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Abstract
Therapy-related myeloid neoplasms are neoplastic
processes arising as a result of chemotherapy, radiation
therapy, or a combination of these modalities given for
a primary condition. The disease biology varies based on
the etiology and treatment modalities patients receive
for their primary condition. Topoisomerase Ⅱ inhibitor
therapy results in balanced translocations. Alkylating
agents, characteristically, give rise to more complex
karyotypes and mutations in p53. Other etiologies
include radiation therapy, high-dose chemotherapy
with autologous stem cell transplantation and telomere
dysfunction. Poor-risk cytogenetic abnormalities are more
prevalent than they are in de novo leukemias and the
prognosis of these patients is uniformly dismal. Outcome
varies according to cytogenetic risk group. Treatment
recommendations should be based on performance
status and karyotype. An in-depth understanding of
risk factors that lead to the development of therapyrelated myeloid neoplasms would help developing riskadapted treatment protocols and monitoring patients
after treatment for the primary condition, translating into
reduced incidence, early detection and timely treatment.
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patients presenting with MDS and one-third present
[12,19]
ing with AML
. There is prominence of peripheral
cytopenias and dysplasia of multiple myeloid lineages
with frequently observed abnormalities of chromosome
[19,20]
5 [-5/del(5q)] and chromosome 7 [-7/del(7q)]
. Con
versely, topoisomerase Ⅱ inhibitor-related t-MDS/AML has
a relatively shorter latency between exposure to drugs
[21]
and onset (median of 2-3 years) . Patients with this
subtype often present with overt AML without features
of preceding MDS. AML in this subtype shows monocytic
[21,22]
predominance
with a high incidence of balanced
translocations involving chromosomal segments 11q23,
[21]
17q21 and/or 21q22 . While the risk of developing
t-MDS/AML after alkylating agents/radiotherapy rises
with increasing age, the risk of the same after topoiso
merase Ⅱ inhibitors appears to remain constant across
[18,23]
all age groups
.

ing an increasing problem as the survival of cancer
patients lengthens. The etiology has an important in
fluence on the biological characteristics, time to onset and
prognosis of the resultant disease. Although treatment
of therapy-related myeloid neoplasms represents
a substantial challenge due to prior treatment and
comorbidities, cure is possible, especially with allogeneic
stem cell transplantation, particularly in those with goodrisk karyotype. Ultimately, individual assessment of risk
factors may lead to developing risk-adapted therapies to
reduce the incidence of this serious complication without
affecting therapy for the underlying disorders.
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LEUKEMOGENESIS
Therapy-related myeloid neoplasms are clonal hemato–
poietic stem cell disorders that arise due to iatrogenic
somatic mutations after treatment with cytotoxic chemo
therapy/radiotherapy. These somatic mutations impart
increased proliferative capacity and survival advantage in
[12]
the affected hematopoietic progenitors .
Alkylating agents have established significant clinical
applications in virtually all cancer types and were the first
chemotherapeutic drugs to be associated with therapy[24]
related myeloid neoplasms . These drugs work by trans
ferring alkyl groups to oxygen and nitrogen atoms on
DNA bases, resulting in the formation of highly mutagenic
DNA base lesions (such as O6-methylguanine and N3[25]
methylcytosine) and inducing DNA damage . Alkylated
DNA-based lesions, specifically O6-methylguanine,
cause mispairing during DNA replication, and while this
replication error is efficiently repaired by mismatchrepair enzymes, alkylated bases cannot be cleaved by
mismatch-repair enzymes, leading to mutagenicity,
secondary DNA double-stranded breaks and eventual
[26,27]
cytotoxicity
. Mono-functional alkylating agents,
such as nitrosoureas, dacarbazine and temozolomide,
have one active moiety and are able to induce such
lesions. In contrast, bi-functional alkylators, such as
cyclophosphamide, melphalan and chlorambucil, have
two active moieties and are able to form crosslinks
within and between DNA strands in addition to forming
[28]
alkylated base lesions . Inter-strand DNA crosslinks halt
replication forks during DNA replication, resulting in the
formation of double-stranded DNA breaks. These breaks
can give rise to chromosomal translocations, insertions,
inversions and loss-of-heterozygosity involving several
[29,30]
vital cellular genes
.
Drugs targeting DNA topoisomerases are also well[31]
known to cause t-MDS/AML . DNA topoisomerase
enzymes mediate the unknotting and relaxing of DNA
supercoils, thereby allowing DNA replication to occur.
These enzymes accomplish this by creating transient
single-stranded (DNA topoisomeraseⅠ) and double-

INTRODUCTION AND EPIDEMIOLOGY
Therapy-related myeloid neoplasms, which include both
therapy-related myelodysplastic syndromes (t-MDS)
and therapy-related acute myeloid leukemia (t-AML),
are well-known sequelae of conventional anticancer
chemotherapy and radiotherapy for solid tumors, such
[1]
[2]
[3]
as ovarian cancer , breast cancer , testicular cancer
[4]
and various sarcomas , as well as hematologic malig
[5-7]
nancies . Therapy-related myeloid neoplasms constitute
[8]
approximately 10%-20% of all cases of AML and MDS ,
with incidence varying depending upon the underlying
malignancy, type of cytotoxic agents and/or radiotherapy,
and timing of administration and dosage of treatment
[9]
modalities . Therapy-related myeloid neoplasms can
present at any age, but the median age at diagnosis is
[10,11]
reported to be approximately 61 years in adults
.
After conventional-dose anticancer chemoradio
therapy, the incidence of t-MDS/AML has been reported
between 0.8%-6.3% at 20 years post-treatment, with a
median time of 3-5 years from treatment to development
[12]
of t-MDS/AML . In contrast, the incidence of t-MDS/
AML after high-dose chemotherapy and autologous
hematopoietic stem cell transplant (auto-HSCT) ranges
from 1.1%-24.3% at 5 years post-transplant with a
median time to development of only 1-2 years post[12-16]
transplant
. Use of etoposide (a topoisomerase Ⅱ
inhibitor) priming for stem-cell mobilization and totalbody-irradiation (TBI) based conditioning regimens are par
[16,17]
ticularly associated with t-MDS/AML after auto-HSCT
.
According to the World Health Organization classi
fication, therapy-related myeloid neoplasms are broadly
categorized into two subtypes: (1) an alkylating agent/
radiotherapy-related type; and (2) a topoisomerase Ⅱ
[18]
inhibitor-related type . The development of t-MDS/
AML after alkylating agents/radiotherapy usually occurs
after a median latency of 4-7 years, with two-thirds of
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stranded (DNA topoisomerase Ⅱ) DNA breaks. The release
of topoisomerases from the DNA strands is followed
[32]
by the re-ligating of these transient DNA breaks .
Topoisomerase Ⅱ inhibitors, such as epipodophyllotoxins
(etoposide and teniposide) and anthracyclines (dauno
rubicin, doxorubicin, etc.) prevent the release of topoiso
merase Ⅱ from cleaved DNA, preventing the re-ligation
[26]
of strands and persistence of double-stranded breaks .
These DNA breaks are highly mutagenic and frequently
result in translocations involving the genes MLL at 11q23,
[33-35]
RUNX1 at 21q22 and RARA at 17q21
.
The substantial incidence of various leukemias and
myeloid disorders in the survivors of the Hiroshima and
Nagasaki nuclear attacks has established a firm causal
relationship between ionizing radiation and hematologic
[36-38]
malignancies
. Epidemiological data from several
studies involving individuals receiving therapeutic radiation
[3,39-41]
has corroborated its leukemogenicity
. Cellular
exposure to ionizing radiations has multiple mechanisms
of causing DNA damage and mutations. Energy in each
individual photon of radiation is able to disrupt the sugarphosphate backbone of the DNA molecule, leading to
[28]
single- and double-strand breaks . In addition to this
direct effect, cellular exposure to ionizing radiations
results in radiolysis of water molecules leading to the
formation of reactive oxygen species (most notably hy
[42]
drogen peroxide, superoxide and hydroxyl radicals) .
These highly reactive molecules are capable of oxidizing
and deaminating DNA bases and disruption of the sugarphosphate backbone. As discussed with alkylating agents
and topoisomerase Ⅱ inhibitors earlier in this section,
double-stranded breaks are highly mutagenic and
contribute to leukemogenesis in therapy-related myeloid
neoplasms.
In the context of auto-HSCT, DNA damage is multifa
ctorial, arising as a result of treatment with cytotoxic
agents used in induction therapy prior to auto-HSCT,
possibly from the transplant process itself (stem cell
mobilization, stem cell collection and storage) and from
the stress of engraftment and hematopoietic recovery
[43-46]
during the post-transplant period
, apart from the
chemotherapy agents and TBI used in the conditioning
regimen. It is probable that some progenitor cells persist
within the patients despite pre-transplant conditioning
and acquire mutations overtime, for example from injury
caused by the conditioning regimen, leading to t-MDS/
[16]
AML after auto-HSCT . To scientifically ascertain this
hypothesis, future studies may focus on genetically mark
ing the autograft and performing assays of t-MDS/AML
clones in patients who develop this complication posttransplant to ascertain whether progenitor cells persisting
in the patient after pre-transplant conditioning give
rise to t-MDS/AML or is it the rescuing hematopoietic
progenitors that give rise to t-MDS/AML. Currently, the
ongoing Center for International Blood and Marrow
Transplant Research study LE14-01 is the largest retro
spective study to date (to the best of our knowledge) on
[47]
t-MDS/AML after auto-HSCT . The results of this study
may provide deeper insight into t-MDS/AML in patients
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receiving auto-HSCT.
The p53 gene plays a crucial role in DNA damage
response pathways, DNA repair mechanisms, cell cycle
control and apoptosis. Abnormalities affecting p53
hinder the cell’s ability to repair damaged DNA and
results in genomic instability and accumulation of various
[12]
genetic lesions that contribute to leukemogenesis .
It is noteworthy that less than 10% of patients with de
novo MDS and AML harbor p53 mutations, whereas
27%-50% of patients with t-MDS/AML demonstrate p53
[48-50]
mutations
. These are non-germline mutations that
are often seen as a late adverse effect of therapy with
alkylating agents and often occur simultaneously with
chromosome 5 [-5/del(5q)] and chromosome 7 [-7/
[12,50]
del(7q)] losses
.
Telomeres are repeat sequences of non-coding
DNA that flank the 3’ ends of linear chromosomes,
permitting the replication of 3’ chromosomal ends and
are vital for preventing dicentric fusion and chromosomal
[51]
abnormalities . Each mitotic division results in fractional
loss of telomeric DNA, with cumulative telomeric loss
leading to cellular senescence, a process by which normal
cells lose their ability to divide after a specific number
of cell divisions. In addition, loss of telomeric DNA also
[52,53]
leads to genomic instability and somatic mutations
.
Exposure to chemotherapeutic agents places proliferative
stress on the bone marrow to allow for hematopoietic
[54]
recovery after/in between cycles of chemotherapy .
The increased proliferative rates accelerate the loss of
telomeric DNA, which would otherwise be conserved by
[52]
the telomerase enzyme under physiologic conditions .
It is evident that telomere shortening is associated
with the development of myeloid malignancies, such
[55]
as MDS and AML, in both de novo
and therapy[43,56,57]
related settings
. The nested case-control study by
[57]
Chakraborty et al showed that after auto-HSCT, those
patients who developed t-MDS/AML showed a substantial
increase in the rate of telomeric shortening after day
+100 in comparison to the control group who did not
[43,56]
develop t-MDS/AML. Other studies
also demonstrated
similar observations. These findings corroborate that
increased telomeric loss and telomere dysfunction con
tributes to leukemogenesis and likely precedes the
development of t-MDS/AML in premalignant cells.

TREATMENT AND OUTCOMES
Conventional chemotherapy

Intensive chemotherapy is one of the established thera
peutic approaches to t-MDS/AML and its role has been
investigated in earlier studies. In a retrospective study
of 122 patients with t-MDS/AML at the MD Anderson
Cancer Center, intensive chemotherapy with cytarabine
[58]
yielded a complete remission (CR) rate of 37% .
In the same study, pooled data of 496 patients from
13 different studies revealed a cumulative CR rate of
[58]
27% . No doubt, CRs have been achieved in this and
other early studies on t-MDS/AML, but these rates are
lower and short-lived in comparison to de novo MDS/
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[11,59,60]

AML
. The fatal course of t-MDS/AML is due to
profound and persistent cytopenias due to ineffective
hematopoiesis regardless of the fraction of immature
[61]
blasts accumulating in the bone marrow . In contrast, a
subsequent study reported a surprisingly high CR rate of
82% for t-MDS/AML treated with high-dose cytarabine +
[62]
mitoxantrone .
For therapy-related acute promyelocytic leukemia
(t-APL) and t-AML with good-risk cytogenetics, speci
fically inv(16) and t(8;21), induction chemotherapy is
recommended, similar to the treatment guidelines for
[28]
their de novo counterparts . For t-APL, outcomes are
encouraging with regimens containing all-trans retinoic
[63,64]
acid, as evidenced by two large European studies
.
[64]
One study reported a CR rate of 87% . The other
study reported a CR rate of 80% with actuarial survival
[63]
of 59% at 8 years . Since outcomes with non-trans
plant strategies are encouraging in t-APL, this allows
patients to be spared from the toxicities associated with
allogeneic hematopoietic stem cell transplant (allo-HSCT).
However, recent evidence does not favor the same
recommendations for t-AML with inv(16) and t(8;21) as
these patients have shown shorter event-free and overall
survival in comparison to patients with de novo AML
[65-67]
exhibiting inv(16) and t(8;21)
. This suggests that
these patients may also require allo-HSCT for a durable
cure, as is the case with t-MDS/AML with intermediate[12,61,68]
and poor-risk cytogenetics
. The general conclusion
drawn from literature on the subject is that outcomes of
t-MDS/AML treated with conventional chemotherapy are
[12]
generally poor, with median survival as low as only 6 mo .

center retrospective case series published in 2015
reported relatively inferior outcomes compared to the
aforementioned studies (overall survival: 9.6 mo; overall
[78]
response rate: 35.7%) .
[79]
Prebet et al
recently reported results of the
E1905 study, a phase Ⅱ randomized trial comparing
the effects of combination therapy with azacitidine and
the histone deacetylase inhibitor, entinostat, against
monotherapy with azacitidine. The results showed lower
hematologic normalization rates (17% vs 46% in the
monotherapy arm), shorter overall survival (6 mo vs 13
mo in the monotherapy arm) and increased toxicity in
the combination arm, recommending against the use
of the azacitidine + entinostat combination for t-MDS/
[79]
AML . A predecessor of the same study demonstrated
pharmacologic antagonism of entinostat when added
[80]
to azacitidine . However, the same study showed that
prolonged administration of azacitidine alone increased
the rate of hematologic responses when compared to
standard dosing, representing an area of future research
[80]
interest .

Allogeneic hematopoietic stem cell transplant

The standard approach for most patients with t-MDS/
AML is allo-HSCT, which has consistently been shown
[12,61,68]
to be a potential curative option for t-MDS/AML
.
Outcomes of patients with t-MDS/AML after allo-HSCT,
albeit limited and mostly based on retrospective studies,
are still uniformly poor due to the high-intensity and
transplant-related complications associated with the
procedure and the refractory nature of the disease. For
example, an account of 13 patients receiving allo-HSCT
for t-MDS/AML after auto-HSCT reported that all patients
died of either transplant-related complications (11
patients) or relapse (2 patients) with a median overall
[81]
survival of only 1.8 mo . One study reporting outcomes
of 461 patients estimated a 35% overall survival 3 years
[82]
after allo-HSCT . Another large study involving 306
patients reported a median survival of only 8-10 mo
[35]
and a 5 year overall survival of less than 10% . Other
[68,83-86]
studies have also reported poor outcomes
, with
[86-88]
non-relapse mortality ranging between 54%-58%
.
Since most clinical trials in the AML or MDS arena
have usually excluded t-AML/MDS, to our knowledge,
prospective phase Ⅲ randomized data evaluating the
role of allo-HSCT in t-MDS/AML is lacking.
Some studies have described notable influences
of conditioning regimens on survival rates. In a large
[88]
study by Witherspoon et al , the 5-year disease-free
survival for patients receiving conditioning with busulfan
(BU) targeted to 600-900 ng/mL steady-state plasma
concentration with cyclophosphamide (CY) [(t-BU/CY)]
was 30%, the highest in the patient cohort. Survival rates
were significantly lower for other regimens (standard
BU/CY: 19%; chemotherapy/TBI: 8%) in comparison
to t-BU/CY (P = 0.006). In the same report, the 5-year
cumulative non-relapse mortality was lowest for t-BU/CY
(42%) vs that for standard BU/CY and chemotherapy/

Role of hypomethylating agents in therapy-related
myeloid neoplasms

With suboptimal survival rates for t-MDS/AML after alloHSCT and even lower with conventional chemotherapy,
exploration of alternative treatments and novel therapies
is highly warranted to improve survival in this subset of
patients. Azacitidine has shown promising efficacy in
[69,70]
the treatment of high-risk MDS and AML
with a
limited side effect profile and impressive tolerability,
especially in patients with poor performance status
[71]
and comorbidities . Several recent retrospective
studies suggested notable activity of azacitidine against
t-MDS/AML, with overall response rates ranging from
39%-43% and median overall survival from 14.5-21
[72-74]
mo
. Azacitidine yielded the most benefit and better
[74]
overall survival when used as first-line therapy
and
detailed analysis of these studies showed similar outcomes
between patients with de novo MDS/AML and those
[72,73]
with t-MDS/AML
. A recent retrospective account of
patients treated with azacitidine at the Memorial SloanKettering Cancer Center and patients treated with deci
[75]
tabine in two industry-sponsored clinical trials (D0007
[76]
[77]
and DACO-020 ) was published by Klimek et al .
In a cohort of 42 patients with t-MDS, this account
reported an overall response rate (CR + marrow CR
[77]
+ hematologic response) of 38% . However, a multi
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TBI regimens (52% and 58%, respectively); (P =
[88]
0.02) . Subsequently, an even larger study (including
251 patients) also showed a greater 5-year diseasefree survival for patients conditioned with t-BU/CY
(BU targeted to 800-900 ng/mL steady-state plasma
concentration) of 43% vs that for standard BU/CY,
fludarabine (Flu)/BU, Flu/TBI and high-dose TBI/CY
[87]
(28%, 24%, 23%, 18%, respectively); (P = 0.001) .
This study also showed the lowest 5-year cumulative
non-relapse mortality for the t-BU/CY regimen (28%) vs
high-dose TBI/CY, Flu/TBI and standard BU/CY (53%,
[87]
54% and 61%, respectively); (P < 0.001) .

better in this group in contrast to elderly. Since therapyrelated myeloid neoplasms are relatively uncommon
[8,9]
in young age groups , there is paucity of literature
concerning the prognostic factors and survival in younger
patients. This is a potential area of research interest.
Future studies are warranted to ascertain if different
prognostic factors confer survival advantage in younger
patients with therapy-related myeloid neoplasms, or if
the dismal outcomes in elderly are just a result of sheer
fact of age.
Patients are also immunocompromised from prior
treatment regimens and hence often acquire lifethreatening infections, a well-known and feared cause
of mortality after allo-HSCT. Additionally, relapse of
the primary malignancy, especially metastatic cancer
or disseminated lymphoma, carries its own risks of
[61]
morbidity and mortality . Also, the timing of alloHSCT affects the outlook of patients, as a recent study
demonstrated that those who received allo-HSCT later
[93]
than 6 mo after diagnosis have inferior survival rates .
Thus it is imperative to refer a newly diagnosed case of
t-MDS/AML to a transplant center early.
In addition to disease stage and karyotype, somatic
mutations of specific genes may also have implications
on prognostication. For example, frame-shift mutations of
the nucleophosmin gene, internal tandem duplications of
the fms-like tyrosine kinase 3 gene and double mutations
in the CEBPA gene are now routinely assessed in the
workup of AML patients and incorporated into therapeutic
[94]
algorithms . They have also been observed in t-MDS/
[95,96]
AML
. While these (and perhaps other specific gene
mutations) may have impact on t-MDS/AML prognosis,
these mutations usually occur and have prognostic value
[94]
in cases with normal cytogenetics , a karyotype which
is relatively rare in t-MDS/AML, making their prognostic
utility uncertain in cases of t-MDS/AML.
When taking only t-MDS into account, the Inter
national Prognostic Scoring System, a cornerstone in
the prognostication of patients with MDS, has shown
unsatisfactory ability to predict the outcome of patients
[81]
after treatment . Instead, an alternative prediction
model utilizes the following four factors to gauge survival
for patients with t-MDS and t-AML after allo-HSCT: (1)
age greater than 35 years; (2) poor-risk cytogenetics;
(3) advanced-stage t-MDS or t-AML not in CR after alloHSCT; and (4) donor other than an HLA-identical sibling
[68]
or a matched or partially-matched unrelated donor .
Five-year overall survival varies with the number of these
factors present: None (50%), 1 (26%), 2 (21%), 3
[68]
(10%) and 4 (4%) . Male sex has also been indicative
[86]
of poor outcomes . A proposed algorithmic approach
to patients with therapy-related myeloid neoplasms is
elaborated in Figure 1.

Factors affecting outcomes

The dismal outlook of these patients is likely multifac
torial, resulting from relapse-related and/or non-relapserelated mortality. The likelihood of relapse significantly
correlates with disease stage. For example, a report from
the Fred Hutchinson Cancer Research Center showed
varying rates of relapse among their patient cohort (no
relapses in the refractory anemia/refractory anemia with
ringed sideroblasts group; 22% relapse in the refractory
anemia with excess blasts group; and 36% relapse in the
refractory anemia with excess blasts in transformation/
[85]
[88]
AML group) . Another study reported similar findings .
Likewise, disease karyotype also correlates with relapse
rate. The impact of karyotype on outcomes in both
de novo and t-MDS/AML were compared in large pro
spective studies which showed disease karyotype to
be an independent prognostic factor in both groups,
with poor-risk cytogenetic abnormalities more common
[84,89]
in the t-MDS/AML group
. An optimized, 3-group
[90]
cytogenetic classification proposed by Armand et al
was found to be the strongest predictor of overall
survival in t-MDS/AML by its impact on relapse risk
after allo-HSCT. Through this classification, cytogenetic
abnormalities in these patients were divided into goodrisk [normal, -5, (del)20q or -Y], poor-risk (chromosome
7 abnormalities, complex karyotype) and intermediate[90]
risk (all others) . Also, relapses are less likely with
unrelated donor transplants, likely due to a more potent
[12,91]
graft vs leukemia effect
and lower peripheral blood
blast count (correlating with early-stage disease and low
[92]
disease burden) .
Other outcome parameters after allo-HSCT have
been scrutinized. Patient performance status strongly
[79]
influences survival . Treatment for the primary malig
nancy causes injury to various organ systems and
depletion of normal hematopoietic progenitors, diminishing
the patients’ ability to withstand the intensive nature
and toxicities associated with allo-HSCT. In addition,
damage to bone marrow stromal elements from prior
therapy (especially radiotherapy) alters the bone marrow
microenvironment, making hematopoietic regeneration
[61]
more difficult . Younger patients (children, adolescents,
young adults) have a better bone marrow reserve and
better ability to withstand the toxicities associated with
multiple treatments (both for the primary disease and
[4]
allo-HSCT) , hence it would be expected that survival is
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Diagnosis of therapyrelated myeloid neoplasms

ECOG performance
1
2
status and/or HCT-CI
ECOG grades
3 - 4 and/or
HCT-CI ≥ 4

ECOG grades 0-2
and/or
HCT-CI < 4
Cytogenetic
abnormalities

Supportive
care/palliation

Good-risk
[including inv(16) and
t(8;21)]

t(15;17)/APL
Treat as de
novo APL

Intermediate-risk
(including normal
karyotype)

Poor-risk

Low disease burden

ATRA + chemotherapy
with or without arsenic
trioxide

Standard induction
chemotherapy
Consider allogeneic
stem cell transplant
Assess with
3
Litzow index

Clinical trial or
standard induction
chemotherapy

Consider allogeneic
stem cell transplant

Consolidation
chemotherapy
(e.g. , HiDAC)

Assess with
3
Litzow index

Litzow index < 3
Litzow index < 3

High disease
burden

Litzow index ≥ 3

Litzow index ≥ 3
Proceed to allogeneic
stem cell transplant

Proceed to allogeneic
stem cell transplant

Figure 1 Algorithmic approach to patients with therapy-related myeloid neoplasms. 1Oken et al[109]; 2Sorror[110]; 3Litzow et al[68]. ECOG: Eastern Cooperative
Oncology Group; APL: Acute promyelocytic leukemia; ATRA: All-trans retinoic acid; HiDAC: High-dose cytarabine; HCT-CI: Hematopoietic cell transplant-co-morbidity
index.

sures for early detection of this disorder would allow for
timely and pre-emptive treatment approaches, such as
reduced intensity conditioning allo-HSCT. This approach
would yield substantial advantages as opposed to
waiting for the development of overt t-MDS/AML, when
disease burden is higher and requires more intensive
therapy which can have its own risks of morbidity and
[28]
mortality . In this section we will outline some methods
for prediction and/or early detection of t-MDS/AML in
patients at risk.
Metaphase cytogenetics and karyotyping analyze
actively dividing cells, though the number of cells
[44]
analyzed is limited (20-30 cells) . It is worthy of note
that patients developing t-MDS/AML, for example after
auto-HSCT, may not show karyotypic abnormalities
before the procedure. Conventional cytogenetics may
lack sufficient sensitivity and specificity to efficiently
recognize patients with increased predisposition to t-MDS/
[16,44]
AML
.
Interphase fluorescence in situ hybridization (FISH)
offers several advantages over conventional cytogenetics,
mainly the lack of need for cells to be actively dividing
and the ability to analyze a greater number of cells (several
[44]
hundreds) . FISH is also able to detect abnormal clones
prior to auto-HSCT. For example, in one report, FISH was
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able to detect clonal abnormalities in 9 out of 12 patients
(75%) who later developed t-MDS/AML after auto[97]
HSCT . In another study, FISH identified abnormal cell
clones in 20 out of 20 patients who went on to develop
[98]
t-MDS/AML . Identification of clonal abnormalities in
a high percentage of cells may indicate proliferative and
survival advantages and foreshadows development of
[44]
t-MDS/AML . However, the locus specificity of FISH
requires prior selection of multiple markers for adequate
analysis and its labor- and time-intensive methodology
[44]
are notable limitations .
Loss of heterozygosity (LOH) employs a polymerase
chain reaction (PCR) analysis of a selected sample to
detect loss of one allele at a specific locus and large
chromosomal deletions. This technique is also labor- and
time-intensive and is a population-based assay that re
quires prior selection of loci to be analyzed. In addition,
its sensitivity is poor, unable to detect less than 20%
[44]
cells for LOH of a selected locus . Nevertheless, it may
have impressive specificity, as a positive result suggests
an abnormal cell clone. Thus, LOH may prove to be a
viable “rule-in” test in this context and may be followed
by more sensitive techniques, such as high-throughput
[44,99]
analysis and next-generation sequencing (NGS)
.
However, prospective studies with large numbers of
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patient samples are needed to ascertain its validity as a
predictor of t-MDS/AML.
Clonality assay based on X chromosome-inactivation
at the human androgen receptor gene is another useful
method. This is a PCR-based technique that does not
require information about loci prior to analysis and detects
abnormal clones with survival/proliferative advantage
[44]
over normal polyclonal cells . In a single center study
[100]
by Mach-Pascual et al , monoclonal hematopoiesis, as
indicated by X-inactivation-based clonality at the human
androgen receptor locus, prior to auto-HSCT was predic
tive of the development of t-MDS/AML. Four out of 10
patients (40%) demonstrating monoclonal hematopoiesis
before transplant subsequently developed t-MDS/AML vs
only 2 out of 53 patients with polyclonal hematopoiesis
[100]
(P = 0.004) . However, this method is limited by the
need for high numbers of monoclonal cells to be present for
diagnosis (low sensitivity) and its applicability only to female
[44]
+
patients . Altered gene expression in CD34 progenitors
[101]
may also be used. A large study by Li et al
showed
that a 38-gene panel analyzing gene expression in
+
peripheral blood CD34 progenitors showed remarkable
ability to distinguish patients who would eventually
develop t-MDS/AML from those who would not develop
the complication after auto-HSCT. The implication of this
study is that development of t-MDS/AML requires the
acquisition of mutations in multiple genes as opposed to
[44]
just one gene . Additionally, due to different kinds and
combinations of mutations, patients with this disorder
show significant heterogeneity with multiple subtypes.
Therefore, characterization of single gene mutations may
not have a satisfactory predictive value in identifying
[12,28,44]
patients prone to developing t-MDS/AML
.
Significant advances have happened for identification
of unique biomarkers associated with leukemias which
is mainly driven by gene expression analysis and NGS,
which have the potential to significantly improve the
diagnostic and prognostic criteria. The utilization of a
signature NGS panel for each disease (e.g., AML, ALL,
[102,103]
MDS, etc.) is increasing worldwide
. In t-MDS/AML,
the impact of NGS panel on long term outcomes are
awaited. What we do know is some of clonal mutations
with known association with leukemogenesis, i.e., TET2,
[104,105]
DNMT3A, and ASXL1
, if found in a patient who
is at risk of t-MDS/AML may predict a high likelihood
of developing t-MDS/AML. Caution must be exercised
with such an approach, as some cases of t-MDS/AML
may have germline mutations in cancer susceptibility
[106]
genes , thus a careful family history to discover cancer
susceptibility is warranted in at-risk patients.
In summary, when a bone marrow biopsy is being
obtained for work up for cytopenias in an at-risk patient
(e.g., cancer survivor who received chemotherapy or
radiation), obtaining an NGS panel specific for MDS and
AML should be considered.

genesis of t-MDS/AML, development of risk reduction
strategies is a certain possibility. Standardized screening
tests, including but not limited to the ones discussed in the
previous section, may help identify patients at substantial
risk. Accordingly, alterations of chemotherapeutic regi
mens and treatment modalities may be made under
a risk-adapted model, thereby minimizing the risk of
t-MDS/AML while providing adequate treatment to the
[12]
underlying malignancy .
In the context of high-dose chemotherapy and autoHSCT, modifications can be made to stem cell mobiliza
tion and harvesting and pre-transplant conditioning
regimens, circumventing the use of alkylating agents,
topoisomerase inhibitors and radiotherapy, to eliminate
as many risk factors as possible. Specific FISH loci,
such as 5q-, 7q-, +8, -11 and 20q-, may be screened
preemptively to predict outcomes when any specific
[44]
abnormalities in blood work are being worked up .
Alternatively, if the risk of t-MDS/AML is substantial
(for example, in the case of hematologic malignancies
evidence of cytogenetic or FISH abnormalities prior to
transplant and high risk disease), these patients can be
offered other therapeutic options, such as pre-emptive
work up for allo-HSCT (HLA typing) and non-transplant
modalities (emerging novel therapies and targeted agents).

CONCLUSION
There is much needed effort for further exploration and
validation of biomarkers specifically for t-MDS/AML to
develop a viable risk assessment tool for this subgroup
of patients. When it comes to cancer survivorship, we
urge the current professional societies, e.g., National
Comprehensive Cancer Network, American Society
of Clinical Oncology, and European Society for Medical
Oncology to consider screening the at-risk population
of cancer survivors for t-MDS/AML, at least with a
complete blood count with peripheral smear annually,
which is a relatively simple and economically feasible
option for screening for t-MDS/AML.
Lastly, most of the large randomized studies in the
arena of AML and MDS have traditionally excluded t-MDS/
AML and thus prospective phase Ⅲ data for t-MDS/AML
with regards to outcomes is absent. It is imperative that
prospective clinical trials be conducted specifically for
t-MDS/AML to delineate optimum treatment options.
The cancer community has accomplished a lot in the
past five decades in alleviating the burden of cancer
by improvements in both radiation and chemotherapy
fields, and current efforts on personalized or indi
vidualized medicine are looking very promising for
further improvements in decreasing cancer mortality.
[107,108]
However, as the cancer survivors are living longer
,
the incidence of t-MDS/AML continues to increase and
currently is one of the fastest growing cancers worldwide.
Efforts must be made by clinicians and researchers
globally for establishment of risk reduction strategies for
this fatal cancer.

RISK REDUCTION STRATEGIES
Based on our knowledge of the risk factors and patho
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