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For almost all human diseases, individual susceptibility is, to some 
degree, influenced by genetic variation

-- Claussnitzer (2020) Nature

(1) Some of differences in DNA, alone or in combinations, might render an 
individual more susceptible to one disorder (for example, a type of 
cancer), but could render the same individual less susceptible to develop 
an unrelated disorder (for example, diabetes). 
(2) The environment (including lifestyle) plays a significant role in many 
conditions (for example, diet and exercise in relation to diabetes), but our 
cellular and bodily responses to the environment may differ according 
to our DNA. 
(3) The genetics of the immune system, with enormous variation across 
the population, determines our response to infection by pathogens. 
(4) Most cancers result from an accumulation of genetic changes that 
occur through the lifetime of an individual, which may be influenced by 
environmental factors.

-- Jackson (2018) Essays in Biochemistry

The genetic basis of a disease
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Disease (disorder): a medical condition of the body which disrupts 
the normal functioning and physiological processes. A genetic 
disorder is caused by one or more abnormalities in the genome.

Inherited (hereditary): passed from parents to offspring
Sporadic: a condition that happens by chance (genetic or not)
Genetic: inherited or de novo 
Congenital (vs. acquired): a condition that is present at birth
Phenocopy: a phenotypic variation that resembles the expression of 
a genotype but is caused by environmental conditions

A syndrome is a collection of symptoms which are often associated 
with a particular disorder. 
For genetic cases, syndrome ≈ disorder. 
Examples:  CHARGE syndrome (CHD7), Down syndrome (trisomy 
21), Tourette syndrome (unknown).  Stockholm syndrome.

Disease, syndrome and other definitions
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1. Mendelian (monogenic) disorders depend on the genotype at a 
single locus, with inheritance following Mendel’s laws of 
segregation (Cystic fibrosis, Haemophilia A)
2. Complex (multifactorial) disorders: the outcome of a complex 
interplay of multiple genetic and environmental influences (Type II 
diabetes, coronary heart disease (ИБС) and schizophrenia)

Heritability: the relative contribution of genetic factors to a 
[disease] phenotype

Disease, syndrome and other definitions

5



1. Mendelian (monogenic) disorders depend on the genotype at a 
single locus, with inheritance following Mendel’s laws of 
segregation (Cystic fibrosis, Haemophilia A)
2. Complex (multifactorial) disorders: the outcome of a complex 
interplay of multiple genetic and environmental influences (Type II 
diabetes, coronary heart disease (ИБС) and schizophrenia)

Heritability: the relative contribution of genetic factors to a 
[disease] phenotype

3. Mitochondrial disorders result from mutations in mtDNA
4. Chromosomal disorders occur when entire chromosomes or parts 
of chromosomes are missing or changed. 
5. Epigenetic disorders are disorders related to changes in the 
activity of genes, rather than a mutation in the structure of the DNA

Disease, syndrome and other definitions
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Mendelian Complex

 Individually rare in population  Common in population 

 Patterns of inheritance within 
families: AD, AR, etc.

 Persist in populations

 One or few genes with large effect  Multiple loci, no single locus is 
necessary or sufficient

 Caused by alleles with high or 
complete penetrance

 Combination of genetic, 
environmental and lifestyle factors

 Allelic heterogeneity  Complicated allelic architecture

 Examples: cystic fibrosis, familial 
hypercholesterolemia, inherited 
cardiomyopathies, rhythm 
disorders

Examples: coronary artery disease 
(CAD), atrial fibrillation, 
hypertension, schizophrenia, heart 
failure

Mendelian vs. complex disorders



Alkaptonuria: inborn errors of metabolism

Abnormal levels of homogentisic acid (aka 
alkapton), which is excreted in the urine, causing it 
to appear black on exposure to air    
Alkaptonuria (AKU) is inherited and follows an 
autosomal recessive pattern.

Sir Archibald Garrod (1902): mutation → loss of 
enzyme → inborn error of metabolism 

Brooker – Genetics, Analysis and Principles6



Monozygotic  twins (MZ) develop from one zygote, which splits 
and forms two embryos. 
Dizygotic twins (DZ) develop from separate eggs, each egg is 
fertilized by its own sperm cell

Establishing the genetic basis of a disease
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Familial aggregation: does a disease run in families more 
often than would be expected by chance? Relatives share gene 
variants, but also share environment  (diet, upbringing)
 Segregation patterns (type of inheritance)
 Twin studies (also separated monozygotis twins)
Adoption studies: affected parents or affected offspring

Descriptive [genetic] epidemiology: international variation 
in disease risks; migrant studies; admixture studies

Establishing the genetic basis of a disease
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Variant effect: gain- and loss-of-function

Loss-of-function: the product has reduced or no function
Examples: transcription factors; disruption of catalytic function in 
an enzyme
  Protein-truncating and missense variants?
  Recessive, but in some cases (haploinsufficiency) also dominant 

Gain-of-function: the product does “something positively 
abnormal”
Examples: transcription factors; gain-of-function mutations in G-
protein–coupled receptors (GPCRs)
  Mostly missense variants, but also frameshift, inframe deletions
  Presence of a normal allele cannot prevent the mutant allele from 

behaving abnormally  dominant?⟹
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 G-protein–coupled receptors are sensors for internal stimuli: 
hormones, ions and chemokines; light, odour and taste. GPCRs play 
particularly important roles in the endocrine system.

 Human genome contains >700 GPCRs
 Implicated in various human disorders, including endocrine diseases

Variant effect: gain- and loss-of-function

Fukami (2018) Clin Endocrinol10



Variant effect: gain- and loss-of-function
Serine protease PCSK9 (Proprotein convertase subtilisin/kexin type 9 ) 
regulates low density lipoprotein cholesterol (LDL-C) levels, has both 
types of variants

High LDL-C level  atherosclerosis  cardiac infarction or stroke⟹ ⟹

Kotowski (2006) Am J Hum Genet
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Variant effect: gain- and loss-of-function

TP53 mutational spectrum in human cancers

William A. Freed-Pastor (2012) Genes & Development12

Gain-of-function



KATP channel-related congenital hyperinsulinism: blood sugar regulation by pancreatic β-cells depends on the normal 
function of an octameric KATP channel (4хKir6.2 proteins + 4хSUR1 proteins), respectively encoded by the KCNJ11 and 
ABCC8 genes (top; Kir6.2 not depicted for simplicity). ATP-mediated closure of the KATP channel causes insulin release.
p.Arg1353Pro: a non-functional recessive loss of function (LoF) (haplosufficiency; middle). p.Arg1353His results in a stable 
abnormal SUR1 protein that interferes with the wild type (WT) protein and has a dominant negative effect (bottom)

Zschocke (2023) Nat Rev Genet

Variant effect: gain- and loss-of-function



Zschocke (2023) Nat Rev Genet





Symbols used in pedigree analysis

Hartwell – Genetics. From genes to genomes
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  An affected person (proband) usually has at least one affected 
parent

  It affects either sex
  A child with one affected and one unaffected parent has a 50% 

chance of being affected
  Causal variant is gain-of-function or loss-of-function if gene is 

haploinsufficient; often, de novo

Autosomal dominant inheritance

Strachan, Read – Human Molecular Genetics13



  Affected people are usually born to 
unaffected parents, who are usually 
asymptomatic carriers

  It affects either sex
  A child has a 25% chance of being 

affected
  Causal variant is loss-of-function
  There is an increased incidence of 

parental consanguinity

Autosomal recessive inheritance

Strachan, Read – Human Molecular Genetics14



ab cd

{ac, ad, bc, bd} {ac, ad, bc, bd}

{…, ba, bd, da, dd, … }

Exercise: list all possible genotypes for the consanguineous offspring and 
calculate probability of homozygosity, aka the inbreeding coefficient F

Consanguinity and homozygosity
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Sund & Rehder (2014) Hum Hered

Regions of homozygosity (ROH): genome segments showing 
continuous homozygosity (with no intervening heterozygosity)

Consanguinity and homozygosity
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Variant effect: recessive and dominant
Dominant: 

-- Effect observed both in homozygotes and heterozygotes 

-- Variant frequency ~ disease incidence 
-- Transmitted from one parent or de novo

Examples: 
 Trp2332Ter in CHD7, CHARGE syndrome
 Arg5179His in KMT2D (aka MLL2), Kabuki syndrome

Recessive: 

-- Effect observed in homozygotes only

-- Variant frequency >> disease incidence

-- Transmitted from both parents
Examples: 
 Ex24:p.F508del in CFTR, cystic fibrosis 
 Ex2:c.35delG in GJB2, hearing loss
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 It affects mainly males
 Affected males are usually born to 

unaffected (carrier) parents
 A mother is normally an asymptomatic 

carrier
 Females may be affected if 
– the father is affected and the mother is 
a carrier, 
– or occasionally as a result of non-
random X-inactivation.
 There is no male-to-male transmission 

in the pedigree

X-linked recessive inheritance

Strachan, Read – Human Molecular Genetics19

Recall X-chromosome patterns in men and women



Q: why?

 It affects either sex, but more females than males
 Usually at least one parent is affected
 Females are often more mildly and more variably affected than 

males
 The child of an affected female, regardless of its sex, has a 50% 

chance of being affected. 
 For an affected male, all his daughters but none of his sons are 

affected.

X-linked dominant inheritance
Q: why? (See below)

Strachan, Read – Human Molecular Genetics20



 It affects only males
 Affected males always have an affected father
 – unless this is a de novo mutation
 All sons of an affected man are affected

Y-linked inheritance

Strachan, Read – Human Molecular Genetics21



Earlier you found examples of disease-associated 
mutations for these annotation types:

 Stop-gain
 Synonymous
 Missense
 Splice-site
 Frameshift indel

What is the inheritance mode for each disease mutation? 
Provide references to the papers explaining the mutation 
discovery and/or molecular mechanism.

Exercise
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Mendelian (monogenic) diseases depend on the genotype at a 
single locus (or gene), with inheritance following Mendel’s laws 
of segregation, independent assortment and dominance. 

Mendelian inheritance patterns, prevalence per 1,000 births*
Autosomal dominant 1.40
Autosomal recessive 1.84 + F×650 (consanguinity-related)
X-linked recessive 0.05
X-linked dominant N/A
Y-linked N/A
Unknown 1.16

Overall prevalence: ~0.4% of live births

* Ref: Blencowe (2018) J Community Genet

Mendelian diseases: overview
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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.
… 
A substantial 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

Mendelian diseases: overview

23 Zschocke (2023) Nat Rev Genet



Mendelian diseases: OMIM
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Examples of Mendelian diseases

Jackson (2018) Essays in Biochemistry
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Examples of Mendelian diseases

Jackson (2018) Essays in Biochemistry

Huntington disease (HD) is one of the trinucleotide repeat expansion disorders where 
the CAG repeat encodes a polyglutamine tract within the coding region of the huntingtin 
gene HTT on chromosome 4p16. It is a progressive neurodegenerative disorder with patients 
suffering from progressive neural cell loss and atrophy. Symptoms start with personality and 
mood changes, followed by a steady deterioration of physical and mental abilities. The 
function of the huntingtin protein is unclear, but it is essential for development. 

Inheritance follows an autosomal dominant pattern, caused by a gain-of-function 
associated with the repeat expansion. Unaffected individuals carry between 9 and 35 CAG 
repeats, incomplete penetrance occurs in carriers of 36–39 repeats, while the disease is fully 
penetrant when 40 or more repeats are present. Alleles containing 250 and more repeats have 
been reported. While repeat alleles of 9–30 are almost always transmitted without change to 
the next generation, larger alleles show instability, both in somatic tissues and in the 
germline, with a tendency towards expansion from one generation to the next. There is a 
correlation between the number of repeats and the severity of disease and also an inverse 
correlation between the number of repeats and the age of disease onset. The degree of repeat 
instability is also largely proportional to the number of repeats, and is also affected by the 
sex of the transmitting parent, with larger expansions occurring in male transmission. This 
leads to ‘anticipation’ where an apparently healthy individual might have a child with late 
onset HD and a grandchild with more severe symptoms and an earlier onset, and so on.
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Examples of Mendelian diseases

Jackson (2018) Essays in Biochemistry

Achondroplasia (ACH) is the most common form of dwarfism in humans and is 
inherited in an autosomal dominant fashion with 100% penetrance. Individuals with ACH 
have shortened limbs, a large head, and a trunk of relatively normal size. ACH is caused by 
specific variants in FGFR3, the gene for fibroblast growth factor (FGF) receptor 3 (FGFR3), 
on chromosome 4p16. 

Almost all individuals with ACH are heterozygous for a variant p.Gly380Arg in the 
mature protein. 80% of ACH cases are due to spontaneous, de novo mutations, often 
occurring during spermatogenesis. FGFR3 is a transmembrane receptor protein which binds 
to FGF ligands and triggers intracellular signalling processes. One of these processes is the 
inhibition of chondrocyte proliferation in the growth plate of long bones. The p.Gly380Arg 
variant in FGFR3 generates a constitutively active version of the receptor which can be 
further activated by binding of FGF. Therefore, this variant acts as a gain-of-function 
mutation. Consequently, chondrocyte proliferation in growth plates is constitutively 
inhibited. While one such variant allele (in the heterozygous state) leads to ACH, 
homozygosity is lethal before birth or perinatally. 

Interestingly, loss-of-function variants in FGFR3 have also been described which cause 
a different condition, camptodactyly, tall stature and hearing loss (CATSHL) syndrome. 
This is an example where different variants of the same gene result in different phenotypes, 
so-called ‘allelic disorders’.
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Examples of Mendelian diseases

Jackson (2018) Essays in Biochemistry

Cystic fibrosis (CF) mostly affects the lungs (resulting in breathing difficulty and 
frequent lung infections) and the pancreas, but the liver, kidney, intestines and male 
reproductive system are also frequently affected. It is the most common lethal genetic 
disease among Caucasians, and is inherited in an autosomal recessive pattern. 

CF is caused by pathogenic variants in the CFTR gene, which encodes the CF 
transmembrane conductance regulator, a transmembrane protein which functions as a 
selective chloride channel. If the CFTR protein does not function properly, the chloride 
balance between the inside and outside of cells becomes disrupted, leading to the build-up of 
mucus in narrow passages in affected organs such as the lungs. The CFTR gene is located on 
chromosome 7q31 and encodes a protein of 1480 amino acids with >2000 pathogenic 
variants have been identified in its sequence. These variants fall into different classes (e.g. 
those where protein synthesis is defective, those where reduced amounts of normal protein is 
made, and others). As long as an individual carries one functional allele of CFTR, they may 
show no or only very mild symptoms, but an individual carrying two pathogenic variants 
will display symptoms that depend on the amount of functional protein generated.

The most common pathogenic variant, representing approximately 70% of Caucasian 
CF alleles, is a deletion p.Phe508del. This particular variant leads to the synthesis of a 
protein which does not fold properly into its 3D shape, and is degraded by the cell before it 
can reach the membrane, therefore representing a loss of function.
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Use OMIM to find example of a disease for each type of 
inheritance:

Autosomal dominant
Autosomal recessive
X-linked recessive
X-linked dominant
Y-linked
Mitochondrial

For each case, prepare an example of a related gene and 
causal mutation in the gene

Exercise
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Locus heterogeneity: the same clinical phenotype can result 
from mutations at anyone of several different loci. 

Allelic heterogeneity: many different mutations within a given 
gene cause same disease

Clinical heterogeneity: mutations in the same gene produce 
two or more different diseases in different people. Note: not the 
same as pleiotropy

Example: mutations in the HPRT gene can produce either a form 
of gout (подагра) or Lesch-Nyhan syndrome: severe mental 
retardation with behavioral problems [OMIM:300322].
 Incomplete penetrance*: a person who has the disease 

genotype does not manifest the disease. In particular, age-
related penetrance in late-onset diseases.

* Penetrance of a disease-causing mutation is the proportion of 
individuals with the mutation who exhibit clinical symptoms

Complications to the Mendelian inheritance

Strachan, Read – Human Molecular Genetics30



Variable expression: different family members show different 
features of the disease

 Imprinting: mutation has effect only when inherited from a 
parent of particular sex. 

Examples: 
– autosomal dominant inheritance of paragangliomas 
[OMIM:168000]; only if inherited from father. 
– Beckwith-Wiedemann syndrome [OM1M:130650], only in babies 
who inherit it from their mother

Phenocopy: disease without causal genotype. Example: deafness
De novo mutations complicate Mendelian inheritance
Mosaicism in germ-line of somatic cells

Complications to the Mendelian inheritance

Strachan, Read – Human Molecular Genetics31



Kingdom and Wright (2022) Frontiers Genet

Penetrance: definition
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Kingdom and Wright (2022) Frontiers Genet

Penetrance: definition
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Wright (2019) AJHG

Comparison of Penetrance Estimate for HNF4A p.Arg114Trp in UK Biobank 
versus Previously Published Estimates from MODY Cohort Studies

Penetrance: examples
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Penetrance: ClinVar examples
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Disease risk: probability of disease with mutation:
– Similar to penetrance
– Does not account for risk without mutation

Risk ratio: 

Odds ratio:                                                   // Odds of an event: p/(1-p)

Penetrance, relative risk, odds ratio
Diseased Healthy

 Mutation D
m

H
m

 No mutation D
0
 H

0

Exercise: calculate OR, RR values for D
m
 = 60, H

m
 = 40, D

0
 = 2, H

0
 = 48

Exercise: When OR ≈ RR ?
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Wright (2019) AJHG

MAF and OR: UK Biobank examples
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Disease gene discovery

  Rare clinical observations: difficult to observe recurrence 
required for Mendelian patterns

  De novo mutations: no segregation in families  // dominant or 
compound heteterozygotes in case of recessive

  Causal mutations, not genes, are needed: functional assays 
needed; bias towards obvious variants

  All abovementioned complications to Mendelian inheritance: 
locus, allelic and clinical heterogeneity; incomplete penetrance 
and variable expression; imprinting, phenocopies and mosaicism
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Disease gene discovery

Claussnitzer (2020) Nature37



Huntington disease gene discovery

  Late-onset (30-45 years old) neurodegenerative, progress ~15-20 years 
  Psychiatric disturbances, motor impairments and a cognitive decline
  Dominant inheritance, no sporadic forms
  First genetic disease locus to be mapped to a chromosome (1983)
  Still (2018) no treatment besides symptomatic

Bates (2005) Nat Rev Genet38



Huntington disease gene discovery
  High incidence of HD in Venezuela, single founder
  1983, James Gusella Lab: eighth polymorphic marker studied mapped 

the HD to the ~4cM telomeric fragment of chr4 
  No technology to “walk” along a chromosome for >100-200kbp
  Collaboration to map and clone the HD gene
  1993: the HTT (huntingtin) gene cloned by the joint effort of 9 labs; 

10,366 transcript with a CAG-triplet (Gln) repeat in exon 1 that was 
polymorphic on normal chromosomes and expanded in HD

  1993–1996: The (CAG)
N 

ranges: 6–35 benign; >40 are fully penetrant 

and cause HD within a normal lifespan; >70: juvenile offset
  Paternal only anticipation: (CAG)

N
 expands during transmission

  Poly-Gln repeats in the pathogenic range spontaneously aggregate into 
amyloid fibrils   neuronal degeneration⟹

  Testing in childhood for adult-onset untreatable disorders holds the 
potential of more harm than benefit

Bates (2005) Nat Rev Genet39



 Multiple pedigrees with affected and unaffected members
 Map of polymorphic DNA markers with known genetic distances

1. Find DNA markers that cosegregate (are in linkage) to the disease trait 
in pedigrees, identify putative region of the disease gene
2. Sequence the genes within the linked locus to identify disease-causing 
alleles, check alleles in healthy individuals
3. Conduct confirmatory functional studies in cellular and animal models

Hartwell – Genetics. From genes to genomes

Detection of locus responsible for Huntington disease
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Mendelian disease gene discovery by linkage



From phenotype to chromosomal location to guilty gene
Hartwell – Genetics. From genes to genomes

41

Mendelian disease gene discovery by linkage





Casals (2012) J Neuroimmunology

Mendelian disease gene discovery by NGS

42



Boycott (2013) Nat Rev Genet

Mendelian disease gene discovery by NGS
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Lek (2016) Nature

Mendelian disease gene discovery by NGS

Variants in an individual ExAC exome
44



Lek (2016) Nature

Variant prioritization: «needle in the haystack» problem, determining which 
variants identified in the course of whole-exome or whole-genome sequencing 
are most likely to damage gene function and underlie the disease phenotype. 

Mendelian disease gene discovery by NGS

Variants in an individual ExAC exome
44



Alkuraya (2016) Hum Genet

Mendelian disease gene discovery by NGS

45



Figure 1. Clinical characteristics of an individual with Miller 
syndrome and an individual with methotrexate embryopathy.
Figure 2. Genomic structure of the exons encoding the open 
reading frame of DHODH. Arrows indicate the locations of 11 
different mutations found in 6 families with Miller syndrome.46



Mendelian disease gene discovery by NGS

Rabbani (2012) J Hum Genet47



Mendelian disease gene discovery by NGS

Rabbani (2012) J Hum Genet48



Approximate number of gene discoveries per year for mendelian conditions (MCs) 
by mode of inheritance. Until 2010, the vast majority of gene discoveries for MCs 
were for inherited conditions (_x005F_x0018_97% before 2010; _x005F_x0018_89% 
from 2010–2016; and _x005F_x0018_79% in 2017), so still, most MCs known to date 
(_x005F_x0018_90%–93%) are predominately due to inherited variants. Modes of 
inheritance were inferred by text analysis of OMIM entries.

Mendelian disease gene discovery by NGS

50 Zschocke (2023) Nat Rev Genet



Impact of ES and NGS on the rate and method of syndrome delineation. Classical 
syndrome delineation (orange) is phenotype driven and proceeds by ascertaining 
multiple individuals with overlapping clinical findings and then identifying of the 
underlying gene. In contrast, for genotype-driven syndrome delineation (teal), persons 
with overlapping clinical findings are identified only after discovery that they share 
pathogenic variants in the same candidate gene. 

Mendelian disease gene discovery by NGS

50 Zschocke (2023) Nat Rev Genet



Microarrays and NGS 
 Detection of structural variation
 NGS has enabled the full range of causal genetic variation
 Reduced reliance on multiplex pedigrees in favour of collections of 

affected cases, often with parents, has proven decisive in identifying 
new dominant disorders

Functional assays 
 Highly parallelized in vitro cellular assays that allow assessment of 

the functional effects of all variants in a disease-associated gene can 
transform interpretation of novel variants

 Functional analysis of disease-relevant tissues from patients using 
RNA sequencing and DNA methylation assays  can identify 
previously cryptic causal genetic variants outside of protein-coding 
genes

Disease genetics in the post-genome era

51
Claussnitzer (2020) Nature



Reference datasets: increasing availability of population genetic 
variation catalogs (ExAC, gnomAD)
 The confident exclusion of common genetic variants too common
 Addressing the overestimation of disease penetrance arising from 

multiplex pedigrees
 Efforts to identify the genetic and environmental modifiers responsible

Data sharing
 A more systematic approach to information sharing (Matchmaker 

Exchange, DECIPHER and GeneMatcher, MyGene2) 
 Databases of genes associated with rare disorders (for example, OMIM 

and ORPHANET), 
 Databases of clinically interpreted variants (ClinVar and ClinGen) 

Bioinformatics 
 In silico analysis and prioritization of the discovered genetic variants

52

Disease genetics in the post-genome era

Claussnitzer (2020) Nature



General complications:
  Rare diseases: small number of cases and/or families
  Variable penetrance
  Unknown mode of inheritance
  Locus heterogeneity, phenotypic heterogeneity
  De novo or inherited variants (sporadic vs family cases)
  Allele frequency can be deceiving
  In silico prediction algorithms are limited

Whole exome sequencing (WES) limitations:
 Many non-coding variants not detected
 Difficulties in detecting structural variants and CNVs
 False negative (coverage) and false positive variant calls
 Large number of candidate variants, filtering required
Whole genome sequencing (WGS) limitations:
 Too much data, even more filtering required
 Sequencing and processing costs

53

Disease genetics in the post-genome era





Richards (2015) Genetics in Medicine

The clinical significance of any given sequence variant falls along a gradient, 
ranging from those in which the variant is almost certainly pathogenic for a 
disorder to those that are almost certainly benign.

A five-tier system of classification for variants relevant to Mendelian disease:

 Pathogenic (P)
 Likely pathogenic (LP)
 Benign (B)
 Likely benign (LB)
 Variant of unknown significance (VUS)

We propose that the terms likely pathogenic and likely benign be used to mean 
greater than  90% certainty of a variant either being disease causing or benign 
in order to provide laboratories with a common, albeit arbitrary, definition
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56 Richards (2015) Genetics in Medicine
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59 Richards (2015) Genetics in Medicine



Kopanos (2019) Bioinformatics

ENST00000317578.6:c.886G>
A
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Kopanos (2019) Bioinformatics

ENST00000317578.6:c.886G>
A
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Kopanos (2019) Bioinformatics

ENST00000271348.2:c.124G>
T
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The ACMG–AMP criteria  were not capturing certain qualitative 
considerations. Therefore, we first posed a normative question: “What kind 
of evidence, and how much, should be required for a pathogenic 
classification?” We first recognized that there are two general types of 
evidence: clinical and functional. 
1. Clinical evidence describes the correlation of the variant with disease (or 
absence of disease) in human populations, and includes observations in 
affected and unaffected individuals and families. 
2. Functional evidence describes the molecular consequence of a variant on 
various gene products and includes the results of molecular and cellular 
experiments, and predictions about functional effects based on variant type 
or complex computational algorithms.

Clearly, clinical and functional evidence are both important: a variant is  
pathogenic if it disrupts a gene product in a way that leads to human disease, 
and is benign if it has an effect that does not lead to disease in humans. 

63 Nykamp (2017) Genetics in Medicine



Although both clinical and functional evidence are relevant, they have a 
hierarchical relationship. Clinical data describe human disease directly, 
whereas functional data are relevant to disease only to the extent to which 
the measured property correlates with disease physiology. Therefore, when 
a discrepancy or conflict arises between clinical and functional 
observations, the clinical observations should be considered more 
persuasive.

Broadly speaking, a variant should not be considered pathogenic if it is 
present in a large percentage of healthy individuals (clinical data), even if a 
measurable effect on protein function has been observed in an experimental 
assay (functional data). Conversely, a variant should be considered 
pathogenic if it is present in many affected individuals and has not been 
observed in healthy individuals (clinical data), even if it is predicted to be 
nondeleterious and has been demonstrated to have no effect on a measured 
protein property (functional data).

64 Nykamp (2017) Genetics in Medicine



Nykamp (2017) Genetics in Medicine
Classification scoring thresholds and evidence categories
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Nykamp (2017) Genetics in Medicine
Classification scoring thresholds and evidence categories
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Population data: Sherloc criteria and decision tree
66 Nykamp (2017) Genetics in Medicine
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Example 1:  TTC8 c.459G>A (p.Thr153=) 
 A very rare silent change (0.02% in ExAC) in a gene that can cause Bardet–Biedl 

syndrome
 Predicted to disrupt normal splicing
 Observed in the homozygous state in three affected siblings in a single family
 Observed in our laboratory in the homozygous state in an unrelated affected 

individual and is now classified as pathogenic

Example 2: CDH1 c.1118C>T (p.Pro373Leu) is a variant in a gene associated with 
hereditary diffuse gastric cancer and lobular breast cancer. 
 absent from ExAC
 supported by strong functional studies: impairs cell–cell adhesion and leads to 

increased cellular motility and activation of EGFR, mitogen-activated protein 
kinase, and Src kinase.

 Computational predictors recapitulate this conclusion. 
 Clinical observations, however, are inconclusive: the variant has been found in 

affected and unaffected individuals in the same family.
Without supporting clinical observations, likely pathogenic seems premature
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Example 3:  CDKN2A c.9_32dup24 
 In-frame duplication 
 Predicted to have no effect on protein function 
 Demonstrated not to affect CDK4 or CDK6 binding
 Identified in several individuals affected with melanoma
 Segregate with disease (incomplete penetrance) in several melanoma 

families
The abundance of positive clinical evidence trumps the negative 
functional evidence (CDK4/6 binding efficiency is not the relevant molecular 
consequence)

Example 4:   SCN5A c.3578G>A (p.Arg1193Gln) 
 Missense change in the voltage-gated cardiac sodium channel. 
 Demonstrated to destabilize inactivation gating and to lead to a persistent 

current in vitro.23 
 Glycine is present at the equivalent position in the horse ortholog, 
 >7% of the East Asian population, with 17 homozygotes reported in ExAC. 
The abundance of negative clinical evidence outweighs the positive 
functional evidence



Earlier you found examples of disease-associated 
mutations for these annotation types:

 Stop-gain
 Synonymous
 Missense
 Splice-site
 Frameshift indel

Use submission_summary.txt available at ClinVar 
FTP to explain which criteria were used to classify each 
variant as pathogenic

Exercise

70





ClinVar: open database of disease mutations

71



Applicability
  Atypical manifestation
  Symptoms shared among multiple disorders
  Difficult to confirm by clinical or laboratory criteria
Input
 Clinical symptoms (HPO)
 Medical record
Annotation
 VEP
 gnomAD
 ClinVar, OMIM
Variant filtering and prioritization: 20,000–100,000  →  50–1,000
 Known pathogenic variants
 Rare (MAF<0.5%) or novel PTVs
 Other variants/genes with associated phenotypes (ClinVar, OMIM, HPO)
Output
 Clinical report with diagnosis, candidate gene/variant
 Referrals
 Sanger sequencing requested

WES diagnostics of Mendelian disorders

72
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Human Phenotype Ontology

74

 The Human Phenotype Ontology (HPO) project provides an ontology of medically 
relevant phenotypes, disease-phenotype annotations, and the algorithms 

 The HPO can be used to support differential diagnostics, translational research, and … 
the means to compute over the clinical phenotype

 The HPO currently contains over 13,000 terms. All relationships in the HPO are 
simple class-subclass relationships



Human Phenotype Ontology
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Examples:

1. A novel homozygous variant (Asp652Asn) in solute carrier family 
26, member 3 SLC26A3 — a gene that is known to cause a 
congenital chloride-losing diarrhea — was identified in a child 
originally suspected to have a different diagnosis of Bartter 
syndrome. 

2. A novel Cys203Tyr variant in X‑linked inhibitor of apoptosis 
(XIAP) in a young boy with severe inflammatory bowel disease in 
whom a definitive diagnosis was elusive. Mutations in XIAP are a 
known cause of X‑linked lymphoproliferative syndrome type 2 
(XLP2), but severe colitis is an unusual symptom of XLP2. The 
diagnosis of XLP2 suggested a specific course of treatment.

WES diagnostics of Mendelian disorders

Bamshad (2011) Nat Rev Genet
76
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WES diagnostics of Mendelian disorders

Retterer (2016) Genet Med

 The overall diagnostic yield of WES was 28.8% in 3,040 cases; 23.6% in 
proband-only cases and 31.0% when three family members were analyzed

 In 24.2% of cases a candidate gene was reported that may later be 
reclassified as being associated with a definitive diagnosis

 Of 2,091 cases in which secondary findings were analyzed for 56 ACMG–
recommended genes, 6.2% (N = 129) had reportable pathogenic variants
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ACMG-56 2.0: secondary findings genes

Kalia (2017) Genetics in Medicine
79

 ACMG-56: a list of genes to be reported as incidental or secondary 
findings

 The goal: to identify and manage risks for selected highly penetrant 
genetic disorders through established interventions aimed at 
preventing or significantly reducing morbidity and mortality.

 Updates: 2013: started; 2017: -1 gene, +4 genes

 Example: ATP7B is associated with autosomal-recessive Wilson 
disease (MIM 277900). Morbidity among homozygotes directly 
correlates with copper deposition in the liver, brain, and eye. The 
disease is progressive, and, if left untreated, premature death is 
likely. In some cases, liver failure may be the presenting sign. <...>  
Treatment for Wilson disease involves administration of copper 
chelating agents and/or zinc to block intestinal absorption of copper; 
treatment is extremely effective when administered prior to the 
onset of symptoms.
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ACMG-56 2.0: secondary findings genes

Exercise: give an example of ACMG-56 gene and its pathogenic mutation



 Whole-genome sequence data from 10,495 unrelated individuals to 
contrast population frequency of pathogenic variants to the expected 
population prevalence of the disease

 2.6% at risk for disease for 16 of the 26 ACMG-59 conditions,
 4.9% were carriers for 17 of the 26 ACMG-59 conditions.

 1.5%–6.5%, the estimated range of screened individuals that would 
have an incidental finding for the ACMG-56

 Allele frequency × disease prevalence for 25,505 variants:
many pathogenic variants have low penetrance 
or incorrect pathogenicity

81
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Summary
  Mendelian (monogenic) disorders depend on the genotype at a single 

locus, with inheritance following Mendel’s laws of segregation
  ...However, this is rather an exception than a rule, because of many 

complications 
  Familial aggregation and descriptive epidemiology help establish the 

genetic basis of a disease
  Major Mendelian disease inheritance patterns: autosomal dominant, 

autosomal recessive, X-linked recessive, X-linked dominant, Y-linked 
  OMIM and ClinVar are invaluable sources of information on Mendelian 

diseases
  Penetrance, relative risk and odds ratio measures related yet different 

aspects of disease risks. Variant penetrance are often unknown or 
inflated!

  Disease gene discovery has been dramatically transformed and 
accelerated by next-generation sequencing

  There are emerging standards and guidelines in the field: from variant 
interpretation to secondary findings reporting
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