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 !���"#$%
&'(
)*+�,-.�/0�12, ������3	%456'7+8

9:;�<=>?@. ����A7�	B��CDEF��GHIJ(CDK), ���0KL���

GH(cyclin)>EF��GHIJMNO(CKI)'76N. �����56PQ.RS: T56UUVW

X����Y,Z[\]��^_`a����bc'7; d56UUef����A7g!�hi

jN, k.lmno`p�qrs5tjNbuI�, uv9����hiw. �����xy56

jz{x9Rs: g�6N, ��|GHg�}~���>V��������6N; !�6N, |G

Hg�/�>��. r,56PQ��N��'7��, �����������xy56��.

��� �� ���� ��� ��	
��
�� ���

��������	��
�. ���
�
,

�������������� DNA������

 , !"�#$%&�'()��� %*+�,

-.��/. 01, ��
�2%	 DNA 3��(S

�)4#$%&�(M �), � M �5674 S �89

:�;<��	 G1�, =� S�5674M�89

:�;<��	 G2�[1].

1 ������

>?@��
�AB�CD
=�9�EF ,

GHIJFK��LMNO
�PQRS (cyclin

dependent kinase, CDK), TUV�PQRS8F!

WXYZ[�PQ\ , ]^PQ\_\01=L�

`abc��
��defghi . j>�klF

m��
, CDK4/CDK64 CDK2nCDopq�P

Q Rb fgWXY, r=st Rb n E2F �huq�

vw, xFyCz{f| S �}~�������,

JF��f| S �[2~4]. ����, ����� CDK

n DNA����9�3m�ORC��WXY�wL

�� S ���7 DNA ����(re-replication)[5]. �

������m� , ����
�/PQ\WXY

�CDK"��#CD, �����
�Cdc28, �&

����� Cdc2. �=, �������m
, ��

��
�� CDK �#��D.  >�¡���/,

¢� G1����� CDK2, CDK44 CDK6; S�4

G2 �NO£ CDK2; = M ����0 CDK1(Cdc2)

��[6].

0£��
��¤,de/#¥¦§����

�, �1v	JF��
�Eg� CDK �¨_©+

ª«�¬­. ¡®��, ¬­ CDK ¨_�¯°��

�0C±��	
�PQ (cyclin)�PQ\�� [6].

CDK��²³ CDK-cyclin�3��´�5µ%¶�

·, CDK²��¸(¹�d, IºY
»�¼½�/

¾, �= CDK ��¿#¨_; = cyclin �53ÀÁ

y CDK PQ5µ�aY, ºY
»ÂÃÄL, ¸�

y#¨_� CDK[7]. �����
, Å�����


�� CDK Æ#CDÇÇCdc28, È�É53�
�

PQÊ# 9DË�. �G1�/, Cdc28�G1� cyclin

Cln1, Cln2 4 Cln3 53; � S �/, Cdc28 � B Ì

cyclin Clb54Clb653; =�G2�4M�/, Cdc28

%Í� BÌ cyclin Clb1, Clb2, Clb34 Clb4e53.

�klFm��
, ¦§� CDK �eÎ���
�

¤de
�¦§�
�PQe53 . � G1 �
 ,

CDK2� cyclin E53, CDK44 CDK6� cyclin De

53; � S�4G2�d CDK2�� cyclin A53; =

� M�d, CDK1� cyclin B53[8].

CDK �¨_Ïy© cyclin �ÐÑ¬­Ò, Ó©

ÔÒC±PQ\��Ñ¬­. ]±PQ��	NO


�PQRSq�Õ(cyclin-dependent kinase inhibitors,

CKI)[9]. ������, �Ö�� 2D CKI: Far1q�

Cdc28-Cln�3��¨_[10]; Sic1�"�q� Cdc28-

Clb5, 6 �3mL¬­��f| S ��d;[11]. �&

���� G1 �, NO
�PQRSq�Õ Rum1 5

3� Cdc2-Cdc13 �3�×, !ØÙ Cdc13 PQ�Ú
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ÛÜ, ²��¦�Ý� M �¸�[12]. klFm��

�¹�#�± CKI, C±� Cip/KipÞß, Éàá p21,

p274 p57 3DCKI; ÔC±� Ink4Þß, Éâ# p15,

p16, p18 4 p19 4 D CKI. :C±����¬­ G1

�4 G1/ShÌ�
 CDK24 CDK4/6� cyclin ��

3��¨_; 7C±�ã£q� CDK4/6-cyclin D�

3��¨_[9].

ä×}å , æ®ç²c+C,��
�Eg�

èYéê: cyclin ��Ð¬¢, � CDK �53ë�

CDK�¨Y; = CKIfg�¬¢, � CDK-cyclin�

3m�53)q�I¨_. >?@ CDK ì	��


���ëí�, GH cyclinç²�î	��ïð�, CKI

���ñò�. ]óôõ�y����
�Eg�ö

F÷ø. ¦�¡®Öù��, öF��
�Eg��

úûüýý��þc�.  > CKI "��î	�q

� CDK PQRS¨_, È��L����v��,

Cip/KipÞß�PQ\�� cyclin D4 CDK�3m�

¸�, r=R� CDK4/6-cyclin D�¨_[13,14]. �1,

����
�Eg�öF÷ø��5µ²³¤õ�

¾%;e�vw��þ_4�	_�
:��
�

�����
�/�.

2 ������	
����
����

�����


��
��C,¦ç����. �Ð�ûü�,

C� DNA��89y, �7��f|#$%&��,

��¸��,-.��. �1, ��"�� G1 ���

"��^��L�V��f|��
�(S �). ���

���, G1�#C,¬¢�, �	�89��(start);

=�klFm��� G1��, ¹�C,��89��

e��¬¢�, �	�ã���(restriction point, R

point)[1].
��ô� 20�� 70�.
���, klFm�

�� G1 �
, ¹�#C,UV�d;�. �],�

Ë:, >? !Ò"�#�$("��%�#�-)&

�^~��'(�%(>~�)�X), �����I

G1��f�, f|CD�Ë	 G0���*+���.

C�,-y} !��%7, ��)�r G0 �.+

G1 �, /0I��
��f�. �=, �y],d

;�Ë7, 1� !�#�-&'(�%, ��2)

"� G1�!f| S�. ]	C,d;���	ã�

�[15].

��L����· , ¬¢ã���%-���

��"�¢� Rb�WXY��Lú��. �ã��Ë

:, Rb 3£ÚWXY��. ]dÉ�CDhuR¨�

- E2Fe53, !q� E2F�¨_, ÀÁynf| S

�}~��Cz{�����¦4fg[3]. >?56

y����#7�, ��/� CDK4/6-cyclin D)�¨

Y, n RbfgWXY. �7 Rb8� CDK2-cyclin E

�3mfC9�WXY[2]. �WXYy� Rb 3£:

¨��, ¦4� E2F53. ]�bc E2F�huR¨

vwc²�;, xFyCz{�����, r=b�

�"�ã��, ��JF��f| S�. Rbnhu�

q�#�D���'(. Rb ç²53+ E2F�R¨

<�, r==> E2F �huR¨4K[3,16]. 1Ò, Rb

ç²4 E2F ¸��3m53+xF-×, ?@q�

hu[17,18]. �A����·, RbÓç²�BCDE\

5µ�PQ\e53 , >õPQFGHhIS

(histone deacetylase)4 õ P Q J � Y S (histone

methylase), bDE\3£huq���[19~21].

KL Rb �î	�¢�ã�����%-, È�

!¦MÏIN�-���. p130PQ� RbÞß�C

O, ç²4 E2F ¸��3m. � Rb  :����,

p130 � CDK2-cyclin E �3m�WXY, r=st

E2F[22]. Ô#úPQR, ã���%-¢��Sç4

T!#�D: NO Rb�4¦NO Rb�[23]. 
:, ¦

NO Rb �¢�ã���%-�SÓU¦VW, Xc

fC9��.

DNA ����9YZ¥��
��xF. �1,

n DNA ���9�¬¢�¢���
��[\]­.

vô4Gilbert^¡[24]��, >?@3£G1�_��


`abcd(CHO)���t�efcghm
f

g�Ò��, DNA���9iø����, È>?@

3£G1
j��CHO���t�ghm
��, I

���9iø����Mk�/���9iøCÁ,

¦�����y. ]C5?�·, �l^���m�

�
�� G1 �
, ¹�C, DNA ��V��9�

¬¢� . æ®�],�	����9iø�V��

(origin decision point, ODP)[24]. fC9����·,

���9iø�V�i£ã��Ë: , !nPQR

Sq�Õ 2-aminopurine mn, op¥�D(�^)P

QRSç4��y]C¬¢�� [25,26]. ],A��

�
�¬¢����@��
�¬¢� DNA���

�9¢���qzy�L . �1 , n���9iø
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�V��vw�S4���
�¬¢
}��r4

���ç4�s7��
�Ð¬¢�C,��t�.

3 ������	
����


���#��fY��
�uÄyCvwx�

�
�
 DNA ��4DE�%*\y�z{��,

"��	��
�z{�(checkpoint)[27]. ]�C±

�|}¬­�� . �#[��
�f�
Ä�~�

��, > DNA��& DNA��©=, ]±¬­��

���R¨, ²�³d�
>��
��Eg; ��

���&MÏy��7, ��
�8ç²��Eh.

rz{���v'(LA, ç@z{�%	 3,¾%.

� 1,¾%����(sensors), É��z{\y��;

� 2,¾%��n�(signal transducers), É@�Äy

\y�����$���� 3 ¾%ÇÇ�Î�

(effectors), 0�Î�F
>��
�f�!8F�

���. ���\y¢���/�, 8ç)��
�

z{�%	 3D. � 1D��{ADNA#���, �

	 DNA ��z{�; � 2 D�� DNA ���f�,

�	 DNA ��z{�; � 3 D�LSDE��Ð�

%*Ö�, �	���õ÷z{�.

0£ DNA��ç²�����
��¯C,d

� , � DNA ��#��D± , }²¹��D��

DNA �����. É®ç²�¦§�d�nUV�

DNA��fgz�. �������� G14 G2�,

DNA ��0T!�Dz{�PQfgn�: CD�

Rad9; ÔCD� Rad24[28]. Rad24 � DNA ���-

RFC �õ%��@�, ç4��"�¸�CD±�

£ RFC � DNA-���-, �IN��PQ�-5

3[29]. È�, Rad94 Rad24��� S�� DNA��

d¦���vw, =� DNA ������^õ%,

> Polε4 Drc1 ��fgz{[30,31]. æ®úP ��

��, !y� DNA ��!¦4R¨z{��|Î,

��~¡#CV¢y� DNA ��d Rad9 PQ��

#·£��¤[32]. ]C5?op¥, �� DNA ��

4R¨z{��|Îç4�¦§���. � DNA �

�z{���$��'¥¡®y¦c�j��'¥

§|. ATM4 ATR��±�� DNA���$���

[\PQRS[33]. É®R¨7ç²n�¨�PQR

S Chk14 Chk2fgWXY[34,35]. WXY� Chk14

Chk2 fC9BCINPQ\, > p53 4 cdc25 �¨

_[36,37]. ����Ë7, z{����¯°��
�

��
��Eg.  >, G1 � DNA ��ç²ë�

p53�©ª4¨Y; p53�ç²«À p21hu��¤,

p21 �q� CDK �¨_, r=ÀÁ G1 ��*�[38].

��8��, p53Óç²"�¬Ú cyclin B1���¢

� G2��*�[39].

nDNA��z{�L­, �z�DNA���®

�ûüd, ���"��� DNA ���PQ\Lf

g.  > DNA3�S Polε � C¯°�ç4±#��

DNA���®��r4[40]. �&���
, Rad12�

�²³CD¦´S(helicase). É4n DNA ���q

�BÄ|Î, !"�¬­I�¨� Rad9 =8xz{

���[41]. DNA ��z{���v'(���µw

WXY. �������
, DNA��z{��|Î

NO Mik1/Tel1RSn Rad53RSfgWXY[42]. ¨

Y� Rad53RS8ç²WXY�� DNA���PQ

\> DNA 3�S, r=�� S ��Eg[43]. z{�

Ïy�¶���
��EgÒ , Ó����&MÏ

��. �A���·¸, [����� DNA ��©

+¹mq�d, ±#Ð� Rad53 ���� DNA��

ºwÙ®», = Rad53 ¼a���� DNA��º�

��>&. ­· Rad53 � DNA��
>d�+yw

½ DNA��º�vw[44].

�#$%&� , DE��Ð�%*NO£��

�¾LPQ�¥$�×�Ð�53 . ��¡O��

������ , ¿À4¾L53�¥$�ç²ë�

���÷*z{��|Î [45]. fC9���·¸ ,

���÷*z{��%-����#�,ÁÂ: C

,�	Mad2ÁÂ, É"�q� Pds1PQ�¬¦=�

%&¯��89. ÔC,�� Bub2 ÁÂ, "�q�

cyclinPQ�¬¦b��¶Ã�#$%&�[46]. z{

�@��%&4DE����Ä]e�Å@�L ,

bÆô�EF�eÇ� , ]DÈÉ�Å@ÀÁyª

«�ÊË4��õ�®».

ÌLÌ�����· , ��
�z{�r4�

Í:���ÎaÏÐe[ . �	��õ���&~

��op¸����Ñ� , =��
�z{�Ð�

��wxI��õÒV�
���[47,48]. �1, ��


�z{��:¢4��õ¦ÒV�op���[

z�[:�mÓÞ4ÔÕÖÓ��ô×§[»�

��.

4 �������	�

"��PQ\%-����
��Eg4¬¢.
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}Ø\�`a���ÙPQ\"�WXYÚÛ�Y4

GHY^¤D�Üvw��¨_&r4�`a . �

��
��Eg4¬¢
 , ����'(��¬­

4`aPQ\�WXY��. CDK Ë}²±#JF

��
�Eg�r4 , ��£Éç²�¦§�de

nZ[�PQ\fgWXY. 1Ò, CDKMk�¨_

¦Æ© cyclin4 CKI�¢�, ��ÓwWXY�'(

n CDK¨_fgÝ	���¬­, Tn CDK�¦§

i��WXY²�¤&q� CDK�¨_. � CDK�

¨_<�/#C,�	�T-loop”�5µ. ���·,

�#[ T-loop �WXY7, CDK �¨_
»�4®

ÞÂÃ, r=b CDK2�RS¨_�¤ 80 ~ 300ß[49].

�7�����, ��/¹�#C±n T-loop WX

Y�PQRS , É®��	¨Y CDK RS(CDK-

activating kinase, CAK)[50]. n CDK��WXY�ç

²wLq� CDK �S¨_. �&����¹�C±

PQRS, > wee14 mik1, É®àðn Cdc2×� 15

iá)Xâ�fgWXY, ÀÁ Cdc2¨_��¬[17].

���/WXY�FWXY�ÏÐãq�C�

�. �ùä� -�PQRS wee14mik1�WXå

S Cdc25 n Cdc2 ×� 15 iá)Xâ�WXY��

�¢�. [��æçf| M�Ë:, wee14 mik1�

¨_�¬, Cdc25 �¨_èl, ) Cdc2 � 15iá)

Xâ�×WX�éFÏ, r=b Cdc2 �RS¨_�

¤ [51]. ���
�z{�R¨�ûü� , C'¥�

�� wee1 �¬¦[52]; ÔC'¥��"� Rad3 n�

¨� Chk1 RSfgWXY, = Chk1 �fC9WX

Y Cdc25, WXY� Cdc25 :Fn Cdc2 fgFWX

Y�r4; ��q�y Cdc2 �¨_, b��¶Ã�

G2/M�[53].

WXY�¬¢'(¦Æ#l�ç�4CÎê�

ë�, Óç²bPQ\�¬­Ý	�Á4�	Y. �

�ô��, z{�PQRS Rad53 ×ì# 2 , FHA

<�. WXY� Rad9 �453� FHA2 ×. #ç4

Rad9� G14 G2�� Rad53� FHA253, ²xF

] 2 ,d�� DNA ��z{���v. =ÔÒ�P

QRS��WXY7� Rad53� FHA153²xF S

�� DNA ��z{�|Î[54]. :¥­�, ����

� Sic1 q� Cdc28-Clb �¨_; n Sic1 fgWXY

!ÀÁI¬¦���f| S����7�. �A��

�·¸, Sic1PQWXY���íî��xF¬¦�

[\. >? Sic1 PQ× 5 ,&Ú£ 5 ,�UVi�

(CPD consensus)�WXY, Sic12À89¬¦; �#

[ Sic1�fg� 6ï& 6ï²×�WXYd, Sic1�

��¬¦. ���­, Sic1PQ�WXY���	C

,¢� G1 �#ð�dñ[55]. ç²òó, s7��ô

)Ýô
nPQ\õö7�Ü>WXY&Û�Yn

��
��Ð¬¢���.

��
�
PQ\_\`a�ÔCD±Ì�Ù

PQ\÷;iø4%ø�`a . �]�@]D÷;

�¬¢'(��Ë	�\�`a�. Cù­L, ú³

��
�¬¢��,�����/<����\�

��� . í¾%���
���#[���û��

����/ , �1PQ\r��\Ñ����ü|

&r���Ñ��\�üÄ���y��
�¬¢

�
�'( . C,äÌ� -��WXåS Cdc25

¨_�¬¢. �WXY��� Cdc25¹�£�/, !

�ç²n CDK1fgFWXYr=R¨ CDK1, xF

M �. [ DNA ©+��!R¨yPQRS Chk1 7,

Chk1ç²) Cdc25WXY. ]DWXY Cdc25��C

Dý£ 14-3-3 PQÞß� RAD24 537þÄ���,

ÀÁy���/� CDK1 wÙIWXY4:¨��,

b��¶�� G2 �[56]. 1Ò, ¡®Ó�� cyclin D-

CDK�3m�©+÷;�¬¢. � G1�dÉ®��

�\/fg÷*, �7"�%-��PQ Hsp90 4

Map PQRS�ÁÂ��, )��3mü�+��

�/[57]; � S�d, cyclin D-CDK�3m�h�+�

�\!��%PQSz�¬¦ (ubiquitin-mediated
proteolysis)[58,59].

���/, #^PQ\��	
Ä�, I�E¿

#
�. È�#C^PQ\�§d¹�!�#¨_.

]d�~¡NO£÷;nÉ®�¨_¤²¬­ .  

>�klFm�� cyclin B�Þß
, cyclin B2¹�

£/\
4l����×; = cyclin B1 �����

\Ë;��, !� M �dhIT�/; 1Ò, cyclin

B1 �4�¾L4
»�e53[60]. ���­, Fm

��/T!#�± cyclin � CDK ��3m, C±�

��/, ÔC±����/, É®�¥¦§�vw.

�FC�d; , ¡®nPQ\÷;iø4%ø

�`a���
��BC¿#��6��
ì , ô

oK��t�d;�aY×. �¥î��§|, rd-

÷53]	CD��Ø�������
�¬¢Öc

+y��ô�×�.

5 �������	�

��
��¦§de
 , ��PQ\�¢y�
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Ä��F, #d�#d!. ]Dy�aY����


��
�¬¢'(. Éàá�,'¥: C�y��¤,

T��hu4PQ\���; Æ�y��!, TPQ

\�PQS¬¦. ]±¬¢�äÌ��
�PQ.  

>�klFm��, cyclin A�j G1�89��, �

S���y�+�l�, �7�jM��PQS¬¦.

= cyclin B��j S�89��, + G2��+�l

�, �7�j M ��PQS¬¦. ]±PQ�Iì

y���
��f���
=�9�#���aY,

�1�cy�cyclin�]C��[61,62]. £�, ��
�

PQ\�y�¬¢�\�¬¢'(¦C	 , I��

�¦ç��. Ð��	]D¦ç�_, wxy��


�¤Dde�#
4�Ñ�hi.

���
�
 , ��hu�¬¢��NO£n

¤Dhu�-�WXY.  !, WXYç²R¨��

hu�-�¨_. p53 ���
�z{��CD
�

¬¢PQ, É4�"R&q�hu. [DNA©+��

d, p53 ç²���PQRSWXY=R¨Ihu¨

_[63].  >É� S�& G2/M�ç²� Cdk2-cyclin A

4 Cdc2/cyclin BWXY, "RIn DNA�53, «

À p214GADD45���hu[64]; É�ç²�DNA�

�z{���D���PQRSATM4ATRWXY

=R¨Ihu¨_[65,66]. Iï, WXY�ç²wLq

�hu�-�¨_,  > Rb4 E2F. Rb�WXY��

S4r4:¥Ö#��#$, ]�%&#[E2F�W

XYûü. E2F��R¨r G1�f| S�}����

��hu. f| S�7, E2Fç²4 Cdk2-cyclin A5

3!�7ôWXY, ÀÁ E2Fn DNA534K��

¬!:FhuR¨r4[67,68].

��
�PQÓç4?@nhu��fg¬¢.

���m'í¾%� mRNA hu�"� RNA (3

S)Lfg�. RNA (3S)��v¦Æ©+��

huR¨�-4huq��-��þ¢� , =�Ó

NO£��S¸��3m�*�hu�- . C,+

¡,-����, hu�- TF)H �C,.��ú

³��
�¬­� CDK7/cyclin H PQRS�3

m[69]. CDK7-cyclin H�3m� CAK�CD, ���

�n¢���
�� CDK fgWXY[50]. ��ô�

�[70], CDK7 �3mn RNA (3S)�/�¯°�

<�(carboxyl-terminal domain, CTD)fgWXY. ]

CWXY���î	nI0hu��
1f-

(promoter)×�53PQ�;¥
��vw.

����
�Eg4¬¢�PQ\�¬¦�"

��%ÁÂ(ubiquitin pathway)Lfg� . �]CÁ

Â
, �¬¦�PQ\��Y2×CD# 76 ,)�

Xâ��î%-y�%ÇÇubiquitin, �7�CD

26S PQS�3�}�Í!�²¬¦[71]. £�, ]�

[\�C9�Ð���ÍÎ���²¬¦�PQ\

!)Ifg�%Y2. �Ö���D��]C�v�

PQ\�3m. �C±�	 SCF (Skp1-cullin-F-box-

protein complex), �Æ±��	 APC (anaphase-
promoting complex)[72].

SCF��¬­ G1�Ñ S��hi[73]. "�],

�3mT!ì# Cdc34, Cdc4, Cdc534 Skp1 4D�

%; Cdc34�I�», ��)�%�PQ\eÅ@[74].

���� SCF }34��¬¦PQ\��# : G1

cyclin, Clins CDKq�Õ Sic14 Far1. klFm SCF

�vw5m�ç4# cylin D4 cyclin E, CDKq�Õ

p21, p274 p57^[72,73].

APC ��� M �¬¢��»�O[75]. �¡��

�46c�, APCT!# 10,.�i, =�����

APC �0 12 ,õ%}µ�[76]. � M � APC ���

� 2 ,���f�: 78DE��� M j��%9

²³��56¯�f|A� G1�. ����� APC

ú³+�¬¦�PQ\# M �� cyclins, ¯��q

�PQ Pds1 4���PQ Ase1 ^. ¡��� APC

�|În:�# cyclin A4 cyclin B^[77]. �n?;

� APC ��
¡®��, ]^5m�¬¦#¥CV

�	
4¦§�r4, cyclin A�¬¦#<£DE�

�%9, !	 cyclin B�¬¦}~�; = cyclin B�

¬¦��DE�Ñ�°IF, � cyclin B3 ¬¦�!

�7�; cyclin B3 �¬¦����56 M ��:

h[78].

��=¬��, ���
�%-¬¢��
, ¦

Æy��¤��!ÏÐe[, e�NO; =�y4\

Ë;�¬¢�§	#¥Ð>�[z.  >, WXY�

�y��hu¬¢4PQ\�%¬¦. ��ô��,

APC�WXY&FWXYç²wL¬­APC�¨_.

É��^.�ç²� CDK-cyclin B�3mWXY[79].
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fg, cyclin B�¦��¬¦[80]. :¥h+� Sic1P

QWXY��¢� Sic1 �¬¦��C,U?� 
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