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Research progress on the application of carboranes in the
construction of targeted anticancer drugs

YU Qing, HUANG Jing-ying, LU Xuan-da, JIANG Tao"

(School of Pharmacy, Jiangxi University of Chinese Medicine, Nanchang 330004, China)

Abstract: Targeted anticancer agents have become a cornerstone of cancer therapy, specifically acting on
targets such as enzymes, receptors, and proteins to inhibit the growth and proliferation of cancer cells. In addition
to enhancing therapeutic efficacy, these agents significantly reduce adverse effects and improve patients' quality of
life. Carboranes, a class of boron cluster compounds with unique structural features in medicinal chemistry, hold
considerable potential for optimizing the performance of targeted anticancer drugs. Characterized by three-
dimensional aromaticity, high hydrophobicity, and substantial steric bulk, carboranes have been incorporated into
the molecular scaffolds of known targeted anticancer agents by numerous researchers. Their distinct
physicochemical properties are exploited to modulate the biological behavior of parent molecules, thereby
strengthening drug-target interactions, improving target selectivity, and enhancing metabolic stability. Furthermore,
due to their exceptionally high boron content, carboranes serve as efficient boron carriers in boron neutron capture
therapy. This review summarizes the latest research progress on the application of carboranes in the design of
targeted anticancer drugs, aiming to provide valuable insights and references for the development of carborane-
based targeted anticancer agents.
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Figure 1 The journey of carboranes in drug design
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Figure 2 The three isomeric structures of closo-carborane
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Table 1 The role of carboranes in the design of bioactive molecules. BNCT: Boron neutron capture therapy

Compound

Strategy and mechanism Ref.

Enhanced hydrophobic interactions: the high hydrophobicity of [13]
carboranes promotes hydrophobic interactions with target molecules,
thereby increasing binding affinity

Optimized cavity occupancy: by effectively filling the hydrophobic [14]
cavities of targets, their substantial steric bulk enhances hydrophobic
interactions and promotes hydrogen bond formation

oY NS o N Bioisosteric replacement: owing to their three-dimensional [15]
Z l_ aromaticity, carboranes act as bioisosteres of conventional
G OH hydrophobic groups such as phenyl or adamantyl moieties,

improving stability while maintaining or enhancing affinity

Dual therapeutic modality: the high boron content of carboranes [16]
permits a dual therapeutic approach, combining conventional
chemotherapy with BNCT for a synergistic effect
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Figure 3 Carborane-based targeted anticancer agents. A: Vitamin D receptor agonists; B: Estrogen receptor S agonists; C: Epidermal
growth factor receptor inhibitors; D: Boron agents targeting translocator protein; E: Carbonic anhydrase IX inhibitors; F: Cyclooxygenase
inhibitors; G: 5-Lipoxygenase inhibitors; H: Nicotinamide phosphoribosyltransferase inhibitors; I: Histone deacetylase inhibitors; J: Prostate

specific membrane antigen inhibitors; K: TEAD auto palmitoylation inhibitors



- 1526 - 242224 Acta Pharmaceutica Sinica 2026, 61(5): 1522-1531

Fo A H A, LT PR AT I 2 0L ERBIEFEIE
BEhee,

1999 4, Endo 25" LARR B b2 4 57 /K 1% 0>, 36 T 0
TR A5 R, W IR A R e 2K ER B s 7 7 (]
3B). Coss B 2H i i o028 A & 10 7 Hh R o 79 ity
B8 () 45 ¥, JT & K B ERB o s 3 M (10 B 0 o 2 38 5
A, W FE R, (570 8 (K 3B) B AT &5 1) ERB 3l
Wk, X ERS 3% # L ERa /55 200 15 DA _E o X/ B
HAT 23R8 150 72 R B, LA 10 mg kg 71 ik i
WHE, A& 8 1E /N RAR N B AR R B 4 IS
F,ON6mL-h'; EEWI N 5.4 hy UM A )& ARG 24
J, WSO, 28565 AR PR 98.9%, 0.75 hik B B
KALZ5H E (21.8 pmol-L™"). Coss [ BAEY 4k 4 6f 4k &
Y 8 JE I — R A AR, K I ERB # s 71 w] LA FH
ER o BH 14 1) L R 40 it 384 5 3 7% R AR T8 T 1, 5 540
PR T AN S BB G,/M HA 41 i A A BELAE; [R]B, SR B
Jib 87 4041 K- FOXO1 M FOXO3a ik fn. ab, 45
G YR BN 1G5 S0 2B 2 o By, R IURRHI e 2
ERB AN FIAEA RV T (B A7 1E B35 M2 B 5 2 7, X
e W 3% 250 N S AR g N SIS B AR 8 [ I 25 FE A2
PR ol S e S R 2 3y s e P, DL BT T A
a7 5 NI e A S 38 7K 1 24 25 A T 38 5 L R e V6 7
2 S0 S AR ELAE T, X6 BRI RIWT R B E
313 REEKEAFZMH KEEKHETFZHK
(epidermal growth factor receptor, EGFR) J& % % 2 ik
Pl S2 AR SRR 1 — 72, EH B 7K B 0 4 400 i PR T S R
Pl 5 A Sl R 40 B A G PR &5 A 2 A S A A . 45 B DAL
TG, SRR B 2 Bl S S, N B AR K L 1 B R
AR AL, FE 2 i s A4 iR o 22 R ) 31 EGFR
I FRIE, Wil AR S B0 4 L. Rk, TR R
T AL S A1) EGFR 41 i) 77 6 1% 4 i g 1) 3 B = R
Ko HET, BRIGREHM DA HEBEEZ
Ab, WFFE N G AB T R H BT () EGFR #6518 2 25 B
B AR ERYUER .

B RS B o (1) EGFR # I 57 K 22 AL /N o 1
T A ) 7 A 5 R R AT B U TR A3 . Couto 250
P E% B e 1 4- 2K v kAR SC 4, e 1,2,3- =Mk
BRI e, £ AE 7 EGFR #4155 9 (1 3C). 44 4h
WF TR 2R B, %Ak AW E B A AL A B pH A /K 35 7
R R pFe e 15 5 K BT SORL AR St A9 3 1 /D
B, A G AREFR B BR, 1 e & e I B p A
WAk 2 35 LG E B 1Y) e ) T B IR 24 ) b T
7 X EGFR Ik 328 1 /)5 B 5 I8 C6 24 it 14) 448 B 417 1
VERISE TIEIR B JE . 40 T 3545 B B Ak &0 9 It

B AT D5 EGFR {40 24 7L 1) U 56 TR Bk ik TP il S Bt B
RAEBL KA HAE R, 385456 55 77, M3 540 | 2k
Ho LN, ARATCARL IR JE A BRI R H P A s B e
FTAEY 10 A1 11 (] 3C), =3 M1 280 7 55 T BEA,
BRI H B R RSP B 1 . TR R, (B 10
AL 0 & B2 68 ST L-""BPA, X 4% B i Je A1 i
J& o~ BNCT R IT I 1, A B RN 07T 5
BNCT T — 4R f1 5 8 15 Jot B2 g v 7 775

Yin SRR 2R P SR (1) R JE B O Bl b, R
MR S L TR AR 9 IR G B AR AR 5k 6 B R BRI 1) 2
REME FT B, 78 N T K% flexizyme %l B (0 44 A B8 4k &1
P, A B BB e B R BRI SC R, AN T e £ 3 7 2% o0)
A EGFR B A B E oG AU R, A S HE I, A Al
Lo N5 1T B8 B 2 5 BEGFR 45 A 07 s B K 1 -4 8 A
JEAZ O R A AR FLAE L ; [FIBT, 3X RcA e 526 24 k72N if
R R AR E M CREEWIN 6 h), 10 R L-
KN EIRIEEA RN T 1 he B AT X SR b 5
WK R T BNCT B S Al 7E 34T - Kaniowski 555
B0 I 5t 5 EGFR mRNA [ ) S 5E A% TR b BB G,
WF 78 & B 1% F AR B 7T 15 EGFR 45 %, 34 EGFR /i
19 N I A EGFR ik 38 2 1 a8 41 B v RUCHEE L, B
LAY TV iR 4 B EGFR ) 26 ik, 34 Sz i Rd ik %
PRI & 4, X 8 BNCT Bl 551 8 m] 368 328 £ (1L 8 1) 3
W&o 25 b, B 29 B A 5] N BRIl e vT LA B
A7 R ST X AR R 3 R 2, &R T Re AR AL 2
314 HNUEZEBHZHK HALHEE (translocator protein,
TSPO) T % 2 5 28wt i i PE 7 ¥ fLITE B, A F 4%
FLARTEE N A1 I i 308 A5 5 38 . W Fi R B, TSPO
(1) 1 Ak KT 5 2 B R 19 R AR R0k R AH ORET
I, TSPO AR A MR IR YT BT ERE 5.

Narlawar S5 TH -G 55 T 25 B 0 Joe 1R 7| =K%
1A ) 12 F13 (18 3D), #4545 LR 81, P 35
TSPO &It =56 A1 7, I HAE 100 pmol- L I Jg B it
() 2 B 1, E IR FE R, N JSUJR T9SG 4 i ) Bl &
PR R I R L-""BPA \BSH [1) 25~100 %, /& 1F & i i
U 4~12 %, X PR E M IR I R A S &)
12 F1 13 BN 598 BNCT BEIEIN 24 . H b T 15,
T ot 51 N 1) 098 25900, T A 806 T oG 3 1 iR
B P A R, AT 38 5T R
3.2 B
32.1 WRESETEE % MR T B (carbonic anhydrases,
CAs) R—REEHLIEMN, femAUEL Ak ks
TRIR VH 2 8] e A2 ] 3 e 2, 2 5 1 5 LA 9 3R B2 1 1R
TE . CASAALEZ FPEAY, & Y 70 8 Ah v 1% L 4 2195



A AR BRAH A LE i B 1) 24 WA o ) S T S e - 1527 -

i S5 7 T AT AE 22 57, Horh CATIX ) Ji e o S 2 ot v, OF
FEIRIRANY . T Ak, IR 1) Z S SO B8 v 0 CAs, 7E
Jiek I8 20 2 P 1) 208 BL IE 4L 2R 40 i 150~200 £557,
IR, AT CAs 1 35 B3R 7 8 A5, 38 3 400 s 751 L )
O LV e, OB PR A B, AT BELAS AR e

Kugler ¥ 88 20 F 9 & K B P ) CATX 3% M 1 25
A Tl e 5 10 B o 407 2 W R0 & D B ot 4T 2R
U0 i S 2 AT A 0 14 (] 3E) TR AR S I
WP RE AR, MR 45 H RN 90% LA E; /N )
B R 32 570 5o 125 mg-kg™; 2E3EWIN 2 he XF CAIX
HEPEPEZ) N CALLI 1 230 i, K X 3 2 i 5 77 v R
BB e 6T £ 5 CATX AT CATLIE ML AL A5 AR
HAEH, RIGZIEAT AR CAIX HAT 1 ik £ 44 1
JEPRIZE T CATX [R5 7K i3 45 A DX I8 BT 1R 565 131 1 5%
FONERTR, HB N W ARG BT B0 e 7 5 1%
DX 35 F AR B A L 1T )32 3 IA B CATL B /K X 38 BT
B 131 AR HE S AR TN R, OB R A AR, i Ab,
W 9C S, SR FH TR 253 e M i 56 P R e B o AR T, 122288
FIEM 5 CAIX (B /K I 3 78 BUR e £, Lanfranco
ALY I A R IS BRI e R e B ORI (B Ak
AP 15 #1116 (B 3E), B 7EFIH CA #1i]5 BNCT Bk
GVRIT IR R . SEEG R AT, N ik A oK, A8
WIS A . A BoR, (EW16 (1IC, = 4.7 +
3 nmol-L™") X} CAIX HJ il if PR AL T L BE W i (1C,, =
14 £ 10 nmol-L™); XF /Iy B AB22 (1] Bz 98 A5 B i fbk 4 24
Heh T T IR, 45 RPN LS s s 25 T
P R A K, 5 BNCT B A 18 FH B i 988 4 A /s B
B . DA R BI R B, 78 2590 51 O\ KA AR B B At T
F 145 254 5 [R] — 0 SOAS [F) S B 22 1) ) R A FH
FE, P2 AL I P 22 57, 1% R e B 29 W R R 4
BETHNRR .
322 IFEEE HERE (cyclooxygenase, COX) & —
g A0 T B AR AR A I B A A AR B, A7
COX-1 M1 COX-2 Py fh e # ik . COX-2 ) b il 5 il &
R AR R DT 9 R JE BB A 0%, N VR 2 M DG
I3 BB A VR T B 0T

Hey-Hawkins ¥R /8 20 3% T J& 36 87 ) L 28 R &
i W AR 5 55 COX-2 I FIFF K — & 5 1 B B b fiT
A, BATTK 2 R B BB T S A R .
Zhang ZEP DL FE SR A N S NS 46 SRR R e AT
A7 (B 3F), ZAk A P05 COX-2 $fil 1 F ek Hoik
PR, HEAT N 595 40 i CAL27 1Y BNCT 56 i,
ZAL A PR B L BSH B i (1 g i 5 1 R 2 4
U, geAh, 10 &9 17 3 5 5 20 i B 42, 9859 R
Y M3 F% BE 77, WEER DNA SUEE, M 75 S0 40 B R T2

P BT R B, B e 1) 51N AT s 1 COX-2 # il
FIEIAE R 2077, 1% TR HT —H COX-2 #3217
BB .
323 BBEAM FHAEAM (lipoxygenase, LOX) f&2E
YAk A 2 AN R IR D R O AL i B, AR AR
3FPKM, B 5-LOX. 12-LOX. 15-LOX, #f 742 £ 1 /&
5-LOX, ‘B 3R A6 A4 VMG R 2 A o - =0, 1 1 =0
Z: 5 JORE RN A2 R o 98 0 2 DK B e A A J8 1 O
Rl 2, HAE F B 28 T IO 2B kR I 7 1 & By
B, IRZIFE e AR (R, B A TN § R TR
FCHR) R B 43 - R AR H D RE, T AR A — M 2% B i
Jod RS

Hey-Hawkins 148 40 5% 20 A1) 5-LOX #1771 3k 4T
BRI B A2 11, 45 21— Lo B3 AR L B 2508 B8 4 i Bl o
T4 Rev-5901 52—/~ 5-LOX )1l 71, {H H
TH G T, B = AR 7R DRt AR 247 3 i R
Fo FFER Rev-5901 (A 4§ £ 2 14, Hey-Hawkins
BAUSTRY BBl e 5 AR, 45 BUATZE M 18 7119 (1 3G),
P9 X 5-LOX 4 il v P FAIC, fE0 N BB 65 298 A375
S f B 1 2 2 1 0, HOW AR MRC-5 B2 24 44 i
BRI A BT RIS, 1X AT R RN 4 F R YRR, ok
i B T it — D LIS UE . DY S i AR AR A 19
1) e B B 15 2454 20 (K1 3G), AL G X 2 i 2
0 3% 968 PN 45 Jip o 240 P 52 O P G 0, O R S X Pt
Jars ¥ 14 R T 5-LOX AT AR B 2 1 90 F 3L 4 |
Tebufelone »& — it COX-2 1 5-LOX XU E # | 7.  FH B
ke 5 4K tebufelone 1) U T FEAEE, JF A£G A Gt 1 ik
Ji 7 55 FH A0 R TR 4 N FE R, A3 BIATAE ) 21 (B13G)
B3I Z A0 B W0 N &5 e HT-29 41 H 2 I 5 25 3 o
P a G v, B S-LOX il 14, i COX-2 4 i
TV F5E el k. 3— SRt Fc R0, FLH0 s 208 iT
e T A TE R S — B EUKPF R G . ZRE D
T, B ER N b AR AR B AR SN C R
Gy ¥ 45K, T A S8 5 245 ) () B e v 1 RO T A
JH0 B 14 7 AR AR, e HARAE L HIATS 5 3 — IR
ANRE .
324 HAELRRMERRAZVE R L TR KL NG 0 R AL b
L 2 (nicotinamide  phosphoribosyltransferase,
NAMPT) J2 {4 0 15 fric G Bl AR Tt Jig JIt M 4 — A% 17 i
1) IR T A o T O T e M M P — R Y TR 2 — P e 2 P 4l
Wi, 75 e R A4 W W vh A% 0 i T, IR B = TR IR 1
(adenosine triphosphate, ATP) 4 i 3 20 i it — > &5
FRHE RN E e F (R ATP) B0 75 3R, L4 R R
HAE K HHERY. Bk, NAMPT BCA — /N A /T 5
() B e B Ao T8 I B 1) ) NAMPT (935 i, e 6% FH



- 1528 - 242 %4 Acta Pharmaceutica Sinica 2026, 61(5): 1522-1531

T PR 1) R e A I, 3 T e 0 L 1 A K S T

IEFAF) 25 (daporinad, FK866) A& /b Hidk A I IR
59 1Y NAMPT #l 71ll 2 —, FH TR 97 T 40 M bk £ 08 L R
0 2R A2 M Bk 240 i (1 RS 3R FK866 1)
T 1, Lee 448 2H V5 B o (1) /N A Ak 1, LA K
BT S R R TR IR Y o A B g, R R b
(1) 3 b S5 ) A 5 6 866 11 7% FF I MR Wz 355 4, 7 21 114
G NAMPT #l# 7& V3596 52 51, &4 22 (1 3H)
7% Mtk FK866 5 100 i . Asawa ZE ) i FK866 Al
NAMPT [ xf #2580 45 1, fEE& W 22 g5 i gl N
Tk i 3k AT — IR A Ak, 45 20 10105 4 23 #1124 (K] 3H)
OGS = T 1065, 20X ML &) 24 4T 43 75
PR I, T ot I i 45 74 5 NAMPT 28 191 £ i 20
SRR HE 2 [ T8 U B, X — AH LA F PT Re sk &
Y5t NAMPT #0176 A
32,5 HEBELCEICEE 4EE X OEHMLEE (histone
deacetylase, HDAC) & —K B A L F A 1) H EHE A
g, £ B S 5 e iR g KIS R 5 R R I8 W i i 721
TR W iR B, HDAC 7 N J5 8 A 37 dki A7 76 7 1 R
LG HDAC ()3t R IA & B E s B A i 2
CIRAGAE L, B St A% IMA A1 1 3 %, Gt i
F R ET RS, AT FELAS 009 25 [R] i 2 S i 7217

AR ST T AR R G PR FH 96897 B Bk T 40 B ik B8
(¥ HDAC i) 77, B4R & & —Fi G R 54, 2
X4 78 I HDAC WAk = i #:PE . Kavianpour 25
5 - P HDAC 11 & 1 25 K o i, R BT iR kAo 2 1) &5
P HEATAE MR AT REIR T30 e Bt o AT I E AR S v At
() 28 A 51 NBIA%, I 2 Bl ot 18 A HDAC
55 25 (B30, iZAkE& Y9x5 HDAC2 B0 i3 14 5
PRV AR 25 12— B LB 78 K B, HDAC2 3 14 A7
AR — N A I, B NARAR B8 K IR BB Joc 78 v 438
5 4] ) 5 L R T 1 % S R R R A ELE L, T
T SRS S A5 M T, Selg ZE5 N BN ke /E A 75
L) A - S R, 8 [ A G R VN B K i
I R R E (B 45 A 0L ) H il bk
ME 20 A ok, K@ — A4S HDAC #fi 7) E . Hob, f
426 (B 31) X HDAC6 B A B 5 (13 35 1, 40 il
WM (IC,,= 6 £ 0.1 nmol-L™) &R L (IC,,= 31 +
9 nmol-L™") {5 f%; &4 27 (K 31) % HDACG f 411
WG TE (IC,,= 31 4 nmol-L™") M SR L ik fihAl . 5%
H ) 2R BB A L, A6 E 4 26 0 27 0013 14 B 5,
LA LA e A o tE JE B BAR . AN, ML B
PGP A2780 il R A BUIGEAE A 5 E O
A 00 ) SR A oK BB A T R, R N RS RE L
HL-60 4 i 5 2 B0 0 R4 5 v o 28 b, Bl e (1) 51

N W] g4 i HDAC 11 7] £ 328 493 1 AR e M R AHE A
RS o
3.3 HhKBH
331 HEIFIBRERSFMEREIHUR AT S0 MR S VR TR
(prostate-specific membrane antigen, PSMA) & — ' 11
T IS TR, TR 48 K 22 BT 51 e 40 B 2 22 b s Ak
Jed B 8T AE L Y R AR I N v AR K iR B 2RO TS
JiR AR A HE R T (0 DS B ) R AT

El-Zaria S5 LA PSMA. $1 1] 71) 1) 2%« 25 28 4] ——
B R TR IR - M R S5 4 N BR Al TR — R A& i
WIkE R PSMA 051 . D9 mtb & RIZKIETE, BF RN
SAEBRIIGE b5l N— A0k & s K v BRI
BefiT A0 28 (K 3T) HIHE SR A1 /) (IC,, = 73.2 nmol'L™)
5 B 5 PSMA #1171 2- (XH B - 1k R (IC,, =
63.9 nmol-L™") A 24; ZR T, X 42 i 41 Jlt it LNCaP 41
L E) /N BRHEAT 2500 43 AT BT 5, e IR IEFE L i 3E I
P RA SR BOR R, S a Wit — L i, Bk
3 FLAE AR Y I 23 A I 00 AR S8 25 B . Youn
SN IF A B BRI e 14 R Bk PSMA #1771, X 5
LA IR o iR W, %R E Y 5 PSMA 45 &I, &
0018 K PR B R e A% 17 T PSMLA 5 ] (9 N 11 9 = X 33K,
R Gt — B GBI, Z BN e & YA B
NIT R PSMA HII TR 56 A & . 5346, Bt
T B W ot 5 E R0 PSMA 011 71 ) 32 4 kAT (B BE,
1533 m 45 A 2R A BRI GE T A2, X RATAEM AL
RE = 2 ] PSMA, 38 ) % #% BNCT fi6 97 4 77
BRI, e A D S8 24 2 5T N1 ek, 2N
TR e 2 PSMA #5717 RIS 22—
332 RRIEBEHXEWEED RN R RE
I (transcriptional enhanced associate domain, TEAD)
A 72 Hippo {5 5 38 ¥ 1 S NI RN 2 H, E4LH
KB PR A A G G AN R P R R A AR 3 o L R
HRERCEEN/ERH. SBHFIUESL, TEADEHA
(13 B R 5 JRRRE R R AR R R SR A AE 2 D) DR BT

TEAD 3 HA — T A gV AR R IR B B K
8%, IR G 5, WOk TEAD £ H B & € 1t
I3k G B AR, DS Ik, TEAD 0 i) 75158 % & A7 B K 1 5=
], G s e N, Li %670 2 0 TEAD #7411
<o P ot B 4 e 55 ) 5 8 Dl i 7K P BE i ) B o T, B
T vh-& BBl e A7 4240 29 1 30 (81 3K). LM%
W& B, XA YI1E Ny TEAD 3% s Al 57), X 2 Ff
T 1) it s 4 L 3 B 5 v P 0 B R R R A [
I, EATTREA 24| TEAD /i 3 e st 72, JF 2
% 1A Hippo {5 5 il % S HE NN 731 YAP/TAZ )
HUILIK] (CCNIANKRDI.CTGF %) [ 3% KT .
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AR GEMAR R T B 38 T S 1 254
FEVEE () SCR, T HR 25 040 AR AT 3 28 5 A 40, VR4 R
B B0 o 7 088 L 1) 2 P 0 2 v 1) AR VE L S5 034, i
U3 SR 25 ) 5 0 S 5 A o R0 ) R 2 W AR A
SV R T 2 E B LIS . B e AE v AR
B 7, AEI R SRR HLTE 2 10ik % .

SR, K2 BRI ke R & 28 1% 5%
HAAHER A R G, RO R B N Ak
(RIRF 78 . 3 AR T LR LA 7 T O 2 7K v
BEAT 5> TS5 B, 51 NFRIL IS Sk 51 N FR 3k B2
B 0 I A S A R A ¥ S K P R T R TP N
WTEE . KR Se ki R4, @I MRS 04 IR R
PBLE R A R R S v, B A A A i
AR, IR AEVRHE . @ RE LA RIT
PR R BT K S R S0 B AR B AR BNCT 45 4, 38 7T
R FE BT A7 P W PR TR, R 3E T Bl A O
RITIZ hEE 7 2GR T 7T KK 24
I, BRAR KN @ IR SRSk — &
BB, TR TR ARG RIS, X 25 ik e A
ROMEREAT IR NBIEFC, VAt H AR D958 2L 25 B Bl o 1 4 1)
TUTE 250 B0 W PR S FH 985 770 Bt B 3R S 1) AL 1Y) A
P, B A 2 25 W TE B g ATUIE0KE G A SE TR ¥ S

e TR : AR B3t B DO 5 6 SOIRS ) B A B
Ik A ST RIRBIE; W ST UE U E .

FIE RS AL AEE B IAEER IR KR

References

[1]  Chen WQ, Xu ZJ, Zeng Q, et al. Guidelines for medical exami-
nation for cancer in health examination agency (2025 edition)
[J]. Bull Chin Cancer (1 [ Jif81), 2025, 34: 667-697.

[2] Miao HL, Fang Y, Pan CX, et al. Transforming the landscape of
cancer treatment with seven promising novel therapies: Evolu-
tion and future perspectives [J]. Med Plus, 2025, 2: 100087.

[3] Huang HY, Du JT, Meng XY, et al. Growing research and devel-
opment of targeted anticancer drugs in China [J]. J Natl Cancer
Cent, 2023, 3: 129-134.

[4] Zhong L, Li YS, Xiong L, et al. Small molecules in targeted
cancer therapy: Advances, challenges, and future perspectives
[J]. Signal Transduct Target Ther, 2021, 6: 201.

[5] Grams RJ, Santos WL, Scorei IR, et al. The rise of boron-
containing compounds: Advancements in synthesis, medicinal
chemistry, and emerging pharmacology [J]. Chem Rev, 2024,
124: 2441-2511.

[6] Slatkin DN. A history of boron neutron capture therapy of brain

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

tumours: Postulation of a brain radiation dose tolerance limit [J].
Brain, 1991, 114: 1609-1629.

Issa F, Kassiou M, Rendina LM. Boron in drug discovery:
carboranes as unique pharmacophores in biologically active
compounds [J]. Chem Rev, 2011, 111: 5701-5722.

Chen Y, Du FK, Tang LY, et al. Carboranes as unique pharma-
cophores in antitumor medicinal chemistry [J]. Mol Ther Onco-
lytics, 2022, 24: 400-416.

Marforio TD, Carboni A, Calvaresi M. In vivo application of
carboranes for boron neutron capture therapy (BNCT): Structure,
formulation and analytical methods for detection [J]. Cancers
(Basel), 2023, 15: 4944.

Dymova MA, Taskaev SY, Richter VA, et al. Boron neutron
capture therapy: current status and future perspectives [J]. Cancer
Commun (Lond), 2020, 40: 406-421.

Liao CZ, Ye TS, Zhong Q, et al. Research progress of carborane
as pharmacophore in boron neutron capture therapy [J]. Mod
Diagn Treat (BRACZ W 516797), 2024, 35: 1767-1774.

Zhuo ZP, Zhou XY, Yao K, et al. Progress in pharmacological
action of three-dimensional aromatic carbaboranes [J]. Cent
South Pharm (F[Fg #j%%), 2025, 23: 1742-1749.

Fujii S, Masuno H, Taoda Y, et al. Boron cluster-based develop-
ment of potent nonsecosteroidal vitamin D receptor ligands:
Direct observation of hydrophobic interaction between protein
surface and carborane [J]. ] Am Chem Soc, 2011, 133: 20933-
20941.

Kugler M, Holub J, Brynda J, et al. The structural basis for
the selectivity of sulfonamido dicarbaboranes toward cancer-
associated carbonic anhydrase IX [J]. J Enzyme Inhib Med
Chem, 2020, 35: 1800-1810.

Kuhnert R, Sarosi MB, George S, et al. CarbORev-5901: The
first carborane-based inhibitor of the 5-lipoxygenase pathway
[J]. ChemMedChem, 2017, 12: 1081-1086.

Narlawar R, Austin CJD, Kahlert J, et al. Remarkable enhance-
ment in boron uptake within glioblastoma cells with carboranyl-
indole carboxamides [J]. Chem Asian J, 2018, 13: 3321-3327.
Marfavi A, Kavianpour P, Rendina LM. Carboranes in drug
discovery, chemical biology and molecular imaging [J]. Nat Rev
Chem, 2022, 6: 486-504.

Choi S. Encyclopedia of Signaling Molecules [M]. 2nd ed.
Cham: Springer International Publishing, 2018: 5907-5913.

Fujii S. Expanding the chemical space of hydrophobic pharmaco-
phores: The role of hydrophobic substructures in the develop-
ment of novel transcription modulators [J]. MedChemComm,
2016, 7: 1082-1092.

Wongmayura A, Fujii S, Ito S, et al. Novel vitamin D receptor
ligands bearing a spherical hydrophobic core structure-comparison
of bicyclic hydrocarbon derivatives with boron cluster deriva-
tives [J]. Bioorg Med Chem Lett, 2012, 22: 1756-1760.

Fujii S, Kano A, Songkram C, et al. Synthesis and structure-



Az,

1530 - 242 %4 Acta Pharmaceutica Sinica 2026, 61(5): 1522-1531

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

activity relationship of p-carborane-based non-secosteroidal vita-
min D analogs [J]. Bioorg Med Chem, 2014, 22: 1227-1235.

Fujii S, Sekine R, Kano A, et al. Structural development of
p-carborane-based potent non-secosteroidal vitamin D analogs
[J]. Bioorg Med Chem, 2014, 22: 5891-5901.

Otero R, Seoane S, Sigiieiro R, et al. Carborane-based design of
a potent vitamin D receptor agonist [J]. Chem Sci, 2016, 7: 1033-
1037.

Otero R, Seoane S, Fernandez-Dominguez X, et al. Synthesis,
molecular docking and biological evaluation of a-ring-carborane-
vitamin D analogues [J]. Molecules, 2025, 30: 2637.

Chen P, Li B, Ouyang L. Role of estrogen receptors in health and
disease [J]. Front Endocrinol, 2022, 13: 839005.

Paterni I, Granchi C, Katzenellenbogen JA, et al. Estrogen
receptors alpha (ERa) and beta (ERJS): Subtype-selective ligands
and clinical potential [J]. Steroids, 2014, 90: 13-29.

Endo Y, lijima T, Yamakoshi Y, et al. Potent estrogenic agonists
bearing dicarba-closo-dodecaborane as a hydrophobic pharmaco-
phore [J]. J Med Chem, 1999, 42: 1501-1504.

Sedlak D, Wilson TA, Tjarks W, et al. Structure-activity relation-
ship of para-carborane selective estrogen receptor f agonists [J].
J Med Chem, 2021, 64: 9330-9353.

Adeluola AA, Radomska HS, Wilson TA, et al. The elucidation
of species-specific receptor pharmacology: A case study using
subtype-selective para- and meta-carborane estrogen receptor
agonists [J]. J Pharmacol Exp Ther, 2025, 392: 100001.

Datta J, Willingham N, Manouchehri JM, et al. Activity of
estrogen receptor £ agonists in therapy-resistant estrogen receptor-
positive breast cancer [J]. Front Oncol, 2022, 12: 857590.

Yin YZ, Ochi N, Craven TW, et al. De novo carborane-
containing macrocyclic peptides targeting human epidermal
growth factor receptor [J]. ] Am Chem Soc, 2019, 141: 19193-
19197.

Real FX, Rettig WJ, Chesa PG, et al. Expression of epidermal
growth factor receptor in human cultured cells and tissues: Rela-
tionship to cell lineage and stage of differentiation [J]. Cancer
Res, 1986, 46: 4726-4731.

Couto M, Mastandrea I, Cabrera M, et al. Small-molecule kinase-
inhibitors-loaded boron cluster as hybrid agents for glioma-cell-
targeting therapy [J]. Chemistry, 2017, 23: 9233-9238.

Couto M, Garcia MF, Alamén C, et al. Discovery of potent
EGFR inhibitors through the incorporation of a 3D-aromatic-
boron-rich-cluster into the 4-anilinoquinazoline scaffold: Poten-
tial drugs for glioma treatment [J]. Chemistry, 2018, 24: 3122-
3126.

Couto M, Alamon C, Garcia MF, et al. Closo-carboranyl- and
metallacarboranyl [1, 2, 3]triazolyl-decorated lapatinib-scaffold
for cancer therapy combining tyrosine kinase inhibition and
boron neutron capture therapy [J]. Cells, 2020, 9: 1408.
Kaniowski D, Suwara J, Ebenryter-Olbinska K, et al. EGFR-

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

targeted cellular delivery of therapeutic nucleic acids mediated
by boron clusters [J]. Int J Mol Sci, 2022, 23: 14793.

Zhang P, Cao WL, Ye CL, et al. Research progress in translocator
protein related diseases and possible mechanisms [J]. Chin J
Pharmacol Toxicol (" [E 24 # 2% 5 7 # % 4% &), 2022, 36:
62-70.

Lin J, Wang DY, Liu JF, et al. Carbonic anhydrase IX-based
tumor imaging and therapy: A review [J]. Chin J Biotechnol (4
YL 24R), 2023, 39: 116-131.

Yang YL, Ye DJ. Recent advances in the development of
molecular probes for targeting carbonic anhydrases [J]. Chem J
Chin Univ (#1558 40 25 254, 2022, 43: 20220557.

Griiner B, Brynda J, Das V, et al. Metallacarborane sulfamides:
Unconventional, specific, and highly selective inhibitors of car-
bonic anhydrase IX [J]. ] Med Chem, 2019, 62: 9560-9575.
Dvotanova J, Kugler M, Holub J, et al. Sulfonamido carboranes
as highly selective inhibitors of cancer-specific carbonic anhy-
drase IX [J]. Eur ] Med Chem, 2020, 200: 112460.

Kugler M, Nekvinda J, Holub J, et al. Inhibitors of CA IX
enzyme based on polyhedral boron compounds [J]. Chembio-
chem, 2021, 22: 2741-2761.

Griiner B, Kugler M, El Anwar S, et al. Cobalt bis(dicarbollide)
alkylsulfonamides: Potent and highly selective inhibitors of
tumor specific carbonic anhydrase IX [J]. Chempluschem, 2021,
86: 352-363.

Lanfranco A, Rakhshan S, Alberti D, et al. Combining BNCT
with carbonic anhydrase inhibition for mesothelioma treatment:
Synthesis, in vitro, in vivo studies of ureidosulfamido carboranes
[J]. Eur J Med Chem, 2024, 270: 116334.

Useini L, Komazec T, Laube M, et al. Isonimesulide and its
carborane analogues as isoform-selective COX inhibitors and
antitumor agents [J]. Adv Ther, 2023, 6: 2300117.

Braun S, Paskas S, Laube M, et al. In vitro cytostatic effect on
tumor cells by carborane-based dual cyclooxygenase-2 and 5-
lipoxygenase inhibitors [J]. Adv Ther, 2023, 6: 2200252.
Buzharevski A, Paska$ S, Sarosi MB, et al. Carboranyl deriva-
tives of rofecoxib with cytostatic activity against human mela-
noma and colon cancer cells [J]. Sci Rep, 2020, 10: 4827.

Useini L, Moji¢ M, Laube M, et al. Carboranyl analogues of
mefenamic acid and their biological evaluation [J]. ACS Omega,
2022, 7: 24282-24291.

Ueberham L, Schéddlich J, Schramke K, et al. Carborane -based
analogs of celecoxib and flurbiprofen, their COX inhibition
potential, and COX selectivity index [J]. ChemMedChem, 2025,
20: €202500166.

Sonam S, Jelata S, Laube M, et al. Carborane conjugates
with ibuprofen, fenoprofen and flurbiprofen: Synthesis, charac-
terization, COX inhibition potential and in vitro activity [J].
ChemMedChem, 2025, 20: €202400018.

Zhang TF, Du SB, Wang Y, et al. Novel carborane compounds



A BEAE: BRUMJGEAE B L 1) 240 KA g v ) S AE T e

1531

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

based on cyclooxygenase-2 inhibitors for effective boron neutron
capture therapy of tongue squamous cell carcinoma [J]. Chemis-
trySelect, 2020, 5: 14652-14660.

Orafaie A, Mousavian M, Orafai H, et al. An overview of lipoxy-
genase inhibitors with approach of in vivo studies [J]. Prostaglan-
dins Other Lipid Mediators, 2020, 148: 106411.

Greten FR, Grivennikov SI. Inflammation and cancer: Triggers,
mechanisms, and consequences [J]. Immunity, 2019, 51: 27-41.
Braun S, Jelaca S, Laube M, et al. Synthesis and in vitro biological
evaluation of p-carborane-based di-tert-butylphenol analogs [J].
Molecules, 2023, 28: 4547.

Braun S, Paskas S, Laube M, et al. Carborane-based tebufelone
analogs and their biological evaluation in vitro [J]. ChemMed-
Chem, 2023, 18: €202300206.

Kuhnert R, Sarosi MB, George S, et al. Carborane-based
analogues of S5-lipoxygenase inhibitors co-inhibit heat shock
protein 90 in HCTI116 cells [J]. ChemMedChem, 2019, 14:
255-261.

Paska$ S, Murgani¢ B, Kuhnert R, et al. Carborane-based analog
of Rev-5901 attenuates growth of colon carcinoma in vivo [J].
Molecules, 2022, 27: 4503.

Gasparrini M, Audrito V. NAMPT: A critical driver and thera-
peutic target for cancer [J]. Int J Biochem Cell Biol, 2022, 145:
106189.

Hasmann M, Schemainda I. FK866, a highly specific noncom-
petitive inhibitor of nicotinamide phosphoribosyltransferase,
represents a novel mechanism for induction of tumor cell apop-
tosis [J]. Cancer Res, 2003, 63: 7436-7442.

Lee MW Ur, Sevryugina YV, Khan A, et al. Carboranes increase
the potency of small molecule inhibitors of nicotinamide phos-
phoribosyltranferase [J]. ] Med Chem, 2012, 55: 7290-7294.
Asawa Y, Katsuragi K, Sato A, et al. Structure-based drug design
of novel carborane-containing nicotinamide phosphoribosyltrans-
ferase inhibitors [J]. Bioorg Med Chem, 2019, 27: 2832-2844.
Liang T, Wang FL, Elhassan RM, et al. Targeting histone deacet-
ylases for cancer therapy: Trends and challenges [J]. Acta Pharm
Sin B, 2023, 13: 2425-2463.

Ramaiah MJ, Tangutur AD, Manyam RR. Epigenetic modulation
and understanding of HDAC inhibitors in cancer therapy [J].
Life Sci, 2021, 277: 119504.

Bubna AK. Vorinostat—an overview [J]. Indian J Dermatol,

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

2015, 60: 419.

Kavianpour P, Gemmell MCM, Kahlert JU, et al. Histone deacet-
ylase 2 (HDAC?2) inhibitors containing boron [J]. Chembiochem,
2020, 21: 2786-2791.

Selg C, Scholer A, Schliehe-Diecks J, et al. Borinostats: Solid-
phase synthesis of carborane-capped histone deacetylase inhibitors
with a tailor-made selectivity profile [J]. Chem Sci, 2021, 12:
11873-11881.

Debnath S, Zhou N, McLaughlin M, et al. PSMA-targeting
imaging and theranostic agents-current status and future perspec-
tive [J]. Int J Mol Sci, 2022, 23: 1158.

El-Zaria ME, Genady AR, Janzen N, et al. Preparation and
evaluation of carborane-derived inhibitors of prostate specific
membrane antigen (PSMA) [J]. Dalton Trans, 2014, 43: 4950-
4961.

Youn S, Kim KI, Ptacek J, et al. Carborane-containing urea-
based inhibitors of glutamate carboxypeptidase II: Synthesis and
structural characterization [J]. Bioorg Med Chem Lett, 2015, 25:
5232-5236.

Wang SN, Blaha C, Santos R, et al. Synthesis and initial
biological evaluation of boron-containing prostate-specific mem-
brane antigen ligands for treatment of prostate cancer using boron
neutron capture therapy [J]. Mol Pharm, 2019, 16: 3831-3841.
Meher N, Seo K, Wang SN, et al. Synthesis and preliminary
biological assessment of carborane-loaded theranostic nanopar-
ticles to target prostate-specific membrane antigen [J]. ACS Appl
Mater Interfaces, 2021, 13: 54739-54752.

Macias A. Carborane-Appended Levodopa for Prostate-Specific
Membrane Antigen and Boron Neutron Capture Therapy [D].
DeKalb: Northern Illinois University, 2021.

Pobbati AV, Kumar R, Rubin BP, et al. Therapeutic targeting of
TEAD transcription factors in cancer [J]. Trends Biochem Sci,
2023, 48: 450-462.

Lou JF, Lu YH, Cheng J, et al. A chemical perspective on the
modulation of TEAD transcriptional activities: Recent progress,
challenges, and opportunities [J]. Eur J] Med Chem, 2022, 243:
114684.

Li CF, Zhang YS, Zhang ZY, et al. Discovery and biological
evaluation of carborane-containing derivatives as TEAD auto
palmitoylation inhibitors [J]. Bioorg Med Chem Lett, 2025, 121:
130155.



