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Hydroxyurea treatment of patients with sickle-cell disease increases fetal hemoglobin (HbF), which
reduces hemoglobin S polymerization and clinical complications. Despite its use in the treatment of
myeloproliferative diseases for over 30 years, its mechanism of action remains uncertain. Recent stud-
ies have demonstrated that hydroxyurea generates the nitric oxide (NO) radical in vivo, and we there-
fore hypothesized that NO-donor properties might determine the hemoglobin phenotype. We treat-
ed both K562 erythroleukemic cells and human erythroid progenitor cells with S-nitrosocysteine
(CysNO), an NO donor, and found similar dose- and time-dependent induction of y-globin mRNA
and HDbF protein as we observed with hydroxyurea. Both hydroxyurea and CysNO increased cGMP
levels, and the guanylyl cyclase inhibitors ODQ, NS 2028, and LY 83,538 abolished both the hydrox-
yurea- and CysNO-induced y-globin expression. These data provide strong evidence for an NO-
derived mechanism for HbF induction by hydroxyurea and suggest possibilities for therapies based
on NO-releasing or -potentiating agents.

J. Clin. Invest. 111:231-239 (2003). doi:10.1172/JCI200316672.

Introduction

Hydroxyurea, which has long been used to treat myelo-
proliferative diseases, reduces the rates of vaso-occlu-
sive crisis, acute chest syndrome, and transfusion
requirement in patients with sickle-cell disease (1, 2).
The mechanism of the salutary effect of hydroxyurea
is largely attributable to its ability to increase fetal
hemoglobin (HbF) levels, thereby altering the kinetics
and thermodynamics of hemoglobin S polymeriza-
tion (3). Hydroxyurea administration augments HbF
production and inhibits in vitro growth of erythroid
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colonies from the blood of anemic nonhuman pri-
mates (4) and patients with sickle-cell anemia (3, 6). In
vitro, hydroxyurea can raise y-globin levels by acting on
early progenitors (7) as well as by interacting directly
with late erythroid precursors that are already engaged
in hemoglobin production (8). Hydroxyurea increases
total intracellular hemoglobin (9) in the human K562
erythroleukemia cell line and preferentially increases
Gy-globin mRNA levels in these cells (10). In two-phase
mixed cultures of peripheral-blood mononuclear and
erythroid progenitor cells from normal donors,
hydroxyurea significantly increases both y-globin
mRNA levels and HbF and also has a comparatively
small stimulatory effect on -globin mRINA expression
(11). After it was shown that hydroxyurea inhibited
DNA synthesis (12), perhaps accounting for its cyto-
static effects, ribonucleotide reductase was identified
as a target enzyme of hydroxyurea in a cell-free bacte-
rial system (13), but the detailed mechanism of action
of hydroxyurea remains uncertain.

Recently it has been shown that hydroxyurea can
be oxidized by heme groups to produce the free-radical
gas molecule NO in vitro (14-16) as well as in vivo
(17-19). We recently measured plasma and red cell
NO reaction products — nitrate, nitrite, and nitrosylat-
ed hemoglobin — by ozone-based chemiluminescence
assays in 19 patients with sickle-cell disease and found
that levels of these NO-derived species increased signif-
icantly after an oral dose of hydroxyurea, consistent
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with NO release from hydroxyurea in vivo (20). One
potential mechanism by which hydroxyurea induces
HbF has been hypothesized to involve the redox in-
activation of a tyrosyl radical on ribonucleotide reduc-
tase (21, 22), an effect that can be mediated by NO (23,
24) and nitrovasodilators (25). Furthermore, Ikuta and
colleagues (26) recently demonstrated that soluble
guanylyl cyclase (sGC) activators or analogs increased
y-globin gene expression in erythroleukemic cells and
in primary human erythroblasts and that the activity
of hemin and butyrate on y-globin induction was pre-
vented by inhibiting sGC or cGMP-dependent protein
kinase. These basic observations provide a strong argu-
ment for the participation of NO in the mechanism
of HbF induction by hydroxyurea. Consistent with this
thesis, we now show that increases in y-globin gene
and protein expression correlate strongly with NO-rad-
ical donation by hydroxyurea acting through the
sGC/cGMP pathway.

Methods
Syntbhesis of S-nitrosocysteine. S-nitrosocysteine (CysNO)
was prepared by reaction of acidified L-cysteine with
nitrite (NaNO,) and then neutralized to pH 7.4 using 5
N NaOH. A molar concentration was determined by
spectrophotometry (€335 = 503 mol/l) of CysNO
aliquots diluted in EDTA water. All chemicals were
obtained from Sigma-Aldrich (St. Louis, Missouri, USA).
K562 cell cultures. Human erythroleukemic K562 cells
were cultured in six-well plates at 37°C in suspension in
RPMI-1640 medium (Biofluids, Gaithersburg, Mary-
land, USA) with 10% FBS (Gemini BioProducts, Wood-
land, California, USA), 100 U/ml penicillin, 100 ug/ml
streptomycin, and 2 mmol/l glutamine (Biofluids). K562
cells (10°) were incubated for 24 hours with hydroxyurea
(Sigma-Aldrich) and the NO donors CysNO and (Z)-1-
[N-(2-aminoethyl)-N-(2-ammonioethyl)amino]diazen-
1-ium-1,2-diolate (DETA-NONOate; Alexis Biochemi-
cals, San Diego, California, USA). After incubation and
isolation of RNA, y-globin gene expression was meas-
ured in femtomoles per 106 cells. The viable cell counts
were performed with the use of a trypan-blue exclusion
technique (BioWhittaker, Walkersville, Maryland, USA).
Two-phase liquid erythroid cell cultures. Peripheral-blood
mononuclear cells were isolated from buffy coats
(n = 3-6 individuals per experiment) of normal donors
using Lymphocyte Separation Medium (BioWhittak-
er). We extended a two-phase liquid culture protocol
previously described by Fibach (27). We washed
mononuclear cells twice with Dulbecco’s PBS (Invitro-
gen Corp., Grand Island, New York, USA) and resus-
pended them in liquid culture containing MEM Eagle
(Sigma-Aldrich) supplemented with 10% FBS, 1 ug/ml
cyclosporin A (Sigma-Aldrich), 100 U/ml penicillin,
100 png/ml streptomycin, 2 mmol/l glutamine, and 10%
conditioned medium obtained from cultures of the
5637 human bladder carcinoma cell line (American
Type Culture Collection, Manassas, Virginia, USA).
After 7 days of incubation at 37°C (5% CO,, 95%

humidity) in phase I culture, the nonadherent cells
were harvested by centrifugation and washed once in
PBS, and the CD34* cells were purified using the Stem-
Sep Cell Separation method (Stem Cell Technologies
Inc., Vancouver, Canada). The unlabeled desired cells
(CD34*) were collected in the column flowthrough and
resuspended in the phase II medium. The phase II
medium contained 30% FBS, 2 mmol/I glutamine, 100
U/ml penicillin, 100 ug/ml streptomycin, 1% deionized
BSA, 10 umol/l B-mercaptoethanol, 1 umol/l dexam-
ethasone, 33 ug/ml holo-transferrin, 10 ng/ml stem cell
factor (SCF), 1 ng/ml IL-3, 1 ng/ml GM-CSF (Sigma-
Aldrich), and 1 U/ml human recombinant erythropoi-
etin (Amgen Inc., Thousand Oaks, California, USA).

Erythroid progenitor cells were treated with CysNO
on day 3 or 5 after initiation of phase II cultures and
incubated for 24 hours at 37°C in a humidified atmos-
phere with 5% CO,. On day 4, we treated them with
hydroxyurea, and total RNA was isolated 48 hours after
exposure to the drug. Before exposure to the drug
in the experiments with selective inhibitors of sGC,
the preincubation period was 30 minutes with
1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ;
Sigma-Aldrich), 15 minutes with 4H-8-bromo-1,2,4-
oxadiazolo[3,4-d]benz[b](1,4)oxazin-1-one (NS 2028),
and 12 hours with 6-(phenylamino)-5,8-quinoline-
dione; 6-anilino-5,8-quinolinedione (LY-83,583; Alex-
is). Gene expression of y- and f-globin was measured in
femtomoles per number of cells. However, because of
the variations in mRNA levels from cell culture to cul-
ture, the values for cells treated with one of the agents
(with or without inhibitors) are expressed as fold
changes relative to the appropriate control.

Flow cytometry. At different time points during ery-
throid differentiation of CD34" cells, the expression of
surface markers was evaluated for 14 days in phase II
medium. Cells were treated with hydroxyurea and
CysNO on day 1 and day 3, respectively. Immunofluo-
rescence staining was performed by adding 10 ul of
phycoerythrin-conjugated mouse antihuman CD34
and glycophorin A antibodies (Beckman-Coulter,
Miami, Florida, USA) to 2 x 105 cells and incubated for
30 minutes at 4°C in the dark. After incubation, cells
were washed twice and resuspended in cold PBS. Flow
cytometry was performed with an Epics Elite flow
cytometer (Coulter, Hialeah, Florida, USA) equipped
with an air-cooled argon laser at 488 nm. Stained cells
were scored as positive if their fluorescence was meas-
ured at levels at least two standard deviations above
the negative control.

Erythroid cells containing hemoglobin were detected
by specific reaction with a hydrogen peroxide/benzi-
dine solution (ratio 1:50) prepared just before the assay.
The proportion of benzidine-positive cells was deter-
mined using an inverted microscope.

Isolation of total RNA. For isolation of total RNA from
CD34* and erythroid cells we used RNeasy Kit (Qiagen,
Valencia, California, USA) according to the manufac-
turer’s instructions. The concentration and integrity of
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total RNA were assessed using an 8453 UV/Visible
Spectrophotometer (Hewlett-Packard GmbH, Wald-
bronn, Germany) and Agilent 2100 Bioanalyzer Soft-
ware (Agilent Technologies, Waldbronn, Germany).
One microgram of total RNA was reverse transcribed
with SuperScript Il RNase H- Reverse Transcriptase kit
(Invitrogen Corp., Carlsbad, California, USA).

Quantitative PCR. Quantitative real-time PCR assay
of y- and B-globin mRNA transcripts was carried out
with the use of gene-specific double-fluorescently
labeled probes in a 7700 Sequence Detector (Applied
Biosystems, Foster City, California, USA). The specif-
ic primers and TAQMAN probes (synthesized by the
NIDDK core oligonucleotide facility) were designed
using Primer Express software and prepared on an
ABI 394 synthesizer as previously described (11). Plat-
inum Quantitative PCR SuperMix-UDG (Invitrogen
Corp., Carlsbad, California, USA) was used for each of
the primer pairs containing a final concentration of
200 uM 2'-deoxynucleoside 5'-triphosphates (ANTPs
is a mix of dATP, dCTP, dGTP, and dTTP), 0.5 uM
Rox reference dye (Invitrogen Corp., Carlsbad, Cali-
fornia, USA), 0.2 uM each of TAQMAN probe, for-
ward and reverse primers. Expression levels were
determined using the associated SDS software (ABI
Prism; Applied Biosystems) and Microsoft Excel.

High-performance liquid chromatography. Erythroid
cells were treated on day 4 of cell culture either with
CysNO (100 uM) or hydroxyurea (30 uM) and har-
vested at different time points during their differen-
tiation. To perform HPLC quantitation of hemoglo-
bin, we separated hemoglobins by cation-exchange
HPLC of supernatants from cell lysates. The pelleted
cells were resuspended, lysed in sterile distilled water,
and centrifuged in 0.45 um of filter unit (Millipore
Corp., Bedford, Massachusetts, USA) for 10 minutes
at 4°C. The filtrate was chromatographed on a Poly-
CAT A 20 x 4.0 mm column (PolyLC Inc., Columbia,
Maryland, USA) fitted to a Gilson HPLC (Gilson Inc.,
Middleton, Wisconsin, USA) developed with a sodi-
um chloride gradient in 20 mmol/l BisTris buffer
(pH 6.55-6.96). Peak areas were integrated with the
use of the system software.

c¢GMP immunoassay. Erythroid cells were grown in
phase Il medium at 37°C in a humidified atmosphere
with 5% CO; and treated with hydroxyurea or CysNO
on day 4 of culture, and about 10° cells were harvested
on day 6. Cells were pretreated for 30 minutes with
3-isobutyl-1-methylxanthine (Sigma-Aldrich) at a final
concentration of 0.5 mM to inhibit phosphodiesterase
activity. cGMP levels were measured using the cGMP
immunoassay (R&D Systems Inc., Minneapolis, Min-
nesota, USA) according to the protocol of the supplier.

Statistical analysis. The one way ANOVA and Dunnett’s
post test were applied using Prism 3 software (Graph-
Pad Software Inc., San Diego, California, USA).

Results
Hydroxyurea and NO donors increase y-globin levels in K562
cells. In order to establish whether NO participates in y-
globin expression, we studied the effects of NO donors
on the K562 erythroleukemic cell line and compared
the responses to those of hydroxyurea. We used quan-
titative real-time PCR to measure the effects of increas-
ing doses of hydroxyurea and two NO donors, CysNO
(t12 = 30 minutes) and DETA-NONOate (¢, = 20
hours) on y-globin mRNA in these cells (Figure 1). We
found that all of these compounds increased y-globin
gene expression in a dose-dependent manner in con-
centrations up to 200 uM. However, at concentrations
of 100-200 uM, we found that these compounds
caused a 20-30% decrease in cell numbers after 24
hours of incubation. Thus, we express our results in
femtomoles of y-globin mRNA per 106 cells to obtain
estimates of the effects of those compounds on the
phenotype of these cells. Hydroxyurea (Figure 1la),
CysNO (Figure 1b), and DETA-NONOate (Figure 1c)
all dose-dependently increased y-globin gene expres-
sion and increased levels between 2- and 4-fold at a con-
centration of 200 uM. Since 200 uM DETA-NONOate
releases 400 uM NO with a half-life of 20 hours at
37°C, NO delivery from these two donors would be
comparable during the experiment.

Erythroid differentiation of CD34"* cells. Phase II medium
contains a cocktail of cytokines that favor erythroid dif-
ferentiation of purified CD34" cells. We used different
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Figure 1

Hydroxyurea and NO induce y-globin gene expression in K562 cells. (a-c) Hydroxyurea (white bars), CysNO (gray bars), and DETA-NONOate
(black bars) induce y-globin gene expression in K562 cells measured as femtomoles of y-globin mRNA per 10 cells after 24 hours of treat-
ment. Values represent means + SEM (n = 3). ¥*P < 0.05 and **P < 0.01 versus untreated cells (0).
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antibodies to characterize our liquid cell cultures (Fig-
ure 2). CD34 antigen density is highest on hematopoi-
etic/erythroid progenitor cells (on day 0, 90%; on day 4,
60-70%) and decreases as cells mature (on day 10, 4%).
Glycophorin A, the marker of erythroid precursor cells
and red blood cells, rises from about 5% on day 4 (on
day 0, 0-1%) to about 90% on day 14 (cell pellet is red or
reddish on day 10). CD71 antigen (transferrin receptor)
is also present on early erythroid cells (about 90%
between days 4 and 7) but declines during maturation
(data not shown). Another marker of early erythroid
cells, CD36, rises from day 4 with a plateau between

Figure 3

Hydroxyurea induces y-globin gene expression in erythroid pro-
genitor cells. (a and b) Hydroxyurea induces y-globin gene expres-
sion (a) and increases the /P ratio (b) in erythroid progenitor
cells. Erythroid progenitor cells were treated with hydroxyurea on
day 4, and after 48 hours of incubation total RNA was iso-
lated. Data are normalized by cell number and, for each culture
experiment, are expressed as ratios to values for controls not
treated with hydroxyurea. Values represent means + SEM (n = 4).
*P < 0.05and **P < 0.01 versus untreated cells (0).

Figure 2

Flow cytometry of erythroid cells during their differentiation. (a) We
used glycophorin A and CD34 antibodies to detect changes in the
percentage of antibody-positive cells during erythroid differentiation
of CD34* cells. Hydroxyurea and CysNO did not influence erythroid
differentiation (n = 5 or 6). (b) After 24 hours of incubation with 100
uM CysNO at different time points of erythroid differentiation, the
benzidine-positive cells were scored and expressed as a percentage of
the number of total cells (n = 3). (c) At different time points during
erythroid differentiation, after 24 hours of incubation with hydrox-
yurea or CysNO, we harvested erythroid cells (corresponding to val-
ues for days in the figure) and compared induction of y-globin mRNA
expression. Data are normalized by cell number and, for each culture
experiment, are expressed as ratios to values for controls not treated
with hydroxyurea or CysNO. Values represent means + SEM (n =3 or
4). **P < 0.01 versus control.

days 7 and 10 (data not shown). Hydroxyurea and
CysNO did not have a statistically significant influence
on the percentage of either CD34 or glycophorin A anti-
body-positive erythroid cells (Figure 2a). In this cell cul-
ture system, the percentage of benzidine-positive cells
increases gradually during erythroid maturation.
CysNO does not change the rate of differentiation (Fig-
ure 2b), nor does hydroxyurea treatment, as previously
described (8). The maximum fold change of y-globin
mRNA expression induced by hydroxyurea and CysNO
occurs concomitantly with switching from CD34-posi-
tive cells to glycophorin A-positive cells (Figure 2c).
Hydroxyurea induces y-globin expression in human ery-
throid progenitor cells. We tested the effects of hydrox-
yurea and NO-donor compounds in the more physio-
logically relevant two-phase liquid culture system of
purified erythroid cells from normal donors. CD34*
cells grown and isolated (phase I), as described, from
human peripheral blood were then grown in a cytokine
mixture including erythropoietin (phase II medium)
which favors erythroid differentiation. Absolute
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mRNA levels vary significantly from culture to culture,
although values of y-globin mRNA tended to range
from about 6 fmol on day 2 to 25 fmol per 10° cells on
day 8. Thus, we express our results for each culture rel-
ative to control cells. In addition, hydroxyurea inhibits
moderate proliferation of these erythroid cells; for
example, 50 uM hydroxyurea added on day 4 inhibits
growth as measured on day 6 by 35-40%. At higher
concentrations of hydroxyurea, inhibition of cell
growth was more pronounced.

When we measure y-globin expression per microgram
of mRNA, 30 uM of hydroxyurea added on day 4
induces a 1.7-fold increase when mRNA is measured on
day 6 (data not shown). When induction is expressed
per cell, it is found to be dose dependent, with a maxi-
mum increase of about 2-fold at 30 uM (Figure 3a).
Hydroxyurea induces a similar increase in the y/p ratio
(important as a likely measure of potential therapeutic
benefit), because in this range hydroxyurea has little
effect on B-globin gene expression (Figure 3b). After 24
hours of treatment, when the drug was added on day 3,
hydroxyurea induces a very similar fold increase in
y-globin expression (Figure 2¢). The effects of adding
hydroxyurea earlier or later to the cultures were gener-
ally smaller than the effects seen on days 4-6. Exclusion
of all other added cytokines except erythropoietin, SCF,
and IL-3 from cells grown in the presence of serum and
hydroxyurea did not significantly change the increase
in y-globin expression (data not shown).

NO donors induce y-globin expression in human erythroid
progenitor cells. CysNO showed both a dose-dependent
and a time-dependent induction of y-globin expression
in primary erythroid progenitor cells similar to that of
hydroxyurea (Figure 4). At different time points during
erythroid differentiation, CD34" cells, purified from
peripheral blood of normal donors, were treated for 24
hours with CysNO. Cysteine alone at these concentra-
tions did not have an effect on y-globin expression or
proliferation of these erythroid cells (data not shown).
On day 3 of erythroid cell culture, CysNO increases
y-globin expression 1.8-fold (Figure 4a) with a maxi-
mum at about 10 uM but without significant changes
in the y/P ratio because of a similar change in 3-globin
gene expression. On day 5 of culture, the effect of
CysNO on y-globin expression is shifted to higher con-
centrations; a 1.6-fold maximum increase at 100 uM
(Figure 4b) and, in addition, a strong effect on the y/f
ratio were observed (Figure 4c), due to the fact that
B-globin levels did not change. On day 7, two other NO
donors — sodium(Z)-1-(N,N-diethylamino)diazen-1-
ium-1,2-diolate (DEA-NONOate) and DETA NONOate
— induced both - and y-globin expression about 2-fold
when measured on day 8; however, the effect of CysNO
was less at that point. Statistically significant inhibition
of cell proliferation is observed at concentrations of 100
uM or higher of CysNO when added on day 3 or 5, but
during later or terminal maturation of erythroid cells
that inhibition is diminished (data not shown).
Reduced inhibition of cell proliferation by CysNO

overlaps with an increase in the levels of total hemoglo-
bin (data not shown) and benzidine-positive cells dur-
ing maturation of erythroid cells (Figure 2b). We believe
the progressive resistance to CysNO is secondary to ery-
throid maturation and increasing intracellular hemo-
globin, which scavenges NO.

HbF induction in human erythroid cells. To test whether
these observed effects on mRNA levels manifested as
changes in the levels of HbF, we measured the latter
using cation-exchange HPLC. During erythroid differ-
entiation, CD34" cells (grown from peripheral blood)
were treated on day 4 either with hydroxyurea (30 uM)
or CysNO (100 uM); HPLC analysis was subsequently
done to quantitate the human hemoglobins expressed
in these cells (levels of about 5% HbF in the control
cells) (Figure 5a). Hydroxyurea and CysNO both caused
a monotonic increase in HbF, as compared with
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Figure 4

CysNO induces y-globin gene expression in erythroid progenitor cells.
(a) We treated erythroid progenitor cells with CysNO on day 3, and
after 24 hours of incubation we harvested them and measured y-glo-
bin expression (n = 3). (b and ¢) On day 5 of erythroid cell culture,
we added CysNO, and we measured mRNA levels on day 6; CysNO
increases y-globin expression (normalized as in Figure 3) (b) as well
as the y/P ratio (c). Values represent means + SEM (n=4). *P < 0.05

and **P < 0.01 versus untreated cells (0).
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control cells, during subsequent growth in culture,
with about a 1.7-fold increase observed on day 12 (Fig-
ure 5,b and ¢). Hydroxyurea and CysNO also increased
the level of several minor globin peaks between HbF
and adult hemoglobin (HbA). Hydroxyurea resulted in
a new peak, joined to HbA (Figure 5a); the appearance
of this species due to carbamylated hemoglobin in ure-
mic patients has been reported previously (28, 29).

Figure 5

HPLC analysis of changes in HbF during maturation of erythroid
cells. On day 4 of erythroid cell culture, we treated erythroid pro-
genitor cells either with hydroxyurea (white bars) or CysNO (gray
bars) and measured HbF versus total hemoglobin levels at different
time points during erythroid maturation. (a) Chromatograms of
HPLC analyses of hemoglobins produced by erythroid precursor cells
during treatment with hydroxyurea (30 uM, red line) and CysNO
(100 uM, blue line) on day 10. (b and c) Increases in the percent of
HbF to total hemoglobin after treatment with 30 uM hydroxyurea
(b) and 100 uM CysNO (c). Values represent means = SEM (n = 4).
*P<0.05and **P < 0.01 versus control.

Hydroxyurea and CysNO increase cGMP levels in erythroid
progenitor cells. Although it is known that NO donors can
increase intracellular cGMP levels in human bone mar-
row mononuclear cells (30), such an NO-dependent sig-
naling effect has not been shown for hydroxyurea. We
used an immunoassay to test if these inducers of y-glo-
bin mRNA and HbF acted through the NO-dependent
c¢GMP pathway. Hydroxyurea or CysNO were added on
day 4, and cGMP levels were measured in the human
erythroid progenitor cells on day 6 — that is, after 48
hours of incubation. Hydroxyurea showed a dose-
dependent induction of cGMP with a peak at 30 uM,
and induction occurred from a baseline of about 10 to
avalue of 65 fmol per 10° cells (Figure 6a). CysNO (50
uM) also increased cGMP levels when measured after 48
hours, but levels at that time were about half the mag-
nitude of hydroxyurea (Figure 6¢). However, as expect-
ed, immediately after adding CysNO there was a
tremendous increase in cGMP levels (to about 3000
fmol per 10° cells) that began to taper after 4 hours,
whereas the effects of hydroxyurea (30 uM) remained
elevated for several days (Figure 6, b and ¢). Different
pharmacological NO profiles from these drugs explain
differing cGMP responses.

y-Globin gene induction is inbibited by sGC inbibitors. On
day 6, after 48 hours of incubation with hydroxyurea
(30 uM) and pretreatment with three selective sGC
inhibitors — ODQ (10 uM), NS 2028 (0.5 uM), and
LY-83,538 (5 uM) — we found that each separately

a b c
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Figure 6

Effects of hydroxyurea and CysNO on intracellular cGMP levels in erythroid progenitor cells. (a) Hydroxyurea (white bars) was added on day
4 to a suspension of erythroid progenitor cells, and intracellular cGMP levels were measured after 48 hours. (b) Hydroxyurea (30 uM) was
added on day 4, and cGMP levels were measured within the first 4 hours, as well as after 48 hours. (c) CysNO (100 uM, gray bars) was
added on day 4, with measurements taken for the first 4 hours as well as after 24 and 48 hours. Values represent means + SEM (n = 3).
*P <0.05and **P < 0.01 versus untreated cells (0).
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Figure 7

Inhibition of y-globin induction by sGC inhibitors. (a) Before incu-
bation with hydroxyurea (30 uM), erythroid progenitor cells were
pretreated with the sGC inhibitors ODQ (10 uM), NS 2028 (0.5
uM), and LY 83,583 (5 uM) for 30 minutes, 15 minutes, and 12
hours, respectively. Hydroxyurea (white bars) was added on day 4,
and y-globin mRNA levels were measured after 48 hours. (b) After
preincubation with sGC inhibitors (as for preincubation for hydrox-
yurea), erythroid progenitor cells were treated with CysNO (100 uM,
gray bars) on day 5, and y-globin mRNA levels were measured after
24 hours. Values represent means + SEM (n = 3). **P < 0.01 versus
cells treated with hydroxyurea or CysNO.

reduce hydroxyurea-induced y-globin expression to the
control level in erythroid progenitor cell culture (Fig-
ure 7a). On day 6, after 24 hours of incubation with
CysNO (100 uM), these three sGC inhibitors also sep-
arately inhibited y-globin expression induced by
CysNO to baseline values (Figure 7b). These data sug-
gest that the effects of hydroxyurea on y-globin gene
expression are completely dependent on sGC in our
system. These data also cast doubt on a significant role
for ribonucleotide reductase inhibition in the mecha-
nism of fetal hemoglobin expression, although partic-
ipation of this enzyme in other steps in erythroid pro-
genitor cell differentiation cannot be excluded.

Discussion

We found that, like hydroxyurea, several NO donors
induce y-globin mRNA expression in human ery-
throleukemic K562 cells and erythroid progenitor cells
in two-phase liquid erythroid cultures. Incubation of
these erythroid cells with either hydroxyurea or CysNO
also increases levels of HbF protein. We observed an
increase of cGMP levels in the erythroid progenitor
cells after treatment with CysNO, an NO donor with a
half-life of about 30 minutes. Hydroxyurea induces a
much smaller increase of cGMP levels than CysNO, but

that stimulation lasted during the 48 hours of treat-
ment, as compared with the very short effect (a few
hours) of CysNO. y-Globin induction by both hydrox-
yurea and CysNO was prevented by sGC inhibitors.

In our experiments, a narrow window of hydroxyurea
and NO-donor induction of y-globin expression is con-
comitant with decreased levels of CD34 surface mark-
ers but still elevated levels of CD71 surface markers,
which are markers for erythroid progenitor cells. How-
ever, the ability to induce HbF is reduced on full ery-
throid maturation, an effect that is most likely second-
ary to reduced gene expression with pyknosis of the
nuclei and the increase in intracellular hemoglobin,
which is a potent NO scavenger. This occurs because
NO reacts with oxyhemoglobin by dioxygenation to
form the inactive nitrate (20). These results indicate
that drug effects occur during only a fraction of the
cell-maturation time and probably slow down the over-
all biological response, since only cells at a certain
developmental stage would be expected to respond.

Induction of HbF of similar magnitude in the cells of
normal individuals (1.3- to 3.5-fold) and patients with
sickle-cell disease (2- to 5-fold) by hydroxyurea was
already reported using a similar erythroid cell culture
system (8). It has also been reported that the increase in
HDbF levels in erythroid progenitor cells treated with
hydroxyurea in vitro is comparable to the rise in periph-
eral-blood HbF production (in vivo) after hydroxyurea
therapy in patients with sickle-cell anemia (31). Hydrox-
yurea has little suppressive effect on effective erythro-
poiesis but increases red blood cell survival (life span,
18.6 + 11 days to 70 + 21 days) as a result of decreased
hemolysis in patients with sickle-cell anemia (32), pre-
sumably because of reduced intracellular hemoglobin S
polymerization resulting from increased intracellular
HDbF levels. These selective effects prolong the period
during which HDbF rises to reach a therapeutically sig-
nificant level in peripheral blood of patients with sick-
le-cell disease and could account for the fact that maxi-
mal increases in HbF levels may take months to occur
(33-35). Indeed, maximal increments in F reticulocytes
are attained at 10 or 11 days after the start of hydrox-
yurea treatment in patients with sickle-cell anemia (5,
6), suggesting a rapid effect on the fundamental mech-
anisms responsible for determining globin gene pheno-
type. Measurements of F cells also show maximal
increases in 14-21 days (36), confirming the disparity
between cellular responses and HbF levels.

Although it is clear that NO from the NO-donor
compounds can directly activate sGC, hydroxyurea
could have this effect by at least two separate and inde-
pendent mechanisms involving NO production or
direct interaction between hydroxyurea and sGC. As
noted above, hydroxyurea can be oxidized to produce
NO in vitro (14, 16) and in vivo (17-20). It was also
shown, in vitro, that hydroxyurea reacts directly with
deoxy-sickle-cell hemoglobin to form methemoglobin
and nitrosyl hemoglobin (HbNO). Electron paramag-
netic resonance spectroscopy has been used to show
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that the formation of HbNO involves the specific
transfer of NO from the -NHOH group of hydroxyurea
by a series of intermediate reactions (37), possibly with-
out the formation of free NO. This question is being
actively addressed (38).

sGC is a heterodimeric hemoprotein composed of a
and P subunits with a heme group ligated by a histidine
residue of the $1 subunit, much like hemoglobin. sGC
acts as a target for NO (presumably the free radical
NO- species) by allowing NO to bind directly to the fer-
rous deoxyheme activating the enzyme (39). In addi-
tion, similar to the reaction of hydroxyurea and deoxy-
hemoglobin to form HDbNO, we speculate that
hydroxyurea could also directly perform iron nitrosy-
lation on sGC to activate this enzyme system. Thus,
hydroxyurea could activate heme proteins, such as sGC,
directly or through production of NO.

There are several transcription factors regulated by
the NO/cGMP signaling pathway that might partic-
ipate in hemoglobin switching. The enhancer activi-
ty and inducibility of the y-globin promoter region
are both dependent on the synergistic action of pro-
teins bound to the tandem activator protein 1 (AP-1),
which is a heterodimeric protein consisting of c-fos
and c-jun subunits (40, 41). The NO/cGMP pathway
is known to increase both c-fos and c-jun mRNA lev-
els and promotes AP-1 binding to DNA (42, 43), sim-
ilar to the known effects of hydroxyurea (44). The cel-
lular AP-1 activity is also regulated by the
phosphorylation of c-fos and c-jun proteins by the
MAPKs. MAPKs are activated by phosphorylation by
upstream MAPK kinases (MEKs), which in turn are
activated in response to growth factors, cytokines, or
various forms of cellular stress (including NO). There
have been previous reports of increased phosphory-
lation of p38 MAPK in human neutrophils (45) and
other cell types (46-48) by both NO and cGMP.
Hydroxyurea also increases phosphorylation of p38
MAPK in K562 cells (49). In addition, the Spl-
binding CCACCC motif is also thought to be critical
for high activity of the y-globin promoter (50). It
was reported that NO increased the activity of the
TNF-a promoter by targeting the Sp1 binding site
(51). Thus, NO could potentially affect y-globin
expression through Sp1 or related transcription fac-
tors, as well as through AP-1.

In summary, our results strongly suggest that HbF
induction by hydroxyurea is mediated by the NO-
dependent activation of sGC. It is important to note
that these effects can also be mediated by other NO-
donor compounds. These findings open the door to
new therapeutic strategies based on NO delivery by
NO donors, arginine salt administration, or increas-
ing NO synthase expression or activity or based on
the amplification of NO signal transduction with
phosphodiesterase inhibitors. Modulation of this
system may allow for the discovery of additive or
synergistic regimens that increase responsiveness
and reduce morbidity associated with hydroxyurea

therapy. Furthermore, individual variations in NO
signal amplification secondary to NO scavenging or
sGC/phosphodiesterase activities may help explain
the well-appreciated variable responsiveness to
hydroxyurea treatment.
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