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Cytostatika — mechanismus ucinku, terapie a rezistence

« Nadory, nadorové bunky a terapie

+ Klasicka cytostatika

« Genotoxicke latky
« Alkylacni Cinidla a derivaty platiny
» Interkalacni latky a inhibitory topoizomeraz
* Antimetabolity
« Antimitotika

« Inhibitory syntézy a degradace protein(

« Epigenticka cytostatika

* Hormonalni terapie

« Diferenciacni a fotodynamicka terapie

+ Cilena a biologicka terapie

* Inhibitory tyrozinkinaz

* Inhibitory mTOR

* Inhibitory proteinu bez kinazové aktivity
» Terapeutické protilatky a konjugaty

« Vakciny
+ CAR-T, bunécna terapie
« dalsi....

* Mechanismy rezistence nadorovych bunék na terapii



Studijni materialy

Podklady k prednaskam (slides + literatura):
https://www.petraklab.cz/teaching

The Emperor of All Maladies: A Biography of Cancer

Siddhartha Mukherjee

The Biology of Cancer (R. Weinberg) - Nadorova biologie
Principy systémové nadorové 1é€by (Klener a Klener)- Grada
Nova protinadorova léCiva a 1éCebné strategie v onkologii (Klener a Klener) - Grada

STRATEGIE
V ONKOLOGIL



https://www.petraklab.cz/teaching/
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Poradi nejéastéjsich pri€in smrti

Nejcastéjsi typy

1. Nadory kuze

2. Nadory prostaty

3. Kolorektalni nadory
4. Nadory plic

1. nemoci obéhové soustavy 53%

2. nadory 26% (1. ve skupiné do 65 let)
3. poranéni, otravy 6%

4. nemoci dychaci soustavy 4%

5. nemoci travici soustavy 4%

6. ostatni

Nejéastéjsi typy nadorii v CR

Nejcastéjsi typy

Wb

Nadory kuze
Karcinom prsu
Kolorektalni nadory
Nadory plic



Cancer Incidence and Mortality in the United States*

New Cancer Cases per Year

Breast
Prostate

Lung & bronchus

Colon & rectum

Female (total cases 692,000)
Male (total cases 745,200)

All other sites 159,000

0 50,000 100,000 150,000
Number of Cases

Cancer Deaths per Year

Lung & bronchus

Uterus

Urinary bladder | 8,800 -
Kidney & renal pelvis 8,800 Female (total deaths 271,500)
Brain| 5.400 Male (total deaths 294,100)

O S s 0800

0 20,000 40,000 60,000 80,000
Number of Deaths

© 2014 Encyclopaedia Britannica, Inc.




Incidence — pocet nové zjisténych pfipadi daného onemocnéni za
sledované obdobi (rok) ve sledované populaci (100 000)

X4

Prevalence — pocet pacientu zijicich s danym onemocnénim

Mortalita — pocet pacientu zemrelych na dané onemocnéni béhem
sledovaného obdobi
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www.svod.cz
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Nadory kolorekta v CR

N vt B Zeny I Cold populace

of

O._.

,"Q
®-g-0
e 2

> W o A
> M
T

“;@
o - -9
Rl T TN

\"‘9\ \‘?‘s
hgag SPSY SRS
MR P PP
-0

»

o>
-

§
»

,‘f'

«
£
\-o--o.‘
“-...

S
\‘.*
bt ¥
\‘**.-

~

N D

SFS
2~ -0
L )

¥y

s
8,
v‘--.—‘-.’ \‘

T
_.,.0--0-0'0'

o

.
oo
o-....o-o-’*”.’

]

%, o

INCIDENCE
T
MORTALITA
o

0
10

<
2 3 s 288 8’3’23 °'8 B 8 8 8

QOSC 000 Q0T B NUBAOATU 33004 GOso 000 00T eu NieAOAOU 33204

VWW.Svod.cz



Podet novotvard na 100000 Zen
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Vékova struktura nové hlasenych nadorovych onemocnéni

MUZI 15-29

(UZIS)



Vyskyt nadoru a vék

Nadory prsu
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Kompletni info o epidemiologii nadorovych onemocnéni:
www.svod.cz  Portal epidemiologie zhoubnych nadort v CR

(UZIS -Ustav zdravotnickych informaci a statistiky)



http://www.svod.cz/

Co to je nador?




Nador
....abnormalni, rychle rostouci tkan bez fyziologického vyznamu,
proliferujici bez kontroly organismu....

Nadory benigni (nezhoubné) vs. nadory maligni (zhoubné)

....Se schopnosti invaze do jinych(nesousedicich)
lokalit (metastaze) zpravidla krvi nebo lymfou



Maligni nador

The Reductionist View

Cancer cells




Maligni nador
The Reductionist View A Heterotypic Cell Biology

Cancer cells Cancer cells Fibroblasts

Immune cells

~Endothelial cells

+ cancer stem cells
+ zanét

+....

Cell, Volume 100, Issue 1, 2000, 57 - 70



Rozdéleni malignich nadoru dle puvodu nadorovych bunék

1)

2)

4)

nadory ektodermalniho puvodu
z epiteld karcinomy

neuroektodermalni nadory
(nadory nervua, CNS a melanocytu)

neuroblastom, retinoblastom, melanom

nador z neepitelialnich (mesenchymalnich) tkani (nadory vaziva,
chrupavky, kosti, cév, svall a krvetvornych bunék)

sarkomy
leukémie, lymfomy a myelomy

smisené nadory puvodem z pluripotentnich bunék, tvofi ho buriky se
znaky tkani rizného puvodu (ektoderm, mezoderm, endoderm)

teratomy



Rozdéleni malignich nadoru dle pivodu nadorovych bunék

Typ bunék nazev

epitel (kryci) karcinom

- Zldzovy epitel adeno-karcinom

mezenchym
krevni buriky. leukémie, lymfom,

myelom

cevy angio-sarkom
hladky sval leiomyo-sarkom
kosterni sval rhabdomyo-sarkom
kost osteo-sarkom

tuk lipo-sarkom




Vznik nadoru
Nador je klonalni onemocneéni

Nador pochazi z jedné nadorové transformované bunky, postupne se
vSak rozruznuje

Nadorova transformace normalni buriky je zpusobena nékolika
genetickymi (aberacemi, mutacemi) nebo epigenetickycmi zménami
vedoucimi k aktivaci protoonkogenu/inaktivaci tumorsupresoru



,,Gain of function“ mutace v protoonkogenu

Gene
ABL
BCL2

CCNDL1 (cyclin D1)
MYC

ERBB2 (HER2)
CDK4

RET
KIT
RAS

Typické proto-onkogeny:

Rustoveé faktory a jejich receptory
Proteiny signalni transdukce a TF
Regulatory bunécného cyklu

Associated tumor
CML
Follicular and undifferentiated lymphomas

Mantle cell ymphomas
Burkitt's lymphoma
Breast, ovarian, and gastric carcinomas

Melanoma

Multiple endocrine neoplasia Il and IlI
Gastrointestinal stromal tumor (GIST)

Colon carcinoma

Mechanism
9:22 translocation
14:18 translocation

11:14 translocation
8:14 translocation
amplification

amplification

point mutation
point mutation

point mutation



Ztrata funkce kontrolnich ,gatekeeper” proteint (tumor-supresoru)

Gene

APC
WT1
RB1
BRCA2
NF1
BRCA1l
TP53
DCC

,,Loss of function“ mutace v tumorsupersoru

Associated tumor

Colorectal cancer (assocated with FAP)
Wilms' tumor

Retinoblastoma, osteosarcoma

Breast cancer

Neurofibromatosis type 1

Breast and ovarian cancer

Most human cancers, Li-Fraumeni syndrome

Colon cancer (stands for deleted in colon cancer)

Chr
omo
som

11
13
13
17
17
17
18



Healthy colon

Loss of tumor
l suppressor gene APC

E

Normal epithelium Small benign growth Large benign growth Large benign growth Malignant tumor
(Polyp) (Early adenoma) (Late adenoma) (Carcinoma)
[ | | J | ] | |
Initiation (30-60 years) Promotion (10-20 years) Progression (10-20 years) Metastasis (0-5 years)

Hossain et al., Cancers 2022, 14, 1732.



Vznik nadoru
Nador je klonalni onemocneéni

Nador pochazi z jedné nadorové transformované bunky, postupne se
vSak rozruznuje

Nadorova transformace normalni buriky je zpusobena nékolika
genetickymi (aberacemi, mutacemi) nebo epigenetickycmi zménami
vedoucimi k aktivaci protoonkogenu

Vysledkem mutaci a epigenetickych zmeén je zisk specifickych
vlastnosti, které nadorovym bunkam poskytuji rizné selektivni
vyhody oproti zdravym okolnim bunkam.



EGFR Cyclin-dependent
inhibitors kinase inhibitors

. : Sustaining Evading —
Aerobic glycolysis proliferative growth Immune activating
inhibitors signaling SUppressors anti-CTLA4 mAb

Deregulating Avoiding

Enabling Telomerase
replicative

immortality

Inhibitors

( Proapoptotic ) i ReSiSI‘I'"g
. % ce
BH3 mimetics death

Genome A
instability & _promoting
mutation inflammation
PARP Inducing Activating Selective anti-
inhibitors angiogenesis invasion & inflammatory drugs
metastasis

Inhibitors of Inhibitors of
VEGF signaling HGF/c-Met

Upraveno z Hanahan and Weinberg 2011 (Cell, 144, 646-674)



Protinadorova terapie




Hippocrates (460 pr.n.l. =370 pr.n.l.)
popisuje nékolik typu nadoru, oznacoval je
terminem karkinos Kapkivog (krab, rak) na
zakladé podobnosti fezu nadorem s cévami
s nohami kraba) a ordinoval dietu, pousténi
Zilou a projimadlo

Papyrus Edwina Smitha

(cca 2000 pr.n. |)

Kopie stroegyptské ,,uCebnice
chirurgie”

Prvni popis nadoru a jejich
odstrafiovani zhavym nastrojem,
ale véetné informace, ze ,neni léku“.




18. stoleti 1775 prvni uvahy o souvislostech nadorl s prostfedim
Percivall Pott (karcinom kuze Sourku u kominickych pomocniku)

vy, PorrT PR.S
a5



18. stoleti * 1775 prvni uvahy o souvislostech nadoru s prostfedim
Percivall Pott (karcinom kuze Sourku u kominickych pomocniku)

19. stoleti * William Halsted — cca 1880-1910 radikalni chirurgické mastektomie
* Objev radioaktivity a moznosti rentgenu




18. stoleti

19. stoleti

1903
1941

1942-1946

1944

1948

1955

1950-1990

prvni uvahy o moznych souvislostech nadoru s prostfedim
Percivall Pott (karcinom kuze Sourku u kominiku)

William Halsted - radikalni chirurgické mastektomie
Objev radioaktivity a moznosti rentgenu

prvni uspésna radioterapie (nadory kuze)

Charles Huggins - odstraneni varlat nebo podani

estrogenu zpusobi ustup nadoru prostaty

Prvni klinické testy s alkyla€nimi €inidly

Oswald Awery - DNA je nositelkou genetické informace

Sidney Farber demonstroval uspésnou lé€bu leukemie u déti
aminopterinem

Watson a Crick - struktura dvousSroubovice DNA

Zlata éra klasické chemoterapie



ROK ZAVEDENI DO KLINICKE PRAXE

1940 1950 1960 1970 1980 1990

Fludarabin

Taxol
2-Chlorodeoxyadenosin
Amsacrin
Mitoxantron
Pentostatin
Carboplatin
Ifosamid/Mesna
Etoposid
Estramustin
Streptozotocin
Aminoglutethimid
Tamoxifen
Cisplatin
Bleomycin
Doxorubicin
Teniposid
Dacarbazin
Asparaginasa
Hexamethylmelamin
Daunorubicin
Cytarabin
Procarbazin

[
[
[
I
I
I
I
| Lomustin
[
[
I
I
[
I
[
[

Hydroxyurea
Melphalan
Carmustin
Vincristin
Vinblastin
Mitotan
Cyclophosphamid
5-Fluorodeoxyuridin
5-Fluorouracil
Mitomycin C
Busulfan
Dactinomycin
6-Thioguanin
Thio-TEPA
Chlorambucil
6-Mercaptopurin
Methotrexat
| | | | Prednison
Aminopterin
Dusikaty yperit

1940 1950 1960 1970 1980 1990




Pilire protinadorové terapie

 Chirurgické odstranéni nadoru

e Ozarovani

« Chemoterapie/cilena a biologicka Ié€ba/bunééna terapie a imunoterapie

» Transplantace kostni difené



Klasicka chemoterapie, cilena a biologicka lécba

. . MOLEKULARNE

NECILENA CILENA

, Klasicka Imatinib,
MALE MOLEKULY | hemoterapie Temsirolimus
BIOLOGICKE Interferon alfa Rituximab

MOLEKULY a dalsi protilatky
BUNKY CAR-T bunécna

terapie




Cile chemoterapie

Prinutit k bunécné smrti (apoptdza, nekréza...) veskeré nadorove
buriky, nebo alespon jejich zasadni frakci. Pfipadné alespon zastavit
jejich dalsi proliferaci.

Kurativni vs. paliativni chemoterapie (IéCebna a udrzovaci)

Klasicka cytostatika
 Cytostatika pusobi pfevazné na buriky proliferujici
(nachazejici se v bunécném cyklu)

« Bunécny cyklus normalnich proliferujicih bunék je
kratSi ve srovnani s nadorovymi bufikami

 Klasicka cytostatika pusobi neselektivné na
nadorové i normalni proliferujici bunky



Jak prinutit k bunécné smrti rychle se délici bunky?

Poskozenim DNA

Interferenci se syntézou DNA/RNA Zastava bunécného cyklu
Interferenci s mitozou Apoptoza

Interferenci s proliferacnimi signaly

Klasicka

Cytostatika

Uéinek na mitotické
vieténko

I
=




Jak prinutit k bunécné smrti rychle se délici bunky?

Poskozenim DNA

Interferenci se syntézou DNA
Interferenci s mitézou

Interferenci s proliferaCnimi signaly

Zastava buneécného cyklu
Apoptoza

Is DNA intact?  |s all DNA replicated?
G, CHECKPOINT
ENTER M

CONTROLLER

ENTER S
Gy CHECKPOINT

Is environment favorable? Is DNA intact?



POSKOZENi DNA, ATM, ATR, p53 a bunééna smrt

:

Dvojité zlomy DNA

MR

|

Zastava v G1-S

J

l

Vnitrni
Apoptdza

:

Jednoduché zlomy DNA

Zastava replikacni vidlice

CHKD

N\

4
BER

i

Zastava v G2-M



Typy podani a uziti chemoterapie

Primarni (indukcni) terapie — podani chemoterapie jako jediného
prostredku s cilem navodit ustup nadoru

Neoadjuvant terapie — pred chirurgickym vykonem nebo pred
radioterapii. Cilem je zmenSeni nadorové masy prfed operaci

Adjuvantni terapie — doplnuje ucinnost provedeného
chirurgického odstranéni nebo ozarovani. Cilem je likvidovat
zbytkovou nemoc po jiném zasahu

Soubéezna (konkomitantni) terapie — probiha soucasne s
ozarovanim, aby doslo k vétsi odpovédi nadoru na radiaci



Vedlejsi efekty klasicke chemoterapie

suprese kostni difené - zmény krevniho obrazu (nedostatek desticek,
bilych nebo Cervenych krvinek- snizeni imunity, riziko infekce a krvaceni)

e ztrata vlasu

- Vias

« nevolnost, zvraceni Sliznice Y

« zanéty sliznice ust

« zanét zazivaciho traktu, prajmy Zazivaci trakt

e kozni proj Srdce
p’rOJevy Stfeva

» svalova bolest

 Uzkosti, poruchy spanku Ledviny

 neplodnost Gonédy Ledviny

* nefrotoxicita,

- hepatotoxicita, Svaly Kostni ders

* neurotoxicita, Nervy
« kardiotoxicita
« teratogenni ucinek




Klasicka

Cytostatika

Genotoxické
latky

Uéinek na mitotické
vieténko

PosSkozeni existujici DNA PosSkozeni DNA pfi syntéze,
(genotoxicita) interference s ni a dalSi efekty



GENOTOXICKE LATKY

Alkylacni cinidla a derivaty platiny
Interkalacni latky

Inhibitory DNA topoizomeraz

Latky zpUsobujici rozstépeni DNA



GENOTOXICKE LATKY

Alkylacni latky a derivaty platiny

Alkylac¢ni ¢inidla
Latky schopné alkylovat (modifikovat pripojenim uhlikatého zbytku) predevsim
dusikaté baze (C, A, ale hlavné G). Reaktivni modifikace vede nejcastéji ke vzniku
G-G crosslinku (inter-chain nebo intra-chain) nasledkem je omezeni replikace a

transkripce =——> signalizace poskozeni DNA §> Oprava
Alkyluji ale take proteiny. APOPTOZA

Adukty nejCastéji na G
(v poloze N7)







Nitrogen mustard (dusikaty yperit)

VVewV

latka pouzitd jiz v I. Svétové valce (22/4/1915, Ypres), dalsi
zkusSenosti pfi uniku yperitu z vybombardované valec¢né
spojenecké lodi v pristavu Bari (WWII) - mimo jiné poskozoval
kostni dren a lymfatické uzliny.

Dusikaty yperit (mustin, nitrogen mustard) je nevhodny jako
bojova latka ale ma vyznamné biologické ucinky- zabiji rychle
proliferujici bunky.

Terapeuticky vyuzivan cca od roku 1945 (lymfomy), jako prvni
cytostaikum, odvozen od néj cyklofosfamid a dalsi alkyla¢ni

latky R

|
NI NN

sulfur mustard nitrogen mustard
yperit dusikaty yperit




Alkylacni latky a derivaty platiny

Latky odvozené od yperitu
Derivaty nitrozomocoviny
Jiné alkylacni latky
Derivaty platiny



o\

sulfur mustard

yperit

Cyklofosfamid

(o

HO

R
|

o AN

nitrogen mustard
dusikaty yperit

Melfalan

Cl

N
NH. ~"¢

G

o AN

mechlorethamine

Bendamustin

T/W

N-"\/‘\N —~._-Cl

Cl—H

Po aktivaci alkylacniho ¢inidla a priniku do jadra
dochazi k alkylaci G (nej¢astéji N7) a crosslinku retézctu DNA



Mechanismus ucinku alkylacnich latek
Vznik INTERSTRAND (meziretézcového) crosslinku

0 0
N \ ¢ N
HzNJ\:N\/lL'I‘> <|N |N’/LNH2

DNA DNA

DUINA

Guanine bases
in adjacent strands
of DNA

CH, CH, €I
y; r Dol ! j
“CH, CH, €I

Mechlorethamine K :
2cl
%

f"s

CH3—N

/N
ch "t
CH, CH,

e [
~N N~
N \ ¢ N
HN J:NE\ T> <|Nfl\l\”L|~m2

DNA DNA

Cross-linked strands
of DNA

A =adenine
C = cytosine
G = guanine |
T = thymidine




Nékteré alkylaéni latky (cyklofosfamid) jsou ve formeé proléku (prodrug)

- musi byt nejprve eznymaticky metabolizovany

oH. H

Cytochrome
~N(C H20H2C')2 ST
P-450
enzymes

Ho

O
i
H, /0
= N(CHQCHzcl)E

Cyclophosphamide

Non-
enzymatic

Open ring aldehyde
form of alcohol

|

HN._ O

———
——————

HO” “N(CH.CH.CI), O

Phosphoramide
mustard (active)
H-N

A7 N
H (0]
+ O=C—CH=CH,

Acrolein
(toxic)

N 20
=)

O
|

—N(CH,CH,Cl),

HN._ 0

N(CH,CH,Cl),

(CHCHCI),
N—CH,

©,/

CH;

(Reactive species)
(© Elsevier 2005. Minneman & Wecker: Brody's Human Pharmacology 4e www.studentconsult.com




Vysledné efekty alkylacnich latek

e Zastava replikace

e Mismatch v prtibéhu replikace, pokud k ni dojde
e Delece guaninu

e Zlomy fetézcl nebo jiné poskozeni (ss)

+ alkylace protein(



Tvorba krosslinku g Rozeznani poskozeni

(intra- nebo inter-strand) DNA
ATM/ATR
p53
Bax, Puma...
Zastava bunécneho cyklu l
Preziti a navrat | DNA repair APOPTOZA

do cyklu




Alkylacni latky a derivaty platiny

Latky odvozené od yperitu
Derivaty nitrozomocoviny
Jiné alkylaéni latky
Derivaty platiny



@\/\ i

R
N -

N*:ro Chloroetyl nitrosourea
|C|J o)

@/\TANHw @\AT)LNHO

NO NO

Carmustine (BCNU) Lomustine (CCNU)

Rozpodaji se na chloroetyl diazohydroxid a izokyanat

SO\

Alkylace DNA Karbamylace proteint (Lys)



Chloroethyl diazohydroxide l

Chloroethyl nitrosourea 0

@CHZ—CI‘Iz—T—ﬂ—NH

NO

R

R

+ OH" + RNCO
Carbonium ion |ZOkyanét \
® karbamylace

Cl_CHz_CHz

‘ +N; +OH"

Cl—CH,—CH, *g nucleophile

dcchlorinalion’%
E—-CHZ—CHZ —g

Bifunctionality

volnych
aminoskupin
proteinu

(Lys a N-konec)

Alkylace guaninu,
G-GaG-C
INTERSTRAND
krosslinky



Alkylace guaninu, G-G a G-C crosslink — Problematick4 transkripce a
replikace, delece

Inaktivace proteint (Alkylace SH skupin cysteinu)

thioredoxin reduktaza, glutathion reduktaza —) z\'afgé?”f "?dO);rOV”OVéhy
oxidaéni stres

ribonukleotid reduktaza —) Narugeni produkce dNTPs pro DNA syntézu
a dalsi
I
. o - = — + N
Karbamylace proteint (Lys a N-konec) HN==° HN WY > HN-CNH/ WV
Isocyanic Peptide Catbarnylated Peptide or
Aroid Arnine Terminus| FProtein

(ot side chain of Lys or Arg)



Alkylacni latky a derivaty platiny

Latky odvozené od yperitu
Derivaty nitrozomocoviny
Jiné alkylacni latky
Derivaty platiny



Dalsi alkylacni latky

Sulfonaty (busulfan) Triaziny (dacarbazin, temozolomid)
CH Q
Org” ° NH,
/ \\O
O\ / I\ A\ / 3
~S N N—N
/ \\O H \
H3C CHS
Ji§
N7 NN
! N
NQ} —
N
NH



Alkylacni latky a derivaty platiny

Latky odvozené od yperitu
Derivaty nitrozomoc€oviny
Jiné alkylaéni latky
Derivaty platiny



Platinové derivaty, od nahody ke komeréné
nejuspésnéjsimu cytostatiku

Barnett Rosenberg (Michigan State University)

V roce 1964 testoval svou hypotézu, Ze elektrické poli zpUsobi
dezorganizaci bakterialniho chromozému a bakterie se nebudou délit
normainé.

Vlozil suspenzi E. coli mezi dvé platinové elektrody

déleni bakterii se zastavilo a vznikly dlouhé vlaknité formy

S jinym typem elektrod se to nedélo,muselo se jednat o chemikalii z elektrod a
pfipadné z média.
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Inhibition of Cell Division in Escherichia coli
by Electrolysis Products from a Platinum
Electrode

IN an investigation of tho possible effects of an electric
field on growth processes in bacteria, we have discovered
a new and interesting effect. In E. coli, the presence of
cortain group VIIIH transition metal compounds in con-
centrations of about 1-10 parts per million of the metal in
the culture medium causos an inhibition of the cell division
process. The bacteria form long filaments, up to 300
times the normal length, which implies that the growth
process is not markedly sffected.

Experiments wero performed in a continuous culture
apparatus in & chamber of special design. The nutrient
medium was tho chemically defined ‘C’ medium of Roberts
et al.! used with 1 g of glucose/l. and 0:026 g/1. MgCl,. The
chamber was maintained at 37° + 0-1° C. . cols B and
K-12 were used to inoculate the chamber. Comprossed
air wag bubbled through a glags frit bubbler. Two half-
eylindrical platinum mosh electrodes were built into the
chamber. Onee the bactorial population reached a steady
state (about 24 h) as determinod by turbidity measure-
ments, it maintained its constant \alue (2 per cont

» N 11 LS B
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A number of physical and chemical agents are known
to cause filamentous growth, that is, inhibit eell division
but not growth, Among these are dyes such as methylene
blue® and penieillin?, near ultra-violet irradiation?, transfer
to an unaccustomed medium, osmofic pressure changes,
temperaturo changes’, and magnesium deficiency or
excoss®,

We have, with a variety of tests, eliminated the possi-
bilities that ultra-violet light, temperature, pH, and
magnesium concentration are involved in this effect of
the electric field. We have also found that adaptivo
mochanisms and mutation effects are not involved.

It i3 possiblo that a chemical change is produced in the
medium by electrolysis and that those new chemical
products aro the causative agonts, To (est this the
nutrient was pumped into one chamber with electrodes in
it (clectrolysis chamber) hefore pumping it into a second
chamber without clectrodes which had been inoculated
(bacterial chamber), The olectric current was passed
through the electrolysis chamber. No eloctric current was
prosont in tho bacterial chamber, If a new chemical
specics is created in the clectrolysis chamber and it has &
sufficiently long life it will appeat in the bacterial chamber.
Tho test conclusively showed that one or more long-lived
new chemical species wag created by the cleetriec current
and is rosponsible for the bacterial elongation. It caused
elongation if oxygen was present in the electrolysis cham

A L AL B | 1 [ ] IR |



E. coli in "C" medium with (NH4)2P1CI6 !

I

2 3. 4.5 6 7

444

ppm. Pt

Rosenberg 1965

cis-dichlorodiamin-platina
(cisplatina)

1968 - cisplatinou vylécil nador u mysi
1978 - cisplatina schvalena NIH k terapii



Derivaty platiny s protindadorovym ucinkem

H4N Cl
\\ Pt / Cisplatina
N N
O
HsN O
\Pt/ Karboplatina
4
H3N \0
O

Oxaliplatina

0




Derivaty platiny s protinadorovym ucinkem

Vstupuji do bunky pasivné

1 a/nebo transportérem CTR1
\\ / V cytosolu dojde k hydrolyze
Pt Cisplatina ; -
NG (k aktivaci)
HyN Cl -
HaN  HgN HgN  HgN
1 ) [\ y
Pt e Pt — DNA
7 % 7N
cl Cl OH2  Hy0|
@)
HN 0 a tvorbé DNA aduktu
\pt/ Karboplatina
A A
HsN \0
9] c

AL <N
=\ pr—
W 3
“ "'N Oxallplatlna / Oxaliplatin



Platinové derivaty vytvareji DNA kroslinky (trans G-G)
(pfevazné intraretézcoveé na rozdil of alkylujicich latek) Jjen vzacné!

cis G-G

i cis G-A
Nizsi koncentrace Cl- v cytosolu vede

k hydrolyze ( k aktivaci)

HN  HgN HaN  HaN|
N
«— —> DNA cis G-N-G
X 2 N
cl ol OHz  HyO|

Adukty nejCastéji na G
(v poloze N7)




(Rest of intrastrand
adducts)

Other types of adduct
Monoadduct Interstrand adduct (<1%)  Intermolecular adduct

Nature Reviews | Cancer



Pt-adukty (intrastrand) vedou k distorzi dvousroubovice DNA (vcetné mtDNA)

Inhibici replikace
Inhibici transkripce
PosSkozeni telomer (bohaté na G)

Aktivace DNA oprav Apoptdza




Medscapee® www.medscape.com

NH,,,. wCL - Hydrolysis

Source: Nat Rev Cancer @ 2007 Nature Publishing Group



Dalsi efekty platinovych derivati vazanych na DNA
« inaktivace proteini DNA repairu
* interakce s transkrip&nimi faktory (alterace transkripce)

ALE! Pouze 1% Pt-derivatl je v burice navazano na DNA

DalSi efekty volnych platinovych derivatu

« oxidativni stres vlivem inhibice antioxidacnich enzymu (GST, SOD, katalaza...)
(vysoka afinita k —SH enzymum a glutathionu)

* Interaguje s membranovymi proteiny i fosfolipidy a méni fluiditu membran

« uvolnéni cytochromu ¢ z mitochondriii a spousténi apoptotickych drah

Hs.
0

HOOC J'L j\ H COOH
'“'\-\._\_-_.-Fﬁ'\-\.‘__.-'" 1 a.n.a-' S
: H

F:'«IHE 0

Glutathion (GSH)



Klasicka

Cytostatika

genotoxické
latky

a
antimetabolity

Uéinek na mitotické
vieténko

PosSkozeni existujici DNA PosSkozeni DNA pfi syntéze,
(genotoxicita) interference s ni a dalSi efekty




GENOTOXICKE LATKY

Alkyla¢ni Cinidla a derivaty platiny
Interkalacni Cinidla, inhibitory DNA topoizomeraz
Latky zpUsobujici rozstépeni DNA



Interkalacni latky (antracykliny)

Antracykliny - Planarni molekuly se 4 armoatickymi jadry
(antibiotika izolovana ze streptomycet 1960-1963 a jejich derivaty )

¢

Daunorubicin Doxorubicin Epirubicin
(Adriamycin) (Adriablastin)

0 OH O
H

O O OH O,

0 O OH D\O"\NHE ~
0O ; " OH OH ('IOH

NH5




Interkalace doxorubicinu do dsDNA

Doxorubicin Doxorubicin-DNA structure

HO

Figure 12-14c¢
Molecular Biclogy: Principles and Practice
©2012'W. K Freeman and Company



Generovani volnych radikalt antracykliny

chinonova forma O OH )9\
CL XY =
CH;0
} O OH Igygar
+le

semichinonova forma

O,*" = superoxide



Antracykliny — mechanismus ucinku

e Interkalace molekuly do DNA zpusobi
inhibici transkripce a replikace
inhibici topizomerazy Il — dvoufetézcové zlomy
e generuji kyslikové radikaly
e vytésnuji histony z DNA a tak ovlivnuji transkripci
(4dCinnost nejen v S-fazi)

Kardiotoxicita - poskozuji srde¢ni sval




Inhibitory DNA topoizomeraz

Aktivita topoizomeraz — uvolnéni nadsSroubovicovitého vinuti pfi replikaci nebo
transkripci.

Inhibici aktivity topoizomeraz po rozstépeni retézce DNA nedojde k opétovnému
spojeni retézcll vznikaji tak ss nebo ds zlomy

DNA topoisomerases

Topoisomerase I Topoisomerase II
100kDa 170kDa; 180kDa
) Makes single-strand Makes double-strand DNA G—
DNA breaks breaks
ATP independent ATP dependent
Genes located on Gene located on chromosomes
chromosome 20q12 17921 and 3p24

Two types, alpha and beta

Topoizomeraza l a ll jsou pfitomné
prakticky jen v aktivné se délicich
burikdach — vhodné cile terapie



Inhibitory TOPOIZOMERAZY |.

Derivaty kamptothecinu z kdry
stromu Camptotheca acuminata
topotecan a irinotecan

kamptothecin

Vznik a kumulace jednoretézcovych ziomi v DNA



Topoisomerase | Poisoning
by Irinotecan and Topotecan

Topoisomerase | Inhibitors
l.e., Irinotecan and Topotecan

Topoisomerase |

‘J —

3

DNA Damage l.e.,
Supercoiling

DNA Damage Repaired

1

Complex Formation
with DNA Breaks

R

Cell Death



Inhibitory TOPOIZOMERAZY II.

Derivaty epipodofylotoxinu z kofene
Podophyllum peltatum
(noholist stitnaty)
Etoposid, teniposid

Etoposid

Vznik ternarniho komplexu s DNA a topizomerazou brani znovuspojeni fetézcu a
vede ke kumulaci dvouretézcovych zlomu



GENOTOXICKE LATKY

Alkylacni Cinidla a derivaty platiny
Interkalacéni Cinidla

Inhibitory DNA topoizomeraz
Latky zpUsobujici rozstépeni DNA



Latky zpusobujici rozstépeni DNA retézce

V soucinnosti s atomem Zeleza generuji radikaly a zplisobuji stépeni fetézce DNA.
Presny mechanismus neznamy.

Bleomycin
(glykopeptidové ATB ze Steptomyces verticillus)
U&inkem vzikaji ss a ds zlomy




) DNA-bleomycin-Fe**

'

DNA-bleomycin-Fe’*

'

Superoxide and
hydroxyl radicals

H H
H O H
H
H OH
OH OH
HoN @) H Strand breaks

\ﬂ/ in DNA



Klasicka

Cytostatika

genotoxické
latky

a
antimetabolity

Uéinek na mitotické
vieténko

PosSkozeni existujici DNA PosSkozeni DNA pfi syntéze,
(genotoxicita) interference s ni a dalSi efekty



ANTIMETABOLITY a hydroxymocovina

antimetabolity
strukturni analogy vitamind, regulacnich latek nebo substrdti enzymda,
blokujici (obvykle mechanismem kompetice o vazebné misto) jejich ptisobeni.

Analogy kyseliny listové
Purinové antimetabolity
Pyrimidinové antimetabolity

Hydroxymocovina



Antimetabolity — analogy stavebnich jednotek NA

* Inkorporace do DNA, inhibice replikace, indukce zlomu a inhibice oprav

* Inhibice klicovych enzym

* Metylace DNA

Funguji predevsim v S fazi

Analogy kyseliny
listové

Metotrexat
(Inhibitor DFR)

Purinové
analogy

Merkaptoguanin
(analog baze)

Fludarabin
(analog nukleosidu)

Pyrimidinové
analogy

Fluoruracil
(analog baze)

Cytarabin
(analog nukleosidu)

+ hydroxymoc€ovina




kyselina listova aminopterin

Ax_~_n (foldt, vitamin BY) & \
)N { J 1 J‘\N j/\NH
N N N R ” y

I N HN N

|
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= AR A HOOG7 7 o008

Nuture Reviows | Cascnr

1947 - Sidney Farber (Harward Medical School)

Bylo znamo, Ze podani kyseliny listové obnovi krvetvorbu pfi anemie z nedostatku folatu
Pokousel se kyselinou listovou |éCit leukemii u déti — dosSlo k rychlé progresi onemocnéni.
Zacal tedy hledat ,anti-folat” — pouzil aminopterin kterym dosahl Ustupu (remise) akutni
lymfoblastické leukemie (ALL) u nékolika déti.
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TEMPORARY REMISSIONS IN ACUTE LEUKEMIA IN CHILDREN PRODUCED BY
FOLIC ACID ANTAGONIST, 4-AMINOPTEROYL-GLUTAMIC ACID (AMINOPTERIN)*

Sioney Fawsns, MDD, Lovis K. Diavoxo, M.D..! Rovewr D. Mercex, MD.§

Rovert F. Syivestex, Jio, MDLY axo Jases A, Worrr, M.DJ|

HOSTON

Sufficient encouragement was obtained from these
observations to justify further studies on the effect
of more powerful antagonists to folic acid on the
course of acute leukemia in children. Since Novem-
ber, 1947, when a sufficiently pure substance be-
came available, to the time of this writing (April 15,
1948) we have made studies on 16 children with
acute leukemia to whom the most powerful folic
antagonist we have yet encountered, 4-aminopteroyl-
glutamic acid (aminopterinf{) was administered by
intramuscular injection. Many of these children
were moribund at the onset of therapy. Of 16 in-
fants and children with acute leukemia treated with
aminopterin 10 showed clinical, hematologic and

pathological evidences of improvement of important

nature of three months’ duration at the time of

" this report. Six patients did not respond well; 4

of these are now dead, and 2 were unimproved.
This paper presents detailed clinical, hematologic
and bone-marrow studies in 5 children selected from
these 10 who showed evidences of important im-
provement — the course in the other cases was
essentially similar. The patients are selected for
the purpose of illustrating some of the problems
concerned with the use of aminopterin and because
they demonstrate the best results that we have

Wi, e, Py,

AN-FOL A «20mg
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Ficure 1. Course of Leukemia in Case 1.

observed. The toxic effects are stressed in these
histories, and the temporary nature of the remissions
is emphasized.
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Sidney Farber

1953 - aminopterin
nahrazen metotrexatem
(MTX) a schvalen FDA.

kyselina listova
(folat)

aminopterin
o N
210 "
NN W
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HoN N
0% NH H
: oH H
Hooc” ™" c00" HOOC COOH
NH,
N ~
kg . metotrexat (MTX)
O ™\H

: _H
HOOG” ™~ ""COOH




KYSELINA LISTOVA
kyselina listova Donor jednouhlikatych zbytku

(folat) M@/ﬁ\f/\ﬂ/
HO NHQ)‘\NHW Ilq HN/T\/K/E j/\

HaNT SN N dihydrofolat

NADPH

Dihydrofolat
reduktaza
(DHFR)

®)
¥
N
N N
| I)/\H

H H

NADP*

HoN
tetrahydrofolat



.E.TF' + HZOOH

RN S
/

(GIn

Formyl -THF

gae
O

Glu)n

THF je donor jednouhlikovych
zbytk (nesenych N5 a N10) pro
nékolik biochemickych reakci

Po formylaci nasleduje postupna redukce
methylentetrahydrofolat dehydrogenazou
(MTHFD1)

a metylentetrahydrofolat reduktazou (MTHFR)



.E.TF' + HZOOH

RN T

(GIn

Formyl -THF

gae
lo%@

Y

Mo

Ros
/

[GI4In

Metenyl-THF

THF je donor jednouhlikovych
zbytk (nesenych N5 a N10) pro
nékolik biochemickych reakci

Po formylaci nasleduje postupna redukce
methylentetrahydrofolat dehydrogenazou
(MTHFD1)

a metylentetrahydrofolat reduktazou (MTHFR)



ATP + HCOOH

Metylen-THF

M 2DH

(‘lHﬂ HH @_ﬁ
— MH

/
(GIun

Metyl-THF

R |

Formyl-THF
H,M N \
YL
et
_Hzol ” \

(Ghon

Metenyl-THF

THF je donor jednouhlikovych
zbytk (nesenych N5 a N10) pro
nékolik biochemickych reakci

Po formylaci nasleduje postupna redukce
methylentetrahydrofolat dehydrogenazou
(MTHFD1)

a metylentetrahydrofolat reduktazou (MTHFR)



Metylen-THF

MAD

Metyl-THF

ATP + HCOOH

R |

H

CHy Hi \@_ﬁ
— NH

/
(GIun

Formyl-THF
HQNYN f
"
H 1 f \ 0
.:.1; \<;>—;NH

Hy (Ghon

Metenyl-THF

THF je donor jednouhlikovych
zbytk (nesenych N5 a N10) pro
nékolik biochemickych reakci

Po formylaci nasleduje postupna redukce
methylentetrahydrofolat dehydrogenazou
(MTHFD1)

a metylentetrahydrofolat reduktazou (MTHFR)



(Glu)

Tymidylat syntaza
dUMP — dTMP

Metyl-THF

.E.TF' HiZooH

H HN\<I:\>_4
— jNH

n

De novo
syntéza
puriny

Formyl -THF

Res
™ \QW Il

Hy G|LJ)H

IMP

Metenyl-THF

THF je donor jednouhlikovych
zbytk (nesenych N5 a N10) pro
nékolik biochemickych reakci

Po formylaci nasleduje postupna redukce
methylentetrahydrofolat dehydrogenazou
(MTHFD1)

a metylentetrahydrofolat reduktazou (MTHFR)



Folic acid (FOL)
— i A;CBI ABCC3 )LE@ ,
o e

Substrates
DNA

MTHFDI/'?- Methionine MAT2A protein

\ : catechols
£S
De novo :
purine ) MTRR l
synthesis (MR D
s
: Methylated
Thymidine 5,10-CH2=THE products

synthesis r@ 5 CHITHE (Homocystel_nj‘eg /

SHMT1 — serinhydroxymetyl transferaza

DHFR - dihydrofolat reduktaza

MTHFDL1 - trifunkCni methylentetrahydrofolat dehydrogenaza
MTHF- methylentetrahydrofolat reduktaza
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N NH
<1 ) AL
pentose H N H N NH
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\C + hypoxantin
S - NH i o)
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HO OH =ribose H-C
H = deoxyribose | XN . | /E
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O
fl\NH
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H
Uracil
Ribose Deoxyribose
(deoxy)nukleosidy:

Adenosin, guanosin
cytidin, thymidin, uridin
+ Inosin a xantosin



Syntéza de novo

Salvage pathway (Sefrici draha, zachranna draha)
predevsim re-utilizace nukleosidu z buriky i z okoli



a

H OH
OH OH

a-D-Ribose-5-Phosphate (R5P)

ATP i
Ribose
Phosphate
Pyrophosphokinase
AMP
#04P-0—CH, H

PRPP

5-Phosphoribosyl-o.-pyrophosphate (PRPP)

Glutamine,
+H0 Amidophosphoribosy!
Transferase
Glutamate,
+ PP;
Z0,P-0-CH, o NH,
B
|
H | H
OH OH

B-5-Phosphoribosylamine (PRA)
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+ATP
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Pyrimidine Synthesis

2 ATP + HCOj3 + Glutamine + H,0O

2 ADP +

Carbamoyl
+
GIuLamate Phosphate
i Synthetase |1
O0=—=C
O—PO,?

Carbamoyl Phosphate

Aspartate
Aspartate

Transcarbamoylase
(ATCase)

Carbamoyl Aspartate

H,0

)

Dihydroorotase

I
C
HN -~ \|C|3H PRPP PP,
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/ ™~ N -~ Transferase
H COO
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Reduced
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C
N
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Uridine Monophosphate
(UMP)

COO



(Glu)

Tymidylat syntaza
dUMP — dTMP

Metyl-THF

.E.TF' HiZooH

H HN\<I:\>_4
— jNH

n

De novo
syntéza
puriny

Formyl -THF

Res
™ \QW Il

Hy G|LJ)H

IMP

Metenyl-THF

THF je donor jednouhlikovych
zbytk (nesenych N5 a N10) pro
nékolik biochemickych reakci

Po formylaci nasleduje postupna redukce
methylentetrahydrofolat dehydrogenazou
(MTHFD1)

a metylentetrahydrofolat reduktazou (MTHFR)
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PYRIMIDINY

PURINY ,

Ribézo 5-P karbamoyl fosfat
Syntéza PRPP/ Syntéza
e noﬂvo o / De novo
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PYRIMIDINY

PURINY _ ]
Rib6zo 5-P karbamoyl fosfat
Synteza PRPP/ Syntéza
be novo De novo
Jh ﬁ"H w 0 'j‘nn
HJED— o PPi *O_%'r‘\ L\;/‘\\:)
B \_; e
e Kys listova H
DIHYDROFOLAT
REDUKTAZA
AMP

dUMP UTP cTP

\;SYNTAZA

G DP dGDP THYMIDYLAT CTP

RIBONUKLEOTID Formyl -THF Metylen THF | SYNTAZA

EDUKTAZA J,
l l gaoP N dTMP

ATP  GTP l

!

dTTP




PURINY PYRIMIDINY

Ribézo 5-P karbamoyl fosfat
gy nteza PRPP/ Syntéza
€ nOGVO _ aminopterin De novo
[ MTX... w ig
| . o} ~ ONH
. E . [t u PPI Ho-p-o_ o
i’ \i? n oH | A -
oo / Kys. listova _: o
/ X DHF DIHYDROFOLAT
REDUKTAZA
AMP  GMP l / \
THF dUMP UTP crp )
/ \;SYNTAZA
ADP — GDP dGDP HYMIDYLAT CTP

—
\®UKLEOT|D Formyl-THF Metylen THF | SYNTAZA
EDUKTAZA
l l gaoP N dTMP

ATP  GTP l



Metotrexat v aktivnim misté DHFR




Folic acid (FOL)

e Qgcm ABCC3 < /—é

@
= ()
»,

Substrates
DNA

MTHFDI/'?- Methionine MAT2A | protein

\ catechols
De novo :
purine ; -THF MTRR l
synthesis \ /MTR
MTHFD .m
Q > 2 Methylated
Thymidine 5,10-CH2=THE products

synthesis ,/@ 5 CHITHE (Homocyste{}ri_‘ég —/

SHMT1 — serinhydroxymetyl transferaza

DHFR - dihydrofolat reduktaza

MTHFDL1 - trifunkCni methylenetetrahydrofolat dehydrogenaza
MTHF- methylenetetrahydrofolate reduktaza



Folic acid (FOL)

A;CBI ABCC3 )‘ﬂ@

V' (res)

Substrates
- DNA
/ \ ' catechols
£S
De novo :
purine ) MTRR l
synthesis /MTR
s
; Methylated
Thymidine 5,10-CH2=THF products

SHMT1 — serinhydroxymetyl transferaza

DHFR - dihydrofolat reduktaza

MTHFDL1 - trifunkCni methylentetrahydrofolat dehydrogenaza
MTHF- methylentetrahydrofolat reduktaza



Metotrexat

gDy
E{ C\Wrwi

0 OH

Inhibuje dihydrofolat reduktazu DHFR

THF je zdroj jednouhlikovych zbytkd

Uhlikovy zbytek je vyuzivan thymidilat syntazou (TS)a
dvéma enzymy de novo syntézy purint

glycinamid ribonukleotid —formyl transferazou
(GARFT) a AICAR (amino imidazolkarbxamid
ribonukleotid-formyl transferaza).

Inhibice obou de novo syntéz vede k nedostatk
stavebnich prvkl pro syntézu DNA a indukci vnitini
(mitochondrialni) drahy apoptdzy nebo nekrézy (zalezi
na koncentraci)




Analogy kyseliny listové
Analogy bazi

Analogy nukleosidu

Hydroxymoc€ovina



Syntéza de novo - puriny (syntetizované na ribéze, )
pyrimidiny (nejdrive baze, pak az vazba na cukr

)

Salvage pathway - (Setrici draha, zachranna draha)
interkonverze a reutilizace bazi a nukleosidut z bunky i z okoli



a

H OH
OH OH

a-D-Ribose-5-Phosphate (R5P)

ATP i
Ribose
Phosphate
Pyrophosphokinase
AMP
#04P-0—CH, H

PRPP

5-Phosphoribosyl-o.-pyrophosphate (PRPP)

Glutamine,
+H0 Amidophosphoribosy!
Transferase
Glutamate,
+ PP;
Z0,P-0-CH, o NH,
B
|
H | H
OH OH

B-5-Phosphoribosylamine (PRA)

Glycine
+ATP
GAR Synthetase
ADP
+P
H,C—NH,
(6] =C\
OsP-0-CH, o) NH N'-Formyl-THF
|
H | H
OH OH

Glycinamide Ribotide (GAR)

GAR Transformylase

4 \\ Aspartate

” CH +ATP

/
N

De novo syntéza purint

ADP
+P;

H,N |

Ribose-5-Phosphate
Carboxyamidoimidazole Ribotide (CAIR)

ADP +P,
AIR

Car boxylase|

ATP
+HCO;™

HC/

|| \\CH
/
N
H,N |
Ribose-5-Phosphate

5-Aminoimidazole Ribotide (AIR)
ADP +P;
AIR
Synthetase

ATP

Ribose-5-Phosphate
Formylglycinamidine ribotide (FGAM)
ADP +

Glutamate + P;
FGAM
Synthetase
ATP +
Glutamine +
H HO

N

Ribose-5-Phosphate

Formylglycinamide ribotide (FGAR)

SAICAR Synthetase

_ o)
Ccoo ||
| <
HC—N AN
H ci \\
CH || CH
2 /
| /SN

Coo H,N |

Ribose-5-Phosphate

5-Aminoimidazole-4-(N-succinylocarboxamide)
ribotide (SAICAR)

Fumarate Adenylosuccinate
(ljl Lyase
/ AN
HoN T|4 \\
/
N

H,N |
Ribose-5-Phosphate

5-Aminoimidazole-4-carboxamide
ribotide (AICAR)

Nm»FormyI»
THF
AICAR

Transformylase
(l)l THF

C
N— N\ _N

N\

O

4

CH

N
O=—=C—NH |
H

_—
4

5
~

~N

No

Ribose-5-Phosphate

5-Formaminoimidazole-4-carboxamide
ribotide (FAICAR)

HO~ e
Cyclohydrolase
(0]
II
\
N
HCx. Ca /
N
#0p-0-CH2

H H
OH OH

Inosine Monophosphate (IMP)



Purinova ,,salvage* draha

T A
HGPRT | guanosine -

HGPRT
xanthine
' ~~~~~
Salvage -$etfici |
dréha,zachranna . XD H
dréha. Slouzi i
5 g \J
predevsim k
reut:l:za_c: obaz.l oa uric acid
nukleosidu/-tidu ,
z buriky i z okoli i
\/

Purine degradation

nosine < adenosine

PRPP

/_\{l

GMP ¢«— XMP ¢«— IMP ——» sAMP——» AMP

Syntéza De novo

b o ]

APRT

adenine

-
-
-—“
-

HGPRT - hypoxantin-guanin fosforybosyl

transferaza
APRT - adenin fosforybosyl transferaza
ADA - adenozin deaminaza

Purinové (deoxy) nukleosidy —
postupna fosforylace kinazami



ANTIMETABOLITY a hydroxymocovina

Analogy kyseliny listové
Analogy bazi
Analogy nukleosidu

Hydroxymoc€ovina



ANTIBAZE
(antipuriny)

0
thioguanin HN
(analog guaninu, inhibuje salvage drahu) |
Terapie leukemiii \
1950s HN N
Guanine 6-Thio-Guanine
6-merkaptopurin
(analog hypoxantinu, inhibuje salvage drahu) K L
Terapie ALL u déti
1950s

PURIN 6-merkaptopurin



6-THIOGUANIN

De novo

TN

GMP «— XMP «—— IMP ——» sAMP——» AMP

A
ADA
HGPRT | guanosine ; Inosine < adenosine
I HGPRT I PRT
guanine  xanthine hypoxanthine adenine
6-thioguanin ®e 4
| XDH
v
o HGPRT - hypoxantin-guanin fosforybosyl
uric acid transferaza
. APRT - adenin fosforybosyl transferaza
i ADA -  adenozin deaminaza
i RNR - ribionukleotid reduktaza
\

Purine degradation



6-THIOGUANIN

De novo

BthioGMP ~

GMP «— XMP «—— IMP ——» sAMP——» AMP

A
ADA
HGPRT | guanosine ; Inosine < adenosine
I HGPRT I PRT
guanine —— yanthine hypoxanthine adenine
6-thioguanin | S J
| XDH
v
o HGPRT - hypoxantin-guanin fosforybosyl
uric acid transferaza
| APRT - adenin fosforybosyl transferaza
; ADA - adenozin deaminaza
i RNR - ribionukleotid reduktaza
\

Purine degradation



Inkorporace do RNA 6'THIOGUANIN

pRPP
6-thio

GTP
\ 6-thioGMP /_\, l

GMP «— XMP ¢«—— IMP ——» sAMP——» AMP

De novo

A
ADA
HGPRT | guanosine ; Inosine < adenosine
I HGPRT PRT
RNR : I
guanine —— yanthine hypoxanthine adenine
6-thioguanin ®e /
i XDH
6-thio dGTP i
\J
Inkorporace do DNA o HGPRT - hypoxantin-guanin fosforybosyl
uric acid transferaza
| APRT - adenin fosforybosyl transferaza
; ADA - adenozin deaminaza
i RNR - ribionukleotid reduktaza
v

Purine degradation



ANTIBAZE
(antipuriny)

0
thioguanin HN
(analog guaninu, inhibuje salvage drahu) |
Terapie leukemiii \
1950s HN N
Guanine 6-Thio-Guanine
6-merkaptopurin
(analog hypoxantinu, inhibuje salvage drahu) K L
Terapie ALL u déti
1950s

PURIN 6-merkaptopurin



pRPP
De novo

TN

GMP ¢«— XMP ¢«—— IMP ——» sAMP———» AMP \

T T |
. o ADA ,
guanosine { | inosine < adenosine APRT
I HGPRT A
- | 1 v
guanine — yanthine hypoxanthine adenine
LSS 6-merkaptopurin
| XDH
v HGPRT - hypoxantin-guanin fosforybosyl
o cart transferaza
Waeael APRT - adenin fosforybosyl transferaza
: ADA - adenozin deaminaza
i RNR - ribionukleotid reduktaza
\

6-MERKAPTOPURIN

Purine degradation



Inkorporace do RNA

pPRPP
6-thio be novo Inhibice fosforibosyl pyrofosfat

GTP amidotransferazy
N 6thioGMP N

GMP «— XMP «— ™ - SAMP—» AMP
" 6-thio IMP '\
T e ]
HGPRT guanosine HGPRT Inosine < adenosine " ~...
RNR I | I
guanin€ xanthine hvpoxanthine adenine
v 6-merkaptopurin
' XDH
6-thio dGTP i
 / HGPRT - hypoxantin-guanin fosforybosyl
Inkorporace do DNA transferaza
uric acid APRT - adenin fosforybosyl transferaza
ADA - adenozin deaminaza
RNR - ribionukleotid reduktaza

-

6-MERKAPTOPURIN

Purine degradation



a

H OH
OH OH

a-D-Ribose-5-Phosphate (R5P)

ATP i
Ribose
Phosphate
Pyrophosphokinase
AMP
#04P-0—CH, H

5-Phosphoribosyl-o.-pyrophosphate (PRPP)

Glutamine,
+H0 Amidophosphoribosy!
Transferase
Glutamate,
+ PP;
Z0,P-0-CH, o NH,
B
|
H | H
OH OH

B-5-Phosphoribosylamine (PRA)

Glycine
+ATP
GAR Synthetase
ADP
+P
H,C—NH,
(6] =C\
O;P-O-CH, o NH
|
H | H
OH OH

Glycinamide Ribotide (GAR)

N'-Formyl-THF THF

GAR Transformylase

De novo syntéza purint

Aspartate ADP
”4 \\CH +ATP P
/
N

H,N |

SAICAR Synthetase
Ribose-5-Phosphate
Carboxyamidoimidazole Ribotide (CAIR)

ADP +P,
AIR

Car boxylase|

ATP
+HCO;™

HC/

|| \\CH
/
N
H,N |
Ribose-5-Phosphate

5-Aminoimidazole Ribotide (AIR)
ADP +P;
AIR
Synthetase

ATP

Ribose-5-Phosphate
Formylglycinamidine ribotide (FGAM)
ADP +

Glutamate + P;
FGAM
Synthetase
ATP +
Glutamine +
H HO

N

Ribose-5-Phosphate

Formylglycinamide ribotide (FGAR)

_ o)
Ccoo ||
| <
HC—N AN
H ci \\
CH || CH
2 /
| /SN

Coo H,N |

Ribose-5-Phosphate

5-Aminoimidazole-4-(N-succinylocarboxamide)
ribotide (SAICAR)

Fumarate Adenylosuccinate
(ljl Lyase
/ AN
HoN T|4 \\
/
N

H,N |
Ribose-5-Phosphate

5-Aminoimidazole-4-carboxamide
ribotide (AICAR)

Nm-FormyI-
THF
AICAR

Transformylase
(l)l THF

C
N— N\ _N

N\

O

4

CH

N
O=—=C—NH |
H

_—
4

5
~

~N

No

Ribose-5-Phosphate

5-Formaminoimidazole-4-carboxamide
ribotide (FAICAR)

HO~ e
Cyclohydrolase
(0]
II
\
N
HCx. Ca /
N
#0p-0-CH2

H H
OH OH

Inosine Monophosphate (IMP)



George Hitchings and Gertrude Elion
(Nobelova cena 1988 za fyziologii a medicinu)

6-merkaptopurin
Thioguanin

(1950s)




ANTIMETABOLITY a hydroxymocovina

Analogy kyseliny listové
Purinové antimetabolity
Pyrimidinové antimetabolity

Hydroxymoc€ovina



5-FU (5-fluorouracil)

Uracil je nadory intenzivne
pfijiman, atom fluoru ma
podobné rozméry jako H (van
der Waals radius) 5-FU je tedy
prijiman a metabolizovan
podobné.

Funguje jako Inhibitor
tymidylat syntazy, ktera pri
reakci dUMP na dTMP
nahrazuje vodik na pozici 5
metylovou skupinou.

Zaveden v 50-letech

ANTIBAZE
(antipyrimidiny)

0O O
HN HN
AN A
O O N

H H

U T

Lécba solidnich nadort: 5-FU nebo se podava se jako prodrug (musi byt
nejprve metabolizovan) - Kapecitabin, Tegafur

5-FU



karbamoyl fosfat
Ribézo 5-P

PPi w

e

UTP crp

\\fmmuA

) CTP
THYMIDYLAT

SYNTAZA

v
dTMP

)
|

dTTP



karbamoyl fofsat PYRIMIDINY

Rib6zo 5-P )
/ Syntéza
URIDIN KINAza D€ NOVO
Ribonukleotid PPi w 5-F-UMP
reduktaza URIDIN

FOSFORYLAZA
5-F-dupp (d)UDP «—— UDP 5.F.ypp

\ S
Inhibuje

thymidylat -

syntazu 5-F-dUMP | quMP  (d)UTP 5
(kumuluje se ﬁ)‘“\'

dUTP a 5F-dUTP \ N
(d)CTP I

a ty se chybne

HYMIDYLAT CTP

inkorporuji ; ,
SYNTAZA
do DNA misto SYNTAZA

dTTP)

dTMP

!
l

dTTP



karbamoyl fofsat PYRIMIDINY

Rib6zo 5-P
/ URIDIN KINAza SYNteza
Ribonukleotid PPi w 5-F-UMP De novo
reduktaza URIDIN ,
(d) e FOSFORYLAZA
5-F-dUDP UDP «— UDP -F- \
bui 5-FU
Inhibuje tymidylat
syntazu -
(kumuluje se 5-F-dUMP | guMP | 5-F-dUTP 5
dUTP a 5F-dUTP (d)UTP ﬁ)\ﬁ
a ty se chybne HN.  _NH
inkorporuji . \ (d)CTP \g/
do DNA misto ymidy
syntaza CTP
dTTP) dTMP syntaza
| do DNA
l llllllllll....b apopto’za

dTTP



karbamoyl fofsat PYRIMIDINY

Rib6zo 5-P
/ URIDIN KINAzA  SYNt€za
Ribonukleotid PPi w 5-F-UMP De novo
reduktaza URIDIN ,
(d) e FOSFORYLAZA
5-F-dupp (d)UDP «—— UDP  5-F- \
5-FU
Inhibuje tymidylat 5-F-UTP
syntazu ~_,
(kumuluje se 5-F-dUMP | quMP | 5-F-dUTP do RNA
dUTP a5F-dUTP (d)UTP a cten Jflko C
a ty se chybne
inkorporuji o \ (d)CTP Chyby
do DNA misto ymidylat translace
syntaza CTP
dTTP) dTMP syntaza
| doDNA .
l llllllll.... apopt(')za
-...’

dTTP



5-FU (5-fluorouracil)

Zaveden v 50-letech, vyuZiti: pfedevsim lé¢ba solidnich nadort

Podava se jako:
5-FU nebo jako prodrug (musi byt nejprve metabolizovan) - Kapecitabin, Tegafur

Viyuzivan je rovnéz 5-FU uz navazany na deoxyribozu - FUdR - floxuridin
Ten jen tymidin kinazou fosforylovan na 5-FUdMP a funguje stejné

HN

O N
HOCH2 O

OH



Aza-derivaty bazi budou probrany v ramci epigentickych modifikatort



Analogy kyseliny listové
Analogy bazi

Analogy nukleosidu

Hydroxymoc€ovina



(DEOXY) NUKLEOSIDOVE ANTIMETABOLITY

Werner Bergmann (1945)

Snaha o izolace steroidu z mofrské houby
Cryptotethia crypta- extrakce do acetonu
(zisk velkého mnozstvi Cisté krystalickeé latky)

base is the same in each
/K thymine /K

\ sugar is sugar is /

deoxyribose arabinose

thymidine spongothymidine
araTl

spongothymldme "3-beta-D-arabofuranosylthymine”
spongouridine is "3-beta-D-arabofuranosyluracil”



C-2 carbon

deoxyribose .
DNA backbone arabinose RNA backbone

ribose



DEOXYNUKLEOSIDOVE ANTIMETABOLITY

(PYRIMIDINOVE)



karbamoyl fofsat PYRIMIDINY

Rib6zo 5-F woda LN
/ Syntéza
m UK oeom De novo
PPi T uridin  Uridin fosforylaza
kys. listova UDP \@
} (d)UDP
DHF / \ DCTP DEAMINAZA
DHFR 1 Salvage
THF dUMP (d)U{z driha
CTP
, (d)CTP
/ syntaza
Metylen-THF THYMIRYLAT } NUKLEOTID DIFOSFAT KINAZA
SYNTA 4CDP

TYMIDI V leM P du f CYTIDYLAT KINAZA
KINAZA
\ dCMP

f DEOXYCTIDIN KINAZA

|
dTTP



Cytarabin (araC, cytosinarabinosid)

V praxi cca od roku 1965
Terapie leukemii a nékterych lymfom

NH, NH,

Vstup do buriky pfes membranu — N
nebo transportérem.
V bunce je postupné fosforylovan
salvage draze na araCTP o7, 0 N

0

Hob—" HO
H
OH OH

Deoxycytidine Cytarabine



Human equilibrative
nucleoside transporter 1, 2 A€ Extracellular

Cytarabin( araC,cytosinarabinosid)

Vstup do bufiky pFes CYTIDIN DEAMINAZA 1, 1o
hENT transportéry AraC —» Ara-l

DEOXYCYTIDIN KINAZA 2 lT 5'NUKLEOTIDAZA
(pfi vysokych davkach 3
pasivné pies membranu) AraCMp > AraUMP ,
inkorporace do DNA a DEOXYCYTIDYLAT KINAZA l DEOXYCYTIDYLAT DEAMINAZA
zastaveni replikace

Ara-CDP
NUKLEOSID DIFOSFAT KINAZA l

/ AraCTP
ﬂ Salvage draha pyrimidinﬁw

. \/:j Nucleus

oH Cell Death

Cytarabine



Gemcitabin (2,2 — difluordeoxycytidin, Gemzar)
di-fluorovany analog deoxycytidnu

Aktivace stejna jako u araC.

DifluorodeoxycytidinTP se inkorporuje do DNA
kromé toho inhibuje ribonukleotid reduktazu

e

HO

OH

Deoxycytidine

Gemcitabine



Human equilibrative dFdC Extracellular
nucleoside transporter 1, 2

Gemcitabin (dFdC)

y . CYTIDIN DEAMINAZA .
Vstup do bunky pres

— dFdU
membranu (pfi dFdC

vysokych davkach) DEOXYCYTIDIN KINAZA 2u 3 5'NUKLEOTIDAZA
a/nebo hlIENT JEdCMP — dFdUMP
transportery DEOXYCYTIDYLAT DEAMINAZA

DEOXYCYTIDYLAT KINAZA l
Inkorporace do

DNA a zastaveni dFdcpp __, [nhibuje
replikace ] ] ribonukleotid
NUKLEOSID DIFOSFAT KINAZA ¢ reduktizu
Inibitor RNR dFdCTP
M Nucleus

Cefl Death



(DEOXY) NUKLEOSIDOVE ANTIMETABOLITY

(PURINOVE)
", Fludarabin (Fludara) "
1] ah
; GLH HJ HD—E—D <N‘ NAF
t’!}H _LDHD
HO \_V

deoxyadenozin Fludarabin (fosfat)

Diky F na bazi je odolny vii¢i deaminaci adenozin deaminazou na inozin a
je jejim inhibitorem.

Fosforylovany je lépe rozpustny (lze podavat oralné€), je defosforylovan
plazmatickymi fosfatazami (nebo na povrchu bunék) a vstupuje do bunék
(HENT), kde je aktivovan kinazami (podobné jako araC nebo gemcitabin).
DCK je totiz promiskutini a fosforyluje i puriny

Inkorporace do DNA zabrani elongaci. Inhibice DNA polymerazy, CasteCna
inhibice RNR (malo dATP zvysSuje inkorporaci dF-araATP)



Kladribin

Fosforylovan na Clad-TP
Rezistentni vuci ADA

N =y <f f\N
(CL-A-dRIB-in) | | J o N Nf/fku Inkorporace do DNA
1992 o T 0 Inhibice DNA pol

Inhibice RNR
- OH
dA Kladribin
NH;

Klofarabin </N | N Fosforylovan na Klof-TP
(Cl-F-araA) pr Rezistentni vii&i ADA

F-dava cukru zvySenou
odolnost proti pH a

bakterialni PNP

2004

HO N
OFI N™ " Cl

inkorporace do DNA
Inhibitor DNA
polymerazy a RNR




Analogy kyseliny listové
Analogy bazi

Analogy nukleosidu

Hydroxymocovina



HYDROXYUREA (Hydroxymocovina)

Nékdy nepravem fazena mezi antimetabolity

O
O 0
HzN)J\NHz HN)I\NHz ZN /U\

| N NH,
MocCovina O H

Hydroxymocovina

Neplést s nitrosoureou!

INHIBITOR RIBONUKLEOTID REDUKTAZY



RIBONUKLEOTID REDUKTAZA

RNR (hetrodimericky tetramer) RNR1 a RNR2
RNR2 ma aktivni centrum s iontem Zeleza

R1 dimer
i Specificity site
(ATP, dATP, -
ostric | 46TPATTP ADP >  dADP
A.t osteric < Hexamerization GDP > dGDP
T site (ATP) CDP . dCDP
Activity site UDP S dUDP
_(ATP, dATP)

Substrate-binding site

dTMP vznika z dUMP tymidylat syntazou
(ATP, GDP, UDP, CDP)

R2 dimer

© 2008 John Wiley & Sons, Inc. Al rights reserved,



Figure 22.13 Structure of E. coli ribonucleoside nucleobase
diphosphate reductase

0 0
HO-P-0-P-0-CH,
OH OH |

reductase

Specificity ATP, dATP, dGTP, dTTP
Redox Glutaredoxin, thioredoxin

Catalytic  ADP, COP, GOP, UDP : ADI'IZ thioredoxin

reductase
R2(f,)

(b)

NADP* NADPH + H*

Feom Mathews and van Molde: Blochemistry 2, © The BenaminCummings Publishing Co., lec.

ribonucleotide %11

nucleobase

0 0
HO-P-0-P-0-CH,
OH OH |

ribonucleotide V-1,
reductase

glutathione

reductase

NADP* NADPH + H*



Hydroxyurea, Hydroxymoc€ovina

Vaze Fe v RNR a
inaktivuje tyrosylovy

O
radikal nutny pro redukci
NDPs J.L
HN” ~NH,
H

|
O

Produkuje NO a tim stimuluje guanylat cyklazu
a dalSi enzymy
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