Ko-lokalizace a proximity ligation assay

hybridizace ligace polymerace/rolling circle

)

- Sekundarni protilatky obsahuji oligonukleotidy
komplementarni k olignukleotidum schopnym tvofit kruhovou
DNA — pouze pokud jsou sekundarni protilatky blizko sebe
(<16nm) - po ligaci muze polymeraza obihat po kruznici

Weibrecht et al, ER Prot, 2010




Prednaska 5.5.2015 od 15.00 v A11, 205
prof. A.R. Lehmann, FRS

Xeroderma pigmentosum: in-depth molecular,
cellular and clinical analysis of a DNA repair
disorder.

pfednaska 7.5. (10.00 v A2, 211)
Evoluce proteinu a proteinovych komplexu
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- komplexy podilejici se na replikaci DNA
- komplexy ucastnici se prepisu informace
- komplexy opravujici poskozenou DNA
- komplexy vytvarejici strukturu chromosomu
- samotny chromosom je obrovskym dynamickym
nukleoproteinovym komplexem (nikoli hola DNA)

Co zde schazi??

Chromatin = histony ... 1

DSB

REPLIKACE OPRAVA DNA
{I-j_éf_} heli-::lase 1 @@
SSB \‘ ‘
- primase ) polymerase gy TED
. .g::- L {/f

L

Rad59

1

sliding

clamp

RMA primer clarﬁp

(D-loop formation) l s
loader

—_—

—




- komplexy podilejici se na replikaci DNA
- komplexy ucastnici se prepisu informace
- komplexy opravujici poskozenou DNA

TRANSKRIPCE R

pb4/7

kvasinkovy PIC komplex
Gibbons et al, PNAS, 2012



- Samotny chromosom je obrovskym dynamickym
nukleoproteinovym komplexem s mnoha odlisnymi castmi
- DNA makromolekula asociovana s ruznymi proteinovymi
komplexy — (lidsky genom 3x10°bp — nataZeny fetézec 1chromosomu cca 4cm!!)
- komplexy vytvarejici strukturu chromosomu
- vytvari zakladni strukturu
- nukleosomy (histonovy oktamer) a histony (H1)
- HMG, HP proteiny
- vytvari specializované domeny
- centromery, telomery
- podili se na dynamice struktury
- kohesin, kondensin a SMC5-6 komplex

EREE: | SRR
] -

Struktura a funkce eukaryotickych chromozomu (C9041)



komplexy vytvarejici strukturu chromosomu

L, r
= - 2
- F ’ - :"l‘l
- e 3

Nukleosom
oktamer histonu
H2A, H2B, H3, H4 N
histon fold
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“beads-on-a-string” =
form of chromatin

30-nm chromatin
fiber of packed
nucleosomes

section of
chromosome in
extended form

condensed section
of chromosome

I\I I/centromere
entire T
mitotic m 1400 nm
chromosome .L

NET RESULT: EACH DNA MOLECULE HAS BEEN
PACKAGED INTO A MITOTIC CHROMOSOME THAT
1S 10,000-FOLD SHORTER THAN ITS EXTENDED LENGTH

Figure 4-72 Molecular Biology of the Cell (© Garland Science 2008)



- 146bp — histon fold - centralni ¢ast DNA vaze tetramer H3-H4
- okraje DNA vazou dimery H2A-H2B
- 10bp konce DNA vazou N-koncové Sroubovice H3 (acetylovany K56)



Skladani histonu do nukleosomu
(komplexu)

H3 N-term i‘-
helix ':1““
P F )
W H2A HZB H4 H3

helix

- 146bp - centralni Cast DNA vaze tetramer H3-H4
- H3 dimerizuje pres postrani Sroubovici
- okraje DNA vazou dimery H2A-H2B

- 10bp konce DNA vazou Sroubovice H3
(acetylovany K56)

Ransom et al, Cell, 2010



o Sestavovéni nukleozomU'

b o

H3-H4 dlme/g

histone
octamer

v s o

- H3 dimerizuje pres postrani sroubovici a
vytvari tetramer ktery asociuje s DNA

- dimery H2A-H2B se vazou nasledne z obou
stran tetrameru (H3-H4),

- pfi uvolnovani odpadaji nejdrive dimery H2A-
H2B

- H2A a H3 existuji ve vice variantach, které

wodimers  MONOU byt zamenéeény v nukleosomu

[ bind to H3-H4
tetramer

A

%%—r II%. F 3 } . * £l : i R -' TP iz G ol B

Kse Y " : .

i st "" ii . ' . : g, H3 N-term

bl » - Y = z helix
" .S o I | @G

F H2A H2B8 H3

Nabalovanl a rozbalovani histonu

Figure 4-26 Molecular Biology of the Cell (© Garland Science 2008) Ransom et al, Cell, 2010



Histonové H3-H4 chaperony

H3 M-term a_‘-,

b H3 N-term
helix =1 oy hredix
-y G
¥ H2A HZ2B H2B H24 *
B Dyad G D

f"i"" Histone Ha/H4

x.m: A g ] ttr’l’- igrization interface 'U‘-,_

H4 helix 1.

H4/H3 dimer - Asf1 CAF-1p55 - H4 helix 1

- Postupné sestavovani (a uvolhovani) histonu je zprostfedkovano ruznymi
chaperony (+ ATP-dependent remodeling “stroji”) — ,chaperony pro komplexy*
- ASF1 (gntigilencing function, tetramerizace) => CAF1 (ghromatin assambly factor, vazba k DNA)

Ransom et al, Cell, 2010



Histon chaperony - replikace

- na ssDNA nukleosomy nejsou: replikace, transkripce, oprava DNA ...

- prfed temito procesy se musi histony odstranit a poté zase nabalit ...

(feedback: inhibice chromatin assembly inhibuje disassembly nukleosomu)

- 1. ASF1 (vaze MCM a PCNA) a 2. CAF1 (assembly) pro H3-H4
disassemPly a a§§embly

—. & H3K56AC

\FAeD A
. /Replication

= _machinery
o)

Sequence specific
DNA binding factor

d 7
Chromatin Chromatin
disassembly reassembly
=iy Parental HA/H4 heterodimer
~ > Parantal H2A/H2B heterodimer 250-300bp — CCa nu kleosom Incorporation of the parental

pattern of histone modifications

el New H3/H4 heterodimer h hist
Ransom et al, Cell, 2010 gui. M. new meronee

4 MNew HEZAMEB heteradimer




FACT komplex

- histon chaperon komplex FACT (facilitates chromatin transcription) je
slozen ze 2 podjednotek (Spt16 a Pob3/SSRP1)

- dimerizacni Cast také interaguje s DNA-polymerasou (spojeni s
replikaci) o :
- rozeznava histon H2A-H2B heterodimer
(interferuje s vazbou na DNA

tzn. rozruseni vazby H2A-H2B s DN

disassembly a assembly |~

a Loss-of-function deletion in FACTAC
— 817 1029
| | 1 Ul /] Y | 1
( Peptidase-like  PHL NI PHL %:c: Spt16
1 Spt16N 444| Spti6D 666 Spti6M 943 1029
1 Pob3N_ PHL _ PHL Pob3

220 Pob3M 477 552

Hondele et al., Nature, 2013




transcription) je

H3 N-term = ; H3 N-term
hielix ‘;i—i

L helix
il (spOJenl S
replikaci) L.
- rozeznava histon H2A-H2B heterodimer

(interferuje s vazbou na DNA

tzn. rozruseni vazby H2A- Hw/ | /

disassembly a assemb

a Loss-of-function deletion in FACTAC
817 1029

[ T 1 Spti6

1 Spt16N 444 666 Spt16M 943 1029

Pob3

Hondele et al., Nature, 2013



Histon chaperony

Table 1. Histone Chaperones Implica

ted in DNA Replication and Repair

f

Histone Cargo  Histone Chaperone Interactions and Function during Replication Interactions and Function during Repair
H3/H4 CAF-1 (p150, p60, p48) PCHMA, Asf1; chromatin assembly; heterochromatin
silencing
Asf RFC, MCM, CAF-1; promotes H3 K56 acetylation
leading to chromatin assembly; chromatin
disassembly”®; histone buffer
Rtt106 Chromatin assembly; heterochromatin silencing
NASP Histone buffer*
H2A/HZB FACT (Spt16 and Pob3); | MCM, BPA, DNA pol I; chromatin assembly®;
also binds H3/H4 chromatin disassembly™
MAP Histone shuttling; chromatin assembly™™; Ghmmatinl
Chzi T
H1 NASP Y g 1YL
CenH3a/H4 Scma3 (S.c. and S.p.); ; o
HJURP (H.s.) b e AnO
= [ e = 3
“*" indicates a likely role although not conc £y SRy . I 1
romyces pombe; H.5., Homo sapiens. Only t = — o8 4
all information given are cited in the text. ] v o 2 e g - Nl

- nove syntetizované H3 (replikace) jsou acetylované na K56 — jsou specificky
rozeznavany a zainkorporovavany CAF-1 komplexem

- acetylace K56 (Sroubovice) interferuje s vazbou na DNA (cca 8x slabsi)

- pozice nukleosomu je nahodna a nasledné je ,upravena“ pomoci
remodelaénich komplexu (a teprve poté je H3 K56 deacetylovan a stabilizovan)
- pozdéjsi acetylace (Gcns-HAT) rozvolnuje nukleosomy v mistech transkripce



Histonové varianty

histone fold SPECIAL FUNCTION
1 1
H3
H3.3 : ' transcriptional activation
CENP-A ‘ : c?ntromere function and
loop insert kinetochore assembly
(u kvasinek yH2A
e ——————————— Y
HA ; : fosforylovany H2A)
H2AX : I DNA re|?air :’;md
; ; recombination
H2AZ - - gene expression,

e . .
: ; chromosome segregation

MACYOH2A o — —
L |
histone fold

transcriptional repression,
X-chromosome inactivation

Figure 4-41 Molecular Biology of the Cell (© Garland Science 2008)



Funkéni diverzita variantnich histonu (pusara s srargava, Fess J. 2005)

Histone Variant Functional association

Mammals | Yeast | Drosophila

H3 H3.1 - - S-phase subtypes
H3.2 - — S-phase subtypes
H3.3 H3.3 H3.3 Transcriptionally active regions
— 71— | Cenp-A Csed Cid Centromeric nucleosomes
H2A i o . . N :
o Different functions in various organisms: maintenance of pericentric and telomeric
H2A Z Hitz1 H2Ay= heterochromatin, transcriptional activation and viability

Sex body in mammals, site of DNA double stranded breaks; condensation and

T > | H2A X H2A H2Aw= silencing of male sex chromosome
MacroH2 Inactivation of X-chromosome, interferes with both transcription factor binding and
A - - SWI'SNF remodelling
H2A Bbd | — - Close spacing of nucleosomes

- moznost nové zabudovat histonové varianty pomoci chaperonu
a remodelacnich komplexu

- nejznaméjsi: CenH3/CENP-A (specificky v centromerach —
ukotveni kinetochor — kliCovy pro segregaci chromosomu)

- H2A . X klicovy v oprave DNA

- H2A.Z v reqgulaci transkripce, oprave DNA, hranice chromatinu



Oprava poskozené DNA — H2A histony

Before DNA damage
Removal of H2AX is inhibited

4@1@Tﬁrﬁf

Aftar DMA damage
YH2AX/HZB is transiently exchanged for H2A.ZHZB

-—&f&/ "@"ﬂi"‘

After DHA repair
yH2AX Iz exchanged for HZA/HZE

(jrerdy
A,
8 e g

Ransom et al, Cell, 2010

- poskozena DNA signalizuje/spousti
,DNA damage checkpoint” - kinasy

- H2A.X varianta je fosforylovana (v
okoli poskozeni ~50kb behem 15min;
H2A u kvasinek)

- po opravé poskozeni je YH2A.X
vyménén FACT komplexem za
nefosforylovany H2A. X (a H2A)

- nefosforylovany H2A.X je chranén
pred FACT ribosylaci (PARP1)

- H2A.Z varianta je zainkorporovana v
okoli poskozeni (SWR a Chz1) a
pomaha resekci DNA

- ukonceni opravy je signalizovano az
dokonCenim chromatinového viakna



Checkpoint Kinasas
Function under debate

ATP dependent H2A variant displacing
chromatin remodelers
Muclzcsome remodeling

Hiztone chaperonas
Mucleases

Break site nuclecsome

Donor site nuclecsome

Histonas bound to single

strand DMA (histone

composition, position and
* pccupancy unclaar)

Muclecsomes -

SIoL LI I«1+(\]8

)

e

o
Restoration of

chromatin after repair @1 '@'
Currant Opinion in Genetics & Development

Strand-invasion info
heterochromatic
donar

Tsabar & Haber, CO in GD, 2013




Oprava poskozené DNA - chromatin

- na ssDNA nukleosomy nejsou ... oprava DNA

- pred temito procesy se musi histony odstranit a poté zase nabalit ...

- pro mala poskozeni (NER, BER) postaCi mensi zmény chromatinu zatimco
pro vétSi (DSB - resekce DNA tj. vznik ssDNA) musi nukleosomy odstranit
- NER (BER) doprovazeno acetylaci histonu a remodelaci (posuvem)

- pfi DSB musi byt odstranény nukleosomy pomoci ASF1 a CAF-1, aby
mohlo dojit k u€inné resekci (patrné fyzicky spojené procesy)

- po oprave poskozené DNA jsou nukleosomy ulozeny zpét (diky interakci
PCNA s ASF1 a CAF-1 —i zde je H3 K56 acetylovan)

- Sgs1/BLM interaguje s CAF-1 a reguluje jeho funkci

- az kompletni reassembly chromatinu signalizuje dokoncCeni opravy!

5’-3’ dual incision \ 4 (D-loop formation) |

Gap-filling DNA synthesis

Ligation

Upravené z Tatum & Li, 2011 SDSA

oooooooooooooo



bromodoména

H2A Z-H2B dimer
«— binding site

H2A.Z-H2B dimer

sacondary
binding ste >

Billon a Cote, BBA, 2012 Bao a Shen, Snapshot in Cell, 2010

ATP ADP+Pi

Ino80

Nucleosome sliding
AZ

First H2A.Z-H2B
dimer exchange

Second H2A.Z-H2B
dimer exchange

Arpd H2A.Z H2B

ATP ADP+Pi

- SWR komplex specificky zaménuje H2A-H2B dimer za H2A.Z-H2B




- ,Sklouznuti®, rozlozeni, odstranéni nukleosomu nebo ,vyména“ histonovych

dimeru

INOBO biological functions

SWR1 biological functions

Transcription repression and activation

Transcription _MM
factors
INOED "

I QU=

H2A.Z deposition flanking nucleosome-free region

around transcription site
! H2A.Z HZE

Transcription
factors

DMA repair and checkpoint regulation

@, B & 6O ® (®)

Replication fork stabilization Replication fork progression
ONA damage tolerance

Replisome

Checkpoint
factors

k o
; E
I\ )
F [
| "l I
Eflr:ﬁinn
E

Loading of H2A.Z around DSB

v ”|“'

@E @}! @
Mir
Checkpoint factors

factors

H2A.Z deposition at the boundary of euchroamatin and heterochromatin

- H2A.Z - v regulaci transkripce, oprave DNA, hranice chromatinu

(integrita centromer a telomer)

Bao a Shen, Snapshot in Cell, 2010




Modifikace histonu

- acetylace rozvoliuje vazbu oktameru a zpristupnuje sekvence DNA pro TBP
- TFIID se vaze na Ac-H4 (K8, K16) prostrednictvim bromodomény TAF1
proteinu

P
SGRGKQGG Ann?ﬁﬂ'rnssnhsz.qrpvsnv W H2A
1 5 9 1315 U
119
P I?
PEPA snrarn?eﬁxnvr?an- DGEKREK A H2B
5 12 1415 20 2324 \:
120
e ? ' ol ' ff '
ARNTHEQTARKSTGCEAPEEQLATEAARKSAPATGGY H3
3. &

910 14 178 23 262728 36 79

G’G?GG GLG;GG&?RHR??LRDNIQGIT—E H4
16 79

3 5 8 12 20

= ="

L ] | ]
N-terminal tails globular
domains

’ methylation (P phosphorylation (& acetylation (U ubiquitylation

Fiaure 4-39b Molecular Biology of the Cell (© Garland Science 2008)
histone H4 tail



trans intern ucleusnmal Histone
Histone

cis Hlstune

trans DNA:Histone

trans intranucleosomal Histone

Rothbart et al., BBA, 2014



Vazba H1 uzavira remodelaci chromatinu

NASP chaperon .
pridava histon H1

- nukleosom/H1 %/’
— dal$i non-histon <~
proteiny —

chromatinoveé
viakno




(A) l J

I
(B) 20 pm

Figure 4-54 Molecular Biology of the Cell (© Garland Science 2008)



mitoticky interfazni

11 nm

30 nm

300 nm

centromere

1400 nm

| | ET RESULT: EACH DNA MOLECULE HAS BEEN
-KAGED INTO A MITOTIC CHROMOSOME THAT
1 0 pwm 100-FOLD SHORTER THAN ITS EXTENDED LENGTH

(A)

Figure 4-20 Molecular Biology of the Cell (© Garland Science 2008)

(B)
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- SMC jsou nezbytné pro =

vytvareni chromatinovych 5_ 5
smycek & &
i3
el 3
. . g o
- podili se na regulaci 2 3
segregace chromosomu a B
na opravé DSBs 2 .
E
T -
e
i
= I I I |
inter-chromatid inter-chromatid
MukB homodimer Smc2  Smca Sme1 Smc3 SMC6 SMC5

- slozeni SMC komplexu
- dlouha ramena SMC,
dimerizace pres hinge,
ATPase heads
premosteny ATP a
kleisinovou podjednotkou
- SMC proteiny vytvafri
krouzky, které drzi DNA

B MukR Condensin Cnhasin Smr&fa



Komplexy SMC

Prokaryota Eukaryota (esencialni)
a Hinge ¢ Bacterial SMC ¢N-terminus Hinge C-terminus
Coiled-coil Coiled-coll

homodimer 2x myosin heads <

}ScpA Myosin tail
4
[ _____ 3
ARSI d
'-3:._ = -?;_J._
:‘.'-*.!t“i P ol
" 2le o
o are

A
i l‘ .i'-'k .1‘3*:;:
alis Foph ]

| "-“*e:’
".**'%5 gl

Slozeni:

SMC dimery (homo- a hetero-) - konzervovanegjsi (starsi) nez histony
non-SMC podjednotky (2 — 6)



Kohesin ,,objlmé” DNA

B anaphasd o
i & & _ @ =
w:!- L :EE _,..-". | ) ___...-.
5"'—:' -\_ “ = El:_;_ 1‘.' replicalian !_:i":q; ?&- 1 REpARARE !j el T &3
: — & o 4 " e )} —( & & ™
N B & 4 \ér o= ko, / \N & ©9
e N g 26 \Z &
SMC1 4 Scc1/Rad21 E 4 - N e
SMC3&:  Scc3 i i o G
e =2 2
&3

e e

s,r / Haering et al, Mol Cell, 2002
i
{ Pouziti fliznich proteintl pfi studiu

kohese sesterskych chromatid

n -~
Q0 nh 100 nM Hapa
wit Q544K wit

SMC3-Scc1-Frb + SMC1-FKBP12
(vazou rapamycin)

Gruber et al., Cell, 2006



0 nkA 100 nv Rapamycin

Uzamceni je pro bunku letalni

—

ﬁ /—-Il'--...__n» _} Chromatin

Scc2/Sced

Smec3

- loading pres hinge
- exit pres head
- Wpl1 destabilizuje Scc1-SMC3

Current Biclogy



Kohesin interaguje s CTCF ...

(@) sub-TAD T V.
E i T enhancer-promoter
i —— I K interactions
(N-I;Aﬂb} E f L (usually < 100 Kb)
i . CTCF
D Cohesin
Mediator
— §
- CTCF ,izoluje” transkripCni | —

faktory a reguluje trankripci

- interaguje s kohesinem a podili
se na utvareni vyssich
chromatinovych struktur

Bonora et al, CO in GD, 2014



... a kohesin interaguje s mediatorem

(@) sub-TAD

H
(~100Kb |
to i
1Mb) L

- § T enhancer-promoter

B interactions

: 1
L

TAD (usually < 100 Kb)

(~1Mb)

R s

- mediator interaguje s GTFs a
RNA polymerazou
(zprostredkuje interakce mezi
GTFs a aktivatory transkripce)

- kohesin intergauje s
mediatorem a napomaha tvorbe
transkripCnich smycek

Carlsten et al., TiBS, 2013



sub-TADs

GO00-1000 kb

1-2 Mb ! !
T —

i, e

<100 kb

=

100-300 kb

@CTCF € Cohesin | Mediator

kohesin se podili na regulaci
,cell-specific” transkripce a
chromatinové struktury (ukazuje
se jak uzky vztah mezi temito
urovnémi existuje)

kombinace interakci kohesinu s
CTCF a mediatorem jsou kliCové
pro ,bunécénou specificitu®

Bodnar & Spector, Cell, 2013
Phillips-Cremins et al, Cell, 2013

ES cell-derived
ES cell neural precursor cell

9 CTCF < > Cohesin @Madiatur




Dynamika chromatinu

Dr. Grobsky
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- SMC jsou nezbytné pro =

vytvareni chromatinovych 5_ 5
smycek & &
m S
. . g o
- podili se na regulaci 2 3
segregace chromosomu a B
na opravé DSBs 2 .
E
§ -
T,
3
= I I l |
inter-chromatid inter-chromatid
MukB homodimer Smc2  Smca Sme1 Smc3 SMC6 SMC5

- Kohesin vytvari jednak
smycCky (transkripéni) a
jednak drzi sesterske
chromatidy pri sobé

- Kondensin spojuje dale
smycCky k sobe
(kondensuje chromatin ...)

Q

B MukR Condensin Cnhasin Smr&fa



d min DAPI SccIWT ScelRR-DD  GFP

1 mOdel Uhlmann et al., Nature, 1999 150

Seg regace — Scc1RR-DD

o 180
chromosomu
(S. cerevisiae)
150
APC=anaphase promoting + ScclRR-DD
complex S

= (Cdc20)
Metaphase AF"C ) m Anaphase

b * Espl
| _FCBS QEO

Komplex Mad2/Cdc20
inhibuje APC — po jeho
uvolneni degraduje
(ubiquityluje) sekurin —
uvolni se tak separasa
— Stépi Scc kleisin
kohesinovéeho komplexu

Separasa-securin ‘

e




Establishment of
Sister-Chromatid Cohesion

- SMC se podili na dynamice chromatinu
- jsou regulovany v prubéhu bunécneho cyklu

loading and unloading

Cohesin

Cohesion
establishment

Cohesion
maintenance

Prophase

<2 | NiPBLMAU2 Separase
(= -
I WAPL/PDS5 ﬁ
oneasin Q
C1 Mitosis
# ﬁ # 1 r Yen et al., Cell, 2013 fr

Anaphase
Zakari et al., WIREs Dev Biol, 2015



High-throughput ChiP-seq analysis

IF= and histones remams bound in
cleared by :9 E condensing chromatin
replicaton lork when [Fs are

g}" S removed

%

IF= cluster aiwnﬂ

nucleosome-frasa
anchor points
in mi fashion
a promiscucus fashio Mitosis
M,
f I Il
, i , Yen et al., Cell, 2013
Cohesin Cohesion Cohesion Prophase Anaphase
loading and unloading establishment maintenance Zakari et al., WIREs Dev Biol, 2015



SMC komplexy napomahaji pri oprave dvou-

Fetézcovych zloma v G2/M fazi

+H2AX, +H2AX
I.II % I||"'|. ,I' \ _ Mraid )’ﬁ\_ AN
- # — T | -
50 kb 2 kb ‘ 2 kb 50 kb Distance (kb)
Cuohasin ladad + + # + * * Deuble-strand break Cohesin loaded
during 5 phase 1’ Y Y Y L ] * ' during S phass
A =

MukB homodimer




Cohesion

Roberts —— De_fectiu_re SA1
Syndrome  proliferation \

Precocious —e— Esco2
dissociation of o SA2

/ sisters

Cancer —4— Ansuploidy

Impaired
telomere --— gAq
replication

Remeseiro & Losada, CO in Cell Biol, 2012

(wsuapuod § usaLoa)
pliewoIya-enul

SPBWOIR B15iS
\

inter-chromatid

>

I;l’

Reduced loading at
precize sites
Mipbl
HDACE

Transcription

()

\\

Transcriptional dysregulation

Rad21

inter-chromatid

I

Cornelia de Lange
—® Syndrome

Smc1
SA17
Sme3  phes/B

Currant Opinicn in Call Biology

Mannini et al, Hum Mut, 2013




mutace v mediatoru:

mental retardation syndroms
(FGS/Opitz-Kaveggia S.,
Lujan-Fryns S., schizophrenia)

Cuylen & Haering, Cell Stem Cell, 2010 ] ]
Kim Peek (Rain Man)



