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V1A P e 240 B v s A BRI S Bk, HEA
ThRFIY ALT AHOGCR T 5141 ALT AH 5C . 4J bz 24 i
ML (promyelocytic leukemia, PML) 45 [H/]MA&
(ALT-associated PML bodies, APBs). =403 1) i
K [ U GH Ik G 8 B K 22 4 (telomeric sister
chromatid exchanges, T-SCEs) . =F & ) i b G4 {4,
& &b it k7 #E & ¥ 51 (extrachromosomal telomeric
repeat, ECTR; Ul C-Circle., T-Circle), PAMYefh,
R AT R B A e AR 5, R SE IR B A R 2
ALT s bR (A7) o

vt R R 2L, 2 A At R B g
RS PR AR R e AR E . Ak, A
FE T IR IR A TR 0T 28 h st % 1 4 i A 2 AH
X% 4y W AU (senescence-associated secretory
phenotype, SASP) M"RIWMIAEEEHI, A ARG
T YHMIFE RN TR A IR Al (I A2) 7
5 411, B-Raf J& ¥ 3t (B-Raf proto-oncogene,

P\j )
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o4
gmEE b APBs
= PML
BT ) & 0 AV 55
& — DDRiiE

SA-B-gal sAsp
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BRAF) /1 251 411 il 758 RAS % 75 8 & A [ U5 4
(neuroblastoma RAS viral oncogene homolog,
NRAS) i 58748 A 15 S fih & J8 00 2% 20 s B PR35
FRE ;AR AR S 50 2A BRI
(cyclin-dependent kinase inhibitor 2A, CDKN2A4)
i B HY ple™™/i £ M B 5 HE 8 1 (alternative
reading frame, ARF) (852 M5 7K 77 8 1 [R5
Y& H (phosphatase and tensin homolog, PTEN)
RIS, R BH T PO, A LT R (R 28 R
R Y. IeAh, e Huh7 40, &R
TRIR SN E IR W m al AR, HALH S
hTERT % 55350 8k K s b AT P 4 Jod 285 D AH G 0
XLERFFESE N, B R vl 20 mT A i 5
PP ki e L I MIARSEEFH ,  ALT R4S A3 Al
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Fig. 1 The nexus between senescent cells and ALT tumors
Bl FEAMMALTHEHNERES
APBs: ALTAHXPML/MA (ALT-associated PML bodies) ; PML: 4lPRi Ml 11 L5 55 H 4 2 11 5 SASP: g AH /MK AL (senescence-
associated secretory phenotype); SA-B-gal: TEMIC BLFLIETI (senescence-associated B-galactosidase) ; T-SCE: Sitphr [v Y5 AH b e 2, B4
ZZ e (telomeric sister chromatid exchange) ; ECTR: ¥ 47 4t {4 {£& 4 8 & J¥ 51| (extrachromosomal telomeric repeat) ; HR: [f] J5 & 4]

(homologous recombination)
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SR A ) ] BE AT FELE R R R 4%, i
ALT A B2 A0 e 2 e rp kit o 2 0 i AL O 14
ez — (). Hiy, ASCHISE ALT 1i v ki i ]
P e R 2 P O P AT R, R B )
P SRR AR, oo sk Al S A e 14
I R BB IR TS

1 iR RIS Sink4Edr

ALT J&— PRI v bor g (1) v b 4E R AL,
L3 AT ) P o 2 e A i, 5 B 2 Ak g PR b
i FEWE SN T . ALTHLH B2 HE 3 M
Doad R kA A2 i e ) 5 DNA $i 4515510 2K,
Uitk DNA B R, LA K i 2 Ao () 4R 178 figf e A e
4eRy =
1.1 SRR EHIE NS DNARGESHRER

WF5ERM, ALT 195 3h ] 85 dibiAL ) DNA
4 405 A& A R ) i kR B 24 (double strand
break, DSB) #"“' . DSBs & /L, P J6H
MRN & 4% (Mrell-Rad50-Nbs1) i 51| I 25 &
DSB, K5 SEAEIF OGP R H B A Y 7k 58 AR
5 1 (ataxia-telangiectasia mutated, ATM), %
1) ATM W] LA R A6 27 5 5 C o 45 5 B A BLAE
H # H (C-terminal-binding protein interacting
protein, CtIP), F-5Z[ A 1 (breast
cancer type 1 susceptibility protein, BRCA1) #fH.
YEH], £ BRCAI/MRN/CHP & &, & shi
DNA A 1Bk Az 3' i5E DNA (ssDNA) . #£5 ,
BRCA1-BRCA1 M RING 4544 88 11 (BRCAL-
associated RING domain protein 1, BARD1) & &
TR 90 55 0F 42 R A U 1 (exonuclease 1,
EXO1) 7H1 DNA & ifil fi# i€ f/4% % i 2 (DNA
replication helicase/nuclease 2, DNA2) HHfi Y 2
DNA K ui Uk, A [l J5 5 41 £ 1 o < 1 [R] U8 )7
gl [\ mE, DNA HE O i e B R R
(recombination helicase family, RecQs) ) fif i€ fif
(fn A5 /5 1 25 4 fF RecQ it iE B (Bloom
syndrome RecQ like helicase, BLM) 1l ik 4425 &
fIE RecQ F¥ fif JiE f (Werner syndrome RecQ like
helicase, WRN) ) FlssDNAZSGHE AL HIHEM A
(replication protein A, RPA) K P [F4E H J& DNA2
(1) ¥ & V) B T Be A % 22 45 F . 5% J5 BRCAL Al
BRCA2 415 RPA 15 RADS2 BE41 A, Mfifie it
HREE ", F—TJrii, ATM s RSN T4k
[7] P K ¥ i% #%  (non-homologous end joining,

NHEJ) , JH 2 #t A NHEJ (classical non-
homologous end-joining, c¢-NHEJ) #Ji i ALT, T
# ft 1 NHEJ (alternative non-homologous end-
joining, alt-NHEJ) 3 i i i Ff-0& 4 5 2H - A] 98 v
Bi, TR UE IR SR ALT 620 120 HFT, ALT40
Jfirh HR FINHEJ i # Z PR A IR 24, (HERHT
FIRFFE R, PRSF B sk 4E 4520 70 1 (conserved
telomere maintenance component 1, CTC1) - il
CDC31 & ZF &1 (suppressor of cdc thirty-one 1,
STN1) - ¥ KL K B 8 %% & 11 TEN1 [6] J5 9
(telomere length regulation protein TEN1 homolog,
TEN1) (CST) %5 M3 i #1il DNA K 35 V1B
RELBT ] 5 o 2H 48 52 i 44, $27R$8 1) T4 CST-DNA
8, CST-BLM AH EAE T, T 7E4 B HR Gk 10 (7] i
B IZ R 45, 3R ALT IR . i i JeE S5 X R
(ADP- # ¥% ) % & B (poly (ADP-ribose)
polymerase, PARP) il il 5l A A28 1k J7 19 Ui 14
PR g 1
1.2 IHHIDNARI AL

APBs /& ALT 40 g b ok & i) E 235 0,
PML & HE W% N &5 0, f15& PML, SP100,
SUMO & M . sikigh A8 H (Chnm s 51 2 7 51 45
A T (telomeric repeat-binding factor, TRF) 1.
TRF2. kiR 4 1 (protection of telomeres 1,
POT1) . FH & ¥ 7% & H 1 (repressor/activator
protein 1, RAP1) ) A& DNA 5450 i Fl4& & K
F (41 RADS1, RADS2, BLM Al MRN & & £
S) L M ALT #BUE I, APBs ik SUMO F
SUMO # H /E H 3 ¥ (SUMO-interaction motif,
SIM) Y AH 73 B T 1S A4 22 Sk DNA FIAH 5G 2
T, i HR AT 0y SE A iy 2 Y, -
H, E3 ¥z &K% H WG fk STAT & 11 410 i X+ 4
(protein inhibitor of activated STAT 4, PIAS4) F1H
F FP Gt i Eh ABURR R (1 21 (methyl methanesulfonate
- sensitive 21, MMS21) 415 SUMO {&1fi /& APBs
JE A ALT A S35 B G 1, RARTEA R
ALT 41l ifg 1 RADS1 F1 RADS2 EL #1iE W 75 HR A3
R B OCEEMIEN, (2B L RO T
RAD52 43y BIR & & ik 42 ' BIR WE i 2
EEAE G2M W k4, I i RADS2 4 3 Fil e i
ssDNA K 3 12 A B4 DNA JE i & 4 % (D-
loop) "', ZEBIR H, 3'-ssDNA %8 H %172 A [6] U 7
51, DL DNA 340 5 IV % 3/4 (DNA polymerase
delta subunit 3/4, POLD3/4) it Jr kA7
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SN BRI Z AN, TEA 25 RIN, ALT 4 H
i g i A 22 57 24 ] DNA & & (mitotic DNA
synthesis, MiDAS) #ERK Ik, 5 G2 # BIR AA],
ALT #5¢ MiDAS #fi T SLX4 5 R AL IR N V)
fiff . K& (SLX4 structure - specific endonuclease
subunit) FIRADS52, Hoif ik 52 il ¢4 (s 5 4 g
¥ #t Ji  (proliferating cell nuclear antigen,
PCNA) - ] Al ¥ C (replication factor C, RFC)
-POLD3) #AT{R~F RS DNA A 7o
1.3 EAH A EA H R e A iR b 4E 1

TE DNA G R, v A 7% 55 2 v i) 440
RS IT, PR AT B AH B JHSE ) DNA 40+, 4Edr
et fRgE e, Izt i L E T P A S
— i} 1 BLM-TOP3A-RMI1/2 (BTR) & &1k
% ¢ (dissolution) , 3 £ XA Fi| i 4 42 {&
(Holliday junction, HI) [#3¥i[a] 53 SCiE RS TE AR 1]
W bk, S WS 5o R I o
(topoisomerase Il alpha, TOP3A) VI B #i%
DNA, 7F#44E3E X (non-crossover) f=¥). ZiEts
G Ak S EHE, & ALT 40 M 4E Rrum ki o
M E LT I — B O S5 R R S P A R e A
SMX Z &K (f45 SLX-4, 5% E 5z R NI
il 7 5E MUS81-I 807 L T 25 A e S PEAX TR N D)
g 1 (essential -~ meiotic  structure-specific
endonuclease 1, EME1) FlZ5 #4042 R N D il
WP HE XPF-V] B 16 52 32 L H 4 2H 1 (excision repair
cross-complementation group 1, ERCC1) ) 451
M (resolution) HEAT2R i 1% H2 1 422 X Fk U] 1 HY
LI, AR S (erossover) P, MRS TE
ALT Hr5z 2™k BRI, R 58 S2s 5 3om i/
i SRl E SRR A R E S

ALT HLiliE i 2 AE i L Rrmbi K 5, ¥
K ZA LRy 3R, KT 2R i
A EAE ARG Sl B RS AR . iln, ik
41K (chromosomal passenger complex, CPC)
i 2 Suki R r 2 S BRI B, DS T
loop | BTR & GG, /A 2502
FH#E AP (mitotic arrest dependent, MAD) ki
FE a2y, M S B ) B8 RS 5 T 09
(telomere dysfunction-induced foci, TIF) # DNA
0% (DNA damage response, DDR) [z i fY)
RAEPEMTA B ALT " Ak, #5t P CCCTC 45
&M+ (CCCTC-binding factor, CTCF) "JHES 5
AT G A R g BT A, DI4ERE R

BRE AT 1 BNTH 2, ALT AL 2 vy A il ]
e RSy AR I [k A R N S Y L e
S M E v s B PR = (IR DL T SR S A 1Y) E
TR

2 ALT: imtiBsfAMEMES =2 MR
=

iM% (cellular senescence) 38 4HMITEL:
T VESRAL AR B 52 RN A1 L DNA 5145 B 008 (e B
AT, AN EHEE ) U, AR
AT A SRS 2 R, BRI
TSR R A I 2 AN T 3 P L 00 e 5 5 7
— Bl SR, IAERIIMISE AR, A EFTA Y
O LR R BRI I MR B AR Y A, e KR
TEOLT, dEMUR] RESs b KA, FR IR A
fes 2 BN, AE T M K AR R EON A
B AR AT A 20 s 2 e R F 98 R B, 08 HEAIOK
AN T 15 T N A At s 4 R 1Y) B A
A4k, 2 M A T IO ALT BIL R R 2% i e (o
AFREE, AT REZE 20 il 5 2 s b T Y, X R
ALT AR hIe 0 A s e, B rT e 2 20 A
XIS ) —Fp R . Ak, P2
PIZEEAE (LSRR B ALY 9K0E . JunT et
I, i REEAAE . BHILRZEAIE . REBRE I
PET R W) W45 80U ™ XK,
22 2 M 5L AT IR B0 0 1 A A R B 9 R A B T
Jio BT ALT Mg 5 = 2 40 HA — 2L AH AL 1Y F
fE, vk B S . T B SUMO
oA i A Y (i T e e 4, SRR A
5 i o it B P e g =[] ] B AR A% o4 R
T gL BT B IALE], 84 ALT A Al e w2 40
Jiu ki 5 I IR AL T TR (BT 1).

21 RAAEHENRBEZALTHEEMARMRE
R K& E&

S DNA B HIALTIR ARG e, (HILOR BVEAT
by 5 BV ANEPE RN IR R a4, A5 1 & &
AT IR RS2 DL S DNA Wi %d, s Fpl
SGFR MBI X B R i S R AR e
AIE IR, IR A A AR A MR AE 2 FE AL
il BF A Ao 2 v, R T AT AL R80T A6 T it
AL DNA 7, PR ik A A 36 8 2 SRR iy 1 &2 1l
F oy 0 BRI, ALT 40 b ki Ak 1Y) G- DU %
{AF1 R-loop Z5 A T ML g il & 01, S35
SSRGS, HE TS R BRE M DSBs, $E95 1X 2
DSBs £t HR & 12 48 % DNA #i 473 1& A0 5 & H 51T
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DNA G 2o R, sitpher i B 14 e 9 440 i v i
A A e 7K 1 B2 B0 R & ALT J sl ki i
TR i r SIE G A PR 2R

20254 (Afiff) (Cell) $i1 A9 IUK = EbR
s LI 9PN E N Ve e 2 7 i = 3V i S e ]
Ui L 247 LA BIVAR) ol — F4Rp 2 1Y) A 5 5 T B 1
S 23U A . R-loop FREE LA M ssDNA JE A,
NI | K -5 il e, 20 DNA W 28R WL ist
1G5 (epigenetic drift) fEFEAAEREE > 7, I
H, A58, Z240H80 (k. iR
SA-B-gal FHVEANAL B & 14, H AR R AR
Y y-2HE 1 H2A. X (histone H2A.X, H2AX) 7Edi
DR 28 e Ah, B RS A G
HH p53 B TR A S A R S B0 P4k
(reactive oxygen species, ROS) ZRFEYIMHLH
K HERERY], JLF TR ALT 4 i R & A AE
p53 %78 5 JF H i AL 4E K i i B E 5
(regulator of telomere
RTEL1) | {5 7] J¢ 3% ifi. 7. 4h 2 D2 45 14 (Fanconi
FANCD2) .

elongation  helicase 1,

anemia complementation group D2,

pat
-
-
-

~
~
~
~
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~

BLM. WRN Fl RecQ * fi# i€ i 4 (RecQ like
helicase 4, RECQL4) 55 ALT &A% MY 5 1 i
KoM pS3 i bR B U g A L R 4 2
i 7N, TP53 27%AE ALT BHPERR b 25w

1T S A it B e ) 5k 24 5 TPS3 P A= Y 5 [ B
Jed 9 L IR 41 3 R 0P8 ¥R R (The Cancer Genome
Atlas Data) [FIFEKE TP53 512 5 ALT S0 KR e
o IR Bl 28 22— A i BB A L
ATRX Y& (0 i F 2 FAE T 25 M A G B 11 6
(ATRX chromatin remodeler/death domain associated
protein 6, ATRX/DAXX) HL#RJCA 2 LUH 3 ALT;
A [ B B TP53 9875 5 pS3 DI RE R I , W40 g v]
G s 5 S A BB o, R
JERYALT 3RA DL ERFSEARR, Ik DNA & i
JE 1 251 & B Ri2ME DDR 1] f8 /& ALT 3 Fi
FEAMEENOTEIN, X MHFLEE) DDR 5 p53
PP AN TE AR UIAHOC TP Y s A B2 1T R 2
RS AR BNVART e 137 1 T3 R, T e 2t E AN iz
AocHE (182),

Fig.2 Accumulation of replication stress at telomeres is a key trigger for ALT activation and cellular senescence
B2 it EHIENRERALTHENARTZNXEMmERE
ALTIl B BOH0E S AR BT AR 8, BILIm R X DNABR 5 5 IR AR N SR ] Bt (55 BE i R oCsEss 21 (Aips3)
TE RSN TS Sh BN, g T A2k m 2 )5 5% (replicative senescence) iAJEKIREHLIE AALTIHEIPE /A . MYC: MYCJER
A (MYC proto-oncogene) it ; ROS: {GEPEHEIE (reactive oxygen species) o
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22 SUMOHEIGEHIZALTMAMRREZ AR
WEEH
SUMO J&— T ] 33 i) 2 1 Jo 8 Jm B M ik A2
A5 . DNAKHINESE | (555 R
R % 5t #2590 SUMO % A L i SUMO-1,
SUMO-2 #1SUMO-3, HAF 1) SUMO 1k & i 32 %
FE1. E2 M E3BHiEfk . 4 SUMO & [ C st i 1]
TRt AR, 240 55 SUMO Hl SUMO i
i W§ (E1, th SUMO ¥ 1% i ¥ 3  (SUMO
activating enzyme subunit, SAE) 1/Aosl &
(Aosl) F1 SAE2/ZE{Z ZAEMG TG 2 (ubiquitin-
like modifier activating enzyme 2, Uba2) i) 5
HE55, P ATP K REHE 15 BE SUMO-EL 8
B4, IR E SUMO E2 i (12 K458 B2 1
(ubiquitin conjugating enzyme E2 I, UBC9) ), 7E
SUMO E3 i #: f§ (PIAS1/4) Myt — £t B F,
SUMO 5 #4115 1 R G B8 i IR
SE LA SUMO gt # . AHf, 2% SUMOfk
16 15 W] J2& R Sentrin 4 5 4 85 1 B 2 % (Sentrin/
SUMO-specific protease family, SENPs) % ',
TN A A 2 AR b, SUMO fK-F- 53
I, 51z R A HA A P 7 AR A
YERT, Stlml a4 A . K335 F DNA 4 £
1B 52 S5 A Wi e
ALT 4fi g APBs {9 JE il B AR T SUMO 1LY
A, 2k DNA & A shif, SUMO02/3 2
Wk BT % F APBs, fE ffi PML # /b K
(promyelocytic leukemia nuclear bodies, PML-NBs)
ZEW-WOAR 7 B Rl SR BRI, I AH 5F BLM
RPA. RADS51/52 % [a] i E2HA% O F -, 47 DNA
G B E B0 . B 5EUE ., SENP6
I3 & SUMO R ffif5 sk i i 5= 1k . fefe, ¥F
¥ #E H1 4 (ring finger protein 4, RNF4) (E3-
SUMO #[i] iiZ R 4R ) RBIDTHZ R ARk 2R
SUMO2/3 %, ffif3 APBsfi# i, 523 SUMO fLAHG
1 DNA #5252 7 Hitk, 1+ APBs (19 AH
Sy B AR AT DA ALT B I6 T TS e SR g .
FE R B, A ALT Jib 9 4 ff b, = 4 fk — il
(arsenic trioxide, ATO, As.0s) AP S PML
B RFES, FET I E ALT BaE = SR,
FEPML BRICTE BT, ALT Mg 40 i vl 38 1 A 2217
S AL B SUMO 4 1 HE ] s bL T A7 3%, 3% 4
F SUMO L &1 () DNA B Z & 1 (11 Rad52) i@
PEBORAR > B RS HAME E 7, AT o4z

APBs [ T B st & il )8, LB SUMO fk
RYTE Lg% LA T PML 977 U2 #F DNA
PR Z N F AR SERAHEAER , S ALT I i
7 Ab () 5493 16 2 stk SiE K AR 5 RN Ak 1 Y
AL, SUMO k& ik n] LA i 3 45 8 (A -2 1
JE AR BAE FH 0 ALT 4054 () DNA il = . F
W5 &I, 7E ALT Mg 4, SLX4 1 SUMO 1k
B s% T H 5 RPA. MRE11-RAD50-NBS1 & &
Py TRF2 45 DNA 151 % 8% sl b 45 6 2 11 0 AH
HAER, DM A s et O s oA R e
(AL

TE 210 i 5% 5 A5 vh SUMO 8 M 1 8 #2524 FH
HORBSZ B0 . AR, p53 1Y SUMO 13
AU S A 2 RGO, BT
SUMO 4k 5% & SUMO {k 1o 72 AT L4100 fi] 3 3 38 2 1)
PG B, pRB Y SUMO 46 I 25 52 M 241 g 2 5 7] 32
LR ST BY L b Ah, SUMO Ak 16 i i 1k 3 Y
PML (T8 BRI BE , 52 M 2 60 006 I 2 11 240 2 1
24 Ji JEHH 8 4 i AR S 1 A (histone cell cycle
regulation defective homolog A, HIRA) {93 4 Fl
FEAE, T R A R S N S E S N Y SR
S5 A0 AR LG, o 2 Al SUMO fR 81 1) 2 1
JRBCR g Y AR, AR
R SRR AR it 63k SUMO-2/3 2 S8 4 i s 3¢
BRI B, IF HaEz4iifirh SUMO E2 5 E3 ik I
W, SECOmRILE A8 TRFI, TRF2, RAPI LK
ATRX 4 H Pl &2 B SUMO-2/3 154 >, 3 Fl i i
75 T HI 55 s PR AP S S IR E R, i B )
BARBIh W KA ; 93— 7T i PML-NBs 44
Sk DNA #2441k SUMO-SIM M HAEE &, M
RS APBs 4,

Zx L frik, SUMO fbAE i 7 I #5 ALT M il
Y h A SEEM . — i, SUMO fkigi
A {E i PML-NB 1Y JE BUAT ALT (Y3075, 38 i 4E
Kok b iR 4l 2 5 —J7 1, SUMOfLIE
Tt g f% 8 i R pS3 AF R I TR, (R E4H
J R AT, A s (B13). Hit,
SUMO frA& i 14 3l 251 X T 4 B i Fa s 2 G i
B, BRARIF B A el PR A0 A2 1 PRI
il T — A gE, HAT AR A, SUMO Tk
A ALT W00 5 40 M 2 W S sl oy, 0w
SUMO k18 i AT LAl A ALT i R 22 A0 SC 50
AT TSR
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Fig.3 SUMOylation plays a dual role in regulating ALT and cellular senescence
E3 SUMOEIGAEIREALTMAMEE hEFNEER
pS3MSUMOA B 2 B i BE BN AP, FESUMOEINe/ 2 (M DG e B HEE pS 3% skl B AL AU PR S B A FHE S50k, dkImT i 3 A
SEHRIEN (Wnp21) AYRESER(E . AF ALTAIME Pomh iEKARBIALTIR R, HARZ 15 T APBsII- A/ B (o855 . APBsil it Z A B AR
(SUMO-SIMM%5 . HIRA-ASFla}¢PML-Isoform IV) J¥ i B4 AR T 25 WG . SRl & 4ERADS 1 BLMSC Bk IR d 2 . L, $2p)
p53 SUMOBIA S5 APBH B S, ()26 BHLIK 2 kit 5 ALTUR A 32 4t T 5 mUBUE S 19 T-HI5Ems . PIASy: protein inhibitor of activated
STAT, 4 (PIAS4), J& T'PIASKJ% E3 SUMO %4, = 5% 4% 5SUMOLEHi. CBP: CREB%;% 1 (CREB-binding protein) ;
HIRA : 2H ZE [ 40 it J5 4] 8 4% Bl g3 W) 95 2 1 A (histone cell cycle regulation defective homolog A) ; SP100: #% H & HTJA Sp-100 (nuclear
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Fig.4 Chromatin accessibility is closely associated with ALT activity and cellular senescence
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Graphical abstract

Abstract The Alternative Lengthening of Telomeres (ALT) is a homology-directed repair (HDR) -based
mechanism that maintains telomere length independently of telomerase by hijacking the canonical double-strand
break (DSB) repair machinery. In ALT-positive cells, a RADS51-, MUS81-, and BLM-dependent recombination
cascade copies telomeric tracts from sister chromatids, extrachromosomal telomeric circles (t-circles), or inter-
chromosomal templates, thereby restoring a functional TTAGGG repeat array. This process is characterized by a
distinct molecular signature:(1) chronic replication stress, manifested by elevated ATR - CHKI1 signaling, R-loop
accumulation, and fragile telomere phenotypes; (2) clustering of telomeric chromatin into ALT-associated PML
bodies (APBs), which serve as SUMO-dependent recombination hubs enriched for SLX4 - SLX1, MREI11 -
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RADS0 - NBSI1, and FANCD2 complexes; and (3) global chromatin remodeling, marked by the eviction of
histone H3.3 and its chaperones ATRX/DAXX, derepression of the long non-coding RNA TERRA, and
acquisition of constitutive heterochromatin marks (H3K9me3/H4K20me3) along with the facultative
heterochromatin mark H3K27me3. Together, these changes establish a chromatin environment permissive for
homologous recombination. Importantly, these alterations are not merely passive by-products but are functionally
required for homology search, strand invasion, and resolution of recombination intermediates. This is supported
by CRISPR screens identifying ATRX, DAXX, and the SUMO E2 enzyme UBC9 as essential ALT fitness genes.
While 85% - 90% of human cancers re-express telomerase reverse transcriptase (TERT), the remaining 10% -
15% are telomerase-null and rely exclusively on ALT for immortality. ALT tumors are enriched in osteosarcomas,
glioblastomas, pancreatic neuroendocrine tumors, and aggressive soft-tissue sarcomas. In telomerase-negative
somatic cells, progressive telomere shortening during each S phase eventually reaches a critical length, triggering
a persistent DNA damage response (DDR) at chromosome ends. This activates the p53 = p21 and p16INK4A -
Rb tumor suppressor pathways, driving cells into stable replicative senescence. Although this telomere-length-
dependent senescence acts as a potent barrier to malignant progression, recent single-cell analyses reveal that
senescent fibroblasts and epithelial cells transiently display ALT-like features—such as accumulation of telomeric
vyH2AX/53BP1 foci, formation of APB-like PML condensates containing SUMOylated TRF1 and TRF2, and
intermittent TERRA upregulation. These observations suggest that telomerase-negative tumors and senescent cells
share a recombination-permissive chromatin state. Although senescent cells do not achieve net telomere
elongation—Tlikely due to intact p53/pl6 checkpoints restraining unscheduled HDR—transient ALT activation
may enable rare clonal escape. This further implies that ALT operates not only as a tumor-cell survival pathway
but also as a protective mechanism against environmental stress. Indeed, spontaneous immortalization of TERT -/
— fibroblasts in vitro is preceded by stochastic ALT induction, indicating that stochastic recombination at
dysfunctional telomeres can overcome senescence barriers and initiate malignant transformation. Consistent with
this model, whole-genome sequencing of ALT-positive tumors frequently identifies early driver mutations in
TP53, ATRX, and DAXX, which disable replicative-senescence checkpoints while simultaneously enhancing
telomeric HDR. Here, we synthesize the convergent molecular features of ALT tumors and senescent cells,
highlighting: (1) replication stress as a common initiating cue, (2) SUMO-dependent phase separation as a
platform for telomere-templated recombination, and (3) epigenetic erosion of ATRX/DAXX-mediated
heterochromatin as a rate-limiting step. Finally, we discuss therapeutic implications: (1) pharmacological
inhibition of SUMO E1/E2 enzymes to prevent APB scaffold nucleation, (2) synthetic-lethal exploitation of
replication stress via ATR/CHKI1 inhibitors, and (3) immune-microenvironment-targeting strategies that remodel
the senescence-associated secretory phenotype (SASP). Collectively, this review elucidates the mechanisms by
which ALT regulates cellular senescence and tumorigenesis, offering druggable vulnerabilities and translational

strategies for the clinical management of telomerase-negative tumors.
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