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Research progress of potential anticancer drugs targeting telomere

ZHENG Rui-Ling, HAN Hao-Yi, YIN Xing-Yue, ZHANG Xin, ZHENG Xiao-Hui*
(School of Pharmaceutical Science, Wenzhou Medical University, Wenzhou 325035, China)

Abstract: Telomere is the structure at chromatin end in eucaryotic cell, which could protect linear DNA ends and
stabilize genome. In human cells, telomeric DNA is 5'-TTAGGG-3' repeats binding with shelterin complex.
Telomere length would be shortened along with DNA replication, and the cells would go through senescence or
apoptosis when they have too short telomeres. In this case, telomere length maintenance is critical for tumor cells.
Therefore, telomere is the important target for cancer therapy. The study of telomere maintenance mechanism and
its related targeting drugs, such as telomerase inhibitors, alternative lengthening of telomeres blockers, telomere
G-quadruplex stabilizers, and telomere analogue T-oligo, has important guiding significance and clinical application

value for cancer therapy. This review focuses on the latest research progress of anticancer drugs targeting telomere.
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Uity L A2 LA A D 4 M % B A R iy 1) R R 5 44
HH 3R 5 & 5 51 DNA Flliiki s 48 4 (shelterin) 41
B, BRI DNA R, 4E+F 4 R f2 e 1
S FEF U, BE A AR B I, R
K&l diad, w&slmampate: Y. pril, i
LK FEE 0 24 0] 457 258 23 R4 1 iR At e LA B 2 1
Mo R AE, 85%~90% [ T J88 4 Mo 44 A5t v or g 4
Frombi K B B, A 10%~15% %) Fifya 208 Jf A st i
L ZE {8 F A HL ] (alternative lengthening of telomeres,
ALT) 4efpimpi K B2 2 Bk, sk MR ia 7 i
—NEE R A, v R B AERRATL R I T T e
9T A B E R S R SR S BRI PR S A

URCSS VN TS N EAN RTINS S-S S e a7 Y
gt SR G- DU BEAA (G4) R AR E R 1L
Sy R AL S A% H IR T-oligo ™ 48, SRT, IE JLAF
(RIRIT FC A B, 25 A R i o i £ fe /8 240 o e
VR IT I FE & A0y ALT PR g i, AT 4 453
LAt B N HERR TG T To R0, N T R AE IR T R

ks HER: 2022-08-30; f&EIHHER: 2022-10-21
E&TH: EXARFY¥EEDIH (82273995): Wil
B SRR FE ST H (LY22H310004); 35 B2 ALK 2
AR} T H (wyx2021101030)

*BIE1EE: E-mail: zhengxh@wmu.edu.cn



Eyh]

BN, S5 BLIRSRLTTM R 257 BT FU 3t e 149

JE O BEAh, sk G4 e 7R T P B 1) R 2
S RBNTIAEREA I S PR R, IR IR TEVE IR AT I
R L iz A M T-oligo 2 8 i i DNA 35
Yy, A UL 9 58 BT MR VR 9T Hh B R 5
(B L BB 45 Ry PR AN R 1 R OK LS 17 1A S FH i
S RSOR A A AT S AR, X L
RLNHE RO R 2590 OB FURE R HEAT 4554

[ op AST

iR £ 5 A R B TR S B B RE L A T T
RERALAVLRE . RN R — TP 2 T BN
HOR A3 5 8RR L OEAR G P10 JhJeg 4t 7y A% R
RROE A0 JC PR IG5 . K BRI FLR Y, (e
MR AER T, sk s EERER .

WEFRERE, FEMR R AR, 2 M B
Rifa AL (DT (1) T2k DNA (9K s A 56 42
S il] 3 B0 AL B G P 0 2R 45 SR AT A AE AN ]
RIER. MR RRE S, Sk, 2imk
(K B T Bl S I KE 2 % DNA 545 B %
20 B AL 2 A A S B M R S, X
DNA S il 32, Rk — ke
Bl (2) BERFRER 7 AR 2 15 1k 328 i NI Z BT B
(AT SR 20 P FR) 2 AR AR R, A 4 e % T
LR IS B AR 2, P R IR AR SR A
24 2 KoL R K BRI FHEL, A AL BAZERF SR 17
Thie, i SORE 1R 2, X sk i) 2 — R JahL.
FESEIE AR b, A 8 0 4 30 e S v A I
ALT ZE55im b, RE b el Bhit, IEW 4

Telomere Length

S FE0 e 2 B A AL RS R A S8 A, T AT 1 f
IrRIBE ST o X IR R AR T R R A A 7 R SE AL
e, W] T kLR G g AL P E AR A

2 PUmAHERF AL A EE R A 2547

R A BT N R A R 1 B 2 — . H AT
R _EH G FBAFARUIBR. BTk ¥
JPiE BRI I RIITIESE . (H2, RER
T FBEMEAEE — A R ™ T
A B 2 5 TR A B Y L, DA 4

ik Jed 4 P i R R 4 5 AL B 455 S R I AT ALT
BUiio Ferpr, DA s RL B D9 H AR BB R 25 it
FEOLART R, 2R S22 N RS
b B AERETXT ALT ML I TUR 25 MR OE A 2
FIRES ALT 7 T B M AN GE A 5%, T R 0 26
S e Ll R 4ESF L DS AR TR 24 A2t e o
2.1 LUmKIEE A SRR Z54))

s oL T R S M b P £ 85% ) iR 4 Al v v
1B, RN R AR Y. R, Sk
UM 25t A ) A0 bR . KRR,
00t S I )9 T B IR B e P i L 4 R LA
5 IR A0 S S B R T R B R A RCR
AR T I W AR, TR 240 B S AR X R, PRI
0% B S 1o 4 K B 5 4 i A o P
5% 3 DNA 115 i) A% SL it R 25 i Lt ik g
R B R e e s B RAEI0 s (H Aok
il S SR BUMRE 29 A AE SR R« FR T S kL AT

Crisis & Apoptosis

Normal cells
Ml
Threshold for telomere-
Based growth arrest ,,, N PS53/Rb inactivation
(senescence) I\, =
A ¥ Cancer cells

Immortalization M2

A
7 o

Cell Divisions

sk 5 AR R 7 SR BE D

AL 2 1 B SR

E1 BB uR R fE AL



150 AR

354

0700 B 0 IR R A AR T b K B4 L, BT LA
R TT R, RS ; FR, EAIIEFRIE
PRA J {68 P v ot g 400 1) 751) 2 75 52 e 8 440 R 30 ALT
BLA, AT A RF b A B, s s i 0 o) 751 2k 25 T
MREVER . REHEZ 6, skl B FE Pt
PR 25 SR AT T ) ) R R S P i BT TR
AR SOR T LAk 22 B s R g 00 1) 508 248 ) O e
FRE R 2
200 FFEA R b v

Uity 67 P 1) A% O U S A 4 0 #4 5% B hTERT A
RNA 54 hTERC. 38 Jb 7> 43 7 1 i) 3 %% 5% ig (1)
Per LRI P, Hoh/Nr T 254 BIBR1532
AT DL S 1 th 2 4 B30 5% S hTERT [ 3%
Oy, B Sy A -5 v R 52 6 1 A6 DA B BH 1 s
Qs AN R 2 2 IR o VAL 59 g VA N 7 e N
HE T 51 S K 3 A0 4 R 40 B A K g ) B
Ik 4h, BIBR1532 id fig 3 5 L Ath o i 83 259 1) 7t
Pipsg v v B2, DR H TR R 5 hTERT %5 5%
PEIMHITR . e T TR GRN163L 24X RNA
BEAL hTERC R F M BUIR 254 . Hi g ML 1l
LB, GRN163L #E A\ 4Hf 5 B 145 & %) hTERC
(PIASEAR X 35k, {5 bz B GV IE % ZE ks, I 2 il
i TP FLIE S5 2 Pl b 38 R I H B B T
Py gk B
2.1.2 R A 5

G4 & 1 & & 1 A (1) R IR R BE TP BRI R )
GER), WHAFAET AR RIA i G-Overhang I P9,
G-Overhang JE % G4 Jo il kil 25 &, Bk,
G4 Fa e e — PP 78 M u LG HI I 5. 3 —20 1
UM HLHIRF FLR B, G4 e B & A
Ui AL R () 1, B I 3 O AR B R R i G4 45
Pk i ki 5 G-Overhang f45 4 P70,
2.2 DIALT BRI AR 2540

FRUEANA 29 15% 19l 98 20 o 2 6 fi ALT 4 R
Ui R BE IR, R AR T v bor ik Sk JiRg, ALT
Ji e 20 A B T e R R R L SE SRR R R A
IRV Zite. [FRE, BRIV 2 B 250t
ALT B8 BVE Y7 SR AN EAR 5 1 B, st B 1)
TP A B s FE o 1 o8 s o o 2 3K Feb 8 400 e 3o 3o 9%
T ALT B 33 1 %o s R B 40 ot 770 7= AR i1tk , R
W R B, R, EFXE ALT o8 i 8 1)
29 S B E JE . BT X ALT 4% F Bl (0 5
MIANVRN, BB R 2P A g R g . K
TR I ALT 40 h AFE R 221 DNA #5515 5,

5 591 1 i Rz 355 467 ) DNA 514, ATM/ATR %5 DNA
P40 B2 B AR S . E— B IR R R B ATR
R 81 ) S PR b5 5 ALT 4E 0 T, T ATM 1)
R B A Ve BV, Ak, 7E DNA #5055 LB =
SEHE ST E T, ATMH H EEE2EHT
DNA 345800 r, IR b 28 5 4 FH 47 RO 1)
R s AH S, ATR #0467 3 Z2/E T DNA &
il SRS (0 Go/M RS B S R X R
FIAE IR & )k 5% )P, Rk, ATR #] 22 ALT
PR 25 0T R ) — ANV AE R0 0 B ATR 301 551
BAY1895344. VX-970 Fl AZD6738 fit i il BH Kt ALT
BLH 15 5 5% S 30 kB 40 B ALT 1R A, {2t
i 968 4 ) 30k B AE T . H R BL VX-970
AZD6738 R[] ATR #1171 H #5 SE NIk R V1T
W5, AZD6738 T HA e i) LR R
JRIL T 3K BT A I AR N A B

AR, BT ALT AL 2840l T o ks () I 28 4,
5 ALT X i 40 () 4 b F2 b 75 22 G B 1R A BRAR
DNA 1 P, Rk, BEFN] HA% DNA 12 AfEHR DNA
25 L REHN ik DNA [ RIRE 4, &
SECALT g0 fosbi 1946 5, Rk ALT 40HE 58T .
{H2, BT A A2 B W AR i s AR LA,
XF 185 DNA 4545 M 4 RF e e ph i) e e v Bofy
SRR W, 0] [ Y 4 AN T B b 5| I 4T
FEMIBET B AR . DRk, AN made 35 4 [ R EE 20
NRERRIEIT ALT R F B . Xt — P RE
W TR S P s SR DNA [R] Y5 8 4 (0 B B k. St
T, ik G4 Foe R 29 7E 1) ALT B 1697 1%
M2y W, ALT B o (s kE G4 Fa e 7 Bt
SR AL R id it e ALT 4iie G-Overhang 1) G4
gy, BRI RADS1 #E G-Overhang b [{145 4, 3k
BHIET G HUdi A FIBR DNA Py 1,
2.3 LURRIGANERHII BB A

G4 32 171ET DNA A RNA {15 G 541 _E 1,
G4 [T e Fa e 4% DNA il %5, mRNA Y
Pl B AR RS Y, kX DNA G4
(YT B % A 58 AN HL B 6 410 1) it FoL Bl B AT D36 12
PE RS o b P (R 4EHE, B REREIR T-loop MI&5H, 5l
i 2 i A DNA 5457, A1 2 i 988 440 e 1 S 1
(), ghah, Sk G4 fe s im i B kL 45 A
B R ORI PR, R FE PR AR T
e BY Rk, SR G4 A B I BER K I AR B
CIRERERETIGEEE Y=

TR, AN A 20 20 G4 iR e, i



Eyh]

KA, AF: B SmRLTMR 25 M RO U 151

4 FANCI 1 Pif1 55, BB A T A 31 2% A N T2 Bl
G4 g BY, BTk, AT R0 KIE G4 EDE
Dige, HAE R kAT B, EFEk, 2fAK
BN G4 R e FIRG SRR OE Re 8 5 AR € G4
MBS TINS5 S LB %
SRR« HO0 a1 S A v 1, AT 49 1) e 23 4 e )
B, R T U, BB ab ik TMPyP4 2
R R IR R e ke G4 BN T E I —,
HEr 7 Rogmbl G4 4b, ERe e BT X G4
g5k, BN c-myc Al bel2 G4 55, {HXTA[FRYE G4
Mkt 2 ¥ 3, W Streptomyces anulatus 3533-
SV4 1435545 1Y) Telomestatin ( & 3) GE % &1k $&
PEAN T SR A M AR e ks G4, 33k T A 280 1 i A
BTG, SRAFEAT PR S Y. BRACO19,

Pyridostatin ( & 3) 1 RHPS4 ( [ 3) & H i &% & s
PR B BT 5% 10 7 93 7 G4 a5 77, BRACOI19 fig %
B S k45 A R G4, R IR S R 45 R 1 e R
TEAR N AMAREDUR S ST B N8 WER . B
PALJRE S5 B A R (R 3222 B Pyridostatin 1T i 5 i
ki G4 (IR RasE , PSSR 45 & - & 11 POTI
S, Rt g I e g, B 5
50 Z0 1 v AL DNA F 4%, f 275 5 Il 980 400 i 1) 3
T2 57, WY g K47 42 ) RHPS4 8% — 5k i i i 3
AT S A R e b G4 1/ TAR &, e R 5
(2 LR A 245 AR A 1 LA B R 25 7 1)
57 ", £ BRACOI19. Pyridostatin F1 RHPS4 [#14 %%
KA L, HHIRIETRE GTC365. RG260. BMPQ-1
AT S S B e Ra 375 e A A ) B A O

TAA],

|

Coding
DNA

o
3
\ \\
\ o
5 3
’/
G-quadruplex

Telomere

Telomerase

hTERC
3
5

Cancer

g —WE

Senescence
or Apoptosis

SR G T loopITE . BEMRSRLSE HI I SE ME ke, FELIT S LA BRALT AL X SR FU AE A, S0 AR
E2 imh G4 P SR g

1 SO,

NH, HzN
N

|\
ZZ
X
L .

[®] N

S |
NP
\/\NHZ |

WY

2z

NH  HN. A O
S>—A\ _N N.__~ N _
0>/§/O \% HZN_';!_NQ__@N—F‘II—-NHZ
I!IHZ HzN
Telomestatin RHPS4 Pyridostatin [Pt(en)(bpy)],

RIE &Y (Telomestatin®s) . 377 FAL & VIRHPS4SE), JEILF- 1L & H)(Pyridostatin) A1 TCHL <5 & BT & I([Pt(en)(bpy) L, 55) -
E3 imkIGAR R FRIE/ND FRRET



152 AR

354

X THH N FRGER, ThleBi &R
BHEZAM M. FENEAEER. G0P
PR RSP, CRORNIE T RER G4 FaoE
FoRE B2 S, AR A W IR A S PR AL
ST EPAEIG IR DI, C s e B R i 5%
(¥ G4 FaseE 7 7, g R BRAAEL A 2 B R T o
b G4 fa A A B BEL &Y, KRG A
A 2 0] AR NI L 2544 9 se @ i e AN R A E
IR BRI SG 5 FL 5 G4 254 (1) ik £ F 5
Ak O Vilar AL ARIE T — 2K T 1R B
IR EY), Sl 74K G4 Faoe 5e 1 mr i
W BE)E, iZR LR IRE T — 33 TR IR R
BRI A T AR KA F R A
YE NI G4 FeoE A B 78, Hord [Pt(en)(bpy)].( Bl
3) BEHE R MRS Tk G4 FITE AL,  ANEBE R B BH
W b A ALT %o s K FE R4 g, B RE U 5] i
SRE R DNA #8145, i S s anpustr: 177,

FIH AT ML, ki G4 /Ny F R sE R FE B A L
S UL PR BT KIRAA D (b B 1) 3%
Telomestatin Az H2SMBIY. IR EE ). B 75 &1L
EW) (WY BE2RDN RHPS4 . /NEERHS . 15| i sk 2k |
WETEI RS ) ARG A Y (Pyridostatin 55 ) DA
Lo Jm B A4 ([Pt(en)(bpy)], 55 )( B 3). e, K
WAV T 2L G- DU 74k, vl LA &t G-
VY53 AR FHUTEC, 3E 1 mT LS 2 AR 4 i R A K iy -
YERUER, HikfrEmiem, BIsoAwt st G4 45
MFDIREM A TR, HEX R eamarEaR
ORI 1450 HANA BOR R, Bt DL 18
251 R R PR AR AE B R AN 2 o TR O
HHEMHE T HEH —AJLF 5641 1 45 1 (1 &
W, AR AER 25 2 b DUAE AR5 XU DNA K
AEAEH, XM Z R A R AR
G4 DNA F27E Re RIS, WERILH T 22 ik £
P, RORIEIN 1 i RAA Yot T4 20 2UR IR 48 i
MEREITER . A TIREIZRE RN, B2
BIF 0 /INGEL R L T 5 b M0 SR ( g K BRAZ - Tf
SERE . BEINEEAS BRI B B S ) X HEAT T
. BARIXFEISOGEAE — @R B AT D& Y e
ERAA PR, (E R XA TE B ORI K
TZFE RN, Wit e K ARRRE 1S 2 11
AIREME R IEAK. M KR AR F I &)
BT 7> TARFE NN G T A B 3 B A — 5 IR
P, 75 G4 PI/E R RE A nl DUIE M Hh i 4 5 &
MR AKE ZILES, MRS R0 G4, H 20 A

[F] G4 &5l th A — 2 R, &R A&
BRI, BT RS G4 i nn HERUE FH 2 4,
I R T W TR SR T R LA 1 AR
E G4 451,

3 ImAL I T-oligofL B m i A FTT %

DA S AL A I ) B BT VS IE 90350 48 1) i R SR A%
R 7B AR T, I FH SEAZ T R KB T V202 v Bl A% 4t
DAt A B R VA T 5 1S B IE F I — A3k
2 U570 IR AT T % A R A T ML AR R 3
TELE N T BB IR T i 2 R B
3.1 T-oligoZEt 5IhkE

SRR L i DNA B RNA %5 A B4 R i
T, T TR A AR, AR
TARGEAIAFIIGE, BT OENHET 2
PIi B T . SR B, AL R AR S hE
WIT P RIESEETER . FNETREE S &M
PR E LR T A IR DT, AEVE 22 A IR (19
BRFIVATT BF 9T BN T BE . T-oligo & Btk 25 T JE 11
FRER ST, Bl s T8 m A F B AN
DNA 1 RNA 741, SRIETT¥ K 25 Pl ik (1 57 5 55
FKSE A& I R, T-oligo T 4F 3K CL R 4 )
Ui LTS VT A0k P — R AR AR )87 A2 . T-oligo i
Wl 11~16 MEFRFHVA R, Simki 37 B H A b
(1) 5L 5E DNA 7 51 [F]95, PR mT 340 N 41 Py AR 4L 2
“HE” Sk DNA P41, T4 i B -5 v 1) 45
A, SERRRRLIE M, HET XA AR R . 7
51 X T-oligo J&, ‘& 7F 4l fl #% h X 2 AT BB 5 &
DNA 5475 2 WL, J7 39 BEL i R R 2%, [Tk
T-oligo £ MR 16T i R34 EEAER B,
3.2 T-oligoRy3i MBS

T-oligo 7F 2 F R M 41 i 2 h S H R v
PE, INEEFR. MESR. E. FUIRE. e
JRAN IR S B, B SR W, T-oligo 76/ RRAA
P, BT R R 2 A i R At T A P R AR D,
BEEEATE™, fEEg T, T-oligo At ¥
PR R (55 aEEg, 41 DNA $f58% . Wojdyla
26 BRI T-oligo AT &M BEMIE R )1, #E
L % p53/p73 i A T DNA £ 473 ) B, |
S E e A M e, T SR A R
BT, AR, ATM A P-TNK G 5% A 30 t 2 40
ffatF DNA 545 1 — A R HL . 7E T-oligo AbHE
ZJa R AN, v DARH B 52 2] P-INK 7K
Fr) T, LRTEA S A, ATM 1 80E S



Eyh]

BN, S5 BLIRSRLTTM R 257 BT FU 3t e 153

3 p53. p73. p95/Nbsl. E2F1. p21 F1 BAX 7K *F ff]
A, X 74U T-oligo @it 5] AT DNA 45 bL K%
DNA #5153 I8 5 SR X0 g 40 A (3% 4 4,

T-oligo I PUIEIL LR 5153 DNA $#i4 Bi%
SEMRZAN, W RE G TR, —TEARR
B, T-oligo RI LA [ Wik 1) & A= S BELAS S8 1 N i e
JR IR 20 B I A, I REOR B IR R T I 4 )
P B 7E T-oligo AbFE 72 h J5 M2 3 k& [ W 4% i
FH B, EEE TR EY B 7R RN i
Puri 25 "V 3iF B T-oligo B 11 il 3F /) 200 Jfa fili 92 184 54,
HE— 51 5T R B T-oligo W] g I8 I 78 44 Py Ak Hh i
SEEMELMKEA p21 HHERIE, PIGEE &
ik VEGF 15 S48 i TSP-1 ik, & 4MH| g 4
e I A A 19 2E

It 4, Chhabra 2 ® §IE B T-oligo A& 7E & #h i
WK G- DS, FH7E B2 (2R A 5 5 DNA
SHIZ R HE], 514 DNA $45 K 40 M 582 AR T,
[F] B T-oligo JE % G- VU B fA i)t i yeg 1 FH 7T R A e
i 8 T kL AR 47 & 11 POT1. TRF2 A3 i INK
WOE, EEEIEHL AN H) hTERT (%55, BLE SR
A N KA BEAE RGBSR T
T-oligo )\ & PG, XK T-oligo 115 A
B RO — M S BUE R IT ik, B R IR
I FH T 5

4 RESRE

S AL 55 PR 2 T8 R D) 5K AR AR R R 24 4>
i g Bl v A fe 2 AL AL R — o DRI, B 1) g
FLTC I IR 24 90 B B9F D5 & 0 T 88 245 40 A3 Rk 7 4
o B H AT LA BE (R PR 25 Wi e LA i
157 AR AR BE e, (H X L8241 PR B Il R S AT
SRTEH HoAC. B AR v R g R S M AR T 85% 1K)
ol 20w R I, R S R R R B T AR
RZ A G255k, HARME G 2 5 e
AR AANOE ALT HL, AE R %1k, 5340, H
HIX T+ ALT BOMLEIRT TE ik e 2218, B0l ALT BL 1)
LI TR R R A, ORKHE N 1 DA R D #E 47T
bR 25 ) I A HE L o Sk G4 A€ 77 S 7T DA
Wi S G4 T AR RE,  ANE BE R 40 1) g
FLHE AT ALT & VE, BESR SmoAE 45 0, 35 B8 51 A o
FUR SR DNA #0405, ARt ok kil
Skl G4 mR AN AR A H s R 2 e R
oy TREE SO H AT 2 B i KBE & 22—
SIZH IR T-oligo th T 2wk 1 R KUY, BA

EH LR Y et RAEYGRENE, 9L
i KL A R0 B PR VR T SR O TR IR 1R, (HE,
H AL — € BRI, WA 5 PO IR B P f# . 7£
W ARk 2 BIBRAS . 28 BRTIR,  H AT EE 1A o
FLYUIE 25 I B T %, (B TEAR KR 5P 3R 15
I RS2 FH o

SR H BT T G4 BLRE /N T 25N
I PR BT 7T, (B B RE W M 45 F L BH W i iz g A1
ALT XS (B, IR b (1 a5 4 58 ek, PR
AR HE R A AR T PRLG,  dkE G4 FRE A
AWK I R 2 B SRTT R B . AR R,
T-oligo REWGIEARSM I I K G4 4k, M LA
5T T, 5 Bl FLLE A A 3 A 0 S 1 R A . T 34k,
AR ET A DL — R T 2 IR 9K E &
WEA REF A, B e o R W L g
1 T-oligo fEMA N ALIE (R KK ). REXLHIL
i E P B SRIR AT FUESE, &0 C O HER) DAk Ay
HE R U 25 I A TOT T BT 1

(& £ X #

[1]  Muller HJ. The remaking of chromosomes. Collecting
Net, 1938, 8: 182-95

[2] Moyzis RK, Buckingham JM, Cram LS, et al. A highly
conserved repetitive DNA sequence, (TTAGGG)n, present
at the telomeres of human chromosomes. Proc Natl Acad
Sci U S A, 1988, 85: 6622-6

[3] Smith S, Lange TD. TRF1, a mammalian telomeric
protein. Trends Genet, 1997, 13: 21-6

[4] Olovnikov AM. A theory of marginotomy. The incomplete
copying of template margin in enzymic synthesis of
polynucleotides and biological significance of the
phenomenon. J Theor Biol, 1973, 41: 181-90

[5] Wu RA, Upton HE, Vogan JM, et al. Telomerase
mechanism of telomere synthesis. Annu Rev Biochem,
2017, 86: 439-60

[6] Shay JW, Wright WE. Telomeres and telomerase: three
decades of progress. Nat Rev Genet, 2019, 20: 299-309

[7] Shay JW. Role of telomeres and telomerase in aging and
cancer. Cancer Discov, 2016, 6: 584-93

[8] Gao J, Pickett HA. Targeting telomeres: advances in
telomere maintenance mechanism-specific cancer
therapies. Nat Rev Cancer, 2022, 22: 515-32

[9] Cesare AJ, Reddel RR. Alternative lengthening of
telomeres: models, mechanisms and implications. Nat Rev
Genet, 2010, 11: 319-30

[10] Neidle S, Parkinson G. Telomere maintenance as a target
for anticancer drug discovery. Nat Rev Drug Discov, 2002,
1:383-93

[11] Chen Y, Zhang Y. Functional and mechanistic analysis of
telomerase: an antitumor drug target. Pharmacol Ther,
2016, 163: 24-47



G gEEd

354

[26]

[27]

Carvalho J, Mergny JL, Salgado GF, et al. G-quadruplex,
friend or foe: the role of the G-quartet in anticancer
strategies. Trends Mol Med, 2020, 26: 848-61

Duchler M. G-quadruplexes: targets and tools in anticancer
drug design. J Drug Target, 2012, 20: 389-400

Savva L, Georgiades SN. Recent developments in small-
molecule ligands of medicinal relevance for harnessing
the anticancer potential of G-quadruplexes. Molecules,
2021, 26: 841

Zheng XH, Nie X, Fang Y, et al. A cisplatin derivative
Tetra-Pt(bpy) as an oncotherapeutic agent for targeting
ALT cancer. J Natl Cancer Inst, 2017, 109: djx061

De VM, Berardinelli F, Sgura A. Telomere length maintenance
in cancer: at the crossroad between telomerase and alternative
lengthening of telomeres (ALT). Int J] Mol Sci, 2018, 19:
606

Awadasseid A, Ma X, Wu Y, et al. G-quadruplex stabilization
via small-molecules as a potential anti-cancer strategy.
Biomed Pharmacother, 2021, 139: 111550

Arola A, Vilar R. Stabilisation of G-quadruplex DNA by
small molecules. Curr Top Med Chem, 2008, 8: 1405-15
Eckburg A, Dein J, Berei J, et al. Oligonucleotides and
microRNAs targeting telomerase subunits in cancer
therapy. Cancers (Basel), 2020, 12: 2337

Schrank Z, Khan N, Osude C, et al. Oligonucleotides
targeting telomeres and telomerase in cancer. Molecules,
2018, 23: 2267

Campisi J. Aging, cellular senescence, and cancer. Annu
Rev Physiol, 2013, 75: 685-705

Jackson SP, Bartek J. The DNA-damage response in
human biology and disease. Nature, 2009, 461: 1071-8
Seimiya H. Crossroads of telomere biology and anticancer
drug discovery. Cancer Sci, 2020, 111: 3089-99

Berei J, Eckburg A, Miliavski E, et al. Potential telomere-
related pharmacological targets. Curr Top Med Chem,
2020, 20: 458-84

Gao J, Pickett HA. Targeting telomeres: advances in
telomere maintenance mechanism-specific cancer therapies.
Nat Rev Cancer, 2022, 22: 515-32

Phatak P, Burger AM. Telomerase and its potential for
therapeutic intervention. Br J Pharmacol, 2007, 152:
1003-11

Prasad R, Pal D, Mohammad W. Therapeutic targets in
telomerase and telomere biology of cancers. Indian J Clin
Biochem, 2020, 35: 135-46

Ruden M, Puri N. Novel anticancer therapeutics targeting
telomerase. Cancer Treat Rev, 2013, 39: 444-56

Dikmen ZG, Wright WE, Shay JW, et al. Telomerase
targeted oligonucleotide thio-phosphoramidates in T24-luc
bladder cancer cells. J Cell Biochem, 2008, 104: 444-52
Pascolo E, Wenz C, Lingner J, et al. Mechanism of human
telomerase inhibition by BIBR1532, a synthetic, non-
nucleosidic drug candidate. J Biol Chem, 2002, 277:
15566-72

Parsch D, Brassat U, Brummendorf TH, et al. Consequences
of telomerase inhibition by BIBR1532 on proliferation
and chemosensitivity of chondrosarcoma cell lines. Cancer

[32]

[33]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

Invest, 2008, 26: 590-6

Ward RJ, Autexier C. Pharmacological telomerase
inhibition can sensitize drug-resistant and drug-sensitive
cells to chemotherapeutic treatment. Mol Pharmacol,
2005, 68: 779-86

Jackson SR, Zhu CH, Paulson V, et al. Antiadhesive
effects of GRN163L-an oligonucleotide N3'->P5' thio-
phosphoramidate targeting telomerase. Cancer Res, 2007,
67:1121-9

Goldblatt EM, Erickson PA, Gentry ER, et al. Lipid-
conjugated telomerase template antagonists sensitize
resistant HER2-positive breast cancer cells to trastuzumab.
Breast Cancer Res Treat, 2009, 118: 21-32

Marian CO, Wright WE, Shay JW. The effects of
telomerase inhibition on prostate tumor-initiating cells. Int
J Cancer, 2010, 127: 321-31

Tang J, Kan ZY, Yao Y, et al. G-quadruplex preferentially
forms at the very 3' end of vertebrate telomeric DNA.
Nucleic Acids Res, 2008, 36: 1200-8

Xu Y. Chemistry in human telomere biology: structure,
function and targeting of telomere DNA/RNA. Chem Soc
Rev, 2011, 40: 2719-40

Flynn RL, Cox KE, Jeitany M, et al. Alternative lengthening
of telomeres renders cancer cells hypersensitive to ATR
inhibitors. Science, 2015, 347: 273-7

Li S, Wang L, Wang Y, et al. The synthetic lethality of
targeting cell cycle checkpoints and PARPs in cancer
treatment. J Hematol Oncol, 2022, 15: 147

Lloyd RL, Wijnhoven PWG, Ramos-Montoya A, et al.
Combined PARP and ATR inhibition potentiates genome
instability and cell death in ATM-deficient cancer cells.
Oncogene, 2020, 39: 4869-83

Yuan M, Eberhart CG, Pratilas CA, et al. Therapeutic
vulnerability to ATR inhibition in concurrent NF1 and
ATRX-deficient/ALT-positive high-grade solid tumors.
Cancers (Basel), 2022, 14: 3015

Roulston A, Zimmermann M, Papp R, et al. RP-3500: a
novel, potent, and selective ATR inhibitor that is effective
in preclinical models as a monotherapy and in combination
with PARP inhibitors. Mol Cancer Ther, 2022, 21: 245-56
Fangaria N, Rani K, Singh P, et al. DNA damage induced
nuclear import of HSP90a. is promoted by Ahal. Mol Biol
Cell, 2022, 33: ar140

Pennarun G, Granotier C, Gauthier LR, et al. Apoptosis
related to telomere instability and cell cycle alterations in
human glioma cells treated by new highly selective
G-quadruplex ligands. Oncogene, 2005, 24: 2917-28
Jeitany M, Pineda JR, Liu Q, et al. A preclinical mouse
model of glioma with an alternative mechanism of
telomere maintenance (ALT). Int J Cancer, 2015, 136:
1546-58

Yuan WEF, Wan LY, Peng H, et al. The influencing factors
and functions of DNA G-quadruplexes. Cell Biochem
Funct, 2020, 38: 524-32

Varshney D, Spiegel J, Zyner K, et al. The regulation and
functions of DNA and RNA G-quadruplexes. Nat Rev Mol
Cell Biol, 2020, 21: 459-74



BN, S5 BLIRSRLTTM R 257 BT FU 3t e

155

[54]

[56]

[63]

Kosiol N, Juranek S, Brossart P, et al. G-quadruplexes: a
promising target for cancer therapy. Mol Cancer, 2021, 20: 40
Teng FY, Jiang ZZ, Guo M, et al. G-quadruplex DNA: a
novel target for drug design. Cell Mol Life Sci, 2021, 78:
6557-83

Sanchez-Vazquez R, Martinez P, Blasco MA. AKT-
dependent signaling of extracellular cues through
telomeres impact on tumorigenesis. PLoS Genet, 2021,
17: €1009410

Gu W, Lin Z, Zhao S, et al. Research progress on G-quadruplexes
in human telomeres and human telomerase reverse
transcriptase (WTERT) promoter. Oxid Med Cell Longev,
2022, 2022: 2905663

Asamitsu S, Bando T, Sugiyama H. Ligand design to
acquire specificity to intended G-quadruplex structures.
Chemistry, 2019, 25: 417-30

Ramos CIV, Monteiro AR, Moura NMM, et al. The
interactions of H2TMPyP, analogues and its metal
complexes with DNA G-quadruplexes-an overview.
Biomolecules, 2021, 11: 1404

Temime-Smaali N, Guittat L, Sidibe A, et al. The
G-quadruplex ligand telomestatin impairs binding of
topoisomerase IIlalpha to G-quadruplex-forming
oligonucleotides and uncaps telomeres in ALT cells. PLoS
One, 2009, 4: ¢6919

Tauchi T, Shin-Ya K, Sashida G, et al. Telomerase
inhibition with a novel G-quadruplex-interactive agent,
telomestatin: in vitro and in vivo studies in acute leukemia.
Oncogene, 2006, 25: 5719-25

Burger AM, Dai F, Schultes CM, et al. The G-quadruplex-
interactive molecule BRACO-19 inhibits tumor growth,
consistent with telomere targeting and interference with
telomerase function. Cancer Res, 2005, 65: 1489-96
Rodriguez R, Muller S, Yeoman JA, et al. A novel small
molecule that alters shelterin integrity and triggers a
DNA-damage response at telomeres. ] Am Chem Soc,
2008, 130: 15758-9

Salvati E, Leonetti C, Rizzo A, et al. Telomere damage
induced by the G-quadruplex ligand RHPS4 has an
antitumor effect. J Clin Invest, 2007, 117: 3236-47

Wang S, Yang D, Singh M, et al. Thiazole orange-
spermine conjugate: a potent human telomerase inhibitor
comparable to BRACO-19. Eur J Med Chem, 2019, 175:
20-33

Gao C, Liu Z, Hou H, et al. BMPQ-1 binds selectively to
(3+1) hybrid topologies in human telomeric G-quadruplex
multimers. Nucleic Acids Res, 2020, 48: 11259-69

Becher J, Berdnikova DV, Ihmels H, et al. Synthesis and
investigation of quadruplex-DNA-binding, 9-O-substituted
berberine derivatives. Beilstein J Org Chem, 2020, 16:
2795-806

Papi F, Bazzicalupi C, Ferraroni M, et al. Pyridine derivative
of the natural alkaloid berberine as human telomeric G4-
DNA binder: a solution and solid-state study. ACS Med
Chem Lett, 2020, 11: 645-50

Ortiz De Luzuriaga I, Lopez X, Gil A. Learning to model
G-quadruplexes: current methods and perspectives. Annu

[64]

[65]

[66]

[67]

[68]

[69]

[70]

(71]

[72]

(73]

[74]

[75]

[76]

(771

(78]

[79]

(80]

Rev Biophys, 2021, 50: 209-43

Kench T, Vilar R. Metal complexes as G-quadruplex
binders. Annu Rep Med Chem, 2020, 54: 485-515

Vilar R. Interaction of metal complexes with G-quadruplex
DNA. Med Chem, 2020, 75: 425-45

Cao Q, LiY, Freisinger E, et al. G-quadruplex DNA
targeted metal complexes acting as potential anticancer
drugs. Inorg Chem Front, 2017, 4: 10-32

Sun Y, Lu Y, Bian M, et al. Pt(Il) and Au(Ill) complexes
containing schiff-base ligands: a promising source for
antitumor treatment. Eur ] Med Chem, 2021, 211: 113098
Arola-Arnal A, Benet-Buchholz J, Neidle S, et al. Effects
of metal coordination geometry on stabilization of human
telomeric quadruplex DNA by square-planar and square-
pyramidal metal complexes. Inorg Chem, 2008, 47:
11910-19

Karim NHA, Mendoza O, Shivalingam A, et al. Salphen
metal complexes as tunable G-quadruplex binders and
optical probes. RSC Advances, 2014, 4: 3355-63

Bandeira S, Gonzalez-Garcia J, Pensa E, et al. A redox-
activated G-quadruplex DNA binder based on a Platinum(IV)-
Salphen complex. Angew Chem Int Ed Engl, 2018, 57:
310-13

Zheng XH, Zhong YF, Tan CP, et al. Pt(II) squares as
selective and effective human telomeric G-quadruplex
binders and potential cancer therapeutics. Dalton Trans,
2012, 41: 11807-12

Shen Z, Zheng R, Yang H, et al. G-quadruplex stabilizer
Tetra-Pt(bpy) disrupts telomere maintenance and impairs
FAK-mediated migration of telomerase-positive cells. Int
J Biol Macromol, 2022, 213: 858-70

Zhao L, Ahmed F, Zeng Y, et al. Recent developments in
G-quadruplex binding ligands and specific beacons on
smart fluorescent sensor for targeting metal ions and
biological analytes. ACS Sens, 2022, 7: 2833-56
Nagatsugi F, Onizuka K. Selective chemical modification
to the higher-order structures of nucleic acids. Chem Rec,
2022, Online ahead of print

Chaudhary S, Kumar MandKaushik M. Interface of
G-quadruplex with both stabilizing and destabilizing
ligands for targeting various diseases. Int J Biol Macromol,
2022,219: 414-27

Biver T. Discriminating between parallel, anti-parallel and
hybrid G-quadruplexes: mechanistic details on their
binding to small molecules. Molecules, 2022, 27: 4165
Malik MS, Alsantali RI, Jassas RS, et al. Journey of
anthraquinones as anticancer agents-a systematic review
of recent literature. RSC Adv, 2021, 11: 35806-27

Jafri MA, Ansari SA, Algahtani MH, et al. Roles of
telomeres and telomerase in cancer, and advances in
telomerase-targeted therapies. Genome Med, 2016, 8: 69
Vertecchi E, Rizzo A, Salvati E. Telomere targeting
approaches in cancer: beyond length maintenance. Int J
Mol Sci, 2022, 23: 3784

Cimino-Reale G, Gandellini P, Santambrogio F, et al.
miR-380-5p-mediated repression of TEP1 and TSPYLS5
interferes with telomerase activity and favours the



156

G gEEd

354

[82]

[83]

emergence of an "ALT-like" phenotype in diffuse
malignant peritoneal mesothelioma cells. J Hematol
Oncol, 2017, 10: 140

Syed A, Tainer JA. The MRE11-RAD50-NBS1 complex
conducts the orchestration of damage signaling and
outcomes to stress in DNA replication and repair. Annu
Rev Biochem, 2018, 87: 263-94

Chhabra G, Wojdyla L, Frakes M, et al. Mechanism of
action of G-quadruplex-forming oligonucleotide
homologous to the telomere overhang in melanoma. J
Invest Dermatol, 2018, 138: 903-10

Wojdyla L, Stone AL, Sethakorn N, et al. T-oligo as an

[84]

(85]

(86]

anticancer agent in colorectal cancer. Biochem Biophys
Res Commun, 2014, 446: 596-601

Yaar M, Eller MS, Panova I, et al. Telomeric DNA induces
apoptosis and senescence of human breast carcinoma
cells. Breast Cancer Res, 2007, 9: R13

Aoki H, Iwado E, Eller MS, et al. Telomere 3' overhang-
specific DNA oligonucleotides induce autophagy in
malignant glioma cells. FASEB J, 2007, 21: 2918-30

Puri N, Pitman RT, Mulnix RE, et al. Non-small cell lung
cancer is susceptible to induction of DNA damage responses
and inhibition of angiogenesis by telomere overhang
oligonucleotides. Cancer Let, 2014, 343: 14-23



