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ABSTRACT

Therapy-related myeloid neoplasms are a life-
threatening and often fatal complication, asso-
ciated with poor prognosis outcomes and with
high-risk unfavorable cytogenetic abnormalities
including complex karyotype. They occur after
the treatment of primary malignancies using
chemotherapy and/or radiation therapy. Such
therapy is not specific to cancer cells, and also
damages the deoxyribonucleic acid (DNA) of
normal cells, resulting in unbalanced and bal-
anced translocations. There are eight genetic
pathways, whose details are summarized in this
review, depending on the cytogenetic

abnormalities induced. This abnormality is the
major contributor to the development of ther-
apy-related myeloid neoplasms. The etiology of
these neoplasms depends on the complex
interaction between the nature and dose of the
cytotoxic agent, the environment, and the
presence of subsequent inherited mutations.
This review aims to elaborate upon recent
knowledge regarding the etiology, pathogene-
sis, and genetic pathways of therapy-related
myeloid neoplasms. A deeper understanding of
their etiology would aid physicians in more
careful monitoring of patients during or after
cytotoxic therapy for hematological malig-
nancy. Ultimately, this knowledge could influ-
ence initial treatment strategies, with the aim of
reducing both the incidence and serious com-
plications of neoplasms. Therefore, early detec-
tion of DNA lesions is vital. The authors
recommend that primary malignancy be treated
with targeted therapy.
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Key Summary Points

Why carry out this study?

Therapy-related myeloid neoplasm is a
life-threatening and often fatal
complication.

It is associated with poor prognosis
outcomes and with high-risk unfavorable
cytogenetic abnormalities including
complex karyotype.

Treating primary hematological disorders
with targeted treatment decreases the
incidence of therapy-related myeloid
neoplasms and increases survival rates
among patients.

What was learned from the study?

We recommend that primary
malignancies be treated with targeted
therapy.

This review document helps to increase
our understanding of the pathogenesis,
etiology, and consequences of therapy-
related leukemia.

INTRODUCTION

Therapy-related myeloid neoplasms (t-MN) are
well-recognized hematopoietic stem cell malig-
nant neoplasms which arise as a result of
mutational events and are provoked by earlier
exposure to chemo- and/or radiotherapy of
primary hematological malignancies, solid
tumors, and autoimmune disease [1–3]. They
develop after the occurrence of mutations
induced primarily by previous cytotoxic ther-
apy of hematological malignancies [4]. Cyto-
toxic therapy can lead to other mutations due
to its lack of specificity for cancer cells, thus
promoting the development of t-MN. t-MN can
be divided into three categories: therapy-related
acute myeloid leukemia (t-AML), therapy-re-
lated myelodysplastic syndrome (t-MDS), and

therapy-related myelodysplastic/myeloprolifer-
ative neoplasm (t-MDS/MPN) [5].

Globally, the incidence of t-MN continues to
increase due to the increased prevalence of
hematological malignancy. Previous finding
have shown an incidence as high as 10–20%.
Risk factors such as exposure to alkylating
agents, topoisomerase (TOP) II inhibitors, radi-
ation therapy, age, and genetic susceptibility
play a contributing role [6]. The side effects of
chemotherapy were found to be responsible for
a 4.7-fold greater incidence. t-MN is thus
becoming a growing healthcare problem
worldwide due to the absence of targeted ther-
apy for primary hematological malignancies
(Table 1), solid tumors, and autoimmune dis-
eases [7].

t-MN is generally a fatal disease, with life-
threatening complications. This is may be due
to increased number of blasts in the bone mar-
row or blood and prolonged cytopenias. The
patient is vulnerable to bleeding and various
systemic infections. t-MN is characterized by
poor prognosis, insidious disease onset with
peripheral cytopenias, and high-risk unfavor-
able cytogenetic abnormalities such as loss of
chromosomes 5q and/or 7q and complex kary-
otype (three or more chromosome abnormali-
ties). Because of this, t-MN is the most serious
unpredictable lifelong complication and the
greatest barrier to patient cure. Currently, the
side effects of cytotoxic therapy represent a
significant challenge for patients, as they lead to
cardiac disease, chronic pulmonary diseases,
permanent bone marrow modification, and
direct DNA damage. They also have a direct
impact on the economic and social lives of
patients [15–17].

The aim of this review is to elaborate on the
recent knowledge of the etiology, pathogenesis,
and genetic pathway of t-MN, focusing specifi-
cally on the side effects of traditional therapies.
The poor prognosis for patients, unfavorable
cytogenetic abnormalities, and therapy that is
not targeted to cancer cells results in poor sur-
vival. This traditional therapy is not specific to
cancerous cells and causes abnormal DNA
lesions in normal cells. The early detection of
DNA lesions during treatment follow-up is vital
for increasing survival time and improving
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patient outcomes. In addition, early identifica-
tion of the etiology of t-MN is important to the
health professional for preventing additional
complications (side effects of therapy). It also
guides early therapeutic decision-making for
physicians with regard to cytogenetic abnor-
malities. These issues motivated us to conduct a
review of the etiology, pathogenesis, and
genetic pathway of t-MN.

This review was conducted on the basis of
the relevant literature on the current topic
retrieved from electronic databases including
PubMed, PubMed Central, Scopus, Google, Sci-
enceDirect, and Google Scholar. Articles on the
current issues were searched using keywords
and phrases including genetic pathway, t-MN,
t-AML, t-MDS, chemotherapy, and radiation
therapy, separately and in combination. Articles
such as reviews, systematic reviews, and meta-

analyses were also considered. The current
review includes original, peer-reviewed English-
language articles.

Compliance with Ethics Guidelines

This article is based on previously conducted
studies and does not contain any studies with
human participants or animals performed by
any of the authors.

ETIOLOGY OF THERAPY-RELATED
MYELOID NEOPLASMS

The etiology of t-MN depends on the complex
interaction between the nature and dose of the
chemotherapeutic agent, radiation intensity,
genetic factors, and the environment. Patients

Table 1 Summary of selected literature on t-MN after cytotoxic treatment of primary malignancies

Study performed Primary malignancy Number
of
patients

Treatment type Number of
patients
developing
t-MN

References

Country Year of
study

Portugal 2016 AML 231 Chemotherapy, radiotherapy,

and combination therapy

38 patients

t-AML

[8]

Italy 1999–2013 Lymphoproliferative

diseases and breast

cancer

277 Chemotherapy, radiotherapy

and combine of chemo-

and radiotherapy

277 t-MN [9]

USA 2002–2010 Chronic lymphocytic

leukemia

426 Chemotherapy, radiotherapy 28 patients

t-MN

[10]

Japan 1996–2008 Acute promyelocytic

leukemia

124 Intensive chemotherapy 17 [11]

USA 2001–2011 Chronic

myelomonocytic

leukemia

AML

MDS

450 Radiation therapy or

chemotherapy

228 [12]

Germany 1993–2008 AML 3177 Chemotherapy

Radiation therapy

200 [13]

USA 1987–2012 Lymphoma 115 Radioimmunotherapy 9 [14]
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with inherited mutations who are additionally
exposed to chemo- and/or radiation therapies
are susceptible to further induced secondary
mutations. These subsequent mutations confer
a competitive advantage for abnormal cell clo-
nal proliferation over normal hematopoiesis,
resulting in the development of genetic insta-
bility and factors that favor leukemia-initiating
cells [18–20].

Alkylating Agents

Alkylating agents are a large group of
chemotherapeutic drugs, and play an important
role in the treatment of several types of cancers
[21]. However, they are not specific to cancer
cells, and cause the loss of the long arm of
chromosomes 5q and 7q, resulting in unbal-
anced chromosomal aberrations [22]. These
agents have a long latency period (on average 5
years), presenting as mostly t-MDS, with poor
prognosis [20]. Latency is defined as the time
from the first cytotoxic exposure to the first
bone marrow examination for the diagnosis of
t-MN [15].

There are several different alkylating agents
now used for the treatment of many types of
cancer. These include melphalan, cyclophos-
phamide, cisplatin, busulfan, and chlorambucil,
all of which are leukemogenic [7].

Mechanism of Action of Alkylating Agents
Alkylating agents destroy cancer cells by the
transfer of alkyl groups such as –CH3 or
–CH2–CH3 to oxygen or nitrogen atoms of DNA
bases. This results in a highly mutagenic DNA
base lesion [16]. These agents kill cancer cells by
two mechanisms: either by DNA methylation
(mono-functional alkylating agent) or by cross-
link formation of the DNA strand (bi-functional
alkylating agent). Both mechanisms covalently
modify the DNA structure, causing a double-
strand break (DSB) [20]. Mono-functional alky-
lating agents destroy cancer cells by the addi-
tion of a methyl group to the DNA molecule.
DNA methylation is the process of adding a
methyl group to the DNA molecule without
changing the DNA sequence. This modifies the
function of the genes and affects gene

expression. The most widely characterized DNA
methylation in humans is 5-methylcytosine.
Spontaneous deamination of 5-methylcytosine
yields thymine. The outcome is a thymine
mismatch pair with guanine, which is recog-
nized by DNA mismatch repair (MMR). How-
ever, MMR does not remove the methylated
base, and becomes a permanent mutation. This
results in DSBs, leading to resistance to killing
by methylating agents [7, 17, 21, 23].

In contrast to mono-functional alkylating
agents, bi-functional alkylating agents have two
reactive sites. They can form DNA intrastrand or
interstrand cross-links by attaching two oppos-
ing bases in a complementary DNA strand. This
cross-linkage prevents the uncoiling of the DNA
double helix during replication [7, 24]. During
replication, interstrand cross-links stop replica-
tion forks, which can result in the formation of
DNA DSBs. If left unrepaired, these DSBs can
give rise to translocations, inversions, and
insertions of other chromosomes producing
abnormal cells [18].

Topoisomerase (TOP) II Inhibitors

DNA TOPs are critical enzymes responsible for
unknotting and relaxing supercoiled DNA, thus
allowing DNA replication to occur. TOP binds
covalently to the DNA strand and creates a
transient single-strand (type I TOP, cleaves one
strand of DNA at a time) and DSB (type II TOP,
cleaves both strands of the DNA). However, TOP
II inhibitors bind to the enzyme/DNA complex
at the strand cleavage stage of the TOP reaction
and block the re-ligation step, leading to an
accumulation of DSBs [18, 19]. Multiple DSBs
lead to cell death or chromosomal breakage,
causing initiation of leukemia and transforma-
tion to abnormal proliferation of cancerous
cells [23]. The TOP II inhibitor induces t-AML
with balanced translocations that generally
arise within 3 years. It is often associated with
mixed lymphocytic leukemia (MLL), runt-re-
lated transcription factor 1 (RUNX1), and reti-
noic acid receptor alpha (RARA) loci at 11q23,
21q22, and 17q21, respectively [25, 26].

The balance between enzyme-mediated DNA
cleavage and ligation is critical for cell survival.
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If the level of TOP II-mediated DNA cleavage is
below a threshold level, cells ultimately die. If
the level of cleavage becomes too high, it results
in DNA breaks [27].

Ionizing Radiation

Exposure of cells to ionizing radiation results in
the creation of reactive oxygen species through
the radiolysis of water molecules. The most
important reactive oxygen species are hydroxyl
radicals, superoxide radicals, and hydrogen
peroxide. These species are highly reactive
molecules that can oxidize or deaminate the
DNA bases and increase the frequency of DNA
DSBs [28]. Radiation photon energy can also
directly induce strand breaks by disrupting the
sugar-phosphate backbone of DNA to generate
DSBs. These DSBs are highly mutagenic,
potentially leading to the development of large-
scale chromosomal rearrangements that are
often found in t-MN [29].

Antimetabolites

Antimetabolites are a group of cytostatic drugs
involved in the progression of t-MNs. These
drugs are incorporated into the DNA, thereby
interfering with the replication phase and
leading to cell cycle arrest and apoptosis. Once
placed in the newly synthesized DNA strand,
they are prone to methylation and the forma-
tion of the highly mutagenic base lesion of
6-thio-methylguanine. The DNA MMR mecha-
nism triggers cell cycle arrest and cell death
after antimetabolite treatment. However, DNA
MMR is unable to repair the lesions, and cells
can tolerate 6-thioguanine, potentially prolif-
erate and undergo leukemic clones for the
expansion of t-MN [18].

GENETIC PATHWAYS OF THERAPY-
RELATED MYELOID NEOPLASMS

Based on abnormal cytogenetic characteristics
produced through cytotoxic therapy, eight dif-
ferent genetic pathways involved in t-MN have
been proposed by different authors (Table 2)

[30, 31]. The cytotoxic therapy results in
unbalanced chromosomal translocation, bal-
anced chromosome aberrations, and normal
karyotype [32].

Pathway I

This pathway is characterized by the loss of the
long arm of chromosome 7 (-7q) but with
normal chromosome 5q. The loss of this chro-
mosome further causes extra chromosome
aberrations such as balanced t(3; 21). This
chromosome abnormality is found mostly in
t-AML and t-MDS after chemotherapy treat-
ment. It is also characterized by mutations of
the rat sarcoma (RAS) pathway [33, 34], over-
expression of Fm-like tyrosine kinases (FLT3),
impaired differentiation, and poor prognosis.
Mutations in RAS genes can lead to the pro-
duction of permanently activated RAS proteins
and their various signaling pathways. As a
result, this can cause unintended and overactive
signaling inside the cell, even in the absence of
incoming signals, leading to uncontrolled pro-
liferation of abnormal cells [35].

This pathway is also closely associated with
earlier therapy with alkylating agents as well as
point mutations of the RUNX1 gene [31, 36].
Mutation of the RAS oncogene affects the
function of neuroblastoma rat sarcoma (NRAS),
and Kirsten rat sarcoma (KRAS), leading to
aberrant proliferative signaling through activa-
tion of the extracellular signal-regulated kinase
pathway [37].

Pathway II

This is initiated by deletion of chromosome 5
(that contains myeloid tumor suppressor gene)
with or without abnormalities of chromosome
7, due to previous cytotoxic therapy [38]. It is
also associated with mutations of TP53 [39–41]
duplication of chromosome 8, impaired differ-
entiation, and increased expression of cell cycle
regulatory proteins due to parallel loss of the
tumor suppressor gene, and results in poor
outcomes [42]. The function of tumor suppres-
sor protein is to regulate mitosis and the G2
checkpoint cell cycle, control transcription, and
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regulate translation. This loss of the tumor
protein enables the rapid expression and pro-
liferation of cancer cells [35].

Pathway III

This pathway is characterized by balanced
translocations to chromosome band 11q23 with
chimeric rearrangement between the MLL gene
and one of its many partner genes. This aberra-
tion is caused by the cleavage of the MLL gene
associated with treatment by TOP II inhibitors
[42]. TOP II plays a role in replication, tran-
scription, chromosome condensation, and seg-
regation. The dimeric enzyme cleaves DNA at a
pair of phosphodiester bonds at four base pairs
apart and generates a staggered DSB cleavage
complex. This enzyme remains covalently
bound to the ends of the DSB via a 50-phospho-
tyrosyl linkage. This cleavage results in the for-
mation of gene fusion between MLL and other
partner genes at the transcription promoter
region. There are more than 50 different partner
genes involved in inappropriate ligation in vari-
ous human leukemias, especially t-MN [43, 44].

Pathway IV

This pathway also involves balanced transloca-
tions of chromosome band 21q22 or 16q22 due
to TOP II inhibitors, leading to chimeric rear-
rangements between RUNX1 and core-binding
factor-beta (CBFB). It has the best prognosis for
t-MN. The RUNX1 and CBFB genes encode two
proteins, which as heterodimers make up the
CBFB complex, an important transcription fac-
tor in normal hematopoiesis. RUNX1 is the
cleavage site for the TOP II enzyme and fuses
near internal transcription start regions. The
fusion gene inhibits transcription genes that are
essential for normal hematopoietic prolifera-
tion and differentiation of cells [45, 46].

Pathway V

This pathway is found in patients who present
with therapy-related promyelocytic leukemia
(PML) with the t(15; 17) resulting in the PML-
RARA fusion and mutation of FML3. The FLT3
genes encode membrane-bound class III receptor
of tyrosine kinase (RTKs) and are important

Table 2 Summary of genetic pathways of t-MN

Pathway Types of therapy for
primary malignancy

Chromosome abnormality

Primary aberrations Secondary aberrations

I Chemotherapy and/or

radiation

Loss of 7q chromosome t(3;21), mutation of RAS gene, point

mutation of the RUNX1 gene

II Chemotherapy and/or

radiation

Loss of chromosome 5q with or without

abnormality of 7q

Mutation of TP53, duplication of

chromosome 8,

III TOP II inhibitors Balance rearrangement of MLL gene

(11q23)

P53 mutation

IV TOP II inhibitors Balanced translocation between RUNX1

and CBFB genes (21q22 or 16q22)

Absent

V TOP II inhibitors PML-RARA fusion Mutation of FML3

VI TOP II inhibitors Fusion of NUP98 and HOX ((11)

(p15q22)

Absent

VII Either chemotherapy or

radiation

Normal karyotype with unknown reason ITD, FLT mutation, and MLL gene

rearrangement

VIII Either chemotherapy,

radiation, or combined

Uncharacteristic and with other chromosomal abnormalities
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mediators of mitogenic signal transduction. Two
types of FLT3 mutations have been identified:
internal tandem duplications (ITD) of the jux-
tamembrane domain and activating loop muta-
tions in the cytoplasm tyrosine kinase (TK)
domain. This pathway is associated with a good
prognosis as compared with the previous path-
ways [47].

Pathway VI

This pathway occurs due to balanced transloca-
tionsof 11p15associatedwith theTOP II inhibitor.
The fusion gene nucleoporin 98 (NUP98) and
homebox gene (HOX) occur in the breakpoint
region of inversion [18] (p15q22). Nucleoporin
functions as a site for the mediating transport of
RNA and protein between the cytoplasm and
nucleus. The HOX family genes encode evolu-
tionarily conserved transcription factors contain-
ing the 61-amino acid home domain. The genes
seem to be the master control of transcription
factors. They play amajor role in the early and late
stages of development and hematopoietic stem
cell differentiation into mature cells. The HOX
genes in hematopoietic cells show lineage and
differentiation stage-specific expression patterns
and seem to regulate hematopoiesis. More
recently, the NUP98–HOX fusion gene has been
cloned from the breakpoint region of
t(2;11)(q31;p15) associated with childhood t-AML
[48, 49].

Pathway VII

This t-MN pathway is characterized by normal
karyotype, ITD of FLT3 and MLL, and nucle-
ophosmin gene (NPM1) mutations. NPM1 is
involved during ribosome biogenesis and cen-
tromere duplication. It alsomodulates the activity
of the TP53 and tumor suppressors in cell division
[35].

Pathway VIII

This pathway is uncharacteristic; sometimes
unique chromosome aberrations are grouped
and other chromosomal abnormalities [36].

PATHOGENESIS OF THERAPY-
RELATED MYELOID NEOPLASM

T-MN results from a complex interaction
between individual predisposition and exposure
to cytotoxic agents. It is determined by subse-
quent acquisition of somatic mutations and
epigenetic modifications. Somatic mutations
are critical genes that may precede and favor
leukemia development [9]. Exposure to
chemotherapeutic agents results in DNA dam-
age, genetic mutations, mitochondrial dys-
function, and alteration of cellular metabolism
and deregulation of normal hematopoietic
progenitor cells [50, 51].

Various studies show that both class I and
class II mutations are required for the patho-
genesis of t-MN. Class I mutations are charac-
terized by constitutive activation of receptor
tyrosine kinases (TK) that result in abnormal
cell proliferation and survival. It includes
mutation of the RTK, FLT3, and the intracellular
non-receptor TK, together with KRAS, NRAS,
and extracellular signal transduction pathway
proteins [52]. Class II mutations, on the con-
trary, inactivate hematopoietic transcription
factors and result in the loss of cell differentia-
tion that occurs in t-MDS/AML [22, 30].

TK is the major target for the treatment of
cancers. However, its function is deregulated by
three mechanisms. The first mechanism is the
fusion of a receptor or non-receptor TK with a
partner protein by balanced chromosomal
translocation formed due to cytotoxic therapy.
This translocation leads to constitutive
oligomerization of the TK in the absence of
ligand binding or physiologic activating signals,
thereby promoting autophosphorylation and
activation. This leads to the high proliferation
of cells occurring in the bone marrow [53].

The second mechanism involves mutation
FLT3, small deletions, and point mutations in
the kinase domain that disrupt autoregulation
of the kinase. The third mechanism relates to
the overexpression of the receptor TK. Increased
TK activity can result from a decrease in factors
that limit TK activity, such as impaired tyrosine
phosphatase activity and decreased expression
of TK inhibitor proteins. Aberrant TK activation
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can increase the survival, proliferation, and
cytotoxic drug resistance of malignant cells. In
general, the pathogenesis of t-MN can be sum-
marized by three mechanisms: direct initiation
of fusion genes, induction of genetic instability,
and selection of pre-existing mutated cells in
the bone marrow during cytotoxic treatment
[54, 55].

Direct Initiation of Fusion Genes

The oncogene gene is provoked in a susceptible
target cell during cytotoxic therapy. This leads
to clonal outgrowth of the transformed cell
mediated by TOP II inhibitors. These inhibitors
interfere with the re-ligation step during DNA
replication and generate single-stranded DNA
for the cancer cells. This mechanism reduces the
progression and proliferation of cancer cells
[17, 19]. However, these inhibitors are not
specific for cancer cells, and also cause DSBs of
the normal cell DNA. These DSBs are relatively
stable and mobile, and form balanced chromo-
somal translocations that easily occur in close-
linked genes. These rearrangements mainly lead
to the activation of a proto-oncogene that dis-
rupts the normal balance of the oncogene and
tumor suppressor genes. This imbalance of gene
control also provides a selective growth advan-
tage for the proliferation of cancer cells during
carcinogenesis that initiate the development of
t-MN [56].

Patients are exposed to TOP II inhibitors to
treat the primary malignancy, but this inhibitor
causes breaks in the normal DNA. The double-
strand DNA breaks give rise to the formation of
balanced translocations including MLL at
11q23, NUP98 at 11p15, RUNX1 at 21q22, and
RARA at 17q21 [57]. These changes character-
istically result in a dominant loss of function of
the transcription factor (class II mutations),
with defects in differentiation and increased
self-renewal capacity [53].

The balanced translocation between band
11q23 and the MLL gene most frequently occurs
in t-MN associated with TOP II inhibitors. The
MLL gene has three domains: the methyltrans-
ferase domain (contains transcription repressor
protein), which is involved in the epigenetic

regulation of transcription by methylation, and
the activation domain and set domain for
recruiting chromatin re-modeling complexes to
specific chromosomal regions. This gene func-
tion is directly bound to the DNA at the pro-
moter region and regulates the target genes.
Translocations involving band 11q23 usually
lead to a breakage in the MLL gene. The 50 part
of the MLL gene is retained on the derivative of
chromosome 11, where it is fused with the 30

part of the partner gene. Therefore, the active
fusion gene (50 MLL-30partner) is almost always
located in the derivative of chromosome 11
[49, 58].

The breakpoints within the MLL gene cluster
in the 8.5 kb region, called the breakpoint
cluster region, located between exons 5 and 11
in the TOP II inhibitor binding sites. The inhi-
bitors inhibit the ligase enzyme function of the
TOP II enzyme, leaving DNA free ends that can
repair through non-homologous recombination
between the MLL and the partner genes. The
fusion gene occurs in the methyltransferase
domain that lacks set and activation domains.
For this reason, histone methylation at the
promoter region cannot occur. MLL contains
enzyme-like histone methyltransferase that is
critical for regulating gene expression during
hematopoiesis. The fusion of MLL with other
proteins results in oncogenic gene products that
trigger faulty self-renewal of stem cells, leading
to leukemia [59, 60].

The other balanced translocation that occurs
due to the TOP II inhibitor is t(15;17), which
results in the fusion of the PML gene at 15q22
with the RARA at 17q21. The TOP II inhibitor
enhances the double-strand cleavage of the
normal homologs of the PML and RARA genes
into two sections, the PML (UPN1, UPN4) and
RARA breakpoints (UPN2, UPN5). They share
breakpoints between the PML and RARA genes
and form a reciprocal translocation, PML–RARA
and RARA–PML. This fusion induces further
development of t-MN [61].

Induction of Genetic Instability

The second mechanism is related to the cyto-
toxic therapy itself. The induction of radiation,
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chemotherapy, and/or combination therapy
cause endogenous DSBs of the DNA. The DNA
lesions can alter the primary structure of the
double helix, thereby affecting transcription
and replication of the normal process [62]. The
chemotherapy/radiation kills or reduces the
progression of the cancer cells. Its target is DNA
but it is not specific for the cancer cells of the
DNA, and thus causes the loss of the whole long
arm of chromosomes 5q and 7q. The abnor-
malities of these chromosomes are often asso-
ciated with a complex karyotype, including
recurrent and non-recurrent chromosome
aberrations. These abnormalities should be
undergoing DNA repair mechanisms and result
in the activation of ataxia-telangiectasia muta-
tion (ATM) gene signaling for the DNA repair
process [63].

The ATM gene is normally responsible for
the activation of the P53 protein and upregu-
lation of genes involved in apoptosis, playing a
central role in the repair of these DNA lesions
[63]. However, the function of the ATM gene is
dysregulated by chemo- and/or radiation ther-
apy and is unable to undergo autophosphory-
lation and activate the P53 protein [64].

The p53 gene has a critical role in DNA
damage response signaling, affecting cell cycle,
cell death, and DNA repair pathways. However,
the effects of cytotoxic therapy on p53 cause the
occurrence of cell proliferation without repair
and resistance to apoptosis. Abnormal p53
activity leads to reduced ability to repair DNA
damage, resulting in genetic instability and
increased susceptibility to leukemogenesis of
t-MN [65, 66].

Selection of Pre-existing Mutated
Hematopoietic Cell Clones

The third mechanism of t-MN pathogenesis
involves the proliferation of pre-existing muta-
ted cell clones in the bone marrow during
treatment of the primary malignancy. Che-
motherapy and/or radiation therapy may exert
selective pressure on hematopoietic stem cells
such that certain mutant populations (known
as clones) have a selective advantage under
cytotoxic conditions [67]. These mutant clones

serve as premalignant cells with a growth
advantage during cytotoxic therapy for the
development of t-MN. One of the most com-
mon pre-existing mutations in the marrow is
TP53. A previous study indicates that TP53
mutant cells can exist at low frequencies in the
bone marrow prior to chemotherapy and then
rapidly proliferate during or after cytotoxic
treatment, thus playing a major role in the
progression to t-MN [68].

Clonal hematopoiesis has recently been
associated with mutations in protein phos-
phatase Mn2?/Mg2?-dependent 1D (PPM1D),
which is part of the DNA damage response
pathway. PPM1D is part of a regulatory feedback
loop of p53. It activates p53 and induces
expression of PPM1D, which then both directly
and indirectly dephosphorylates p53, leading to
downregulation of p53-mediated apoptosis.
Mutations in PPM1D are typically nonsense or
frameshift mutations in the sixth exons that
produce a C-terminal truncated protein. PPM1D
mutations have been frequently observed
specifically in patients with t-MN. Somatic
mutations of PPMID and TP53 are resistant to
chemotherapy and increase preferentially after
treatment and accumulate in the bone marrow
without differentiation, which leads to further
development of t-MNs [67, 69].

CONCLUSION

t-MNs are a serious, long-term, and life-threat-
ening complication that develop as a result of
previous cytotoxic therapy of primary hemato-
logical and non-hematological malignancies.
The therapy itself causes cytogenetic abnor-
malities including loss of the long arm of
chromosome 7q and/or 5q and different bal-
anced chromosomal aberrations. The patho-
genesis of t-MNs is summarized by three
mechanisms: direct induction of an oncogene,
genetic instability, and selection of a pre-exist-
ing mutated cell in the marrow. It also associ-
ated with eight genetic pathways summarized
by unbalanced chromosome aberrations (path-
ways I and II), balanced rearrangements (path-
ways III–VI), and normal karyotype (pathways
VII and VIII). We conclude that in order to
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reduce the side effects of chemo- and/or radia-
tion therapy and the risk of t-MN and to
increase patient survival, the primary malig-
nancy should be treated with targeted therapy.
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