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ARTICLE INFO ABSTRACT

Keywords: The cure rate for several solid tumour malignancies including breast cancers, head and neck
Secondary myeloid neoplasm cancers, bone cancers, and sarcoma has improved remarkably with the advent of neoadjuvant
Myelodysplastic syndrome and adjuvant therapies. Unfortunately, exposure to chemotherapy or radiation as a part of these

Acute myeloid leukaemia treatments exposes patients to the risk of subsequent myeloid malignancies. Therapy related

myeloid malignancies have certain characteristic findings. They typically arise within 10 years of
treatment exposure, they are seen in younger patients, and the greatest risk is in patients who
receive therapy with alkylating agents or topoisomerase II inhibitors. Solid tumours whose
therapies utilize these agents at higher doses, namely bone/soft tissue cancers, testicular cancer,
anal cancer, and brain tumours, appear to be the groups at highest risk for T-MN. Beyond these
patients, emerging populations diagnosed with T-MN include prior platinum exposure, and pa-
tients requiring G-CSF support with chemotherapy.

1. Introduction

Solid tumours including those arising from organs such as lung, breast, colorectal, and prostate contribute to the vast majority of
cancer diagnoses worldwide. With advances in early diagnosis and definitive therapy, a significant proportion of these patients are
considered cured. As of Jan 2016, the US has nearly 15.5 million cancer survivors. The number of survivors is projected to increase to
20.3 million by the year 2026 [1]. Unfortunately, some of these patients with a previously treated solid tumour subsequently develop
a haematological neoplasm of myeloid lineage. Most commonly, the practice of using chemotherapy or radiotherapy (RT) to treat
patients with solid tumours is thought to increase the risk of developing a spectrum of myeloid neoplasms known as therapy related
myeloid neoplasms. This group of hematologic malignancy is widely recognized as an emerging challenge in the current era, given
that newer therapies are improving the life expectancy of patients with solid tumours. The World Health Organization (WHO) 2001
classification initially described this entity as either therapy related acute myeloid leukaemia (t-AML) and therapy related myelo-
dysplastic syndrome (t-MDS) [2]. Both these subtypes have common clinical features and very poor prognosis which led to the
revision of nomenclature in the 2008 WHO classification that merged these two subtypes under one entity “therapy related myeloid
neoplasm”(T-MN) [3]. Apart from T-MN, other malignancies such as chronic myeloid leukaemia (CML) and myeloproliferative
neoplasm (MPN) have also been described after treatment of a prior solid tumour malignancy, although the causal relationship
between solid tumours and these myeloid neoplasms is not well established [4,5].

Prognosis of T-MN has generally remained dismal with an overall survival (OS) ranging from 8 to 10 months [6]. Factors such as
biological resistance to treatment, adverse cytogenetic features, comorbid conditions, and poor bone marrow reserve from prior
chemotherapy leading to inability in tolerating intensive treatments have adversely affected the prognosis of this disorder. In the
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recent era, strategies such as newer chemotherapies and allogeneic hematopoietic cell transplantation, along with better supportive
care and offer hope for an improvement in the outcomes of these patients in the future. In this review, we will primarily focus on the
factors contributing to the development of myeloid neoplasms after therapy for prior solid tumours.

2. Epidemiology

Therapy-related myeloid neoplasms represent only a small portion of newly diagnosed AML, estimated at < 10% of the newly
diagnosed cases. Our most recent study of T-MN using the SEER database from US demonstrated an incidence of 0.13/100,000
individuals, and this is consistent with the incidence described from other parts of the world [8,9]. The median age at diagnosis is 65
years, and most of these patients are females, thought due to the high incidence and prevalence of breast cancer requiring therapy
[8]. Minority races have been found to have a lower disease incidence than whites, hypothesized due to the disparities in access to
care and a shorter survival in the context of primary malignancy [8,10].

The median latency period to develop T-MN is typically between 1 and 10 years, with the highest risk in the first 5 years. Younger
age at exposure to chemotherapy has been linked to an increased risk of subsequent development of T-MN [7]. Although therapy for
any solid malignancy can predispose to this disorder, the risk appears to be pronounced for bone/soft tissue, testes, and ovary [7].
Among patients treated with chemotherapy and/or radiation for any tumour, the estimated risk of developing subsequent therapy
related AML is 4.70 times greater compared to general population [7]. Due to evolving treatment strategies in a number of solid
tumours, the risks for T-MN after a preceding solid tumour is changing. Morton et al. found that patients with oesophageal, cervical,
prostate, and anal cancers treated with chemotherapy had elevated risk of t-AML after the year 2000, and a similar trend was also
seen after treatment for bone/joint and endometrial cancers since 1990s [7]. However, the risk was found to be decreasing over time
since 1975 for patients with ovarian cancer, possibly due to the changes in the use of cytotoxic regimens for these diseases over time

[71.
3. Risks from chemotherapy

Alkylating agents and topoisomerase inhibitors are two most common groups of drugs that have been long linked to the de-
velopment of therapy-related myeloid neoplasms with differing characteristics [11]. However, there are reports of T-MN arising from
other agents as well as described below. Over the years, an increase in the proportion of solid tumour patients treated with che-
motherapy has been observed, particularly for cancers of head/neck, oesophagus, gastric, colorectal, anal, lung, female breast, cervix,
and brain [7] which potentially contributes to the temporal rise in T-MN cases.

3.1. Alkylating agents

Alkylators are one of the oldest anticancer agents used for the treatment of solid tumours, derived from the first alkylator —
nitrogen mustard. Initially, this was used as a chemical weapon particularly during the World Wars, and subsequently noted to have
bone marrow suppressive properties. The seminal work by Gilman and Goodman demonstrated the activity of these agents in
lymphomas that led to the FDA approval of mechlorethamine in 1949 [12]. Common alkylators used for the treatment of solid
tumours include cyclophosphamide, ifosfamide, and temozolomide. Previously utilized agents include melphalan, which were once
used for the treatment of solid tumours like breast cancer are not commonly used anymore. Overall, about 21% of patients received
an alkylating agent as part of initial cancer therapy [43].

The leukemogenic potential of alkylators has been known for many years, characterized by a longer latency period that is often
preceded by myelodysplasia related changes. Many prior series have demonstrated that chromosomal deletions involving the 5q and
7q regions are common in these patients [13,14]. These chromosomal losses often lead to defects in several genes that are involved in
haematopoiesis and trigger the progression to leukaemia [15,16]. While alkylators generally work by adding an alkyl group to the
guanine base of the DNA leading to impaired replication and transcription, the leukemogenicity is potentially a two-step process with
chromosomal loss and the resultant tumour suppressor allele loss being the first hit, followed by second hit that transforms into
leukaemia [17]. This also explains the long latency period and antecedent myelodysplasia related changes in these patients.

3.2. Topoisomerase inhibitors

DNA topoisomerases are enzymes that are critical for cellular function by regulating DNA winding through removal of knots and
tangles [18]. They execute important cellular activities such as ensuring DNA stability during replication. Inhibitors of topoisome-
rases cause cell damage by trapping the enzymes in covalent complexes on the DNA and can be classified into two types- Topoi-
somerase I inhibitors such as irinotecan, topotecan and topoisomerase II inhibitors such as etoposide, doxorubicin, daunorubicin and
mitoxantrone. They are used in the treatment of many solid tumours such as lung cancer, colorectal cancer, pancreatic cancer,
prostate cancer and sarcomas. The most recent studies estimate that only 12% of patient received a topoisomerase II inhibitor as part
of initial cancer treatment [43].

Topoisomerase inhibitor associated T-MN is characterized by a shorter latency period of 1-2 years from exposure, typically
without any antecedent myelodysplastic syndrome (MDS). The occurrence of t-MN also appears to depend on the specific regimen,
total dosage, and the schedule employed. Importantly, an association between t-MN from these agents and abnormalities in the MLL
gene at chromosome 11q23 had been identified with a different natural history and clinical features as originally described by

41



G.S. Guru Murthy and S. Abedin Best Practice & Research Clinical Haematology 32 (2019) 40-46

Pedersen-Bjergaard and colleagues [19]. The MLL gene affected by these agents usually encodes a multidomain transcriptional
regulatory protein involved in epigenetic regulation of several pathways. It is unclear how topoisomerase inhibitors induce T-MN, but
appears that the characteristic chromosomal abnormalities are initiated through DNA breaks from these agents rather than selection
of pre-existing clones which harbour these translocations in the marrow [18].

3.3. Other cytotoxic agents

The risk of therapy related myeloid neoplasm with other commonly used cytotoxic agents is less known given the lack of sys-
tematic studies exclusively focusing on these agents. More often, it becomes difficult to separate the risk associated with these agents
as they are often given along with alkylators or topoisomerase inhibitors as a part of combination chemotherapy. Nevertheless, there
are reports of therapy related leukaemia and MDS associated with platinum agents, 5-FU, capecitabine, and taxanes [20-23]. Pla-
tinum agents, which include carboplatin and cisplatin, have seen increased use among lung cancer, gastrointestinal cancers, head and
neck cancers, and ovarian cancer, and overall 60% of all patients receiving initial chemotherapy receive a platinum agent. Therefore,
as these agents are increasingly being incorporated into solid tumour regimens, there is a need for more research to further define the
association, and also the mechanism by which these agents drive development of T-MN.

3.4. Newer agents

In addition to conventional chemotherapeutic agents, newer agents such as poly ADP polymerase (PARP) inhibitors have been
associated with a risk of t-MN [24,25]. PARP includes a family of multifunctional enzymes that influences cell differentiation and
repair of DNA breaks. Inhibition of PARP leads to accumulation of DNA breaks at replication forks and resultant tumour cytotoxicity
in patients who lack DNA repair complexes such as BRCA1 and BRCA. The current FDA approved PARP inhibitors include olaparib,
rucaparib, and niraparib for the treatment of patients with advanced ovarian cancer. In addition, many other solid tumours are
currently investigating the role of PARP inhibitors either in clinical trials or as off-label use based on the molecular profile. Although
the mechanism behind therapy myeloid neoplasm arising from PARP inhibitors is unclear, additional defects in DNA repair pathways
could increase this risk and needs to be explored in the future.

4. Risks from radiation therapy

While the role of chemotherapy in the pathogenesis of t-MN has been well studied, radiation induced t-MN had been difficult to
study as most of the radiation therapy (RT) approaches also concurrently use chemotherapy. A recent population-based cohort study
from the US by Teepen et al. has provided some information on the individual risk of t-MN after RT [26]. In this study, they included
patients with thyroid, prostate, and uterine cancers treated exclusively with RT from 2000 to 2013. This showed a significantly
elevated risk of myeloid malignancies in these patients. The risk of AML after RT was elevated in patients with thyroid cancer
(SIR = 2.77), prostate cancer (SIR = 1.14), and uterine cancer (SIR 1.77), including the individual subtypes of AML such as those
with cytogenetic abnormalities, APL, and AML with myelodysplasia-related changes. They also found an increased risk of CML after
RT for thyroid cancer (SIR = 5.38) and prostate cancer (SIR = 2.11). No significant risk for MPNs and MDS/MPNs were reported.
Factors such as the type and dose of RT play an important role in the risk of developing subsequent myeloid neoplasms. While the
latency period for development of t-MN is longer after chemotherapy, the risk appears to be shorter after exposure to agents such as
radioactive iodine for treatment of thyroid cancer (median 2.9 years) [27]. It has also been postulated that radiation exposure is
effective in inducing balanced chromosomal translocation that can lead to development of CML [28].

5. Risks from growth factor use

Increasing use of intensified chemotherapy regimens, as well as increasing treatment of frailer, or older patients with solid
tumours has led to increased incorporation of growth factors such as G-CSF during cancer therapy. G-CSF, through stimulation of
haematopoiesis during a period of chemotherapy exposure, has been hypothesized as a risk factor for subsequent T-MN development.
In a study evaluating risk factors among breast cancer patients who subsequently developed T-MN, G-CSF use, independent of
chemotherapy or radiotherapy, was associated with an increased risk (RR = 4.16; 95% CI, 1.2-14.3, P = 0.02) for T-MN develop-
ment [29]. This increased risk was additionally discovered among patients enrolled in an NSABP adjuvant chemotherapy study who
subsequently developed T-MN [30]. Finally, a systematic review including non-breast cancer patients, compared T-MN rates among
patients receiving chemotherapy with growth factor compared to without [31]. This demonstrated a higher relative risk (1.92, 95%
CI 1.19-3.07, P = 0.007) of T-MN among patients who received growth factor [31].

6. Pathogenesis

T-MN results from a complex interplay of several factors such as age, genetics, environment, and therapeutic modalities such as
chemotherapy or radiation. Over the last few years, several studies have tried to address the pathogenesis of this disorder. While the
exact mechanism by which it arises is still unknown, several possible underlying mechanisms have been proposed. Exposure to
chemotherapeutic agents such as alkylators or topoisomerase inhibitors was initially thought to induce direct DNA damage resulting
in adverse chromosomal alterations and genetic mutations that evolve into T-MN [32].
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Exposure to agents that induce DNA damage likely contribute partly; more recently, the role of selective expansion of pre-existing
clones has also been proposed in the disease pathogenesis. An experimental study by Wong et al. demonstrated that patients with t-
MN had detectable mutations at a lower frequency in genes such as TP53 and ABC transporters even 3-6 years prior to the onset of t-
MN and before use of any prior chemotherapy [33]. After subsequent exposure to therapy, these TP53 clones expanded selectively
suggesting their ability to survive despite exposure to chemotherapy and gaining significant growth advantage leading to the de-
velopment of T-MN. Another mechanism which is implicated in the disease pathogenesis is the presence of clonal genetic ab-
normalities without evidence of any underlying haematological disorder, also known as clonal haematopoiesis of indeterminate
potential (CHIP) [34]. Mutations in genes such as DNMT3A, TET2, ASXL1 and TP53 contribute to the spectrum of CHIP lesions that is
linked to the development of cancer [34]. It has been demonstrated that these CHIP lesions such as TP53 have selective advantage of
expansion and becoming pathological in the setting of exposure to chemotherapy. Similarly, patients with lung, breast and ovarian
cancer have been noted to have CHIP mutations in PPM1D gene, a serine/threonine phosphatase that negatively regulates p53
function [35,36]. A truncating mutation in this gene causes gain of function, leading to suppression of p53 activity and clonal
outgrowth after treatment [37]. This hypothesis, in part, could explain why increasing cases of T-MN are being diagnosed after
exposure to chemotherapeutic agents such as platinum compounds, as opposed to agents traditionally implicated in T-MN.

Inherent risk factors that predispose to subsequent myeloid neoplasm should also be considered as AML/MDS could occur after
decades of exposure to chemotherapy or radiation raising the question of whether they are truly therapy related. While some of this
might be pure stochastic effect leading to a second cancer, some patients have underlying inherited mutations in genetic pathways
that predispose them to multiple malignancies. A study by the German AML Group showed that about 3% of patients developing AML
had a prior malignancy that was never treated with chemotherapy or radiation and these patients more often had prostate, bladder,
and renal cell carcinoma [38]. T-MN has been associated with certain germ line variants in genes of the DNA damage response
pathway such as BRCA, BARD1, and TP53 [39]. Cumulatively, these biological factors in addition to polymorphisms in drug me-
tabolizing enzymes and changes in the bone marrow stromal microenvironment could lead to the development of myeloid malig-
nancies after solid tumours (see Fig. 1).

Exposure to chemotherapyor radiation

R

Expansion of
pre-existing
clones

Myeloid
neoplasm

Clonal Bone marrow
hematopoiesis niche

Fig. 1. Illustrates T-MN pathogenesis outlined above.

7. Specific tumour types
7.1. Breast cancer

Breast cancer represents the commonest cancer diagnosis in the United States with an estimated 268,670 new cases in 2018 [40].
Due to its high incidence, breast cancer patients account for the largest population of patients receiving chemotherapy and radio-

therapy. As such, breast cancer contributes to the majority of T-MN cases in most studies [7]. Population-based studies from US have
demonstrated that the risk of T-MN in patients with breast cancer is higher than the general population, (SIR 4.60), but a lower
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relative risk compared to patients treated for other cancers including soft tissue/bone cancers, or testes cancer.

Treatment for breast cancer has evolved since the 1970s. Previously, melphalan and regimens such CMF (cyclophosphamide,
methotrexate, and fluorouracil) used to be common agents for breast cancer therapy. These agents led to a higher incidence of T-MN
[41,42]. The current standard of care includes regimens that are either anthracycline based (doxorubicin, cyclophosphamide, tax-
anes) or non-anthracycline based (docetaxel, cyclophosphamide) with or without radiotherapy. Within anthracycline based therapy,
patients may receive standard doses of cyclophosphamide (600mg/m2) or intensified doses (2400mg/m2). Dose intensification was
facilitated by G-CSF use. Overall, while dose intensification has resulted in better breast cancer control, an NSABP study revealed that
intensification led to a higher incidence of T-MN [30]. Overall, the cumulative incidence of T-MN at 5 years after treatment with
intensified doses of cyclophosphamide was 1.01% vs 0.21% in patients treated with standard cyclophosphamide dosing [30].

At present, anthracycline based adjuvant chemotherapy remains the standard for the treatment of breast cancer, however the
practice of using risk adapted chemotherapy in the adjuvant setting could potentially decrease the T-MN risk in future [21].

7.2. Soft tissue/bone cancer

Bone cancers including Ewing sarcoma are overall infrequent, most commonly occurring in adolescents. Treatment commonly
includes a multimodal approach of surgery, radiation and adjuvant chemotherapy. Due to the infrequency of this malignancy, the
number of cases of T-MN overall after diagnosis is small. Despite that, the risk of developing T-MN is higher in this group compared to
other solid tumour survivors, with an SIR of 39 (95% CI 21.4-65.5) for bone cancers and 10.4 (95% CI 6.4-15.9) among soft tissue
cancer patients [43].

The significant increased risk in this population has been attributed to the chemotherapy regimens used in this population. Often,
multi-agent chemotherapy regimens which include doxorubicin or ifosfamide are utilized in this group. Standard therapy for Ewing
sarcoma, for instance, includes doxorubicin, vincristine, cyclophosphamide, and dactinomycin as well as ifosfamide and etoposide.
The effect of this regimen, evaluated by reviewing outcomes in patients enrolled in INT-0091, revealed a cumulative incidence of T-
MN at 5 years estimated at 2%, which is significantly higher than the general population [44]. While these regimens pose a high risk
for T-MN, the response rate, particularly for Ewing sarcoma, remains high, and therefore careful monitoring must be prescribed for
this patient group given the risk of subsequent T-MN [44].

7.3. Ovarian/gynecological cancer

Among gynaecologic malignancies, cervical, ovarian, and uterine cancers are commonly treated with chemotherapy and/or ra-
diation that puts them at risk for T-MN. Population based studies from US have demonstrated a higher risk of T-MN in patients with
cervical (7.29), ovarian (SIR 8.68), and endometrial cancer (SIR 5.97) as compared to the general population [7].

Platinum based chemotherapy, mainly cisplatin, in combination with radiation therapy, represents the standard for cervical
cancers. In ovarian cancer, alkylating agents such as melphalan were a major component of therapy, and this contributed to a higher
risk of T-MN [45]. Current treatment strategies utilize platinum-based chemotherapy, commonly carboplatin, and taxanes, commonly
paclitaxel. Overall, while there has been a slight decrease in the incidence of T-MN, the risk is still higher as compared to the general
population [7,46]. In the future, with incorporation of PARP inhibitors into clinical practice, particularly in combination with
platinum based chemotherapy, careful follow-up is required in this group to determine what the effect will be in the development of
T-MN.

7.4. Other solid tumours

Certain less common solid tumour malignancies are associated with a higher risk of subsequent T-MN development. Testicular
cancer is an example where there is a higher risk for T-MN, as standard treatment incorporates alkylating agent therapy. These
patients are estimated to have higher risk of T-MN with an SIR of 12.3 (95% CI 7.6-18.8) [43]. Incorporation of bleomycin, and/or
ifosfamide, in combination with platinum chemotherapy, is thought to contribute to the higher risk of T-MN among testicular cancer
patients receiving chemotherapy. Further, survivors of brain/CNS cancer are at higher risk for T-MN with an SIR 7.2 (95% CI
4.6-10.8) [43]. This is thought to be attributed to temozolamide use in this population. Finally, while colorectal cancer patients
generally are not thought to have an increased risk for T-MN, Anal cancer has been associated with an increasing risk for T-MN with
an SIR of 3.6 (95% CI 2.4-5.1) [43]. Mitomycin, an alkylating agent, which has been incorporated into standard care for anal cancers
during the 1990s along with 5-FU and possibly XRT, has resulted in an increasing incidence of T-MN among anal cancer patients over
the past few decades.

8. Conclusion

Therapy-related myeloid neoplasms represent an uncommon but growing population of patients presenting with a myeloid
neoplasm. A combination of chemotherapy and/or radiation exposure and underlying aberrant clones within the bone marrow create
the groundwork for the development of a t-MN. Among solid tumour patients, breast cancer patients represent the greatest number of
patients who go onto developing T-MN, however their risk of development is only slightly increased, and stable. Evolving treatment
strategies have otherwise resulted in a high risk for T-MN among patients with rare tumours such as Ewing sarcoma, testicular cancer,
brain cancer.
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In the future, a deeper understanding of T-MN after platinum chemotherapy is necessary. The majority of solid tumour patients
receiving platinum based chemotherapy is rising, as is the number of patients who subsequently develop T-MN after this exposure.
Further, the development of methods to identify patients at risk for t-MN will be an important step toward further improving
outcomes for these patients. Our increasing ability to identify abnormal molecular findings among the blood and marrow of patients
through next generation sequencing techniques should allow some ability to predict which patients are more susceptible upon
exposure to chemotherapy and/or radiation. While modification of treatment plans for solid tumours may not be feasible, at a
minimum, enhanced surveillance could allow for the detection of early myeloid changes. Finally, clinical trials evaluating protective
or preventative interventions may be developed.
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Practice Points:

e Alkylating agent chemotherapy, topoisomerase II inhibitor chemotherapy, and radiation therapy for the treatment of solid
tumours are all risk factors for the development of therapy related myeloid neoplasms (T-MN)

e Growth factor use and platinum-based chemotherapy likely increases the risk for T-MN

o The greatest number of patients seen with therapy related myeloid neoplasms are patients treated for breast cancer.

o The greatest risk for therapy related myeloid neoplasms are seen in patients treated bone/soft tissue malignancies, testicular
cancer, and ovarian cancer.

Research Agenda:

e Underlying clonal haematopoiesis may represent the underlying link leading to therapy related myeloid neoplasm, and
should be assessed in the clinical trial setting among patients receiving potentially curative interventions for solid ma-
lignancies

e Further research investigating mechanisms for T-MN after non-traditional exposures (i.e. after Platinum chemotherapy,
PARP inhibitors) will help to better understand the patients we will see with T-MN in the future.
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