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Abstract: Dihydroorotate dehydrogenase (DHODH) is a flavin-dependent metabolic enzyme that oxidizes
dihydroorotate acid to orotic acid in the de novo synthesis pathway of pyrimidine metabolism. DHODH is
located in mitochondria, closely related to cellular oxidative phosphorylation, and an important suppressor of the
ferroptosis pathway. This study investigates the influence of DHODH on the progression of malignant tumors,
including its important role in the de novo synthesis of pyrimidine, oxidative phosphorylation, and ferroptosis.
The objective is to present evidence that DHODH is a potential target for the clinical treatment of tumors.

Key words: Dihydroorotate dehydrogenase; Neoplasms; De novo pyrimidine biosynthesis; OXPHOS;
Ferroptosis; DHODH inhibitor

Funding: Shanxi Applied Basic Research Program (No. 201901D111431; No. 202103021224379), Shanxi
Medical Key Research Project (No. 2022XM?25)

Competing interests: The authors declare that they have no competing interests.

 E: —ASUABMMEAS (DHODH ) £ —#f & Z R Mk e Kl , 2@ KA k& mig iz v 4
ZASUABREMARIVAR ., R elETEERE, HaRasR A £ R ER A, b, DHODH
WK T AR — AN E A BT, AL E %W £ DHODH R »0 T P78 3k 09 M EAE A ALE], &
TR RN KR . BANBRICFIL = F 5 @e) T 2AE M, A DHODHAE % TH N 8 s /R 8 7 49

=
. o

ik .

A e BRI

FEH2IR . —ASUABRILEE; TR, R Kk AR BALERER AL 4 56 T; DHODHAp417]
FF R 2 CRIR R 5%5)FRIRA5(0SID)

FES%ES: R730

0 3|

—AFLIEMN AN ( Dihydroorotate dehydro-
genase, DHODH ) J&—F 7 2k 1) 1 28 O 1 Bh
ARG, Tk 20 i e 138 v DA Sk G B A2 1 DK
AN, BERERDNA, RNA | BERFIREE (159
J A B A, DRI Akt i o 4 A A A e A
KA ELEAEH . ¥ DHODHIR 254 9k Uk B X
e B BRI R

FE B HE: 2023-10-09; {&EIHHEE: 2023-11-04

BEETE. Ly s mAssriit® (201901D111431,
202103021224379) , L5 4 E 5 & EAHAE (2022XM25)

EZ G 030012 X B, LWEHEHAKSE ZGRESR

BIEEE: &4F (1966-) , B, B+, i, 24
EIF, EBNFLAMALE KRGS ST, E-mail: liyao
ping1600@sina.com, ORCID: 0000-0001-7176-2916

EE® . 24 (1997-), B, #id, ARET,
FEANEHLARAL BN LBATR, ORCID: 0009-
0005-1889-9549

PEEAT RPEGIG AR 1R R, 4 i
A T B AL TR, FL I J ik s A ) DA
KIBA R, VEAMERES AR E R, DHODH{
5 | R 1 e g 2 P ] e b BEL A 1 S o
W& JE; [ DHODHAL FARIANAR, HiEHE
LRI oL T15 5655 (electron transport chain,
ETC) , 257z (ubiquinone, CoQ ) MR
%5, DHODHRRIEHANHIN,, S5 EETCE A
TR PTG S D RR 24, 1 I 52 M 40 SR AL B R 1b
e 4, DHODHIREANMEARIET 1A R E
IR 2z —, @1 DHODH-CoQH, ( DHODH-
Ubiquinol ) x24I 4k str-iy &A=, it
THIDHODH & MR AT ] 42 sl i 1k 34 fin fofrJed 20
UK A T R A5 T A 5 3 1 I R 1) R e

KMo RP, DHODHAYFRIAFE P A R
M 2E R B3 AE 54 . DHODHHI I B AW T & f
HLIMAEZE B I R % Ak it T T fE, SR 1M DHODH



AYEBRH 3832024 F 55514525387 Cancer Res Prev Treat,2024,Vol.51,No.3 * 217

15 22 PR iR o B R AR AR HTL AR TS AS B s
I, ASSCH7EX DHODHE M e 2 i v 9
PLIRE T 2RiA

1 DHODH 5 %% B 83 5 0 4K 15t

mENE S WA NDNA | RNA | Hi2E F R A
LW A T LT (R JERHY . A A P i
L3 3 Sk B BB R S RaR R W s e A
FEMERE A KA B feH, DHODHK: — S FLi R
AACHFLER, 58 SRR ( Phospho-
ribosyl pyrophosphate, PRPP ) 5G4 iR 05 IR
(uridine monophosphate, UMP ) , UMPJ& HAth
WEAZ TR AN AP WL BRI RS, 5200 T DNA |
RNAA A Wi 2

AN TR 2 TR 441 B FNA [R) & 7 B B 4 1) s g
SRR R AR AR R] . 7 R 5 1) 40 i G 3% 1k
AT A, s A R 4 DSk & A o 9 8 5 3t
AU e ECR S B SE b A h, g
W 144 B 32 EE e ofas 421, ik, DHODH
X A T e 24 e S5 R T B ) 40 S e B R, X
SE i v] BEXTDHODH I 6l 5 B sk . w98 & B,
FEFLIRIFAPTEN S AR Al rpr | AR AR T3 1o
WE M Sk A5 B 12 R I A A E G &, 2{DHODH
eI 2 FEC R T E IR L, O
717 {5 55 41 L 38 g ok 5 i 42 1 S DHODH Y %
IR F] R ERad3M SCHEEE (ATR ) &, #Em &
HDNAFG A EIET (3 m ", weah, HF
DHODHI il I 580 W BE A AT TR PR, T RESS
PRERAAR R AR A B, ST PR 30 o TR F-p S 338
¥ T S 50200 T BT, Shi% i s IDH (5
PG R A U ) 278 TR Jo e /)N BRUASS TR SIE I B
DHODH % 35 [ A% 5 B0AY 417 R o2 A5 T
DNAS U, Fif) T IDHZE AR B e 1) &
JEUS LA SE Z B I DHODH A A T 42 H W s
I 18] DA Sk A5 s 428 DA T 52 W 240 G 388 5 S i

DHOD H A1) il 3: 50 11 W g 5B 18 X — 24 9
R A R . I, O-GleNAcEBHL KL
Wit —Fl, A LLZEUDP b ¥R HIN- 2 1k 42 3 40 b
(GleNAc) " il i M i DHODHE IRUMPTH] fiE
S AMBER AN (AML) HEFIN-Z B
A 1 8 AR AR AT R T 412 24 AMIL 4 4346 Gwynn
SERAE B, FERERE 2N MR A Hi DHODHYE 1 AT
FEUMPHLZ 7 80 5 11 O-GleNAck > . 4
L R A s R A i R T A, WRSE R BRAE ph
LA AN b, P 0 DHODHE /MY CHY)

FEIRAN G R & e, DHODHER A 5 5 g Jig j
TRV AT 5 He S & BE 1 i)
DHODHELE 5 8 41 M £ (A P FAR SN2 x4y 7
U 23 BT, DHODH7E M i i e i
S F G AT, DHODHIN 5 | fry s e ke 2k m]
LA Z2 R IR B A M S FERE T, LA,
WS I e 2 12 v 0 o) S P A e 2 L 8 R A K-
AR AV 22 b 1 e PO TS 242, DAL T ) 42 400 ) S8
FivIRE 4 A S

2 DHODH5Z#i{KIN#E
BRI EE AR 2 —, dkifkD)
RE M AN b AR 5L, S AN I AR A L
R, AR Anish o T A AR
1k %4 (oxidative phosphorylation, OXPHOS ) J&4
MACE A% G, B B A B A R PR A FE LR
TR P i v TAERIRS s F 2RI A
DHODHf FA&KARNE [, SETCHZEH
%o CoQ—Mah Failk, EHEZETCEAY)
I #1 11 2DHODH k¥, JRH 15 FIETC
AWM L. DHODH) S AL 325296 K f4 3 HL
T4 CoQI HIA 5 CoQH,, CoQHAEMS i T B
BB AETCE AW M™Y. YinEisr kM, 725
FEAHrh, DHODHZIASZHN I 2 28 i F 1%
BE LA Shagsz 2], JF M-S B OXPHOS ) fE
BERG HAMIR RN, FIAMEZAMBIETCE
HARMIRE, H3CoQH A M FCoQZ, Fff
DHODH/# AL RESZ 2], I IH0 i 2 vEsErE A
MR, (e EPY . Martinez-Reyes
SRRV, B THAEBEE S I/N 2T
HEETCHIREA A, i i A MO 25 5, L 51
ABAIE (AOX) B CoQiE b i J5 i fiti Ji
A A A KA 2%, WERH T CoQR A Ak iA I A
IR MR A K r T 1), DHODHZ 53500 T iX
— iR Ak, FEFLMRE R, Bajzikovafimil
ETCK G4 WAV 52805 DHODH R A2 W e A%
W8 LB )G J R 7 3 S W W ke P81 9 4t L g e g
AR SRR T B OXPHOSHR 8 (1) 4 3 W5 g A 1)
AR K B E R, HAMREN, &k
W EIEFRZ BT, DHODHA] JZ [ 3K 2h 5% 112 i
Mg (SDH) ¥ FUIREIE SR 1, [,
& TR R B3R Rt nT 4E F DHODH 36 127, 4%
vk, DHODH %58 1 CoQRy Ak R fE A S
5F|OXPHOSH, HAFOXPHOS s g (i ik &
$|—jid . DHODHRZRIE W IMETCHE & W) HiE



*218 ¢ ADEERHSa IR 2024F 55514555307 Cancer Res Prev Treat,2024,Vol.51,No.3

58 R EOXPHOS Y RE AR , 1 17T 52 1) JMo g &
Ji& s TR, AT 3E 2 B0 CoQ iy AR A A A P15
HOXPHOS I BE i 2 K i DHODHA 3 1) Mg A,
R A MR, TR R R

3 DHODH5#RETiEE

BRBET S L AF 2K B —Flogr BL 40 i St T34
1, TEANMBET 2 A rpol F A B R i B R
g A ALY B AL E AR TR
AR A AN IET: . FETEASF R B
RS20 FNZARL AR IS EICE D/ | A A% TC A 24 5 4
PSS 420 A A B AR A A I, o
B faf IR OS J — BB KR (1) 28 A48 (i L 45 5 %2 51|
BREET- s, Rk, fEdkekser- e —F o iy
Fifrsga P AL A N

QiuS5 i 14 17 i fL 7 2 il 5% WL 22 | DHODH i
Ik 114 11 08 s 200 i o o AR U 248 4 2 R KL
XS ANERIET- T S R BT, Bk
B, 214k P8 240 i s FHIRSL3 ( GPX44ihIF) ) Ab3g
BEREYIT G, AEANUMPE R E FFT, X
TNERBETFIMERERZ T IR G B AT BEAH DG o 3 3 % b 7o s
BEA P RS, R A FLIE RN HIRSL3 15
SRIRRPET, 1L B A0 M X RSL3 T Ry sk
JiangZE oY R, FEEHUET, 4DHODH:
HHAE i S AL T R 2 | B T T
VL Y3 "DHODHZ 5 T 4k sE -1 & A= .

DHODH FERARPIIEE |, 8148 F 1538
Y5CoQ, ML JFE R CoQH,, CoQHLIE T H AL
BRHE P T RESN, BRI IR ARG Fd A A
S, PPl g s AL RS T AP B
TEGPX4Z F ik By, DHODHRAY ik &1,
S CoQH A J 3 i, MUk A A 5 ik 4R
A T ERIE TS KA s B2 Y GPX4 5 DHODH
Bz 2, g geri ik kA T IR it A Ak
BRURARIET; EARBENS 7 4 CoQHL 1 HAth 4 AT
KB A s E G LA, (B
TP I G R A S e T DL R R
1. DHODH-CoQH,J&: v T2 A7 A H i) —Fp 2k 3t
T &R . BN, FERFE Y, DHODHBE P
BF, SR NER R T KA, FEAR T
XY FEA A U Y . Zhang 0PI A BE, T
IIMnCL AT BEIRDHODHYE /)N ERU45 B 98 41 B 9 1
Feik, (AT IobR 4 M N g T Ak S ROS /K -4
o, R IR A e AR R AT T, SESR R (1)
RIEPT, AmosSEffFsT KM, 1ERkSOD2AL A &

MR 3 A AL S S M A A o, DHODH A 5151 %
NP, FER TAMPRIE T IR, SRR T
SR X A YT R BUR R, 45 1, DHODHJZ
YRS T iR AR 1) — D E LR [+, *4DHODH
TENLTLARR, 813K CoQift J5ih CoQH,, i)
2t PN B Bl SRR R R B A AR BE T )
%=, DHODHZEIAZAMHIE, o] EEA0 %1 e 40
I S84 5 S T e A L X B A P R

4 Zi5RE

AR, HRETT OO B MR A
Oy, FARA T R I S SR T HYA
J7 A % )T, DHODHAEMEIE M Sk & i A2 Hr ()
SHER, AMHIDHODHE | i) Mg e Bl B 4 i (] 4%
HAph TR A & . [T DHODHAY T4k
RNRRE L, SETCEESNE, #@ilZ5CoQmE ik
W JFEAE IR XS SRR T BE ™ A g, AR REFCI
OXPHOSZ [al2 R A+ /£ F . 38 s DHODH R il
5| 2 () OXPHO SR A A M AR J3E 52 1) Ji g 2 I .
[f]f}, DHODHA 3K ADHODH-CoQH,, &
— AR AR E T R AR, I DHODH
5 R 1) i T2 240 JEL A BE T T L 0 o e 2 A w3
e JIh IR X TR T U A LA I g o X R AR
AL TR T fFs A J A (4 3 ) 3697 S (AL e
Ffili . DHODHI# 2o 5% i % BE A3 . OXPHOS |
Y AR AU T 4 T TRLE IMRE 1) A e oo i v e 1)
YER o A, DHODH A5 ek I &, 445
DHODH X % 1 o 98 #8 1] Y657 10 1 R 2 Ak i oy T
fiE . DHODH il 571 X 22 F X% 1 Jirb 98 35 HLAT ik
£, DHODH-5 HAL 29 A #3597 7] RE & —
PR & EHT ST M . DHODHA:Y)~# I HE M
WTEAE FHLT T2 9, X S0 e i 6 TR
P HABERE L.

TR FERR

PR 2R AN AE R i 0P 2R

SE K

[11 Vyas VK, Ghate M. Recent developments in the medicinal
chemistry and therapeutic potential of dihydroorotate
dehydrogenase (DHODH) inhibitors[J]. Mini Rev Med Chem,
2011, 11(12): 1039-1055.

[2] Phillips MA, Lotharius J, Marsh K, ef al. A long-duration
dihydroorotate dehydrogenase inhibitor (DSM265) for prevention
and treatment of malaria[J]. Sci Transl Med, 2015, 7(296):
296ralll.

[3] Scott LJ. Teriflunomide: A Review in Relapsing-Remitting
Multiple Sclerosis[J]. Drugs, 2019, 79(8): 875-886.

[4] LiL, Ng SR, Colon CI, et al. Identification of DHODH as a



AYEBRH 3832024 F 55514525387 Cancer Res Prev Treat,2024,Vol.51,No.3

*219 -

therapeutic target in small cell lung cancer[J]. Sci Transl Med,
2019, 11(517): caaw7852.

[5] Wiese MD, Hopkins AM, King C, et al. Precision Medicine
With Leflunomide: Consideration of the DHODH Haplotype
and Plasma Teriflunomide Concentration and Modification of
Outcomes in Patients With Rheumatoid Arthritis[J]. Arthritis
Care Res (Hoboken), 2021, 73(7): 983-989.

[6] Yin S, Kabashima T, Zhu Q, et al. Fluorescence assay of
dihydroorotate dehydrogenase that may become a cancer
biomarker[J]. Sci Rep, 2017, 7: 40670.

[7] Mao C, Liu X, Zhang Y, et al. DHODH-mediated ferroptosis
defence is a targetable vulnerability in cancer[J]. Nature (London),
2021, 593(7860): 586-590.

[8] Evans DR, Guy HI. Mammalian Pyrimidine Biosynthesis: Fresh
Insights into an Ancient Pathway[J]. J Biol Chem, 2004, 279(32):
33035-33038.

[9] Loffler M, Fairbanks LD, Zameitat E, et al. Pyrimidine pathways
in health and disease[J]. Trends Mol Med, 2005, 11(9): 430-437.

[10] Robinson AD, Eich ML, Varambally S. Dysregulation of de novo
nucleotide biosynthetic pathway enzymes in cancer and targeting
opportunities[J]. Cancer Lett, 2020, 470: 134-140.

[11] Brown JM, Giaccia AJ. The unique physiology of solid tumors:

—

opportunities (and problems) for cancer therapy[J]. Cancer Res,
1998, 58(7): 1408-1416.

[12] Fairbanks LD, Bofill M, Ruckemann K, et a/. Importance of
ribonucleotide availability to proliferating T-lymphocytes from
healthy humans. Disproportionate expansion of pyrimidine pools
and contrasting effects of de novo synthesis inhibitors[J]. J Biol
Chem, 1995, 270(50): 29682-29689.

[13] Mathur D, Stratikopoulos E, Ozturk S, et al. PTEN Regulates
Glutamine Flux to Pyrimidine Synthesis and Sensitivity to
Dihydroorotate Dehydrogenase Inhibition[J]. Cancer Discov,
2017, 7(4): 380-390.

[14] Lewis TA, Sykes DB, Law JM, et al. Development of ML390:
A Human DHODH Inhibitor That Induces Differentiation in
Acute Myeloid Leukemia[J]. ACS Med Chem Lett, 2016, 7(12):
1112-1117.

[15] Hubackova S, Davidova E, Boukalova S, et al. Replication and
ribosomal stress induced by targeting pyrimidine synthesis and
cellular checkpoints suppress p53-deficient tumors[J]. Cell Death
Dis, 2020, 11(2): 110.

[16] Shi DD, Savani MR, Levitt MM, et al. De novo pyrimidine
synthesis is a targetable vulnerability in IDH mutant glioma[J].
Cancer Cell, 2022, 40(9): 939-956.

[17] Fardini Y, Dehennaut V, Lefebvre T, ef al. O-GlcNAcylation: A
New Cancer Hallmark?[J]. Frontiers in endocrinology (Lausanne),
2013, 4: 99.

[18] Sykes DB, Kfoury YS, Mercier FE, et a/. Inhibition of
Dihydroorotate Dehydrogenase Overcomes Differentiation
Blockade in Acute Myeloid Leukemia[J]. Cell, 2016, 167(1):
171-186.

[19] Gwynne WD, Suk Y, Custers S, et al. Cancer-selective metabolic
vulnerabilities in MY C-amplified medulloblastoma[J]. Cancer
Cell, 2022, 40(12): 1488-1502.

[20] Olsen TK, Dyberg C, Embaie BT, et a/. DHODH is an
independent prognostic marker and potent therapeutic target in
neuroblastomal[J]. JCI Insight, 2022, 7(17): e153836.

[21] He D, Chen M, Chang L, et al. De novo pyrimidine synthesis

fuels glycolysis and confers chemoresistance in gastric cancer[J].
Cancer Lett, 2022, 549: 215837.

[22] Vercellino I, Sazanov LA. The assembly, regulation and function
of the mitochondrial respiratory chain[J]. Nat Rev Mol Cell Biol,
2022, 23(2): 141-161.

[23] Khutornenko AA, Roudko VV, Chernyak BV, et al. Pyrimidine
biosynthesis links mitochondrial respiration to the pS3 pathway[J].
Proc Natl Acad Sci U S A, 2010, 107(29): 12828-12833.

[24] Zhang Y, Luo T, Ding X, et al. Inhibition of mitochondrial
complex Il induces differentiation in acute myeloid leukemia[J].
Biochem Biophys Res Commun, 2021, 547: 162-168.

[25] Martinez-Reyes I, Cardona LR, Kong H, et al. Mitochondrial
ubiquinol oxidation is necessary for tumour growth[J]. Nature
(London), 2020, 585(7824): 288-292.

[26] Bajzikova M, Kovarova J, Coelho AR, et al. Reactivation of
Dihydroorotate Dehydrogenase-Driven Pyrimidine Biosynthesis
Restores Tumor Growth of Respiration-Deficient Cancer Cells[J].
Cell Metab, 2019, 29(2): 399-416.

[27] Spinelli JB, Rosen PC, Sprenger HG, et al. Fumarate is a terminal
electron acceptor in the mammalian electron transport chain[J].
Science, 2021, 374(6572): 1227-1237.

[28] LiJ, Cao F, Yin HL, et al. Ferroptosis: past, present and future[J].
Cell Death Dis, 2020, 11(2): 88.

[29] Dixon SJ, Lemberg KM, Lamprecht MR, et al. Ferroptosis: An
Iron-Dependent Form of Non-Apoptotic Cell Death[J]. Cell, 2012,
149(5): 1060-1072.

[30] Stockwell BR, Friedmann Angeli JP, Bayir H, et al. Ferroptosis: A
Regulated Cell Death Nexus Linking Metabolism, Redox Biology,
and Disease[J]. Cell, 2017, 171(2): 273-285.

[31] Zhang Y, Shi J, Liu X, et al. BAPI links metabolic regulation of
ferroptosis to tumour suppression[J]. Nat Cell Biol, 2018, 20(10):
1181-1192.

[32] Qiu X, Jiang S, Xiao Y, e al. SOX2-dependent expression of
dihydroorotate dehydrogenase regulates oral squamous cell
carcinoma cell proliferation[J]. Int J Oral Sci, 2021, 13(1): 3.

[33] Jiang M, Song Y, Liu H, et al. DHODH Inhibition Exerts
Synergistic Therapeutic Effect with Cisplatin to Induce
Ferroptosis in Cervical Cancer through Regulating mTOR
Pathway[J]. Cancers (Basel), 2023, 15(2): 546.

[34] Zhan M, Ding Y, Huang S, et al. Lysyl oxidase-like 3 restrains
mitochondrial ferroptosis to promote liver cancer chemoresistance
by stabilizing dihydroorotate dehydrogenase[J]. Nat Commun,
2023, 14(1): 3123.

[35] Zhang S, Kang L, Dai X, ef al. Manganese induces tumor
cell ferroptosis through type-I IFN dependent inhibition of
mitochondrial dihydroorotate dehydrogenase[J]. Free Radic Biol
Med, 2022, 193(Pt 1): 202-212.

[36] Amos A, Jiang N, Zong D, et al. Correction: Depletion of SOD2
enhances nasopharyngeal carcinoma cell radiosensitivity via
ferroptosis induction modulated by DHODH inhibition[J]. BMC
Cancer, 2023, 23(1): 462.

(58 %, Bt 2R

{E& 5Tk
E OB, IREE AAHETERE
HHOE. sk

EKM: TakIE . ARt
R, Lk F . R RS





