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Y10 Takoe mytaumn?

G
Mpn penanKkaumm no ogHon uenu AHK no npuHUmMny KomnaemeHTapHOCTH E
OAHO3HA4YHO BOCCTaHaB/IMBaeTCs BTOpas.

OnHaKo, HOBaA MOJIEKY/Ia MOXKET OT/IMYaTbLCA OT NpeablayLlei, B pe3ybraTe: C20
- BospenctBusa pasnnyHbix dpaktopos (UV, tobacco smoke)
- Owmnbok nonnmepas

- CnoHTaHHO (Ae3amMmmnHMpoOBaHME UUTO3MHA, abasic sites)

Ecaun noBperkaeHne He NOYNHUTCA A0 CAeAYIOLLEero payHaa penamkauum —> mytaums

Pabouee onpepeneHue:
MYyTaLUn — U3SMEeHEeHUA B N0C/1e40BaTe/IbHOCTU HYKNEOTUAOB
MeXAy poAUTENIbCKON U JOYEPHUMMU KNETKaMMU

11.10.2016 2



Kakue 6biBatoT mytauumn?

Tunbl myTauunm:
- 3ameHa oaHOW ByKBbl (CaMbI YacTbIM TUN MyTaL M)
- BbinageHua un BCTaBKkM - uHAeNbl (npumepHo B 10 pas perke, Britten 2002, PNAS)

- [1BoMHbIe 3ameHbl (c YacTtoTomn 0.4-2% oT ogHOHYKNeoTuaHbIX, Terekhanova et al 2013, MBE)
- CnoHble cobbiTnA:

- Aynankauumnm
) MHBepCMM Dhari i tivi
- TPaHCAOKauuun Chromosome 20 Chromesome 20

A1 [N

/

Duplication Inversion Translocation

.
o -

=

i
O P i [
C hFomicrina 4

i hFoai ek e 4
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Kakue ewe 6biBaloT mytaumum?

Conlite. Y . Gamet
)
(in sperm
only)
MyTaumnun p <
= " Somatic
A D = 3 mutation
MyTaumnmn ComaTnyeckume
3apoabiweBbix  (somatic)
NUHU ﬁ . Patch of
1 Errggr?ism Organism /) A\ gf::ted
(ge rm'llne) carries the '

mutation.

Half of the l None of the
gametes J ) J Gametes J J 4 o gametes
carry the Yoy P of the 27/ 7/ carry the
mutation. _J J J ) organism ' J  mutation.

(a) Germ-line mutation (b) Somatic cell mutation

11.10.2016 http://biology-forums.com/



Kakue Bonpocbl MOXXHO 3a4aBaTb NPO MyTauumn?

- CkonbKo (CKopocCTb MyTMpPOBaHMUA)

- Kakue (CneKkTp myTauui, KOHTEKCTbl MyTaLMM, MyTaLMOHHbIE NoAnucKU, 3PpPeKT myTaLuuii)
- OTKyaa (Mpupoaa myTtauunin)

- [pe (PacnpepeneHne Boonb reHoma)

- no4yemy Tam (paKTopbl, BAUAKOLME HA CKOPOCTb MYTUPOBAHUA)

11.10.2016



CKONbKO UAUN KaK NOMEPUTb CKOPOCTb de hovo MyTUPOBaHUA B YenoBeke?

1. Mo reHam, Bbi3biBalOLWMMm 601e3HMU
(Chen et al 2014 Human mutation)

2. De novo pnAa NOKYcoB B cnepmato3onaax
(Giannoulatou et al 2013 PNAS)

3. Mo ds B guBepreHuum (UCSC)

4. HeiATpanbHblii nonumopodusm B nonynauum (1000K, ExAC)
5. UcKaTtb reteposuroTbl B IBD (identical by descent) yuactkax
(Campbell 2012 Nature genetics, Palamara 2015 AJHG)

6. Cembu

(Kong 2012 Nature, Francioli 2015 Nature genetics, Rahbari 2015
Nature Genetics, Wong 2016 Nature communications, Goldman, Human  Chimpanzee

Wong 2016 Nature genetics, Yuen 2016 Genomic medicine)

Campbell CD and Eichler EE 2013, Trends Genet.
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20 Mb
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O Other common ancestors
(mean generations = 15.5)

b
] 0 O
- O g \ ‘ Carner of autozygous segment
-~

D » SNP microarray data available

| \ \ ¥ Ancestor of individual 3

- Path of maternal inheritance

@- I(\g}?gi::r a&s] — Path of paternal inheritance

=== Same individual

11.10.2016 Catarina Campbell et al 2012, Nature genetics




CKkopocTtb de novo myTauum B YenoBseKe

Nachman & Crowell 2000,
Chimpanzee 5eq. ®

Anal. Consort. 2005

Pl

per generation

Kong et al. 2012
iach et al. 2010

Conrad et al.

I=
=
=1
aF]
¥
"

= |
-
o F]
=1

q'.;n"‘
=

F
o F]

]
=
=
=
=]

=
=

]
=

=

Whole genome Other partia Phylogenetic
Study type

11.10.2016 Laure Sregurel et al. 2014, Annu. Rev. Genomics Hum. Genet.

CKopocCTb

Kong et al, 2012

1.2x10°8

Rahbari et al, 2015

1.26x108

Wong et al, 2016

1.05x10%

Campbell et al, 2012

1.2x108

Palamara et al, 2015

1.66x108




Kakue?

- camble myTabunbHbie canTbl — CpG (2% ot scex caiitos B reHome, npu 3tom 19% de novo myTaumit)

Cytosine Uracil
MNH 5 o

||
,f;éh AT Uracil glycosylase,
M Deamination HIMN CH BER

|
MN,#CH
H

0

NH- 0

||
NT e AN N LHa
” Dieamination ”
e _CH - _CH transitions
K () K
H H

Frequent C-to-T

O

S-methyloytosine Thymine

11.10.2016



Kakue?

- TPaH3MUKUK B 2 pa3a Yalle, Yem TPaHCBEPCUM MO BCEMY FreHOMY (Mpu TOM, YTO TPAH3ULUM
4, TpaHcBEpCcun - 8).
NPUYMHBI: 1) BbICOKas CKopocTb TpaH3uuum B CpG; HN,_,E_______N!

2) mucmeTtum G-T n A-C — camble yacTble. I s HEN,.,L-_.‘._..N_,!L__,;';-"‘

guanine

adenine A Transitions G
S

- S>W B 2 pa3a yaule, yem HaobopoT.
NPUYnHbI: 1) BbicOKas ckopocTb B CpG;
2) NOHUKeHHaa 3PPEeKTUBHOCTb IK30HYK/1eas
B 06nacTax Bbicokoro GC cocraBa.

Transversions Transversions

Transitions

- MHOro nHaenos B MoBTOPaAx

pyrimidines

cytosine thymine

- KnactepHble myTauum (error-prone nosimmepasbi)

11.10.2016 10



[oe? unu Kak pacnpeaeneHbl myTaluuMu BAO/Ib reHOMa

Chromosome 8
0.0028

Diversity

Divergence

Nusbaum et al 2006, Nature
11.10.2016 11



Mouemy? dakTopbI, BAMAIOLLME HA pacnipeaeneHue

- penauKauma: B paHHEM TaMMUHIe MeHbLLE MyTaLunm

- TpaHckpunuuma: TC-NER, TpaHCKpUNUMOHHAA acMMMeETPUA. 3aBUCUT OT
YPOBHA 3KCNpeccum.

- HyKneocombl, ynakoBKa XpOMaTUHA

- DNA hypersensitivity

- pekombuHaumsa

11.10.2016
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Bpema penamkauum
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Bpemsa penanKauuu: B nosgHem TauMmuHre 6onblie myrtauumm

All sites Non-CpG sites CpG sites

Human-Chimpanzee
divergence

Fraction of sites (%)
Fraction of sites (%)
Fraction of sites (%)

Human SNPs

SNP density (%
SNP Density (%)
SNP Density (%)

Early Early Late Early Late

DNA replication time DNA replication time DNA replication time

11.10.2016 Stamatoyannopoulos JA 2009, Nature Genetics



[eHbl NpAYYTCA B paHHei penamKkauum

11.10.2016 Seplyarskiy et.al

whole genome

eX0Ms
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Bpemsa pennauKauuu: B nosgHem TauMuHre 6onblue TpaHCBEPCUMN

Chromosome 5

s AV A .
.1““ ' “"ﬂbl‘. ’,M‘l :“'L‘l A

Distribution of mutation replication time

All genomic sites
=== Transition sites
wte= Transversion sites

EJr:y

| Mean Transversions= -0.738 (n=2903; p=4.77e-280)

Difference p= 2.83e-037

Fraction
o
(s )
Average rep.time

Late

= Transitions
s Transversions H
» random
05 0 05 -1 -1 : 24 18 12 06 0 06 12 18 24 3
Dist. from event center (Mb)

Replication time

[aHHblE - TPOUKMN
Koren et al, 2012 AJHG 16
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TauMUHT Koppenupyert ¢ apyrumu ceomctsamum AAHK, Hanpumep, AoOMeHaMmu XpOMaTUHA

Q.
a)
\E/.
-
o
5
N
o
A,

85

Position (Mbp)

Baker et al 2012, Plos comp bio
11.10.2016
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MyTauMOHHbIU NpoLEecc accoLlMMpPoBaHHbIN € NO3AHMM RT 1 CKNOHHDbIN K TPAHCBEPCUAM

* Low fidelity polymerases?

e
E
=
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(]
-
[
<
<C
{
&)
O

nO,DII'IMCb noiInMepPa3bl 3€eTa
nO,D,I'II/ICb noimMmepasbl 3eTa
GC-=AA/TT DNM rate

replication timing

TpaH3uumnKn/TpaHcBepcuu

11.10.2016 Seplyarskiy et al 2015, MBE
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Koppenupyowme co CKOpoCTbio MyTUPOBaHUA

’

daKTopbl

1000 genomes
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Human-Chimp divergence
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NPUN 3TOM NIOKAJibHAaA CKOPOCTb MYTUPOBaAHUA COXPaHAETCA

—— genomic feat. and div. in human
— genomic features mm human
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Phylogenetic distance

Terekhanova et.al 2016, MBE under review
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OTKyaa? PenauKauma Kak UCTOYHMK MyTaL Ui

11.10.2016

YacTtoTa myTauuii B e 4UHULYY BpEMEHHU
3aBUCUT OT YMCna AeNeHUN

Nikolaev et al 2008, PNAS

10 15
GT1/GT2

Fig. 1.

Relationship between neutral evolutionary rates (dS) and GTs based

on 11 sister lineage comparisons. For the sister taxa, plotted on the x axis are
he values of the rates of the generation times (GT1/GT2), and plotted on the
axis are the values of the rates between branch lengths (dS1/dS2). Identifi-
ation of each point s as in Sl Table 2 (top-down numeration, so that 1 is the

human/chimpanzee clade and 11 is the elephant/tenrec clade).
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BausaHue Bo3pacta pogurtenei Ha uncao de novo mytauum

« Proband autistic

» Proband schizophrenic

o Proband parent of autistic case
a Other

s
£
o
o
U
=
2
=
el
)
3
E
]
L]
e
o
@
0
E
=]
=z

35 40
Age of father at conception of child (years)

Figure 2 | Father’sage and number of de novo mutations. The number of de
nove mutations called is plotted against father’s age at conception of child for
the 78 trios. The solid black line denotes the linear fit. The dashed red curve is
based on an exponential model fitted to the combined mutation counts. The
dashed blue curve corresponds to a model in which maternal mutations are , S S - | I Y
assumed to have a constant rate of 14.2 and paternal mutations are assumed to 20 25 30 35 40 45 50 55 60 20 25 30 35 40 45 50 55 60

increase exponentially with father's age. Age of the father Age of the mother

Mumber of de nove mutations |age of the mother
Mumber of de novo mutations |age of the father

Kong et al 2012, Nature Wong et al 2016, Nature communications
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Goldman 2016, Nature genetics
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OT KOro u3 poauteneun NPpUXoaAT MyTaLum

da3npoBaHue mytauunm

Mother

Father

Child

11.10.2016

25



11.10.2016

" age at conception
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Mean father
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Rahbari 2015, Nature genetics
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OT KOro u3 poauteneun NPpUXoaAT MyTaLum

Paternal:maternal = 3.6:1, HO ecTb ucknoyeHus!

WIWOX

Whole genome

11.10.2016 Goldman 2016, Nature genetics
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CnekTtp de novo mytauum

purines

guanine

adenine A Transitions

IJAVEPNE

Transversions Transversions

Transitions

pyrimidines

cytosine thymine

Table 2 | Germline mutation rates at CpG and non-CpG sites
Type of mutation ) Rate per base per generation

Transition at non-CpG 2 48" £.18 x 1077
Transition at CpG 35! 12 x 107
Transversion at non-CpG Bl 3.76 x 107~

Transversion at CpG 9.59 x 1077
All 4 93 20x 107"

Mutation rates ar ase, tes, the effective number of bases e ined
I5 taken as ] fa 1 5ites 45.8 million. These numbers take into

account the variation of local coverage in sequencing (Supplementary Information).

Kong et al 2012, Nature
11.10.2016 29



CnekTtp de novo mytauum

B Pat=rnal
B Maternal

OnNs

% of mutatis

- L. |:::.T |:::-"'

Number of mutations

20 30 40 50
R R T TR

Father y

11.10.2016

OTAMYMA B CNEKTPE OTLLOBCKMX U MAaTEPUHCKUX MyTaL Ui

Goldmann et al 2016, Nature genetics
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CnekTtp de novo mytauum

MaTepuHCKUe «NOAMNUCU» KOPPEUPYIOT C BO3PAaCTOM MaTepu, a OTLLOBCKME - C BO3PacTOM OTL,a.

d Father1: ATG - ACG Father2: ACG - ATG Father3: ATA- ACA Mother1: CCA - CTA Mother2: GCA - GTA Mother3: TCT - TGT
L J L J 2 L
60- o @ o Parent
E3 Father

E3 Mother

o
B tH H B H
620 156 37 3 53322745 9 2 61617521 729 80 7 746 67 3

—
c
@
-
3]
Q

“—
o]
Q
(=)

<

60 -

*[F?=0.078 *{R=O.147 . R = 0.020 *{R=—0.029
R =-0.072 R =0.024 0.01¢ R =0.044 R =0.073
50 -

40 -

74767 1 768 46 2

3 4 01 2 2 3 4 g 1 :2 3
Number of mutations

11.10.2016 Goldmann et al 2016, Nature genetics

31



3aBucMmocTtb de novo mytaumim OoT SANUreHeTUKHU

p =0.0033 Paternal (young) Paternal (old)
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Francioli et al 2015, Nature genetics Goldmann et al 2016, Nature genetics
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YTOo elle MHTepecHoro

YacTb myTaumii 06pasytoT KiacTepbl BAOb rEHOMA

N KnacTepHble MyTaumMu MMELOT CNEKTP OTIMYHbINA OT OCTa/IbHbIX MyTaLMi

Non-clustered mutations (N = 10,859)
Clustered mutations (N = 161)

=0.016

1 | p = 0.033

I p=24x10°¢ |

AT>G:.C C:G>T:A C:G>T:A C:G=>AT AT=C:G
non-CpG CpG
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Transversions

Transitions

Francioli et al 2015, Nature genetics
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Goldmann et al 2016, Nature genetics
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