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Abstract Tricarboxylic acid cycle is the main way for aerobic organisms to obtain the energy needed for
life activities. The synergistic action of multiple enzymes is required throughout the tricarboxylic acid cycle to pro-
duce a variety of intermediate metabolites as a way to maintain a stable environment for cell survival. Among the
enzymes involved in the tricarboxylic acid cycle, when the activity of one or more of these enzymes changes, new
metabolites are formed, thus changing the fate of the cell. This paper is based on the accumulation of a series of car-
cinogenic metabolites caused by the mutations of isocitrate dehydrogenase, succinate dehydrogenase and fumarase
in the tricarboxylic acid cycle. The relationship between epigenetic changes caused by intermediate enzyme muta-
tions in tricarboxylic acid cycle and tumorigenesis was reviewed in order to explore new ideas for cancer progress
and treatment from the abnormal metabolism of tricarboxylic acid cycle.
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FRIGIM e A A A FE . i FR A SMPilils 2 5, 4k
IRIRFARR 2. IESHRIR . o-Hi K R (o-ketoglutarate,
o-KG)EEZ M R Br 1 AE4ERAR 45 4R
Y& A= AL e B IR A6, TCATEMMRI gl
J9n] L e i AN R 7 T P s | aX AR
WIAT e 22 78 2RS4 F, SRR TS S MR hE 2 2 1) 2
B RS B B, i, AT R I U (isocitrate
dehydrogenase, IDH). %E# 2 iR (fumarate hydratase,
FH)F1 3% 311 Mt 2088 (succinate dehydrogenase, SDH)
AR A TR e P A A . FHOAT SDHER A%}
Jibgg szt L B - (1) PRI 2R A4 I g DA fir
UM T 5 (2) P2 A T BTSN reactive oxygen
species, ROS), S DNAWZL 85145 LA K 5 e K] 20
AFE RN, (3) 5IEHIF1 oI 2, HIF 1o —Fhi
SRR, AR — EREFE AR k2 T A R A i A
Jio

20120 8OAEAR LYY, % BAH o bk (587 I F 7
BT Gt Ak Ty AR s BE ] (c-mycFl IgH ) ) b B
b 2 T K ) 2 AT A 288 2R ) e i AR ) 5 s ik A
(R, X T8 7 IRATTR AR A R B AR S T
BEMNEL . BERRBTGIR GOS0, 59
MO A S8 oAb pg s, i g 2 ] 0 DA
KA A SE T B I OG5 Bl SRR I 2 R 5%
AR5 N IR 1 iR A DG TG, BAH bk B2 08 Ut
R W A SO ZRBRAEIA ™ A 1 A 5
Pt Ak 5 A 1% RFEATERIA , ABIR N HLER 7T TCA
TEI 5 e AR AE O, e Ii2 b 5 ¥R 9T 32
(At iz 8

1 =HREEA P EE AR A ARFIE
11 HEREIR ~E MR

1.1.1 D-2-#AR—BeMRE  IDHETCAEH +
P EATER AN 0-KG o IDHZ AL EE 350 [F] L HF
IDH1. IDH2FIIDH3. IDHIFNIDH2587% 4= 5] e H
TEPEAL SR e, AT R e IDHYE M 40 B At A e
RER R, IDH1/2WEVELL i R — AL FIIEH,
B PR o-KG I 7= &, H b o-KGH A ND-2-F2 55 1)
& (D-2-hydroxyglutarate, D-2-HG). 7EAE & F,
H T W 5 D-2-HG i & 1 (D-2-hydroxyglutarate dehy-
drogenase, D2HGDH)I1EH, 42 ) D-2-HGHI &
SRR, D-2-HGH A B HELD-2-HGH L N a-KG.
SRTIT, SRR IDH W] 3: 8 D-2-HGTE4H i Py #1221

ABACE T LTI E RACH) IDH 28 A # B A
WG TE, S 3D-2-HGH =k, 17 D-2-HGH# AN
FE MR R A E IR B T
1.1.2 #HBRARE SDHE 4 il A W] i AL
IR A I R R WA, RN 25871 ig
. SDHH PYAN A Fy pl, Hrp 04555 K A
¥ 2 I SDHA (flavoprotein SDHA) R IR 14 2k fiff
SDHB(ironsulfur protein SDHB), LA NG 7K B 1%
4 I8 1 SDHC (integral membrane protein SDHC) !
#4558 1 SDHD(integral membrane protein SDHD),
SDHCAH! SDHD B /24l QI 45 & A si e SDHZ—
AN TR 4 R K, SDHAT AR — /> 22 () e AR 4 £ 51
AP RHIRR AR 2, AT 51 R 4H AR 00, 7
TCATEI 4 SDH A A JEA ) 2> 53 B SDHAEL R IA
PR BUE S R R I FE 52 B, AT SRR K
EHA,
113 A REMRE  ETCATEI IR 77 i
A2 BRAE AR , A R E 2R R T O AE B R IR FH
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A S B ZR IR 1) S SRR I R A R A2 B, AT 5 /S 4
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RN A e S R TR, 6 40 i 1) e A i AR
i B OCE TR, XA R B IE R AR
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Ji e AR AR AE T 25 A S 2 1) N ST e Js ot
JEE L AN B e S R T ARk, BHE N S AE T
FOAN [F) S5 AU 1) fi 987 4 Jfs HIDH. FH. SDHZE AL I
R I DRIX B8 GeAR 7 A 1) i B D-2-HG, LGS R 2R
(AE R IR . BR 30 IR 55 B AQ 6 P 2 51 & b K
A2 RN R B AR AR SR PRI, I S FHUE AR ) 5 0-KG
T AR R BTG PR AL A, AT 58 4 V4 1) o- K G AR 3 1
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(1) WA A B DR 2 M R IR, AT 75| A A O 1R e 8
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1.2.1 HERBWOREFNARLLESTS TET
il 2 — b B B ) BUN AR, TET P24k Bl 5Kk G 48
TET1. TET2. TET3 3Nl i, iX3M TETH H(TET1
TET2MITET3 )2 4 #t T Fe(ID) Mla-K G N 22U, 1k
5-FH L s g (SmC)IZ P S M 5-52 B s g (-
hmC). 5-F kAN (5-FC)F1 S5-I fmEnE (5-caC),
B J5 e i s g -DN AW 2 il 5 fth DN A 5 B Xt
5-caCHEAT It H S AL, IS TETHE W] it T EUDNA X
Bl BIMNE 2, XA H R MM IE (methyley-
tosine) Bl & DNA 2 FH AL (1) R[] =4, ] /R
— MR R IR AL PR U, TETE A, Fral2
TET2A1 TET3, 7£ 5= 28 B A AH 2 ()8 P i ot 25
FKEEMMER . AT AT CEIE, /N RBAI R &
(5 B, TET2RITET3 IS AR & S EURBE R HEZ
T B K & 2 BH, 2513 ECa R4 B4 M B
M9 R R A2 1 TET 1 8 Al 2k ] 5 B0 AR 41 4
K [P B Ffa ik LR 200

VIPULSE P E T S B Fe K I T TETEG S &
G B BRI TR DG BE ML o At AT od I 2 o) A R DR A
5-hmC43 A B -4 F 4 5 5 11 5¢ T BAH i 0 1 72
G SRR IR AR B T A 45 A, RILTET2H
TET3 38 1 505 75 5 1 M 1B 208 (activation in-
duced cytidine deaminase, AID)[1] 3 1A K I 15 /)N i B
) 28 591 % 45 .2 (class switch, CSR), AIDZw )
WO S 0 R R B R CSRITL T /. fEIZHE 5T
HE S, TET2FITET38 i T #15-hmC, K 5] &K AID
i [R] A e 20 e 5 1 1 2 R R A E R, d I 3 SR ATD
IZRIR R T BAM H HUARIICSR. Nk, fEf =
TET2FITET3HI 40 i+, AIDFREF I EEALIRES, fli
P2 BR A 1 (IgM) [ LA 2680 v i P ) 4 22 BR 2R 1 (1gG)
HEAL IR 2 P, IgMPTAFL R (B TIgMAEEEE
HAth A 9% 28 i 5 D R VR O R AN B 2, Pt LABAH
i e DL SR IgMEFS A6 9 B AT 4 e g% T M (R 1gG
Pudk. R, AIDFEPRRAS () 85 2 KA = IgMEgR &
IR (1) G 5 e, AT B ) 52 3] 712 B 1Y) Jk G4 1 TR
P g 1) A

gi FATIR, TCATE A i FIDH. FH. SDH%E
A K ED-2-HG. BEHIER . 280 R IR 25 B 1R
WA R, o & BRI Y 5 o-KGE S TETHY
SEA AL AT, [EDNA AL HEFE 52 B, AIDFRS:H #:4k,

CSRit 2 52 #1, & pIgM A 1gGH#E i 13 72 52 31| 52 1),
G R PR o

122 HBERMMOREIH L ERBESET A
A (FIDNA A 2 — i 3 2 (1) R WL 35t A% 12
i, ATLAE TR R IE . BEEMR R B AR A o8
L RO AN X G i AR 2R TE N B T I DN AT BR 55
RS, SFE DNAFEE T 5 — KRV 5H
WE &R REEEL. WA R
AR G, 5 IR H A M A b, VR 2 9 40 L (9 R AE A
TR H R R R i, B Bl DX R
AT R 5 5 ey 41 1) K R A A SRR, I HLIE
BTG Z R E O, MR, 758K R
() AR B, I R A0 5 A ik R 2H AN A2 o R0 4t g
AL R®Y, Frih, LR B TE e i ks 2
I, 2 G MneEhE & AR B RV .

I HAEE TN A BUE AT 5 DNAIE E 2[5
AL T ANEEER, R T IX A T
PR & 2 (homology-dependent repair, HDR) ]
AR, AT E T KDM4AFI KDM4B 5 Ff i
AR 2 AL . KDM4AR KDM4BH] 2 41 5% 1 it
R 2 LR, ‘EAIIfEDSBIE E 1 A ATEE E
T 5 2 DNASG AL Mk FE e R 3 EIER, XM
PR 2 DNABE MG 7. AT — &
HIIDH1/2. FHFISDHZEAE, shRNA % FICRISPR
B0 B N 2 40 B R, RN T T %) e e A
FKF-FOAR B ) 20 B 386 2 R 9(H3K9; KDM4AF
KDM4B % B AL H AR ). BFFLRIL, H3IK9H %
2 BUE AR T ' 5 B HDRIG 12 52 BHL A 8 2
(A28,

FEIE A, HDRPJRHIE & H3K9 = H &4k
TRGHE I | AT HE 32 Tip60 AT Mrel1, {2k 35 25 1
B I 5k R AR I [F] (ataxia telangiectasia-mutated
gene, ATM)EUE , JE AR I VIR, 73BT RPA.
BRCAIFIRADSIIHHZE . T fE & SUR AR 2
A, B A Y4 KDM4B, 53 H3K97E
DNAWT 2L Bl i F SRR B e T v, 5 1 Rt
H3K9O=HIEAL(E S, 5200 | HDRAE 7 1 1% HE47
7 DNAWTZLI} | Tip60AT ATM )+ 3% 53 52451, Kb
VIBRID, FHE Z IR 7155080, HDRIEZZ 3|
=,

gk b, Bus iyt 88 R4 HDRI& 52 24
], DSBsf A 2| KB E . M DSBAZDNATR 7 H fx
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Mutations in the key enzymes of the tricarboxylic acid cycle, IDH, FH and SDH, which lead to the accumulation of carcinogenic metabolites such as D-

2-hydroxyglutaric acid, ferredoxin or succinic acid, respectively, have been identified in various cancers. They are structurally similar to a-ketoglutarate

and thus competitively inhibit TET enzyme activity, leading to a decrease in 5-hmC levels, a blocked conversion of IgM to IgG, and an increase in IgM

levels and a decrease in IgG levels.

Bl HEAEIIES AT TETsHE S| & &R

Fig.1 Carcinogenic metabolites trigger immunodeficiency by modulating the activity of TETs
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—ANEERRE . RFEZRAIE P DNAR 518 5 BE
FUR S T 3 A8 A Gl e T LA A o) e 1 % R,
Xof IR PRI T PR AR — S IR

FE 1T B AUA P FRATR 2 T B0 AR 2 R
SO0 [RIVR S 55 A ) 30 ) 5 SUHDR A SR . 3R
AR~ T B 1A 2 AT B HDR SR
K, s Jir 88 2 Jif 6 %2 58 ADP-#% K 5% 2 i (poly ADP-
ribose polymerase, PARP) 11|55 i & BURE, AT
JR R R AT IR TT RO, S AT IS I R,

PARP/Z —MDNAEE /. PARPH] 454 Wi
DNA, #RJ5 7 DNAWT 2407 B T 58 8 A _E A R
iR TR RR A% M (poly ADP-ribose, PAR)%E (PARAL)
F1E 5 () PARYK (2 3 PARAL )P, iX 24 PARGETH 55
AN DNAMS S LN 2%, AT 58 i DNAB S i 72 .
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PARPJE PARPHIHI I = EEE 1, R EH S5 e
DNA K% (single-strand breakage, SSB)#/1& % ; PARP
[ ER A HE A A, BRI 25 5] L ) DNATR
] DLk Hofh DNAME R i 212 2, K7l /2 HDRPY,
SR CEFRATTHY i 42 201 2om A AR 22 5 HDR
S Res 7R g b, bR £ T PA RPN ) 751 O U kK
W FEE 34 0, EHPARPHIH 5] &2 () DNA A% AN 2> 142
5, NI FEU A T

K 2 A PARPH ] 751 A HH Tk e Mg e 04— A% 1 1R
(NAD"ZEBLY, B it 5NAD" 3% 4+ PARPH f) i 14,35,
RO TP PARPES VS M. PARPHIHIFR E 2
FifERT: (1) #0H PARPES S 1 (RIB7 IEPARAL); (2) i
SE B IS 1 IDNA L [FJPARPPY, il 3K [)JPARP
A )4 I3 A o E IE S IR IR 4 i
XA ANHT ) Z ) X2 HDRIEE . T 20w AR
Wi FE AR 2 1) IR 40 i = G HR B 1, 4t A
BRIDNABE LS, X E &S HPARPHIH 5] & (1)
DNA# 5. 1 %5 5 H 5 IDNATE 5 & 42 ) fi 22
SECEE A ITE AL, SRR, A 204 2 4
[FIDNAFFIPR E B KR i . 45 Rt S8R
YR M1 AN RIS, e 4 g 20230,

[, PARPHIHI G5 DUR A R Al K A0 97 25 B
A FE R, 550 52 5 5T HDRERFE 1 40 B, 40 26
FEDNAF 577, 455 BDNAST B4k 19 i), 1 3% Fh
EHREEHS 73 AT HHDRE & . it DA 4 HDRERFA N, Xf
BE AR, FECEPARPHIIF, R <&
FRECHEE AT L4 fie 98 40 B 1) 9 2B, 3
“E REBE VR AT AT S 4 R IR . HET
LA PARPHIHIFI A JE B ERIAG &R MAFI55)3R1S
HEE R TR 97 OF S R

gx b, EBURR AR R 75 K FTHDRERFE B
Joq R, TR 2 X PARPA 1l 751 (1) 24 ) SR P 4 v,
Ji R 4 MU DN A5 705 15 A BIAE 52, AN T (12 32 firk 98 4
JHT, SRR IT ROR
2.2 HEAEHIIDHRTEMERTRENE N

IDHZRAZF R (13 & 1) D-2-HG, 24 a-KG
S PR XU A R 88 ) . D-2-HG ] PACAS DNA
A2 B R EAGAR R, R30I R o 78, v Re
SR 32 EBELN M A L9 (acute myeloid leukemia,
AML)FI 3 LS iR 1 A2 . IDH1ANIDH2 AR 7
VE 22 N g (LA 2 BB 20 i 1 10975 A Jo e
FNARE) AT AT 72T TAE, LI

JE RAG I IDH /N T35, H X g7 1 K&
NP R TT 2R,

221 EZMHMmieafhm  RAMIDHIL AT
VPR R T R R T AR DA A — LRI PR AT R
FHIFE] TUESE. 20134F, AgiostillZj AR K T 1.
HAL &Y AGI-6780, AGI-678072 578 R IDH2 f#] — Ff
B RCFEBEPE AR H 7] . FEX TR 72, AGI-
67801 5 T TF-14L [ I Jp 40 i A1 AR N 22 AML
R AL BT, Bl S, Agiosif A A BT Hidth IDH2
RI40QHNHFIHEAT T il &I ik, JFHf e 7 — LX)
S () IDH2 B LA $0 G PR 0 =R fb & B8, &
i — R Y B ER R . SRR AR AR
25 = A P B, 459 AG-221(Enasidenib)
Wt 72 A8 Y IDH2 1 F1 IR A 4] A8 Mg 40k 751
A FIRRIEST -

2 OCE B2, IDHZEAR [ I 1 PR A A I
PRI 7T ) 5 S22 11, SR AR TDH /2 (401 771 2 4 2,
K ND-2-HG/K P BEAK, W BR T i R LIRS, M
AR HE T TDHZEAS (1) JE A 40 B 1) 43 440, s |,
A RTEFR, 1E/08E R B TEAMLE #
fd FH 52 A IDH 1 8 58 AF IDH2 (1) 30 i) 751 47 16 77 7T fig
SRR L EEAAE, DL 4 36 22 A eb v bz 41
J R 2 S AR A2, X ek IR A, I PR 5 R
WA R B S IDH A H ) 71 o] R 2> S EAMLIE ¥
B S B IESSE I RE. A, 758252 57 IDH
(A A TT FIAML A 2 Hh, W5 21 (1) 58 20 1 i
A7 R AN S G v i IR V=R N RN R V=R S D L
FF T S IDH 057 AT 58 1 4E F AL, S$AXIDHIY
1) 70) 368 1 93D D-2-HG s S5 5 20 i 44K
222 MRFE % TIDHZARKNHR Guam S
AN PR S AE ALAR OC , B R — B —
AT NS . ROHLESE WHRiIE T IDH R AR (A 5
—ANE A7) AGI-5198, ‘& AT LARH Mt D-2-HG 7
A, AR P A TDH 1 9848 i S5 988 S A RS A 420 1 vk
JEK . A IDHRAZ I ivosidenib(AG-120)
Fll vorasidenib(AG-881) H Hi CL 4% 32 [H £ fi F1 2454
L T IDHZRAE AMLIFIGYT “. HAl, K&
I PRI 7 22 28 56 iR IEFEEAT 1, PAPEA ivosidenib
Flvorasidenibia 7 IDH AL 18 2 % 1 [ Jeg Al sz 44
JIPRE (L FE M SRR ) ) 2 A P RN A 9T, dX e AR
IDH IR S8 T ISR L, R e A 1A RE
X IDH 1 ZAZ R Jie Jo 9 A7 2 ) HoAth J LA 58742 IDHIY)
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7, WIBAY 1436032, L& SR AL iR
FHRZVETT AR, PTG R T (NCT03127735F1
NCT02746081) H f IEAEREAT 1, BAS3 7 {E IDH1 R AL
1 AML A 35 B B S i ofag A8 3 Hh E SR e A 300

BN, 40 BATR, IDHZEAR S UM 8 240 i H 341k
PR T . BEERE, & EGER B AT A S 5L A
PO K. R, 2 IE R MEAL I AN R IDHZE
A RS ) — PR AE VR IT S M . FRAMAHANSE 49
RIN, IDHZEAR [ R S8 7E CCCTC 4 & K7 (CTCF)
SEAHR A R DU H v I AL, X R R R RES
PE T IZEATRMEMS . CTCFE &ML L
VFI BT/ T /MR A7 A A2 K BT 52 4k A(platelet-
derived growth factor receptor alpha, PDGFRA)] 45
M1k, PDGFRAZ — M A1 5 R g K AEH
KA 225y )5 . 45T I H B 57 v] #8432 CTCF
44, FEPDGFRAKIEIN D . FAWFLERY, DNA
FH LR I 1 (DNA methyltransferase 1, DNMT1)41]
1) 1) 1 P8 AtV 7 A &1 R PN S A 40 1) TDH 58 2% (19 fise
O 96 A L P R 100 DA, S-EUBRER, — R
DNA 354 7 B 75 PR 6 EF 2880, 7T 3 3IDH 1%
7 P s T R S R RS AR AR AL BT SR, R R
THAE VA T 7 T B8 7S 28 B TDHAR ¢ (1) i F LR 7Y
{HEATTN IDHZRAZ (14 i 98 o 1) 4R H 4w A2 A DN AR
SRR E R, NS .

3 ARISRE

KB 22 R B IR S T B0 AR B AR B
JigRe e A2 R e LA L[ 2R, BRIDHZE AR 41, SDH
RAF S e . IR R . TS M A mm. B,
i VT8 e S M AR DG I g AR AR AR .
Ab, AT FRY, FHE MRS S8R o7 5
WU WUE e 5. BN S5 IR AN FL e 55 1
Gy . R, JTBig /2 IDH. SDHIA Z&FHHAY
A 2P IAZNE AL, 5] Tt B AT 53 0099 15 45 S A
SDHBI % UL, 17 SDHA. SDHCHI SDHDHk 5 7Y
IR B AN I R RRAE b2 A AE— E 1) 2%
A, CARAEIRIT I PG bR B A AN 2R, BT
B 2 [ R A BT VA

NATA] g2 5 2 3/ AU i e 417 o 1A
IDH. FHAISDHRAZ M ILFEPLH . IDHRAZ FE
JiEg AR5 D-2-HG I A AT a-KG IRz o Al
RAR 5 Mg A R ok R BAR R I 5K

(e (R R A2 AR SRR R R P2 R A 20
R MR = A . X TR R R IDH . FHA SDH,
[ BB R AR 0-K G R BN 42U , F45 KDMUAT
DNAZ: F Bk . ax 2o 48 B i 5 A A B
A AT Re e Rt — B TE VR TT 7. ARBT R A,
HTREARET AT DA R 4 S R T, e R i A i
FILIKFo BRI, ARSI T BUB AR S5
iR AR LA FE AT LA < e e e A e [ = 4 (A i
A2 B AR EA TR ) IR KPR T e 3% i R Mg A%
(- A B PSR v

A1, IDH1/2 ) w1 A5 58 28 56 [ 98 112 W e
57 B AF & . IDH125E A5 (2 3 7 J5 & P g
(PR PE AL, [FIB BT VTR LR AL 3. (BN
IDH1/2 58 447 A 1) PR AR 8 4, D-2-HG 58 51t 1
) oK G AR 6% 1140 00 B B 2, R 3 Pyl 1) A
{H J%, IDH1/2%8 4 FID-2-HG# i 52 mi AR 1 & 1% 4t
Jil g 6 FH, 3 1, IDH /25878 FID-2-HGH ] T £ %%
DNAME &A%, MM s 16 7 FIDN AR 15 77 A 58
UEIN) SIS

SR, BUE A 51 R kAR R T
FL AR AL AN B A, DR I A 2 FE TCATIE B4 7
A= PRS0 1 1 B A 0 AL R AT R B A Pk s
TCAMEFR H SCHEE 4y 30 2% (1 R NI FC K X6 TR R
R EBEERIT T R R
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