


tttctagGTTTCAAGACAACAGATGAATTGTGAAAGAGAGCAGCTAAGGgtagg
                       M  N  C  E  R  E  Q  L  R     
   Synonymous change                                        

tttctagGTTTCAAGACAACAGATGAATTGTGAAAGAGAGCAACTAAGGgtagg
                       M  N  C  E  R  E  Q  L  R     
   Non-synonymous (missense) 

tttctagGTTTCAAGACAACAGATGAATTGTGAAAGAGAGCACCTAAGGgtagg
                       M  N  C  E  R  E  H  L  R     
   Stop gain (nonsense)

tttctagGTTTCAAGACAACAGATGAATTGAGAAAGAGAGCAGCTAAGGgtagg
                       M  N  *  E  R  E  Q  L  R     

Examples of coding changes in RBFOX1
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tttctagGTTTCAAGACAACAGATGAATTGTGAAAGAGAGCAGCTAAGGgtagg
                       M  N  C  E  R  E  Q  L  R     
   Inframe deletion                                        

tttctagGTTTCAAGACAACAGATGAATTGTGAAAGAGAG---CTAAGGgtagg
                       M  N  C  E  R  E  -  L  R     
 

tttctagGTTTCAAGACAACAGATGAATTGTGAAAGAGAGCAGCTAAGGgtagg
                       M  N  C  E  R  E  Q  L  R     
   Frameshift deletion                                        

tttctagGTTTCAAGACAACAGATGA--TGTGAAAGAGAGCAGCTAAGGgtagg
                       M    M  *  K  R  A  A  K

Examples of coding changes in RBFOX1
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ENSEMBL Variant Effect Predictor

Promoter  ♦  5’-UTR  ♦  Start (ATG)  ♦  Donor(GT)  ♦  Acceptor(AG)  ♦ … ♦  Stop(TAA,…)  ♦  3’-UTR

https://www.ensembl.org/info/genome/variation/prediction/predicted_data.html#consequences

Variation consequences
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ENSEMBL Variant Effect Predictor
Variation consequences and impact
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ENSEMBL Variant Effect Predictor
Variation consequences and impact

https://www.ensembl.org/info/genome/variation/prediction/predicted_data.html#consequences
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Complexity of variant annotation

Eilbeck (2017) Nat Rev Genet

A demonstration of the multiple possible effects of a single variant across transcripts 
and genes. The complexity of genomic annotation adds to the complexity of variant 
annotation. In this example, two genes, coiled-coil domain-containing 113 (CCDC113) and 
protease serine 54 (PRSS54) overlap on different strands of the genome, and both have 
multiple observed transcripts. Variants intersecting this extent of the genome show 
different effects depending on the gene and the transcript inspected. 
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Gloss (2018) Exp Mol Med

Complexity of variant annotation
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Ensembl VEP impact for ClinVar variants

ClinVar (Oct. 2019),  498,742 variants annotated with Ensembl VEP
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Pathogenic variants in ClinVar (Oct. 2019)
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Use ClinVar (OMIM, SNPedia) to find and save one 
example of disease-associated pathogenic mutation for 
each annotation type:

  stop-gain
  synonymous
  missense
  splice-site
  frameshift indel

Exercise
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PTVs and LoF variants
Protein-truncating variants: stop-gain, splice site, frameshift indels. 
VEP impact: HIGH. 

Rivas (2015) Science60



PTVs and LoF variants
Protein-truncating variants: stop-gain, splice site, frameshift indels. 
VEP impact: HIGH. However, not all PTVs are loss-of-function

LOFTEE tool (K.Karczewski et al): filters and flags to predict pLoF 
(putative LoF) from candidate PTVs. https://github.com/konradjk/loftee

PTVs not predicted as pLoF, examples:
 Stop-gain and frameshift variants near the end of the transcript, based on 

the 50 bp rule
 Variants in an exon with non-canonical splice sites (GT, AG) around it 
 Splice site variants rescued by nearby, in-frame splice site
 Variants in small introns

Flagged PTVs, examples:
 Variants in NAGNAG sites (acceptor sites rescued by in-frame acceptor 

site)
 Variants that fall in an intron with a non-canonical splice site 

61



PTVs and nonsense-mediated decay (NMD)

(A) G>A change in exon 6 of the PAX3 gene (B) Nonsense-mediated decay (NMD).  Splice junctions (red bars) retain 
proteins of the exon junction complex (EJC, red triangles). Ribosome moves along the mRN A and displaces the EJC 
proteins. If it encounters a premature stop codon and detaches before displacing all EJCs, the mRNA is targeted for 
degradation. Stop codons in the last exon or less than 50 nucleotides upstream of the last splice junction (the 
green zone) do not trigger NMD. (C) Depending on whether or not a premature stop codon triggers NMD, the 
consequences of a nonsense mutation can be very different. 

Strachan, Read – Human Molecular Genetics62



Ideally: PTV → NMD → Transcript level → Protein level  → 
Cellular functions

However, variation in mRNA and protein expression levels are 
often uncorrelated: the reduction in RNA levels may not reduce the 
protein level, and vice versa

Battle, A., Khan, Z., Wang, S.H., Mitrano, A., Ford, M.J., Pritchard, J.K., 
and Gilad, Y. (2015). Impact of Regulatory Variation from RNA to 
Protein. Science 347, 664–667.

Narasimhan VM, Xue Y, Tyler-Smith C. Human Knockout Carriers: 
Dead, Diseased, Healthy, or Improved? Trends in Molecular Medicine. 
2016;22(4):341-351. doi:10.1016/j.molmed.2016.02.006.

PTVs and nonsense-mediated decay (NMD)
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Protein-truncating variants: stop-gain, splice site, frameshift indels. 
VEP impact: HIGH. 

Rivas (2015) Science

Fig. 3. Splicing disruption. (A) Proportion of variants disrupting splicing at each distance +/-25 
bp from donor and acceptor site (B) Classification of splice disruption events: exon skipping, 
exon elongation and mixture (C) Diagram of donor and acceptor splice junctions and sequence 
logo of represented sequences.

Examples of PTV impact
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Corti (2011) Physiol Rev

Mutations in the Parkin RBR E3 Ubiquitin Protein Ligase PARK2 are the 
most frequent known cause of early-onset (40–50 yr) Parkinson’s disease. 
PD is the second most common neurodegenerative disorder, after 
Alzheimer’s disease, with prevalence in industrialized countries ~0.3%. 

Examples of PTV impact
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Examples of PTV impact
1. Narasimhan VM, Xue Y, Tyler-Smith C. (2016) Human Knockout Carriers: 
Dead, Diseased, Healthy, or Improved? Trends Mol Med 22:341-351. 
 A knockout of the immune gene IRF7 was shown to confer susceptibility 

to flu viruses, leading to life-threatening influenza in an otherwise healthy 
child (Ciancanelli 2015 Science)

 Instances where a naturally-occurring LoF variant proves beneficial to 
health. These discoveries have stimulated drug development:

     –  lowering LDL levels: PCSK9
     –  decreasing susceptibility to HIV: CCR5
     –  increasing endurance: ACTN3
     –  increasing sepsis resistance: CASP12
     –  reduced triglyceride levels in humans: APOC3
2. DeBoever, C., Tanigawa, Y., Lindholm, M.E., et al. (2018). Medical 
relevance of protein-truncating variants across 337,205 individuals in the UK 
Biobank study. Nat Commun 9, 1–10.
 18,228 PTVs × 135 phenotypes; find 27 associations between medical 

phenotypes and PTVs in genes outside the MHC
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Wright (2019) Am J Hum Genet

1. The stop-gain variant in GNAS (MIM:139320) is present in the highly 
variable first exon of the gene and is likely to result in nonsense-mediated RNA 
decay; in contrast, pathogenic GNAS variants that cause Albright hereditary 
osteodystrophy (MIM:103580) are located in later, highly constrained exons.

2. Similarly, the stop-gain variant in TGIF1 (MIM:602630) is located in the first 
exon, where multiple PTVs in gnomAD are also located, but TGIF1 pathogenic 
variants causing holoprosencephaly are located in the final exons, where they 
affect DNA binding affinity.

3. Finally, a frameshift deletion in HIST1H1E (MIM:142220) is located near the 
start of the single exon of this gene; however, pathogenic HIST1H1E frameshift 
deletions that cause child overgrowth and intellectual disability are located near 
the end of the exon, where they result in a truncated histone protein with lower 
net charge that is less effective at binding DNA.

We believe that these three rare PTVs are benign because of their locations, 
despite the fact that they occur in genes that cause dominant DD via 
haploinsufficiency.

Examples of PTV impact
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Are PTVs actually LoFs?
Lek (2016) Nature, ExAC paper, ~60,000 individuals:
– 13.2 expected pLoF variants per gene, 62.8% of genes have >10 pLoF 
variants on the canonical transcript 
– Each individual harbors ~85 heterozygous and ~34 homozygous PTVs

Sulem (2015) Nat Genet, ~101,000 Icelanders: // founder population
– 7.7% individuals have 1 gene completely knocked out by loss-of-function 
variants with a MAF under 2% 
– 553 were predicted to have >1 gene completely knocked out
– 1,171 of the 19,135 RefSeq genes (6.1%) were completely knocked out

Saleheen (2017) Nature, ~10,000 Pakistanis // consanguineous
– 1,317 distinct genes were predicted to be inactivated owing to homozygous 
pLoF mutations
– 17.5% participants had at least one gene knocked out by a homozygous 
pLoF mutation, ~18% of them >1 gene knocked out 
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Missense variant, classic example

Alberts - Essential Cell Biology

HBB.Glu7Val   Sickle cell anemia [MIM:603903]: Characterized by abnormally shaped 
red cells resulting in chronic anemia and periodic episodes of pain, serious infections 
and damage to vital organs. Normal red blood cells are round and flexible and flow 
easily through blood vessels, but in sickle cell anemia, the abnormal hemoglobin (called 
Hb S) causes red blood cells to become stiff. They are C-shaped and resembles a sickle. 
These stiffer red blood cells can led to microvascular occlusion thus cutting off the blood 
supply to nearby tissues  // www.genecards.org 69



Missense variant, classic example

Strachan, Read – Human Molecular Genetics

The sickle cell mutation. An A>T mutation in the β-globin (HBB) gene causes an 
amino acid change in the β-globin protein. The mutation replaces glutamic acid, a 
hydrophilic charged amino acid, with valine, a hydrophobic nonpolar amino acid. 
This change on the surface of the globin protein allows adhesive interactions 
between hemoglobin molecules.
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Vogelstein (2013) Science
Protein Data Bank  rcsb.org71



Examples of missense disease variants

Steward (2003) Trends Genet

Factor IX F9 is a serine protease with Ser-His-Asp catalytic triade that 
participates in the intrinsic pathway of blood coagulation by converting 
factor X to its active form Xa. Disease mutations in F9 are associated with 
the X-linked recessive bleeding disorder haemophilia B (OMIM:306900). 
Disruption of catalytic residues. Mutations of the catalytic serine residue 
to an arginine results in the loss of enzyme activity and a severe 
haemophilia phenotype. 

PDB id: 1rfn
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Steward (2003) Trends Genet

Introduction of buried charged residues: 
Met165Arg  arginine sidechain cannot ⟹
be accommodated in a hydrophobic pocket 

 no soluble protein.⟹

Size changes in the hydrophobic core: 
Leu195Phe  rearrangement of ⟹
surrounding side-chains  30% of the ⟹
wild-type activity.

PDB id: 1uro

Mutations in the uroporphyrinogen decarboxylase UROD are associated 
with Porphyria cutanea tarda (OMIM:176100), accumulation of 
uroporphyrins in the liver and plasma, leading to skin fragility and 
photosensitive dermatitis.
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Steward (2003) Trends Genet

PDB id: 1lm8

Von Hippel-Lindau syndrome (OMIM:193300) is an inherited pre-
disposition to a variety of cancers. Von Hippel-Lindau disease tumor 
suppressor VHL codes for a protein with two structural domains. The 
β-domain of VHL binds to hypoxia-inducible transcription factor 
HIF, ultimately leading to HIF degradation.

Disruption of protein–protein 
interactions: 
Tyr98His destroys binding 
between HIF and VHL  HIF not ⟹
degraded   over-expression of ⟹
angiogenic growth factors  local ⟹
proliferation of blood vessels.
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Steward (2003) Trends Genet

PDB id: 1tsr

Li-Fraumeni syndrome (OMIM 191170), a predisposition to a broad 
spectrum of cancers at an early age. Cellular tumor antigen p53  
(TP53) is a tumor suppressor in many tumor types, induces growth 
arrest or apoptosis. Three functional domains: an N-terminal 
transcription factor domain, a DNA-binding core domain, and a C-
terminal homooligomerization domain. 

Disruption of DNA binding 
Arg273 contacts the DNA phosphate 
backbone with its charged side-
chain. Arg273His is associated with 
low p53 DNA-binding and Li-
Fraumeni syndrome.
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Vihinen (2015) Human Genet

VariO: Variant effect on protein… 

 Dynamics

 Quaternary structure

 Amino acid size

 Folding rate

 Interactions

 Post‑translational modification

 Secondary structural element

 Fold

 Epigenetic modification

 Abundance

 Accessibility

 Activity

 Charge

 Degradation

 Solubility

 Stability

 Subcellular localization

…
www.variationontology.org76

Examples of missense disease variants



b | Locations of residues affected by mutations are highlighted on the cyclin-
dependent kinase 4 (CDK4) structure based on homology modelling (PDB: 1bi7). 
CDKN2C, CDK inhibitor 2C. c | Locations of residues affected by mutations are 
highlighted on the fructose bisphosphatase 1 (FBP1) structure (PDB: 1fpi). 

Yi (2017) Nat Rev Genet

Missense disease mutations: stability or PPI?
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De Pristo (2005) Nat Rev Genet

Missense disease mutations: stability or PPI?
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Sahni (2015) Cell

Missense disease mutations: stability or PPI?

The effects of missense disease mutations on molecular interactions could range from no 
apparent detectable change in interactions (quasi-WT), to specific loss of some interactions 
(edgetic), to an apparent complete loss of interactions (quasinull)79
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