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1 PROPHASE

centrosome At Dl’(‘)})h&%@, the replicated
chromosomes, each
consisting of two closely

intact forming : : 2
Suclaar . _mitotic associated sister chromatids,
envelope \ spindle condense. Outside the

nucleus, the mitotic spindle
assembles between the two
centrosomes, which have
replicated and moved apart.
For simplicity, only three
chromosomes are shown. In
diploid cells, there would be
two copies of each chromo-

———f— some present. In the photo-
condensing replicated chromosome, consisting of micrograph, chromosomes
two sister chromatids held together along their length are stained orange and

microtubules are areen.

kinetochore

2 PROMETAPHASE

Prometaphase starts
abruptly with the

fragments of breakdown of the nuclear

centrosome nuclear envelope
at spindle L ———— envelope. Chromosomes
pole N /f' can now attach to spindle

/ microtubules via their

\\ A kinetochores and undergo
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kinetochore — chromosome in active motion
microtubule



3 METAPHASE

centrosome at
spindle pole

kinetochore — \\\5 \\

-

microtubule N

4 ANAPHASE

daughter chromosomes

shortening .
kinetochore S —
microtubule

spindle pole
moving outward

At metaphase, the
chromosomes are aligned
at the equator of the
spindle, midway between
the spindle poles. The
kinetochore microtubules
attach sister chromatids to
opposite poles of the
spindle.

At anaphase, the sister
chromatids synchronously
separate to form two
daughter chromosomes,
and each is pulled slowly
toward the spindle pole it
faces. The kinetochore
microtubules get shorter,
and the spindle poles also
move apart; both
processes contribute to
chromosome segregation.




5 TELOPHASE

set of daughter chromosomes
at spindle pole

//d \ N

S contract
/-— " >"-\\
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overlap 7 l

microtubules

_ contractile ring
starting to

centrosome

During telophase, the two
sets of daughter chromo-
somes arrive at the poles of
the spindle and decondense.
A new nuclear envelope
reassembles around each
set, completing the formation
of two nuclei and marking
the end of mitosis. The
division of the cytoplasm
begins with contraction of
the contractile ring.

nuclear envelope reassembling

around individual chromosomes

6 CYTOKINESIS

completed nuclear envelope
- surrounds decondensing
“\, chromosomes

contractile ring
creating cleavage
furrow

During cytokinesis, the
cytoplasm is divided in two
by a contractile ring of
actin and myosin
filaments, which pinches
the cell in two to create
two daughters, each with
one nucleus.

re-formation of interphase
array of microtubules nucleated
by the centrosome

Alberts — The molecular biology of the cell
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Figure 17-28 Molecular Biology of the Cell (© Garland Science 2008)



replicated
chromosome

centromere region

of chromosome kinetochore
kinetochore
microtubules
I |
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Figure 17-36a,b Molecular Biology of the Cell (© Garland Science 2008)



Odlisna funkce kinetochorovych a interpolarnich mikrotubult pfi anafazi

shortening of kinetochore
microtubules; movement
of daughter chromosomes
to poles; forces generated
mainly at kinetochores

Figure 17-46 Molecular Biology of the Cell (© Garland Science 2008)

(1) a sliding force is generated between
interpolar microtubules from opposite
poles to push the poles apart; the
interpolar microtubules also elongate;
(2) a pulling force acts directly on the
poles to move them apart

microtubule growth
at plus end of polar
microtubules
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Figure 17-37 Molecular Biology of the Cell (© Garland Science 2008)



QD kinetochore

.. force pulls
" kinetochore
to pole
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..
6) 2 8 depolymerization
63 of plus end of
kinetochore microtubules

Figure 17-40 Molecular Biology of the Cell (© Garland Science 2008)
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Figure 16-11 Molecular Biology of the Cell (© Garland Science 2008)



Dynamicka instabilita mikrotubult
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Figure 16-16¢c Molecular Biology of the Cell (© Garland Science 2008)



Dynamicka instabilita mikrotubuld
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Nature Reviews | Molecular Cell Biology



Inhibitory mikrotubultli déliciho vieténka:

Inhibitory polymerace (destabilizanty) —

Inhibitory depolymerace (stabilizanty) - taxany

@ &
@ &

vinca-alkaloids

|

assembly

disassembly |——— taxanes

assembly = disassembly assembly < disassembly assembly > disassembly
normal microtubule dynamics unstable microtubules stabilized microtubules



INHIBITORY POLYMERACE MT

Kolchicin (z ocinu jesenniho) — pozivan jiz
nejméneé od 1 stoleti., protizanétlivy, k ,,oCisté“ a
pozdéji k [écbé dny

Vinca alkaloidy
Vinca rosea (barvinek ruzovy)

VINBLASTIN

(Noble and Beer 1957) Izolovan a testovan pro
predpokladany antidiabeticky efekt, kralik zemrel
na infekci (drasticky snizeny pocet bilych krvinek)
VINKRISTIN

VINORELBIN (poosynteticky derivat)

Vinblastin




Winca alkaloid

Microtubule
Free “Winca —hound Faracrystaline
tubulin tubulin dimers agoregates
dirmers
v

Nedojde k anafazi,
nebo je v ni bunka
zastavena



assembly = disassembly
normal microtubule dynamics
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vinca-alkaloids

|

assembly

assembly < disassembly
unstable microtubules

disassembly |—— taxanes

assembly > disassembly
stabilized microtubules



INHIBITORY DEPOLYMERACE MT (stabilizanty)

Taxany — PACLITAXEL a DOCETAXEL

» 1964 Cytotoxické ucinky extraktt Taxus brevifolia (tis kratkolisty)
« 1968-71 |zolace a urCeni struktury ucinné latky- taxolu
« 1979 Mechanismus ucCinku

- 1988 Vysledky prvnich klinickych studii (tisice tun kary T. B)
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Paclitaxel & Docetaxel

'''''''''
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Paclitaxel

= 7 SO . -
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Tis kratkolisty Taxus brevifolia (kira)

| Izolace taxolu z Taxus brevifolia pro |éCbu karcinomu ovaria
a melanomu jen v USA by vyZadovala 360 000 stromu ro¢né!



Paclitaxel & Docetaxel

Paclitaxel

Docetaxel

Tis Cerveny Taxus baccata (jehlici)



TAXANY

Taxany jsou ve skutecnosti syntetizovany symbiotickou
houbou v ktire.

Od roku 1993 prekurzory produkovany s pomoci biotechnologii
(kultura bunék z tisu + endosymbiont Penicillium raistrickii

PACLITAXEL + DOCETAXEL



Klasicka
Cytostatika




Nadory zavislé na steroidnich hormonech

George Beatson (1848-1933, skotsky chirurg)

1890 Overektomie Zen s nadorem prsu s metastazami
vedla (u ¢asti Zzen) k ustupu nadoru!

Charles Huggins

1930-1940s kastrace psa s nadorem prostaty vede ke
zmenseni nadoru, pozdéji pomoci ,feminizace nebo ,chemické
kastrace® u muzu podobny efekt

1966 — Nobelova cena (vztah hormonu, prostaty a nadoru)




1930s — struktura estrogenu a testosteronu
1968 — objeven estrogenovy receptor (ER)

Vazba estrogenu na estrogenovy receptor (ER, nemembranovy jaderny
receptor) vede k jeho dimerizaci, lokalizaci do jadra, a transkripCni reguIaC|
vedouci k proliferaci ;

Testosteron se vaze na jaderny androgenovy
receptor (AR), ale i na membranoveé receptory
(signalni kaskada)




Po navazani hormonu na jaderny receptor (NR) dojde k uvolnéni HSP,
dimerizaci receptoru a presunu do jadra a nasledné transkrip¢ni regulaci

vazbou na HRE (hormone-response elements)
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Q
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J complex nuclear j
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nuclear DNA /)" 7
HRE target gene
cell

membrane



Vazba estrogenu na ER (nemembranovy receptor) vede k jeho dimerizaci,
lokalizaci do jadra, a transkripCni regulaci vedouci k proliferaci

Hledani analogu estrogenu (jako zpusob antikoncepce) vedlo k vyvoji tamoxifenu
s opacnym ucCinkem.
Klinické testy k potlaceni nadoru prsu 1969-1970s

HNWD ‘
QU
=

O TAMOXIFEN

Tamoxifen nebrani ER-regulované transkripci, ale komplex tamoxifen-ER
spousti jinou sadu gend nez komplex s estrogenem (nebo je odpovéd
tkanove specificka)

Neni to typicky antiestrogen, ale selektivni modulator ERs



_J Tamoxifen
2 (prodrug)

.
A

l

Tamoxifen hydroxylovan
jaternimi enzymy




MozZnosti |I€Cby nadort zavislych na hormonech (nadory prsu a prostaty)

Androgen .................... > Estrogen

_—|= (estradiol)

Antiandrogeny ‘ KompetitivniléébaQ Antiestrogeny

Selektivni modulatory Q Tamoxifen
estrogenovych receptoru \




Antiestrogeny a selektivni modulatory ER (SERM)
kompetice s estrogeny o vazbu na ER receptory nebo blok receptoru

estradiol

Antiestrogen
(zfejmé zpusobuje degradaci ER)

fulvestrant

SERM (v nékterych tkanich jako
antiestrogen jinde jako estrogen)
tamoxifen



Antiandrogeny - kompetice s testosteronem a dihydrotestosteronem
O vazbu na androgenovy receptor
(terapie karcinomu prostaty, v kombinaci s kastraci)

testosteron
0 H
M
F F
>Dj/
F
Oyt -
CHs Flutamid L Nilutamid
ilutami
+Apalutamid

+ a dalsi



Estrogeny jsou syntetizovany aromatazou z androgenu

testosteron estradiol
methyl group O’H O’H
oxidation CH, CH,
aromatase
'
-HCO,H
H
0 ~o

testosterone estradiol



MozZnosti |I€Cby nadort zavislych na hormonech (nadory prsu a prostaty)

Inhibitory aromataz

Inhibic¢ni lIécba Q

Androgen .................... > Estrogen

_—|= (estradiol)

Antiandrogeny ‘ KompetitivniléébaQ Antiestrogeny

Selektivni modulatory Q Tamoxifen
estrogenovych receptoru \




Inhibitory aromatazy

Terapie karcinomu prsu

ch CHE

Letrozol
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MozZnosti |I€Cby nadort zavislych na hormonech (nadory prsu a prostaty)

Ablativni lécba
- kastrace

o kas}rac_e o chirurgicka, radiacni,
chirurgicka, radiacni, o ‘ farmakologicka
farmakologicka Inhibicni lécba

Ablativni lécba

Inhibitory aromataz

/4 N
Androgeny .................... > Estrogeny

_—|= (estradiol)

Antiandrogeny ‘ KompetitivniléébaQ Antiestrogeny

Selektivni modulatory Q Tamoxifen
estrogenovych receptoru \
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Jina nez ,klasicka“ cytostaika?




Cilené (vice Ci méné) terapie

Latky zasahuji do epigenetické informace
Latky ovliviujici syntézu a degradaci bilkovin
Diferenciacni terapie

Fotodynamicka terapie

Inhibitory kinaz

Inhibitory mTOR, PARP, CDK4/6, Bcl-2, IDH2
Terapeutickeé protilatky

CAR-T bunky



LATKY OVLIVNUJICi EPIGENETICKE ZNAKY

Epigentické — déditelné znaky nezpusobené zménami v sekvenci DNA

Zmena struktury a aktivity chromatinu

DNA modifikace (metylace)
Modifikace histont (acetylace, metylace...)

Vysledkem pusobeni latek smérovanych na epigentické
zmén je zména exprese mRNA a proteinu

Inhibitory DNA metyltransferaz (DNMT)

Inhibitory histondeacetylaz (HDAC)



Inhibitory DNA metlytransferaz (DNMTi)

SAM
NH, (SAH- CH3 SAH NH,

T,

60% and 90% CpG je u savcu metylovano.
Pro nadory je typicka obecna HYPOMETYLACE ale i specificka
HYPERMETYLACE (silencing) tumorsupresorovych gend.

DNA metyltransferazy Ize blokovat aza-analogy cytosinu

Aza-cytidin
Decitabin  (2'deoxy- 5"aza cytidin)

Vysledkem pusobeni latek smérovanych na epigentické zmén je
zména exprese mMRNA a proteinu



AZA-CYTIDIN
(Vidaza)

o LA

OH OH

cytidin

DECITABIN

NH,

A

N~ N Fosforylovan
t Inkorporovance do RNA
HO N~ "0
RNR
O Aza-CDP —— dAza-CDP
OH OH \
A A Inkorporace do DNA
za-cytdin Vede k inhibici metylace
DNA blokadou DNA
metyltransferaz (DNMT)
NH,

A\
(1,7
HO_LON 0O

2 deoxy- 5°aza cytidin

OH Decitabin



Po inkorporaci do DNA vytvareji aza-baze kovalentni vazby s DNMT, imobilizuji je tak a
brani metylaci novych retézcl.

Vede k obnové exprese umli¢enych (tumorsupresorovych) genua.

DNA replication

© 2004 Nature Publishing Group Egger, G. et al. Epigenetics in human disease and prospects for epigenetic therapy. Nature 429, 460 (2004).



http://www.nature.com/scitable/content/mechanism-of-action-of-nucleoside-analogue-inhibitors-20267
http://www.nature.com/

Inhibitory histondeacetylaz (HDACI)

. euchromatin
heterochromatin
Ac . .

)/ lysine actylly
/%\ &3
o Acet\l CoA \/Q \

2 e Relaxed
= dnom atin
Closed chromatin (

Ac Ac
HDAC

Acetylace core histonu vede k otevreni struktury chromatinu — euchromatin

Deacetylace core histonu vede k uzavreni struktury chromatinu— heterochromatin

V nadoroveé burice je hypoacetylace tumorsupresoru
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P il \ s
Acetyl-CoA ")) Relaxed
( /4 chromatin

Ac

Closed chromatin \y
HDAC

Inhibice HDAC

Histon acetyltransferazy (HAT)

»
»

heterochromatin « euchromatin

Histon deacetylazy (HDAC) /
Inhibitory histondeacetylaz

Cilem HDAC:I je spustit expresi vypnutych (tumorsupresorovych) genu



Inhibitory histondeacetylaz

acetylace

heterochormatin < euchromatin
deacetylace

HAT

il /

getyl CoA

Relaxed
Llll’OIIlﬂtiIl

Closed chromatin

Nonhistone protV’— HDAC \
Altered gene
“ INHIBITORY HDAC

Altered biological effects in malignant cells

transeription

| Proliferation A Cell cycle
| Migration I Cell death

Rodd et al. Lymphoma, Article ID 290685 (2012)



Inhibitory histondeacetylaz (HDACI)

Vorinostat (SAHA, kyselina
suberanilohydroxamova)

+ Belinostat, Panobinostat

Romidepsin \;J:NH DJ\NH
produkt Chromabacterium violaceum S5—



Vedlejsi (off target) HDACI
,Shizeni“ hypoacetylace dalSich (nehistonovych) proteint — zvySeni jejich stability
(p53, tubulin, HSP9O0...)

o rozsahlé zmény Nesp’ecificky a éirvoky efekt
inhibice HDAC ~ ) transkrip&nich programt a mm) na nadorovou bunku.

(indukce apoptozy, zastava
cyklu,indukce ROS, indukce
diferenciace)

aktivit proteinu



Inhibitory isocitrat dehydrogenazy 1 a 2

IDH1, IDH2 se specifickymi gain-of-function mutacemi
(vznika 2-hydroxyglutarat misto alfa-ketoglutarat)



Inhibitory isocitrat dehydrogenazy 1 a 2 (terapie AML)

IDH1, IDH2 se specifickymi gain-of-function mutacemi
(vznika 2-hydroxyglutarat misto alfa-ketoglutarat)

2-Hydroxyglutarat je onko-metabolit (inhibuje napf. demetylazy DNA a histonu)

Block in cellular
differentiation, IVOSIDENIB

oncogenesis ENASIDENIB

Restoration of cell
differentiation
ability

Isocitrate P a-KG

lvosidenib (inhibitor mutované IDH1 (cytosol))
Enasidenib (inhibitor mutované IDH2 (mitochondrie))



Cilené (vice Ci méné) terapie

Latky zasahuji do epigenetické informace
Latky ovliviujici syntézu a degradaci bilkovin
Diferenciacni terapie

Fotodynamicka terapie

Inhibitory kinaz

Inhibitory mTOR, PARP, CDK4/6, Bcl-2, IDH2
Terapeutickeé protilatky

CAR-T bunky



LATKY OVLIVNUJICI SYNTEZU A DEGRADACI PROTEINU

L-asparginaza
Inhibitory translace

Inhibitory proteazému



Nékteré nadorové bunky (ALL)
nedovedou syntetizovat neesencialni amk asparagin...

N

Jsou zavislé na asparaginu v cirkulaci

NH; ) OH

0=C Ha0 e o=C
G N g
C—NH, y C-NH,
| L-asparginaza

0=C O=C
OH OH

Podani L- asparaginazy snizi dostupny Asn v cirkulaci a nador hladovi

L-asparginaza (Elspar) produkt E.coli, pouze
pro lecbu ALL




LATKY OVLIVNUJICI SYNTEZU A DEGRADACI PROTEINU

L-asparginaza
Inhibitory translace

Inhibitory proteazému



Inhibice translace

Homoharringtonin
(omacetaxin mepesukcinat)

Cephalotaxus harringtonii (hlavotis peckovicovy)

Inhibice translace blokem prvniho elongacniho kroku (AMK po Met).

Interaguje s A-mistem na ribozému a brani spravnému umisténi aminokysleliny
z prichazejici aminoacyl-tRNA. Funguje v prvni elongaci pfi translaci, nebrani
vSak translaci, ktera jiz za¢ala.



e 3
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LATKY OVLIVNUJICI SYNTEZU A DEGRADACI PROTEINU

L-asparginaza
Inhibitory translace

Inhibitory proteazému



Inhibice degradace protein

Polyubiquitinylace proteinu | > Degradace v proteazomu

Ubiquitin ligazy X deubiquitinylacni enzymy

Step 1 Step 2

( 'd W
PPi+ AMP & @
26S

ATP < |proteasome

@Dunu @




Degradace tumorsupresoru v proteazomu je zvysena u nadorovych
bunéek
(IxB, cykliny, p53, BAX, NOXA, p21, p27..)

Ubiguitination Proteasome-mediated
degradation

L Ubiquitins
i Ubiquitins 26S proteasome

e Sy

Protein Protein Incrgaseq
proliferation

Cyclins A, B,D,E CE)

s S

IxB Ubiquitins

CDK inhibitors




Bortezomib (Velcade, dipeptidovy derivat kyseliny boronové)

Bortezomib

vazba na podjednotku (5

Inhibuje chymotryosin-like aktivitu
(specificita - Tyr, Phe, Trp)

substrate degradation products

+ Carfilzomib + Ixazomib
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Latky zasahuji do epigenetické informace
Latky ovliviujici syntézu a degradaci bilkovin
Diferenciacni terapie

Fotodynamicka terapie

Inhibitory kinaz

Inhibitory mTOR, PARP, CDK4/6, Bcl-2, IDH2
Terapeutickeé protilatky

CAR-T bunky



Maligni fenotyp je Casto asociovan s defektem diferenciace

S

Diferenciacni terapie



Maligni fenotyp je Casto asociovan s defektem diferenciace

S

Diferenciacni terapie

Receptor kyseliny retinové

Za normalnich okolnosti nuklearni receptor Retinoic acid receptor alfa
(RARa) reguluje expresi proteinu diferenciaéniho programu (napfiklad
granulocytu) RARa funguje jako transkripCni aktivator v heterodimeru s
RXR vazbou na RARESs (retinoic acid responsive elements)



Maligni fenotyp je Casto asociovan s defektem diferenciace

S

Diferenciacni terapie

Receptor kyseliny retinové

Za normalnich okolnosti nuklearni receptor retinoic acid receptor alfa
(RAR) reguluje expresi proteinu diferenciacniho programu (napfiklad
granulocytu) RARa funguje jako transkripCni aktivator v heterodimeru s
RXR. Dimer se vaze na RARESs (retinoic acid responsive elements)

chromosome 15 chromosome 17

Promyelocytarni leukemie (PML) t(15;17) OZINIEE (I

ranslocation
Normalni diferenciacni program je blokovan aﬁ\m-:_/dcrtli)
(nedozravaji z promyelocytu neutrofily) + ‘
vznikem fuzniho proteinu PML-RAR« ktery CHCOEEED der (17)
blokuje transkripci smérfujici k diferenciaci

s : . ErviEE 3
(vaze represory a histondeacetylazy) \ /
fusion




Komplex PML-RARa je po navazani jedné ze HyC CH;  CHs CH; O

strukturnich variant kyseliny retinové WOH
- all-trans retinové kyseliny (ATRA, Trentoin) CH

3
uvolnén z vazby na DNA a degradovan v

proteazomu Ret|[10|_c acid o
% (smés izomera)
Exprese diferenciaéniho programu je
obnovena.
OH
2 0
all-trans-retinoic acid (ATRA)
differentiation
promyelocytes polymorphonuclear cells (neutrophils)

Figure 16.7 The Biology of Cancer (© Garland Science 2014)



Cilené (vice Ci méné) terapie

Latky zasahuji do epigenetické informace
Latky ovliviujici syntézu a degradaci bilkovin
Diferenciacni terapie

Fotodynamicka terapie

Inhibitory kinaz

Inhibitory mTOR, PARP, CDK4/6, Bcl-2, IDH2
Terapeutickeé protilatky

CAR-T bunky



Fotodynamicka terapie (PDT)

Vyuziva kombinace fotosenzitizujici latky a svétla.
Dochazi ke generaci reaktivniho singletového kysliku, ktery
zpUsobi poskozeni nddorové tkané

Excitovany vysoce
reaktivni
(singletovy) kyslik

Senzitizujici latka + svétlo Aktivovana senzitizujici latka



PHOTODYNAMIC THERAPY

-®

Person with
cancer receives
a drug called a
photosensitizer.

O

In 24 to 72 hours,
cancer cells
absorb the
photosensitizer.

O

Cancer cells that
absorbed the
photosensitizer
are exposed

to light.

_

Light causes
photosensitizer
to make a form
of oxygen that
kills cancer cells.

9,

cancer.gov/about-cancer/treatment/types/photodynamic-therapy
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Nadorové bunky obsahuji/kumuluji vy$sSi mnozstvi porfyrini nez zdravé

porfyrin

Derivaty porfyrinu ) 10
nebo jeho 630 nm
prekurzory
(Photofrim,
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Kumulace aminolevulinatu v nadorové tkani

Figure 4. Tumour selectivity of methyl aminolevulinate. The pattern of fluorescence induced by
methyl aminolevulate is clearly limited to abnormal tissue (A), when compared with the outline of the
tumour as seen under white light (B).

Brown SB et al. Lancet Oncol. 2004 Aug;5(8):497-508.
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