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HE ERRE—NMNEERAEMTEERTH. REANSZEREBRENANELRE, B3 RERKMIELE
BRI AR, X — IR ELHEMF TP REEE A, GERERE . WHERBFAZURY
Mk E NER ERREEARRSERBESCUHMEL BB P XBERT X 2 XE, BT ERK
R EMFME LR, ERERKETHEEREEZNIERENNE, FAEERKLENS T RENHHAT
BBTHLSEZHARHARE AXEHEMRER UL ATBNER L, SRA TR T RAXTERKENEHHE
AP R RN E R AR E SRR %RAZ, £+ BFEGFR-PAK# . mTOR. Ca’’-CaMKK2-
AMPK-RAC1 #7%. Ca’*-ARHGEF2-RAC1 #7DDRI-NF-kB-p62/SQSTMI-NRF2i %%, #i & FH FNRF2/- S E
R FEENG, ERAE 7 —EAFK P RECHEEENHEERAEARR, U ZIAWE BAHEXE G, BFV-
ATPase. SDC1. LYSET. TPC. TMEM206FuSIc15A % B M4k & & B 18l Fa Ll s, AX &R T REKE
REARAE & A AL A 2 Ao 30 60 50 FF & 77 @ P e A 15] R R VT Bk B R R SR e B AR RN BRRAR K & B TR AL A
TEIREERKECHNRMEREERT A EEZNE L

Yefilin]l A4, E M4k, RACI1, DDRI1, NRF2, &

AR, ARSI L R, A AE )
ANk B 5 H (amoeba) BEIE 15 P 77 E HH (endocytosis) 5k
MM AN IR, R N g R 12, RS R s
HREHEIHARGE, (HRARIRORER I A IR
Mash B =, RN B LS BEORSY, 7
20 N AN TR A B S A vh BT M E DY, B
HaZk (macropinocytosis)VE h—FEak i N 77 7 =8, Hik
MIEASCAEEED S, FIHARENZ . seE.
ik, JUHOR VR RAR 545 B (pancreatic  ductal
adenocarcinoma, PDAC)5%A4: g A= K J7 1 it 5 B4

FH, AR 32 2 B B EED Y, 18834F, <A sz AL
2 Bkl % Elie Metchnikoff& B, W2 i fE A1 FH 41
it o A0, T 40 B &1 SR 9 J5 O B 7 W AR (phago-
some), H5AIMIAMY B AN, MetchnikoffHixX —
T BEFR Z g 40 I 75 1 (phagocytosis)”). Phagocytosis—
W A IRAR A L A Bl R e R “paystv?(UE:  phageiniFdi
“BZ”)FI“cotog”(JE: kytosPRAE“4HMIL”), FoR—FhHE
BACRY R FE, RO A8 (W2) A B A NIURE (R 91
I8, 3ZPhagocytosisfJii &, 190443 El 4 #1245 Sa-
muel James Meltzerih2y, BESAZHMIRE Wz HE4H 15 M)
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i, AR A4S BEME (drinking) A ZH /M) T2 Melt-
zerf i “Cell drinking” i S & B UG FE 1 B AR
Ut JETCSE . 193 4EM G- Warren LewisF
S B A o % 5 B R 1 YR T I 4 A i 40 A v
S 1| 1 0 388 3 200 S ) A TR IR 5 R B A S5 o 1)
/N, FERHA 44 M AR AE FH (pinocytosis)!' . “pino™
H A 15 “pinein”F /R Mg, “cyto”R/n4HfE, “osis”ftF
W FERLRAS. Bl T B A2 B B B R (1 1
R, B RUGE R Cas b ). Bk,
FEAN AT LSh R SR sl T, AR Wik 4, 1k imi
AL — N AR 290.2~5 pm Y E IR /IMA (macropino-
some), FEIEPEIEHLEL B AN AT D) B IR E AN,
— B> F AR /N RE BB B 2 41 M RO 5 Al A
— &4y B MR IMA S S AR S S w . BIRS
/IR (micropinocytosis) FIFF MEAE Y & Az o BEAR R,
E A 3 X . =3 0 20 3 P T i v,
N0 ST ER IBGHE AR P e A, AR A
TR N, JUHOR A AL E R, SRS A Bk AR
PERIIE L. 5 E ORGSR A EE, /MR G &K
TS 2 141 7]VES (clathrin-coated pits)E AR, LI
BRI, —MER100 n!M, i F MR R AR FH AN
A TSI E AN AR, HBE EARRK, 0.2~5
um. NIRRT REVE X N E YA B, Y
TS YN SZ AL A, BRIV A R -2 R4 A S BN
w2 B R AR e R BT I R ) A,
S (S E BTN A e X et O ) A SN T R v
EWEANAE . AR AR SR AN ST, —MeAE e I
N7, 375 B SRR A R A g AR, i AR RN
MRAVE ) 2 A AT B A AR .

L AR AE 224 A ORI 0G B0 R vb 2 1 T AR
G5 200 L (CnBR 2 HR 4 AR 1 400 ) B 30 e 5 A %o
I 5 AN B SR BT R A T B ORI T, 1 T4
A D), Tan LR, HE RS R AR
REMETE TN A K ANIETE; F A GE 2 N A7 20 M 11
ZARRIRR, S 5ES RRE, MREARKE
T2 RS R 2R s B/ MAERR[E
N AR RE Sh A R AN MR A Sy, S5 20 M PN - B 11T
ARy, AR A e RE s i), FOK
AT B ERIRSC AR MR e R A, 4R gifazsl;
I BRI B (N E A MTE A
HIETHE AR (AN [T ) 335 TR BT, E M AR A +r 4
MR R, JCHOEAE AR A i A AR S T &
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PESCHAE . S b3 40 A AnPD AC b8 4t L 2L AT
KV B EMIARIE PR, RS SR G T e A
R I B AT A =R IRIE IR vh [ A Q™4 |
S ILFR FIATP(adenosine triphosphate) M 4IEALEE, DI
JO7 [ B bR 8 5 S A A oA B TR M
TR 240 366 306 2R 290 AN 1) 1 B R 2 A e e g 245 4 e
KR B RET PN ST E R & A A
AR R AL B2 BT MR 2459 ReiE e M TRcpl R 240 A
A NN, AT S S HE [ A% g VR . AR,
KT B AR Mg e tE SR v ) IR L RS T
ER#E, EEMIKRINEFRG LT i
ML 55 —EFRBGRR AN A WA BEAER, L
N L ERORH DG B 1 4 T TR B T K A S5 98 A
02022281 eyl A Tk M IR & At R O SR L,
USRS AR OC T IR B AR Z IR AIL I 4 5B
WIFERER. MeAt, ARG E S RTE K AL AT
R S A IR I S T o ks 49 ) 2R AT 8 1 i T 5
W, IR AR IR B ROR AR 0 g AL R B
TR BT T ) e PR 1) B ARG A e e g 5
W& I BIE A

1 Btk Al e

HAh B I 2 FH LR T E TS AR T
PRI e A R0, Ol T BREAR SR BT Bl et JeAi ke
2 BES B R A B R, SRS, Tz e
1 B MA AR SR L, AT SRR S A e A Y
MLl Z b wFgE R e, BRI A A R
BRI BrB (A ).

(1) AHMRE ) SRy AN B, LSl HE A 54
HHA B T E MR R A AR R R, R
FIERE 4 (membrane  ruffles), HALEIE H IR EIE K.
IHIIME"S, W A= KK F(epidermal growth factor,
EGF)5EGF5Z{£(epidermal growth factor receptor,
EGFR)Z5&15°28 GAS6(growth  arrest-specific 6)5H:
Z1AUFO (tyrosine-protein kinase receptor UFO)45 41,
G /NGTPH$RAS(rat  sarcoma) FIE S Bk AILEE -3 -5 Jik
(phosphoinositide 3-kinase, PI3K). % (IPI3K#EAR 1L
4,5- R LI (phosphatidylinositol (4,5) bisphosphate,
PI(4,5)P2), H:pifY3,4,5- =R WLEEPI(3,4,5)P3(phos-
phatidylinositol-3,4,5-trisphosphate, PIP3)7ER4H#E A
Wi B, PIP37E Mtk & A Hh i s DDA ML B i
ANTERE, ARy X Sl Y 26 4 ] BB 4R 35717 A PHAS 1Y
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B 1 Bk &£ (H BioRender.comifil {E). 7EMEAME 5 AEGFYEH T, 0 FEGFRABIE HFPIBK MIRASTE M, J& & W12 #% CDC42/RAC1
TEIEArp2/38 A YIRIPAK L, IIIFEUENLEHEE [ 2 BRALFIRRARES TG B, R B AN AR P B2l g, T — A~ R I 383, PAK il 75 L CtBP 1/
BARSHIGPLD2F= A BE NS EAPA, TEREARIREE BT PA], T AR MR /IMA; T A 5 j TR/ IMA — 58 4 B8 S5 VR AR & B IS P e i, — 50 REAR R[]

AHPIRERTAL, 2R A0 A 2 e

Figure 1 Macropinocytosis (created with BioRender.com). When stimulated by extracellular signals such as EGF, activated EGFR promotes the
activation of PI3K and RAS, which in turn activate CDC42/RAC1, the Arp2/3 complex, and PAK1. This leads to actin polymerization and the formation
of cup-shaped structures. The local invagination of the cell membrane expands, forming a larger vesicle. PAK1 activates CtBP1/BARS, which in turn
activates PLD2 to produce phosphatidic acid (PA), promoting the closure of the cup-shaped structure and the formation of a macropinosome. The
macropinosome fuses with lysosomes for substrate degradation or recycles back to the cell membrane to maintain membrane integrity

BN R, WBERR AL BERERSEEC (phospholipase Cy,
PLCy)#1#E M B(protein kinase B, PKB/AKT)
AEB330 L Oy AR PIP27 7 A 1,2- — Bt H i (diacylglycer-
ol, DAG), JG&EBIHERASE. Leep2(leading edge-
enriched protein2)#{ & B2 &5 I MK & (Dictyostelium
discoideum, —FhEEHEY), & MAFHEE K H
RASZE H I\ GTPRH I £ FH (GTPase-activating  protein,
GAP), #id/Kf#GTP 4 GDPI#ERASTE LA E il
PRERL s IR ASHR 1 AETE 1L /NG TPEFRAC1/CDC42
(ras-related C3 botulinum toxin substrate 1/cell division
cycle 42)%, J535 5PI(4,5)P245 5 I WG Wiskott-Al-
drichZi & 1E % 1 (Wiskott-Aldrich  syndrome protein,
WASP) ™. RAC1/CDCA2% JaiiflpH s BE SURK, 76 557
WEE(pH 7.8)F G M 5. EGFRE A 40 A I 2 A0 ()40
BT (Na)FIEE T (H") 2 #IENHE 1 (sodium-hydrogen
exchanger 1), fE7FNa = A 40N, HZE B 40 4h, M
TR IR pH(pH. 7.8), 4EFFRACI/CDCA25H MY, %
L WA SP AR [ 2 i L C-uin 25 345 A - s WL sh 2R
FUAH S F12/3 52 5 W) (actin related protein 2/3 complex,
Arp2/3 complex). WifbAYArp2/352 G WINE I AZA A5,

LR E AL AR R A 2 R sah,
CDCA2fEfR i p2 | 8 IS I 1 (p21 activated kinase
1, PAKD){FEH, MIMiECNLEh & (A 456 P LIM K
(LIM domain kinase, LIMK), J&# il HFEBERRILAL
SR 2 K P Cofilinff H AR 535 4%, Mmife st ilsh &
FI 2 BRAL RN RS 45 2L, Bl IR A1 K, B 114
HE—2 AR NG, B R E SRR S5 #4 (macropi-
nocytic cups) RAMHLAMH ] PEY R, AE— i
T, BRERE A AT REAE SRR X IR AR, T B A Y MR BE
Ht(macropinocytic plaques). XEEREH X I 3 2 E & =
KEWIBL, 32405 288 F (W F-actin, Arp2/3%
5% . WASP). /NGTP§(4IRAS. RAC1/CDC42%)
FBE AR BELEEL ) S SEREH (17 B nT 55 A SRy
YIBRRL AR DL R MR R A B A EAE A C, BT
il Ry BB LT R (Y s Bl S 4, DT a8 B R T 1Y
PIBE LA SRS N R .

(2) TERLE MR/ VA, SR A A P B k2 1 R,
B ZIE L — BRI, Rk EO IR/ IMA (macro-
pinosome), I T KR4Il EYI . BOE )
PAK 138 1 B2 1L 75 1. CtBP1/BARS(C-terminal binding
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protein-1/brefeldin A-ADP ribosylated substrate), f& 7 if
B85 A IR B S BFPLD2(phospholipase D2)7E F Jifd ik
JIMA | = A= B IR R (phosphatidic acid, PA), {E#k E ik
VAR AT BRAR G AL 1) AT S R U (phos-
phoinositide, PIP){F SRR HUIAANE. 7EAE K F4F1Y
YERTR, PI(4,5)P27EIE LR A5 A o B 3G 24243, Bl
JRAEREHRIPIBKAEAT T, JEAIPI(3,4,5)P3, PIP3{EMUIR
ZE A B RS B TR, 7RSSR B b R 3R, PIBK I
SERRABRIE A O, WS MRESHIRI MG %, PIP3
TEBENE ML L BERA % i (SH2-containing  inositol 5'-phos-
phatase 2/inositol polyphosphate phosphatase-like 1,
SHIP2/INPPL1) ., IT7Y JJL{: 2 0 1k DU % 2 i (inositol
polyphosphate-4-phosphatase type II B, INPP4B), fJ/l/]>
& H A5 H 6(myotubularin-related protein 6,
MTMR6) L/ NE B A JEHR F19(myotubularin-related
protein 6, MTMRO)JMEALAER T BRIk, AL
PI1(3,4)P2. PI3P, JfiZ LRGPl 78 A 3% H i 40 i
(A43 1), S FARBERRIGTG T, REMRIARIREE A &,
(RS JERE A Y 1. PI3PRE B HE UG 4% 25 I
BB FlIEK Ca3. 1, DL HETARAHLEIfE AR S
I P A1,

Rab(ras-related protein)Z ik il it /NG TP#Rab5 1
PRI S ARARE RS A5C. RabSTRSFII TG
PEE LA 3- 1 i (class 11T phosphatidylinositol 3-kinase,
PI3K-IIT)VPS34REM MR IL P 4 PI3P, JG & IHASH
FYVE(Fab-1, YGL023, Vps27, and EEA1)s{PX/PH
(phox homology domain/pleckstrin homology domain)
SEREZE G PI3PLE MY AN A I BT, AT SRR 45
A P I LA/ MR, PR 225 4 A 14 ] et 3 2
KA EMUERMA R AR . SOl iR R IR, HLfi
FING 355 A 2 Ul E M R/ IMAR I A A G BE. EAY TR
AR, REFFIREEA B JIR/AIMA R Na 2 9l L 1
% H(two-pore channel, TPC)ZE Hi E I/ IMAM, KT
Yf A IPA, SR T (COHWAERTES AR
B/ MEE AR, B IMA T Kt 2Bz
HEA LB AR 8 TRV, AT e £ B/ MAR
q&éﬁi[so,ﬂ]'

(3) BEMR/ME SRR S, TER BN,
Rab5 #|Rab7 4447 E B R/ MA S5 BRI 1l G 72
HOREEEAEN]. RabSE 1Y EL MR/ IMARE S Rab7hx
TC R VIR S BRI G, X —id #2532 PI(3,4)P2 . Pri-
pA(phox homology domain-containing protein)Fl1TbcrA
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(T cell receptor alpha chain)# [1 5 &7, PripA&
Rab745 & 1, TberA/&Rab5HGAPZE . PripAiiiid 5
PI(3,4)P2FIRab7AHEAEH, 4% H MR/ VAT 45
1K /ERHA. PripAJBSETberA, /KRGTPAGDP, {113
Rab57 1%, MIMSEEIRabSEIRab7 4, ik F Ik
IME N YITER BRI . (REA43 14T, B
LR/ IVA T B 5 B AR B B AR, PN 5 sk
WP AREL A Y, RS B A AR AR TR S A
P L LR /N B AL RN ST ) B R/ IR R AL L
i. SNARE(small NF90-associated RNA E)E A& 54
PR ] AL A RASIFPISNARER &
YA S E R IMAFIEBHARL G H AE NG, B
faiE I R 4, SNAP25(synaptosomal-associated pro-
tein 25)fISyntaxin 44% &k AL T E M /AIMEFI&H
WU TR 2 AP, AR Lz 4nirh, SEPT2fE
454 PI(3,5)P2 FH I H E LK /IMA, @ SEPT2(septin 2)
RE i PR/ N A AN s A 9 S 20, 487K SEPT2
RETAE MR IMA TR BB IARL G . Ak, WA E 7
(5. FHPI(3,5)P245 il (85 25 F-(Ca® )il I TRPML 1 ik
o f 5 A0 R N R v T R R A 0T AR,
SEPT2HITRPML 1 (transient receptor potential mucolipin
D)A13 18 B R/ IMAS RIS A i 5 2 7 EL A 3 3 1 A
KT DIALHIE A RRR AL,

(4) ERR/IMATEIR. B RIR/MAREIGEE M 41 s
FM DA E R AN M AR A e AR IR AN AN R 2 AL 3
n iy B AW AIWASHE A5 Y)(WASPHISCAR homo-
logue) FFiX —id A v R E EAE IR, s 2 AWk
3N VpsiliE(Vps35. Vps26H1Vsp29)Fl—4 ik it 1
B3R B AR (SNX1/SNX2 HISNX5/SNX6)(sorting
nexin, SNX)41i. B MR/ IMARL K5 BETE i/ NVE
(tubule), X6/ NE HA AR & A B2, MITTREHE S5 5 A
it B A2 45 4 38(bin  amphiphysin rvs, BAR)AJHE
SNX1, SNX2. SNX5HISNX6P®, WASHA 41z
GV EHBEMEAER, $is LR Y e 25
RIS E LT, IR e s it
AN R, AU A, SNX 19 & B2
EGFIE 18 EL I 0K B-cadherin G 1] 20 i 5t iy 42

G

2 g BRI 51 VAP L

e 200 ) DAk 4 G 1 B MR TR A A T
TS B Z MO EE. IAERATIE LB, BRI
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(] 2B B IE PR LIRS 10 E RN ERE Mg 4l 2.1 EGFR-PAKEF2MImTOR

BRI BOR B OB A A . PDACH T
RO REED, WRAEA R PRE IR, e S et oo = o
O Lo R R, P RRRHESNZ A 0TEE o eppenp o (gAML SRR 1 2%
MR AE R EMFIPDACK . BIL, BETRIET 0 fmae s /i e B A7 3
. RIS PR BRI EIRIN et e g e e,
DU ACRE 50T, TR BATRITERAEE T | yerseo e oo e ot e
RORCA TR A MRS PRI R b 0 e
HAZILAG P MDA PR R MR BRI gy o GrR-PAK 75, K6 HIGK 522, AT,

D). EGFREZX A K A T5%, WEGFRUNIALL, (L
ccoL Lowglutamine jcoL

. == s
Low glutamine @ Low glucose—» oo = —» - sss

: L o b
/ RAC1/ ¥ ? Macropi;ocytosis

; AN

* Amino acid TFEB \' mifflee
. t

v v 7 N .. a2

Macropinocytosis Macropinocytosis
LS

CAF cell Cancer cell : \
Lysosome |

biogenesis genes : i
9 9 peml) Mlacropinocytosis

B2 B B R A4 F IR EE PG (B BioRender.comifil {E). A& il (low glutamine) KA T, MR AH G LT 4k 40 il (CAF) B M AR A 356 A T
Ca’*-CaMKK2-AMPK-RAC 1342 ICa®*-ARHGEF2-RAC 13&4%, iR 4ilfid(cancer cell)if it EGFR-RAC 1-PAK 1i& 4283 H Ik, (KA (low
glucose) Bk AN MRS T, S4B K 58 1 (cCOL )il id #7% DDR 1-IKK B-p62/SQSTM I-NRF234 4% _E A FL AR AR SCRE N %, Al E Mk &
A, ARANR R GCOL) WM %i&4E; DDRIEM 5 14-3-3HIBeclin- UB I & #iM I VPS34-ATG 14-Beclin- 1 LA I HTE IR, I AN B miA A
F W32 A Bl 1 p62/SQS TM 1-NRF 23 A2 A #E M 1K I AJGAAR 7™ A= (¥ S B BR B AR HEm TOR P4, mTORAEN il 42 VA BG4 e Az 14 S
FTFEBIFH M, M0 BG4 A A FE TR

Figure 2 Molecular regulatory mechanisms of tumor macropinocytosis (created with BioRender.com). Under low-glutamine conditions, initiation of
macropinocytosis in tumor-associated fibroblasts (CAFs) depends on the Ca**-CaMKK2-AMPK-RAC]1 and Ca**~ARHGEF2-RAC]1 pathways, whereas
tumor cells activate macropinocytosis via the EGFR-RACI1-PAK1 pathway. Under low-glucose or low-glutamine conditions, cleaved collagen
upregulates the transcription of macropinocytosis-related genes via the DDRI-IKKB-p62/SQSTM1-NRF2 pathway, thereby promoting
macropinocytosis in tumor cells. By contrast, full-length collagen inhibits this pathway. DDR1 suppresses autophagy by forming a complex with
14-3-3 and Beclin-1, thereby inhibiting the formation of the VPS34-ATG14-Beclin-1 complex. Inhibition of autophagy promotes macropinocytosis via
the p62/SQSTM1-NRF2 pathway. Amino acids generated by the macropinocytosis pathway activate mTOR, which in turn inhibits the activity of the
transcription factor TFEB, a key regulator of lysosome biogenesis, thus suppressing both lysosome formation and macropinocytosis
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F1 FARAMERKEREBEERKEEFHER

Table 1 Role of newly discovered macropinocytosis-associated proteins in the occurrence of macropinocytosis

BRI E ARG A

i

V-ATPase
SDC1
LYSET
TPC
TMEM206
Slc15A

3t AE e A A 52 4, TS RAC T
% ARF6FTACSS2i{x, FEfEHERAC 1 P26
RV AR At A SRR Pl 20 ZK AR 1) 5 il Ak B 2 T
A5 Na" i F K /IMASE 3 41 J5 )
A SCIF A/ IMATR 2 41 5
FEDE T ARG 3 5 AR M, (S kRO

MR A, AR anfar i A4 4 RS EGFR
ATyt e —ARGE.

Wi 7L 3l %) 75 I B 2 ¥ 4E H (mammalian target of ra-
pamycin, mTOR) &AM ZHERRAERSZ &, 2440
A AR 1A S5 TR 28 1) S B 1 R 0. i AT
FW, MHImTORNEG M:fig i 2 2 R A R
EFER TR B RS PEC, mTORAEMN il 2 il 4
JifH{A 2 A 1Y% 5% R TFEB(transcription factor EB)fJ4H
M EA, X AT REZmTORIN I E LRI M AL =2
— OO AR A R S vT B 5 TS R AR/ IMAR Y
Fill 5 O e B AT T, ARy BB T
(methuosis)*"7>7). it % F AU MM 1 e %
PR AR, 77 A B 2R AN A S I e A R A& 2R
SRS MTOR™), 330 v RS2 s 40 M 5 11 5 ik it
JE WG ANAES B B PR AR A B

2.2 Ca**-CaMKK2-AMPK-RAC1i&12HICa* -
ARHGEF2-RAC1IE#E

A BRIV RE A 2 g 20 L %) BB ER, i
A 1o 5 I A By A o6 12T 4E 40 Jifd (cancer-associated
fibroblasts, CAF) LUK IE 1. SR1, CAFH 4T 2 ML
IR T (0 BRI A Z EGFR-PAKIR R AR, 758
PRt = e CAF P i Ca® /K, E e (465 4 25 1
A B I B % 2 (calcium-dependent protein kinase
kinase 2, CaMKK2)#{ i RE 83z #a B R i s AL 8
FEPES(AMP-activated protein kinase, AMPK)-RAC1i&
7, RIFE R R AT eAh, IR E B A AR o
Rho/RAC1E IEMAZH R34 [H F2(Rho/Rac  guanine
nucleotide exchange factor 2, ARHGEF2)5RACI454,
MIMTETERACITOL #R1i, ARHGEF25RACIHILEAA
Z AMPK AU, B, A 2B AR ca® 7k
SR BB AN I, — AT R A IR R R =
SR PR, FEUE T PR Ca® B, TS T
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M Ca? KT A, Ca? tfiffie #E ARHGEF2 5
RACIIIZE WA R IRANIG. WARBILRS &R
AMPKEE CAS 2N Z e (AR,
PRI TGRS CAF ) B IE 1, AT AMPKAN
A X 43 17 4 26 W A5 R B Y LI A 5 7= AR AN TR
TR0 X PR A A [R]85 32 Bl = 175 = 09 B I AR R AL
FEREE, SEABMILERS S0 E A MCAFH
BB MG Z ARG S R, X RAIRANIAE
NI P Y B R RGRAER I LR o b B

2.3 DDRI-NF-kB-p62/SQSTM1-NRF2i&f%

bR T UL LSRR B 2 S M E YGRS, Kt
MG IR, A bR 3T e S 2 00 A g A4t i ) B Rk
T PERS2081-831 A b B = RE W5 PR R A P ATPIK
-, B AMPK L FEIE RIS T, BERREFPTEN
(phosphatase and tensin homolog)&k4 75 5 i i 51 i i
P96 2000 6 15 JHE A T AMPKGHG 2, S FRIRAC 1 5 PI3K
TEPEREBHITPTENSIG A 2 E IR, 4RI, AR
7, AMPKAENMHIAKTHIPI3KIG LR P, IRk
AT, AMPKANa[ s B AN MA ek — 25T, &
RS R, AR A B AR 2 SRR AR e 0 5
PDACi 2 4 8 3k B LR a4 728 DA 200 i &7 4 BUJsE it i
oA A SR HEE TR, B FONRETE R B MRS Y)
BENTT, BEVERME 50 TR B G 1. KRR
JF#E H (intact collagen, iCOL)43b B M4 N5 9% 4 8 £
Fififf(matrix metalloproteinases, MMPs)Z2f# =4 [13/4
RN /AT, bR 205 BB I (cleaved  col-
lagen, cCOL)®™™ fiff5 @ /R1252087881 - cCOLBERLIT H:
Z{ADDRI(discoidin domain receptor 1), J5#F i HEE
KR kB I H [K 1BV 3 (ihibitor of NF-kB kinase
subunit B, IKKP)IHETEIEHENF-«B p65HI4NIR% &7, ik
AR HE T2 RE5GHE 1/ HEIRY) ZAp62/SQSTM1 £
ik, p62/SQSTM1 RFHEEIN T A fbi% %+ (nuclear
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factor erythroid 2-related factor 2, NRF2)FJE37Z 2 %%
fi K eap1(Kelch-like ECH-associated protein 1)7ifi{4, M
1M 2 B R NRF2 A STE ). J0% AONRF2 /8 2
FESEE KM X CDC42, SDC1. NHE1H
PIK3CG(phosphatidylinositol-4,5-bisphosphate 3-kinase
catalytic subunit gamma)fJZ%ik, fEikE MR LA, 1M
iCOLAEM HIDDR1IFE M FH T E A1 7k & 2E. cCOL-DDRI-
NF-kB-p62/SQSTM1-NRF2iE 23 () B 1K TEPDAC
Il ARAEAS s R4S THESE, I H 5PDACEH TS A
REIEADE, MmkiZiaaE A G aRis e i %
IHIPDACI & RN HERS. XS oe a5 SR B, Hin)
DDRI1-NRF2%h4 5 (4 B LR 2167 IR B RAf
() 2 R T 5.

SR 1 A LA A ) v R R DR ST R T AR
P REACIEHRTE, AT RONZ B ZE Y [ kg MAK
Z AR AN 2% B AR T RV AR AR, SCELA Y
PEAFRFE, XA Ra s 00 BB 90920 - i
41 p i B = KO AR, AN, AR IR AN
Ji, PDACHHIEEAHARAY F WEAR DG KRR BT, A
WA B A A 2R I B SR m. SRTT, 1 AT
HFIIEAR B AR R PDACERE YA, S A F
LRI, ITIAIHE A WS Ep62/SQSTM LAY K 2 R A
T PENRF2 B e i 1 B AR OCIE R A 5%, T
Pk T BTSN, BRG] A A B IR e
HIPDACK . BLAl, BIENRF2AGHA R 2, ansiumse
A% AR ANEAL R AR e B AR
PE. AR E, DDR1ET 514-3-3, AKTHIBeclin-1JE
AW, T H WS 2h B B R A Y Beclin-1:
VPS34:ATG 4RI, i T F W, $2/RDDR1
MR I A v B R . X eSS SR, A
Mg R MG 5 TR BGR A2 BEAH B 4%, DDRI1-
NRF2 2 Mgt Al BAE ST, A LR E k2
AL RIS A RIEER, U
I8 F7 s Gna] i3 s DDR 1-NRE24H 42 U B iR 76 P
A TFRAMF R ).

EHD2(EH-domain containing 2)% [15& 2 5 RS 4%
TP EEREM, RN SAMIERES S, CimSilsh
HEHZAHEHEH domain-binding protein 1, EHBPI1)
254, (eddn s AR EmHE . B . BRRE SOE AT
HVER. W9 o, IRERIE T, RS2 1 (hypox-
ia-inducible factor 1, HIF-1)REif %% 5 [ JHEHD23 A
i 37E 4l Bt 7982 (hepatocellular carcinoma, HCC)AY B Jitd

YRIEVE, B HIF- 18 EHD2 e IR A5 S 10 B
RO IR LA g Th, NREF2BE & PRAESE 5% b iHHIF-15%
FKE8-100 PR DDR1-NRF2/fHL AE i 5 i EHD22635,
S ke

2.4 PrRBMERRHGEA

2.4.1 V-ATPasef1SDC1

RASHE K 2 A2 75 BT A7 g b ot diemn, LTS
RAC 134 58 il 22 4 i R R 0% AR e i Jre 1) o
FHLHIC N, EAR E R IMA MRS BRAL R R I, H
JEEAB AR B R Y IR AR IR AL, k= J1H [ e e RHL
WTRAC 14 41 A S (o410 ] B Mt/ IMAHE B 0% Ra-
mirezZE NPRFFE R, RASHE 28758 i 4 4830
ATP(V-ATPase) 1% 4 i 5% 5 07 1A AL 51 1 ] 240 e A
g%, IIMTEERACI, fEEEL MR, IR V-ATPascis fii
JIE B A HL R B AR AT R, (R T AR T L
PEpHTEE. Yaod NP2 TAGRFZE & B, RASH 287538
i i ARFOAT 571 5 BRI AL 1 58 4 A 1 (guanine  nu-
cleotide exchange factor, GEF)PSD4HY 2 A 1%/NGTP
FEARF6, fiE i Syndecan 1(SDC1)AY 2 i iz i 407 . £ it f
FENHYSDCIRERITERACT, M AEAE UE PR 76 .
RAS-RAC1FIIRAS-ARF6-SDC1-RAC 145 #) F it
FERTREAERREEITH) FAATE2E 5. AHESEIAH, ARF6Z
S5 EMARAF S B 5, B REMIERAS . RACI,
CDC42FISDC LR IR > esh, AR mftisid
T W B O IR A G U J 5 S 01 2 (acety -
CoA synthetase short chain family member 2, ACSS2)ls
Bk B8 1 5% SR FETVA(ETS  variant transcription
factor 4)fEUF8% B T 512 55 [ ZIP4(zinc transporter pro-
tein 4)AYFEIL, FEMIEESDC AR E (7, Mk
Btk & A1) R ZIP4iTESDC 2 (i ML A A
e, (UEACSS2Z i E R R AR, s
FERE J LR REAH B4
242 LYSET

L /AR 5 s AR 54 5 BB b ke ) T I fe
A fe kM AR AL SR, R, S A A oA iy
fifE XoF i Ji £ 37 (macropinocytic flux) 2 JC B2, il id %
ik, Pechinch N 3R, 5 MHA S Hi [ F(lysoso-
mal enzyme trafficking factor, LYSET/TMEM251)7E¥%
R 7 e i ER e SR BRI 2 Z8 T A e 8 v R 4 G
YEHI. LYSETHE 5 N- £ Mt A 0 e - 1 - e 1R 7% i
(GlcNAc-1-phosphotransferase) s & 1% By H @ 67 T 15
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IRFEAA, S5 BRI B A E (A5 5 6-BERR- H 82 HiAS
TV WA R AU, DA 2 3 ik A A T 1) v A
iz, LY SETHR e fd 7 M4 o0 e A Qi E 1o 5
B, S L A ANARSE, AT S 25 400 T T A 3 e 1 e 9 240
W4 R E 7. R, LY SET2 fhJed 40 i 107 32 35 s )
OCHEER 1, 2 B 2 ) O e A
243 TPCHMTMEM206

IRERREER SN R A Y BT, (B2 E R
TR Wt B AR IR e e e . SR IS
R TX—IREE P, BRI A A%
WY B TR 7, TEE RN A T2t
TPCH B MR/ IMARTAR AT, [FIE Rl S
TAIK B B AR IMAZRE A A0 B 5T LA GRS F il o RS i
FESPAT, a3k — R K TR e R R AR 1 AR IMAE
B R PR B TE R, A T RERE A0 T8 R 2R
SR RS, IS BRI A B, E A A 67 B0k
AR TA N B MR MARE F 2 B 5B B 1l iE
ASOR/TMEM206(acid-sensitive outwardly rectifying an-
ion channel/transmembrane protein 206), Hifi &5 F
3238 1E CLC-5)3 3h % ASOR/TMEM2061%. #& 1, F
Wk 0 P AP AR SE B AN S R E AR, iR 2 i
b 20 v A BB O A8 T TPCHITMEM206 8404 7
TR IhRE HRRAANTESE. CLC-SFITMEM2068 K A5
i Jeb 83 448 L 2 AR/ IMAR T B . BR AR RN R, O HL
TMEM2061# 25 RELE 54 ML 75 A AR 7% b8 40 g 17
. X R 40 A AT BEAEEAN ) T L 4 B iy AL
4R L R/ IMATH R A R AL
2.4.4 Slcl5A

B EE RO TR S — A PR I R, AR SRR
W AT DA e, HERBEZN, SRE
eI AR, ©o— i IR Y, Al
. KRB R e SR AU R B B A
FH. 300 52 7 2 A O A g v A v AR 3 A O 2 AR
gt, hEE e B A E R B ORI
— B iz 8 F Sle15A(solute carrier family 15 member
1), ‘B RERE N T4 AN R E A PR MA). STc1SAA Y
S E IR I RERE B A B 3R B IR B B ik 5C B
AR, MiSlcl5ABRA BE i &4 il L L iV FH AN 4
A, JF BARIEAM B R R A, XS5 R D BT
PR R AR A EL R B T BT UESE ). K1, Sle15AZZ
fIRP LTI 2 5 B MR LA S e 45 B MR G& AR K
AEATFTHE—BWIE. DR WIR, SlclSAITENRIE
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FAE/ N B Th s ek, Slel5A4RBYE M i B dia i Tt
JEkR ) PR SIc1 SAS Y B AT 7R A Bb
SRR P R E AR, AN, RS AR A I A B
Bt, 5k F-Hbx 5 (hepatitis B virus X protein 5)FIMybG
(myb domain-containing protein) £ 4 fifi#% Fh I I e
A YR B MIJOM DG BE R % S AT AR & 2B TTTAE
YU 0 Z AN EL AN T b, Bk T R ST
BhASIPIRAY3”5 - B (CAMP) (& ST T AT I 2
1, A AR A0 M B b 45 B8 Tl AT T 3
EMIRAE. B MIARAE IR ik 5 cAMPB A (F 541
RO R T AR A K B E IR, HbxS-MybG B/
FAA% I3 28 1 e AR AR 7K P-4 B 3 s O AN B A
Tl JE LA O30,

3 LAgiRER

M3 VAR A% Warren  LewisWLEL 2| B ks
% ItHE H Pinocytosis, FIR AR FEIE 4 B4 90 4 1)
s G — M TITE, BREERAE KT E T
B IAR, JUHE B MR AE R & AR A VR
A3 T PR A ML T AR A5 21 1 R B O T AR &
A S CEREZ | R E A A2 SSE)
YRR i B MR R A RS AR iR i . e seML RN
H W5 B A B RN 2R, 2B
MORAE DGR IR AR, X b5 R R H IR T 3%
T E MK R A R W B, JEHES) T30 ) B iR
BHUMIE 2RI & SR, BREZA E MR A5+
HLET AR RO Kl —F. B AT F B o
W FBeARK SRS E DY BRI ) 5 F-5 870000 Dalf) 4
b, = mere s e E RO MR B E M E . B
MR A% O R AR Sh A A, W Je— BRI BE
EEMPME. FRWFFE AT HE— 253240 2 AL 7 B R/
A b B R S e R 11 R B 43 (gl s T L4 A
), SRR UG IR R T AT ARE T A
PG BRI i LA TR BRI G il A4
AHYIEe; REENTRR 2 TR, R BE A8 [
fAr7E BRI A2 1 25 B B (131 2 2 5 S T2 ol A AT ) v
SEBAE HER I ] 5 23 (Al ol RS e o B 1 ) B
JEEmCnEERR I . B TE B R R AR H.

Vo AR PN 1) Tl A R P 2R3 R A BB E W R FEVEH,
Horpr— R R 7K A T L 2 T L i D T OB
fitF), X SEE I PR T I p HIE (pHAE4.5~5. 075 [F]
pOUOCITL R b, B S IA R AR A T R L. )
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n, NIRRT R, WIRIpHIZHET FRE, i
PERIpH 6.0~6.5KF = RPERpH 5.0~5.5, iX—RIEIR
5eA B TS AR A I BOS U AR, (AR
AR R A A 4 1) RASNHE 1 9 & PR RE
P R A pH A ERFRAC TG M, (HEEANHE
FENLF B MR /AMA. R B TR A A BT 28 V-AT-
Paseth #f A I fe & TAIMAR, (B2 5HFHEYmE
Jok, EEMTOBHALEE. FRIMARR IR R F]
HEew S ARG, FFiE—2P W58 V-ATPase & & fig
FE LT B AR AMEIE AN SRR Ak, [R]R 7 20T 20 1 Py
FEERE A B 1 A TR A 0 R DA AR AT e A T B IR/
& H BB R AL I o+ 22.

H -5 O Bl 4R B 4 R R A B R
2, T A W R NRE2 b3 B R 6 BE R s 5%,
PR L ] PR e AR 4 L ) i et K P gy
T B MEA A, EAh, DDRIBEAEE o FENRF2(E 2 F
R, BREE T 5Beclin-UE R S0 AW, REE
MOIRN A W2 [ A B R A8 2IESE, (B2
Z AR AR RS IR (BT T B S S E M
RIMAFT F W/ MRS A A R IR ABEFE. BRAi
HEHTP ARV B AT, A0 L PR R 2R 29 0 PN Jo D) 25 200 2%
EHSE T EMR/AMERIE B2k B R
HE)y ).

E Mk B A AEPDAC . HCC ., Fis IR . FL
PRI 2 P A i 22 S s B A R R v R A
BELAR 68 T0-TI2T ity 26 e 13 AR IR R AL B TR AF
5%, A E LRI 5 BT IR 259 Fn 4 1) B IRGR A2 1)
BUMR IR T e W o an gt 7. tan, HEA
SHMIE 25 IR, seim L B GREEE 40
JROFREI, RS A [ PEAS 25 TN A5 S e 4N i

AL W B A B 0 B ARG, anfer (470 e 254
SRR g 20 B U PR T A D B A IR . A
E kA B R AR e e, B AT D i 7E 25 P gk ik 3k
TAAB I 1] 43 F- (CANBOAAR | TRC AR 55 ) ke 38 ot A5 o 44t
v, SR XA, 2R RIS TR XS H AR
LSRN T, DT 55 25366 326 A MER PE AR, R
2T IR E 2 TIRY7 I SO b s 1 259,
WVCARARTT . RPAEJE . 35 AR e A RSk
BRELA A0 M PR R A A S (R R ey
Yyt Z R S HAM S B AR AP B AG.  AFoTix st
25 BRI RIBLERHE A A T K IR B MR SG
L NI R B S P 0 500 A 5 B it ey A
R BT E T B MR SR G YT w258
B[ K 7% il (amiloride) fY 4T A ¥ EIPA (ethylisopropyl
amiloride), ‘B REEPEHEINHINHEL, [HIRXINHEZR M
HoAb B AT HAT — & (e, JF B il vk i
(ICso) ¥, BRI ¥ HAEImIK RN . S35k, V-ATPase
A 71 249C(—Fp —AUMEmE- S-SR Ik E Ak & ) i A%
AR R ) A e, (RSl = I R )
Sk, S5 RETRARIVER. B2 Re 5 0 BRI/ IMA R
P R W e L LR v A8 S 0 1 R O K ) o T A
30 3 VA X R 43 SROME 1 A R 1 VR T,
T 221> B 5T 20 25 3 BE 80 ] MR 68 410
FUOS ok i A PR . SRR
AR A B AASH A W) R IR AT ST RN
AT B B 8 e 8 AR 0] R A FH IR,
FHEsh B OR s8ors e HEm R  T . BZ, 3k k(]
R RIFFEAORS B 4 T 48 7R B MR A IE RN 43
FERLH, R I B ARG AR EERT A= 127 B R L
FHREAL.

i RBRULETEFRNAEFEAZRE, REAFERIERARESL. RERF LEEFRAXEAF & FbioR-

ender % L4 {7 B 8 35 A0 5 BY.
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Macropinocytosis is a highly conserved, actin-dependent endocytic pathway in eukaryotic cells that facilitates the non-selective
engulfment of extracellular soluble substances by macropinosomes. These macropinosomes can either fuse with lysosomes for
degradation or recycle back to the plasma membrane, to replenish membrane receptors. As a vital cellular process, macropinocytosis is
important in various biological functions, including immune responses, cellular metabolism, and the progression of several types of
advanced cancers.

The function of macropinocytosis in the progression of malignant tumors, such as pancreatic ductal adenocarcinoma (PDAC), has been
a focus of research. An intriguing aspect of PDAC is how tumor cells exploit macropinocytosis to scavenge nutrients from the
surrounding tumor microenvironment. Specifically, collagen, a major component of the extracellular matrix, is an important source of
nutrients. Tumor cells internalize collagen via macropinocytosis, followed by its degradation into amino acids and intermediates of the
tricarboxylic acid (TCA) cycle. These metabolites facilitate tumor growth and metastasis, particularly to the liver. Inhibitors of
macropinocytosis, alone or in combination with other antitumor therapies such as autophagy inhibitors, chemotherapy, or immune
checkpoint inhibitors, significantly reduce tumor growth and metastasis. These findings suggest that targeting the macropinocytosis
pathway is a promising therapeutic approach. Understanding the molecular regulatory mechanisms that underlie macropinocytosis in
tumors is thus essential for the development of novel treatments for cancer.

There has been considerable progress in understanding the molecular regulatory mechanisms that control macropinocytosis,
particularly in the context of tumor biology. This review first focuses on macropinocytosis to provide readers with insight into this
physiological pathway, followed by a discussion of recent findings related to its molecular regulation. Tumor cells often experience
nutrient stress due to their rapid growth and the abnormal vascularization of solid tumors. The activation of macropinocytosis in response
to this stress promotes the acquisition of extracellular nutrients, such as amino acids and glucose, to meet the metabolic demands of the
tumor. Several key signaling pathways regulate macropinocytosis in tumors under nutrient stress. One important pathway is the EGFR-
PAK axis, which activates macropinocytosis in tumor cells, in response to glutamine deprivation. Unlike cancer cells, in cancer-
associated fibroblasts (CAFs), macropinocytosis is initiated by calcium ion (Ca**)-dependent pathways, such as Ca®>"-CaMKK2-AMPK-
RACI and Ca**-~ARHGEF2-RAC1 under glutamine starvation. Furthermore, the DDR 1-NF-kB-p62/SQSTM1-NRF2 pathway mediates
macropinocytosis under both glutamine-deprivation and glucose-depletion conditions. Notably, NRF2 is a critical regulator of the
transcription of macropinocytosis-related genes, which promote the survival of cancer cells when autophagy, another nutrient-scavenging
pathway, is inhibited. By contrast, when macropinocytosis is downregulated, the resulting low ATP level activates autophagy, suggesting
a compensatory relationship between these two pathways. In addition to these pathways, several novel macropinocytosis-related proteins
have been identified, including V-ATPase, SDC1, LYSET, TPC, TMEM206, and Slc15A. These proteins are involved in several aspects
of macropinocytosis, such as cholesterol trafficking, RAC1 activation, lysosomal enzyme trafficking, macropinosome resolution, and
macropinocytosis activation in Dictyostelium discoideum.

Despite the above-mentioned advancements, our understanding of macropinocytosis is incomplete. More research is needed to identify
the proteins localized to macropinosomes, the mechanisms of macropinosome acidification, and the molecular machinery that connects
macropinocytosis and autophagy. Additionally, the identification of highly specific and effective inhibitors of macropinocytosis would
enable the development of novel therapeutics. Future research will benefit from the integration of high-resolution mass spectrometry,
ultra-high-resolution confocal microscopy, and structural biology techniques. These advanced tools will enable a detailed examination of
the membrane composition of macropinosomes and identification of the mechanisms by which macropinocytosis inhibitors exert their
effects. Further exploration of these issues will not only provide a more comprehensive understanding of the formation and molecular
regulatory mechanisms of macropinocytosis but also accelerate the translation of these pathways from basic biology to clinical
applications.

membrane ruffles, macropinocytosis, RAC1, DDR1, NRF2, tumor
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