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Abstract

YC-1is a newly developed agent that inhibits platelet aggregation and vascular contraction. Although its effects are independent of nitr
oxide (NO), it mimics some of the biological actions of NO. For example, it stimulates soluble guanylate cyclase (sGC) and increase
intracellular cGMP concentration. Here, we tested the possibility that YC-1 inhibits hypoxia-inducible factor (HIF)-1-mediated hypoxic
responses, as does NO. Hep3B cells were used during the course of this work to observe hypoxic induction of erythropoietin (EPO) a
vascular endothelial growth factor (VEGF), and the effects of YC-1 were compared with those of a NO donor, sodium nitropurruside (SNP'
In hypoxic cells, YC-1 blocked the induction of EPO and VEGF mRNAs, and inhibited the DNA-binding activity of HIF-1. It suppressed
the hypoxic accumulation of HIFed, but not its MRNA level. It also reduced HIFelaccumulation induced by cobalt and desferrioxamine.
Treatment with antioxidants did not recover the Hlk-duppressed by YC-1. We examined whether these effects of YC-1 are related to
the sGC/cGMP signal transduction system. Two sGC inhibitors examined failed to block the effects of YC-1, and 8-bromo-cGMP did no
mimic actions of YC-1. The effects of YC-1 on the hypoxic responses were comparable with those of SNP. These results suggest that YC
and SNP suppressed the hypoxic responses by post-translationally inhibitingddiéedmulation. The YC-1 effect may be linked with the
metal-related oxygen sensing pathway, and is not due to the stimulation of sGC. This observation implies that the inhibitory effects of YC-
on hypoxic responses can be developed to suppress EPO-overproduction by tumor cells and tumor angiogenesis. © 2001 Elsevier Scie
Inc. All rights reserved.
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1. Introduction cells is up-regulated by a basic helix-loop-helix transcrip-
tion factor, HIF-1 [2]. HIF-1 is composed of HIFeland
The reduction in oxygen tension stimulates the induction HIF-18, both of which belong to the PAS family of basic
of hypoxia-inducible genes such as EPO, VEGF, phospho- helix-loop-helix transcription factors [3]. HIFel and
glycerate kinase 1, enolase 1, aldolase A, and lactic dehy-HIF-18 mRNAs are constitutively expressed in a number of
drogenase A [1]. The expression of these genes in hypoxicmammalian cell lines under normoxic and hypoxic condi-
tions, suggesting that HIF-1 is regulated by some post-
. translational mechanism. At the protein level, Hl&-firo-
* Corresponding author. Tel+2-740-9293; fax:+2-745-7996. tein i kedlv i d by h . h HEE-1
E-mail addressparkjw@plaza.snu.ac.kr (J.-W. Park). en I_S r_nar e y Ir_]crease y hypoxia, whereas HE--
Abbreviations: EPO, erythropoietin; VEGF, vascular endothelial Protein is constitutively present regardless of oxygen ten-
growth factor; HIF, hypoxia-inducible factor; NO, nitric oxide; NOS, nitric ~ sion [4]. Under normoxia, HIF-d is remarkably unstable
oxide synthase; CO, carbon monoxide; sGC, soluble guanylate cyclase;gnd degraded through the ubiquitin-proteasome pathway
CGMP, cyclic GMP; YC-1, 3-(5-hydroxymethyl-2-furyl)-1- [5]. Under hypoxia, it becomes stable and accumulates to be
benzylindazole; SNP, sodium nitroprusside; OD®-(1,2,4)oxadiazole di ized with HIE It in DNA bindi d
(4,3a)quinoxatin-1-one; MB, methylene blue; NAME, N(G)-nitro-L- |mer|ze: V_VI ':'B.’. resu mg_,m ) Inding an
arginine methyl ester; RT-PCR, reverse transcription polymerase chain tfransactivation. In addition, transition metal ions (cobalt and
reaction; and EMSA, electrophoretic mobility gel shift. nickel), iron chelating agent (desferrioxamine), and antioxi-
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dants (thioredoxin) stabilize HIFelunder normoxia, which ~ sponses such as EPO-overproduction by tumor cells and

strongly suggests that the stability of Hlk1s related to tumor angiogenesis. Moreover, it can be developed as a new

the metal- and the redox state-dependent processes [6,7]. pharmacological tool for the study of the oxygen sensing
NO mediates a variety of biological effects such as mechanism.

vasodilation, cytotoxicity, and the regulation of the neu-

roendocrine function [8]. Its main target site is iron, bound

within certain proteins as heme or iron-sulfur complexes. 2. Materials and methods

For instance, it binds to the heme component of sGC and

then stimulates the enzymatic conversion of GTP to cGMP 2.1. Materials

[9], which is responsible for the overwhelming majority of

biological effects mediated by NO. Nevertheless, owing to  YC-1 was kindly supplied by Yung-Shin Pharmaceutical

its radical and lipophilic properties, NO can diffuse ran- Industry (Taiwan). SNP, ODQ, and MB were purchased

domly away from its point of synthesis to interact with from Calbiochem. Other materials were obtained from

various intracellular molecules. The reaction of NO with Sigma or companies indicated in the text. Horseradish per-

metabolic enzymes or viral DNA, or its reaction with su- oxidase-conjugated sheep anti-rat antiserum and the en-

peroxide anion to yield peroxynitrite, may be important in hanced chemiluminiscence plus kit were purchased from

the cytotoxic effects of inflammatory cells in removing Amersham, andd->2P]CTP (500 Ci/mmol) was from NEN-

pathogens. This biological reactivity of NO is also respon- DuPont.

sible for tissue injury in ischemia or inflammatory diseases

[10]. 2.2. Cell culture and hypoxic induction
Hypoxia appears to stimulate NO production through the
induction of inducible NOS [11]. Conversely, NO inhibits Hep3B cells were cultured ia-modified Eagle’s me-

hypoxic responses, such as the hypoxic induction of EPO dium (GIBCO/BRL), supplemented with 10% heat-inacti-

[12,13] or VEGF [14], through the suppression of HIk-1  vated fetal calf serum (GIBCO/BRL), 100 units/mL peni-

accumulation and the inactivation of HIF-1 transactivating cillin, and 100 pg/mL streptomycin in a humidified

activity. This NO-mediated inhibition of hypoxic responses atmosphere containing 5% G@t 37°. Oxygen tensions in

is possibly involved in the exaggeration of tissue injury by the incubator (Vision Sci Co., model 9108MS2, Seoul,

NO in the hypoxic region. However, the mechanism of the Korea) were either 140 mm Hg (20%,Qv/v, normoxia) or

inhibitory effect of NO on the hypoxic responses is not well 7 mm Hg (1% Q, v/v, hypoxia). Cells were subjected to

understood. Three possible explanations for the NO effect hypoxic induction at a cell density of X 10° cells/cnft.

can be suggested: binding to sGC and the stimulation of

cGMP production, interaction with intracellular molecules 2.3. Nuclear extract preparation

regulating HIF-Ix stability, and binding to the heme struc-

ture of a putative oxygen sensor, thereby locking the sensor Cells were quickly cooled by placing the plates on ice

in an oxygenated form. and were then washed twice in ice-cold PBS. Scraped cells
The newly developed substance YC-1, which inhibits were centrifuged at 1,009for 5 min at 4° and then washed

platelet aggregation [15,16] and vascular contraction [17], twice with PBS. They were resuspended in a lysis buffer

has been proven to be a new pharmacological principle thatcontaining 0.2% Nonidet P-40 and the nuclear proteins were

may lead to a potential therapeutic advantage in cardiovas-extracted as previously described [19].

cular diseases. In platelet and vascular smooth muscle, the

effect of YC-1 is accompanied by an increase in intracellu- 2.4. Electrophoretic mobility gel shift (EMSA) assay

lar cGMP concentration via the stimulation of SGC activity.

Although these effects of YC-1 are very similar to those of = The oligonucleotide probe used in the gel shift assay for

NO, the YC-1 stimulation of sGC is independent of NO HIF-1 consisted of the sequenceéACCGGCCCTACGT-

[18]. However, how YC-1 stimulates the enzyme remains GCTGTCTCAC-3. The probe was labeled using

unclear. Likewise, since it mimics the biological actions of [y->P]JATP and T4 polynucleotide kinase, and purified as

NO, we tested the possibility that YC-1 inhibits the HIF-1- previously described [19]. DNA-protein binding reactions

mediated hypoxic response, as does NO. Our experimentsvere carried out for 20 min at 4° in a total volume of 20,

show that both YC-1 and a NO donor suppressed the hy-containing 5ug of nuclear extract, 0.4.g of sonicated,

poxic induction of EPO and VEGF mRNAs in Hep3B cells, denatured calf thymus DNA, and 10* cpm of oligonu

by inhibiting HIF-1o accumulation at the post-translational cleotide probe in 10 mM Tris-HCI (pH 7.4), 50 mM KCl, 50

step. The YC-1 effect may be linked with the metal-related mM NaCl, 1 mM MgClL, 1 mM EDTA, 5 mM dithiothre

pathway of oxygen sensing, but is not due to the stimulation itol, and 5% glycerol and run on 5% non-denaturing poly-

of sGC. This observation suggests that YC-1 can be aacrylamide gels. Electrophoresis was performed at 200 V in

reasonable compound for the development of novel phar-a 0.3 X TBE buffer (15 mM Tris, 30 mM boric acid, and

macological approaches to the inhibition of hypoxic re- 0.06 mM EDTA, at pH 7.5) at 4° and dried gels were
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autoradiographed. For supershift analysis,ull of rat
HIF-1a antiserum to was added to the completed EMSA
reaction mixture and incubated for 2 hr at 4° prior to
loading.

2.5. Western blot assay

For Western blot analysis, 2flg of cell extract was

separated on a 4% SDS/polyacrylamide gel and transferredh

to an Immobilon-P membrane (Milipore). Immobilized pro-
teins were incubated overnight 4° with rat anti-HIg;1
diluted 1:5000 in 5% nonfat milk in TBS/0.1% Tween-20

(TTBS). Horseradish peroxidase-conjugated sheep anti-rat

antiserum (Amersham) was used as a secondary antibod
(1:5000 dilution in 5% nonfat milk in TTBS). After exten-
sive washing with TTBS, the complexes were visualized

using enhanced chemiluminiscence plus (Amersham) ac-

cording to the manufacturer’s instructions. HIF-1 antiserum
was generated in rats against a bacterially expressed frag
ment encompassing amino acids 418-698 of human HIF-1
as previously described [19].

2.6. Semiquantitative RT-PCR

Total RNA was isolated from cells by TRIZOL (GIBCO/
BRL) according to the manufacturer’s instructions, resus-

949
3. Results
3.1. Effect of YC-1 on HIF-1-mediated hypoxic response

Hep3B cells, a hepatoma cell line, were used to examine
the cellular response to hypoxia. Hep3B cells were exposed
to hypoxia or normoxia for 16 hr, and total cellular RNA
was isolated for semi-quantitative RT-PCR. Both EPO and
VEGF mRNAs were markedly increased in cells exposed to
ypoxia, compared with the normoxic controls (Fig. 1A).
To examine the effect of YC-1 on the hypoxic induction of
these mMRNAs, the cells were treated with YC-1 for 16 hr
under the hypoxic condition. YC-1 (100 and 2QM)
reduced the mRNA level of EPO and VEGF under hypoxia,

XNhereas it was found to have no effect on the beta-actin

MRNA level. NO-releasing SNP (5 and 1), which was
used to compare YC-1 and NO effects on the hypoxic
response, also reduced these mRNAs in hypoxic cells. Un-
der this condition, neither YC-1 nor SNP treatment caused
a release of lactate dehydrogenase into the culture medium
(data not shown). This result indicates that the hypoxic
induction of EPO and VEGF mRNAs is suppressed by
YC-1 in Hep3B cells.

HIF-1 DNA binding activity to the hypoxia response
element of the EPO gene was examined to determine
whether YC-1 affects the HIF-1 binding. HIF-1/DNA bind-
ing was greatly increased by hypoxia, and both YC-1 (100

pended in nuclease-free water (Promega), and its absor-uM) and SNP (5uM) under hypoxic conditions inhibited

bance read at A260 and A280. The quality of the RNA was

HIF-1/DNA binding (Fig. 1B). The super-shift by the anti-

checked on a 1% denaturing agarose gel to ensure theHIF-1la antibody of the HIF-1 band showed that the upper
presence of the 28 S and 18 S ribosomal bands. mRNAband represented the HIF-1/DNA complex. Taken together,
expressions were measured using a semi-quantitative RT-these results suggest that YC-1 and SNP inhibit the hypoxic

PCR. Oneug of total RNA was added to a 50+ RT-PCR

activation of HIF-1, resulting in the suppression of EPO and

reaction (PCR-Access, Promega). The reaction master mixVEGF in hypoxic Hep3B cells.

was prepared according to the manufacturer’s instructions
to give final concentrations of X avian myeloblastosis
virus/Tfl reaction buffer, 0.2 mM dNTPs, 5uCi
[@-3?P]CTP, 1.5 mM MgSQ 0.1 unit/ml avian myeloblas
tosis virus reverse transcriptase, 0.1 ydiiffl DNA poly-
merase, and 250 nM concentrations of the primers. For
quantitation of mMRNA, primers were used in a reaction
involving one cycle of reverse transcription at 48° for 1 hr

3.2. Effect of YC-1 on the hypoxic accumulation of HIF-
la protein

Several cellular steps are required to activate HIF-1:
accumulation of HIF-& protein, nuclear translocation, for-
mation of HIF-1 complex with HIF- protein, and binding
to DNA. Among these steps, the HIFelaccumulation in

and 20 cycles of denaturation at 94° for 30 sec, annealing athypoxia is considered to be a key step in the hypoxic EPO

56° for 30 sec, and elongation at 70° for 1 min. The result-
ing PCR fragments (fuL) were electrophoresed on 4%
polyacrylamide gels at 100 V in a 0.8 TBE buffer (15
mM Tris, 30 mM boric acid, 0.06 mM EDTA, pH 7.5) at 4°,

induction. Thus, we examined whether YC-1 affects the
hypoxic accumulation of HIF-d protein. The protein level
of HIF-1a was greatly increased by hypoxia, while that in
normoxic cells was negligible. 100M or more concentra-

and dried gels were autoradiographed. The nucleotide se-tions of YC-1 inhibited the hypoxic accumulation of HIF-

quences of the primers wer&6TGGAGAGGTACCTCT-
TGGA-3 and 3-CCTGTGTACAGCTTCAGCTT-3 for
EPO; 3-AACTTTCTGCTGTCTTGG-3and 3-TTTGGT-
CTGCATTCACAT-3 for VEGF; 5-CCCCAGATTCAG-
GATCAGACA-3' and 3-CCATCATGTTCCATTTTT-
CGC-3for HIF-1la; 5'-AAGAGAGGCATCCTCACC-
CT-3 and 5-ATCTCTTGCTCGAAGTCCAG-3 for
B-actin.

la, but at 25uM or less concentrations the HiFellevel
was unaffected (Fig. 2A). In contrast, the density of a
non-specific protein band (NS) was unaltered by YC-1 treat-
ment, which suggests that the YC-1 effect is specific to
HIF-1a. The effect of YC-1 on HIF-& level was also
examined in normoxic cells to examine the possibility that
YC-1 affects HIF-Ix protein under normoxic conditions.
The result showed that YC-1 had no effect on Hie-1
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Fig. 1. Effects of YC-1 and SNP on HIF-1-mediated induction of EPO and VE&J-Hfpoxic induction of EPO and VEGF mRNAs. EPO, VEGF and
B-actin MRNAs were isolated from Hep3B cells subjected to normoxia (N) or hypoxia (H) for 16 h, and analyzed by semi-quantitative RT-PCR. YC-1 or
SNP was added to the culture media 5 min prior to hypoxic incubat®nDNA binding of HIF-1. HIF-1 was extracted from the nuclei of Hep3B cells
subjected to normoxia (N) or 4 h-hypoxia (H) in the absence and presence g -1 or 5 uM SNP, and analyzed by EMSA. For supershift analysis,

1 wl of HIF-1« anti-serum was added to the completed EMSA reaction mixture. HIF-1 binding (HIF-1), constitutive binding (C), and supershifted band (SS)
are indicated. The data presented in each panel are representative of three separate experiments.

protein level in normoxic cells (Fig. 2B). In addition, we the expression of EPO and VEGF genes by blocking the
examined the effect of SNP on HIFxIprotein in hypoxic hypoxic accumulation of HIF-d at the post-translational
and normoxic cells. As expected, SNP suppressed the hy-step.

poxic accumulation of HIF-d& protein (Fig. 2C). 2.5uM

SNP reduced the HIFel level of hypoxic cells to the  3.3. Effect of YC-1 on the oxygen sensing pathway
normoxic control level, but higher concentrations had no

further effect, which was comparable with the inhibitory Transition metals such as iron and cobalt and the intra-
effect of SNP on the activity of HIF-1 by EMSA, as shown cellular redox state are considered to regulate the stability of
in Fig. 1B. In normoxic cells, SNP failed to induce Hifeel  HIF-1a at downstream of the oxygen sensor [4,20]. To
accumulation over the range of concentrations examined, asexamine whether YC-1 affects these processes that regulate
shown in Fig. 2D. To rule out the possibility of the sup- the stability of HIF-x, Hep3B cells were treated with
pression of HIF-& at the transcriptional level, HIFel cobalt ion, an iron chelator (desferrioxamine), and antioxi-
MRNA levels were examined using semi-quantitative RT- dants (Trolox and N-acetyl cysteine). Both cobalt and des-
PCR with [x-**P]CTP. The HIF-k mRNA levels were ferrioxamine induced HIF-@ accumulation in normoxic
unaffected by hypoxia and treatment with YC-1 or SNP cells as shown in Fig. 3A (lane 2 and 6). YC-1 blocked
(Fig. 2E). These findings suggest that YC-1 and SNP inhibit HIF-1a accumulation induced by cobalt or desferrioxamine
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Fig. 2. Effects of YC-1 and SNP on the hypoxic accumulation of HiFptotein. After 4-h hypoxic incubation, HIFelprotein was isolated and analyzed

by Western blot. YC-1 or SNP was added to the culture media 5 min prior to 4-hr incubation of hypp%ia ¢r normoxia B, D). The HIF-1x protein

band (HIF-Ix) and the non-specific protein band (NS) are indicated. The concentrations of agents at lanes 3 to 13 were 0.002, 0.01, 0.02, 0.05, 0.25, 1, 2
5, 25, 100, 20QuM in order. E, HIF-1la« mRNAs were isolated from Hep3B cells subjected to normoxia (N) or hypoxia (H) for 4 hr, and analyzed by
semi-quantitative RT-PCR. YC-1 or SNP was added to the culture medium 5 min prior to hypoxic incubation.

treatment (lane 3 and 7). However, SNP did not block other mechanism that promotes an increase in cGMP [15].
desferrioxamine-induced accumulation of Hlk-(llane 8), Recently, it has been reported that a combination of YC-1
whereas YC-1 blocked the cobalt-induced Hik{lane 4). and NO donor results in an enormous increase in cGMP
On the other hand, the antioxidants, trolox and N-acetyl production. The co-administration of these two drugs in-
cysteine, failed to recover HIFellevels suppressed by creased the cGMP level 1000-fold or more, in human plate-
YC-1 and SNP, as shown in Fig. 3B (lanes 4, 5, 7, and 8). lets [15], guinea-pig trachea [21], and in i@Avitro reaction
These results suggest that the suppression mechanism ofystem containing purified sGC [22]. This combination
YC-1 on hypoxic responses is likely to be linked with the shows promise as a means of maximizing the intracellular
metal ion-related pathway of oxygen sensing but not with ¢cGMP content. Therefore, to test whether sGC or cGMP are
the cellular redox state. In addition, the mechanism of the involved in HIF-1a suppression by YC-1 and SNP, we
YC-1 effect seems to be in part different from that of SNP treated hypoxic cells with two inhibitors of sGC, ODQ and
in terms of the response to desferrioxamine-induced HIF- MB. Neither inhibitor suppressed the action of either YC-1

la. or SNP on the hypoxic HIFd accumulation, as shown in
Fig. 4. These results suggest that the effects of YC-1 and
3.4. cGMP-independent action of YC-1 SNP are not related to the stimulation of sSGC. To further

check the possibility that cGMP is elevated by a mechanism
Both YC-1 and NO have been known to increase the which does not involve the stimulation of sGC, we tested
intracellular cGMP levels by stimulating sGC, in platelet the effect of combined treatment with 3(M YC-1 and 1
and smooth muscle cells, but their binding sites in sGC M SNP because the combination results in an enormous
seem to differ. Furthermore, YC-1 can inhibit the activity of increase in cGMP production. At these concentrations, both
cGMP-hydrolyzing phosphodiesterase, which may be an- YC-1 and SNP when used alone, showed a borderline effect
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Fig. 3. Effects of YC-1 and SNP on the oxygen sensing pathweyAfter

a 4-hr treatment of Hep3B cells with 786M CoCl, (Co) and 130uM
desferrioxamine (Dfx) in the absence and presence of 0y C-1 or 5
uM SNP, HIF-1x protein is analyzed by Western bloB)(After a 4-hr
treatment with 5uM Trolox (Trx) and 20 mM N-acetyl cystein (Nac) in the
presence of 10@M YC-1 or 5 uM SNP, HIF-1x protein is analyzed by
Western blot.

on the accumulation of HIFlin hypoxic cells (Fig. 5, lane
5 and 6). However, combining the two did not produce a
further reduction in the HIF-d level (Fig. 5, lane 7), which
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Fig. 4. Effects of sGC inhibitors on YC-1 and SNP suppression of HiF-1
After a 4-hr hypoxia treatment of Hep3B cells in the absence and the
presence of 10@M YC-1 (A), 5 uM SNP ), HIF-1« protein is analyzed

by Western blot. sGC inhibitors, ODQ and MB were added to the media 1
hr before the hypoxic incubation. The concentrations of the inhibitors are
indicated in figures.

not recover the HIF-d& suppressed by YC-1. sGC inhibitors
failed to block the effects of YC-1, and 8-bromo-cGMP did
not mimic actions of YC-1. Most effects of YC-1 on the
hypoxic responses were comparable with those of SNP.
These results suggest that YC-1 and SNP inhibited RiF-1
accumulation and the induction of EPO and VEGF in hy-

suggests that the synergistic increase associated with thioxic cells through a cellular process linked with the metal-
combined treatment, in terms of the cGMP level, does not re|ated oxygen sensing pathway.

affect hypoxic HIF-x accumulation. Hypoxic cells were
also treated with 8-bromo-cGMP, a membrane-permeable
cGMP analog, but no loss of HIFelwas observed at
concentrations up to 1 mM (Fig. 5, lane 10 and 11). Based
on these results, it is believed unlikely that the inhibitory
effects of YC-1 and SNP are mediated through a pathway
involving sGC or cGMP.

4. Discussion

We tested the possibility that YC-1 blocks Hife-Ine-
diated hypoxic response. YC-1 reduced the cellular level of
EPO and VEGF mRNAs in hypoxic Hep3B cells. It sup-
pressed DNA-binding activity of HIF-1 and the protein
amount of HIF-Iv. It also reduced HIF-& accumulation
induced by cobalt and desferrioxamine, but antioxidants did

Hypoxia

YC-1, 100 1M
NAME, 500 M
YC-1, 50 uM
SNP, 1 uM
cGMP, 0.5 mM
cGMP, 1 mM

HIF-1a [ ".f'_‘
1 2 3

Fig. 5. Effects of cGMP and NAME on YC-1 suppression of Hl&-After

a 4-hr hypoxia treatment of Hep3B cells, Hlle-Drotein is analyzed by
Western blot. YC-1 and SNP were added to the media 5 min prior to 4-hr
incubation of hypoxia. NAME and 8-bromo-cGMP (cGMP) were added to
the media 1 hr before the hypoxic incubation.
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The inhibitory effect of NO on the hypoxic induction of  expression of EPO through the inhibition of Hlf:Hhccu-
EPO mRNA has been examined [12,13]. They used SNP atmulation [13]. Taken together, it is possible that the three
a concentration of 10.M to show the inhibitory effect of ~ molecules (CO, NO, and YC-1) target a common oxygen
NO on EPO mRNA in hypoxic Hep3B cells. This concen- sensing pathway. Although they commonly activate sGC
tration of SNP is about 10-fold hlgher than was used in our and increase the cGMP level, this Signa| transduction sys-
study, as shown in Fig. 1A. We found 30M SNP was  tem is not likely to be responsible for the suppression of
enough to suppress the hypoxic induction of EPO mRNA. hynoxic responses. The other candidate common pathway
Normally, 10 uM SNP is sufficient to show a dramatic mnay pe the heme-containing oxygen sensor. It has been
increase in cGMP level, which suggests that this concen- g gqested that both CO and NO inhibit hypoxic responses,
tration of SNP is enough to achieve a biological effect ,.oq,maniy by binding to the heme structure of the putative

Lhrough Ng;}spﬁ_clfrl]c rect(_ep_:orsf ;Lgh T]S. EGC' In cotnt:_ast, oxygen sensor [13]. This explanation for the mechanism in

ecause of the high reactivity o - ahigher concentration y,» ‘-6 of CO and NO is reasonable because both mole-

of NO increases the chance that NO or its metabolites . ; .
cules are proven to bind to heme iron. Recently, the possi-

nonspecifically bind to intracellular molecules and modify bility that YC-1 also directly binds to the heme structure has

their structures. Thus, the observation that Bl SNP .
suppresses hypoxic EPO induction suggests that the Nobegn suggested. Kharitonov et al. [25] observgd that YC-1
shifts the wavelength of the Soret band provided by the

effect may be related to some cellular event linked with a . .
specific NO receptor. In contrast, Kimura et al. [23] ob- Neme of SGC. Denninger et al. [26] also observed the direct
served that lower concentrations of NO donors increased thelntéraction of YC-1 with the heme of sGC using kinetic and
expression of the VEGF reporter gene in normoxic cells Resonance Roman studies. If so, all three molecules (CO,
even though higher concentrations of NO donors inhibited NO, and YC-1) can interact with the heme structure of the
hypoxic expression of VEGF reporter gene. Moreover, 0Xygen sensor, and thereby also interfere with its ability to
lower concentrations of NO donors induced HIk-accu-  sense reduced oxygen tension. We observed that YC-1 in-
mulation and HIF-1 activity in normoxic cells. For this hibited HIF-1o induced by the addition of cobalt ion and the
reason, we examined YC-1 and SNP effects over a wide removal of iron, which suggests that YC-1 interferes with
range of concentrations, from 2 nM to 2pM. However, the metal-related oxygen sensing pathway. Whether or not
no evidence of HIF-& accumulation due to NO in nor- the target in the metal-related pathway is the heme iron of
moxic cells was obtained, as shown in Fig. 2D. This dis- the oxygen sensor is still unclear. If so, it is possible that
crepancy in the effect of NO in normoxic cells remains to be YC-1 and NO disturb the function of the oxygen sensor by
explained. binding to its heme. However, because both the heme bind-

YC-1 is known to increase cGMP level by direct stim- jng of YC-1 and the mechanism of oxygen sensing are still
ulation of sGC. However, it has been suggested that YC-1 yncertain, the mode of action of YC-1 remains to be re-

has an indirect effect to stimulate sGC. Wohlfart et al. [24] golved.

argued that YC-1 stimulates the production of NO in endo- |, conclusion, our experiments show that YC-1 and SNP
thelial cells, and that the released NO may stimulate sGC suppressed the induction of EPO and VEGF mRNASs in

and _increas_e the intrc_acellula_r cGMP Ie\_/el. They _observed hypoxic Hep3B cells by inhibiting hypoxic HIFel accu-
that incubation of bovine aortic endothelial cells with YC-1 mulation at the post-translational level. The YC-1 effect

produced a concentration-dependent NO synthesis and re- to be linked with th tal-related :
lease, and that this YC-1 effect was decreased by NAME, anseems © be finked Wi © metai-re ared oxygen sensing

inhibitor of NO synthase (NOS). It was therefore, suggested Zi::/gggh %?(1 Cn;:/lt;v gz e;:];(;r:?:i Crilillu ':?z;nrseglj);i(s)ft?ﬂ?; the_
that the YC-1 stimulation of NO synthesis is due to the P 9 '

activation of NOS. To rule out this indirect action of YC-1, servation that YC-1 suppresses the HIF-1-mediated hypoxic
we pre-incubated Hep3B cells with NAME to block this response, suggests that it might represent a reasonable start-
YC-1 effect, and then treated the cells with YC-1 under the "9 compound for the development of novel pharmacolog-
hypoxic condition. The NAME pretreatment did not change €@l approaches for the treatment of EPO-overproducing
the inhibitory effect of YC-1 on the hypoxic HIFelaccu- tumors or to the inhibition of tumor angiogenesis. More-
mulation, as shown in Fig. 5 (lane 4). Therefore, the YC-1 OVer, it has potential as a new pharmacological tool for the
effect seems not to be due to this indirect action of YC-1 via Study of the oxygen sensing mechanism.
NOS.

In this study, the exact mechanism of the YC-1 effect
was not determined. Bearing in mind, that the behavior of Acknowledgment
YC-1, in terms of hypoxic response, is similar to that of
SNP, YC-1 and NO appears to share a common oxygen We wish to thank Drs Myung-Hee Chung, Eric Huang,
sensing pathway. In turn, NO is suggested to share a com-Jie Gu for encouragement and many helpful suggestions.
mon oxygen sensing pathway with carbon monoxide (CO). This work was supported by Korean Research Foundation
It has been reported that CO also suppresses the hypoxidcGrant, KRF-99-042-F00057.
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