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The Cell Cycle and the Checkpoints
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Komnnekcbl CDK/Cyc- ocHOBHble perynatopbl
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LiuknunH-3aBucnmble KMHa3bl CDK

KaTanutudyeckan cybbveauHuua komnnekca CDK/Cyc, cepMH-TpeoHMHOBasA KMHa3a

*Y nporKKewn S.cerevisiae u S.pombe Bce cOBbITUA KNETOYHOTO
uMkna koHTponumpytotca ogHon Cdkl (cmHoHMMBbI cdc28 u cdc2,
COOTBETCTBEHHO)

* Y MHOTOK/IETOYHbIX OPraHN3MOB COObITUA KOHTPO/IMPYHOTCA
Cdk1 n Cdk2. Takke y Bbicimx ayKkapumot umetotrca Cdk4 n Cdke
KOTOPbIE PErYINPYIOT KAETOUYHbIN LUK/ B OTBET Ha
BHEKNETOYHbIE CUTHabI.

*B )KMBOTHbIX K/IETKAX UMEIOTCA, N0 KpanHen mepe, 13 pasnnyHobix Cdk:
Cdk1,2,4,6 Hanpamyo y4aCTBYIOT B peryaaunum K1eTo4HOro LUMKNa,
ocTtanbHblie dochopunmpytot gpyrme Cdk n HasbiBatoTcsa Cdk-
aKTMBMpytowme KmHasbl (CAK).



perynsaTopHas cybbeamHmua
komnnekca CDK/Cyc

LIUKAUHDI

Kondentration

4 Knacca: G, Phase  SPhase G Phase  Mitose

G1 yuknuHbl (CIn3 y Sc n CycD y N03BOHOYHbIX) MOMOraeT KoOoOpAUHMPOBATb
KNETOYHbIN POCT C BXOAOM B HOBbIM KNETOUYHbIN UMKA. OHU HEODbIYHbI, TaK Kak UX
KOHUEHTPaUuMa He meHsaeTcsa OT $a3bl KN1eTOYHOro LUMKNA, @ MEHAETCA B OTBET HA
BHeLHMe perynAaTopHble CUrHaAbl POCTa

G1/S umknuubl (CIn1 n Clin2 y S. cerevisiae, CycE y N03BOHOYHbIX) AOCTUTaET
MaKCUMa/IbHOU KOHUEeHTpauum B no3gHen G1l-dpase un nagaet B S-dase.

3anyck penankauumn AHK, BbiKAOYaA pa3inyHbie cMctemsl noaasnstowme S-phase
Cdk B G1-¢pa3e; cTapT AyNAMKaLMKU LEHTPOCOM Y NO3BOHOYHbIX, 0bpa3oBaHue
BEPETEHHOrO TeNa y APOXKIKEN.

S uuknuHbl (Clb5, Clb6 y S. cerevisiae n CycA y N0O3BOHOYHbIX), CTUMYAUPYIOT
penankauuto AHK. YpoBeHb S UMK/IMHA OCTaeTcsa BbICOKMM B Te4eHumn Bcen S, G2-
da3 1 HaYana MUTO3a, rae NOMOraeT Hayasly MUTO3Y B HEKOTOPbIX K/IETKaX.

M-uuknunbl (Clb1,2,3n 4y S. cerevisiae n CycB y no3BOHOYHbIX). X KOHUEHTPaLMS
YBE/IMYMBAETCA, KOT4a K/eTKa nepexoauT K MUTO3Y U AOCTUFAeT MaKCMMYyMa B
meTadase. PochdopununpoBaHue cneunPuyeckmnx 6enKoB NPMBOANUT K
KOMMNAaKTU3aUMmn X-M, paspyLleHunto aaepHomn 060104Kku n cbopke BepeteHa. Ux
pa3pyleHne B aHadase NpmMBoOAMT K BbIXOAY M3 MUTO3a U LUTOKUHESY.


http://commons.wikimedia.org/wiki/File:Cyclinexpression_waehrend_Zellzyklus.png?uselang=ru

Mytu perynaumun komnnekca CDK/Cyc

HCAKTHBHBLIH AKTHBEHLIA
KOMILICKC KOMILICKC

1) cBA3bIBaHWE C COOTBETCTBYIOLLMM LIUKJINHOM.
2) PerynnpoBaHue akTUBHOCTU KOMMEKCA 33
Qe cyeT obpaTumoro pochopuanpoBaHms
HeaKTHBHLII AKTHBN b 6enkosbim Komnaekcom CAK (CDK

KOMILICKC HHKIHH- KOMILICKC
; aKTUBUPYIOLLIUM KOMMJIEKCOM ), COCTOSALLLErO U3
unkamHa H, CDK7 n Matl.

ARTHBHPY IO
KOMILICKC

=)

Hukiun
O 3) UHrnbupytowee pochopunmnpoBaHme
T redSaaE cneundunyeckmx cantos CDK rpynnomn KnHas,

KOMILICKC Cdc25 KOMILIEKC
= : BKAtoYaa Weel kKnHasy, u gepocdpopunm-pytorca
@ docdatazamm Cdc25. AKTUBHOCTb 3TUX
Wee1/Myt depmeHToB (Weel n Cdc25) cyuiectBeHHO
BAapbUPYET B OTBET HA Pa3Hbl€ BHYTPUKNETOUYHbIE
HCAKTHBHBLIH AKTHBHLIN

cobbITUA, TaKMe KaK nospexxaeHusa HK.

KOMILICKC KOMILIERC

:ﬂ: 4) MIHIMBUPOBaHME BCNeACTBME CBA3bIBAHMA C
= nHrnbutopamm CDK (CKI). MHrmbutopsl CDK

cocToAT u3 asyx rpynn 6enkos INK4 u CIP/KIP.
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G1-da3a. Touka pectpukumum (START)

" CDK46
3 [M] * B Havane G1l-nepunopga KneTtka
1-2 waca YYBCTBUTE/IbHA K BHELWWHUM POCTOBbIM

dbaKTOopam (MUTOreHam), aToT 3Tan
Ha3bIBAae€TCA NOCTMUTOTUYECKMM Glpm.

3T 6enkn obecneymBaloT 4OCTUMKEHME

G,

v

amvrensias G, KNIeTKOW onpeaeneHHoro nopora (Toukn R
; - PECTPUKLUN NN OTPAHNYEHUA, NN
12-96 vacos
S] nepexoaa, y maekonutatowmx -START),

Restriction point

} yaca nocne KOTOpOﬁ K/1E€TKA CTAHOBUTCA

S ' HEBOCNPUNMYMNBOMN K BHELLHUM CUTHaNam
"‘ BM/10Tb A0 3aBepLUEeHMNs BCEro LMKNa
orcin € neneHus.

* [locne npoxoxaeHnA TOYKU R KneTtka
nepexoauT B NPeCUHTETUYECKUN 3Tan
G1lps. Knetkun, nepeweawme 8 G1ps

TOUKA PECTPUKLMK (R) TONKA PECTPHKLIMK tH}ﬂepMO.ﬂ” ﬂpOpIOﬂ)Ka HOT HOpN\an bHOe
(® NPOXOXAEHUE BCErO KNETOYHOTO LIMK/A
/. _/nake Npu oTCYyTCTBUM POCTOBbIX

DAKTOPOB.



da3a GO KnetoyHoro umkna - ¢pasa nponndpepaTuBHOro NOKOA

Ecnn KneTka He goCcTUraeT ToYku R, oHa BbIxoguT U3
nponndepaTMBHOrO LUKIa MU BCTYNAET B Nepuoa, penpoAyKTUBHOro
nokos (G0) ana Toro, 4TobbI (B 3aBUCUMOCTU OT MPUYMUH OCTAHOBKM):

(1) anddepeHUMPOBATLCS N BbINO/IHATL CBOU cneLndmnyeckom
dyHKLMY,

(2) BbIXKUTb B YCIOBUAX HEAOCTAaTOYHOCTU NUTATE/IbHbIX BELLECTB NN
daKTOpOB pOCTa,

(3) ocywectBuTb penapauuto nospexkaeHHon AHK.

KneTkn oaHMUX TKaHeM Npu COOTBETCTBYIOLEN CTUMYNALWUUN BHOBb
cnocobHbl Bo3BpaLLaTbca U3 nepmoaa (GO) B KNETOUYHbIN LKA, APYIUX -
yTPaymMBatoT 3Ty cnocobHOCTb No mepe aAnddepeHUMPOBKM

Knetkn B GO-pase coaepat MHIIMbUTOopbI Nnpoandepaumm ,
NPenATCTBYOLWME BCTYNIEHUIO B S-Pa3y. ITO O3HAYAET, YTO K/eTKa
AO/1*KHa OCYLWEeCTBAATb CNeumManbHyo nporpammy anda sbixoaa s GO,
KOTOpasa UHAYLUPYETCA TONbKO paKTopamm pocTa.



http://obi.img.ras.ru/humbio/cytology/00304b7a.htm

Perynauma G1 ¢asbi

anTu npo1n¢eparnsuue
d)alcropbl




Mepexoa G1/S perynmnpyetca komnnekcom CycE/CDK2

CyLLecTBYIOT ABe pa3HOHanpaBaAeHHble cucTembl perynsummn G1/S - nepexoaa:
NONOXUTENbHAA U OTpULATENbHARA .

CucTema NoJIOKUTENbHO peryanpytoLan Bxoa B S-¢asy, BKaovaeT retepoanmep E2F-
1/DP-1 n akTUBUpPYIOLLME €ro LMKINH-KMHA3HbIE KOMMNAEKChI .

[pyras cuctema Topmo3uT Bxoa, B S-pasy. OHa npeacTaBaeHa Onyxo/ieBbIMU
cynpeccopamu p53 1 pRB, KoTopble NoAaBAAOT aKTUBHOCTb reTepoaumepos E2F-
1/DP-1.

HopmanbHaa nponandepauma KNeTok 3aBUCUT OT TOYHOro 6anaHca mexay STMMM
cuctemamm . COoTHOLLEHUE MeXKAY STUMKN CUCTEMAMM MOMKET U3SMEHATHLCA, NPUBOAA K
N3MEHEHMUIO CKOPOCTU NponndepaLmn KNeTok.

S ¢pas3a

CuHTeTHYeckuM (S-) nepunop xapaKkrepmusyeTtcs yaBOEHUEM COAEPKAHUA
(pennunkauunen) AHK n cmHTesom 6enkoBs, B YaCTHOCTU, TMCTOHOB,
KOTOpble NOCTYyNnarT B A4P0 U3 UUTONIa3Mbl U obecneymnBatoT
HYK/1IEOCOMHYIO YNaKOBKY BHOBb CMHTe3mnpoBaHHoU 1HK. B pe3ynbraTe
nponcxoauT yasoeHue Yymcna xpomocom. OgHoBpeMeHHO yaBanBaeTcA
YMUC/I0 UEHTPUONEN. S-nepuoa AnnTca y 6oNbLLINMHCTBA KNETOK 8-12
4acos.



http://obi.img.ras.ru/humbio/genexp/0007f67d.htm
http://obi.img.ras.ru/humbio/cytology/001cc03d.htm
http://obi.img.ras.ru/humbio/cytology/001cc03d.htm
http://obi.img.ras.ru/humbio/cytology/001cc03d.htm
http://obi.img.ras.ru/humbio/cytology/001cc03d.htm
http://obi.img.ras.ru/humbio/cytology/001cc03d.htm
http://obi.img.ras.ru/humbio/cytology/003101c6.htm
http://obi.img.ras.ru/humbio/cytology/003101c6.htm
http://obi.img.ras.ru/humbio/cytology/003101c6.htm
http://obi.img.ras.ru/humbio/01122001/p53ch/000008f6.htm
http://obi.img.ras.ru/humbio/cytology/00264e67.htm

« [locne BcTynneHus KNeTkn B S-pasy npouncxoauT ObiCTpas aerpagaums
umMkKinHa E n aktmBaunsa CDK2 umknmHoMm A. UnknmH E HaynHaeT
CUHTE3MpPOBATbCA B KOHLE da3bl G1 1 ero B3anmoaencteme ¢ CDK2
ABISIETCS HEOH6XO0AMMBIM YCOBMEM ANS BCTYMNNEHUS KIETKN B S-hasy u
npogomkeHna cuHtesa AHK. 3T1oT koMnnekc aktuBupyet cnHtes HK
yepe3 pochopunmpoBaHme 6e5koB B 061acTsX Hayana peniMkauuu.

Kondentration

GT.Htasn Mitose
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Mepexop, S/G2 perynnpyeTca KOMMNIEKCOM

CycA/CDK1
Restriction
Point cj'ﬂl.i.'ll A
Cyeling k2
G1
Cyclin
oA Cdk2
G2
Cdkl 31 Cwclin
degradation
(BJCdk1fP ~— (B)=Cyclin B
Phcnsphqrj.rlaﬂnn of Cd k2

Inactsates

CurHanom K 3aBepLueHuto S-
da3bl N nepexoay KNeTku K
aze G2 aBnseTcsd akTuBauus
LIMKJIMHOM A pyron KMHasbl
CDK1 c ogHOBpEeMEHHbIM
npeKpalleHneM akTMBaLum
CDK2. 3agepxxka mexay
OKoHYaHuem cuHTEe3a [HK un
HayasioMm Muto3a (dasza G2)
MCMNONb3YETCA KNETKOWN ANS
KOHTPOAS MOSIHOTbI U TOYHOCTW
npou3oLLeaLen penmkaumm
XPOMOCOM.



Perynauuna G2 ¢as3bl

Ilospexaenus HepenamuupoBanuas
JHK JIHK



Perynauusa nepexogaa KnetrouHoro uukna or pasbl G2 k chase M

= CWUrHan K Ha4vany aeseHus
KNneTkun (MmnTo3a) ucxoamTt ot
dakTopa MPF (M phase
promoting factor),
ctumynupytowero M-dasy
KnetoyHoro unkna. MPF
npeacTaBaaeT cobor Komniekc
KnHa3bl CDK1 ¢
aKTUBUPYIOLWLMMM ee
UMKAMHaMmu A nnu B.

dephosphorylaton =%
of CdkZ activates

(BICdk1|= MPF

(M-FPhaze Promoting Factor)
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perynaums nepexoaos 13 pasHbix Ga3 KAETOYHOro LUMKAa OCYyLLEeCTBAAETCA:
G1/S - komnnekcom CycE/CDK2

S/G2 - komnnekcom CycA/CDK1 ;
G2/M - komnnekcom CycB/CDK1
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NPOXOXAEHNE KNETKN Yepe3 Karkayto ¢ha3y KeCTKO KOHTPOMpPYeTCcA —
nocsneayroline CTaamm He HauymHatoTcA 6e3 NoNHOro 3aBepLUEHUS

npeabl UX . ITOT KOHTPO/1b ocywecTteaaeTca cuctemom checkpoints
PEABIAYLL p(?-1 che Ililfl')oint P

Control
G system S
1

M Gz

M checkpoint
G, checkpoint
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The cell cycle and implications for cancer genetics Eic Wong

The cyclins and CDKs [ promote cell cycle progression, while the CDK inhibitors .stop it. The
balance between the two groups of molecules determines whether the cell proliferates or is quiescent.

Once the cell passes G1, it is obligated to

continue and undergo mitosis. The G2/M et
p53is an checkpoint allows the cell cycle to pause for Cel I d IVISIO n
important regulator G2/M a period of time only before mitosis occurs.
of both the G1/S
and G2/M s
secons  Checkpoint S

can exit and re-enter
the cell cycle from
GO phase

The early phase of G1 (the first
gap phase) is mitogen-dependent.

Increases p53 level The presence of growth factors are
'via Mdm2 inhibition required for progression beyond
this point. Once the cell
". progresses past the R point,

targets p53 for ] mitogens are no longer required

a for cycle progression.

p53 can both

stop the cell

cycle for DNA Hypophoapgorylated

repair or induce >

apoptosis if the - via histone methylation
damage is and deacetylation

beyond repair.

CDK inhibitors stop
progression of the cell
cycle by inhibiting the %, E2F
cyclins and CDKs. They 3 element
act at multiple phases \
of the cell cycle and are
especially important at
te G1/S and G2/M
checkpoints.

No gene
transcription

-~ Restriction point
Vo mmomm-----
Beyond the restriction
point, the cell cycle will

H hosphorylated
lyperpl RE ryl

DNA replication occurs in the g’[I)C:E/GD :vr:note - continue even if growth
S (synthesis) phase. The G 1 / S G Broprision GstR factors are absent.

G1/S checkpoint allows
checking of DNA integrity
before cell DNA is replicated.

point by phosphorylating
and thus inhibiting RB, which
allows E2F-mediated S-phase
gene transcription.

checkpoint

Germline mutations of RB1 gene causes retinoblastoma, an embryonic
cancer of the retina. Since RB inhibits cell cycle progression, it is protective

against uncontrolled cell proliferation and thus is a tumour suppressor (ts).

atosomal | According to the two-hit is for ive ts genes, both F % phase gene
. alleles of the RB1 gene must be lost for cancer to develop. ranscription
inheritance In the hereditary form, one allele of the RB1 gene is mutated or deleted in
the germ cells. The other allele is lost via a somatic mutation later on. The Oncogenes Tumour suppressors
hereditary form features bilateral, multifocal retinal involvement and typically The lack of inhibition or gain of ~ The increased inhibition or loss
manifests early, before the age of 1. function of which will lead to of function of which will lead to
i is more , and is often unilateral and unifocal cancer. cancer.

in origin. The age of onset is usually later, between the ages of 1 and 2.

Cyclins RB
5 Germline mutations of p53 gene causes Li-Fraumeni syndrome, in which T :
multiple cancers develop at a relatively young age (<45). Breast cancer, Cyclin-dependent kinases (CDKs)  p53
whowmal i and tical carci are the E2F p21, p27, p57 (CIP/KIP/WAF)
m""."""m' most common cancers found in Li-Fraumeni syndrome. MYC pl4/ARF
Similar to reti the two-hig t i app!ie; to Li-Fraumeni Mdm?2 p16/INK4a, p17, p18, p19
syndrome as well. One allele of p53 is lost in the germline and the second
allele is lost somatically. The risk of cancer is dominantly inherited. TGF-B receptor
p53 is called the “guardian of the genome.” It is lost in almost every type of BRCA1, BRCA2
cancer because its loss confers a significant survival advantage, leading to ATM

rapid, unchecked proliferation and evasion of apoptosis.
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Growth Factor

G1/S-checkpoint Racepior Acbiutn Kniouesblie 6enku:

Senescence

Differentiation
Hormones
Ultra Violet Y
Stress Response [ r—y
A p1

Factor
Withdrawal

v
Replicative 168 Dgnh\'a':;e
ox01 4

Ubiquitination <t-====- Cyclin D “Cyclin E ----3 Ubiquitination

Cyclin E/A, E2F-1/2/3,
cdc2, c-Myc, p107,
RanGAP, TK, DHFR,
OFF ON PCNA, H2A, etc.

= Fasl

DBE TRAIL —» Apoplosis

E2F/DP Target Genes:

P53
Cdc25a



DNA-replication checkpoint: S-¢a3a

ATR=
the ataxiatelangiectasia
Rad3 related kinase

DSB at the fork

ATM=
the ataxiatelangiectasia
mutated kinase

Chk1, 2= the checkpoint

l l kinase 1, 2
@
’degradation * degradation
>{ X } !

G1/S arrest G2/M arrest G1/Sarrest  apoptosis S delay DNA repair




Checkpoint uenocrtHoctn 1HK,
3aBepLUeHHOCTb penauKauuu: G2/M
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aHada3HbIn (KnHeToxopHbit) checkpoint: M-¢dasa

Promaelaphase

= MAD — mitotic arrest deficient
BUB — budding uninhibited
by benzimedazole

Metaphage

- APC — anaphase promoting

- complex

Anaphase
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Metaphase

& Cohesins o 1“1.‘
© H2A/H3-K9.3xMe nucleosomes o ’ . .
© H2A.Z/H3-K4.2xMe nucleosomes L ’ Kinetochore a
© CENP-A nucleosomes L Mitaitic ’
© H2A.Z/H3-K9.3xMe nucleosomes L checkpoint

complex Chromosome

Sreaves et al.
’NAS January 9, 2007

¢+ Anaphase-
' prormoting
comiplax

Checkpoint active: ‘on’

Checkpoint satisfied: ‘off”

Source: Mat Rev Canc T Mature Publishing Group
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