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Table 1 Epigenetic enzymes and their co-factors
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Figure 1 Tumor-related metabolic pathways. Oncometabolites are labeled in red; tumor suppressor metabolites are labeled in green; tumor-related

metabolic enzymes are labeled in blue
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PN AR IR B T A5 36 )2 T HE 2 A
. BUR AT G R B4l A 4% E 2 A TR
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2.1 SAM GHILERE i

S-BRH H AR (SAM) &) 2 A 7E TAEMIR N Y
— A LA R, R AR A T
ZHAE W IEFE RSB . DNA W L RS B HE L) SAMAE
FHEAIEAA, Ak F S i i 40 B 1 o A R kG
AMRIRHE, VI DNAHEmERE(%2). DNAHSLE
i 3 A T MENE A CS A7 B (SmC), 76 LT A fimad
FErP R 15 2 T B S, H 3L B W i i 2 3k g A4
DNA H B EF(DNMT1, DNMT3A, DNMT3BAI
DNMT3C), #AL5CHISmCHYH Kb i . Hr,
DNMT Ui H L5 51, YEDNAK il if F2 rhoxf
H A A DN A XU o2 H AR () CpG — i gtk A 7
oAb, i B AL A A A o3 S0k B Bl Al i 4k OK
DNMT3 AL SR FF Ui 0 F b R g, 45 CpG A% tF
BRI FR A8 M. 98 3L IDNMT3 AZE22% 1 2 B
Z IR & R 577 DNA F AR E 1 22 FPL i 3
FEILRIRIR, Al ad AR R SRR T 5 B X8
HILEE R SEFRIS. BRCAIFIp 1 6™ A2y 58 i3 3
F 0 A B SR TR L A AR A L
m%uw,w].

2.2 o-KG5ZH I

a-Bi % R (a-KG) R TCATEH . EIERA M AA
[ At # h A /Ny, VB v ] = i e
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FIEDNA 2= F LA AN I mj C Z 4L 2 11 25 Y S AL AT
Pho-KGIENHH T, 43 5EILDNAFIZ H (10 5 H 3
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I 3L 4 3 R 4 i 5 = DN A 25 B AL B (TET 1,
TET2HMITET3). %M /E T a-K G A% 5 1 () 30
ARG, HAESmCHETT =R : SmCHHARIK A
Ak 5-3 H L % g (ShmC) . 5- FF RSt s I (S £C) Al

S-BRILMENE(ScaC). A fLAYSMCIE T DNALK Hil i FE v
AR REVE W h 25 64k, ol fb i 32 30 25 F 31k,
Bkl R B R p s e (R 2)M . TET2 02— WA
EEFEIN, 7524 15% 0 I T8 e v & A= Th g e e bk 28
AR ShCHE 22 A JESE AR by vh 358 f 2 014,
PERTETIG M R G T2 A 7E. 4, A
RIS T 217 & Jumonji CEERI I (JmjC) I 4H
B 2 H AR, A8 T o- KGRI L T
WAR B SUIMA,  [FIRELLo-KGAE HHFE F. ImjCHEfL
TR RS b WP L AL RN, B SRR &
LA I 2R TR iRk 2, S8 34k, JmjC
KIGEEATEMIRE P 2% kAR, T LR
AR

RERACI AL T A IR SY DNA AL &1 Fn
HEHA P IABAG. Foan, @i e e S A e A
Tk N TC AFEFR, AT FE30 minph I 0/ BRUFFE
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K F-DNAZ AL A/ NI T 40, 7%
IS S Tk T S 1 oK G T 815 2 2 1 PR ek A
DNAF AL, 55140 2 Rtk o)
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(KAT) AL, 125 7 1 2 RS i AR by £ T S {44
(K12). ZBHEREATENR BRI . TCATEA SRR
OEEEEAEA. TR R IR 7R C B R 1,
BARTNTEA AR RS P E A, B —
RN B LTI N B A RS 72 21
EA TR R AL . 2B A A FIE
HLff, FRARZLER 570 5 A I DNA 2 [R] 9 AH BLAE
FH, T 24 €0 B 354 S T st A b 3 R e s U7, 2,
WA AT O T 5 G R A 2R R ek A 06, 24
AR BRR G, IR 1 2R AT S R % A e
AR, R4 Wip3 00 FICBPAE S AR ALV iy
Hh ezt g AR )

2.4 NAD', 4B A2 LIRELEGEHIPARP

R M 5 S B FE P A HA AN AL Y
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T, HHZB TR . LR AB-HIETIREEEFEN
PP 42022 SIRTE SIS INAD 1E Hy
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Figure 2 Mechanisms underlying metabolite-mediated regulation of epigenetic enzymes. DNMT, DNA methyltransferases; HMT, histone
methyltransferases; KAT, histone acetyltransferases; TET, DNA dioxygenases (DNA demethylases); JmjC, Jumonji C-containing histone

demethylases; SIRT, sirtuin family of histone deacetylases
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AL IO’ -acyl-ADP-ribose(/€12). SR ADP-#ZHi R A
fitf(PARP) & %5 — 25 FINAD 1 ot IR - 1) 2 W& i
fitg, ANBEENZH 405 181 PARPEE 1, fiE{LRADP-#
FEPARINME M Z A0 RS, X Fh B S IE1R
MPARylation. A& Y LT ARIRAAHL, M2
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fif 112 (isocitrate dehydrogenase, IDH; HIDHIFIIDH2
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hydroxyglutarate, fAjFK2-HG). ZEHHZKER(Fumarate)fll
BEFAMR (Succinate), ‘B TEMA N & BB IHlo-KG
ARSI AUl Hrh 1 2 B FMAE R, 1]
WNImjCLHEE 1 2 AL . TETZ MG S5- AL s e 52
ARS8 L 5 ROV L AN Y (o BT 2t i), PR B 3%
IR FIYE A .

3.1 2.0k R(Q2-HG)

2-HGAEE A LA AAR: D-2-HGHIL-2-HG(5K
S IFRNR-2-HGHIS-2-HG). 1ED-2-HGH) & Pl firh,
NZEE U AR AT AR AL ek e A R i 3K B
R, MACEEARE S A T EZ 5Tk, s
PR I S AFIDHAE TCATE I H 1 — A B, ML A
R AT A i a-KG. 20094F, DangZi AP p ik k31,
JI A g I IDHZE AERR T AR a-KGA L, B 3k45 T
— AN A S YE, BILAINADPH AN T8 i a-KG
A ILD-2-HG(EI1). 23 g s i 2= 98 & 81, IDH1/2
FEZ T g vh & A2 5878, A3 A 80% AR I
JOT IR RN A PR RS BT Bk S LI (GBM), £4920% 1 2 PEHE &
HMH(AML), 10%~20%RRHAEE, DL R Z56% 0 HE
PR AN R0 L i A IDHZE AR & A T8
JU SRR L2 A 8 =722, WHFIDH1H
Argl132L4 KIDH2H i Arg 1401 Arg1 72, X6 5 58
B H S HIDHA XA AR 4 a- KGR IR
PR Il o- KGR A i2-HG. IR ZZEIARIDHI/2
A JE G PR A T B A= BUIDH 21 E AL G T, (HEiE
i T YIS FRD-2-HGRYfE J1, ‘FE(D-2HGTEIDHZE AR
AR e A P R A, MR R 75 10~20 mmol/LP
D-2-HGTEAL 445 | 5o-KGISL, XAt taei i S
HD-2-HG fit5a-KG ## 5 SUINEBFLS &, £135 DNA
AL BETET 4L 25 F 3L L BRI mj C (1&12) 2527,
IMjCHEEE 1 5 a-KGED-2-HGHY L S AR 45 4 B,
D-2-HG5o-KGZ5 & F & AL E i [R]— TG o, 1%
WP OEE - ERE T, S5RB4AARA495,
H567FIR A& A PRDA9T 5 2 SRR KB 7 ; D-2-HGTE
eSS Az iE TG, S5 T o- KGRI AL, 1
D-2-HGiifZ a-KG 1 H L STlk AL RE T, DR G R
TR, AR A AR YA IR D-2-HGa-
K G 114 25 L1 4 Tl 1) 5 S PR 40 10 R0 B2 2L 1 A7 0 1)
HFE

IDHZEAE B ZFP g (AN 50988 . AML ., JRAE i A
B PIRE) A RE B A PR 2 DNA i P Ak e #80126300 - 7 Jid

N ETE I B 4 v i 2R IDH 1 2828 R 1] LU S CpG
55 1 FR AL A = A, TR iE HIDHZE AR S5 3 R 4 75
FH Al A7 R SR e RPN, InFSCRF ik, 7EAMLA,
220%898 N kA TIDHZRAS, R, 415%0
AMLJG A TET23E R0 % A T ohfigste e i e Ap ) (e
JETET2RZFMIDHZE AR AR R E R A, X AD-
2HGHITETAE ] F [A]— 40 A 18 B 42 43t T 3 AL 2 e s
EDNAS LR AR, HE AR IRk
TLFPIDHI2%7E M bR, A B> AMLE A
R4 fED,

D-2-HGX| WAL a2 4 s Y, RID-2-HGH]
DAII ) 22 Fh AL B, AR AR IR IR, A2
RO A DR B R . 4K |, D-2-HGHY
SRR PRI 5 S R 4 A 2 oA s B i 1 40
LG4k, e /) S I AEL 200 At A ot 4 i 2 R
th, D-2-HG 2 BHA% ML 4N A% 2 A9 I 3 e 78
A G L A AR 2R (N 3T 3/ 1R i i M 2 I e I 4 i)
H B BRI A B R a8 R T —Fh 5
25 B (R P8 1 530 A [R) B I AR 15 5 . 7EIDHZE
AR, KRR AR I A RSN E S A,
A AR (228 A TDH) A/ N> AR (D-2-HG).

Wb SCArkR, bR P 2R B TDHAE AL A B e e
FID-2-HG, WA, (R ERD-2-HGHIL-2-HG
IR AE L Rl 2L A 2 (1), L-2-HGHY A iR I8
T LR i S0 (LD H) AP R iR i & i (MDH) fiE AL Y o-
KGifs JFEPERI R, — A Tt . B &~ (&
P78 A — SRR A A BAC 1 (BTN IS & B B
G PEANMIELTS), L-2-HGH] LI R B H g e fr 40 af
SEUERH, L-2-HGHL ] DL i o- K GHC 38 A% 2 00A& 1
fitg, TEARSNG PE P06 RO — 2% T D-2-HG
(@2)[28,29].

D-2-HGHIL-2-HG ¥ B f# 53l fh D-2-HG B & i
(D2HGDH)FIL-2-HGH{ S EH(L2HGDH) Ak, X P i
M ZLSIYI I IEH KB A /DH. D2hgdhiil /N
U BED-2-HG YR 2R, 410l oft 25 40 1) 1E 5 34004,
I FEOEAML R G R T BEN. Lohgdhigbi/N
SN BIL-2-HGA R | 48 i W Sk A 2B ik
SR, 22 AR, D2HGDHML2HGDHZA 57543 3]
SHCE DAL D-2-HG IR FRAE FIL-2-HG IR B AE 44,
2HGRIRAE AT — Lo & i s 4], (HAH OGS
B E WD, 2HG IR BRAE FIIEE & A e 15 471 DR AR Bk
F HATTE AR AR AR L.
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B FOTR FAAE G 2R R A — PR R I B4 h B FA W ot
(SDH) 5 IEH R /K S HEFH) B RS (K 1). SDHZE—4
FENLTLRLAREE B A2 51K, HSDHA, SDHB,
SDHCHISDHD VU™ EEAA 1, AL SRR S A S i
RIR™. Gt SDHPUANJE K LA K i ity SDHRE L K 1
(I SDHAF 23R TE Z R g die vh K AER7E, A14530%~
40% [ 35 AL W8 4% 240 it 9 N 1 4 22745 988 (HPGL/PCC),
75%M) KITHIPDGFRARF A= 1Y 8 3 0] Jousgd, LA S, — 2k
18 2 4 B 20 PR AN R BEEL). FHE— AN E 0 TR
FIZRLA AR, A T0 AE 5 2 R RN S SRR 2 R] Y T 33t 7K
BRI, AT B, FHERREC B2 788 S50
B VRS X B A (HLRCC, JRFRReedZ5 A
fiE), 12 PR SRR IR S SR 1 & 1 T 1 LIRS
TE I U AR 280 B s, (R M FH AR
5 B 2 R R R 4o 27 98 v B AR SEI). SDHATFH
(R ZEAR 43 53113 GRS R FIAEE 2R R R
R(EI), $ERBEHAR AL SRR AT ReX A 2o

I 27 S X B T 2 A0 A0 1) 2 7 114 3550 D B
TZRMEUE, S RGO R AT s
BEIARRSZ RSUCNRIPY | SiE#H 2 % 5 i AN 184 2 o
AR IS R TR A E AR 3
AR AN AL 5 2R3 o 10 i o - K GRS 1 28 A& 1
fitg, FEOME AN L AL, S — NN A BRI
8. BEFARR FNAER R IR 5 0-KGLE A, TEARSNAT U3
e o- K GHKAS ) F2 UL ) 05 1, 45 I mj CR I AL
F L F I TETR DNA 2 B SR ([512) ),
SDHE{FHZEAZ 1) i gd — it 23 Bl A 2 A ZH DN A RN 2
T Y AR B4 5D-2-HGZE B, BEFARRFIGE 2
i A3 1o Ve A A A P R T S A A e A T
TER IR NZRET- 20 MI(PSC) RSN L SE K 1, a-KGXT
20 L P AE R A A B DG EE T BE A R ) 5 Bk
HEPT ZEHLRCCHN A R BRFHI S BUE R B L2,
IR TETIG M, (e Uk 4n i iy b R 18] 58 s AL

3.3 ACHERR

G BENR N K L (IRG 1) Zi i i b A I 2 3 B e 2
fifi(ACOD 1) A =SR2 BRAGER ) r 8] F= 9 2 Sk M iS4,
AL A AR ERR(F DB, 52-HG . BEIARR AL 5 R IR
XL VZ A AR AN R,  ACODI A FIAKHER
(R AN B T A e . A U el bR 25 5 | R Y
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FGEAE BRI () BFFEIE S B IR BAT ) 2 B R )
e

AT TE, R & A R R B A B AR AR Rl A 5%
JiE, ARAEXT IR A VR R 2 0L ), B T DAGE S gt mp
DI PR, B ARG A . AR
LA AR DL S R YA ) 0 i 14 40 B (my eloid-derived
suppressor cell, MDSC), Y5 1] L= Az 4 FERR - 43-0b 2= i
TAHOAREE T, Irg 1R /N SR [R5 bR RS SR (Y 1F
SN, PR AR AR IR EA o e AR K ) Dy R,
Irg IR PT AR RO i Z Fho Mg i A K, 48O &
RO M Zg ool g S A
g0 RIS AN g TR A R IR
IR AT s AR T AEAE VBRI, B An e bR Irg 17T
A bR C D8 AT A T 16 5 e A 710063,

T AR AN S I A g WpLgl, B
ZAVES R ], MDSCAMI A R #CD8™ T
YAREEE, I TR IGESE . A R R R AR e
FROY: FE R gE B p rp HRL A T, AR BREIR LM B 1
KEAP1#EH, S3(KEAPI-NRF2IE F& B0 F1 502841
il AR A A A3 A 0% AR T ECDS” T4
PR LN I, B2 HECDS” TR FER ),
K FREIR 5w FrPE D HIDNAZ AL, S 1m0 o) S R 5
Y FEILFCDS" TIMAIRZE%E. FI2-HG . 323
iR, IESRIRISPL, KRR E0-KG BIESHZRIY).
KRR 5 a- KGR LU TET2 8 Pk e il DGR 4
FLFRFRIEH 1416, R1896F1S1898TE i U bl FlI S T4,
HirPo-KGilfl i HC- R I C-2 56 54 AL A T 2k 2 1
BOA7, A HERR RS C- 1R 3L, (HHC-247 | Ay
PRI IR FBOCE S PR 454,
TR . AR AT LASE M R TET SR
HEDNAZ LAV DL S TET24 S A1 48 5L R ARt
BRI ASTIHI L K 1 25 B SR B (R2)1, 2 AR R Al
TET2HE 0 B R FECXCLY . CXCLIOFICXCL1, ¥
FE TR SR R b A% T B0 O, BAR LR AL
HBMAAAE L, (HX Se PG ARIESE T A B R & —Fh
PoRE . AR R, T LA R
HIRERANNLA AR, 8 T S S e M e s SR b, 2
bR AR K
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{55 TN R R FONADHAE M I A LR A (81 1), 7E
BRI an iR sl Z iz B, 20 MIE A R EL R
FEAEN R FTENAD, M ERp R T, FL
g Bt 5 itz as 28 S A e, 38 D S 2B R B E B
AT LIRS — B E R R A SR i
Y. BAE19274F, EHEAAAFFKOtto Warburgif & B,
BIEAE AR SR T, M ZUROR G i i 1F
BB RIFLIRST. LIS 5 KRR A E %
s “WarburgZUW ™, AE R e i — R AR A TR R B 2
Bz SRR R ] IR B E 2910 m
mol/L A i e 5 - ELARR 2 b R 5 381 e 88 S A 35 1 i Y7
PERR ), e B e Zm A, FLERAN R ] LUl s
ZG% bR A AR A0 A IR R IR L DHAFE R W] LA
s R R KUY DL SRR SRR — AT
o

PR S — MRS AU HDACHI 57, v LAE i F
PR A SRl A S R A R 2, Aok, A
O R R J A8 i Sk P a0 JEE R LR T RBAE S — AP AR 1
i 7E 2 Mgt 1% PR 28 o 78 b A4 OCHAE . 20194,
Zhang®: NPVE 8, LR AT LA 64 AR/ B 25 1
TR ZEO AR, Z B LR L, SRR
P ZFRNB AL B (15]2), 38 X R bR i A 2 b ik
TIRER R, HEAFLRE T iRoc R AR B
HRIBERO PRI, PR R Al A FLER AR TT BEAZ 214
EIFEACII A S A A S FLRR AL A Z Al i
YR B, AAT AN H S AN ey NIRRT T LR s i T
PirtRIdH A B R IE LG, SR Y E B AT S, Stk
FHXTRE A, R 2B & BRI AL B i 5 L R Rk 1y
WA R LA 22 oAt T (R B 1R
BRI, W eI SR R Feak. (HALRILSE
L AT 2L A5 A e s AL B AR AR, A
XA Q] s Wi 8 200 B AL R A, HR
JhRs 2 S — AR

3.5 WHig

MR (INFRAEAE R BY), S — P AR TCIE & B 4R
R, —oE R ERIR. A sET, HRIEA AT
T BRIGPR G AR — B A, 7EZ Qi i b it
HHOE S — iR, ZERFZ R G, ARG . W
FAVRN . PR S R A A AR (A DU
MR T A A G . RAE20tH 4L SOAREAR,
Sidney Farber %5 A\GLFAI 138 i iR 2SR BH Br - i

AR AT IR 7 RS, A, Purt iRz
(1511200 WA (R SR 2 2 P i AL T 1 — 2R 2590

MR = 5 2R NZRBRAHDE, Qs I P |
MR KB BbE  BpRAETTTOL iR B AR IR 2 AR
KR IE R B RTE 4, (B R ZEFI5A N HAE
FHBLH S DNAS FIDNAH 3eAbA3 3¢, WFSEIEE, +5
S A R B = ] O P B A 11 Mt R e
TEDNA S BLELDNAB S i A rp, ik i mag e (1) e = 4k i
BRG] R e B B TR b 4B ADNA M, X
SRR EBIDNATRG . oAb, 4P B UL A — B
BEARSAMAY A& AL AR I F R, IR B = n] 3 o A
SAM#| & FE I DNA YR FF LB, fltn, 76K BT
FERA R LR 3hF XA H SR K AT RE TR
IR 1) A e AR AR B ST R AT 4 4R
HHRE R PRI DNA 364k, 10 52 i 32 D8 2 38 0 firb
AR, R — AR R,

4 IS
4.1 HihMmEEE:%EC)

PUIR IR = —FP N ey . AZE A B ok
B4R R (E). BRI R & 2 Fh G S, dtan
JHL X} AR AR T 0 A AR AR 3 0 R B LA SR B AR
FIFT IR E AR K I D . HAE201H 20 704FE4X,
Ewan CameronfilLinus Paulingift &, il IIHIIA
IR FT L AEE K B 0 e s A 1 A A 8384 s i o
N, PRI R BEE R A IKRASFIBRAFZ AR [ 45
P A, 5 BA E A PR M AR X KRAS 828
FR45 T i IS BRASS TR ELAT Wl B A R ), e, 4
/N RS 5635 2R BHATC IR M0 B 6T 11 I ) Rt A o 2
T AE FE TS (L AU I R 10 ) AR A4 HIL ) A
R ANERER. ORISR —FhA R, A DOk i
JER AR ES 7, IIMESEa-KG 1A% B8 T it 2 01
Al G, AR R 2 SR AE R FIDNA 2 FH AL
ARG (G5 A, TR HEPTIR IR 558 )38 i)
FEABEHSIAGTET, 2P M RS TETHO T3
MR A ai A, AR ALl i 0 A g
PURIM R S TET2 /4 I BHEEAE &, MHZSE & X T
TET2 RS T 1P filr, —I0ff I STD-NMRE;
ARBGF L BPR MR M TET2 B i4s &, JFH &AM
Uk I B flo-K GEh A F [l — 05 P L EAFSEHER,
PO INLAR AT BB 45 A& 7E TETRG O AE AL 55 Ak, 382 Jiif

2227



M4 Z b B 2025558 F70% £158H

W JFER B TS TET. X FHudR e it g & 76 HAth
0-KG VAR ES T g R S EE 4k e, B Rl
¥ 2 L SCHR AT

42 ol "R (a-KG)

o-KGJ& =R IRIG A b i —Fprh G (1),
VAR =R, A . 1
FMAEME Y, 8 25 L FIDNA 2 H LAk il
#AE FHo-KGAE A JEYI(K12). it Z R AR N IR T BE R
e U 440 it o- KGR R 32 1T L - B DN AN 21 28 1 11
TR 2402 53 R o-K G DNAFIZH 8 11 2= H 54k
FRE R BRI#E R T, TETZEDNA 2 F SLAb AR SR
S RS A AR, (HR TR PRI RARDY, BTz 4:
W S HARRE, o-KGERK FETETIH M T FE—
PO RERY SRR, R & AR i, i a-KGYRJE AT
REIE L A3 MIANTETIS PEAY BRI, 5 RS R 4 B 2
W% E g A, Snc Ml g . N, FEpS3tk (1 AR
SR, T I RS 3T i o- K GREfige ] 14 fin 3 PR 4
ShmC/KF, (RBE4IAE LI i P, 72/ RFLIR
TR S A a-K G VB i o-K G, AT LU
BN ShmC /KI5 il s e 21, a-KGf nl i s 3
IGTET2, Hifkanti-PD 15588y 7k PRI, 0
o-K G B TEMAR N BBt I RN AT et — 2B A

4.3 S-RETHEIR(SAM)

SAM & H AR AH OC A Ak S i i DL A Y AL
A, W 2H 4 A IR FIDNA F L (LR Y. T
BRI A B (MAT) AATPFI BRI e, ik
B ATPH % 2 W R )i+ L, A SAM
(). AT H Gt - MATHE, MAT1AFIMAT2A,
A FERB TN, 5 & W45 2 k07,
MAT2ATE Z Fp g v ek & 1, B an T fn2s s
FEPSL H A B R AR 2L IR [ MAT2 AR YT i
@[100].

Z IR R A SAMELA UM AN, H R R
s CHAt AR DA GG P el s S B SAMR BE AR £k, AT DA
VAL R I RIDNARY H ALK, E T 52 0 3 A 1k
FpRg & A, FEARAE AL INERKSE L, BRI F AR i 4
] S35 L IR 2 7K (R 24 2R 1 A FIDNA B 34k
(A AN, LIRS IR, R K R AR v st i
SFSAMPT RS h T AHMIDNA FF KE4k, - 3050 T4 i g 1 i
FfdRg AR A%, Iy T I CDS” TH A S50 R GE X%

2228

ek 240 e RS R R 3, E A B T A e R 2 2
BN, BFFE & BURE S 09 T2 rp F B & RR FISAMEY
WRERRAR, SEOLHIK 7R MBI T A T2 i
Bk, IILSAMXTF4ERFCDS” T A AhRs & 45 )
i ST S AMAN il 3E o 2 W A% Ve o
KR B — 25T

5 i RHTRESME BRI

5.1 IDHZLEAIHIE

IDHEA BA FEIGIR LS 12W . R RS
P RAEAET I v . FNEF A RITDHAH HL 8 AR IR 4544 |
HA AR, IR AR B IDHE L F5 1Y 25 4
M. HIDHZEZEFID-2-HG R LI, Jefnf LR a
FRAMRIDHINZI Y/ Ny T &, FHTIRYTIDH1 /259848
(IR 20 AGI-51982 45 — Bl iR Y TDHZE AR (A1
R, o R I IDH]T R132HAIR132CHEH,
IS DL R R B A A R KUY bR, £
il ELAG O G- 25 Ak 2 P o B TDH 1/ 2. 30 41 350 4 F % 1
k9 20174F, Enasidenibii 1% 55 E FD AL ERY
IDHZE AR ARSI 259, HTIRIFIDH2EZ N E Kk
HMEIEAMLU ) 22 252 A7 s LR I & B R i
KRR 2. BEJS, ZRNIDHSEASAMHRIRIZE 25wt
HEFH TR, BilnTvosidenibH T4V IDH1 228 1Y Jaiifs
W S0 B 5 B PR A 6 (202 14F) . B R MEVAAML(2022
4E)FIMDS(20234F); Olutasidenib F T-J4Y7IDH1 5548 (14
58 R AMEE AML(20224F) HIMDS(20234F)28). it RAFSE
78, EnasidenibX} & & META AML A B9 S 28 i R
(ORR)H40.3%, HALEAFFHI(0S) M3 H, Hs
EHHF(CR)F19.3%, TA0SATiE19.71H, H34%
R B XA AR B AR IR YT S A B B 1 0% e ah,
IDHZE AR 7 2 259 54097 256 B iR)T R th R
WHYITRL, BIANAMLEE A, Tvosidenib5 AzacitidineHk
FHRICR M BAZGIATT B 11%38 1 22 34% 7, #ZE20244F
4H, T3 E B R A FHIDHZ AR AN HIFRIZE 25 W il
PR K 504, Hof A 55 54 = B R L 56
(NCT05907057, NCT03839771, NCT03173248,
NCT04164901, NCT02577406). 1T FnHAbERAR 1L,
J R E R e = A R 2 T B, R AR
TARIDH1/2 4 B ) 77 Vorasidenibi&y 75 2 5 e 9
FIG RG22 ) T T 12 B eyE. IR RS R s, IR
JH Vorasidenib A IDHZEZE B4 i S5 88 s N\ T ot R AE 17



ISk

1A Z27.74 A U8 38R Vorasidenib A S A 22
IRCAIRYTT PR 28 0 T 98 () S P BT 24

5.2 PUAIMAR

YU ML RRAE — P eI 258, Htssh
AR A ABFEREL. 2012270424, Ewan Cameronfll
Linus Pauling & P4 51 751 & 19 S HUIR MLER o] LA Hig 1 9
TG AR AR I i 8 A A % B A i 884,
B J 52 [ B2 T T J 1 5 RS A B ATL XL 7 ) R S
55, (AR RS B R OIRYUIA AR 5 O iR i@t 7
TR el =3 1| N 11 | NS B /187 N (11 74 (I ESL 7 B =N
A TIEHAT LR . FERRE ORI S 3, XTI
MLER BT RE I 5T 20T 22 90 F-AR T IR TTRL T 1 24F.

20044F, —I0 AARZ5AR 3N ) 258 oA T PR
FRTEAN A5 293842 T IO MR DAV B, 4530 /R ik
T I A (A B L IR 25 PR 2040
I RIS, F K S RN 1 ARPUIR LR 7™ A B AS R 45
R, ATRERE M T O IR TCTE A B R0 - A BT R RN Y
YU MR MR B B0, HLHIFSE o, sk B R
PR T LA Jied 240 e v = A ok SR A &, 5 L e 2 i
SEALR I, MM bR A= KU B, 2l R
MR BhIGTT s f e AR ge i e el B, (iR h
PR A — I RS, FHOR S iEB TR I R Y 2 A M T
ARk

DNAZ: H EAL B TET 2 B A i I JE N, LT 1
AT DA MR IS . IR APTIR IR 2 75 ] g o
IETETHGVE, A7 =LA g 6?2 Ms AT Y /N B
Bird v HUIRIL R AT IS INTETIG M, 5 g i) 2 X0
WA E R, M TET28(IDH 1 5848 /Y 2 PEBEE 1 il
RS EFLIE . A . SRR RN B R IR VR

553K

IR R/ N SRS R, UK IR T LA RO ITPD-L 1
Fik, PedEbRE b e A AR, P iPD-L14yE
YT RIBCRIOS M DL RS RR, UK M RR AR
JO7, AT REREAE FH e Je 240 A T b TR 45 v £
SR, HEARRBUB LRI Rt — BB

6 g5

—MEARHET, Otto Warburg B YHE 7R 1 Blyeg 4 A
WS IREIE, X — & BN a7 BE e T SEA.
SR, AU AR Anfar oK sh fhes (v & A 5 % e, HEELARHIL
il AR, “BURAEY X — S R 2
ISAERTA BB a2, bRl B A S e Mg & R
H SV E R TIG 2 2 AL, TR BT R, S
ARG =4 () B A R A8 22 P ik 28 42 4 338 £ N 3k
HIERGA, M mERE A OO 518 5, (2 E 4022 A
VAR OASR. AR ) S H AT IR S m
DI AR TDH A L A5 A9 T 5 40 R — A S8 ) 1l oh 48
). R R AR A T R, (HE 2T X
FAAE IR TT R EA A TS IR R B, S T s At
AN AT R AL, AT 1 22 ARl 1) R ok 5
e, BN, ERAAAEM AR LI . BENS R R MR £
FRUHI? X AR I o) 2 XA e i 4 S 75 EL A 3k
FerE? AR anfar e R USRI, 5 400 fE
SR KA AR AN, TR LATETE S
B Bh AT IR B SR B HAT T2 Bl A5
ST 2 W s A% 8 AU A 3 56 1, LA SGHT R
PP & R, /N5 8 1 0 EAR ) s sk AR
IR — (T AU B RS AN B R, %40
EASE AR B AR I S, R R AT IR IR YT R
W H AL SR AT 7 A BRI SRl IS e 5

1 Jacob F, Monod J. Genetic regulatory mechanisms in the synthesis of proteins. J Mol Biol, 1961, 3: 318-356
2 Klemm S L, Shipony Z, Greenleaf W J. Chromatin accessibility and the regulatory epigenome. Nat Rev Genet, 2019, 20: 207-220

W

Endocrinol, 2020, 16: 363-377

0 N N W»n A

356: eaaj2239

De Bosscher K, Desmet S J, Clarisse D, et al. Nuclear receptor crosstalk — defining the mechanisms for therapeutic innovation. Nat Rev

Wishart D S, Guo A C, Oler E, et al. HMDB 5.0: the human metabolome database for 2022. Nucleic Acids Res, 2022, 50: D622-D631
Boon R, Silveira G G, Mostoslavsky R. Nuclear metabolism and the regulation of the epigenome. Nat Metab, 2020, 2: 1190-1203
Mattei A L, Bailly N, Meissner A. DNA methylation: a historical perspective. Trends Genet, 2022, 38: 676-707

Ley T J, Ding L, Walter M J, et al. DNMT3A4 mutations in acute myeloid leukemia. N Engl J Med, 2010, 363: 2424-2433

Yin Y, Morgunova E, Jolma A, et al. Impact of cytosine methylation on DNA binding specificities of human transcription factors. Science, 2017,

9 TIrizarry R A, Ladd-Acosta C, Wen B, et al. The human colon cancer methylome shows similar hypo- and hypermethylation at conserved tissue-

2229


https://doi.org/10.1016/s0022-2836(61)80072-7
https://doi.org/10.1038/s41576-018-0089-8
https://doi.org/10.1038/s41574-020-0349-5
https://doi.org/10.1038/s41574-020-0349-5
https://doi.org/10.1093/nar/gkab1062
https://doi.org/10.1038/s42255-020-00285-4
https://doi.org/10.1016/j.tig.2022.03.010
https://doi.org/10.1056/NEJMoa1005143
https://doi.org/10.1126/science.aaj2239

M4 Z b B 2025558 F70% £158H

17

18
19

20

21
22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39
40

2230

specific CpG island shores. Nat Genet, 2009, 41: 178-186

Shen H, Laird P W. Interplay between the cancer genome and epigenome. Cell, 2013, 153: 38-55

Wu H, Zhang Y. Reversing DNA methylation: mechanisms, genomics, and biological functions. Cell, 2014, 156: 45-68

Delhommeau F, Dupont S, Valle V D, et al. Mutation in 7E72 in myeloid cancers. N Engl J Med, 2009, 360: 2289-2301

Li W, Zhang X, Lu X, et al. 5-Hydroxymethylcytosine signatures in circulating cell-free DNA as diagnostic biomarkers for human cancers. Cell
Res, 2017, 27: 1243-1257

Yang H, Lin H, Xu H, et al. TET-catalyzed 5-methylcytosine hydroxylation is dynamically regulated by metabolites. Cell Res, 2014, 24: 1017—
1020

Manni W, Jianxin X, Weiqi H, et al. JMJD family proteins in cancer and inflammation. Sig Transduct Target Ther, 2022, 7: 304

Carey B W, Finley L W S, Cross J R, et al. Intracellular a-ketoglutarate maintains the pluripotency of embryonic stem cells. Nature, 2015, 518:
413-416

Shvedunova M, Akhtar A. Modulation of cellular processes by histone and non-histone protein acetylation. Nat Rev Mol Cell Biol, 2022, 23:
329-349

Guertin D A, Wellen K E. Acetyl-CoA metabolism in cancer. Nat Rev Cancer, 2023, 23: 156-172

Attar N, Kurdistani S K. Exploitation of EP300 and CREBBP lysine acetyltransferases by cancer. Cold Spring Harb Perspect Med, 2017, 7:
2026534

Shimazu T, Hirschey M D, Newman J, et al. Suppression of oxidative stress by f-hydroxybutyrate, an endogenous histone deacetylase inhibitor.
Science, 2013, 339: 211-214

Candido E. Sodium butyrate inhibits histone deacetylation in cultured cells. Cell, 1978, 14: 105-113

Latham T, Mackay L, Sproul D, et al. Lactate, a product of glycolytic metabolism, inhibits histone deacetylase activity and promotes changes in
gene expression. Nucleic Acids Res, 2012, 40: 4794-4803

Ray Chaudhuri A, Nussenzweig A. The multifaceted roles of PARP1 in DNA repair and chromatin remodelling. Nat Rev Mol Cell Biol, 2017, 18:
610-621

Cant6 C, Menzies K J, Auwerx J. NAD' metabolism and the control of energy homeostasis: a balancing act between mitochondria and the
nucleus. Cell Metab, 2015, 22: 31-53

Dang L, White D W, Gross S, et al. Cancer-associated IDH1 mutations produce 2-hydroxyglutarate. Nature, 2009, 462: 739744

Pirozzi C J, Yan H. The implications of IDH mutations for cancer development and therapy. Nat Rev Clin Oncol, 2021, 18: 645-661

Zhao S, LinY, Xu W, et al. Glioma-derived mutations in /DH/ dominantly inhibit IDH1 catalytic activity and induce HIF-1a. Science, 2009, 324:
261-265

Chowdhury R, Yeoh K K, Tian Y, et al. The oncometabolite 2-hydroxyglutarate inhibits histone lysine demethylases. EMBO Rep, 2011, 12: 463—
469

Xu W, Yang H, Liu Y, et al. Oncometabolite 2-hydroxyglutarate is a competitive inhibitor of a-ketoglutarate-dependent dioxygenases. Cancer
Cell, 2011, 19: 17-30

Ye D, Guan K L, Xiong Y. Metabolism, activity, and targeting of D- and L-2-hydroxyglutarates. Trends Cancer, 2018, 4: 151-165

Turcan S, Rohle D, Goenka A, et al. IDHI mutation is sufficient to establish the glioma hypermethylator phenotype. Nature, 2012, 483: 479483
Figueroa M E, Abdel-Wahab O, Lu C, et al. Leukemic IDH1 and IDH2 mutations result in a hypermethylation phenotype, disrupt TET2 function,
and impair hematopoietic differentiation. Cancer Cell, 2010, 18: 553-567

Lu C, Ward P S, Kapoor G S, et al. IDH mutation impairs histone demethylation and results in a block to cell differentiation. Nature, 2012, 483:
474478

Kernytsky A, Wang F, Hansen E, et al. IDH2 mutation-induced histone and DNA hypermethylation is progressively reversed by small-molecule
inhibition. Blood, 2015, 125: 296-303

Farshidfar F, Zheng S, Gingras M C, et al. Integrative genomic analysis of cholangiocarcinoma identifies distinct IDH-mutant molecular profiles.
Cell Rep, 2017, 19: 2878-2880

Sasaki M, Knobbe C B, Munger J C, et al. IDH1(R132H) mutation increases murine haematopoietic progenitors and alters epigenetics. Nature,
2012, 488: 656—659

Intlekofer A M, Wang B, Liu H, et al. L-2-Hydroxyglutarate production arises from noncanonical enzyme function at acidic pH. Nat Chem Biol,
2017, 13: 494-500

Nadtochiy S M, Schafer X, Fu D, et al. Acidic pH is a metabolic switch for 2-hydroxyglutarate generation and signaling. J Biol Chem, 2016, 291:
20188-20197

Tyrakis P A, Palazon A, Macias D, et al. S-2-hydroxyglutarate regulates CD8" T-lymphocyte fate. Nature, 2016, 540: 236241

Zhao J, Yao K, Yu H, et al. Metabolic remodelling during early mouse embryo development. Nat Metab, 2021, 3: 1372-1384


https://doi.org/10.1038/ng.298
https://doi.org/10.1016/j.cell.2013.03.008
https://doi.org/10.1016/j.cell.2013.12.019
https://doi.org/10.1056/NEJMoa0810069
https://doi.org/10.1038/cr.2017.121
https://doi.org/10.1038/cr.2017.121
https://doi.org/10.1038/cr.2014.81
https://doi.org/10.1038/s41392-022-01145-1
https://doi.org/10.1038/nature13981
https://doi.org/10.1038/s41580-021-00441-y
https://doi.org/10.1038/s41568-022-00543-5
https://doi.org/10.1101/cshperspect.a026534
https://doi.org/10.1126/science.1227166
https://doi.org/10.1016/0092-8674(78)90305-7
https://doi.org/10.1093/nar/gks066
https://doi.org/10.1038/nrm.2017.53
https://doi.org/10.1016/j.cmet.2015.05.023
https://doi.org/10.1038/nature08617
https://doi.org/10.1038/s41571-021-00521-0
https://doi.org/10.1126/science.1170944
https://doi.org/10.1038/embor.2011.43
https://doi.org/10.1016/j.ccr.2010.12.014
https://doi.org/10.1016/j.ccr.2010.12.014
https://doi.org/10.1016/j.trecan.2017.12.005
https://doi.org/10.1038/nature10866
https://doi.org/10.1016/j.ccr.2010.11.015
https://doi.org/10.1038/nature10860
https://doi.org/10.1182/blood-2013-10-533604
https://doi.org/10.1016/j.celrep.2017.06.008
https://doi.org/10.1038/nature11323
https://doi.org/10.1038/nchembio.2307
https://doi.org/10.1074/jbc.M116.738799
https://doi.org/10.1038/nature20165
https://doi.org/10.1038/s42255-021-00464-x

ISk

41

4

43

44

45

46

47

48

49

50
51

52

53

54
55

56

57

58

59
60

61

62

63

64

65

66

67

68

69

70

Liu'Y, Wang M, Guo Y, et al. D-2-hydroxyglutarate dehydrogenase governs adult neural stem cell activation and promotes histone acetylation via
ATP-citrate lyase. Cell Rep, 2023, 42: 112067

Ma S, Sun R, Jiang B, et al. L2hgdh deficiency accumulates 1-2-hydroxyglutarate with progressive leukoencephalopathy and neurodegeneration.
Mol Cell Biol, 2017, 37: €00492-16

Struys E A, Salomons G S, Achouri Y, et al. Mutations in the D-2-hydroxyglutarate dehydrogenase gene cause d-2-hydroxyglutaric aciduria. Am
J Hum Genet, 2005, 76: 358-360

Topcu M, Jobard F, Halliez S, et al. 1-2-Hydroxyglutaric aciduria: identification of a mutant gene C140rf160, localized on chromosome 14q22.1
Hum Mol Genet, 2004, 13: 2803-2811

Rutter J, Winge D R, Schiffman J D. Succinate dehydrogenase — assembly, regulation and role in human disease. Mitochondrion, 2010, 10: 393—
401

Aldera A P, Govender D. Gene of the month: sDH. J Clin Pathol, 2018, 71: 95-97

Picaud S, Kavanagh K L, Yue W W, et al. Structural basis of fumarate hydratase deficiency. J Inher Metab Disea, 2011, 34: 671-676

Grubb R L, Franks M E, Toro J, et al. Hereditary leiomyomatosis and renal cell cancer: a syndrome associated with an aggressive form of
inherited renal cancer. J Urology, 2007, 177: 2074-2080

Castro-Vega L J, Buffet A, De Cubas A A, et al. Germline mutations in FH confer predisposition to malignant pheochromocytomas and
paragangliomas. Hum Mol Genet, 2014, 23: 2440-2446

Eniafe J, Jiang S. The functional roles of TCA cycle metabolites in cancer. Oncogene, 2021, 40: 3351-3363

WuJ Y, Huang T W, Hsieh Y T, et al. Cancer-derived succinate promotes macrophage polarization and cancer metastasis via succinate receptor.
Mol Cell, 2020, 77: 213-227.e5

Bardella C, El-Bahrawy M, Frizzell N, et al. Aberrant succination of proteins in fumarate hydratase-deficient mice and HLRCC patients is a
robust biomarker of mutation status. J Pathol, 2011, 225: 4-11

Xiao M, Yang H, Xu W, et al. Inhibition of a-KG-dependent histone and DNA demethylases by fumarate and succinate that are accumulated in
mutations of FH and SDH tumor suppressors. Genes Dev, 2012, 26: 1326-1338

Letouzé E, Martinelli C, Loriot C, et al. SDH mutations establish a hypermethylator phenotype in paraganglioma. Cancer Cell, 2013, 23: 739-752
Sun G, Zhang X, Liang J, et al. Integrated molecular characterization of fumarate hydratase—deficient renal cell carcinoma. Clin Cancer Res, 2021,
27: 1734-1743

Sciacovelli M, Gongalves E, Johnson T I, et al. Fumarate is an epigenetic modifier that elicits epithelial-to-mesenchymal transition. Nature, 2016,
537: 544-547

TeSlaa T, Chaikovsky A C, Lipchina I, et al. a-Ketoglutarate accelerates the initial differentiation of primed human pluripotent stem cells. Cell
Metab, 2016, 24: 485-493

Michelucci A, Cordes T, Ghelfi J, et al. Immune-responsive gene 1 protein links metabolism to immunity by catalyzing itaconic acid production.
Proc Natl Acad Sci USA, 2013, 110: 7820-7825

Ye D, Wang P, Chen L L, et al. Itaconate in host inflammation and defense. Trends Endocrinol Metab, 2024, 35: 586—606

Chen Y J, Li G N, Li X J, et al. Targeting IRG1 reverses the immunosuppressive function of tumor-associated macrophages and enhances cancer
immunotherapy. Sci Adv, 2023, 9: eadg0654

Zhao H, Teng D, Yang L, et al. Myeloid-derived itaconate suppresses cytotoxic CD8" T cells and promotes tumour growth. Nat Metab, 2022, 4:
1660-1673

Zhao Y, Liu Z, Liu G, et al. Neutrophils resist ferroptosis and promote breast cancer metastasis through aconitate decarboxylase 1. Cell Metab,
2023, 35: 1688-1703.e10

Gu X, Wei H, Suo C, et al. Itaconate promotes hepatocellular carcinoma progression by epigenetic induction of CD8" T-cell exhaustion. Nat
Commun, 2023, 14: 8154

Chen L L, Morcelle C, Cheng Z L, et al. Itaconate inhibits TET DNA dioxygenases to dampen inflammatory responses. Nat Cell Biol, 2022, 24:
353-363

XuY,LvL,LiuY, et al. Tumor suppressor TET2 promotes cancer immunity and immunotherapy efficacy. J Clin Invest, 2019, 129: 4316-4331
Brooks G A. The science and translation of lactate shuttle theory. Cell Metab, 2018, 27: 757-785

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

Koppenol W H, Bounds P L, Dang C V. Otto Warburg’s contributions to current concepts of cancer metabolism. Nat Rev Cancer, 2011, 11: 325—
337

Walenta S, Wetterling M, Lehrke M, et al. High lactate levels predict likelihood of metastases, tumor recurrence, and restricted patient survival in
human cervical cancers. Cancer Res, 2000, 60: 916-921

Brand A, Singer K, Koehl G E, et al. LDHA-associated lactic acid production blunts tumor immunosurveillance by T and NK cells. Cell Metab,

2231


https://doi.org/10.1016/j.celrep.2023.112067
https://doi.org/10.1128/MCB.00492-16
https://doi.org/10.1086/427890
https://doi.org/10.1086/427890
https://doi.org/10.1093/hmg/ddh300
https://doi.org/10.1016/j.mito.2010.03.001
https://doi.org/10.1136/jclinpath-2017-204677
https://doi.org/10.1007/s10545-011-9294-8
https://doi.org/10.1016/j.juro.2007.01.155
https://doi.org/10.1093/hmg/ddt639
https://doi.org/10.1038/s41388-020-01639-8
https://doi.org/10.1016/j.molcel.2019.10.023
https://doi.org/10.1002/path.2932
https://doi.org/10.1101/gad.191056.112
https://doi.org/10.1016/j.ccr.2013.04.018
https://doi.org/10.1158/1078-0432.CCR-20-3788
https://doi.org/10.1038/nature19353
https://doi.org/10.1016/j.cmet.2016.07.002
https://doi.org/10.1016/j.cmet.2016.07.002
https://doi.org/10.1073/pnas.1218599110
https://doi.org/10.1016/j.tem.2024.02.004
https://doi.org/10.1126/sciadv.adg0654
https://doi.org/10.1038/s42255-022-00676-9
https://doi.org/10.1016/j.cmet.2023.09.004
https://doi.org/10.1038/s41467-023-43988-4
https://doi.org/10.1038/s41467-023-43988-4
https://doi.org/10.1038/s41556-022-00853-8
https://doi.org/10.1172/JCI129317
https://doi.org/10.1016/j.cmet.2018.03.008
https://doi.org/10.1085/jgp.8.6.519
https://doi.org/10.1038/nrc3038
https://doi.org/10.1016/j.cmet.2016.08.011

M4 Z b B 2025558 F70% £158H

71

72

73
74

75

76

77

78

79
80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

2232

2016, 24: 657671

Husain Z, Huang Y, Seth P, et al. Tumor-derived lactate modifies antitumor immune response: effect on myeloid-derived suppressor cells and NK
cells. J Immunol, 2013, 191: 1486-1495

LiL, Sun S, Wu Y, et al. Lactate and protein lactylation: the ugly duckling of energy as the sculpture artist of proteins. Sci Bull, 2023, 68: 2510—
2514

Zhang D, Tang Z, Huang H, et al. Metabolic regulation of gene expression by histone lactylation. Nature, 2019, 574: 575-580

Yang Z, Yan C, Ma J, et al. Lactylome analysis suggests lactylation-dependent mechanisms of metabolic adaptation in hepatocellular carcinoma.
Nat Metab, 2023, 5: 61-79

Wei S, Zhang J, Zhao R, et al. Histone lactylation promotes malignant progression by facilitating USP39 expression to target PI3K/AKT/HIF-1a
signal pathway in endometrial carcinoma. Cell Death Discov, 2024, 10: 121

Liu Z, Huang Y, Liu X. Lactylation regulated DNA damage repair and cancer cell chemosensitivity. Sci Bull, 2024, 69: 1185-1187

Ducker G S, Rabinowitz J D. One-carbon metabolism in health and disease. Cell Metab, 2017, 25: 27-42

Farber S, Diamond L K, Mercer R D, et al. Temporary remissions in acute leukemia in children produced by folic acid antagonist, 4-aminopteroyl-
glutamic acid (Aminopterin). N Engl J Med, 1948, 238: 787-793

Lee Y, Vousden K H, Hennequart M. Cycling back to folate metabolism in cancer. Nat Cancer, 2024, 5: 701-715

Blount B C, Mack M M, Wehr C M, et al. Folate deficiency causes uracil misincorporation into human DNA and chromosome breakage:
implications for cancer and neuronal damage. Proc Natl Acad Sci USA, 1997, 94: 3290-3295

Wainfan E, Dizik M, Stender M, et al. Rapid appearance of hypomethylated DNA in livers of rats fed cancer-promoting, methyl-deficient diets.
Cancer Res, 1989, 49: 4094-4097

Sharma R, Ali T, Kaur J. Tumor suppressor genes are differentially regulated with dietary folate modulations in a rat model of hepatocellular
carcinoma. Mol Cell Biochem, 2021, 476: 385-399

Cameron E, Pauling L. Supplemental ascorbate in the supportive treatment of cancer: reevaluation of prolongation of survival times in terminal
human cancer. Proc Natl Acad Sci USA, 1978, 75: 4538-4542

Cameron E, Pauling L. Supplemental ascorbate in the supportive treatment of cancer: prolongation of survival times in terminal human cancer.
Proc Natl Acad Sci USA, 1976, 73: 3685-3689

Yun J, Mullarky E, Lu C, et al. Vitamin C selectively kills KRAS and BRAF mutant colorectal cancer cells by targeting GAPDH. Science, 2015,
350: 1391-1396

Di Tano M, Raucci F, Vernieri C, et al. Synergistic effect of fasting-mimicking diet and vitamin C against KRAS mutated cancers. Nat Commun,
2020, 11: 2332

DiTroia S P, Percharde M, Guerquin M J, et al. Maternal vitamin C regulates reprogramming of DNA methylation and germline development.
Nature, 2019, 573: 271-275

Cimmino L, Dolgalev I, Wang Y, et al. Restoration of TET2 function blocks aberrant self-renewal and leukemia progression. Cell, 2017, 170:
1079-1095.20

Blaschke K, Ebata K T, Karimi M M, et al. Vitamin C induces Tet-dependent DNA demethylation and a blastocyst-like state in ES cells. Nature,
2013, 500: 222-226

Yin R, Mao S Q, Zhao B, et al. Ascorbic acid enhances tet-mediated 5-methylcytosine oxidation and promotes DNA demethylation in mammals. J
Am Chem Soc, 2013, 135: 10396-10403

Treadway C J, Boyer J A, Yang S, et al. Using NMR to monitor TET-dependent methylcytosine dioxygenase activity and regulation. ACS Chem
Biol, 2024, 19: 15-21

Tran T Q, Hanse E A, Habowski A N, et al. a-Ketoglutarate attenuates Wnt signaling and drives differentiation in colorectal cancer. Nat Cancer,
2020, 1: 345-358

Rasmussen K D, Helin K. Role of TET enzymes in DNA methylation, development, and cancer. Genes Dev, 2016, 30: 733-750

Morris Iv J P, Yashinskie J J, Koche R, et al. a-Ketoglutarate links p53 to cell fate during tumour suppression. Nature, 2019, 573: 595-599
Atlante S, Visintin A, Marini E, et al. a-ketoglutarate dehydrogenase inhibition counteracts breast cancer-associated lung metastasis. Cell Death
Dis, 2018, 9: 756

Liu N, Zhang J, Yan M, et al. Supplementation with a-ketoglutarate improved the efficacy of anti-PD1 melanoma treatment through epigenetic
modulation of PD-L1. Cell Death Dis, 2023, 14: 170

Kotb M, Mudd S H, Mato J M, et al. Consensus nomenclature for the mammalian methionine adenosyltransferase genes and gene products.
Trends Genet, 1997, 13: 51-52

Chen H, Xia M, Lin M, et al. Role of methionine adenosyltransferase 2A and S-adenosylmethionine in mitogen-induced growth of human colon
cancer cells. Gastroenterology, 2007, 133: 207-218


https://doi.org/10.4049/jimmunol.1202702
https://doi.org/10.1016/j.scib.2023.09.038
https://doi.org/10.1038/s41586-019-1678-1
https://doi.org/10.1038/s42255-022-00710-w
https://doi.org/10.1038/s41420-024-01898-4
https://doi.org/10.1016/j.scib.2024.02.037
https://doi.org/10.1016/j.cmet.2016.08.009
https://doi.org/10.1056/NEJM194806032382301
https://doi.org/10.1038/s43018-024-00739-8
https://doi.org/10.1073/pnas.94.7.3290
https://doi.org/10.1007/s11010-020-03915-3
https://doi.org/10.1073/pnas.75.9.4538
https://doi.org/10.1073/pnas.73.10.3685
https://doi.org/10.1126/science.aaa5004
https://doi.org/10.1038/s41467-020-16243-3
https://doi.org/10.1038/s41586-019-1536-1
https://doi.org/10.1016/j.cell.2017.07.032
https://doi.org/10.1038/nature12362
https://doi.org/10.1021/ja4028346
https://doi.org/10.1021/ja4028346
https://doi.org/10.1021/acschembio.3c00619
https://doi.org/10.1021/acschembio.3c00619
https://doi.org/10.1038/s43018-020-0035-5
https://doi.org/10.1101/gad.276568.115
https://doi.org/10.1038/s41586-019-1577-5
https://doi.org/10.1038/s41419-018-0802-8
https://doi.org/10.1038/s41419-018-0802-8
https://doi.org/10.1038/s41419-023-05692-5
https://doi.org/10.1016/S0168-9525(97)01013-5
https://doi.org/10.1053/j.gastro.2007.03.114

ISk

99

100

101

102

103

104

105
106

107

108

109

110

111
112

113

114

Frau M, Tomasi M L, Simile M M, et al. Role of transcriptional and posttranscriptional regulation of methionine adenosyltransferases in liver
cancer progression. Hepatology, 2012, 56: 165-175

Li C, Gui G, Zhang L, et al. Overview of methionine adenosyltransferase 2A (MAT2A) as an anticancer target: structure, function, and inhibitors.
J Med Chem, 2022, 65: 9531-9547

Mentch S J, Mehrmohamadi M, Huang L, et al. Histone methylation dynamics and gene regulation occur through the sensing of one-carbon
metabolism. Cell Metab, 2015, 22: 861-873

Pascale R M, Simile M M, Satta G, et al. Comparative effects of L-methionine, S-adenosyl-L-methionine and 5’-methylthioadenosine on the
growth of preneoplastic lesions and DNA methylation in rat liver during the early stages of hepatocarcinogenesis. Anticancer Res, 1991, 11:
1617-1624

Bian Y, Li W, Kremer D M, et al. Cancer SLC43A2 alters T cell methionine metabolism and histone methylation. Nature, 2020, 585: 277282
Rohle D, Popovici-Muller J, Palaskas N, et al. An inhibitor of mutant IDHI delays growth and promotes differentiation of glioma cells. Science,
2013, 340: 626-630

Kim E S. Enasidenib: first global approval. Drugs, 2017, 77: 1705-1711

Stein E M, DiNardo C D, Pollyea D A, et al. Enasidenib in mutant IDH2 relapsed or refractory acute myeloid leukemia. Blood, 2017, 130: 722—
731

Woods A, Norsworthy K J, Wang X, et al. FDA approval summary: ivosidenib in combination with azacitidine for treatment of patients with
newly diagnosed acute myeloid leukemia with an /DH] mutation. Clin Cancer Res, 2024, 30: 1226-1231

Mellinghoff I K, van den Bent M J, Blumenthal D T, et al. Vorasidenib in IDH1- or IDH2-mutant low-grade glioma. N Engl J Med, 2023, 389:
589-601

Moertel C G, Fleming T R, Creagan E T, et al. High-dose vitamin C versus Placebo in the treatment of patients with advanced cancer who have
had no prior chemotherapy. N Engl J Med, 1985, 312: 137-141

Creagan E T, Moertel C G, O’Fallon J R, et al. Failure of high-dose vitamin C (ascorbic acid) therapy to benefit patients with advanced cancer. N
Engl J Med, 1979, 301: 687-690

Padayatty S J, Sun H, Wang Y, et al. Vitamin C pharmacokinetics: implications for oral and intravenous use. Ann Intern Med, 2004, 140: 533-537
Schoenfeld J D, Sibenaller Z A, Mapuskar K A, et al. O, and H,0,-mediated disruption of Fe metabolism causes the differential susceptibility of
NSCLC and GBM cancer cells to pharmacological ascorbate. Cancer Cell, 2017, 31: 487-500.¢8

Alexander M S, Wilkes J G, Schroeder S R, et al. Pharmacologic ascorbate reduces radiation-induced normal tissue toxicity and enhances tumor
radiosensitization in pancreatic cancer. Cancer Res, 2018, 78: 6838-6851

Magri A, Germano G, Lorenzato A, et al. High-dose vitamin C enhances cancer immunotherapy. Sci Transl Med, 2020, 12: eaay8707

2233


https://doi.org/10.1002/hep.25643
https://doi.org/10.1021/acs.jmedchem.2c00395
https://doi.org/10.1016/j.cmet.2015.08.024
https://doi.org/10.1038/s41586-020-2682-1
https://doi.org/10.1126/science.1236062
https://doi.org/10.1007/s40265-017-0813-2
https://doi.org/10.1182/blood-2017-04-779405
https://doi.org/10.1158/1078-0432.CCR-23-2234
https://doi.org/10.1056/NEJMoa2304194
https://doi.org/10.1056/NEJM198501173120301
https://doi.org/10.1056/NEJM197909273011303
https://doi.org/10.1056/NEJM197909273011303
https://doi.org/10.7326/0003-4819-140-7-200404060-00010
https://doi.org/10.1016/j.ccell.2017.02.018
https://doi.org/10.1158/0008-5472.CAN-18-1680
https://doi.org/10.1126/scitranslmed.aay8707

M4 Z b B 2025558 F70% £158H

Summary for “RiA -5 25 A% 5 R e o ot 5 e 2

Advances and insights in cancer metabolism and epigenetic
reprogramming

Yirong Zeng, Pu Wang" & Dan Ye'

Molecular and Cell Biology Lab, Institutes of Biomedical Sciences, Shanghai Medical College of Fudan University, Shanghai 200032, China
* Corresponding authors, E-mail: wangpu@fudan.edu.cn; yedan@fudan.edu.cn

The catalytic activity of most epigenetic enzymes requires a metabolite produced by central carbon metabolism as a
cofactor or (co-)substrate. The concentrations of these metabolites undergo dynamic changes in response to nutrient levels
and environmental conditions, reprogramming metabolic processes and epigenetic landscapes. While previous studies have
mainly focused on the canonical roles of metabolites in fueling tumor growth via energy production and biomass synthesis,
their potential regulatory roles in eukaryotic epigenetic dynamics and transcriptional reprogramming remain poorly
understood. In this review, we first present the concept that metabolite regulation of gene expression represents an
evolutionarily conserved mechanism from prokaryotes to eukaryotes. In prokaryotes, exemplified by the lac and trp operon
systems, metabolites directly bind transcription factors to mediate rapid, binary responses to nutrient availability.
Eukaryotes have built upon this fundamental principle while developing more sophisticated regulatory mechanisms. The
evolution of chromatin architecture necessitated the development of covalent DNA and histone modifications to regulate
gene accessibility. Remarkably, these epigenetic systems retained their dependence on metabolic cofactors, creating a
direct link between cellular metabolic state and chromatin regulation. This adaptation allows eukaryotic cells to maintain
the benefits of metabolic sensing while achieving more stable and complex patterns of gene expression control. We then
review how individual metabolites affect epigenetic enzymes and cancer development. As one representative example, the
tricarboxylic acid (TCA) cycle metabolite a-ketoglutarate (a-KG) binds to the active site of and activate the TET family
DNA demethylase and the Jmjc domain histone demethylases KDM to impact gene expression. Pathologically, the
accumulation of 0-KG antagonistic oncometabolites 2-hydroxyglutarate (2-HG), succinate and fumarate in tumor cells,
bind to the same active site of TET and KDM enzymes to competitively inhibit their catalytic activity. The resulting DNA
and histone hypermethylation lead to silencing of tumor suppressor genes, demonstrating how metabolic dysregulation can
drive malignant transformation through epigenetic mechanisms. Lastly, we discuss the advancement of and opportunity for
therapeutic targeting of metabolite-epigenetic regulation in cancer therapy. Metabolite-epigenetic research still faces
challenges from metabolite diversity, spatiotemporal heterogeneity across biological compartments, and rapid
environmental responsiveness. Furthermore, the pleiotropic effects of metabolites—acting simultaneously as epigenetic
modifiers and signaling molecules—complicate mechanistic dissection. Current therapeutic strategies targeting metabolic-
epigenetic pathways demonstrate clinical promise but still face limitations in specificity, adaptive resistance, and off-target
effects. Beyond cell-intrinsic effects, some metabolites exert complex immunomodulatory effects in the tumor
microenvironment, presenting both challenges and opportunities for therapeutic development. By integrating these
perspectives, this review aims to provide a framework for understanding cancer biology through the lens of metabolic-
epigenetic regulation and highlights promising avenues for therapeutic intervention.
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