Bonpochl

1. IlepeuncimTe BCE U3BECTHBIC BAM THUIIBI MyTAallUd B TCHOME

2. KakoBa o mopsiiKky BEIMYMHBI YaCTOTA TOUYCYHBIX MYTAIIUU
B T€HOME H3-3a OIIMOOK CUCTEMBbI PEIINKAINKU (HAa HYKJICOTHU

Ha PEIUIMKAIIMIO)?

3. Jlalite npuMep 3a00JI€BaHUS, BEI3BAHHOIO HAPYIIICHUSIMU B
cucteMe pernapanuu JIHK. C nedexramu kakoro reHa
aCCOILIMMPOBAHO ATO 3a00JIeBaHUE?
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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

Overall dnSNYV rate: 40-80 in a newborn

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

X-linked

Duchenne muscular dystrophy

Hemophilia A
Hemophilia B
Autosomal Dominant
Achondroplasia

Aniridia

Huntington disease
Marfan syndrome
Neurofibromatosis type 1
Osteogenesis imperfecta
Polycystic kidney disease

Retinoblastoma

310200
306700

306900

100800
106200
143100

154700

162200
166200
600666

180200

Mutations per Million Gametes

40-105
30-60

0.5-10

10
2.6
<1
4-6
40-100
10

60-120

Signs and Symptoms (Phenotype)

Muscle atrophy
Severe impairment of blood clotting

Mild impairment of blood clotting

Very short stature

Absence of iris

Uncontrollable movements, personality changes
Long limbs, weakened blood vessel walls

Brown skin spots, benign tumors under skin
Easily broken bones

Benign growths in kidneys

Malignant tumor of retina

m Exercise: find genes in OMIM, explain the rate differences
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De novo mutations

Primordial germ cell
mitoses (~22)

Fetal development

No more cell divisions
{« F

Mitoses

Ovulation occurs each month
from puberty to menopause ?

¥ Enrichment of maternal :
O DNMs in specific |
genomic regions/genes :

Age 40 years
12 DNMs
Maternal Paternal
signatures signatures
CCA=CTA ACG=ATG
GCA=GTA ATG>ACG
TCT=TIT ATA=ACA

¢ (~190)

1

e Age 20 years %S{erm Y '
7 DNMs 20 DNMs

!
oons S0

Primordial germ cell
mitoses (~30)

—— e ey

Adulthood ' 0Q0Q0
|
I Cﬁ)
1
I | 4
1 \ /
1
1
1
|
1
1

Actively dividing stem cells

Spermatogonial

stem cell division
4 occurs every 16 d
(23 divisions per year)

N r
’

Mitoses
(~650)

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
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De novo mutation spectra

Transitions

* C:G>T:A, deamination of 5-methyl-C and C: 40%
* T:A>C:G, 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

*G:C>T:A: 10%
*G:C>C:G: 10%
*A:T>C:G: <8%
*A:T>T:A: <8%

Note: transversions occur ~2.5x more frequently at CpG sites

57 Ohno (2019) Genes & Genet Systems



De novo mutation spectra
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De novo mutation spectra
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Variant Counts %
C>T 79,110 19.0
G>A 79,0106 19.0
A>G 47,600 11.5
T>C 47,584 11.5
C>G 17,431 4.2
G>C 17,154 4.1
C>A 15,719 3.8 200000 -
G>T 15,234 3.7 75000 -
A>C 12,744 3.1 150000 -
T>G 12,4064 3.0

125000 -
T>A 11,637 2.8

100000 -
A>T 11,482 2.8

75000 -
T>TA 739 0.2

50000 -
CT>C 7377 0.2

25000 -

Total 415,515
60

D-

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




Mutation timing and mosaicism

. germ cell '

L/ germ-line cells \ t / * germ-line cells \
| | | |

(- 0-0-0-0- (- 0-0-0-0-(—

germ zygote \ * zygote \

cell . .
./ \. ./ *X.

Y '\ ¥ X\ Y X\ ¥ \
¢ @ @ @ @
P ¥ ¥ P P A P ¥
0000 0000 00000000
\ somatic cells / \ somatic cells /
PARENT OFFSPRING

* Postzygotic * Germline * Somatic

Alberts - Essential Cell Biology, Fig 9-3
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De novo mutations in human disease

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

* More damaging than inherited; effect depends on timing

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

® 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

* 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

* Balanced
Inversion or translocation

* Unbalanced (aka CNYV, copy number variant)
Tandem or dispersed duplication, deletion, insertion

Mechanisms

* Recombination: non-allelic homologous recombination (NAHR)
* Nonreplicative: Nonhomologous end joining (NHEJ) repair
* Replication-based:

Fork stalling and template switching (FoSTeS)

Microhomology-mediated break-induced replication (MMBIR)
* 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
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Structural variants and CNVs

1. Unbalanced structural variants (CNVs)

Insertion

BCDE BCIG DE

Repeat insertion

DBDCE — DBDCDE

Deletion

BCDE B E



66

Structural variants and CNVs

2. Balanced structural variants

Inversion

BCDE B[@OE

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

- :z:

|

WX y X z
Duplication

W X y X y X z

| Wl |

Deletion
W X z
I
m Hastings (2009) Nat Rev Genet
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Mechanisms of chromosomal rearrangements

Nonhomologous end joining (NHEJ)

DSB

1. Detection of DSB l

2. Molecular bridging of
the broken DNA ends l Ku

"

Artemis: DNA-Pkcs

ends to make them Polymerase p and A

3. Modification of the l
compatible and ligatable

l XRCC:

4, The final ligation DNA Ligase IV

fa}
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Fork stalling and template switching
(FoSTeS)

(1)  ——— —\__

Gu(2008) Pathogenetics



Mechanisms of chromosomal rearrangements

Origins of chromosomal rearrangements
Crossing over between repetitive DNA

Breakage and rejoining

{Z\‘ 8 9 10
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De novo structural mutation rates and gamete-of-

‘m’ origin biases revealed through genome sequencing of

2,396 families

Jonathan R Belyeu 1 Harrison Brand 2, Harold Wang 2 Xuefang Zhao 2 Brent S Pedersen T,

Julie Feusier 3, Meenal Gupta T Thomas J Nicholas T, Joseph Brown 1 Lisa Baird 1, Bernie Devlin 4,
Stephan J Sanders > Lynn B Jorde © Michael E Talkowski 7, Aaron R Quinlan

Abstract

Each human genome includes de novo mutations that arose during
gametogenesis. While these germline mutations represent a fundamental source
of new genetic diversity, they can also create deleterious alleles that impact
fitness. Whereas the rate and patterns of point mutations in the human germline
are now well understood, far less 1s known about the frequency and features that
impact de novo structural variants (dnSVs).
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Introduction

Several mechanisms, including replication infidelity, genomic damage, non-allelic
recombination, and double-strand break repair, are known to create de novo
mutations (DNMs) in the human germline. These mutations contribute to genomic
diversity and often are primary targets in the analysis of rare, dominant genetic
disorders. There is therefore a long-standing interest in understanding the
frequency at which DNMs occur and the patterns that affect these rates.
Numerous studies have measured the rate of germline de novo single-nucleotide
variants (dnSNVs) and small insertion-deletion mutations (indels) at
approximately 70 events per individual, and it has been established that the
majority of these small point mutations arise on the paternal gamete. The
frequency of single-nucleotide and insertion-deletion DNMs increases with
parental age, especially paternal age.
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In contrast, precise estimates of germline mutations affecting the structure of the
human genome (structural variants [SVs]) have been far more difficult to
discern.

De novo SVs (dnSVs) largely arise from mutational mechanisms that are distinct
from those responsible for point mutations. The larger size of SVs, defined here
and in many other studies as variants affecting at least 50 base pairs, increases
the likelihood that any given SV will impact protein-coding genes or other
critical genomic regions. Understanding the selective constraints on dnSV-
specific mechanisms 1s essential because a broad spectrum of balanced,
unbalanced, and complex structural mutations are known to underlie many
developmental disorders. However, dnSVs are predicted to occur several
hundred-fold less frequently than point mutations, requiring a much larger
sample size to achieve accurate estimates of dnSV rates.
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De novo structural mutation rates and gamete-of-
origin biases revealed through genome sequencing of
2,396 families

Jonathan R Belyeu 1 Harrison Brand 2, Harold Wang 2 Xuefang Zhao 2 Brent S Pedersen T,

Julie Feusier 3, Meenal Gupta T Thomas J Nicholas T, Joseph Brown 1 Lisa Baird 1, Bernie Devlin 4,
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* Family-based study of germline mutations among 9,599 human genomes from
33 multigenerational CEPH-Utah families and 2,384 families from the Simons
Foundation Autism Research Initiative; short-read WGS

* dnSV rate: 0.160 events per genome in unaffected individuals, 0.206 per
genome) in ASD-affected individuals.

* In both probands and unaffected samples, ~73% of dnSVs arose in paternal
gametes

* Most de novo structural mutations to be caused by mutational mechanisms that
do not require sequence homology.

* No statistically significant correlation between parental age and dnSV in
offspring.

Conclusion: dnSVs have different mechanisms than dnSNV's



Chromosomal rearrangements and disease

Cancer by somatic translocation

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

RegM¥¢ , MYC
Chre l Normal Translocation
Translocation chromosome 9 1(9;22)
Reg!G I:)reakl point G Normal Philadelphia
Chr 14 : ] chromosome 22 chromosome
Reg'@ 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 9g34.1
(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 TBX1, COMT palate, developmental delay,
learning difficulty, increased risk of
mental iliness, recurrent infections
Williams 7q11.3 1.5-1.8 Mb deletion 1/7500 to 1/10000 Supravalvular aortic stenosis, joint
syndrome/Williams-Beuren CLIPZ2, EILN, GTF2I, GTF2IRD1, problems and loose skin, mild to
syndrome LIMKT moderate intellectual disability,
characteristic ‘elfin’ facial
appearance
Smith-Magenis syndrome 17pi11.2 Approximately 3.6 Mb deletion  1/15000 to 1/25000 Mild to moderate intellectual
RAIT disability, disturbed sleep patterns,
behaviour problems including
aggression and self-harm
Cri-du-chat syndrome 5p15.2 Approximately 5-40 Mb deletion 1/15000 to 1/50000 Cat-like cry, microcephaly, severe
CTNNDZ2 psychomotor problems and severe
intellectual disability
Wolf-Hirschhorn syndrome  4p16.3 Approximately 5-18 Mb deletion  1/50000 Characteristic ‘Greek warrior
NSD2, LETM1T, MSX1 helmet’ facial appearance, delayed
growth and development, mild to
severe intellectual disability
Potocki-Lupski syndrome 17pii.2 Approximately 3.6 Mb 1/25000 Developmental delay, mild to
RAIT duplication moderate learning disability,
behavioural problems
Cat eye 22q11 2-5 Mb duplication or triplication 1/50000 to 1/150000 Preauricular skin tags or pits,
syndrome/Schmid-Fraccaro ADAZ, CECRZ ocular coloboma, anal atresia with

syndrome

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

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

* Detected in ~0.3-0.6% live human births

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

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

B3 ...is exchanged with the
Break< . long arm of another, ...

e

points X

Robertsonian
translocation

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

A

+ ) .. .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

78

Characteristics of Down

syndrome (trisomy 21)

Growth failure 'Broad flat face

Mental retardation P Y JSlanting eyes
- f %y _— |Epicanthic eyefold

Flat back of head — K : .Short nose
Abnormal ears —— b Short and
Many “loops" 2 ./ broad hands
on fingertips 'Small and
Palm crease arched palate

_ _ - Big, wrinkled
Special skin tongue

ridge patterns Dental anomalies

Unilateral or bilateral
absence of one rib

Intestinal blockagV 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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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 tone
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 emational 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 thrombaosis, 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.

®* Early in development

* Random in different cells

* Persists through subsequent cell
divisions, but not generations

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

* X-inactivation 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

¢

850,000
live births

:

833,000
children

¢

5,165

chromosome abnormalities

82

l

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 i 1,427 males — 12,750 triploids
aneuploids 422 females

— 4,500 tetraploids

42 trisomy 13
100 trisomy 18
1,041 trisomy 21

1,183 autosomal 5,250 others

trisomics

758 balanced
— Robertsonian
translocations

758 balanced
— reciprocal
translocations

— 117 inversions

500 unbalanced
structural aberrations

83 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
(SNV5)

Dinucleotide repeats
Coding SNVs

Small indels (<50bp)
Large indels

Copy number variants (CNVs)

Rate per generation Total in an

individuum
1.20-103 per 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
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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 is a trade-off between extinction
and need for evolutionary change

®* There is a wide spectrum of de novo mutations with
varying rates and consequences: single nucleotide

variants, structural variants and aneuploidies
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