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Recent advances in mechanisms of KRA inhibitors anti-tumor

resistance and relevant overcoming strategies
LIU Ke-xin*, WU Rui-lin*, YUAN Tao, PU Kai-yue, HE Qiao-jun, ZHU Hong", YANG Bo"

(College of Pharmaceutical Sciences, Zhejiang University, Hangzhou 310058, China)

Abstract: KRAS is one of the most frequently mutated human oncogenes. In spite of mounting efforts on the
development of direct or indirect inhibition targeting KRAS, little has been achieved because of insurmountable
difficulties, titling KRAS "undruggable". Recently, subtype-specific inhibitors have shown great hope. Some
KRAS®"¢ inhibitors have entered clinical trials, including adagrasib and sotorasib, and have shown preliminary
clinical effectiveness. Experiences from the inhibitors targeting the downstream factors of RAS pathways show that
the anticancer activity of these drugs will be limited due to the development of drug resistance. Preclinical studies
of KRAS®"¢ inhibitors have revealed that the application of these agents might be hampered by the drug resistance
issue. The current review aims to describe the current status of KRAS%"* inhibitors, and discuss the mechanisms
underlying KRAS®"*inhibitor resistance, so as to provide the clues for the combat of drug resistance.
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KPR T R . RASER KR A AR =
K F JR M, L #5 KRAS (Kirsten rat sarcoma). HRAS
(Harvey rat sarcoma). NRAS (neuroblastoma rat sarcoma)
AR, TENZER , KRAS A2 e 58 A8 A i 1y
(7, tILAE 29 85% s hE v, B 45 29 95% I JBk iR 3
% J# (pancreatic ductal adenocarcinoma, PDAC). 45%
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[ 45 B % 9% (colorectal cancer, CRC)35% ) fifiJ&# (lung
cancer), LA J&& £ 3%~ 5% [1) i 1K 41}l &8 (squamous cell
carcinoma, SCC) Al /N8 73 F & W JIEE i (endometrial
cancer, EC). % It J& (bladder cancer, BC). Ul i J=
(ovarian cancer, OC) 204,

RAS & H 2 — f & & = % R M (guanosine
triphosphatases, GTPase), H A & B f& 57 [ GTP
(guanosine triphosphate) £ & 45 #4) 380 F [i5 47 ) GTP 7K
e TS 1, T DA A — R A 22 S R/ o A IR R 1 R 11
IR AL, FFAR IS T R A 0K 52 182 DA T A% 328 4 A5
TS EIEWE MM, RAS R S % 5 GDP
(guanosine diphosphate) 25 & I, RAS TGl 14, & T
CORVARAS; 232 PG AR T AR B E 9 )5, RAS
5 GTP &G 1M “4T 17 N5 5 i, 42 40 Jf 4 5
P T AR A AR R XA REZ B 2 M E AT
A% R, AL FE S IR e R R AC ¥ Al T (guanine
nucleotide exchange factor, GEF) F1 GTP Hff i# 7 & A
(GTPase-activating protein, GAP). GEFs 4l ¥ GDP [}
fR B ARG J5 1 GTP 45, 0% RAS 2 A, 1T GAPs il
GTP /K fi#, ¥4 RAS Ak A HARTE AR AN,

KRAS KK 15 GTP 6 )1 i & |,
M ORFFE 5B T BB S, FEFIESH S
WO KP4 WS, U 45 RAF (rapidly accelerated
fibrosarcoma) -MEK (mitogen-activated protein kinase
kinase, MAPKK) -ERK (extracellular regulated protein
kinase) MAPK (mitogen-activated protein kinase) i # .
PI3K (phosphoinositide 3-kinase) -AKT (protein kinase
B)-mTOR (mechanistic target of rapamycin) 8 4 5, 12
T 240 60 14 RN A A, HE S ORI R AR R Y. T T
KRAS — RN A AT 527, DA, 00 T Ji i %
40155, 7EAH 24— B A SRAG T RN I T2 R
. BT O 24 B A FE MEK 0 55 38 & e
(trametinib). BRAF (B-type Raf kinase) 1 i 7 4t & E
JE (vemurafenib) %5, #R 1M & 411 IF JERF 7 HEEF X KRAS
AL R, B = B A I R OT R, R Re 3R IR 9T
KRAS JEAZ f i 8™

% F KRAS £ —Fl GTPase, it I [ 7 H A1 GTP
AH AR 7N 53 7 Ak B ) o] ok B $ ) g R 7E A .
SR, BT KRAS 5 GTP 1136 Al JJ W 5, fif B2 % %
(dissociation constant, K,) 24 10" mol-L™, Iz 4f i
o GTP WK FE M (—~0.5 mmol-LY), Btkig 4 A1k, i
RIRAF A AN H] KRAS 1) GTP &5 & #7711 th4b,
KRAS & ([ R M H = 8 ik n48. Rk
PLoK, AAIT— LN KRAS & K a] B 25 o, & 2
KRAS LA ] 55 7 H
1 KRASCZCH&IF)

KRAS FE R F8 75 AN [6] B W0 A, f5 i R A R AR A
RO 12,13 F 61 fr s JERR, oA DS 12 7 H 2= R 1
RAL e N H W, AT AL F§ KRASOC . KRASP
KRASOV AR 3fr ) 4F FF & 1 KRA S 3 47 #1 i 77
AMGS510.MRTX849 &5 1] ¢ ¢ M3 45 & i T X
) KRASCC, 3 i B2 i KRA S 2C 85 [ 76 A3 M AN v 1k
T 3008 B e A8, 0] KRASCC 3% M, M 11 35 31 4 i 8
B H I (€ DM, ARS-1620 2 55— M E ] B A 14
PIT R0 KRASC R e M 771, i J5 3= A 1 Hodth
JUM AR P03 14 B 5 (0 AR 5G4 A, A a Bk NI R
) A& B 35 4% 437 P A7 (adagrasib, MRTX849) Al & FLH7
(sotorasib, AMG-510)"") it Z Flfb. & ¥ IE &b T -
WG RS o Hor— TG T AR #0771 LY 3499446
AR R R HE I = A B T B T 2%k

KRASC A 4 il 71 B 4% 5 9% 48 4k KRASC 24
A, LA B ) L Cys-12 BT 1935 S AR M B 45 1
4211 (switch II pocket, s-1IP), M 1 K KRAS®"*C 8 & 15
GDP 45 & AW AR ZS, BLIEH 5 GTP 454, dt i
I KRASCC i BE W0, AT FE B S0 45 51

H AT, KEHFF SR H KRASC AN 1) 771 76 b
JEVRTT I BRI 7, SR 4 0t 9T S BIAE I R T
RN B 2 PR RS T AR 22 S v, A SEBR R I/
R ASE 28 v A FH 4 ) RV 9T 5 R K, R B KRASOPC
HHIFI 25 E 2 H B, Rk, T i KRASC #0771
) A i 2] A AR R A i 24 WL, T T i K PR P A
HRrig e s BT,

Table 1 KRAS®"¢ inhibitors as monotherapy in US-based clinical trials. KRAS: Kirsten rat sarcoma; NSCLC: Non-small cell lung

cancer; FDA: Food and Drug Administration

Therapeutic agent Company

Condition Phase (ClinicalTrials.gov Identifier)

AMGS510 (sotorasib, trade
name: Lumakras)

Amgen

Mutated/advanced metastatic NSCLC Phase III (NCT04303780), approved by

FDA for KRASG12C mutated NSCLC

MRTX849 (adagrasib) Mirati Therapeutics Inc. (MRTX) Metastatic/advanced NSCLC Phase III (NCT04685135)
JDQ443 Novartis Pharmaceuticals Advanced solid tumors Phase I/Il (NCT04699188)
LY3537982 Eli Lilly and Company Carcinoma Phase I (NCT04956640)
LY3499446 Eli Lilly and Company Advanced solid tumors Terminated (NCT04165031)
GDC-6036 Genentech, Inc. Advanced/metastatic solid tumors Phase T (NCT04449874)

BI 1823911 Boehringer Ingelheim Advanced/metastatic solid tumors Phase I (NCT04973163)
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2 KRASCCHNHI 7 i 25 4%l K2 72 BR SR A%

KRASC" B) Zy (1 i 8 1) i i 2 P 07 200E 3 5 o)
= A B E (B 1), AT B 1) VR 9T SN 2R
B, EBALFE X KRAS {5 5 it M I 55 51 &2 1 [# 4 i
251, DL 250 I A2 A KRAS PR RAE L 555 AR
TR AR I S Ut I O S5 S LS R R AR N 24 . [ T 24
PELEAS FH 2509697 10 ik CAEAE, SRAF RN 24 2 75 S 1]
PV T A S I B R R R I o B AN [ i 245 4L
i, B 03 1EAE R AR 22 AH B 1) 5 I SR S
2.1 I KRASESK#ME (ENSCLC 1, KRAS™
B EVATT 6 50% () KRAS2C 945 1 8 3% 4 24, W
043 G12C FEAL FE 35 Xof B [va) 41 1) 350 A7 A2 R AR R
FE 12 4 2 [ Hit B 55 73 W O 5 0 A7 A2 ) KRAS PR
ARG AR, A 11 R {E AMG-510 4b # 5 40 i 16 5 52
FH0H, ABH 1R A KA Z BB E .
b, 254 KRASOZC RAZ I N 20 i 22 7 A6 10 S P RS A
) %F MRTX849 [ 44 PN [ 52 B H BOURE 38 9 Bl B

Tumor cells —
"

Normal cells —

<{
Yy
/A a

AU A [7] s RS, 3k BB 11 PR AT AIF 72 45 SR R,
A T 24 1 AT BE A2 e PR I 1A) KRASC2C YR T 1 57 52 S N7
1 25 B LR 2 —, AT fig A2 B KRAS {5 5 [0 4 A
gAY RAS H HIEE 2 Mg KIEE M, [
MAPK-ERK 1 PI3K-AKT-mTORC1 % i& 12 . C©F W
FEAE W S0k P KRAS 58748 (1) 4 [7] Jili 2 21 i & A1 PDAC
YA Z % KRAS 15 5 AR AN R, JF 8257 17 “RAS K
i1 48 507 (RAS dependency index, RDI) 3K & 14 #. A4
Y L F R KRAS PR A M 14, T K AS R 48 i &
KRAS i 14 AT KRAS JEAR ", 723 7 KRAS 3E
WA 20 i 2 b, RIS KRAS 58243, 20 i sR 6
W AENE, IXHEIR, #7r KRASC2C 5748 i xf G12C ]
FUAELE M 25 VE 1R 7T B S5 R A 20 R A B 6 KRAS 4 i
PR I E A ) 4K 22 B0 IR HH PI3K AR B 1)
MAPK 38 % 3077 F1 X MAPK i # 30 fi) 751 B B0 P20
T — B o B B v BH I 52 A % 2 B2 B BE (receptor
tyrosine kinase, RTK) AJ LA 7¢ fRifif 24 M, 7] B 1A i 72
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Figure 1 The mechanisms by which sensitive (a) or resistant (b) cells respond to KRAS®*® inhibitors. A: KRAS® is trapped in the

inactive state bound to GDP when interacting with KRAS®'*“ inhibitors (G12Ci), and downstream signaling pathway is closed, which

weakens the proliferation of tumor cells and induces tumor cell apoptosis to varying degrees; b: A variety of mechanisms of resistance

towards G12Ci have been revealed, including: () Negative feedback inhibition is reduced and upstream RTKs are upregulated
subsequently; @ RTK-mediated activation of wild-type RAS (NRAS, HRAS); @ Newly synthesized KRAS'* activates downstream

pathways and imposes oncogenic effects again; @ The generation of secondary mutation on KRAS®* decreases its affinity to G12C

inhibitors thus escaping from the inhibition. Through these mechanisms, tumor cells develop resistance to specific G12Ci
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TN PI3K G 6 5 o iz A Y
2.2 FEMAIKRASSCRELMHMER SRR
5 KRASCC 5 4% it 989 48 fitL % ARS-1620 (11 A5 [7] 52 B,
Fan ey T AR AP, BRI, APER T
K 2 H4n B g N KRAS 3 14 4 i) i 88 1 (Go) IR,
R0 53 240 i 2 80 3 P 0 P R RO S B . 1B AL
il AT BE 2 L 4H M AR TR I KRASCC AR A B
H. # & KRASC  BetE 12 5 24 45 & 2wk 47
% TR A8 4 ok 4 7 1% 1, BIOE Ik R AR KR 2 AR
(epidermal growth factor receptor, EGFR) F i X B
SHP2 (Src homology-2-domain-containing PTP 2) {5 %
& FUFFETEVE GTP 45 & A ABURIRES . Aurora
W A (aurora kinase A, AURKA) 47\ /2 4 e ik 18
29155 5 1) i LB B BT 75 1, IX RT RS BH T AURKA.
KRAS"CF1 R i % 8. F CRAF (RAF1) 2 8] ) 55 5 15
SHTGIE, UGS ) AURKA 19 0] 8 72 98 75 1T 24 70
Jik R
23 RTKNSTEHERRASHBIE RTKZHRAN
—REGHR AR, 2 2 A KR AR PR A R S
M SR TH 2 A, ReR IRAME SIS BI R A, /S 4HE R
WG TR RS R NN HATC K
(1) RTK ik 50 22 Ffr, Horb 55 e A0 e S DTAH 5C ) A
EGFR. IfiL /MR A K R 52 44 (platelet-derived growth
factors, PDGF). Jik % & %2/ (insulin receptor, IR) &Y,
f14% EGFR 1 A ) % il RTK s /2 W% KRAS () G 8 |
R R 5 LIRS 17 A8 1 KRAS & A 4EFR4
0 S B P R VR A 2, ) — T 5T R I, KRAS 401l 5
O RR TR 30 8 S 15 5 B KR AS 3 I - 0ty AN 25 0K
f& K8 RTK /3 1957 4 8 RAS (NRAS B¢ HRAS) ¥
T BT ER S, G12C 490 1) 77 I 9% FH W 55 40 i) B A Y
RAS & A B ThRe, MM FEMAPK 5515 5@ % 5
R, IR A X KRA S 01 1) 751) Ao i 24 i) /88, %
FH RTK $101 i1] 51 7] 6 2 78 7E 1) A ZOE B . B AR B,
HER2 (human epidermal growth factor receptor 2) Il
7k % JE (afatinib) 1 FGFR (fibroblast growth factor
receptor) 1 il 77 BGJ398 £ £ MR A 1 5 KRASC 411
RG22 B0 B i P[RR 3 s A [ 4 ) 410
il KRAS®"*“ 5 HER 5 FGFR 1] g /& B 7216 IT
FEWE22 (H H HT R R K ILAE BT KRASC!C e Y
HOAS W B IK RTK, PSSR ) e — 28 RTK W] g
TCVE AR 25 1) 7

R M SHP2 /1 3 I\ 2 /> RTK L2 B RAS 142 1)
55 o SHP2 HIl FFI4E 2 P g R HMEERY | S5 P B2 AL RS
f 70 DA S AR KRASSC 98 4% (1) PDAC I NSCLC %5 45
AL 5 Rl ) 2 B RTK A 3 1 S U5HE 5, B KRAS-

GDP () Lt ], I 48 55 G 12C 3001 751 f 70 o 98 2 SR 27,
W —J5 T, S 2 WY, SHP2 #1771 1 G12C #0171 1)
WA B FH AT R S M 5 i R O B, 15 0 CD8T T 4
JH, 5 T 30— 25 458 i R St 2 A 7 A ) 7R 17 UK
PECT, AT O, BB A SHP2 411 5 5 KRASY™C
7, 9 KRASCC 5 AR 1y gg S it 7 — /Ml W 5
JIIE A FH 265 5 A5 P72

HHE AT L, T8 2 B AR A RAS I8 A2 3 e AR I AR
KRAS, #ll 5l i& W 3 34t [ A 5 10 3843 PR i 24 3 F2
RTK FI SHP2 [5G # e & 8 2, H |, RTK il
71 - SHP2 4111 771] 5 KRASC"C 111 771 (1) 1Bk FH 4L 4 1E Ak
Tl PR VI 313856 R
24 EGFRESEIERHIE /& RTKEOE T 7T
AT A 2 PR #45 F 4 58 10 RTK 301 770 /E 9 — R i B &
FZ 2R G, AR — S8 )8 o] B A7 7E A 5 10 245 16 1 VG
WIE — T 5% F 45 E g 0 70 b R B EGFR {5 516 &%
S 25 1 32 BEALHIEY . 3% 3 M KRASCC #0771 6 K
ZHKRASCRAKNSCLC &7 B, HERSA
A 5] TEAR 1 25 1 B e S5 v AR I, FENT &5 B e 4
ZH KRAS T i 2% i #0555 B e . mtAak
I, KRAS®C 28 B Ji7 i B 84 vh RTK = B2 0%, Ho
EGFRE 5 N B2, B KK 7 HREE &N .

Pt EGFR B4 75 2 5 FR il KRA SO 25 B i s 4
JH 2 38 6 AMGS10 #8064, 1M [ B BH T EGFR Al
KRAS"*“ B8 1 # 7L EGFR HL 44 F G 12C 4171 i) 751 B 4
FH I 5 25 1 96 40 B 35 () 4k e PR 245, A7 R0 i 45
L i 0 S R I . KRASE™C 101 i) 751) MRTX 1257
MG B B B B A VA T LI 318 56 1F 75 1 301 45 B i e
B R I (NCT04793958) PO,

BN, 33— 2D R 7T KRASC 5 A8 (1) 3 K] R IA HR1E
Al B BT B AT SR HERR I 25, LIRS A i
RTK #il55. 7E40E /AN G12C B R o, HAT
b BRI R B AT v R I8 S HER2/3, T 2 A R 78
J5 5 AE (1) il 98 FGFR2 Fl AXL (anexelekto) 2 ik 7K °F
o
2.5 TURZET R T4 KRAS S S A 18 G A R
552 4b, 4 KRASC 548 41 ji 38 1 G £ it 45 L At #g
HEHT KRASC i F4E FH 1 H K LR RS, S8 H it
MR

BB IR KRAS 275 (U1 Y40A N116H B{ A146V)
RE 18 98 A% TF B2 %2 #e, 187 GEF 3% 1t 386 n ; 1 2L A 1y 3
KA (W AS9G . Q61L 5L Y64A) NI AT 1 55 H [# 45
GTPase i 1, {f§ KRAS 15 ® 7£ GTP 45 & R%S, T ifiE
OGS . X155 G12C F 7% KRASC 58
A5 4 W A5 VE Y. 7 KRASCC 58 748 () JE gty | 3
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— DR Y96D RAZ, o™ EL M 77 5 KRAS B /K
FHRSE S I AR E M, S BUFLLH KRAS 5 51 3G
ST AR BT . KRASCP 30 [ i i K JT & 19 2 F
KRAS i 77 #8 2 AT vk, (2 — Pk B4 Dy 5e s 1)
“=R AW KRASE MRS RM-018 fR # T
455 A KRASC2OY P68 3, AT 5 i 25125

R 7 KRAS H 5 1) IR RASN, — RFIRF 1) 75
# BE WU RTK-RAS {5 538 %, 1X £ 5 [K 1,45 BRAF.
MET (mesenchymal to epithelial transition factor)s ALK
(anaplastic lymphoma kinase). RET (rearranged during
transfection)s MEK1 2§ . — I Il IR #F 78 & 9l — 4
KRAS®"”“ NSCLC H # X MRTX849 ;= /£ T £ o [ 3k
BV 2, 4 D3N (KRAS\NRASBRAFMEKI) [7] i
AR, AT DLFE KRASCC 52 i) i) 1% L T, LA
MSZT KRAS 7 U0 I 455 L R (5 S5l gt
26 HHEFEA4  E R E R AL (epithelial-
mesenchymal transition, EMT) 1] ‘5 %} KRASC"* #I
) (4 P9 LE AR A3 PEAR BT, WT BE & X KRASC 411 ) 7]
77 AT 2 1 A g AR ALY R R A EMT 48 i
PI3K ¥ g % 1 B 72 KRASC™C #01 fil] 77 47 75 17 1 Il
™, W ORFF R SRR IR iy, PI3K I8 % (1135 1k
AR SHP2 (ot RERIR N, mMEZBZ 50 7
EMT ) IGFR (insulin-like growth factor receptor)-IRS1
(insulin receptor substrate 1) i % A& ¥ i 75 7 FPY, 1X
55 SHP2 £ 0% MAPK 38 % 1 1K) OC 8 1F I A 5, $ 7
W 7E 3 A1 X AN R ML B TR 24 R, 7T e 75 2R AN
[ 1) B R Y6 97 SR IS o KRAS S 411 5] L PI3K 401 ) 71
SHP2 i) 71 1) 4 5 3 ZO AMGS510 ZR A5V 245 1 /)
FRABE 2R o ) bR i R
3 4k

KRASCR 57 VA 771 A F8 7 KRAS AL [ i e
BEA Sk T Y., HAl, sotorasib L4 3k 15 2 E FDA
(Food and Drug Administration) #t#E =77, H Fi67 &
2T — IR R SR T I KRASPC R AZ [ NSCLC, &
A ERE FKE T KRAS HSE [m) 25 . SR I R B H R B0,
KRAS i) 771 7 75 B S PR 245 1) JE, AELAL ) 0 R 5
) B, U H RIS 22 2 2 AL 5 il PR A
FAEIEA 5t — DA .

ST IRA R 2452 H AT I AR BN A AT E B IR 24
R SR, T 5 BT D Il DR T 78 45 2R 484 S KRASO™C
F1 ) 741 41 adagrasib A1 sotorasib 7E I IR & A i 52 P
B, 7R FE T 25 B K KRASCC L i) 25 4 15 J
fib 245 4 2 AT W6 F AT AE R AR T 24 ) R ) OK B T I
Z—
H A6 T KRASC il 5 i 24 L] 1R DA 3R i A

a4, Wt RIFRAN RGN TE, T4k 5 Hi 25 %
DI SRR HE R AL AN Sl B . TR I PRIA T o, B
HE— 5 B KRASCC AR B0l /63 [ 70 7 L2
ik, I T A SRV A 40 P e 3 A v L5 31 Y i 24530
I AN SR B R A A I PR A TRt B A B AR
P, J4 Ik FERE S R AT R SR AL [TV, R R
KRAS 1l 77 (i 24 I 7428 A B

1 DIRk: XA SR AR IRIACE AE I S iU T
SCHR B PR TERE SRUL AR S A B TN ZE i AL
TR AT 275 WA AR R 2 v 2R
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