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~40 YEARS

Rosalind Franklin
(1920-1958)

Photo 51
(1952)

The Greatest Puzzle

23 pairs of chromosome
3 billion bp

~20.000 genes

IT WAS ONLY A BEGINNING!



Organization of the Human Genome

Changes in nucleotide sequences:
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Banana
60.0%

SNP
GWAS was born

26 population
2504 individuals

88 million variants

~92.000 
genomes



Human vs Human
99.9%

What numbers tell us?

3 million SNPs among people

20.000 SNP in genome coding sequence

1000 stop mutations

THANKS to diploid nature!



Why we care about genetic variations? 

1. Genetic variations underlie phenotypic differences
among different individuals

2. Genetic variations determine our predisposition to
complex diseases and responses to drugs and
environmental factors.

3. Genetic variations reveals clues of ancestral human
migration history.



Types of variations between human genomes
Most of many differences between individuals human genomes
seem to have no effect.

Other differences do affect the phenotype, producing the
normal range of genetically determined variants in body build,
pigmentation, metabolism and so on, that make each us
individual.

Some variants are pathogenic:
They either cause disease or make their bearer susceptible to a
disease



Main types of genetic variations
1. Single Nucleotide Polymorphisms (SNPs)
- 90% of human genetic variations
- Majority of SNPs do NOT directly or significantly contribute to any phenotype

2. Insertion or deletion of one or more nucleotide(s)
Tandem repeat polymorphisms
- Are genomic regions consisting of variable lenght of sequence motifs repeating in tandem with variable copy number.
- Used as genetic markers for DNA fingerprinting (forensic & parental testing)
- Many cause genetic diseases
Microsatellites (Short tandem repeats) – repeat unit 1-6 bases long
Minisatellites – repeat unit 11-100 bases long

Insertion/Deletion polymorphisms
Often resulted from localized rearragement between homologous tandem repeats.

3. Gross chromosomal aberrations
- Deletions, inversions or translocation of large DNA fragments
- Often causing serious genetic diseases



ttggaaaagcaacccctgccttgaagccaggatgatggtatctgcagcagttgccaacacaagagaaggatccatagttcatcatttaaaaaagaaaacaaaatagaaaaaggaaaacta
tttctgagcataagaagttgtagggtaagtctttaagaaggtgacaatttctgccaatcaggatttcaaagctcttgctttgacaattttggtctttcagaatactataaatataacctatattata
atttcataaagtctgtgcattttctttgacccaggatatttgcaaaagacatattcaaacttccgcagaacactttatttcacatatacatgcctcttatatcagggatgtgaaacagggtcttgaa
aactgtctaaatctaaaacaatgctaatgcaggtttaaatttaataaaataaaatccaaaatctaacagccaagtcaaatctgcatgttttaacatttaaaatattttaaagacgtcttttccca
ggattcaacatgtgaaatcttttctcagggatacacgtgtgcctagatcctcattgctttagttttttacagaggaatgaatataaaaagaaaatacttaaattttatccctcttacctctataatca
tacataggcataattttttaacctaggctccagatagccatagaagaaccaaacactttctgcgtgtgtgagaataatcagagtgagattttttcacaagtacctgatgagggttgagacaggt
agaaaaagtgagagatctctatttatttagcaataatagagaaagcatttaagagaataaagcaatggaaataagaaatttgtaaatttccttctgataactagaaatagaggatccagtttct
tttggttaacctaaattttatttcattttattgttttattttattttattttattttattttgtgtaatcgtagtttcagagtgttagagctgaaaggaagaagtaggagaaacatgcaaagtaaaagtat
aacactttccttactaaaccgacatgggtttccaggtaggggcaggattcaggatgactgacagggcccttagggaacactgagaccctacgctgacctcataaatgcttgctacctttgctgt
tttaattacatcttttaatagcaggaagcagaactctgcacttcaaaagtttttcctcacctgaggagttaatttagtacaaggggaaaaagtacagggggatgggagaaaggcgatcacgtt
gggaagctatagagaaagaagagtaaattttagtaaaggaggtttaaacaaacaaaatataaagagaaataggaacttgaatcaaggaaatgattttaaaacgcagtattcttagtggact
agaggaaaaaaataatctgagccaagtagaagaccttttcccctcctacccctactttctaagtcacagaggctttttgttcccccagacactcttgcagattagtccaggcagaaacagttag
atgtccccagttaacctcctatttgacaccactgattaccccattgatagtcacactttgggttgtaagtgactttttatttatttgtatttttgactgcattaagaggtctctagttttttatctcttgttt
cccaaaacctaataagtaactaatgcacagagcacattgatttgtatttattctatttttagacataatttattagcatgcatgagcaaattaagaaaaacaacaacaaatgaatgcatatatat
gtatatgtatgtgtgtatatatacacacatatatatatatattttttcttttcttaccagaaggttttaatccaaataaggagaagatatgcttagaaccgaggtagagttttcatccattctgtcctg
taagtattttgcatattctggagacgcaggaagagatccatctacatatcccaaagctgaattatggtagacaaaactcttccacttttagtgcatcaacttcttatttgtgtaataagaaaattg
ggaaaacgatcttcaatatgcttaccaagctgtgattccaaatattacgtaaatacacttgcaaaggaggatgtttttagtagcaatttgtactgatggtatggggccaagagatatatcttaga
gggagggctgagggtttgaagtccaactcctaagccagtgccagaagagccaaggacaggtacggctgtcatcacttagacctcaccctgtggagccacaccctagggttggccaatctact
cccaggagcagggagggcaggagccagggctgggcataaaagtcagggcagagccatctattgcttacatttgcttctgacacaactgtgttcactagcaacctcaaacagacaccatggt
gcatctgactcctgaggagaagtctgccgttactgccctgtggggcaaggtgaacgtggatgaagttggtggtgaggccctgggcaggttggtatcaaggttacaagacaggtttaaggaga
ccaatagaaactgggcatgtggagacagagaagactcttgggtttctgataggcactgactctctctgcctattggtctattttcccacccttaggctgctggtggtctacccttggacccagag
gttctttgagtcctttggggatctgtccactcctgatgctgttatgggcaaccctaaggtgaaggctcatggcaagaaagtgctcggtgcctttagtgatggcctggctcacctggacaacctca
agggcacctttgccacactgagtgagctgcactgtgacaagctgcacgtggatcctgagaacttcagggtgagtctatgggacgcttgatgttttctttccccttcttttctatggttaagttcatg
tcataggaaggggataagtaacagggtacagtttagaatgggaaacagacgaatgattgcatcagtgtggaagtctcaggatcgttttagtttcttttatttgctgttcataacaattgttttcttt
tgtttaattcttgctttctttttttttcttctccgcaatttttactattatacttaatgccttaacattgtgtataacaaaaggaaatatctctgagatacattaagtaacttaaaaaaaaactttacac
agtctgcctagtacattactatttggaatatatgtgtgcttatttgcatattcataatctccctactttattttcttttatttttaattgatacataatcattatacatatttatgggttaaagtgtaatgtt
ttaatatgtgtacacatattgaccaaatcagggtaattttgcatttgtaattttaaaaaatgctttcttcttttaatatacttttttgtttatcttatttctaatactttccctaatctctttctttcagggc
aataatgatacaatgtatcatgcctctttgcaccattctaaagaataacagtgataatttctgggttaaggcaatagcaatatctctgcatataaatatttctgcatataaattgtaactgatgta
agaggtttcatattgctaatagcagctacaatccagctaccattctgcttttattttatggttgggataaggctggattattctgagtccaagctaggcccttttgctaatcatgttcatacctcttat



ttggaaaagcaacccctgccttgaagccaggatgatggtatctgcagcagttgccaacacaagagaaggatccatagttcatcatttaaaaaagaaaacaaaatagaaaaaggaaaacta
tttctgagcataagaagttgtagggtaagtctttaagaaggtgacaatttctgccaatcaggatttcaaagctcttgctttgacaattttggtctttcagaatactataaatataacctatattata
atttcataaagtctgtgcattttctttgacccaggatatttgcaaaagacatattcaaacttccgcagaacactttatttcacatatacatgcctcttatatcagggatgtgaaacagggtcttgaa
aactgtctaaatctaaaacaatgctaatgcaggtttaaatttaataaaataaaatccaaaatctaacagccaagtcaaatctgcatgttttaacatttaaaatattttaaagacgtcttttccca
ggattcaacatgtgaaatcttttctcagggatacacgtgtgcctagatcctcattgctttagttttttacagaggaatgaatataaaaagaaaatacttaaattttatccctcttacctctataatca
tacataggcataattttttaacctaggctccagatagccatagaagaaccaaacactttctgcgtgtgtgagaataatcagagtgagattttttcacaagtacctgatgagggttgagacaggt
agaaaaagtgagagatctctatttatttagcaataatagagaaagcatttaagagaataaagcaatggaaataagaaatttgtaaatttccttctgataactagaaatagaggatccagtttct
tttggttaacctaaattttatttcattttattgttttattttattttattttattttattttgtgtaatcgtagtttcagagtgttagagctgaaaggaagaagtaggagaaacatgcaaagtaaaagtat
aacactttccttactaaaccgacatgggtttccaggtaggggcaggattcaggatgactgacagggcccttagggaacactgagaccctacgctgacctcataaatgcttgctacctttgctgt
tttaattacatcttttaatagcaggaagcagaactctgcacttcaaaagtttttcctcacctgaggagttaatttagtacaaggggaaaaagtacagggggatgggagaaaggcgatcacgtt
gggaagctatagagaaagaagagtaaattttagtaaaggaggtttaaacaaacaaaatataaagagaaataggaacttgaatcaaggaaatgattttaaaacgcagtattcttagtggact
agaggaaaaaaataatctgagccaagtagaagaccttttcccctcctacccctactttctaagtcacagaggctttttgttcccccagacactcttgcagattagtccaggcagaaacagttag
atgtccccagttaacctcctatttgacaccactgattaccccattgatagtcacactttgggttgtaagtgactttttatttatttgtatttttgactgcattaagaggtctctagttttttatctcttgttt
cccaaaacctaataagtaactaatgcacagagcacattgatttgtatttattctatttttagacataatttattagcatgcatgagcaaattaagaaaaacaacaacaaatgaatgcatatatat
gtatatgtatgtgtgtatatatacacacatatatatatatattttttcttttcttaccagaaggttttaatccaaataaggagaagatatgcttagaaccgaggtagagttttcatccattctgtcctg
taagtattttgcatattctggagacgcaggaagagatccatctacatatcccaaagctgaattatggtagacaaaactcttccacttttagtgcatcaacttcttatttgtgtaataagaaaattg
ggaaaacgatcttcaatatgcttaccaagctgtgattccaaatattacgtaaatacacttgcaaaggaggatgtttttagtagcaatttgtactgatggtatggggccaagagatatatcttaga
gggagggctgagggtttgaagtccaactcctaagccagtgccagaagagccaaggacaggtacggctgtcatcacttagacctcaccctgtggagccacaccctagggttggccaatctact
cccaggagcagggagggcaggagccagggctgggcataaaagtcagggcagagccatctattgcttacatttgcttctgacacaactgtgttcactagcaacctcaaacagacaccatggt
gcatctgactcctgtggagaagtctgccgttactgccctgtggggcaaggtgaacgtggatgaagttggtggtgaggccctgggcaggttggtatcaaggttacaagacaggtttaaggaga
ccaatagaaactgggcatgtggagacagagaagactcttgggtttctgataggcactgactctctctgcctattggtctattttcccacccttaggctgctggtggtctacccttggacccagag
gttctttgagtcctttggggatctgtccactcctgatgctgttatgggcaaccctaaggtgaaggctcatggcaagaaagtgctcggtgcctttagtgatggcctggctcacctggacaacctca
agggcacctttgccacactgagtgagctgcactgtgacaagctgcacgtggatcctgagaacttcagggtgagtctatgggacgcttgatgttttctttccccttcttttctatggttaagttcatg
tcataggaaggggataagtaacagggtacagtttagaatgggaaacagacgaatgattgcatcagtgtggaagtctcaggatcgttttagtttcttttatttgctgttcataacaattgttttcttt
tgtttaattcttgctttctttttttttcttctccgcaatttttactattatacttaatgccttaacattgtgtataacaaaaggaaatatctctgagatacattaagtaacttaaaaaaaaactttacac
agtctgcctagtacattactatttggaatatatgtgtgcttatttgcatattcataatctccctactttattttcttttatttttaattgatacataatcattatacatatttatgggttaaagtgtaatgtt
ttaatatgtgtacacatattgaccaaatcagggtaattttgcatttgtaattttaaaaaatgctttcttcttttaatatacttttttgtttatcttatttctaatactttccctaatctctttctttcagggc
aataatgatacaatgtatcatgcctctttgcaccattctaaagaataacagtgataatttctgggttaaggcaatagcaatatctctgcatataaatatttctgcatataaattgtaactgatgta
agaggtttcatattgctaatagcagctacaatccagctaccattctgcttttattttatggttgggataaggctggattattctgagtccaagctaggcccttttgctaatcatgttcatacctcttat

Codon 17 (A>T)



Why exploring gene variations are important?
Allowing researchers to trace the pattern of disease-causing DNA sequence
variants in the population.

Nearly half of the genes causing 7,000 rare monogenic disorders were
identified.

More than 50% of individuals with rare genetic disorders are yet to be
diagnosed and treated in order to improve their life quality.



Clinical features can be used to distinguish one condition from another;
however,
1. Some phenotypes are associated with a single gene,

2. Many are associated with multiple genes,

3. Some clinical features overlap with several other genetic conditions,

4. The pathogenicity of
detected variants are not
known.



I detected a novel variant
Is every variant pathogenic?

high-throughput next generation sequencing evolution!

Genotyping
Single gene to Gene panels
WES
WGS
Transcriptome
Epigenome

Clinical labs are performing increased
catalogue of genetics testing for genetic

disorders



Mutation or Polymorphism Tripe

A mutation is defined as a permanent change in the nucleotide sequence.

A polymorphism is defined as a variant with a frequency above 1%.

Medical genetics: Leading to confusion! Pathogenic? Bening?

These modifiers may not address all human phenotypes (Mendelian disease)



Nomenclature
A standard gene variant nomenclature versioned by the HGVS
(http://www.hgvs.org/mutnomen)

Tools to provide correct HGVS nomenclature for describing variants (https://mutalyzer.nl)

The reference sequence should be complete and derived from
a. the NCBI RefSeq database with the version number (http://www.ncbi.nlm.nih.gov/RefSeq/),
b. the Locus Reference Genomic (LRG) database (http://www.lrg-sequence.org).

Clinical reports should include sequence reference(s) to ensure unambiguous naming of the variant:
“g.” for genomic sequence,
“c.” for coding DNA sequence, 
“p.” for protein,
“m.” for mitochondria
“A” of the ATG translation initiation codon as position number 1
“X”, “*”, “Ter” Nonsense variant

http://www.hgvs.org/mutnomen
https://mutalyzer.nl/
http://www.ncbi.nlm.nih.gov/RefSeq/
http://www.lrg-sequence.org/


When describing coding variants:
A reference transcript for each gene should be provided in the report.

The transcript should either represent the longest known transcript and/or most
clinically relevant transcript.

Community-supported reference transcripts:
LRG10, CCDS Database11,
Human Gene Mutation Database (http://www.hgmd.cf.ac.uk),
ClinVar (http://www.ncbi.nlm.nih.gov/clinvar)
A locus-specific database.

Additional exons or extended untranslated regions when there are known variants in
these regions that are clinically interpretable should be evaluated.

http://www.hgmd.cf.ac.uk/
http://www.ncbi.nlm.nih.gov/clinvar


Literature and Data Use
A large number of databases contain a growing number of variants that are
being discovered in the human genome.

Valuable Information can be find:
• Databases

• Published Literature



When using databases, clinical laboratories
should:
(1) determine how frequently the database
is updated (what methods were used);

(2) confirm the use of HGVS nomenclature;

(3) determine the degree to which data is
validated for analytical accuracy
(e.g. next generation sequencing vs Sanger
validated variants)

(4) requiring to read associated publications;

(5) genotype-phenotype correlation (ClinVar)



60-80% Accurancy
in prediction

sensitivity (~90–100%) 
relative to specificity

(~60–80%)



Proposed Criteria for Interpretation of Sequence Variants
Inheritance patern?
• Mendelian
• Somatic variation
• Pharmacogenomic variants
• Variants in genes associated with multigenic non-Mendelian complex disorders

Which analysis used to  identified the variant?
• A single gene,
• Gene panel, 
• Exome, 
• Genome,
• Transcriptome,

pathogenic for a disease

Or

disruptive/damaging to the protein, but not 
implicated in a disease.

One Case is NOT enough!



Standards and Guidelines for the Interpretation of Sequence Variants:
A Joint Consensus Recommendation of the American College of Medical
Genetics and Genomics and the Association for Molecular Pathology









Special Considerations
1. Evaluating and Reporting Variants in Genes of Uncertain Significance (GUS)

based on the Indication for Testing
a gene has never been associated with any patient phenotype,
the gene has been associated with a different phenotype.

de novo observation is no longer strong evidence for pathogenicity,
thousands of variants in genome could segregate with a significant LOD score,

insufficient evidence for a causative rol “Uncertain Significance”



2. Evaluating Variants in Healthy Individuals or as Incidental Findings
Negative results in performing disease-targeted testing
Predicted penetrance of pathogenic variants found in the absence of a phenotype
Family history

3. Mitochondrial variants
%Heteroplasmy/%Homoplasmy?
275 mtDNA variants relating to disease have been recorded

(http://mitomap.org/bin/view.pl/MITOMAP/WebHome)
(http://www.mtdb.igp.uu.se/),
secondary structures, sequences, and alignment of mitochondrial tRNAs (http://mamit-trna.u-
strasbg.fr/),
mitochondrial haplogroups (http://www.phylotree.org/)
(http://www.mtdnacommunity.org/default.aspx).

Muscle, liver or urine aslo are specimen types useful for clinical evaluation

To test nuclear genes associated with mitochondrial disorders

http://mitomap.org/bin/view.pl/MITOMAP/WebHome
http://www.mtdb.igp.uu.se/
http://mamit-trna.u-strasbg.fr/
http://www.phylotree.org/
http://www.mtdnacommunity.org/default.aspx


4. Pharmacogenomics (PGx)
Challenge: Identification the effects of variants in drug metabolism

Reason: a phenotype is only apparent upon exposure to a drug

drug efficacy and risk for adverse increasingly used in clinical care

The traditional nomenclature of PGx alleles uses star (*) alleles, which often represent haplotypes,
or a combination of variants on the same allele.

Pharmacogenomics Knowledge Base (http://www.pharmgkb.org/),

48 Alleles for the cytochrome P450 gene family http://www.cypalleles.ki.se/.49

There are 18 mammalian cytochrome P450 (CYP) families, which encode 57 genes in the human
genome.

To metabolize drugs and other foreign chemicals

http://www.pharmgkb.org/)
http://www.cypalleles.ki.se/.49


5. Common Complex Disorders

Most of them not directly causitive;
If thought to be causitive = Linkage Disequlibrium with causal variant?

Reporting/ Cataloguing the risk in the case-control/GWAS studies:
“established risk allele”, 
“likely risk allele”, 
“uncertain risk allele”,

Unlike Mendelian diseases, the identification
of CCD genes, have relied on population-
based approaches (GWAS) rather than
family-based studies.

GWAS reported the cataloguing of over 1200
risk alleles for common, complex diseases
and traits.



Cancer cells

Problem: the allele ratios are highly variable and tumor
heterogeneity

Variant classification category:
“responsive”,
“resistant”,
“driver”, 

“passenger”

6. Somatic Variation

Samuel and Hudson, Clin Chem. 2013



Hierarchical approach to effect variant research:
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Karbassi et al. Human Mutation. 2015
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Nykap et al. Genetics in Medicine. 2017


