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anaemia and long-term hydroxycarbamide exposure
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Summary

Hydroxycarbamide (hydroxyurea) provides laboratory and clinical benefits
for adults and children with sickle cell anaemia (SCA). Given its mechanism
of action and prior reports of genotoxicity, concern exists regarding long-
term toxicities and possible carcinogenicity. We performed cross-sectional
analyses of chromosome stability using peripheral blood mononuclear cells
(PBMC) from 51 children with SCA and 3-12 years of hydroxycarbamide
exposure (mean age 13-2 + 4-1 years), compared to 28 children before
treatment (9-4 £ 4-7 years). Chromosome damage was less for children
receiving hydroxycarbamide than untreated patients (0-8 + 1-2 vs. 19 + 1-5
breaks per 100 cells, P = 0-004). There were no differences in repairing
chromosome breaks after in vitro radiation; PBMC from children taking
hydroxycarbamide had equivalent 2 Gy-induced chromosome breaks
compared to untreated patients (30-8 £ 16:1 vs. 31-7 + 89 per 100 cells,
P = not significant). Radiation plus hydroxycarbamide resulted in similar
numbers of unrepaired breaks in cells from children on hydroxycarbamide
compared to untreated patients (95-8 £ 442 vs. 76:1 £ 23-1 per 100 cells,
P = 0-08), but no differences were noted with longer exposure (97°9 £ 42-8
breaks per 100 cells for 3-6 years of hydroxycarbamide exposure vs.
912 £ 484 for 9-12 years of exposure). These observations provide
important safety data regarding long-term risks of hydroxycarbamide
exposure for children with SCA, and suggest low in vivo mutagenicity and
carcinogenicity.

Keywords: sickle cell anaemia, hydroxycarbamide, DNA damage, chromo-
some breakage.

Hydroxycarbamide (hydroxyurea) is a potent antimetabolite
and antineoplastic agent that has been used for almost 50 years
to treat a variety of human diseases, including myeloprolifer-
ative neoplasms (Lofvenberg & Wahlin, 1988; Nand et al,
1996; Sterkers et al, 1998; Finazzi et al, 2000; Harrison et al,
2005), leukaemia (Kennedy & Yarbro, 1966), melanoma
(Cassileth & Hyman, 1967), brain tumours (Levin et al,
1984), ovarian cancer (Ariel, 1970), psoriasis (Leavell &
Yarbro, 1970), and human immunodeficiency virus (Lori
et al, 1994). Nearly 30 years ago, animal studies demonstrated
that anaemic monkeys treated with hydroxycarbamide showed
an increase in fetal haemoglobin (HbF) (Letvin et al, 1984),
which led to the first clinical application of hydroxycarbamide
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for sickle cell anaemia (SCA). Platt et al (1984) treated two
adults with SCA with hydroxycarbamide, and both had a rapid
increase in HbF-containing reticulocytes with no significant
short-term toxicities. These initial experiments led to a critical
multicentre phase I/II trial for adults with SCA, demonstrating
the short-term safety, dose-dependent response, and consistent
increase in HbF resulting from hydroxycarbamide therapy at
the maximum tolerated dose (MTD) (Charache et al, 1992).
Based on these results, the definitive Multicenter Study
of Hydroxyurea in Sickle Cell Anemia (MSH) was developed.
This National Heart Lung and Blood Institute (NHLBI)-
funded phase IIT double-blinded, placebo-controlled random-
ized trial enrolled 299 adult patients with severe symptoms and
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demonstrated the dramatic clinical efficacy of hydroxycarba-
mide at MTD; the trial was halted early due to highly
significant reductions in the time to first painful vaso-occlusive
event (Charache et al, 1995). Additional clinical improvements
were noted including significant reductions in the frequency of
painful events, acute chest syndrome, transfusions, and
hospitalizations in the hydroxycarbamide-treated subjects.
The subsequent NHLBI-funded multicentre paediatric trial,
HUG-KIDS, was a phase I/II study of 84 children with severe
SCA, which demonstrated similar laboratory and clinical
efficacy as observed for adults, as well as minimal short-term
toxicities (mostly mild transient and reversible cytopenias) of
hydroxycarbamide therapy at MTD (Kinney et al, 1999).

Investigations of the risks and benefits of hydroxycarbamide
are still ongoing, but to date no significant, identifiable long-
term toxicities have been identified for patients with SCA
(Kinney et al, 1999; Wang et al, 2001; Steinberg et al, 2003;
Zimmerman et al, 2004; Gulbis et al, 2005; Hankins et al, 2005;
de Montalembert et al, 2006; Heeney & Ware, 2010). However,
given its primary mechanism of action as a potent inhibitor of
ribonucleotide reductase (Lewis & Wright, 1974) and previous
reports identifying hydroxycarbamide as a clastogen (Oppen-
heim & Fishbein, 1965; Friedrisch et al, 2008), mutagen
(Ziegler-Skylakakis et al, 1985), teratogen (Murphy & Chaube,
1964; Chaube & Murphy, 1966) and potential carcinogen
(Sakano et al, 2001), there is still ongoing concern about the
adverse long-term side effects of hydroxycarbamide therapy in
SCA, particularly when treatment is initiated in the early years of
life and spans a prolonged period of time.

We prospectively investigated the long-term effects of
hydroxycarbamide exposure on DNA integrity and repair
capacity in a large cohort of children with SCA receiving
continuous hydroxycarbamide therapy. We report cross-
sectional analyses of patient samples, quantifying chromosome
breaks in long-lived peripheral blood mononuclear cells
(PBMC). We have also tested the ability of PBMC to repair
induced DNA breaks, thereby providing an in vitro correlate
for in vivo mutagenicity and carcinogenicity. Taken together,
these studies provide important long-term data regarding the
safety and genotoxicity concerns of hydroxycarbamide expo-
sure at MTD for children with SCA.

Patients and methods

Patient samples

Blood samples were obtained from children with SCA
receiving care at St. Jude Children’s Research Hospital
(SJCRH) who were enrolled on the Hydroxyurea
Study of Long-term Effects (HUSTLE, ClinicalTrials.gov
NCT00305175). The HUSTLE protocol was reviewed and
approved by the SJCRH Institutional Review Board. The
hospital is located in the mid-South region of the United
States, with no major toxic industrial exposure and no nuclear
energy plants within 100 miles. Patients were recruited for the

Chromosome Damage and Hydroxycarbamide in SCA

HUSTLE study in two cohorts, based on previous hydroxyc-
arbamide exposure. New cohort subjects had no prior
hydroxycarbamide exposure; they were enrolled in this
prospective study after hydroxycarbamide was recommended
for clinical severity, most commonly as a preventive therapy
for frequent acute vaso-occlusive events. Samples were col-
lected at baseline before treatment exposure. Old cohort
subjects were already receiving hydroxycarbamide treatment at
the time of study enrollment, and samples were collected at
3-year treatment anniversaries. For both cohorts, hydroxycar-
bamide dosing was escalated to MTD as previously described
(Kinney et al, 1999; Zimmerman et al, 2004; Heeney & Ware,
2010), with serial monitoring to document laboratory effects
and toxicities. There were 79 subjects included in the cross-
sectional analyses of chromosome breakage, ranging from 0 to
12 years of hydroxycarbamide exposure. Normal adult healthy
control samples (n = 11) were also included in the analyses
(range 29-60 years, mean 44 years). Healthy children were not
used as controls due to ethical concerns of phlebotomy in
healthy children and the lack of availability of truly healthy
children at our institution that specializes in paediatric
haematology and oncology.

In vitro analyses

PBMC were isolated and purified from venous blood samples
using Ficoll-Hypaque density centrifugation as previously
described (Denning et al, 1987). In three separate flasks (A, B,
C) 5 x 10° cells were diluted in Dulbecco’s Modified Eagle’s
Medium (DMEM) and 10% Human A Serum. Cells were
stimulated with phytohemagglutinin (PHA 2 pg/ml; Remel Inc.,
Lanexa, KS, USA) and incubated for 48 h at 37°C in a
humidified incubator. After PHA stimulation, the cells were
then handled differently: Flask A received neither irradiation nor
hydroxycarbamide; Flask B was irradiated with 2 Gray (Gy)
external beam radiation (XRT) from a Cesium Cell Irradiator
(Gammacell 40 Exactor; MDS Norton, Ottawa, ON, USA); and
in Flask C, 100 pmol/l hydroxycarbamide (Sigma-Aldrich Inc.,
St Louis, MO, USA) was added just prior to 2 Gy irradiation. All
flasks were then incubated at 37°C for an additional 24 h to
allow for repair of induced DNA damage. 2 Gy was chosen
because pilot experiments demonstrated numerous chromo-
some breaks without cell death (data not shown).

Chromosome analyses

After 72 h of total incubation, 0-5 pg/ml of colcemid (stock
10 pg/ml), a mitotic spindle inhibitor used to arrest cells in
metaphase, was added to each flask, followed by an additional
incubation for 4 h at 37°C. Cells were then pelleted by
centrifugation (500 g X 10 min), resuspended in a hypotonic
solution (0:075% KCl) and incubated for 15 min at 37°C. The
cells were then pelleted again, resuspended in Carnoy’s fixative
(1:3; glacial acetic acid: methanol) and incubated for 15 min.
This fixation procedure was repeated two additional times.
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Fig 1. Chromosome abnormalities. Peripheral blood mononuclear cells were isolated from venous blood samples as described in Patients and
methods. After phytohaemagglutinin stimulation, DNA damage was induced by 2 Gy radiation therapy and DNA repair was inhibited by incubation
with 100 pmol/l hydroxycarbamide. After lymphocytes were harvested and stained, 100 metaphase cells were examined for evidence of DNA damage,

including chromatid breaks (A), chromosome breaks (B), and chromosome fusion events (C).

Chromosome spreads were prepared by dropping cells on wet
slides, air-dried and stained using the Giemsa-banding tech-
nique (Gustashaw, 1991). After harvesting and staining, 100
metaphase cells from each flask were analysed and scored for
total numbers of chromosome breaks (including chromosome
fragments), chromatid breaks, and chromosome fusions
(examples in Fig 1).

Statistical analysis

Statistical analyses were performed using GRAPHPAD Prism 4
graphical and statistical software (GraphPad Software Inc.,
LaJolla, CA, USA). The Mann—-Whitney U test was used to
determine differences among groups. Tests with P value <0-05
were considered statistically significant.
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Results

A total of 79 subjects were included in the cross-sectional
analyses, and the results were summarized by 3-year incre-
ments of hydroxycarbamide exposure, ranging from 0 to
12 years (Fig 2). There was no positive correlation between
hydroxycarbamide exposure and baseline (uninduced) DNA
damage. As a group, the 51 children with SCA and 3-12 years
of hydroxycarbamide exposure actually had significantly fewer
total baseline chromosome abnormalities compared to the 28
children with SCA and no prior hydroxycarbamide exposure
(0-8 £ 1-2 breaks per 100 cells vs. 1:9 £ 1'5 breaks, P = 0-004,
Table I) and equivalent to normal adult controls (0-6 % 0-7
breaks, P = 0-83). Similar results were observed when specific
types of chromosomal breakage abnormalities (e.g. chromatid
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Fig 2. Effect of hydroxycarbamide exposure on chromosomal integrity. For each vertical data group, the black bar represents ‘Flask A, reflecting
uninduced chromosome abnormalities; the grey bar represents ‘Flask B, reflecting induced damage with 2 Gy irradiation; the white bar represents
‘Flask C reflecting induced damage and direct repair inhibition after treatment with 100 pmol/l hydroxycarbamide and 2 Gy irradiation. Standard
error of the mean is represented above each data point. y-axis = number of events per 100 cells; x-axis = hydroxycarbamide exposure in years.
Control, n = 11 subjects; no prior hydroxycarbamide exposure, n = 28; 3 years hydroxycarbamide exposure, n = 15; 6 years hydroxycarbamide
exposure, n = 21; 9 years hydroxycarbamide exposure, n = 4; 12 years hydroxycarbamide exposure, n = 11.
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Table I. Chromosome abnormalities (e.g. double-stranded chromo-
some breaks, chromatid breaks, fusion events) in controls and subjects
with or without prior hydroxycarbamide exposure.

No
Hydroxy-  Hydroxy-
carbamide carbamide
Control exposure exposure P-value
Patients (n) 11 28 51
Age at sample 443 £ 1110 94+ 47 132 £ 43

(years)

0 Gy XRT/0 Hydroxycarbamide

Chromosome breaks 0-1 + 04 06 + 08 03 +07 0-18
Chromatid breaks 05+ 05 100 + 12 04+ 08 0-04
Fusion events 00 £ 00 03 + 06 01 +£03 0-52
Total abnormalities 06 +£07 19 + 15 08 +12 <001

2 Gy XRT/0 Hydroxycarbamide

Chromosome breaks 197 + 1144 171 £ 70 214+ 131 032
Chromatid breaks 64 + 47 68 + 50 51+ 42 0-07
Fusion events 46 + 29 7-8 £ 50 43 +29 <001
Total abnormalities  30-7 + 149 317 £ 89 308 £ 161 020

2 Gy XRT/100 pmol/l Hydroxycarbamide

Chromosome breaks 463 + 293 46-4 + 227 611 £32:6 0052
Chromatid breaks 26:1 +11'8 202 +89 259 +151 016
Fusion events 87+ 67 95 + 61 88 £ 72 0-36
Total abnormalities  81-1 + 451 761 + 231 958 + 442 008

XRT, external beam radiation.

Results represent mean number of events per 100 cells examined in
metaphase chromosome spreads + standard deviation. Final column
represents P value obtained comparing subjects with and without prior
hydroxycarbamide exposure using the Mann—Whitney U test.

breaks, fusion events) were analysed (Table I). Prolonged
hydroxycarbamide exposure was not associated with a different
number of chromosome abnormalities; children with 9 or
12 years of hydroxycarbamide treatment had similar numbers
of uninduced abnormalities (0-8 £+ 1-6 breaks per 100 cells) as
those with 3 or 6 years of exposure (09 + 1:0 breaks,
P =033).

Sublethal XRT-induced DNA damage was manifest as a
significantly increased number of chromosome abnormalities
for all groups (treated, untreated, and controls), particularly
chromosome breaks and chromatid breaks (Fig 2). Chronic in
vivo hydroxycarbamide exposure did not affect the amount of
induced DNA damage, as subjects with 3—12 years of hydroxy-
carbamide exposure had similar numbers of XRT-induced
abnormalities as subjects with no exposure (30-8 £ 161 breaks
per 100 cells vs. 31-7 * 89 breaks, P = 0-20, Table I), and were
also comparable to normal adult controls (30-7 £ 14-9 breaks,
P =0-83). Like the findings for uninduced DNA damage,
prolonged in vivo hydroxycarbamide exposure was not asso-
ciated with an increased number of XRT-induced chromosome
abnormalities; children with 9 or 12 years of hydroxycarba-
mide exposure had similar numbers of XRT-induced chro-
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mosome abnormalities (29-1 = 16:0 per 100 cells) as children
with 3 or 6 years of exposure (31:6 = 16-4 abnormalities per
100 cells, P = 0-56).

Finally, we analysed the ability of hydroxycarbamide to
inhibit XRT-induced DNA damage repair in vitro, as one means
to mimic the potential of in vivo DNA damage to accumulate in
patients with continuous hydroxycarbamide exposure. Unre-
paired DNA damage was manifest as substantially increased
numbers of chromosome abnormalities for all groups (treated,
untreated, and controls), particularly chromosome breaks and
chromatid breaks (Table I). Subjects with hydroxycarbamide
exposure had a similar total number of chromosome abnor-
malities compared to those without hydroxycarbamide expo-
sure (958 + 442 breaks per 100 cells vs. 76:1 + 231, P = 008,
Table I) and a similar number of abnormalities compared to
healthy controls (81-1 * 45-1, P = 0-30). These differences did
not increase with prolonged hydroxycarbamide exposure;
children with 9 or 12 years of in vivo hydroxycarbamide
exposure had a similar number of chromosome abnormalities
(91-2 + 484 abnormalities per 100 cells) as children with 3 or
6 years of exposure (979 * 42-8 abnormalities per 100 cells,
P = 0-43). Further analyses of specific types of chromosome
damage showed similar findings for chromosome breaks among
children with hydroxycarbamide exposure (611 + 32:6 breaks
per 100 cells, Table I) compared to those without prior exposure
(464 + 22-7 breaks per 100 cells, P = 0-052, Table I), and no
difference in chromatid breaks (25-9 + 151 chromatid breaks
per 100 cells in hydroxycarbamide-treated subjects vs.
20-2 £ 89 chromatid breaks per 100 cells for subjects without
hydroxycarbamide exposure, Table I, P = 0-16). These slight
increases in chromosome breaks also were not significantly
different when compared to healthy controls (463 + 29-3
chromosome breaks per 100 cells, P = 0-14) and the number
of chromosome breaks was not cumulative with prolonged
hydroxycarbamide exposure (59-8 + 36'5 chromosome breaks
per 100 cells for subjects with 9 or 12 years of hydroxycarbamide
exposure vs. 617 + 313 for subjects with 3 or 6 years of
exposure, P = 0-57).

Discussion

The clinical and laboratory efficacy of hydroxycarbamide in
the treatment of SCA has been convincingly demonstrated
over the past 25 years (Ware, 2010). These consistent results
leave little question as to the clinical benefits of hydroxy-
carbamide therapy for both children and adults with SCA.
The demonstrated decrease in morbidity and mortality with
hydroxycarbamide use, coupled with the modest short-term
toxicity profile and ease of once daily oral administration,
make hydroxycarbamide an ideal treatment option for this
patient population (Ware, 2010). However, the long-term
efficacy and safety of hydroxycarbamide use for patients with
SCA remains one of the most critical unanswered questions
(Brawley et al, 2008). This is especially important for the
paediatric population, since the starting age for hydroxycar-
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bamide is steadily becoming younger and the potential
duration of exposure could span several decades (Heeney &
Ware, 2010).

Hydroxycarbamide is a potent inhibitor of ribonucleotide
reductase, the enzyme responsible for the formation of
deoxyribonucleotides, which are the substrates required for
both DNA synthesis and repair. Hydroxycarbamide has been
identified as an S-phase specific agent that interrupts the cell
cycle at the G1 and S phases (Yarbro, 1992; de Lima et al,
2003). Several in vitro studies suggest hydroxycarbamide is a
clastogen and mutagen; cells subjected to prolonged incuba-
tions with high concentrations of hydroxycarbamide devel-
oped a progressive increase in the number of chromosome
strand breaks and hypoxanthine — guanine phosphoribosyl-
transferase gene (HPRT1) mutations, and also had a reduction
in their ability to repair damaged DNA (Oppenheim &
Fishbein, 1965; Francis et al, 1979; Ziegler-Skylakakis et al,
1985; Li & Kaminskas, 1987). However, the concentration and
length of hydroxycarbamide exposure used in these in vitro
experiments were supraphysiological (prolonged incubations
using hydroxycarbamide concentrations of 1-10 mmol/l) in
comparison to the pharmacokinetic profile in children with
SCA, who demonstrate typical maximum serum concentra-
tions of only 200-500 pmol/l (Rogers et al, 2005; Ware et al,
2008). These previous in vitro reports documented the
potential genotoxic effects of hydroxycarbamide and support
the careful clinical monitoring of hydroxycarbamide use in
patients, but probably did not measure or predict the true
mutagenic potential of daily oral hydroxycarbamide use in
human patients.

In vivo studies of the genotoxic effects of hydroxycarbamide
in patients with SCA have produced mixed results. We
previously measured the effect of hydroxycarbamide on
acquired DNA mutations using the HPRT1 and VD] recom-
bination assays in 68 patients with SCA (32 with short-term
hydroxycarbamide exposure and 36 without hydroxycarba-
mide exposure) and 59 controls, including 27 patients with
myeloproliferative neoplasms (MPN) and hydroxycarbamide
exposure up to 18 years (Hanft et al, 2000). Adults with MPN
and prolonged hydroxycarbamide exposure surprisingly had a
significantly lower number of illegitimate VD] mutations than
those with low exposure and controls. Children with SCA and
short-term  hydroxycarbamide exposure had increased
numbers of VD] mutations (but still within the normal range)
when compared to children with no hydroxycarbamide
exposure, and the number of HPRTI mutations was equivalent
(Hanft et al, 2000). Subsequently, Khayat et al (2006) reported
no significant differences in the mitotic index or the frequency
of chromosome aberrations in peripheral blood lymphocytes
of eight patients with SCA treated with hydroxycarbamide over
the course of 1 year. More recently, an investigation of DNA
damage in peripheral blood leucocytes of SCA patients treated
with hydroxycarbamide using the comet assay demonstrated a
significantly higher DNA damage index in the hydroxycarba-
mide group compared to the control group (Friedrisch et al,

2008). However, there was a negative correlation between the
duration of hydroxycarbamide exposure and damage index.
Finally, we reported that children with SCA exhibited a
significantly higher number of circulating micronuclei-con-
taining erythrocytes after hydroxycarbamide exposure, which
was observed within the first 3 months of therapy but did not
accumulate over time (Flanagan et al, 2010). Taken together,
these previous studies provide evidence for measurable geno-
toxicity from hydroxycarbamide exposure in patients with
SCA, but little evidence to support cumulative mutagenicity or
carcinogenic potential.

In an effort to clarify the genotoxic effects of prolonged
hydroxycarbamide exposure, we devised experiments to
quantify baseline chromosomal damage and the ability to
repair experimentally induced DNA damage, reasoning that
these would be relevant clinical endpoints for children with
SCA and hydroxycarbamide exposure. Our patients had no
known exposure to additional environmental genotoxins that
could have potentially confounded the laboratory measure-
ments. Our results provide the first direct analysis of
chromosome integrity and DNA repair capacity in lympho-
cytes of patients with SCA and up to 12 years of in vivo
hydroxycarbamide exposure. These results are encouraging, as
children receiving hydroxycarbamide therapy demonstrated
neither increased baseline chromosome damage nor inhibition
in the ability to repair damaged DNA, in comparison to
healthy controls and to young SCA patients with no prior
hydroxycarbamide exposure. Children treated with hydroxy-
carbamide for 3-12 years actually had a significantly lower
amount of uninduced chromosome damage compared to
untreated patients, possibly reflecting lower lymphocyte counts
(Table I). It is also possible that the oxidative stress and
generalized inflammation of severe untreated sickle cell
anaemia produces a mild genotoxic effect, and hydroxycarba-
mide therapy may help to ameliorate this process. The slightly
increased number of chromosome aberrations in treated
patients with the combination of 2 Gy XRT exposure and
additional hydroxycarbamide incubation was not statically
significant, and reflects radiation exposure that is not clinically
relevant. Patients are unlikely to ever receive such a genotoxic
dose of radiation, even with generous diagnostic imaging; for
example, routine posterior—anterior/lateral chest X-ray
provides 0-00016 Gy exposure and abdominal computerized
tomography scan provides only 0-01 Gy exposure (Brenner &
Hall, 2007). These results suggest that the true genotoxicity,
and thus perhaps the carcinogenic potential, of hydroxycar-
bamide treatment is low for patients with SCA.

Hydroxycarbamide can provide substantial life-enhancing
and life-prolonging benefits for individuals with SCA, a
condition for which there previously has been no effective
therapy. However, despite continued proven efficacy, hydrox-
ycarbamide remains underutilized, in part due to long-term
safety concerns and with particular concern for its possible
malignant potential. The recently completed BABY-HUG
study (NCT00006400) will provide important information
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about the safety of hydroxycarbamide therapy in very young
children. It will remain critical to closely monitor children with
prolonged hydroxycarbamide exposure and to further inves-
tigate and confirm the safety profile and low genotoxic
potential that has been documented to date, particularly in
children initiating hydroxycarbamide therapy at a very young
age. The long-term safety and efficacy of hydroxycarbamide in
children with SCA have not yet been fully defined, but this
study provides important and reassuring long-term data for
children with SCA receiving hydroxycarbamide therapy and
documents a low genotoxic effect.
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