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Introduction

Gregor Mendel’s observation that some physical traits are inherited
as discrete units that can completely disappear and reappear over
successive generations' was a crucial step in the identification of the
gene as the core unit of inheritance’. With the rediscovery of Mendel’s
experiments in 1900, it was immediately recognized that some
human diseases — later referred to as monogenic, single gene or Mende-
lian diseases — canbe understood in the Mendelian terms of dominant
andrecessive**. Medical genetics defines these terms based on the clini-
cal consequencesinthe heterozygote, whenthereisapathogenicvariant
on only one copy of a biallelic gene: a condition is denoted dominant
if it manifests in the heterozygous state, irrespective of the clinical
features in the homozygote®. This definition differs from the original
approach used by Mendel, who deliberately chose common traits in
the garden pea that were identical in the hybrid (heterozygote) and
one type of homozygote?, but is more suitable for rare inherited dis-
eases that interfere with normal life. The term recessive is used when
a heterozygous variant is asymptomatic, with a disease arising only
with pathogenic variants on both copies of a gene.

The introduction of massively parallel (also known as next-
generation) sequencing into medical care over the past dozen years,
in particular for the simultaneous analysis of the coding sequences of
all protein-coding human genes (the exome) in a routine diagnostic
setting, has expanded our understanding of the genetic basis and vari-
ability of diseases. The Online Mendelian Inheritance in Man (OMIM)
database currently lists 6,209 single gene disorders and traits (updated
8 November 2022), and these represent more than 70% of the ‘rare
diseases’ (conditions with a prevalence of <1:2,000) that, in total, are
estimated to affect 4-5% of the global general population®. However,
the exact functionaland clinical consequences remain to be elucidated
for the majority of sequence’® and structural® variants in the human
genome. Different genetic alterations in the same gene may have
diverse consequences, which are often difficult to predict. A substan-
tial number of genes traditionally associated with either dominant
or recessive diseases are now linked to both inheritance patterns,
based on functionally different pathogenic variants. Indeed, of the
4,658 autosomal disease genes currently listed in OMIM, about 53%
(n=2,464) are associated with dominant conditions, 35% (n=1,643)
with recessive conditions and 12% (n = 551) with both patterns of
inheritance.

Tounderstand inheritance patterns and the mechanisms of domi-
nance and recessiveness in medical genetics, it is important to keep
inmind that there is along path from a genetic variant to a noticeable
manifestationin the whole organism. Diploid organisms have a built-in
redundancy (two active copies) of most autosomal genes and, over the
space of evolutionary time, have developed a portfolio of mechanisms
that help compensate for genetic alterations and adapt to changes in
environmental or endogenous demands. Simply put, no gene or pro-
tein works in isolation. As a result, the functional consequences of a
particular genotype often differ when examined at different phenotype
levels, thatis, the measurable effect on protein, cell, organ or clinical (or
other) function (Fig.1). Understanding these connections with regard
to heritable diseases and variable clinical manifestationsis the essence
of medical genetics, and assessing variant effects in heterozygotes is
one of the most fundamental challenges in genetic diagnostics.

This Review provides an overview of the mechanisms that deter-
mine whether amonogenic disease is caused by monoallelic or biallelic
alterations, corresponding to pathogenic variants on one or both
copies ofagene, respectively. Highlighting the important distinction

between qualitative and quantitative variant effects, the Review
explains why genes show differences in the ability to compensate
dosage changes, and describes the principles underlying pathogenic
functional gene and protein alterations. Various clinical examples are
providedtoillustrate complex pathogenic constellations, the overlap
between monogenic and multifactorial conditions, and why the Men-
deliantermsare not suitable for gonosomal and mitochondrial genes.
Finally, we suggest a framework for using the concepts of dominance
and recessiveness in the prediction of genetic variant effects. Recog-
nizing the different functional effects of genetic changes is essential
for classifying and codifying novel variants in diagnostic molecular
genetic analyses, and for estimating the probability that a disease will
occur or recur in family members.

Functional effects of genetic variants

One of the central aspects of explaining monogenic inheritance pat-
terns is the distinction between quantitative and qualitative variant
effects. Many variants have primarily quantitative ‘dosage’ conse-
quences for the transcript and protein, that is, they cause a loss,
reduction or increase of the gene product without introducing novel
functional characteristics. The term loss of function (LoF) variant or
null variant refers to the complete loss of a protein encoded from the
allele, due to loss of the allele, unstable mRNA or unstable and inac-
tive protein. Hypomorphic (Hyp) variants' do not completely abolish
the gene product but cause quantitatively diminished, qualitatively
unaltered protein function. By contrast, qualitative variants result in
structural or regulatory alterations that change the normal function
of the encoded protein. Different types of qualitative variant effects
canbe distinguished and are described in detail in the respective sec-
tion below. Qualitative effects must be considered for all variants that
produce astable abnormal protein with potentially disrupted regula-
tion, modification, processing, secretion, cellular localization or other
function. The pathogenetic mechanisms may vary and be specific for
different alterations in the same gene.

Whether the loss, reduction or alteration of protein function
has an effect on cell or organ function, and whether it causes disease
manifestationsinthe monoallelic or the biallelic state, depends on the
normal and abnormal function of the affected protein in the context
of compensatory mechanisms, individual differences, environmental
influences and chance. Asageneral rule for proteins that are not tightly
regulated, heterozygous variants that cause altered structure and
function (qualitative) are more likely to result in phenotypic effects
than heterozygous variants with reduced function (quantitative). The
organism is better equipped to compensate for a deficiency than to
counteract abnormal actions of a protein.

Quantitative variant effects

The clinical consequences of quantitative variants depend on the
combined functional effects in the biallelic genotype (Fig. 2a). There
are many examples of quantitative variants resulting in an autosomal
recessive condition, suchas phenylketonuria (Fig.1). Autosomal domi-
nantdiseases caused by quantitative variants (thatis, thereisa clinical
manifestationin the heterozygote) are generally semi-dominant, with
more severe consequences or lethality in the homozygous state.

Loss of function variants in most genes are recessive. Studies in
several species, such as Drosophila melanogaster", Chlamydomonas
reinhardtii* and yeast®, indicate that organisms can compensate het-
erozygous LoF variants in the majority of genes, with no organismal
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phenotypic difference between homozygous wild type (WT) and
heterozygous LoF constellations. This phenomenon — denoted hap-
losufficiency and representing Mendelian recessiveness —is also char-
acteristic of the majority of human genes. In a study that compared
the observed and expected frequencies of predicted LoF variantsin
exome sequencing data sets from more than 60,000 individuals, and
calculated the probability of being LoF intolerant (pLI) for >18,000
protein-coding genes, 10,374 genes were identified as likely haplosuf-
ficient (LoF tolerant, pLI < 0.1) whereas only 3,230 genes were likely
intolerant of heterozygous LoF variants (pLI > 0.9)". These findings
were corroborated in a larger study of 125,748 exomes and 15,708
genomes with the calculation of a more elaborate metric denoted
the LoF observed/expected upper bound fraction (LOEUF)*", Bioin-
formatic approaches to identify genes and variants associated with
haplosufficiency, and thus autosomal recessive inheritance, from
large-scale human population data are being developed'.

Exome data from 454,787 mostly middle-aged adults in the UK
Biobank showed that for >80% of genes, atleast 50 individuals carried
apredicted LoF variant”.Insome instances, alternative mRNA splicing
may skip particular exons of agene atleastin some organs and, there-
fore, counteract LoF variants in these exons™, but such effects seemto
be rare. Evidence that a high proportion of genes are haplosufficient
was also provided by a comprehensive survey of the clinical effects
of copy number variants (CNVs) and heterozygous gene deletions on
chromosome 18. This study identified only 19/263 genes (7%) with an
abnormal phenotype inmore than 50% of affected individuals, whereas
aheterozygous deletion of 146/263 genes (56%) was asymptomatic”.
Thus, the majority of gene products have arelatively high dosage toler-
ance, and clinical effects are seen primarily with biallelic alterations.
In summary, recessiveness of LoF variants (that is, haplosufficiency)
seems to be the norm rather than the exception. However, it remains
possible that heterozygous LoF variants in haplosufficient genes can
sometimes produce subtle clinical manifestations, which may be asso-
ciated withmeasurable quantitative abnormalities at other phenotypic
levels®. Vice versa, predicted deleterious variantsin genes associated
with autosomal dominant developmental disorders may sometimes
cause lifelong subclinical or attenuated related phenotypes in the
adult general population®.

Haplosufficiency reflects compensatory mechanisms of the cell.
Toexplainthe prevalence of haplosufficiency, Ronald Fisher proposed
the evolutionary selection of modifiers that counteract the effects
of recurring deleterious variants®. As an alternative explanation,
Sewall Wright reasoned that dominance and recessiveness reflect
differences in the redundancy of cellular functions®. He postulated
asafety factorin enzymatic activity, which may also be the product of
evolutionary selection. Subsequent studies have mostly supported
Wright’s concept. Kacser and Burns pointed out that combining
multiple enzymes into a multistep biochemical pathway can buffer
variation atindividual steps*. Alarge change in the activity of asingle
enzyme therefore has only a limited impact on metabolic flux. This
principle is also true for other regulatory networks®. For example,
post-translational mechanisms assist in the regulation of protein
concentrations®®, which are more conserved across species than
the concentration of transcripts”. In summary, for genetic variants
that have primarily quantitative dosage effects, recessiveness of the
variant allele reflects the presence of compensatory mechanisms
that secure clinically normal function. These mechanisms may also
improve adaptation to environmental changes, and therefore may

have been selected during evolution. They may also serve as possible
targets for therapeutic interventions (Fig. 1).

Haploinsufficiency is associated with highly regulated cellular
functions. In general, genes linked to highly regulated cellular func-
tions —such as those encoding transcription factors or enzyme regula-
tors —are morelikely to be dosage-sensitive*, Haploinsufficient genes
show much narrower ranges in cell to cell variability of expression
for a given cell type than other genes in the genome, and it has been
postulated that their expression may be limited by the toxicity of their
overexpression”. Haploinsufficient genes also have a higher number
of paralogues, as duplication of genes with highly regulated functions
tends to be beneficial because of improved control options®, Transcrip-
tion factor families with very few members are more likely to be dosage-
sensitive than transcription factor families with more members®. The
existence of anon-linear relationship between genetic and phenotypic
variation, with threshold effects, can explain allelic dominance in the
control of some developmental processes®. For cooperative binding
oftranscription factorsto target regulatory sequences, a ‘half dose’ of
atranscription factor may be insufficient to reach the normal transcrip-
tional response threshold in specific cellular and/or developmental
contexts***. A similar non-linear threshold effect based on dosage
alterations of several interacting proteins has also been discussed for
macromolecules®. Yeast studies give examples of haploinsufficiency
mechanisms that depend on external factors®.

Triplosensitivity and haploinsufficiency are related. Limited data
are available with regard to the clinical consequences of an increased
copy number ofindividual genes®. Inyeast, >80% of genes do not show
areduced growthrate when overexpressed®. Thereis growing evidence
that haploinsufficient genes are also more likely to be sensitive to
increased dosage (gain of quantity), thatis triplosensitive. For example,
genes thathave been shown to contribute toa Down syndrome pheno-
typeintriosomy 21are more likely to have a high pLIscore, indicating
haploinsufficiency”. Genome-based structural variant data showed a
strong correlation between tolerance of LoF variants and occurrence
of copy-gain structural variants’. Dosage sensitivity patterns for regu-
latory elements such as enhancers, repressors or transcription factor
binding sites do not show obvious differences between deletions and
duplications®. A recent analysis of CNV data in nearly one million
individuals identified 3,635/18,641 autosomal protein-coding genes
with high probability of dosage sensitivity. Of these, 2,076 were hap-
loinsufficient, 911 both haploinsufficient and triplosensitive, and 648
triplosensitive only. Genes more sensitive to deletion than duplication
were more likely to show features of tightly regulated developmentally
critical genes, thatis, they tended to be larger, farther fromother genes
and had a greater number of poised enhancers in cis*. An example of
agene associated with both haploinsufficiency and triplosensitivity
phenotypes is PMP22, duplication of which leads to Charcot-Marie-
Tooth disease type 1A (CMT1A), whereas its deletion causes heredi-
tary neuropathy with liability to pressure palsies®. It is important to
distinguish triplosensitivity from the effects of gain of function (GoF)
variants that cause clinical manifestation through other mechanisms,
as discussed below (see ‘Qualitative variant effects’). Also, there may
be non-specific effects of overexpression of some genes, asincreased
dosage may increase low-affinity abnormal, promiscuous interactions
with off-target molecular partners*. In some instances, the effects of
inappropriate gene overexpression may be unrelated to the specific
protein function; for example, overexpression might cause depletion of
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Fig.1| Genotype and phenotypes — from DNA sequence to clinical
manifestation in phenylalanine hydroxylase deficiency. The pathway from
DNA sequence to clinical presentationis depicted for phenylketonuria, an
autosomal recessive disease caused by pathogenic variants in the phenylalanine
hydroxylase (PAH) gene. The PAH enzyme encoded by this gene catalyses the
conversion of the amino acid phenylalanine (Phe) to tyrosine (Tyr). There are
alarge number of different pathogenic PAH gene variants, including loss of
function (LoF; null) variants that completely remove protein PAH function

and hypomorphic (Hyp) variants with residual enzyme activity. WT denotes

the normal (wild type) allele. The overall PAH activity for anindividual results
from the combined effect of two PAH alleles. At the enzymatic phenotype

level, heterozygous PAH null variants (WT/LoF) are associated with 50%
reduction of PAH activity in liver biopsies, representing an intermediate effect.
Heterozygotes may show minor abnormalities at the metabolic phenotype level
(aminoacid concentrations inblood: Phe > Tyr, whereas normally Tyr > Phe)

but are completely asymptomatic at the clinical phenotype level, in line with
recessive inheritance. Individuals with biallelic null variants (LoF/LoF) in

the PAH gene —when untreated — have highly elevated Phe concentrationsin the
blood and develop severe intellectual disability (clinical phenotype). Compound

heterozygosity for a LoF variant and some Hyp variants (Hyp/LoF) is associated
with sufficient enzyme function to maintain blood Phe concentrations below
the therapeutic threshold of 360-600 pmol I”%; this condition is denoted mild
hyperphenylalaninaemia, which does not require treatment. Diagnosis and
treatment of PAH deficiency are possible at various levels. Phenylketonuria

is usually diagnosed prior to the onset of symptoms based on elevated Phe
concentrations in newborn screening (that is, the metabolic phenotype level)
but canalso beidentified through gene variant analysis. PAH enzyme studies
require aliver biopsy. The standard therapy is a controlled low-Phe diet with
supplementation of Tyr and other amino acids as well as vitamins and cofactors,
whichallows normal development and intellectual function. Other treatment
strategies have been established or are being explored, as indicated in the last
column. The availability of highly effective treatments changes the clinical
phenotype of phenylketonuria from a ‘disease’ with severe neurological
manifestation and intellectual disability to a ‘disease risk’ that necessitates
aspecialist diet to avoid the development of neurological symptoms. The
structural image of the PAH mRNA was generated using RNAfold”*, and the PAH
protein structures are reprinted with permission fromref. ', ELSEVIER.

cellular resources for transcription and/or translation of other genes*,
or stoichiometricimbalances among multi-protein complexes that may
affect the expression of other genes®. This indirect mechanism has
been invoked for an ‘omnigenic’ model of complex diseases, in which
regulatory changes to any gene expressed in a disease-relevant tissue
might contribute to disease regardless of whether there is a direct
mechanistic link to the specific phenotype***.

Variants with residual function can explain attenuated pheno-
types. Hyp variants are frequent causes of attenuated manifestations
in dominant and recessive disorders (Fig. 2a; the term ‘mild’ should
beavoided, particularly when patients still experience serious clinical
consequences). Anexampleisisolated congenital bilateral absence of
the vas deferens, whichis observed in1-2% of infertile males. Affected
individuals are usually compound heterozygous for a LoF variant and
a Hyp variant in the CFTR gene, which encodes a chloride channel
required for normal secretionin several epithelial tissues. Biallelic LoF
variants cause cystic fibrosis, which affects the lungs, digestive system
and other organs in the body. Residual channel function prevents
clinical manifestations of classical cystic fibrosis but is insufficient
for normal development of the vasa deferentia, causing azoospermia
and infertility*®. Using Mendel’s terminology for recessive diseases,
Hyp variants dominate over LoF variants as they determine disease
severity in compound heterozygous individuals, just as the monoal-
lelic WT confers anormal phenotype in the heterozygous variant car-
rier. The concept of functional hemizygosity in autosomal recessive
diseases caused by quantitative variants helps determine the clinical
impact of a novel or rare variant when a known LoF variant is on the
other allele. In this circumstance, the uncharacterized variantis likely
LoF if the phenotype is ‘severe’, whereas an attenuated phenotype
must be mediated by residual function of that variant. The severity in
the functionally hemizygous genotype may resemble homozygosity
for the Hyp variant. This approach was first developed for the clas-
sification of phenylalanine hydroxylase (PAH) gene variants and the
prediction of disease severity in phenylketonuria*’. Some variants
are associated with specific treatment options that enhance residual
function*®. Benign variants that in conjunction with a severe variant
onthe other allele cause laboratory abnormalities but no clinical dis-
ease have been recognized for many genes; examples include mild

hyperphenylalaninaemia (Fig.1) or Duarte galactosaemia detected by
biochemical newborn screening®.

Pseudo-dominance is a special form of recessive inheritance. The
occurrence of arecessive (biallelic) disease in successive generations
is denoted pseudo-dominant inheritance (Fig. 2b). It is sometimes
observed in consanguineous families (Fig. 2b, family 1, 50 % recurrence
risk for future siblings of the affected boy) or populations with high
prevalence of recessive disease variants. It can also be caused by preva-
lentHyp variantsinthe general population (Fig. 2b, family 2). For exam-
ple, erythropoietic protoporphyria is mostly caused by compound
heterozygosity for a FECH LoF variant and the common Hyp splice
variant c.315-48T>C, which hasanallele frequency of up to 33%in East
Asians®. Thus, inheritance is recessive and not dominant; disease risk
in children of a couple with an affected person and a partner with the
heterozygous splice variantis 25% as homozygosity for the splice vari-
antisbenign. PRPF31-associated retinitis pigmentosais often described
as an autosomal dominant condition with incomplete penetrance
because only some heterozygous individuals develop symptoms.
However, detailed analyses showed that individuals heterozygous
for a pathogenic variant remain asymptomatic only if they carry four
copiesof aregulatory minisatellite repeat element (MSR1) adjacent to
the PRPF31 promoter intrans. This4-copy variant —which has anallele
frequency of 15% in Europeans — confers markedly increased PRPF31
expression compared with the ‘normal’ 3-copy allele®. It is open for
discussion whether retinitis pigmentosa associated with PRPF31 LoF
should be regarded as adominant disease, with absence of symptoms
mediated by an increased-function variant in trans, or as recessive,
withacommon Hyp variant on one allele. Assuming that the four-copy
MSR1allele, whichis more frequentin Europeans thanin other popula-
tions™, is evolutionarily more recent, it could potentially represent a
compensatory mechanism to avoid haploinsufficiency inline with the
concept proposed by Fisher?.

Arelated phenomenon hasbeenreported for autosomal recessive
PEX6-associated Zellweger syndrome. The PEX6 gene has two common
alleles: the reference allele that is actually the minor allele in African
and European populations, and an allele with a 3’ untranslated region
variant c.*442_445delTAAA that is associated with increased expres-
sion and over-representation among transcripts when in trans with
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the reference allele. Because of the allelic expression imbalance, het-
erozygosity for the missense variant ¢.2578C>T (p.Arg860Trp, which
also seemsto have adominant negative effect) onac.*442 445delTAAA
background causes Zellweger syndrome whenin trans with the (effec-
tively hypomorphic) reference allele, butis essentially asymptomatic
when c.*442_445delTAAA is homozygous™.

Biallelic LoF variants in some recessive diseases are prenatal lethal.
In some conditions, homozygosity for LoF variants is rarely or never
observed because it is usually incompatible with life. One example is
thrombocytopenia-absent radius syndrome caused by compound het-
erozygosity for a RBMS8A LoF variant (frequently achromosomal micro-
deletion) and aHyp regulatory variant (often c.-21G>A, allele frequency
up to 3% in Europeans) that leads to a reduced amount of structurally
normal gene product, the RNA-binding protein Y14 (ref. **). This constel-
lation also explains why, despite recessive inheritance, thrombocyto-
penia-absent radius syndrome is not associated with consanguinity

and (similar to other recessive diseases with predominantly compound
heterozygous inheritance patterns) was not found through autozygo-
sity mapping. Similarly, in autosomal recessive Smith-Lemli-Opitz
syndrome, homozygosity for the prevalent DHCR7 LoF variant c.964-
1G>Cisless frequently observed in surviving affected individuals than
expected based onits allele frequency, because of early miscarriage or
fetal demise®*. This phenomenon needs to be taken into consideration
when carrier couples with LoF variants receive genetic counselling, as
the probability of an affected live-born child is less than 25%.

Quantitative variant effects underlie many digenic and polygenic
traits. Some traits, such as a-thalassaemia (Fig. 2c,d), are caused by
quantitative variant effects in two genes; thisis known as digenicinher-
itance and is discussed in more detail below (see ‘Digenic inheritance
and epistasis’). Similarly, many common disorders or quantitative traits
are caused by acombination of quantitative variantsin many different
genes®; such conditions can be regarded as polygenic traits.
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Fig.2| Quantitative variant effects. a, Quantitative variant genotypes in
autosomal genes are often associated with a spectrum of functional severities
determined by the combined quantitative effects of variants on each copy of the
gene (‘Percentage’ denotes protein function, with normal function represented
as100%; simplified without consideration of modifying factors such as
regulatory changes). Manifestation of the phenotype in a person heterozygous
foravariantallele and the wild type (WT) allele defines inheritance as dominant,
regardless of the clinical features or disease severity in the homozygote.
Heterozygosity for aloss of function (LoF) variant (LoF/WT, typically 50% protein
function) is often asymptomatic, reflecting recessive inheritance (lower left).

In asemi-dominant constellation (lower centre), LoF heterozygotes usually show
clinical symptoms (haploinsufficiency), but homozygotes (LoF/LoF) are more
severely affected. Triplosensitivity indicates clinical manifestation if there are
three copies of an autosomal gene (WT/WT/WT, shown as 150% protein function),
for example in trisomy or microduplications; this is often — but not always —
correlated with haploinsufficiency of the corresponding gene. True dominant
diseases (in the definition used by Mendel) have similar clinical manifestation in
heterozygotes and homozygotes (lower right); this phenomenon is not usually
observed for quantitative variants although, per definition, embryonic lethal
heterozygous traits may be regarded as true dominant. Hypomorphic (Hyp)
variants on at least one gene copy are associated with variable residual function
and attenuated disease manifestation. b, Pseudo-dominant inheritance: multiple
consanguineous unions in the same family can sometimes lead to the occurrence
of an autosomal recessive disease in successive generations (family 1). Family 2
illustrates pseudo-dominance associated with a prevalent Hyp variant — denoted

as afunctional polymorphism (Pol) because it has an allele frequency >1% — that
is disease-causing in trans with a LoF variant, but usually asymptomaticin the
homozygous state. Erythropoietic protoporphyriais an example of a disease that
canbeinherited in this pattern. Functional variants are indicated by white text
withblue outline (dark blue for LoF variants, light blue for the Hyp Pol), affected
individuals areindicated by blue circles (for females) or squares (for males; dark
blue homozygous LoF, light blue for residual function Pol/LoF). ¢, a-Thalassaemia
asaquantitative trait with digenic inheritance: the human genome contains two
paralogous tandem a-globin genes on chromosome 16p13.3, HBAI and HBA2,
which produce identical haemoglobin (Hb) a-chains'”®. Consequently, five
different phenotypes are associated with the presence of zero to four functional
alleles, not considering additional spectrum effects of Hyp alleles. The absence
of one or two copies of these genes is asymptomatic or causes mild microcytic
anaemia, usually described together as ‘a-thalassaemia trait’ but sometimes
denoted as a-thalassaemia minima and a-thalassaemia minor, respectively.
Absence of three copies causes HbH disease with hepatosplenomegaly and
sometimes transfusion-dependent anaemia, whereas absence of all four HBA1/2
copies results in severe prenatally lethal Hb Bart’s hydrops fetalis syndrome.

d, Couplesinwhich eachindividual has only two functional HBA1/2 copies (o)
may have very different disease risks for offspring, depending on whether the
functional gene copies arein trans (left pedigree) or in cis (right pedigree). Two
out of several possibilities are shown. Clinical severity is reflected by the colour
(darker colour represents increased severity). The monogenic terms dominant
and recessive are not suitable for a-thalassaemia, whichin the absence of an
adequate termis better regarded as a digenic trait.

Qualitative variant effects

Manyinherited diseases are caused by genetic variants that cause func-
tional alterations rather than quantitative loss of the protein product.
In one large study of de novo pathogenic variants in developmental
disorders, it was estimated that 57-59% of de novo pathogenic mis-
sense or truncating variants had quantitative effects reflecting hap-
loinsufficiency, and 41-43% acted by qualitatively altering function®®.
For the purpose of this Review, we wish to distinguish the following —
sometimes overlapping — variant effects that are regarded as quali-
tative: gain of function effects (Table 1); dominant negative effects
(Fig. 3); subfunction effects (Fig. 4a,b); moonlighting-function effects
(Fig. 4c,d); and tissue-specific transcript effects.

Gain of function encompasses a great variety of functional mecha-
nisms. Historically, variants that cause uncontrolled activation of the
encoded protein (with the same amount of protein) were designated
GoF variants, but the termwas subsequently expanded toinclude other
variant effects. In the medical genetics literature, ‘gain of function’
does not usually differentiate between simple quantitative gains in
the ‘same’ activity and more complex qualitative alterations. However,
conceptuallyitisuseful to limit the term to variants that have abnormal
or novel functional effects, as opposed to ‘gain of quantity’ variants
with simple gene or protein dosage effects resembling those caused
byincreased gene copy number (discussed above in ‘Triplosensitivity
and haploinsufficiency are related’). Some variants cause complex
combinations of qualitative and quantitative alterations that lead to
specific cellular and clinical phenotypes, explaining different disease
manifestations.

GoF mechanisms are often highly specific for the respective gene
and the exact amino acid alteration of the encoded protein (Table 1).
For example, uncontrolled cleavage of complement 1 subunit Cls
triggered by missense and/or in-frame GoF variants in CIR or CIS
causes autosomal dominant periodontal Ehlers-Danlos syndrome:

intracellular autoactivation of the normally blocked serine protease
domain leads to connective tissue alterations®’. By contrast, biallelic
LoF variantsin CIR or CIS cause an autosomal recessive systemic lupus
erythematosus-like syndrome that has no clinical overlap with the GoF
phenotype. The GoF variant p.E325K in the KLFI gene alters the DNA-
binding specificity of the encoded transcription factor and causes
congenital dyserythropoietic anaemia type IV*®, Autosomal dominant
exercise-induced hyperinsulinism caused by a promoter variant in
SLC16A1 — which codes for the monocarboxylate (pyruvate/lactate)
transporter 1—is an example of pathogenic ectopic gene expression.
The gene is normally silenced in pancreatic -cells, but its abnormal
expression caused by the promoter variantsleads toincreased insulin
release and hypoglycaemia when blood lactate concentrations are
increased, for example, after anaerobic exercise*. A conceptually
similar process can affect enhancers; for example, variantsin the zone
of polarizing activity regulatory sequence almost 1 Mb away from the
SHH gene cause ectopic SHH expression in the anterior margin of
the developing limb bud leading to pre-axial polydactyly®’. Disruption
of normal splicing can lead to the expression of abnormal transcripts
with GoF effects. For example, variants that interfere with normal
splicing of the organ-specific exon 9 (llic) of the FGFR2 gene cause
Apert and Pfeiffer syndromes by driving ectopic expression of an
alternative splice form (llIb), leading to an autocrine signalling loop®"*.
Another example is provided by intron 9 splice donor variants in the
WTI1geneinFrasier syndrome, which cause animbalance of two alter-
native transcripts that generate protein isoforms varying by three
amino acids; these isoforms differ in their relative transcriptional
versus post-transcriptional activities®>. The majority of nucleotide
repeat expansions manifest through GoF mechanisms such as detri-
mental interaction with repeat RNA-binding proteins and aberrant
‘repeat-associated non-ATG translation’, for example in myotonic
dystrophy®, or generation of abnormal proteins that form insoluble
aggregates, the main pathogenic mechanismin Huntington disease®.
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Table 1| Examples of different gain of function effects

associating domains

adoption

Principle Basic mechanism Detailed mechanism Disease/trait Gene(s) Refs.
Protein activation Ligand-independent Constitutive activation by intermolecular Osteoglophonic dysplasia, FGFR1 ez
and/or loss of signalling increase cross-linking or loss of negative regulation encephalocutaneous lipomatosis
rotein control
> Ligand-dependent Increased binding affinity for physiological or  Pfeiffer syndrome FGFR1 s
signalling increase non-physiological ligands
Uncontrolled enzyme Intracellular autoactivation of the normally Periodontal Ehlers-Danlos syndrome CIR, C1S 2
function blocked serine protease domain
Uncontrolled ion channel  Loss of gating Paramyotonia congenita, hypokalaemic  SCN4A 90
function and hyperkalaemic periodic paralysis
Long QT syndrome type 3 SCN5A o
Transcription factor Mixed gain and loss of transcription factor Congenital dyserythropoietic anaemia ~ KLF1 o8
binding promiscuity binding specificity type IV
Activation of other protein  Decrease in the activation threshold of the Familial Mediterranean fever MEFV 0
functions pyrin inflammasome
Loss of expression  Ectopic gene expression Promoter activation Exercise-induced hyperinsulinism SLC16A1 59
control . ; 60
Enhancer activation Pre-axial polydactyly SHH
Alteration of splicing Disruption of alternative splicing Apert and Pfeiffer syndromes FGFR2 6’
Frasier syndrome WT1 ES
Alteration of topologically Novel regulatory landscape, enhancer Acropectoral syndrome SHH 153

Non-specific Abnormal mRNA effects
effects of abnormal

gene product non-ATG translation

Detrimental interaction with repeat RNA-
binding proteins, aberrant repeat-associated

Myotonic dystrophy DMPK, CNBP e

Toxic protein effect Coding triplet repeat expansion Huntington disease HTT £e
(polyglutamine disorders)
Protein aggregation disorders (amyloidoses) Hereditary transthyretin-related TTR 66
amyloidosis
Other functional Novel protein function Different substrate binding based on size of ABO blood groups ABO n

effects active centre

Note that this table is not exhaustive, and additional gain of function (GoF) mechanisms are well recognized, for example in tumour development.

Structural variants that trigger direct or indirect protein aggregation
and amyloid formation cause a range of autosomal dominant GoF
diseases, such as transthyretin amyloidosis®. GoF is also a key driver
of allelic series (see below ‘Allelic series’).

Autosomal GoF variants are usually associated with clinical mani-
festationintheheterozygote, asnormalfunctionorregulationofthe WT
proteinis often unable to counteract the abnormal variant. The effect
isnotusually true dominant in the original Mendelian definition, as the
homozygous state — when observed — is generally more severe than
the heterozygous state>®’. An example is achondroplasia caused by the
heterozygous activating FGFR3 variant p.Gly380Arg; homozygosity for
this variant is usually associated with prenatal or perinatal lethality.
Huntington disease is one of the very few known diseases with largely
similar clinical manifestation in heterozygotes and homozygotes,
representing true dominance®®®’, Occasionally, heterozygous GoF
variants may be asymptomatic, with clinical manifestation predomi-
nantly inthe biallelic state. Thisis the case with familial Mediterranean
fever caused by MEFV variants that decrease the activation threshold
of the pyrin inflammasome”. The term co-dominance refers to the
phenomenon whereby different alleles of a gene encode functionally
distinct proteins that cause alternative phenotypes, both of which can
be recognized in the compound heterozygous state. The best-known
exampleistheblood group AB caused by compound heterozygosity of

the AandBalleles of the ABO gene, each of which codes for fully active
but functionally different enzymes’.

Inrare circumstances, heterozygousindividuals may have a clini-
cally more adverse phenotype than WT or variant homozygotes. This
phenomenonis denoted underdominance, negative overdominance,
or metabolic interference, and may occur if two different alleles of a
gene produce different proteins with adverse interaction effects’™ It
isrelated to — but conceptually different from — cellular interference
inX-chromosomaltraits, whereby interference is between rather than
within cells (see below ‘Gonosomal and mitochondrial inheritance’).
Underdominance is not well recognized in humans. One example
involves myocilin, whichis encoded by the MYOC gene: variantsin this
gene may cause glaucoma in the heterozygous but not homozygous
state”. Absence of myocilin is asymptomatic, and pathogenesis in
MYOC-associated glaucomainvolves GoF variant protein accumulation
causing endoplasmic reticulum stress™, which might be enhanced or
exclusively present in heterozygous individuals.

Dominant negative effects should be considered for multimeric
proteins. Adominant negative pathogenic mechanisminvolves direct
interference with or blockage of WT function by the variant, for exam-
ple by disrupting the formation or function of homotypic or hetero-
typic multimers or other interactions involving the WT protein and
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other molecules (Fig. 3a). The clinical consequences exceed those
of the heterozygous loss of one gene copy, and sometimes resemble
biallelic LoF variants. Dominant negative effects have a major role in
variants of structural proteins or multimeric channel proteins butare
not usually expected for variants of proteins that act as monomers.
Awell-known structural protein example is collagen I, where the vari-
ant effects differ for the al-chains and a2-chains that have a 2:1 ratio
in the final triple helix (Fig. 3b). Dominant negative variants can be
distinguished conceptually from toxic protein variants, in that the
toxic protein causes the adverse effect on its own, irrespective of
the WT protein, whereasin the dominant negative context the aberrant
protein compromises the function of the normal protein. The same
principle applies to toxic RNA variants.

Variants can differentially affect protein subfunctions. Some pro-
teins have sequential functionsin cellular processes —suchas sequen-
tial steps in an enzymatic reaction or transport processes — that may
be differentially affected by genetic variants (Fig. 4a). One example is
apolipoprotein B (ApoB)-mediated lipid transport: variants in the APOB
gene that prevent or reduce low density lipoprotein (LDL) production
causereduced blood cholesterol concentrations, whereas variants that
interfere with LDL receptor (LDLR) binding cause familial hypercholes-
terolaemia (Fig.4b). A similar mechanism underlies hawkinsinuria, an
autosomal dominant disease caused by the missense variant c.722A>G
(p.Asn241Ser) inthe HPD gene, which codes for 4-hydroxyphenylpyru-
vate dioxygenase in tyrosine (Tyr) breakdown. The variant inhibits
one step of the complex HPD reaction and leads to the production
of hawkinsin, an unusual sulfur-containing amino acid”. Complete
or attenuated general deficiency of HPD function causes autosomal
recessive tyrosinaemiatype 3 without accumulation of hawkinsin.

Moonlighting functions may explain diverse variant effects. Some
proteins have taken on several roles in different pathways such as
metabolism, gene regulation or signal transduction, with the non-
canonical functions denoted as moonlighting functions™”’. As aresult,
genetic variants that selectively affect only one particular function of
the protein may differ fundamentally in their phenotypic effect from
LoF variants that completely remove all of its functions (Fig. 4c). Inher-
itance of a phenotype may be variant-specific and function-specific
dominant or recessive, depending on whether the loss of the affected
function canbe compensatedinthe heterozygous state. Moonlighting
differs from pleiotropy, which usually refers to the relevance of one
particular protein function for different cellular processes or pathways.
Awell-characterized X-chromosomal example of amoonlighting pro-
tein is the mitochondrial 173-hydroxysteroid dehydrogenase type 10
(HSD10) protein encoded by the HSD17B10 gene (Fig. 4d). As ahomo-
tetramer, it functions as a 2-methyl-3-hydroxybutyryl-CoA dehydroge-
naseinisoleucine breakdown; it also serves as anon-enzymatic scaffold
for the RNaseP complex required for mitochondrial DNA (mtDNA)
transcript processing. Different HSD17B10 variants differentially affect
bothfunctions, with complete proteinloss incompatible with life due
toRNaseP disruption. This type of gene and/or protein functional com-
plexityillustrates the difficulty in dissecting the effects of ‘pathogenic’
variants on different protein functions in genetic analyses.

Transcription differences modify the impact of some variants.
Alternative splicing and differential start codon usage allow the pro-
duction of different proteins from the same gene and can regulate
organ-specific gene functions’®. The relevance of this mechanism for

understandinginherited diseases and cancer is becoming increasingly
recognized”. Pathogenic variants that affect only some transcripts may
cause attenuated or atypical clinical phenotypes. For example, general
deficiency of the cytoskeletal linker protein plectin causes an autosomal
recessive multisystem disease with epidermolysis bullosaand variable
other manifestations including pyloric atresiaand muscular dystrophy,
whereas clinical features in individuals with pathogenic variants in
the skin-specific exon 1a are limited to the skin®**. Homozygous LoF
variantsinthebreast cancer predisposition gene BRCAI are not usually
compatible with life but several individuals with a Fanconi syndrome
subtype had homozygous nonsense variants in the distal part of the
large exon11. The attenuated phenotype is mediated by an alternative
splice donor sequence withinexon11, which allows the production of a
shorter, partially functional transcript without the pathogenic variant®.
A similar mechanism has been reported for BRCA2 (ref. *). Heterozy-
gous single-nucleotide variants inthe promoter 1B of the adenomatous
polyposis coli (APC) gene, associated withisoform 1B of the APC protein
and predominantly expressed in the gastric mucosa, cause gastric
adenocarcinomaand proximal polyposis of the stomachbut rarely lead
to familial adenomatosis polyposis®. Complete loss of UDP-glucose
pyrophosphorylase (UGP2) gene function seems to be incompatible
with life, whereas pathogenic variants selectively affecting the start
codon of a brain-specific isoform cause a severe autosomal recessive
developmental and epileptic encephalopathy®. Similar effects may
be expected for genes with different transcripts that correspond to
different targeted organelles, such as fumarate hydratase®.

Allelic series

Considering the often diverse and variable effects of genetic alterations
on the encoded protein, it is not surprising that functional variants
in the same gene may manifest in a range of very different — some-
times opposite — phenotypes. This phenomenon is called an allelic
series. Sometimes different variants affect the same cellular function,
reflecting for example areduced versus increased activity spectrum. An
exampleis glucokinase (GK) variants that cause aspectrumofreduced
throughtoincreasedinsulin secretion, respectively resultingin domi-
nantor recessive monogenic diabetes mellitus versus dominant hyper-
insulinism®. By contrast, recessive LoF and dominant GoF variants
in the FARI gene — encoding peroxisomal fatty acyl-CoA reductase 1
required for plasmalogen biosynthesis — cause opposite biochemical
phenotypes but overlapping clinical manifestations including develop-
mental delay, spastic paresis, seizures and cataracts®. Heterozygous
activating variants of proteins involved in growth stimulation may
representoncogenic drivers or inherited risk factors for tumour devel-
opment, whereas LoF variants predominantly affect morphogenesis.
Forexample, inherited or somaticactivating variantsin the RET proto-
oncogene trigger the development of thyroid carcinomas and other
malignancies®®, whereas LoF variants are risk factors for Hirschsprung
aganglionosis. Some variants associated with co-segregation of both
conditions in the same family have been called ‘Janus mutations’™’.
Variants in the fibroblast growth factor receptor 1 (FGFRI) gene have
different effects on protein characteristics and signalling function,
whicharereflected inarange of consequent phenotypes (Fig. 5). Allelic
series with often overlapping phenotypes have been described for
many channelopathies. Notable examples are the sodium channels
inskeletal and cardiac muscle that are encoded by SCN4A and SCN5A,
respectively. Different SCN4A variants cause enhanced or impaired
channelactivation, and in consequence myofibre hyperexcitability or
hypoexcitability, leading to a phenotypic spectrum from myotoniato
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Fig.3 | Dominant negative effects. a, K,;, channel-related congenital
hyperinsulinism: blood sugar regulation by pancreatic -cells depends on the
normal function of an octameric K, channel that consists of four Kir6.2 proteins
and four SUR1 proteins, respectively encoded by the KCN/11 and ABCC8 genes
(top; Kir6.2 not depicted for simplicity). ATP-mediated closure of the K, channel
causesinsulin release. Pathogenic ABCC8 variants include two missense variants
atthe same amino acid residue that are associated with different inheritance
patterns of congenital hyperinsulinism. p.Arg1353Pro is anon-functional
recessive loss of function (LoF) missense variant that in the heterozygous state
leads to areduced amount of normal protein, which is sufficient for normal
function (haplosufficiency; middle). By contrast, p.Argl353His results in a stable
abnormal SURI protein that interferes with the wild type (WT) protein and has a
dominant negative effect: statistically, only 1/16 channels consist of 4 WT SUR1
proteins required for normal channel function (bottom)”’. b, Osteogenesis
imperfecta: type1collagen, the main structural component of connective tissue,
has afibrillar structure based on a heterotrimer composed of two Proal(1) chains
encoded by COLIA1and one Proa2(1) chainencoded by COLIA2(top). These

molecules are proteolytically converted to collagen after secretion by removing
the propeptides. Variants in each type 1 collagen gene result in osteogenesis
imperfecta or brittle bone disease. The clinical effects depend on the affected
gene and, for missense variants, on the location of the substitution and the
substituting amino acid. The variant effect is amplified in the process of triple
helix cross-linking and the formation of fibrils in the extracellular matrix, with
the abnormal molecules disrupting the overall function and structure of the
collagen fibres. Heterozygous LoF variants in COL1AI resultin the production

of half the amount of normal, fully functional type 1 collagen, which leads to
osteogenesis imperfecta typel, a relatively mild form of osteogenesis imperfecta
(haploinsufficiency, second row). By contrast, missense variants that interfere
with triple helix formation cause more severe phenotypes through dominant
negative effects. COL1A1 glycine (Gly) substitutions at the repetitive Gly-Xaa-Yaa
motif required for triple helix formation typically cause lethal osteogenesis
imperfectatype Il (third row). COLIA2 Gly changes are rarely lethal and usually
produce the moderate osteogenesis imperfecta type IV phenotype (bottom)'’%.

muscle weakness’’. Similarly, based on channel kinetics, SCN5A vari-
ants can cause different cardiac manifestations such as long QT syn-
drometype 3 (GoF variants), Brugada syndrome or sick sinus syndrome
(LoF variants), as well as overlap syndromes®’.

Complex mechanisms

Being heterozygous may have selective advantages. Heterozygous
variants in some genes can have advantageous clinical effects not
observedinhomozygous WT or variant states. This phenomenon —also
denoted overdominance —is well recognized as a likely explanation for
the high prevalence of certain autosomal recessive diseases such as the
haemoglobinopathies, cystic fibrosis or phenylketonuria®**. Hetero-
zygous CFTR variants, which cause cystic fibrosis when homozygous,
may protect against severe fluid loss in gastrointestinal infections —a
beneficial overdominant effect — but also increase the risk for some
disease manifestations such as bronchiectasis or pancreatitis®. Thus,
apathogenicvariantin arecessive disease gene may formally relate to
more thanone trait with differentinheritance patterns and manifesta-
tion probabilities influenced by other genetic and exogenous factors.
The balance between beneficial and adverse effects of heterozygote
and homozygote status guides evolutionary adaptation in changing
environments.

Anticipationis not restricted to repeat expansion disorders. Earlier
or more severe manifestation of some hereditary diseases in the off-
spring thaninthe parent — denoted anticipation — has long been reco-
gnized but was frequently argued to be due to ascertainment bias®. It
is now well established that expansions of unstable repeat sequences
(examplesin Table1) lead to anticipationin repeat diseases. Anticipa-
tion unrelated to unstable repeats is observed in heritable disorders
of telomere maintenance (telomeropathies)®. This was first shown for
autosomal dominant dyskeratosis congenita type 1 caused by patho-
genic variantsin TERC, the gene encoding the telomerase non-coding
RNA component: failure to restore normal telomere length leads to
progressive telomere shortening and increased disease severity over
successive generations’. This mechanism has since been describedin
other telomeropathies®.

Epigenetic factors interfere with Mendelian inheritance patterns.
Non-Mendelian monogenic inheritance patterns beyond dominance
andrecessiveness are observed for diseases linked toimprinted genes

withmonoallelic parent of origin-dependent expression'*°. One exam-

ple is Angelman syndrome, a severe neurodevelopmental disease
linked to the UBE3A gene on chromosome 15q11.2, which in the brain
is expressed only from the maternal allele'’. Pathogenic LoF variants
cause disease only when inherited from the mother, and can be trans-
mitted asymptomatically along the male line over many generations.
Another example is the paternal dominant inheritance observed in
some tumour predispositions (see below ‘Tumour predisposition
syndromes’).

Disease variation beyond single genes

Itis well recognized thatindividuals with the ‘same’ monogenic disease
may show quite divergent clinical features'®%. The terms penetrance
and expressivity, respectively, are used for the phenomena that not
all individuals with a particular gene variant develop the associated
disease and that individuals may differ in the specific manifestation. In
many cases this is due to the different molecular effects of allelic vari-
ants and biallelic genotype combinations, as outlined above. Careful
functional assessment of the identified variants may allow the deline-
ation of different disease groups linked to the same gene'®. In other
instances, special monogenic circumstances such asmosaicism have a
central role'®'%, More frequently, however, the combined effects of all
variants (including regulatory variants'°®) in a ‘causative’ gene do not
explain the phenotypic variability observed in the individual. In such
cases, other relevant factors need to be considered, including modi-
fier genes or digenic inheritance, common familial and/or polygenic
elements'“'%°, epigenetic alterations, environmental influences and
chance. Combining ultra-rare high-penetrance variants with more com-
mon functional variants may allow improved calculation of polygenic
scores for individual risk assessment in monogenic and multifactorial
traits"*"", From a conceptual point of view, the terms penetrance and
expressivity are best used for factors that are not linked to the primary
disease gene and cannot be determined by the comprehensive charac-
terization of that gene, and thus represent modifying factors beyond
monogenic inheritance. In particular, the terms should not be used
to describe the variable clinical presentation caused by functionally
different variants in the same gene.

Digenicinheritance and epistasis
Thereisanincreasing number of examples of digenicinheritance, that
is diseases that manifest only with pathogenic variants in two genes"*'",
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Fig. 4 | Protein subfunction and moonlighting-function effects. a, Variants
may differentially affect production or sequential subfunctions of a protein,
leading to specific functional alterations depicted here for a putative transport
protein (subfunctions A-C). Different variants may be associated with different
inheritance patterns. Clinical consequences of heterozygous loss of function
(LoF) variants that prevent protein synthesis depend on possible haploinsuf-
ficiency. Transport function is also lost for variants that interfere with substrate
binding or transport itself. By contrast, deficient release of the cargo s likely

to cause variant-specific accumulation effects, which may be observed in the
heterozygote. b, An example for sequential variant effects is apolipoprotein B
(ApoB), amajor component of low density lipoproteins (LDLs) that transport
lipids and fat-soluble vitamins between organs and cells. It serves as a struc-
tural component, aligand for cell surface receptors and a cofactor for lipid-
metabolizing enzymes. Variantsin the APOB gene can differentially affect these
functions, with variable inheritance patterns. Complete ApoB deficiency due to
homozygous APOB LoF variants results in abetalipoproteinaemia. This condi-
tion may also be caused by homozygous LoF variants in the microsomal transfer
protein (MTP) gene. Heterozygous LoF variants of APOB cause autosomal
semi-dominant familial hypobetalipoproteinaemia with reduced cholesterol,

triglyceride and ApoB concentrations in blood, which is mostly asymptomatic'”.

By contrast, MTP LoF heterozygotes have no clinical or biochemical abnormali-
ties'®, ApoB deficiency (semi-dominant) and MTP deficiency (recessive) are
phenotypically indistinguishable in homozygotes but can be differentiated in
heterozygotes, representing two different inheritance patterns. Some missense
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variantsin the LDL receptor (LDLR) binding domain of ApoB have the opposite
effect of LoF variants or most other pathogenic APOB variants: they do not
affect lipoprotein assembly or secretion but prevent its uptake by the liver. The
consequence is autosomal dominant familial hypercholesterolaemia, the same
phenotype as caused by LoF variants in the LDLR gene'*. ¢, Some genes code for
moonlighting proteins with unrelated functions in different cellular processes.
This can be imagined as a Swiss pocketknife with different purposes that can be
altered individually or lacking in combination. Complete loss of the protein, or
alteration of specific functions by qualitative variants, may result in different
diseases with potentially differentinheritance patterns. d, The mitochondrial
protein 17B-hydroxysteroid dehydrogenase type 10 (HSD10; SDR5C1), encoded
by the HSD17B10 gene, is an example of amoonlighting protein. HSD10 serves
as mitochondrial 3-methyl-2-hydroxybutyryl-CoA dehydrogenase (MHBD) in
isoleucine breakdown, and as a non-enzymatic component of mitochondrial
RNaseP in mitochondrial DNA (mtDNA) transcript processing. The two different
functions are thought to have had different evolutionary constraints, leading

to optimization of the essential structural role while maintaining a relatively
non-specific enzymatic function'®. Deficiency of the MHBD activity causes accu-
mulation of certain urinary organic acids'®?, but the neurodegenerative clinical
features of HSD10 disease are due to deficient RNaseP. HSDI17B10 variants can
differentially affect both functions, and urinary organic acid analysis is unable to
reliably confirm or exclude pathogenic effects on RNaseP function in suspected
patients'®>'®*, The representation of HSD10/RNaseP is based on the structure
reportedinref.'®,
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For example, a-thalassaemia has a unique non-Mendelianinheritance
patternthat cannot be adequately described with the terms dominant
and recessive, and is best regarded as digenic (Fig. 2c,d). Similarly,
hyperbilirubinaemia in Rotor syndrome only occurs with deficiency
of all four copies of two adjacent genes on chromosome 12p12.1,
SLCO1BI and SLCO1B3, which show 87% cDNA sequence (80% amino
acid) identity (plus short different carboxy-terminal tails) and code for
functionally similar liver-specific organic anion transporters. Inherit-

it usually resembles ‘Mendelian’ recessive inheritance because of
tight linkage between the genes that are sometimes both disrupted
by asingle large deletion.

The term epistatic was coined by Bateson for non-allelic factors
that suppress the manifestation of a particular so-called hypostatic
trait'™. It is now used for various types of gene-gene interactions in
the production of a phenotype"*'"” and the variable manifestation
of monogenic diseases depending on other genes'. Whereas the

ance of Rotor syndrome is regarded as digenic recessive

14 although

term digenic implies a more or less equal role of two genes in disease

Glossary

Anticipation

The earlier or more severe manifestation
of a hereditary disease in the offspring
thanin the parent.

Allelic series

Different variants in the same gene often
acting through different pathogenetic
pathways cause a range of phenotypes
that may be associated with different
inheritance patterns.

Autozygosity mapping

A method to identify disease-causing
variants in consanguineous families
by focusing on autosomal regions
with runs of homozygous genotypes
inherited from a shared ancestor
(that is, autozygous regions).

Co-dominance

Different alleles of the same
autosomal gene yield functionally
distinct proteins with alternative
phenotypes, both of which can
be recognized in the (compound)
heterozygous state.

Expressivity

The severity or extent of clinical
manifestation in persons with

a particular genotype. Variable
expressivity indicates that individuals
with the same genotype (for example,
in the same family) may have quite
different phenotypes.

Genotype
The constellation of genetic variantsin a
particular gene or in the genome.

Gain of function (GoF) variant
A genetic variant that causes
inappropriate or novel protein functions
such as uncontrolled activation or loss
of regulation of the encoded protein,
ectopic and/or illegitimate organ
and/or cell-specific expression patterns,
or novel (including toxic) protein or
mRNA functions.

Gonosomal

A gene or variant on one of two
sex chromosomes, as opposed to
autosomes.

Compound heterozygous
Different pathogenic variants on the two
alleles of the same autosomal gene,
causing biallelic loss or modification

of gene function.

Dominant negative effect
A heterozygous variant codes for
astructurally altered protein that
interferes with the wild type (WT)
protein.

Exome
The transcribed sequences of all
protein-coding human genes.

Haplosufficiency

Complete loss of one copy of a
particular autosomal gene is usually
asymptomatic. Haplosufficiency is a
typical feature of recessive diseases and
Mendelian wild type (WT) dominance.

Haploinsufficient

Complete loss of one copy of a
particular autosomal gene causes
noticeable clinical effects; a single
(haploid) normal allele does not

suffice for normal development or
homeostasis. Haploinsufficiency is the
central pathogenetic mechanism in
semi-dominant diseases caused by loss
of function (LoF) variants.

Hypomorphic (Hyp) variants
Genetic variants that reduce but do not
completely abolish the function of the
encoded protein.

Pseudo-dominant

The occurrence of an autosomal
recessive (biallelic) disease in
successive generations.

Loss of function (LoF) variant
A genetic variant that causes complete
loss of the encoded protein. Also known
as a null variant.

Moonlighting-function effects
A multifunctional protein performs two
or more autonomous, independent

and mechanistically different functions;
specific impairment of one function by a
pathogenic variant does not necessarily
affect the other function(s).

Overdominance

The phenomenon whereby some
heterozygous variants have
advantageous clinical effects not
observed in homozygous wild type (WT)
or homozygous variant states.

Penetrance

The probability of clinical manifestation
in persons with a particular genotype,
which is frequently age-dependent.
Penetrance may be complete (100%) or
incomplete (reduced).

Phenotype

The measurable consequences of a
genetic variant on the protein, cell,
organ or clinical level.

Pleiotropy

A protein function is required in two

or more different cellular processes or
pathways; pathogenic variants in

the respective gene cause different
seemingly unrelated phenotypic traits.

Semi-dominant

Describes the phenomenon whereby

an autsomal genetic variant in its
heterozygous state is associated with a
less severe, intermediate phenotype than
its homozygous state. Most quantitative
variants are semi-dominant, but semi-
dominance is also commonly observed
for variants that have qualitative effects.

Subfunction effects

A protein has successive functions in
cellular processes, such as sequential
steps in an enzymatic reaction or
transport processes, which are
differently affected by genetic variants.

Triplosensitive

An additional copy of a particular
autosomal gene (for example through
a duplication that causes three instead
of two gene copies) that has adverse
clinical consequences.

Tissue-specific transcript
effects

A gene shows functional variability

in expression or splicing, which is
differently affected by genetic variants.

Underdominance

The phenomenon whereby some
heterozygous variants cause a clinically
adverse phenotype that is absent or
less severe in wild type (WT) or variant
homozygotes.

Wild type
(WT). The genetic sequence or function
defined as normal.
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development, the term epistasis describes how genetic modifiers
influence the phenotype associated with a primary gene. The tradi-
tional human example of epistasis is the Bombay blood group, which
is observed when expression of the ABO alleles is prevented by the
autosomal recessive deficiency of fucosyltransferase 1, the protein
that catalyses the immediately preceding enzymatic step”®. Epistasis
may also account for discrepant dominant and recessive inheritance
patterns for the same disease. For example, spastic paraplegia type 7
isusually caused by biallelic pathogenic variants in the SPG7 gene but
may also be caused by a heterozygous SPG7 variant in combination
with variants in genes coding for SPG7 interaction partners™. A simi-
lar effect, ‘synergistic heterozygosity’, has been suggested for some
inherited metabolic phenotypes that reflect the combined effect of
several heterozygous, normally recessive variants in genes linked to

the same metabolic pathway'®°. This concept mirrors the proposed

combined gene dosage effects of interacting proteins in macromol-
ecules® (see ‘Haploinsufficiency is associated with highly regulated
cellular functions’). With regard to complex traits, however, genetic
variationseems to be mostly due to additive effects, with little evidence
for epistasis?'?,

Tumour predisposition syndromes

Genetic risk versus genetic disease. Most cancer risk syndromes
caused by heterozygous variants in tumour suppressor genes run in
families as autosomal dominant traits with reduced penetrance and
variable expressivity: that is, not all individuals with a heterozygous
pathogenic variant develop atumour intheir lifetime, and the manifes-
tation varies between affected persons. Itis not the particular tumour
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Fig. 5| Allelic variants in the fibroblast growth factor receptor 1gene. Fibro-
blast growth factor receptor 1(FGFR1) is a tyrosine kinase (TK) cell surface recep-
tor that dimerizes in response to binding extracellular fibroblast growth factors
(FGFs) in a2:2 multimeric complex to activate intracellular signalling pathways
leading to cell differentiation, proliferation, migration and other functions.
Somatic activating variants, including gene amplifications and fusion proteins,
areinvolved in various malignant tumours. Sequence variants in FGFRI result in
several different clinical phenotypes that depend on the nature of the alteration
inthe protein. a, Simplified representation of normal FGFR1 signalling'®: FGFR1
monomers (eight are shown) span the cell membrane. The extracellular domains
are structurally related to immunoglobulins and bind FGF ligands (green dia-
monds). Theintracellular domains have TK activity. In the absence of FGF (left),
receptors exist as monomers, the TK domains remain unphosphorylated and
signal outputis zero. In the presence of FGF (right), a productive 2FGF:2FGFR1
complexis generated that activates the kinase and results in trans-phospho-
rylation (small double-headed green arrows and annotated P). This leads to TK
activation and downstream signalling (blue arrows). Total signal output yielded
by the eight monomers is indicated by the thickness of the blue arrow. b, Hap-
loinsufficiency: heterozygous loss of function (LoF) variants (pink monomers)
caused by diverse molecular lesions (complete or partial deletions, nonsense or
frameshift variants, or missense variants resulting in protein instability) reduce
signal output by 50%. This is tolerated in most developmental contexts but
causes hypogonadotropic hypogonadism (sometimes accompanied by anosmia,
defining Kallmann syndrome) because of the particular dosage sensitivity to FGF
signalling of the embryonic olfactory and gonadotrophin-releasing hormone
neurons during development'?, ¢, Ligand-dependent gain of function (GoF):

aspecific heterozygous missense variant, p.Pro252Arg (yellow stars), within the
extracellular domain leads to enhanced binding affinity for a specific reper-
toire of FGF ligands, and hence enhanced ligand-dependent signalling'”>. The
associated phenotype, Pfeiffer syndrome, is characterized by craniosynostosis
and medially deviated first digits. d, Constitutive activation: heterozygous GoF
variants (yellow stars) close to the transmembrane domain lead to constitutive
activationin the absence of ligand, potentially by covalent dimerization of mono-
mers. This leads to ectopic activation in normally quiescent cells and results in
osteoglophonic dysplasia, a severe congenital dysplasia of the long bones and
skull associated with secondary bony changes'”'. Other distinct heterozygous
pathogenic variants that cause autoactivation of the TK domainin the absence
of ligand occur in the mosaic state in encephalocraniocutaneous lipomatosis;
suchvariants are presumed lethal in the constitutionally heterozygous state'’>.
e, Dominant negative: localized heterozygous missense variants (yellow stars)
within the TK domains caninterfere with normal activation. In consequence,
three quarters of these dimers are locked into unproductive complexes that
remain unphosphorylated. Signal output is reduced by up to 75%, which causes
dominantly inherited Hartsfield syndrome with brain malformation (holopros-
encephaly), split-hand/foot malformation (ectrodactyly), cleft lip/palate, and
variable other features such as intellectual disability and, sometimes, hypogon-
adotropic hypogonadism'. f, Homozygous hypomorphic: missense variants
(yellow stars) that reduce, but do not eliminate, FGFR1 function (potentially by
reduction in FGF binding affinity or protein stability) may diminish TK activation
and total signalling output to a similar extent as the dominant negative scenario,

leading to a recessive type of Hartsfield syndrome'®’.

thatis inherited as a genetic disease, but the increased probability of
tumour development that is influenced by other genetic and environ-
mental factors as well as by chance somatic events. This concept is
reflected in the two-hit hypothesis developed by Alfred G. Knudson
based on the statistical study of retinoblastoma'* (Fig. 6a) and in the
more complex digenic three-step pathogenesisinvolvingbiallelicloss
of two adjacent genes in the development of schwannomas (Fig. 6b).
The continuum between monogenic and polygenic risk factors is an
increasingly recognized challenge for the determination of individual
disease risks""",

Monoallelic versus biallelic tumour predispositions. There is an
overlap between autosomal dominant tumour predispositions and
childhood-onset syndromes (sometimes associated with develop-
mental anomalies) caused by biallelic inherited pathogenic variants
insome tumour suppressor genes. Fanconi anaemia subtypes caused
by biallelic BRCA2 or BRCAI pathogenic variants were discussed above
with regard to qualitative variants that differentially affect different
transcripts (see ‘Transcription differences modify theimpact of some
variants’). Similarly, Lynch syndrome and constitutional mismatch
repair deficiency caused by heterozygous and biallelic variants in
mismatch repair genes, respectively, may represent a phenotypic
continuum determined by individual variant effects'*. Some variants
associated with constitutional mismatch repair deficiency in com-
pound heterozygosity are regarded as benign concerning tumour risk
inthe heterozygous state, whichis challenging for the classification of
pathogenicity and the assignment of inheritance patterns.

Genomic imprinting in monogenic tumour predispositions. Some
tumours show a monogenic risk only if a heterozygous pathogenic
variant is inherited from a specific parent, typically the father. This
is not usually due to imprinting of the respective gene itself but to

the presence of growth-related imprinted genes in the chromosomal
context. If the heterozygous pathogenic variant is on the same chro-
mosomal strand as animprinted growth-promoting (usually paternal)
allele, loss of the other (usually maternal) allele at both loci causes
proliferation of a cell with complete loss of the WT protein. This mecha-
nism underlies SDHD-related paraganglioma-pheochromocytoma
syndrome (Fig. 6¢), or congenital focal hyperinsulinism caused by
insulin-secreting pancreatic adenomas associated with heterozygous
paternally inherited pathogenic variants in KCNJ/11 or ABCC8, which are
adjacentgenes on chromosome 11p15.1 (ref. **) (discussed in a different
contextin Fig. 3a).

Gonosomal and mitochondrial inheritance

Theinheritance mechanisms outlined above apply to autosomal genes,
whichnormally arebiallelicinallindividuals. Cells generally express only
single copies of most gonosomal genes, and the pathogenetic principles
associated with gonosomal variants do notreflect the functional relation-
ship of two differingalleles withinacell. Instead, clinical manifestationin
females depends onthe effect of an expressed variant on cell survivaland
function, compensation by cells with normal function and, sometimes,
rare effects such as cellular interference (Fig. 7). Variant-specific protein
effects —asoutlinedinthis Review —are similar and influence disease pres-
entation, but sex-specific effects have amajorrolein cellularand clinical
phenotypes. It should be noted that not all X-chromosomal genes undergo
stable X-inactivation: 25-30% of X-chromosomal protein-coding genes
show complete or variable escape from X-inactivation and, therefore, are
biallelically expressedin females, potentially explaining some of the dif-
ferences between males and females'””'?%, Outside the pseudoautosomal
regions PAR1and PAR2 (which undergo X-Y recombination in males),
17 genes have functional homologues on the Xand Y chromosomes. These
genes code for regulatory proteins, are highly dosage-sensitive*° and
are candidates for explaining clinical manifestations in persons with
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males. Anotable exceptionisthe TBLIX/TBL1Y gene pair: variantsin both
homologous genes have been associated with sensorineural deafness,and
amissense variantin TBL1Ywas suggested as the cause of Y-chromosomal
adult-onset sensorineural deafness in a large family"*>. However, this
observation requires confirmation in additional families.

It has been convincingly argued that the terms dominant and
recessive should be avoided for X-chromosomal traits outside the pseu-
doautosomal regions'>. With the exception of the pseudoautosomal
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regions, Xand Y-chromosomal genes are present as only asingle copyin
XY males. Variantsin these genes are hemizygous and have fullimpact
ontheencodedtranscript and protein. The terms dominant and reces-
sive thus do not apply to inheritance patterns in males. Similarly, in
females, cellular X-inactivation causes epigenetic silencing of one
copy of most X-chromosomal genes, implying that single gene copies
determine the cellular phenotype. For the majority of X-chromosomal
genes, therefore, only one copy is transcriptionally active in both XY
and XX cells, and XX individuals can be regarded as mosaics”*who are
functionally hemizygous at the cellular level.

The terms dominant and recessive are also inappropriate for
pathogenic variants in mtDNA, which codes for 13 respiratory chain
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Fig. 6 | Multiple steps in tumour predisposition syndromes. a, Two-step
pathogenesis in tumour development: most monogenic tumour predispositions
are caused by heterozygous pathogenic variants in tumour suppressor genes
and, thus, represent dominant traits. However, the cellular pathogenetic
mechanismis recessive: biallelic loss of gene function triggers tumour
development'*°. Normally two independent mutation events (hits) in the
same cell are required for this effect. With an inherited loss of function (LoF)
variant on one allele, a single mutation event is sufficient for complete loss of
tumour suppressor function. The high probability of this happeningin one
ofthe relevant cells represents the autosomal dominant risk trait. Reduced
penetrance and variable expressivity in tumour predisposition syndromes are
thus true stochastic phenomena linked to chance events. It should be noted,
however, that specific pathogenic variants in some tumour suppressor genes
suchas TP53 (ref.*") may have gain of function (GoF) effects with a potentially
dominant cellular pathogenetic mechanism. b, Three-step pathogenesis in
monogenic schwannomatosis: inherited heterozygous variants in any of three
currently known genes on chromosome 22q11—SMARCBI, LZTRI and DGCR8 —
cause an autosomal dominant predisposition to develop multiple Schwann cell
tumours. Schwannomas also occur in neurofibromatosis type 2 (NF2) caused
by inherited heterozygous variants in the NF2 gene on chromosome 22q12.
Somatic NF2 mutations are frequently found in schwannomatosis-related
schwannomas, which is explained with a three-step pathogenesis: (1)
inheritance of a pathogenic variant (yellow star) in one of the relevant genes

(SMARCBI1in 50% of cases, illustrated here); (2) somatic loss of the other 22q
allele, including wild type (WT) copies of SMARCB1, NF2 and, potentially,

other relevant genes; and (3) somatic mutation (yellow star) in the remaining
WT NF2allele on the same chromosomal strand as the inherited SMARCB1
variant”*>"*>, Schwannomas in NF2 may develop through a complementary
genetic mechanism. The location of several functionally related genes in the
same chromosomal region explains the overlapping clinical features of NF2 and
schwannomatosis, with different probabilities of associated tumoursin both
conditions. ¢, Sex-dependent (paternal) dominant inheritance: predisposition
to phaeochromocytoma and paraganglioma (PPGL) is caused by heterozygous
LoF variants in succinate dehydrogenase (SDH; respiratory chain complex 2)
subunit genes, which comprise four paralogues (SDHA, SDHB, SDHC and SDHD).
In contrast to PPGL associated with SDHA, SDHB and SDHC variants, PPGL linked
to SDHD (or the assembly factor gene SDHAF2, not shown) on chromosome 11q is
almost exclusively limited to variants inherited from the father (yellow star). Cell
proliferation and tumour development involve dysregulation of the imprinted
region on chromosome 11p15.5, which contains active growth-supporting genes
onthe paternal allele and active growth-restricting genes on the maternal allele.
Tumours usually show loss of maternal chromosome 11 as a somatic event',
causing loss of the remaining WT SDHD allele and increased growth stimulus
most likely mediated by loss of the maternally imprinted chromosome 11p15.5
region. PPGL associated with maternally inherited SDHD variants is associated
with more complex chromosome 11 alterations'”.

proteins as well as mitochondrial tRNAs and rRNAs, and has numerous
copieslocatedinthe multiple mitochondriapresentin eachcell.Inmost
mtDNA-related diseases, variable clinical manifestationis due to either
variant effects or heteroplasmy, that is, a variable proportion of vari-
antmtDNA copiesindifferent organs. Inheritance s strictly maternal;
published data suggesting biparental inheritance'” probably reflect

mtDNA segments embedded within the nuclear genome®®.

Diagnostic challenges in genetic medicine

The annotation of diseases and inheritance patterns associated with
individual genes is often challenging™’. Understanding the specific
effects of genetic variants on the transcript and various phenotype
levels, and the functional interaction with the WT allele and/or other
allelic and non-allelic variants, is key to the correct interpretation of
pathogenicity in medical genetics.

Availableresources

Functional variantinformationin many current databasesis limited to
the estimated likelihood of general pathogenicity. The variant inter-
pretation guidelines of the American College of Medical Genetics and
Genomics and the Association for Molecular Pathology (ACMG-AMP)
use 28 criteriabased on population, computational, functional, de novo
and other datato define variants as (likely) pathogenic or benign, or of
uncertainsignificance®. They are the general standard for diagnostic
laboratories but do not prevent conflicting classifications for many
variants by different laboratories™’. Detailed refinements as well as
specificguidelines for certain (groups of) genes have been developed'*.
Additional work focuses on validation of gene-disease associations and
dosage sensitivity®. Acomplementary ABC grading systemincluding
functional criteria and clinical aspects aims to address some limita-
tions of the ACMG-AMP classification particularly with regard to low-
penetrant and recessive disease-associated variants''. Nevertheless,
current classification systems do not fully address the complex func-
tional and clinical effects that determine differentinheritance patterns
for different variants in some genes.

The nomenclature of genetic variants can make functional assump-
tions. In addition to specifying the altered nucleotide(s) in relation to
the coding sequence of agene (denoted with c.), or the nuclear or mito-
chondrial genomicsequence (denoted g.or m.), variant names may also
describe the predicted functional effect on transcript level (denotedr.)
or the encoded protein (denoted p.). It is important to recognize
that in the absence of additional data such as transcript sequencing
results, these functionalinterpretations are sometimes incorrect. Some
variants may have more than one potential functional consequence on
transcript splicing and the encoded amino acid sequence'**'*}, which
needtobe carefully disentangled. Also, there may be unexpected effects
of coding variants on mRNA structure and processing'**, and predicted
silent (synonymous) variants that are not expected to alter the amino
acid sequence may have functional consequences, for example, through

disruption of splicing enhancers'*.

Enhancing variant and di datab Integrating the functional
concepts summarized in this Review may provide further assistance
for variant interpretation in genetic diagnostics. Variant databases
could be complemented with information on specific quantitative or
qualitative functional effects, and disease databases would benefit
from providing the respective mechanisms of pathogenesis. In many
instances, additional computational and experimental methods are
helpful for confirming or excluding a presumed pathogenic effect'*’.
Careful phenotyping of a patient is often essential for the correct
interpretation of genetic-genomic data, for example when asingle het-
erozygous variantisidentified inagene associated with an autosomal
recessive disease.

Prediction of monogenic variant effects

Is a variant suggestive of a quantitative effect? Quantitative effects
may be expected for gene CNVs (such as whole gene deletions or
chromosomal CNVs), major structural gene alterations, regulatory
or promoter variants that prohibit transcription, most variants that
introduce early translation frameshifts or termination codons, and
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Fig. 7| Gonosomal inheritance. The manifestation of pathogenic
X-chromosomal variants depends on cell survival and intercellular compensa-
tory mechanisms, with four main pathogenic principles. a, Variants thatin the
(functionally) hemizygous state are incompatible with cellular survival are lethal
inmales and cause skewed X-inactivation in females; this is sometimes recogniz-
able by mosaic skin or organ manifestation patterns, for example in incontinentia
pigmenti or oral-facial-digital syndrome type 1. Surviving affected males have
either post-zygotic mosaic pathogenic variants or Klinefelter (XXY) syndrome.

b, Variants that disturb essential cellular functions without causing cell death
show aless severe manifestation in females than in males, with clinical variability
in females often due to variable X-inactivation. Itis important to note that het-
erozygous mothers of affected boys may show ascertainment bias with regard to
severity; thatis, by good fortune they have a milder disease phenotype, otherwise
they would not have children, and their heterozygous daughters may be more
likely to be more severely affected. An example is ornithine transcarbamylase
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(OTC) deficiency, an X-linked urea cycle disorder. ¢, Variants in genes for secreted
proteins or other cellular functions that upon wild type (WT) inactivation in some
cells are compensated by normal function of adjacent cells are usually asympto-
maticin females. Examples include haemophilia and many X-linked metabolic
diseases; manifesting females usually show unfavourable skewed X-inactivation,
have Turner syndrome or happen to be homozygous. d, Very rarely, female
heterozygosity or male mosaicism causes cellular interference leading toamore
severe phenotype than in hemizygous males; known examples are EFNBI-
associated craniofrontonasal syndrome'® and PCDH19-associated epilepsy'”’.
None of these principles relates to the functional relationship of two differing
alleles within a cell, and the manifestation mechanisms in heterozygous females are
very different from heterozygous autosomal variants. Also considering the variable
manifestation in heterozygous females, the terms dominant and recessive should
be avoided for X-chromosomal traits outside the pseudoautosomal regions'*>.

many missense variants that result in protein degradation or remove
proteinfunction without other structural effects. Computational sta-
bility predictors may assist in identifying protein-degrading variants
particularly in haploinsufficient genes'’, but their ability to determine
pathogenicity is hampered by the possibility of non-quantitative pro-
tein effects'*®. Most variants that introduce a premature stop codon
cause LoF through nonsense-mediated decay of the transcript; how-
ever, itisimportant to recognize possible nonsense-mediated decay
escape with termination codons, for example, in the last exon or the
3’region of the second last exon, or when a translated frameshift tran-
script extends towards the last exon—-exon junction'*. Thus, C-terminal
nonsense variants may have more severe, dominant altered-function
effects than amino-terminal variants that may be recessive in a haplo-
sufficient gene. Alternative splicing may counteract variants in specific
exons of some genes, as shown for example for BRCAI and BRCA2
(refs. 8152), Splice site variants that cause incomplete disruption of
splicing may represent Hyp variants that lead to reduced production
offunctionally normal protein. Variantslocated innon-coding regions of
agene (the promoter, 5 and 3’ untranslated regions, and introns) and
the start codon may have adverse effects on transcription and often —
but not always — cause complete loss of gene function. Aninteresting
phenomenonisthe translation-suppressing effect caused by variants
thatintroduce afunctional out-of-frame translationinitiation codon 5
of the authentic start codon, or which extend short upstream open
reading frames”°"', Reduced or absent gene function may also be

linked to loss of cis-regulatory (for example, enhancer) elements’2.

Although it might be assumed that CNVs exert predominantly quan-
titative effects, this is not always the case particularly because some
CNVsdisturb the underlying architecture of topologically associating
domains. Both deletions and duplications that span topologically
associating domain boundaries canbring genes into novel regulatory

landscapes, resulting in GoF through ectopic expression'>.

Estimating gene dosage sensitivity. Overall, the metrics discussed
above (pLI and LOEUF scores, see ‘Loss of function variants in most
genesarerecessive’)*", together with new empiric measures emerging
for triplosensitivity®, are reasonably predictive of the consequences
of heterozygous CNVs or clearly disruptive intragenic variants. Nev-
ertheless, it is important to be aware of potential pitfalls™*'>. On the
other hand, identifying Hyp effects of missense and other variants,
and predicting their consequences for phenotype, remains heavily
reliant onempiric observations from segregation of phenotype and/or
bespoke experimentation. In well-understood situations, massively
scalable assays are beginning to provide valuable supportive data*"’,

Is there a potential qualitative effect? Predicting adverse functional
effects of variants that may resultin astable, altered proteinis difficult.
Bioinformatic approaches have been developed to estimate the likely
pathogenicity of missense variants in particular gene regions through
the comparison of observed and expected variant frequencies™* ¢,
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Refinements include hierarchical analyses using Bayesian regression'®?,

aggregation of homologous protein domains'®* and inclusion of struc-
tural protein data'®*. Some algorithms have been integrated into soft-
waresolutions for the prediction of variant pathogenicity'®. Only afew
studies differentiate missense LoF and GoF effects'**'*’,and they do not
usually consider functionally different or overlapping quantitative and
qualitative effects, which would be essential for adequate diagnosis
and assessing inheritance patterns. Recent advancesin computational
strategies have greatly improved the accuracy of protein structure
predictions™®. Integrating this knowledge can aid interpretation, as
LOF and other variants differ in terms of their location within struc-
tures, their predicted effects on protein stability and their clustering
in three-dimensional space'®.

Variants that cause substantial qualitative protein effects are
mostly associated with dominant manifestation, and segregation
analyses in families may provide decisive additional information.
Unfortunately, current disease databases rarely provide the different
pathogenic mechanisms such as LoF, Hyp, GoF, dominant negative
effects, subfunction loss, or others, when a gene is associated with
different — sometimes opposing — phenotypes. Similarly, variant
databases do not usually provide systematic information on specific
functional effects. Athorough knowledge of the disease-related litera-
ture, understanding of protein structure and function as well as associ-
ated multimers, and integration of clinical information are essential
forthe correctinterpretation of rare and de novo pathogenic variants.

Variant-unrelated factors

For the majority of protein-coding genes, the Matched Annotation
from NCBIland EMBL-EBI (MANE) project — a collaboration between
the National Center for Biotechnology Information (NCBI) and the Euro-
peanMolecular Biology Laboratories European Bioinformatics Institute
(EMBL-EBI) — has identified single ‘MANE Select’ transcripts that repre-
sentthe biology of the respective gene. These willbe supplemented with
additional ‘MANE Plus Clinical’ transcripts when necessary for clinical
variant reporting. The importance of considering alternative transcripts
forvariantinterpretationwasillustrated for SCN8A gene analyses: patho-
genic variants in the alternatively spliced exon 5A were initially missed
indiagnostic genetic testing because the respective transcript had not
beenincluded in the Consensus Coding Sequence database'’.

Many apparently monogenic conditions have strong genetic or
epigenetic elements or modifiers, or become manifest only after addi-
tional somatic genetic events, explaining variable or low penetrance.
Designating inheritance patterns associated with specific phenotypes
ornovel andrare variants in these constellations remains challenging.

Conclusions

A major goal for future decades will be to describe the complete range
of functional effects and phenotypes associated with variation at every
positioninthe human genome. Daunting as this challenge is, the useful
application of thisinformation to biallelic genes in amedical genetics
context will obligatorily require additional consideration of the allele
thatthe variantis partnered with — whether this is the normal WT allele,
the identical variant or a different variant in the same gene. A robust
framework for the codification and classification of variant properties —
suchas presented in this Review — should assist in understanding and
describing the dominant or recessive behaviour of variant alleles in
different contexts.
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