GENETIKA ES POPULACIOGENETIKA
Genehkal pollmor'flzmuok

ELTE TTK Genetikai Tanszék



Recessziv gén homérséklet szenzitiv
expresszioja

m TYR gén P tirozinaz enzim P melanin szintézis (sstét szin)

Detektiv tirozinaz P funkciovesztés normal testhomérsékleten
m sotét szinarnyalat csak az alacsonyabb testhomersékletti helyeken
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Elsé genetikai marker: ABO vércsoport-rendszer
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LandsTeiner', 1900 Fruix BErnsTEIN (1933)

Two hypotheses of blood group inheritance

& VON DUNGERN and HIRZFELD BERNSTEIN Obéerved
»Sroup

' Genotype Expected proportion Genotype Expected proportion PEORSTAN
(9] aa bb pi pi 00 pis 0.294
A A- bb (1 = pipi AA, 0A A+ 2p0pa 0.422
B aa B- pi (1 = pi) BB. OB pi + 2pops 0.206
AB A- B- (1 = paX1 = pi) AB 2pabn 0.078
Total 1 I 1.000

The expected proportions assume Hardv-Weinberg ratios and linkage equilibrium. The observed proportions are from 502 Japanese
(BERNSTEIN 1925).
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B Delialaciose AB0 antigének kialakuldsa
¥ MNeAcstylimlacksamins

8 MeAcstylglucosamine

Prekurzor H-antigen B-antigén A-antigen
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A humadn genom projekt eredményei

El6zetes publikalds 2001-ben (Science, Nature)
Az eddig leirt legnagyobb méret(i teljes genom

Az eukariota genomra jellemzé szerkezeti és szervezddési

tulajdonsdgok (modellszervezetek)

Meglepden alacsony a fehérje kédold gének szdma (~20000)
RNS gének novekvé szama (snRNA, IcnRNA, miRNA, stb.)
Orphan gének: nincs homoldgja, humdn gének ~ 1/3-a
Protein kddold szekvencidk ardnya: <1 %

 Repetitiv szekvencidk tilnyomé ardnya — Mobilis elemek!




Polimorfizmus hajtdereje:

REKOMBINACIO

- pontmutacio

- szekvencialis atrendezodés
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Scale

Multimegabase
to whole
chromosome

Chromosomal
translocation

d| in_0lIN D)

Trisomy

Kilobases to
megabases

A A \ Tens of base
(b) A{ﬁseéstrigint e.g. repeat expansion LINE1 element insertio pairs to a few
\ ] kilobases

1kb Minisatellite
. . .CCBGGT ACTGA ATCCT TAGCTGACGGAC TCTGCTCTTGTC TGT A\ A\ A\ CCATGT. ..
(a) Transitions  Transversions  Deletion Insertion Deletion Insertion e.g. single repeat unit decrease Fe e;;;ggse
. . .CCACGGTGCTGACTCCTGAGCTGAC  TGGACCTGCTC  AGTT TTGT(..@&@@@@ GEATGT:, , ;
Base substitutions Single base Other small : ; .
indels indels Microsatellite mutations

Single nucleotide polymorphisms (SNPs)

Human Evolutionary Genetics, Jobling, 2004



ARTICLE oPEN

d0i:10.1038/nature15393

A global reference for human
genetic variation

The 1000 Genomes Project Consortium®

IGSR: The International Genome Sample Resource

The 1000 Genomes Project set out to provide a comprehensive description of common human genetic variation by
applying whole-genome sequencing to a diverse set of individuals from multiple populations. Here we report
completion of the project, having reconstructed the genomes of 2,504 individuals from 26 populations using a combina-
tion of low-coverage whole-genome sequencing, deep exome seauencing. and dense microarray genotyping. We
characterized a broad spectrum of genetic variation, in total over 88 million variants (84.7 million single nucleotide
polymorphisms (SNPs), 3.6 million short insertions/deletions (indels), and 60,000 structural variants), all phased
onto high-quality haplotypes. This resource includes >99% of SNP variants with a frequency of >1% for a variety of
ancestries. We describe the distribution of genetic variation across the global sample, and discuss the implications for
common disease studies.

An integrated map of structural variation
in 2,504 human genomes

A list of authors and their affiliations appears at the end of the paper.

Structural variants are implicated in numerous diseases and make up the majority of varying nucleotides among human
genomes. Here we describe an integrated set of eight structural variant classes comprising both balanced and unbalanced
variants, which we constructed using short-read DNA sequencing data and statistically phased onto haplotype blocks
in 26 human populations. Analysing this set, we identify numerous gene-intersecting structural variants exhibiting
population stratification and describe naturally occurring homozygous gene knockouts that suggest the dispensability
of a variety of human genes. We demonstrate that structural variants are enriched on haplotypes identified by

genome-wide association studies and exhibit enrichment for expression quantitative trait loci. Additionally, we | NATURE |
uncover appreciable levels of structural variant complexity at different scales, including genic loci subject to clusters VOL 526 | 1
of repeated rearrangement and complex structural variants with multiple breakpoints likely to have formed through OCTOBER
individual mutational events. Our catalogue will enhance future studies into structural variant demography, functional 2015

impact and disease association.



Variant sites per genome (million)
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ARTICLE

OPEN

doi:10.1038/ naturel15393

A global reference for human
genetic variation

The 1000 Genomes Project Consortinm®

Table 1 | Median autosomal variant sites per genome

AFR AMR EAS EUR SAS
Samples 661 347 5 503 489
Mean coverage B2 76 77 74 BO

War. sites Singletons War. sites Singletons War.sites Singletons War.sites Singletons War. sites Singletons

SNPs 431M 145k 3.64M 120k 3.55M 14.8k 3.53M 11.4k 3.60M 14.4k
Indels 625k - 557k - 546k - 546k . 556k .
Large deletions 1.1k 5 G449 5 940 7 939 5 947 5
CMVs 170 1 153 1 158 1 157 1 165 1
ME] (AL} 1.03k 0 845 0 899 1 919 0 889 L)
MEI (L1} 138 0 118 0 130 0 123 0 123 Q
MEI (SVA) 52 0 44 0 56 0 53 0 44 a
MEI {MT) 5 0 5 0 4 0 B 0 4 a
Inversions 12 0 E| 0 14 0 e a 11 a
Monsynon 122k 135 104k 121 10.2k 144 10.2k 116 103k 144
Synon 13.8k 78 11.4k 67 11.2k 79 11.2k 59 114k 78
|ntron 2.06M 733k 1.72M 6.12k 1.68M 739k 1.68M 568k L72M 7.20k
TR 37.2k 168 30.8k 136 0.0k 169 300k 129 30.7k 168
Promoter 102k 430 84.3k 332 Bl.6k 425 822k 336 B840k 430
Insulator 709k 248 590k 199 577k 252 577k 189 59.1K 243
Enhancer 354k 1.32k 295k 105k 289k 1.34k 288k 1.02k 295k 131k
TFESs 927 4 759 3 T48 4 7449 3 765 3
Filtered LoF 182 4 152 3 153 4 1449 3 151 3
HGMD-=D 20 0 18 0 16 1 18 2 16 a
GWAS 200k 0 207k 0 1.99k 0 208k 0 2106k 0
ClinVar 28 0 30 1 24 0 29 1 27 1
Sea Supplementary Table 1 forcontinental population grou pings CNVs copy-number var ants; HEMD-DM, Human Gene M uta tion Date base disesse muotations; K thdoosand; LoF, loss-of-fu nction; M, million ; MEL

mcebile elempent insertons



Satellite DNA

Main band DNA
1.700

%‘ 1692 (ACAAAC), |
uniform gradient 3
5
0 1688 (ATARACT),
. . : = 1—_—‘”1 CACEART,
centrifugation satellite bands 5 h

. | |
main band «— Bouyant denslty In CsCl

MB

Main Band

Absorbance
(OD @ 260 nm)

\/ \/ 5 satellite

71 170 1.69 1.68
ks

Density (Klug & Cummings 2000)



.DNA fingerprinting” - Restriction Fragment
Length Polymorphism

Double-stranded DNA
Restriction enzymes

Gel electrophoresis

Southern-blot

Probe hibridization

Autoradiogram
- MLP-RFLP
- SLP-RFLP

\L Hybricization with radioacsiven:

Gied wwrith lragments
fractionated by size

Sl

Mitrocellulose filter

Mitracellulose filker with DA
fragments positioned identicaliy
ta those in the gel

labakedd DA probe

Radicautograph showsrng
hwlbrid DA
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VNTR assay markerek: RFLP analitika
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ANALYSIS EXAMPLES

Fand H Always inherited together — linked?

A and B In progeny, always either A or B — “allelic™?

A and D Four combinations; A and D, A, D, or neither — unlinked?
F, H, and E Always either F and H or E — closely linked in trans?
Allele P Possibly linked to I and C.

Genetikai térképezés

Bloodstain

4 5 8 7.
\\ \\ Suspects / / g //



Minisatellite (D1S80)

Flanking regions

VNTRs, RFI:/ \

Repeat region

GAGGACCACCAGGAAG

16 bp repeat unit

Microsatellite (THO1)

Flanking regions

STRs, PCR/ \

TCAT
4 bp repeat unit

Repeat region

Forensic DNA Typing, 2" Edition, J. Butler, 2005



DNS polimorfizmusok

polimorfizmus - célrégié a PCR vizsgdlatokban

GTCACCG CTCTAGT
CAGTGGC GAGATCA

GTTGACG| GAGCCCTAGCCAG | CAGCTA
CAACTGC| CTCGGGATCGGTC | GTCGAT

GTTAACG GATCCGGAGCTTA | CAGCTA
CAATTGC CTAGGCCTCGAAT | GTCGAT

P a
« »

P : polimorf célszakasz (marker, lokusz, allél)



Polimorf szekvenciak mutacios ratdja (u)

Mutation rate

per locus
per generation
Some expanded 0
. . : 10
Bpathogenic microsatellites
101
IMinisateIIites
10—2
Microsatellites 10-3
Some structural 10-4
polymorphisms
w 1 0_5
|
o 10-6
10-7
Base substitutions (SNPs)
10-8
10—°
10-10
IRetroeIement insertions
1011



Microsatellite structure

Repeat  Locus Flanking Microsatellite repeats Flanking Alleles
unitsize DNA e DNA
2bp APOA2 acacacacacacacacacacacacacacacac (aC)4.5,

e e | s [ }
attattattattattattattattattattattattatt (att)-

3bp  DYS392

L e U L

cagcagcageageageageageageageageageag (cag),. 5 (normal)

(cag)se-120 (pathogenic)

3bp  Huntingtin

36-120

| Il Il Il Il Il Il Il I Il I

aatgaatgaatgaatgaatgaatgaatgaatgaatgaatg (aatg)s.,

(aatg), .(atg),(aatg);.,

4 bp HUMTHOH1

I I I 1 1 (agat), ;(agac). ,agat
agatagatagatagatagatagatagatagatagacagacagacagacagacagacagat , , '
TR TRNT [ (agat) ;. -(agac)y

4bp  D125391

| ] [ | | I I I I I I | (It ) (ertte ), (TTETC)
ttticttttctttteetttettetetertetet ettt tetette tettete tte —mm
L [TTLLE ).

Sbp  HUMCD4

Human Evolutionary Genetics, Jobling, 2004



Mikroszatellita evollcio

15 CA repeats origmally
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.Replikdcids slippage” - Mikroszatellita mutacio

Microsatellite
-« repeat unit
DNA polymerase NO
MDD DDDD Replication MUTATION
.

— T —
5 T — OO —

5
3
11-repeat allele

Slippagkrwealignment

Mismatch
repair

Misalignmeilt/ \
—..‘.‘..-) B G G S ] 2

l Extension l
M — RO —
— OO — —..‘.’......—

+1 REPEAT MUTATION -1 REPEAT MUTATION
12-repeat allele after

10-repeat allele after
subsequent DNA replication subsequent DNA replication

Human Evolutionary Genetics, Jobling, 2004



Trinukleotid repeat expanzio

' 2
insertion ‘l 1 @2
57 | cacg | [ cac |——> 3
3° - &TCc |[H GaTC aTtc |H{ atc HH aTc H aTc | 57
1 2 3 4 5 6
0
1 2 o 3 4 5 6
5’ | cAG [ caG [ cac }H cac MHcag HHcac {cag —— 3¢
CAGCAG (CAGQ) m—CAGCAG
) L n=5-35
/ Type I
¥ \ YP
CAGCAG =~ CAG(CAG)yCAG =~ CAGCAG
n=20->300

) Palyglutamine (CAG) expansion in coding regions

CGGCGG

(CGG), CGOGCLG

i \"‘“" Type II

CGGCGG - CGGICGG)4nCGG -~ CGGBCGG
=50 - 1000

2) Trinucleotide expansion (CGG or CTG) In noncoding regions IﬂSTGb || mu-réciél
A. Different types of trinucleotide repeat expression



Trinucleotide repeat expansion

CGG GAA CAG CTG CGG
(Gln)
AUG AUG
start stop
I ] I o
Exon Intron Exon Intron Exon Intron
FRAXA Friedreich Chorea Huntington Myotonic FRAXE
mental ataxia Spinal-bulbar muscular atrophy dystrophy mental
retardation Eﬁl’m}cere bellar ataxia 1 retardation
her neurological diseases others
B. Unstable trinucleotide repeats in different diseases
[ ] )
: Three normal Three ] A
vlze markers control persons affected persons L] ( lj i
1 2 3 4 5 b 7 8 9 10 n
y| 90 =-—
-
4 :
ol 15— -— — =
2 — z
5 =
S| 60 — - - g2
£ — &
*-E 45 —
B 30 = —_— — —_—
E — — E
2 = - = - — - = £
| L J e p— -— — — -_— =

C. Principle of laboratory diagnosis of unstable trinucleotide repeats leading to expansion

Passarge, 2001



Genetic diseases due to repeat expansion

Disease Gene  Frequency Tri- Normal Mutant Chromosome
(Examples) nucleotide MNumber Allele
Huntington disease HD 1:10000  (CAG); 0-26 36-121 4p16.3

Fragile X syndrome FMRT 1:5 000 (CGG), =50 52=500  Xq2/.3
Myotonic dystrophy DMPK 1:8 000 (CTG) 5-37 50-500  19q13.2

Spinal-bulbar muscular  SBMA  <1:50000  (CAG)j 11=31 36-65 Xg11-12
atrophy (Kennedy)

Fragile X
Huntington disease
Myotonic dystrophy
’ Friedrich ataxia
3 | — =1 cpma
"';: h E"": | efc

B. Fragile site Xq27.3 Passarge, 2001




Expanded CGG repeats in the Fragile X syndrome

[1() =Normal (no mutation)
L] . = Premutation without phenotype effect
. = Affected (fraX syndrome)

The number under the symbols correspond to the
number of CGG trinucleotides of the FMR1 locus

1. Variable number of CGG repeats

n = 10-50 normal

] 2 3 4
1 J
22}'—29 B2 29/80 10
] |:|
22/80 =200
18% Penetrance
m
=200
76%
Penetrance

n =50-100 Premutation

Mormal male | Patient
transmitter > @ TCj/J !
.®) Heterozygote
P
(;:) I/;\. () Mormal

expan-
ded
area

| Pre-
muta-
tion

normal

3. Examination of a family
with fraX syndrome

n=more than 200 in patients

(CCG)y —

- 3

FMR1gene

2. Number of CGG repeats in mutation and premutation
C. Expanded CGG repeat in fragile X syndrome

Passarge, 2001



Mikroszatellita genotipizdlds PCR-rel

Primer 1

f

Tswnfrcumcmummucahmcrsncsn. o T G T T A CCACT TAC O ACAR TG FCROCGTARC ATAR DS L TAR

o

ACTCARRGTTACCARGCAGARGTIGCTATGACTGLT -

ICMTGGTCHA‘IECTGITRLCRCTGGCATI‘GT TACLATT

- —

Primer 2

Note: the nucleotide composition L

of he most variable area is f\

indicated in the enlarged reglon.  55°C 30 % E e E
Bases al variabie positions are 235 \_)

highlighted.
temperaiure cycling

Allele length classes

PCRH = Polymerase chain reaction

Exponential amplification of a known DNA
sequance using complementary primers, a
thermostable DNA polymerase and a

protoca

Fractonaled on saquencing gel

TCARTOCTTCOPCTTCARCOATAC TORCEA M Cmﬂﬁ.ﬂmaﬁg@w QI TACCAGTTACGRCAATGTIACCOTARCAT
MITTRCOARGCAGARGTTGLTATGACTGL! Tﬂﬁ'ﬂmﬂmﬂﬂmmmﬂ AATEETCARTGCTATTACACTAGCATICTA

TEARTICTTLUTC TTCARCGATACTOGRCAR &E hcmﬂ L ATTACCARATTRCGACRAATOTIACCOTARCAT

AGTTACGAAGCRGAAGT TGO TRTOACTGE NTHTGTGTGTG‘:‘GTGN‘: CARTGETCAATSCTGTTRACACTGICATIOTA \

TERATGOTTCOTC TICRACGATACTEACGAH I T L VT T BT T ol ol A T R CCAGTTACGACAATS TOACCOTAACAT
AGTTACGRAGCRGAAGTTECTATGACTUCT iyt gryur b nrb e iy ety i RA TGO T C AR TGO TS TTACACTOGE ATTGTA

TCARTOCTTCATC TTCACGRTRC TERC A Y B R Y T e T4, £ C A BT TACG R AR TOTGACCGTAACAT /

AGITACOGARGCAGARGTTGCTATGACTEL T mmm&m’mmb' ARTGOTCAATGCTATTACACTOICATIGTA

ACGT

Ty . -
-9 — —
> — -
3 K | — ——




STR allélek genotipizdlasa: multiallélek

Separate PCR products from various
samples amplified with primers
targeted to a particular STR locus

Polyacrylamide Gel

L Combine L

N . .

. . — |
. . .

L Re-amplify L

. .

Find representative alleles
spanning population variation

Figure 5.3, J.M. Butler (2005) Forensic DNA Typing, 2" Edition © 2005 Elsevier Academic Press



Mikroszatellita - STR - markerek
(Short Tandem Repeat)

AATG
Flurescens 2 ‘ \ /

eloles B O W

Q 7 repeat

8 repeat

a repeat régio varidabilis az egyes mintak kozott mig a
flanking regio ahol a PCR primerek tapadnak dallando

Homozigota = a két allél megegyezik

Heterozigota = allélek kiilonb6zok és egymastol elvalaszthatok



Multiplex - PCR

(A) Harom lokusz szimultan amplifikdldasa egy reakcidban

—> —> ——
= -« -—

Locus A Locus B Locus C

(B) PCR termékek elvdlasztdsa fragmens méret alapjan

L

small — large

Figure 4.3, J.M. Butler (2005) Forensic DNA Typing, 2" Edition © 2005 Elsevier Academic Press
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28.2] |31.2] [34 2] D7S820 CSF1PO
[29.2] |32.2] |35.2|

D21S11

4000
2000

D19S433

.T].f?.l!a @J.'é'&'é'ﬁ'ﬁ'ﬁ Dumm ?ﬁﬁ'ﬁ'ﬁ'ﬁ'&'&'

2000

- - TPOX s D18S51
142
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AMEL D5S818 _ANA—
7 R
TRV
‘ EI‘IT_TI“IEI‘ ““‘ [+22] [452] [#2][517]
5] [10] [12] [14] [18] 18] [20] [22] [24] [28] [25] [20] [32.2 |432|452| [F0z]
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STR System| Maternal Meioses Paternal Meioses |[Number from| Total Number of| Mutation
(%) (%) either Mutations Rate
CSF1PO | 95/304,307 (0.03) | 982/643,118 (0.15) 410 1,487/947,425 | 0.16%
FGA 205/408,230 (0.05) |2,210/692,776 (0.32) 710  [3,125/1,101,006| 0.28%
THO1 | 31/327,172 (0.009) | 41/452,382 (0.009) 28 NMO00/779,554 | 0.01%
TPOX | 18/400,061 (0.004) | 54/457,420 (0.012) 28 (V-] 100/857,481 | 0.01%
VWA 184/564,398 (0.03) (1,482/873,547 (0.17) 2,480/1,437,945| 0.17%
D3S1358 | 60/405,452 (0.015) | 713/558,836 (0.13) A 79 1,152/964,288 | 0.12%
D5S818 |111/451,736 (0.025) | 763/655,603 (0.12) /O 385 1,259/1,107,339| 0.11%
D7S820 | 59/440,562 (0.013) | 745/644,743 (0%X) 285 1,089/1,085,305| 0.10%
D8S1179 | 96/409,869 (0.02) | 779/489,968 ) 364 1,239/899,837 | 0.14%
D13S317 | 192/482,136 (0.04) | 881/621,148%0.14) 485 1,558/1,103,282| 0.14%
D16S539 | 129/467,774 (0.03) | 540/494,465 (0.11) 372 1,041/962,239 | 0.11%
D18S51 | 186/296,244 (0.06) (1,0984#94,098 (0.22) 466 1,746/790,342 | 0.22%
D21S11 | 464/435,388 (0.11) /526,708 (0.15) 580 1,816/962,096 | 0.19%
PentaD | 12/18,701 (0.06 @3/22,501 (0.09) 24 57/41,202 0.14%
PentaE | 29/44,311 (Q06S) | 75/55,719 (0.135) 59 163/100,030 | 0.16%
D2S1338 | 15/72,830 (0,621) | 157/152,310 (0.10) 90 262/225,140 | 0.12%
D19S433 | 38/70,001 (0.05) | 78/103,489 (0.075) 71 187/173,490 | 0.11%
SE33 0/330 (<0.30) 330/51,610 (0.64) None 330/51,940 0.64%
(ACTBP2) reported

STR I6kuszok mutdcids ratdja: 10-3 -

104 / meidzis




Polimorf markerek eloszlasa a genomban

BINARY MULTIALLELIC
MARKERS MARKERS
— Telomere arrays
' F\GC-rich 100001 Telomere
ini - repeats
Hasg minisatellites ]
substitutions _ 1500—
(SNPs)— <—Microsatellites & Minisatellites Satellites
£ 10001~
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| S 500/
{ :
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Avandli /L1 T o 100
Other Q rDNA
ingleer?oer? St | - minisatellites é]:) Micro. genic
[ / 507 satellites I Irepeats
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{ \_/ |‘/ minisatellites 1 5 10 100 1000 10000 100000

/

T TS Repeat unit length (bp)

Human Evolutionary Genetics, Jobling, 2004



Mikroszatellita pontmutdciok

5’flanking 3’flanking
Forward primer  region STR region Reverse primer
binding region Repeat region binding region
f A\l | \ /7 N BN 1

> * Example:
THO1 9.3 allele
h

(-Ain 7t repeat)

B) E_% Example:

— D18S51 13.2 allele
(+AG in 3’-flanking region)

C) %ﬁ Example:
Rare VWA allele amplified with

AmpFISTR primers
(A-to-T in 2" base from 3’end of
forward primer)

Figure 6.8, J.M. Butler (2005) Forensic DNA Typing, 2" Edition © 2005 Elsevier Academic Press



Varians mikroszatellita allélek: Null-allélek

* 12 Profi...us Ladder 12 Green Profiler Plus Ladder

D75820 ]
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Lsoo 1000
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}-200
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15* osbp [ - xrac)s - asac acacac - NN
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- £ - - ) - 600
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aivp [ - <t [ - (O ATer-
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10 214 bp _'(GATA)IO'-'(T)SA“\TCT‘ RO B VEORCICROR OIS O Sl | ' v [ 262" 1 | 1 [ I
10 215 220 225 230 235 240 245 250 255 260 265 270 275 28[0
] FGA
12 (ref) 222 bp _ - (GATA);> - - - (T ATCT - 13 POP Gy/De - 110 13 Blue POP Gy/De - 110 110
24 bp 13bp 124 bp [\ A [ 2000
— " '. 1000
0135917 alle 12 Homozigota fenotipust——
1500
5'-gggttgctggacatggtatcACAGAAGTCTGGGATGTGGA---N82---(ATCT)12ATCAATC(ATCT)3TTCTGTCTGTCTTTTTGGGC---N36--- [Ltoan
gaccaacaattcaagctctc-3' Ls00
D13S317 allele 7 (variant)
5'-gggttgctggacatggtatcACAGAAGTCTGGGATGTGGA---Ng2---(ATCT)7 ATCAATCAATC(ATCT)3TTCTGTCTTTTTGGGC---N36---
gaccaacaattcaagctctc-3' L1000




Mikroszatellita allélgyakorisdg diagramok
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Genotipus gyakorisagok statisztikai interpretalasa

» Allel-gyakorisagi adatok generalasa a vizsgalt populacidéban
gyUjtott mintak sorozatabdl (altalaban 100-200 nem rokon
egyed / populacio autoszoéma STR I6kuszok esetén)

» Allel-gyakorisagi ertekek meghatarozasa minden I6kuszon és
az 0sszes megfigyelt allélra

« Allél-gyakorisagi ertékek felhasznalasaval a kérdéses DNS-
profil eléfordulasi gyakorisaganak kiszamolasa

— Homozigéta (p?), Heterozigéta (2pq)

— Product rule: fuggetlen lokuszok genotipus
gyakorisaganak multiplikalhatésaga PM = (P1)(P2)...(Pn)
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Genetic Structure - Analysing of MOlaculare VAriance
a, (AMOVA)

P BuCa BaRo DeRo BuUuAs

FST 1|2|3|4|5|6|7|8|9|10|11|12|13|14|15 1|]2)13|4]5]|6]7|8]9]|10)11)12]13] 114|154 1| 2| 3| 4] 516 7|8 92]|10)11j12]13]J14)15Q 1| 2|3 4]5]6]| 7] 8] 9]10]11]12]13]14]154

Baro TN [N W

DeRo
BuAs l l

P BuCa BaRo DeRo
(DST l|2|3|4|5|6|7|8|9|10|11|12|l3|14|15 1121314516 7]|8]9]|10]11)12|13]14|154 1]2]13]4]5]16]7 12] 13|
BuCa
BaRo l
DeRo
Buns CRENN B
d?lﬁlések: . (Fst, @s7) > 0,02; P<0,1 |:| 0,02 > (Fgt, ®@57) > 0,01; 0,01 <P < 0,05 |:| (Fst, @s7) <0,01; P>0,05
P BuCa Szekely Csango
FST 1|2|3|4|5|GI7|8|9IlOIll|12|13|l4|15|16|17 1 2 3 4 5 6 7 8 9| 10) 1112 13141516117 1 2 3 4 5 6 7 8 9 | 10] 11| 12) 13] 14 15) 16 17
BuCa
Szekely H
Csango HEREEEEEE REEEN
b,
P BuCa Szekely Csango
¢ST 1|2|3|4|5|GI7|8|9|10|11|12|13|14|15|16|17 1 21314151 6) 78| 9]10]11]12]13)14)15416J174 1] 2] 3] 4] 5] 6 7] 8] 9]110]11]12] 13} 14 15] 16 17|
BuCa
Szekely F
Csango HIREEEEEREEEER
Jeldlések: B s ®s)>002; P<01 [T o0.02>(Fsr, @sr)>001; 0,01<P<005 [ ] (Fsr, ®sr)<0,01; P>0,05




Autosome SNPs in the Human Genome

TABLE 12.2 Categories of SNP Markers (See Budowle & van Daal 2008, Butler et al. 2008).

Category Characteristics Examples
Identity SNPs SNPs that collectively give very low F55 21plex (Dixon et al. 2005)
Individual Identification  probabilities of two individuals having the SNPforlD 52plex (Sanchez et al. 2006)
SNPs (II5SNPs) same multi-locus genotype Kidd group SNFs (Pakstis et al. 2010)
Lineage SNPs Sets of tightly linked SNPs that function as mtDMNA coding region SNPs (Coble
Lineage Informative multi-allelic markers that can serve to et al. 2004)
ShPs (LISMNPs) identify relatives with higher probabilities Japanese Y-5NPs (Mizuno et al. 2010)
than simple bi-allelic SNPs Haplotype blocks (Ge et al. 2010)
Ancestry SNP's SNPs that collectively give a high probability  SNPforlD 34plex (Phillips et al.
Ancestry Informative of an individual's ancestry being from one 2007b)
ShPs (AISNPs) part of the world or being derived from two 24 SNPs (Lao et al. 2010)
or more areas of the world F55 YSNPs (Wetton et al. 2005)
Phenotype SNPs SINPs that provide a high probability that Red hair (Grimes et al. 2001)
Phenotype Informative the individual has particular phenotypes, “Golden” gene pigmentation
SHPs (PISMNPs) such as a particular skin color, hair color, eye  (Lamason et al. 2005)

color, etc.

IrisPlex eye color (Walsh et al. 2010)




A humadn melanogenezis

Eumelanin a-Melanocyte Stimulating Hormon Phaeomelanin

oNSH

MC1R  Melanocortin 1 Receptor
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Bouakaze et al., Int J Legal Med (2009) 123:315



A borpigmentacio kialakuldsdért felelés gének

Principal skin pigmentation candidate genes

Locus Chromosome Protein

Mut phenotype

Function

Melanosome proteins

TYR 11g14-11q21 Tyrosinase
TYRPI 9p23 Gp75, TRYPI
DCT 13g32 DCT, TRYP2
OCA2 15g11.2-15g12 P-protein
SLC45A2 5p14.3-5912.3 MATP, AIM-1
SLC24A5 15qg21.1 Cation exchanger

Signal proteins

ASIP 20g11.2-20q12 Agouti signal protein
MCIR 160243 MSH receptor
POMC 160243 MSH receptor
Al Xp22.3 OA] protein
MITF 3pl2.3-3pl4.] MITF

Proteins involved in melanosome transport or uptake by keratinocytes
MYO5A 15g21 MyosinVa
RAB27TA 15q15-15q21.1 Rab27a
HPS]1 10g23.1-10g23.3 HPS1
HPS6 10g24.32 HPS6

OCAI
OCA3

OCA2 (eye)
OCA4 (skin)

Red hair (skin)
Red hair

OATl
Waardenburg

Griscelli
Griscelli
Hermansky-Pudlak
Hermansky-Pudlak

Oxidation of tyrosine
DHICA-oxidase, TYR stabilisation
Dopachrome tautomerase

pH of melanosome

Melansome maturation
Melanosome precursor

MCIR antagonist
G-protein coupled receptor
MCIR antagonist
G-protein coupled receptor
Transcription factor

Motor protein

RAS family protein
Organelle biogenesis and size
Organelle biogenesis

ACTH: adrenocorticotrophin hormone; DCT: dopachrome tautomerase; DHICA: 5,6-dihydroxyindole-2-carboxylic acid: MATP: membrane-associated transporter
protein; MCIR: melanocortin-1 receptor; MITF: microphthalmia-associated transcription factor; MSH: melanocyte stimulating hormone; OCA: oculocutaneous

albinism; POMC: pro-opiomelanocortin; TYRPI: tyrosinase-related protein 1.

Pulker et al., FSI Genet (2007) 1:100



MCIR gén mutdcidok

Mutations in the MCIR gene. their penetrance and functional significance (where known)

Mutation Type Designation Penetrance (odds ratio) Functional significance References (for functional
significance and penetrance)

R151C Mis-sense R 633 Altered cellular location [16.26]
R160W Mis-sense R 633 Altered cellular location [16,26]
D294H Mis-sense R 63.3 Impaired G coupling ability [26,27]
D84E Mis-sense R 633 Altered cellular location [16,26]
[155T Mis-sense Lack of statistical data—strong familial asso- Altered cellular location [16,26]
ciation
VoM Mis-sense r 5.1 Reduced «-MSH binding [26,28,29]
V6OL Mis-sense r 5.1 [26]
R163Q Mis-sense r 5.1 Slightly reduced a-MSH binding [26,29]
R142H Mis-sense Lack of statistical data—strong familial asso- [26]
ciation
v V4 oo P P V74 ° ° V4
+ MCIR allélvaltozatok kiilonb6z6 aktivitassal rendelkeznek.

- 317 AS, 7 transzmembran domén,
SNPs: RHC fenotipus - neandervélgyi pigmentdcid
genetikai tesztek, fenotipus predikcio

Tully, FSI Genetics (2007) 1:105



SNPs - pigmentdcios gének

rasszban fixadlt, szelekcids nyomds?

OCAZ2: albinizmus gén, 305 Arg/Trp, Afrika / Eurdpa

ASIP (aguti): 3'UTR 8818A - MSH antagonista - phaeomelanin termelés
MATP: melanoszéma pH reguldcié, 374Leu allél - s6tét szin, albinizmus
SLC24A5: ,arany” gén, zebrafish, Alal11Thr allél, vilagos drnyalat, europid

Gene Location Protein Reference SNP ID (rs#)* Alleles Variation type
MCIR 16g24.3 MCI1R: melanocortin 1 rs1805007 C/T ns coding, ¢.451C=>T. p.R15IC
receptor 151805008 C/T ns coding, ¢.478C>T, p.R160W
HERC2 15q13 Unknown rs12913832 A/G Non-coding, intron 86
0cA2 15q11.2-15q12 P-protein: NA+/H+ 17495174 T/C Non-coding, intron |
antiporter or glutamate 16497268 or rsd778241 G/T
sporte
i rs11855019 or rs4778138  T/C
rs1545397 G/A Non-coding intronic
SLC4542 Spl13.3 MATP: membrane- 1516891982 C/G ns coding, ¢.1122C>G, p.F374L
associated transporter
protein
SLC24A45 15qg21.1 SLC24AS5 (or NCKXS5): rs1426654 G/A ns coding, p.A111T
solute camier family 24,
member 5; potassium-
dependent sodium-|
calcium ion exchanger
DCT 13932 DCT or TYRP2/TRP-2: rs2031526 G/A Non-coding, intronic

dopachrome tautomerase
or tyrosinase-related
protein-2

7S NON-Synonymous

P Reference SNP ID refer to the reference sequence identifier given to the SNP in the dbSNP database

Bouakaze et al., Int J Legal Med (2009) 123:315



SNaPshot: A Primer Extension Assay Capable of Multiplex Analysis

Minisequencing Allele-specific primer extension across the SNT site with

(SMal'shot assay) fluorescently labeled ddNTPs; mobility modifying tails can be added
to the 5-end of each primer in order to spatially separate them
during electrophoresis.

4000 7] Sample 1
3000 7 1T
2000 g

= Moud

4000 1| Sample 2 TT
i CC CT L

(b) (TTTTT)—primer1 (chromosome 20)-ddT/ddT

(TTTTT)HTTTTT)—primer2 (chromosome 6)-ddC/ddT
(TTTTT)HTTTTIT)=(TTTTT)—primer3 (chromosome 14)-ddC/ddT

(TTTTT)HTTTTT)ATTTTT)~TTTTT)—primer4d (chromosome 1)-ddC/ddC

FIGURE 12.2 Allele-specific primer extension results using four autosomal SNP markers on two different sam-
ples (a). SNP loci are from separate chromosomes (1, 6, 14, and 20) and therefore unlinked. Electrophoretic resolu-
tion of the SNP primer extension products occurs due to poly(T) tails that are 5 nucleotides different from one
another (b). Butler, J.M. (2011) Advanced Topics in Forensic DNA Typing, p. 354



10 pigmentdciés gén SNP genotipizdlds (SNaPshot)
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Bouakaze et al., Int J Legal Med (2009) 123:315




Sample Self-reported pigmentary traits 12913832 1805007 rs1805008 OCA2 rs16891982 rsl426654 2031526 rs1545397 Inferred ancestry of individuals®

HERC2 MCIR MCIR diplotype® SLC24A2 SLC24A5 DCT OCA2

Eye color Harr color Skin color European Asian Afncan
El Blue Red Fair GG c/ic CiT TGT/TGT  G/G A/A GG A/A 0.963 0.012 0.024
E2 Green Light brown Fair E c/C CiC TGT/TGT G/G AJA AG AiA 0.954 0.021 0.025
E3 Blue Blond Fair GG C/C C/C TGTTGT  G/G A/A A/G A/A 0.954 0.024 0.022
E4 Blue Blond Fair GG Cc/C C/iC TGTTGT  G/G A/A AG A/A 0.960 0.020 0.020
ES Blue/gray Auburn Fair GG /T c/C TGT/TGT G/IG A/A GIG A/A 0.961 0.013 0.026
E6 Green/gray Light brown Fair GG c/ic c/iC TGT/TGT  C/G A/A GG A/A 0.787 0.038 0.175
E7 Greenhazel Light brown Fair AIG /C c/ic TGTTGT  G/G A/A AG A/A 0.955 0.022 0.024
ES Greenhazel Dark brown Fair A/A C/C C/C TGT/CTC G/IG A/A GIG A/A 0.961 0.013 0.027
E9 Greenhazel Dark brown Fair A/A c/ic c/ic TTT/CTC G/G A/A GG A/A 0.963 0.013 0.024
E10 Blue Light brown Fair % c/Cc C/C TGT/TGT /G A/A G/G A/A 0.789 0.049 0.163
Ell Green Auburn Fair E‘i& T c/ic TGTTGC G/IG A/A GG A/A 0.958 0.014 0.028
E12 Blue/hazel Light brown Fair AG c/c c/iC TGTATT GG A/A GIG A/A 0.962 0.012 0.026
E13 Blue/hazel Light brown Fair AG cic Cc/IC TGT/TTT GIG A/A GG A/A 0.965 0.013 0.022
El4 Green Light brown Fair GG c/C C/C /G A/A G/G AT 0.763 0.165 0.073
ElS Brown Dark brown Fair AG c/c c/iC G/G A/A A/G A/A 0.957 0.022 0.021
E16 Brown Dark brown Fair AA c/ic c/c C/G A/A AG AT 0.669 0.283 0.048
E17 Greenhazel Dark brown Medium AG C/C c/iC TGT/TTT C/G A/A G/G AT 0.755 0.170 0.076
EIS Blue Light brown Fair GG c/iC c/ic TGT/TGT  G/G A/A GG AT 0.935 0.045 0.021
E19 Brown Red Fair AG cT C/iC TGT/TGT  G/G A/A G/G A/A 0.964 0.013 0.022
1220 Green Light brown Fair GG C/C c/C TGT/TGT /G A/A G/G A/A 0.792 0.047 0.161
E21 Green/gray Blond Fair GG c/C c/c TGT/TGT  G/G A/A AG A/A 0.957 0.022 0.021
E22 Blue Light brown Fair GG C/C c/ic TGTTGT  G/G A/A G/G A/A 0.959 0.014 0.026
E23 Greenhazel Light brown Fair AG C/C c/iC TGT/TTT GIG A/A AG A/A 0.957 0.020 0.022
E24 Green Light brown Fair GG C/C c/C TGT/TGT  C/G A/A GG A/A 0.786 0.049 0.166
E25 Brown Red Fair AG c/C T/ TGTTGC  G/IG A/A G/G A/A 0.963 0.014 0.023
526 Blue Light brown Fair GG c/ic /C TGT/TGT  G/G A/A AG A/A 0.954 0.021 0.025
E27 Blue Red Fair GG c/C (o) TGT/TGT G/G A/A GG A/A 0.958 0014 0.028
Afl Brown Black Dark A/A c/iC c/C TGC/TTC  C/C G/G AG AlA 0.028 0.094 0.878
Af2 Brown Black Dark A/A c/C /C TGC/TTC  C/IC G/G GG AlA 0.023 0.031 0.946
A3 Brown Black Dark A/A c/C cic TGC/TTC c/ic A/G GG AfA 0.164 0.041 0.795
Asl - - - A/A C/C c/C TTT/CTC (oo G/G AG AT 0.042 0.649 0,308
As2 - - - A/A C/C C/iC CTC/CTC c/iC G/G AG TIT 0.020 0.921 0.060
As3 - - - A/A c/C c/ic CTC/CTC C/iC G/IG A/A T 0.013 0.964 0.023
Asd - - - A/G C/iC C/iC TTT/CGC  C/C A/G A/A AT 0.212 0.708 0.080
AsS - - - A/A Cc/C Cc/C TTC/CGC  C/C G/G AG T/T 0.019 0.922 0.059
Asb - - - A/A C/C CciC CTC/CTC /G G/G A/A TT 0.119 0.858 0.023

E European modern sample, A/ African modern sample, As Asian modern sample
* OCAZ2 diplotype comrespond to markers rs7495174/r56497268/rs11855019. OCA2 diplotype and rs12913832 genotype predictive of blue eye color phenotype are underlined
® Probability of being from European/Asian/African population determined using the STRUCTURE program. The greatest probability, most likely estimate of ancestry, is indicated in bold

Bouakaze et al., Int J Legal Med (2009) 123:315



Eltero oroklodési mintazatok

[Leszarmazasi markerek

Autoszomas marker Y-kromoszoma Mitokondrialis DNS:
(az Osszes felmendnktdl (csak a fin gyermekek (minden gyermek az
orokoljitk részletekben) oroklik apjuktol) édesanyjatol 5rokli)

Figure 9.1, J.M. Butler (2005) Forensic DNA Typing, 2"¢ Edition © 2005 Elsevier Academic Press



Y STR Positions along Y Chromosome

Extended haplotype loci
ABI AmpFISTR Yfiler loci

DYS458 DYS450 DYS459a
DYS463 DYS449 DYS464b DYS464c¢
DYS455 DYS454 DYS464a DYS464d
g DYS447 DYDSIgg = DYS459b
DYS453lhvs4s6 DYS437,DYS438
DYS439 \_
; . I TT1
Mb 5 10 / 15 [ iC 25 .7 30
. Isry ZFY | DYS635 H4 of
Dys393  DYS19pys3er\ DYS30 /\ pyssgz -
— - DYS389 Il 3
Minimal haplotype loci I DYS385a DYS385b
AZFa IAZFb AZFc RIS
heterochromatin

Adapted from http.//www.cstl.nist.gov/div831/strbase/ystrpos1.htm
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Y kromoszomas vizsgadlat bliniigyi mintdakon
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(A) DYS385 a/b Multi-Copy (Duplicated) Marker

R primer R primer
—
—__a_| b >—
Y S g
F primer F primer

Duplicated regions are
40,775 bp apart and facing a=>b azb
away from each other

(B) DYS389 I/ Single Region but Two PCR Products
| (because forward primers bind twice)
| eteretessaetetess st et s aeter et s aeaas
____________ E____________i DYS3891 DYS389ll
: F primer : F primer |
— — |
I_J T T o T T T T — A A
| <—I
! S -l s O
|

Figure 9.5, J.M. Butler (2005) Forensic DNA Typing, 2" Edition © 2005 Elsevier Academic Press



DYS389 I-II mutation

B11_13_9713_001_01IST_13072871GNT12fsa 13_9?13_001_01IST_130?28;.‘{ ‘ | ‘ ‘ |° [ Mark Sample for Deletion
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Y kromoszoma vizsgalat soran a ferfi agi fiu rokonok
mindegyike potencialis mintaado

Q| e I— | - |@
X O o

unokatestveér

_____________________________

Figure 9.3, J.M. Butler (2005) Forensic DNA Typing, 2" Edition © 2005 Elsevier Academic Press



Genetic History

Thomas Jefferson Il

Field Jefferson Peter Jefferson

President
Thomas Jefferson

2 i

Eston Hemings |Thomas Woodson

SameY
Haplotype 7
Jefferson
Y Haplotype gohn _\/Vi%IZSGJefferson _
Jefferson ornin Different Y Haplotype
Y Haplotype

Figure 9.10, J.M. Butler (2005) Forensic DNA Typing, 2" Edition © 2005 Elsevier Academic Press



DNA Marker Field Eston John Carr Thomas

Tested Jefferson Hemings Male-Line Woodson
Male-Line Male-Line Male-Line
Number of 5 1 3 5

individuals typed

Y STR Loci
DYS19 15 15 14 - 14 ~if—
DY5388 12 12 12 12
DYS389A 4 4 5 5 e
DY5389E 11 11 12 e 11
DY5389C 3 3 3 3
DY5389D g9 9 10 e 10
DY5390 11 11 11 11
DY5391 10 10 10 13 i
DY5392 15 15 13— 13—
DY5393 13 13 13 13
DXYS5156Y 7 7 7 7
Y SNP Loci (0 = ancestral state; 1 = derived state)
DYS287 (YAP) 0 0 0 0
SRYmB299 1] 0 0 0
DYS271 (5Y81) 1] 0 0 0
LLY22g (1] 0 0 0
Tat 1] 0 0 0
92R7 0 0 1 1
SRYm1532 1 1 1 1
Minisatellite Locus
MSY1 (3)-5 (3)-5
(1)-14 (1)}-14 (1)-17 (1)-16 -~
(3)-32 (3)-32 (3)-36 -~ (3)-27 -l
(4)-16 (4)-16 (4)-21 e (4)-21 e

Table 9.8, J.M. Butler (2005) Forensic DNA Typing, 2" Edition © 2005 Elsevier Academic Press



. (- ) m wie, vhrd,orgfSearch/Haplotypes; ;s

YHRD.ORG

‘ﬁ’}, *"";p -
¥ g’}é& Haplotypes
: ﬂ‘ Y SNPs
o : § .

2 ¥ = Populations
R39: 101055 hapiotypes Contribibors

Contributions

National database
Whole database

Please note: The database size will vary based on the loci you have entered.

* 7 loci haplotype (DYS19, DYS3891, DYS383Il, DYS390, DYS391, DYS392, DYS393): 101055 haplotypes
* 9 |oci haplotype (+ DYS385a/b): 99258 haplotypes

* 11 loci haplotype (+ DYS438, DY5439): 72171 haplotypes

* 12 loci haplotype (+ DYS437): 52628 haplotypes

e 17 loci haplotype (+ DYS448, DYS456, DYS458, DYSE35, YGATAHA): 40987 haplotypes

Y-SNPs:

e 124 Y-SNP branches (defined by 134 Y-SNP markers)
e 9039 haplotypes with Y-SNP infarmation

@080 ) (Ml | AR ISFQ

EY NC SR



YHRD.OR
£ %‘ﬂ oy
V»‘é’“ ‘Haplotypes
SNPs
r;y "!‘ S Populations

R3S: 101055 haplotypes Coniributors
Contributions

ational datat '
""""

Matches grouped by Metapopulations | Matches grouped by Continents | Matches grouped by Haplogroups | Frequency surveying estimates




. (- ) m v, vhrd,org/Search/Haplotypes;;s

R39: 101055 haplotypes Contributors
Contributions

Matches grouped by Metapopulations Matches grouped by Continents Matches grouped by Haplogroups Frequency surveying estimates

African - Afro-American
Frequency estimates with given haplotype not included in the database: Mean: 3.266 X 1074, Mode: 2.843 x 107+
Frequency estimates with given haplotype included in the database:, Mean: 3.889x 1074, Mode: 3.366 x 107+

Afro-Asiatic - Semitic
Frequency estimates with given haplotype not included in the database: Mean: 4.267 X 10-4, Mode: 4064 10-4
Frequency estimates with given haplotype included in the database:, Mean: 4.47 x 1074, Mode: 4267 x 107+
East Asian - Japanese
Frequency estimates with given haplotype not included in the database: Mean: 5.41 % 10-4, Mode: 4677 x 10-+
Frequency estimates with given haplotype included in the database:, Mean: 5.143 x 104, Mode: 5.41 2 10~

East Asian - Korean Cou nting MethOd

Frequency estimates with given haplotype not included in the database: Mean: 1.786 X 1074, Mode: 1.395% 107+
Frequency estimates with given haplotype included in the database:, Mean: 2.177 x 10-4, Mode: 1.786x 10-¢

East Asian - Sino-Tibetan - Chinese 0504 Conﬁdence inte rval

Frequency estimates with given haplotype not included in the database: Mean: 5.028 % 10, Mode: 3.951x 105
Frequency estimates with given haplotype included in the database:, Mean: 2.104% 105, Mode: 6.028 X 10

Eurasian - Altaic 1 - (O 05) 1/N ~ 3/N
Frequency estimates with given haplotype not included in the database: Mean: 5,634 107, Mode: 4953 107+ "

-4

Frequency estimates with given haplotype included in the database:, Mean: 6.315x 10

Eurasian - European - Eastern European
Frequency estimates with given haplotype not included in the database: M£an: 7.657 x 105, Mode: 3.381x 10

Frequency estimates with given haplotype included in the database:, Mefin: 1.192x 1074, Mode: 7.658 % 10

Eurasian - European - South-Eastern European
Frequency estimates with given haplotype not included in the database: M\an: 3.772x 1074, Mode: 2.878x 1074

Frequency estimates with given haplotype included in the database:, Mean: IKE7 = 1074, Mode: 3.772x 107+
Eurasian - European - Western European

Frequency estimates with given haplotype not included in the database: Mean: 2.693 % 105, Mode: 1.444x 10-5

Frequency estimates with given haplotype included in the database:, Mean: 3.941 % 105, Mode: 2.693 % 105




Mobilis Genetikai Elemek

* Extra mennyiség a humdn genomban: 100/gén (~ 45 %)
* Human genom ~ 75 %-a lehet mobilis elem maradvdnya

* Mutagén hatdsok: pl. inzercid, nem homoldg rekombindcio,
— negativ konzekvencia a gazddra nézve

* Retrotranszpozon: ,copy-and-paste”, LINEs, SINEs, LTRs

- Transzpozon: ,cut-and-paste”

TABLE 2.2: CLASSES OF DISPERSED REPEATS IN THE HUMAN GENOME.

Class Copy no. per Fraction of genome Autonomous transposition Length

haploid genome or retrotransposition?
LINEs 850 000 21% Yes Up to 6-8 kb
SINEs 1 500 000 13% No Up to 100-300 bp
Retrovirus-like elements 450 000 8% Complete copies, yes 6—11 kb (1.5-3 kb}
DNA transposon copies 300 000 3% Complete copies, yes 2-3 kb (80-3000 bp)
Values given in purenthescs are lengths of incomplete elements, incapable of autonomous transposition {sce Sceton 3.4). Adapted trom

Lander er al. (2001).



Structure of Transposable Elements

a b ORF2p

ORFlp  ORF2p  6kb 10 kb 0 =
L1 pA  HERV []Gag[l Pol |Env[T] L1 RNA
LTR LTR TPRT | /

RF
ORFO Solo LTR [ l% C—_:/
300 bp \ORF1p
Alu pA L1 RNA
AAAAAA

Non-

repeat

DNA RNP L

2 kb formation
svA [cccten Al [ [ [ | | SINE |pA -
Spacer VNTR DNA transposons’ LTR or ERV ORF1p trimers

A schematic of common human transposable elements with their full- length size denoted. Long
interspersed element 1 (LINE-1 or L1) encodes two open reading frames (ORFs). ORF2p protein has
endonuclease (EN) and reverse transcriptase (RT) domains.

Alu elements are bipartite, with the two arms derived from 7SL RNA separated by an A- rich region.
SVA is a composite element containing variable number tandem repeats (VNTRs). Human endogenous
retroviruses (HERVs) are flanked by long terminal repeats (LTRs) and encode three essential viral
proteins, including envelope (Env). ERVs also exist in the genome as solo LTRs.

The pie chart shows the proportion of the human genome made up of these repetitive sequences.

Payer and Burns, 2019, Nat Rev Genet
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Long Interspersed Nuclear Elements - LINEs

* LINEs v. Kpn: emberi genom 20 %-a, 870.000 képia

» kb. 100 LINEs m(ikoddképes retrotranszpozonként

~ 6 kb, belsé 5’ prométer, 2 ORF (RNS-koté fehérje, endonukledz
+ reverz transzkriptdz), poly(A)-farok,

- Target-primed reverz transzkripcio: TT | AAAA - target
» Hanyag mdsolds
(transzkripcids .read-through”, .dead-on-arrival”, nagyobb

szekvenciarészek dtrendezdédése, egyéb nem autoném
szekvencidkhoz valo kgtddés)

- Onmaguktdl nem tudnak a genombdl kivdgédni (delécié)
+ 0si és relative Uj szekvencidk (pl. LINE-1: 5 MYs)



Short Interspersed Nuclear Elements - SINEs

+ SINEs v. Alu: 1.500.000 kopia, 70 % AluI, 300 bp,

» Féemlés specifikus, Alu I : AGCT, polimorfizmusok,

- Nem kodold szekvencia, onalléan nem mobilizalodik

* Alu - LINE-1 retrotranszpozicié, 0.05 /genom / generdcié

~ A B

5 3
Alu dimer —> L (A)n | (A), ’_
~130 bp ~1860 bp
290 bp
5I
5 UTR ORF1 ORF2 3
LINE-1 ' — | = ) —
element L ‘ (A'h]
6.1 kb
4 4
Function Reverse transcriptase
unknown and endonuclease

> Short flanking
direct repeat

Human Evolutionary Genetics, Jobling et al, 2004



Mobilis elemek: biallélikus hossz-polimorfizmus

NUCLEUS

5 |__ORFt ORF2
o

| | Transeription

/'\/ (An

Reverse transcription/
integration

G - ————

L1 copy
— often truncated
at5 end

Alu copy

Heverse -
transcription/*| °
integration

(A)n

‘ \ 'ﬁanscrrp{ion
5 3
YAl )

Alu dimer (~290bp)

Full-length L1 (6.1 kb)

CYTOPLASM

s U

Translation
mANA export Y Y

ORF1 Reverse
lranscriptase;
Function endonuclease
unknown

Human Alu Repeat
(~300 bp)

Alu

-----------

(A

Entry into /\0}1’:1 n
/ INMo

nuecleus
ORF1

\\Iongll (+)
allél

“short" (-)
allél

Short (7-20bp)
flanking direct repeat

[ R ]
]




A. RTE and satellte RNA expression in liver
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Figure 4. gPCR analysis of RNA expression of
representative RTEs and SEs. Total RNA was extracted from
(A) liver and (B) skeletal muscle, quantified by qPCR using
indicated primers (Table S1) and normalized to GAPDH. Data
were additionally normalized to the 5 month value for each
element (shown as 1.0). L1, LINE L1; MusD, LTR RTE MusD/ETn;
B1, SINE B1; B2, SINE B2; MSAT, major (also known as y) SE. (*)
p<0.01; (**) p<0.05.
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Figure 6. qPCR analysis of DNA to assess RTE genome
copy number. (A) L1; (B) MusD. Total DNA was extracted from
tissues of the same animals and tissues as used in Figure 4.
Relative copy numbers were quantified using a multiplex
TagMan qPCR assay with the indicated primers (Table S1) and
normalized to 5S ribosomal DNA. Data were additionally
normalized to the 5 month value for each element (shown as
1.0). 5SS DNA copy number was independently verified not to
vary with age or between animals or tissues using qPCR against
known single copy sequences. Means and standard deviations
are shown. (*) p<0.01; (**) p<0.05.
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