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AR ALT AHOCRAY, 40 ALT A7 5G4l 4
M IS (promyelocytic leukemia, PML) & /)
{& (ALT-associated PML bodies, APBs) . &4l %
{14 i 7 (] 5 AH Tk 4 €8 AR S8 4 (telomeric sister
chromatid exchanges, T-SCEs) . =& i L 42 (4
& &b it k7 FE & ¥ 51 (extrachromosomal telomeric
repeat, ECTR; 4l C-Circle, T-Circle), L)L J4efq,
VAT R AR ShAS AR, X SE R IA N & ALT
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¥ % 1 (phosphatase and tensin homolog, PTEN)
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Fig. 1 The nexus between senescent cells and ALT tumors
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APBs: ALTHISGPML/MA (ALT-associated PML bodies) ; PML: 4PRZ A0 I L6 56 K 2R 5 25 11 5 SASP: FEEHMISE/M A (senescence-
associated secretory phenotype) ; SA-B-gal: #EEAI BELFLBHH A (senescence-associated B-galactosidase) ; T-SCE: uihir [F] I AH Ik e o B {4
2 (telomeric sister chromatid exchange) ; ECTR: i 4 4% {4 {A& 4 i & J7 41 (extrachromosomal telomeric repeat) ; HR: [f] I 5 41

(homologous recombination) .
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Uikl DNA B8, DA S EE 41 rb [ AR A At e i g Ao
ey =
1.1 ImhtEHEHHDNABRGESHRER
WF5ERM, ALT B9 )5 3h ] 85 diki Ak i) DNA
Pt 405 FN A2 i R 7 1 B OWUEE T %4 (double strand
break, DSB) #H¢ ', DSBs &4 Hf, 146 H
MRN & 44 (Mrell-Rad50-Nbs1) 5] 3F 25 &
DSB, RS IFROE PRI B AT Y koA
#E 1 (ataxia-telangiectasia mutated, ATM), &
) ATM W] LA R A6 2% 5 - C o 45 4 B A BLAR
H % H  (C-terminal-binding protein interacting
protein, CtIP), FS5F IR A CHE A 1 (breast
cancer type 1 susceptibility protein, BRCA1) #fH.
YER, JE B BRCAI/MRN/CHIP & A4, f5 3hjE
DNA R IGYIER 7 4 3' 14 DNA (ssDNA) . #5545,
BRCAI1-BRCA1 M1 RING Z5#435 & 11 (BRCAI-
associated RING domain protein 1, BARDI) 24
PR HE SE R A i X MR S VI B 1 (exonuclease 1,
EXO1) FI DNA % il fif Jig M/k% B2 B 2 (DNA
replication helicase/nuclease 2, DNA2) KK F2
DNA K ui UIBk, i [ml 5 8 41 £ b o K iy [R] 95 )7
FIto W BE ., DNA E 4 RO B R K
(recombination helicase family, RecQs) 1 fif Ji€ fif
(A 5 W 28 & fiIE RecQ F£ f# i€ i (Bloom
syndrome RecQ like helicase, BLM) Bk 40 %% &
fiE RecQ #f fi# Jie i (Werner syndrome RecQ like
helicase, WRN) ) FlssDNAZ5SGHEHEHHEH A
(replication protein A, RPA) [P [4E H J& DNA2
1) ¥ 8 V) B T Be ) % 2 45 F . 5% J5 BRCAL Al
BRCA2 /15 RPA 15 RADS2 BE41 e, Mlifie it
HREE ", F—TJ5im, ATM s iR &0 T4k
[d] ¥ K ¥ % 4% (non-homologous end joining,
NHEJ) , H 2 # B NHEJ (classical non-
homologous end-joining, c-NHEJ) i i ALT, T
# ft % NHEJ (alternative non-homologous end-
joining, alt-NHEJ) I3 i il i I8 4h 5 41 - i) 28 v
A, RHEEHEIT4ERE ALT 8 1> HET, ALT 4
Jitl H HR FI NHEJ ) 5 2P A IR 240, (HEHT
MBEoR R WY, DRSF o R 4ERF 20 53 1 (conserved
telomere maintenance component 1, CTC1) -l i
CDC31 & 2 & 1 (suppressor of cdc thirty-one 1,
STN1) - iy A & B2 9 4% &5 1 TEN1 [8] ¥ )
(telomere length regulation protein TEN1 homolog,
TEN1) (CST) &4 {4 it 0 ) DNA A 3 U 5

FELWT W) 2H 18 52 A, $on B8 1m) T4 CST-DNA
5, CST-BLM AHELAE ), W] 720 B HR 5l 09 ] i
fRBRIZ AN A, M BGTE ALT IR . 5 R 55 X 2R
(ADP-# b ) 58 & it (poly (ADP-ribose ) polymerase,
PARP) I il 50 K 51 26 4k 97 i 0% M 42 At B
emg
1.2 IHHIDNARIE R

APBs J& ALT 4t ifg o &5 i) E2E35 0,
PML & HIE A% N 4544, 425 PML, SP100.,
SUMO & 1. uhkizh &8 (b 5 2 7 51 45
& (telomeric repeat-binding factor, TRF) 1.
TRF2., ¥ihifRP 21 1 (protection of telomeres 1,
POT1) . PFH i ¥ i 28 H 1 (repressor/activator
protein 1, RAP1) ) LA DNA i b Fil iz 52
F (41 RADS1, RADS2, BLM fll MRN & 4 &
A) 4 ALT 0GRS, APBs il ik SUMO #1
SUMO #H H. E I £ & (SUMO-interaction motif,
SIM)  HYAH 53 B3 B Bl S B2 A0 28 sk DNA I AH G 2
I, b HR A 0 e it s iy o4 Y
W, E3 32 &R i IS AL STAT 2 1 40l K 1
(protein inhibitor of activated STAT, PIAS) 4 F1H
FEH R Eh UK E A 21 (methyl methanesulfonate-
sensitive 21, MMS21) 45 SUMO & 1fi j& APBs JE
BT ALT AT iR 5 B 1Y G 1. BARTE AR
ALT 4 fifi ' RADS1 #1 RADS2 T 8 UEBA 7E HR 13
FERE 2 CEEMEN, (2B S B T
RAD52 4 S BIR 8 & i&4% ©', BIR B E i
FE A G2M W Kk, I i RADS2 4 3 Al ie iF
ssDNA AR A XUE DNAJE B B #:38  (D-loop) ™.
7E BIR H, 3'-ssDNA %€ i 3iii {2 A [/ ¥ 51, L
DNA # & i 5 . % 3/4 (DNA polymerase delta
subunit 3/4, POLD3/4) K #5i 14 J5 = A7 o b 52
il 1o BRILZ AN, FEA 222 R M, ALT 4HfLie
fig A 225> 241 DNA 4 8 (mitotic DNA
synthesis, MiDAS) #EK ik, 5 G2 1] BIR AN[A],
ALT #5¢ MiDAS <41 T SLX4 25 ¥ ¢ 5 PR AZ R 9
] 1 P % (SLX4 structure-specific endonuclease
subunit) FIRADS2, Holid 52 i & (ng 5e 20 i
¥ ot I
PCNA) -& ][ F C (replication factor C, RFC)
-POLD3) #FFTA-5F 15k DNA A 7
1.3 EA D EERRIE R R 4

7E DNA G e UG, S Ak i = 20 o B] 445
LRI, DR Ar B A B JH S50 DNA 70, 4EFF

(proliferating cell nuclear antigen,
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et fRpyfeetE . R TR A ANy S
— i /& tH BLM-TOP3A-RMI1/2 (BTR) H &k *
T 0 f# € (dissolution) , i i XU ZE ) 3 % 2 14
(Holliday junction, HI) [¥3dli[a] 5 LI AT AL i)
WOE T thoE R, B S R N R W B e
(topoisomerase I1I alpha, TOP3A) YJWiJf 5 Hi% %
DNA, rF#4:4E3Z X (non-crossover) r=¥). Zigts
G Ak S EHE, & ALT 40 i 4E Rk o
M8 X o Il D) 5 A R R A TR T A
SMX & &K (f045 SLX-4. Z5H) 4 5 %R N Y
ifg 7. MUSS1- ki £ 43 24 00 5 45 44 o 5= P A% TR
W ) B 1 (essential meiotic structure-specific
endonuclease 1, EME1) FIZ5 #4542 1R 9 D
3 XPF-VI 18 2 A L H #M2H 1 (excision repair
cross-complementation group 1, ERCC1) ) f~F/Y
f#AT (resolution) 4T A Ui 3% 2 FLHE X FR U) %I HI
L, AP ESE R (crossover) ¥, MIRARAE
ALT W32 348 BRI, PR 38 o T 3o e 1/
ik, SO E SRR AU R E S

ALT MLl 2 e 5 Ty e i KR,
KM EA LRy SR, W T 2R i
FHEAE AV Sl B AR AR . iln, efiofe
%2 41K (chromosomal passenger complex, CPC)
W2 Sk P 2 S Y s iemm, DS
T-loop Iy BTR E & RITEYE, NSA 225
FHHR P (mitotic arrest dependent, MAD) ¥k
F g LAY, DT S T RE BE A 75 T A0 9 AL
(telomere dysfunction-induced foci, TIF) #1 DNA
5N % (DNA damage response, DDR) & [ fif)
KAEMEEN ALT " IeAh, 5% 3§ CCCTC 45
4 ¥ (CCCTC-binding factor, CTCF) "Jfig% 5
TG MR A S G A TR R, DA4ERE R
MIFRE ST 1 BT FH 2, ALT HLIR v b i B
PR R 2 dp i R B A LK AR AR R DG, 2 iR
S it 7 sl P R = A L T SR S B )

Bt

2 ALT: miuEsPAMEMBES RE2AMAIR
L=

iM% (cellular senescence) JEFR4NMUTEL
D SRALAR B 32 B A1 S DNA S5 45 B 5008 (e B
AT, AN AW RS, AR
SN AR I SRS P R, R
AHFFE TN Ay 2 Y 2 AN T 3 oy L0 ol g Y 5 1Y

— Ry, SR, RIS E L, AN
YA AT R D I IR 0 A Y AR, fE R
LT, AT RSk RAS, BRI
AES 2 fan, FE—IE MK TS A R SR A
JEAR AT 2 20 sither 52 i (o Hh 2 0, 12 A K
AR AT 175 5 A2 A 4 i i R B ) B A
ARAK, 0 3 Ao TS AT AL R 28 il e (i
ARsEtE, M EZ A Zal b 2, X KM,
ALT ANUE e 40 i A AR A, ] B 20 M7
XFEREE R S — R LS . IeAh, 2
ILEAAE (AL I B AN Y 5k . JURHER
I, SR EAE . BRIVBZEAIE . HBEME G
PETR) WA FEURE . XN, #oE
2 20 ifL LA IR Sl P B A A 0 R A B 1 v
J1o BT ALT 8 5 5 2 AN HLA — 2B ALY 4y
fiE, Wk BE R S . i B AL SUMO
Qb R S NS N DN ) I VS 2 1 )
5 it T P2 e e =2 TR P R LA AHARL A A o i R
T I ge e i wIRHLE], IS4 ALT A7 Al e J2& 2 2 40
kit e I MR A i R (B 1),
21 IHPAEFIEHRERALTEEMAMEREE
FIX I AZ FER

JXAE DNA E HIALHI ARG, (AR BT
3% SVINEER P IRYE TR T4E, mis] & & il
A AR RS2 L K DNA Wi, X RhEL
RGFRNE IR X e PR R AR e
{87375 I 3 20 @ i1 A A AWt 1] e 8 o A
it BF P PR A A b, E T AT AL S0 0 T o
B DNA %7, DR o er Ak 3 % 2 BB oo 1 &2 o
FE A7 280, HAASRUE, ALT 4 rb sk b i G-P0 %4
{AFI R-loop Z5 A HIE 2 I il T, 30 il
N, PRI K ) DSBs. $E A X 2
DSBs £ HR 34247 5% DNA it {i 6 & M1 5 & 1 A7
DNA AL 2 BRIk, st g B 1 g 4 A o sitder
Ab 358 v 7K B 52 4 R T B R 2 ALT Ja sk &2
il A S S Y B

20254F (i) (Cell) A+ U A T ERR
B, ERAARREEES e B AR E,
Ui A 26 L A B BV 18— FP R g PR AR
S A . R-loop B LA K ssDNA JE BY,
WIS | R -2 il vh o, 0 DNA Wi 28R 0 ist
fE5%% (epigenetic drift) fEVEAMMEEER = ¥, JF
H, AWFRER, 2448 (k. fFE)
SA-B-gal FHEANAR 2214 m,  HAEREsRAR bR &
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Y y-2H 8 1 H2A. X (histone H2A.X, H2AX) & i
AR AR Y A, WO RS A G
M p53 B TR S AL R 5 s T BUE MRS
(reactive oxygen species, ROS) ZFHEYIFHL ',
AR, JLT A ALT 40 R A8 AE 7 pS3 %6
A%, Jf Hombr 4 A i A 35 - 1 (regulator of
telomere elongation helicase 1, RTEL1) . Ju®lJE#%
M & # 24 D2 % 1 (Fanconi anemia
complementation group D2, FANCD2) . BLM,
WRN Fl RecQ FF fi# Jie lilf 4 (RecQ like helicase 4,
RECQL4) 45 ALT i 45 14 5 8 111 i 3Rk 23 [H ps3
SRR T LR B R SRR O R A 2 TR AR
TP53 5872 4E ALT FHAEME b 25 B 48, i dnhor
PP e 0 54 24 4 TPS3 WP A= Y 5 R P i e ik 1A

R

\‘ILI \»\l— %%

2
e

l

TR EPE 9T IR (The Cancer Genome Atlas Data)
[FRERE TP53 51 R 55 ALT J800 DI B o 1 9K 3 28
Az — P BTN, ATRX Gy (5 51 5
IR FFET- 45 H A G E 1 6 (ATRX chromatin
remodeler/death domain associated protein 6, ATRX/
DAXX) Fgf kA2 LU 8 ALT; %5 [ i i 3
TP53 9875 5 p53 ARG R , W) 40 fifd ] 5 fifg 52 i) 1
T i R IR B 2, ARG FRE Y ALT
A DL EWREOR, ik DNA &2 i 77 52
B 51 & B2 DDR W] RE & ALT S0 F1-5 2040
FERIRZLYER, X AFEL R DDR 5 ps3 45 41
PRI B DIRR DG, 10 2 A IR R B ] e TR A
8 B e o 871 g A, O B 2 e A0 s 1 G
gt (#2),
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Fig. 2 Accumulation of replication stress at telomeres is a key trigger for ALT activation and cellular senescence
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AR EHEHNRRRALTHEFEMREZH X BHAERER

ALTHE B 0% 5 A s 2 # 7 10a 3, LA IX DNABU (5 5 RS E e L ] LU0 S SR R I 43+ (nps3)
TEH RSN TS sh B, g T Al m 2 HlJ5 5% (replicative senescence) iAJEHKIRMEHLIEAALTIEIPE A . MYC: MYCJEEIE
A (MYC proto-oncogene) #ifh#EFH; ROS: G4 (reactive oxygen species)

22 SUMOWEIGHEIBAEALTAR=EEFRAER
WEER

SUMO J&—F ] 38 14 2 11 o2 Rl 1R I B i 12
PSR . DNARRINER | 555 2 A
R34 i B . SUMO & H {9 % SUMO-1,
SUMO-2 1 SUMO-3, HA 31 SUMO 1k &1 3= %L

HIEL, E2MIE3 MfiEfL. 4 SUMO 3 H Clm B ]
FFe I TH AR, 22 5F SUMO Hl SUMO #
i Bg (E1, h SUMO # % B WF. 3£ (SUMO
activating enzyme subunit, SAE) 1/Aosl & H
(Aosl) I SAE2/2E7Z Z &M i 2 (ubiquitin-
like modifier activating enzyme 2, Uba2) ZHi%) 5
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Heh 4, FIH ATPKfFREEIE S BE SUMO-E1 it HOCRESZ 2. AR AL, p53 i) SUMO k3

e, JEHF2 2 SUMO E2 i (2 K45 A HHE2 1
(ubiquitin conjugating enzyme E2 I, UBC9) ), 7E
SUMO E3 % #: /i (PIAS1/4) Wyt —£th i T,
SUMO 5 ¥ E [H b 1R s 1 2 IR Bl S IE il e IR
SEIEA SUMO b gt 2. AR, 25 SUMO 1k
16 1 W) J2 H Sentrin 47 5V 5 FU B 5K % (Sentrin/
SUMO-specific protease family, SENPs) 4 9,
e b5 4 M A 2 A A, SUMO fbK 13 T
P, 52 R S BEAL A A B A
YERT, LRI A0 B . PR A F DNA 45475
1B S E )i 7

ALT #f iy APBs 1JE it FR KT T SUMO 1LY
A, ik DNA G R S, SUMO02/3 4
Wi W L 2R T APBs, & fff PML # /) {k
(promyelocytic leukemia nuclear bodies, PML-NBs)
ZEW-WOAR 73 B R AT LB R A, AR 55 BLM
RPA . RADS51/52 %[l %0, #E4T DNA
G B B tihial . MEE ¢ MG, SENP6
I35 SUMO L i 5 v b A ffi 452 11 . feJm, ¥R
¥ 14 (ring finger protein 4, RNF4) (E3-SUMO
Bz R E ) RO R 2 R
SUMO2/34, flif3 APBsfi#R], SEELSUMO fLASE
1 DNA 5 7, G, 1l APBs Y T R AH
Gy B B AT LA ALT IR IR YT PV e SR g .
SR, FE ALT W 4n f b, = & b = fif
(arsenic trioxide, ATO, As,0,) Ab¥ 7% T PML
B RFES, FE W H ALT AaE 2. SR,
7E PML B JAS LT, ALT Ji o 40 Jfd nl 3 1 fb 27175
S Ak B SUMO 5 1 HE 1] S BiL 1T A7, 3K H A
T SUMO fL &1 i DNA B 2 & H (U1 Rad52) 38
PEBORAR > BARSF HAMBE S R 7, AT AR
APBs it T By sk 2 il ()8, W] SUMO 1L iE
RWHIE RERS LA T PML Y5 202 E DNA
A S KT A EAE T, 9 ALT I8 o
LA 458 3 1 52 R A A AR BT 5 RN AR
A, SUMO fh &4t vl L o 9] 45 2 1 -2 1
R EAE JHS20m ALT 4 i) DNA S 18 52 . A
R, TEALT MR 4NAE T, SLX4 1) SUMO 1k
i T 5 RPA, MRE11-RADS0-NBS1 & &
P TRF2 45 DNA 55 14 g sl 45 5 45 1 1 AR
HAEHT, DA s il A | sk e e A ERE
AT

T 20 i 2 R AR T SUMO 184 1) 8 2 A

e R A R OB A N1 35 e [V AN N e
SUMO % 2 SUMO A, 1o 8 1T L 41 f] 5 22 38 2 1)
BE P, pRB Y SUMO kI 2 52 1) 41 A J2: A 1] 5
EWJEH TP A, SUMO f 8 i 8 ik 18 5
PML (W AN RE , 52 G 60 B i 2 1 41 2R 1
4 B JE S R 4 S fa Rl IR B H A (histone cell cycle
regulation defective homolog A, HIRA) % P #
FEANL, TR G M 8 N9 S v Y. HIER
HUTH AR AR L, o 2 4 T SUMO AR M ) 2 11
i w2 Y AR WERY, AL
B FE it 305 SUMO-2/3 £ S 34 i w56
AU EL, JF B 24t SUMO E2 5 B3 =ik I
., SBCmRS; S E A TRFL, TRF2, RAPI LK
ATRX #9122 B SUMO-2/3 184 247 33 Ff s i
I EEE i RS RN =R w7/ i) SVAek d N iy A R
BARSIh W KA, 53— J7TH i PML-NBs 44
SEm ki DNA $2£E SUMO-SIM Ml EAE -4, M
R RS APBs 24,

Zi BTk, SUMO R M 7 5 ALT Jibgg i
Yl e BARCEEH . —5TH, SUMO kg
RE % 2 7 PML-NB (98 IR ALT A0 , 82t 4
Ko MR 40M % 55—, SUMOfkE
Tt RE RS 1 MY pS3 SRR I BNE T, fEUEAN
JE R AT, s (K3)., Hit,
SUMO frA& i 14 3l 25 - i X T 4 B i Fe s 2 0 i
B, BRI B AT e R A A s 1 PR AL
Hl A — 0T, (Ha] IR AR, SUMOfLE
AR ALT OG5 40 M 2 i Al Ay, 50w
SUMO LA i il LAY R ALT fifJes 158 2 M SC 95 0
ORERN T
23 RERMTEMESALTEEFMHAMREEZY
S

Yute ] SR % KA 5 6 T f DNA
(PP e ), R B T AZ /M B At DNA
EHETF ARG AA R, Geta mrrha] e XY
o7 R 9 2%~3% ', I HT, ALT 40 i rp s ik
(Y a5 i] RV ISR R R, T
ALT W& T Z e R 7, B R
FSEINA, i S G 60 5T A 25 R 60 T 1) L 3808
A T ALT 3400 o Forb i B ik 7 i e 38 08 T
B At 22 A 3 1 9 R ATRX/DAXX 19 4 305 P 28
A5y AR S H3.3 A8 R A R Y (o s I A
GO R, HIIREG R B 42 OCHE ALT 8@ B 1Y
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The Role and Mechanism of Alternative Lengthening of Telomeres in
Telomerase—negative Tumors and Senescent Cells”
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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 RAD51-, 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-CHK1 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, MRE11-RADS50-
NBS1, and FANCD2 complexes; and (3) global chromatin remodeling, marked by the eviction of histone H3.3
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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/p16 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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