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ABSTRACT  Increased production of fetal hemoglobin (HbF)
was observed in a patient with sickle cell anemia treated with 5-
azacytidine. Each of four courses of therapy resulted in a rapid
and prolonged increase in the percentage of HbF containing re-
ticulocytes (F reticulocytes) and HbF containing erythrocytes (F
cells). The percentage of HbF in peripheral blood rose from 1.8
to 8.9%. The rise in HbF production was accompanied by an in-
crease in peripheral blood hemoglobin concentration from 8 to 12
g/dl and an increase in mean erythrocyte volume. Treatment with
5-azacytidine resulted in hypomethylation of total genomic and a
Y-chromosome-specific DNA fragment isolated from both pe-
ripheral blood and bone marrow. Of 15 restriction enzyme sites
around the y-8-B-globin gene complex, only 2 became hypo-
methylated: one 107 bases 5’ to the 'yg and the other 107 bases 5'
to the y* globin genes.

Erythrocytes containing fetal hemoglobin (HbF), termed F cells,
are resistant to sickling in most patients with sickle cell disease
(1). Two observations help explain this phenomenon. (i) Po-
lymerization of sickle hemoglobin (HbS) is highly dependent
on its intracellular concentration (2). (ii) Because HbF does not
easily copolymerize with HbS, substitution of HbF for HbS de-
creases the concentration of polymerizable hemoglobin within
the erythrocyte (3). Newborns with sickle cell anemia (4), rare
individuals with HbF and HbS in every cell (compound het-
erozygotes for HbS and pancellular hereditary persistence of
HbF) (5), and individuals with sickle cell anemia from certain
inbred populations, who produce high levels of F cells, tend to
have relatively mild or nonexistent disease (6, 7). It seems rea-
sonable that any therapy that substantially increased HbF lev-
els would benefit patients with sickle cell disease.

Increase in HbF production might be achieved by altering
control of globin gene expression. It has been suggested that
the degree of DNA methylation in sequences in or near genes
may play some role in controlling their function (8). DNA as-
sociated with several eukaryotic genes is less methylated in tis-
sues that express the genes than in tissues that do not (9-14).
Several studies show that addition of 5-azacytidine (azaC) to
tissue cultures results in hypomethylation of DNA and the ac-
tivation of genes (14-18). Proposed mechanisms for this effect
include the inherent inability of azaC-substituted DNA to serve
as a methyl acceptor (19) and the inhibition of DNA methyl
transferase by azaC (20) and by azaC-substituted DNA (21).

DeSimone et al. (22) recently demonstrated that adult ba-
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boons rendered anemic by bleeding increased their HbF levels
2- to 6-fold after treatment with azaC. Studies of human bone
marrow, obtained after administration of azaC to a patient with
thalassemia (23), demonstrated hypomethylation in the y-glo-
bin gene region and increased y-globin gene expression, po-
tentially explaining the finding of DeSimone et al.

Accepting the possibly mutagenic and carcinogenic (24, 25)
effects of azaC, a man severely affected with sickle cell anemia
consented to a trial of the drug. The cellular mechanisms by
which HbF levels increased were documented and the chang-
ing patterns of methylation of the DNA around the y-8-8-glo-
bin complex were measured.

METHODS

Case Report and Administration of azaC. The individual
studied is a 32-year-old nurse (patient 3 in ref. 26; “Beta” in ref.
27), who had spent 70 of the 166 days prior to treatment as an
inpatient and had been transfused with 224 units of blood over
the preceeding 9 yr, with some symptomatic amelioration. His
last transfusion was 55 days prior to treatment with azaC. In-
formed consent was obtained in accordance with the guidelines
of The Johns Hopkins University Medical School Joint Com-
mittee on Clinical Investigation. The patient received 4-hr in-
fusions of azaC (supplied by the National Cancer Institute) at
8-hr intervals. A total of nine infusions with 47 mg of azaC (30
mg/m? per infusion) were given on three occasions. On day 73,
he received subcutaneous injections of the same amount of drug,
on the same schedule.

Hematologic Determinations and Single Cell Methods. Pe-
ripheral blood erythrocyte indices and the number of leuko-
cytes and platelets were estimated with a Coulter Counter (Model
S plus 2). Reticulocytes were stained with new methylene blue
and counted manually. The percentage of HbF in hemolysates
was measured by alkali denaturation (28). “F reticulocytes” (re-
ticulocytes containing HbF) and “F cells” (peripheral eryth-
rocytes containing HbF) were defined by microscopic immu-
noprecipitate reactions by using rabbit anti-human HbF antibody
(29). Microdensitometric analysis of individual immunoprecip-
itate reactions was used to determine the amount of HbF in
individual erythrocytes (30). Relative y- and p*-globin chain
synthesis by bone marrow cells was estimated from the incor-

Abbreviations: kb, kilobase(s); NRBC, nucleated erythrocytes; azaC, 5-

azacytidine; HbF, HbS, and HbA, hemoglobins F, S, and A, respec-

tively.
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poration of [*H]leucine into both globin fractions (31).

Analysis of DNA Methylation. The extent of overall DNA
methylation was monitored by digestion with a number of re-
striction endonucleases whose activity is sensitive to methyla-
tion at their restriction sites. DNA was prepared from samples
of peripheral blood and bone marrow as described (32). Fol-
lowing digestion with restriction enzymes, DNA fragments were
fractionated according to molecular weight by electrophoresis
in 1% agarose gels (33). The size distribution of DNA fragments
was determined by visual examination of ethidium bromide-
stained gels.

The state of methylation of a repeated Y-chromosome-spe-
cific DNA fragment was examined by comparing Hpa II and
Msp 1 digests (unpublished data). DNA fragments were trans-
ferred to nitrocellulose paper (34) and hybridized with a cloned
probe specific for the Y fragment. When sites surrounding this
Y-chromosome-specific sequence are fully methylated, diges-
tion with Msp I releases primarily 2.4-kilobase (kb) fragments,
whereas digestion with Hpa II releases multiple higher mo-
lecular weight fragments. With decreased methylation more
sites become susceptible to digestion by Hpa 11, producing more
2.4-kb fragments (unpublished data). The extent of methyla-
tion was judged by visual examination of the relative intensity
of the radiographic bands.

DNA methylation in the y-8-B-globin gene cluster was
measured by restriction analysis as described by van der Ploeg
and Flavell (15). Restriction enzymes insensitive to the state of
DNA methylation (EcoRI, BamHI, HindIII, and Msp 1) were
used to release restriction fragments containing one or more
restriction sites whose cleavage is sensitive to DNA methyla-
tion (Hpa I1, Hha I, Sal 1, and Xho I). To ensure digestion with
the methylation-sensitive restriction enzymes a 10- to 20-fold
excess of enzyme to DNA was used.

Size-fractionated DNA digests were hybridized with specific
globin gene probes derived from ¢cDNA clones JW102 (B) and
JW103 (y) (35). DNA fragments for use as probes were re-
covered after digestion of JW102 with HindIII and Mbo II and
digestion of JW103 with Taq I and were radiolabeled by nick-
translation. Filter hybridization, washing procedures, and au-
toradiography were done as described (33), with the addition
of three washes with 15 mM NaCl/1.5 mM sodium citrate at
65°C to decrease detection of cross-hybridization between each
probe and other globin genes. The state of methylation was
judged by visual examination of the relative intensities of bands
corresponding to the fragments generated.

RESULTS

Hematologic determinations are presented in Fig. 1. Prior to
treatment and without transfusion, the patient had a hemoglo-
bin concentration of 7.5-8.5 g/dl. On day 0, his blood con-
tained 43% hemoglobin A (HbA), from previous transfusions;
no HbA was detectable after day 48. Hemoglobin concentra-
tion increased after the initial azaC therapy and remained be-
tween 10 and 12 g/dl. Mean corpuscular volume rose from 94~
98 {1 to 104.5 fl by day 25 and then remained between 101 and
107 fl; mean corpuscular hemoglobin did not change signifi-
cantly. The total number of leukocytes varied between 1-3 X
10* leukocytes per mm® and the differential leukocyte count did
not change significantly. The number of platelets rose after each
course of azaC, reaching levels of 0.5-1.0 X 10° platelets per
mm°,

The proportion of F reticulocytes rose from pretreatment
levels (3-6%) to 13% by the third day of treatment, reached a
peak of 50% by day 9, and returned to baseline by day 30 (Fig.
2, top panel). Subsequent treatment produced similar re-
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Fic. 1. Measurements of hemoglobin (Hb), mean corpuscular he-
moglobin (MCH), mean corpuscular volume (MCV), and percentage of
reticulocytes (RETIC) during azaC therapy. Shading indicates days of
azaC administration. Bars at the top indicate onset and duration of three
vaso-occlusive crises suffered by the patient during therapy.

sponses. The percentage of F cells (Fig. 2, center panel) rose
from a pretreatment range of 8-12% to a peak of 51% on day
57 after multiple doses of the drug. The number of nucleated
erythrocytes (NRBC) in peripheral blood (Fig. 2, bottom panel)
rose in parallel with F reticulocytes.

The percentage of HbF in the patient’s blood rose from 1.5%
to a maximum of 8.9% on day 59, and y-globin chain synthesis,
(y:v + B°), rose from 0.03 to 0.10 during the first course of
therapy. The average amount of HbF in individual reticulo-
cytes and F cells also increased. Between day 0 and 9 mean
HDbF per cell rose from 5.7 to 8.1 pg in F reticulocytes and from
6.2 to 7.8 pg in F cells. The distribution of HbF concentrations
in individual reticulocytes is shown in Fig. 3. Pretreatment,
HbF/F reticulocyte ranged from 3 to 7 pg per cell (solid line).
On day 3 (dotted line), 30% of the F reticulocytes contained 7
to 13 pg of HbF. By day 6 some cells contained as much as 21
pg of HbF, although the fraction of F reticulocytes containing
increased HbF had not changed. By day 14 HbF/F reticulo-
cyte had returned to the pretreatment distribution.

Erythrocyte half-life, as measured with >'Cr on day 50, was
10 days. It had been 4 and 6 days when studied on two occasions
pretreatment. Painful crises continued to occur during the pe-
riod of study, with more-or-less their prior severity and fre-
quency (Fig. 1).

DNA Methylation. Ethidium bromide-stained gels of pe-
ripheral blood DNA restriction digests (Fig. 4 Upper) showed
a rapid and reversible hypomethylation of DNA after azaC
treatment. The distribution of DNA fragment sizes generated
by methylation-insensitive enzymes EcoRI and Msp I (also
HindIII and BamHI; data not shown) was unaffected by azaC
treatment. After treatment there was a marked decrease in the
average fragment length generated by methylation-sensitive
restriction enzymes (Hpa II and Hha I) on days 5 (Fig. 4, lane
3) and 7 (Fig. 4, lane 4); by day 23 (Fig. 4, lane 5), the sizes
of DNA fragments were similar to those obtained pretreat-
ment. Subsequent azaC treatments also produced substantial
hypomethylation of peripheral blood and bone marrow DNA
relative to the pretreatment blood sample. Comparison of the
Hpa 11 and Msp 1 digests indicates that the peak response re-
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Fic. 2. Alterations in the percentage of F reticulocytes, the per-
centage of F cells, and the absolute number of nucleated erythrocytes
(red cells) found in the peripheral blood during azaC therapy. Shading
and bars are as described in the legend to Fig. 1. Numbers at the bottom
of F cell section indicate % HbF in hemolysates. The standard deviation
of F reticulocytes and F cell measurements are shown for first 30 days
and were thereafter unchanged.

sulted in not more than 50% reduction of methylation.

The effect of azaC on DNA methylation was also assessed by
the use of a repeated DNA fragment from the Y chromosome
(Fig. 4 Lower). Msp 1 digestion of pretreatment DNA yields a
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Fic. 4. Analysis of genomic DNA methylation. (Upper) Ethidium
bromide-stained agarose gels of DNA from various stages of azaC ther-
apy digested with methylation-insensitive (EcoRI and MspI) and meth-
ylation-sensitive (Hpa Il and Hha I) restriction enzymes. The numbers
above each lane designate the following days of treatment: 1, pretreat-
ment; 2, 2 days; 3, 5 days; 4, 7 days; and 5, 23 days. (Lower) Autora-
diogram of Hpa Il (H) and Msp I (M) digests of genomic DNA hybridized
with a cloned probe specific for a repeated 2.4-kb DNA fragment from
the Y chromosome. The numbers at the top refer to days of azaC ther-
apy. Day 37 was 7 days after the second azaC treatment. Pre, pretreat-
ment; BM, bone marrow DNA isolated 4 days after a later treatment
with azaC. The position of the 2.4-kb fragment is denoted at the left of
;lie l:‘;ngt&re The higher molecular weight bands are multiples of the 2.4-

prominent hybridizing band at 2.4 kb, typical of the unmethyl-
ated repeats, whereas Hpa Il digestion generates a smear of
higher molecular weight fragments expected for methylated re-
peats. Hpa II digests on days 5 and 7 show a substantial increase
in hybridization to fragments of 2.4 kb or multiples of 2.4 kb,
indicating significant hypomethylation. By day 23, the majority
of these fragments were again methylated, as judged by the
decreased intensity of 2.4-kb bands from Hpa II digests. Sam-
ples taken after the second azaC treatment, days 37 and 41 (data
not shown), and both posttreatment bone marrow preparations
(one is shown in Fig. 4 Lower) showed levels of hypomethyl-
ation equivalent to that obtained after the earlier treatment.
A summary of methylation changes in the y-8-B-globin gene
region in peripheral blood DNA and its methylation state in
posttreatment bone marrow DNA is presented in Fig. 5. Five
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Fic. 5. Analysis of DNA methylation around the y-8-B-globin gene region. (Upper) The map of methylation-sensitive restriction sites is re-
drawn from van der Ploeg and Flavell (15). (Lower Left) The autoradiogram displays analysis of methylation at the M; and M; sites as determined
by EcoRI and Hpa I (EH) or EcoRI and Msp I (EM) double-dlgests with a y-gene hybridization probe Digestion with EcoRI (E) gives a 6.5-kb band
containing the ¢ gene and a 2.7-kb band contamlng the y* gene. Cleavage of the 6.5-kb EcoRI »© fragment at the M, site yields a 5.0-kb double-
digest fragment, whereas cleavage at M, gives a 1.4-kb double-digest fragment. The extent of methylatlon at the M site was determined by visual
comparison of the intensity of hybridization of the 1.4-kb band with the sum of the 6.5-, 5.0-, and 1.4-kb bands. The minor bands seen are the result
of heterologous hybrids, such as crossreacting 8 and B genes. The numbers on the left give the positions of y-gene containing fragments in kilobases.
The numbers along the top of the gels denote the days of azaC therapy: 1, pretreatment; 2, 7 days; 3, 21 days; 4, 44 days; and 5, DNA from bone
marrow taken 4 days after later treatment. (Lower Right) The approximate level of methylation at each of the methylation-sensitive restriction

sites. One-hundred percent methylation is indicated by 88 and 0% by —. ND, no determination was made. The methylation levels at the sites

closest to the gene sequence can be measured accurately. Additional sites farther from the gene can only be measured if the closest site is meth-
ylated. For example, modification at M; can be measured accurately if the M, site is fully methylated. If methylation at M, is <100%, the mea-
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surement at M; represents only those fragments whose M, site is methylated.

restriction sites associated with the 8- and B-globin genes were
significantly unmethylated throughout the study and no changes
in methylation were detected. With one exception (M-), 11 sites
surrounding the y-globin genes were heavily methylated in
pretreatment DNA. Nine of these sites showed no change in
methylatlon after azaC treatment. The sites found 107 bases 5’
to the ¥° (My) and y* (M,) genes became less methylated after
treatment. To illustrate the method for assessing methylation
levels, analysis of methylation at the M, (Msp I/Hpa 1) site is
also presented in Fig. 5.

DISCUSSION

Ley et al. (23) have reported that continuous infusion of 140 mg
of azaC per day for 7 days in a B*-thalassemia homozygote re-
sults in hypomethylation of bone marrow DNA near the y-glo-
bin locus, increased y mRNA, increased y-globin synthesis, and
increased HbF levels in peripheral blood. After a transient in-
crease in reticulocyte count, reticulocytopenia, leukopenia, and
neutropenia were observed. Our results indicate that lower doses
of azaC given for only 3 days had similar effects on HbF pro-
duction but did not produce bone marrow suppression. In-
creased HbF production was characterized by a rapid increase
in F reticulocytes, which lasted =30 days-and was associated
with a transient increase of HbF/F reticulocyte. In addition,
the mean corpuscular volume of erythrocytes increased. The
mean corpuscular hemoglobin did not change significantly,
suggesting that HbS reciprocally decreased in those cells pro-
ducing HbF.

The mechanism by which azaC induces synthesis of HbF is
unclear. Heretofore, drug-related increased HbF production in

sickle cell disease had only been documented at the cellular
level in an individual recovering from bone marrow suppres-
sion (36) produced during cancer chemotherapy. It is unlikely
that such “expanded” erythropoiesis accounted for the repeated
increases in F reticulocyte levels seen here because no marrow
toxicity was noted and alterations in reticulocyte counts did not
correlate with the percent of F reticulocytes.

The dose of azaC used to treat this patient resulted in sig-
nificant, but not complete, hypomethylation of total genomic
DNA and a repeated DNA fragment from the Y chromosome
(Fig. 4). The surprising finding is the apparent specificity of
the azaC effect on methylation within the y-8-8-globin gene
complex. Only two of the sites examined, M, and M, showed
a rapid and reversible hypomethylation (Fig. 5).

A complicating feature of these data is the possible effect of
a changing cell population in peripheral blood after azaC treat-
ment. Because changes in methylation correlate with the per-
centage of peripheral blood NRBC (Fig. 5), NRBC might al-
ways be hypomethylated at the My and M sites and the apparent
methylation change a reflection of their increase. We think this
unlikely for several reasons. (i) Although we were unable to ob-
tain a pretreatment marrow from this patient, normal adult bone

- marrow is fully methylated at the M, and My sites (15). The hy-

pomethylation observed at these sites in two posttreatment
marrows is likely to be the result of azaC therapy. (ii) In a thal-
assemic patient one or both of the M, and My sites, fully meth-
ylated in pretreatment bone marrow, became hvpomethvlated
after treatment with azaC (23). (iii) The M, and M, sites are
specnflcally hypomethylated in erythroid tissues producing HbF
and in a human leukemia cell line (K562) that can be induced
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Table 1. Cellular distribution of HbF in clinically mild forms of
sickle cell disease, American individuals with sickle cell disease,

and the patient treated with azaC
HbF/F
F reticu- reticu- Total
locytes, Fcells, locytes, HbF,
Condition % % mean pg %* n
S/HPFH?t 100 100 6-8 27-35 3
SS (Saudi
Arabian)* 34+9 62+13 5-8 187+01 15
SS (American) 11 +8 24 +20 5-8 86+71 40

azaC patient$ 52 51 8.1 8.91 1

All values were obtained by using methodology outlined in refs. 29

and 30.

* Determined by alkali denaturation (28); expressed as range of values
or mean * SD.

tS/HPFH, double heterozygote for HbS and pancellular hereditary
persistence of hemoglobin.

#Sickle cell disease patients from Eastern Saudi Arabia (6).

§Peak values.

TNote that peak % HbF of 8.9% was found at a time when 51% of the
cells contained HbF and the mean corpuscular hemoglobin was 37 pg.
Thus, F cells at that time contained 6.5 pg of HbF per F cell. This value
is not different than pretreatment levels of 6.2 and 6.8 pg of HbF per
F cell. Therefore, transient increases in the pg of HbF /F reticulocyte
were not prolonged enough to increase significantly the HbF per F
cells.

to produce HbF (15). (iv) Hypomethylation of similar sites 5’
to expressed globin genes has been described in other species
(13). (v) A similar selective hypomethylation around azaC-ac-
tivated retrovirus genes has been reported in chicken leuko-
cytes under conditions that did not produce detectable meth-
ylation changes around the globin genes (37). Thus, the azaC
effect on methylation in the y-globin gene region appears to be
specific and associated with increased HbF production, al-
- though these studies do not establish a causative relationship
between the two observations. For example, we have not ad-
dressed the issue of an azaC effect on other loci, which may,
in turn, stimulate HbF production or the observation that the
principal azaC effect appears to be on F cell number and not
on the amount of HbF per cell.

Do our preliminary trials suggest that azaC therapy is po-
tentially useful in sickle cell disease? Some tentative conclu-
sions can be drawn by comparing the cellular distribution of
HbF obtained in this study (Figs. 2 and 3) to previously re-
ported distributions in black American sickle cell patients (1)
and individuals with milder forms of sickle cell anemia, S/HPFH
heterozygotes (38) and Saudi-Arabian sickle cell patients (7) (Ta-
ble 1). If the dose of azaC used in this report could be given
at more frequent intervals without toxicity, the number of F
cells and the amount of HbF/F cell might be altered to the
pattern seen in mildly affected Saudi Arabian patients with sickle
cell anemia. If the drug could be administered in such a man-
ner that all erythrocytes were affected, levels of F cells and
HbF similar to those of asymptomatic S/HPFH individuals might
be achieved..Because this drug has been classified as a poten-
tial carcinogen (25), ‘studies to evaluate possible therapeutic
benefit should only be performed on severely affected sickle
cell patients.
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