OPINION

Mendelian disorders deserve

more attention

Stylianos E. Antonarakis and Jacques S. Beckmann

Abstract | The study of inherited monogenic diseases has contributed greatly to
our mechanistic understanding of pathogenic mutations and gene regulation,
and to the development of effective diagnostic tools. But interest has gradually
shifted away from monogenic diseases, which collectively affect only a small
fraction of the world’s population, towards multifactorial, common diseases. The
quest for the genetic variability associated with common traits should not be done
at the expense of Mendelian disorders, because the latter could still contribute
greatly to understanding the aetiology of complex traits.

According to latest estimates, there are
barely 25,000 protein-coding genes in the
human genome' (encoding perhaps an order
of magnitude more distinct gene products).
Although this number will probably be
revised many times in the near future, an
important and challenging question cur-
rently occupies the minds of biomedical
researchers, funding agencies, patient groups
and biotechnology and drug companies:
what is the function(s) of each of these
genes, and how does genetic variation in
each gene contribute to health and disease?
Indeed, understanding the interactions

that occur between gene products, and

the complex and hierarchical network of
biochemical, signal-transduction and devel-
opmental pathways in which these products
participate, is necessary to design effective
treatments for the myriad of rare and com-
mon inherited disease phenotypes.

But what is the best way to begin to
understand gene function? There is no single
answer to this question. Human genetics,
biochemistry, bioinformatics and the study
of model organisms each provide comple-
mentary ways to functionally annotate the
human genome. Large efforts are currently
under way — using all the above approaches
— to identify the functional elements in the
human genome’.

We argue that a timely and low-risk
option for elucidating gene function is to

link naturally occurring pathogenic muta-
tions with monogenic disorders (monolocus
disorders). The process is well known to
medical geneticists: in the past 20 years,
pathogenic allelic variants of a total of 1,822
genes — less than 10% of our gene repertoire
— have been found to cause highly pen-
etrant, monogenic Mendelian diseases (as of
6 February 2006 in OMIM, a comprehensive
knowledge-based database of human genes
and Mendelian phenotypes>*, see Further
information).

However, over the past few years there
has been a steady, in our view unjustified,
move away from Mendelian disorders and
towards the more common multifactorial
diseases. Here, we focus on current trends
in medical genetic research, highlighting
lessons learned from the study of Mendelian
disorders. We emphasize that the latter
represent not only an indispensable treasure
trove for elucidating gene function and for
reconstructing normal and pathological
pathways, but that they could also contribute
significantly to our understanding of the
molecular genetic basis of common, complex
diseases. Therefore, research on Mendelian
traits should be encouraged.

Drifting away from Mendelian disorders
Many of the genes that underlie human
genetic disease were discovered before the
sequencing of the euchromatic portion of the
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human genome was completed, before the
introduction of methods for genome-wide
genotyping and gene-expression analyses,
and before the discovery of the extraordi-
nary variability among human genomes.

1t is therefore odd that after the complete
sequencing of the human and other
genomes, interest in monogenic disorders
declined in favour of the strong current
research focus on complex and common
phenotypes. This trend is illustrated in FIG. 1,
which shows the number of novel disease-
gene matches that have been recorded on
OMIM in the past 15 years (FIG. 1a) and the
number of pathogenic mutations recorded
in the Human Gene Mutation Database’
(HGMD) (FIC. 1b). Paradoxically, and con-
trary to expectations, after the sequencing
of the euchromatic portion of the human
genome was completed, the number of
newly discovered gene-disease matches
and additional pathogenic mutations has
declined compared with the previous dec-
ade, in which only more primitive tools for
gene discovery were available. A comparison
of the number of disease-gene identifica-
tions that were published in Nature Genetics
during the first six months of 2000 (n=37)
and 2005 (n=14 and mostly as brief com-
munications) is but another illustration of
this tendency. This example alone cannot, of
course, be taken as an indication of the type
of research that is being carried out: because
gene mapping and cloning are considered
to have become easier, such studies are less
likely to be published in top-tier journals.
Furthermore, the availability of funding
resources, which favour the study of com-
mon (and therefore commercially attractive)
targets over that of rare orphan diseases, has
further encouraged this trend.

Besides genuine interest and editorial
and funding policies, additional factors
have contributed to the shift in emphasis
in human genetics research. Most highly
prevalent, highly penetrant and easily diag-
nosed monogenic entities were elucidated
first. Consequently, we are now faced with
a proportionately larger number of rare
Mendelian disorders; the number of these
disorders is hard to estimate (we predict,
based on knockout gene experiments in
yeast and worms®’, that there are more
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Figure 1| Progress in disease-gene identification. a | Graph depicting
the number of allelic variants (pathogenic mutations that cause monogenic
disorders) recorded in OMIM during the indicated time intervals.
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b | Graph depicting the number of disease-associated mutation entries
in the Human Gene Mutation Database published in the indicated time

than several thousand; perhaps at least one
per gene), and the conventional strategies

to map and identify a pathogenic locus or
variant might not apply. Elucidation of these
loci calls for the development of alternative
powerful strategies and tools.

Although studies on the genetic pre-
disposition to complex phenotypes should
be an important focus of activities in the
coming years, we wish to emphasize the tre-
mendous power of monogenic phenotypes
to aid the classification and understanding
of human diseases. Studies on Mendelian
traits have provided unprecedented insights
into mutation processes and molecular
pathophysiology: they have revealed the
existence of genetic phenomena such as uni-
parental disomy, parental imprinting and epistatic
interactions. However, despite the impressive
progress made, a fundamental understand-
ing of the biological cause of most of these
diseases is still lacking, warranting further
research in this area. We argue that, with the
development of the genomic infrastructure
and the advancement of technological plat-
forms, we now have the best opportunity to
link, directly or indirectly, most genes with
aberrant phenotypes. Some of the relevant
technologies are discussed in BOX 1.

Are we through with Mendelian disorders?
Some investigators might argue that there
are not enough monogenic disorders left to
study. This is probably incorrect: there are
currently more than 1,500 known mono-
genic phenotypes for which the defective
gene remains elusive (see OMIM database).
Many of these are rare and occur only in a
few families. Adequate clinical and techno-
logical resources need to be established to
allow these precious samples to be shared as
part of collaborative efforts.

In addition, there are large, poorly
studied populations that have high levels
of consanguinity, and that might segregate
many unknown recessive monogenic pheno-
types. As many as 20-50% of marriages
are consanguineous worldwide, involving
approximately 1 billion people®. Numerous
but as-yet uncharted isolated populations
also harbour a high frequency of recessive
alleles due to founder effects and inbreeding.

Also, most monogenic causes of foetal
wastage and subfertility are currently
unexplored’. To investigate the causes of foe-
tal wastage, there have been calls to collect
and preserve, whenever possible, the affected
tissues, which would then allow genetic
analyses to be complemented by RNA- or
protein-expression profiles'’. Because many
of these foetal defects are also character-
ized by sub-microscopic chromosomal
abnormalities (detectable by the new high-
resolution tiling path CGH arrays'!), we would
recommend that the existing large sequenc-
ing capacity also be used to systematically
sequence around these rearrangements. This
approach could uncover new pathological
mutations as well as provide the basis for
a molecular explanation for dysmorphic
features. A successful application of this
method is the discovery that mutations in
the CHD7 (chromodomain helicase DNA-
binding protein 7) gene are one cause of
CHARGE syndrome'2.

Besides recessive traits, an unknown
number of dominant and X-chromosome-
linked monogenic phenotypes might exist in
African and other populations that are not
adequately studied. A concerted and well-
organized effort needs to be initiated (prefer-
ably led by international organizations or
local interested groups) to collect samples
from accurately diagnosed individuals and

their families from selected communities.
This is in practice the most difficult, yet
essential, task in the discovery process, as the
experimental aspects are now almost
off-the-shelf endeavours.

Human or mouse genetic models?

Some investigators argue that the gene-
knockout project of all ORFs in mice and

the precise assessment of the resulting
phenotypes''* will provide similar informa-
tion in a much more controlled, systematic
and comprehensive way to human molecular
genetic studies. There are several short-
comings of this approach; first, not all human
genes have a mouse orthologue and vice
versa, and second, several clinically relevant
phenotypes have human-specific manifesta-
tions (such as mental retardation or cognitive
behaviour), which might be difficult to assay
or reproduce in mice. Even when phenotypes
are easily scorable and the corresponding
genes are present in both species, it is impor-
tant to emphasize that an understanding of
gene dysfunction is better accomplished by
analysing an allelic series of (naturally occur-
ring) mutations than simply by looking at
the consequences of sizable gene deletions or
other inactivating mutations.

Furthermore, in many instances, similar
phenotypes can be caused by mutations in
any of several distinct genes (a phenomenon
known as genetic heterogeneity) and, in
other cases, different mutations within the
same gene can give rise to distinct phe-
notypes; the lamin A/C gene, in which an
allelic series of mutations results in up to six
different clinical phenotypes'®, constitutes
a particularly illustrative example. In other
instances, the same pathologic mutation,
depending on the genetic background in
which it occurs, might display different
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expressivity, penetrance or even distinct
diseases (for example, in limb girdle
muscular dystrophy type 2B and Miyoshi
myopathy'®"). Yet in other diseases, such as
in hereditary prion disease, the phenotype is
determined by the combined effect of patho-
genic mutations and polymorphic variants'.
These subtleties might not be picked up by
using mouse genetic models alone.

Also, phenotypic assessment in mice is
not as complete and well-developed and
sophisticated as it is in humans. One essen-
tial advantage in human biology is the large
number of patient-physician contacts and
the many more laboratory and imaging tests
done in humans that uncover genetically
related phenotypes.

Finally, there are considerable differences
in the phenotypic spectra between mice and
humans. Mice have a shorter lifespan and
some of the late-onset human phenotypes
are not apparent in them. Foetal develop-
ment also differs between man and mice.
Mutations that have severe consequences
in humans could be mild in mice, such
as the correlation between APP (amyloid
precursor protein) mutations and Alzheimer
disease', and HPRT (hypoxanthine guanine
phosphoribosyltransferase) mutations and
Lesch-Nyhan syndrome®. Environmental
challenges, including infections, affect mice
in a different way to humans and are also less
frequent. Furthermore, there are important
differences in brain structure and function
between these species.

Lessons from monogenic disorders
Novel genetic mechanisms. Our present
knowledge of the different types of patho-
genic mutations, and their consequences
and pathogenic mechanisms, has been dis-
covered in the course of the ongoing quest
for Mendelian-disease loci**. For example,
changes in triplet-repeat copy number are now
an established genetic mutation mecha-
nism?, but they were totally unexpected
when first reported.

Phenotypic complexity and modifier

genes. Another important contribution of
monogenic disorders to understanding gene
function derives from their genetic and
allelic heterogeneity, as well as phenotypic
variability. With over one hundred deafness-
related loci recognized so far, mutations

in the same gene (or even a single mutant
allele) can result in different individuals

in either syndromic, isolated deafness

or asymptomatic carriers. Mutations in

one of the most prevalent deafness alleles

in the connexin 26 gene (CX26), can be
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inherited in either a dominant or recessive
mode?*. In cystic fibrosis, subtle variations
in the number of simple nucleotide repeats
in introns can result in phenotypic and
clinical variability”. There are many more
examples that illustrate the variability in
the penetrance, expressivity and severity
of disease among mutation carriers, even
within single families, pointing towards the
involvement of additional genetic factors
or modifier genes**. These examples raise
the possibility that monogenic entities, like
complex traits, could also reflect a continu-
ous phenotypic distribution (as illustrated
by Bardet-Biedl syndrome and Meckel
syndrome?).

The nature and influence of most of the
modifier loci that modulate the clinical
phenotypes of Mendelian traits remain
unknown. Such loci could be among the
first beneficiaries of the HapMap project” >

Box 1| From phenotype to gene

(see Further information). Cystic fibrosis
and sickle-cell anaemia, for example, repre-
sent primary targets for an exhaustive search
for modifiers. The knowledge and statistical
tools developed in the course of this endeav-
our will in return benefit the exploration of
complex traits.

To add to the phenotypic complexity, the
study of discordant monozygotic twins carrying
the same mutation embedded in identical
genomes could also be informative on the
nature of the multiple epigenetic, environ-
mental and stochastic factors or processes
contributing to disease manifestation. An
example is the case of two pairs of sisters car-
rying, respectively, a DVMD (Duchenne mus-
cular dystrophy) mutation® or a Gly2019Ser
mutation in the LRRK2 gene that is associated
with Parkinson disease®. Older monozygous
twins exhibit remarkable differences in the
overall content and genomic distribution of

New genotyping methods. The use of genome-wide linkage analysis to map the critical genomic
intervals that contain a disease-causing allele has become much easier; this is due to the
development of novel genotyping methods (for example, the platforms developed by Affymetrix,
Sequenom and Illumina) and to the results of the HapMap project, which provide information on
common SNP variants and their allele frequencies in human populations?”’°. By using these
enhanced high-resolution genotyping methods, it should be possible, even for rare diseases, to
identify short genomic intervals that are shared by affected individuals; common disease-associated
haplotypes could be identified in unrelated patients who carry a common ancestral founder
mutation, thereby pinpointing the location of the disease allele.

Enhanced genomic analysis and bioinformatics tools. Genome sequencing and comparative genome
analyses have uncovered additional functional genomic elements that could be targets of
pathogenic mutations; these include the functionally conserved sequences that are not protein-
coding®’, miRNAs and other non-coding RNAs***°, and numerous insertion—deletion/copy-number
variations of different human genomes®*=**. Therefore, positional cloning is now much easier
because of the precise knowledge of the human sequence! and the availability of rapid methods for
mutation analysis, which in combination can uncover both point mutations and larger genomic
lesions. Determination of gene-expression differences between affected and normal cells and
tissues can also pinpoint candidate genes. What used to be a laborious effort could now be greatly
facilitated by merging various methodologies and bioinformatics tools.

Model organisms. The use of sequence conservation and experimentation in model organisms
provides ways to validate the dysfunctional nature of mutant proteins. It is worth noting that the
principal bottleneck is not the mapping of a disease locus or the identification of candidate
pathogenic alleles, but the demonstration of the pathogenicity of the true disease-related allele and
its subsequent pathophysiological characterization.

Advanced molecular genetic tools. The increased ease with which conditional or tissue-specific
(knocked-in or knocked-out) animal or cellular models can be generated is a great adjunct to
understanding and validating the functions of suspected disease-linked genes. Indeed, linking a
mutation within a defined gene or functional genomic element to a particular phenotype remains
essential to assign a function to this genomic element.

Interaction databases. Databases of protein—protein interactions increase the number of candidate
molecules that could underlie phenotypically related disorders®®*2. For example, Fanconi anaemia
subtypes are caused by mutant alleles of genes encoding proteins that form a complex involved

in DNA repair, function as a downstream effector of this complex or modify this effector®. Using
these mutated alleles as ‘Ariadne’s thread’ allows one to track additional genes involved in related
pathologies, thereby progressively reconstructing the normal and pathophysiological pathways in

which these genes participate.
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5-methylcytosine DNA and histone acetyla-
tion, affecting their gene-expression profile;
these epigenetic differences might partially
explain how different phenotypes can
originate from the same genotype™.

A continuum from simple to complex disor-
ders. The above examples show that the con-
cept of a monogenic disorder can no longer
be understood sensu stricto. These disorders
provide instructive examples of oligogenic
inheritance, such as digenic inheritance®,
that in turn provide clues to understanding
polygenic inheritance. Allelic variation in
genes or other functional DNA sequences
that modify the phenotypic severity of a
monogenic disorder or control variation

in gene expression provide links to addi-
tional genomic causes that are related to
phenotypic variability. Mutations that affect
regulatory sequences, such as promoters,
or mRNA stability and turnover rate® can
modulate variation in expression levels
and so result in phenotypic alterations.
Furthermore, regulated co-expression or
biochemical interactions of gene products
also result in more gene-phenotype links.
Eventually, starting from an allelic variant
that causes a monogenic disorder, one could
end up with several other genes linked to the
same phenotype, a situation similar to the
expected molecular genetic causes of poly-
genic complex phenotypes. A good example
is that of thalassaemias, sickle-cell disease
or the methaemoglobinaemias. Allelic vari-
ation that underlies phenotypic variability
in these disorders lies not only within the
B-globin gene on chromosome 11 (haemo-
globin B-chain, HBB) but also in HBG, HBA
(haemoglobin o-chain on chromosome 16),
X-linked ATRX (0i-thalassaemia/mental

retardation) and other genes®. Furthermore,
more attention to the phenotypic variability
of a Mendelian trait could unravel novel
functions or interactions of the mutant gene.
A striking recent example is that of HBS
heterozygosity, which not only protects from
malaria but also enhances acquired immunity
to the parasite®.

Caveats. We do not wish to give the mislead-
ing impression that research on Mendelian
disorders is simple and that the molecular
genetic basis of monolocus diseases can be
understood shortly after the identification
of the mutant allele. As mentioned above,
the identification of genetic modifiers is
complex. Even for the most common and
well-studied Mendelian disorders such as
sickle-cell disease, thalassaemias and cystic
fibrosis, in which some modifiers have been
identified, our current knowledge of all the
genomic variation that results in phenotypic
variability is rather poor***, Studies in
mice suggest experimental approaches to
identify certain genetic modifiers®.

Proving that a pathogenic allele is causal
to the disease in question is another difficult
challenge. Much has been learnt about the
phenotypic consequences of mutations®,
but there are many examples of missense
mutations, variants in DNA elements of
unknown function and silent changes in
coding regions for which pathogenicity is
questionable.

Conclusions

The classic argument for advocating more
research on monogenic disorders is more
relevant than ever: a mutant gene that
gives rise to a monogenic disorder usually
provides an opportunity to understand

the allelic variability for susceptibility to

a similar common polygenic phenotype.
For example, the discovery of APC
(adenomatous polyposis coli) mutations in
hereditary colon cancer led to the discovery
of additional genes, mutant alleles of which
also cause or predispose to colon cancer.
Additional gene interactions might reveal
the full spectrum of mutant alleles related
to this common phenotype. Furthermore,
many rare allelic variants in three candidate
genes — ABCAI (ATP-binding cassette
Al), APOAI (apolipoprotein A1), and
LCAT (lecithin:cholesterol acyltransferase)
— that cause pathogenically low levels of
HDL-cholesterol in plasma were also found
in individuals with the common, complex
version of the low-HDL-cholesterol trait**,
Similarly, the identification of loci for
susceptibility to schizophrenia, mapped by
studying monogenic diseases**, might
contribute significantly to unraveling this
severe condition.

It is widely accepted that most of the
lessons learnt from Mendelian disorders
will help us to identify susceptibility alleles
for complex phenotypes. Observations of
mutation mechanisms and phenomena
such as anticipation®, gene dosage effects*,
uniparental disomy*, imprinting, variation
in copy-number repeats and effects of allelic
series not only in dichotomous but also in
quantitative traits (for example, different
haemoglobin levels from different B+ muta-
tions in the HBB gene®) are additional exam-
ples of the complex issues that emerged from
seemingly simple Mendelian traits. Good
examples of disease-associated variation in
copy-number repeats include the contraction
of the D474 repeats in facioscapulohumeral
muscular dystrophy*’, and the gene-dosage

Glossary

Anticipation
A phenomenon that describes the property of some
disorders to increase in severity in successive generations.

Copy-number polymorphism (CNP) or variant
(CNV)

A structural genomic variant, resulting in confined copy-
number changes in a defined chromosomal region. If its
population allele frequency is less than 1%, then one refers
to it as a variant; the term polymorphism refers instead to
variants that occur at an allelic frequency of 1% or higher.

Discordant monozygotic twins

Twins that share identical genomes but are not affected
with the same disorder; one twin being affected but the
other not.

Epistatic interaction
The influence of the interaction of multiple loci on
phenotypic variation.

Expressivity
The extent to which a genetic defect is expressed.

High-resolution tiling path CGH arrays

Arrays for comparative genomic hybridization (CGH)
offering a resolution in the order of kilobases. The arrays
are currently based on BACs or long oligonucleotides.

Mendelian disease

A disease for which alternative genotypes fall into distinct,
discrete phenotypic classes, following Gregor Mendel's
laws of inheritance.

Monogenic disorder

A disease that is mainly caused by variants in a single gene.

Multifactorial

Multifactorial traits are determined by a combination of
genetic as well as non-genetic factors, each contributing to
the overall phenotype.

Parental imprinting
Differential allele expression that depends on
parental origin.

Penetrance
The frequency with which a given genotype manifests
itself in a given phenotype.

Triplet-repeat copy number

Triplet-repeat copy-number mutations are
dynamic mutations that are due to the expansion
or contraction in the number of triplet nucleotide
repeats.

Uniparental disomy

(UPD). A state wherein both homologues (alleles)
at a locus derive from the same parent; for some
chromosomal segments, UPD generates
characteristic syndromes.
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effects of the normal, unmutated versions
of APP in one form of Alzheimer disease™
and of o-synuclein in Parkinson disease®-*.
Last but not least, the discovery®->* of the
prevalence and abundance of copy-number
polymorphisms (CNPs) or variants (CNVs) as well
as insertions/deletions now presents us with
the interesting challenge to differentiate
between neutral submicroscopic rearrange-
ments and those that contribute to pheno-
typic variability. The recent demonstration
that copy-number variation in the FCGR3
gene predisposes to glomerulonephritis is an
instructive first example of the role of such
variation in the aetiology of phenotypes™.

There is no a priori reason to believe
that any of these diverse and complex issues
regarding mutation, gene regulation and epi-
genetic processes that are seen in monogenic
diseases do not also contribute to common
multifactorial traits. It is probable that
additional clues for understanding complex
phenotypes will come first from a fresh and
more sophisticated look at these instructive
Mendelian traits. So, all lessons from the
latter are more than relevant for the new
genetic challenge. Moreover, the exploration
of rare orphan diseases might necessitate the
development of new identification strategies
which, once validated, will also benefit the
dissection of complex traits.

We argue that the time is now opportune
for more research into the genetic dissec-
tion of monogenic disorders, as they are
instructive about molecular mechanisms,
and therefore can lead the way to under-
standing complex traits. This effort will
provide clues for gene function and aid the
annotation of the human genome. This
is not to say that efforts for the molecular
analysis of polygenic, complex phenotypes is
not appropriate or timely; we simply argue
that conventional monogenic phenotypes,
because they themselves can be oligogenic
and complex, are likely to continue to
provide unexpected and ground-breaking
knowledge towards the common goal of
developing early diagnosis and treatment for
all genetic disorders.
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