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Abstract: Adult stem cells, which have characteristic of
self-renewal and multipotency, are specialized cell types,
responsible for the tissue regeneration of the damaged tissue.
Recent studies suggest that stem cells senescence (or stem cells’
ageing) is closely associated with the variety of ageing-related
phenotypes such as tissue atrophy, degenerative diseases and
onset of cancers. During ageing, declining of stem cells function
and subsequently occurring mal-differentiation of stem cells
would be important to understand the biological process of
development of ageing-related phenotypes such as tissue
degenerations and cancers. This review focuses on the DNA
damage stress as a cause of senescence of stem cells and their
maldifferentiation, which is closely link to defect of regeneration
potentials and neoplastic transformation. Understanding of
molecular mechanisms governingsuch events is likely to have
important implications for developing novel avenues for
balancing tissue homeostasis longer period of time, further
leading to ‘Healthy ageing’.
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3k AES)A 27 AR AL Tt ARAS] wslel] we Tkt
2719) &7 AR EE o] Akl o) ZR1E ekt EEA
Ago] s, T3t oke] WANER 543] FUFs
TIEE 3o Hap AESE EAT W8 S oldst
= AL w3jof| e ekt A8 S AAlsta 7
waE FABNE v Fo3 A7 HAY ¢ Tt AL
A7 Q@717 AESHAERI sl gt B2 A7} 318y
=31 QIR|NE, =3l gt A& o]&E0] EASkA|RL of
2 eglel ek AETH ojale F5E Aot

H ZV1ME gt A7t kAl XsEHA, E7]
A|3zL] AL zAlel tigh ol&l7} sebdel| whet, Sk 24
o] ABE GFshs E7IME ZA S 7)ol de] w3t 213
of whE A A ol 7 Hl WA A% (Degenerative
diseases) W WA AdE = Q= 7ol tiFy
At} [1,2]. 2007\ Nature Aol A|3E =3} 7o) 1 A9
Z=2) Manuel Serreno 8419} Maria A. Blasco B+ AA
3 FAoM A1 vl mEw, AAE7 | AL} 2ol ZiA
7} "ol 3 717 Al 97 52 NE 7 7415
= AE AR 70 telomere AolE 7F4 [3] Aol
A A7)17E 22 5 ) drEPg e dAE Ak
g 233 tekst A5l 28l DNA £73¢] FA 5041,
o2t DNA £40] 39 AAE7] A= AlEEdo] 4
A] (cell cycle arrest) ZAU, AIEAFR (apoptosis) = A
-3} (senescence) S FAAIECE A2 -8} (Ageing) 7+ 2138
Fofl wet, o]t AlEato] Tl W Axells 249
XY sFo] Hoj 24 B A7 EHA dot A4
w3k} o) B ofy] B3y AWE f=skAl fvar s
it Wb DNA7F 49 27HE § 53] 7= 714
¢1 DNA o] (DNA alteration)2 53+ =R0|e] 4o =
(accumulation of mutation) H]"§42] #-&o| of7|=H £7]
AL F2 S E 4 QlvkE 7S AXEIRITE [4]
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Fig. 1. Outlook on stem cells’ tumorigenesis and cancer. As an
individual undergoes aging, intrinsic stress signaling and response
determine stem cells’ fate due to accumulation of DNA damage
and/or accumulation of genetic alteration. Stress response may
induce cell cycle arrest, apoptosis leading to stem cells’ aging but
failure of onset of stress response due to additional mutation may
also increase risk of tumorigenesis of stem or progenitor cells.

2. A&7 A= 84

A 7135 &4 AR AEE AsiM 7 23 m
EAR= A7 1AVYAL (self-renewal) 7 THE-3)s (multipotency)
& 71 AIEE 2Rt FBA 0 7 2] =) Fol A
29| WA (turnover)’t A5G Uofuh= EA A Uiy, 9jw%
3 22 A7) 27T EA15H, AE wAl 3 olA
ZA YAl T3 JTS eFloT AZE o), B3 &
A /g7do] LoR] 9= (post-mitotic) WA, AJE A
o] Blgo] AtiFo® AL 2lol} T8, o, Al A5
A7VMNE 271AES] EA7F R H3om o)2ist &)
A7} o8k 2] el 8 8-S Sl Alo] Tk
& d7EAE 8 RuEa Qi [5)

AA E7IHEE AR, thESs olgjdllE Eo)F)
Q1SS 7RIk A HARE 2A6lM HEY) £4o) Q=
A9 A9 BE A £7] A2 §47] A3 (Quiescence
state: GO)E SAfSI L, Aol Bas) 2d drjzoz
AL FABEE AERED RPIAVEAL self-renewal)
o] F =8 (Fig. 2). ¢ 7HAS] YAYESH A E71AEY
TE Y FEOE FAE ok 8] wiEel|, E71ME = 1)
82 A71 A4 (Asymmetric self-renewal)S E3l 27
AR FAs 7M1} B3k ATE W £ Q= UA
2 FAME (transient amplifying (TA) cells) 2 A|EEAE
sk, TR A7) AEIE Boket: S S8l A% B
s Hislslar 27 ALY fA9 224489 71%
< T} [6]. UIF-EL] Aol FA7) AEE waEE
E7MEE ol B4 AlE 7] 24L& E34 DNA

SAAARL WekeRlo g RH AXE BRI 78] FH
AL FA7] e 2V Z= DR AEE] vlaiA Al
Ul tiARRgo] AA dofubar gl Ao s BuHT [9].
ol= DNA &2 A58 7= 3l thh AR (o], &k
Reactive oxygen species (ROS))2] ks #HAsksl7] 9Jsk
7|30] obd7t 5}, TR, AL EAHET &
o= ©2ulo] (telomere) £4-E AR ¥t A 27
ABE o) Haskeh, AT OAHE Hasro A,
Z7] MIE =8} (premature cellular senescence) HF8-& 5%
ke AEHA AT Hh3- (stress response) S HAFow
W, Z71AFE AA d8Et 9 59 AE 55 A
3P s, kg 2RSS ERshe Z 0% 5.
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Fig. 2. Model of adult stem cells’ tumorigenesis/aging process. Stem
cells normally are responsible for tissue regeneration by transient
asymmetric self-renewal, producing both a stem cell and a progenitor
cell. However, as ageing, either accumulation of DNA damage or
massive self-renewal of stem cells for recovery from severe tissue
damage, induces mal-differentiation of stem cells (e.g cell cycle
arrest or apoptosis), which subsequently causes loss of stemness.
Therefore, control for tissue homeostasis is abrogated, leading to
onset of tissue degeneration. In other hand, accumulation of genetic
alteration to confer unlimited growth potential on stem cells and
additional mutation on a variety of tumor suppressors would induce
uncontrolled growth and differentiation of stem cells leading to
formation of cancerous progenitor or stem cells.

2.1 /1A 9] =319} A E714E

[e]
homeostasis)= 7-A3F1 2JF A=l A% k-5 sk
theFst 719 71%57d0] ARt Aldel we} FAsH= Aol
o} [10]. 2+ 719 7)5 Ak sl wet wAlske tiek
g E3A Fgkt Aol Holgk=t, ol#idt 23 A R
off A EMET T8 GTE Y HoR FEuM
ole} FEy @e Avditeo] YR [5).

vpekst 249 7 ETE U 715 At edkd
A R =G, ol e vt B Ay} A
HAE 7= Aol Husgith dlE 5o 4 (skeletal
muscle)®] AR satellite cells (muscle stem cells)©] 2k
E2E= UAIR A3 S71A1E 28l fA=E dlEAel 23

)
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o= WAL resgtel wel 1 A E o) st [11).
of &5 27IMES oo} BEE do R A w3t
7 AYHAA 5 7ML ) BAe F-3l5o) wisir)
29X AAARJ] FEE7] AIE 47 AT it ope)
T A3 (myogenic lineage) WX} 4173} A3 (fibrogenic
lineage) T E3MJo] AAA HAAM TFo] o5 AW
olut Ah gt AlErt 1 Al E diAlsiY Had 2895
gt [12].

ZH7 MY E7ME w3 wo] s o).
237|190 Aol Wi 7lsoly, oS Sof Wiy ok}
HoRFk, 2 o), HIEHG-2 B2 Aol 7 o
A U [13-15]. T3 S04 AER] FTE vHE 5
g AT EF AFALE] Holghs AMIE 2878 AA)
=7] M 2R Z7]H3 (Hematopoietic stem/progenitor
cells)®| Aol Wk 715AsHE s & oA 3t [16).
o3t QA BAlollelx tokat AFFEo e Auj
Aol M 2HR Ax9] 71eAsks e HojFt,
Ao S mel 28R AELY 7} REEA] 2
SR AEES BolAE ANl 715ARl s Rojged),
mobilization, homing, lineage A5 olA Ao w2 zjo]
5 HeIY 53] Yol & AT AV )leS Bdehe
A (lymphoid lineage) A ¥E2 2] Haluith Z54 A
(myeloid lineage)=.8] 3} X214 (differentiation preference)
o] S7keIA V1A TS P Aol TS Fa i
oels Hojmels dlo] 1} [10,17].

5 AR AN AHE7|HE (Neural stem cells) ) 7]
g gk of)g} A AR ) Halso)] 7] dEE)
off whe} Z4ET [18,19], o= didel] wj2 F2by)e] 7
opsht 71ole] 7hE] S5} ddve] gltal R 20,21).
o} flel FutEl2Ad A (theumatoid arthritis), = ¥4
9 (osteoarthritis), YHA1d 118} (refractory hypertension) s
o] et Hag Aglo] JAE7INE] Bh% 79t 9
RS M) 2} Aol Qlok= o] Rasgiv) [22,23].

TEviE, 2712 g TS AR wdle] bhe |
747k o wgh ElsiA Agke] Uzt AAA 2
ATHAEL- o)o] st B gg ©e A FAE Eakn
SIAIRE 2009 Eric J. Brown BAF A72] DNA &4 Q)
2} 9 B gpge]] B4=AQl 44191 Ataxia Telangiectasia
and Rad3-related (ATR)2] mosaic miceS ©]-&3F 37 o)A
7 3RS ARl AR T390H24). ©) 998 Inducible
knock-out AJAELE ARESI] ATR AHE L3l 54
AR DNA 48 SAAZS &89 x40] 97
A0 woRlE AAIETIME &l oA &H4ls] 35
AL, 7 #Pgellr] B E7IAEe] et dow
Z7A3ET2] 71 eSS} MRS ) FEE L Aol
RS Weshe] A9t FERths 218 RoFln). o= E7)
AL 71sAE wgte] S FE < eg A

T Q8 dAy-Esoltt

by

2.2. 27| g3
2000\Achel] o]= e tikst FokrAlol E7MFA] (stemness)

& fAIBRs o] A= o, olejst 272 S
7k Q) AR MZEo) T A0 ATES F3E B3
A kEE 4= Qluke FUAIE (cancer stem cells)Ol=0] £
& AT Fokelr] IR oIAMUTE [25,26]. 53] Tk
Z2) 9] o] JdA] (heteogeneousity: Tt F7 AEZ
TAEO] 922 F 229 tekek Al glo] T
S A AR FE 71 5 &S s sl d4
ojthz zlojct. o)} o] E7|AE L Foke] A = 3l
& s A7 =EE] 1980 el ofv] WEHY
v} [27,28]. SFAIRL, Bl 27| S A E7)A)E
£ 49 299 DNAZI & AH AL 9loj4], DNA HolE
#H43)t & 4 glok= 2299 714 74 (immortal strand
hypothesis)©] 197558 A2 Wolx]a1 glo] [29,30],
BAE7IES] b= iR os sy o d4
o= PolAgrt. ol st EEe] 7 7L YAIETIME
£ o83 AxEA R A4 (tumor free)ol] Tt F28)
=7} Hof g,

pA 1k, % Sean J. Morrison HHA} gl of) 2js] Ao
T 2HEAEA o]t EHe] DNA 7heb o] EX7L
FERA [31], B 7P 7ol thet Aot 8= S
o [32,33]. wEbA, AE71A L] DNARO] 27} o2
Agt Fsp o] TFsAE ARl AP o, T A7 A0
A FFFA L] YUAEREA F7)A3Ee] A &) &
B3] AFolnk dE &0, 2o MY (acute myeloid
leukemia)©] CD34+/CD38- BARIALE Zh= ZETRAER
FH falshths witelA Haxs 714329 o]do] A
oko] 71910} st [34]. SRRINE AA kel 90% oA
& AXJBRe el £71MES] BAE 7 At i
A& 2003 FElojt} [35]. 11 o1F W F5r9] Fk
AN 7 A2 EAE 71 AR AT (FEETIA
o] BAEARE, 71 7]ge] digh =3 o] RS
olt} [36]. 3FAI9E 2007 A Olivier Delattre BFA} A-FE o]l
FUEF (Ewing sarcoma: ET)oM ET 5014 #h& f3xe]
EWS-FL12] '3 Ax] Sd27IMERZ ] EAlo] Heltt
£ We-S digslo] BTV S0E7 Azl 7IRIFE 7Y
A& HolFglen [37], o] F EWS-FLI #pdd® 579
Z7NZ7} ET9L 22 4] SR 3As d Qlso
FHEIC} [38,39]. T1 $JOls #F (intestine)ol] SISt cryptic
stem cells [40]°] 4} (intestinal cancer), | (brain)of &4
FASR= AE7 1M (neural stem cells) [41]7}F A3 Ml3E%
(Astrocytoma), 54 AYS ©5K= Lumina epithelial stem
cellso] A [42], 3 B¢ S71A1%E (skin follicle bulge
stem cells)©] 37 FAF AJ]Y (squamous skin cancer) [43],
i 714 M| (skin basal cell carcinoma) [44]9] €1¢]
A3EQlo] FHH U

AR 8] APEE EV AT} Foke] 7)9lo] B Fe
AFERIZTERE 2ol Y Sl g A|eiskar Y st
& AXE A= T3, SV AT TRkt A=l 2Js)
3l = 5 9= 7RSS T Al RS $sAl Bl
Qom, 7MEL] SAE Fishks T A AlEo]

L
THY Tl T2 AZE skl rh=Ale wallE
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2.3. 27|41 =3h/9 3l £414 717
3o WE AE SR oo g ko) DNASH 2-e

A 2R 220 £ F3o] A7]1¥|3UT} [45]. DNA
S B AR AlARo] EAISA R, $EE] B

A F3ta S Ho] 1302 ¥ (genetic mutation)” AI3E
U 54 57|15 gt} 53] A E7]A29) 2o A 21
ARFERY FA1 = M2 A5 A7IRMEE vheFs 844
P (I TSt =, A AL B 9T 5
el &3l DNA £7d0] T34 7FsAdo] sof A}, AAZ
Q17ke] 4-8)E<t ZHTAHE (Hematopoietic stem cells: HSCs)
o] DNA &/52] frk= AMdo] B i) [46]. Al7to]
Agel w2l 729 DNA £33 7% Q13 DNA &4 A%
AY (DNA damage stress signaling)> DNA <4} ¥k (DNA
damage response: DDR)< Y0714 ==Hl, o]=|3t DNA
& RS miAIsRE Tt 913 A% (Tumor suppressors)
o] @Yt 7MY AEest 9 AFAFE S B3 2]
A2 E71MZEE JAIZITE [47). DNA &40] 274X
9] 71sAeE ddithe 7Hdel digk e Tkt DNA
&4 Bbe B fAe] Blolg 7R A EdlejA] &
=joFTh DNA &4 57 T8 F3x7}F Ag= %
AH Z2e T3 DNA &4 S2RRE 4¢ =59 28
B Alze] izt 71573 Z&o] UePdo| BTt [48-50].
TS AlE AlZ3 (Homologous recombination)S F3l 4
¥ DNA &7 2321 43S 993k DNA 57 53
A 53| (DNA damage repair complex)2] tEZQ] F-4
ZRR1 RAD509] F-82} d&o] Sl AF BHolM: 5
/#1315 (Bone marrow hypoplasia)’} 4% Z10F 1
o}, DNA &4 259 a4 E71Mx 8] 7|27
TG AWEe 5T F QAo [51]. AR w318 A
Fo Eeld 28R AlZoe DNA 49 ASE AL
£ 3|28 dde] QISIEIR] y-H2AX foci (3|28
H2AX w9 serine 139 ofn| Ao Qi3 el ozt
FozA AA 3k AAE7IHE DNA £4do] F45
o] S SR [52] (Fig. 3). SIFollA] AR A,
= 39 (DNA €4 15 Aol 9% &% DNA
o] MRS 73S TERMES 7] w3} wesla,
ZHRAES 7S Aol B [53]. ©]F
3t A9 A drt= 2 RAN X 2 AAE7AH|EY
Z71AEd X1l DNA EF770] H 3], DNAEY
o] A= AL 74 4 715ARKE A58 & the A
< delErh tiEAQ1 DNA &4 QA E3 S22 2
&o] F Bl 4R 7309 (EESF- Bloom syndrome,
A5 Wemer syndrome)S A'd ARgollA 7|3}
£ FEgiths 308 n|Fo] £ o [54], DNA &4 S0
oet 27|39} 271MET AARtel 9 A 7hed s
ARFERARE, o]e) thiet ATt wlnlgE Aot [55].
DNA &3l oJ3t £7IHE w3lel= MER, Brown i
©19] ATR mosaic KO miceS ©|-83F AT Auolr B,
g A Do sl HEgt 72 28 f=
7} BesHl HE 7S, E71A1EL] &4 (depletion of stem
cells” pool)@} 7§3|¢] 7] =3} (Premature ageing) S39|

HaEE= 207 Hol EVAE] AE 3t Rt E71
AE] 715As W ABE S 74 o Yot w3t @43t
YA Aol UL BAFET [24]. ©] £lollie k3t
F93 9k gdsh= Telomere & AL [56]0L, E/gA4t
o)) )3t Al AEgA (ROS mediated oxidative stress),
2lo| A3 (Caloric restriction) 5 7HA ] =slol] Tdh=
A7 QA0 E7IHE wRE= G gt A7EE H
A &ds] o)t [10].
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Fig. 3. DNA damage response of senescent mesenchymal stem cells.
(A) Pre or post-senescent mesenchymal stem cells stained by (white
arrows) as an indicator of DNA damage (B) Image of pre-senescent
mesenchymal stem cells (left) and post-senescent mesenchymal stem
cells (left) stained with y-(red) counterstained with DAPI (blue)
(X600).
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A B2 A7AkEe] ksie} o] HS Az vk 24
o ga FEHEvke Az [57]. AN o) A7ET
S wo8ho) o dAe] #214 71Ho| 38R A S
BF 7RI S-S AR #o [4,58]. # TN tHE
Z71AES] w3ht Gl ol et 7|1EAQ1 o] o)
2 EA8 e A& IR 5 Qltt [4]. =sht ¢k A
& ZEAQ) Qo1 78 Ao 7 FE2E) &40 TR
HSof weh M2 TE A9yt gt TAZ R AR
W, E7IHE9] s ske] FFAR1 A9 E7AIES]
& T ol ogt AL B3] A (s
Maldifferentiation)©|2}3l & 4= itk A7t S7|MZE
A A 28 4719 s A 2AE B =
2 S FAFI e 2 WA AUl A Aols]
£ £7)4%0] DNA 73] FA=d ol2fd E7|HE9]
A 24 9 B3l 7=l A A7, 430 w2t
AN ETE B3} A7) S AEY EEFA Al
APESo] FEE] 7M1 2 w3l oJgt 2R A4 FEo]
"olz)= whd, Z7AIE o] vt o= Frlehd ¢

il

P
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HAAEE0] IR o|gR EYIMEE AV BahEd
oo RIS Wil HAF oz Q7= HHEsF ARE
T Gkt iAUES B3l 9898 Al T2
o] YA (FHH S E Z2DNA B 58, 2 F17)
BH A, A EG FHash AR oz w kg
o7 YA AEHA HAs), ket gglog s (24
81t loading, A carcinogen] =&l 2% DNA
=7, 7HAS) 3 &4 whol 3} A o] dojukd
=3k Fste) AL B3 Al F IS wRIT) a9
D% DNA Ho| 54 59 S7AE 4] 991& #ast
sk Zlo] A7z 24 AL FA ek A7 e w3}
(Healthy ageing) & A2 5 = Zolgpx & 4= Qlth.
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