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Fig. 1. The mechanism by which cells monitor and respond to oxygen levels. Under normoxic conditions, two proline residues on the
HIFo subunit are hydroxylated (OH) by prolyl hydroxylase (PHD), in the presence of O, and Fe". Hydroxylated HIFa is recognized
by the VHL E3 ubiquitin ligase complex, which tags HIFa with polyubiquitin, allowing for proteasomal recognition and subsequent
degradation. Under hypoxic conditions, HIFa prolyl hydroxylation is inhibited, preventing recognition of HIFa by VHL. HIFa can
then accumulate and translocate to the nucleus, where it dimerizes with HIFf. The HIF dimer binds to hypoxia response elements
(HREs) within the promoters of and trans-activates target genes associated with erythropoiesis, glycolysis (PDK1, LDHA, GLUT1),
and angiogenesis (VEGF). Additionally, FIH (factor inhibiting HIF-1) hydroxylates an asparagine residue in the C-terminal trans-acti-

vation domain of HIFa, preventing its interaction with transcriptional coactivators.
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Fig. 2. Milestones of HIF signaling research.



948 HEBEEZIR Acta Physiologica Sinica, December 25, 2019, 71(6): 946-949

VHL (von Hippel-Lindau) J5. i3] VHL 535 &
BRI A FE M . S VHL B BE A 40
R % . s kI VHL S84 R4, VEGF
S5 HIF R RN, m HAZ ., Xk
Wi $e/~ VHL 5 HIF 35 VAT BEAF 70 Rk, #E—25
W55 % 8] VHL #1 Elongin B, C LA % CUL2 2540 i,
HHE, Bz Z0ERR (B3 &8 ) it &,
Ratcliffe F1 Kaelin [ &3, VHL 80 5 &4
4E 4 B R4k HIFla, i HIFa 725 AR 0F
Wi, A S E HIFo #5E OB A RS &
Ji AlATT 53 ) R IR R 2R 7R A B (prolyl hydroxylase,
PHD) /3 7 HIFo flZERIFR S 11, S et 57
P, fEWEMEL T, PHD #0E, {# HIFa i
i ¥2 4k, 580 VHL % #8524 45 & 3 HIF 1o,
A& SECHIF Lo 02 RALZ S ABAREAR (K 1).

Ratcliffe F11 Semenza 25 Ji5 42 X &% ¥, 1F HIFa
1) 78 3 K i () B SR v ME A 2 3. — DRA
FIH (factor inhibiting HIF-1) ff] ¥2 {L. /i, 1 HIFa 1)
R AR Uity R AW I ik B R Ak, H0 HIFa 5 At
s RIRF 4G, i G k. FIH o n]
B AR, T H AR S KPR I R B
i, 5 HIF e (| D7,

3 HIFfSS@EBMNEXEERBFEEETE
AIA IR TN 9w T TSR IR R E X

AR UL SRS TAE A i A
MG, 1R 25 80w B R o HIF 55 K E24E
H, [FEIRHIF (55 75 25— B g R w2 A
FEHLH o (1) 7E A2 BRI / SREE M0 5l BRI FE A,
HIF (& S#as IF 2 5 W R, A . OmE
PR iZEd . SRS Wk R R
&%, (2) HIF YRR s m a4 « )
TR AR P B8 1 (pyruvate dehydrogenase kinase-1,
PDK1). .1 i & A (lactate dehydrogenase A, LDHA)
IZeIL, F0E TR RR ) S BR ARG A ik, R I BRER
AN FLER, M RELIBT — R ERIEEA 5 R B 3 15 4 g
B3R C AL KA AL 13 i TR B B R H i K
1o HHEFC R HIF 7875 A5 A e 1 5 24
F, SO o A A7 ) o Al AR o R RE S 4k
VHL /N B I T AR, a0 ORR 1 g 107 R
AR D . HIF AL A B A AR 5 295 IR A IR
B IER =4 — 52, (3) HIF JH B2 K 5 AF
A FEUE M. — e N IR . L

$8 22 RE S K LA PR 2 e ) R BLANE
Xof S B A A TR B AR B R IR
3o PRI BT IR E T B A AN . D
HIF-PHD iR T #E R 250, SN PRI
SN TR R ZRGIxS RAEVE . &
i 7 1 AR 5 IR A IR T A T IEAE AT
PR -

4 HIF-PHD#EI5I(PHD inhibitor, PHI);&¥7
B4R M2 HIFE R &ML

HIF {5 5 2% 1) R IAES) T 5 PR3 s 7 1 4
#r. LA HIF-PHD JJ¥6 97 #E £ # ) ——HIF-PHI
AWK . %ALY iE S 0 f] HIF-PHD, ff
HIF AN [, T 254 % 2 4 A plo i PRk
RN, ZRGWAERNE A JEME EPO =4, it
Bk PRI R, A RO R IG 4. BORE
B[/, HIF-PHI {E R AROB KL, T HLAE 20E
RET, WL R SN, TR 2Tt & i
LI K B2, i E A AR A BRI N RS SR K
T 13 BRI RIRES, FE e Je3R1S 24 T st iE A
FIRITIENT B AT, (R b 2 ARV P 2R
— M FHZ 2R B R A E 2K . HIF-PHI 44 A
MR BT YA YT R ) AR

S5 3CH

1 Miyake T, Kung CK, Goldwasser E. Purification of human
erythropoietin. J Biol Chem 1977; 252(15): 5558-5564.

2 Lin FK, Suggs S, Lin CH, Browne JK, Smalling R, Egrie JC,
Chen KK, Fox GM, Martin F, Stabinsky Z. Cloning and
expression of the human erythropoietin gene. Proc Natl Acad
Sci U S A 1985; 82(22): 7580-7584.

3 Semenza GL, Nejfelt MK, Chi SM, Antonarakis SE. Hypoxia-
inducible nuclear factors bind to an enhancer element located
3’ to the human erythropoietin gene. Proc Natl Acad Sci U S
A 1991; 88(13): 5680-5684.

4 Wang GL, Jiang BH, Rue EA, Semenza GL. Hypoxia-induc-
ible factor 1 is a basic-helix-loop-helix-PAS heterodimer
regulated by cellular O, tension. Proc Natl Acad Sci U S A
1995; 92(12): 5510-5514.

5 Maxwell PH, Pugh CW, Ratcliffe PJ. Inducible operation of
the erythropoietin 3° enhancer in multiple cell lines: evi-
dence for a widespread oxygen-sensing mechanism. Proc
Natl Acad Sci U S A 1993; 90(6): 2423-2427.

6 Iyer NV, Kotch LE, Agani F, Leung SW, Laughner E,
Wenger RH, Gassmann M, Gearhart JD, Lawler AM, Yu AY,



AR B IR 52 S AR A R N 2 R AL )

10

11

12

13

14

15

Semenza GL. Cellular and developmental control of O,
homeostasis by hypoxia-inducible factor 1 alpha. Genes Dev
1998; 12(2): 149-162.

Firth JD, Ebert BL, Pugh CW, Ratcliffe PJ. Oxygen-regulated
control elements in the phosphoglycerate kinase 1 and lactate
dehydrogenase A genes: similarities with the erythropoietin
3’ enhancer. Proc Natl Acad Sci U S A 1994; 91(14): 6496—
6500.

Forsythe JA, Jiang BH, Iyer NV, Agani F, Leung SW, Koos
RD, Semenza GL. Activation of vascular endothelial growth
factor gene transcription by hypoxia-inducible factor 1. Mol
Cell Biol 1996; 16(9): 4604—4613.

Kibel A, Iliopoulos O, DeCaprio JA, Kaelin WG Jr. Binding
of the von Hippel-Lindau tumor suppressor protein to
Elongin B and C. Science 1995; 269(5229): 1444-1446.
Lonergan KM, Iliopoulos O, Ohh M, Kamura T, Conaway
RC, Conaway JW, Kaelin WG Jr. Regulation of hypoxia-
inducible mRNAs by the von Hippel-Lindau tumor suppressor
protein requires binding to complexes containing elongins
B/C and Cul2. Mol Cell Biol 1998; 18(2): 732-741.
Iliopoulos O, Levy AP, Jiang C, Kaelin WG Jr, Goldberg
MA. Negative regulation of hypoxia-inducible genes by the
von Hippel-Lindau protein. Proc Natl Acad Sci U S A 1996;
93(20): 10595-10599.

Kamura T, Koepp DM, Conrad MN, Skowyra D, Moreland
RJ, Iliopoulos O, Lane WS, Kaelin WG Jr, Elledge SJ,
Conaway RC, Harper JW, Conaway JW. Rbx1, a component
of the VHL tumor suppressor complex and SCF ubiquitin
ligase. Science 1999; 284(5414): 657-661.

Kamura T, Sato S, Iwai K, Czyzyk-Krzeska M, Conaway
RC, Conaway JW. Activation of HIFlalpha ubiquitination
by a reconstituted von Hippel-Lindau (VHL) tumor suppressor
complex. Proc Natl Acad Sci U S A 2000; 97(19): 10430—
10435.

Ivan M, Kondo K, Yang H, Kim W, Valiando J, Ohh M, Salic
A, Asara JM, Lane WS, Kaelin WG Jr. HIFalpha targeted for
VHL-mediated destruction by proline hydroxylation: impli-
cations for O, sensing. Science 2001; 292(5516): 464—468.
Jaakkola P, Mole DR, Tian YM, Wilson MI, Gielbert J, Gas-
kell SJ, von Kriegsheim A, Hebestreit HF, Mukherji M,
Schofield CJ, Maxwell PH, Pugh CW, Ratcliffe PJ. Targeting
of HIF-alpha to the von Hippel-Lindau ubiquitylation com-
plex by O,-regulated prolyl hydroxylation. Science 2001;
292(5516): 468-472.

949

16 Bruick RK, McKnight SL. A conserved family of prolyl-

17

18

19

20

21

22

23

24

4-hydroxylases that modify HIF. Science 2001; 294(5545):
1337-1340.

Epstein AC, Gleadle JM, McNeill LA, Hewitson KS,
O’Rourke J, Mole DR, Mukherji M, Metzen E, Wilson MI,
Dhanda A, Tian YM, Masson N, Hamilton DL, Jaakkola P,
Barstead R, Hodgkin J, Maxwell PH, Pugh CW, Schofield
CJ, Ratcliffe PJ. C. elegans EGL-9 and mammalian homo-
logs define a family of dioxygenases that regulate HIF by
prolyl hydroxylation. Cell 2001; 107(1): 43-54.

Ivan M, Haberberger T, Gervasi DC, Michelson KS, Gunzler
V, Kondo K, Yang H, Sorokina I, Conaway RC, Conaway
JW, Kaelin WG Jr. Biochemical purification and pharmaco-
logical inhibition of a mammalian prolyl hydroxylase acting
on hypoxia-inducible factor. Proc Natl Acad Sci U S A 2002;
99(21): 13459-13464.

Jiang BH, Zheng JZ, Leung SW, Roe R, Semenza GL.
Transactivation and inhibitory domains of hypoxia-inducible
factor lalpha. Modulation of transcriptional activity by oxygen
tension. J Biol Chem 1997; 272(31): 19253-19260.

Pugh CW, O’Rourke JF, Nagao M, Gleadle JM, Ratcliffe PJ.
Activation of hypoxia-inducible factor-1; definition of regu-
latory domains within the alpha subunit. J Biol Chem 1997;
272(17): 11205-11214.

Mahon PC, Hirota K, Semenza GL. FIH-1: a novel protein
that interacts with HIF-1lalpha and VHL to mediate repres-
sion of HIF-1 transcriptional activity. Genes Dev 2001;
15(20): 2675-2686.

Lando D, Peet DJ, Gorman JJ, Whelan DA, Whitelaw ML,
Bruick RK. FIH-1 is an asparaginyl hydroxylase enzyme
that regulates the transcriptional activity of hypoxia-induc-
ible factor. Genes Dev 2002; 16(12): 1466—-1471.

Chen N, Hao C, Liu BC, Lin H, Wang C, Xing C, Liang X,
Jiang G, Liu Z, Li X, Zuo L, Luo L, Wang J, Zhao MH, Liu
Z, Cai GY, Hao L, Leong R, Wang C, Liu C, Neff T, Szczech
L, Yu KP. Roxadustat treatment for anemia in patients under-
going long-term dialysis. N Engl J Med 2019; 381(11):
1011-1022.

Chen N, Hao C, Peng X, Lin H, Yin A, Hao L, Tao Y, Liang X,
Liu Z, Xing C, Chen J, Luo L, Zuo L, Liao Y, Liu BC, Leong
R, Wang C, Liu C, Neff T, Szczech L, Yu KP. Roxadustat for
anemia in patients with kidney disease not receiving dialysis.
N Engl J Med 2019; 381(11): 1001-1010.



