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HEMATOPOIESIS

NG-monomethyk-arginine inhibits erythropoietin gene expression
by stimulating GATA-2

Takahisa Tarumoto, Shigehiko Imagawa, Ken Ohmine, Tadashi Nagai, Masato Higuchi,
Nobuo Imai, Norio Suzuki, Masayuki Yamamoto, and Keiya Ozawa

tor-1, or NF- kB. Furthermore, cGMP inhib-
ited the L-NMMA—induced GATA binding

NE-monomethyl- L-arginine (L-NMMA) has
been reported to be elevated in uremic

ited Epo production in anemic mice.
Transfection of the Epo promoter-lucif-

patients. Based on the hypothesis that
the pathogenesis of the anemia of renal
disease might be due to the perturbation

erase gene into Hep3B cells revealed that
L-NMMA inhibited the Epo promoter activ-
ity. However, L-NMMA did not inhibit the

activity. L-NMMA also increased GATA-2
messenger RNA expression. These re-
sults demonstrate that L-NMMA sup-

of transcription factors of the erythropoi-
etin (Epo) gene by L-NMMA, the present
study was designed to investigate the
effect of L-NMMA on Epo gene expres-
sion through the GATA transcription fac-
tor. L-NMMA caused decreased levels of
NO, cyclic guanosine monophosphate
(cGMP), and Epo protein in Hep3B cells.
L-NAME (analogue of L-NMMA) also inhib-

Epo promoter activity when mutated Epo
promoter (GATA to TATA) was trans-
fected, and L-NMMA did not affect the
enhancer activity. Electrophoretic mobil-
ity shift assays demonstrated the stimula-
tion of GATA binding activity by L-NMMA.
However, L-NMMA had no effect on the
binding activity of hepatic nuclear fac-
tor-4, COUP-TF1, hypoxia-inducing fac-

presses Epo gene expression by up-
regulation of the GATA transcription factor
and support the hypothesis that L-NMMA
is one of the candidate substances that
underlie the pathogenesis of renal
anemia. (Blood. 2000;96:1716-1722)

© 2000 by The American Society of Hematology

Introduction

In humans and mammals, erythropoiesis is regulated by thee production of nitric oxide (NO) and cyclic guanosing 3
30.4-kd glycoprotein hormone erythropoietin (EpoEpo gene 5'-monophosphate (cGMP). We have found that GATA transcrip
expression is regulated by hypoxia through an oxygen séfigw. tion factors bind to a GATA site in th&po gene promoter and
major sites of Epo production are the liver in the fétaad the negatively regulate the gene expression in Hep3B cells (Figur
kidney in the adulg Peritubular capillary interstitial cells are 1A).1°In this study, we demonstrate that L-NMMA suppresSps
thought to be the major site of production of Epo in the kidheygene expression by up-regulation of the GATA transcription factor:
The cause of the anemia of renal disease is believed to be damage
to this site of the Epo production by renal faildrén this regard,
however, it is interesting to note that some patients with the anemia

of renal disease still have the ability to produce Epo in responseldaterials and methods
acute blood loss and hypox§eOn the other hand, other patientsCeII culture and RNA preparation
with renal failure do not have anemidhese observations suggest
that chronic perturbation of oxygen sensing or signal transductidhe Hep3B cell line was obtained from the American Type Tissue Culture;’;
or both underlie the pathogenesis of the anemia of renal dise&sdlection (Rockville, MD). This cells were cultured in Dulbecco modified é—"
rather than damage at the site of Epo production. Recentﬁi?gle medium (Life Technologies, Gaithersburg, MD), supplemented witkg
NS-monomethyl:-arginine (L-NMMA) was reported to be unde-Penicillin (100 U/mL), streptomycin (100.g/mL), and 10% heat-
tectable in nonuremic subjects, whereas the concentration nbefctlvated fetal bovine serum (FBS; Hyclone, Logan, UT) in 10-cm dishes

. . . Cells were maintained in a humidified 5% @@6% air incubator at 37°C.
L-NMMA was markedly elevated in uremic patier#t®ased on 1 5% g@B% air ir
The cells were grown under conditions of hypoxia (1% oxygen) or

this observation, we hypothesized that this substance may b?\o?moxia as previously describétdThese cells were stimulated where
candidate uremic toxin responsible for renal anemia. However, the,qpriate by the addition of L-NMMA to the culture medium. After
precise function of L-NMMA in mediating expression of tB0  incubation under hypoxic/normoxic or L-NMMA—-stimulated/unstimulated
gene remains to be elucidated. Because L-NMMA functions as a#hditions or both, the cells were harvested and cellular extracts were
inhibitor of nitric oxide synthase (NOS)i is expected to suppress prepared. Total cellular RNA was also prepared by conventional methods.
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A Plasmid vectors
EPO . .
We used the reporter plasmid pEPLuc described by Blanchard and

coworkerd® as a basic plasmid construct, in which both the 126-b®
enhancer (120 to 245-bp ®f the poly(A) addition site) and the 144-bp
minimal Epo promoter (from-118 to +26 relative to the transcription
+1 initiation site) were placed upstream of the firefly luciferasec| gene in
pXP216 resulting in Pwt” or V2-Ewt-Pwt-pXP27 (Figure 1B). This
enhancer contained hypoxia-inducible factor 1 (HIF-1) binding site and
steroid receptor response element (SRRE). In the mutant construct, the
GATA sequence in the Epo promoter was mutated to TATA (AGATAACAG
to ATATAAAAG). This mutant construct is called Pri7or V3-Ewt-Pm7-
B pXP27 (Figure 1B). The 144-bp minimal Epo promoter (froml18 to
+26 relative to the transcription initiation site) was placed upstream of the
+26 Luc gene in pXP2, resulting iM18pXP2 (Figure 1C). In the mutant
F AGATAACAG (pwt)lll construct, the GATA sequence in the Epo promoter was mutated to TATA
(AGATAACAG to ATATAAAAG). This mutant construct is called
A18m7pXP2 (Figure 1C). Construction of the hGATA-2 expression plas-2

CCC CCA CCC CCA CCC GCG CAC GCA CAC ATG JAG ATA ACA GCC GGG ACC CCC GGC CAG AGC CG

ATATAAAAG (Pm7)

XP2 £ t Lucif ; ) . El

P PO _promoer | ruclerase mid has been previously describ¥d. s

2

Northern blot analysis §

C Probes were labeled withwf32P]deoxycytidine triphosphate by random é’r
ATATAAAAG (A18m7pXP2) priming and used in RNA blot hybridizatidd Formaldehyde gels for RNA g

—118 +26 electrophoresis were prepared as descriB&NA blot hybridization was 2

L =

I AQATAAQAG(MBPX'&I performed using 25.g of total RNA from Hep3B cells. The filter was %

hybridized to probe of hGATA-2 complementary DNA (cDNA). The same 5
filter was stripped and rehybridized to probe consisting of the Epo cDNAZ
. . . [0}
Figure 1. Constructs used in this study. ~ (A) The GATA-binding site in the Epo 5’ and a probe for ribosomal RNA to determine the level of RNA in each lanes
promoter region (boxed) and repeated CACCC elements (underlined). (B) Diagrams ~ Autoradiography was performed at80°C and quantitated by densitomet-
of the reporter construct, the wild-type (Pwt) and the mutated GATA (Pm7) used inthis  ric scanning.
study. The pEPLuc reporter construct is shown in the center. Shown above is the
144-bp insert from the Epo promoter. The mutation is indicated by underlining. The
Epo enhancer contains an HIF-1 binding site. (C) Diagrams of the reporter
constructs, A18pXP2, A18m7pXP2, used in this study. The mutation is indicated by

pXP2 Epo promoter Luciferase

Anemic mice

/96/4pd-8]011E/POO)

The BDF1 mice were injected intraperitoneally with 0.2 mL of 10 mg &

underlining. NC-nitro-L-arginine methyl ester (L-NAME)/mL phosphate-buffered saline 2

(PBS) or 0.2 mL of PBS. Blood samples (0.3 mL) were obtained from the:,;

. orbital vein at 0, 12, and 24 hours after injection of L-NAME. Epo levels in 3
Transfection

the serum were determined by radioimmunosorbent assay (RIA).
Electroporation of the plasmids into Hep3B cells was performed as
previously describe# A total of 3 to 10x 10° cells were resuspended in 1 Other assays

mL of 20 mmol/L. HEPES buffer (pH 7.05) with 137 mmol/L. Nacl, l‘:’Transfected Hep3B cells were washed with PBS and lysed in 10-cm dishes

mmol/L KCI, 0.7 mmol/L NaHPO,, 6 mmol/L dextrose, 2@wg of vector . . . .
DNA (circular DNA), and 500ug carrier salmon sperm DNA, and thenwlth 800 L of cell lysis buffer (PicaGene, Toyo Ink, Tokyo). Luc activity

electroporated at a voltage of 250 V and a capacitance of6@io-Rad in 20 pL of the cell extract was determined by Autolumat Iuminometer:ﬁr
Hercules, CA). The RSVCAT (Chloramphenicol acetyltransferasmg)(,) (Berthorude, Tokyo, Japan) for 10 seconds. Each measurement of relatige

7 : . - N Iigﬁn units was corrected by subtraction of the background and standardizegl
plasmid oi3-galactosidase was co-transfected as an internal standard for,

- : . . to the RSVCAT orB-galactosidase internal transfection control activity. 8
transfection reaction®. The time constant of the shock was approxlmatel)p| o - . - A
12 10 14 ms ypoxic inducibility was defined as the ratio of the corrected relative lights

units of the hypoxic (1% ¢) dish to those of the normoxic (21%Jdish. %
CAT activity was determined as described by Neumann and colledgues.®
DNA binding assay NO was detected by the 2,3-diaminonaphthalene metheGMP was

measured by enzyme immunosorbent assay (E1A)nd a-fetoprotein
Nuclear extracts were prepared as previously descibiecbtein concentra (AFP) was measured by RIA.

tions were determined by assay (Bio-Rad) using bovine serum albumin
(BSA) as a standard. Sense-strand oligonucleotide (wild-type: CATGCA=
GATAA CAGCCCCGAC) was end-labeled with T4 polynucleotide kinas

(Toyobo, Tokyo, Japan) and annealed to a 4-fold excess of the unlab:ig(?su'ts
antisense oligonucleotide. Two nanograms of labeled probe was useq i
each binding reaction. The binding buffer consisted of 10 mmol/L Tris HCP

(pH 7.5), 1 mmol/L EDTA, 4% Ficoll, 1 mmol/L dithiothreitol, and 75 W first confirmed that L-NMMA was not cytotoxic at concentra-
mmol/L KCI. An equimolar mixture of poly[d(I-C)] and poly- {iong of up to 102 mol/L for Hep3B cells by the trypan blue dye
[d(A'T)]. (25 ng; S'g.ma' .St Louis, MO) was used as a n.onSpeC'f'gxclusion method and the methyl-thiazol-diphenyl-tetrazolium
competitor. The reaction mixtures (2%.) were incubated for 15 minutes at MTT) method (data not shown). Similarly, Fisher and coworkers
4°C and then electrophoresed on 5% nondenaturing polyacrylamide gels'in T ’

0.25x TBE buffer (22 mmol/L Tris borate, 22 mmol/L boric acid, 0_5rep0rted th?‘t L-NMMA concentrations of up t(.) TOmol/L were
mmoliL EDTA) at room temperature at 150 V for 1.5 hours as previous)Ot cytotoxic for Hep3B cell$z We then examined the effect of
described? Gels were vacuum dried and then autoradiography wdsNMMA on the production of Epo protein in Hep3B cells.
performed using intensifying screens-aB0°C for 24 hours. Monoclonal Incubation for 24 hours with 1@ mol/L L-NMMA under hypoxic
antibodies to hGATA-1, -2, and -3 were prepared as previously deséibedconditions showed an 80% inhibition of Epo, whereas 10

£1000ZL8U/L€
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Ribition of Epo protein by L-NMMA
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Figure 4. Effect of L-NMMA on cGMP from Hep3B cells stimulated by hypoxia.
Hep3B cells were incubated with different concentrations of L-NMMA under hypoxia
(1% O) for 2 hours. cGMP was measured by EIA. Two separate experiments were
performed (n = 2). Error bars represent 1 SD. *P < .01.
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0 10°M

10°M 10°M
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Figure 2. Effect of L-NMMA on Epo protein from Hep3B cells stimulated by

hypoxia. Hep3B cells were incubated with different concentrations of L-NMMA under
hypoxic conditions (1% O,) for 24 h. Epo protein was measured by RIA. Four
separate experiments were performed (n = 4). Error bars represent 1 SD. *P < .01.

associates observed that L-NMMA was rapidly hydrolyzed to
L-citrulline and lost the inhibitory effect in endothelial ceils.

Furthermore, L-NMMA is continuously released into body fluids 2
mol/L,10-4 mol/L, and 103 mol/L L-NMMA each showed a 60% during the in vivo breakdown of the proteins and is assumed to bg
inhibition of Epo (Figure 2). To make sure that this inhibition ofeadily excreted in urine without reincorporation into proteins org
Epo protein by L-NMMA was specific, AFP was measured by RIAfurther degradation in intact animatsTo identify the effect of

Up to 102 mol/L L-NMMA did not inhibit the level of AFP (data L-NAME on Epo production in vivo, BDF1 mice were injected
not shown). These results suggest that L-NMMA specificallintraperitoneally with 0.2 mL of 10 mg L-NAME/mL PBS or 0.2
inhibited the production of Epo protein in Hep3B cells. mL of PBS as a control. Blood samples (0.3 mL) were obtalnecﬁ
from the orbital vein immediately after (O hours) and at 12 and Zg
hours after the injection of L-NAME (Figure 5). The serum Epo g
L-NMMA is known to be an NOS inhibitor, and, therefore, affom the control (dashed line) increased to 66.4 mU/mL at 12 hour%
decrease in NO from cells incubated with L-NMMA was expectedind to 276.8 mU/mL at 24 hours after the injection. The serum EPQ
To this end, Hep3B cells were incubated with different concentrf0m the mice injected with L-NAME (straight line) was 28.5 &

01} papeojumod
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Inhibition of NO and cGMP by L-NMMA

tions of L-NMMA. Hypoxia induced the secretion of NO, but themU/mL at 12 hours and 98.8 mU/mL at 24 hours after the |nJeCt|O n3
addition of L-NMMA inhibited this induction (Figure 3). BecauseThese values were significantly lower than those of the contro §
NO stimulates guanylate cyclase (GC) to produce cGMe, (Figure 5). These in vivo results are comparable with those:
decrease in cGMP from cells incubated with L-NMMA was als@btained from the in vitro incubation of Hep3B cells (Figure 2). =
expected. Hypoxic Hep3B cells were incubated with different 3
concentrations of L-NMMA. As shown in Figure 4, L-NMMA 3
inhibited the secretion of cGMP from the cells. PBS 3
Inhibition of serum Epo by L-NAME from Epo ;
L-NAME-injected mice 3'3‘(‘)’%"' {L_NAME g
L-NAME was examined using an in vivo mouse assay, because ?c’,
L-NMMA is reported to be catabolyzed by®timethylarginine ;
dimethylaminohydrolase (DDHA) in the intact kidrféyS how- s
ever, L-NAME is not catabolyzed by this enzyrifeHecker and N
200+
NO,”
(uM)
3
P 100
1
.
0
o 0 10°M lom 1M  10M ot A o
L-NMMA * p<0.01

Figure 3. Effect of L-NMMA on NO from Hep3B cells.  Hep3B cells were incubated Figure 5. Effect of L-NAME on serum Epo from anemic mice. Five BDF1 mice

under normoxic (21% O, [J) or hypoxic (1% O,, l) conditions for 4 hours in the
presence or absence of L-NMMA. NO was measured by the 2,3-diaminonaphthalene
method. Three separate experiments were performed (n = 3). Error bars represent 1
SD.*P < .01.

were injected intraperitoneally with 0.2 mL of 10 mg L-NAME/mL PBS or 0.2 mL of
PBS. Blood samples (0.3 mL) were taken from the orbital vein at 0, 12, and 24 hours
after injection of L-NAME. Serum Epo levels were determined by RIA. Error bars
represent 1 SD. *P < .01.
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Table 1. Effect of L-NMMA on the induction of the wild-type and mutated GATA motifs of the Epo promoter/enhancer with Luc reporter constructs in Hep3B cells

Experiment 1 Experiment 2 Experiment 3

% 0O, RLU/CAT Fold induction RLU/CAT Fold induction RLU/CAT Fold induction Fold induction (mean = 1 SD)

Pwt 21 56.6 75.8 54.3
%x50.6 X63.4 X53.5 X55.8 + 5.5
Pwt 1 2866.4 4807.9 2902.8
Pwt + L-NMMA 21 42.6 72.9 46.1
x38.0 x41.0 x20.1 x33.0 £9.2
Pwt + L-NMMA 1 1619.8 2985.7 927.0
Pwt + hGATA-2 21 50.7 80.4 49.4
X24.8 X23.4 x16.2 X215+ 3.8
Pwt + hGATA-2 1 1257.1 1877.8 799.8
Pwt + hGATA-2 + L-NMMA 21 57.7 96.3 45.6
x19.1 x11.7 x11.9 X14.2 + 3.4
Pwt + hGATA-2 + L-NMMA 1 1101.6 1130.2 544.2
Pm7 21 125.1 61.0 99.7
X75.9 x114.5 x100.2 x96.9 = 15.9
Pm7 1 9498.1 6986.5 9988.6
Pm7 + L-NMMA 21 113.6 73.7 62.8
X74.9 x114.2 x122.0 X103.7 = 20.6
Pm7 + L-NMMA 1 8504.7 8413.8 7660.6
Pm7 + hGATA-2 21 118.1 112.0 61.0
x138.8 x171.2 x132.0 X147.3 = 17.1
Pm7 + hGATA-2 1 16386.4 19175.9 8050.9
Pm7 + hGATA-2 + L-NMMA 21 182.7 111.5 126.1
X124.6 x135.8 x110.0 x123.5 =10.6
Pm7 + hGATA-2 + L-NMMA 1 22766.1 15145.5 13870.4

Wild-type (Pwt) and mutated (Pm7) GATA motifs. Hypoxic induction of the Luc gene expression is represented as a hypoxia/normoxia ratio. Fold induction indicates this
hypoxia/normoxia ratio. Three separate experiments (duplicate sample) were performed (n = 3).

Inhibition of Epo promoter activity by L-NMMA Epogene expression is suppressed by L-NMMA throughE&pe
ne regulatory regions.

suoneoliqndyse//:dyy woly papeojumoq

. . e
Expre§5|on of th_eEpo gene has been showq to be mduc_ed bg We previously found that the GATA element in the promoter
hypoxia! To elucidate the molecular mechanisms underlying t

h ic inducti f thee | i taining both th ays an important role in limiting the hypoxic induction of tBpo
p?/grz)gtce:na:g :)nnhgncer cﬂotgrﬁepn:égnaesvmv;rz ilc:;(?lir;:nag tr:nsien??enem We therefore examined the contribution of the GATA site to
. . he L-NMMA i fh iE induction. To thi
transfection assay into Hep3B cellsOne GATA and 2 CACCC ned Hep3B s;Espﬁ:rseIO:o?trar{sfoe )gtert)jov?/ifr:] eplvr;t l;f](ljogn :G AEI?A- :
motifs are in the promoter region, and one HIF-1 and one hepaﬁc Co . .

Y . : ‘"“eXpression vector. The expression of hGATA-2 resulted in th
nuclear factor 4 (HNF-4) binding site are in the enhancer (F'gurehibition of the hypoxic induction of th&Epo gene. TheLuc
1A). Both the promoter and enhancer were inserted upstream Of{r%eorter ene was induced in the presence of.hGATA-Z b
Luc gene to give rise to Pwt and Pm7 plasmids (Figure 1B). T P 9 P
latter contains a mutation in the promoter GATA element. ﬁ

S

5+ 3.8 fold, 43.2% of that from Pwt incubated without
transfected Pwt and Pm7 into Hep3B cells and incubated the c

[sle]e][efato10)

9Bpd3joney

STLLISH

L€GL991,

ATA-2 (Table 1 and Figure 6). Furthermore, the exposure o

in the presence or absence of L-NMMA under 21% (normoxia) orep3B cells co transfected_wnh Pwt and hGATA 2. expressio
) o . vector to L-NMMA resulted in further suppression with hypoxic
1% (hypoxia) oxygen for 24 hours. The hypoxic inductionLot . .
o7 - . . _induction of the reporter gene of only 14:23.4 fold, 25.4% of
gene expression is represented as a hypoxia/normoxia ratio, as

. . - . that from the cells incubated without L-NMMA and hGATA-2
previously describet’ Hypoxic induction from Pwt was 55.8 5.5 Table 1 and Figure 6). These results sugaest that hGATA-2 acts
fold higher than that from normoxic Pwt (meanl SD, n= 3) ( 9 ): 99 i

(Table 1 and Figure 6). Interestingly, the addition of L-NMMA2 repressor of th.e hypoxic induction.of tBpogene and that the
inhibited the hypoxic induction of thieuc reporter gene expression GATA sequence in the promoter mediates L-NMMA suppression.

from Pwt with hypoxia/normoxia ratio of only 338 9.2 fold, The GATA element in the promoter only contributes
59.1% of that from Pwt incubated without L-NMMA (Table 1 ando -NMMA suppression

Figure 6). These results indicate that the hypoxic induction of the N
The contribution of the GATA element was further tested by using &

reporter plasmid, Pm7, which contains GATA site mutations. We
previously found that alone this GATA mutation affects the basal
level expression of Luc reporter activityAs was the case for Pwt,
Luc expression was also strongly induced following the exposure
of the transfected cells to hypoxia, 96t915.9 fold (Table 1 and
Figure 6). However, L-NMMA failed to affect the GATA mutant
Pm7 Luc activity with hypoxic induction of 103.% 20.6 fold,
107.0% of that from Pm7 only (Table 1 and Figure 6). Transfection
of Pm7 into Hep3B cells, which express hGATA-2, resulted in

- hypoxic induction of 147.3- 17.1 fold, 152.0% of that from Pm7
77777777 only (Table 1 and Figure 6). Furthermore, the exposure of the cells

Nl co-transfected with Pm7 and hGATA-2 expression vector to

Figure 6. Effect of L-NMMA on the induction of the wild-type and mutated GATA L-NMMA showed 123.5+ 10.6 fold, and 127.5% of that from
motifs of the Epo promoter/enhancer with Luc reporter constructs in Hep3B Pm7 only (Table 1 and Figure 6). These results suggest that
cells. Wild-type (Pwt) and mutated (Pm7) GATA motifs. Hypoxic induction of Luc L-NMMA inhibits Epo gene expression through the GATA site in
gene expression is represented as a hypoxia/normoxia ratio. Fold induction indicates ..
this hypoxia/normoxia ratio. Three separate experiments (duplicate sample) were the Epo promOter rather than throth the enhancer aCtIVIty' To

performed (n = 3). Error bars represent 1 SD. clearly identify whether this inhibitory effect of L-NMMA o&po

Z dunr 0 uo jsenb Acgpd'gmooousﬁ/

Fold induction
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Fold induction

A18pXP2

A18pXP2+L-NMMA

A18m7pXP2

A18m7pXP2+L-NMMA
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Figure 7. Effect of L-NMMA on the induction of the wild-type and mutated GATA
motifs of the Epo promoter with Luc reporter constructs in Hep3B cells.
Wild-type (A18pXP2) and mutated (A18m7pXP2) GATA motifs. Hypoxic induction of
Luc gene expression is represented as a hypoxia/normoxia ratio. Fold induction
indicates this hypoxia/normoxia ratio. Four separate experiments (duplicate sample)
were performed (n = 4). Error bars represent 1 SD. *P < .01.
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Enhancement of GATA-2 binding activity by L-NMMA

To examine whether L-NMMA treatment affects the binding
activity of hGATA-2, nuclear extracts were prepared from the cells
stimulated by L-NMMA for 1 hour under normoxic or hypoxic
conditions, and electrophoretic mobility shift assays (EMSA) were
performed with an oligonucleotide containing the wild-type GATA
element (AGATAA) (Figure 8). L-NMMA induced the binding
activity of GATA-2 (indicated by the circle) under normoxic and
hypoxic conditions (lanes 3-6, 9-11). This binding activity was
abolished by self-competitor (lanes 14-17, 20-22). To confirm that
the band indicated by the circle was GATA-2, nuclear extracts were
prepared from Hep3B cells under hypoxia with ~10mol/L
L-NMMA for 1 hour, and incubated with 0.5 or 1L monoclonal
antibodies of hGATA-1, 2, and 3 and then EMSA was performed
under the same conditions as described in Figure 8. The contrgl
revealed a band of increased intensity (Figure 9, lane 2), and t@p
addition of FCS further increased the intensity of this band, thouglg
the mechanism of this increase is unknown (Figure 9, lane 3). Th§
addition of monoclonal antibodies of hGATA-1 and -3 resulted inZ.

gene expression was due to a GATA-2 or HIF-1 binding site &1ands of similar intensities (lanes 4, 5 and 8, 9); however, the bari

both, use of the construct that contained the Epo promoter only

advantageous. To this end, we then transfect@é8pXP2 (wild

type) or A18m7pXP2 (GATA site mutant) plasmids into HepSBthat the band indicated by the circle was a specific GATA-2 band.

wiadicated by the circle disappeared with the addition of monoclonag

kel

hGATA-2 antibody (lanes 6 and 7). These results strongly sugge&

To clarify the effect of cGMP on GATA-2 binding activity,

cells and incubated the cells both with or without additional
L-NMMA under 21% or 1% oxygen for 24 hours (Figure 7).
Hypoxic induction fromA18pXP2 was 7.6- 1.0 fold higher than
that from normoxicA18pXP2 (meant 1 SD, n= 4) (Figure 7).
The addition of L-NMMA significantly inhibited the hypoxic
induction of theLuc reporter gene expression frali8pXP2 with
hypoxia/normoxia ratio of only 4.6 0.6 fold, 52.6% of that from
A18pXP2 incubated without L-NMMA (Figure 7). Hypoxic induc-
tion from A18m7pXP2 was 7.3 0.2 fold higher that from
normoxicA18m7pXP2. L-NMMA failed to affect tha18m7pXP2
Luc activity with hypoxic induction of 8.2= 0.5 fold, 112.3% of
that from A18m7pXP2 only (Figure 7). These results clearly
indicate that the inhibitory effect of L-NMMA orEpo gene
expression was due to GATA-2, not HIF-1.
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Figure 8. Effect of L-NMMA on the expression of GATA-2. EMSA was performed
using 1.5 p.g of protein from Hep3B cells under normoxia (lanes 2-6 and 13-17) and

Figure 9. Effect of monoclonal antibodies on the expression of GATA.

# 051 GATA-1 mAb
# +1.0u1 GATA-1 mAb
# 10541 GATA-2 mADb
# H1.0u1 GATA-2 mAb

+0.5 x| GATA-3 mAb
# +1.0ul GATA-3 mAb

# Free probe

# Control
# tFCs

Lane 1 2 3 4 5 6 7 8 9

+ L-NMMA 10™*M
hypoxia

EMSA
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hypoxia (lanes 7-11 and 18-22), from Hep3B cells incubated with 10~° mol/L L-NMMA
(lanes 3, 8, 14, and 19), 10~* mol/L L-NMMA (lanes 4, 9, 15, and 20), 103 mol/L
L-NMMA (lanes 5, 10, 16, and 21), and 102 mol/L L-NMMA (lanes 6, 11, 17, and 22)
for 1 hour. The dot at the left indicates the position of the GATA-2 transcription factor.
Atotal of 25 ng (0.5 pL: 12.5-fold molar excess) of competitor DNA was added to each
reaction mixture (lanes 13-22).

was performed using 1.5 pg of protein from Hep3B cells incubated with 10~4 mol/L
L-NMMA under hypoxia (1% O>) for 1 hour; 2 pL of FCS (lane 3) or 0.5 or 1.0 pL
monoclonal antibodies of hGATA-1 (lanes 4 and 5), hGATA-2 (lanes 6 and 7), and
hGATA-3 (lanes 8 and 9) were incubated with nuclear extracts overnight at 4°C and
then EMSA was performed. The dot at the left indicates the position of the
respective proteins.
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nuclear extracts were prepared from Hep3B cells under hypoxia Hypoxia
with the addition of 104 mol/L L-NMMA or cGMP, and EMSA

was performed under the same conditions as described in Figure 8. L-NMMA l
The addition of cGMP inhibited the L-NMMA—-induced binding

activity of GATA-2 in a dose-dependent manner (data not shown). \
The effects of L-NMMA on the binding activity of HIF-1, HNF-4, L-Arg

chicken ovalbumin upstream promoter—transcription factor 1
(COUP-TF1), nuclear factor (NFRB were measured by EMSA.

L-NMMA did not alter the binding activity of any of these NO
transcription factors (data not shown). *
GATA-2 messenger RNA expression was induced by L-NMMA GC

To examine whether GATA-2 and Epo messenger RNA (MRNA) *
expression levels were affected by the addition of L-NMMA, /\V
Northern blot analysis was performed. Northern blot analysis GTP  cGMP
showed hypoxia-induced Epo mRNA expression; however, the ¢
addition of L-NMMA inhibited this induction of Epo mRNA J_
(Figure 10A, middle panel). In contrast, hypoxia reduced GATA-2 GATA

MRNA expression, whereas L-NMMA induced the expression of

GATA-2 mRNA (Figure 10A, upper panel, and B). The 28S used as J_

a conltrol revealed a constant I.evel of mRNA expression frqm the Epo gene » Epo
cells incubated under normoxia or hypoxia and with or without

L-NMMA (Figure 10A, lower pane|)_ Eiggre 11. Hypothesis regarding the effect of L-NMMA on the expression of
Discussion cardiovascular, immune, and nervous systé&The biosynthe

sis of NO involves the oxidation af-arginine by NOS?31 NO
It was reported that L-NAME, also an NOS inhibitor, significantlystimulates a soluble GC, resulting in an increase in cGMP levels i ig
blunted interferony (IFN=y) induction of Epo, nitrite, and cGMP cells?2The mRNA of nNOS is abundantly expressed in the kidney&
in Hep3B cells? Furthermore, L-NAME significantly decreasedinner medulla and macula densa céfisVe hypothesized that NO
hypoxia-induced elevations of Epo mRNA and cGMP in afroduced by cNOS, which behaves as an intracellular or extracellua
isolated perfused rat kidney systé#it has been suggested thatar messenger, activates GC and, through stimulation of cGMFR
NO plays an important role in the oxygen-sensing mechanism é@nsequently up-regulat&pogene expression in peritubular cells.
Epo productior?2 However, the effect of an NOS inhibitor on theHowever, in chronic renal failure, we suspect that an NOS inhibitoi&
transcription factors of thEpogene has not yet been clarified. NOsuch as L-NMMA suppressé&pogene expression through inhibi-
is known to be an endothelium-derived relaxing fatt@nd has tion of NO production. In the present study, we found thatg

been found to play an important role in the physiology of the-NMMA decreased the expression of NO and cGMP and in-3
creased the expression of GATA-2 mRNA and the level of GATA- 2v

-dBIe/poo|q/3ou-suonealgndyse;/:dpy Woly papeojumod

1S/ 96/;§3I

L Lsu/“sstgg

binding activity, thereby inhibiting Epo promoter activity and E
A £33 causing a decrease in the expression of Epo protein (Figure 11). g
R The predialysis concentration of L-NMMA in patients with g
; ;_‘ ; chronic renal failure is approximately 1®mol/L.8 This concentra 8
g2 B tion of L-NMMA significantly inhibited Epo protein production in s
g 4 % E E Hep3B cells (Figure 2). However, a higher concentration of:
g é § '§ § L-NAME in comparison to the serum concentration of L-NMMA *

Z2fFEE T in chronic renal failure was required for the inhibition of Epo
production in vivo (Figure 5). There are 2 possible reasons for this.

GATA-Z SR ow o o

(1) A high local concentration of L-NMMA has a physiologic role

in the kidney, liver, and pancreas. An inappropriately high concen-

tration of L-NMMA due to renal failure may affect Epo production

in peritubular cells despite its low serum concentration. (2) Not

only L-NMMA but also asymmetric dimethylarginine (ADMA),
jane 1 2 3 4 § which is also increased in patients with chronic renal faifdre,

Figure 10. Effect of L-NMMA on the expression of GATA-2 and Epo mRNA. (A) causes a dose'dependent inhibition of N®S.

Northern blot analysis was performed using 20 pug of RNA from Hep3B cells In the present study, the effect of L-NMMA on GATA was

incubated under conditions of normoxia (21% O) (lane 1), conditions of hypoxia (1% investigated in detail. The effects of L-NMMA on HIF-1, HNF-4,

0;) (lane 2), hypoxia with 105 mol/L L-NMMA (lane 3), hypoxia with 10~4 mol/L K

L-NMMA (lane 4), and hypoxia with 10~3 mol/L L-NMMA (lane 5) for 8 hours. Upper, COUP-TF1, NFxB _Were assessed by_ EMSA an_d_ Epo promOter

middle, and lower panels show GATA-2, Epo, and 285 mRNA, respectively. (8) assay. L-NMMA did not alter the binding activity of HIF-1,

Quantitative differences in GATA-2 mRNA levels were evaluated by molecularimager ~ HNF-4, COUP-TF1, or NR«B at all. Neither EMSA norEpo

FX. Abundance of GATA-2 mRNA is expressed as units of densitometry relative to reporter gene transfection experiments showed any effect of

normoxia. Three separate experiments were performed (n = 3). *Significance com- . .

pared with normoxia, P < .01. **Significance compared with hypoxia, P < .05. L'NMMA on Epo enh_ancer aCtIVIty' L-NMMA did not affect Luc

*+Sjgnificance compared with hypoxia, P < .01. activity when GATA in the Epo promoter was mutated (Pm?7).

Epo . w e

285 omen @ -~

Hypoxia+10°M L-NMMA
Hypoxia+10*M L-NMMA
Hypoxia+107M L-NMMA
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Recently, Kimura and coworkers reported that L-NAME did nolevels of Epo in hypoxic polycythemic mice were significantly
interfere with hypoxia-induced vascular endothelial growth factdncreased after injections of 2Q@y/kg SN2 Furthermore, cGMP
levels in hypoxic Hep3B cells were also elevated. SNP (10 and 100
compatible with our data. These results strongly suggest thamol/L) and NO (2umol/L) increased cGMP levels in Hep3B

(VEGF) promoter (HIF-1 binding site) activatiéhThis result is

TARUMOTO et al

L-NMMA affects GATA-2 binding.

BLOOD, 1 SEPTEMBER 2000 - VOLUME 96, NUMBER 5

cells?? These results are compatible with our data and strongly

The effect of NO on VEGF expression via HIF-1 is controversuggest that L-NMMA inhibits Epo production via the GATA
sial. Some recent reports show an inhibitory effect of NO on VEG#fanscription factor.
expression. Huang and colleagtfesnd Sogawa and associdtes

Further analysis of the GATA-2 expression level and NO and

have demonstrated that sodium nitroprusside (SNP, NO doneMP from patients with renal anemia is necessary to clarify the
suppresses hypoxia-inducedEGF gene activation and HIF-1 details of the pathogenesis of renal anemia.
binding activity. SNP inhibits the hypoxic induction of tMEGF

gene in a dose-dependent manner, in contrast to the effects
S-nitroso-N-acetyl-D,-penicillamine (SNAP) and 3-(2-hydroxy-1- Acknowledgments
(1-methylethyl)-2-nitrosohydrazino)-1-propanamine (NOCS5) (an-

other NO donor) as shown by Kimura and colleagte$his

We thank D. L. Galson for providing the Pwt, Pm¥18pXP2, and
concentration is clearly due to the specific nature of SNP. As to tAd8m7pXP2 plasmids. We also thank M. Nakamura and

effect of NO on Epo, Fisher and coworkers reported that serudamazaki for their expert technical assistance.
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