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Abstract

The fourth edition of the World Health Organization (WHO) classification of myeloid neoplasms
refined the criteria for some previously described myeloid neoplasms and recognized several new
entities based on recent elucidation of molecular pathogenesis, identification of new diagnostic
and prognostic markers, and progress in clinical management. Protein tyrosine kinase
abnormalities, including translocations or mutations involving ABL1, JAK2, MPL, KIT, PDGFRA,
PDGFRB and FGFR1, have been used as the basis for classifying myeloproliferative neoplasms
(MPN). Two new entities - refractory cytopenia with unilineage dysplasia and refractory cytopenia
of childhood have been added to the group of myelodysplastic syndromes (MDS), and “refractory
anemia with excess blasts-1" has been redefined to emphasize the prognostic significance of
increased blasts in the peripheral blood. A list of cytogenetic abnormalities has been introduced as
presumptive evidence of MDS in cases with refractory cytopenia but without morphologic
evidence of dysplasia. The subgroup “acute myeloid leukemia (AML) with recurrent genetic
abnormalities” has been expanded to include more molecular genetic aberrations. The entity
“AML with multilineage dysplasia” specified in the 2001 WHO classification has been renamed
“AML with myelodysplasia-related changes” to include not only cases with significant
multilineage dysplasia, but also patients with a history of MDS or myelodysplasia-related
cytogenetic abnormalities. The term “therapy-related myeloid neoplasms” is used to cover the
spectrum of disorders previously known as t-AML, t-MDS, or t-MDS/MPN occurring as
complications of cytotoxic chemotherapy and/or radiation therapy. In this review, we summarize
many of these important changes and discuss some of the diagnostic challenges that remain.
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1. Introduction

In the fourth edition of the World Health Organization (WHO) classification of
hematopoietic and lymphoid neoplasms, published in 2008, several important changes were
made in the criteria for diagnosis and classification of myeloid neoplasms (Table 1,
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Vardiman JW et al, 2008). In this review, we highlight many of the recent advances in our
understanding of the pathogenesis of myeloid neoplasms and the application of this
knowledge to the diagnosis and classification of myeloid malignancies. As the current WHO
classification is extensive, we have limited our comments to selected myeloid neoplasms in
which there are significant advances or changes in diagnostic criteria.

2. Myeloproliferative neoplasms

In the fourth edition of the WHO classification, the term “chronic myeloproliferative
disease” is replaced by “myeloproliferative neoplasm (MPN)” and the category now
includes eight diseases. These include chronic myelogenous leukemia, BCR-ABL1+,
chronic neutrophilic leukemia, polycythemia vera, primary myelofibrosis, essential
thrombocythemia, chronic eosinophilic leukemia, not otherwise specified,
myeloproliferative neoplasm, unclassifiable, and a new addition — mastocytosis (Table 2).

2.1 Protein tyrosine kinases and chronic myelogenous leukemia

Protein tyrosine kinases (PTKs) play an important role in the pathogenesis of MPNs.
Mutations and rearrangements of genes encoding PTKSs cause constitutive activation of
PTKs and its downstream signal transduction pathways, and provide cells with an advantage
for proliferation and survival. Molecular abnormalities of PTKSs have been used in the
diagnosis, classification, prognosis prediction, and detection of minimal residual disease, as
well as for targeted therapy in MPN. The best understood example is ABL1, activated as a
result of 1(9;22)(g34;911)/BCR-ABL1 in chronic myelogenous leukemia (CML). BCR-ABL1
has been used to refine the diagnosis of CML. BCR-ABL1 is valuable for detection of
minimal residual disease, and has been successfully targeted with specific therapies.
Mutational analysis of ABL1 also has value in predicting response to therapy. The success of
targeted therapy in patients with CML, changing a fatal disease into a chronic manageable
disease, is a model for acquiring in-depth molecular understanding of all diseases, and
thereby allowing for the rational treatment approaches to many myeloid diseases and cancer
in general (Figure 1).

2.2 JAK2-mutated MPN

In 2005, several groups independently reported the presence of the JAK2 VV617F mutation in
approximately 95% of patients with polycythemia vera (PV), and 40-50% of patients with
essential thrombocythemia (ET) and primary myelofibrosis (PMF) (Baxter EJ et al, 2005;
James C et al, 2005; Jones AV et al, 2005; Levine RL et al, 2005; Kralovics R et al, 2005).
Subsequently, JAK2 exon 12 mutations were identified in rare cases of PV without the JAK2
V617F mutation (Pardanani A et al, 2007; Scott LM et al; 2007), and W515L/K mutations in
the thrombopoietin receptor (MPL) were identified in approximately 5% of patients with ET
and PMF (Pardanani AD et al, 2006; Pikman Y et al, 2006). The overlapping clinical and
biologic features of PV, ET, and PMF may now be explained by the presence of a JAK2
mutation. JAK2 mediates activation of receptors for erythropoietin, thrombopoietin,
granulocyte-macrophage colony-simulating factor and granulocyte colony-stimulating
factor. Therefore, the different clinical manifestations of PV, ET and PMF may reflect the
stage of differentiation at which the JAK2 mutation occurs, other genetic events that evolve
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during disease progression, and differences in the genetic background of the patient.
Knowledge of JAK2 mutation also suggests that JAK2-mutated PV, ET and PMF may be
better considered as a spectrum of diseases with a common molecular origin. JAK2 and MPL
mutation are now included as major diagnostic criteria for PV, ET and PMF.

However, at least for the present diagnostic distinctions between PV, ET, and PMF are still
based on hematologic and clinical data, and bone marrow findings are also very helpful
(Kvasnicka HM and Thiele J, 2010). It also should be remembered that JAK2 mutation is not
an initiating event, and appears to be a late event in the molecular evolution of MPNSs.
Clearly, additional understanding of the molecular basis of these diseases is needed. The
lateness of JAK2 mutation in evolution also has implications for therapy, as drugs that
inhibit JAK2 may alleviate symptoms and not eradicate the monoclonal cell population.

A reasonable algorithm for the diagnosis of PV, ET and PMF is to initially test for JAK2
V617F, followed by assessment for either a JAK2 exon 12 mutation for patients with
suspected PV, or an MPL W515L/K mutation for those with suspected ET or PMF.
However, the appropriate specimen type and testing methodology are still subject to debate.
It has been shown that JAK2 VV617F mutation can be identified with the same high degree of
specificity using either DNA or RNA when either fresh peripheral blood (PB) or bone
marrow (BM) aspirate is used. The use of RNA is more sensitive and appears to be ideal for
patients with low-tumor burden or for detection of minimal residual disease, whereas DNA
is the preferred material when archived tissue is used (Gattenlohner S et al, 2007). Since
JAK2-mutated progenitors are a fraction of all progenitor cells, some investigators have
suggested using BM instead of PB to increase the detection rate, whereas others have shown
that JAK2 mutation can be accurately and reliably detected, with concordant results, using
either PB or BM (Mirza | et al, 2008). Plasma enriched with tumor-specific nucleic acid has
been suggested as the sample of choice for JAK2 mutational analysis by one group (Ma W et
al, 2008). Subsequent studies, however, have shown that granulocyte lysis during storage
can affect accurate quantification of JAK2. Therefore, plasma may be better used for
screening rather than as a measure for allelic burden (Salama ME et al, 2009). Granulocyte
enrichment also has been proposed as a means to improve detection frequency. Sorting of
granulocytes, however, is expensive and labor-intensive, with the potential for cell loss
during sample procession. Testing of unfractionated samples with a sensitive assay is more
practical (Stevenson WS et al, 2006). In fact, it has been demonstrated that the choice of a
detection technique and the methods of results interpretation impact the detection rate.

Several qualitative and quantitative methods are currently available to assess for JAK2
mutation. Restriction fragment length polymorphism (RFLP) and direct Sanger sequencing
are relatively insensitive (lower limit of sensitivity of 20%) and non-quantitative, and
therefore not recommended. Pyrosequencing (lower limit 1%) or mutation-specific
quantitative polymerase chain reaction (PCR) (lower limit 0.01%) provide better sensitivity
and quantification to differentiate PV from ET and PMF, and are methods of choice (Yin
CC and Jones D, 2010). Quantitifcation of JAK2 mutation is of value diagnostically. High
levels of allele burden (consistent with homozygous mutation) are typically observed in
patients with PV. By contrast, low allelic burdens (in the range of 30-50%) are more often
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seen in patients with ET. Mutation level is also helpful in distinguishing prodromal phase of
PMF from ET (Kvasnicka HM and Thiele J, 2010).

2.3 Mastocytosis

Mastocytosis, an old and well known disease, is a new addition to the MPN category. KIT
mutations at codon 816 in exon 17 (usually D816V) have been reported in 50-95% of adults
with systemic mastocytosis (SM) and in 30-50% of pediatric patients with cutaneous
mastocytosis (CM) (Lim KH et al, 2008). Rare sites of KIT mutation include D820G,
E839K, F522C and V560G (Lim KH et al, 2008). The wide range in the reported frequency
of KIT mutations may be explained by different diagnostic criteria, sampling issues owing to
the focal nature of mast cell aggregates and BM fibrosis, whether aspirate or biopsy
specimens are analyzed, and/or the differing sensitivity of detection methods.
Pyrosequencing or mutation-specific quantitative PCR on DNA extracted from grossly-
microdissected BM or skin biopsy specimens, or from mast cells sorted from BM aspirates
are preferred methods (Zhao W et al, 2007). Direct Sanger sequencing is not recommended.
The detection of KIT mutations in non-mast cell lineages at least partially explains the
increased association of SM with other hematopoietic neoplasms (i.e., SM with associated
clonal hematological non-mast cell lineage disease, SM-AHNMD) (Yavuz AS et al, 2002).
It is noteworthy that although imatinib mesylate is active against the KIT kinase, the D816V
mutation confers resistance, and other inhibitors (e.g. dasatinib) have been shown to be more
effective (Akin C, 2006).

2.4 Issues not addressed by the revised WHO classification of MPNs

Several issues remain unaddressed in the fourth edition of the WHO classification of
myeloproliferative neoplasms. For example, various diagnostic criteria have been used in the
literature to define the accelerated phase and blast phase of CML. Table 4 summarizes the
criteria used by the WHO classification and The University of Texas M. D. Anderson
Cancer Center (MDACC). The fourth edition of the WHO classification continues to use the
criteria for accelerated and blast phases that were introduced in the third edition on the basis
of the published literature and the collective experience of a clinical advisory committee
(Vardiman JW et al, 2002) without being tested in published trials. The criteria used at
MDACC were, on the other hand, developed from a multivariate analysis of factors that
independently predicted an outcome inferior to that seen in patients with chronic phase CML
treated with imatinib mesylate (Cortes JE et al, 2006). Because appropriate staging of CML
affects treatment and clinical outcome, it is highly desirable to establish a uniform, well-
validated system for diagnosing accelerated and blast phases of CML, especially one that is
adequately evaluated in the era of PTK inhibitor therapy.

Another unaddressed issue is the problematic distinction between Philadelphia chromosome
(Ph)-positive acute myeloid leukemia (AML) and blast phase of CML. It has been suggested
that Ph+ AML simply represents CML presenting as myeloid blast phase in a patient
without a symptomatic chronic phase. However, there is evidence to support the
interpretation that Ph+ AML, although rare with an incidence of <1%, is indeed a distinct
entity. Soupir et al. compared the clinical, morphologic, immunophenotypic and molecular
cytogenetic features of Ph+ AML with those of blast phase CML in a large multi-
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institutional analysis (Soupir CP et al, 2007). They found that patients with Ph+ AML,
compared with patients with blast phase CML, were less likely to have splenomegaly or PB
and/or BM basophilia, had lower BM cellularity and myeloid:erythroid ratios, and less
commonly had major additional cytogenetic abnormalities that are typically seen in blast
phase of CML. Other evidence that favors a diagnosis of Ph+ AML includes the absence of
a clinical history of a hematologic disorder, lack of evidence of a chronic or accelerated
phase of CML after induction chemotherapy, and return to a normal karyotype after
induction chemotherapy.

Similarly, in some instances the term blast phase of MPN has not been used appropriately
for a patient with a history of a Ph-negative MPN who subsequently develops AML. The
incidence of AML at 10 years after initial presentation is 2-5% for PV, 1-2% for ET, and 5-
30% for PMF (Yin CC and Jones D, 2010). AML is known to occur more frequently in
patients treated with cytotoxic agents (e.g. hydroxyurea) (Thiele J et al, 2008) and JAK2
mutations are not identified in some of these AML cases (Theocharides A et al, 2007).
These facts support the idea that some of these AMLs are more consistent with secondary
leukemia rather than MPN progression. A careful investigation of clinical history
(leukocytosis, thrombocytosis, basophilia, and splenomegaly), complete morphologic
evaluation (background myeloid hyperplasia, eosinophilia and basophilia, marked
megakaryocytic hyperplasia/dysplasia as highlighted by immunostain for CD61, and fibrosis
and osteosclerosis as revealed by special stains for reticulum and collagen), routine
cytogenetic and molecular testing (BCR-ABL1 fusion transcript, JAK2 VV617F or exon 12
mutation, MPL mutation, and FIP1LI-PDGFRA rearrangement) may aid in the recognition
of a de novo presentation of MPN in blast phase.

3 Myeloid and lymphoid neoplasms with eosinophilia and abnormalities of
PDGFRA, PDGFRB, or FGFR1

Diseases associated with eosinophilia are numerous and diagnostically challenging. Reactive
cases secondary to aberrant release of cytokines or other proteins by reactive or neoplastic
T-cells are much more common than are primary hematopoietic neoplasms such as chronic
eosinophilic leukemia, acute myelomonocytic leukemia, CML, chronic myelomonocytic
leukemia and mastocytosis. The revised WHO classification includes a new category
“myeloid and lymphoid neoplasms with eosinophilia and abnormalities of PDGFRA,
PDGFRB, or FGFR1”. This is an umbrella term that we believe includes three different
diseases involving constitutive activation through chromosomal rearrangement of one of
three PTKSs: platelet derived growth factor receptor (PDGFR)A PDGFRB or fibroblast
growth factor receptor 1 (FGFR1).. Multiple fusion gene partners have been reported, with
the most common being FIP1L1, ETV6/TEL and ZNF198 for PDGFRA, PDGFRB and
FGFRL1, respectively (Table 3, Cross NC and Reiter A, 2008). However, considerable
heterogeneity exists in the cell populations affected and in the clinical manifestations of
these entities (Bain BJ et al, 2008; Cross NC and Reiter A, 2008). For patients with
PDGFRA and PDGFRB rearrangements, imatinib mesylate has been used for treatment, but
no kinase inhibitor is currently available for patients with FGFR1 abnormalities. The
spectrum of diseases in patients with FGFR1 abnormalities is also broader as many patients
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with t(8;13)(p11;912)/ZNF198-FGFR1 develop lymphoblastic lymphoma/leukemia, usually
of T-cell lineage (Jackson CC et al, 2010).

4. Myelodysplastic/myeloproliferative neoplasms

There are four diseases in this category: chronic myelomonocytic leukemia, atypical CML,
BCR-ABL1 negative, juvenile myelomonocytic leukemia, and myelodysplastic/
myeloproliferative neoplasm, unclassifiable.

4.1 Refractory anemia with ring sideroblasts and thrombocytosis

Refractory anemia with ring sideroblasts and thrombocytosis (RARS-T) was initially
proposed as a provisional entity. The current version of the WHO classification addresses
this issue in the chapter designated “myelodysplastic/myeloproliferative neoplasm,
unclassifiable” (Vardiman JW et al, 2008). In this chapter the authors of the WHO
classification keep RARS-T as a provisional entity, yet they also question the merits of
classifying RARS-T as a distinct entity. The criteria for RARS-T are similar, except that the
threshold for diagnosing thrombocytosis has been lowered to 450 x 10%/L (to be consistent
with ET criteria), and the presence of megakaryocytes with morphologic features similar to
those seen in ET or PMF is required.

The uniqueness of RARS-T as a distinct entity has been debated in the literature. Is RARS-T
simply ET with increased ring sideroblasts or RARS with thrombocytosis? It was recently
reported that patients with RARS-T had JAK2 V617F or MPL W515 mutation at a
frequency similar to that seen in patients with ET (Boissinot M et al, 2006; Ceesay MM et
al, 2006; Atallah E et al, 2008). A recent review of RARS-T summarized the similarities
between RARS-T and ET: the prognosis for these two diseases was similar, the
megakaryocyte morphology was identical (by definition), and they had JAK2 VV617F and
MPL W515 point mutations at a similar frequency (Wardrop D and Steensma DP, 2009).
These authors concluded that ring sideroblasts were a non-specific finding and that the
designation as RARS-T rather than ET gave no additional biologic insight and had no
special treatment implications, other than the need to consider the effects of managing
thrombocytosis and anemia. They further stated that molecular results should prompt
reconsideration of RARS-T as a distinct category.

4.2 Atypical chronic myeloid leukemia, BCR-ABL1 negative

Although the designation “atypical chronic myeloid leukemia” has been used in the
literature for many years, the term was first codified as a distinct entity under the umbrella
term of “myelodysplastic/myeloproliferative diseases” in the third edition of the WHO
classification. This entity was renamed “atypical chronic myeloid leukemia, BCR-ABL1
negative” (aCML) in the fourth edition, while the diagnostic criteria remained similar
(Vardiman JW et al, 2008). aCML is an extremely rare leukemic disorder characterized by
both myelodysplastic and myeloproliferative features at the time of initial diagnosis. Patients
with aCML present with PB leukocytosis due to increased number of neutrophils and their
precursors with prominent dysgranulopoiesis. No absolute basophilia or monocytosis is
present. Anemia is very common and platelet counts are variable. The BM is typically
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hypercellular with granulocytic predominance often associated with multilineage dysplasia.
Conventional cytogenetics commonly shows abnormalities, especially trisomy 8 and
del(20q), but there is no evidence of the BCR-ABL1 fusion gene, or PDGFRA or PDGFRB
rearrangement. JAK2 V617F, NRAS, and KRAS mutations have been reported.

To this point, we have simply summarized the fourth edition of the WHO classification.
There is very little information on aCML in the literature (Bernett JM et al, 1994; Hernandez
JM et al, 2000; Breccia M et al, 2006). Some investigators have used the term Ph-negative
CML interchangeably (Kurzrock R et al, 2001). Although we agree that there are cases that,
in part, resemble CML and yet lack BCR-ABL1 and are associated with dysplasia, it seems
clear that aCML is a heterogeneous and poorly defined “entity”, if it indeed is an entity. In
one study at our institution (Kurzrock 2001), a retrospective review of aCML cases showed
that appropriately one-third of these cases were better classified as chronic neutrophilic
leukemia. We suspect that some other cases may represent CMML, detected before the
monocytic component is sufficiently high.

Furthermore, the term aCML is both unimaginative and confusing since it carries little
molecular resemblance to Ph+ CML. Why not use a term that is at least self-explanatory,
such as “chronic granulocytic proliferation, BCR-ABL1 negative, associated with
dysplasia”? We admit this term is not catchy and alternative suggestions are welcome.

5. Myelodysplastic syndromes

Several major changes have been made in the categorization of myelodysplastic syndromes
(MDS) in the fourth edition of the WHO classification. These changes include incorporation
of refractory cytopenia with unilineage dysplasia (RCUD) and refractory cytopenia of
childhood (RCC) as separate entities. As a result, there are now seven diseases in this
category. These diseases not already mentioned include refractory anemia with ringed
sideroblasts, refractory cytopenia with multilineage dysplasia, refractory anemia with excess
blasts (RAEB-1 and 2), MDS with isolated del(5q), and MDS unclassifiable. The category
of RAEB-1 also has been redefined to include cases with 2—-4% blasts in the PB to
emphasize the prognostic significance of increased blasts in the PB. A list of cytogenetic
abnormalities that are considered presumptive evidence of MDS in the presence of a
refractory cytopenia but without morphologic evidence of dysplasia also has been
introduced in the current WHO classification (Brunning RD et al, 2008).

5.1 Refractory cytopenia with unilineage dysplasia

Cases that are now recognized as RCUD were considered as refractory anemia (RA) or
MDS, unclassifiable in the third edition of the WHO classification. Such cases encompass
patients with unicytopenia or bicytopenia associated with unilineage dysplasia. The WHO
classification also recommends criteria for defining cytopenia: <10 g/dL for hemoglobin,
<1.8 x 10%/L for absolute neutrophils, and <100 x 10%L for platelets. An advantage of this
category is that one can further specify lineage: refractory anemia, neutropenia, or
thrombocytopenia. This approach has more meaning than lumping these cases into RA as
was done previously. Blasts are absent or very rare in the PB of RCUD patients. Patients
with pancytopenia and unilineage dysplasia are still classified as having MDS,
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unclassifiable, owing to the uncertain clinical significance of these findings (Brunning RD et
al, 2008).

5.2 Refractory cytopenia of childhood

A second important addition to MDS is the provisional entity, refractory cytopenia of
childhood (RCC). This category encompasses children with MDS that have persistent
cytopenia with less than 2% blasts in the PB and less than 5% blasts in the BM (Baumann |
et al, 2008). Unlike adult MDS, pediatric patients often present with multilineage dysplasia
and/or increased myeloblasts. Single lineage dysplasia, such as RA, is less common
(McKenna RW, 2004). Ring sideroblasts (RS) are extremely rare in children, and their
presence is highly suggestive of a mitochondrial disorder or disorder of heme synthesis
(Bader-Meunier B et al 1994; Hasel H, 2007). Chromosome abnormalities are detected more
frequently in pediatric than in adult MDS cases; monosomy 7 or del(7q) is most common.
Monosomy 5 and del(5g), common aberrations in adult MDS, are not usually seen in
children (McKenna RW, 2004). The most difficult diagnostic challenge in pediatric MDS
occurs when the blast count is not elevated and clonality cannot be established. These cases
must be extensively worked up for secondary causes of dyspoiesis, including nutritional
deficiency, medications, toxins, metabolic diseases, infections, autoimmune diseases,
growth factor therapy, and congenital disorders of hematopoiesis. In fact, approximately
one-third of children with MDS have a predisposing genetic condition such as Fanconi
anemia or Down syndrome (McKenna RW, 2004). Furthermore, a greater proportion of
pediatric patients with MDS have hypocellular BM; therefore the distinction of MDS from
acquired aplastic anemia (AA) and inherited BM failure syndromes is often difficult as
discussed below. Myeloid leukemia in children with Down syndrome has unique clinical
and biological features and is considered as a separate entity in the current WHO
classification.

5.3 Hypoplastic MDS

Hypoplastic MDS accounts for approximately 10% of adult and 70% of pediatric cases of
MDS, and is usually defined as BM less than 30% cellular at time of diagnosis in patients
younger than 60 years of age, or less than 20% cellular in patients =60 years. Hypoplastic
MDS represents a difficult diagnostic challenge, especially in distinguishing MDS from
acquired AA. The degree of dysplasia and the blast counts appreciated on BM aspirate
smears may overlap, and the hypocellularity renders interpretation difficult. Thus, an
adequate core biopsy specimen with a touch imprint is necessary. The fact that some cases
of AA demonstrate clonal cytogenetic abnormalities and knowledge that a subset of patients
with AA progress to MDS further complicate the separation of these two disorders (Young
NS, 1992; Maciejewski JP and Selleri C, 2004; Dolan MM et al, 2006; Konoplev S et al,
2007). It has been reported that some pediatric patients with AA may develop MDS with
marked dysmegakaryopoiesis and monosomy 7 (Dolan MM et al, 2006). Another study
showed that the use of growth factors might unmask hypoplastic MDS that mimicked AA
(Konoplev S et al, 2007). Bennett and Orazi summarized the results of the studies by the
French-American-British (FAB) Cooperative Leukemia Working Group, and recommended
guidelines for distinguishing hypoplastic MDS from AA (Bennett JM and Orazi A, 2009).
The presence of blasts in the PB, as well as an increased percentage of CD34-positive blasts
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and the tendency of these blasts to form aggregates in the abnormal central BM cavity was
indicative of MDS. Thus, an effort should be made to count at least 100 cells in the PB and
200 cells in the BM to determine the percentage of blasts in spite of marked leukopenia.
Dysplasia in granulocytes or megakaryocytes is abnormal and inconsistent with a diagnosis
of AA. The presence of greater than 10% hypogranular or pseudo-Pelger-Huet neutrophils is
indicative of MDS; smaller numbers raise the suspicion but are not definitive. In addition,
the presence of easily identifiable micromegakaryocytes (as highlighted by CD61
immunostaining) in an architecturally disorganized BM favors MDS over AA. Erythroid
dysplasia, if present alone, must be moderate or severe to support a diagnosis of MDS. The
presence of ring sideroblasts (rare in pediatric cases) is considered as evidence of
dyserythropoiesis in this setting. The presence of reticulin fibrosis also favors MDS over
AA. On the basis of these guidelines, special stains for reticulum and iron, as well as
immunohistochemical stains for CD34, CD61 and CD117 are very useful tools in evaluating
hypocellular BM for MDS versus AA. In addition, flow cytometry immunophenotyping,
cytogenetic and molecular analyses are valuable ancillary studies.

5.4 MDS with fibrosis

Moderate to marked BM fibrosis is observed in approximately 15% of MDS and has been
identified as a distinct subgroup of MDS (MDS-F) that is associated with multilineage
dysplasia, poor-risk cytogenetics, high transfusion requirement, and poor prognosis (Della
Porta MG et al, 2009). MDS-F can be a diagnostic challenge because BM smears are
generally of poor quality for assessment of dysplasia and blast percentage. Evaluation of a
touch imprint prepared from an adequate core biopsy specimen is extremely helpful in this
scenario. Histologic assessment of the core biopsy specimen and immunohistochemical
analysis using antibodies for CD34, CD61 and CD117 are often mandatory, and correlation
with the PB smear and complete blood count (CBC) findings is necessary for the diagnosis
of MDS-F. Important entities in the differential diagnoses of MDS-F include acute
panmyelosis with myelofibrosis, acute megakaryocytic leukemia, MPN with fibrosis, and
MDS/MPN with fibrosis, as well as non-myeloid neoplasms, such as hairy cell leukemia and
metastatic tumors. The diagnosis of MDS-F can usually be made when there are moderate to
marked reticulin fibrosis, dysplasia in at least two cell lineages, and associated PB
cytopenias. Organomegaly is not a prominent feature in patients with MDS-F. Unlike MPN
and MDS/MPN with fibrosis, JAK2 V617F mutation is less frequent in MDS-F (Della Porta
MG et al, 2009).

5.5 Idiopathic cytopenia of uncertain significance

Idiopathic cytopenia of uncertain significance (ICUS) is a term proposed for patients with
persistent (= 6 months), unexplained cytopenia in one or more myeloid lineages
(hemoglobin <11g/dL, absolute neutrophil count <1.5 x 109/L, platelet <100 x 10%L), and
who do not fulfill diagnostic criteria for MDS (Valent P et al, 2007). ICUS is a diagnosis of
exclusion and requires detailed history (e.g. nutritional deficiency, medications, toxin
exposure, infections, etc), CBC with differential count, careful examination of PB and BM
smears, iron stain and examination of BM biopsy specimen with immunohistochemistry, as
well as ancillary studies including flow cytometry immunophenotyping, chromosome
analysis (Table 5), and molecular analysis. An algorithm for evaluation of a patient with
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cytopenia is illustrated in Figure 2. Patients with ICUS should be closely followed with
frequent repeat testing to confirm or exclude MDS. A recent abstract from the Mayo Clinic
reported that ICUS is rare, with only 10 cases identified over 12 years; 60% of patients went
on to develop MDS within 1 to 10 years (Hanson CA et al, 2010).

5.6 Refractory anemia with excess blasts in transformation — revisited

Refractory anemia with excess blasts in transformation (RAEB-T) is a high-grade MDS with
increased blasts in the range of 20-29% as was defined in the FAB classification. This
category was eliminated in the third edition of the WHO classification based on the fact that
the survival of patients with RAEB-T was similar to those with a blast count of 30% or
more. However, this decision has been somewhat controversial since the third edition was
published in 2001, and the issues are not yet resolved currently. A number of studies have
shown that many features of patients with RAEB-T, such as the frequency of poor-prognosis
cytogenetic abnormalities and the presence of antecedent hematologic diseases, more
resemble that of MDS than AML (Estey E et al, 1997; Albitar M et al, 2000; Huh YO et al,
2002). Furthermore, MDS is a disease in which ineffective hematopoiesis is thought to be
attributable for the most part, to apoptosis unlike AML in which impaired differentiation and
proliferation play greater roles. It has been shown that there are no significant differences in
levels of apoptosis between RAEB-T and RAEB (Huh YO et al, 2002). Therefore, RAEB-T
may be biologically closer to an advanced stage of MDS than it is to AML. To state this
point another way, although the decision to change the cutoff may make sense using survival
data, the historical cutoffs of 20% and 30% may reflect, in part, true biologic differences.
Molecular markers are needed to further resolve this issue. Until they are developed, one
should take into consideration the unique aspects of RAEB-T as we develop novel therapies
that specifically target the biological and molecular abnormalities in leukemic cells. For the
purpose of enrolling patients into certain treatment protocols, it may be helpful to classify
such disease process as both AML based on the WHO classification and RAEB-T based on
the FAB classification, as we do currently at our institution.

6. Acute myeloid leukemias

6.1 AML with recurrent genetic abnormalities

The group “AML with recurrent genetic abnormalities” has been expanded to include seven
neoplasms associated with specific genetic abnormalities. Recent neoplasms included in this
categoiry include AML associated with t(6;9)(p23;q34)/DEK-NUP214, AML with inv(3)
(921926.2) or 1(3;3)(g21;g26.2)/RPN1-EVI1, and AML with t(1;22)(p13;q13)/RBM15-
MKLL1. Cases with mutated NPM1 or mutated CEBPA are also listed as provisional entities.

In “acute promyelocytic leukemia (APL) with t(15;17)(q22;921)/PML-RARA”, variant
RARA translocations with other partner genes are recognized separately since not all have
typical APL features and some are resistant to all-trans retinoic acid (ATRA). The former
entity “AML with 11923/MLL abnormalities” has been redefined as “AML with t(9;11)
(p22;923)/MLLT3-MLL”. Balanced translocations other than those involving MLLT3 should
be specified in the diagnosis. Other abnormalities of MLL, such as partial tandem
duplication, should not be placed under this entity (Arber DA et al, 2008). As a result of the
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rapid advances in the understanding of molecular leukemogenesis, this group is destined to
undergo additional modifications in future classification revisions. AML with inv(3)
(921926.2) or 1(3;3)(g21;926.2)/RPN1-EVI1 also may be more appropriately listed as “AML
with EVI1 overexpression” because cases that overexpress EVI1 as a result of translocation
with partners other than RPN1 have also been associated with aggressive clinical course (Lin
P et al, 2006; Yin CC et al, 2006; Lennon PA et al, 2007). Other molecular abnormalities
such as FLT-3 and KIT mutations are well-studied events that play important roles in
leukemogenesis, whereas WT1 mutation and overexpression of BAALC, ERG and MN1 have
more recently been shown to be associated with relatively poor clinical outcome (Mrozek K
etal, 2007).

It should also be noted that the blast percentage cutoff for most types of AML with a
recurrent genetic abnormalities remains 20%, but this is not true for AML with t(8;21)
(922;922)/RUNX1-RUNXTZ, inv(16)(p13.1922) or t(16;16)(p13.1;q22)/CBFB-MYH11, and
t(15;17)(922;921)/PML-RARA. In these three entities recognition of the molecular
abnormality defines the disease, even when the blast count in PB and BM is below 20%.
The scientific basis for handling the blast count in this inconsistent manner for the other
neoplasms in this group is unclear. Based on our experience, we have seen patients with
t(8;21)(922;0922)/RUNX1-RUNXT1, or inv(16)(p13.1922) or t(16;16)(p13.1;922)/CBFB-
MYH11, or t(15;17)(922;921)/PML-RARA and a blast count less than 20% in PB and BM.
Follow-up showed a rapid rise in blast count supporting the diagnosis of AML based on the
presence of the molecular abnormality and therefore we agree with the WHO approach for
these neoplasm. It seems reasonable, in our opinion, to extend this approach to other AMLs
associated with distinctive translocations, such as t(6;9)(p23;q34)/DEK-NUP214, as these
patients in our experience also fair poorly (Oyarzo MP et al, 2004). We agree that the 20%
blast cutoff should be retained for provisional AML categories based on gene mutations (e.g.
AML with NPM1 mutation). We believe these issues need to be addressed in future
revisions of the WHO classification.

6.2 AML with myelodysplasia-related changes

Acute myeloid leukemia with myelodysplasia-related changes (AML-MRC) is the term
proposed by the fourth edition of the WHO classification to encompass all AML cases with
a previous history of MDS or MDS/MPN, or with myelodysplasia-related cytogenetic
abnormalities, or with morphologic evidence of dysplasia in 50% or more of the cells in two
or more myeloid lineages (Arber DA et al, 2008). Even in the short time since publication,
opinion differs regarding whether this category is truly a distinct entity. Earlier studies
suggested that myelodysplasia-related morphologic abnormalities correlated with
unfavorable cytogenetic abnormalities but had no independent impact on prognosis
(Haferlach T et al, 2003; Wandt H et al, 2008). Weinberg et al. more recently compared
patients with AML, NOS to patients with AML-MRC (Weinberg OK et al, 2009). Patients
in the latter group were significantly older, presented with a lower hemoglobin level,
exhibited a decreased frequency of CEBPA mutations, and had a significantly worse overall
survival. The authors concluded that their data supported the clinical, morphologic, and
cytogenetic criteria for AML-MRC. We believe that cases of AML-MRC differ from cases
of AML, NOS. However, we wonder if the category of AML-MRC is too heterogeneous. In
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our opinion, patients with no morphologic evidence of MDS or history of MDS who present
with a cytogenetic abnormality (e.g. del(7q) or monosomy 7) seem different from patients
with overt MDS. It also seems likely that the pathogenic mechanisms attributable to the
wide number of cytogenetic abnormalities in MDS are different. It is expected that AML-
MRC is a term that will be substantially modified in future revisions of the WHO
classification.

6.3 Therapy-related myeloid neoplasms

The fourth edition of the WHO classification uses the term “therapy-related myeloid
neoplasms” (t-MN) to cover the spectrum of disorders previously known as t-AML, t-MDS,
or t-MDS/MPN occurring as late complications of cytotoxic chemotherapy and/or radiation
therapy (Vardiman JW et al, 2008). Excluded from this category is blast crisis of an
underlying MPN since it is often not possible to determine if leukemic transformation is a
result of disease evolution or is therapy-related. It should be noted that the term “therapy-
related” is based on the patient’s history of prior exposure to cytotoxic agents and/or
radiation, but the causal relationship remains to be proven, and the etiology and specific
factors that predispose patients to t-MN is still largely elusive. Most cases show multilineage
dysplasia, complex cytogenetic aberrations, and a poor prognosis (Yin CC et al, 2005).
Approximately 75% of cases of t-MN develop after exposure to alkylating agents and/or
radiation, and are characterized by a relatively long latency interval (5-10 years after
exposure), presentation with t-MDS, and loss of chromosomes 5 and/or 7. The remaining
patients with t-MN usually present in a relatively short interval (1-5 years) after therapy
with topoisomerase Il inhibitors. This subset of patients tends to develop overt AML without
an antecedent MDS, and is associated with balanced chromosomal translocations involving
11923 (MLL gene) or 21922 (RUNX1 gene). The similarities in clinicopathologic and
molecular genetic features between t-MDS and t-AML including the presence of
multilineage dysplasia, similar chromosomal aberrations, as well as rapid progression from
t-MDS to t-AML in most cases, in our opinion, justifies combining t-MDS and t-AML into
one category. The newly proposed name, t-MN, is reasonable although the term t-
MDS/AML also seems reasonable.

The development of t-MN is a result of a complex interplay of a number of factors including
direct mutational effect of cytotoxic agents and/or radiation, the effect of an ineffective BM
microenvironment due to injury to vascular supply or increasing fibrosis (caused by prior
treatment), genetic instability likely driving BM dysplasia, immunosuppression from prior
or current therapy, host genetic predisposition, and high frequency of unfavorable
cytogenetic abnormalities. Various genetic pathways involving chromosomal
rearrangements and mutations in multiple genes (e.g. FLT-3, RAS, KIT, RUNX1, MLL,
TP53, CBF, NPM1, CEBPA) have been implicated. Based on cytogenetic abnormalities at
initial presentation, Pedersen-Bjergaard et al.proposed eight different genetic pathways for
the multistep development of t-MN (Pedersen-Bjergaard J et al, 1995), which have been
modified subsequently with the discovery of more molecular genetic aberrations (Pedersen-
Bjergaard J et al, 2006). These data raise the possibility that the category of t-MN is likely to
be subdivided in future classification systems.
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6.4 Acute erythroid leukemia

The category of acute erythroid leukemia (AEL) has substantially evolved as it is defined in
the current WHO classification, in large part as a result of the new entity “AML-MRC” as
previously discussed. Many cases of AML with blasts >20% of all BM cells and erythroid
predominance that used to be classified as AEL are now classified as AML-MRC because
they are associated with dysplasia. Cases with blasts <20% of all BM cells but =20% of the
non-erythroid cells are classified as AEL, and cases with blasts <20% of the non-erythroid
cells are classified as MDS (Figure 3). Using the criteria of the 2008 WHO classification,
the distinction between AEL and AML-MRC or MDS with erythroid hyperplasia is based
solely on the percentage of blasts. In fact, similarities exist among these entities, in
particular, the high frequency of preceding MDS or the presence of multilineage dysplasia,
as well as common cytogenetic abnormalities (Hasserjian RP et al, 2009; Santos FP et al,
2009). Hasserjian et al studied the clinicopathologic and cytogenetic features of 124 patients
with AEL as defined using the 2008 WHO classification in comparison with patients with
AML-MRC or MDS associated with erythroid hyperplasia, and concluded that AEL was
part of a continuum with AML-MRC and MDS with erythroid hyperplasia, where karyotype
rather than an arbitrary blast cutoff was the most important prognostic factor (Hasserjian RP
et al, 2009). Another recent study also showed that AEL, as currently defined in the WHO
classification, is both substantially less common than the reported frequency of 5% of AML
and nevertheless remains heterogeneous. One subset of AEL patients had relatively low
blast count and was diploid with a relatively good prognosis. The other subset of patients
had cytogenetic abnormalities similar to those seen in patients with MDS and was associated
with a poor prognosis (Kasyan A et al, in press).

6.5 Acute megakaryoblastic leukemia

Acute megakaryoblastic leukemia is defined as an acute leukemia with 20% or more blasts
of which at least 50% are of megakaryocytic lineage. Similar to AEL, acute
megakaryoblastic leukemia has become an even more rare entity using the criteria of the
fourth edition of the WHO classification (Oki Y et al, 2006). Cases previously classified in
this category should now be placed in the appropriate genetic category if they are associated
with inv(3)(g21g26.2) or t(3;3)(921;926.2)/RPN1-EVI1 or t(1;22)(p13;q13)/RBM15-MKL1.
Those cases with myelodysplasia-related cytogenetic abnormalities should be re-classified
as AML-MRC. Down syndrome-related cases are also excluded from this category and
designated separately.

6.6 A role for the FAB classification in AML?

The FAB classification of AML, last updated in 1985, was based predominantly on
traditional morphologic and cytochemical criteria. Although the current WHO classification
of AML, NOS is essentially a modified FAB classification, there is little mention of the
FAB, not even as synonyms for the various categories. Although we agree that it is best to
define myeloid diseases on the basis of well-defined molecular alterations, the FAB
classification, in our opinion, still has some value and the clinicians at our institution
continue to ask us to provide both FAB and WHO terminology for AML cases. There are
some advantages to this approach. First, a FAB designation can be provided rapidly after
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morphological examination and assessment of cytochemical stains (mostly myeloperoxidase
and butyrate esterase). We then include the WHO terminology once the results of
cytogenetics and molecular tests are available. Second, some of the FAB categories such as
M3 and M4Eo highly correlate with the t(15;17)(q22;921)/PML-RARA or inv(16)(p13.1922)
or t(16;16)(p13.1;922)/CBFB-MYH11, respectively. Lastly, the terminology of the FAB
classification is convenient. For example, MO is much easier to say or write than AML with
minimal differentiation.

7. Conclusions

In summary, the fourth edition of the WHO classification of myeloid neoplasms clearly
manifests the progress made in deciphering the molecular pathogenesis of myeloid
neoplasms, as well as the development of targeted therapy since 2001, the year the third
edition was published. It is expected that additional updates and revisions to this
classification will be needed as progress continues to occur rapidly. It is hoped that the time
to publication of the future fifth edition will be less than the seven-year interval between the
third and the fourth edition.
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Figure 1.

Diagnostic algorithm of myeloproliferative neoplasms associated with receptor tyrosine
kinase activation.
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Figure2.
Diagnostic algorithm of cases with persistent cytopenia.
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Figure 3.
Diagnostic algorithm of AML with myelodysplasia and erythroid hyperplasia.
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Table 1

The 2008 WHO classification of myeloid neoplasms

Myeloproliferative Neoplasms
Chronic myelogenous leukaemia, BCR-ABL1 positive
Chronic neutrophilic leukaemia
Polycythaemia vera
Primary myelofibrosis
Essential thrombocythaemia
Chronic eosinophilic leukaemia, NOS
Mastocytosis
Myeloproliferative neoplasm, unclassifiable
Myeloid and Lymphoid Neoplasms with Eosinophilia and Abnor malities of PDGFRA PDGFRB or FGFR1
Myelodyspastic/Myeloprolifer ative Neoplasms
Chronic myelomonocytic leukaemia
Atypical chronic myeloid leukaemia, BCR-ABL1 negative
Juvenile myelomonocytic leukaemia
Myelodysplastic/myeloproliferative neoplasm, unclassifiable
Refractory anaemia with ring sideroblasts associated with marked thrombocytosis
Myelodysplastic Syndromes
Refractory cytopenia with unilineage dysplasia
Refractory anaemia with ring sideroblasts
Refractory cytopenia with multilineage dysplasia
Refractory anaemia with excess blasts
Myelodysplastic syndrome associated with isolated del(5q)
Myelodysplastic syndrome, unclassifiable
Childhood myelodysplastic syndrome
Refarctory cytopenia of childhood
Acute Myeloid Leukaemia (AML) and Related Precursor Neoplasms
AML with recurrent genetic abnormalities
AML with t(8;21)(q22;022); RUNX1-RUNX1T1
AML with inv(16)(p13.1g22) or t(16;16)(p13.1;922); CBFf-MYH11
Acute promyelocytic leukemia with t(15;17)(q22;q12); PML-RARA
AML with t(9;11)(p22;q23); MLLT3-MLL
AML with t(6;9)(p23;q34); DEK-NUP214
AML with inv(3)(q21926.2) or t(3;3)(g21;926.2); RPN1-EVI1
AML (megakaryoblastic) with t(1;22)(p13;q13); RBM15-MKL1
Provisional entity: AML with mutated NPM1
Provisional entity: AML with mutated CEBPA
AML with myelodysplasia-related changes
Therapy-related myeloid neoplasms
Acute myeloid leukaemia, not otherwise specified

AML with minimal differentiation
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AML without maturation
AML with maturation
Acute myelomonocytic leukaemia
Acute monoblastic and monocytic leukaemia
Acute erythroid leukaemia
Acute megakaryoblastic leukaemia
Acute basophilic leukaemia
Acute panmyelosis with myelofibrosis
Myeloid sarcoma
Myeloid proliferations related to Down syndrome

Blastic plasmacytoid dendritic cell neoplasm
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Table 2

Gene mutations in myeloproliferative neoplasms with activated receptor tyrosine kinases

Disease entity Gene M echanism of activation Main cell target

CML BCR-ABL1 1(9;22)(q34;q11) all myeloid cells

PV JAK2 point mutation (V617F) erythroid cells, granulocytes, megakaryocytes
ET JAK2MPL point mutation (V617F, W515L/K)  megakaryocytes

PMF JAK2MPL point mutation (V617F, W515L/K)  granulocytes, erythroid cells, megakaryocytes
Mastocytosis KIT point mutation (D816V) mast cells

MPN with eosinophilia PDGFRA-FIP1L1 interstitial deletion at 4912 eosinophils, mast cells

MPN with eosinophilia  ETV6-PDGFRB 1(5;12)(031-33;p13) eosiniphils

MPN with eosinophilia FGFR1-ZNF198 1(8;13)(p11;912) eosinophils

CML, chronic myelogenous leukemia; PV, polycythemia vera; ET, essential thrombocythemia; PNF, primary myelofibrosis; MPN,
myeloproliferative neoplasm
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Genes involved in the rearrangements of PDGFRAPDGFRB, and FGFR1

Table 3

Tyrosinekinase gene Chromosome  Partner gene Chromosome
PDGFRA 4912 FIP1LL 4q12
STRN 2p24
CDK5RAP2 9933
KIF5B 10p11
ETV6 12p13
BCR 22911
PDGFRB 5031-33 ETV6/TEL" 12p13
TPM3 1921
PDE4DIP 1922
WDR48 3p22
GOLGA4 3p22
PRKG2 4921
HIP1 7q11
CCDC6/H4 10921
GPIAP1 11p13
GIT2 12024
NIN 14924
KIAA1509 14932
TRIP11/CEV14 14932
TP53BP1 15022
NDE1 16p13
SPECC1 17p11
RABEP1 17p13
FGFRL 8pll ZNF198/RAMP/FIM* 13012
FGFR1OP/FOP 6927
TIF1 734
CEP110 9q33
FGFR10P2 12p11
MYO18A 17q11
LOC113386/HERV-K  19q13
BCR 22911

*
Most common partner gene
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Table 4

Criteria of accelerated and blast phases of chronic myelogenous leukemia

Phase WHO MDACC
Accelerated
Blasts 10-19% 15-29%
Blasts and promyelocytes  NA >30%
Basophils 220% 220%
Platelets (x109/L) <100 or >1000” <100
WBC (x10%/L) >10* NA
Splenomegaly increased NA
Cytogenetics CE CE
Blast
Blasts 220% 230%
EMT present present
Other large foci of blasts in BM biopsy =~ NA

*
persistent and unrelated/unresponsive to therapy
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WHO, World Health Organization; MDACC, M. D. Anderson Cancer Center; NA, not applicable; WBC, white blood cells; CE, clonal evolution
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Table 5

Presumptive karyotypic evidence of myelodysplastic syndrome*

Type Cytogenetic abnormalities

Balanced 1(11;16)(q23;p13.3), 1(3;21)(q26.2;922.1), t(1;3)(p36.3;921.2), t(2;11)(p21;923),
inv(3)(g21926.2), t(6;9)(p23;934)

Unbalanced -7 or del(7q), =5 or del(5q), i(17q) or t(17p), =13 or del(13q), del(11q), del(12p) or
t(12p), del(9q), idic(X)(q13)

These cytogenetic abnormalities can be used as presumptive evidence of myelodysplastic syndrome in the setting of persistent cytopenias of
undertermined etiology without definite morphologic dysplasia
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