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[ Abstract | Histone deacetylase (HDAC) is an important target in cancer treatment, and several HDAC inhibitors

have been approved for clinical treatment. Compared with single-target drugs, multi-target drugs have better drug efficacy and
specificity, can effectively improve the efficacy and reduce the drug resistance, and have great prospects for the treatment of
Alzheimer’s disease, mycosis, tumor and other diseases. This article mainly introduces the research progress of HDAC dual-

target inhibitors in anti-Alzheimer’s disease, anti-fungi and anti-tumor fields, so as to provide reference for the development

and application of the drugs.
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HEE M2 LA (histone deacetylase, HDAC)
SEFMR AL T, AEAL ORISR B AL PR 3¢
NPT R R . HATE & 3L HDAC
4 KK I18AWA, T HDAC {145 HDACI .
HDAC2., HDAC3. HDACS, I 2541 #§ HDAC4,
HDAC5. HDAC6. HDAC7. HDACY9. HDACI10,
M2 A 45 DT B A BV 35 I (sirtuin, SIRT) 1.,
SIRT2, SIRT3, SIRT4, SIRTS, SIRT6, SIRT7,
IV 24145 HDACI1 ', #F —26 i b, HDAC i
TRl B A £ o mifk, (1208 115 DNA [H]
(14 FE AR 3 5, AT 990 o) K DG 366 PR S aod
HDAC #i57) v] 3 i 42 2 4146 1 2 Ak /KPR 3
R sk, IRBIWRF ARG T ER I B Y. FEDUIIRE 2

[ BHE ] 2021-04-09 [#EZHH] 2021-05-11

[ Acad J Sec Mil Med Univ, 2021, 42(5): 543-552]

Y &7, HDAC C2ih R THE 5, 2 E FDA
Cit 24~ HDAC M2 T I iayy, an
SAHA (vorinostat ) FH T-VAY7 5 UL K Ik T 4 Mtk 2
Jfi, romidepsin. belinostat fll panobinostat F V577
Rk T Ak EVRd . A8 T sk e g, 6o H
Mty 1 26 HDAC He£EEM 5] chidamide JH TR
7 KM 25PN T ARtk L 2

H H Al 3 1 259 2 o8 B — 40 R 25, AR
M, KREFEWRICHEMRERZHEN . 2K, £
AR TR A, R — B S 2 R AR T AL
KAEBAR S - AT 254 . AHET BL25 ) — J AN
FITRYTT R, A2y ml LA 2R 25 . 1
T2, JTRCE L, X PR

[HEE&TIR] FEHARBAESTFERA34( 21807113 ). Supported by National Natural Science Foundation of China for Young Scholars (21807113).

[{EHZ @] 4. E-mail: shianzhel123@126.com

"1 ( Corresponding author ). Tel: 021-81871201, E-mail: shengeq@smmu.edu.cn



© 544 o

W TEE R 20214E5 H L 42 3%

B, FHEG R B A, JaT RO gk £
PR e — A2 I 2R, AT TRl T
PRI I 2 AT %, SIRG 4R 25 AH LU RERS I/ 25 245579
B fEEEEHONE, TS A
AR o ARSCLABTRTR St R . S . B
PR U 1CER, 23T HDAC A SCHE s A1 i 77
AR BETT SRS AT

1 ETF HDAC BIXER = N HI 7 B 1+ 5k B

22 S i) HDAC I 50 25 55 HBE B 530y 3 3
gr: WET Ccap) #07r, 8% & — A BKMEMTT A
JEEEN, S HDAC {1 1 4S8R SR Ul XAH BLAE

Cap Linker ZBG

:' Other inhibitor F Linker
| pharmacophore .

FH; Zn* 454 3 ( zine binding group, ZBG) ,
5 HDAC ¥k D AS G Y Zn™ 2SS TR U A4,
SRR R A AR (linker ) , W% #% ZBG
FIVIE 1358 43 14 e 1 8 20 R 3 7K A2 285 4 20 i (&
1A) o BT 0EF#45r rl A8 PESR, & HDAC 1 i 5
BT AL, R85 53 HEHAb A &I 50 6 73+
B (Z550AT ) B fe, AT LS ENURE b i 22 8
il (K 1B) o &7 HDAC fihil] I 3%E 8e/E 7 H
A A AR R R, AT 3SR FL 5 HDAC &
MIZEG, ELIRIA S0 22 2538 i A, F I A 4
PRI R 2R

HDAC
pharmacophore

1 281 HDAC MHIFIAMEARE (A) REF HDAC BINEE S HIHIFiZ 1T 5k RE (B)
Fig1 Pharmacophore model of classical HDAC inhibitor (A) and design strategy of
dual-target inhibitor based on HDAC (B)
HDAC: Histone deacetylase; ZBG: Zinc binding group.

3L F HDAC 1 BUHE i 25 W1 v, AR ¥ 24
Yy SRS E R TS, B SRS A LA, St
T2 A SR R B T 0 X S A R 4, SE
4R 5 HDAC #1519 ZBG 259 42, 15 3L
B S AR % 3T HDAC 4 RUHE f5 417 141 51 4% %
Iy SE A R S X 255 AR R R A FHANTR]
2R AR, ATER TR XA AR R R A T A
TSI A ZREMESSHY, v LAMGE e, ST A2
PE; ZBG #4535l A Zn® B4 KL A, ] 2 TF %)
HDAC #4150 7 3 WA e 7254 5
AHUT 6. (1) SEEmHR; (2) gl
B (3) WEZEFETR,;  (4) LT
Ry (5) KEk™=H; (6) HAbhhg 25 sk .
BT ORI O Sl 2 Mk 259, I HAR NG IR
WE5EH @R ARG AT RCR ™ B ET AR
25 i,

2 HURIR R BRI SRR s A5

2.1 #5BR @5 % 5 (phosphodiesterase 5, PDE-5) /
HDAC e 5474 7l HDAC HicfZthiEA 6. 1

2 HDAC, $#J& HDAC2, F B4 T4,
AT 27 2] RO A R R 1 S LT 45
4 % H (cAMP response element-binding protein,
CREB) #715 H K %% 5%, Jf H HDACL "] e B A
PR EN] . HDAC ) 5l e 5 B 25 A A it
WO e o, AR AEREDRI IR, 759 5 i i) A AN 5 fi
ALERYE, AT S Ml b K IR R A . PDE-S
PRI g 2 BT IR e BRI VA EIR T 259, ]
AN]SR D R S A R B A B L 35
Gl ] SAPERANRE Sy, FFTENR R AT h S T
KN GET

R T LA EBESE, A W58 H 42 PDE-5/HDAC
U S0 AT BE BRI T B 7R AT BRI A R
w1 Garcia-Osta W8 20 % B8 T — Fh o 70
NGy F AL A B CM-414 (B 2) , W] 1y PDE-5/
HDAC XU s i35, %4590 nl Z2f# APP/PSI /)N
U SR Z GO s A S PE Y  Bl R ST ER
9 i FE DR RY T2576 /N R AT By 1 28 fi IR, FAIR
figi B- VEAEEHE 1 (amyloid B protein, AB) FIEHR
A taw 25 FAAKCF, D855 85 B 3B ( glycogen
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synthase kinase 3B, GSK3PB) ik, ki i o (& Hf
ST R B, WA, O i
PR IR 5 A 34
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ZBG PDE-5 pharmacophore

B2 Garcia-Osta R84 " & HHHIRT /R H B ERTS
PDE-S/HDAC XU#E = #1571
Fig2 Anti-Alzheimer’s disease PDE-5/HDAC dual-
target inhibitor discovered by Garcia-Osta, et al (3
PDE-5: Phosphodiesterase 5; HDAC: Histone deacetylase;
ZBG: Zinc binding group.

2.2 GSK3P/HDAC 2 ¥e & 7 4) #  H 1 0F 97 &
B, i3 % GSK3B Fi HDAC By AL FE A, ] Lk
A5 X 2 B U AR AP Milelli S
LI GSK3B #l il 77 3F8 A 4R 1LV fle 45 #4 4 e
W4y, A S HDACS 4 ZBG 4%, 153 —
M (E3) , ztk &Yl [leAEH T GSK3p
T HDAC XU i, X2 Ay 21U RIER . R
45 R I HGE 115 S 20 R 1 S AT D tau
TR Ak A T A BT BT R T B R, 6 B e
PHZEIE BRI 5 S VR 5 2201 A U 5k
D BEREA TN, RS B R, BA
o M AR B LA, A R I S A e
2.

ZBG

3F8 pharmacophore

3 Milelli REA " A BT F/R KRR
GSK3B/HDAC YUEE = ) 1
Fig3 Anti-Alzheimer’s disease GSK3p/HDAC dual-
target inhibitor synthesized by Milelli, et al (s
GSK3p: Glycogen synthase kinase 3; HDAC: Histone deacetylase;
ZBG: Zinc binding group.
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Fig 4 Anti-fungal JAK2/HDAC dual-target inhibitor

N,C}H
H

synthesized by Sheng, et al ''*’

JAK2: Janus kinase 2; HDAC: Histone deacetylase.
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4.1 P w2 g s e B IR A IR RIA
J7 SR 0 R R vk AR, BTN 2R s R
3 F IR FI DNA MBS, Mg 4 A X1 218 25 4 ) T
VRN T B . Fu AL & B 4 ) CUDC-
907 (& 5) ATy —Ffogn BLRBCHE s il 560, ) [m]
A0 il HDAC 1 PI3K (1 3 . CUDC-907 5 Jlii 411
S0 FH X MVEEFT TS 225 9 240 B 5L AT IR W) R A FH . FE Xt
B 25T 245 1 I Rg 4L b, CUDC-907 3 4o 411 1
ATP %54 &2 M CEJ% 2 ( ATP-binding cassette
transporter isoform C2, ABCC2 ) H1 DNA & & /5%
i EI R, A A2 25 B RO H DNA- 4
W& I g S L bR SR W] CUDC-907 1]
VE R IR R A AT N 25385 559, (AR —20 5T o
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Fig5 PI3K/HDAC dual-target inhibitor for tumor
resistance reversal synthesized by Fu, et al bl

PI3K: Phosphatidylinositol 3-kinase; HDAC: Histone deacetylase.

4.2 JAKMHDAC R ¥ 5474 5  JAK/ 557 3 5%
SR R (signal transducer and activator of transcription,

STAT) {7 52 SANMIETE . 40 AF T35 FN 4t f 4
T2, X3 e i IR L 1 25 ) T ) A

HDAC #3151 7] JAI% STAT /KF, {HH 5 JAK #
FURCH BRI A BRAEFA4Y . Dymock B4 il
Tt 254 A R4 SIS K HDAC 4717 SAHA 5 JAK2
VEBEE I ) XLO019 M 253 A AR i, it A T
— b [v] B} 40 51 JAK/STAT 38 % £ HDAC (1) XUHE 55,
PR CEL6A ) o 12NUHE A 40 ) 390 5 ST A8 448
ZRORI LV o928 240 i 2 R B3 8, X JAK2 Fl HDAC

ORI AT P06 PR S i B v, HA R 5

Zhang T8 47 2 30 38 245 2% AT il 4 5 s 4% TAK
P 590 25 % A1 5 HDAC #6157 /9 ZBG AHiE, A%
T —FRFVHT I WEE -2- S TN S G T AR 2
JAK/HDAC AUHE sS4 il 7, Hoh—Fiib &4 (Bl
6B ) XF JAK2 Fl HDAC6 ¥4 B G 1k, 1Cs, {E1E
YHFE IR K- o JEHAE JAK2 V617F H: A 2875 1Y HEL
4 (N A s aniE R ) b, ZbEYtt
SAHA 5 ruxolitinib ( &5 1 41 FH T 1fe JR 14 4 S e
JAK1/2 1500 ) R4 4 25 20 5 AT o G e b 4 A
RRPAT- 1. AE/NBRIRN 25108 2452, %4k
BYINENE 25 5 BA R R R s FERAPSE
5, ARG BN R AR BU R EE, HRA
W i #7. Dymock HEIZH 2" [RIREHE JAK1/2 ]
] ruxolitinib AYZ5% 415 HDAC i1l SAHA 2%
A PEE, WA T JAK/HDAC XU S 54
T AP0 fh M s S 0 Y TR i 2 R P AR, P BE
—Fk &4 (& 6C) , HXFJAKI 1 HDACI .
HDAC2, HDAC3, HDAC6. HDACI10 ¥ IC,, 1
¥1/NF 20 nmol/L, %t JAK1 F1 HDACI11 B %% v 7
i /N T 100 nmol/L, Jf H X JAK Kk ¥ H A 5 4
e

H
= -N- N -OH
H | ] H
= v—"N“‘ ;N\ - \\’/‘,5' 0]
VY
\ R S
XL019 pharmacophore 7ZBG A JAKSs pharmacophore 7BG B
7
P )“\“T:::,/l ,»'O\
[
N .\f; N -
HN xﬁ/‘ﬁ:«”\o” (O
~F “o”\/"\/\)J H -OH
Ruxolitinib pharmacophore ZBG C JAK2 pharmacophore ZBG D

Bl 6 iy JAK/HDAC XUHE S #HI 7
Fig 6 Anti-tumor JAK/HDAC dual-target inhibitors
A: A JAK/HDAC dual-target inhibitor synthesized by Dymock, et al™’; B: A JAK/HDAC dual-target inhibitor synthesized by Zhang,
etal®™; C: A JAK/HDAC dual-target inhibitor synthesized by Dymock, et al™’; D: A JAK/HDAC dual-target inhibitor synthesized by

Dymock, et al?

', JAK: Janus kinase; HDAC: Histone deacetylase; ZBG: Zinc binding group.
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Dymock IRZH % F JAK2/FMS FE % 2 R 3
( FMS-like tyrosine kinase 3, FLT3) i {fil] 7| pacritinib
5 HDAC #1015 SAHA 1 25 3% A 2B A7 il 5 1l 48 T
— 2% JAK/HDAC BUHE s #1046 5], 38 2ok 2544 08 Ak A5
#F—FiLAEYw (K6D) . ZRE R BN, 1
S PRS2 1 I 40 M0 2R HL-60, 2T 14 1L 40 i 5
HEL92.1.7 FUZ2PE T 4 f 1 1l 55 28 i 3R Jurkat H,
Z Ak & ¥ Al [A) BF 5 JAK . HDAC2., HDAC6 Fi
HDAC10 /= A=iil, BATHAF P RERCR
4.3 IABERARIRAZHNESAS B (nicotinamide phosphoribosyl
transferase, NAMPT ) /HDAC #$e.& #7%] %]  NAMPT
FTHDAC 43 51 2 B 988 AR 15 Fn 3 038t % 24 9 2 4>
F A, ELT I, Sheng IR ZH ) 58 4o 25 %5 1A il
&, ML NAMPT H1 HDAC 0 1 577 0 45 ¥4 5
fIE, Kt FK866 (NAMPT 4l #ll % ) 5 SAHA fiy 24

FK866 pharmacophore

ZBG A

AR, BtA L T — 28 ][Rl NAMPT
HDAC W/No3F, T i 38 T kAR A5 4 1 25 ik
T, A BRI AR e, Phik s —Fifk & (&
7A ) , HXFNAMPT (1Cy,=31 nmol/L ) F1 HDACI

(IC5,=55 nmol/L ) ¥J B A R 44 il 1% 1, fE
ROF5 T A0 M R TR A g, AR HCT116 #R BLA% A
Je AL v 0 L AR S P AR P B IR T . S
A3 1] FH AR (] Sk mis L 215 320 55 — Fp AL &9 (K
7B) , HXF NAMPT (ICs =15 nmol/L ) Al HDAC1

(IC5,=2 nmol/L ) Yy #ll il 1 HI T 38, £ HCT116
PR RS A R A TR v 2R B B X B 25 ) SAHA FTI
FK866 H 40 75 ST IR 1% 1 2 L % WF e s it
EeynACIRpOE AW IV IESS Uk G kaeay il (I INPLE Wyl i
FERIATIY, Ak Z 88 S g 25 8 it 1T A %L
1) LM

0]

S

S N

LO

NAMPT inhibitor pharmacophore ZBG B

B 7 HiBhyE NAMPT/HDAC XU4E s 40 7
Fig 7 Anti-tumor NAMPT/HDAC dual-target inhibitors
A: ANAMPT/HDAC dual-target inhibitor synthesized by Sheng, et al'®’; B: Another NAMPT/HDAC dual-target inhibitor synthesized

by Sheng, et al**. NAMPT: Nicotinamide phosphoribosyl transferase; HDAC: Histone deacetylase; ZBG: Zinc binding group.

4.4 DNA/HDAC ¥ % 4747 HDAC A3
PRI IR TP B 2%, T HL7E DNA B & e ¢
SEVEA. Yuan BRAIZL 28 T W T RIZE ST HLIR
K (tacedinaline, ¥EFEM: 1 % HDAC #IHi|F] ) AY24
ARy 454, it M 7 —4> DNA/HDAC 3T
SARHIF (B 8A) o BFSRASREM, AW E
ZLH HDAC3, 7T 755 A375 vy 40 At 7 7~ 5 fift
L G/M IBEA, 7RG 6 B iR 41 i 2 1y
R AL T BT R i R, L IC,, (Hoh 3.1~14.2
umol/L, X R 2428 T R T A1 2% v b IR bR T Ay
o R IR BT A T 73— DNA/HDAC M
FO AR R —— R R TR AT A (B
8B) o ZALG W R T MR AT Il SAHA % 00 25
FIZH A, %F HDAC1. HDAC2 1 HDAC6 #4145 411 il

WPE, JF EX6F HDAC1 F1 HDAC2 )30 il B2 & & 1
HDAC6. 5T 2554 iz Ak & Poxt I ed 240 i A 4
SRAGHTHGFETEVE, 1Cs, fH2H 3.2~6.2 pmol/L, HA
ARG MR T IR AIT N 5.0~18.3 fif. LAY
EREGEIN I A375 AMAETEIE I, THA RS A3T5
YRR T, A MR B A FE Gy/M U, AT LI R
Yo e S — e

4.5 PI3K/HDAC s¥e & 474 7  PI3K 16 I 41 i
PR B T R R, A PIBK
BRI R i AR 72 X e 2 i
WS WA bk PT3KC A1 3 5] 245 2 1A 1 S 52 15 R HDAC 1l
RN A AT 2438 R T — Z 5147 5 PI3BK/HDAC
XU A (B 9A ) 3 3k v 4 I3k & B 2
k&% (9B, 9C) XF PI3K Al HDAC (1) 0 il 24
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TEYNBEIR K, FER B 3% BB s k5 78
HCT116 F1 HGC-27 S0 A5 HL I8 1R P9 47T B Je i 4 114

Targeting DNA ZBG A

Targeting DNA ZBG

LR A, Hh—fieay (K 9B) KA R
GBI T

B8 #HihhEE DNA/HDAC UHE &3P 7
Fig 8 Anti-tumor DNA/HDAC dual-target inhibitors
A: A DNA/HDAC dual-target inhibitor synthesized by Yuan, et al’®’; B: Another DNA/HDAC dual-target inhibitor synthesized by

Yuan, et al **’. HDAC: Histone deacetylase; ZBG: Zinc binding group.

PI3K pharmacophore ZBG A

/N[ (oNg N | O
NN N =" “NHSO,Me
U
0 N 0
o) _OH
N N
HY B n=5 H C

9 XuiREA PR E R MFIE PI3K/HDAC XUEE A0 417
Fig9 Anti-tumor PI3K/HDAC dual-target inhibitors synthesized by Xu, et al 2]
A: Design of PI3K/HDAC dual-target inhibitors; B, C: Two PI3K/HDAC dual-target inhibitors. PI3K: Phosphatidylinositol 3-kinase;

HDAC: Histone deacetylase; ZBG: Zinc binding group.

Wang {55 20 ' 3iF W] PI3K/HDAC XCHE #1547 11
I CUDC-907 AT 75 3 W8 248 i 5/ 82 4 K B 4t i ik
EUR AN T, Bom L Myc i L EJE A R
TR WL R S R &R, 0 PI3K Al Myc P [A] 42 iff
Z P B 40 Mk R AR TE S A DR RE,
il Myc 9 L3 9875 [+, 40 HDAC 1 PI3K, #] LA
FEAI Myc £ H A I Myc BK 20 i i 2 K
2246 A W) CUDC-907 4k ¥, PI3K T i #4415
AKT. PRAS40. S6 Fl 4EBP1 [ iR 1k 2 JBE A AIK,
IR SRR, Myc 2 FIAKFFEAK. APy S2 5
HESEAL A CUDC-907 X 228 Myc 9K 5 14 Jifeg 25 7
HAYMEEE, BB ERIER. g%
B, XCHE 5 HDAC A1 PI3K #7444 CUDC-907
JEHT ) Myc A 30259, I & Myc #as 1 i e

(IR 2R T A Rk B

4.6 &1L FHEE 1 (topoisomerase 1, Topo I )/HDAC
X ¥ kA AW UESE, Topo 1 1)l 7
A HDAC 14 551 [w] Bsf 4 FH 1 e g 48 e s B A P[]
PR AR Y . ST, Dallavalle SfATZ1 ™ %
TE TR ADOBCHE A A 300, (] HE ) 410 1) Topo 1 AN
HDAC. BB 08 SAHA 2554141255, i
Tramitt, SConas BRI SR A PRETEm) F2 5L
HiE R REAE (n=5) i, B30kEY (E
10 ) 7 I3 Ao 96 0 1] iz 928 240 it 2% vh R B T3 1Y)
B0 g 05 Mk, 1Cs, fE 76 4N BE SR K. 1% Topo 1 /
HDAC XUHE &5 410 i 7] &7 1 bk HDAC 1) 4l 5]
SAHA 1 Topo I 4114 5 G 7 85 BB S i 35 1, JF
FIUH BRAF T SZPEAVIREEVE o 3K AR OBURE S 1 5
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AT AR B 2 B4R (71 i AT R 401, 1
FLATAAEASHE IS e B 0 TR T
e, ATV TR B RS 25 el HDAC #i 57)
SRR

HC=N-0O(CH;)sCONHOH

N
\
e

10 Dallavalle JR8H28 ' & R HIHLIE Topo I /HDAC
PUEEE b
Fig 10 Anti-tumor Topo I /HDAC dual-target inhibitor
synthesized by Dallavalle, et al (s3]
Topo 1 : Topoisomerase I; HDAC: Histone deacetylase.

47 "L E e EE¥E S (mammalian target of
rapamycin, mTOR ) /HDAC X ¥e & 47 4] 5] mTOR
SRR S A AR K Y E R, SRR W] mTOR {7
SR TR AR S A0 B 58 % DI A OC, HDAC 41 ] 5
55 PIBK/mTOR #1 il 71/ 5k 45l FH R 45 v Jieb 83 3 97 44
FRUES LT, Chen B2 il FH mTOR 414
TRy i — ik BE2 %A1, I - HDAC i - 5& 1 F
YEh ZBG M 5 B NG 1R, 5 W T — & 51 i mTOR/
HDAC XUHE s, Hrb, wmfbnyes ey (|
11) %} mTOR I HDAC1 ¥ HAT Al sk, 1C,
{E43 514 1.2 nmol/L #1 0.19 nmol/L. % ft.4 %] B
i R AN R T Gy G, 5 H T, 72 MMIS
R A B S R R AR R R R R R A, R
R BEE AR 22, FRES IR ERM, G YA
TR ARSI R GE PR E () U s il )
48 HAL e E R A BR T LR 4R R 0 B
Jed WUHE B0 1 R A8, L T HDAC 3% 3 (19 41 i
MU g i Fe AR 22, Bt O ik 2 ¥ AE HITE
2 ANHE SRR 25 S A RS S — S,
Ras/HDAC XUHE A4 550 (& 12A) 27 mg|mge iz
2,3- X % B 1 (indoleamine 2,3-dioxygenase 1,
IDO1) /HDAC XUHE &5 3 i 5 (P 12B) 2% | i
BN BRI F 32 & (vascular endothelial growth
factor receptor, VEGFR ) /HDAC KUHE 5 4551 ( [
12C) | c-Met/HDAC XUHE &1 ( 12D )
Bel-2/HDAC RUHL A7) (1] 12E) B

{& 2 ( murine double minute 2, MDM?2 ) /HDAC X
BRI (R 12F ) VAR, e U R 3R
P B R S E AR TS, A
MYFF R ANE

11 Chen REA ' & AIHINE mTOR/HDAC
FLEB £ DI FF
Fig 11 Anti-tumor mTOR/HDAC dual-target inhibitor
synthesized by Chen, et al **’
mTOR: Mammalian target of rapamycin; HDAC: Histone deacetylase.

R T SRR S 2 b, B e XRYT A
PRI SR I )RS, (R 2 ek 5 2 R A
25 o — B0 25 ) A B 2 A% £ HDAC
RGN, BT 25580, BT 3 AN
TG, XA AR Rl = A PRI, JEanm 2y
BB RORNE, A ZFERIRYT h R R AP
o7 R

HDAC 2 H & 25 Y n T THE A, B A gE
J& 2 B8 HDAC 4114l 790 348w LA ) oAt e,
ZRP0 . WRPRIG B HAH T R AE o B M o LR
e OEER . JOAE ARSI RS L R
SRINAT T HDAC (14 XU A5 400 151 700 35 ks 4l 7 AT
F5 W RINE M, HWBAFERNTEE R E . HDAC I
R PR AN TEGG, 2500 TG IR 58 B B,
i ARG T HDAC (SRR s 4l 0] B hsefe
FEPERIAS RN, &5 45 0 ALY HDAC B8R
MR s AN N 2 2y R I, TR S
F HDAC (1) XU 550 i 047 se i pk ik, W 2245 &
HDAC $ il 350 & A H B A W adc A%, i 259 il
BIa TR RN, FFekcs 251 sh Ji2# s,
T 2 52 B0 HDAC XUHE S A7) “1+1>2" /9B
PRI
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A: Ras/HDAC dual-target inhibitor *”’; B: Indoleamine 2,3-dioxygenase 1/HDAC dual-target inhibitor**’
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Fig 12 Other anti-tumor dual-target inhibitors based on HDAC
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(& % x #]

(1]

(2]

(3]

NEGMELDIN A T, PADIGE G, BIELIAUSKAS A
V, PFLUM M K H. Structural requirements of HDAC
inhibitors: SAHA analogues modified at the C2 position
display HDAC6/8 selectivity[J]. ACS Med Chem Lett,
2017, 8: 281-286.

RAMIREZ-MEJIA G, GIL-LIEVANA E, URREGO-
MORALES O, SOTO-REYES E, BERMUDEZ-
RATTONIF. Class I HDAC inhibition improves object
recognition memory consolidation through BDNF/
TrkB pathway in a time-dependent manner[J/OL].
Neuropharmacology, 2021, 187: 108493. DOI: 10.1016/
j.neuropharm.2021.108493.

STENZEL K, HAMACHER A, HANSEN F K, GERTZEN
C G W, SENGER J, MARQUARDT YV, et al. Alkoxyurea-
based histone deacetylase inhibitors increase cisplatin
potency in chemoresistant cancer cell lines[J]. J Med
Chem, 2017, 60: 5334-5348.

(4]

(5]

(6]

(7]

(8]

. HDAC: Histone deacetylase.

LUAN Y P, L1 J, BERNATCHEZ J A, LI R S. Kinase
and histone deacetylase hybrid inhibitors for cancer
therapy[J]. ] Med Chem, 2019, 62: 3171-3183.

DUAN Y C, JIN LF, REN H M, ZHANG S J, LIU Y J,
XU Y T, et al. Design, synthesis, and biological evaluation
of novel dual inhibitors targeting lysine specific
demethylase 1 (LSD1) and histone deacetylases (HDAC)
for treatment of gastric cancer[JJOL]. Eur J Med Chem,
2021, 220: 113453. DOI: 10.1016/j.ejmech.2021.113453.
VAIDYA G N, RANA P, VENKATESH A, CHATTERJEE
D R, CONTRACTOR D, SATPUTE D P, et al. Paradigm
shift of “classical” HDAC inhibitors to “hybrid”
HDAC inhibitors in therapeutic interventions[J/OL].
Eur J Med Chem, 2021, 209: 112844. DOI: 10.1016/
j.ejmech.2020.112844.

BIERSACK B, POLAT S, HOPFNER M. Anticancer
properties of chimeric HDAC and kinase inhibitors[ J/OL].
Semin Cancer Biol, 2020: S1044-S579X(20)30223-6.
DOI: 10.1016/j.semcancer.2020.11.005.

RAMAIAH M J, TANGUTUR A D, MANYAM R R.



5 5 W A A ST A1 25 S A O U S R R BT S

* 551

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

Epigenetic modulation and understanding of HDAC
inhibitors in cancer therapy[J/OL]. Life Sci, 2021, 277:
119504. DOI: 10.1016/j.1fs.2021.

FULLER N O, PIRONE A, LYNCH B A, HEWITT
M C, QUINTON M S, MCKEE T D, et al. COREST
complex-selective histone deacetylase inhibitors show
prosynaptic effects and an improved safety profile to
enable treatment of synaptopathies[J]. ACS Chem
Neurosci, 2019, 10: 1729-1743.

LIU L, XU H, DING S M, WANG D Y, SONG G Q,
HUANG X F. Phosphodiesterase 5 inhibitors as novel
agents for the treatment of Alzheimer’s disease[J]. Brain
Res Bull, 2019, 153: 223-231.

SANCHEZ-ARIAS J A, RABAL O, CUADRADO-
TEJEDOR M, DE MIGUEL I, PEREZ-GONZALEZ
M, UGARTE A, et al. Impact of scaffold exploration
on novel dual-acting histone deacetylases and
phosphodiesterase 5 inhibitors for the treatment of
Alzheimer’s disease[J]. ACS Chem Neurosci, 2017, 8:
638-661.

RABAL O, SANCHEZ-ARIAS ] A, CUADRADO-
TEJEDOR M, DE MIGUEL I, PEREZ-GONZALEZ
M, GARCIA-BARROSO C, et al. Discovery of in
vivo chemical probes for treating Alzheimer’s disease:
dual phosphodiesterase 5 (PDES5) and class 1 histone
deacetylase selective inhibitors|J]. ACS Chem Neurosci,
2019, 10: 1765-1782.

CUADRADO-TEJEDOR M, GARCIA-BARROSO
C, SANCHEZ-ARIAS J A, RABAL O, PEREZ-
GONZALEZ M, MEDEROS S, et al. A first-in-
class small-molecule that acts as a dual inhibitor
of HDAC and PDES5 and that rescues hippocampal
synaptic impairment in Alzheimer’s disease mice[J].
Neuropsychopharmacology, 2017, 42: 524-539.
SHARMA S, TALIYAN R. Synergistic effects of GSK-
3B and HDAC inhibitors in intracerebroventricular
streptozotocin-induced cognitive deficits in rats[J].
Naunyn Schmiedebergs Arch Pharmacol, 2015, 388:
337-349.

DE SIMONE A, LA PIETRA V, BETARI N,
PETRAGNANI N, CONTE M, DANIELE S, et al.
Discovery of the first-in-class GSK-3B/HDAC dual
inhibitor as disease-modifying agent to combat
Alzheimer’s disease[J]. ACS Med Chem Lett, 2019, 10:
469-474.

HUANG Y H, DONG G Q, LI H Q, LIU N, ZHANG
W N, SHENG C Q. Discovery of Janus kinase 2 (JAK2)
and histone deacetylase (HDAC) dual inhibitors as
a novel strategy for the combinational treatment of
leukemia and invasive fungal infections[J]. ] Med Chem,
2018, 61: 6056-6074.

[17]

[19]

[20]

[21]

[22]

(23]

[24]

[26]

WU C P, HSIEH Y J, HSTIAO SH, SUCY, L1Y Q,
HUANG Y H, et al. Human ATP-binding cassette
transporter ABCG2 confers resistance to CUDC-
907, a dual inhibitor of histone deacetylase and
phosphatidylinositol 3-kinase[J]. Mol Pharm, 2016, 13:
784-794.

TO K K W, FU L W. CUDC-907, a dual HDAC and
PI3K inhibitor, reverses platinum drug resistance[J].
Invest New Drugs, 2018, 36: 10-19.

CHU-FARSEEVA Y Y, MUSTAFA N, POULSEN A,
TAN E C, YEN J J Y, CHNG W ], et al. Design and
synthesis of potent dual inhibitors of JAK2 and HDAC
based on fusing the pharmacophores of XL019 and
vorinostat[J]. Eur ] Med Chem, 2018, 158: 593-619.
LIANG X W, ZANG J, LI X Y, TANG S, HUANG M,
GENG MY, et al. Discovery of novel Janus kinase (JAK)
and histone deacetylase (HDAC) dual inhibitors for
the treatment of hematological malignancies[J]. ] Med
Chem, 2019, 62: 3898-3923.

YAO L B, MUSTAFA N, TAN E C, POULSEN A,
SINGH P, DUONG-THI M D, et al. Design and
synthesis of ligand efficient dual inhibitors of Janus
kinase (JAK) and histone deacetylase (HDAC) based on
ruxolitinib and vorinostat[J]. J Med Chem, 2017, 60:
8336-8357.

YANG E G, MUSTAFA N, TAN E C, POULSEN
A, RAMANUJULU P M, CHNG W J, et al. Design
and synthesis of Janus kinase 2 (JAK2) and histone
deacetlyase (HDAC) bispecific inhibitors based on
pacritinib and evidence of dual pathway inhibition in
hematological cell lines[J]. T Med Chem, 2016, 59:
8233-8262.

DONG G, CHEN W, WANG X, YANG X, XU T,
WANG P, et al. Small molecule inhibitors simultaneously
targeting cancer metabolism and epigenetics: discovery of
novel nicotinamide phosphoribosyltransferase (NAMPT)
and histone deacetylase (HDAC) dual inhibitors[J]. J
Med Chem, 2017, 60: 7965-7983.

CHEN W, DONG G Q, WU Y, ZHANG W N, MIAO CY,
SHENG C Q. Dual NAMPT/HDAC inhibitors as a new
strategy for multitargeting antitumor drug discovery[J].
ACS Med Chem Lett, 2018, 9: 34-38.

XIE R, TANG P, YUAN Q P. Rational design
and characterization of a DNA/HDAC dual-
targeting inhibitor containing nitrogen mustard and
2-aminobenzamide moieties[J]. Medchemcomm, 2018,
9:344-352.

XIE R, L1 'Y, TANG P, YUAN Q P. Rational design,
synthesis and preliminary antitumor activity evaluation
of a chlorambucil derivative with potent DNA/HDAC
dual-targeting inhibitory activity[J]. Bioorg Med Chem



e 552 -

O TEE R 2021 4R 5 H L H 42 %

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

Lett, 2017, 27: 4415-4420.

WU D, YAN Y Q, WEIT, YE Z Q, XIAO Y T, PAN
Y Q, et al. An acetyl-histone vulnerability in PI3K/
AKT inhibition-resistant cancers is targetable by both
BET and HDAC inhibitors[J/JOL]. Cell Rep, 2021, 34:
108744. DOLI: 10.1016/j.celrep.2021.108744.
LIJ,QIANCG,ZHOUQQ,LIJW,LIKL,YIPY.
BEBT-908: a novel potent PI3K/HDAC inhibitor against
diffuse large B-cell lymphomalJ]. Biochem Biophys
Res Commun, 2017, 491: 939-945.

ZHANG K H, LAI F F, LIN S W, JI M, ZHANG J
B, ZHANG Y, et al. Design, synthesis, and biological
evaluation of 4-methyl quinazoline derivatives as anticancer
agents simultaneously targeting phosphoinositide 3-kinases
and histone deacetylases[J]. J Med Chem, 2019, 62:
6992-7014.

SUN K M, ATOYAN R, BOREK M A, DELLAROCCA
S, SAMSON M E, MA A W, et al. Dual HDAC and
PI3K inhibitor CUDC-907 downregulates MYC and
suppresses growth of MYC-dependent cancers[J]. Mol
Cancer Ther, 2017, 16: 285-299.

MONDELLO P, DERENZINI E, ASGARI Z, PHILIP
J, BREA E J, SESHAN V, et al. Dual inhibition of
histone deacetylases and phosphoinositide 3-kinase
enhances therapeutic activity against B cell lymphomal[J].
Oncotarget, 2017, 8: 14017-14028.

CINCINELLI R, MUSSO L, ARTALI R, GUGLIELMI
M, BIANCHINO E, CARDILE F, et al. Camptothecin-
psammaplin A hybrids as topoisomerase I and HDAC
dual-action inhibitors[J]. Eur J Med Chem, 2018, 143:
2005-2014.

CINCINELLI R, MUSSO L, ARTALI R, GUGLIELMI M B,
LA PORTA I, MELITO C, et al. Hybrid topoisomerase | and
HDAC inhibitors as dual action anticancer agents|J/OL].
PLoS One, 2018, 13: €0205018. DOI: 10.1371/journal.
pone.0205018.

MENG W, WANG B C, MAO W W, WANG 7T J,
ZHAO Y, LI Q F, et al. Enhanced efficacy of histone
deacetylase inhibitor panobinostat combined with dual
PI3K/mTOR inhibitor BEZ235 against glioblastomalJ].
Nagoya J Med Sci, 2019, 81: 93-102.
PIAOJJ,CHENLY, QUANTH, LIL S, QUAN C J,

[36]

[37]

[38]

[39]

[40]

[41]

[42]

PIAO Y S, et al. Superior efficacy of co-treatment with
the dual PI3K/mTOR inhibitor BEZ235 and histone
deacetylase inhibitor Trichostatin A against NSCLC[J].
Oncotarget, 2016, 7: 60169-60180.
CHEN Y, YUAN X, ZHANG W H, TANG M H,
ZHENG L, WANG F, et al. Discovery of novel dual
histone deacetylase and mammalian target of rapamycin
target inhibitors as a promising strategy for cancer
therapy[J]. ] Med Chem, 2019, 62: 1577-1592.
LING Y, WANG X M, WANG CN, XU C J, ZHANG W,
ZHANG Y H, et al. Hybrids from farnesylthiosalicylic
acid and hydroxamic acid as dual Ras-related signaling
and histone deacetylase (HDAC) inhibitors: design,
synthesis and biological evaluation[J]. ChemMedChem,
2015, 10: 971-976.
FANG K, DONG G Q, LI'Y, HE S P, WU Y, WU S C, et al.
Discovery of novel indoleamine 2, 3-dioxygenase 1 (IDO1)
and histone deacetylase (HDAC) dual inhibitors[J]. ACS
Med Chem Lett, 2018, 9: 312-317.
ZANG J, LIANG X W, HUANG Y X, JIAY P, LI X
Y, XU W F, et al. Discovery of novel pazopanib-based
HDAC and VEGFR dual inhibitors targeting cancer
epigenetics and angiogenesis simultaneously[J]. J Med
Chem, 2018, 61: 5304-5322.
LU D, YAN J, WANG L, LIU H C, ZENG L M,
ZHANG M M, et al. Design, synthesis, and biological
evaluation of the first c-Met/HDAC inhibitors based
on pyridazinone derivatives[J]. ACS Med Chem Lett,
2017, 8: 830-834.
ZHOU R L, FANG S Y, ZHANG M M, ZHANG Q
S, HU J, WANG M P, et al. Design, synthesis, and
bioactivity evaluation of novel Bcl-2/HDAC dual-target
inhibitors for the treatment of multiple myelomal[J].
Bioorg Med Chem Lett, 2019, 29: 349-352.
HE S P, DONG G Q, WU S C, FANG K, MIAO Z
Y, WANG W, et al. Small molecules simultaneously
inhibiting p53-murine double minute 2 (MDM?2)
interaction and histone deacetylases (HDACs): discovery
of novel multitargeting antitumor agents[J]. ] Med Chem,
2018, 61: 7245-7260.

[ A 4%E |

N A



