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WE p3EAAXMBFIFRAEREANER, eS A BB T, GHAHESEET L, N g7 T

RERERER. BAMS OB TR, pS3T X4 4 4 0 fe A2 R T 87 An RO ARUE, 1078 RO 28 e 9 9k 5
TR, dMPEEAMAEK. F4 pS3RISSMBHARNSERESS, TEEHBMBNF GRS AT, X
T HpS3ak =GR A1, HRI W5 EF A BpS3A F oy A B3 8. A w5 B SEp537 it i 48 B T T (XA &
BWRERESSNENMEHR LM E RS BRTESE, AGHEAMET WEAR FpS3fF 5 E MR TR
P3N EE R, HAEMPSIAREMBRM T AN EEEAHLTREE. HEZTEAFRERENT BpS33 i E

REEFED R ETENFRESE.
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2 1 2 U8 A R i Tk e 4 i A ZH 2
2R — RIARENERE /1. Horh, s B AU R H ook
R E B RS . BT, R RE
i DA 2 g R 1) 77 AT R B A& o FEAIAR
WSS, S fbRe B Z MR, FH BASCHR B S s g e
AOAFE, T fo 0 R 85 B 0 R 4 k3
X e A0 A AR AR B g A, H L AR B 2 52
B FUE A 5 R0k K] DX 28 PR R B 42 1

pS3VE RN — L A, BARRE DL H U
KREH 7T S 57 2 HEMAEY IR, Wi E
WIS . ANRE T4 — R A i R (EE A
FORI, = p53 F AL A E TR 4% K Puma(pS3 up-
regulated modulator of apoptosis). & =% F Noxa 1
21X = ANpS3FEIE A 1) /N R (Mus - musculus)7E-5- A

p53, AR A%, BrE M EE, B, AR

SRS, SEIGHE S, BB HIpS3
A /N R AN BEAT RICHE 5 3 40 M SR 450 . At P T B
2, AB R B 1A R RE ), W RAZEAR KRR RS B RH
1k BRI TR BB, R IR
FAYE T T 7I(TP53-induced glycolysis and apoptosis
regulator, TIGAR)REH #ip53155 FRIA, MTIGARKIA
B I T v U 2 PR AR 4 R R 2,6- IR SR BE I KF, A
T o481 R T2 e 200 . PN 45 P 4 (reactive  oxygen  spe-
cies, ROS)IZKF-. G SRR B N I TIGARTE A, U]
2 {158 240 P 6T T p 53975 T 14D e 44 P B T B g
IO 52 R, 7R S LRI E DN A S 1 R
T, p53n LS A LR (glutaminase 2, GLS2)
(K187 X dh &, i FGLS2[M KA. thTGLS2/
BRI A G, HARk B @A B
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B2 3 S WEH Bk (L-glutathione, GSH)fJ 4. Bt
p5315 - FGLS2M¥ 2 1A R U 44 i J8 40 Hd I ROS 7K ~F- F fif
FaAN i A K (B A R, TG 2N A S
WA T INR 2 BRI A, 2 Z TR MR35 2 5 3pSs3-
P2 1S A B 22 2R H T GSHA R, ATk
FRAE B br e RE ). = pS3 B 4H M H T AN BE 5E K
X} 22 S8 BRI FEI SN, T B0 Y8 A4 i 1% 35 77 B A A
B AT AR IX LRI AT M p53 5 AR T 7E
R TR P R Rk, T pS 3 an T iR g AR
HRET R () TS A T R SCE R

1 pS3fitik

p53EE AT 19794 1 & B 72 o = 4L 1) e g 4100 ok AT
FZ—. pS3EEEA B RML M, HekaEmEa
FE N S 2BE 45 /38 (trans-activation domain,
TAD). &R E £ X (proline-rich region, PRR).
JEDNAZE & 25 K48 (central DNA-binding domain,
DBD). VUZAk 45 41 (tetramerization domain, TD)F1
8 3 R oty 45 M) 35 (carboxyl-terminal domain, CTD).
H, CTDJE K 2 BUmEAH KpS3 KA KA X 3. Wt 5%
R, B A2 Y pS3 B A e % 100 1) e 8 40 A AN B
1k, fE25 5 18 N SR b B ks Ao A0 it o
pS3FE R AT REHIR N 7T, BRE 2 FE R~ 1 7%
3K DRI F-p S 37 18 45 20 AR ) RO 40 ) I eg A8 O Je D7 THI
1 B I RE.

IR, pS3EEZ BN SRR EM. £1E
W AE R A e, MDM2 p534iEA kA RTEY
(Mdm2 p53 binding protein homolog, MDM2). Z %
HEREEFCOPIMIPIrh2/FE Ap53 B3 RiE R, Wit &
I A B g e B fp 53t 12 SR, — B4 i
FEDNAMUG - B FEFIZF . S A I PRBOE 55 A Ak
FFRIBUE 5, pS3 Bk I B BR AL AN AL EY 3 5 12
TR . B B0 IIpS 375 3 & A A 240 Jf ) 1 N 4 i )
ST E T ) 2 DR R B U, AT T 0 A e 4 e 1
RAER R FE(E ).

BOHTE AU I, pS3 A S 5 M AEHA T E D)
Ae. H, BpAEMpSIAMUEIS S 5 ORERERE . Zhi
REACBERR AL . IRBERERR IE1E . NRMTRR A& Rl AL 55
Z MR AR, CLAERFAN AR ARAS, MK
SRR s Thag, e i K i AR oA B R ) 4%
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AR, 5 AR S ok, kRS S5M
AN A

2 pS3GpEARhRE
2.1 HEPHEARS

(1) BB AR, WEFURI, et B 25 AR
AR (LR E R AR 15, L7 19204F, WarburgZ A
At L, AT IR A0, K 2 0 4 I P ) 2 W 1
R FLIR A B 25 58 0. B AR A ) 7 RE AR IR 4
B EABERRAIRIR 2, H2— BRAd s, R
RS LT BB R 7 A T 2 I ATPY Y, g, WA
e AR R AR, R T A& AR LT, iX
XoF et T 4 M ) BTk 1 B R Oy

1 260 W 2 O 4 o ) A 3 A e R A R B —
ANPRE DR, HH %) B %18 52 H (glucose  transporter,
GLUD/F(K2). W58 R, pS3—J7TH Al LA B E 0]
GLUTIMGLUTAIFRIE, B | GLUT1 A 4H i i
() 5 L AT 1 40 e B 1) % — D THipS3 BB 4 &
AR BRI, 0, @i S TIGARIIRIL,
AT B AR 1, 6- 0 T S 3 ) 1k TR SR W7 V¥ 1 (phospho-
fructokinase, PFK1)I1JAE K 3iE 77 S Mk -2, 6- iR, iF
T [ 42 3 B0 57 51 6168 IR W 2 A W PFK L) Bl it 128 e
1%, BB R AT, 59 b, AW TREARR 1 v DA B, Tk
2 H i FR A2 457 B (phosphoglycerate mutase, PGM)fE
W 3B H I R e A D 2- B H R, TipS3 AT ABEAIS
PGMIIE !, T B AR 1 A, A T 72
PpS3TEH A HE R = (1) SR T B R 40 i (1)
hee. RIS, pS3 B iR MR 4t
4 R p 53 I IR A 2 RE LR YR BB 1) ) (Tp53-
regulated inhibitor of necrosis under glucose starvation,
TRINGS)J/KF, H A FTRINGS 5 2R /77 @A B I
fig 52 /4 <K 25 [ (serine/threonine kinase receptor asso-
ciated protein, STRAP)Z: & Rl i 40 i rh Ik R 45 &
#% & F(nuclear factor k-gene binding, NF-xB)IRFLAE 5
(AT, AT ARG g g™, 55 p53 i AR A 4 K
SPARE AR 2, i A KO 23 E PUMARI T
ez o5 B4 T (downstream  regulatory  element
antagonist modulator, DREAM)JE R 2 [a] (440 ix
SERIF ST, pS3REME X iR 2 L P W e A R
I % e J7 e 280 P 1) A 26T R KPR A
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DNA damage, ROS, hypoxia, and other stress signals

v l l
KATS CREBBP E2F
l ATM
SIRT1
ARF
MDM2 P CHK1/2
> <
Ac P 53 P) <
CDK2 PUMA TIGAR PRKN RRM2
CCNE1 BAX GLS2 PINK ERCC5
p21 FASL AMPK SESTRIN1 XPC
CDC25A NOXA PTEN SESTRIN2 XRCC5
Cell cycle arrest Apoptosis Metabolism ROS DNA damage repair

B 1 pS3maRAN R SR RIS R ROS: W 4 KATS: A& H Bk #2H; CREBBP: CREB%: & 45 H; SIRT1: NADK#H
HEE A% LWALEE; ARF: @ ] K 7-p14; ATM: JLiF 2R 0 B0 I8 35K AL HE K, CHK: A sl B, CDK2: 4H i i Ak it
TR FE2; CCNEL: 40H &% HEL; CDC25A: U2 A F125A; PUMA: pS3 HiR{MEM -8 H; BAX: TR H
FASL: P T-HI5C R FHidfA; NOXA: NADPH4LHEF; TIGAR: TP531% T (KIH AR A 114 15 8 7 GLS2: & BEXET2; PTEN:
BRI 5 7k )1 5 1 RIS 2E K], PRKN: parkinZE [F]; PINK: PTEN S5 & I 1; SESTRIN: M ii% 58 [; RRM2: EHE BRI
JRAEm2EHE; ERCCS: VIRRME R A2 X HAMERS; XPC: DNAKMFEE EXPCANE & H; XRCCS: XHTLMB R X HAMEAS
Figure 1 p53 responses to different types of stress. ROS: reactive oxygen species; KATS: histone acetyltransferase; CREBBP: CREB-binding
protein; SIRT1: NAD-dependent protein deacetylase sirtuin 1; ARF: tumor suppressor pl4; ATM: ataxia telangiectasia mutate; CHK: checkpoint
kinases; CDK2: cyclin-dependent kinase 2; CCNE1: cyclin E1; CDC25A: cell division cycle 25A; PUMA: p53 upregulated modulator of apoptosis;
BAX: apoptosis regulator; FASL: related apoptosis ligand; NOXA: superoxide-generating NADPH oxidase; TIGAR: TP53-induced glycolysis and
apoptosis-regulator; GLS2: glutaminase 2; PTEN: phosphatase and tensin homologue; PRKN: parkin; PINK: PTEN induced putative kinase 1; RRM2:
ribonucleoside-diphosphate reductase subunit M2; ERCCS5: complementation group 5; XPC: DNA repair protein complementing XP-C cell; XRCCS5:
X-ray repair cross-complementing protein 5

(2) WERRILNEIZAT. WERRIHEIZTE(pentose phos-
phate pathway, PPP)/& %% FEQEI1 5 —HEIRE.
PPPA WANBY B, LG ™ A= 4 i Ay 25 22340 i 771 0 I i
MRS — 8% 2 (nicotinamide-adenine dinucleotide
phosphate, NADPH) AR B A 5 R A% B (ri-
bose-5-phosphate, RSP)FIFEEALIBEE. il 2 i
90 B AR KT TR A IR AR AN PR AL B 7T, PPP LAAS
[FATL 1) B s, ) TR e PR B BFMI2(MI2-typee: pyruvate ki-
nase, PKM2)7E % Fii S Y e vp (1) 3 3208 1) 2 0E
PP, AT 33 96 40 P Fr 44 5.

FEFME AR Y, PPP ) IH L Fh 71 4 W -6- B IR Mt
M (glucose-6-phosphate dehydrogenase, G6PD)# 72, 1%
g REPPPIE 12 1) 55— VR T 5 K S 37T LA B Hedds
£-G6PD, FEFHIEEIEGEPD B AR AR, AT 4]
PPPi& 2. {H{EpS3HRIIMMANIA, p534k LM
G6PDIIfE ), FEPPPE RN BEAT, KE N FEH &
B AEARERRR, SZRTRIEE ORI, pS3AMEA
BT, IEREIEN SR VIBER 454, 1A 3FEIKG6PD
FORBIEPEY. 5346, 4R EDNASIRT, ps3iik
SO F IR A AR L B AURIN, pS3 T LA I
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Figure 2 Regulation of p53 on energy metabolism. Proteins activated by p53 are represented in green and proteins inhibited by p53 are represented in

red

)T T TR R U 2/ R R -2, 6- W R T 3 (phosphofructo-
kinase-2/fructose-2,6-bisphosphatase 3, PFKFB3)f#]& ik
N BIDNAAS.  PFKFB3 300 81] £ 184 0 46 26 H 7 1)
PPP, Jt— DI H IR I AL B, AT S8R &2
5T DNAB A N An g 4735 2. AR AU HRIH, ps3
) 454 R R TAp73 7] LA B 4% 1 G6PDIE K (1) 3R 1X,
T S e 30 40 e 38 5 2 3 gk — 2B 5t T ps3 5
PPP X fitJed 24 i B A< 2 18] R BR 2R

2.2 TCATER

TCATEIF 2 AW fie & (il i e 5 F A2 36 A4
B AL & ) AW RGBS SR B 7 g e . #%
HERAN G IR TR B O ACER AL BFFRERN, B
P A it = TR ) B2 R J I (phosphoenolpyruvate  carboxy
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kinase, PEPCK)Z&TCATEM @ & 1 IT77), et feit
$45 41 P SO AT B2 A, I A AR,
T X AR U A8 R 08 R 50 (1L 7 I A LA s e 4 L e =5
ffle . EERAZRY. Eik, TCATEHF S
BB AR

PR AR A U 3 A X A A e e A T R ot
fifi(pyruvate dehydrogenase, PDH)E &I HIEAL, A%
JEY) i B A(acetoacetyl coenzyme A, Acetyl-CoA),
Acetyl-CoA T} 5 Bt L FR 4 & A TCA R H A AT 45
FRER. WEFC I, pS3AM AT AL g4l Ay el 1% it S
WG [F T.E§2(pyruvate dehydrogenase kinase, isozyme
2, PDK2)JIN5% B EE 3 N TCATEIRY iR 0T LLigs S i
A S K A BRI GL S22k, 3 N s IR
Ao [ — B (o-ketoglutaric acid, o-KG)fjmZ>",
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WINTCATEIREY). HrFa-KGAMUETCATEH ) & 2
A, I AEpS3A- TR AN A, a-KGTEpS3ik
R Jirr 8 Hp PR R 2R AT DA 3l e 4 B 20 Ak 5 4 P 4
RS A . T LB A R A2 o- K G i 1 XU 42 ) 5
Pk A7), 3 e 2 A P O BE FA R K T 2
S35 i SR sk g O,

2.3 JiREAH

(1) FEFiE R Ja2R2 i A ALV FE A gy, /2
Re s A I A, T T4 e S 2 . BT
T W], RZHOEH AR S OG5, T VF 2 it
2 7 H AR e A I B A R, B S RO ) e
J Y. LI G R 4 A 2 B AR R 8
M, NRWIR G s b O RIS, Wl
FR 4 1%l (fatty acid synthase, FASN). Zt4fifiFaiRib
fiff(acetyl-CoA carboxylase, ACC)FIATPFy 15 M5 fiA i
(ATP-citrate lyase, ACLY )57 A 7] [0 o 41k B80T,
A BT 40 A A g A AR,

OB FE R W, pS3TE T i 7 B A A Hh Rk 5
TER. BFFEN GRS BRIV IG BOET 4E 40 i 75 5 oA il
e, E9fE SRR SRR AL, B R, p53
(3B T LA IR Ol 4 2B A A, e LG i A
B PR T VR, T pS3 6 i ok T R 0% 1 5 g o
R BRI 2 R4 2 W p 53 T LAE i & Fig
BANHI ARG R, B, pS3Retr TS 5L
FCER) JE DR Eli . 5, pS3 T LA [ B oAb 4 S
£ M 1c(sterol regulatory elements binding proteins,
SREBPI1c)f 3Kk, A TIFFASNMACLY [H35i%,
BTN IR IIRR I G . SRR, FRIKRIE
A A7 T[] R A S SR R R R AR A R, T
pS3ReME I k15 T SR IR E 2 455 T AL(ATP
binding cassette transporter A1, ABCA 1)k BH W [il fig 1
1 e 45 A B 1 2(sterol  regulatory element binding
protein 2, SREBP-2)MJ#E. #— LR Hp53H T
SREBP-2 {41l il 2 FHL Ik FF e SRR iR A%, IR/ iH [ %
I p Uk, NADPHAR IS TR Mk & i 3 B4
BhIA¥, p53aetEidit 5 GoPD HE: 45 A K| GoPDYE
P, M5 SINADPH/KP REAE™, i 1l 42 5 SR
Az B

(2) MWl L. BB B A b (fatty acid oxidation,
FAO) & 4t i fig A 1) 3= 205 e —, o] LAZEFRR g 07

AR AP . 1T pS3 T W T LAGEEFAO AR,
—J71H, pS3EIT IS 5z FE ) OB B R
TR AL, B, Acetyl-CoA &2 FAOQ KN 1]
KA, XHRDIR AR H HEL. pS3n] LUt B %
AT R EF AN R B (malonyl-CoA  decarboxylase,
MLYCD) A K, H N BB AR 1L Acetyl-
CoARAEHEFAOP ™, th A U ich P37 32 R - 1
(pantothenate kinase 1, PANKI)[A]4ZH2 = 4 P Acet-
yl-CoARI & &, MTIEHEAS TR AIAAL. 5 —J7T,
p53 0] LU i 5 HoAth i v (R4 AH ELAE L, TA) e 4% A
FREA. lhn, pS3n] LI 75 5 0 i B i R I Lipin 1
ik, W SR T A I S A Y BRSO
SZARY 4 K T La(peroxisome  proliferator-activated
receptor y coactivator-1a, PGC-1o) A0 EAEF, Mifii%
SR SE A S5 L R ek, S IR IR e,
24 FARA

(1) A2 AR i yRg 4 B S o 18 5 SO e
AN AE YA RO E TR TR SR I, T2 R A Y
U TR R — RO . AERAGE EE R
LRGSR 5y, AR 2 Fh ARG g A 1) TRl A
vy, Horb, SE WS R R Y IR e iRt T AR
MG TE BT 75 BIES 7 B HAE . AEE T DL A
AR, AR 2 B AR R [ A R I
TIERIN, FEGRESRAET, TR 4 M A )75 2 I i ]
PLIE A B i A FLIE R 2 A AR S, AT (2 2 e
AR A K, T 3 A R I M 7 A A K R g e
B A, A A U e A B B e ot 11
A STt iz G oS AP T 4 L 1) 2 O i g T /> e g
20 M Fr B B A R FE A AR R h, GLS
AU IR — AN OCHEG, 5 0 T M AR 4 e 1)
1 R BRI R CR L, GLS2AEpS3IfHEE
A, p53fEfE FIMGLS23KIA, ¥ INGSHAK-F [£IKROS
KT, BET I R R R B AR B A — A
D IR AR R I 1 A R S SRR Ak o TR
12, [F)I A5 BN ADPH SR E [ R 8 — H% 1 R (nicoti-
namide adenine dinucleotide, NADH)*([]2). 7EW 730
Yyam i A = FhSE SR B (malic enzyme, ME)[RFHAY,
537 /2ME1, ME2FIME3, W 78 &% 0, p53idid &ix Lok
(R 3G i 7 T A 5 S R4 ) BT A ME R R A 3R,
MBS Z AR . NADPH™ 4. AL I8 5K
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BAAEYE R, EA IR0, pS3kk T HEERES
G AR L m AR Ah, I 2 5 I 20 H N A5 I e (1)
KIS AR ) AR, H b R R g 2 A (pro-
tein phosphatase 2A, PP2A) J H. 454 8 A i i PR B2 A
W9 E $07 (type 2A associated protein-42kD, TAP42)
TER R I N R A FEVE . TAPA27E 2 2 W i <5
I I SR AL A T B R FEPP2A R S 2H 3, LA
ROSHA M T7 2R e P B0E pS 3 e HE AN I A7 Vs . X i —
AR p 53 VR 158 i 8 4 2 e Ik Mg A R )
HED R,

(2) RABERARYEE. KA (asparagine, Asn)i&
—RAAE NR AN & BN AR 7R A IR, B TR I,
R 2T Jig e 4ot 4 It g BELT 75 S PO 4B R . A
SEARRIRIE T, A G AR I R AT I A R A
HIIF, RIS R Mg T A 25 1 e 4 i e Lk
P2 Ji8h, RABEIG Bl (asparagine  synthetase,
ASNS) A R & SR 7] R 4 Tt 2 F) AT P B e A
TERIBAR/AKF B = ASNSH L5 FIpk ELJR Y, Asn
VAR 2 75 s A LR T P9 AE S, HLASNST R IA
H5ANEMBENIARIGEA G A, XERIFR%
Bk fic F3 00 o) e 40 0 12 S R 5 40 PR R A U P
T RE 8 I R R s T, TS R A B,
pS3 0 LLFE I s K7 R I ASNS Rk AT 4 il R 4
Pk &, IR R A& Wil - R & R BRARAS,  HET )
A PRI SR B9 K 225 i e v AR . T LV R g 4
L P R 2 Bt frg B K P 2 BRSO R B 1 (liver kinase B,
LKB )% 5k MR V5 AL B H IS B (AMP-activated  pro-
tein kinase, AMPK)-p53{5+5, MIfifis & p2 1K H6i ¥ 4m
JH6 3 SR LS S {12 a4 L DR A IR ke = 1 2% A R 2R
ﬁ[SZ].

(3) AR, MR g i R AR R
A REEL BN, 72K 5 EEE MR A, 2ok 3
S it A1 1D 2 24 DR 24 R R FH A 2 T G T 2 1) 7 5%,
10 Jeh 8 4 o 20 L S PR AL B M RE ), 2 F 3K
2R L P (R AR SN R KR B R,
TP )2 — 7 THL e 9 AR R 7y R At P 7 R
MR, 55— 7 X Aevh g i s S e de s A, 41
L R A i 2R AR ) A IR R B R AR g B
IR AR, IF A e e A v o) L e 1 2 R
SN, FH WL O B 2 A A R T4 T L
AN A KDY, BORIPE R, pS3Reng it i
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il R 2510 IR o0 Bl g 2 3 B IR 1 R & B 1 (carbamoyl
phosphate synthetase I, CPS1). % %(FR% 3 F L
[ (ornithine transcarbamylase, OTC)FfE Z FREE 1 (argi-
nase 1, ARG)IFRIE, il R 25 A2 BRI 20 1 B, AT
e A . (RN R R R 7K R A, AT B
BT R U A2 (murine double minute 2, MDM2)/1+ &
AL pS3. T HaZ R R B B & R
TR 1 SRR I 2 B (ornithine decarboxylase, ODC)#
BT, ATTH 2 0 & g et &
AUFURIL, WA TT 45 B e AR R 5 28 m
AMPKIp53 )3k, FEFRIKIR =ZIEHECPST, ARG,
OTCHIODCHIZ Ik, M1 25 1 Jee 40 M 435 i .
XL RIS TR A0 R pS 3R IR R IEFA AN
B EZL T RE, R HpS3 T Lo i 45 2 AR 2 i
HIAEW) G R, 3E— 251 5 eI 40 Y A 4 5L

2.5 HBRAH

PR A T AR 240 B s P2 AR R AR BROR 72
FRDNA S I FIRNA 07, TWips3 24 iz H e AQ
U B L R (2). BFFT RN, pS3id i i s A
WIS ISk 5 & A ) R BE G 5 1 2 5 B (Guanosine
monophosphate synthase, GMPS)K 1| FE W& & Bl A4
Rt ", ARG Mt R, ps3iEid k| PPPIf
/b B EEHT RS- IR 1% 0% (5-phosphate  ribose, RS5P)f)
P, SEUERRAE R, L R S M1/
M2(ribonucleotide reductase M1/M2, RRM1/2){#E1t1%
BREAZ IR 7] i SR AR IR O AL, R R TR 5 1
(R EB R, T pS3iE i i & s R RN B S5
(mechanistic target of rapamycin complex, mTORCI),
IFZAMHIRRM /2, TR A . B2 4,
HTAIE 702 B 2 L A4 7. FH S DY S R i A 2 (methy le-
netetrahydrofolate dehydrogenase 2, MTHFD2)[RFfE
BepS3 LM, Gn S MR 40 i ) pS3 Ak iE R 2 33
MTHFD2 Eiff, higm g HEne k& ok
SR AR X — R AR TR R T pS3 R R 4
JR% R AT ) 2L T R

2.6 AR

YARPTH BRI TR, 0 & 2 4
AR 5 BAF D, UiEE sk, fERd " MIDNA
A, IR R ROEA AR SR T
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TR iR KT, N R 2 Pk
FNIG Ak R D IR AN, ki s B E (fer-
roportin, FPN)7EFLARSE (1R IA B, 2 BB
AT 1 A kg A KK R LR Y. 522 R,
FPNE §if 51 9 A 0 S0 e A %34 t BRI, 5340,
BRI & A S mA 5%, afEE. 458k
AIFLARE . I 2 B AR R A O JE S A R 4T L
KRR REREH BAEEIER. DRy, MR gni
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Figure 3 Regulation of p53 on cellular iron homeostasis. CyS2: cystine; SLC7A11: solute carrier family 7, member 11; TFR1: transferrin receptor 1;
ZIP14: zinc-regulated transporters and iron-regulated transporter-like protein 14; ALOX12: arachidonate-12-lipoxygenase; PUFA: polyunsaturated
fatty acids; GSH: glutathion; GS-SG: oxidized glutathione; GPX4: glutathione peroxidase 4; HMG-CoA: hydroxy methylglutaryl coenzyme A;
HMGCR: HMG-CoA reductase; SREBP2: sterol regulatory element binding protein-2; NOX: nitrogen oxide; DPP4: dipeptidyl peptidase 4; SAT1:
spermidine/spermine N1-acetyltransferase 1; ALOXI15: arachidonate-15-lipoxygenase; POR: cytochrome P450 oxidoreductase; PUFA-CoA:
coenzyme A containing polyunsaturated fatty acid chain; PUFA-PL: phospholipid containing polyunsaturated fatty acid chain; ETC: electron
transport chain; IPLA2f: calcium-independent phospholipase A2B; Gln: glutamine; GLS: glutaminase
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Figure 4 p53 regulates glucose metabolism through IKK-NF-kB pathway
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Figure 5 The regulation of metabolism by mutant p53

WAESE, MUKpS3 KA 2 FRARIX Be L R 2R 18, AT
IR AL A B R R 1 o AU, A i
&, BAREA BUBRFE I pS3 R ARARAE £ Fh 28 A (R E
HR I R B, S HL AR R ffipS 33 [R5 B AR AU L (R 1 g
Z 5 [ AU 2. (R O T RAS B pS3 1 BUf i 14
ST TS AR S S i R E R D, Bl T
FE 7 SRR B2 AR P2 2- 52 i I R R L
HRAAMpS34E A, M/ MDM2 A 511 5848 4 p53
2RI R A, St — DA s, e
T8 4 B 55 77 3 v S N 2-F 3 T R AN TS AR R 8 4
R 2B = 4N M R RATpSIE AR E . X RIR
AR R pS3AY e % 3 ok VR 2 R AR, i Re RN 2 g
PRI AR A (R A AR ALY, I e T R 2 R
A pS3IEA S IE AU AR B AR AL

7 BE5REE

MR Z 8 TR I SR B IR, IF R X
LT FRUERR A AT RE DDA A0 Bl e 24 A Y —
ANFRIRIRFAE. DA, 1 20 5 8 1l o o e 240t 1) 1
h, 7T, SRR 2 BB A R A H B RE
AU R A AR IR 53— 7, R
HA SR FE e A A = xS R R IE . 4R 7>

442

AR IR S PR S5 R3S PRS2 T R ok SR R p S 3Bk
T RENSS T A R TR 20 A R BRI e T AR
S & ARG B, dERRAH ARSI R A L R
T RE. R iR 20 S R T BR AR AN 2
MZ A NS S IEER ECE, IS FUR R T RS
pS3TE N R 4] (A7, 5 50 2 DRURN 40 2L 1R 1)
FIE B
EAEZEMR, RAEMPSIN TR MR A2
X PR AE B AR KR R R S LB B QAT RTIA, AR
Alps3a] LA IR AR Y2 5 T, FF5 5 a4
M AR E R FE I R A R SR RE. SRR A (pS3A
AN 2 A of i JRE A4 i TR B A . T D R AL I TR
AAZER & AR A 1, B2 S 8U3LE SR g K
BRIET 7 SR A e As . Ok 2 IR R B, pS3R
BEAMEZMRMERE S mERIL, FHRIEE
B A A pS3AH R I TN RE. (H KT R pS37E R AR
VR 2 e PR AL A R A ) TR 3K p 5 3 AR R S AR 1 7
AR H ATIE A KIE 2. M7 A R p53
A% B AR R p 53 (BT AR R T B 1 5 T O X pS 3
A SR AR R A B L. R R pS3
5 AR R p 53— B B A B v6 97 1ok R e R B 5]
AR TR KR i 0 ps3 e He R A
PR AEARW T R D R FOHLE IR, BLROK e



REBE: ARl 2023 4F 53 % A4

SEPIR R,

Fit 8 4 L (R A B R AN DU K A A B o W i
AGER SRR, W SR A5 b 2% Ao S A
RS R 2 N R AT T BB SR . BRI, R AR
AR DB R ARIEB M. Mip531)
PRS2 — B A& pS3HF T — A B sh A A pRad A e

IR, ARRHIT TS T pS53 (KIS Alp 53 S AR s 7
AL HIHL, A2 HE AT p537E I 42 il g 4G 44
Ji T E E DRI BAR, R KB A TR p53 R
AR 14 iR R B H SRAR AAAE AR T g Thse AL, A&
MR A A FRR AT PR I UGR, IR
P53 I A IR T T BB i 4%.

%R

E VS I S

10

11

12

13

14

15

16

17

18
19

20

21

22
23

Hanahan D, Weinberg R A. Hallmarks of cancer: the next generation. Cell, 2011, 144: 646-674

Pavlova N N, Thompson C B. The emerging hallmarks of cancer metabolism. Cell Metab, 2016, 23: 27-47

Levine A J, Oren M. The first 30 years of p53: growing ever more complex. Nat Rev Cancer, 2009, 9: 749-758

Valente L J, Gray D H D, Michalak E M, et al. p53 efficiently suppresses tumor development in the complete absence of its cell-cycle inhibitory
and proapoptotic effectors p21, Puma, and Noxa. Cell Rep, 2013, 3: 1339-1345

Li T, Kon N, Jiang L, et al. Tumor suppression in the absence of p53-mediated cell-cycle arrest, apoptosis, and senescence. Cell, 2012, 149:
1269-1283

Bensaad K, Tsuruta A, Selak M A, et al. TIGAR, a p53-inducible regulator of glycolysis and apoptosis. Cell, 2006, 126: 107-120

Suzuki S, Tanaka T, Poyurovsky M V, et al. Phosphate-activated glutaminase (GLS2), a p53-inducible regulator of glutamine metabolism and
reactive oxygen species. Proc Natl Acad Sci USA, 2010, 107: 7461-7466

Maddocks O D K, Berkers C R, Mason S M, et al. Serine starvation induces stress and p53-dependent metabolic remodelling in cancer cells.
Nature, 2013, 493: 542-546

Baker S J, Preisinger A C, Jessup J M, et al. p53 gene mutations occur in combination with 17p allelic deletions as late events in colorectal
tumorigenesis. Cancer Res, 1990, 50: 7717-7722

Finlay C A, Hinds P W, Levine A J. The p53 proto-oncogene can act as a suppressor of transformation. Cell, 1989, 57: 1083-1093
Momand J, Wu H H, Dasgupta G. MDM2—master regulator of the p53 tumor suppressor protein. Gene, 2000, 242: 15-29

Harris S L, Levine A J. The p53 pathway: positive and negative feedback loops. Oncogene, 2005, 24: 2899-2908

Warburg O, Wind F, Negelein E. The metabolism of tumors in the body. J Gen Physiol, 1927, 8: 519-530

Guppy M, Greiner E, Brand K. The role of the Crabtree effect and an endogenous fuel in the energy metabolism of resting and proliferating
thymocytes. Eur J Biochem, 1993, 212: 95-99

Zhang C, Liu J, Wu R, et al. Tumor suppressor p53 negatively regulates glycolysis stimulated by hypoxia through its target RRAD. Oncotarget,
2014, 5: 5535-5546

Schwartzenberg-Bar-Yoseph F, Armoni M, Karnieli E. The tumor suppressor p53 down-regulates glucose transporters GLUT/ and GLUT4 gene
expression. Cancer Res, 2004, 64: 2627-2633

Li H, Jogl G. Structural and biochemical studies of TIGAR (TP53-induced glycolysis and apoptosis regulator). J Biol Chem, 2009, 284: 1748—
1754

Kondoh H, Lleonart M E, Gil J, et al. Glycolytic enzymes can modulate cellular life span. Cancer Res, 2005, 65: 177-185

Khan M R, Xiang S, Song Z, et al. The p53-inducible long noncoding RNA TRINGS protects cancer cells from necrosis under glucose
starvation. EMBO J, 2017, 36: 3483-3500

Garufi A, Pistritto G, Baldari S, et al. p53-Dependent PUMA to DRAM antagonistic interplay as a key molecular switch in cell-fate decision in
normal/high glucose conditions. J Exp Clin Cancer Res, 2017, 36: 126

Wamelink M M C, Struys E A, Jakobs C. The biochemistry, metabolism and inherited defects of the pentose phosphate pathway: a review. J
Inherit Metab Dis, 2008, 31: 703-717

Luo W, Semenza G L. Emerging roles of PKM2 in cell metabolism and cancer progression. Trends Endocrinol Metab, 2012, 23: 560-566
Jiang P, Du W, Wang X, et al. p53 regulates biosynthesis through direct inactivation of glucose-6-phosphate dehydrogenase. Nat Cell Biol,
2011, 13: 310-316

443


https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1016/j.cmet.2015.12.006
https://doi.org/10.1038/nrc2723
https://doi.org/10.1016/j.celrep.2013.04.012
https://doi.org/10.1016/j.cell.2012.04.026
https://doi.org/10.1016/j.cell.2006.05.036
https://doi.org/10.1073/pnas.1002459107
https://doi.org/10.1038/nature11743
https://doi.org/10.1016/0092-8674(89)90045-7
https://doi.org/10.1016/S0378-1119(99)00487-4
https://doi.org/10.1038/sj.onc.1208615
https://doi.org/10.1085/jgp.8.6.519
https://doi.org/10.1111/j.1432-1033.1993.tb17637.x
https://doi.org/10.18632/oncotarget.2137
https://doi.org/10.1158/0008-5472.CAN-03-0846
https://doi.org/10.1074/jbc.M807821200
https://doi.org/10.15252/embj.201696239
https://doi.org/10.1186/s13046-017-0596-z
https://doi.org/10.1007/s10545-008-1015-6
https://doi.org/10.1007/s10545-008-1015-6
https://doi.org/10.1016/j.tem.2012.06.010
https://doi.org/10.1038/ncb2172

SR Al % 582 pS3 YA R A R E T i

24

25

26

27

28
29

30

31

32

33

34

35

36

37

38

39

40

41

4
43

44

45
46

47
48

49

50

51

52

444

Franklin D A, He Y, Leslie P L, et al. p53 coordinates DNA repair with nucleotide synthesis by suppressing PFKFB3 expression and promoting
the pentose phosphate pathway. Sci Rep, 2016, 6: 38067

Du W, Jiang P, Mancuso A, et al. TAp73 enhances the pentose phosphate pathway and supports cell proliferation. Nat Cell Biol, 2013, 15: 991—
1000

Montal E D, Dewi R, Bhalla K, et al. PEPCK coordinates the regulation of central carbon metabolism to promote cancer cell growth. Mol Cell,
2015, 60: 571-583

Desideri E, Vegliante R, Ciriolo M R. Mitochondrial dysfunctions in cancer: genetic defects and oncogenic signaling impinging on TCA cycle
activity. Cancer Lett, 2015, 356: 217-223

Contractor T, Harris C R. p53 negatively regulates transcription of the pyruvate dehydrogenase kinase Pdk2. Cancer Res, 2012, 72: 560-567
Hu W, Zhang C, Wu R, et al. Glutaminase 2, a novel p53 target gene regulating energy metabolism and antioxidant function. Proc Natl Acad Sci
USA, 2010, 107: 7455-7460

Morris J P Iv, Yashinskie J J, Koche R, et al. a-Ketoglutarate links p53 to cell fate during tumour suppression. Nature, 2019, 573: 595-599
Rohrig F, Schulze A. The multifaceted roles of fatty acid synthesis in cancer. Nat Rev Cancer, 2016, 16: 732-749

Swinnen J V, Brusselmans K, Verhoeven G. Increased lipogenesis in cancer cells: new players, novel targets. Curr Opin Clin Nutr Metab Care,
2006, 9: 358-365

Hallenborg P, Feddersen S, Madsen L, et al. The tumor suppressors pRB and p53 as regulators of adipocyte differentiation and function. Expert
Opin Ther Targets, 2009, 13: 235-246

Wang X, Zhao X, Gao X, et al. A new role of p53 in regulating lipid metabolism. J Mol Cell Biol, 2013, 5: 147-150

Moon S H, Huang C H, Houlihan S L, et al. p53 represses the mevalonate pathway to mediate tumor suppression. Cell, 2019, 176: 564-580.¢19
Parrales A, Iwakuma T. p53 as a regulator of lipid metabolism in cancer. Int J Mol Sci, 2016, 17: 2074

Liu Y, He Y, Jin A, et al. Ribosomal protein-Mdm2-p53 pathway coordinates nutrient stress with lipid metabolism by regulating MCD and
promoting fatty acid oxidation. Proc Natl Acad Sci USA, 2014, 111: E2414-E2422

Leonardi R, Zhang Y M, Rock C O, et al. Coenzyme A: back in action. Prog Lipid Res, 2005, 44: 125-153

Foster D W. The role of the carnitine system in human metabolism. Ann New York Acad Sci, 2004, 1033: 1-16

Wang S J, Yu G, Jiang L, et al. p53-Dependent regulation of metabolic function through transcriptional activation of pantothenate kinase-1 gene.
Cell Cycle, 2013, 12: 753-761

Assaily W, Rubinger D A, Wheaton K, et al. ROS-mediated p53 induction of Lpinl regulates fatty acid oxidation in response to nutritional
stress. Mol Cell, 2011, 44: 491-501

DeBerardinis R J, Cheng T. Q’s next: the diverse functions of glutamine in metabolism, cell biology and cancer. Oncogene, 2010, 29: 313-324
Wang Y, Bai C, Ruan Y, et al. Coordinative metabolism of glutamine carbon and nitrogen in proliferating cancer cells under hypoxia. Nat
Commun, 2019, 10: 201

Yang L, Achreja A, Yeung T L, et al. Targeting stromal glutamine synthetase in tumors disrupts tumor microenvironment-regulated cancer cell
growth. Cell Metab, 2016, 24: 685-700

Fuchs B C, Bode B P. Stressing out over survival: glutamine as an apoptotic modulator. J Surg Res, 2006, 131: 26-40

Lora J, Alonso F J, Segura J A, et al. Antisense glutaminase inhibition decreases glutathione antioxidant capacity and increases apoptosis in
Ehrlich ascitic tumour cells. Eur J Biochem, 2004, 271: 4298-4306

Chang G G, Tong L. Structure and function of malic enzymes, a new class of oxidative decarboxylases. Biochemistry, 2003, 42: 12721-12733
Jiang P, Du W, Mancuso A, et al. Reciprocal regulation of p53 and malic enzymes modulates metabolism and senescence. Nature, 2013, 493:
689693

Reid M A, Wang W I, Rosales K R, et al. The B55a subunit of PP2A drives a p53-dependent metabolic adaptation to glutamine deprivation. Mol
Cell, 2013, 50: 200-211

Zhang J, Fan J, Venneti S, et al. Asparagine plays a critical role in regulating cellular adaptation to glutamine depletion. Mol Cell, 2014, 56:
205-218

Story M D, Voehringer D W, Stephens L C, et al. L-asparaginase kills lymphoma cells by apoptosis. Cancer Chemother Pharmacol, 1993, 32:
129-133

Deng L, Yao P, Li L, et al. p53-mediated control of aspartate-asparagine homeostasis dictates LKB1 activity and modulates cell survival. Nat


https://doi.org/10.1038/srep38067
https://doi.org/10.1038/ncb2789
https://doi.org/10.1016/j.molcel.2015.09.025
https://doi.org/10.1016/j.canlet.2014.02.023
https://doi.org/10.1158/0008-5472.CAN-11-1215
https://doi.org/10.1073/pnas.1001006107
https://doi.org/10.1073/pnas.1001006107
https://doi.org/10.1038/s41586-019-1577-5
https://doi.org/10.1038/nrc.2016.89
https://doi.org/10.1097/01.mco.0000232894.28674.30
https://doi.org/10.1517/14712590802680141
https://doi.org/10.1517/14712590802680141
https://doi.org/10.1093/jmcb/mjs064
https://doi.org/10.1016/j.cell.2018.11.011
https://doi.org/10.3390/ijms17122074
https://doi.org/10.1073/pnas.1315605111
https://doi.org/10.1016/j.plipres.2005.04.001
https://doi.org/10.1196/annals.1320.001
https://doi.org/10.4161/cc.23597
https://doi.org/10.1016/j.molcel.2011.08.038
https://doi.org/10.1038/onc.2009.358
https://doi.org/10.1038/s41467-018-08033-9
https://doi.org/10.1038/s41467-018-08033-9
https://doi.org/10.1016/j.cmet.2016.10.011
https://doi.org/10.1016/j.jss.2005.07.013
https://doi.org/10.1111/j.1432-1033.2004.04370.x
https://doi.org/10.1021/bi035251%2B
https://doi.org/10.1038/nature11776
https://doi.org/10.1016/j.molcel.2013.02.008
https://doi.org/10.1016/j.molcel.2013.02.008
https://doi.org/10.1016/j.molcel.2014.08.018
https://doi.org/10.1007/BF00685615
https://doi.org/10.1038/s41467-020-15573-6

REBE: ARl 2023 4F 53 % A4

53
54

55

56

57
58

59
60

61

62

63
64
65
66
67
68

69
70
71
72
73

74
75

76

71

78
79

80

81

82
83

Commun, 2020, 11: 1755

Bodega G, Segura B, Ciordia S, et al. Ammonia affects astroglial proliferation in culture. PLoS ONE, 2015, 10: ¢0139619

Spinelli J B, Yoon H, Ringel A E, et al. Metabolic recycling of ammonia via glutamate dehydrogenase supports breast cancer biomass. Science,
2017, 358: 941-946

LiL, Mao Y, Zhao L, et al. p53 regulation of ammonia metabolism through urea cycle controls polyamine biosynthesis. Nature, 2019, 567: 253—
256

Zhang T, Hu L, Tang J F, et al. Metformin inhibits the urea cycle and reduces putrescine generation in colorectal cancer cell lines. Molecules,
2021, 26: 1990

Aird K M, Zhang R. Nucleotide metabolism, oncogene-induced senescence and cancer. Cancer Lett, 2015, 356: 204-210

Holzer K, Drucker E, Roessler S, et al. Proteomic analysis reveals gmp synthetase as p53 repression target in liver cancer. Am J Pathol, 2017,
187: 228-235

He Z, Hu X, Liu W, et al. P53 suppresses ribonucleotide reductase via inhibiting mTORCI. Oncotarget, 2017, 8: 4142241431

Li G, Wu J, Li L, et al. p53 deficiency induces MTHFD?2 transcription to promote cell proliferation and restrain DNA damage. Proc Natl Acad
Sci USA, 2021, 118

Lawen A, Lane D J R. Mammalian iron homeostasis in health and disease: uptake, storage, transport, and molecular mechanisms of action.
Antioxid Redox Signal, 2013, 18: 2473-2507

Pinnix Z K, Miller L D, Wang W, et al. Ferroportin and iron regulation in breast cancer progression and prognosis. Sci Transl Med, 2010, 2:
43ra56

Basuli D, Tesfay L, Deng Z, et al. Iron addiction: a novel therapeutic target in ovarian cancer. Oncogene, 2017, 36: 4089-4099

Tesfay L, Clausen K A, Kim J W, et al. Hepcidin regulation in prostate and its disruption in prostate cancer. Cancer Res, 2015, 75: 2254-2263
Gozzelino R, Arosio P. Iron homeostasis in health and disease. Int J Mol Sci, 2016, 17: 130

Dixon S J, Lemberg K M, Lamprecht M R, et al. Ferroptosis: an iron-dependent form of nonapoptotic cell death. Cell, 2012, 149: 1060—-1072
Chen X, Yu C, Kang R, et al. Cellular degradation systems in ferroptosis. Cell Death Differ, 2021, 28: 1135-1148

Bannai S, Kitamura E. Transport interaction of L-cystine and L-glutamate in human diploid fibroblasts in culture. J Biol Chem, 1980, 255:
2372-2376

Jiang L, Kon N, Li T, et al. Ferroptosis as a p53-mediated activity during tumour suppression. Nature, 2015, 520: 57-62

Wang S J, Li D, Ou Y, et al. Acetylation is crucial for p53-mediated ferroptosis and tumor suppression. Cell Rep, 2016, 17: 366-373

Wang Y, Yang L, Zhang X, et al. Epigenetic regulation of ferroptosis by H,B monoubiquitination and p53. EMBO Rep, 2019, 20: e47563
Wu J, Minikes A M, Gao M, et al. Intercellular interaction dictates cancer cell ferroptosis via NF2-YAP signalling. Nature, 2019, 572: 402-406
Matés J M, Campos-Sandoval J A, de Los Santos-Jiménez J, et al. Glutaminases regulate glutathione and oxidative stress in cancer. Arch
Toxicol, 2020, 94: 2603-2623

Kang R, Kroemer G, Tang D. The tumor suppressor protein p53 and the ferroptosis network. Free Radical Biol Med, 2019, 133: 162-168
Ou Y, Wang S J, Li D, et al. Activation of SAT! engages polyamine metabolism with p53-mediated ferroptotic responses. Proc Natl Acad Sci
USA, 2016, 113: E6806-E6812

Chu B, Kon N, Chen D, et al. ALOX12 is required for p53-mediated tumour suppression through a distinct ferroptosis pathway. Nat Cell Biol,
2019, 21: 579-591

Chen D, Chu B, Yang X, et al. iPLA2B-mediated lipid detoxification controls p53-driven ferroptosis independent of GPX4. Nat Commun, 2021,
12: 3644

Xie Y, Zhu S, Song X, et al. The tumor suppressor p53 limits ferroptosis by blocking DPP4 activity. Cell Rep, 2017, 20: 1692-1704
Hwang P M, Bunz F, Yu J, et al. Ferredoxin reductase affects p53-dependent, 5-fluorouracil-induced apoptosis in colorectal cancer cells. Nat
Med, 2001, 7: 1111-1117

Zhang Y, Qian Y, Zhang J, et al. Ferredoxin reductase is critical for p53-dependent tumor suppression via iron regulatory protein 2. Genes Dev,
2017, 31: 1243-1256

Funauchi Y, Tanikawa C, Yi Lo P H, et al. Regulation of iron homeostasis by the p53-ISCU pathway. Sci Rep, 2015, 5: 16497

Chio I 1 C, Tuveson D A. ROS in cancer: the burning question. Trends Mol Med, 2017, 23: 411-429

Sarsour E H, Kumar M G, Chaudhuri L, et al. Redox control of the cell cycle in health and disease. Antioxid Redox Signal, 2009, 11: 2985-3011

445


https://doi.org/10.1038/s41467-020-15573-6
https://doi.org/10.1371/journal.pone.0139619
https://doi.org/10.1126/science.aam9305
https://doi.org/10.1038/s41586-019-0996-7
https://doi.org/10.3390/molecules26071990
https://doi.org/10.1016/j.canlet.2014.01.017
https://doi.org/10.1016/j.ajpath.2016.09.022
https://doi.org/10.18632/oncotarget.17440
https://doi.org/10.1073/pnas.2019822118
https://doi.org/10.1073/pnas.2019822118
https://doi.org/10.1089/ars.2011.4271
https://doi.org/10.1126/scitranslmed.3001127
https://doi.org/10.1038/onc.2017.11
https://doi.org/10.1158/0008-5472.CAN-14-2465
https://doi.org/10.3390/ijms17010130
https://doi.org/10.1016/j.cell.2012.03.042
https://doi.org/10.1038/s41418-020-00728-1
https://doi.org/10.1016/S0021-9258(19)85901-X
https://doi.org/10.1038/nature14344
https://doi.org/10.1016/j.celrep.2016.09.022
https://doi.org/10.15252/embr.201847563
https://doi.org/10.1038/s41586-019-1426-6
https://doi.org/10.1007/s00204-020-02838-8
https://doi.org/10.1007/s00204-020-02838-8
https://doi.org/10.1016/j.freeradbiomed.2018.05.074
https://doi.org/10.1073/pnas.1607152113
https://doi.org/10.1073/pnas.1607152113
https://doi.org/10.1038/s41556-019-0305-6
https://doi.org/10.1038/s41467-021-23902-6
https://doi.org/10.1016/j.celrep.2017.07.055
https://doi.org/10.1038/nm1001-1111
https://doi.org/10.1038/nm1001-1111
https://doi.org/10.1101/gad.299388.117
https://doi.org/10.1038/srep16497
https://doi.org/10.1016/j.molmed.2017.03.004
https://doi.org/10.1089/ars.2009.2513

SR Al % 582 pS3 YA R A R E T i

84

85

86
87

88
89

90

91

92

93

94

95

96
97

98
99

100

101

102

103

104

105

106

107

108

109

110

111

112

446

He H, Zang L H, Feng Y S, et al. Physalin A induces apoptosis via p53-Noxa-mediated ROS generation, and autophagy plays a protective role
against apoptosis through p38-NF-«B survival pathway in A375-S2 cells. J Ethnopharmacol, 2013, 148: 544-555

Hussain S P, Amstad P, He P, et al. p53-induced up-regulation of MnSOD and GPx but not catalase increases oxidative stress and apoptosis.
Cancer Res, 2004, 64: 2350-2356

Italiano D, Lena A M, Melino G, et al. Identification of NCF2/p67phox as a novel p53 target gene. Cell Cycle, 2012, 11: 4589-4596
Faraonio R, Vergara P, Di Marzo D, et al. p53 suppresses the Nrf2-dependent transcription of antioxidant response genes. J Biol Chem, 2006,
281: 39776-39784

Liou G Y, Storz P. Reactive oxygen species in cancer. Free Radical Res, 2010, 44: 479-496

Liu X, Liu Y, Liu Z, et al. CircMYH9 drives colorectal cancer growth by regulating serine metabolism and redox homeostasis in a p53-
dependent manner. Mol Cancer, 2021, 20: 114

Eriksson S E, Ceder S, Bykov V J N, et al. p53 as a hub in cellular redox regulation and therapeutic target in cancer. J Mol Cell Biol, 2019, 11:
330-341

Reggiori F, Komatsu M, Finley K, et al. Selective types of autophagy. Int J Cell Biol, 2012, 2012

Mathew R, Karantza-Wadsworth V, White E. Role of autophagy in cancer. Nat Rev Cancer, 2007, 7: 961-967

Zheng W, Chen Q, Wang C, et al. Inhibition of Cathepsin D (CTSD) enhances radiosensitivity of glioblastoma cells by attenuating autophagy.
Mol Carcinog, 2020, 59: 651-660

Ikeguchi M, Sakatani T, Ueta T, et al. Correlation between cathepsin D expression and p53 protein nuclear accumulation in oesophageal
squamous cell carcinoma. J Clin Pathol, 2002, 55: 121-126

Yeo SY, Itahana Y, Guo A K, et al. Transglutaminase 2 contributes to a TP53-induced autophagy program to prevent oncogenic transformation.
eLife, 2016, 5: 07101

Chae Y B, Kim M M. Activation of p53 by spermine mediates induction of autophagy in HT1080 cells. Int J Biol Macromol, 2014, 63: 5663
Chang H W, Kim M R, Lee H J, et al. p5S3/BNIP3-dependent mitophagy limits glycolytic shift in radioresistant cancer. Oncogene, 2019, 38:
3729-3742

Livesey K M, Kang R, Vernon P, et al. p5S3/HMGBI1 complexes regulate autophagy and apoptosis. Cancer Res, 2012, 72: 1996-2005

Wang J, Liu D, Sun Z, et al. Autophagy augments the self-renewal of lung cancer stem cells by the degradation of ubiquitinated p53. Cell Death
Dis, 2021, 12: 98

Yang Y, Karsli-Uzunbas G, Poillet-Perez L, et al. Autophagy promotes mammalian survival by suppressing oxidative stress and p53. Genes
Dev, 2020, 34: 688-700

Yeung S J, Pan J, Lee M H. Roles of p53, Myc and HIF-1 in regulating glycolysis—the seventh hallmark of cancer. Cell Mol Life Sci, 2008, 65:
3981-3999

Lando D, Peet D J, Whelan D A, et al. Asparagine hydroxylation of the HIF transactivation domain: a hypoxic switch. Science, 2002, 295: 858—
861

Denko N C. Hypoxia, HIF1 and glucose metabolism in the solid tumour. Nat Rev Cancer, 2008, 8: 705-713

Luo W, Hu H, Chang R, et al. Pyruvate kinase M2 is a PHD3-stimulated coactivator for hypoxia-inducible factor 1. Cell, 2011, 145: 732-744
Dai M S, Jin Y, Gallegos J R, et al. Balance of Yin and Yang: ubiquitylation-mediated regulation of p53 and c-Myc. Neoplasia, 2006, 8: 630—
644

Obacz J, Pastorekova S, Vojtesek B, et al. Cross-talk between HIF and p53 as mediators of molecular responses to physiological and genotoxic
stresses. Mol Cancer, 2013, 12: 93

Huang L E. Carrot and stick: HIF-o engages c-Myc in hypoxic adaptation. Cell Death Differ, 2008, 15: 672-677

Muiioz-Pinedo C, El Mjiyad N, Ricci J E. Cancer metabolism: current perspectives and future directions. Cell Death Dis, 2012, 3: €248
Ramjaun A R, Downward J. Ras and phosphoinositide 3-kinase: partners in development and tumorigenesis. Cell Cycle, 2007, 6: 2902—-2905
Gottlieb T M, Leal J F M, Seger R, et al. Cross-talk between Akt, p53 and Mdm?2: possible implications for the regulation of apoptosis.
Oncogene, 2002, 21: 1299-1303

Feng Z, Hu W, de Stanchina E, et al. The regulation of AMPK B1, TSC2, and PTEN expression by p53: stress, cell and tissue specificity, and the
role of these gene products in modulating the IGF-1-AKT-mTOR pathways. Cancer Res, 2007, 67: 3043-3053

Wang L, Xiong H, Wu F, et al. Hexokinase 2-mediated Warburg effect is required for PTEN- and p53-deficiency-driven prostate cancer growth.


https://doi.org/10.1016/j.jep.2013.04.051
https://doi.org/10.1158/0008-5472.CAN-2287-2
https://doi.org/10.4161/cc.22853
https://doi.org/10.1074/jbc.M605707200
https://doi.org/10.3109/10715761003667554
https://doi.org/10.1186/s12943-021-01412-9
https://doi.org/10.1093/jmcb/mjz005
https://doi.org/10.1155/2012/156272
https://doi.org/10.1038/nrc2254
https://doi.org/10.1002/mc.23194
https://doi.org/10.1136/jcp.55.2.121
https://doi.org/10.7554/eLife.07101
https://doi.org/10.1016/j.ijbiomac.2013.10.041
https://doi.org/10.1038/s41388-019-0697-6
https://doi.org/10.1158/0008-5472.CAN-11-2291
https://doi.org/10.1038/s41419-021-03392-6
https://doi.org/10.1038/s41419-021-03392-6
https://doi.org/10.1101/gad.335570.119
https://doi.org/10.1101/gad.335570.119
https://doi.org/10.1007/s00018-008-8224-x
https://doi.org/10.1126/science.1068592
https://doi.org/10.1038/nrc2468
https://doi.org/10.1016/j.cell.2011.03.054
https://doi.org/10.1593/neo.06334
https://doi.org/10.1186/1476-4598-12-93
https://doi.org/10.1038/sj.cdd.4402302
https://doi.org/10.1038/cddis.2011.123
https://doi.org/10.4161/cc.6.23.4996
https://doi.org/10.1038/sj.onc.1205181
https://doi.org/10.1158/0008-5472.CAN-06-4149

REBE: ARl 2023 4F 53 % A4

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

Cell Rep, 2014, 8: 1461-1474

Feng Z, Zhang H, Levine A J, et al. The coordinate regulation of the p53 and mTOR pathways in cells. Proc Natl Acad Sci USA, 2005, 102:
8204-8209

Rodriguez-Garcia A, Samsé P, Fontova P, et al. TGF-P1 targets Smad, p38 MAPK, and PI3K/Akt signaling pathways to induce PFKFB3 gene
expression and glycolysis in glioblastoma cells. FEBS J, 2017, 284: 3437-3454

Cairns R A, Harris I S, Mak T W. Regulation of cancer cell metabolism. Nat Rev Cancer, 2011, 11: 85-95

Vousden K H, Ryan K M. p53 and metabolism. Nat Rev Cancer, 2009, 9: 691-700

Kawauchi K, Araki K, Tobiume K, et al. p53 regulates glucose metabolism through an IKK-NF-«kB pathway and inhibits cell transformation.
Nat Cell Biol, 2008, 10: 611-618

Soliman G A. The integral role of mTOR in lipid metabolism. Cell Cycle, 2011, 10: 861-862

Budanov A V, Karin M. p53 target genes sestrinl and sestrin2 connect genotoxic stress and mTOR signaling. Cell, 2008, 134: 451-460

Liu Y, Tavana O, Gu W. p53 modifications: exquisite decorations of the powerful guardian. J Mol Cell Biol, 2019, 11: 564-577

Garufi A, D’Orazi G. High glucose dephosphorylates serine 46 and inhibits p53 apoptotic activity. J Exp Clin Cancer Res, 2014, 33: 79
Ishak Gabra M B, Yang Y, Lowman X H, et al. IKKp activates p53 to promote cancer cell adaptation to glutamine deprivation. Oncogenesis,
2018, 7: 93

Chibaya L, Karim B, Zhang H, et al. Mdm2 phosphorylation by Akt regulates the p53 response to oxidative stress to promote cell proliferation
and tumorigenesis. Proc Natl Acad Sci USA, 2021, 118

Tiwari A, Tashiro K, Dixit A, et al. Loss of HIF1A from pancreatic cancer cells increases expression of PPP1R1B and degradation of p53 to
promote invasion and metastasis. Gastroenterology, 2020, 159: 1882—1897.e5

Liu J, Guan D, Dong M, et al. UFMylation maintains tumour suppressor p53 stability by antagonizing its ubiquitination. Nat Cell Biol, 2020, 22:
1056-1063

Olivier M, Hussain S P, Caron de Fromentel C, et al. TP53 mutation spectra and load: a tool for generating hypotheses on the etiology of cancer.
IARC Sci Publ, 2004, 157: 247-270

Oren M, Rotter V. Mutant p53 gain-of-function in cancer. Cold Spring Harbor Perspectives Biol, 2010, 2: a001107

Muller P A J, Vousden K H. p53 mutations in cancer. Nat Cell Biol, 2013, 15: 2—-8

Zhang C, Liu J, Liang Y, et al. Tumour-associated mutant p53 drives the Warburg effect. Nat Commun, 2013, 4: 2935

Goel A, Mathupala S P, Pedersen P L. Glucose metabolism in cancer. J Biol Chem, 2003, 278: 15333-15340

Freed-Pastor W A, Mizuno H, Zhao X, et al. Mutant p53 disrupts mammary tissue architecture via the mevalonate pathway. Cell, 2012, 148:
244-258

Zhou G, Wang J, Zhao M, et al. Gain-of-function mutant p53 promotes cell growth and cancer cell metabolism via inhibition of AMPK
activation. Mol Cell, 2014, 54: 960-974

Kollareddy M, Dimitrova E, Vallabhaneni K C, et al. Regulation of nucleotide metabolism by mutant p53 contributes to its gain-of-function
activities. Nat Commun, 2015, 6: 7389

Zhao M, Yao P, Mao Y, et al. Malic enzyme 2 maintains protein stability of mutant p53 through 2-hydroxyglutarate. Nat Metab, 2022, 4: 225—
238

447


https://doi.org/10.1016/j.celrep.2014.07.053
https://doi.org/10.1073/pnas.0502857102
https://doi.org/10.1111/febs.14201
https://doi.org/10.1038/nrc2981
https://doi.org/10.1038/nrc2715
https://doi.org/10.1038/ncb1724
https://doi.org/10.4161/cc.10.6.14930
https://doi.org/10.1016/j.cell.2008.06.028
https://doi.org/10.1093/jmcb/mjz060
https://doi.org/10.1186/s13046-014-0079-4
https://doi.org/10.1038/s41389-018-0104-0
https://doi.org/10.1073/pnas.2003193118
https://doi.org/10.1053/j.gastro.2020.07.046
https://doi.org/10.1038/s41556-020-0559-z
https://doi.org/10.1101/cshperspect.a001107
https://doi.org/10.1038/ncb2641
https://doi.org/10.1038/ncomms3935
https://doi.org/10.1074/jbc.M300608200
https://doi.org/10.1016/j.cell.2011.12.017
https://doi.org/10.1016/j.molcel.2014.04.024
https://doi.org/10.1038/ncomms8389
https://doi.org/10.1038/s42255-022-00532-w

SR Al % 582 pS3 YA R A R E T i

p53 and cancer metabolism
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Ningxia University, Yinchuan 750021, China

p53 has actions in cell cycle inhibition, induction of cell senescence and apoptosis and plays a role in tumor suppression. p53 has been
reported to influence redox homeostasis and metabolic stability and also to mediate intracellular ferroptosis, thereby affecting the
growth of cancer cells. Metabolic reprogramming of tumor cells is also modulated by p53 with resultant tumor inhibition. However,
mutant p53 has altered metabolic regulatory functions from the wild-type protein and tumor inhibitory activity may be impaired. The
current study reviews the metabolic regulatory activity of p53 and its involvement in the oxidative stress response and autophagy
process in tumor cells. Post-translational modification of p53 and the functional changes of mutant p53 in tumor cells are discussed.
Key roles of p53 in regulation of tumor metabolism are analyzed. The aim was to provide reference materials to aid the understanding
of p53 regulatory functions and anticancer roles for research purposes.
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