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TROD CTION 

Angiogenc:-.is. the sprouting of ne~; capillarie.'> from pre.:xis ting blood vc;.;.cl,. i, a 

multistep proce" that in,ohes migration and proliferation of endothelial cells. remodeling 

of the ex tracellular mau·i · and functional matun.nion or the newly "''emhlcd vc"d' (I. 2). 

Physiologically. angiogen~sis is a tighil) rcgu lmed pro c%. rc;. ulting from the b;tlancc of 

angiogenic and angiostatic stimuli. The"! stimuli arc rcgulolled tcmpor;il'l> and sratiu lly. as 

fnr example during early embryonic cJc, clopment. organogcnesi,. and wound heali ng. At 

other times. an,iogcncsi~ i., completely inhibited t3). Unregulated angiogenesis. in fact. is 

the cause of Sl)vere tissue dysfunction and I"" been directly implic:ll<.!d in the pwhogenesis 

of \llrious diseases including retinopathies. psoriasis. rheumatoid anhriti,. and other 

chronic innammmory dise<L'e.' (4). Moreo ver. angiogcne;.is is cs;.cntia l lo r so lid tumor 

outgrowth (5). 

ll1c cndothclial cell-s pecific vascular ~ndo th clial growth factor (VEG F) exert' a pi\ owl 

role in normal and pathological angiogenesis (6). lis production by stromal or epithelial 

ce lls i> sufficient tO tri gger angiogcnesi.,, and inactivation or the corre~ponding gene n;. ult,, 

[n abnormal blood ve,~e l development and embrynnic lethality in mice (7). Indeed. 

~ynthes i s of VEGF. fo'llowed b its. ccretion into the cxtracc llul,u· environment, i' one of 

the first steps in the angiogenic cascade and comro ls the onset. extent. and duration of' thi :-. 

proce-ss. A number or angiogenic >timu li have been found to indu c VEGF g0ne exprc,,ion 

including sc~eml growth factors , cy tok incs. hormones, phorbol es ters. oncogenes . nitric 

oxide ( 0). and hypoxia ( 17). VF.Ci F gene regu lation in hypox ic cell> occur' during thl! 

'rescue' phase ( 18). and is chmacterizcd by its transcriptional activation ( I 9- 2..J.). prim;uily 

th rough the hypoxia-rcspon:-.c clement ( H R F:) that includes ci,-acting D 1 clcmem' 

recogniz d by mu ltiple tramo.-;tcti vatO J> ( I 0.20.23,25.26). 

The hypox ia-inducible fitctor I (HI F-1) is the be.~t-characteri7cd rcgukttor of' the VEG F 

gene u·anscription. In its active form. it is a dimer composed or two distinct ~ ubunits. both 

of wlrich belong to the ba~ic hclix-loop-helix-pcr-arnt-s im (bH LH -PASJ protein l'amily : 



HIF-Iet.nnd HJ F-1~. the aryl hydroc~trbon receptor nuclear u.·un~locator ( R 1T) (27\. 

They bind to the target DNA sequenc<! (J-IIF-1 binding >itc; J-IBS) 11 i1hin the l-IRE and 

enhance the tmn,cription nne of h) poxin- inclucible gene~> ( 23.27). 

Nitric oxide is an imracellular and intercellular 'ignaling molecule. generated in 

cukaryotic cells from I.-argini ne by a reaction cmal)!.Cd hy NO ;, mhase~ (28). i\ 

widcsprc:ad r;mge of biological eiTecL' are allributcd to this mokcule (29.30). Some cffl'w, 

arc linked to ih intracellular !'.econdme,,engcr nature. while other~ resu lt from it> pat~ltrinc 

actions. mcuiatcd by tlcrivation or the guany late cyda~c/- .. :;· -c·yclic guanm.inc 

monopho~phate (CiC/cGrvJ P) pathway ( _,0.3 1 ). Indeed. although NO is highly reactive <tnd 

believed to be quite un~ table in t•ii'O. once produced in surlicien t amoum' it can u11vd 

significant distances in the tis,ue to reach multiple cellular targets (.12). 

There is a com. idl!rable body of evidences that NO downregulatcs the express ion of 

VEGF gene ( 12. 14,33-35). In ,pite of these ob,ervation,, production or angiogenic 

activity by human monocyte' lm~ been found 10 depend on NO ( 16). and NO-generating 

compounds have been ,hown to ,timu late the i=Ci F gene tran,cription in human 

gliobi<L~toma and hepatoma cel ls in cul ture( 15). Furthermore. a strong posi ti ve con-elation 

between NO symha~e ( OS) acti ity, cGM P k vd' ~mel tum r angiogene'i' have he0n 

rccemly described in head and nL'Ck (36) and gynecolog ica l cancers (37.3~). We ha11.: 

investigated the mechanism of NO-med iated rcgulat.ion of the human VI::Cif.' g..:nc in human 

gliobla'loma and hepatoma ·ells. We clemonstmll! that the VEG ~· gene tr<LnscJiption i> 

acti ated by 0 '" well as by hypox ia via the 1-1 BS anu an adjacent 'anci llary' 'cquenc..: 

wi thin the HRE of thi' gene. This re>ponse to 0 is mediated. at least in pan. by activation 

of rhe HIF- 1 comple independent of the GC/cGIVIP pathway . In addition. we show that a 

common sb·uct urc or the HRF. con~> isLing or the H BS and ih' ancillary sequence. i' widcl} 

seen among hypoxia- inducible genu~ including VECi F. erythropoietin ( Epo). and ~O tllt! 

glyco lytic enzymes. 
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RESULTS 

1\no/vsis of!he human VEGF gene proll/i1ler rr'SJIOIISI! ro 11i1ric oxide 

Following cxpo~ ure to 0 donors. VEGF mRNA rapidl y accumu lates in human 

gl iob lastoma or h~ JXt iOma ce lls; this is prc\cnted hy pn:- trcauncnl or the cel ls\\ ith the R i\ 

polymera;,c inhibitor actinomycin D ( 15). Thi> finding s ugge~ ls that VEG I-· mR t 1\ 

accumulation by NO i,-, media ted. at least in p<tn. by tram.criptiona l nctiu1tion or the VECrF 

gene. To veriFy thi ;, po~;, ibility, a luciferasc reporter phVEGF I was used 10 test the cne..: t 

of NO donors on the activ ity of the human VEG F pr0 111Llter in /\- 172 cel ls. S-nitrosl>-1 -

acetyl-D. L-penicillaminc (5 AP) enhanced the activi ty of tJ1c t.mnsfectcd promoter in a 

Liosc-dependcnt manner (Fig. I A) w ithin 6 to 12 h. 'n1c chemica lly distinct NO donor 3-

(~- hydroxy- 1 -( 1-mcthy lcthyl)-2-nitrosohydnaino)- 1-propanarninc ( N0C5) was as 

el'fenivc as SNAP in inducing the reporter gem: ani vation (Fig. I B). 10 cnnccnu·ation 

was represented by nitrite and determined by Gric;,s reaction. Ni trite m nten tt<Hion or the 

culture medium wa;, quit..: high in the pre>cnce or these NO donors (Fig. I C) _ Thc.'e re.,ults 

suggest that NO <.! nhances me transcription or UlC VF.G F genll. imilar dosl.'- rC.''J HIS<! 

correlation' and induction kinetic were observed in the stllllC cel ls J(rr the t:ndogcnous 

VEGF gene activation by these 0 donor' ( I 5). 

For co mpari>on. the eiTect of low oxygen tcn~ io n on phV I~GFI cxprc,,sion "'"' al'o 

determined in 1\ - l 72 cells under the same experimental condi tions. A, sho\\ n in Fig. I i\ 

and I 13. rmnscription or the mm,fccted reporter gene wa' enhanced by hypoxia I I 'lf 0 , ) 

(p<O.O I versus CO tllrol). This is consiswm with tJ1e fac tthat thi' mport..:r includes the HRt 

of the VEG F gene ( 19-2 1.23). When cells were ' limulatc I "' ith either SNAP or NOC5 

under hypoxic conditions, maximal promoter ntti1 arion w;L~ achieved by lower 

conccnU<t tion~ or 1 0 d nor,, as compared with normo ic co nditio n~ (2 1% 0 , ). However, 

I mM of NOC5. the optimal concentration for reporter acti vation in normox ia. inhibited 

hypox ic induction of the reporter gene (Fig I 8). The response r t.hl' u·;m,rected VEGF 

promoter to S AP and hypox ia in human hepatoma Hcp3 1:l ce ll' was also tested. 
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Figure J. E ffect of NO and hypoxi>l on the exp ress io n of the VEG F rcpor lc1· 

gene i n A - 172 cell s. A-172 ce ll~ ~<en:: stimulated 1\·ith 0.5mM SNAP(/\) or 0.5 mM 

NOCS (B) for 12 h under normoxic (219< 0 , ) or hypox ic ( I <Jr 0 , > conditions. The final 

concentration of DMSO was 0. 1% in (A). (NOC5 W<L~ d i,~o l vcc.l in PBS.)(/\) 11=8: 

"1><0.05. ''*p<O.O I versu' control in normoxia. #p<O.OJ 1~ 1-s u;. control in hypo~ i a. CB ) 

n=8: *p<O. 0 I ers us control in normox ia. #p<O. 0 I versus contro l in hypoxia. Rc l;ll ivc 

luciferase acti vity indicates nllios or mean lu c ifcrase/[3 -ga lac to, id ;L~e acti vity. 1-:nor bars 

represent SEM in il given mcasurcmenL (C) 1itritc conccntration o f the culture m~dium 

<tfter 12 h expo;,urc tO NO donors under n onnox i<~ (0. I 'If- DMSO or 0. 5 mM S1 AP or 

O.S mM OC5). (11=3) 



Maximum int.luction \I a' ob~tined in 36 h after expo,urc 1.0 h) poxia and S AP !data not 

sh0\1 n ). 

tuclie~ with GC inhibito" have suggcKtcd thHl VE ,F mRNA :~ccwnul:~tion in rc,pon'e 

10 NO donors i' mediated by an increase in in lntccll ular cGM P 115). The rcspo tbe or the 

reporter to NO in !he pre.~ence oi'GC inhibitor:- wa' thcrerore anuly;ed. When cclb "en~ 

ineubat..:d "ith SNAP in the p rc~cm:c of either methy lene blue 1MB. 25 pl\'1) or 6-<tn ilino-

5.8-q uinolinequinone I L Y83583. 1.25 p M). NO-induced promoter acti valion wa' 

compl..:tely inhibited lp<O.O I ver'u' con Lrol in SNAP). In conmts l. I H­

l 1.2.4loxidiazo lol-l.3-alquinoxalin- l -onc <ODQ. 50 pM). ano1hcr spccili GC inhibitor. 

did not inhibit 1hc 0 -inducccl lran,criptional acti vation t:ven at the higher conccn ln!lion. 

H owever, L Y835 3 ( 1.25 p M) could anen ua.te the acti vation 10 the lcvcb f the unLrcaled 

cells in 1hc presenec oi'ODQ C25 pM) (p<0.05 \Crsus ODQ+SNAP) (1-'ig. 2). In addition. 

Lo IC' I if an incrca~c or cGMP levels cu ulcl enhance VEGF pr mo1erac1iv ity. 8-Br-cGM J> 

tn pro1ein ki nase G ac ti valor) was added to 1he culwrc medium at con t.mmnion of SOO pM 

in the prc.~cnce or ab,encc of LY83583 (1.25 pM). In bo th CtL\C,,. 8-ll r-cCIMP did nl) l 

show any efTect on NO-induced promoter ac1i vi1y. Hypox ic induuion of the sa me n:poncr 

gene was unaffected by ei1her GC inhibitor or by 8-B r-cGMP when tC, tl!.llundcr the same 

experimen tal conditions (Fig. 2). Des pi le the ' upprLos$ iOn of NO-induced VEG F promot.:r 

activation by MB and LY83583. these rcsulis , uggc' l ihatlhc 0- inducccl ac1i vm ion i' not 

meclimed by the GC/cGMP pa1hway. 

I t has been receml repmted !hat NO ~; upprcssc' hypox ic induc1ion of 1he VEGF gene by 

using sodium ni tropru,sidc (SN P) as w1 NO donor in human hepatoma ccllli nc' (33.35). 

Our swdie' wi1h SNP (iemonsmued ~mt i1 ancnuat<:d the VEGF promo1cr <ICii vHLion by 

hypoxia in a do,e-dcpendcn t manner. Morco\(:r. it had no ' ignifiGmt c!Tccl unckr 

normox ia at concentration., up to 100 pM in A- 172 ce lls (Fig. 3) and Hep3 13 cc lb (data nul 

shown). in con!rasltO our result' with SNA P and NOCS. 
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Figure 2. Effec t of the gua nyla te cydase inhibitor and /or protein kinase G 

activa tor on human VEGF promoter ac ti vity in A-1 72 ce ll s. The cells were 

exposed Ln 25 pM MB. 1.25 pM LY83583. or 25 pM ODQ and/or ~00 pM 1S-Br-cGMP 

under the same conditions as in Figure J for J :1. h. 11=6; *p<O.O I vcn.u:-. control in SNi\ P. 

#p<0.05 and +p<O.O I versus ODQ in SNAP. and 8-Br-cGM P in S /\ P. rc,pcctivc ly. 
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ldemijicwioll fJ(lhe 11ilric oxide response e/emelll.\ ofihe htrlllW7 VJ:'GF ge11e 

To cleu~rmine the 0 -re:,ponse demem of the human VF:GF promoter. 11..: t·onstructcd a 

scricsoftlektion mutanL~ Mph EGFI and rested tJ1eirresponse to S AP (0.5 mM lo r 12 

h) follov.ring tran~ icnt tran> l'cction in A- 172 cells. Rcmo1 al of IJN sequence~ bcm cen 

p si tions -2.279 and - 1.0 14. did nnt cause any significant change in iJ1c hy1x>xia- nr NO­

induced acti vation of the VEG F reporter gene (Fig. -+A) . (\ further deletion tO -79-+ 

( ph VEG F4} significan tl y reduced the prom ter r ·sponse to either stimulus (p<O. 0 I and 

<0.05 versus phVE(iF3 in hypoxia and in SNAP. rcspecti vllly). It :--huu ld be noted that a 

similar stcp11 isc decrctLse in the response of I he VEGF reporter genes to hypoxia h<L'> been 

reported prcviou>ly (20.22 .23.4-+). 

To confirm that NO-responsive d emeni is locmed in the - 10 14 and -79-+ reg ion.~..: 

tcst.cd th<.: abi lity of this sequence to confer NO-inducibility to the h<.:rpc.s simplex virus 

th ymidine kinase I HS V-TKJ ge.ne promoter. /\s ~ how n in Fig. 48. this is the C<·be. 

Deletion of the VEGF promot~r ,cq uence between -960 and -903 (pH RAJ completely l o~ t 

the response to SNAP {p<O. OI versus pi-IRE in S /\Pl . Analysis of an additional 

recombinant (pHRB) further locate> the NO-response clement between 110~itions -986 and 

-922 (p<O.O I versw. pHRA in SNAP). It overlaps w ith the HRI ! or lhc: V~( iF g<.:nc. 

Seq uence co mp<triso n~ between lhc human. mouse. and rat F.GF genes in this DNA 

region reveal a high degree of evolutionary conservution (da ta not sho~ n). In particular. 

there is conformity in 4 ~eque nces. These correspond to the J-IBS 5'-TACGTGGCi (-975 tO 

-968); the AP- I 'itc 5' -TGACT/\i\ (-937 to -93 1); the NF-1\B ' like' sequence 5' ­

GGGTIITGCC (- 1.000 to -99 1 ); and iJ1e seq uence 5'-ACAGGTC (. l 62 to -95h). whid1 

we call the H IF- I ancillary sequence ( HA ). The I<L'it has bccn previou, ly suggested to be 

essemial for hypoxic induction f thc VEGF promoter (20). 

To determine the role of each o f these seq uence cl<.:ment> in the NO-mcdimcd r<.:sponsc>. 

we tested rcspon~oe> of pHR E and it> related mutants to SNAP. The response of pH R E >I as 

quamitati vely and qualitati ve! comparab le to that of ph VEG F.' (Fig. 4A). i\ mutation in 
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A 
Relative luc activity Fold Induction 

0 123456 SNAP Hypoxia 

Kpnl 

E phVEGF1 
-221l 2.3±0.3 3.5±0.7 

~ phVEGF2 Luc 2.2±0.2 3.3±0.7 -1179 

phVEGF3 ~ -1014 Luc 2.6±0.4 2.7±0.1 

phVEGF4 ~ -?9t Luc 1.5±0.1# 1.5±0.2. 

D Normoxia 
• SNAP 
D Hypoxia 

B 

pHREL -1fJ7--3-------77S -j TKI Luc 

pHRE -1-01-4----903- - - - - -j TKI Luc 

pHRA --- - - - - - - - i TKI Luc 
-1019 -960 

pHRB --- ----- --i TKI Luc 
-986 -922 

• SNAP 
0 Hypoxia 

0 2 4 6 8 10 12 14 6 
Fold Induction 

- --- - ·-~----· 



c 
HBS HAS AP-1 

pHRE GCA~CTCCA~CTCTICCCTCCCAGTCAC~CCC 

pHREm1 GCA~TCCA~TCTTCCCTCCCAGTCAC~CCC 

pH R Em2 GcA~crccAAc g, , rccrcncccrcccAGrcAcr~cc 

pHREm3 GCATACGTGGGClCCA~CTCTICCCTCCCAGTCAC~CC 

0 2 6 8 10 12 
Fold Induction 

F igure 4. Localizatio n of VEGF 5' -fl ank ing sequences which mt>diatc 

transcripti on al response to hy poxia or SNAP. VEGF ><X1u0nces ~1- ere cloned 10 

the promo1crless pG L2 btL~ic vector (A). or 5' tO an l-IS V-TK promo!cr·- Jucifem'c 

tran~ cription unit of pT811ucO ( B, CJ. The l oca tion~ of res rriction ~i 1cs :rrc shown rchni1 c 

to the transcription 'tll rt site. Relati ve Juciferase uclivity indicates nnio' or 111can 

l ucifeia~e/r)-ga l acto,idase activi ly. Fold induction. by hypox ia or by SNA P. reprcsc111s 1hc 

ratio of relati ve Juc acl ivity in cells a1 I% 0 2 or 0.5 mM SNA P in 0, I 'R DMSO. 10 those u1 

2 1 o/t. o, or 0. 1% DMSO. rC,IJCC iively. (C) Nucleot idcs r tran:-,cription ftlC IOr binding ,itcs 

(H BS. HAS . and AP- I ) arc underlined (-975 to -968. -96} to -956. and -937 10 -9. I. 

re~pectively) , and substillltcd base.' arc ~ how n in lower case letter-:, . (A) 11=8 (hypoxia) or 

11= 11 (SNAP); ''p<0.05 versus phVEGF I and <0.0 1 vcn. u ~ phVEGF3 in hypoxia, 

#ti<O.O I vcr~us phVIC:GF I and <0.05 1ersus phYEGFJ in S 'AP. (B) II=R: *p<O.OI 

ver:-,us pHRB in hypox ia. **p<0.05 vcn-u' pi-IRE in hypox iu, #p<O.O I vcrs u~ pHRB in 

S AP. ##f1<0.05 versus pHR EL in SNAP. (C) 11=6: *p<O.O J vcrs L" pHR I:i and <O.OS 

ver> us pHRErn3 in hypox ia, ''*p<0.05 versu' pHRE in hypox ia. #p<O.O I versw. pHR I:i 

and <0.05 vcr>us pHREm3 in SNAP. ##p<0.05 versus pi-I RE in SNA P. 



----- - -- -- - - --

the HBS l pHREml ). or in the H AS (pHR F.m1) comp i<~ tdy abo J i, ht~d ~1e 0-induccd 

acti vation or the rromoter <t><O.O I 1crsus pi-IR E). <md a n1utmion in the AP- I ,,i te 

(pHREm3) inhibi ted. pmlially hut ;, ignilic<ullly. th<.' t-e,po nse to NO (p<0.05 1<: r>t1~ 

pH RE) (Fig . .:IC) . As controls. the re,pon'e of these reporters to hypoxia was also 

mew~ ured under the same condition> and wm: found tL1 be superimposablc to that or NO. 

The effec ts o f NO and hypox ia on these reporter;, were abo the same when tes ted in Hep3 B 

cells l dma not show n). Taken together. the'c rcsuiL' intlic<t te that the NO- and hypox i<t­

re.,ponse sequences of the human VEG F gene co- loca li ze with the H BS. the HAS. <t nd. in 

pan. the AI'- I site. 

111e H BSs are Jocmecl in the promoter or enhancer reg ions o f several hypox ia-inducible 

gcne,s. and the co nsem.us 'cq ucnce ww; described as either 5' -(G/Cff)AC(iTGC(G/C)-3" 

(20\or 5' - RCGTG-3" (45). To determine the exact ex tent or the HBS in the VEG F gem:. a 

series of pH RE mutant> ' ith I -3 nuclcotitk s ( nt ) exchange~ (pH REm I~ to I k) were 

synthesized. and their rcponer express ion was compared ith tJ1at of the w ild-type (pH RE) 

after NOandhypoxic u·eaunenL'. The pHRE mulili1L'>. pHR Emlb, l c. l e. If. and l g. thut 

encompa'~ the subs titution of a 6-nt sequence. los tt.hcir response to ho ~1 0.5 111M S 1\P 

<Uld hypox ia (Fig 51\ and 58 ). Therefore. the 6-nt sequence. TACGT ' • tontains the ..:ore 

of the H BS. In addition, a mutation at. the last G l pHREm I i) of thi s sequence el iminated its 

response to both stimuli . while a mutation at T. the first nuckmidc o f TAC ,T(i 

(pHR Emlh) partial ly anenuated theacti l' iry of the lucill:rase reporter (ri g.. 513 ). Thw •. at 

ie<Lst the sequence. ACGTG. is required for the HBS to fun ·ti on. 

To clarify the importance or the initi<tl T w ithin the sequence. TACGTG . we sul» tituted 

the T with an A. C. or G. and test~d the repnner acti vity or the result<tnl construct,. Figure 

5C sho1 s that the promoter rcsponch:d bclter to 0 and hypox ia if the li rs t nucleotide as 

~T o r G, t<lther than an A or C (p<0.05 ). 1\ compilation o f H BSs (Table I ) showed that the 

HRE contains a seq uence T/GACGTCi <ls a functional HBS in many hypox ia- inducible 

genes. whcrea' 1\ or C in the lir;.t nucleotide of thi ' 'equence i' fo und in onl y a fc" genes. 
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A 

pHRE 5'-GCATACGTGGGCTCCAACAGGTCCTCT-3' 

pHREm1a 5' -tagTACGTGGGCTCCAACAGGTCCTCT-3 • 

pHREm1b 5' -GCAcgaGTGGGCTCCAACAGGTCCTCT-3' 

pHREm1c 5' -GCATACtctGGCTCCAACAGGTCCTCT-3' 

pHREm1d 5' -GCATACGTGttaTCCAACAGGTCCTCT-3' 

Fold Induction 

8 
pHRE 5 ' -GCATACGTGGGCTCCAACAGGTCCTCT-3 ' 

pHREm1e 5 '-GCAcgCGTGGGCTCCAACAGGTCCTCT-3' 

pHREm1f 5'-GCATAatTGGGCTCCAACAGGTCCTCT-3' 

pHREm1g 5'-GCATACGctGGCTCCAACAGGTCCTCT-3' 

pHREm1h 5 '-GCAaACGTGGGCTCCAACAGGTCCTCT-3' 

pHREm1i 5 ' -GCATACGTaGGCTCCAACAGGTCCTCT-3' 

0 2 3 4 5 6 
Fold Induction 

---- -----



c 
pHRE 

pHREm1h 

pHREm1j 

pHREm1k 

pHREm1 

5'-GCATACGTGGGCTC-3' 

5'-GCAaACGTGGGCTC-3' 

5'-GCAcACGTGGGCTC-3' 

5'-GCA~GGCTC-3' 

5'-GCATcatTcaGCTC-3' 

------ -- ~--- ---

• SNAP 
0 Hypoxia 

3 4 5 6 

Fold Induction 

Fig ur·c 5. T he HIF-1 bi nding site or VEGF gene is determined as 

TACGTG . i\- 172 ce lls were ollectcd after 12 h exposure toei thcrnormox ia (2 1'« 0 , ), 

hypoxia ( I% 0 1 ) . DMSO (0. I o/r ), or SNAP (O.'i mM in 0. I% DMSO). Nucleo tide,., or a 

putati ve I-I BS are underlined. and ; ub,titutcd I a~es arc 'ho11 n in lowercase letters. (I\) 1\ 

se ries ofpi-IR E- rdated muutms with 3-111 sub,.,titutiom, within the HRI~ ,. ere prepared. and 

thei r res ponses to SNAP and hypox ia w..:re tested. 11= 4; *p<O.OI ersu> pH REm Ia <Uld 

pHREmld. ( 13 ) A series ofpHR E-relmed mutants with 1- or 2-m ,., ubstitutions 11ithin the 

H RE were prepared. and their re, ponse' to both >timuli were tes te<!. 11=6: ' '!'<0.0 I. 

**p<0.05 versus pi-IRE. (C) II seric, of pi-IR E-rclwed mutanL' with sub,tirution of th~ 

fir~ t nucleoride ofT /\CGTG were prepared. and their re,ponses to bo th stimuli were tcs t..:d . 

n=6: *pdl.OI. **p<O.O.'i ersus pi-IR E. #p<0.05 vc rsus pi-IR Emlh and pHR Emlj . 



Hypoxia-inducible genes 

Glycolysis 

(h) aldolase A (ALDA) (46) 

(h) enolase 1 (ENO-l) (46) 

(m) glucose transporter 1 (GLUT-1) (51) 

(h) lactate dehydrogenase A(LDHA) (46) 

(m) phosphofructokinase L (P FKL) (96) 

(h) phosphoglycerate kinase 1 (PG K-1) (46,50) 

Vasod ilation 

(m) inducible nitric oxide synthase (iN OS) (97) 

(m) heme oxygenase 1 (H 0-1) (98) 

Yasocon. rriction 

(h) endothe lin 1 (ET-1) (99) 

Angiogenesis 

(h) vascular endothelial growth factor (YEGF) (20) 

Erythropoiesis 

(h) erythropoietin (Epo) (77) 

Iron transport 

(h) transferrin (Tt) (100) 

Synthesis of catecholamines 

(h) tyrosine hydroxylase (TH) (101) 

HIF -1 binding sites 

GACGTGAC 

GACGTGGG 

TGCGTGCG 

TACGTGAC 

CACGTGCG 

GGCGTGCC 

CACGTGGG 

GACGTGCG 

TACGTGCT 

GACGTGAC 

GACGTGCG 

TACGTGCT 

GACGTGCT 

GACGTGCC 

CACGTTGC 

TACGTGGG 

TACGTGCT 

TACGTGCA 

TACGTGCG 

TACGTGTA 

Tabl e 1. HI F-1 binding sit es of hypoxia-inducibl e ge nes. Note that most ofrhe 

H rF-1 sites have a common sequence 'T/GACGTG' . The core sequences are underlined. 

The species are: (h) , human; (m), mouse. 
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This fi.nding i' con; i"em "ith our rc, ul t>. that Llw ~cqucnce NCACGTG w;L, b, 

functional (Fig . ."iC). TogeLher, our ti nding' suggc' t that a 6-nt se IUeiKc. T CGTG. is the 

core motif of the HBS in the VEGF promoter. 

We have clemoiNrated that not only the H 13 . but also iL' downstream HAS. i.' e''ential 

for NO and hypox ic induction of the VEG F reporter gene. To identify the ex telll of the 

HAS. we te, tedthc re~ po nsc or pHRE and i L<, related mutanb CpHREm2a 10 ~ k ) to NO and 

hypox ia. Figure,, 6A and 6 13 illu, trate the rc, ui L'> o f the mutation analys i> or the HAS. 

Since pi-IREm21. 2c. <mcl 2d los t NO- and hypox ia-i nduced lucitl:rasc acti vity (Fig. 6A 1. a 

9-lll sequence. AJ\CAGGTCC. Iv a~ found to co n~tin the core of the HAS. A further 

anal sis of the 'equencc requirement (Fig. 6Bl revea led that an) 2-bp mutation 1 ithin 

ACAGGT (pi-IR Em2g. 2h and 2i) rc., ultcd in ~1e loss of rc'pon,c. hut a mutmion at the 

first A (pH REm2k) did not abrogate lucifent:-c activity. A mutation at TCC (pH Rlom2d), 

but not HI CC (pHR Em2j ), within the ' cqucnce ACAGGTCC. attcnuared the reporter 

acti vity. 1l1us. uny sub"itution w ithin CAGCiT eliminated the prom tcr rc.-,pon, c• to either 

>timulus. This rC$Uit :- uggests that these S nt tonstiwtc t.h ..: HAS and the strict sequence 

requirement might be indicati ve of th<J binding of some l:tctor to Ihe l-IAS. Thc~o~ 

experimem' indicate that 10 and hypox ia similarly enhance the VEG F promOt<.)r ac ti vity. 

and both the HBS and the HAS arc required"' ci, -clements lo r the ac ti vation r VEGF by 

these stimuli . 

The f-IBS and the l-IAS ar located adjacent to each other. To inveMigate whether the>~~ 

tw o elemcms function imcrdcpendemly. we con, tructcd pH RE mutun L~. with either a ~- Ill 

de letion within (pi-IR Em3a), or a 5-nt insertion (pi-IREm3b) imo the 'Pater. antlte»ted the 

repon..:r acti v ity after 0 and hypoxic treatments. As sh wn in Fig. 7. either mutation 

resulted in a loss of rCJXJI1er acti vation. suggesting that the spacing between these moti fs is 

crucial for the promoter acti vity. This result ra i~c, the possibility that some pui<tti vc fac tor. 

w hat we call it an H IF- 1 ancillary lilctor (HAl: ). may bind to the HA and interact with 

1-IIF- 1 fo r VEGF g~nc induc ti on . 
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A 

B 

pHRE 5' -GCATACGTGGGCTCCAA~'rCT-3' 

pHREm2a 5 ' -GCATACGTGGGCaaaAACAGGTCCTCT-3 ' 

pHREm2b 5 '-GCATACGTGGGCTCCggaAGGTCCTCT-3' 

pHREm2c 5' -GCATIICGTGGGCTCCIIACgttTCCTCT-3' 

pHREm2d 5 '-GCATACGTGGGCTCCAACAGGgaaTCT-3' 

pHREm2e 5 '-GCATACGTGGGCTCCIIACAGGTCCgag-3' 

pHRE 5 '-GCATACGTGGGCTCCAACAGGTCCTCT-3' 

pHREm2! 5 '-GCATACGTGGGCTCagACAGGTCCTCT-3' 

pHREm2g 5 '-GCATACGTGGGCTCCA~TCT-3' 

pHREm2h 5 ' -GCIITACGTGGGCTCC~TCT-3' 

pHREm2i 5' -GCATACGTGGGCTCC~TCT-3' 

---- -- --

0 2 4 

• SNAP 
0 Hypoxia 

10 12 
Fold Induction 

.SNAP 

pHREm2j 5 ' -GCIITACGTGGGCTCC~TCT- 3 ' 
·······1--DHypoxia 

pHREm2k 5' -GCIITIICGTGGGCTCCA~TCT-3' 

0 2 3 6 
Fold Induction 

Figure 6. T he HlF- 1 ancillary seq uence of VEGF gene is determined as 

CAGGT. A- 172 ce l l> were expo~cd to tht: same ct rltlitiom, a> in Figun.! I !'or 12 h. n=6: 

*p<O.O I , **p<0.05 vcr>us pi-IR E. uchJotidc, or a ptllalivc HAS arc underlined. and 

substiwtecl bases an.! shown in lowercase leiters. (A) A Sl'ric' or pHRE-re la1..:d mut<tnL' 

with 3-nt substituti ons w ithin the l-IRE were prerared. and their respo nses 10 SNAP anti 

hypox ia were tes ted. (B) A seril!> or pi-IR E-related mutants w ith 1- or 2-nt sub,ti lutions 

within the HRE were prep<rrecl. and their response> to lxnh stimuli were tes ted. 

----------



---- - -- --- -

HBS HAS 

pHRE 5'-GCA~GGCTCCAA~CTCT-3' 

pHREm3a 5' -GCATACGTGGGC :::CAA~CTCT-3 • 

pHREm3b 5'-GCATACGTGGGCTCCAACAGGTCCTCT-3' 
---~--

5 6 7 8 
Fold Induction 

Figure 7. The spatial a lignment of the HBS and the HAS is crucial for 0 

and hypoxic induction of VECF gene . A- 172 cells wcr..: cxpo~.cd '' ~he ,ame 

conditions <t~ in Figur..: I for 12 h. pHRE-rclatccl mutanL' wi1h either a 2-m d..: l..:tion or a 

5-nt insertion within the spacer between !he J-IB S and the HAS were prcpar..:d. n=6: 

'''p<O.O l versus pHR E. Nuclco tides of pu lali i'C J-I BS and HAS are underlined. and 

substi tuted bases are ' hown in lowerca'c lcncrs. 

-- -----



----- -- -

harcK·feri~wion 1!( miric o.ride-rc.IJ>Oit.l'ive nuclear J>nHeins 1hm bil)(/ 1u the f-1/JS of 1he 

human VEGF gene 

To identify the transcription facto r(s) pre~ent in - 172 cells tJ1at ma) interact wi th th.: 

NO-response dcmenL and in partitulm· with the H BS. we amdyzed tJ1e in .-i!m binding of 

nuclear· proreins to u labe led WT l-IB · ( -985 to -960) double-!:. tranclecl oligonucleotide (Fig. 

8A). Several DNA-protein compl.:xes were d<.!tec tccl. as shown in Fig. 813 . Four band., are 

prcscm when using nuc lear ex t met' from boLh control and .SNAP-stimuhll<.!cl c'ells ( 1$, C I . 

C2 and C3). The lowest band INS) do..:s not rcprcse111 a specific complc,x. Kince it can 

interact w ith a variety of 11 ild -LyJ:>e and muwted oligonucleotides. TI1e o ther thre..: 

complcxc.' (C I . C2 and C3) reprc.'Cill pro tein, interacting speci lically w ith the H BS or 

w it.h its nank ing sequences. These three complexes are detected tJ.sing probes contai ning 

thi~ site from ei ther VEGF (20.23) or Rpo (23,--17, --18) genes. It has been sugge, t<.!d that the 

complexes represent constituti ve binding of ATF- 1 and CREB- J transcription litCl(ll''< 

within or near !he J-IBS (49). 

T he remaining two upper bands (HI and H2) were f<1 int in cx tt<ICI.' fromuntre<ucd ce lls. 

but quite intense fol lowing c.;:ll exposure 10 SNAP (Fig. 88). These krbclcd co mplexe,, 

were inhibited by an ex e's of unlabeled oligonucleotides conwining the wild-!ypc II BS 

from either the human VEGF or Epo genes(\ t HBS. HRA. HR Am l. HRB. HRBm2. and 

wt Epo) However. they were not inhibited by an exc ss or oligonucleotides cont;rining 

mutation in the J-IBS (mut HBS. HR Am2. HRBml. andmut Epo) or by an SP- 1-bind ine 

oligonucleo tide o f unrelated sequcnce(SP- 1) (Fig. 813). N uclear ex tmcL' fr 111 hypoxic A-

I 72 ce lls showed a simil<1r pauern or binding (Fig. ). However. the intensity of 1-1 2 is 

generally srronger than that o f HI in the NO-trea ted cells. while both arc similarly enhanced 

in the hypox ic ce ll s. 

To verify the pr~~encc of 1-II F- 1 pr tc in in HI and 1-1 2 compkxes. we then used 

ami bod ies against bo th HIF- 1 a and HIF- 1 ~/ARNT in supcrshif't assays. Ass hown in 1-'ig. 



A 
NF-Kil-like sequence HBS HAS AP-1 

wtHBS: 

mu l HBS: 

wl HBS+HAS: 
wtHAS: 

CCACAGTGCAl~GGCTCCAACII 

CC I'C AcrT(lCAT~GCTCCAACA 

CCACAO fCC Al ACGTGGGCTCCA ACIOCTCCJ CnCCCTCCCAG I CA -- --
TCGGCTCCAA~ClCrT'CCCICCCioC fCACJGA 

HAA: c ArcccAccrcccrcccccrrr=:-oACTccAcAcTccl\~~XtrccAACA 

H RAm 1: aArccc ... cc:rccc;·cccccm~c; ,.crcCAcAa·rccArAcGrcccctccA r. c~o 

HR Am 2: cA'TCCCAccrcccrcccccrncccTTTrcccAcAcrccAcAcTccAf<: ., 1c ~ ccrccAACA. 

HRB: 

HRBml: 

HRBm2: 

WI Epo: 

mut Ere: 

SP-1 : TATCG ATCGGGGCGQGGCG AlA 

II GClTCCACAGTGCAT~GCTCCII.~TC1T'(;CCTCCC IICTCA~CCCGC AACG 

AGcn CCACACUl(!AT~ GCTCCAACAOG T CClCnCCCTCCCACJTCACT~CCCOi::AACC 

AGC'rlCCACAG I GC II TACGTCCGCTCC AACAGGJCCTCTTCCCTCCCAC I CACTI J;r l Tt II CCCCGCA ACG -- ---
G AICGCCO ACGfCC TG TCTCAGTCA 

GATCGCCCf~TGrcrCAOlCA 
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Ab no Ab HIF-1a HIF-113 c-Myc 

N.E. S H S H S H S H 

SS-+ 
H1-+ 

H2-+ 

Figure 8. NO and hypoxia enhance HIF-1 binding activity. 

(A) OligonuclcoJjde sequences lor EMSA. 1 ucl eotid t:~> of functional trans<:ripl ion factor 

binding s ite,~ are underlined, and s ub~ LiLUted bases are shown in lowercase lcne 1~. WT 

H BS wa, used as a labeled probe. 

(B , C) EMSA~ showing 1hc binding spccifieiLy o f nuclear lilt lors from SNAP- ( BJ or 

hypox ia~ (Cl m:med ce lls. Nuclear exu-<JCI.'> (5 p g) from A- 172 cells. Lr~<~l.ed by 0. I 'if 

DMSO or O.S mM SNA P (8 ). or under normoxic (2 1% O,J or hypox ic ( I % 0
0

) condi1ions 

(C! . were incubated with wt HBS rrobe for 30 min in the presence or no mmJ:>CLitor fO). or 

10·. 50~, or 250~fold molar excess or unlabeled competimr oligonucleo tide'>. SNAP- or 

hypoxia- induced ( HI anJ H2). constiuni ve (C I. C2 and C:l) and nonspccitlc (NSJ 

complexes arc indicated. 

(D) Supershift or H REbinding complexes. N uclear cxu·acls (5 pg) from A- 172 cells 

treated by 0 .. ~ mM S AP or by hyroxia were incubaJccl w i1h labeled wt HBS prob.:, in the 

pre~cncc or absence or monoclonal antibod ies against I-I IF- I a.. H ifi- 1 r) or c-M yc as 

potential super!> hifting reagent>. The shifted complexes CSS) arc indica1cd. Ab: antibody. 

NE: nuciC<ll" ex rracL S: SNAP; H: hypox ia. 
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8D. bo th NO- and hypo\ia-induced H complexes "en! indeed completely >upt:rshil'ted 

(SS) by either an ti -H I F- 1 a or ami-I-ll F- 1 ~ antibodies. but not b) unrdatcd anti -c- lVI) c 

ant i ~erum . 

Gel shi ft < t ssay~ of Hcp3B nuclearl!xtraci> were alse> performed for HI F- 1 binding to the 

wt H BS pre> be. Inducible lnmd.s 1-1 I and 1-12 "ere quite vtsib le in NO- <llld hype>xi:l- tre;I!Cd 

ce ll exu<.ICL~ . and the patterns of rel;ni ve <~moutw, or these hands were quite si milar to those 

~ecn in /\-172 nuclear cxu·acb. ll1c ~upers hift assay demonstrated thm th -•e in lucible 

bands ii l~o contained HI F- 1 a and P protein (cliita n t shown). These results indicmc that 

NO ~nd hypoxia induce HIF- 1 bi nding ac ti vity in i\ - 1 7:~ and 1-lepJB cells . 

It has been reponed that the amount of 1-1 I F- 1 a. protein is significantly incrca,cd under 

hypox ic cond itions. ll1is rcspon~c depends up n ~1e swbi liLation of 1-1 IF- I a. rmhcr than 

incrca\cd 1-1 IF- I a. mRNA levels. and the abunclitnce o f H IF- I a. protein primarily 

determines the enhancem nt or I-I IF- I binding ac ti vity (52.53). To examine whe ther 10 

affec t ~ the HI F- I a accumu lation. we pcrform~d Western blot ana lysis wi th an ami-H IF- I o. 

monoclonal antibody. The nuclear and the whole-ce ll extmcL' crt: rrcparcd from /\- I 7 _ 

ce ll ~. Figure~ 9/\ and B show that NO <Ls wel l as hypoxia significanll incluu~tl HI F- 1 a. 

accumulation in hl>Ul the nuc leu~ and ~ll! whole cell. This indicates that the abundance of 

HIP- I a also accounLs fo r NO-induced J-II F- 1 ac tivation. 

Characrerizcuion of fll11c/ear Proleins 7hal 1Ji11d 10 1he HAS r~( rhe Hti/IW/1 V EO 1-' Genr' 

We ha c demon, tmted that hypoxia- and 0-induccd HI F- 1 activiry med iate.' 

transcriptional activation of ~1e VEGF gene. 1-II F- 1 forllJ' D A-binding. tomph~xcs 

contain ing the p300/CREB -binding protein when boun(l t iLs t<lrgut H HS under hypox ic 

conditions (54). However. no previous study h<Ls dc.,cribcd (al bintling rac tor(s) to the 

9 
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A 

HIF-1 a ____,. 

N H D s 

B 

HIF-1 a ---+-

N H D s 

Fig ure 9. Expre~s i on of HIF- l a. pro teins in A- 172 ce ll s. uclc;!l' cx u·, tc t~ (/\) 

and 1 hole-cell ex tracts ( Bl were prepared from umrc<t tcd or h) poxia- (t} h). OM 0 - (3 h), 

or SNAP- (3 h) u·emed A- 172 ce lls. and subjected 10 Wc.~ lern blot anal sis using ami-

1-!IF- I a. monoclonal amibod . 
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adjacent HAS. To identify prot~ins that bind to the 1-1 AS or the VFG F gen<). we analyzed. 

in rirro. th~ binding of nuclear proteins to three kinds or " P-labcled ol igonuck~otides 

corre.,ponding to the HBS (wt HBS). the HAS (\II HAS). and both elcmenL\ (wt 

H BS+HAS) in NO- or hypo,~ia- rreated ce lls. N ucl~tr protei n~ were extr:.tcted from /\- 1 T2 

cells culwred under I 9f: 0 , or 0.5 mM S 'A P. or each rcs~cti ve comro l ce lls. The exu<tct' 

were incubated w ith labeled probe' for 30 min at ro Ill tctnpcraturc in tlll.: same binding 

buffer <L\ in Figure 8 ( 100 mM KCI). and rhc mix tures were electrophoresed on non­

denaturing TAE-acrylamidc gels. A~ show n in Fig. lOA elec trophoretic mobility shift 

asHays (EMSA) revealed that protein-DNA complexes (C) were always present when either 

w t H BS or w t 1-1 BS+HAS W<Ls used as a probe. The bands of le,s mobilit y (HI and 1-1 2) 

appeared only when nuclear ex tracts from the NO- or hypox ia- trea ted ells were w,cd. 

Simi lar pauerm, of HI and 1-12 bancb 1.\ ere observed when nuclear ex tr:t t.:t' from the NO- or 

hypoxia- treated ce ll~ were used\ ith w t HBS and w t HB + HAS probe'. However. no 

additional bands were observed in any ex tract w ith WI H BS+H AS ancl WI HAS probes_ 

Various binding conditions (K CI conccmration between -lO to 160 mM) or a di!Ter~nt 

running buffer (TB E instead of TAE) failed to rcve<il any additional band when wt 

H BS+H AS was used as a probe or any inducible bands when Wl HAS pro he:-. were u:,cd 

(data not ~ hown). 

As ·CAGGT'. a core motif of the HAS, and ascquunce ' ACGTG. in the HBS form w1 

imperfc ·t inve rted repeat, competition <tssays were perfo rmed using labeled w t HBS <Ls a 

probe to ~cc if the HAS cou ld b<.: a binding site for the HI F- 1 protei n. HI F- 1 lxtnds induced 

by SNAP (HI and 1-12) were displaced by cxce.% ivc unlabeled w t 1-1 BS o ligonucleotides. 

but not by WL HAS (Fig. I 013 )_ This result suggests that these band~ speci fica ll ~ bind to the 

HBS. but the HAS is not a candidate for tl1c HBS. -ll1c same result wa~ obtained with 

hypoxia- treated nuclear extracts (data not shown)-

10 
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probes wt HBS wt HBS+HAS wt HAS 

NE (-) N H D S (-) N H D S (-) N H D S 

H1-+­

H2--+-

c --+-

NS--+-

B competitor 

molar 
ratio 

H1 -+­

H2 --+-

c --+-

NS--+-

SNAP 

0 

wt 
HBS 

WI 
HAS 

0 50 250 50 250 

• 

+ + + + + 
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J' igurc I 0. A pu ta tive HIF-1 anci ll ary rae to r is not ide ntica l to HIF-1. 

Oligonuclcotitb for loMSA were wt HBS. which con t~Lin> the'' ild- I)'JX: H BS. hutnotthc 

HAS: wt HBS+ HAS. which co main~ both the wild-type H BS and the 11 ild-tyiJC 1-1 S: and 

w t HAS. which contains tht! wi ld-type HAS. but not the H BS. A- I 72 cel l," ere cxpo.-,cd 

to either 0.'\ mM SNAP or 0. 1% DMSO for 3 h. or to cith'r hypoxi:l or nnrmnxia for 8 h . 

Nuclear exmtcts (5 )Jg per lane) fromthe,c cells "ere incubated w ith ' ' P-1:1b..:led probe' 

(3.0 x 10' cpm) at room tempcraturu for 30 min. with or w ithout co mpetitor,. pr·ior 10 

elec.:rrophorc;. i,. DNA-protein complexes arc indi<.:<Jtcd by <liTO\\'~ . (A) Cnmpuri>.on of 

DNA-binding ac1i1 iti t:s recognized by wt HBS, wt H BS+Hi\S . and~; 1 HAS. Hypoxia- or 

NO-induced co mplexes with slower ( HI ) and f:L~ ter (1-12) mobility, constitmi ,cly binding 

complexes to the l-IRE rC). and non-specific band~ ( S) are indicated. (-): no serum. N : 

nonnox ia. 1-1 : hypoxia. D: DMSO. S: SNA P. (8 ) Compet ition assays with either normoxiu 

or hypox ia-o·eatcd nucbtr extracts usi ng wt H BS a.' a lnbdccl probe in the prc,~Cncc or 0-, 

50-. 250- fold molar excess or competitors. 
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DIS CUSS IO N 

Ni1ric oxide and /rml.WTliHiun.funur.\' aclil'ily 

S incc the discovery of iL' role in intercellu lar ,ignaling. NO h:t~ been .~ h tl\1 n to be 

in vo lved in an almos t endless list of bio logic:ll proc'sscs. including cell pro li feralion. 

di fferen tiatiOn, dcmh. Jef'ensc again' t p:~ thogcns. intercel lular CO illlllUnicatiOn,, Ce ll 

moti lity and comraction. The variety of different rc,;pon,es evoked by thi' molecule in 

widely diflen:m cd l type., i ~ to be ascribed to its intrin, ic ability to interact "i th. and 

thereby ncgulatc. multiple. indcpendcm path,~<tys comrolling cellular ftmt: t.ion:.. How thi;, 

relatively simple molecule conu·ols these pathways. howe, cr. have been clarified only in 

pan. This i;, patticularly true for its effects on gene transcription. a process which not on I) 

dri ve' cumpkx ta>k' such as those required for cell pro li fera tion. differemiation and d<:ath. 

hut is als a prerequisite for swbiliLation and enforcemcm or the ce llular and tissue 

re,ponses to NO. 

The bes t-ch ~u·acterized genetic control exerted by NO in vo lves acti v: ttio n nf the gene~ 

invo ll·ed in the ce llular resistance to ox idative stress in prokaryo tcs. governed by the S xR 

and OxyR transcription factors (55.56). In these case,. co alent redox reaction;, im:luding 

oxidation or the 12Fe-2S I clusters of SoxR (5.'i) or niu·os) lation of cys teine r.:.\idu~s of 

O.~y R (56) res ult in activation or these factors from a latent. reduced state tn a 

transcriptionally acti ve conf'ormalion capable ol' regulali ng the expn:.,sion or set.' of gen<J.' 

responsive to each of these transcriptional regulae rs. In lower eukaryores. NO appears !ll 

be capabk or inhibit:ing zinc finger- type yc<L~ t transcription acti vators. such as I .AC9. hy 

inreracting with and thereby ci<J.~troy ing their zinc-sulfur clustl!t'S (57). while in nmmmalian 

celb NO hw, hcen shown to rcgulme the actjv ity or th~ F-KB (58) <llld A I'- I (59) 

transcription li tctor complexes. In these C<t,es, NO can exert a dual r<:gu lator action on 

d1c;,e factO!'\. activaling or inhibitory, depending upon the cellul,u· conditions and via 

different mechanisms. For example. F-KB is ac ti va tcu by 0 in lymphoid celb (56.60). 

!Jut it is instc<~d inhibited in other cel l type:.. (6 1-6-1 ). and the same applies for AP- I in other 
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cellular COI1lex t> (59.65.66). Th i> i' one or the charncteri, tic feature.' or muny ~e llular 

responses to NO, and it i' notuncxpectcu. given tJ1e chemical nalllre of thi s molceuk: that. 

because or its in, tahilit y. can C<L,i ly reac t \\ ith difll:rent chemica l groups in bioi gical 

molecules. such as thiol group:-.. meta ls and re<Jcri vc oxygen intcrm diatc:-.. 

/\s a com.equcnce. NO effec ts on a given hiolog ical 'ystcm are dependent not on I) upon 

its absolute concemration but al:-.o. perhaps more important. on th <.! redox :-. t<Uu :-. 1f the 

target ce ll and on the prc:-.encc or 01 Va ilability o f other reacti ve groups in biomnk cule, 

(67.68). Optimal conceJlU'ations of NO donors for VEG F reporter gene expre:-s ion in 

norrnox ia cause an inhibito1y effec t on the gene acti vation by hypoxia (Fig. I 13). This ma) 

be attributed to higher concentration' or NO rc l e<L~cd from NO donors under hypox ia 1h01n 

under normoxia, <l' exposure to exce:-sive amount.~ of NO could be toxic (69). Thi., 

indicates that the linal effect o f NO on VEG F express ion (aeti vation or suppress ion) C\luld 

also depend on the redox s tan~> of the cdlular environment. 1\ better understanding or the.sc 

<tspect.s o f the biological acti itics or NO can be achicwd only w ith a bcucr know ledge or 

the cel lular factors that are targets lo r regulation by this molec ule. 

Nil ric oxide re,Qtdmion q{ VcGF gene 1ronscrip1ion and H/F-1 binding ctcli vily 

In the pres0nt work . NO and h pox ia have been found to significantly induce the 

cxpressi\ln o f a human VEGF reporter gene in glioblastoma and hepmomu t el b. Jt htL' been 

previously shown that VEGF mRN/\ rapidl y accumulates fo llow ing cxpos u1·e to N 

donors in these cells. and that tJ1is i~ pre en ted by pre-rremm.::nt o f the cdls 1 ith the RN 1\ 

polymemse inhibitor actinomycin D ( 15). These results sugges t I hat NO acti vme:- tht: 

transcription of th t: endogenous VEGF gene <L~ well as the u·ansfe ·ted VEGF rep m er 

gene. 

The mmscription fi tcto r HIF- 1 plays a centntl ro le in hy pox ic inducti on or the VEGF 

gene by binding to it' target DN/\ sequence. NO- induced VEGF exprc»ion is ulso, atlca:- t 

in p<~rL mediated by acti vation and s u b~cquent binding o r HJ F- 1. Therefore. NO and 
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hypox ia may share common kmur~> in the: path wu_ s of VEGF induction. 

The promoter analys is o r this gc n~ rcvcab that Jelction of the HRE compktel) abo lishes 

VEGF induction b) NO and h ypo~ia. A further· ;rnalys i.s of the HRE sho'" that not nl) 

the HBS. bu t al so its do\\ nHrcam HI\.' is esse ntiul r r induction by the~e ~ti muli . and that 

the i\P- 1 site is rcquin:d for iLs optimal res ptH1se (Fig. 4). Similm· ooperaliv ity among 

sever-al domains w ithin the HR E was also reponed in Epo and klc'~IIL' dehydrog ·nasc ;\ 

(LDH A) genes. ln th<:.:a.sc of human E gene. the HBS. its adjaGent scquencc CAC/\G. 

and the binding site for hepatic nuclear factor 4 arc crucial for the cnhancer acti vity. and a 

mutation of either si te abolished its hypox ic response (70,7 1 ). Tht' promOLcr analy> is n f the 

human LDH/\ g..:ne silo" cd that a mutation in the H BS emircly abrogated the response to 

hypoxia. and a mutation in either its upstream i\CG T or its cl ownsu·ewn cycl ic AMP 

response element.. signilicantly. but not co mpletely. reduced the pronun~r activity (72). 

These clam indicate 01<11 mullipk factor> meclime transcriptional regulation of these genes 

th rough a comple · im~mction among the>c fa ctor>.. 

HI F- 1 et protein level> were m<c~s i ve l y upregulatcd in vario u~ cell lines under hypox ia. 

whi le H IF- I a mRN A levels were unchanged under the s<rmc condition, . Simi larly. in the 

present work a dramatic increase in HI F- 1 a protein lc"e l.~ was seen in 0- trcat~d A- 172 

ce lls (Fig. 9A and 9B). aJtJ1ough we were un,tblc 10 detect a signilican t chungc in 1111°- 1 Ct 

mR /\. Thus, an int rease in HI F- 1 a mRNA may not be the main mechanism for Ill F- 1 o: 

protein accumulation. but ntther pos t-transcriptional or pos t-U'<msl<rtional mc:chani>ms 

(52.53) may be invo lved. H IF- l a is rapid ly degr<tcled under normox ia by the ubiquitin­

pro teasome pathway. while, under hypox i<r . it is stabilized and immediately trnnslncatecl 

into the nuc leus where it dimc:tiLes wi th i\RNT \ 73-75) . II has hecn recently ' hown thatlht.! 

ch;tperone heat shocJ.; protein 90 ( Hsp90) interacts w ith H IF- I et under normoxia anJ is 
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e>~emial for hypoxic activation of HI F- 1 (76). Our rc,tilt' dcmon,trat0 that HIF- la 

protein levels were elevated not ''nly in the nuclcu!->. blll abo in the" hole cell (Fig. 9A and 

98). This limling suggcsL' that accu mulation or H ll-'- 1 o .. u' \1 dl 'L' iL'> mmslocatinn to the: 

nucleu,. may play a c~mml role in NO- and h)poxia- induccd ac tilation ol. thi> tn·tiN:ription 

l~tnor. 

A lthough J-II F- 1 binding activity and J-II F- Io: ;tccumulmion arc similarly induced by NO 

and hypoxic stimulation. EMSA showed that relati ve am unt.' ol- doublet inducib le band~ 

are d ifferent in extracL' from NO- and hypox ia-treated cclb . The-re arc so me pos, ihlc 

mllchanism' that could account for this difference. It may be attributable to the differen t 

swtus of phosphorylation. ON A bind ing of H IF- I is regu lated by prmein phosphorylat ion 

(77). and the status of phosphorylation can affect the mobility or the rargct protein in 

pol '<lcry lamide gels. It is also possi ble ihat uiffcren t co-activ:llors may be im'n ived in 

J-I IF- 1 acti vation by hypoxia" hen compared with that activated h) NO. 

number of NO effec ts appear to be mediated by '<l lubk CC. heme-containing protdn> 

that react directly wi th NO and rhcrcby induCe! an increase in imracl! llular cCMP levels 

(30,3 1 ). An in\o lvemcnt or cGMP in 0 -induccu ac ti ~< uion or the cndogcnou~ VEGF 

promoter wn> Miggested by result~ obtained wiih the GC inhibitors lB and 1.YH~583 ( I 5) . 

1-lowcvcr, a~ dcscrihed here. ano ther GC inhibitor (00Q) did not aucnu:Hc NO-induced 

acti vation or the tram:fcctecl VEGF promoter (Fig. 2). Moreover, 8- Br-cGM I' diu nm 

mim ic VEGF reporter gene induction by 0. even when used in onjunction with an NO 

donor and LY83583. Hypox ic induction of thi,s reJX ner gene and H IF- I binding acti vity 

were unal'fectccl by either MB or I .Y83583 (Fig. 2). These result' indicate tha t NO-induceu 

acti vation o f the gene promoter and or lhc 1-IIF- I factor. Line' not occur via cG MP-mecliuwd 

signal transduction. They al'o show that NO and hypoxia act through di"inct path\\ays. or 

via cliiTercnt molc-cular componems of a 'inglc pathway. because tJf thc different response' 

toMB and LY835ll3. 
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C oi/111/011 Slrl/Cl/ Iri!S c!f' !-IRE in h.lf>Oxio-induci!J/1' genl's 

Hypox ia induce' a number o f genes " hose promoter or enhancer region contains one or 

more H BSs. ll1ey include <llciolasc A (AI.DA). enohl'e I ( I:::N0 - 1 ). glucose u·anspon.cr I 

(G LUT- 1 ). LDHA. phos pho fructok imL'e L ( PFK L). inducible nitric o.xidc synthase 

(iNOS), phosphoglycermc kimL~e I ( PGK- I ). heme oxygenase I t HO- I ). Epo. 1r;~nsf'errin 

(Tf) and VEG F. Mos 1 of them have T/GACGTG a., a consensus sequence for the H 135. 

all hough H 13Ss in GLUT- I (GGCGTGl. E 10 - 1 (TGCGTG) and ET- 1 (CACC iTT) do not 

mee1 this consensus ;equencc perfec tl y tTablc I ) . 

In Lhis swdy. we have determined th e; c.xact cx iem' o r the H 13 · and !he HAS in VEG F. 

and found Lhat both clerm~nt' form an imperfect invened repeal. Moreover. Lhc spacing of ' 

nl. in VEG F, is crucial. Surprisingly. analys is o f rhc H RE.s or Lhc above genes revealed 

LhaLthe H RE.' in 7 ou1 of I I hypox ia-inducible genes form an imperfcc1 in verted repem. 

and LhatlhC spacing is 8 Ill in 6 genes and l) Ill in 1he re~l (Fig. II ). The.'c similar :, trm·wre' 

o f HRE indicate thau1 single HBS within the HRE i,, not enough 10 confer fu l l induction or 
gene expression in mos1 of hypoxia- inducible gene~ . and that some Jran!-.-acJi vaJing 

factor( s) oLher 01an 1-1 I F- 1 may bind tO 1hc 1-1 AS and co llaboralc "i1h H I F- 1 pTOtl'in for 

hypoxic and NO-inducLion. 

A ll o f these I-I ASs share a common sequence. CAC, cxcep1 for 1hc VECII"' gene. CAC in 

1.he sense or GTG in Lhe amiM:nse s u~wd is known w, a r·ccognition site of A RNT. as sc<'n 

in d1e HBS (T/GACGTG ). 1\R T is Lhe central dirncriauion panner for bi-II.J-1 -I'AS 

Jiunily transcription factors including H I F- 1 ex. EPAS I (endothelial PAS domain pro tein I ). 

1\h R. <Uld S im (78). II is possible thal AR NT dimeriLe.« w i1h a member o f PAS f<l rnily and 

binds 10 iL~ target HAS. Takt:n togcLhcr. th.:.'c res ult' suggcs1 lhm a co mmon mechanism. 

o ther than an H I F- 1-mcclimed paLhway. may ex ist for NO- and hypoxia- induced 

ex pression or the hypoxia-inducible gcncs . 
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Genes HRE Spacing HAS 
Sequences (nt) Sequences 

VEGF 5'-CATACGT~GCTCCAA~CT-3' 8 CAGGT 

EPO 5 '-CCTACQT~TGTCTCAC~CT-3' 8 CACAG 

ALDA 5 ' - GGGATGT8GTCCGAGTC1 CGTCCG-3' 8 CACAT 

EN0-1 5'-CGCACGT~CCCCGGAC~GC-3' 8 CACGC 

LDHA 5'-CACA~GTTCCCGC~CGTCCG-3 ' 8 CACGT 

GLUT-1 5'-CAGGCGT~CGTCTGAC~TC-3' 8 CACGC 

H0-1 5'-CGGACGT~TGGCGTGGCfCGTCCT-3' 9 CACGT 

Figure 11. The HREs o f severa l hypoxia-inducible gene · contain a 

commo11 structure consisting of the HBS and the HAS. Th0 >t:qu~nccs that 

comain the HBS and the HAS of' Ncveral hypo xia- inducible genes arc shQwn. 1o LC that 

these rwo motifs are usually spaced by 8 nt. ancl all H A.Ss. ex ept for VE , F. contain 

CACGT/C or CACAGff. The closed and open arrow indicate.' the HBS and t.he 1-li\.S. 

respeujvely. The arrowhead arbimtrily indicates the orientation of' the half'-site. Underlined 

nuclcotides match the .:onesponding nucleotide.' in the remaining halr->itl) tls an in verted 

repeaL 
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!:,/feet afNO 011 \IEGF c.IJ>ression and allgio,(!elll'Sis 

The role or NO in angiogenesis i~ comroverxial. Ni tric oxide donors inhibit angiogene., is 

in the chick chorioallanloic membrane. tube rormation in the mau·igd wbc formation assa:­

(79). and tl1c growth und met<L~ l<lli c properties or the Lew is lung tumor in mice <80). 1 itric 

oxide donors inhibited VEGF express ion in the arterial wall in rc.,ponse 1 bal loon 

angioplasty ( .1 2). and in rat lungs during acute and L'hron ic hypoxia ( 1..\). In conu<ts!. there 

are some observations that 1 0 enhances the cxpre~s i o n or angiogenic ucti1 ity. Ni tric oxide 

synthase acti vity correlates pos it.i ely w ith wmor grow t11 and l"it,cular density (36-3 ). 

Human co lon tumor cell lines tn msfcc ted with a NOS-encod ing gcno grew raster and wet"~:! 

more vascularized than the parent cell lines ill Fit>o (8 1 ). N io·ic ox ide produced in vascular 

endotl1elium h<t' also been ~ ugges ted as a downstrea m mediator l(>r VE(iF rec.ertors in 

angiogenesis (82). Exogenous NO and endogenous NO. elicite I by substance P, <!nhanccd 

angiogene.'i' in t•it ·o. N itric ox ide also enhanced the prolikration and migration of 

endothelial ce lls in Film (83). M oreover. promoting em.lothelial NOS act ivi ty accelerated in 

vivo 1mgiogenes is (84). 

There arc some reccm reports show ing an inhibitory effect of NO n V I~G F <!Xprc~s ion 

(33-35). og~wa e1 a/. (33) anti Hu<Ulg e1 a/. (35) demonstrated that SNP Mtppre."c' 

hypoxia- induced VEGF gene activation and HI F- 1 binding acti vity. A> shown in this 11 ork. 

SNP inhibits the hypox ic induction of the VEGF gene in a dose-dependent manner in 

glioblastoma and hepatoma cell lines. in conmL\ l to tl1c cfTcCL\ or SNAP and NOC5. ll1i' 

comradiction is clearly clue tO the specific nmure or SNP. SNAP and tOC5 arc chemically 

distinct compounds that generate NO radicals spontaneously. In contmq, af"tcr donating 

NO. SN P disin tegrate' into fcrrocy~ nide, ferricyanide. iron ions. and cyanide. each of 

which has a variety of biological effecL\ (85). There i' no definite ex planation for the eau'L' 

o f the inhibitory effec t of SN P. as ferrocyanide and rcnicyanick m conc·cnu~nions up to I 00 

pM made no change on VEGF promoter activily in A- 172 cdh (o ur unpubli~h ·d data). 

Therefore. SNP i:-. far r·rom an ideal NO donor. 
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Sog<ma "' a!. (33) also used S-n it rosoglumth ion~ (CISNOl and 3-

morpho linosydnonimin~ (SIN-I) on ly under hypoxic conditions. \ ~abo cxamint:d tJ1 ~ 

effects of these compounds. and found that they showed r<:markable induction o!' the 

VEG F reporter gene under normoxic conditions in both t\ - 172 and Hep.'lB cdb lour 

unpublished data). These results suggest that S ' P has a dislinct c:!Tcct on the pronll)tt:r 

acti vi ty. when compared wi tJ1 other NO donor~. and that it.~ inhibitory efkct 111:1) not 

si mpl y be attributahlc to NO iL~cJL In another recent t-.::port (3-1-). the cell lines used wen~ not 

[Umor cel ls but '"'~rc ,-,Lscular endothelial and smooth mu,clc ~e l l s. SNAP dOivnr~g ubted 

VEGF expression by inhibiting PKC- induced i\ P-1 binding activity in smooth muscle cells 

( 12). Niu·i<: o.>-ide inhibits prolifcnllion and migration of endo thelia l cells (86.87). These 

contradictory data indic;!le that NO has both inhibitmy and actintting e!Tcct.s on 

angiogenesis. depending upon the cellular en ironment nn the typ~o of c:.: lls in -.; hich 

assays are performed. Nitric ox ide chemistry i~ highly rcdox-~em. iti ve. lltis may also 

explain the contradictory effect.~ of NO on J-1 I F- 1 activation in diffcmnt cell sys tems. and 

why MB and L Y8:1583 . but not ODQ, are inhibitory. as the l(l1'111CI' tl; o compounds arc 

known to generate superox ide anions (88.89). 

Conclusions and implicwions 

Our res ulls indicates that NO and hypox ia co mmonly activates th.: VEGF gene 

tnu1sc:ription by enhancing J-IIF- 1 activity, while in part NO mediates gene tmnscription by 

a mechani'm distinct from hypoxia (Fig. I _) _ This is demonstrated by <l diiTcrcnc..: in 

sensitivity to GC inhibitors and a different paucrn of J-1 IF- I binding. Our findings imply a 

direct involvement of NO in the control of angiogenesis through its regu lation of VJ:::GF 

express ion, where J-1 IF- I o: ac ti Yi ty appcw·s to be essen tial <90). Moreo1 cr. the 

idcmifica ti on or I-I IF- I as an acldit.ional molecular target of' NO opens a new way fo1· the 

molecular chamc terizat ion of the effect' of this imercdlular mediator on gene tr<l11sctipt.ion. 

Furthermore. th se finJings also sugges t a role of NO and it.s redox dcri1 ati ve> in tissue 
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reactions to hypox ia. Indeed. given the imponam:e of i-IIF- 1 in the genomic respon">' or 
hypox i eel b . th.:sc result~ establish a direct l in~ between NO and the adapi<Hion of normal 

and neoplasti c ce lls and ti ssues to lo" oxygen tcm,ion. This h Ips explain" hy NO donors 

can exert ~ uc h diverse beneficial thcrapeuli.: actjons. for .: ·ample. in c1rdiova;cui<Jr 

dise<L'es (9 1 ). in ischemic brai n injury (92) and follow ing surgicall y related ischcmic­

rcperfusion injurics(93). On the other hand. there is a strong pos iti e correlation between 

0 production and tumor angiogenesis (36-39). These last ob. crva tions suggest that thcre 

may be poss ible risks of long-term treauncnts wilh pharmat:o logiml agenL' that potentiate 

NO in IXIIiem.-. suffering from. or at ri'~ of cancer. where cnhanc.:d angiogenesis would be 

hazardous. 
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MATERiALS AND METHODS 

Transie/1{ e.qJres.1ion as.\llys 

·n1c sequence of ph VEGFI (kint.ll ) pro\' idcd b) Dr. A Minchcnko 1] 9)) comains the 

pro moter and 5' -nanking >equcnce of human VEG f' gene b<.' tll cen 1 nsitions -~.179 and 

+54, loncd in to the pGL2-bas ic vector (Pronwga. iVIadison. WT). t\ seric\ of deletion 

mutan t~ W<L' prepared by res triction endonude<N~ dige~ tio n anrl re- ligmion. The sequence 

pT8lluc0 ( l.. Cicmiello und A. W0isz: unpublished data), modilled from pTS!Iuc (kind ly 

prov ided by Dr. S. K . Nordeen (94)) comains the herpes simplex irus thymidine kinase 

gene (1-fSV-TK ) promoter. upstream of the luciferase coding ~equ ence. Th~ pi-IREL. 

pi-IRE. and rclmcd muwms of pi-IRE were prepared by amplifying a spccilic segment or the 

5' - flunking region or the human VEG F gene w ith po lymcra'c chain reaction ( Pl'R) and 

cloning it in a single copy. upstream of the HS V-TK pro moter of pTS llucO . The pH Rt\ 

and pHRB sequences were prepared by ligat ing commcrci;dl) synthesiwd o li g.onudl!o tid ~;s 

to pTS!IucO. The r SV-nlslacZ sequence (SV40-dri vcn prnmok r) was used '" a control fo r 

monitoring rransfcction efficiency. and contains lacZ coding sequence.'. Conslrucb 15 pg 

of the reporter plm,mid and I pg of pSV-nlslacZ) were lt<lnsk ci<XI illl > htlllllln glioblastoma 

A- 172 or hepatoma l-l ep3B c ·lis ( from the .JapaneH~ Colkct ion of Research Biorcsourc:c.'. 

Tok_ o. Japan) a1 20-30% conJluence in a I 0-cm tisMt<: cuhurc plate. "ith 20 pI o f 

lipofec1 in (GIBCO-BRL. Rockville. MD ). 

After incubation at 3TC for 15 h. 1hc DN A-cont<Lining medium W<L~ replaced with 

normal ulwre medium. The cells w~rc 1hen incubate I a1 37 C bef< rc harvcMing under 

normox ic conditions (2 1 o/c 0 0 • 5% C0 1• balance , L or following ex pos ure to hypoA ic 

concl iLions (I o/c o,. 5% col. ba lance ,). or tO Ule NO do non,, S-nitroso- -ac.:Ct) I-D. L­

penicillamine (SNAP). 3-(hydrox y- 1-( 1-mcthylmhyl)-2-nitros hydnJLino)- 1-propanarninc 

(N0C5) or sodium nitropruss ide (SNP ). SNAP was dissolved in dimethyl sulfox ide 

(DMSOl. and OC5 an I S P were dissolved in phos phate-buffered saline (PBS) 

immediately before usc. An aliquol of SNAP wa~ added 12 h before harves t. 1-lollcver. 

19 



because the half- life or NOC5 (25 min) is much ' hortcr than that of SNAP (8 h). the first 

half dose of NOC5 w<L' added at 12 h. and Ll1c remaining do'e was added 6 h before ce ll 

harvest in A- 172 cells. Harves ted cells were dissolved in 200 pI of 0.25 M Tris-CI. pH 7.5. 

Cell lys is was performed by four rreczc-Jimw cyc les. 

Lu ifcrase aciivity w<L> determined by mixing 100 ~tl of cell ext ract w ith 225 pi or 

luciferin reagent containing 11 5 pM D-luciferin (S igma. St. Louis. MO). 11 .5 mM 

glycylglyci ne, 6.9 mM KPO,. 6.9 mM MgS04 , 1.9 mM EGTA. 0.9 mM ATP and 0.5 mM 

clithiotrcitol (DTI). Luminescence W<IS meas ured for 20 s in a luminometcr 

( Luminesccncer-JNR; ATIO. Tokyo, Japan). unci res ults were expres,ed a' relati ve light 

units. We measured ~ -ga lactosidase acti v ity by using 50 ~tl of cell ex tract and 690 pi of 

mixwre or 23.6 mM Tris-CI. pH 7.5. 1.--1 mM MgCI, . 54 mM NaP04• pH 7.5 . 1.4'J'o ~-

mcrC<ipLOethanol and I I mg/ml o-nitrophcnyi-P-1 -galactopyranos icle (Sigma). inc ubat~cl 

a 1 3TC for 0.5- 1 h. ' !11e A, ,., was determined after stopping the reaction by addition or I M 

Na,C01. The relative luc acti vity (mean ± ~;tandard error of the mean) was clcfinecl <L' 

lu cif'cm~e activ ity standardized by P-galactusidasc activity. Fo ld induction ww, defined as 

the rati o of the relative luc activiiy of stimulated cells to thar of un.,timulated co ntrols. 

Griess reaction wa' performed by using 0,1 0 1 Assay K it-C ( Dojinclo. Kumamoto . 

.Japan) according to the mctnufitciurer's protocol. 

Preparwion r!f' nnc/ear and ll'hole-ce/1 PXTracrs 

Cell> at 60-70% connuence were incubated under normox ic (2 1 o/r 0 1) or hypoxic ( I% 

0 ,) cond itions (8 h for A- 172 and 12 h for Hcp3 B cells), or w ith DMSO (0. I '* ). or with 

SNAP (0.5 mM in 0.1 91: Dl'vl$0) under nonnox ic cond itions (3 h for 1\ - 172 and 8 h for 

Hep3 B cells) at 37' C b.:fore IKu·vcst. The cells' ere scmped free and centrifuged m 270 , 



for 10 min a1 4' C. N ucle<!r ex tract' were prcpar~d v. i1h buffer~ A and a~ described 

previo u~ l y (95). except that dial y~is proced ures were omiucd. The pellet wa~ rc -,u ~pcnded 

in buf fer A. and incubated on icc for I 0 min before being homogenized by pi petting 5-8 

timef- w ith a 'yringe. The nuclei were pclleted by centrifugation <tl 12,000G fi.l r 2 min at 

4 C. T hey were then re-suspended in ice-cold bu!Jer C. and mi xed by rota! ion fo r 30 n1.in at 

-1 . A fter centrifugation al 16.000G for 10 min m4 C. the ~ uJxrnalltnl W<b stored at -70 C 

pending EMSA and WeHcrn blot analys i;,. Whole-cell ex u·ac l~ were prepared <L' de, cribcd 

prcviou,Jy (5_) In brier. the cell ~ were harve~ h~d in TE buffer (-10 mM Tris-Cl. pH 

7. 9110 mM EDTA. pH 8. 0/150 mM NaCJ). The cell pdlet W<L~ rcsuspei1ded in whole-cell 

cx 1ract buller ( 10 mM Hepes . pH 7.9/-100 m!VI NaCl/0. 1 m!VI icODTA/5% (vo l/vo l) 

glycerol/ 1 mM DTT/ 1 m!VI phenylmmhylsulfony l fluoride). Jt ww-. then centrifuged at 

16.000G lor 30 min a1 4' C. ·n1e ~ upcrnatant was s1ored at -70 C until required. Protein 

concenmttion W<L' determined by 1he Bio-Rad Pro1ein <L"'ay ( Bio-Rad I...aboratorie;,, 

Hercu lc!-.. 'A). 

EMSA 

N uclem· ex trat ls ( 'i pg) f rom d1e contro l or stimulated cells were incubmed w ith J x I 0" 

cpm of a '!P- Iabeled double-1\lrandcd oligonucleo tide pm be and 0. I "' g o f demuurecl calf 

1hymus DNA. in modilied buffcr Z+(58.5 mM K CI), for 30 min a1 room1empera1Ure, <Ls 

described prev iously (23). Electrophores is wa' performed on 5 % non-denawring 

polyacry lamide gels at 2'i mA in I x TAE m4' C. Au1omdiog raphy of gcih was performed 

w ith a Bioimagc Analyzer BAS 2000 (Fuji Pho1o Film Co .. T okyo. Japan). Competition 

ex pcrimcnLs were perlo rmcd w ith I 0-fo ld to 250- fold mo lar excess of unlabeled 

Jligonuclco tidcs. relati ve to the labeled probe. 1-'or ' uper>hifl assays. I pI each of 

untiscrum specific for HI F- I a (kindly prov ided by Dr. D. M. l...i \ ing, to n(54)), or H IF- I ~ 

(AR T ) (1\ffiniry Biorengem~ Inc .. Golden. CO). or c-Myc (Calbiochem, La Jolla. CA) 

wet added 1.0 the binding reaction mi xture without the labeled probe. These mixLUres were 



incubated for 30 min m-+ C. ·n,c labeled probe "a~ then added •tnd incubation cominucd 

for 30 min at roo m tcmperawre. 

Wesltlrn 1>/m a11a/ysis 

For Western blo t<.. anti -HI F- Ia monoc lonal antibody ( 1oY u~ Biologicals Inc .. L.illl~to n. 

CO) w;c, u,c(! accord ing to the manulitcturcr"<. protocol. In bri~f. 30 pg or the nuclear or 

whole-cell extrac t~ per lane were resolved using S DS/6o/r pol)aCt') lamiclc gels. The 

proteins were then tran, rcrrcd onto nitroccllulo~e membr;mes by dectrophorc~i~ in the 

blouing buffer (5% ( vo l/vo l) mcthanol/25 mM Tris/ 120 mM glycine). Membranes "ere 

blm.:kc·d w ith 5'# nonfat dr·icd milk/2 '1t bovi ne M.:rum alburnin/TBS-T t50 mM Ti rs-C I. pH 

7.5/150 mM NaCI/0. I % TIH~cn-20) . Endogenous 1-1 IF- I a protein W<L' probed with 

I : I 000 dilution or anti -H I F- 1 a monoclonal antibody. Hor,emd ish pcroxidtt~c-conjugatcd 

ami-mouse lg , (Santa CnrL Biotec hnology Inc .. Santa ruz. CA ) wa> tN!d us a secondary 

amib r.Jy at a diluti n of I in 5000 in nonfat dried mil k/TBS-T. 'nlC protein cnmplcxc~ "ere 

vi~ ua li .~:ed by enhanced chemiluminescence reagcm' ( 1\rncr>harn PharmaL·ia 8 i tech. 

Piscataway. N.l ). 

Simi.Wi('a/ antil.1·sis 

1l1c res uiL~ arc ex pre.'>scd <L' mean± ~ randard error o f th.: rncan (SEI\II ). Comparison or 

two mean~ wa~ performed by the u ~c of unpainx l Student'" /lC., ts. Statistical " ignilicance 

was itssumed at a va lue orp<0.05. 
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t\BBREVIATIO S 

VEG F. vascu!Hr cndotJ1elial growtJ1 !ac tor; NO. nitric ox ide; H RE: hypnxia-rcspon'c 

element; HI F-1. hypox ia- inducible factor 1: bHLH -PAS. ba,ic hel ix-Joop-hclix-per-amt-

~ im: AR 1T. aryl hydrocarbon receptor nuclear transloc;uor; HBS. 1-1 IF- I binding site: 

GC/cGMP. guanylate cyc i<L,e/3', 5'-cyclic guanos ine monophosphate: 10S. nitric oxide 

syn thase: Epo. erythropoietin; SNAP. S-nitroso-N-acetyi-D. L-pcnicillamim:: NOC5. 3-

(2-hydroxy- 1-( 1-mcthylcthyl)-2-nitrosohydrazino)- J -propanaminc: MB. methy lene blue: 

LY83583. 6-anilino-5, 8-quinolinequinone: ODQ, I H-11. 2.4 1oxidiawloJ-U-

ajquinoxalin-1-onc: SN P. sodium nitroprussidu; HS V-TK. herpes simplex virus 

thymidine kimtse; HAS , H JF-1 ancillary sequence: nt, nucleo tide; H AF. HI F-1 ancillary 

factor: EMSA. electrophoretic mobility ~hift <L,~ay: LDHA, lactate dchydrogemtsc A: 

ALDA. aldoi<L~c A; ENO- l. enolase I ; G LUT- 1. glucose transporter I : PFK L, 

phos phofructokina~c L: iNOS , inducible nitric oxide syn thase; PGK - 1. pho,phoglyceratc 

kimL'e I : HO-I. heme oxyg,ena'e I ; Tf. u·ansfcrrin ; ET-1. endothclin I : T I-l . tyrosine 

hydroxy lase: GSNO. S-n iu·osogltllath ione; SIN-I. 3-morpholinosydnonimino::; PCk, 

po lymcr<L~c chain reaction: DMSO. dimethyl 'ulfoxidc; PBS. pho~phtne-buffc:rcd saline; 

DTT. clithiotreitol: SEM. standard en·or of the mean 
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