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‚²¨Ö´¨¥ ¨´£¨¡¨Éμ·μ¢ ¸¨´É¥§  „�Š ´  ¡¨μ²μ£¨Î¥¸±ÊÕ ÔËË¥±É¨¢´μ¸ÉÓ
¶ÊÎ±  ¶·μÉμ´μ¢ ¢ ³μ¤¨Ë¨Í¨·μ¢ ´´μ³ ¶¨±¥ �·Ô££ 

ˆ§ÊÎ¥´μ ¢²¨Ö´¨¥ ¨´£¨¡¨Éμ·μ¢ ¸¨´É¥§  „�Š 1-β-D- · ¡¨´μËÊ· ´μ§¨²Í¨Éμ-
§¨´  (�· –) ¨ £¨¤·μ±¸¨³μÎ¥¢¨´Ò (ƒŒ) Å μË¨Í¨´ ²Ó´ÒÌ ¶·¥¶ · Éμ¢, ¨¸¶μ²Ó-
§Ê¥³ÒÌ ¢ μ´±μ²μ£¨Î¥¸±μ° ±²¨´¨±¥, ´  Ëμ·³¨·μ¢ ´¨¥ ¤¢Ê´¨É¥¢ÒÌ · §·Ò¢μ¢ („�)
„�Š ¢ ±²¥É± Ì Î¥²μ¢¥±  ¶·¨ μ¡²ÊÎ¥´¨¨ ¶·μÉμ´ ³¨ ¢ ¶¨±¥ �·Ô££ . 
μ± § ´μ,
ÎÉμ ¢ ¶·¨¸ÊÉ¸É¢¨¨ �· – ¨ ƒŒ ¡¨μ²μ£¨Î¥¸± Ö ÔËË¥±É¨¢´μ¸ÉÓ μ¡²ÊÎ¥´¨Ö ¶·μ-
Éμ´ ³¨, μÍ¥´¨¢ ¥³ Ö ¶μ ±¨´¥É¨±¥ Ëμ·³¨·μ¢ ´¨Ö γH2AX/53BP1-Ëμ±Ê¸μ¢, ·¥§±μ
¢μ§· ¸É ¥É ¢ ¶μ¸É· ¤¨ Í¨μ´´Ò° ¶¥·¨μ¤. 	Éμ ¸¢Ö§ ´μ ¸ μ¡· §μ¢ ´¨¥³ Ô´§¨³ É¨Î¥-
¸±¨Ì „� ¨§ ¤²¨É¥²Ó´μ ´¥·¥¶ ·¨·Ê¥³ÒÌ μ¤´μ´¨É¥¢ÒÌ · §·Ò¢μ¢ „�Š. 
·¨³¥´¥´¨¥
¶·¥¤²μ¦¥´´μ£μ ¸¶μ¸μ¡ , ¶·¨¢μ¤ÖÐ¥£μ ± ¶μ¢ÒÏ¥´¨Õ ¡¨μ²μ£¨Î¥¸±μ° ÔËË¥±É¨¢´μ-
¸É¨ ¶ÊÎ±μ¢ ¶·μÉμ´μ¢, §´ Î¨É¥²Ó´μ ¸¡²¨¦ ¥É μ¡² ¸É¨ ¨¸¶μ²Ó§μ¢ ´¨Ö ¶·μÉμ´´ÒÌ
¨ Ê£²¥·μ¤´ÒÌ Ê¸±μ·¨É¥²¥° ¤²Ö É¥· ¶¥¢É¨Î¥¸±¨Ì Í¥²¥°.

� ¡μÉ  ¢Ò¶μ²´¥´  ¢ ‹ ¡μ· Éμ·¨¨ · ¤¨ Í¨μ´´μ° ¡¨μ²μ£¨¨ �ˆŸˆ.


·¥¶·¨´É �¡Ñ¥¤¨´¥´´μ£μ ¨´¸É¨ÉÊÉ  Ö¤¥·´ÒÌ ¨¸¸²¥¤μ¢ ´¨°. „Ê¡´ , 2018

Krasavin E.A. et al. P19-2018-48
The In�uence of DNA Synthesis Inhibitors on the Biological Efˇciency of the Mod-
iˇed Bragg Peak Proton Beam

The effect of inhibitors of DNA synthesis of 1-β-D-arabinofuranosylcytosine
(AraC) and hydroxyurea (HU), the medicaments used in an oncological clinic, on
the formation of double-strand breaks (DSB) of DNA in human cells when irradiated
with protons in the Bragg peak was studied. It is shown that in the presence of AraC
and HU, the biological efˇciency of proton irradiation, estimated by the kinetics of
γH2AX/53BP1 foci formation, increases sharply in the post-radiation period. This
is due to the formation of enzymatic DSB from long-time unrepairable single-strand
DNA breaks. Application of the proposed method, leading to an increase in the
biological efˇciency of proton beams, signiˇcantly brings together the areas of use
of proton and carbon accelerators for therapeutic purposes.

The investigation has been performed at the Laboratory of Radiation Biology,
JINR.
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ˆ¸¶μ²Ó§μ¢ ´¨¥ ¶ÊÎ±μ¢ ¶·μÉμ´μ¢ ¢ ±²¨´¨±¥ ²ÊÎ¥¢μ° É¥· ¶¨¨ · ±  ¶μ ·Ö¤Ê
¶·¨Î¨´ Ö¢²Ö¥É¸Ö ¡μ²¥¥ ¶·¥¤¶μÎÉ¨É¥²Ó´Ò³ ¶μ ¸· ¢´¥´¨Õ ¸ ËμÉμ´´Ò³ μ¡²ÊÎ¥-
´¨¥³ (£ ³³ - ¨ ·¥´É£¥´μ¢¸±¨³ ¨§²ÊÎ¥´¨¥³, ¶ÊÎ± ³¨ Ê¸±μ·¥´´ÒÌ Ô²¥±É·μ´μ¢).
ƒ² ¢´μ° ¶·¨Î¨´μ° ¨¸±²ÕÎ¨É¥²Ó´μ£μ ¨´É¥·¥¸  ¸¶¥Í¨ ²¨¸Éμ¢ ± ¶·¨³¥´¥´¨Õ
 ¤·μ´´ÒÌ ¶ÊÎ±μ¢ ¢ μ´±μ²μ£¨Î¥¸±μ° ¶· ±É¨±¥ Ö¢²ÖÕÉ¸Ö · §²¨Î¨Ö ¢ · ¸¶·¥-
¤¥²¥´¨¨ ¶μ£²μÐ¥´´ÒÌ ¤μ§ μ¡²ÊÎ¥´¨Ö ¢ É¥²¥ ¶ Í¨¥´Éμ¢ ¶·¨ ¨¸¶μ²Ó§μ¢ ´¨¨
¨§²ÊÎ¥´¨° Ô²¥±É·μ³ £´¨É´μ° ¨ ±μ·¶Ê¸±Ê²Ö·´μ° ¶·¨·μ¤Ò. 
·¥¦¤¥ ¢¸¥£μ ÔÉμ
¸¢Ö§ ´μ ¸ μ¸μ¡¥´´μ¸ÉÖ³¨ · ¸¶·¥¤¥²¥´¨Ö ¶μ£²μÐ¥´´μ° ¤μ§Ò ¢ § ¢¨¸¨³μ¸É¨ μÉ
£²Ê¡¨´Ò ¶·μ´¨±´μ¢¥´¨Ö § ·Ö¦¥´´ÒÌ Î ¸É¨Í ¢ μ¡²ÊÎ ¥³ÊÕ μ¡² ¸ÉÓ. Œ ±¸¨-
³ ²Ó´ Ö Ô´¥·£¨Ö ¶·¨ ¶·μÌμ¦¤¥´¨¨ Î ¸É¨Í Î¥·¥§ ¢¥Ð¥¸É¢μ É± ´¨ ¶¥·¥¤ ¥É¸Ö ¢
±μ´Í¥ ¨Ì ¶·μ¡¥£  (¢ ¶¨±¥ �·Ô££ ), ¨ ¤μ§μ¢μ¥ · ¸¶·¥¤¥²¥´¨¥ Ì · ±É¥·¨§Ê¥É¸Ö
¢Ò¸μ±μ° ±μ´Ëμ·³´μ¸ÉÓÕ ¶μ μÉ´μÏ¥´¨Õ ± μ¡²ÊÎ ¥³μ° ³¨Ï¥´¨. ‚ ÔÉμ³ ¸²ÊÎ ¥
¶·¨ μ¡²ÊÎ¥´¨¨ £²Ê¡μ±μ§ ²¥£ ÕÐ¨Ì μ¶ÊÌμ²¥° ¤μ¸É¨£ ¥É¸Ö ³¥´ÓÏ¨° Ê·μ¢¥´Ó
μ¡²ÊÎ¥´¨Ö ¶·¨²¥£ ÕÐ¨Ì ± μ¶ÊÌμ²¨ ´μ·³ ²Ó´ÒÌ É± ´¥°,   É ±¦¥ ±·¨É¨Î¥¸±¨Ì
μ·£ ´μ¢. 
μ¸±μ²Ó±Ê Ï¨·¨´  ¶¨±  �·Ô££  ³μ´μÔ´¥·£¥É¨Î¥¸±¨Ì ¶·μÉμ´μ¢ ´¥-
¢¥²¨± , ¶·¨³¥´ÖÕÉ¸Ö ¸¶μ¸μ¡Ò Ê¢¥²¨Î¥´¨Ö Ï¨·¨´Ò ¶¨±  ¶ÊÉ¥³ ³μ¤¨Ë¨± Í¨¨
¸¶¥±É·  ¶ÊÎ±  μÉ ³μ´μÔ´¥·£¥É¨Î¥¸±μ£μ ± ´¥¶·¥·Ò¢´μ³Ê. �¥§Ê²ÓÉ¨·ÊÕÐ¥¥
¤μ§μ¢μ¥ · ¸¶·¥¤¥²¥´¨¥ ¢¸²¥¤¸É¢¨¥ ÔÉμ£μ ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ° ¸Ê¶¥·¶μ§¨Í¨Õ
£²Ê¡¨´´ÒÌ · ¸¶·¥¤¥²¥´¨° ¤μ§Ò ¤²Ö ¶·μÉμ´μ¢ · §´ÒÌ Ô´¥·£¨°. ‚¥²¨Î¨´  ²¨-
´¥°´μ° ¶¥·¥¤ Î¨ Ô´¥·£¨¨ (‹
	) ´  · §´ÒÌ ÊÎ ¸É± Ì ±·¨¢μ° �·Ô££  ´¥μ¤¨´ -
±μ¢ . �  ¢Ìμ¤¥ Î ¸É¨Í ¢ ¢¥Ð¥¸É¢μ μ¡²ÊÎ ¥³μ° μ¡² ¸É¨ ¨Ì ‹
	 ¨³¥¥É ³ ²Ò¥
§´ Î¥´¨Ö ¨ ·¥§±μ ¢μ§· ¸É ¥É ± ±μ´ÍÊ ¶·μ¡¥£  Î ¸É¨Í ¢ μ¡² ¸É¨ ¶¨±  �·Ô££ .
�¥ ²¨§Ê¥³Ò¥ · §²¨Î¨Ö ¢ · ¸¶·¥¤¥²¥´¨¨ ¶μ£²μÐ¥´´ÒÌ ¤μ§ μ¡²ÊÎ¥´¨Ö ¶·¨ ¶·μ-
Ìμ¦¤¥´¨¨ ¶ÊÎ±  ¶·μÉμ´μ¢ Ö¢²ÖÕÉ¸Ö μ¤´μ° ¨§ ¢ ¦´ÒÌ ¶·¨Î¨´ ¶·¨³¥´¥´¨Ö
¶·μÉμ´μ¢ ¢ ²ÊÎ¥¢μ° É¥· ¶¨¨. …Ð¥ ¡μ²ÓÏ¨¥ · §²¨Î¨Ö ¢ Ê·μ¢´¥ ¶μ£²μÐ¥´´ÒÌ
¤μ§ ´  · §´ÒÌ ÊÎ ¸É± Ì ±·¨¢μ° �·Ô££  ¶·¨¸ÊÐ¨ Ê¸±μ·¥´´Ò³ ¨μ´ ³ Ê£²¥·μ¤ .
� §²¨Î¨Ö ¤²Ö Î ¸É¨Í ¸ Ô´¥·£¨¥° 250Ä300 ŒÔ‚/´Ê±²μ´ ¢ ÔÉμ³ ¸²ÊÎ ¥ ¤μ¸É¨£ ÕÉ
§´ Î¥´¨°, · ¢´ÒÌ 4 ¨ ¡μ²¥¥. ‘ ÊÎ¥Éμ³ ÔÉμ£μ ¢ ·Ö¤¥ ¸É· ´ (Ÿ¶μ´¨¨, ƒ¥·³ ´¨¨,
Š��) ¸μ§¤ ´Ò ¸¶¥Í¨ ²¨§¨·μ¢ ´´Ò¥ Í¥´É·Ò ¤²Ö Ê£²¥·μ¤´μ° É¥· ¶¨¨ ´  ¡ §¥
Ê¸±μ·¨É¥²Ó´ÒÌ Ê¸É ´μ¢μ± · §²¨Î´ÒÌ É¨¶μ¢. ˆ¸¶μ²Ó§μ¢ ´¨¥ ¨μ´μ¢ Ê£²¥·μ¤ 
¢ É¥· ¶¨¨ · ±  Ö¢²Ö¥É¸Ö ³´μ£μμ¡¥Ð ÕÐ¨³, μ¸μ¡¥´´μ ¢ É¥· ¶¨¨ · ¤¨ Í¨μ´´μ
Ê¸Éμ°Î¨¢ÒÌ É¨¶μ¢ μ¶ÊÌμ²¥°. ‘²¥¤Ê¥É μÉ³¥É¨ÉÓ, ÎÉμ ¸Éμ¨³μ¸ÉÓ É ±¨Ì Ê¸±μ-
·¨É¥²¥° ±· °´¥ ¢Ò¸μ±  ¶μ ¸· ¢´¥´¨Õ ¸ ¶·μÉμ´´Ò³¨ ³ Ï¨´ ³¨, ¢¸²¥¤¸É¢¨¥
Î¥£μ Í¥´É·Ò Ê£²¥·μ¤´μ° É¥· ¶¨¨ ¤μ ¶μ¸²¥¤´¥£μ ¢·¥³¥´¨ ¥¤¨´¨Î´Ò ¨ ¸Éμ¨-
³μ¸ÉÓ ±Ê·¸μ¢ ²¥Î¥´¨Ö ¶ Í¨¥´Éμ¢ É ±¦¥ ¨¸±²ÕÎ¨É¥²Ó´μ ¢Ò¸μ± Ö.
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‚Ò¸μ± Ö ¡¨μ²μ£¨Î¥¸± Ö ÔËË¥±É¨¢´μ¸ÉÓ Ê¸±μ·¥´´ÒÌ ¨μ´μ¢ Ê£²¥·μ¤  ¶μ
¸· ¢´¥´¨Õ ¸ ¶·μÉμ´ ³¨ μ¡Ê¸²μ¢²¥´  ¡μ²ÓÏ¨³¨ §´ Î¥´¨Ö³¨ ‹
	 ÉÖ¦¥²ÒÌ
¨μ´μ¢. 
·¨ ¶·μÌμ¦¤¥´¨¨ ÉÖ¦¥²ÒÌ § ·Ö¦¥´´ÒÌ Î ¸É¨Í Î¥·¥§ ÎÊ¢¸É¢¨É¥²Ó´Ò¥
³¨Ï¥´¨ ±²¥Éμ± Ëμ·³¨·ÊÕÉ¸Ö £·Ê¡Ò¥ ´ ·ÊÏ¥´¨Ö £¥´¥É¨Î¥¸±¨Ì ¸É·Ê±ÉÊ·, ¶·¨-
¢μ¤ÖÐ¨¥ ± ±²¥ÉμÎ´μ° £¨¡¥²¨, ¶μ²μ³± ³ Ì·μ³μ¸μ³, ¨´¨Í¨ Í¨¨ §²μ± Î¥¸É¢¥´-
´μ° É· ´¸Ëμ·³ Í¨¨ [1]. ‘·¥¤¨ Ï¨·μ±μ£μ ¸¶¥±É·  · §²¨Î´ÒÌ ¶μ¢·¥¦¤¥´¨°
„�Š ¶·¨ ¤¥°¸É¢¨¨ ¨μ´¨§¨·ÊÕÐ¥° · ¤¨ Í¨¨ ´ ¨¡μ²¥¥ ÉÖ¦¥²Ò³¨ ´ ·ÊÏ¥´¨-
Ö³¨, ¶·¨¢μ¤ÖÐ¨³¨ ± ±²¥ÉμÎ´μ° £¨¡¥²¨, Ö¢²ÖÕÉ¸Ö μ¤´μ¢·¥³¥´´Ò¥ ´ ·ÊÏ¥´¨Ö
Í¥²μ¸É´μ¸É¨ ¤¢ÊÌ ´¨É¥° „�Š Å ¤¢Ê´¨É¥¢Ò¥ · §·Ò¢Ò („�) [1, 2]. „¢Ê´¨É¥-
¢Ò¥ · §·Ò¢Ò ²¨¡μ μ¡· §ÊÕÉ¸Ö ¢ ·¥§Ê²ÓÉ É¥ ¶·Ö³μ£μ · §·Ò¢  ¤¢ÊÌ ±μ³¶²¥-
³¥´É ·´ÒÌ ÊÎ ¸É±μ¢ Å ¶·Ö³Ò¥ „� (
„�) Å ¢¸²¥¤¸É¢¨¥ ¶¥·¥¤ Î¨ Ô´¥·£¨¨
²μ± ²Ó´μ³Ê ÊÎ ¸É±Ê „�Š, ÎÉμ ¶·¨¢μ¤¨É ± ´ ·ÊÏ¥´¨Õ ¥¥ Í¥²μ¸É´μ¸É¨, ²¨¡μ
Ëμ·³¨·ÊÕÉ¸Ö ¨§ ¤·Ê£¨Ì ¶μ¢·¥¦¤¥´¨° ± ± ®¨§¤¥·¦±¨¯ ·¥¶ · Í¨¨ ¢ ¶·μÍ¥¸¸¥
· ¡μÉÒ ·¥¶ · Í¨μ´´ÒÌ Ë¥·³¥´Éμ¢. 	ÉμÉ É¨¶ ¶μ¢·¥¦¤¥´¨° μÉ´μ¸¨É¸Ö ± · §-
·Ö¤Ê Ô´§¨³ É¨Î¥¸±¨Ì „� (	„�) [3, 4]. 
·¨ ¤¥°¸É¢¨¨ ¨§²ÊÎ¥´¨° ¸ ¢μ§· ¸É -
ÕÐ¨³¨ §´ Î¥´¨Ö³¨ ‹
	 ´ ¡²Õ¤ ÕÉ¸Ö ¨§³¥´¥´¨Ö ¢ ¸¶¥±É·¥ ¨´¤ÊÍ¨·Ê¥³ÒÌ
¶μ¢·¥¦¤¥´¨° „�Š ±²¥Éμ±. 
·¨ ´¨§±¨Ì §´ Î¥´¨ÖÌ ‹
	 ¸ ´ ¨¡μ²ÓÏ¥° Î ¸Éμ-
Éμ° Ëμ·³¨·ÊÕÉ¸Ö ¶μ¢·¥¦¤¥´¨Ö μ¸´μ¢ ´¨° ¨ μ¤´μ´¨É¥¢Ò¥ · §·Ò¢Ò (��) „�Š.

·¨ μ¡²ÊÎ¥´¨¨ ÉÖ¦¥²Ò³¨ § ·Ö¦¥´´Ò³¨ Î ¸É¨Í ³¨ ¸ ¢Ò¸μ±¨³¨ §´ Î¥´¨Ö³¨
‹
	 μ¡· §ÊÕÉ¸Ö ¶·¥¨³ÊÐ¥¸É¢¥´´μ ¤¢Ê´¨É¥¢Ò¥ · §·Ò¢Ò, £² ¢´Ò³ μ¡· §μ³,
É¨¶  
„�,   ±μ²¨Î¥¸É¢μ μ¤´μ´¨É¥¢ÒÌ · §·Ò¢μ¢ ¸´¨¦ ¥É¸Ö [5].

� ´¥¥ ´ ³¨ ¡Ò²μ ¶μ± § ´μ, ÎÉμ ¢ ±²¥É± Ì, μ¡²ÊÎ¥´´ÒÌ γ-±¢ ´É ³¨ ¨ Î -
¸É¨Í ³¨ ¸ ¢Ò¸μ±μ° ‹
	, ¢ Ê¸²μ¢¨ÖÌ ¢²¨Ö´¨Ö ¨´£¨¡¨Éμ·μ¢ ¸¨´É¥§  „�Š
1-β-D- · ¡¨´μËÊ· ´μ§¨²Í¨Éμ§¨´  (�· –) ¨ £¨¤·μ±¸¨³μÎ¥¢¨´Ò (ƒŒ) ¢ · §´μ°
¸É¥¶¥´¨ ³μ¤¨Ë¨Í¨·Ê¥É¸Ö ¢ÒÌμ¤ „� „�Š ¢ ¶μ¸É· ¤¨ Í¨μ´´Ò° ¶¥·¨μ¤ [6]. 
·¨
γ-μ¡²ÊÎ¥´¨¨ ¢ Ê¸²μ¢¨ÖÌ ¢²¨Ö´¨Ö ³μ¤¨Ë¨Í¨·ÊÕÐ¨Ì  £¥´Éμ¢ ¢ÒÌμ¤ „� „�Š
§´ Î¨É¥²Ó´μ ¢μ§· ¸É ² ¢ Ìμ¤¥ ¶μ¸É· ¤¨ Í¨μ´´μ° ¨´±Ê¡ Í¨¨ ²¨³ËμÍ¨Éμ¢ ¨
±²¥Éμ± Î¥²μ¢¥±  ¢ ±Ê²ÓÉÊ·¥. ‚ Éμ ¦¥ ¢·¥³Ö ¶·¨ ¤¥°¸É¢¨¨ Ê¸±μ·¥´´ÒÌ ÉÖ¦¥-
²ÒÌ ¨μ´μ¢ ³μ¤¨Ë¨Í¨·ÊÕÐ¥¥ ¤¥°¸É¢¨¥  £¥´Éμ¢ ¡Ò²μ ³¥´ÓÏ¨³. ˆÌ ¢²¨Ö´¨¥
´  Ëμ·³¨·μ¢ ´¨¥ „� „�Š μ¡Ê¸²μ¢²¥´μ É¥³, ÎÉμ �· – ¶·¥¤¸É ¢²Ö¥É ¸μ¡μ°
ÔËË¥±É¨¢´Ò° ¨´£¨¡¨Éμ· „�Š-¶μ²¨³¥· §Ò α ¨ ¢ ³¥´ÓÏ¥° ¸É¥¶¥´¨ β, ¢¥¤Ê-
Ð¨Ì ·¥¶ · É¨¢´Ò° ¸¨´É¥§ „�Š [7, 8]. ƒ¨¤·μ±¸¨³μÎ¥¢¨´ , Ö¢²ÖÖ¸Ó ¨´£¨¡¨Éμ-
·μ³ ·¨¡μ´Ê±²¥μÉ¨¤·¥¤Ê±É §Ò, ¢²¨Ö¥É ´  ¢´ÊÉ·¨±²¥ÉμÎ´Ò° ¶Ê² ´Ê±²¥μÉ¨¤μ¢,
¢ Î ¸É´μ¸É¨ Í¨Éμ§¨´ , ¨ ¸´¨¦ ¥É ¥£μ [9]. ‚ ·¥§Ê²ÓÉ É¥ ÔÉμ£μ ¶·μ¨¸Ìμ¤¨É ¤²¨-
É¥²Ó´ Ö Ë¨±¸ Í¨Ö ¢μ§´¨± ÕÐ¨Ì ¶·Ö³ÒÌ �� „�Š, Ëμ·³¨·ÊÕÐ¨Ì¸Ö ¢ Ìμ¤¥
Ô±¸Í¨§¨μ´´μ° ·¥¶ · Í¨¨. ’ ±¨¥ ¶μ¢·¥¦¤¥´¨Ö ³μ£ÊÉ Ö¢²ÖÉÓ¸Ö ¸ °É ³¨ Ëμ·-
³¨·μ¢ ´¨Ö 	„� „�Š ¢ ·¥§Ê²ÓÉ É¥  É ±¨ ´¨É¨, μ¶¶μ§¨É´μ° ¶μ¢·¥¦¤¥´´μ³Ê
ÊÎ ¸É±Ê, Ô´¤μ´Ê±²¥ § ³¨ É¨¶  S1 [10Ä12].

‘ ÊÎ¥Éμ³ Éμ£μ, ÎÉμ �· – (Í¨É · ¡¨´) ¨ ƒŒ Ö¢²ÖÕÉ¸Ö μË¨Í¨´ ²Ó´Ò³¨
¶·¥¶ · É ³¨ ¨ ¨¸¶μ²Ó§ÊÕÉ¸Ö ¢ ±²¨´¨±¥ ¶·¨ ²¥Î¥´¨¨ μ¸É·ÒÌ ¨ Ì·μ´¨Î¥¸±¨Ì
²¥°±μ§μ¢,   ¢ ¸μ¸É ¢¥ ±μ³¡¨´¨·μ¢ ´´μ£μ ¨²¨ ±μ³¶²¥±¸´μ£μ ²¥Î¥´¨Ö ƒŒ ¶·¨-
³¥´Ö¥É¸Ö ¶·¨ ²¥Î¥´¨¨ μ¶ÊÌμ²¥° £μ²μ¢Ò ¨ Ï¥¨, ¶·¨ ³¥² ´μ³¥ ±μ¦¨, · ±¥
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Éμ²¸Éμ° ¨ ¶·Ö³μ° ±¨Ï±¨, · ±¥ Ï¥°±¨ ³ É±¨, · ±¥ ¶μÎ±¨ ¨ ¶·¥¤¸É É¥²Ó´μ°
¦¥²¥§Ò [13, 14], ¶·¥¤¸É ¢²Ö¥É¸Ö ±· °´¥ ¢ ¦´Ò³ ¨§ÊÎ¨ÉÓ ¢²¨Ö´¨¥ ÔÉ¨Ì ¶·¥-
¶ · Éμ¢ ´  Ëμ·³¨·μ¢ ´¨¥ ³μ²¥±Ê²Ö·´ÒÌ ´ ·ÊÏ¥´¨° ¢ ±²¥É± Ì Î¥²μ¢¥±  ¶·¨
¤¥°¸É¢¨¨ ¶·μÉμ´μ¢ ¢ ¶¨±¥ �·Ô££ . Š²¨´¨Î¥¸±μ¥ ¶·¨³¥´¥´¨¥ ¤ ´´ÒÌ ¶·¥¶ · -
Éμ¢ ¢ ´ ¸ÉμÖÐ¥¥ ¢·¥³Ö μ¸´μ¢ ´μ ´  ¨´£¨¡¨·μ¢ ´¨¨ ¶·μÌμ¦¤¥´¨Ö ±²¥Éμ± ¶μ
Í¨±²Ê ¢ S-Ë §¥. 
·¨´¨³ Ö ¢μ ¢´¨³ ´¨¥ · ´¥¥ ¶μ²ÊÎ¥´´Ò¥ ´ ³¨ ³ É¥·¨ ²Ò μ
³μ¤¨Ë¨Í¨·ÊÕÐ¥³ ¢²¨Ö´¨¨ ÔÉ¨Ì  £¥´Éμ¢ ´  ¢ÒÌμ¤ ¤¢Ê´¨É¥¢ÒÌ · §·Ò¢μ¢ „�Š
¶·¨ ¤¥°¸É¢¨¨ ¨μ´¨§¨·ÊÕÐ¨Ì ¨§²ÊÎ¥´¨° · §´μ£μ ± Î¥¸É¢  [6],   É ±¦¥ ¢μ§-
³μ¦´Ò¥ ¶¥·¸¶¥±É¨¢Ò ¶· ±É¨Î¥¸±μ£μ ¶·¨³¥´¥´¨Ö ¨´£¨¡¨Éμ·μ¢ ¸¨´É¥§  „�Š
¤ ´´μ£μ É¨¶  ¨ ¨μ´¨§¨·ÊÕÐ¨Ì ¨§²ÊÎ¥´¨° ¢ ±²¨´¨±¥, ³Ò ¨ ¶·¥¤¶·¨´Ö²¨ ´ -
¸ÉμÖÐ¥¥ ¨¸¸²¥¤μ¢ ´¨¥ ¸ ¶·μÉμ´ ³¨ ³¥¤¨Í¨´¸±μ£μ ¶ÊÎ±  �ˆŸˆ [15]. � ·Ö¤Ê
¸ ÔÉ¨³ ¶·¥¤¸É ¢²Ö¥É¸Ö ¢ ¦´Ò³ ¶·μ¢¥¸É¨ ¸· ¢´¨É¥²Ó´μ¥ ¨§ÊÎ¥´¨¥ ¤¥°¸É¢¨Ö
ÔÉ¨Ì ¶·¥¶ · Éμ¢ ¶·¨ μ¡²ÊÎ¥´¨¨ ¶·μÉμ´ ³¨ ¨ ÉÖ¦¥²Ò³¨ ¨μ´ ³¨, μ¡² ¤ ÕÐ¨Ì
¢Ò¸μ±¨³¨ §´ Î¥´¨Ö³¨ ‹
	.

Œ�’…�ˆ�‹› ˆ Œ…’�„›

„²Ö ¨§ÊÎ¥´¨Ö Î ¸ÉμÉÒ μ¡· §μ¢ ´¨Ö „� „�Š ¢ ±²¥É± Ì ¶·¨ ¤¥°¸É¢¨¨ ¶·μ-
Éμ´μ¢ ¢ μ¡ÒÎ´ÒÌ Ê¸²μ¢¨ÖÌ ¨ ¢ ¶·¨¸ÊÉ¸É¢¨¨ ³μ¤¨Ë¨Í¨·ÊÕÐ¨Ì  £¥´Éμ¢,   É ±¦¥
Ê¸±μ·¥´´ÒÌ ¨μ´μ¢ ¡μ·  ¨¸¶μ²Ó§μ¢ ´ ¨³³Ê´μÍ¨ÉμÌ¨³¨Î¥¸±¨° ³¥Éμ¤ μ¶·¥¤¥-
²¥´¨Ö γH2AX/53BP1-Ëμ±Ê¸μ¢ [16].

Š²¥ÉμÎ´ Ö ±Ê²ÓÉÊ· . �μ·³ ²Ó´Ò¥ Ë¨¡·μ¡² ¸ÉÒ ±μ¦¨ Î¥²μ¢¥±  (NHDF
22873, Lonza, ‘‘2509) ±Ê²ÓÉ¨¢¨·μ¢ ²¨ ¢ ¸·¥¤¥ IMDM (Sigma-Aldrich, ƒ¥·-
³ ´¨Ö) ¸ ¤μ¡ ¢²¥´¨¥³ 10%-° Ô³¡·¨μ´ ²Ó´μ° É¥²ÖÎÓ¥° ¸Ò¢μ·μÉ±¨ (Sigma-
Aldrich, ƒ¥·³ ´¨Ö) ¨ 1%-£μ · ¸É¢μ·  £¥´É ³¨Í¨´-£²ÊÉ ³¨´  (Sigma-Aldrich,
ƒ¥·³ ´¨Ö) ¢ ¶² ¸É¨±μ¢ÒÌ Ë² ±μ´ Ì ¸ ¶²μÐ ¤ÓÕ ¶μ¢¥·Ì´μ¸É¨ ·μ¸É  25 ¸³2

(Corning, ‘˜�) ¶·¨ 37 ◦C ¨ 5%-³ ¸μ¤¥·¦ ´¨¨ ‘�2 ¢  É³μ¸Ë¥·¥. „²Ö ¢¸¥Ì
Ô±¸¶¥·¨³¥´Éμ¢ ¨¸¶μ²Ó§μ¢ ²¨ ±²¥É±¨ ´  9Ä12-³ ¶ ¸¸ ¦¥. ‡  16Ä18 Î ¤μ μ¡²Ê-
Î¥´¨Ö ´ ´μ¸¨²¨ 300 ³±² ±²¥ÉμÎ´μ° ¸Ê¸¶¥´§¨¨ ´  ¶μ±·μ¢´Ò¥ ¸É¥±²  ¤¨ ³¥-
É·μ³ 14 ³³ ¨ Éμ²Ð¨´μ° 0,17 ³³, · §³¥Ð¥´´Ò¥ ¢ ¶² ¸É¨±μ¢ÒÌ Î Ï± Ì 
¥É·¨
¤¨ ³¥É·μ³ 35 ³³ (MatTekCorporation, P35G0.170-14-C, ‘˜�). 
μ¸²¥ ¤¢ÊÌ-
Î ¸μ¢μ° ¨´±Ê¡ Í¨¨ ± ¶·¨±·¥¶¨¢Ï¨³¸Ö ±²¥É± ³ ¤μ¡ ¢²Ö²¨ 3,5 ³² ¸·¥¤Ò ¤²Ö
±Ê²ÓÉ¨¢¨·μ¢ ´¨Ö. ‡  1 Î ¤μ μ¡²ÊÎ¥´¨Ö ¢ ±Ê²ÓÉÊ· ²Ó´ÊÕ ¸·¥¤Ê Ë¨¡·μ¡² ¸Éμ¢
¤μ¡ ¢²Ö²¨ �· – (Sigma-Aldrich, ƒ¥·³ ´¨Ö) ¨ ƒŒ (Sigma-Aldrich, ƒ¥·³ ´¨Ö)
¢ ±μ´¥Î´μ° ±μ´Í¥´É· Í¨¨ 20 ³±Œ ¨ 2 ³Œ ¸μμÉ¢¥É¸É¢¥´´μ, ¶μ¸²¥ Î¥£μ ±²¥É±¨
¨´±Ê¡¨·μ¢ ²¨ ¢ É¥·³μ¸É É¥ ¶·¨ 37 ◦C ¢ É¥Î¥´¨¥ 1 Î.

�¡²ÊÎ¥´¨¥. �¡²ÊÎ¥´¨¥ ¶·μ¢μ¤¨²¨ ´  ³¥¤¨Í¨´¸±μ³ ¶ÊÎ±¥ Ê¸±μ·¨É¥²Ö ®” -
§μÉ·μ´¯ ¢ ‹ ¡μ· Éμ·¨¨ Ö¤¥·´ÒÌ ¶·μ¡²¥³ ¨³. ‚.
. „¦¥²¥¶μ¢  �ˆŸˆ. � Î ²Ó-
´ Ö Ô´¥·£¨Ö ¶·μÉμ´μ¢ ´  ¢Ìμ¤¥ ¢ ± ¡¨´Ê ¸μ¸É ¢²Ö²  (170± 10) ŒÔ‚, ‹
	 ¶·μ-
Éμ´μ¢ ¸ Ô´¥·£¨¥° 170 ŒÔ‚ Å 0,49 ±Ô‚/³±³. ‘ ¶μ³μÐÓÕ ¸¶¥Í¨ ²Ó´μ£μ Ê¸É·μ°-
¸É¢  (£·¥¡¥´Î Éμ£μ Ë¨²ÓÉ· ) ¶¨± �·Ô££  ¶·μÉμ´μ¢ ³μ¤¨Ë¨Í¨·μ¢ ´ ¶μ 90%-³Ê
¨§μÊ·μ¢´Õ ³μÐ´μ¸É¨ ¤μ§Ò ¨ · ¸Ï¨·¥´ ¤μ 2 ¸³ (·¨¸. 1). ŒμÐ´μ¸ÉÓ ¤μ§Ò ¸μ¸É -
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�¨¸. 1. ‘Ì¥³  μ¡²ÊÎ¥´¨Ö μ¡· §Íμ¢ ±²¥Éμ± ´  ¶ÊÎ±¥ ¶·μÉμ´μ¢ ¸ ¨¸¶μ²Ó§μ¢ ´¨¥³ £·¥-
¡¥´Î Éμ£μ Ë¨²ÓÉ· 

¢²Ö²  μ±μ²μ 1,5 ƒ·/³¨´. ‘¶¥±É· Ô´¥·£¨¨ § ³¥¤²¥´´ÒÌ ¶·μÉμ´μ¢ ¢ ¶¨±¥ �·Ô££ 
¢±²ÕÎ ² Î ¸É¨ÍÒ ¸ Ô´¥·£¨¥° μÉ 0 ¤μ 47,5 ŒÔ‚ (¶·μ¡¥£ ¢ ¢μ¤¥ Å 2 ¸³). ‚ ¸¶¥±-
É·¥ ‹
	 ¢±² ¤ ¢ ¶μ£²μÐ¥´´ÊÕ ¤μ§Ê ¶·μÉμ´μ¢ ¸ ´¨§±μ° ‹
	 (2Ä25 ±Ô‚/³±³)
¸μ¸É ¢²Ö¥É ∼ 67 %, ¤²Ö Î ¸É¨Í ¸ ‹
	, · ¢´μ° 25Ä50 ±Ô‚/³±³, ∼ 23 % ¨ ¸ ¢Ò-
¸μ±μ° ‹
	 (50Ä100 ±Ô‚/³±³) ∼ 10%. ‚ ´ Ï¨Ì Ô±¸¶¥·¨³¥´É Ì ¶·μÉμ´´Ò°
¶ÊÎμ± ¶¥·¥¤ ¶¥·¥¸¥Î¥´¨¥³ ³μ´μ¸²μÖ ±²¥Éμ± ¶·μÌμ¤¨² Î¥·¥§ ¸É¥±²Ö´´μ¥ ¤´μ
Î Ï±¨ 
¥É·¨ (MatTekCorporation, P35G0.170-14-C, ‘˜�) Éμ²Ð¨´μ° 170 ³±³
¶μ¤ Ê£²μ³ 10◦, É. ¥. Î¥·¥§ 980 ³±³ ¸É¥±²  ¸ ρ = 2,58 £/¸³3. � §¡·μ¸ Ô´¥·£¨¨
Î ¸É¨Í ¢ ¶ÊÎ±¥ ¶·¨ ÔÉμ³ ¸Ê¦ ¥É¸Ö ¤μ 0Ä44,7 ŒÔ‚,   ¸ ÊÎ¥Éμ³ ¢μ§¤ÊÌ  Å ¤μ
0Ä44 ŒÔ‚. ‚ μ¤´μ·μ¤´μ³ ¶μ²¥ ¨§²ÊÎ¥´¨Ö · §³¥· ³¨ 8 × 8 ¸³ μ¤´μ¢·¥³¥´´μ
μ¡²ÊÎ ²μ¸Ó ¶μ ¢μ¸¥³Ó Î Ï¥±. �¡²ÊÎ¥´¨¥ ÉÖ¦¥²Ò³¨ ¨μ´ ³¨ ¶·μ¢μ¤¨²μ¸Ó ´ 
Ê¸É ´μ¢±¥ ®ƒ¥´μ³-Œ¯ ´  Ê¸±μ·¨É¥²¥ “-400Œ ¢ ‹ ¡μ· Éμ·¨¨ Ö¤¥·´ÒÌ ·¥ ±-
Í¨° ¨³. ƒ. �.”²¥·μ¢  �ˆŸˆ. ”¨¡·μ¡² ¸ÉÒ μ¡²ÊÎ ²¨ Ê¸±μ·¥´´Ò³¨ ¨μ´ ³¨
¡μ·  (11B) ¸ Ô´¥·£¨¥° 8 ŒÔ‚/´Ê±²μ´ (‹
	 Å 139 ±Ô‚/³±³) ¶·¨ ³μÐ´μ¸É¨
¤μ§Ò ∼ 2 ƒ·/³¨´. — Ï±¨ 
¥É·¨ (MatTekCorporation, P35G0.170-14-C, ‘˜�)
¤¨ ³¥É·μ³ 35 ³³ Ë¨±¸¨·μ¢ ²¨ ´  ¸³¥´´μ³ ¶μ¢μ·μÉ´μ³ ¡ · ¡ ´¥ É ±¨³ μ¡· -
§μ³, ÎÉμ¡Ò Ê¸±μ·¥´´Ò¥ Î ¸É¨ÍÒ ¶¥·¥¸¥± ²¨ ¶·¥¤³¥É´μ¥ ¸É¥±²μ ¨ ³μ´μ¸²μ°
±²¥Éμ± ¡¥§ ¶μÉ¥·Ó Ô´¥·£¨¨. �¡· §ÍÒ μ¡²ÊÎ ²¨ ¶¥·¶¥´¤¨±Ê²Ö·´μ ± ¶²μ¸±μ¸É¨
¶·μÌμ¦¤¥´¨Ö ¶ÊÎ± .

�…‡“‹œ’�’› ˆ ��‘“†„…�ˆ…

„²Ö ±μ²¨Î¥¸É¢¥´´μ° μÍ¥´±¨ Î ¸ÉμÉÒ μ¡· §μ¢ ´¨Ö „� „�Š ¢ μÉ¤¥²Ó´ÒÌ
Ö¤· Ì ±²¥Éμ± ¨ ¨Ì ¢¨§Ê ²¨§ Í¨¨ ¶·¨ ¤¥°¸É¢¨¨ · §´ÒÌ É¨¶μ¢ ¨§²ÊÎ¥´¨° ¢ μ¡ÒÎ-
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�¨¸. 2. ˆ´¤¨¢¨¤Ê ²Ó´Ò¥ γH2AX/53BP1-Ëμ±Ê¸Ò ¢ · §´μ¥ ¢·¥³Ö ¶μ¸²¥ μ¡²ÊÎ¥´¨Ö ¶·μ-
Éμ´ ³¨ ¨ Ê¸±μ·¥´´Ò³¨ ¨μ´ ³¨ ¡μ·  ¤μ§ ³¨ 0,6 ƒ· ¨ 1,25 ƒ· ¸μμÉ¢¥É¸É¢¥´´μ, ¡¥§
³μ¤¨Ë¨± Éμ·μ¢ ¨ ¢ ¶·¨¸ÊÉ¸É¢¨¨ �· – ¨ ƒŒ. ‘É·¥²± ³¨ ¶μ± § ´Ò ±μ³¶²¥±¸´Ò¥ ¶μ-
¢·¥¦¤¥´¨Ö, Ëμ·³¨·Ê¥³Ò¥ ¢ ¢¨¤¥ ®É·¥±μ¢¯ ¶μ Ìμ¤Ê § ·Ö¦¥´´μ° Î ¸É¨ÍÒ

´ÒÌ Ê¸²μ¢¨ÖÌ ¨ ¢ ¶·¨¸ÊÉ¸É¢¨¨ ³μ¤¨Ë¨Í¨·ÊÕÐ¨Ì  £¥´Éμ¢, ± ± Ê¦¥ Ê± §Ò¢ -
²μ¸Ó, ¨¸¶μ²Ó§μ¢ ´ ¨³³Ê´μÍ¨ÉμÌ¨³¨Î¥¸±¨° ³¥Éμ¤ μ¶·¥¤¥²¥´¨Ö γH2AX/53BP1-
Ëμ±Ê¸μ¢. 	ÉμÉ ³¥Éμ¤ Ö¢²Ö¥É¸Ö ÔËË¥±É¨¢´Ò³ ¨ ¶μ± § É¥²Ó´Ò³ ¶·¨ ¨¸¸²¥¤μ¢ -
´¨¨ ¨ ±μ²¨Î¥¸É¢¥´´μ° μÍ¥´±¥ Ëμ·³¨·μ¢ ´¨Ö ¨ ·¥¶ · Í¨¨ „� „�Š, ¨´¤ÊÍ¨-
·μ¢ ´´ÒÌ ¨§²ÊÎ¥´¨Ö³¨ ¸ · §´Ò³¨ Ë¨§¨Î¥¸±¨³¨ Ì · ±É¥·¨¸É¨± ³¨. �´ ¶μ§¢μ-
²Ö¥É ´¥ Éμ²Ó±μ ¨§ÊÎ ÉÓ ±μ²¨Î¥¸É¢¥´´Ò¥ ¸Éμ·μ´Ò Ëμ·³¨·μ¢ ´¨Ö ¨ Ô²¨³¨´ Í¨¨
· ¤¨ Í¨μ´´μ-¨´¤ÊÍ¨·μ¢ ´´ÒÌ Ëμ±Ê¸μ¢ (�ˆ”), ´μ ¨ ¶·μ¢μ¤¨ÉÓ  ´ ²¨§ ¸É·Ê±-
ÉÊ·Ò ±μ³¶²¥±¸´ÒÌ ¶μ¢·¥¦¤¥´¨° „�Š. �  ·¨¸. 2 ¶·¥¤¸É ¢²¥´Ò ¨§μ¡· ¦¥´¨Ö
¨´¤¨¢¨¤Ê ²Ó´ÒÌ γH2AX/53BP1-Ëμ±Ê¸μ¢ ¢ · §´μ¥ ¢·¥³Ö ¶μ¸²¥ μ¡²ÊÎ¥´¨Ö ¶·μ-
Éμ´ ³¨ ¨ Ê¸±μ·¥´´Ò³¨ ¨μ´ ³¨ ¡μ·  ¤μ§ ³¨ 0,6 ƒ· ¨ 1,25 ƒ· ¸μμÉ¢¥É¸É¢¥´´μ,
¡¥§ ³μ¤¨Ë¨± Éμ·μ¢ ¨ ¢ ¶·¨¸ÊÉ¸É¢¨¨ �· – ¨ ƒŒ. Š ± ³μ¦´μ ¢¨¤¥ÉÓ, ¶·¨
μ¡²ÊÎ¥´¨¨ ±²¥Éμ± ¶·μÉμ´ ³¨ ¢ μÉ¸ÊÉ¸É¢¨¥ ³μ¤¨Ë¨± Éμ·μ¢ ´ ¡²Õ¤ ¥É¸Ö ¢μ§-

5



· ¸É ´¨¥ ±μ²¨Î¥¸É¢  �ˆ” ¸ ¶μ¸²¥¤ÊÕÐ¨³ ¨Ì ¸´¨¦¥´¨¥³ ¢ ¶μ¸É· ¤¨ Í¨μ´´Ò°
¶¥·¨μ¤. Š¨´¥É¨±  ¶·μÍ¥¸¸  ¶·¨ ¤¥°¸É¢¨¨ 0,6 ƒ· ¨ 1,25 ƒ· ¶·μÉμ´μ¢ ¶·¥¤¸É -
¢²¥´  ´  ·¨¸. 3 ¨ 4 ¸μμÉ¢¥É¸É¢¥´´μ. 
·¨ ÔÉ¨Ì ¤μ§ Ì ´ ¨¡μ²ÓÏ¥¥ ±μ²¨Î¥¸É¢μ
Ëμ±Ê¸μ¢ Ëμ·³¨·Ê¥É¸Ö Î¥·¥§ 1 Î ¶μ¸²¥ ²ÊÎ¥¢μ£μ ¢μ§¤¥°¸É¢¨Ö. —¥·¥§ 24 Î ¨Ì
±μ²¨Î¥¸É¢μ ³¨´¨³ ²Ó´μ.


·¨ μ¡²ÊÎ¥´¨¨ μ¡· §Íμ¢ ¤μ§μ° 1,25 ƒ· Î ¸ÉμÉ  μ¡· §μ¢ ´¨Ö �ˆ” § ³¥É´μ
¶·¥¢ÒÏ ¥É ¨Ì ±μ²¨Î¥¸É¢μ, ´ ¡²Õ¤ ¥³μ¥ ¶·¨ ¤μ§¥ 0,6 ƒ·, ´μ ±¨´¥É¨±  Ô²¨³¨-
´ Í¨¨ �ˆ” ¸Ìμ¤´  ¶·¨ μ¡¥¨Ì ¨¸¶μ²Ó§μ¢ ´´ÒÌ ¤μ§ Ì μ¡²ÊÎ¥´¨Ö.

�¨¸. 3. Š¨´¥É¨±  Ëμ·³¨·μ¢ ´¨Ö ¨ Ô²¨³¨´ Í¨¨ γH2AX/53BP1-Ëμ±Ê¸μ¢ ¢ Ö¤· Ì ±²¥Éμ±
Î¥²μ¢¥±  ¶·¨ ¤¥°¸É¢¨¨ ¶·μÉμ´μ¢ ¢ ¶¨±¥ �·Ô££ . �¡²ÊÎ¥´¨¥ ¤μ§μ° 0,6 ƒ· ¢ μ¡ÒÎ´ÒÌ
Ê¸²μ¢¨ÖÌ (�, 1) ¨ ¢ ¶·¨¸ÊÉ¸É¢¨¨ �· – ¨ ƒŒ (•, 2)

�¨¸. 4. Š¨´¥É¨±  Ëμ·³¨·μ¢ ´¨Ö ¨ Ô²¨³¨´ Í¨¨ γH2AX/53BP1-Ëμ±Ê¸μ¢ ¢ Ö¤· Ì ±²¥Éμ±
Î¥²μ¢¥±  ¶·¨ ¤¥°¸É¢¨¨ ¶·μÉμ´μ¢ ¢ ¶¨±¥ �·Ô££ . �¡²ÊÎ¥´¨¥ ¤μ§μ° 1,25 ƒ· ¢ μ¡ÒÎ´ÒÌ
Ê¸²μ¢¨ÖÌ (�, 1) ¨ ¢ ¶·¨¸ÊÉ¸É¢¨¨ �· – ¨ ƒŒ (•, 2)
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‘μ¢¥·Ï¥´´μ ¨´μ° É¨¶ ±¨´¥É¨±¨ Ëμ·³¨·μ¢ ´¨Ö γH2AX/53BP1-Ëμ±Ê¸μ¢
´ ¡²Õ¤ ¥É¸Ö ¶·¨ μ¡²ÊÎ¥´¨¨ ±²¥Éμ± ¶·μÉμ´ ³¨ ¢ ¶·¨¸ÊÉ¸É¢¨¨ ³μ¤¨Ë¨± Éμ-
·μ¢. ‚²¨Ö´¨¥ �· – ¨ ƒŒ É ±μ¥, ÎÉμ ¢ É¥Î¥´¨¥ ¶μ¸É· ¤¨ Í¨μ´´μ° ¨´±Ê¡ Í¨¨
±²¥Éμ± ¶·μ¨¸Ìμ¤¨É ´¥ Ê³¥´ÓÏ¥´¨¥ ±μ²¨Î¥¸É¢  �ˆ”,   ¨Ì ·¥§±μ¥ ¢μ§· ¸É ´¨¥,
±μÉμ·μ¥ ¸μÌ· ´Ö¥É¸Ö ¤μ 24 Î ´ ¡²Õ¤¥´¨Ö. 	Éμ μÉÎ¥É²¨¢μ ¢¨¤´μ ´  ·¨¸. 2 ¨
μÉ· ¦¥´μ ´  ±¨´¥É¨Î¥¸±¨Ì § ¢¨¸¨³μ¸ÉÖÌ (¸³. ·¨¸. 3, 4). “¢¥²¨Î¥´¨¥ ±μ²¨-
Î¥¸É¢  γH2AX/53BP1-Ëμ±Ê¸μ¢ ¢ ¶·¨¸ÊÉ¸É¢¨¨ �· – ¨ ƒŒ μ¡ÑÖ¸´Ö¥É¸Ö Ê¢¥²¨-
Î¥´¨¥³ ±μ²¨Î¥¸É¢  ¤¢Ê´¨É¥¢ÒÌ · §·Ò¢μ¢ „�Š, ¨ ÔÉμ ¸¢Ö§ ´μ ¸ μ¡· §μ¢ ´¨¥³
Ô´§¨³ É¨Î¥¸±¨Ì „� ¨§ ¤·Ê£¨Ì · ¤¨ Í¨μ´´ÒÌ ¶μ¢·¥¦¤¥´¨° „�Š. Š ± Ê¦¥
´ ³¨ μÉ³¥Î ²μ¸Ó, ¶·¨ ¤¥°¸É¢¨¨ ´  ±²¥É±¨ ¨μ´¨§¨·ÊÕÐ¨Ì ¨§²ÊÎ¥´¨° ¢ ¶·¨-
¸ÊÉ¸É¢¨¨ �· – ¨ ƒŒ ¶·μ¨¸Ìμ¤¨É ´ ±μ¶²¥´¨¥ μ¤´μ´¨É¥¢ÒÌ · §·Ò¢μ¢ ¢ ´¨ÉÖÌ
„�Š. ‚¸²¥¤¸É¢¨¥ ¡²μ±¨·μ¢ ´¨Ö ·¥¶ · É¨¢´μ£μ ¸¨´É¥§  �� „�Š ÔÉ¨³¨  £¥´-
É ³¨ ¨§ ¤²¨É¥²Ó´μ ´¥·¥¶ ·¨·μ¢ ´´ÒÌ μ¤´μ´¨É¥¢ÒÌ · §·Ò¢μ¢ Ëμ·³¨·ÊÕÉ¸Ö
Ô´§¨³ É¨Î¥¸±¨¥ „� „�Š. �²μ±¨·μ¢ ´¨¥ ·¥¶ · Í¨¨ ±μ´Í¥¢ÒÌ £·Ê¶¶ μ¤´μ´¨-
É¥¢ÒÌ · §·Ò¢μ¢  · ¡¨´μ§¨¤Í¨Éμ§¨´μ³ ³μ¦¥É É ±¦¥ ¶·μ¨¸Ìμ¤¨ÉÓ ¨§ ¶Ê²  ��,
μ¡· §ÊÕÐ¨Ì¸Ö ¢ ¶·μÍ¥¸¸¥ ¨´Í¨§¨¨ ³μ¤¨Ë¨Í¨·μ¢ ´´ÒÌ ´Ê±²¥μÉ¨¤μ¢ ¢ Ìμ¤¥
Ô±¸Í¨§¨μ´´μ° ·¥¶ · Í¨¨.

“¤ ²¥´¨¥ É ±¨Ì ¶μ¢·¥¦¤¥´¨° ¢ ¶·μÍ¥¸¸¥ Ô±¸Í¨§¨μ´´μ° ·¥¶ · Í¨¨ Ê ±²¥-
Éμ± ³²¥±μ¶¨É ÕÐ¨Ì ¶·μ¨¸Ìμ¤¨É ¢ É¥Î¥´¨¥ ´¥¸±μ²Ó±¨Ì Î ¸μ¢ ¶μ¸²¥ μ¡²ÊÎ¥-
´¨Ö [17]. ‚ ÔÉμ³ ¸²ÊÎ ¥ ¶·Ö³Ò¥ ¨ Ô´§¨³ É¨Î¥¸±¨¥ �� ³μ£ÊÉ ¡ÒÉÓ ¸ °É ³¨
¤²Ö Ëμ·³¨·μ¢ ´¨Ö Ô´§¨³ É¨Î¥¸±¨Ì „� ¢ ·¥§Ê²ÓÉ É¥  É ±¨ Ô´¤μ´Ê±²¥ § ³¨ μ¶-
¶μ§¨É´ÒÌ ´¨É¥° „�Š ¸ ¤²¨É¥²Ó´μ ´¥·¥¶ ·¨·Ê¥³Ò³¨ �� [18, 19].

‚ ¶μ¸É· ¤¨ Í¨μ´´Ò° ¶¥·¨μ¤ ¶·¨ μ¡²ÊÎ¥´¨¨ ¢ Ê¸²μ¢¨ÖÌ ¢²¨Ö´¨Ö �· –
¨ ƒŒ ¢ ±²¥É± Ì ¶·μ¨¸Ìμ¤ÖÉ ¤¢  · §´μ´ ¶· ¢²¥´´ÒÌ ¶·μÍ¥¸¸ : Ëμ·³¨·μ¢ ´¨¥
¤μ¶μ²´¨É¥²Ó´μ ¢μ§´¨± ÕÐ¨Ì Ô´§¨³ É¨Î¥¸±¨Ì „� „�Š ¨§ ¤²¨É¥²Ó´μ ´¥·¥-
¶ ·¨·Ê¥³ÒÌ �� · §²¨Î´μ£μ ¶·μ¨¸Ìμ¦¤¥´¨Ö ¨ ·¥¶ · Í¨Ö „� „�Š (¶·Ö³ÒÌ
¨ Ô´§¨³ É¨Î¥¸±¨Ì „�). � ´¥¥ ³Ò ¶μ± § ²¨ [20], ÎÉμ ¶·¨ ¤¥°¸É¢¨¨ ÉÖ¦¥²ÒÌ
§ ·Ö¦¥´´ÒÌ Î ¸É¨Í (‹
	 ∼ 160 ±Ô‚/³±³), ±μ£¤  ¢ÒÌμ¤ �� „�Š ·¥§±μ ¶ -
¤ ¥É, ±¨´¥É¨±  ·¥¶ · Í¨¨ ¢ Ê¸²μ¢¨ÖÌ ¢²¨Ö´¨Ö · ¤¨μ³μ¤¨Ë¨± Éμ·μ¢ ¡²¨§± 
± É ±μ°, ± ± ¨ ¶·¨ μ¡²ÊÎ¥´¨¨ ¢ μ¡ÒÎ´ÒÌ Ê¸²μ¢¨ÖÌ. ’μ ¥¸ÉÓ ¢ ¶·¨¸ÊÉ¸É¢¨¨
³μ¤¨Ë¨± Éμ·μ¢ ¶·¨ μ¡²ÊÎ¥´¨¨ ±²¥Éμ± ¨μ´¨§¨·ÊÕÐ¨³¨ ¨§²ÊÎ¥´¨Ö³¨ ¡²μ±¨-
·μ¢ ´¨¥ ·¥¶ · Í¨μ´´ÒÌ ¶·μÍ¥¸¸μ¢ ´¥ ¶·μ¨¸Ìμ¤¨É ¨ ·¥¶ · Í¨Ö „� „�Š ¢
μ¡ÒÎ´ÒÌ Ê¸²μ¢¨ÖÌ ¨ ¢ Ê¸²μ¢¨ÖÌ ¢²¨Ö´¨Ö �· – ¨ ƒŒ Ê¸¶¥Ï´μ μ¸ÊÐ¥¸É¢²Ö¥É¸Ö
¶μ Ô±¸¶μ´¥´Í¨ ²Ó´μ° ±¨´¥É¨±¥ ¸ ³¨´¨³ ²Ó´Ò³¨ · §²¨Î¨Ö³¨. � ¡²Õ¤ ¥³Ò¥
´ ³¨ ¢Ò¸μ±¨¥ §´ Î¥´¨Ö �ˆ” Î¥·¥§ 24 Î ¶μ¸²¥ μ¡²ÊÎ¥´¨Ö ¶·¨ ¤¥°¸É¢¨¨ �· –
¨ ƒŒ μ¡Ê¸²μ¢²¥´Ò, £² ¢´Ò³ μ¡· §μ³, μ¡· §μ¢ ´¨¥³ „� „�Š Ô´§¨³ É¨Î¥-
¸±μ£μ ¶·μ¨¸Ìμ¦¤¥´¨Ö. ‘²¥¤Ê¥É μ¡· É¨ÉÓ ¢´¨³ ´¨¥ ´  ³μ·Ëμ²μ£¨Õ �ˆ” ¶·¨
μ¡²ÊÎ¥´¨¨ ±²¥Éμ± ¶·μÉμ´ ³¨ ¢ Ê¸²μ¢¨ÖÌ ¢²¨Ö´¨Ö ³μ¤¨Ë¨± Éμ·μ¢ (¸³. ·¨¸. 2).
‚ ÔÉμ³ ¸²ÊÎ ¥ ¶·¨ μ¡²ÊÎ¥´¨¨ Ë¨¡·μ¡² ¸Éμ¢ ¶·μÉμ´ ³¨ ¶μ¤ Ê£²μ³ 10◦, É ±
¦¥ ± ± ¨ ¶·¨ μ¡²ÊÎ¥´¨¨ Ê¸±μ·¥´´Ò³¨ ¨μ´ ³¨ ¸ ¢Ò¸μ±μ° ‹
	, ¢ Ö¤· Ì ±²¥-
Éμ± Ëμ·³¨·ÊÕÉ¸Ö ¸±μ¶²¥´¨Ö Ëμ±Ê¸μ¢ ¶μ Ìμ¤Ê Î ¸É¨Í ¢ ¢¨¤¥ ®É·¥±μ¢¯, ±μ-
Éμ·Ò¥ ³Ò μ¶¨¸ ²¨ · ´¥¥ [21]. 
μ± § ´μ, ÎÉμ É ±¨¥ ±μ³¶²¥±¸´Ò¥ ¶μ¢·¥¦¤¥-
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�¨¸. 5. Š¨´¥É¨±  Ëμ·³¨·μ¢ ´¨Ö ¨ Ô²¨³¨´ Í¨¨ γH2AX/53BP1-Ëμ±Ê¸μ¢ ¢ Ö¤· Ì ±²¥Éμ±
Î¥²μ¢¥±  ¶·¨ ¤¥°¸É¢¨¨ Ê¸±μ·¥´´ÒÌ ¨μ´μ¢ ¡μ·  (�, 1) ¨ ¶·μÉμ´μ¢ ¢ ¶¨±¥ �·Ô££  ¶·¨
μ¡²ÊÎ¥´¨¨ ¢ μ¡ÒÎ´ÒÌ Ê¸²μ¢¨ÖÌ (�, 2) ¨ ¢ ¶·¨¸ÊÉ¸É¢¨¨ �· – ¨ ƒŒ (•, 3)

´¨Ö ¢±²ÕÎ ÕÉ ´¥¸±μ²Ó±μ „� „�Š ¢ μ¤´μ³ �ˆ” ¨ É·Ê¤´μ ¶μ¤¤ ÕÉ¸Ö ·¥¶ -
· Í¨¨.

‘ ÊÎ¥Éμ³ ¶μ²ÊÎ¥´´ÒÌ ·¥§Ê²ÓÉ Éμ¢, ¸¢¨¤¥É¥²Ó¸É¢ÊÕÐ¨Ì μ ¢Ò¸μ±μ° ¡¨μ-
²μ£¨Î¥¸±μ° ÔËË¥±É¨¢´μ¸É¨ ¶ÊÎ±  ¶·μÉμ´μ¢ ¢ ¶¨±¥ �·Ô££  ¢ Ê¸²μ¢¨ÖÌ ¢²¨-
Ö´¨Ö ¨´£¨¡¨Éμ·μ¢ ·¥¶ · É¨¢´μ£μ ¸¨´É¥§  „�Š, ¶·¥¤¸É ¢²Ö¥É¸Ö ¢ ¦´Ò³ ´ 
μ¸´μ¢¥ ¨¸¶μ²Ó§μ¢ ´´ÒÌ ±·¨É¥·¨¥¢ μ¡²ÊÎ¥´¨Ö ¸· ¢´¨ÉÓ ¡¨μ²μ£¨Î¥¸±ÊÕ ÔË-
Ë¥±É¨¢´μ¸ÉÓ ¶·μÉμ´μ¢ ¨ Ê¸±μ·¥´´ÒÌ ¨μ´μ¢ ¡μ· , μ¡² ¤ ÕÐ¨Ì ¡²¨§±¨³¨ Ë¨-
§¨Î¥¸±¨³¨ Ì · ±É¥·¨¸É¨± ³¨ ¸ ¨μ´ ³¨ Ê£²¥·μ¤ . �  ·¨¸. 2 ¨ 5 ³μ¦´μ ¢¨¤¥ÉÓ,
ÎÉμ, ± ± ¨ ¶·¨ ¤¥°¸É¢¨¨ ¶·μÉμ´μ¢, ´ ¨¡μ²ÓÏ¥¥ ±μ²¨Î¥¸É¢μ γH2AX/53BP1-
Ëμ±Ê¸μ¢ ¶·¨ μ¡²ÊÎ¥´¨¨ ÉÖ¦¥²Ò³¨ ¨μ´ ³¨ Ëμ·³¨·Ê¥É¸Ö Î¥·¥§ 1 Î ¶μ¸²¥ ²ÊÎ¥-
¢μ£μ ¢μ§¤¥°¸É¢¨Ö. Šμ²¨Î¥¸É¢μ �ˆ” ¶·¨ μ¡²ÊÎ¥´¨¨ ¨μ´ ³¨ ¡μ·  ¶·¨³¥·´μ ¢
2 · §  ¡μ²ÓÏ¥, Î¥³ ¶·¨ μ¡²ÊÎ¥´¨¨ ¶·μÉμ´ ³¨ ¢ μ¡ÒÎ´ÒÌ Ê¸²μ¢¨ÖÌ ¢ É¥Î¥´¨¥
¢¸¥£μ ¶μ¸É· ¤¨ Í¨μ´´μ£μ ¶¥·¨μ¤ .

Š¨´¥É¨±  ·¥¶ · Í¨¨ �ˆ” ¸Ìμ¤´  ¸ ±¨´¥É¨±μ°, ´ ¡²Õ¤ ¥³μ° ¤²Ö ¶·μÉμ-
´μ¢ ¢ μ¡ÒÎ´ÒÌ Ê¸²μ¢¨ÖÌ. �¤´ ±μ ¶·¨ μ¡²ÊÎ¥´¨¨ ±²¥Éμ± ¢ ¶·¨¸ÊÉ¸É¢¨¨ �· –
¨ ƒŒ ±μ²¨Î¥¸É¢μ �ˆ” Î¥·¥§ 4 Î ¨ μ¸μ¡¥´´μ Î¥·¥§ 24 Î ¶μ¸²¥ μ¡²ÊÎ¥´¨Ö ·¥§±μ
Ê¢¥²¨Î¨¢ ¥É¸Ö ¶μ ¸· ¢´¥´¨Õ ¸ ¤¥°¸É¢¨¥³ ¨μ´μ¢ ¡μ· . 	É¨ · §²¨Î¨Ö ¢ ±μ²¨Î¥-
¸É¢¥ Ëμ±Ê¸μ¢ μ¡Ê¸²μ¢²¥´Ò, ¸ μ¤´μ° ¸Éμ·μ´Ò, Ëμ·³¨·μ¢ ´¨¥³ Ô´§¨³ É¨Î¥¸±¨Ì
„� „�Š ¢ Ê¸²μ¢¨ÖÌ ¢²¨Ö´¨Ö ³μ¤¨Ë¨± Éμ·μ¢,   ¸ ¤·Ê£μ° Å ·¥¶ · Í¨¥° „� ¢
¶μ¸É· ¤¨ Í¨μ´´Ò° ¶¥·¨μ¤ ¶·¨ ¤¥°¸É¢¨¨ ´  ±²¥É±¨ ÉÖ¦¥²ÒÌ ¨μ´μ¢.

’ ±¨³ μ¡· §μ³, ¶μ²ÊÎ¥´´Ò¥ ´ ³¨ ¤ ´´Ò¥ ¸¢¨¤¥É¥²Ó¸É¢ÊÕÉ μ Éμ³, ÎÉμ
¶μ¢·¥¦¤ ÕÐ¥¥ ¤¥°¸É¢¨¥ £¥´¥É¨Î¥¸±¨Ì ¸É·Ê±ÉÊ· ±²¥Éμ± ¶·μÉμ´ ³¨ ¢ · ¸Ï¨-
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·¥´´μ³ ¶¨±¥ �·Ô££  ·¥§±μ ¢μ§· ¸É ¥É ¢ ¶·¨¸ÊÉ¸É¢¨¨  · ¡¨´μ§¨¤Í¨Éμ§¨´  ¨
£¨¤·μ±¸¨³μÎ¥¢¨´Ò Å  £¥´Éμ¢, ¡²μ±¨·ÊÕÐ¨Ì ·¥¶ · É¨¢´Ò° ¨ ·¥¶²¨± É¨¢´Ò°
¸¨´É¥§ „�Š. ‚μ§´¨± ÕÐ¨¥ ¢ ·¥§Ê²ÓÉ É¥ μ¡²ÊÎ¥´¨Ö μ¤´μ´¨É¥¢Ò¥ · §·Ò¢Ò
„�Š ¤²¨É¥²Ó´μ¥ ¢·¥³Ö μ¸É ÕÉ¸Ö ´¥·¥¶ ·¨·Ê¥³Ò³¨ ¨ É· ´¸Ëμ·³¨·ÊÕÉ¸Ö ¢
Ô´§¨³ É¨Î¥¸±¨¥ ¤¢Ê´¨É¥¢Ò¥ · §·Ò¢Ò ¢ ¶·μÍ¥¸¸¥ μ¡· ¡μÉ±¨ Ô´¤μ´Ê±²¥ § ³¨
μ¶¶μ§¨É´ÒÌ �� ¸ °Éμ¢. ‚ ¶μ¸É· ¤¨ Í¨μ´´Ò° ¶¥·¨μ¤ ±μ²¨Î¥¸É¢μ É ±¨Ì ¤¢Ê´¨-
É¥¢ÒÌ · §·Ò¢μ¢ ¢μ§· ¸É ¥É. “¢¥²¨Î¥´¨¥ Î¨¸²  „� „�Š ¢ ¶·¨¸ÊÉ¸É¢¨¨ �· –
¨ ƒŒ, ± ± ³Ò ¶μ± § ²¨ · ´¥¥ [5], ¶·¨ γ-μ¡²ÊÎ¥´¨¨ ¸μ¶·μ¢μ¦¤ ¥É¸Ö ¡μ²¥¥
Î¥³ ¤¢Ê±· É´Ò³ ¢μ§· ¸É ´¨¥³ · ¤¨μÎÊ¢¸É¢¨É¥²Ó´μ¸É¨ ±²¥Éμ± ±¨É °¸±μ£μ Ìμ-
³Ö±  ¢ ±Ê²ÓÉÊ·¥, μÍ¥´¨¢ ¥³μ° ¶μ ¨Ì ¢Ò¦¨¢ ¥³μ¸É¨. 	Éμ μ¡¸ÉμÖÉ¥²Ó¸É¢μ ¤ ¥É
μ¸´μ¢ ´¨¥ ¶μ² £ ÉÓ, ÎÉμ ±μ³¡¨´¨·μ¢ ´´μ¥ ¶·¨³¥´¥´¨¥ ¨¸¶μ²Ó§μ¢ ´´ÒÌ μË¨-
Í¨´ ²Ó´ÒÌ ¶·¥¶ · Éμ¢ ¨ ¶ÊÎ±μ¢ ¶·μÉμ´μ¢ ³μ¦¥É ¡ÒÉÓ ¶¥·¸¶¥±É¨¢´Ò³ ¤²Ö
¨¸¶μ²Ó§μ¢ ´¨Ö ¢ ±²¨´¨±¥ ²ÊÎ¥¢μ° É¥· ¶¨¨.

‚ § ±²ÕÎ¥´¨¥ ´¥μ¡Ìμ¤¨³μ μÉ³¥É¨ÉÓ, ÎÉμ ¶·¨³¥´¥´¨¥ ¶·¥¤²μ¦¥´´μ£μ ¶μ¤-
Ìμ¤ , ¶·¨¢μ¤ÖÐ¥£μ ± ¶μ¢ÒÏ¥´¨Õ ¡¨μ²μ£¨Î¥¸±μ° ÔËË¥±É¨¢´μ¸É¨ ¶ÊÎ±μ¢ ¶·μ-
Éμ´μ¢, §´ Î¨É¥²Ó´μ ¸¡²¨¦ ¥É μ¡² ¸É¨ ¨¸¶μ²Ó§μ¢ ´¨Ö ¶·μÉμ´´ÒÌ ¨ Ê£²¥·μ¤´ÒÌ
Ê¸±μ·¨É¥²¥° ¤²Ö É¥· ¶¥¢É¨Î¥¸±¨Ì Í¥²¥°.
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