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Abstract Mendelian mutations are the most medically
actionable variants in the human genome and have always
played a central role in its functional annotation. Despite
the relative ease with which Mendelian mutations are
identified compared to other classes of variants, the pace
of their discovery has until recently been slow. However,
recent technological advances in genomic sequencing have
made the prospect of identifying all genes that can harbor
Mendelian mutations an achievable near-term goal. The
many lessons learned from previous discoveries of Mende-
lian mutations should inform future studies as I will discuss
in this review. Also discussed are some of the challenges
that will gain more prominence as we approach the last
phase of the effort to map all Mendelian genes.

Introduction

Recent advances in the study of the human variome have
unraveled a remarkable degree of genomic diversity. Per-
haps most surprising was the discovery of a tremendous
degree of individual-level variation with many single nucle-
otide variants (SNVs) that are “private” to each individual
genome (Kim et al. 2009; Lupski et al. 2010). Clearly, at
least some of these private variants must be contributing to
the biological processes that make each individual unique.
The daunting challenge of establishing a link between these
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variants and the various phenotypic traits of the individu-
als who harbor them becomes more conspicuous when one
realizes how little we know about the phenotypic influence
of even the common variants that are shared by large sec-
tions of the human population. In the absence of a reason-
able understanding of how variants of all classes influence
the phenotype, the promise of personalized medicine may
seem as a distant prospect.

Personalized medicine is not an all or none phenom-
enon, however. Rather, the delivery of personalized medi-
cine should be viewed as an evolving and iterative process
that builds on every discovery related to genotype/pheno-
type correlation and need not wait until such correlation,
or lack thereof, is established for every variant. Indeed, the
latter appears highly improbable in view of the virtually
unlimited diversity of the human genome ensured by the
introduction of 1.2 x 10~® mutation per nucleotide per gen-
eration (Kong et al. 2012). Efforts to establish genotype/
phenotype correlation for variants in the human genome
should prioritize the medical relevance of such correlations.
For example, some variants have been found to influence
the relative abundance or spatial/temporal expression genes
in ways that have profound implications on our under-
standing of the human lineage, but with very little apparent
medical value (Indjeian et al. 2016). More relevant to per-
sonalized medicine are links to physiological processes that
are perturbed in disease states. While most variants have a
limited capacity to exert influence on such processes, the
influence of some is so profound that their mere presence
can reliably predict a measurable change that is readily
detectable phenotypically and these are referred to as Men-
delian variants, or more commonly mutations because the
phenotype is usually a disease state (Mendelian diseases).
Although this definition of Mendelian mutations overlooks
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important exceptions, it offers a compelling degree of prac-
ticality, so it will be used throughout this review.

The case for prioritizing the study of Mendelian muta-
tions over other classes of variants is robust (Antonara-
kis and Beckmann 2006). The often straightforward link
between these variants and disease states is much easier to
study than variants that merely modify the risk, sometimes
to an infinitesimal degree. The predictability of this link
is also instrumental to making key medical and reproduc-
tive decisions. While some may argue that Mendelian dis-
eases are rare, and that variants that influence the risk of
more common diseases should receive more attention, one
should bear in mind that the dichotomy of Mendelian vs
common diseases is artificial (Antonarakis et al. 2010). Not
only do Mendelian variants offer insight into the biology
of common diseases, but there is also an increasing appre-
ciation of the direct contribution of Mendelian variants to
the risk of common diseases (Alkuraya 2015; Alsalem et al.
2013a; Cirulli and Goldstein 2010). Furthermore, Mende-
lian genes are enriched for druggability, and many of the
best-selling drugs for common diseases target the protein
products of Mendelian genes (Brinkman et al. 2006).

Given the great medical relevance of Mendelian muta-
tions in rare and common diseases, this review will be dedi-
cated to the issues related to how this special class of vari-
ants is identified. After a brief historical overview, the new
wave of Mendelian mutations discovery made possible by
next-generation sequencing is discussed. Important lessons
will be drawn from past discoveries to inform a discussion
about some of the remaining challenges in the path toward
annotating all Mendelian genes.

Historical perspective

Identifying the one variant that causes a Mendelian pheno-
type from the billions of nucleotides in the human genome
was particularly challenging when the blueprint of the
human genome did not even exist. Clues were necessary
to narrow the search space, and these came in different
forms. Sickle cell disease is arguably the first “molecular
disease” since its molecular basis was identified in 1949
(Pauling et al. 1949). This level of molecular understand-
ing, including the abundance of the protein in a quasi-pure
form, was critical to the identification of the causative
mutation once the gene was cloned in 1977 (Marotta et al.
1977). A similar “forward genetics” approach was applied
in several other disorders, the molecular basis of which was
sufficiently understood to direct the search for mutations
in the genes with relevant physiological function. Because
these represent a minority of diseases, “reverse genetics” in
the form of positional mapping provided the much needed
alternative clue in the search for Mendelian mutations.
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The power of positional mapping is that it does not
require prior knowledge of the physiology/biochemistry
of the disease in question, since it merely highlights a can-
didate region in the genome where the mutation is likely
to reside. However, because the “critical locus” often con-
tained many genes, prioritizing the most likely candidate
gene within the locus was a practical necessity to avoid the
costly and cumbersome brute-force Sanger sequencing of
all the genes therein. The prioritization scheme only rarely
assigned the causal gene the top score, which reflects the
often surprising nature of the genes underlying Mendelian
disorders and the opportunity for novel biological discov-
eries in the field of Mendelian genetics. Another major
limitation of positional mapping is the requirement for suf-
ficient meiotic events to identify the critical locus, often
necessitating the procurement of large pedigrees. While
this requirement could be fulfilled through the study of spe-
cial populations in the case of recessive diseases, e.g., those
with high rates of consanguinity, or dominant phenotypes
that permit the study of multiple generations because their
effect on reproductive fitness is limited, it was clear that
this approach does not offer the throughput and generaliz-
ability needed to map all Mendelian genes and that alterna-
tive strategies were acutely needed.

Why was next-generation sequencing
revolutionary in Mendelian genetics?

The ability to sequence many segments of DNA simultane-
ously was a distinct departure from the established norm of
DNA sequencing, and represented a technological advance
that abruptly made the sequencing of entire genomes an
affordable endeavor. By essentially eliminating the need
for the above-mentioned “clues”, genomic sequencing
radically changed the kind of samples required to discover
Mendelian mutations, from large pedigrees to simplex
cases. A related advantage is that genomic sequencing can
be applied to any phenotype including lethal unborn phe-
notypes that cannot be characterized otherwise, as well as
dominant viable phenotypes with extremely limited repro-
ductive fitness such as severe intellectual disability (Sham-
seldin et al. 2012b, c; Vissers et al. 2010). Also related to
the agnostic nature of genomic sequencing is its power to
obviate the historical requirement for strictly homogeneous
phenotypes to map Mendelian genes, although this may
still be helpful in defining the core features of a particular
syndrome. One particularly unique advantage of genomic
sequencing compared to old approaches in the discovery
of Mendelian genes is in the area of postzygotic (somatic)
mutations with resulting mosaicism (Lupski 2013). Prior
to the era of genomic sequencing, the discovery of mosaic
mutations in a novel disease gene was nearly impossible,
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because the challenge in identifying low-level mosaicism
in accessible tissues by Sanger sequencing was an added
layer of difficulty. The identification of somatic FGFR3
mutations in epidermal nevi, one of the very few exam-
ples prior to genomic sequencing, is an illustrative example
where FGFR3 would not have been specifically pursued
had there been no phenotypic overlap between epidermal
nevus and acanthosis nigricans that accompanies germline
FGFR3 mutations (Hafner et al. 2006). Finally, the afford-
ability of next-generation sequencing ushered in an era
of democratizing Mendelian gene discovery. No longer is
it the case that large and specialized research laboratories
are the only places equipped to identify novel Mendelian
genes, because the wider base of clinicians who interact
with these patients are increasingly capable of reporting
novel gene discoveries made possible by the use of clini-
cal genomic sequencing (Might and Wilsey 2014). This is
critically important to the goal of identifying all Mendelian
genes because while only a subset of patients is recruited in
research programs, the majority are seen by clinicians.

Lessons learned from past discoveries

In this section, I will attempt to draw lessons from personal
as well as the collective experience of the Mendelian genet-
ics community in the discovery of Mendelian disorders.
These lessons have the potential to inform future discov-
ery efforts. Obviously, there is a clear bias in the literature
to only publish success stories even though much can be
learned from previous failures. Even success stories are
typically presented in a way that often overlooks impor-
tant mishaps that can provide valuable insights. This sec-
tion, therefore, is dedicated to share some of these valuable
“behind the scenes” scenarios.

Positional mapping remains an important tool in the
era of genomic sequencing

Interpreting the large number of variants revealed by
genomic sequencing remains a daunting task, especially
when one considers the very large number of private or very
rare variants (see “Introduction”), but can be simplified
by focusing the search on a fraction of the genome high-
lighted by positional mapping (Alkuraya 2012, 2013). We
have previously published on the identification of ISCA2,
RTTN, GOLGA2 and UNC80 mutations as novel causes of
Mendelian diseases in individuals in whom clinical exome,
and in some cases clinical genome sequencing, failed to
identify the likely cause despite full coverage of the respec-
tive gene, most likely due to the challenge of interpretation
(Alazami et al. 2015; Shamseldin et al. 2015a, b, 2016).
In all these examples, combining autozygosity mapping

with exome sequencing was key to the successful iden-
tification of the likely causal mutation. This advantage is
not limited to increasing efficiency, but extends to high-
lighting classes of variants that many not be conspicuous
otherwise. For example, intronic mutations that are not in
the consensus £1/2 position are very difficult to interpret
and can go unnoticed when analyzing a very large number
of variants throughout the genome. However, when a sin-
gle locus is being analyzed, more in-depth analysis of the
variants allows even less conventional intronic mutations
to come into focus, especially when no compelling coding
mutations are identified. The identification of the RTTN as
a novel cause of microcephalic primordial dwarfism based
on a mutation in the -8 position was only possible through
positional mapping of a family initially undiagnosed by
clinical exome sequencing (Shamseldin et al. 2015a). Simi-
larly, a mutation in the -24 position in COG6 was found
to cause a novel syndrome of intellectual disability and
hypohidrosis with the help of positional mapping, and
clinical exome sequencing did not identify this mutation
even after it was published because it was filtered out as a
deep intronic mutation (Shaheen et al. 2013b; Yavarna et al.
2015). Finally, clinical exome sequencing failed to identify
the causal variant in CTU2, most likely because it was syn-
onymous and it was only through combining the three fam-
ilies with the novel phenotype of microcephaly, ambiguous
genitalia, renal agenesis and polydactyly that the CTU2
variant appeared as a likely candidate and its effect on
splicing was confirmed (Shaheen et al. 2015).

Dominant and recessive mutations can tell different
stories

It is well known that certain disorders can be caused by
dominant and recessive mutations in the same gene, but
these different classes of mutations are not commonly con-
sidered in the etiology of allelism (different phenotypes
linked to the same gene). It is important, therefore, to con-
sider genes as valid candidates for recessive phenotypes
even if their dominant phenotypes appear very distinct and
vice versa. For example, the phenotype associated with
DNA?2 heterozygous mutations (mitochondrial myopathy)
is very different from homozygous loss of function, which
causes Seckel syndrome (Ronchi et al. 2013; Shaheen et al.
2014a). When we identified homozygous loss of function
mutations in ELOVL4 as a novel cause of a Sjogren—Lars-
son syndrome-like illness, this pathogenic mutation in the
index was initially dismissed because heterozygous muta-
tions in ELOVIA4 are an established cause of Stargardt
macular degeneration, a phenotype that lacks any overlap
with that of the index (Aldahmesh et al. 2011b). This phe-
nomenon can be explained on the basis of a different effect
exerted by the heterozygous dominant negative or gain of
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function vs. homozygous loss of function, since haplo-
insufficiency would be expected to result in a phenotype
in the carriers of the recessive loss of function mutations
(Aldahmesh et al. 2011a).

Extreme forms of allelism

Some groups of disorders are known to display marked
phenotypic variability, but these usually still fall within
a broader phenotypic definition; ciliopathies are excel-
lent examples. LMNA is a gene with probably the largest
number of allelic disorders linked to recessive and domi-
nant mutations in it (laminopathies) and the list of disor-
ders was further expanded recently to include DAPJ (distal
acroosteolysis, poikiloderma and joint stiffness) (Sewairi
et al. 2016). The discovery of the DAPJ as a laminopa-
thy was facilitated in part by its phenotypic overlap with
other disorders in that group. However, it can be extremely
challenging when the established phenotype caused by
recessive missense mutations is very different from the
one under investigation. Neu-Laxova syndrome (NLS) is
a perinatally lethal disorder characterized by an extreme
form of dysmorphism, so it was highly surprising when the
underlying cause was found to be missense mutations in
PHGDH, because biallelic missense mutations in the same
gene are known to cause a serine deficiency disorder char-
acterized by a relatively mild intellectual disability disorder
with or without seizures and microcephaly (Shaheen et al.
2014b). It is conceivable that the PHGDH mutation could
have been missed had it not been for the positional map-
ping advantage that confined the investigators’ search to a
single locus. Allelism will inevitably account for a substan-
tial number of “unsolved” Mendelian phenotypes that are
listed in OMIM and presumed to be novel. It is interesting
to observe how the classical use of the term “allelism” is
being replaced by “phenotypic expansion”, because the rate
of mutation discovery surpasses that at which distinct clini-
cal phenotypes are established in the literature, as shown
recently by a large cohort of apparently novel dysmorphol-
ogy syndromes (Shaheen et al. 2015). Especially problem-
atic is when the variability of phenotype leads to errone-
ous designation of affected members of the same family,
thus complicating family-based segregation analysis. One
extreme example can be seen in the founder C206Y muta-
tion in THSD1, the single most common cause of recurrent
lethal non-immune hydrops fetalis in Arabia (Shamseldin
et al. 2015c). We initially dismissed this variant, because
it was found to be homozygous in members of the fam-
ily who appeared unaffected. Additional families clearly
revealed that this mutation is not always lethal and some
affected fetuses recover postnatally (Shamseldin et al.
2015c). Thus, even though embryonic lethality and appar-
ently good health are strikingly different categories of
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phenotypes, they may still represent the phenotypic expres-
sion of the same allele.

Coverage matters

No available sequencing technique covers 100 % of the
human genome. These inevitable gaps in coverage are a
limitation that needs to be considered carefully when inves-
tigating the cause of a Mendelian disorder. This fact was
beautifully illustrated in the study comparing the utility of
genome vs exome sequencing in the setting of intellectual
disability (Gilissen et al. 2014). The “missed” mutations
by exome sequencing were not regulatory element muta-
tions as had been assumed, but mostly complex genomic
rearrangements and point mutations not adequately cov-
ered. Again, positional mapping can be very helpful in this
regard, because meticulous examination of the coverage of
one genomic interval is much easier when compared with
the entire genome. For example, TMEM38B was initially
missed as the candidate gene for an autosomal recessive
form of osteogenesis imperfecta, but linking the disease
to a single locus made it possible to uncover the small
genomic deletion that disrupted the reading frame of that
gene (Shaheen et al. 2012).

Allele frequency can be deceiving

Screening 100 ethnically matched controls for a given
allele to substantiate the claim of its pathogenicity, once
a standard in human genetics literature, is clearly insuf-
ficient in view of the growing knowledge of the vast
degree of private and rare variation in the human popu-
lation. Many of the variants listed in HGMD as disease
mutations are now clearly benign SNPs based on more
recent compendiums of human variation made possible by
large-scale sequencing projects (Group 2015). In general,
a dominant allele should be absent in a variant database
based on healthy controls or exceedingly rare to allow for
reduced penetrance. An allele of high frequency, but only
present in the heterozygous state, can still be disease caus-
ing in a recessive context depending on the prevalence of
the disease in question. For example, the F508del muta-
tion in CFTR has an MAF of >1 % in Caucasians and
the Glu7Val mutation in HBB has an MAF of >12 % in
Nigeria, and both are definitive disease-causing mutations
despite their very high MAF because the disease (¢°) is
very prevalent in the respective population, in agreement
with the prediction of the Hardy—Weinberg equation.
However, MAF may appear too high for the established ¢>
(disease) frequency and yet the allele is disease causing,
as revealed in a number of diseases caused by the dual
presence of a common and rare allele in trans. This phe-
nomenon was first described in thrombocytopenia-absent
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radius syndrome where the causative mutation is typically
a loss of function mutation of RBM8A (usually a chromo-
somal deletion) in one allele and a regulatory SNP, usu-
ally in the 5'UTR of RBMS8A, in trans (Albers et al. 2012).
Indeed, the relatively high frequency of the regulatory
SNP (>4 %) could only be reconciled with its involve-
ment in such a rare disorder if one considers an unusual
autosomal recessive inheritance where homozygosity for
this SNP does not cause the disease, but rather its pres-
ence in trans with a loss of function allele in the same
gene. Similarly, it has recently been found that Burn-
McKeown syndrome, an oculo-oto-facial dysplasia, is
caused by compound heterozygosity for a low-frequency
SNP (MAF 0.76 %) in the promoter of TXNL4A in trans
with a loss of function mutation in the same gene (Wiec-
zorek et al. 2014). It is difficult to estimate the contribu-
tion of this unusual phenomenon to Mendelian diseases,
but it seems prudent to consider this possibility when the
causative mutation of a particular phenotype seems to
defy the typical analytical pipeline for interpreting exome
variants (Fig. 1).

Genomic Variants

Animal models do not always recapitulate the human
phenotype

This may seem too obvious to state in this review, but
because researchers who evaluate variants in novel candi-
date genes often turn to published data on animal models,
it is worth highlighting some of the limitations of this sup-
portive line of evidence. The animal may truly lack the cor-
responding human phenotype despite being fully knocked
out for the gene as in the knockout murine models of Hprtl,
Ocrll, Abcdl, Gla, Galt and Hexa, which were engineered
to study classical Mendelian diseases in humans (Elsea and
Lucas 2002). We had initially dismissed a missense variant
in SBF1 in a family with a novel syndromic form of Char-
cot—Marie—Tooth, because the corresponding knockout
mouse was reported to be normal neurologically, and it was
only through the independent identification of SBF/ muta-
tion in a Korean family with this phenotype that the link
is now established in the literature (Alazami et al. 2014,
Bohlega et al. 2011; Nakhro et al. 2013). An important con-
sideration is that apparent lack of relevant phenotype in the

MAF (consider disease frequency, penetrance, possibility of compound
heterozygosity for a low frequency allele and a loss of function allele)

Zygosity (consider recessive mutations in a known dominant disease

In silico prediction (consider limited sensitivity and specificity)

Segregation (consider phenocopies, penetrance, variable phenotype,

and dual molecular diagnosis)

Causal Variant(s)

Fig. 1 Distilling all genomic variants into one or more causal variant requires iterative filtering informed by phenotypic data. While very help-

ful, this process requires flexibility to address the limitation of each filter
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animal model may simply reflect deficient phenotyping.
For example, when we identified homozygous loss of func-
tion mutation CTSH as a novel cause of syndromic severe
myopia, the knockout mouse had been described as having
no visual involvement. However, subsequent collabora-
tion and histological examination revealed marked elonga-
tion of the globe axis recapitulating the human phenotype
(Aldahmesh et al. 2013; Biihling et al. 2011).

In silico prediction algorithms are limited in sensitivity
and specificity

In silico prediction algorithms can be very helpful in
shortlisting variants, but caution is advised because the
designation “likely benign” by these tools does not neces-
sarily confirm the benign nature of the variant. The vari-
ant ¢.2233G>A in EZHI would have been overlooked as
disease causing because the alternative allele is the natural
allele in monkeys so it was predicted to be “benign”, except
that it was the second occurrence of the same de novo vari-
ant in patients with clinically confirmed Weaver syndrome
(Al-Salem et al. 2013). An interesting recent paper shows
that this phenomenon can be explained by a compensatory
mutational mechanism as revealed by comparative genomic
analysis (Jordan et al. 2015). Similarly, in silico prediction
of splicing can also be misleading as we have shown in
TMEM92, C2lorf2 and DNA2 (Shaheen et al. 2014a, 2015;
Shamseldin et al. 2015a). Not only is this especially prob-
lematic for deep intronic mutations as discussed above,
but exonic splicing mutations that do not affect the termi-
nal two base pairs can also very challenging. The FBXLA4
exonic mutation we had originally identified as a novel
candidate in mitochondrial encephalomyopathy replaced
a very poorly conserved amino acid; however, it signifi-
cantly affected splicing efficiency (Gai et al. 2013; Sham-
seldin et al. 2012a). Newer tools have been developed, but
it is unlikely that 100 % specificity and sensitivity will be
achieved. So careful examination of variants based on other
criteria, including RTPCR in the case of suspected splicing
mutations, is always advised.

The annotation of the reference genome is imperfect

There are various inconsistencies in gene naming, variant
calling and localization and impact prediction that resulted
from the use of a mixed collection of software versions
and annotation database releases. Such inconsistencies can
result in variants falsely classified as frameshift, e.g., two
adjacent SNPs in the same codon are always coupled and
their combined impact on the ORF is different from what is
predicted if each SNP is evaluated independently. This was
an important limitation to handle when attempting to cata-
log loss of function variants in the human genome (Alsalem
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et al. 2013b). Multiallelic sites (variable sites that can be
occupied by up to three instead of one alternative alleles)
can pose another challenge, since these may account for
>6 % of the human genome and have the potential of mask-
ing the presence of pathogenic alleles when a more com-
mon allele is being called instead (Campbell et al. 2015).
While these can be filtered out bioinformatically or even by
Sanger sequencing in some cases, errors and gaps in defin-
ing exons and introns can be more consequential in a Men-
delian gene discovery project. For example, our identifica-
tion of EOGT as a novel gene for Adams—Oliver syndrome
could not have been achieved without being guided by
positional mapping data, because the causal mutation was
presumably deep intronic when in fact it affected an unan-
notated exon leading to frameshift (Shaheen et al. 2013a).

Not every de novo mutation is disease causing

The power of trio-exome sequencing to reveal de novo vari-
ants cannot be overstated, and its relevance is particularly
visible in the category of dominant and X-linked disorders
with strong negative effect on the reproductive fitness (Velt-
man and Brunner 2012). The mutation rate in humans at
1.2 x 107% per nucleotide per generation predicts on aver-
age one de novo mutation per exome. Thus, while it may
be tempting to assume the pathogenicity of such de novo
events, probabilistic considerations are warranted. As ele-
gantly illustrated by MacArthur et al., the finding of two
independent de novo hits in 77N in two patients with intel-
lectual disability is hardly a compelling evidence of cau-
sality, because the huge size of TTN makes it more likely
to sustain de novo mutations, and intellectual disability is
extremely heterogeneous and relatively common (MacAr-
thur et al. 2014). While this may be an extreme example, the
key message holds true, i.e., statistical support is needed to
substantiate claims of causal links between de novo muta-
tions in a novel disease gene and a particular phenotype.

Remaining challenges

The current rapid pace of disease gene discovery in Men-
delian diseases suggests that virtually all Mendelian genes
will be identified within the next few years. However, this
process is likely to follow a tail end distribution where the
last remaining genes are the most difficult to identify due to
any or a combination of the factors listed above.

Mendelian diseases with an exceedingly low prevalence
are certainly represented by the recent wave of successful
mapping projects, but they are likely to be significantly
enriched is the last phase of the race toward full mapping
of all Mendelian genes. This has already highlighted the
acute need for better exchange of data to overcome the
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increasingly apparent “n of one problem”, and matchmak-
ing tools have been devised in response (Philippakis et al.
2015; Sobreira et al. 2015). The “wholesale” publication
of novel candidates is another powerful solution to this
problem and allows for a full and transparent matchmak-
ing post-publication (Shaheen et al. 2015; Shamseldin et al.
2015a). Social media have also emerged lately as an impor-
tant player, especially in participant-driven matchmaking
(Chong et al. 2015; Lambertson et al. 2015).

Mosaic disorders are likely to become another frontier
that assumes more prominence as more and more “easier”
Mendelian gene mutations are identified. It is likely that
mosaicism is underestimated as a cause of ‘“unsolved”
dominant disorders as exemplified by the study of “nega-
tive” Cornelia de Lange syndrome (Huisman et al. 2013).
More challenging are disorders involving the CNS, because
obtaining relevant tissue to evaluate mosaicism is often
impractical. Fortunately, it has been demonstrated that
ultradeep sequencing of blood-derived DNA can reveal the
underlying mutation in a substantial proportion of these
cases (Jamuar et al. 2014). Of note, mosaicism is not limited
to dominant disorders and can also complicate the identifi-
cation of recessive mutations as well (Anazi et al. 2014).

One major question that is often raised is what per-
centage of unsolved Mendelian phenotypes is caused by
regulatory mutations, i.e., mutations in UTR, promoters
or enhancers? A complicating factor here is the presence
of phenocopies, especially for non-specific phenotypes
such as intellectual disability. Does the fact that more
than one-third of cases with severe intellectual disability
remain undiagnosed molecularly even after whole genome
sequencing suggest that they harbor regulatory mutations
that remain difficult to call by researchers even if they are
sequenced, or do they perhaps represent non-Mendelian
phenocopies? Unbiased analysis of large cohorts of pheno-
types with tight linkage loci will be needed to answer this
question for each class of Mendelian mutations (recessive,
dominant and X-linked).

Conclusion

The reward of identifying causal mutations for Mende-
lian disorders is far from being purely academic. Each
discovery can have medical implications and will leave a
lasting imprint on the annotation of our genome. Because
the stakes are high, no effort should be spared to accel-
erate these discoveries, and this review is a humble
attempt in this regard to share experience and learn from
past mistakes. The mapping of all Mendelian genes will
inevitably inform research into common diseases. Going
forward, we should expect more challenging classes of
variants to be identified and these will require a greater

level of collaboration within the Mendelian genetics
community.
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