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Abbreviations

AD Autoimmune disease

ADC Antibody-drug conjugate

ALL Acute lymphoblastic leukemia

AlloHSCT  Allogeneic hematopoietic stem cell transplant

AML Acute myelogenous leukemia

ATRA All-trans retinoic acid

AutoHSCT Autologous hematopoietic stem cell transplant

CLL Chronic lymphocytic leukemia

CR Complete remission

ECOG Eastern Cooperative Oncology Group

EGR-1 Early growth response-1

FLT3 fms-related tyrosine kinase 3

FPSG French Polycythemia Study Group

G-CSF Granulocyte colony-stimulating factor

GM-CSF  Granulocyte-macrophage colony-stimulating
factor

HDAC Histone deacetylation

HLA Human leukocyte antigen

HSC Hematopoietic stem and progenitor cells

IL Interleukins

LDH Lactate dehydrogenase

M-CSF Macrophage colony-stimulating factor
MDR Multiple drug resistance

MF Myelofibrosis

MLL Mixed-lineage leukemia

MPN Myleoproliferative neoplasia

MRI Magnetic resonance imaging

MUGA Multigated acquisition scan
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NHL Non-Hodgkin lymphoma

oS Overall survival

PBSC Peripheral blood stem cells

PDGF  Platelet-derived growth factor

PET Positron emission tomography

PLK Polo-like kinase

PML Promyelocytic leukemia protein

PVSG  Polycythemia Vera Study Group

RAEB  Refractory anemia with excess blasts

RAEB-t Refractory anemia with excess blasts in
transformation

RARA  Retinoic acid receptor alpha

RIC Reduced-intensity chemotherapy

SCN Severe congenital neutropenia

T-AML  Therapy-related acute myelogenous leukemia

T-APL  Therapy-related acute promyelocytic leukemia

T-MDS  Therapy-related myelodysplastic syndrome

T-MN Therapy-related myeloid neoplasm

TNF Tumor necrosis factor

TP53 Tumor protein p53

TRM Treatment-related mortality

WBC White blood cell

Introduction

Individuals exposed to cytotoxic agents are at higher risk
of developing myeloid disorders such as therapy-related
myelodysplastic syndrome (t-MDS), therapy-related acute
myeloid leukemia (t-AML), and therapy-related MDS/
myeloproliferative neoplasms. However, all of these dis-
eases are within the spectrum of a single disease entity,
therapy-related myeloid neoplasms (t-MN), as categorized
by the WHO classification system in 2008 [1]. WHO mor-
phologic classification system defines t-MN as MDS and
myeloid leukemia, which arise following the administra-
tion of chemotherapy and/or radiation for a prior malig-
nancy. Patients who developed myeloid disorders by
environmental toxins affecting hematopoiesis are not
included in this disease category. Therapy-related MDS
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and AML comprise the vast majority of t-MN cases. The
2008 WHO classification did not consider t-MDS and
t-AML sufficiently distinctively different. However, unlike
secondary AML denoting AML did not develop spontane-
ously or de novo, t-AML has clear history of prior chemo-
therapy or radiation therapy.

T-MN has become increasingly common. The fast rising
incidence can be attributed to a variety of factors including
longer survival of patients after treatment of their primary
malignancy, intensified chemotherapy, radiation therapy, and
broaden awareness of this disease category. This is a hetero-
geneous and poorly defined group of patients who have a
shorter median survival than patients with de novo AML,
MDS, or MDS/myeloproliferative neoplasia (MPN).
Retrospective studies have shown that their inferior out-
comes are associated with poor-risk cytogenetics, present in
50-70% of t-MDS/AML compared with 15-25% in de novo
disease. Other studies have identified additional risk factors,
including comorbidities from primary malignancy and ther-
apy of the disease. Because of the poor outcome, t-AML is
among the most feared long-term complication of cancer
therapy these days.

Epidemiology

Therapy-related myeloid neoplasms (t-MN) account for
approximately 10-20% of all cases of AML, MDS, and
MDS/MPN. US Surveillance, Epidemiology, and End
Results data of approximately 426,000 adults treated for an
initial primary malignancy between 1975 and 2008 showed a
4.7-fold increased risk of AML compared with the incidence
of AML expected in the general population. With the increas-
ingly successful management of malignancies overall and
improved cancer survivorship, the overall incidence of t-MN
is expected to increase. The estimated incidence after ther-
apy for any single prior diagnosis varies from less than 1 to
20% depending on the agents administered, therapy inten-
sity, and survival, since the overall median latency time var-
ies 1-5 years.

Patients with t-AML are seen among survivors of both
solid tumors and hematologic malignancies. Smith et al.
studied 306 patients who developed therapy-related myelo-
dysplasia and myeloid leukemia with cytogenetic analyses
[2]. In the study population, 25% of the patients had
Hodgkin disease, 23% had non-Hodgkin lymphoma, and
38% had a solid tumor as the primary malignancy. Breast
cancer was the most common among the 38% patients.
Interestingly, 6% of patients had undergone cytotoxic che-
motherapy for the management of immune disorders.
Kayser et al. also showed similar patient characteristics in
their study with 200 patients having t-AML. The group
found that 71% of t-MN patients had a prior solid tumor

and 27.5% patients had a prior hematologic malignancy.
Breast cancer and non-Hodgkin lymphoma were the largest
subsets in these two groups [3].

T-AML patients can present at any age. The risk associated
with alkylating agents and radiation appears to increase with
age, while the risk associated with topoisomerase II inhibitors
appears to be constant across all ages [1]. Among those treated
for breast cancer, younger age at the time of exposure, higher
dose intensity of cytotoxic treatments, concomitant treatment
with radiation, and adjuvant use of hematopoietic growth fac-
tors with cytotoxic therapy for accelerated white blood cell
recovery are factors associated with an increased risk of
t-AML [4, 5]. However, some t-AML/MDS individuals may
have a DNA repair apparatus that is not as robust as normal,
which also might predispose them to develop t-AML.

Etiology

T-AML appears to be a direct consequence of mutational
events by therapy-induced DNA double-strand breaks, with
a subsequent genomic instability [6]. Frequency of the muta-
tions may vary between individuals as a result of genetic sus-
ceptibility. This susceptibility is usually not measurable or
very subtle; a few exceptions include Fanconi anemia, and
mismatch repair abnormalities.

The effects of some cytotoxic agents in the development
of abnormal cytogenetics are well documented (Table 22.1).
The latency period between first exposure to an agent (cyto-
toxic chemotherapy, radiation) and development of t-AML
ranges from 1 to 5 years and varies by etiologic agent.
T-AML after exposure to alkylating agents or radiation ther-
apy typically presents after a latency period of approximately
4 years [7-10]. Most of these patients initially present with
MDS. The chromosomal abnormalities seen in this category
of t-AML often involve complex abnormalities such as dele-
tion of the long arm or the entire chromosome 5 and/or 7.
Topoisomerase II inhibitors are another etiologic agent of
t-AML. It causes t-AML with a relatively shorter latency of

Table 22.1 Risk factors for therapy-related leukemia

Alkylating agent therapy:

May cause MDS (preleukemic phase), could take 4—10 years to
develop AML

5q or 7q deletion, bad prognosis

DNA-topoisomerase II inhibitor therapy (epipodophyllotoxins and
anthracyclines):

May develop t-AML without preleukemic phase; short median
latency (33 months)

Frequent translocation of 11q23 (MLL) or 21q22

Morphologic phenotype often M4/M5 (by former FAB
classification)

Ionizing radiation therapy: similar to alkylating-related AML

G-CSF in severe congenital neutropenia
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1-3 years, and the patients present with overt leukemia rather
than MDS or MDS/MPN [11-13]. The cytogenetic alterations
in this category of t-AML occur frequently with transloca-
tions including the MLL gene located at 1123 or AML1
(RUNX1) gene at 21g22 [e.g., t(9;11), t(8;21), or t(3;21)].
However, no reliable way exists to determine the duration of
the “at-risk” period for developing t-AML. The latency peri-
ods with other agents are not as clear as these two drugs.
Exposure to multiple agents also makes it difficult to deter-
mine the risk, etiology, and latency period.

Alkylating agents are frequently used chemotherapeutic
agents; more than 85% of patients who developed
chemotherapy-related leukemia had received an alkylator
[14]. Melphalan, chlorambucil, or cyclophosphamide is the
offending agent in nearly 65% of patients. Therefore, differ-
ent alkylating agents may be associated with varying risks of
leukemogenesis. For example, one study compared the rates
of mutagen-related leukemia in ovarian cancer patients
treated with either melphalan or cyclophosphamide, and
found that melphalan may be a more potent leukemogen than
cyclophosphamide. Thus, the mutagenic potential may differ
between the antineoplastic agents [15].

Alkylating agents interact with DNA in a variety of ways:
monoadduct formation, inter- and intra-strand cross-links, as
well as alkylation of free DNA bases. This can lead to cell
death, but also can cause termination of DNA replication and
chromosome loss, leading to mutagenesis and resulting in
development of leukemia. Alkylation events can also change
the stereometric configuration of DNA bases, causing them to
mispair resulting in single-base mutations. Many of the alkyl-
ating agents have been clearly implicated in leukemogenesis.

Topoisomerase II helps mediate the relaxation of the DNA
supercoil by making double-strand breaks. The breaks are

repaired when homologous chromosome fragments realign.
Topoisomerase II inhibitors, such as epipodophyllotoxins
(etoposide and teniposide), doxorubicin, 4-epodoxorubicin,
mitoxantrone, razosane, and biomolane, induce incorrect
DNA repair by crossover recombination with nonhomologous
end joining between the two DNA strands, which may result
in the development of a balanced chromosomal translocation
(Fig. 22.1). Balanced chromosomal aberrations involving the
MLL, RUNX1, RARA, or NUP9S8 genes characterize unique
genetic pathways of t-AML. The rearrangements between
these genes and other partners provide gain-of-function fusion
proteins. These topoisomerase II inhibitors are important com-
ponents of chemotherapy regimens for many tumors, such as
testicular cancer, ALL, NHL, lung cancer, and many others.
Razoxane and bimolane, used in the treatment of psoriasis,
have also been demonstrated to be leukemogenic. Those
patients in whom t-AML develops after therapy with DNA-
topoisomerase II inhibitors often have acute leukemia with no
t-MDS phase [16, 17], and a short latency period, in contrast
to alkylating agent-induced AML.

In the Polycythemia Vera Study Group (PVSG), 431 poly-
cythemia vera patients were randomized to one of the three
treatment groups: phlebotomy alone, P32 and phlebotomy,
or chlorambucil and phlebotomy [18]. Higher number of
AML cases occurred in both the P32 (9.6%) and chlorambu-
cil (13%) treatment groups compared to phlebotomy-only
group (1.5%), indicating a role of radiation and a cytotoxic
agent in the development of AML in these patient groups
[19]. French Polycythemia Study Group (FPSG) reported a
leukemia incidence in polycythemia vera patients of 5-15%
after 10 years of observation [20]. In a randomized trial in
patients >65 years of age, the FPSG reported 12% AML at
10 years in patients receiving P32 alone. Hydroxyurea
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maintenance combined with initial P32 therapy also
increased the risk of AML (21% at 10 years). In another case
control study of MPN patients (68% of patients had polycy-
themia vera), the risk of AML/MDS development was sig-
nificantly associated with high exposures of P32 and
alkylators [21]. Taken together, a strong association exists of
cytotoxic agents or radiation increasing the risk of develop-
ment of AML in MPN patients.

Ionizing radiation clearly increases the risk of developing
AML in humans and experimental animals. The incidence of
leukemia after 400 cGy or less of radiation exposure from
the Hiroshima nuclear explosion was approximately two
cases of leukemia/10° persons/year/cGy [22]. Nearly the
same incidence of leukemia was reported in patients who
received 300—1500 cGy of spinal irradiation for ankylosing
spondylitis. Likewise, increased rates of AML occurred in
radiologists who practiced during the early years of clinical
radiology before modern safety standards [23].

Animal studies confirmed the epidemiological observa-
tions in humans by showing that low-dose chronic irradia-
tion induces leukemia in experimental animals. Half of dogs
that received a daily low dose (5-10 cGy) of cobalt
y-irradiation developed AML after about 1000 days [24].
Single whole-body irradiation initiates leukemia in rodents.
Myelogenous leukemia developed in 20% of mice after a
single brief whole-body irradiation of 200 cGy [25]. The
dose—response relationship was curvilinear; pulse irradiation
of at least 300 cGy induced significantly fewer cases of leu-
kemia than the 200 cGy dose; these doses produced marrow
cell death, probably decreasing the number of cells that
would otherwise have the potential to undergo malignant
transformation.

Exposure to ionizing radiation can cause a DNA damage
by a mechanism similar to alkylating agents. Radiation pho-
ton energy can directly lead to DNA strand breakage.
Radiation is frequently used in conjunction with chemother-
apy for cancer therapy, and only a few studies have specifi-
cally looked at the characteristics of myeloid neoplasms
occurring after radiation alone. Recently, Nardi et al. showed
that t-MDS occurring in the modern radiation therapy era, if
alone, more nearly resembled de novo MDS/AML in cytoge-
netic characteristics and clinical behavior, and affected
patients had better outcomes than patients with t-MDS sec-
ondary to chemotherapy [26].

Even though radiation therapy is leukemogenic [7, 27—
29], studies in Hodgkin’s disease suggest that the incidence
of secondary leukemia in patients receiving radiation therapy
alone was low compared with those receiving chemotherapy
alone [30, 31]. In one study, a total of 957 patients exclu-
sively received radiation therapy, and none developed leuke-
mia. By contrast, 542 patients received only chemotherapy,
and 12 developed leukemia. A similar finding was reported
in ovarian cancer patients who received either chemotherapy

or radiation therapy [32]. In most studies, the risk of AML in
patients with either Hodgkin’s disease or ovarian carcinoma
treated exclusively with chemotherapy is not different from
those treated with both chemotherapy and radiation therapy
[7,27-29, 32].

In a study of chromosomal abnormalities, only 37 of 344
patients with secondary leukemia had been treated with radi-
ation therapy alone; the incidence of a normal karyotype was
higher in patients who received only radiation than in patients
who received chemotherapy either with or without radiation
therapy (24.3 vs. 11.7%). Normal karyotype is associated
with better response to antileukemic therapy, but with little
improvement in overall survival (OS) [33]. Another study of
63 patients with either t-MDS or t-AML found that 11 of 63
had received only radiation, in most cases to ports including
the pelvis or spinal bone marrow [34]. In this study, only two
patients had a normal karyotype. The low risk of leukemia
after currently used high-voltage irradiation may be analo-
gous to the earlier mentioned murine model where high-dose
irradiation has a lethal effect on marrow cells in contrast to
lower dose exposure, which may be more likely to produce
nonlethal marrow cell injury and mutations.

Although several studies examined secondary malignan-
cies in patients with specific primary tumor types, few data
have been published examining the long-term effect of pel-
vic radiation. Wright et al. analyzed patients with invasive
tumors of the vulva, cervix, uterus, anus, and rectosigmoid
treated with radiotherapy from 1973 to 2005 [35]. In a Cox
proportional hazards model adjusting for other risk factors,
posttreatment leukemia was increased by 72% (hazard ratio
[HR], 1.72; 95% CI, 1.37-2.15) in the patients who received
pelvic radiotherapy. The risk of secondary leukemia peaked
at 5-10 years after primary treatment (HR, 1.85; 95% (I,
1.40-2.44) and remained elevated even 10—15 years after ini-
tial treatment (HR, 1.50; 95% CI, 1.03-2.18) [35].

Radioiodine (I-131) induces chromosomal aberrations,
and theoretically can lead to leukemogenesis. However, the
occurrence of t-AML after radioiodine treatment for thyro-
toxicosis and thyroid cancer is infrequent. In a comprehen-
sive meta-analysis of the currently available literature
covering 16,502 patients with thyroid cancers, the relative
risk of development of leukemia increased 2.5-fold in
patients treated with radioiodine [36]. The latency period of
t-AML associated with radiation was 5-7 years, similar to
t-AML associated with alkylating agents [37].

The use of granulocyte colony-stimulating factor (G-CSF)
in chemotherapy may be a risk factor for development of
t-AML as shown in a meta-analysis examining data from 25
trials [38]. At a mean follow-up of 60 months, 43 t-MN cases
were reported in G-CSF-treated patients, while 22 t-MN
occurred in control group. G-CSF may accelerate damaged
myeloid progenitors into cell cycling before repair of genetic
injuries from cytotoxic therapy.
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Cases of leukemic transformation in patients with severe
congenital neutropenia (SCN) were prospectively studied
[39]. A comprehensive analysis of the incidence of AML
transformation showed that the annual risk of MDS/AML
was 0.81% during the first 5 years, and 2.3% after 10 years
among 374 SCN patients with G-CSF treatment. After
15 years on G-CSF, the cumulative incidence for MDS/AML
was 22% in SCN, whereas none of the cyclic neutropenia
patients who also received G-CSF developed MDS or AML
[40]. Patients with SCN develop mutations of their G-CSF
receptor, which affects the ability of the myeloid cells to
differentiate.

T-MN occurring in patients with autoimmune diseases
(AD) has been increasingly recognized. A large population-
based study found that AD patients had significantly increased
risk for AML and MDS [41], and this finding was subse-
quently confirmed by another study [42]. Immunosuppressive
therapy may be another contributing factor for development
of t-MN. Patients who received immune-suppressive agents
including corticosteroids, antitumor necrosis factor (TNF)
agents, sulfasalazine, and cytotoxic chemotherapeutics such
as methotrexate, azathioprine, and cyclophosphamide had
increased risk for hematological malignancies [43]. The
development of t-APL in patients with multiple sclerosis has
been reported [44, 45]. But patients receiving an antimetabo-
lite as a single agent (e.g., fludarabine, azathioprine, and
6-thioguanine) for their autoimmune disease rarely develop
t-AML [46-48]. Development of t-AML in AD patients who
received immunosuppressive therapy other than cytotoxic
agents could represent the importance of the immune-surveil-
lance system in guarding against malignancies. Also, the
underlying primary genetic defects in these individuals might
increase susceptibility to AML.

Karyotypic Abnormalities in t-MDS/AML

Clonal chromosomal abnormalities can be detected in the
blast cells of 80-95% of t-MDS/t-AML patients by routinely
available techniques [7, 34, 49-53]. A hypodiploid modal
number of chromosomes occur most frequently in t-MDS/t-
AML patients. Hyperdiploidy, mainly trisomy 8, is rare and
is often observed as an inconsistent aberration present in
only a subclone of cells [52]. Chromosomes 5q and 7q prob-
ably contain critical myeloid tumor-suppressor genes in de
novo and t-AML. The breakpoints for the deletions are vari-
able, but a common chromosome region, the so-called criti-
cal region, is almost always deleted.

For chromosome 5, Le Beau et al. have narrowed down
the critical region to 5q31.1, which includes the early growth
response gene (EGR-1) [54]. Other genes located on the long
arm of chromosome 5 include many growth factor genes,
namely granulocyte-macrophage colony-stimulating factor

(GM-CSF), and interleukins-3, —4, and -5 (IL-3, =4, -5)
[34, 55-58], and the growth factor receptor genes known to
be present on the long arm of chromosome 5, namely macro-
phage colony-stimulating factor (M-CSF or FMS) receptor,
platelet-derived growth factor (PDGF) receptor, glucocorti-
coid receptor, alphal-adrenergic receptor, beta2-adrenergic
receptor, and D1-dopamine receptor [59, 60].

The breakpoints for the deletions of 7q are variable, but a
common chromosome region, the so-called critical region, is
located at band 7q22 proximally with the distal breakpoint
varying from q31 to q36. Potentially important genes have
been mapped to 7q, including genes for EZH2, erythropoie-
tin, p glycoprotein 1/multiple drug resistance 1 (MDR-1),
and MDR-3 [61]. Abnormalities of chromosome 7q are com-
mon in myeloid malignancies. Especially, homozygous
EZH2 mutations were commonly found in MDS/MPN
patients [61]. However, none has yet been shown to be
involved in the development of t-AML [54, 59-62].

Although most of the chromosomal abnormalities
reported in t-MDS/t-AML are either complete or partial
deletion of chromosome 7 or 7q [del(—7/7q)], and/or 5, or 5q
del(=5/5q)], in recent years recurring unbalanced transloca-
tions that also result in loss of the long arm of 7 and/or 5 have
been reported with increasing frequency. These include
t(L;7)(pll;qll), t(5:7)(ql1.2;p11.2), and t(7;17)(pl1l;pll)
for chromosome 7, and t(5;7)(q11.2;p11.2) and t(5;17)
(p11;p11) for chromosome 5 [63]. While the loss of function
of a single gene in each of these relatively large regions is
possibly responsible for the development of t-MDS/t-AML,
hemizygous loss of the function of several genes in each of
these regions could also contribute to the disease phenotype.
Another, not mutually exclusive hypothesis is that an
unknown initiating abnormality causes genomic instability
leading to the deletion and rearrangement of particularly sus-
ceptible chromosome regions, such as those on chromosome
5q and 7q.

A review of 431 cases of secondary leukemia found 16
nonrandom chromosomal changes involving chromosomes
3,5,7,8,9, 11, 14, 17, and 21. These changes were depen-
dent on the type of primary disease, previous therapy, age,
and gender [64]. In another single-institution study consist-
ing of 63 patients, additional abnormalities involving chro-
mosomes 1,4,5,7, 12, 14, and 18 occurred, with significantly
increased frequency of these changes in t-AML as compared
to de novo AML [34]. Abnormalities in chromosome 17,
especially translocations involving bands 17pl1-p13 and
17921, occasionally are observed in t-AML, for example,
t(15;17)(q22;q11-21) [65, 66]. Other chromosomes often
reported to be abnormal in t-MDS/t-AML are chromosomes
21 and 11, particularly involving balanced translocations of
chromosome bands 11g23 and 21q22 in t-AML [i.e., t(4;11),
t(6;11), t(9;11), t(11;19), t(3;21), and t(8;21)] [52, 59, 63,
64]. These translocations are associated with previous
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therapy targeting DNA-topoisomerase II, primarily the epi-
podophyllotoxins and the anthracyclines. The 11q23 recipro-
cal translocations and interstitial deletions structurally
interrupt a small region of the MLL (also known as HRX,
ALL-1, HTRXT) gene that codes for a human homolog of the
Drosophila trithorax gene [67, 68]. A fragment of the MLL
gene translocates to more than 200 other chromosomal
regions, resulting in the creation of a fusion protein with the
partner gene [69].

The t(9;11) that results in a fusion between MLL and AF9
is a recurring chromosomal translocation in de novo AML
and is one of the most common recurring chromosome trans-
locations detected in about 50% of t-AML patients who have
a MLL translocation [70]. In addition, involvement of the
AF9 gene in the development of t-AML is linked to the treat-
ment with topoisomerase inhibitors [6]. Interestingly, the
unbalanced rearrangements of the same two bands, 11g23
and 21qg22, were most often associated with therapy with
alkylating agents alone or in combination with radiation
therapy [59]. In Chinese patients treated for psoriasis with
bimolane, t(15;17) has been frequently reported. Also, ther-
apy with doxorubicin has been associated with an increased
incidence of t-AML with balanced translocations at chromo-
some band 21q22, in particular t(3;21) [52, 64]. In addition
to balanced translocations involving chromosome bands
11923 and 21q22, other balanced aberrations such as inv
(16), t(8;16), t(15;17), and t(6;9) have been observed in
t-AML after previous therapy with drugs targeting DNA
topoisomerase II (Table 22.2) [52, 63].

In a study of 491 t-MDS/t-AML patients with at least one
balanced translocation, Rowley and Olney reported that 149
of the patients were positive for the 11q23 translocation
(30.3%), followed by the 21q22 rearrangement seen in 15%,
inv (16) in 9%, and t(15;17) in 8% of the patients [70].
Interestingly, no significant difference occurred in the gender
distribution of patients within the subgroups, and patients in
the 11923 subgroup were of the youngest age at their pri-
mary and secondary diagnosis. Moreover, the translocation
11923, inv (16), and t(15;17) subgroups had the shortest
latency, with a median latency of 25.9 months for transloca-
tion 11g23, 22.0 months for inv (16), and 28.9 months for
t(15;17) [70].

Table 22.2 Thirty-eight HSC gene signatures predicting development
of t-MDS/AML

Thirty-eight genes differentially expressed in CD34+ HSC of t-MDS/
AML patients

NR4A2, FOS, EGRI, CARD6, PEX11B, EGR3, EGR4, MRPLIS5,
SLC7111, REEPI, FOSB, GOLGAS, ACTL6A,

GOLPH3L, CCDC99, SMAD7, SHMT?2, LRPPRC, CDCA4, PDIA4,
GOTI1, RTN3, KLF2, JUN, STK17B, PSMC2,

LRBA, XPOT, ZYG11B, ZNF137, GEM, PGRMC2, ARL6IP6,
SLC2A3P1, NR4A3, RGS2, NROP3, SLC26A2

Chromosome studies have shown that when t-MDS
becomes clinically diagnosable, the preleukemic clone rep-
resents a majority of the hematopoietic cells [7, 34, 49].
Additional chromosomal abnormalities occur in the original
abnormal clone in 60-70% of cases as the disease evolves to
frank leukemia [71, 72]. Karyotypic evolution usually
involves further deletions or losses of chromosomes and a
change to a lower modal chromosome number; rarely, the
evolution is associated with a gain of chromosome 8.
Evidence suggests that t-MDS patients who have a mixture
of karyotypically normal and abnormal cells (AN) survive
longer than those who have only abnormal cells (AA) [73].
Most individuals who are AN in the preleukemic phase
become AA as the disease progresses [34]. Notably, Rowley
and Olney observed in their study that patients presenting
with a t-MDS had significantly more frequent abnormalities
of chromosomes 5 and/or 7 (49%) than did patients present-
ing with a t-AML (16%), and that this subgroup also pre-
sented with the highest percentage of complex karyotypes
(45% vs. ca. 20% for both 1 and 2 aberrations) [70].

Genetics of Therapy-Related AML

Patients who develop t-AML may be predisposed to develop
AML because of defects in DNA repair or increased suscep-
tibility to accumulation of genetic mutations [74]. Candidate
single-nucleotide polymorphisms associated with either drug
metabolism or DNA repair enzymes have been identified as a
mechanism by which a subset of t-AML may develop [75].
The commonly found germline variants in t-AML patients
are NQOI, glutathione S-transferase family of enzymes,
BRCA1/2, TP53, and MDM?2 [76-78]. Li-Fraumeni syndrome
and Fanconi anemia also predispose to acute leukemia [79].
Tumor protein 53 (7P53), RUNXI, V-Ki-ras2 Kirsten rat sar-
coma viral oncogene homolog (KRAS), and neuroblastoma
RAS viral (v-ras) oncogene homolog (NRAS) mutations are
known mutations in the development of t-MDS/AML [80].
To understand the pathogenetic mechanisms underlying
t-MDS/AML, Li et al. performed a prospective case-control
study with patients undergoing autologous hematopoietic
stem cell transplant for lymphoma. In the study, gene expres-
sion in CD34+ hematopoietic stem and progenitor cells (HSC)
from patients who developed t-MDS/AML after autologous
hematopoietic cell transplantation (autoHSCT) for lymphoma
(n = 30) was compared with gene expression in CD34+ cells
of control group. The authors demonstrated that the expres-
sion pattern of 38 genes was different long before the develop-
ment of t-MDS/AML in the case group, and that this gene
signature was involved in mitochondrial function, metabo-
lism, and hematopoietic regulation in peripheral blood stem
cells (PBSC) that could distinguish patients who developed
t-MDS/AML post-autoHSCT from those who did not [81].
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Table 22.3 Mutational profiles of therapy-related acute myeloid leu-
kemia versus de novo AML [82, 83]

More
Similar frequency in | frequent in
More frequent in t-AML and de novo de novo
Group |t-AML AML AML
Genes TP53, ATP-binding | STAG2, DNMT3A, FLT3,
mutated | cassette subfamily NRAS, KRAS, IDH 1, NPM1
genes, PTPN11 IDH?2, U2AFI, KIT,
KHDI, PKDL2,
TET2, RUNX1

Another study assessed the bone marrow or peripheral
blood samples of 70 t-MDS/AML (including 42 t-AML)
patients using a next-generation sequencing of 53 targeted
genes. The mutation profile of t-AML was different from
those of 428 de novo MDS/AML patients [82]. TP53 was
mutated at a significantly higher rate in t-AML than de novo
AML (35.7% vs. 12.8%, p = 0.002). PTPNI1I mutations
were observed in 11.9% of t-AML patients compared with
2.1% in de novo AML patients (p = 0.008). Mutations of
NPM1 and FLT3 only occurred in 2.5% and 7.1% of t-AML
patients, respectively, which was significantly lower than de
novo AML patients (21.7% and 16.4%, respectively)
(Table 22.3). Analysis of clonal evolution showed that TP53
mutation often occurs early in the pathogenesis of t-AML,
and mutations of other genes may provide a further evolution
to t-AML [83].

Lindsley et al. reported the genetics of 101 t-AML
patients [84]. The goal of the study was to find a distinct
mutation profile of t-AML compared with secondary or de
novo AML with comprehensive sequencing. Samples
obtained from patients prior to treatment were analyzed for
mutations in 82 genes and the results were compared to the
genetic profiles in The Cancer Genome Atlas of de novo
AML. The comparative analysis demonstrated three mutu-
ally exclusive patterns of mutations that were noted in the
t-AML cohort. The first group had 7P53 mutations. The sec-
ond group had mutations which were commonly associated
with secondary AML. These “secondary” mutations at
cohort included spliceosome genes (SRSF2, SF3B1, U2AF 1,
ZRSR?2), chromatin remodeling genes (ASXLI, EZH2,
BCOR), and cohesion gene (STAG2). The third group
included those with de novo-type mutations (NPM1, CBF
rearrangements, and MLL rearrangements). However, the
authors did not find unique genetic profiles, associated with
chemotherapy exposure other than the established link
between exposure to topoisomerase Il inhibitors and MLL
rearrangements. The CR rate for t-AML patients with de
novo-type mutations was less than in de novo AML patients
with the same mutations, but t-AML with secondary-type
mutations or 7P53 mutations had remission rates similar to
the older de novo AML group with the same “secondary’-
type mutations. But the t-AML cohort required more cycles

of induction therapy for CR. Taken together, prior chemo-
therapy exposure may not produce a unique ‘“therapy-
related” genetic profile, but genetic profiles may help predict
outcomes of t-AML patients [84].

Next-generation sequencing could identify mutations in
the leukemic transformation of Severe Congenital
Neutropenia (SCN). Mutations in CSF3R-T618I, RUNXI,
and ASXLI were found only in the MDS/AML phase of SCN
[85]. Another study revealed that 64.5% of patients of the
study population had mutations in RUNX/ and the mutation
occurred in clones with earlier acquired CSF3R mutations
[86]. A sequential analysis at stages prior to leukemia devel-
opment demonstrated that the RUNX/ mutations are late
events in the AML development of SCN. The other muta-
tions associated with leukemic transformation were ASXLI,
SUZI2, and EP300 in less frequent rate.

Several groups have tried to identify the major genetic
mutations in progression of MPN to AML by performing
genotypic analyses of AML cells evolved from MPN [87-92].
The process of AML transformation is considered to arise
from additional mutations outside of the JAK-STAT pathway,
which is supported by the findings that the canonical
JAK2V617F mutation has not been correlated with leukemic
transformation. Furthermore, this mutation can be absent in
the leukemic clone [93]. In these analyses, mutations affecting
epigenetic regulators and transcriptional factors (ASXLI,
TET2, EZH2, IDHI/IDH?2, IKZFI), splicing factors (SRSF2,
SF3B1, ZRSR2, U2AF1), and TP53 mutations were frequently
observed in MPN-AML cells compared to MPN cells. While
only 1.9% of PV patients had an IDHI/2 mutation, MPN-
AML patients had a high frequency (21.6%) of this mutation
[94]. Among 22 patients with post-MPN AML, 45.5% of the
patients had a P53-related defect. In a study of 29 post-MPN
AML samples (including 162 chronic-phase PV) using SNP
arrays, changes of chromosomes 1q, 7q, 5q, 6p, 7p, 19q, 22q,
and 3q were associated with post-MPN AML [88].

Clinical Presentation and Diagnosis

No specific clinical presentation demarks t-AML, but most
patients have symptoms similar to patients with de novo
AML including cytopenias (i.e., anemia, neutropenia, and
thrombocytopenia) associated with easy fatigue, generalized
malaise, infections, and/or hemorrhagic symptoms as easy
bruising, nose/gingival bleeding, menorrhagia, or petechiae.
Patients may have clinical manifestations of hepatomegaly,
splenomegaly, lymphadenopathy, gingival hypertrophy, skin
infiltration, and neurological abnormalities.

A preleukemic or myelodysplastic phase occurs in over
70% of patients in whom AML develops following chemo-
therapy and/or radiation therapy for another disease [7, 27,
49-51, 95-98], whereas about 20% of patients with de novo
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AML have a similar preleukemic phase. Indeed, the data
suggest that a preleukemic period can be observed in nearly
all patients with t-AML, when these patients are monitored
closely. Exceptions are those individuals in whom t-AML
develops after therapy with epipodophyllotoxins (VP16 and
VM26) or other DNA-topoisomerase II inhibitors. In these
patients, t-AML often develops with no preleukemic phase
[16, 17]. The mean duration of the preleukemic phase is
11.2 months in typical t-AML. The preleukemic phase in
individuals with de novo MDS who go on to develop AML is
similar, about 14 months (Table 22.1) [95, 96, 98].

Prodromal symptoms of the emergence of t-AML may be
similar. However, when a patient who has received cytotoxic
agents has these symptoms, the appropriate workup to rule
out t-AML should be done. The diagnostic evaluation
includes a comprehensive medical history and physical
examination with detailed information of exposure to cyto-
toxic agents (time, duration, cumulative doses). In addition,
patient’s age, comorbidities, performance status, organ dys-
function, and remission status of the primary disease are
important for establishing management plan. A detailed fam-
ily history is essential to rule out hereditary cancer syndrome.
Peripheral blood smear is an important laboratory test to rule
out dysplastic changes in myeloid cells. Complete blood dif-
ferential counts, and metabolic panel, as well as lactate dehy-
drogenase and uric acid level are required for initial
laboratory tests. The diagnosis of t-AML is eventually made
when evaluation of the peripheral blood and bone marrow
demonstrates circulating myeloblasts in peripheral blood
and/or more than 20% of myeloblasts in bone marrow. This
may be buttressed by typical immunophenotypic and cytoge-
netic changes.

The clinical manifestation of the preleukemic phase of
t-AML is marked by ineffective hematopoiesis. The bone
marrow morphology is characterized by trilineage dyspla-
sia. The degree of dysplasia is usually very prominent.
Interestingly, the RAEB and RAEB-t subgroups are more
frequently linked to t-MDS (73%) than in de novo MDS
(53%) [99]. Prominent abnormalities are observed in the
red blood cells and their precursors. Most patients show
decreased red cell production with low reticulocyte counts
[27]. Oval macrocytosis and nucleated red cells are often
the earliest recognizable changes observed in the periph-
eral blood in the preleukemic phase [100]. Macrocytosis
after therapy for Hodgkin’s disease was retrospectively
found to be associated with a high risk of the development
of leukemia [101]. Mild neutropenia is present in 75% of
the individuals [27]. Neutrophils may be poorly granu-
lated, and their nuclei can be hyposegmented (pseudo-Pel-
ger-Hiiet anomaly) [102]. Thrombocytopenia occurs in
approximately 60% of patients [27], and they may be
abnormally large and degranulated. Both the neutrophils
and platelets can have a variety of qualitative defects.

The bone marrow is often hypercellular, although hypo-
and normocellular marrow can occur. Erythroid hyper-
plasia, megaloblastoid features, and occasionally ringed
sideroblasts dominate the marrow picture [102-104].
Abnormalities of the marrow granulocytic and megakaryo-
cytic series are usually more subtle. Micromegakaryocytes
may be seen, particularly with monosomy 7. The percent-
age of immature granulocytic and megakaryocytic cells
may be increased. The primary and specific granules of the
granulocyte precursors occasionally are either deficient or
abnormally large. Marrow fibrosis often is present during
the preleukemic phase.

In summary, the development of unexplained pancytope-
nia and the finding of karyotypic abnormalities in the mar-
row cells of patients who received chemotherapy and/or
radiation therapy for another disease are pathognomonic of
preleukemia. Evolution to overt leukemia is universal if the
preleukemic individual survives the complications of hemor-
rhage and infection. T-MDS can be viewed as an early phase
of t-AML in which the malignant hematopoietic clone is
established and becomes predominant.

Clinical manifestations of individuals with t-AML are
typical of bone marrow failure, and their clinical course is
rapidly fatal often from complications of bleeding and infec-
tion. The bone marrow morphology of t-AML has been dif-
ficult to classify according to FAB criteria for AML, as most
of the leukemias demonstrate trilineage involvement and
appear to bridge several subtypes. Nevertheless, the blast
cells of patients with t-AML most often are myeloblastic in
appearance according to AML without maturation or AML
with minimal differentiation in agreement with the 2008
WHO classification. A lower frequency of acute monocytic
forms of leukemia has been reported in several studies as
compared to de novo AML [7, 105].

Auer rods are rarely observed in the blast cells in t-AML,
but are seen in blast cells of 35% of patients with de novo
AML. Many of the blast cells in t-AML lack myeloperoxi-
dase and other granulocyte-specific enzymes. In one series,
only one of ten patients with secondary AML had more
than 10% peroxidase-positive blast cells compared with
nearly 100% peroxidase-positive blast cells in 95% of
patients with de novo AML [105]. In addition, less than
20% of the t-AML patients have either greater than or equal
to 10% naphthol ASD chloroacetate esterase-positive blast
cells compared with 47% of patients with de novo
AML. These histochemical data suggest that the leukemic
cells from secondary leukemia patients are blocked at an
earlier stage of differentiation than the leukemic cells from
most de novo AML patients.

A patient may develop t-AML after cytotoxic treatment
for a de novo myeloid neoplasm. T-AML secondary to de
novo myeloid neoplasm may be identified by performing
cytogenetic testing and immunophenotype evaluation at
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Table 22.4 Initial evaluation of a therapy-related acute myelogenous
leukemia

History and physical History of cytotoxic agent: cumulative

examination doses
Disease status of primary cancer
Performance status
Family history of cancer
Complete blood cell

count, differential count

Review of peripheral
blood smear

Serum chemistries Liver/kidney function, LDH, uric acid

Bone marrow aspirate
and biopsy

HLA typing
Organ function tests

Immunophenotyping and cytogenetic
analysis

Echocardiogram/MUGA for ejection
fraction
Pulmonary function tests

apparent t-AML development and by comparing with those
at the time of primary disease diagnosis. The emergence of a
distinctly different karyotype suggests, but does not prove, a
therapy-related AML, rather than recurrence of the original
leukemic clone.

For patients with good performance status, informa-
tion about siblings is useful for establishing a manage-
ment plan. HLA typing of patient can be done on final
diagnosis and the identification of potential stem cell
donor is the first step for matched related donor alloge-
neic transplant. To evaluate reserved organ function,
echocardiogram, and pulmonary function tests is also
required. Computed tomography/MRI or PET imaging
can give information about the status of primary disease
(Table 22.4).

Treatment

Effective treatment options for t-AML are often not avail-
able. The efficacy of various therapeutic modalities of
t-AML has been difficult to assess because the number of
reported cases is small. In addition, data for t-AML have
been reported together with secondary leukemias follow-
ing other hematological disorders such as MPN or de
novo MDS, making the evaluation difficult. Daunorubicin
in combination with cytarabine remains the standard
induction chemotherapy combination for patients with
AML for the last decades. All studies to date have shown
that response rates, and OS, are significantly lower in
whole t-AML patients compared with de novo
AML. Complete remission rates in t-AML patients are
reported in 40% of patients with median survivals of
6—8 months [106]. The treatment of patients with t-AML
is a clinical challenge for multiple reasons. The patients

have a greater number of comorbidities, decreased organ
reserve from previous therapy or primary disease, and a
higher incidence of unfavorable cytogenetic changes.
The key prognostic factors in t-AML are patient age, per-
formance status, and karyotype.

For all t-AML patients, the performance status is the
first determinant for establishing a treatment plan. All
medically fit patients should have HLA typing at initial
diagnosis. Supportive care would be appropriate for
patients with a poor performance status (ECOG PS >2) at
initial diagnosis. Various attempts to improve survival in
these patients have failed to change the course of the dis-
ease, with deaths due to infection, bleeding, or progression
of the acute leukemia. Supportive therapy is, therefore, an
important aspect of the medical care of these patients. No
significant differences in survival have been shown
between those patients who received chemotherapy and
supportive care and those who received supportive care
alone. Thus, supportive therapy with transfusions of red
blood cells and platelets for symptomatic anemia or bleed-
ing complications, or both, is often necessary as well as
the treatment with antibiotics for infections. The goal of
therapy in these individuals should be to maintain an
acceptable quality of life. Clearly, innovative and radically
novel approaches to this syndrome are required if these
patients are to be cured.

Studies have suggested that no significant differences
exist in clinical outcome between the t-AML and de novo
AML in the same cytogenetic group. The therapy-related
AML with favorable cytogenetic findings, such as t(8;21),
t(15;17), and inv. (16), have a complete response rate, essen-
tially the same as de novo AML with the same karyotype [63,
107, 108]. Similarly, patients who have secondary AML with
unfavorable cytogenetic findings such as deletion of chromo-
somes 5 or 7 do poorly, similar to de novo AML individuals
with the same abnormality. Therefore, though more single or
complex clonal cytogenetic abnormalities are found in
t-AML patients than de novo AML patients [3], the prognos-
tic significance of karyotype in t-AML is similar to that in de
novo AML.

No single form of post-remission therapy has been
shown to be superior for t-AML. Post-remission therapy
with high-dose cytarabine probably is appropriate in
patients with favorable cytogenetic findings except for
those t-APL patients with t(15;17). In contrast, because
of their extremely poor outcome, patients with unfavor-
able cytogenetic findings should be encouraged to enter
clinical trials. As part of the discussion of treatment
options, t-AML patients with an extremely poor progno-
sis should probably be offered the spectrum of treatments
from supportive care alone to intensive chemotherapy
either with or without allogeneic hematopoietic stem cell
transplantation.
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Therapy-Related AML Patients with Favorable
Cytogenetics

Therapy-related AML is a heterogeneous disease and cyto-
genetic profile remains prognostically relevant. Patients with
t-AML and favorable cytogenetics including t(15;17), inv.
(16), t(16;16), and t(8;21) generally have superior outcomes
among patients with t-AML.

A European study identified 106 cases of t-APL in
patients who received cytotoxic chemotherapy for breast
cancer, non-Hodgkin’s lymphoma, and other solid tumors
over a period of 10 years [109]. These t-APL patients had a
short latency time (2-3 years), and exposure to topoisomer-
ase Il inhibitors or prior radiation therapy, and shared similar
clinical characteristics with de novo APL [110, 111]. Yin
et al. demonstrated frequent dyserythropoiesis, dysmega-
karyopoiesis, FLT3 mutation (43%), and frequent additional
cytogenetic abnormalities (60%) in their report of 17 t-APL
patients [112]. Mounting evidence supports the practice of
treating t-AML with t(15;17) as de novo disease, even when
accompanied by other karyotype abnormalities [110]. They
have a good response to all-trans retinoic acid (ATRA) ther-
apy. Induction response rates appear to be equivalent to de
novo APL, but induction death was more common and was
attributed to impaired physiologic reserves from prior ther-
apy. Therefore, t-APL is currently treated as de novo
APL. With the use of ATRA and arsenic trioxide (ATO) in
up-front therapy, anthracyclines can be eliminated for low-
risk APL, which would be particularly beneficial for patients
with t-APL who have had a prior anthracycline therapy for
their primary malignancy [113].

T-AML with t(8;21) is not a common type of t-AML. A
review article noted 26 cases and concluded that these
patients had very similar hematological characteristics and
treatment response as de novo AML with t(8;21) [63]. The
2002 international workshop studied 72 cases of t-AML with
21g22 (RUNX1) rearrangement and found that 44 of these
cases were t(8;21) [114]. In the study, patients with t(8;21)
rearrangement had a more favorable outcome than patients
with other rearrangements involving 21q22. Gustafson et al.
observed 13 patients with t-AML having t(8;21) karyotype
in a single institute and compared them to 38 patients with de
novo AML with t(8;21) and found that patients with therapy-
related t(8;21) AML were older, and had a higher frequency
of KIT 816D mutations, and an inferior OS than their de
novo counterparts [115]. Krauth et al. showed high frequen-
cies of additional cytogenetic and molecular lesions in AML
with t(8;21) [116]. Mutations in RAS pathway, KIT and
ASXLI mutations, were the most frequent additional muta-
tions in the study, and mutations in KI7 D816 and ASXLI
were strongly associated with adverse outcomes. At the
chromosomal level, —Y appeared to be associated with a
good prognosis whereas trisomy 8 had an inferior prognosis.

In a large series of t(8;21), 22 t-AML patients showed no dif-
ferences in secondary molecular genetic events from 117 de
novo AML [116]. However, a study showed that the treat-
ment outcomes of t(8;21) t-AML were inferior to those of de
novo t(8;21) AML, possibly because the t-AML cohort was
older and some patients had active primary cancer.

T-AML with inv (16) was often associated with prior ther-
apy with topoisomerase II inhibitors [117]. Response rates to
intensive chemotherapy in this study were comparable to
those with de novo disease. However, t-AML with inv (16)
showed a significantly shorter event-free survival than de
novo AML. In general, secondary chromosomal aberrations
as well as gene mutations are very frequent in AML with inv
(16); 80-90% patients with inv (16) AML have at least one
mutation involving NRAS, KRAS, KIT, or FLT [118-120]. In
the German-Austrian AML Study Group (AMLSG) study,
12 patients out of 176 cases (7%) were considered to be ther-
apy related and the secondary chromosomal abnormalities/
mutations were not significantly different from de novo AML
[120], suggesting that the additional mutation is not the rea-
son for shorter event-free survival in t-AML patients after
intensive chemotherapy.

In summary, t-AML with favorable cytogenetics shows
similar response rate to their de novo counterpart when
receiving a conventional AML treatment. However, com-
pared to de novo counterparts, t-AML with favorable cytoge-
netics is associated with an inferior survival. This may relate
to several factors such as the status of primary disease, toxic-
ity from prior therapy, and additional genetic mutations.
Considering that additional mutations in t-AML patients with
favorable karyotypes may result in poor prognosis, compre-
hensive genetic tests may confer an appropriate decision
making, especially in patients cured of the primary malig-
nancy and who are good candidates for allogeneic HSCT.

Non-transplant Therapeutic Options for t-AML

Few retrospective studies have evaluated the efficacy of stan-
dard chemotherapy for t-AML. The German AML
Cooperative Group analyzed outcomes after remission
induction chemotherapy for 1511 de novo AML and 121
t-AML patients [121]. The study demonstrated that the sur-
vival of unfavorable and intermediate cytogenetic risk groups
of t-AML was similar with the same risk groups of de novo
AML (6 months vs. 7 months for unfavorable, 12 months vs.
16 months for intermediate-risk group, respectively).
Another study, the German—Austrian AL Study Group
assessed the clinical outcomes of 200 t-AML patients treated
between 1993 and 2008 [3]. The survival of t-AML patients
was compared with 2653 de novo AML patients. Although
response rates to induction chemotherapy were similar, OS
for t-AML patients was inferior to de novo AML patients.



22 Therapy-Related Acute Myelogenous Leukemia

475

In further analysis, patients less than 60 years old showed
similar relapse rates, but their death in CR was greater, sug-
gesting the higher toxicity of induction and post-remission
therapy in this cohort. Patients older than 60 years had higher
relapse rates, possibly due to lower intensity treatments,
resulting in inferior survival. A retrospective study of 118
t-AML after treatment of breast cancer showed no significant
difference in median OS compared with de novo AML
(8.7 months vs. 10.2 months; p = 0.17) [122]. Multivariate
analysis revealed cytogenetics, baseline white blood cell
counts, age, and performance status as predictive factors for
OS of t-AML patients.

In a prospective study of t-MDS/AML, 32 t-MDS/AML
patients were treated with high-dose cytarabine and mito-
xantrone induction followed by hematopoietic stem cell
transplant [101]. A remarkable complete response rate of
66% was achieved. Thirteen patients who achieved CR were
eventually treated with AlloHSCT for consolidation and the
survival of the patients was 29% in 3 years. These studies
show that patients with t-AML can achieve a comparable
response with standard induction chemotherapy, and that
cumulative toxicity/reserved function from prior therapy
limit tolerance to induction and post-remission therapy.

T-AML patients have a higher risk of organ dysfunction
due to chemotherapy and radiation-induced parenchymal
and vascular toxicity, or primary malignancy. Even those
with seemingly adequate organ reserves may have increased
toxicity during t-AML therapy. Therefore, earlier diagnosis
and treatment with less toxic therapy, while aggressively
exploring transplant options, may be another critical factor
in the trial of new therapeutics for t-AML. Emerging thera-
peutics in this area has focused on several approaches. These
include novel delivery of chemotherapy as well as newer
DNA-damaging agents delivered through antibody-drug
conjugates, use of hypomethylating agents, and molecularly
directed small molecules against specific mutations com-
monly occurring in t-AML.

CPX-351 is a liposomal formulation of daunorubicin and
cytarabine at a fixed ratio of 5:1. The combination of these
medications was developed based on in vitro data that demon-
strated a synergistic effect of these two agents at the 5:1 ratio
[123]. In a randomized phase II trial, CPX-351 was compared
with standard daunorubicin/cytarabine in untreated patients
older than the age of 60 years [124]. In a subset of secondary
AML patients (n = 52), which included t-AML and AML
evolving from myelodysplastic syndrome, patients treated with
CPX-351 demonstrated a better OS (hazard ratio = 0.46,
p = 0.01) at 24 months. Though the recovery from cytopenias
was slower after CPX-351, the infection-related deaths (3.5%
vs. 7.3%) or 60-day mortality (4.7% vs. 14.6%) was less than
the conventional daunorubicin/cytarabine chemotherapy
group. These data suggested a clinical benefit with CPX-351 in
t-AML with better efficacy and tolerability.

A second approach to improving cytotoxic therapy for
AML takes advantage of newer antibody-drug conjugate
(ADC) technology. CD33 is a surface receptor found on more
than 95% of AML cells except acute megakaryocytic leuke-
mia. It has been a target for antibody-directed therapy. The
treatment with a conjugated antibody targeting CD33 (gemtu-
zumab ozogamicin) as a single agent [125], and in combina-
tion with chemotherapy in untreated patients and those with
relapsed AML, demonstrated clinical efficacy [126]. However,
gemtuzumab ozogamicin failed to show the effectiveness in
combination with standard daunorubicin/cytarabine regimen
in high-risk AML patients [127]. A new ADC targeting CD33,
SGN-CD33A, was developed using a novel antibody drug
linkage system to a fully humanized anti-CD33 antibody. In
contrast to gemtuzumab ozogamicin, SGN-CD33A exhibited
a potent cytotoxicity against p5S3-mutated AML cells and leu-
kemic cells with multidrug resistance-mediated drug efflux
phenotypes in preclinical studies [128]. Therefore, careful
clinical trials with this monoclonal antibody conjugate are
appropriate for t-AML patients.

Since many cases of t-AML evolved from a preleukemic
phase after being exposed to chemotherapeutics/radiation,
hypomethylating agents have been evaluated as an alternative
to traditional induction therapy [129]. Both azacitidine and
decitabine are effective and well tolerated but the efficacy
compared with cytotoxic chemotherapy is still under investi-
gation. In a retrospective study conducted by Quintas-Cardama
et al., 671 AML patients, older than 65 years, were treated
with a hypomethylating agent and had a similar median sur-
vival rates with cytotoxic chemotherapy (6.5 months with
hypomethylating agent and 6.7 months with chemotherapy,
respectively) [130]. Moreover, a similar CR rate was observed
in the subset of poor-risk cytogenetics patients carrying —5
and/or —7 (26% with hypomethylating agent vs. 28% with
chemotherapy). Another retrospective study of 48 t-MDS/
AML patients treated with hypomethylating agent showed
42% overall response rate including a complete response rate
of 21% in a subset of patients with favorable cytogenetics,
which is comparable with prospective hypomethylating agent
studies for t-MDS group [131]. A phase 2 clinical trial, E1905
North American Leukemia Intergroup, studied 47 patients
including 18 t-AML patients. A good response to azacitidine
occurred with 46% complete hematologic response and
13 months of median OS [132]. Multivariate analyses compar-
ing the t-MN patient with de novo MDS/AML patients treated
with the same protocol showed no significant difference in
complete hematologic response rate, and overall response rate
between the two groups. However, another study of 54 t-MN
patients (including 12 t-AML patients) treated with azaciti-
dine demonstrated shorter 2-year OS (14%) compared with de
novo MDS/AML patients (33.9%), though multivariate analy-
sis showed that the survival was dependent on cytogenetic
changes, not etiology of the AML [133].
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Hypomethylating agents are frequently prescribed as an
alternative to traditional AML induction chemotherapy for
frail patients. They can support de novo and t-MDS/AML
patients in order to receive a transplantation with less toxic-
ity, and may be a safer option for low-blast-count
t-AML. Response rates were equivalent to standard AML
induction therapy in this population [131, 134], enhancing
the likelihood of successful transplantations. A new hypo-
methylating agent, SGI-110, a metabolite of decitabine, is in
clinical trials for treatment of MDS and AML [135].

An additional epigenetic modulator is the class of histone
deacetylation (HDAC) inhibitors. They are often included in
a combination regimen with a hypomethylating agent for
MDS and AML patients. Valproic acid, vorinostat, pracino-
stat, and mocetinostat are the HDAC inhibitors being used in
clinical trials in combination with hypomethylating agents
[136-139].

P53 mutations and MLL rearrangements often occur in
t-AML [140, 141]. Two agents targeting these mutations are in
the drug pipeline. EPZ-5676 is a potent inhibitor of DotlL, a
histone methyl transferase which interacts with MLL onco-
genic fusion protein products. In cell lines and in rat xenograft
studies, EPZ-5676 significantly caused cell death and regres-
sion of MLL-rearranged leukemias [142]. It is currently in
clinical trial in pediatric leukemias with MLL translocations.

Volasertib is an inhibitor of polo-like kinase (PLK).
Preclinical studies demonstrated that p53-mutated cancer cells
were more susceptible to PLK inhibition than p53 wild-type
cancer cells [143]. In a randomized phase 2 study in untreated
elderly patients with AML, volasertib, in combination with
low-dose cytarabine, demonstrated a higher remission rate and
improved survival compared with cytarabine alone, although
median survival rates were still <1 year [144].

Hematopoietic Stem Cell Transplant for t-AML

Treatment of t-AML with conventional therapy is associated
with a poor outcome. Response rate for t-AML induction
therapy appears to be roughly equivalent to de novo AML
when compared within their respective intermediate- and
unfavorable-risk cytogenetic categories, but the responses on
average are less durable, thereby justifying the use of trans-
plantation in these patients.

A retrospective study of 545 t-AML patients transplanted
between 1990 and 2004 found an OS of 22% at 5 years [145].
Inferior outcomes were associated with age greater than
35 years, poor-risk cytogenetics, uncontrolled disease, and
use of a non-sibling-related or mismatched unrelated donor.
Use of reduced-intensity chemotherapy (RIC) regimens did
not decrease treatment-related mortality (TRM), which
approached 50% at 5 years, but many of these patients had
received a prior autologous transplant.

The European Group for Blood and Marrow Transplantation
Group also reported on 461 t-MDS/AML patients, and noted
an adverse impact of abnormal cytogenetics, age greater than
40 years, and uncontrolled disease [146]. Three-year relapse-
free survival and OS rates were 33% and 35%, respectively.
In contrast, a study of 24 breast cancer t-MN patients who
underwent allogeneic stem cell transplantation for consolida-
tion had nearly identical clinical results as female de novo
MDS/AML patients regardless of cytogenetics [147]. In gen-
eral, these studies show that transplantation can be used suc-
cessfully in a fraction of t-AML patients, but it is clearly less
effective than when used for de novo AML patients. A busul-
fan/cyclophosphamide conditioning regimen appears to offer
one of the best 5-year relapse-free survival (43%) and lowest
non-relapse mortality (28%). Relapse rates are lower with
unrelated donor transplants [145, 146, 148]. After accounting
for cytogenetic classification, t-AML patients have a similar
outcome as de novo AML [149].

The Italian Network reported survival for transplant
recipients of 58.8 months compared with 12.1 months for the
non-transplant cohort [150]. A similar benefit was seen when
the German Hodgkin Study Group reported clinical out-
comes of 106 patients with t-MN after therapy for Hodgkin’s
lymphoma. Although the non-transplant median survival
was dismal (7.2 months), the median survival for the trans-
planted t-MN had not been reached after a median follow-up
of 41 months [151]. The survival of the patients after hema-
topoietic stem cell transplant at 2 years was 47% vs. 15% for
the non-transplant group (p = 0.03). Although alloHSCT can
provide a chance of long-term survival and cure in selected
subgroups of patients with t-AML, major limitations of
alloHSCT are availability of a donor and patients’ age.
Alternative treatment strategies including haploidentical
donor alloHSCT or nonmyeloablative HSCT, especially for
older patients, should be explored for t-AML patients.

Conclusion

Therapy-related AML (t-AML) is a recognizable sub-
group of AML. Alkylating agents used in primary dis-
eases are the most frequent etiology of t-AML. The
disease arises from a series of mutations in hematopoietic
stem cells, and these DNA changes provide a growth
advantage to the progeny of the transformed cells. The
abnormal clone of cells usually has a hypodiploid modal
number of chromosomes and a deletion of part or all of
chromosome 5 and/or 7. T-AML remains one of the most
difficult subtypes of AML to treat. Once a patient who
was treated with cytotoxic agents develops cytopenias,
hematopoietic cell morphologic examination, immuno-
phenotying, and cytogenetics should be done to detect
t-AML in its early phase. The patients with t-AML have
more comorbidities, decreased organ reserve, and a higher
incidence of unfavorable cytogenetic phenotype than
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de novo AML. The key prognostic factors in t-AML are
patient age, performance status, and karyotype. As de
novo AML, t-AML patients can be stratified based on
genetics. The performance status is the first determinant
for establishing a treatment plan. Supportive care at initial
diagnosis would be appropriate for patients with a poor
performance status (ECOG PS >2). All medically fit
patients should have HLA typing at initial diagnosis. The
conventional cytotoxic chemotherapy or hypomethylating
agents are being used as an initial therapy. For patients in
complete remission, allogeneic transplantation is the best
therapeutic modality for long-term survival for the
younger patients. Emerging therapeutics for AML has
focused on reduced toxicity, higher efficacy, and specific-
ity. These include novel delivery of chemotherapy in lipo-
some as well as newer DNA-damaging agents delivered
through antibody-drug conjugates, use of hypomethylat-
ing agents, and molecularly directed small molecules
against specific mutations commonly occurring in t-AML.
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