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Vyvoj (individualni vyvin, ontogenezg;:
development) je geneticky i1
programovany a cyklicky.

Evoluce (historicky vyvoj, fylogen
neni programovana, nybrz nahodll




Epigeneticka realizace
ontogenetického programu
je klicova pro dostupnost
prirodni selekce, reprodukm
dedicnost, _
tedy i pro smér evoluéniho té k\{ 3




Vyvojove zakony

v Von Baeruv zakon (1828):
“znaky vyskytujici se u vyssi

« Haeckeliiv biogeneticky zakon (1866)
“‘ontogeneze rekapituluje fylogenez




Evoluce a ortogeneze ;
EVOIlutiion and DEVelOprment

Carl Ernst von Baer
(1792-1876)

fylotypova stadia obratlovci



Baerovy zakony fylotypového stadia obratlovcu

(1828)

[1] Obecné znaky velké skupiny zivo€icht se v embryu vyskytuji drive
nez znaky specializované

[2] Méné obecné znaky se vyvijeji ze znakll obecnéjSich,
priéemz znaky velmi specialni se tvofi az ke konci embryogeneze

[3] Embrya odliSnych druhti se od sebe v prabéhu individualniho
vyvoje stale vice a vice odliSuji

[4] Casné embryo evoluéné vyssiho Zivoéisného druhu neni podobné
dospélci nizSiho zivo€icha nybrz jeho éasnému embryu



PEDIGREE OF MAN.
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v Dospele znaky predku jsou Jen
vyjimecne casnymi vyvojovymi stadil
evoluénich nasledovniku.

v Adaptace ve vyvoji jsou stadium- ¢ /-
specifické, odrazi se ve vyslednych'/::
fenotypech '

v Ne vSechny nové znaky vznikaji
prostrednictvim terminalni adice




Richard B. Goldschmidt (~ 1935) :

i > §1{V - arlarm i b 4 | f 3
... Evoluce spociva ve zdédéni zmén |,
individualniho vyvoje ..." :

funkéni biologie = anatomie, genova exprese

vyvoj = zmeény funkéni biologie / realny €as

evoluce = zmeény individualniho vyvoje
/ historicky €as




Etienne Geoffroy  Jonét
Saint-Hilaire
VY S (1772-1844, Paris) /l
Zahavci ¢ervi Zivo€ichove paral ognl' geny
_ - JzL i
4‘ genova dupllkac%
_TL'__’ L
zootyp (fylotypove stadium) J\diver gencedr uhi’E-
‘ i ' ° e e
() pivod genovych shluki Hox !J, 2 J' A |
//pﬁvod homeoboxovych geni B el _m_?_e\/ol u&

'

pivod , helix-turn-helix“ gentd druh | druh 11 %



Po selekci se deédi (prenasi) genotyp,
selekce se vSak realizuje na bazi fenotypu !
(Soma, fenotyp)

(Genotyp, transmisni genetika, zarodec¢na draha )

Weismann (1889): somatické zmény ziskaneé v prubéhu
zivota vysSich zivoéicht neovlivAuji reprodukéni bunky
¢i potomstvo (“Weismannova bariera®).
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Oocyte Generation in Adult Mammalian
Ovaries by Putative Germ Cells in
Bone Marrow and Peripheral Blood

Joshua Johnson,! Jessamyn Bagley,?

Malgorzata Skaznik-Wikiel," Ho-Joon Lee,’

Gregor B. Adams,® Yuichi Niikura,’

Katherine S. Tschudy,! Jacqueline Canning Tilly,’
Maria L. Cortes,* Randolf Forkert,®> Thomas Spitzer,®
John lacomini,? David T. Scadden,®

and Jonathan L. Tilly'*

Boston, Massachusetts 02114

It has been suggested that germline stem cells main-
tain oogenesis in postnatal mouse ovaries. Here we
show that adult mouse ovaries rapidly generate hun-
dreds of oocytes, despite a small premeiotic germ cell
pool. In considering the possibility of an extragonadal
source of germ cells, we show expression of germline
markers in bone marrow (BM). Further, BM transplan-
tation restores ococyte production in wild-type mice
sterilized by chemotherapy, as well as in ataxia telan-
giectasia-mutated gene-deficient mice, which are
otherwise incapable of making oocytes. Donor-
derived oocytes are also observed in female mice fol-
lowing peripheral blood transplantation. Although the
fertilizability and developmental competency of the
BM and peripheral blood-derived oocytes remain to
be established, their morphology, enclosure within
follicles, and expression of germ-cell- and oocyte-
specific markers collectively support that these cells
are bona fide oocytes. These results identify BM as a
potential source of germ cells that could sustain oo-
cyte production in adulthood.



ovaw NATURE|VOL 428 | 11 MARCH 2004 | www.nature.com/nature

Joshua Johnson*, Jacqueline Canning”, Tomoko Kaneko, James K. Pru & Jonathan L. Tilly

Vincent Center for Reproductive Biology, Vincent Obstetrics and Gynecology Service, Massachusetts General Hospital, and Department of Obstetrics, Gynecology and
Reproductive Biology, Harvard Medical School, Boston, Massachusetts 02114, USA

A basic doctrine of reproductive biology is that most mammalian females lose the capacity for germ-cell renewal during fetal life,
such that a fixed reserve of germ cells (oocytes) enclosed within follicles is endowed at birth. Here we show that juvenile and adult
mouse ovaries possess mitotically active germ cells that, based on rates of oocyte degeneration (atresia) and clearance, are
needed to continuously replenish the follicle pool. Consistent with this, treatment of prepubertal female mice with the mitotic
germ-cell toxicant busulphan eliminates the primordial follicle reserve by early adulthood without inducing atresia. Furthermore,
we demonstrate cells expressing the meiotic entry marker synaptonemal complex protein 3 in juvenile and adult mouse ovaries.
Wild-type ovaries grafted into transgenic female mice with ubiquitous expression of green fluorescent protein (GFP) become
infiltrated with GFP-positive germ cells that form follicles. Collectively, these data establish the existence of proliferative germ
cells that sustain oocyte and follicle production in the postnatal mammalian ovary.




R Pearl, WE Schoppe (1921), Zukerman (1951):
... zakladni biologicka doktrina ... v prubéhu zivota jedince
nenastava zvyseni poctu primarnich oocytu nad ramec téch,
které byly vytvoreny pfi tvorbé vajecniku (konci narozenim) ...

J Johnson et al. (2004):
... juvenilni i adultni vajeCniky mysSi maji mitoticky aktivni
zarodecne bunky ...
... chemoterapie eliminujici zasoby folikull muze byt pfekonana
aktivaci novych zarodecnych bunék ...
... transplantace wt-ovarii do GFP-mysi vede k infiltraci folikult
GFP-pozitivnimi zarode¢nymi bunkami ...

J Johnson et al. (2005):

. moznost extragonadalniho zdroje zarodecnych bunek — trans-
plantace kostni dfene nebo periferni krve (pluripotentni bunky)
vedou ke vzniku oocytu donoroveho typu ...

... schopnost fertilizace a dalSiho vyvoje oocytu odvozenych z
kostni drené Ci krve vSak dosud nebyla prokazana ...




A Schematic Drawing of the Ovary

The blue arrow follows the the ovarian follicles from their maturation (from primaty follicles) to -
as they mature. The schematic is merely drawn this way to show all the stages of matu

Primary Secondary Follicle

Germinal Follicles Antrum formi
L o ¢ e
.‘l\ Granulosum
Time
Cumulus
Oophorus

ing
L Theca — Folicle oy
Povedou tyto vysledky ke zpochybnéni Weismannovy bariéry a umozni
vysveétleni epigenetického (Lamarckova) dédéni ziskanych znakt ?!?

Pozor! U samecéku-zivo€icht zakladni biologicka doktrina (princip
reprodukéni biologie) neplati viibec: sam¢&i zarode€éné bunky (sperma-
togonie) se mitoticky mnozi a jejich meiotické derivaty (spermie)
obvykle vznikaji az v dospélosti.



, . cytoplasma posterior u oplozeného vajicka
Transplantace polové —Feresenadoanterorumeho——
cytoplasmy muze indukovat

tvorbu zarodecné linie

primordialni zarodeéneée
buRky jsou prvnimi

odliSnymi, na posteriornim syncycium
: = =
koncl anterior ni buiiky (spdlovou plasmou)
- Lams .
u drosofily, P iicesccazccaccaaaas .
hllvstlce (granule P) .
a zab

igrace
pnad

moucha G vytvMér odecne bunky
sgenotypem G aY




Obr, 44, Demonstrace primordidlnich zarodedovch buntk v fasndm endodermm embrva Zaby
(podle Gilberta, 1988) Cast ventralni (kang newruly. kde json piitormy prekurzory sirodainyeh
bumék, muariniho doners (vodicihe ve svveh jadrech powge jzdmeé jaderke) bvla prenssena do
recipienta divoksho typu (se dvéma jadérky). Po operaci bvly zdbv donora sterind nebot
earodecng bamky bvly odslranény a newrnla p? nen schopnz < eyiveiil nove. Hostlelska #iaba
viak byla fartilnd a vwyhvdiela meidzou gamety bud : zadnim nebo jedoin jaderkem (Typ donora),
nebo s jedoin jadérkem {vp hostnels, g, viasine), Kitzenim iélo chiméneké by s civalom fvpem

vzniki potomstvo s jednim neba dvéma jad2rky (pivvodni experimenty. Blaclkler 196a0].

donor hostitel
(1-jadérko) (2-jadérka)

——

7

#

il 7 rirodetné buiiky bostitele

/ (2-jadérka)
I‘; transplantace rirodefné buiky demora
Y eulimdion] S maeia )

sterilni dospélec - gonada

(1-jadérke ) 8

chiméricka Ziba - tkif donora : thif hostitele :
meidza | 4 v
1-jadérke 0 - jadérke 1 - jadérko
potomsivo:
wild-type

partner — 1- jadérko @ 2 -jadérka 1 - jadérka 2 —jadérka
samery




Obr. 49, Konstrukee chiméricke mys kombinaci blastomer z odlidnych jedined (podle Miullera,
1997). Tento experiment vvchdzi e schopnosti regulace, 1j. schopnosti éasri blastly regenerovat
po cxeze zhvvajiel aste a relativné pozdni diferenciace bundioyeh linii v saveu. Blastocvsty dvou
odlényeh myviich hnd byly zbaveny zony pellucidy, fizovany a produkt byl voesen do délohy

pseudopregnantni sanucky, Vvslednt jedimec je genetickon mozaikou bunzk obou vichozich lind

@ e —_— enzymaticka
Q . macerace

/ inkubace
pii 37°C

oplozena vaji¢ka ve stadiu
ryhovini ze dvou genotypové
i fenotypové odliSnych mySi

In vivo

hostitelska samicka chiméricky jedinec




k neprukaznému fenotypu.
v Toto je zfejmé zpusobeno funkéni
redundanci genove exprese. 4

v NejCastéjSi typ redundance vzniké]‘
dusledek genové duplikace. :




exprimovany v prubéhu vyvoje

v Heterotopie muze vytvaret nove morfologie: /i :
odlisne od drah, ktere vyvareji formy predku

v Heterotopie je zvyraznéna prostorem,
nikoli Casem

v Halder et al. (1995) indukovali extra-ocCi
kridlech, nohach a tykadlech Drosophlla
ektopickou expresi "eyeless" cDNA




PAX6/Eyeless exprese
v musich a mysich o€énich zakladech

BzE5Pax-GRIZFD
' F lif:'f)%
Q=272 NI T G
BIZa2#05 TPax-6ilfl1E T
Hldtzs VTV ERT (B
BFo-EHS).
@EHFTELVT A L AER
TETIL, Pax-6lETOE
WA A LRI,
BO0OPax-6lifET 3, 772
TLHE2(BDIZIEGWL
TV, EREBDTIAT,
T [ZPax-6{ZFH - m
B AE—NLT LR
TRiE., (EHE=Walter Ge-
hring)




- William Bateson
(1861-1926)

Materials for the Study of
Variation (1894)

... HOMEOZA je zvlastnim
typem variability, kdy jeden
¢len opakujici se série prebira

rysy, které se normalné vyvijeji
u jiného clena série ...

N

st ™



Homeoticke geny davaji vznik/
sériové homolognim strukturam

- Tribolium

- - Dresophila



HOMEOTICKE GENY

jeden z kliéa specifikace a diferenciace

 halkers -""l

_ ‘T“ ___,,-—;--——:)
Edward L ewis (1963) : pravidio ;'\
spacio-temporlni kolinearity . .

BITHORAX specifikujetieti ¢lanek hrudi a
zadecek: ztrata funkce — misto kyvadéek
setvori druhy par kridel

(vice anterior ni fenotyp)



ANTENNAPEDIA specifikuje mesothorax: 7

jeho ektopicka ,dominantni* exprese vyvolava tvorbi
nohou na hlavé (vice posteriorni fenotyp) :

zadetek hrud_hlava f [ ]
I |

f &N |

b TN 4

Bithorax /3' 3
(I 431

. K@

M i/

o // r Y |

SJr o [
Antenhdpediall /L

Bk

b 4 .Ff f I'l

l’ |

mutant |

Wt



Homeotické geny

ridi anteriorné - | ~_ _gen C
posteriorni e s A

specifikaci téla

mutace :
ztrata funkce genu C, S
wvice anteriorni* fenotyp — gen A

mutace :
ektopicka exprese genu B,
,vice posteriorni* fenotyp

gen C
gen B
gen A




Objev homeoboxu (1982)

Walter Gehring
(Basel)

Helix 2
—_—

Matthew Scott
(Stanford) vazba homeodomeény Antennapedia na DNA



Polarizacni oblast pupene specifikuje
koncetinu podél antero-posteriorni osy

exprese genu SONIc hedgehog na posteriornim konci
pupene poskytuje pozic¢ni signal podél A-P osy {

Anterior %

Posterior .




Exprese homeotickych genu
v pupenu kridla kurete

Hox-d geny jsou exprimovany
podé antero-posteriorni osy :
Hox-d 13 je nezadnéj Si

Anterior

Hoxa9

Hoxad-13
Distal

Hoxa9-11
Posterior

Anterior
]

Hoxd9

Hoxd9-13

Proximal Distal

Hoxd9-11

Posterior
I




a b Chick Python
Sl Forelimb X
h
F
2 |
Thoracic r a
Flank a
" N
i k
G
Lumbar
Hindlimb Hindlimkb

Hox gene expression in the evolution of snakes — a dramatic modification of the
vertebrate body axis. a | The skeleton of a python embryo stained with Alcian blue (cartilage) and
Alizarin red (bone). b | Schematic diagram comparing domains of Hox gene expression in chick and
snake embryos: HoxBS, green; Hox(C8, blue; HoxC6, red. Hox genes are involved in the
regionalization of the lateral plate mesoderm into forelimb, flank and hindlimb, to specify limb position.
The expansion of HoxC8 and HoxCE domains in python correlates with the expansion of thoracic
identity and can account for the absence of forelimbs



Evoluce homeotickych ///
(selektorovych) genu <)y /\

v VySoKky stupen podobnosti mezi geny
skupin Antennapedia a Bithorax,
duplikace

v vSechny obsahuji homeobox, 180 bpy.

v koduji 60-amino-kyselinovou ‘
nomeodomeénu, ktera se vaze k D OK \
v pfibuzne geny nalezeny i u vSech Jlny ¥ A
zivocCichu, Clovéka i rostlin g |\
¢




Mouellic et al.: Homeosis in the mouse induced by a_n’_?fjll
mutation in th Hox-3.1 gene. — Cell 69, 251, 1992 3

Ayl

- nahrazeni kédujici sekvence genu Hox3.1 signalnim genem lac vl \ l

homologni rekombinaci v kultivovanych embryonélnich kmenovych l ”1 1

burikach / J }
! ' :

- gen rezistence k neomycinu zajistuje selekci homolognich rekfomblyfantuf’
s [l 1 A
- lacZ gen je reporterovy — detekuje mista exprese Hox3.1 v hetle|rozyg tmch

mysSich Hox3.1 +/- (... hybridizace s mRNA ¢i imunobarveni) / .' | /4
\

- homozygotni stav Hox3.1 -/- je semiletalni, nékolik segmentu (kostz
transformovano jako vice-anteriorni (podobné u drosofily loss of fa ctlon
mutace Bithorax)

A

- 8. par zeber je spojen s hrudni kosti a tvorba 14. paru na bedernim obratli !






Forelimb Phenotype in Hox-3.7 Mutant Mice

The mouse on the left has a Hox-3.7*" genotype. The mouse on the |.
right, whose fingers are clenched, has a Hox-3.7'~ genotype. .



Chicken hindlimb

n

Duck hindlimb

]
v

BMF’

Regulation of chicken limb apoptosis by BMPs. Autopods of chicken feet {top) and duck feet
(bottom) at similar stages. The in st hybridizations show that while bone morphogenetic proteins (BMPs)
are expressed in both the chicken and duck hindlimb webbing. the duck hindlimb also shows expression of
agremiin in the webbing (arrows). Gremlin is an inhibitor of BMPs. The pattern of cell death (shown by neutral
red dye accumulation) becomes distinctly different in the two types of webbing.

Grem lin Apr:-p;tusls Hew.llbn::urn




Inhibition of cell death by inhibiting BMP.
a| Control chicken hindlimbs have extensive

apoptosis in the space between the digits, leading
to the absence of webbing. b | When beads
soaked with Gremlin protein, an inhibitor of bone
morphogenatic protein (BMP), are placed into the
interdigital mesoderm, the webbing persists and
generates a duck-like foot,



Box 1 | Evolution of the Hox cluster during metazoan evolution

During evolution, large Choanoflagellates
MACRO EVOLUTIONARY EVENTS

markedly altered the Sponges

metazoan body plan and

gave rise to the a4 8 & P
morphological diversity and Cnidarians
complexity of current

phyla™. The cladogram O T—
shows the main metazoan - |p_| | B

; Lo ]
groups and the associated

A 3 C 2

Last eubilaterian ancestor

~J

body-plan transitions
(indicated by red circles).
The closest unicellular
relatives of metazoans were
the choanoflagellates®™; the
question marks indicate

r 2 T R o B/8 B4
Protostomes

1 2 8 4 5Antp Ubx P12

Multicellularity 41—0
?

uncertainty about the Hox % : abaA

gene complement in these = N Ap— . o g O o ] ] o . b= gt g
. » = 2 &4 5 B 7 8 10 11 12 13 14

evolutionary positions. The &

Deuterostomes

tirst body-plan transition in
Echinodermsa/hemichordates

Bilateral symmetry 4¢

metazoans was the origin of !

adial symmetry, which gz 5 o |- T e L ———
R R 3 | i &5 6 78 9161712
rise, in the first instance, to 5
cnidarians. The origin of LRI A B s
bilaterality involved the :

£ AR S R TR TR g 10 11 12 13 14

generation of two body axes Neural crest, vertebrae e Vertebrates
{anteroposterior and
dorsoventral), the

endomesoderm, and a
nervous system that was



Homeoboxoveé genové shluky u metazoi

jsou staré asi 1 miliardu let, prostorova/Gasova kolinearita
casteCné zachovana, poprve se vyskytuji na evoluénim
prechodu Cnidaria/Bilateralia, souvislost se vznikem ftfi
zarodec€nych listu

MEGACLUSTER (ancestralni ProtoHox)

se postupné amplifikoval a divergoval ve tfi skupiny genu

(a) Hox-shluk: Lewis 1978; 5+3 geny u drosofily, 39 genu
ve 4 shlucich u savcu), pusobi predevsim v ektodermu
(b) ParaHox-shluk: Brooke, Garcia, Holland 1998; je pouze u
obratlovcu, blizky Hox-shluku, fidi vyvin endodermu
(c) NK-shluk: Kim-Niremberg 1989; 4 geny u drosofily, téz
u obratlovcu, fidi hlavné vyvin mesodermu



HETEROCHRONNI GENY




HETEROCHRONNI MUTACE

model rizeni ¢asového vyvoje larvy hlistice C-elega

specificka stadia larvalniho vyvojejsou

L : R lin-14 mutace, , ztr ata* funkce
urcovana hladinou proteinu lin-14

lin-14

¢asovy gradient lin-14 je vysledkem trans: lin-14 mutace, , ziskani* funkce,
kripéni represelin-14 proteinem lin-4 nebo , ztrata“ lin-4 funkce
zadingjici pri ¢asném vyvoji larvy

ﬁﬁ*‘%ﬁﬁﬁ% :

Iirl-14

e ] 'y ..|...|.
{ﬂ'u'.'hl {n'l. e ':L j‘i’lilﬂ.ﬁ'lll.u}él

represelin-4




Heterochonie

v Evoluéni zmény v rychlosti nebo
casovani vyvojovych udalosti davaji
vznik novym adultnim fenotypum

v Odlisné rychlosti rustu ruznych casti
téla béhem vyvoje organismu jsou -/4
podstatou allometrickych vztahu /<& °

v Heterochonie tvofi zjevnou asociac /.:- -1
mezi ontogenezou a fylogenezou 3 .52




Heterochronicka evoluce ;

v Pedomorfie: je zpusobena redukci rychlosti
vyvoje znaku, coz vede k juvenilnim
charakteristikam adultniho potomstva jedince
(vyvin nastava casné = progeneze, nebaf1-
relativni redukce rychlosti nastupu jedndh¢
znaku relativné kjinému = neotenie) '

znaku adultniho potomstva
(prodlouzenti rustove faze = hypermorfoza)

i"i



Heterochronni evoluce

v Pedomorfie: neotenie u axolotla

(Ambystoma mexicanum), kde juvenilni zabra/*
jsou zachovany az do dospelosti

v Peramorfie: vzrust velikosti parozi
u irského losa (Megaloceros giganteus)




Polymorphism in the development of horns in the male dung beetle, Onthophagus taurus.
a | Small horns, produced by males below threshold size. b | Fully developed horns in a male over threshold size.



PROGERIE (progeneze)
predéasné starnuti u ¢lovéka

Obvykle single-genové mutace jsou odpoveé
za senescentni fenotypy, které imituji normativni §ta

progeroidni syndromy), pf¥. Alzheimer

- impakt na mnohé organy a tkané (segmentaéni ! $ 0
progeroidni syndromy), pf. Hutchinson-Gilford, Werne»r*' o

' |



Mational Institute on ﬁging

lé?‘ fﬂ NIH SeniorHealth

® Main Menu | e Site Index
Alzheimer's Alzheimer's Disease
Disease Defined | Alzheimer's Disease Defined
Causes and Risk
Factors
. Symptoms and Dementia is a brain disorder that seriously affects a
Diagnosis person's ability to carry out daily activities. Alzheimer's
Treatments and disease is the most common form of dementia among
Research older people. It involves the parts of the brain that control
thought, memory, and language. Every day scientists
learn more, but right now the causes of Alzheimer's
disease are still unknown, and there is no cure.

. Frequently
Asked Questions

MedlinePlus for
More Inform ation
Epfi"t_ﬂf'ffiﬂﬂd"f 4 Areas of the Brain Affected by Alzheimer's
version *ﬁ .

Disease

Dr. Alois Alzheimer
(1864-1915, Mnichov)

Intelligence, e 4 ' » 1
Judgement, ~y == \
and behavior - i\



]
X [ /.
I " o . / > 1 % i
Hutchinson-Gilforduv progeria-syndrom R I
je onemocneni déti zpusobené mutaci s (8 / Cg \
proteinu vyznamneho pro architekturu jadra: aberantni morfologie.,

Filamenty u periferie jadra odpovidaji za udrzovani struktury a stablllty Jadra

ochrana pfed mechanickym stresem. Lamina téz udrzuji genomove domeny,
regulaéni funkce v expresi.




Spontanni bodova mutace
v kodonu 608 genu kodu-
jiciho protein lamin A

Silentni aa-mutace aktivuje
kryptické misto sestfihu RNA

Mutantni protein progerin
postrada 50aa na C-konci

Méni se jeho post-translacni
modifikace

Progerie u Cloveka i mysi,
scvrkla jadra,

defektni reparace DNA,
genomova nestabilita

C>T
G608G

PODD

De novo silent mutation in LMNA
exon 11

R
e . Aberrant mRNA splicing due to the
activation of a cryptic splice site
50 aa deletion
1| B Synthesis of a truncated,
% fadadhadh unprocessed pre-lamin A protein
_Em retaining a toxic farnesyl

modification

|

Dominant negative effect of mutant lamin A on

DOI: 10137 Vjoumal pbio.0030395.9001

lamina function

* Nuclear morphological abnormalities
= Disorganization of heterochromatin

= Defective repair of DNA damage and
increased genomic instability

The Molecular Basis of Nuclear Defects in HGPS



Figure 1. Photographs of a Female Patient with the Werner Syndrome, the Prototypic Segmental Progeroid Syndrome

The patient had multiple cardinal signs of the classical form of the disease, including bilateral cataracts, characteristic dermatological pathol-
ogy, short stature, premature graying and thinning of scalp hair, and parental consanguinity (she was the product of a second cousin marriage).
She also had type 2 diabetes mellitus, hypogonadism (with menopause at age 35 years), osteoporosis, flat feet, and a characteristic high-
pitched, squeaky voice. Cytogenetic studies revealed minor mosaicisms for autosomal transiocations, deletions, and aneuploidy involving
the X chromosome, initially raising the question of a mosaic Tumer syndrome (Jaramillo et al.,, 1985), but consistent with the more general
cytogenetic instability and cell selection reported in such patients (Salk et al., 19814, 1981b). The patient died at the age of 61 of unreported
causes. The International Registry of Werner Syndrome (hitp://Awww.pathology.washington.edu/research/werner/registry/frame2. html) deter-
mined that this patient was homozygous for a previously described large genomic deletion involving exons 19-23 of the WRN gene. (A) Age
~13 (growth had ceased at age 12); (B) Age 21; (C) Age 56. Pholographs are courtesy of the patient's spouse, with informed consent of
the patient.
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Living with Genome Instability:
Plant Responses to Telomere
Dysfunction

Karel Riha,’ Thomas D. McKnight,? Lawrence R. Griffing,?
Dorothy E. Shippen'*

Loss of telomere function in metazoans results in catastrophic damage to the
genome, cell cycle arrest, and apoptosis. Here we show that the mustard weed
Arabidopsis thaliana can survive up to 10 generations without telomerase. The
last five generations of telomerase-deficient plants endured increasing levels of
cytogenetic damage, which was correlated with developmental anomalies in
both vegetative and reproductive organs. Mutants ultimately arrested at a
terminal vegetative state harboring shoot meristems that were grossly en-
larged, disorganized, and in some cases, dedifferentiated into a callusoid mass. www.sciencemag.org SCIENCE VOL 291 2 MARCH 2001
Unexpectedly, late-generation mutants had an extended life-span and re- =
mained metabolically active. The differences in plant and animal responses to
dysfunctional telomeres may reflect the more plastic nature of plant devel-
opment and genome organization.




Nesmrtelnost telomerazove- def|C|entn|ch
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Office: Monsanto £11

Phone: (214) 935-7196

OPINION

Inherited epigenetic variation —
revisiting soft inheritance

Eric J. Richards

Abstract | Phenotypic variation is traditionally parsed into components that are
directed by genetic and environmental variation. The line between these two
components is blurred by inherited epigenetic variation, which is potentially
sensitive to environmental inputs. Chromatin and DNA methylation-based
mechanisms mediate a semi-independent epigenetic inheritance system at the
interface between genetic control and the environment. Should the existence
of inherited epigenetic variation alter our thinking about evolutionary change?

A unifying theme in biology is that the
characteristics displayed by organisms are
controlled — ultimately — by the nucleotide
sequence of their genome. Another corner-
stone of modern biology is that inherited
information that is transmitted on the chro-

position of cytosine (5mC), the most com-
mon DNA modification used in eukaryo-
tes. Curiously, although 5mC is not present
in all eukaryotic species, cytosine methyla-
tion is an ancient mechanism that has been
lost relatively recently in some eukaryotic

PERSPECTIVES

of epigenetic modifications from their
genotypic context. This autonomy, cou-
pled with the stability and persistence of
epigenetic marks, provides an alternative
inheritance system, operating at the inter-
face of the familiar stable genetic system
that is encoded in primary nucleotide
sequence and the transient protein-DNA
interactions that mediate gene-expression
changes in response to developmental
signals and environmental stimuli.

Epigenetic inheritance

The molecular pathways that initiate dif-
ferent epigenetic states on identical DNA
sequences are now coming into focus
through recent studies demonstrating that
small RNA molecules, generated by the
RNA interference machinery (BOX 2), can
direct cytosine methylation and histone
modification marks that are associated
with transcriptional quiescence to particu-
lar genomic regions (reviewed in REFS 4-6).
In addition, epigenetic silencing machinery
can be recruited to specific genomic
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Box 2 | Epigenetic phenomena

The fundamental characteristic of epigenetic phenomena is that one genotype can show
alternative phenotypes, which are based on the epigenetic state of one or more loci within the
genome. Many of the classic epigenetic experimental systemswere discovered because of
apparent genetic instability or deviations from expected Mendelian inheritance patterns. Some of
the best-studied epigenetic phenomena are listed below:

Transposon activity ‘changes in phase’. Originally defined and articulated by McClintock; an
alteration in transposition rate or the expression of a nearby gene correlated with a change in the
epigenetic state of the transposon

Position-effect variegation. Caused by the reversible inactivation of a gene that is due to a change
in genomic environment, usually because of moving a euchromatic gene close toa domain of
heterochromatin

X-chromosome inactivation. A sex-chromosome dosage-compensation mechanism in mammals
that leads to the transcriptional silencing of a large percentage of genes on one X-chromasame in

XX females

Paramuration. An allelic interaction that leads to heritable changes in one allele’s gene-
expression state

Parental imprinting. Parent-of-origin specific gene expression, whereby a single allele is
differentially expressed depending on the sex of the parent transmitting the allele

Transgene silencing. Can occur at the transcriptional or post-transcriptional level; post-
transcriptional gene silencing was discovered in early plant transgenesis experiments and was
later found to be mediated by RNA interference pathways.
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Table 1| Examples of meiotically transmitted epialleles

Locus/ Organism

epiallele

a-mz- Maize

7991A1

AY Mouse

Axin™ Mouse

B’ Maize

b2 Ascobolus
immersus

bal Arabidopsis
thaliana

fwa Arabidopsis
thaliana

Leyc Linaria
vulgaris
(toadflax)

MLH1 Human

P-pr Maize

pai Arabidopsis
thaliana

sup Arabidopsis
thaliana

Mechanism

Transposon-associated; the Spm element is inserted upstream of
the a pigmentation gene; the epigenetic state of the transposon is
associated with DNA methylation

Transposon-associated; the |AP element is inserted upstream; loss
of the silent epigenetic state is associated with overexpression

Transposon-associated; intronic |AP element; loss of the
silent epigenetic state of the transposon is associated with
overexpression of a partial Axin coding sequence

The epigenetic state of the short tandem repeat block
100 kb upstream of the coding sequencingis associated with
transcriptional inactivity; generated by paramutation

Induced by gene duplication (methylation is induced
premeiotically); DNA hypermethylation is associated with gene
silencing

Loss of gene silencing of an array of pathogen resistance
genes leads to overexpression

Transposon-associated; the SINE element is upstream of the coding
sequence; loss of the silent epigenetic state on SINE-associated
repeats is associated with ectopic expression

DNA hypermethylation of coding sequence is associated with gene
silencing

DNA hypermethylation of upstream region is associated with gene
silencing

Elevated cytosine methylation of coding sequence is associated
with gene silencing

Repeat-associated; RNA-directed DNA hypermethylation of
coding sequence is associated with gene silencing

DNA hypermethylation of coding sequence is associated with gene
silencing

Stability

Metastable

Metastable

Metastable

Stable

Metastable

Metastable

Stable

Metastable

Metastable
Stable
Metastable

Metastable

Phenotype

4

Pigmentation and
transposition

Yellow coat colour:
obesity

Kinked tail

Reduced
pigmentation

Reduced
pigmentation 4

Dwarfism; elevated
disease resistance

Delayed flowering

Radially »
symmetrical flowers »
°

Predisposition to
tumour formation

Reduced
pigmentation

Metabolic

Abnormal floral
organ number
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silencing

Loss of gene silencing of an array of pathogen resistance
genes leads to overexpression

Transposon-associated; the SINE element is upstream of the coding
sequence; loss of the silent epigenetic state on SINE-associated
repeats is associated with ectopic expression

DNA hypermethylation of coding sequence is associated with gene
silencing

DNA hypermethylation of upstream region is associated with gene
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Elevated cytosine methylation of coding sequence is associated
with gene silencing

Repeat-associated; RNA-directed DNA hypermethylation of
coding sequence is associated with gene silencing

DNA hypermethylation of coding sequence is associated with gene
silencing

Stability

Metastable

Metastable

Metastable

Stable

Metastable

Metastable

Stable

Metastable

Metastable
Stable
Metastable

Metastable

Phenotype
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pigmentation

Reduced
pigmentation 4

Dwarfism; elevated
disease resistance
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Radially »
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pigmentation
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Abnormal floral
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Tri tridy dediéné epigenetické variability
(A) Epigenotyp lokusu je striktné determinovan genotypem;
epigenotyp je obligatornim fenotypem alternujicich genotypu.
Penetrance and expresivita jsou vysoke.
Priklad: sex-specificky parentalni imprinting u savcu,
maternalni exprese MEDEA u rostlin




Tri tridy dediéné epigenetické variability

(B) ,Usnadnéna“ epigeneticka variabilita, ktera funguje v
Joravdépodobnostnim® rezimu, obvykle v kontextu s genotypem.

Penetrance a expresivita jsou variabilni.
(2) zadng viv (b) maternant Priklad: lokus Agouti viable

paternalniho fenotyp ovliviiuje

fenotypu sloZeni potomstva ye I IOW U myél,

SOO0E0ESS COVVVCOOOG lokus Superman v DNA

metyla¢nich mutantech

T T
L88b4b6844 éééééé%}ééé u Arabidopsis

42% 42% 16% 44% A47%

T 1
CCOLLELLee COVCELEeSS

40% 46% 14% 40% 40% 20%

(c) zesilovaci efekt
vicenasobného

prichodu {':}

sami&i drahou
eﬁ; skvrnita (intermeadiatni)
é pseudoagoutl (téméar
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Tri tridy dediéné epigenetické variability

(C) Stochastickeé pfipady davaji vznik alternativnim epi-alelam
v .omezeneé cetnosti, bez ohledu na genotyp.
Penetrance and expresivita jsou nizke.
Priklad: divergence epigenotype v prubéhu starnuti
v somatickych liniich bunék,
pelorické mutanty u rostlin

Epigenetic differences arise during the lifetime
nf mﬂnnzygotic tWinS PHAG | July B, 2008 | vol 102 | me. 3D
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Meioticky NEprenasené epigenetické
stavy ovlivhéne prostredim

The neo-Darwinian concept of inherit-
ance posits that the hereditary material is
‘hard” and impervious to environmental
influences. If the formation of epialleles is
random and not initiated or guided by the
environment, the generation of epigenetic
variation could be equated with random
genetic mutation without otherwise
altering our current view of evolutionary
mechanisms. On the other hand, if the
physical or behavioural environment of the
cell or organism influences epiallele forma-
tion, a mechanistic foundation for soft
inheritance exists

- chladové pusobeni na se
muze vést ke zménam str
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Meioticky neprenasene epigeneticke
stavy ovlivhéne prostredim

The neo-Darwinian concept of inherit-
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‘hard” and impervious to environmental
influences. If the formation of epialleles is
random and not initiated or guided by the
environment, the generation of epigenetic
variation could be equated with random
genetic mutation without otherwise
altering our current view of evolutionary
mechanisms. On the other hand, if the
physical or behavioural environment of the
cell or organism influences epiallele forma-
tion, a mechanistic foundation for soft
inheritance exists

- chladové pusobeni na se
muze vést ke zménam str




Transposable Elements:

Targets for Early Nutritional Effects

on Epigenetic Gene Regulation

Robert A, Waterland and Randy L. Jirtle

Molecular and Cellular Biology
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Meioticky neprenasene epigeneticke
stavy ovlivhéne prostredim

The neo-Darwinian concept of inherit-
ance posits that the hereditary material is
‘hard” and impervious to environmental
influences. If the formation of epialleles is
random and not initiated or guided by the
environment, the generation of epigenetic
variation could be equated with random
genetic mutation without otherwise
altering our current view of evolutionary
mechanisms. On the other hand, if the
physical or behavioural environment of the
cell or organism influences epiallele forma-
tion, a mechanistic foundation for soft
inheritance exists

- chladové pusobeni na se
muze vést ke zménam str

- zmény metylace DNA v ﬁ'sJ. d
dietniho rezimu u hlodavcu
off

- materska péce vede k postnata

remodelovani eplgenetlckycp stév
glukokortikoidniho receptorového genu

-

:
1-
'“f':
. o)
Mo

-

"“

i\

L
L]



Maternalni programovani epigenetickych stavu

Maternalni péée jako model , experience-dependent* chromatinoveé plasticity

cyklicky adenosin monofosfat

A protein kindza A

histon-acetyltransfera

TRICHOSTATIN I g METIONIN !

DOBRA MATERSKA PECE SPATNA MATERSKA PECE
vysoka exprese genu kodujiciho S nizka exprese genu GR,
glukokortikoidni receptor - DNA-metyltransferaza STRESOVA PSYCHIKA
STABILNI PSYCHIKA DOSPELEHO DOSPELEHO POTOMSTVA
POTOMSTVA (Ac = acetylace histona) (CH; = metylace DNA)




The preceding examples
show that epigenotypes can respond to an
organisms physical, nutritional and even
behavioural environment. Although
these examples do not involve meiotic
transmission of the environmentally

induced epialleles, this is not always the
case.

Environmentalne indukovaneé
dedicné epigenetické zmeny, priklady:

- aplikace disruptortu endokrinnich funkci
na gravidni krysy zpusobuje poruchy samci
fertility v fadé generaci, F1-F4
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Epigenetic Transgenerational Actions of Endocrine Disruptors and Male Fertility
Matthew D. Anway, Andrea S. Cupp,” Mehmet leum[:u,Jr Michael K. 5kinner:|:

Transgenerational effects of enviranmental toxins require either a chromosomal or epigenetic alteration in the germ

“rlE. A= 2N BRI B ] d 1E ALIN0 TerMdie T4l O N0 10e pernon of gongong By OETEFTIASon 1o e 2o 15

disruptors vinclozolin (an antiandrogenic compaund) or methoxychlor (an estrogenic compound) induced an adult
phenatype in the Fy generation of decreased spermatogenic capacity (cell number and viability) and increased

incidence of male infertility. These effects were transferred through the male germ line to nearly all males of all
subsequent generations examined (that i=, F4 ta Fy). The effects an reproduction correlate with altered DA,

methylation patterns in the germ line. The ability of an enviranmental factar {for example, endocrine disruptor) to
reprogram the germ line and to promote a transgenerational disease state has significant implications for evalutionary
biology and disease etiology.

Center for Reproductive Biology, School of Malecular Biosciences, Washington State University, Pullman, WA
991644231, USA.

" Present address: Department of Animal Science, University of Mebraska, Lincaoln, NE 6852830908, LISA,

Fresent address: Department of Animal Science, Rutgers University, 84 Lipman Drive, Mew Brunswick, MNJ
039018525, USA.

j;Tl:l wham carrespondence should be addressed. E-mall: skinner@mail. wsu, edu




The preceding examples
show that epigenotypes can respond to an
organisms physical, nutritional and even
behavioural environment. Although
these examples do not involve meiotic
transmission of the environmentally

induced epialleles, this is not always the
case.

Environmentalne indukovaneé
dedicné epigenetické zmeny, priklady:

rustovym defektum a metylace DNA




Title: Epigenetic inheritance in the mouse
Author(s): Roemer I, Reik W, Dean W, Klose J
Source: CURRENT BIOLOGY 7 {4): 277-280 APR 1 1997

Abstract: Acquired epigenetic modifications, such as DNA& methylation or stable chromatin structures, are not normally thought to be inherited
through the germline to future generations in mammals [1,2]. Studies in the mouse have shown that specific manipulations of early embryos,
such as nuclear transplantation, can result in altered patterns of gene expression and induce phenotypic alterations at later stages of
development [3-5]. These effects are consistent with acquired epigenetic modifications that are somatically heritable, such as DMA
methylation. Repression and DMA methylation of genes encoding major urinary proteins, repression of the gene encoding olfactory marker protein,
and reduced body weight can be experimentally induced by nuclear transplantation in early embryas M, Strikingly, we now report that these
acquired phenotypes are transmitted to most of the offspring of manipulated parent mice. This is the first demonstration of epigenetic
inheritance of specific alterations of gene expression through the germline, These ohservations establish a mammalian model for transgenerational
effects that are important for human health, and also raise the question of the evolutionary importance of epigenetic inheritance.



The preceding examples
show that epigenotypes can respond to an
organisms physical, nutritional and even
behavioural environment. Although
these examples do not involve meiotic
transmission of the environmentally

induced epialleles, this is not always the
case.

Environmentalneé indukovane ;
dedicné epigeneticke zmeny, priklady: 4/}
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Epigenetic control of sexual phenotype in a dioecious plant,

Melandrium album

Abstract Melandrium album (syn. Silene latifolia) 1s
a model dioecious species in which the Y chromosome,
present only in heterogametic males, plays both a
male-determining and a strict female-suppressing role.
We showed that treatment with 5-azacytidine (5-azaC)
induces a sex change to androhermaphroditism (an-
dromonoecy) in about 21% of male plants, while no
apparent phenotypic effect was observed in females. All
of these bisexual androhermaphrodites (with the stan-
dard male 24, A4 4+ XY karyotype) were mosaics pos-
sessing both male and hermaphrodite flowers and,
moreover, the hermaphrodite flowers displayed various
degrees of gynoecium development and seed setting,
Southern hybridization analysis with a repetitive DNA
probe showed that the 5-azacytidine-treated plants
were significantly hypomethylated in CG doublets, but
only to a minor degree in CNG triplets. The bisexual
trait was transmitted to two successive generations, but
only when androhermaphrodite plants were used as
pollen donors. The sex reversal was inherited with
incomplete penetrance and varying expressivity. Based
on the uniparental inheritance pattern of androher-
maphroditism we conclude that it originated either by
5-azaC induced inhibition of Y-linked female-sun-

C Representative male karyotype
of the Al androhermaphrodite (sex chromosomes indicated, scale
bar 10 um). I» Perfect hermaphrodite lower from the self progeny
of Al






