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Research progress on the regulation and mechanism of transcription

factor FOXO1 in tumorigenesis

YI Chen-Peng’, HUANG Jin-Yun®, XU Lan-Yang, ZOU Chen, HUANG Xiu-Mei, WANG Qi-Rui*
(School of Traditional Chinese Medicine, Southern Medical University, Guangzhou 510515, China)

Abstract: FOXO1 (forkhead box O1), as a transcription regulator, is an important member of FOXO family. Its
deficiency can break the balance between cell proliferation and death, which is intimatly related to tumorigenesis.
FOXOL can interact with PI3K/Akt, Wnt/B-catenin or other signaling pathways through various post-translational
modifications, such as phosphorylation, acetylation, ubiquitination and methylation, to participate in the regulation
of proliferation, apoptosis, EMT, oxidative stress, autophagy and metabolism of tumor cells. In this review,
FOXO1-related molecular pathways and its role in tumorigenesis are described, and the prospect of FOXO1 as a
candidate molecular target for tumor therapy is discussed.
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R R B, %R B R Sk S R, N
A 4 4 FOXO [FYg £ K, 43l fm 44 N FOXOI
FOX03. FOX04 1 FOX06, =% MK FF5) A
A FEPE M. FOXO03 5 BEAE AR BN s v A4
BEZRLIA DNA [R5, I 2 TR B W) i
WA PY. FOX04 X EZ 5L RE 5 MK AES
0 L JE 3 B o 2 TP, 2015 4, Calabuig-Navarro
26 PRI FOXO06 S a il it H A<, N FOXO!I
FEREALT 13 5 Yetafk (13q14.11), gwld 655 M
BRI FOXO1 |, HEH 4 N4 . RIkH
N i [ forkhead X3 (4 DNA 25688 ). #Z @2 hifs
SHE (NLS). #7751 (NES) F1 C i & 25 2 iR

AKTIPKB 14-3-3 protein

Forkhead DBD NLS

AKT/PKB
binding motifs SGK

22 | 558 R ) e s ORe 4k (TAY( — s i LI 1,
3D 5 WK 2). FOXOI R 2 40 A T AN AR &%
HAE, WONE. . B . SR8,
Jpe U0, 5@t 5 R L 3- M8 (phosphatidylinositol
3-kinase, PI3K)/ Akt. Zeste [F] {14 5% ¥ 2 (enhancer
of zeste homologue 2, EZH2)/ 15 5 # ‘T I % S Bs
F2 M 3 (signal transducer and activator of transcription
3, STAT3). Wnt/B-catenin 25 & B {55 5 i ¢ ' ¢
FUT AL A, 465 40 ) 30990 42 22 LT dam 2 i ) 397
H I D2 (cyclin D2, CCND2). 4 i & #A5 1 4 i 1k
FEEHIHIF 1A (cyclin-dependent kinase inhibitor 1A,
CDKNI1A), S AN 3R K7 W S A 4 B AL T

AKT/PKB

{1} . C
NES TA domain

DBD: DNAZi& 45448 (DNA-binding domain); NLS: #%i&f715 % (nuclear localization signal); NES: %%t )7 ¥ll(nuclear
export sequence); TA: PG (transactivation domain); SGK: LI AUKE 7 5 i 2175 5 5 1 ¥4 (serum and glucocorticoid

induced kinase)

Ell AFOXO1%E B\ —%K 45 E""

(superoxide dismutase, SOD), i i T2 J& K {2 94 U=
£ [ Bim (Bcl-2 interacting mediator of cell death). Noxa
S AR R A SRR DI RE -

2 FOXOI1ZEHMEFERIEIR

B A B 5 1211 (post-translational modifi-
cations, PTMs) 72 & & [ i1 7£ # 5 J5 1910 2= 12 1,
HREZ, nUURE ORI E M. TR e
A, XA, WEFAE N ERA RS EMIGeH 2
KEL, REARGRAENEZET A & ILE
MR IR 2 IR/ TR R B R E BRI B
1, MR LR Ol 2R RS
H 1 4 1E ) FOXO1 3 J5 12 1 A 1 B AL (Thr24.
Ser256 1 Ser322). LMk (Lys262. Lys265 Fl Lys274).
iz &4k, W34k, PhosphoSitePlust i £5 32 neXtProt
P RAB S o
2.1 EEER1LIEIE

YIRS R RS EFERKKET/EH T PBK M
Akt I, FOXO1 1) 3 ARSI s (Thr24. Ser256

N terminus
(Ser154)

C terminus
(Gly244)

DBD/DNAKE &¥): FOXO145#& T Daf-165 k45 & o1
(Daf-16 family binding element 1, DBE1)/F 41, 2.1 A"
[E2 FOXO1ZER3DLE
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A Ser319) HMIRIL, Ser256 fif ML 23 P4k FOXO1
] DNA 25 &35 1, 3t — D et Thr24 1 Ser319 %
BikfE, 514-3-3 4G, FEFOXO1 #2401
T, SR U, A, RS R A S FOXO1
WEER 1k 7T LU 3t FOXO1 32 &1k, $ ¥ FOXO1 &
R U

FEXT A B — A B BRI S, B B
fitf B (protein kinase B, PKB)/Aktl /5 B 41+ ) &
1 ERI 2A (protein phosphatase-2A, PP2A) X} Thr24
A Ser256 AT LWL, FE FOXO1 ¥ . 4
o 3 B AR I R 1 (cyclin-dependent kinase 1,
CDK1) %} Ser249 B4 AT AR FOXO1 5 14-3-3
TEAME A, FHFOXO1 %KM, HDNA LA
Re AL SEIE EANZ . 4, EAL R, 22
F IR | 75 & R W 4 (serine/threonine kinase 4, STK4)/
I FLA0%) Ste20 FEFNE 1 (mammalian Ste20-like kinase
1, MST1) *J Ser212 MR AL th 7] LI FOXO1 5
14-3-3 P45 S HAZ i .
22 ZERLE

KAAEAT 5 Lys262. Lys265 il Lys274 [ Z. 1k
WAB IR 58 FOXO1 DNA 25568 )09, #okis
B E, SESAmEmLELE ™. BE
P IR 1 2 T e 7% I O M 1R 3R B0 R T p300 BT
FOXO!1 ZWtk, F#{% FOXO1 55 DNA 145 & fEH
AL g B AR, TE AL SR LR 1 1
T, ULBRAS AT A5 1 (silent information regulator
1, SIRT1) 7] %} FOXO1 % Z Bt fb & i, 1§ FOXO1
S MR TR IRZ L IX, BHIEHA 7 Ak, R E B

Apoptosis
SIRT1/FOXO1 PUMA
PI3K/Akt/Bim

T S, RN S A A T R A BRE DT £
s P, SIRT2 % FOXO1 #E4T 25 Z BHALAE 1 )5 »
IS HA T 10 B W 34T 4%, 24 SIRT2 1S P %
IS, FOXO! [k il it th 2 52 24 =,
2.3 ZRWKE

Z FZ B X FOXO1 (1) 2h aE 1A 4% JE % 2,
E3 12 2B S JHIEEAH G E 1 2 (S-phase kinase-
associated protein 2, Skp2) & — i B EL 172 R &
g, WAL FOXO1 KAz =4k igim, SEHEx
T B A S e Y
2.4 FBREALEM

AP TG R AR R T R 1
(protein arginine methyltransferase 1, PRMT1) #5511
FOXO1 FI3ELi&Mi, FOXO1 FIEAI AT LA IF Akt
23 Ser256 7 siHBERR 1L, MIMAE FOXO!1 fE#
WREE, REmEESETE, i REREER P,

3 FOXOIW4E4I=IhEE

FOXO1 4b ¥ [ 70 11 75 W 25 1 b i, il i
YER T bR A S BE AR 12 1R 2B R . L R[]
%4t (epithelial-mesenchymal transition, EMT). i}
PEAT . B, AR PR ARS PAK HR T
YT . IR R 2 S T A I R A A R Y
J&, TR T A Tl AR ) 2 Dy e S JH R #) T A 9
AT BAHIER (1 3).

3.1 I i 4R E A

FOXO1 W] 5 3 /i Je 4 fie e 353 ISEL 435 71 47 ) e 9

AR SR, R BT 401 1) A4 4 B £ 9 R B

Oxidative stress

Antioxidant genes
ROS

MAPK1/3-Uncut XBPlu-

Metaboli PEPCK G-6-Pase FOXO1 Autoph
etabolism utophagy
FOXO1 ——
SMAD3/STAT3 | ZEB1. ZEB2
CKI/p27kipl
PI3K/Akt Twistl
ERK/MAPK Snail, Slug
EMT  Proliferation

PUMA: P53 Fifam i Toy#s A+ CKI: 20 W A Ao S i 470 ERK: MM /075 8 B s MAPK.: 22347
AL E; ZEBL: ERAEEEEDL Atg7: BEWMISHEEAT; Uncut XBPlu: REJIEMXGLAHE A PEPCK: B

I X R B R SR L I s G-6-Pase: i ) FHi-6- T BR By

&3 FOXO1894E¥FIhRE
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A A T 4 R 30 B RS U 4 ) ) (eyelin
dependent kinase inhibitor, CKI) ] KIP (kinase inhibition
protein) ZXAL 1 p27kipl, TS HEAIIK SMMC-
7721 1 Bel-7402 {23 T G/G, #1 %7, %4k, miR-
196a 7] L #£40[) FOXO1, #iiil JLaRik, ik
R0 MG i SR P WEAUE R I, R
R PEI ] PBK/AKt (55l #0E FOXOl,
) Pt e 4 e .
3.2 {REEAEMAET

% TAE 5L K I, FOXOL 15 % Fi S v R 1A
SRR, K FOXO1 (1) S249 BRI AT 5 5516 A4
MR (V) Bk, JE AL FOXO1:5249V cDNA 5 A
Z I B R RF AN AR (glioblastoma multiforme, GBM)
Y, FIANEH R BERL, IREEERE, &R G/M
EAT o 1S G e e 1 R e S By €t il e
K B, FOXO!1 ] i i 4% PI3K/Akt {5 5 18 B 42
FORE L A Bim R IA K P, i T A i 40 i Ak
GLC-82 FIA 4 i #k Hep3B YT ™. BRiLZ 41,
FOXO1 n] B4 5% P53 R4 i i T 45 K 7 (P53
upregulated modulator of apoptosis, PUMA) KiX, 1
BEMRE AN TS, AL FT I 9k Caspases MIGHMIAET 32
PRIk FEAALT: B {2 SIRTI A FOXOL1
LWL, TS FOXO1 i 5 4N T *. Weng
S DV TR W, A 22 WA OE 1 ) 1B R (1B
kinase, IKK)-Akt-FOXO1 {55 @ k175 S IKK 2%
W1k, BEI% Akt 5 FOXO1 Bt /kF, 5l FOXO1
iz, HeRILAan T, itk GBM AR T:.
3.3 HMHIEMT

i e 4 Y A A b Bz A - T S SR R AL (EMT-
like) FIAEAN AU RS 22K, AU0ITHERE ). 1R2BRE
i B, FOXO1 nf jl i ## PI3K/Akt. 4H g 4h
W19 & I (extracellular regulated protein kinase,
ERK)/ 22 24 i 15 A0 8 (1 4 (mitogen-activated protein
kinase, MAPK) 1 Wnt/B-catenin 253 /) 5[] EMT-
like, Al Ji 5T BRSO BT . FLMRIEE L AE /D40 B it e
AR VT, SUBRAPEAN SK-HEP-1 () FOXOL1
A fE i EMT G758 1 Snail . Slug. E @455

FH& [ 1 (zinc finger E-box binding homeobox 1, ZEB1).

ZEB2 Al Twistl [] mRNA 7K~F, Tfiif£ FOXOI i3 %
A AT RS, fEd AR FOXO1 B S
ZEB2 81 IX &, i ZEB2 ik AT i
EMT™,
3.4 HIFIMERREER

it Job R B AR 2R R BE A R =R T BCR .

FEW, FOXO1 it #iA W L 1§ E-cadherin, T iff
N-cadherin. Vimentin, CD44 F1 A\ JL T il 3 &£ &
1 1 (human chitinase-3-like protein 1, CHI3L1) ] %
18, BH IR B8 EMT-like BEFE, #0165 i 8 17 28
R W, Tang 5 " 7R B, FOXOL 15 I R
A RIEIER T, 55+ Kruppel # K+
4 (Kruppel-like factor 4, KLF4) £ H/K V&% LA
K, KLF4 7] 5 FOXOI MR #1454, Ml
Difg, i KLF4 2B FOXO1 #B ] i 2 4 i I
JR {11228 Chen 25 7 BF 7 £ W], EGF/EGFR 15
7 BEIOE T PIBK/AKt L, 755 FOXO1 &4+,
WG £ R 4 )R B A B 9 (matrix metallopro-teinase-9,
MMP-9), MM 32 5 ot B4 J8d 1 1 22 5 %
3.5 iEEREAE B

FOXOI # H b i% 12 MAPK1/3- KRB X &
254 % M 1u (Uncut X-box binding protein 1u, Uncut
XBPlu)- FOXO1 il 1) 8 B2 43 KA 4 2 Bk
JEUE AT 55 MAPK1/3 W0, A XBPlu BEER fb IF
Z54F FOXOL, i3k N R [ B AR, 5550 W o by T
TEIME YL &L T, FOXO1 5 H B AH ¢ 3 K 7
(autophagy-related 7, Atg7) &5, et AL, KIEHT
I S A BRI VR 9 B AN, M FOXOL frB%
R S PV M, PR 5 L e A R 1
3.6 VBB 4R B A i

JIev 9 240 L P A R S 2 IR 2 A D) T B
HA R E 2 — . FOXOI1 v DL ok B 7 AL B
RSB AT T, s B e R Ty
G PUBERE R, OSBRI 1 =X 4
FRA FE BT (phosphoenolpyruvate carboxy kinase, PEPCK)
FNFE 2] 0 -6- BEBREE (glucose- 6-phosphatase, G-6-Pase)
SEDR R B 7, (R A S R AR S R Rk BT,
Masui 5 " &8, mTOR & &1£ 2 (mammalian target
of rapamycin complex 2, mTORC?2) it $2 /5 FOXO1
LA, (K FOXO1 ik, ##] FOXO1-DNA
SEMIE R, (R N 1) IA, 38 0 4
PERN A e L He L, 355 GBM A e A= K8 77 F4b,
KB i G $ 1) GBM . 21 i bk 7 e A 15 140 18 4 A
F FOXO1. p-FOXO1. #&MEiFIZHE 1 1 (glucose
transporter 1, GLUT1) H i1 -3- & i S0 (glyceral-
dehyde- 3-phosphate dehydrogenase, G3PDH) [ 3£1X,
HRLIEST GBM 41 Rk GBM A K B,
3.7 EESNRE

MR E 4 (reactive oxygen species, ROS) H#E
PRIEA ML I, BLAR & AR o B SR A OB B, 3 R
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HAMMEHIfE. FOXOL1 ik b n] 4k o ML 2R
7742 ROS, 2 FOXO!1 35 P52 BN, Hrafbtt
DRI IR 18 0, 40 AT 4 52 SR A R e 45 £ B
Shao 25 Y W 5T K B, I 2% AL 1 #0) Akt/mTOR
55l [EIK FOXO1 MR LK, 19 9% Bax
1)k RN 8L LR = A, AT 2k AR A 3 (1)
AT, filk U-87 MG ZHfLH -
3.8 WEERREMAETT 21

% H i 24§ (multidrug resistance, MDR) & iR 4
J7 RO B R DR o B LR R PR 4 i b Akt BERR AL
F 4458 FOXO1 # %61z, F#K MDRI1. 2 27 251
FRHE A 1 (multidrug resistance-associated protein 1, MRP1)
FN i i 25 25 A (lung resistance protein, LRP) 3 [A &
17K, HIH] B 2% 2 (doxorubicin, DOX) 4k, #F
i PAEATG AR T 1) DOX it 24, ikl i o 2k Y
734, miR-374a FIE KRR o A 2 b w2 b
W, 4 miR-374a FIA AR E FOXO1 Kik, 1%
RFEIET A R o T8 4 P i 7 1
3.9 NI FRIE T 4R AEIE AT RS

JiJRE T 41 (cancer stem cells, CSCs) H A 58 K
B RS F I TERE /), FEOR AR AR B fE
RAF AR Y TE R R T 41 B (glioma stem
cells, GSCs) #', mir-196-5p #[a] FOXO1-3-UTR [fij
SN I FOXO1, T 232k 11 A= K BH i R o
KW 5 (growth arrest-specific transcript 5, GAS5) 7] 5
miR-196a-5p 45 ¢y, 1 FOXO1 Fif, {2k GSCs o
i 1R 1% 2 B8 AH B A FH 45 #4330 1 (phosphotyrosine
interaction domain containing 1, PID1) FliE#% 122840
] & 1 (migration and invasion inhibitor protein, MIIP)
mRNA 3%, #Em#E CSCs 145 . T AR,
FESFHI T P SI4b, ARTE P R A A B AL
Z K 11 (endothelial monocyte activating polypeptide II,
EMAP-IT) AJ il i34 PI3K/Akt {5 5@ /> FOXO1
Bk, R FOXOI &Kk, MutXf Atg2B (¥
ST, BETE A ARSI RE R CSCs K Gy
M 41 R s, R R EE 7 B
4 FOXOlMHXIESEHE

R 2 TR SIS 2, FE IR R A MR
FOXO1 HA HEZ T EH], Ab T8 707 8 5
ZEIIRK, PR T R URIE L RAA L TE AN R
R EFARAHIAE 5 I8 BT 1) 7 iR V6 T NS G E
P, WFFKIL, PIBK/Akt. EZH2/STAT3. JAK/STAT3.
MAPK/ERK. Wnt/B-catenin, NF-kB/Snail £ % f{5
SiEH A5 5 FOXO1 FiEMRE.

4.1 PIB3K/Akt{5E i@

TE AT 440 i A K K1~ 21 (fibroblast growth factor
21, FGF21) &40 s A K 7 HIfE T, PI3K/Akt
G BSOS, S MR R 4 e
JET2SZ 20 BT 4t MO #2 26 B e 0 1 5 DL B i
Jod I/ A R i & B0

Har RO B, L. o e
Z PO AR 98 1 R AR R 35 5 PIBK/AKt {5 5 8 B 2
WA G AT RN, KA KK T (epidermal
growth factor, EGF) Al i 4F- 4E4H i A= 4[5l 2 (fibroblast
growth factor 2, FGF2) W] Ji i PI3K/Akt & 2% [% 11X
FOXO! [)5RIE, i A% 2 B Fyn (tyrosine kinase
Fyn) ¥:3%, # SIS MT EMT, {2 3L
ARG TR SR8 ™. Liang 25 " &L, FOXOI1
#& miR-204 )58 HE K, P 3 45 & BE I0E PI3K/Akt
FASIEEE, BN Akt EEARIL, M2 A MDA-
MB-231 LA AN G sE . Li & ' RIL, R
W% B [ F (heterogeneous nuclear ribonucleoprotein
F, hnRNP-F) 1] %5 S B LI EMT A%, hnRNP-F
[f)22 1% 5 PI3BK/AKT R iif FOXO1 B 1k K 1A 5%,
FOXOI1 T 5 hnRNP-F mRNA FE3) 1 X455 &, 0
Bl 5%, Hh R gl ) iE R . =228 ; MR,
1 FOXO!1 B/ FIE ni, hnRNP-F RIA T+,
PR BE e e M M I G 3 . B W R K W], PTEN %
(gene of phosphate and tension homology deleted on
chromsome ten, PTEN) 1] i i 45 $1 4% 2 IR Ui I 55
ke R T P ¥ M4 T 4T ) b e ) R B R RS, i PTEN
(1) Tl TR Tl 5 A0 sl O 55 o7 25 [ 2K 4% W] 52 2 PTEN 5k
JeEiRAE, #E— 0% PI3K/AKT 15 S B %, 12
HE FOXO!1 B§RRAY, 1755 H A0 B A% i A B 40 )i,
AT 52 B50RT 51 i 4 0 P e b . #0011 270 AR g 4
MR T IR TR . B RERE 1,

FOXO1 5 PI3K/Akt {5 ‘5 it i 2 8] ) AH H.AE H
S5 LK 4.
4.2 STAT3HHXESEE

STAT & —F fit 5 DNA 45 & 18 [ 5 ks 5%
M. fEE B, STAT R8T 40 b o i
W Ja. STAT 73 TR RIE A

fEN—FP & e RE (5 5 B %, EZH2/STAT3
TEM R AE KA R h R 5 G I /E . 24 EZH2 1
RIS RS, p-STAT3 FRik/KF L, #Emifeit
g A I B DL R B4R 28 . 8 Y. FOXOL
YEN STAT3 5 5% SRR MR, &R
A 2R EE AR T S R  NF . Zheng % 1Y
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a Bax, Caspase-3

MDAS: S8 RIS AR SEIE S, TREas P 5% 100k S 28 1 LR 5 3R o
E4 FOXO15PBK/AKESEBREEIERBEAERN. AT, SUYMEEXEN)"

R, EZH2 5473235 T4 i STAT3 pY705 47 5 i
AL, PRI FOXO1 ik, 2k A M i IR 40 i (oral
squamous cell carcinoma, OSCC) 4 [} 1= 2% FIHH T ik o

Janus ¥ 1 (Janus kinase 1, JAK1)/STAT3 155
E M BRI EE G S EK. UEANER6
(interleukin 6, IL-6) SFAH A 1 / AL KK 1 5 52 Ak &5
G, SRMUR X i 1Y) JAK L nf g i Rg i, it
— PRSI RR A L S R 7 STAT3, i H DA — R4k
I RNMAZ SRR 255, 4 N R R e 5%,
Z 5. WS RE Y, Jiang 2 R,
BH W7 JAK1/STAT3-FOXO1 15 538 ¥ n] 5 25 AT 9 41
il Gy/M SRR, 1 EMT AHSGTE MR 2E, et
JH-Je ML T
43 MAPK/ERK{ZSiE%

MAPK/ERK 155 1 B AL AL L 1 b AR fR 5
Ras/Raf/MEK/ERK jJ& MAPK/ERK {5 5 il # 1) 3= %
WS IBAS . A AR AN & MY S A AR T A2 A
4548 Ras B #5127 (guanosine diphosphate,
GDP) J-45 & =12 5 ¥ (guanosine triphosphate, GTP)
JaiE, AT L MBI SR, % ERK,
Bt R T N A A

FOXOI1 A] # MAPK/ERK il % Wi i 1, )3 F
ERK Il 711 UO126 fE & & #i| FOXO1 B AL,
7 W] MAPK/ERK il #% 7] 3 it FOXO1 [ i % 1k /K
o AREEH IR A A, PR A SRR, SR
it 4 A 2% 6k 71
4.4 Wnhnt/B-catenin{5 5 1@ &

Whnt/B-catenin {5 5 18 ¥ 4 72 HE A0 b5 BEOR 57 1

F9&i, EEGIMRBRE. T MEBAEKS .
PR IR HA B R EAaEsh R EEEH, H
FEENEARZ NEME R EREEVIF K. 4
Wnt #% #4775 Bf, B-catenin 5 E-cadherin Al a-catenin
TE R 2 AR IA, Wi AEA PR, 5
Y3k EESEIR T M1 (forkhead box M 1, FOXM1) 454,
{23t B-catenin BF N AU 45 & LI A, MR 1540
MOZGB . FAHA. WA R T EZ RN, RE&S
R A U,

miR-27a 7] j# iX Wnt/B-catenin 15 5 i % 1
FOXO1 ik, (R HE U0 Sy EMT SRR U7,
AR, miR-5188 1] HE [ FOXO1 {2 3 4
it 57 R B-catenin [ fiFE, I B Ik B-catenin #% T X,
T 0 Wt 38 5% A2 EMT Srid ik, #omsl iR
JEFER . HFE AR 2 1,
4.5 NF-kB/Snaill= =& &

¥ K ¥ kB (nuclear factor-xB, NF-xB) /& &
M RAEREN A 7, HRE R SEE. REME S
G MR R A R BB IR T FE R IR SE A
¥ -0 (tumor necrosis factor-o, TNF-a) %5 % P K 7-4F
IR, NF-«B #0006, RIS, 3
TR, (. PH e E T T,

131k miR-9 AT LLGE NF-kB/Snail J# %, NF-«B
B WO 5 o AL N k%, AE AT Snail B3 X,
M H % 5% 5 1 Snail W] 454 T E-cadherin £ K]
Bl v () E-box ¥ 41, #IfIHKIE, #—H T
FOXOL1 [F&ik, ik 7L B 55 e 48 f i) EMT i
FE, R gn R 22T . M BR miR-9 JE 5,
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FOXO1 ik i, H] NF-xB/Snail i % 1 80,
BEL1E 7L e 40 i EMT 3ERE 7,

5 HFitGRE

sk Hf FOXO1 B 2 Mg, fEME
YR N D N w4 21 D AN = 1 A= R E AR
VAU S B R R E AR . AR g 1
FOXO1 FRIA 7K S B 1E 5 1B 10 I AX 22 43 1 18 2
PI3K/Akt. EZH2/STAT3. JAK/STAT3. MAPK/
ERK. Wnt/B-catenin, NF-kB/Snail %, {H{Zf# FOXOI1
FEAS 7] 9 B 22 AN 7] 43 B Aod ik A (R4S 5 38 15 1
7 e Ve b R FEAS B A B I A LERIL A 1o R B
FOXO. FOXA. FOXK. FOXM % il FOXO iV
TR S 3 18] PR Dy BEAH D 14 % e 22 A6 A () B 3 5 1 1
Z 5 fo] b A H B B ) B A 1T SR A RHR A AL .

FEME R AR, A EME S B BAE R,
TR 24 1R M 2%, FOXO1 M 4k i 83 3 718
L B X, B R T SRR L —,
o7~ FLAE I 2 B S A ) R T L AR 2RI AS
iy 25 P 3R A BE AR S R A O AR T
et K 2555 A OGS 540 1 AESMAY RNA 5
R T5, W8N RIUH A RO bR S MR a7
S ()11 E $R it — o I B B

g bRrik, R B A E DI se) FOXO!1 ] fig
FEVRTT FHIR IR () — A RBRE I . VSR RE AL, (HH
HAE R ZTVNE R B A 5 B Al 5 1 PRI 78 A 78
gy, A IDIRE T R, AR BEE B,
T T AN T 4 B 7 S5 A IR R AR O e Tt A v R HE R
EAERB AU, R R AL 2, B
KRR ANRTT S IRIEH, KA 2 B
J60 G e SR S (I R 2 VR TR AR B8 2 1 R

(& £ X #]

[1] Carlsson P, Mahlapuu M. Forkhead transcription factors:
key players in development and metabolism. Dev Biol,
2002, 250: 1-23

[2] Katoh M, Igarashi M, Fukuda H, et al. Cancer genetics
and genomics of human FOX family genes. Cancer Lett,
2013, 328: 198-206

[3] Martins R, Lithgow GJ, Link W. Long live FOXO:
unraveling the role of FOXO proteins in aging and
longevity. Aging Cell, 2016, 15: 196-207

[4] Hannenhalli S, Kaestner KH. The evolution of Fox genes
and their role in development and disease. Nat Rev Genet,
2009, 10: 233-40

[S] LiuY, Ao X, Ding W, et al. Critical role of FOXO3a in
carcinogenesis. Mol Cancer, 2018, 17: 104

(6]

[10]

[11]

[13]

(18]

[21]

Fasano C, Disciglio V, Bertora S, et al. FOXO3a from the
nucleus to the mitochondria: a round trip in cellular stress
response. Cells, 2019, 8: 1110

Lee SJ, Dong HH. FoxO integration of insulin signaling
with glucose and lipid metabolism. J Endocrinol, 2017,
233: R67-79

Intuyod K, Chomwong S, Thongpon P, et al. Expression
of FOXO4 inhibits cholangiocarcinoma cell proliferation in
vitro via induction of G,/G, arrest. Anticancer Res, 2020,
40: 6899-905

Calabuig-Navarro V, Yamauchi J, Lee SJ, et al. Forkhead
Box 06 (FoxO6) depletion attenuates hepatic gluconeogenesis
and protects against fat-induced glucose disorder in mice.
J Biol Chem, 2015, 290: 15581-94

van der Horst A, Burgering BM. Stressing the role of
FoxO proteins in lifespan and disease. Nat Rev Mol Cell
Biol, 2007, 8: 440-50

Zheng M, Cao MX, Luo XJ, et al. EZH2 promotes
invasion and tumour glycolysis by regulating STAT3 and
FoxO1 signalling in human OSCC cells. J Cell Mol Med,
2019, 23: 6942-54

Liu YN, Tong CC, Xu Y, et al. CD28 deficiency
ameliorates blast exposure-induced lung inflammation,
oxidative stress, apoptosis, and T cell accumulation in the
lungs via the PI3K/Akt/FoxO1 signaling pathway. Oxid
Med Cell Longev, 2019, 2019: 4848560

Zou Y], Lin X, Bu J, et al. Timeless-stimulated miR-5188-
FOXO1/B-catenin-c-Jun feedback loop promotes stemness
via ubiquitination of B-catenin in breast cancer. Mol Ther,
2020, 28: 313-27

Obsil T, Obsilova V. Structure/function relationships
underlying regulation of FOXO transcription factors.
Oncogene, 2008, 27: 2263-75

Brent MM, Anand R, Marmorstein R. Structural basis for
DNA recognition by FoxO1 and its regulation by
posttranslational modification. Structure, 2008, 16: 1407-
16

Tang ED, Nunez G, Barr FG, et al. Negative regulation of
the forkhead transcription factor FKHR by Akt. J Biol
Chem, 1999, 274: 16741-6

Rena G, Prescott AR, Guo S, et al. Roles of the forkhead
in rhabdomyosarcoma (FKHR) phosphorylation sites in
regulating 14-3-3 binding, transactivation and nuclear
targetting. Biochem J, 2001, 354: 605-12

Matsuzaki H, Daitoku H, Hatta M, et al. Insulin-induced
phosphorylation of FKHR(Foxol) targets to proteasomal
degradation. Proc Natl Acad Sci USA, 2003, 100: 11285-
90

Langlet F, Haeusler RA, Lindén D, et al. Selective
inhibition of FOXO1 activator/repressor balance modulates
hepatic glucose handling. Cell, 2017, 171: 824-35

Xu J, Liu F, Xiong ZY, et al. The cleft palate candidate
gene BAG6 supports FoxO1 acetylation to promote FasL-
mediated apoptosis during palate fusion. Exp Cell Res,
2020, 396: 112310

Guarente L, Franklin H. Epstein lecture: sirtuins, aging,
and medicine. N Engl J Med, 2011, 364: 2235-44



Eyd

NG, 4. BT FOXOLE MR b A P B WL F 7 3k Fié 831

(22]

[29]

[32]

[33]

[34]

[33]

[36]

[37]

Nogueiras R, Habegger KM, Nilika C, et al. Sirtuin 1 and
sirtuin 3: physiological modulators of metabolism. Physiol
Rev, 2012, 92: 1479-514

Jing EX, Gesta S, Kahn CR. SIRT2 regulates adipocyte
differentiation through FoxO1 acetylation/deacetylation.
Cell Metab, 2007, 6: 105-14

Jiang ZZ, Xing BW, Feng ZJ, et al. Menin upregulates
FOXO1 protein stability by repressing Skp2-mediated
degradation in B cells. Pancreas, 2019, 48: 267-74
Yamagata K, Daitoku H, Takahashi Y, et al. Arginine
methylation of FOXO transcription factors inhibits their
phosphorylation by Akt. Mol Cell, 2008, 32: 221-31

Wang Q, Zhang QW, Wang X, et al. Yak FOXO1 and
FOXO3 SNPs and association with production traits, and
their promotes cells apoptosis via RNAi. Gene, 2020, 743:
144592

Prasad SB, Yadav SS, Mitali D, et al. Down regulation of
FOXOT1 promotes cell proliferation in cervical cancer. J
Cancer, 2014, 5: 655-62

Jiang J, Huang Z, Chen X, et al. Trifluoperazine activates
FOXO1-related signals to inhibit tumor growth in
hepatocellular carcinoma. DNA Cell Biol, 2017, 36: 813-
21

Song HN, Lai LF, Liu M, et al. Investigating the role and
mechanism of microRNA-196a in oral squamous cell
carcinoma by targeting FOXO1. Exp Ther Med, 2020, 19:
3707-15

Zhao Z, Li C, Xi H, et al. Curcumin induces apoptosis in
pancreatic cancer cells through the induction of forkhead
box Ol and inhibition of the PI3K/Akt pathway. Mol Med
Rep, 2015, 12: 5415-22

Piao XY, Li WZ, Li Z, et al. Forced FoxO1:S249V
expression suppressed glioma cell proliferation through
G,/M cell cycle arrests and increased apoptosis. Neurol
Res, 2019, 41: 189-98

Deng R, Tang J, Xie BF, et al. SYUNZ-16, a newly
synthesized alkannin derivative, induces tumo cells
apoptosis and suppresses tumor growth through inhibition
of PKB/AKT kinaseactivity and blockade of AKT/FOXO
signal pathway. Int J Cancer, 2010, 127: 220-9
Puthanveetil P, Wan A, Rodrigues B. FoxOl is crucial for
sustaining cardiomyocyte metabolism and cell survival.
Cardiovasc Res, 2013, 97: 393-403

Kou DQ, Jiang YL, Qin JH, et al. Magnolol attenuates the
inflammation and apoptosis through the activation of
SIRT1 in experimental stroke rats. Pharmacol Rep, 2017,
69: 642-7

Weng HY, Hsu MJ, Wang CC, et al. Zerumbone
suppresses IKKa, Akt, and FOXOT1 activation, resulting in
apoptosis of GBM 8401 cells. J Biomed Sci, 2012, 19: 86
Cervantes-Arias A, Pang LY, Argyle DJ. Epithelial-
mesenchymal transition as a fundamental mechanism
underlying the cancer phenotype. Vet Comp Oncol, 2013,
11: 169-84

Chen J, Huang Q, Wang F. Inhibition of FoxO1 nuclear
exclusion prevents metastasis of glioblastoma. Tumor
Biol, 2017, 35: 7195-200

[38]

[39]

[40]

[43]

[44]

[45]

[50]

[51]

[52]

[53]

Xie Y, Yu 'Y, Hou L, et al. FYN promotes breast cancer
progression through epithelial-mesenchymaltransition.
Oncol Rep, 2016, 36: 1000-6

Yin H, Wang XY, Zhang X, et al. UBE2T promotes
radiation resistance in non-small cell lung cancer via
inducing epithelial-mesenchymal transition and the
ubiquitination-mediated FOXO1 degradation. Cancer Lett,
2020, 494: 121-31

Dong TX, Zhang Y, Chen YD, et al. FOXO1 inhibits the
invasion and metastasis of hepatocellular carcinoma by
reversing ZEB2-induced epithelial-mesenchymal
transition. Oncotarget, 2017, 8: 1703-13

Chen C, Han GS, Li YA, et al. FOXO1 associated with
sensitivity to chemotherapy drugs and glial-mesenchymal
transition in glioma. J Cell Biochem, 2019, 120: 882-93
Yan H, Wu AH. FOXOL1 is crucial in glioblastoma cell
tumorigenesis and regulates the expression of SIRT1 to
suppress senescence in the brain. Mol Med Rep, 2018, 17:
2535-42

Tang GD, Liu DY, Xiao GL, et al. Transcriptional
repression of FOXO1 by KLF4 contributes to glioma
progression. Oncotarget, 2016, 7: 81757-67

Zhao Y, Li X, Ma K, et al. The axis of MAPK1/3-XBP1u-
FOXOL1 controls autophagic dynamics in cancer cells.
Autophagy, 2013, 9: 794-6

He Wei, Zhang AQ, Qi L, et al. FOXO1, a potential
therapeutic target, regulates autophagic flux, oxidative
stress, mitochondrial dysfunction, and apoptosis in human
cholangiocarcinoma QBC939 cells. Cell Physiol Biochem,
2018, 45: 1506-14

Zhao Y, Li X, Cai M, et al. XBP-1u suppresses autophagy
by promoting the degradation of FoxO1 in cancer cells.
Cell Res, 2013, 23: 491-507

Haeusler RA, Kaestner KH, Domenico A. FoxOs function
synergistically to promote glucose production. J Biol
Chem, 2010, 285: 35245-48

Zhang KB, Li L, Qi YJ, et al. Hepatic suppression of
Foxol and Foxo3 causes hypoglycemia and hyperlipidemia
in mice. Endocrinology, 2012, 153: 631-46

Masui K, Tanaka K, Akhavan D, et al. mTOR complex 2
controls glycolytic metabolism in glioblastoma through
FoxO acetylation and upregulation of c-Myc. Cell Metab,
2013, 18: 726-39

Atif F, Yousuf S, Espinosa-Garcia C, et al. Progesterone
treatment attenuates glycolytic metabolism and induces
senescence in Glioblastoma. Sci Rep, 2019, 9: 988
Sengupta A, Molkentin JD, Yutzey KE. FoxO transcription
factors promote autophagy in cardiomyocytes. J Biol
Chem, 2009, 284: 28319-31

Shao D, Zhai PY, Del Re DP, et al. A functional interaction
between Hippo-YAP signalling and FoxO1 mediates the
oxidative stress response. Nat Commun, 2014, 5: 3315
Shao M, He ZQ, Yin ZX, et al. Xihuang pill induces
apoptosis of human glioblastoma U-87 MG cells via
targeting ROS-mediated Akt/mTOR/FOXO!1 pathway.
Evid Based Complement Alternat Med, 2018, 2018:
6049498



G gEEd

33%:

[56]

[57]

[59]

[62]

[63]

[64]

Chen XZ, Luo XQ, Cheng Y. Trifluoperazine prevents
FOXO1 nuclear excretion and reverses doxorubicin-
resistance in the SHG44/DOX drug-resistant glioma cell
line. Int J Mol Med, 2018, 42: 3300-8

Ni W, Luo L, Zuo P, et al. miR-374a inhibitor enhances
etoposide-induced cytotoxicity against glioma cells
through upregulation of FOXO1. Oncol Res, 2019, 27:
703-12

Shen CY, Yang C, Xia B, et al. Long non-coding RNAs:
emerging regulators for chemo/immunotherapy resistance
in cancer stem cells. Cancer Lett, 2021, 500: 244-52

Zhao XH, Liu YH, Zheng J, et al. GASS5 suppresses
malignancy of human glioma stem cells via a miR-196a-
Sp/FOXO1 feedback loop. Biochim Biophys Acta Mol
Cell Res, 2017, 1864: 1605-17

Liu J, Liu L, Xue Y, et al. Anti-neoplastic activity of low-
dose endothelial-monocyte activating polypeptide-II
results from defective autophagy and G,/M arrest
mediated by PI3K/Akt/FoxO1 axis in human glioblastoma
stem cells. Biochem Pharmacol, 2014, 89:477-89

Wang S, Song ZJ, Gong XM, et al. Chloroform extract
from Sophora Tonkinensis Gagnep. inhibit proliferation,
migration, invasion and promote apoptosis of nasopharyngeal
carcinoma cells by silencing the PI3K/AKT/mTOR
signaling pathway. J Ethnopharmacol, 2021, 271: 113879
Yu XF, Li Y, Jiang GD, et al. FGF21 promotes non-
small cell lung cancer progression by SIRT1/PI3K/
AKT signaling. Life Sci, 2021, 269: 118875

Liang CY, Huang ZG, Tang ZQ, et al. FOXO1 and hsa-
microRNA-204-5p affect the biologic behavior of MDA-
MB-231 breast cancer cells. Int J Clin Exp Pathol, 2020,
13: 1146-58

LiF, Xie WW, Fang YZ, et al. HnRNP-F promotes the
proliferation of bladder cancer cells mediated by PI3K/
AKT/FOXOL. J Cancer, 2021, 12: 281-91

Yan YQ, Huang HJ. Interplay among PI3K/AKT, PTEN/
FOXO and AR signaling in prostate cancer. Adv Exp Med
Biol, 2019, 1210: 319-31

Huang B, Huang MP, Li Q. MiR-137 suppresses migration

[70]

(71]

[72]

(73]

[74]

[75]

and invasion by targeting EZH2-STAT3 signaling in
human hepatocellular carcinoma. Pathol Res Pract. 2018,
214: 1980-6

Chiang KC, Chang KS, Hsu SY, et al. Human heme
oxygenase-1 induced by interleukin-6 via JAK/STAT3
pathways is a tumor suppressor gene in hepatoma cells.
Antioxidants (Basel), 2020, 9: 251

Jiang J, Chen YD, Dong TX, et al. Polydatin inhibits
hepatocellular carcinoma via the AKT/STAT3-FOXO1
signaling pathway. Oncol Lett, 2019, 17: 4505-13
Kurtzeborn K, Kwon HN, Kuure S. MAPK/ERK signaling
in regulation of renal differentiation. Int J Mol Sci, 2019,
20: 1779

Degirmenci U, Wang M, Hu J. Targeting aberrant RAS/
RAF/MEK/ERK signaling for cancer therapy. Cells, 2020,
9:198

Yang XH, Ju SJ, Fan DX, et al. Orexin A stimulates Foxol
phosphorylation via OX1R-induced PI3K/AKT and
MAPK/ERK signaling pathways in hepatocytes. Int J Clin
Exp Med, 2019, 12: 6757-67

Yu Z, Ju'Y, Liu H. Anti-lung cancer effect of glucosamine
by suppressing the phosphorylationof FOXO. Mol Med
Rep, 2017, 16: 3395-400

Chen YH, LiY, Xue JF, et al. Wnt-induced deubiquitination
FoxM1 ensures nucleus B-catenin transactivation. EMBO
J, 2016, 35: 668-84

Zhang LY, Chen Y, Jia J, et al. MiR-27a promotes EMT in
ovarian cancer through active Wnt/B-catenin signalling by
targeting FOXO1. Cancer Biomark, 2019, 24: 31-42
Lépez-Novoa JM, Nieto MA. Inflammation and EMT: an
alliance towards organ fibrosis and cancer progression.
EMBO Mol Med, 2009, 1: 303-14

Wu Y, Zhou BP. TNF-0/NF-kB/Snail pathway in cancer
cell migration and invasion. Br J Cancer, 2010, 102: 639-
44

Wang W, Xing H. MicroRNA-9 promotes cell proliferation,
migration and invasion by targeting FOXO1 gene via NF-«xB/
Snail signaling pathways in breast cancer cell lines.
Breast, 2019, 44: S24-5



