-
ogy, but to date the workup has been negative. Physical exami-
nation revealed he was overweight (height: 168.5cm; weight:
80kg) and macrocephalic (occipitofrontal circumference
59cm, +3.2 SD); he had a square face, pointy chin, camptodac-
tyly with underdeveloped or absent interphalangeal (especially
distal) creases, prominent skin striae (Figure 2a,b), limited
knee extension, and abnormal gait with significant lordosis,
camptocormia, flexed knees, and intoeing. His motor exami-
nation revealed severe muscle weakness in the hip extensors
(gluteus maximus) and paraspinal muscles, with mild deltoid,
iliopsoas, quadriceps, and hamstring involvement. The serum
creatine kinase level was normal. Magnetic resonance imaging
revealed gluteus maximus fatty infiltration.

Muscle biopsy showed unusual myofibrillar disorganiza-
tion; there was variation in fiber size, with readily identifiable
atrophic fibers, primarily type I, and EM showed a generalized
disarray of fibers (Figure 2c-e). Exome sequencing revealed
a novel homozygous FBN2 variant NM_001999.3:c.41T>G:p.
(Leul4Arg) that was homozygous only in him, not in his two
siblings, whereas the parents were heterozygous for the change.
This was the only novel coding/splicing variant in the index’s
exome, and it was predicted to be pathogenic by PolyPhen
(0.67), SIFT (0.00), and CADD (18). Leucine 14 is located in
a 110-residue N-terminal fragment prior to the first epider-
mal growth factor-like domain. This fragment is predicted to
be unstructured (RaptorX disorder probability >90%, except
for residues 86-103, where disorder probability is 70-90%).
Leul4 is located in a highly hydrophobic sequence (LYFLWL)
that follows after an N-terminal basic region (Figure 2f). These
N-terminal 28 residues are predicted to be a signal peptide
required for the correct secretion of the protein (Phobius pos-
terior probability of 1). The nonhomologous substitution of
the medium-size hydrophobic leucine with a long, positively
charged arginine disrupts this recognition region (Figure 2f). It
is therefore expected that the Leul4Arg mutation significantly
affects correct secretion of the mutant, leading to abnormal
FBN2 protein levels in the extracellular microfibrils. Expected
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Figure 2 Recessive mutation in FBN2 in family 16DG0107. (a) and (b) Representative images of the widespread striae. (c) The muscle biopsy results show
myopathic features with variation in fiber size and scattered atrophic fibers (arrow, hematoxylin and eosin, x400). (d) Ultrastructural examination shows
scattered foci of myofibrillar disruption (arrow, EM x4,000). (e) Rodlike structures are noted occasionally at the periphery of some fibers, within a background
of myofibrillar disarray (EM x25,000). (f) Computational 3D models of FBN2 residues 1-28 (which constitute the signal peptide) for the wild-type Leu14 (left)
and mutant Arg14 (right). Position 14 is encircled. Orientation is with the N-terminal upward. Top panels: ribbon representation. Bottom panels: electrostatic
surface, color-ramped from blue (basic/positively charged) to gray (uncharged/hydrophobic) to red (acidic/negatively charged). The theoretical 3D model has
been established based on a helical secondary structure prediction for residues 2-28 and weak homology to PDB id 5i6¢ (P value = 3.7 x 10-?).

effects include abnormal elasticity and extension of elastic
fibers and developmental phenotypes. Based on our analysis,
we noted that the severe muscle involvement in Fbn2” was
highly consistent with the hypomorphic/nullimorphic nature
of the Leul4Arg.* Furthermore, the only human phenotype
linked to FBN2 is a dominant congenital form of contractural
arachnodactyly; the clustering of these dominant variants in
specific domains in FBN2 is consistent with a mechanism other
than haploinsufficiency for the dominant disease.”>*
16DG0825 and 16DG0826 were a first-cousin couple who
lost two children with a lethal phenotype that involves severe
brain malformation and generalized osteopetrosis, but no
specific diagnosis was reached (Figure 3). Brain imaging was
consistent in both children and showed Dandy-Walker mal-
formation, supratentorial ventriculomegaly that was mainly
occipital (colpocephaly), agenesis of the corpus callosum, and
diffuse bilateral subependymal and periventricular extensive
linear calcifications. Intraventricular and subdural hemorrhage
as well as thinning of the cortical mantle with poor white/gray
matter differentiation and poor gyration were also noted.
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Figure 3 Recessive mutation in CSFIR in families 16DG0825 and
16DG0826. (a) Generalized increased bone density with bone sclerotic
appearance suggesting osteopetrosis. (b) Dandy-Walker malformation comprising
large posterior fossa, a high position of the tentorium cerebelli, hypoplastic vermis,
and cerebellum with cystic dilatation of the fourth ventricle widely communicating
with a posterior fossa cyst filling nearly the entire posterior fossa.

Owing to the lack of available samples from either of the
deceased children, we resorted to “linkage by exclusion™; i.e.,
we exome-sequenced both parents and filtered the exomic
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Table 1 Autosomal recessive mutations identified in genes that had been linked only to dominant phenotypes

Reported OMIM

ID Phenotype Gene  Mutation phenotype (dominant) Category Ref.
15DG 1406 Severe intestinal pseudo- ACTG2 NM_001199893.1:c. 502C>T:  Visceral myopathy 1 This study
obstruction p. (Arg168?)
16NGS-0186°  Epilepsy and global developmental ~ GABRD  NM_000815.4:¢.875C>T: Epilepsy, juvenile 1 This study
delay p.(Thr292Met) myoclonic, susceptibility
16DG0107° Unusual form of myopathy FBN2 ~ NM_001999.3:c.41T>G: Contractural 2 This study
p.(Leu14Arg) arachnodactyly, congenital
16DG0825¢ Early lethality, osteopetrosis, and CSFTR  NM_001288705.1:c.1620T>A:  Leukoencephalopathy, 2 This study
severe brain malformation p.(Tyr5402) diffuse hereditary, with
spheroids
16DG0991 No phenotype (index died of PDETTA  NM_016953.3:c.1633C>T: Pigmented nodular 3 This study
liver and kidney diseases but the p.(Arg5452) adrenocortical disease,
homozygous sibling was normal) primary, 2
14DG0613 Primary microcephaly YARS ~ NM_003680.3:c.789C>A: Charcot-Marie-Tooth 2 PMID
p.(Phe263Leu) disease, dominant 27431290
intermediate C
10DG0351 Microcephaly and brain atrophy ADRA2B  NM_000682.6:c.664C>T: Epilepsy, myoclonic, 2 PMID
p.(Arg222?) familial adult, 2 27431290
13DG0474 Intellectual disability HELZ NM_014877.3:c.2470A>G: Not listed? 1 PMID
p.(Met824Val) 27431290
14DG0709 Developmental delay, cerebellar KCNMAT NM_001161352.1:c.2026dupT:  Generalized epilepsy and 2 PMID
hypoplasia, and myoclonic seizures p.(Tyr676Leufsx7) paroxysmal dyskinesia 27567911
15DG0280 Cenani-Lenz syndrome APC NM_000038.5:c.423-4_423- Gardner syndrome 2 PMID
2delATA 25676610
09DG00829  Sjogren-Larsson syndrome ELOVL4 NM_022726.3:c.646C>T: Stargardt disease 3 2 PMID
p.(Arg216?) 22100072

#The de novo mutation identified by Karaca et al. (ref. 3°) in a patient with intellectual disability is not yet listed in OMIM. *Variants are of uncertain clinical significance;
additional studies are required to establish causality and the mode of inheritance. <This is the mother of the two children whose phenotype is presented and is presumed to

be homozygous but was never tested due to lack of available samples.

variants by the coordinates of haplotypes that were not
observed in the autozygous state in any of their four healthy
children. Only one likely pathogenic variant was identi-
fied using this method: a novel truncating variant in CSFIR
(NM_001288705.1:¢.1620T>A:p.(Tyr540%)) that was heterozy-
gous in the parents and either absent or heterozygous in their
four children. Heterozygous changes in CSFIR are known to
cause an adult form of encephalomyopathy, presumably via a
dominant negative effect of the mutant copy on the wild-type
copy because this receptor functions via ligand-dependent
dimerization and autophosphorylation.>>* Unlike previously
reported dominant mutations, our mutation completely abol-
ishes the intracellular part of the receptor, which starts at amino
acid 537. As such, the mutant form cannot exert a dominant
negative effect and will most likely display haploinsufficiency,
which we showed in the heterozygotes, including the adult par-
ents, to be benign. Because CSF1R works by ligand-dependent
dimerization and autophosphorylation, heterozygotes would
express only wild-type CSFIR on the cell surface, which should
function normally. More importantly, mice deficient for CSF1R
recapitulated the osteopetrosis, brain involvement, and early
lethality observed in the two children.””** However, because
homozygosity for the truncating CSFIR mutation in these
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children was not directly demonstrated, this scenario remains
hypothetical.

Homozygous truncating variants in dominant genes with
no apparent phenotype

Case 16DG0991 was an infant who died at 10 months of
age as a result of complications from unexplained persistent
cholestasis and bilateral dysplastic kidneys. Exome sequenc-
ing revealed a homozygous truncating variant in PDEIIA:
NM_016953.3:c.1633C>T:p.(Arg545*). However, the same
variant was identified in a healthy 6-year-old sibling. PDE11A
heterozygous missense variants have been reported in patients
with adrenocortical tumors.”” However, we noted normal adre-
nocortical structure and function in the index and her healthy
sibling, both of whom had presumed complete loss of func-
tion of PDEIIA. This observation, the very low PLI score of
PDEI11A (0.00),” and the occurrence of three cases in ExAC
with homozygous truncating mutations in PDEIIA strongly
suggest that the gene may be dispensable for adrenocortical
function and that the reported tumor phenotype was caused
by a gain-of-function mechanism. Interestingly, the same vari-
ant we observed in this family (Arg545*) was also reported in
the context of a testicular germ cell tumor.”* However, there
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was no history of such a tumor in either the carrier father or
the extended pedigree.

DISCUSSION

Variant interpretation remains the most formidable challenge
in the delivery of clinical genomics. An important element
of variant interpretation is knowledge of previously reported
phenotypes, not necessarily for the variant in question but for
the gene itself. Allelic disorders are characterized by apparent
phenotypic disparity despite being caused by different alleles
in the same gene. The mechanisms that underlie allelism vary.
Although some allelic disorders simply represent a severity
spectrum of the same phenotype, many are distinct. Knowledge
of the mechanism underlying allelism can be critical to the
interpretation of variants. For example, a novel variant in the
gene AR (androgen receptor) with presumed deleterious effects
on the protein can be predicted to result in a phenotype related
to the endocrinological function of the androgen receptor
rather than Kennedy disease because the latter results from a
very specific class of variants that confer a novel toxic property
on the protein, with resulting neurological deterioration.’"

When allelism is observed in the context of multiple modes
of inheritance, it can provide an opportunity to understand
the true pathomechanism of disease.> For example, there was
debate regarding whether the mechanism of ELOVL4-related
autosomal dominant Stargardt disease is dominant gain of
function or haploinsufficiency.”® However, our finding that
homozygous truncating mutations in ELOVL4 cause a severe
autosomal recessive Sjogren-Larssen syndrome while the “hap-
loinsufficient” parents have normal eye examination strongly
favors the dominant negative model of Stargardt disease-related
variants.

In this paper, we have presented our experience with recessive
variants observed in genes that had been linked to human dis-
ease only in the heterozygous state and speculate on the insights
that can be gained from such observations by classifying these
variants into three categories. In the first category, the recessive
phenotype is similar to, but more severe than, the dominant
phenotype. For these variants, it can be argued that these are
dominant variants with variable penetrance, e.g., the mild con-
stipation in the heterozygous parents and siblings of two girls
with a lethal from of ACTG2-related visceral myopathy.

By contrast, variants in the second category—those with
a recessive phenotype that is distinctly different from the
reported dominant phenotype—appear to lend themselves
to potentially novel mechanistic interpretation. The examples
we present in this regard require additional studies to estab-
lish the clinical significance of the variants and to determine
the mode of inheritance. However, we note that the remark-
able concordance between the phenotypes we observed in our
homozygous patients and the knockout mouse model argues
in favor of these being the bona fide autosomal recessive loss-
of-function phenotype in humans. This can be readily seen in
the case of FBN2-related myopathy vs. myopathy in Fbn2”, as
well as in CSFIR-related osteopetrosis, brain malformation,
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and early lethality vs. osteopetrosis and early lethality in Csf1r
”. Similarly, the apparent lack of adrenocortical phenotype in
the two individuals with homozygous truncation of PDEI11A
was consistent with the phenotype of Pdella”** suggesting
that adrenocortical tumor-related PDEIIA variants probably
confer gain of function.

The findings of our study emphasize that deleterious het-
erozygous variants, especially novel ones, in dominant genes
encountered among “healthy” individuals may not necessar-
ily represent instances of reduced penetrance but, rather, true
instances of autosomal recessive inheritance. This can have a
significant impact on the way these variants are reported and
on the genetic counseling of these individuals. Finally, the
apparent disparity between dominant and recessive phenotypes
for some genes should serve as a reminder that variants should
not be dismissed as potential causes of phenotypes solely on the
basis of the perceived incompatibility of the patient’s phenotype
with what has previously been linked to the gene in question.

In conclusion, we add to the growing list of genes that can
cause phenotypes in both dominant and recessive states. We
show that the power of autozygosity to enhance the occur-
rence of homozygous variants provides a valuable resource for
a deeper understanding of the phenotypic spectrum of not only
recessive but also dominant genes.

SUPPLEMENTARY MATERIAL
Supplementary material is linked to the online version of the paper
at http://www.nature.com/gim
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