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MEDICAL GENOMICS

e Big genomic data enable inference without intervention
(aka reverse genetics)

e Data are just around the corner




MEDICAL GENOMICS

Part I. Kro BuHoBar?

Mutations: origins and rates

Mutations: transmisson

Mutations in time: some basics of population genetics

Mutations 1n space: genes and consequences

Mutations 1n individuals and populations

Part I1. YUro nenarn?

6. Mendelian diseases: gene discovery and diagnostics

7. Some basics of genetic epidemiology and quantitative
genetics

8. Complex diseases: gene discovery and allelic architecture

9. Oncogenomics

10. Pharmacogenomics
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Remarks

e English

e Molecular genetics + population genetics + medical
genetics + statistical genetics + genetic
epidemiology + bioinformatics = no textbook

e Many topics not covered: immunology, pathogens,
microbiome, therapy (genome editing)

¢ Definitions
e Slides for individual work at home
e Summary, concepts, further reading



Remarks

e OKOHYATEJIBHBIM CIIMCOK CAyILIATENICH Kypca K 21 JICKIIUH

e Mid-term test: MMCbMEHHBIN, KOPOTKHE BOIPOCHI U 3aJa4H.
bes nepenucvieanus

¢ JKypHanbHbIil K1y0: ~6 cTarer, 15 MUHYT Ha CTaThIO

¢ 3a4eT aBTOMATOM IO pe3yJIbTaTaM MUATEPMA U KypKiIyoa

e ITOroBEIN 3a4eT: MUCEMEHHBIN + COOECEIOBAHUE



Textbooks

1. T.Strachan, A.Read. Human Molecular Genetics. 2011.
ISBN 0815345895.

2. J. Gillespie. Population genetics. A concise guide 1998
ISBN 0-8018-5764-6

3. S. Szalai, et al. Medical genetics and genomics. 2016.
https://www.researchgate.net/publication/303309837 M
edical genetics and genomics 2016

4. A.Gniffiths et al. An Introduction to Genetic Analysis.
Freeman/Worth, 11 ed. 2015 ISBN 1464109486

5. boukos H.II., ITy3sipeB B.I1., CMmupauxuna C.A.
Knnanyeckas reHetuka. Yueonuk. [log pen. H.II.
boukoBa. | DOTAP-Menua, 4-¢ nuzganue, 2018. ISBN
978-5-9704-4628-7
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Lecture plan

- Human karyotype

- Mitosis and DNA replication

- Replication fidelity and mutation rate

- Exogenous and endogenous DNA damage
- DNA repair mechanisms

- Single nucleotide variants

- Structural variants and CNVs

* Aneuploidy
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Human karyotype

e Euchromatin (2.9 Gbp): the gene-rich, transcriptionally active regions of the
nuclear genome

e Heterochromatin (0.2 Gbp): tightly packed (condensed), transcriptionally
inactive, highly repetitive DNA. Location: centromeres, telomeres.

e Metacentric chromosomes have the centromere 1n the center, such that both
arms are of nearly equal length.

e Acrocentric chromosomes (13, 15, 21, 22) have unequal arms.
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Sex chromosomes

~ Pseudoautosomal
e region 1
. | Maleness gene SRY —A
Differential u'_ Centromere 7] | Differential
region of the 2 [ . region of the Y
X (X-linked (Y-linked genes)
genes)
iy
|/ Pseudoautosomal
X region 2 Y
Women: XX, men: XY Q: transmission of Y chromosome

Griffiths -- Introduction to Genetic Analysis
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The cell cycle

Spindle-
T . assembly L
ﬂM|t05lsandcyt0k|n95|s checkpoint Cytc:-klnems/
G

(cell division) take

place in M phase.
R
L

N
,\— M phase:
S nuclear and

G,/M checkpoint
cell division

e

3 After the Gy/M ——
checkpoint, the [

cell can divide. J
In G, the cell G, |“tlfrpha5i:':
prepares for mitosis. cell growt

EB3ins,oNA | <
duplicates.J

2.7 The cell cycle consists of interphase and M phase.

12

During G4, the |
cell grows. ﬁ

a Cells may enter
Gg, a non-

/ dividing phase.

Go

__—G,/S checkpoint

EJ After the G,/S
checkpoint, the

N cell is committed
| to dividing.

Pierce -- Genetics Essentials. Concepts and Connections



Mitosis

/Parent cell (2n) ) /Prophase ) /Metaphase ) Anaphase )
N
| ’ . /K/Kx\\\ //)l\ g &,\\h
/ Ak \\V SV
N J J L J \\ J
Individual chromosomes align] Chromatids
on the metaphase plate. separate.
Two daughter cells, )
each 2n
(1 )
~ el A
2n 2h
AN J

Mitosis: a type of cell division that results in two daughter cells
with the set of chromosomes as the parent nucleus, typical of

ordinary tissue growth
13 Pierce -- Genetics Essentials. Concepts and Connections
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DNA replication forks

Okazaki fragments

5 ., 34
) \3 : _/ 3
~ 3’5 35
—p

- direction of fork movement -

1 lagging-strand template
leading-strand template of right-hand fork
of left-hand fork
\ =

most recently
synthesized DNA

3 5

lagging-strand template

of left-hand fork leading-strand template

of right-hand fork

Alberts -- Essential Cell Biology
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DNA replication forks

/— origins of replication

direction of
fork movement

[N -

/

replication forks —

Alberts -- Essential Cell Biology
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Repeat expansion during replication

1 2 3 4 5 6 7 8
i e W e W i W e Wi
GTCGTCGTCGTCGTCGTCGTCGTC

CAGCAGCAGCAG CAG CAGCAG CAG a CAG repeat.

This DNA molecule
has eight copies of

The two strands
separate...

GTCGTCGTCGTCGTCGTCGTCGTC

£} ...and
replicate.

GTCGTCGTCGTCGTCGTCGTCGTC
CAGCAGCAGCAGCAGCAGCAGERZ

|

GTCGTC GTCGTCGTCGTCGTCGTC
CAG

In the course of replication, a
hairpin forms on the newly
| synthesized strand, ...

Pierce -- Genetics Essentials. Concepts and Connections
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2 3 4 5 6 7 8

GTCGTC GTCGTCGTCGTCGTCGTC

Y
A

...causing part of the template

strand to be replicated twice and
increasing the number of repeats
on the newly synthesized strand.

5
The two strands of the new DNA
molecule separate, ...
G TCGTCGTC
CAGCAG CAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAG |

1 2 3 4 5 678},\9]0]]]213
...and the strand with extra CAG
copies serves as a template
for replication.

I 2 3 4 5 6 7 8 9 10 11 12 13

GTCGTCGTCGTCGTCGTCGTCGTCGTCGTCGTCGTCGTC
CAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAG
12345678/\9]0]]]2]3

The resulting DNA molecule
contains five additional copies
of the CAG repeat.




Repeat expansion during replication

Newly synthesized strand 5" [ {eda e fa 0000 37
Template strand 3’ [N {d.{qaananiddd.V.q5"

Newly synthesized l Template strand
strand loops out, ... l l loops out,...
V

; /
SYACGGACTGAAAES Y ACGGACTGAAAAEY
ER TGCCTGACTTTTTGCGAARME R TGCCTGACT Il TGCGAALY

...resulting in the ...resulting in the
addition of one omission of one
nucleotide on the nucleotide on the
new strand. | new strand.

\
\/ \ I
A
JJACGGACTGAAAAACGCTTELACGGACTGAAAACGCTTES
ETGCCTGACTTTTTGCGAALIIERTGCCTGACTTITTGCCAARY

13.13 Insertions and deletions may result from strand
slippage.

17 Pierce -- Genetics Essentials. Concepts and Connections



Repeat expansion and disease

Table 13.1 Examples of genetic diseases caused by expanding trinucleotide repeats

Number of Copies of Repeat

Disease Repeated Sequence Normal Range Disease Range
Spinal and bulbar muscular atrophy CAG 11-33 40-62
Fragile-X syndrome CGG 6-54 50-1500
Jacobsen syndrome CGG 11 100-1000
Spinocerebellar ataxia (several types) CAG 4-44 21-130
Autosomal dominant cerebellar ataxia CAG 7-19 37-220
Myotonic dystrophy CTG 5-37 44-3000
Huntington disease CAG 9-37 37-121
Friedreich ataxia GAA 6-29 200-900
Dentatorubral-pallidoluysian atrophy CAG 7-25 49-75
Myoclonus epilepsy of the Unverricht-Lundborg type* CCCCGCCCCGCG 2-3 12-13

Exercise: find related genes in OMIM database

fa}

Pierce -- Genetics Essentials. Concepts and Connections




What is MIM/OMIM ?

:?;g About Statistics ~ Downloads ~ Contact Us MIMmatch Donate ~ Help ~ (2]
4

YEARS

MIM

Human Genetics Knowledge
for the World

OMIM®

Online Mendelian Inheritance in Man®

An Online Catalog of Human Genes and Genetic Disorders
Updated Febuary 14, 2020

Advanced Search : OMIM, Clinical Synopses, Gene Map
Need help? : Example Searches, OMIM Search Help, [§ OMIM Video Tutorials

Mirror site : https://mirror.omim.org

19
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Mutations

Mutations are random changes in DNA sequences
Mutations are the cause of all genetic variation and genetic disease.

Variants: mutations (recent changes) OR polymorphisms
(segregating 1n a population) OR engineered (non-random) changes

Mechanisms of mutation:

* Spontaneous replication errors

* Endogenous (spontaneous) DNA damage: deamination,
depurination

* Exogenous (induced) DNA damage: chemical agents, radiation
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Mutations

Single nucleotide variant: change of the base of a single DNA
nucleotide (90%)
e Transition (G>A, C>T)
e Transversion (C>@, etc)
Short deletion: removal of few (<50bp?) nucleotides (6%)
e Deletion of a unique sequence
e Contraction of a short repeat
Short insertion: addition of few (<50bp?) nucleotides (2%),
e [nsertion of a unique sequence
e Expansion of a short repeat
Structural variant (2%): sequence change ~1 kbp and larger in size
e Balanced
Inversion or translocation
e Unbalanced (aka CNV, copy number variant)
Tandem or dispersed duplication, deletion, insertion
Aneuploidy: wrong number of whole chromosomes: nullisomy,
monosomy, trisomy






Standard and non-standard base pairing

P - ~ Non-Watson-and-Crick base pairing
Standard base-pairing arrangements s ~
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Replication errors become mutations

DNA strands separate
for replication.

Thymine on the original template strand base pairs with
guanine through wobble, leading to an incorporated error.

/\

PNA co wj

. G
CG
GC_

GC L Wild type
e e ——— S oo
T~ GGC - m Mutant  T:A> C:G
/

At the next round of replication, the guanine nucleotide
pairs with cytosine, leading to a transition mutation.

Pierce -- Genetics Essentials. Concepts and Connections
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Mechanisms of replication fidelity

Overall mutation rate: 10'° per nucleotide per replication

1. DNA polymerase: ~10~ error rate

2. Proofreading 3">5' exonuclease removes 99% mispairings: ~10

3. Mismatch repair (MMR) machinery removes and restores DNA
fragment around the mismatch: ~10-

BASE SELECTION 104-10°

DNA REPLICATION FIDELITY 10-10

Fijalkowska (2012) FEMS Microbiology Rev
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Mechanisms of replication fidelity

Overall mutation rate: 10'° per nucleotide per replication

TABLE 6-1 ERROR RATES

US Postal Service on-time delivery of local 13 late deliveries per 100 parcels
first-class mail

Airline luggage system 1 lost bag per 200

A professional typist typing at 120 words 1 mistake per 250 characters
per minute

Driving a car in the United States 1 death per 10* people per year
DNA replication (without mismatch repair) 1 mistake per 107 nucleotides copied
DNA replication (including mismatch 1 mistake per 107 nucleotides copied
repair)

Alberts — Essential Cell Biology



Mutation rate and its consequences

S: mutation rate per nucleotide per cell division

K: the average number of germline cell divisions per generation, from zygote
to zygote (~30 in females, ~60—500 in males)

N: genome size

Mutation rate per genome: SXKxN

~107" per nucleotide per cell division (or ~107® per generation, because there
are ~100 cell divisions and rounds of DNA replication per human generation
— ~100 de novo mutations in a newborn

1) ~1% of all newborns being affected by a serious disease due to a de novo
mutation. If the mutation rate were 100 times higher, 107® per cell division, we
would immediately go extinct.

2) 10™ cells in human body = total number of somatic mutations in each
person ?

m Crumbling Genome: The Impact of Deleterious Mutations on Humans, First Edition. Alexey S. Kondrashov.
© 2017 John Wiley & Sons, Inc. Published 2017 by John Wiley & Sons, Inc.
26
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Mutation rate and its consequences

Genes Genet. Syst. (2019) 94, p. 13-22

Spontaneous de novo germline mutations in humans and
mice: rates, spectra, causes and consequences

Mizuki Ohno*

The human body consists of approximately 10'* cells and undergoes
approximately 10'° cell divisions in a lifetime, resulting in over 10"
cumulative mutations per individual (Frank, 2014).

If 10° stem cells in intestinal tissue generate transient daughter cells once
a week with a mutation rate of approximately 10~ per nucleotide per cell
division, the intestinal epithelium of a 60-year-old human would have
accumulated more than 10° independent mutations. Thus, nearly every

genomic site is likely to be mutated in at least one cell in this organ
(Lynch, 2010a, 2010b).

fat
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Endogenous DNA damage

Depurlnatlon G.C AT

Deamination CG—-UA—-TA

CG-5mC.G—-TG—->TA

N ™
0 0
H H HyC H
Ii\ Deammatlon . | U/l\ Deammatlon | T/j\
H N o] H N 0
NHZ | NHz |
Cytosine Uracil 5-Methylcytosine Thymine
(5mC)

S

S

Pierce -- Genetics Essentials. Concepts and Connections

, N )
sorgir—phosphate Bn replication, the apurinic site A nucleotide with the At the next round of ...leading to
backbone cannot provide a template for mcpryect base (molst often repllcatlon, this mcoryectly a permanent

a complementary base on the A) is incorporated into the incorporated base will be mutation.
\ 5 ] newly synthesized strand. newly synthesized strand. used as a template, ... ' \
ases - \U - \T \
— \ Te r\|11plate Mutant
\ strands
\ \ /
Pyrimidine \ \ A
\ A Strand I
Apurinic separation eI
QQ site — .
| U/ d -
- Stran S
Purine = separation Replication ) A
Depurination 7 §
S~ A nucleotide is incorporated
w into the newly synthesized
OH Normal DNA molecule strand opposite the apurinic site.
3’ (ho mutation) |
A , /



Deamination of 5’-methylcytosine

0
H3C N chfL _H CpG — TpG
C Deamination T N
H | NJ\O ‘w : | N)\O
| NH, | Complementary:
5-Methylcytosine Thymine CpG — CpA
(5mC)

* Cannot be detected by DNA repair system, because 1t produces a
normal base

* Most mutations occur in male germ cells (M/F = 7:1), because of
heavy methylation of sperm DNA and high number of cell divisions

* Example: 46% of point mutations in coagulation factor VIII (F8) in
unrelated hemophilia A patients

* 23% of all mutations in Human Gene Mutation Database (1998)

29
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Exogenous DNA damage

Chemical mutagens

e Base analogs: 5-bromouracil, 2-aminopurine

o Alkylating agents: methyl (-CH,) and ethyl (-CH,—CH)
groups added to nucleotide bases

e Deamination: nitrous acid deaminates cytosine, creating uracil

e Hydroxylamine: adds a hydroxyl group (—OH) to cytosine
e Intercalating agents: proflavin, acridine orange, ethidium

bromide, dioxin

Visible light

750 nm
Yellow
Green
Blue
380 nm

Radiation ;
o o - ; Gamma | Cosmic
PS IOIllZlIlg: NIO-S . 1 nm Rlad|olwavels Mlclrowa:res Ilnfrar?d , ‘, U‘:f Xrlays , r:ays , r?ys ,
. lO‘im 10% nm 10° nm 10° nm 1 nm 103 nm 107° nm
e Ultra-violet: ~1 — 380 nm m) —
onizing radiation
HighestI

I
Lowest Energy level

Pierce -- Genetics Essentials. Concepts and Connections



Exogenous DNA damage

Chemical mutagens: 5-bromouracil

@) (b)
~ - r/' - - - - - -'\\
Normal base Base analog - Normal pairing y Mispairing g -
H3C O Br 0 Br OttttoouttH—N/ N\YH Br 0 0 N H
H /T N—H H /Bl.l N—H HMN—H ....ooo..N>/_\§/N‘-\ H—%;](N_OOCOUUUO‘H—N G\ N\
i o N . Dt N
0 0 / 0 H / OonnnocoolH—N\
H
. Thymine 5-Br0m0uraci|/. . 5-Bromouracil Adenine 5-Bromouracil (ionized) Guanine )

In replication, 5-bromouracil may

become incorporated into DNA in place of nucleotide pairs with

3 In the next replication, this guanineﬁ

cytosine,

leading to a permanent mutation.

thymine, producing an incorporated error.

: e 3 ’ Riz licated
\ '3/ ) gl g! errir
3-’/ > g’ |33 g' \izr;?;rc:\tion o Y g‘ g'
Incorporated , , jtrand Mutant
g: g: i?;rition erp“’r s IS 3 | g B g \ieparation
\‘ Replication f . )
3 5" : / 5 WO I —— 5 S 3
> 33— 5’ 3’ 3 5-Bromouracil may mispair Replication
Replication with guanine_in t_he next 1
| round of replication. J If 5-bromouracil pairs
with adenine, no
Conclusion: Incorporation of bromouracil followed by replicated error occurs.

mispairing leads to a TA — CG transition mutation.

Pierce -- Genetics Essentials. Concepts and Connections



Chemical mutagens

Exogenous DNA damage

4 Type of h
Original base Mutagen Modified base Pairing partner mutation
H3C—CH,
H\\,/rN P H\r/fn 0 0 CH;
N g N N\ \ CC—TA
(a) EMS e N—H#ssesH—N T H
- —
N _ N= N
H—H | Alkylation N—Hessoosasl N\
H /
H
Guanine 0®%-Ethylguanine Thymine
H
: e 0 H N/ H
H ssneeH — N
—
/ -\ Nitrous acid \]/
) H4<E<<N (HNO,) | /u N—H-....N/A\ N CG—TA
o N—< =N
/ 0 Deamination / b H>_
Cytosine Uracil Adenine
HO H
H NH, \ /
H NesessH—N N H
\ Hydroxylamine H\\J/
n— € (NH,OH) i N eves A NN CC—TA
(c) N ‘< > N ~< =N
/ .
0 Hydroxylation / 5 H
Cytosine Hydroxylamino- Adenine
\_ cytosine Y,

32

Pierce -- Genetics Essentials. Concepts and Connections



33

Exogenous DNA damage

(a) (b) 7
e 4 ™ @)

: (b)
3’ UV light 3

L K
N yo N & ®/O:» ) P

Proflavin h Thymine —
Nitrogenous Covalent
bases ‘ y
bases 5 bonds <> 5 I
H H H Intercalated
H lecul
H | \ /moecue Sugar-phosphate
H3C~ Ng N~ EH3 backbone

L H -

|
CH,4 CHs

Acridine orange

AN /
13.20 Intercalating agents such as proflavin and acridine 13.21 Pyrimidine dimers result from ultraviolet light.
orange insert themselves between adjacent bases in DNA, (a) Formation of thymine dimer. (b) Distorted DNA.

distorting the three-dimensional structure of the helix and
causing single-nucleotide insertions and deletions in
replication.

Intercalating agents: distorted DNA = insertions and deletions
Ionizing radiation:

e Free radicals, reactive 1ons = altered bases

e Double-strand breaks

UV light: Pyrimidune dimers (TpT, CpC, CpT) = distorted DNA =
replication blocked = apoptosis or continued error-prone replication

Pierce -- Genetics Essentials. Concepts and Connections
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fal Endogenous DNA damage

Depurination: about 5000 adenine or guanine bases are lost every day
from each nucleated human cell by spontaneous hydrolysis of the base-
sugar link

Deamination: at least 100 cytosines each day in each nucleated human
cell are spontaneously deaminated to produce uracil.

Attack by reactive oxygen species: highly reactive superoxide anions
and related molecules are generated as a by-product of oxidative
metabolism 1in mitochondria. They can also be produced by the impact
of 1onizing radiation on cellular constituents. These reactive oxygen
species attack purine and pyrimidine rings.

Nonenzymatic  methylation: accidental nonenzymatic = DNA
methylation by S-adenosyl methionine produces about 300 molecules
per cell per day of the cytotoxic base 3-methyl adenine, plus a quantity
of the less harmful 7-methyl guanine.

Strachan, Read. Human Molecular Genetics, Chapter 13
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fal Exogenous DNA damage

Ionizing radiation: gamma- and X-rays can cause single-strand or
double-strand breaks in the sugar-phosphate backbone.

Ultraviolet radiation: UV-C rays (with a wavelength of about 260 nm)
are especially damaging, but the major source of UV damage in humans
1s from the UV-B rays (260-315 nm) 1n sunlight that can penetrate the
ozone layer. UV radiation causes cross-linking between adjacent
pyrimidines on a DNA strand to form cyclobutane pyrimidine dimers
and other abnormal photoproducts.

Environmental chemicals: these include hydrocarbons (for example, 1n
cigaretre smoke), some plant and microbial products such as the
aflatoxins found on moldy peanuts, and chemicals used in cancer
chemotherapy. Alkylating agents can transfer a methyl or other alkyl
group onto DNA bases and can cause cross-linking between bases
within a strand or between different DNA strands.

Strachan, Read. Human Molecular Genetics, Chapter 13
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DNA repair mechanisms

One strand affected:

Mismatch repair (MMR) during replication

Direct reversal

Base excision repair (BER) before replication
Nucleotide excision repair (NER) before replication

Both strands affected:

* Non-homologous end joining (NHEJ): ionizing radiation; errors at
the replication fork; strong oxidizing agents; metabolites produced in
the cell

* Homologous recombination (HR): when a double-strand break
occurs shortly after a stretch of DNA has been replicated; at that
time, the duplicated helices are still in close proximity to one another



DNA mismatch repair mechanism (MMR) (1)

(a) EB In DNA replication, a
mismatched base was
added to the new strand.

<o

New DNA

f
/
Old (template) DNA

Incorrectly paired bases distort the
three-dimensional structure of DNA,
and mismatch repair enzymes detect
these distortions. A complex of
mismatch-repair enzymes cuts out
the distorted section of the newly
synthesized strand and fills the gap
with new nucleotides, by using the
original DNA strand as a template.
The template strand is recognized by
the presence of methyl groups on
special sequences of the old strand.

3 Vethylation at GATC sequences allows old and newly synthesized nuclectide strands

the old strand will be methylated but the new strand will not.

to be differentiated: a lag in methylation means that, immediately after replication,

GATC

X
Methyl group— I

Mismatch-repair
complex

Nick

(b) Mgthyl group
GATCJ
¢ ;
I'u"lis.maltch—,.-r 3 The mismatch-repair complex brings the
repair J == mismatched bases close to the methylated
complex / GATC seguence, and the new strand is identified.
a
(o) l
5’ GATC
Methyl group/ Exonucleases remove nucleotides |

__lon the new strand between the
——— | GATC sequence and the mismatch. |

3
DNA bases
(d)
GATC
/&
Methyl group DMNA polymerase then replaces the nucleotides,
correcting the mismatch, and DNA ligase seals
=, the nick in the sugar-phosphate backbone.
A

37 Pierce -- Genetics Essentials. Concepts and Connections
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Repair by direct reversal (2)

H
/
H\r//“ 2 Oxidative OYN O
/4 radicals J
/ G N—H > /N N—H
N=— N:<
N—H N—H
H o
Guanine 8-Oxy-7,8-dihydrodeoxyguanine

(may mispair with adenine)

13.28 Direct repair changes nucleotides back into their
original structures.

Direct repair does not replace altered nucleotides but, instead,
changes them back into their original structures. For example, direct
repair corrects O°-methylguanine, an alkylation product of guanine
that pairs with adenine, producing G:C—T:A transversions. An
enzyme called O°-methylguanine-DNA methyltransferase removes
the methyl group from O°-methylguanine, restoring the base to
guanine.

Pierce -- Genetics Essentials. Concepts and Connections
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Base and nucleotide excision repair (3, 4)

(A) base excision repair

cEla

A T 3

G U ey > oy
T A  DNA glycosylase endonuclease DNA polymerase
G C phosphodiesterase DNA ligase Il
(B) nucleotide excision repair A

C G

A [

G C T,C,A G

T A ;

C G

ALLT > —— >
A 1] nuclease DNA helicase DNA polymerase
T A DNA ligase

A 1

G c

G C

(A) Base excision repair (BER) corrects most common DNA
damages: ~20,000 bases 1n each cell per day

(B) Nucleotide excision repair (NER) remove thymide dimers and
large chemical alterations Strachan, Read. Human Molecular Genetics



Non-homologous end joining (NHE))
-

CCTTACTATCCGICTGATG
STCTAAGGAATGATAGGC|IGA C

o
(1]
a
[

[B)

a
v]

"
AGATT|IccT TATCCGlcTeAaATG
ccTAAlGGAAT cecelecacTAcC

KU.\{/.
AGATTCCT TA CCGCTGATG
TCTAAGGA T GGCGACTAC

Polymerases ‘V XA \‘A Polymerases

Ligase
Nuclease Nuclease
AGATTICCTTATCCGICTGATG
T CTAA GAATAGGCIGACTAC

]

AGATTICCTTAGQgCcZTCCGICTGA
TCCgAGGC|GAC

v
(g}
(D]
w
LT
7}
7}
o
o
(B
LT
')

AGAZ?ZICCCG|ICTGAZG
TCTAAIGGGCIGACTAC

AGATT|ICCTTACTCCGICTGA
TCTAAGGAATgAGGCIGACTAC

Michael R. Lieber (2008) J. Biol. Chem.



Repair by homologous recombination (HR)

double-strand break
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DNA SYNTHESIS AND MIGRATION
OF BRANCH POINT

Homologous recombination:
exchange of genetic information

between homologous DNA molecules
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J

homologous
DNA dublexes

DNA SYNTHESIS AND MIGRATION
OF BRANCH POINT
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NET RESULT: DOUBLE-STRAND BREAK IS ACCURATELY REPAIRED

Alberts — Essential Cell Biology



A Genetic diseases associated with
defects in DNA-repair systems

Disease

Symptoms

Genetic Defect

Xeroderma pigmentosum
Cockayne syndrome
Trichothiodystrophy
Hereditary nonpolyposis
colon cancer

Fanconi anemia

Ataxia telangiectasia

Li-Fraumeni syndrome

42

Frecklelike spots on skin, sensitivity to sunlight,
predisposition to skin cancer

Dwarfism, sensitivity to sunlight, premature
aging, deafness, mental retardation

Brittle hair, skin abnormalities, short stature, immature
sexual development, characteristic facial features

Predisposition to colon cancer

Increased skin pigmentation, abnormalities of skeleton,
heart, and kidneys, predisposition to leukemia

Defective muscle coordination, dilation of blood
vessels in skin and eyes, immune deficiencies,
sensitivity to ionizing radiation, predisposition to cancer

Predisposition to cancer in many different tissues

Defects in nucleotide-excision repair
Defects in nucleotide-excision repair
Defects in nucleotide-excision repair
Defects in mismatch repair

Possibly defects in the repair

of interstrand cross-links

Defects in DNA-damage detection

and response

Defects in DNA-damage response

Pierce -- Genetics Essentials. Concepts and Connections



A Genetic diseases associated with
defects in DNA-repair systems

Xeroderma pigmentosum, a rare autosomal
recessive condition that includes abnormal
skin pigmentation and acute sensitivity to
sunlight. Persons who have this disease also
have a strong predisposition to skin cancer,
with an incidence ranging from 1000 to 2000
times that found 1n unaffected people.

The cells of most people with xeroderma
pigmentosum are defective in nucleotide
excision repair, and many of their pyrimidine
dimers (UV  from sunlight) remain
uncorrected and may lead to cancer.

43 Pierce -- Genetics Essentials. Concepts and Connections
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De novo mutations

De novo mutations (DNM) detected in a genome (exome), for
example, by sequencing a mother-father-child trio

DNM rate variation: across the genome; in families; mutational
clusters (within an individiual) and mutational hotspots (across
individuals)

Factors contributing to DNM rate variation:

- sequence composition and functional context

- replication timing: early / late

» transcriptional activity and chromatin state

- the number of mitoses a cell has undergone (parental age)
- exposure to damaging agents

- the efficiency of the DNA repair

- the amount of time between mitoses



Mutation rates in disease-causing genes

Disorder MIM Mutations per Million Gametes Signs and Symptoms (Phenotype)
X-linked

Duchenne muscular dystrophy 310200 40-105 Muscle atrophy

Hemophilia A 306700 30-60 Severe impairment of blood clotting
Hemophilia B 306900 0.5-10 Mild impairment of blood clotting

Autosomal Dominant

Achondroplasia 100800 10 Very short stature

Aniridia 106200 2.6 Absence of iris

Huntington disease 143100 <1 Uncontrollable movements, personality changes
Marfan syndrome 154700 4-6 Long limbs, weakened blood vessel walls
Neurofibromatosis type 1 162200 40-100 Brown skin spots, benign tumors under skin
Osteogenesis imperfecta 166200 10 Easily broken bones

Polycystic kidney disease 600666 60-120 Benign growths in kidneys

Retinoblastoma 180200 5-12 Malignant tumor of retina

Exercise: find related genes in OMIM database

fa}

45 Lewis — Human genetics. Concepts and applications 2009
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De novo mutations

Primordial germ cell
mitoses (~22)

Primordial germ cell
mitoses (~30)

Fetal development

S O I

Adulthood

No more cell divisions

Actively dividing stem cells

Ovulation occurs each month

|

|

|

|

|

|

| { ¥
I Spermatogonial
|

|

|

from puberty to menopause Mitoses stem cell division
(~190) |
I 4 occursevery 16 d
Age 20 years Y (23 divisions per year)
% (3)E %S{erm 4 y;
~ 7 DNMs 20 DNMs

¥ Enrichment of materna :
O DNMs in specific | )
genomic regions/genes : Mitoses

¢ | (~650)

Age 40 years
%S\perm

12 DNMs 40 DNMs

Maternal Paternal

signatures signatures

CCA=CTA ACG=ATG

GCA=>GTA ATG>ACG .

TCT>TIT ATA>ACA Goriely (2016) Nat Genet



De novo mutations

Paternal and maternal DNMs

+1-3 DNMs for each year of paternal
age at conception.

+0.24 DNMs for each year of
maternal age at conception (non-
replicative DNA damage)

~80% of all DNMs are paternal

This effect varies considerably
between families

47
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De novo mutation spectra

Transitions
e C:G>T:A, deamination of 5-mC and C: 40%
e T:A>C:@, cause unknown: 25%

Note: CpG are only ~1% of the genome, so also at non-CpG;
but transitions at CpG are ~18x more frequent than non-CpG

Transversions // occur ~2.5x more frequently at CpG sites
e G:C>T:A: 10%
¢ G:C>C:G: 10%
e A:T>C:G: <8%
o A:T>T:A: <8%

Ohno (2019) Genes & Genet Systems



De novo mutation spectra
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49 6,970 high confidence DNMs from 109 trios Rahbari et al. (2016) Nat Genet



De novo mutation spectra
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C>T 79,110
G>A 79,016
A>G 47,666
T>C 47,584
C>G 17,431
G>C 17,154
C>A 15,719
G>T 15,234
A>C 12,744
T>G 12,404
T>A 11,637
A>T 11,482
T>TA 739
CT>C 71377

Total 415,515
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de novo
variant

Variants: 415,415

Samples: 11,518
Genes: 17,431
Sites: 270,500
Missense: 20,815
Pred. Damaging: ~715%

Site occurrence in denovo-db
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Mutation timing and mosaicism
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De novo mutations in human disease

e Ultra-rare individually, but significant collectively: 60-75% of
all sporadic disease cases are DNMs

e More damaging than inherited; effect depends on timing

e Severe pediatric disorders in outbred populations: sporadic
malformation  syndromes  (Schinzel-Giedion, Kabuki,
Bohring—Opitz), neurodevelopmental (severe intellectual
disability, ID), congenital heart disease (CHD)

e Late-onset neurological and psychiatric disorders:
Parkinson’s disease (PD), amyotrophic lateral sclerosis (ALS),
schizophrenia (SCZ), epilepsy, Tourette syndrome (TS),
autistic-spectrum disorder (ASD), and bipolar disorder (BP)
Example: 10% SCZ cases have DNM CNV vs 1.26% controls

e Inherited cancers: Li-Fraumeni syndrome (TP53), familial

adenomatous polyposis (APC), ~7% of non-somatic mutations
are DNMs
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Structural variants and CNVs

Structural variant (aka chromosomal rearrangement): sequence
change >1 kbp 1n size
e Balanced
Inversion or translocation
e Unbalanced (aka CNYV, copy number variant)
Tandem or dispersed duplication, deletion, insertion

Mechanisms
e Recombination: non-allelic homologous recombination (NAHR)
e Nonreplicative: Nonhomologous end joining (NHEJ) repair
e Replication-based:
Fork stalling and template switching (FoSTeS)
Microhomology-mediated break-induced replication (MMBIR)
e Retrotransposition (LINE1, Alu repeat)
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Structural variants and CNVs

1. Unbalanced structural variants (CNVs)

Tandem duplication

BCDE B CCDE

Variable Number of Tandem Repeats

BCDDE — BCDDDE

Dispersed duplication

BCDE BCDEC



56

Structural variants and CNVs

1. Unbalanced structural variants (CNVs)

Insertion

BCDE BCIG DE

Repeat insertion

DBDCE — DBDCDE

Deletion

BCDE B E
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Structural variants and CNVs

2. Balanced structural variants

Inversion

BCDE B @0 E

Intra-chromosomal translocation (ITX)
BCDE — cDBE

Inter-chromosomal translocation (CTX)

BCDE B CKLM




Mechanisms of chromosomal rearrangements

Non-allelic homologous recombination (NAHR)

W X y X Z

T e

Duplication

W X y X y X z
| W | |

Deletion
v, X Z

E—

58 Hastings (2009) Nat Rev Genet



Mechanisms of chromosomal rearrangements

Nonhomologous end joining (NHEJ)

DSB

1. Detection of DSB l

2. Molecular bridging of
the broken DNA ends 1 Ku

\

Artemis: DNA-Pkcs

ends to make them Polymerase p and A

3. Modification of the l
compatible and ligatable

I XRCC:
4. The final ligation 1 DNA Ligase IV
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Fork stalling and template switching
(FoSTeS)

(1)  ——— —\__

Gu(2008) Pathogenetics



Mechanisms of chromosomal rearrangements

Origins of chromosomal rearrangements

Breakage and rejoining Crossing over between repetitive DNA
1 2 3 4
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——= Joining of broken ends

= Repetitive DNA segments

>< Crossover

Griffiths -- Introduction to Genetic Analysis




Chromosomal rearrangements and disease

Cancer by somatic translocation

(a) Relocation of an oncogene next to a novel regulatory element: Burkitt lymphoma

RegM"c , MYC
Chr8 i Normal Translocation
Translocation chromosome 9 1(9;22)
Reg'G breakl point G Normal Philadelphia
Chr 14 : "I chromosome 22 chromosome
Reg'G Myc
Translocation
+ —> +
BCR
(b) Formation of a hybrid oncogene: chronic myologenous leukemia ABL
ABL 22q11.2
Chr9 : (BCR)
Translocation
break point
BCR1
Hybrid oncogene
Translocation 9q34.1
(ABL)
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The MYC proto-oncogene is a transcription factor that plays a role in cell cycle progression,
apoptosis and cellular transformation. The ABL proto-oncogene encodes a protein kinase in a cell
proliferation signaling pathway. The Bcrl-Abl fusion protein has a permanent kinase activity,
regardless of the initiating signal. Griffiths -- Introduction to Genetic Analysis



Chromosomal rearrangements and disease

Chromosomal location
and key genes (if

Typical size of

Estimated incidence

Typical phenotypic features
(not exhaustive, and not all
these features are seen in

Syndrome identified) deletion/duplication among live-births all cases)

Di George syndrome/22q11  22q11.2 3 Mb deletion (90% of cases) 1/4000 Congenital heart defects, cleft

deletion syndrome TBEX1, COMT palate, developmental delay,
learning difficulty, increased risk of
mental illness, recurrent infections

Williams 7q11.3 1.5-1.8 Mb deletion 1/7500 to 1/10000 Supravalvular acrtic stenosis, joint

syndrome/Williams-Beuren
syndrome

Smith-Magenis syndrome

Cri-du-chat syndrome

Wolf-Hirschhorn syndrome

Potocki-Lupski syndrome

Cat eye
syndrome/Schmid-Fraccaro
syndrome

CLIF2, ELN, GTF2I, GTF2IRD1,
LIMK1

17p11.2
RAIT

5p15.2
CTNNDZ

4p16.3
NSD2, LETM1, MSX1

17p11.2
RAIT

22q11
ADAZ, CECRZ2

Approximately 3.6 Mb deletion

Approximately 5-40 Mb deletion

Approximately 5-18 Mb deletion

Approximately 3.6 Mb
duplication

1/15000 to 1/25000

1/15000 to 1/50000

1/50000

1/25000

2-5 Mb duplication or triplication 1/50000 to 1/150000

problems and loose skin, mild to
moderate intellectual disability,
characteristic ‘elfin’ facial
appearance

Mild to moderate intellectual
disability, disturbed sleep patterns,
behaviour problems including
aggression and self-harm

Cat-like cry, microcephaly, severe
psychomotor problems and severe
intellectual disability

Characteristic ‘Greek warrior
helmet’ facial appearance, delayed
growth and development, mild to
severe intellectual disability

Developmental delay, mild to
moderate learning disability,
behavioural problems

Preauricular skin tags or pits,
ocular coloboma, anal atresia with
fistula, heart and renal
malformations

fa}
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Jackson (2018) Essays in Biochemistry






Aneuploidy

Aneuploidy: wrong number of complete chromosomes: nullisomy,
monosomy, trisomy. Results from aberration in mitosis or meiosis

e Major cause of spontaneous abortions (~30% of all conceptions)

e Detected in ~0.3-0.6% live human births

Name | Karyotype Frequency

Turner syndrome X0 (Females, X monosomy) 1:2000- 1:2500

Klinefelter XXY (XXXY, XXXXY, XXYY) 1:1000
syndrome

Poly-X females XXX 1:1000

Down syndrome Trisomy 21 1:1100
Edwards syndrome Trisomy 18 1:6000

Patau syndrome Trisomy 13 1:7000-1:14000

Trisomy 8 Trisomy 8 1:25000 - 1:50000
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Robertsonian translocation

EB The short arm of one
— acrocentric chromosome. ..

_,_.—-'—'*-'.- --

T~

E} ...is exchanged with the
Break< . long arm of another, ...

e

points X

Robertsonian
translocation

Metacentric l Q ...creating a large
chromosome - metacentric chromosome...

Al

+ ) ...and a fragment that often
Fragment - fails to segregate and is lost.

Robertsonian translocation: the long arms of two acrocentric chromosomes
(13,14,15,21) become joined to a common centromere, resulting in a

chromosome with two long arms and usually another chromosome with two
short arms. Affects ~1/1000 newborns.

Pierce -- Genetics Essentials. Concepts and Connections



Aneuploidy

Characteristics of Turner syndrome (XO)

Short stature

Characteristic
facial features

Low hairline )
Fold of skin
Constriction

Shield-shaped of aorta

thorax Poor breast

Widely spaced development
nipples

Elbow
Shortened deformity

metacarpal IV _

Small

: ; Rudimentary
fingernails

ovaries

Gonadal streak
(underdeveloped
gonadal
structures)

Brown spots (nevi)

No menstruation
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Characteristics of Down

syndrome (trisomy 21)

Growth failure
Mental retardation

'Broad flat face
ZrrPm e, . Slanting eyes
4l %y _— | Epicanthic eyefold

Flat back of head — MLS[*";_].rt nose
Abnormal ears — P Short and
Many "loops” i % broad hands
on fingertips ‘Small and
Palm crease / arched palate
_ _ 4 Big, wrinkled
Special skin tongue

ridge patterns Dental anomalies

Unilateral or bilateral ,
absence of one rib

Intestinal blockagy T

Umbilical hernia

Congenital heart
disease

Enlarged colon

Big toes widely
/ spaced

Abnormal pelvis

Diminished muscle tone

Griffiths -- Introduction to Genetic Analysis



Aneuploidy
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66 DOW” Synd rome Pierce -- Genetics Essentials. Concepts and Connections



Aneuploidy

Estimated
incidence
among
Aneuploidy Common name life-births Symptoms can include
Trisomy 13 Patau syndrome Approximately Severe intellectual disability, heart defects, brain or spinal cord abnormalities, small or poorly
1:16000 developed eyes, extra fingers or toes, cleft lip and palate, weak muscle tona
Trisomy 18 Edwards syndrome  Approximately Intrauterine growth retardation, low birth weight, heart defects and abnormalities of other
1:5000 organs, small, abnormally shaped head, small jaw and mouth, clenched fists, severe
intellectual disability
Trisomy 21 Down syndrome Approximately Mild to moderate intellectual disability, characteristic facial appearance, weak muscle tone,
1:800 heart defects, digestive abnormalities, hypothyroidism, increased risk of hearing and vision
problems, leukaemia, Alzheimer’s disease
Trisomy X Triple X syndrome Approximately Increased height, increased risk of learning disabilities, delayed development of speech,
1:1000 language and motor skills, weak muscle tone, behavioural and emotional difficulties, seizures,
kidney abnormalities
47 XYY Approximately Increased height, increased risk of learning disabilities, delayed development of speech,
1:1000 language, and motor skills, weak muscle tone, hand tremors, seizures, asthma, scoliosis,
behavioural and emotional difficulties
47 XXY Klinefelter 1:500 to 1:1000 Small testes, low testosterone levels, delayed and incomplete puberty, breast enlargement,
syndrome reduced facial and body hair, infertility, increased height, increased risk of breast cancer,
learning disabilities, delayed speech and language development
48, XXXY Approximately Small testes, low testosterone levels, delayed and incomplete puberty, breast enlargement,
1:18000 to 1:40000 reduced facial and body hair, infertility, increased height, tremors, dental problems, peripheral
vascular disease, deep vein thrombosis, asthma, type 2 diabetes, seizures, heart defects,
delayed speech and language development, learning disabilities
45X Turner syndrome Approximately Short stature, early loss of ovarian function, infertility, absence of puberty, webbing of the
1:2500 neck, skeletal abnormalities, kidney problems, heart defects

fa}
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Jackson (2018) Essays in Biochemistry
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X-inactivation

X-inactivation: in every cell in the
female embryo, one of the two X
chromosomes becomes inactivated and
condensed.

e Early in development

e Random 1n different cells

e Persists through subsequent cell
divisions, but not generations

e Female tissues are a patchwork, with 50/50 inactivated paternal
and maternal chromosomes

e X-1nactivation provides dosage compensation: comparable

levels of expresssion for ~1,500 X-chromosome genes in males
and females




The fates of a | mIn implanted human zygotes

1,000,000
conceptions

i

850,000
live births

:

833,000
children

¢

5,165

chromosome abnormalities

69

'

17,000
perinatal deaths

'

150,000
spontaneous abortions

75,000
chromosome abnormalities

39,000 trisomics
(3,510 trisomy 21)

— 13,500 XO

Griffiths -- Introduction to Genetic Analysis



The fates of a | mIn implanted human zygotes

| 1,849 sex chromosome ~C 1,427 males — 12,750 triploids
aneuploids 422 females
— 4,500 tetraploids
1,183 autosomal 42 tr!somy 13 5 250 others
trisomics 100 tngomy 18 ’
1,041 trisomy 21

758 balanced
— Robertsonian
translocations

758 balanced
— reciprocal
translocations

— 117 inversions

500 unbalanced
structural aberrations

70 Griffiths -- Introduction to Genetic Analysis
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De novo variants rates and counts

Dinucleotide repeats 2.73-10*per locus  N/A

Coding SNVs N/A 1-2

Small indels (<50bp) 0.53-1.5:-10°perbp 3-9
1.26-107

Large indels 0.16 0.16

Copy number variants (CNVs) 10— 10~ per locus 0.0154
per generation

1 Ref: Palamara (2015) AJHG
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De novo variants rates and counts

DNM type

Single nucleotide variants
(SNV5s)

Dinucleotide repeats
Coding SNVs

Small indels (<50bp)
Large indels

Copy number variants (CNVs)

Rate per generation Total in an

individuum
1.20-103per bp 44..82
1.66-10%

2.73-10*per locus  N/A
N/A 1-2

0.53-1.5-10°perbp 3-9
1.26-107 %

0.16 0.16

10— 10" per locus 0.0154
per generation

1 Ref: Palamara (2015) AJHG



72

Summary

Several mechanisms ensure the high rate of accuracy in
DNA replication, including precise nucleotide selection,

proofreading, and mismatch repair

However, mutations are inevitable due to spontaneous
replication errors and endogenous and exogenous DNA
damage

Human mutation rate 1s a trade-off between extinction
and need for evolutionary change

There 1s a wide spectrum of de novo mutations with
varying rates and consequences: single nucleotide
variants, structural variants and aneuploidies
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Further reading

e Ohno, M. (2019). Spontaneous de novo germline mutations in humans
and mice: rates, spectra, causes and consequences. Genes Genet. Syst.
94, 13-22.

e Acuna-Hidalgo, R., Veltman, J.A., and Hoischen, A. (2016). New
insights into the generation and role of de novo mutations in health and
disease. Genome Biol 17.

e Weckselblatt, B., and Rudd, M.K. (2015). Human structural variation:
mechanisms of chromosome rearrangements. Trends Genet 31, 587-599.

e Alexandrov, L.B., Nik-Zainal, S., Wedge, D.C., et al. (2013). Signatures
of mutational processes in human cancer. Nature 500, 415421,

e Zhang, F., Gu, W., Hurles, M.E., and Lupski, J.R. (2009). Copy Number
Variation in Human Health, Disease, and Evolution. Annu Rev Genomics
Hum Genet 10, 451-481.

e Jackson, M., Marks, L., May, G.H.W., and Wilson, J.B. (2018). The
genetic basis of disease. Essays Biochem 62, 643—723.
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