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@ A S3 billion, 13-year, multi-national project launched in 1990 led by the US
government to (know the) sequence the human genome and to map and

identify the genes (a draft was published in 2001 and 92% was completed
in 2004).




IMajor outcomes

@ Determination of the number of human genes

@ Development of major technologies and bioinformatic tools
@ Completed sequences of other genomes

@ Open discussion of legal and ethical issues




genome size protein number of

organism (base pairs) coding genes chromosomes
model organisms

model bacteria E. coli 4.6 Mbp 4,300 1
budding yeast S. cerevisiae 12 Mbp 6,600 16
amoeba D. discoideum 34 Mbp 13,000 6
nematode C. elegans 100 Mbp 20,000 12 (2n)
fruit fly D. melanogaster 140 Mbp 14,000 8(2n)
model plant A. thaliana 140 Mbp 27,000 10 (2n)
mouse M. musculus 2.8 Gbp 20,000 40 (2n)
human H. sapiens 3.2 Gbp 21,000 46 (2n)

hepatitis D virus (smallest known animal RNA virus) 1.7 Kb 1 ssRNA
HIV-1 9.7 kbp 9 2 ssRNA (2n)
influenza A 14 kbp 11 8 ssRNA
bacteriophage A 49 kbp 66 1 dsDNA
organelles
mitochondria - H. sapiens 16.8 kbp 13 (+22 tRNA 1

+2 rRNA)
chloroplast - A. thaliana 150 kbp 100 1
eukaryotes - multicellular
dog C. familiaris 2.4 Gbp 19,000 40
chimpanzee P. troglodytes 3.3 Gbp 19,000 48 (2n)



Components of the himan genome

Human genome

|
Mitochondrial genome
16.6 Kb

Nuclear genome
3300 Mb

Dispersed

repeats

v
Genes and gene- Extragenic (intergenic)
related sequences sequences (70%) / | :
(~ 30% ) (Klug & Cummings 2000)
Noncoding sequences PrOtein"COding Unigue or low copy Moderate to highly ["Other (5%) |
number | repetitive (55%)
(~30%) sequences
(1.2%) Interspersed
v \ v
TANDEM repetitive DNA transposons Retrotransposons
v sequences (10%) (3%) (42%)
Introns Pseudogenes Other sequences
(30%) (e.g. untranslated [ r l
regions) A 4 SINEs LINEs Retrovirus-like
(centromeres (VNTRs) (STRs) (8%)
and telomeres)

~5% of the genome contains sequences of noncoding DNA that are highly conserved (critical to survival).

Note: All numbers are aﬁgroximate 5



The ENCODE project(2003-on) | ) -

@ ENCODE: Encyclopedia of DNA Elements (ENCODE)

@ ~75% of the entire human genome is relevant (either transcribed, binds to
regulatory proteins, or is associated with some other biochemical activity).

Summary of ENCODE Results

Protein-coding genes 20687
Short noncoding RNAs 8801
Long noncoding RNAs 9640
Pseudogenes 11,224
Percentage of genome transcribed into RNA 74.7%
Percentage of genome-binding transcription factors &.1%




On March 31, 2022

Gene annotation

A gene: a region of DNA that s> Number of genes 63,494
is transcribed. —_ ,:h:h;f;fm pr— 319349
R E SE A R C H A R T l C L E A transcript: a RNA molecule Protein coding MO0
that is produced by —> "‘:"mhf;: c::ﬁm ?215
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The complete sequence of a human genome

Since its initial release in 2000, the human reference genome has covered only the euchromatic fraction of
the genome, leaving important heterochromatic regions unfinished. Addressing the remaining 8% of the
genome, the Telomere-to-Telomere (T2T) Consortium presents a complete 3.055 billion-base pair sequence
of a human genome, T2T-CHMI3, that includes gapless assemblies for all chromosomes except Y, corrects
errors in the prior references, and introduces nearly 200 million base pairs of sequence containing 1956 gene
predictions, 99 of which are predicted to be protein coding. The completed regions include all centromeric
satellite arrays, recent segmental duplications, and the short arms of all five acrocentric chromosomes,
unlocking these complex regions of the genome to variatioral and functional studies.




On August 23, 2023. It is finally done.

nature

Article | Published: 23 August 2023

e complete sequence of ahuman Y chromosome ’

Arang Rhie, Sergey Nurk, Monika Cechova, Savannah J. Hoyt, Dylan J. Taylor, Nicolas Altemose, Paul W.

Abstract

The human Y chromosome has been notoriously difficult to sequence and assemble because
of its complex repeat structure that includes long palindromes, tandem repeats and
segmental duplications22. As a result, more than half of the Y chromosome is missing from
the GRCh38 reference sequence and it remains the last human chromosome to be finished*>.
Here, the Telomere-to-Telomere (T2T) consortium presents the complete 62,460,029-base-
pair sequence of a human Y chromosome from the HGO02 genome (T2T-Y) that corrects
multiple errors in GRCh38-Y and adds over 30 million base pairs of sequence to the reference,
showing the complete ampliconic structures of gene families TSPY, DAZ and RBMY, 41
additional protein-coding genes, mostly from the TSPY family; and an alternating pattern of
human satellite 1 and 3 blocks in the heterochromatic Yql2 region. We have combined T2T-Y
with a previous assembly of the CHM13 genome* and mapped available population variation,
clinical variants and functional genomics data to produce a complete and comprehensive

reference sequence for all 24 human chromosomes.



Tandem repeats




Satellite (macro-sate

@ Regions of 5-300 bp repeated 106-107 times e T

(Contain satellite DNA)

@ Centromeres and telomeres

@ Centromeric A/T-rich repeats (171 bp) called a-
satellite unique to each chromosome (you can . <
make chromosome-specific probes) by
fluorescence in situ hybridization (FISH).
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Fluorescence in situ Aybridization (FISH)

@ Hybridization of human
chromosomes with chromosome-
specific fluorescent probes that
label each of the chromosomes a
different color.
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Telomeric repeats

@ (TTAGGG) is repeated hundreds to thousands of times at the termini of
human chromosomes with a 3’ overhang of single-stranded DNA.

@ The repeated sequences form loops that bind a protein complex called
shelterin, which protects the chromosome termini from degradation.

@ Telomeric repeat-containing RNA (TERRA): a long non-coding
RNA transcribed from telomeres and functions in:

maintaining the integrity of chromosome termini,

regulating telomerase activity,
maintaining the heterochromatic state of telomeres,

protecting DNA from deterioration or fusion with
neighboring chromosomes Sheftern




Mini- and Micro-satellite DNA

Minisatellite: Variable Number Tandem Repeats (VNTR)

Repeated 4 times

Microsatellite: Short Tandem Repeats (STR) — Simple Sequence
Repeats (SSR)




Mini-satellite DNA

@ Mini satellite sequences or VNTRs (variable number of tandem repeats) of
20 to 100 bp repeated 20-50 times

Restriction Endonuclease ”ﬂﬁ'ﬂ' ‘ﬁ':::artf

Cutting Sites




Micro-satellite DNA

@ STRs (short tandem repeats) of 2 to 10 bp repeated 10-100 times

P2
40 bp 5 Allele 1 = (CA)4g

CA|CA|CA|CA|CA|CA|CA|CA|CA|CA|CA|CA|CA|CA|CA|CA
GT GT|GT|GT|GT|GT|GT|GT|GT|GT|GT|GT|GT|GT

P1 e .
— Y 40 bp
PCR product =80 + 32 =112 bp

Allele 2 = (CA)14 i

CA|CA|CA|CA|CA|CA|CA|CA|CA|CA|CA|CA[CA|CA

P1 ; *
PCR product = 80 + 28 = 108 bp




Polymorphisms of VNTR and SIR
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@ STRs and VNTRs are highly variable among individuals (polymorphic).
@ They are useful in DNA profiling for forensic testing.

Homologous chromosome

(or homologs) are the set of one
maternal and one paternal
chromosome somatic diploid cells.
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Homologous
chromosomes

Individual A Individual B

Cut with restriction enzyme

and analyze by gel electrophoresis,
Southern blotting, and probing with
a monolocus probe
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The likelihood of 2 unrelated individuals

having same allelic pattern is extremely
improbable.




Real example .
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Variable number of tandem repeats
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Thompson & Thompson Genetics in Medicine, p. 130, 1991




Paternity testing




Another source of genetic variation
Single-nucleotide substitutions of one base for another

Two or more versions of a sequence must each be present in at least one
percent of the general population

SNPs occur throughout the human genome - about one in every 300
nucleotide base pairs.

@ ~10 million SNPs within the 3-billion-nucleotide human genome
@ Only 500,000 SNPs are thought to be relevant




Chr 2
copyl

Chr 2
copy?

Chr 2
copyl

Chr 2
copy2

Chr 2
copyl

Chr 2
copy2

Individual 1

« «  CGATATTCCTATCGAATGTC. ..

.« .GCTATAAGGATAGCTTACAG.

« «  CGATATTCCEATCGAATGTC.
.« .GCTATAAGGGTAGCTTACAG.

Individual 2

« « « CGATATTCCEATCGAATGTC. ..

.« GCTATAAGGGTAGCTTACAG.

.« .CGATATTCCCATCGAATGTC.
« «  GCTATAAGGGTAGCTTACAG.

Individual 3

« « « CGATATTCCEATCGAATGTC. ..

.« .GCTATAAGGATAGCTTACAG.

« « o CGATATTCCEATCGAATGTC.

« «  GCTATAAGGATAGCTTACAG. .

Individual 4

chr2 -« « CGATATTCCTATCGAATGTC.
copyl « «  GCTATAAGGATAGCTTACAG.

chro *++ +CGATATTCCCATCGAATGTC.
copy2 « « « GCTATAAGGGTAGCTTACAG.

Individual 5

chr2 ¢+ « CGATATTCCCATCGAATGTC.
copyl « « « GCTATAAGGGTAGCTTACAG.

chr2 « « « CGATATTCCTATCGAATGTC.
copy? « . .GCTATAAGGATAGCTTACAG.

Individual 6

Homozygous SNP

G|AAGCATCTACGTT| A|TCCATGAAG
G|AAGCATCTACGTT| C/TCCATGAAG

Paternal

poeemal AACTGGACTT|
Matemal I T G G|

allele

Frequency in population:

G51%
T 49% (minor allele)

Heterozygous SNP

A 90%
C10% (minor allele)

chr2 ¢« » « CGATATTCCCATCGAATGTC. ..

copyl « « « GCTATAAGGGTAGCTTACAG.

chr2 « « « CGATATTCCTATCGAATGTC.
copy? « « «GCTATAAGGATAGCTTACAG.




Categories of SNPs "= e

Linked SNPs Causative SNPs
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TTGGCCAGCTGGﬁAGGGCGATGAC

P
m
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Non-codmg SNP:
@ changes amount of
protein produced

e changes amino
acid sequence

TTGGCCAGCTGG AGGGCGATGAC




Interspersed repeats




Transposons (jumping genes) P, -

@ They are segments of DNA that can move from their original position in
the genome to a new location.

@ Two classes:
@ DNA transposons (3% of human genome)
@ RNA transposons or retrotransposons (42% of human genome).
©@ Long interspersed elements (LINEs, 21%)
@ Short interspersed elements (SINEs, 13%)
@ An example is Alu (300 bp)
@ Retrovirus-like elements (8%)




Retrotransposon

Chromosomal

A retrotransposon present at one Sy
site in chromosomal DNA is
transcribed into RNA.

l Transcription

The RNA is converted back into  RNA ————

DNA by reverse transcriptase. l Reverse transcription

The retrotransposon DNA can

then integrate into a new Retrotransposon DNA

chromosomal site. lln;egration into

LINEs contain reverse hromosemarbiA
transcriptase genes and the o ool site —
integrase gene that is necessary Retrotransposon

for integration into cellular DNA.




—— @ Over 99% of the transposons in

the human genome lost their
2/ 1 3 . :
ability to move, but we still have
'—b

Gene X some active transposable
— -} elements that can sometimes
Transcribed in certain cel types, protein product ks active cause disease.

@ Hemophilia A and B, severe
combined immunodeficiency,
porphyria, predisposition to
cancer, and Duchenne
muscular dystrophy.

Protein product not functional

Transcription aclivated in other cell types
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