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Mitoza — prehled stadii

nterphase prometaphase

Iafg@ anaphase

Alberts et al.: Molecular Biology of the Cell, Garland Publishing
© 2002 by Bruce Alberts, Alexander Johnson, Julian Lewis, Martin Raff, Keith Roberts, and Peter Walter.



Funkcni jednotka DNA - chromozom:

chromozom

animace dostupna na: http://biol.If1.cuni.cz/prednasky/chromosome_cz.gif



Co se deje s DNA behem bunecného cyklu:
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46 chromosomes
92 DNA molecules
184 DNA strands

46 chromosomes
46 DNA molecules
92 DNA strands



Homologni chromozomy jsou nezavislé
— to zajistuje identickou genetickou vybavu u dcerinych bunek
M__P




Koheze sesterskych chromatid v pribéhu bunééného cyklu
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Dena R. Carson, and Michael F. Christman PNAS
2001;98:8270-8275

©2001 by National Academy of Sciences



Koheze sesterskych chromatid — "spojenim k rozdeleni”
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Koheze sesterskych chromatid — "spojenim k rozdeleni”
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Cohesin loaded in G1 can remain in
place during DNA replication

C “ Cell Reports 2017 20, 2749-2755DOl:
A=A~} (10.1016/j.celrep.2017.08.092)
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Kondenziny a koheziny
A

condensin

SMC2/CAP-E
SMC4/CAP-C




Profaze: kondenzace chromozomu

— kondenziny
(od S faze uz je koheze sesterskych chromatid — koheziny)
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Sesterské chromatidy zUstavaji spojeny po replikaci (faze S)
Kondenzace chromozomu se zvySuje v profazi

Brigitte D. Lavoie et al. Genes Dev. 2004; 18: 76-87 1
Cold Spring Harbor Laboratory Press Yo



Profaze: kondenzace chromozom?
— kondenziny
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Hirano T. Condensins: universal organizers of chromosomes with diverse functions.
Genes Dev. 2012;26(15):1659-1678. doi:10.1101/gad.194746.112



Profaze: kondenzace chromozomu

— kondenziny
A B

catenated dsDNA
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Hirano T. Condensins: universal organizers of chromosomes with diverse functions.
Genes Dev. 2012;26(15):1659-1678. doi:10.1101/gad.194746.112



Profaze/prometafaze: disociace a recyklace jaderného
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TRENDS in Cali Biology

Trends in Cell Biology 2011 21, 6-11DOI: (10.1016/}.tcb.2010.09.002) sl
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Alberts et al.: Molecular Biology of the Cell, Garland
Publishing

© 2002 by Bruce Alberts, Alexander Johnson, Julian
EARLY TELOPHASE Lewis, Martin Raff, Keith Roberts, and Peter Walter.




Prometafaze: Centromera, kinetochora, pripojeni
k delicimu vretenku
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Alberts et al.: Molecular Biology of the Cell, Garland Publishing
© 2002 by Bruce Alberts, Alexander Johnson, Julian Lewis, Martin Raff, Keith Roberts, and Peter Walter.



Prometafaze: spravné pripojeni chromozomu
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Regulace mitozy |

Hlavni regulacni kinazy:
POLO, CDK1, Aurora A, Aurora B

Cyclin B
hmiﬂ Active
MPF
‘\‘: )In1 ‘: }fll ( )Em: ‘ ;
Y15 Tién ﬂs Tié1 'I"l!- nﬂ 'ﬂl T80
]
115 T161 hhlulr—ﬂ'lﬂhg

wrface

CDK1+cyklin B = mitosis promoting factor. MPF fosforyluje napf.:

kondensiny

rizné proteiny asociované s mikrotubuly (délici vieténko)
laminy

histony H1 a H3

Golgi matrix (fragmentace)

myosin (inhibice cytokineze)

APC

Cyklin B je polyubiquitinovan APC — degradace



Regulace mitézy Il — kinaza POLO

Prophase Metaphase Anaphase Telophase
u -
Cytokinesis

V Archambault et al. Understanding the Polo Kinase machine Oncogene (2015), 1-9
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Plk1 substrates and interacting proteins

Petronczki et al. Polo on the Rise—from Mitotic Entry to Cytokinesis with PIk1 Dev Cell 4(5),2008,646-659



Regulace mitézy Il — kinaza POLO

pr. cytokineze
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Petronczki et al. Polo on the Rise—from Mitotic Entry to Cytokinesis with Plk1 Dev Cell 4(5),2008,646-659




Kontrolni body bunecneho cyklu
situace u Sacharomyces cerevisiae
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Rads3 Chki
S-phase arrest Slowing of replication G2 arrest Metaphase arresl Block of exit from mitosis

Ghosh SK., et al, 2006.
Annu. Rev. Biochem. 75:211-41



Metafaze: Spindle assembly checkpoint
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Malmanche, N., Maia, A., and Sunkel, C.E. 2006. The spindle assembly checkpoint: Preventing chromosome mis-segregation during
mitosis and meiosis. FEBS Letters 580: 2888-2895.



Separaza stepi kohesin pri prechodu
z metafaze do anafaze

degraded
securin
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Securin in the cell cycle. Securin inhibits separase, a
cysteine protease, until anaphase initiation. The APC
: : _ (anaphase-promoting complex), a cell-cycle regulated
Anil K. RUSth, Nat Genet 32’ 122-3 ubiquitin ligase, modulates securin degradation. Separase
mediates sister chromatid separation during mitosis.



Cytokineze — aktin, myosin, tubulin
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The contractile ring. (A) A drawing of the cleavage furrow in a dividing cell. (B) An electron micrograph of the ingrowing edge of a
cleavage furrow of a dividing animal cell. (C) Fluorescence micrographs of a dividing slime mold amoeba stained for actin (red)
and myosin Il (green). Whereas all of the visible myosin |l has redistributed to the contractile ring, only some of the actin has
done so; the rest remains in the cortex of the nascent daughter cells. (B, from H.W. Beams and R.G. Kessel, Am. Sci. 64:279—
290, 1976; C, courtesy of Yoshio Fukui.)

Alberts et al.: Molecular Biology of the Cell, Garland Publishing

© 2002 by Bruce Alberts, Alexander Johnson, Julian Lewis, Martin Raff, Keith Roberts, and Peter Walter.



Cytokineze — kontraktilni prstenec
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Cytokineze — oddeleni membran

Midbody core
KIF4, PRC1 (centralspindlin,
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Green, R. A., Paluch, E., & Oegema, K. (2012).
Cytokinesis in Animal Cells. Annual Review of Cell
and Developmental Biology, 28(1), 29—-58.
doi:10.1146/annurev-cellbio-101011-155718



Poruchy mitozy
pokud nejsou letalni, mohou zpusobit polyploidii nebo aneuploidii
dusledky:
a) nadory — vétSina nadorovych bunék je aneuploidni, vétSinou
ale neni mozné fict, zdali aneuploidie pfimo zpusobila vznik
nadoru (nadorova transformace buriky) nebo podnécuje progresi

nadoru, nebo je jen nahodnym dusledkem genetické nestability
nadorovych bunek

b) mosaicizmus (v Casném embryonalnim vyvoji) napr. 46
XX /47, XX +21

mechanizmy vzniku aneuploidie:

a) porucha pripojeni chromozomu k délicimu vretenku
b) selhani cytokineze

c) multipolarni mitéza

mechanizmy vzniku polyploidie
d) porucha synchronizace S faze/mitéza (centrozomy, viz c)

etiologie — geneticka | faktory prostredi



Poruchy mitdézy vedouci k aneuploidiim

(a) normal mitosis

Pomdpad

(b) multiple centrosomes

PRI LLe

(c) reduced error correction

Tty

(d) reduced centromere cohesion

>

Compton DA. Curr Opin Cell Biol. 2011 Feb;23(1):109-13



Poruchy mitdézy vedouci k aneuploidiim

normal division

two diploid cells
i) improper attachment of chromosomes to mitotic spindles

Yo) ~< o - JH-<@xy

Mitoticka nondisjunkce je selhanim “spindle assembly checkpoint”.

a) mutace v genech SAC - zfidka u nadorovych bunék (tyto mutace
vétSinou vedou k ,zestarnuti® bunky
b) latky ovliviiujici mikrotubuly (vinblastin, kolchicin, taxol, nocodazol, etc.

)
c) viry — HPV (E6 a E7 inactivuji SAC), HTLV1 (Tax inactivuje Mad1)

Ya-Hui Chi, K.-T.J. 2007. Aneuploidy and cancer. Journal of Cellular Biochemistry 102: 531-538.



Poruchy mitdézy — selhani cytokineze

normal division

OB YalS SRS RN

two diploid cells

—_—
furrow
regression

tetraploid cells

B ——
furrow
regression

tetraploid cells

ii) failed cytokinesis

Potomstvo vzniklych tetraploidnich bunék je nestabilni, dochazi k
druhotné ztraté chromozomu, vysledkem je hyperdiploidni stav

Ya-Hui Chi, K.-T.J. 2007. Aneuploidy and cancer. Journal of Cellular Biochemistry 102: 531-538.



Poruchy mitozy — prilis duplikaci centrozomu

normal division
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two diploid cells

A

two aneuploid cells

il
furrow
regression

tetraploid cells

iif) abnormal amplification of centrosomes

Multipolarni mitéza. Synchronizace replikace DNA a duplikace
centrozomu vyzaduje celou Fadu proteinu jak z jadra, tak z centrozomu (a
zejmeéna téch, které mohou “pendlovat”). Pf. BRCA2, p53.

Ya-Hui Chi, K.-T.J. 2007. Aneuploidy and cancer. Journal of Cellular Biochemistry 102: 531-538.



Meidza

* Buneécné déleni nezbytné pro pohlavni rozmnozovani
« Porucha meidzy vede k abnormalnimu karyotypu
gamety — zygoty — vSech bunek celeho téla

Reprodukcni cyklus

* meidza — redukcni deleni — vytvari haploidni gamety
(jedna kopie kazdého chromozomu ... také jedna kopie
kazdeho genu)

* béhem oplozeni, dveé gamety splyvaji, vznika znovu
diploidni zygota



Casovani redukce chromozomdi
- Jak by postupoval inzenyr

 redukce chromozomu bez replikace (S faze) by bylo
nejjednodussi. Ale nikdo to tak nedela (protoze by bylo
nutno prebudovat bunecny cyklus?).

 redukce po replikaci — dobre zapada do bunecneho
cyklu, ale protoze je kazde molekuly DNA 4 kopie, je
nutné postoupit dve po sobé nasledujici deleni.
Prebudovani bunecneho cyklu (vynechani S-faze pred
druhym deélenim) se stejné nevyhneme, ale alespon Ize
pri druhém déleni pouzit recyklované komponenty z
prvniho déleni.

r~ VAL a4

cast), potom sesterské chromatidy



Jak zajistit spravnou segregaci
homolognich chromozomu v meidze I:
opét ,spojenim k rozdeleni®

Mitosis Meiosis |
Back-to-back Side-by-side
arrangement arrangement
_' ; E L Microtubule i ; _K\ [

o

Kinetochore

Spindle pole

]
Chiasma

Sister Homologous
' chromatids chromosomes




Profaze |. Synaptonemalni komplex
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: Molecular Biology of the Cell, Garland Publishing

© 2002 by Bruce Alberts, Alexander Johnson, Julian Lewis, Martin Raff,

Keith Roberts, and Peter Walter.

Alberts et al.



Profaze | je komplikovana diky parovani
chromozomu a crossing-overu

Leptotene Zygotene Pachytene Diplotene Diakinesis

Mikrofotografie (imunofluorescence) profaze MI: presynapse (leptotén),
casteCna synapse (zygotén), plna synapse (pachyten), desynapse
(diplotén), a “konfigurace bivalentu” (diakineze az metafaze |). Slozky
synaptonemalniho komplexu jsou znazornény na prvnich 4 panelech
(SCP1, Cervene; , zelené); chromatin (modfe) a kinetochory
(Cervene) jsou znazornény jen na poslednim snimku kondenzovaného
paru chromozomu.

Hunt and Hassold, SCIENCE 296 21 JUNE 2002, 2181-3
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Martin, R.H. 2006. Meiotic chromosome abnormalities in human
spermatogenesis. Reproductive Toxicology 22: 142-147.

Molecular Biology of the Cell, Garland Publishing

© 2002 by Bruce Alberts, Alexander Johnson, Julian Lewis, Martin Raff,

Keith Roberts, and Peter Walter.

Alberts et al.:



Crossing over a rekombinace - mechanizmus

RecA (Rad51) protein — vyména fetézcu
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"taaghy 3 Nature Vol.
¥ b} 453(7194), 2008,
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— - — o Science 1996, Vol.
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Nancy M. Hollingsworth and Steven J. Brill, Genes Dev. 2004 Vol 18: 117-125  http://www.youtube.com/watch?v=gQFKdA3VgEg
dalSi viz prednaska o genové vazbeé



Metafaze | — konec: segregace of chromozomu

Metaphase | Anaphase | Metaphase lI Anaphase Il

Separase
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Separase 7
»
i Separase
- } s -
Arm cohesion ® Mono-oriented
sister kinetochores

= Centromeric cohesion

=~ Spindle force Bi-oriented
sister kinetochores

Chiasmata

Figure 7

Chromosome pairing and unpairing in meiosis, During meiosis I, sisters become paired by cohesin, and
DNA exchange between homologues takes place. Unlike in mitosis, sister kinetochores attach to the
spindle in monopolar fashion; artachment of the homologue kinetochores is bipolar. Following
resolution of crossovers and cohesin disassembly along the arms (but not at centromeres), the
homologues segregate. During meiosis 11, sister kinetochores bi-orient on the spindle, and cohesin
removal at the centromeres triggers their segregation.



Rozdily mezi mitézou a meiozou
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Molecular Biology of the Cell, Garland Publishing

© 2002 by Bruce Alberts, Alexander Johnson, Julian Lewis, Martin Raff,

Keith Roberts, and Peter Walter.

Alberts et al.:



MEIGTIC DIVISION | MITOSIS
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Poruchy meidzy (uvod): normalni segregace
chromozomu v meioze



Meidza oocytu — bez centriol(u)

Somatic cell mitosis

:}@ :}@1‘:

- Chromosomes

- Centrosome (containing centrioles)
- Acentriolar MTOCs

- Kinetochores

- Nucleus

- Microtubules

Oe cown

Howe K, FitzHarris G.: Biol Reprod. 2013 Sep 27;89(3):71



Poruchy meidzy: spatna segregace: opozdujici se

chromozomy

Oocyte from a
young female

Oocyte from an
old female

Meiotic-merotelic
attachm ent

=

Laggmg chromosome

Howe K, FitzHarris G.: Biol Reprod. 2013 Sep 27;89(3):71



Porucha segregace chromozomu v meidze -
nondisjunkce

Meiosis |

K
: \ Nondisjunction
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E

n+1 n+1 n-1 n-1 n+1 n=-1 n n
Number of chromosomes
(a) Nondisjunction of homologous (b) Nondisjunction of sister
chromosomes in meiosis 1 chromatids in meiosis 11
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Etiologie nondisjunkce
* ve vétSiné pripadu zustava konecna pficina vzniku
nondisjunkce neznama (idiopaticka). Aneuploidni gamety jsou
detekovatelné u zdravych jedincu (cca 10%, vajicka |
spermie)
 Existuji vSak zname rizikové faktory:
maternalni nondisjunkce (absence nebo slaby “spindle
assembly checkpoint” u vajiCek)
vék matky (Downuv syndrom): sniZzena frekvence
rekombinace (absence chiazmatu),
teorie zkracujicich se telomer
obecné rizikove faktory — 1) prostredi
radio- a chemoterapie, koureni, alkohol apod.
(obvinény, ale nepotvrzeny)
obecné rizikove faktory — 1) geneticke
napf. mutace proteint syn. komplexu (mysi)
homocystein a MTHFR 677C->T
IVF u neplodnych paru (preimplantaéni arrayCGH)



Uniparentalni dizomie

« poCet chromozomu je normalni (napf. 46, XX) ale par
homologu pochazi jen od jednoho rodice

nasledky:

1) ztrata exprese imprintovaneho genu (napr. PWS, AS).
2) U izodizomie riziko homozygozity pro AR onemocnéni (u
CF jsou to 2% pacientu)

mechanizmy

1) vzacné komplementace (nullizomicka + dizomicka gameta)
2) “Unik z trizomie” (trisomy rescue)

3) “unik z monozomie” pomoci mitotické nondisjunkce
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Meioza a Mendelovy zakony

parental AABB aabb
S | i
i | RIS
F X P AaBb aabb
L [
BI Hb bH Hb

backcross AaBb Aabb aaBb

8 [P iR

BI Hb bH Hb BI Hb

phenotype AB Ab aB
odds 1 1 1

frequency 25% 25% 25%

aHH:HHb

25%



Meidza a vazba

parental AABB aab_b
A A ariMfa
B| |B X bbb
F.xP A_aBb a_atzb
arl gA arifa
bH @B X bH Hb
backcross A_aBb a_atlb
ari gA arira
b @B bHHb
phenotype AB ab
odds 1 1

frequency 50% 50%



Meidza, crossing over a vazba

parental AABB a_ab_b
A A aria
B B bH Hb
F. xP A_aBb a_abb
arl @A arMa
b-{ §B bHHb
backcross A_aBb Piabb a_aBb a_alzb
ari gA ar g A arimna arra
b @B bH Hb bH BB b Hb
phenotype AB Ab aB ab
odds >1 1 1 >1

frequency (25%:;50%) <25% <25% (25%:50%)



Néco k prfinosum pohlavniho rozmnozovani

« promichavani genu (alel) zvySuje celkovou genetickou
variabilitu populace, coz muze byt vyhodou pfi ménicich
se podminkach prostredi

=> Kolik je teé variability?
* nazavisla segregace homolognich chromozomu dava
223 (8 milliéna) potencidlnich gamet na jedince, 24°
(7.10"%) druh potomkt pro par

* crossing over zvysuje tuto variabilitu jeste vice, nebot
misto rekombinace je skoro spojita promenna

« Il jedinym zdrojem veskere variability (novych alel |
genu) jsou mutace. Pohlavni rozmnozZovani muze
vytvofit pouze nové kombinace stavajicich alel (genu).
Je tak idealnim vektorem pro sSireni novych mutaci v
populaci a kombinaci nezavisle vzniklych mutaci (ty by
jinak zustaly jen v jedné linii potomku)



Preparaty z praktik: Pachyten |, 2n=14
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