1 [E] 440 i AE 402 2446 Chinese Journal of Cell Biology 2018, 40(8): 1430-1437 DOI: 10.11844/cjcb.2018.08.0042

iR E KB R A H SDNAZ iR
kA BEW BE ABE FH

(RMIBETORSEBR 2 e, 3 SR 7 i s =, B2 650500)

E b ¥ KA E M A T G Y 8 BOE S 0 R A B YA K, 3%k 4 B AULE (telomere
maintenance mechanism, TMM)#9 & st 8 & K H Ao i 5 MK AL E X T E. 85%~90%4)
Fib 92 4m it 38 330 S A Bl R e B S R R 69, 10%~15% 89 Y 8 4m I 72 3 A Bl 5K SRS ey M
JUTF, AR R R E A0SR A % AP ALH] LR an A KR, X R s A 4 LA AR ) g ks 28 KA KAL)
(alterative lengthening of telomere, ALT). ALT3##:DNA:# i$ 4 &Ko B 6958 4 F L DNAK A K.
XAR T, FEALT AL LR BT AT GIDNAMS S ALK T A A TR AR Z 5P B 9 FHEX A . %
L AALT#% ¥ DNAZE 369 A &, [ ik fo 625 T ALTIY I F JUFYDNAS 28 2 R ALTE AR X &G
ol L FrsmAs KE A=) f 69 T,

X swRLE KAWL ki DNAB S [R5 E4H

Alternative Lengthening of Telomere and DNA Repair

Zhang Yongjin, Li Haili, Li Cui, Shao Chihao, Luo Ying*
(Lab of Molecular Genetics of Aging and Tumor, Faculty of Medicine,
Kunming University of Science and Technology, Kunming 650224, China)

Abstract The maintenance of telomere length and structure is highly related to the progress of senescence
and tumorigenesis. Activation of a telomere maintenance mechanism (TMM) is of crucial importance for genome
stability and the establishment of cellular immortality. 85%-90% of the tumor cells reactivate telomerase to maintain
telomere length, while 10%-15% of the tumor cells utilize homologous recombination or other mechanisms to main
telomere length in the case of telomerase deficiency. These mechanisms are referred to as alternative lengthening
of telomere (ALT). ALT telomere DNA is synthesized by extrachromosomal free telomeric repeat DNA. Which
implicated that DNA repair pathways engaged in ALT telomere maintenance might facilitate the understanding
of the crosstalk between senescence and tumorigenesis. From the perspective of ALT telomere DNA, we discuss
how DNA repair pathways converage in ALT mechanism and the proteins involved in maintaining the length and
functional integrity of telomere in ALT cancers.

Keywords alterative lengthening of telomere; telomere; DNA repair; homologous recombination
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S sk Je ST RE . ok (E 20 M R L AR A RE B 1
BAEE B R R G ERR A . 8%, B AMAE
Ui AL 8 0 A FH S A0 A S A S {2 T 24 4R 40 P A2 1)
FaE M. Imhi B e — AL 2 SO Sl S RRNABE
W E B AR, X TS G AR]85 A BT RE{HFDNA,
FoAE F S By 1k 2 M e € 4R R s 1 R 3 VDN AU
HrZ4(DNA double-strand breaks, DSBs), DBSsf) & 4
A BT A A 7] 52 B0 TP

Y 5 vy oz 1 K FE T 4 AT S8 1 R Th R & 08
BB, 85%~90%o 1 fif 87 4 i A2 ) FH s A I 14 4 AL
i T K 45 7K A2 G BE 77, 10%~15% (¥ il 988 200 ffd /2 3 it
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KIDNAJ 5 4y TR AN B Gk E e 15 S DSBsH K
AR i fr P FH 12 48 L AT A LT (alterative lengthening
of telomere)H, ¥jii #2545 K| - TRF 1 (telomeric repeat
binding factor 1) LAFokI#Z BRI 14 45 K IHNHE i, 7T
TIOR3 G o J5 R A i R (R AR B
{EDSBs] & 4, H4K20me2(histone H4 dimethylated
at Lys20) () it =X 2 1t 44 #F H 7T i F5BRCA1(breast
cancer 1)F153BP1 DSB8 i ¥ A1 X} 2 ik =33k 1 45
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15%. K £930% 1) [ J5t BEH it 87 2 ) H ALT K 4t #F
st P K PR, AR 41 i (osteosarcoma). R
T P 98 41 g (undifferentiated pleomorphic sarcoma)+
¥ WL A R 41 g (leiomyosarcoma). 2+ 34 & JE R
JFUJR 4 Y (astrocytic tumors grades 2 and 3) LA % figi i
T2 PN 43 WAJ% 41 i (pancreatic neuroendocrine tumor)
S5 R 22 HOES IR T 1) i 2H 23 1) DAY 4 R AR e 8 Rl 21
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2 &4k, A5 TRE1. TRF2. POTI(protection of
telomeres 1). TIN2(TRF1-interacting nuclear protein
2). TPPI(tripeptidyl peptidasel) I RAP1(repressor
activator protein 1)['', TRF1 I TRF2H 45 7%
DS(double stranded)¥is 7 DNA I, POT15SS(single-
stranded) i FIDNAJH GF /£ — ik, HAhE HIE L 5
TRFIMTRF2AR B AE H 6 25 45 o bL 45 5 T — 1K
TREF2ANUX G tho i R S 47 OR 4745 F, 38 5 IENHET
(nonhomologous end joining) PA f2 i it JE i T3
(T-loop) F14IHI ATM DSBs I il 15 58 1 3805 SR A
P DONARGIE S W EER2 . WAE T FHRIE, SiE 7
25K 133 18 3 TPP1/POT 14| ATR DNAH S {55
WEREN o PRI, T R SR K B R 75 ) S R R
A2 & Ao dEFp b D RE B R, —H B —
AT BE 2 15 )X DDR(DNA damage response) ] & 4 .
XA R, di R4 DDR A ¥ (1 57 0 5 AN
HUEREA & B VIR -

B WE 5T K I, BRCATFIBRCA2 X 4 £ bt i 56
BN HEAEH . fEBRCAIHR I 1) /N AR,
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B R AH 5% I SR AR 2 (1) SR B

AT T 0 2% B, ALT 3ok b 42 i X AB = e af
Je 73 1L H b FE B FAM(FANCM) X 22 fift 5 41 s e
JBRAE FHUS, Y] JE BT I B AN AR M i 5 Y e
JE 3 Ifil #H 5% 55 [ (fanconi anemia-associated proteins)
G55 oK A B 5 I 2 ) SCEAT sk B2, B AR ) X
L% 2 M A 3L A A 2 5 DSB& Z AR i ALT i
KL . Y8R Jé 22 1 BN 8 I M SRk o] 3 8
ATR B A6 AT £ Chk | FIRPA ) % BR 1K, 3381 5 505
) S i R AR B D) BREY (B 1) o

BB AN, BT R I, MALTHTERRA(telomeric
repeat containing RNA)3 Z I}, TERRAREEH %5
DNAZE 4T K DNA:RNAE AW ERI, fe & S 80
& i) & & A& HR(homologous recombination) ]
RAEM, I WA TRkIE, 5 RRNaseH1, 41/
W o5 — R IR T P DNA:RNAK 59 FIRNA,
FEALTHH I [7) 4 52 302 ) e 1 7 v, (3] A 58 R

©)
Internal telomeric
DSB
>
A (B) l ®
(A) D)
T Homologous
.Staued Replication erk 5'-3"end recombination promoting
replication fork | —>| collapse causing @@@ resection —> ALT-mediated telomere
DSB )
.E l .M synthesis
Replication
fork regression
and repair ALT-NHEJ of DSB

A SR 7 AR 5 EUE ) ST G, SMARCALTAIFANCMGE I DNAFG &S A FH SR 2 6 X R EFAESE . B C: iEE E 3 O ik
A 1) X3 30 ) X322k TR, SUEDNA DSBR A A, DSBZR ik s 2 B oK iy, 83 52 4 WBLM(bloom helicase)-EXO1(exonuclease1)-DNA25K,
MRN(MRE11-RAD50-NSB )[R 74, P75 R DSBIT ATM GG S 305'— 3 K i YIFk . D: PARP1[poly (ADP-ribose) polymerase 11454 2] &
At 5 AR AR [R5 K Ui 74 3% (alternative nonhomologous end joining, alt-NHEN#E 2 DSB. E: PIBRFI4E R vl DUBIE R AR H S8R5 H

B v b 45 45 BEATHRAR IE ALT3RL I &

A: replication stress results in the formation of stalled replication forks at ALT telomeres. SMARCAL1 and FANCM-mediated replication fork

regression allows the removal of lesions and/or DNA repair followed by replication fork restoration. B,C: failure to restart the stalled replication fork
results in fork collapse, creating a DSB. The DSB then undergoes rapid end resection, mediated by BLM-EXO1-DNA2, WRN-DNAZ2, or the MRE11-
RAD50-NSB1 complex. Internal telomeric DSBs activate ATM kinase signaling, which also results in 5’3’ end resection. D: PARP1 loading onto the

resected telomere results in alternative nonhomologous end joining (alt-NHEJ) repair of the DSB. E: the resected end can also strand invade itself or

another telomere through homologous recombination (HR), promoting ALT-mediated telomere synthesis.
Bl ALT#mAL S H X FHFDNA DSBIEF2(R1BSE 3Lk 311825
Fig.1 Stalled replication fork and double-strand break (DSB) processing at alternative

lengthening of telomeres (ALT) telomeres (midified from reference [3])
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B2 ALTEPERAE H I (L H5 ALTAH CPML/IMA R IA
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DL &5 51 B, ALT ik 25 5 7= AR S 1 e, 261 SCAN
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ALTH'DSB5ATR 3 (5 5 18 BE A7 75 2 A%
BRAR, T uR e K Je 2 MR E, & 8 5 ik )
FHEL P 3 R 2 b st A AiE K22 (12)

v Ui FEDNALE AN J5 PR 20 A 45 98 I 2100 B T
¥ 3% [K 7NR2C/F(TR2. TR4. COUP-TF1)iff 4% [X

(A)
l

@ Intertelomere
l recombination
L2 O\
Crapst > A vnal D
>
5'-3"end
resection .

Intratelomere

B 2 AN 3 HOhL s b, T3 26 2R 1 o K 3 0 A 5
LG TR AR 3 B B v REDNAZE R, IX FhAL I FR A
TTI(targeted telomere insertion)*!. TTI% S5 £ #% IR
DR 2H 98 AR T A 5 e MR A s 7 AR, ALTIR
NR2C/FE A B T E R G iR 1R, AT
T g b B A A AR S UL ok 2 R A I 4
&, ANR2C/FEILIZ 2 BRI 45 & 1 1, 1X
X TE W i RiE 45 A6 B AR BGALTAR Q88 A W Fi 3
B, 90 Ui 52 A4 5 B 8 2 1 ZNF82745 & 31| ALT 3 hi
&, 5 FE/NMAEFNURD(nucleosome remodeling
and histone deacetylation)45 & JE il & A AP, ALT
sk I A ANuRD-ZNF82 7% 1 5 18 il o] 4 2 v b
HEAE A SR E G, Nis S 6 R4
TEALTA A, 1 TNuRD 2 £ ik Ak 1) 7% 14, NuRD-
ZNF827R & #xt — i ki 8 1 B S ik Thfie A B
il A — 8 I AMEAE T o Gt )it B 93 Ik (R 4 i —
fife e il £ 1, G £ o O 1 P 9D AR A8 i R S G
ASRNA TERRAXS 4 i & 3 i 1, H/EDNAK
J& 5 BURFSE I 3 FERPA (replication protein A)f %+,

(B) D)

Break-induced
telomere synthesis

Noncrossover event with
telomere extension

~
~
~
~
~
~
~
~

recombination (©) Crossover event with aborted

telomere extension

A: DSBWUEATRAS 5 18 % 5 SALT 5 b A S V) Bk, 45 1) 6 19 s Ao 388 3o — b oA 0B sl 422\ 3] 3 bz P 350 388 3 RPA (replication protein A )/RADS1/
HOP2-MND1# S f 2. B: VIR ki F I DNAZE A B53(polymerase 8, Pol 8) & . C: fENmALEEIR NS5, X 20 7 ) # SLX4-
SLX1-ERCC4(SLX-ERC complex)#fill, #5 izt -1t 25 i 51 26 b (1] =) 2 S BUE 4 0047, B =ik 2 5 8umbs Sunfisd X. D: BTIRE
R B R DN A A 78 BE A2 0 1) 23 Bk et b 70 SCBERT RS MR N BE SR 1 o

A: aresected ALT telomere created from a double-strand break (DSB) triggers ATR signaling, resulting in RPA/RADS51/HOP2-MND1-mediated
homology searches and inter-telomere recombination. The resected end can also strand invade itself through intratelomere recombination by an as yet
unidentified mechanism. B: strand invasion results in break-induced telomere synthesis utilizing a noncanonical replisome comprising DNA polymerase
3(Pol 8). C: break induced telomere synthesis can be inhibited by SLX4-SLX1-ERCC4, which prematurely resolves the recombination intermediate
after telomere strand invasion, resulting in a telomere exchange event in the absence of telomere extension. D: the BTR complex promotes branch
migration and template copying of the invading strand followed by dissolution with no overall exchange of telomeric DNA.

E2 ALTETmAEKARIES E STE 31150

Fig.2 Alternative lengthening of telomeres (ALT)-mediated telomere extension (midified from reference [3])
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Fig.3 Some cancer cells form telomeres through ALT (midified from reference [33])
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