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consequences



Lecture plan

  Human genome contents. Mitochondrial genome. 
  Overview of human genes structure and processing
  Alternative splicing
  Epigenetics. Chromosomal imprinting. 
  Variant annotation. ENSEMBL Variant Effect 

Predictor: impact and consequences
  Protein-truncating and loss-of-function variants
  Missense variants, inframe indels
  Synonymous and regulatory variants
  Variant effect, dominant and recessive variants, gain- 

and loss-of-function
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Genome Reference Consortium GRCh38.p13

https://www.ncbi.nlm.nih.gov/grc/human

Chromosomes     Mbp 
Nuclear        3088
Mitochondrial 0.017
Unknown, alt  121.0
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Human genome contents
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Alberts - Essential Cell Biology

Human genome contents

Griffiths -- Introduction to Genetic Analysis
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ENSEMBL gene annotation GRCh38 v.99

Q: which class is Xist RNA?
6



ENSEMBL gene annotation GRCh38 v.99

Jackson (2018) Essays Biochem7



Mitochondrial genome

 mtDNA: circular, double-stranded, 16,569 bp; 
H and L chains; similar to bacteria

 Egg only, maternally inherited; each cell: ~103 
copies; highly heterogeneous

 37 genes: 22 tRNA + 2 rRNA + 13 coding
 13 polypeptides are part of mitochondrial 

respiratory complex (Sugars → ATP), 
together with multiple nuclear genes 

 mtDNA is to some extent autonomous, with 
its own genetic code

 Stop codons: TAA, TAG, AGA, AGG

 Mitochondrial diseases: a heterogeneous group of inherited anomalies in 
oxidative phosphorylation due to mutations in the mitochondrial (70%) or 
nuclear DNA (30%)

 ~300 disease-causing point mutations known in mtDNA
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Pathogenic mutations in mtDNA

DiMauro (2017) Mitochondrial Encephalomyopathies9
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Strachan, Read – Human Molecular Genetics

Blurring of gene boundaries
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Multigene families

Strachan, Read – Human Molecular Genetics12



Multigene families

Strachan, Read – Human Molecular Genetics13



Human protein classes
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Human protein classes

Exercise: think of 
appropriate questions
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Human gene structure and processing

Carol Guze -- Biology 442 - Human Genetics 

Note: CDS (coding sequence) vs. mRNA, splicing sites, stop and start codons

Exercise: draw a typical human gene 
17



Human gene structure and processing

Strachan, Read – Human Molecular Genetics

Figure 1.23 Transcription and translation of the human β-globin . (A) The β-globin gene comprises 
three exons (El-E3) and two introns. The 5'-end sequence of El and the 3' end sequence of E3 are 
noncoding sequences (unshaded sections). (B) These sequences are transcribed and so occur at the 5' 
and 3' ends (unshaded sections) of the β-globin mRNA that emerges from RNA processing. (C) 
Some codons can be specified by bases that are separated by an intron. The Arg104 is encoded by 
the last three nucleotides (AGG) of exon 2 but the Arg30 is encoded by an AGG codon whose first 
two bases are encoded by the last two nucleotides of exon 1 and whose third base is encoded by the 
first nucleotide of exon 2. (D) During post-translational modification the 147·amino acid precursor 
polypeptide undergoes cleavage to remove ils N-terminal methionine residue, to generate the mature 
146-residue β-globin protein. The flanking N and C symbols to the left and right, respectively, in (C) 
and (D) depict the N-terminus and C-terminus. 18



Human gene structure and processing

Strachan, Read – Human Molecular Genetics

Examples of post-
translational processing
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Alberts – Essential Cell Biology
Q: what gene (exon) is the largest?

Human gene structure and processing
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Alternative splicing of human genes

Park (2018) Am J Hum Genet
21



Alternative splicing of human genes

Griffiths -- Introduction to Genetic Analysis22



Alternative splicing of human genes

Griffiths -- Introduction to Genetic Analysis

Lewin – Genes XI
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Figure 1 | The splicing code. a | A pre-mRNA as it might appear to the spliceosome. Red indicates consensus splice site 
sequences at the intron–exon boundaries. Blue indicates additional intronic cis-acting elements that make up the splicing code. b | 
cis-elements within and around an alternative exon are required for its recognition and regulation. The 5′ splice site and branch 
site serve as binding sites for the RNA components of U1 and U2 small nuclear ribonucleoprotein (snRNPs), respectively. This 
RNA:RNA base pairing determines the precise joining of exons at the correct nucleotides. Mutations in the pre-mRNA that 
disrupt this base pairing decrease the efficiency of exon recognition. Exons and introns contain diverse sets of enhancer and 
suppressor elements that refine bone fide exon recognition. Some exon splicing enhancers (ESEs) bind SR proteins and recruit 
and stabilize binding of spliceosome components such as U2AF. Exon splicing suppressors (ESSs) bind protein components of 
heterogeneous nuclear ribonucleoproteins (hnRNP) to repress exon usage. Some intronic splicing enhancers (ISEs) bind auxiliary 
splicing factors that are not normally associated with the spliceosome to regulate alternative splicing.

Wang (2007) Nat Rev Genet

Alternative splicing of human genes
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Alternative splicing of human genes

  ENSEMBL GRCh38 v.99, protein-coding genes and transcripts:
     1 transcript: 22.2% (no alternative splicing)
     2-5 transcripts: 52.9%
     >5 transcripts: 24.9%
     More than 75 transcripts: ADGRG1, ANK2, KCNMA1, MAPK10, 

NDRG2, PAX6, TCF4

  Longest transcript designated as canonical (≠ most biologically relevant)
  AS contribution to proteome complexity and transcript functionality is 

still debated: transcripts ≠ protein isoforms
  AS transcripts that introduce premature stop codon are subject to NMD 

(nonsense-mediated decay)
  Microexons (3-30 nt): misregulated in autistic brain (Irimia (2014) Cell).
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Aberrant splicing in disease
  Cis-acting splicing mutations: disruption of the splicing code, 15-60% of 

human disease mutations (Wang 2007 Nat Rev Genet)

Examples: synonymous mutations in CFTR  cy⟹ stic fibrosis;

Splice site mutations in MITF  Waardenburg syndrome type 2 (WS2), a ⟹
dominantly inherited syndrome of hearing loss and pigmentary disturbances

  Trans-acting mutations: disruption of the splicing RNA-protein 
machinery.

Example: mutations in SMN1  loss of snRNP production  spinal ⟹ ⟹
muscular atrophy (SMA). Nusinersen, an antisense oligonucleotide drug for 
correcting splicing in spinal muscular atrophy.

Park, E., Pan, Z., Zhang, Z., Lin, L., and Xing, Y. (2018). The Expanding 
Landscape of Alternative Splicing Variation in Human Populations. Am. J. 
Hum. Genet. 102, 11–26.

Wang, G.-S., and Cooper, T.A. (2007). Splicing in disease: disruption of the 
splicing code and the decoding machinery. Nat. Rev. Genet. 8, 749–761.
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Human genome in action

Civelek (2014) Nat Rev Genet27



Chaudrey (2004) Stem Cell BioengMolecular Biology of the Cell, 4th ed.

More realistic picture
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Epigenetics
Epigenetics: heritable phenotype changes that do not involve 
alterations in the DNA sequence

Epigenetic regulation:
1. DNA methylation at CpG dinucleotides
2. Covalent modification of histone proteins
3. Noncoding RNAs

 Above the genetis: instructions on using instructions, or gene 
expression control mechanisms

Methylation and histone modifications are reversible
Maintained at cell division and erased during early embriogenesis
Affected by internal (development, aging) and environmental 

(chemicals, drugs, diet, lifestyle) factors 
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DNA methylation
  The only known epigenetic modification of DNA in mammals is 

methylation of cytosine at position C
5
 in CpG dinucleotides

  DNA methyltransferases (DNMTs) establish and maintain DNA 
methylation patterns

  Methyl-CpG binding proteins (MBDs) read them
  Patterns of CpG methylation may be person-specific, tissue-

specific, or locus-specific

Ambrosi (2017) J Mol Biol
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CpG dinucleotides and islands
 Few CpG dinucleotides interrupted by so-called CpG islands
 CpG island ad hoc definition: length >200 bp, CG >50%, observed-to-

expected CpG ratio >60%
 ~30,000 CpG islands in the human genome
 ~70% of human promoters have high CpG content (Saxonov 2006 PNAS)
 Methylation of CpG islands silences gene expression

Esteller (2002) Oncogene31



CpG dinucleotides and islands

APRT: Adenine Phosphoribosyltransferase
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DNA methylation and aging

Young mammalian cells are characterized by DNA hypermethylation over the genome, with the 
exception of CpG islands within the promoters of expressed genes. In particular, DNA repeats, such 
as LINE, SINE, and long terminal repeat (LTR) transposable elements, are heavily DNA-methylated, 
helping to maintain them in a constitutive heterochromatin state. During aging, there is general DNA 
hypomethylation over the genome, which mostly occurs in a stochastic manner within the cell 
population. Loss of DNA methylation leads to activation of normally silenced DNA sequences like 
the transposable elements. However, DNA methylation also increases in a nonstochastic manner 
over the CpG islands of certain genes, correlating with their heterochromatinization and silencing.

Pal & Tyler (2016) Sci Adv33



We identified differentially methylated 
regions for individual cancer types 
and those were further filtered against 
data from normal tissues to obtain 
marker regions with cancer-specific 
methylation, resulting in a total of 1,250 
hypermethylated and 584 
hypomethylated marker CpGs. From 
hypermethylated markers, optimal sets 
of six markers for each TCGA cancer 
type were chosen that could identify 
most tumors with high specificity and 
sensitivity [area under the curve (AUC): 
0.969-1.000] and a universal 12 marker 
set that can detect tumors of all 33 
TCGA cancer types (AUC >0.84).

Vrba & Futscher (2018) Epigenetics

DNA methylation and cancer

34



Histone modifications

themysteryofepigenetics.blogspot.com35



Bansal (2017) Pediatric Diabetes

Histone modifications
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themysteryofepigenetics.blogspot.com

 Histone code: post-translational modifications of histone N-ends (Lys, 
Arg, Cys) by phosphorylation, acetylation, methylation and ubiquitylation. 

 These changes regulate gene expression by modulating the access of 
regulatory factors to the DNA

Histone modifications
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Bauge (2014) Future Med Chem

Histone modifications
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Li (2017) Curr Med ChemBotchkarev (2012) J Invest Dermatol

Histone modifications
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Jackson (2018) Essays Biochem

Chromosomal imprinting
 Chromosomal imprinting: ~100 genes on various chromosomes, 

one copy is inactive by epigenetic mechanisms depending upon 
parent of origin

 For some genes (~70) only the paternal allele is active, while the 
maternal copy is epigenetically silenced throughout the life of the 
individual, and vice versa (~30 genes)

 Mutations in an active copy of a gene result in imprinting disorders

40



Chromosomal imprinting

Jackson (2018) Essays Biochem

http://www.geneimprint.com/site/genes-by-species

Exercise: check your favorite genes!
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Imprinting disorders

Jackson (2018) Essays Biochem42



Imprinting disorders

https://learn.genetics.utah.edu/content/epigenetics/imprinting

 IGF2 is a hormone that stimulates growth during embryonic and 
fetal development // not the IGF2 receptor gene! 

 Normally maternally silenced in humans
 Epimutation (missing methyl tags) can result in two active 

copies

Activation of the maternal IGF2 gene during egg formation or very 
early in development causes Beckwith-Wiedemann Syndrome 
(BWS): 
– overgrowth 
– an increased risk of cancer,
 especially during childhood
– variety of other symptoms

Frequency: ~15,000 births. However, in babies that were conceived 
in the laboratory with the help of artificial reproductive technology, 
the rate of BWS may be as high as 1/4,000. 
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Non-coding RNAs in the genome

Esteller (2011) Nat Rev Genet44



Non-coding RNAs in non-cancer disease

Esteller (2011) Nat Rev Genet45



Non-coding RNAs in Alzheimer’s disease

Esteller (2011) Nat Rev Genet

An antisense lncRNA, BACE1‑AS, regulates the expression of the sense BACE1 
gene (labelled BACE1‑S in the figure) through the stabilization of its mRNA. 
BACE1‑AS is elevated in Alzheimer’s disease, increasing the amount of BACE1 
protein and, subsequently, the production of β‑amyloid peptide. 
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Non-coding RNAs in cancer

Esteller (2011) Nat Rev Genet

Alterations in the epigenetic regulation of the miR‑200 family are involved in 
epithelial-to-mesenchymal transition in cancer. Specifically, CpG island 
hypermethylation-associated silencing of these miRNAs in human tumours 
causes an upregulation of the zinc finger E-box-binding homeobox (HOX) 1 
(ZEB1) and ZEB2 transcriptional repressors, which, in turn, leads to a 
downregulation of E-cadherin CDH147
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 .  (1872-1940)Николай Конст Кольцов

Уотсон, Крик
1953

Кольцов 
1927

Тимофеев-Ресовский, Циммер, 
Дельбрюк, Шредингер

1935-1945

 1915: «Следует признать гены 
способными... к мутациям. 
Ведь во всяком органическом 
соединении атом водорода 
может быть скачкообразно 
заменен группой CH

3
»

 1927: Omnis molecula ex 
molecula: гипотеза о 
матричном воспроизведении 
молекул наследственности
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