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POZOR - bunkovy cyklus nie je mitéza, mitéza je ¢astou bunkového cyklu

- v bunkovom cykle prebiehaju dva hlavné procesy: vytvaranie
komponentov rastucej bunky a rozdelovanie komponentov do dcérskych
buniek

- kedzZe sa jedna o cyklus, mdézeme si vybrat odkial zacneme
- replikacia DNA — S-faza

- G2 faza )

- mitéza a cytokinéza — M faza K i e A
. duplicated chromosomes for

- G1 faza error, making any needed

repairs.
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Cell cycle arrest.
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Figure 18-1 Cells reproduce by
duplicating their contents and dividing in
two, a process called the cell cycle.

The division of a hypothetical eucaryotic
cell with two chromosomes is shown to
illustrate how two genetically identical

i daughter cells

daughter cells are produced in each cycle, ! iﬁ%g‘:ﬁw: SMOSOME
Each of the daughter cells will often divide REPLICATION

again by going through additional cell
cycles.

72 CHROMOSOME
SEGREGATION
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Co rozumiete
pod pojmom
diferenciacia?

link

- systém regulacie bunkového cyklu musi v spravnom €ase
aktivovat enzymy a iné proteiny nevyhnutné na zacatie kazdého
kroku a po ukon&eni procesu musia byt zase deaktivované

- kazdy krok musi byt korektne ukonéeny skor ako zacne
nasledujuci krok

napr. nova replikacia DNA nesmie za€at skér ako prejde mitézou a
dorastie do spravnej velkosti

- regulacny systém musi brat do Uvahy vonkajsie podmienky

- u mnohobunkovych organizmov musi regulacny systém reagovat
na signaly od ostatnych buniek napr. stimuly k deleniu ak je
potrebny vacsi pocCet buniek; ak funguje nespravne méze déjst k
vzniku rakoviny

- pocet buniek mdze byt regulovany programovanou bunkovou
smrt'ou

15.12. 2025



Systém regulacie bunkového cyklu

- bunkovy cyklu ma viacero kritickych miest, kde sa vynimocne
efektivne uplatfuju regulacné mechanizmy

- ak déjde k poruseniu priebehu niektorého kroku ostatné kroky su
oddialené alebo pozastavené

- kontrolné body:

kontrolny bod v G1 faze: kontroluje dosiahnutie potrebnej velkosti
bunky (tento krok je zavisly na prisune zivin a inych faktoroch
extracelularneho prostredia), ostane zablokovany ak okolité
podmienky nie su vhodné na proliferaciu

kontrolny bod v G2 faze: tiez kontroluje velkost bunky, kontroluje
kompletnu replikaciu DNA

[enrenw ] [Exw

Figure 18-3 The essential processes of
the cell cycle, such as DNA replication, '
mitosis, and cytokinesis, are triggered by .

a cell-cycle control system. By analogy [enTens ]
with a washing machine, the cell-cycle
control system is drawn as a controller arm
that rotates clockwise, triggering essential

processes when it reaches specific points REPLICATE DNA
on the outer dial (se¢ Chaptor 8)

COMPLETE CELL DIVISION
isne Chopter 19

Irigger complation of mitosis
and proceed 1o cylokines:s
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- systém regulacie bunkového cyklu je zaloZzeny na cyklicky
aktivovanych proteinkinazach

- tieto proteiny iniciuju alebo reguluju replikaciu DNA, mitézu a
cytokinézu

- najbeznejdim spdsobom ako méze bunka menit aktivitu proteinu je
fosforylacia alebo defosforylacia

- proteinkinazy su pritomné pocas celého bunkového cyklu, ale
aktivované su len v urcitej dobe a potom su rychlo deaktivované

- Specifické proteinkinazy su aktivované v Specifickych fazach cyklu

- zapinanie a vypinanie proteinkinaz zabezpecuju iné proteiny — cykliny
- cykliny nemaju samé nemaju Ziadnu enzymovu aktivitu, ale ich vazbou
na proteinkinazy sa tieto mézu aktivovat

- kinazy systému regulacie bunkového cyklu sa preto nazyvaju cyklin-
dependentné proteinkinazy resp. Cdk

- na rozdiel od Cdk sa koncentracia cyklinov po€as bunkového cyklu
meni

Konkrétny priklad:

- MPF je komplex cyklin-Cdk, ktory reguluje vstup do M-fazy

- objaveny bol pri Studiu zabich vajicok

- vajitko zaby Xenopus ma v priemere 1mm

- po oplodneni za€ina embryonalny vyvin s mnohymi rychlymi deleniami
- tieto cykly su najma opakovanim S a M faz s kratkymi alebo ziadnymi
G fazami medzi nimi

- neprebieha transkripcia, mMRNA podobne ako vacsina proteinov
potrebnych na bunkové procesy bola ulozena do oocytu

- tieto v€asné Stadia sa nazyvaju ryhovanie, nedochadza k rastu buniek

a vSetky bunky sa delia synchrénne

- ak vezmeme Zabie vaji¢ka v istom Stadiu je mozné pripravit z nich

extrakt charakteristicky pre toto bunkové Stadium

- je mozné Studovat vplyv extraktu na bunkovy cyklus

- len v istom Stadiu bolo mozné pripravit extrakt, ktory indukoval vstup
do M fazy

Co sa deje v S faze bunkového cyklu?  link
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- takto bol objaveny M-phase-promoting factor MPF
- aktivita MPF vyrazne osciluje v priebehu bunkového cyklu

. _ . . _ Figure 18-6 The rise and fall of M-Cdk
I — - IR vty curing the call cyc. The increase
i ) in M-cyclin concentration leads to the

formation of the active M-cyclin-Cdk

M-Cdk—__2 complex (M-Cdk), which drives entry into

activity M phase. M-cyclin concentration increases
M-cyclir steadily during interphase, peaks at
Loncantretion mitosis, and falls rapidly as mitosis ends,
Whereas M-Cdk activity rises and falis with
each mitosis, the concentration of the Cdk
does not change during the course of the
cell cycle.

- ked' sa podarilo MPF podarilo vyizolovat zistilo sa, Ze obsahuje
vlastne jedinu proteinkinaza

- fosforylaciu prislusnych proteinov spdsobuje tato kinaza kondenzaciu
chromozdémov, rozpad jadrového obalu a reorganizaciu mikrotubulov pri
tvorbe deliaceho vretienka

napr. rozpad jadrovej membrany je spdsobeny rozlozenim jadrovej
laminy, ktory nastane po fosforylacii proteinov laminy, kinaza
fosforylaciou ovplyvriuje aj proteiny asociované s mikrotubulmi, ktoré
potom menia svoje vlastnosti

11

Obrazek 18-4 Dvé kli¢ové proteinové
slozky komplexu cyklin-Cdk. (A) Cyklin-
dependentni kindza (Cdk) je enzym, ktery
katalyzuje fosforylaci proteinti, zatimco
cyklin je regulaéni protein, ktery je tfeba
pro enzymovou aktivaci Cdk. Aktivni
komplex pak fosforyluje klicové bunééné
proteiny, které iniciuji jednotlivé kroky
bunééného cyklu. (B) Trojrozmérna
struktura komplexu cyklin-Cdk
nazyvaného MPE ktery kontroluje vstup
do M-faze.

|
cyklin-dependentni
kinaza (Cdk)

(A}
0.5 mm
Obrizek 18-5 Zralé vajitko Zaby Xenopus.
Tato obrovska buiika je pfipravena na
oplozeni. (Poskytl Tony Mills.)
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Obrdzek 18-7 Oscilace aktivity MPF

mitoza interfaze mitoza interfaze béhem buné&ného cyklu u embryi
drédpatky. Aktivita zkoumana podle
Aktivita experimentu na obrazku 18-6 rychle
MPF i vzriistd pred zacdtkem mitozy a prudce

klesd k nule ke konci mitozy. Podobny
obrazek aktivity MPF je moZno pozorovat
u vech eukaryontnich bunék od kvasinky
po clovéka.

INJEKCE . INJEKCE Obrizek 18-6 Pokus d struiici
CYTOPLASMY BURIKY o CYTOPLASMY BURKY e o 0 B CEMONSHIEt
Z M-FAZE vieténko i Z INTERFAZE aktivitu MPE (A) Do oocytu dréapatky je
% snadno zjistitelné \ injikovdna cytopl 5 il
| * injikovdna cytoplasma z vajitka drapatky
Jaf v M-fazi. Bunéény extrakt zptisobi
prechod oocytu do M-faze prvniho
. meiotického déleni, kdy dojde k rozpadu
velkého jadra a k vytvofeni vieténka. (B)
Pokud je cytoplasma vzata z vajicka
v interfazi, k pfechodu oocytu do M-faze
00CYT 00CYT nedojde. Proto tedy musi extrakt v (A)
JE HNAN NEVSTUPUJE obsahovat néjakou aktivitu, totiz M-fazi
DO M-FAZE DO M-FAZE 1 ifct faktor (MPF . "
- i podporujici faktor ( ), ktery spousti
prechod do M-faze.

_— —_—

oocyt
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- MPF kinaza méze fungovat, len ked je na nu naviazany Specificky
cyklin
- predpoklada sa, ze okrem umoznenia aktivacie cyklin aj napomaha
najst proteiny, ktoré maju byt fosforylované
- cykliny boli pdvodne identifikované ako proteiny, ktorych koncentracia
behom interfazy postupne rastie a potom vyrazne klesa po prechode
bunky do M fazy — toto sa opakuje kazdy bunkovy cyklus
- funkcia bola neznama, kedze cyklin sam nema aktivitu
- prelom nastal, ked sa zistilo, Ze cyklin je su¢astou MPF a je
nevyhnutny na aktivaciu MPF kinazy
- nahly pokles koncentracie cyklinu je spdsobeny jeho degradaciou
ubikvitin-dependentnym proteolytickym systémom
- mnoho molekul ubikvitinu je kovalentne naviazanych na cyklin a tak ho
oznaci na degradaciu v proteozémoch
- ubikvitinacia cyklinu je nepriamo vysledkom aktivacie samotnej MPF-
kinazy, pretoze tato s istym oneskorenim iniciuje ubikvitinaciu cyklinu a
nasledne timi svoju vlastnu aktivitu

proteozém

14
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M- :yclm
imitotic

Cak
ubc‘qnhmnnnn destruction ‘% ‘ Figure 18-7 The activity of Cdks is
_of Meoyelin _ M + '* <l  regulated by cyclin degradation.
inactivation Ubiquitination of a cyclin marks the protein

f M-Colk
active M-Cdk = inactive for destruction. Loss of the cyclin leaves its

Cdk Cdk partner inactive

- aktivita Cdk-kinaz je dalej regulovana len fosforylaciou a
defosforylaciou

- teda mechanizmus aktivacie prostrednictvom cyklinov je kriticky, nie
vSak jediny regulacny mechanizmus aktivity aktivity Cdk-kinaz

- miest, ktoré musia byt fosforylované alebo defosforylované je viacero
- ak je kinaza aktivovana, méze =

aktivaéni
fosfataza

komplex cyklin-Cdk aktivovat
dalSie komplexy cyklin-Cdk \ W
@ B

inhibujic
fosfat

o /\é

aktivuijici
fosfat

neaktivni aktivni
MPF MPF
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- existuje mnoho viacero cyklinov a Cdk, ktoré sa podielaju na riadeni
bunkového cyklu

- Specifické komplexy cyklin-Cdk spustaju konkrétne kroky bunkového
cyklu

- kazdy regula&ny bod ma svoje vlastné cykliny a Cdk

-
— BN
& i

M
- druhova aj fazova é : ssig
Specificita 3 @

i
s
uuuuu
S ‘/yk\

@w == @Q =

plex cyklinu s Cak

S-FAZE
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SYSTEM REGULACIE bunkového cyklu

U eukaryotickych buniek sa vyvinula komplexna siet regulacnych
proteinov, ktoré riadia priebeh bunkového cyklu.

Tato siet musi reagovat na velkost bunky, replikaciu genému a
extracelularne signaly.

Cykliny - existuju Styri typy:

1. G1-Cykliny napomahaju priechodu bunky cez resktrikény bod v
neskorej G1 faze.

2. G1/S-cykliny sa viazu na CDK na konci G1 a smeruju tak bunku do
S fazy.

3. S-cykliny sa viazu na CDK pocas S fazy a su potrebné na zacatie
replikacie DNA.

4. M-Cykliny napomahaju mitotickym dejom.

KaZzdy cyklin sa hromadi len v ur€itom Stadium bunkového cyklu a
aktivuje prislusného CDK partnera

17

Nazvy jednotlivych Cdk a cyklinov u stavovcov

- CYKLIN-CDK CYKLIN CDK PARTNER
- G1-Cdk cyklin D Cdk4, Cdk6

- G1/S-Cdk cyklin E Cdk2

- S-Cdk cyklin A cdk2, Cdk1

- M-Cdk cyklin B Cdk1 (Cdc2)




Rodiny cyclinov a cyclin-
dependentnych kinaz

« U Zivocisnych buniek je prechod cez G1 kontrolny
bod kontrolovany komplexami Cdk4 a Cdk6 s D-
typom cyclinov. Cdk2/cyclin E complexy neskor v
G1 faze podmieriuju neskor prechod z G1 do S
fazy.

Cdc2/cyclin B complex Cde2iCych
reguluje prechod z G2 do M e
fazy. fé/"

l_]\\\ Ckd, 6/CycD
| |
( Animal of |
\ /)

I
) )
5 Fi Restriction
\ / point
Celk2/CyeA, Cdk2/Cyct
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Rodiny cyclinov a cyclin-
dependentnych kinaz

* U kvasiniek je prechod .
cez ,,START“ bod CIb2, Clb3, Clb
kontrolovany Cdc2 spolu s g
G1 cyklinmi (CIn1, CIn2 a
CIn3). Complexy Cdc2
molekul s istym typom B
cyclinov (Clb molekuly)
potom reguluju prechod
cez S fazu a vstup do
mitdzy.

E_‘\\filu_’, Cin3
f,r'—) START]
S/

Cde2/ClbS, Clhb
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» Kontrolné body

Na zaciatku G21 fazy (cyklin D, Cdk4, Cdk6); na konci G1 fazy
(cyklin E, Cdk2) po G1- kontrolnom bode bunka podstupuje
replikaciu DNA, aj ked' su odstranené extracelularnej signaly
stimulujuce rast a delenie. Nahromadenie G1-cyklinov na
konci G1 fazy spusta transkripciu génov pre G1/S-cykliny,
ktoré zacCinaju deje veduce k replikacii DNA. G1-CDK aktivita
zacina fosforylaciu Rb-proteinu (retinoblastoma protein),
inhibitora progresie bunkového cyklu. Fosforylacia inaktivuje
Rb-protein, ¢o umozni regulacnému proteinu E2F aktivovat
expresiu génov S fazy.

Regulacia G1 progresie a iniciacia S fazy je Casto naruSena u
nadorovych buniek, ¢o vedie k neobmedzenému bunkovému
rastu a proliferacii. Strata alebo mutacie Rb-proteinu je ¢asto
spajana s nadmernou proliferaciou a nadorovym ochorenim.

21

- retinoblastdém je najcastejSi intraokularny nador u deti

- zhubny nador sietnice

- je Casto pritomny pri narodeni a je takmer Uplne obmedzeny na skoré
detstvo

- pri v€asnej diagnostike je dobre lie€itefny s 5-ro€nym prezivanim 90-
100%

- Zrenicka nie je sfarbena do €ierna ale vyzera biela alebo ¢ervena.

- Postihnuté oko moéze skuilit, bud’ smerom k uchu alebo nosu.

- Slaby alebo poruseny zrak.

- Cervené boravé oko.

- Zvacésena zrenica.

- Zmena sfarbenia dahovky.

QA’

Dryja, T.P., Friend, S., Weinberg, R.A., 1986. Genetic sequences that predispose to
retinoblastoma and osteosarcoma. Symp. Fundam. Cancer Res. 39, 115-119.

‘Friend, S.H., Bernards, R., Rogelj, S., Weinberg, R.A., Rapaport, J.M., Albert, D.M.,
Dryja, T.P., 1986. A human DNA segment with properties of the gene that
predisposes to retinoblastoma and osteosarcoma. Nature 323, 643-646.
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Mature

Wolume 323, Issue 6089, 1986, Pages 643-646

A human DNA segment with properties of the gene that
predisposes to retinoblastoma and osteosarcoma

Friend, S.H., Bemards, R., Rogelj, 5., et al &

Whitehead Institute for Biomedical Research, Cambridge, MA 02142, United States

Abstract

The genomes of various tumor cells contain mutant oncogenes that act dominantly, in that their effects
can be observed when they are introduced into non-malignant cells. There is evidence for another class
of oncogenes, in which tumor-predisposing mutations are recessive to wild-type alleles.
Retinoblasioma is a profofype biological model for the study of such recessive oncogenes. This
malignant tumour, which arises in the eyes of children, can be explained as the result of two distinct
genetic changes, each causing loss of function of one of the two homologous copies at a single genetic
locus, Rb, assigned to the q14 band of human chromosome 13. Mutations affecting this locus may be
inherited from a parent, may arise during gametogenesis or may occur somatically. Those whao inherit a
mutant allele at this locus have a high incidence of nen-ocular, second tumours, almest half of which are
osteosarcomas believed fo be caused by the same mutation. Here we describe the isolation of a
complementary DNA segment that detects a chromosomal segment having the properties of the
gene at this locus. The gene is expressed in many tumour types, but no RNA transcript has been found
in retinoblastomas and osteosarcomas. The cDNA fragment detects a locus spanning at least 70
Kilobases (kb) in human chromosome band 13q14, all or part of which is frequently deleted in
retinoblastomas and osteocsarcomas.

Link

Co znamena skratka cdk?
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Fosforylacia inaktivuje Rb-protein, ¢o umozni regulaénému
proteinu E2F aktivovat expresiu génov S fazy

CDK2
CE

Enzymes for
E2F DNA synthesis

Passage from
G1to S

24
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MNOZENI
BURKY.

e s e e e e s e e sz

(A KLDOVA BURKA (B MNOZICI SE BURKA

Zjednoduseny model, jak

25

- bunkovy cyklus méze byt v G1-faze zastaveny Cdk-inhibiénymi
proteinmi
- ak je poSkodena DNA zabranuje sa tak replikacii poSkodenej DNA

- zatial nie dokonale objasnenym spdsobom poskodena DNA indukuje
zvySenie koncentracie aj aktivity regulaéného proteinu p53

- aktivovany p53 stimuluje transkripciu génu kodujuceho Cdk-inhibicny
protein p21

- vedie to k zvySeniu koncentracie p21, ktory sa naviaze na komplex
cyklinu S-fazy s Cdk, ktory je zodpovedny za prechod do S-fazy a
zablokuje ho

- zastavenie bunkového cyklu v G1 faze poskytuje bunke €as na opravu
DNA pred replikaciou

- ak p53 chyba alebo je defektny, replikacia poSkodenej DNA vedie ku
vzniku vysokého poctu mutacii a potencialne k nadorovym bunkam

Ktory cyklin je aktivhy pocas S fazy? Link

26
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CDK2

Poskodenie DNA vedie k aktivacii regulacného proteinu p53

DNA damage

‘_I

Active p53

Enzymes for

E2F DNA synthesis

(P)

Passage from
G1toS

. Obrézek 18-13 Zastaveni bunééného
neaktivni p53 - " -
poskozeni DNA cyklu v G,-fizi proteinem p53. Pokud je
:{' AKTIVACE DNA poskozena, mnozstvi proteinu p53
DNA——————— —* 53 se zvySuje (neukdzéno) a stava se
T aktivnim. Aktivovany p53 stimuluje
= aktivni p53 transkripci genu, ktery koduje Cdk
i inhibi¢ni protein p21. Protein p21 se viZe
akiivnl ppoisevaty na komplex cyklin S-faze-Cdk a inaktivuje
na regulaéni oblast 5 " .
genu p21 ho, takZe se bunécny cyklus zastaviv G-
A, fazi. Zatim neni znamo, jak poskozeni
Q@C gen p21 DNA aktivuje p53.
= —
= T R,
TRANSKRIPCE
21 MRNA
TRANSLACE
p21
(protein inhibujici Cdk)
AKTIVNI NEAKTIVNI
S-fazovy kemplex komplex p21s S-fazovym
cyklinu s Cdk cyklinem a s Cdk

15.12. 2025
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2) G2-kontrolny bod (DNA replikaCny
kontrolny bod) zaistuje, Ze bunka nevstupi
do mitézy kym nebude gendm
zreplikovany. Prebiehajuca syntéza DNA
blokuje aktivaciu M-CDK.

29

G1 a G2-kontrolné body sluZia aj ako kontrolné body pri
poskodeni DNA (DNA damage checkpoint).

Bunkovy cyklus je zastaveny pri
poskodeni DNA v neskorej G1 faze
(zabranuje vstup do S fazy) av
neskorej G2 faze (zabranuje vstup do
mitozy).

Zastavenie v tychto kontrolnych
bodoch poskytuje bunke Cas na
opravu poSkodenej DNA.

30
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3) Metafazny kontrolny bod (spindle-attachment
checkpoint) zaistuje, ze pred vlastnym zacatim
separacie sesterskych chromatid v anafaze, budu
vSetky chromozdmy spravne pripojené k mitotickému
vretienku.

Kontrolny mechanizmus odhaluje nepripojené
kinetochory a blokuje anafazu. Ked' su vsetky
chromozémy pripevnené k vretienka M-CDK aktivuje
APC (anaphase-promoting complex). APC je ubikvitin
ligaza, ktora kontroluje deStrukciu niektorych
mitotickych regulacnych proteinov.

Jednym z tychto regulacnych proteinov je securin, ktory
inhibuje aktivitu separazy. Ked' je securin degradovany,
separaza Stiepi kohezinovy komplex, ktory drzi pohromade
sesterské chromatidy a tie sa potom mézu oddelit k polom
vretienka.

31

Variation in Cell Cycle Cyclins

Cyclin-dependent kinases

Cdk4/6 Cdk2 Cdk1 resp. Cdc2
A AL
r S0 ~
cyclins O E A B(A)
| | | | |
N N N N N
M G, S G, M G,

Cell cycle phases

32
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Cell Cycle

RNA, Protein Mitosis, Cytokinesis

resp. Cdc2
DNA, RNA, RNA, Protein
Protein
p53
Cyc A CycE ..~ " pRb
CDK2 )
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Detektory poskodenia DNA
DNA damage checkpoints

34
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- detektory poskodenia DNA su koncovym bodom komplexnej
signalizaCnej drahy pozostavajucej z troch hlavnych komponentov:

- 1 senzor poskodenia DNA
- 2 prenasac signalu
- 3 efektor

- genetické a biochemicke Studie u kvasiniek a v su¢asnosti aj u
fTudskych buniek identifikovali viaceré proteiny zahrnuté v procese

- v ich funkciach je znacny prekryv

- ATM je detektor aj signalna molekula

- viaceré triedy proteinov kontrolného bodu, kam patria napr. 53BP1 a
MDC1 su umiestnené medzi detektorom a signalnym transducerom

-G1/S, S a G2/M kontrolné body ¢asto vyuzivaju rovnaké signalne
molekuly, aj ked ich doleZitost sa mbze menit a mozu byt délezité viac

v jednom, &i inom kontrolnom bode

35
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Figure 9-5. Signaling cascades initiated by damage to DNA. (right} The class of
signaling molecule at each level of the cascade. RO, region of interest; UV, ultraviolet.
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Figure 9-8. Signaling cascades originating from DNA double-strand breaks and
from replication stress, as well as the various cellular responses and outcomes
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- pozastavenie bunkového cyklu si
vyzaduje, aby na poSkodenu DNA
prisadol senzor ako ATM — ataxia
telangienctasia mutated — je to
enzym, ktory fosforyluje signalne
molekuly na serinovom alebo
treoninovom zvysku a tym posuva
informaciu o poskodenej DNA dalej

- ATM mutacia nie je letalna, ale
spbsobuje zriedkavé ochorenie ataxia
delagienctasia A-T typické
cerebelarnou degeneraciou,
imunodeficienciou, genémovou
instabilitou (geneticka instabolita — u
jedinca je vysoka frekvencia mutacii),
radiosenszitiviou a predispoziciou pre
nadorové ochorenia.

Aké faktory sposobuju aktivaciu ATM?

Telangiectasia

Neurodegeneration

Immune defects

Cancer

“‘ 'F | Radiosensitivity
Sterility \ = |

link 4
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- ATM je 350 kDa oligomericky protein, ktory vykazuje vysoku
homoldgiu s fosfatidylinozitol 3-kinazami, ale nedokaze fosforylovat
lipidy

- ale méze fosforylovat proteiny

- ATM sa zvacSa viaze na volné DNA konce na mieste DNA zlomu
oboch vlakien. Po aktivacii ionizacnym Ziarenim sa ATM aktivuje
autofosforylaciou a fosforyluje dalSie proteiny vratane Chk2, p53,
NBS1, BRCA1 na serinoch a treninoch, ktoré sa nachadzaju pred
glutaminom — motiv SQ alebo TQ. Susedné Useky tiez musia mat' istu
sekvenciu.

- Na zlom DNA prisadne komplex proteinov Mre11, RAD50 a NBS1,
ktory sa u ¢loveka vola MRN komplex a navedie ATM

- ATM reaguje s NBS1 a fosforyluje histon. Fosforylacia vytvori
vazobné miesto pre BRCTdoménu (BRCA1 C Terminus (BRCT)
domain)

- BRCA1 je suc€astou komplexu, ktory opravuje DNA.

39

- Dasim senzorom poskodenia DNA je fosfatidylinozitol 3-kinaza ATR
(ATM and Rad3 related)

- Je to 303 kDa velky protein, ktory sa C-koncom podoba ostatnym
kindzam z rodiny PI3K.

- Delécia ATR je u mysi letalna, u Cloveka je Ciastocna strata aktivity
ATR spojena so Seckelovym syndrémom, ktory je autozOmovo
recesivne ochorenie s podobnymi priznakmi ako A-T.

- ATR je protein kinaza, ktora fosforyluje proteiny na serinovych a
treoninovych zvyskoch a moze fosforylovat takmer vSetky proteiny
ako ATM. ATR je aktivovana viac ultrafialovym (UV) ziarenim ako
radiaciou.

- Z citlivosti ATR na UV svetlo sa usudzuje, Ze je asi Specificka na
Zlomy, ktoré UV tvori

- ATR naopak sa velmi neviaze na dvojvlaknové zlomy ATM

Ako sa aktivuje ATM? link 5
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AKky je rozdiel medzi ATM a ATR?

Abstract

Seckel syndrome (SS) is a rare spectrum of congenital severe microcephaly
and dwarfism. One SS-causative gene is Ataxia Telangiectasia and Rad3-
Related Protein (ATR), and ATR (c.2101 A>G) mutation causes skipping of
exon 9, resulting in a hypomorphic ATR defect. This mutation is considered
the cause of an impaired response to DNA replication stress, the main
function of ATR, contributing to the pathogenesis of microcephaly.

However, the precise behavior and impact of this splicing defect in human

neural progenitor cells (NPCs) is unclear. To address this. we established II n k 6

41

What is Seckel Syndrome?

Seckel syndrome is a rare genetic condition of dwarfism (spomaleny rast) that
involves intrauterine growth retardation (smaller size at birth), microcephaly
(abnormally small head), mental handicap, short build, large eyes, narrow jaw,
deformed hips, bent fifth finger, and birdlike features (receding forehead and
chin with beaked nose). The syndrome is observed equally in males and females.
This condition is also known as bird-headed dwarfism, nanocephaly,
microcephalic primordial dwarfism.

Causes of Seckel Syndrome

Seckel syndrome is a rare genetic condition that is inherited in an
autosomal recessive manner. This means that the chance of both the
copies of the gene to get affected is rare. When one of the copies is
affected, the individual is a carrier. Some of the genes that are mutated
and cause Seckel syndrome

are CEP152 (SCKL5), NINI (SCKL7), CEP63 (SCKL6), RBBP8 (SCKL2), ATRI
P (SCKL8), and ATR (SCKL1). These genes are involved in maintaining
genomic stability. Seckel syndrome also causes
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e|ntrauterine growth retardation resulting in low birth weight
eShort stature due to postnatal growth retardation

eDefects in dentition — crowding of teeth, defects in enamel development
(hypoplasia)

eLarge eyes, sloped eyelids, eyes are crossed

*Bird-like features (sloping forehead, beaked nose, unusually small jaw
[micrognathial)

eEars with no ear lobes

eStructural defects: boky, forearm, elbow bone defects and dislocation.
eIn some cases, 11 pairs of ribs instead of the usual 12
eStructural defects in the spine

epiaty prst ohnuty do strany (clinodactyly)

echodilo otoc¢ené dovnutra (clubfoot)

eExcess body hair (hirsutism)

Treatment for Seckel Syndrome
The disorders observed in Seckel syndrome range from structural deformities to
blood disorders. Hematological problems such as leukemia and anemia can be
treated with appropriate medication and therapy.

Mentally challenged individuals along with their families need to be given
appropriate social support and counseling services.
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Figure 1. Separate and overlapping roles of ATM and ATR in responses to genotoxic stress. The protein kinases ATM and ATR activate response networks after genotoxic
stress by phosphorylating key proteins in various signaling pathways. The two protein kinases share substrates in the DSB response, but ATM functions upstream of ATR in
some phases of the cell cycle during this response.
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Fig. 3. UV-induced specific mutations: UV-signature mutations (.) resulting from 6-4 photoproducts
can be identified as C— T transitions at dipyrimidine sites (cytosine—thymine, thymine—cytosine);
cytosine cyclobutane dimers result in CC—TT tandem transitions. Thymine cyclobutane dimers do
not yield a mutation, because non-informative bases on the template DNA strand were substituted by
an adenine on the opposite DNA strand (“A-rule”). NER = nucleotide excision repair.

-Vitamin D
Lo i i -Nutrition and Health 2010, pp 851-864
Pyrimidiny DNA: cytozin a tymin -Sunlight, Skin Cancer, and Vitamin D

-Jorg Reichrath
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{6-4) photoproduct {(64PP) are major DNA lesions induced by UV
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F g nes
A
/\N
\}%Wh strand
lesions that are
rapidly repaired

Replicating chromosomes

hyper-recombinogenic
unwound single strand
DNA at replication forks

(ROS, radiation,

lopoisomerases,
repair of stalled forks)

collapse in the absence of checkpoint lunctions.

ssDNA lesions
in unwound DNA S1}2\

Replikacny stres DNA je definovany ako nedostato¢na replikacia DNA ktora
spbsobuje, ze replikacna vidlicka sa posuva pomaly alebo je pozastavena.

Nucleic Acids Research, 2007, Vol. 35, No.22 7547

double strand breaks
in chromosomes
(single strand lesions,
DNA repair, collapse of
stalied replication forks)

Figure 2. The unique structure of replicating DNA contributes to genome instability at replication forks, which is enhanced by replication fork
stalling. (A) When non-replicating DNA molecules suffer single-strand lesions, the integrity of these molecules is maintained by hydrogen bond base
pairing on either side of the lesions uniil they are repaired. (B) Replicating DNA molecules contain single-strand DNA at replication forks afier
unwinding of double-strand template DNA has occurred in preparation for template-directed DNA synthesis. This single-strand DNA is highly
recombinogenic. (C) Single-strand DNA at replication forks is susceptible to single-sirand lesions that effectively produce double-strand breaks.
Double-strand breaks also occur at stalled replication forks in association with attempts to repair the stalled forks and/or due to replication fork
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downregulation of

replication factors
(ribonucleotide

reductase, others)

hyper-replication proteins tightly
of DNA bound to DNA

Replicatipn stress

* origin activit DNA secondary
i ! structures

DNA regions that
,L dNTPs are difficult to
unwind

Figure 1. Factors that contribute to replication fork stalling (replica-
tion stress). Some of these factors overlap. For example, reduced levels
of dNTPs could be a consequence of reduced availability of nutrient
precursors or downregulation of proteins required for their synthesis.

49

- signalne molekuly CHEK1 a CHEK?2 — fosforyluju cielové molekuly

- u ¢loveka su najmenej tieto dve
- sluzia ako transducer a suvisia s checkpointami
- su to serin trenonin kinazy s istou homoldgiu, ktoré su mierne substratovo Specifické

- u cicavcov ATM prenasa signal cez CHEK2 a UV signdl je zase sprostredkovany cez
ATR a CHEK1.

- existuje to prekryv, ale len Ciasto€ny, chek1 knockout je letalny, ale chek2 nie u mysi

- zistilo sa, Ze mutacie chek2 u &loveka zvysuju riziko nadoru prsnika

- hlavné efektorové proteiny su p53 a Cdc25 fosfataza

- Cdc25 defosforyluje viaceré cyklin dependentné kinazy bunkového cyklu ¢o
spoésobuje progresiu cyklu

- Cdc25 je fosforylované a nésledne eliminovné vazbou na 14-3-3 proteiny,
transportované z jadra, ubiquitované a degradované.

- po DNA poskodeni Cdc25 nie je pritomna €o spdsobi pozastavenie bunkového cyklu
- p53 ovplyviiuje G1/S prostrednictvom p21 a inhibiciou cdk2

- hypofosforylovana cdc25c napomaha prechodu z G2 do M fazy defosforylacou cdk1.
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DMA strand breaks

Figure 8-9. Signaling pathways leading to
checkpoint arrest in S phase and G1/S
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Figure 9-10. Signaling pathways leading to a G2/M
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Cdc25 defosforyluju viaceré proteiny bunkovéhd
cyklu ¢o spdsobuje progresiu cyklu
Cdc25 su fosforylované a nasledne eliminovné
vazbou na 14-3-3 proteiny, transportované z
jadra, ubiquitované a degradované.
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Fearon and Vogelstein: A genetic model of tumorigenesis.
Cell 61:759-767, 1990

Wnt pathway EGFR signaling TGFR response Loss of p53
Affected event o qvation activation inactivation function Other genetic
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Dysplastic crypt adenoma

MNormal epithelium Late adenoma Carcinoma Metastasis
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Q
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o
Penduculated colorectal adenoma, left the gross
appearance and right the microscopic image.

normal k} abnormal adenoma adenoma adenoma | pEE I
epithelium y epithelium class | class I class Il

shered methylation

Microscopic example of a flat adenoma.
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- Wnt signalizacia - faktor skorej ontogenézy, ale dolezity aj v nadorovych ochoreniach

- Whntrodina — glykoproteiny pdsobiace cez Wnt/beta cateninovu drahu

https://www.youtube.com/watch?v=YuVkRTOYOIQ

Axin
Adenomatous .
-cat
Polyposis Coli (APC)
Glycogen
Synthase Kinase 3B .“ i
(GSK3B) .
casein kinase |
(CKI)

ON
Dishevelled (Dvl)

Wnt target genes Wnt target genes
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EFR https://www.youtube.com/watch?v=R6XHgXmK4C0
EGF

KRAS
MUTATIONS

GO
'
l ‘ | STAT /|
STAT Nucleus
e ]
| /
Protein &
Galcium iy
signalling . v - F O] .
- gene expression, w, — Aktivana mutacia génu KRAS
cell l;':r'“,fig?l‘w"- znemoznuje hydrolyzu GTP na
GDP a prechod aktivni formy
KRAS proteinu na neaktivnu
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PTEN

Growth factors
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|

Figure 1. miR-17-5p inhibitorial mechanism on the PI3K/AKT/mTOR pathway in PCa. A simplified
illustration of the PI3K/AKT/mTOR pathway, and miR-17-5p upregulation through inhibition of the tumor
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- bunky mézu odburat regulaény systém a uniknut’ z bunkového cyklu

- napr. nervové a svalové bunky vstupuju do modifikovanej G1 fazy
nazyvanej GO faza, kde je systém regulacie bunkového cyklu Ciasto¢ne
odburany takze vymizne mnoho cyklin-dependentnych kinaz a cyklinov

- niektoré bunkové typy, napr. pecefiové bunky sa delia raz za niekolko
mesiacov, epitelialne bunky sa delia ovela CastejSie

- u cicavcov sa bunky delia va¢sinou len vtedy ak su stimulované od
ostatnych buniek

- ak tieto signaly chybaju zastavuju sa v G1 kontrolnom bode a vstupuju
do stavu GO

- tento &as uréuje vaésinou dizku bunkového cyklu, ak bunka prejde
bodom G1 va&sinou zvysok cyklu dobehne do 24 hodin

- G1 kontrolny bod sa niekedy oznacuje ako Start

63

- regulacia poctu buniek u mnohobunkovych organizmov

- aj ked su cicavcie vajicka medzidruhovo rovnako velké, postanatalne
sa mnozstvo buniek v tele odliSuje

- bunkova proliferacia ako aj prezivanie buniek je regulovana vonkajsSimi
signalmi

- extracelularne signaly (rézne rastové faktory) stimululd bunkovu
proliferaciu a vedu k aktivacii komplexov G1-cyclin-Cdk
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- stimula¢né signaly, ktoré prekonavaju brzdy bunkovej proliferacie su
vacsinou proteinové rastové faktory

- viazu sa na membranoveé receptory a aktivuju vnutrobunkové signalne
drahy, ktoré stimuluju bunkovy rast a delenie

- testovanie na bunkovych kulturach

- rastovy faktor krvnych dosti¢iek PDGF platelet-derived gowth factor,
rastovy faktor uvolfiujuci sa z dostiCiek pri poraneni stimulujuci
proliferaciu tkaniva

- hepatocytarny rastovy faktor, po resekcii pecenie
- kombinacie potrebnych rastovych faktorov pri inkubacii buniek je rézny

- Zivo€isne bunky maju vnutorne limitovany pocet deleni, ktorymi mézu
prejst

- napr. fiborblasty ludského plodu sa mézu delit cca 80 krat
- fibroblasty od 40 ro€ného ¢Eloveka o polovicu menej

- tento jav sa nazyva bunkové starnutie
- je to druhovo Specifické

65
BUNKOVA SMRT
- je ireverzibilné poskodenie bunky veduce k jej zaniku. V su€asnej
dobe rozoznavame dva zakladné typy bunkovej smrti, ktoré sa liSia:
- morfologicky
- patogenézou
- maju odlidné priciny a doésledky
- apoptoza - je novo rozpoznané forma individualnej bunkovej smrti
- nekréza — jej existencia a morfoldgia st zname od pociatkov
patologie ako forma najtazSich regresivnych bunkovych zmien
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Apoptoéza - je osobitna forma bunkovej smrti postihujuca
izolovanu/né bunky

- pri tejto regresivnej zmene bunky ide o aktivny proces, pri
ktorom sa spotrebovava energia

- ide o riadeny proces —,bunkova samovrazda“ —
.,programovana bunkova smrt*

- apoptdza je spojena s aktivaciou génov a proteosyntézou,
cely proces riadi niekolko roznych proteinov funkéne
naviazanych na apoptézu

- Bcl-2 rodina obsahuje pro aj antiapoptické proteiny - BcL-2is
localized to the outer membrane of mitochondria, where it plays an important role in promoting
cellular survival and inhibiting the actions of pro-apoptotic proteins, The pro-apoptotic proteins

in the BCL-2 family, including Bax and Bak, normally act on the mitochondrial membrane to
promote permeabilization and release of cytochrome C and ROS

- p53 normalne apoptézu stimuluje, ale mutovana forma
podporuje prezivanie buniek

- zmutovany p53 sa dokazal vo viacerych typoch malignych
nadorov

67

Vyznam a vyskyt apoptozy:

- apoptdzou zanikaju bunky pri roznych fyziologickych a
patologickych procesoch, zucastnuje sa kontroly bunkovej
populacie v zdravych tkanivach, i v nadoroch, pri odstraniovani
nechcenych buniek

- fyziologicka apoptoéza:

- v embryogenéze:

- pri redukcii buniek a programovanej bunkovej destrukcii

- pri normalnej bunkovej a tkanivovej obnove - napr. enterocyty
- pri atrofii-hormonalne stimulovanej - napr. artrofia mlie¢nej zfazy
vV menopauze, zanik buniek endometria pri menstruacii, atrofia
prostaty pri znizeni hormonalnej stimulacie

- patologicka apoptoza:

- apoptoza sa vyskytuje v bunkach reagujucich na rézne
patologické stimuly, napr.:

- bunky napadnuté virusmi

- pri spontannej regresii nadorovych buniek, regresia buniek po
chemoterapii

68
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Apoptoéza — programovana bunkova smrt
- dblezité pri vyvoji

¢ Programovand bunééna
smrt tvaruje prsty vyvijejici se nohy mysi.
(A) Zobrazena noha byla oznacena
barvivem (¢ervené), které se specificky vaze
na buriky, které prodélaly programovanou
buné¢nou smrt. Touto ou smrti se
odstrani tkan mezi vyvijejicimi se prsty, jak
je vidét na noze zachycené o jeden den
pozdéji na obrazku (B).

(A) B)

Obrazek 18-19 Programovana bunééna
smrt se objevuje béhem pfemény pulce

v #dbu. Kdy? se pulec za¢ind ménit

v Zébu, u bunék ocasu pulce se indukuje
programovana bunééna smrt, jejimz
nasledkem je ztrdta ocasu. VSechny zmény,
ke kterym dochazi v prithéhu pfemény
vEetné indukce programova
smrti u bunék ocasu, jsou vyvoldny
zvySenou hladinou thyroidniho hormonu
v krvi.

bunééné
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Nekroza (z gréckeho Nekpdg = mitvy)
- je intravitadlne odumretie tkaniva.

- na rozdiel od apoptdzy, pri ktorej dochadza k zaniku
izolovanej bunky a chybaju zapalové a autolytické
sekundarne zmeny v tkanive okolo nekrotickych buniek, u
nekrdzy su prave reaktivne zmeny typické.

- nekréza je definovana ako morfologické zmeny v tkanive
nasledujuce po a spdsobené zanikom buniek v zivom
tkanive alebo organe

- tieto morfologické zmeny su désledkom progresivnej
degradacie tkaniva Cinnostou katalytickych enzymov
uvolnenych z nekrotickych buniek - autolyzou

- a enzymami z reaktivnych zapalovych buniek, leukocytov a

makrofagov - heterolyza
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Morfologické zmeny - nekréza

- vyvijaju sa postupne

- mikroskopicky su zmeny pri nekréze podobné posmrtnej autolyze
- Jadro - v jadre dochadza k pyknéze = kondenzacia chromatinu

- Cytoplazma - v plazme dochadza k eozinofiliu, resp. k strate
prirodzenej bazofilie (poklesom proteosyntézy), navySe denaturované
intracelularne proteiny maju vyssiu afinitu k eozinu

- Pri€iny nekrézy:

- mechanické - trauma, vibracie, mikrotraumy

- termickeé - u€inok vysokych a nizkych tepl6t

- Ziarenia - rtg, radioaktivne

- infekéné - virusové, bakterialne

- hypoxie/anoxie

- nekréza pankreasu u€inkom patologickej aktivacie pankreatickych
enzymov

71

Porovnanie

- nekrdéza - bunky umierajuce na akutne poskodenie oby&ajne zvacsuju
svoj objem, prasknu a ich obsah sa vyleje do okolia, m&ze to viest k
zapalu
- apoptdza - bunky umieraju bez poskodenia susedov

- bunka sa zmenSuje a kondenzuje

- odbura sa cytoskelet, rozpadne sa jadrovy obal, jadrova DNA je
fragmentovana na malé useky, bunkovy povrch indukuje rychlu
fagocytézu

- princip je zalozeny na protedzovom Stiepeni ako odpoved na
signaly vyvolavajuce bunkovu smrt
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Human lymphoma cells treated with camptothecin for four
hours and stained using the APO-BrdU TUNEL Assay Kit.

Cells
containing
DNA strand
nicks
characteristic
of
are detected
by TUNEL and
fluoresce

, while
necrotic cells
are stained
with red -
fluorescent
propidium
iodide.

Human lymphema cells treated with camptothecin for four hours and stained using the APO-
BrdU TUNEL Assay Kit (Cat. no. A23210). Cells DNA strand nicks o
apoptosis are detected by TUNEL and fluoresce green, while necrotic cells are stained with red-
fuorescent propidium iodide

Ordering Information

A23210  APQ-BrdU™ TUMEL Assay Kit - with Alexa Fluor®@ 1 1018.00
488 Anti-BrdU - 60 assays kit  EUR

link 6 2
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A) exokrinny
pankreas, Sipky
ukazuju na
apoptické bunky

B) myokard 14
tyzdfiového potkana
apoptické bunky

Ficurs | —Figure 1A

indicate apoptatic cells that are shrunken with

ion. Figurs 1B 14 week-old rat tresied

chromatin arrows)
et al, 2004, by permission of the Ameri

hymus tissu from a control Sprague-Danwley ral
i Under

for
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zdravy tymus
Vyberte
spravne
g‘;ﬂ’ﬁ;‘gke bunky v tvrdenie
kondenzovany a o p53
periférny chromatin,
skora faza link 8

apoptézy, arrow
head - apoptické
teliesko
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Fioure 2. —4Continued)

makrofag s apoptickymi telieskami

77

Kaspazy

Vysledkom prevahy stimulaénych (proapoptézovych) signalov nad
inhibiénymi (protiapoptézovymi) signalmi je aktivacia génov z lokusov
naprogramovanej bunkovej smrti, éo ma za nasledok aktivacin kaspa-
zovej kaskady (kaspazy — sibor proteolytickvch enzymov hydrolyzuju-
cich proteiny pri jednotkach kyseliny asparagovej), endonukleiz (degra-
duji molekulu DNA na nefunkéné fragmenty), poskodenie mitochon-
drii, bunkového povrchu a cytoskeletu s naslednym rozpadom bunky na
apoptozové telieska.

Vyberte spravne tvrdenie link 9
o fotoproduktoch
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Large subunit
17-21 kDa

l

il Large subunit B
Small subunit
Small subunit
[ Large subunit ]

| Small subunit |
10-13 kD&

| Prodomain |
2-25 kDa

Frocaspase

Active caspase

Figure 10-7. Activation of caspases. Caspases are synthesized in their
zymogen form requiring proteclytic processing for activation. Processing of
the proenzyme at specific aspartate residues removes the N-terminal
prodomain, Cleavage between the large and short subunits and association
of two heterodimers to form a tetramer results in the generation of active
caspase.

- cysteinové proteazy

- zymogény

- 4 AK sekvencia

- oligomerizacia — pro-domény

- iniciatné a exekuc€né kaspazy, viac ako 250 cielov
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- vonkajSia draha — death-receptor

- vnutorna draha — mitochodrialna

- mediated pathway

- tkanivova homeostaza a
imunitny systém a o 00 b
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Caspase-independent effectors

link 10
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-vonkajSia draha

-na vonkajsiu membranu sa naviaze receptorovy ligand — death receptor
-viacero typov:

-low-afinity NGF receptor - p75NGF

-tumor necrosis factor 1 TNF-R1

-Fas ligand receptor

- tieto receptory maju rovnaku doménu 80 AK na cytozolovej strane =
death domain

- vazba ligandu aktivuje receptor, ten interaguje s adaptorovym
proteinom (AP)

(napr. Fas receptor s Fas-associated protein with death domain FADD)

- prostrednictvom AP mobilizuje molekuly prokaspazy-8 do blizkosti, &im
sa mOzu aktivovat, komplex — death-inducing signaling complex DISC

81

- vnutorna (mitochondrialna) draha zacina

- permeabilizaciou vonkajsSej membrany mitochondrie v désledku
poskodenia DNA, toxinmi, ROS a i. — dosledok je vyplavenie
cytochromu ¢

- cytochrém c — sucast’ dychacieho retazca na vnutornej strane
mitochondrii

- péry vytvaraju Bcl-2 podobné proapoptické proteiny Bax a Bad
- anti-apoptické proteiny Bcl-2 a Bcl-xL zabrafuju uniku cytochrému ¢
vazbou na Bax a Bad ,

82
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- po otvoreni pérov ddjde k uniku dalSich apoptogénnych molekul a
otvoreniu velkych iénovych kanalov vo vnutornej aj vonkajSej membrane
mitochondrii

- vznikne ibnova nerovnovaha a prudenie vody veduce k nabobtnaniu
mitochondrii a prasknutiu vnutronej membrany mitochondrie

nitochondrial outer membrane

permeabilization \ “ .
L TR T R4
@
Cytochrome ¢ ° Mitochondria
o &« &° @
Apaf-1 LY ] ) @ e © ” e )
monomers ®
: oo W ' ®
) « °®

Procaspase-9

'
'

i Smac and Omi : i
| '
'

- Loss of mitochondr

'
Apoptosome '
formation XIAP - - Release of toxic mi
P &y \( B/ ' proteins

Caspase-3/7
g ) | activation
Z y :
Caspase-9 recruitment
and activation

Caspase-
independent
cell death

Apoptosis
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- v cytoplazme sa cytochrom c viaze na Apaf-1, o ulahuje vazbu ATP s
Apaf-1, €o meni jeho konformaciu a oligomerizuje

- k oligomerizovanému Apaf-1 sa viaze prokaspaza 9

- komplex sa nazyva apoptozém

- tym, Ze je prokaspaza 9 agregovana sa autoaktivuje, nasledne aktivuje
kaspazu 3, 6 a/alebo 7

- SMAC cez IAP (antiAP proteiny zastavujuce apoptézu inhibiciou
aktivovanych kaspaz) iniciuje spustenie kaspazovej kaskady

- tedrie ako sa vyleje cytochrom ¢ z mitochondrii

1. po pésobeni stimulu sa otvori permeability transition pore (PTP) v
membrane, dostava sa dnu voda, rozrusi sa vonkajSia membrana a
cytochrém c sa vyplavi

2. v membrane je protein z rodiny Bcl-2, mozno asociovany s dalSimi
molekulami, vytvori pér

3. edoplazmatické retikulum — ked' sa v podmienkach chronického stresu
naakumuluju nespravne poskladané proteiny, zvysi sa vydaj Ca2*, ktory
je vychytavany mitochondriami, ¢o stimuluje vydaj cytochromu ¢ z
mitochondrii

84
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Cleavage of protains leading to cell death

Doplnte

Figure 10-8. Caspase activation by the extrinsic and intrinsic pathways. The extrinsic or a

Heath receptor pathway (left) is activated by the binding of a ligand such as FasL to its s pravn e

Feceptor Fas, followed by the sequential binding of the adaptor protein Fas-associated .

brotein with death domain (FADD) and procaspase-8. The formation of the death-inducing tvrde n |e

Bignaling complex (DISC) permits the activation of procaspase-8, which then proteolyzes and

pctivates caspase-8. The mitochandrial pathway (right) also leads to the activation of .
o bcl-2:

baspase-3. This pathway involves the release of cytochrome ¢ from the mitochondria. Once

n the cytoplasm, cytochrome ¢ promotes the assembly of Apaf-1 and procaspase-9 into a

arge complex containing seven molecules each of Apaf-1 and procaspase-9. Active I H k 1 1
Faspase-9 within the apoptosome can cleave caspase-9. In addition to cytochrome ¢, other in
broapoptotic proteins such as Smac/Diablo are released. Smac/Diablo acts by sequestering

nhibitors of apoptosis (IAPS) away from caspases, thus permitting cell death to occur.
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V pritomnosti neuralneho
rastového faktoru (NGF)

Figure 10-10A. Inhibition of caspases protects neurons from death.
Sympathetic neurcns cultured from the superior cervical ganglion of rats or
mice will survive in tissue culture medium supplemented with nerve growth
factor (NGF). Removal of NGF from the medium |leads to apoptosis. A=C:
Images from phase-contrast microscopy. When maintained in the presence
of NGF (A}, the neurons appear bright and their processes are smooth and
abundant, When deprived of NGF (B), the cell bodies and the processes of
the neurons degenerate Neurenel eeII death induced by NGF deprivation
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V pritomnosti NGF

D

Figure 10-10D. Inhibition of caspases protects neurons from death.
Sympathetic neurons cultured from the superior cervical ganglion of rats or
mice will survive in tissue culture medium supplemented with nerve growth
factor (NGF). Removal of NGF from the medium leads to apoptosis. A-C:
Images from phase-contrast microscopy. When maintained in the presence
of NGF (A), the neurons appear bright and their processes are smooth and
abundant. When deprived of NGF (B), the cell bodies and the processes of
the neurons degenerate, Meuronal cell death induced by NGF deprivation
is prevented if a pan-caspase peptide inhibitor, z-VAD-fmk, is added to the

87

Bez NGF link 12

Ako sa zac¢ina vnutorna draha
apoptozy?

Figure 10=10B. Inhibition of caspases protects neurons from death.
Sympathetic neurons cultured from the superior cervical ganglion of rats or
mice will survive in tissue culture medium supplemented with nerve growth
factor (NGF). Removal of NGF from the medium leads to apoptosis, A=C:
Images from phase-contrast microscopy. VWhen maintained in the presence
of MGF {A), the neurons appear bright and their processes are smooth and
abundant. When deprived of NGF (B), the cell bodies and the processes of
the neurons degeneraie. Meuronal cell death induced by NGF deprivation
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Figure 10-10E. Inhibition of caspases protects neurons from death.
Sympathetic neurons cultured from the superior cervical ganglion of rats
mice will survive in tissue culture medium supplemented with nerve grow
factor (NGF). Removal of NGF from the medium leads to apoptosis, A-C
Images from phase-contrast microscopy. When maintained in the presen
of NGF (A), the neurons appear bright and their processes are smooth a
abundant. When deprived of NGF (B}, the cell bodies and the processes

the neurons degenerate, Neuronal cell death induced by NGF deprivatiog
1g ' i i Fath i

89

Bez NGF s inhibitorom kaspaz

Figure 10-10C. Inhibition of caspases protects neurons from death.
Sympathetic neurons cultured from the superior cervical ganglion of rats 4
mice will survive in tissue culture medium supplemented with nerve growd
factor (NGF). Removal of NGF from the medium leads 1o apoptosis. A-C
Images from phase-contrast microscopy. When maintained in the presen
of MGF (A), the neurons appear bright and their processes are smooth ar
abundant. When deprived of NGF (B), the cell bodies and the processes

the neurons degenerate. Meuronal cell death induced by NGF deprivation
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Bez NGF s inhibitorom kaspaz

F

Figure 10-10F. Inhibition of caspases protects neurons from death.
Sympathetic neurons cultured from the superior cervical ganalion of rats or
mice will survive in tissue culture medium supplemented with nerve growth
factor (NGF). Removal of NGF from the medium leads to apoptosis, A-C:
Images from phase-contrast microscopy. When maintained in the presence
of NGF {A), the neurons appear bright and their processes are smooth and
abundant. When deprived of NGF (B), the cell bodies and the processes of
the neurons degensrate. Neuronal cell death induced by NGF deprivation
is prevented if a pan-caspase peptide inhibitor, z-VAD-fmk, is added to the
culture medium (C). D=F: Images on nuclei stained with a fluorescent
DNA-binding dye. Whereas chromatin staining is diffuse within the nuclei of
neurons receiving NGF (D), chromatin within the nuclei of cultures deprived
of MGF is condensed and fragmented (E), which are hallmarks of apoptotic
cell death, Inhibition of caspases by the addition of z-VAD-fmk (F) prevents
the condensation and fragmentation of chromatin even in the absence of
NGF. (From Deshmukh, et al. J Cell Biol 1996;135:1341-1354, by
permission. )
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- Perforin/granzyme draha v imunitnom systéme

- Cytotoxické T-lymfocyty su schopné zlikvidovat bunku (infikovanu
virusom a nadorovu) pomocou sekrécie latky perforin, ktory vytvori pér
a nasledne nim lymfocyt vylu&i cytoplazmatické granuly.

- granzyme Aa B

- Granzyme B Stiepi proteiny a aktivuje prokaspazu 10, moze
mobilizovat mitochodrialnu drahu a aktivovat kaspazu 3 — priamo sa
aktivuje apoptoza

- Granzyme A aktivuje drahy nezavisle od kaspaz, aktivuje DNA
Stiepenie

Ako sa zaéina vonkaj$ia draha apoptézy? link 13
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Extrinsic Pathway Intrinsic Pathway Perforin/Granzyme
radiation, toxins, hypoxia, etc. Pathway
* Cytotoxic T cells

perforin

/N

adaptors mitochondrial changes (MPT)
granzyme B granzyme A

disc formation apoptosome forms

caspase B activation caspase 9 activation caspase 10  SET complex
[ / activation
caspase 3 activation
(Execution Pathway) DNA cleavage
.
— deg: of chr DNA
p - degradation of nuclear and cy proteins — cytoskel
cytomorphological changes:
h in and cytopl i d ion, nuclear fi ion, etc.
+
formation of apoptotic bodies

FIGURE 3.—Schematic representation of apoptotic events. The two main pathways of apoptosis are extrinsic and intrinsic as well as a perforin/granzyme pathway.
Each requires specific triggering signals 1o begin an energy-dependent cascade of molecular events. Each pathway activates its own initiator caspase (8, 9, 10)
which in tum will activate the executioner caspase-3. However, granzyme A works in a caspase-independent fashion. The execution pathway results in characteristic
cy hological features including cell shrinkage, chromatin condensation, formation of cytoplasmic blebs and apoptotic bodies and finally phagocytosis of the
apoptotic bodies by adjacent parenchymal cells, neoplastic cells or macrophages.
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- pozname 14 l'udskych izoforiem kaspaz:

1. Kaspdazy podielajuce sa na zapalovej reakcii a nie
na aktivacii exekuénych kaspdaz -1, -11, -12 a -14.

2. Inicia¢né kaspazy apoptickej kaskady.
- kaspdzy obsahujuce bud doménu na vytvorenie DISC

(8, 10) alebo na sprostredkovanie interakcii kaspaz
s adaptorovymi molekulami ako Apafl (kaspazy- 2 a -9).

3. Efektorové (vykonné) kaspdzy apoptotickej kaskady
(kaspazy-3, -6 a -7) aktivované iniciacnymi kaspazami,
ktoré Stiepia rozne bunkové substraty.
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|Caspase | Prodomain || Catalytic Domains
] 170 325 334
2 <CARD™> TE T o1 )
- 2 315 331
] 9 < CARD™> __p10 |
g 217 374 385
S| 1= 8 _DED H DED L p10
= 220 372
2 10 e —r -
o ummm
2 175
<5 — T )
2 24 179 194
5 6
8 24 198 207
o 7(
The caspases are divided into the initiator caspases and the executioner

caspases. Each caspase comprises a prodomain and a large and small

catalytic subunit. Initiator caspases have long prodomains containing the
protein:protein interaction motifs, caspase recruitment domain (CARD)
or death effector domain (DED), as indicated. The cleavage sites for each

caspase are depicted with red arrows.
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Table 1 Properties of human caspases®
Approximate number Mouse
Caspase Alternative names Prodomain(s) Functions of protein substrates homolog
1 ICE CARD Inflammation 50-100 Caspase-1
2 ICH-1, NEDD-2 CARD ER stress-induced apoptosis <10 Caspase-2
3 Apopain, CPP32, Yama — Apoptosis and differentiation >300 Caspase-3
4 ICH-2, TX, ICE(rel)-II CARD Inflammation; possibly ER <10 Caspase-11
stress-induced apoptosis
5 ICH-3, TY, ICE(rel)-IIT CARD Inflammation 1 Caspase-11
6 Mch-2 — Apoptosis and differentiation 50-100 Caspase-6
7 ICE-LAP3, Mch-3, — Apoptosis and differentiation 50-100 Caspase-7
CMH-1
8 MACH, FLICE, Mch-5 DED DED Extrinsic pathway apoptosis 50-100 Caspase-8
and differentiation
9 ICE-LAPG6, Mch-6, CARD Intrinsic pathway apoptosis <10 Caspase-9
APAF-3 and differentiation
10 Mch-4, FLICE2 DED DED Extrinsic pathway apoptosis <10 —
and differentiation
12 — CARD Possibly inflammation; 1 Caspase-12
truncated and nonfunctional
in most humans
14 — — Cornification 1 Caspase-14
*CARD, caspase-recruitment domain; DED, death effector domain; ER, endoplasmic reticulum.
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LMW DNA Chromatin
cleavage Time Condensation Shige TRASHING THE GENOME:
M 0 15 45 70 (min) THE ROLE OF NUCLEASES
Fragment DURING APOPTOSIS
'erzgtp*; ” Kumiko Samejima and William

C. Earnshaw
NATURE REVIEWS | MOLECULAR CELL
BIOLOGY VOLUME 6 | SEPTEMBER 2005

Medzi iniciaéné kaspazy patri

link 14

Early Il

Figure 1 | Coordinated chromatin condensation and
cleavage of the DNA in apoptosis. The DNA forms a low
molecular weight (LMW) oligonucleosomal ladder when
isolated Hela nuclei undergo apoptotic execution in vitro in

a cell-free extract prepared from chicken DU249 cells'**. This
cell-free system shows most, if not all, the known features of
nuclear apoptosis in a synchronized manner. The stages of
apoptotic chromatin condensation are shown on the right.
During the early stages of apoptotic execution, chromatin
condenses against the nuclear periphery and forms a rim-like
structure (stage I). Later, the chromatin forms discrete
structures known as apoptotic bodies (early and late stage II).
The timing of stage Il chromatin condensation correlates with

LMW DNA cleavage. M, molecular weight markers.

Late Il
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Teloméry a telomeraza.

-Telomeéry su opakujuce sa sekvencie dvojzavitnicovej DNA umiestnené na
koncoch chromozomov.

-Vagsia dizka teloméry je spojena s imortalizovanymi bunkovymi liniami, tak je
to napriklad u nadorovych buniek alebo aj u embryonalnych kmeriovych buniek.
Ako sa bunky delia a diferencuju v priebehu celého Zivota organizmu, alebo
pocas existencie bunkovych linii, telome}ry sa postupne skracuju a stracaju
schopnost udrzat' sa vo svojej pdvodnej dizke.

-Telomeraza je enzym, ktory predlZuje teloméry pridanim sekvencie DNA.

-Telomeraza sa viaze na konce teloméry a pomocou matrice z RNA sa pripoji
novy retazec DNA. Telomerazy pridavaju niekolko opakujucich sa sekvencii
DNA, potom iné enzymy, DNA polymerazy, dokon€uju druhé viakno DNA na
koncoch chromozomov.

-Vysoka aktivity telomerazy bola detekované v embryonalnych kmenovych
bunkach a v nadorovych bunkach, zatial ¢o mala alebo Ziadna aktivita
telomerazy je pritomna vo vacsine vyspelych, diferencované typy buniek.

-Funkcia telomér a telomerazy su délezité pri deleni buniek, normalny vyvoj a
starnutie.
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-Telomerase function to prevent chromosome shortening YouTube.mp4

-Telomere Replication.mp4
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Predstavujeme laureatov

Elizabeth H. Blackburnova (60) md

1 americkeé obdiansive. Narodila sa v Hobarte na
Tasmadnii. VysokoSkolske Sddium abselvovala na
Umiversity of Melboume: Titul PhD. ziskala v roku
1975 na University of Cambridge. Pésobila na Yale
« _ University, New Haven, USA, na fakulte Universily
‘cf California, Berkeley a-od roku 1990 je
- A4 profesorkou biolagie a fyziolagie na University of
Galifornia, Sa n Francisco. Medzi jej najvyznamnejsie ocenenia patria
Lasker Award, Dr. A. H. Heineken Pnze for Medicte, Paul Ehrich and
Ludvig Darmstaedter Prize. V roku 2007 ju magazin Time zaradil medzi
100 najvplyvne;Sich ludi na svete.

Carol W. Greiderova (48} je Amencanka
Narodilz sa v San Diegu, Kaiifornia, USA.
VysokoSkolské Sfudium absolvovala na University
of California, Santa Barbara. Titul PhD. ziskala v
roku 1987 na University of California, Berkeley. Je
byvaiou Studentikou Elizabeth H. Blackbumovej.
Od roku 1997 je profesorkou a riadifelkou katedry
molekulémej biclégie a genetiky na John Hopkins
Schooi of Medicine. Medzi jej najvyznamnejiie acenenia patria Lasker
Award, Louisa Gross Homwifz Prize, Paul Ehrlich and Ludvig
Darmstaedier Prize.

Jack W. Szostak (56) je American. Narodil sa v
Londyne, vysokoskolské Stidium absolvoval na
McGill University Montreal, Quebec. Titul PhD.
ziskal na Comell University, Ithaca, New York,
Pésobi ako profesor genetiky na Harvard Medical
Schooi, Massachusetis General Hospital a
spolupracuje s Howard Hudges Medical insifue.
e Medzi jeho najvy j&ie medicinsk i
patria Lasker Award, Dr. A. H Heineken Prize for Biochemisty a
Biophysics, United States Nationa! Academy od Sciences Award in
Molecular Bioloay. 2
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Medzi exekuéné kaspazy
patri

Nobelova cena 2009 - medicina

traja AmeriCania - Elizabeth H.
Blackburnova, Carol W. Greiderova a
Jack W. Szostak.

- ako teloméry a enzym telomeraza
chrania geneticku informaciu

v chromozémoch®

- ako sa chromozomy mézu Uplne
prekopirovat v priebehu delenia buniek a
ako su chromozémy chranené pred
degradaciou

- teloméry a telomeraza.

.Koncové CiapoCky“, nazvané telomeéry,
chrania chromozomy pri deleni bunky.

link 15

;}

103

Uz v tridsiatych rokoch 20. storo¢ia Hermann Muller (Nobelova cena
1946) a Barbara McClintockova (Nobelova cena 1983) sledovali, ze
Struktiry na koncoch chromozémov, teloméry, zabranuju
chromozémom, aby sa navzajom nadvazovali. Domnievali sa, ze
teloméry by mohli mat’ ochrannu funkciu, ale zahadou zostalo, ako
funguju.

Teloméra na konci chromozému sa zu€astiiuje na starnuti. Pri
deleni buniek sa teloméry mierne skracuju a tym bunky starnu. Ked'
sa skratia na minimalnu udroven, d'alSie delenie nie je mozné. Vedci
uvazovali o tom, ¢i by tento proces mohol byt pri¢inou starnutia
nielen jednotlivych buniek, ale aj organizmu ako celku. Ukazalo sa
vs§ak, Ze proces starnutia je komplexnejsi a zavisi od mnohych
d’alSich faktorov.

link 16

Co je funkciou telomér?
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Dakujemza pozornost
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