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Introduction

Therapy-related myelodysplastic syndromes (t-MDS) and
acute myeloid leukemia (t-AML) are known complications of
therapy given to treat a spectrum of hematologic and epithe-
lial malignancies, with incidence rates varying between 0.2-
1% after adjuvant breast cancer therapy to as high as 10%
after autologous stem cell transplant for lymphoma.1-3 The
unique etiology of t-MDS/AML prompted the creation of a
distinct ‘therapy-related myeloid neoplasms’ category within
the World Health Organization (WHO) classification.4 The
development of t-MDS/AML has been linked to exposure to
specific chemotherapy agents and ionizing radiation.
Deletion of chromosomes 5 and/or 7 commonly occurs in the
context of prior exposure to alkylating agents with disease
usually arising 5-7 years after exposure.5 Topoisomerase II
inhibitor exposure has been associated with balanced translo-
cations involving MLL at chromosome 11q23, a shorter laten-
cy period (2-3 years), and abrupt onset of AML.6

Although t-MDS/AML is classified as a separate entity and
is associated with overall poorer prognosis, patients with t-
MDS/AML receive standard induction and consolidation
therapy followed by allogeneic transplantation whenever
possible, since there is no known unique biological feature
that can be targeted with existing therapies.7 In addition, clin-
ical trials frequently exclude t-MDS/AML patients, resulting
in fewer treatment options and missed opportunity to gain
insight into disease biology. Outcomes with standard therapy
are generally poor, with an estimated median survival of
between 8 and 16 months.8,9 Allogeneic stem cell transplanta-
tion remains the only potentially curative option, but the
overall cure rate is lower than for de novoMDS/AML, perhaps
due to the higher incidence of poor risk cytogenetics in t-
MDS/AML.10-12 Using targeted sequencing, a recent study by

Bejar et al. identified mutations in five genes which predicted
inferior clinical outcomes in de novo MDS.13 These mutations
were found to confer significant prognostic value independ-
ent of the International Prognostic Scoring System (IPSS). In
AML, the negative impact of FLT3 mutations on prognosis is
widely recognized, and preliminary data has also shown that
specific somatic mutations may correlate with response to
therapy in MDS and in AML.13-16 However, the frequency and
impact of known somatic mutations on clinical outcomes and
response to therapy in t-MDS/AML have not been the subject
of systematic study. To generate a preliminary assessment of
the frequency and impact of such mutations, we studied sam-
ples from t-MDS/AML patients and correlated our findings
with clinical features and outcome.

Design and Methods

Patient selection
Eligible patients had a documented history of a benign or malignant

condition for which they had received chemotherapy and/or radia-
tion therapy prior to the diagnosis of MDS or AML. Study cases
included those with untreated or previously treated active t-MDS or
t-AML with available viably cryopreserved mononuclear cells. All
patients provided informed consent for research sample procurement
using Memorial Sloan-Kettering Cancer Center (MSKCC) institution-
al review board approved protocols.

Cell separation
Mononuclear cells were separated using fluorescence activated cell

sorting (FACS) for bone marrow samples or affinity column immuno-
magnetic separation for peripheral blood samples. Lymphocytes were
separated from the mononuclear cell fraction by labeling for CD19,
B220, CD3, CD4, and or CD8 in both methods. FACS was performed
on a BD Biosciences FACS Aria cell sorter. Affinity column selection
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Therapy-related myelodysplastic syndromes and acute myelogenous leukemia comprise a poor-risk subset of
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SF3B1. We identified somatic mutations in 16 of 38 (42%) patients. TP53 mutations were the most common
lesion, detected in 8 of 38 (21%) patients, followed by TET2 in 4 of 38 (10.5%). Cases with a TP53 mutation or
loss of the TP53 locus had a worse overall survival compared to those with wild-type TP53 (8.8 vs. 37.4 months;
P=0.0035).
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was performed using a Miltenyi magnetic cell separation device
according to the manufacturer’s instructions.

Exon sequencing
DNA was prepared from the myeloid cell fractions using the

Qiagen DNA Mini Kit or Puregene Kit. Genomic DNA was then
subjected to genome wide amplification using phi29 polymerase.
Exons were sequenced following polymerase chain reaction (PCR)
amplification and bi-directional Sanger sequencing as previously
described.16 Target genes included TP53, TET2, DNMT3A, ASXL1,
IDH1, IDH2, EZH2, EED, SUZ12, RBBP4, SRSF2, U2AF35, and
SF3B1. Traces were reviewed using Mutation Surveyor (Soft
Genetics). Variants not in COSMIC were validated by repeat PCR
and Sanger sequencing of the primary unamplified sample using
lymphocyte DNA as a matched normal control.

Statistical analysis
Survival probabilities were estimated by the Kaplan-Meier

method and analysis comparison was performed using a log rank
(Mantel-Cox’s) test. Association of TP53 and cytogenetic abnor-
malities was determined using the χ2 test.

Results and Discussion

The study cohort included 38 t-MDS/AML patients
with cryopreserved mononuclear cells (n=23 bone mar-
row aspirate, n=15 peripheral blood) and a history of pri-
mary solid tumor or hematologic malignancies. All
patients had received prior chemotherapy or radiation, or
a combination of therapies including chemotherapy and
radiation with or without autologous stem cell transplant.
The median age was 65 years (range 34-83). The median
latency time from the start of therapy for the primary
malignancy to the diagnosis of t-MDS/AML was 5.7 years
(range 0.7-30.8). Patients’ characteristics are shown in
Table 1.
Mutations were identified in 8 of the 13 genes analyzed

(Table 2).  Four cases had more than one somatic point
mutation in the same sample (Figure 1 and Table 3).
Mutations in TP53 and TET2 were most common, occur-
ring in 21% (8 of 38) and 10% (4 of 38) of cases, respec-
tively. Mutations in the other target genes occurred at a
frequency of less than 10% (Table 2). TP53 mutations
were more common in our t-MDS/AML cohort compared
to previous reports of de novo AML.13,17,18 No SF3B1 muta-
tions were observed; however, no patients in this cohort
had ringed sideroblast-associated morphology, which is
closely associated with SF3B1mutations.18 Samples with a
higher (>5%) blast percentage were more likely to have
somatic point mutations or loss of TP53 (10 of 12) com-
pared to those with lower (≤5%) blast percentage (10 of
26). This finding may be explained by differences in dis-
ease biology, or by a limitation of Sanger sequencing in
detecting rare clones. Most mutations were found in a het-
erozygous state, except in 2 patients for TP53 and 2
patients for TET2 in which more than one mutation was
identified suggesting biallelic compound heterozygous
mutations.
Somatic mutations were identified in 16 of 38 (42%) of

cases studied and among these, 8 received prior
chemotherapy alone, 3 received radiation alone, and 5
received combined modality therapy. We noted that only
one of 9 patients exposed to alkylating agents without
topoisomerase inhibitors developed a somatic mutation in

the specific genes examined, compared to 11 of 22
patients who received both alkylating agents and topoiso-
merase inhibitors (Figure 1). A larger cohort is needed to
verify whether the combination of alkylator agents and
topoisomerase inhibitors is associated with an increased
frequency of somatic mutations in t-MDS/AML.
Given the increased frequency of TP53 mutations (8 of

38) in our series, we also assessed for evidence of TP53
loss as a result of 17p deletion by performing fluorescence
in situ hybridization (FISH) and through analysis of kary-
otype results. Deletion of chromosome 17p was observed
in 15% (6 of 38) of cases. Two of these cases had concur-
rent somatic TP53 mutations, and thus 25% (2 of 8) of
patients with somatic TP53 mutations had evidence of
loss of heterozygosity and biallelic TP53 inactivation. In
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Table 1. Patients’ characteristics at time of sample collection. 
Age- median (range) 65 (34-83)
Sex- male/female 20/18
IPSS risk category n (of 38)
Low  3
Intermediate-1 8
Intermediate-2 11
High 5
Missing IPSS parameter(s) 7
AML by WHO criteria
20-30% marrow blasts 2
> 30% marrow blasts 4
Primary malignancies
2 or more malignancies 3
Acute myelogenous leukemia 1
Gastrointestinal 4
Breast 4
Hodgkin's lymphoma 3
Melanoma 2
Non-Hodgkin's lymphoma 12
Ovarian 1
Prostate 3
Sarcoma 2
Thyroid 3
Therapy for primary malignancy
Chemotherapy alone 15
Radiation alone 6
Chemotherapy/radiation 12
Chemotherapy/autoSCT 2
Chemotherapy/radiation/autoSCT 3

Table 2. Mutation frequency in t-MDS/AML (n of 38) compared to
reported frequencies in de novo MDS13, 17-19 and de novo AML.14-16, 18, 20-
22

de novo de novo Therapy-related 
MDS % AML % % (n.)

TP53 7.5 14 21 (8)
TET2 20.5 8 to 23 10.5 (4)
EZH2 6.4 rare 2.6 (1)
DNMT3A 8 22 7.9 (3)
SRSF2 12.4 0.7 7.9 (3)
IDH1/2 3.5 15 2.6 (1)(IDH1)
ASXL1 14.4 3 2.6 (1)
U2AF35 7.3 1.3 2.6 (1)
SF3B1 20 5 0 (0)



addition, 2 of the 8 samples with mutated TP53 harbored
more than one mutation in TP53, consistent with func-
tional loss of the wild-type allele. Thus 10.5% (4 of 38) of
cases had possible complete loss of TP53 function.
Of the 12 cases with either a somatic TP53 mutation or

cytogenetic abnormality resulting in loss of TP53, 91% (11
of 12) had poor risk (≥ 3 abnormalities) cytogenetics
(P<0.01) and 83% (10 of 12) had monosomy 5 or del5q
(P<0.01). Fifty percent (6 of 12) had concurrent loss of
chromosome 7 or 7q (P=0.16). There were not enough
cases with other individual mutations to assess an associ-
ation with cytogenetics. Of the 8 remaining cases with
mutations other than TP53, one had a chromosome 7
abnormality, one had complex cytogenetics, and none had
chromosome 5 abnormalities. Of the 4 cases with 2 or
more somatic mutations that did not include mutated
TP53, 2 had normal cytogenetics. This suggests that t-
MDS/AML with mutations in the genes we studied, other
than TP53, may have a distinct biology compared to TP53
mutant disease.
We next examined overall survival in patients with and

without TP53 loss (del17p by karyotype or FISH) or muta-
tion (Figure 2). Patients with TP53 loss or mutation had a
median survival of 8.8 months compared to 37.4 months
in those with wild-type TP53 (P=0.0035). These data con-
firm the poor outcomes reported by others in patients
with solid tumors, de novoMDS, and t-MDS/AML harbor-
ing TP53 mutations.13,23 There were insufficient cases to
determine whether TP53 alterations were associated with
a worse survival independent of IPSS category, as has been
shown for de novo MDS,13 although IPSS was associated
with prognostic relevance in this cohort (data not shown).
There were not enough cases to draw conclusions regard-

ing prognosis associated with other somatic mutations. 
As expected, we noted that of the 30 patients exposed

to alkylating agents, 67% (20 of 30) had abnormalities in
chromosome 5 and/or 7. Of the 23 patients exposed to
topoisomerase II inhibitors (n=23 anthracyclines, n=6
etoposide), only 2 had abnormalities involving the MLL
gene at chromosome 11q23 by FISH analysis, and 20 were
FISH negative. An additional 2 patients in our cohort had
11q23 abnormalities by FISH, one who received radiation
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Figure 1. Somatic point mutations and cytogenetic abnormalities in tMDS/AML patients.  Each column represents 1 patient.  Gray, present
or received (treatment agent or modality).  X, unavailable data. 17p loss detected by karyotype or FISH.  #11q23 rearrangement or ampli-
fication.  *AML sample.  For “Sample type”: gray, BM sample; white, peripheral blood.  For “Blast percentage”: black, greater than or equal
to 20%; gray, between 5% and 20%; white, less than 5% (in sample at time of collection).  

Figure 2. Survival of t-MDS/AML patients worsens with TP53 alter-
ations. Median Survival of TP53 mutant/17p loss patients 8.8
months vs. TP53 wild type 37.4 months. (P=0.0035) by log-rank
(Mantel-Cox) test.  Table below graph, number of patients at risk at
designated time points.
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alone and the other, radiation with an alkylating agent. It
does not appear that exposure to topoisomerase II
inhibitors in this cohort was a significant predisposing fac-
tor in developing MLL gene rearrangements. When
patients with molecular and cytogenetic abnormalities are
combined, 89% (34 of 38) had at least one genetic alter-
ation.
This study suggests that t-MDS/AML has a distinct

molecular profile compared to de novo MDS/AML.

Although the genetic lesions and cytogenetic abnormali-
ties may be similar, the mutation frequencies are different
in classically mutated genes, such as TP53, and in some of
the epigenetic modifiers and splicing genes included in our
study.  In other cancer types, molecular profiling has been
used to improve the accuracy of prognostic models and
predict the likelihood of response to therapy. In t-
MDS/AML, it is clear that mutations in TP53 are common
and are associated with inferior clinical outcomes, which
may be related to the accumulation of genetic abnormali-
ties associated with its loss of function.23 Recent reports on
the predictive value of TET2 mutations in de novo MDS
patients responding to 5-azacytidine and DNMT3A and
NPM1 mutations in AML patients receiving high-dose
daunorubicin suggest that mutational profiling can predict
the pre-treatment likelihood of response to
chemotherapy.16,24 An extended survey of gene mutations
in a larger number of t-MDS/AML patients receiving
chemotherapy or hypomethylating agents may likewise
determine if response can be predicted on the basis of
mutational profiling.
As cancer survivorship improves, the incidence of t-

MDS/AML will likely increase.  Through a better under-
standing of the molecular underpinnings of this poor-risk
MDS/AML subtype, we hope to improve prognostic mod-
eling and treatment options for these patients.
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