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CKPAREHHUIE

AIF - pakTop nHAYKIH]jE aronTo3e

Apaf-1 - anmontorcku (akTop akKTHBaLUje
nporeasa

APC - anonito3za nmpomoBHIyhH KOMITIEKC

CDIs - uHXUOUTOPH LMKINH 3aBHCHUX KH-
Haza

CdKs - UKINH 3aBUCHE KMHA3€E

DISC - curHainHU KOMILIEKC KOjH HHIYKYje
CMPT

NK heauje - henuje npuponse youue

TNF penmenTop - pernentop Koju Besyje
(akTOp HEKpO3e TyMOopa

TRAIL penentop - perentop Koju Be3yje
TRAIL nuraung

CAXKETAK

Anornto3a, ka0 00JHK nporpamupane henuj-
CK€ CMpPTH, CIY)KU 3a EIMMHHALM]y II0jeIu-
HayHUX henuja OKpYXEHHWX HOpMallHOM henuj-
CKOM momynanijoM. To je KOHTpoJdrcaH Ha4duH
henmjckor ymupama y kome henuja akTUBHO
YUYecTBYje, cripoBofehu mpenu3aH, TEHCKH pery-
JMCaH Iporpam ayToAaecTpyKuuje, Tj. henujckor
"camoyOucTBa". 3a MCHOJbABAEKE OBOT IpoIleca
HEONXOJHA j€ aKTHBHA CHHTE3a MaKpOMOJIEKYJIa.

ABBREVIATIONS:

AIF - apoptosis inducing factor

Apaf-1 - apoptosis protease-activating factor
APC - apoptosis promoting factor

CDIs - cyclin-dependent kinase inhibitors
Cdks - cyclin dependent kinases

DISC - death inducing signaling complex
NK cells - natural killer cells

TNF receptor - tumor necrosis factor re-
ceptor

TRAIL receptor - TNF-related apoptosis
inducing ligand

ABSTRACT

Apoptosis, a form of programmed cell death,
is used to eliminate individual cells surrounded
by normal cell population. It is a controlled way
of cell death in which the cell actively partici-
pates by conducting precise, gene-regulated pro-
gram of self-destruction, that is, cell "suicide."
Active synthesis of macromolecules is necessary
during this process. Death of individual cells is
necessary to maintain a balance in living systems,
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Cwmpt uHauBHayanHux henuja je HeomxoiHa 3a
Ollp)KaBamkbe¢ PAaBHOTEXKE y JKUBUM CHCTEMHMA,
TaKo J1a je MpOoLeC aronTo3¢ HEMpeKUIHO MpH-
CyTaH y OpraHu3my, mTo oMoryhaBa HopamMaaHO
pasBuhie, TKHBHY XOMeOCTa3y W OpOjHE Ipyre
¢uznonomke npouece. MoleKyJapHd MeEXaHH-
3MHU KOjH PETYIHLIY MPOLEC aronTo3e ¢y QyHK-
LMOHAIHO TOBE3aHM ca APYruM henmujcKuM Me-
XaHW3MHUMa, Kao IMITO Cy KOHTposia henujckor
nukiyca, henujcke nponudepanuje u audepe-
1yjaruje, TeHOMCKE CTaOMIIHOCTH M henwjckor
Merabonmu3ma. Omrehema Ha monekyny JHK,
HacTajga Kako CHOHTAaHO, TaKO U IOJ JIEjCTBOM
pa3IMYUTUX XEMUJCKUX U (PU3MYKUX areHaca,
JOBOJE 710 3ayCTaBJbama NeNujcKor LUKIyca U
aKTHBalWje MexaHn3aMma Koju Ta omTtehema 1o-
MpaBJbajy. Y 3aBHCHOCTH OJ BPCTE€ M CTEIeHa
omrrehewa, henmuja winM HacTtaBjba NPOTPECHjY
Kpo3 henmjcku LUKITyC WM aKTHBHpa MEXaHU-
3Me Koju je Boae y anonto3y. [lopemehaju y pe-
TyJalyju Tpoleca arnonTo3e u helrjcKor IuK-
Jyca TpeINCcTaBibajy MOJEKyJIapHO-OMOJIOMKY
OCHOBY MHOTUX OosecTd. 300r 3Ha4aja KOju OBH
MPOLIECH UMajy y HaCTaHKY U MPOTPECHjH TYMO-
pa BUXO0BO KopHIIhemhe Kao OMOIOIIKUX MapKe-
pa mpeacTasiba jeAHy O OCHOBHHX CTparervja y
(dbopMupamy TepanujcKUX MPUCTYIa 3a JIeUueHe
KaHLepa.

Kawyune peuu: anonrosa, henujcku nukiyc,
KaHLep

AIIONITOTCKA REJIMJCKA CMPT

Caakor TpeHyTka henuja je W3lI0XKEHa yTU-
LajuiMa OKOJIMHE, O]l KOjUX je 3HadajaH Jeo Io-
TeHuujanHo mrerad. [lopen Tora, y hemujckom
MeTrabonu3My Hactajy Meh)ynpomyKTh —Koju,
YKOJIMKO MEXaHHU3MHU JIETOKCHKalHje U HEyTpa-
nu3anmje He (YHKUMOHHWIIY Ha oAroBapajyhn
HA4YMH, MOTy Ja Hapyme, y Behoj miam mamoj
MepH, QpyHKIMjy U cTpykTypy henmje. Peakumja
omrehene henuje moxe na uae y JaBa TIpaBIia.
Hacrano omreheme Moxe na ce IeTMMHUYHO WIN
MOTIYHO HCHpaBH, WM ce henuja eTMMHHULIE
W3 OpraHusMa, Tj. ymupe. Mehytum, yak u kofq
neranHux omrehema, CMpPT He HACTyNa TPEHYT-
HO, Beh hemuje mponase Kpo3 peBep3UOUIHY
¢da3y y K0joj MOKyIlIaBajy Ja H3BpIIE penapa-
nujy cBe A0 "Ttauke Oe3 moBpaTka', mocie Koje
HacTyma HeMuHOBHa cMpT. [lopex oBe martomo-
mKe CMpTH henMja, MOCTOjM U amloITo3a - T3B.
¢usnonomKa CMpT, KoOja c€ 3amaxke TOKOM
eMOprOHaIHOT pa3Boja WM oOHoBe hemwmja y
TKABUMA JbYIH .

Amnonro3a je AKTHBAH W TCHCKU KOHTPOJIU-
CaH mporec y KoMe Ce MOp(l)OJ'IOH.IKe IMpOMCHC

so the process of apoptosis is continuously pre-
sent in the body, which allows normal develop-
ment, tissue homeostasis, and many other
physiological processes. The molecular mecha-
nisms that regulate apoptosis are functionally
linked to other cellular mechanisms, such as
control of the cell cycle, cell proliferation and
differentiation, genomic stability and cellular
metabolism. Damage to the DNA molecule,
caused both spontaneously and under the influ-
ence of various chemical and physical agents,
leads to the cell cycle arrest and activation of
mechanisms that repair the damage. Depending
on the type and extent of the damage, the cell
either continues progression through the cell cy-
cle, or activates the mechanisms that lead to
apoptosis. Disturbances in the regulation of
apoptosis and cell cycle present the molecular
and biological basis of many diseases. Because of
the importance of these processes during the de-
velopment and progression of tumors, their use as
biological markers is one of the main strategies in
the formation of therapeutic approaches for the
treatment of cancer.

Key words: apoptosis, cell cycle, cancer

APOPTOTIC CELL DEATH

The cell is exposed to environmental influ-
ences at all times, of which substantial part can
be potentially dangerous. In addition, in the cel-
lular intermediate products are
formed, which, if detoxification and neutraliza-
tion mechanisms don't function in an appropriate
manner, can impair the function and a structure
of the cell. The reaction of the damaged cell can
go in two directions. The caused damage can be
either partially or totally repaired, or the cell is
being eliminated from the organism i.e. dies.
However, even with lethal damages, death isn't
immediate. Cells pass through a reversible phase
in which they try to make reparation up to the
"point of no return", after which comes inevitable
death. In addition to this pathological death, there
is also apoptosis so-called physiological death,
which is observed during embryonic develop-
ment and cell renewal in adult tissues'.

metabolism

Apoptosis is an active and genetically con-
trolled process in which the morphological
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JellaBajy 1o Mpenn3Ho oApeheHoM penocieny,
300r yera je Ha3BaHa W MporpaMupana henujcka
CMPT. ATIONTO3a Yy MHOTHM CIly4ajeBUMa HacTaje
CIIOHTaHO, aJIi MOKe OWTH MHAYKOBaHa (U3HO-
JIOIIKUM W HEe(PU3HOMOWKNM (PaKTopuMa, Kao H
mTeTHUM areHcuma. [Ipomec amomTose je He-
MPEKUAHO MPHUCYTaH Y OpraHu3My U oMoryhasa
HOPMaliHO pa3Buhe, TKUBHY XOMeOCTazy |
OpojHe (u3HoIIOIIKe Mpoiece. AMonros3a ce 1mo-
kpehe u npu enuMuHanuju omrehieHnx u "oma-
caux" henuja xao mro cy henuje ca omrehenom
JHK, henuje ca HeaqeKBaTHUM MUTOT'CHUM CHT-
HalIMMa, ayTopeakTHBHe henuje uMyHOr cucTe-
Ma, NpH eTUMHHAIUjH WHQEKTHBHUX henuja
uta. [lopemehaju y perynanuju mpoieca amor-
TO3€ MMajy YJOrY Yy MaTOreHe3d MHOrHX Ooie-
CTH, Kao LITO Cy HeypoJereHepaTuBHe 00IecTH,
nHpapKT MHOKapaa, ayTOMMyHH mopeMmehaju
(peyMaTouIHN apTPUTHUC, CHCTEMCKH JTYIIyC
epUTEMATO3YC) U ApYTe’.

MOP®OJOIMKE U BUOXEMUJCKE
KAPAKTEPUCTHUKE ITPOLECA
AIIOIITO3E

VY Toky mpormeca amonTto3e noja3sd I0 pa-
3IMYUTAX MOP(OJOMIKUX TpOMEeHa, Koje Ha-
ctajy ompehernum pemocieqoMm 0e3 obO3mpa Ha
BpcTy henuje Wiy OKOJIHOCTU MOA KOjuMa Cy Te
MPOMEHE M3a3BaHe.

AnomnToza 3axBaTa THojequHayHe hemnuje.
[Ipe mnpomeHe ornemajy ce y TYOHTKY
Mehyhenujckux Beza. Bonymen henuje ce cma-
Byje 300r KOHJIEH3alHWje LUTOIUIa3MaTHIHUX
mporeMHa. Jempo 1nobuja OONHMK TOTKOBHIIE,
ycien KOHAEH3aluje U Aerpajanyje XpoMaTuHa.
Ennonyknease ¢pparmentumry monekyn JHK na
¢parmente nyxune 50-300 kb, a kacHHje U Ha
MaJie OJHMTOHYKIICO30MCKe (pparMeHnrte, Koju ce
cacroje on (Qparmenara myxune 180-200 bp.
Herpaganuja JTHK oxBuja ce Ha MecTMa n3Me-
Dy Hykineo3oMa M MOXKE Ce ACTEKTOBATH ENeK-
TpOpOPETCKOM aHaJM30M, KOja Ha arapo3HOM
rely Aaje KapakTepUCTH4YaH JIECTBUYACT U3IJIe[
I[HK3. 3anmaxka ce auiaTanMja CHaoIIa3Ma-
TUYHOT PETHKYJIyMa y BUIy Behux Be3ukyna. U3
MUTOXOHJpHja ce ocnobaha muroxpom L. Pano
TOKOM TIpolieca, Joja3u 0 uHBep3uje (docda-
TUAWJICEPUHA Ca YHYTpalllbe Ha CHOJbAIlby
cTpany miaasMa memOpane. IlpucyctBo ¢ocda-
TUAWJICEPUHA Ca CIOJbHE CTpaHe MeMmOpaHe
OZITOBOPHO j€ 3a Be3WBaIE 3a peuentope Ha da-
rountuma’. Rennja ce pacmaza Ha Mmaie, MeM-
OpaHOM OKpyXeHe ¢parMeHTe, T3B. aIloll-
TOTUYHA TeNla, Yy KOjuMa ce Hajasze IeJI0BU
OUTOIUIa3Me ca MOP(OJIOMIKH OYYBAaHHUM Opra-

changes occur in a precisely determined manner,
and therefore of which it is also called pro-
grammed cell death. Apoptosis in many cases
occurs spontaneously but can also be induced by
physiological and non-physiological factors, as
well as by harmful agents. Apoptosis is initiated
when eliminating the damaged and "dangerous"
cells as well, cells with damaged DNA, cells with
inadequate mitogenic signals,
immune cells, when eliminating infectious cells
etc. Disorders in the regulation of apoptosis have
a role in the pathogenesis of many diseases such
as neurodegenerative diseases, myocardial

auto reactive

infarction, autoimmune disorders (rheumatoid
arthritis, systemic lupus erythematosus) and
others”.

MORPHOLOGICAL AND BIOCHEMICAL
FEATURES OF APOPTOSIS

During the apoptotic process a number of dif-
ferent changes occur regardless of the type of cell
or the circumstances under which those changes
were provoked.

Apoptosis affects individual cells. The
firstchanges arereflectedin the lossof intercellular
connections.The volume ofthe celldecreasesdue
tothe condensation ofcytoplasmicproteins. Nu-
cleustakes a shape of a horseshoe due to the con-
densation and degradation of chromatin. Endonu-
cleases cut DNA molecules into fragments of
30-500 kb, and subsequently into the small oli-
gonucleosomalfragments, that consist of frag-
ments 180-200 bps long.Degradation of DNA
moleculesoccurs space between nu-
cleosomes and can be detected by agarose gel
electroforesis, as characteristic 180-200 bps lad-
der-pattern®. A dilatation of endoplasmic reticu-
lum is noticed in the form of large vesi-
cles.Cytochrome cisreleasedby mitochondria.
The transition of phosphatidilserine fromthe in-
ner to the outer side of plasma membrane is
process that occurs in the early stage of apop-
tosis. Presence of phosphatidylserine on the outer
side of the membrane is responsible for the
binding to phagocyte receptors’. Cellsdisinte-
grateinto small fragments surrounded by a mem-
brane, so called apoptotic bodies, which arepart-
sof the cytoplasm with morphologically preser-
ved organelles fragments of the

in the

and
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Henmama M ¢parMeHTHMa Hykieyca. OdyBaHOCT
MeMOpaHe y TOKY Ipoleca amonTo3e ClpeyaBa
n3NMBame henujckor caapxaja y OKOJIHHY, 1a 32
pasnMKy oJ mpoleca Hekpo3e, Hema mparehe
nH¢namaropHe peakiuje. Dopmupana anontor-
cka Terma Op3o QarouuTHpajy Makpodars wWin
cycenHe napenxumcke hemyje.

Baxxna kapakTepHcTHKa IpoLeca anorTo3e
je nmoBehana cuHTe3a nporenHa. Belinna ensuma
KOjH y4ecTBYjy y OBOM MpOLECY Cy WJIH HOBO-
CHHTETHCaHH WU CY aKTUBUPAHHU U3 MIPOCH3UM-
cke (¢opme nomTo je henuja mpuMuIa amnonToT-
ckn curHan [lopen Beh momMeHyTHX eHIOHY-
Kjea3a, BaKHY YJOTy Y TMpOLEeCcy amomnTo3e
uMajy um Kacmase'. Kacmase cy BHCOKO CIIeIu-
¢udHe mporease, Kojeé MMajy LUCTEUH y CBOM
AKTUBHOM MECTY M CEJIEKTUBHO JENTyjy Ha MECTY
u3a acmaprata y nporenHuMa. Kacnase ce cun-
TETUIIYy Ka0 HEaKTUBHU NPEKYCOpH — MpoKacma-
3e, a aKTHBHPajy Ce€ MPOTCOIMTUYKHM OJBaja-
weM Behe (oko 20 kD) u mame (oxo 10 kD) cy6-
jeAMHUIE KOje ce 3aTHUM MOBe3yjy y OOIHKY
aKTHUBHOI XerepoamMepa. Kacmaze perymuiry
MPOTEONU3y TOKOM amoNnTOTCKe CMpPTH henwje.
[Iporeaszna kackana je upeBep3uOMIHA, KaJ je-
HOM [JOCTHTHE KPUTHYHY TadyKy Ha MyTy Je-
crpykuyje, henmja ymupe. Paznuuutu ctumyiy-
CH JIOBOZIC 10 aKTHWBaluje Kacmnasa. [Ipse kacma-
3€ KOje ce aKTUBUPA]y Cy MHUIUjaTOPCKE, a OHE
aKTHBHpPAjy TaKO3BAaHE Er3eKyTOPCKE Kacmase.
Ho nanac je uaentuukoBaHo 14 umaHoBa 1mo-
poauIle Kacnasa, Ipy 4yeMy npokacnase 2, 8, 9 u
10 ybpajamo y MHHMLIMjAaTOpCKe, a MMpokKacmase 3,
6 u 7 y edexropcke kacnasze. Kacnase nenyjy Ha
KJby4YHE MpoTenHe henuje, Kao MWTO Cy MpOTeu-
HU KOjH PEryjHIly amnonTo3y, HyKJIeapHe JaMH-
HE ¥ KOMIIOHEHTE IUTOCKEIeTa, eH3uMe-peryJia-
Tope henujckor nuKITyca, eH3UMe KOjH Cy YKIbY-
4YeHHU y nompaBky omtehema monekyia JHK u
Apyre.

Benuku Opoj curnana u3 Crosballbe CPeau-
HE MOXE Ja akTHBHpa jeJaH Off JjBa OCHOBHA
amonTOTCKa IMyTa - CHOJBAIlBM YT amonTo3e,
KOjU YKJbYUyje pELenTope CMPTH, U YHYTpa-
LU, MUTOXOHIPHjATHH YT .

Crospamimy MyT ce nmokpehe TUpEeKTHUM Be-
3MBamEM JIMTaHJa 3a pelentope Ha hemmjckoj
MemOpanu, kao mwTto cy Fas, TNF penenrtop wim
TRAIL penentop win AenoBameM €H3UMa IH-
torokcnyaux T numdonura u NK henuja (en-
3uM nepdopuH u rpansuMm b). BesuBamem nu-
rafja 3a penenTope Ha MeMOpaHH, J0JIa3d 10
KOH(OpMaIIMOHUX MPOMEHA HHTpaLeTyIapHUX
JOMEHA W PErpyToBama aJaNTepHUX H OPYTHX
MpoTenHa Tako Aa ce (GopMUpa NPOTEHMHCKU

nucleus.Preservation of membrane during apop-
tosisprevents leakage of cellular contents into the
environmentand in contrast to the process of ne-
crosisthere is no accompanying inflammatory
reaction.Formed apoptotic bodies are rapidly
phagocytosed by macrophages or neighboring
parenchymal cells.

An important feature of apoptosis is increa-
sed protein synthesis.Most enzymes involved in
this processare either newly synthesized or acti-
vated from proenzyme form after the cell has re-
ceived apoptotic signal.Caspases play an impor-
tant role in apoptosis’. Caspases are highly spe-
cific proteases, which have cysteine in their
active site and selectively act in the site behind
the aspartates in proteins.Caspases are synthe-
sized as inactive precursors- pro-caspases, and
they are activated by a proteolytic separation of
the smaller (about 10 kD) and the bigger (about
20 kD) subunit, which are then connected in a
form of active heterodimer. Caspase regulate
proteolysis during apoptotic cell death. Protease
cascade is irreversible, once it reaches a critical
point on the way to destruction, the cell dies.
Various stimuli lead to caspase activation.First
caspases that are activated are initiator caspases,
which in turn activate effector caspases.To date
14 members of the caspase family have been
identified, wherein procaspases 2, 8, 9 and 19
belongto the initiator caspases group, whereas
procaspases 3, 6 and 7 belong toeffector caspases
group. Caspases affect the key cell proteins, such
as proteins that regulate apoptosis,nuclear lami-
nas and cytoskeletal components, enzymes that
regulate the cell cycle,enzymes involvedin the
reparationof the damaged DNA molecules and
others.

A significant number of signals from the
outer environment can activate one of two main
apoptotic pathways-extrinsic, which
death receptors and intrinsic, the mitochondrial
pathway’.

includes

The extrinsic pathwayis initiatedby direct
bindingofthe ligand tothe receptors on the cell
membrane, such as Fas, TNF receptor or TRAIL
receptor or by action of cytotoxicT lymphocytes
and NK cells (enzyme perforin and granzyme).
Ligand binding to receptors on the membrane
creates a conformational change of intracellular
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kommuiekc DISC (death inducing signaling
complex). Ca ¢opMupameM OBOI' KOMILIEKCA
aKTHBHpPAjy ce MpoKacnasza § W/WiM mpokacrasa
10 koje mokpehy wuHTpahenujcky mnpoTeonu-
TUYKY Kackaxy Boaehu henunjy y cMpT .

C npyre crpane, omTehema Ha MOJIEKYITY
JHK, n3a3BaHa TpelIKOM Y peIuIMKauuju, Iej-
CTBOM (PM3MUYKMX M XEMHUjCKHX areHaca, kao u
CIO0OJHMM  paguKaduMa, TOoKpely mpotec
anonTo3e u3 came hemuje. OBaj, yHyTpallmu
anoONTOTHYKH MYT 3al04nibe ociiodalhameM mpo-
anoONTOTHYKUX NPOTEMHAa M3 MUTOXOHIpH]ja.
OBHM NpOTEeWHU Ce HOPMAIIHO Hana3e y WUHTep-
MeMOpaHO3HOM TPOCTOPY MeMOpaHe MHTOXOH-
IpHja, a KaJl ce 0cio00/e y HUTOIIa3My JOBOJIE
70 aKTUBAlMje IPOTCONUTHYKE KacKajae Kacmasa
u anontorcke cMpTu henuje. Llurocomau uuto-
xpom 1] ce Besyje 3a agantepan nporenH Apaf-1
(Apoptosis protease-activating factor) u mpoka-
crmaszy 9, Kojy akTuBupa crBapajyhu nHTpauery-
JIAPHHU KOMILJIEKC KOjH je TTO3HAT Kao allONTO30M.
ATIOIITO30M aKTUBUpA Kacmasy 3 Koja AOBOIH 10
hemmjcke cmptu’. Ocum muToXpoma LI, MuTO-
XOHJIIpHje cafpXe U Apyre amontorcke ¢axrope
kao mro cy AIF (apoptosis inducing factor) u
eHJloHyKJea3a [

Wuxuburopu amonrto3e cy Ipyna CTPYKTY-
paIHO W (QYHKIMOHATHO CIMYHUX IPOTEHHA
KOjH Cy eHIOreHH MHXuOMTOpu Kacmasza. OHu
MOT'y MHXHOHMpaTH Kacrna3e Be3HBameM 3a HU-
XOBO aKTMBHO MECTO, CTUMYJIHCAHEM Jerpana-
[Mje aKTUBHUX Kacmas3a WM MPOCTOPHUM pas3i-
Bajam-eM Kacrasa oJl CBOjHX CyICTpara .

PEI'YJAIIMJA ITPOLECA AIIOIITO3E

JlaHac je TO3HAT YMTaB HU3 I€HA, OIXHOCHO
BUXOBHUX MPOAYyKaTa, KOjU PEryjaully amonToT-
cky hemujcky cmpr. IIporenncku npoayktu ¢a-
mundje bel-2 rena ce yOpajajy y BakHe peryia-
TOpE Mpoleca amorrrose’. Heku wmanoBu bcl-2
¢damunmje cy CTUMYyIaTOpH Tpoleca aronTo3e
(npoanontorcku mporeuHu - Bad, Bax, Bak,
Bag, Bik, Bid, Hrk, Diva, BNIP3), nok cy apyru
YJIaHOBU WHXMOWUTOpPH (@HTHAMONTOTCKH IIpO-
teunu, Bel2, Bel-xL, Mcl-1, Boo). OBu nporen-
HU Mel)ycoOHO cTBapajy XeTeponuMepe 1 lHUXO0B
MehycoOHN onmHOc ozapehyje peakuujy henuje
mpeMa areHcHuMa KOju HWHAYKYjy aromnTosy.
AKXTHBAIIjOM HHULM]jaTOpa aronTo3e J0Ma3H J10
¢dopmupama mopa Ha MeMOpaHH MHUTOXOHJIpHja
Kpo3 Koje u3naze uutoxpom L[ m npyru mHTEp-
MeMOpaHCKM MHTOXOHAPHjallHH MPOTEUHU Y
OUTOIUIA3MYy. AHTHAIONTOTCKM TPOTEUHU ce
HaJase Ha CHOJhAIllb0j MUTOXOHIPUjATHO] MEM-
OpaHM, Ha CIOJBAIHO] CTPAaHU EHIOIIa3MaT-

domain and recruitsadapter proteins and others to
form a protein complex DISC (death inducing
signaling complex). This complex activates pro-
caspase8 and/or procaspase 10, which initiate
intercellular preteolytic cascade leading the cell
into death®.

On the other side, damages to the DNA
molecule, caused by a replication error, the influ-
ence of physical and chemical agents as well as
free radicals, trigger the process of apoptosis.
This intrinsic apoptotic pathway begins bythe
release of proapoptoticproteinsfrom mitochon-
dria.These proteins are normally located in the
intermembrane space of mitochondrial membra-
ne, but when they are released into the cyto-
plasm, they lead toactivation of the proteolytic
cascade of caspases and the apoptotic cell
death.Cytosolic cytochrome c binds to theadapter
protein Apaf-1 (Apoptotic protease-activating
factor-1) and to the procaspase 9, which it acti-
vates and form an apoptosome. Apoptosome acti-
vates caspase 3, which leads to cell death’. Be-
side cytochrome c, mitochondria also contain
other apoptotic factors such as AIF (apoptosis
inducing factor) and endonuclease G.

Inhibitors of apoptosis are a group ofstruc-
turally and functionally similar proteins, which
are endogenous inhibitors of caspase. They can
inhibit caspaseseither by attaching themselves to
their active site, or by stimulating degradation of
active caspases or by spatial separation of cas-
pases from their substrates®.

REGULATION OF APOPTOTIC PROCESS

It is known a series of genes, andtheir pro-
ducts, which regulate apoptotic cell death. Pro-
tein products of bcl-2 gene family are important
regulators of apoptotic process’. Some members
of bcl-2 family are stimulators of the process of
apoptosis (proapoptopic proteins — Bad, Bax,
Bak, Bag, Bik, Bid, Hrk, Diva, BNIP3), while the
other members are inhibitors (antiapoptopic pro-
teins-BCL2, Bcl-xL,Mcl-1, Boo). These proteins
form heterodimers and their relative ratiodeter-
mines the cell reaction towards agents inducing
the apoptosis. Activation of apoptosis initiator-
sleads tothe formation of poresin amitochondrial
membrane, through which cytochrom c and other
mitochondrial intermembrane space proteins go
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CKOT' PETHKYJIyMa U HYKJI€apHOI' OMOTa4ya ¥ OHU
WHXUOUIITY aronTo3y yriIaBHOM TakKo LITO CE Be-
3yjy 3a mpoaromnTtoTrcke nporenne. [Ipoamonrtor-
ckn Bcl-2 mporennn obyxBatajy nBe noadamu-
mje: BH123 (to cy Bax m Bak) m BH3only
nporerunu (Bid, Bim, Puma, Noxa, Bad).
BH3only nporenHn npoMoBHIly amonTo3y TaKo
LITO WHAKTUBHIIY aHTHAMONTOTCKE MPOTEHHE, a
takohe omoryhaBajy u arperauujy Bax u Bak
MpOTEeHHa, MITO JAOBOAM A0 OTMYIUTama WHTEP-
MeMOpaHCKUX MHUTOXOHAPHjaTHUX MPOTEHHA Y
nuTorazmy'.

TyMmop cympecopcku reH, p53 UMa OIITy-
gyjyhy ynory y 3amrutd henuje om Maiurae
tpanchopmammije’ . Omrehema monexyna JJHK
MOJCTUYY TPAHCKPHUILUOHY aKTUBHOCT p53, a
Kao TMocjeauia oa3y 10 3aycTaBibama henuj-
ckor nuknyca y I'l das3u u akTuBanuje Mexanu-
3aMa KOju Ta omrtehema Momnpasibajy, WIH IO
MOKpeTama amonTOTCKOT MEXaHHU3Ma, YKOIHUKO
cy omrehema Henmompas/buBa. AKTHBalHja
amoONTOTCKOT Mporpama MOCPEACTBOM pS53 Moxe
na ce oaurpa mpeko Fas penentopa, Bel-2 da-
MUIIMje IPOTEHHA, Kao U MpeKo muroxpoma L] u3
MUTOXOHIpHja .

[IponykT mpoTo-OHKOreHa c-myc je TpaH-
CKpUNUMOHN (akrop Myc, KOju HMa BaXHY
yIIOTy y KOHTpoiu henujckor pacta ¥ BUjaOWII-
HOCTH, alli ¥ Y HHAYKIHjH IpoLeca arnonrose’ .
[IpoTenHCKH MPORYKTH C-myc TeHa YUEeCTBY]Y Y
KOHTpONK henujckor nMKiIyca, peryiuiryhn
HuBo 1ukimnHA D, A u E, u nHXMOUTOpa ITUKINH
3aBHCHHX KHHa3a. [IpekomepHa ekcmpecuja mo-
kpehe amonTo3y myreM MexaHU3Ma KOjU YKJbY-
qyje reH p53.

REJIMJCKHU NUKJIYC

Renujcku 1UKIyC je HU3 CIOXKEHHX OHO-
JIOIIKKX IpoIieca KOju J0BOJAE 10 MpELH3HE 1y-
IUTMKALWje TeHETHYKOr MaTepujajia U AUCTPH-
Oymuje y hemjama-noromiuma. CroxeHH KOH-
TPOJHHM MeXaHu3Mu 00e30ehyjy HampemoBame
LUKIyca y JK€JbEHOM CMEpY M TpOBepaBajy Jaa
¢y y oapeheHoj a3y HCIyHEHH CBH HEOI-
XOJIHM YCJIOBHU 3a mpenasak y cienehy daszy. ¥V
peryiganuju heawjcKor HUKIyca BaKHY YJIOTY
MMajy UMKIUH 3aBHCHE KMHA3€ M LUKINHH, Kao
¥ MHXUOHTOPH LMK/IMH 3aBHCHUX KnHa3a'",

Huxnun 3aBucHe kunHaze, Cdks (Cyclin de-
pendent kinases) cy rpyna eH3uMa udja aKTHB-
HOCT pacTe W omnaja y TOKy helujcKor uKiyca,
perynumyhu kpydHe porahaje y pemiukanuju
TEHEeTHYKOI Matepujana ® henujckoj aeodwu.
Onm mpumnanajy QpaMuianju CEpUH/TPEOHHH KH-
Haza U QocopuiInily LUIPHE MPOTEHHE, LITO

into the cytoplasm. Anti-apoptotic proteins are
located on the outer mitochondrial membrane, on
the outer sideof the endoplasmicreticulum and of
the nuclear envelope and they inhibit apoptosis
mainly by binding themselves to proapoptopic
proteins. Proteinsbcl-2 comprisetwosubfamilies:
BH123 (these are Bak and Bah) and BH3only
proteins (Bid, Bim, Puma, Noxa, Bad). BH3only
proteins promote the apoptosis by inactivating
anti-apoptotic proteins and also enable aggrega-
tion of Bak and Bah proteins, which leads tomi-
tochondrial intermembrane space protein release
to the cytoplasm'®.

Tumor suppressor gene p53 has a decisive
role in cell protection from malignant transfor-
mation''. Damage of a DNA molecule stimulates
p53 transcriptional activity, and as a conse-
quence, a cell cycle arrests in G1 phase of the
cell. The mechanisms that repair damage are
being activated , or, in caseof irreparable damage,
the apoptosis mechanisms are initiated, leading
cell into death. Activation of the apoptotic pro-
gramby p53 can take placethrough Fas receptors,
Bcl-2 families of proteins, as well as through
cytochrome ¢ from mitochondria'.

The product of proto-oncogene c-myc is a
transcriptional factor Myc, that playsan important
role in control of cell growth and viability, but
also inthe induction of apoptotic process'.The
protein product of c-myc gene participates in the
control of the cell cycle, regulating the level of
cyclin D,A and E, and of the cyclin dependent
kinase inhibitors. Overexpression of c-myc indu-
ces apoptosis via mechanism that includes p53.

CELL CYCLE

Cell cycle is a set of complex biological
processes that lead to precise duplication of the
genetic material and itssegregation to the new
daughter cella. Complex control mechanisms
provide the cycle progression in a desirable di-
rection and checkwhether all necessary condi-
tions for the transition into the next phase are ful-
filled.Important role in the cell cycle regulation
have cyclin dependent kinases and cyclins, as
well as cyclin dependent kinase inhibitors'*.

Cyclin dependent kinases, Cdks are a group
of enzymes, whose activity grows and descends
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JIOBOJIM 10 MHXUOWIIM]jE WU aKTHBAIHjE MOJIEC-
KyJa.

HuknuHu cy Tpyna CTPYKTYPHO CIHUYHUX
MpOTEeHHA KOjH ce JOOHMIN MMe MO TOME LITO ce
UUKIMYHO CUHTETHUIY | JIerpagupajy TOKOM pa-
smuunTHX ¢asza hemmjckor numkiyca. [Ipomene
HUBOA IMKIWHA JOBOAE A0 aKTUBAIHje KOM-
miekca nukiIuH-Cdk, xoju ¢ochopunmiie csoje
IUJbHE TPOTEHHE W WHAYKYje crenuduune he-
nmjcke porabaje.

Hajmyxa d¢asza henmjckor mmkmyca je 'l
¢aza, TokoM Koje je henuja mpujeMunBa Ha A¢j-
CTBO CHTHaJIa U3 CrioJbHE oKkonuHe. PakTopu pa-
CTa, Be3MBamEM 3a CIeHU(HUUHE peLenTope,
Hajuemrhe Najy CUTHAJ 3a 3alovyumbame henuj-
CKOI' IMKJIyca M CHHTe3y IHKInHa D koju ce
CHHTETHIIEC [OKJIE TOJA TMOCTOjH CTUMYJaluja
¢dakropuma pacta. HuBo nmkinmna D pacre y
panoj I'l ¢asu u gocTrxe cBOj MaKCUMyM Y Ka-
caoj I'l dasm, kaga henuja Hem3z0exKHO Mpenasu
y C ¢azy. Huknun D rpaan kommiekce ca Cdk4
n Cdk6 koju moBoxpe nmo dochopunamuje mpo-
TenHa pernHoOnacroma, Rb. Haume, Rb damu-
Jja mpoTenHa y xumnodochopuircaHoM cramy
3a ce0e YBpCTO Be3yje TPAHCKPUIIHOHE (aKTo-
pe E2F u eH3uM XHMCTOH-AealeTHsa3y, OApxKa-
Bajyhu MHXMOWUTOpPHE KOMILJIEKCE Ha MPOMOTO-
pUMa KIJBYYHUX DEryJaTOpHUX TeHa henmjckor
nukinyca. @ochopunanujom nporenHa Rb nomna-
31 10 ocnobahama TPaHCKPUILIMOHOT (akKTopa
E2F-1. [lubHU TeHH 3a OBaj TPaHCKPUILIMOHU
¢dakTop cy perynatopu hemujckor mukiIyca -
nukiuH E ¥ nukIuH A, Kao U €H3UMU MOTped-
HU 3a cuHTe3y U perumkauujy JHK. Kommiekc
nukinuHa E n Cdk2 moBoau no masee docdopu-
nanuje nporeuHa Rb, 36or vera henuja mponasu
PECTPUKLIMOHY TauKy M ylazu y ¢a3y persimka-
uuje. 3a mpenaszak henmuje y C ¢a3zy henmjckor
nukiyca — ¢asy pemnukanuje JHK, Baxkny
yiory uma u komiuieke nukinuHa A u Cdk2, kao
u xomiiekc Cdkl (mo3nate kao Cdc2) u 1UKIH-
Ha B. OBaj KoMIUIEKC TOBOAHM JO KOHIEH3allH]je
XpoMo3oMa U pacnaga MemOpane jeapa. Harmm
MopacT aKTUBHOCTH KOMILJIEKCA 3all0YHIbE J0Ta-
haje y paHoj MHTO3H, Kaga gonasu 10 (opmu-
pama Jeo0HOr BpereHa U npuyBphnBama eH-
TpoMepa XpoOMO30Ma 3a HUTH JCOOHOT BpETEHA.
3a mouerak aHadase U KOMILICTUPAE MHUTO3E,
HEONXOJHA je aKTUBALHja MYJITHMEPHOI KOM-
minekca APC (apoptosis promoting complex).
APC je uman yOyKBUTHH JHrasa amminje eH-
3MMa KOjU KaTajn3yje NECTPYKLUU]y CeKypHHa U
TakO WHHULOMpa pas3iBajambe xpomatuaa. OBaj
KOMIIJIEKC j€ YKJbYUEH M Yy pasrpaimy LUKIHNHA
koju cy aktTuBHH y C 1 M ¢a3u henujckor nu-
Kiyca. JlecTpyKUMjoM LMKIMHA Ce MHAKTUBUPA

during the cell cycle, regulating key events in the
replication of genetic material and cell division.
They belong to a serin/threonine kinases family
and they phosphorylate target proteins, which
leads to inhibition or activation of molecules.

Cyclins are a group of structurally similar
proteins that are cyclically synthesized and de-
gradedduring different phases of the cell cycle.
Changes in the cyclin levels lead to activation of
cyclin-Cdk complex, which phosphorylates its
target proteins and induces specific cellular
events.

The longest phase of the cell cycle is Gl
phase, during which the cell is susceptible to the
stimuli fromexternal environment. Growth fac-
tors, by binding to specific receptors, mainly
provide a signal for initiation of the cell cycle
and cyclin Dsynthesis, which is synthesized as
long as there is stimulationof growth receptors.
Cyclin D level increases in the early G1 phase
and reaches maximum at a late G1 phase, when
the cell enters the S phase. Cyclin D forms a
complexes with Cdk4 and Cdk6, which lead to
phosphorylation of retinoblastoma protein, Rb.In
fact, Rb protein family in its hypophosphorylated
condition firmly attaches transcription factors
E2F and enzyme histone deacetylase to itself,
keeping inhibitorycomplexesonpromoters of the
key regulatory genes of the cell cycle. When
protein RB is phosphorylated, transcription factor
E2F-1 is released. Target genes for this tran-
scription factor E2F are cell cycle regulators —cy-
clin E and cyclin A, as well as enzymesnecessary
for synthesis and replication of DNA. Cyclin E
and Cdk2 complex lead to the further phos-
phorylation of the Rb protein, because of which
the cell passes through the restriction point and
enters the replication phase. Important role for
cell entry into S phase (DNA replication
phase)has complex cyclin land Cdk2, as well as
complex Cdkl (also known asCdc2) and cyclin
B.This complex leads to the condensation of the
chromosomes and breakdown of nuclear mem-
brane. Increase of the activity of the complex in
early mitosis initiate assembly of the mitotic
spindle and attachment of centromeres to the
spindle. The activation of a multimeric complex
APC (apoptosis promotic complex) is required to
start anaphase and complete mitosis. APC is a
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Behnra Cdk y henuju, a xao mocienuiia monasu
1o aedocdopunanyje MUIBHUX MPOTEHHA IITO je
HEOITXOJIHO 32 3aBPIIIHE KOPaKe MHUTO3¢ M IUTO-
kuHese".

HuknuH-3aBUCHM ~ MHXUOWTOpU  KHHA3a,
CDIs (cyclin dependent kinase inhibitors) cy
VKJbYYCHH Y MOIYJIalHjy aKTHBHOCTH LUKIHH
3aBHCHMX KMHa3a TOKOM heNWjCKOr IHKITyca.
damMunrje oBUX MPOTEHHA MOXKEMO MOACTHTH Y
nse xateropuje: INK 4 (pl6, pl5, pl8, pl9) u
CIP/Kip (p21, p27, p57) pamunujy naXubUTOpA.
[MpekomepHa ekcmpecuja OWIO KOT YiIaHa
CIP/Kip dammiuje mpoyspokyje 3actoj y 'l
¢asu henmjckor nukKiyca, AOK MPEKOMEpPHA EK-
cnpecuja INK4 unanoBa moBoau o penykuuje
Husoa mukiand D/Cdk4 xomruiekca'®.

NHXubuTOpHU NPOTENHU CE CUHTETHUINY Kao
OITOBOp Ha CIOJBAILHE CUTHAJIE 3a 3ayCTaBJba-
e NenMjcKor HUKITyca WK U OICYCTBY OATOBa-
pajylinx MUTOreHNX CHTHaja.

KOHTPOJIHU MEXAHU3MHU
(CHECKPOINTS) ¥ REJTUJCKOM
LHUAKJIYCY

VYKOIMKO HUCY HCIYHEHH CBH YCIOBH 3a
ycremHy henujcky neoly mona3u 10 3ayCTaB-
Jbama henujckor NUKIyca Npu YeMy ce aKTHBH-
pajy oaroeapajyhu KOHTpoIHH MexaHu3Mu. OBH
KOHTPOJIHW MEXaHW3MH Ha3BaHU CYy KOHTPOJIHE
tauke (checkpoints) u oHU cmpedaBajy peruiu-
kauujy omtehene JJHK y C ¢asu — I'l check-
point, OAHOCHO TIOTPEIIHY Cerperanujy XpoMo-
30ma — I'2 checkpoint .

Omrehewa Ha monekymy JJHK mory nacra-
TH Kao Pe3ynTaT CHOHTAaHUX XEMH]CKHX peak-
uuja y AHK, xao mocneauna rpemike TOKOM pe-
wmkauuje JHK, wim HakoH mznarama henuje
XEMHjCKUM WK (Gu3n4KkuM areicuma. Kao oaro-
BOp Ha Hactano omrteheme, KOHTPOJIHE Tauke
3aycTaBJbajy hemujcKu HUKIYC Y IaTOM MOMEH-
Ty, Jajyhu BpeMeHa henuju Ja monpaBu HACTAIIO
omreheme.

Vxomuko je JHK omrehewme HacTtamo mpe
ynacka hemuje y C a3y, monasu go nosehama
AKTUBHOCTH TPAaHCKpUMIMOHOT (akropa p53. Y
HopMmaiHoj henuju HUBO pS3 je HU3AK jep ce OH
Op30 pasrpahyje y mpoTeo3oMy IMOCPEACTBOM
YOMKBUTHH JUTa3e. AKTHBAaINMja OBOT TyMOp CY-
npecopa omoryhaBa eKcmpecHjy pa3IuuuTHX
UUJBHUAX TeHa YKJbydeHuX y penapaunjy JHK,
KOHTpONy henujcKor NHKIyca H  aronTosy.
AxTUBUpaHU P53 IOBOIU IO CUHTE3E MPOTEHHA
p21 xoju naxubupa uukiauH D/Cdk4,6 1 uukmua
E/Cdk2 kommuekce y3pokyjyhu 3acroj henuj-
ckor nukiyca y I'l ¢asu. Ykomuko ce pamu o

member of ubiquitin ligase family of enzymes re-
sponsible for destruction and initiation of the
separation of sister chromatides. This complex is
also involved in the degradation of cyclins which
are active in the S and M phase ofthe cell cycle.
Cyclin destruction inactivates most of the Cdks
in a cell, and leads to dephosphorilation of the
target proteins, which is essential for the final
steps of mitosis and cytokinesis'.

Cyclin-dependent kinase inhibitors, CDIs
modulate the activity of cyclin dependent kinases
during the cell cycle. The family of these proteins
can be divided into two categories: INK 4 (p16,
pl5, p18, p19) andCIP/Kip (p21, p27, pS7) fam-
ily of inhibitors. Overexpression of any member
of the CIP/Kip family causes a cell cycle arrest at
the Glphase. Also, overexpression of any mem-
ber of the INK4 family leads to reduction in the
level of cyclin D/Cdk4 complex'.

Inhibitory proteins are synthesized in re-
sponse to environmental signals for cell cycle
arrest or in the absence of mitogenic signals.

CHECKPOINTS IN THE CELL CYCLE

If all conditions for cell division aren't
met,the cell cycle progression stops, and activates
the appropriate control mechanisms.These con-
trol mechanisms are called checkpoints and they
prevent the replication of the damaged DNA in
S-phase (G1 checkpoint), as well asinadequate
chromosome segregation (G2 checkpoint)'.

Damages to the DNA molecule can occur as
a result of spontaneous chemical reactions in the
DNA, as a consequence oferrorduring DNA rep-
lication, or after exposure of the cell to chemical
or physical agents. As a response to the da-
mage,checkpoints stop the cell cycle progression,
giving the cell the time to repair the damage.

If the DNA damage occurs inS-phase, tran-
scription factor p53 increases its activity. In a
normal cell p53 level is low, because it is rapidly
degraded by ubiquitin ligases. Activation of this
tumor suppressor enablesexpression of different
target genes, which participate in the DNA re-
pair, cell cycle control and apoptosis. Activated
p53 leads to p21 protein synthesis, which inhibits
cyclin D/Cdk4,6 and cyclin E/Cdk2 complexes
causing the cell cycle arrest in G1 phase.In case
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HermoBpaTHOM omTehewmy, pS3 akTuBUpa TreHe
VKJbY4YE€HE Y HWHAYKIM]y Mpoleca aroITo3e.
AxTHBaIMja amoNTOTCKOr Tpoleca MOCpea-
cTBOM p353 Moxe Aa ce omurpa mpeka Fas pe-
uentopa, Bcl-2 ¢amunuje mporenHa kao u
npeko nuroxpoma Ll U3 MUTOXOHIpHja KOjU ce
aKTUBHpa TIOCpeACcTBOM mpoTenHa pS3AIP,
Noxa u PUMA'™.

3aycraBibame henujckor nukiyca y I'2 dasu
HacTaje WM Kao MOcJequla CMamelha HUBOA
uukimHa B y henuju wnm kao mocnenuna Xu-
nepdochopunanuje Cdkl. McrpaxuBama moka-
3yjy Ja u p53 mportenH mpeko p2l, uujy TpaH-
CKPUIIIHjYy aKTHBHPA, YUECTBYj€ Y 3ayCTaBJbamby
henmmjckor mukiyca y I'2 ¢dasu, 3aycraBipameM
cuntese nukmnHa B u Cdk1™,

henuja 3aycraBibena y oapeheHoj ¢asu uu-
KIyca MMa IIaHCY Ja WCIpaBH olTeheme Ha
monekyny JHK akxtuBupamem onrosapajyhux
KOHTPOJIHUX MEXaHW3aMa M OHJa HacTaBH ca
neoboM WM Ja aKTHBUpPA aIllONTOTCKE MEXaHH-
3Me€ M 3aBpIIM CBOj KMBOTHHU wukiyc. Koju he
o7l oBa JiBa myTa Ja u3abepe, 3aBUCH Of] BPCTE H
crenena omrehema JJHK.

INOPEMERAJ Y PEI'YJIAIIMJU
AIIONITO3E U REJINMJCKOI' HUKJIYCA
Y KAHIIEPCKOJ REJINJN

Jom cemameneceTWx roAMHa MPOLUIOT BEKa
youeHa je Be3a uzMehy nopemehaja y amontosu
u demhe mojaBe Tymopa. Myrtauuje y reHHMa
KOjH Y4YecTBYjy Y HMHIYKLHWjU aroNTo3e HMajy
BaXKHY yIOTY y Mpolecy KaHIeporenese' .
AreHcH MOTy IOHOBO J]a YCIIOCTaBE aronTOTCKe
MyTeBe MMajy MOTEHIWjal Ja eTMMHHUILY KaH-
uepcke henyje.

Beh je peueHo ga Tymop cymnpecopcku mpo-
TeMH pS53 ydecTByje y perymauuju hemmjckor
OUKIyca M y HMHAYKOWJH TIpoleca amoITo3e.
Koju he oxn oBa nBa myra henuja ga uzabepe 3a-
BHCH O]l BEIMKOT Opoja ¢axropa, y IpBOM pexy
on creneHa omtehema monekyna JHK. ¥V mHo-
MM XyMaHHM KaHLlepuMa je mpoHal)eH MyTupaH
red p53. OBe myranuje y reHy pS3 moBoje 10
eKCIIpecrje HeaKTUBHOI MpoTenHa p53, Koju He
MOXE Jla MHAyKYyje alonTo3y y OArOBOPY Ha
omrrehewa JIHK. 36or tora ce p53 craryc Ty-
MOpa KOPHUCTH Kao MPOTHOCTHYKH (aKTop 3a Te-
pamumjy Tymopa®.

[To3HaTto je Takohe aa u nmpotenH c-Myc nu-
PEKTHO aKTHBHpPA T'eHE KOjU CY YKJbYUEHH KaKo
y npaudepanyjy, Tako U y HHIYKIHU]y Mmpoleca
anonTo3e. MHUTOreHH CTUMYNIyIIy Mponudepa-
Wjy UHOYKOBaHy c-Myc-oM, JOK aHTHAIONTOT-
cku (akropu, kao mTo je Bcl-2, 3aTBapajy

of irreversible damage, p53 activatesthe genes,
involved in the induction of apoptosis. Activation
of the apoptotisthrough p53 activity can be reali-
zedthrough Fas receptors, Bcl-2 protein family
and also cytochrome ¢ from mitochondria, which
is activated by means of p53AIP, Noxa and
PUMA'.

Cell cycle arrest in the G2 phase is either the
result of the reduction of cyclin B level in the
cell, or the result of hyperphosphorylation of
Cdk1.Studies show that proteinp53 via p21, par-
ticipates in cell cycle arrest in the G2 phase, by
arresting the synthesis of cyclin B and Cdk1'.

The cell stopped in a particular phase of the
cycle, has a chance to repair the damage on the
DNA molecule, by activating adequate control
mechanisms and proceedwithcell division, or
finish its life by activating apoptotic mechanisms.
Which one of these two pathways it will chose,
depends on the type and degree of DNA damage.

DISORDERS IN APOPTOSISAND CELL
CYCLE REGULATION IN CANCER CELL

In the eight decadeof the last century acon-
nection between disorders in apoptosis and an in-
creased incidence of tumors has been noticed.
Mutationsof genesinvolvedin the inductionof
apoptosis have a significant role in the process of
cancerogenesis'’. Agents that can re-establish
apoptoticpathways, have the potential to elimi-

nate cancer cells.

It was already mentioned that the tumor sup-
pressor protein p53 participates in the regulation
of the cell cycle and in the induction of apoptosis.
Which one of these two pathways the cell
choosesdepends on numerous factors, primarly
on the level of damage of the DNA molecule.In
many human cancers mutated gene p53 has been
found.These mutations in the gene p53 lead to
the expression of inactive protein p53, which
cannot induce apoptosis as a response to the
DNA damages. Therefore p53 status is being
used as a prognostic factor for cancer treatment™.

It is also been known that protein c-Myc di-
rectly activates the genes involved in both proli-
feration and induction of apoptosis. Mitogens
stimulate proliferation induced by c-Myc, while
antiapoptotic factors, such as Bcl-2, close the
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amoNTOTCKU IMyT WHAYKOBaH OBHUM TPAHCKPHII-
uuoHuM (akropom. Kanma npyru curaaam mHaK-
TUBUpPAjy OBE aHTHAmonToTcke (akrope, Myc
WHAYKYje hemujcky cMpT.

[Iporenn Rb nmMa BaxxHy ynory kKako y mpo-
rpecuju henmjckor mMKiayca Tako Wy HHXHOH-
LUjH [IpoIIeca aromnTo3e, jep MPencTaBiba UJbHU
NpOTeMH 3a JeloBame Kacmasa. AKTUBHO
yuemhe y amonTo3d HUMajy KOMIUIEKC LUKIHH
A/Cdk2, Cdc2 u nuxnud D, xao u CDIs. Nako
Cdks He mpumazaajy amonTOTCKOj MallMHEpHjH,
OHE aKTHBHPajy HEKOJIMKO CHTHAIHUX ITyTeBa
Koju Boze henujy y anonToTcky henujcky cMpr.

3HAYAJ AIIOIITO3E U REJNJCKOT
OUKJIYCA Y PA3BOJY HOBUX
TEPAIIMJCKUX MPUCTYIIA

Myranmje WiIM WHaKTHBalWja TeHa KOjU
YUECTBYjy Y peryianyju mpoleca arnonTo3e 10-
BOJIe 0 HEKOHTponucaHe Aeobe henmja m Ha-
CTaHKa TyMOpa. YTpaBO OBH T'€HH U HUXOBH
MPOTEHHCKH TPOAYKTH MpPECTaB/bajy LHUJbHE
MOJIEKYJIE y Tepanujy KaHIepa.

Y MHOrMM TyMOpHMa je WHAaKTHBHpaH TY-
MOp-CyIpecopcku TeH p53. Myrtaiuje y oBoM
reHy JOBOJE 10 Jiomer oAroBopa hemuje Ha
npuUMemeHy Tepanujy. ['eHcka Teparnuja mpuiu-
KOM KOje ce BpIIH TpaHcdep OBOI I'eHa IoMohy
BHUPYCHHX BEKTOpa HCTpaxyje ce jom ox 1996.
romune’’ . [IpeKIMHAYKE CTyHje Cy MoKa3anie aa
j€ UCIOJbEHU P53 TEH J0BEO 10 perpecHje TyMo-
pa 1 mo0oJbIIA0 MPEKUBIbABAE KO KUBOTHIHA
0e3 HexebeHUX edekara y OKOTHOM TKUBY. Y
KOMOMHALIMjU ca 3payHOM H/MIM XEMHO Tepa-
nyjoM nouuio je mo nosehama Opoja amonTot-
ckux henmja y MaaUrHOM TKHBY KOI TymMopa
myha, mpocraTe u Tymopa TiaBe u Bpata. He-
KOITUKO Kjaca JIeKOBA pPETYJHIIE EKCIPEcHjy
reHa Koju npumnazajy bel-2 ¢amunuju rena. Ju-
CIeNTHJ je MHXUOWUTOP XHCTOH JealeTuiiase
Koju cMmamyje ekcripecujy bel-2, bel-xL u mel-1
reHa y henujamMa KoJ MyNTHIUIOr MHjeToMa’.
OnaBonUpPUAON, WHXUOUTOP LUKIMH 3aBHCHUX
KHHa3a, penykyje HuBo Mcl-1 mporenna y he-
nujama KapuuHOMa riyha®. MHOMM areHcH Koju
ce KOpHUCTe y Tepanuju KaHiepa nosehasajy exc-
npecujy WM aKTUBHpajy T3B. 'pelentope
empti"*, kao wTo je ciyuaj ca TRAIL peren-
TOPOM KOJ{ TTIHOMA™ MITH KapLMHOMA KOIOHa .

Tepanuja ycMepeHa Ha Kacmase U HHUXOBE
IUPEKTHE W MHIUPEKTHE MHXHUOUTOpE Kao IITO
cy Apaf 1 u FADD ce nokasana ycnemHoM Ha
KHUBOTHICKAM MOJEIMMAa M Ha JHHHUjaMa Ty-
Mopckux henuja. Paznmuutu mpuctynu ykiby-
qyjy ($y3uoHEe MpOTeuHe KOju caapxke edexrop-

apoptotic pathway induced by this transcriptional
factor. When other signals inactivate these anti-
apoptotic factors, Myc induces cell death.

Protein Rb has an important role both in the
progression of the cell cycle and in theinhibition
of apoptotic process, because it represents a tar-
get protein for caspase activity. Active participa-
tionin apoptosis have complexes A/Cdk2,Cdc2,
cyclin D, as well as CDIs. Though Cdks don't
belong to the apoptotic machinery, they activate
few signal pathways that lead cell to programmed
cell death.

THE IMPORTANCE OF APOPTOSIS AND
CELL CYCLE IN DEVELOPMENT OF NEW
THERAPEUTIC APPROACHES

Mutations or inactivation of genes partici-
pating in the regulation of apoptosis lead to un-
controlledcell division and formation of tumors.
These genes and their protein products are the
target molecules in cancer therapy.

Tumor-suppressor gene p53 is inactivated in
many tumors. Mutations in this gene lead to poor
cell response to the appliedtherapy.Gene therapy,
during which there istransferof this geneby viral
vectors, has been explored since 1996*'. Preclini-
cal trials showed that expressed p53 gene leads to
regression of tumorsand improvedsurvivalin
animalswithout any side effectsinsurrounding tis-
sue. Combined with radio- and/or chemotherapy
there was an increase in number of apoptotic
cells in malignant tissue inlung, prostate and head
and neck tumors. Several types of drugs regulate
expression of genes belonging to the Bcl2 gene
family. Dispeptide is an inhibitor of histone
deacetylase, whichdecreases the expression of
bcl-2, bel-xL,mcl-1 genes in the multiple
myeloma cells. Flavopiridol, inhibitor of cyclin-
dependent kinases, reduces the level of Mcl-1
protein in the lung carcinoma cells®. Many
agents that are being used in cancer therapy are
enhancing the expression or activating so called
"death receptors"** as is the casewith theTRAIL
receptor in glioma® or colon carcinoma®.

The treatment directed to caspases and their
direct and indirect inhibitors such as Apaf-1 and
FADD was proven to be successful inanimal
models and tumor cell lines. Different approac-
hes involve fusion proteins that contain effector
caspases as well as small molecules, which di-
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CKe Kacrase Kao ¥ MaJic MOJISKYJIC KOjU TUPEKT-
HO AaKTHBHPA]y npoxacnasy—327 Tepanuja y
omuckoj OymyhHocTn BepoBaTHO he mpemcras-
JpaTH KOMOWHAIIM]y KOHBEHIIMOHAIIHE TEPaIlHje
U CTUMYJIaTopa aromnTos3e.

Mely nexoBuMa Koju Monmynuiny hemujcku
UUKIYC Haj3HAYAjHUjH Cy AWPEKTHU HHXHOH-
TOpU LUKIWH 3aBUCHUX kuHa3a (CDIs). Bbuxos
MeXaHH3aM JIeNIOBama je KOMIIETHTUBHA WHXU-
ounmja ATP Besyjyher mecta Ha eHsumy. JenHo
OJl TIPBUX CHHTETHUCAHMX jequmema je Onomy-
nMH koju wHxuOupa komriuieke Cdkl-muknma
B**. Pockopurus (10 myTa HOTEHTHU]H HHXUOH-
Top henmjcke nmponudepanuje ox OIOMYLHHA) U
¢maBonMpHION TPEHYTHO ce Hamaze y ¢asu
KIMHUYKEX HCIIATHBAKA ..

3AK/bYYAK

V3ajamHo aejctBo u3Mel)y amonTOTCKHX
¢dakTopa u perynaropa hemmjckor LHUKIyca
onpehyje cynbuny henmje y Bumehenujckom
opranusmy. I[IpexuBibaBame 1eIOr OpraHu3Ma
takole 3aBucu o Oananca uzMel)y oBa 1Ba mpo-
neca. [lopemehaju y perynanuju oBux mporeca
JOBOJE OO HAacTaHKAa MHOTHUX OONecTH, YKJbY-
gyjyhu u xannep. C apyre cTpaHe, ympaBo cy
MOJIEKYJIH KOjU YUECTBYBjy Yy peryialujd OBHX
mporeca LUJbHA MECTa 3a JeloBarbe aHTUTY-
MOpPCKHX areHaca. 300r cBera Tora, pa3yMeBame
Besze u3Mely amonrtos3e u henmujckor muKiIyca je
07l U3y3€THE BAXKHOCTH Y MPOHAJAKEHY HOBHX
TepanujcKux cTparervja y OopOM MpOTHB KaH-
epa.

3AXBAJIHULIA

OBaj pan je ypahen y oksupy III mpojekra
(6p. 41010) xoju je puHaHCcHpaH ox ctpaHe Mu-
HUCTapCTBA IPOCBETE, HAYKE M TEXHOJIOLIKOT
pas3Boja Pemmybnuke Cpouje.

JIMTEPATYPA/ REFERENCES

1. Trump BF, Berezesky IK, Chang SH, Phelps.PC. The
pathways of cell death: oncosis, apoptosis and necrosis.
Toxicol Pathology 1997; 25(1): 82-8.

2. Saikumar P, Dong Z, Mikhailov V, Denton M, Wein-
berg JM, Venkatachalam MA. Apoptosis: definition,
mechanism and relevance to disease. Am J Med
1999;107:489-506.

3. Risti¢-Fira A, Petrovi¢ I, Todorovi¢ D, et al. Ina-
ctivation of HTB63 human melanoma cells by
irradiation with protons and gamma rays. Oncology
Rep2004;12:1323-8.

4. Paidassi H, Tecnet-Delorme P, Arlaud GJ, Frachet P.
How phagocytes track down and respond to apoptotic
cells. Crit Rev Immunol 2009; 29: 111-30.

rectly activate procaspase-3*’. Therapyin the near
future will probably represent a combination of
conventional therapy and apoptotic stimulators.
Among the drugs that modulate the cell cycle, the
most significant are direct inhibitors of cyclin
dependent kinases (CDIs). Their mechanism of
action is competitive inhibition of ATP binding
site on the enzyme. One of the first synthesized
compounds is olomoucine, which inhibits Cdk1 —
cyclin B complex. Roscovitine (ten times more
potent inhibitor of cell proliferation than olomou-

cine) and flavopiridol are currently inclinical tri-
als™*,

CONCLUSION

Interactions of apoptotic factors and regula-
tors of the cell cycle determine the faith of the
cell in a multicellular organism. Survival of the
whole organism also depends on the balance
between these two processes. Disorders in regu-
lation of these processes lead to the development
of many diseases, including cancer. On the other
side, exactly those molecules involved in the
regulation of these processesare target spots for
the action of anticancer agents. Consequently,
comprehension of the relation between the
apoptosis and the cell cycle is crucial in finding
new therapeutic strategies forthe fight against
cancer.

ACKNOWLEDGEMENTS

This paper was written within the III project

(No. 41010), funded by the Ministry of
Education, Science and Technological
development.

5. Taylor RC, Cullen SP, Martin SJ. Apoptosis: controlled
demolition at the cellular level. Nat Rev Mol Cell Biol
2008;9:231-41.

6. Finnberg N, El-Deirz WS. TRAIL death receptors as
tumor supressors and drug targets.Cell Cycle 2008;
7(11): 1525-28.

7. Hajra KM, Liu JR. Apoptosome dysfunction in human
cancer. Apoptosis2004; 9: 691-704.

8. WeiY, FanT, YuM. Inhibitorofapoptosisproteinsan-
dapoptosis. ActaBiochimBiophysSin 2008; 40(4): 278-
88.

9. Leibowitz B, Yu J. Mitochondrial signaling in cell
death via the Bcl-2 family. Cancer Biol Ther
2010;9(6):417-22.



32

Mapuwja Ilerposuh, Janujena Togoposuh

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Willis SN, Adams JM, Life in the balance: how BH3-
only proteins induce apoptosis. Curr Opin Cell Biol
2005; 17(6): 617-25.

Amaral JD, Xavier JM, Steer CJ, Rodrigues CM. The
role of p53 in apoptosis. Discov Med 2010;9(45):145-52.

Oda K, Arakawa H, Tanaka T, et al. p53AIP1, a
potential mediator of p53-mediated apoptosis and its
regulation by Ser-46-phosphorylated p53. Cell
2000;102:849-62.

Nieminen Al, Partanen JI, Klefstorm J. c-Myc blaying
a trail of death. Cell Cycle2007; 6(20): 2464-72.

Fisher D, Krasinska L, Coudreuse D, Novak B.
Phosphorylation network dynamics in the control of
cell cycle transitions. Journal of Cell Science 2012;
125:4703-11.

Hindley C, Philpott A. The cell cycle and pluripotency.
Biochem J 2013; 451: 135-43.

PietenpolJA., StewartZA. Cellcyclecheckpointsigna-
ling: cellcyclearrestversusapoptosis. Toxicology 2002;
181-182: 475-81.

Langerak P, Russell P. Regulatory networks integrating
cell cycle control with DNA damage checkpoints and
double-strand break repair. Phil Trans R Soc B 2011;
366: 3562-71.

Porter LA, Donoghue DJ. Cyclin Bl and CDKI:
nuclear localization and upstream regulators. Prog.Cell
Cycle Res 2003; 5:335-47.

Leena Sankari S, Masthan KMK, Aravindha Babu N,
Bhattacharjee T, Elumalai M. Apoptosis in cancer - an
update. Asian Pacific Journal of Cancer Prevention
2012; 13: 4873-78.

Ohnishi T. The role of the p53 molecule in cancer
therapies with radiation and/or hyperthermia. J Cancer
Res Ther 2005;1(3):147-50.

Parker LP, Wolf JK, Price JE. Adenoviral-mediated
gene therapy with AASCMVp53 and AASCMVp2l in

combination with standard therapies in human breast
cancer cell lines. Ann Clin Lab Sci 2000;30:395-405.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Nemunaitis J, Nemunaitis J.Head and neck cancer:
response to p53-based therapeutics. Head Neck2011;
33(1):131-4.

Rosato RR, Almenara JA, Kolla
al.http://www.ncbi.nlm.nih.gov/
pubmed?term=%22Dent%20P%22% 5B Author % 5D
Mechanism and functional role of XIAP and Mcl-1
down-regulation in flavopiridol/vorinostat antileucemic
interaction. Molecular Cancer Therapy 2007; 6: 692-
702.

Elrod H, Su SY. Modulation of death receptors by
cancer therapeutic agents. Cancer Biol Ther 2008; 7(2):
163-73.

Kuijlen JM, Bremer E, Mooij JJ, den Dunnen WF,
Helfrich W. Review: on TRAIL for malignant glioma
therapy? Neuropathol Appl Neurobiol 2010; 36(3):
168-82.

Zhang C, Wu R, Zhu H, et al. Enhanced anti-tumor
activity by the combination of TRAIL/Apo-2L and
combretastatin A-4 against human colon cancer cells

via induction of apoptosis in vitro and in vivo. Cancer
Lett 2011; 302(1): 11-9.

Philchenkov A, Zavelevich M, Kroczak TJ, Los
M.Caspases and cancer: mechanisms of inactivation
and new treatment modalitiesExp Oncol2004;26(2):82-
97.

Vesely J, Havlicek L, Strnad M, et al. Inhibition of
cyclin-dependent kinases by purine analoguesEur J
Biochem 1994;224(2):771-86.

Pumfery A, de la Fuente C, Berro R, Nekhai S,
Kashanchi F, Chao SH. Potential use of pharma-

cological cyclin-dependent kinase inhibitors as anti-
HIV therapeutics. Curr Pharm Des 2006;12(16):1949-61.

Senderowicz AM. Development of cyclin-dependent
kinase modulators as novel therapeutic approaches for
hematological malignancies.Leukemia 2001;15(1):1-9.

SS, et



