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Abstract

Treatment options for elderly or unfit patients with acute myeloid leukemia (AML) are often limited.
The BCL-2 inhibitor venetoclax combined with hypomethylating agents significantly improves re-
sponse rates and prolongs survival; however, primary non-response and relapse remain common,
indicating complex and dynamically evolving resistance mechanisms. This review focuses on the
multidimensional mechanisms underlying resistance to BCL-2 inhibitors, including compensatory
upregulation of anti-apoptotic networks and an elevated apoptotic threshold, activation of pro-sur-
vival signaling and metabolic reprogramming, protection by the bone marrow microenvironment,
as well as clonal evolution and cell state plasticity under therapeutic pressure. Furthermore, we
summarize the value of biomarker systems—such as genetic, protein-based and functional omics
approaches, along with minimal residual disease (MRD) monitoring and clonal tracking—in pre-
dicting response and enabling dynamic surveillance. Combination strategies targeting these mech-
anisms are also reviewed, including inhibition of MCL-1/BCL-XL, blockade of FLT3/IDH/RAS-MAPK
pathways, intervention in metabolism and microenvironment/immune regulation, and the use of
epigenetic modulators. Finally, we discuss key challenges and future directions in this field, empha-
sizing that integrating multi-omics technologies with longitudinal dynamic monitoring is essential
for establishing a paradigm of “dynamic individualized therapy”.
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1. 3]

SVERE R A IR (AML) A2 — P s 2 57 R PR R R el i . R RL “7 + 37 7 ARk
WIT R BE N EE R R TB, (AEFR R KRR AR, S FAFEANE 30%([1]. EF
e, BE A 250 BT IR %E&ET AML 18978 5 . Fodt, BCL-2 ##il7 Venetoclax FINFH, 4 AML ¥
IT AR T B B 2]. MR DR R R BCL-2 M1, £ER/MEB®RR) AML BT,
Venetoclax $z@vaﬁ“ﬂﬁ,€‘1¢éﬁﬁ¢$w@ N 19%; TMI7EZFBAE AR IT 1IP1IE AML &35, Veneto-
clax BX&5 HMA J7 ZJEIH 58T, VIALE-A WFFUIESEH B 2R &R T HMA H25(36.7% vs.
17.9%). EAERZRE, EER/MERR/RMBRAZEG T ZE, ZREARIT IS 12 SR 25520,
o CR TN R RS 738 % B 2R THHA SB[ 1] [3]. RBER VIALE-A #FRR %R W], Venetoclax A
LR VR IT 4B 5 R 2 R 2.(36.7% vs. 17.9%) SRZZ AR %.(66.4% vs. 28.3%) S AL AEAF H1(14.7 N H vs.
9.6 N R ER T AR [4]. FET FIRIUEYE, Venetoclax BEE HMA 7 % O3 dE ] T2 £ 8N E & 90
AT IR AML B35 [5][6], FHAEF I FUl PR ST i), DIsiols: T B MR MRS
AAFEE R[] [3] (5]

SR, REZ T RKIRIE & T IR T IR A%, B R R 25 5 A PE R AT IR Bk : 40852
— BEVRIT O, MAERIGGE R, I PR A R [7] [8]. Ik, R B Venetoclax i 25 HL]
PR BT AR EX) BB VR YT S, CRCATACIG IR SEER O . A it FERET “2HF/AE
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G AT IR AML” ABEs 05 R /MER B A 7 BB G SR, A OGUEE S5 5 5 A = UG 40 5l P
fli o

BCL-2 5 il s 2R R PEJE T8 R, E4ERRA A S 500 TP b R AL O PE R (8]
TEYNMLRECIRES T, JR T TN 8 ) BAX/BAK #EI80E , 3E 1M 75 5 e R R MM %E 1L (MOMP), Ji& 241 i
B3R o B R B AR L, 2 TR T 52 45X, BCL-2. MCL-1. BCL-XL S48 1
B A B 45 AL TS BH3-only 25 (A B ELEH] BAX/BAK EALK “am” AT BME, (eskdn i
1745[2] [8]. Venetoclax 1EN—Fik#M: BCL-2 CURINHIF], BB b se 400 58 BCL-2 AR
BH3 S5k ah & 048, MR L “Aal” e Er, BT RIE, fFRRME S BCL-2 K
L3 40 i % AR R T2 [9)-[11]. 5 R 8RB 4] BCL-XL () BH3 BUAH ., Venetoclax (RESEIEA BT
B AT L /A sl S B P XU, T2 i R P (8]

Venetoclax PRI 2414 3 0] 43 R J R AR (P AE )i 24 55 3R 5V (AR R it 245 5 28 o A FR s o, 252 Ve-
netoclax BEAFTHLIRTEVEIT 0 AML B2, JLEURMEIN 2532058 27%, MHIMESE AR 5 B2 H LB 5K
e ilER I 50% [3]. 3xX 3% BT 24 AT fe s T 3 1055 20 PR [ 6 AN Uk, I nT REJRAE YR YT IR 77 T il v
T3k A3 . IR F, AML B384 75 SR ZI52 00 4 Venetoclax (BUME: #1U1, FLT3-ITD. RAS
JHES(KRAS/NRAS) S, TP53 RAZH S Z54H¢; 1M IDH1/2. NPMI1 Z3748 NIl $E o~ BT 6 TT IOV 8]
BRI RSN, AMMACI s . RSO IR A G (5 5l B DL AR RE DI S5 52 (it 10 e 4 1 H &5 i A%
WL, BN SN R(2] [7][12]. T, SRTZSUIR AL O R R T TR R bR E
A 2T Venetoclax J7 XL ? M 24 4 A 5 3k (1) 2 4 FE RS ML) S L sh B R4 DL, st T
BLHIBE T A B I A SR ms LA o IR A 22N 2 2 %o I 6 o) j (R VR A REY, Wt — 2B A Venetoclax IR
NP BT AML B TS R0 2 1R

Zx LRriR, A UEHER B, Venetoclax fif 25 & — NS R 2 J21H . 2@ AL ISR, HAZ0K3)
AT AT N AT B E R TS RUNE RS E RIS, DUIRIT R R Sk
PEEAMORASEN . ALBERGMEE Venetoclax M 2512 4ENLHIMESE, FRLL “HLi - b8 - shE
W - FRPERCE” NFLR, VRG] AL I T TUE AR bR S SRS LA, IR B S RS S LA

2. Venetoclax TR 250 3% 4 B H1E
2.1. MIRAEIVAT KRR E

AML 4% Venetoclax F=Efi 24, % 5 BCL-2 ki HALHTIE - & A AR IA L% DIH
R[13] [14]. WHFLRM, EXMWEIIT, AML 40Mifet%iiid Bl MCL-1. BCL-XL & &AM T EA
kBB PHTIRME, A EE 2Pl B T RR P [15]-[17]0 HH, MCL-1 8 2 W& A F Venetoclax
i 245 A% CAREE TR 7 o BERIT FTIESE, MCL-1 7EJ54X AML 20 b oA A il i ek, HAE BCL-2 ThREHk
I JE B HE— 25 U, NAAE IS SR O T OB SR (1] [18] [19]. 5 Z AR , 384 27 hil {824 B 2410 i) MCL-
1, YReA B8 AML 40X Venetoclax [ ; &, KHHEFET Venetoclax M| & ik o 5 Hid M
P MCL-1 SR IA iR, SEFFEMEMZ5[15][18]. % MCL-1 4+, BCL-XL 5 BCL2A1 &40 HT-%
FI IR B A . BIAITAE Venetoclax VY7 I FEH AR ME B, RERE EE8T “Hi3K” B BH3-only 5 H
FEIE R TAS S, H4MH BAX/BAK 130, AT PHAS Z& R 44 4 M LI 175 1. (MOMP) A Jig 41 1 T 40 B R
Ni[15][16][20]o BR THUAT R A RIFRIENEE, JTEEEPAT IR K 25 D050 5 E S 1354 o508 02 IR 3 i
21 EE AL —J7 T, BAX T RE SR8 SR 73 1 988 4 T 2 1) 55 2R R U T R T AT R0 [21]-[23]
5T, BCL2 JE R4t X kAR B 3RAG M A 548 (L 8 1k bk B 400 B 9 i Hh i 1 Gly101Val, & AML
FHRIE T Aspl03Glu. Vall48Leu £5), Al i4AF BCL-2 E AL & 1S5, AKX Venetoclax [
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SRANy, HEM = AR AR R 24 [23]-[25]. BEAN, FONBEAR I, SRiAE ARESHRER SRS
2. Bilhn, ZehiRsMNE E3 12 RiE8EF MARCHS Al 1% BAX I E s MCL-1 K F4EA7,
BT BAX/MCL-1 Hi P45, M2 40 st Venetoclax HIBBURNE[17][26]. BARTT S, PUHET-MZ%
(A A 0 5 T AT /R R UZ T R SR A M 8 A 0, JEFERIR T Venetoclax i 24 (4% 0 I FESE A,
SEENAfE R T BE R ER TS 1, 140 WIHEEREI M R, X —Id RS b2 A s 40 i A A7 A i i
(B FAR, BIRYIN “BCL-2 {7 IRZA, HAEHN “MCL-1 fK#” . “BCL-XL #K#” 5 “BCL2A1
I R

22. £EESHESKHERRE

7E Venetoclax ¥697 571~ , AML 40 F F TR ST T4 AT AL AL, 38 vl 38 s B AR A A7
SRS BRI E R, S AEAEERN S 2% [14]. —J71H, NRAS/KRAS. PTPNI11 ZFHE[F %
AR FFELE MAPK S5 G A A5 5@ i, b @ ok 5% S 5B B JE 181 1 MCL-1 2Pt TE AR
RECRRE I, MR MR RE I (2] [15] [16]. 53— 71, TPS53 DIReHkR 22 KI5 p53 MM FIRHTAE S
(lF%fIk NOXA. PUMA 45 BH3-only £& 15 S), FEAIMRE T BE A &, NIHISS5% Venetoclax HIH
JEME[27]-[29]. FEARETH, Venetoclax A% & 7] BELA%AE FH T 4okifds, $ifl b1 aCi 224k D)
e S E AL IR (L (OXPHOS) It #E, FEL ATP A Susi/b[12] [30]. 1X—ZNAE 1 I T/ 4H 410 B S 83 AR
AR RNES . (EERERMZ, 2 Venetoclax 525 FILLZG B I, X BRIIRR M A ME(SDH, H &
P AR AR BHE A2 H M e 8 525 12] [30]-[32]. MK Venetoclax 755 (1 BEIE G AL, 7735 T K1) AML
Mo Bz A B AR RE AR o JLMURVRRAE GO . W I A0 A 1 R PUIRAR RIS 1Y i)
Tt R A A B 3 N (325 R DT PR e AT M T s DA B ORI e A 5 e e 3 B (10 5 [ 331 [34]- T
REAHIE T AL FR AL | SCRE: DRI A OC B BT PO 5 AR AR K IR 17~ 1 2R (IGF-1R )5 5 (AT R il
BRI, RS AE — TR BV T 2540 MU X Venetoclax FIBURPE[12]. 75w HAHTAOE, MLIF] K
R FE PR, BE R REZ SRS 24 (1 F & R, mT AR R 2 40 M 7 Ao tR A5 () SR A% 20 i
W R IR AN R IR R [12]. 38 PR RO R R fpil ok A6 2% . 25 30 21 TR AR [ b S 50 557 LA
B 0 ARG T 0 IR TR AR T 24 A DG ) B AZ A R AMIL 4B, [ A S R P o e I
W+ MCL-1 FRIA T P& BCL-2 MRA M R AUHRAE , SR RAIAR S AR . UHE N 5P T 8 A%
e =W RRAFLE N TER G, (R R 7 ) T ThRE T TS i it — P 30 TE [ 12]. BHULRT UL, B ARMAEAE
55 B S WO S 4 M e B AR S R AR I ARSI F A, AR E Y E, LRI T AML 4
HEAH Venetoclax 2815 LI Z5LEAF 10 7 — D4R (2] IXEARITR AL SRS ITREI-AT L, H
I (IR 5 B R AE 2.4 Tt — P ot

2.3. FHENIARE T SHSMBEES

3 bR 4 E B FR PN ZE BRI AR, AMIL S Venetoclax TR 241308 32 21 B BE O BIX — AMAE S RS
DREE TS . X — AN R di i A0S I K T TS 5 TR B 4 4%, Re % i 41 i
() B Zr Wb IR F- A1 (0 5% 3 Wb/ 1 43 WAE FH A5 2 A, O 1 L 40 M B b A A7 SCke, BRI S5 96
T2 R B [35] [36]. B BEMOAEENTIRTT 45 5 AR HoA DB . Bl A SR W, VR YT RTAOABE
W R SRR RAE, N A PTR 2R s R IA PR E s A S Th R f# 411 CD8'T 4Hiff,
A TR B E X Venetoclax BEA 7 268 AT N[ 16] [31]5 IR, ibyRa A 2 Rl 2T 4 41 Py <5 (i 8 v s 41
M55 s 2 A B RS, ST G AR G . A, TEMT 23 B, SRR R I i F )
RAFTERA, HAFEAHE: 1) RAER 5 (0 IL-6. TNF-a) KEBL; 2) CXCR4/CXCLI12 5tk il 5% 7%
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1, 5 B R A A s AR M A H S S5 R 3) LA VLA-4/VCAM-1 AERMEES R - Fil9+
BT B SRR, R SRR RPN [35] [36]. IXLEAE T AL ST AR 4 B L MCL-1 AR
PURT-ARST, MIMHPT Venetoclax FIJHTFE FRUN . BRI, B #ERASELE Venetoclax 1697 H 3
AT M AT Re AR, AT R 2 0E R R A TS I RS R A RUE S
S, AR G 5E KRS A A e BT [32] [34]. IX RS 1F A 545 i 1) 1 L0 A0 RS 2 DA oG . 46
o, i 2 AH SR ) ERAZ A A AML 40 AN 0] T 72 B B E AL s g, A Bt S I R AR S O
P i 165 588 5 HU I TR e (MCL-1 ) BRFAE ,  ANTIT IR B — 1~ AN GRS 555 JEE 7 380 248 i pAY 5 %2 1) ot ) i
RS . RGN R IE it 2 1) BAR oy 7 R R W 2% i 75 3 — P AT, (EIUA IR O 7R o i HAE R
Venetoclax i 2 X SMEIRS J1 I HIAL . Bd I 336 S e )/ JORE AR AS . PRALEE PUR I 546 2 0R 4. DA
St AR Ik £ s 75 2 RN, 3L Ry s A A SRR — AN s 1 “AMEREEST T [31][35]. FHE
B, XMORIPPE RO B IN RF SRR R ), 2 F BN IR I 3G AL B AT A 2 TR 245785 e (1 40 i .
BUREE RS v, AT ELREIREIG YT fE B e AL S R B K [31] [35].

3. ETHZNHIEKEIGTT R
3.1. RAIHRREEIUATER

BFHE T E A A _E A2 Venetoclax i 245 FIA% O HLH],  BEA#IH] MCL-1. BCL-XL %X
AP 1, FEALA B R T o AR 24 PR B LR SR 2 —[16]. MCL-1 AN S AR i, A
il R ROE [37]. BA AZD5991 NARZE /NG MCL-1 #IHIF,  LE I R AT 78 H g 3L HH i K ) B
2P A MR IS E[38]. U ANEERISE, Venetoclax 5 MCL-1 $HIFI B, 18 2 R AL (45 FAR T 2540
Ji) e ik SR R R RS, G SRR T R Ik LI P 2% A% O AR AR, AT A R IR R B AR P S
M 245[2] [16]. IXFHIEE MG 1) 0E 1 E 22 P 2575 52 N A3 2158 E . %40, %F 3K BCL2A1 (BFL-1)id %1k
B RAS JEERBOF MM 251 AML, Venetoclax 5 MCL-1 4077 156 & 75 e Pk 2 58 20 O AR B T3 1% [ 2] [16].
£t BCL-XL M 25, HAMI7)(an Navitoclax)ZENLE] ERIFEEAW 5] 7. 4810, HT BCL-XL 7E 1L
KA R R DG B AR T, SIS 2 e o 7 D 550 PR o e /SR 98 i, PR T LI PR R [11] 0 B4
T Venetoclax Xf BCL-XL 1 BCL2A1 B4 HIE TEELSS , PRZ W7 — A B0 4001 77 BORUR: 7 14 40 - (n
[Fi] i ) BCL-2/BCL-XL 8¢ BCL-2/MCL-1), R0 v ik 2 & AR EERF 5 7 A1 13]. S 2, HEH
AMEPEGTIE T2 2642 5 il Venetoclax i 2 AR AT S, o H Am e 22 B a5 400111 40 i P o 12 il 4
RGN . REEE SRS 5 Fa, (IS PR S bt Il IR Bk . 1 2 2 M s tE i @ i
Venetoclax BX# MCL-1 B BCL-XL il 551 S 2 3 0 5] 808, H AT -5 E0AS R 308 (7 B S0 o B i /N O
A, FEE R TIRITE o HUGRI ZGHLHI A e . SRR TS (IS FLT3 $04H155)) B BB A 5 3R
JEE SRR, (E A L5 200 M 3 o O B A R (I RAS/MAPK )G 7 A 4k A it 25 o 5% i 2 4 24 R 1 B 2%
P P RAHS R S IRANRIR S T B M IR S AR IR, B2 205 B E N T 259 M BAE
FH (5 25 25 & ) R BRAE P

3.2. BRAHERIERSESEE

FEF Venetoclax fif 2 AE 7S5 F 8 AL IGHLEICW 2.2 1), [R50 R 3h SR sl B AE A7 im i, 2
TR 25 0 5 — R0 SRS [14]. X — 3R 7E FLT3-1TD R4 AML 533 7 e EEE. ST FLT3 [E 54
SEEOETT B MCL-1 SEAEE R A, BEAE ] FLT3 #0817)(40 Gilteritinib)2E L LA BT 5[15]. B
FLHR1E, Venetoclax + AZA + Gilteritinib =B /5 E7E 30 B2 W FLT3 R4 AML 3 F S 90%M] CR
K, IR MRD BTER N 93% [39]. XFF IDH1/2 5838 AML, BESAHN ) IDH 1047 (Ivosidenib B
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Enasidenib) IR 4E 1 —FiotiRR (6 “ /AL £ s o IDH #0500 77 v fif % 28 28 44 TDH 2K 14 B £ 20 AL BELIE
5 Venetoclax I TN = E B [FI[12]. TG PRI FEUESE, 7E Venetoclax Bt# 7 Z H I\ Enasidenib
(IDH2 57 GERE— B4 T IDH2 548 B II7 2% 2] BhAh, B0 35 WL RAS/MAPK 3 B 305 (H W
T NRAS/KRAS. PTPN11 R4), ffi f MEK #liiill FI3EATBRA T BB A AR B B8 7 SR o 10 i
T2 RN (A5 R E MCL- 1R HEAEE,  Ham i n] feii % th kA 519 Venetoclax Mi24[7] [15] [40]. H
SRR, ARSI OTE T “H R - sOB I E RSN (E S BB S AR A AA e A, BB
SRS T 250 R ARIRAS X ey v AL R 0 AR A X i 2RI, B T S B
IRHERPEL A, AT ISR 24 R AR JRIE SRR Z IR ERE ARG R EMR[S] [12].

4. BESRE

Venetoclax [t 55, A2 S R A MRAML) Rk T, B3R 728 RE
BT B R RR S [4]. AR, SRR YRR 24 5 3RS VRN 25 07 2 ) £ AT 2k S 8URIT
RIS 1] AR, Venetoclax i 22—~ £ 2 EHLHIZZ LIRS I sh &L e, £
BT 1) AN FE BT T AR 2) AAHE S SACEHIE N E IR AL 3) B BRI S SN s
4) JRITE TR I 5 B AL S A0 MR S AT PR (2] BEt Bl L, 56T EE B i BE AR TT SRS OB
SRS A, X FEARE: BRI AMEE BT T A (A0 MCL-1 300 F)) B R 0 B 3445 5
FLT3/IDH #0I7)) AR DL BR A 58 R 47 H 0 e e 55 o IX LU SR 72 Im PR Al S 7 0 R
W7 b 3L B IR BRAE 2 0 245 1) KT 0 [14] 0 Bl Bk SR ORS HERL ), A 22 IR B bR B
MR R B CEE, WL REEEMAE, EAYRHY A EELBEREEZEER, 2R REWLIRT
AT FRORETE TR 0 )2 1B TP RIT ROR FEVEAk LA 24545 5 1 BRI SCEEIR T RS ML S
FA[16] [41] [42].

SE

[11] Nwosu, G.O., Ross, D.M., Powell, J.A. and Pitson, S.M. (2024) Venetoclax Therapy and Emerging Resistance Mecha-
nisms in Acute Myeloid Leukaemia. Cell Death & Disease, 15, Article No. 413.
https://doi.org/10.1038/s41419-024-06810-7

[2] Ong, F., Kim, K. and Konopleva, M.Y. (2022) Venetoclax Resistance: Mechanistic Insights and Future Strategies. Can-
cer Drug Resistance, 5, 380-400. https://doi.org/10.20517/cdr.2021.125

[3] Wei, AH,, Loo, S. and Daver, N. (2025) How I Treat Patients with AML Using Azacitidine and Venetoclax. Blood, 145,
1237-1250. https://doi.org/10.1182/blood.2024024009

[4] DiNardo, C.D., Jonas, B.A., Pullarkat, V., Thirman, M.J., Garcia, J.S., Wei, A.H., ef al. (2020) Azacitidine and Veneto-
clax in Previously Untreated Acute Myeloid Leukemia. New England Journal of Medicine, 383, 617-629.
https://doi.org/10.1056/nejmoa2012971

[5] Chatzilygeroudi, T., Karantanos, T. and Pappa, V. (2025) Unraveling Venetoclax Resistance: Navigating the Future of
HMA/Venetoclax-Refractory AML in the Molecular Era. Cancers, 17, Article No. 1586.
https://doi.org/10.3390/cancers17091586

[6] De Bellis, E., Imbergamo, S., Candoni, A., Ligo, A., Tanasi, I., Mauro, E., et al. (2022) Venetoclax in Combination with
Hypomethylating Agents in Previously Untreated Patients with Acute Myeloid Leukemia Ineligible for Intensive Treat-
ment: A Real-Life Multicenter Experience. Leukemia Research, 114, Article 106803.
https://doi.org/10.1016/j.leukres.2022.106803

[71 Diamantidis, M.D. (2025) Factors Affecting Response and Resistance to Venetoclax in Acute Myeloid Leukemia. Fron-
tiers in Oncology, 15, Article 1577908. https://doi.org/10.3389/fonc.2025.1577908

[8] Garciaz, S., Hospital, M., Collette, Y. and Vey, N. (2024) Venetoclax Resistance in Acute Myeloid Leukemia. Cancers,
16, Article No. 1091. https://doi.org/10.3390/cancers16061091

[9] Tse, C., Shoemaker, A.R., Adickes, J., Anderson, M.G., Chen, J., Jin, S., ef al. (2008) ABT-263: A Potent and Orally
Bioavailable BCL-2 Family Inhibitor. Cancer Research, 68, 3421-3428. https://doi.org/10.1158/0008-5472.can-07-5836

DOI: 10.12677/acm.2026.1652145 3257 I IR 2= =23t e


https://doi.org/10.12677/acm.2026.1652145
https://doi.org/10.1038/s41419-024-06810-7
https://doi.org/10.20517/cdr.2021.125
https://doi.org/10.1182/blood.2024024009
https://doi.org/10.1056/nejmoa2012971
https://doi.org/10.3390/cancers17091586
https://doi.org/10.1016/j.leukres.2022.106803
https://doi.org/10.3389/fonc.2025.1577908
https://doi.org/10.3390/cancers16061091
https://doi.org/10.1158/0008-5472.can-07-5836

R, EF

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

Mason, K.D., Carpinelli, M.R., Fletcher, J.I., Collinge, J.E., Hilton, A.A., Ellis, S., ef al. (2007) Programmed Anuclear
Cell Death Delimits Platelet Life Span. Cell, 128, 1173-1186. https://doi.org/10.1016/j.cell.2007.01.037

Souers, A.J., Leverson, J.D., Boghaert, E.R., Ackler, S.L., Catron, N.D., Chen, J., ef al. (2013) ABT-199, a Potent and
Selective BCL-2 Inhibitor, Achieves Antitumor Activity While Sparing Platelets. Nature Medicine, 19, 202-208.
https://doi.org/10.1038/nm.3048

Lu, H., Wang, H., Wang, Q., Huang, D., Han, Y., Wang, H., ef al. (2025) Dynamic Evolution of Venetoclax Resistance
in Acute Myeloid Leukemia Unveiled by Longitudinal Single-Cell RNA-seq. Cancer Letters, 628, Article 217853.
https://doi.org/10.1016/j.canlet.2025.217853

Pan, R., Hogdal, L.J., Benito, J.M., Bucci, D., Han, L., Borthakur, G., et al. (2014) Selective BCL-2 Inhibition by ABT-
199 Causes On-Target Cell Death in Acute Myeloid Leukemia. Cancer Discovery, 4, 362-375.
https://doi.org/10.1158/2159-8290.cd-13-0609

Tatarata, Q.Z., Wang, Z. and Konopleva, M. (2024) BCL-2 Inhibition in Acute Myeloid Leukemia: Resistance and Com-
binations. Expert Review of Hematology, 17, 935-946. https://doi.org/10.1080/17474086.2024.2429604

Zhang, Q., Riley-Gillis, B., Han, L., Jia, Y., Lodi, A., Zhang, H., et al. (2022) Activation of RAS/MAPK Pathway Con-
fers MCL-1 Mediated Acquired Resistance to BCL-2 Inhibitor Venetoclax in Acute Myeloid Leukemia. Signal Trans-
duction and Targeted Therapy, 7, Article No. 51. https://doi.org/10.1038/541392-021-00870-3

Zhang, H., Nakauchi, Y., Kéhnke, T., Stafford, M., Bottomly, D., Thomas, R., ef al. (2020) Integrated Analysis of Patient
Samples Identifies Biomarkers for Venetoclax Efficacy and Combination Strategies in Acute Myeloid Leukemia. Nature
Cancer, 1, 826-839. https://doi.org/10.1038/s43018-020-0103-x

Chen, X., Glytsou, C., Zhou, H., Narang, S., Reyna, D.E., Lopez, A., et al. (2019) Targeting Mitochondrial Structure
Sensitizes Acute Myeloid Leukemia to Venetoclax Treatment. Cancer Discovery, 9, 890-909.
https://doi.org/10.1158/2159-8290.¢d-19-0117

Kasper, S., Breitenbuecher, F., Heidel, F., Hoffarth, S., Markova, B., Schuler, M., et al. (2012) Targeting MCL-1 Sensi-
tizes FLT3-ITD-Positive Leukemias to Cytotoxic Therapies. Blood Cancer Journal, 2, e60.
https://doi.org/10.1038/b¢j.2012.5

Yoshimoto, G., Miyamoto, T., Jabbarzadeh-Tabrizi, S., Iino, T., Rocnik, J.L., Kikushige, Y., ef al. (2009) FLT3-ITD
Up-Regulates MCL-1 to Promote Survival of Stem Cells in Acute Myeloid Leukemia via FLT3-ITD-Specific STATS
Activation. Blood, 114, 5034-5043. https://doi.org/10.1182/blood-2008-12-196055

Yamatani, K., Ai, T., Saito, K., Suzuki, K., Hori, A., Kinjo, S., et al. (2022) Inhibition of BCL2A1 by STATS Inactivation
Overcomes Resistance to Targeted Therapies of FLT3-ITD/D835 Mutant AML. Translational Oncology, 18, Article
101354. https://doi.org/10.1016/j.tranon.2022.101354

Moujalled, D.M., Brown, F.C., Chua, C.C., Dengler, M.A., Pomilio, G., Anstee, N.S., ez al. (2023) Acquired Mutations
in BAX Confer Resistance to Bh3-Mimetic Therapy in Acute Myeloid Leukemia. Blood, 141, 634-644.
https://doi.org/10.1182/blood.2022016090

Carter, B.Z., Mak, P.Y., Tao, W., Ayoub, E., Ostermann, L.B., Huang, X., et al. (2023) Combined Inhibition of BCL-2
and MCL-1 Overcomes BAX Deficiency-Mediated Resistance of TP53-Mutant Acute Myeloid Leukemia to Individual
BH3 Mimetics. Blood Cancer Journal, 13, Article No. 57. https://doi.org/10.1038/s41408-023-00830-w

Blombery, P., Anderson, M.A., Gong, J., Thijssen, R., Birkinshaw, R.W., Thompson, E.R., et al. (2019) Acquisition of
the Recurrent Glyl01val Mutation in BCL2 Confers Resistance to Venetoclax in Patients with Progressive Chronic
Lymphocytic Leukemia. Cancer Discovery, 9, 342-353. https://doi.org/10.1158/2159-8290.cd-18-1119

Blombery, P., Thompson, E.R., Nguyen, T., Birkinshaw, R.W., Gong, J., Chen, X., et al. (2020) Multiple BCL2 Muta-
tions Cooccurring with Gly101Val Emerge in Chronic Lymphocytic Leukemia Progression on Venetoclax. Blood, 135,
773-777. https://doi.org/10.1182/blood.2019004205

Bisaillon, R., Moison, C., Thiollier, C., Krosl, J., Bordeleau, M., Lehnertz, B., et al. (2019) Genetic Characterization of
ABT-199 Sensitivity in Human AML. Leukemia, 34, 63-74. https://doi.org/10.1038/s41375-019-0485-x

Lin, S., Schneider, C., Su, A.H., Alexe, G., Root, D.E. and Stegmaier, K. (2024) The UBE2J2/UBE2K-MARCHS5 Ubiq-
uitination Machinery Regulates Apoptosis in Response to Venetoclax in Acute Myeloid Leukemia. Leukemia, 38, 652-
656. https://doi.org/10.1038/s41375-024-02178-x

Nechiporuk, T., Kurtz, S.E., Nikolova, O., Liu, T., Jones, C.L., D'Alessandro, A., et al. (2019) The TP53 Apoptotic
Network Is a Primary Mediator of Resistance to BCL2 Inhibition in AML Cells. Cancer Discovery, 9, 910-925.
https://doi.org/10.1158/2159-8290.cd-19-0125

Aubrey, B.J., Kelly, G.L., Janic, A., Herold, M.J. and Strasser, A. (2018) How Does P53 Induce Apoptosis and How
Does This Relate to P53-Mediated Tumour Suppression? Cell Death & Differentiation, 25, 104-113.
https://doi.org/10.1038/cdd.2017.169

Thijssen, R., Diepstraten, S.T., Moujalled, D., Chew, E., Flensburg, C., Shi, M.X., et al. (2021) Intact TP-53 Function Is

DOI: 10.12677/acm.2026.1652145 3258 I IR 2= =23t e


https://doi.org/10.12677/acm.2026.1652145
https://doi.org/10.1016/j.cell.2007.01.037
https://doi.org/10.1038/nm.3048
https://doi.org/10.1016/j.canlet.2025.217853
https://doi.org/10.1158/2159-8290.cd-13-0609
https://doi.org/10.1080/17474086.2024.2429604
https://doi.org/10.1038/s41392-021-00870-3
https://doi.org/10.1038/s43018-020-0103-x
https://doi.org/10.1158/2159-8290.cd-19-0117
https://doi.org/10.1038/bcj.2012.5
https://doi.org/10.1182/blood-2008-12-196055
https://doi.org/10.1016/j.tranon.2022.101354
https://doi.org/10.1182/blood.2022016090
https://doi.org/10.1038/s41408-023-00830-w
https://doi.org/10.1158/2159-8290.cd-18-1119
https://doi.org/10.1182/blood.2019004205
https://doi.org/10.1038/s41375-019-0485-x
https://doi.org/10.1038/s41375-024-02178-x
https://doi.org/10.1158/2159-8290.cd-19-0125
https://doi.org/10.1038/cdd.2017.169

R, EF

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

Essential for Sustaining Durable Responses to BH3-Mimetic Drugs in Leukemias. Blood, 137, 2721-2735.
https://doi.org/10.1182/blo0d.2020010167

Lagadinou, E.D., Sach, A., Callahan, K., Rossi, R.M., Neering, S.J., Minhajuddin, M., et al. (2013) BCL-2 Inhibition
Targets Oxidative Phosphorylation and Selectively Eradicates Quiescent Human Leukemia Stem Cells. Cell Stem Cell,
12, 329-341. https://doi.org/10.1016/j.stem.2012.12.013

Pollyea, D.A., Stevens, B.M., Jones, C.L., Winters, A., Pei, S., Minhajuddin, M., et al. (2018) Venetoclax with Aza-
citidine Disrupts Energy Metabolism and Targets Leukemia Stem Cells in Patients with Acute Myeloid Leukemia. Na-
ture Medicine, 24, 1859-1866. https://doi.org/10.1038/s41591-018-0233-1

Sharon, D., Cathelin, S., Mirali, S., Di Trani, J.M., Yanofsky, D.J., Keon, K.A., ef al. (2019) Inhibition of Mitochondrial
Translation Overcomes Venetoclax Resistance in AML through Activation of the Integrated Stress Response. Science
Translational Medicine, 11, eaax2863. https://doi.org/10.1126/scitranslmed.aax2863

Stevens, B.M., Jones, C.L., Pollyea, D.A., Culp-Hill, R., D’ Alessandro, A., Winters, A., ef al. (2020) Fatty Acid Metab-
olism Underlies Venetoclax Resistance in Acute Myeloid Leukemia Stem Cells. Nature Cancer, 1, 1176-1187.
https://doi.org/10.1038/s43018-020-00126-z

Jones, C.L., Stevens, B.M., Pollyea, D.A., Culp-Hill, R., Reisz, J.A., Nemkov, T., et al. (2020) Nicotinamide Metabolism
Mediates Resistance to Venetoclax in Relapsed Acute Myeloid Leukemia Stem Cells. Cell Stem Cell, 27, 748-764.e4.
https://doi.org/10.1016/j.stem.2020.07.021

Yu, X., Munoz-Sagredo, L., Streule, K., Muschong, P., Bayer, E., Walter, R.J., et al. (2021) CD44 Loss of Function
Sensitizes AML Cells to the BCL-2 Inhibitor Venetoclax by Decreasing Cxcl12-Driven Survival Cues. Blood, 138, 1067-
1080. https://doi.org/10.1182/blood.2020006343

Thijssen, R., Slinger, E., Weller, K., Geest, C.R., Beaumont, T., van Oers, M.H.J., et al. (2015) Resistance to ABT-199
Induced by Microenvironmental Signals in Chronic Lymphocytic Leukemia Can Be Counteracted by CD20 Antibodies
or Kinase Inhibitors. Haematologica, 100, ¢302-¢306. https://doi.org/10.3324/haematol.2015.124560

Wei, A.H., Roberts, A.W., Spencer, A., Rosenberg, A.S., Siegel, D., Walter, R.B., et al. (2020) Targeting MCL-1 in
Hematologic Malignancies: Rationale and Progress. Blood Reviews, 44, Article 100672.
https://doi.org/10.1016/j.blre.2020.100672

Tron, A.E., Belmonte, M.A., Adam, A., Aquila, B.M., Boise, L.H., Chiarparin, E., ef al. (2018) Discovery of Mcl-1-
Specific Inhibitor AZD5991 and Preclinical Activity in Multiple Myeloma and Acute Myeloid Leukemia. Nature Com-
munications, 9, Article No. 5341. https://doi.org/10.1038/s41467-018-07551-w

Short, N.J., Daver, N., Dinardo, C.D., Kadia, T., Nasr, L.F., Macaron, W., et al. (2024) Azacitidine, Venetoclax, and
Gilteritinib in Newly Diagnosed and Relapsed or Refractory FLT3-Mutated AML. Journal of Clinical Oncology, 42,
1499-1508. https://doi.org/10.1200/jc0.23.01911

Sango, J., Carcamo, S., Sirenko, M., Maiti, A., Mansour, H., Ulukaya, G., ef al. (2024) RAS-Mutant Leukaemia Stem
Cells Drive Clinical Resistance to Venetoclax. Nature, 636, 241-250. https://doi.org/10.1038/s41586-024-08137-x

Chyla, B., Daver, N., Doyle, K., McKeegan, E., Huang, X., Ruvolo, V., ef al. (2018) Genetic Biomarkers of Sensitivity
and Resistance to Venetoclax Monotherapy in Patients with Relapsed Acute Myeloid Leukemia. American Journal of
Hematology, 93, E202-E205. https://doi.org/10.1002/ajh.25146

Waclawiczek, A., Leppd, A., Renders, S., Stumpf, K., Reyneri, C., Betz, B., et al. (2023) Combinatorial BCL2 Family
Expression in Acute Myeloid Leukemia Stem Cells Predicts Clinical Response to Azacitidine/Venetoclax. Cancer Dis-
covery, 13, 1408-1427. https://doi.org/10.1158/2159-8290.cd-22-0939

DOI: 10.12677/acm.2026.1652145 3259 I IR 2= =23t e


https://doi.org/10.12677/acm.2026.1652145
https://doi.org/10.1182/blood.2020010167
https://doi.org/10.1038/s41591-018-0233-1
https://doi.org/10.1126/scitranslmed.aax2863
https://doi.org/10.1038/s43018-020-00126-z
https://doi.org/10.1016/j.stem.2020.07.021
https://doi.org/10.1182/blood.2020006343
https://doi.org/10.3324/haematol.2015.124560
https://doi.org/10.1016/j.blre.2020.100672
https://doi.org/10.1038/s41467-018-07551-w
https://doi.org/10.1200/jco.23.01911
https://doi.org/10.1038/s41586-024-08137-x
https://doi.org/10.1002/ajh.25146
https://doi.org/10.1158/2159-8290.cd-22-0939

	Venetoclax治疗急性髓系白血病的耐药机制与克服策略进展
	摘  要
	关键词
	Advances in Resistance Mechanisms and Overcoming Strategies of Venetoclax in Acute Myeloid Leukemia
	Abstract
	Keywords
	1. 引言
	2. Venetoclax耐药的多维度机制
	2.1. 细胞内在抗凋亡网络的代偿
	2.2. 生存信号激活与代谢重编程
	2.3. 骨髓微环境介导的外部庇护

	3. 基于耐药机制的联合治疗策略
	3.1. 联合抑制代偿性抗凋亡蛋白
	3.2. 联合靶向驱动基因与信号通路

	4. 总结与展望
	参考文献

