9 Regulation of Cell cycle

INTERPHASE

» Cell division .

 Cell division —procaryotic (DNA synthes
cells

 Cell cycle
 Mitosis, its individual phases

* Meiosis, fundamental
differences from mitosis

« Control of cell division and
cell growth
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What is cell division?

= arranged sequence of
macromolecular processes
in which the cell
replicates its content
and then splits into two
daughter cells, and each
of them bears the same
chromosomes

= main goal: the
reproduction of genetic
material for the next
generation
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Unicellular:
Harmonization of cell division with growth

Cell division in bacteria (E.coli)

It has a single circular chromosome, which is attached to the
plasma membrane and remains attached to it during chromosome
replication.

Both chromosomes are separated from each other by cell growth.

Cell wall and plasma membrane goes between chromosomes — two
cells are formed.

= BINARY FISSION

9-Cell cycle 2022 3
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- at The beginning of the development of a
multicellular organism is a single cell

+ cell division necessary for
- growth of the organism

* Reproduction
+ Development and

- replacement of damaged and old cells Qr'OWﬂ"l
- the spread of genetic information: mitosis, ° The renewal of
meiosis tissues

* before the division the cell must enlarge,
chromosomes duplicated and ensure their accurate
division into daughter cells

- Coordination of these processes takes place
within the cell cycle

- cell division is strictly controlled to maintain the
unity of multicellular organism

* the loss of dividing control leads to abnormal
development and may cause tumors

In adults the cells divide only in such places and

at the time when it is needed (e.ggc. re lacement
. . .. 9Cell cycle 2092
of dying cells, restoring the injured tissue




Eukaryotic cells

<(a) Reproduction

Usually divide at all:
neural, muscle

Minimum is divided:
liver cells (1 per
year)

» (b) Growth and development

Intensively divided:
Intestinal epithelial
cells, blood
precursor cells

more than 1 day).
(more tha y) Each of us creates

million new cells
every second ,
division arrest leads
to death.

20 pm

—g-Celldycle 2fc) Tisstie renewal



of cell life processes that begin with her birth and ends with the
formation of daughter cells

- precise continuity of cellular processes, two distinct phases:

Interphase
- cell growth, cell organelles duplication, increased metabolism
61 first growth phase, the active synthesis of RNA and proteins
cell accumulates energy and prepares for DNA synthesis
(Replication proteins, histones)
S The synthesis of DNA, chromosomal duplication
62 second growth phase continues synthesis of RNA and proteins
cell growth and preparation for M phase (mitotic spindle)
M phase
* mitosis (division of the nucleus)
and cytokinesis

(Cell division)
- chromatin condensation chromunty

* chromatid separation

* breakdown of spindles Kardersulic Coromers  Mmatihié Sesersce waterbich Teerda deatingcn

che () Wiy
» chromatin decondensation “"9-Cell cycle 2022 7

- formation of membrane, cell division

* breakdown of the nuclear membrane A \ \ Y | 52— Ry
* Creation of spindle and kinetochore % - gt - L : )~ 3& Z}}
T : e .‘;.7 ,




Phase of the cell cycle of eukaryotic cells

INTERPHASE (61, S, 62) (normal cellular activity)
M-PHASE (cell division) G = gap

61 and 62 phases

are phases when cell
growth, duplication of
cytoplasmic organelles are _
in progress \"L

TR Sesterské j '
| vmromatidy &

SE’t’Go-phase (resting) maintained only basal metabolism
<+ Tt occurs only in certain cell types, especi%lly

Fhese'Yha¥ have been terminally

differentiated (neurons)




The synthesis of DNA during cell cycle :

all structure and functions of cells are encoded by the DNA

- during cell division, each cell must obtain a complete genetic
information A
- DNA is replicated before the cell division ’
* there is a duplication of chromosomes

- cell in 62 phase has 2x higher DNA content than in the 61 phas ¢, \
- resulting copies of chromosomes are joined at the centromere

region, form sister chromatids which are separated during the vf::,f,'f;fdy
nucleus division d

Synthesis of proteins and RNA during the cell
cycle

- still as fast during interphase

* in M phase the protein synthesis decreases and the
synthesis of RNA is stopped

G1 phase S phase G2

- all proteins are formed during interphase continuously

- exception are the histones, which are formed only in 61
and S phase

+ After completion of replication, histone mRNAs are

degraded 9-Cell cycle 2022




High accuracy requirements

« correct sorting of phases

* flawless replication

- accurate chromosomes segregation
Unwanted risks:

- replication before mitosis: loss of genetic information
at least in one cell

* double replication of chromosomes before mitosis:
increase of genes copy humber

9-Cell cycle 2022 10



TimePequirements of the cell cycle
* the speed of the cell cycle is determined by
internal and external stimuli

- cells with distinct specializations without the

ability to divide (neurons, muscle cells, red blood

cells)

- cells that divide only under certain conditions

(liver cells, lymphocytes)

- rapidly dividing cells (epithelial, blood stem cells)

yeasts 1.5 - 3 hours, intestinal epithelium 12 hours,

mammalian fibroblasts in culture for 20 hours,

mammalian liver cells about 1 year

interphase occupies most of the time, can last for
hours, days, weeks, months, years depending on the
type of cells

- proliferating human cell has about 22 hour cycle
- cell that stops to diferentiate enters the resting
phase GO

» variability is given by length of Gtshase 2022

Cell type Length of
teh cell
cycle

Yeast cells 1,5 - 3 hours
intestinal 12 hours
epithelium cells

mammalian 20 hours
fibroblasts

mammalian liver 1 year

cells

Cell cycle phase | Length (howrs)

o [

S 715




0 damage of checkpoints by mutation: chromosomal

[ system of regulation of DNA replication and

a

e use of checkpoints, which stop the beginning of
each subsequent step before completing the previous

step

rearrangements, abnormal numbers of chromosomes,
changes in gene expression, etc. (cancer risk)

segregation of chromosomes is in all eukaryotic cells
identical

similar to the transcription and translation: the

management system of the cell cycle is conservative
and evolutionary stable

Restriction point

- in late 61 phase

- for transition from 61 to S an

extracellular signal is needed
(growth factor, mitogen)

- Without this signal cell leaves the

cycle and enters the 60°' ¥ **

Bod restrikce

RWVI?&RW




[ T cell cvcle of edkaryatic cells

Mitosis (karyokinesis) = division of the
M-phase nucleus
(fl’\l'l'O'l'lC) cytokinesis = division of the cytoplasm
INTERPHASE

G,-phase (presynthetic)

’ s “**6,-phase (resting)

S-phase (synthefic:) <+ maintained only basal

% replication of nuclear DNA metabolism

< synthesis of histones <+ It occurs only in certain
cell types, esp. those

Gz_phase which are already

terminally differentiated

(postsynthetic) (neurons)

& protein synthesis, RNACe!l cyele 2022 13



cytoplasm
nucleus

chromosome
duplication

©

MITOSIS ‘

@

CYTOKINESIS

@@

aseyd

aseyd

The cell replicates nuclear DNA
- duplication of chromosomes

Cell growth stops and is followed by
1) Nuclear division
- condensation of chromosomes
- formation of the mitotic
spindle
2) Cytoplasmic division
- formation of contractile ring

MT and ChL are divided,

GA and ER disintegrates into
small fragments, which increases
the probability of uniform

d&%ﬂ’&@lbﬂiﬁion . 14



61 phase

First growth phase after cell division, follows the cytokinesis
- cell needs to reach its original parent cell size
*in ear'ly embryos Gl and G2 phase is missing, the cell divides and dnmmushes

5 bunék 10 bunék

creation of cytoplasm and new organelles, synthesis of RNA, structural and regulatory
proteins
- preparation of cells for S phase - synthesis of replication proteins and histones
- normal metabolic activity
» length depends on the cell type, availability of nutrients and growth factors, the presence of
inhibitors of proliferation
* In optimal conditions, 9-11 hrs
* the genetic material in the form of decondensed chromatin, 2n DNA molecules (46 in
humans)
- restriction point is sensitive to external factors, the first cell cycle checkpoint
* At the end of the phase, the cell decides how it will proceed

i) entry into the GO phase: resting phase, cell does not divide

the absence of growth factors, senescence, differentiated cells

ii) entry into S phase: after overcoming the restriction point, the cell continues by next cell
division Cell cycle 2022 15



S phase

semi-conservative DNA replication ffwb/
» within the replicon based in places ori bidirectional r'epllca‘rlon fork -

- replication proteins - initiating proteins, helicases, polymerases, RNases,
ligases, telomerase

- DNA synthesis requires a template DNA strand and the RNA primer

* leading strand is formed continuously lagging strand is formed through Okazaki
fragments

- replication of the ends of linear chromosomes is ensured by telomerase

5 Mg DMA on

3 Wi'”"':":“' .
» - ]

— Misto spoje fragmenti
1 \— Opoldujici se fetézec
o o0 on on

on
S T— Y e RN S R
B s S Okazakibo fragment

3 RNA-primer

—
1 Smér pohybu .
replikaéni vidlice Vedoud DNA Tetdeec

correctness of replication is ensured by accuracy and proofreading DNA
polymerase activity, error base pairing repair

» duplication of genetic material, chromosomes composed of sister chromatids

9-Cell cycle 2022 16



G2 phase

second growth phase, premitotic phase -
* protein synthesis and formation of organelles, systematic preparation for M phase
* synthesis of proteins of mitotic spindle, centriole duplication

- replicated genetic material, 2 x 2n DNA molecules, two sister chromatids in
chromosome

- 2nd cell cycle checkpoint, checking the integrity and accuracy of DNA
replication

Teiplet ibronebegti.

M/ bk 61

Centriole

* paired organelle of eukaryotic cell, not in plant and fungi cells

- capable of independent division

* nine microtubule triplets around the central cavity

* two connected perpendicularly oriented in M and G1 phase

- duplication in S and G2 phase, in the resulting pair there is always one original
centriole and one new

* fogether with its surroundings formctheysentrosome, which organizes theimitotic
spindle



M phas
MITOSIS

Interphase

e It includes nukleus division (mitosis, karyokinesis)
and the cytoplasm (cytokinesis)

Mitotic
prophase

=) S [
&
Mitotic
prometPrapeuae

M'btotic

metaphase

0000

Mitotic
anaphase

- based on changes in morphology and behavior of chromosomes
mitosis is divided into 5 phases

Mit®tic
telophase



Prophase a prometaphase

M-phase

chromosome N Outside
condensation 7 N |the core
occurs o & \ |begins to
O+ |rise the
\ / mitotic

o O 7 |spindle

Early mitotic prophase

1) Prophase Late mitotic prophase (prometaphase)

- condensation of chromosomes to form visible under light microscope
- sister chromatids connected in centromeric region

- centrosome shift to opposite sides of the cell

* the formation of the mitotic spindle begins in centrosomes

2) Prometaphase (late prophase)

- formation of the kinetochores on chromosomes
- A large protein complex in centromeric region ;.
- Allows to bind chromosomes to spindle microtubules |
- Inner layer recognizes and binds to centromere DNA
- An intfermediate layer connects the outer and inner layer
- The outer layer is connected to the (+) ends of microtubules,

contains motor proteins, based on the fibrous corona

9-Cell cycle 2022




M-phase prometaphase

disintegration of the nuclear membrane and nucleolus

- stabilization of centrosomes position on opposite sides of the cell

- movement of chromosomes into the center of the cell

* formation of the mitotic spindle
- Tubulin polarity: (-) end in the centrosome, (+) end grows at the opposite end
- Dynamic structure, shortening and lengthening (de) polymerization of tubulin
- After the disintegration of the nuclear membrane (+) the ends of the spindle

contact the kinetochore

- Kinetochore microtubules: connected to kinetochores
- Polar microtubules: connected to tubules from the opposite pole of the spindle
- Astral microtubules: attached to the plasma membrane proteins

Nrenccrorove
mikrotabuly

Astriee
mbrotusuly

(+) Cemroaom \"'. (+) (+) \\ (+)
' _.5_"'- e po= T e 5
% / 5 gnDe e 4

W= T ff
(+) =2 (=) oy I (-) = (4)
'l?- ":_‘_-’:: 2 "l" I 'I:l,

t’f‘J — = - r_-j @‘g('ﬂ _._c_'_':f:"{, / {k{:\
.{ y '_i--‘(:- "J

(+) (4) SREETEEE P (+)
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M-phase Metaphase

Chromosomes are grouped in the
equatorial plate and form a OO0
metaphase plate.

Chromosome condensation is completed

» chromosomes are pulled / pushed by kinetochore microtubules
- sorting of chromosomes in the equatorial plate between the
poles of the mitotic spindle (metaphase plate)

- sister chromatids of each chromosome are connected to
opposite poles of the spindle

- establishing the karyotype from the cells which were stopped
in metaphase (colchicine)

Spektraini karyogram A
Lo .‘ ‘ P

9«@8¥rcycle 202

chromozomy 26 1 chromozomy



M-phase Anaphase coc-

Sister chromatids split and
migrate towards opposite
ends of the cell SSSO

- chromosomes separate at
centromeres, sister chromatids split S
. : 4
* chromatids move towards spindle 5y
- kinetochore microtubules shorten =~ Tubutn

subunh Kinstochorn NY

. L : \ o

- participation of mofror pro‘rem; \:",-'""%‘«. o ﬁ";é
* the same set of genetic information = ‘,Q— Zo20 \
is assembled at each spindle pole, Rowse Sooa. O

establishing a base for daughter cells

- spindle poles become more distant ( ‘

Chromosomes
move towards

spindle o becgir:tzrr]rlore
= \/ apparatus \ g W
M/A\\\\ //// _;\\\;:,q//——_\ p:‘/é_\:_ ~\WZ=

B = [ e — S N R =2 & — == =] —
——— — — N N
SN /ﬁ\?ee;ﬂ/ . Y
- cycle 2022 ¥ 2

Spindle poles
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M-phase Telophase

New nuclear envelope is created around each set of
chromosomes to produce two daughter nuclei

Polar microtubules continue to lengthen, preparing for cytokinesis

- chromosomes, which arrived to the poles of the spindle begin to
decondense

- kinetochores and mitotic spindle deteriorate, new nuclei forms

* nuclear membrane restore around'Edeir¥et of sister chromatids 23



Meiosis

Diploid = 2n
Asexual reproduction 40 G5O /7
- cell divides to produce two new
identical daughter cells :
- e.g. mitosis, binary fission PIVA replication
Sexual reproduction |
- two cells fuse to produce a new cell ioloid - B S oo
(zygote), that is different from original 92 dsDNA -} pair
cells =
Meiosis 1
* reduction division (chromosomes) Meiosis |
- occurs in germ cells, produces )
gametes (eggs, sperm) Vs
* chromosomes replicate in . >
. . . aploid —n
interphase, there are two meiotic 46 dsDNA o o
divisions
* the original cell is diploid (2n) and Meiosis |l
produces four daughter haploid (n)
cells
» chromosome number is reduced by 7 7 - &
half, fertilization restores the ceii cycle 2022 %

dlp|0|d status Four gametes (haploid, n, 23 dsDNA)



Meiosis |
Spermatogenesis

- occurs in germ cells, produces

- =Y
gametes (eggs, sperm) & .
‘g — N — — — — —_—
~ o -, "
. w ’
Sperm_atogonlum %
(diploid)
Spermatids
(haploid)
oogenesis
20N _ £ 5.
’w' — B — W e %) e !_;.‘.‘ % -
| | — ® SR &N
Oogonium Polar bodies
(diploid) (haploid)

9-Cell cycle 2022

Sperms
(haploid)

Y

=

Oocyte
(haploid)
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Meiosis I - reduction division

* homologous chromosomes with
different alleles for the same genes
separate

« unusual cell division type, that
creates haploid cells with
chromosomes originating from sister
chromatids

Gene X ﬂ

Sister chromatids

Prophase I

* homologous chromosomes pair up,
bivalent assembly (2 chromosomes),
tetrads (4 chromatids)

« crossing-over (homologous
recombination) takes place between
homologous chromosomes connected
by a synapse

- genetic recombination in of fspring
is ensured by replacing parts of
chromosomes

- chromosomes condense, spindle
apparatus forms, nuclear membrane
disintegrates

- consists of five phases

Homologous (same genes, same
chromosomes (same <-— """""""" alleles)
genes, different alleles) x
L |

Leptotene Zygotene Pachytene Diplotene Diakinesis
s Raspad jademe

1 Chaoma membrdny

) \

Tvorta tewalesty

Frorta
wraptarenanhe
homplees

Synapse
begins

Recombined
chromosomes

Synapse
finished,
crossing over

Synapse
disintegrates,
visible chiasma

Duplicated
chromosomes
condense

9-Cell cycle 2022 26




Meiosis I - reduction division

Metaphase I

- chromosome homologous pairs assemble in equatorial plane
Anaphase I

* homologous chromosomes separate and move towards spindle apparatus
- sister chromatids remain connected by centromeres
Telophase I

- spindle apparatus disintegrates, nuclear membrane restores
- cytokinesis splits the cell into two

chiasma ) Sister chromatids
Kinetochore Metaphase untouched

centrosomes spindle microtubules plate Cleavage furrow

i Sister tetrads .
Nucliar chromatin hromatids Centromere with Homol o -
memprane Kinetochore omologous chromosomes
separate
Chromosomes replicate Homologous chromosomes pair gr_eggr!!, g%%lrﬁb%qu Homologous Two haploigZeIIs,

up, crossing over equatorial plane chromosomes split up chromosomes still doubled



Meiosis II - separation division cx

- just one chromosome homologue is present in cell after meiosis I
* during meiosis IT sister chromatids, that contain matching TR0 !
information separate into newly forming gametes

Prophase II  nuclear membrane disintegrates, spindle apparatus ﬂ
forms
Metaphase IT chromosomes align in equatorial plane Sister chromatids (same

Anaphase IT sister chromq‘rid separation and their movement genes, same alleles)
towards opposite poles of spindle apparatus

Telophase IT spindle apparatus disintegrates, nuclear membrane

restores, cytokinesis

Sister chromatids

9-Cell cycle 2022 2
Two haploid cells, Sistgr g:heron(%%(?s s?)%t during meiosis Il. Four haploid cells containingSa
chromosomes still doubled copy of each chromosome arise.



Meiosis

outcome in four haploid cells, each with a copy of every chromosome

- crossing-over generates altered allele combinations within chromosomes

- meiosis is the basis for sexual reproduction, depends on sex chromosome presence

- offspring produced by sexual reproduction is genetically different from its parents
and siblings

- sexual reproduction is a source of genetic diversity @-:;:x
stemming from: \‘ ]
i) unbiased chromosome choice: chromosomes split "
. .. -
randomly in meiosis I @
i) random fertilization: random fertilization of an B it doveanes
egg by a sperm resulting in zygote @
iii) crossing-over: new allele combinations coming P Beamas
from parent chromosomes - e
e
itosis Meiosis 2 -
DNA replication During interphase, before During interphase, before CJ’L\\\
mitosis meiosis, only once \U' .
Number of divisions 1 2 \ ot cdeon
Homologous chromosome Does not occur Occurs together with \
linked by a synapse crossing-over between non- "<

sister chromatids in prophase ~—

' G\“ ™

Daughter cell number and Two diploid (2n) daughter Four haploid (n) daughter - v v
their genetic content cells, genes identical with cells, genes different from ‘*' ( (\ cu QI,
parent cell parent cell

V
9 9 Il I 25)?2 G i 4 \:\
Rol h bod Growth, G
ole In human body o' repair re;?gdﬁct::;ﬁrﬂ exua L | 0 J @

=5



Regulating cell cycle

decision whether to split is a cellular reaction to its size and
extracellular signals (nutrients, growth factors, stress factors,
DNA damage)

- yeasts decide mainly according to cell size and nutrient availability
- mammals adjust according to growth hormones and mitogens

Principles in cell cycle regulation
- mitosis wont happen before DNA replication finishes,
DNA replication wont happen without splitting the cell
* damaged DNA must not replicate and be passed onto
daughter cells
» erroneously paired chromosomes must not finish mitosis
- cell cycle deregulation can lead to carcinogenesis

ﬁe 2022

Healthy tissue: organized cell growth cancer: uncontrolled cell growth

30



Cell cycle regulation elements

Foundation of this regulation lies in specifically
activating proteins that requlate cell cycle

i) CDK (cyclin dependent kinase) Posttranslational protein
modifications are a part of cell cycle regulations
- phosphorylation: major change to protein structure
and function, reversible
proteinkinases are among the main cell cycle
regulators
kinases of the CDK group, cyclines,
cyclin inhibitors
- proteolysis: unneeded proteins are labelled by
ubiquitin and decomposed in proteasome, irreversible
degradation system

9-Cell cycle 2022 31

ii) Cell cycle checkpoints



CDK - cyclin dependent kinases

QA Q

heterodimer proteinkinases
with a regulatory (cyclin)
and catalytic (kinase)

Cyclin-
component (cyclin dependent oK ;i,'g?:,
kinase CDK) binding binding

—>‘_

They phosphorylate key
regulator proteins and are

CDK
P f"
thus involved in cell cycle
management

9-Cell cycle 2022 32

Phosphorylation
of target protein

0




Systems for protein degradation:

* targeted degradation of proteins regulating cell

cycle, results in unidirectional irreversible cell phase
shift

- Ubiquitin ligase:

SCF  is a multi-protein E3 complex catalyzing the
of proteins destined for
degradation. It has important roles in the of

proteins involved in the cell cycle and also marks various
other cellular proteins for destruction

~anaphase promoting complex™ = cyclosome (APC/C)

* Ensures labelling targeted protein by polyubiquitin
mark, that predetermines proteins for degradation
in pr'o'l'eqsome 9-Cell cycle 2022 33


https://en.wikipedia.org/wiki/Ubiquitin_ligase
https://en.wikipedia.org/wiki/Ubiquitin
https://en.wikipedia.org/wiki/Proteasome
https://en.wikipedia.org/wiki/Ubiquitination

Ubiquitin-proteasome system

Ubiquitin activation

 Catalyzed by ubiquitin-activating enzyme E1

« ATP dependent reaction

« Ubigquitin is attached by C-terminus to E1 protein

« Ubiquitin is consequently carried over from E1 onto
ubiquitin-conjugating enzyme E2

« Enzyme E2 works in conjunction with E3 enzyme, this
complex is termed ubiquitin-ligase

ubiquitin

SH

r

2

ubiquitin ligase

T ? ?

v :
activating Amp ' q
enzyme r igase
P-P
ubiquitin
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Proteasome degradation: major targets

- Cell cycle and growth regulators:
+ Components of cell signal cascades
transcription factors
metabolism enzymes

protein defective variants resulting from mutations or
faulty proteosynthesis

major histocompatibility complex I antigens

- Proteasome inhibition is lethal to the cell

9-Cell cycle 2022 35



* Mammals posses hundreds of ubiquitin-ligases, that
recognize degrons (signals for degradation) on target
proteins by recognition section E3

 Ubiquitin-ligases then manage the ubiquitination
itself, producing polyubiquitin chains attached in
several steps to target protein or previous ubiquitin
at lysine residue

€-amino group

on lysine
side chain )
—
£ P
degradation signal target protein f' rst ubiquitin target protein with
on target protein bound to chain added polyubiquitin
ubiquitin ligase to target protein chain

9-Cell cycle 2022 36



Ub receptor subunit of the proteasome

Degradation in the
protfeasome

Binding of poly-Ub labeled substrate to

Cleavage of Ub through izopeptidase
bound to hatch

substrate translocation to the
proteasome column

degradation of the substrate into small
peptides

9-Cell cycle 2022




APC-Cdh1/proteasome
degrades mitotic cyclins

APC-Cdc20/
proteasome —
degrades Telophase and cytokinesis
securin .

' DNA pre-replication
complexes assemble

at origins H G, cyclin-CDK inactivates Cdh

G, cyclin-CDK activates
expression of S-phase cyclin
CDK components

G, cyclin-CDK phosphorylates
S-phase inhibitor

&« - SCF/proteasome

Mitotic
cyclin-CDK
activates
early mitotic
events

S-phase cyclin-CDK degrades phosphorylated
activates pre-replication S-phase cyclin-CDK
complexes inhibitor
9-Cell cycle 2022 38
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Cyclin-dependent protein kinases (CDK)

- key enzymes which reqgulate the transition between cell cycle phases, transfer
cells from the GO to 61

- various phases of CC BC triggered by phosphorylation of specific target proteins
* their activity is strictly regulated
i) Catalytic activity only in complex with cyclin
ii) Tyr phosphorylation sites - activating, inhibitory
- phosphorylation by specific kinases, dephosphorylation by
phosphatases

iii) inhibitors Cyidin
- in yeast one enzyme, in humans_five MS
61 CDK4, CDK2, CDK6
S CDK2

62 CDKZ’ CDK1 Inaktivatnl klnéza ———
M CDK1 -

* negative regulators of CC passage, two families (INK, CIP)

» They bind to CDK and inhibits their activity, responsible for the arrest in 61

- e.g. p21 is actively synthesized during DNA damage, binds to CDK and

: 9-Cellcycle 2022 39
interrupts the progress of CC ell cycle TEST

Aktrvaéni kindza

Aitnralni
fosfatéza




Cyclins

- proteins that form complexes with CDK, activate Cdk and determine their
substrate specificity

* regulate the passage of the phases of CC

* its concentration fluctuates during the CC phases - specific synthesis /
ubiquitination and proteolysis

1 Proteazom
- m cyc“n A : . Ubikvitin -8 -
- / ;
’é Cyclin D |
g :
: 0 _
O |
: \ > cox Cyklin
G1 Phase S Phase G2 Phase Mitosis

Cyclins of G1-phase (D): Participation in the regulation of cyclins G1/ S

Cyclins of 61/S-phase (E): CDK activation in late 61, contributing to overcome
the restriction point

Cyclins of S-phase (A): CDK activation point after the passage of restriction
poinz, on duplication of chromosomes, the S phase cyclin remains elevated until
mitosis, because they contribute to the regulation of early mitosis.

Cyclins of M-phase (B): Cdk activdtieH gtled@tdting entry into mitosis aftert0
passing through the checkpoint 62 / M, degradation in the middle of phase M.



The activity of cyclin-cdk complexes
TEST

- = concentration of cyclins varies during the cell cycle
- concentration of CDK is more stable, but their activity is zero without cyclin
- cyclins co-decide on the choice of substrate phosphorylation by complex CDK / cyclin

Cyclin E ( cyclin A Cyclin B | APC |

[Cd{Z‘J ( C:;Iin E)( ci;nn A w A apc]

[ ol

.anaphase promoting
Metaphase/ ] complex™ = cyklozom
Anaphase (APC/C)

G2/M

I
CDK - CDK N CDK
5

http://tbl.med.yale.edu/cell_growth_control/reading.php
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Factors ensuring cell cycle management

TEST

Cyclins

e complexes with Cdk, activate Cdk and determine their substrate specificity

» their concentration fluctuates during BC phases - specific synthesis / ubiquitination and proteolysis

A

Concentration

G1 Phase

S Phase

G2 Phase Mitoéis

* in humans 4 families

CDK4, CDK6, CDK2 They make it possible to overcome the

D, E
S

A E
G

A
2

B
M

CDK2
CDK2, CDK1
CDK1

point of restriction in the late G1

They allow you to start DNA replication

They guide the cell to the M phase

They support mitotic processes

9-Cell cycle 2022
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cDK Cyklin _
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'. | |
: I

Proteosome

’

l

v

Cyclin B/CDK1

&j Cyclin D/CDK4/6
e G
4 ”ﬁf’ ]

M

Cyclin E/CDK2

CyclinA/CDK2

42

Cyclin A/CDK1


http://www.bioscirep.org/content/30/4/243
http://tbl.med.yale.edu/cell_growth_control_reading.php
http://www.boundless.com/biology/textbooks/boundless-biology-textbook/cell-reproduction-10/control-of-the-cell-cycle-89/regulator-molecules-of-the-cell-cycle

TEST
Cyclin B/CDK1

Cyclin D/CDK4/6

G,

Cyclin E/CDK2

Cyclin A/CDK1

Cyclin A/CDK2
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Gl D, E

CDK4, CDEG, CDK2 Umoinuji pfekonat bod restrikce v pozdni G1

5 AE CDK2 Umoziuji zahajit replikaci DNA

G2 A CDK2, CDK1 Navidéji bufiku k M fazi

" B CoK1 Podporuji mitotické daje

Cyclin B/CDKL
4 f Cyelin O DR M
o - E
| Cyslin &/COKL
G1 Phase :
Cychin AJCDK2
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Anaphase-promoling complex o Degraded
Active mitotic Iy &/ mitotic cyclin

G2-M transition
transition

Restriction
point

ﬂ -\ Degraded
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Three functional states of Cdk

A) inactive - no cyclin - Cdk active site is blocked by the portion of the
protein, called T-loop

(B) partially active - after binding of cyclin T-loop leaves the active site
of Cdk and partially activates it

(C) fully active - threonine phosphorylation of the T-loop Cdk kinase by
CAK (cdk-activating kinase): conformational changes, increased affinity
for the respective substrates

cyclin Cdk-activating kinase (CAK)

cyclin
\
ATP L ATP

n>

/ b - T-loop
Cdk active site activating phosphate
(A) INACTIVE (8) PARTLY ACTIVE (C) FULLY ACTIVE
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The regulation of CDK activity:
a) phosphorylation

binding of cyclins primarily determines the activity of Cdk
assistance mechanisms contribute to the fine regulation of CDK activity:

- phosphorylation of pair of amino acids near the active site of the kinase
Weel inhibits the activity of cyclin / CDK complexes

- dephosphorylation of amino acids by phosphatase €dc25 enhancing activity
of cyclin / CDK complexes

- other activating phosphate adds CAK to T-loop

cyclin inhibitory phosphate

&

ACTIVE INACTIVE

Wee1l

I
@ kinase
Ly,
Pa Cdc25
phosphatase
I

Cdk activating
phosphate
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The regulation of CDK activity: b) inhibitory
proteins CKIs

» bind to cyclin / CDK complexes and inhibit in

» due to changes in conformation of the active site
in Cdk

li . . .
ca 1" a) family Cip/Kip
)\ R b) family INK4
(53 ( P
active inactive
cyclin-Cdk p27 p27-cyclin-Cdk _
complex complex :»_] N p57'2
p16™KaA ',"_ p27%ip!
=
:::muo | p21iet
am JJ|L
l I 1—) H

4 B

9-Cell cycle 20225 cpkae - coxz A-CDK2  A-CDC2 g(ocz



CDK inhibitors: Cip/Kip family

three members in mammals: p21 Cipl , p27 Kipl , p57 Kip2

distinct roles in cell cycle regulation

p21 is induced by DNA damage using p53 - ensures arrest of
cell cycle in 61 and 62 phases

p27 applies when leaving the cell cycle when they accumulate;
upon re-entry into the cell cycle from dormancy is rapidly
degraded

p57 is applied during embryogenesis, is expressed tissue-
specifically during development

p57'(ip2

1 6'"'(4“
1 slNK‘B
1 8'”.(‘(

p19INK‘D pz-'Cip‘

f \ JJL
17" —%5
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CDK inhibitors: INK4 family (‘inhibitors of
CDK4")

-IHIHHI’.
1 EIHI'i.IlEI-

p16 INK4A E:::::‘:E ‘ \\\\ INK4 Proteins

p15 INK4B (T‘

p18 INK4C
p19 INK4D s | |

D-CDK4/6 p27 Kip1
pST Kip2 — E-CDK2  Restriction Point

Common signs:

InhlblTlng The for‘ma'hon Of a NEPROUIFERUJICI PROLIFERUJIC
complex of cyclin D and CDK4 / BURKA BURKA
CDK6 and inactivation of already

formed complexes i AW
cell cycle arrest in the 61 phase ‘ ! B PO | @ i
(prior to the restriction point) = o

» expression of pl6 stimulated by o e

growth inhibitors (e.g. TGFp) _@ - ‘ ' _
and E2F (negative feedback) 9-Cell cycle o e edibe s

naklhen

hoerp e




Pharmacological inhibitors of CDKs

» CDKs contol cell cycle, control gene expression, differentiation,
apoptosis, processes in the nervous system

- deregulation of CDKs in diseases, pharmacological inhibitors blocking
the ATP binding site of CDK

- investigation of the selective action of these inhibitors and their
possible use for medical purposes

- fumors, neurodegenerative diseases (Alzheimer's disease, ALS,
stroke)

- cardiovascular diseases (atherosclerosis, heart hypertrophy)
- viral infections (HCMV, HIV, HSV, HPV)
- parasitic protozoa (malaria, sleeping sickness)

Palbociclib (PD-0332991) (inhibitor of

CDK4 and CDK®6) gave encouraging

results in a phase Il clinical trial on

patients with estrogen-positive, HERZzell cycle 2022 52
negative advanced breast cancer



CC checkpoints-molecular brakes

They control : proceed to S7

v initiate S phase S Withdraw to G,
v initiation of mitosis .
v distribution daughter chromosomes in and ohase’

v' beginning of telophase and cytokinesis .

v DNA integrity o /
3

ensure that major events of cell cycle tate place in a fixed
order

sensors monitor key going cycle and provide a feedback control
system

if the error is logged, the control system will extend the stage
that the error could be corrected

provide extremely accurate cell division (receiving the correct
number of chromosomes correctly replicated by daughter cells)
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CC checkpoints-molecular brakes

They perceive external and internal stimuli and
ensure the proper operation of CC

» checking the completion of the previous phase,
and fulfillment of conditions for the next phase

61 checkpoint - restriction point
- external factors - the presence of nutrients,
mitogens, antiproliferative factors
- after crossing restriction ponit, CC can be stopped

only by internal factors @ e
r ©- r<.

- DNA integrity

- size of cells (yeast)

62 checkpoint

- completion of DNA replication
- DNA integrity

- size of cells (yeast)

M checkpoint

- metaphase-anaphase transition o
+ proper connhection of mitotic chramagomes to the e
spindle




External stimuli - chemical

* animal cells require addition of essential nutrients, extracellular signals for
growth, division and survival

- signaling molecules produced by other cells of the same organism:

i) mitogens - stimulate cell division, overcome natural braking mechanisms 61/ S
(e.g. Rb)

ii) growth factors - stimulate increase in mass and cell growth, induce the
synthesis of macromolecules - e.g. PDGF: formation in platelets, promotion of wound
healing

iii) factors for survival - suppress programmed cell death
External stimuli - physical

for growth and proliferation cells require space and surface for adherence

Fragmentace \ / Zavistost na pavrchu pro adherenci

pojivowé Uéinky PDGF o
thing na fibroblasty {
pojivové tkané
‘ Inhibice ristu nedostatkem prostoru

= c
Degradace ECM '
Zisk fibroblastd X

S

10
3;}32?&22?." A L W
2 ‘ &"q 9-Cell cycle 20 N
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Internal stimuli - DNA integrity, connecting chromosomes to the spindle

DNA damage DNA damage Douttajtrce-as':rand Jl

/ N

DSB
repai

)
v
/ N é’
1 ATM) — 053
) S v

Aktivni Inaktivnd Inaktivni
due to physical and chemical mutagens

- repairable damage - stop of CC to the time of repairing DNA

- extensive damage - programmed cell death

« CC arrest in 61 (inactivation of CDK2) or 62 (Cdkl1 inactivation)
* the key role of fumor suppressor genes

ATM, ATR - recognition of DNA damage (UV photoproducts, dsDNA breaks),
activation of CHK1 CHK2

CHK1, CHK2 - activation of p53 gighibyjionof Cdc25 56
p53 - increased levels of CKIs



Cell cycle checkpoints
p53

- important cell cycle requlator, acts as a fumor suppressor
- Under normal conditions, a low level, continuous
degradation

- Mdm2 provides transport pb53 from the core to the
proteasome

- Feedback: p53 triggers the expression of Mdm2
- stabilized in stressful situations, especially when DNA
damage
- acts as a transcription factor, induces

- cell cycle arrest: expression of p21/CIP

- stop DNA replication: inactivation of DNA polymerase &

- mitosis arrest: inactivates cdc25

- apoptosis: expression of Bax, Puma

p53 deficiency
* through the cell cycle with damaged DNA - the
accumulation of mutations - risk of fumors (mutations in
the p53 gene in the majority of cancer)
* Li-Fraumeniho syndrome

- hereditary syndrome caused by p53 inactivating
mutations

- increased risk of cancer (sarcomas, brain tumors,
breast

cancer, adrenal gland, leukemia)

- 50 % risk of cancer up to 40 years of age, 90% to

60 years 9-Cell cycle 2022

of age
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Cell cycle checkpoints

Spindle checkpoint

» for entry into anaphase cells must receive confirmation of the connection of
all chromosomes to spindle microtubules

- damage to this control mechanism leads o damage and nondisjunction of
chromosomes

i) checkpoint ON

* unattached kinetochore activate Mad A A
and Bub proteins £ —K—= X —H—x
» complex APC-Cdc20 in inactive state : K _ . K
Spindle Checkpoint On Spindle Checkpoint Ofi

Mad2
M=o Cdc20

ii) checkpoint OFF
- Sister chromatid chromosomes binding on

Bub3

Inactive Active
microtubules from opposite ends of e |
. . . _— Uil B
spindle causes mechanical stress in the chromosomes i e
. Separase Secuin  Separase
» complex of proteins Mad and Bub not formed — i
+ APC-Cdc20 complex is active and provides ’
, ,
securine degradation Intact Cleaved

Sister-Chromatid ‘
Separation
9-Cell cycle 2022 R { 5%;



Mitogenes

mitogen receptor

P

} Ras
pro-growth signaling molecules, -‘.
that activate genes of :
immediate response by i ek dl yuategoticy prais
intracellular signaling cascades s | [ ——

NUCLEUS immediate carly
Sty

products of immediate response —=—
genes activate genes of delayed
reaction (eg. cyclin D)

cyclin D/CDK phosphorylates Rb

active

‘.’ active Rb i mmr active

positive feedback: E2F protein —— Gus<ak ™)

wWwite, protein yelin
enhances the transcription of its h P mbm_ﬁ%ﬁ;_. cive __oWA
own gene; 61/5-Cdk and S-Cdk inactivated (eyclin A)
increased phosphorylation Rb " g ? | poskive

feedback
9-Cell cycl&22Zs ™ 59
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E2F proteins

E2F are transcription factors that activate gene expression encoding
proteins necessary for DNA replication, cyclins of late G1 and S

phase and CDK of S phase

The absence of mitogenes:

gene expression controlled by E2F is unabled by interaction between E2F
and Rb protein

Mid G, Late G,
The presence of mitogens: Cyclmb? écg—: °3
G1-CDK phosphorylates Rb, @orars _ PP |
Rb-E2F bound is released @@(m &8 ‘M\m

and E2F subsequently ensure expression of target genes
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Crossing point restrictions: participation of Rb

Rb protein is a key substrate of cyclin-CDK complex of G1 phase
phosphorylation Rb in several places prevents its association with E2F
phosphorylation Rb is further increased during a cell cycle

by phosphatase PP1 Rb passes to the hypophosphorylated state of G2
phase

61




Factors influencing the passage
of the cell cycle

DNA damage LCyelin A feIs) S Mitogeny
l /‘@ CDK1] {

T,

() )co como,

'|' CDK6

&
)

¥ © —cw—» Yy

presence of mitogenes - expression of cyclin D
» presence of antimitogene, differentiation factors - expression of CKI
» cell aging - expression of CKI
- damage of DNA - arrest of cell cycle through p53
» viral mfec’nons (eg. HPV, human pagullomavur'us) inhibition of p53 and pngz, cell

proliferation ell cycle 2022

/EZF




Cell cycle control - early phase of G1

- cyclin D - CDK4/6

* Three forms of cyclin D (D1, D2, D3) with tissue-specific expression form complex with CDK4 or CDK6
» cyclin D acts as a sensor of mitogenic signals and prepares the cell for the S-phase

- activation of transcription factors, which provide expression of replication proteins and cyclin E

- dephosphorylation of components pre-initiation complexes, building of new complexes in places ori

* response to mitogenic signals: eg. EGF - EGFR - GEF factor - Ras protein - MAP kinase pathway -
transcription factors - expression of cyclin D

- inhibition of antimitogenes signals

eg. TGFp - TGFPR - transcription factor Smad3, Smad4 - expression of CDK inhibitor

mi’rogen signalisation antimitogen signalisation

TGF p

H—»ﬁl.—> 0 e s s C ]
s —) Fosforylace
P P l
v l l s\,
Smad4
GEF faktor PP l Smad3 ‘
N

e Transkripce
(v ] C:j
Transkripce
1r—e-—eo—= - QW —
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Receptorova serin/
threonin kindza




Cell cycle control - transition of 61/S
cyclin D - CDK4/6, cyclin E - CDK2
* further prepare the cell to the S phase

* transcription of cyclin E controlled by a set of transcription factors E2F (activators 1-3,
inhibitors 4-5)

* Rb protein (pRb) active in unphosphorylated form, inhibited by phosphorylation

- in 60 and G1 pRB inhibits by its binding activating E2F and activates E2F inhibition,
suppresses the expression of cyclin E

- after phosphorylation by complex cyclin D - CDK4/6 pRb is released and E2F triggers
expression of cyclin E, cyclin A and replication proteins

* Positive feedback - cyclin E formes complex with CDK2 and complets pRb phosphorylation,
at this point it is through the cell cycle independent of the presence of a mitogen

- after initiation of S phase, cyclin E is degraded and CDK2 forms a complex with cyclin A

Transkripce cyklinu E

— Funkce pRB v Fizeni BC
‘4—- CyclinE |

(E2F1 |(E2F2)(E2F3) s Pozitivni zpétna vazba
I\ L ) - {oro ) PR,
T = 1‘@4 =
al i 4 (on ,.l',‘ﬁ—{_’C)‘c:r D
epre yclin b ‘v\
\ Prosph;:fy'lallor{l
| P iLd
(&) .
( Ezmﬁ ”
=
\ Positive ]
Feedback Looy




Cell cycle control - S phase

cyclin A - CDK2
* phosphorylation of components of
the pre-initiation complex
- initiation of DNA replication
(activation complex MCM)

- block of repeat replication within
a cell cycle (cdcé releasing)

* The result of S phase is the

emergence of two sister chromatids
of each chromosome associated by | Mtegen |
cohesin molecules

pathway

l Cycin D J
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Cell cycle control - transition of GZ/M

G |qu‘msozu.

MPF (mitosis-promoting factor) = cyclin B -
CDK1

- cyclin B concentration increases continuously throughout
interphase

* CDK1 - inhibitory kinase phosphorylation by Weel
removed by phosphatase Cdc25

NFF activity

Aeintive con:mtrx"nr\
-

- activating phosphorylation by kinase CAK ot e
- increase in MPF activity is jumping, at maximum level of : o S
cyclin B and after removal of inhibitory phosphorylation ‘ o l i
- Positive feedback - activated MPF activates Cdc25 = 7 ‘\

and inhibits Weel ‘L “ - -

MPF phosphorylates target proteins involved in early :

, [ |
stage of mitosis coxs ot | w
- chromatin condensation - activation of condensins

- disintegration of the nuclear membrane - depolymerization of
laminates, phosphorylation of nuclear pore and proteins of inner e ——
membrane

* formation of the mitotic spindle - activation of centrosomes and
proteins associating with microtubules

Control of cell size in yeast cells 5 - i~ -
» low activity of Cdc25 and Weel high activity - delayed

Jadhetrry pd

Laderzd amira

W

lvw

mitosis, prolonged 62, cell enlargement s 8 °
- high activity of Cdc25 and low activity of W& Prgte 20a&k T e " & 'y ' &
mitosis, shorter G2, reduce cell o o o =,




Cell cycle control- M phase

APC, anaphase-promoting complex

- ubiquitin ligase connecting ubiquitin fo proteins that control mitosis, and thus
predetermines degradation

- activity during the cell cycle fluctuates, activated in late mitosis by treatment MPF

- only works when connected Cdc20 protein, the protein is blocked by Mad and Bub, who
released him up after connecting the kinetochore of chromosomes to spindle microtubules

- substrate are e.g.:

i) securin

- its decomposition relaxes separase which degrades proteins linking sister chromatids
ii) cyclin B

* a sudden drop in his level inactivates MPF

- absence of MPF allows constitutively active phosphatases to remove phosphate groups from
proteins that were phosphorylated MPF, mitotic endings, entry into a new 61
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Disorders of cell cycle control

Tumour diseases

Protoonkogen
* tumor cells do not need to divide the growth factors 3@
- themselves can generate growth factors _W"m'""““ =
- May signal in the absence of growth factor ( 3@ "/\
Y S19 9 Q.Y Q.9
- May have impaired cell cycle checkpoints l oy srotoonogen
» increased proliferation of cells to support its |.2s0000 ]

Normalnd rist bundk

transformation into tumor cells
* tumor is basically failure to control cell division,
uncontrolled cell growth
* protooncogenes
- hormally activate cell proliferation
- an abnormal activation or losing of inhibition - support

Ltrata kontrofy rlstu

tfumorigenesis ‘3_{,
- eg. growth factors, cyclines, CDK, E2F, Mdm2, Ras, Myc W S o
* tumor suppressors 3_( 'x
- hormally suppress cell division O N ot
- inactivation or increased inhibition promotes fumor 'x 'x\

) 'd
formation 9-Cell cycle 2022 | XX 32RX | R
- eg . pr , p53 , p2 1 , p 1 4' pl 6 , TGF_ b , ATM Normalni riist bunék Ztrdta kontroly ristu



Disorders of cell cycle control

Numerical chromosomal abnormalities (aneuploidy)
- normal karyotype 46, XX(Y) monosomy - eg. 45, X trisomy - eq. 47, XY +21

* Errors in the mitotic spindle checkpoint, the result of delays and non-disjunction of
chromosomes

i) Errors in mitosis

« chromosome delays in anaphase and non-inclusion in the core subsidiary

- formation of mosaicism, in one organism occurring cell lines with different karyotype
i) Errors in meiosis

* non-disjunction - creation of nulisomic/trisomic gametes monosomy/trisomy after
fertilization

- in MI: error in the distribution of homologous chromosomes
- in MII: error in the chromatids division
- chromosome delays in anaphase : the formation of nulisomic gamete

Nondisjunkce chromozom v meidze

Opoidéni chromozomu v anafézi BC
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Anaphase-promoling complex o Degraded
Active mitotic Iy &/ mitotic cyclin

G2-M transition
transition

Restriction
point

ﬂ -\ Degraded
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