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Valproic acid has been previously associated with hematologic toxicity, including a rever-

sible myelodysplasia-like syndrome without chromosomal abnormalities. We now report

three cases of acute leukemia with features of secondary leukemia associated with valproic

acid therapy: two cases of acute myelogenous leukemia with multilineage dysplasia, one

with trisomy 8 and one with monosomy 7, and one case of secondary acute lymphoblastic

leukemia with del (7) (q22q34), del (9) (q21.11q22), del (11) (q12q23). One patient had a

previous myelodysplastic syndrome while on valproic acid. Valproic acid has been pre-

viously shown to be a histone deacetylase inhibitor. Inhibition of histone deacetylase

causes a relaxation of chromatin structure and thus increases susceptibility to DNA

damage and sensitizes cells to radiation. We propose that valproic acid therapy may lead

to secondary leukemia by increasing DNA damage through chronic inhibition of histone

deacetylase. Am. J. Hematol. 78:256–260, 2005. ª 2005 Wiley-Liss, Inc.
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INTRODUCTION

Epilepsy is a common disorder with an age adjusted
prevalence 4–8 per 1,000 in industrialized countries
[1]. Valproic acid is the single most commonly used
antiepileptic drug, and it is also indicated for multiple
other uses, such as bipolar and mood disorders [2]. In
2002, 5.7 million prescriptions for valproic acid were
dispensed in the United States [3]. Valproic acid is
frequently used for the treatment of seizures in the
Lennox-Gastaut syndrome, a condition that begins
in childhood and includes difficult-to-control poly-
morphous seizures, a typical EEG pattern, and per-
vasive psychological disturbances, psychomotor delay,
and personality disorder. The underlying causes of
Lennox-Gastaut syndrome include a variety of neuro-
logical insults including hypoxic infectious, vascular,
genetic, developmental, and traumatic disorders.
Valproic acid has a wide spectrum of hematologic

toxicity, including thrombocytopenia, anemia, leuko-
penia, macrocytosis, and the presence of the Pelger-
Huet abnormality [4]. Many of these toxicities appear
to be dose-related [5]. Twenty of 60 patients treated

with valproic acid were reported to have significant
hematological abnormalities, with thrombocytopenia
and macrocytosis being the most common [6]. Serious,
but reversible, hematologic toxicity resembling a mye-
lodysplastic syndrome (MDS) has also been reported.
Four patients were reported to have thrombocyto-
penia, macrocytosis, the Pelger-Huet abnormality,
and trilineage dysplasia in the bone marrow associated
with valproic acid [7]. Hongeng et al. reported a case
of anemia, thrombocytopenia, and myelodysplastic
changes in the marrow, which resolved with a decrease
in valproic acid dose [8]. Another patient developed
pancytopenia and peripheral blood and bone marrow
findings similar to acute promyelocytic leukemia that
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resolved after discontinuation of valproic acid [9]. In
these cases, cytogenetics, when tested, was normal and
progression to acute leukemia was not reported.
We now report three cases of acute leukemia asso-

ciated with valproic acid therapy, accompanied by
cytogenetic abnormalities and features suggestive of
secondary leukemia. We will review recent basic
research that suggests a novel mechanism of leuke-
mogenesis by valproic acid.

RESULTS

Three patients were recognized as having acute leu-
kemia associated with valproic acid at a single institu-
tion over an 8-year period. Two had developmental
delay, but none had other stigmata or family history
of Down syndrome, Fanconi anemia, ataxia-telangec-
tasia, or Bloom syndrome. None had prior exposure to
chemotherapy, radiotherapy, or known exposure to
environmental toxins. All three cases had characteris-
tics of secondary acute leukemia. Two had AML with
multilineage dysplasia, and one had ALL. One with
AML had a preceding MDS associated with acquisi-
tion of trisomy 8 at progression. The second patient
with AML had monosomy 7. The patient with ALL
had partial deletions of chromosomes 7, 9, and 11 with
a breakpoint at 11q23. The clinical characteristics of
these patients are summarized in the case reports below,
and representative morphology is shown in Fig. 1.
During those years, 112 cases of acute myelogenous

leukemia (AML) and 25 cases of acute lymphoblastic
leukemia (ALL) in adults were seen at this institution.

Patient 1

The patient was a 36-year-old female with severe
mental retardation and Lennox-Gastaut syndrome
who had been treated with valproic acid and pheno-
barbital since childhood. She presented with fatigue
and pancytopenia. Her white blood cell count (WBC)
was 2.1K/mL, hemoglobin (HgB) was 7.9 g/dL, and
platelet count was 43K/mL. She had neutropenia and
a normocytic-to-macrocytic anemia with a high nor-
mal mean corpuscular volume (MCV) of 95.2 fL. The
peripheral smear revealed moderate anisopoikilocyto-
sis with erythroblastosis (25 nucleated red blood cells/
100 white blood cells). Bone marrow examination
showed a markedly hypercellular marrow with trili-
neage dysplasia, more prominent in the myeloid and
megakaryocytic lineage. Micromegakaryocytes, occa-
sionally in small aggregates, were prominent. Dys-
myelopoiesis was characterized by the presence of
myelocytes with blastlike open nuclear chromatin
and prominent nucleoli. Erythroid dysplasia was
characterized by presence of open nuclear chromatin

with megaloblastic nuclear features and nuclear bud-
ding and irregularity. The percentage of blasts in the
marrow was 1.4%. The findings were consistent with
refractory cytopenia with multilineage dysplasia.
Bone marrow cytogenetics showed 46, XX. Valproic
acid was stopped, and the pancytopenia improved.
Twelve months after her initial presentation, she had

aWBCof 5.0K/mL,HgBof 12 g/dL, and a platelet count
of 204K/mL, but the erythrocytes remained macrocytic
with an MCV of 98.1 fL. Twenty-two months after her
initial presentation, she developedworseningmacrocytic
anemiawith a hemoglobin of 10 g/dL,MCVof 108.7 fL,
thrombocytopenia (29K/mL), and neutropenia. Thiswas
noted coincidentallywith the initiation of treatmentwith
topiramate. Topiramate was discontinued, but blood
counts continued to decrease. A peripheral smear
showed 16% circulating blasts with 4% promonocytes
and8%abnormal and immaturemonocytoid cells. Bone
marrow examination revealed a hypercellular marrow
with 42%blasts, 8%promonocytes, 20%abnormal and
immature monocytoid cells, and persisting dysplastic
features in the erythroid, myeloid, and megakaryocytic
lineages. Cytochemical stains were performed on the
bone marrow aspirate smears; 13% of the blasts were
DAB positive and>20%of the nonerythroid cells were
positive each with CAE (myeloid marker) and ANBE
(monocyticmarker). Bonemarrowcytogenetics revealed
47, XX +8. Using the WHO classification, this was

Fig. 1. Morphological features of valproic acid-associated
MDS and acute leukemia. Representative bone marrow
morphology is shown. (A) Dysplastic erythroid precursor
with nuclear irregularity and budding (patient 1). (B)
Dysplastic unilobed micromegakaryocytes (patient 2). (C)
Hypogranular dysplastic myelocyte (patient 2). (D) Blasts
with high nuclear/cytoplasmic ratio and prominent nucleoli
(patient 3). Original magnification 1000· for all photos.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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diagnosed as acute myeloid leukemia with multilineage
dysplasia arising in a setting of previously diagnosed
myelodysplastic syndrome.
The patient declined induction chemotherapy and

was treated with supportive care and expired 13
months later.

Patient 2

The patient was a 50-year-old male with severe devel-
opmental delay and Lennox-Gastaut syndrome who
had been treated with phenytoin and carbamazepine
for many years and with valproic acid for over 2 years.
He presented with cellulitis, fatigue, and low-grade
fever. He was found to have pancytopenia with a
WBC of 1.3K/mL, HgB of 8.6 g/dL, and platelet count
of 80K/mL. He had macrocytosis (MCV 108 fL), neu-
tropenia (0.09K/mL), lymphopenia (1.13K/mL), and 3%
circulating blasts.
His bonemarrowwas normocellular with 20% blasts

and prominent trilineage dysplasia. There was promi-
nent megakaryocytic dysplasia characterized by the
presence of micromegakaryocytes. Myeloid dysplasia
was manifested by presence of myelocytes with
nuclear-cytoplasmic asynchrony, hypogranulation,
and presence of the Pelger-Huet abnormality. Dysery-
thropoiesis was present with multinucleation of ery-
throid precursors, nuclear bridging, nuclear budding,
increased proportion of sideroblasts (70%), 3% ring
sideroblasts, and several erythroid precursors with
abnormal multiple siderotic granules. Bone marrow
cytogenetics showed 45, XY �7 in all cells.
A diagnosis of AML with multilineage dysplasia

was made, as per WHO classification. The patient
was treated with induction chemotherapy with cyto-
sine arabinoside and idarubicin and attained a com-
plete remission. Cytogenetics in remission showed 46,
XY. He received consolidation chemotherapy with
high-dose cytosine arabinoside and etoposide and
then underwent an autologous stem-cell transplant
with etoposide and busulfan as the conditioning regi-
men. He relapsed shortly thereafter, received only
supportive care, and expired of leukemia 21 months
after his initial presentation.

Patient 3

The patient was a 21-year-old man with a history of
idiopathic epilepsy since childhood that had been trea-
ted with valproic acid as monotherapy for over 15
years. He presented with a 2-week history of fever,
weight loss, abdominal pain, and splenomegaly. There
was no prior history of recognized hematological
abnormality. His peripheral blood showed leukocyto-
sis with a WBC of 42.4K/mL and 79% blasts with high
nuclear-to-cytoplasmic ratio, large irregular nuclei

with open chromatin and prominent nucleoli, and no
cytoplasmic granules. He had thrombocytopenia with a
platelet count of 73K/mL. His HgB was 15.2 g/dL, and
his MCV was 90.3 fL. Dysplastic changes of the per-
ipheral blood or marrow were not prominent. Bone
marrow examination revealed a markedly hypercellular
marrow with 95% blasts which expressed CD2, CD5,
CD7, CD34, CD13, cTdt, and Dim CD33 on flow
cytometry. Themorphological findingswere interpreted
as pre-T-cell ALL. Bone marrow cytogenetic analysis
revealed 46, XY, del (7) (q 22q34), del (9) q (21.11q 22),
del 11q (13q23) in 14 cells and 46, XY in 6 cells.
The patient was treated with induction chemother-

apy with cyclophosphamide, daunorubicin, vincris-
tine, prednisone, and L-asparaginase. Bone marrow
biopsy done after 2 cycles of treatment showed a
complete remission. He subsequently relocated and
has continued treatment at another institution.

DISCUSSION

AML and MDS are well-known complications of
radiotherapy and chemotherapy with alkylating agents.
Such secondary leukemias and MDS have characteris-
tic cytogenetic abnormalities, including partial or com-
plete deletions of chromosomes 5 and 7 [10]. Although
trisomy 8 is a common abnormality in de novo AML, it
has been reported in 2.8% of patients with secondary
AML [11]. Trisomy 8 has also been reported in AML
associated with industrial solvent exposure such as
benzene [12], which induces AML/MDS with charac-
teristics of secondary AML [13]. Though less common,
cases of secondary ALL have been previously reported,
and characteristically these patients had cytogenetic
abnormalities involving chromosome 11q23 and prior
exposure to chemotherapy with topoisomerase II inhi-
bitors [14–16]. Secondary AML may present without
a recognized preceding myelodysplastic syndrome or
may be preceded by a period of myelodysplasia. Sec-
ondary ALL usually presents without a preceding mye-
lodysplastic syndrome. Patient 1 had a recognized
myelodysplastic syndrome, which, interestingly, initi-
ally improved with withdrawal of valproic acid, but
did not completely normalize. Improvement of myelo-
dysplastic features has been previously reported with
withdrawal of valproic acid. However, this patient sub-
sequently had progression to AML with development
of a cytogenetic abnormality. Patient 2 had AML recog-
nized de novo but hadmorphological findings suggestive
of a preceding dysplasia. Patient 3 had ALL without
signs of dysplasia or antecedent hematological abnorm-
ality, which is typical for secondary ALL.
The leukemogenic mechanism for secondary leuke-

mia is thought to be DNA damage from radiation,
chemotherapy drugs, or organic solvents or inability to
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repair such damage from genetic defects in DNA-repair
enzymes. Eukaryotic DNA is packaged in a complex
structure called chromatin in which DNA strands are
wound around a core of histone proteins [17]. A major
function of chromatin is to protect DNA from damage
that may result in strand breakage. Chromatin is a
dynamic structure, and changes in it regulate multiple
processes including replication, gene expression, recom-
bination, and DNA repair [18]. It is regulated through
post-translational modification of the DNA-binding
histone proteins, including acetylation of lysines on the
tails of histone proteins [19]. Acetylation neutralizes
lysine’s positive charge and decreases the binding of
the histones to the negatively charged DNA, resulting
in a more relaxed, accessible conformation. Deacetyla-
tion of histones is a rapid process mediated by a family
of proteins called histone deacetylases. Histone acetyla-
tion is associated with gene expression, and deacetyla-
tion is associated with inhibition of gene expression. The
processes of acetylation and deacetylation are tightly
controlled through interactions with transcription fac-
tor complexes. Dysregulation of these processes has
been shown to be important in the molecular pathogen-
esis of cancer and acute leukemia [20].
Differences in chromatin organization have been

implicated in the sensitivity of cells to ionizing radiation
[18,21]. Cell lines are more sensitive to radiation-
induced double-stranded DNA breaks when histone
proteins are removed by high salt concentration [22].
Transcriptionally active genomic regions, which have
a relaxed chromatin structure, are more sensitive to
single-strand DNA breaks [23]. Chromatin structure
may determine the accessibility of the chemical species
that mediate DNA damage [18]. DNA in chromatin
that has a relaxed conformation due to increased his-
tone acetylation would be more susceptible to DNA
damage. Histone deacetylase inhibitors including
sodium butyrate, trichostatin A, and MS-275 have
been shown to increase the sensitivity of cells to ionizing
radiation and increase radiation-induced DNA strand
breaks [24].
The ATM protein kinase, the protein that is abnor-

mal in ataxia-telangectasia, plays a central role in the
detection of double-stranded DNA breaks through
sensing changes in chromatin structure and activation
of the machinery of DNA repair. ATM associates
with histone deacetylase 1 in vitro and in vivo, and
this interaction increases after exposure to ionizing
radiation [25].
Valproic acid was recently shown to be an inhibitor

of histone deacetylase [26]. It binds to the catalytic
center of histone deacetylases and has an IC 50 of
0.4 mM, which is within its therapeutic range for
anticonvulsant therapy [27]. Valproic acid causes
hyperacetylation of histones in cultured cells and

relieves histone deacetylase-induced transcriptional
repression. Valproic acid is a potent teratogen, and
its teratogenicity is linked to its histone deacetylase
activity. Valproic acid also increases the proteosomal
degradation of histone deacetylase 2 [28].
These findings suggest a novel mechanism of leuke-

mogenesis by valproic acid. We hypothesize that
chronic histone deacetylase inhibition by valproic acid
results in hyperacetylation of chromatin and relaxation
in chromatin structure. This, in turn, may cause
increased sensitivity to double-stranded DNA breaks
caused by low-level exposure to radiation, exogenous
chemicals, or perhaps by cellular oxidant stress. Alter-
natively, chronic inhibition of histone deacetylase may
decrease the ability to repair DNA damage, perhaps
through perturbation of the functions mediated by the
ATM protein kinase. The resultant DNA damage may
subsequently lead to leukemogenesis through several
genetic pathways. The range of cytogenetic findings
in these three cases (trisomy 8, monosomy 7, and
del 11q23) suggests a generalized increased in sensitivity
to DNA damage, as there was not a single stereotypic
cytogenetic abnormality.
Interestingly, valproic acid is being studied as a

potential treatment for leukemia and myelodysplastic
syndromes, and it has been shown to induce expression
of silenced tumor suppressor genes [29] and cause dif-
ferentiation and/or apoptosis of leukemia cell lines in
vitro [30]. Early reports suggest that treatment with
valproic acid may have some clinical benefit in some
patients withMDS [31]. The fact that valproic acid may
have therapeutic effects in some cases of leukemia is,
however, not incompatible with it being potentially
leukemogenic, as is well known to be the case with
anthracyclines and topoisomerease II inhibitors.
Two of our patients had Lennox-Gastaut syn-

drome. While some of the underlying causes of
Lennox-Gastaut syndrome, such as Down syndrome,
may predispose to leukemia, there is no known pre-
disposition of Lennox-Gastaut syndrome itself to leu-
kemia. None of our patients had manifestations of
any underlying condition which predisposes one to
leukemia, such as a genetic DNA-repair deficiency
disease. However, we cannot absolutely exclude that
they may have had undiagnosed abnormalities.
The description of an association between valproic

acid therapy and acute leukemia, of course, does not
prove causality. However, the previously well-described
hematological toxicity of valproic acid and its described
activity as a histone deacetylase inhibitor make it plau-
sible to suspect that valproic may be leukemogenic.
Furthermore, this study was retrospective and is not
a population-based epidemiological study; therefore,
it does not allow us to define the incidence of acute
leukemia associated with valproic acid. Because
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valproic acid has been available for many years, is very
widely used in the population, and an association with
leukemia has not been previously reported, this is not
likely to be a common event. The purpose of this report
was to describe an association as a case definition for
further study. Larger prospective multicenter epidemio-
logical studies will likely be needed to further elucidate
of the role of valproic acid and histone deacetylase
inhibition in leukemogenesis.
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