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HEMATOPOIESIS

NY-monomethy!-L-arginine inhibits erythropoietin gene expression

by stimulating GATA-2

Takahisa Tarumolo, Shigehiko Imagawa, Ken Ohmine, Tatdashi Nagal, Masato Higuchi,
Nobuo Imai, Norio Suzuki, Masayuki Yamamaoto, and Keiya Ozawa

NS-monomethyl-L-arginine (L-NMMA) has
been reported to be elevated In uremic
patients. Based on the hypothesis that
the pathogenesls of the anemia of renal
disease might be due to the perturbation
of transcription factors of the erythropol-
atin (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 fag-
tor. L-NMMA caused decreased levels of
NO, cyclic guanosine monophesphate
(cGMP), and Epo proteln in Hep3B celis.
L-NAME (analogue of L-NMMA) also inhih-

ited Epo production in anemic mice.
Transfection of the Epo promoter-lucif-
erase gene into Hep3B cells revealed that
L-NMMA inhibited the Epo promoter activ-
ity. However, L-NMMA did not inhibit the
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 nc effect on the
binding activity of hepatic nuclear fac-
tor-4, COUP-TF1, hypoxia-inducing fac-

ter-1, or NF-xB. Furthermore, cGMP inhib-
ited the L-NMMA~-induced GATA binding
activity. L-NMMA also Increased GATA-2
messenger RNA expression. These re-
sults demonstrate that L-NMMA sup-
presses Epo gene expression by up-
regulation of the GATA transcription factor
and support the hypothesls that L-NMMA
Is one of the candidate substances that
underlie the pathogenesls of renal
anemla. {Blood. 2000;96:1716-1722)

© 2000 by The American Scclety of Hematology

Introduction

In humans and mammals, erythropoiesis is regulated by the
30.4-kd glycoprotein hormone erythropoietin (Epo).! Epo gene
expression is regulated by hypoxia through an oxygen sensor.! The
major sites of Bpo production are the liver in the fetus? and the
kidney in the aduit? Peritubular capillary interstitial cells are
thought to be the major site of production of Epo in the kidney.*
The cause of the anemia of renal disease is believed to be damage
to this site of the Epo production by renal failure.’ In this regard,
however, it is interesting to note that some patients with the anemia
of renal disease still have thé ability to produce Epo in response to
acute blood loss and hypoxia® On the other hand, other patients
with renal failure do not have anemia,” These observations suggest
that chronic perturbation of exygen sensing or signal transduction
or both underlie the pathogenesis of the anemia of renal disease
rather than damage at the site of Epo preduction. Recently,
NE-monomethyl-L-arginine (L-NMMA) was reported to be unde-
tectable in nonuremic subjects, whereas the concentration of
L-NMMA was markedly elevated in uremic patients.® Based on
this observation, we hypothesized that this substance may be a
candidate uremic toxin responsible for renal anemia. However, the
precise function of L-NMMA in mediating expression of the Epo
gene remains to be elucidated. Because L-NMMA functions as an
inhibitor of nitric oxide synthase (NOS),? it is expected to suppress

the production of nitric oxide (NO) and cyclic guanosine 3',
5'-monophosphate (cGMP). We have found that GATA transcrip-
tion factors bind to a GATA site in the Epo gene promoter and
negatively regulate the gene expression in Hep3B cells (Figure
1A).50 In this study, we demonstrate that L-NMMA suppresses Epo
gene expression by up-regulation of the GATA transcription factor,

Materials and methods

Cell culture and RNA preparation

The Hep3B cell line was cbtained from the American Type Tissue Culture
Collection (Rockville, MDD}, This cells were cultured in Dulbecco modified
Eagle medium (Life Technologies, Gaithersburg, MD), supptemented with
penicillin (100 U/mL), streptomycin (100 pug/mL), and 10% heat-
inactivated fetal bovine sernm (FBS; Hyclone, Logan, UT) in 10-cm dishes.
Cells were maintained in a humidified 5% CO,/95% air incubator at 37°C.
The cells were grown under conditions of hypoxia (1% oxygen) or
normoxia as previously described.!! These cells were stimulated where
appropriate by the addition of L-NMMA {o the cuoltare medium. After
incubation under hypoxic/normoxic or 1-NMMA--stimutated/unstimulated
conditions or both, the cells were harvested and cellular estracts were
prepared. Totat cellular RNA was also prepared by conventional methods,!2
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Figure 1, Constructs used In this study. (A) The GATA-binding site In the Epo 5°
promoter region (boxed) and repeated CACCG slemsnts {underlined), (B) Diagrams
of the reperler censtruct, the wild-type (Pwt) and the mutatad GATA{Pm?) used Inthis
study. Tha pEPLuc reporler construct Is shown in the center. Shown ebove Is the
144-bp Insert fram the Epo promoter. Tha mutation Is Indlcaled by underlining, The
Epo enhancer contalns an HIF-1 binding slte, {C} Dlagrams of the reporier
conslrucls, A18pXP2, A18m7pXP2, used in this study, The mutation is Indicated by
undarlining,

Transfection

Electroporation of the plasmids into Hep3B cells was performed as
previously deserbed. !0 A total of 3 to 10 X 106 cells were resuspended in 1
mL of 20 mmol/L HEPES buffer (pH 7.05) with 137 mmol/L. NaCll, 5
mmal/L KCl, 0.7 mmol/L Na,HPO4, 6 mmol/L dextrose, 20 pg of vector
DNA {eircular DNA), and 500 p.g caerer satmon sperm DNA, and then
electroporated at & voltage of 250 V and a capacitance of 960 pF (Bio-Rad,
Hercules, CA). The RSVCAT (Chloramphenicol neetyltransferase; 10 pg)
plasmid or B-galactosidase was co-transfected as an internal standard for all
transfection reactions.!® The time constant of the shock was approximately
12 to 14 ms,

DNAbinding assay

Nuclear extracts were prepared as previously described.!® Protein concentra-
tions were determined by assay (Bio-Rad) using bovine serum albumin
(BSA) as a standnrd, Sense-strand oligonucleotide (wild-type: CATGCA-
GATAA CAGCCCCGAC) was end-labeled with T4 polynucleotide kinase
(Toyobo, Tokye, Japan) and annealed to a 4-fold excess of the unlabeled
anfisense oligonucleotide. Two nanograms of labeled probe was used in
each binding reaction. The binding buffer consisted of 10 mmol/L Tris HCl
(pH 7.5), 1 mmol/L. EDTA, 4% Ficoll, | mmol/L dithiothreitol, and 75
mmol/L. KCl. An equimolar mixture of poly[d(I-C)] and poly-
[d(A-T)] (25 ng; Sigma, St Lounis, MO) was used as a nonspecific
competitor. The reaction mixtmres (25 pL) were incubated for 15 minutes at
4°C and then electrophoresed on 5% nondenaturing polyacrylamide gels in
0.25 X TBE buffer (22 mmol/L. Tris borate, 22 mmol/L beric acid, 0.5
mmol/L EDTA) at room temperature at 150 V for 1.5 hours as previously
deseribed,'* Cels were vacuum dried and then autoradiography was
performed using intensifying screens at —80°C for 24 hours, Monoclonal
nntibodies to hGATA-1, -2, and -3 were prepared as previously desctibed.!
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Plasmid vectors

We used the reporter plasmid pEPLuc described by Blanchard and
coworkers'> as a basic plasmid construet, in which both the 126-bp 3' Epo
enhancer {120 to 245-bp 3’ of the poly(A) addition site) and the 144-bp
minimal Epo promoter (from 118 to +26 relative to the transcription
initiation site) were placed upstream of the firefly luciferase (Lic) gene in
pXP2;'6 resulting in Pwt'? or V2-Bwt-Pwi-pXP2'? (Figure 1B). This
enflancer 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 ATATAAAAQG). This mutant construct is called Pm7!7 or V3-Ewt-Pm7-
pXP2Y7 (Figure 1B). The 144-bp minimal Epo promoter (from —118 to
+26 relative to the transcription initiation site) was placed upstream of the
Lue gene in pXP2, resulting in A1BpXP2 (Figure 1C). In the mutant
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-
mid has been previously described,"

Northern blot analysis

Probes were labeled with [a-3?P]deoxycytidine triphosphate by random
priming and used in RNA blot hybridization.!® Formaldehyde gels for RNA
electrophoresis were prepared as described.'® RINA blot hybridization was
performed using 253 pg of total RNA from Hep3B cells. The filter was
hybridized to probe of hGATA-2 complementary DNA (¢cDNA), The same
filter was stripped and rehybrdized to probe consisting of the Bpo cDNA,
and a probe for ribosomal RNA to determine the level of RNA in each lane,
Autoradiography was performed at —80°C and quantitated by densitomet-
ric scanning.

Anemle mice

The BDF1 mice were injected intraperitoneally with 0.2 mL of 10 mg
NO-nitro-L-arginine methyl ester (L-NAME)/mL. phosphate-buffered saline
(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
the serum were determined by radioimmunosorbent assay (RIA).

Other assays

Transfected Hep3B cells were washed with PBS and lysed in 10-cm dishes
with 800 pL. of cell lysis buffer (PicaGene, Toyo Ink, Tokyo). Luc activity
in 20 pL of the cell extract was determined by Autolumat luminometer
(Berthorude, Tokyo, Japan) for 10 seconds. Bach measurement of relative
light units was corrected by subtraction of the background and standardized
to the RSYCAT or B-galactosidase internal transfection control activity.
Hypoxic inducibility was defined as the ratio of the corrected relative light
units of the hypoxic (1% O,) dish to those of the normoxic (21% O,) dish.
CAT activity was determined as described by Neumann and colleagues,?
NO was detected by the 2,3-diaminonaphthalene method,?® cOMP was
measured by enzyme immunosorbent assay (EIA),Z and o-fetoprolein
{AFP) was measured by REA.

Results
inhibition of Epo protein by L-NMMA

We first confirmed that L-NMMA was not cytotoxic at concentra-
tions of up to 1072 mol/L for Hep3B cells by the trypan blue dye
exclusion method and the methyl-thiazol-diphenyl-tetrazolium
{MTT) method {data not shown). Similarly, Fisher and coworkers
reported that L-NMMA concentrations of up to 1077 mol/L, were
not cytotoxic for Hep3B cells.2 We then examined the effect of
L-NMMA on the production of Bpo protein in Hep3B cells.
Incubation for 24 hours with 102 mol/L L-NMMA under hypoxic
conditions showed an 80% inhibition of Epo, whereas 105
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Figure 2. Effect of L-NMMA on Epo proteln from Hep3B cells stimulated by
hypoxia, Hep3B calls were Incubated with differant concentrations of L-NMMA under
hypoxle cenditlons (1% Oy) for 24 h. Epo prolein was measwed by RIA, Four
separate experiments were parformed (n = 4). Eror bars reprasent 1 SD. *P < 01,

mol/L,10~% mol/L, and 1073 mol/L L-NMMA each showed a 60%
inhibition of Epo (Figure 2). To make sure that this inhibition of
Bpo protein by L-NMMA was specific, AFP was measured by RIA,
Up to 1072 mol/L L-NMMA did not inhibit the level of AFP (data
not shown). These results suggest that L-NMMA specifically
inhibited the production of Epo protein in Hep3B cells.

Inhibltion of NO and ¢GMP by L-NMMA

L-NMMA is known to be an NOS inhibitor, and, therefore, a
decrease in NO from cells incubated with L-NMMA was expected.
To this end, Hep3B cells were incubated with different concentra-
tions of L-NMMA, Hypoxia induced the secretion of NO, but the
addition of L-NMMA inhibited this induction (Figure 3). Because
NO stimulates guanylate cyclase (GC) to produce cGMP* a
decrease in ¢GMP from cells incubated with L-NMMA was also
expected. Hypoxic Hep3RB cells were incubated with different
concentrations of L-NMMA. As shown in Figure 4, L-NMMA
inhibited the secretion of cGMP from the cells.

inhibition of serum Epo by L-NAME from
L-NA_.ME-—in]ecled mice

L-NAME was examined using an in vivo mouse assay, because
L-NMMA is reported to be catabolyzed by NC-dimethylarginine
dimethylaminohydrolase (DDHAY} in the intact kidney®?%, how-
ever, L-NAME is not catabolyzed by this enzyme.*s Hecker and

TLNOS
C M

10'M

10°M

107
1-NMMA
Flgura 3. Effect of L-NMMA on NO from Hap3B cells, Hep3B cells wers Incubated
under hormoxic (21% Og, [J) or hypoxle (1% O, W} conditions for 4 hours In the
presence or absence af L-NMMA, NO was measured by the 2,3-diaminonaphthalens

method. Three separate experiments were parformed (n = 3). Error bars represent 1
SD.*P < 01,
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Figure 4. Effect of L-NMMA on ocGMP from HepaB cells stimulated by hypoxla.
HepdB calls were incubaled with different conceniraticns of L-NMMA undar hypoxla
{1% Oy} lor 2 hours, cGMP was maasured by EIA, Twe separale expetiments were

performed (n = 2), Error bars represent 1 SB. *P < .01,

associates observed that L-NMMA was rapidly hydrolyzed to
L-citrulline and lost the inhibitory effect in endothelial cells.?
Furthermore, L-NMMA is continuously released into body fluids
during the in vivo breakdown of the proteins and is assumed to be
readity excreted in urine without reincorporation into proteins or
further degradation in intact animals.® To identify the effect of
L-NAME on Epo production in vivo, BDFL mice were injected
intraperitoneally with 0.2 mL of 10 mg L-NAME/mL PBS or 0.2
mL of PBS as a control. Blood samples (0.3 mL) were obtained
from the orbital vein immediately after (0 hours) and at 12 and 24
hours after the injection of L-NAME (Figure 5). The serum Epo
from the control {dashed line) increased to 66.4 mU/mL at 12 hours
and to 276.8 mU/mL at 24 hours after the injection, The serum Epo
from the mice injected with L-NAME (straight line) was 28.5
mU/mL at 12 hours and 98.8 mU/mL at 24 hours after the injection.
These values were significantly lower than those of the control
(Figure 5), These in vivo results are comparable with those
obtained from the in vitro incubation of Hep3B cells (Figure 2).

%PBS

Epo
mu/ml
300+

200 /

* p<0,01

Figure 5, Effect of L-NAME on serum Epo from angmlc mica. Five BOF1 mice
ware Injectsd Intraperltoneally with 0.2 mL of 10 mg L-NAME/mL PBS or 0.2 mL of
PBS. Blood samples (0.3 mk) ware taken from the orbltal veln at 0, 12, and 24 haurs
after Injection of L-NAME, Sdium Epo levels were determined by RIA, Esror bars
represant 1 8D, *F < .01,
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Table 1. Effact of L-NMMA on the induction of the wild-type and mutated GATA motlis of the Epo promoter/enhancer with Luc reporter construets In HepaB cells

Experiment Exparlmant 2 Experimeant 3
%0z RLUCAT  Foldindustion  BLWGCAT  Fold industion RLUGAT Fald Induction Fold Inductlon {mean = 1 5D}
Pwt 21 56.6 75.8 54.3
. *63, X53.5 X§6.8 + 5.5
Pwt 1 2866.4 %506 4807.9 834 2002.8
Pwt + L-NMMA 21 42,6 %38.0 72.9 %d1.0 461 %30.1 83,0 = 9.2
Pwt + L-NMMA 1 1618.8 20857 927.0
Pwi + hGATA-2 21 50.7 %048 80.4 53,4 49.4 %16.2 %916+ 3.8
Pwi + hGATA-2 i 1257.1 1877.8 790.8
- - 45,
Pwt + hGATA-2 + L -NMMA 21 57.7 %10.1 96.3 X117 6 x11.9 w142 + 3.4
Pl + NGATAR + L-NMMA 1 11016 1130.2 544.2
Pm7 21 125.1 81.0 99,7
R X114, X160.2 %964+ 15.9
Pm7 1 94981 X758 6986.5 1145 9988.6
- R .8
Pm7 + L NMMA 2t 1136 xX74.9 787 X114.2 62 X122.0 xX103.7 + 20.6
Pm7 + L-NMMA 1 8604.7 B413.8 7660.6
Pm7 + hGATA-2 21 1184 12,0 61.0
X138, *®171.2 %x132.0 X473 =171
Pm7 + hGATA-2 1 16386.4 1388 191759 80509
Pm? + hGATA-2 + L-NMMA, 21 182,7 1115 1261
X124, X135, %1100 X123.5 ¥10.6
Pm?7 + hGATA-2 + L-NMMA 1 22766.1 1248 15145.5 8 13870.4

W‘ild-lypa {Pwi) and mutated (Pm7) GATA molifs. Hypoxlc Industion of the Luc gens expression is represented as a hypoxia/normoxla rallo. Fold induction indicates this
hypoxta/normaxia ratlo. Three separate experiments (duplicate sample) waera performed (n = 3).

Inhibitlon of Epo promoter activity by L-NMMA

Expression of the Epo gene has been shown to be induced by
hypoxia.! To elucidate the molecular mechanisms undertying the
hypoxic induction of the Epo gene, plasmids containing both the
promoter and enhancer of the Epo gene were used in a transient
transfection assay into Hep3B cells."® One GATA and 2 CACCC
motifs are in the promoter region, and one HIF-I and one hepatic
nuclear factor 4 (HNF-4) binding site are in the enhancer (Figure
1A), Both the promoter and enhancer were inserted upstream of the
Luc gene to give rige to Pwt and Pm7 plasmids (Figure 1B). The
latter contains a mutation in the promoter GATA element. We
transfected Pwt and Pm7 into Hep3B cells and incubated the cells
in the presence or absence of L-NMMA under 21% (normoxia) ot
1% (hypoxia) oxygen for 24 hours. The hypoxic induction of Luc
gene expression is represented as a hypoxia/mormoxia ratio, as
previously described.'? Hypoxic induction from Pwt was 55.8 + 5.5
fold higher than that from normoxic Pwt (mean = 1 SD, n = 3)
(Table 1 and Figure 6). Interestingly, the addition of L-NMMA
inhibited the hypoxic indnction of the Lue reporter gene expression
from Pwt with hypoxia/normoxia ratio of only 33.0 + 9.2 fold,
59.1% of that from Pwt incubated without L-NMMA (Table 1 and
Figure 6). These results indicate that the hypoxie induction of the

Fald Induction
9 50 100 150 200

Figure 6, Effect of L-NMMA on the inductlon of the wlld-type and mutated GATA
motlfs of the Epe prometerfenhancer with Luc reporter constructs In HepaB
cells, Wild-typs {Pwi} and mutated (Pm7) GATA matlfs. Hypoxic Induction of Luc
gena expresslon s represented as & hypoxla/normoxia ratlo. Fold Induction Indlcates
. this hypexla/ortoxla rallo. Three separale experiments (duplicate sample) were
parformed (n = 3}. Errer bars represent 1 D,

Epo gene expression is suppressed by L-NMMA through the Epo
gene regulatory regions.

We previously found that the GATA element in the promoter
plays an important role in limiting the hypoxic induction of the Epo
gene.!d We therefore examined the contribution of the GATA site to
the L-NMMA suppression of hypoxic Epo gene induction, To this
end, Hep3B cells were co-transfected with Pwt and an hGATA-2
expression vector, The expression of hGATA-2 resulted in the
inhibition of the hypoxic inductlon of the Epe gene. The Luc
reporter gene was induced in the presence of WGATA-2 by
21.5 =+ 3.8 fold, 43.2% of that from Pwt incubated without
hGATA-2 (Table 1 and Figure 6). Furthermore, the exposure of
Hep3B cells co-transfected with Pwt and hGATA-2 expression
vector to L-NMMA resulted in further suppression with hypoxic
induction of the reporter gene of only 14.2 * 3.4 fold, 25.4% of
that from the cells incubated without L-NMMA and hGATA-2
(Table 1 and Figure 6), These results suggest that h(GATA-2 acts as
a repressor of the hypoxic induction of the Epo gene and that the
GATA sequence in the promoter mediates L-NMMA suppression.

The GATA element in the promoter only contributes
to L-NMMA suppression

The contribution of the GATA element was further tested by using a
reporter plasmid, Pm7, which contains GATA site mutations, We
previously found that alone this GATA mutation affects the basal
level expression of Luc reporter activity.!® As was the case for Pwt,
Luc expression was also strongly induced following the exposure
of the transfected cells to hypoxia, 96.9 * 13.9 fold (Table 1 and
Figure 6). However, L-NMMA failed to affect the GATA mutant
Pm7 Lue activity with hypoxie induction of 103.7 & 20.6 foldg,
107.0% of that from Pm7 only {Table 1 and Figure 6). Transfection
of Pm7 into Hep3B cells, which express hGATA-2, resultcd in
hypoxic induction of 147.3 & 17.1 fold, 152.0% of that from Pm7
only (Table | and Figure 6), Furthermore, the exposure of the cells
co-transfected with Pm7 and hGATA-2 expression vector to
L-NMMA showed 123.5 £ 10.6 fold, and 127.5% of that from
Pm7 only (Table 1 and Figure 6), These results suggest that
L-NMMA inhibits Epe gene expression through the GATA site in
the Epo promoter rather than through the enhancer activity. To
clearly identify whether this inhibitory effect of L-NMMA on Epo
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Fold Induction

A18pXP2

A18pXP2-HL-NMMA

A18m7pXP2

A1BM7pXP2+L-NMMA

Figure 7. Effect of L-NMMA on the Induction of the wild-type and mutated GATA
motlfs of the Epo promoter with Luc reporter constructs In Hep3B ocelis.
Wild-typa (A 18pXP2) and mulated (A18m7pXP2) GATA mofifs. Hypoxle Induction of
Lue gene expression IS represanted as & hypoxia/noimoxia ratio. Fold Induction
Indlcates thls hypoxia/normoxla ratio. Four separate experiments {duplicate sample)
were perfeamed {n = 4). Error bars repregent 1 50, *P < ,01.

gene expression was due to a GATA-2 or HIF-1 binding site or
both, use of the construct that contained the Epo promoter only was
advantageous, To this end, we then transfected A18pXP2 (wild
type) or A18m7pXP2 (GATA site mutant) plasmids into Hep3B
cells and incubated the cells both with or without additional
L-NMMA. under 21% or 1% oxygen for 24 hours (Figure 7).
Hypoxic induction from A18pXP2 was 7.6 = 1.0 fold higher than
that from normoxic A18pXP2 (mean & 1 SD, n = 4) (Figure 7).
The addition of L-NMMA significantly inhibited the hypoxic
induction of the Luc reporter gene expression from A18pXP2 with
hypoxia/normoxia ratio of only 4.0 = 0.6 fold, 52.6% of that from
A18pXP2 incubated without L-NMMA (Figure 7). Hypoxic induc-
tion from Al1B8m7pXP2 was 7.3 * 0.2 fold higher that from
normexic A18m7pXP2. L-NMMA failed to affect the A18m7pXP2
Luc activity with hypoxic induction of 8.2 & 0.5 fold, 112.3% of
that from A18m7pXP2 only (Figure 7). These results clearly
indicale that the inhibitory effect of L-NMMA on Epo gene
expression was due to GATA-2, not HIF-1.
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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 oligonuclectide containing the wild-type GATA
element (AGATAA) (Figure 8). L-NMMA induced the binding
activity of GATA-2 (indicated by the circie) 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 10~* mol/L
L-NMMA for 1 hour, and incubated with 0.5 or 1.0 pL monoclonal
antibodies of hGATA-1, 2, and 3 and then EMSA was performed
under the same conditions as described in Figure 8. The control
revealed a band of increased intensity (Figure 9, lane 2), and the
addition of FCS further increased the intensity of this band, though
the mechanism of this increase is unknown (Figure 9, lane 3). The
addition of monoclonal antibodies of hGATA-1 and -3 resulted in
bands of similar intensities (lanes 4, 5 and 8, 9); however, the band
indicated by the circle disappeared with the addition of monoclonal
hGATA-2 antibody (lanes 6 and 7). These results strongly suggest
that the band indicated by the circle was a specific GATA-2 band.
To clarify the effect of cGMP on GATA-2 binding activity,
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hGATA-3 (lanes 8 and 9) were incubated with nuclear exiracts ovemight at 4°C and
then EMSA was performed, The dot at Ihe leff indlcates the posillon of the
raspeclive protalns, .
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nuclear extracts were prepared from Hep3B cells under hypoxia
with the addition of 10~% mol/L L-NMMA or ¢GMP, and EMSA
was performed under the same conditions as described in Figure 8.
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,
chicken ovalbumin upstream promoter—transcription factor 1
(COUP-TF1}, nuclear factor (NF)-kB were measured by EMSA.,
L-NMMA did not alter the binding activity of any of these
transcription factors (data not shown).

GATA-2 messenger RNA expression was induced by L-NMMA

To examine whether GATA-2 and Epo messenger RNA (mRNA)
expression levels were affected by the addition of L-NMMA,
Northern blet analysis was performed. Northern blot analysis
showed hypoxia-induced Epo mRNA expression; however, the
addition of L-NMMA inhibited this induction of Epo mRNA
(Figure 10A, middle panel). In contrast, hypoxia reduced GATA~2
MRNA expression, whereas L-NMMA induced the expression of
GATA-2 mRNA (Figure 10A, upper panel, and B). The 28S used as
a control revealed a constant level of mRNA expression from the
cells incubated under normoxia or hypoxia and with or without
L-NMMA (Figure 10A, lower panel),

Discussion

It was reported that L-NAME, also an NOS inhibitor, significantly
blunted interferon-y (IFN-y) induction of Epo, nitrite, and cGMP
in Hep3B cells.2 Furthermore, I-NAME significantly decreased
hypoxia-induced elevations of Epo mRNA and c¢GMP in an
isolated perfused rat kidney system.? It has been suggested that
NO plays an important role in the oxygen-sensing mechanism in
Epo production.2 However, the effect of an NO§ inhibitor on the
transcription factors of the Epo gene has not yet been clarified, NO
is known to be an endothelium-derived relaxing factor®® and has
‘been found to play an importanl role in the physiology of the
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Figure 10, Effect of L-NMMA on the expression of GATA-2 and Epe mRNA. {A)
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middie, and lower panels show GATA-2, Epo, ahd 28BS mRNA, respectively, (B}
Quanlitative differances In GATA-2 mRNA levels were evaluated by molecular Imagar
FX. Abundance of GATA-2 mRNA Is expressed as units of densitometry relative to
normoxia. Thiee separate experiments were pardformed (n = 3). *Significance ¢com-
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***Signliicance comparad with hypoxia, # < .01,
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Figure 11, Hypothesls regarding the effect of L-NMMA on the expression of
Epo.

cardiovascular, immune, and nervous systems,?*? The biosynthe-
sis of NO involves the oxidation of L-arginine by NOS.3%3! NO
stimulates a soluble GC, resulting in an increase in cGMP levels in
cells.® The mRNA of nNOS is abundantly expressed in the kidney
inner medulla and macula densa cells.* We hypothesized that NO
produced by eNOS, which behaves as an intracellular or extracellu-
lar messenger, activates GC and, through stimulation of ¢cGMP,
consequently up-regulates Epo gene expression in peritubular cells,
However, in chronic renal failure, we suspect that an NOS inhibitor
such as L-NMMA suppresses Epo gene expression through inhibi-
tion of NO production. In the present study, we found that
L-NMMA decreased the expression of NO and ¢GMP and in-
creased the expression of GATA-2 mRNA and the level of GATA-2
binding activity, thergby inhibiting Epo promoter activity and
causing a decrease in the expression of Epo protein (Figure 11).

The predialysis concentration of L-NMMA in patients with
chronic renal failure is approximately 105 mol/L.% This concentra-
tion of L-NMMA significantly inhibited Epo protein production in
Hep3B cells (Figure 2). However, a higher concentration of
L-NAME in comparison to the serum coneentration of L-NMMA
in chronic renal failure was required for the inhibition of Epo
production in vivo (Figure 5). There are 2 possible reasons for this.
(1) A high local concentration of L-NMMMA has a physiologic role
in the kidney, liver, and pancreas. An inappropriately high concen-
tration of L-NMMA due to renal faiture may affect Epo production
in peritubular cells despite its low serum concentration. (2) Not
only L-NMMA but also asymmetric dimethylarginine (ADMA),
which is also increased in patients with chronic renal failure,
causes a dose-dependent inhibition of NOS.%

In the present study, the effect of L-NMMA on GATA was
investigated in detail, The effects of L-NMMA on HIF-1, HNF-4,
COUP-TF1, NF-kB were assessed by EMSA and Epo promoter
assay. L-NMMA did not alter the binding activity of HIF-1,
HNEF-4, COUP-TF], or NF-kB at all. Neither EMSA nor Epo
reporter gene transfection experiments showed any effect of
L-NMMA on Epo enhancer activity. L-NMMA did not affect Luc
activity when GATA in the BEpo promoter was mutated (Pm7).
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Recently, Kimura and coworkers reported that L-NAME did not
interfere with hypoxia-induced vascular endothelial growth factor
{VEGF) promoter (HIF-1 binding site} activation,®® This result is
compatible with our data. These results strongly suggest that
L-NMMA affects GATA-2 binding.

The effect of NO on YEGE expression via HIF-1 is controver-
sial. Some recent reports show an inhibitory effect of NO on VEGF
expression. Huang and colleagues® and Sogawa and associates”
have demonstrated that sodium nitroprusside (SNP, NO donor)
suppresses hypoxia-induced VEGF gene activation and HIF-1
binding activity. SNP inhibits the hypoxic induction of the VEGF
gene in a dose-dependent manner, in contrast to the effects
S-nitroso-N-acetyl-D, L-penicillamine (SNAP) and 3-(2-hydroxy-1-
(1-methylethyl)-2-nitrosohydrazino)-1-propanamine (NOCS5) (an-
other NO donor) as shown by Kimura and colleagues.® This
concentration is clearly due to the specific nature of SNP. As to the
effect of NO on Epo, Fisher and coworkers reported that serum

BLOOD, 1 SEPTEMBER 2000 + VOLUME 96, NUMBER 5

levels of Epo in hypoxic polycythemic mice were significantty
increased after injections of 200 p.g/kg SNP.22 Furthermore, cGMP
levels in hypoxic Hep3B cells were also elevated, SNP (10 and 100
pmol/L) and NO (2 pmol/L} increased cGMP levels in Hep3B
cells.# These results ate compatible with our data and strongly
suggest that L-NMMA inhibits Epo production via the GATA
transeription factor.

Further analysis of the GATA-2 expression level and NO and
cGMP from patients with renal anemia is necessary to clarify the
details of the pathogenesis of renal anemia,
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L-arginine rescues decreased erythropoietin gene expression by
stimulating GATA-2 with L-NMMA
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L-arginine rescues decreased erythropoletin gene expression
by stimulaling GATA-2 with L-NMMA.

Background. NO-monomethyl-L-arginine (L-NMMA) de-
creases the expression of nitric oxide (NO) and cyclic guanosine
monophosphate (¢cGMP) and increases the expression of
GATA-2 mRNA and levels of GATA-2 binding activity,
thereby inhibiting erythropoietin (Epo) promoter activity and
causing a decrcase in the expression of Epo protein, In the
present study, we examined the effect of L-arginine on Epo
gene expression in Hep3B cells and BDF1 mice.

Methods. Hep3B cells were incubated with and without dif-
ferent concentrations of L-NMMA andfor L-arginine. Anemic
mice were injected with phosphate-buffered saline (PBS) or
L-NAME and 1r-arginine,

Resufis. Incubation with L-NMMA under hypoxic condi-
tions inhibited Epo expression, but this inhibition was recov-
ered by the addition of L-arginine. Hypoxia induced the secre-
tions of NO and ¢GMP, but the addition of L-NMMA inhibited
these inductions, though these inhibitions of NO and ¢cGMP

by L-NMMA were 1ecovered by the addition of v-arginine.
Hep3B cells transfected with the Epo promoter/enhancer-luci-
ferase gene had Epo promoter activity. This activity was inhib-
ited by L-NMMA,, bul it could be recovered by the addition of
r-arginine. L-NMMA induced the binding activity of GATA-2
under hypoxic conditions. This binding activily was inhibited
by the addition of L-arginine. The addition of ¢cGMP inhibited
L-NMMA-induced GATA-2 binding activity in a dose-depen-
dent manner. The results of an in vivo mouse assay revealed
that L-NAME inhibited the expression of Epo, but this inhibi-
tion of Epo expression by L-NAME was rescued by pretreat-
ment with L-arginine,

Key words: L-NAME, L-NMMA, anemia, hypoxia, signal transdue-
tion, oxygen sensing, uremic toxin,
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Conclusion. L-arginine rescues decreased erythropoietin
gene expression by stimulating GATA-2 with N®-monomethyl-
L-arginine.

Peritubular capillary interstitial cells are thought to
be the major site of the production of erythropoietin

-(Epo) in the kidney [1]). The cause of the anemia of renal

disease is believed to be damage to this site of Epo pro-
duction [2]. In this regard, however, it is interesting to
note that there are some patients with the anemia of
renal disease who still have the ability to produce Epo
in response to acute blood loss and hypoxia [3]. On the
ather hand, there are patients with renal failure who do
not have anemia [4]. These results suggest that chronic
perturbation of oxygen sensing and/or signal transduc-
tion rather than damage at the site of Epo production
[5] underlie the pathogenesis of the anemia. Recently,
it has been reported that N%monomethyl-L-arginine
{(L-NMMA) was undetectable in non-uremic subjects,
but markedly elevated in uremic subjects [6]. Based on
this observation, we hypothesized that L-NMMA is a
candidate uremic toxin responsible for the anemia of
renal disease [3]. However, the function of L-NMMA in
mediating Epo gene expression has not been elucidated,
Since L-NMMA functions as an inhibitor of nitric oxide
synthase (NOS) [7], it was expected that it would sup-
press the production of nitric oxide (NO) and cyclic gua-
nosine monophosphate (¢cGMP). GATA transcription
factors have been demonstrated to bind to the GATA
element in the Epo promoter and negatively regulate
Epo gene expression [8]. Our previous study found that
L-NMMA decreased the expression of NO and ¢cGMP
and increased the expression of GATA-2 mRNA and
levels of GATA-2 binding activity, thereby inhibiting
the Epo promoter activity and causing a decrease in the
expression level of Epo protein [5]. In the present study,
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Fig. 1. Effect of L-NMMA sand L-arginine an
erythropaictin (Epo) profein from Hep3B
cells stimulated by hypoxia, Hep3B celis were
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we examined the effect of L-arginine on Epo gene expres-
sion in Hep3B cells and BDF1 mice to confirm our previ-
ous hypothesis.

METHODS
Cell culture and RNA preparation

The Hep3B cell line was obtained from the American
Type Tissue Culture Collection (Rockville, MD, USA).
The cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM,; Life Technologies Inc., Gaithersburg,
MD, USA), supplemented with penicillin (100 U/mL),
streptomycin (100 wg/mL) and 10% heat-inactivated fe-
tal bovine serum (FBS; Hyclone, Logan, UT, USA), in
10 cm dishes. Cells were maintained in a humidified 5%
COy95% air incubator at 37°C. The cells were grown
under conditions of hypoxia (1% oxygen) or normoxia
as previously described [9]. These cells were stimulated
where appropriate by the addition of L-NMMA to the
culture medium. After incubation under hypoxic/nor-
moxic and/or L-NMMA.-stimulated/unstimulated condi-
tions, the cells were harvested and cellular extracts were
prepared. Total cellular RNA was also prepared by con-
ventional methods [10].

Plasmid vectors

We used the reporter plasmid pEPLuc described by
Blanchard et al [11] as a basic plasmid construct, in which
both the 126-bp 3’ Epo enhancer [120 to 245-bp 3’ of
the poly(A} addition site] and the 144-bp minimal Epo
promoter (from —118 to +26 relative to the transcription
initiation site) were placed upstream of the firefly lucifer-

incubated with 107! mob/L I.-NMMA and dif-
ferent concentrations of L-arginine under hy-
poxic conditions (1% Q) for 24 hours, Epo
protein was measured by R1A. Four separate
experiments were performed (N = 4). Error
bars represent one standard deviation. Sig-
nificance values are: *P < 0.01 compared with
controt, and **P < 0.01 compared with 1072
mol/L. L-NMMA,.

ase {Luc) gene in pXP2 [12], resulting in Pwt {13] or
V2-Ewt-Pwi-pXP2 [13]. This enhancer contained a hy-
poxia-inducible factor 1 (HIF-1) binding site and steroid
receptor response element (SRRE),

Transfection

A total of 6 to 7 X 10° cells in six-well (10 em? per well)
tissue culture plates (Falcon) were washed with serum-
free media. A mixture containing lipofectin (20 g/ well;
Life Technologies, Inc.), DNA constructs (2 wg/well)
and P-galactosidase (1 pg/well) as an internal standard
were co-transfected and the plates were incubated for
12 hours, The media was then changed to DMEM/FCS
with or without L-NMMA or L-arginine and incubated
for 24 hours under hypoxic/normoxic conditions.

DNA binding assay

Nuclear extracts were prepared as previously described
[14]. Protein concentrations were determined by a Bio-
Rad assay (Bio-Rad, Hertz, UK) using bovine serum al-
bumin as a standard. Sense-strand oligonucleotide (wild
type: CATGCAGATAACAGCCCCGAC) was end-
labeled with T4 polynucieotide kinase (Toyobo, Tokyo,
Japan) and annealed to a fourfold excess of the unla-
beled antisense oligonucleotide, Two nanograms of la-
beled probe were used in each binding reaction. The
binding buffer consisted of 10 mmol/L. Tris HCI (pH 7.5),
1 mmol/L, ethylenediaminetetraacetic acid (EDTA), 4%
Ficoll, 1 mmol/L. dithiothreitol and 75 mmol/L XCl, An
equimolar mixture of poly[d(I-C)] and poly[d(A-T)] (25
ng; Sigma, St. Louis, MO, USA) was used as a nonspecific
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Fig, 3, Effect of L-NMMA and r-arginine on cGMP from Hep3B cells
stimulated by hypoxia, Hep3B celis were incubated with 107% mol/L
L-NMMA and 107 mol/L L-arginine under hypoxie (1% O,} conditions
for 2 hours. cGMP was measured by E1A. Three separate experiments
were performed (N = 3). Error bars represent one standard deviation.
Significance is *P < 0.01 compared with 107 mal/l. L-NMMA. Symbaols
are: (J) normoxia, 21% O,; (B) hypoxia, 1% O,

competitor, The reaction mixtures (25 pL) were incu-
bated for 15 minutes at 4°C and then electrophoresed
on 5% nondenaturing polyacrylamide gelsin 0.25 X TBE
buffer (22 mmol/L Tris borate, 22 mmol/L boric acid,
0.5 mmol/. EDTA) at room temperature at 150 V for
1.5 hours as previously described {14]. Gels were vac-
uum-dried and then autoradiography was performed us-
ing intensifying screens at ~80°C for 24 hours.

Northern blot analysis

Probes were labeled with [a-*P]deoxycytidine triphos-
phate by random priming and used in RNA blot hybrid-
ization [15]. Formaldehyde gels for RNA electrophoresis
were prepared as described [15]. RNA blot hybridization
was performed using 25 ug of total RNA from Hep3B
cells. The filter was hybridized to a probe of hGATA-2

Fig, 2. Effect of L-NMMA and L-arginine on
nitric oxide (NO) from Hep3B cells. Hep3B
cells were incubated under normoxic (21%
Q) or hypozxic (1% O,) condilions for 4 hours
in the presence or absence of 10~ moi/L,
L-NMMA and different concentrations of
L-arginine. NO was measured by the 2,3-dia-
minonaphthalene method. Three separate ex-
periments were performed (N = 3). Error
bars represent one standard deviation, Sig-
nificance values are; *P < 0.005 compared

R\ ™ with 107 mol/L, L-NMMA, and **P<0,01
o & compared with 107} mol/L L-NMMA, Sym-
\Q/ bals are: (00) normoxia, 21% Oy, (W) hypoxia,

»® 1% 02, N o= 3,

x100

Fold induction

x50 =

Control +L-NMMA +L-arginine
+L-NMMA
Fig. 4, Effect of L-NMMA and L-arginine on the induction of the Epo
reporter constructs in Hep3B cells. Hypoxic induction of Luc gene
expression is represented as a hypoxia/mormoxia ratio, Fold induction
indicates this hypoxia/normoxia ratio, Three separate experiments {du-
plicate samples) were performed (N = 3). Error bars represent one
standard deviation. Significance compared with control, *P < 0,01,
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Fig, 5, Effect of L-NMMA und L-arginine on the expression of GATA-2.
(A) EMSA was performed using 1.5 pg of protein from Hep3B cells
under normoxia (lanes 2 and 6) and hypoxia (lanes 3-5 and 7-9), from

cDNA. The same filter was stripped and rehybridized
to a probe consisting of the ribosomal RNA to determine
the level of RNA in each lane. Autoradiography was
performed at —80°C,

Anemic mice

BDF1 mice were injected intra-peritoneally with 0.2 mL
of 10 mg NP nitro-r-arginine methyl ester (L-NAME)
/mL phosphate-buffered saline (PBS) or 0.2 mL of PRS as
previously described [5], and 0.2 mL of 10 mg L-arginine
added subsequently after the addition of L-NAME.
Blood samples (0.3 mL) were obtained from the orbital
vein at 0 and 24 hours after the injection of L-NAME,
Epo levels in the serum were determined by radioimmu-
noassay (RIA). Hematocrits at the times 0 and 24 hours
were 48% and 30%, respectively,

Other assays

Transfected Hep3B cells were washed with PBS and
lysed in 10 cm? dishes with 400 wL of cell kysis buffer (Pica-
Gene, Toyo Inc., Tokyo, Japan). Luc activity in 20 pL
of the cell extract was determined by an Autolumat lumi-
nometer (Berthorude, Tokyo, Japan) for 10 seconds. Each
measurement of relative light units was corrected by
subtraction of the background and standardized to the
B-galactosidase internal transfection control activity.
Hypoxic inducibility was defined as the ratio of the cor-
rected relative light units of the hypoxic (1% O,) dish to
those of the normoxic (21% O,) dish. NO was detected
by the 2,3 diaminonaphthalene method [16]. Intercellular
cGMP was measured by enzyme immunoassay (ELA) [17].

RESULTS

Inhibition of Epo protein by L-NMMA was recovered
by L-arginine

The effect of L-arginine was examined on the produc-
tion of Epo protein, which was inhibited by [-NMMA
in Hep3B cells. Incubation for 24 hours with 10~? mol/L
L-NMMA under hypoxic conditions resulted in 70% in-
hibition of Epo, but this inhibition was recovered by
the addition of r-arginine (Fig. 1). While these results

Hep3B cells incubated with 10~ mol/L L-NMMA {lanes 4 and 8), 10~
mol/L. L-NMMA and 10~* mol/L L-arginine (lanes 5 and 9) for one
hour. The dot at the left indicates the position of the GATA-2 transerip-
tion factor. A total of 25 ng (0.5 pL is a 12.5-fold molar excess) of
competitor DNA was added to each reaction mixture (lanes 6-9). The
autoradiograph is representative of three different experiments with
similar results, (B) Densitometric analysis of the band indicated by the
circle in panel A. Intensities are expressed relative to the control,
Y-axis represents the intensity relative to that of the control. Three
experiments from using different nuclear extracts were performed (N =
3). Error bars represent one standard deviation, Significances are: *P <
0.005 compared with normoxia; **P < 0.005 compared with hypoxia;
**+P < 0,025 compared with 107 molL L-NMMA.,
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+ L-NMMA 1074 mol/t + cGMP 10~ mol/L
+ L-NMMA 16~* mol/AL + ¢cGMP 102 mol/L

Free probe

Control

+ cGMP 104 mol/L

+ cGMP 10-3 mol/L

+ L-NMMA 104 moliL

A

Lane i 2 3 4 5 6 7
Hypoxia

Fig. 6. Effect of cGMP on the expression of GATA. (A) EMSA was performed using 1.5 g of protein from Hep3B cells incubated under hypoxia
(1% Oj; lanes 2-7), with 107 mol/L. cGMP {lane 3}, 1072 mol/L ¢GMP (lane 4}, 107* mol/L + L-NMMA (lane 5), 107 mol/L. + L-NMMA and
107 mol/L. ¢GMP (lane 6), 10~ moVL, L-NMMA and 107 mol/L. ¢GMP (lane 7) for one hour, The autoradiograph is representative of three
different experiments with similar results. (B) Densitometric analysis of the band indicated by the circle in panel A, Intensities are expressed
relative to the control, Y-axis represents the intensity relative to that of the controb. Three experiments from using different nuclear extracts were
performed (N = 3). Error bars represent one standard deviation. Significance values are *P < 0,01 compared with control, **P < 0.025 compared
with L-NMMA 1074 mol/L; ***P < 0,005 compared with L-NMMA 107* mol/L.

suggest that L-NMMA specifically inhibited the produc-
tion of Epo protein in Hep3B cells, this inhibition of
Epo by L-NMMA. was recovered by L-arginine.

Inhibition of NO and ¢cGMP by L-NMMA was
recovered by L-arginine

N@monomethyl-L-arginine is known to be a nitric ox-
ide synthage (NOS) inhibitor, and therefore a decrease

in NO from cells incubated with L-NMMA was expected.
To this end, Hep3B cells were incubated with different
concentrations of L-NMMA,, Hypoxia induced the secre-
tion of NO, but the addition of L-NMMA inhibited this
induction. However, inhibition of NO by L-NMMA was
reversed by the addition of 107 mol/L. L-arginine (Fig. 2}.
Since NO stimulates guanylate cyclase {GC) to produce
cGMP, a decrease in ¢cGMP from cells incubated with
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Fig. 7. Effect of L-NAME and L-arginine on serum Epo from anemic
mice, BDF1 mice (N = 5) were injected intraperitoneally with 0.2 mL
of 10 mg N%-nifro-L-arginine methy! ester (L-NAME)/mI, phosphate-
buffered saline (PBS) or 0.2 mL of PBS as previously described, and
0.2 mL of 10 mg r-arginine after addition of L-NAME. Blood samples
(0.3 mL) were obtained from the orbital vein at 0 and 12 hours afier
injection of L-NAME. Epo levels in the serum were determined by
RIA. Significance values are: *P < 0.01 compared with PBS; **P <
0.05 compared with PBS; #*+P < 0,005 compared with L-NAME.

L-NMMA was also expected. To this end, hypoxic Hep3B
cells were incubated with different concentrations of
L-NMMA. As shown in Figure 3, hypoxia induced the
secretion of ¢cGMP, but the addition of 10~* mol/L
L-NMMA inhibited this induction. This inhibition of
¢cGMP by L-NMMA was reversed by the addition of
1073 mol/L r-arginine,

Inhibition of Epo promoter activity by L-NMMA was
recovered by v-arginine

Pwt was transfected into Hep3B cells, and the cells in-
cubated in the presence or absence of L-NMMA and/or
L-arginine under 21% (normosxia) or 1% (hypoxia) oxy-
gen for 24 hours. The hypoxic induction of Luc gene
expression is represented as a hypoxia/normoxia ratio,
as previously described [8]. Hypoxic expression from Pwt
was 119.5 = 6.7-fold higher than that from normoxic Pwt

(mean = 1 8D, N = 3; Fig. 4). The addition of L-NMMA
inhibited the hypoxic induction of the Luc reporter gene
expression from Pwt with a hypoxia/normoxia ratio of
only 52.5 + 2.7-fold, 43.9% of that from Pwt incubated
without L-NMMA (Fig. 4). These results indicate that
the hypoxic induction of the Epo gene expression is
suppressed by L-NMMA through the Epo gene regula-
tory regions. Hlowever, this inhibition of Epo promoter
activity by L-NMMA was reversed by the addition of
L-arginine, with a hypoxia/normoxia ratioof 1042 £ 11,1
in the presence of L-arginine and L-NMMA (Fig. 4).

Enhancement of GATA-2 binding activity by
L-NMMA was inhibited by L-arginine

To examine whether L-arginine treatment affects the
binding activity of hGATA-2, nuclear extracts were pre-
pared fram cells stimulated with L-NMMA, for one hour
under hypoxic conditions and an electrophoretic mobil-
ity shift assay (EMSA) was performed with an oligo-
nucleotide containing the wild-type GATA element
(AGATAA; Fig. 5). While normoxia induced the bind-
ing activity of GATA-2 (Fig. 5, lane 2), hypoxia reduced
the GATA-2 binding activity (Fig. 5, lane 3}, L-NMMA
at 107 mol/l. induced the binding activity of GATA-2
under hypozxic conditions (Fig, 5, lane 4), This enhanced
binding activity by 10~ mol/L L.-NMMA was inhibited
by the addition of 107* mol/L. L-arginine (Fig. S, lane 5),

¢GMP inhibits GATA-2 binding acfivity

To clarify the effect of cGMP on GATA-2 binding
activity, nticlear extracts were prepared from hypoxXic
Hep3B cells incubated in the absence or presence of 10
mol/l. L-NMMA and/for ¢cGMP, and EMSA was per-
formed under the same conditions as described in Figure
5. L-NMMA at 10~ mol/L. induced GATA-2 binding
activity (Fig. 6, lane 3}, but the addition of cGMP irhib-
ited hypoxia-induced or L-NMMA-induced GATA-2
binding activity in a dose-dependent manner (Fig. 6,
lanes 24, 5-7).

Inhibition of serum Epo by L-NAME in vivo was
recovered by L-arginine

L-NAME was examined using an in vivo mouse assay,
since L-MMMA has been reported 1o be catabolized by
NC.dimethylargitine dimethylaminohydrolase (DDHA)
in the intact kidney [18, 19]. However, L-NAME is not
catabolized by this enzyme [20]. Hecker et al observed
that L-NMMA was rapidly hydrolyzed to L-citrulline
and lost its inhibitory effect in endothelial cells [21].
Furthermore, L-NMMA is continuously released into
body fluids during the in vivo breakdown of proteins
and was assumed to be readily excreted in urine without
re-incorporation into proteins or further degradation in
intact animals [18]. To ideniify the effect of L-NAME
on Epo production in vivo, BDF! mice were injected
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Fig. B, Effect of L-NMMA on the expression of GATA-2 mRNA. (A}
Northern blot analysis was performed using 25 pg of RNA from Hep3B

cells incubated under normoxic conditions (21% Oy lane 1), hypoxic |

conditions (1% Oy fane 2), hypoxia with 107 mol/L L-NMMA. {lane 3)

intra-peritoneally with 0.2 mL of 5 mg L-NAME/mL
PBS and/or 0.2 mL of 10 mg L-arginine or 0.2 mL of
PBS as a control as previously described [5]. Blood sam-
ples (0.3 mL) were obtained from the orbital vein imme-
diately after (0 hour) and at 12 hours after the injection
of L-NAME (Fig. 7). Twelve hours after the injection,
the serum Epo was 50.6 mU/mL in the control and
285 mU/mL in the L-NAME-injected mice. However,
it was 65.1 mU/mL in the L-arginine-injected mice. The
serum Epo from the pretreatment of L-arginine and sub-
sequent L-NAME-injected mice was 56.0 mU/mL (Fig. 7).
These results indicated that L-arginine rescued the de-
crease of Epo by L-NAME.

Enhancement of GATA-2 mRNA expression by
L-NMMA was inhibited by L-arginine

To examine whether the level of GATA-2 expression
was affected by the addition of L-NMMA, a Northern
blot analysis was performed. The Northern blot analysis
showed that hypoxia reduced GATA-2 mRNA expres-
sion (Fig. 8A, lane 2), while L-NMMA induced the ex-
pression of GATA-2 mRNA (Fig. 84, lane 3). However,
the addition of L-arginine inhibited this enhancement of
GATA-2Z mRNA by L-NMMA (Fig. 8A, lane 4). The
288 used as a control revealed a constant level of mRNA
expression from the cells incubated under normoxia or
hypoxia and with or without L-NMMA (Fig. 8A).

DISCUSSION

Nitric oxide-cGMP-G kinase is one of the pathways
of hypoxia-induced signal transduction of Epo gene ex-
pression [22]. In chronic renal failure, we suspect that
an inhibitor such as L-NMMA suppresses Epo gene ex-
pression through inhibition of NO production [5]. Qur
previous study found that L-NMMA decreased the ex-
pression of NO and ¢cGMP and increased the expression
of GATA-2 mRNA and the level of GATA-2 binding
activity, thereby inhibiting Epo promoter activity and
causing a decrease in the expression of Epo protein [35].
The effects of L-NMMA on HIF-1, hepatic nuclear
factor 4 (HHNF-4), chicken ovalbumin upstream promotor
transeription factor 1 (COUP-TF1), nuclear factor-«B
(NF-kB) were assessed by EMSA and an Epo promoter

and hypoxia with 10~ mol/L L-NMMA and 10~? mol/L. 1-arginine (lane
4) for eight hours. Upper and lower panels show GATA-2 and 285
mRNA, respectively, The autoradiograph is representative of three
different experiments with similar results, {B) Densitometric analysis
of the band of GATA-2 in panel A. Intensities are expressed relative
to the control. Three experiments from using different nuclear extracts
were performed (N = 3). Error bars represent one standard deviation,
Significance values are: *P < 0,005 compared with normoxia; **P <
(.005 compared with hypoxina; ***P < 0.005 compared with hypoxia +
1073 mol/l. L-NMMA.
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assay, L-NMMA did not alter the binding activity of
HI¥-1, HNF-4, COUP-TF1, or NF-kB at all. Neither
EMSA nor Epo reporter gene transfection experiments
showed any effect of L-NMMA on Epo enhancer activ-
ity. L-.NMMA did not affect Luc activity when GATA
in the Epo promoter was mutated (Pm7) [5]. Recently,
Kimura et al reported that L-NAME did not interfere
with hypoxia-induced VEGF promoter (HIF-1 binding
site) activation [23]. This result is compatible with our
data. These results strongly suggest that L-NMMA af-
fects GATA-2 binding,

The effect of NO on VEGF expression via HIF-1 is
controversial. Some reports have shown an inhibitory
effect of NO on VEGF and Epo expression. Huang et
al [24] and Sogawa et al [25] have demonstrated that
sodium nitroprusside (SNP, a NO donor) suppresses
hypoxia-induced VEGF gene activation and HIF-1 bind-
ing activity. SNP inhibits the hypoxic induction of the
VEGF gene in a dose-dependent manner, in contrast
to the effects of S-nitroso-N-acetyl-D, L-peniciilamine
(SNAP) and 3-[hydroxy-1-(1-methylethyl}-2-nitrosohy-
drazino]-1-propanamine (NOCS) (other NO donors)
shown by Kimura et al [23]. This difference may be due
to the different types of NO donors. As Sandau et al
reporied that SNP releases cyanide prior to NO, it is far
from being an ideal NO donor [26]. It is possible that
cyanide’s effects are as toxic. Those authors showed that
a small NO concentration induced a faster but transient
HIF-1a accumulation than higher doses of the same NO
donor [26]. As to the effect of NO on Epo, Ohigashi et
al reported that serum levels of Epo in hypoxic poly-
cythemic mice were significantly increased after injec-
tions of 200 pglkg SNP [22]. Furthermore, cGMP levels
in hypoxic Hep3B cells also were elevated. SNP (10 and
100 pmol/L) and NO (2 pmol/L) increased cGMP levels
in Hep3B cells [22]. These results are compatible with
our data, and strongly suggest that L-NMMA inhibits
Epo production via the GATA transcription factor.

Ohigashi et al reported that Rp-8-Bromo-¢GMPs (a
specific cGMP antagonist that binds only to the ¢cGMP-
binding sites of cGMP-dependent protein kinase) inhib-
ited Epo mRNA expression in Hep3B cells exposed to
hypoxia, which suggested that cGMP requires cGMP-
dependent protein kinase to activate Epo gene expres-
sion [22]. However, the molecular mechanism of cGMP
on GATA pene expression has not been analyzed yet
in detail. We showed that cGMP inhibited the binding
activity of GATA-2. The effect of cGMP on the expres-
sion level of GATA-2 mRNA and protein, especially the
change of GATA-2 phosphorylation should be clarified.

The purpose of this study was examination of the effect
of L-arginine on Epo gene expression in Hep3B cells
and BDF1 mice to confirm our previous hypothesis. As
a next step, further analysis of the GATA-2 expression
level and NO, ¢GMP from patients with the anemia of

renal disease is necessary to clarify the details of the
pathogenesis of the anemia of renal disease.
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Hydrogen peroxide {H;C;) has previously been shown to inhibit the DNA binding
activity of hypoxia inducible factor-1 {HIF-1), the accumulation of HIF-Te protein
and erythropoietin (Epo) gene expression. Epo gene expression has been pre-
viously shown to be down-regulated through a GATA binding site at its promoter
region. In this study, the effect of HyO, on Epo gene expression under hypoxic
conditions through a GATA transcription factor was investigated. Hypoxic indu-
ction was found 1o be inhibited upon the addition of H2O5, and this effect could be
reversed through the addition of catalase. Hypoxic induction was found to be
suppressed by co-transfection with a human GATA-2 cDNA expression plasmid,
Transfection of Hep3B cells with a reporter gene bearing a mutation at the pro-
moter GATA binding site was found to be only mildly affected by the addition of
H,0,. Electrophoretic gel mobility shift assays (EMSAs), using the Epo promoter
GATA site as a probe and the GATA-2 protein extracted from Hep3B cells, showed
that addition of H,O; enhanced the binding of GATA-2 while addition of catalase
inhibited this binding. From these results, we conclude that H;0, increases the
hinding activity of GATA-2 in a specific manner, thereby suppressing the activity
of the Epo promoter and thus inhibiting Epo gene expression. ), Cell. Physiol.
186:260~267, 2001. ® 2001 Wiley-Liss, Inc.

Erythropoietin  (Epo) is produced in the kidney
{Jacobson et al., 1957) and fetal liver (Zanjani et al.,
1977) in response to hypoxia, as well as in kidney in
response to CoCly administration (Goldwasser et al.,
1958). In the human hepatoma cell lines Hep3B and
Hep(s, both Epo mRNA and Epo protein are induced by
hypoxa ar CoCl, (Goldberg et al,, 1987), making these
cell lines useful for investigating the regulation of Epo
gene expression. Considerable progress has been made
in. the identification and characterization of cig-acting
enhancer elements contributing to the transcription of
the Epo gene (Semenza et al., 1991a, 1991b; Semenza
and Wang, 1992; Blanchard et al., 1892; Galson et al,,
1996; Bunn and Poyton, 1996). However, the promoter of
the Epo gene has not been well characterized. We
previously have shown that CACCC elements at about
—60bp from the Epo CAP site are up-regulating sites for

© 2001 WILEY-LIBS, INC,

the Epo gene, whereas a GATA element located at
—30bp is a down-regulating site (Imagawa et al., 1997).
In addition, the human GATA (hGATA)-1, 2, and 3
transcription factors have heen found to specifically bind
to this GATA site within the human Epo gene promoter
and down-regulate Epo gene expression, especially the
hGATA-2 transcription factor in Hep3B cells (Imagawa
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et al,, 1997). Goldberg et al. (1988) have proposed that
Hep3B cells have an oxygen-sensing mechanism in
which hypoxia or CoCl, treatment results in a ligand-
dependent conformational change in a heme protein,
subsequently inducing Epo gene expression. It was
further found that thizs heme protein may change its
conformation depending on the ambient Oz tension,
suggesting that this conformational change induces Fipo
gene expression through some unknown intracellular
signal (Goldberg et al., 1988). Studies on Epo-producing
HepGs, cell lines suggested the involvement of a b-type
cytachrome in the oxygen-sensing process {Gérlach
et al., 1993). The presence of an NADPH oxidase-like
heme protein in the oxygen-sensing system has been
suggested hy the observation that HyOp is formed in
these cells following exposure to oxygen. Using HepG,
cells, Fandrey et al. (1994) found that Hs0, decreased
Epo mRNA and Epo protein. Since Hy0; is able to freely
diffuse within cells, it becomes one of the most likely
candidates for an infracellular messenger molecule
(Fandrey et al., 1994). And in this respect, HyOg-medi-
ated inhibition of Epo gene expression has been reported
to prevent {(at least partiy) the binding of hypoxia
inducible factor-1 (HIF-1) to the HIF-1 binding site at
the 3-enhancer of the gene (Huang et al., 1998). More-
aver, addition of HyOy has heen found to inhibit hypoxia-
induced Epo mRNA and Epo protein production in
HepdB cells (Imagawa et al., 1996),

The present paper deseribes the effect of HyOg on the
Epo gene expression in Hep8B cells through the GATA
site using transient transfection analysis, Hep3B cells
were used because they are more responsive to hypoxia
than HepG; cells (Goldberg et al., 1987). Epo promoter-
luciferase and promoter/fenhancer-luciferase constructs
(both wild-type and a GATA site mutant promoter) were
transfected into Hep3B cells and incubated with or
without Hy0,. We found that the HyOp treatment of
Hep3B cells resulted in an enhanced binding of the
GATA-2 factor to its specific Epo gene promoter site.
Therefore, Hy0p administration not only inhibits the
HIF-1 binding activity, but also increases the binding of
GATA-2 to a down-regulated site at the Epo promoter,
thus providing another explanation to the mechanism
by which HyOy, inhibits Epo gene transcription.

MATERIALS AND METHODS
Cell culturing and RNA preparations

The Hep3B cell line was obtained from the American
Type Tissue Culture Collection (Rockville, MD). The
cells were cultured in Dulbecco’s modified Eagle’s medi-
um (Life Technologies Inc., Gaithershurg, MD), supple-
mented with penicillin (100 U/ml), streptomycin (100 pg/
ml} and 10% heat<inactivated fetal bovine serum
(Hyclone, Logan, UT) in 25 cm® tissue culture flasks.
Cells were maintained in a humidified 5% CO4/95% air
incubator at 37°C and grown either under hypoxic (1%
oxygen) or normoxic conditions, as previously described
(Imagawa et al., 1997). The colls were stimulated upon
addition of HyO» (500 pM final concentration) or catalase
(100 pg/ml) to the culture medium, After 24 h incubation
under the hypoxic/mormoxic and HsOo-stimulated/
unstimulated conditions, the cells were harvested and
cellular extracts prepared. Total ceflular RNA was also

261

prepared by conventional methods (Gilman, 1888),
Fandrey et al. (1994) found that HyO; concenirations
up to 500 uM were not cytotoxic for HepGy cells, a
hepatoma cell line that also expresses Epo. We subse-
quently showed that growth of Hep3B hepatoma cells
also was not affected by the addition of 500 uM of HaOp
{Irnagawa et al., 1996). Therefore, this concentration of
Hs0y was used in the present study.

Transfection

Flectroporation of the h(GATA-2 expression vector
into HepdPB cells was carried cut as previously deseribed
(Imagawa et al., 1997). A RSVCAT (chloramphenicol
acetyltransferase; 10 ug) plasmid was co-transfected as
an internal standard in all transfection reactions
(Imagawa et al., 1991).

Electrophoretic mobility shift assay

Nuclear extracts were prepared as described (Yama-
moto et al., 1990). Protein concentrations were deter-
mined by a Bio-Rad assay (Bio-Rad, Japan) usingbovine
serum albumin as a standard. Sense strand oligonucleo-
tides (wild type: CATGCAGATAACAGCCCCGAC, mu-
tant oligo-1: CATGCAGCGAACAGCCCCGAC and
mutant oligo-2: CATGCCGCGATCAGCCCCGAC) were
end-labeled with T4 polynuclectide kinase (Toyobe,
Tokyo) and annealed to a four-fold excess of the
unlabeled antisense oligonucleotide. In each binding

.reaction, 2 ng of labeled prebe was used. The binding

buffer used contained 10 mM Tris—HCI (p 7.5), 1 mM
EDTA, 4% Ficoll, 1 mM dithiothreitol and 75 mM KCl,
An equimelar mixture of poly[d{I-C)] and poly[d(A-T}]
{Sigma, 8t. Louis, MO; 25 ng) was used as a nonspecific
competitor. Reaction mixtures (25 pb) were incubated for
16 min at 4°C and subsequently electrophoresed on §%
non-denaturing polyacrylamide gels in 0.25 x TBE
buffer (22 mM Tris—Borate, 22 mM boric acid, 0.5 mM
EDTA) at room temperature at 150 V for 1.5 h as pre-
viously described (Yamamoto et al, 1590). After
vaouum-drying, the gels were subjected t0 autoradio-
graphy using intensifying screens at —80°C for 24 h, A
monoclonal antibody of hGATA-2 was prepared as
described (Nagai et al., 1994).

Plasmid veciors

Four different kinds of pEPLuc plasmids (Pwt, Pm7,
AL8pXP2 and A18mTpXP2) were used. In Pwt, a 126 bp
3’ Epo enhancer (120-245 bp 3 of the poly(A) addition
site) and the 144 hp minimal Epo promoter {from —118to
+ 26 relative to the transcription initiation site) were
placed upstream of the Luc gene in PXP2, or V2-Ewt-
Pwt-PXP2 (Blanchard et al., 1992). In Pm7, the GATA
sequence in the Bpo promoter was mutated to TATA
i.e., AGATAACAG to ATATAAAAGR), This mutant is
also called V3-Ewt-Pm7-PXP2 (Blanchard ef al., 1992).
In A18pXP2, the 144 bp minimal Epo promoter (from
~118to + 26 relative to the transcription initiation site)
was placed upstream of the firefly luciferase (Luc) gene
in PXP2 (Nordeen, 1988). A18m7pXP2 is identical to
A18pXP2 axcept that the GATA sequence in the Epo
promoter is mutated to TATA (i.e, AGATAACAG to
ATATAAAAG). Construction of the hGATA-2 expres-
sion plasmid was described previously (Yamamoto et al.,
1990).
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Northern blot analysis RLU/CAT
Probes were labeled with [¢- 22P]decoxycytidine tripho-
sphate by random priming and used in RNA blot hy- H 21% Oz
bridization (Riddle et al,, 1989). Formaldehyde gels for 1% Oz X23.0

RNA electrophoresis were prepared as described (Riddle
et al., 1989). RNA blot hybridization was carried out
using 25 pg total RNA from Hep3B cells, with filters
hybridized with probe hGATA-2 cDNA, The same filter
was stripped and re-hyhridized to ribosomal RNA to
determine the level of RNA in each lane.

Western blot analysis

Cells (1 x107) were lysed directly in SDS/sample
buffer (0.125 mol/liter Tris~HCl [pH 6.8], 10% glycerol,
2% SDS, 1% 2ME). Protein concentration of the samples
was determined by the Protein Assay method (Nippon
Bio Rad, Tokyo, Japan) and 9 pg of protein in these
fractions was applied to a Laemmli gel system after
supplementing with 0.0025% Bromphencl Blue. After
electrophoretic separation, proteins were transferred to
a polyvinylpyrrolidone difluoride (PVDF) membrane
(Immobilon-P; Millipore, Bedford, MA). This membrane
was blocked with Tris-buffered saline (TBS) containing
3% skim milk at 4°C overnight, and incubated with
mouse anti-human GATA-2 antibody diluted with TBS
containing 1% BSA. The membrane was then reacted
with sheep anti-mouse IgG conjugated with horseradish
peroxidase (Amersham), The position of immune com-

plexes on the membrane was visualized using the ECL

system (Amersham). The detailed method is described
by Nagai et al, (1994),

Promoter assays

Transfected Hep8B cells ringed with phosphate-
buffered saline (PBS) were lysed in 10 em dishes with
800 pl of cell lysis buffer (PicaGene, Toyo Ink, Tokyo).
Luc activity was determined in 20 pl of the cell extract by
an Autolumat luminometer (Berthprude) for 10 see.
Measurements expressed in relative light units (RL1),
were corrected by subtracting the background and
dividing the remainder by the RSVCAT internal
transfection control activity, Hypoxic inducibility was
defined as R (H/N), where H and N are the RLUs of the
cells cultured under hypoxic (1% Os) and normoxic (21%
Og) conditions, respectively, Chloramphenicol acetyl
transferase (CAT) activity was determined as described
by Neumann et al, (1987), and B-Gal assays were
performed to normalize the transfection efficiency.

RESULTS
Inhibition of Epo promoter/fenhancer
activity by hydrogen peroxide

Transfection of Pwf into Hep3B cells and the cells
incubated under normoxia and hypoxia showed 974
RLU/CAT U and 17697 RLU/ CAT U, respectively.
Hypoxia induced an 18.2-fold increase in Luc reporter
expression from Pwt (Fig. 1) as compared to normoxia
(i.e., R (H/N) = 18.2), Addition of Ho0O; reduced R (F/N)
to just 9.5, thus significantly inhibiting the hypoxie
induction of the Luec reporter gene expression from Pwt.
The GATA site located at the Epo promoter plays an
important role in the prevention of hypoxic induction of
the Epo gene (Imagawa et al., 1997), For Hep3DB cells

30000 -

20000 -

10000 -

HzOz hGATA-Z hGATA-2
+ +

H20z hGATA-2 hGATA-2

Hz02 Hz02

Fig. 1. Effect of HpzO; on the induction of the wild-type of the Epo
promoter/enhancer with Lue reporter constructs in HepSB cells.
Numbers above the bars indicate the hypoxic induection, calculated as
the ratio of induction under hypoxia/induction under normoxia.

that were co-transfected with Pwt and the hGATA-2
expression vector, R {H/N) was reduced to only 7.4,
indicating that expression of hGATA-2 also inhibited
the hypoxic induction of the Epo gene. Furthermore,
exposure of these co-transfected cells to HzOg resulted in
an additional suppression of the hypoxic Epo gene
response, 1.e., B (H/N) was only 3.7. These results sug-
gest that hGATA-2 acts as a suppressor of the hypoxic
induction of the Epo gene, with the GATA sequence in
the promoter mediating this H,0, suppression.

The GATA site at the Epo promoter
confributes to HyO; suppression

Pm7-transfected cells (which bear a mutation in the
Epo promoter GATA site), like Pwt-transfected cells,
had a high R (H/N} value (20.0) (Fig. 1). However, the
effect of HyO, was not as significant in the Pm7-
transfected cells as it was in the Pwt-transfected cells,
H30, treatment reduced R (H/N) to only 16.0 (Fig. 1).
Thus, the point mutation of the GATA binding site in the
Epo gene promoter causes the plasmid to he less
susceptible to the effects of HyOp treatment, further
supporting the idea that the GATA site plays a role in
mediating the HoO, suppression. While some basal level
of H304 suppression in the Pm7-transfected cells exists,
this residual suppression may be the result of the HIF-1
activity in the enhancer. Co-transfection of the hGATA-
2 expression plasmid with Pm7 did not affect R (E/N},
which remained at 23.0 (Fig. 1). This was expected be-
cause the promoter mutation completely inhibits GATA-
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Fig. 2. Effect of Hz05 on the induction of the wild-type and mutated GATA site of the Epo promoter with
Luc reporter constructs in HepdB cells. Two different experiments were performed. Numbers shove the

bars are explained in the legend of Fig, 1.

2 binding. However, exposure of Hep3B cells co-
transfected with Pm7 and hGATA-2Z to HzOp resulted
in & R (H/N} of 15.4 (Fig. 1). This provides further evi-
dence that the decrease in hypoxic induction may be due
to the inhibition activity of HIF-1 only. These results
thus divectly demonstrate the contribution of the Epo
promoter GATA site to the Hz0, hypoxic suppression
response.

Inhibition of the Epo promoter activity
by hydrogen peroxide

To confirm that the inhibitory effect of HyO, on Epo
gene expression was caused only by the GATA-2 or the
HIF-1 binding site, a construct containing the Epo
promuoter only wasused, For A18pXP2 cells, contain the
intact Epo promoter, R (H/N) values in two replicate
experiments were 9.4 and 8.6 (Fig, 2A,B). Addition of
500 H,0, reduced R (H/N) to 3.7 and 2.4, Signifi-
cantly, addition of HyO, inhibited the hypoxic induction
of the Luc reporter gene expression from A18pXP2,
These results clearly indicate that the hypoxic induc-
tion of Epo reporter gene expression is suppressed
upon HoQOp addition through the GATA site. For
A18m7pXP2-transfected cells, in which the GATA site
of the Epo promoter is mutated, R (H/N) was also high
_(16.1 and 11.6), No inhibitory effect of Hs0o was found
in the A18mT7pXP2-transfected cells, since R (H/N)
remained high (22.4 and 31.5) in the presence of HyOs,
These results strongly suggested that HyOp-mediated
inhibition of the Epo gene is not only due to HIF-1, but

alsoto GATA. Figure 2 shows that the GATA mutation is
important in the basal expression of Lue and induction
by hypoxia, since the GATA site works as a suppressive
element, as previously reported (Imagawa et al., 1997).
These data strongly support the view that GATA
functions directly through this element.

Enhancement of GATA-2 binding
activity by hydrogen peroxide

To determine whether the HyOp treatment affected
the binding activity of hGATA-2, Hep3B cells were
stimulated by H;0, under hypoxic conditions. Nuclear
extracts prepared from the cells were used in EMBSA
with oligonucleotides containing the wild-type GATA
gite (AGATAA) (Fig, 3A, lanes 2—-T), The circle indicates
the position of the band corresponding specifically to the
hGATA-2 probe complex (Fig. 34, lanes 2—4, 8 and 9).
‘When using the anti-GATA-2 monoclonal antibody, this
band disappeared (Fig. 4, lane 8). This band also dis-
appeared after addition of unlabeled wild-type oligonu-
cleotide as a competitor (Fig. 3A, lanes 5-7). When
unlabeled mutant oligonucleotides were added as
competitors, this band was present (Fig. 34, lane 8:
mutant oligo-1: and lane &: mutant oligo-2). However,
the intensity of the band indicated by the circle was
found to decrease in lane 9, with the intensity of the
lower band concomitantly decreasing. This indicates
that mutant olige-2 does not compete with the band
indicated by the circle, Furthermore, this band was not
seen when labeled mutant oligonucleotides were used as
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Fig. 3. Effect of HoOs on the expression of hGATA-2 in Hep3B cells.
A: EMBSA using the Epo promofer GATA site as a probe, and the
protein extracted from the cells. Each lane was loaded with 2,1 pg of
protein from cell extracts. Cells were grown under hypoxia (lanes 2
and 5}, with 500 pM Ha0; (lanes 8, 6) and with 100 pg/m] catalase and
500 uM Hg0, (lanes 4 and 7). The circle indicates the hGATA-2
transcription factor, A total of 256 ng (0.5 pl: 12.5-feld molar excess} of

competitor
lane

probes (Fig, 34, lane 10: mutant oligo-1 and lane 11
muteant oligo-2), These data indicate that the band is
generated specifically through the binding of hGGATA-2
to the Epo promoter GATA sequence prehe, while the
lower band is most likely the result of non-specific
binding. Although the non-specific complex is not af-
fected by self-competition, it is affected by two different
competitors having mutations at the GATA site,
hGATA-2 binding was enhanced after addition of HyO,
to the Hep3B cell culture (compare Fig. 3A, lanes 2
and 3), but it was inhibited upon the addition of catalase
to the culture medium (Fig, 34, lane 4). Three separate
experiments from different nuclear extracts were
carried out (data not shown). A densitometric analysis
of this assay revesled that the addition of HgDq
increased the intensity of the hGATA-2 band by ~2.0-
fold (n= 3} (Fig. 3B) and this increase was reduced to a
1.4-fold increase {n=23) upon the addition of catalase
(Fig. 8B), This. indicates that the enhancement of
binding is a specific effect of HyOs Although the
intensity of the lower band also increases after addition
of Hg0,, this band does not disappear after addition of
competitor and disappears after addition of mutant
oligonucleotides as shown in Figure 34, lanes 58, This
result clearly indicates that the binding activity of
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competitor DNA wag added to each reaction mixture (lanes 5-7). B:
Dengitometric analysis of the band indicated by a circle in A.
Intensities are expressed relative to the control, Y-axis represents
the intensity relative to that of the control. Three experiments from
using different nuclear extracts were performed (n=3). Error bars
represent the standard deviation,

GATA-%2 isinereased by Hz0s. To determine whether the
effect of H30; on the binding activity of GATA-2 is
specific, EMSA was performed under the same condi-
tions with an oligonucleotide containing an NF-xB ele-
ment. As shown in Figure 5, the addition of Hy0, or
catalase did not induce the binding activity of NF-xB,
This result strongly suggests that the effect of H,O3 on
the binding activity of GATA-2 is specific.

Effect of hydrogen peroxide on expression
of GATA-2 mRNA and protein

The transcriptional or post-transcriptional effect of
hydrogen peroxide on the GATA-2 binding activity was
carried out by Northern blot analysis using 25 pg total
ENA from Hep3B cells under normoxia (Fig. 6, lanes

. 1-3) and hypoxia (Fig. 6, lanes 4—6). Total RNAs were

prepared from control Hep3B cells (lanes 1 and 4),
Hep3B cells treated with 500 pM HeO4 (lanes 2 and b)
and Hep3B cells treated with 100 pg/ml catalase and
500 pM H20, (lanes 8 and 6). The band intensities in the
Northern blot analysis with the hGATA-2 probe (Fig. 6A)
as well as the band intensities of ribosomal RNA (an

internal control) (Fig. 6B) were unaffected by the
addition of B0, with or without catalase, Furthermore,
a Western blot analysis was performed uging 9.0 pg total
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Fig. 4. EMSA showing the effect of an anti-GATA-2 monoclonal
antitody, Hep3B cells wera grown under hypoxia and 2.1 pg protein
fromy a cell exiract was applied to each lane. Nuclear extracts were
incubated overnight at 4°C with 2 ul of FCS (lane 2) or anti-GATA-2
monoclonal antibody for knockout {lane 8). Circle shows GATA-2
transeription factor.

protein from Hep3B cells under hypoxia, and with
500 pM H40, and/or 100 pg/ml catalase under hypoxia
(Fig. 7). The intensities of the bands in the Western blot
analysis with the GATA-2 antihedy were also found to be
unaffected by the addition of HsOp and/or catalase
(Fig. 7). These results indicate that the effect of incre-
asing GATA-2 binding activity by hydrogen peroxide is
due to post-transeriptional regulation,

DISCUSSION

Regulation of Epo gene expression is a complex
process in which a change in intracellular oxygen
tension (pQy) is precisely transduced into a transerip-
tional response. It should be noted that H,0, inhibits
Epo gene expression by destabilizing HIP-1x, which
hinds to the 8'-enhancer of the Epo gene (Huang et al.,
1098). This is intriguing, since B30; has been assumed
to act as a signal inhibition molecule connecting oxygen
sensitive proteins with transcription factor(s) regulat-
ing Epo gene expression (Fandrey et al., 1996). Indeed,
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Fig. 6. EMBSA showing effect of HyOp on the expresaion of NF-kB in
HepSE cells, 2.1 pg protein from cell exiracts was applied to each lana,
Cells were grown under normoxia (lanes 1-3, 7-8), under hypoxia
(lanes 4~6, 10—-12), with 600 uM H,03 (lanes 2, §, 8 and 11) and with
100 pg/ml catalase and 500 pM HyOg (fanes 8, 6, 9 and 12}, Circle
indicates NF-xB transeription factor. A total of 25 ng (0.6 pl: 12.5-fold
molar excess) of competiter DNA wag added to each reaction mixturs
(lanes 7—-12).

competitor
lane i

Fandrey et al. (1994) showed that the addition of HyOp
inhibits Epo mRNA expression using competitive PCR,
ag well as Epo protein synthesis using HepGy cells.
Subsequently, we reported that HyOp inhibite Epo
mRNA expression by competitive PCR and suggested
that GATA-2 may have arole in thisinhibition in Hep3B
cells (Tmagawa et al., 1996).

In the present study, HzOz treatment was found to
inhibhit Epo promoter activity and inereased the hinding
activity of GATA-2. As GATA-2 hinds to the GATA site at
the Epo promoter and downregulates Epo gene expres-
sion in Hep3B cells, this suppression of Epo gene exp-
ression by Hz0, is partly due to the enhanced GATA-2
binding activity. This effect may be ascribed to post-
transcriptional regulation of GATA-2 by hydrogen pero-
xide, since the expression of GATA-2 mENA and protein
was unchanged upon the addition of hydrogen peroxide.
Further analysis of the moedulation of GATA-2, such as
by phosphorylation (Towatari et al., 1895) upon hydro-
gen peroxide addition should be done to elucidate ita
mechanism, '

The hypozia-induced Epo promoter activity in Hep3B
eells was reduced much more by treatment with He0,
and GATA-2 rather than by either one of these treat-
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Fig. 6, Northern blot showing hGATA-2 mRNA expression in Hep3B
cells. A: Cella grown under normoxia (lanes 1-8) and hypexia (lanes
4~6). h\GATA-2 ¢DNA was used as the probe, B: The same membrans
sf:ripc}lneddand re-hybridized to ribosomal RNA serving as an internal
standard.

ments alone, This suggests that the activity of tran-
scription factors binding to the GATA site in the
promoter and the HIF-] site in the 8’-enhancer may be
affected simultaneously by Hy0,, Huang et al. (1998)
identified an oxygen-dependent degradation (ODD)
domain within HIF-1e that controls the degradation of
HiF-1a by the ubiquitin-proteasome pathway. This
degradation also acts as a type of post-transcriptional
regulation (Huang et al,, 1998). Therefore, HyOg; may
stimulate the degradation of the ODD domain of HIF-1«
as well as induce the binding of GATA-2, acting as a
down regulator, and in cooperation with the destabiliza-
tion of HIF-1¢, it may result in a decreased expression of
the Epo gene. Since the GATA family transcription
factors are known to be upregulators (Orkin, 1990;
Evans et al, 1990}, the down-regulation of Epo gene
expression by GATA-2 in Hep3B cells iz intriguing, The
binding activity of GATA-2 was especially enhanced by
the addition of HaOq to Hep3B cells. Further analysis of
how Hy0, affects the binding of GATA-2 i3 needed to
understand the H;04-zenging process.

Hypoxia has been shown to induce an increase of
vagcular endothelial-derived growth factor (VEGI)
mRBNA expression in HepGs cells, and this increase is
also suppressed by the addition of Hz0g (Huang et al,,
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control . Hz20z

Fig. 7. Western bloting showing hGATA-2 protein expression in
Hep3B eells. Cells were incubated under hypoxia (left), with 500 pM
H,0, under hypoxia (middle) and with 100 pg/ml catalase and 500 pM
Ho0Op under hypexia (right}. The circle indicates hGATA-2 protein,

1996). This H;04 suppression of VEGF gene expression
has been suggested to be mediated by HIF-1 (Huang
et al.,, 1996), The exact mechanisms of HaO2 suppression
of the expression of the Epo and VEGF genes at high
p0s;, are not yet available. We speculate that similar
mechanisms for Epo gene regulation and VEGF gene
expression may exist. Indeed, GATA-2 has been shown
to be an important regulator of gene expression in endo-
thelial cells (Wilson et al., 1990). In addition, the HIF-1
transcription factor has been shown to be important in
the hypoxic induction of Epo gene expression (Semenza
et al, 1991ab). The HIF-1 is known to affect the
expression of the genes encoding VEGF (Levy et al,,
1995), phospho-glycerokinase 1(PGK1) (Firth et al.,
1994) and glucose transporter 1((Glut-1) (Ebert et al,,
1996), HIF-11is also activated in cells exposed to CoClyor
iron chelators (Semenza et al., 1991). These cell treat-
ments enable HIF-1 to bind to a so-called consensus
sequence (F-TACGTGCT-3') (Semenza et al,, 1991}, It
has been suggested that HIF-1 interacts with another
transeription factor HINF-4, in the hypoxic induction of
Epo gene expression, HNF-4 is known to bind to steroid
receptor response elements (SRRE) in the Epo gene 3'-
enhancer as well as promoter regions, HNF-4 binds to
the o-gubunit of HIF-1 (Arany et al., 1996), This binding
activates both «- and B-subunits of HIF-1 which causes
HIF-1 to interact with the transcriptional activator
p300, thus providing a mechanism to trigger the Epo
mRNA transcription (Huang et al,, 1997). The inhibition
of Epo gene expression by HaOp might originate from the
suppression of p300 activity. In contrast, Epo gene
expression is suppressed under the normoxic conditions.
We assume that this is caused not only by suppreasion of
the hypoxic-inducing mechanism, but also by the
constitutive expression of GATA-2, Further analysis of
switching and balancing up- and down-regulator activ-
ities is certainly necessary to better understand the
oxygen-sensing mechanism of Epo gene expression,
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Abstract Long-term exposure of rats to cadmium (Cd}
resulted in a marked suppression of erythropoietin {(Epo)
mRNA expression in the kidneys and the development of
severe anemia. A recent report revealed that Cd inhibited
hypoxia-inducible factor 1 (HIF-1) binding activity and
Epo mRNA expression and protein production. Howev-
er, Epo gene expression is also regulated by transcription
factor GATA-2, which binds to the GATA binding site of
the Epo promoter. To elucidate the mechanism of sup-
pression of Epo by Cd, the effect of Cd on GATA-2
function was studied. Epo promdter/enhancer luciferase
constructs, one with the wild-type promoter and another
with a promoter with a mutant GATA site, were trans-
fected into Hep3B zcells. No significant difference in Epo
promoter activity in these two types of cells was observed
in the presence of Cd. The binding activity of GATA-2
was not affected by Cd. This study showed that Cd
inhibited HIF-1 binding activity and Epo promoter
activity, and then suppressed Epo protein production.
- Inhibition of Fpo gene expression by Cd depends on
suppression of HIF-1 binding activity, not on alteration
of GATA function. ‘

Keywords Erythropoietin - Cadmium - GATA -
Transcriptional regulation + Hypoxia-inducible factor 1u«

Introduction

Itai-ital disease is a condition caused by long-term
exposure of the inhabitants of Toyama prefecture, Ja-
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pan, to cadmium intexication. The characteristic clinical
features of this disease include renal tubular dysfunc-
tion, osteomalacia, and anemia (Kasuya et al. 1592). A
clinical report demonstrated that the anemia observed in
patients with Itai-itai disease is caused primarily by the
impaired production of erythropoietin (Epo) (Horiguchi
et al. 1994). In addition, long-term exposure of rats to
cadmium (Cd) resulted in the marked suppression of
Epo mRNA expression in the kidneys, and the devel-

opment of severe anemia (Horiguchi et al. 1996).

Recently, Horiguchi et al. (2000) reported that Cd sup-
pressed the binding activity of the hypoxia-inducible
factor 1 (HIF-1) transcription factor, Epc mRNA
expression and Epo protein production in a dose-
dependent manner, with no apparent cell damage.

Epo gene expression is under the control of HIF-1
through an HIF-1 binding site in the Epo enhancer.
HIF-1 is composed of a redox-sensitive HIF-1¢ subunit
and a constitutively expressed HIF-1§ subunit {(Semenza
and Wang 1992). Under normoxic conditions, HIF-]«
is rapidly degraded, whereas under hypoxic conditions
HIF-1a is stabilized and its transcription is stimulated
(Huang et al. 1996, 1998). On the other hand, the Epo
gene is negatively regulated under normoxic conditions
by transcription factor GATA-2, which binds to the
GATA site of the Epo promoter in Hep3B cells (Imag-
awa et al. 1997). Hep3B cells strongly express GATA-2
(Imagawa et al. 1997). Under normoxic conditions, Epo
gene expression is not stimulated, because HIF-lo is
degraded by prolyl hydroxylation (Ivan et al, 2001;
Jaakkola et al. 2001}, and Epo gene expression is sup-
pressed by GATA. We have recently shown that
NS-monomethyl-L-arginine (L-NMMA), whose levels
increase in chronic renal failure, inhibits preduction of
nitric oxide (NQ) and cyclic-GMP, stimulates GATA-2
binding activity and GATA-2 mRNA expression, and
inhibits Epo promoter activity (Tarumoto, et al. 2000;
Imagawa et al. 2002). However, L-NMMA does not
affect HIF-1. Hydrogen peroxide (H,0,) also inhibits
Epo gene expression (Fandrey et al. 1994; Imagawa et al,
1996; Tabata et al. 2001). H,O» treatment was found to
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inhibit Epo promoter activity and increased binding
activity of GATA-2 (Imagawa et al, 1996; Tabata et al.
2001). As GATA-2 binds to the GATA site at the Epo
promoter and downregulates Epo gene expression in
Hep3B cells, this suppression of Epo gene expression by
H,0, is partly due to the enhanced GATA-2 binding
activity (Imagawa et al. 1996; Tabata et al. 2001). The
goal of the present study was to elucidate how Cd sup-
presses Epo, and especially how it affects GATA-2
function.

Materials and methods

Cell culture

An erythropoietin-producing hepatoma cell line (Hep3B) was
obtained from the American Type Tissue Culture Collection
(Rockville, MD, USA) Cells were incubated under both 21%
(normoxia) and 1% (hypoxia) oxygen for 24 h as previously de-
scribed (Imagawa et al. 1997). The hypoxic induction of the firefly
luciferase {Luc) gene expression is represented as a hypoxia/
normoxia ratio, as previcusly described (Imagawa et al, 1997).

Flasmid vectors

We used the reporter plasmid pEPLuc, described by Blanchard
et al. (1992), as a basic plasmid construct in which both the 126-bp

3* Epo enhancer (120 to 245-bp 3’ of the poly(A) addition site) and .

the 144-bp minimal Epo promoter (from ~118 to +26 relative to
the transcription initiation site) were placed upstream of Luc gene
in pXP2 (Bianchard et al. 1992), resulting in Pwt or V2-Ewi-Pwt-
pXP2 (Blanchard et al. 1992) (Fig. 1). This enhancer contained a

A EPO

+1

€CL COA COE CCA COC GOA CAC GCA CAC ATG (JAG ATA A0A GLG CCG ACG COC GBC CAG AGC C6

B ATATAAAAG (Pm7)
—11i8
1

+26

LUCIFERASE

pXP2__ P Epo Enhancer il

C —118 28
i AGATAACAG (A1BpXP_2l£I

LUCIFERASE

Epe Promoter

pXP2 Epo Promoter

Fig. 1A~C Constructs used in this study. A The GATA-binding site
in the erythropoietin (Epo) 5' promoter region (boxed) and
repeated CACCC elements (underlined). B Diagrams of the
teporter construct the wild-type (Pwt) and the mutated GATA
{Pm7)} used in this 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 wunderlining. The Epo

enhancer contains an hypoxia-inducible factor 1 (HIF-1) binding .

site. C Diagram of the reporter construct, A18pXP2 used in this
study

hypoxia-inducible factor 1 (HIF-1) binding site and steroid recep-
tor response element (SRRE). In Pm7, the GATA sequence in the
Epo promoter was mutated (0 TATA (i.e, AGATAACAG to
ATATAAAAG) (Imagawa et al. 1997), The 144-bp minimal Epo
promoter were placed upstream the firefly Lue gene in pXP2,
resulting in A18pXP2 (Fig. 1).

Transfection

A total of 7x10% cells in tissue culture plates (10 cm?fwell) (Falcon)
were washed with serum-free media. A mixture containing lipo-
fectin (Life Technologies, Inc., Gaithersberg, MD, USA; 20 pg/
well), DNA constructs, and lac Z (I pg/well) as an internal stan-
dard were co-transfected as previously described (Imagawa et al.
1997).

DNA binding assay

Nuclear extracts were prepared as previously described (Yamam-
oto et al. 1990), Protein conceniralions were determined by
Bio-Rad assay (Bio-Rad, Hercules, CA, USA) using bovine serum
albumin as a standard. The sense-strand oligonucleotide (wild-type
CATGCAGATAACAGCCCCGAC) was end-labeled with T4
polynucleotide kinase (Toyobo, Tokyo, Japan) and annealed to a
four-fold excess of the unlabeled antisense oligonucleotide. Two
nanogram of labeled probe was used in each binding reaction, The
binding buffer consisted of 10 mM Tris HCl (pH 7.5), 1 mM
EDTA, 4% Ficoll, | mM dithiothreitol and 75 mM KCl. An
equimolar mixture of poly[d(I-C)] and poly[d(A-T)] (Sigma, St.
Louis, MO, USA; 25 ng) was used as a nonspecific competitor, The
reaction mixtures (25 pl) were incubated for 15 min at 4°C, and
then electrophoresed on 5% nondenaturing polyacrylamide gels in
0.25% TBE buffer (22 mM Tris borate, 22 mM boric acid, 0.5 mM
EDTA) at 150 V for 1.5 h at room temperature as previously de-
scribed (Imagawa et al. 1997). Gels were vacuum-dried and then
autoradiography was performed using intensifying screens at
~80°C for 24 h.

Other assays

Luc activity in 20 pl of the cell extract was measured with an
AutoLumat luminometer (Berthold, Bundoora, Australia) for 10 s.
Each measurement of relative light units was corrected by sub-
traction of the background, and standardized to the f-galactosi-
dase interna) transfection control activity. Hypoxic inducibility was
defined as the ratio of the corrected relative light units of the
hypoxic (1% O,) dish to those of the normoxic (21% O») dish
ag previously desceribed (Tarumoto et al, 2000). Epo protein from
HepdB cells was measured by enzyme-linked immunosorbent
assay.

. Statistical analysis

Students’ r-tests were used to assess the level of significant between
treatment groups. -

Results
Inhibition of Epo protein by Cd
We used the same dose (0.1-10 pM) of Cd in Hep3B

cells as previously described (Horiguchi et al. 2000).
Horiguchi and co-workers checked the viahility of



Hep3B cells treated with Cd by measuring LDH activity
released into medium to ascertain whether global Cd
toxicity affected Epo production. Exposure of Hep3B
cells to 0.1-10 pM Cd had no effect on cell viability
(Horiguchi et al. 2000). We also checked Hep3B cell
viability by trypan biue dye exclusion method. Exposure
of Hep3B cells to 0.1-10 pM Cd had no effect on cell
viability (data not shown). Cd dose-dependently inhib-
ited the production of Epo protein in Hep3B cells
(Fig, 2). After incubating Hep3B cells for 24 h under
hypoxic conditions in the presence of 0, 0.5, 1.0 and
10.0 yM Cd, Epo concentrations were 315.1+71.9,
157.6+£32.2, 111.9+14.9 and 76.3+15.1 mU Epo/mg
protein, respectively (Fig. 2).
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Fig. 2 Effect of cadmium on erythropoietin (Epo} protein from
Hep3B cells stimulated by hypoxia. Hep3B cells were incubaied
with different concentrations of cadmium under hypoxic conditions
(1% O,) for 24 h. Bpo protein was measured by enzyme-linked
immunosorbent assay. Seven separate experiments were performed
with triplicate samples (n==7). Error bars represent one standard
deviation. *P <{.003, significance compared with controt
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Inhibiticn of Epe promoter/enhancer activity by Cd

Hypoxic induction from Pwt was 54.6:£17.7 times
higher than that from normoxic Pwt (mean =1 S,
n=4). Interestingly, Cd dose-dependently inhibited the
hypoxic induction of Luc reporter gene expression from
Pwt. Addition of 0.5, 1.0 and 10.0 pM Cd resulted in
hypoxiafnormoxia ratios of only 26.8 5.0, 16.2+£3.8,
and 3.6+ 1.3, respectively, which correspond to 49.1,
29.7, and 6.6% of the ratios obtained without Cd. These
results indicate that the hypoxic induction of the Epc
gene expression is suppressed by Cd through the Epo
gene regulatory regions (Fig. 3).

fold inductlon
100

Wild type (AGATAA) Mutant type (ATATAA)

3
=
L8
o
%

Control
+.54uMCd EEEE

+100amMCt o

+1o0pMCd
+1002MCd BN

Control

+0.5uMCd

Fig, 3 Effect of cadmium on the induction of the erythropoietin
(Bpo) promoterfenhancer reporter constructs in Hep3B cells,
Hypoxic induction of Luc gene expression is represented as a
hypoxia/normoxia ratio, Fold induction indicates this hypoxia/
normoxia ratio. Four separate experiments (triplicate samples)
were performed (p=4). Error bars represent -one standard
deviation. *P<0.005, ¥*P<001, significance compared with
control
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Hypoxia response element (HRE) in the enhancer
only contributes to Cd suppression

The contribution of the GATA element was further tested
by using a reporter plasmid, Pm7, which contains GATA
site mtations. We previously found that the GATA
mutation by jtself affects the basal level expression of Lue
reporter activity (Imagawa et al. 1997). As was the case
with Pwt, Luc expression was also strongly induced
(55.2:£7.8 fold) following exposure of the treated cells to
hypoxia. Furthermore, Cd dose-dependently inhibited
the hypoxic induction of Luc reporter gene expression
from Pm7. Addition of 0.5, 1.0, and 10,0 pM Cd resulted
in hypoxia/normoxia ratios of only 25.3+ 1.8, 15.7:£35.0,
and 4,5+ 1.9, respectively, which correspond to 45.8,28 4,
and 8.2% of the ratios obtained without Cd (Fig. 3).
These results suggest that the GATA element on the
promoter does not contribute to the Cd suppression, and
that HRE in the enhancer only contributes to Cd sup-
pression. To elucidate whether GATA contributes to Cd
suppression, A18pXP2 plasmid was transfected into
Hep3B cells and incubated with and without Cd under a
normoxic or hypoxic condition. Hypoxic induction from
Al18pXP2 was 7.8+ 1.9 fold higher than that from norm-
oxic AIRpXP2 (n=4). Addition of 0.5, 1.0 and 10.0 uM
Cd resulted in hypoxia/normoxia ratios of 8.2+2.6,
9.240.4, and 6.8 +2.2, respectively (Fig. 4). Apain these
results strongly sugpgest that the GATA element on the
promoter dose not contribute to the Cd suppression,
and that HRE in the enhancer only contributes to Cd
suppression.

Inhibition of H1F-1 binding activity by Cd

To determine whether Cd affects the binding activity of
HIF-1, nuclear extracts were prepared from cells stim-

Tig, 4 Bffect of cadmium on the fold Induction
induction of the erythropoietin
{Epo) promoter construets in x10+
Hep3R cells, Experimental
condition were the same as
described in Fig, 3

X5

o

ulated by Cd for 24 h under hypoxic conditions, and
electrophoretic mobility shift assays (EMSAs) were
performed with an oligonucleotide containing HRE.
The addition of 1.0 and 10.0 pM Cd partially inhibited
the binding activity of HIF under hypoxic conditions
(Fig. 5A right panel, B), though the addition of 0.2 yM
Cd increased the binding activity of HIF-1 by an
unknown mechanism (Fig. 5A).

No effect of Cd on GATA binding activity

To examine whether the addition of Cd affects the
binding activity of GATA-Z, nuclear extracts were pre-
pared from cells stimulated with Cd for 24 h under
normoxic or hypoxic conditions, and EMSAs were
performed with an oligonucleotide containing the
GATA element. The addition of 0.2, 1.0 and 10.0 pM
Cd did not aflect the binding activity of GATA-2 under
normoxic or hypoxic conditions (Fig. 6).

Discussion

Cd has been shown to generate intracellular reactive
oxygen intermediates (ROIs) (Fariss 1991). Horiguchi
et al. {2000) suggested that generation of ROIs underlies
the ability of Cd to inhibit HIF-1 activation and Epo
induction. However, the effect of Cd on GATA-2
function remains unknown. We have identified sup-
pression of Epo gene expression by L-NMMA, which
increased in the patients with chronic renal failure
(Tarumoto et al. 2000; Imagawa et al, 2002), and by
H,0, (Tabata et al. 2001). L-NMMA (a NO synthase
inhibitor) inhibits production of NO and cyclicGMP,
and stimulates GATA-2 binding activity and mRNA
expression, and then inhibits Epo promofer activity.
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Fig. 5A,B Effect of cadmium on - A s s
the expression of hypoxia- 2 33
inducible factor | (HIF-1). A E8o3
Electrophoretic mobility shift E é § §

assay was performed nsing

1.5 pg protein from Hep3B cells
under normoxia (lanes 2-11)
and hypoxia (lanes 13-22),
from Hep3B cells incubated
with 0.2 pM cadmium (lanes 3,
8, 14 and 19}, 0.5 pM cadmium
(lanes 4, 9, 15 and 20), 1.0 pM
cadmium (lanes 5, 10, 16 and
21 and 10.0 pM cadmium
(lanes 6, 11, 17 and 22) for 24 h,
The dot at the left indicates the
position of HIF-1. A total of
25 ng {0.5 pl, 12.5-fold molar
excess) of competitor DNA
(Comp) was added to each
reaction mixture (lanes 7-11
and 18-22). The
autoradiograph is
representative of three different
experiments with similar results,
B Densitometric analysis of the
band indicated by the circle in
A (lanes 13-22). Intensities are
expressed relative 1o the control
on the Y-axis. Three
experiments using different
nuclear extracts were performed
{n=13). Error bar represent one
standard deviation. *# <0.005,
significance compared with
hypoxia Comp— (lane 13);

** P <(.005, significance
compared with Cd 0.2 pM
Comp- (lane 14); ***P <(,005,
significance compared with Cd
0.5 uM Comp-- (lane 15);
*¥*¥+P <(.005, significance
compared with Cd 1.0 puM
Comp- (lane 16);
*EERED < 0,005, significance
compared with Cd 10.0 pM
Comp- {lane 17)
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However, L-NMMA. does not affect HIF-1 (Fig. 7A)
(Tarumoto et al. 2000; Tmagawa et al. 2002). On the
other hand, H,O, inhibits Epo gene expression by both
stimulating GATA-2 binding activity (Imagaws et al,
1996; Tabata et al. 2001) and by degrading HIF-lu
(Fig. 7B) (Huang et al. 1996). In this study, we have
shown that Cd inhibits Epo gene expression only by
inhibiting HIF-1 binding activity, and not by stimulating
GATA-2 binding activity (Fig. 7C). So far, we have
identified the suppression of Epo gene expression by
three different compounds: L-NMMA, H;0, and Cd,
The proposed mechanisms by which these compounds
suppress Epo gene expression are shown in Fig, 7A,B
and C, respectively. All three types of suppression were
observed in the Hep3B cell line. To clarify the patho-
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genesis of the suppression of Epo gene expression, an in
vivo system using mouse will be needed.

Other Epo inhibitors have been reported. Interleukin-
1 (IL-1), tumor necrosis factor-a (TNF-a), and trans-
forming growth factor-f (TGF-f) have been found to
inhibit hypoxia-induced Epo production in vitro (Jelk-
mann et al. 1990; Faquin et al, 1992). These cytokines
also inhibit erythroid progenitor cell proliferation, and
thus play a major role in the pathogenesis of the anemia
of chronic disease (Means and Krantz 1992), Jelkmann
et al. (1992) reported that IL-1 and TNF-« reduce by
approximately 50% the protein levels of Epo produced
in HepG2 cells in response to hypoxia., Faquin et al.
(1992) showed not only that IL-1 and TNF-« inhibit
Epo production by up to 89%, but that TGF-£ aiso has
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Fig. 6 Effect of cadmiunm on the expression of GATA. Electroph-
oretic mobility shift assay was performed using 1.5 pg protein from
Hep3B cells under normoxia (lanes 2, 4, 6, §, 10, 12, 15, 17, 19, 21,
23 and 25) and hypoxia (lanes 3, 5, 7, 9, 11, 13, 16, 18, 20, 22, 24
and 26), from Hep3B cells incubated with 0.5 uM cadmium (lanes
8-13), 1.0 uM cadmiom (lanes 15-20), and 10.0 pM cadmium
(lanes 21-26) for 24 h. The asterisk at the left indicates the position
of GATA-2, Three experiments using different nuclear extracts
were performed (h=3). The autoradiograph is representative of
three different egxperiments with similar results
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inhibitory effects that might differ from those of IL-1
and TNF-«, This effect appeared to occur at the level of
the Epo mRNA (Faquin et al. 1992). Recently, La Ferla
et al. (2002) showed that IL-If and TNF-¢ increased
GATA-2 and nuclear factor ¥B (NF-xB) binding ac-
tivity and inhibited Epo promoter activity. Furthermore,
functional inactivation of GATA-2 and NF-xB by oligo-
decoy techniques prevented the inhibition of Epo pro-
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duction by IL-If and TNF-a. In HepG2 cells stably
transfected with a dominant negative form of inhibitor
IkBg, the activation of NF-xB was inhibited, which
caused Epo mRNA levels and Epo protein secretion
to increase. Both GATA-2 and NF-xB appear to be
involved in the suppression of Epo gene expression by
IL-If and TNF-¢ in vitro, and may be responsible for
the impaired Epo synthesis that is observed in inflam-
matory disease in vivo (La Ferla et al. 2002). To eluci-
date the mechanism by which Cd suppresses Epo
expression, the effect of Cd on the function of NF-«B
needs to be clarified.
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Abstract

The promoter and enhancer elements of the mouse erythropoietin {mEpo) gene, which have high homology with those of
the human erythropoietin (hEpo) gene, were fused with luciferase. The construct was transfected into erythropoietin-
producing hepatoma cell line (Hep3B) cells by lipofectin with lacZ as an internal standard. The wild type (TGATA) showed
a 39,5-fold increase in induction by hypoxia, Mouse GATA-2 inhibited the hypoxic induction of the wild-type {m3), promoter-
Iuciferase construct but not the hypoxic induction of the mutant (m4, 5) promoter-{uciferase constructs. N®-monomethyl
L-arginine (L-NMMA) inhibited the hypoxic induction of the m3 promoter-luciferase construct, but this inhibition was recov-
ered by L-arginine. H,0, also inhibited the hypoxic induction of the m3 promoter-/ieciferase construct, but this inhibition was
recovered by catalase. Gel shift assays perforined on nuclear extracts of 293 cells overexpressing mGATA-1, -2, and -3 revealed
that mGATA-1, -2, and -3 bind to the TGATA element of the mEpo promoter. These results indicate that mGATA binds to
the TGATA site of the mEpo promoter and negatively regulaies mEpo gene expression. Negative regulation of mEpo gene
by GATA. transcriptional factors is discussed. /nt J Hemaro!l, 2002;75:376-381,
©2002 The Japanese Society of Hematology

Key words: Erythropoietin; GATA,; Transcriptional regulation; L-NMMA; H,O,

1. Infroduction hEpe gene promoter in Hep3B cells [3]. Although most
GATA transcription factors are known to be positive regula-

The human erythropoietin (hEpo) gene has been cloned  tors [4], mGATA-2 and mGATA-3 were found to act as neg-
[1] and is under the control of hypoxia-inducible factor-1  ative regulators of the expression of mouse peroxisome pro-
(HIF-1) through an HIF-1 binding site in its enhancer [2].  liferator-activated receptor v promoter [5], and hGATA-2
hEpe gene expression is negatively regulated by human  was shown to act as a negative regulator of hEpo gene
GATA-2 (hGATA-2), which binds to the GATA site of the  expression [3]. Furthermore, we previously found that NS-
monemethyl L-arginine (L-NMMA) or H,0, stimulates
hGATA-2 binding activity and mRNA. expression and then
inhibits hEpo promoter activity [6,7], Although the nucleo-

Correspondence and reprint requests; Shigehiko Emagawa, tide sequence of the mEpo gene has high homology with that
MD, PhD, Division of Hematology, Institute of Clinical Medicine, of the hEpo gene [8], the precise function of the mEpo gene
University of Tsukuba, Tsukuba, Ibaraki 305-8575, Japan; phone promoter has not been identified. We made constructs con-
and fax: 81-298-53-3124 (e-mail: simagawa®md.tsukuba.ac.jp). taining the promoter and enhancer elements of the mEpe
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-405

TCATCAC (m5)
TTATAAA (ind)
TGATAAC (m3)

E +214

pXP2 mEpo enhancer

Lnuciferase

Figure 1. Diagrams of the reporter construct and the witd-type (m3) and the mutated GATA (m4 and m5) used in this study. The pEpLuc con-
struct is shown in the center. Shown at top is the 619-bp insert from the Epa promoter. The mutation is indicated by underlining. mEpo indicates

mouse erythropoietin.

gene, which has high homology with the hEpo gene, and
luciferase (Luc) as a reporter pene, and then we performed
transient transfection to Hep3B cells. Furthermore, nuclear
extracts were prepared from 293 cells that overexpress
mouse GATA-1, -2, and -3, and electrophoretic mobility shift
assays (EMSAs) were performed with oligonucleotides con-
taining the wild and mutant GATA elements.

Because the GATA site in the promoter and the HIF-1
binding site in the enhancer are liver-inducible elements {2],
further analysis of kidney-inducible elements, using trans-
genic mice, should be performed to elucidate the compli-
cated mechanism of Epo gene regulation. Therefore, the pre-
cise promoter function of the mouse Epo gene should be
clarified by transfection analysis using cell lines.

2. Materials and Methods
2.1. Cell Culture

An erythropoietin-producing hepatoma cell line (Hep3B)
was obtained from the American Type Tissue Culture Col-
fection (Rockville, MD, USA), Cells were incubated under
both 21% (normexia) and 1% (hypoxia) oxygen for 24 hours
as previously described [9]. The hypoxic induction of Luc
gene expression is represented as a hypoxia/normoxia ratio
as previously described [3].

2.2, Plasmid Vectors

A 129/Sv] mouse h FIXIT phage genomic DNA library
(Stratagene, La Jolla, CA, USA) was screened with a probe
corresponding to the promoter region of the human Epo
gene, One phage clone (mEpo/FIXII) containing the mouse
Epo coding region and 12 kb of the upstream flanking region
was isolated. The Xbal-Sacl fragment, including the pro-
moter region of the mouse Epo gene {(—405 to +214 bp rela-
tive to the transcription initiation site), was excised from
mEpo/FIXII and subcloned into the Spel and Sacl sites of
pBluescript IT SK+ (Stratagene) plasmid vector (pmPWE).
Three promoters were prepared, the wild-type promoter
with a GATA element (m3, TGATAAC) and 2 mutant pro-
moters (m4, TTATAAA, and m5, TCATCAC), m3 was
mutated to m4 using the primer (5'-GCACACATGCIT
ATAAAATC-3') and to m5 using the primer (5'-GCACAC
ATGCTCATCACATC-3") by polymerase chain reaction
(Figure 1) [10]. A 175-bp Bg/TI-Pvull fragment containing

the 3' enhancer region of the Epo gene [11] was excised from
mFEpo/FIXII and cloned into the BamHI and EcoRV sites of
pBluescript II SK+ (pmE). The reporter plasmid pEPLuc
was used as a basic plasmid construct [12]. The human pro-
moter and enhancer sequences in pEPLuc were replaced
with those of the mouse Epo gene from pmPWt or its
mutated counterparts using the HindIll and Sacl restriction
sites (phEmP-Luc).

2.3. Transfection

A total of 7 X 10% cells in tissue culture plates (10 cm?/
well) (Falcon) were washed with serum-free media. A mix-
ture containing lipofectin (20 pg/well) (Life Technologies,

- Rockville, MD, USA), DNA. constructs, mGATA-2 (2 ng/

well), and lacZ (1 pgfwell) as an internal standard were
cotransfected as previously described [6]. Ten micrograms of
mouse GATA-1, -2, and -3, respectively, in the expression
plasmids was transfected to 293 cells by lipofection (FuGene,
Roche, Indianapolis, IN, USA) [4].

2.4, DNA Binding Assay

Nuclear extracts were prepared as previously described
{4} Protein concentrations were determined by BioRad pro-
tein assay (BioRad, Hercules, CA, USA) using bovine serum
albumin as a standard, Sense-strand oligonucleotides (m3,
GCA CAC ATG CTG ATA ACA TCC CCG ACC CCC;
md, GCA CAC ATG CIT ATA AAA TCC CCG ACC
CCC,m5, GCA CACATG CTCATC ACA TCC CCG ACC
CCC) were end-labeled with T4 polynucleotide kinase
(Toyobo, Tokyo, Japan) and annealed to a 4-fold excess of
the unlabeled antisense oligonucleotides. Two nanograms of
labeled probe (y-*2P-ATP) was used in each binding reac-
tion. The binding buffer consisted of 10 mM Tris HCI (pH
7.5), 1 mM EDTA, 4% Ficoll, 1T mM dithiothreitol, and 75
mM KCI. An equimolar mixture of poly[d(I-C)] and
poly[d(A-T)] (Sigma, St. Louis, MO, USA,; 25 ng) was used
as a nonspecific competitor, The reaction mixtures (25 pL)
were incubated for 15 minutes at 4°C and then elec-
trophoresed on 5% nondenaturing polyacrylamide gels in
025 X TBE buffer (22 mM Tris Borate, 22 mM boric acid,
0.5 mM EDTA) at room temperature at 150V for 1.5 hours
as previously described [4]. Gels were vacuum-dried, and
then autoradiography was performed using intensifying
screens at —70°C for 2 hours. Either 0.5 pL or 1.0 pL of
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mouse GATA-1, -2, and -3 monoclonal antibodies (Santa
Cruz, Santa Cruz, CA, USA) were incubated with the
mGATA-1, -2, and -3 transfected nuclear exiracts for 20
minutes at 4°C, respectively.

2.5, Other Assays

Luc activity in 20 wL of the cell extract was determined
by Autolumat luminometer (Berthold, Bundoora, Australia)
for 10 seconds. Each measurement of relative light units was
corrected by subtraction of the background and standard-
ized to the B-galactosidase internal transfection control
activity. Hypozxic inducibility was defined as the ratio of cor-
rected relative light units of the hypoxie (1% 0O,) dish to
those of the normoxic (21% O,) dish as previously
described [6]. L-NMMA, L-arginine, H,0, and catalase (all
from Sigma) were used at 107 M, 10 M, 500 M, and 100
pg/mL, respectively.

3. Resulis
3.1. Epo Promoter Activity Is Inhibited by mGATA-2

When the m3 promoter-luciferase construct was trans-
fected into Hep3B cells, hypoxic induction of the m3 pro-
moter-luciferase construct was 39.5 + 9.7-fold higher than
that of the normoxic m3 promoter-fuciferase construct
{mean £ 1 SD, n = 4} (Figure 2). Addition of mGATA-2
reduced the hypoxia/normoxia ratio to 11.7 + 2.3,a 70.4%
reduction (Figure 2). These results indicate that the hypoxic
induction of Epo gene expression is suppressed by
mGATA-2 through the Epo gene regulatory regions. When
the mutant promoter constructs m4 and m5 were (rans-
fected into Hep3B cells, the hypoxia/normoxia ratios were
44.2 * 84 and 39.2 + 7.5, respectively, In the presence of
mGATA-2, these ratios were unchanged. These results
strongly indicate that mEpo gene expression, like hEpo
. gene expression, is negatively regulated by the binding of
mGATA-2 through the GATA sequence. Furthermore, the
addition of mGATA-2 to the TATA mutant (m4) promoter-
luciferase construct was more effective in stimulating mEpo
promoter activity than was the addition of mGATA-2 to
the CATC mutant (m5) promoter-fuciferase construct.

3.2. mEpo Promoter Activity Is inhibited by
L-NMMA and Recovered by L-Arginine

‘When Hep3B cells transfected with the m3 promoter-
luciferase construct were incubated in the absence and pres-
ence of L-NMMA, the hypoxia/normoxia ratios were 45.6 +
0.9 (mean = 1 8D, n = 4) and 24.8 = 3.2, respectively, repre-
senting a 45.6% reduction in the presence of L-NMMA (Fig-
ure 3). However, in the presence of both L-arginine and
L-NMMA, the hypoxia/normoxia ratio recovered to 49.9 *
3.8 (Figure 3), When the m4 promoter-luciferase construct
was transfected into Hep3B celis, hypoxic induction of the
m4 promoter-luciferase construct was 49.7 =+ 8.5-fold. In the
presence of L-NMMA or of L-arginine and L-NMMA,
hypoxic inductions were unchanged, at 62.8 * 5.3 and 58.7

fold induction
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Figure 2. Mouse erythropoietin (mEpa) promoter activity and effect
of mouse GATA-2. Wild-type and mutated mEpo constructs were frans-
fected into erythropoistin-producing hepatoma cell line (Hep3B) cells
by lipofectin, After incubation wnder hypoxia or normoxia with and
without mGATA-2, luciferase and p-galactosidase were assayed. Four
separate experiments (triplicate samples) were performed (n = 4). Error
bars represent 1 standard deviation. *Significantly different from con-
trol, £ < 00%.

4.3, respectively (Figure 3}. The results in this study were sim-
ilar to the previous report with human Epo [6].

3.3. mEpo Promoter Activity Is Inhibited by H,0, and
Recovered by Catalase

When Hep3B cells transfected with the m3 promoter-
luciferase construct were incubated in the presence of H,0,,
the hypoxia/mormoxia ratio decreased to 19.0 + 4.7,a 51.2%
reduction (Figure 4). However, in the presence of 1,0, and
catalase, the ratio recovered to 37.7 £ 6.6 (Figure 4). When
the m4 promoter-luciferase construct was transfected into
Hep3B cells, the hypoxic induction of m4 promoter-fuciferase
construct was 45.8 % 9.0-fold. However, the effect of H,O,
was not as significant in the md-transfected cells as it was in
the m3-transfected cells, The addition of F,0, decreased the
hypoxic induction to only 34.6 = 1.7-fold. Some basal level
of H,0, suppression in the ma-transfected cells existed. Pre-
vious reports indicated that the suppression of Epe gene
expression by H,0, is caused by the inactivation of HIF-1a
[13] and stimulation of GATA. [7]. Because the GATA site
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Figure 3, Efiect of N°-monomethy] L-arginine (L-NMMA) on mouse erythropoietin (mEpo) promoter activity, Experimental conditions were the
same as those described in Figure 2. *Significantly different from control, P < .001.

was mutated to TATA in the m4 construct, the suppression  ure 4). These results indicate that H,O, inhibits mEpo pro-
by H,0, in md-transfecied cells is caused by the inactivation ~ moter activity through the GATA sequence. The results in
of HIF-1a in the enbancer. However, in the presence of H,0,  this study were similar to the previous report with human
and catalase, the ratio recovered to 46.0 * 5.6-fold (Fig- FEpo[7)].
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Figure 4. Effect of H,0, on mouse erythropoietin (mEpo) promoter activity, Experimental conditions were the same as those described in Figure 2,
*Significantly different from control, P < .001.
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Figure 5. Electrophoretic mobility shift assays (EMSAs) with mouse GATA-1, -2, and -3 (ransfected nuclear extracts. Nuclear extracis were pre-
pared from 293 cells that overexpress mouse GATA-1 {A), -2 (B), and -3 (C). EMSA was performed using 1.0 ug of protein from mock (lanes 2) and
mGATA-1 (A),-2 (B),and -3 (C) overexpressing 293 cells (lanes 3-10) with an oligonucleotide containing the wild-type GATA element (m3). Twenty
nanograms (10-fold molar excess) or 200 ng (100-fold molar excess) of competitor DNA containing the wild-type GATA element (m3) or mutant-
type GATA element (md) and 1.0 kL of nonspecific immunoglobulin {Ig)G was added fo each reaction mixture {lanes 4-5,6-7, 10). Either 0.5 pL or
1.0 p.L of mouse GATA-1 (A) and -3 (C) monoclonal antibadies and 3.0 pL or 6.0 pL of mouse GATA-2 (B) monoclonal antibady (Santa Cruz, Santa
Cruz, CA, USA) were incubated with the mouse GATA-1 (A), -2 (B), and -3 (C) transfected nuclear extracts for 20 minutes at 4°C (lanes 8-9), The
circle, square, and triangle at left indicate the positions of the GATA-1 (A), -2 (B), and -3 (C) transcription factor, respectively. The asterisk at left indi-

cates the position of the supershift band of GATA-2 (B).

3.4, Mouse GATA-1, -2, and -3 Bind to the TGATA
Sequence

To determine whether mouse GATA-1, -2, and -3 bind to
the TGATA sequence, nuclear extracts were prepared from
293 cells that overexpress mouse GATA-1, -2, and -3, and an
EMSA was performed with an oligonuclectide containing
the wild-type GATA element (m3) (Figure 5). Mouse
GATA-1, -2, and -3 bound to this GATA element (Figure 5,
lanes 3 and 10: positions of bands are indicated by circle,
square, and triangle at left). These bands disappeared with
the addition of an oligonucleotide coniaining the wild-type
GATA element (m3) (Figure 5, lanes 4-5), However, these
bands did not disappear with the addition of an oligonu-
cleotide containing the mutant-type GATA element {m4)
(Figure 5, lanes 6-7). To examine the specificity of these
retarded bands, the mGATA-1,-2, and -3 transfected nuclear
extracts were incubated with the mGATA-1,-2, and -3 mono-
clonal antibodies, respectively, for 20 minutes at 4°C, These

retarded bands disappeared with the addition of mGATA-1
and -3 monoclonal antibodies, respectively (Figures SA and
5C, lanes 8-9). The retarded band was supershifted with the
addition of the mouse GATA-2 monoclonal antibody, as
indicated by the asterisk (Figure 5B, lanes 8-9). These results
strongly indicate that mouse GATA-1, -2, and -3 each specif-
ically bind to the TGATA sequence.

4, Discussion

The preceding results show that mouse GATA-1, -2, and
-3 each bind to the TGATA sequence of the mEpo pro-
moter and thereby negatively regulate mEpo gene expres-
sion. The negative regulation of mEpo gene expression by
mGATA-2 is similar to that observed in hEpo gene regula-
tion, Hep3B cells are well-known human hepatoma cells
that produce Epo constitutively [14]. Epo expression in
these cells is also stimulated by hypoxia [14). Furthermore,
we found that Hep3B cells express GATA-2 [3]. Therefore,
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in this study, the effect of mGATA-2 was evaluated by tran-
sient fransfection,

Aird el al reported that TF-IID also binds to the TGATA
element of the mEpo promoter and positively regulates
mEpo gene expression [15], These researchers demonstrated
that mGATA-1 competes with basal factors to bind to the
mEpo gene, and the initlation of in vitro transcription from a
GATA box-containing promoter might be inhibited by
GATA protein [15]. They showed that mGATA-2 also
inhibits the initiation of transcription from rat platelet factor
4 {PF4) (AGATA sequence) in vilro and suggested thal a
more widely distributed GATA protein such as GATA-2
might be responsible for transcriptional repression of the
mEpo gene [14]. We previously reported [3] that basic hEpo
expression by the TATA mutant was higher than that of the
wild type and that hGATA-2 up-regulated expression of the
hEpo gene in the TATA mutant. Mouse GATA-2, like
human GATA-2, up-regulates mEpo expression in the
TATA mutant (m4) but not in the CATC nustant {m53). We
speculate that mouse TF-ID also binds to the TGATA
sequence and positively regulates mEpo gene expression and
that mGATA-2 stimulates the cofactor of TF-ITD.

GATA transcription factors are known (o act as positive
regulators of gene expression for most genes [4). To act as a
positive or negative regulator, GATA may assemble different
combinations of cofactors depending on the gene and cell
type [16]. Some proteins act as negative regulators through
steric inlerference of preinitiation complex formation and
may constitute a general mechanism of negative gene regula-
tion [17-19}. Such proteins include those containing the
engrailed homeodomain, Drosophila P-element transposase,
and BPV-1 E2-transactivating proteins. In each case, the effect
is mediated by specific transcription factors that have a dual
function depending on the location of their cognate site rela-
tive to the TBP-binding site. In upstream promoter regions,
these factors function as transcriptional activatars, whereas in
the vicinity of the TATA box, they inhibit the initiation of
transcription by interfering with the assembly of basal factor

" complexes. This mechanism of transcriptional repression and
negative regulation may have biologic importance.

As for human- Epo gene regulation, L-NMMA and H,0,
inhtibited the hypoxie induction of the wild-type promoter-
luciferase canstruct, but these inhibitions were recovered by
L-arginine and catalase, respectively. These results suggest that
the mouse Epe gene is positively regulated by HIF-1 [2] in the
enthancer and negatively regulated by GATA in the promoter.
The destruction of this balance may be related to the failure of
Epo production. Because this study indicates that the GATA
site of the mouse and human Epo gene promoter negatively
regulates the Epo gene, it is possible that GATA. transcription
factors might be the key regulators of the Epo production site
that moves from the fetal liver to the aduit kidney.
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I evels of vascular endothelial growth factor are elevated in patients
with obstructive sleep apnea—hypopnea syndrome

Shigehiko Imagawa, Yujl Yamaguchi, Masate Higuchl, Tomahiro Neichl, Yuichi Hasegawa, Haruml Y. Mukai,
Merio Suzuki, Masayukl Yamamoto, and Toshlro Nagasawa

To better understand how humans adapt
to hypoxia, the levels of hemoglobin (Hh),
serum erythropoletin (Epo), and vasctlar
endothelial growth factor (VEGF) were
measured fn 106 patlents with severe

drome. The tesults Indlcated that tempo-
ral hypoxic stimulation increases Hb. Fur-
thermote, a minor increase in Epo and a
substantial increase In VEGF were found.
The Induction in patients with severe sleep
apnea was greater than that reported In

other types of hypoxia. (Blood. 2001;98;
1255-1257)

® 2001 by The American Society of Hematology

chbstructlve sleep apnea-hypopnea syn-

Introduction

Remarkable progress has been made in understanding the molecu-
lar basis of oxygen sensing and transcriptional regulation of
physiologically relevant genes, including those encoding erythro-
poietin (Epo) and vascular endothelial growth factor (VEGF).!
Induction of these genes confers multiple responses for mainte-
nance of oxygen hemostasis, At the transcriptional level, these
genes are all under the control of hypoxia-inducible factor-1
(HIF-1).2 There is an HIF-1 binding site in the enhancer of the Epe
gene? and in the promoter of the VEGF gene.? Both of these genes
are induced by hypoxia in vivo and in vitro by means of a common
oxygen and signaling pathway! HIF-1 is a widely expressed
heterodimeric protein composed of HIF-1a and aryl hydrocarbon
nuclear translocator (ARNT) subunits, both of which belong to the
rapidly growing PAS family of basic helix-loop-helix (bHLH}
transcription factors.* At the messenger RNA (mRNA) level, bath
HIF-I and ARNT genes are constitutively expressed and not
significantly up-regulated by hypoxia. Whereas changes in oxygen
tension do not affect ARNT protein abundance, hypoxia markedly
increases the levels of HIF-la protein.® The oxygen-dependent
degradation (ODD) of HIF-la is mediated by an internal 200-
residue ODD domain via the ubiquitin-proteasome pathway.
Despite these findings in vitro, very little is known about the steps
underlying the activation of HIF-1 fhrough the oXygen sensor by
hypoxia in humans, Plasma Epo increases exponentially with the
degree of hypoxia in humans” High altitude stimulates Epo
productior: in humans.® Obstructive sleep apnea is a recognized
cause of sleep-associated hypoxemia.® Nocturnal oxygenation
correlates with daytime awake arterial oxygen saturation, but it
cannot be adcurately predicted from awake measurements of
oxygenation in patients with obstructive sleep apnea or chronic
obstructive pulmonary disease, ' Intermittent nocturnal hypoxia in

patients with cbstructive sleep apnea was not accompanied by
elevated serum Epo or erythrocytosis.!! However, the number of
the subjects in this study was small (n = 26) and did not in¢lude
severely affected patients. In the present study, the responses of
VEGF and Epo to temporal hypoxic stimulation were assayed in
patients with severe obstructive sleep apnea-hypopnea syn-
drome (OSAHS).

Study design

We measured the levels of hemoglobin (Hb), serum VBGE, and Epo in
patients with severe OSAHS (n = 106) and compared them with the levels
in controls (n = 435). Individuals with anemia (Hb < 12.0 g/dL), renal or
liver disease, and coronary artery disease were excluded, Assays of serum
VEGF and Epo were performed by enzyme-linked immunosorbent assay.
Serum samples were obtained from the patients when they first came to the
clinic, The patients, all of whom had severe OSAHS, were divided into 5
groups according to the apnea-hypopnea index (AHY; 30-49, 50-69, 70-89,
90-109, and > 110} and the controls had an AHI of less than 5, as shown in
Table 1.

Results and discussion

With increases in the AHI, PaO, significantly decreased from

"89.83% * 9.4% (in the control group) to 78.2% * 5.1% (in the

AHI > 110 group) (Figure 1). In contrast to PaO,, Hb significantly
increased from 14.5 *+ 1.4 g/dL. (control) to 17.2 £ 0.3 gfdL
(AHT > 110 gronp) (Table 1). Serum VEGF levels significantly
(P < .005) increased from 130 % i1l {control) to 755 = 182
pg/mL (AHI > 110 group), 5 times higher than the control level
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Table 1. Levels of Hb, serum Epo, and VEGF in patients with severe OSAHS
and controls

Hb Epo VEGF

AHI {g/dl) {mU/mLy - {pg/mL) n
<5 146 * 1.4 10x5 150 + 111 45
30-49 156+ 1.1* 17 = 20t 250 * 202" 41
50-69 153+ 1.2* 13 = 7% 582 + 415* 37
70-8% 165 =1.2" 16 £ 14t 547 + 517" 22
90-109 15.7 % 1.31 14 =10 450 + 250 8
=110 17.2 £ 0.3 14 x5 755 + 182+ 4

Numbers represent mean 18D,

AH! indicates apnea-hypopnea index; Hb, hemoglobin; Epo, ervihropoietin;
VEGF, vascular endothetial growth factor; OSAHS, obstructive sleep apnea-
hypopnea syndrome, .

*P < 005 compared to AHI < &.

TP < .025 compared o AHI < 5,

(Table 1). The serum Epo level in the control group was 10 * 5
mU/mL (Table 1). Compared with the control level, Epo levels in
the AHI 30 to 49, 50 to 69, and 70 to 82 groups were increased to
17, 13, and 16 mU/mL., respectively (P < .025), 1.6 times higher
than the control level (P << .025) (Table 1). However, the levels in
the AHI 90 to 109 and AHI greater than 110 groups were not
increased (# > .05) (Table 1}. Furthermore, there were no signifi-
cant relationships between Epo and Hb, between VEGF and Hb, or
between Epo and VEGF (data not shown).

Moore-Gillon and Cameron demonstrated that 2 hours of
hypoxia (12% oxygen} per day leads to a rise in red cell mass in rats
and that there is a dose-response relationship between the duration
of hypoxia and red cell mass.'? Other workers have shown that 1
hour of hypoxia {10% oxygen) per day leads to a rise in hematocrit
in rats.* However, despite substantial noctumal hypoxemia in
some patients in the former study, there was no significant effect on
serum Bpo, and no significant change occurred when nocturnal
hypoxemia was corrected by nasal continuous positive airway
pressure.!! Also, no patient had a serum Epo level more than 48
mU/mL, which was the upper limit of the normal range for the
assay system used.!* Thus, intermittent noeturnal hypoxemia in the
' patients was not accompanied by significantly elevated serum Epo
levels. This finding conflicted with those of Cahan and associates,
who demonstrated that serum Epo levels in patients with obstruc-
tive sleep apnea were approximately 2-fold higher than those in
normal subjects. Daytime hypoxemia appears to be an important
determinant of serum Epo and red cell mass'S in patients with
chronic lung diseage, but noctunal hypoxemia does not appear to exert
an appreciable independent influence on erythrocyte production. 16

We found an increase in Hb, a minor increase in Epo, and a
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* Indicaies P < .005; **, P <- 045,

substantial increase it VEGF in the patients with OSAHS. The
[.6-fold increase in Epo in our study was compaltible with that in a
previous report.! This result indicates that a small increase in Epo
allows for a corresponding increase in red cell mass. The resultant
enhanced delivery of oxygen to tissues then dampens the hypoxic
signal, thereby shutting off further stimulus for Epe gene transcrip-
tion. This represents the closing of a negative feedback loop,

Ag to the response of VEGF by hypoxia, Gunga and colleagues
reporied reduced VEGF concentrations immediately after an
ultramarathon run at high altitude.’” Asano and coworkers mea-
sured a transient decrease of serum VEGF 10 days after the
beginning of altitude training at 1886 m, followed by an increase,
reaching maximum valoes on day 19.'"® Schobersberger and
associates reported that VEGF in a group of runners was signifi-
cantly elevated after they ran the Swiss Alpine Marathon of Devos
(distance 67 km, altitude difference 2300 m) and further increased
2.4-Told until day 5 after exposure. Epo was also increased after
exercise but reached a maximum 2 hours after the un (2-fold
increase) and decreased thereafier.” They concluded that the
increase of VEGF was due to both the stimulation of hypoxia and
exercise. Bspecially after exercise, the tissue damage that occurred
as a resull of running increased the levels of cytokines such as
interleukin 6 (IL-6) and tumor necrosis factor-e (TNF-a) which, in
turn, may have stimulated the production of VEGF mRNA. ¥ Tt is
possible, though unlikely, that changes in IL-6 and TNF-w in
patients with OSAHS contribute to the observed increase in VEGF
and Epo.
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Response:

CORRESPONDENCE 343

Elevation of vascular endothelial growth factor in patients with obstructive sleep
apnea—hypopnea syndrome is not due to increased platelet counts

Gunsilius et al raise the possibility that the elevated vascular
endothelial growth factor (VEGF) levels that we saw in our
patients with obstructive sleep apnea—hypopnea syndrome (0S-
AHS) may be due to increased platelet counts that in turn lead to
higher production of VEGF during clotting. Because we did not
report platelet counts of our patients, this was a reasonable
supposition. However, we can report additional data that argue
against this hypothesis (Table 1). First, the platelet counts in our
patients were normal, and second, there was no correlation
between platelet count and apnea-hypopnea index (AHI). On the
other hand, as reported in our paper,! VEGF levels increased
significantly with increasing AHI.

Gunsilius et al wondered whether we observed edema, weight
gain, or cardiopulmenary problems in our patients, which would be

Table 1. Levels of VEGF and platefet counts with severe QSAHS and controls

Serum VEGF Platelet count

AHI (po/mL) (> 10%pL) n
Less than 5 {contral} 150 = 111 24.8 = 5.0 45
30-49 250 + poat 253+ 72 a1
£0-69 582 * 415* 24.4 * B 37
70-89 547 & 517" 240+ 43 22
90-109 450 =+ 250° 25,9 = 0.1 ]
Greatet than 110 755 + 182* 28.0x 57 4

“P < 005 compared to AH| < 5,

expected to result from chronic elevated VEGF levels. We did see
edema, weight gain, and systemic hypertension in some of the
patients with severe OSAHS, but there was no clear relationship
between the levels of VEGF and these symptoms. However
OSAHS is a temporary problem that cccurs during only a portion
of the day,? and half-lives of VEGF and erythropoietin (Epo) are
less than § hours, Therefore, a lack of correlation between VEGF
levels and these symptoms is not surprising. Still, cardiac arrhyth-
mia and conduction disturbances® and pulmonary hypertension*
have been reporied in patients with sleep apnea, but in both cases
these conditions were not chronic but oceurred on a daily cycle,

The simple explanation for the elevated VEGF levels in
patients with OSAHS is that it is induced by hypoxia. However,
induction of VEGF may be a complex process that may involve
other factors such as interleukin-6 and tumor necrosts factor o.%
Further studies of these latter factors are needed to clarify the
response of VEGFE.

Shigehiko Imagawa, Yujl Yamaguchl, Masato Higuchi, Tomehiro Nelchl,
Yuichi Hasegawa, Haruml ¥ Mukal, Norlo Suzukl, Masayukl Yamamoto,
and Toshiro Nagasawa.
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.Abstract

Background: \n previous studies, significantly elevated
levels of vascular endothelial growth factor (VEGF) have
been reported in patients with severe obstructjve sleep
apnea-hypopnea syndrome {(OSAHS). On the other
hand, plasma tumeor necrosis factor-u (TNF-a} and inter-
leukin-6 (IL-6) have been significantly higher in mild
sleep apneics than In normal controls. However, this
study included a small number of patients and milder
cases of OSAHS. Objectives and Methods: To assess the
involvement of IL-6 and TNF-o in VEGF increases in
patients with severe OSAHS, serum levels of IL-6 and
TNF-¢ were determined in patients with severs OSAHS
{n =110} and compared to those of controls {n = 46} using
an enzyme-linked immunosorbent assay. Results: No
significant increase in IL-6 or TNF-u was detected in the
present study cohort. However, the body mass index
was significantly correlated with the severijty of the ap-

nea-hypopnea index, Conclusions: These data suggest
that the elevation in VEGF is not directly related to IL-6 or
TNF-u levels. However, the question of whether VEGF is
the cause or the result of OSAHS remains to be deter-
mined. Further studies are neaded to clarify the role of
iL-6 and TNF-¢ in the pathogenesis of OSAHS, in which

obesity should be entered as an independent factor.
Copyright® 2004 S, Karger AG, Baas!

Introduction

In a previous study, the responses of vascular endothe-
lial prowth factor {(VEGF) and erythropoietin (EPO) to
temporal hypoxic stimulation were assayed in 106 pa-
tients with severe obstructive sleep apnea-hypopnea syn-
drome (OSAHS), since both of the penes are regulated
by hypoxia [1]. With increasing apnea-hypopnea index
(AHI), PaO; significantly decreased from 89.8 + 9.4 (in
the control group) to 78.2 & 5.1 Torr (in the AHI =110
group) [1]. In contrast to PaOy, hemoglobin (Hb) signifi-
cantly increased from [4.5 + 1.5 (control) to 17.2 =
0.3 g/dl (AHI =110 group). Serum VEGF levels signifi-
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cantly increased from 150 % 111 (control) te 755 %
182 pg/ml {AHI =110 group), 5 times higher than the
conirol level [1]. The serum EPO level in the control
group was 10 = 5 mU/ml, EPO levels increased to [.6
times the control level {1]. In patients with severe sleep
apnea, VEGF production was increased compared to
patients with other types of hypoxia [1]. There were no
significant relationships between EPO and Hb, between
VEGF and Hb, or between EPO and VEGF [1]. Gozal et
al. [2] recently reported that circulating VEGF levels are
also frequently elevated in patients with obstructive sleep
apnea and suggested that milder VEGF plays a role in the
regulation of tissue oxygen delivery. Although hypobaric
hypoxia exposure during high-altitude climbing was not
significantly associated with VEGF levels in randomly
collected serum samples in humans [3), circulating levels
of VEGF were elevated in the serum of experimentally
induced hypoxia of a rodent model [4]. Interestingly,
patients undergoing a surgical procedure will also tempo-
rarily increase circulating VEGF levels, suggesting that
multipte pathophysiological pathways such as inflamma-
tory processes and stress may underlie the upregulation of
VEGF expression [5, 6). Furthermore, Vgontzas et al. [7,
8] reported that plasma TNF-a and IL-6 were significant-
ly higher in patients with the sleep apnea syndrome than
in normal controls. However, the investigators examined
milder patients and small numbers (AHI 63.7 + 10.3;n=
12, AHI 48.7 £ 5.6;n = 14), and did not examine patients
with severe OSAHS. It is possible that changes in 1L-6 and
TNF-a contribute to the observed increase in VEGF in
our patienis with severe OSAHS. Therefore, we hypothe-
sized that increases in the cytokines I1.-6 and TNF-a may
.induce the expression of VEGF in our patients with
severe OSAHS.

Materials and Methods

Study Design ‘

We measured seram 1L-6 and TNF-o levels in patients with
severe OSAHS (n=110) and compared them with the levels obtained
in controls {n = 45). Indjviduals with anemia (I1b <12.0 g/dl}, renal
or liver discase, and coronary arterial disease were excluded. Serum
IL-6 and TNF-a were assayed by ELISA. When patients first came to
the clinic, serum samples were obtained in the sitting position in the
moming. The study cobori, consisting of patients with severe
OSAHS, was divided into five patient groups according to the AHI
(30-49, 50-69, 70-89, 50-109 and =110} and the control group,
who had an AHI < 5. Furthermore, patients with severe OSAHS were
divided into six groups according to their BMI (<20, 20 < BMI <235,
25 < BMI <30, 30 < BMI <35, 35 < BMI <40, 40 kg/m? < BMI).
All patients gave written informed consent to participate in the
study, and the study was reviewed and approved by a recognized

I1.-6 and TNF-u in Patients with Sleep
Apnea

ethics review committee of the Center for Sleep Respiralory Disor-
der. The study was performed in accordance with the Declaration of
Helsinki.

Measurements of Sertmn IL-6 and TNF-a Concentrations

Assays of serum 11~6 and TNF-0 were performed using an ELISA
kit (R&D Systems, Minneapolis, Minn., USA). The minimum de-
tectable doses of IL-6 and TNF-, are typically <(0.70 and <10.0 pg/
ml, respectively, in our hands. Intra-assay precision and inter-assay
coefficients of variation of 1L-6 are 4.2 and 6.4% and of TNF-a. 5.2
and 7.4%.

Analysis
Student’s t test was used to asscss the level of significance.

Results

To elucidate the hypoxic levels of the patients, the rela-
tionship between desaturation and AHI was investigated.
As shown in figure 1, desaturation was well correlated
with the severity of AHI in these patients (fig. 1). At each
BMI, desaturation was well correlated with AHI (BMI
<20:r =041, 20 = BMI <25:r = 0,47, 25 = BMI < 30;
r=0.61, 30 = BMI <35:r =0.52, 35 < BMI <40: 1 =

0.73, 40 = BMLIL r = 0.64). Serum IL-6 was 24.4 pg/ml

in controls. Although serum IL-6 levels were 38.5 and
34.5 pg/ml in the group of AHI 70-8% and AHI 90-109,
respectively, in the patients with severe OSAHS they were
not significantly different from the controls (table I,
fig. 2). On the other hand, serum TNF-u level was
25.0 pg/ml in the controls (table 2}, In the group of AH]
90-109, and that =110, TNF-o was increased (30.7 and
39.8 pg/mi, respectively) compared to the controls, but
the differences were not significant (table 2, fig. 3). Vgont-
zas et al. [7] reported that plasma TNF-o and IL-6 were
significantly higher in mild sleep apneics than in normal
controls. Furthermore, they reported a strong positive
correlation between IL-6 and BMI [8], In the present
study, the BMI of the controls was 22.9 kg/m? and was
significantly correlated with the severity of AHI (table 3,
fig. 4). BMI was weakly correlated with IL-6 levels in the
group of AHI <5: r = 0.134: p < 0.01, AHI 30-49: r =
0.130: p< 0.01, AHI 50-69: r = 0.082: p< 0.01, and AHI
90-109: r = 0.368: p < 0.05, respectively, BMI was also
weakly correlated with TNF-o levels in AHI<5:r=0.078;
p<0.01, AHI 30-49: r = 0.334: p < 0.01, AHI 50-69: r =
0.097: p<0.01, AHI 70-89, r =0.115: p < 0.05, and AHI
z [10:r=0.584: p < 0.01, respectively (table 4).
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Fig. 1. Relationship between desaturation
and AHL

Table 1. Serum I1-6 concenirations in the Table 2. Serum TNF-o concentrations in Tahle 3. BMI in the patients with severe

patients with severe CSAHS the patients with severe OSAHS OSAHS
AHI S " Sample  AHI  TNF Sample  AHI . BMI " Sample
* pg/ml . No. o pe/ml No. . ‘ kg/m? ' No.

<3 244£77.0 46 <5 250+26.4 47 <5 22929 46
30-49 19.3£56.3 45 30-49 217227 45 30-49 26.7+3.8 45
50-69 641+ 18.2 36 50-69 26,7+£37.5 38 50-69 26.4:4:5.4 37
70-8% 38541210 24 70-89 28.6:+27.9 24 70-89 28.5%3.6 24
90-10% 34.5+£554 7 90-109 30.7+21.1 6 20-109 32,1+6.6 8

=110 1£420 5 =110 39.8+379 3 =110 36.34£3.0 5

Table 4. Relationships between Bivil and

1L6 or TNF-g AHI BMLIL-6 BMETNF-u
<5 y=364x~59.33  r=0.13¢*  y=071x+6.47  r=0.078*
30-49 =-212x+7.92  r=0.130* y=258x-4534  r=0334*
50-69 y=038x+16.72  r=0.082* y=093x+52.63  r=0097*
70-89 y=079x+17.53  r=0024 y=079x+17.53  r=0.115%
90-109  y=-2.91x+12824 r=0.368* y=095x-095  r=032
2110 y=104x+211  r=0.08l y=-832x+331.74 r=0.584*

*p<0.01, * p<0.05.

20 Respiraiion 2004;71:24-29 Imagawa/Y amaguch'i! Ogawa/Qbara/
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Fig. 2. Relationship between IL-6 and AHI.

Fig. 3. Relationship between TNF-o and

AHL

Fig. 4. Relationship between BMI and AHI,
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Discussion

Rased on available information on IL-6 in human dis-
eases, the serum IL-6 concentration seems io be a good
indicator of activation of the inflammatory cascade and a
predictor of subsequent organ dysfunction [9]. Respirato-
ry problems and hypoventilation during sleep are com-
mon among obese patients [10]. Inflammatory cytokines
seem to be involved in the regulation of sleep in animals
and humans[11, 12]. Vgontzas et al. [7, 8] concluded that
TNF-a and IL-6 may mediate somnogenic activity and
fatigue associated with excessive daytime somnolence in
obese patients with sleep apnea. They demonstrate that
serum TL-6 concentrations were positively correlated with
the level of obesity assessed by BMI. In contrast, in a
study by Roytblat et al. [13], IL-6 levels were comparable
in obese patients and patients with obstructive sleep
apnea syndrome. In their study, IL-6 levels were 34-fold
higher in the patients with obesity-hypoventilation than
in the controls, and 8-fold higher than in the patients with
the obstructive sleep apnea syndrome. However, serum
IL-6 levels were increased in all obese subjects [13]. The
relationship between BMI and AHI found in the present

study clearly shows that severe sleep apnea is associated

with obesity. To elucidate the role of IL-6 and TNF-¢ in
the pathogenesis of OSAHS, obesity should be entered as
an independent factor into this study.

TNF-a correlates strongly with lipolysis, and this cyto-
kine causes marked insulin resistance [14-16] and stimu-
lates leptin secretion [17-19], Circulating concentrations
of leptin are not only proportional to the total body fat but
also to the degree of insulin resistance [20]. Chronic leptin
administration has been associated with sympathetic sys-
tem activation and elevation of blood pressure [21], sug-
gesting that it might play a role in the pathogenic expres-
sion of sleep apnea [8]. In fact, Vgontzas et al. [B] reported
that sleep apneic men had higher plasma concentrations
of the adipose tissue-derived hormone leptin than non-
apneic obese men. To elucidate the changes in VEGF
more precisely, leptin should be measured in patients
with severe OSAHS.

VEGEF is an endothelial-cell-specific mitogen that in-
creases oxygen delivery to peripheral tissues by stimulat-
ing angiogenesis and improving tissue capillary density
[22]. Increased VEGF protein expression occurs following
hypoxia by enhanced transcriptional regulation of the
VEGTF gene through binding of the hypoxia-inducible fac-
tor-1 (HIF-1) to a hypoxic response element in the 5’
flanking region of the VEGF gene promoter [23]. Recent-
ly, elevated serum VEGF concentrations have been re-

28 Respiration 2004;71:24-29

ported in several conditions that are not inherently as-
sociated with the typical intermittent hypoxia seen in
OSAHS. In a cohort of patients with cystic fibrosis, ele-
vated VEGF levels decreased after antibiotic therapy
associated with clinical improvement in inflammatory
markers [24]. Similarly, increased VEGF levels occur in
several oncological conditions including brain, breast,
and colorectal cancers, and have been proposed as clini-
cally applicable prognostic markers [25-29]. In the
present study, we found no significant elevation in the
levels of IL-6 or TNF-u in the patients with severe
OSAHS. Our data suggest that the elevation in VEGF is
not directly related to the levels of IL-6 or TNF-o. One
could envision that VEGF expression could be altered by
confounding factors to make the correlations between
VEGF and TNF-o/IL-6 more tenuous than in healthy
subjects, animals, or cell cultures,

Whether the increment in VEGF in the patients with
severe OSAHS was the cause or the result of OSAHS
remains unclear. Further detailed studies on OSAHS will
be needed.
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A GATA-specific inhibitor (K-7174) rescues anemia
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SPECIFIC AIM

One common pathogenesis of anemia of chronic dis-
eases (ACD) and with renal disease appears to be
stimulation of GATA binding activity by interleukin-1§3
(IL-1R), tumor necrosis factor-a {TNF-w}, or NC.mono-
methyl L-arginine (L-NMMA), which inhibits erythro-
poietin (Epo) promoter activity, We investigated the
ability of K-7174 (a GATA-specific inhibitor} to improve
Epo production after inhibition by IL-18, TNF-q, or
L-NMMA treatment in Hep3B cells in vitro and in an in
vivo mouse assay.

PRINCIPAL FINDINGS

1. Epo protein production, which is inhibited
by IL-1$ or TNF-q, is rescued by K-7174

Hypoxia (1% Oy) induced Epo protein production
from aliquots of 8 X 10° HepSB cells over 24 h.
However, 15 U/mL IL-1p and 220 U/mL TNF-« each
inhibited Epo protein production, and addition of
10-20 pM K-7174 rescued these inhibitions in 2 dose-
dependent manner (Fig, 1),

2. Epo promoter activity, which is inhibited by IL-1§,
TNF-o, or L-NMMA, is rescued with K-7174

Hep3B cells were transiently transfected with a con-
struct spanning regions of the human Epo enhancer
containing hypexia-inducible factor 1 (HIF-1) and a
promoter containing a GATA element (Pwt: wild-type).
Hypozic induction of Epo promoter activity from Pwt
was 33.7-fold higher than that from normoxic Pwt.
Addition of 15 U/mL IL-1B, 220 U/mL TNF-a, or 1073
M L-NMMA inhibited induction from Pwt with lowered
hypoxic/normoxic ratios of 19.9-, 20.7-, or 19.8-fold,
respectively, However, the addition of 10 pM K-7174
increased induction from hypoxic Pwt to 40.84old
higher than that from normoxic Pwt. Furthermore, the
combination of 10 uM K-7174 with + IL-1B, + TNF-,

1742

or + L-NMMA rescued hypoxic inductions from Pwt,
with increased hypoxia/normoxia ratios of 43.0-, 49.6,
or 35.6old, respectively, These results indicate that
K-7174 rescues the suppression of Epe gene expression
by IL-1B, TNF-a, or L-NMMA through the Epo gene
regulatory regions.

3. The binding activity of GATA, which is enhanced
by IL-18, TNF-o, or L-NMMA, is inhibited
with K-7174

Hep3B cells showed strong GATA DNA binding by an
electrophoretic mobility shift assay (EMSA). The addi-
tion of K-7174 decreased the intensity of this band dose
dependently. Stimulation with 15 U/mL I1L-1B, 220
U/mL TNF, or 107 M L-NMMA for 24 h led to an
increase in GATA binding. These increments of GATA
binding activity induced by IL-1B, TNF-v, or LNMMA
were inhibited by the addition of 10 wM K-7174. Thus,
IL-18, TNF-t, and L-NMMA all enhance GATA binding
activity, which in turn inhibits Epo promoter activity
and protein production.

4. K-7174 increases Epo production by mice in vivo
and rescues the inhibition of hemoglobin (Fb)
concentrations and reticulocyte counts

by IL-13 or TNF-«

To ehucidate the effects of K-7174, IL-1B, and TNF-a on
Epo production, Hb concentrations, and reticulocyte
counts in an in vivo mouse assay, blood samples (0.3
mL) were obtained from the orbital vein of ICR mice at
0, 12, 24, and 36 h. Compared with PBS control,
intraperitoneal injecdon of IL-If decreased Epo pro-
duction, Hb concentrations, and reticulocyte counts

! To read the full text of this article, go fo hitp:/ /www.fasebj,
org/cgi/doi/10.1096/1,02-1134fe; doi; 10,1006/1).02-1134fe
Correspondence: Division of Hematology, Instinite of
Clinical Medicine, University of Tsukuba, Tsukuba, Ibaraki
805-8575, Japan, E-mail: simigawa@md.tsukuba.ac,jp

0892-6638/03/0017-1742 © FASEB



Epo mU/mg protein

Figure 1, Effects of different doses of K-7174 on the
inhibition of Epo protein production from Hep3B
cells by IL-1B and TNF-w. Aliquots of 3 x 10%
Hep3B cells were incubated with 15 U/mL rhiL-
18, 220 U/mL rhTNF-g, or 10, 15, 20 nM K-7174
under hypoxic condidons (1% O,) for 24 h. The
expression level of Epo protein was measured with
RIA. Separate experiments were performed
(n=8). Error bars represent 1 standard deviation.
*Significance compared with control, P < 0.005.
**Significance compared with 15 U/mL IL-1B, P <<
0.005. “Significance compared with 220 U/ml.
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on days 3, 6, and 10 (Fig. 2). Injection of TNF-a also
inhibited Epo preduction, Hb concentrations, and
reticulocyte counts on the same days (Iig. 2). Com-
pared with these results, injection of K-7174 signifi-
cantly increased Epo production, Hb concentrations,
and reticulocyte counts on the same days, while injec-
tion of K-7174 significantly rescued the inhibitions of
Epo production, Hb concentrations, and reticulocyte
counts by IL-18 or TNF-« (Fig. 2). Thus, K-7174 treat-
ment increased Epo production, Hb concentrations,
and reticulocyte counts in vivo.

CONCLUSIONS AND SIGNIFICANCE

By in vitro cell assay, both 15 U/mL IL-13 and 220
U/mL TNF-x, inhibited Epo protein production, and
this was rescued by 10 pM K-7174. The three treatments
(15 U/mL TL-18, 220 U/mL TNF«, and 1072 M

TNF-o, P < 0.005. *"Significance compared with
220 U/mL TNF-q, P < 0.025,

L-NMMA) each inhibited Epo promoter activity and
the addition of K-7174 reversed this. The EMSA showed
that addition of K-7174 decreased GATA binding activ-
ity, which in turn was increased with the addition of
IL-1B, TNF-a, or I-NMMA. Intraperitoneal injections
of IL-1p or TNF-a¢ into mice decreased Hb concentra-
tions and reticulocyte counts. However, the addition of
K-7174 reversed this anemia produced by IL-Ip or
TNF-w. K-7174 was developed as a low molecular weight
anti-inflammatory drug. It is known to be a specific
inhibitor of GATA. Intraperitoneal injection of 30
mg/kg E-7174 into ICR mice produced no significant
change in the weight of the spleen or the numbers of
white blood cells and platelets (data not shown). A dose
of 300 mg/kg for rats (10-fold higher than the dose
used in this study) revealed no adverse effects on the
liver, kidney, or on hematopoiesis (data not shown).
Furthermore, K-7174 decreases the production of cir-
culating glutamic-oxaloacetic transaminase (GOT) and
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14— hemoglobin (Hb)} concentrations from IGR
mice induced by IL-1{ or TNF-c. ICR miice were
injected intraperitoneally with 0.1 mL of PBS
(control) on days 0—9, 1.67 X 10* U rmIL-B on
days 0—3, 3.33 X 10° U rmTNF-a on days 03,
124 — 4~ Conmol or 0.1 mL (30 mg/kg) K-7174 on days 0—9
—.—1 8 (n=6). Blood samples (0.5 ml) were taken
from the orbital vein at 0, 12, 24, 86 h and on
—h— TN
days 3, 6, and 10.
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GATA-SPECIFIC INHIBITOR RESCUES ANEMIA

1743



IL-1 8

Figure 3. Schematic drawing of the erythropoi-
etin gene expression and inhibition by IL-18,
TNF-w, or L-NMMA through the GATA site of
the Epo promoter, B-7174 rescues the suppres-
sion of Epo gene expression by IL-1B8, TNF-a, or
L-NMMA.

L-NMMA

lactate dehydrogenase (LDH), which are increased by
the injection of IL-1f and TNF-¢ into ICR mice (data
not shown). Thus, the anemia induced by IL-1B or
TNF-a can be prevented by simultaneous administra-
tion of K-7174 (Fig. 3). This study raises the possibility

of using K-7174 as a novel drug for treating ACD and
for anemia associated with renal disease. We are pres-
ently investigating the effects of K-7174 using DBA/
2FG-pcy mice as a model of anemia associated with
renal disease. /)
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ABSTRACT

Interleukin-1B (IL-1B), tumor necrosis factor-o (TNF-c), or N°-monomethyl-L-arginine
(L-NMMA) are increased in patients with chronic disease-related anemia. They increase the
binding activity of GATA and inhibit erythropoietin (Epo) promoter activity. In this study, we
examined the ability of K-7174 (a GATA-specific inhibitor) to improve Epo production when
inhibited by treatment with IL-1B, TNF-a, or L-NMMA. Epo protein production and promoter
activity were induced in Hep3B cells with 1% O,. However, 15 U/ml IL-13, 220 U/ml TNF-c., or
10 M L-NMMA inhibited Epo protein production and promoter activity, respectively, Addition
of 10 pM K-7174 rescued these inhibitions of Epe protein production and promoter activity
induced by IL-1B, TNF-a, or L-NMMA, respectively. Electrophoretic mobility shift assays
revealed that addition of K-7174 decreased GATA binding activity, which was increased with the
addition of IL-1f, TNF-o,, or L-NMMA.. Furthermore, intraperitoneal injection of mice with IL-13
or TNF-o. decreased the hemoglobin concentrations and reticulocyte counts, However, the
addition of K-7174 reversed these effects. These results raise the possibility of using K.-7174 as
therapy to treat anemia,

Key words: interleukin-1p » N%-monomethyl-L-arginine  tumor necrosis factor-a » erythropoietin

inflammatory states, or infections. Such anemia of chronic diseases (ACD) results in part

from inadequate red cell production (1). The mechanisms responsible for ACD are
unclear. However, the condition is generally associated with the production of cytokines by
activated macrophages that in turn suppress erythropoietin (Epo)} production. The pathogenesis of
this process is obscure, although it may result from a multifactorial process that includes abnormal
iron reutilization (1, 2), inappropriately low serum Epo levels for the degree of anemia in the
individual patient, and a decreased bone marrow response to the Epo that is present. Steady-state
serum Epo levels are frequently decreased relative to the degree of anemia in patients with a

ﬂ nemia commonly occurs in patients with chronic diseases such as malignancies, chronic



variety of infectious, inflammatory, and malignant disorders, including acquired
immunodeficiency syndrome (AIDS), theumatoid arthritis (RA), ulcerative colitis, and cancer
(3—7). Furthermore, the administration of recombinant human Epo may partially or even
completely correct anemia in those patients with chronic diseases in whom the Epo response is
blunted (8-13), strongly suggesting that a relative lack of endogenous Epo contributes to the
pathogenesis of these anemias,

The disorders associated with ACD are characterized by the production of certain inflammatory
cytokines, primarily macrophage derived, including interleukin-loo (IL-1ov), JE-1B, IL-6,
transforming growth factor-B (TGF-B), and tumor necrosis factor-o. (TNF-oi; refs 14-19), In
patients with chronic inflammatory diseases, cellular or humoral factors, including TNF and IL-1,
may cause suppression of the bone marrow response to Epo (20-24). There may be a role for
cytokines in the impaired Epo response associated with RA. Faquin et al. (25) reported that IL-1 (c
or ), TNF-a, and TGF-B inhibited production of Epo from the hepatoma cell line Hep3B. This
effect appeared to occur at the level of Epo mRNA production. Jelkmann et al. (26), using the
HepG2 cell line, reported similar results for TIL-1 and TNF-a but noted no inhibition by TGF-B. In
addition, they reported that IL-1p inhibits Epo production in isolated serum-free perfused kidneys.

Recently, La Ferla et al. (27) reported the molecular mechanisms of Epo gene inhibition by IL-13
or TNF-o, in patients with ACD. They reported that treatment with IL-1p or TNF-a increased
DNA binding activities of the transcription factors GATA-2 and NF-xB and inhibited Epo
promoter activity and Epo protein production (27). Thus both GATA-2 and NF-kB seem to be
involved in the suppression of Epo gene expression by IL-I1f3 and TNF-g in vitro and may be
responsible for the impaired Epo synthesis in inflammatory diseases in vivo (27). On the other
hand, AN°-monomethyl-L-arginine (L-NMMA), a nitric oxide synthase (NOS) inhibitor, is
increased in patients with chronic renal failure (28). We found that L-NMMA inhibits NO=cGMP
production, increases the binding activity of GATA and mRNA expression, and inhibits Epo
promoter activity (29). Therefore, one common pathogenesis of ACD and anemia with renal
disease appears to be via the stimulation of GATA binding activity by IL-1B, TNF-a, or
L-NMMA. K-7174 (a GATA-specific inhibitor), which acts through a mechanism independent of
NF-xB activity, suppresses the binding activity of GATA proteins (30). In this study, we examined
the ability of K~7174 to improve Epo production, which had been inhibited by IL-1B, TNF-a, or
L-NMMA treatment in Hep3B cells in vitro and in an in vivo mouse assay.

MATERIALS AND METHODS
Cell culture

An Epo-producing hepatoma cell line (Hep3B) was obtained from the American Type Tissue
Culture Collection (Rockville, MD). Cells were incubated under both 21% gnormoxia) and 1%
(hypoxia} oxygen for 24 h as described previously (21). Aliquots of 3 x 10° Hep3B cells were
incubated with 15 U/ml recombinant human IL~1f (thIL-1B; Roche Pharmaceuticals), 220 U/ml
recombinant human TNF-o, (thTNF-a; Roche), or 10, 15, or 20 M K-7174 (Kowa, Tokyo, Japan)
(Fig, 1; ref 30) under hypoxic conditions (1% O3) for 24 h. The hypoxic induction of the firefly
luciferase (Luc) gene expression is represented here as a hypoxia/normoxia ratio, as described
previously (31, 32).



Plasmid vectors

We used the reporter plasmid pEPLuc described by Blanchard et al. (33) as a basic plasmid
construct. In this, both the 126-bp 3’ Epo enhancer and the 144-bp minimal Epo promoter were
placed upstream of the Luc gene in pXP2 (34). The Epo enhancer corresponds to nt 120 to 245 on
the 3’ side of the poly(A) addition site, and the Epo promoter cotresponds to nt -118 to +26 relative
to the transcription initiation site. This resulting plasmid is referred to as Pwt (35). This enhancer
contained a hypoxia-inducible factor 1 (HIF-1) binding site and a steroid receptor response
element (SRRE).

Transfection

Aliquots of 8 x 10° cells in tissue culture plates (10 cm*well: Falcon) were washed with
serum-free media. A mixture containing lipofectin (Life Technologies, Inc., 20 pg/well), DNA
constructs, and a LacZ expression plasmid (1 pg/well) as an internal standard was cotransfected as
described previouslg (32). After transfection, cells were incubated with 15 U/ml thIL-1pB, 220
U/ml thTNF-a, 107 M L-NMMA (Calbiochem), or 10 uM K-7174 (Kowa) under normoxic or
hypoxic conditions for 24 h.

DNA binding assay

Nuclear extracts were prepared as described previously (36). Protein concentrations were
estimated by Bio-Rad protein assay (Bio-Rad, Hertz, UK) using bovine serum albumin as a
standard. A sense-strand oligonucleotide (wild-type: CATGCAGATAACAGCCCCGAC) was
end-labeled with T4 polynucleotide kinase (Toyobo, Tokyo, Japan) and annealed to a fourfold
excess of the unlabeled antisense oligonucleotide, Two-nanogram aliquots of the labeled probe
were used in each binding reaction. The binding buffer consisted of 10 mM Tris-HCI (pH 7.5), 1
mM EDTA, 4% Ficoll, 1 mM dithiothreitol, and 75 mM KCL An equimolar mixture of
poly[d(I-C)] and poly[d(A-T)] (Sigma, St. Louis, MO; 25 ng) was used as a nonspecific
competitor, The reaction mixtures (25 pl) were incubated for 15 min at 4°C and then
electrophoresed on 5% nondenaturing polyacrylamide gels in 0.25 x TBE buffer (22 mM Tris
borate, 22 mM boric acid, and 0.5 mM EDTA) at room temperature at 150 V for 1.5 h as described
previously (36). Gels were vacuum dried, and autoradiography was performed using intensifying
screens at -80°C for 24 h.

In vivo mice assay

ICR mice were purchased from Clea Japan (Tokyo) and used as healthy controls, They were
housed in autoclaved metal cages and were given a standard diet (CM; Oriental Yeast, Tokyo,
Japan) and tap water ad libitum in an air-conditioned room. Mice were intraperitoneally
administered with recombinant mouse IL-1p (rmIL-1pB; Roche), recombinant mouse TNF-a
(mTNF-ci; Roche), or K-7174 (Kowa). Blood samples (0.3 ml) were obtained from the orbital
vein and used for hematological analysis. Epo was measured with RIA. Thirty-six ICR mice were
divided into six groups of six (A-F) to examine the effects of K-7174 on rescuing the inhibition of
hemoglobin (Hb), reticulocytes, and Epo by IL-1p or TNF-o. The injection schedule for the six
groups is shown in Table 1. Blood samples were obtained from the orbital vein on days 3, 6, and
10. To elucidate the effects of K-7174, 1L-1p, and TNF-a on Epo production in vivo, blood
samples (0.3 ml) were obtained from the orbital vein at 0, 12, 24, and 36 h, Group A was injected



with 100 pl PBS on days 0-9. Group B was injected with 1,67 x 10* U IL-1B on days 0-3. Group C
was injected with 3,33 x 10° U TNF-o. on days 0-3. Group D was injected with 30 mg/kg K-7174
on days 0-9. Group E was injected with 1.67 % 10* U IL-1p on days 0-3 and 30 mg/kg K-7174 on
days 0-9. Group F was injected with 3.33 x 10° U TNF-« on days 0-3 and 30 mg/kg K-7174 on
days 0-9.

Hematological blood parameters

Blood was collected from the retro-orbital plexus into EDTA-coated microcapiliaries. Hb
concentration was determined in the colorimetric way (total Hb, Sigma Diagnostics, St. Louis,
MO). Reticulocyte counts were done on smears of blood that had been stained with methylene blue
according to standard procedures. At least 1000 red blood cells were counted in each
determination.

Other assays

Luc activity in 20 pl aliquots of the cell extract was determined using an Autolumat luminometer
(Berthorude, Tokyo, Japan) for 10 s. Each measurement of relative light units was corrected by

subtraction of the background and standardized to the B-galactosidase internal transfection control
activity. Hypoxic inducibility was defined as the ratio of the corrected relative light units of the

hypoxic (1% Q) dish to those of the normoxic (21% O,) dish as described previously (32).

Concentrations of Epo from Hep3B cells or mice were measured by RIA as described above.

Statistical analysis

Welch tests were used to assess the level of significance between treatment groups,
RESULTS

Epo protein production, which is inhibited by IL-1p or TNF-g, is rescued with K-7174

Hypoxia-induced Epo protein production from the Hep3B cells resulted in an activity of 3753 =+
462 mU/mg protein (Fig, 2). In the presence of 15 U/ml IL-1pB, the increase in Epo protein
production by hypoxia was only 1514 & 365 mU/mg protein. In the presence of 220 U/ml TNF-«a,
the increase in Epo protein by hypoxia was only 1422 560 mU/mg protein. Addition of 10 pM
K-7174 rescued the inhibition of Epo protein by IL-1P to 1878 & 485 mU/mg protein and that of
Epo protein by TNF-a to 1874 + 297 mU/mg protein (Fig. 2). To elucidate the dose-dependent
effect of K-7174 on production of Epo on Hep3B cells, different doses of K-7174 were added to
the culture, Addition of 15 or 20 uM K-7174 rescued the inhibition of Epo protein production by
IL-18 to 2044 + 70 and 3065 £ 336 mU/mg protein and that of Epo protein production by TNF-ct
to 2442 £ 985 and 3165 + 425 mU/mg protein, respectively (Fig. 2). These results indicate that
K-7174 affects Epo production by Hep3B cells in a dose-dependent manner.

Epo promoter activity, which is inhibited by IL-1f, TNF-a, or L-NMMA, is rescued with
K-7174

We previously reported that L-NMMA was not cytotoxic at concentrations of up to 1072 M for
Hep3B cell by the trypan blue dye exclusion method and methyl-thiazol-diphenyl-tetrazolium
(MTT) method (29). Hypoxic induction of Epo promoter activity from Pwt was 33.7-fold (+4.8:



n=6) higher than that from normoxic Pwt (Fig. 3). Interestingly, the addition of 15 U/mlIL-1p, 220
U/m! TNF-t, or 107> M L-NMMA inhibited the hypoxic induction of Luc reporter gene expression
from Pwt with a hypoxia/normoxia ratio of only 19.9 + 6,5-, 20,7 £ 4.1-, or 19.8 £ 6.4-fold. The .
inhibitions of induction in the presence of IL-1B, TNF-a,, or L-NMMA were 59.1, 61.4, or 58.8%
of the inducticn from Pwt without IL-18, TNF-a, or L-NMMA (Fig. 3). These results indicate that
the hypoxic induction of the Epo gene expression is suppressed by IL-1p, TNF-a., or L-NMMA
through the Epo gene regulatory regions.

However, the addition of 10 uM K-7174 induced hypoxic induction from Pwt to 40.3 & 5,9-fold
higher than that from normoxic Pwt (Fig. 3). Furthermore, the addition of 10 pM K-7174 to the
+IL-1B, +TNF-a, or +L-NMMA rescued hypoxic inductions of Luc reporter gene expression from
Pwt with hypoxia/normoxia ratios of 43.0 + 10.1-, 49.6 & 17.3-, and 35.6 + 2.9-fold, respectively.
The inductions with K-7174 combined with IL-1B, TNF-c, or L-NMMA were 127.6, 147.2, and
105.6% greater, respectively, than those from Pwt induced without IL-1B, TNF-a.,, or L-NMMA
(Fig. 3). These results strongly indicate that K-7174 rescues the suppression of Epo gene
expression by IL-18, TNF-a, or L-NMMA through the Epo gene regulatory regions.

To elucidate the effect of K-7174 via the GATA site in the Epo promoter region, Pm7 (mutated:
AGATAA-—>ATATAA) was transfected into Hep3B cells and incubated with or without IL-1j3,
TNF-a, L-NMMA, or K-7174 under 1% O; or 21% O,. Hypoxic induction from Pm7 was 522 £
7.8 (n=4)-fold higher than that from normoxic Pm7, In contrast to Pwt, the addition of 15 U/mi
IL-1B, 220 U/ml TNF, or 10~ M L-NMMA did not inhibit the hypoxic induction of Luc reporter
gene expression from Pm7, with hypoxia/normoxia ratios of 55.7 + 8.8, 56.2 + 14.8-, or 57.6 £
17.7-fold, respectively. The addition of 10 pM K.-7174 to control, +IL-1[, +TNF-at, or +L-NMMA
did not induce hypoxic inductions of Luc reporter gene expression from Pm7 with a
hypoxia/normoxia ratio of 61.8 + 12.8-, 64,1 + 12.8-, 684 £ 12.4-, or 59.3 + 12.6-fold,
respectively. These results indicate that K-7174 rescues the suppression of Epo gene expression by
IL-1B, TNF-a, or L-NMMA through the GATA site of the Epo promoter and suggest the
possibility of that K-7174 might be effective as a drug for treating anemia.

The binding activity of GATA is inhibited with K-7174

An electrophoretic mobility shift assay (EMSA) revealed the specific binding activity of GATA
(Fig. 4, left panel, closed circle), The addition of K-7174 decreased the intensity of this band dose
dependently (Fig, 4). Thus K-7174 inhibits GATA binding activity dose dependently. The addition
of 15 U/ml TL-1P or 220 U/ml TNF-o. enhanced binding activity of GATA (Fig. 5, lanes 3, 4).
These increments of GATA binding activity by IL-1p or TNF-o were inhibited by the addition of
10 uM K-7174 (Fig. 5, lanes 6, 7). These results suggest that IL-1f or TNF-o enbance GATA
binding activity, thereby inhibiting Epo promoter activity and protein production, while K-7174
reduces GATA. binding activity and stimulates the Epo promoter activity and protein production,

The addition of 10~ M L-NMMA enhanced the binding activity of GATA (Fig, 6, lane 3). The
increment of GATA binding activity by 10 M L-NMMA was inhibited by the addition of 10 pM
K-7174 (Fig. 6, lane 4). These results suggest that L-NMMA also enhances GATA binding activity
and inhibits the Epo promoter activity and protein production, whereas K-7174 reduces GATA
binding activity in such conditions, stimulating the Epo promoter activity and protein production.
However, the addition of K-7174 did not affect HIF-1 binding activity (data not shown). The
above results prompted us to investigate the effect of K-7174 in a mouse in vivo assay.



K-7174 rescues the decrease of Hb by YL-1f or TNF-a.

To elucidate the effects of K-7174, IL-1PB, and TNF-a on Epo production in vivo, blood samples
(0.3 ml) were obtained from orbital vein at 0, 12, 24, and 36 h. Thirty-six ICR mice were divided
into six groups (A-F: Fig. 7A and B). The injection schedule is shown in Table 1 (n=6: Fig. 7A and
B). The Hb concentration of the control group was 14.0 0.8 g/dl on day -2, 9.7 + 0.8 g/dl on day
-1, 13.6+ 0.7 g/dl on day 3, 14.8 +:0.7 g/dl on day 6, and 14.6 + 0.6 g/dl on day 10 (Fig, 7A and B).
Injection of IL-1p decreased the Hbs on days 3, 6, and 10 (Fig, 7). Injection of TNF-a. also
decreased the Hbs on these days (Fig. 7A and B). However, injection of K-7174 significantly
increased the Hbs. Furthermore, K-7174 rescued the decrease of Hbs by IL-18 and TNF-a,
respectively (Fig. 7A and B).

K-7174 increases the reticulocyte counts of mice

The reticulocyte counts {in permillage of total red cells) of mice in the above experiments were
measured to elucidate the effect of K-7174 on reticulocyte count by mice in vivo, The reticulocyte
counts were 53.4 £ 15.4%o on day —2. The PBS control produced 247.2 £26.7%0 on day 3, 167.6 +
25.8%0 on day 6, and 108.8 & 9.4%p on day 10, respectively. Compared with the controls, injection
of IL-IB decreased the reticulocyte counts on days 3, 6, and 10 (Fig. 8). For the same days,
injection of TNF-t. also inhibited the reticulocyte counts (Fig. 8), whereas injection of K-7174
significantly increased it (Fig. 8) and injection of K-7174 significantly rescued the inhibition of the
reticulocytes production by IL-IB or TNF-a. (Fig. 8).

K-7174 increases the Epo production of mice

The serum Epo levels of mice in the above experiments were assayed by RIA to ehucidate the
effect of K-7174 on Epo production by mice in vivo. Serum Epo levels were 10.5 + 5.4 mU/ml on
day -2, and at day -1 the level had increased to 108.7 + 45.9 mU/ml (Fig. 9). The PBS control
produced 17.8+2.2 mU/ml on day 3, 12.8 0.7 mU/ml on day 6, and 13.6 + 0.8 mU/ml on day 10,
respectively. Compared with the controls, injection of IL-1P decteased Epo production on days 3,
6, and 10 (Fig. 9). For the same days, injection of TNF-a. also inhibited Epo production (Fig. 9),
whereas injection of K-7174 significantly increased it (Fig. 9) and injection of K-7174
significantly rescued the inhibition of Epo production by IL-1p or TNF-a (Fig, 9). These results
clearly show that K-7174 increased Epo production, reticulocyte counts, and Hb concentrations.

DISCUSSION

We have shown here that K~7174 has the ability to rescue the inhibition of Epo promoter activity
and Epo protein production by vatious cytokines. By in vitro cell assay, 15 U/ml IL-1p and 220
U/ml TNF-o. inhibited Epo profein production. Addition of 10 uM K-7174 rescued these
inhibitions of Epo protein production. The three treatments, 15 U/ml TL-1pB, 220 U/ml TNF-a., and
107 M L-NMMA, each inhibited Epo promoter activity, but the addition of K-7174 reversed this.
The EMSA revealed that addition of K-7174 decreased GATA binding activity, which in turn was
increased with the addition of IL-1B, TNF-a, or L-NMMA, Intraperitoneal injections of TL-1B or
TNF-o into mice decreased Epo production, reticulocyte counts, and Hb concentrations. However,
the administration of K-7174 rescued Epo production, reticulocyte counts, and Hb concentration
induced by IL-IB or TNF-u from these inhibitions, The main reason of this mechanism might be
dependent on the stimulation of Epo production by K-7174. This increment of Epo by K-7174



stimulates proliferation of the erythroid progenitor cells, releasing reticulocytes from bone marrow
and spleen to peripheral blood (37). On the other hand, down-regulation of GATA-I gene
expression is needed for the terminal maturation of erythroid cells (38 and unpublished data).
Therefore, direct inhibition of the DNA binding activity of GATA-1 by K-7174 might induce to
release the reticulocytes into peripheral blood rapidly.

K-7174 was developed as a low molecular weight anti-inflammatory drug and is known to be a
specific inhibitor of GATA (30). Umetani et al. (30) reported that K-7174 inhibited the expression
of vascular cell adhesion molecule-} (VCAM-1) induced by either TNF-o. or IL-1p, without
affecting the induction of intracellular adhesion molecule-1 or E-selectin. K-7174 had no effect on
the stability of VCAM-1 mRNA (30). EMSA revealed that its inhibitory effect on VCAM-I1
induction was mediated by an effect on the binding to the GATA motifs in the YCAM-I gene
promoter region (30), K-7174 does not influence binding to any of the following binding motifs:
octamer binding protein, AP-1, SP-1, ets, NF-kB, or interferon regulatory factor (30). The
inhibitory effect of K-7174 on GATA seems to be via inhibition of GATA acetylation or through
the stimulation of GATA de-acetylation (30, 39). Inhibition of acetylation of transcription factors
induces inhibition of DNA binding (40, 41). Sano et al. (40) reported that acetylation of ¢-Myb by
CREB binding protein (CBP) increases the trans-activating capacity of ¢-Myb by enhancing its
association with CBP. The p53 tumor suppressor is a transcriptional factor whose activity is
modulated by protein stability and posttranslational modifications including acetylation, Luo et al.
(41) showed that the de-acetylation of p53 strongly represses p53-dependent transcriptional
activation.

GATA proteins are types of zinc finger transcription factors that recognize the consensus (A/T)
GATA (A/G) sequence or related sequences (42, 43). GATA proteins are also essential for the
differentiation and function of hematopoietic cells (44). Intraperitoneal injection of 30 mg/kg
K-7174 into ICR mice produced no significant change in the weight of the spleen or the numbers
of white blood cells and platelets (data not shown). A dose of 300 mg/kg for rats (10 times higher
than the dose that was used in this study) revealed no adverse effects on the liver, kidney, or
hematopoiesis (data not shown). Furthermore, K-7174 decreases the production of circulating
glutamic-oxaloacetic transaminase (GOT) and lactate dehydrogenase (LDH), which are increased
by the injection of IL-1P and TNF-a into ICR mice (data not shown). These results demonstrate
that the anemia induced by IL-1P or TNF-a can be prevented by the simultaneous administration
of K-7174.

Papadaki et al, (45) recently found that patients with RA exhibit a low frequency and increased
apoptosis of bone marrow erythroid progenitors and precursor cells because of increased local
production of TNF-a., They reported that blocking the activity of TNF-a. with a specific chimeric
human/mouse monoclonal antibody improves the ACD seen in patients with RA and the beneficial
effect of the treatment is mediated by down-regulating the TNF-a-induced apoptotic mechanisms
in bone marrow (45). However, deprivation of Epo induces apoptosis of immature erythroid
colony-forming cells through down-regulation of the Bel-X (L) anti-apoptotic protein (46). Thus
ACD is not only caused by increased TNF-a but also by IL-1p. Thus TNF-a blockade may not be
a suitable therapy for patienis with ACD caused by cancer.

This study raises the possibility of using K-7174 as a novel drug for treating ACD and for anerpia
associated with renal disease. We are presently investigating the effect of K-7174 using
DBA/2FG-pcy mice as a model of anemia associated with renal disease.
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Table 1

Injection schedule of groups of mice used to examine the effects on K-7174 on rescuing the inhibitions by
1L-1p or TNF-o.

Purpose Injection Day
(Group
Size) Group Item Amount 0|1}12|314(5|6|7|8]|9
A EBS 100 pl xlx|x{x|x|x|x|x]|x|x
B IL-1p 1.67x10°U [x|x|x[x
]
Effects C TNF-u 333x10°U x|xlxjix
on D K-7174 30 mg/kg x[x{x|x|x|{x|x|x|x]|x
hemo-
globin [E IL-1p 167x10°U  [x|x [x{x
and Epo
(7=6) K-7174 30 mg/kg ifx|x|x|x|x|x|x|[x|x
F TNF- 333100 [x[x [x|x
K-7174 30 mg/kg x|x|x|x|x|x|x|[x|x]|x
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Figure 1. Chemical structure of K-7174.
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Figure 2, Effects of different doses of K-7174 on the inhibition of Epo protein production from Hep3B cells by IL-
1B or TNF-0. Aliquots of 3 x 10° Hep3B cells were incubated with 15 U/ml thiL-1B, 220 U/ml thTNE-0, or 10, 15, or 20
KM K-7174 under hypoxic conditions (1% O,) for 24 h. The expression level of Epo protein was measured with RIA,
Separate experiments were performed (#=8). Error bars are 1SD. *Significance compared with control, P < 0,005,
**Significance compared with 15 U/ml IL-1, P < 0,005, *Significance compared with 220 U/mi TNF-o,, P < 0.005.
**Significance compared with 220 U/m] TNF-g, P < 0.025.
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Figure 3. Effects of K-7174 on the inhibition of induction of the wild-type (Pwt) Epo promoter/enhancer with Luc
reporter construct in Hep3B cells by IL-1B, TNF-0, or L-NMMA. Wild-type (Pwt) Epo promoter/enhancer with Luc
reporter construct was transfected into 8 x 10° Hep3B cells and incubated with 15 U/ml thIL-1B, 220 U/ml thTNF-qi, 107
M L-NMMA, or 10 pM K-7174 under normoxic (21% Q) or hypoxic conditions (1% O,) for 24 h. Hypoxic induction of
Luc gene expression is represented here as a hypoxia/normoxia ratio, The fold induction reported indicates this
hypoxia/normoxia ratio. Six separate experiments (quadruple samples) were performed (#=6). Error bars are 15D,
*Significance compared with control, P < 0,005. **Significance compared with control, £ < 0.01, ***Significance
compared with IL-18, P < 0.005.
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Figure 4, Effects of different doses of K-7174 on the expression of GATA. Electrophoretic mobility shift
assay (EMSA) was performed using 1 ug of protein from Hep3B cells under normoxia (lanes 2, 4, 6, 8, 10, 12,
15,17, 19, 21, 23, and 25) and hypoxia (lanes 3, 5, 7,9, 11, 13, 16, 18, 20, 22, 24, and 26) and from Hep3B
cells incubated with 2.5 UM K-7174 (lanes 4, 5, 17, and 18), 5 uM K-7174 (lanes 6, 7, 19, and 20), 10 uM K-
7174 (lanes 8, 9, 21, and 22), 15 uM K-7174 (lanes 10, 11, 23, and 24), and 30 pM K-7174 (lanes 12, 13, 25,
and 26) for 24 h. The dot at the left is the position of the GATA transcription factor. A total of 25 ng (0.5 ul:
12.5-fold molar excess) of competitor DNA was added to each reaction mixture (lanes 15-26).



Fig. 5

<

T N <+ N

T [R S )

~ 0 i

:l‘! N

3 3 ¥ 0+ ; N f %
e-ﬂm-tn..‘.ﬂm‘?’hn?
o 8 mEL Tk S Rk
gﬁﬁﬁxﬂaﬁﬁl—&al—
L T + + + + + T + 4+ + + +

oy
Wb

GATA »

Competitor - - - - = -4+ 4+ + + + +
Lane 12 3 4 5 6 7 8 98 10 1112 13

1.0 1.731.50 0.310.67 0.87

+ x % + +

0,420.35 0,280,06 0,13

* % * ok

* * ok

* K

*

Figure 5. Effects of K-7174 on the enhanced expression of GATA by IL-1p or TNF-0. EMSA was performed using

1 g of protein from Hep3B cells under hypoxia (lanes 2-13) and incubated with 15 U/ml rhiL-1 (lanes 3 and 5}, 220
U/ml thTNF-¢, (lanes 4 and 10), 10 uM K-7174 (lanes 5 and 11), 15 U/ml rhiL-1P plus 10 pM K-7174 (lanes 6 and 12),
and 220 U/ml thTNF-o. plus 10 pM K-7174 (lanes 7 and 13) for 24 h. The dot at the left is the position of the GATA
transcription factor. A total of 25 ng (0.5 ul: 12.5-fold molar excess) of competitor DNA was added to each reaction
mixture (lanes 8—13). Numbers below the bands are means + 1SD by the densitometric analysis of the band indicated by
the circle in panel. Five experiments using different nuclear extracts were performed (#=5). *Significance compared with
hypoxia, P < 0.01. **Significance compared with hypoxia, P < 0.025. ***Significance compared with hypoxia, £ < 0.05.
**#*%Gignificance compared with IL-IB, P < 0,01, *****Sjgnificance compared with TNF-q, P < 0.025,
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Figure 6. Effects of K-7174 on the enhanced expression of GATA induced by L-NMMA. EMSA was performed
using 1 [lg of protein from Hep3B cells under normoxia (21% O) (lanes 2—9) and incubated with 10 M L-NMMA (lanes
3and 7), 107 M L-NMMA plus 10 pM K-7174 (lanes 4 and 8), and 10 pM K-7174 (lanes 5 and 9), for 24 h. The dot at
the left is the position of the GATA transcription factor. A total of 25 ng (0.5 pl; 12,5-fold molar excess) of competitor
DNA was added to cach reaction mixture (lanes 6-9). Numbers below the bands are means + 18D by the densitomeiric
analysis of the band indicated by the circle in panel. Five experiments using different nuclear extracts were performed
(n=35). *Significance compared with hypoxia, P < 0.005. **Significance compared with L-NMMA, P < 0,005.
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Figure 7. Effects of K-7174 on the decrease of hemoglobin (Hb) concentrations from ICR mice induced by IL-1p
or TNF-¢. A) ICR mice were injected intraperitoneally with 0.1 ml of PBS (control) on days 0-9, 1,67 * 10* U rmIL-B
on days 0-3, 3.33 x 10° U rmTNF-c. on days 03, and 0.1 ml of 30 mg/kg K-7174 on days 0—9 (n=6), Blood samples (0.3
ml} were taken from the orbital vein at 0, 12, 24, 36 h, and days 3, 6, and 10. B) *Significance compared with control, P <
0.005. **Significance compared with control, P < 0.01. ***Sjpnificance compared with control, P < 0.05.

*¥**Significance compared with 1L-If, £ <0.01. *wkr* Significance compared with IL-IB, £ < 0.05. **+*+#*Significance
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Figure 8. Effects of K-7174 on the reticulocyte counts from ICR mice induced by IL-If or TNF-c. Experimental
conditions were the same as described in the Fig. 7 legend. *Significance compared with control, P < 0.005.
**Significance compared with control, P < 0.025. ***Significance compared with control, P < 0.05, ****Significance
compared with IL-1p, P < 0.005, *****Significance compared with IL-1p, P < 0,01, ******Significance compared with
TNE-q, P < 0.005, ¥******Gjgnificance compared with TNF-x, P < 0.05.
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Figure 9. Effects of K-7174 on the decrease of serum concentrations of Epo in ICR mice induced by IL-1f
or TNF-a.. Experimental conditions were the same as described in the Fig. 7 legend, Serum Epo levels were
determined by RIA. *Significance compared with control, P < 0.005. **Significance compared with control, P
<0.025, ***Significance compared with IL-1B, P < 0.005. ****Significance compared with IL-1p, P <0.025.
®hikrQionificance compared with TNF-a, P < 0.005, ******Sjgnificance compared with TNF-a, P <0.025.
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HEMATOPQIESIS

Identification and characterization of 2 types of erythroid progenitors
that express GATA-1 at distinct levels

Norfe Suzuki, Naruyoshi Suwabe, Osamu Ohneda, Naoshi Obara, Shigehiko imagawa, Xlaoging Pan,

Hozumi Motohashl, and Masayuki Yamamoto

Transcriptlon factor GATA-1 Is essential
for the development of the erythroid lin-
eage, To ascertain whether strict control
of GATA-~1 expression level is necesgsary
for achleving proper erythropolesis, we
established transgenic mouse lines ex-
pressing green fluorescent protein {GFP)
. under the contral of the GATA-T gene
hematopoletlc regulatory domain, We ex-
amined the GATA-1 expression level by
explolting the transgenic mice and found
2 GFP-positive hematopoletic progenitor

tractlons In the bone marrow. One is the
GFPhih fraction contalning mainly CFU-E
and proerythroblasts, which coexpress
transferrin receptor, while the other is the
GFPY¥fransferrin receptor-negatlve frac-
tion contalning BFU-E. Since the intensity
of green fiuorescence correlates well with
the expresslon level of GATA-1, these
results Indicate that GATA-1 Is highly
expressed In erythroid colony-forming
unlt (CFU-E) but low in erythroid burst-
torming unlt {(BFU-E), suggesting that the

Incremental expression of GATA-1 |s re-
quired for the formation of erythroid pro-
genitors. We also examined GFP-positive
fractions In the transgenic mouse spleen
and fetal liver and identified fractions
containing BFU-E and CFU-E, respec-
fively, This study also presents an effi-
cient method for enriching the CFU-E and
BFU-E from mouse hematopoietic tis-
sues. (Blood. 2003;102:3575-3583)

© 2003 by The American Soclety of Hematalogy

Introduction

Pluripotent hematopoietic progenitors are committed to and differ-
entiated along the erythroid lineage by the control of various
cytokines, growth factors, and signals from the microenvironment.!
In hematopoietic progenitors, these signals are transduced to
transeription factors in the nucleus, and the progenitor cells
differentiate and mature into erythrocytes by changing their gene
expression profiles.? GATA-1 is a zinc-finger transcription factor,
which plays a central role in erythropoiesis, GATA-1 binds to the
GATA factor-binding motifs (T/A)GATA(A/G) that have been
identified in the regulatory sequences of many genes expressed in
erythroid and megakaryocytic cells.* Expression of GATA-1 is
restricted to erythroid, megakaryocylic, eosinophilic, basophilic,
and mast cells within the hematopoietic system.® The Sertoli cells
in the testis also express GATA-1.7

Mutations in the GATA-I gene cause defects in erythropoiesis,
platelet formation, mast cell maturation, and eosinophil develop-
ment 314 GATA-]1-null mutant embryonic stem (ES) cells could not
differentiate into mature erythrocytes due to the arrest of erythroid
maturation at the proerythroblast stage.!™!6 The arrest provoked
rapid apoptaosis of the proerythroblasts.” We previously established
GATA-I gene knockdown ES cells, in which the GATA-1 expres-
sion level was reduced to approximately 5% of that in wild-type ES
celis,®18 Proerythroblast-like cells derived from the GATA-1
knockdown ES cells have an ability to proliferate vigorously, but a
GATA-1 level of 5% cannot sustain the gene expression required
for maturation of proerythroblasts.’® McDevitt et &l also demon-

strated that a 4- to 5-fold decrease in GATA-1 expression caused
defects in erythroid cell maturation.'® These results suggest the
presence of a threshold GATA-1 expression level at the proerythro-
blast stage, which is required to sustain erythroid differentiation.

We previousty reported that an 8.0-kb genomic fragment of the
GATA-l gene, GI-HRD (GATA-I-hemntopoietic regulatory do-
main), 2 is sufficient for recapitulation of the endogenous GATA-1
expression profile; transgenic GATA-1 cDNA expression under the
control of GI-HRD fully rescued the GATA-1 germ liné mutant
mouse from lethal dyserythropoiesis.22 Surprisingly, GATA-2 and
GATA-3 under GI-HRD regulation also could rescue the GATA-1
knockdown mutant mice from embryonic lethality.?? Thus, the
transcriptional regulation of the timing, place, and abundance of
GATA-1 gene expression appears to be more important for GATA-1
funetion than the domain structure and functional specificity of
GATA-1. In support of this contention, the overexpression of
GATA-1 in erythroid cells caused a defect in eryth:oid terminal
maturation.Z? However, since the expression profile of GATA-1
during erythroid differentiation has not been examined in detail, a
solid conclusion for the relationship between GATA-1 expression
and its functional contribution to erythropoiesis has not yet
been formed. '

Thus, we set about examining the expression profile of GATA-]
during erythropoiesis through the preparation and amalysis of
transgenic mouse lines expressing green {luorescent protein (GFF)
transgene under the control of GI-HRD (GI-HRD-GFP transgene).
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We found that GFP expression in these transgenic mice substan-
tially, if not completely, recapitutated the endogenous expression
profile of GATA- 1. This reliable G/-HRD-GFP expression made it
possible to separale the bone marrow cells into 6 consecutive
erythroid populations. By means of the purification approach using
the GFP (or GATA-1) expression level, 2 classic erythroid progeni-
tors, colony-forming unit-erythroid and burst forming unii-
erythroid (CFU-E and BFU-E, respectively) were delineated into
discrete subfractions separable by a flow cytometer. The results
revealed that the GEPhiE® cell fraction contains mainly CFU-E and
proerythroblasts, whersas the GRP'™ cell fraction contains BFU-E,
demonstrating that GATA-1 is expressed al the highest level in
CFU-E and proerythroblasts among erythroid differentiation.

In addition, taking advantage of the ability to mark the erythroid
progenitors with high efficiency by green fluorescence, we devel-
oped a novel method for the real-time detection of CFU-E. As an
example of such an approach, we show here detection of the
CFU-E in the livers of eryliropoietin receptor (EpoR)-deficient
mulant embryos, although the conventional colony assay has never
detected the presence of CFU-E in the EpoR-null mutant em-
bryos.® Thus, our novel approach provides an important clue for
the analysis of hematopoietic disorders,

Materials and methods

Mice

The GI-HRD (IE3.9int) vector has been described previously.? in conssruct-
ing the GI-HRD-GFP transgene, GI-HRD was ligated to GFP cDNA., We
established 3 lines of (FI-HRD-GFP (ransgentc mice, and the highest
GFP-expressing line was mainly used in this study. For screening the
transgenic mice, the tail DNA was extracted and polymerase chain reaction
(PCR) was performed using a pair of primers, GFPs4 5'-CTGAAGT-
TCATCTGCACCACC-3") and GFPasd4 5'-GAAGTTGTACTCCAGCTT-
GTGC-3'). To induce anemia, 6-week-old mice were injected with 1.2 mg
phenylhydrazine (Sigma, St Louis) intraperitoneally on day 1 and day 2. On
day 5, the spleen and bone marrow were analyzed. The EpoR-deficient
mice? (Jackson Laboratories, Bar Harbor, ME) were mated with G1-HRD-
GFP mice.

Cell sorting

Sorting and analysis of cells were performed using FACSVantage (Becton
Dickinson, San Jose, CA). Mononuclented cell suspensions from the bone
marrow, spleen, and embryonic day 12.5 (E12.5) fetal liver were prepared
and incubated with biotinylated monoclonal antibodies recognizing Mac-1,
Gr.l, Terll9, B220, CD4, and CD8. Hemalopoietic lineage marker—
negative (Lin") cells were enriched by magnetic separation using streptavi-
dine-conjugated magnetic beads (Polyscience, Warrington, PA) and then
stained with PE {phycoerythrin)-conjugated anti-CD71 and APC {(allophy-
cocyanin}—conjugated anti-c-Kit antibodies. All antibodies were obtained
from BD Pharmingen (San Diego, CA).

Staining of intracellular GATA-1

Cells were fixed on ice for 1 hour with 0.23% paraformaldehyde. After
washing, the cells were permeabilized by 3 cycles of freezing and thawing.
Afiter one overnight reaction with rat anti-GATA-1 monoclonal antibody
(N6),” the eells were stained with PE-conjugated anti—rat IgG antibody (BD
Pharmingen) and analyzed by FACSCalibur (Becton Dickinson).

Colony assay

Sorted cells were cultured in 1 mL of 0.8% methylcellulose medium
containing 30% fetal bovine serum (FBS). For detection of CFU-E, medium
was supplemented with 4 U/ml Epo. For detection of BFU-E, medium was
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supplemented with Epo (4 U/mL) and stem cell factor (SCF} (100 ng/mL).
SCF, interlenkin-3 (IL-3), IL-6 (100 ng/mL each), and Epo (4 U/mL) were
added for the formation of the myeloid colonies. Colonies were counted
after 3 days (CFU-E) or 7 days (BFU-E and myeloid colonies) of culturing,
To distinguish erythroid colonies, colonies were stained with benzidine
before counting. All supplemented cytokines were provided by Kirin
Rrewery (Takasakl, Japan). These assays were performed in tiplicate and
repeated more than 3 times, and the results are shown with standard
deviations.

Reverse transcription-polymerase chaln reaction (RT-PCR})

RNA was purified from cells using RNeasy (Qiagen, Basel, Switzerland) and
reverse teanscribed by SenscriptRT (Qiagen) and random hexamers. PCR was
performed for the detection of GATA-1 (pair of primers: §'-ACTCGTCAT-
ACCACTAAGGT-3' and 5'-AGTGTCTGTAGGCCTCAGCT-3), GATA-2
5'-ACACACCACCCGATACCCACCTAT-Y and 5'-GCCTAGCCCATG-
GCAGTCACCATGCT-3"), c-mpl 5'-AGCTGCTGTCCACAGAAACC-3'
and 5'-GTCATTTCGTGACTTGAAGTGGC-3'), EpoR 5'-GATTCTG-
GAGTGCCTGGTCTGAGCC-3' and 5'-GGTGTCGACCTTCAATGG-
GAACAC-3", IL-TR 5-CAAAGTCCGATCCATTCCCCATAAC-3" and
5 -GTTTTCTTATGATCGGGGAGACTAGG-3"). Hypoxanthine phospho-
ribosyliransferase (HPRT) was used as an internal control26 GATA-1 and -2
mRNA levels were also measured quantitatively using primer pairs
5'-CAGAACCGGCCTCTCATCC-3' and 5'-TAGTGCATTGGGTGC-
CTGC-3' for GATA-1; ¥-GAATGGACAGAACCGGCC-3' and 5'-
AGGTGGTGGTTGTCGTCTGA-3' for GATA-2 and a VIC-labeled oligo-
DNA probe 5'-CCCAAGAAGCGAATGATTGTCAGCAAA-3' for
GATA-1; 5'-AAGCGGAGGCTGTCTGCTGCCAG-3" for GATA-2 by
ABI PRISM 7700 (Perkin-Elmer, Poster City, CA). Glyceraldehyde
phosphate dehydrogenase (GAPDH) was used as internal standard (primer
pair, 5’ -GAAGGTGAAGGTCGOAGTC-3" and 5'-GAAGATGGTGATGG-
GATTTC-3"; JOE-labeled probe, 5'-CAAGCTTCCCGTTCTCAGCC-3').

Measurement of the Intracellular-free calcium

Bone marrow cells were incubated with 3 pM Indo-1-am (Molecular
Probes, Bugene, OR) for 30 minutes at 37°C then stained on ice with
PE-conjugated anti-c-Kit or anti-Ter119 antibodies. Cells were incubated
with ionomycin {3 pg/mL, Calbiochem, Darmstadt, Germany) or 10 U/mL
Epo at 37°C for 30 minutes. The ratio of florescence intensity (405 nm/480
nm) was measured by BD-LSR (Becton Dickinson).?

Results

GFP and GATA-1 expresslon in the hematopoletic progenitor
fractlon from G7-HRD-GFP transgenic mouse

Several lines of evidence have demonstrated that GI-HRD, the
GATA-1 gene hematopoietic regulatory domain, markedly recapitu-
lates the endogencus expression profile of GATA-1 in the erythroid
lineage*® In order to identify hematopoietic cells expressing
(GATA-1, we established 3 transgenic mouse lines that express GFP
reporter gene under the control of GI-HRD. We first analyzed the
GFP expression profile in the transgenic mice using the fluorescent
microscope. The expression of GFP was observed specifically in
hematopoietic tissues, including yolk sac, fetal liver, spleen, and
bone marrow (data not shown), showing very good agreement with
our previous analyses, 20222628 Microscopic analysis also detected
the expression of GFP in peripheral enucleated red blood cells and
platelets (data not shown}, perhaps due to the stable nature of GFP.

We then analyzed the expression of GFP by fluorescence
activated cell sorting (FACS). Within the mononucleated cell
(MNC) fraction {rom bone martow, most Ter119-positive erythroid
cells (data not shown) and 12% of lineage marker-negative (Lin")
cells expressed GFP (Figure 1A). Since the Lin—/c-Kit* fraction
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Figure 1. Expression analyses of GFP and GATA-1 in hematopoletic progeni-
tors. {A} The LIn~ fraction from the bone marrow of the GT-HRD-GFP \ransgenic
mouse was stained with APC-canjugated anli—c-Ké antibody and analyzed by FACS.
The percentage of calls In sach quadrangle is shown. (B) Immunostaining of
Intracaliular GATA-1 in the sorted cells. Almost all GFP* ¢ells in the Lin- fraction were
GATA-1 positive (top panel), Most GFP~ celis in tha Lin- iraclion ware GATA-1~
negalive (middle). The LIn~/e-Kit*/GFP- fraciion contains approximately half of
GATA-1-positiva cells (bottorn panel),

contains hematopoietic progenitors, we analyzed the expression of
GFP and ¢-Kit in the Lin~ fraction from transgenic bone marrow.
Approximately 10% of Lin—/¢-Kit* cells expressed GFP, whereas
half of the GFP* cells in the Lin~ fraction were ¢-Kit~ (Figure 1A).
Morphological analyses revealed that the GFP*/Lin~/e-Kit* frac-
tion contains erythroblasts and many eosinophils with eosinophilic
granules (data not shown), Interestingly, essential roles for GATA-1
in sosinophil development have been reported. 1213

To examine the specificity of the GFP expression, we compared
the expression profile of GFP with that of GATA-1 protein. To this
end, immunostaining of intracellular GATA-1 in FACS-sorled bone
marrow cells was conducted. The result tevealed that almost all
GFP* cells were positive for intracellular GATA-1 staining (Figure
LB, top panel), whereas only 15% of cells in the GFP~ fraction
were GATA-1 positive (middle panel). Similarly, when Lin~/¢c-Kit*
cells were sorted into GFP* and GFP~ fractions, almost all GFP*
cells were GATA-1 positive {data not shown). In contrast, approxi-
mately 50% of cells in the GFP~/Lin~/c-Kit* fraction expressed
endogenous GATA-1 (Figure 1B, bottom panel). One plausible
explanation for this discrepancy is that the GI-HRD may not
contain the sufficient regulatory sequence to recapitulate fully the
GATA-1 gene expression in the erythroid progenitors at immature
stages of differentiation. As these data were reproducible in the
other 2 GI-HRD-GFP transgenic mouse lines, the consistency of
the GFP expression with that of the endogenons GATA-1 were
demonstrated.

BFU-E and CFU-E are concentrated in the CD71-/GFP*
and CD71+/GFP+ fractions, respectlvely

To characterize the hematopoietic progenitors expressing GATA-1,
we examined GFP expression in the Lin™/c-Kit* fraction of
GI-HRD-GFP transgenic mice, The bone marrow cells in the
Lin~/c-Kit* fraction were stained with PE-conjugated anti-C)71
antibody and analyzed by FACS (Figure 2A). CD71 is the
transferrin receptor (TfR) and is known as a marker for proliferat-
ing hematopoietic cells.? The GFP-positive fraction was clearly
divided into 2 fractions by the expression of CD71, The green
fluorescent intensity of GFP+/CD71* cells was higher than that of
GFPYCD71- cells (Figure 2A), The mean fluorescent intensities
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of the GFP*/CD71* and GFP*/CD71~ fractions were 360 and 25,
respectively. It should be noted that the GFPH/CD71* fraction is
smali (4.1% of Lin~/c-Kit* cells) but contains solely the high level
GFP-expressing cells (Figure 2A),

Based on these results, we speculate that the expression of the
GI-HRD-GFP transgene can be used to separate the erythroid
progenitor fraction from the fraction containing progenitors for the
other hematopoietic lineages within the bone marrow cells. Espe-
cially, we hypothesized that the CD71 marker might separate the
erythroid progenitors into 2 fractions in callaboration with high-
and low-level GFP expression.

To test this hypothesis, we carried out a colony assay using cells
in these fractions. The GFP*/CD71* fraction contained CFU-E
abundantly, but there were no other colony-forming cells (Figure
2B-D), The GFP+/CD71~ fraction also contained CFU-E, but the
number was much less than that in the GFPT/CD71* fraction
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Figura 2. Colony assay of GFP* cells in the bone marrow, {A) The Lin—/c-Kit*
fraction Is subdivided Inlo 4 fraclions with the exprassion of GFP and CD71. The
percentage of cells In each quadrangle is shown, Calls in each fraclion were sorted
and cullured with only Epo (B), Epo and SCF (C), or Epo, SGF IL-6, and IL-3 (D).
Colonles were countad 3 days (B) or 7 days (C, D) after culiuring. {(E) A colony derived
from CFU-E In the CD71*/GFP* {raction was stained by benzidine (left pansl, blue
stalning}, and some of the cells in the coleny were datected by GFP expresslen under
the iluorescent microscope (right panel). {F} A mixad calony derived frem a
CB71~/GFP* cell was obsarved by bright (top panel) and fluorescent (middle panel)
microscopy. GFP expression was delected in red calls (arytheooytes [E]} and largse
cells (megakaryocyles [MK]) bt not in small whita cells (granulocytes [G)) and large
axtended ealls (macrophages [Mc]). The fop and middle panels ware marged in the
boWom pane! {F}. Original magnifications, % 200 (€} and X 100 {F).
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(Figure 2B). Importantly, we found that }.5% of cells in this
fraction formed BFU-E~derived colonies (Figure 2C). In addition,
a few colonies were found to contain only megakaryocytes (Mk) or
megakaryocytes and erythrocytes (EM, common precursor of
megakaryocyte and erythrocyte) in the GFP/CD71- fraction, We
also observed a few colonies containing granutocytes, erythrocytes,
‘megakaryocytes, and macrophages (GEMM, mixed coleny) in the
GRP#/CD71~ fraction {Figure 2D). BFU-E also was included in
the GFP~/CD¥71~ fraction, but this fraction contained many
myeloid colony-forming cells including CFU-GM (granulocyte
and macrophage) anéd CFU-GEMM. There were colony-forming
unit-granuloeyte and -macrophage in the GFP=/CD71* fraction,
but no other colonies were observed (Figure 2B-D).

The benzidine-positive (ie, hemoglobinized erythroid) cells in
the CFU-E-derived colony from the GFP*/CD71% fraction ex-
pressed various intensities of green fluorescence (Figure 2E). GFP
expression also was detected in megakaryocytes and erythroid
cells, but not in granulocytes and macrophages, in the mixed
colonies derived from the GFP*/CD71~ fraction (Figure 2F). We
also observed GFP-positive megakaryocytes and erythroid cells in
the mixed colonies derived from the GFP~/CD71~ fraction {data
not shown). These results suggest that the GFP~/CD71~ and
GFP*/CD71" fractions may contain progenitors differentiating
into the cells in the GFP*/CD71* fraction. GFP expression changes
dynamically during erythroid and megakaryocytic cell differentia-
tion. We noticed, through flow cytometry and microscopic analy-
ses, that in all the GFP* cells in these colonies, green fluorescent
intensity was weaker than in primary ¢-Kit* cells in the bone
marrow (data not shown and Figure 2E-F), This observation further
supports our contention that the expression level of GATA-1 in
erythroid progenitors decreases along with progenitor cell
differentiation.

Based on these results, we propose that Lin~/c-Kit*/GFP*/
CD71™ cells in the bone marrow are an early erythroid progenitor
(EEP) fraction containing BFU-E in abundance, whereas Lin~/c-
Kit*/GFP+/CD71" cells are a late erythroid progenitor (LEP)
fraction containing abundantly CFU-E. Thus, we report here for the
first timne the efficient enrichment of CFU-E and BFU-E erythroid
progenitors from normal bone marrow cells using flow cytometry.

Gene axpression and morpholegy of early and
late erythrold progenltors

In order to characterize the erythroid progenitor fractions BEP and
LEP, we sorted the mouse bone marrow cells of each fraction by
FACS and defined their gene expression profiles through RT-PCR
analysis. As expecled, the expression of GATA-1 mRNA was
detected predominantly in the GFP* fractions (Figure 3A, lanes 3,
4, and 6), and the level was higher in the LEP fraction (Lin~/c-Kit*/
GFPY/CD71%) than that in the BEP fraction (Lin—/c-Kitt/GFP/
CD717). Consistent with our antibody permeation analysis (Figurs
1B), GATA-1 expression also was detected, albeit very weakly, in
the c-Kit*/GFP~ fraction (lane 2; see “Change in GATA-1
expression level during erythroid differentiation™),

We found that mRNAs for GATA-2 and c¢-mpl were highly
expressed in the EEP fraction (Figure 3A, lane 3). The expression
of these mRNAs could not be datected in the LEP fraction, The
expression of GATA-I and GATA-2 mRNAs also was detected in
the Lin~/c-Kit=/GFP* fraction containing eosinophils and erythro-
blasts (lane 6). This agrees closely with our previous analysis
showing that eosinophils express GATA-1 and GATA-2.12 Impor-
tantly, erythropoietin receptor (EpoR) mRNA was expressed in the
fractions expressing GATA-1, and this result shows excellent
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Flgure 3. Gene expresslon and morphology of GFPt progenltor cells. (A) RNA
was extracled fremn the sorted cells in the indicated fractions, and RT-PCR was
poeriormed to dotect GATA-1, GATA-2, EpoR, c-mpl, and IL-7R expressien, The bone
marrow Lin~/e-Kit* hematopolietic progenitor fracllon was subdivided into 4 fractions
{lanes t-4). EEP and LEP fraclions are rapresented In lanes 3 and 4, respectively.
GFP~ (lane 5) and GFP* {lane 6) celis in the Lin—/c-KIt~ fractions also are shown,
{B) Tha morphology of the sorted cells are shown by Wright-Giemsa stalning,
Proerythroblast-like cells were detected in the LEP fraclion (GFPHCD7i%; ). It Is
likely that arythroid progenitors are i, I, 1Il, Iv, v, and vi in the LEP and EEP
(GFP*+/CD71") fractions, All cells in the GFP-/CD71* fraction contalned azurophit
granules {xvi-xx).
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agreement with the notion that EpoR is expressed most abundantly
at the CFU-E stage and is essential for the survival and differentia-
tion of the CFU-E. .

Our data demonstrate that ¢-mpl is specifically expressed in the
EEP fraction (lane 3), which contains 2 megakaryocyte progeni- -
tors, CFU-Mk and CFU-EM (Figure 2). Although we could not
detect c-mpl expression in the Lin—/c-Kit*/GFP~/CD71~ fraction
(lane 2), which contains hematopoietic stem cells (HSCs), there are
many reports showing c-mpl expression in the HSC® The
Lin~/e-Kit*/GFP~/CD71~ fraction contains not only HSCs, but
also progenitors for various other hematopoietic lineages. There-
fore, c-mpl expression in the HSC might have been diluted so that
we could not detect its expression, The expression of interleukin-7
receptor (IL-7R} was detected specifically in the Lin~/c-Kit~/
GFP~ fraction (Figure 3A, lane 5). Since IL-7R is 'a good marker
for the lymphoid lineage,® this fraction seems to contain mainly
lymphoid progenitors, which do not express GATA-1, GATA-2,
EpoR, or c-mpl.

We then examined the morphology of the sorted cells in the
c-Kit* fraction, In the LEP (GFP*/CD71+) fraction, there wers
many proerythtoblast-like cells, which were stained deep purple in
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Flgusre 4. Guantitative analyses of GATA-T and GATA-2 mRNAs during erythrold
differentlation, (A} Bone marrow cells were analyzed for CD7+ and Teri19
expresslon. Cells In open boxes () were sorted and analyzed for GATA-1
exprassion lavel in B, The parcentags of cells In each box Is shown, (B) Tha ralalive
GATA-1 and GATA-2 mAMA levels at differen! stages of erythrold call devefopment
wefo maasured by quaniilative RT-PCR and nofrrnalized o he level of GAPDH
mANA. Eryihrold difterentiation is indicaled by the x-axis from lafi to right.

the cytoplasm and deep red in the nuclei compared with other

GFP* cells by Wright-Giemsa staining (Figure 3Bi-ii). The nuclei |

appeared to be loose and coarse. No basophilic or polychromatic
erythroblasts were observed in the c-Kit* fraction (Figure 3B). The
LEP fraction also contained cells with light purple—colored cyto-
plasm, which seem to be CFU-E, as judged by colony assay (iil-iv).
These CFU-E-like cells also were observed in the EEP fraction (v).
On the contrary, we could not delineate as to which cells
correspond 1o BFU-B or megakaryocytic progenitors in the EEP
(GEP*/CD717) fraction. All cells in the GFP~/CD71+ fraction had
azurophilic granules (xvi-xx)}, indicating that this fraction contains
myeloid progenitors, Thus, the GI-HRD-GFP reporter transgene
enabled us to divide the CD71* fraction into myeloid and erythroid
lineages. Finally, showing excelient agreement with our assign-
ment through colony assays, the GFP~/CD71~ fraction appears
to contain multilineage progenitors (xiv-xv) and early myeloid
cells (xi-xif).
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Change in GATA-1 expression level during
erythrold differentiation

In the previous sections, we identified and isolated c-Kit* progeni-
tors corresponding to the 3 consecutive stages of erythroid
differentiation from the bone marrow of GI-HRD-GFP transgenic
mice. In this regard, one preceding report demonstrated that the
expression level of CD71 decreases and that of Terl19 increases
during late erythroblast maturation in the spleen.3! According to the
repart, proerythroblast (CD71*/Ter1 19%%), basophilic and polychro-
matic erythroblast (CD71*/Ter119%e"), and orthochromatic erythro-
blast (CD71~/Terl 198 can be separated from the spleen by flow
cytometry.’t We therefore examined CD71 and Ter119 expressions
in the bone marrow of G/-HRD-GFP mice and found that bone
marrow cells also contain these 3 erythroblast fractions (Figure
4A). The morphology of the bone marrow and spleen cells in these
fractions was similar (data not shiown), suggesting that bone
marrow cells can also be separated into 3 late erythroid progenitors
by means of CD71 and Ter119 antigens,

We envisage from these analyses that we could obtain erythroid
lineage cells from 6 consecutive stages of differentiation. We
examined the expression profiles of GATA-1 and GATA-2 during
erythroid differentiation using sorted bone marrew cells by RT-
PCR analysis. The results of the quantitative RT-PCR are shown as
a graph (Figure 4B). The results clearly demonstrate that GATA-1
increases from EEP to LEP and decreases during maturation of
erythroid progenitors. The LEP fraction (Lin~/c-Kit*/GFP*/f
CD71%) expresses GATA-1 at the highest level throughout the 6
stages of erythroid differentiation, based on the RT-PCR and green
fluorescent intensity data. On the other hand, the expression level
of GATA-2 is the highest in the EEP fraction and is decreased to
undetectable level after the LEP stage of differentiation (Figure
4B)}. This is the first report demonstrating a fiuctuation in the
(GATA-1 and -2 expression levels during in vivo erythropoiesis.

The number of GFP-positive erythrold progenitors increases in
the anemic spleen

To clarify whether erythroid fractions similar to the EEP and LEP
also exist in the spleen, we examined the expression of GEP in the
spleen of the GI-HRD-GFP transgenic mice. To our expectation,
we identified both EEP (Lin~/c-Kit*/GFP+/CDD717) and LEP
(Lin~/c-KitH/GFP*/CD71%) fractions in the spleen (Figure SA).
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Flgure 5. FACS analysis and colony assay of the normal and
anemlc spleen of GI-HARD-GFP transgenic mouse, (A) Spleen

monenucieated calls (MNCs) were obtained from GI-HAD-GFP
transganic mice before (PHZ -, left) and after (PHZ+, right) injection
of phenylhydrazine (PH2), The MNG, Lin* fraclion, and Lin~/c-Kit*
fraction were analyzed by FACS (top, middle, and bottorn panels,
respectively). The parcemiage In each guadrangle Is shown. The
dotted lnes show the mean Intensities of CB7t expression in

CD71+/QFP+ fractions (battom panels), {B) Results of eolony assay In
the nonmal and anemie spleens. Two thousand cells from the Indicated
fractions were Analyzed. Fractions | and li are shown by opan boxas In

A, {C) The call number of the erythroid fractlons of the spleen were
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The EEP and LEP fractions consisted of 3.9% and 4.6% of
Lin“/c-Kit* cells, respectively, Colony assays revealed that the
spleen EEP and LEP fractions contain mainly BFU-E and CFU-E,
respectively (Figure 5B), as was the case for the bone marrow.

Upon induection of anemia with phenylhydrazine (PHZ), the
number of GFP* cells in the spleen was markedly increased. Fold
increases in various GFP* fractions in the PHZ-induced snemic
spleens from normal mouse spleen are indicated in Figure 5C. The
numbers of the erythroblast (Ter119+/GFP*) and LEP cells were
increased approximately 100-fold. Importantly, we detected GFPhigh
and GFP** fractions in the Jatter fraction of anemic spleen {Figure
5A, boxes iii), which were CD71%, When we examined the
colony-forming activity of these subfractions, we found, surpris-
ingly, that more than 40% of cells in the box ii sebfraction formed
CFU-E-derived colonies (Figure 5B), To our knowledge, this is the
most efficient strategy for isolating CFU-E,

Consistent with the previous observation that CFU-E increased
in the anemic spleen by about 100-fold,* the total number of the
cells in the LEP fraction increased by approximately 100-fold
(Figure 5C). Since the number of CFU-E-derived colonies also
increased (Figure 5B) concomitantly with an increase in the LEP
fraction (Figure 5C), the frequency of CFU-E in the LEP fraction
does nog change much in the normal and anemic spleen. This
cbservation suggests that anemic stimuli similarly inerease not
only the CFU-E, but also the rest of the cells in the LEP fraction.

The means of CD71-PE fluorescent intensities, which are
shown by doited lines in Figure 5A (bottom panels), were 100 and
300 in normal and anemic spleens, respectively, indicating that the
expression of CD71 in each cell in the LEP fraction was increased

- in the anemic mice. These data are consistent with reports that TR
gene expression is induced by hypoxia and proliferation sig-
nals.?®3? Tntriguingly, while the TiR expression level was induced
in the LEP fraction, it remained not to be expressed in the BEP
fraction (Figure 5A), Taken together, there are both EEP and LEP
fractions in the spleen, as is the case in the bone marrow, and the
LEP cells are dramatically increased in the anemic condition.

GFP expression in normal and dyserythropoletic fetai llvers

To clarify whether the GI-HRD-GFP transgene faithfully recapitu-
lates the expression profile of the GATA-J gene in fetal liver, we
examined the E12.5 fetal liver of the transgenic mouse. FACS
analyses revealed that there were GFP* cells in the Ter119*
erythroblasts (data not shown) and in the c-Kit* hematopoietic
progenitors, as was the case for the mouse bone marrow and spleen
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Figure 6. Anelyses of normal and abnormal fotal
erythropoleals by the G7-HRD-GFP transgens,

C 2, (A) Total (12t) and 6-Kit* (right} cebis from wi-type (top)
& and EpoR-null {boltom} E12.5 fatal livers with G1-HRD.
E 20 @FPIransgens were analyzed by FACS, The parcentage
3 In sach quadrangla Is shown. The means of the CD7{
= wxpresslon levels in the CD71* fraclions from each
< 15+ smbryo are Indicated by dotied lines, {B) Golony assay of
5 sorted cells from G1-HAD-GFP transgenle fetal liver.
- (G) Result of the quaniitative RT-PCR analysis of GATA-t
B 101 In  EpoRY+;@1-HRD-GFPt  (closed bars) ang
H EpoRri-:G1-HAD-GFP* (hatched bars) fetal liver call
4 5 fractlons. The GATA-1 mRNA lavals were normalized to
E the level of GAPDH mANA. The resulis are shown with
E 0 standard deviations,
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(Figure 6A, upper left panel). To our surprise, however, c-Xit* fetal
liver cells were divided into 2 main populations, GFP*/CD71* and
GFP~/CD71~ (Figure 6A, upper right panel). We could not find a
GFP*/CD71" cell fraction, which corresponds to the EEP fraction
in the adult hematopoietic tissues.

Colony assay was then performed exploiting c-Kit*/CD71~/
GPFP~ and ¢-Kitt/CD714+/GFP™ cells from the fetal liver. Like the
LEP fraction of the adult bone marrow, the c-Kit*/CD71+/GFP*
fraction contained CFU-E (Figure 6B). On the other hand, BFU-E
and CFU-GM cells resided in the GFP~/CD71~ fraction (Figure 6B).

We then examined the expression levels of GATA-1 mRNA in
these fetal liver cell fractions by quantitative RT-PCR. The
expression level of GATA-1 in the ¢-Kit*/CD71~/GFP~ fraction
(containing BEU-E) was less than 45% of that in the c-Kit*/CD71%/
GFP* fraction (containing CFU-E, Figure 6C). These results
indicate that GI-HRD is not active in BRU-E in the fetal liver, even
though they expressed GATA-1 endogenously; in other words,
GI-HRD is insufficient for gene expression in fetal liver BRU-E.
We thus suggested that the fetal liver CD71*/GFP* fraction is the
counterpart of the LEF fraction in the adult hematopoietic tissues,
and the counterpart of the EEP fraction must be contained in the
CD717/GFP~ f{raction. Upon normalizing the GATA-1 mRNA
levels in the fetal liver and bone marrow cell fractions with that of
GAPDH, we found it interesting that the GATA-1 levels in ail of the
liver fractions were lower than those in the bone marrow EEP and
LEP fractions (Figures 4B, 6C).

It has been reported that fetal liver cells from erythropoietin
receptor (EpoR}-null mutant embryos form CFU-E—~detived colo-
nies when they are infected with the retrovirus vector expressing
EpoR.% This observation suggests that there may be CFU-E in the
embryonic liver of the EpoR-null mutant, but that the cells cannot
be detected by colony assay without the retroviral complementa-
tion of EpoR, In order to ascertain the presence of CFU-E in the
liver of EpoR-null mutant embryos, we examined Gi-HRD-GFP
expression. The GI-HRD-GFP transgene was introduced into
EpoR™"~ mice by breeding, and FACS analysis was performed
exploiting the liver of EpoR~/":G1-HRD-GFP* embryos.

Our study shows good agreement with previous reports that
there are only a residual number of Ter119+ cells in the liver of
EpoR-null mutant embryos® In contrast, however, our study
revealed a comparable number of c-Kit* cells (7.0~9.0 % 10Y
liver) to that of wild-lype (Figure 6A). Similar to the wild-type
case, the c-Kit* cells were subdivided into CD717/GFP~ and
CDT*/GFP* fractions (Figure 6A, right panels). The level of
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GATA-1 mRNA and green fluorescent intensities in these fractions
were comparable to that of wild-type embryos (Figure 6A,C). It is
noteworthy that the mean intensity of CD71 expression in the
CD71*/GFP* fraction of the EpoR-null embryo was about 30% of
that of wild type (55 and 190, respectively), perhaps reflecting the
cellular proliferating activity (dotted lines in Figure 6A). Thus, our
approach using the flow cytometer and GI-HRD-GFP transgene
enabled the development of a new method for investigating the
existence of CFU-E in various hematopoietic disorders,

Change In the Intracelluiar calcium lon sterage during
erythrold maturation

Taking advantage of the progress achieved here in isolating
erythroid progenitors from mouse bone marrow, we attempted to
settle the controversy over the effect of Epo on the mobility of
intracellular calcium ions in erythroid celis, When calcium ions are
effused from the endoplasmic reticulum (ER) by various signals,
the intracellular free caleium ion (IFC) plays a role in cellular
signal transduction, Whereas there are many reports concerming the
role of Ca?* as a second messenger in Epo signal transduction in
erythroid cells, it remains unclear whether Epo induces the increase
of IFC in primary hematopoietic cells,

We exploited erythroid progenitor fractions isolated from the
bone marrow of a ¢I-HRD-GFP transgenic mouse and measured
the concentration of IFC by indo-1 staining and flow cytometry in

the presence or absence of Epo. Treatment of the cells with Epo for,

5 10 30 minutes induced IFC in ¢-Kit=/GFP* {3.3%) and Ter119*/
GFP* (4.4%) cells, but not in the other fractions (Figure 7). This
suggests that, if calcium is involved in Epo signaling, its role is
likely specific to Terl19* erythroblasts rather than to c-Kit*
erythroid progenitors,

We then examined total cellular [Ca?*], since Ca?* is also
known to be an important factor for maintenance of the red cell
membrane structure.® The calcium ionophore, ionomyein, forces
the release of total Ca?* from the ER, enabling us to measure the
total cellular [Ca?*]. We analyzed various cell fractions from the
bone marrow by indo-1 staining and flow cytometry after exposure
to jonomycin for 30 minutes. Most of the cells in the Terl19+
erythroblast fraction retained a high concentration of Ca?*, but the
other cell fractions (c-Kit* or Ter119~) contained less than 10% of
cells retaining Ca?* (Figure 7). These results demonstrate that Ca2*
is accumulated during the differentiation of erythroid progenitors
into erythroblasts. Taken together, these data suggest that the
intracellular caleium concentration plays important roles in the
regulation of Epo signal transduction and maintenance of erythro-
cyte structure in erythroblasts but not in erythroid progenitors.

Discussion

This study unveils, for the first time, the dynamic changes in the
expression level of GATA-1 during erythropoiesis. We have
divided erythroid lineage cells into 6 consecutive stages of
differentiation by means of GI-HRD-GFF transgene expression.
Especialiy, we identified 2 new erythroid cell fractions, Lin~/e-Kit*/
CD71*/GFPY and Lin—/c-Kitt/CD71~/GFPY¥, in {he mouse bone
marrow and named them as LEP (late erythroid progenitor) and EEP
{early erythroid progenitor) fractions, respectively, These fractions also
exist in the spleen and embryonic liver. GFP expression made it possible
10 design an efficient enrichment procedure for these erythroid progeni-
1ors from hematopoietic tissues,
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We exploited CD71/TfR antigen in this cell fractionation
method, as the number of CFU-B—derived colonies was reported to
increase upon supplementation of the culture medivm with trans-
ferrin * Interestingly, there was no change in the number of BFU-E
by such treatment, 3 Through expression analysis of the transerip-
tion factor genes, we further revealed that EEP cells coexpress both
GATA-1 and GATA-2, whereas LEP cells do not express GATA-2
but highly express GATA-1, This observation shows very good
agreement with the previous observation that the GATA-2 expres-
sion was down-regulated but that of GATA-1 was up-regulated
during erythroid cell differentiation.? Since GATA-2 overexpres-
sion inhibits erythroid differentiation, this change in the expres-
sion of GATA factors seems to be important for normal erythropoi-
esis. The decisive moment at which this switching of GATA factors
seems to occur is during the differentiation stages between EEP
and LEP.

The dynamical change of GATA-1 expression level along with
the erythroid differentiation is summarized in Figure 8, This
GATA-1 expression profile pravides a coupls of important clues for
understanding GATA-1 function in erythroid lineage cells, First,
the highest expression of GATA-1 is observed in the LEP stage,
which is before the accumulation of hemoglobin.® CD71/TIR is
highly expressed at this stage and acts in the ceilular uptake of the
iron-transferrin complex. The LED cells also appear to vigorously
synthesize heme through GATA-l1-mediated transactivation of
heme biosynthesis enzyme genes, such as those coding for
erythroid S-aminolevulinate synthase (ALAS-E) and porphobilino-
gen deaminase. Consistent with this notion, mutation of the
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Figure 8. Summary of the GATA-1 expression profile
during srythrold dlfterentlation. Tha thickness of the
bar Indicalas {he leval of gene expression. GATA-1
axpression starts at the blpotential (eryihrocyte and
magakaryocyte) progenitor stape (EMP, erythroid/

megakaryocyllc pracursors) and increases upon ditferen-
tiation into the proarylhroblast, Scai, c-Kil, and GATA-2
were expressad jn hamatopoletic stem cells (H3Cs) and
commen myelold progenitors (CMPs), and thelr expres-
slons decrease with the progression of differentiatian,
When the exprassion level of GATA-1 decreases In
Ter118* arythroblasts, hemoglobin (Hb} aceumulates in
the cells.” Pro-EB Indicates proerythroblast; Baso-EB,
basophilic erylhroblast; Poly-EB, polychromatic erythro-
blast; Oriho-EB, orthochromatic erythroblast, RBC, red
blood call,

GATA-1 gene was shown to repress the expression of these heme
biosynthetic enzymes.'® Since the defect of heme biosynthesis by
mutation of the ALAS-E gene causes decrease of the TIR expres-
sion,3 we suggest that the high expression of GATA-1 that induces
synthesis of heme is needed for the TfR expression in the LEP cells.
Thus, abundant expression of GATA-1 must be required for the
differentiation of erythroid progenitors at the LEP stage.

Secondly, we demonstrate here that the level of GATA-1
decreases after the erythroid progenitor stage (Figure 4). Since
constitutive overexpression of GATA-1 in erythroblasts inhibits
cell maturation,? this down-regulation of GATA-1 must be neces-
sary for terminal maturation of the erythrocytes. However, the
molecular basis for the GATA-1 reduction during terminal ery-
throid maturation is unclear at present. In this regard, it is
interesting to note that caspase was reported to cause specific
degradation of the GATA-] protein in erythroblasts.®’ Decrease of
GATA-I protein may cawse down-regulation of its transeription
through inhibiting autoregulation.*!

The use of GI-HRD-GFP transgenic mouse lines enables us to
efficiently enrich erythroid progenitors from mouse hematopoietic
tissues, Whereas Ter119 and glycophorin-A are important surface
markers of differentiated erythroblasts and mature erythrocytes,
these markers are not present in erythroid progenitors such as
BFU-E and CFU-E.*2 In fact, there are no suitable surface
markers/antibodies for the isolation of erythroid progenitors, This
limitatien has hampered our attempt to purify and characterize
steady-state erythroid progenitors from normal mouse bone mar-
row, and therefore we usvally enrich CFU-E from anemic spleen,
This study makes it possible to purify erythroid progenitors from
normal mouse hematopoietic tissues, and we are now able to assess
the erythropoiesis occurring in various hematopoietic disorders.
Furthermore, it should be emphasized that we could obtain 800
CFU-E—derived colonies from 2000 plated cells purified from
anemic spleen. To our knowledge, this is the most efficient method
to enrich erythroid progenitors.

We found that all CFU-E resides in the GFP* fraction of bone
marrow, whereas more than half of the BFU-E resides in this
fraction, This is consistent with the result that approximately half of
Lin~/c-Kit*/GFP~ cells express GATA-I protein. The important
observation here is that in the fetal liver, BFU-E do not express
GFP at all, even though the BFU-E-containing fraclion expresses
endogenous GATA-1 mRNA. One plansible explanation for this
discrepancy is that there may be different regulatory mechanisms
for GATA-1 gene transeription in the fetal liver and adult hematopoi-
etic tissues. Additional regulatory elements might be required for
GATA-T gene expression in early erythroid progenitors, as the
GI-HRD appeared to be insufficient for recapitulating expression
of the endogenous GATA-] gene in very immature hematopoietic

progenitors,

Although the colony-forming assay is widely used to evaluate
hematopoietic cell dysfunction, there is an inherent problem with
this approach in that we have never assessed the progenitor cells
when they lack the abilities to proliferate and differentiate, such as
the hematopoietic progenitors in the EpoR, ¢-Myb, and Runxi
mutant mouse lines,2***4 Importantly, we detected GFP* ery-
throid progenitors in the EpoR-null embryonic livers. Since the
GFP* fraction contains CFU-E abundantly in the wild-type em-
bryos, this result strongly argues that the EpoR-deficient embryos
actually contain CFU-E, but the cells cannot differentiate further
due to the lack of the Epo-EpoR signaling pathway. We therefore
propose that the GI-HRD-GFP transgene is a useful means for the
detection of CFU-E in the mutant animals with defective
erythropoiesis.

There has been controversy over the mobility of intracellular
free Ca?* (IFC) in the erythroid progenitors and its relation to
Epo.® One line of evidence indicates that the Ca?* level is low in

- the erythroid progenitors, whereas another line of evidence shows

that the Ca2* level is high in the progenitors. To obtain insight into
this issue, we measured the Ca** concentration in the erythroid
progenitors purified by means of GFP expression, We found that
while most of the Ter119* erythroblasts contain a high concentra-
tion of Ca?" in the endoplasmic reticulum (ER), c-Kit*/GFP*
erythroid progenitors contain 2 low or undetectable level of Ca?*,
An BEpo stimulus induces Ca?* efflux from the ER to the cytoplasm
only in mature erythreblasts and not in early erythroid progenitors,
This result is consistent with our previous analysis?? and clearly
demonstrates that changes in the Ca?* concentration do not affect
Epo signaling in the progenitor stage. On the contrary, the biologic
significance of Ca®* modulation on Epo function in erythroblasts
remains to be clarified.

Finally, we wish to present the usefulness of the GI-HRD for
transgenic expression of various effector genes in erythroid and
megakaryocylic cell lineages. We have established transgenic
mouse lines expressing small Mafs, EpoR, Stat3, TR2/4, and
GATA factors under the control of GI-HRD 222264546 Wa recently
showed that EpoR-null mutant mice can be rescued from dyseryth-
ropoiesis and embryonic lethality by introducing the GI-FIRD-
EpoR transgene,? ag GI-HRD directs the expression of the effector
gene in CFU-E, which require the expression of EpoR for survival
and differenttation. We envisage that GI-HRD will be useful in
therapy for dyserythropolesis in the future,
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Erythroid-specific expression of the erythropoietin receptor rescued
its null mutant mice from lethality

Notfo Suzuki, Osamu Ohneda, Satoru Takahashi, Masato Higuchi, Haruml Y. Mukal, Tatsutoshi Nakahata,

Shigehike Imagawa, and Masayuki Yamamoto

Erythropoletin {Epo) and lts receptor
(EpoR) are indispensable to erythropol-
esis. Although roles besldes anglogen-
esls, such as neuroprotection and heart
development, have been reported for the
Epo-EpoR system, the precise contrlbu-
tion of Epo-EpoR to these nenhematopol-
etic tissues requlres clarifloation. Explolt-
ing a GATA-1 minigene cassette with
hematopoietic regulatory domains, we es-
tablished 2 lines of transgene-rescued
EpoR-null mutant mice expressing EpoR
exclusively In the hematopoletic lineage.
Surprisingly, despite the lack of EpoR
expression in nonhematopoletic tissues,
these mice develop normally and are far-

file. As such, we could explolt them for
analyzing the roles of the Epo-EpoR sys-
{em In adult hematopolesis and in nonhe-
matopoletic tissues. These rescued lines
showed a differentlal level of EpoR ex-
pression In erythrold celis; one expressed
approximately 40%, and the other ex-
pressed 120% of the wild-type EpoR level.
A colony formation assay showed that
erythrold progenitors in the 2 mutant fines
exhlblt distinct sensitivity to Epo. The
clirculating Epo level was much higher in
the transgenic line with a lower EpoR
expression. In respense to Induced ane-
mia, the plasma Epc concentrations In-
creased In both lines. Notably, the timing

of the peak of plasma Epo concentration
was delayed Ih both lines of rescued mice
compared with wild type, suggesting that,
In wild-type mice, nonhematopoletic EpoR
contributes to the regulation of plasma
Epo concentration. We thus conclude that
nonhematopoletic expresslon of EpoR Is
dispensabie to normal mouse develop-
ment and that the expression level of
EpoR regulates erythropolesis by control-
ling the sensitivity of erythroid progenl-
tors 1o Epo. (Blood. 2002;100;2279-2288)

© 2002 by The Amerlean Society of Hematology

Introduction

Erythropoietin {Epo) stimulates the proliferation and differentia-
tion of erythroid progenitors.! Its receptor, EpoR, is a member of
the type 1 cytokine receptor family characterized by a single
transmembrane domain? Recently, the importance of the Epo-
EpoR system in primitive and definitive erythropoiesis was deter-
mined by generating lines of mutant mice lacking either the Epo or
EpoR gene.!"* Both Epe and EpeR homozygous mutant mice died
of severe anemia beiween embryonic day 13 (E13) and E15.
Existence of the erythroid progenitors erythroid colony-forming
unit (CFU-E) and erythroid burst-forming wnit (BFU-E) in the
livers of these mutants indicated that Epo-EpoR is not required for
the commitment of hematopoietic progenitors (o the erythroid
“lineage. 6 However, primitive erythropoiesis is partially impaired
by the absence of the Epo-EpoR, pathway, as shown by the smaller
number of primitive erythrocytes observed in the yolk sac blood
islands of homozygous mutant embryos compared with heterozy-
gous mutant and wild-type embryos.!3 In contrast, contribution of
the Epo-EpoR system is crucial during definitive erythropoiesis,
namely for proliferation, survival, and differentiation of erythroid
progenitors in the later stages of differentiation. 34
Expression of EpoR is not restricted to the hematopoietic
lineage, but it can be identified in various nonhematopoietic
tissues. For example, EpoR is expressed in epicardium and

pericardium.” In addition, Epo has been shown to promeote the
proliferation of endothelial cells, fetal liver stromal cells, and
skeletal muscle satellite cells.®!! Epo can also assist in the recovery
of neurons from injury.}>'? This widespread expression profile of
EpoR strongly suggests that a Iack of Epo-EpoR may affect various
biologic aspects. However, because germ-line Epo-EpoR mutant
embryes die in utero, it is unknown whether the Epo-EpoR
pathway is actually required for the development and activity of
cells in nonhematopoietic tissues.

GATA-1 has been shown to regulate the expression of the Epo
receptor! and most other erythroid genes, Transgenic expression of
GATA-1 under the transcriptional control of the GATA-I locus
hematopoietic regulatory domain (GATA-I-HRD) rescued GATA-1
knockdown mice from embryenic lethality by restoring GATA-1
expression in hematopoietic tissnes.!36 Therefore, we exploited
the GATA-I-FRD to rescue EpoR gene knockout mice from
embryonic lethality by expressing the EpoR transgene specifically
in erythroid cells.

The GATA-1-HRD-EpoR transgene recovered erythropoiesis in
EpoR-null mice, rescuing the mutants from embryonic lethality to
give fertile mice with a normal phenotype throughout their lives.
We assume, therefore, that nonhematopoietic expression of EpoR
is dispensable to normal mouse development. We generated 2 lines
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of EpoR-rescued mice and, compared with wild-type levels, one
line expresses EpoR at 40%, whereas the other expresses EpoR at
120% in bone marrow cells. These mice do not suffer from
polycythemia or anemia because the in vivo plasma Epo level is
stringently 'regulatecl. Importantly, though, erythroid progenitors in
the bone marrow of the Jow and high EpoR-expressing lines
showed different sensitivity to Epo in colony-formation assays.
Thus, the expression level of EpoR regulates erythropoiesis by
controlling the sensitivity of erythroid progenitor cells to Epo.

Materials and methods

Mice and construction of EpoR transgene

EpoR-deficient (C57Bl/6) mice* were supplied by Jackson Laboratories
(Bar Harbor, ME). EpoR ¢DNA was ligated to a genomic fragment
containing GATA-I-HRD." Transgene constructs were injected into fertil-
ized eggs derived from. BDF1 parents, and 6 independent lines of transgenic
mice were obtained, Two lines of mice, Tg-A and Tg-B, were mated with
EpoR*'" mice to establish the compound mutant mice EpoR*;:HGI-EpoR,
EpoR~~:HGI-EpoR mice were obtained by crossing the former mice with
EpoR*" mice. Resultant mice and embryos were genotyped by polymerase
chain reaction (PCR), Southern blot analysis, or both. Genomic tail DNA
was prepared and digested with AvrIl Southern membranes were hybrid-
ized with a 32P-jabeled probe, as indicated in Figure 1A, PCR analysis with
genomic DNA was also performed to amplify endogenous EpoR alleles
(387 bp) and transgenes (303 bp). The PCR primer pair used was primer
EpoR3S (5'-GGTGAGTCACGAAAGTCATG-3") and primer EpoRAAS
(5'-ACACGTCCACTTCATATCGG-3"), corresponding to the exon III and
the exon IV sequence, respectively, of the EpaR gene. All mice were treated
according to the regulations of the Standards for Human Care and Use of
Laboratory Animals of the University of Tsukuba.

RNA and RT-PCR

After isolation from various mouse tissves using ISOGEN (Nippon-Gehe,
Osaka, Japan), total RNA was incubated with DNase I (RQ!; Promega,
Madison, WT). Samples were reverse-transcribed by Super-Script 11, and
random hexamers (both from Gibco BRL, Rockville, MD) and the PCR

A Av Av
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reaction (40 cycles) were performed as follows: 40 seconds at 95°C, 40
seconds at 60°C, and 60 seconds at 72°C. The PCR primers used were
primer-1, 5'-ACGAAACAGGGGCGCTGGAG-3"; primer-2, 5-ACA-
CGTCCACTTCATATCGG-3'; and primer3, 5'-TCCTCTGCATCAA-
CAAGCCC-3' (Figure 1C). Hypoxanthine gnanine phosphoribosy] trans-
ferase (HPRT) was used as an internal control; the sense primer was
5'-GCTGGTGAAAAGGACCTCT-3", and the antisense primer was 5
CACAGGACTAGAACACCTGC-3'. PCR products were electrophoresed
on an agarose gel and were transferred to a nylon membrane (Zeta-Probe;
BioRad, Hercules, CA) for hybridization with a 3P.labeled probe, The
expression of endogenous and transgenic EpoR was detected independently
to avoid contamination of genomic DNA in such a highly sensitive
detection method,

Histologic analysis and TUNEL assay

Embryos and tissues were fixed in 4% paraformaldehyde for 30 minutes
and embedded in polyester wax (BDH Laboratory, Poole, England),
Sections (5 pm) were incubated with rabbit anti-GFP antibody (diluted
1:1000; Molecular Probes, Eugene, OR), rat anti-PECAM-} monoclonal
antibedy (1:500; BD PharMingen, San Diego, CA} and mouse anti-alpha
sarcomeric muscle actin monoclonal antibedy, Specific antibody binding
was visuplized using either horseradish peroxidase (HRP)—conjugated goat
anti-mouse immunoglobulin that was polymerized by dextran (BnVisicn;
DAKO, Carpinteria, CA) or HRP-conjugated anti-rabbit immunoglobulin
(Biosource, Camarillo, CA) secondary antibody, TUNEL assay was per-
formed using an in situ apoptosis detection kit (TAKARA, Oscka, Japan}).
Color detection was performed using diaminobenzidine (250 mg/mL},
Hz0; (0.01%), and NiCly (0.05%) as a chromogen, Kernechtrot solution
was used for counterstaining in all sections.

Flow cytometry

FACS analysis was performed with the CellQuest program (Becton
Dickinson, San Jose, CA). Single-cell suspensions from B12.5 livers were
prepared and incubated with CD16/CD32 (2.246) antibody (1:200) om ice
for 15 minutes. Subsequently, cells were stained with allophycocyanin
(APC)-conjugated anti-Ter119, fluorescein isothiocyanate (FTTC)-conju-
gated anti-CD41, phycoerythrin (PE)-conjugated anti-CD44, and PE-
conjugated anti—c-Kit antibodies for 30 minutes. After the final wash, viable
cells were selected by propidium iodide (PI) staining, APC-, FITC-, and
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Flgure 1. Establishment of rescued EpoR mutant mousa lines. (A) Struclure of the wild-type and mulant EpoA locus* and design of the HG #-EpoR and HE1-GFP
transganes. The GATA-T—HRD minigene containing exons IE and !l of the mouse GATA-1 gene was ligated o' efther EpoR or GFP cDNAlo glve H@1-Epofi nd HG1-GFF,
tespectively, The lranslatad and untranslated axons of the EpoR gens are shown as solid and hatched boxes, respectively. Naeo, pA, and Av represent the neomyein resistance
gens cassette, polyadenylatlon signal, and Avil slles, respeciively, (B) Genotyping of transgenlc and rescuad mice by Southern blot analysls. Tall DNA samples digasted with
Avrl] were hybridized to the EpoR proba shown In pansl A. Tg-A (iane 1) and Tg-B {lane 2) mice conlain 40 and 4 coples of the EpoR transgena, respectively. Nola that the
wild-type Epoff band {4.2 kb) |s absent In lanes 7 and B (Tg-B rescusd mice), and a knockout aflels band Is present in lanes 4 1o 8. (C) Expecled mRNA structures of
endogenous and transganic EpeR. Transgene-derived Epof mANA Includes exons E and |) of the GATA-1-HRD, so that Ita amplicon can be distingulshed from endogenous
Epoft-derived mRNA using the primer sets shown, (D) Endogenous and transgenic EpoR mRNA expresslon datermined by RT-PCR analysis. Samples of tolal RNA trom
varlous tissues of wiid-type (lanes 1-8), Tg-A (lanes 9-16), Tg-8 (lanes 17-24), and Rescued-B (lanes 26-32) mice ware analyzed, PCR was parformad using primar sels Primer
1 with 2 and Primer 3 wilh 2 fo datect endegenous (600 bp} and transgenic {701 bp) EpoR Wranscripts, respactively, HPRT was used as an Intemal control, Br Indkcates brain;
H, haart; K, kidnsy; 8, splaen; U, uterus; M, muscle; B, bons marrow; and T, lestis.
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PE-conjugated rat 1gG2b were used as isolype-matched controls. The
antibodies were all obtained from BD PharMingen,

RT-PCR analysis with sorted bone marrow celis

Mononuclear cells from adult mouse bone marTow were prepared using
Histopaque1082 (Sigma, St Louis, MO}, Cell suspensions were stained
with PI- and PB-conjugated streptavidin after incubntion with biotin-
conjugated anti-Terl19, anti-CD34 or anti-c-Kit antibodies. Fluorescence
intensity of the cells was analyzed, and § X 10* green fluorescence protein
(GFPYt or GFP~ cells in P1~ fractions were sorted, RNA was extracted by
RiNeasy (QIAGEN, Basel, Switzerland) and reverse-transcribed by Sensi-
script (QLIAGEN). To detect GATA-1 mRNA, these samples were rendered
for PCR amplification (35 cycles) using the primer pair 5'-ACTCGTCAT-
ACCACTAAGGT-3' and 5'-AGTGTCTGTAGGCCTCAGCT-3",

Epo binding assay

The number of EpoR on the hematopoietic cell surfaces was measured, as
described previously.)? For each genotype, mononuclear cells were ob-
tained from the bone marrow of 4 to 8 mice of 10 to 12 weeks of age,

Colony assays

Fetal liver cells (1 X 10%) or bone marrow mononucleated cells (2 X 10%)
were cultured in ! ml. 0.8% methyleellulose medinm containing 30% fetal
bovine serum (FBS}, 1% bovine serum albumin (BSA}, 0.1 mM 2-mercap-
toethanol and various concentrations of recombinant human Bpo (Chugai
Pharmaceutical, Tokyo, Japan). After 2 days (fetal liver) or 3 days (bone
marrow) of culuring, cells were stained with benzidine, and positive
colonies were counted. Bone marrow mononucleated cells (1 % 105 were
cultured in the same medium supplemented with 100 ng/mL stem cell factor
(SCF; R&D Systems, Minneapolis, MN) and various concentrations of Epo
for 7 days, and benzidine-positive erythroid bursts were counted. These
assays were performed in triplicate and repeated 3 times, and the results are
shown with standard deviations.

Induction of anemia

Six-week-old mice were anesthetized with diethylether, After withdrawing
0.4 mL blood from the retro-orbital venous plexus wsing heparin-coated
microtubes, an aliquot of the collected blood sample was used for
determining the hematopoietic indices and leukocyte and platelet numbers
using an automatic counter (Nihon-Kouden, Tokyo, Japan). Plasma was
also isolated, and the Epo concentration was measured by
radioimmunoassay.!?

Results

Rescue of EpoR-null mutant mice from embryonic lethality by
GATA-1-HRD-EpoR transgene

We generated 6 lines of transgenic mice expressing full-length
EpoR under the control of GAYA-I-HRD (HGI-EpoR) (Figure

Table 1. Genotyps of transgane-rescusd EpoR mutant mouse offspring
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1A). Genomic Southern blot analysis revealed that the Tg-A line
(PFigure 1B, lane 1) contains approximately 40 copies of the
HGI-EpoR transgene, whereas the Tg-B line (lane 2) has only 4
copies. To monitor the expression of the EpoR transgene, line Tg-A
was coinjected with a GATA-I-FRD-GFF expression construgt
(HGI-GFP, Figure 1A). In the anticipation that the expression
level of the EpoR transgene will vary according to the transgene
copy number, we selected lines Tg-A and Tg-B for use in a genetic
rescue experiment of EpoR-deficient mice.

EpoR*~ mice possessing either Tg-A or Tg-B were crossed
with EpoR*/~ mice to yield EpoR™"1:Tg mice. Resultant pups
were genolyped by PCR, Southern blot analysis, or both, and,
according to Mendelian inheritance, an expected number of mice
were found to have an EpoR™'"::Tg-A or EpoR™'":Tg-B genotype
(Table 1), Remarkably, no EpoR™ mice lacking the EpoR
transgene were found even among as many as 139 mice, We named
the rescued EpoR mutant pups resulting from the crosses with lines
Tg-A and Tg-B as Rescued-A and Rescued-B lines of mice,
respectively. Genomic Southern blot analysis of tail DNA from the
EpoR~'~::Tg-A (data not shown) and EpoR~/~1:Tg-B mice (Figure
1B, lanes 7, 8) clearly indicated that these rescued mice contained
the knockout allele and the EpoR transgene. These results thus
demonstrate that transgenic expression of EpoR cDNA under the
influence of GATA-I-HRD rescued the germ-line EpoR-deficient
mice from embryonic lethality,

Expression of fransgenic EpoR in vatious mouse tissues and
Interbreeding experiments

Expression of the EpoR transgene was examined in various tissves and
organs of the rescued mice, particularly in hematopoietic tissues, We
used highly sensitive RT-PCR analysis using a radiolabeled probe, and
the primer sets used are shown in Figure 1C. Analysis revealed specific
expression of EpoR mRNA from the HGI-EpoR transgene in the spleen
and bone matrow of Tg-A, Tg-B, and Rescued-B mice (Figure 1D,
middle panel), In agreement with previous reports,”&H-1218.12 endoge-
nous expression of EpoR mRNA was detected in most of the tissues
exarmined in wild-type, Tg-A and Tg-B mice, but not in Rescued-B mice
(Figure 1D, top panel). Impaortantly, as we generated transgenic mouse
lines with full-length EpoR cDNA, we expected that the fransgene-
rescued mice would express the full-length EpoR mRNA exclusively.
Indeed, we did not detect any truncated form of EpoR mRNA by
Northern blot and RT-PCR analyses (data not shown), These resulis
demonstrate that hematopoietic lineage-specific expression of EpoR
rescued the EpoR germi-line mutant mice from embryonic lethality.

We then performed interbreeding experiments with the rescued
male and female mice. We expected that 3 quarters of F1 embryos
would survive because of the HGI-EpoR transgene. Indeed, the
infercress resulted in 23 viable pups, all of which possessed the

EpoR genotypa
Crossing Litters Pups Tranagane + (56) +/ (%) =={%)
EpoRr/-:: Ty-A and EpoR+= 8 20 + i5 {24 28 (45) 19 {31)
: - 8 {21) 22 (70) 00
EpoR+-:: Tg-B and EpoR+- 7 4p + 5 (17) 16 (53) 9 {30}
- 421 15 (79) 0 {0)
Epoft-:: Tg-Band Epof-'-:: Tg-B 4 23 + — - 23 (100)
_ — _ 0 (0)

Two lines of mica contatning the HA1-EpoR Wanspene {Tg-A and Tg-B} wers used for tha rescue expetiments. Tha genotypes of pups derlved from each parent wera

detarmined 3 to 4 weaks after birth by PCR, Southern biot analysis, ot both,

“Twetve male and 11 famale pups wara darived irom Lhe Interbreeding of Rescued-B mica.
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HGI-EpoR transgene, whereas no pups lacking the transgene were
born (Table 1}, The male-to-female ratio was approximately 1:1,
and the pups lived for more than 1 year. Development, growth,
mating, pregnancy, and childbirth of the rescued mice were within
a normal range, and no apparent morphologic abnormality was
observed (data not shown),

Rescue of primltive and definitive erythropolesis in EpoR-nulf
mutant embryos

Primitive erythropoiesis was also affected by a lack of EpoR, as
seen in the paleness of the yolk sac of the E10.5 EpoR~~ embryo
shown in Figure 2C, In comparison, the yolk sacs of Rescued-B
embryos (Figure 2D) were not anemic and displayed a color similar
to those of wild-type and Tg-B embryos (Figure 2A-B).

Only a small number of primitive erythrocytes were observed in
the E11.5 EpoR™"" embryonic yolk sacs, whereas the endothelivm
surrounding the blood islands appeared normal (Figure 2E). In
contrast, significantly more primitive erythrocytes were observed
in the blood islands of Rescued-B yolk sacs (Figure 2F). Thus,
EpoR expressed from the EpoR transgene effectively recovered
primitive erythropoiesis in the yolk sacs of EpoR~~embryos.

O gross examination, embryonic livers of E12,5 wild-type (Figure
2G) and Tg-B (Figure 2H) mice were red, indicating active definitive
erythropoiesis. In contrast, the EpoR™"" embryonic livers were pale

Wild typ

Tg

EpoR
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(Figure 2I), and the number of erythrocytes was markedly decreased
(daa not shown). Erythropoiesis in EpoR-null mutant livers recovered
on transgenic expression of EpoR, as indicated by the liver color, which
was similar to that found in wild-type embryos (Figure 2J).

Because Tg-A mice were injected with HGI-EpeR and HGI-
GFP wansgenes, we examined the embryonic livers under a
fluorescence microscope., As can be seen by the green fluorescence,
the HGI-GFP transgene was specifically expressed in the livers of
R12.5 transgenic (Figure 2L} and rescued (Pigure 2N) embryos, but
not in the livers of wild-type (Figure 2K) and EpoR ™/~ (Figure 2M)
embryos. These results indicate that the HG1-EpoR transgene was
efficiently expressed in the embryonic liver,

Rescue of hematopoietic cells from apapiotic celi death by
transgenic EpoR

GFP-positive erythrocytes (dark purple) and GFP-positive
megakaryocytes (arrowheads) were observed in Tg-A (Figure 3B)
and Rescued-A (Figure 3D) embryonic livers, but not in the livers
of wild-type or EpoR™/~ embryos (Figure 3A,C). Histologic
examination thus revealed that the EpoR-transgene was expressed
in hematopoietic cells of the liver,

TUNEL staining allowed a clearer evaluation of the extent of
apoptosis in the embryonic livers (Figure 3E-H). Rescued embry-
onic livers (Figure 3H) harbored a significantly lower number of

Rescued

[

Figure 2. EpoR-null embryos were rescued from
savere anemla and embryanic death by hematopol-
otle lineage-specific expresslon of the EpeR trans-
gena. A single lilter oblalned by crossing EpoRt-5Tg
with Epofi*/~ mlce was usad in this study, Wild-typa {A),
Tg-B (B}, EpoR-* (C, E), and Rescued-B (T, F) embryos
ara shown. Pansls A ko D show whols E10.5 embryos,
whereas panels E and F show sections of the yolk sac of
E11.5 embryos. Nole that the yolk sac bloot vessels of
the rescued embryo wers fllled by nucleated erythrocytes
{amowheads In panel F), whereas EpoR~~ ambryo
contalned only & small number of arythrocytes {E). Scala
bar, 50 p.m, Whola E12.5 ambryos are shawn In panels G
1o J. In contrasl ta the EpoR~#~ embryu {J), the size and
redness of thae liver {arrewhead) In the Rescued-B am-
brye (J) were similar to those of the Tg-B {H) and
wild-type {G) embryos. The E12.5 embryoa shown in the
fiuorescence Images K to N wers from a single liter
oblained by crossing EpoR*~:Tg-A with EpoR*"- mice.
Because HG1-EpoR and HG1-GFP Wransgenes were
coinjected, transgenic EpaR expresslon could be monl-
tored by the Intensity ol green flucrescence. Giremn
fluorescance was detected only In the livars {arrowhaads)
of Tg-A{E) and Rescued-A (N} ambryos.
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Figurs 3, Rescua of hematopolstic cells from apople-
Yz call death by transgenle sxpression of EpoR In
E12.5 embryonlc livers: (A-D) Sections of E12.5 embry-
onle livers were stalned with antl-GFP antibody. GFP*
cells (stalned puiple) are expecied to cosxpress the
EpoR transgene. Megakaryocytas (arrowheads) and ery-
throld cells were sleinad posiive In Tg-A (8) and Res-
cued-A (D) embryos only. {E-H) TUNEL {terminal trans-
farase-madiated dUTP nick-and labeling) assay of E12.5
embryanic liver cells. Nuclel of TUNEL-posltive cells were
slalned purple (amows). Alhough most cells In the
EpoR- Nver stained TUNEL positive (Q), livers of the
rescued (M), wild-type (E}, and Tg-A {F} embryes con-
talned only & small number of posltive cells, Scale bar
squale 50 pm (A-H). (I} TUNEL-posltiva cells as a
parcantags of the tolal fiver cells countad in each section,
(/) Number of Plnsgative cells assessed by FACS
analysls,

TUNEL-positive cells {%)

apopiotic cells than EpoR~~ embryonic livers (Figure 3G).
Although the frequency of TUNEL-positive cells varied among the
knockout embryos, the number of TUNEL-positive cells was
always several-fold higher on average than that of wild-type,
transgenic, and rescued embryos (Figure 3I). We also examined the
number of PI staining-negative cells, which represent living cells,
in the knockout and rescued embryonic livers, EpoR~/~ embryos
contained 10-fold fewer Pl-negative cells than wild-type, trans-
genie, and rescued embryos (Figure 3J). These results demonstrate
that apoptosis is prevalent in the livers of EpoR ™/~ embryos, where,
most cells are erythroid. In addition, the transgenic expression of
BpoR transduces signals that effectively protect hematopoietic
cells from apoptotic cell death. -

Hematopoietic cell populations In EpoR-deficlent and
transgene-rescued fetal livers

We assessed the population of hematopoietic cells in the livers of
transgenic and rescued Bl12.5 embryos by determining the amount of
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Rescundl-B

cells positive for various markers of hematopoietic differentiation.
FACS analysis showed that, whereas most of the cells in the wild-type
and Rescued-B livers were ¢-Kit™ (Figure 4A, middle panel), c-Kit*
hematopoiefic progenitors were predominant in the EpoR™" livers,
albeit the total number of the cells was fow (data not shown), In the
FACS analysis, CD44%%/Ter119* cells represent a population of an
erythroid cell Iineage, Compared with wild type (88.3%) and Rescued-B
(88.6%), this fraction of erythroid cells was less abundant in the
EpoR~~ liver (16.0%; Figure 4A, top), suggesting that erythroid
differentiation js suppressed by the absence of EpoR.

To elucidate the function of wansgenic EpoR in erythroid cell
development, an in vitro colony formation assay was undertaken,
Embryonic liver cells were cultured in a methylcellulose medivm
containing various concentrations of Epo for 2 days. Benzidine-positive
colonies were scored as CFU-E—derived colonies. At all Epo concentra-
tions used, fetal liver cells from Tg-A, Te-B, Rescued-A, and wild-type
embryos showed a comparable number of erythroid colonies (Figure
4B), indicating a similar sensitivity of CFU-E progenitors to Epo among
these embryos. Although liver cells from Resened-B embryos formed a
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smaller number of erythroid colonies in the presence of 0.1 U/mL Epo,
the erythroid colony number recovered on incubation with high
concentrations of Epo. These observations suggest that livers from
wild-type, Rescued-B, and other genotypes of embryos contain a similar
number of CFU-E (approximately 50 CFU-E per 1 X 10 fetal liver
cells). In contrast, no benzidine-positive colony was detecled in the
EpoR~*" embryonic liver cells, indicating that transgenic expres-
sion of EpoR efficiently rescued CFU-E activity in the EpoR~"~
embryonic liver.

EpoR has been reported to play a functional role in the
formation of megakaryocytes.?! Furthermore, our study showed the
EpoR transgene to be expressed in megakaryocytes in the livers of
transgenic and rescued embryos (Figure 3B-D). We therefore
examined the frequency of megakaryocytes in E12.5 embryonic
livers, Despite overexpression of the EpoR transgene in megakaryo-
cytes of Tg-B embryos and no expression at all in megakaryocytes
of EpoR~/~ embryvs, the frequency of CD41* megakaryocytes in
these livers was comparable to that of the wild type (Figure 4A,
bottom panel, and data not shown), The number of circulating
platelets did not change in Tg-B or transgene-rescued mice
{below). These results suggest that EpoR is dispensable in
megakaryocyte development,

Rescue of heart deveiopment by hematopoletic expression
of EpoR

Because Epo activates angiogenesis,® we examined the distribu-
tion of endothelial cells in E12.5 embryos. After whole-mount
staining with PECAM-1 antibody, embryos were sectioned and
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histologic examination was performed. The lateral sides of somites
(Figure 5A-D) and livers (Figure 5B-H) are shown. In somites and
liver, the endothelial cells in EpoR~~ and rescued embryos
appeared to be similar to those in the wild-type embryos, suggest-
ing that the Epo-EpoR signaling pathway is not necessary for
endothelial cell development,

It has been reported that the Epo-EpoR signaling pathway plays
an important role in cardiac morphogenesis.” Indeed, in E12.5
EpoR~"~ embryonic hearts, epicardium detachment and a lack of
defined capillary structores in the endocardinm were observed
{Figure 5K). However, the epicardium and capillary development
in transgene-rescued mice were normal (Figure 5L) and were
similar to those in wild-type (Figure 5I) and transgenic embryonic
hearts (Figure 5J).

Because Rescued-A embryos were coinjected with the GFP
transgene, embryos were examined by specific staining with
anti-GFP antibody. The results clearly revealed that transgenic
GEP, hence transgenic EpoR, was expressed in fetal liver (Figure
5M) but not in heart. Transgenic GFP expression was not detectable
in the endocardium, epicardium, or pericardium of the embryos,
where EpoR expression is usvally detected, even at higher magnifi-
cations {data not shown). These results suggest that the Epo-EpoR
system is not a crucial signaf transduction pathway for normal
development of the heart but rather that severe anemia might be
pertinent to the blockage of heart development, perhaps through a
reduction in the oxygen supply to the developing heart, Thus, we
propose that the Epo-EpoR system does not relate directly to
epicardium or capillary development in the embryonic heart.

Rescued

‘ Flgure 5. Analyses of nonhematopoletic embryogen-
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Analysis of hematopoletic cells in transgene-rescued adult
mouse bone marrow

Although EpoR expression has been demonstrated in hematopoietic
stem cells and progenitors of the bone marrow,® we envisage that
expression of the AHGI-EpoR transgene cannot recapitulate EpoR
expression in such cells. To address the question as to whether BpoR is
indispensable for the differentiation and maintenance of stem cells and
progenitors, we performed FACS and RT-PCR analyses of Rescued-A
mice containing Tg-A and HGI-GFP transgenes. Approximately 10%
of bone marrow cells from the Rescued-A animals expressed GFP, and
the population and intensity of fAlucrescence was similar to that of Tg-A
mice (Figure 6A and data not shown).

CD34% progenitors, which were shown to express EpoR, did
not express GFP at all (Figure 6A, left). Thus, EpoR expression in
the CD34% hematopoietic progenitors does nol appear to be
essential for normal hematopoiesis. Importantly, a GFP¥eh fraction
was included in the c-Kit* fraction (Figure 6A, middle), which
contains BFU-E and CFU-E erythroid progenitors (N, Suwabe,
N.S,, M.Y., unpublished observation, December 2001). We con-
clude that transgenic expression of EpoR in the CD34-/c-Kit*
fraction rescued the differentiation of EpoR-null erythroid progeni-
tors to give rise to Ter119* mature erythroid cells.

RI-PCR analysis was performed on the GFP-positive and
-negative fractions of bone marrow from Tg-A and Rescued-A
mice, Although the Rescued-A mouse did not express endogenous
EpoR mRNA at all, GFP~ cells of the Tg-A mouse expressed
endogenous EpoR mRNA weakly (Figure 6B). As expected, the
GFP~ fraction of the Rescued-A mouse did not express transgenic
EpoR mRNA. GATA-1 mRNA was also enriched in the GFP*
fraction compared with the GFP™ fraction of Tg-A and Rescued-A
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Figure 6. Apalyeés of bone marrow hematopoliesls In transgenic-EpoR rescuad
mice, (A} FACS analyste of the menonugleated cells In Rescuad-Amlice, Pl-negalive
cells wera gafadh énd Hliiorescence Intensities were analyzed. (B) RT-PCR analysls of
sorted bone: makow ells from Tg-A and Rescued-A mice. GFP-posiliva (+),
GFP-nagative~GEE Hnditotal (T) fractions were sarted, and RNA was exlracled.
Endogenous. E§oRAAansgenle EpoR, and GATA-1 transcripls were delected by
RT-PCR. Negeives(io)-and posilive {pc) contrals wers loadad In lanes 7 and 8,
respectively..
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Flgura 7. Number of EpaR at the bone marrow cell surface and erythrold colony
formatlon assay In differentlal soncentrations of Epo. (A} Number of radiotabsled
recombinant human Epo binding sties at the sudace of a bane rmarrow oell, Total
mononuclear cells from the bone marrow of 4 1o B mice at 10 to 12 weeks old were
analyzed for sach line. (B, C} Bone marrow gells were culturad for 3 days with
different concentrallions of Epo (B} or for 7 days with 50 ng/ml. SCF and different
concentrations of Epo (C) In methylestiuluge medium, Erythrold colonies were
counted by benzldine stalning. “P < .01 compared with wild-type mouse.

mice. Interestingly, GFP~ cells from the Rescued-A mouse express
endogenous GATA-1, albeit at a low level, suggesting that GATA-I-
HRD regulation is still missing in some population of the cells in
which the endogenous GATA-J gene is expressed,

Expression level of EpoR determines the sensitivity of
erythrold progenitors to Epo '

The expression of Epo binding sites in adult mouse bone marrow
cells was investigated using sodium ijodide I 125-1abeled recombi-
nant human Epo (Figure 7A), which has been shown to bind to
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mouse and humen EpoR with comparable efficiency, The number
of Epo binding sites in 2 bone marrow cell of the Tg-B mouse is
approximately 71, almost comparable to that of the wild type (67
binding sites). In contrast, Rescued-B mice contain only 27 binding
sites per cell, which represents a purely Tg-B-derived EpoR
number. Rescued-A mice have 83 binding sites per cell, which is
1.2-fold that of the wild type. Transgenic and endogenous EpoR
showed comparable dissociation constants against human Epo (K,
values of 201 pM and 270 pM for rescued and wild-type mice,
respectively), indicating that the transgene-derived EpoR is synthe-
sized and transferred normally to the cell surface,

The sensitivity of each erythroid progenitor to Epo was
examined by erythroid colony formation assays in a methyleellu-
Jose medinm containing various concentrations of Epo, For each
EpoR genotype, the number of CFU-E-derived colonies in the
bone marrow cells increased in a dose-dependent manner with an
increasing Epo concentration (Figure 7B). Erythroid progenitors
from Tg-A and Rescued-A mice (high EpoR expressors) were in
. plateau at 0.1 U/mL Epo, indicating that these types of erythroid
progenitors were more sensitive to Epo than other types of mouse
progenitors, On the other hand, erythroid progenitors from Res-
cued-B mice (low EpoR expressor) showed the lowest number of
CPFU-E-derived colonies, and those from wild-type and Tg-B mice
(medinm EpoR expressors) showed an intermediate number of
CFU-E-derived colonies at 0.1 U/mL Epo. An important finding
was that, with a higher concentration of Epo (1-10 U/mlL), the
colony number derived from Rescuned-B mice increased and
became similar to that of the wild-type and Tg-A mice, Thus, first
we conclude that a comparable number of CFU-E progenitors
exists among wild-type, Tg-A, Rescued-A, Tg-B, and Rescued-B
mice. Second, we conclude that the ability of progenitors to
differentiate toward an erythroid lineage differs among the various
EpoR genotypes and depends on the expression level of EpoR.

We also examined BFU-E-derived colony formation. The
numtber of colonies from Tg-A and Rescued-A bone marrow cells
reached a plateau at a lower concentration of Epo (0,1U/mL) than
did the other genotypes (Figore 7C). Thus, at a low coneentration of
Epo, both CFU-E~ and BFU-E-derived colony numbers directly
correlate with the nimber of Epo binding sites on the surface of
erythroid progenitors, which were produced distinctly by the
germ-line EpoR-mutation and EpoR-transgene. Intriguingly, though
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r

»

-
o
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Rescued-B bone marrow cells had the lowest number of BFU-E-
derived colonies at 0.05 U/mL Epo, the BFU-E number did not
differ significantly from that of the other genotypes between 0.5
and 2.0 U/mL EpoR (Figure 7C), This is in clear contrast to the
CFU-E case at 0.5 U/mL EpoR, in which Rescued-B bone marrow
cells formed only one third the number of CFU-R colonies formed
in the other genotypes (Figure 7B),

Response of transgenic EpoR-rescued mice to anemia induced
by hleeding

So far, this study has demonstrated that the nember of Epo binding
sites in erythroid cells from Rescued-A and Rescued-B mice are
approximately 120% and 40% that of the wild type, respectively,
Nevertheless, both lines of transgenic mice are viable and fertile.
Importantly, the erythroid progenitors of Rescued-B mice are much
less sensitive to Epo than those of the wild type. In contrast, the
erythroid progenitors of Tg-A and Rescued-A mice are more
sensitive to Epo than those of the wild type. We wanted to know
whether red biood cell prodection is under the influence of
circulating Epo levels in these genetically engineered mice,

To this end, we first analyzed the hematopoietic indices of these
mice (Figure 8A, day 1). The hematocrit (HCT), hemoglobin
coucentration {Hb), mean corpuscular volume (MCV), number of
white blood cells (WBCs), and platelet number (PLT) temained
unaffected in the 2 rescued mouse lines. However, the total number
of erythrocytes (RBCs) was slightly decreased in the Rescued-B
mice than in the wild type. In spite of the fact that Rescued-A mice
have 20% more Epo binding sites, polycythemia was not observed
in this line of mice.

Anemia was induced in these mice by daily bleeding for 4 days,
and HCT values (Figure 8B) and Epo concentrations (Figure 8C) in
the blood were examined over a 10-day period, starting from the
first day of bleeding. Other hematopoietic indices were measured
before bleeding (day 1) and after 4 days (day 4) of bleeding (Figure
8A). Using this protocol for experimentally inducing anemia, the
HCT values of all 4 genotypes reached as low as 25% (Figure 8B).
Furthermors, the HCT, Hb, and RBC values decreased comparably
in all 4 genotypes of mice (Figure 8A-B), Other blood cell lineages,
such as WBC and PLT, were also similar among the 4 different
lines of mice (Figure 8A).
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Figure 8, Effect of EpoR an recovery from anamla. Anamia was induced In 4 different EpoRt genotypes of mice by withdrawing blood from tha retre-orbital venous plexus
avary day for 4 days {day 1 lo 4). Fecovery from ansmia was observad over a patlod of 1 week, {A) Peripheral bload Indices of Lhe 4 nes of mlee vadar narmal {day 1) and
anemic {day 4) conditions are shown in each panel. Hb, MCV, RBC, WBC, and PLT are shown, HGT values (B and Epo concentrations In the plasma {C) were measurad daly.
Resulis ara shown with SD; n = 5 for each line. * indicales £ < .01; +, P < .05 comparad with wild-lype mouse,
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In each ling, the plasma Epo concenirations increased in
respanse to induced anemiia, Notably, the daily Epo concentration
of Rescued-B mice was markedly higher than that of the wild type,
Tg-B, and Rescued-A mice (Pigure 8C), refiecting differences in
the number of Epo-binding sites among these mice. It is notewot-
thy that, though the plasma Epo concentration peaked at day 3 in
wild-type and Tg-B mice, the peak shifted to day 4 in Rescued-A
and -B mice (Figure 8C). This time delay in peak plasma Epo
conceniration is most likely to reflect a lack of efficient internaliza-
tion and subsequent metabolic tumover of Epo in nonhematopoi-
etic tissues through binding to EpoR, considering that the Res-
cued-A and -B lines of mice lack the nonerythroid expression of
EpoR. An altemnative possibility is that Epo production may be
regulated by a negative feedback mechanism, with the circulating
Bpo concentration sensed by Epo-producing cells through EpoR on
the cell surface. Therefore, a low level of EpoR expression may
trangduce the low concentration signal less efficiently, giving rise
to the delay in Epo production. These results suggest that the
contribution of nonhematopoietic EpoR is important in the regula-
tion of plasma Epo concentration,

Discussicn

Gene ablation studies demonstrated that the Epo-EpoR signaling
pathway is crucial for definitive erythropoiesis and reveaied the
embryonic lethal phenotype inherent in a deficiency in either Epo
or EpoR.!* This embryonic lethality made it difficult to further
analyze the Epo-EpoR system in the later stages of development.
As a result, many uncertainties remain regarding the function of the
Epo-EBpoR syslem in embryonic development and adult hematopoi-
esis, Purthermore, it is unclear whether the Epo-EpoR pathway
plays a crucial role in vivo in nonliematopoietic tissues. In this
study, we resolved these issues by generating transgenic lines of
mice expressing EpoR cDNA exclusively in the hematopoietic
lineage. EpoR mutant pups were successfully rescued by crossing
their EpoR-null parent with one of these EpoR transgenic mice.
Because these EpoR transgene-rescued mice developed normally
and were fertile, we exploited them for analyzing the roles of the
Epo-EpoR system in adult hematopoiesis and in nonhematopoietic
tissues, For the first time, our resulis exposed the absolule contribution
of the Epo-EpoR signaling pathway to erythropoiesis in an integrated
system in vivo. We demonstrated that nonhematopoietic expression of
EpoR is dispensable in the birth, fertilization, and survival of mice and
that the number of EpéR on the surface of erythroid progenitors
determines the sensitivity of such progenitors to Epo stimuli.

All EpoR gene knockout mice reported to date showed that
E12.5 EpoR™"" embzryos are pale because of a significant reduction
in circulating erythroeytes.!* Qur current analysis showed very
good agreement with these results, In regard to definitive hemato-
poiesis, colony formation assays showed that supplementation of
Epo and SCF is not sufficient to produce BFU-E- and CFU-E-
derived colonies from EpoR~~ embryonic hematopoietic celis,
However, a combination of SCF and thrombopoietin (Tpo) or of
interleukin-3 (IL-3), IL-11, and Tpo was found to efficiently
support BFU-E colony formation from EpoR -~ embryonic cells.*
In contrast, colony formation of these erythroid progenitors was
completely rescued by the transgenic expression of EpoR. To
identify the expression profile of GATA-1,5% we generated
GATA-I-HRD-GFP transgenic lines and identified GFP expression
in & fraction containing enriched BFU-E and CFU-E (N. Suwabe,
N.5,, M.Y., unpublished observation, December 2001}, These
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results thus support our contention that the target cells rescued by
the EpoR transgene include BFU-E and CFU-E progenitors in the
definitive erythroid lineage.

Closer examination of B12.5 EpoR™/~ embryos revealed a
defect in cardiac development because of ventricular hypoplasia.?
In EpeR~/" embryonic hearts, the epicardial walls were detached
and the capillary siructures lacked definition. In contrast, transgene-
rescued embryos exhibited no apparent defect or abnormality in
their myocardial walls, indicating that the Epo-EpoR system is
unnecessary for the initial development of the myocardial layer,
Indeed, EpoR™~ embryonic stem cells have been shown to
contribute ta heart development in chimeric mice,” These resulis
strongly .argue that impaired heart development results from a
decrease of circulating mature erythrocytes, which are responsible
for supplying oxygen to cells. We therefore propose that transgenic
expression of EpoR in the knockout embryos rescued primitive
and definitive erythropoiesis, which in turn rescued cardiac cell
development,

Severa! reports have described the expression of EpoR in other
nonhematopoietic tissues. For instance, Epo expression is induced
by hypoxia and ischemia in astrocytes, and Epo protects neurons
from ischemia, trauma, and the toxicity of kainate, %1326 Binding of
Epo to EpoR on the surfaces of neural cells induces the expression
of antiapoptotic genes after the activation of Jak2 and NF-«kB.Z7
EpoR is also expressed in skeletal muscle, kidney, and intestine,
and Epo induces cell proliferation in these tissues.!!'828 These
findings led to the hypothesis that the Epo-EpoR system may play
important roles when cells suffer from damage or stress. Although
our study demonstrated that the Epo-EpoR system is not required
for normal mouse development, these broad observations suggest
that further analyses under pathological conditions are necessary
for a comprehensive understanding of the contribution of the
Epo-EpoR signaling system in nonhematopoietic tissues,

Alternative splicing of the EpoR transcript produces soluble and
truncated isoforms that are assumed to negatively regulate erythro-
poiesis in immature erythroid progenitors.®® Therefore, we exam-
ined whether the GATA-I-HRD transgene bearing a truncated form
of EpoR could rescue germ-line EpoR mutant mice from embry-
onic lethality. However, the transgenic expression of truncated
EpoR could not rescue erythroid cell development in EpcR-
deficient mice (N.S., N.Y,, unpublished observation, June 2000).
The HGI-EpoR transgene expresses full-length EpoR exclusively.
Because the transgene rescues EpoR germ-line mutant mice from -
embryonic lethality and recovers the mice from experimentally
induced anemia, we conclude that these splicing variants are not
essential for erythroid cell formation and recovery from anemia.
On the contrary, because the truncated isoform is highly expressed
in cells from patients with myelodysplastic syndrome and causes
ineffective erythropoiesis,? it is of interest to test the contribution
of the EpoR transgene to blood cell differentiation in these patients.

Compared with wild-type mice, the amount of EpoR on the
surface of bone marrow cefls from Rescued-B mice is approxi-
mately 40%, and the sensitivity of erythroid progenitors to Epo in
Rescued-B mice is much lower. This is consistent with the
observation that CFU-E progenitors are more sensitive to Epo than
BFU-E progenitors given that CFU-E progenitors contain more
EpoR than BFU-E progenitors.>® Nonetheless, Rescued-B mice
have normal hematopoietic activity and can recover from anemia
induced by bleeding. We believe that, because of the overproduc-
tion of Epo in vivo, a small number of receptors may be sufficient
to sustain erythropoiesis. It should also be noted that though the
erythroid progenitors in these lines of mice showed different
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sensitivity to Epo, it did not result in polycythemia or anemia,
indicating that the in vivo Epo level is strictly regulated. Based on
these results, we conclude that the expression level of EpoR
conirols the sensitivity of erythroid progenitors to Epo. To our
knowledge, this is the first demonstration in vivo that the number of
cytokine receptors on the surface of target cells controls the
sensitivity of the target cells to the cytokine ligand.

In contrast to adult mice, there was no gignificant difference in

SUZUKl et al
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CFU-E colony formation in fetal livers from the different lines of mice
bearing different numbers of EpoR. We speculate that erythroid

progenitors in fetal liver have a higher potential for producing erythroid
cells and a higher sensitivity to the Bpo signaling cascade than

In summary, we presented the usefulness of the HGI-EpoR
transgene-rescued lines of mice for the analysts of EpoR function
both in erythroid progenitors and in nonhematopoietic tissues, This
study also implies that the GATA-1-HRD-EpoR minigene may be
applicable to therapeutic use in that we anticipate an EpoR
transgene under the regulation of this minigene 1o be expressed
specifically in erythroid progenitors derived from patients with
defective erythropoiesis.

progenitors in adult borte marrow. The nation that fetal Liver erythropoi-

esis is under a different regulation than adult bone marrow erythropoi-

esis requires further examination.
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Function of the Transcription

Factor GATA-2

Shigehiko Imagawa

1, INTRODUCTION

Erythropoictin (EPO) gene expression is under the control of HIF-1 (hypox-
ia inducible factor-1) through an HIF-1 binding site in the Epo enhancer.
HIF-1 is composed of a redox-sensitive HIF-10, subunit and a constitutively
expressed HIF-1P subunit. Under normoxic conditions, HIF-10 is rapidly
degraded, whereas under hypoxic conditions, HIF-10, is stabilized and jts
transcription is stimulated (70). The EPO gene is negatively regulated by
GATA, which binds to the GATA site of the EPO promoter in Hep3B cells
(12). Under normoxic conditions, EPO gene expression is not stimulated,
because HIF-1¢. is degraded by proly! hydroxylation (13,14) and EPO gene
expression is suppressed by GATA. NG-monomethyl L-arginine (L-NMMA),
H,0, and cadmium inhibit EPO gene expression even under hypoxic condi-
tions through different mechanisms (3,8,9,28). In this chapter, the negative
regulation of EPO gene by GATA is demonstrated and a mechanism by which
L-NMMA suppresses the EPO gene is proposed.

2. NEGATIVE REGULATION OF EPO GENE BY GATA
2.1. Hep3B and HepG2 Cells Express hGATA-2 mRNA and Protein

Human hepatoma cell lines Hep3B and HepG2 can be induced by hypoxia,
as well as by cobalt, to produce large amounts of biologically active and
immunologically identifiable EPO (4). Hypoxia and cobalt also induce
markedly increased levels of EPO mRNA (4). The expression of hGATA tran-
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scription factors was examined in Hep3B and HepG2 cells by Northern blot-
ting analysis (12). Hep3B cells express hGATA-2 and -3 transcription factors,
whereas HepG2 cells express hGATA-2. Immunohistochemical staining
showed that hGATA-2 was abundantly expressed within the nucleus of
Hep3B and HepG2 cells. However, hGATA-1 and -3 were not expressed (7.2).

2.2. hGATA-1, -2, and -3 Transcription Factors Specifically Bind to the
GATA Element in the Human EPO Gene Promoter

Constructs of hGATA-1, -2, and -3 transcription factors were transfected into
QTG cells by CaPOy precipitation. Binding of proteins from nuclear extracts
of QT6 cells transfected with hGATA transcription factors was assessed by a
gel mobilicy shift assay. DNA-protein interactions in nuclear extracts of cells
transfected with hGATA-1, -2 and -3 and in Hep3B cells were identified as
retarded complexes, using the GATA element as a probe. The addition of non-
radiolabeled GATA element oligonucleotide showed that these DNA-protein
interactions were specific. Furthermore, 2 150 fold molar excess of unlabeled
irrelevant oligonucleotide and of one of the mutant GATA oligonucleotides
were not able to compete with these complexes (12). These experiments
showed that hGATA-1, -2, and -3 transcription factors specifically bind to the
GATA element of the human EPO gene promoter.

2.3. hGATA-1, -2, and -3 Transcription Factors Decrease Expression of
EPO mRNA in Hep3B Cells

To examine the effect of hGATA transcription factors on EPO mRNA in
Hep3B cells, hGATA-1, -2, or -3 expression plasmids were transfected into
Hep3B cells by electroporation, The level of EPO mRNA was then measured
in the transfected Hep3B cells by competitive PCR. These results showed that
20 lg of hGATA-1, -2, and -3 transcription factors decreased the expression
level of EPO mRNA, to 38.3%, 36.1% and 33.8%, respectively as compared
with EPO mRNA levels after incubation in 1% O, with transfection of car-

rier DNA only (12),
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2.4, Mutation of the GATA Sequence of the EPO Promoter Interferes With
Inhibition of the EPO Promoter Activity by hGATA-1, -2, and -3
Tiranscription Factors

To understand the regulation mechanism of the EPO promoter by hGATA
transcription factors, reporter constructs (luciferase) that contain a mutated
GATA sequence were prepared. Pwt is a wild-type plasmid in which the 126-
bp 3" EPO enhancer and the 117-bp Epo promoter were placed upstream of
the luciferase gene PXP2, There is one GATA and two CACCC motifs in the
promoter region, and one HIE-1 and one heparic nuclear factor 4 (HNE-4)
binding site in the enhancer. To investigate the effect of GATA transcription
factors, GATA sequence of the EPQO promoter in Pwt was mutated
(AGATAACAG -> ATATAAAAG) and named Pm7. Therefore, GATA tran-
scription factors cannot bind to this mutant; however, TF II D can bind to
this TATA. We transfected Pwt and Pm7 into Hep3B cells and incubated the
cells under 21% (normoxia) or 1% (hypoxia) oxygen for 24 h. The hypoxic
induction of Luc gene expression is represented as a hypoxia/normoxia ratio.
Transient transfection of Pwr showed 46.5-fold induction by hypoxia.
hGATA-1 transcription factor significantly inhibited the hypoxic induction to
13.1-fold. hGATA-2 and hGATA-3 transcription factors also inhibited
hypoxic induction to 15.6-fold (33.5% compared with Pwt), 9.0-fold (19.4%
compared with Pwt), respectively. However, transient transfection of the
mutated GATA (Pm7) showed 77.7-fold induction by hypoxia. The hypexic
inductions of Pm7 transfected cells were higher than the hypoxic induction of
the wild-type, Pwt. Furthermore, hGATA-1, -2, and also —3 transcription fac-
tors significantly interfered with the inhibition of EPO promoter activity,
49,2-fold, 98.7-fold, and 235.8-fold induction by hypoxia (72). These results
clearly showed that hGATA transcription factors bind to the GATA sequence
of the EPO promoter, inhibit the activity of the EPO promoter, and finally,
negatively regulate EPO gene expression.

This study clearly demonstrates that expression of hGATA-1, -2, and -3
transcription factors significantly inhibit EPO mRNA expression in Hep3B
cells, This decrease in expression may be due to inhibition of EPO promoter
activity by hGATA-1, -2, and ~3 transcription factors, In Hep3B and HepG2
cells, which regulate EPO protein and mRNA expression in response to
hypoxia and CoCl,, the hGATA-2 transcription factor may bind the GATA
element in the human EPO gene promoter, negatively regulating EPO gene
expression, Because Hep3B cells already express hGATA-2, this additional
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decrease in EPO expression after transient transfection of the hGATA-2 plas-
mid may be caused by an increase in hGATA-2 expression. The result of tran-
sient transfection of the EPO-luciferase significantly demonstrated that the
EPO promoter activity was inhibited by the overexpression of hGATA tran-
scription factors, The transient transfection of the mutated GATA of the EPO
promoter with luciferase construct clearly showed that the hGATA transcrip-
tion factors interfered with the inhibition of the EPO promoter activity.
Burthermote, hGATA transcription factors stimulate the EPO promoter activ-
ity in the transient transfection of the mutated GATA. Because TF II D can
bind to the mutated GATA (TATA) sequence more tightly than to the GATA
sequence, it is tempting to speculate that hGATA transcription factors may
bind TF II D or another associated molecule (1).

3. L-NMMA SUPPRESSES EPO GENE EXPRESSION

The major sites of EPO production are the liver in the fetus (31), and the kid-
ney in the adult (15). Peritubular capillary interstitial cells are thought to be
the major site of production of EPO in the kidney (19). The cause of the ane-
mia of renal disease is believed to be damage to this site of EPO production
by renal failure (20). In this regard, howevet, it is interesting to note that there
are some patients with the anemia of renal discase who still have the ability o
produce EPO in response to acute blood loss and hypoxia (2). On the other
hand, there are also patients with renal failure who do not have anemia (30).
These observations suggest that chronic perturbation of oxygen sensing
and/or signal transduction underlie the pathogenesis of the anemia of renal
disease rather than damage at the site of EPO production. Recently, L-
NMMA was reported to be undetectable in non-uremic subjects, while the
concentration of L-NMMA was markedly elevated in uremic patients (24).
Based on this observation, we hypothesized that this substance may be a can-
didate uremic toxin responsible for renal anemia. However, the precise func-
tion of L-NMMA in mediating expression of the EPO gene remains to be elu-
cidated, Since L-NMMA functions as an inhibitor of nitric oxide synthase
(NOS) (7), it is expected to suppress production of nitric oxide (NO) and
cyclic guanosine 3', 5’-monophosphate (¢cGMP). We have found that GATA
transcription factors bind to a GATA site in the EPO gene promoter and neg-
atively regulate EPO gene expression in Hep3B cells (72). In this study, we
demonstrate that L-NMMA suppresses EPO gene cxpression by up-regula-
tion of the GATA transcription factor.
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Fig, 1A, 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 con-
ditions (1% O,) for 24 h. EPO protein was measured by RIA. Four separate experiments were
performed (n=4), Error bars represent one standard deviation (SD).

Fig, 1B. Effect of L-NMMA on NO from Hep3B cells. Hep3B cells were incubated under
normoxic (21% O3) ar hypoxic (1% O2) conditions for 4h in the presence or absence of L-
NMMA. NO was measured by the 2,3-diaminonaphthalene method. Three separate experi-

ments were performed (n=3). Errar bars represent one SD,

Fig. 1C. 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 h. ¢cGMP was measured by EIA. ‘Two separate experiments were performed (n=2). Error

bars represent one SD,
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Fig. 2. Effect of L-NMMA on the expression of GATA-2 and EPO mRNA.
Northern blot analysis was performed using 20 [1g of RNA from Hep3B cells incu-
bated under conditions of normoxia (21 % O,) {lane 1), conditions of hypoxia (1 %
0,) (lane 2), hypoxia with 10-5> M L-NMMA (fane 3), hypoxia with 104 M L-
NMMA (lane 4) and hypoxia with 103 M L-NMMA (lane 5) for 8 h, Upper, mid-
dle and lower panels show GATA-2, EPO and 285 mRNA, respectively.

3.1. Inhibition of EPO Protein by L-NMMA

Incubation of Hep3B cells for 24 h with 1002 M L-NMMA under hypoxic
conditions caused an 80% inhibition of EPO {measured by radioimmunoas-
say), whereas 103 M, 104 M and 10-* M L-NMMA each showed a 60% inhi-
bition of EPO (Fig. 1A). These results suggest that L-NMMA specifically
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Fig. 3A. Scheme of regulation of EPO gene expression by HIF-1 and GATA.
Fig, 3B. Scheme of negative regulation of EPO gene expression by L-NMMA.

inhibited the production of EPO protein in Hep3B cells (Fig. 1A).
3.2, Inbibition of NO and cGMP by L-NMMA
L-NMMA is known to be an NOS inhibitor. In agreement with this finding,

L-NMMA inhibited the hypoxia-induced secretion of NO by Hep3B cells
(Fig. 1B). Furthermore, NQO is known to stimulate guanylate cyclase (GC) to
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produce cGMP (21), In agreement with this finding, L-NMMA inhibited the
secretion of cGMP from the cells (Fig,1C).

3.3. Inhibition of Serum EPO by L-NAME

L-NMMA is reported to be catabolyzed by NS-dimethylarginine dimethy-
laminohydrolase (DDHA) in the intact kidney (76,/7). However, L-NAME
is not catabolyzed by this enzyme (22). To identify the effect of L-NAME on
EPO production in vivo, BDF1 mice were injected i.p. with L-NAME (0.2
ml, 10mg/ml) PBS, or 0.2 ml of PBS as a control. Bloed samples (0.3 ml)
were obtained from the orbital vein immediately after (0 h) and at 12 and 24
h after the injection of L-NAME. Serum EPOQ levels in the L-NAME-inject-
ed mice (28.5 mU/ml at 12 h and 98.8 mU/ml at 24 h after the injection)
were significantly lower than those of the control (66.4 and 276.8 mU/ml,
respectively} (28). Thesc in vivo results are comparable with those obtained
from the n vitro incubation of Hep3B cells.

3.4. Inbibition of EPO Promoter Activity by L-NMMA

Hypoxic induction from Pwt was 55.8 fold higher than that from normoxic
Pwt. Interestingly, the addition of L-NMMA inhibited hypoxic induction of
the Luc reporter gene expression from Pwt with hypoxia/normoxia ratio of
only 33.0 fold, 59.1% of that from Pwt incubated without LNMMA (28).
These results indicate that the hypoxic induction of the EPO gene expression
is suppressed by L-NMMA through the EPO gene regulatory regions.

We examined the contribution of the GATA site to the L-NMMA sup-
pression of hypoxic EPO gene induction. To this end, Hep3B cells were co-
transfected with Pwt and an hGATA-2 expression vector. The expression of
hGATA-2 resulted in inhibition of the hypoxic induction of the EPO gene.
The Luc reporter gene was induced in the presence of hGATA-2 by 21.5 fold,
43.2 % of that from Pwt incubated without hGATA-2. Furthermore, the
exposure of Hep3B cells co-transfected with Pwt and hGATA-2 expression
vector to L-NMMA resulted in further suppression, with hypoxic induction
of the reporter gene of only 14.2 fold, 25.4 % of that from the cells incubat-
ed withour L-NMMA and hGATA-2 (28). These results suggest that hGATA-
2 acts as a repressor of the hypoxic induction of the EPO gene and that the
GATA sequence in the promoter mediates L-NMMA suppression,
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3.5. The GATA Element in the Promoter Only Contributes to L-NMMA

Supp ression

The contribution of the GATA element was further tested by using a reporter
plasmid, Pm7, which contains GATA site mutations. We previously found
that this GATA mutation alone affects the basal level expression of Luc
reporter activity {12). As was the case for Pwt, Luc expression was also strong-
ly induced following the exposure of transfected cells to hypoxia, 96.9 fold.
However, L-NMMA failed to affect the GATA mutant Pm7 Luc activity with
hypoxic induction of 103.7 fold, 107% of that from Pm7 only. Transfection
of Pm7 into Hep3B cells which express hGATA-2 resulted in hypoxic induc-
tion of 147.3 fold, 152 % of that from Pm7 only. Furthermore, exposure of
the cells co-transfected with Pm7 and hGATA-2 expression vector to L-
NMMA showed 123.5 fold, and 127.5% of that from Pm7 only (28). These
results suggest that L-NMMA inhibits EPO gene expression through the
GATA site in the EPO promoter rather than through the enhancer activity. To
clearly identify whether this inhibitory effect of L-NMMA on EPO gene
expression was due to a GATA-2 and/or HIF-1 binding site, we used a con-
struct that contained the EPO promoter only. We then transfected A18pXP2
(wild type} or A18m7pXP2 (GATA site mutant) plasmids into Hep3B cells
and incubated the cells both with or without additional L-NMMA under
21% or 1% oxygen for 24 h. Hypoxic induction from A18pXP2 was 7.6 fold
higher than that from normoxic A18pXP2. The addition of L-NMMA sig-
nificantly inhibited the hypoxic induction of the Luc reporter gene expression
from A18pXP2 with hypoxia/normoxia ratio of only 4.0 fold, 52.6% of that
from A18pXP2 incubated without L-NMMA. Hypoxic induction from
A18m7pXP2 was 7.3 fold higher that from normoxic A18m7pXP2. L-
NMMA failed to affect the A18m7pXP2 Luc activity with hypoxic induction
of 8.2 fold, 112.3% of that from A18m7pXP2 only (28). These results clear-
ly indicate that the inhibitory effect of L-NMMA on EPO gene expression
was due to GATA-2, not HIF-{,

3.6. Enbancement of GATA-2 Binding Activity by L-NMMA

To examine whether L-NMMA treatment affects the binding activiey of
hGATA-2, nuclear extracts were prepared from the cells stimulated by L-
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NMMA for 1 h under normoxic or hypoxic conditions, and electrophoretic
mobility shift assays (EMSA) were performed with an oligonucleatide con-
taining the wild-type GATA element (AGATAA). L-NMMA induced the
binding activity of GATA-2 under normoxic and hypoxic conditions. This
binding activity was abolished by self-competitor. To confirm that the band
was GATA-2, nuclear extracts were prepared from Hep3B cells under hypox-
ia with 104 M L-NMMA for 1 h, and incubated with 0.5 or 1.0 pl mono-
clonal antibodies of hGATA-1, 2 and 3, and then EMSA was performed. The
control revealed a band of increased intensity, and the addition of FCS further
increased the intensity of this band, though the mechanism of this increase is
unknown, The addition of monoclonal antibodies of hGATA-1, and -3 result-
ed in bands of similar intensities; however, the band disappeared with the
addition of monoclonal hGATA-2 antibody (28). These results strongly sug-
gest that the band was a specific GATA-2 band.

The effects of L-NMMA on the binding activity of HIF-1, HNF-4,
chicken ovalbumin upstream promoter-transcription factor 1 (COUP-TF1),
NF-xB were measured by EMSA. L-NMMA did not alter the binding activ-
ity of any of these transcription factors.

3.7. GATA-2 mRNA Expression was Induced by L-NMMA

To examine whether GATA-2 and EPO mRNA expression levels were affect-
ed by the addition of L-NMMA, Northern blot analysis was performed.
Northern blot analysis showed hypoxia-induced EPO mRNA expression.
However, the addition of L-NMMA inhibited this induction of EPO mRNA
(Fig. 2A, middle panel). In contrast, hypoxia reduced GATA-2 mRNA expres-
ston, while L-NMMA induced the expression of GATA-2 mRNA (Fig. 2 A,
upper panel and B). The 28S used as a control revealed a constant level of
mRNA expression from the cells incubated under normoxia or hypoxia and
with or without L-NMMA (Fig. 2A, lower panel).

We hypothesized that NO produced by NOS, which behaves as an intra-
cellular or extracellular messenger, activates GC and, through stimulation of
cGME, consequently upregulate Epo gene exptession in peritubular cells.
However, in chronic renal failure, we suspect that an NOS inhibitor such as
L-NMMA suppresses EPO gene expression through inhibition of NO pro-
duction. In the present study, we found that L-NMMA decreased the expres-
sion of NO and ¢cGMD, and increased expression of GATA-2 mRNA and the
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fevel of GATA-2 binding activity, thereby inhibiting EPO promoter activity
and causing a decrease in the expression of EPO protein (Fig. 3A), L-NMMA
did not alter binding activity of HIF-1, HNE-4, COUP-TF1, or NF-xB at
all. Neither EMSA nor EPO reporter gene transfection expertments showed
any effect of L-NMMA on EPO enhancer activity. L-NMMA did not affect
Luc activity when the GATA site in the EPO promoter was mutated (Pm7).
Recently; Kimura et al. reported that L-NAME did not interfere with hypox-
ia-induced VEGF promoter (HIF-1 binding site) activation (18). This result
is compatible with our data. These results strongly suggest that L-NMMA
affects GATA-2 binding.

The effect of NO on VEGF expression via HIF-1 is controversial. Some
recent reports show an inhibitory effect of NO on VEGF expression. Huang
et al. (10) and Sogawa et al. (26) have demonstrated that sodium nitroprus-
side (SNB, NO donor) suppresses hypoxia-induced VEGF gene activation and
HIF-1 binding activity. SNP inhibits the hypoxic induction of the VEGE
gene in a dose-dependent manner, in contrast to the effects of S-nitroso-N-
acetyl-D, L-penicillamine (SNAP) and 3-(hydroxy-1-(1-methylethyl)-2-
nitrosohydrazino)-1-propanamine (NOCS5) (another NO donor) as shown in
Kimura et al. (18). To explain these discrepancies, Fandrey ct al. tested sever-
al NO donors with diverse chemical structures and NO-releasing half-lives
{25). They found that NO donors have the diverse effects of NO that appears
as a resulc of time- and —concentration dependent delivery, and concurred
with Kimura et al. in showing NO donor-induced HIF-10. protein accumu-
lation (25). As to the effect of NO on Epo, Ohigashi et al. reported that serum
levels of EPO in hypoxic polycythemic mice were significantly increased after
injections of 200 ng/kg SNP (23). Furthermore, cGMP levels in hypoxic
Hep3B cells were also clevated. SNP (10 and 100 pM) and NO (2 uM)
increased ¢cGMP levels in Hep3B cells (23). These results are compatible with
our data, and strongly suggest that I-NMMA inhibits EPO production via
the GATA transcription factor. Recently, Umetani et al. found a novel cell
adhesion inhibitor (K-7174) as a specific GATA inhibitor. This substance
should be examined to determine whether it has a role in the anemia with

renal disease (29).

4. H,0, SUPPRESSES EPO GENE EXPRESSION

Goldberg et al. (5) have proposed that Hep3B cells have an oxygen-sensing
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mechanism in which hypoxia or CoCl, treatment results in a ligand-depend-
ent conformational change in heme protein, subsequently inducing EPO gene
expression. It was further found that this heme protein may change its con-
formation depending on the ambient O, tension, suggesting that this confor-
mational change induces EPO gene expression through some unknown intra-
cellular signal (5). Studies on EPO-producing HepG2 cell lines suggested the
involvement of a b-type cytochrome in the oxygen-sensing process (6). The
presence of an NADPH oxidase-like heme protein in the oxygen-sensing sys-
tem has been suggested by the observation that H,0, is formed in these cclls
following exposure to oxygen. Using HepG2 cells, Fandrey et al. (3) found
that H,O, decreased EPO mRNA and EPO protein. Since H,O, is able to
freely diffuse within cells, it becomes one of the most likely candidates for an
intracellular messenger molecule (3). In this respect, H,O,-mediated inhibi-
tion of EPO gene expression has been reported to, at least partly, prevent the
binding of HIF-1 to the HIF-1 binding site in the 3’-enhancer of the gene (9).
Moreover, addition of H,O, has been found to inhibit hypoxia-induced EPO
mRNA and EPO protein production in Hep3B cells (17). We reported the
effect of H,O, on EPO gene expression in Hep3B cells through the GATA
site, using transient transfection analysis (27). EPO promoter-luciferase and
promotet/enhancer-luciferase constructs (both wild type and a GATA site
mutant promoter) wete transfected into Hep3B cells and incubated with or
without H,O,. Hypoxic induction was found to be suppressed by co-trans-
fection with a human GATA-2 cDNA expression plasmid, Transfection of
Hep3B cells with a reporter gene bearing a mutation at the promoter GATA
binding site was found to be only mildly affected by the addition of H,0,.
Electrophoretic gel mobility shift assays (EMSAs), using the EPO promoter
GATA site as a probe and the GATA-2 protein extracted from Hep3B cells,
showed that addition of H,O, enhanced the binding of GATA-2, while addi-
tion of catalase inhibited this binding, From these results, we conclude that
H,0, increases the binding activity of GATA-2 in a specific manner, thereby
suppressing the activity of the EPO promoter and thus inhibiting EPO gene
expression (27). Therefore, H,O, administration not only inhibits HIF-1
binding activity, but also increases the binding of GATA-2 to a down-regulat-
ed site at the EPO promoter, thus providing another explanation for the
mechanism by which H,0, inhibits EPO gene transcription.
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5. CADMIUM SUPPRESSES EPO GENE EXPRESSION

Horiguchi et al. reported that the induction of binding activity of HIF-1 tran-
scription factor and EPO mRNA expression and protein production were
suppressed by cadmium (8). The binding activity of GATA was not affected
by cadmium (our unpublished data). Wild type and a GATA site mutant EPO
promoter/enhancer luciferase constructs were transfected into Hep3B cells.
No significant difference in EPO promoter activity in these two types of cells
was observed in the presence of cadmium (our unpublished data).

6. SUMMARY

1. Hypoxia-induced EPO gene expression is markedly up-regulated by HIF-1
through a binding site in the EPO enhancer. However, under normoxic
conditions, GATA-2 negatively regulates EPO gene expression (Fig.
3A).

2. L-NMMA inhibits production of NO, ¢GMP and stimulates GATA-2
binding activity and GATA-2 mRNA expression, then inhibits EPO pro-
moter activity, However, L-NMMA does not affect HIE-1 (Fig. 3B).

3. HyO, treatment was found to inhibit EPO promater activity and increased
the binding activity of GATA-2, As GATA-2 binds to the GATA site at the
EPO promoter and down-regulates EPO gene expression in Hep3B cells,
this suppression of EPO gene expression by H,0O, is pardy due to the
enhanced GATA-2 binding activity. This effect may be attributed to post-
transcriptional regulation of GATA-2 by H,0,, since the expression of
GATA-2 mRNA and protein was unchanged upon the addition of H,O,.

4. Cadmium inhibits HIF-1 binding activity and EPO promoter activity, then
suppresses EPO mRNA and protein production, However, cadmium did
not affect GATA-2 binding activity.
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