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Preface

Our understanding of myeloid neoplasms has been radically transformed by notable 
molecular developments over the past 10 years. In large part, this rapid advance-
ment specifically has been centered on profound studies based on emerging and 
newer genetic technologies. Additionally, as our molecular pathology knowledge 
has grown, the ability to treat diseases with molecularly targeted therapies has 
become a simple reality. Yet, keeping abreast of all these advancements has become 
increasingly difficult.

The primary goal of this book is to provide the necessary and foundational molecular 
and diagnostic knowledge of myeloid neoplasms and further increase the readers’ 
awareness and understanding of specific targeted therapies, where applicable. 
Critical myeloid neoplasms are covered here in this book and separated into 
well-defined and organized chapters. Authors are experts with special interest in 
their relative areas, and important literature and guidelines are consolidated into this 
comprehensive book. Figures and tables are made accessible, allowing easy access to 
critical information for diagnoses and understanding of prognosis and treatment.

This textbook serves as a useful resource for clinicians and pathologists who 
diagnose, treat, and study myeloid neoplasms. The information provided here will 
not only guide accurate diagnoses, appropriate ancillary molecular tests, and patient 
management but also vastly stimulate investigative efforts.

Orlando, FL, USA Chung-Che (Jeff) Chang
Stanford, CA, USA Robert S. Ohgami
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Chapter 1
Acute Myeloid Leukemia with Recurrent 
Genetic Abnormalities: Part I Cytogenetic 
Abnormalities

Jenny Hoffmann and Dahui Qin

 Introduction

Recurrent cytogenetic abnormalities have been used to subtype AML for many years, 
providing important prognostic information, as well as identifying potential molecular 
targets to guide therapy. The advent of new technology has generated abundant data, 
revealing a large number of genetic abnormalities existing in different AML cases. 
These findings provide ever-increasing evidence for subtyping in AML and include, 
but are not limited to, t(15;17)( q24.1;q21.2);PML-RARA, t(8;21)(q22;q22);RUNX1-
RUNXT1, inv(16)(p13q22);CBFB-MYH11, t(9;11)(p22;q23);KMT2A-MLLT3, t(6;9)
(p23;q34);DEK-NUP214, inv(3)(q21;q26.2);RPN1-MECOM, and t(1;22)(p13;q13);RBM15- 
MKL1 [1–3] (please see Table 1.1 for a summary). Another example is the BCR-ABL1 
translocation, the disease-defining genetic alteration in chronic myeloid leukemia 
(CML), which has also been described in acute lymphocytic leukemia (ALL) and was 
later reported in AML. Now, the evidence indicates that de novo AML with a BCR-
ABL1 translocation should be considered as a provisional category of AML [2]. Many 
other translocations and inversions have been found in AML, which are sometimes 
recurring. These recurring cytogenetic abnormalities are less frequent, more often seen 
in pediatric patients with uncertain prognostic or therapeutic significance. AML with 
such cytogenetic abnormalities are not included in this category at this time [2]. Some 
translocations and inversions are seen in therapy-related myeloid neoplasms and are 
also excluded from this category [1]. Typically, a recurrent cytogenetic abnormality 
will create a fusion gene encoding a chimeric protein, with one exception that has been 
recognized: AML with inv(3)(q21.3;q26.2) [2, 4, 5]. This chapter will describe the 
recurrent genetic abnormalities in AML.

J. Hoffmann 
Department of Pathology, Stanford University Medical Center, Stanford, CA, USA 
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 Acute Myeloid Leukemia with t(15;17)
(q24.1;q21.2);PML-RARA

AML with PML-RARA is also called acute promyelocytic leukemia (APL) and 
comprises 5–8% of all AML cases. The key cytogenetic abnormality is formation of 
the PML-RARA fusion gene, most commonly caused by a t(15;17)(q24.1;q21.2), 
although cryptic and variant translocations also account for a minority of cases [2].

APL presents with myeloblasts and abnormal promyelocytes (which are consid-
ered blast equivalents) in the bone marrow and peripheral blood. On occasion, the blast 
count may be less than 20%, but the presence of a PML-RARA is sufficient for the 
diagnosis of APL.  There are two morphologic variants of APL: the  hypergranular 
(classic) and the microgranular variant. The abnormal promyelocytes in the hyper-
granular variant of APL typically show indented or bilobated “butterfly- shaped” nuclei 
and intense azurophilic granulation. Single or bundles of Auer rods may also be appre-
ciated (Fig. 1.1). This contrasts with the microgranular variant of APL, in which the 
abnormal promyelocytes have very small and indistinct azurophilic granules and show 

Table 1.1 Recurrent cytogenetic abnormalities in AML

AML subtype
Cytogenetic 
abnormality Molecular background

Clinical 
implications

AML with t(15;17)
(q24.1;q21.2)

Forming PML-RARA 
fusion gene

PML-RARA may  
repress differentiation  
and apoptosis

Sensitive to 
all-trans-retinoic 
acid (ATRA) 
treatment

AML with t(8;21)
(q22;q22)

Forming RUNX1- 
RUNXT1 fusion gene

RUNX1-RUNXT1 may 
inhibit transcription

Associated with 
favorable prognosis

AML with inv(16)
(p13.1q22) or t(16;16)
(p13.1;q22)

Forming CBFB- 
MYH11 fusion gene

CBFB-MYH11 may 
inhibit transcription

Associated with 
favorable prognosis

AML with t(9;11)
(p22;q23)

Forming MLLT-MLL 
(KMT2A) fusion gene

MLLT-MLL may affect 
gene expression

Associated with 
unfavorable 
prognosis

AML with t(6;9)
(p23;q34)

Forming DEK- 
NUP214 fusion gene

DEK-NUP214 may 
increase translation

Associated with 
unfavorable 
prognosis

AML with inv(3)
(q21q26.2) or t(3;3)
(q21;q26.2)

Bringing a GATA2 
distal hematopoietic 
enhancer (G2DHE) to 
the vicinity of the 
EVI1 gene

Causing aberrant EVI1 
expression, GATA2 
haploinsufficiency, and 
transcription inhibition

Associated with 
unfavorable 
prognosis

AML with t(1;22)
(p13;q13)

Forming RBM15- 
MKL1 fusion gene

RBM15-MKL1 may  
alter epigenetic  
regulation

Associated with 
unfavorable 
prognosis

AML with t(9;22)
(q34;q11.2)

Forming a BCR- ABL1 
fusion gene

BCR-ABL1 may  
increase cell  
proliferation

May benefit from 
TKI therapy

J. Hoffmann and D. Qin
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predominantly bilobed nuclei. The blast/blast equivalent count in the microgranular 
variant of APL also tends to be higher than in the hypergranular variant of APL.   
The azurophilic granules in both types are positive for myeloperoxidase (MPO) [1].

The flow immunophenotype of APL is also characteristic and often aids in the 
diagnosis, especially in cases in which the morphologic features are less developed. 
The hypergranular variant of APL is classically CD34 and HLA-DR negative, 
shows high side scatter (where granulocytes typically are seen) and bright MPO, 
and will often show dim CD64 expression, without CD16 expression. The micro-
granular variant of APL, on the other hand, frequently expresses CD34 and occa-
sionally HLA-DR (usually subset of neoplastic cells and week), shows a lower side 
scatter than the hypergranular variant of APL (residing in the normal blast area on 
the CD45/SSC plots), and frequently shows dim CD2 expression.

 Cytogenetic Abnormality

At the genome level, APL with PML-RARA is characterized by a t(15;17)
(q24.1;q21.2) translocation (Fig.  1.2) [1]. The breakpoint in the RARA gene is 
within intron 2. The breakpoints in the PML gene can occur at three different loca-
tions resulting in different sized PML-RARA transcripts. Breakpoint 1 (BCR1) at 
intron 6 will result in a long transcript; breakpoint 2 (BCR2) at exon 6 will result in 
variable transcripts, which can be of different sizes in different patients; and 

Fig. 1.1 Acute 
promyelocytic leukemia, 
hypergranular variant 
showing prominent 
azurophilic granules 
bilobed nuclei and bundles 
of Auer rods

1 Acute Myeloid Leukemia with Recurrent Genetic Abnormalities…
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breakpoint 3 (BCR3) at intron 3 will result in short transcript [6, 7]. As a result, a 
nuclear regulatory gene (promyelocytic leukemia or PML gene) on 15q24.1 is trans-
located to the vicinity of the retinoic acid receptor alpha gene on 17q21.2, forming 
a PML- RARA fusion gene.

The translocation can be detected by karyotyping and FISH assay. Different 
FISH assay designs have been used. One assay is called dual-color dual-fusion fluo-
rescence FISH assay [8]. In this assay, two probes are designed to hybridize to PML 
at 15q24 and RARA at 17q21, respectively, overlapping the breakpoints on each 
chromosome (Fig. 1.3). The two probes can be labeled with different fluorescent 
dyes. For example, the probe specific for PML at 15q24 can be labeled with red 
fluorescent dye and the probe for RARA at 17q21 green. A normal cell will show two 
red and two green dots (Fig. 1.3). A cell with t(15;17)(q24.1;q21.2) will show one 
red, one green, and two yellow dots (Fig. 1.3). This assay works very well in detect-
ing t(15;17)(q24.1;q21.2) PML-RARA translocation. This translocation is the most 
common change found in APL with PML-RARA. However, the RARA gene has been 
found to have other translocation partner genes in some cases. Such translocations 
are called variant RARA translocations. These variants include t(5;17)(q35;q21) 
NPM1-RARA [9], t(11;17)(q23;q21) PLZF (also known as ZBTB16)-RARA [10, 
11], t(11;17)(q13;q21) NUMA-RARA [12], t(4;17)(q12;q21) FIP1L1-RARA [13, 
14], t(2;17)(q32;q21) OBFC2A-RARA [15], t(7;17)(q11;q21) GTF2I-RARA [16], 
t(1;17)(q42;q21) IRF2BP2-RARA [17, 18], der(17) with duplication of 17q21.3-q23 
STAT5b-RARA [19], and der(17) PRKAR1A-RARA with del(17)(q21) [20]. Generally 
speaking, the dual-color dual-fusion FISH assay does not work well for these vari-
ants. Therefore, a RARA dual-color break-apart FISH assay has been designed to 
address this issue. This assay uses dual-color probe, red and green. The red part of 
the probe hybridizes to RARA centromeric to the breaking point and the green part 
of the probe telemetric to the breaking point (Fig. 1.4). A normal interphase cell will 

PML

RARA

Chr. 15 Chr. 17 Chr. 15 Chr. 17

Break 
point

Derivative
Chr. 15

Derivative
Chr. 17

RARA
PML

Before translocation After translocation

Fig. 1.2 APL with PML-RARA is characterized by a t(15;17)(q24.1;q21.2) translocation

J. Hoffmann and D. Qin
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RARA
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Break 
point
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Derivative
Chr. 15

Derivative
Chr. 17

Fig. 1.3 Two probes are designed to hybridize to PML at 15q24 and RARA at 17q21, respectively, 
overlapping the breakpoints on each chromosome. The two probes can be labeled with different 
fluorescent dyes. For example, the probe specific for PML at 15q24 can be labeled with red fluo-
rescent dye and the probe for RARA at 17q21 green. A normal cell will show two red and two 
green dots. A cell with t(15;17)(q24.1;q21.2) will show one red, one green, and two yellow dots

PML

RARA

RARA
PML

Before translocation After translocation

Break 
point

Break 
point

Translocation

Chr. 15 Chr. 17 Chr. 15 Chr. 17

Derivative
Chr. 15

Derivative
Chr. 17

Fig. 1.4 A normal interphase cell will show two yellow dots. A cell with translocation will show 
one green, one red and one yellow dots
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show two yellow dots (Fig.  1.4). An interphase cell with RARA translocation, 
regardless of the partner genes, will show one yellow, one red, and one green dot 
(Fig. 1.4). This assay works better than dual-color dual-fusion assay for different 
RARA translocation variants. In rare cases, cryptic PML-RARA translocations can-
not be detected by karyotyping or FISH assay. For such cases, RT-PCR assay can be 
used to detect translocations [21, 22]. RT-PCR assay can also be used to detect mini-
mal residual disease (MRD) with PML-RARA [23]. Different RT-PCR designs have 
been used to improve the performance [7, 24]. In general, RNA is extracted from 
patients’ blood or bone marrow samples. Random hexamer primers are used to 
make cDNA. The target in cDNA is amplified using different primer pairs flanking 
fusion site of PML-RARA [23].

 Somatic Gene Mutations

Somatic gene mutations in FLT3 are relatively common (50% of cases) with the 
FLT3-ITD being most common (30–40%) and the FLT3-D835 mutation occurring 
in approximately 10% of cases. However, the prognostic significance of FLT3 muta-
tion remains unclear [25, 26].

Other gene mutations including alterations in KIT and RAS genes have been 
described relatively rare (generally reported frequency of 5% or less) [27].

 Clinical Significance

Clinically, patients with APL often develop disseminated intravascular coagulation 
(DIC), which may result in rapidly unfavorable consequences (e.g., intracranial 
hemorrhage). However, APL is generally sensitive to the treatment using all-trans- 
retinoic acid (ATRA). Therefore, early diagnosis of APL is critical for improving 
patient outcome. Morphologic and immunophenotypic evaluation, in combination 
with FISH and PCR assays, plays an important role in patient care. Resistance to 
ATRA can occur due to genetic mutations in the retinoic acid receptor alpha (RARA) 
ligand-binding domain or the PML-B2 domain of PML-RARA. Additionally, cases 
of APL with variant RARA translocations may exhibit ATRA resistance [28].

 Acute Myeloid Leukemia with t(8;21)
(q22;q22);RUNX1-RUNX1T1

AML with t(8;21)(q22;q22);RUNX1-RUNX1T1 is one of the AMLs with recurrent 
genetic abnormalities, first described in 1973 [29, 30], and comprises approximately 
5% of all AML cases. The key cytogenetic abnormality is a RUNX1-RUNX1T1 fusion 
gene [1]. RUNX1 (runt-related transcription factor 1) is also known as acute myeloid 

J. Hoffmann and D. Qin
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leukemia 1 gene (AML1), polyomavirus enhancer binding protein 2 subunit a (PEBP2a), 
and core-binding factor subunit A2 (CBFA2) [29]. RUNX1T1 (runt- related transcription 
factor 1 translocated to 1) is also known as ETO (eight twenty one).

Morphologically, AML with t(8;21)(q22;q22) typically shows large myeloblasts 
with abundant basophilic cytoplasm, perinuclear hofs, and azurophilic granules, 
some of which coalesce into larger salmon-colored granules (pseudo-Chédiak- 
Higashi granules) (Fig. 1.5). In rare cases, the blasts may be less than 20%, which 
should not invalidate the diagnosis of AML with t(8;21)(q22;q22). Apart from 
myeloid blasts, the granulocytic lineage may show features of dysplasia, including 
hypogranulation or irregular lobation. Dysplasia in other lineages is not typically 
seen. Eosinophilic precursors are often increased, and occasionally basophils and 
mast cells are present in excess. [1, 30, 31].

By immunophenotypic evaluation, AML with t(8;21)(q22;q22)is positive for 
CD34, HLA-DR, MPO, and CD13, with dim CD33. Of note, these leukemias can 
often express lymphoid markers, including CD19, CD79a, PAX5, and on occasion 
dim Tdt. A diagnosis of biphenotypic leukemia should not be made in this setting.

 Cytogenetic Abnormality

At the genome level, AML with t(8;21)(q22;q22) is characterized by a chromosome 
8 and 21 translocation (Fig. 1.6) resulting in a RUNX1-RUNX1T1 fusion gene [1]. 
The RUNX1 gene is on chromosome 21 and RUNX1T1 gene on chromosome 8. The 
breakpoint in the RUNX1T1 gene is within an intron at the 5′ end of RUNX1T1.  
The breakpoint in the RUNX1 gene occurs between the exon 5 and 6. Therefore, the 
fusion gene contains the N-terminal 177 amino acids of RUNX1, which is fused in 
frame to nearly full-length RUNX1T1 protein [6, 32]. The fusion gene resides on 
derivative chromosome 8 after the translocation [6] (Fig. 1.6).

Fig. 1.5 Acute myeloid 
leukemia with t(8;21) 
showing basophilic 
cytoplasm and paranuclear 
hofs

1 Acute Myeloid Leukemia with Recurrent Genetic Abnormalities…
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RUNX1-RUNX1T1 translocation can be detected using karyotyping and FISH. One 
of the FISH assay designs is a dual-color dual-fusion FISH assay. In this assay, two 
probes are designed to hybridize to RUNX1T1 at 8q22 and RUNX1 at 21q22, respec-
tively, overlapping the breakpoints on each chromosome. The two probes can be 
labeled with different fluorescent dyes. For example, the probe specific for RUNX1T1 
can be labeled with red fluorescent dye and the probe for RUNX1 green. A normal cell 
will show two red and two green dots (Fig. 1.7). A cell with t(8;21)(q22;q22) will 
show one red, one green, and two yellow dots (Fig. 1.7). This assay is typically more 
sensitive than karyotyping.

In rare cases, cryptic RUNX1-RUNX1T1 translocations may not be detected by 
karyotyping or FISH assays. RT-PCR assays in these instances can be used to detect 
such cryptic translocations [30]. RT-PCR assays may also be used to detect mini-
mal residual disease (MRD) of RUNX1-RUNX1T1 with a sensitivity of 10−3 to 10−4. 
A nested PCR design can reach a sensitivity of 10−4 to 10−5 [30].

 Somatic Mutations

Several genes additionally deserve discussion here with regard to AML with t(8;21)
(q22;q22): KIT, FLT3, and the RAS genes, NRAS and KRAS. KIT mutations are the 
most frequent and vary in incidence in these AMLs (5–30%); most mutations are 
within the tyrosine kinase domain [33–44].

These mutations in KIT are activating mutations which increase cell proliferation 
and survival.

RUNX1T1

RUNX1

Chr. 8 Chr. 21 Chr. 8 Chr. 21

Break 
point

Derivative
Chr. 8

Derivative
Chr. 21

RUNX1
RUNX1T1

Before translocation After translocation

Fig. 1.6 At the genome level, AML with t(8;21)(q22;q22) is characterized by a chromosome 8 and 
21 translocation
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Three other genes infrequently mutated in AML with t(8;21)(q22;q22) are FLT3 
and the RAS genes KRAS and NRAS. As in many other AML subtypes, FLT3 inter-
nal tandem duplication (ITD) mutations may be seen, though at a low frequency 
(~5%) in AML with t(8;21)(q22;q22) [36].

In vivo mouse models have shown a cooperative effect in FLT3-ITD mutations 
in leukemogenesis [45].

FLT3 D835 mutations are additionally rare though the significance of these 
mutations in AML with t(8;21)(q22;q22) is even less certain. Similarly, NRAS and 
KRAS mutations are relatively rare and like FLT3-ITD mutations may have a role in 
leukemogenesis without impacting chemosensitivity [36].

 Clinical Significance

AML with the RUNX1-RUNX1T1 translocation is considered to have a favorable prog-
nosis when compared with other AML subtypes [46, 47]. Somatic gene mutations in 
KIT and FLT3-ITD mutations may modify the prognostic outcomes of patients. 
Several studies have shown that patients with AML with the RUNX1- RUNX1T1 

RUNX1T1

RUNX1

Chr. 8 Chr. 21 Chr. 8 Chr. 21
Derivative
Chr. 8

Derivative
Chr. 21

RUNX1
RUNX1T1

Before translocation After translocationTranslocation

Fig. 1.7 The probe specific for RUNX1T1 can be labeled with red fluorescent dye and the probe 
for RUNX1 green. A normal cell will show two red and two green dots. A cell with t(8;21)
(q22;q22) will show one red, one green, and two yellow dots
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translocation and KIT mutations may have an adverse outcome though some studies 
have shown no prognostic impact [33–37, 39, 41, 42].

FLT3-ITD mutations are rare but are associated with poor outcomes in patients 
with t(8;21)(q22;q22) [38].

 Acute Myeloid Leukemia with inv(16)(p13.1q22);CBFB- 
MYH11 or t(16;16)(p13.1;q22);CBFB-MYH11

AML with inv(16)(p13.1q22);CBFB-MYH11 comprises 5–8% of AML cases and is 
predominantly seen in younger patients [1]. Morphologically, these leukemias dem-
onstrate myelomonocytic differentiation, but more uniquely, the marrow shows 
increased eosinophils, which can show dysplastic features, including prominent 
granulation with aberrant purple-blue coloration and, on occasion, nuclear hypose-
gmentation (Fig. 1.8). While most cases show eosinophilia, occasionally, eosino-
phils are not increased, and myelomonocytic differentiation may be the only feature 
present. Like APL with PML-RARA and AML with t(8;21)(q22;q22), the transloca-
tion is diagnostic, and a blast count of greater than or equal to 20% is not required.

The immunophenotype of these leukemias may be heterogeneous, reflecting its 
myelomonocytic differentiation. It can include an immature blast population  expression 
CD34 and CD117, as maturing granulocytes expressing CD13, CD33, CD65, and 
MPO and a monocyte population expressing CD4, CD14, and CD64.

Fig. 1.8 Acute myeloid 
leukemia with inv(16) 
showing abnormal 
eosinophils with violet- 
blue granules
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 Cytogenetic Abnormality

At the genome level, AML with inv(16)(p13.1q22) is characterized by an inversion 
of a segment of chromosome 16 resulting in CBFB-MYH11 fusion gene. CBFB is 
the core binding factor beta subunit located at 16q22. The MYH11 gene encodes a 
smooth muscle myosin heavy chain, which is normally located at 16p13.1 [1, 48]. 
The breakpoints at CBFB are near the 3-prime end of the coding region of CBFB and 
are found to be the same in different cases, though the breakpoints at MYH11 are 
more variable. The N-terminus and most of CBFB gene are fused to the C-terminus 
of MYH11 gene with its multimerization domain. All rearrangements maintain the 
reading frame of the fusion transcript [49, 50]. This chromosome 16 inversion dis-
rupts CBFB resulting in impaired differentiation [51]. A similar fusion gene can also 
result from t(16;16)(p13.1;q22) and bears a similar consequence. The common chro-
mosome 16 inversion is depicted in Fig. 1.9. Such an inversion comprises about 95% 
of cases generating a CBFB-MYH11 fusion gene. Karyotyping is a common method 
used and is capable of detecting most cases. A FISH assay has been used in detecting 
AML with inv(16)(p13.1q22) with higher sensitivity when compared to karyotyp-
ing. Generally speaking, RT-PCR assay has the highest sensitivity since it can detect 
subtle CBFB-MYH11 fusion transcripts [52–55].

MYH11

Chr16 Chr. 16

Break 
point

Before inversion A�er inversion

CBFβ

inversion

CBFβ-MYH11

MYH11-CBFβ

Fig. 1.9 The common chromosome 16 inversion
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 Somatic Gene Mutations

Similar to AML with t(8;21)(q22;q22), AML with inv(16)(p13.1q22) also has frequent 
mutations in the KIT gene (10–40%); additionally mutations in FLT3 are seen with 
lesser frequency (10%) [34, 36, 42, 43, 56, 57].

RAS mutations are frequently seen in AML with inv(16)(p13.1q22) (35–50%); 
mutations in the RAS family of genes may function cooperatively with RUNX1- 
RUNX1T1 to promote leukemogenesis [36, 56, 58].

 Clinical Significance

Like AML with RUNX1-RUNX1T1, AML with CBFB-MYH11 has a favorable prog-
nosis when compared with other AML subtypes [59]. The significance of KIT and 
RAS mutations in these AMLs is uncertain; however, FLT3-ITD mutations have been 
shown in some studies to be associated with poorer prognosis within this category 
[34, 36, 42, 43, 56, 57].

 Acute Myeloid Leukemia with t(9;11)
(p22;q23);KMT2A-MLLT3

AML with t(9;11)(p22;q23) results in the fusion of KMT2A, also known as MLL, to 
MLLT3 and is more often seen in the pediatric setting, comprising 9–12% of pediatric 
AMLs and 2% of adult AMLs [1]. Morphologically, AML with t(9;11)(p22;q23) is 
characterized primarily by monocytic differentiation. AML with KMT2A-MLLT3 is 
often associated with acute monocytic and myelomonocytic leukemias [1]. Monoblasts, 
as well as promonocytes (considered blast equivalents), predominate. Monoblasts 
demonstrate round/oval nuclei, delicate chromatin with prominent nucleoli, basophilic 
cytoplasm, and rare azurophilic granules. Promonocytes, on the hand, have more con-
voluted or indented nuclei and less basophilic cytoplasm but can also demonstrate 
delicate chromatin and visible nucleoli.

In terms of the immunophenotype, the most commonly expressed markers in 
AML with t(9;11)(p22;q23) include CD13, CD33, CD15, CD38, CD64, CD4, and 
HLA-DR, whereas CD14, CD117, and MPO are less frequent. Interestingly, pediat-
ric patients will often lack CD14 and CD34 expression, while adult patients will 
more frequently show CD14 expression and variable CD34.

 Cytogenetic Abnormality

At the genome level, AML with t(9;11)(p22;q23) involves MLLT3 (mixed-lineage 
leukemia translocated to 3) and KMT2A genes. MLLT3 is located at 9p22 and 
KMT2A gene at 11q23. The breakpoints of KMT2A gene are clustered in a region 
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that spans the 3′-portion of exon 8, exons 9–13 and the 5′-portion of exon 14 [60, 61]. 
The breakpoints of MLLT3 are clustered in introns 4, 7, and 8 [60, 62]. The transloca-
tion results in a MLLT-KMT2A fusion gene, which consists of the 5′ portion of KMT2A 
gene and the 3′ portion of MLLT3 gene [60]. Although MLLT3 is a major partner gene 
in the translocation associated with KMT2A, it is well known that KMT2A has many 
other translocation partner genes. About 80 of all partner genes have been identified 
[63–65]. In general, karyotyping can detect the majority of translocations. However, 
since KMT2A may have different partner genes and may have cryptic translocations, 
a significant portion of the translocations may be missed by karyotyping. FISH 
assays are a good compliment in detecting those cryptic or variant translocations. 
Considering the fact that KMT2A has many possible partner genes, FISH assays usu-
ally use dual-color, break-apart designs. The probes span over the KMT2A gene and 
cover the region on either side of KMT2A breakpoints. The probe on one side of the 
breakpoints will be labeled with red florescent dye, and the probe on the other side 
of the breakpoints will be labeled with green florescent dye (Fig.  1.10). Normal 
interphase cells will show two yellow dots. The cells with KMT2A translocation will 
show one yellow dot, one green dot, and one red dot. Next-generation sequencing 
(NGS) offers a new opportunity for KMT2A translocation testing as well.

Any partner gene

KMT2A

Before translocation After translocationTranslocation

Dual color 
probe

Partner gene 
/KMT2A

Chr. 9 Chr. 9Chr. 11 Chr. 11 Derivative
Chr. 9

Derivative
Chr. 11

Fig. 1.10 FISH assays usually use dual-color, break-apart designs. The probes span over the 
KMT2A gene and cover the region on either side of KMT2A breakpoints. The probe on one side of 
the breakpoints will be labeled with red florescent dye, and the probe on the other side of the break-
points will be labeled with green florescent dye
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 Clinical Significance

AML with KMT2A translocations are often associated with an unfavorable prognosis 
when compared to other AML subtypes; however, AML with 11q23 translocations 
can also be seen in therapy-related leukemias after topoisomerase II inhibitor therapy 
[66, 67]; but such cases should be diagnosed as therapy-related leukemias [1].

 Acute Myeloid Leukemia with t(6;9)(p23;q34);DEK-NUP214

AML with t(6;9)(p23;q34) can be seen in both children and adults, consisting of 
approximately 1% of total AML [1]. AML with t(6;9)(p23;q34) can be seen in any 
FAB subtype of AML.  Patients usually present with anemia, pancytopenia, and 
thrombocytopenia. In addition to general AML morphology, this subtype is often 
associated with basophilia (often >2%) and multilineage dysplasia [1].

Morphologically, AML with t(6;9)(p23;q34) can be seen in any FAB subtype of 
AML, except APL and acute megakaryoblastic leukemia. In addition, this subtype is 
often associated with marrow and peripheral blood basophilia (defined as >2%). 
Multilineage dysplasia is often seen, with granulocytic and erythroid dysplasia being 
more common than megakaryocytic dysplasia. Ringed sideroblasts are present in a 
subset of cases [1].

The immunophenotype of AML with t(6;9)(p23;q34) is fairly nonspecific, showing 
typical myeloblast markers including CD34, CD117, MPO, CD13, CD33, and CD15. 
A subset of cases also express CD64, and Tdt expression is not uncommon.

 Cytogenetic Abnormality

At the genome level, AML with t(6;9)(p23;q34) translocation results in DEK- 
NUP214 fusion gene on derivative chromosome 6 [6, 68, 69]. The DEK gene is 
located at 6p23 and the NUP214 (nuclear pore complex protein 214 kDa) gene at 
9q34. The NUP214 gene is also known as the CAN gene. The breakpoints in the 
DEK and NUP214 genes occur in the intron of each gene. The DEK-NUP214 fusion 
gene consists of the 3′ portion of the NUP214 gene from chromosome 9 and the 5′ 
portion of the DEK gene from chromosome 6. The fusion gene contains the open 
reading frames of both genes [69–71]. Since most translocation breakpoints occur 
in a single intron of the NUP214 gene and in a single intron of the DEK gene, most 
translocations can be detected using FISH and PCR assays. PCR assays usually 
have higher sensitivity and real-time PCR assays can be used to follow patients for 
minimal residual disease [72–75].
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 Somatic Gene Mutations

AML with t(6;9)(p23;q34) is frequently associated with a FLT3 mutation, often 
FLT3-ITD (as high as 70% of cases); other mutations in myeloid mutation- 
associated genes are much rarer in this AML [76].

 Clinical Significance

Overall, AMLs with t(6;9)(p23;q34) usually have an unfavorable prognosis, and 
FLT3-ITD mutations confer even faster relapse than those patients without FLT3- 
ITD mutation [76].

 Acute Myeloid Leukemia with inv(3)(q21q26.2) or t(3;3)
(q21;q26.2)

AMLs with inv(3)(q21q26.2) are rare (2% of AMLs) but usually seen adults [1]. 
Patients usually present with anemia, thrombocytopenia, or pancytopenia. Morpho-
logically, AML with t(6;9)(p23;q34) can show variable features, but promyelocytic and 
megakaryoblastic differentiation are not typically seen. In addition, this subtype is 
often associated with marrow and peripheral blood basophilia (defined as >2%). Mul-
tilineage dysplasia is frequently present, with granulocytic and erythroid dysplasia 
being more common than megakaryocytic dysplasia. Ring sideroblasts can also be 
demonstrated in a subset of cases [1]. The immunophenotype of AML with t(6;9)
(p23;q34) is fairly nonspecific, showing typical myeloblast markers including CD34, 
CD117, MPO, CD13, CD33, and CD15. A subset of cases also express CD64, and Tdt 
expression is not uncommon.

 Cytogenetic Abnormality

At the genome level, the result of inv(3)(q21q26.2) brings a GATA2 distal hematopoi-
etic enhancer (G2DHE) to the vicinity of the EVI1 gene, causing aberrant EVI1 expres-
sion and GATA2 haploinsufficiency [2, 4, 5]. This is unlike other AML translocations 
that usually result in fusion genes. The breakpoints in 3q26 are distributed over several 
kilobases [77–81]. The breakpoints in 3q21 are distributed over 100 kb [81–83]. The 
inv(3)(q21q26.2) and t(3;3)(q21;q26.2) can be detected using karyotyping; however, 
karyotyping may miss some cryptic changes. A dual-color, double- fusion FISH assay 
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has better sensitivity than that of karyotyping [84]. As in other translocations, RT-PCR 
assays can be used to detect the inversion and translocation [83, 85, 86]. Due to the wide 
spread of breakpoints in the inversion and translocation, designing a multiplex RT-PCR 
to reach a good sensitivity is difficult. However, RNA NGS assays may overcome such 
challenges and offer practical solutions with good sensitivity and specificity.

 Somatic Gene Mutations

The somatic gene mutational landscape of AML with inv(3)(q21q26.2) has been pre-
liminarily mapped, and mutations in RAS genes (NRAS, KRAS) and RUNX1 are most 
common, with 40–50% and 20% of cases, respectively. NF1 deletions, FLT3, and 
CBL and IDH1 mutations are less frequent, with 10%, 10%, 10%, and 5% of cases, 
respectively [87, 88].

 Clinical Significance

The AML patients with inv(3)(q21q26.2) and t(3;3)(q21;q26.2) tend to have unfa-
vorable prognosis with short overall survival and poor response to conventional 
chemotherapy [77, 78, 87]. The role of other somatic gene mutations in AML 
patients with inv(3)(q21q26.2) and t(3;3)(q21;q26.2) such as those in NRAS, KRAS, 
RUNX1, NF1, FLT3, CBL, and IDH1 is less certain.

 Acute Myeloid Leukemia with t(1;22)
(p13;q13);RBM15-MKL1

AML with t(1;22)(p13;q13) is usually seen in infants without Down syndrome, more 
often in female infants. It consists of less than 1% of all AML cases [1] and about 
10% of pediatric AMLs [89–92]. Morphologically, the blasts in AML with t(1;22)
(p13;q13) present as small or large megakaryoblasts resembling those of acute mega-
karyoblastic leukemia [1].

 Cytogenetic Abnormality

At the genome level, t(1;22)(p13;q13) results in a fusion gene, RBM15-MKL1. RBM15 
(RNA-binding motif protein 15) is located at 1p13 and is also known as OTT (one 
twenty-two). MKL1 (megakaryocyte leukemia 1) is located at 22q13. The breakpoints 
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on chromosome 1p13 are located at a 6 kb genomic region. The breakpoints on  
chromosome 22q13 are located in a 28 kb intron [93]. Although both reciprocal fusion 
genes are expressed, RBM15-MKL1 fusion gene has all the functional motifs encoded 
by each partner gene [93]. The translocation can be detected by karyotyping, FISH, and 
PCR [93], with PCR assays being used to follow minimal residual disease after treat-
ment [94].

 Clinical Significance

The early studies suggested that AMLs with t(1;22)(p13;q13) carry an unfavorable 
prognosis [1, 95, 96]; however, more intensive therapy has improved the long-term 
survival of such patients [97, 98].

 De Novo Acute Myeloid Leukemia with t(9;22)(q34;q11.2)

AML with t(9;22)(q34;q11.2) is seen in 0.5–3.0% of all AML cases . In the cases of 
de novo AML, the patients should not have a history of BCR-ABL1 positive chronic 
myeloid leukemia (CML), as such splenomegaly and peripheral basophilia are less 
common than in CML in blast crisis. The translocation t(9;22)(q34;q11.2) results in 
a BCR-ABL1 fusion gene and is often the specific Philadelphia chromosome [99–
105]. It is now considered a provisional category of AML with recurrent genetic 
abnormalities [2].

As it is a newly defined provisional entity, our experience with AML with t(9;22)
(q34;q11.2) is somewhat limited. To date, no specific histologic or immunopheno-
typic features which distinguish this entity from typical AML have been identified 
[99–105].

 Cytogenetic Abnormality

At the genome level, the t(9;22)(q34;q11.2) in this AML is the same as that seen in 
CML. Karyotyping, FISH, and PCR assays can be used to detect the translocation. 
As one may expect, FISH has higher sensitivity than karyotyping. Quantitative PCR 
assay is the most sensitive among the three assays and can be used to monitor mini-
mal residual disease. Differentiating between the blast phase of CML and AML 
with t(9;22)(q34;q11.2) has been difficult and heavily depends on the patient’s his-
tory. However, genomic analysis of de novo cases in comparison to the blast phase 
of CML has demonstrated specific deletions in IKZF1 and CDNK1A/B as well as 
loss of IGH/VDJ and TARP regions [104].
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 Clinical Significance

These cases are so rare that tailored therapies are still in their infancy. It is thought 
that, like CML in blast phase crisis, AML with t(9;22)(q34;q11.2) may benefit from 
TKI (tyrosine kinase inhibitor) therapy [103–106].

 Conclusion

Understanding cytogenetic changes in acute myeloid leukemia is critical not only 
for diagnostic subtyping but also for understanding the pathogenesis and potential 
clinical progression of patients. While the majority of cytogenetically defined cate-
gories of AML have been elucidated, understanding how these genetic changes 
result in leukemia is still far from complete. Additionally, the significance and prev-
alence of other somatic gene mutations in these leukemias require further study.
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Chapter 2
Acute Myeloid Leukemia with Recurrent 
Genetic Abnormalities, Part II: Mutations 
Involving CEBPA, NPM1, and RUNX1

Ryan S. Robetorye

 Introduction

Recurrent chromosomal structural abnormalities identified by conventional cytoge-
netic studies and fluorescence in situ hybridization (FISH) analysis have a well- 
established role in the classification and risk stratification of acute myelogenous 
leukemia (AML). For example, patients with cytogenetic alterations associated 
with favorable risk, such as inv(16)(p13.1q22) or t(16;16)(p13.1;q22);CBFB-
MYH11, t(15;17)(q22;q12);PML-RARA, and t(8;21)(q22;q22);RUNX1-RUN1T1, 
have relatively good responses to chemotherapy-based regimens. Patients with 
unfavorable risk profiles, including monosomies of chromosomes 5, 7, and 17, 
deletions of chromosomes 5q and 7q, 11q23 abnormalities other than t(9;11), 17p 
abnormalities, complex karyotypes (>3 abnormalities), and other specific chromo-
somal rearrangements such as inv(3)/t(3;3) and t(6;9), often require allogeneic stem 
cell transplantation to improve their prognosis. However, approximately one-half of 
AML cases have an intermediate cytogenetic risk associated with a normal karyo-
type and cannot be further subclassified using cytogenetics [1–3]. During the past 
decade, numerous molecular genetic tests and gene sequencing approaches have 
been employed to identify specific gene mutations that could be used to further 
divide cytogenetically normal AML (CN-AML) cases into clinically relevant prog-
nostic subsets. The most frequently mutated genes in CN-AML occur in the NPM1 
(~50–60% of cases), FLT3 and DNMT3A (~30% of cases), TET2 (23%), IDH2 
(19%), IDH1 (14%), CEBPA (10–18%), NRAS (13%), ASXL1 (~10%), WT1 (~7–
13%, with increased mutation frequency in younger patients), and RUNX1 (~6–
26%, with increased mutation frequency in elderly individuals) genes [4–19]. 
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The discovery of such gene mutations in CN-AML resulted in inclusion of the 
provisional diagnostic entities “AML with mutated CEBPA” and “AML with 
mutated NPM1” in the “Acute myeloid leukemia with recurrent genetic abnormali-
ties” category in the 2008 WHO Classification of Tumours of Haematopoietic and 
Lymphoid Tissues [1]. However, a recent revision of the 2008 WHO Classification 
changed these two provisional gene mutation entities to distinct diagnostic entities 
and also added “AML with mutated RUNX1” as a new provisional diagnostic entity 
[20, 21]. Further refinement of CN-AML cases within the AML classification will 
improve the identification of molecularly defined subsets of AML patients with dif-
ferent risk categories and will also provide the possibility of minimal residual dis-
ease monitoring using such mutations in specific quantitative molecular assays [22, 
23]. Among the most frequent CN-AML-associated mutations, those affecting the 
CEBPA, NPM1, and RUNX1 genes are associated with distinct biological and clini-
cal features and gene expression profiles [5, 24–28]. Therefore, this chapter will 
focus on the characteristic clinicopathologic features of AML with mutations in the 
CEBPA, NPM1, and RUNX1 genes.

 AML with Biallelic Mutations of CEBPA

The CEBPA gene on chromosome 19q13.1 has a GC-rich coding region (greater 
than 70%) contained within a single exon and encodes for the CCAAT/enhancer 
binding protein alpha, a basic region leucine zipper transcription factor important 
for regulation of cell proliferation and differentiation of myeloid precursors [29–
31]. CEBPA is transcribed as a single mRNA that is translated into two isoforms due 
to an alternative start site, resulting in a full-length 42  kDa protein and shorter 
30 kDa N-terminal truncated isoform. Both CEBPA isoforms share a transactivation 
domain that mediates antimitotic effects through interactions with the cyclin depen-
dent kinase inhibitor p21 [32] and regulates proliferation through interaction with 
the chromatin remodeling complex SWI/SNF [33] and inhibition of the cyclin 
dependent kinases CDK2 and CDK4 [34]. In CEBPA knockout mice, there is a 
selective block in neutrophil differentiation at the myeloblast stage that resembles 
the arrest in maturation observed in human AML patients [35]. Given the phenotype 
of the CEBPA-mutant mice, Pabst et al. looked for CEBPA mutations in a large col-
lection of human AML and were the first to report the presence of these mutations 
in a subset of AML cases [36]. CEBPA mutations occur in 5–10% of de novo AML, 
but are most commonly found in CN-AML (10–18%) or AML with 9q deletion [19, 
37]. Although there are no specific morphological characteristics of CEBPA 
mutation- positive leukemias, AML patients with these mutations tend to have 
higher hemoglobin levels, higher peripheral blood WBC and blast counts, lower 
platelet counts, and are less likely to present with lymphadenopathy or extramedul-
lary leukemia [38].

Two major types of CEBPA mutations have been identified in AML that pre-
dominantly affect the N-terminal and C-terminal regions of the protein [39]. 
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N-terminal mutations occur as frame-shift mutations that cause premature termi-
nation of the full-length 42 kDa protein and result in formation of a nonfunctional 
truncated 20 kDa protein, and increased expression of the 30 kDa isoform that also 
acts as a dominant-negative inhibitor of wild-type CEBPA (Fig.  2.1) [36]. 
C-terminal mutations occur as in-frame insertions or deletions in the leucine zip-
per region and result in decreased DNA binding and/or dimerization activity 
(Fig. 2.1). About two- thirds of AML with CEBPA mutations have two mutations 
(biallelic; also called double mutations), with the majority of cases (approximately 
90%) being compound heterozygotes, harboring an N-terminal mutation on one 
allele and a C-terminal mutation on the second allele, and the rest of the cases 
being homozygous, with both mutations comprising either N-terminal or 
C-terminal mutations. Consequently, CEBPA double mutation cases lack detect-
able expression of wild- type 42 kDa CEBPA protein. The remaining one-third of 
AML with CEBPA mutations carry a single CEBPA mutation (single allele; also 
called single mutations) [40].

The role of CEBPA mutations in leukemogenesis was further clarified by 
Bereshchenko et al. using a mouse model for the spectrum of CEBPA mutations 
occurring in human AML [41]. They found that N-terminal and C-terminal CEBPA 
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Fig. 2.1 CEBPA protein structure. The wild-type CEBPA 42 kDa protein consists of two transac-
tivation domains (TAD1 and TAD2), a basic region (BR), and a leucine zipper region (LZ). The 
protein is translated as two isoforms due to an alternative start site, resulting in full-length 42 kDa 
and truncated 30 kDa isoforms (amino acid numbering is shown below each isoform). N-terminal 
mutations occur as frameshift mutations that cause premature termination of the 42 kDa protein 
and result in increased expression of the 30 kDa isoform that also acts as a dominant-negative 
inhibitor of wild-type CEBPA. C-terminal mutations occur as in-frame insertions or deletions in 
the LZ region and result in decreased DNA binding and/or dimerization activity
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mutations had different effects on hematopoietic stem cell expansion, homeostasis, 
and myeloid differentiation. The most efficient leukemogenesis occurred when pre-
malignant hematopoietic stem cell expansion induced by the presence of a 
C-terminal CEBPA mutation was combined with maintenance of myeloid lineage 
commitment by the presence of a coexisting N-terminal CEBPA mutation. These 
findings in the mouse model are consistent with the prevalence of CEBPA double 
mutations in AML patients.

Germline CEBPA mutations have also been described in familial AML. These 
cases are typically heterozygous N-terminal frame-shift mutations that lead to pref-
erential expression of the 30 kDa dominant-negative isoform of the CEBPA protein, 
suggesting that decreased CEBPA function might play a role in the subsequent 
development of AML [42–44]. Familial AML associated with mutated CEBPA is 
inherited in an autosomal dominant fashion and is highly penetrant, with most of the 
patients inheriting the mutated gene going on to develop AML.  No genotype- 
phenotype correlations have been associated with germline CEBPA mutations, and 
most of these cases have a normal karyotype [45]. The majority of cases present at 
an early age and are associated with development of de novo disease without pre-
ceding cytopenias or myelodysplasia [46]. Most of the AML patients develop an 
additional C-terminal in-frame CEBPA mutation on a separate allele at diagnosis, 
with the C-terminal mutation subsequently disappearing on remission [47, 48]. 
Approximately 5–10% of CEBPA-mutated AML harbor germline mutations. Thus, 
germline N-terminal CEBPA mutations may predispose to the development of a 
subsequent somatic C-terminal mutation and progression to AML after a long 
latency period [47, 49]. Patients with familial CEBPA-mutated AML may also be at 
increased risk of developing additional leukemia clones after treatment of their ini-
tial leukemia and may acquire new CEBPA mutations that are different from those 
in the original leukemia [45]. Germline CEBPA mutations comprise a novel leuke-
mia predisposition syndrome, with development of de novo AML without prodro-
mal cytopenias. Genetic counseling is a critical component of management, and a 
thorough family history and germline DNA analysis of patients is recommended in 
patients over 50 years of age that present with double-mutated CEBPA in order to 
adequately identify families with germline CEBPA mutations requiring long-term 
surveillance [46].

Although more than 600 CEBPA mutations have been reported [37], several 
studies have also documented that the CEBPA gene can be inactivated (silenced) by 
methylation. Hypermethylation of the CEBPA core promoter (−141 to +103 from 
the transcription start site) was first reported in 2002 in two out of 70 (2.8%) AML 
cases, both of whom had AML-M2 morphology [50]. A correlation was also found 
by Wouters et al. between silenced CEBPA and core promoter hypermethylation in 
six out of 285 (1.4%) AML patients [51]. These cases also exhibited an expression 
profile that was similar to AML with mutated CEBPA, even though they lacked such 
mutations. However, Hackanson et  al. observed that methylation of the distal 
CEBPA promoter region (1422 to −896 upstream from the transcription start site) 
was much more common than the core promoter, occurring in 20 out of 39 (51%) of 
AML patients, and that aberrant DNA methylation was strongly associated with 
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samples carrying the cytogenetically favorable inv(16) and t(15;17) abnormalities 
[52]. An evaluation of the CEBPA core, proximal (−1121 to −896), and distal pro-
moter regions in 193 unselected patients with de novo AML by Lin et al. also found 
heterogeneous methylation in the distal promoter region, but not in the core or prox-
imal promoter regions [53]. Hypermethylation of the distal CEBPA promoter was 
associated with decreased CEBPA expression, younger age, and the (15;17) translo-
cation. Overall, AML patients with high CEBPA methylation also exhibited better 
response to induction chemotherapy than AML patients with low CEBPA methyla-
tion and showed longer disease-free and overall survival; however, the effects of 
CEBPA hypermethylation on patient prognosis have not been reproduced [54].

Initially, CEBPA single mutation and double mutation cases were considered to 
be a homogeneous group of AML with a favorable prognosis and precipitated the 
inclusion of these cases as a new provisional entity in the 2008 Classification of 
Tumours of Haematopoietic and Lymphoid Tissues [1]. However, numerous recent 
studies have clearly demonstrated that only AML harboring CEBPA double muta-
tions represents a distinct entity with a favorable outcome, whereas AML with a 
CEBPA single mutation is associated with survival similar to that of AML with 
wild-type CEBPA [40, 49, 55–59]. Several clinical trials have demonstrated that the 
presence of a CEBPA double mutation is an independent prognostic factor for favor-
able outcome in AML cases [22], and this finding has also been biologically sub-
stantiated by the distinct gene expression signature associated with AML with 
CEBPA double mutation [40] and by the mouse experiments modeling the muta-
tions by knock-in mutagenesis performed by Bereshchenko et al. [41]. Multilineage 
dysplasia can also occur in AML with mutated CEBPA, but this does not influence 
the favorable prognosis of these cases, further supporting the classification of these 
cases as a unique entity [60]. Interestingly, AML cases that harbor CEBPA double 
mutations usually exhibit a characteristic immunophenotype that includes aberrant 
expression of CD7 on the leukemic cells [61]. Therefore, with regard to disease 
classification and risk stratification, only AML cases with biallelic CEBPA muta-
tions should be regarded and as a separate entity associated with a favorable prog-
nosis. These findings are reflected in the decision to change the provisional category 
of “AML with mutated CEBPA” to the distinct diagnostic entity “AML with bial-
lelic mutations of CEBPA” in the recent 2016 revision of the WHO classification of 
myeloid neoplasms and acute leukemia [21].

 AML with Mutated NPM1

The NPM1 gene on chromosome 5q35 contains 12 exons and encodes for a 32 kDa 
nucleolar protein that shuttles continuously between the nucleus and the cytoplasm 
[37, 62–65]. Nucleophosmin (NPM) is a multifunctional protein that acts as a 
molecular chaperone to facilitate multiple protein-protein interactions and has both 
proliferative and growth suppressive roles [66, 67]. NPM is involved in critical cell 
functions, including ribosome biogenesis and export and regulation of centrosome 
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duplication [68–70], and also contributes to genomic stability by controlling DNA 
repair mechanisms [71, 72]. NPM is also involved in the control of cellular prolif-
eration and apoptosis through interactions with the important regulatory proteins 
TP53, RB, p19ARF, and HDM2 [73–77]. NPM1 knockout mice show abnormal 
organogenesis and exhibit embryonic lethality due to severe anemia resulting from 
defects in primitive hematopoiesis. However, heterozygous NPM1 knockout mice 
are viable and appear to thrive, but show unrestricted centrosome duplication and 
genetic instability, resulting in a hematologic syndrome with features similar to 
those observed in human patients with a myelodysplastic syndrome [78]. 
Heterozygous mice also show increased susceptibility to development of hemato-
logic malignancies of both myeloid and lymphoid origin, with myeloid malignan-
cies displaying the highest incidence [79]. The discovery of NPM1 mutations in 
AML resulted from the observation that many cases of AML showed an aberrant 
expression of nucleophosmin protein in the cytoplasm of the leukemic cells [4]. 
Cytoplasmic NPM was detected in 208 out of 591 (35%) primary AML specimens, 
but not in 135 secondary AML or in 980 hematopoietic or extrahematopoietic neo-
plasms other than AML. This immunohistochemical finding led to sequencing of 
the NPM1 gene and the identification of exon 12 mutations in nearly all of the AML 
cases with cytoplasmic NPM. There are no specific morphological characteristics 
exhibited by these leukemias; however, cytoplasmic/NPM1-mutated AML is associ-
ated with distinctive clinicopathological features, including a normal karyotype, 
female sex, strong expression of CD33, lack of CD34 expression in the leukemic 
cells (more than 95% are CD34-negative), hypercellular bone marrow with multi-
lineage involvement, high white blood cell count at presentation, high blast percent-
age at diagnosis, high incidence of extramedullary dissemination (mostly confined 
to gingival hyperplasia and lymphadenopathy), and good response to induction che-
motherapy [4, 80]. Cytoplasmic NPM is also readily detectable by immunohisto-
chemistry in routinely-fixed paraffin-embedded tissue samples and can be used as a 
surrogate for molecular NPM1 testing, making this technique potentially useful in 
the diagnosis of NPM1-mutated AML and myeloid sarcoma [81, 82].

NPM1 mutations are the most common genetic abnormality in adult AML, com-
prising approximately 30% of all AML and 50–60% of CN-AML [19]. NPM1 
mutations are usually restricted to frameshift mutations in exon 12 and are charac-
teristically heterozygous with a retained wild type allele [83]. Approximately 55 
molecular variants of NPM1 exon 12 mutations have been identified so far [84], and 
only rare cases with a mutation occurring outside exon 12 have been reported, 
including a splice-site donor mutation in exon 9 [85] and an 8 base pair insertion in 
exon 11 [86]. Greater than 95% of NPM1 mutations occur as a 4 base pair insertion 
at nucleotide position 960. A tandem duplication of TCTG accounts for approxi-
mately 80% of cases (so-called “mutation A”), with CATG (“mutation B”) and 
CCTG (“mutation D”) tetranucleotide duplications accounting for an additional 
10% and 5% of cases, respectively. Other mutations (so-called “mutation C” 
[CGTG], “mutation E” [CTCTTGCCC], and “mutation F” [CCCTGGAGA]) are 
extremely rare [4, 84]. All NPM1 exon 12 mutation variants cause similar altera-
tions in the C-terminus of the mutant proteins and result in the creation of a new 
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nuclear export motif. As a consequence, the NPM protein mutants aberrantly accu-
mulate in the cytoplasm of leukemic cells [84]. NPM1 mutations are highly stable 
and may be detected at AML relapse many years after initial diagnosis, in patients 
with more than one relapse, and even in relapses that occur at extramedullary sites 
[87–89]. Uncommon cases with loss of NPM1 mutations at leukemia relapse may 
be associated with development of new cytogenetic abnormalities [90, 91]. NPM1 
mutations appear to be mutually exclusive of other recurrent cytogenetic abnormali-
ties in AML [92]. A small number of NPM1-mutated AML also carry a CEBPA 
mutation, but analysis of NPM1/CEBPA mutated cases has shown that this rare 
association only occurs with CEBPA single mutation cases and is mutually exclu-
sive of CEBPA double mutations [93].

The pathogenic role played by NPM1 mutation in the development of AML is 
still not completely understood. NPM1 can function as an oncogene as well as a 
tumor suppressor depending on gene dosage, expression level, interacting proteins, 
and cell localization, with many of the functions of NPM1 requiring continuous 
shuttling between the cytoplasm, nucleoplasm, and nucleoli [80, 93]. However, 
because the NPM1 mutation always results in aberrant cytoplasmic localization of 
the mutant protein, this event appears to be critical for leukemogenesis. The NPM1 
mutation likely affects multiple cellular pathways by a combination of loss of func-
tion of the nucleophosmin nucleolar-interacting proteins that are delocalized by 
movement of the mutant protein into the leukemic cell cytoplasm, and gain of func-
tion resulting from the deregulated shuttling of the mutant protein between the 
nucleus and the cytoplasm [94]. Additional insights regarding the role of NPM1 
mutation in leukemogenesis have recently been provided by Vassiliou et al. [95]. 
These authors used a strategy of introducing a humanized NPM1 mutation allele 
into the endogenous NPM1 locus in a knock-in mouse model, thus keeping NPM1 
expression under the control of the endogenous promoter and mimicking the pro-
cess of human AML development. Hematopoietic stem cells derived from these 
mice exhibited overexpression of homeodomain-containing transcription factor 
(HOX) genes (a characteristic also found in NPM1-mutated human AML [27, 28]), 
enhanced self-renewal, and expanded myelopoiesis. In addition, one-third of the 
mice also developed delayed-onset AML, demonstrating that the NPM1 mutation 
can act as an AML-driving lesion [96].

The presence of NPM1 mutation has emerged as an important favorable prognos-
tic factor in AML patients. AML with mutated NPM1 are highly responsive to 
induction chemotherapy [4, 80], and patients with CN-AML and mutated NPM1 
also exhibit higher rates of complete remission, disease-free survival, and overall 
survival compared to CN-AML with wild type NPM1 [24]. However, the prognostic 
importance of the NPM1 mutation in AML is also dependent upon the mutation 
status of the fms-like tyrosine kinase-3 (FLT3) gene [6]. Internal tandem duplica-
tion (ITD) mutations in the FLT3 gene are found in approximately 40% of patients 
with AML and mutated NPM1 compared with approximately 14% of the NPM1 
wild type cases [97]. The FLT3-ITD mutation in AML is usually associated with 
more aggressive disease, high white blood cell counts, early relapses, and poor sur-
vival [23]. Therefore, NPM1 mutations confer a favorable prognosis in CN-AML 
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only in the absence of a concomitant FLT3-ITD mutation, and testing for both gene 
mutations should be performed together to provide the most accurate prognostic 
information [2, 80]. The favorable prognostic effects of NPM1 mutations also 
appear to be dominant over other secondary AML features such as chromosomal 
abnormalities and multilineage dysplasia, which may be present in up to 15% and 
23% of NPM1-mutated AML cases, respectively [98, 99].

The distinct biological properties of NPM1-mutated AML have also been con-
firmed by a number of gene expression profiling studies that showed upregulation 
of several HOX and transcription activator-like effector (TALE) gene family mem-
bers [28, 100, 101]. These genes are known to be important for hematopoietic cell 
development and stem cell maintenance, supporting the possibility that NPM1- 
mutated AML is derived from a multipotent hematopoietic progenitor. However, 
the mechanism by which NPM1 mutation leads to aberrant expression of HOX 
genes is unclear. Mutation of NPM1 could directly influence the expression of 
HOX genes, or perhaps, NPM1 mutation might cause arrested development of 
hematopoietic cell precursors at a primitive stage when the expression of HOX 
genes is elevated. It has also been suggested that microRNAs (miRNAs) could play 
a key role in the upregulation of HOX genes in NPM1-mutated AML. A unique 
miRNA signature was found in NPM1-mutated cases, with upregulation of miR-
10a, miR-10b, miR-196a, miR-196b, and three families of tumor suppressor miR-
NAs, including miR-15- a/miR-16-1, mir-29s (a/b/c), and let-7 family members 
(7a/7b/7f) [27, 102]. Several other miRNAs were found to be downregulated, 
including miR-204 and miR-128a. Interestingly, miRNAs 10a, 10b, 196a, and 
196b are all located within the genomic cluster of HOX genes, and miR-204 has 
been shown to target the expression of the HOXA10 and MEIS1 genes, suggesting 
that HOX gene dysregulation in NPM1- mutated AML could be the result of altered 
miRNA expression. These findings are consistent with the possibility of an aber-
rant regulatory network including NPM1, HOX genes, and miRNAs that might be 
engaged in the arrest of cellular differentiation of hematopoietic precursors and 
development of AML with mutated NPM1 [84].

Patients with AML that are found to have minimal residual disease after induc-
tion chemotherapy or before stem cell transplantation are more prone to relapse 
disease and show decreased overall survival [103–105]. The high incidence of the 
NPM1 mutation in AML (present in approximately 30% of all AML and 50–60% in 
CN-AML), and the stability of the NPM1 mutation in AML during disease evolu-
tion, makes this mutation a useful marker for the detection of submicroscopic levels 
of leukemia (minimal residual disease detection) after therapy. Numerous studies 
have now shown that assessment of NPM1 mutation status in AML can serve as an 
important tool for prognosis prediction and therapy guidance [106–111]. A recent 
publication by Ivey et al. also clearly indicates that assessment of minimal residual 
disease in AML patients (based on the detection and quantitation of NPM1-mutated 
transcripts) provides prognostic information that is independent of other risk factors 
[112]. Patients who developed morphologic remission after chemotherapy and 
showed evidence of minimal residual disease in peripheral blood, as compared to 
patients with no evidence of minimal residual disease, had a significantly greater 
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risk of relapse (82% versus 30%) and a lower rate of survival (24% versus 75%). 
Multivariate analysis showed that the presence of minimal residual disease, as evi-
denced by persistence of NPM1-mutated transcripts, was the only significant prog-
nostic factor for relapse and survival [112]. The ability to reclassify standard-risk or 
low-risk patients as high risk based on persistence of NPM1- mutated transcripts 
may help to appropriately stratify patients who would benefit from stem cell trans-
plant rather than chemotherapy alone, and bone marrow transplant might be also be 
appropriately avoided in high-risk patients that have no evidence of minimal resid-
ual disease after therapy [113].

 AML with Mutated RUNX1

In 1973, Dr. Janet Rowley identified a reciprocal translocation between chromo-
somes 8 and 21 in two patients with AML [114]. Eighteen years later, the Acute 
Myeloid Leukemia 1 (AML1) gene located at the breakpoint of the (8;21)(q22;q22) 
translocation on chromosome 21q22.12 was cloned and later renamed as the Runt- 
related Transcription Factor 1 (RUNX1) gene (named after the Drosophila RUNT 
protein, the first member of this gene family to be cloned) [115, 116]. The RUNX1 
gene contains 10 exons and encodes a sequence-specific DNA binding protein 
characterized by an N-terminal RUNT homology domain (RHD; exons 3–5) that 
mediates DNA binding and interaction with core-binding factor beta (CBFB), and 
a C-terminal transactivation domain (TAD; exons 6–8) [117]. RUNX1 is widely 
expressed in hematopoietic cells and is required for the establishment of definitive 
hematopoiesis. In mouse models, RUNX1 is absolutely required for embryogenesis 
and hematopoiesis, and lack of the RUNX1 gene in homozygous mutants results in 
midgestation embryonic death due to necrosis and extensive hemorrhage in the 
central nervous system [118]. Because germline deletions are lethal, conditional 
RUNX1 deletion strategies have been necessary to determine the role of this gene 
in adult hematopoiesis. Disruption of the RUNX1 gene in adult hematopoietic stem 
cells using an inducible gene-targeting method causes inhibition of megakaryo-
cytic maturation, increased hematopoietic progenitor cells, and defective 
B-lymphocyte and T-lymphocyte development [119]. Interestingly, loss of RUNX1 
function in hematopoietic stem cells does not result in AML, but rather establishes 
a preleukemic state that predisposes to AML following acquisition of additional 
mutations [117].

In human acute leukemia, the RUNX1 gene is involved in a number of recurrent 
chromosomal translocations, including t(8;21)(q22;q22); RUNX1-RUNX1T1 and 
t(3;21)(q26.2;q22); MECOM(EVI1)-RUNX1 in AML, and t(12;21)(p13;q22); 
ETV6-RUNX1 in B-lymphoblastic leukemia. Recurrent intragenic mutations have 
also been identified in AML, myelodysplastic syndromes (MDS), AML after MDS, 
therapy-related MDS and AML, radiation-exposed patients with MDS/AML, 
chronic myelomonocytic leukemia, and T-lymphoblastic leukemia [8, 120]. In 
AML, RUNX1 mutations are found in both of the functional domains of the protein 
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(N-terminal RHD and C-terminal TAD), with the majority of mutations occurring in 
the RHD [5, 8, 14, 15, 26, 120]. Most RUNX1 mutations are mono-allelic, and the 
mutational spectrum includes N-terminal missense mutations and C-terminal 
 truncating mutations that result in deletion of the TAD of the protein. Both missense 
and truncating mutations cause loss of normal RUNX1 function and also appear to 
have a dominant negative effect on the transactivation activity of wild type RUNX1 
in a dose-dependent fashion [121].

Rare germline mutations in the RUNX1 gene have also been reported that are 
associated with an autosomal dominant disorder known as familial platelet disorder 
with predisposition to acute myeloid leukemia (FPD/AML). In FPD/AML families, 
there is thrombocytopenia with normal platelet size and platelet dysfunction with 
abnormal aggregation and secretion responses. Most FPD/AML patients exhibit 
mucocutaneous bleeding symptoms that include easy bruising, epistaxis, and bleed-
ing after minor surgical or dental procedures. Up to 35% of these individuals even-
tually develop AML [122]. Among the more than 30 families described with FPD/
AML, most carriers have a hemizygous RUNX1 gene mutation. However, within 
individual FPD/AML families there is variable penetrance, with carriers of the same 
RUNX1 mutations displaying heterogeneity in the degree of thrombocytopenia, 
platelet dysfunction, and bleeding. In addition, some family members develop 
myeloid malignancies, though not always of the same type, while other family 
members may remain unaffected. Different families also exhibit varying risks of 
progression to myeloid malignancy, likely due to the unique RUNX1 mutations in 
each family group. The specific mechanisms underlying progression to acute leuke-
mia in RUNX1 mutation carriers are unknown, but could include haplosufficiency, 
dominant negative effects on normal RUNX1 function, acquisition of another 
RUNX1 mutation in the nonmutated germline allele, or acquisition of additional 
cooperating mutations [45]. Familial clustering of myelodysplastic syndromes and 
acute myeloid leukemia (MDS/AML) is also seen in patients with inherited disor-
ders such as Fanconi anemia and congenital neutropenia, and these patients have 
also frequently been shown to carry RUNX1 mutations [120, 123]. Since not all 
family members with familial RUNX1 mutations exhibit clinical findings, testing 
for germline RUNX1 mutations is recommended when more than two individual 
family members have been diagnosed with a myeloid malignancy [124].

RUNX1 mutations in AML are almost entirely mutually exclusive of the recur-
rent genetic abnormalities recognized in the WHO classification and complex 
abnormal karyotypes, but are frequently associated with trisomy 13 and monosomy 
7/del(7q) [8, 120, 125]. Somatic alterations of the second RUNX1 allele can also be 
found in a small percentage of AML cases, suggesting a role as a classical tumor 
suppressor gene [125, 126]. AML with RUNX1 mutation has been associated with 
specific clinical and pathological features, including male gender, older age, more 
immature morphology (M0 French-American-British subtype), and secondary 
AML evolving from MDS [15, 121, 127]. These parameters also have well- 
recognized adverse effects on clinical outcome. In numerous studies, the RUNX1 
mutation has been shown to be a significant predictor of resistance to standard 
induction therapy and for inferior survival rate [5, 8, 14, 15, 25]. In univariate analy-
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ses, RUNX1 mutations are associated with refractory disease and inferior rates of 
event free survival, relapse free survival, and overall survival [120]. Gene expres-
sion profiling analysis has also provided evidence that RUNX1-mutated AML shares 
distinct biological features with other high-risk AML, with enrichment of RUNX1-
mutated cases in complex karyotype AML and cytogenetic adverse-risk cases with 
monosomy 7, del(7q), inv(3), and t(3;3) [5]. RUNX1-mutated AML also exhibits 
upregulation of genes normally expressed in primitive hematopoietic cells and 
B-cell progenitors, and downregulation of promoters of myelopoiesis [26]. These 
cases also exhibit characteristic microRNA expression signatures, with downregu-
lation microRNAs normally expressed in definitive myeloid progenitors (miR-223) 
and distinctly myeloid AML blasts (miR-99a and miR-100) [26]. The poor outcome 
of patients with the RUNX1-mutated AML suggests that novel therapeutic 
approaches should be used, including allogeneic stem cell transplant in younger 
patients, and investigational therapies in older patients [15, 120].

 Future Perspectives and Conclusions

Emerging data from newer molecular techniques such as next generation sequenc-
ing (NGS) have revealed that CN-AML harbor numerous gene mutations, with most 
of them representing background mutations, and only a limited number having 
important prognostic and therapeutic implications [22]. The evaluation of these 
mutations as prognostic and predictive markers is a highly active research area, and 
some of these findings have been incorporated in a recent revision of the 2008 WHO 
Classification that changed two provisional gene mutation entities “AML with 
mutated CEBPA” and “AML with mutated NPM1” to clinically distinct diagnostic 
entities and also added “AML with mutated RUNX1” as a new provisional diagnos-
tic entity [21]. Currently, there are three main genes (NPM1, CEBPA, and FLT3) 
routinely analyzed for molecular mutations that are used in clinical practice for the 
diagnosis and management of AML [128]. However, the addition of “AML with 
mutated RUNX1” as a provisional diagnostic entity will also require adding muta-
tional analysis of this gene to current practice. The characteristic clinical and bio-
logical features of AML with CEBPA, NPM1, RUNX1 gene mutations are 
summarized in Table 2.1. Evaluation for additional molecular mutations in other 
genes consistently associated with inferior outcomes, such as ASXL1 and TP53, are 
also likely to be included in updated recommendations [20, 129]. The prognostic 
importance of other genes commonly mutated in AML such as DNMT3A, TET2, 
IDH1, IDH2, NRAS, WT1 is less clear, but mutation testing for some of these genes 
may also be indicated due to the existence of therapies targeting specific gene muta-
tions or combinations of mutations.

Within the past decade, nearly a dozen adult-onset inherited myelodysplastic 
syndrome and leukemia predisposition syndromes have also been identified. 
Individuals with inherited forms of hematologic malignancies are currently under-
diagnosed due to the low frequency of cases and low level of clinician awareness of 
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these syndromes. However, these individuals are increasingly likely to be encoun-
tered in clinical practice with wider adoption of NGS-based testing for the detection 
of prognostically significant or targetable genomic alterations in hematologic 
malignancies [130]. FDP/AML due to inherited RUNX1 mutations was the first 
hereditary myeloid malignancy syndrome (HMMS) to be defined in 1999, followed 
by familial AML with CEBPA mutation in 2004 (both discussed earlier in this chap-
ter). Expanding use of NGS has also contributed to the rapid identification of sev-
eral additional HMMS, including familial MDS/AML with GATA2 mutation, 
thrombocytopenia 2 (ANKRD26), myeloid neoplasms with germline predisposition 
(ATG2B/GSKIP), familial MDS/AML with mutated DDX41, thrombocytopenia 5 

Table 2.1 Characteristic clinical and biological features of acute myeloid leukemia with gene 
mutations

AML with biallelic 
CEBPA mutations

AML with mutated 
NPM1

AML with mutated 
RUNX1

Frequency in
cytogenetically
normal AML

10–18% 50–60% 6–26%; increased
frequency in elderly
individuals

Clinical
characteristics

High hemoglobin levels
High WBC and blast 
counts
Low platelet counts
Low extramedullary
involvement

Female sex
High WBC and blast 
counts
High extramedullary
involvement

Male sex
Older age
Less blast 
differentiation
(FAB M0)

Surface ntigen
expression
characteristics

Aberrant expression of
CD7

Strong CD33 
expression
Lack of CD34 
expression
(>95% 
CD34-negative)

None

Germline
mutations

10–15% No Rare

Response to
chemotherapy

Good Good Poor

Distinct gene 
expression
profile

Yes Yes Yes

Distinct
microRNA
expression
profile

Yes Yes Yes

Gene mutation
results in
abnormal
protein
localization

No Yes (aberrant 
cytoplasmic 
expression)

No

Prognosis Good Good Poor
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(ETV6), familial aplastic anemia/MDS with SRP72 mutation, and an adult-onset 
inherited bone marrow failure/telomere syndrome with familial MDS/AML (TERC/
TERT) [130, 131]. Clinicians must increasingly recognize the possibility that 
 mutations identified in some genes, like CEBPA and RUNX1 and others listed above, 
may represent pathogenic germline mutations and initiate appropriate follow-up 
germline genetic testing. The increasing importance of recognition of germline 
mutations is evidenced by the inclusion of a new category in the 2016 revision of the 
WHO classification of myeloid neoplasms and acute leukemia designated 
“Classification of myeloid neoplasm with germline predisposition” [21].

Given the growing number of gene mutations that are considered prognostically 
and therapeutically important in MDS/AML, there is no doubt that NGS testing will 
be showing increased use in conjunction with standard methods such as morphol-
ogy and flow cytometry for diagnostic purposes. A major advantage of NGS-based 
assays is that they can detect and monitor multiple mutations simultaneously in a 
single cost-effective assay. This capability will also allow the possibility of NGS- 
based minimal residual disease monitoring assays in the future for detection of 
small clonal populations and low-frequency somatic mutations associated with 
MDS/AML [132].

Acknowledgment Thanks to Dr. Fiona Craig for critically reviewing this chapter.
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 Introduction

 Acute Myeloid Leukemia with Myelodysplasia-Related Changes

In 2016, the updated World Health Organization (WHO) classification of hemato-
poietic neoplasms revised this entity minimally, and it remains a subcategory of 
acute myeloid leukemias (AMLs) entitled “acute myeloid leukemia with 
myelodysplasia- related changes (AML-MRC).” AML-MRC (Table 3.1) is defined 
as AML (≥20% blasts in peripheral blood or bone marrow) with a history of myelo-
dysplastic syndrome (MDS) or myelodysplastic/myeloproliferative neoplasm 
(MDS/MPN), or specific MDS-related cytogenetic abnormalities (Table  3.2), or 
morphologic features of multilineage myelodysplasia (≥50% dysplastic cells in at 
least two cell lineages), in the absence of NPM1 or biallelic CEBPA mutations, 
because the morphologic dysplasia in AML cases with NPM1 or biallelic CEBPA 
mutations appears not to impact patient outcome [1–4]. AMLs with NPM1 or bial-
lelic CEBPA mutations have been upgraded from provisional entities in the 2008 
WHO classification to full entities in the 2016 WHO classification and are now 
included amongst AMLs with recurrent genetic abnormalities.
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 Therapy-Related Myeloid Neoplasm

Therapy-related myeloid neoplasms (t-MNs), including AML, MDS, and MDS/
MPN, occur after cytotoxic insults by chemotherapy or radiation therapy (Table 3.3) 
for a neoplastic or nonneoplastic disorder [5–7]. Although t-MNs can be further 
subclassified to t-MDS or t-AML based on blast counts, all therapy-related neo-
plasms are best considered as one clinical syndrome [4]. Associated cytogenetic and 
molecular abnormalities, independent of blast count, are better predictors of disease 

Table 3.1 Diagnostic criteria for AML with myelodysplasia-related changes

20% blasts or more in peripheral blood or bone marrow

AND Inclusion criteria: any of the following
1. Previous history of myelodysplastic syndrome
2. Myelodysplastic syndrome-related recurrent cytogenetic abnormality
3. Multilineage dysplasia (presence of 50% or more dysplastic cells in at least two cell 
lines) lacking a mutation of NPM1 and biallelic mutation of CEBPA in absence of 1 and 
2

AND Exclusion criteria: absence of both of the following
1. History of cytotoxic therapy for an unrelated disease
2. AML with recurrent genetic abnormalities

Modified from the WHO classification

Table 3.2 Cytogenetic abnormalities for AML with myelodysplasia-related changes

Complex 
karyotype

>3 unrelated abnormalities, none of which are included in the AML with 
recurrent genetic abnormalities subgroup

Unbalanced abnormalities

−7/del(7q)
del(5q)/t(5q)
i(17q)/t(17p)
−13/del(13q)
del(11q)
del(12p)/t(12p)
idic(X)(q13)

Balanced abnormalities

t(11;16)(q23;p13.3)a

t(3;21)(q26.2;q22.1)a

t(2;11)(p21;q23.3)a

t(1;3)(p36.3;q21)
t(5;12)(q32;p13.2)
t(5;7)(q32;q11.2)
t(5;17)(q32;p13.2)
t(5;10)(q32;q21.2)
t(3;5)(q25.3;q35.1)

Modified from the WHO classification
aAbsence of previous history of cytotoxic therapy for an unrelated disease
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prognosis and therapy response, and these abnormalities should be incorporated 
into the final diagnosis [4].

 Acute Myeloid Leukemia, Not Otherwise Specified (AML, NOS)

All AML cases that do not fulfill the diagnostic criteria for AML with recurrent 
genetic abnormalities including NPM1 and biallelic CEBPA mutations, AML-MRC, 
therapy-related myeloid neoplasm, or myeloid neoplasm with germline predisposi-
tion are classified as AML, not otherwise specified (NOS). The basis for subclassi-
fication within this category is primarily the morphologic features of blasts, although 
these morphologic subtypes lack clinical or biologic significance [8, 9]. In the 
updated 2016 WHO classification, the blast percentage of all AMLs including acute 
erythroid leukemia is based on total marrow nucleated cells, not nonerythroid cells. 
The attempt to achieve consistency in calculating blast percentage across all myeloid 
neoplasms can, at least in part, avoid overdiagnosis of AML primarily due to the low 
reproducibility of nonerythroid blasts counts. Further, cases previously subcatego-
rized as acute erythroid leukemia, erythroid/myeloid type, share common clinical 
manifestations, morphologic, and cytogenetic features with cases of MDS [10–13]. 
Therefore, this subcategory of acute erythroid leukemia (defined as ≥50% BM ery-
throid precursors and ≥20% myeloblasts among nonerythroid cells) is removed 
from acute erythroid leukemia. The majority of such cases are now classified as 
MDS, especially MDS with excess blasts [4].

 Epidemiology

AML-MRC is more common in older patients, with a median age of 68 years, and 
shows a slight male predominance [14]. The diagnosis of AML-MRC accounts for 
approximately 25–35% of adult AMLs [8, 15–17]. AML-MRC more commonly 

Table 3.3 Cytotoxic agents inducing therapy-related myeloid neoplasms

Cytotoxic agents Specific medication and therapy

Alkylating agents Melphalan, cyclophosphamide, nitrogen mustard, chlorambucil, 
busulfan, carboplatin, cisplatin, dacarbazine, procarbazine, 
carmustine, mitomycin C, thiotepa, lomustine, etc.

Ionizing radiation 
therapy

Large fields including active bone marrow and for autologous bone 
marrow transplant modification

Topoisomerase II 
inhibitors

Etoposide, teniposide, doxorubicin, daunorubicin, mitoxantrone, 
amsacrine, actinomycin

Others Antimetabolites: thiopurines, mycophenolate, fludarabine
Antitubulin agents (usually in combination with other agents): 
vincristine, vinblastine, vindesine, paclitaxel, docetaxel

Modified from the WHO classification
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occurs de novo [14] and may also arise from preexisting myelodysplasia (MDS or 
MDS/MPN). AML-MRC is generally associated with a worse prognosis and a 
lower rate of achieving complete remission in response to current chemotherapies 
compared to other types of AML. The prognosis for AML-MRC is also dependent 
on other individual factors, such as the patient’s age, blast count [18], cytogenetic 
abnormalities [19, 20], specific molecular mutations [19, 20], and different thera-
pies [5, 20, 21]. Patients with lower blast counts (20–29%) in the absence of MDS- 
related cytogenetic abnormalities, specifically in children, have relatively better 
clinical outcomes [21–23]. Recent studies also suggest that allogeneic hematopoi-
etic stem cell transplantation may overcome the poor prognosis for AML-MRC, 
especially in patients who are 50 years old or younger [18].

Therapy-related myeloid neoplasms account for approximately 10% of AML 
and 20% of MDS, and are associated with a uniformly poor prognosis with a median 
survival of 6 months [5–7]. Overall, the median time to develop t-MDS/AML fol-
lowing cytotoxic therapy is approximately 3–5 years, with a marked risk reduction 
after the first decade [6, 7]. There are two types of t-MNs based on their causative 
therapeutic exposures (Table 3.4): a topoisomerase II inhibitor-related type and an 
alkylating agent/radiation-related type. Therapy-related myeloid neoplasms associ-
ated with chemotherapeutic administration of topoisomerase II inhibitors develop 
1–3  years after exposure, and often show no  morphologic dysplasia. Alkylating 
agent/radiation–related t-MNs occur 5–7 years after exposure to cytotoxic agents 
[6, 7]. Approximately two-thirds of these patients develop a myelodysplastic phase 
lasting months to years before overt AML. The remainder often presents with AML 
with myelodysplastic features [5, 6] in addition to myelodysplasia-related cytoge-
netic abnormalities involving chromosomes 5 (−5/del[5q]) and 7 (−7/del[7q]).

AML, NOS, encompasses a large heterogeneous group, representing 25–30% of 
adult AML. It occurs at a younger age than AML-MRC, and has an intermediate 
prognosis [14]. Generally, there are no common clinical features or consistent chro-
mosomal abnormalities identified with this category, and this diagnosis is made by 
exclusion of other subcategories of AML.

Table 3.4 Cytotoxic agents inducing therapy-related myeloid neoplasms and their clinical 
manifestations

Cytotoxic agents Latency Cytogenetics
Dysplastic 
phase Prognosis

Alkylating agents Long, 5–7 years [7] Deletions of chromosomes 
5 and 7, complex 
karyotypes

Yes Poor

Ionizing radiation Long, 5–7 years [7] Deletions of chromosomes 
5 and 7, complex 
karyotypes

Yes Poor

Topoisomerase II 
inhibitors

Short, 1–3 years Abnormalities of KMT2A 
or RUNX1

Often no Poor
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 Clinical Features

AML-MRC displays substantial heterogeneity in presentation and clinical course. 
Adults with AML-MRC often present with severe pancytopenia with a rapid 
increase in blasts. In contrast, children with a blast percentage between 20% and 
29% and preexisting MDS (especially RAEB) experience relatively slow progres-
sion and stable blast counts for weeks to months [23]. Therapy-related myeloid 
neoplasms occurring with a short latency often show abnormalities of either KMT2A 
at 11q23 or RUNX1 at 21q22, and are often associated with use of topoisomerase II 
inhibitors (Table 3.4). Longer latency t-MNs often have a prolonged MDS phase, 
multilineage dysplasia, and MDS-associated karyotypic abnormalities, and these 
features are more likely to be related to alkylating agents or ionizing radiation 
(Table 3.4). Patients with AML, NOS usually present with evidence of bone marrow 
failure and pancytopenias. Beyond medullary symptoms, extramedullary manifes-
tations including soft tissue masses, cutaneous and gingival infiltration, and central 
nervous system (CNS) involvement are more common in acute monoblastic and 
monocytic leukemia. Patients with acute basophilic leukemia often have cutaneous 
involvement, organomegaly, lytic bone lesions associated with hyperhistaminemia, 
and bone marrow failure.

 Morphology and Immunophenotype

Most cases of AML-MRC and t-MNs have morphologic evidence of multilineage 
dysplasia best evaluated with peripheral blood smears and bone marrow aspirates. 
Significant dysplastic features are defined as involving at least 50% of the cells of 
each particular lineage. Blood smears may be particularly useful in identifying 
myeloid dysplasia, while erythroid and megakaryocytic dysplasia are best evaluated 
with bone marrow aspirates and biopsies. Many of these dysplastic morphologic 
features in blood smears and bone marrow are nonspecific for AML-MRC/t-MNs 
and may be seen in a variety of other neoplastic and nonneoplastic hematologic dis-
orders. Myeloid dysplasia is evidenced, for instance, by hypogranulation and abnor-
mal nuclear segmentation. Dyserythropoiesis is the most common change seen in the 
bone marrow and includes bizarre erythroid precursors and ring sideroblasts. 
Dyserythropoiesis is also manifested by karyorrhexis, profound nuclear budding and 
irregularity, multinucleation, marked megaloblastoid maturation, and cytoplasmic 
vacuolization. Dysmegakaryopoiesis includes hypolobulated micromegakaryocytes, 
nonlobulated nuclei or odd numbers of nuclei, and widely spaced nuclei.

t-MN cases following alkylating agents/ionizing radiation often have increased 
blasts with associated multilineage dysplasia. Approximately 20–30% of t-MN 
cases, associated with topoisomerase II inhibitors and balanced recurrent chromo-
somal translocations involving 11q23 (KMT2A/MLL) or 21q22 (RUNX1), show 
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morphologic features similar to those identified in de novo acute monoblastic leu-
kemia or myelomonocytic leukemia (Fig. 3.1).

No specific immunophenotypic feature typifies AML-MRC and t-MNs due to 
the heterogeneity of underlying causes and cytogenetic abnormalities [14]. 
Nonetheless, there is a general immunophenotypic overlap with AML-MRC and 
t-MNs, and blasts are CD34+ and CD117+ and express the pan-myeloid markers 
such as CD13 and CD33 [14, 24]. Aberrant expression of CD7, CD10, and CD56 in 
blasts is not uncommon. In secondary AMLs with monocytic differentiation, blasts 
often express CD4 and CD14 and lack CD34. Cases of AML-MRC and t-MNs with 
abnormalities of chromosomes 5 and 7 may show aberrant expression of TDT and 
CD7.

Most morphologic subtypes of AML, NOS, are defined by previous FAB criteria, 
and a 20% marrow blast cell count is sufficient for a diagnosis of acute leukemia 
[24]. This category includes many cases of AML with a normal karyotype, and 
mutation analysis, rather than morphologic or immunophenotypic features, and is 
probably the most predictive prognostic marker in this group.

 Cytogenetic Abnormalities

Cytogenetic studies including conventional karyotyping remain a mainstream tech-
nology and are required in the evaluation of acute myeloid leukemia and other 
hematologic and nonhematologic disorders. The value of cytogenetic studies in 
AML can be divided into four main aspects: diagnosis, prognosis, prediction of 
therapeutic response, and monitoring minimal residual disease or early recurrence. 
Conventional karyotyping, although considered somewhat outdated compared to 
more specific and sensitive methods such as fluorescence in situ hybridization 
(FISH), provides a comprehensive view of the genome that cannot be obtained with 

Fig. 3.1 Bone marrow 
aspirates in a patient with 
acute myelomonocytic 
leukemia. Bone marrow 
aspirates in a patient who 
is diagnosed with t-MN 
with KMT2A translocation
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FISH or other more specific molecular studies, particularly in AMLs with a com-
plex karyotype. Consequently, both conventional karyotyping and FISH remain the 
routine studies performed for AML diagnoses in clinical laboratories.

 Cytogenetic Abnormalities in AML-MRC

The presence of MDS-related cytogenetic abnormalities is sufficient to make a diag-
nosis of AML with MRC (Table 3.1). A complex karyotype, seven unbalanced chro-
mosomal abnormalities, and nine balanced chromosomal abnormalities are 
considered diagnostic of AML-MRC (Table 3.2).

 Complex Karyotype

A complex karyotype (Fig. 3.2) is defined as three or more unrelated chromosomal 
abnormalities often leading to loss of genetic material at 5q, 14q33, 7q32q35, and 
17p13, thus translating into decreased expression of genes at these chromosomal 

Fig. 3.2 Bone marrow karyotype from a patient with AML-MRC. Bone marrow from a patient 
shows a complex aberrant karyotype. A diagnosis of AML-MRC was made based on the cytogenetic 
findings in addition to morphologic features. *Indicates translocation; * with arrow head indicates 
absence of the chromosome; arrowhead indicates additional aberrant chromosomal materials
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loci. It is invariably associated with a poor prognosis [25] (Fig. 3.3). Recent studies 
demonstrated that autosomal monosomy, defined as the presence of two or more 
distinct autosomal chromosome monosomies or a single autosomal monosomy with 
one or more other chromosomal abnormalities, is a better predictor for poor prog-
nosis than a complex karyotype in AML [26] (Fig. 3.4). A monosomal karyotype 
(Fig. 3.5), occurring in 5–10% of AMLs is associated with a dismal prognosis, with 

Fig. 3.3 Overall survival 
of patients with de novo 
AMLs. Patients with a 
complex karyotype (red) 
show a dismal clinical 
outcome indicated by 
overall survival in 
comparison to those with 
AML with balanced 
abnormalities or with a 
normal karyotype (Graph 
modified from [25])

Fig. 3.4 Overall survival 
of patients with AMLs and 
noncore binding factor 
chromosomal 
abnormalities. Patients 
with a monosomal 
karyotype (MK+, −7, gray 
and red, 4 year OS 27% vs 
MK-, yellow and blue, 
4-year OS 0–6%, 
p < 0.001) show a reduced 
overall survival regardless 
complex karyotypes (CK). 
Therefore, a single 
autosomal monosomy is a 
better predictor for very 
poor prognosis than a 
complex karyotype (Graph 
modified from [26])
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a 5-year overall survival of less than 5%. Monosomies 5 and 7, included by MDS- 
related cytogenetic abnormality and among the most frequent autosomal monoso-
mies in AML, are associated with poor clinical outcomes, which appear to be 
independent for each specific monosomic chromosome [26].

 Unbalanced Chromosomal Abnormalities

Unbalanced chromosomal abnormalities include, in order of decreasing frequency: 
deletion of 5q, loss of 7q, loss of 17p, loss of 13q, loss of 11q, and loss of 12p. They 
result in the loss of genomic integrity (Fig. 3.6). These lesions are the most common 
genetic aberrance in AML with MRC associated with poor clinical outcomes. In the 
updated WHO classification, del(9q) is no longer considered a defining MDS- related 
cytogenetic abnormality for AML-MRC [4]. Del(9q) is among the most frequent 
abnormalities associated with AML carrying NPM1 or biallelic CEBPA mutations, 
and the presence of del(9q) is not an independent prognostic factor [2–4, 27]. Further, 
common recurring chromosomal abnormalities in MDS, such as trisomy 8, del(20q), 
and loss of chromosome Y, are not considered as defining abnormalities in AML-
MRC, since they are also associated with AML carrying NPM1 or biallelic CEBPA 
mutations and they lack prognostic significance in those settings [2–4, 27].

Fig. 3.5 Bone marrow karyotype from a patient with AML-MRC. Bone marrow karyotype from 
a patient shows a monosomy 7 (* and arrowhead) in addition to deletion 5q (arrow)
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Fig. 3.6 Bone marrow karyotype and fluorescence in situ hybridization from a patient with AML- 
MRC. (a, b) Bone marrow karyotype (a) from a patient shows a deletion 5q (*) and this karyotypic 
finding is confirmed by FISH employing specific probes (red and green) targeting 5q (b, a a cell 
with normal karyotype; b a cell with del 5q)
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 Balanced Chromosomal Abnormalities

Nine balanced chromosomal abnormalities diagnostic of AML-MRC include, in 
order of decreasing frequency: t(11;16), t(3;21), t(1;3), t(2;11), t(5;12), t(5;7), 
t(5;17), t(5;10), and t(3;5). Among these balanced gene rearrangements, t(11;16), 
t(3;21), and t(2;11) are also commonly seen in t-MNs (Fig. 3.7). A previous history 
of cytotoxic therapy including chemotherapy or radiation warrants a diagnosis of 
therapy-related myeloid neoplasm instead of AML-MRC. 5q33 is involved in four 
of the nine gene rearrangements and rearrangement of this locus leads to activation 
of the platelet-derived growth factor receptor-β (PDGFRB), a member of class III 
tyrosine kinase receptors (RTKIII) [28]. Two other rearrangements involve the EVI1 
locus at 3q26 and the GATA2 and RPN1 loci at 3q21 [26, 29–31]. Moreover, two 
other rearrangements involving a myeloid lymphoid leukemia (MLL or KMT2A) 
locus at 11q23 (Fig. 3.8), rather than AML with t(9;11), are also diagnostic of AML- 
MRC [4]. There are over 80 different chromosomal translocations involving 
KMT2A, and over 50 translocation partner genes have been characterized in adult 
and pediatric acute leukemias [32–36]. Translocations involving MLLT3 (AF9), 
resulting predominantly in AML, are the most common. Other KMT2A transloca-
tions resulting in AML include MLLT1 (ENL), MLLT10 (AF10), MLLT4 (AF6), and 
ELL as partner genes. Up to one-third of KMT2A translocations in AMLs are detect-
able by conventional karyotyping, and FISH or other molecular studies may be 
necessary to identify these variant translocations [32, 33]. The remaining t(3;5)
(q25;q35) rearrangement is relatively unique in AML-MRC, and the overall 

Fig. 3.7 Bone marrow karyotype from a patient with AML-MRC. Bone marrow karyotype from 
a patient shows t(2;11)(p21;q23), indicated by arrows, in addition to del(5q)*
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incidence is less than 0.5% of AMLs [19, 20, 37]. This gene rearrangement leads to 
the fusion transcript NPM1-MLF1 [38] and tends to occur in young adults. These 
patients may respond well to stem cell transplants [8, 39].

 Cytogenetic Abnormalities in t-MNs

Therapy-induced AML secondary to alkylating agents is a prototypic AML, in 
which successive genetic hits occur and result in numerous genetic aberrations. 
t-MNs associated with alkylating cytotoxic agents/radiation and relatively long 
latency have abnormal cytogenetics most similar to those identified in AML-MRC 
[40]. As discussed earlier, these cytogenetic abnormalities are often associated with 
loss of chromosomes, particularly -5q or -7q, often in the setting of a complex 
karyotype [6, 7, 40].

In contrast, t-MNs associated with topoisomerase II inhibitors and short latency 
usually have balanced chromosomal abnormalities involving the KMT2A locus at 
11q23 and the RUNX1 locus at 21q22. Translocations involving the KMT2A locus at 
chromosome 11q23 are found in approximately 6% of t-MN cases.

Some patients with therapy-related AML have karyotypic changes identical to 
those of de novo AML, including types similar to those of the core binding factor 
leukemias, inv(16) or APL [41, 42]. In contrast to the dismal prognosis of most 

Fig. 3.8 Bone marrow fluorescence in situ hybridization from a patient with therapy related 
myeloid neoplasm (t-MNs). FISH study shows 11q23 rearrangement involving KMT2A gene with 
different translocations employing break-apart rearrangement probes. 11q23 rearrangement is 
revealed by segregation of red and green fluorescence labeled probes
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therapy-related AMLs, some studies suggest that cases with t(15;17) or inv(16) 
may have good prognoses similar to their de novo counterparts [41]. A summary of 
cytogenetic abnormalities in patients with t-MNs is listed in Table 3.5 [43].

 Somatic Mutations and Prognosis

The molecular dissection of many nonrandom recurrent gene rearrangements origi-
nally detected by conventional karyotyping and FISH has paved the way for the 
development of more specific and sensitive molecular tools in the diagnosis of 
AML. Compared to cytogenetic studies, these new approaches, particularly poly-
merase chain reaction (PCR) and sequencing-based methods, are more timely, sen-
sitive, accurate, and quantitative, and overcome some of the limitations of 
karyotyping, such as the requirement of fresh material and viable dividing cells. 
Increasingly, next-generation sequencing (NGS) technologies, also known as high- 
throughput sequencing, have superseded traditional sequencing methods such as 
Sanger sequencing and pyrosequencing in clinical laboratories. NGS-based assays 
have numerous technical advantages over traditional methods, with the capacity to 
fully and rapidly sequence many genes in a single reaction that requires less DNA 
input. NGS can detect a large variety of genetic lesions in hematologic malignan-
cies, including point mutations, small and intermediate-size deletions and inser-
tions, copy number variants, and even translocations. The use of NGS-based assays 
in clinical and research laboratories has led to the discovery of a vast number of new 
mutations in myeloid neoplasms.

Table 3.5 Cytogenetic abnormalities in patients with t-MNs

Cytogenetics Frequency (%)

Karyotype Normal 9.6
Abnormal 90.4

Abnormal chromosome 5, 7, or 
both

Abnormal chromosome 5 20
Abnormal chromosome 7 25
Abnormal chromosome 5 and 7 22

Recurring balanced 
rearrangements

t(11q23) 3
t(3;21) or t(8;21) or t(21q22) 3
t(15;17) 2
inv(16) 2

Others +8, −13/del(13q), −Y, +11, del(11q), 
del(20q), +21, and others

18.5

Modified from [43]
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 Common Mutations in Cytogenetically Normal Acute Myeloid 
Leukemia (CN-AML)

A large number of somatic, point, and insertion/deletion mutations have been iden-
tified, in addition to those cytogenetically detectable lesions described previously, 
and these mutations require distinct molecular genetic analyses beyond cytogenetic 
studies for sensitive and accurate detection. The genes likely to have clinical and 
prognostic significance in CN-AMLs include FLT3 abnormalities; KMT2A partial 
tandem duplications (KMT2A PTD); NPM1, CEBPA, RUNX1, ASXL1/2, IDH1/2, 
KIT, TET2, RAS, CBL, ND4, and DNMT3A mutations; and overexpression of a large 
number of different genes (Table  3.6). Most, but not all, of these mutations are 
enriched in CN-AMLs and, to a lesser degree, in AML-MRC and t-MNs (Table 3.6). 
Indeed, almost all AMLs have mutations in one of the eight categories of genes that 
are highly relevant for myeloid tumorigenesis, including (1) myeloid transcription- 
factor fusions, (2) the gene encoding nucleophosmin (NPM1), (3) multifunctional 
tumor-suppressor genes, (4) DNA methylation-related genes, (5) signal transduc-
tion genes, (6) chromatin-modifying genes, (7) spliceosome-complex genes, and 
(8) cohesin-complex genes. Among these genes, some mutations are either coopera-
tive or mutually exclusive, and these specific patterns suggest biologic relationships 
among many of the genes and categories [44–46]. For instance, mutations of FLT3, 
DNMT3A, and NPM1 are often present simultaneously, while other mutations of 
NPM1, RUNX1, CEBPA, and TP53 are almost always mutually exclusive both at 
diagnosis and at the time of disease transformation (Fig. 3.9) [47–50]. Further, the 
AML morphologic phenotype might be driven by a more complex pattern of con-
current mutations rather than individual genes.

A major new area of emphasis in the revised 2016 WHO classification is on 
molecular genetics in cytogenetically normal AML. The three genes with the muta-
tions most commonly detected and clinically relevant in CN-AMLs are FLT3, 
NPM1, and CEBPA (Table 3.6). Unlike FLT3 mutations, which can also be identi-
fied in AML with recurrent genetic abnormalities and many other AML subtypes, 
AML with mutations in either NPM1 or biallelic CEBPA are defined as distinct 
biologic subtypes of AML, and they are considered full AML entities in the most 
updated WHO classification: AML with mutated NPM1, and AML with biallelic 
mutations of CEBPA. Mutations in NPM1 and biallelic CEBPA, diagnostic for enti-
ties are discussed elsewhere.

 Fms-Like Tyrosine Kinase 3 (FLT3)

FLT3 mutations are identified in many AML subtypes (including cases with karyo-
typic abnormalities), thus FLT3 mutations alone do not define a distinct biologic 
subtype [46]. Interestingly, mutations in FLT3 and in genes encoding other kinases 
including tyrosine kinases, serine–threonine kinases, protein tyrosine phosphatases, 
and RAS family proteins are mutually exclusive in AMLs [46]. FLT3 is a class III 
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Fig. 3.9 Molecular heterogeneity and complexity of AML. (a) Circos plots demonstrate the molecu-
lar heterogeneity of de novo AMLs and the specific patterns of cooperation and mutual exclusivity. 
Colored lines indicate concurrent genetic abnormalities. (b) The outer circular segments indicate the 
particular molecular maturations and the length of each segment indicates their relative frequencies 
in AML. Outer segments indicate a particular subcohort being positive for the given marker. Ribbon 
widths indicate relative frequencies of co-occurrences (Graph modified from [50, 143])
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receptor tyrosine kinase and Ig receptor superfamily member that is expressed by 
hematopoietic progenitor cells and downregulated during differentiation. 
Independent of ligand binding, phosphorylation of regions in the juxtamembranous 
(JM) domain of FLT3, resulting in a persistent “on” signal, leads to uncontrolled 
proliferation and inhibition of differentiation and apoptosis via STAT5 and mitogen- 
activated protein kinase (MAPK) signaling [51–53] in transformed leukemic cells. 
There are two fundamental types of FLT3 abnormalities: internal tandem duplica-
tion (ITD) of the JM domain, and a missense mutation at Asp835 (TKD) [54, 55]. 
FLT3-ITD is relatively more common [54], and occurs in 12–28% of AML, NOS, 
approximately 8% of AML-MRC, and about 7% of t-MNs (Table 3.6). Point muta-
tions of FLT3-TKD are reported in about 7% of all AML, NOS [54]. Overall, FLT3 
mutations, among the most commonly identified somatic abnormalities in AML, are 
seen in approximately 35% of all AMLs, and are enriched in up to 50% of AMLs 
with normal cytogenetics [54, 55]. Overactivation of the FLT3 signaling pathway 
appears to be the single most important prognostic factor for overall survival in 
AML patients younger than 60 years [53]. It is correlated with a poor prognosis, and 
this correlation appears to be independent of the karyotypically aberrant AML 
groups especially in AMLs with mutant NPM1 and DNMT3A [53, 54, 56]. In addi-
tion, FLT3-TKD mutations with high allele fraction (>10%), similar to KIT muta-
tions, are associated with a higher cumulative incidence of relapse in core binding 
factor AML patients [57].

 KIT (CD117)

KIT is a member of a type III tyrosine kinase receptor (RTK) family. Mutations in 
RTKs and their associated pathways in AML result in constitutive activation of 
downstream signaling cascades. KIT activation is triggered by binding of its ligands, 
stem cell factors, and receptor dimerization, which in turn facilitates receptor auto-
phosphorylation. Intracellular signal transduction is mediated through multiple sig-
naling pathways, including RAS–RAF–MAPK, JAK-STAT, and PI3K-AKT 
pathways. Mutations in KIT result in either KIT overexpression or constitutively 
active tyrosine kinase receptors. This gain of function confers a proliferative and 
survival advantage to hematopoietic progenitors thus promoting malignant transfor-
mation in myeloid cells. Similar to KRAS and NRAS, the critical components of its 
downstream signaling pathways, KIT mutations can be seen in AMLs with normal 
cytogenetics (Table 3.6) but are particularly common in core binding factor AMLs, 
occurring in 7–46% of AMLs with t(8;21) or inv(16) [58]. These mutations tend to 
be associated with a poor prognosis in these cytogenetically favorable AMLs. In 
AML, KIT mutations are found in the extracellular domain (exon 8), kinase domain 
(exon 17, especially KIT D816V mutations), and rarely in transmembrane (exon 10) 
and juxtamembrane domains (exon 11) [59].
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 RAS

The RAS (rat sarcoma) gene family encodes approximately 50 structurally homolo-
gous proteins which contain a consensus guanosine triphosphate-binding motif, 
hence the name, small G-protein. RAS proteins, located on the cell surface, function 
as conduits for RTK signaling through downstream cascades to nuclear transcrip-
tion factors regulating cell growth and cell-cycling proteins. Mutations in both 
NRAS (neuroblastoma RAS) and KRAS (Kirsten RAS) have been reported in 
CN-AML and AML with MRC (Table 3.6). Single-point mutations in RAS lead to 
constitutive activation by locking RAS into its active conformation or reducing its 
sensitivity to the GTPase-activating proteins (GAPs), thus resulting in overall gain- 
of- function effects [60, 61], and almost exclusively occur in “hot spot” codons 12, 
13, and 61 [61]. RAS mutations are detected by PCR followed by pyrosequencing 
and NGS in most clinical laboratories.

 Histone-Lysine N-Methyltransferase 2A (KMT2A or MLL)

Partial tandem duplication (PTD) of the KMT2A gene, also known as acute lympho-
blastic leukemia 1 (ALL-1) or myeloid/lymphoid or mixed-lineage leukemia (MLL), 
is another example of a biologically relevant genetic abnormality in AML with nor-
mal karyotype. KMT2A is a histone methyltransferase mediating chromatin modifi-
cation and, as a positive regulator of gene expression for known targets such as HOX 
genes, plays an essential role in regulating gene expression during embryonic devel-
opment and hematopoiesis. KMT2A PTD, containing a varied number of exons 5–12 
duplicated and inserted before exon 12 giving rise to an in-frame repetition and an 
elongated protein [62], is associated with an unfavorable outcome [63] in AMLs. 
Although ~90% of cases with trisomy 11 are associated with KMT2A PTD, it is also 
present in ~10% of AMLs with normal cytogenetics [62, 64]. This mutation is read-
ily detected by RT-PCR amplifying exons 2–12 in most clinical laboratories [62].

 Isocitrate Dehydrogenase 1 and 2 (IDH1/2)

IDH1 and IDH2 are key metabolic enzymes involved in the biosynthesis of central 
metabolites in the TCA cycle, the major pathway for cellular NADPH generation, 
and the pentose phosphate pathway. Loss of IDH1/2 function in malignancies 
impairs oxidative detoxification mechanisms, leading to DNA damage and genomic 
instability, and thus promoting tumorigenesis, especially in hypoxic setting [65, 66]. 
IDH converts αKG to (D)-2-hydroxyglutarate (2-HG) using NADPH as cofactors, 
and 2-HG in turns inhibits histone demethylation by suppressing αKG-dependent 
dioxygenases. Mutations in IDH are uniformly associated with elevated 2-HG in a 
vast number of cancers. Inhibition of histone demethylation (hypermethylated his-
tone) and altered DNA methylation patterns can block the differentiation of non-
transformed cells and facilitate myeloid neoplastic transformation [67]. The 
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prognostic value of IDH mutations in AML remains unknown since results vary 
across studies and a recent retrospective analysis found no impact of IDH mutation 
status on overall survival in patients with AMLs [68].

 Additional Sex Combs Like 1 (ASXL1)

The ASXL1 gene encodes a human homologue of the additional sex combs (Asx) 
gene of Drosophila, located on chromosome 20q11. ASXL1 protein function in 
human remains largely unknown, although recent studies suggest that ASXL1 may 
be involved in the regulation of histone methylation and that ASXL1 mutations are 
an early event contributing to leukemogenesis [69, 70]. ASXL1 mutations are found 
in 5–12% of CN-AML and are enriched in secondary AMLs (Table 3.6), especially 
in older patients [71, 72]. ASXL1 mutations, including nonsense or frameshift muta-
tions, are almost exclusively in the “hot spot,” exon 12, leading to disruption of the 
carboxy-terminal plant homeodomain (PHD) finger domain. Indeed, the mutation 
c.1934dupG (G646WfsX12) represents half of all ASXL1 mutations and can be eas-
ily detected by sequencing. ASXL1 mutations are also closely associated with other 
cytogenetic and molecular lesions, such as isolated trisomy 8 and RUNX1, and 
appear to be an independent adverse prognostic factor [73, 74].

 DNA Methyltransferases 3A (DNMT3A)

DNA methyltransferases (DNMTs) transfer a methyl group from the universal 
methyl donor, S-adenosyl-methionine (SAM), to carbon-5 (C5) of cytosine and are 
predominately responsible for the maintenance of genomic DNA methylation pat-
terns. DNMT3A plays an important role in the maintenance of methylation patterns 
during primordial germ cell and early embryonic development [75]. Although 
DNMT3A was originally considered an oncogene in human tumorigenesis, recent 
studies identified several inactivating DNMT3A mutations and loss of DNMT3A 
activity in myeloid neoplasms, suggesting that DNMT3A may also behave as a 
tumor suppressor [76, 77]. Mutations include missense, nonsense, frameshift, and 
in-frame alterations throughout the gene across all functional domains, although 
mutations at arginine 882 (R882) in the catalytic domain resulting in impaired 
enzyme activity are the most common. However, most of the specific mutations 
identified in AMLs, presumably preleukemic lesions, have not been functionally 
characterized. DNMT3A mutations rarely occur alone in AMLs, and concurrent 
mutations in FLT3/ITD, NPM1, and IDH are common. These DNMT3A mutations 
show a negative correlation with AMLs with t(8;21), t(15;17), or inv(16). In addi-
tion, DNMT3A R882 mutations are associated with advanced age, high leukocyte 
and blast counts, and morphologic features of monocytic differentiation (FAB M4/
M5) [78]. DNMT3A mutations also predict an adverse risk and poor outcome in 
AML patients [79] and can be detected by sequencing. Further, DNMT3A mutations 
at R882 can also be potential markers for minimal residual disease studies.
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 Tet Methylcytosine Dioxygenase 2 (TET2) 

As a member of the TET family, TET2 proteins convert 5-methylcytosine to 
5-hydroxymethylcytosine (5-hmC) in DNA, with ferrous iron and α-KG as cofac-
tors. By regulating DNA methylation and gene expression of downstream targets, 
TET2 inhibits cell proliferation, self-renewal, and differentiation. TET2 mutations 
were first identified in myeloid malignancies via single-nucleotide polymorphism 
array and comparative genomic-hybridization arrays and confirmed by NGS. 
Deletion of TET2 on chromosome 4q24 is common in AMLs [80, 81]. TET2 muta-
tions, including frameshift, nonsense, and deletion mutations, are detected in 8–30% 
of patients with CN-AML, and lead to loss of function, resulting in uncontrolled 
myeloid proliferation and abnormal differentiation [80, 81] (Table 3.6). The pres-
ence of single or double allelic TET2 mutations is positively correlated with muta-
tions of NPM1, DNMT3A, ASXL1, and RUNX1, but virtually mutually exclusive 
with IDH mutations. TET2 mutations are also closely associated with older age, 
higher leukocyte count, normal karyotype, intermediate-risk cytogenetics, and iso-
lated trisomy 8. Although studies regarding the prognostic impact of TET2 muta-
tions in different AML subgroups showed inconsistent results, a meta-analysis of 
over 2500 patients with de novo, secondary, or therapy-related AML revealed that 
TET2 mutations appear to be an adverse prognostic factor and independently pre-
dict the risk of relapse [82, 83].

 Gene Mutations Enriched in AML-MRC and t-MNs

As previously mentioned, secondary AMLs, either AML secondary to a preexisting 
MDS or to cytogenetic toxic therapy, contain successive genetic hits and are charac-
terized by numerous genetic aberrations. A subset of molecular mutations including 
SRSF2, SF3B1, U2AF1, ZRSR2, ASXL1, EZH2, BCOR, STAG2, and TP53 are rela-
tively specific for this group of secondary AMLs (Table 3.7) compared to those genes 
described above [19, 20, 40, 84–92]. These secondary AMLs have mutations in one 
of five categories of genes that are relevant for tumorigenesis and possibly for clini-
cal prognosis, including (1) spliceosomes regulating mRNA splicing; (2) chromatin 
modifying genes; (3) transcription factors; (4) cohesin complex; and (5) TP53, which 
is a multifunctional tumor suppressor and particularly associated with t-MNs. Almost 
all of these mutations are detectable by sequencing. Among these genes, mutations 
in ASXL1 are most common and their clinical significance has been discussed.

 Mutations in Splicing Factors

Mutations in spliceosome factor genes are most common in myeloid neoplasms 
including MDS, AMLs, and chronic lymphocytic leukemia. They are also present in 
several solid tumors, although at lower frequencies. Dysregulation in alternative 
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mRNA splicing, potentially impacting more than 20,000 human genes, results in 
malignant transformation and tumorigenesis in various cell types. Prototypic exam-
ples of genes with alternative splicing impaired by spliceosome mutations include 
BCL2 and BCL-X, CD44, and GSK3B [93]. These mutations promote cell prolifera-
tion and inhibit apoptosis, thus promoting tumorigenesis. Recent studies demon-
strated that somatic mutations in not only downstream targets but also the splicing 
machinery itself are common mutations driving myeloid neoplasms including 
AMLs. SRSF2, SF3B1, and U2AF1 frequently acquire heterozygous missense 
mutations in specific codons leading to gain of function. In contrast, ZRSR2 muta-
tions largely include loss-of-function variants. Commonly identified in MDS and 
AML with MRC, mutations in one of four genes, which are mutually exclusive 
accounting for 5–10% of all AMLs [56]. The clinical or prognostic significance of 
mutations in each individual gene remains unknown. However, lesions in these 
genes as a group, particularly in combination with accumulated somatic mutations 
in chromatin regulators, are frequently associated with a low overall survival rate in 
AMLs. Further, AMLs with mutations in regulators of chromatin, splicing, and tran-
scription show a distinct clinical presentation including dysplastic features in older 
age and dismal clinical outcome. Therefore, these common and clinically signifi-
cant mutations should be considered for incorporation into diagnostic and prognos-
tic classification guidelines [56] (Fig. 3.10).

Fig. 3.10 Overall survival of patients with cytogenetic normal AMLs and following five driver 
mutations. Patients with AML and NPM1 (blue) and biallelic CEBPA mutations (green) show 
optimal overall survival. A subgroup of AMLs with TP53-aneuploidy has a distinct dismal long 
term outcome (purple). As compared with other subgroups, patients in the subgroup with 
chromatin- spliceosome mutations show a poor overall survival (red) and the long term outlook in 
the IDH2R172 subgroup is similar to that in patients with NPM1-mutated AML (Graph modified 
from [56])
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 Serine/Arginine-Rich Splicing Factor 2 Gene (SRSF2)

SRSF2 is an important component in the spliceosome, regulating many steps in 
RNA-related processes, including spliceosome assembly of the U1 snRNP, U2 
snRNP binding at the branch point, and mRNA stabilization [94]. SRSF2 contains 
an RNA recognition motif and an RS domain rich in arginine and serine residues. 
Somatic mutations of SRSF2 are predominantly missense mutations at a specific 
hotspot, codon Pro95. Proline at this codon is replaced by histidine, leucine, or 
arginine through missense mutations, or disrupted by in-frame insertions and dele-
tions. Commonly identified in MDS (15%) and in chronic myelomonocytic leuke-
mia (CMML, approximately 50%) [95], SRSF2 mutations also preferentially occur 
in acute myeloid leukemia with preceding MDS or myelodysplastic morphology 
[90]. All patients with an initial mutation retain the same mutation after AML trans-
formation, and approximately 15% of patients who are initially mutation-negative 
acquire this type mutation after AML progression. There appears to be no signifi-
cant difference in the time to leukemic transformation between mutation-positive 
and -negative patients at the initial diagnosis of MDS [90].

 Splicing Factor 3B1 (SF3B1)

This gene encodes subunit 1 of the splicing factor 3b protein complex, which is an 
essential member of the U2 small ribonucleoprotein complex responsible for branch 
site recognition near the 3′ end of premessenger RNA. SF3B1 mutations are fre-
quently identified in a specific MDS subtype with refractory anemia and ring sid-
eroblasts (RARS), and in other subtypes of MDS or MDS/MPN overlap syndromes, 
such as MDS/MPN with ring sideroblasts and thrombocytosis, a new full entity in 
the updated WHO classification. Ring sideroblasts are a morphological feature 
especially associated with SF3B1 mutations. Missense substitutions are concen-
trated at codon 700, in the middle of four contiguous HEAT domains, and result in 
a gain of function or dominant negative activity, in which the mutant protein sup-
presses its wild-type counterpart. SF3B1 mutations are associated with a lower rate 
of transformation to AML and appear to predict an indolent disease in MDS, while 
the same mutations alone have no detectable prognostic impact in secondary AMLs 
[91, 96]. In contrast, mutations in splicing factors in combination with SRSF2, 
ZRSR2, and U2AF1 mutations appear to predict unfavorable prognosis in patients 
with de novo acute myeloid leukemia [97].

 U2-Complex Auxiliary Factor 1 (U2AF1)

U2AF1 encodes a subunit of the U2 spliceosome required for the binding of U2 
snRNP to the pre-mRNA branch site. The encoded protein contains four major 
functional domains: two zinc-finger regions, an arginine-serine domain, and a 
U2AF homology domain. U2AF1 binds directly to several other splicing factors 
important for myeloid neoplastic transformation, including U2AF2, SRSF2, and 
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SF1. There are two hotspots at codons S34 and Q157 where several missense sub-
stitutions occur [95]. Small in-frame insertions and deletions around codon 157 
have also been identified but at a much lower frequency. These mutations lead to 
oncogenic gain-of-function phenotypes and directly interfere with RNA binding, 
resulting in splicing changes [98]. As with other spliceosome components, U2AF1 
mutations are associated with AML-MRC and morphologic trilineage dysplasia. 
Further, U2AF1 mutations alone are an independent prognostic factor and associ-
ated with poor clinical outcomes in patients with AMLs [99].

 Zinc Finger, RNA-Binding Motif and Serine/Arginine Rich 2 Gene 
(ZRSR2)

ZRSR2, frequently mutated in myeloid malignancies, is located on the X chromo-
some and encodes a serine/arginine-rich splicing factor regulating the recognition 
of the 3′ splice acceptor site as a component of the U2 auxiliary factor heterodimer. 
In contrast to other splicing factors described above, ZRSR2 mutations include out- 
of- frame insertions and deletions, splice-site mutations, and nonsense mutations, 
resulting in prematurely truncated proteins. Missense mutations across all exons 
also occur. These mutations result in loss of function, and occur in about 5% of 
patients with MDS, T-cell acute lymphoblastic leukemia, and plasmacytoid den-
dritic cell neoplasms [100–102]. Recent studies demonstrated no direct impact of 
ZRSR2 mutations on clinical outcomes in patients with MDS, and the clinical rele-
vance of ZRSR2 mutations alone in patients with AMLs remains unknown.

 Enhancer of Zeste Homolog 2 (EZH2) 

The polycomb repressive complex 2 (PRC2) maintains transcriptional silencing 
through posttranslational histone modification and regulation of homeotic gene 
expression [103], and is essential for hematopoiesis and lymphopoiesis in human. 
Comprising the catalytic subunit of PRC2 is EZH2 or EZH1, which serves as a 
H3K27 methyltransferase in the complex [103]. Overexpression of EZH2 is fre-
quently identified in solid tumors such as prostate, breast, and endometrial cancers. 
Gain-of-function mutations in the catalytic domain are also commonly detected in 
patients with follicular lymphoma and diffuse large B-cell lymphoma [104]. In con-
trast, loss-of-function mutations across all 20 exons of EZH2 are commonly detected 
in myeloid malignancies, especially MDS and acute myeloid leukemia. Inactivation 
of EZH2 leading to loss of H3K27 trimethylation contributes to myeloid neoplasms 
including MDS, MPN, and MDS/MPN overlap syndrome, but appears to attenuate 
its predisposition to leukemic transformation secondary to MDS [105–107] in ani-
mal models. Although frequently found in other myeloid neoplasms associated with 
a poor prognosis and clinical outcome, the prognostic relevance of EZH2 mutations 
remains largely unknown in AMLs due to the low detection rate [78, 108].
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 BCL6 Corepressor (BCOR)

The BCOR gene encodes a POZ/zinc finger transcriptional repressor, also known as 
an interacting corepressor of BCL6, which is required for germinal center formation 
and may influence apoptosis in lymphoid tissue. BCOR is a key component in the 
polycomb repressive complex 1 (PRC1) variant, which inhibits transcriptional 
activity and regulates early embryonic development, mesenchymal stem cell func-
tion, and hematopoiesis [89]. Recent studies demonstrated that BCOR mutations 
occur in 3.8% of unselected CN-AML patients and are enriched in a substantial 
fraction (17.1%) of CN-AML patients showing the same genotype as the AML 
index subjected to whole-exome sequencing. Disruptive somatic BCOR mutations 
include out-of-frame mutations, small insertions and deletions, nonsense mutations, 
and splice-site mutations along the BCOR coding exons and exon/intron junctions. 
BCOR mutations are associated with decreased BCOR mRNA levels, absence of 
full-length BCOR proteins, and low expression of a truncated BCOR protein. 
Further mutations in BCOR are closely associated with mutations in other histone 
modifiers such as DNMT3A, suggesting cooperativity among these genetic altera-
tions, while BCOR mutations are virtually mutually exclusive with NPM1 muta-
tions. BCOR mutations are associated with an unfavorable outcome in patients with 
CN-AML [89].

 Cohesin Complex

The cohesin complex forms a ring structure regulating appropriate chromo-
somal segregation during mitosis and cell division, double-stranded DNA repair, 
and transcription. Genes encoding the cohesin complex in somatic vertebrate 
cells are SMC1A, SMC3, RAD21 (SCC1), STAG2 (SA-2), and STAG1 (SA-1) 
[109]. Mutations in STAGs or other components in this complex result in chro-
mosomal instability and contribute to myeloid malignant transformation [88]. 
Indeed, disruptive mutations of the core cohesin subunit STAG2 occurs in a 
variety of human tumors, including glioblastoma, Ewing sarcoma, melanoma, 
cervical carcinoma, and hematologic cancers, as STAG2 mutations lead to aneu-
ploidy in a variety of human cancer cells [110]. Mutations throughout all coding 
exons of STAG2 are common in antecedent MDS, secondary AML with pre-
dominantly normal cytogenetics, and de novo AMLs. Concurrent mutations in 
NPM1, FLT3, DNMT3A, and PTPN11 correlate with STAG2 mutation status. 
Cohesin complex or STAG2 mutations alone are not independent predictive fac-
tors for overall survival or remission rates in AMLs [88, 111].
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 Tumor Protein 53 (TP53)

The tumor protein 53 (TP53) is a transcription factor and prototypical tumor suppres-
sor that arrests the cell cycle, promotes apoptosis, and coordinates DNA damage 
repair in response to various cellular stresses and cytotoxic insults. TP53 mutations 
result in resistance to protein degradation through MDM2, and in abnormal nuclear 
accumulation detectable by immunohistochemistry. TP53 mutations are found in up 
to 40% of therapy-related AML [40] and in over 50% of AML with complex cytoge-
netics. Somatic TP53 mutations are also detected in 10–15% of de novo AML and 
MDS [91]. A large variety of TP53 mutations have been identified to date, including 
the point mutations and loss of the TP53 locus at chromosome 17p commonly seen 
in AMLs. These TP53 mutations can be identified by cytogenetic studies and 
sequencing. It has been suggested that TP53 mutations are not directly induced by 
cytotoxic chemotherapy. Rather, they are likely to reflect rare age-related mutations 
that are resistant to chemotherapy and which expand preferentially following treat-
ment. TP53 mutations are directly correlated with a poor prognosis in patients with 
MDS and AML, with resistance to chemotherapy and reductions in overall and dis-
ease-free survival, even in patients undergoing stem cell transplantation [91]. 
Moreover, TP53 mutations impart similarly poor prognoses in other malignancies as 
well. Recent studies suggest that a mutation in TP53 with aneuploidy may represent 
an acquired causative driver mutation involving discrete evolution pathways in the 
tumorigenesis of acute myeloid leukemia. AML patients with TP53 mutations and 
aneuploidy had dismal clinical outcomes, and beyond the current WHO classifica-
tion, AML with TP53-aneuploidy may be defined as a distinct subtype [56, 87, 99].

 Standard and Targeted Therapy

As the molecular landscape of AML becomes more detailed, and we understand 
how various cytogenetic abnormalities and somatic mutations affect the develop-
ment of AML, the role of targeted therapies will become more critical. While stan-
dard therapies for AML include induction with cytarabine and an anthracycline 
drug such as daunorubicin followed by consolidation therapy with cytarabine and/
or stem cell transplant, here we discuss mainly targeted therapies, again which are 
gaining momentum in use.

In the case of DNMT3A, which is commonly mutated in AML, nonspecific 
inhibitors of DNMT, are already commonly used, such as azacitidine and decitabine, 
and, in preliminary studies, provide better responses in older patients harboring 
mutations in epigenetic modifiers including DNMT3A [112, 113]. DNMT inhibitors 
may be a superior treatment option for older patients ineligible for intensive chemo-
therapy. Additional large-scale studies are warranted.

Many targeted therapies focus on mutations in kinase proteins (FLT3, KIT). For 
instance, FLT3 is considered a potentially important target for leukemia therapy [54]. 
Although no FLT3-specific inhibitor has been developed to date, many tyrosine 
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kinase inhibitors (TKIs) appear to inhibit FLT3, and several potential FLT3 inhibitors 
are being evaluated in clinical trials [54, 114–117]. Midostaurin (PKC412, Novartis 
Pharmaceuticals, East Hanover, NJ, USA), a benzoylstaurosporine, is a first-genera-
tion FLT3 inhibitor, and inhibits the kinase activities of both FLT3/ITDs and FLT3/
KDMs, as well as wild-type FLT3 [118]. Phase 2 studies of PKC412, alone or in 
combination with conventional chemotherapeutic agents in patients with AML or 
MDS, have shown that patients with FLT3 mutations but not previously exposed to 
other FLT3 inhibitors realize the greatest benefit, although the duration of remission 
was short in some patients [119–121]. United States Food and Drug Administration 
(FDA) granted Breakthrough Therapy designation to PKC412 (midostaurin) recently 
primarily based upon the positive results from the Phase III RATIFY (CALGB 
10603) clinical trial. Patients who received PKC412 (midostaurin) and standard 
induction and consolidation chemotherapy experienced a significant improvement in 
overall survival (OS) (hazard ratio = 0.77, P = 0.0074) compared with those who 
received standard induction and consolidation chemotherapy alone. The median OS 
for patients in the PKC412 (midostaurin) treatment group was 74.7 months (95% 
confidence interval [CI]: 31.7, not attained), versus 25.6 months (95% CI: 18.6, 42.9) 
for patients in the placebo group. Unfortunately, PKC412 alone has insufficient 
activity in AML patients, and off-target effects such as pulmonary edema are con-
cerning. CEP-701 (Cephalon, Frazer, PA, USA), another relatively-specific first-
generation inhibitor targeting FLT3 kinases, showed a transient decrease in circulating 
blasts [122] in patients with relapsed or refractory acute myeloid leukemia without 
achieving a complete remission [122, 123]. In recent years, a new generation of more 
potent and specific FLT3 inhibitors has been developed, with AC220 [124] and 
G-749 [125] as leading examples. These newer agents have shown significant prom-
ise in early phases of clinical investigation including animal models and are currently 
in more advanced clinical trials [123–125].

TKIs have been used in combination with conventional chemotherapy in KIT- 
positive relapsed/refractory AML and are in clinical trials [126]. Imatinib combined 
with traditional chemotherapy reagents including mitoxantrone, etoposide, and 
cytarabine in patients with KIT-positive relapsed/refractory AML achieved a com-
plete response in approximately 60% of patients [127, 128]. A multicenter phase 
2 trial for older patients with KIT-positive AML, who are not optimal candidates for 
intensive induction therapy, showed that imatinib combined with low-dose cytara-
bine achieved an 11% hematologic response [129]. However, in most of these stud-
ies, the KIT mutation status was evaluated by flow cytometry rather than molecular 
studies. In contrast, dasatinib alone as a maintenance therapy in patients with high- 
risk AMLs who achieved complete remission 1 (CR1) showed a poor 2-year disease- 
free survival rate of 25% [130].

Other targeted therapies may be exquisitely protein specific such as IDH inhibi-
tors [65, 66], which are currently being assessed in clinical trials. Other therapies 
may be somewhat indirect and target a step in the pathway involving the gene of 
interest. For instance, RAS is another gene mutated highly in AML and since RAS 
activity is dependent on posttranslational farnesylation, specific inhibitors targeting 
farnesyltransferase have been examined in clinical trials involving patients with 
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AML [131]. Overall, responses to farnesyltransferase inhibitors in AMLs have not 
been encouraging. In a trial of 348 elderly patients with AML (aged ≥70 years) who 
received tipifarnib, less than 20% achieved a complete remission [132–134]. RAS 
signaling also activates downstream targets, most notably mitogen-activated protein 
kinase (MAPK) and phosphoinositide 3-kinase (PI3K)–AKT through a variety of 
pathways to promote cell proliferation. Combination therapy with inhibitors target-
ing the downstream RAS effectors, MEK and AKT, is currently being investigated 
in clinical trials in AML patients with RAS mutations [135, 136].

In the case of MLL/KMT2A, it is known that DOT1L, a histone methyltransfer-
ase, is required for the development and maintenance of KMT2A-rearranged leuke-
mias [137]. Preclinical studies have shown potential clinical utility of DOT1L 
inhibition in AMLs [137–139], and small-molecule and competitive inhibitors of 
DOT1L have been developed (EPZ-5676; Epizyme Inc., Cambridge, MA, USA) 
which preliminarily show some promising responses, including complete morpho-
logic and cytogenetic remissions, and resolution of leukemia cutis and treatment- 
related increases in neutrophils and/or monocytes [140].

Finally, modulation of the spliceosome complex may provide a new therapeutic 
approach in patients with MDS or AML containing spliceosome gene mutations; 
but studies on specific inhibitors targeting splicing factors in AMLs remain in the 
preclinical stage. E7107, a structurally distinct splicing inhibitor, is the only com-
pound that specifically inhibits SF3B1, and has been tested in clinical trials. 
Preliminary data suggest that SF3B1 inhibition has therapeutic potential for the 
treatment of solid tumors with SF3B1 mutations. Additional clinical studies with 
new inhibitors targeting splicing factors for patients with myeloid neoplasms are 
needed [141, 142].

 Conclusions

As our understanding of the molecular landscape of AML continues to grow, so too 
will our subclassification of this disease. Additionally, while such detailed under-
standing drives our diagnostic categorization of this disease, perhaps more impor-
tantly it also informs us of the mechanisms driving AML.  Importantly, with an 
understanding of the mechanisms of this disease, continual development of specific 
targeted therapies is possible which will continue to positively change the course of 
this disease.
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Chapter 4
Myelodysplastic Syndrome

Shaoying Li and C. Cameron Yin

 Introduction

Myelodysplastic syndromes (MDS) are a group of hematopoietic stem cell neo-
plasms defined by morphologic dysplasia in at least one lineage of myeloid, ery-
throid, and megakaryocytic cells and peripheral blood (PB) cytopenia(s), that is, 
ineffective bone marrow (BM) hematopoiesis, as well as an increased risk of pro-
gression to acute myeloid leukemia (AML) [1, 2]. Cytopenias are defined by the 
International Prognostic Scoring System (IPSS) for risk stratification of MDS as 
hemoglobin <10 g/dL, absolute neutrophil count (ANC) <1.8 × 109/L, and platelets 
<100 × 109/L [1, 3]; morphologic dysplasia needs to be present in at least 10% of 
each involved lineage and blasts in the BM or PB should be less than 20%.

With the introduction of next-generation sequencing into clinical practice, abun-
dant recurrent somatic mutations have been identified which has advanced our 
understanding of MDS significantly. Here we discuss the epidemiology, etiology, 
morphology, immunophenotype, cytogenetic and molecular features, and prognosis 
of MDS with a focus on the cytogenetic and molecular features and the new 2016 
updates of the World Health Organization (WHO) classification.

 Epidemiology, Etiology, and Clinical Features

MDS is a disease of older adults with a male predominance; the median age at 
diagnosis is 70–75 years. The population-based annual incidence is 3–5/100,000 
persons which rises to 13.5 in those aged 65–69 years and to 63.6 in those aged 
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≥85 years. The prevalence of MDS is estimated to be 60,000–170,000  in the 
USA [4].

From an etiology standpoint, MDS can be approached according to a subclassi-
fication as de novo MDS, therapy-related MDS, or an MDS of germ line predisposi-
tion. De novo MDS has no definitive etiology, but some factors can increase the risk 
of MDS such as benzene exposure above safe levels, smoking, ionizing radiation, or 
exposure to certain chemicals or solvents (such as pesticides) [5]. Therapy-related 
MDS (t-MDS), as self-illustrated by its name, occurs as a late complication of cyto-
toxic chemotherapy and/or radiation therapy for the treatment of a previous neo-
plastic or non-neoplastic entity. Other cases of MDS are associated with an 
underlying inherited disease, such as inherited BM failure syndrome (Fanconi ane-
mia, Shwachman-Diamond syndrome, Diamond-Blackfan syndrome, dyskeratosis 
congenita) or Down syndrome. In some cases, more recently recognized monogenic 
inherited disorders (e.g., MDS with RUNX1 or GATA2 mutations) are apparent and 
are familial; these are discussed in a separate chapter [6, 7].

Clinically, most MDS patients present with cytopenia(s)-related symptoms. 
Anemia is the most frequent cytopenia and patients may be transfusion-dependent. 
Neutropenia and thrombocytopenia are less frequent. Unlike myeloproliferative 
neoplasms, splenomegaly is usually not present in patients with MDS.

 Morphology

In the BM, the myeloid, erythroid, and megakaryocytic lineages each have character-
istic dysplastic changes (Fig. 4.1, Table 4.1) . Myeloid, erythroid, and megakaryo-
cytic dysplasia are readily apparent on BM aspirate smears, and megakaryocytic 
dysplasia may also be easily identifiable on the core biopsy. In the PB, granulocytic 
dysplasia typically has similar features as in marrow specimens; erythrocytes may 
show a nonspecific macrocytic anemia and increased anisopoikilocytosis; and plate-
lets may be giant in size and hypogranular.

The majority of MDS cases show a hypercellular marrow with or without an 
increase in blasts depending on the subtype. Abnormal localization of immature 
precursors (ALIP), scattered myeloid precursors abnormally localized away from 
trabecular bone, is also a feature seen in MDS. In high-grade MDS, aggregates or 
small clusters of blasts (>3–5 cells) can be seen by morphology or CD34 
immunohistochemistry.

There are several morphologic subtypes of MDS. The 2008 WHO classification 
of MDS was based on three factors: (1) the blast count in BM and PB, (2) the 
lineage(s) involved by dysplasia, and (3) the presence or absence of ring sideroblasts. 
Based on the above three factors, adult MDS was subclassified into six subtypes: (1) 
refractory anemia with ring sideroblasts (RARS), (2) refractory cytopenia with uni-
lineage dysplasia (RCUD), (3) refractory cytopenia with multilineage dysplasia 
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Fig. 4.1 Morphologic features of MDS. A typical case of MDS shows a hypercellular bone mar-
row with marked megakaryocytic dysplasia ((A) core biopsy and (B) aspirate smear), granulocytic 
dysplasia ((C) arrow), and erythroid dysplasia ((C) open arrow). A different case shows marked 
erythroid dysplasia (open arrow) with increased blasts (D) and Auer rod in a blast ((D) insert)

Table 4.1 Morphologic features of dysplasia

Nuclei Cytoplasm Both

Erythroid Nuclear irregularity Vacuolization Megaloblastic changes
Nuclear budding or bridging Ring sideroblasts
Nuclear hyperlobation Periodic acid-Schiff positivity
Bi-/multinucleation
Karyorrhexis

Myeloid Nuclear hypolobation 
(pseudo- Pelger- Huët, 
pelgeroid)

Hypogranularity/
agranularity

Unusual size

Nuclear Hypersegmentation Unusual 
hypergranularity
Auer rods

Megakaryocyte Nuclear hypolobation Micromegakaryocytes
Bi-/multinucleation
(Nuclear lobe separation)

4 Myelodysplastic Syndrome
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(RCMD), (4) refractory anemia with excess blasts (RAEB-1 and RAEB-2), (5) MDS 
with isolated del(5q), and (6) MDS, unclassifiable (MDS-U). However, the dysplasia 
in a specific lineage did not always correlate with the cytopenic lineage observed 
[8–10]. As a consequence, the exact lineages of cytopenias have been taken out of the 
classification in the 2016 revision to the WHO classification which still includes six 
subtypes though names have changed (Table 4.2). Similar to the 2008 WHO classifi-
cation, in the 2016 WHO classification, the presence of Auer rods in blasts is a fea-
ture of at least an MDS with excess blasts-2 regardless of blast count. No changes 
have been made to the childhood MDS with refractory cytopenia of childhood as a 
provisional entity. The PB and BM findings in each subtype, according to the 2016 
WHO classification, are summarized in Table 4.2.

Several major changes in the 2016 revision need to be noted:

 1. MDS with ring sideroblasts (MDS-RS): this category includes cases of RARS 
and RCMD with ring sideroblasts (RS) from the 2008 WHO classification. In 
general ≥15% of RS is needed. However, recent studies showed that SF3B1 is 
frequently mutated in these cases and the percentage of RS is prognostically 
irrelevant [11–13]. Therefore, only ≥5% of RS is needed for cases with SF3B1 
mutation.

 2. MDS with isolated del(5q): the 2016 revision allows one additional cytogenetic 
abnormality except −7 or −7q based on the findings that no adverse prognosis 
has been observed in such cases [14–16]. In addition, TP53 mutation analysis is 
recommended to identify poor prognosis cases within this overall favorable 
subtype [17].

 3. MDS-U: the 1% blasts in PB must be present in at least two separate occasions.
 4. MDS with excess blasts (MDS-EB): This includes previous RAEB-1, RAEB-2, 

and acute erythroid leukemia, erythroid/myeloid subtype. The 2016 revision 
changed the denominator used to calculate blast percentage to all nucleated cells 
in BM, which results in cases previously within the “acute erythroid leukemia, 
erythroid/myeloid subtype” being reclassified into MDS-EB.

There are two special subtypes of MDS:

 1. Hypoplastic MDS: Although most MDS BM is hypercellular, approximately 
10% of MDS cases are hypocellular. Hypoplastic MDS has no prognostic sig-
nificance but poses a diagnostic challenge as it is difficult to differentiate from 
aplastic anemia [18]. Careful history, morphology, immunophenotype, and 
molecular cytogenetic evaluation are needed in such cases.

 2. MDS with myelofibrosis: Approximately 10% of MDS cases demonstrate sig-
nificant myelofibrosis [19]. Most of these cases have increased blasts and have 
a poor prognosis. Immunohistochemical stains for CD34 are critical in such 
cases, generally due to the poor quality of bone marrow aspirate smears (hemo-
dilution) secondary to fibrosis and therefore resulting in an underestimated 
blast count.
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 Immunophenotype

Immunophenotyping is a useful ancillary test in the assessment of MDS. CD34 and 
CD117 immunohistochemistry and multicolor flow cytometry are important ancil-
lary studies. An MDS flow cytometry workup can be very complex and include 
evaluation of blasts, hematogones, myelomonocytic cells, erythroid cells, and B and 
T cells. In general, flow cytometry analysis can identify aberrant CD34+ myelo-
blasts (altered expression intensity, lack of expression of normal markers, aberrant 
expression of T or B markers) which are relatively specific for BM stem cell neo-
plasms such as MDS. In addition, evaluation of an aberrant pattern of maturation or 
antigen expression in myelomonocytic cells, absence of hematogones, and decreased 
side scatter in granulocytes (reflects hypogranulation by morphology) are all helpful 
[20–23]. Though not formally used in the diagnosis of MDS, abnormalities observed 
by flow cytometry are especially useful for morphologic borderline cases and for 
differentiating dysplasia due to reactive etiologies or posttreatment recovery/regen-
erating BM from MDS.

 Cytogenetic and Molecular Findings

Cytogenetic studies are important in the diagnosis and risk stratification of MDS. Recent 
studies have shown that molecular aberrations also have critical impacts on the 
management of MDS, not only on diagnosis and prognosis but also on monitoring of 
response to therapy and identification of novel therapeutic targets.

Cytogenetic abnormalities have been identified in approximately 50–60% of de 
novo MDS and 80% of therapy-related MDS cases. Most of the recurrent clonal 
cytogenetic abnormalities in MDS are chromosomal gains or losses, such as −7, 
del(7q), −5, del(5q), and +8. Translocations are less frequent and, if present, are 
often unbalanced. Several widely accepted prognostic scoring systems, including 
the IPSS [3] (Table  4.3), WHO classification-based Prognostic Scoring System 
(WPSS) [24], MD Anderson Cancer Center Prognostic Scoring System (MDAPSS) 
[25], and the Revised IPSS (IPSS-R, Table 4.4) [26], all use karyotype in addition 

Table 4.3 International Prognostic Scoring System (IPSS) for myelodysplastic syndrome

Prognostic variable 0 0.5 1 1.5 2

Cytopenia 0–1 2–3 – – –
Bone marrow blasts % <5 5–10 – 11–19 20–29a

Karyotype Good Intermediate Poor

Cytopenia: hemoglobin <10  g/dL, absolute neutrophil count <1.8  ×  109/L, platelet count 
<100 × 109/L
Karyotype: good: normal, −Y, del(5q), del(20q); intermediate: others; poor: chromosome 7 
abnormalities, complex ≥3
Risk groups: low (0), intermediate-1 (0.5–1.0), intermediate-2 (1.5–2.0), high (≥2.5)
aThis group is recognized as acute myeloid leukemia in the WHO classification
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to blast percentage and number of cytopenias to stratify MDS patients. The WPSS 
adds transfusion dependence and WHO morphologic subclassification [24], and the 
MDAPSS also includes performance status, age, and prior treatment [25]. IPSS-R 
encompasses five-tiered cytogenetic prognostic subgroups, low BM blast percent-
age value, and degree of cytopenias and defines five rather than four major prognos-
tic groups, very low, low, intermediate, high, and very high, with median survival 
ranging from 8.8 to 0.8 years [26] (Table 4.4). MDAPSS and IPSS-R have improved 
predictive value for survival and leukemic transformation and have shown to be a 
useful prognostic tool not only in untreated de novo MDS patients but also in 
secondary MDS and after therapy.

Some clonal cytogenetic aberrations, in the presence of refractory cytopenia with-
out morphologic evidence of dysplasia, are considered presumptive evidence for 
MDS [2] (Table 4.5) . However, the abnormality must be demonstrated by conven-
tional karyotyping, not by fluorescence in situ hybridization (FISH) or sequencing 
techniques according to the 2016 revision to the WHO classification [1]. It is recom-
mended that these patients be followed carefully for emerging morphological 
evidence of MDS. However, −Y, +8, or del(20q) as the sole abnormality is not defini-
tive for a diagnosis of MDS in the absence of morphological evidence of dysplasia.

Whereas classical karyotyping remains the cornerstone in the diagnostic workup 
of patients with MDS, targeted FISH studies for common chromosomal abnormalities 

Table 4.4 Revised International Prognostic Scoring System (IPSS-R) for myelodysplastic syndrome

Prognostic variable 0 0.5 1 1.5 2 3 4

Karyotype Very good – Good – Intermediate Poor Very poor
Bone marrow  
blasts %

≤2 – >2 to <5 – 5–10 >10 –

Hemoglobin (g/dL) ≥10 – 8 to <10 <8 – – –
Platelet (×109/L) ≥100 50 to <100 <50 – – – –
Absolute neutrophil 
(×109/L)

≥0.8 <0.8 – – – – –

Karyotype: very good: −Y, del(11q); good: normal, del(5q), del(12p), del(20q), double including 
del(5q); intermediate: del(7q), +8, +19, i(17q), any other single or double independent clones; 
poor: −7, inv(3)/t(3q)/del(3q), double including −7/del(7q), complex with 3 abnormalities; very 
poor: complex >3 abnormalities
Risk groups: very low (≤1.5), low (>1.5–3), intermediate (>3–4.5), high (>4.5–6), very high (>6)

Table 4.5 Recurrent cytogenetic abnormalities listed in the WHO classification as presumptive 
evidence for myelodysplastic syndrome

Type Cytogenetic abnormalities

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)

Balanced t(11;16)(q23;p13.3), t(3;21)(q26.2;q22.1), t(1;3)(p36;q21.2), t(2;11)(p21;q23), 
inv(3)(q21q26.2), t(6;9)(p23;q34)

In the setting of persistent cytopenias of undetermined origin, these abnormalities are considered 
presumptive evidence of MDS in the absence of definitive morphologic features

4 Myelodysplastic Syndrome
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in MDS may be helpful if the karyotype fails or is insufficient. In addition, FISH 
provides increased sensitivity in monitoring response to therapy once a recurring 
abnormality has been identified.

Genome-wide analyses by high-throughput next-generation sequencing (NGS) 
have identified novel mutations with prognostic and therapeutic value. Recurrent 
mutations in more than 50 genes have been detected in MDS patients. Approximately 
90% of MDS patients carry at least one mutation, with a median of 2–3 mutations 
detected per patient [27, 28]. Usually few [1–3] driver mutations are identified at 
initial presentation, with more passenger mutations that increase with disease pro-
gression [27, 28]. The most common mutations occur in genes involved in RNA 
splicing (SF3B1, SRSF2, U2AF1, and ZRSR2) [12, 29–31], DNA methylation 
(TET2, DNMT3A, IDH1, and IDH2) [32–37], and chromatin modification (ASXL1 
and EZH2) [38–40]. Other molecular abnormalities include genes involved in tran-
scription regulation (RUNX1, TP53, CEBPA, ETV6, BCOR, and SETBP1) [41], sig-
naling transduction pathway (NRAS, KRAS, JAK2, FLT3, CNL, and NF1) [41], and 
cohesin complexes (STAG2 and RAD21) (Table 4.6) [41]. The occurrence of these 

Table 4.6 Recurrent gene mutations in myelodysplastic syndrome

Gene Function
Frequency 
(%)

Prognostic 
impact Therapeutic application

RNA splicing

  SF3B1 Spliceosome assembly 15–30 
(90 in 
RARS)

Favorable None

  SRSF2 Spliceosome assembly 10–20 Unfavorable None
  U2AF1 Spliceosome assembly 5–10 Unfavorable None
  ZRSF2 Spliceosome assembly 5–10 None None
DNA methylation

  TET2 Convert 5-mC to 5-hmC
Required for myelopoiesis

20–30 Unclear DNA methyltransferase 
inhibitors

  DNMT3A DNA methyltransferase
Histone methylation
Transcription repression

10 Unfavorable DNA methyltransferase 
inhibitors

  IDH1/2 Convert isocitrate to α-KG
Regulate TET2

5 Unfavorable IDH1/2 inhibitors
DNA methyltransferase 
inhibitors

Histone modification

  ASXL1 Histone methylation
Transcription repression

10–20 Unfavorable HDAC inhibitors

  EZH2 Histone methyltransferase
Transcription repression

5–10 Unfavorable EZH2 inhibitors
HDAC inhibitors

Transcription factor

  RUNX1 Regulate hematopoiesis 10 Unfavorable None
  TP53 Tumor suppressor, regulate 

cell cycle, apoptosis, DNA 
repair

5–10 Very 
unfavorable

None

(continued)

S. Li and C.C. Yin



91

recurrent gene mutations and the fact that mutations within the same functional 
pathways often are mutually exclusive, whereas mutations from different functional 
pathways often occur together, underscore the importance of these pathways in 
MDS pathogenesis.

Somatic mutations in genes encoding core spliceosomal proteins and accessory 
regulatory splicing factors have been described in 45–80% of MDS cases [12, 29–31]. 
Interestingly, nearly all mutations occur as heterozygous missense rather than non-
sense or frameshift mutations, suggesting that the mutations may confer an alteration 
of function, such as dominant negative activity, affecting RNA splicing [12, 31]. 
SF3B1 mutations are most frequent and exhibit strong correlation with the presence 
of ring sideroblasts, seen in >90% of RARS and ~70% of RCMD-RS (now both 
collectively known as MDS-RS) and RARS associated with marked thrombocytosis 
(RARS-T; now known as MDS/MPN with ring sideroblasts and thrombocytosis) 
[12, 29, 31]. This is because mutant SF3B1 downregulates genes essential in the 
mitochondrial pathway, thus leading to mitochondrial iron overload and ineffective 
erythropoiesis [42]. SF3B1 mutations are associated with a favorable prognosis 
and prolonged survival [30]. In contrast, mutations in SRSF2 and U2AF1 appear to 

Table 4.6 (continued)

Gene Function
Frequency 
(%)

Prognostic 
impact Therapeutic application

  CEBPA Regulate myelopoiesis <5 Unclear None
  ETV6 ETS transcription factor

Required for 
hematopoiesis

<5 Unfavorable None

  BCOR BCL6 repressor <5 Unfavorable None
  SETBP1 DNA replication

Cell division
<5 Unfavorable None

Signal transduction

  NRAS GTPase, oncogenic 5 Unfavorable Farnesyl transferase 
inhibitors

  KRAS GTPase, oncogenic <5 Unfavorable Farnesyl transferase 
inhibitors

  JAK2 Tyrosine kinase activation 5 (50 in 
RARS-t)

None JAK2 inhibitor

  FLT3 Tyrosine kinase activation <5 Unfavorable FLT3 inhibitors
  CBL E3 ubiquitin ligase

Regulate hematopoiesis
<5 Unfavorable None

  NF1 Regulate hematopoiesis <5 Unfavorable None
Cohesin complex

  STAG2 Regulate separation of 
sister chromatids during 
cell division

5–10 Unfavorable None

  RAD21 Regulate separation of 
sister chromatids during 
cell division

<5 None None
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be enriched in more aggressive subtypes of MDS such as RAEBI and RAEBII 
[43]. SRSF2 mutations have also been associated with TET2 mutations and mono-
cytosis [44].

Epigenetic silencing by promoter hypermethylation of several genes, including 
DNA repair genes, cell-cycle regulators, and apoptotic genes, represents one of the 
most important mechanisms underlying MDS pathogenesis. TET2 is the most com-
monly mutated epigenetic regulator gene in MDS, seen in 20–30% MDS patients 
[34]. TET2 mutations have been associated with favorable responses to hypometh-
ylating agents [45]; however, their prognostic relevance in MDS remains unclear 
[46]. DNMT3A mutations occur in ~10% of MDS patients and correlate with unfa-
vorable overall survival and a high risk of leukemic transformation [37]. A variety 
of DNMT3A mutations has been reported, with R882H as the most frequent [37]. 
Mutations affecting the isocitrate dehydrogenase genes, IDH1 and IDH2, are 
reported in ~5% of MDS patients [35, 36]. IDH1 and IDH2 mutations are heterozy-
gous and occur mostly at residues R132 in IDH1 and R140 or R172 in IDH2 [35, 36]. 
Mutant IDH1 and IDH2 proteins convert alpha-ketoglutarate (α-KG) to 2-hydroxy-
glutarate (2-HG), leading to epigenetic dysregulation of genes involved in leukemo-
genesis [47]. IDH1 and IDH2 mutations in MDS predict inferior overall survival [36]. 
ASXL1 regulates histone modification. ASXL1 mutations (mostly in exon 12) occur 
in 10–20% of MDS cases and demonstrate a positive correlation with secondary leu-
kemia and inferior overall survival [48]. EZH2, a histone-lysine N-methyltransferase, 
catalyzes the methylation of histone H3. EZH2 mutations are observed in 5–10% of 
MDS cases and are associated with worse survival [49].

Understanding the molecular landscape of MDS has several clinical implica-
tions. Firstly, genetic testing at the time of initial evaluation can aid in establishing 
a diagnosis. In cases that meet morphologic criteria of MDS, typical somatic muta-
tions strongly support the diagnosis. On the other hand, in patients with low-grade 
or borderline MDS and diploid karyotype, or patients with unexplained cytopenias 
but not meeting diagnostic criteria for MDS (referred to as “idiopathic cytopenia of 
undetermined significance,” or “ICUS”), the identification of a mutation in an 
MDS-related gene may be a useful diagnostic adjunct. However, in patients with 
ICUS who bear mutations in MDS-related genes indicative of clonal hematopoiesis 
(referred to as “clonal cytopenia of undetermined significance”, or “CCUS”), gene 
mutation data must be interpreted with caution. It is well recognized that mutations 
in MDS-related genes may be present in individuals who are either healthy or have 
minor cytopenias without evidence of MDS (referred to as “clonal hematopoiesis of 
indeterminate potential,” or “CHIP” ), and the frequency increases with age, being 
very rare in people <40 years old, but reaches ~10% in people aged 70–80 [50]. The 
most commonly mutated genes include DNMT3A, TET2, ASXL1, JAK2, TP53, 
SF3B1, SRSF2, and CBL. Whereas the vast majority of individuals with CHIP never 
develop a hematologic neoplasm, they do have a 10–15-fold increased risk of devel-
oping a hematologic neoplasm, with an estimated risk of 0.5–1% per year. The high 
frequency of CHIP in the elderly population limits the diagnostic value of somatic 
mutations. Nevertheless, certain mutations, when used in an appropriate clinical 
setting, have been shown to be helpful diagnostic adjuncts. For example, an isolated 
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mutation in DNMT3A, TET2, or ASXL1 in an elderly person who lacks cytopenias 
and morphologic evidence of dysplasia likely cannot be considered diagnostically 
helpful, but mutations in some of the less frequently mutated CHIP genes, espe-
cially when present more than one and at high allele frequencies, in younger patients 
with cytopenias, may raise the likelihood of MDS, and the absence of mutations in 
a sufficiently broad gene panel in patients with mild cytopenia and minimal dyspla-
sia may render a diagnosis of MDS less likely.

Secondly, some gene mutations have shown correlations with clinicopathologic 
features and may be used in the subclassification of MDS. As mentioned above, 
SF3B1 mutations are associated with MDS-RS (RARS and RCMD-RS) [12], 
whereas SRSF2 and TET2 mutations are associated with monocytosis [44]. 
Moreover, haploinsufficiency of the ribosomal protein gene RPS14 has been 
 correlated with the characteristic megakaryocyte morphology, anemia, response to 
lenalidomide, and favorable prognosis in patients with 5q− syndrome [51].

Thirdly, molecular aberrations will supplement current prognostic models in 
refining risk stratification and impacting treatment decisions. SF3B1 mutations have 
been shown to predict a favorable prognosis [29]. In contrast, most of the MDS- 
related mutations have been associated with poor prognosis, with good reproduc-
ibility for at least five genes: TP53, EZH2, ETV6, RUNX1, and ASXL1 [52]. Other 
common mutations that have been associated with poor clinical outcome include 
DNMT3A [37], IDH1/IDH2 [36], SRSF2 [30], and FLT3 [53]. Additionally, an 
inverse correlation exists between the number of mutations and survival [50].

Next, periodic evaluation of mutation status of genes that have been found to be 
mutated in the initial diagnostic workup will aid in assessment of response to ther-
apy and monitoring of minimal residual disease (MRD). MRD analysis allows for 
early detection of impending hematologic relapse and timely therapeutic interven-
tion and therefore has significantly improved clinical outcome in hematopoietic 
neoplasms. Assessment of MRD requires molecular technologies with sufficient 
sensitivity to detect mutations with low allele burdens. Quantitative allele-specific 
PCR-based methods have been developed for single-nucleotide variants and small 
insertions in genes such as DNMT3A, IDH1/IDH2, NPM1, and FLT3 and can detect 
the presence of a mutation as low as 0.01–0.001% of the template DNA [54]. 
However, such methods are limited by primer design and further complicated by 
clonal evolution. NGS-based assays have the potential to increase detection sensi-
tivity (~1%), detect several mutations in a multiplex assay, and identify emerging 
clonal evolution. NPM1 has been regarded as the most attractive molecular marker 
for monitoring MRD in acute myeloid leukemia due to its stability [55]; however, 
NPM1 is only rarely mutated in MDS. On the contrary, FLT3 internal tandem dupli-
cation (ITD) is generally regarded as a relatively unstable marker but may serve as 
a useful marker if used with caution [55]. The roles of other gene mutations in MRD 
monitoring await further exploration.

Finally, insight into the molecular pathogenesis of MDS has led to the develop-
ment of novel therapeutic agents [56]. DNMT3A mutations may serve as specific 
biomarkers of positive response to DNA methyltransferase inhibitors. Farnesyl 
transferase inhibitors, such as tipifarnib and lonafarnib, represent a class of potent 

4 Myelodysplastic Syndrome



94

inhibitors of RAS activation and are able to modulate multiple signaling pathways 
implicated in the pathogenesis of MDS. TET2 mutations may predict a more favor-
able response to hypomethylating agents. Other examples include FLT3 inhibitors 
in FLT3-ITD-positive cases and IDH1/IDH2 inhibitors in IDH1/IDH2-mutated 
cases. With the rapid advances in molecular biology and drug development, it is 
hoped that more and more of these mutations may soon become targetable.

 Diagnosis and Prognosis

The diagnosis of MDS is mainly based on the following three criteria:

 1. Persistent (usually >6 months) and significant PB cytopenia(s) (numbers defined 
at the introduction)

 2. Significant morphologic dysplasia in one or more lineages seen in more than 
10% of cells in each involved lineage in BM and/or blasts ≥5%

 3. Cytogenetic abnormality, especially MDS-defining cytogenetic abnormality 
(Table 4.5) in the absence of morphologic dysplasia

A few challenges are present for MDS diagnosis. First and also the biggest chal-
lenge is that none of the above three categories is specific for MDS. Both cytopenias 
and morphologic dysplasia can be seen either in healthy individuals or in some reac-
tive conditions such as nutritional deficiency (vitamin B12, folic, iron, and copper), 
zinc excess, alcoholism, infection, autoimmune disease, therapy with medication 
and/or radiation including growth factors, etc. [57–59]. The second challenge is the 
lack of reproducibility of 10% threshold of morphologic dysplasia even in experi-
enced hematopathologists [59–62]. Last but not least, some congenital hematopoi-
etic disorders and paroxysmal nocturnal hemoglobinuria (PNH) can demonstrate 
morphologic dysplasia. As such, a thorough history and physical examination and 
laboratory workup to exclude the above conditions are recommended before render-
ing a diagnosis of MDS.

In addition, cytogenetic, gene mutation and flow cytometry analyses are impor-
tant ancillary studies which can aid in the diagnosis of MDS, especially in border-
line cases to differentiate between MDS and reactive dysplasia and in posttreatment 
or posttransplant settings to differentiate between residual disease and recovery/
regenerative process. However, these ancillary results need to be interpreted with 
caution and to correlate with clinical and morphologic findings, since none of the 
abovementioned aberrations is specific for a diagnosis of MDS. Patients with per-
sistent cytopenias without morphologic dysplasia and MDS-defining cytogenetic 
abnormality (ICUS) should be followed up closely with complete blood cell count 
and cytogenetic monitoring.

The prognosis of MDS patients is variable with a median overall survival ranging 
from 5 years to less than 6 months [26]. Up to 30% of MDS cases progress to AML 
which usually have a poor clinical outcome. The prognosis of MDS depends on a lot 
of factors. Morphologically, MDS with isolated del(5q) without TP53 mutation has 
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the best prognosis, while RAEB-2 has the worst prognosis. Several scoring systems 
(IPSS, WPSS, MDAPSS, and IPSS-R) that incorporate the BM blast count, degree 
of cytopenias, and cytogenetic abnormalities have been developed for MDS risk 
stratification and have been widely adopted (Table 4.3 and 4.4). More and more 
recurrent somatic mutations have been identified in MDS, and some of them also 
have a prognostic value as described in detail in the “Cytogenetic and Molecular 
Findings” section and in Table 4.5 and 4.6.

 Summary

In summary, MDS is a hematopoietic stem cell neoplasm predominantly affecting 
the elderly. A growing understanding of MDS-related somatic gene mutations and 
karyotypic abnormalities identified by NGS and other technologies has significantly 
shaped our understanding of the diagnosis, prognosis, and novel targeted therapies 
used in MDS. Despite the rapid advances in identifying MDS-related genes, the 
influence of these gene mutations on prognosis has not yet been taken into consid-
eration in the current risk stratification schemes. While there is still a role for single 
gene testing in some clinical settings, multiplex testing of multiple genes using 
NGS technologies, standardization of consensus MDS gene panels, as well as opti-
mization of ways to incorporate mutation data into revised prognostic schemes 
await to be defined by expert panels.
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Chapter 5
Chronic Myeloid Leukemia, BCR-ABL1 
Positive

Ren Ching Wang and Chung-Che (Jeff) Chang

 Introduction

Chronic myeloid leukemia (CML) is a clonal proliferative disorder of abnormal 
pluripotent bone marrow stem cells. It is consistently associated with a reciprocal 
translocation between the long arms of chromosomes 9 and 22, t(9;22)(q34;q11), 
also named the Philadelphia (Ph) chromosome, which fuses the breakpoint cluster 
(BCR) gene to the Abelson murine leukemia viral oncogene homolog 1 (ABL1)gene 
producing the BCR-ABL1 fusion. This fusion provides a unique biomarker for diag-
nosis as well as for monitoring residual disease during treatment. The fusion protein 
plays an important role not only in the pathogenesis of CML, by uncontrolled active 
tyrosine kinase activity, but also is an ideal target for therapy. Before the introduc-
tion of targeted therapy with tyrosine kinase inhibitors (TKIs), the median survival 
was 5–7 years. Now, in the current era of target TKI therapies, CML has no longer 
a universally fatal disease and instead a chronic medically manageable disorder 
with a near normal lifespan with appropriate treatment.
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 Epidemiology

Although CML can occur at any age, it is still a disease of the elderly. The median 
age at diagnosis is in the fifth and sixth decades of life. The incidence of CML has 
been stable over the years, at 0.7–1.0 cases per 100,000 people per year, and a slight 
male predominance with male/female ratio of 1.2–1.7. With the dramatic improve-
ment in survival of these patients, the prevalence is not well known but due to 
increased survival, has been estimated to be increasing, now at 10–12 cases per 
100,000 people [1].

 Etiology

While it is understood that the BCR-ABL1 translocation is essential and necessary 
for the pathogenesis of CML, its cause is most frequently unclear. Radiation expo-
sure is an established risk factor [2], and smoking is also believed to increase the 
risk of disease [3]. No known genetic predispositions are currently known.

 Clinical Features

CML is a triphasic disease with an initial chronic phase (CP), followed by an accel-
erated phase (AP) and subsequently blast phase (BP). Most patients are diagnosed 
in the chronic phase and common clinical symptoms include fever, fatigue, night 
sweats, malaise, body weight loss, and left upper quadrant pain. Splenomegaly is 
seen in 30–50% of patients with occasional hepatomegaly. However, 20–40% of 
patients may be asymptomatic and are incidentally identified with a leukocytosis 
during studies for other purposes. Before the availability of TKI treatment, the rate 
of CP-CML progression to BP-CML was 5% in the first year and 20–25% in each 
year thereafter [4, 5]. Following the introduction of TKI treatment, for those patients 
who have achieved major molecular remission, there is virtually no progress to AP 
and BP [6].

 Morphology and Immunophenotyping

In the chronic phase, the peripheral blood cell count usually shows a prominent 
leukocytosis due to markedly increased neutrophils and left-shifted myeloid cell; 
so-called myelocyte bulge is frequently seen. Additionally, basophilia is common 
and relatively specific for differentiating CML from a leukemoid reaction; baso-
philia is also less frequent in other BCR-ABL1-negative myeloproliferative 
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neoplasms. Due to a generalized increased of leukocytes, an absolute monocytosis 
may be noted; however, the percentage of monocytes is typically less than 3%, and 
blasts are usually less than 2%. Laboratory data frequently shows low leukocyte 
alkaline phosphatase (LAP) score.

The bone marrow is hypercellular and nearly devoid of adipose tissue due to a 
striking proliferation of the granulocytic lineage. An increased thickness of paratra-
becular immature myeloid precursors is a common finding, from normally two to 
three layers of immature precursors to more than five layers in CML. Dysplasia in 
the granulocytic or erythroid lineage should be minimal to absent. The myeloid to 
erythroid ratio is markedly increased, frequently greater than 10:1. The morpho-
logic changes of megakaryocytes are a hallmark feature of CML, known as “micro-
megakaryocytes” or “dwarf megakaryocytes,” small megakaryocytes with 
hypolobated nuclei (Fig. 5.1). Mild to moderate reticulin fibrosis may be also noted 
in the initial stage of CML (Fig.  5.2). Occasionally, micromegakaryocytes may 

Fig. 5.1 400× HE. 
Hypercellular marrow with 
nearly no fat content with 
markedly increased 
myeloid to erythroid ratio, 
over 10:1. Arrows 
highlights the 
micromegakaryocytes, a 
characteristic finding of 
chronic myeloid leukemia. 
Sometimes, increased 
eosinophils and 
eosinophilic precursors 
may be observed

Fig. 5.2 400× reticulin 
stain. Diffuse mild reticulin 
fibrosis in bone marrow 
biopsy of CML

5 Chronic Myeloid Leukemia, BCR-ABL1 Positive
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show a striking proliferation with a sheet-like pattern (Fig. 5.3). Marrow histiocytes 
may resemble Gaucher cells or so-called “sea-blue” histiocytes due to phagocytosis 
of excess phospholipids released from the granulocytic proliferation and high cel-
lular turnover. The proportion of blasts in chronic phase of CML is usually less than 
5% of all nucleated cells.

In the AP, the proportion of blasts are increased but do not exceed 20% or 
30% of cells in the bone marrow and/or peripheral blood based on criteria out-
lined by different organization. Table 5.1 summarizes the detailed criteria for 
defining AP and BP by the WHO [7, 8], MD Anderson Cancer Center (MDACC), 
and European Leukemia Net criteria [9]. In addition to hematologic, morpho-
logic, and cytogenetic parameters, the recently published 2016 revision of WHO 
classification of hematopoietic neoplasms [8] added provisional criteria of 
AP-CML based on the treatment response to TKIs (Table  5.1). Additionally, 
because the onset of lymphoid BP may be quite sudden, the detection of any 
bona fide lymphoblasts in the blood or marrow should raise concern for a pos-
sible impending lymphoid BP and prompt additional laboratory and genetic 
studies to exclude this possibility.

The criteria for BP isn’t changed in WHO 2016, and BP may be diagnosed when 
(1) blasts are equal to or greater than 20% of cells in the bone marrow or peripheral 
blood or/and (2) there is an extramedullary proliferation of myeloblasts or lympho-
blasts. Common sites for extramedullary proliferations include the skin, lymph 
node, bone, and central nervous system. Additionally, the accumulation of blasts in 
the core biopsy, even if only in a single intertrabecular area filled with blasts in the 
background of chronic phase, warrants the diagnosis of blast phase. European 
LeukemiaNet and MDACC are similar, but the blast cutoff is higher at ≥30% blasts 
in the peripheral blood or bone marrow and/or an extramedullary blast proliferation 
outside of the spleen.

Fig. 5.3 200× HE. Overt 
proliferation of 
micromegakaryocytes in 
patient with CML. The 
proliferated 
micromegakaryocytes 
show large sheet-like 
pattern in the lower part of 
the image
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 Immunophenotyping of Blasts by Flow Cytometry and/or 
Immunohistochemistry

Flow cytometry and/or immunohistochemistry studies are essential for lineage 
assignment. The phenotype of blasts occurring in BP-CML can be lymphoid lineage 
(20–30% cases, Fig. 5.4), myeloid lineage (70% cases, Fig. 5.5), biphenotypic, or 
undifferentiated (rarely). Phenotypic markers indicative of myeloid lineage differ-
entiation are myeloperoxidase (MPO), CD11b, CD13, and CD33. Rarely, the blasts 
may have erythroid differentiation with expression of glycophorin (CD235), CD71 
(bright), and CD36 (thrombospondin receptor) or megakaryocytic differentiation 
with expression of CD41 (glycoprotein IIb-IIIa) and CD61 (glycoprotein IIIa). 
Markers for B-cell linage blasts are CD19, CD22, and cytoplasmic CD79 and for 
T-cell linage blasts are CD1a, CD2, cytoplasmic CD3, CD5, CD7, and dual expres-
sion or the absence of CD4 and CD8 [10, 11]. Regardless of lineage differentiation, 
blasts commonly express CD34. The myeloblasts often express CD117, and the 
lymphoblasts frequently express nuclear TdT. For details about definitive lineage 
assignment using immunophenotypic markers, please refer to Chap. 3.

Fig. 5.4 (a) 400× HE, (b) 1000× HE, (c) 1000× IHC for CD3. Blast (T-lymphoblastic) phase of 
CML. Increased blasts with dwarf megakaryocytes in the background (a, b). These immature blasts 
show T lineage markers, CD3 (c), CD4, and CD8 but negative to MPO and CD117 (not shown)

R.C. Wang and C.-C. (Jeff) Chang
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 Cytogenetics and Molecular Findings

All patients with CML have chromosomal abnormality, t(9;22)(q34;q11), BCR- 
ABL1. This translocation results in a fusion gene of BCR on chromosome 22 and 
ABL1 on chromosome 9. Most cases can be recognized by routine karyotyping as 
the Ph chromosome. In some instances, especially for cases with crypt transloca-
tions that cannot be detected by conventional karyotyping, FISH or RT-PCR (reverse 
transcription polymerase chain reaction) may be necessary.

The locations of the BCR and ABL1 genomic breakpoints are variable. Previous 
sequencing of the BCR showed five exons (b1–b5), with the most frequent break-
points being between b2 and b3 or b3 and b4. The breakpoints within the ABL1 gene 
always result in fusion upstream of the second ABL1 exon, so the fusions were 
originally known as b2a2 or b3a2. Later, b1–b5 exons were shown to be exons 
12–16 of a much larger gene, also named BCR, and these foci also referred to as the 
major breakpoint cluster region (M-bcr). Hence the translocation of b2a2 and b3a2 
became e13a2 and e14a2; they generate a 210-kDa protein (p210 BCR-ABL1). 
Figure 5.6 illustrates the configuration of BCR and ABL1 fusion gene.

Fig. 5.5 (a) 400× HE, (b) 1000× HE, (c) 400× HE. Blast (myeloid) phase of CML. Increased 
blasts with dwarf megakaryocytes in the background in bone marrow (a, b). Sometimes, blast 
phase presenting as myeloid sarcoma in soft tissue (c)

5 Chronic Myeloid Leukemia, BCR-ABL1 Positive
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There are two other minor isoforms of fusion proteins generated by different 
BCR-ABL1 translocated foci. When the BCR breakpoint localizes in minor break-
point cluster region (or m-bcr leading to fusion transcript of e1a2), it produces a 
190-KDa protein (p190 BCR-ABL1). When the breakpoint of BCR gene is in the 3′ 
end of the gene, named as μ-bcr, it generates a e19a2 fusion transcript leading to a 
230-kDa fusion protein (p230 BCR-ABL1).

Different isoforms of BCR-ABL1 fusion proteins show greater incidences in 
subtypes of leukemia: p210 with 90% of chronic myeloid leukemia (CML), p190 is 
associated with 20–30% of acute lymphoblastic leukemia (ALL), and p230 with a 
morphologic variant of CML which is distinct in that mature neutrophils predomi-
nate without significant left shift. However, there are overlaps among these associa-
tions, for example, p210 also occurs in Ph+ ALL, and p190 occurs in 2–3% of 
CMLs [12]. Different isoforms of the BCR-ABL1 translocation are also associated 
with different clinical features and treatment response. For example, in CML 
patients with p190 BCR-ABL1, monocytosis is a common finding [13], and the 
treatment response to tyrosine kinase inhibitors (TKI) is inferior [14].

Fig. 5.6 (a), Schematic representation of the ABL1 and BCR genes and the BCR-ABL1 kinase. 
BCR contains 23 exons. The three main breakpoint cluster regions (m-bcr, M-bcr, and μ-bcr) in 
BCR are presented. ABL1 contains two alternative first exons (1b and 1a). The arrows represent the 
breakpoints within ABL1. (The diagrams are not to scale). (b), The BCR-ABL protein contains the 
dimerization or coiled-coil (C-C) domain, Ser/Thr kinase domain, and the Rho/GEF domain of 
BCR, as well as the SH-domains, nuclear localization signal (NLS), DNA-binding, and actin- 
binding domains from ABL (the diagrams are not to scale)

R.C. Wang and C.-C. (Jeff) Chang
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Although BCR-ABL1 translocation is the diagnostic hallmark genetic finding of 
CML, it is not entirely specific for CML. Some proportion of health persons harbors 
very low level of BCR-ABL1 fusion transcripts in the peripheral blood [15]. As 
discussed above, it also occurs in acute lymphoblastic leukemia and in rare cases of 
de novo acute myeloid leukemia and myeloproliferative neoplasms. A new provi-
sional category of AML with BCR-ABL1 is added to WHO 2016 classification to 
recognize the rare de novo AML cases that may benefit from tyrosine kinase inhibi-
tor therapy. The diagnostic distinction between de novo AML with BCR-ABL1 and 
blast transformation of CML is very difficult without adequate clinical information. 
Of note, preliminary data suggest that deletion of antigen receptor genes (IGH, 
TCR), IKZF1, and/or CDKN2A may support a diagnosis of de novo disease versus 
blast phase of CML.

Recent studies using next-generation sequencing (NGS) technology have 
revealed that somatic mutations of some genes, such as TET2 (TET oncogene fam-
ily number 2), IDH1 and IDH2 (isocitrate dehydrogenase 1 and 2), RUNX1, 
DNMT3, ASXL1 (additional sex combs-like 1) reported in BCR-ABL1-negative 
myeloid neoplasms, are also found in BCR-ABL1-positive CML with variable inci-
dence [16, 17]. Furthermore, mutations of some genes such as EZH2, TP53, U2AF1, 
and ZRSR2 appear to specifically occur in the Ph-negative clones in patients who 
developed clonal cytogenetic abnormalities in Ph-negative cells during treatment 
with tyrosine kinase inhibitors (TKI) [17]. Whether these additional gene mutations 
play roles in disease initiation or progression needs further investigation.

The BCR-ABL1 fusion protein shows deregulated tyrosine kinase activity and 
acts as an onco-protein-activating signaling transduction pathways that lead to 
transformation. Structurally, BCR-ABL1 contains multiple domains (Fig.  5.6b). 
The ABL1 protein is made up of Src-homology (SH3 and SH2) domains, tyrosine 
kinase domain, DNA-binding domain, actin-binding domain, nuclear localization 
signals, and nuclear export signal. The BCR protein contains a coiled-coil oligomer-
ization domain, serine/threonine kinase domain, pleckstrin homology (PH) domain, 
Dbl/cdc24 guanine nucleotide exchange factor homology domain, several serine/
threonine and tyrosine phosphorylation sites, and binding sites for the ABL SH2 
domain, Grb2, and 14-3-3 proteins [18]. A complex network of signal transduction 
pathways, including Jak/STAT, PI3K/Akt, and Ras/MEK, is hijacked by BCR- 
ABL1; the net results are promoting cell growth/survival and inhibiting cell death 
leading to CP-CML [19].

The exact mechanisms of transition from chronic phase to accelerated/blast 
phase (AP/BP) are currently unknown. It is proposed that the progenitor cells in AP/
BP show more stem cell-like characteristics compared to chronic phase progenitors, 
i.e., gaining more self-renewal capacity, more immature in differentiation, and more 
uncontrolled proliferation. Additional hits of chromosomal anomalies play impor-
tant roles in the progression of CML, such as trisomy 8, a second Ph-chromosome, 
and isochromosome 17q. Additionally, alterations of tumor suppressor genes and 
oncogenes, such as the MYC proto-oncogene, TP53, etc. also contribute to the pro-
gression of CML. Diminished efficacy of TKIs during transformation to AP/BP also 
suggested the reduced reliance on BCR-ABL1 activity in the presence of other muta-
tions [19].

5 Chronic Myeloid Leukemia, BCR-ABL1 Positive
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 Therapy, Prognosis, and Monitoring

Tyrosine kinase inhibitors (TKI) have become the standard of therapy for CML. These 
function by binding directly to the BCR-ABL1 fusion protein thereby inhibiting its 
activity. Imatinib was the first TKI used to treat CML in the late 1990s and early 
2000s and prolonged overall survival in CP-CML to over 87% of patients alive at a 
follow-up time of 8 years. In AP-CML, the estimated 8-year survival rate has also 
increased to 75%. However, in BP-CML, the median survival among patients remains 
at 7 months [20]. Of note, the median survival for myeloid blasts crisis is inferior to 
lymphoid blasts crisis [18]. Newer generations TKIs such as nilotinib, dasatinib, 
bosutinib, and ponatinib have been developed and function similarly.

Regarding risk assessment, the Sokal [21], Hasford (Euro) [22], and EUTOS [23] 
scores are commonly used. Table 5.2 summarizes their calculations which depend on 
multiple clinical and laboratory findings such as age, spleen size, platelet count, 
peripheral blood blast counts, eosinophils, and basophils percentages. Of note, the 
EUTOS score is superior than Sokal and Hasford score in risk assessment in the era 
of TKI therapy, since the latter two scores were developed before TKI treatment.

 Monitoring Therapy Response

After initiation of treatment, it is important to follow patients with appropriate tests 
to ensure optimal treatment outcomes and to adjust treatment scheme if optimal 
outcomes are not achieved.

Table 5.2 Calculation of relative risk

Study Calculation Results

Sokal score 
[21]

Exp 0.0116 × (age – 43.4) + 0.0345 × (spleen – 
7.51) + 0.188 × [(platelet 
count ÷ 700)2 – 0.563] + 0.0887 × (blast cells – 2.10)

Low risk: <0.8
Intermediate risk: 
0.8–1.2
High risk: >1.2

Hasford 
score (or 
Euro score) 
[22]

0.666 when age ≧50 y + (0.042 × spleen) + 1.0956 when 
platelet count >1500 × 109L + (0.0584 × blast 
cells) + 0.20399 when basophils 
>3% + (0.0413 × eosinophils) × 100

Low risk: ≦780
Intermediate risk: 
781–1480
High risk: >1480

EUTOS 
risk score 
[23]

Spleen × 4 + basophils × 7 Low risk: ≦87
High risk: >87

All values must be collected before any treatment
Age is given in years. Spleen is given in centimeters below the costal margin (maximum distance). 
Blast cells, eosinophils, and basophils are given in percent of peripheral blood differential
To calculate Sokal and Euro risk score, go to http://www.leukemia-net.org/content/leukemias/cml/
cml_score/index_eng.html
To calculate EUTOS risk score, go to http://www.leukemia-net.org/content/leukemias/cml/eutos_
score/index_eng.html
For on-line calculation of three scores, go to http://bloodref.com/myeloid/cml/sokal-hasford

R.C. Wang and C.-C. (Jeff) Chang
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The criteria for various degrees of treatment outcomes (responses), including hema-
tologic, cytogenetic, and molecular, are summarized in Table 5.3 [9, 24]. Of note, the 
term “complete molecular response” should be avoided and substituted with the term 
“molecularly undetectable leukemia,” with specification of the copy number of the 
control gene transcripts. Table 5.4 shows the timeline and criteria for optimal response, 
warning (suboptimal) response and treatment failure after initiation of treatment.

Table 5.3 The definition of various degrees of treatment response in CML

Criteria

Complete Hematologic 
response

(i)  Complete normalization of peripheral blood counts with 
leukocyte count <10 × 109/L

(ii) Platelet count <450 × 109/L
(iii)  No immature cells, such as myelocyte, promyelocytes, or 

blasts in peripheral blood
(iv)  No signs and symptoms of disease with disappearance of 

palpable splenomegaly
Cytogenetic response by 
metaphase karyotyping

At least 20 cells analyzed

  Complete cytogenetic 
response (CCyR)

No Ph-positive metaphases

  Partial cytogenetic 
response (PCyR)

1–35% Ph-positive metaphases

  Major cytogenetic 
response

0–35% Ph-positive metaphases (complete + partial)

  Minor cytogenetic 
response

>35% Ph-positive metaphases

Molecular response by 
RQ-PCR

International scale (IS) defined as the ratio of BCR-ABL1 
transcripts to ABL1 transcripts

  Early molecular 
response (EMR)

BCR-ABL1 transcripts ≤ 10% by QPCR (IS) at 3 and 6 months

  Major molecular 
response (MMR)

BCR-ABL1 expression of ≦0.1% BCR-ABL1 IS or if IS not 
available, ≥3 log reduction of BCR-ABL1 transcript from baseline

  Complete molecular 
response

  (CMR)a

No detectable BCR-ABL1 mRNA by QPCR (IS) using an assay 
with a sensitivity of at least 4.5 logs below the standardized 
baseline

  Deep molecular 
response (MR)

  MR4.0

(i) Detectable disease with <0.01% BCR-ABL1 IS
(ii)  Undetectable disease in cDNA with>10,000 ABL1 transcripts

  MR4.5 (i) Detectable disease with <0.0032% BCR-ABL1 IS
(ii)  Undetectable disease in cDNA with>32,000 ABL1 transcripts 

in the same volume of cDNA used to test for BCR-ABL1

Relapse (i)  Any sign of loss of response (defined as hematologic or 
cytogenetic relapse)

(ii)  1-log increase in BCR-ABL1 transcript levels with loss of 
MMR should prompt bone marrow evaluation for loss of 
CcyR but is not itself defined as relapse

aCMR is variably described in the literature and is best defined by the assay’s level of sensitivity 
(e.g., MR 4.5). In practice, the term complete molecular response should be avoided and substi-
tuted with the term molecularly undetectable leukemia, with specification of the number of the 
control gene transcript copies
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The NCCN guideline [24] for monitoring patients on TKI treatment with dif-
ferent test is summarized in Table  5.5. Briefly, the suggested tests for therapy 
response evaluation are (i) cytogenetics analysis (chromosome karyotyping of at 
least 20 metaphase cells) to assess the degree of cytogenetic response (CyR) and to 
evaluate the possibility of clonal evolution at time of relapse or disease progression, 

Table 5.4 Recommendation for cytogenetic studies, RT-PCR studies, and BCR-ABL kinase 
domain mutation analysis suggested by NCCN guideline [24]

Tests Recommendation

Bone marrow cytogenetics 1. At diagnosis to establish the disease phasea

2. At 3 and 6 months from initiation of therapy if QPCR 
using IS is not available to assess response to TKI 
therapy

3. At 12 months from initiation of therapy, if CCyR or 
MMR is not achievedb

4. 1-log increased in BCR-ABL1 transcript levels without 
MMR.

Quantitative RT-PCR (QPCR) 
using international scale (IS)

1. At diagnosis
2. Every 3 months after initiating treatment
3. After CcyR has been achieved, every 3 months for 

2 years and every 3–6 months thereafterc

BCR-ABL kinase domain 
mutation analysis

Chronic phase
1. Inadequate initial response to TKI therapyd

2. Any sign of loss of response (defined as hematologic or 
cytogenetic relapse)

3. 1-log increased in BCR-ABL1 transcript levels and loss 
of MMR

Disease progression to accelerated or blast phase
aIf collection of bone marrow is not feasible, FISH on a peripheral blood specimen using dual 
probes for the BCR and ABL gene is an acceptable method of confirming the diagnosis
bAbsence pf MMR in the presence of a CCyR is not considered a treatment failure
cIf there is 1-log increased in BCR-ABL1 transcript levels with MMR, QPCR analysis should be 
repeated in 1–3 months
dLack of PCyR or BCR-ABL1 transcripts >10% (IS) at 3 and 6 months or less than a CCyR or BCR- 
ABL1 transcripts >1% (IS) at 12 months

Table 5.5 Summary of the most appropriate alternative therapeutic options based on the BCR- 
ABL1 KD mutation status

Mutation
Frequency of 
mutation Suggested alternative therapeutic options

T315I 15% Ponatinib or HSCT
V299L, T315A, and 
F317L/V/I/C

<2%/<2%/4% Consider nilotinib rather than dasatinib

Y253H, E255K/V, and 
F359V/C/I

12%/18%/6% Consider dasatinib rather than nilotinib

Any other mutation 30 to 40% Consider high-dose imatiniba or 
dasatinib or nilotinib

HSCT indicates hematopoietic stem cell transplantation
aNo sufficient data on dose escalation available to indicate if mutations with lower IC50 values are 
sensitive to high-dose imatinib
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(ii) real- time quantitative reverse transcription polymerase chain reaction 
(RQ-PCR) using the international scale (IS) to evaluate the degree of molecular 
response, and (iii) BCR-ABL kinase domain mutation test at time of disease pro-
gression or suboptimal treatment responses. IS is defined as the ratio of BCR-
ABL1 transcripts to ABL1 transcripts, or other internationally recognized control 
transcripts, and it is reported as BCR-ABL1 percentage on a log scale, where 10%, 
1%, 0.1%, 0.01%, 0.0032%, and 0.001% correspond to a decrease of 1, 2, 3, 4, 
4.5, and 5 logs, respectively, below the standard baseline that was used in the IRIS 
study [25]. Additional guideline for monitoring the responses to TKI by European 
LeukemiaNet can be found in Reference [9].

Some CML patients become resistant to TKI therapy and fail to respond or 
show disease progression. TKI resistance occurs due to BCR-ABL1 amplification, 
kinase domain (KD) mutations, and clonal evolution. Most frequently, TKI resis-
tance is caused by single amino acid mutation in the BCR-ABL1 protein that 
changes its’ basic structure and prevents further binding of TKIs. Direct (Sanger) 
sequencing is the method ELN recommends for BCR-ABL1 KD mutation analy-
sis; it allows detection of mutations present in 20% of Ph+ cells. However, NGS 
has been shown to be a more sensitive method to detect low level BCR-ABL1 
mutation with the analytical sensitivity about 1% [26]. NGS can help in early 
detection of emerging BCR-ABL1 mutation, 2–11 months earlier than conven-
tional sequencing. In cases who later failed with first-line TKI therapy, NGS 
detects TKI-resistant mutations as early as at the time of major or deeper molecu-
lar response. Using NGS to detect the low level of BCR-ABL1 kinase domain 
mutation may allow early shift to more appropriate TKI therapy to further improve 
patient outcome [27].

The NCCN guideline [24] for BCR-ABL1 kinase domain mutation testing is 
summarized in Table 5.4. The European LeukemiaNet recommends BCR-ABL1 
KD mutation analysis in the following situations: (1) fresh cases of CML ini-
tially presenting in accelerated phase or blast phase; (2) cases with treatment 
failure, or increased BCR-ABL1 transcript levels leading to MMR loss, or any 
case of  suboptimal response during the first-line imatinib therapy; (3) cases with 
hematologic or cytogenetic failure during the second-line dasatinib or nilotinib 
therapy [28].

BCR-ABL1 KD mutation analysis is essential for adjusting therapeutic TKI 
usage (Table 5.5). However, the possibility for CML patients in chronic phase to 
have BCR-ABL1 KD mutation is very low; KD mutations are found only in less 
than 3% of CP-CML patients [29]. Therefore, screening for KD mutation is not 
recommended in initial diagnosis in CP-CML patients [28].

Of note, clonal cytogenetic abnormalities (most frequently trisomy 8) in 
Ph-negative cells have been noted in a few patients during TKI treatment. The clini-
cal significance of such abnormalities is uncertain. Only rare patients with such 
abnormalities develop a myelodysplastic syndromes or acute myeloid leukemia 
from the clonal cytogenetically abnormal cells, and some of these abnormalities 
may be transient.
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 Conclusion

CML is characterized by BCR-ABL1 fusion gene leading to the production of the BCL-
ABL1 fusion protein which plays a critical role in the pathogenesis of CML and serves 
as a characteristic biomarker for diagnosis. Understanding the molecular pathogenesis 
of CML has resulted in the development of various TKI. The success of treating CML 
with targeted therapies (TKIs) against the BCR-ABL1 fusion protein is a prototypical 
example of successful precision medicine and changed CML from a universally deadly 
disease to a chronic disease that can be well controlled/cured with appropriate treatment 
and careful monitoring of disease burden with appropriate molecular tests.
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Chapter 6
Updates in Polycythemia Vera

Vidya Nagrale, Randall Olsen, and Youli Zu

Polycythemia vera (PV) is a chronic myeloproliferative neoplasm (MPN) of 
 hematopoietic stem cells (HSC, predominantly characterized by an increase in 
erythrocyte mass with trilineage proliferation [1]. The blood, bone marrow, spleen, 
and liver are variably involved during progression through the two phases of disease 
progression: (1) a proliferative or polycythemic phase with increased red blood cells 
(RBCs); and (2) a postpolycythemic or spent phase with marked cytopenias, extra- 
medullary hematopoiesis, hypersplenism, and myelofibrosis (MF). Hemorrhage 
and thrombosis are the primary clinical manifestations; the disease progresses to 
acute leukemia in a subgroup of patients (10–15%) who are older, with high white 
blood cell (WBC) count, and in those with additional somatic mutations other than 
Janus kinase 2 (JAK2) mutations [2]. The differential diagnosis includes secondary 
polycythemia and other chronic MPNs. Vaquez and Osler [3–6] first reported PV 
associated with erythremia and polycythemia, respectively. The concept of chronic 
myeloproliferative disorders (MPDs) emerged during the 1950s when PV was cat-
egorized with chronic myeloid leukemia, essential thrombocythemia (ET), and 
chronic idiopathic myelofibrosis (CIMF) based on common clinicopathological fea-
tures [7]. The Polycythemia Vera Study Group (PVSG) was then formed to define 
the diagnostic criteria for this entity. PVSG recommendations remained the gold 
standard for many years [8, 9]. During the 1970s, considerable advancements in 
understanding PV were made due to the improvement in laboratory techniques and 
evolvement of scientific perspective on neoplasia. Several studies evaluating various 
markers such as X-chromosome inactivation, glucose-6-phosphate dehydrogenase 
isoenzymes, and DNA methylation demonstrated that PV arises from clonal trans-
formation of a single hematopoietic stem cell (HSC) [10–16]. However, consensus 
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with PVSG remained until 2001 when the World Health Organization (WHO) 
reclassified myeloproliferative disorders as neoplastic – renaming them as MPNs 
and modernized the diagnostic criteria using a comprehensive clinicopathological 
approach [17]. A point mutation in JAK2, resulting in substitution of valine for phe-
nylalanine (V617F), was identified in a significant number of PV patients [18–25]. 
In 2008, WHO incorporated the JAK2 mutation as one of the major diagnostic cri-
teria [1], and in 2016, WHO lowered the cutoff values for hemoglobin and recog-
nized the importance of bone marrow morphology (Table 6.1) [26]. Additionally, 
the mutually exclusive MPL proto-oncogene, thrombopoietin receptor (MPL) and 
calreticulin (CALR) mutations were associated with ET and primary myelofibrosis 
(PMF) [26, 27]. MPL and CALR mutations practically exclude PV.

Table 6.1 Classification Criteria of PV
aPVSG 2001 WHO 2008 WHO 2016 WHO

Hemoglobin, 
g/dL

A1 18.5 g/dL in men
16.5 g/dL in 
women

>18.5 g/dL in 
men
>16.5 g/dL in 
women

> 16.5 g/dL in 
men
> 16.0 g/dL in 
women

Red cell mass 
(RCM)

36 mL/kg in 
men;
32 mL/kg in 
women

OR
Increasedb

OR
Increasedb

OR
Increasedb

Hematocrit 
(%)

OR
Increasedc

OR
>49% in men
>48% in women

Arterial oxygen 
saturation

A2 ≥ 92% – – –

No evident cause of 
secondary 
erythrocytosis

A2 – –

Splenomegaly A3 A3 – –
Clonal genetic 
abnormality

A4: other thand 
Ph chromosome 
or BCR/ABL 
fusion gene in 
marrow cells

A2: presence 
of JAK2 
V617F or 
functionally 
similar JAK2 
exon 12 
mutation

A3: JAK2 V617F 
or JAK2 exon12 
mutation

Endogenous erythroid 
colony formation

– A5 A3 –

Subnormal serum 
erythropoietin level

– B4 A2 B1

White blood cell  
count >12 × 109/L

B2 B2 – –

(continued)
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Table 6.1 (continued)
aPVSG 2001 WHO 2008 WHO 2016 WHO

Bone marrow (BM) 
histology

– B3: panmyelosis 
with prominent 
erythroid and 
megakaryocytic 
proliferation

B1: 
panmyelosis 
with prominent 
trilineage 
proliferation

A2: panmyelosis 
with prominent 
trilineage 
proliferation with 
mature 
megakaryocytes 
of varying sizes

Increased leukocyte 
alkaline phosphatase 
>100 U/L

B3 – – –

Serum vitamin B12 
concentration greater 
than 900 pg/mL or 
binding capacity 
>2200 pg/mL

B3 – – –

Requirements for 
diagnosis of PV

A1 + A2 + A3
OR
A1 + A2 + any  
2 from B

A1 + A2 and 
any other A
OR
A1 + A2 and 
any 2 from B

A1 + A2 and 
any one B
OR
A1 + any 2 
from0 B

eA1 + A2 + A3
OR
eA1 + A2 + B

aPVSG Polycythemia Vera Study Group, WHO World Health Organization; A = major criterion; 
B = minor criterion
bRCM > 25% above mean normal predicted value) or
cHb or Hct > 99th percentile of method-specific reference range for age, sex, altitude of residence 
or Hb > 17 g/dl men or 15 g/dl women if associated with a sustained increase of 2 g/dl or more 
from baseline that cannot be attributed to correction of iron deficiency
dPh Philadelphia chromosome
eException: A2 is not required in 2016 criterion when there is sustained absolute erythrocytosis, Hb 
>18.5 g/dL in men (Hct 55.5%) or >16.5 g/dL in women (HCt 49.5%) if criterion A3 and B are present

 Epidemiology

A recent meta-analysis reported an annual worldwide incidence of PV ranging from 
0.01 to 2.61 per million per year in various studies, and a pooled incidence rate of 
0.84 per million per year [28]. PV has been reported in patients from all ethnic back-
grounds, and is more common among Europeans and North Americans. Apparent 
geographic variation is possibly influenced by other heterogeneous variables [28]. 
Although several studies suggest a slightly higher incidence in males than females, a 
recent meta-analysis did not support a gender difference [1]. In general, PV is a dis-
ease encountered in older individuals, occurring most frequently between 50 and 
70 years of age [1]; occurrences during childhood and adolescence are exceptionally 
rare [28]. Familial cases have been documented, but their  significance remains 
uncertain.
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 Clinical Manifestations

Patients with PV may be identified by chance when they present with nonspecific 
symptoms such as mild hypertension, fatigue, intense itching, and headache [29]. 
Symptoms of hyperviscosity associated with increased red cell mass (RCM) and 
thrombocytosis may cause the clinician to first suspect PV. Other presenting condi-
tions include arterial and venous thrombosis with cardiovascular events, Budd–
Chiari syndrome, or mesenteric ischemia, bleeding complications from nonspecific 
ecchymoses, epistaxis to major hemorrhage, hypertension, headache, dizziness, 
visual disturbances, vertigo, tinnitus, claudication, and erythromelalgia [30–32]. 
Another distinctive symptom of PV is pruritus, which occurs after exposure to warm 
water, resulting from increased histamine release from activated basophils and func-
tionally different mast cells [33]; the classic symptom is intense itching following 
bathing. Gouty arthritis and hepatosplenomegaly may also be observed. Leukemic 
transformation often follows progression to end-stage disease (relative risk 
1.4–6.3).

 Diagnostic Criteria

Considerable advances in the diagnostic criteria for PV were reported as the scien-
tific community made new discoveries bearing on PV biology (Table 6.1). Presently, 
molecular testing is standard for PV diagnosis. The PVSG was originally formed 
with the support of the National Cancer Institute to evaluate treatment modalities. 
Eligibility criteria for entering PV clinical trials were defined, and these became 
known as the PVSG diagnostic criteria [8, 9], which remained the gold standard for 
decades [34, 35]. In 2001, the WHO classification for PV was published [17]. This 
classification represented a modernized approach for diagnosis and took into consid-
eration several new laboratory studies. These studies included in vitro bone marrow 
endogenous erythroid colony (EEC) formation, the presence of clonal genetic abnor-
malities other than the Philadelphia chromosome (BCR-ABL1 fusion gene and/or 
protein), revised histological findings for bone marrow, and low serum erythropoie-
tin (EPO) levels (Table 6.1). The 2008 WHO further revised the adapted classifica-
tion by incorporating molecular criteria for the presence of JAK2 V617F, additional 
JAK2 exon 12 variants, or other functionally similar mutations. The revised 2016 
WHO lowered the diagnostic cutoff of hemoglobin to >16.5 g/dL from >18.5 g/dL in 
men, and >16.0 g/dL from 16.5 g/dL in women (Table 6.1). Moreover, bone marrow 
morphological examination has been established as a major mandatory criterion for 
diagnosis of PV. The practical utility of this morphological criterion stems from its 
reproducibility, the diagnostic features present in both overt and latent PV, and its 
ability to distinguish PV from JAK2V617F-positive ET [26, 36–39].

V. Nagrale et al.
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 Red Blood Cell Mass, Hemoglobin, and Hematocrit

The RBC mass is determined by comparing the total blood volume to the plasma 
volume. Originally, it was considered a sensitive marker for PV, but subsequent 
studies reported a relatively low predictive value as several confirmed PV cases 
were demonstrated to have a lower RBC mass than the reference limit [40, 41]. An 
actual measurement of RBC mass is no longer performed in daily clinical labora-
tory practice due to its high cost, labor intensity and suboptimal diagnostic accuracy 
[36, 41]. The 2016 revision to the WHO added a clearly-defined gender-specific 
criterion for hematocrit in addition to lowering the diagnostic cutoff of hemoglobin 
(Table 6.1). This allows diagnosis of PV in patients with an actual increase in RCM 
above 25% from the mean predicted value with borderline increases in hemoglobin 
and hematocrit; these cases were missed with the previous WHO classification. 
Diagnostically, this higher sensitivity captures a group that may be in the latent or 
prepolycythemic phase of PV.  These patients are typically identified as younger 
males with high platelet and low white blood cell (WBC) counts; they are more 
prone to arterial thrombosis with poor overall survival when compared to those with 
apparent PV [36, 38, 39, 42, 43]. Studies have shown the benefit of early treatment 
in this clinically latent group that could have latent PV or a disease with different 
biology and prolonged latency [43, 44]. Additionally, the new guidelines assist in 
distinguishing PV from JAK2 V617F-positive ET; this distinction has therapeutic 
and prognostic implications because PV has lower overall survival rates and higher 
risk of leukemic transformation [38, 45, 46]. It is notable that maintaining a hema-
tocrit below 45% is beneficial in preventing thrombotic complications [44].

 Bone Marrow Pathology

Bone marrow morphology is a major mandatory criterion in the 2016 revision to the 
WHO. It has been duly acknowledged despite the fact that it was not included in the 
original PVSG criteria and was a minor criterion in the 2001 and 2008 WHO. In PV, 
the bone marrow should be hypercellular (Fig. 6.1a) with respect to patient age, with 
proliferation in all three lineages (panmyelosis – erythroid, myeloid, and megakaryo-
cytic proliferation). Megakaryocytes display the most distinguishing features. In PV, 
megakaryocytes appear mature, but are pleomorphic with variability in size. Based 
on the WHO criteria, concordance rates for morphology of PV range between 71% 
and 82% among different pathologists. The utility of bone marrow morphology in 
cases of overt PV has been established [1, 47]. However, cases of “prodromal/early 
PV” have been recognized, and it is necessary to distinguish them from the clinical 
phenotype for ET. A large study showed that all the patients with JAK2-mutated PV, 
including overt and “masked PV” (mPV), met the 2008 WHO bone marrow mor-
phology criteria [36, 37]. This supports the clinical utility of histological examina-
tion in patients with borderline or mild increases in RBC mass.
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Several large histopathological studies demonstrated that PV could be differenti-
ated from secondary polycythemia in approximately 96% of patients who presented 
with mild to significant erythrocytosis [47–49]. PV specimens typically lack a prom-
inent inflammatory stromal reaction, including only sparse numbers of perivascular 
plasma cells, eosinophils, hemosiderin-laden macrophages, and cellular debris.

The natural progression of PV involves a latent/prodromal phase, followed by 
the overt polycythemic phase and the “spent” or postpolycythemic myelofibrosis 
phase (post-PV MF) [1]. In the latent or prepolycythemic phase, bone marrow find-
ings are similar to those in the polycythemic phase [36, 37]. Findings are specific 
and do not overlap with secondary erythrocytosis [1, 47]. In the polycythemic phase, 
the bone marrow is hypercellular with trilineage proliferation (panmyelosis). 
Hyperplastic normoblastic erythropoiesis predominates, but maturing  granulopoiesis 
and megakaryopoiesis without dysplasia remain intact (Fig. 6.1a–c). In comparison, 
in the postpolycythemic or spent phase, erythropoiesis is markedly decreased, gran-
ulocyte maturation is delayed, and pleomorphic megakaryocytes without atypia are 
frequently observed. Overlapping features are typically observed with advancement 
of the disease, and MF progresses from a dense meshwork of reticulin with thick-
ened sinuses (sinus wall sclerosis) to deposition of coarse collagen bundles to end-

Fig. 6.1 Bone marrow biopsy of polycythemia vera. (a) Hypercellularity (hematoxylin–eosin, 
original magnification ×200). (b) Prominent erythroid as well as myeloid hyperplasia (hematoxy-
lin–eosin, original magnification ×400). (c) Loosely clustered pleomorphic megakaryocytes with 
hyperlobulation (hematoxylin–eosin, original magnification ×600). (d) Fibrosis change in post-
polycythemic stage (hematoxylin–eosin, original magnification ×100)
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stage myeloid scarring (Fig. 6.1d). More than 10% blasts in the peripheral blood or 
bone marrow herald disease acceleration, whereas 20% or higher is regarded as 
acute leukemia [1].

 Cytogenetic Abnormalities

Absence of the Philadelphia chromosome or the BCR-ABL1 fusion product is essen-
tial for exclusion of chronic myeloid leukemia, BCR-ABL1 positive. Various muta-
tions in the hematopoietic progenitor cells of PV patients have been detected by 
conventional cytogenetic and fluorescence in situ hybridization methods, and these 
abnormalities have been shown to accumulate over time [50–53]. Fewer than 20% 
of cases have an identifiable cytogenetic clone at diagnosis, whereas more than 
80–90% have one at 10  years [54–57]. The most frequent genetic aberrations 
include deletion or translocation of chromosome 20, trisomy 8, and trisomy 9. 
Abnormalities in 13q, 5q, 7q, 1q, 5, and 7 are less common. Because similar karyo-
types are also observed in patients with other MPNs, they do not convey specific 
data. Although complex karyotypes are more common in PV with transformation, a 
significant number of patients with fibrotic transformation have a normal diploid 
karyotype [54, 57–59]. Hence, cytogenetic abnormalities are not necessarily a good 
predictor for post-PV MF transformation. In several studies, the transformation was 
not found to be associated with mutant JAK2 V617F burden [57, 60]. However, a 
recent study identified significant impact of JAK2 V617F mutant allele burden on 
fibrotic transformation [61]. The group demonstrated that when JAK2 V617F is 
regarded as a continuous variable, a difference of 10% in mutant allele burden 
between two subjects increases the risk of post-PV MF by 40% in the subject with 
a higher mutant allele burden [61]. Currently, the use of the mutant allele burden to 
guide treatment strategies is under investigation.

 Serum EPO Levels

The vast majority of PV patients express very low levels of serum EPO (Table 6.1). 
This is a key diagnostic feature that differentiates PV from other polycythemic condi-
tions [62, 63]. The molecular mechanism causing low EPO levels in PV is likely due 
to normal compensatory feedback loops in the setting of elevated erythropoiesis.

 Molecular Pathogenesis and JAK2 V617F Mutation

The most significant discovery in BCR-ABL1 negative MPNs has been the pres-
ence of an acquired JAK2 V617F mutation in the JAK2 gene on chromosome 9p24 
(Table 6.2). It has been established as a driver mutation in MPN mouse models 
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[64, 65]. JAK2 V617F is the most frequent molecular abnormality found in almost 
all patients (>95%) with PV, and was independently identified by four different 
groups [18, 20, 21, 66]. A guanine to cytosine mutation occurs in codon 617, 
which resides in the JH2 pseudokinase domain of exon 14, resulting in a valine to 
phenylalanine substitution (V617F) [20, 21, 66]. The JAK2 V617F is a somatic 
Class I mutation, which modifies growth factor signaling [67]. Damage in the 
JAK2 JH2 domain results in loss of autoregulatory inhibition of JH1 kinase 
exerted via JH2 pseudokinase, leading to phosphorylation of the JAK2 tyrosine 
kinase and its constitutive activation, with downstream activation of JAK-signal 
transducer and activator of transcription (STAT)/RAS/MAPK/PI3K/AKT path-
ways (Fig. 6.2). This results in myeloid proliferation, which occurs at decreased 
levels or in the absence of cytokines [69].

It is known that cytoplasmic domains of cytokine receptors are docked to JAK2 
dimers, one of the Janus kinases, a nonreceptor tyrosine kinase. At the NH2 termi-
nus, protein 4.1, ezrin, radixin, and moesin (FERM) and SH2 domains secure JAK2 
to the cytokine receptors. The JH1 kinase domain is located at the COOH terminal, 
adjacent to the JH2 pseudokinase domain (Fig. 6.3) [69]. The classical view of the 
JAK-STAT (signal transducer and activator of transcription proteins) pathway acti-
vation is the following: binding of cytokine to the receptor brings the JAK2 mole-
cules into proximity, cross-activation leading to phosphorylation of their tyrosine 
kinase residues; subsequently, this causes phosphorylation and dimerization of 
STATs, which translocate to the nucleus for further transcriptional downstream 
activity. However, recent X-ray crystallographic studies, conducted by molecular 
dynamic simulations, support a contrary currently prevalent view [64]. Studies on 
the growth hormone (GH) receptor-JAK2 activation have showed that the cytoplas-
mic regions of the receptor are in proximity in the basal state. Binding of GH causes 
activation of the JAK2 receptor; the cytoplasmic regions of the receptor crossover 
resulting in separation of JH2 pseudokinase domains. This change eliminates the 
autoinhibitory effect of the JH2 pseudokinase on the JH1 kinase of the other JAK2 in 
the dimer, thus bringing the JH1 kinase into close proximity with JH2, which results 
in JAK2 phosphorylation at multiple amino acid residues through unknown mecha-
nisms [70].

Crystallographic modeling shows that the V617F mutation causes destabiliza-
tion of the JH2-SH2 linker, which then destabilizes the JH2-JH1 interaction 
(Fig. 6.4) [64, 71]. It is also postulated that the V617F mutation may overstabilize 
the positive regulation mediated by JH2 by an unknown molecular mechanism [64]. 
The V617F mutation straightens and rigidifies the αC helix within the JH2 domain 
[64, 72, 73], whereas the wild type (WT) allele has a kink without considerable 
structural difference [64, 73]. It has been shown that JAK2 JH2 binds adenosine 
triphosphate (ATP) and phosphorylates negative regulatory sites involved in JAK2 
activity [64, 74]. Understanding these mechanisms may provide potential therapeu-
tic targets such as αC, ATP binding pockets; for example novel small molecules can 
inhibit JAK2 V617F activity without affecting the activity of the WT allele [64]. 
Currently, the approved JAK2 inhibitors, such as ruxolitinib are type I; these bind to 
the ATP binding pocket in the kinase domain in its active configuration, thus also 
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Fig. 6.2 Cytokine receptors exist on the cell surface in an inactive state bound to JAKs via their 
cytosolic domains. The binding of a specific ligand induces a conformational change in the pre-
formed dimer, leading to tyrosine phosphorylation and cross-activation of JAKs, which phosphory-
late intracellular receptor tyrosine residues (Y-P). In turn, the phosphorylated residues attract 
signaling adaptor proteins that recognize specific tyrosine phosphorylated sequences. Various adap-
tor proteins become substrates of JAKs, triggering signaling cascades. Cytokine receptors are linked 
to the STAT, Ras–MAPK, and phosphatidylinositol-3′-kinase (PI3K)–AKT pathways, which con-
verge at the nucleus and regulate gene expression. Left, unliganded inactive cytokine receptor; 
middle, ligand-activated receptor, which is transient and induces anti-apoptotic, proliferative, and 
differentiation signals. Right, unliganded receptor that is constitutively active because of the attach-
ment of JAK2 V617F, a constitutively active JAK, and is therefore recapitulating the cytokine-
induced pathway, although in a persistent manner. Novel signaling molecules (X, Y, and Z) become 
substrates of activated JAK, initiating novel interactions (X, Y, and Z interactors) that change gene 
expression and/or induce novel epigenetic events (With permission from Vainchenker et al. [68])

affecting WT JAK2. Novel more effective JAK2 type II inhibitors, causing actual 
decrease in the mutant allele load, are currently developed; these inhibitors bind in 
a similar fashion to the ATP binding pocket in the kinase domain, but in its inactive 
configuration [64].

Among the various downstream activators, STAT5 is also a crucial actor in dis-
ease pathogenesis. Hence, there is an opportunity to therapeutically abrogate dys-
regulation of its transcriptional targets [73]. These targets are PIM kinases, c-MYC 
and JUNB, CYCLIN D2, P27KIP, CDC25A, PU.1, ID1, BCL-XL, MCL-1, and 
RAD51 [73]. However, Kouzarides et al. showed that JAK2 alone can be localized 
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Fig. 6.3 Domain structure of JAK2. JAK2 contains a tyrosine kinase domain (JAK homology 1 
(JH1)), a pseudokinase domain (JH2), SH2-like domain, and a domain that resembles protein 4.1, 
ezrin, radixin and moesin (FERM). The latter domain is responsible for attachment to the cytosolic 
domains of cytokine receptors. The pseudokinase domain, JH2, functionally prevents the activa-
tion of the kinase domain, JH1 (curved arrow on the top). In contrast, mutations in the pseudoki-
nase domain (red) lead to activation (arrow on the bottom) of JH1. The V617F mutation has been 
identified primarily in MPNs

in the nucleus and phosphorylate histone Y41, and increase expression of onco-
genes such as MYC and LMO2 [75]. One of the mechanisms of cytokine hypersen-
sitivity of JAK2 V617F mutant cells and disease progression is attributed to 
upregulation of La auto-antigen with resultant p53 inactivation [73, 76]. The JAK2 
V617F mutation simulates fibroblastic growth and proliferation by increasing 
oncostatin M expression (OSM), a profibrogenic cytokine stimulator of bone mar-
row fibroblasts. Pathogenic hypercytokinemia can be controlled by potentially tar-
geting OSM [73, 77]. Mutant JAK2 binds more strongly, phosphorylates and 
downregulates activity of PRMT5, an arginine methyltransferase JAK binding pro-
tein. Abnormal histone methylation affects chromatid remodeling, increases hema-
topoietic stem cell progenitor population, myeloproliferation, and erythroid 
differentiation [73, 78]. These insights in the pathogenesis provide possible thera-
peutic strategies.

The JAK2 V617F mutation is found in MPNs associated with PV (>95%), essen-
tial thrombocythemia (50%), PMF (50%) or various other disorders. It is also seen 
in refractory anemia with ringed sideroblasts associated with marked thromobocy-
tosis (~50%), and rarely in other myelodysplastic syndromes (MDS), MDS/MPNs 
such as chronic myelomonocytic leukemia (CMML), juvenile myelomonocytic leu-
kemia, hypereosinophilic syndrome, and systemic mastocytosis. The JAK2 V617F 
mutation is consistently absent in all secondary bone marrow conditions, unrelated 
leukemias, and healthy controls [79]. However, screening for the JAK2 V617F 
mutation is the first diagnostic test for PV in the appropriate clinicopathological 
context.

The JAK2 V617F mutation is the major diagnostic criterion for BCR-ABL1 nega-
tive MPNs (PV, ET, and MF). The three MPNs have different phenotypes, thus this 
single mutation associated with different phenotypes is of great interest in 
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Fig. 6.4 Schematic of JAK2 activation. Top: In the basal state, two JAK2 molecules associate via 
their N-terminal band 4.1, ezrin, radixin, moesin (FERM or F) and SH2 (S) domains with predi-
merized type I cytokine receptors. The autoinhibitory interaction between JH2 [2] and JH1 [1] 
sequesters JH1 from each other and stabilizes an inactive state of JH1 (dark cyan) (left). This is in 
equilibrium with a state (right) in which JH1 is disengaged from JH2 (JH1 cyan, higher activity), 
which increases the probability of trans-phosphorylation (orange arrows) on the activation loop of 
JH1. By destabilizing the autoinhibitory interaction, pathogenic mutations, such as V617F, shift 
the equilibrium to the partially active state. Bottom: Cytokine binding to the extracellular region of 
the cytokine receptors induces a structural rearrangement in the cytoplasmic region (possibly 
through rotation of the transmembrane helices), which greatly facilitates (red arrows) JH1 trans- 
phosphorylation. JH2 is also necessary for cytokine-induced JAK2 activation, but the molecular 
interaction(s) responsible for this is not known (and not shown). As indicated, in addition to desta-
bilizing the autoinhibitory interaction, V617F might promote the JH2-mediated positive interac-
tion normally induced by cytokine (or possibly promote an interaction distinct from the 
cytokine-mediated one)

 pathogenesis. Mutations primarily occur at the multipotent HSC level, and are 
found in granulocytic, erythroid, megakaryocytic, as well as lymphoid lineages 
[80]. Molecular analysis showed that the JAK2 V617F mutation enables and per-
petuates clonal proliferation distorted towards phenotypic erythrocytosis in PV 
[81], whereas myeloid differentiation is seen in MF [82, 83]. The same JAK2 V617F 
mutation may affect subsets of HSCs with distinct anomalous differentiation to a 
specific MPN [80]. Preference to develop into PV may be modulated by quantitative 
differences in the JAK2 type. In murine engraftment experiments, James et al. found 
that engrafted PV primarily presents with JAK2 WT with a small proportion that is 
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heterozygous for the JAK2 V617F mutation. The authors also found an  overwhelming 
number of JAK2 V617F mutations that are homozygous are seen in post-PV MF or 
PMF. Apart from the JAK2 V617F mutation, additional genetic or other changes 
and increased responsiveness towards cytokine stimulation of JAK2 V617F- 
committed progenitors and HSCs (especially in PMF) may play a role in disease 
pathogenesis [83, 84]. Another study suggested that PV phenotype is a function of 
its allelic profile and mutation burden. This study suggested that clone sizes for the 
JAK2 V617F mutation are small and heterozygous in PV and ET, whereas early 
progenitors in heterozygous JAK2 V617F PV are more erythropoietin-sensitive, 
dedicated and committed as compared to those in ET. Homozygous PV was found 
to be a minor subset, whereas progenitors were found to be erythropoietin- 
independent with preferential proliferation occurring at the terminal stage of dif-
ferentiation. No homozygous clones were found in ET [85]. In a different study, 
microsatellite mapping and analysis of clonality in the earliest erythroid progenitors 
of PV and ET demonstrated that both PV and ET acquire homozygous clones, but 
PV has a dominant single homozygous mutant subclone 8–85 times higher than the 
minor mutant subclones. These findings show that the homozygous subclone is a 
driver for erythrocytosis and hence PV phenotype. Additional genetic or epigenetic 
changes may also play a role in progression of the disease [86]. Overall, the prevail-
ing view is that JAK2 V617F alone is not a strong driver mutation with small clone 
sizes and can remain clinically stable disease over years [73, 85, 87].

Homozygous JAK2 V617F has been detected in approximately 30% of patients 
with PV [18, 19, 21, 88]. Homozygosity in PV is associated with older age groups, 
higher hemoglobin and leukocyte counts, splenomegaly, thrombosis and cardio-
vascular events, and symptomatic disease with consequent therapy [73, 89]. 
Chromosome 9p with the mutation JAK2 V617F is frequently involved in loss of 
heterozygosity (LOH at 9p) in PV [20, 90]. Thus, the lost allele 9p with the JAK2 
V617F mutation is duplicated by mitotic recombination which itself likely causes 
LOH at 9p and its duplication by uniparental disomy (UPD), resulting in two cop-
ies of JAK2 V617F allele in the affected cell [20, 73, 90]. This change confers 
variability, heterogeneity, variable levels of mutant allele with dosage effect, with 
a progression from heterozygosity to homozygosity in clinical presentation of PV 
[89]. As discussed earlier, homozygosity appears to be a driver of erythrocytosis 
(PV phenotype) and adverse prognostic variables. The JAK2 V617F mutant allelic 
burden, quantified by PCR, is routinely measured in granulocytes. Generally, 
mutant allele burdens lower than 50% and higher than 50% are reported as hetero-
zygous and homozygous, respectively. This routinely used terminology can cause 
confusion and deception regarding mutant JAK2 V617F genotype because the 
mutant can comprise either sole or combinations of heterozygous, hetero-homozy-
gous or homozygous cell populations [91]. Nevertheless, it has been demonstrated 
that a higher allelic load in granulocytes (>50%) corresponds to the adverse effects 
seen in homozygous population, helps risk stratification by molecular quantifica-
tion, and is a threshold for initiation of therapy with JAK2 inhibitors [73, 89, 92]. 
Low allelic burdens can be managed with phlebotomy and aspirin to reduce risk of 
thrombosis [92].
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The mutation JAK2 V617F appears to confer a slower rate of disease progres-
sion, a higher risk for thrombotic or hemorrhagic complications, and an increased 
degree of MF. In addition, homozygous versus heterozygous clones for JAK2 V617F 
may confer a poorer overall prognosis [89]. Several studies showed the absence of 
correlation between JAK2 V617F allelic burden and fibrotic risk of transformation 
[57, 60].

The mutant allelic burden is the single most important factor for risk of thrombo-
sis irrespective of phenotype of JAK2 V617F disease. Rates of thrombosis increase 
with increasing allele burden and in particular, the risk increases with >50% JAK2 
V617F [93].

Interestingly, higher JAK2 V617F mutant allele burdens have been found to be 
responsive to ruxolitinib therapy [94]. Serial measurements can help predict evolu-
tion of disease with increasing mutant allele burdens [95], assess effectiveness of 
therapy and clinical remission, or guide adoptive immunotherapy such as donor 
lymphocyte infusion [91, 96].

 Methods for Detection of JAK2V671F and Its Allele Burden

Detection of the JAK2 V617F mutation is diagnostic of PV in the appropriate clini-
copathological setting. Limited information is available on the clinical significance 
of a specific quantitative allele burden. The majority of research studies examining 
JAK2 in PV patient specimens have utilized various DNA sequencing platforms to 
identify the mutated allele in the purified granulocyte fraction [18–21]. DNA 
sequencing is routinely and successfully used in many labs, and is considered the 
“gold standard” [97]. Direct sequencing has low analytical sensitivity (~20%), is 
time-consuming, and technically demanding [18, 97, 98]. High throughput tech-
niques for targeted massive parallel/next generation sequencing (MPS/NGS) are 
preferred as they can detect all JAK2 mutations, and are not limited to V617F and 
non-driver mutations affecting prognosis [2]. Most molecular diagnostic laborato-
ries have instrumentation and technical expertise readily available to perform real- 
time polymerase chain reaction (RT-PCR) [95].

It is important to consider pre-analytical variables of the specimen before choosing 
an assay [79]. Several PCR-based assays for rapid detection of JAK2 V617F in periph-
eral blood, bone marrow aspirate, and paraffin-embedded tissue specimens have been 
studied and compared [95, 99, 100]. A small amount of peripheral blood (2–10 ml) in 
Ethylenediaminetetraacetic acid (EDTA) is adequate for genomic DNA extraction, 
and can be frozen for further analysis. Bone marrow aspirate is acceptable [101] and 
unstained (preferred) unfixed slides [102] can be used for this purpose. Purification of 
granulocytes for DNA extraction by Ficoll gradient centrifugation and the amount of 
nucleic acid template depend on the sensitivity and type of assay, respectively [79].

The JAK2 Mutation Working Group of the Association for Molecular Pathology 
(AMP) and the MPNs and MPN-related congenital disease (MPNr) European 
Network (MPN and MPNr-EuroNet) suggest that suitable assays should have a low 
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limit of detection (at least 1% for diagnosis and 0.1% for residual disease 
 monitoring), nearly 100% specificity at the above detection levels, high reproduc-
ibility, and transferability between laboratories [91, 103]. Low levels of JAK2 
V617F allele identification should be interpreted carefully. Less than 1% mutant 
allele burden and very low levels (<0.1%) have been found in ET and in healthy 
individuals, respectively. Repeated testing after 3–6 months is warranted in these 
cases [79, 91].

Studies have shown that various PCR assays to detect the JAK2 V617F mutation 
are in agreement when the mutant allele load is higher [97, 104]. Overall, allele- 
specific quantitative PCR (qAS-PCR) or the amplification refractory mutation sys-
tem PCR (ARMS-PCR) are the most reliable and sensitive assays (~ analytical 
sensitivity 0.1–5%) [103, 105, 106]. A clinically significant and pathogenic mutant 
allele burden is found to be in the range 1–3% [79, 107]. Other methods such as 
high-resolution melting PCR (HRM-PCR) and melting curve analysis display 1–5% 
analytical sensitivity [79], which is equivalent to that of ARMS-PCR.  However, 
HRM-PCR is easy to perform because it involves a single amplification step versus 
ARMS-PCR, which amplifies WT and mutant alleles in two separate consecutive 
reactions [97]. Real time allele-specific PCR with sensitivity of 0.01–1% can be 
used to assess minimal residual disease and response to JAK2 inhibitor therapy [79, 
96, 106, 108]. Similar to direct sequencing, pyrosequencing lacks optimal sensitiv-
ity [103]. Digital PCR, which is technically less demanding, has been found to have 
analytical sensitivity equivalent to that of real time AS-qPCR [109]. Point of care 
microchips with visual assays based on microfluidics have also been developed and 
are potentially helpful in limited resource settings [110].

 JAK2 Exon 12 Mutations

JAK2 exon 12 mutations are present in approximately 3% of PV patients; they occur 
across multiple codons – from 533 to 547 – as substitutions, deletions, duplications 
or insertions, near the pseudokinase domain, in the linker region between the pseu-
dokinase and SH2 domains. The most common mutation in JAK2 exon 12 (23–
30%) is an in-frame deletion of six nucleotides at codons 542 and 543 
(N542-E543del). Other mutations encountered in exon 12 are R541-E543delinsK, 
E543_D544del, F537_K539delinsL, and K539  L.  Each mutation occurs with an 
approximate frequency 10% [91, 103, 111]. Exon 12 mutations result in erythrocy-
tosis phenotype at a younger age (~50 years of age) involving higher hemoglobin 
and hematocrit vis-a -vis JAK2 V617F type, normal WBC and platelet counts with 
low serum erythropoietin, erythroid hyperplasia in bone marrow with rare trilineage 
expansion, variable megakaryocytic morphology (ranging from small to medium or 
large megakaryocytes with mono or hyperlobated nuclei). Transformation to leuke-
mia or MF is a rare occurrence, and patients with JAK2 exon 12 mutated PV have a 
good prognosis with nearly normal life expectancy [91, 92, 103, 112]. The molecu-
lar mechanisms of JAK2 exon 12 mutations are similar to that of mutation JAK2 
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V617F, with cytokine independent proliferation, and JAK2 inhibitors capable of 
targeting the pathway. The consequences of these founding mutations on the signal-
ing cascade downstream of JAK2 (increased ERK1 and ERK2) are distinct from 
those with JAK2 V617F [111]. An improved course of the disease is expected with 
higher proportions of stable heterozygous colonies and small amounts or absence of 
homozygous clones over time [92, 111, 113]. However, in a multicenter study, it 
was found that PV due to JAK2 exon 12 mutations initially presents with isolated 
erythrocytosis, but its subsequent behavior, risk stratification and prognosis are 
similar to PV due to the JAK2 V617F mutation [114]. Direct sequencing has limited 
diagnostic importance if peripheral blood with low mutant allele burden is used. 
Several JAK2 exon 12 mutations exist (at least 27 are known), precluding the choice 
of targeted AS-PCR despite its superior detection sensitivity (10%) [115]. HRM 
analysis, locked nucleic acid (LNA)-clamped fragment analysis, melting curve 
assay, dHPLC (denaturing high-pressure liquid chromatography) are used to screen 
for this mutation. AS-qPCR has a sensitivity of 0.01% for 10 of the most frequent 
JAK2 exon mutant alleles (overall 80% for JAK2 exon 12) [79, 103].

 Latest Somatic Mutations

Molecular analyses have unraveled numerous somatic mutations in MPN with 
JAK2, MPL, and CALR established as driver mutations (Table  6.2). Additional 
somatic mutations are “nondriver” mutations, nonspecific for MPNs as they can be 
found in myeloid malignancies and normal elderly individuals [68]. It has been 
found that, as a group MPNs have a low frequency of somatic mutations, namely 
~0.2 somatic mutations per Mb or 1 somatic mutation per 45 patient years, with 
most mutations being present early on when the disease is detected [116]. These 
mutations provide prognostic rather than diagnostic information and some of them 
occur synergistically or together with the driver mutation, thus providing fertile 
ground for disease initiation or progression. The number of somatic mutations is a 
predictor of overall survival and leukemic transformation [2, 116]. The median 
number of somatic mutations in PV is less than that in PMF (6.5 vs 13 per patient) 
[117]. Rarely CALR mutations have been described in JAK2 negative PV [118]. The 
typical triple negative (TN) mutation profile encountered in ET and PMF (overall 
10–15%) is essentially not seen in PV; in theory, this could be due to undetected 
JAK2, especially JAK2 exon 12 variants, or other mutations leading to erythrocyto-
sis. Recent findings on selected mutations are detailed in the next paragraph.

In PV, TET2 mutations are predominantly found to occur as pre JAK2 V617F 
event providing self-renewal and survival advantage to the JAK2 mutated clone for 
myeloproliferation with no apparent effect on transformation [116]. Dual concomi-
tant or secondary TET2 mutations in a disease with JAK2 V617F mutation are less 
frequent [116]; but are connected with lower overall survival due to increasing 
intensity of myeloproliferation and extra-medullary hematopoiesis, and are often 
acquired at the time of leukemic transformation [119]. TET2 loss may limit 
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 therapeutic efficacy of interferon (IFN)-α as IFN-α acts by depleting the JAK2 
V617F mutated HSCs [120].

ASXL1 mutations have a relatively low frequency in PV (~2–10%) versus ET 
(5–10%) and PMF (13–26%), and post PV/ET MF (22–39%) [121]. A study showed 
that patients with ASXL1 loss of function had significantly lower hemoglobin levels 
than those without the mutation [116]. The same study noted that despite no specific 
temporal relation with JAK2 mutation, ASXL1 mutations were often acquired as a 
pre JAK2 event [116]. Loss of ASXL1 is an independent negative prognostic marker 
in PMF, MDS, CMML [122, 123], and may indicate fibrotic transformation in PV 
[2]. It was recently shown that ASXL1 has a role in effective erythropoiesis and 
effective maturation of erythroids; its loss leads to anemia, and anemia confers poor 
prognosis in MDS, CMML, and PMF [122, 124].

The EZH2 gene is involved in DNA methylation [116], and its mutations are 
thought to act synergistically with JAK2 V617F and result in MPNs [125]. Murine 
experiments show that heterozygous loss in conjunction with JAK2 V617F leads to 
PV, while homozygous mutations result in MF with higher platelet and WBC counts 
without intermediate erythrocytosis. Experimentally deletion of EZH2 in mice 
without JAK2 V617F mutation resulted in thrombocytosis. Additional studies are 
necessary to determine the efficacy and suitability of EZH2 inhibitors in MPN, as it 
is thought to have a tumor suppressor effect.

DNMT3A loss is more frequently associated with AML and leukemic transfor-
mation in MPN, possibly by upregulating genes such as RUNX1 and GATA3 [126]. 
DNMT3A mutations by inhibiting differentiation may provide the circumstance for 
HSC proliferation in the presence of the JAK2 mutation with limited self-renewal 
[127]. The DNMT3A R882 mutation has been found to induce leukemia in animal 
models in presence of NRAS mutation by affecting DNA methylation apparatus 
[128].

IDH1/2 are enzymes in the tricarboxylic acid (TCA) cycle and fatty acid synthe-
sis producing metabolites involved in epigenetic regulation of progenitor cell dif-
ferentiation. Although they are less frequently mutated in PV as compared to other 
MPNs, one study has shown that leukemia-free survival was adversely affected by 
IDH2 mutations in PV patients [2]. In the same study, SRSF2 mutation was found 
to affect OS, RUNX1 mutation affected OS and leukemia-free survival among PV 
patients.

 Clinical Management of PV

Contemporary management of PV is driven by the presence of major risk factors of 
thrombosis and a history of thrombosis in PV patients [129, 130]. Thrombosis pre-
vention with low-dose aspirin, and management of cardiovascular risk factors is 
recommended for all PV patients. Phlebotomy remains a key intervention with a 
target hematocrit less than 45% in patients with PV. Chemotherapy with hydroxy-
urea should be considered as a first line of therapy depending on the history of 
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thrombosis, and for patients over 60  years of age. Interferon-α can be used in 
younger patients as the first line of therapy due to the absence of leukemogenic 
effect when compared to hydroxyurea, and its ability to induce clinical, hematologi-
cal and molecular responses with persistence of response after therapy cessation 
[130]. However, additional mutations such as loss of TET2 may limit therapeutic 
efficacy of IFN-α. Failure to respond to the first line of therapy, which is seen in 
~16–24% of patients with progressive splenomegaly, leukocytosis, or thrombocyto-
sis may warrant use of ruxolitinib, a JAK2 inhibitor. Although ruxolitinib reduces 
spleen volume, and alleviates constitutional symptoms, it does not appear to alter 
the natural course of the disease. Prognostic models developed for PMF cannot be 
accurately applied to post-PV-MF [130]. However, bone marrow transplantation 
can be considered for younger patients who rapidly progress to MF or leukemia 
[129, 130].

 Conclusions

Because the identification of JAK2 V617F as its driver mutation in 2005, tremen-
dous strides have been made by the scientific community in understanding the 
pathogenesis of PV. The 2016 WHO classification has updated disease diagnostic 
criteria, which significantly improves sensitivity to identify patients with PV and 
distinguish them from patients with other MPNs, thus offering benefit of specific 
treatment to reducing morbidity and mortality. In addition, molecular dynamic sim-
ulations are revealing pathogenic mechanisms involved in PV development, helping 
to identify new therapeutic targets for precision medicine that will have no or less 
adverse effects in patients. Moreover, new somatic mutations in PV are being identi-
fied through modern sequencing techniques. These mutations have an interesting 
interplay with JAK2 V617, providing prognostication of disease evolution and 
transformation, and thus guiding personalized therapy in patients with PV.
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Chapter 7
Essential Thrombocythemia

April A. Ewton and Rachel E. Donohue

 Introduction

Essential thrombocythemia (ET) is classified as a chronic myeloproliferative neo-
plasm (MPN) involving the megakaryocytic lineage [1]. It was first described by 
Austrian pathologists, Epstein and Goedel, in 1934 [2], and the definition has 
evolved over the years. By the most recent diagnostic criteria (Table 7.1), ET is 
characterized by thrombocytosis ≥450 × 109/L in the peripheral blood; a bone mar-
row showing increased numbers of enlarged, mature megakaryocytes with hyper-
lobulated nuclei; no fibrosis or rare grade 1 reticulin fibrosis; exclusion of other 
myeloid neoplasms; and the presence of mutations involving Janus kinase 2 (JAK2), 
calreticulin (CALR), or thrombopoietin receptor, also known as myeloproliferative 
leukemia virus oncogene (MPL) [3].

 Epidemiology

The overall age-adjusted incidence rate for ET is 9.6 per one million persons per year. 
Differences are seen in incidence rates for Blacks (11.5), Caucasians (9.7), and 
Hispanics (6.4). The median age at diagnosis is 68 years. ET is rarely seen in children, 
and incidence rates increase exponentially with increasing age. There is a female pre-
dilection, with a M:F ratio of 0.8:1, most prominent in women <60 years of age [4].
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 Clinical Features

Up to 50% of patients can be asymptomatic at time of diagnosis, while others may 
present with vasomotor symptoms, thrombosis, or hemorrhage. Common patient 
complaints include difficulty sleeping, abdominal discomfort, dizziness/vertigo/
lightheadedness, sweats, numbness/tingling in hands/feet and less commonly pruri-
tus, bruising, and fatigue [5].

 Morphology

The 2016 World Health Organization (WHO) diagnostic criteria for ET have been 
updated to include the mutation status of CALR and MPL (in addition to JAK2, 
included in the 2008 classification), while the morphological criteria have remained 
essentially the same.

While morphology has always been an indispensable component of the diagno-
ses of MPNs, the new criteria emphasize the importance of distinguishing prefi-
brotic/early primary myelofibrosis (pre-PMF) from ET. Absence of fibrosis or only 
minimal fibrosis (grade 1) is acceptable for a diagnosis of ET. Although this was 
implied by the 2008 exclusion criteria for PMF and stated in the footnote, the degree 
of allowable fibrosis is now directly stated under the major criteria heading of the 
2016 classification [3]. This distinction is important clinically, as true patients with 
ET can survive up to 7 years longer than those with pre-PMF [6]. Pre-PMF has a 
significantly worse prognosis than ET [6–8]. Compared with pre-PMF, patients 
with true ET have a lower risk of progression to acute leukemia and high-grade 
fibrosis, superior overall survival, and higher risk of bleeding complications [7].

Table 7.1 World Health Organization essential thrombocythemia diagnostic criteria

Major criteria

1.  Platelet count ≥450 × 109/L
2.  Bone marrow biopsy showing proliferation mainly of the megakaryocyte lineage with 

increased numbers of enlarged, mature megakaryocytes with hyperlobulated nuclei. No 
significant increase or left shift in neutrophil granulopoiesis or erythropoiesis and very 
rarely minor (grade 1) increase in reticulin fibers

3.  Not meeting WHO criteria for BCR-ABL1+ CML, PV, PMF, myelodysplastic syndromes, or 
other myeloid neoplasms

4.  Presence of JAK2, CALR, or MPL mutation
Minor criterion

Presence of a clonal marker or absence of evidence for reactive thrombocytosis

With permission from Arber et al. [3]
Diagnosis of ET requires meeting all four major criteria or the first three major criteria and the 
minor criterion
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 Peripheral Blood

The major finding in the peripheral blood is marked thrombocytosis. Platelets can 
vary in size and shape with occasional bizarre forms. The white blood cell count and 
differential are typically within normal limits, although they may be borderline 
high. Red blood cells are typically normochromic, normocytic [1].

 Bone Marrow

The bone marrow biopsy is normocellular or shows only a slight increase in age- 
matched cellularity (Fig. 7.1). Only the megakaryocytic lineage shows increased pro-
liferation. Megakaryocytes are enlarged and increased in number, with mature 
morphology and hyperlobulated nuclei (staghorn appearance) (Fig. 7.2). Neutrophil 

Fig. 7.1 Bone marrow 
biopsy, normocellular for 
age with increased 
megakaryocytes in 
essential thrombocythemia 
(Hematoxylin–Eosin, 
original magnification 
×200)

Fig. 7.2 Large, mature 
megakaryocyte with 
hyperlobulated (staghorn) 
nucleus in essential 
thrombocythemia 
(Wright–Giemsa, original 
magnification ×500)
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granulopoiesis and erythropoiesis are not significantly increased or left shifted. 
Reticulin fibrosis is absent, or very rarely there is minor (grade 1) increase in reticulin 
fibers [3, 6, 9] (Fig. 7.3). When differentiating ET from pre-PMF, it is important to note 
that ET lacks marrow hypercellularity, granulocytic proliferation, significant mega-
karyocyte clustering, and cloud-like or hyperchromatic megakaryocytes (Fig. 7.4).

Fig. 7.3 Bone marrow 
biopsy with no increase in 
reticulin fibrosis (grade 
MF-0) in essential 
thrombocythemia 
(reticulin, original 
magnification ×400). 
Absence of reticulin fibers, 
bone marrow core biopsy, 
reticulin stain, 100×

Fig. 7.4 Diagnostic criteria of distinctive value regarding WHO-defined ET (left) versus early- 
prefibrotic stage of PMF (right), including standardized morphological features (see Table 7.1 for 
more details), allowing the generation of characteristic histological bone marrow patterns (Used 
with permission from Thiele et al. [6])
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 Molecular Features

Research efforts in the last 10 years have resulted in a much better understanding of 
the molecular pathogenesis of ET and other BCR/ABL1-negative MPNs. Cytogenetic 
abnormalities occur in less than 5% of ET, and no specific recurrent abnormalities 
have been documented. In contrast, approximately 90% of ET cases carry driver 
mutations in one of three genes.

Three main driver mutations have now been well characterized in terms of their 
incidence and clinical effects. JAK2 is the most commonly mutated gene in MPNs, 
followed by CALR and MPL. These driver mutations ultimately result in overpro-
duction of one or more cell lineages. All three driver mutations activate the Janus 
kinase 2/signal transducer and activator of transcription (JAK/STAT) signaling 
pathway. In the case of JAK2 and MPL mutations, the mechanisms of action involve 
constitutive activation of their mutated counterparts, while mutated CALR has been 
shown to activate the thrombopoietin receptor, MPL [10]. JAK2 mutation status was 
included in the 2008 WHO criteria for a diagnosis. In addition to JAK2, the 2016 
classification includes mutation status of MPL and CALR. The clinical features of 
ET are influenced by which gene is mutated, as discussed further below (Table 7.2).

The first recurrent mutation identified in all three BCR/ABL-negative MPNs was 
JAK2 V617F, discovered in 2005 by four groups [11–14]. About 50–60% of ET 

Table 7.2 Clinical and laboratory features of 299 patients with essential thrombocytopenia 
stratified by gene mutation

Variables
JAK2-mutated 
(n = 159)

CALR- mutated 
(n = 95)

MPL- mutated 
(n = 8)

Triple-negative 
(n = 37)

Age in years; median 
(range)

59 (16–88) 47 (15–91) 66 (57–85) 42 (16–81)

Age >65 years 42% 27% 50% 22%
Females 65% 48% 38% 73%
Hemoglobin g/dL;  
median (range)

14.3 
(9.8–17.9)

13.3 
(6.9–16.4)

12.9 
(9.0–15.8)

13 (8.4–15.9)

Leukocytes × 109/L; 
median (range)

10.0 
(3.9–53.4)

8.6 (3.3–32.6) 7.0 (4.0–17.7) 7.2 (2.8–12.6)

Platelets × 109/L; median 
(range)

960 
(500–3000)

1082 
(454–3460)

969 
(685–2249)

1000 
(557–3300)

Leukocytes ≥ 11 × 109/L 39% 32% 25% 16%
Platelets > 1000 × 109/L 45% 62% 50% 54%
Microcirculatory symptoms 21% 7% 13% 32%
Postdiagnosis thrombosis 26% 18% 38% 11%
Deaths (maximum 
follow-up)

52% (44 
years)

44% (34 
years)

88% (21 
years)

27% (36 years)

Leukemic conversions 5% 8% 25% 0%
Fibrotic progression 8% 12% 38% 5%

Adapted from Tefferi et al. [47]; with permission
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cases harbor a JAK2 V617F mutation [15]. JAK2 is a protein tyrosine kinase. In 
normal megakaryocytes, binding of thrombopoietin to the thrombopoietin receptor 
results in JAK2 autophosphorylation, recruitment of STAT, and phosphorylation of 
STAT. The phosphorylated STAT dimerizes and moves to the nucleus, where it acti-
vates transcription of genes resulting in proliferation of platelets. The JAK2 V617F 
mutation deactivates the repressor pseudokinase domain of JAK2, resulting in acti-
vation of JAK2 and downstream signaling pathways in the absence of the appropri-
ate activating ligand.

The percentage of cells with the JAK2 V617F mutation, or allele burden, affects 
the clinical features of the disease. Cells homozygous for JAK2 V617F mutation 
also contribute to a higher allele burden. Low JAK2 V617F allele burden is typically 
seen in ET and pre-PMF, with intermediate levels in polycythemia vera (PV), high 
levels in fibrotic PMF, and very high levels seen in post-PV MF. The percentage 
ofJAK2 V617F homozygous granulocytes is also higher in PV and PMF than in ET 
[16]. Some MPN experts suggest that ET and PV may be different stages of the 
same disease, with ET representing early, low allelic burden disease, and PV and 
PMF representing a higher allelic burden later in the disease course (Fig. 7.5) [17]. 
Recent studies suggest a diagnosis of true ET is unusual in patients with a JAK2 
V617F allele burden over 50% [18]. Increased JAK2 V617F allele burden in ET is 
associated with increased splenomegaly, microvessel disease, higher leukocyte 
count, and history of thrombosis [19, 20]. Although less than 5% of patients with ET 
are homozygous for JAK2 V617F, homozygosity also shows correlation with clini-
cal features. Patients with ET homozygous for JAK2 V617F are more likely than 
heterozygotes to have splenomegaly (73% vs 28%), cardiovascular events (43% vs 
12%), and progression to myelofibrosis (14% vs 5%) [21].

The second most commonly mutated gene in ET is calreticulin (CALR). In 2013, 
two groups discovered CALR mutations in the majority of patients with JAK2- 
negative ET [22, 23]. About 20–25% of ET cases have CALR mutations [15]. CALR 
normally acts as a protein chaperone that helps newly synthesized proteins fold 
properly in the endoplasmic reticulum (ER). CALR is also a calcium ion (Ca2+) 
transporter that regulates Ca2+ levels between the ER and the cytoplasm of cells. The 
carboxy end of CALR is enriched in negatively charged amino acids that promote 
binding of Ca2+. The carboxy terminal also has a four amino acid sequence – lysine, 
aspartic acid, glutamic acid, leucine (KDEL) – that acts as a signal for CALR to be 
retained in the ER. CALR mutations include more than 50 different insertions and 
deletions (indels). These indels result in altered charge of the carboxy end of the 
CALR protein, which is the primary calcium-binding domain. The two most com-
mon CALR mutations are classified as type 1 (a 52 base pair deletion in exon 19) 
and type 2 (a 5 base pair insertion in exon 19). Type 1 CALR mutation is seen in 
approximately 50% of CALR-mutated ET cases, while type 2 is seen in approxi-
mately 30%. Type 1-like mutations result in a loss of the majority of the negatively 
charged amino acids in the calcium-binding region of CALR, and type 2-like muta-
tions result in loss of approximately half the positively charged amino acids in this 
region. A third group, seen in approximately 10% of cases, includes indels that are 
typically classified as type 1-like and type 2-like based on the expected change in 
charge of the mutated CALR carboxy terminus [24].
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Fig. 7.5 Schematic representation of JAK2 (V617F) allele burden (middle panel) and its relation-
ship with clinical phenotype (bottom panel), and disease complications (top panel). At low levels 
of mutant allele, the clinical phenotype is dominated by thrombocytosis, at intermediate levels by 
erythrocytosis, and at higher levels by leukocytosis. Among complications, current evidence indi-
cates a relationship between allele burden and evolution into myelofibrosis (Used with permission 
from Passamonti et al. [17])
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Compared with JAK2 V617F-positive ET, CALR-mutated patients with ET pres-
ent at a younger age and have a lower risk of thrombosis and higher platelet counts 
[25]. Within the group of CALR-mutated cases, type 1 mutations are more fre-
quently associated with features of PMF at presentation than type 2 mutated cases. 
ET type 1 mutated cases have a higher risk of progression to post-ET MF than type 
2 mutated cases. In contrast, patients with type 2 CALR mutations more frequently 
have features of ET at presentation as well as very high platelet counts and lower 
risk for thrombosis [24]. Increased CALR mutant allele burden has been demon-
strated in post-ET MF [26].

Approximately 3–5% of ET cases have MPL mutations involving exon 515. 
These include W515L, W515K, W515A, W515S, and W515R [27]. These muta-
tions result in constitutive activation of the JAK-STAT pathway via the thrombopoi-
etin receptor encoded by MPL, as well as increased sensitivity of the receptor to 
thrombopoietin. MPL-mutated patients with ET tend to be older and have a higher 
rate of progression to fibrosis and acute myeloid leukemia (AML).

Approximately 10% of MPNs have none of the three main driver mutations and 
are referred to as triple-negative MPNs. A small subset of these “triple-negative” 
cases has been shown to have novel mutations in JAK2 or MPL. The remaining 
cases have as yet unidentified abnormalities or rare mutations. Whole exome 
sequencing of triple-negative ET cases in one study uncovered the following muta-
tions: JAK2 G571S (germline), ITGAV R333H, WBSCR28 A201T, and loss of chro-
mosome 4q [27]. Lymphocyte-specific adapter protein (LNK) also known as src 
homology 2B3SH2B adapter protein 3 (SH2B3) is mutated in rare cases of ET [28].

In addition to driver mutations, many patients with ET harbor mutations in other 
genes involved in epigenetic modification, RNA splicing, and cell signaling path-
ways (Table 7.3). Data regarding the frequency of these nondriver mutations in ET 
specifically are difficult to extract from the literature due to the inclusion of mixed 
cases of MPNs and small numbers of cases in most series; however, in one study 
including 69 patients with ET, 62% had only a single driver mutation, 22% had one 
additional mutation, and 3% had two additional mutations. The most commonly 
mutated nondriver genes in ET were DNMT3A, TET2, and TP53 [29]. TET2 was 
reported to occur in approximately 5% of ET in one study [30]. In another study, 
15% of patients with ET had TET2 mutations, 12.5% had ASXL1 mutations, and 
less than 1% of patients had mutations in SRSF2, SF3B1, IDH1, IDH2 or GATA1 
[31]. Single ET cases had mutations involving each of the following genes: ASXL1, 
EXH2, CUX1, PIK3R2, SH2B3, and del7q [29].

The order of acquisition of gene mutations also affects the clinical features of 
disease. Calreticulin mutations generally occur before other mutations. JAK2- 
positive cases may have mutations in TET2 and/or DNMT3A that generally occur 
before JAK2 V617F [29].

Cases in which TET2 or DNMT3A mutations occur before JAK2 mutations are 
more frequently associated with clinical features of ET, while cases carrying one of 
these mutations with JAK2 mutated first are reportedly more frequently associated 
with features of PV [25].
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Finally, host factors may also predispose patients to ET. Several single nucleo-
tide polymorphisms (SNPs) have been shown to be associated with increased risk of 
developing MPNs. Compared with other SNPs, the 46/1 haplotype of JAK2, found 
in approximately 50% of healthy Caucasians, carries three to four times the risk of 
developing a MPN, not only mutated JAK2 but also wild-type JAK2 [32, 33]. The 
risk of ET in first-order relatives of 46/1 JAK2 patients with ET is increased 12 
times [33]. Other less common JAK2 SNPs have also been associated with increased 
risk for ET [34]. Additional genes with SNPs associated with increased risk of ET 
and other Ph-negative MPNs include telomerase reverse transcriptase (TERT), 
TET2, and SH2B adapter protein 3 (SH2B3), also known as LNK, HBS1L/MYB, and 
MECOM [35, 36].

 Prognosis and Therapy

Prognosis in ET is determined by multiple clinical factors, including patient’s age, 
hematologic parameters, mutation status, and type of previous therapy. The interna-
tional prognostic score for essential thrombocythemia (IPSET-thrombosis) is the 
current standard for risk stratification in patients with ET and is based on age, his-
tory of thrombosis, and JAK2 V617F mutation status [37–39]. In this model, 
patients’ risk of thrombosis is stratified as follows: very low = age ≤ 60, JAK2- 
negative, no prior thrombosis; low = age ≤ 60, JAK2-positive, no prior thrombosis; 
intermediate  =  age  >  60, JAK2-negative, no prior thrombosis; and high  =  prior 
thrombosis or age > 60 and JAK2-positive. The model predicts the risk of vascular 
events in patients with ET, ranging from very low risk, 0.44% patients per year, to 
high risk, 4.17% patients per year.

The rates of overall survival and disease progression vary in different studies, 
most likely due to data collected in studies including a mixed population of patients 

Table 7.3 Acquired mutations in sporadic essential thrombocythemia

Gene Mutation location
Genomic 
location Protein

Frequency  
of mutation

JAK2 V617F exon 14 9p24 JAK2 50–60%
JAK2 Various indels, exon 12 9p24 Jak2 Rare
MPL W515 K/L/A S505 N 1p34 TpoR 3–5%
CBL Point mutations, exons 8 and 9 11q23 CBL Rare
TET2 Mutations across gene 4q24 TET2 5%
SH2B3 Various mutations, mainly exon 2 12q24 LNK 3–6%
ASXL1 Mutations across gene 20q11 ASXL1 2–5%
EZH2 Various mutations across gene 7q36 EZH2 1%
DNMT3A Mutations across gene 2p23 DNMT3A 1–5%
IDH1/IDH2 Mainly IDH1 R132 or IDH2 R140 2q23/15q26 IDH1/IDH2 Rare

Adapted with permission from Jones et al. [48]
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diagnosed as ET that include pre-PMF patients. When taken as a pure population, 
patients with ET have rates of progression to post-ET MF of less than 1% at 5 and 
10 years and approximately 9% at 15 years. The rate of progression of ET to AML 
is less than 1% at 5 and 10 years and approximately 2% at 20 years. Death rates are 
approximately 3% at 5 years, 5% at 10 years, and 25% at 15 years [11].

Risk factors for progression of ET to MF include older age, anemia, and absence 
of JAK2 V6178F. Risk factors for progression of ET to AML include history of 
thrombosis and extreme thrombocytosis. Risk factors for death include older age, 
leukocytosis greater than 11 × 109/L, hemoglobin less than 12 g/dL, and history of 
thrombosis [11].

As described above, there are differences in the clinical features of ET based on 
the driver mutation causing the disease. Some molecular features have also been 
found to be correlated with prognosis. Overall survival is similar in JAK2-mutated 
and CALR-mutated cases, but is inferior in patients with MPL mutations and better 
in triple-negative cases [39]. However, patients with MPL mutations are older at 
presentation, accounting for the poor survival in that group [39]. Of the common 
nondriver mutations, SRSF2 is associated with inferior survival in post-ET MF, 
whereas EZH2, ASXL1, IDH1, an IDH2 mutations had no effect on survival [26]. 
Mutations in TP53 are often seen at the time of leukemic transformation [40].

Treatment is primarily directed toward lowering the platelet count and decreas-
ing the risk of thrombosis and bleeding complications. Treatment is tailored to each 
patient’s risk profile. Patients are classified as high risk or low risk based on age and 
history of thrombosis. High-risk patients are those 60 years of age and older and/or 
those with a history of thrombosis. Low-risk patients are those under 60 with no 
history thrombosis. Secondary risk factors that may also be considered when select-
ing a treatment regimen are JAK2 V617 status and the presence or absence of car-
diovascular risk factors (diabetes, hypertension, and smoking history). The presence 
of either or both of these risk factors is associated with increased risk of thrombosis 
and may indicate a need for more aggressive therapy [41].

First-line therapy for all patients with ET is once-daily, low-dose aspirin unless 
contraindicated. In addition, cytoreductive treatment is recommended for patients 
60 years and older and for patients with a history of arterial thrombosis with JAK2 
V617 positivity and/or the presence of cardiovascular risk factors. Patients with a 
history of venous thrombosis may receive systemic anticoagulation in addition to 
cytoreductive therapy and aspirin.

Cytoreductive agents frequently used to treat ET include hydroxyurea (HU), 
anagrelide, and pegylated interferon alpha-2a (PEG-IFNα-2a). HU is the frontline 
cytoreductive drug most often used. HU treatment has been shown to decrease 
platelet counts and risk of thrombosis.

PEG-IFNα-2a or anagrelide may be used in patients who do not tolerate 
HU. Long-term IFNα treatment has been shown to induce complete hematologic 
remission in 77% of patients with ET and complete molecular remission in 17% of 
patients with ET. In one study, the efficacy of PEG-IFNα-2a to achieve a complete 
molecular response was found to be influenced by the presence of somatic muta-
tions in addition to JAK2 (CALR status was unknown at the time of the study). 
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In  particular, patients with TET2 mutations showed a smaller decrease in JAK2 
allele burden with treatment and a lower rate of complete molecular response [42]. 
PEG- IFNα- 2a may also be effective in treating CALR-positive ET. Complete long-
term hematologic remission was documented in two patients with CALR-positive 
ET. At the time of the report, these patients had been in remission for 18 months and 
over 5 years, respectively, after discontinuation IFNα [43].

Anagrelide, a drug that inhibits maturation of megakaryocytes into platelets, has 
also been used as a cytoreductive treatment in patients with ET who cannot tolerate 
or are resistant to HU. This drug has been associated with a greater incidence of 
thrombotic events and a higher incidence of transformation to acute leukemia com-
pared with HU in one study [44], but with no adverse effects relative to HU in 
another study [45].

Although the Janus kinase inhibitors including ruxolitinib have been used to treat 
PV and PMF, there are few studies documenting Janus kinase inhibitor treatment in 
ET. In one study, ruxolitinib decreased platelet and leukocyte counts, reduced spleen 
size, and improved disease-related symptoms in patients with ET [46].

 Conclusion

While morphological criteria for the diagnosis of ET have changed little, our under-
standing of the molecular underpinnings of this disease have progressed greatly in 
recent years. The updated 2016 WHO morphological diagnostic criteria remain 
similar to the 2008 classification, with emphasis on the distinction of ET from pre- 
PMF based on morphological and laboratory values [3].

In contrast, the molecular diagnostic WHO criteria now incorporate mutation 
status of CALR and MPL, in addition to the previously known driver mutations in 
JAK2. Clinical features including age at presentation, cell counts, propensity for 
thrombosis, and risk of progression to more aggressive disease are influenced by 
molecular features, including which gene is mutated, the structure of the mutated 
protein, and in some cases by the mutant allele burden. Furthermore, nondriver 
mutations and the order in which they are acquired relative to driver mutations also 
have clinical correlates.

With greater understanding of these molecular features, the future holds great 
potential for expanding targeted therapy for ET and other MPNs beyond Janus 
kinase inhibitors.
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Chapter 8
Primary Myelofibrosis

Chunyan Liu and Suyang Hao

 Introduction

Primary myelofibrosis (PMF) is previously called chronic idiopathic myelofibrosis 
in the 2001 WHO classification and also formerly known as agnogenic myeloid 
metaplasia and myelofibrosis/sclerosis with myeloid metaplasia. Along with poly-
cythemia vera (PV) and essential thrombocythemia (ET), it is one of the three clas-
sic Philadelphia chromosome (BCR-ABL1) negative myeloproliferative neoplasms 
(Ph-MPNs) which share a common central theme in pathogenesis which is persis-
tent activation of JAK/STAT signaling pathway.

 Epidemiology

PMF is the least frequent among the three Ph-MPNs. The incidence of PMF in the 
United States is approximately 0.2/100,000. It occurs mainly in middle aged and 
elderly patients. Both sexes are nearly equally affected. The median age at presenta-
tion is 67 years old. Median survival is estimated to be 6 years. Children are rarely 
affected. The causes of death include leukemic transformation, progressive cachexia, 
vascular events, and infections.

The pathogenesis of PMF is not entirely clear. In the cases with activating muta-
tions in JAK2, MPL, and CALR, persistent activation of JAK/STAT signaling path-
way is considered the driving event. In a minority of cases, the pathogenesis has 
been linked to exposure to benzene or ionizing radiation. A very high incidence of 
PMF has been noted in patients given thorium-based radiographic contrast material 
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and in individuals exposed to atomic bombs at Hiroshima. Familial PMF (FPMF) or 
Inherited forms of PMF have been reported in both adults as autosomal dominance 
and in children as an autosomal recessive disorder.

 Clinical Presentation

Clinical presentations usually correlate with the stage of histopathological changes 
in the bone marrow. In the prefibrotic or early stage, the marrow is hypercellular, 
with absent or only slight fibrosis. In this stage, there is usually peripheral blood 
thrombocytosis; extramedullary hematopoiesis (EMH) is minimal if any. Patients 
may present with bleeding or thrombosis, and because the platelet count is often 
markedly elevated, the clinical picture may overlap with that of ET. Studies have 
shown that the incidence of arterial and venous thrombotic events in PMF is approx-
imately the same as that seen in ET, which is significantly lower than that seen in 
PV. Portal vein thrombosis is a recognized complication of PMF which sometimes 
may occur preceding the clinical onset of the disease.

At the fibrotic stage, the bone marrow is markedly fibrotic leading to ineffective 
marrow hematopoiesis. Anemia can occur, and some patients can become transfu-
sion dependent. EMH is common and may occur in any organ. Prominent hepato-
splenomegaly, the hallmark of PMF, is seen in approximately 90% of patients. 
Palpable hepatomegaly is present in 40 to 70% of patients. Portal hypertension may 
develop as a result of increased splanchnic flow due to splenomegaly and/or intra-
hepatic obstruction associated with extramedullary hematopoiesis.

The production of cytokines during the disease progression causes profound 
constitutional symptoms such as severe fatigue, weight loss, and signs of a hyper-
metabolic state including low-grade fever, bone pain, and night sweats. Secondary 
gout or renal stones due to chronic overproduction of uric acid may also occur.

Approximately 15–30% of patients are asymptomatic with a diagnostic workup 
trigged by an abnormal peripheral blood cell count (e.g., anemia, leukocytosis, or 
marked thrombocytosis), or an incidental finding of splenomegaly.

 Morphology and Diagnosis

 Morphology

 Peripheral Blood

The most striking finding on the peripheral blood (PB) smear in the prefibrotic stage 
is usually marked thrombocytosis, resembling ET. Modest anemia and mild leuko-
cytosis, especially neutrophilia with a left shift, may also be seen. Myeloblasts, 
nucleated RBCs, and teardrop-shaped RBCs are only rarely observed.
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The classic findings of leukoerythroblastosis with numerous teardrop-shaped 
RBCs and large, abnormal platelets are evident in the fibrotic stage. This is largely 
due to the abnormal release of immature and abnormal cells from sites of EMH. In 
this stage, lower platelet counts, leukopenia, or anemia may occur as a result of inef-
fective hematopoiesis secondary to myelofibrosis. Mild leukocytosis can occur. 
Circulating megakaryocyte nuclei and fragments are frequently observed. Blasts 
can be seen up to 5–9% of the WBCs. In patients with history of established diag-
nosis of PMF, the presence of 9–19% blasts in the PB indicates an acceleration of 
the disease.

 Bone Marrow

In the prefibrotic stage PMF or pre-PMF, the bone marrow (BM) is hypercellular 
and shows increased proliferation of both granulocyte lineage and megakaryocyte 
lineage and a decrease in erythropoiesis with left shift. There may be a mild left 
shift in granulopoiesis, but band and segmented neutrophils comprise the majority 
of granulocytes. There is no increase in myeloblasts. The megakaryocytes are mark-
edly increased cluster and have a pleomorphic and bizarre appearance. They vary in 
size and often show abnormal nuclear/cytoplasmic ratios and hyperchromatic nuclei 
with disorganized lobation.

Since at this stage of PMF, there is minimal myelofibrosis, but instead, there is 
significant proliferation of megakaryocytes in the marrow and thrombocytosis in the 
peripheral blood. As such, pre-PMF is difficult to be distinguished from 
ET. Nonetheless, distinction between the two entities is critical because PMF is a 
dismal disease and is managed differently compared with ET.

In the fibrotic stage, as fibrosis of the marrow becomes more obvious, marrow 
cellularity gradually decreases. The marrows are progressively replaced by fibrotic 
tissues and fat. Dilated marrow sinuses may be prominent, which may contain 
megakaryocytes and immature hematopoietic cells. Atypical megakaryocytes are 
often the predominant cells in the marrow, and they are usually present in tight clus-
ters. New bone formation and osteosclerosis may occur.

Morphologically, the fibrotic stage of PMF cannot be distinguished from second-
ary myelofibrosis (post-PV or post-ET).

 New Diagnostic Criteria of PMF

With the discovery of recently identified mutations, the 2016 WHO diagnostic guide-
lines for PMF have incorporated more molecular markers into diagnostic criteria. 
The separate diagnostic criteria for prefibrotic/early primary myelofibrosis or pre-
PMF and overt PMF were established and are listed below in Tables 8.1 and 8.2 [1].
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 Cytogenetics and Molecular Genetics

 Cytogenetics

No cytogenetic abnormalities are specific for PMF.  Clonal abnormalities are 
reported in 30% to 50% of patients with PMF at the time of diagnosis, and the fre-
quency gradually increases over time. More than half of patients with PMF have 

Table 8.1 WHO criteria for pre-PMF

WHO pre-PMF criteria

Major criteria
  1. Megakaryocytic proliferation and atypia, without reticulin fibrosis > grade 1*, 

accompanied by increased age-adjusted BM cellularity, granulocytic proliferation, and often 
decreased erythropoiesis

  2. Not meeting the WHO criteria for BCR-ABL1+ CML, PV, ET, myelodysplastic 
syndromes, or other myeloid neoplasms

  3. The presence of JAK2, CALR, or MPL mutation or the absence of these mutations, the 
presence of another clonal marker, or the absence of minor reactive BM reticulin fibrosis

Minor criteria
The presence of at least 1 of the following, confirmed in 2 consecutive determinations:
  (a) Anemia not attribute to a comorbid condition
  (b) Leukocytosis ≥11 × 109/L
  (c) Palpable splenomegaly
  (d) LDH increased to above upper normal limit of institutional reference range
Diagnosis of pre-PMF requires meeting all 3 major criteria, and at least 1 minor criterion

From Arber et al [1] 
*Reticulin fibrosis grade 1: Loose network of reticulin with many intersections, especially in peri-
vascular area

Table 8.2 WHO criteria for overt PMF

WHO overt PMF criteria

Major criteria
  1. The presence of megakaryocytic proliferation and atypia, accompanied by either reticulin 

and/or collagen fibrosis grades 2 or 3
  2. Not meeting WHO criteria for ET, PV, BCR-ABL1+ CML, myelodysplastic syndromes, or 

other myeloid neoplasms
  3. The presence of JAK2, CALR, or MPL mutation or the absence of these mutations, the 

presence of another clonal marker, or the absence of reactive myelofibrosis
Minor criteria
The presence of at least 1 of the following, confirmed in 2 consecutive determinations:
  (a) Anemia not attribute to a comorbid condition
  (b) Leukocytosis ≥11 x 109/L
  (c) Palpable splenomegaly
  (d) LDH increased to above upper normal limit of institutional reference range
  (e) Leukoerythroblastosis
Diagnosis of overt PMF requires meeting all 3 major criteria, and at least 1 minor criterion

From Arber et al. [1]
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normal karyotype. Normal karyotype is associated with higher hemoglobin level, 
WBC count, and platelet count, and is a good prognostic factor.

The presence of either del(13)(q12–22) or der(6)t(1;6)(q21–23;p21.3) is strongly 
suggestive but not diagnostic of PMF.  The most common abnormalities include 
del(13q), del(20q), trisomy 8, trisomy 9, and abnormalities of chromosome 1q. 
Deletions affecting the long arms of chromosomes 7 and 5 occur as well but may be 
associated with prior cytotoxic therapy used to treat the myeloproliferative process. 
When present as the sole abnormality, del(20q) and del(13q) are considered prog-
nostically favorable abnormalities. Del(20q) is associated with lower leukocyte 
count and thrombocytopenia, whereas del(13q) is associated with thrombocytosis. 
Del(13q) is correlated with CALR mutations.

Unfavorable karyotype includes complex karyotype, monosomal karyotype, 
sole, or 2 abnormalities that include trisomy 8, −7/7q-, isochromosome 17q [i(17q)], 
inv.(3), −5/5q-, del(12p), or 11q23 rearrangement. One study showed that mono-
somal karyotype and inv.(3)/i(17q) were associated with a greater than 80% 2 year 
mortality in patients with PMF (Table 8.3).

 Molecular Genetics

The most common mutation in PMF is JAK2 V617F, followed by mutations in 
CALR and MPL. The mutations in these three genes are called “driver mutations” 
because they are activating mutations causing activation of JAK/STAT signaling 
pathway in the absence of ligands. Some patients with PMF are found to have no 
driver mutations, which are called “triple negative” cases.

Base on the presence of driver mutations, PMF can be divided into four molecu-
lar subtypes (Table 8.4).

Table 8.3 summarizes the common cytogenetic abnormalities and their prognosis impact in PMF

Good prognosis Normal karyotype, 20q-, 13q-, +9
Poor prognosis Complex karyotype, monosomal karyotype, +8, −7/7q-, i(17q), inv.(3), 

−5/5q-, 12p-, or 11q23

Table 8.4 Molecular subtypes of PMF

Genes involved Frequency Most common mutations Prognosis

JAK2 50–60% V617F Poor
CALR 20–35% Type 1 (52-bp deletion) Good

Type 2 (5-bp insertion) Poor
MPL 5–8% W515 K/L Not predictive
Triple negative 8–10% Poor
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 JAK2 Mutations

 Pathogenesis

JAK2 (Janus kinase 2) gene encodes a tyrosine kinase located in the cytoplasm 
which plays a critical role in signal transduction in various processes such as cell 
growth, development, differentiation, or histone modifications. It involves in regula-
tion of both innate immunity and adaptive immunity. It achieves its function via its 
association with type-I cytokine receptors such as receptors for growth hormone, 
prolactin, leptin, erythropoietin, thrombopoietin; or type-II cytokine receptors 
including receptors of IFN-alpha, IFN-beta, IFN-gamma, and multiple interleukins. 
Activation of the receptors leads to JAK2 autophosphorylation, which creates dock-
ing sites for recruitment of STAT (Signal Transducer and Activator of Transcription) 
proteins. STAT proteins are subsequently phosphorylated and form homodimer or 
heterodimers which translocate to the nucleus to activate gene transcription.

JAK2 gene is located at chromosome 9p24.1, consisting of 25 exons. The JAK2 
protein comprises an N-terminal FERM (band 4.1, ezrin, radixin, moesin) domain, 
a SRC homology 2 (SH2)-like domain, a Janus homology 2 (JH2) pseudokinase 
domain, and Janus homology 1 (JH1) active tyrosine kinase domain. N-terminal 
domain is associated with binding to cytokine receptors. Precise role of SH2-like 
domain is unclear. JH1 is activated via transphosphorylation of tandem tyrosines in 
activation loop. JH2 has autoinhibitory activity and regulates activity of JH1.

The most common mutation of JAK2 in PMF is a point mutation, substitution of 
G to T, at nucleotide 1849, resulting in the change of amino acid from valine to 
phenylalanine at codon 617  in exon 14  in the JH2 pseudokinase domain. JAK2 
V617F is a gain-of-function mutation, capable of activating STAT-mediated tran-
scription in the absence of ligands. Because JH2 has autoinhibitory activity and 
regulates activity of JH1, mutation in JH2 domain such as V617F disrupts the inhib-
itory interaction and causes persistent activation of JH1. In addition, V617F impairs 
JH2 catalytic activity, which further enhances JH1 activity. Therefore, V617F 
appears to achieve hyperactivity through a gain-of-function steric mechanism on 
JH1 and a loss-of-function catalytic mechanism on JH2. This acquired somatic 
mutation occurs at the level of the hematopoietic stem cell, giving rise to lineage- 
specific cells that are hypersensitive to cytokine stimulation.

JAK2 V617F has also been shown to activate ERK/MAPK and PI-3/AKT path-
ways in the absence of cytokine stimulation.

The second common mutation of JAK2 is exon 12 mutation, which is usually not 
seen in PMF.
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 Clinical Significance

JAK2 V617F is found in 50–60% of PMF. The presence of this mutation is associated 
with older age, higher white blood cell count, hemoglobin level, and platelet count. 
JAK2 V617F homozygous patients are more symptomatic. Patients tend to have 
large splenomegaly and significantly higher risk of cardiovascular events. In PMF, 
the rate of major thrombotic event is around 2% patient year, and JAK2 mutation 
emerged as an independent risk factor for these events.

Regarding prognosis, JAK2 V617F was found to be associated with leukemic 
transformation and poorer survival [2].

In terms of allele burden, studies have shown that patients with PMF with a low 
mutant allele burden appear to have more aggressive disease and inferior survival [3].

 Detection Methods

Because JAK2 V617F is the most frequent mutation in PMF, and it has prognostic 
impact, it is critical to choose a sensitive assay for establishing diagnosis, pheno-
typic association, prognosis, and follow-up for minimal residual disease. In fact, 
testing of JAK2 V617F is now recommended in the initial workup of all suspected 
Ph-MPNs.

The current assays either specifically target the c.1849G > T point mutation or 
target the region of exon 14 encompassing the c.1849G > T mutation. Allele-specific 
PCR is an assay that specifically targets the mutation. It uses mutation-specific 
primers or probes to amplify the region mutated. Mutation scanning assays that 
target the region of exon 14 encompassing the c.1849G > T mutation include direct 
sequencing and high-resolution DNA melting curve analysis.

JAK2 V617F allele burden is designated as the ratio between mutated and total 
alleles in the patient’s specimen. It needs to be determined through quantitative 
assays. Monitoring JAK2 V617F allele burden before and after therapy is not yet as 
routine as that for BCR-ABL in the management of CML; however, as more and 
more effective therapies for PMF emerge, this will be increasingly desired. It will 
be of particular interest for detection of minimal residual disease, especially after 
allogeneic stem cell transplantation (ASCT).

Specificity and sensitivity of the assays are essential for both qualitative and 
quantitative assays. For specificity, the assays must demonstrate a clearly defined 
background level such that JAK2 V617F negative and positive cases can be readily 
distinguished.

According to the UK guidelines for the detection of JAK2 V617F and other rel-
evant mutations, the sensitivity of quantitative assays must be high enough to be 
able to identify a JAK2 V617F mutant allele with a burden as low as 1–3% [4]. This 
threshold has been shown to be pathogenetically relevant and carry clinical 
significance.
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The most common quantitative test is allele-specific real-time PCR. To quantify 
the mutant allele burden, a granulocyte enrichment step is needed and at least 20 ng 
of genomic DNA, equivalent to 3030 diploid genomes is required [4]. Sanger 
sequencing is not recommended as a quantitative assay because it only has a sensi-
tivity of 10–20%. Other assays that possess a sensitivity of 3–5%, such as pyrose-
quencing or allele-specific PCR followed by agarose gel electrophoresis may fail to 
identify a small number of patients who carry a low-level mutant allele.

Targeted next-generation sequencing (NGS) panels such as the TruSight Myeloid 
Sequencing Panel (Illumina, Inc.) have been proven successful in detection of muta-
tions in exon 14 and exon 12 of JAK2, exon 9 of CALR, exon 10 of MPL, and other 
genes associated with myeloid malignancies. This technique allows for broad mul-
tigene coverage in a single assay and, at the same time, provides estimation of 
mutant allele burden. However, sensitivity of the assay can be an issue. Approximately 
1000-fold coverage is needed for a given base to achieve a 99% confidence of 
detecting more than 5% heterozygous mutant alleles. As more and more sensitive 
NGS assays are being developed and validated for clinical application, NGS is 
likely to replace conventional PCR for detection of mutations and quantification of 
mutant allele burdens in JAK2 and many other genes.

 CALR Mutations

 Pathogenesis

The CALR gene is located on chromosome 19p13.2 with 9 exons. CALR encodes 
calreticulin protein which is composed of 417 amino acids. Calreticulin consists of 
three main domains. N-terminus is lectin-binding domain, which plays a role in 
chaperone activity and Zn2+ binding; the middle domain is a proline-rich P domain 
that contains high-affinity, low-capacity binding sites for Ca2+; the C-terminus is a 
domain that contains multiple calcium-binding sites.

Calreticulin is a multifunctional calcium binding protein chaperone mostly local-
ized both within and outside of the endoplasmic reticulum. It has several diverse 
functions, including regulation of intracellular calcium homeostasis, steroid- 
mediated gene regulations, and chaperone activity, thus, playing an important role 
in cellular proliferation, differentiation, apoptosis, and immunogenic cell death.

CALR mutations are observed in hematopoietic stem and progenitor cells and are 
mutually exclusive with mutations in JAK2 and MPL genes.

More than 50 different CALR mutations have been reported. Clinically relevant 
CALR gene mutations are limited to exon 9. Almost all mutations are somatic inser-
tion/deletions (indels), resulting in one base pair reading frame shift. All mutant 
calreticulin proteins share a novel amino acid sequence at the C-terminus. These 
mutations result in the replacement of the negatively charged C-terminal amino 
acids by positively charged amino acids such as arginine and methionine [5]. These 
alterations cause loss of most of the C-terminal acidic domain and the KDEL 
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 endoplasmic reticulum retention motif. Ca2  + −binding function of the mutant 
protein may be destroyed, and the protein may have an altered subcellular 
localization.

How these changes result in JAK-STAT pathway activation is currently being 
investigated. In a recent study, through extensive mutagenesis-based structure- 
function experiments and biochemical assays, a detailed mechanism was proposed 
to explain the mutant CALR-mediated oncogenic transformation. Specifically, this 
study shows that mutant CALR is sufficient to initiate an ET-like phenotype in vivo, 
and that mutant CALR proteins are involved in activation of JAK/STAT signaling 
pathway through direct physical interaction with MPL via their positively charged 
C-terminus. This study solidifies JAK–STAT activation as the central pathway driv-
ing oncogenic transformation in MPNs and also provides a biological basis as to 
why JAK2, MPL, and CALR mutations are mutually exclusive in patients with 
MPNs [6].

 Clinical Significance

CALR mutations are detected in 20–35% of patients with PMF, among whom 88% 
have nonmutated JAK2 or MPL. So far, more than 50 types of CALR mutations have 
been identified. The most common mutation is type-1 mutation (45–53%) which is 
a 52-bp deletion (c.1092_1143del), causing frameshift (p.L367 fs*46). The second 
most common mutation is type-2 mutation (32–41%) which is a 5-bp insertion 
(c.1154_1155insTTGTC), also causing frameshift (p.K385 fs*47).

The majority of CALR mutations that are neither type 1 nor type 2 are operation-
ally classified into “type 1-like” and “type 2-like” mutants, based on their structural 
similarities to type-1 and type-2 mutations [7].

In patients with PMF, CALR mutations are associated with younger age, higher 
platelet count, lower International Prognostic Scoring System (IPSS)-plus score, 
and lower incidence of anemia, and leukocytosis compared with other molecular 
subtypes (i.e., JAK2 mutated, MPL mutated, and “triple negative”). CALR-mutated 
patients are also less likely to be transfusion dependent [8]. These patients have a 
lower risk of thrombosis compared with patients with mutated JAK2. Spliceosome 
mutations are infrequent in CALR-mutated PMF.

Survival of patients with PMF with CALR mutations is longer than those with 
JAK2 or MPL mutations and triple-negative cases [8]. The favorable impact of 
CALR mutations on survival appears to be independent of the current prognostic 
scoring systems. In terms of both long-term survival and leukemia transformation, 
outcomes appear to be best for CALR-mutated patients and worst for “triple- 
negative” patients. Among 617 subjects with PMF in a European study, the median 
survival times were 17.7  years for CALR-mutated patients, 9.2  years for JAK2 
mutated, 9.1 years for MPL mutated, and 3.2 years for “triple-negative” patients [9].

Type-1 and type-2 CALR mutations demonstrate significantly different pheno-
types and clinical impact. Patients with type 2 CALR mutations had significantly 
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higher dynamic IPSS plus (DIPSS-pus) scores, leukocyte counts, and circulating 
blasts than those with type-1 CALR mutations. In a study of 358 patients with PMF, 
survival was found to be significantly longer in those with type-1 CALR mutations 
compared with those with either JAK2 or type-2 CALR mutations [10].

The difference between type-1 and type-2 phenotypes can be explained by their 
structural dissimilarity. Although all CALR mutations generate a novel C terminus 
with loss of the KDEL signal and impaired calcium binding, type-1 mutations elim-
inate nearly all the negatively charged amino acids, whereas type-2 mutations retain 
approximately one-half of these. In a study on the relationship between mutation 
subtypes and biological and clinical features of PMF, patients with type-1 mutation, 
but not those with type 2, were shown to have abnormal cytosolic calcium signals in 
cultured megakaryocytes [7].

Similar to JAK2- or MPL-mutated cases, CALR-mutated PMF cases respond to 
JAK inhibitors. However, a phase-III trial (COMFORT-II) demonstrated that CALR 
mutation status did not influence treatment outcomes of ruxolitinib. In this trial, 
ruxolitinib was shown to associate with reductions in splenomegaly in CALR- 
mutated patients; however, the three-year follow-up study showed that the relative 
reduction in the risk of death in CALR-mutated patients was comparable with that 
of the overall population on ruxolitinib [11].

Therapeutically, the altered peptide sequence at the C-terminal domain of the 
mutated CALR offers opportunity for immunological targeting because it represents 
a tumor-specific epitope. In addition, novel therapeutic inhibitors can be developed 
to target the physical interaction between mutant CALR and MPL in mutant CALR- 
mediated MPNs.

Morphologically, CALR-mutated MPNs have a higher frequency of megakaryo-
cytic aberrancies compared with CALR-wild type cases. The megakaryocytes of 
CALR-mutated PMF are more hyperchromatic compared with CALR-wild type 
cases [12].

 Detection Methods

The identification of somatic CALR mutations can be used to confirm the diagnosis 
of a myeloproliferative disorder in Philadelphia chromosome negative, JAK2 and 
MPL wild-type patients with thrombocytosis.

Somatic mutations in CALR gene were first discovered via whole-exome 
sequencing in patients with ET and PMF lacking JAK2 and MPL mutations [5]. 
Subsequently, targeted sequencing of CALR gene was performed in cohorts of 
patients with MPNs.

Currently, allele-specific PCR amplifying exon 9 followed by fragment sizing 
analysis by capillary electrophoresis is the mainstay technique for qualitative and 
quantitative testing of CALR mutations. The type of mutation is determined by com-
paring the size of the mutant allele PCR product with the size of the wild-type allele 
PCR product.
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High-resolution DNA melting curve analysis can be used as a screening method 
to detect possible mutations. Confirmation studies such as fragment size analysis or 
sequencing are needed eventually to determine mutation type.

New technologies such as digital PCR can be used to detect CALR mutations and 
determine the mutant allele burdens. Compared with the commonly used fluores-
cent PCR product analysis, digital PCR is more precise, reproducible, and accurate 
with a very high sensitivity. It can be used for minimal residual disease 
monitoring.

Detection of large indels such as the 52-bp deletion in type 1 CALR mutation is 
currently a challenging issue for most NGS technologies; therefore, NGS is not 
recommended as a first-line detection method.

Because all pathogenic CALR mutations result in an identical C-terminal protein, 
immunohistochemistry can be used to identify these mutant proteins. One study 
showed that using a commercially available mouse monoclonal antibody (clone 
CAL2), CALR mutations could be detected on the bone marrow trephine with speci-
ficity of 100%, sensitivity of 82–91%, positive predictive value 100%, and negative 
predictive value 90–95% [13].

 MPL Mutations

 Pathogenesis

MPL encodes thrombopoietin receptor which belongs to a cytokine receptor super-
family. It is located on chromosome 1p34 and includes 12 exons. Thrombopoietin 
binds to the extracellular domain as a growth factor and causes phosphorylation and 
activation of JAK2 which in turn leads to MPL phosphorylation and activation of 
downstream signaling pathways such as STAT and ERK.

MPL is an important regulator of megakaryopoiesis. Studies have shown that 
expression level of MPL is important for the development and progression of ET 
and PMF, both of which involve proliferation of megakaryocytes.

 Clinical Significance

MPL mutations are found in 5–8% of PMF. The most common site of mutation is 
codon 515 in exon 10. The most common mutation is W515 K/L (tryptophan being 
substituted with either lysine or leucine). The W515 residue forms part of the key 
amphipathic K/RWQFP motif just after the transmembrane domain that plays an 
important role in maintaining the receptor within its inactive state in the absence of 
ligand. W515 K/L mutation causes spontaneous activation of JAK/STAT signaling 
that leads to cytokine-independent proliferation of hematopoietic cells. In one study, 
bone marrow transplantation in mice with W515 L mutation resulted in myelopro-
liferative disorder with marked thrombocytosis, splenomegaly, splenic infarction, 
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and myelofibrosis. MPL W515 L-mutated cells were demonstrated to associate with 
cell proliferation in patients with MF due to thrombopoietin hypersensitivity com-
pared with nonmutated MPL.

Less common mutations include W515R and W515A.
Clinically, MPL mutations demonstrated inconsistent phenotypes in PMF. Some 

studies showed that MPL-mutated patients were older, showing higher platelet and 
serum erythropoietin levels, lower hemoglobin, and bone marrow cellularity, and 
they had significant risk for thrombotic complications and higher tendency to 
become transfusion dependent compared with JAK2V617F-positive patients. Other 
studies showed that the presence of mutant MPL was associated with older age and 
constitutional symptoms but not associated with platelet count, hemoglobin level, or 
prognostic scores. Nonetheless, MPL mutations are not found to have clear associa-
tion with the prevalence of splenomegaly, abnormal cytogenetics, myelofibrotic 
transformation, overall survival, or leukemia-free survival [14].

 Detection Methods

Because the majority of MPL mutations are point mutations, the detection methods 
for JAK2 mutations can be used to identify MPL mutations.

 Triple Negative PMF

About 8–10% of patients with PMF are found to have no mutations in JAK2, MPL, 
and CALR genes. These cases are called triple-negative cases, reminiscent of triple- 
negative breast cancers.

Triple-negative PMF cases show very poor prognosis compared with all other 
molecular subtypes [9]. One study reported median survival of only 2.5 years.

A recent study has demonstrated that triple-negative cases of PMF do not repre-
sent a homogenous disease entity. In this study, whole-exome sequencing and Sanger 
sequencing of the entire exons of MPL and JAK2 genes were performed on paired 
tumor and control samples from triple-negative patients with PMF. In two patients, 
mutations in MPL (MPL-S204P), CBL, TET2, ASXL1, and SRSF2 were identified. In 
one patient with PMF, a germline mutation of MPL (V285E) was identified. The 
identified MPL mutations were shown to be gain-of-function mutations [15].

 Other Mutations

Mutations in other genes other than the aforementioned driver mutations occur in a 
substantial number of patients. These mutations often coexist with one another and 
with the driver mutations. They might cooperate with the driver mutations in the 
pathogenesis of PMF.
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Specifically, mutations in this regard include those relevant to epigenetic (e.g., 
ASXL1, TET2, EZH2, IDH1, IDH2, DNMT3A), RNA splicing (e.g., SRSF2, U2AF1, 
SF3B1), or transcriptional regulations (TP53, IKZF1, NF-E2, CUX1).

Several of these mutations have been shown to have detrimental prognostic 
impact in PMF, which include ASXL1, SRSF2, EZH2, and IDH1/2. One study found 
that an increased number of detrimental mutations were associated with poorer out-
come. Specifically, patients with 0 vs 1 vs 2 mutations showed significantly differ-
ent overall survival (median 12.3 years vs 7 years vs 2.6 years, respectively) and 
leukemia-free survival. The prognostic significance was independent of IPSS and 
DIPSS-plus systems [16].

 ASXL1 Mutations

ASXL1 (Additional Sex Combs Like 1) gene is located at chromosome 20q11.1. It 
encodes a protein associated with the polycomb group of proteins. It is involved in 
transcriptional regulation mediated by ligand-bound nuclear hormone receptors, 
such as retinoic acid receptors and peroxisome proliferator-activated receptor 
gamma.

ASXL1 mutations may contribute to the pathogenesis of MPNs through several 
pathways. ASXL1 mutations cause increased expression of HoxA9 and HoxA10 
proteins; ASXL1 depletion results in loss of recruitment of EZH2 to its target loci; 
ASXL1 mutations also interact with NRAS/KRAS mutations.

One study has shown that mutations in ASXL1 are more frequent in PMF (20%) 
compared with in PV (7%) and ET (4%).

ASXL1 mutations have been shown to associate with leukocytosis, circulating 
blasts, anemia, splenomegaly, and constitutional symptoms. ASXL1 mutations are 
more likely to occur in the presence of normal karyotype [2].

In one study of 879 patients with PMF, ASXL1, SRSF2, EZH2, and IDH1/2 muta-
tions were found to associate with risk for premature death or leukemic transforma-
tion. However, only ASXL1 mutations retained prognostic significance independent 
of the DIPSS-plus model [2].

Experts have proposed to use CALR and ASXL1 mutation status as an indepen-
dent prognostic marker to classify patients with PMF.  It was demonstrated that 
patients with CALR + ASXL1− genotype had the longest survival, and those with 
CALR − ASXL1+ genotype had the shortest survival, whereas CALR + ASXL1+ and 
CALR − ASXL1− patients had similar survival. CALR − ASXL1+ PMF are, there-
fore, considered “high molecular risk” diseases [17].

 EZH2 Mutations

EZH2 (Enhancer of Zeste Homolog 2) gene is located at chromosome 7q36.1. This 
gene encodes an enzyme that is a member of the polycomb group. Polycomb repres-
sive complex (PRC) is a protein complex that has a global role in epigenetic 
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transcriptional repressors. Two main families of PRC, PRC1 and PRC2, are 
identified in mammals. The catalytic core of PRC2 is composed of EZH1, EZH2, 
etc. EZH catalyzes the trimethylation of lysine 27 of histone H3 leading to main-
taining transcriptional repression state of target gene.

EZH2 mutations are found in 6–13% of patients with PMF. In a cohort of 879 
patients with PMF, EZH2 mutations have been found associated with leukocytosis, 
≥1% circulating blasts, shortened survival, but the data did not remained significant 
in the context of IPSS [2].

 SRSF2 Mutations

Serine/arginine-rich splicing factor 2 (SRSF2) is a gene that codes for one of the 
several serine/arginine-rich splicing factors. SRSF2 is a member of the spliceosome 
and is involved in mRNA processing.

SRSF2 mutations are present in 14% of patients with PMF. SRSF2 mutations are 
associated with older age, leukocytosis, ≥1% circulating blasts, constitutional 
symptoms, anemia, and transfusion need [2].

 IDH1/2 Mutations

IDH1/2 (Isocitrate Dehydrogenase 1 and 2) genes encode isocitrate dehydrogenases 
that catalyze the oxidative decarboxylation of isocitrate to 2-oxoglutarate. IDH1 
localizes to cytoplasm and peroxisomes, whereas IDH2 localizes to mitochondria. 
Both are NADP-dependent enzymes. IDH1/2 mutations change enzymatic activity 
of IDH1 and IDH2 and alter methylation of DNA.

IDH1 or IDH2 mutations are seen in 4% of patients PMF, which are mutually 
exclusive. In a study of 879 patients with PMF, IDH1 or IDH2 mutations have been 
shown to associate with significantly increased risk of leukemia transformation [2]. 
IDH mutations have been reported to cluster with SRSF2 mutations in patients with 
PMF and to potentially collaborate with JAK2 V617F in leukemogenesis.

 TET2 Mutations

TET2 (Ten-eleven-translocation 2) gene is located at chromosome 4q24. It encodes 
a methylcytosine dioxygenase that catalyzes the conversion of 5-methylcytosine to 
5-hydroxymethylcytosine. This enzyme plays an important role in active DNA 
demethylation. This function is shared by two other TET proteins, TET1 and TET3. 
This protein has been shown to have an important role in myelopoiesis.

TET2 mutations are present in 17% of patients with PMF. Mutation types include 
insertions, deletions, nonsense, and missense mutations. TET2 mutations can coex-
ist with JAK2 mutations and MPL mutations and might be associated with higher 
JAK2 V617F allele burdens.
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TET2 mutations can either be somatic or germline mutations. Some study 
demonstrated that TET2 mutations are associated with advanced age.

 DNMT3A Mutations

DNMT3A (DNA Methyltransferase 3A) encodes a DNA methyltransferase which 
plays a role in de novo methylation. It belongs to a family of DNA methyltransfer-
ases including DNMT1, DNMT3A, and DNMT3B. The DNMT3A protein local-
izes to the cytoplasm and nucleus.

DNMT3A mutations are present in 4–7% of patients with PMF, some of which 
coexist with other mutations such as mutations in JAK2, TET2, and ASXL1. The 
majority of DNMT3A mutations are heterozygous missense mutations that occur at 
residue R882  in the methyltransferase domain near the carboxyl terminus of the 
DNMT3A protein.

 Prognosis and Molecular Targeted Therapy

 Molecular Prognostication of PMF

In PMF patient care, sometimes it is challenging to make therapeutic decisions as to 
whether or when the patients need therapy. Currently, such decisions rely upon 
prognostic scoring systems developed by the International Working Group for 
Myeloproliferative neoplasm Research and Treatment (IWG-MRT), including IPSS 
(applicable at the time of diagnosis), the dynamic IPSS (DIPSS) (applicable at any 
time during the disease course), and DIPSS-plus [18].

Both IPSS and DIPSS use five adverse factors, including age > 65 years, hemo-
globin <10 g/dl, leukocyte count >25 ×109/l, ≥1% circulating blasts, and the pres-
ence of constitutional symptoms, to distinguish among low, intermediate-1, 
intermediate-2, and high-risk patients. These patients have respective median sur-
vivals of 11.3, 7.9, 4.0, and 2.3  years, per IPSS, or not reached, 14.2, 4.0, and 
1.5 years, per DIPSS.

DIPSS-plus is modified DIPSS which incorporated three additional DIPSS- 
independent risk factors: platelet count <100 ×109/L, red cell transfusion need and 
unfavorable karyotype; median survival for the low, intermediate-1, intermediate-2, 
and high-risk categories were 15.4, 6.5, 2.9, and 1.3 years in one study [18].

To improve upon these prognostic models by incorporating recently described 
molecular markers, independent cohorts of patients with PMF were performed in 
Europe and US.  These studies demonstrated that five mutations (ASXL1, EZH2, 
SRSF2, IDH1, and IDH2) were associated with shorter leukemia-free survival and 
overall survival; these mutations were, therefore, considered “detrimental” for dis-
ease outcome. Accordingly, experts proposed to classify patients with PMF possess-
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ing at least one detrimental mutation as “high molecular risk (HMR)” and those 
with no such mutation as “low molecular risk (LMR)”. HMR and LMR are deter-
mined to be independent prognostic factors for risk evaluation via multivariable 
analysis. However, when the five mutations were evaluated individually in the con-
text of DIPSS-plus, only ASXL1 mutations retained prognostic significance [2, 16].

The HMR and LMR groups were further evaluated for gene expression patterns, 
and each group was demonstrated to have unique gene expression profiles [2].

When integrated with DIPSS-plus, significant differences in survival between the 
HMR and LMR groups were observed in low and intermediate-1 risk disease catego-
ries despite not apparent in DIPSS plus high-risk disease category [16, 17, 19].

 Molecular Targeted Therapies

Treatment of PMF is similar to secondary myelofibrosis (MF) (post-ET or post-PV) 
in that all MF, whether primary or secondary, are associated with persistent activa-
tion of JAK2/STAT pathway and may potentially benefit from JAK inhibitors.

One study showed that ruxolitinib, the first JAK inhibitor approved for treating 
MF, improved survival independent of the mutation profile in patients with MF and 
reduced the risk of death in patients harboring detrimental mutations compared with 
the best available therapy provided by the trial.

Although JAK inhibition clearly reduces the symptomatic burden of MF due to 
its ability to block inflammatory cytokine activities, it does not control the stem cell- 
derived clonal myeloproliferation that drives the disease; therefore, it is neither 
curative nor effective in reducing the risk of leukemic transformation or results in 
complete remissions. The discontinuation rate is high due to severe side effects.

Chronic inhibition of JAK2 leads to drug resistance as demonstrated by the per-
sistence of MPN cells. JAK2 inhibitor persistence is associated with reactivation of 
JAK/STAT signaling pathway and with heterodimerization between activated JAK2 
and JAK1 or TYK2, consistent with activation of JAK2  in trans by other JAK 
kinases. Discontinuation of JAK inhibitors generally leads to symptom return within 
a short period of time. JAK2 inhibitor withdrawal is associated with resensitization 
to JAK2 kinase inhibitors and with reversible changes in JAK2 expression [20].

Strategies to improve JAK inhibition therapy are being explored. Improving tar-
geting of JAK2 such as degrading JAK2 may lead to increased therapeutic efficacy. 
In addition, JAK inhibitors can be combined with other novel therapies to overcome 
JAK inhibitor resistance or target additional mechanisms of pathogenesis. Patient 
selection and proper dosing of JAK inhibitors are also important factors for effective 
treatment.

The only possible curative therapy is allogeneic stem cell transplant (ASCT) 
which, unfortunately, offers durable remissions in only one-third of patients. The 
plausibility of combining JAK inhibitors with ASCT is being investigated.

There is an urgent need for disease-modifying drugs. Numerous targeted thera-
pies are being investigated, which include modulators of epigenetic regulation, 
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pathways that work downstream from JAK/STAT (i.e., PI3K/AKT/mTOR), heat 
shock protein 90, hedgehog signaling, profibrotic factors, abnormal megakaryo-
cytes, and telomerase.

 JAK Inhibitors

Ruxolitinib is a JAK1/JAK2 inhibitor. It is the first JAK inhibitor approved in the 
United States, Canada, and Europe for treatment of intermediate- and high-risk 
myelofibrosis, including both patients with PMF and secondary MF. The approval 
was based on two randomized phase 3 clinical trials, COMFORT-I and COMFORT-II, 
comparing ruxolitinib with either placebo or the best available therapy (BAT) [21, 
22]. In both trials, the patients on ruxolitinib showed significant reduction in spleen 
size and improvement of disease-related symptoms. At three-year follow-up inter-
val of both COMFORT-I and COMFORT-II, patients who received ruxolitinib had 
prolonged survival compared with patients who received placebo or BAT [23].

A follow-up analysis of the trials revealed that responses to ruxolitinib were 
observed in both JAK2-mutated patients and JAK2 wild-type patients. Another fol-
low- up study demonstrated that ruxolitinib improved survival independent of muta-
tion profile and reduced the risk of death in patients harboring a set of prognostically 
detrimental mutations (ASXL1, EZH2, SRSF2, or IDH1/2) vs the best available 
therapy [24]. Moreover, one study revealed that in patients treated with ruxolitinib, 
harboring >3 mutations was inversely correlated with spleen response and time to 
treatment discontinuation.

Newer JAK inhibitors are under investigation to improve selectivity for JAK2 
V617F and overcome the resistance to JAK inhibitors. Momelotinib, pacritinib, and 
fedratinib are new JAK inhibitors, which, like ruxolitinib, are type I inhibitors; 
NVPCHZ868 is a novel type-II inhibitor. Type-I inhibitors compete with ATP for 
the drug-binding pocket whereas JAK2 is in its active conformation. Type-II inhibi-
tors bind the inactive kinase, completely suppressing JAK–STAT signaling in type-I 
JAK inhibitor-persistent cells.

Momelotinib (CYT387) is a JAK1/JAK2 inhibitor that showed a favorable effect 
on anemia compared with ruxolitinib. A phase-II trial of momelotinib in MF 
reported reductions in splenomegaly and symptoms. 70% of transfusion-dependent 
patients achieving more than 2 years of transfusion-free period. Momelotinib is cur-
rently undergoing phase III trials being compared with ruxolitinib or BAT 
(NCT01969838, NCT02101268).

Pacritinib (SB1518) is selective for JAK2 over other JAKs but has activity 
against FLT3. It demonstrated favorable safety outcomes in phase I/II trials includ-
ing patients with thrombocytopenia. Thirty-one percent achieved reduction of 35% 
or greater in spleen volume at 24  weeks and 48% patients showed reduction in 
symptoms. Phase-III studies are being conducted to identify its efficacy in MF com-
pared with BAT (NCT01773187 and NCT02055781).
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Fedratinib (SAR302503) is a potent selective JAK2 inhibitor, which is generally 
well tolerated. Different from other JAK2 inhibitors, fedratinib was found to 
decrease the JAK2 V617F allele burden by approximately 60% during therapy and 
reduce the marrow fibrosis scores. Despite its effectiveness in spleen size reduction 
and symptom improvement, its association to Wernicke encephalopathy led to its 
discontinuation.

NVP-CHZ868 has been shown to cause significant reductions in JAK2 mutant 
allele burden in murine models of PV and MF.

 Histone Deacetylase Inhibitors

Histone deacetylases (HDACs) downregulate transcription through changing DNA 
conformation. They remove acetyl groups from lysine residues on histone tails, 
inducing an inactive or closed conformation that results in restricting access of tran-
scription factors to DNA. Apart from regulating histone modification, HDACs also 
regulate the post-translational acetylation status of many nonhistone proteins, 
including transcription factors, chaperones, and signaling molecules, resulting in 
changes in protein stability, protein–protein interactions, and protein-DNA interac-
tions. To date, 18 different mammalian HDACs have been identified and divided 
into four classes based on their sequence similarity to yeast counterparts. HDACs 
from the classical family are dependent on Zn2+ for deacetylase activity and consti-
tute classes I, II, and IV. Class III HDACs consist of seven sirtuins, which require 
the NAD + cofactor for activity.

HDAC inhibitors demonstrate pleiotrophic activities through modulating the 
acetylation status of histones as well as other nonhistone proteins. Although the 
mechanisms of their anticancer effect are not fully understood, the predominant 
responses include induction of tumor cell death, inhibition of proliferation, and 
modulation of tumor immunogenicity.

Three HDAC inhibitors have been approved by FDA for the treatment of hema-
tologic malignancies including cutaneous T-cell lymphoma and multiple myeloma, 
and several others are in clinical development for a wide array of cancers.

HDAC inhibitors are found to act synergistically with other anticancer drugs as 
evidenced by compelling cell line and animal models. HDAC inhibitor in combina-
tion with JAK2 inhibitor for the treatment of PMF is being investigated in several 
clinical trials including a phase-Ib European study and a phase-I/II US study 
(PRIME).

Panobinostat (Farydak) is the first HDAC inhibitor approved to treat multiple 
myeloma. It is a potent pan-histone deacetylase inhibitor that enhances acetylation 
of histones H3, H4, and heat shock protein. In a phase-II study, panobinostat was 
used as a monotherapy to treat 35 patients with intermediate/high risk MF. 69% of 
patients experienced a 25% or more reduction in spleen size. A phase-I dose- 
escalation study of single-agent panobinostat administered at lower doses was con-
ducted in 18 patients with MF.  Prolonged administration of panobinostat in 5 
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patients resulted in elimination of leukoerythroblastic blood features, improvement 
in anemia, resolution of splenomegaly, and reduction in MF symptoms, and in 2 
cases, improvement in bone marrow histopathological features and regression of 
marrow fibrosis were observed.

Panobinostat is currently being used in combination with ruxolitinib to treat 
patients with myelofibrosis in a phase-I/II trial (i.e., PRIME trial).

Pracinostat is a pan-HDAC inhibitor that has preferential selectivity for classes 
1 and 2 HDACs. In a phase-II study of 22 patients with intermediate- and high-risk 
MF, pracinostat monotherapy resulted in reduction in splenomegaly in 27% of 
patients.

Givinostat is an inhibitor of class 1 and 2 HDACs. In a phase-II trial in patients 
with JAK2 V617F+ MPNs, 38% of patients with PMF showed reduction in 
splenomegaly.

 DNA Methyltransferase Inhibitors

DNA methyltransferases catalyze the methylation of CpG islands within promoter 
sites of DNA, thereby downregulating transcription by blocking access to transcrip-
tion factor complexes.

Hypermethylation of genes that negatively regulate the hyperactive JAK/STAT 
signaling pathway is identified in patients with MF. Several reports have suggested 
clinical activity of hypomethylating agents in the management of patients with MF.

5-azacitidine (Vidaza) and 5-aza-2′-deoxycitidine (Decitabine) are approved for 
treatment of MDS. In a phase II study in MF, Vidaza was given to newly diagnosed, 
relapsed, or refractory intermediate- or high-risk patients with MF. Reponses (based 
on IWG-MRT) were observed in 8 (24%) patients with median response time of 
5 months. Seven (21%) patients, with or without JAK2 V617F mutations, experi-
enced clinical improvements. Unfortunately, the majority of patients eventually lost 
response.

In another trial, Decitabine was used to treat DIPSS-plus high-risk PMF. 82% (9 
out of 11 patients) of patients benefited from this therapy. The median response 
duration was 9 months, and the median overall survival was 32 months in respond-
ers vs 16.3 months in nonresponders.

 mTOR Inhibitors

PI3K/AKT/mTOR pathway is one of the downstream components of the JAK/STAT 
signaling pathway. This pathway plays an important role in cell growth and prolif-
eration in many malignancies, including MF.

BEZ235 inhibits PI3K kinase and mTOR kinase in the PI3K/AKT/mTOR kinase 
signaling pathway, which may result in tumor cell apoptosis and growth inhibition 
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in PI3K/mTOR-overexpressing tumor cells. Co-treatment of PMF cells with 
BEZ235 and the JAK2 inhibitor fedratinib enhances JAK2 inhibitor-mediated loss 
of survival, and BEZ235 also induces apoptosis in JAK2 inhibitor-resistant MPN 
cells.

Everolimus, an mTOR inhibitor, was used to as a monotherapy to treat interme-
diate- or high-risk patients with MF in a phase-I/II study. 23% of patients responded 
to therapy based on IWG-MRT criteria. 69% of patients had complete systemic 
symptom resolution. 44% of patients had reduction of splenomegaly by greater than 
30%. . However, clinical responses were not associated with reduced JAK2 V617F 
mutant allele burden, circulating CD34 + cells, or cytokine levels.

 Telomerase Inhibitors

Telomeres are repetitive DNA sequences (TTAGGG) at the end of chromosomes that 
protect coding DNA from genetic damage as well as cells from replicative senes-
cence. Telomerase is a holoenzyme that is made up of human telomerase reverse 
transcriptase, an RNA template, and specialized proteins. It takes part in telomere 
synthesis and length maintenance in rapidly dividing cells such as cancer cells.

Imetelstat (GRN163L) is a 13-mer lipid-conjugated oligonucleotide that targets 
the RNA template of human telomerase reverse transcriptase. It inhibits telomerase 
activity and cell proliferation. This drug has been investigated as a promising agent 
to treat solid tumors and some hematologic malignancies.

Imetelstat was shown to have the potential to reverse bone marrow fibrosis. In 
one study, imetelstat was used to treat primary or secondary patients with MF 
(N = 33) with intermediate-2 or high-risk (DIPSS-Plus) disease. 48% of patients had 
received prior JAK inhibitor therapy. Complete remission (CR) or partial remission 
(PR) was achieved in 21% (7/33) of patients; median response duration was 18 
months for CR and 10 months for PR, respectively. Among the four patients with 
CR, all had bone marrow fibrosis reversal, and 3 of the 4 patients demonstrated 
molecular response. Response rates were 27% among patients with a JAK2 muta-
tion versus 0% among those without a JAK2 mutation, and 32% among patients 
without an ASXL1 mutation versus 0% among those with an ASXL1 mutation. 
Unfortunately, imetelstat was found to cause myelosuppresion [25].

 Hsp90 Inhibitors

Hsp90 (Heat-shock protein 90) is involved in activation of JAK/STAT signaling 
pathway through its function as an ATP-dependent dimeric molecular chaperone. 
This chaperone folds and stabilizes its client proteins, including JAK2 and STAT5, 
into their active conformations.

C. Liu and S. Hao



175

Hsp90 inhibitors bind to the N-terminal ATP-binding domain of Hsp90 and 
inhibit its chaperone function, which has been shown to induce proteasome- 
mediated degradation of client proteins in MPN cells.

Hsp90 inhibitors such as AUY922 have been shown to deplete JAK2 and induce 
apoptosis in MPN cells. In addition, they are also known to disrupt chaperone asso-
ciation of JAK2 with Hsp90 and induce degradation of JAK2. Therefore, they can 
be used in combination with JAK2 inhibitors to increase JAK2 targeting efficacy.

In one study, Hsp90 inhibitor was used in combination with ruxolitinib to treat 
patients with MF. The combination therapy reduced total and phosphorylated-JAK2 
and achieved more potent inhibition of downstream signaling than ruxolitinib 
monotherapy. Compared with ruxolitinib alone, the combination therapy improved 
blood counts, spleen weights, and reduced bone marrow fibrosis.

 Hedgehog Inhibitors

The Hedgehog (Hh) proteins comprise a group of secreted proteins that regulate cell 
growth, differentiation, and survival. In adults, the Hh pathway is mainly quiescent, 
with the exception of roles in tissue maintenance and repair, and its inappropriate 
reactivation has been linked to several disparate human cancers. Moreover, Hh path-
way is implicated in the development of fibrosis in the biliary and pulmonary sys-
tem. The Hh signaling pathway has been shown to play a role in normal hematopoiesis 
and in the tumorigenesis of hematologic malignancies.

Saridegib (IPI-926) is an Hh inhibitor that inhibits signaling via a membrane 
protein called smoothened. In a phase-II study, 14 patients were treated with 
Saridegib orally for a median duration of 5 months. Twelve patients had slight 
reductions in spleen size (less than 50% from baseline), but symptoms did not 
improve consistently. Reductions in mRNA and protein levels of GLI1 (a key 
Hedgehog pathway target), JAK2V617F allele burden, degree of fibrosis, or cyto-
kine levels were observed in some patients but were not significant when evalu-
ated for the cohort. Unfortunately, all patients discontinued therapy by 7.5 months 
because of lack or loss of response or adverse effects. Two patients developed 
acute leukemia. These results, therefore, did not support Saridegib as an effective 
monotherapy for MF.

Hh inhibitor might be used in combination with JAK inhibitor to achieve additive 
or synergic therapeutic effect. In a mouse model of MF, combined inhibition of the 
Hh and JAK pathways showed promising results. The combination therapy caused 
reduction in JAK2 mutant allele burden, bone marrow fibrosis, white blood cell, and 
platelet counts.
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 Allogeneic Stem Cell Transplantation

ASCT has a definitive role in the treatment of patients with MF and is the only 
modality with proven curative potential. ASCT is an established treatment capable 
of eradication of the disease process and normalization of bone marrow findings. It 
can reverse bone marrow reticulin and collagen fibrosis and produces durable 
disease- free survival. However, this particular treatment is associated with a high 
rate of mortality and morbidity; therefore, it is only recommended for those with 
high DIPSS-plus score or high molecular risk.

In patients with MF, ASCT has conventionally been performed with busulfan/
cyclophosphamide-based myeloablative chemotherapy regimens. Recently 
improved regimen such as ASCT with busulfan/fludarabine conditioning results in 
a dramatic decrease in JAK2 activity, splenomegaly, and bone marrow fibrosis.

The impact of treatment with JAK1/2 inhibitors on ASCT, in particular, timing of 
ASCT, is not clear and remains an essential area of research. Recently, a retrospec-
tive multicenter study was performed to analyze the outcomes of 100 consecutive 
patients who underwent ASCT for MF with prior exposure to JAK1/2 inhibitors. It 
was found that patients who experienced clinical improvement with JAK1/2 inhibi-
tor therapy before ASCT had favorable outcomes, and prior exposure to JAK1/2 
inhibitors did not adversely affect post-transplantation outcomes. Experts, there-
fore, suggest that JAK1/2 inhibitor therapy should be continued near to the start of 
conditioning therapy.

 Familial Primary Myelofibrosis

Familial PMF (FPMF) or inherited forms of PMF have been reported in both adults 
and children. The discussion here will be focused on adults. Familial PMF (FPMF) 
appears to be the member of the familial MPN, which are defined when in the same 
pedigree at least two relatives have an MPN as PV, ET, or PMF26. The prevalence of 
familial cases within MPN is at least 7.6% with an equal distribution of cases of PV, 
ET, and PMF. The clinical presentation at diagnosis of familial MPNs can be indis-
tinguishable from sporadic disease. The presence of multilineage proliferation in 
probands or in the same pedigree is suggestive of familial MPN. Patients with famil-
ial MPN develop the same type of complications (thrombosis and hemorrhage) and 
disease evolution (post-PV myelofibrosis, post-ET myelofibrosis, and leukemia) 
observed in patients with sporadic MPN. The 10-year survival is 30% for those with 
FPMF.

In FPMF, the detection rate of JAK2 V617F mutations is 75–90% [26]. The JAK2 
mutations are acquired and occur as secondary genetic events. As both mutations of 
the JAK2 gene have been reported in the same pedigree, a genetic predisposition to 
the acquisition of the JAK2 mutations is supposed to be inherited. The inheritance 
pattern of FMPN is consistent with an autosomal dominant trait with decreased 
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penetrance. A study done by the French Group of FMPN on 93 families and 227 
patients including 14 FPMF revealed that a high JAK2 V617F allele burden (>50%) 
was not correlated with more frequent transformation to acute leukemia. The cor-
relation of JAK2 V617F with thrombotic event is less clear [27]. In FMPN, TET2 
mutations occur in both JAK2 V617F-positive and JAK2 V617F-negative cases; 
they are commonly acquired at the time of leukemic transformation [27].

 Prefibrotic Primary Myelofibrosis vs. Essential 
Thrombocythemia

PMF and ET are two distinct MPN entities by the new 2016 WHO classification. 
Prefibrotic PMF or pre-PMF is the early stage of PMF. Distinguish pre-PMF from 
true ET is very important because the pre-PMF has significantly higher leukemic 
transformation rate, higher rate of progression to overt myelofibrosis, and low sur-
vival rate than true ET [28]. However, their overlapping morphology, molecular 
markers, and clinical features make the distinction extremely difficult.

Clinically, pre-PMF and ET have similar age and gender distribution. However, 
some differences in clinical data have been observed between the two. Higher leu-
kocyte counts, higher LDH, and lower hemoglobin level are seen in pre-PMF when 
compared with ET. The incidence of palpable splenomegaly and circulating CD34 
cell counts is higher in pre-PMF than in ET.

Morphologically, BM of patient with ET shows predominantly large to giant, 
mature megakaryocytes with hyperlobulated nuclei and a random distribution or 
loose clustering within BM space without significant dysplasia. There is usually no 
or very rarely, less than 5%, grade-1 reticulin fibrosis. In pre-PMF, increased age- 
matched BM cellularity, increased megakaryocytes with atypical histotopography 
(endosteal translocation, dense clusters), and distinctive nuclear features (hypolobu-
lation, clumsy-cloud-like, maturation defects), granulocytic proliferation, and 
reduced erythropoiesis are seen. Reticulin fibers are normal or minor (grade 0/1). 
Due to the lack or minimal marrow fibrosis and the presence of megakaryocytic 
hyperplasia in both conditions, the distinction of ET and pre-PMF morphologically 
is extremely challenged. Despite the morphological distinctions listed above, 
according to several investigations by different groups, the consensus among mor-
phological diagnosis in distinguish ET from pre-PMF ranges from 53 to 88% [29]. 
Since 2005, more than 20 somatic mutations have been found in PMN. However, 
none of them have proven to be specific for a specific MPN and no specific molecu-
lar markers can help differentiate ET from pre-PMF [30].

Distinguish ET from pre-PMF is not trivial. Recognizing specific BM histology 
patterns, adequate clinical information and laboratory results together with muta-
tional studies are necessary to accurately differentiate the two.

8 Primary Myelofibrosis
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 Conclusions

PMF is one of the chromosome-negative myeloproliferative neoplasms derived 
from clonal stem cell proliferation. Compared with ET and PV, the prognosis of 
PMF is worse, and it is, therefore, critical to distinguish it from the other two dis-
eases. The central theme of pathogenesis in PMF is persistent activation of JAK/
STAT signaling pathway through driver mutations, i.e., mutations in JAK2, CALR, 
and MPL genes. Mutations in five genes, ASXL1, EZH2, SRSF2, IDH1, and IDH2, 
are recognized as detrimental mutations because they are associated with shorter 
leukemia-free survival and overall survival; accordingly, patients with PMF with at 
least one of these mutation are classified as having “high molecular risk.” Currently 
molecular profiling of PMF is recommended in clinical management to refine prog-
nostic models and stratify therapeutic decisions. So far, there is no effective treat-
ment for PMF except ASCT, which is not mortality free. The currently approved 
drugs including ruxolitinib can only provide palliative solutions. There is an urgent 
need for disease-modifying drugs. Numerous targeted therapies are being investi-
gated, and some of them have demonstrated promising results.
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Chapter 9
Mastocytosis

David Czuchlewski and Tracy I. George

 Introduction

Mastocytosis represents a heterogeneous group of disorders ranging from urticaria 
pigmentosa in children that typically spontaneously resolves to aggressive malignan-
cies such as mast cell leukemia in adults with short survival and poor prognosis. 
These different subtypes share in common a proliferation of neoplastic mast cells and 
activating mutations of KIT (particularly D816V), resulting in activation of KIT and 
downstream signaling pathways. In this chapter, we will review the molecular pathol-
ogy of mastocytosis involving KIT mutations and other genetic mutations, including 
the therapeutic and prognostic importance of these mutations.

 Epidemiology

The incidence of mastocytosis is unknown, but it is recognized as a rare disease. 
Cutaneous forms of mastocytosis are more common than the systemic forms of the 
disease. Cutaneous mastocytosis (CM) is primarily a disease of childhood with 
onset during the first year of life; a second peak is seen in older adults aged 
50–60 years where skin disease occurs as a manifestation of systemic disease [1]. 
The advanced forms of mast cell disease, including mast cell leukemia (MCL), 
aggressive systemic mastocytosis (ASM), and systemic mastocytosis with an asso-
ciated hematologic neoplasm (SM-AHN) represent a minority of the adults with 
systemic mastocytosis (SM). Most adults with SM have indolent disease. For exam-
ple, fewer than 100 cases of MCL have been reported in the literature to date [2].
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 Etiology

Mast cells are of hematopoietic origin and arise from a bone marrow-derived 
CD34- positive and KIT-positive pluripotent progenitor, and human mast cells dif-
ferentiate under the influence of stem cell factor, which binds to the KIT tyrosine 
kinase receptor [3]. Recurrent activating somatic mutations in KIT have been 
detected in neoplastic mast cells of SM and to a lesser extent, CM [4]. Rare familial 
cases of mastocytosis are discussed later in the chapter.

 Clinical Features and Classification

Two large categories of mastocytosis are described, cutaneous disease (skin only) 
and systemic disease, which includes at least one extracutaneous organ. Typically, 
systemic disease involves the bone marrow and spleen, but can also involve lymph 
nodes, liver, and skin, among other organs. SM is further divided into indolent and 
advanced forms of disease based on a mix of clinical and pathological findings. The 
WHO classification of mastocytosis includes the major categories of mastocytosis 
(Table 9.1) [5], but does not include myelomastocytic leukemia or well- differentiated 
mastocytosis. Diagnostic criteria for SM and mastocytosis variants are listed in 
Tables 9.2 and 9.3, respectively [6].

CM is subclassified on clinical features into maculopapular cutaneous mastocy-
tosis (MPCM), which includes urticaria pigmentosa, diffuse cutaneous mastocyto-
sis (DCM), and cutaneous mastocytoma (Table  9.4) [1]. The flushing, urticaria, 
pruritus and dermatographism associated with CM are very common symptoms 
and the result of local release of mast cell mediators. The vast majority of patients 
with CM includes children with the characteristic red or brown flat or raised skin 
lesions of MCPM. Whealing and reddening of the lesions when rubbing or stroking 
of the skin lesions is typical (Darier’s sign). In adults, the presence of MCPM is 
highly suggestive of SM, most commonly indolent SM [8] and careful staging for 
systemic disease is recommended. The skin lesions in adult are typically distributed 
over the thigh and trunk, whereas in children these polymorphous lesions are found 
over the trunk, head, and extremities. DCM manifests as generalized erythema 
accompanied by thickened skin; initially, this might present with blisters. Cutaneous 
mastocytoma is usually a solitary brown or yellow lesion and these lesions do not 
typically progress past childhood; multiple lesions of mastocytoma are also 
described. In the past, a telangiectatic variant of CM was described as telangiecta-
sia macularis eruptiva perstans (TMEP); this has been eliminated from the classifi-
cation [1]. In the authors’ experience, lesions of TMEP often represent skin 
manifestations of indolent SM (ISM).
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Mediator release symptoms caused by mast cell degranulation result in severe 
hypotension, syncope, headache, anaphylaxis, flushing, pruritus, urticaria, and gas-
trointestinal symptoms including diarrhea, abdominal pain, nausea, and vomiting. 
Malabsorption with weight loss can also occur in advanced forms of mastocytosis. 
Consumption of alcohol, certain foods, stress, or other triggers can precipitate 
symptoms. Bone involvement can lead to bone pain, osteoporosis, and pathologic 
fractures. Bone marrow involvement leads to cytopenias. Spleen involvement leads 
to splenomegaly with hypersplenism and liver involvement leads to hepatomegaly 
with impaired liver function, ascites and/or portal hypertension. Clinicopathologic 
findings have led to the development of “B” and “C” findings used as criteria in the 
diagnosis of smoldering SM and ASM, respectively (Tables 9.5 and 9.6) [7].

Table 9.1 WHO 2016 classification of mastocytosis [5]

Cutaneous mastocytosis
Systemic mastocytosis
  Indolent systemic mastocytosis
  Smoldering systemic mastocytosis
  Systemic mastocytosis with an associated hematologic neoplasm
  Aggressive systemic mastocytosis
  Mast cell leukemia
Mast cell sarcoma

Table 9.2 Criteria for systemic mastocytosis [6]

1 major and 1 minor OR 3 minor criteria
Major

  Multifocal dense aggregates of mast cells in extracutaneous organ(s)
Minor

   > 25% atypical or immature mast cells in aspirate smears or sections
  Activating point mutation at codon 816 in KIT

  CD25 expression in mast cells, with or without CD2
  Serum total tryptase level >20 ng/mL (unless an associated myeloid neoplasm is present 

which would invalidate this criterion)

An aggregate is defined as 15 or more mast cells in clusters, in bone marrow and/or another extra-
cutaneous organ.
In smears, more than 25% of total mast cells should be atypical or immature. In biopsy sections of 
the bone marrow or other extracutaneous organs, more than 25% of mast cells are spindle shaped 
or show atypical morphological characteristics.
Mast cells in peripheral blood, bone marrow, or other extracutaneous organ express CD25, +/− 
CD2, in addition to normal mastocytosis markers (tryptase, CD117, etc.)
An associated non-mast cell hematologic neoplasm may also secrete tryptase which is why this 
minor criterion cannot be used when an associated myeloid neoplasm is present.

9 Mastocytosis
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Table 9.3 Diagnostic criteria for mastocytosis variants [1, 7]

Cutaneous mastocytosis
  Does not meet criteria for systemic mastocytosisa

  Typical skin lesions of mastocytosis associated with Darier’s sign (major)
  Increased numbers of mast cells in skin biopsy of lesion (minor)
  Activating KIT mutation in skin biopsy of lesion (minor)
Indolent systemic mastocytosis
  Meets systemic mastocytosis criteriaa

  No B- or C-findings
  No associated hematologic neoplasm
Smoldering systemic mastocytosis
  Meets systemic mastocytosis criteriaa

  No C-findings
  No associated hematologic neoplasm
  2 or more B-findingsb

Systemic mastocytosis with an associated hematologic neoplasm
  Meets systemic mastocytosis criteriaa

  Meets criteria for an associated clonal non-mast cell associated neoplasm per the WHO 
classification

Aggressive systemic mastocytosis
  Meets systemic mastocytosis criteriaa

  1 or more C-findingsc

  No evidence of mast cell leukemia
Mast cell leukemia
  20% or more mast cells on aspirate smears
Mast cell sarcoma
  Does not meet criteria for systemic mastocytosisa

  Unifocal lesion with destructive growth pattern and high grade cytology

Cutaneous mastocytosis in children particularly may be diagnosed by the absence of systemic 
mastocytosis and the presence of the major criterion above; skin biopsy is not always necessary. 
Adults with cutaneous mastocytosis should be staged to evaluate for systemic disease. In indolent 
systemic mastocytosis, skin lesions are often present. Isolated bone marrow mastocytosis is a type 
of indolent disease that lacks skin lesions. Indolent systemic mastocytosis typically has a low mast 
cell burden in the bone marrow, in contrast to aggressive systemic mastocytosis and mast cell 
leukemia. Mast cell leukemia tends to have a diffuse pattern of bone marrow infiltration, often by 
atypical and/or immature mast cells; this variant of mastocytosis often lacks skin lesions
aSee Table 9.2
bSee Table 9.5
cSee Table 9.6
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Table 9.5 “B” findings [7]

Bone marrow biopsy with >30% mast cells and/or serum tryptase >20 ng/mL
Signs of dysplasia or proliferation in non-mast cell lineage insufficient for a diagnosis of an 
associated hematologic neoplasm, with normal or slightly abnormal blood counts
Hepatomegaly without impaired liver function, and/or palpable splenomegaly without 
hypersplenism, and/or lymphadenopathy

The diagnosis of smoldering systemic mastocytosis meets criteria for systemic mastocytosis, with 
2 more of the above “B” findings, but no “C” findings

Table 9.4 Cutaneous 
mastocytosis classification [1]

Maculopapular cutaneous 
mastocytosis
  Monomorphic variant
  Polymorphic variant
Diffuse cutaneous mastocytosis
Cutaneous mastocytoma

The monomorphic variant of mac-
ulopapular cutaneous mastocytosis 
has small maculopapular lesions 
and is more typically seen in adult 
patients, whereas the polymorphic 
variant is more typical in pediatric 
patients and which resolves around 
puberty

Table 9.6 “C” findings [7]

Cytopenias without an associated hematologic malignancy (ANC <1.0 × 109/L, Hb < 10 g/dL, 
platelets <100 × 109/L)
Palpable hepatomegaly with impaired liver function, ascites and/or portal hypertension
Bone involvement with large osteolytic lesions and/or pathologic fractures
Palpable splenomegaly with hypersplenism
Malabsorption with weight loss due to gastrointestinal mast cell lesions

The diagnosis of aggressive systemic mastocytosis meets criteria for systemic mastocytosis with one 
or more “C” findings, with no evidence of mast cell leukemia (≥20% mast cells on aspirate smears)

 Morphology and Immunophenotype

 Cytology

The cytology of mast cells as visualized in air-dried preparation stained with 
Romanowsky-type stains is summarized in Table 9.7. Well-differentiated mast cells 
are small with a round nucleus and a cytoplasm containing tightly packed and uni-
form metachromatic granules. Nucleoli are absent or indistinct. Well-differentiated 
mast cells are found in normal bone marrow, mast cell hyperplasia, and a variant of 
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mastocytosis known as well-differentiated mastocytosis, which is not currently  
recognized in the WHO 2016 classification. Atypical type I or spindle shaped mast 
cells have elongated cytoplasmic projections which are often hypogranular and oval 
nuclei. Increased atypical type I mast cells are seen in many different variants of sys-
temic mastocytosis (SM) (Fig. 9.1). Promastocytes or atypical type II mast cells con-
tain bilobed, multilobated or indented nuclei with abundant hypogranular cytoplasm; 
nuclear chromatin may be immature or condensed. Metachromatic blasts are imma-
ture mast cells with blastic chromatin, high nuclear-to-cytoplasmic ratios, prominent 
nucleoli, and a few large metachromatic granules; immunophenotyping is necessary to 
confirm a mast cell lineage in these cells. Promastocytes and metachromatic blasts are 
more typically found in MCL and myelomastocytic leukemia [9–11].

 Histology

Histologic examination of tissues involved by mastocytosis is necessary for the 
diagnosis of disease with the exception of typical MPCM (Table  9.4) [1]. 
Hematoxylin and eosin (H&E) stained sections and immunohistochemistry or cyto-
chemical stains should be used to confirm the presence of mast cells and aberrant 
antigen expression, if present. On H&E stained sections, mast cells often have abun-
dant clear or lightly eosinophilic cytoplasm with oval to round to indented nuclei 
and they can be admixed with fibroblasts, eosinophils, small lymphocytes, and 
plasma cells (Fig. 9.2). The histologic findings of mast cells can mimic other neo-
plasms or non-neoplastic conditions and is described in further detail below.

In CM, mast cells infiltrate the dermis with aggregates of mast cells filling the 
papillary dermis and extending into the reticular dermis in MPCM, demonstrating a 
band-like dermal pattern in diffuse cutaneous mastocytosis and a single lesion with 
large aggregates in the dermis and sometimes subcutis in cutaneous mastocytoma. 
The subtle infiltration by mast cells is best visualized by immunohistochemistry. 

Fig. 9.1 Mast cell 
leukemia, cytology. 
Numerous spindle shaped 
mast cells are present in 
this bone marrow aspirate 
smear. The cytoplasm is 
less granular than normal 
tissue mast cells and nuclei 
are oval shaped. Admixed 
hematopoiesis is present 
including neutrophilic and 
erythroid precursors. 
Wright Giemsa stain, 60×
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Cytologic atypia is not usually a feature of CM. However, in mast cell sarcoma, 
cytologic atypia is marked such that the neoplastic cells may not resemble normal 
mast cells and must be identified via immunohistochemistry. Rarely, mast cell sar-
coma may transform into mast cell leukemia.

Bone marrow infiltration by mast cells in SM may be interstitial, focal and dense, 
diffuse and dense patterns, or present as mixed patterns [12]. While most cases of 
SM contain focal dense aggregates with accompanying reticulin and collagen fibro-
sis and osteosclerosis, early indolent disease may show an entirely interstitial pat-
tern that has also been termed “occult” SM [13]. A detailed description of mast cell 
disease in other organs is beyond the scope of this review, but is well described 
elsewhere [14]. It should also be noted that in SM-AHN, features of both SM and 
the associated hematologic neoplasm are present, where the latter are typically 
myeloid neoplasms including myeloproliferative neoplasm (MPN), myelodysplas-
tic syndrome (MDS), MDS/MPN, and acute myeloid leukemia.

 Cytochemistry and Immunophenotype

Mast cells will be highlighted by cytochemical stains (Giemsa, toluidine blue, 
naphthol- ASD-chloroacetate esterase), but these stains are less specific than immu-
nophenotypic studies such as tryptase, which is regarded as the most specific marker 
for mast cells [15]. One important exception is in the gastrointestinal tract where 
tryptase expression in neoplastic mast cells is highly variable with only a subset of 
mast cells being positive [16]. Immunophenotyping of mast cells may be performed 
by immunohistochemistry or flow cytometry (Figs. 9.3 and 9.4). Despite the low 
percentage of mast cells found in bone marrow aspirate specimens due to fibrotic- 
rich mast cell aggregates not aspirating well, flow cytometry is quite sensitive for 

Fig. 9.2 Mast cell 
leukemia, histology. Sheets 
of neoplastic mast cells 
have replaced the spleen 
leaving only small islands 
of lymphocytes. The mast 
cells have abundant lightly 
eosinophilic cytoplasm and 
are admixed with 
eosinophils. Spleen, 
Hematoxylin & eosin  
stain, 20×
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detecting mast cells when a selective gating strategy is performed [17]. Mast cells 
express CD9, CD11c, CD29, CD33, CD43, CD44, CD45, CD49d, CD49e, CD51, 
CD54, CD68, CD71, CD117, FceRI [18] and neoplastic mast cells may express 
CD25, CD2, CD35, CD59, CD63, CD69, high light scatter and autofluorescence 

Fig. 9.3 Mast cell leukemia, immunohistochemistry. (a) Sheets of CD117-positive mast cells 
have largely replaced this lymph node in this patient with mast cell leukemia, where splenic 
involvement is shown in Fig. 9.2. CD117, 20×. (b) On higher power, the CD117 staining is shown 
to be membranous with occasional perinuclear staining. CD117, 60×. (c) Tryptase staining of the 
same lymph node shows a similar pattern of involvement with cytoplasmic staining. Tryptase, 20×. 
(d) Immunohistochemistry with antibody to CD25 highlights more variable intensity of staining. 
CD25, 20×. (e) A membranous staining pattern is also seen with CD25 immunostain. CD25, 60×
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[17]. Flow cytometry is more sensitive in detecting CD25 and CD2 expression on 
mast cells. In routine practice, immunohistochemistry for tryptase, CD117, and 
CD25 are frequently used to detect neoplastic mast cell infiltrates, with CD30 stain-
ing described recently [19]. One important exception to this rule is SM with well-
differentiated mast cells (or well-differentiated mastocytosis) where mast cells do 
not coexpress CD25 or CD2, lack exon 17 KIT mutations, but are often responsive 
to imatinib [20]. One pattern of bone marrow infiltration by mast cells described 
with tryptase staining is the tryptase-positive compact round cell infiltrate of the 
bone marrow (TROCI-BM) [21]. This pattern of staining is rare, but can be seen in 
a specific set of myeloid neoplasms including SM.
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Fig. 9.4 Advanced systemic mastocytosis, flow cytometry. (a) Flow cytometry of bone marrow 
aspirate from a patient with advanced systemic mastocytosis shows very bright CD117 with an 
increased amount of side scatter. The mast cells are a lot brighter in intensity than other CD117- 
positive bone marrow cells, such as myeloblasts. (b) Neoplastic mast cells also show bright CD45 
expression. (c) Coexpression of CD25 is present in neoplastic mast cells without CD2 coexpres-
sion. (d) Coexpression of CD30 is also present in CD117-bright mast cells
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 Genetic Findings

The KIT gene (Fig. 9.5), located at 4q12, encodes a transmembrane receptor tyrosine 
kinase protein that serves as the receptor for stem cell factor. It is expressed on mela-
nocytes, germ cells, and pacemaker cells within the gastrointestinal tract [22]. Upon 
ligand binding, the KIT protein dimerizes and becomes transphosphorylated, allow-
ing the transmission of prosurvival and migration signaling through subsequent 
downstream mediators. Structurally, the 21 exons of the protein comprise an extra-
cellular domain with five immunoglobulin-like subunits, a hydrophobic transmem-
brane domain, and an intracellular domain that includes an autoinhibitory 
juxtramembrane domain (JMD) as well as the kinase domain. The latter is separated 
into two regions with an intervening hinge domain [23].

Activating mutations of KIT are seen not only in mastocytosis, but also in other 
neoplasms such as acute myeloid leukemia, gastrointestinal stromal tumor, germ 
cells tumors, and melanoma. The exact mechanism by which the KIT mutation 
effects protein activation may vary, depending on the location of the mutation within 
the protein structure. Even for the most common codon D816V mutation, however, 
the structural consequences are not completely clear. Some evidence suggests that 
changes in the activation loop of the protein (codons 810–835) may have a posi-
tional effect on the autoinhibitory JMD, resulting in increased protein kinase activ-
ity [24]. The change, which might also promote protein dimerization, is similar to 
the structural effect of common changes in EGFR and BRAF [24]. KIT mutations 
have also been shown to alter the cellular localization of the protein and the precise 
substrate specificity for downstream signaling purposes [25, 26].

Fig. 9.5 KIT gene. A schematic representation of the KIT gene highlighting the most common site 
of the activating KIT mutation in mastocytosis (arrow)
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 Familial Mastocytosis

Germline mutations in KIT have been described in association with familial  
mastocytosis (Table 9.8), but other patients have not had any known KIT muta-
tions [37]. All subtypes of CM have been reported in association with familial 
mastocytosis [27, 30, 31, 38–40]. An autosomal dominant pattern of inheritance 
with incomplete penetrance is the most common inheritance pattern [41, 42]. 
Interestingly, one study of well-differentiated mastocytosis has described a 
familial association in 13 (39%) patients including D816V (3), K509I (3) and 
wildtype KIT (7) with all patients presenting with CM, except for the three 
patients with K509I who had SM including MCL (2) and ISM (1) [20].

 Cutaneous Mastocytosis

The distribution of KIT mutations is dramatically different in pediatric CM. These 
cases are much less likely to harbor the D816V mutation, which is seen in approxi-
mately 1/3 of such cases. Instead, alternative KIT mutations are often observed, espe-
cially in codon 8 (e.g., p.Asp419del, ~17%), codon 9 (e.g., pAla502_Tyr503dup, 
~6%) and codon 11 [23, 34]. Some 25% of these cases appear to be KIT wild-type 
[23, 43]. An interesting wrinkle in the molecular analysis of pediatric CM is the pres-
ence of germline KIT mutations in rare cases of familial mastocytosis as discussed 
above [35].

Table 9.8 KIT mutations in familial mastocytosis

Exon Mutation Mastocytosis Other tumors Reference

8 del D419 DCM GIST [27]
9 K509I SM, MCPM [28, 29]

S451C DCM [30]
10 A533D DCM [31]

M541 L CM
11 V559A MCPM GIST [32]
13 R634W MCPM [33]
17 D816V MCPM [34]

N822I MCPM [35]
18 S849I CM, MCAS [36]

M835 K CM, MCAS [36]

CM cutaneous mastocytosis, DCM diffuse cutaneous mastocytosis, GIST gastrointestinal stromal 
tumor, MCAS mast cell activation syndrome, MCPM maculopapular cutaneous mastocytosis, SM 
systemic mastocytosis
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 Indolent Mastocytosis

KIT mutations in mastocytosis display heterogeneity that mirrors the clinical and 
morphological complexity of this disease entity. In indolent SM, the vast majority of 
cases (~95%) show the D816V mutation when appropriately sensitive assay tech-
niques are utilized, as described below [44]. Other KIT mutations more rarely seen in 
cases of adult SM include D816Y, D816F, D816H, and D816I, D820G, and V559I.

 Advanced Mastocytosis

Advanced mastocytosis includes MCL, ASM, and SM-AHN. The prevalence of KIT 
D816V mutations appears to be somewhat lower in MCL and mast cell sarcoma [2, 45].

Interestingly, in many cases of SM-AHN, KIT mutation is detected in both the 
neoplastic mast cells and the non-mast cell lineage neoplastic cells, supporting in 
some cases the involvement of a common progenitor cell and/or divergent cellular 
maturation of the neoplastic clone [46]. The clonal identity between mast cell and 
non-mast cell neoplastic cells is more common in cases with chronic  myelomonocytic 
leukemia as the non-mast cell lineage disease than in cases occurring with myelo-
proliferative neoplasms or AML [46].

With the advent of next generation sequencing, molecular analysis of mastocyto-
sis has expanded beyond the KIT gene to include a number of other genes that are 
known to be recurrently mutated in myeloid neoplasms. Briefly, these include:

 – TET2, mutated in ~20–30% of cases of mastocytosis [47, 48]. Some early data 
suggested an association between TET2 mutation and aggressive disease [49], 
but this was not substantiated in later studies [48, 50].

 – ASXL1, mutated in ~12–21% of cases of mastocytosis, independently associated 
with inferior overall survival in multiple cohorts [48, 50].

 – Additional recurrently mutated genes include SRSF2, SF3B1, U2AF1, NRAS, 
KRAS, CBL, DNMT3A, ETV6, EZH2, JAK2, and SETBP1 [23, 48].

Of note, non-KIT mutations tend to be seen more frequently in aggressive forms 
of SM and in SM-AHN, while being less common in indolent SM (14% of cases) 
[48]. In particular, SM-AHN is a multimutated myeloid neoplasm with mutations in 
TET2, SRSF2, or ASXL1 preceding KIT D816V [51]. It is possible that these addi-
tional mutations underlie the more aggressive clinical behavior of these cases. In 
fact, the number of additional non-KIT mutations correlates with the degree of sur-
vival decrement [48]. Such observations underscore the opportunities for prognostic 
and therapeutic insight afforded by our increased understanding of mast cell disease 
at the molecular level.
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 Techniques

In discussing the molecular detection of KIT mutations, it is important to grasp the 
impact of assay methodology on the detection rate, and therefore the reported inci-
dence, of KIT mutations. Neoplastic mast cells tend to be distributed in the bone 
marrow in many cases in a patchy fashion, and the yield of neoplastic cells on aspi-
rate or clot sections can be variable. Thus, when using relatively insensitive detec-
tion techniques such as Sanger sequencing on unfractionated bone marrow cells, a 
substantial fraction of cases of SM may appear to lack the KIT mutation. However, 
the detection rate substantially increases when using assays of higher analytic sensi-
tivity such as allele-specific quantitative PCR, nested PCR, digital PCR, microdis-
section and/or cell sorting techniques [52–54]. Of note, recent data suggest that even 
next generation sequencing at a high depth of coverage may be insufficient for KIT 
mutation detection in some SM cases [55].

 Prognosis and Therapy

CM has a benign clinical course in the vast majority of patients with spontaneous 
regression of lesions around the time of puberty. In one long-term follow-up study of 
children with CM, 10 of 15 children had complete resolution of their symptoms and 
disease 20 years later [56]. Thus, therapeutic approaches for CM, but also SM, tar-
gets the treatment of mediator related symptoms [57, 58]. This includes the use of 
histamine receptor antagonists, both HR1 and HR2 antagonists. Proton pump inhibi-
tors and the mast cell stabilizer cromolyn sodium are also used. Short courses of 
glucocorticosteroids may be used for anaphylaxis and mediator-related symptoms 
that do not respond to histamine receptor antagonists and mast cell stabilizers. Other 
treatments for CM include a topical calcineurin inhibitor [59], narrowband ultravio-
let B phototherapy [60, 61], and miltefosine [62]. Masatinib, a multikinase KIT 
inhibitor that targets wild type KIT, has shown improvement in symptoms in patients 
with indolent SM and CM associated with significant quality-of-life issues [63].

Patients with SM may have marked osteoporosis or osteopenia for which 
bisphosphonates are used [64]. For those patients with severe allergic symptoms, 
allergen immunotherapy may be helpful and an epinephrine pen for emergency use 
[65, 66]. For patients with progressive smoldering SM, cladribine has been recom-
mended [67].

When advanced SM is present, cytoreductive agents and targeted therapies have 
been used including cladribine, interferon alpha, cytarabin, fludarabine, hydroxy-
urea, and tyrosine kinase inhibitors [68]. It is also important to note that the KIT 
status also informs the choice of therapy. The common D816 mutations are insensi-
tive to imatinib [69], while the alternative mutations affecting the JMD and the 
extracellular domain predict clinical responsiveness to this agent. Recently, 
 alternative kinase inhibitors such as midostaurin and dasatinib have shown promise 
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in some cases of D816-mutated and nonmutated SM [70, 71]. Hematopoietic stem 
cell transplantation is recommended for young patients with a suitable donor [72], 
and patients with SM-AHN should have treatment directed toward the ANM part of 
the disease as if no SM was there and vice versa [64]. Newer treatment strategies 
targeting the D816V KIT mutation and downstream signaling pathways are cur-
rently in development (mTOR blockers, PI3 kinase blockers), as well as immuno-
therapy aimed at CD30-positive advanced systemic mastocytosis [73].

 Conclusion

Mastocytosis is a clinically heterogeneous disorder united by a common thread of 
mutations in KIT resulting in constitutive expression of KIT protein and down-
stream signaling pathways. Advances in molecular medicine targeting KIT and 
related pathways have led to new effective therapies. With additional genetic muta-
tions recently described, especially in advanced mastocytosis, our understanding of 
this neoplasm is still evolving.
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Chapter 10
Chronic Myeloproliferative Neoplasm, Rare 
Types

Jerald Z. Gong and Guldeep K. Uppal

 Chronic Neutrophilic Leukemia

 Introduction

Chronic neutrophilic leukemia (CNL) is a rare type of myeloproliferative neoplasm 
(MPN) characterized by sustained leukocytosis (≥25 × 109/L) with neoplastic pro-
liferation of neutrophilic granulocytes in blood and bone marrow. Since first 
described in 1920 by Tuohy, approximately 200 cases of CNL have been reported to 
date [1, 2]. The literature includes many case reports and a handful of small case 
series. The diagnostic criteria for CNL have only been defined more recently, and it 
is unclear from the literature how many are true cases of CNL. It is likely that less 
than 40% of reported cases meet the current WHO diagnostic criteria [3, 4].

In 2013, Maxon et al. reported high frequency of oncogenic mutations in colony 
stimulating factor 3 receptor (CSF3R) in CNL [5]. These findings were supported 
by another study that reported 100% frequency of CSF3R mutation in 12 patients 
with WHO-defined CNL [6]. CSF3R mutations have been incorporated in the diag-
nostic criteria in the 2016 WHO classification of CNL [7]. Table  10.1 lists the 
updated diagnostic criteria.
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 Clinical Features

With rare exceptions, CNL is primarily a disease of elderly with most patients 
presenting in their 60s. A review of 33 published cases of CNL reported a median 
age of 62.5 years and male to female ratio of 2:1 [8]. Many patients are asymptom-
atic at the time of diagnosis. In other patients, fatigue is the most common symptom 
[9]. A small number of patients presents with weight loss, night sweats, bone pain, 
gout, or pruritus [10]. The most common and consistent finding on physical exami-
nation is splenomegaly. Hepatomegaly can be seen, but lymphadenopathy is uncom-
mon [10–12]. Some cases in the literature have reported increased incidence of 
hemorrhagic diathesis and mucosal bleeding [10, 11]. The bleeding tendency could 
result from thrombocytopenia and platelet dysfunction or from vascular wall 
infiltration by the neoplastic leukocytes [13, 14].

 Morphology

Peripheral blood shows leukocytosis with neutrophilia. The white blood cell (WBC) 
count is moderately elevated with an average of 50 × 109/L. The diagnostic leuko-
cyte count threshold in the 2008 WHO classification is ≥25 × 109/L. [2] In contrast 
to chronic myeloid leukemia (CML), leukocytosis in CNL consists of a prolifera-
tion of primarily mature neutrophilic granulocytes (Fig. 10.1). Segmented neutro-
phils and bands comprise >80% of the total WBCs [2]. Neutrophils frequently 
show toxic granulations and Döhle bodies, which suggest an activated state [15]. 
Features of dysplasia are usually absent. There are no monocytosis, basophilia, or 

Table 10.1 Diagnostic criteria for chronic neutrophilic leukemia [7]

1 Peripheral blood WBC ≥ 25 × 109/L
Segmented neutrophils plus band forms ≥80% of WBC
Neutrophil precursors (promyelocytes, myelocytes, and Metamyelocytes) <10% of WBC
Myeloblasts rarely observed
Monocytes <1 × 109/L
No dysgranulopoiesis

2 Hypercellular bone marrow
Neutrophil granulocytes increased in percentage and number
Neutrophil maturation appears normal
Myeloblasts <5% of nucleated cells

3 Not meeting WHO criteria for BCR-ABL1-positive CML, PV, ET, or PMF
4 No rearrangement of PDGFRα, PDGFRβ, FGFR1, or PCM1-JAK2

5 Presence of CSF3R T618I or other activating CSF3R mutation
or In the absence of CSF3R mutation, persistent neutrophilia (at least 3 months), 

splenomegaly, and no identifiable cause of reactive neutrophilia including absence of a 
plasma cell neoplasm or, if present, demonstration of clonality of myeloid cells by 
cytogenetic or molecular studies
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eosinophilia. Intermediate and early myeloid precursors and nucleated red blood 
cells are rare. In particular, circulating myeloblasts are almost never seen. Platelet 
count is usually normal except in late disease stages when mild thrombocytopenia 
can be seen with increasing splenomegaly and progression of disease.

The bone marrow is hypercellular with marked myeloid hyperplasia. Myeloid to 
erythroid ratio is often >20:1. There is an increase in myelocytes, metamyelocytes, 
and bands, but blasts or promyelocytes are not increased typically (Fig.  10.2). 
Erythroid precursors are relatively reduced and show normal maturation. In general, 
megakaryocytes are normal in number and morphology. Some cases may show mild 
megakaryocytic hyperplasia [2]. Significant dyspoiesis is not seen; if present, should 
prompt one to rule out atypical chronic myeloid leukemia (aCML). Reticulin fibro-
sis is not observed.

Rare cases of CNL have been reported to harbor clonal plasma cells in bone 
marrow. Bone marrow should be carefully examined for plasma cells, and appropriate 

Fig. 10.1 Peripheral blood 
smear from a patient with 
CNL showing leukocytosis 
with neutrophilia without 
left shift (Wright-Giemsa 
stain, 500×)

Fig. 10.2 Bone marrow 
trephine biopsy from a 
patient with CNL showing 
hypercellularity with 
marked myeloid 
hyperplasia. The 
erythropoiesis and 
megakaryocytes are normal 
in number and maturation 
(Hematoxylin & Eosin, 
400×)
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immunohistochemical stains should be performed while diagnosing CNL [16, 17]. 
In cases where clonal plasma cells are detected, the diagnosis of CNL should be 
supported by molecular or cytogenetic studies to prove clonality [2].

Splenomegaly is a consistent finding in CNL.  Infiltration of spleen by CNL 
primarily involves red pulp cords and sinuses. The white pulp is relatively spared 
from leukemic infiltration. The red pulp is expanded and filled with segmented 
neutrophils and precursors. Rarely megakaryocytes and erythroid precursors can be 
seen along with neutrophils [11]. Similar to spleen, involvement of liver is seen as 
infiltration of the sinuses and portal areas by neutrophils [5, 6]. Lymph node involve-
ment has been reported only rarely [12, 18].

 Cytogenetics and Molecular Findings

Many case reports and a few small series have supported the clonal nature of CNL 
based on X-inactivation partners and karyotypic abnormalities [19]. However, in 
majority of the cases, cytogenetic studies showed normal karyotype [2, 3]. One 
review series reported cytogenetic abnormalities in 37% cases of CNL [3]. The 
reported abnormalities included trisomy 8, trisomy 21, deletion 11q, and deletion 
20q [20–22]. The most frequent cytogenetic abnormality was deletion 20q. 20q 
deletions are not specific for CNL and have been reported in other myeloprolifera-
tive neoplasms (MPNs). It is possible that the reported cytogenetic abnormalities 
are secondary events in pathogenesis and represent cytogenetic evolution [23].

The major breakthrough in the pathogenesis of CNL came in 2013 when muta-
tions in the gene coding for colony stimulating factor 3 receptor (CSF3R) were 
reported in 16 of 27 patients (59%) with CNL or BCR-ABL1-negative atypical 
CML. The reported mutation frequencies were 89% in CNL cases (8/9) and 40% in 
aCML cases (8/18) [5]. These findings were supported by another study that reported 
100% frequency of CSF3R mutation in 12 patients with WHO-defined CNL [6].

The CSF3R gene maps on chromosome 1p34.3 and encodes the transmembrane 
receptor for granulocyte colony stimulating factor (G-CSF; CSF3). It is known to 
play an important role in proliferation and differentiation of granulocytes. Two 
types of mutations are found in CSF3R: the majority occurs in the extracellular 
domain (membrane proximal point mutations) and a small number occurs in the 
cytoplasmic portion of the receptor (nonsense or frameshift mutations) leading to 
truncation of the cytoplasmic domain. The most common membrane proximal 
mutations include T618I and T615A. These mutations result in ligand-independent 
activation of CSF3R that initiates downstream signaling through JAK2 [5]. The 
point mutation is usually present in isolation or can be seen along with compound 
frameshift or nonsense mutations. CSF3R mutations have not been reported in 
patients with reactive neutrophilia [5, 6]. CSF3R T618I or other activating muta-
tions in CSF3R are part of the diagnostic criteria in revised 2016 WHO classifica-
tion of hematolymphoid neoplasms [7].

Since the initial discovery of the JAK2 V617F mutation, a few cases of CNL with 
this mutation have been published [24, 25]. Despite being rare, when detected, 
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JAK2 V617F mutation indicates the clonal nature of the disease. Other mutations 
that have been reported to occur in CNL include SETBP1, calreticulin (CALR), and 
ASXL1 mutations [26–28]. In one study, SETBP1 mutations were seen along with 
CSF3R T618I mutations in 33% patients [26]. A recent study has reported SETBP1 
and ASXL1 mutations in 14 cases of CNL with mutated CSF3R. Eight cases (57%) 
showed SETBP1 mutation whereas five (38%) cases showed ASXL1 and/or SETBP1 
mutations. The presence of coexisting SETBP1 and CSF3R mutations may indicate 
a worse prognosis [26].

 Clinical Course and Disease Progression

The clinical course of the disease is variable. The survival time ranges from 6 months 
to more than 20 years [9, 22]. Unlike CML, there are no established criteria for 
progression. The disease progression is characterized by progressive neutrophilia, 
worsening splenomegaly, resistance to previously effective therapy, anemia, and 
thrombocytopenia. Transformation to acute myeloid leukemia has been reported in 
10–15% of cases [22]. A review of 40 cases of CNL reported median overall sur-
vival of 23.5 months and median time to progression to acute myeloid leukemia 
(AML) of 21 months [28]. The most frequently reported causes of death were intra-
cranial hemorrhage, progressive disease, and treatment-related toxicity from che-
motherapy or transplantation [21]. A recent study evaluated role of various factors 
for prognostication including age, LDH levels, splenomegaly, hemoglobin level, 
thrombocytopenia, total bilirubin levels, SETBP1 mutation, ASXL1 mutation, and 
“T618I versus other CSF3R mutation” in a group of 14 cases of CSF3R-mutated 
CNL. On a multivariate analysis, only ASXL1 mutation and thrombocytopenia were 
found to be independently predictive of short survival. The median survival in this 
group was 23.2 months [27]. A trend of short survival has been reported in patients 
with coexisting CSF3R and SETBP1 mutations [5]. A case of CNL has been reported 
with coexistent CSF3R and SETBP1 mutations that showed in vitro lack of response 
to JAK inhibitor [24]. A study reported transformation of two SETBP1-mutated 
cases of CNL to acute myeloid leukemia. The same study also reported evolution of 
CNL to chronic myelomonocytic leukemia (CMML) in patients with the presence 
of ASXL1 mutation and lack of SETBP1 mutation [27]. These co-operative muta-
tions likely play an important role in disease transformation.

 Conclusion

CNL is a rare myeloprolife𝛽𝛼rative neoplasm that is characterized by persistent 
neutrophilic leukocytosis in peripheral blood and bone marrow and by frequent 
hepatosplenomegaly. Oncogenic mutations in CSF3R appear to be specific driver 
events in CNL. The role of additional subclonal mutations such as CALR, JAK2, 
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SETP1, and ASXL1 is being evaluated. SETBP1 and ASXL1 are emerging as new 
prognostic indicators while awaiting more conclusive studies. Before testing for 
CSF3R mutations, one should always keep in mind that CNL is a very rare myeloid 
neoplasm. Although molecular testing of CSF3R mutations will quickly become 
available in diagnostic laboratories, other common causes of neutrophilia must be 
ruled out before considering the confirmative molecular test.

 Chronic Eosinophilic Leukemia, Not Otherwise Specified

 Introduction

Chronic eosinophilic leukemia, not otherwise specified (CEL-NOS) is defined by 
2008 WHO classification as clonal eosinophil disorder with persistent increase of 
eosinophils in blood, bone marrow, and peripheral tissues. The diagnosis requires a 
blood eosinophil count of >1.5 × 109/L plus at least one of the following two crite-
ria: increase of blasts in blood and/or bone marrow (>2% in blood, >5% in marrow) 
and evidence of clonality in eosinophils. Cases with greater than 20% blasts in 
blood or bone marrow are excluded from CEL and are diagnosed as acute myeloid 
leukemia. Evidence of clonality is demonstrated by cytogenetics or pathological 
mutations [29]. There is no major update in the 2016 WHO classification on CEL 
[7]. Table 10.2 lists the 2008 WHO diagnostic criteria of CEL.

CEL is a rare disease. There are no epidemiological reports on the incidence. 
CEL mainly occurs in adult male with a peak incidence of fourth decade. Clinical 
symptoms are associated with eosinophil-mediated organ damage, such as cardio-
myopathy, pneumonitis, dermatitis, neuropathy, and gastrointestinal (GI) inflamma-
tion. The patients typically present with nonspecific constitutional symptoms 
including fever, malaise, cough, angioedema, pruritus, muscle pain, and diarrhea. A 
small subset of patients presents with symptoms of cardiac damage with restrictive 
cardiomyopathy and congestive heart failure, and valve damage. Dislodge of car-
diac thrombi may result in emboli of end organs. CNS and peripheral neuropathies 
are also frequent. Extensive bone marrow infiltration of eosinophils often results in 

Table 10.2 Diagnostic criteria of chronic eosinophilic leukemia, not otherwise specified [29]

1 Eosinophil count ≥1.5 × 109/L
2 No Ph chromosome or BCR-ABL1 or other myeloproliferative neoplasms (PV, ET, PMF) 

or MDS/MPN (CMML or aCML)
3 No rearrangement of PDGFR𝛼, PDGFRβ, FGFR1, or PCM1-JAK2

4 No inv.(16)(p13q22) or t(16;16)(p13;q22) or other feature of diagnostic of AML
5 Blast count in peripheral blood or bone marrow <20%
6 There is a clonal cytogenetic or molecular genetic abnormality, or blasts >2% in peripheral 

blood or >5% in bone marrow
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anemia and thrombocytopenia. Liver and spleen involvement is present in 30–50% 
patients. Some patients may be asymptomatic, and the diagnoses are made by 
incidental finding [29, 30].

 Morphology

Peripheral blood eosinophilia is a consistent finding, usually greater than 
1.5 × 109/L. The eosinophils are predominantly segmented forms, and immature 
eosinophils are infrequent. Dysplasia such as hypersegmented nuclei, hypogranular 
cytoplasm, cytoplasmic vacuoles, and enlarged nuclear size are often present in 
eosinophils (Fig. 10.3). However, these features are not specific for leukemic eosin-
ophils as similar morphology can present in reactive eosinophilia. Neutrophilia may 
be present but dysplastic neutrophils are absent. Monocytosis is usually absent.

The bone marrow is hypercellular, and the dominant feature is eosinophilic infil-
trate. Maturation of eosinophils is usually orderly although left shift is not uncom-
mon. Increase of blasts may be seen, and their presence supports the diagnosis of 
CEL. If blasts are greater than 20%, then a diagnosis of acute myeloid leukemia 
with associated eosinophilia should be entertained. Neutrophilic granulocytes, 
erythrocytes, and megakaryocytes are usually normal in morphology and matura-
tion (Fig. 10.4).

Cases having similar clinical presentation of CEL but lack clonal cytogenetic 
changes or increase of blasts are classified as idiopathic hypereosinophilic  syndrome 
(HES). The 2008 WHO classification defines HES as persistent eosinophilia 
>1.5 × 109/L for greater than 6 months with no demonstrable clonal cytogenetic 
changes or increase of blasts. In addition, the diagnosis requires demonstration of 
organ damage such as cardiomyopathy, pulmonary infiltrate, and renal disease [29]. 
It is now widely accepted that HES represents a heterogeneous group that includes 

Fig. 10.3 Peripheral blood 
smear from a patient with 
CEL showing numerous 
eosinophils. The 
eosinophils are mature in 
morphology and show no 
cytological atypia 
(Wright-Giemsa stain, 
500×) (Courtesy of Dr. 
Zenggang Pan)

10 Chronic Myeloproliferative Neoplasm, Rare Types



206

patients of CEL and reactive eosinophilia. The CEL patients have mutations or 
cryptic chromosome abnormalities that are not detected by the currently available 
technology. The remaining patients have sustained eosinophilia caused by reactive 
conditions that are cytokine- driven due to hyperproliferation of T cells or other 
cytokine producing cells.

In some HES patients, increase of CD4+ T cells and clonal T-cell gene rearrange-
ment can be demonstrated in bone marrow and/or blood. These cases are known as 
“lymphoid variant of HES” (L-HES). In order to make a diagnosis of L-HES, the 
cases must meet the diagnostic criteria of HES plus additional evidence of increased 
CD3-CD4+ T cells. Clonal T-cell receptor gamma gene rearrangement can be 
detected in the majority, if not all, patients. Expansion of CD3-CD4+ T cells (also 
known as Th2 T cells) results in overproduction of interleukin 5 (IL-5) which in turn 
drives proliferation of eosinophils. Clinical manifestations related to IL-5 include 
atopic skin disorders (up to 80%), diarrhea and abdominal pain (~20%), eosino-
philic pneumonia (~20%), and rheumatologic arthralgia, arthritis, and synovitis 
(~30%). The CD3-CD4+ Th2 T cells may have variant expression of other T cell 
markers such as CD7-, CD25+, and TCRαβ-. Clonal TCR gamma gene rearrange-
ment can be detected in up to 75% of patients. The majority of the patients have no 
evidence of overt T-cell lymphoma. In rare patients, concurrent T-cell lymphoma is 
present suggesting that the abnormal T cells are lymphoma cells [31, 32].

 Cytogenetics and Molecular Findings

Various chromosome abnormalities have been described in CEL and in other 
eosinophil- associated neoplasms. Cases with recurrent translocations involving 
tyrosine kinase genes PDGFRα, PDGFRβ, FGFR1, and PCM1-JAK2 are catego-
rized separately by WHO classification to emphasize the potential therapeutic 

Fig. 10.4 Bone marrow 
trephine biopsy from a 
patient with CEL showing 
hypercellularity with 
increase of eosinophils and 
precursors (Hematoxylin & 
Eosin, 400×) (Courtesy of 
Dr. Zenggang Pan)
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options of tyrosine kinase inhibitors for these patients. These cases are excluded 
from CEL.  Chronic myeloid leukemia with BCR-ABL1, often accompanied by 
eosinophilia, can occasionally mimic CEL. The presence of BCR-ABL1 excludes 
CEL [29].

After the aforementioned entities are excluded, the neoplastic nature of CEL 
must be proved by the presence of clonality or increase of blasts. Clonality can be 
demonstrated by chromosome abnormalities, pathogenic mutations, or by an alter-
native method such as X chromosome inactivation (Humara). One must aware that 
eosinophilia is not uncommon in other bone marrow neoplasms, in which the eosin-
ophils can be either a part of neoplastic components (e.g., acute myeloid leukemia 
with inversion 16; systemic mastocytosis) or a reactive response to neoplastic stim-
uli (e.g., certain peripheral T-cell lymphomas). In these situations, the diagnoses are 
based on their primary malignancies. Due to these reasons, the presence of another 
neoplastic process must be first ruled out before a diagnosis of CEL can be made.

The majority of CEL is diagnosed based on the presence of clonal cytogenetic 
alteration. The chromosomal changes range from single karyotype abnormality to 
complex karyotypes. These changes encompass a wide variety with no specific 
recurrent chromosome types. Myelodysplastic syndrome (MDS)-associated chro-
mosome changes such as trisomy 8 and deletion 5q are also seen as isolated abnor-
malities in CEL [33, 34]. Isochromosome 17p, most frequently found in accelerated 
and blast phases of chronic myeloid leukemia, has been reported as sole abnormal-
ity in CEL [35, 36]. Approximately 25% CEL have a complex karyotype [37].

Large-scale sequencing has been recently applied to CEL and HES, and recur-
rent mutations were found in both categories. Pathological mutations were detected 
in up to 50% of CEL and 30% of HES. The most frequent mutations were found in 
ASXL1 (43%), TET2 (36%), EZH2 (29%), and genes involved in DNA methylation 
and chromatin modification. Other frequently mutated genes included SETBP1, 
CBL, NOTCH1, and spliceosome genes [37]. Contradictory results were reported on 
KIT mutations in CEL and HES.  Some studies reported high frequency of KIT 
mutations, whereas others found no KIT mutations [37, 38]. It is possible that the 
cases with eosinophilia and KIT D816V mutations are not true CEL but rather sys-
temic mastocytosis with eosinophilia. Rare cases with JAK2 mutations were 
reported in CEL/HES.  Likewise, it is uncertain whether these cases are CEL or 
other MPN with increased eosinophils [39, 40]. NRAS mutations were reported in 
rare cases [41].

Methylation studies have identified considerable differences in methylation pat-
terns between HES and reactive eosinophilia. HES patients have shown frequent 
hypomethylation signature, whereas patients with reactive eosinophilia are 
 constitutively hypermethylated. These methylation alterations were seen in a 128 
relevant gene signatures, with the highest numbers of methylation abnormalities 
seen in Mir886, GSTM5, TNXB, ZADH2, LGR6, HLA-C, HLA-DRB1, S100A13, 
and HIVEP3. These genes involve various functional pathways in tumorigenesis 
such as cancer, cell death and survival, hematologic diseases, and inflammatory 
response [42].
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In female patients, clonality can be assessed by X-inactivation analysis of human 
androgen receptor gene (HUMARA). This assay detects polymorphisms of trinu-
cleotide repeats adjacent to differential methylation sites in human androgen recep-
tor genes in X chromosome. Due to high levels of polymorphism, amplification of 
this region using methylation-specific polymerase chain reaction (PCR) can deter-
mine tumor of paternal or maternal origin (monoclonal) or both (polyclonal). There 
are several limitations in this method. (1) The method can be only used in females. 
(2) The method is less informative in hematologic malignancies as compared with 
solid tumor due to highly skewed X-inactivation in hematologic cells. (3) The result 
is affected by reactive cell components within the tumor. (4) The assay requires 
normal control sample from the same patient. Due to these limitations, HUMARA 
assay has lost favor in assessing clonality in hematologic malignancies [43].

 Prognosis and Therapy

CEL is a clinically aggressive disease with poor prognosis. A recent study showed 
median survival of 22 months and acute transformation developed in half of the 
patients within 3 years. Median survival from acute transformation to death was 
2 months [44]. Hydroxyurea, combination chemotherapy, and stem cell transplanta-
tion are used to treat aggressive CEL with variable outcomes. Rare patients that 
have KIT M541  L mutations have shown good response to Imatinib [45]. 
Corticosteroid is effective in control of organ damage and is the first-line treatment 
for HES.  The asymptomatic patients are usually managed by “watch and wait” 
approach with close follow-up [46].

 Conclusions

Although CEL and HES are rare clinical syndromes, it is important to distinguish 
them from reactive eosinophilia due to their severe clinical consequences. Recent 
studies have shown that recurrent oncogenic mutations are present in a subset of 
CEL and HES. Higher frequencies of mutations are found in genes involving DNA 
methylation and chromatin modification. The finding of similar pathological muta-
tions in CEL and HES suggests that a subset of HES is more closely resemble 
CEL. These patients are older in age, more likely to have abnormal eosinophil mor-
phology, and have shorter overall survival. On the other hand, the HES mutation-
negative patients are younger in age and are more frequently associated with 
symptoms of eosinophil activation such as GI, pulmonary, skin, and rheumatoid 
manifestations. These findings suggest that the subset of mutation-positive HES 
may represent clonal neoplastic process similar to CEL. Due to the limited targets 
in most of the currently performed next generation sequencing panels, mutations 
involving targets outside of the panels are not investigated. Large-scale sequencing 
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such as whole-exon sequencing may help us to further understand the pathogenesis 
and to better classify CEL and HES. It is anticipated that as the new pathological 
mutations been discovered in HES, some patients who are currently been classified 
as HES will be reclassified as CEL.
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Chapter 11
Atypical Chronic Myeloid Leukemia,  
BCR/ABL1 Negative

Katherine Boothe Levinson and Adam Bagg

 Introduction

Atypical chronic myeloid leukemia (aCML) is a neoplasm of hematopoietic stem 
cells characterized by overlapping myelodysplastic and myeloproliferative features 
at the time of diagnosis, and is hence classified under the myelodysplastic/myelo-
proliferative (MDS/MPN) disease category. The hallmark of this uncommon disor-
der is an overabundance of dysplastic mature granulocytic cells and their immature 
precursors, found in both the peripheral blood and bone marrow. To date, the spe-
cific causative molecular mechanisms underlying this enigmatic entity remain elu-
sive, and there is no single genetic feature that defines the disease. Initially, studies 
investigating the biological underpinnings of aCML were limited by both technol-
ogy and a lack of consensus criteria for diagnosing the disorder. The formalized 
diagnostic requirements for aCML, originally described in the 2001 World Health 
Organization (WHO) classification and later refined in 2008 and 2016, set the stage 
for an explosion of SNP array and next generation sequencing research in recent 
years. These efforts have identified numerous novel, recurrent somatic mutations 
seen in association with aCML as well as numerous other myeloid malignancies [1]. 
While none of these mutations is specific to aCML, alterations in certain genes, 
particularly SETBP1 and ETNK1, appear to occur more frequently in aCML than in 
other myelodysplastic syndromes (MDS), myeloproliferative neoplasms (MPN), 
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and MDS/MPN.  These findings are of critical importance due to their potential 
diagnostic, prognostic, and therapeutic implications for patients with aCML, which, 
at present, has few effective treatment options and a dismal overall prognosis.

 Epidemiology

Atypical CML is one of the rarest myeloid neoplasms. For many years, it was pos-
tulated that there were only one to two cases of aCML (by definition t(9;22)/BCR- 
ABL1- negative) for every 100 cases of “typical” CML (by definition t(9;22)/
BCR-ABL1-positive) [2]. A recent review of United States cancer registry data col-
lected between 2001 and 2012 confirmed that aCML is indeed quite rare, with an 
incidence of 0.1 cases per one million person-years [3]. Atypical CML is somewhat 
more common in males, with an approximate male-to-female ratio of 1.5:1. 
Although its occurrence has been documented in patients of many ages, including 
rare cases in the pediatric population [4, 5], aCML is most commonly diagnosed in 
the sixth or seventh decades of life. Cases of aCML have been observed in individu-
als from many different racial/ethnic backgrounds, although recent data suggest that 
the disease is much more common in patients who identify as white than in patients 
who identify as Hispanic, black, or Asian/Pacific Islander [3].

 Clinical Features

There is a paucity of published information regarding the clinical presentation of 
aCML. Based on the limited data available, the most common signs and symp-
toms of aCML are B-symptoms (fevers, night sweats, weight loss), occurring in 
38% of patients [6], and hepato- or splenomegaly, sometimes with associated 
early satiety and abdominal pain, occurring in 44–75% of patients [2, 6, 7]. 
Patients with aCML can present with variable abnormalities in hemoglobin and 
platelet counts. Atypical CML case series have reported median hemoglobin con-
centrations ranging from 9.4 to 11.7 g/dL and median platelet counts ranging from 
87 to 319 × 109 cells/L at the time of diagnosis [2, 5–9]. If cytopenias are severe 
enough, aCML patients may present with related clinical findings, including dys-
pnea on exertion and fatigue from anemia, as well as bleeding and bruising from 
thrombocytopenia. While aCML patients by definition produce an excessive num-
ber of leukocytes, they appear to have a predisposition to develop recurrent infec-
tions, presumably a consequence of the cells’ qualitative dysfunction. A single 
case series showed that by the time patients were diagnosed with aCML, 30% had 
experienced infection, 38% had experienced hemorrhage, and 65% had developed 
a transfusion requirement [2].
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 Morphology and Immunophenotype

The diagnosis of aCML relies on a combination of morphologic features seen in the 
peripheral blood and bone marrow, which have been outlined by the WHO (see 
Table  11.1) [10, 11]. A summary of the findings that help distinguish aCML from 
chronic myelomonocytic leukemia (CMML) and chronic neutrophilic leukemia (CNL), 
two entities commonly in the differential diagnosis of aCML, is presented in Table 11.2.

 Peripheral Blood Morphology

Examination of the peripheral blood smear can reveal many features required for 
the diagnosis of aCML. An essential peripheral blood finding is the presence of a 
persistent granulocytic leukocytosis in excess of 13 × 109 cells/L [12]. The median 
white blood cell count reported in aCML case series varies widely, ranging from 
23.7 to 152 × 109 cells/L [2, 5–9, 12]. The leukocytosis of aCML is left-shifted, with 
immature precursors, including metamyelocytes, myelocytes, and promyelocytes, 
accounting for at least 10% of the total white blood cell differential count (Fig. 11.1). 
Dysgranulopoiesis should be present, although no numeric cutoff for percentage of 
dysplastic cells or rigorous dysplasia grading system have been formally estab-
lished. Features of granulocytic dysplasia may include unusually small or large cell 

Table 11.1 Summary of the 2016 WHO diagnostic criteria for atypical chronic myeloid leukemia

Peripheral blood:
  Neutrophilic leukocytosis >13 × 109 cells/L
  Myeloid precursors (promyelocytes, myelocytes, metamyelocytes) ≥10% of leukocytes
  Dysgranulopoiesis
  Monocytes <10% of leukocytes with no or minimal absolute monocytosis
  Basophils usually <2% of leukocytes with no or minimal absolute basophilia
  Blasts <20% of leukocytes
Bone marrow:
  Hypercellular with granulocytic expansion
  Dysgranulopoiesis with or without erythroid and megakaryocytic dysplasia
  Blasts <20% of nucleated cells
Genetic:
  No Philadelphia chromosome or BCR-ABL1 fusion gene
  No rearrangement of PDGFRA, PDGFRB, or FGFR1

  No PCM1-JAK2 fusion gene

Data from Swerdlow et al. 2008 and Arber et al. 2016 [10, 11]
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size, exaggerated chromatin clumping, abnormalities in nuclear segmentation 
(including hypolobation, pseudo Pelger-Huet cell formation, and irregular hyper-
segmentation), and abnormalities in granulation (including hypogranularity, agran-
ularity, or enlarged, pseudo Chediak-Higashi granules) (Fig. 11.2) [11]. An accurate 
diagnosis of aCML hinges on the absence of certain additional findings. Basophils 
and monocytes should account for <2% and <10% of peripheral white blood cells, 
respectively. Blasts typically account for <5% of peripheral blood leukocytes and 
should never exceed 20% of the total.

Table 11.2 Comparative summary of 2016 WHO morphologic criteria for atypical chronic 
myeloid leukemia (aCML), chronic neutrophilic leukemia (CNL), and chronic myelomonocytic 
leukemia (CMML) in the peripheral blood (PB) and bone marrow (BM)

aCML CNL CMML

WBC >13 × 109 cells/L ≥25 × 109 
cells/L

NA

% Immature granulocytes PB >10% <10% NA
% Monocytes PB <10% NA ≥10%
Absolute monocytes PB Normal to mildly 

increased
<1 × 109 cells/L ≥1 × 109 cells/L

% Blasts PB <20% Rarely observed <20%
% Blasts BM <20% <5% <20%
Granulocytic dysplasia + − ±
Other hematopoietic dysplasia ± − ±

Adapted from Arber et al. (2016) [10]

Fig. 11.1 High-power 
view of atypical CML 
peripheral blood smear 
with dysplastic neutrophils 
(arrows) and immature 
precursors (arrowheads). 
Wright-Giemsa, 100×
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 Bone Marrow Morphology

An aCML bone marrow biopsy should be hypercellular, with mature granulocytic 
cells and precursors comprising the majority of the cellularity (Fig. 11.3). Typically, 
the myeloid to erythroid ratio is in excess of 10:1 [11]. The overall number of mega-
karyocytes can be decreased, normal, or increased [11]. Similar to the peripheral 
blood, dysplasia should be present in the granulocytic lineage (Fig. 11.4). Median 
frequencies of erythroid dysplasia seen in aCML have varied substantially, ranging 
from 12 to 91% [2, 5, 7, 8]. Dysmegakaryopoiesis is slightly more common, with 
median reported frequencies ranging from 44 to 90% [2, 5, 7, 8]. The dysplastic 
megakaryocytes seen in aCML may have features typical of MDS, such as small 
cell size, abnormal nuclear lobation, or nuclear hypolobation; features typical of 
MPN, such as large cell size, nuclear hypersegmentation, and clustering; or features 
that fall somewhere in between (Fig. 11.5) [7]. A single, recent study found that 
among 61 patients with aCML, 54% had MDS-like megakaryocytes, 26% had 
MPN-like megakaryocytes, and 8% had mixed MDS/MPN-like megakaryocytes 
[7]. Reticulin fibrosis is uncommon in aCML, but may be seen in occasional cases, 
with a frequency of 18% reported in one case series [2]. The bone marrow blast 
count is usually <5% [2, 5, 7] and must be <20%. In addition, blasts should not form 
visible sheets or clusters [11].

 Immunophenotype and Cytochemistry

There are no specific data regarding the immunophenotype of aCML.  However, 
immunophenotyping of peripheral blood and bone marrow for CD14, CD68R, and/or 
CD163 may facilitate monocyte quantification in cases where both aCML and CMML 
are in the differential diagnosis [11]. It should be noted that immunophenotyping, 

Fig. 11.2 High power view of dysplastic peripheral blood neutrophils in atypical CML. Pseudo 
Pelger Huet morphology (left panel); nuclear hyperlobation and cytoplasmic hypogranulation 
(central panel); and nuclear hypolobation and cytoplasmic hypogranulation (right panel). Wright- 
Giemsa, 100×
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Fig. 11.4 High-power 
view of atypical CML 
bone marrow aspirate 
smear with dysplastic 
granulocytic cells. 
Wright-Giemsa, 100×

Fig. 11.5 High power 
view of bone marrow core 
biopsy of atypical CML 
showing abnormal 
megakaryocytes with both 
myelodysplastic and 
myeloproliferative 
features. Hematoxylin and 
eosin 40×

Fig. 11.3 Low power view 
of a bone marrow core 
biopsy of atypical 
CML. The biopsy is 
notable for hypercellularity 
and a markedly increased 
myeloid to erythroid ratio. 
Hematoxylin and eosin 
10×

K.B. Levinson and A. Bagg



219

even in this limited capacity, is not without challenges. Flow cytometric and 
immunohistochemical evaluation of monocytes may be impacted by alterations of 
antigen expression, including CD14, in immature and neoplastic populations [13, 
14]. While such aberrancies may be helpful in the qualitative identification of 
abnormal monocytic populations, they can also limit precise enumeration by both 
flow cytometry and immunohistochemistry. In addition, it has been shown that 
staining of bone marrow core biopsies for CD68R and CD163 could not reliably 
distinguish between aCML and CMML in one small study [15]. For these reasons, 
cytochemical staining for nonspecific esterase is still advocated in addition to flow 
cytometry and immunohistochemistry as the most reliable means of identifying 
neoplastic monocytic populations [11, 13, 16].

There are other immunohistochemical findings in bone marrow core biopsies 
that can serve as a useful alternative to counting monocytes when attempting to 
distinguish aCML from CMML. For example, immunohistochemical staining for 
CD123 can be used to identify plasmacytoid dendritic cell nodules on bone marrow 
core biopsies, which are a specific (although somewhat insensitive) finding that 
favors a diagnosis of CMML [15].

 Cytogenetics and Molecular Findings

 Cytogenetics

There is no single cytogenetic feature that can confirm or establish a diagnosis of 
aCML. Although the Philadelphia chromosome is by definition absent in all cases 
of aCML, other nonspecific karyotypic abnormalities are quite common, having 
been reported in 20–88% of patients carrying the diagnosis [2, 5–8]. Studies have 
shown that there are some recurrent cytogenetic findings in aCML patients, many of 
which are also observed in MDS and CMML [11]. The most common aberrations 
in aCML, observed across six case series, are trisomy 8 and deletions of the long 
arm of chromosome 20 [2, 5–8, 12]. The next most common cytogenetic abnormali-
ties noted in those studies were alterations in chromosome 7 (either monosomy or 
deletion of the long arm) and the presence of isochromosome 17q. Additional 
abnormalities of chromosomes 5, 11, 12, 13, 14, 17, 19, 21, and X were identified 
at lower frequencies. While complex karyotypes and multiple-anomaly karyotypes 
are relatively frequent findings in aCML, balanced translocations are quite rare.

 Molecular

Scientific understanding of aCML’s molecular underpinnings remains in its infancy. 
Until recently, aCML’s only defining molecular features were the absence of key 
genetic findings diagnostic of other similar neoplasms, specifically the BCR-ABL1 
fusion seen in CML and the PDGFRA, PDGFRB, FGFR1, and, most recently, 
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PCM1-JAK2 fusions seen in myeloid and lymphoid neoplasms associated with 
eosinophilia [10]. Over the past several years, aCML has transitioned from a disease 
defined by the mutations it lacks into a disease with a few signature molecular 
alterations. Recent genetic sequencing studies have revealed that two genes, 
SETBP1 and ETNK1, are recurrently mutated in aCML. Because mutations in these 
genes are considered relatively specific for aCML, they will be the primary focus of 
this section. There are, however, multiple additional, nonspecific genetic alterations 
seen in aCML which recur across the spectrum of myeloid neoplasms; these will be 
summarized here and discussed elsewhere. The relative frequencies of the various 
mutations seen in aCML and other closely related disorders are summarized in 
Table 11.3.

Table 11.3 Frequencies of gene mutations as seen in atypical chronic myeloid leukemia (aCML) 
and other morphologically similar diagnostic entities, including chronic myelomonocytic leukemia 
(CMML), myelodysplastic/myeloproliferative neoplasm  – unclassifiable (MDS/MPN-U), and 
chronic neutrophilic leukemia (CNL)

aCML CMML MDS/MPN-U CNL

SETBP1 24–33% 4–15% 10% 14–55%a

ETNK1 9% 3–14% 0% 0%
CSF3R <10%b 0–1% 0% 43–100%
Cell Signaling
N/KRAS 0–40% 4–57% 10–14% NR
CBL 7–12% 10–21% >10% 0%
JAK2 0–7% 0–13% 0–19% 0%
FLT3 0–7% 0–3% 3% NR
CALR 0–4% 3% 0% 0–8%
MPL 0–2% <1% 0% 0%
Transcription Regulation
CEBPA 5–12% 4–20% 0–4% NR
RUNX1 2% 9–37% 14% NR
RNA Splicing
SRSF2 40% 36–51% NR 21%
U2AF1 13% 5–15% NR NR
Epigenetic Regulation
ASXL1 20–66% 27–49% NR 57%
TET2 25–41% 36–61% 29–30% 29%
EZH2 13–20% 6–13% 10% NR
IDH1/2 0–5% 1–10% 0–10% NR

NR not reported
Sequencing methodologies and extent of gene analyzed were heterogeneous across different stud-
ies. The categories denoted with a “/” (N/KRAS and IDH1/2) each feature two closely related genes 
which were sometimes reported individually and sometimes reported as an aggregate
aPercentages are from small studies and may not reflect the true mutational frequency in the desig-
nated patient population
bAverage percentage across majority of available studies, although initial research reported muta-
tional frequencies of up to 44%

K.B. Levinson and A. Bagg



221

 SETBP1

The gene SET binding protein 1 (SETBP1) is located on chromosome 18q21.1, 
encodes a protein of the same name which contains 1596 amino acids (NCBI refer-
ence sequence NP_056374.2), and is predominantly located in the nucleus [17]. The 
structure of the SETBP1 protein has not been fully elucidated, but its known struc-
tural components are depicted in Fig. 11.6. Although its biological function is still 
under investigation, SETBP1 has been proposed to influence cell proliferation by 
inhibiting the known tumor suppressor phosphatase 2A (PP2A) via interactions 
with its substrate SET [17–20], by regulating the expression of cell differentiation 
homeobox genes, homeobox A9 (Hoxa9) and homeobox A10 (Hoxa10) [21], and, 
possibly, by modulating Ski/Ski homodimer and/or Ski/SnoN heterodimer forma-
tion via its SKI homologous domain [17].

SETBP1 became relevant to aCML when multiple publications showed evidence 
of recurrent SETBP1 mutations in up to 33% of patients with the disease [22–25]. 
Mutations in SETBP1 were also identified in patients with CMML and myelodys-
plastic/myeloproliferative neoplasm, unclassifiable (MDS/MPN-U), but they 
occurred at lower rates than in aCML, at frequencies of 4–15% [23–29] and 10% 
[25], respectively. A handful of SETBP1 mutations were also identified in 1 of 4 
[25], 2 of 14 [23], 5 of 13 [30], 5 of 9 [31], and 4 of 12 [29] patients with CNL, 
although the small number of cases examined in these studies makes it difficult to 
know the true mutation frequency in CNL. While the initial study found no evi-
dence of SETBP1 mutations in hundreds of other hematologic and nonhematologic 
malignancies [25], subsequent studies showed that they can be seen with some 
 frequency in secondary AML (2–17%) and less commonly in cases of MPN (0–3%), 
MDS (2–4%), and primary AML (0–< 1%) [24, 26, 28, 32].

The initial study reporting SETBP1 alterations in aCML patients showed that the 
SETBP1 mutations were all heterozygous missense mutations occurring almost exclu-
sively in the protein’s SKI-homologous region [25]. Six of the mutations seen in the 
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Fig. 11.6 Schematic representation of SETBP1 protein. The primary protein isoform consists of 
1596 amino acids and contains three AT hook domains (green), a SKI homologous domain (SKI 
HR, orange), SET binding domain (SET B, blue), and repeat domain (RPTD, pink). The mutations 
specifically associated with aCML are listed, and those confirmed to be somatic are in bold 
(Adapted from Piazza 2012 [33])
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aCML patients were confirmed to be somatically acquired by tandem analysis of 
 constitutive DNA [25]. The mutational hotspot included 16 amino acid residues in 
positions 858–874 [24, 25]. Comparative RNA analysis between SETBP1 wild type 
and SETBP1 mutated aCML cases revealed 14 differentially expressed genes belong-
ing to the group transcriptionally controlled by TGF-β, a finding which was highly 
statistically significant [25]. Because of the known associations between SKI and 
TGF-β signaling [33], these findings suggested one potential mechanism by which 
mutations in SETBP1’s SKI homologous domain could induce oncogenesis in 
aCML. It was also noted that a portion of the SETBP1 mutational hotspot (amino acids 
868–873) encodes a virtually perfect binding site for β-TrCP1, the substrate recogni-
tion subunit of the protein-degrading E3 ubiquitin ligase [25]. Additional experiments 
not only confirmed that the mutated versions of SETBP1 seen in aCML are resistant 
to degradation, but also demonstrated that cells expressing mutant SETBP1 have sig-
nificantly lower levels of PP2A activity and significantly increased proliferation rates 
compared to wild type controls [25], suggesting a second mechanism by which muta-
tions in SETBP1 could induce oncogenesis in aCML.

There are only limited data connecting SETBP1 mutations to clinical features, 
cytogenetic findings, and other mutations specifically in aCML. The seminal study 
of SETBP1 mutations in aCML revealed that the only clinical variable significantly 
associated with SETBP1 mutations was a higher white blood cell count at diagnosis, 
with a median of 81 × 109 cells/L in the SETBP1 mutated group compared to a 
median of 38.5 × 109 cells/L in those with wild type SETBP1 [25]. One subsequent 
study found that aCML patients with SETBP1 mutations had significantly higher 
hemoglobin concentrations than those with wild type SETBP1 [23], a finding which 
was not seen in the initial study [25]. There is currently no aCML-specific informa-
tion regarding associations between SETBP1 mutations and cytogenetic alterations, 
although studies of other myeloid neoplasms have shown significant correlations 
between SETBP1 mutations and several cytogenetic anomalies that are frequently 
seen in aCML, including i(17)(q10), monosomy 7, and del(7q) [24, 28] . Several 
studies of patients with aCML have noted preliminary associations between SETBP1 
mutations and alterations in other genes that are commonly mutated across the 
broad spectrum of myeloid neoplasms. The only statistically significant association 
observed has been between SETBP1 mutations and SRSF2 mutations [23]. Multiple 
other genes have been reportedly mutated in tandem with SETBP1 in aCML, includ-
ing CBL [24, 25], ASXL1 [22, 24, 25], EZH2 [25], N/KRAS [22, 25], TET2 [25], 
ETNK1 [22], and CSF3R [31]. These findings, however, were either not statistically 
significant or were only anecdotal. Additional, larger studies will be needed to 
firmly establish these associations and to expand our understanding of how SETBP1 
mutations interact with other concurrent molecular alterations to produce the unique 
aCML disease phenotype.

Although they can be found in multiple different myeloid neoplasms, and while 
they are not evident in the majority of aCMLs, the current data suggest that SETBP1 
mutations are one of the most promising molecular markers in the diagnosis and 
pathogenesis of aCML.  Preliminary research has suggested multiple potential 
mechanisms by which mutations in SETBP1 can induce neoplastic transformation 
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in hematopoietic cells. More investigation is needed to further our understanding of 
the precise molecular mechanisms by which SETBP1 mutations contribute specifi-
cally to the development of aCML.

 ETNK1

The gene ethanolamine kinase 1 (ETNK1, also known as EKI1) is located on chro-
mosome 12p12.1 and encodes a 452 amino acid protein called ETNK1 [34]. Little 
is known about the structure of the protein, which is depicted in Fig. 11.7. ETNK1 
is responsible for facilitating the ATP-dependent phosphorylation of ethanolamine 
(Etn) to produce phosphoethanolamine (P-Etn). The conversion of Etn to P-Etn is 
the first step in a biochemical chain of events known as the CDP-ethanolamine path-
way (also known as the Kennedy pathway), which ultimately results in the produc-
tion of phosphatidylethanolamine (PE) [35]. PE is the second most abundant 
phospholipid in mammalian cells, and is involved in many essential cellular pro-
cesses, including cell division and membrane protein orientation [35]. These func-
tions are, of course, quite nonspecific. Although mechanisms linking them to 
neoplasia could be postulated, further research is needed to link PE and ETNK1 to 
oncogenesis at the molecular level.

The only study examining ETNK1 mutations in aCML performed whole exome 
and transcriptome sequencing on 15 patients with aCML, and identified two 
somatic, heterozygous missense mutations in ETNK1 that altered two adjacent 
amino acid residues, H243Y and N244S [22]. In that same study, targeted sequenc-
ing of numerous additional clonal hematologic disorders revealed ETNK1 muta-
tions in 4 of 53 additional cases of aCML, bringing the overall ETNK1 mutation 
frequency in aCML to 9% (6 of 68 cases). Although ETNK1 mutations were also 
identified in 2 of 77 (3%) cases of CMML, they were not seen in MDS/MPN-U 
(n = 10), CNL (n = 1), other hematologic neoplasms, solid tumors, cancer cell lines, 
or healthy controls [22]. The additional six mutations were all heterozygous N244S 
mutations, bringing the overall mutation counts to one H243Y variant and seven 
N244S variants [22]. Review of the ETNK1 structure revealed that the mutations 
were clustering in the region encoding the protein’s highly conserved kinase domain 
[22]. Follow up experiments on seven aCML primary samples indicated that ETNK1 
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Fig. 11.7 Schematic representation of ETNK1 protein. The primary protein isoform consists of 
452 amino acids, with a protein kinase-like domain spanning amino acids 100–444 (blue). The 
mutations specifically associated with aCML are listed (Adapted from Gambacorti-Passerini 2015 
and Lasho 2015 [30, 42])
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mutations significantly lowered intracellular levels of P-Etn relative to wild type 
controls, and that transduction of myeloid cell lines with wild type and mutant 
forms of ETNK1 produced similar results [22]. These findings suggest that muta-
tions in ETNK1 interfere with the function of the ETNK1 enzyme, but until more 
research is performed, it remains unknown how diminished ETNK1 activity con-
tributes to oncogenesis.

At present, there are no data available regarding the clinical characteristics and 
cytogenetic findings associated with ETNK1 mutations in aCML or in any other 
hematologic neoplasm. Very limited data suggest that concurrent ETNK1 and 
SETBP1 mutations may be seen in aCML [22], although how these mutations may 
interact and contribute to oncogenesis has not been explored. Another important con-
sideration is that, although the breakthrough study suggested that ETNK1 mutations 
were highly specific for aCML, an additional study reported ETNK1 mutations in 4 
of 29 (14%) cases of CMML, which would make the mutational frequency in CMML 
higher than that reported in aCML [36]. In addition, ETNK1 mutations were seen in 
5 of 82 (6%) cases of systemic mastocytosis (SM) and in 1 of 137 (<1%) cases of 
“idiopathic hypereosinophilia” [36]. All of these findings suggest that alterations in 
ETNK1 may not be as unique to aCML as previously thought. Larger-scale studies 
are needed to clarify the relative incidences of ETNK1 mutations in aCML, CMML, 
SM, and “idiopathic hypereosinophilia” so that we may better understand their utility 
in classifying these related disorders.

 CSF3R

CSF3R (granulocyte colony-stimulating factor 3 receptor, also known as GCSFR) 
encodes the trans-membrane cell surface receptor for granulocyte-colony stimulat-
ing factor (G-CSF, also known as CSF3), which has long been known to promote the 
proliferation and differentiation of granulocytic cells via its interaction with CSF3R 
[37]. Given the essential role that CSF3R plays in granulocytic cell growth and mat-
uration, it is not surprising that CSF3R mutations would be seen in neoplasms char-
acterized by aberrations in the myeloid lineage, including aCML and CNL. Although 
initially reported in 40–44% of patients with aCML [31, 38], CSF3R mutations are 
now considered rare in aCML, occurring in fewer than 10% of cases [7, 22, 23, 29]. 
The CSF3R mutations seen in aCML generally fall into one of two main categories: 
either missense mutations occurring predominantly in the membrane proximal 
domain or truncating mutations occurring in the cytoplasmic domain [38]. 
Occasionally, both mutation types occur simultaneously [38]. Follow-up experi-
ments have demonstrated that both mutation subtypes can induce cell line transfor-
mation in  vitro [38]. Although CSF3R mutations are occasionally identified in 
aCML, they are substantially more common in CNL, occurring in 43–4100% of 
cases [23, 30, 31, 38, 29]. Consequently, the 2016 WHO classification of myeloid 
neoplasms lists CSF3R mutations among the diagnostic criteria for CNL and notes 
that the detection of CSF3R mutations in potential cases of aCML should prompt 
efforts to exclude an alternative diagnosis of CNL or other myeloid neoplasm [10].
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 Other Molecular Findings in aCML

Many of the other mutations seen in aCML are not disease specific, but rather, are 
seen across a wide spectrum of myeloid neoplasms, including CMML, MDS/MPN- 
U, and CNL. These mutations, summarized in Table 11.3, occur in genes involved 
with cell signaling, such as N/KRAS [1, 7, 8, 22, 25, 39–41], CBL [1, 23–25, 41–43], 
JAK2 [1, 7, 23, 29–31, 39, 41, 42, 44], FLT3 [1, 7, 39, 45], CALR [7, 23, 30, 46], 
and MPL [7, 23], transcription regulation, such as CEBPA [1, 7, 25] and RUNX1 [1, 
25, 41], RNA-splicing, such as SRSF2 [1, 23] and U2AF1 [1, 22], and epigenetic 
regulation, such as ASXL1 [1, 22–25, 30, 41], TET2 [1, 23–25, 41, 42], EZH2 [1, 22, 
25, 41, 47], and IDH1/2 [1, 7, 25, 41]. The mechanisms by which these various 
genes promote cellular proliferation and oncogenesis are quite diverse and beyond 
the scope of this chapter. Because none of these mutated genes is particularly unique 
to aCML, finding alterations in them is of little value diagnostically. However, 
mutations in these genes should not be overlooked, as they may have prognostic and 
therapeutic implications for aCML patients, which will be discussed in the next sec-
tion. In addition, observations regarding which mutations tend to co-occur and 
which ones are mutually exclusive will hopefully shed light on the molecular patho-
genesis of aCML and other myeloid neoplasms.

 Therapy and Prognosis

Presently, aCML has a fairly dismal prognosis, with a median survival ranging from 
12.4 to 36 months across several case series [2, 5–8]. The most robust risk factor 
associated with shorter overall survival in aCML is leukocytosis in excess of 
50 × 109 cells/L, documented in two separate case series [2, 7]. A few other features, 
including older age (>65 years) [2], female sex [2], and higher numbers of circulat-
ing immature precursors [7], have also been associated with shorter overall survival, 
but these were noted only in single case series.

The only molecular marker that has been associated with prognosis specifically 
in aCML is the presence of mutated SETBP1, however, the studies examining this 
relationship have shown inconclusive results [24, 25]. While one study showed that 
SETBP1 mutations were significantly associated with worse prognosis in aCML, 
with a median survival of 22 months compared to 77 months in nonmutated patients 
(median follow up not specified) [25], a second study found that aCML patients 
with SETBP1 mutations had an overall survival of 32.9  months, compared to 
15.6 months in nonmutated aCML patients (median follow up 17.1 months) [24]; 
importantly, the latter finding did not reach statistical significance. The fact that 
there have been significant associations between SETBP1 mutations and other 
adverse prognostic factors such as increased white blood cell count [25], supports 
the notion that SETBP1 mutations are markers of poor prognosis in aCML, although 
more studies are needed to confirm this finding.
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In addition to having a poor overall prognosis, patients with aCML have a 
substantial risk of transforming into acute leukemia, with an absolute progression 
risk of 13–40% [2, 6, 7] and a median time to leukemic transformation of 11.2–
18 months [2, 7]. Many clinical and laboratory parameters have been associated 
with the risk of transformation in aCML, including transfusional requirement, 
palpable hepatosplenomegaly, higher white blood cell count, higher percentage 
circulating myeloid precursors, percentage monocytes of 3–8% with an absolute 
monocyte count <1 × 109 cells/L, >5% bone marrow blasts, marked dyserythro-
poiesis, and karyotypic changes [2, 7].

There is no current gold standard for managing patients with aCML. Many dif-
ferent treatment modalities are utilized in aCML, including hydroxyurea, immuno-
modulators, hypomethylating agents, histone deacetylase inhibitors, traditional 
chemotherapy, and hematopoietic stem cell transplantation (HSCT) [2, 5–7]. While 
there are rare case series demonstrating these therapies can be beneficial in aCML 
[6, 48], the data regarding the efficacy of these treatments and their impact on 
patient survival are quite limited. The most evidence-based therapeutic strategy in 
aCML is HSCT, and even this approach is only supported by a few small studies, 
which followed an aggregate total of 18 patients over median follow up periods of 
22–97.6  months [49–51]. Across these three studies, two patients relapsed, six 
patients died, nine developed acute graft versus host disease, and 15 developed 
chronic graft versus host disease. These aggregate data seem to suggest that HSCT 
is a viable treatment option for aCML, but the morbidity and mortality associated 
with the procedure highlights a need for additional therapeutic options.

The advent of molecular diagnostics in aCML has introduced the possibility of 
targeted, lower-toxicity treatment options for patients with certain disease- associated 
mutations. At present, most of the data regarding these treatments are limited to sin-
gle case reports. For example, one group showed that transformed cells expressing an 
oncogenic SPTBN1-FLT3 fusion protein derived from an aCML patient exhibited 
dose-dependent growth inhibition by three different FLT3 inhibitors [45]. Another 
study showed that an aCML patient with a heterozygous NRAS mutation had improve-
ments in cell counts, normalization of liver and kidney function tests, and increased 
energy levels after receiving off-label trametinib, an FDA-approved MEK1/2 inhibi-
tor [52]. There is a somewhat more substantial body of evidence supporting muta-
tion-targeted treatment in aCML patients harboring CSF3R mutations. Although 
CSF3R mutations are not as prevalent in aCML as initially posited,  studies have 
suggested that drugs targeting downstream effectors of CSF3R may be helpful thera-
peutic options for patients expressing mutant forms of the protein. In vitro experi-
ments with CSF3R-mutated patient samples, cell lines, and murine bone marrow 
cells have demonstrated that cells with membrane proximal mutations like T618I are 
sensitive to JAK inhibitors and that cells with cytoplasmic tail truncating mutations 
like S783fs are sensitive to the SRC (and ABL1) inhibitor dasatinib [38]. There are 
multiple case reports showing that patients and mice with CSF3R T618I- mutated 
neoplasms respond to ruxolitinib therapy [4, 38, 53, 54]. The magnitude of response 
to treatment has varied from case to case, ranging from isolated reduction in white 
blood cell count [4] to complete normalization of peripheral blood counts with fewer 
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circulating granulocytes, improved neutrophil granulation, improvements in bone 
marrow morphology, reduction in splenic volume, and improvement in symptom 
scores [53]. Interestingly, a single aCML patient with concurrent CSF3R T618I and 
SETBP1 G870S mutations did not respond to ruxolitinib therapy, suggesting that 
SETBP1 mutations may modify CSF3R T618I mutations’ responsiveness to therapy 
by an as-of-yet unknown mechanism [55].

In addition to guiding therapeutic decision making in aCML, CSF3R mutations 
may also have a role in monitoring therapeutic efficacy. CSF3R T618I mutation 
levels were found to correlate with the presence of disease in two aCML HSCT 
patients, suggesting this molecular marker may be useful in monitoring disease bur-
den post-transplantation [56]. Although a single case report showed that clinical 
responses to ruxolitinib therapy are not necessarily accompanied by reductions in 
CSF3R T618I allele frequency [53], it will be worthwhile to further assess the utility 
of CSF3R allele frequency as a marker for response to targeted therapies. While 
these reports offer hope for the future of therapeutics in aCML, it is important to 
note that these findings are only anecdotal. Many more studies will be required to 
optimize therapeutic approaches and significantly alter patient prognosis.

The lack of consensus regarding the optimal management of aCML patients is 
multifactorial, and generating informative clinical trials will be challenging for sev-
eral reasons. First, correctly identifying cases of aCML can be difficult, as the cur-
rent diagnostic criteria were only recently established, and even these criteria may 
be open to subjective interpretation. In addition, aCML is a rare disease, making it 
hard to generate large clinical trials comparing efficacies of different treatment 
modalities. Finally, there are no formally accepted guidelines for evaluating 
response to treatment or for assessing disease progression in aCML, which hampers 
accurate assessment of therapeutic efficacy in research studies. Although such met-
rics are established in MDS [57] and subtypes of MPN [58], they are suboptimal for 
use in MDS/MPN because those criteria do not account for the simultaneous myelo-
dysplastic and myeloproliferative features seen in this unique disease category. 
These important issues were discussed in a recent commentary where the authors 
proposed sets of criteria specifically designed to measure treatment response and 
disease progression in patients with MDS/MPN [59]. These recommendations are 
an excellent step toward standardizing aCML research, but they will require further 
refinement and thorough validation before they can be adopted in clinical practice.

 Conclusion

Atypical CML is an uncommon myeloid neoplasm with overlapping myelodysplas-
tic/myeloproliferative features and a poor prognosis. Although aCML is currently 
best defined by morphologic criteria, advances in the field of genetics have identi-
fied SETBP1 and ETNK1 as relatively disease-specific molecular markers. Many 
other mutations have also been reported in aCML. Although these mutations are not 
unique to aCML and are therefore of limited use diagnostically, they may carry 
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increasing significance as the arsenal of targeted therapeutic options expands.  
At present, more research is needed to further our understanding of the molecular 
mechanisms driving the development of aCML and to identify treatment regimens 
supported by robust, well-designed clinical trials.
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Chapter 12
Chronic Myelomonocytic Leukemia: Clinical 
and Pathologic Features

Michael Gentry and Eric D. Hsi

 Introduction

Chronic myelomonocytic leukemia (CMML) is a myeloid neoplasm characterized 
by a persistent absolute monocytosis, often with a background of dysplastic mor-
phologic features. The diagnosis encompasses a heterogeneous group of cases with 
considerable variability in morphologic dysplasia, cytopenias, leukocytosis, and the 
presence or absence of organomegaly. As such, the diagnostic category has features 
of a myelodysplastic syndrome as well as a myeloproliferative neoplasm. It was 
originally categorized as a form of myelodysplastic syndrome (MDS) in the early 
French-American-British (FAB) classification [1]. But in later editions of the World 
Health Organization (WHO) classification of tumours of haematopoietic and lym-
phoid tissues, it was placed within the newly created category of “Myelodysplastic/
Myeloproliferative Neoplasms” [2].

 Clinical

The diagnosis of CMML requires a persistent peripheral blood (PB) monocytosis 
(≥1 × 109 cells /L and ≥10% of the white blood cell differential count as defined in 
the 2016 WHO classification of hematopoietic neoplasms) with <20% blasts in the 
peripheral blood and bone marrow (BM) and the absence of a BCR-ABL1 rearrange-
ment [3]. There should be morphologic dysplasia; however, if dysplasia is minimal 

M. Gentry • E.D. Hsi (*) 
Department of Laboratory Medicine, Cleveland Clinic, Cleveland, OH, USA 
e-mail: hsie@ccf.org

mailto:hsie@ccf.org


234

or absent, there should be an acquired clonal cytogenetic or molecular genetic 
abnormality or monocytosis lasting ≥3 months with exclusion of other causes of 
monocytosis [2]. Additionally, in cases with eosinophilia, rearrangements involving 
PDGFRA, PDGFRB, and FGFR1, as well as the PCM1-JAK2 fusion, should be 
excluded [3]. If eosinophils are >1.5 × 109 cells/L and there is no rearrangement 
with the aforementioned genes, the diagnosis is CMML with eosinophilia (see 
Table 12.1).

There is some evidence to support dividing CMML into “dysplastic” (<13 × 109 
WBC/L) and “proliferative” (≥13 × 109 WBC/L) categories based on distinctive 
molecular and clinical features of each subset [4–10]. In addition, CMML is catego-
rized by the percentage of blasts1 present in the peripheral blood and bone marrow 
as CMML-0: <2% blasts in PB and <5% blasts in BM; CMML-1: 2–4% blasts in 

1 The blast count in either the PB or BM that results in the highest CMML category should be used.

Table 12.1 Diagnostic 
criteria for CMML [2, 3]

Persistent peripheral blood monocytosis 
≥1 × 109/L & ≥10% of WBC
Absence of BCR-ABL rearrangement
No rearrangement of PDGFRA, 
PDGFRB, or FGFR1 and no PCM1-JAK2 
fusiona

<20% blasts in peripheral blood and bone 
marrowb

Dysplasia in one or more myeloid 
lineages;
if dysplasia is minimal/absent then need:
  Acquired clonal cytogenetic or 

molecular genetic present in 
hematopoietic cells or

  Monocytosis has persisted ≥3 months 
and all other causes of monocytosis are 
excluded

CMML-0: <2% blasts in PB and <5% 
blasts in BMc;
CMML-1: 2–4% blasts in PB and/or 
5–9% blasts in the BMc;
CMML-2: 5–19% blasts in PB, 10–19% 
blasts in the BM, and/or presence of any 
Auer rodsc

aShould be excluded in cases with eosino-
philia
bBlasts include myeloblasts, monoblasts, 
and promonocytes
cThe PB or BM blast count that results in 
the highest category should be used

M. Gentry and E.D. Hsi



235

PB and/or 5–9% blasts in the BM; and CMML-2: 5–19% blasts in PB, 10–19% 
blasts in the BM, and/or presence of any Auer rods [3].

In two large epidemiological studies in Europe and the United States, the inci-
dence of CMML was 3–4.1/1,000,000 person-years [11, 12]. The median age at 
diagnosis was 76  years with a male predominance [12]. The overall survival at 
5 years was 18% [11]. Patients have a spectrum of MDS to MPN-like presentations. 
The majority have elevated WBC counts, although some have normal or decreased 
counts. Symptoms include fatigue, weight loss, fever, night sweats, infections, and 
bleeding. Splenomegaly or hepatomegaly may occur, especially with the myelopro-
liferative subgroup. Typically, patients present with <5% circulating blasts and 
<10% BM blasts, corresponding to CMML-0/1 [2].

 Morphology and Immunophenotype

In the blood (see Fig. 12.1), a monocytosis of ≥1 × 109cells/L and ≥10% of total 
WBCs is a requirement, in distinction from chronic myeloid leukemia, BCR-ABL1 
positive, which may have an absolute monocytosis, but it is typically <10% of all 
WBCs [2, 3]. The monocytes of CMML can have abnormal morphology with atypi-
cal granulation and nuclear lobation, or immature chromatin that is somewhat 
denser than that of promonocytes or monoblasts; overall however, the monocytes 
are usually mature and morphologically unremarkable [2]. Monoblasts are large 
with abundant gray-to-blue cytoplasm, possible pseudopod formation, and round 
nuclei with delicate chromatin and prominent nucleoli. Promonocytes also have 
abundant gray or blue cytoplasm and nuclei with finely reticulated chromatin, but 
the nuclei have delicate folds with or without a small nucleolus (see Fig. 12.2) [2]. 
Cytopenias are often present and there may be neutrophilia [2]. There is usually 
dysgranulopoiesis, which may manifest as nuclear hypolobation, abnormal nuclear 
lobation, or hypogranular granulocytes [2].

Of note, cases of MPN can be associated with monocytosis or can develop mono-
cytosis during the course of the disease. In these rare situations, a previously docu-
mented history of MPN excludes CMML.  Additionally, the presence of MPN 
features in the bone marrow and/or of MPN associated mutations (JAK2, CALR or 
MPL) tend to support MPN with monocytosis rather than CMML.

The bone marrow (see Fig. 12.1) is usually hypercellular, but it can be normocel-
lular or hypocellular [2]. A granulocytic proliferation is often the most prominent 
finding and may obscure the monocytic proliferation [2]. Most cases have dysgran-
ulopoiesis and dysmegakaryopoiesis, and many have dyserythropoiesis [2]. 
Reticulin fibrosis occurs in up to 30% of cases and 20% of cases have nodules of 
clonally related, neoplastic plasmacytoid dendritic cells [2]. In cases with spleno-
megaly, the red pulp is typically infiltrated by leukemic cells [2].

Phenotypically, the leukemic cells typically express the myeloid associated anti-
gens CD33 and CD13 [2]. Monocytic antigens such as CD14, CD68, and CD64 are 
variably expressed [2]. Oftentimes, there is an aberrant immunophenotype on 
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monocytes with ≥2 immunophenotypic aberrancies such as expression of CD56 or 
CD2, decreased expression of CD14 (possibly indicative of immaturity), and/or 
decreased expression of HLA-DR, CD13, CD15, CD64, and CD36 [2]. Monoblasts 
and promonocytes are typically negative for CD34. The monocytes are positive for 
lysozyme, nonspecific esterase, and are negative for naphthol-ASD-chloroacetate 
esterase [2].

 Cytogenetics and Molecular

Approximately 30% of CMML cases have cytogenetic abnormalities [13, 14]. 
Among the most common findings are +8, −Y, del(20q), +21, der(3q), and chromo-
some 7 abnormalities including −7 and del(7q) [14, 15]. Karyotypes having multi-
ple abnormalities are also common [13–15]. Isolated abnormalities of chromosome 
5 (−5/del(5q)) are relatively rare [13–15]. Single nucleotide polymorphism (SNP) 

Fig. 12.1 (a) Bone marrow aspirate of CMML-2 (Wright stain, 500× original magnification). (b) 
Peripheral blood of CMML (Wright stain, 500× original magnification). (c) Bone marrow core 
biopsy (hematoxylin and eosin, 200× original magnification) with (d) numerous dysplastic mega-
karyocytes (hematoxylin and eosin, 400× original magnification) (Courtesy of Dr. H.  Joyce 
Rogers, Pathology and Laboratory Medicine Institute, Cleveland Clinic, Cleveland, OH)
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arrays have shown increased numbers of chromosomal alterations than appreciated 
by karyotype analysis alone including frequent copy neutral loss of heterozygosity 
(LOH) [16, 17].

Over 90% of CMML cases have identifiable gene mutations [18, 19] (see 
Table 12.2). Molecular genetic or cytogenetic abnormalities can be used as evidence 
of clonality in cases without significant morphologic dysplasia, especially when 
involving gene mutations commonly associated with CMML. Many of these genetic 
mutations can be broadly divided into 3 pathways: epigenetic regulation/histone 
modification, spliceosome machinery, and cell signaling/transcription factors.

It is important to bear in mind that many of the mutations found in CMML (such 
as TET2, ASXL1, SRSF2, CBL) can also be found in isolation in hematologically 
normal appearing patients or patients with cytopenia(s) who do not otherwise meet 
criteria for a myelodysplastic syndrome (MDS) or CMML [20, 21]. Thus, the pres-
ence of one of these mutations should be carefully considered in the context of the 
duration of the monocytosis, exclusion of other reactive causes of monocytosis, and 
of the presence of other clinical data such as cytopenias or splenomegaly that might 
support CMML.

In CMML patients, the most commonly identified mutations in genes encoding 
proteins involved in epigenetic regulation/histone modification involve TET2, 
DNMT3A, IDH2, ASXL1, EZH2, and UTX (see Table 12.2) [19, 22, 23]. Of these, 
TET2 and ASXL1 are the most frequent and most important. TET2 catalyzes the 
hydroxylation of methylated DNA and as a result, somatic mutations in TET2 are 
believed to lead to epigenetic dysregulation [24] . TET2 mutations are found in 
46–58% of CMML cases [19, 22] and TET2 deletions have been detected in 7% 
CMML cases, with a higher incidence of cryptic deletions noted than in acute 
myeloid leukemia (AML) or MDS [25]. Mutations of IDH1, IDH2 and TET2 tend 
to be mutually exclusive since they are functionally redundant [22, 26] . Mutated 
IDH1/IDH2 results in abnormal production of the metabolite 2-hydroxyglutarate(2-
 HG) [24], which inhibits multiple enzymes including TET2, leading to hypermeth-
ylation [26]. ASXL1 is thought to affect histone modification through effects on the 

Fig. 12.2 Peripheral blood 
of CMML highlighting a 
monoblast (arrow) and 
promonocytes (arrowhead) 
(Wright stain, 1000× 
original magnification)

12 Chronic Myelomonocytic Leukemia: Clinical and Pathologic Features



238

polycomb group repressive complex proteins (PRC1/2) [27]. The most common 
mutations associated with ASXL1 are c.1934dupG;p.Gly646TrpfsX12 and 
1900_1922_ del [28]. ASXL1 mutations are associated with a higher WBC count, 
lower hemoglobin, extramedullary disease and an abnormal karyotype [15, 22]. 
EZH2 is a component of the PRC2 complex [29] and UTX is a lysine specific 
demethylase with effects on histone H3K27 [23].

The most commonly identified spliceosome mutations involve the following 
genes: SF3B1, SRSF2, U2AF1, and ZRSR2 [19, 22]. Mutations within this category 
affect the machinery involved in pre-mRNA splicing [30, 31] and tend to be exclu-
sive of each other in cases of CMML [22, 30, 32]. Of these genes, mutations of 
SRSF2 are by and far the most common. Mutations of SRSF2 tend to result in altera-
tions at the 95th amino acid residue, normally occupied by proline and are associ-
ated with a normal karyotype [15, 30] . Mutations of SF3B1 have an association 
with der(3q) and, as with cases of MDS, tend to be associated with ring sideroblasts 
[15, 30]. Recurrent SF3B1 mutations include K700E, H662Q, and K666N [30, 32]. 
U2AF1 encodes a small nuclear RNA auxiliary factor. Mutations in this gene (most 
commonly S34F, Q157, [30] are associated with a normal karyotype, but can also 

Table 12.2 Mutational profile of CMML [19, 22]

Gene No. of tested Samples Number mutated % range overall %

ASXL1 487 207 40–46.9 42.5
TET2 437 231 45.7–58 52.9
SRSF2 395 194 46–53.1 49.1
RUNX1 438 64 14.3–15 14.6
NRAS 438 50 11–12 11.4
CBL 439 52 10–14.3 11.8
JAK2 438 28 4–8 6.4
KRAS 263 20 8 7.6
ZRSF2 364 24 5.1–8 6.6
IDH2 404 21 4.5–6 5.2
SF3B1 395 23 5.7–6 5.8
U2AF1 395 25 5–8 6.3
EZH2 348 10 1.1–5 2.9
FLT3 439 9 0.57–3 2.1
DNMT3A 402 14 2–5.1 3.5
CEBPA 175 11 6.3 6.3
SETBP1 370 45 6.2–18.9 12.2
PTPN11 175 8 4.5 4.5
SH2B3 175 8 4.5 4.5
TP53 377 11 1–5.1 2.9
BCORa 54 4 7.4 7.4
STAG2a 88 9 10.2 10.2
IDH1 404 4 <1–1.7 1

These data taken from separate studies [40, 42]
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be seen with a monosomal karyotype (defined as having loss of two chromosomes 
or loss of one chromosome plus another structural alteration) [15].

There are several recurring mutations in genes involved in signaling/tyrosine 
kinase pathways including JAK2, RAS (KRAS + NRAS), CBL, PTPN11, and BRAF 
[22, 33–35] . The RAS gene family is composed of multiple isoforms, including 
KRAS and NRAS, which have GTPase activity and are involved in cell signaling 
pathways [36]. BRAF is a kinase intimately involved with RAS signaling and is an 
important activator of the MEK/ERK pathway [37]. JAK2 is a tyrosine kinase 
involved with cell signaling and proliferation via the STAT pathway [38]. JAK2 
mutated CMML tends to share some morphologic features with JAK2+ myelopro-
liferative neoplasms such as mild/moderate reticulin fibrosis, erythroid and mega-
karyocytic hyperplasia, occasional megakaryocytic clustering and atypia, and 
dilated sinusoids [39]. Overall, these morphologic features appear to be less devel-
oped than in a pure MPN. Additional factors that would lend support to a diagnosis 
of JAK2+ CMML would include a lack of a history of MPN or lack of cell counts 
consistent with an MPN, and finding morphologic features of dysplasia. CBL regu-
lates receptor tyrosine kinase activity by ubiquitination [34]. It is associated with 
TET2 mutations and monosomy 7 and tends to associate with wild type JAK2 and 
KRAS/NRAS [34].

Other reported common mutations found in CMML are of RUNX1, SETBP1, 
STAG2, and BCOR [19, 22, 33, 40–43]. The cohesin complex is a multimer com-
posed of four subunits, including STAG2, thought to be involved in cohesion of 
sister chromatids during cell division, postreplicative DNA repair, and regulation of 
gene expression [40]. Among myeloid neoplasms, STAG2 mutations are often found 
with other mutations such as TET2, ASXL1, and EZH2 [40]. RUNX1 encodes the 
alpha subunit of the core-binding factor and is essential for hematopoiesis/differen-
tiation and helps regulate expression of GCSF and MPO [44]. SETBP1 is a binding 
partner for SET protein, a protein which has downstream effects on transcription 
and nucleosome assembly [45, 46]. SETBP1 mutations have an association with 
mutations of ASXL1 or spliceosome machinery and often occur with a normal 
karyotype [47].

From a molecular perspective, the myelodysplastic type of CMML(MD-CMML) 
is associated with mutations of spliceosome proteins such as SRSF2, SF3B1, 
ZRSR2 and U2AF35 and epigenetic regulators of DNA methylation such as TET2 
and IDH1/2 [10]. The myeloproliferative type of CMML (MP-CMML) is associ-
ated with mutations of ASXL1 and signal pathway mutations such as CBL, FLT3, 
JAK2 and KRAS/NRAS, in addition to the mutations involving spliceosome 
machinery and regulators of DNA methylation [8, 10, 39]. Even in cases originally 
diagnosed as MD-CMML, the identification of signal pathway mutations (RAS) at 
the time of diagnosis or during the disease course has been associated with progres-
sion to MP-CMML [8]. Investigation of the mutational hierarchy of CMML [18] 
indicates that mutations affecting epigenetic regulators (such as TET2 and ASXL1) 
and spliceosome mutations are often associated with early neoplastic clones whereas 
signal pathway mutations tend to be later mutational hits.
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 Prognosis and Therapy

Although there have been several large studies that have examined various clinical 
and pathologic markers for prognostic utility regarding CMML, there is no univer-
sally accepted prognostic model for CMML. Factors that have been found to have 
some prognostic significance at one time or another in multivariate analysis include 
increased age, high WBC count, increased bone marrow blasts, cytogenetic risk 
stratification, circulating immature myeloid cells, thrombocytopenia, anemia, and 
the presence of frameshift or nonsense ASXL1 mutations [6, 22, 28, 47–50].

Three prognostic models with external validation include the CPSS (CMML- 
specific prognostic scoring system), the GFM (Group Francophone des 
Myélodysplasies), and the Mayo Model (see Table 12.3) [22, 28, 49]. The CPSS 
model identified 4 factors for stratifying overall survival (OS) and (acute) leukemia 
free survival (LFS) risk: French-American-British (FAB) classification, WHO clas-
sification, the CMML-specific cytogenetic risk stratification, and blood transfusion 
dependency. The CMML-specific cytogenetic risk stratification considered a nor-
mal karyotype and –Y as low risk; complex cytogenetics (≥3 chromosomal abnor-
malities), chromosome 7 abnormalities, and trisomy 8 as poor risk; and other 
chromosomal abnormalities as intermediate risk [14]. All positive risk factors were 
assigned a value of 1, except for high risk cytogenetics, which is assigned a value of 
2. A total score was obtained from the sum of the individual scores and is placed 
into 1 of 4 categories: Low risk, Intermediate-1, Intermediate-2, and high risk. The 
GFM model used five risk factors for OS and LFS: age > 65 years, WBC >15 × 109/L, 
anemia, platelets <100 × 109/L, and presence of a nonsense or frameshift ASXL1 
mutation. Positive risk factors were assigned a value of 1, 2, or 3 and summed for a 
total score that was placed in one of three categories: low, intermediate, and high 
risk. The Mayo Model identified four significant prognostic variables for OS and 
LFS: absolute monocyte count (>10 × 109/L), circulating immature mononuclear 
cells (defined as any of myeloblasts, promyelocytes, myelocytes, metamyelocytes), 
anemia (<10 g/dL), and thrombocytopenia (<100 × 109/L). Three prognostic catego-
ries were created from this: low risk (0 risk factors), intermediate risk (1 risk factor), 
and high risk (≥2 risk factors).

Although mutations of various genes (RUNX1, TET2, NRAS, CBL, SETBP1, 
SRSF2) have been associated with differences in overall survival (OS) or leukemia- 
free survival (LFS), the data are inconsistent and further validations are necessary 
before drawing conclusions [19, 22, 30, 33, 34, 41, 43, 47, 51, 52].

Cytogenetic risk stratifications have also yielded variable results with regard to 
prognosis, but some common themes have emerged. These common themes include 
complex karyotypes are associated with a worse prognosis and a normal karyotype 
or –Y is associated with a better OS [14, 15]. When applied to multiple prognostic 
models in multivariate analysis, the Mayo-French cytogenetic model retained inde-
pendent prognostic significance [15]. This model effectively predicted leukemic 
transformation and stratifies cases into one of three risk groups—high risk: complex 
karyotype or monosomal (defined as having at least one autosomal monosomy and 
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one more structural abnormality or having at least two autosomal monosomies) 
karyotype; low risk: normal karyotype, −Y, order(3q); or intermediate risk: all oth-
ers. Another study [53] examining the prognostic impact of cytogenetic abnormali-
ties acquired during the course of CMML disease showed they were associated with 
an overall decrease in LFS by multivariate analysis. Acquisition of a complex 
karyotype was associated with leukemia progression, but del(20q) was associated 
with stable disease [53].

Therapy for CMML has largely been drawn from treatments for myelodysplastic 
syndrome and myeloproliferative neoplasms. Supportive care including erythropoi-
etic stimulating agents and transfusions are typically utilized for significant anemia 
[54]. Hypomethylating agents, including 5-azacitidine and decitabine, have been 
approved by the United States Food and Drug Administration for treatment of 
CMML. In several studies, these two drugs collectively have shown overall response 
rates ranging from 25–69% and median OS from 12–37  months [55–61]. 
Proliferative phase CMML is typically treated with hydroxyurea. In a randomized 
control trial comparing hydroxyurea with etoposide, hydroxyurea was associated 
with better treatment response (60% versus 36%) and OS (20  months versus 
9 months) than etoposide [62]. Even so, treatment outcomes with hypomethylating 
agents and hydroxyurea are still relatively poor and there is a strong need for more 
effective therapies. Allogeneic hematopoietic stem cell transplant (HSCT) is the 
only known cure; however, due to the advanced age and/or comorbidities often 
associated with CMML patients, this option is often not available [63].

Although TET2 mutations have been associated with response to hypomethylat-
ing agents in MDS patients, there are no consistent molecular mutation predictors 
of response to hypomethylating agents in CMML patients [58, 64–66], and analysis 
of predictive models of methylation patterns have so far yielded mixed results [66]. 
Numerous investigational therapies such as the JAK2 inhibitor ruxolitinib and RAS 
pathway inhibitors (farnesyltransferase inhibitors) have been evaluated in patients 
with CMML with variable but limited responses [67–69].

 Conclusion

CMML is a myeloid neoplasm with overlapping features of a myelodysplastic and 
myeloproliferative neoplasm. The diagnosis requires a combination of a persistent 
absolute monocytosis (>1 × 109 cells/L) and either a background of morphologic 
dysplasia, clonal cytogenetic/molecular genetic abnormalities or persistence of 
monocytosis for ≥3 months with exclusion of other causes of monocytosis. There 
are no disease-defining cytogenetic or molecular genetic abnormalities. However, 
the presence of a cytogenetic or molecular abnormality may help to make a diagno-
sis of CMML in the appropriate clinical context. The independent prognostic and 
therapeutic value of molecular mutations is currently limited. Yet, as our knowledge 
of the mutational landscape is expanded and refined, and newer therapies become 
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available, our understanding of the molecular basis of CMML may yield additional 
insight into the treatment potential of CMML.
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Chapter 13
Juvenile Myelomonocytic Leukemia

Joanna Wiszniewska and Choladda V. Curry

 Introduction

Juvenile myelomonocytic leukemia (JMML) is a rare myelodysplastic/myeloprolif-
erative neoplasm of early childhood that results from abnormal activation of the 
RAS/MAPK pathway in the hematopoietic stem cells. Involvement of RAS/MAPK 
pathway gene mutations in the pathogenesis of JMML have been recognized over 
the two past decades and resulted in the inclusion of specific molecular findings in 
the diagnostic criteria for JMML in the recently published 2016 revisions to the 
WHO classification of hematopoietic malignancies [1]. The diagnostic findings, in 
addition to absolute monocytosis, blast percentage below 20%, splenomegaly, and 
absence of BCR/ABL1 rearrangement, now also include identification of mutations 
in PTPN11, KRAS, NRAS, NF1 or CBL genes. In patients who show clinical and 
hematologic features of JMML but lack genetic aberration in one of these genes, 
additional criteria must be fulfilled such as presence of monosomy 7, elevated 
hemoglobin F levels, or evidence of RAS/MAPK pathway activation by GM-CSF 
colony stimulating assay or STAT5 phosphorylation assay [1].
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 Epidemiology

JMML accounts for 2–3% of all childhood hematologic malignancies and has an 
estimated incidence of 1.2 per million per year. It is a disorder of infancy and early 
childhood with median age at diagnosis of 1.8  years and most cases presenting 
before age of 5 years. Males are affected more frequently than females with M:F 
ratio of 2-3:1 [2].

 Clinical Presentation

Children with JMML commonly present with nonspecific symptoms of pallor, fever, 
skin rash, bleeding, and infections that make a diagnosis challenging. Splenomegaly 
and lymphadenopathy are noted at diagnosis in majority of the patients. In addition, 
local leukemic infiltration may affect other sites and organs giving rise to a variety 
of site specific symptoms. Laboratory evaluations often reveal elevated levels of 
hemoglobin F, lactic dehydrogenase, and serum concentrations of polyclonal immu-
noglobulins [3].

 Morphology and Immunophenotyping

A peripheral blood cell count at diagnosis shows leukocytosis, thrombocytopenia, 
and often anemia. Two thirds of patients present with a WBC below 50 × 109/L; a 
minority of patients may present with a WBC above 100 × 109/L. A WBC < 10 × 109/L 
is uncommon and it is usually seen in association with monosomy 7. The leukocytosis 
constitutes of neutrophilic granulocytes with left shift and monocytosis including 
immature and dysplastic monocytes [3] (Fig. 13.1). An absolute monocyte count of 
more than 1 × 109/L is a defining abnormality required for a diagnosis of JMML [1, 
3]. In contrast to BCR/ABL1 positive chronic myeloid leukemia, basophilia is not a 
prominent feature of JMML. The percentage of blasts in the peripheral blood typi-
cally is less than 5%. Nucleated red blood cells are also often seen.

Morphologic evaluation of the bone marrow will show normal or increased 
cellularity for age with granulocytic hyperplasia and typically a reduced number 
of megakaryocytes (Fig. 13.2). Dysplastic features are often minimal. If mono-
somy 7 is present, an erythroid hyperplasia, eosinophilia, and higher blast count 
may be observed. A monocytosis, which will be present in the bone marrow, may 
be less pronounced, or obvious, in comparison to the peripheral blood [3]. No 
specific immunophenotypic features of blasts, granulocytes or monocytes are 
diagnostic for JMML; however, abnormal expression of CD56 and CD16 on 
monocytes may be seen, as in chronic myelomonocytic leukemia (CMML), adult 
counterpart to JMML.
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Fig. 13.1 Juvenile 
myelomonocytic leukemia. 
Peripheral blood smear 
shows monocytosis with 
atypical monocytes

Fig. 13.2 Juvenile 
myelomonocytic leukemia. 
(a) Bone marrow biopsy 
shows a hypercellular bone 
marrow with mild 
granulocytic hyperplasia 
and slightly decreased 
number of 
megakaryocytes. (b) 
Aspirate smear shows an 
increased monocytic 
component. A dysplastic 
megakaryocyte showing 
binucleation with widely 
separate nuclear lobes is 
also depicted (left lower)

13 Juvenile Myelomonocytic Leukemia



252

 Molecular and Cytogenetic Findings

Dysregulation of the RAS/MAPK signaling pathway leads to uncontrollable prolif-
eration of monocytic and granulocytic cell lineages and rapid progression of the 
disease in untreated JMML patients. The hallmark selective hypersensitivity of 
myeloid progenitor cells to GM-CSF in in vitro colony stimulation assays is thought 
to reflect excessive activation of the RAS/MAPK pathway [4]. This complex path-
way is an essential signaling cascade that controls cell proliferation, differentiation, 
and survival. It is therefore heavily implicated in oncogenesis with approximately 
30% of tumors shown to harbor mutations in one of the RAS genes. Signaling is 
activated upon stimulation by numerous cytokines, hormones, and growth factors 
[5]. RAS proteins are small GTPases that operate as molecular switches, cycling 
between active GTP-bound and inactive GDP-bound conformations, and activate 
downstream effectors through sequential substrate phosphorylation (Fig.  13.3). 
Studies of inherited cancer predisposition syndromes were pivotal in discerning 
involvement of specific molecular pathways in the development of leukemias and 
tumorigenesis in general. Mendelian autosomal dominant disorders with overlap-
ping clinical features named comprehensively as RASopathies are caused by germ-
line mutations in genes encoding RAS/MAPK pathway proteins. RASopathies 
include Noonan syndrome, Cardiofaciocutaneous syndrome, Costello syndrome, 
Legius syndrome, LEOPARD syndrome and CBL or SHOC2 associated Noonan- 
like syndromes. Patients diagnosed with these syndromes have an increased risk of 

Fig. 13.3 RAS/MAPK pathway and genetic abnormalities in juvenile myelomonocytic leukemia 
(JMML) and inherited RASopathies. CFC cardiofaciocutaneous syndrome, NS-like Noonan-like 
syndrome, NSML Noonan syndrome with multiple lentigines, *canonical JMML genes. Modified 
form Chang et al. [15] and Aoki et al. [35]
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developing a variety of cancers including acute leukemias and myeloproliferative 
disorders. Multiple cases of JMML/transient myeloproliferative disorder have been 
reported in Noonan syndrome and Noonan-like syndrome with germline mutations 
in PTPN11 and CBL respectively, although the exact risk is not known [6, 7]. 
Neurofibromatosis type 1 (NF1) which is caused by mutations in the negative mod-
ulator of RAS function, neurofibromin, is also well known to increase the risk of 
developing JMML with some studies indicating a 350-fold increase compared with 
patients without NF1 [3]. Emerging data from genetic profiling and whole exome 
sequencing of JMML patients indicate that in addition to canonical driver mutations 
in RAS/MAPK pathway, activating mutations affecting JAK-STAT, PI3K, mTORC2 
pathways, and alterations in epigenetic modifiers play a role in the oncogenic pro-
cess in JMML [8–10]. JMML is a genetically heterogeneous disease with 85–90% 
of patients harboring molecular alterations in five of the RAS pathway genes [3, 9, 
11–14]. Table 13.1 summarizes the contribution of the most commonly involved 
(canonical) RAS pathway genes. Recent studies have shown that somatic mutations 
in PTPN11, NRAS, KRAS, CBL, and NF1 are not mutually exclusive as it was previ-
ously thought, but can coexist in 11–17% of patients, with PTPN11 and NF1 aber-
rations co-occurring most frequently [8, 9]. In the below section, the five canonical 
RAS-MAPK genes involved in JMML are discussed. Other genetic alterations and 
chromosomal aberrations are also reviewed.

 NF1

Neurofibromatosis type 1 (NF1) was one the first syndromes recognized to be asso-
ciated with JMML [3, 15]. NF1 is a relatively common autosomal dominant disorder 
with an incidence of approximately 1 in 3000 individuals, and it is characterized by 
the presence of cafe-au-lait spots, Lisch nodules in the eye, and fibromatous tumors 
of the skin. Individuals with NF1 are at increased risk of developing benign and 
malignant tumors derived from neural crest cells, most commonly optic gliomas, 
pheochromocytomas, and nerve sheet tumors. This group of patients is also at high 
risk (200–350 folds) of acquiring myeloid disorders and monosomy 7 syndrome. 
Interestingly, the risk for developing leukemias is limited only to the pediatric NF1 
population [3, 16]. Retrospective analyses of NF1 cases has shown that JMML is 
typically diagnosed at a later age than in sporadic JMML cases (after age of 5 years) 
and presents with higher platelet and blast counts [3]. NF1 is caused by loss of func-
tion mutations in neurofibromin gene located on chromosome 17q11. There is a vast 
allelic heterogeneity (>500 pathogenic variants) with nonsense, missense, and splic-
ing mutations, as well as large deletions and rare duplications reported in NF1 fami-
lies and sporadic cases. Therefore, a comprehensive molecular diagnostic approach 
may be required, including sequencing techniques and other methods such as 
Multiplex Ligation-dependent Probe Amplification (MLPA) or chromosomal micro-
arrays for detection of large deletions/duplications. Neurofibromin acts as a tumor 
suppressor by binding its GTPase-activation domain to Ras and accelerating the 
conversion of Ras-GTP to Ras-GDP [14]. Somatic loss of neurofibromin function, 
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predominantly through acquired uniparental isodisomy and resulting in duplication 
of a constitutional mutation, leads to elevated levels of Ras-GTP and constitutive 
activation of Ras/MAPK pathway in hematopoietic cells [15]. None of the NF1 
alleles appears to be specific to leukemia [16]. Recent genome-wide studies have 
shown that a high percentage (approximately 25%) of NF1 patients with JMML 
have a second mutation in a canonical RAS pathway gene. Additionally, these 
patients commonly have additional genetic alterations impairing the PCR2 complex, 
which is involved in epigenetic transcription regulation [8].

 PTPN11

The PTPN11 gene located on chromosome 12q24.13 encodes for SHP-2 (also 
referred to as Tyrosine-protein phosphatase nonreceptor type 11), a widely expressed 
cytoplasmic phosphatase that acts as a positive modulator of RAS signal transduc-
tion pathways. SHP-2 is composed of two tandemly arranged amino-terminal SH2 
domains (N-SH2 and C-SH2), a single catalytic (PTP) domain, and a C-terminal tail 
containing residues that undergo reversible phosphorylation. In the inactive state, 
the N-SH2 domain interacts with the PTP domain blocking the catalytic site. After 
binding to the ligand, the N-SH2 domain undergoes a conformational change that 
makes the catalytic site available to substrate, thereby activating the phosphatase 
[17]. Missense gain-of-function mutations in the PTPN11 gene that result in lock-
ing of the SHP-2 in the open, constitutively active conformation were first described 
in ~50% of patients with Noonan syndrome (NS) [18]. This genetically heteroge-
nous autosomal dominant disorder is characterized by facial dysmorphism, short 
stature, and heart defects. A small percentage of NS patients with PTPN11 muta-
tions develop JMML, an observation which led to consideration of PTPN11 involve-
ment in the development of hematopoietic malignancies. Indeed, further analyses of 
de novo JMML cases revealed the presence of somatic PTPN11 missense mutations 
in ~35% of cases [11] and occasionally in acute myeloid leukemia and myelodys-
plastic syndromes [19]. The distribution of affected residues rarely overlaps in 
inherited and somatically acquired PTPN11 mutations, with leukemia- associated 
variants infrequently occurring in Noonan syndrome patients. Mutations detected in 
sporadic JMML are typically located in exons 3, 4, and 13 (residues D61, A72, E76, 
G503), whereas Noonan syndrome causing mutations are more widely spread 
among all exons [11, 19, 20]. Functional studies comparing activation of RAS/
MAPK pathway by germline mutations occurring commonly in NS patients without 
and with JMML, and acquired mutations occurring in JMML, showed a significant 
difference in strength of activation with the most potent effect exerted by the latter 
ones. These analyses indicate that the impact of the leukemia- associated mutations 
may be incompatible with life if they occur in germline, whereas milder mutations 
associated with NS may predispose these individuals to hematologic malignancies. 
There is however a mutation spectrum overlap between the Noonan syndrome 
patients who developed JMML and those who did not [20]. A fraction of NS patients 
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develop a JMML-like myeloproliferating disorder early in infancy, which may 
regress without treatment or follow an aggressive clinical course similar to JMML. It 
has been proposed that some NS-associated mutations may have milder effect on 
myeloid precursor proliferation and result in a transient JMML-like disorder some-
what akin to Down syndrome-related transient abnormal myelopoiesis [20, 21].

 CBL

C-CBL (CASITAS B-lineage lymphoma protooncogene) is a ubiquitously expressed 
ubiquitin-protein ligase (E3) that tags active protein-tyrosine kinase receptors for 
degradation and therefore functions as negative regulator of RAS signal transduction. 
In addition, CBL acts as an adaptor protein in tyrosine phosphorylation- dependent 
signaling, interacting with many molecules including Grb2, which in turn prevents 
binding of CBL to SOS1 [13, 22]. CBL consists of an N-terminal tyrosine kinase-
binding domain, short linker region, and a zinc-binding RING- finger domain that 
mediates the E3 ubiquitin ligase activity. Homozygous CBL mutations are detected in 
about 10–15% of JMML cases. Missense, splicing, and small in frame deletion muta-
tions affect predominantly the linker region or RING- finger domain (exons 8 and 9) 
leading to impairment of ubiquitin ligase activity. The most commonly affected resi-
due is Y371 in the linker region of CBL [13, 15]. Functional studies of the mutated 
protein indicate that specific disruption of the E3 ligase activity might leave intact the 
adaptor functions resulting in the relative imbalance of the CBL effects on signal 
transduction [12, 13]. Cells from these patients exhibit GM-CSF hypersensitivity and 
STAT5 hyperphosphorylation equivalent to other RAS pathway mutations [13]. 
Similar to NF1, CBL functions as a tumor suppressor gene with the initial constitu-
tional mutation inherited in an autosomal dominant manner or de novo germline 
event and a second somatic event occurring in hematopoietic stem cells. Somatic 
alteration typically leads to loss of heterozygosity through acquired uniparental 
disomy involving chromosome 11q where the CBL gene resides [8, 12, 13]. Patients 
with heterozygous germline CBL mutations display variable phenotype with many 
clinical features overlapping with Noonan syndrome (Noonan Syndrome-like pheno-
type) [12, 23]. They commonly present with dysmorphic features, developmental 
delay, cryptorchidism, heart defects, and predisposition to JMML. Leukemia often 
spontaneously resolves in these patients, although it may also have an aggressive 
clinical course in some cases [2].

 RAS

NRAS, KRAS and HRAS genes are the homologs of the rodent sarcoma virus genes 
and encode related Ras proteins that belong to the family of small GTPase activat-
ing proteins (GAPs). GAP proteins bind guanine and negatively regulate signal 
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transduction by accelerating hydrolysis of GTP to GDP. In JMML, mutations in 
KRAS and NRAS are present in about 20–25% of cases and almost exclusively affect 
codons 12, 13, and 61 of the RAS genes [14, 24]. These activating mutations cause 
Ras to accumulate in the active GTP-bound state by impairing intrinsic GTPase 
activity and conferring resistance to GTPase activating proteins [25]. KRAS and 
NRAS activating mutations represent somatic events in almost all JMML cases. 
Germline alterations are a rare cause of Noonan and Cardiofaciocutaneous syn-
dromes, but similarly to PTPN11, they affect different codon spectrum and have 
different activation strength compared to leukemogenic somatic events [5]. 
Interestingly, few JMML nonsyndromic patients with mosaicism for codon 12 
KRAS and NRAS oncogenic mutations have been described in the literature [26, 27]. 
Activating mutations in RRAS, another member of RAS subfamily, and loss of func-
tion mutations in RASA2 encoding Ras GTPase activating protein have been recently 
described as very rare causes of Noonan syndrome [28, 29]. Alterations in these 
genes were also detected in nonsyndromic cases of JMML, some of which lacked 
canonical driver mutations [8, 9, 28].

 Other Genetic and Epigenetic Alterations

The development of high throughput sequencing methods has allowed for the sys-
tematic evaluation of the genomic landscape of many tumor types. Whole exome 
sequencing studies of JMML have identified low frequency mutations in many addi-
tional genes, many of which were previously detected in other myeloproliferative/
myelodysplastic disorders and other tumor types. Somatic mutations in JMML 
occur at a low rate with about 0.38 events/Mb/case versus 0.61 events/Mb/case on 
average in other childhood cancers [8]. These secondary genetic alterations target 
small number of interlacing networks affecting RAS regulators, transcription fac-
tors such as GATA2 and RUNX1, spliceosome complex, methylation modifiers, and 
exerting activation of additional signal transduction pathways including JAK-STAT 
[8, 9]. Recurrent SETBP1 protooncogene mutations were one of the first secondary 
genetic hits described in JMML. They are thought to contribute to the disease pro-
gression rather than initiation as they are primarily found in subpopulations of leu-
kemic clones [10]. SETBP1 mutations are present at diagnosis at a very low allelic 
frequency in up to 30% of patients and have been shown to be associated with poor 
clinical outcome [9]. Mutations in several additional RAS pathway regulators have 
been described in JMML including GTPase RAC2. Interestingly, functional analy-
ses showed that gain of function of RAC2 leads to activation of PI3K and mTORC2 
pathways, but does not have significant effect of RAF-MEK-ERK pathway itself 
[8]. These findings have potential implications for use in targeted therapies in JMML 
in the future. Components of epigenetic regulators are frequently mutated in the 
subset of pediatric cancers, and recent studies also have highlighted the role of sec-
ondary epigenetic aberrations in the development and prognosis of JMML. Mutations 
targeting multiple genes leading to impairment of PRC2 complex function were 
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detected in 15–30% of sporadic JMML cases and a high percentage of NF1 patients 
[8, 9]. The PRC2 complex is involved in transcriptional repression of genes via 
Histone H3 methylation. ASXL1, also mutated in some sporadic JMML cases, inhib-
its PRC2 recruitment leading to global hypermethylation [8, 9]. Hypermethylation 
of CpG islands in BMP4, CALCA, CDKN2B, and RARB has been associated with 
older age, and elevated hemoglobin F at diagnosis, and poor prognosis suggesting 
that a high-methylation phenotype characterizes an aggressive biologic variant of 
JMML [30]. Further studies are needed to evaluate the potential benefits of DNA-
hypomethylating agents in treatment regimens for patients exhibiting aberrant 
methylation patterns.

 Chromosomal Aberrations

In the majority of JMML cases, chromosome analysis reveals a normal karyotype. 
Monosomy 7 is the most commonly observed abnormality present in about 25% of 
bone marrows and an additional 4% of cases harbor 7q deletion [3]. Patients with 
chromosome 7 abnormality tend to present with lower white blood cell count with 
higher percentage of monocytes, red blood cell macrocytosis, and normal to moder-
ately elevated hemoglobin F levels compared to those with normal karyotype [3]. 
Other chromosomal abnormalities including numerical abnormalities, inversions, 
translocation and complex rearrangements involving range of chromosomes, co- 
occurring with monosomy 7 in some cases, were reported in rare patients [3, 31].

 Prognosis and Therapy

In the vast majority of cases, JMML has an aggressive course with a fatal outcome 
if not treated with hematopoietic stem cell transplantation. HSCT is the only cura-
tive treatment for JMML, although post-transplant relapse rate is high reaching 
approximately 50% [32]. Currently, clinical risk assessment includes age at diagno-
sis, platelet count and hemoglobin F levels as main prognostic factors. Studies indi-
cate that age > 2 years at diagnosis, platelet count ≤33 × 109/L, and hemoglobin 
F ≥ 15% are predictors of short survival [2] . It is recognized that genetic heteroge-
neity is an important variable in the natural history of JMML, and genetic subgroup-
ing has become a foundation for treatment indications. Hematopoietic stem cell 
transplantation is recommended for all children with JMML associated with somatic 
PTPN11 and KRAS mutations as well as for neurofibromatosis type 1 patients, and 
the majority of cases associated with somatic NRAS mutations. A “Watch and wait” 
strategy and/or mild chemotherapy is recommended for syndromic CBL, PTPN11, 
and NRAS associated JMML as the disease often regresses spontaneously in these 
cases [2]. JMML associated with somatic NRAS mutations appears to display the 
most diverse outcomes. Although the majority follows an aggressive progression of 
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the disease, genotype–phenotype correlation studies indicate that some patients 
with somatic NRAS mutations may have resolution of the neoplasm without treat-
ment [33, 34].

Genome wide analyses have shown that secondary genetic alterations accumu-
late only in a limited number of JMML cases—predominantly in those with neuro-
fibromatosis type 1 and nonsyndromic cases. Importantly, the number of these 
events rather than specific type of secondary alterations is associated with poorer 
outcomes [8, 9]. JMML with double mutations in the RAS pathway also display a 
much more aggressive disease with rapid evolution to AML with myelodysplasia- 
related changes and significantly lower overall survival rates [8]. In the foreseeable 
future, routine genome wide mutation analysis of juvenile myelomonocytic leuke-
mia will likely assist in risk stratification and treatment decisions.

 Conclusion

Juvenile myelomonocytic leukemia is a clinically and genetically heterogenous dis-
ease. Recent advances in our understanding of the genetic landscape of JMML have 
facilitated its diagnostic classification and provided a foundation for further studies 
of disease mechanisms and development of targeted treatments for this disease.

References

 1. Arber DA, et al. The 2016 revision to the World Health Organization classification of myeloid 
neoplasms and acute leukemia. Blood. 2016;127(20):2391–405.

 2. Locatelli F, Niemeyer CM.  How I treat juvenile myelomonocytic leukemia. Blood. 
2015;125(7):1083–90.

 3. Niemeyer CM, et al. Chronic myelomonocytic leukemia in childhood: a retrospective analysis 
of 110 cases. European working group on Myelodysplastic syndromes in childhood (EWOG- 
MDS). Blood. 1997;89(10):3534–43.

 4. Emanuel PD, et  al. Selective hypersensitivity to granulocyte-macrophage colony- 
stimulating factor by juvenile chronic myeloid leukemia hematopoietic progenitors. Blood. 
1991;77(5):925–9.

 5. Schubbert S, Shannon K, Bollag G. Hyperactive Ras in developmental disorders and cancer. 
Nat Rev Cancer. 2007;7(4):295–308.

 6. Kratz CP, et al. Cancer in Noonan, Costello, cardiofaciocutaneous and LEOPARD syndromes. 
Am J Med Genet C Semin Med Genet. 2011;157C(2):83–9.

 7. Aoki Y, Matsubara Y. Ras/MAPK syndromes and childhood hemato-oncological diseases. Int 
J Hematol. 2013;97(1):30–6.

 8. Caye A, et al. Juvenile myelomonocytic leukemia displays mutations in components of the 
RAS pathway and the PRC2 network. Nat Genet. 2015;47(11):1334–40.

 9. Stieglitz E, et al. The genomic landscape of juvenile myelomonocytic leukemia. Nat Genet. 
2015;47(11):1326–33.

 10. Sakaguchi H, et al. Exome sequencing identifies secondary mutations of SETBP1 and JAK3 in 
juvenile myelomonocytic leukemia. Nat Genet. 2013;45(8):937–41.

13 Juvenile Myelomonocytic Leukemia



260

 11. Tartaglia M, et  al. Somatic mutations in PTPN11  in juvenile myelomonocytic leukemia, 
myelodysplastic syndromes and acute myeloid leukemia. Nat Genet. 2003;34(2):148–50.

 12. Niemeyer CM, et al. Germline CBL mutations cause developmental abnormalities and predis-
pose to juvenile myelomonocytic leukemia. Nat Genet. 2010;42(9):794–800.

 13. Loh ML, et  al. Mutations in CBL occur frequently in juvenile myelomonocytic leukemia. 
Blood. 2009;114(9):1859–63.

 14. Flotho C, et al. RAS mutations and clonality analysis in children with juvenile myelomono-
cytic leukemia (JMML). Leukemia. 1999;13(1):32–7.

 15. Chang TY, Dvorak CC, Loh ML. Bedside to bench in juvenile myelomonocytic leukemia: 
insights into leukemogenesis from a rare pediatric leukemia. Blood. 2014;124(16):2487–97.

 16. Side L, et  al. Homozygous inactivation of the NF1 gene in bone marrow cells from chil-
dren with neurofibromatosis type 1 and malignant myeloid disorders. N Engl J  Med. 
1997;336(24):1713–20.

 17. Tartaglia M, et al. SHP-2 and myeloid malignancies. Curr Opin Hematol. 2004;11(1):44–50.
 18. Tartaglia M, et al. Mutations in PTPN11, encoding the protein tyrosine phosphatase SHP-2, 

cause Noonan syndrome. Nat Genet. 2001;29(4):465–8.
 19. Loh ML, et al. Mutations in PTPN11 implicate the SHP-2 phosphatase in leukemogenesis. 

Blood. 2004;103(6):2325–31.
 20. Tartaglia M, et al. Diversity and functional consequences of germline and somatic PTPN11 

mutations in human disease. Am J Hum Genet. 2006;78(2):279–90.
 21. Kratz CP, et al. The mutational spectrum of PTPN11 in juvenile myelomonocytic leukemia 

and Noonan syndrome/myeloproliferative disease. Blood. 2005;106(6):2183–5.
 22. Thien CB, Walker F, Langdon WY. RING finger mutations that abolish c-Cbl-directed polyu-

biquitination and downregulation of the EGF receptor are insufficient for cell transformation. 
Mol Cell. 2001;7(2):355–65.

 23. Martinelli S, et al. Heterozygous germline mutations in the CBL tumor-suppressor gene cause 
a Noonan syndrome-like phenotype. Am J Hum Genet. 2010;87(2):250–7.

 24. Kalra R, et al. Genetic analysis is consistent with the hypothesis that NF1 limits myeloid cell 
growth through p21ras. Blood. 1994;84(10):3435–9.

 25. Zenker M, et al. Expansion of the genotypic and phenotypic spectrum in patients with KRAS 
germline mutations. J Med Genet. 2007;44(2):131–5.

 26. Kato M, et  al. Aggressive transformation of juvenile myelomonocytic leukemia associ-
ated with duplication of oncogenic KRAS due to acquired uniparental disomy. J  Pediatr. 
2013;162(6):1285–8. 1288 e1

 27. Doisaki S, et al. Somatic mosaicism for oncogenic NRAS mutations in juvenile myelomono-
cytic leukemia. Blood. 2012;120(7):1485–8.

 28. Flex E, et al. Activating mutations in RRAS underlie a phenotype within the RASopathy spec-
trum and contribute to leukaemogenesis. Hum Mol Genet. 2014;23(16):4315–27.

 29. Chen PC, et al. Next-generation sequencing identifies rare variants associated with Noonan 
syndrome. Proc Natl Acad Sci U S A. 2014;111(31):11473–8.

 30. Olk-Batz C, et al. Aberrant DNA methylation characterizes juvenile myelomonocytic leuke-
mia with poor outcome. Blood. 2011;117(18):4871–80.

 31. Yoshida N, et al. Correlation of clinical features with the mutational status of GM-CSF signaling 
pathway-related genes in juvenile myelomonocytic leukemia. Pediatr Res. 2009;65(3):334–40.

 32. Locatelli F, et  al. Hematopoietic stem cell transplantation (HSCT) in children with juve-
nile myelomonocytic leukemia (JMML): results of the EWOG-MDS/EBMT trial. Blood. 
2005;105(1):410–9.

 33. Matsuda K, et  al. Spontaneous improvement of hematologic abnormalities in patients 
having juvenile myelomonocytic leukemia with specific RAS mutations. Blood. 
2007;109(12):5477–80.

 34. Flotho C, et al. Genotype-phenotype correlation in cases of juvenile myelomonocytic leuke-
mia with clonal RAS mutations. Blood. 2008;111(2):966–7; author reply 967-8.

 35. Aoki, et al. Recent advances in RASopathies. J Hum Genet. 2016;61:33–9.

J. Wiszniewska and C.V. Curry



261© Springer International Publishing AG 2018 
C.-C. Chang, R.S. Ohgami (eds.), Precision Molecular Pathology of Myeloid 
Neoplasms, Molecular Pathology Library, DOI 10.1007/978-3-319-62146-3_14

Chapter 14
Down Syndrome-Associated Hematologic 
Disorders and Leukemia

Amy M. Coffey, Brian Y. Merritt, and Choladda V. Curry

 Transient Abnormal Myelopoiesis

 Introduction

Transient abnormal myelopoiesis (TAM), also referred to as transient myeloprolif-
erative disorder (TMD) or transient leukemia (TL), is characterized by increased 
circulating myeloid blasts that have an acquired GATA-binding protein 1 (GATA1) 
mutation in children with Down syndrome [2].

 Epidemiology

TAM occurs in around 20–30% of children with Down syndrome. Approximately 
10–15% of neonates with Down syndrome have blasts >10%, and clinical and 
hematological features of TAM, referred to as clinical TAM, whereas another 
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10–15% have acquired GATA1 mutations with a low number of blasts (<10%) and 
no clinical or hematological features suggestive of TAM, the so-called silent TAM 
[2, 3]. Clinical TAM most commonly manifests during the early neonatal period. 
The median age at presentation is 3–7 days; most cases will manifest by 2 months 
but can be diagnosed up to 6 months old [4, 5]. TAM has been reported in partial 
trisomy 21 and trisomy 21 mosaicism [6, 7].

 Clinical Features

Clinical features of TAM vary; typical presenting features include hepatomegaly, 
splenomegaly, pericardial/pleural effusions, and skin rash [2, 3, 8]. Down syndrome 
children who have silent TAM may be diagnosed on review of peripheral blood 
smear and complete blood count (CBC) but otherwise appear well clinically; on the 
other hand, patients may be very sick with disseminated leukemic infiltration with 
massive hepatosplenomegaly, effusions, coagulopathy, and multi-organ failure [8]. 
Characteristic hematologic features of TAM include leukocytosis, anemia, and 
thrombocytopenia. Leukocytosis in TAM shows increased circulating blasts, neu-
trophilia, monocytosis, basophilia, and increased myelocytes. Other laboratory fea-
tures are abnormal liver function tests and abnormal coagulation [2, 3, 8].

 Morphology and Immunophenotyping

Many cases of TAM are morphologically and immunophenotypically indistinguish-
able from acute megakaryoblastic leukemia. Blasts in the peripheral blood and bone 
marrow show typical features of megakaryoblasts, which include a modest amount 
of agranular basophilic cytoplasm with cytoplasmic blebs, irregular nuclear con-
tours, and a nuclear chromatin pattern that may be more condensed than traditional 
myeloblasts with infrequent nucleoli (Fig. 14.1). The blast percentage in the periph-
eral blood may be disproportionately higher than in the bone marrow, reflecting 
probable megakaryopoiesis in the liver [4, 9]. If a bone marrow biopsy is performed, 
multilineage dysplasia may be seen, most often with involvement of megakaryo-
cytic and erythroid cell lines. Cases with prominent dysplasia may more closely 
resemble a conventional myelodysplastic syndrome. Marrow fibrosis is variable. 
Peripheral basophilia may be present. Liver biopsies performed for liver dysfunc-
tion may show necrosis and/or fibrosis, which is usually accompanied by atypical 
myeloid progenitors, including megakaryoblasts, within sinusoids. Examination of 
the placenta may show marked expansion of the chorionic plate and stem vessels by 
the circulating myeloid cells (Fig.  14.2) and/or features of fetal thrombotic 
vasculopathy.
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Fig. 14.1 Peripheral blood findings in TAM in a 2-week old. (a) Flow cytometry dot plots show a 
5% population of cells expressing megakaryocytic markers CD42 + CD61 corresponding to mega-
karyoblasts; the blasts are also positive for CD34, CD117, CD45 (dim), CD13, CD33, CD11b, 
CD38, and CD71. (b–d) Peripheral blood smears show leukocytosis with circulating megakaryo-
blasts (b–c, Wright-Giemsa 1000×) and other abnormal megakaryocytic precursors (d, Wright- 
Giemsa 1000×). Cytoplasmic pseudopod formation is a characteristic feature of megakaryoblastic 
differentiation (b), but a more constant feature is the presence of deeply basophilic agranular cyto-
plasm with features otherwise typical for myeloblasts (c)

Fig. 14.2 Placenta findings in TAM. Stem vessels are expanded by an atypical myeloid infiltrate 
(a), and atypical megakaryocytic precursors are visualized within the fetal vasculature of chorionic 
villi (b) (case provided by Edwina Popek, DO, Baylor Collge of Medicine/Texas Children’s 
Hospital, Pavilion for Women)
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 Immunophenotyping of Blasts by Flow Cytometry

In the majority of cases, blasts are positive for CD34, CD56, CD117, CD13, CD33, 
CD7, CD4 dim, CD41, CD42, CD36, CD61, CD71, TPO-R, and IL-3R [5]. 
Myeloperoxidase is negative. HLA-DR expression is variable. Overall, the immu-
nophenotype of blasts is variable and there is no reliable morphologic or immuno-
phenotypic profile to allow distinguishing between blasts from patients with TAM 
(with GATA1 mutation) and those without GATA1 mutation [2, 3]. Subtle immuno-
phenotypic differences between TAM and Down syndrome-associated acute 
myeloid leukemia have been described; CD34, CD56, and CD41 are less frequently 
expressed in Down syndrome-associated acute myeloid leukemia (see discussion 
below) [5].

 Cytogenetics and Molecular Findings

Clonal cytogenetic abnormalities are generally absent in TAM. There are isolated 
reports of oligoclonal abnormalities preceding progression to Down syndrome- 
associated acute myeloid leukemia (DS-ML) [10]. Detection of karyotypic abnor-
malities in TAM may indicate clonal evolution with progression to DS-ML [11].

The molecular events involved in the development from TAM to DS-ML have 
been recently reviewed [2]. Briefly, it is best described as a three-step model in fetal 
liver-derived hematopoietic stem or progenitor cells involving (1) trisomy 21, (2) an 
acquired GATA1 mutation, and (3) at least one additional oncogenic mutation 
(Fig. 14.3). Of note, step 3 will be discussed in the DS-ML section below.

Constitutional trisomy 21, the first in the three-step model, leads to altered 
myeloid progenitor self-renewal, altered lineage development, and increased clono-
genicity of megakaryocyte precursors (Fig.  14.3) [12–14]. Trisomy 21 leads to 
increased megakaryocyte-erythroid progenitors (MEP) and increased size and char-
acteristics of immunophenotypic characteristics of the hematopoietic stem cell 
(HSC) compartment; HSC and multipotent myeloid progenitors in trisomy 21 fetal 
liver proliferate more and have increased erythroid-megakaryocyte output and gene 
expression (increased HSC with MK/E bias) [12]. Although megakaryocytes (MK) 
are increased, their differentiation is impaired, leading to thrombocytopenia in both 
the fetal and neonatal periods, suggesting that dysmegakaryopoiesis occurs in 
Trisomy 21 [2, 12]. Increased expression of various genes on chromosome 21, par-
ticularly ERG and DYRK1a, may be responsible for the abnormal megakaryopoiesis 
seen in Down syndrome [2]. On a larger scale, trisomy 21 causes genome-wide 
alterations in gene expression, directly or indirectly affecting multiple genes on 
most chromosomes [2, 15].

Acquired somatic mutations in GATA-binding protein 1 (GATA1), the second of 
the previously mentioned three-step model, serve as the “second hit” in the develop-
ment of abnormal myeloid proliferations and are a defining feature of both TAM 
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and DS-ML (Fig. 14.3). It was previously thought that GATA1 aberrations occur in 
4–10% of neonates with Down syndrome [16–18]; however, with the relatively 
recent discovery of silent TAM, acquired GATA1 mutations are present at higher 
frequency, occurring in 25–30% of all neonates with Down syndrome and preced-
ing all cases of DS-ML [2, 3]. The affected site of acquired GATA1 mutations is in 
exon 2, or less commonly exon 3, or at the intronic boundary of exons 1 and 2. 
Insertions, deletions, and duplications, overall accounting for three-quarters of all 
mutations, are more common than point mutations. The GATA1 gene, located at 
Xp11.23, encodes a zinc finger transcription factor required for normal megakaryo-
poiesis and erythropoiesis. The mutated gene encodes a truncated protein devoid of 
its amino terminus that is thought to impair GATA1-mediated regulation of other 
transcription factors such as GATA2, MYB, MYC, and IKAROS family zinc finger 1 
(IKZF1); this in turn is thought to block megakaryocyte differentiation [7].

The unique combination of constitutional trisomy 21 and GATA1 mutations is 
responsible for the development of TAM [7]. In fact, GATA1 mutations in the 
absence of trisomy 21 cause anemia and neutropenia without leukemogenesis [19]. 
Additional transforming events (the third step of the three-step model), however, are 
required for progression to acute leukemia (discussed in section on DS-ML) 
(Fig. 14.3). Aside from GATA1, JAK3 mutations have uncommonly been reported 
(1 in 15 cases in one series) [20].

Fig. 14.3 Natural history with stepwise progression of TAM to DS-ML. The pathogenesis begins 
in utero with perturbed fetal liver hematopoiesis due to constitutional trisomy 21. Acquired GATA1 
mutations occur in a subset of infants with trisomy 21, either prenatally or shortly after birth, and 
serve as the “second hit” leading to either clinical or silent TAM. The “third hit” comes with the 
accumulation of additional genetic events leading to clonal expansion and promotion of leukemo-
genesis (Adapted from Fig. 1 of Ref. [2])
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 Prognosis and Therapy

Spontaneous remission occurs in the majority of cases, usually within the first 
3–6 months of life. The overall disease resolution rate is 85–90%, with a mortality 
rate of up to 20% [8, 21, 22]. Notable complications as a result of hyperviscosity 
and/or megakaryocyte-derived cytokines include liver fibrosis/liver failure, heart 
and respiratory failure, and disseminated intravascular coagulation. Low-dose cyta-
rabine may be administered in such cases. High-risk features include failure of 
spontaneous remission, markedly elevated white blood cell count greater than 
100 × 10^9/L, hepatic or renal dysfunction, hepatic fibrosis, prematurity, coagu-
lopathy, massive organomegaly causing respiratory compromise, and hydrops [12, 
21]. Progression to myeloid leukemia occurs in 20–30% of cases and usually occurs 
between 2 and 4 years of age.

Molecular markers are not currently utilized to monitor for disease progression 
to DS-ML. Transcriptional differences between TAM and DS-ML have been dem-
onstrated in a single study that may have diagnostic utility. CDKN2C and PRAME 
transcripts were shown to be increased in DS-ML, while MYCN transcripts were 
increased in TAM [23]. An immunohistochemical study targeting the PRAME pro-
tein failed to discriminate between cases of TAM and DS-ML [24]. For the time 
being, the distinction between TAM and DS-ML relies predominantly on the inte-
gration of clinical parameters, hematologic features, pathologic, cytogenetic, and 
molecular findings (Table 14.1).

 Conclusion

TAM (both clinical and silent TAM) occurs in up to a third of infants with Down 
syndrome. GATA1 alterations play a key role in the pathogenesis. Spontaneous 
remission is seen in the majority of cases, but subsequent development of DS-ML 
may occur. Children with TAM require close follow-up to monitor for a possible 
development of DS-ML in a subset of these patients. Consensus clinical guidelines 
with regard to the detection and monitoring of acquired GATA1 mutation by molec-
ular methods have not yet been established.

 Myeloid Leukemia Associated with Down Syndrome

 Introduction

There is a 150-to-500-fold increased risk of developing acute myeloid leukemia 
(AML) in children with Down syndrome compared to the general population, with 
an overall incidence of 0.5–2% in this population [16, 25]. Approximately 70% of 

A.M. Coffey et al.



267

AML in Down syndrome manifests as acute megakaryoblastic leukemia. Myeloid 
leukemia associated with Down syndrome (DS-ML) is recognized as a distinct 
entity by the 2016 revision of the World Health Organization classification based on 
its distinct clinical and molecular features in comparison to other types of AML 
[26]. As a note on terminology, older texts separate Down syndrome-associated 
AML from Down syndrome-associated myelodysplastic syndrome (MDS) because 
some children with Down syndrome present with cytopenias, dyspoiesis, and fewer 

Table 14.1 Clinical, pathologic, and molecular features of TAM vs. DS-ML

Parameter TAM DS-ML

Clinical

  Age 3–7 days, up to 6 months 1–2 years, up to 4 years
  Organomegaly, organ 

dysfunction, etc.a
Variable Variable

Hematologic

  Leukocytosis Variable Variable
  Blast percentage Variable, often high Variable
  Anemia Usually present Usually present
  Thrombocytopenia Usually present Usually present
Morphology

  Blasts with 
megakaryoblastic 
differentiation

Present Present

  Erythroid and 
megakaryocytic dysplasia

Usually present Usually present

  Reticulin fibrosis Variable Usually present
Immunophenotype Coexpression of CD34, CD56, 

CD41, CD61, and CD36 is 
common, along with other 
myeloid markers. Aberrant CD4 
and CD7 expression may be 
seen

Similar to TAM, with less 
frequent expression of CD34, 
CD56 and CD41

Karyotypic abnormalities Generally absent +8, +11, +21, −7, dup(1q), 
del(6q), del(7p), dup(7q), 
del(16q), der(3q), low 
hyperdiploidy, 
pseudodiploidy

Molecular aberrationsb

  Acquired GATA1 
mutation

Present Present

  Additional driver genetic 
events

Generally absent or not 
sufficient for leukemogenesis

Generally required for 
leukemogenesis

PB peripheral blood, BM bone marrow
aClinical manifestations may include but are not limited to hepatomegaly, splenomegaly, effusions, 
skin rash, coagulopathy, multi-organ failure
bRefer to Fig. 14.3
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than 20% blasts, thus meeting the criteria for MDS. By the current WHO classifica-
tion schema, the term “myeloid leukemia associated with Down syndrome” encom-
passes both AML and MDS since they represent a continuum of the same biologic 
process, and all cases fulfilling the criteria for MDS will inevitably evolve into AML 
[5, 26].

 Epidemiology

DS-ML develops 1–3 years following TAM, with a mean age of 1–1.8 years at 
diagnosis, but can occur up to 4 years old. Previously, it was thought that DS-ML 
may develop without prior TAM [26, 27]; however, recent data suggested all 
DS-ML preceded by TAM, either clinically or silently, the so-called clinical TAM 
or silent TAM, respectively (refer to the TAM section, above). It is therefore most 
likely that patients who develop DS-ML without a prior history of TAM are those 
who have silent TAM which was not diagnosed earlier. Previous studies based on 
retrospective data suggest that 20–30% of neonates with TAM (in general imply 
clinical TAM) will subsequently develop DS-ML. In consideration of the recent 
discovery of silent TAM, which suggests a much higher frequency of GATA1 
mutations at birth, and the estimated population-based frequency of DS-ML, 
which is approximately 0.5–2% before 4 years of age, the risk of progression is 
probably closer to 5–10% [2, 7, 16, 28]. Progression to DS-ML may immediately 
follow clinical TAM but more commonly occurs following a period of clinical 
remission.

 Clinical Features

DS-ML is most often characterized by an indolent clinical course with initial myelo-
dysplasia and progressive pancytopenia, particularly thrombocytopenia and leuko-
penia, with low circulating blast counts for many months followed by the eventual 
development of overt AML [2].

 Morphology and Immunophenotyping

Morphology in the peripheral blood and bone marrow may be indistinguishable 
from TAM (Fig. 14.4). Blasts have megakaryoblastic features. Erythroblastic dif-
ferentiation may also occur but is rare (Fig. 14.5). Megakaryocytic/erythroid dys-
plasia is often present. Erythroid precursors may show megaloblastic change in 
addition to dysplastic forms. Dysgranulopoiesis may also be present. Reticulin 
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fibrosis in the marrow is variable but often present; therefore, it is essential to 
obtain a bone marrow trephine core biopsy for a more accurate assessment of 
blast involvement.

 Immunophenotype

The usual immunophenotype is similar to TAM.  In the majority of cases, blasts 
show megakaryoblastic differentiation and are positive for CD117, CD13, CD33, 
CD7, CD4 dim, CD42, CD36, CD61, CD71, TPO-R, and IL-3R. Myeloperoxidase 
is negative. HLA-DR expression is variable. In contrast to TAM, CD34 is negative 
in 50% of cases, and CD56 and CD41 are negative in 30% [5].

Fig. 14.4 Bone marrow findings in myeloid leukemia associated with Down syndrome, with fea-
tures resembling myelodysplastic syndrome (a, b) and features of acute megakaryoblastic leuke-
mia (c, d). Cases behaving as myelodysplastic syndrome show uni- or multilineage dyspoiesis 
including megakaryocytic dysplasia in a background of reticulin fibrosis. (a) Blasts show features 
of megakaryoblastic differentiation with deep basophilic cytoplasm and cytoplasmic blebs. In 
panel b, megakaryocytes are increased in number and show abnormal nuclear forms including 
small, hypolobated forms and nuclear hyperchromasia. In this case, there is no increase in blasts 
(a Wright-Giemsa 1000×, B H&E 500×). Cases behaving as acute megakaryoblastic leukemia 
show more than 20% marrow involvement by leukemic blasts showing megakaryoblastic differen-
tiation. (d) Bone marrow core biopsy shows large aggregates of blasts, in a background of dyspoi-
esis with reticulin fibrosis (c Wright-Giemsa 1000×, D H&E 500×)

14 Down Syndrome-Associated Hematologic Disorders and Leukemia



270

 Cytogenetics and Molecular Findings

Karyotypic abnormalities may indicate clonal evolution of TAM to DS-ML [11]. 
Cytogenetic changes in DS-ML appear to be distinct from those observed in other 
subtypes of AML. Trisomy 8 commonly occurs in 13–44% of cases [28, 29]. Other 
less common abnormalities include dup(1q), del(6q), del(7p), dup(7q), del(16q), 
der(3q), +8, +11, +21, and −7 [21, 27, 30]. Interestingly, an additional nonconstitu-
tional chromosome 21 is more frequent in DS-ML than in conventional AML. The 
recurrent cytogenetic abnormalities in conventional AML such as t(8;21), 11q23 
translocations, and inv(16) are significantly less common in DS-ML.  The most 
common ploidy levels are low hyperdiploidy and pseudodiploidy [30].
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Fig. 14.5 Pure erythroid leukemia arising in a 2-year-old boy with Down syndrome. (a) Flow 
cytometry dot plots showing 62% blasts which are CD45 negative with co-expression of CD71. 
Glycophorin A is positive in a small subset. The blasts also express CD34 (subset), CD117, CD7 
(partial), CD99, and CD33 (variable). (b, c) Aspirate smears show numerous erythroblasts with 
deeply basophilic cytoplasm and round nuclei with fine chromatin and one or more nucleoli. 
Cytoplasmic vacuolization is present (b Wright-Giemsa 200×, c Wright-Giemsa 1000×)
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As previously elucidated in the previous section, patients with Down syndrome 
have trisomy 21 (first step) as a pre-existing event that disturbs normal hematopoi-
esis. GATA1 mutations (second step), as a required pre-leukemic event, are found in 
all TAM. Additional molecular events (third step), however, are almost certainly 
required for progression from TAM to AML, the details of which have not been 
fully elucidated (Fig. 14.3).

A Down Syndrome Critical Region (DSCR) on chromosome 21 has been identi-
fied, which is a 4.3–5.4 Mb region located at 21q22 that contains several candidate 
genes involved in leukemogenesis including ERG, ETS2, RUNX1, GABPA, BACH1, 
and DYRK1A [7, 12]. Among these, ERG and RUNX1 have received the most 
attention.

ERG expression is a poor prognostic indicator in adult T-ALL and cytogeneti-
cally normal AML, but its role in childhood leukemia is uncertain [31]. 
Overexpression has been demonstrated in non-DS acute megakaryoblastic leuke-
mia, but it is not overexpressed in induced pleuripotent stem cell (iPS)-derived 
Down syndrome progenitors, an in vitro model of trisomy 21 [13, 32]. ERG causes 
immortalization of hematopoietic progenitor cells in GATA1 mutant mice through 
JAK/STAT pathway activation, and a TMD-like effect has been demonstrated in 
mice models (Ts65Dn) [33, 34]. Furthermore, Ts65Dn mice that are converted from 
trisomy ERG to disomy show complete reversal of the myeloproliferative pheno-
type [35]. While its direct role in leukemogenesis is unclear, ERG and DYRK1A are 
important mediators of abnormal megakaryopoiesis [2].

RUNX1 plays an etiologic role in a subset of AML, but there is conflicting evi-
dence for its role in DS-ML, especially since RUNX1 trisomy does not appear to be 
required for the development of DS-ML [36]. RUNX1 has a joint role with GATA1 
in megakaryopoiesis [37]. Increased expression has been demonstrated in acute 
megakaryoblastic leukemia, but it is not overexpressed in iPS-derived Down syn-
drome progenitors [13, 38].

Several other candidate genes have been proposed for which excellent 
reviews are available elsewhere [7]. MicroRNAs including miR-125b-2 on 
chromosome 21 and miR-486-5p on chromosome 8 have been implicated. 
Epigenetic targets on chromosome 21 including BRWD1, HLCS, and HMGN1 
may play a role [39, 40]. Candidate genes not located on chromosome 21 
include JAK3, MYCN, MYC, PRAME, CDKN2C, and EZH2. JAK3 mutations 
have been detected in a small subset of DS-ML [20]. CDKN2C and PRAME 
transcripts were shown to be increased in DS-ML, while MYCN transcripts are 
increased in TAM [23]. This latter observation seems to have the most potential 
thus far for distinguishing cases of DS-ML from TAM, although current diagnostic 
algorithms do not incorporate molecular testing.

The first comprehensive molecular landscape of DS-ML was achieved by Yoshida 
et al. whereby the authors demonstrated clonal evolution of TAM to DS-ML through 
acquisition of additional mutations. The major evolutional targets identified in this 
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study were as follows: cohesin components genes (i.e., RAD21, STAG2, SMC3, and 
SMC1A) (53%), CTCF (20%); EZH2, KANSL1 and other epigenetic regulators 
(45%); and common signaling pathways, such as the JAK family kinases, MPL, 
SH2B3 (LNK), and RAS pathway genes (47%) [41].

The molecular pathogenesis involved in DS-ML has yet to be worked out, but 
current knowledge supports GATA1 mutation as an essential pre-leukemic event in 
the development of DS-ML.  Additional transforming events, possibly involving 
genes in the DSCR region, lead to progression to acute leukemia [2, 7].

 Prognosis and Therapy

Prognosis is overall good, and response to therapy is superior in DS-ML in compari-
son to non-DS AML, with 88% versus 42% 4-year disease-free survival [27]. Age 
greater than 4 years is associated with worse outcomes and is thought to represent a 
different cohort of patients [42]. In contrast to conventional AML, white blood cell 
count at diagnosis is not predictive of outcome [27].

Cytarabine and anthracyclines are key therapeutic agents in treatment protocols 
for DS-ML. This is based on the apparent increased sensitivity to DNA-damaging 
chemotherapeutic agents in this population [8, 43]. The increased sensitivity profile 
has been attributed to oxidative stress and altered folate metabolism in DS-ML, 
yielding deficient DNA repair mechanisms, a notion supported by the observed 
overexpression of genes involved in oxidative/folate metabolism including cysta-
thionine beta synthase (CBS) and zinc-copper superoxide dismutase (SOD1) [43]. It 
has been proposed that this environment of oxidative stress and disrupted folate 
metabolism may in fact contribute to the development of GATA1 mutations in the 
DS population [43]. Other proposed mechanisms contributing to the increased sen-
sitivity include altered drug metabolism [7]. The observed sensitivity profile to 
these agents has permitted dose-reduction strategies in the DS-ML population that 
achieve the same cure rates with less treatment-related toxicity [43]. Targeted thera-
pies have not yet been investigated in this population.

 Conclusion

DS-ML may occur in individuals with Down syndrome, and trisomy 21 serves as a 
pre-existing event (step 1). GATA1 mutations serve as an additional required pre- 
leukemic event (step 2). Additional molecular alterations must occur for promotion 
of leukemogenesis, the details of which are not yet fully characterized (step 3). The 
proposed three-step model (Fig. 14.3) is the best model for leukemogenesis based 
on the most recent available studies.
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 Down Syndrome-Associated Acute Lymphoblastic Leukemia

 Introduction

There is a 20-fold increased risk of developing acute lymphoblastic leukemia (ALL) 
in children with Down syndrome compared to the general population. In contrast to 
DS-ML, there is not sufficient molecular or clinical evidence to support Down 
syndrome- associated ALL (DS-ALL) as a distinct biologic entity by the current 
WHO classification [5, 44]. However, recent advances including the discovery of 
CRLF2 translocations in B-ALL have shed light on the molecular pathogenesis in at 
least a large proportion of DS-ALL.

 Epidemiology

Children with Down syndrome have a 20-fold increased risk for ALL compared to 
children without Down syndrome [1]. In contrast to the general population where 
the ALL:AML ratio is 4–6.5:1, from birth to 15 years of age, ALL occurs with only 
minimally higher frequency than acute myeloid leukemia (ALL:AML ratio of 1.2–
1.7:1) in children with Down syndrome [7].

 Morphology and Immunophenotyping

Morphologic findings are identical to non-DS-ALL.  Typical lymphoblasts have 
scant agranular cytoplasm, coarse-to-fine chromatin, and often indistinct nucleoli, 
but variations in morphology may be seen.

 Immunophenotype

More than 90% of DS-ALL exhibit a precursor B phenotype. Precursor B cell neo-
plasms express CD45 (dim) and B-lineage markers CD19, CD22, CD20 (often 
weak or absent), CD24, CD79a, and PAX-5. TdT is expressed in the majority of 
cases. Expression of immunoglobulin is variable but often absent. CD10, CD133, 
CD34, HLA-DR, and CD99 may be seen. Myeloid antigens such as CD11b, CD13, 
CD15, and CD33 may be seen in DS-B-ALL. A minority of DS-ALL are of precur-
sor T cell origin with expression profiles identical to non-DS T-ALL [5, 45].
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 Cytogenetics and Molecular Findings

A normal karyotype (aside from constitutional trisomy 21) is observed in 40% 
DS-ALL, which is a much greater proportion compared to non-DS pediatric ALL 
(7%). Rearrangements of CRLF2 are reported in a large proportion of DS-ALL 
(discussed below). Favorable cytogenetic profiles including t(12;21)(p13;q22);ETV6- 
RUNX1, double trisomy of 4 and 8, and high hyperdiploidy are significantly less 
common in DS-ALL; t(12;21)(p13;q22) and hyperdiploidy were found in 10% of 
cases in the largest series [30]. Unfavorable cytogenetic findings, including BCR- 
ABL1 fusion and MLL rearrangements, are also less common. The largest series to 
date reported three abnormalities +X, t(8;14)(q11;q32), and del(9p) as unique 
changes seen in DS-ALL although these findings have not been definitively cor-
roborated as recurrent abnormalities [30]. Acquired +21 is fairly frequent in 
DS-ALL, although less so than non-DS-ALL.

Three predominant molecular aberrations have been described in DS-ALL: 
CRLF2 overexpression, JAK2 alterations, and RAS mutations. Constitutional tri-
somy 21 likely plays a role, a theory corroborated by data from non-DS ALL with 
intrachromosomal amplification of chromosome 21 (iAMP21).

 CRLF2 Overexpression

Dysregulation of the cytokine receptor-like factor 2 (CRLF2) is found in 60% of 
DS-ALL compared to 10% of non-DS pediatric ALL [46–49]. CRLF2 is located on 
the X and Y chromosomes, at Xp22.3 and Yp11.3. The protein product of CRLF2 
forms a heterodimer receptor for thymic stromal lymphopoietin (TSLP) in combi-
nation with interleukin-7 receptor subunit alpha (IL-7Rα) [1]. Receptor binding of 
TSLP results in activation of the STAT3, STAT5, and JAK2 pathways. Dysregulation 
of this pathway may result from translocations, deletions, or point mutations of the 
CRLF2 gene. Translocations resulting in CRLF2 rearrangement with IGH on chro-
mosome 14 result in CRLF2 gene overexpression [46, 48]. By an alternate mecha-
nism, deletions in the pseudoautosomal region 1 (PAR1) of Xp22.3/Yp11.3 result in 
a P2RY8-CRLF2 fusion, leading to CRLF2 overexpression [47]. The latter mecha-
nism is more frequent. Lastly, point mutations at codon 232 (F232C) result in 
CRLF2 overexpression and have been documented in 9% of DS-ALL patients and 
21% of adult B-ALL patients [1]. Of note, interleukin-7 receptor (IL-7R) gene 
mutations have been reported in B- and T-ALL in association with aberrant CRLF2 
overexpression, although such mutations have not specifically been described in 
DS-ALL [50]. A subset of DS-B-ALL patients who carry CRLF2 gene translocation 
may be classified as “BCR-ABL1-like ALL,” which is a provisional entity as pro-
posed by the 2016 updated WHO classification schema [26].
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 JAK2 Mutations

JAK2 mutations may occur in combination with CRLF2 fusions, conferring a likely 
cooperative effect [1]. JAK2 is a cytoplasmic protein-tyrosine kinase that catalyzes 
the transfer of the gamma-phosphate group of adenosine triphosphate to the 
hydroxyl groups of specific tyrosine residues in signal transduction molecules [51, 
52]. The downstream effectors of JAK2 are a family of transcription factors called 
signal transducers and activators of transcription (STAT) proteins. JAK-STAT sig-
naling plays an important role in B lymphopoiesis. Deletion of five amino acid resi-
dues from positions 682 to 686 within the JH2 pseudokinase domain on exon 14 of 
JAK2 (JAK2ΔIREED) or other mutations in the R683 residue on exon 16 lead to 
activated JAK2 signaling in some B-ALLs [53, 54]. The majority of R683 mutations 
reported lead to replacement of arginine, a basic residue, with a neutral amino acid, 
which leads to altered interactions at the C-terminal kinase domain and results in 
constitutive JAK2 activation [54]. JAK2 R683 abnormalities have been reported in 
18–20% in DS-ALL [54–56]. Mutations in the JAK2 kinase domain, as well as the 
JAK1 pseudokinase domain, have also been reported with much less frequency [47]. 
Interestingly, JAK2 V617F, mutations occurring in the pseudokinase domain at a 
different site compared to JAK2 R683, are common mutations in myeloproliferative 
neoplasms but are not seen in DS-ALL [1].

 Ras Mutations

Mutations in NRAS and KRAS have been reported to occur with a frequency similar 
to JAK2 mutations and P2RY8-CRLF2 fusions (15 of 42 cases in one study), and 
often occur as later events [57]. RAS and JAK2 mutations are mutually exclusive 
events. Current data support the idea that CRLF2 fusions serve as the initiating 
event in leukemogenesis, while JAK2 or RAS mutations may arise later in the dis-
ease as subclones [57].

 Contribution of Constitutional Trisomy 21

The contribution of constitutional trisomy 21 to the development of DS-ALL is less 
clear but it almost certainly plays a role. Interestingly, there is an overall reduction 
in committed B-lineage progenitors in the trisomy 21 mouse model (Ts1Rhr) with 
a relative increase in less mature forms. These trisomic pro-B-cells display the capa-
bility for increased self-renewal [58]. Two candidate genes located on chromosome 
21, HMGN1 and DYRK1A, have received the most attention. The protein product of 
HMGN1 is a nucleosome-binding protein implicated in histone H3 modifications 
and it has been shown to alter B-cell development in Ts1Rhr mice [reviewed in 1]. 
Epigenetic changes related to HMGN1 expression may lead to B cell proliferation 
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and leukemogenesis. DYRK1A, a member of the CMGC superfamily of protein 
kinases and located in the Down syndrome critical region (DSCR) of chromosome 
21, is also one of the candidate genes implicated in DS-ML. The protein product of 
DYRK1A is essential for lymphoid, but not myeloid, development where it is 
involved in cell cycle regulation and appears to be important for shifting lympho-
cytes from a proliferative to a quiescent state [59].

 iAMP21

Intrachromosomal amplification of chromosome 21 (iAMP21) occurs in 2% of non-
 DS pediatric ALL and has similarities to DS-ALL, further supporting the contribu-
tion of constitutional trisomy 21 to the pathogenesis of DS-ALL [reviewed in 1]. 
Many of the genes amplified in iAMP21 are the same genes implicated in constitu-
tional trisomy 21, namely, RUNX1 and miR-802, and possibly DYRK1A and ETS2. 
Other molecular abnormalities observed in the iAMP21 group include IKZF dele-
tions (16%), PAX5 deletions (8%), CDKN2A deletions (13%), ETV6 deletions 
(15%), gain of X-chromosome (20%), and P2RY8-CRLF2 fusions (17%). Among 
these, gain of X-chromosome and P2RY8-CRLF2 fusions have been reported in 
DS-ALL in 24% and 22% of cases, respectively. A notable difference between the 
iAMP21 group and DS-ALL is the lack of JAK2 mutations in the former.

 Prognosis and Therapy

Higher relapse rates and overall inferior outcomes are observed in DS-ALL com-
pared to the general population. While different biologic, cytogenetic, and molecu-
lar profiles may certainly contribute to this trend, individuals with Down syndrome 
appear to have a higher incidence of methotrexate toxicity, which has led to dose- 
adjusted protocols in this population [1, 60]. It has been suggested that the higher 
relapse rates are at least partially attributable to the difference in treatment proto-
cols, which appear necessary due to the excessive morbidity and mortality observed 
with conventional protocols designed for the general pediatric population [1]. JAK2 
mutations are associated with high-risk features and relapsed disease in non-DS- 
ALL but apparently not in DS-ALL, while KRAS mutations were associated with 
poor outcome for DS-ALL in one study [57].

Hematopoietic stem cell transplantation is an option for high-risk or relapsed 
ALL in the general population, but data for DS-ALL is limited [1]. While targeted 
therapy does not yet play a major role, several new agents have been proposed as 
potential therapies in the DS and non-DS ALL populations, especially in the 
relapsed/refractory disease setting. Such agents include chimeric antigen receptor T 
cells, the CD19/CD3 bispecific antibody blinatumomab that redirects cytotoxic T 
cells to CD19-expressing leukemic cells, and agents targeting JAK2 (i.e., ruxoli-
tinib, momelotinib) or mTOR (i.e., temsirolimus, everolimus) pathways [1].
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 Conclusions

There is an increased risk of developing ALL in individuals with Down syndrome. 
The molecular pathogenesis of DS-ALL involves three predominant molecular 
aberrations – CRLF2 overexpression, JAK2 alterations, and RAS mutations, with 
likely contributions from constitutional trisomy 21. Inferior outcomes are seen in 
DS-ALL when compared to the general population. While the WHO 2016 does not 
recognize DS-ALL as a distinct entity, the different clinical, cytogenetic, and 
molecular characteristics underscore the complexity and differences among 
DS-ALL and ALL in general pediatric population.
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Chapter 15
Inherited and Acquired Myeloid Neoplasms 
of Childhood

Kevin E. Fisher and M. Monica Gramatges

 Introduction

Myeloid neoplasms occurring in childhood encompass a broad spectrum of diseases 
that include the myeloproliferative neoplasms (MPN), myelodysplastic syndromes 
(MDS), myelodysplastic/myeloproliferative neoplasms (MDS/MPN), and acute 
myeloid leukemia (AML). MPNs result from an underlying mutation or gene fusion 
that is associated with constitutive activation of a signaling pathway, leading to 
enhanced cell survival or excessive proliferation of relatively differentiated hemato-
poietic cells. MDS, in contrast, is a clonal disorder affecting progenitor cells  of 
myeloid, erythroid, or megakaryocytic lineage, and in children is typically associ-
ated with significant cytopenias and a rapidly progressive disease course. MDS/
MPNs are unique in sharing some morphologic and molecular features of both 
MDS and MPNs. Lastly, AML is an aggressive cancer restricted to the abnor-
mal proliferation and differentiation of myeloid precursors.

In this chapter, we will discuss the epidemiology, clinical features, and associ-
ated pathology for myeloid neoplasms observed in childhood, including recent 
advances in our understanding of genetic contributors to disease risk and patho-
physiology. Given the intimate association of childhood MPN/MDS/AML and 
inherited susceptibility, mutations associated with genetic predisposition will be 
discussed, as well as diagnostic implications for potentially at-risk family members. 
The focus of this chapter will be on both inherited and acquired pediatric MDS, but 
for MDS/MPN, MPN, and AML will be restricted to inherited risk, as many of these 
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disease entities are discussed in greater detail elsewhere. Notably, according to the 
2016 revision of the World Health Organization (WHO) classification of myeloid 
neoplasms, current recommendations are that underlying germline mutations, if 
present, be included in the diagnostic classification [1].

 Inherited Myeloproliferative Neoplasms and Myelodysplastic/
Myeloproliferative Neoplasms of Childhood

MPNs are a heterogeneous group of clonal hematopoietic stem cell disorders char-
acterized by proliferation in one or more of the myeloid lineages [2]. They include 
disorders discussed in more detail in other chapters, such as chronic myeloid leuke-
mia (CML), chronic neutrophilic leukemia, chronic eosinophilic leukemia, not oth-
erwise specified, MPN unclassifiable, mastocytosis, polycythemia vera (PV), 
primary myelofibrosis (PMF), and essential thrombocythemia (ET). After mastocy-
tosis, which has a strong childhood predilection, CML is the most common MPN 
encountered in pediatric patients, comprising 2–5% of pediatric leukemias [3]. 
Despite their rarity in children, there are several well-recognized genetic changes 
associated with hereditary MPNs that merit discussion here.

The morphologic features of childhood MPNs are virtually indistinguishable 
from their adult counterparts and they share a similar clinical presentation with a 
few notable exceptions. Though not the focus of this section, there are notable dis-
similarities in the spectrum of acquired mutations observed in children diagnosed 
with MPN compared with adults. For example, acquired Janus Kinase 2 (JAK2) 
p.V617F or JAK2 exon 12 mutations are detected in essentially all adult cases of PV 
[4], but occur in only 30% of pediatric PV cases [5]. Also, a large subset of adult 
onset ET and PMF cases can be characterized by somatic calreticulin (CALR) exon 
9 frameshift mutations leading to aberrant translation of the CALR protein 
C-terminus in adult populations [6, 7]. However, CALR exon 9 mutations are rarely 
detected in pediatric MPN cases [8–10]. In contrast, acquired mutations in the 
thrombopoietin receptor gene MPL are detected in approximately 5% of adult ET, 
and are equally rare in pediatric ET [11]. However, inherited MPL mutations are 
associated with congenital amegakaryocytic thrombocytopenia (discussed below), 
and dominant-negative MPL mutations can cause a rare form of familial ET [12].

Next-generation sequencing (NGS) discovery efforts have provided some insight 
into the somatic mutation spectrum of pediatric MPNs. Investigators recently iden-
tified novel and recurrent mutations in the IRF8 gene, a gene that encodes a tran-
scription factor in the interferon regulatory factor family, in addition to mutations in 
JAK2 and CALR, and MPL, in a population of children diagnosed with MPN. Fewer 
than expected mutations in genes involved in epigenetic regulation were also 
observed in comparison with adult MPN populations. Moreover, in this study, no 
mutations were detected in one third of pediatric MPN, compared with 8% of adult 
MPN [13]. Thus, despite efforts, the somatic alterations that drive MPNs of child-
hood remain largely uncharacterized.
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Although a vast majority of MPNs are thought to arise de novo, there is growing 
evidence that a significant proportion are associated with inherited predisposition. 
A large epidemiological study from Sweden demonstrated a five- to seven-fold ele-
vated risk of MPNs among first-degree relatives of MPN patients [14]. The JAK2 
46/1 “GGCC” haplotype, a region of JAK2 spanning introns 10–15 characterized by 
four single nucleotide polymorphisms (SNPs) in complete linkage disequilibrium, 
is associated with a predisposition to JAK2- and MPL-positive MPNs [15, 16]. Two 
SNPs in JAK2 and MECOM (MDS1 and EVI1 complex locus), respectively, are 
associated with an increased risk of JAK2-negative MPNs [17]. Activating JAK2 
mutations are key initiating molecular events in the pathogenesis of PV, although 
additional mutations are required to cause disease [18]. The rarity of childhood PV 
and acquired JAK2 mutations, as well as the discovery of germline MPN suscepti-
bility variants, is consistent with this observation. Additional germline mutations 
associated with increased risk of MPN include an intronic SNP in the telomerase 
reverse transcriptase (TERT) gene associated with a twofold risk of developing 
MPN [19, 20], and mutations in retinoblastoma binding protein 6 (RBBP6), believed 
to contribute to approximately 5% of familial MPN [21].

Therapeutic interventions for pediatric MPNs are generally less aggressive, 
likely due to the limited knowledge of disease natural history in these rare condi-
tions, as well as limited evidence for use of investigational agents in a pediatric rare 
disease population. For example, in pediatric ET, asymptomatic children are gener-
ally observed without intervention, and in PV, phlebotomy is typically recom-
mended as an initial intervention. However, when diagnosing and treating MPN in 
pediatric patients, consideration should be given to genetic syndromes predisposing 
to specific MPN subtypes, in particular Noonan syndrome, neurofibromatosis type 
1, and Down syndrome (each discussed in more detail below).

 Juvenile Myelomonocytic Leukemia in Association with Noonan 
Syndrome and Neurofibromatosis Type 1

Children with both Noonan syndrome and neurofibromatosis type 1 (NF1) are at 
increased risk of developing an MPN that is similar to JMML. Noonan syndrome is 
a genetic disorder characterized by heart defects, short stature, learning problems, 
and specific facial features. Children with Noonan syndrome are at an increased risk 
of developing a JMML-like disorder (~10%) [22]. JMML in the setting of Noonan 
syndrome presents far earlier compared with sporadic JMML (<2  months vs. 
1.8 years) and is characterized by a polyclonal myelopoiesis stemming from germ-
line mutations in PTPN11 [23]. PTPN11 encodes a protein tyrosine phosphatase 
(protein tyrosine phosphatase, non-receptor type 11) that regulates mitogenic acti-
vation, metabolic control, transcription regulation, and cell migration. Differentiating 
sporadic JMML from JMML in association with Noonan syndrome is critical, as 
sporadic JMML is universally fatal in the absence of stem cell transplantation 
(SCT), whereas JMML in association with Noonan syndrome typically undergoes 
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spontaneous regression. Thus, in the setting of Noonan syndrome, chemotherapy 
and/or SCT are typically not recommended.

NF1 (von Recklinghausen disease) is an inherited autosomal dominant neurocu-
taneous genetic disorder characterized by café-au-lait macules, neurofibromas, 
skinfold freckling, iris hamartomas (Lisch nodules), optic gliomas, and skeletal 
deformities [24]. Neurofibromatosis occurs as a result of inactivating germline 
mutations in the neurofibromin 1 gene (NF1), leading to hyperactive RAS signaling 
and downstream ERK activation. Children with this diagnosis have a 200- to 500- 
fold increased risk of developing a myeloid malignancy [25], and comprise 10–15% 
of children diagnosed with JMML [26].

Neurofibromatosis, Noonan syndrome, and JMML are all considered 
“RASopathies” due to their shared inheritance of RAS pathway gene mutations and 
propensity for malignancy. The other RASopathies such as Noonan-like CBL syn-
drome, Costello syndrome, cardiofaciocutaneous (CFC) syndrome, and Legius syn-
drome similarly predispose to a range of malignancies and abnormal myelopoiesis 
in infancy [27]. Another example is the association between germline mutations in 
CBL, a gene that encodes an E3 ubiquitin ligase and acts as a key negative regulator 
of the RAS signaling pathway, and increased risk of development of JMML [28, 29].

Importantly, however, activating mutations in RAS pathway genes are also 
detected in nonmalignant conditions. For example, identical KRAS and NRAS muta-
tions are observed in both JMML and in Ras-associated autoimmune leukoprolif-
erative disorder (RALD). Although RALD shares clinical and morphologic features 
with JMML and CMML, this disease follows an invariably indolent course. The 
acquisition of additional cooperating somatic mutations in JMML is hypothesized 
to contribute to the disparate clinical manifestations of these entities [30].

 Transient Abnormal Myelopoiesis in Association with Down 
Syndrome

Children with Down syndrome due to trisomy 21 are at increased risk of developing 
transient abnormal myelopoiesis (TAM), which is characterized by a clonal prolif-
eration of myeloid blasts and is associated with acquired mutations in GATA1 (the 
gene that encodes GATA Binding Protein 1) [31, 32]. Although patients may present 
with hepatomegaly, splenomegaly, jaundice, or effusions, infants are asymptomatic 
in approximately 10–25% of cases. Of note, TAM may be the first clinical manifes-
tation of Down syndrome.

Blasts in TAM typically exhibit characteristic features of megakaryoblastic 
differentiation including round to ovoid nuclei, dispersed chromatin, small nucleoli, 
and deeply basophilic cytoplasm with cytoplasmic blebbing. Blasts express stem cell, 
myeloid, nonlineage, and megakaryocytic/blastic markers  immunophenotypically, 
although no blast percentage threshold has been established for the diagnosis of 
TAM [33]. If TAM is suspected, somatic mutations in exons 2 and 3 of GATA1 
support a clonal proliferation, and constitutional testing to exclude trisomy 21 
mosaicism should also be considered.
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The majority of Down syndrome infants diagnosed with TAM experience spon-
taneous regression within 1–3 months and do not require chemotherapeutic inter-
vention [34]. However, 20–30% of Down syndrome infants diagnosed with TAM 
progress to develop acute megakaryoblastic leukemia by 5 years of age [35], a risk 
that is likely associated with additional acquired driver mutations [36]. Therefore, 
following a diagnosis of TAM, close clinical monitoring is warranted at least until 
the age of 5 years.

In conclusion, the absence of consistent genetic drivers, both germline and 
somatic, and differences in disease pathophysiology distinguish pediatric MPN and 
pediatric MDS/MPN from adult MPN and adult MDS/MPN. These observations 
underscore the necessity of cooperative patient registries for these rare diseases, and 
require additional investigation to elucidate the molecular pathogenesis and clinical 
outcomes of childhood MPNs and MDS/MPNs. Until that time, the accurate diag-
nosis and clinical management of these myeloid neoplasms in children requires 
comprehensive clinical and laboratory data, a differential diagnosis that includes 
underlying constitutional syndromes (e.g., Noonan syndrome), and the meticulous 
exclusion of reactive secondary disorders [37].

 Acquired Childhood Myelodysplastic Syndrome

The overall incidence of myelodysplastic syndrome (MDS) of childhood is quite 
rare, with only 1–2 cases per million. The disease has an equal male/female distri-
bution and a median age at presentation of 6.8 years [38, 39]. Pediatric MDS often 
presents with clinical symptoms associated with cytopenias such as fatigue, infec-
tion, and bleeding. However, unlike adults who commonly present with isolated 
anemia [40], children with MDS more commonly present with two or more cytope-
nias [41]. Moreover, in contrast to the relatively indolent disease course observed in 
adult MDS, pediatric MDS is often progressive, transforming to AML in 10–20% of 
cases [42].

Marked bone marrow hypocellularity is a hallmark of MDS in childhood. Nearly 
half of the cases are classified as refractory cytopenia of childhood (RCC), an MDS 
subtype characterized by dysplastic changes in 2 hematologic lineages, or >10% 
dysplasia in one lineage, with marked decreases in megakaryocytes [2]. The diag-
nostic criteria of RCC, a provisional entity in the 2016 WHO revision, are discussed 
in detail elsewhere. Other non-neoplastic disorders are often morphologically indis-
tinguishable from RCC, such as viral infections, vitamin B12/folate deficiencies, 
metabolic disorders, and inherited bone marrow failure disorders [40]. Thus, initial 
evaluation should always exclude possible secondary causes. Careful attention 
should also be paid to both physical exam features and family history, as childhood 
MDS may present with congenital anomalies or bone marrow failure suggestive of 
an inherited bone marrow failure syndrome (IBMFS), and should trigger a genetic 
evaluation for such syndromes (e.g., Fanconi anemia, dyskeratosis congenita, and 
Shwachmann-Diamond syndrome, discussed in more detail below).
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Monosomy 7 is the most common acquired cytogenetic abnormality in  childhood 
MDS, although RCC typically exhibits a normal karyotype. Unlike adult MDS, 
mutations in genes encoding RNA spliceosome machinery are rare events in pediat-
ric MDS [43]. However, mutations in genes involved in kinase signaling and tran-
scriptional regulators such as RAS and GATA2, respectively, are often detected [44]. 
Of note, germline GATA2 mutations have been detected in ~10% of a pediatric 
MDS cohort lacking features of an underlying disorder [45], suggesting a need for 
germline genetic testing when rendering a diagnosis of de novo MDS in a pediatric 
patient (discussed in more detail below) [46].

Prognosis of pediatric MDS is generally poor, with the only curative therapy 
being SCT. Steadily worsening cytopenias, transfusion dependence, multilineage 
dysplasia, increasing blast count, or detection of a clonal cytogenetic abnormality 
suggests heightened risk of progression to AML, such that proceeding to SCT is 
recommended as soon as possible [47]. This is because SCT outcomes are best 
when performed early, without pre-SCT chemotherapy, and prior to disease pro-
gression [48, 49]. Meanwhile, standard supportive care should be offered with 
transfusions and antimicrobial prophylaxis, as well as a high index of suspicion and 
rapid empiric therapy for infections related to neutropenia.

 Acute Myeloid Leukemia and Myelodysplastic Syndrome 
with Germline Predisposition

Less than 5% of all cases of AML or MDS may be attributed to genetic predisposi-
tion conferred either by an underlying diagnosis of an inherited bone marrow failure 
syndrome (IBMFS) or by a single gene defect that has been associated with signifi-
cantly increased risk of hematologic malignancy. A significant update to the 2016 
revision of the WHO classification now includes myeloid neoplasms with germline 
predisposition, such as MDS, MDS/MPN, and acute leukemias that occur in the 
setting of a predisposing germline mutation. It is recommended that the specific 
underlying genetic defect or predisposition syndrome be noted as part of the patho-
logic diagnosis [1]. This section will discuss the IBMFS and disorders of DNA 
repair that are associated with an increased risk of MDS/AML among other cancers, 
as well as genetic alterations predisposing to familial risk of MDS/AML. A sum-
mary of each of these disorders is provided in Table 15.1.

 Inherited Bone Marrow Failure Syndromes

The IBMFS are a heterogeneous group of rare disorders characterized by ineffective 
hematopoiesis and cancer predisposition. The etiology of these disorders ranges 
from telomere dysfunction (dyskeratosis congenita) to defects in DNA repair 
(Fanconi anemia) or ribosome assembly/function (Diamond-Blackfan anemia and 
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Shwachman-Diamond syndrome). Other disorders falling into this category, albeit 
with less definitive risk of MDS/AML, include severe congenital neutropenia and 
congenital amegakaryocytic thrombocytopenia.

Clinical presentation is typically with one or more cytopenias, which may or may 
not be associated with clinical features classic of the specific disorder. In all cases, 
the treatment of choice is SCT as early as possible from a matched related donor 
who is not a carrier of the disease. Therefore, it is imperative that all potential famil-
ial donors be screened for the genetic defect identified in the index case. Disease- 
specific recommendations for SCT should also be considered [52]. In the absence of 
an appropriate matched related or unrelated donor, supportive care may be offered 
in the form of transfusion support and antimicrobial prophylaxis, as appropriate.

 Diamond-Blackfan Anemia

Diamond-Blackfan anemia (DBA) is a rare congenital disorder characterized by a 
pure red cell aplasia, first noted by Hugh Josephs in 1936, and later defined as con-
genital hypoplastic anemia by Drs. Diamond and Blackfan in 1938 [53]. In 1999, a 
variety of mutations associated with this disease were identified in a cohort of unre-
lated DBA patients, all occurring in a single gene encoding ribosomal protein S19 
(RPS19) [54]. Mutations in RPS19 are now recognized as comprising 25% of the 
genetic etiology in DBA, although haploinsufficiency in at least 10 different ribo-
somal proteins, including both the small, 40S subunit and the large, 60S subunit are 
described [55]. Of note, 40% of DBA cases do not harbor mutations in these genes, 
suggesting that additional undescribed mutations may contribute to the pathophysi-
ology of this disorder.

The diagnostic criteria for DBA include anemia presenting at less than 1 year of 
age with near normal, but variable, neutrophil and/or platelet counts, reticulocyto-
penia, macrocytosis, and normal marrow cellularity with a paucity of red cell pre-
cursors [56]. The mean age of DBA presentation is early, between 2 and 3 months of 
age, with 50% demonstrating associated physical abnormalities that are predomi-
nantly craniofacial, including flat nasal bridge, hypertelorism, and high arched pal-
ate [57]. Anomalies of the thumb may also be observed. Acquired transient 
erythroblastopenia of childhood (TEC) can mimic DBA, but TEC is generally 
observed in older patients (greater than 1 year of age) and lacks associated congeni-
tal anomalies. In addition, in TEC the mean corpuscular volume is typically normal. 
In making a diagnosis of DBA, the presence of other inherited syndromes or 
immune-mediated diseases, infectious agents, and drugs and toxins should also be 
excluded [58].

The estimated incidence of malignancy in DBA is approximately 3–5%, with a 
median age of first cancer diagnosis at 15 years [range 1–43 years]. Approximately 
half of all described malignancies are AML or MDS. Individuals with DBA who do 
not receive a SCT are also at an increased risk of solid tumors [59, 58]. In approxi-
mately 75% of DBA patients, the anemia responds, at least initially, to steroid ther-
apy, reducing the need for transfusions [60]. Furthermore, spontaneous remission 
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or improvement to a mild macrocytic anemia may occur even late in the disease 
course [61]. SCT may be limited to steroid refractory cases, though in cases of 
children with a matched related donor lacking the disease, upfront early SCT should 
be considered [52].

 Dyskeratosis Congenita

Dyskeratosis congenita (DC) is a disorder of telomere maintenance characterized 
by exceedingly short telomeres and predisposition to bone marrow failure and can-
cer. Telomeres are the DNA-protein repeats forming protective caps on chromo-
some ends, serving to protect against DNA degradation, fusions, or recombination. 
Mutations in telomerase reverse transcriptase (TERT), the reverse transcriptase 
responsible for counteracting the telomere loss that occurs with DNA replication, 
were first described in association with DC in 1999 [62]. However, numerous related 
proteins are required for telomerase assembly, trafficking, and recruitment to telo-
meres. Therefore, although 50% of the underlying mutations associated with this 
disease are in TERT, TERC, DKC1, and TINF2, causative mutations have thus far 
been identified in 11 genes involved in telomere maintenance and extension 
(Table 15.1) [63].

Like the other IBMFS, DC is a rare disease described in approximately 400 
families worldwide. The classic clinical triad consists of mucocutaneous 
abnormalities including nail defects, a lacy reticular rash of the neck and upper 
chest, and oral leukoplakia. Patterns of inheritance for DC are varied, and specific 
to the causative gene (Table  15.1). Interestingly in the case of specific genes, 
there is evidence for disease anticipation with shorter telomeres and increasingly 
severe symptoms as well as earlier disease presentation observed in successive 
generations [64].

Individuals with DC have a near 50% cumulative lifetime risk of malignancy that 
includes solid tumors, particularly oropharyngeal cancers, and hematologic malig-
nancies. Notably, DC patients are at 200-fold risk of developing AML and at 1500- 
fold risk of developing MDS compared with the general population [65]. Bone 
marrow failure is highly prevalent, with an over 90% lifetime risk. Bone marrow 
failure, or even AML, may be the presenting feature with or without the associated 
classic clinical features.

Clinical presentation with cytopenias should prompt bone marrow evaluation, 
as well as a thorough physical exam that includes the nails, skin, and oropharynx. 
The bone marrow findings in DC range from normal to variable stages of aplasia 
depending on the stage of the disease and may be indistinguishable from aplastic 
anemia [66]. Obtaining a family history for malignancy and related telomere 
biology disorders, including pulmonary fibrosis and hepatic cirrhosis, is also rec-
ommended. If a high index of suspicion for DC exists, blood should be sent for 
leukocyte telomere length testing using multicolor flow fluorescence in situ hybrid-
ization (telomere flow FISH). This test is highly suggestive of DC, as telomere 
length less than the first percentile for age in lymphocytes is 97% sensitive and 91% 
specific for this diagnosis [67]. Follow-up testing should then include molecular 
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testing for a causative mutation, either by serial single-gene testing or by use of a 
multi-gene panel. However, even in patients meeting clinical criteria, an underlying 
genetic mutation is only discovered in approximately 60% of cases.

If a diagnosis of DC is made and an unaffected matched related donor is avail-
able, SCT with reduced conditioning is recommended as initial therapy, due to the 
highly prevalent feature of bone marrow failure and significantly increased cancer 
risk [52, 68]. If no donor is available, supportive care should be offered in addition 
to cancer surveillance and consideration of androgens to mitigate transfusion 
requirements [69].

 Fanconi Anemia

Fanconi anemia (FA) was first described in 1927 in three brothers with fatal refrac-
tory anemia [70]. The disease is now known to arise from mutations in genes 
involved in double-stranded DNA repair and homologous recombination, and over 
15 genes are now associated with the FA phenotype (see Table 15.1). Mutations in 
the Fanconi Anemia Complementation Group A (FANCA) gene account for almost 
two-thirds of cases, FANCC and FANCG for 25%, and FANCE and FANCF an 
additional 8% [71]. The molecular hallmarks of FA include chromosomal cytoge-
netic instability, increased chromosomal breakage, and defective DNA repair. FA 
cells demonstrate hypersensitivity to DNA cross-linking agents, a feature that can 
be leveraged to assess for FA by culturing peripheral blood T lymphocytes or 
fibroblasts in the presence of cross-linking agents mitomycin C or diepoxybutane, 
and quantifying the number of chromosomal aberrations observed in metaphase 
spreads [72].

FA is inherited in an autosomal recessive pattern, with the sole exception being 
X-linked recessive inheritance of FANCB mutations. The estimated incidence is 1 in 
360,000 in the general population and 1 in 30,000 in the Ashkenazi Jewish popula-
tion. The ethnic background of the proband has implications for constitutional 
genetic testing. For example, homozygous splice site mutations of FANCC 
c.711+4A>T are detected in 80% of FA patients of Ashkenazi Jewish descent, so 
testing strategies often prioritize mutation testing based on positive predictive value 
[73]. However, de novo missense, nonsense, and frameshift mutations are described 
in many genes, so comprehensive assessment typically involves a combination of 
sequential targeted and broad sequencing strategies [74]. Clinical findings can be 
discordant among siblings, so all family members should be genetically tested for 
FA mutations to identify at-risk individuals [75].

FA patients are phenotypically characterized by short stature, cytopenias, skele-
tal (radial) anomalies, and a high risk of BMF and myeloid malignancies. FA 
patients have a 600-fold increase in risk of AML and more than a 5000-fold risk 
increase for MDS compared to the general population [76]. Leukemia often pres-
ents in childhood and adolescence (median 11–14 years), and almost all cases arise 
before the age of 25 years. As has been shown in registry data, those cases lacking 
congenital anomalies are at highest risk of developing both AML and solid tumors, 
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and are therefore more likely to experience cancer as their initial event [77]. A 
 diagnosis of FA may also be suspected following diagnosis of leukemia with associ-
ated complex cancer cytogenetics or excessive therapy-related toxicities [78].

Bone marrow failure is a prominent hematologic manifestation of FA that usu-
ally presents within the first two decades of life. A detailed initial cytogenetic bone 
marrow analysis is critical, and should specifically include FISH for gains of chro-
mosome 3q [71]; gains of 3q are directly associated with progression from MDS to 
AML [79]. Other worrisome chromosomal aberrations include 1q gains, 7q losses, 
and cryptic RUNX1 translocations, deletions, or mutations [80]. Yearly bone mar-
row morphology and cytogenetics monitoring is appropriate for FA patients without 
cytopenias, dysplasia, or karyotypic abnormalities [81]. Early SCT is generally rec-
ommended, though tissue damage should be limited through the use of reduced 
conditioning in order to reduce the risk of additional malignancies [52].

 Shwachman-Diamond Syndrome

Shwachman-Diamond syndrome (SDS) is an autosomal recessive disease caused 
by  mutations in the Shwachman-Bodian-Diamond syndrome (SBDS) gene [82]. 
The estimated prevalence worldwide is 1:350,000, with a distinct female/male pre-
dilection of 1.7:1. The SBDS gene is involved in ribosome biogenesis, and muta-
tions cause defective ribosome assembly, maturation, and function [83]. Deleterious 
SBDS mutations may manifest as bone marrow failure, exocrine pancreatic insuffi-
ciency, and skeleton abnormalities; the syndrome was first described in association 
with pancreatic insufficiency in 1964 [84]. Mutations can be missense, nonsense, or 
frameshift, and sequencing of exon 2 detects at least one mutation in up to 90% of 
SDS patients [85].

SDS patients have a 10–30% lifetime risk of developing AML/MDS, often pre-
senting in childhood and adolescence (median age of 14 years, range 1.5–43 years). 
Although AML/MDS can be of any subtype, acute erythroid leukemia is particu-
larly common, occurring in about 30% of cases with a classifiable leukemia. 
Interestingly, there does not appear to be an increased risk of developing solid 
tumors or other malignancies. Almost all SDS patients (90–100%) present with 
either a chronic or intermittent neutropenia initially. A normochromic-normocytic 
or macrocytic anemia with reticulocytopenia and/or thrombocytopenia are also 
common presenting symptoms. Other associated clinical features include immuno-
logic, hepatic, and cardiac disorders [86–88].

Bone marrow findings are variable and may reveal a hypocellular, normocellular, 
or hypercellular marrow [86]. Cytogenetic abnormalities of chromosome 7 and 
deletions of 20q are common, seen in approximately 60% and 15% of SDS patients, 
respectively. Importantly, isochromosome 7q [i(7q)] is an extremely uncommon 
cytogenetic abnormality in non-SDS MDS, AML, or ALL patients, suggesting that 
it is a fairly specific marker for this syndrome. However, i(7q) appears to be an 
indolent chromosome 7 abnormality with a limited risk of progression to AML, 
whereas other chromosome 7 abnormalities are associated with progression to 
AML [89, 90]. Thus, i(7q) may not represent a true clonal aberration, but may rep-
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resent breakage of a fragile chromosomal site secondary to mutated SBDS and/or 
its pseudogene SBDSP [87].

As with the other IBMFS, close monitoring for cytopenias is recommended, with 
bone marrow biopsy as indicated. In the setting of marrow failure, SCT prior to the 
development of AML/MDS has been associated with better outcomes [91]. 
Supportive care strategies for managing neutropenia, including use of granulocyte 
colony-stimulating factor, may be considered. Given the associated clinical mani-
festations of SDS, patients should also be followed by a gastroenterologist for man-
agement of exocrine pancreatic insufficiency, as well as an endocrinologist to 
address any underlying endocrine problems [86].

 Severe Congenital Neutropenia

Severe congenital neutropenia (SCN) is a rare disease with an estimated incidence 
of 1:200,000, which was originally described as infantile agranulocytosis by Rolf 
Kostmann in 1956 [92]. SCN is most frequently associated with autosomal domi-
nant, heterozygous mutations in the neutrophil elastase gene (ELANE) [93]. 
However, similarly to other IBMFS, mutations in numerous other genes related to 
myeloid differentiation are associated with the disease, and the inheritance pattern 
can be autosomal dominant, autosomal recessive, or X-linked recessive, depending 
on the affected gene (Table  15.1) [94]. In approximately one-third of cases, the 
genetic cause is unknown, and sporadic cases may also occur. Mutations in ELANE 
often result in a fully translated polypeptide; therefore, rather than haploinsuffi-
ciency, alternative hypotheses for disease pathophysiology have been proposed, 
including protein mislocalization or misfolding [94]. Although both cyclic neutro-
penia and SCN predominantly result from heterozygous mutations in ELANE, only 
SCN is associated with profound neutropenia and clinical features such as aphthous 
stomatitis and bacterial infections, though clinical severity is variable.

The risk of MDS/AML in SCN approaches 40% at 10 years, with an increased 
risk observed in those receiving chronic granulocyte colony-stimulating factor ther-
apy [95]. Acquired CSF3R (colony-stimulating factor 3 receptor) mutations are 
detected in approximately 80% of SCN patients who develop MDS/AML, and 
together with RAS mutations, are implicated in leukemogenesis [96–98]. Germline 
ELANE p.C151Y and p.G214R mutations confer the highest risk of evolution to 
AML [99]. Thus, early SCT should be considered, especially if these specific inher-
ited mutations are present and there is an unaffected related donor available.

 Congenital Amegakaryocytic Thrombocytopenia

Congenital amegakaryocytic thrombocytopenia (CAMT) is a rare autosomal 
recessive cause of inherited bone marrow failure secondary to germline mutations 
in MPL, the gene that encodes the thrombopoietin (TPO) receptor [100–102]. 
There have been approximately 100 cases reported in the literature since the first 
description of “congenital essential thrombocytopenia” by Greenwald and Sherman 
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in 1929 [103]. A founder c.79+2T>A splice site mutation in the Ashkenazi Jewish 
population confers a predicted incidence of CAMT in this ethnic group of approxi-
mately 1 in 22,500 pregnancies [104]. There is some evidence that CAMT predis-
poses to AML/MDS, but given the rarity of this condition, the association is not as 
definitive as with other bone marrow failure syndromes [105].

The MPL mutation spectrum correlates with distinct clinical phenotypes. Type I 
CAMT is more severe, with constantly low platelet counts and early onset of pan-
cytopenia. Conversely, type II CAMT is characterized by a transient increase in 
platelet counts during the first year of life and or little or no development of pancy-
topenia [102]. Type I CAMT occurs as a result of deletions, splice site, frameshift, 
and nonsense mutations in MPL that lead to complete loss of function of the TPO 
receptor, whereas missense mutations that retain some degree of TPO receptor func-
tion are associated with type II [102].

Bone marrow aspirates from infants with CAMT demonstrate reduced or absent 
megakaryocytes in an otherwise normocellular marrow, with the remaining mega-
karyocytes appearing small or immature [102]. Later in the course of the disease, 
patients develop pan hypocellular marrow with decreased progenitors in all lineages 
so that it is difficult to distinguish CAMT from other forms of aplastic anemia. 
Plasma TPO levels in children with CAMT are typically very high, often tenfold 
or more above controls. Clinical management focuses on primarily supportive man-
agement of thrombocytopenia and SCT for definitive treatment [106].

 DNA Repair Disorders

An increased risk of MDS/AML in the absence of other hematologic features is 
associated with certain disorders of DNA repair, including Bloom syndrome and 
Li-Fraumeni syndrome.

 Bloom Syndrome

Bloom syndrome is a rare autosomal recessive genetic disorder typically seen in the 
Ashkenazi Jewish population, with approximately 300 known cases. David Bloom 
first described the condition in 1954 in 3 children with short stature, skin rash, and 
photosensitive bullous lip lesions [107]. Homozygous mutations in the BLM gene 
encoding the DNA repair enzyme Bloom Syndrome RecQ-like helicase lead to 
impaired DNA replication and repair. These defects predispose patients to AML, 
lymphoma, gastrointestinal and genitourinary malignancies, as well as cutaneous 
tumors. Characteristic narrow facial features, elongated limbs, and several dermato-
logic complications including photosensitivity, poikiloderma, and telangiectatic 
erythema are also hallmarks of this disease. Notably, acute leukemia is the most 
common malignancy that presents before the age of 20 [108]. Both AML and MDS 
can arise in Bloom syndrome, and loss or partial loss of chromosome 7 is a common 
cytogenetic finding [109].
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 Li-Fraumeni Syndrome

Li-Fraumeni syndrome (LFS) is a hereditary cancer predisposition syndrome orig-
inally described in a cohort of 24 families by Frederick Li, Joseph Fraumeni, and 
colleagues in 1988 [110]. The overall incidence is unknown, but approximately 
400 families are described in the literature to date. LFS is caused by autosomal 
dominant germline mutations in the Tumor Protein p53 (TP53) gene [111]. TP53 
is a tumor suppressor involved in cell cycle arrest, apoptosis, senescence, and 
DNA repair. Over 250 familial missense, nonsense, and frameshift mutations have 
been described throughout the TP53 gene, though the majority occur within exons 
5–8, leading to a functional impairment of the p53 DNA-binding domain [112]. 
The lifetime risk of malignancy is 90% for women and 70% for men. Soft tissue 
and bone sarcomas, breast, and central nervous system tumors are the 3 most com-
mon malignancies observed [113]. Leukemia, primarily of lymphoid origin, 
occurs rarely in LFS patients, with an approximate incidence of 5% [110, 114]. 
However, both AML and therapy-related MDS arising have been reported in LFS 
pedigrees [115].

 Familial MDS/AML with a Single Gene Conferring Inherited Risk

Lastly, in the past few decades, research and clinical application of next-generation 
sequencing strategies to familial AML/MDS pedigrees has uncovered causative 
mutations in genes previously unrecognized as contributing to disease pathogene-
sis. Though inherited AML/MDS remains relatively rare, these discoveries of single 
gene disorders provide an opportunity to better understand key pathways underly-
ing disease susceptibility and risk of progression. These disorders are discussed in 
greater detail below.

 Familial Myelodysplastic Syndrome and Acute Leukemia with Mutated 
GATA2 

Heterozygous germline mutations in GATA2, which encodes GATA Binding Protein 
2, a zinc finger transcription factor that regulates hematopoiesis and lymphatic 
development, contribute to a significant subset of familial MDS/AML and pediatric 
MDS [116–119]. Germline GATA2 haploinsufficiency is also implicated in mono-
cytopenia and mycobacterial infections; dendritic cell, monocyte, B, and natural 
killer lymphoid deficiency; and Emberger syndrome (primary lymphedema with 
MDS) and their accompanying infectious, pulmonary, dermatologic, neoplastic, 
and vascular/lymphatic manifestations [120]. Familial AML/MDS secondary to 
GATA2 germline mutations will be discussed here; inclusion of other manifestations 
of GATA2 deficiency is beyond the scope of this chapter.
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The high association of germline GATA2 mutations in pediatric MDS (GATA2- 
MDS) was recently described following sequencing of 500 children and adoles-
cents diagnosed with primary or secondary MDS.  Germline GATA2 mutations 
were found in 7% of primary MDS cases, now considered the most common germ-
line defect predisposing to pediatric MDS [45]. Moreover, GATA2 mutations were 
more common in cases of advanced disease, comprising 15% of this MDS subset, 
and were highly prevalent in cases with concomitant monosomy 7. Mutations in 
GATA2 were rarely observed in MDS secondary to therapy or with acquired aplas-
tic anemia. Lastly, GATA2 mutations were detected in individuals lacking features 
of GATA2 haploinsufficiency, highlighting the importance of screening for delete-
rious germline variants when rendering the diagnosis of pediatric AML/MDS [45, 
121, 122].

Individuals with GATA2 germline mutations have a significantly increased life-
time risk of developing MDS/AML; approximately 70% of affected individuals will 
develop MDS/AML by age 29 years (median, range 0.4–78 years) [123]. Regular 
peripheral blood testing and a bone marrow biopsy with cytogenetic analysis are 
recommended at baseline, and should be repeated if there are any changes in the 
CBC worrisome for MDS/AML. Most cases of GATA2-MDS are accompanied by 
acquired monosomy 7, and recent evidence suggests that cooperating acquired 
oncogenic mutations in AML driver genes like ASXL1, NRAS, RUNX1, SETPB1, 
and TP53 may arise in the background of GATA2-MDS and facilitate transforma-
tion to AML [44, 124]. The natural course of GATA2-MDS is relatively rapid trans-
formation to AML, thus the prognosis is poor with the best outcomes observed for 
those able to undergo allogeneic SCT [125].

 Familial Monosomy 7

Familial monosomy 7 is a rare disease, with only 14 kindreds reported [126]. This 
diagnosis should be suspected in individuals presenting with BMF, MDS, or AML 
characterized by this cytogenetic feature, and with a family history of a relative with 
hematologic malignancy and monosomy 7. The mode of inheritance is not known at 
this time, and it is also unclear whether a single gene or multiple genes on chromo-
some 7 contribute to the pathogenesis of this disorder.

Disease presentation is often with cytopenias in early childhood, with rapid 
progression to AML/MDS. Children in familial monosomy 7 kindreds may ini-
tially demonstrate a normal karyotype in cells of the hematopoietic compartment, 
later developing mosaicism for monosomy 7. Thus, such children should be rou-
tinely screened for development of cytopenias, even if monosomy 7 has not yet 
been detected. Therapeutic recommendations include SCT prior to the emergence 
of a leukemic clone [127]. Given that the pathogenic variant is not known, and 
the disease has been observed to emerge in relatives previously found to have 
normal karyotype, in these cases, an unrelated donor choice for SCT may be pre-
ferred [127].
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 Hereditary RUNX1 Mutations: Familial Platelet Disorder with Propensity 
to Myeloid Malignancy

Familial platelet disorder with propensity to myeloid malignancy (FPD-AML) is an 
autosomal dominant familial MDS/AML syndrome caused by mutations in Runt 
Related Transcription Factor 1 (RUNX1). The clinical entity was first described by 
Dowton and colleagues in 1985 in a kindred of 22 affected individuals with platelet 
dysfunction, 6 of whom developed hematologic malignancies [128]. Song and col-
leagues identified the causative gene in 1999 [129]. Phenotypic manifestations 
include mild to moderate thrombocytopenia, bleeding time prolongation, and abnor-
mal platelet aggregation. Platelet survival time is typically normal.

Nonsense, missense, or frameshift mutations, or insertions, deletions, or translo-
cations can all lead to loss of function or dominant-negative impairment of the wild- 
type RUNX1 protein [125]. The most notable phenotypic manifestations of this 
syndrome are quantitative and qualitative platelet defects, and an approximately 
40% increased lifetime risk of developing AML/MDS. However, several patients 
with normal platelet counts and platelet function are described [130], so the diagno-
sis of FPD/AML does not require a platelet disorder but rather demonstration of a 
germline RUNX1 mutation. RUNX1 mutations are acquired events in approximately 
30% of AML/MDS, so their detection alone is not sufficient evidence for a familial 
syndrome. Allele fractions consistent with heterozygosity and/or two individual 
RUNX1 mutations suggestive of an acquired and germline mutation may prompt a 
hereditary inquiry in cases with absent clinical manifestations of FPD/AML.

The average age of AML/MDS onset in affected individuals is 33 years (range 
6–76 years), and an association with risk for T-cell acute lymphoblastic leukemia 
(T-ALL) is also described [129, 130]. Progression to MDS/AML requires acquisi-
tion of additional driver mutations, often including additional somatic RUNX1 
mutations, and may explain the varying phenotypes and penetrance seen in this 
condition. Affected individuals typically do not require treatment for incidental 
thrombocytopenia but may require monitoring during surgical or obstetrical proce-
dures. No clinical or laboratory markers are currently available to predict the risk of 
progression to AML/MDS, so the current recommendations include a baseline bone 
marrow biopsy with cytogenetic analysis, complete blood count (CBC), and clinical 
exams at regular intervals. Any significant changes in the CBC warrant repeat bone 
marrow evaluation [123].

 Hereditary ANKRD26 Mutations: Thrombocytopenia 2

Autosomal dominant germline mutations in the 5′ untranslated region (UTR) of the 
Ankyrin Repeat Domain 26 (ANKRD26) gene cause Thrombocytopenia 2, an inher-
ited disorder characterized by moderate thrombocytopenia, elevated TPO levels, 
platelet aggregations defects, and dysmegakaryopoiesis with micromegakaryocytes 
and hypolobated nuclei [131, 132]. Isolated cases reports of this disorder first sur-
faced in the literature in the mid-1960s, and the first presumed case series was 
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reported by Bithell and colleagues in 1965 [133]. Almost all described mutations 
are point mutations in the ANKRD26 5′ UTR promoter that disrupt assembly of the 
co-repressors RUNX1 and FLI1, causing increased gene transcription and enhanced 
signaling through the TPO receptor pathway [134]. The prevalence of 
Thrombocytopenia 2 is unknown, but in one study of families with an inherited 
thrombocytopenia of unknown origin, ANKRD26 mutations were detected in 23 of 
215 individuals (11%) [135].

Affected individuals have a 30-fold increased risk of developing AML/MDS 
[136], but it is diagnostically challenging to distinguish individuals with germline 
ANKRD26 mutations from the dysmegakaryopoiesis related to development of de 
novo MDS. Thus, AML/MDS in the clinical context of a patient with long-standing 
thrombocytopenia, particularly a patient with idiopathic thrombocytopenic purpura, 
should prompt investigation for ANKRD26 germline mutations [131, 136]. If con-
firmed, genetic counseling, appropriate screening, and management options should 
be extended to the patient and at-risk family members. The surveillance recommen-
dations are similar to patients with FPD/AML with germline RUNX1 mutations.

 Hereditary ETV6 Mutations: Thrombocytopenia 5

Another inherited autosomal dominant MDS/AML predisposition syndrome is 
attributable to mutations in the ETS Variant 6 (ETV6) gene. Both the clinical charac-
teristics and causative mutations were described by two independent groups in 2015 
[137, 138]. The causative missense germline mutations underlying Thrombocytopenia 
5 encode aberrant dominant-negative ETV6 proteins that disrupt transcription of 
platelet-associated genes. ETV6 is an ETS-family transcription factor essential to 
hematopoiesis and implicated in the pathogenesis of multiple malignancies.

Affected individuals present with variable degrees of moderate thrombocytope-
nia and mild-to-moderate bleeding tendencies, and in addition to AML/MDS, are at 
risk of other hematologic malignancies such as chronic myelomonocytic leukemia, 
B-ALL, plasma cell myeloma, and early onset colorectal cancer [123]. The actual 
incidence of AML/MDS is unknown, but the relative frequency of ETV6-related 
thrombocytopenia is approximately 5% in families with known forms of inherited 
thrombocytopenia. There are no definitive clinical or laboratory features specific to 
this disease, but it should be noted that platelets are typically not enlarged [139]. 
Surveillance recommendations are similar to patients with RUNX1 and ANKRD26 
germline mutations.

 Familial Aplastic Anemia/Myelodysplastic Syndrome with SRP72 
Mutations

One of the rarest causes of familial aplastic anemia and MDS is attributable to auto-
somal dominant mutations in the Signal Recognition Particle 72kDa (SRP72) gene. 
SRP72 is a component of a ribonucleoprotein complex that mediates the targeting 

K.E. Fisher and M. Monica Gramatges



301

of secretory proteins to the endoplasmic reticulum. To date, only two familial pedi-
grees have been described, harboring unique missense and frameshift mutations 
[140]. Given its rarity, there is very little known regarding diagnosis, incidence, 
prognosis, or treatment. However, additional data are likely forthcoming now that 
SRP72 mutations – and possibly other members of its protein complex – are impli-
cated in familial MDS.

 Familial Acute Myeloid Leukemia with CEBPA Mutations

Autosomal dominant germline mutations in the CCAAT/enhancer binding protein 
alpha gene (CEBPA) contribute to a distinct form of familial AML. Smith and 
colleagues originally described the condition in 2004 [141], and subsequent familial 
pedigrees have been reported [142–145]. AML appears to be the only hematologic 
malignancy associated with this disorder, and the median age of presentation is 
approximately 24.5 years (range 1.75–46 years) [146].

Affected individuals often inherit frameshift mutations in the 5′ region of CEBPA 
that encode a truncated CEBPA protein deficient in target gene promoter and pro-
tein interactions [147]. Individuals invariably acquire a “second-hit” in the remain-
ing wild-type allele, typically 3′ to the germline mutation, disrupting all CEBPA 
protein function and leading to overt AML [146]. Leukemic blasts are characterized 
by aberrant CD7 expression, a normal karyotype, and frequent Auer rods, similar to 
sporadic AML with biallelic CEPBA mutations [125, 148]. Thus, a family history of 
AML and/or development of AML with biallelic CEBPA mutations are key findings 
supporting the possible diagnosis; no additional preceding blood count abnormali-
ties or physical features are known [125]. Interestingly, routine sequencing for 
somatic CEPBA mutations reveals previously unknown germline mutations in ~1% 
of patients, suggesting that the incidence may be higher than is reported [149].

Patients typically respond to standard induction chemotherapy and have a favor-
able prognosis with durable responses to secondary therapy, but there is a high 
cumulative incidence of relapse [146]. Contrary to the management of sporadic 
AML with biallelic CEBPA mutations, familial syndrome patients are also at risk 
of the development of additional leukemias, so consideration of allogeneic stem 
cell transplantation for definitive cure is necessary [125]. It is also critical to diag-
nose familial AML with mutated CEBPA in order to identify potentially afflicted 
biologic family members, particularly given the autosomal dominant pattern of 
inheritance.

 Familial Acute Myeloid Leukemia with Mutated DDX41

Polprasert and colleagues recently described a familial MDS/AML syndrome char-
acterized by autosomal dominant germline mutations in the DEAD-box helicase 41 
(DDX41) gene [150]. Approximately 75% of patients with DDX41 germline muta-
tions harbor somatic point mutations or deletion of the other DDX41 locus. It is 
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hypothesized that loss of DDX41 function causes altered pre-mRNA splicing and 
RNA processing, although the precise mechanisms by which DDX41 mutations 
exert their pro-leukemogenic defects are unclear [150]. Most mutations are frame-
shift mutations, but familial pedigrees with inherited point mutations and splice site 
mutations are described [151, 152]. The true prevalence is unknown, but in 289 
cases of suspected familial inherited hematologic malignancies, 3% (n = 9) were 
found to harbor germline mutations in DDX41 [152].

In this disorder, most unaffected carriers have a normal CBC, bone marrow 
morphology and cellularity, and karyotype well into adulthood. Carriers who 
develop MDS or AML most often present with leukopenia. The most notable mor-
phologic feature at diagnosis is a hypocellular bone marrow with prominent ery-
throid dysplasia and/or erythroleukemia and a normal karyotype. A small proportion 
of carriers may present with granulomatous and immune disorders prior to malig-
nancy [152].

AML with DDX41 germline mutation is of particular importance because unlike 
other AML predisposition syndromes, it is characterized by long latency (median 
age of diagnosis is approximately 62  years), advanced disease (high-risk MDS/
AML), and poor prognosis [123, 150, 152]. Also, germline DDX41 mutations seem 
to predispose to somatic mutations in DDX41, so the detection of a DDX41 muta-
tion in a de novo AML sample should prompt evaluation to exclude a germline 
origin [150]. Lastly, germline DDX41 mutations may predispose to other hemato-
logic malignancies such as Hodgkin and non-Hodgkin lymphoma, CML, and mul-
tiple myeloma [152]. Bone marrow biopsies, cytogenetic analysis, and CBCs are 
recommended at regular intervals for known carriers [47].

 Recognition and Clinical Diagnosis of Inherited Myeloid Disorders

The phenotypic abnormalities associated with myeloid malignancy predisposition 
syndromes are well characterized, though broad in scope and variably penetrant. 
Suggestive features are often recognized during thorough physical examination or 
assessment of family history. Although tumor NGS testing for leukemia samples is 
intended to detect somatic alterations, sequencing peripheral blood and bone mar-
row samples will also readily detect inherited mutations. An individual with a pre-
sumed somatic mutation in any of the familial predisposition genes may be offered 
germline testing on matched buccal swabs or cultured fibroblasts, a step that is 
especially important for patients with biallelic CEBPA mutations, GATA2 muta-
tions, or RUNX1 mutations, for the reasons outlined above. A familiarity with the 
causative genes predisposing to myeloid malignancies will facilitate accurate diag-
nosis and may impact diagnostic work-up, clinical management, and genetic coun-
seling of potentially at-risk family members [153].
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 Conclusion

It is clear that although the inherited and acquired myeloid neoplasms of childhood 
are rare, there are key clinical and molecular/genetic components to each diagnosis. 
Practitioners who diagnose and/or treat childhood MPN, MDS, or AML should be 
aware of the close association of these disorders with inherited conditions, and per-
form a thorough work-up to ensure detection of any underlying predisposition 
[153]. As our knowledge evolves, it is likely that additional genes predisposing to 
these conditions will be uncovered, as well as molecular markers assisting in both 
diagnosis and prognostic determinations. In the interim, a working understanding of 
the biology, epidemiology, and natural history of these rare disorders serves as an 
indispensable companion to diagnostic practice.
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Chapter 16
Myeloid and Lymphoid Neoplasms 
with Eosinophilia and Abnormalities  
of PDGFRA, PDGFRB, FGFR1, or t(8;9)
(p22;p24.1);PCM1-JAK2

Joanna M. Chaffin and Natasha M. Savage

 Hematopoietic Neoplasms Associated with Eosinophilia 
and Abnormalities of PDGFRA

 Introduction

For years, the majority of patients with eosinophilia and abnormalities of PDGFRA 
fell into the nebulous category of hypereosinophilic syndrome (HES) [1]. With no 
abnormalities by karyotype and no other infectious or allergic causes clinically 
found to explain the persistent eosinophilia, patients were left with little explanation 
and a diagnosis of exclusion [2]. If clonality could be proven or if increased myelo-
blasts were present in peripheral blood or bone marrow, then a diagnosis of chronic 
eosinophilic leukemia (CEL) could be given, though little was available in the way 
of effective treatment [2]. This changed in 2001, when a subset of patients with HES 
was found to show responsiveness to tyrosine kinase inhibitors (TKIs), specifically 
imatinib [1, 3]. Molecular investigation of the tyrosine kinases within these patients 
revealed a cryptic deletion resulting in fusion of PDGFRA to FIP1L1 [1]. As more 
fusion partners were identified for PDGFRA as well as other tyrosine kinases, 
PDGFRB and FGFR1, a new category was created for hematopoietic neoplasms 
with eosinophilia with these related molecular findings and recognized in the fourth 
edition of the World Health Organization’s (WHO) Classification of Tumors of 
Hematopoietic and Lymphoid Tissues [4].
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Among patients with “HES,” between 10% and 25% will have abnormalities of 
PDGFRA [3]. The overwhelming majority of these patients are male, with a 17:1 
male to female ratio [4]. The median age of onset is 40, with a range of 7–77 years 
reported.

Patients with hematopoietic neoplasms involving PDGFRA often present with 
fatigue or pruritic rash [1, 4]. Tissue infiltration by eosinophils (and to some extent 
mast cells) leads to multi-organ tissue damage, including respiratory, gastrointesti-
nal, or cardiac sequelae [4]. Cardiomyopathy secondary to endomyocardial fibrosis, 
in particular, is associated with a poor outcome. Physical examination reveals sple-
nomegaly in the majority of patients and hepatomegaly within a minority. Elevated 
serum tryptase is also often present [5].

 Morphology and Immunophenotyping

Peripheral blood and marrow samples are most often consistent with CEL [4]. 
Eosinophilia is the most predominant feature on peripheral blood. However, eosino-
philia may be mild or even absent in patients with certain rare variants [6]. Eosinophils 
are largely mature, with only rare eosinophilic myelocytes [4]. Atypia may include 
sparse granulation, cytoplasmic vacuolation, small granules, or abnormal segmenta-
tion or may be completely absent (Fig. 16.1). Anemia and thrombocytopenia are com-
mon, while monocytosis and basophilia are infrequent [7]. Bone marrow trephine 
biopsies are hypercellular with increased eosinophils and precursors (Fig. 16.2) [4]. 
These may show evidence of activation by immunohistochemistry, with CD23, CD25, 
or CD69 positivity. Reticulin is also increased (Fig. 16.3).

Mast cells are often increased as well, in a loose fashion or in cohesive clusters 
[4]. These mast cells may have atypical features such as spindled morphology and 
may be confused with systemic mastocytosis (SM). The immunophenotype is vari-
able, with mast cells most often being CD2-negative CD25-positive, but  occasionally 

Fig. 16.1 (a, b) Wright stained peripheral blood smear, 500× and 1000×, respectively. Peripheral 
eosinophils with atypia, including abnormal segmentation (a) and sparse, pooling granules (a, b)
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CD2-negative CD25-negative or CD2-positive CD25-positive as well. Although 
aberrant mast cell immunophenotypes and morphology may be noted, KIT D816V 
mutation is not present and serum tryptase levels are typically less than 20 ng/mL, 
and therefore diagnostic criteria for SM is not met.

While most patients have a CEL phenotype, the associated hematopoietic neo-
plasm can be quite varied [4]. Occasional patients present with acute myeloid 
leukemia (AML) or T-cell lymphoblastic leukemia/lymphoma (T-ALL) [4, 8]. 
Rarely, myeloid sarcoma has been reported [9]. Even when patients present with 
a phenotype other than CEL, peripheral eosinophilia usually remains a consistent 
feature [8, 9].

Since the majority of patients resemble HES, diagnostic workup is first directed 
at excluding other causes of eosinophilia, such as parasitic infection, hypersensitivity, 
drug reactions, and non-myeloid malignancies producing cytokines promoting 
eosinophilic differentiation [3]. Once secondary eosinophilia is excluded, bone 

Fig. 16.2 Hematoxylin 
and eosin stained biopsy, 
500×. Hypercellular 
marrow with increased 
eosinophilic precursors

Fig. 16.3 Reticulin stain, 
200×. Increased reticulin 
deposition in bone marrow 
trephine biopsy
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marrow aspirate and biopsy with cytogenetic analysis should be performed along 
with screening for PDGFRA abnormality by fluorescence in situ hybridization 
(FISH) or reverse transcription polymerase chain reaction (RT-PCR) (Fig. 16.4).

 Cytogenetics and Molecular Findings

PDGFRA encodes one of two mammalian receptor tyrosine kinases that interact 
with the family of platelet-derived growth factors (PDGFs) [10]. Platelet-derived 
growth factor receptor α (PDGFRα) comprises five extracellular immunoglobulin 
loops and a split intracellular tyrosine kinase domain (Fig. 16.5). Ligand binding 
leads to PDGFRα dimerization and initiates signaling. PDGFs and their receptors 
are crucial during development, particularly organogenesis, but have limited known 
functions within the adult. In addition to hematopoietic neoplasms, alterations of 
PDGFRA have been implicated in a host of solid tumors, including gastrointestinal 
stromal tumor (GIST) [11], glioblastoma [12, 13], inflammatory fibroid polyp [14], 
and malignant peripheral nerve sheath tumor [15].

Although a number a fusion partners for PDGFRA have been identified (Table 16.1), 
the most common is FIP1L1 by far [4]. FIP1L1 codes for the protein pre-mRNA 
3′-end-processing factor FIP1, which interacts with poly(A) polymerase and other 
factors to bring about cleavage and poly(A) addition [16]. The FIP1L1-PDGFRA 

Fig. 16.4 Images of FISH revealing FIP1L1-PDGFRA fusion gene due to deletion of CHIC2 
gene. This patient had a normal karyotype (figure courtesy of Dr. Robert Jenkins of the Mayo 
Clinic)
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fusion gene was first described by Cools et al. in 2003 [1, 7]. It is created by an inter-
stitial deletion on chromosome 4q12 [1]. This deletion includes cysteine- rich hydro-
phobic domain 2 (CHIC2) (Fig. 16.6) [17]. Although the deletion is most often cryptic 
[4], it may be caused by chromosomal rearrangement. t(1;4)(q44;q12) and t(4;10)
(q12;p11) have been reported in such cases [18, 19].

The breakpoint of FIP1L1 is variable, involving mostly introns 7 through 13 
[20]. However, the PDGFRA breakpoint is much more highly conserved [20]. In all 
cases of FIP1L1-PDGFRA thus far reported, the PDGFRA breakpoint has been 
consistently located within exon 12, which contains the auto-inhibitory juxtamem-
brane (JM) domain. Two tryptophan (W) residues within the JM domain have con-
sistently been truncated within FIP1L1-PDGFRA. Disruption of the WW residues 
leads to constituent kinase activation that is independent of dimerization. This is in 
contrast to other chimeric tyrosine kinases which require self-association domains 

tyrosine kinase domain 2

tyrosine kinase domain 1

transmembrane domain

extracellular immunoglobulin-like loops

cell membrane

juxtamembrane domain

Fig. 16.5 Schematic representation of PDGFRα protein

Table 16.1 Myeloid and 
lymphoid neoplasms with 
eosinophilia and 
abnormalities of PDGFRA: 
fusion partners

Fusion partner gene name Fusion partner gene location

FIP1L1 4q12
BCR 22q11
ETV6 12p13
STRN 2p22
CDK5RAP2 9q33
KIF5B 10p11
FOXP1 3p13
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on their fusion partners to enforce homodimerization (Fig. 16.7). PDGFRα is capable 
of dimerization-independent activation solely by loss of the auto-inhibitor JM 
domain. Although commonly present, FIP1L1 is not required for this activation. 
This exon 12 breakpoint is conserved for patients with CEL, AML, or T-ALL 
phenotypes [8, 21].

BCR-PDGFRA is the second most commonly reported fusion protein associated 
with PDGFRA, following FIP1L1 [4, 6, 18, 22]. Located on 22q11, the BCR gene 
encodes for the breakpoint cluster region protein [23]. The protein has serine/threo-
nine kinase activity and is a GTPase-activating protein for p21rac [23]. BCR is most 
famous for its involvement as the partner of ABL in t(9;22), the defining transloca-
tion of chronic myelogenous leukemia (CML) [24]. Although extensively studied, 
the function of BCR’s gene product is not clear.

BCR-PDGFRA typically resembles atypical chronic myelogenous leukemia 
(aCML) morphologically [18, 22]. Those treated with imatinib have achieved complete 
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hematologic remission. Although the first reported cases of BCR-PDGFRA involved 
exon 12 of PDGFRA, interruption of exon 13 has also been reported [6]. The patient 
involved in this case demonstrated no eosinophilia [6], in contrast to other BCR-
PDGFRA presentations [18, 22]. A T-ALL phenotype without eosinophilia has also 
been reported; the exon involved in the PDGFRA breakpoint was not specified in 
this case [25].

The ETV6 gene is located at 12p13, and is a member of the ETS family of tran-
scription factors [26]. ETV6 is frequently involved in myeloid and lymphoid malig-
nancies. ETV6 is also a fusion partner with PDGFRB in other hematopoietic 
neoplasms associated with eosinophilia [4]. ETV6-PDGFRA has been described by 
Curtis et al. in a 51-year-old male with asthma, diabetes, and marked eosinophilia 
[26]. Bone marrow was suggestive of a myeloproliferative neoplasm (MPN). 
Conventional cytogenetics revealed a t(4;12)(q2?3;p1?2) in all metaphase cells. 
Sequencing of the fusion gene by PCR revealed breakpoints of intron 6 for ETV6 
and intron 11 for PDGFRA. Despite the variant breakpoint for PDGFRA, the patient 
still achieved complete cytogenetic remission following imatinib therapy.

Localized to the short-arm of chromosome 2 [26], STRN encodes for the protein 
striatin [27]. Striatin possesses four protein-protein interaction domains including a 
caveolin-binding domain, a coiled-coil domain, a Ca2  +  −calmodulin-binding 
domain, and a tryptophan-aspartate-repeat domain. It is found most abundantly in 
the central and peripheral nervous system, as well as the lung, liver, kidney, and 
other tissues. Striatin is broadly implicated in neuronal function and may play a role 
in dendritic growth and remodeling. Musto et al. first described a 64-year-old male 
who presented with pruritus and a 2-year history of eosinophilia [28]. Bone marrow 
was consistent with an MPN [26]. A t(2;4)(p24;q12) was identified in 60% of meta-

Fig. 16.7 Schematic contrasting abnormalities of PDGFRA and PDGFRB
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phases by conventional cytogenetics. PDGFRA exon 12 was once again implicated 
in the breakpoint of the fusion gene, along with STRN intron 6. Although the 
patient initially achieved molecular remission on imatinib, eosinophilia recurred 
14 months following treatment discontinuation.

CKD5RAP2 encodes a protein comprising mostly coiled-coil domains [29]. The 
CKD5RAP2 protein stably associates with the centrosome and is present in all 
stages of the cell cycle. Mutations in CKD5RAP2 have been associated with con-
genital microcephaly and intellectual disability [30]. Walz et al. first described the 
CDK5RAP2-PDGFRA fusion gene in a 79-year-old female [31]. She presented with 
splenomegaly, constitutional symptoms, spontaneous hematomas, and marked 
eosinophilia. Bone marrow was consistent with accelerated phase of 
CEL. Conventional cytogenetics demonstrated an ins(9;4)(q33;q12q25) in 5 of 21 
cells. This insertion involved CDK5RAP2 exon 13, an inverted portion of PDGFRA 
intron 9, as well as a truncated PDGFRA exon 12. The patient initially responded to 
imatinib, but subsequently relapsed with imatinib-resistant AML; no CDK5RAP2- 
PDGFRA was detectable at relapse.

KIF5B encodes the protein kinesin family member 5b [32]. This microtubule- 
based motor protein is involved in transportation of organelles. The fusion gene 
KIF5B-PDGFRA was identified by Score et al. in a 54-year-old male presenting 
with B-symptoms, headaches, and marked eosinophilia. Bone marrow revealed 
increased myeloid cells and eosinophilia. Conventional cytogenetics revealed a 
complex karyotype in eight out of 16 metaphases, 46XY, del(3)(p21), add(4)(q12), 
−10,13q?, +der(?)(? → cen →?::4q12 → 4q28.3::10q11.2 → 10qter). Sequencing of 
the fusion gene revealed involvement of KIF5B exon 23 and PDGFRA exon 12. 
Imatinib therapy resulted in complete cytogenetic and molecular response.

FOXP1 encodes the forkhead box protein P1 which is an essential factor in 
B-cell development, regulating transition from resting follicular cells to activated 
germinal cells [33]. FOXP1 fusion genes have also been implicated in B-cell lym-
phoblastic lymphoma (B-ALL), and single nucleotide deletions have been found in 
MPN. Sugimoto et al. described the FOXP1-PDGFRA fusion in a patient presenting 
with a wet cough. Peripheral blood demonstrated marked eosinophilia, neutrophilia, 
and erythrocytosis. Bone marrow biopsy was consistent with an MPN. An abnormal 
46, XY, t(3;4)(p13;q12) was identified by conventional cytogenetics, with break-
points in exon 23a of FOXP1 and exon 12 of PDGFRA. The patient achieved sus-
tained molecular remission for 3 years following imatinib treatment.

Although myeloid neoplasms with eosinophilia and abnormalities of PDGFRA 
comprise rearrangements with resultant fusion proteins, some point mutations have 
been identified within PDGFRA in patients with HES [34]. In one study of 87 hype-
reosinophilic patients with no evidence of PDGFRA rearrangement, 8% demon-
strated point mutations within PDGFRA. Further investigation is needed to 
determine the response of such cases to imatinib.

Exon 12 disruption is a recurring theme for most PDGFRA-associated fusion 
genes. The only exception seems to be instances in which PDGFRA is paired with 
a gene already associated with hematopoietic neoplasms, such as BCR and ETV6 
[4, 26]. Regardless of partner gene, most PDGFRA-associated hematopoietic 
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neoplasms respond well to imatinib therapy. Thus it may be inferred that the exact 
fusion is of little clinical significance so long as PDGFRA exon 12 disruption is 
confirmed.

Since the majority of PDGFRA-related hematopoietic neoplasms are the result 
of a cryptic 4q12 deletion, karyotyping is inadequate for detection [4]. FISH, on the 
other hand, has proven useful for detecting PDGFRA rearrangements [35]. An early 
strategy used a single probe directed at the CHIC2 locus [17]. Newer methods use 
multiple probes directed at various loci, including FIP1L1, PDGFRA, and the inter-
vening regions [36].

RT-PCR also has utility in diagnosis of PDGFRA-rearranged hematopoietic 
neoplasms [36]. RT-PCR is almost equivalent to FISH in diagnosis of PDGFRA 
rearrangement, largely due to the highly conserved nature of exon 12 involvement, 
although, theoretically, a fusion variant involving a different PDGFRA locus might 
be missed. For monitoring purposes, however, RT-PCR may be more suitable, since 
autofluorescence in interphase FISH can make it difficult to determine the exact 
percentage of FIP1L1-PDGFRA positive cells. Furthermore, RT-PCR would be 
able to detect lower disease burden.

 Therapy, Prognosis, and Monitoring

Since the discovery of hematopoietic neoplasms with abnormalities of PDGFRA, 
imatinib has been the therapy of choice for this entity [1]. An initial dose of 100 mg per 
day leads to complete hematologic response in the majority of patients [37]. 
Occasionally, imatinib is discontinued secondary to adverse reactions or rarely due to 
resistance, but it can be replaced by second or third generation TKIs. While on mainte-
nance therapy, >90% of patients will achieve complete molecular response [37, 38].

Although the majority of eosinophilic PDGFRA-related neoplasms demonstrate a 
rapid and durable response to imatinib therapy [39], some initially responding patients 
may develop resistance. This is most often due to the secondary mutation, T674I 
FIP1L1-PDGFRA [40]. This missense mutation located in ATP binding region of the 
kinase domain also leads to resistance to second generation TKIs, nilotinib and 
sorafenib [40, 41]. Rebastanib and ponatinib, both third generation TKIs originally 
designed to treat secondarily resistant CML, have shown promise in treatment of 
secondary resistance in mice models, but still require safety or efficacy trials [40].

Another missense mutation associated with secondary imatinib resistance is 
D842V PDGFRA [42, 43]. This substitution within the kinase activation loop favors 
the active conformation of PDGFRα, while imatinib is only able to bind to the inac-
tive conformation [11]. While this mutation has been known to confer primary 
 resistance to imatinib in some GISTs [11], it has only been reported following TKI 
therapy in PDGFRA myeloid neoplasms [42, 43].

Primary resistance to imatinib has only been reported in one case [44]. This was 
reported in a 59-year-old man diagnosed with idiopathic HES 15  years prior. 
RT-PCR and sequencing revealed two missense mutations within the kinase domain, 
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S601P and L629P.  Subsequent investigation suggested that S601P was likely the 
mutation responsible for imatinib resistance and that the L629P was incidental [45].

The natural history of PDGFRA-associated hematopoietic neoplasms in the 
absence of treatment is difficult to elucidate due to the simultaneous characteriza-
tion of the disease with discovery of its primary treatment. However, those main-
tained on continuous imatinib therapy have largely done well thus far, maintaining 
complete molecular response [37, 38]. Some have even attained complete molecular 
response after discontinuation of imatinib. Rarely, patients relapse while on therapy 
or may transform to a more aggressive neoplasm [38]. Transformation to B-ALL 
has been reported following TKI therapy [46]. However, despite these rare occur-
rences, the majority of patients have a good prognosis if maintained on therapy, 
with most morbidity and mortality being attributable to end-organ damage prior to 
treatment [37, 38].

 Conclusion

The elucidation of the FIP1L1-PDGFRA fusion gene and related PDGFRA rear-
rangements dramatically highlights how advances in our understanding of the molec-
ular causes of disease can help direct patient therapy. Regardless of the fusion gene 
involved, imatinib remains an effective therapy for the majority of patients. For those 
rare patients with resistance, new TKIs are continuing development. Other options 
for treatment beyond TKIs may also be available in the future. For instance, the 
involvement of nuclear factor –κB in eosinophilic proliferation and differentiation 
has provided a possible target for new treatments [47].

 Myeloid and Lymphoid Neoplasms with Eosinophilia 
and Abnormalities of PDGFRB

 Introduction

Gene fusions with PDGFRB were first described by Golub et al. in 1994 in a patient 
with features consistent with chronic myelomonocytic leukemia (CMML) [48]. 
Since that time, over 20 fusion partners have been described [1, 49]. Myeloid and 
lymphoid neoplasms with eosinophilia and abnormalities of PDGFRB are rare, 
accounting for less than 2% of all myelodysplastic/myeloproliferative neoplasms 
(MDS/MPN) [49]. Adult males are most commonly affected with a median age of 
onset in the late forties; however, children have also been rarely affected.

Patients typically present with splenomegaly; hepatomegaly is less frequent. 
Lymphadenopathy may also be seen. Skin and cardiac infiltration may be present at 
diagnosis with resulting cardiac damage. Serum tryptase levels may be predictively 
elevated.
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 Morphology and Immunophenotyping

In patients with abnormalities of PDGFRB, peripheral blood and bone marrow is 
almost always involved. Leukocytosis is typical with monocytosis and eosinophilia. 
Rarely, basophilia is also prominent. Anemia and thrombocytopenia may also be 
present. Overall, the features are typically suggestive of CMML with eosinophilia; 
however, some patients present with features more in keeping with aCML or CEL. 
Rarely, they present with features of ALL, AML, and juvenile myelomonocytic 
leukemia (JMML).

The bone marrow is typically hypercellular with accompanying fibrosis. As in 
cases with PDGFRA abnormalities, mast cell aggregates (not meeting criteria for 
SM) can be seen [1].

 Cytogenetics and Molecular Findings

The structure of PDGFRB is very similar to PDGFRA, sharing 30% amino acid 
similarity [50]. It too encodes a plasma membrane-spanning receptor with five 
extracellular immunoglobulin-like loops for ligand binding and a split intracellular 
tyrosine kinase domain. Signal transduction is very similar, with ligand binding 
inducing dimerization and autophosphorylation of the tyrosine kinase. In addition 
to its role in embryonic development, PDGFRB mediates chemotactic responses of 
monocytes, macrophages, and platelets to inflammatory processes. Overexpression 
has been implicated in solid tumors, such as medulloblastoma and chordoma.

Like PDGFRA, PDGFRB has a frequently observed common breakpoint, albeit 
not as highly conserved as PDGFRA exon 12. Unlike PDGFRA, however, this 
breakpoint is located in intron 10; therefore, most fusion proteins begin the PDGFRB 
portion with an intact exon 11 [51]. Rarely, the PDGFRB breakpoint is found else-
where, most commonly within exon 12 [52–54]. As in PDGFRA, this exon contains 
the juxtamembrane domain and a WW-like domain with inhibitory function. While 
thus far, this breakpoint has not been proven to be sufficient for inducing transfor-
mation to malignancy, it may still have an important regulatory role in kinase activa-
tion [55]. Since the auto-inhibitory juxtamembrane domain is unaffected in the 
majority of fusions, oligomerization is still required for activation of the tyrosine 
kinase. This oligomerization is facilitated by the structure of the various partner 
genes. The prototypic fusion partner, ETV6, possesses a helix-loop-helix domain 
(also called the pointed domain), which functions as the primary site of oligomer-
ization [56]. Moreover, the grand majority of the less common fusion partners pos-
sess at least one coiled-coil domain instead, which likely serves the same purpose. 
Occasionally, an additional motif aiding in dimerization may be found in the form 
of a leucine zipper [57–59] or other oligomerization domain [60].

Of the tyrosine kinase receptors discussed in this chapter, PDGFRB is the most 
promiscuous regarding fusions producing hematologic malignancy with eosinophilia, 
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with at least 26 fusion partners currently described (Table  16.2). As previously 
alluded to, by far the most common is ETV6-PDGFRB. Fusion results in the joining 
of the N-terminal domain of ETV6 to the tyrosine kinase-containing C-terminal of 
PDGFRB (Fig.  16.8) [55]. This fusion leads to oligomerization at the pointed 
domain, constituently active phosphorylation, and activation of STAT proteins. 
This fusion was first described in 1987 by Keene et  al. as a case series of four 
patients, two with MPN, one with ALL, one with CEL, and all with significant 
eosinophilia [61]. The t(5;12)(9q33;p12) usually results in RT-PCR detectable 
fusion of ETV6 exon 4 and PDGFRB exon 11 [51]. As previously stated, ETV6 is 
often involved in myeloid and lymphoid malignancies. In addition to infrequent 
fusion with PDGFRA, ETV6 rearrangements are also involved in B-ALL and undif-
ferentiated AML [26].

The second most commonly reported fusion is CCDC88C-PDGFRB. This fusion 
gene is typically the result of t(5;14)(q33;q32), however, a t(5;17;14)(q33;q11;q32) 

Table 16.2 Myeloid and lymphoid neoplasms with eosinophilia and abnormalities of PDGFRB: 
fusion partners and various associations

Fusion partner gene 
name

Fusion partner gene 
location Association

ETV6 12p12 CMML-E, CEL
CCDC88C 14q32 CMML-E
CCDC6 10q21 aCML-E, MPN-E
TRIP11 14q32 Only reported in patients of Asian ancestry
TPM3 1q21 CEL
CAPRIN1 1p11 CEL
GIT2 12q24 CEL
RABEP1 17p13 CMML, T-ALL
CEP85L 6q22 MPN-E, T-ALL
PRKG2 4q21 Chronic basophilic leukemia
COL1A1 17q21
NDE1 16p13 CMML
SPTBN1 2p21
PDE4DIP 1q21 MDS/MPN-E
TP53BP1 15q15-q21 aCML-E
SPECC1 17p11 JMML
GOLGA4 3p22 aCML-E, MPN-E
HIP1 7q11 CMML-E
BIN2 12q13
MYO18A 17q11
NIN 14q22 aCML-E
SART3 12q23
ERC1 12p13
WDR48 3p21 CEL
DTD1 20p11
KANK1 9p24 ET
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has also been reported [52]. Although the breakpoint for CCDC88C is variable, 
located anywhere between introns 9 and introns 26, the PDGFRB breakpoint is 
more highly conserved—only reported to deviate from the typical intron 10 once 
[52, 62, 63]. CCDC88C encodes a protein widely expressed, with highest levels 
found in bone marrow, spleen, and thymus [62]. Its N-terminal includes a highly 
conserved coiled-coil domain. Interestingly enough, two of the five reported cases 
have included women presenting with a CEL phenotype, remarkable for differing 
from both the usually predominant gender and the typical CMML phenotype [63, 
64]. CCDC88C-PDGFRB is one of two fusions that have rarely shown resistance to 
imatinib, although this was overcome following the addition of prednisolone to the 
treatment regimen [64].

Four patients have been identified bearing the CCDC6-PDGFRB fusion gene. All 
patients have been male, of a CMML or aCML phenotype, demonstrated a t(5;10)
(q33;q21), and shown breakpoints of CCDC6 intron 7 and PDGFRB intron 10 
[57, 65–67]. Although ubiquitously expressed, the protein product of CCDC6 is of 
unknown function [57]. The gene has been implicated in papillary thyroid carci-
noma, specifically when an inv.(10)(q22q21) leads to CCDC6-RET fusion in 25% of 
patients [57, 68]. The N-terminal possesses coiled-coil domains and a leucine zipper, 
both of which have been proven necessary for IL3-independent growth [57, 69]. 
Resistance to imatinib has also been rarely reported in CCDC6-PDGFRB [68].

TRIP11-PDGFRB fusion has, thus far, only been reported in patients of Asian 
ancestry [58, 70–72]. The first reported case was of a 21-year-old Japanese woman 
with a history of relapsed AML associated with new onset eosinophilia and t(5;14)
(q33;q32) [58, 72]. Since then, it has been identified in a Korean and a Chinese 
patient as well [70, 71]. RT-PCR demonstrated fusion of TRIP11 exon 16 to PDGFRB 
exon 11 [70]. Curiously, in two of the three cases, the fusion only arose as a therapy 
related myeloid neoplasm following remission of AML (acute promyelocytic leuke-
mia in the case of the Korean patient) [58, 70]. TRIP11’s product, golgi-microtu-
bule-associated protein of 210  kDa, also known as thyroid hormone receptor 
interactor 11, is a ubiquitous member of the golgin family that possesses a long 

Fig. 16.8 Schematic representation of ETV6-PDGFRB fusion gene
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coiled-coil domain [58, 73]. The protein also possesses a leucine zipper structure, a 
motif important in dimerization and DNA binding [58].

While most PDGRFB-rearranged hematopoietic neoplasms have a CMML pheno-
type, TPM3-PDGFRB has thus far only been reported in patients with CEL [74, 75]. 
One case involved a 21-year-old male, and the other involved an 8-year-old male. 
Two other fusion genes have presented with a CEL phenotype, GIT2 and CAPRIN1. 
The patient with fusion of CAPRIN1 to PDGFRB had a complex karyotype with 
der(1)t(1;5)(p34;q33), der(5)t(1;5)(p34;q15), der(11) ins(11;5)(p12;q15q33) [54]. 
Caprin-1 is a cytoplasmic protein implicated in cellular activation and proliferation 
which is highly expressed in hematopoietic cells. The GIT2- PDGFRB fusion had a 
t(5;12)(q31–33;q24) by karyotype. GIT2’s product is ubiquitously expressed and 
involved in reorganization of the cytoskeleton for cell motility. Although its protein 
does not contain any coiled-coil domains, it does possess an ankyrin domain at the 
N-terminus, which may be involved in protein-protein interactions.

Two fusion genes have been reported associated with a T-ALL phenotype, in 
addition to ETV6-PDGFRB [76]. The RABEP1-PDGFRB fusion gene is the product 
of t(5;17)(q33;p13) [77, 78]. RABEP1 encodes rabaptin-5, a cytosolic protein- 
regulating endocytosis with a coiled-coil structure [78]. Although it has been associ-
ated with a CMML phenotype, RABEP1-PDGFRB has also been seen in a 
64-year-old man presenting with T-ALL [77]. CEP85L-PDGFRB fusion with t(5;6)
(q33–34;q22–23) has also infrequently been reported, with both MPN and T-ALL 
with peripheral eosinophilia as initial presentation [53, 77, 79]. Exceptionally, rapid 
amplification of cDNA ends (RACE) and single step RT-PCR identified in frame 
fusion of CEP85L exon 11 and PDGFRB exon 12, rather than the typical exon 11 
[53, 79]. The product of CEP85L, centrosomal protein 85 kDa-like, as yet has no 
clearly identified function, but has been linked to the QT interval and was initially 
reported as a breast cancer antigen [79].

PRKG2-PDGFRB has been found as the result of a variety of fusions, including 
t(4;5)(q21;q33), t(4;5)(q21.1;q31.3), and t(4;5;5)(q23;q31;q33) [54, 80, 81]. The 
exon 12 breakpoint disrupted the WW-like auto-inhibitory domain of PDGFRB, 
similar to the highly conserved breakpoint in exon 12 of PDGFRA [54], and could 
be postulated to be capable of constituent activation in the absence of dimerization. 
PKRG2 encodes a cGMP-dependent protein kinase involved in multiple functions 
including neuronal adaption, bone growth, and renin secretion, to name a few.

Although clinical information is limited, COL1A1-PDGFRB has been reported 
in a 44- year-old male and an 86-year-old female with t(5;17;22)(q32;q21;q21) and 
complex +X, +1, +7, +9, +10, +11, −-13, +14, +15, del (17)(p12){7}/der(17)t(5;17)
(q33;q21), +18, +19, +20, +21, +22, +3mar {8}, respectively [82]. Defects of col-
lagen type I alpha 1, the primary subunit of type 1 collagen, have been implicated in 
osteogenesis imperfecta, Ehlers-Danlos syndrome, and osteoporotic conditions 
[83]. Although not possessing a coiled-coil domain, collagen type I alpha 1 does 
have a central triple-helix domain, which one might speculate to serve as a site for 
dimerization.

A t(5;12)(q33;p13) has led to NDE1-PDFGRB fusion in a 35-year-old woman 
with Noonan syndrome presenting with CMML [84]. NDE1 encodes for a centro-
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somal protein-regulating movement of kinetochore proteins to spindle poles, and is 
almost always disrupted in CBFB/MYH11 positive AML [84]. The underlying 
cause of her Noonan syndrome was a germline missense PTPN11 mutation, whose 
product regulates intracellular signaling of a number of growth factors, including 
PDGFRB. It is unclear what role this germline mutation may have played in her 
disease presentation.

SPTBN1-PDGFRB fusion has been identified in a 73-year-old woman with 
multiple endocrine neoplasia (MEN) type 1 [81]. She presented with an MPN phe-
notype, and cytogenetics demonstrated t(2;5)(p21;q33). SPTBN1 encodes a nonery-
throid spectrin participating in cell-cell and cell-matrix adhesion.

Numerous other fusion partners are described for PDGFRB, usually limited to 
single case reports. In those cases in which imatinib therapy was initiated, the 
patients entered hematologic or molecular remission. The following cases demon-
strated either a PDGFRB intron 10 breakpoint or fusion of PDGFRB exon 11 to the 
corresponding gene transcript by RT-PCR or RACE. PDE4DIP-PDGFRB has been 
identified in a 11-month-old female with t(1;5)(q23;q33) [85]. PDE4DIP encodes 
the protein myomegalin, and in this case, the fusion protein involved the isoform 
which predominantly consists of coiled-coil structures. TP53BP1-PDGFRB, 
another infrequently reported fusion, was first described in a 79-year-old male pre-
senting with t(5;15)(q33;q22) [86]. TP53BP1 encodes the tumor protein P53 bind-
ing protein 1, which binds to wild-type p53 and contributes to the cellular response 
to DNA damage. SPECC1-PDGFRB was identified in an 18-month-old male with 
t(5;17)(q33;p11.2) who presented with JMML [87]. SPECC1, previously called 
HCMOGT-1, encodes for a sperm antigen and is not typically implicated in malig-
nancy. GOLGA4-PDGFRB fusion has been reported twice, once in a 67- year-old 
male and again in a 13-month-old male presenting with aCML and MPN, respec-
tively [88]. Cytogenetics revealed t(3;5)(p21–25;q31–35) [88]. GOLGA4, another 
member of the golgin family, encodes a golgi-localized protein with extensive 
coiled-coil regions. HIP1-PDGFRB fusions have infrequently been reported and 
was first described in a 54-year-old male with t(5;7)(q33;q11.2) presenting with 
CMML [89]. HIP1 encodes a Huntingtin interacting protein, possesses three areas 
mediating protein-protein interaction, including a leucine zipper, an opened coiled- coil, 
and a domain with homology to talin, a cytoskeletal protein implicated in cell- cell and 
cell-matrix interactions [59, 90].

Many other cases have rarely been described with breakpoints other than 
PDGFRB intron 10. PDGFRB fusion to BIN2, which is expressed predominantly in 
hematopoietic cells during granulocytic differentiation, has been reported once 
[88]. Cytogenetic analysis showed a t(5;12)(q33;q13), and RACE revealed fusion of 
BIN2 exon 9 to a truncated PDFGRB exon 12. MYO18A-PDGFRB has been reported 
in a 51-year-old male with t(5;17)(q33–34;q11.2) and features resembling CMML; 
PDGFRB breakpoint was at intron 9 [91]. MYO18A, also a reported fusion partner 
for FGFR1, is a member of the myosin superfamily originally identified in hemato-
poietic stromal lines and whose function is not well understood. A NIN-PDGFRB 
fusion with t(5;14)(q33;q24) was reported in a 35-year-old male presenting with 
aCML with fusion of NIN exon 28 to PDGFRB exon 12 [92]. Ninein, the product 
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of the NIN gene, is a centrosomal protein with numerous coiled-coils. The protein’s 
structure closely resembles centrosomal protein 110 kDa (CEP110), which is the 
gene product of CNTRL, a reported fusion partner of FGFR1. Fusion between 
PDGFRB exon 12 and SART3 exon 15 has also been identified in a patient with 
MPN with peripheral eosinophilia [93]. Karyotyping was uninformative in this case 
due to severe myelofibrosis and limited metaphase cells present. SART3 encodes an 
RNA binding nuclear protein initially identified in a myeloid cell line and highly 
expressed in cancerous cell. PDGFRB fusion to ERC1, a gene just telomeric to 
ETV6, was found in a 36-year-old man with relapsed AML when karyotype revealed 
t(5;12)(q33;p13), but FISH failed to show ETV6 rearrangement; ERC1 exon 15 was 
fused to PDGFRB exon 10 [94]. A three-way t(1;3;5)(p36;p21;q33) has resulted in 
WDR48-PDGFRB fusion in a 65-year-old female with long-standing chronic MPN 
[88]. Breakpoints included PDGFRB intron 11 and WDR48 intron 10. WDR48 
encodes an endosomal protein including a carboxyl coiled-coil region and an amino 
terminal WD repeat region. The DTD1-PDGFRB gene has been reported in a 
43-year-old male presenting with a CEL phenotype [52]. Cytogenetics identified 
t(5;20)(q33;p12), and RACE demonstrated cDNA fusion of DTD1 exon 4 and a 
truncated PDGFRB exon 12. The product of DTD1 has a similar sequence to 
histidyl- tRNA synthetase and is speculated to play a role in defense against harmful 
effects of D-tyrosine. KANK1-PDGFRB has been reported in a 67-year-old man 
presenting with thrombocytosis, but without prominent eosinophilia [95]. Karyotype 
showed t(5;9)(q31–33;p22-?24.3), and RACE revealed fusion of KANK1 exon 2 to 
PDGFRB exon 9. KANK1, a potential tumor suppressor gene, has been implicated 
in various malignancies, including ALL.

Unlike identifying the FIP1L1-PDGFRA gene, conventional cytogenetics read-
ily identifies 5q33 rearrangement and is useful at the time of initial presentation. 
Multicolor FISH has been useful in recognizing PDGFRB rearrangement or con-
firming suspected fusion on karyotype, using probes that closely flank both ends of 
the gene [96]. Other probes can be added once a suspected fusion partner is identi-
fied. The heterogeneity of fusion partners makes it difficult to specific RT-PCR 
assays [93]. However, generic quantitative PCR can successfully screen for 
PDGFRB rearrangement by either comparing the relative expression between 
PDGFRB and ABL [93], or by comparing expression of PDGFRB’s tyrosine kinase 
domain to the region containing all described breakpoints [75]. Once  overexpression 
of PDGFRB is identified, the partner gene can be identified by sequencing of ampli-
fied cDNA scripts [93]. Actual identification of the partner gene, however, may be 
largely of academic interest, due to the almost universal response to imatinib.

 Therapy, Prognosis, and Monitoring

Prior to therapy with imatinib, this neoplasm was regarded as an aggressive disease 
with a median survival of less than 2 years. However, most patients are now known 
to have excellent morphologic and molecular response to imatinib with a recent 
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study citing a 10-year overall survival of 90% [97]. Furthermore, earlier diagnosis 
due to recognition of this entity will result in earlier initiation of appropriate therapy, 
preventing cardiac damage and blast phase. Primary and secondary resistance is 
uncommon; however, initial response typically occurs within 2 months, and if not seen 
by 3 months, consideration of another therapy is suggested. Currently, it is not known 
if therapy can be stopped in patients with long term molecular remission; however, a 
recent article cited one patient in remission 4 years after therapy cessation [98].

 Conclusion

Similar to myeloid and lymphoid neoplasms with eosinophilia and abnormalities of 
PDGFRA, this entity highlights the great strides that have been made in regard to 
subclassification of hematopoietic neoplasms allowing for more efficacious therapy. 
Rearrangements of PDGFRB are most common in adult males who present with 
features of CMML and eosinophilia, although other presentations are described. Over 
20 fusion partners have been identified, and most rearrangements will be detected by 
conventional karyotyping, but FISH and PCR methodologies exist. Treatment with 
imatinib is the current mainstay of therapy with an excellent prognosis.

 Myeloid and Lymphoid Neoplasms with Eosinophilia 
and Abnormalities of FGFR1

 Introduction

Myeloid and lymphoid neoplasms with eosinophilia and abnormalities of FGFR1 
(fibroblast growth factor receptor-1) were initially described by Macdonald and 
colleagues in 1995 [99]. In this review, they identified 13 case reports in the litera-
ture. These patients presented with an MPN with eosinophilia and lymphadenopa-
thy with a high incidence of T-cell non-Hodgkin lymphoma (NHL) and progression 
to AML. They identified 3 unique translocations (t(8;13)(p11–12;q11–12), t(8;9) 
(p11;q32–34) and t(6;8)(q27;p12)) and coined the term “8p11 myeloproliferative 
syndrome” (EMS). Other synonyms have included “8p11 stem cell leukemia/lym-
phoma” and “8p11 stem cell syndrome” [100]. However, in the 2008 World Health 
Organization of Tumors of the Hematopoietic and Lymphoid Tissues, the designa-
tion of “myeloid and lymphoid neoplasm with FGFR1 abnormalities” was recog-
nized, which is under the umbrella diagnosis of myeloid and lymphoid neoplasms 
with eosinophilia and abnormalities of PDGFRA, PDGFRB, or FGFR1 [4]. 
Although first officially described in 1995, a review of older literature reveals several 
case reports that likely describe EMS, but in which cytogenetics/molecular evaluation 
was not performed. The first such case report was likely by Manthorpe et al. in 1977, 
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wherein they describe a patient with T-ALL, granulocytic hyperplasia in bone 
marrow, and increased abnormal eosinophils [101].

This neoplasm can occur across a wide age distribution with one case report 
describing a 3-year-old child with EMS and another describing an 84-year-old 
patient with EMS [102, 103]. The median age of onset, however, is 44 years of age 
[100]. There is only a slight male predominance.

Given the heterogeneous nature of this neoplasm, clinical presentation is vari-
able. Many patients present with systemic symptoms including fatigue, fever, night 
sweats, and/or weight loss. Nonetheless, many patients, reportedly approximately 
20%, are asymptomatic at time of diagnosis when complete blood counts, obtained 
at routine clinic visits, etc., reveal abnormal results. At time of diagnosis, lymphade-
nopathy and/or organomegaly (hepatomegaly, splenomegaly, hepatosplenomegaly) 
is a common finding. However, mediastinal lymphadenopathy, typical of T-ALL 
among other lymphomas, is not frequently seen. Other clinical findings such as 
tonsillar involvement, etc., vary depending on exact fusion partner (to be discussed 
in greater detail below- Table 16.3) [1].

 Morphology and Immunophenotyping

In the peripheral blood, leukocytosis is typically with neutrophilia and a left shift 
[100]. Eosinophilia (>1.5 × 109/L) is common (85% of cases), but not as common 
as that described in myeloid and lymphoid neoplasms with PDGFRA rearrange-
ments [104]. Monocytosis is also a common feature, particularly in patients with 
t(8;9)(p11;q33–34) [105]. In these patients, tonsillar involvement is also typical. 
Basophilia, typical of BCR-ABL1 positive CML, is not frequent but may be seen in 
patients with t(8;22)(p11;q11) resulting in a diagnostic challenge [106]. 
Erythrocytosis may also be present, mimicking polycythemia vera (PV), with cases 
harboring t(6;8)(q27;p11–12) frequently showing increased hemoglobin levels 
[107, 108]. These patients also tend to be older at time of diagnosis. Platelet count 
is quite variable [100].

Table 16.3 Myeloid and lymphoid neoplasms with eosinophilia and abnormalities of FGFR1: 
more common fusion partners and various associations

Fusion partner 
gene name

Fusion partner 
gene location Association

ZMYM2 (ZNF198) 13q12 A subset with lymphadenopathy and “bilineal 
lymphoma”

CNTRL 9q33–34 Monocytosis, tonsillar involvement
FGFR1OP 6q27 Older age, more prominent eosinophilia, erythrocytosis
BCR 8q11 Older age, leukocytosis with neutrophilia and 

basophilia
Not stated 1q25 Peripheral monocytosis and myeloproliferative 

neoplasm-like findings in bone marrow
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The bone marrow is usually hypercellular due to granulocyte hyperplasia, and mor-
phologic findings may raise the differential of CML, aCML (BCR-ABL1 negative), 
and/or CMML. Blast counts are variable, but a subset of cases will present in frank 
acute leukemia with AML, mixed phenotype acute leukemia, and ALL described. 
Although not as common as cases with PDGFRA/B rearrangements, rarely atypical 
mast cell aggregates with aberrant immunophenotype have been identified [105].

As previously mentioned, lymphadenopathy is a common feature in patients 
with EMS. In patients who undergo lymph node biopsy, T-ALL and myeloid sar-
coma have been frequently reported. The involvement may be subtle with only a 
portion of the lymph node replaced. In these cases, mature eosinophils are often 
intermingled with the lymphoblasts. A case series by Vega et al. describes a small 
series of EMS cases with t(8;13)(p11;q12), in which lymph nodes were replaced by 
T-ALL as well as atypical myeloid proliferations with abundant eosinophilic cyto-
plasm surrounding blood vessels or follicles [109]. These cells expressed variable 
myeloid markers, but also expressed CD3 and CD43; the term “bilineal lymphoma” 
was suggested. Given the heterogeneity of this neoplasm, the immunophenotypic 
features are in turn heterogeneous. However, cases presenting with T-ALL typically 
express pan T-cell markers, TdT, and possibly CD1a.

 Cytogenetics and Molecular Findings

The fibroblast growth factor receptor 1 gene is located on chromosome 8p11–12 
and has 19 exons allowing for variant splicing and several isoforms. The longest 
protein product encodes for a receptor with 2 or 3 immunoglobulin-like extracellu-
lar domains, a single transmembrane domain, and an intracellular tyrosine kinase 
domain. In the presence of appropriate ligands, FGFR1 undergoes conformational 
change, induces dimerization, and then autophosphorylation of intracellular tyro-
sine residues. These function as specific docking sites for target proteins involved in 
downstream pathways.

FGFR1 is a member of a family of 4 high-affinity, highly conserved receptor 
tyrosine kinases (fibroblast growth factor receptor family) that function in embry-
onic development, by controlling growth, differentiation, and migration of diverse 
cell types. They differ from one another in regard to their ligand affinities and tissue 
distribution.

Mutations in this gene have been associated with a host of constitutional disor-
ders including Pfeiffer syndrome, a disorder resulting in premature fusion of skull 
bones. Furthermore, abnormalities in this family of genes have been identified in 
numerous hematopoietic and non-hematopoietic neoplasms.

In EMS, few partner genes have been described to date. Thus far, all transloca-
tions involving FGFR1 have a similar structure with a 5′ gene partner translocating 
to the 3′ FGFR1 at exon 9. The fusions encode large proteins containing the 
N-terminus of the translocation partner with a dimerization domain and the tyrosine 
kinase domain of FGFR1 in the C-terminus. The partners all serve to promote 
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dimerization. Abnormal activation of FGFR1 results in malignant potential and 
leukemogenesis. As previously mentioned, the fusion partner influences clinical 
and morphologic findings.

The first translocation identified in EMS, and still the most common, is the 
t(8;13)(p11;q12), where FGFR1 fuses with ZMYM2 (previously ZNF198) at 13q12, 
resulting in a ZMYM2-FGFR1 fusion protein and constitutive activation of the 
FGFR1 tyrosine kinase (Fig. 16.9). In cases with t(8;9)(p11;q33), the second most 
common cytogenetic finding, the partner gene is centrosomal protein 110 kDa, cen-
triolin (CNTRL) and monocytosis and tonsillar involvement is well described [110]. 
FGFR1 oncogenic partner 1 (FGFR1OP) is the fusion partner in cases with t(6;8)
(q27;p11–12), which is the 3rd most common cytogenetic finding. Leucine-rich 
domains of FGFR1OP lead to dimerization of the fusion protein FGFR1OP-FGFR1, 
resulting in constitutive activation of FGFR1 tyrosine kinases and downstream sig-
naling pathways, which include BCL2 overexpression [111]. In these patients, 
eosinophilia may be more prominent and patients may present at older ages with 
features of PV [107, 108].

t(8;22) (p11;q11) includes the BCR fusion gene. Interestingly, these patients often 
present at an older age with leukocytosis, neutrophilia, and basophilia, thereby mim-
icking CML. In addition, a few patients have presented with B-ALL [106, 112].

Three cases of EMS with t(1;8)(q25;p11.2) have been described. All three pre-
sented with peripheral monocytosis and bone marrow features consistent with an 
MPN [113]. However, despite abnormal karyotype, FGFR1 rearrangement could 
not be confirmed in 2 of these 3 cases due to negative FISH and/or RT-PCR. The 
remaining fusions are less frequent than the aforementioned and often include only 
a single reported case (Table 16.4).

To date, t(8;19)(p12;q13.3) has been identified once in the literature, in which the 
patient presented with AML with features suggestive of a background MPN including 

Fig. 16.9 Schematic representation of ZMYM2-FGFR1 fusion product
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polycythemia and atypical megakaryocytes [114]. Subsequent evaluation identified 
the fusion gene to be human endogenous retrovirus gene (HERVK) [115]. ins(12;8) 
(p11;p11p22) has also been described once in the literature in a patient presenting 
with T-ALL [116]. In this patient, fibroblast growth factor receptor  oncogene part-
ner 2 (FGFR1OP2) was identified as the fusion gene. t(7;8) (q34;p11), also 
described once in the literature, results in a fusion gene including TIF1 on 7q34 
[117]. This patient presented with monocytosis, and bone marrow revealed a myelo-
monocytic blast proliferation as well as a B lymphoblast proliferation. Peripheral 
eosinophilia was absent, but marrow eosinophilia was present.

In a patient with t(2;8)(q37;p11), LRRFIP1 (leucine-rich repeat flightless- 
interacting protein 1) gene was the identified fusion gene, and the patient presented 
with findings consistent with refractory anemia with excess blasts; this progressed 
to AML after 6 years of supportive care [118]. Monocytosis, eosinophilia, and baso-
philia were reported in a patient with t(8;17)(p11;q23) where MYO18A was the 
associated fusion gene [119]. EMS with t(8;12) appears to have been reported 3 
times in the literature but with different breakpoints, including t(8;12)(p11;q15), 
dic(8;12)(p11.2;p11.2), and t(8;12)(q11;p12) [120–122]. All cases appeared to have 
eosinophilia and T-ALL at initial diagnosis.

The literature cites one case of EMS with t(8;11)(p11;p15) in which the patient 
presented with AML, and the fusion gene partner was identified as NUP98 [120]. A 
29-year-old woman presented with T-ALL without eosinophilia; t(7;8)(q22;p11) 
resulting in a CUX1-FGFR1 fusion gene was identified [123]. Lastly, a literature 
review identifies one patient with t(3;8;9)(p25;p21;q34) [124]. This patient pre-
sented with eosinophilia and T-ALL and later developed B-ALL.

Conventional karyotyping has identified all cases of EMS reported in the litera-
ture to date except one case [125]. Therefore, karyotyping remains the mainstay of 
identification as it is relatively sensitive and capable of identifying all fusion part-
ners. In addition to karyotyping, reference laboratories offer FISH analysis to detect 
translocations of FGFR1 (dual-color break-apart probe set). Due to the rarity of 
EMS, RT-PCR is not routinely used outside of research settings.

Table 16.4 Myeloid and lymphoid neoplasms with eosinophilia and abnormalities of FGFR1: 
rarer fusion partners

Fusion partner gene name Fusion partner gene location Association

CUX1 7q22 T-ALL
NUP98 11p15 AML
HERVK 19q13.3 AML secondary to MDS/MPN
FGFR1OP2 12p11 T-LBL with eosinophilia
TIF1 7q34
LRRFIP1 2q37 MDS, RAEB
MYO18A 17q23 MDS/MPN with eosinophilia 

and basophilia 
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 Therapy, Prognosis, and Monitoring

EMS is an aggressive disease; most patients either present with acute leukemia or 
subsequently progress. Cytogenetic evolution has been described in patients with 
EMS, and acquisition of 21 is a frequent occurrence [100]. Overall survival is poor 
at approximately 15 months, and long term survival has only been documented in 
those receiving allogeneic transplantation. Current therapy includes typical AML 
or ALL induction regimens, as appropriate, followed by transplantation. Unlike 
patients with abnormalities of PDGFRA and PDGFRB, no well-established tar-
geted therapy is currently available. However, a few documented responses with 
targeted therapies have been identified in the literature [123, 126–128]. A murine 
model was recently developed, which provides an opportunity to develop therapeutic 
strategies [129].

 Conclusion

EMS is a rare disorder with variable clinical presentation, which is a result of con-
stitutive activation of FGFR1. Various fusion partner genes have been identified and 
may influence the clinical presentation in this heterogeneous disorder. Many patients 
present with features of MPN with eosinophilia. Presentation with or development 
of acute leukemia (AML, ALL, or mixed phenotype) is typical. Identification of the 
abnormal fusion product gene is usually via conventional karyotyping, but FISH 
analysis is available at reference laboratories. To date, no targeted therapy is avail-
able, but research is on-going.

 Myeloid and Lymphoid Neoplasms with Eosinophilia 
and T(8;9)(P22;P24.1); PCM1-JAK2

 Introduction

In the 2016 revision of the WHO classification of tumors of hematopoietic and lym-
phoid tissues, myeloid and lymphoid neoplasms with eosinophilia and t(8;9)
(p22;p24.1);PCM1-JAK2 will be recognized as a new provisional entity [130]. This 
continues to exemplify the theme of subclassification based on cytogenetic and 
molecular findings to allow for better characterization of disease, better therapy, and 
eventually prolonged survival. This rare entity was first described in 1990 by Steward 
et al. [131] with the PCM1-JAK2 fusion gene being identified in 2005 [132]. Currently 
over 30 cases have been described with a marked male predominance noted [133]. 
Affected individuals have ranged from 12 years to 75 years of age, with a median age 
of 47. The patients often present with hepatosplenomegaly.
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 Morphology and Immunophenotyping

Initially, most cases were felt to represent an MPN or an MDS/MPN, with CEL, 
aCML, and primary myelofibrosis (PMF) being the most frequent subclassifications. 
The peripheral blood often displays eosinophilia, but monocytosis is uncommon. 
The bone marrow is typically hypercellular, often with accompanying fibrosis. A 
subset of cases presented in blast phase, either AML, T-ALL, or B-ALL. Furthermore, 
subsequent progression to blast phase is common.

 Cytogenetics and Molecular Findings

As previously mentioned, t(8;9)(p22;p24.1) results in fusion of PCM1 to JAK2 [134]. 
JAK2 is a member of the Janus family of tyrosine kinases, which are non- receptor 
tyrosine kinases that play a significant role in signal transduction pathways involved 
in regulation of cell survival, proliferation, differentiation, and apoptosis. The protein 
has seven domains including the JH1 domain located at the carboxyl terminus, with 
features of a typical tyrosine kinase domain and the JH2 domain located in exon 14, 
with a negative autoregulatory function. JAK2 activation results in neoplastic trans-
formation and abnormal cell proliferation in various malignancies, with the proto-
type being PV due to V617F point mutation.

PCM1 encodes a large protein containing several potential coiled-coil domains 
in its aminoterminal part. It plays a role in the assembly of centrosomal proteins, 
microtubule organization, and progression of cell cycle. Due to the PCM1-JAK2 
gene fusion, the coiled-coil domains of PCM1 mediate an oligomerization that 
brings together the linked JAK2 domains resulting in a constitutively activated tyro-
sine kinase domain of JAK2.

The t(8;9)(p22;p24.1) is identified via conventional karyotyping; however, FISH 
analysis as well as PCR have also been utilized to detect this aberration. Finally, 
other JAK2-rearranged neoplasms are less common and are not currently included 
in the 2016 WHO as distinct entities [130].

 Therapy, Prognosis, and Monitoring

Currently, therapy for this newly recognized entity is not standardized. Prognosis 
was previously poor with many patients requiring stem cell transplantation [133]. 
However, a recent article describes long term cytogenetic and molecular remission 
in two patients with janus kinase inhibitor, ruxolitinib [135]. One patient died 
36 months after therapy with ruxolitinib for unrelated issues and was last noted to 
be in molecular remission prior to death. Another patient is still in molecular remis-
sion 46 months after initiation of therapy. These cases suggest a significant role for 
JAK2 inhibitors in treatment; continued research is needed.
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 Conclusion

Myeloid and lymphoid neoplasms with eosinophilia and t(8;9)(p22;p24.1);PCM1- 
JAK2 is a rare newly recognized provisional entity occurring most frequently in males 
with a wide age distribution. Patients typically present with features of MPN or MDS/
MPN with eosinophilia commonly noted. The translocation can be detected via routine 
karyotyping, but FISH analysis and PCR have proven to be successful as well. Therapy 
is not standardized, but JAK2 inhibitors will likely play a substantial role.
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Chapter 17
Mixed Phenotype Acute Leukemia

Olga K. Weinberg

 Introduction

Mixed phenotype acute leukemia is a rare disease and comprises 2–5% of all acute 
leukemias. These disorders have been historically labeled by a variety of names, such 
as mixed-lineage leukemia, bilineal leukemia, and biphenotypic leukemia [1]. Both 
the earlier 2008 and more recent 2016 World Health Organization (WHO) classifica-
tions have proposed a simpler diagnostic algorithm to define mixed phenotype acute 
leukemia (MPAL), which includes both biphenotypic and bilineal acute leukemias.

 Clinical Presentation

Presenting clinical symptoms in MPAL are similar to other acute leukemias and 
include fatigue, infections, and bleeding disorders [2]. Usually, the white blood cell 
count is high and most patients will have a high number of circulating blasts [2].

 Morphology and Immunophenotype

Morphologically, MPAL blasts appear most often as undifferentiated medium-sized 
blasts with fine chromatin and indistinct-to-prominent nucleoli; however, these blasts 
can show classical lymphoid features and appear smaller in size with variably condensed 
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nuclear chromatin and very high nuclear-to-cytoplasmic ratios, or myeloid features with 
cytoplasmic granules, very fine nuclear chromatin, and large prominent nucleoli.

However, the diagnosis of MPAL rests on the immunophenotypic features of 
these blasts rather than morphology. Flow cytometry is the preferred method for 
recognizing MPAL.  Even when there are not 2 distinctly separable populations, 
most cases of MPAL will show heterogeneity of expression of some antigens. For 
example, MPO expression will be expressed on the subset of blasts that show rela-
tively brighter expression of myeloid markers and lower intensity of B-cell–associ-
ated markers. Figure 17.1 is an example of MPAL where the blasts are small with 

Fig. 17.1 Case of B/myeloid mixed phenotype acute leukemia. Blasts are mostly small with mod-
erate cytoplasm (part a) and expressed CD34, CD13, CD33, CD19, CD79a, TdT, and MPO (part b)
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moderate cytoplasm and express myeloid markers (CD13, CD33, MPO) as well as 
strong CD19 and CD79a.

One of the first major attempts to define MPAL was the scoring criteria proposed 
by the European Group for the Immunological Characterization of Leukemias 
(EGIL) (Table 17.1) [3]. A numerical value, ranging from 0.5 to 2, was assigned for 
individual myeloid-associated or lymphoid-associated markers expressed by the 
blasts, and a biphenotypic acute leukemia was defined when a score over 2 points 
was achieved for each lineage [3]. In later years, the 2001 World Health Organization 
(WHO) classification of hematopoietic and lymphoid neoplasms incorporated the 
EGIL scoring system when defining acute leukemias of ambiguous lineage [4].

Then, in 2008, the WHO classification proposed a simpler diagnostic algorithm to 
define MPAL, which relies on fewer, more lineage-specific markers [5] (Table 17.2). 
Myeloid lineage requires the presence of myeloperoxidase as detected by flow 
cytometry, immunohistochemistry or cytochemistry, or evidence of monocytic dif-
ferentiation (with at least 2 of the following markers being positive: non- specific 
esterase cytochemistry, CD11c, CD14, and CD64). T-lineage can be shown with 
cytoplasmic or surface CD3, at least as intense as background reactive T-cells, and 
multiple antigens are required for B-lineage including CD19, CD79a, CD22, and 
CD10. All possible combinations of MPAL can be observed including B/myeloid,  

Table 17.1 EGIL scoring system for biphenotypic acute leukemia

Points Myeloid lineage B lineage T lineage

2 MPO CD79a CD3 (cyt/m)
lysozyme Cyt IgM anti-TCR α/β

Cyt CD22 anti-TCR γ/δ
1 CD13 CD19 CD2

CD33 CD10 CD5
CD65 CD20 CD8
CD117 CD10

0.5 CD14 TdT TdT
CD15 CD24 CD7
CD64 CD1a

Table 17.2 2008 WHO classification: acute leukemia of ambiguous lineage

Lineage Markers

Myeloid Myeloperoxidase OR Monocytic differentiation (at least 2 of the following: 
NSE, CD11c, CD14, CD64, lysozyme

T lineage Cytoplasmic CD3 OR Surface CD3
B lineage Strong CD19 and at least 1 of the following with strong expression: CD79a, 

cytoplasmic CD22 or CD10
OR
Weak CD and at least 2 of the following with strong expression: CD79a, 
cytoplasmic CD22 or CD10
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T/myeloid, B/T, or even rarely B/T/Myeloid [5]. MPAL with t(9;22) and MLL rear-
rangement have been separated out as distinct subtypes. Acute leukemia of ambigu-
ous lineage is reserved for cases of acute leukemia that show no clear evidence of 
differentiation along a single lineage.

In the 2016 revision to the WHO classification, no new entities were defined 
within this group of leukemias [6]. Although the list of lineage-specific markers is 
unchanged, it is now emphasized that in cases with 2 distinct blast populations, each 
population should meet criteria for B-lymphoblastic leukemia (B-ALL), T-ALL, or 
acute myeloid leukemia but it is not necessary that specific markers are present [6]. 
It is also now more specifically stated that cases of otherwise typical B-ALL with 
only low-level expression of MPO (without other evidence of myeloid differentia-
tion) should not be classified as MPAL. Furthermore, a specific statement is now 
included that cases of otherwise typical ALL or AML do not need to meet the strict 
lineage defining criteria listed for MPAL.

 MPAL with BCR-ABL Fusion Gene

Two genetic lesions are frequent enough in MPAL to now be considered as separate 
entities. The first is MPAL with t(9;22)(q34;q11.2) or BCR-ABL1 rearrangement. 
The t(9;22)(q34;q11.2) translocation results in a BCR-ABL1 fusion gene located on 
the Philadelphia chromosome (Ph), causing a constitutively active BCR-ABL1 tyro-
sine kinase. Acute leukemia with t(9;22) and blast phase of chronic myeloid leuke-
mia (CML) have very similar clinical presentations and morphologic features. The 
2008 WHO classification suggests caution when making the diagnosis of MPAL with 
t(9;22) [4]. Splenomegaly, peripheral leukocytosis due to maturing myeloid precur-
sors and mature neutrophils, absolute basophilia, and a clinical history of CML may 
support the diagnosis of blast phase of CML with MPAL phenotype [4]. De novo 
MPAL with BCR-ABL rearrangement generally occurs more frequently in older 
patients. Although most studies found the frequency of MPAL with t(9;22) to be 
28–35%, pediatric studies report it to be much lower at 3% [7]. Many of these cases 
show a dimorphic population of blasts, with most showing B and myeloid lineage 
[7]. Some studies suggest that this subtype of MPAL has a worse outcome [8].

 MPAL with MLL Rearrangement

The second most frequent genetic lesion in MPAL is translocations involving MLL 
gene. MLL rearrangement juxtaposes the amino-terminus of the histone methyl-
transferase MLL to a variety of fusion partners, with the most common partner gene 
being AF4 on chromosome 4 band q21.35 in MPAL [9]. This tends to occur more 
commonly in children and is more frequent in infancy [9]. One study showed fre-
quency of 10% in adults to 12–18% in pediatric MPAL [1]. These cases also tend to 
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present with a dimorphic blast population, one resembling lymphoblasts and the 
other resembling monoblasts. By flow cytometry, the lymphoblasts usually have a 
CD19-positive, CD10-negative, B-precursor immunophenotype and are frequently 
positive for CD15. Usually, the flow cytometry identifies a separate population of 
myeloid blasts with monocytic differentiation. The prognosis of MPAL patients 
with MLL rearrangement is also poor [10].

 Mixed Phenotype Acute Leukemia, Not Otherwise Specified

 Cytogenetics and Molecular Findings

In a recent study, Yan et al., found that of 92 MAPL patients assessed, 64% presented 
with cytogenetic abnormalities [11]. The most prevalent aberration was the complex 
karyotype found in 24% of patients, followed by the t(9;22) chromosome in 15% (all 
B-myeloid phenotype) and translocations involving MLL gene at 11q23 in 4.3% of 
patients [11]. A specific reference was made in the 2008 WHO classification to 
exclude cases that can be classified in another category, either by genetic or clinical 
features. For instance, AML with t(8;21), t(15;17), and inv. [11] can express lym-
phoid-associated markers but should be classified as AML with recurrent genetic 
abnormalities. Cases of chronic myelogenous leukemia (CML) in blast crisis, AML 
with myelodysplasia-related changes, and therapy-related AML should be classified 
as their respective entities even if they happen to have a mixed phenotype.

In a study of 61 MPAL patients, Weinberg et al., found that 23 of 61 patients were 
under 21 years of age (38%), most showed a B/myeloid phenotype (67%), and had 
normal cytogenetics (44% of patients with cytogenetic information) [12]. Seven 
patients (or 22%) had t(9;22) or MLL rearrangement. This is a similar distribution to 
what Matutes et al., found in their study [13]. However, both Matutes et al., and Yan 
et al., included MPAL patients with complex karyotype (~24–32% of all their patients) 
in their series [11, 13]. In the 2008 WHO classification, the presence of a complex 
karyotype would be considered as AML with myelodysplasia-related changes if defined 
by cytogenetics alone, and such cases were excluded from the study by Weinberg et al.

Rubnitz et al., analyzed gene expression patterns in 13 pediatric patients with 
MPAL (as defined by EGIL) and found that 8 patients displayed gene expression 
patterns that were different from AML and ALL [14]. In contrast, using microRNA 
profiling studies, de Leeuw et al., demonstrated that 16 cases had microRNA expres-
sion profiles that clustered with AML or ALL [15]. Heesch et al., noted a higher 
expression of BAALC and ERG in 26 cases of MPAL as compared with other cases 
of AML [16]. Array-based comparative genomic hybridization analysis in 12 
patients with MPAL demonstrated that all patients had at least 1 abnormality, 
including deletions of CDKN2A, IKZF1, MEF2C, BCOR, EBF1, KRAS, LEF1, 
MBNL1, PBX3, and RUNX1 [14].

Information regarding the mutational landscape of MPAL is based on small patient 
numbers. Yan et al., analyzed 31 patients with MPAL and reported that 12 patients 
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(39%) were found to harbor a known mutation [11]. These included IKZF1 deletion 
in 4 patients (all B-myeloid phenotype with evidence of BCR-ABL1 fusion gene), 
EZH2 in 3 (B- or T-myeloid; one case showing complex karyotype and another show-
ing loss of chromosome 7), ASXL1 in 2 (both B-myeloid), TET2 in one (B-myeloid), 
and ETV6 and NOTCH1 in 1 patient each (both T-myeloid) [11]. A high rate of mostly 
biallelic mutations DNMT3A mutations were reported in 10 of 18 adults with T-myeloid 
MPAL [14]. No evidence of mutations in CBL, DNMT3A, FBXW7, FLT3, IDH1, 
IDH2, KIT, NPM1, PHF6, RUNX1, and WT1 were found in Yan’s study [11].

Whole-exome sequencing in 23 adult and pediatric patients with MPAL dem-
onstrated that 35% patients had mutations in epigenetic regulatory genes ([17], 
Table 17.3). DNMT3A was the most common mutation (23%) followed by IDH2 
(9%), TET3 (4%), and EZH2 (9%). All of the DNMT3A mutations involved the 
methyltransferase domain, three of which were missense mutations at Arg882, the 
hotspot common in AML. DNMT3A occurred in all immunophenotypic subtypes 
examined. Similar to reports in AML, MPAL patients with mutation in DNMT3A 
trended toward being older and having a normal cytogenetics [17]. Tumor 

Table 17.3 Summary of 
mutations from whole-exome 
sequencing of 23 MPAL 
samples

Gene Frequency (%)

Epigenetic DNMT3A 6 (23%)
IDH2 2 (9%)
TET3 1 (4%)
EZH2 2 (9%)

Activated signaling NRAS 4 (17%)
KRAS 3 (13%)
NF1 2 (8%)
FLT3 3 (13%)
JAK2 1 (4%)
JAK3 1 (4%)

Tumor suppressor TP53 5 (22%)
WT1 3 (13%)
PHF6 2 (8%)
PTCH11 2 (8%)
CDKN2A 1 (4%)

Transcription 
factors

NOTCH1 5 (22%)

RUNX1 4 (17%)
GATA2 1 (4%)
IKZF1 1 (4%)

Splicing SF3A1 1 (4%)
Cohesin RAD21 1 (4%)

SMC1A 1 (4%)
Others CDKN2B 1 (4%)

LEF1 1 (4%)

Data from Eckstein et al. [17]
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 suppressors were also frequently mutated and 5 patients (22%) had TP53 muta-
tions ([17], Table 17.3). Mutations of DNMT3A and tumor suppressors showed 
high variant allele frequency (VAF), suggesting that these mutations arise early in 
the disease. Sixty-one percent of the patients also had mutually exclusive muta-
tions of activating signaling genes including NRAS, KRAS, and NF1 [18]. NOTCH1 
mutations were present in 5 of 16 (32%) with T-myeloid and B/T leukemia. Three 
samples (13%) also had WT1 mutations. In another series, clustering of FLT3 ITD 
and TKD mutations was reported in patients with T-myeloid MPAL. Seven of 15 
patients (47%) were positive for FLT3 mutations (mostly ITD), all of which were 
CD117+ [19].

 Prognosis and Therapy

There is no set therapy for MPAL patients, which is a result of the absence of pro-
spective trials. In the few larger retrospective series of MPAL, the median overall 
survival is reported to range from 14.8 to 18 months and the rate of achieving long- 
term survival in patients with adult MPAL is poor (<20%) [17, 19, 20]. Most of the 
retrospective case series suggest that the complete remission rates are higher with 
ALL therapy or an ALL/AML combined regimen than with AML-type therapy [21, 
22]. Children with MPAL are suggested to do better, although they do have inferior 
outcome compared with those diagnostic with typical ALL [22]. A few studies com-
pared outcome of MPAL patients with that of matched control ALL or AML groups 
and most found that MPAL patients did worse than AML or ALL [1]. In a study of 
61 patients, Weinberg et al., found that when compared with 177 patients with acute 
myeloid leukemia (AML), MPAL patients had better overall survival (P = .0003) 
and progression-free survival (P =  .0001). However, no difference in overall sur-
vival between MPAL and 387 patients with acute lymphoblastic leukemia was pres-
ent (P  =  .599) [12]. For patients with t(9;22)-positive MPAL, a tyrosine kinase 
inhibitor (TKI) is usually added to treatment [23]. In his review, Wolach et al. sug-
gested that the best approach for the non-t(9;22) MPAL patient is to treat with an 
ALL regimen and consolidate with an allogeneic stem cell transplant if a donor is 
available [23]. Shimizu H et al., have suggested that allogeneic hematopoietic stem 
cell transplantation may be an effective treatment for MPAL patients, especially 
early in the disease course [24].

 Conclusion

Overall, acute leukemias with mixed phenotypes are uncommon and comprise 2–5% 
of all acute leukemias. Molecular studies showed frequent mutations in epigenetic 
regulatory genes and tumor suppressors in MPAL patients. The outcome of MPAL 
patients remains poor and mutations have been identified in this disease that are 
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potentially targetable by agents that are currently available or are being tested in clini-
cal trials, including epigenetically targeted agents, tyrosine kinase pathway inhibitors, 
and NOTCH1 inhibitors. Studies suggest that the best treatment of non- t(9;22) MPAL 
patient is to treat with an ALL regimen and consolidate with an allogeneic stem cell 
transplant if a donor is available. More studies are needed to address the biology and 
treatment of MPAL patients.
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Chapter 18
Blastic Plasmacytoid Dendritic Cell Neoplasm

Michael J. Cascio and Robert S. Ohgami

 Introduction

First described in 1994 [1], blastic plasmacytoid dendritic cell neoplasm (BPDCN) 
is a rare, aggressive hematopoietic neoplasm. It has been variably known as blastic 
NK-cell lymphoma, agranular CD4+ natural killer cell leukemia, and agranular 
CD4+/CD56+ hematodermic neoplasm.

The normal cellular counterpart to BPDCN is the precursor plasmacytoid den-
dritic cell (pDCs). These cells play central roles in infectious and inflammatory 
conditions, primarily through secretion of type I interferons which stimulate 
T-cells and B-cells, resulting in effective augmentation of anti-viral immune 
responses, or in the case of autoimmune conditions, generation of abnormally 
autoreactive T-cells and B-cells, via overstimulated antigen presenting cells [2]. 
Reactive pDCs are increased in the lymph nodes of patients with inflammatory 
disorders such as Kikuchi-Fujimoto lymphadenitis and hyaline vascular Castleman 
disease [3, 4].

Given its relationship to normal plasmacytoid dendritic cells, BPDCN is classi-
fied as a precursor neoplasm related to acute myeloid leukemia (AML) in the World 
Health Organization Classification of Tumours of Haematopoietic and Lymphoid 
Tissues [5].
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 Epidemiology

In large retrospective reviews, BPDCN accounts for less than 1% of all acute leuke-
mias and lymphomas, although, until recently, markers that help to distinguish 
BPDCN from AML were not widely available. There is a slight male predominance 
(3:1), with no ethnic or racial predisposition [6]. Mean age at presentation is 
60–70  years, but a large age distribution is observed, including rare congenital 
cases. A pre-existing myeloid neoplasm, such as myelodysplastic syndrome or 
chronic myelomonocytic leukemia, has been noted in 5–10% of patients [6].

 Etiology

The pathogenesis of BPDCN is poorly understood, and as such, no known environ-
mental exposures or genetic predispositions have been described.

 Clinical Features

The majority of patients have cutaneous involvement at the time of diagnosis, char-
acterized by nodules or purpuric plaque-like skin lesions (Fig. 18.1). BPDCN may 
also present as a leukemic infiltrate in the blood or marrow, show involvement of 
the lymph nodes or spleen, or demonstrate simultaneous tissue and blood/marrow 
involvement. In cases where the neoplasm appears confined to the skin, dissemination 
to peripheral blood and bone marrow occurs shortly thereafter. Thrombocytopenia, 
anemia, and absolute neutropenia are commonly found on peripheral blood evalua-
tion. Clinical features are summarized in Table 18.1.

 Morphology and Immunophenotyping

 Morphologic Features

The morphologic features of neoplastic cells of BPDCN can be quite variable, but 
in the most classic cases, cells are medium-sized with rounded to slightly irregular 
nuclei, fine chromatin, absent or inconspicuous small nucleoli, and scant to moder-
ate amounts of cytoplasm; small cytoplasmic vacuoles may be present (Figs. 18.2 
and 18.3). In cutaneous tissues, BPDCN may show perivascular, periadnexal, or 
sheet-like pattern of growth in the dermis and subcutis, with sparing of the overly-
ing epidermis (Fig. 18.2). Bone marrow evaluation may reveal patchy involvement 
or complete effacement.
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Fig. 18.1 Cutaneous 
manifestations of blastic 
plasmacytoid dendritic cell 
neoplasm (BPDCN). (a) 
Violaceous nodules can be 
seen with skin infiltration 
by BPDCN. (b) Plaques 
are also commonly seen 
(Images courtesy of Dr. 
Youn Kim, Stanford 
University)

Table 18.1 Clinical features 
of BPDCN

Age

Median 65 year (range, 0–95)
Gender

M:F 3:1
Sites involved at diagnosis

Skin 70–90%
Peripheral blood 50–70%
Bone marrow 60–90%
Lymph node 50–70%
Spleen 40–60%
Other clinical findings

Cytopenias 70–90%
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 Immunophenotype

Immunophenotypic analysis is critical in order to make the diagnosis of BPDCN 
and distinguish it from other entities. These proliferations consistently show expres-
sion of CD4 and CD56; however, this combination is nonspecific, as it can also be 
seen in the setting of NK/T-cell malignancies and AML, particularly those with 
monocytic differentiation. CD45 intensity can be dim or moderate by flow cytom-
etry, also raising the possibility of AML or lymphoblastic leukemia/lymphoma. 
Bright CD123 expression is a hallmark of BPDCN and a useful feature in distin-
guishing it from AML. While expression of the myeloid-associated antigens CD13 
and CD33 can be present, other markers of the myelomonocytic lineage (CD14, 
CD163, myeloperoxidase, lysozyme) are uniformly absent. Expression of CD303/
BDCA-2, CLA/CD162, TCL1, and TdT is variable, which some investigators spec-
ulate may reflect the stage of maturation of the pDC that gives rise to the neoplastic 
clone [7]. T-cell-associated antigens CD2 and CD7 were found to be expressed in 
37% and 11% of cases studied in the largest series [8]. There are isolated reports of 

Fig. 18.2 Morphologic and immunohistochemical features of skin infiltration by blastic plasma-
cytoid dendritic cell neoplasm (BPDCN). (a) Sheet-like infiltration of mononuclear cells with 
sparing of the epidermis (H&E, 1×) (b) With higher power magnification showing neoplastic cells 
to have blastic chromatin with small to indistinct nucleoli (H&E, 400×). Positive immunohisto-
chemical stains for (c) CD123 (40×), and (d) TCL1 (40×) are shown
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cytoplasmic CD3 expression in BPDCN; however, it has been attributed to the use 
of a polyclonal antibody and consensus guidelines suggest that the presence of CD3 
should exclude a diagnosis of BPDCN [9]. Expression of B-lineage-associated anti-
gens (CD19, CD20, PAX5) has not been described. CD22, a B-lineage marker, has 
been documented in a few cases when using the s-HCL-1 antibody clone; however, 
evaluation of 5 additional anti-CD22 clones showed no significant staining, indicat-
ing a clone-specific phenomenon [10].

Because of the clinical, morphologic, and immunophenotypic overlap with 
AML, a panel of antibodies is commonly performed to arrive at the correct diag-
nosis. Several groups have attempted to define the optimal antibody panel for 
distinguishing AML from BPDCN. Sangle and coworkers determined that a panel 
comprising CD4, CD56, CD123, lysozyme, myeloperoxidase, TCL1, and MxA 
proved useful in discriminating AML from BPDCN [11]. BPDCN was strongly 
associated with positive staining for CD4, CD56, CD123, TCL1, and MxA expres-
sion. Further, the expression of MPO and lysozyme confirmed the diagnosis of 
AML. CLA/CD162 and CD303 expression showed no significant association 

Fig. 18.3 Features of bone marrow infiltration by blastic plasmacytoid dendritic cell neoplasm 
(BPDCN). (a) Morphologic evaluation of a bone marrow aspirate shows scattered mononuclear 
cells with fine/blastic chromatin and small to indistinct nucleoli, and eccentric nuclei (red arrows; 
Wright-Giemsa, 1000×). (b) An H&E stained bone marrow core biopsy shows BPDCN cells (yel-
low arrows; H&E, 400×). Positive immunohistochemical stains for (c) TCL1 (400×) and (d) 
CD123 are shown (400×)
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with the reference diagnosis, although only 7 of 17 cases of BPDCN were studied 
with these two markers. Julia et al. studied the immunoprofile of 91 BPDCN cases 
and propose that a diagnosis of BPDCN can be established when at least 4 of 5 
markers (CD4, CD56, CD123, CD303, and TCL1) are expressed, in agreement 
with a prior study by Cronin and colleagues [8, 12]. None of the cases showed 
simultaneous absence of CD4 and CD56. CD303, a specific marker of plasmacy-
toid dendritic cells, was found to be expressed in 63% of the 85 cases tested. 
Recently, myeloid cell nuclear differentiation antigen (MNDA) expression was 
found to be expressed in the majority of AML and uniformly negative BPDCN, 
providing another marker to help sort out the differential diagnosis. [13]. 
Immunohistochemical markers useful in differentiating BPDCN from mimics are 
summarized in Table 18.2.

 Cytogenetics and Molecular Features

Karyotypic abnormalities are a common finding, with up to 80% of BPDCN show-
ing complex (≥3) clonal abnormalities [14]. A few recurring chromosomal loci are 
deleted in BPDCN, namely 5q, 12p, 13q, 6q, 15q, and 9 (Table 18.3) [14–16]. In a 
handful of cases, a t(6;8)(p21;q24) translocation involving MYC has been identified 
[14, 17–19].

Sapienza and investigators subjected 27 BPDCN samples from untreated patients 
to gene expression profiling (GEP), which revealed that BPDCN appears signifi-
cantly more related to normal myeloid precursors than lymphoid precursors, and 
closely resembles resting pDCs [20]. Further analysis showed that BPDCN tended 
to look more similar to AML on the molecular level, but shared patterns of gene 
deregulation that overlapped with both AML and ALL. GEP studies have demon-
strated altered expression of tumor suppressors (RB1, LATS2, CDC14B, DBC1, 
SYK, KPNA3) and oncogenes (HES6, RUNX2, FLT3) [21].

Recently, whole-exome sequencing of BPDCN by Menezes identified 38 genes 
of interest [22]. Interrogation of 28 cases yielded mutations in a number of genes 
with known pathogenic effects in myeloid malignancies, including genes involved 
in DNA methylation (TET2, DNMT3A, IDH1, IDH2), chromatin remodeling 
(ASXL1), cell proliferation (NRAS, KRAS), transcription factors (ETV6, IKZF1/2/3, 
RUNX1), splicing machinery (SF3B1, SRSF2, U2AF1, ZRSR2), protein kinases 
(FLT3, JAK2, KIT), tumor suppressors (TP53), and ubiquitination (CBLB, CBLC, 
UBE2G2). Subsequently, 33 additional cases of BPDCN were subjected to mas-
sively paralleled sequencing, identifying many of the same molecular aberrations 
[23]. However, none of these mutations is specific for BPDCN and the prognostic 
significance of these mutations remains to be determined. A summary of pathogenic 
mutations detected by sequencing methods is presented in Table 18.4. Below we 
review in detail some of the more commonly described abnormalities and possible 
pathogenetic mechanisms.
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 Cell Cycle Genes (RB1, CDK Inhibitors, IKZF1, TP53)

Loss of gene loci important in the normal function of the cell cycle is common in 
BPDCN. RB1 is a cell cycle gene located at 13q13.1-q14.3 and deletion or down-
regulation of RB1 has been identified in approximately half of cases studied (13/26, 
50%) [14, 21, 24]. Normally, Rb1 prevents cells from transitioning from the gap 1 
(G1) phase (G1) of the cell cycle into the synthesis (S) phase. Thus, in the case of 

Table 18.3 Chromosomal 
regions frequently deleted in 
BPDCN

Chromosome locus involved Frequency (%)

5q 70
12p 60
13q 60
6q 50
15q 40
9 30

Adapted from Leroux et al. [14]

Table 18.4 Summary of 
somatic point mutations and 
insertion/deletion mutations 
identified by sequencing

Gene Frequency of mutation (%)

DNA methylation
TET2 30–50
IDH1/2 10
DNMT3A 10
Chromatin remodeling
ASXL1 30
RAS family
NRAS 10–30
KRAS 10
Transcription factors
ETV6 10
RUNX1 Rare (<5)
IKZF1/2/3 20
Splicing machinery
SF3B1 10
SRSF2 10
U2AF1 0–10
ZRSR2 10
Protein kinases
FLT3 0–10
ATM 20
KIT 0–10
Tumor suppressors
TP53 5–10
RB1 5–10

Adapted from Stenzinger et al. [23] and Menezes et al. [22]
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BPDCN, with loss of Rb1, the deletion or downregulation of its activities is believed 
to alleviate the block from G1 to S phases.

CDK inhibitors are also frequently (23/30, 77%) disrupted in BPDCN, resulting 
in unimpeded entry into the cell cycle [15, 24]. CDKN1B (p27Kip1), CDKN2A 
(p16INK4A), and CDKN2B (p15INK4B) are CDK inhibitors that each play a role in con-
trolling the G1/S-phase transition in the cell cycle. Deletion of the 9p21.3 locus 
(including CDKN2A/CDKN2B) and 12p13.2-p13.1 locus (including CDKN1B) was 
discovered in 67% and 57% of BPDCN studied by array-based comparative genomic 
hybridization (aCGH) [24]. Although this was a small series of nonuniformly 
treated patients, multivariate analysis suggested that the presence of homozygous 
9p21.3 deletion was an independent prognostic factor. Jardin et al. identified loss of 
CDKN2A/CDKN2B and CDKN1B loci in a similar proportion of cases, suggesting 
that these alterations are important in the pathogenesis of BPDCN.

In about 20% of BPDCN cases, a locus on 7p12.2 that contains IKZF1 is deleted 
[24]. Furthermore, Menezes and coworkers found frame shift and missense muta-
tions in the IKZF gene family in an additional 20% of cases [22]. IKZF1 encodes 
Ikaros, a DNA- and protein-binding transcription factor with zinc finger binding 
motifs. Ikaros plays a crucial role in the cell cycle regulation and cell differentiation, 
including an important role in lymphocyte development [25]. The significance of 
IKZF1 mutations and deletions in BPDCN is still unknown.

Mutations of TP53, or loss of the chromosome region, 17p13, encompassing 
TP53 are seen in many cases of BPDCN [15, 26]. The protein product of TP53, p53, 
is a tumor suppressor, and is activated during cellular stress and exerts anti- 
proliferative effects at the G1/S and G2/M checkpoints in the cell cycle primarily 
through activating the CDK inhibitor p21. P53 also functions as a pro-apoptotic 
protein by activating BAX. Germline TP53 mutations are seen in Li-Fraumeni syn-
drome (LFS). In LFS, patients have a 25-fold increased risk of developing cancer by 
age 50. Breast and adrenal carcinomas, gliomas, sarcoma, and leukemia are the 
most common neoplasms encountered in this setting.

 Genes Involved in Hematopoiesis (ETV6, TET2, FLT3, ASXL1)

In slightly more than half of the BPDCN cases studied, Leroux et al. found deletions 
in the locus surrounding ETV6, suggesting that loss of transcriptional repression by 
ETV6 may play an important role in BPDCN pathogenesis [14]. In addition, a rare 
case of BPDCN harboring an ETV6 rearrangement with an unknown partner gene 
has also been reported [27].

ETV6 encodes a protein that mediates cell proliferation and differentiation, and 
is required for establishing embryonic hematopoiesis in the bone marrow [28]. How 
deletions and mutations affect the pathogenesis of BPDCN is still unknown, though 
the ETV6 locus is frequently translocated in cases of AML and B-lymphoblastic 
leukemia (B-LBL). ETV6 functional effects in translocations are dependent on its 
partner and ultimately result in oncogenesis.
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TET2 (Ten-Eleven Translocation-2) is part of a family of dioxygenases that pro-
mote DNA demethylation and mutations have been found in approximately 50% of 
the BPDCN cases interrogated [22, 26, 29]. These mutations are heterozygous, with 
most occurring in exons 3 and 11 as frame shift or nonsense mutations. Changes in 
TET2 expression and function can lead to alterations in posttranscriptional modifi-
cation of histones and ultimately changes in gene expression.

Yet another gene mutated in BPDCN, FLT3, encodes the protein FMS-like tyro-
sine kinase 3, which is a receptor tyrosine kinase that transmits signals important for 
cellular proliferation and survival. FLT3 is critical for normal development of the 
hematopoietic systems, including pDCs [30–33]. A significant proportion of cases 
of AML harbor FLT3 mutations, either in the form of internal tandem duplications 
(ITD) involving the juxtamembrane domain or tyrosine kinase domain (TKD) 
mutations and affect prognosis [34]. While BPDCN shows some morphologic, 
immunophenotypic, and genetic overlap with AML, only rare published cases have 
demonstrated FLT3 mutations, including both ITD and TKD mutations [22, 26]. 
FLT3 inhibitors are being evaluated in the treatment of AML and may be of utility 
in FLT3-mutated BPDCN [35].

ASXL1 is mutated in roughly one-third of the BPDCN cases interrogated [22]. 
ASXL1 mutations are not unique to BPDCN, as they are found in a number of 
myeloid malignancies, including chronic myelomonocytic leukemia, myelodys-
plastic syndrome, and AML. ASXL1 can act independently and in concert with 
BRCA1-associated protein (BAP1) to promote deubiquitination of histone proteins, 
some of which are involved in cell proliferation. Although this pathway is thought 
to be important for regulating myelopoiesis, specific mechanisms of tumorigenesis 
in the setting of ASXL1 mutations are largely unknown [36–40].

 DNA Repair Genes (HINT1, EWSR1, NPM1)

Studies of the 5q commonly deleted region in BPDCN have yielded a few known 
cancer-related genes, including HINT1 [41]. HINT1 (histidine triad nucleotide- binding 
protein 1) encodes a purine phosphoramidase that inhibits transcriptional activity of 
activation protein-1 (AP-1), α-catenin, MITF, and USF2 (upstream transcription factor 
2, c-fos interacting). HINT1 deficiency impairs acetylation of the ATM protein, which 
inhibits DNA repair mechanisms [42]; its functional role in BPDCN is unknown.

EWSR1 is a member of the TET2 family of genes; it binds DNA/RNA and has a 
general role in gene expression and cell signaling. Additionally, EWSR1 plays a role 
in controlling DNA-damage-induced alternative splicing of some oncogenic pro-
teins, such as BRCA1 [43]. EWSR1 gene fusions are common in sarcomas, includ-
ing the Ewing sarcoma family of tumors. A single case of BPDCN has shown 
EWSR1 rearrangement with an unidentified translocation partner, suggesting that 
this locus may play a role in the pathogenesis of some cases of BPDCN [44].

NPM1 encodes the protein nucleophosmin, which mediates a number of differ-
ent cellular processes, including DNA repair, regulation of the TP53 tumor suppres-
sor pathway, and cell cycle events. NPM1 mutations have been identified in 20% of 
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the cases of BPDCN analyzed, and include frame shift, nonsense, and missense 
mutations [22]. NPM1 is familiar in the context of AML, where it is mutated in 
approximately 50% of cases, and can affect prognosis [45]; however, the role of 
NPM1 mutations in BPDCN is unclear.

 Therapy and Prognosis

As a rare entity, a uniform approach to therapy for BPDCN has not been devised. 
Non-Hodgkin lymphoma (hyper-CVAD, CHOP, or CHOP-like), AML, and ALL- 
type regimens have been employed [46–49]. While the majority of patients are able 
to achieve complete remission (CR), nearly all relapse, regardless of therapy, with a 
median overall survival (OS) of approximately 12 months [5].

Pagano et al. retrospectively identified 43 patients with BPDCN [50]. Of those 
treated with induction therapy, 60% were treated with an AML regimen and 35% 
were treated with an ALL regimen. CR was obtained in 17 patients, and though 
ALL-directed therapies showed significantly better initial remission rates than those 
that received AML-directed treatment (p = 0.02), patients treated with ALL therapy 
were more likely to experience eventual relapse. Hypomethylating agents (e.g., 
5-azacitidine), which are commonly used in the treatment of myeloid malignancies, 
have been used in the treatment of a few BPDCN patients; however, despite good 
initial responses, the patients showed dismal outcomes [51]. Hyper-CVAD has also 
been shown to have some efficacy with median OS of 18 months and median CR of 
21 months in at least one study [49].

The role of allogeneic and autologous stem cell transplant is still not well under-
stood but in some instances, prolonged survival can be seen in patients [49, 50]. In 
the study by Pagano et al., the median OS of 6 allogeneic hematopoietic stem cell 
transplant recipients was 23 months, compared to 7 months in the 35 patients who 
did not undergo transplant. In a separate study by Pemmaraju et al., allogeneic and 
autologous stem cell transplant (SCT) patients had an overall similar median OS 
(18 months), compared to non-SCT patients treated with hyper-CVAD, CHOP, and 
other therapies (23 months).

Given the expression of CD123 and CD56 in BPDCN, clinical trials with anti-
 CD123 therapy (SL-401) and anti-CD56 (lorvotuzamab) are underway. In a pro-
spective study of SL-401 therapy, Frankel et al. found that 7/9 patients had objective 
response, with 3 patients alive and in remission (3, 7, and 20 months follow-up) 
[52]. Clinical trials using lorvotuzamab for BPDCN are ongoing [49].

 Conclusion

BPDCN is a rare, aggressive malignancy derived from immature plasmacytoid den-
dritic cells that shows a characteristic CD4+/CD56+/CD123+ immunophenotype. 
Even with aggressive therapy, including stem cell transplant, the prognosis is 

18 Blastic Plasmacytoid Dendritic Cell Neoplasm



364

dismal. Although there is significant morphologic, immunophenotypic, mutational 
overlap with AML, recent gene expression profiling studies have shown distinct 
differences between these two entities, possibly providing new avenues for develop-
ing targeted therapies. While there are notable differences, the spectrum of gene 
alterations discovered by sequencing methods suggests at least a partial overlap 
with AML and implies that therapeutic strategies targeting aberrant methylation, 
chromatin remodeling, and splicing machinery in AML should also be investigated 
in BPDCN. Early results with anti-CD123 therapy have shown promising results; 
however, additional investigation will be required to determine whether this pro-
vides improved recurrence-free or overall survival. Increased awareness of this 
entity and further investigation of pathogenic mechanisms using modern techniques 
will serve to better define and devise optimal treatment strategies for BPDCN.
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Chapter 19
Existing and Emerging Molecular 
Technologies in Myeloid Neoplasms

Eric Q. Konnick and David Wu

 The Era of Genomic Medicine

Genomic medicine has had a long and rich history. In the 1970s, the discovery of 
restriction endonucleases first allowed scientists to cleave DNA in a reproducible 
manner, allowing for the probing of specific alterations of DNA sequence at these 
sites [1]. As additional restriction endonucleases were discovered, simultaneous 
interrogation of multiple nucleotides at specific genomic positions soon became 
possible leading to key technological advances such as DNA cloning, DNA sequenc-
ing, and in situ hybridization.

The discovery of recurrent translocations in many neoplasms offered the oppor-
tunity for identification of these genetic structural rearrangements by molecular 
methods. Advances in cytogenetic staining made karyotype the initial test of 
choice for structural genomic alterations, but that method was highly specialized, 
laborious, and required viable neoplastic cells. Subsequent development of molec-
ular cloning allowed for the introduction of in situ hybridization methods, first 
with radioactive elements [2] and later with fluorescence labels [3], which then 
allowed for rapid and specific identification of recurrent chromosomal alterations. 
Around this time, techniques to determine the sequence of DNA bases were devel-
oped by Frederick Sanger and colleagues using radiolabeled nucleotides [4–6]. 
Although the first use of these techniques was similarly laborious and time con-
suming, these approaches were critical in establishing foundational knowledge 
about the sequence and structure of genes. Other advances followed in rapid suc-
cession. Polymerase chain reaction (PCR) was invented in the mid-1980s by Kary 
B. Mullis [7] and was so revolutionary that clinical applications of this technology 
were adopted almost immediately thereafter [8]. The subsequent discovery and 
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application of thermostable enzymes in PCR were further transformational [9, 10] 
and allowed for novel automation solutions that propelled the field forward, as the 
combination of these different techniques was powerful. For example, PCR 
allowed for the rapid amplification of specific nucleotide sequences and when 
combined with restriction enzyme technology offered a quick and simple way to 
identify point mutations in neoplastic tissue through the characterization of restric-
tion fragment length polymorphisms (RFLP) [11]. During the 1980s and 1990s, 
our understanding of the role of genes in disease transformed with improvements 
in PCR technology, Sanger sequencing methods, and enhanced computing power. 
During this period, numerous genes were identified and associated with specific 
neoplastic conditions [12, 13]. These technological advancements led to rapid 
implementation of PCR-based assays in clinical laboratories for diagnosing dis-
eases with well-known genetic predisposition [14] and infectious diseases associ-
ated with cancers [15, 16], and for characterizing alterations of specific neoplasms 
[17, 18]. PCR-based assays were also described as a possible method of residual 
disease detection when the genetic abnormalities were characteristic for a given 
disease [19]. By the end of the twentieth century, a massive expansion of robotic 
technology and DNA synthesis techniques allowed for the development of DNA 
microarrays in which the genome could be probed using hundreds of thousands of 
probes to identify copy number changes, single nucleotide polymorphisms, and 
quantification of RNA transcripts. At the same time, advancements in fluidics, 
digital imaging, and computational power allowed for the subsequent development 
of methods that allowed for genome- wide sequencing of millions of short 
sequences in a massively parallel manner.

These scientific and technologic advancements in laboratory techniques allowed 
physicians and scientists to apply insights from molecular biology toward a detailed 
understanding of hematological malignances due to the relative ease of obtaining 
viable neoplastic cells and working with such cells under a variety of conditions. As 
such, the application of the state-of-the-art techniques allowed for hematological 
disease classification to always reflect the best clinical, scientific and analytical data 
available. Thus, whereas the French–American–British (FAB) Cooperative Group 
proposed a system for classifying acute myeloid leukemia (AML) in 1976 using 
morphologic and cytochemical criteria to characterize the presumed stage of dif-
ferentiation of myeloid neoplasms, as scientific insight and laboratory techniques 
improved, disease classification was improved when it was recognized that specific 
genetic lesions were associated with some entities. Additional knowledge obtained 
using advanced techniques revealed the importance of specific genetic alterations in 
not only diagnosis but also prognosis and prediction of therapeutic efficacy. With 
new data informing the field, the World Health Organization (WHO) developed a 
new hematologic disease classification approach that included genetic, immunophe-
notypic, biologic, and clinical features along with morphologic features. This com-
prehensive approach defined specific entities with diagnostic, prognostic, or 
therapeutic significance. Since the original WHO classification in 2001 [20], there 
have been two major revisions due to an evolving understanding of hematologic 
disease, with the first occurring in 2008 [21], and more recently in 2016 [22].
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In this chapter, we attempt to describe some of the key techniques and laboratory 
approaches that were important in the development of our modern classification of 
myeloid neoplasia. As we move forward, new laboratory techniques are likely to 
further refine our understanding of the pathogenesis of neoplastic myeloid diseases, 
impact our approach for disease classification of myeloid neoplasia, and hopefully 
offer insight into new treatment opportunities for patients.

 Current Laboratory Methods in Common Use in Evaluation 
of Myeloid Neoplasia

 Karyotype

Nobel Prize winning work in the early twentieth century demonstrated that the 
exchange of genes was related to the exchange of chromosomal material [23, 24]. 
This work formed the basis for additional studies and experimentation that eventu-
ally led to the formalization of cytogenetics and karyotype analysis as the first, 
“whole-genome” diagnostic tool several decades later. Since that time, cytogenetic 
techniques and our understanding of its importance in neoplasia have improved, and 
currently, karyotype analysis is a standard part of the clinical evaluation of many 
myeloid neoplasms. Although high-resolution, 2000-band karyotypes are available 
that can identify abnormalities at 1–2 megabases (Mb) resolution, current clinical 
practice in many institutions is limited to the routine use of a 300-to-500-band 
karyotype, which is capable of resolution of 7–10 Mb alterations [25]. This resolu-
tion nevertheless allows for discernment of large structural changes to be readily 
identified. Many myeloid neoplasms demonstrate recurrent cytogenetic abnormali-
ties, but a significant proportion, such as acute myeloid leukemia (AML), do not 
have significant cytogenetic abnormalities [26]. Although a subset of myeloid neo-
plasms do not have detectable aberrations by karyotype, this method nevertheless 
provides valuable diagnostic and prognostic information and is commonly employed 
clinically.

Karyotyping consists of several steps including the growth of cells in culture, 
arrest of cells in metaphase, treatment of cells with a hypotonic solution, fixation of 
cells, dropping the cells across a glass slide to disperse the fixed cells, staining of the 
genetic material, imaging of the stained materials, assembling of a karyogram, and 
interpretation. Multiple different properties of chromosomes can be described using 
current karyotyping techniques, including alterations in the absolute number, size, 
centromeric position, structure, and banding patterns of chromosomes (Fig. 19.1). 
From these characteristics, cytogeneticists can assess for aneuploidy, structural 
changes, and presence of unknown genetic material in satellite chromosomes. 
Abnormal karyotypes in the setting of myeloid neoplasms have been extensively 
described. As the technique became commonly used in the clinical evaluation of 
myeloid neoplasms, key observations were made that certain changes were recurrent 
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Fig. 19.1 Examples of karyograms representing karyotypes at 300–500 band resolution (resolu-
tion of 7–10 mB). (a) Abnormal female karyogram from a bone marrow aspirate of a patient with 
myelodysplastic syndrome. The complex karyotype demonstrates multiple abnormalities (arrows), 
including loss of 5q, monosomy 18, and monosomy 20 in addition to two marker chromosomes of 
undetermined origin (mar). (b) Normal karyogram from a peripheral blood sample from a healthy 
male
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and seemed to be associated with specific neoplastic features [27–29]. Additionally, 
it became apparent that if serial monitoring were performed clinically in patients 
during disease progression, there may be concurrent evolution of the karyotype as 
well [30]. Advantages of karyotypes include the ability to discern whole-genome 
duplication events, identification of large-scale chromosomal abnormalities, and 
assessment of changes in the karyotype over time. Currently, the processes for 
karyotyping have become well established and are generally available in commer-
cial reference laboratories and in most academic medical centers. The karyotype 
relies on living cells to culture, and yield of viable cells may be limited by chemo-
therapy exposure or sampling. The presence of subtle genetic rearrangements may 
not be readily apparent on common preparations, and the sensitivity of the method 
to subclonal populations is poor. Important genetic changes such as substitution 
mutations or loss of heterozygosity cannot be resolved using karyotype analysis. 
Although karyotype has been described as a method for monitoring minimal resid-
ual disease, more sensitive methods are generally preferable, when possible [31]. 
Frequent abnormalities in karyotype are noted in several types of myeloid neoplasia 
[20, 21], and as such, karyotypic aberrations will likely continue to be considered in 
description and classification of myeloid neoplasms for many years to come.

 Fluorescent In Situ Hybridization

The cloning and restriction enzyme techniques that were developed in the 1970s 
allowed for a new set of tools that enabled detailed identification of structural and 
copy number changes in patient material. The first methods describing florescence 
in situ hybridization (FISH) were published in the early 1980s [32] and rapidly 
developed into a robust technique with numerous permutations. The technique is 
conceptually simple, consisting of hybridizing fluorescently labeled oligonucle-
otide probes complimentary to a sequence of interest to target-specific loci over the 
course of hours, washing away unbound probes, imaging the slide, and character-
izing the binding pattern apparent in an appropriate number of cells. FISH can be 
used to enumerate specific types of genetic changes and rearrangements that occur 
in the setting of neoplasia. Assessment of copy gains or losses of whole chromo-
somes can be inferred using probes targeting the centromere of the chromosome of 
interest, while using a centromere probe combined with a probe for a gene of inter-
est will allow the operator to determine if a specific gene is gained or lost or if such 
an event is due to a chromosome-level event. One of the most powerful permuta-
tions has been the assessment of chromosomal translocations or other structural 
rearrangements that are recurrent in neoplasia. Some of the commonly used meth-
ods employ fusion probes or break-apart probes. Fusion probes utilize two differ-
ently fluorescently-labeled probes that target genes involved in a translocation or 
other structural rearrangement. When the probes are spatially separated, the probes 
individually fluoresce at different wavelengths allowing the operator to discern sep-
arate signals for each probe. However, when the probes are in close proximity due 
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to a translocation event in which two different genomic loci are fused together, the 
signals can no longer be separately distinguished and the operator only can identify 
a composite signal of a color that is distinct from the individual fluorophores. In 
contrast, break-apart probes use a similar concept but consist of two probes that are 
on either side of a common translocation breakpoint of a single gene that is involved 
in the setting of structural rearrangements. In this design, when a given gene is 
intact, only a single, composite signal per chromosome is observed. When a gene is 
rearranged across a breakpoint that is between the two probes, the signals separate 
and either two separate-color signals or a single-color signal will be observed per 
disrupted chromosome (Fig. 19.2).

Fig. 19.2 Examples of FISH studies from clinical samples demonstrating different types of FISH 
design. (a) Break-apart probe assay with intact probes. (b) No abnormalities – FISH assay using 
three probes: chromosome 12 centromere (green – two signals), 13p (aqua – two signals), 13q 
(orange – two signals). (c) Trisomy 12 – FISH assay using three probes: chromosome 12 centro-
mere (green – three signals), 13p (aqua – two signals), 13q (orange – two signals). (d) Break-apart 
probe with single red and green signals representing the separated break-apart probes and a single 
yellow signal representing the intact locus (Images courtesy of Debra Dehoogh-Grigsby, University 
of Washington Cytogenetics Laboratory)
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Fusion and break-apart probe designs have an inherent specificity built into their 
design, in which it is unlikely that a false-positive result will occur. When testing 
clinical formalin-fixed paraffin-embedded (FFPE) samples, it is possible that a sub-
set of the evaluated nuclei will have been cut in such a way that the genomic mate-
rial being probed will be present on separate planes and, as such, there will generally 
be a background level of artifactual “abnormal” signals that needs to be considered 
when the assay is evaluated. Fusion probes are a good design to use when rearrange-
ments are observed between the same two partners in the setting of interest [33], but 
if a rearrangement occurs between one of the genes and an unknown partner, there 
is a possibility of a false negative result. One advantage of the break-apart FISH 
design is that it is agnostic to the partner of the interrogated gene, which is benefi-
cial in diseases in which there are multiple possible rearrangement partners or when 
the main concern is identification of the presence of gene disruption and not the 
specific translocation partners. The disadvantage of such a design is that the knowl-
edge of the second gene involved in the rearrangement is not known.

In general, FISH has several advantages, thereby making it useful for assessing 
large-scale genomic events in neoplasia. The detected signals can be very specific, 
the testing can be relatively inexpensive, rapid, and the assay can be quickly done on 
fresh, cultured, or FFPE samples. FISH studies on FFPE samples can often be 
accomplished in a much more rapid fashion than alternative techniques such as 
reverse-transcription PCR (RT-PCR) or next-generation sequencing (NGS). A key 
shortcoming of FISH, however, is that only a few targets can be evaluated per test, 
requiring selection of the appropriate probes before the test is performed. While such 
selection is often acceptable, rare cases where incorrect testing is performed can 
result in false-negative results that have important clinical implications. In cases 
where multiple targets need to be assessed for diagnostic, predictive, or prognostic 
uses, panels of simultaneous assays are often employed, and with each additional 
assay performed, the cost of testing increases linearly as does the labor of evaluating 
hundreds of cells per study for interpreting the results. In the setting of rearrange-
ments, there are examples of cryptic rearrangements that may not be readily detected 
by standard FISH methods [34]. Finally, FISH can only identify large-scale genomic 
changes such as copy number alterations and structural rearrangements, and the 
technique will not detect small-scale mutations such as single-nucleotide variants 
and small insertions and deletions (indels). However, with proper understanding of 
the advantages and limitations of FISH and specific permutations, this technique is a 
rapid, sensitive, specific, and valuable method for assessing important and recurrent 
genomic events in the setting of neoplasia, particularly in the clinical laboratory.

 Sanger Sequencing

The initial description of sequencing by Frederick Sanger and colleagues used the 
concept of chain terminating nucleotides labeled with radioactive tracer molecules 
[4–6]. Separate reactions were used in which each reaction incorporated only a 
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single terminator nucleotide with a larger proportion of unlabeled nucleotides. After 
the sequencing reactions were completed, the four reactions were separated in sepa-
rate lanes on an electrophoretic gel and visualized by autoradiography. As labeled 
terminator nucleotides were incorporated into a growing DNA strand, the strand 
would not be able to extend further and the base at that position could be inferred 
based on the position on the gel. This technology allowed the determination of each 
subsequent base in a sequence by incorporating nucleotides, specifically dideoxy-
nucleotides that prevented further elongation of the DNA molecule and visualizing 
on an autoradiographic polyacrylamide gel after size separation.

With the introduction of PCR, Sanger sequencing became technically easier, but 
it was the introduction of fluorescently labeled nucleotide terminators and automa-
tion that greatly expanded the use of this technology, particularly in the clinical 
environment (Fig. 19.3). By utilizing separate fluorophores for each of the termina-
tor nucleotides, a single reaction for the forward and reverse PCR product decreased 
the number of reactions necessary to obtain sequence data. Automated instruments, 

Fig. 19.3 Screen capture of Sanger sequencing trace utilizing fluorescently labeled dideoxynucle-
otide terminators. In this method, a single reaction tube is required for the forward and reverse 
sequencing reaction for each sequenced region. Reactions include dideoxynucleotide terminators, 
each base labeled with fluorophores that emit at different wavelengths. After the sequencing reac-
tion, the sequencing products are denatured and loaded onto an automated instrument which sepa-
rates the DNA fragments based on size through the application of an electric field applied to a 
polyacrylamide gel or a sequencing capillary. Smaller-size DNA molecules move more quickly 
through the matrix and larger products more slowly. A laser or other excitation source and fluores-
cent detector are positioned at a fixed point along the electrophoresis apparatus. As DNA frag-
ments pass by the detector window, the laser excites the florescent dye, which then returns to its 
resting state and emits a photon at a longer wavelength. This emission is captured through the 
detection apparatus and software determines the incorporated bases. Sequence data are represented 
by an electropherogram, which shows the fluorescence peaks of the labeled dideoxynucleotide 
terminators. Determination of the base pair composition can be accomplished with software algo-
rithms, which allows for increased throughput. In this example, a G > T nucleotide substitution is 
identified (arrows) in approximately 15–20% of sequencing reads at the indicated position
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initially as polyacrylamide slab-gel machines, and later capillary sequencers, 
allowed for the automation of electrophoresis and data acquisition [35, 36]. 
Developments during this time resulted in the ability to obtain DNA sequences of 
500–1000 base pairs in a rapid and automated fashion.

With the rapid technological developments in the practice of Sanger sequencing, 
the technology had matured to the point that large-scale sequencing could be con-
sidered, and from 1990 to 2003 the Human Genome Project was undertaken to 
sequence the majority of several reference genomes obtained from volunteers [37]. 
The demands of this project resulted in numerous innovations in robotics, automa-
tion, and informatics that were rapidly adopted beyond the initial research initiative 
[38, 39]. In the late 1990s, the government-run effort was challenged by a private 
consortium using a novel approach of so-called, shotgun sequencing, which sheared 
DNA into random fragments and then used techniques to attach primers and 
sequence the intervening DNA [40, 41]. This technique relied heavily on the ability 
of computers to reassemble the DNA sequence by identifying regions that over-
lapped with one another. This situation led to a competition between the groups, 
which evolved into a collaborative effort resulting in the release of the first draft of 
the human genome in 2001 [42, 43].

Sanger sequencing is widely distributed and many laboratories are capable of 
generating high-quality sequence for research or clinical use with a high likelihood 
of success. This technique has some limitations, primarily that the technique can 
generally detect only minor sequence populations that are greater than 20% of the 
mixture, although recent developments suggest that more sensitive approaches may 
be available. While the output of these techniques has improved dramatically over 
the decades, the technology has limited throughput, often requiring dozens of reac-
tions to fully analyze the exons of a single gene. This limitation makes large-scale 
analysis of genes difficult. Finally, while the informatics tools have improved dra-
matically, the commonly used methods still require a large amount of manual effort 
to review sequence data.

 Polymerase Chain Reaction

Polymerase chain reaction (PCR) was invented by Kary Mullis in the mid-1980s 
(Fig. 19.4) [7] and clinical uses of this powerful technique were implemented almost 
immediately [8]. PCR is accomplished through the combination of extracted sample 
DNA with oligonucleotide primers flanking the sequence of interest, deoxynucleo-
tide triphosphates (dNTPs), a polymerase enzyme, buffers to allow enzyme func-
tion, and cations required for polymerase function. The reaction mixture is heated 
to denature the double-stranded DNA (denaturation) and then cooled to a tempera-
ture that allows binding of the primer oligonucleotides (primers) to the template 
strands. Because primers are much shorter than the template DNA, reaction kinetics 
favor the binding of these primers to the template molecules. In addition, primers 
are added  in molar excess, which further favors the binding of primers to the 
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template DNA molecules. A key to proper PCR assay design is the incorporation of 
one primer on each strand of the target sequence. After annealing, the reaction tem-
perature is raised to the optimum temperature for the polymerase enzyme, which 
then incorporates deoxynucleotide triphosphates (dNTPs) into a complimentary 
DNA molecule. The process is then repeated for multiple cycles, with a theoretical 
doubling of PCR product with each cycle. As the cycles progress, DNA molecules 
created in the PCR process (amplicons) become the predominant species, with the 
size of the amplicon being determined by the positioning of PCR primers. The 
cycling process is repeated 25–50 times, creating billions of copies of the target 
sequence, which can be detected or further analyzed by additional techniques.

Initial implementations utilized polymerase enzymes that were not heat stable, 
requiring addition of fresh polymerase enzyme after each denaturation step, requir-
ing large amounts of enzyme and constant attention by operators. However, the 
introduction of thermostable polymerases [9, 10] allowed for automation and rapid 
dissemination of the technique. PCR allowed for the rapid amplification of specific 
nucleotide sequences and, when combined with restriction enzyme technology 
(RFLP), offered a relatively quick and simple way to identify point mutations in 
neoplastic tissue [11]. During the 1980s and 1990s, PCR-based techniques had 
broad applications in the setting of myeloid neoplasia testing and they were widely 
used. Numerous adaptations of the core PCR method have been made to facilitate 

Fig. 19.4 Schematic showing the key steps of the polymerase chain reaction. Template DNA is 
incubated with synthetic oligonucleotide primers specific for the sequence of interest, with dNTPs, 
and a thermostable Thermus aquaticus (taq) polymerase. Template DNA is denatured using high 
temperature and the reaction mixture is cooled to allow annealing of oligonucleotide primers. 
Primers are extended by taq polymerase. The process is repeated, with the amount of template 
DNA effectively doubling with each reaction cycle
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increased flexibility, automation, and specificity. Some examples of these methods 
include the use of fluorescently labeled, sequence-specific probes that allow for 
identification of specific mutations or fluorescently labeled primers that allow for 
accurate sizing of PCR products that are amenable to analysis on capillary sequenc-
ers [44]. A key advantage of PCR-based techniques is the exquisite sensitivity of the 
method, which enables detection of rare transcripts with excellent specificity in the 
appropriate context, making such methods excellent approaches for minimal resid-
ual disease monitoring [45]. A weakness of PCR, however, is that it is best suited to 
situations in which targets have a limited spectrum of possible mutation sequences 
and in which primer-binding sequences are likely to be constant across all targets, 
neither of which is guaranteed in the setting of neoplasia.

 Reverse-Transcription Polymerase Chain Reaction

Reverse-transcription PCR methods have been developed to interrogate RNA mol-
ecules, first by using a reverse transcriptase enzyme to convert RNA to DNA and 
then by using conventional PCR to amplify the target of interest. This general 
approach has been extensively adapted, similar to PCR, to allow for numerous 
variations and automation to improve accuracy and throughput. Common uses for 
these techniques include fluorescently labeled, sequence-specific probes that allow 
for monitoring and quantitation of RT-PCR products that allow for rapid reporting 
of results [46] and interrogation of fusion transcripts to aid in diagnosis or moni-
toring of minimal residual disease [47–51]. Indeed, RT-PCR serves as important 
clinical tool for the evaluation of many chromosomal aberrations in routine clini-
cal practice.

 Microarray Testing

At the turn of the century, there was an explosion of technical innovation that 
allowed for extensive probing of the genome at a much higher resolution than was 
previously available using karyotype or FISH. The concept of a DNA microarray 
originated as part of dot–blot methods in which one or more nucleic acid probes, 
specific for known nucleotide sequences, were adhered to membranes and sample 
DNA was allowed to hybridize against these probes. If there was a sequence com-
plementarity of the sample to the target, the sample nucleic acid would remain 
bound to the probe and thus the membrane [52]. Using a variety of detection meth-
ods, including first radioactive and subsequently nonradioactive methods, the 
sequence of interest in a given sample could be inferred. The development of large- 
scale methods for cloning and oligonucleotide syntheses, combined with advances 
in robotics, allowed for a technological shift from membranes dotted with probe 
sequences to increasingly dense arrays of sequence-specific oligonucleotides 
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arrayed on solid substrates [25, 53, 54]. Current iterations of this technology allow 
for hybridization of DNA, RNA, or more complicated substrates, such as protein–
nucleic acid complexes, to the dense arrays that can then generate signals, indicat-
ing if a given probe region has increased or decreased target binding compared to a 
reference sample. Data acquisition and translation are accomplished through the use 
of automated imaging and computational analysis.

Initial iterations of microarray technologies used differentially labeled DNA 
from the test sample and a well-characterized reference sample to compare the dif-
ferences in signal between the two samples that were interpreted as the relative copy 
number of a specific genomic region on the test sample. After labeling and normal-
ization, the products are hybridized to a solid substrate, allowed to equilibrate, and 
then residual unbound material is removed prior to imaging. Imaging allows the 
assessment of the relative signals of the test sample and the control sample, and in 
the situation in which equal amounts of DNA are present from each sample, the 
signal is interpreted as the two samples having equivalent genomic material. By 
contrast, when there is either a copy gain or loss of genetic material in the sample 
relative to the reference, the ratio between signals is greater than or lower than 1, 
respectively (Fig. 19.5a). With refinement of the technology, arrays were developed 
with a higher density of probes, allowing assessment of increasing numbers genomic 
loci, such that comparative samples were no longer necessary. Further, with knowl-
edge of the human genome provided by the Human Genome Project, increased 
probe density allowed microarray platforms to identify copy-number variation with 
greater resolution, enabling the routine identification of genomic sites of microdele-
tion and gains.

Current copy-number arrays (CNAs) are capable of detecting gains and losses as 
small as 1 kilobase and as large as up to megabases in size and were critical for 
identifying normal copy number alterations that occur in the genome [55]. Recent 
advances have allowed the inclusion of probes capable of resolving single nucleo-
tide variants at specified positions, which allows the assessment of single- nucleotide 

Fig. 19.5 (continued) amplification. (2) The prepared sample is hybridized onto a microarray 
“chip,” allowing the sample DNA to bind specific spots with a prelabeled and known DNA 
sequence. (3) A higher magnification view of the individual spots on the microarray chip, when 
DNA is bound it results in a signal of varying intensity depending on the amount of bound DNA. 
(4) A simplified diagram of how the specific probes may be arranged on a given microarray chip. 
In this schematic, the CNA probes are placed in the lower three rows, while the SNP probes are 
placed in the other rows. The corresponding signals are seen with differential amounts of DNA 
binding. (b) Example of data from a high-resolution genomic microarray assay with both CNA and 
SNP probes. This view allows for visualization of the entire genome from chromosome 1 on the 
left to the gender chromosomes on the far right. There are two rows of data, the top row being the 
data generated from the spots with copy number probes, and the lower row generated from data 
with the SNP probes. (c) Example of virtual karyotype generated from high-resolution genomic 
microarray assay with both CNA and SNP probes. In this example, copy gains are highlighted in 
blue and shown to the right of the respective chromosome (1q), copy losses are shown in red and 
shown to the left of the respective chromosome (17p, 18q), and regions of copy neutral loss of 
heterozygosity (cnLOH) are highlighted in orange on top of the chromosome (4q)
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Fig. 19.5 (a) A simplified schematic of newer generation high-resolution DNA microarray chips, 
many of which feature copy number alterations (CNA) and single nucleotide polymorphism (SNP) 
probes. (1) Sample DNA is processed through a number of preparative steps usually including 

19 Existing and Emerging Molecular Technologies in Myeloid Neoplasms



382

polymorphisms (SNPs) in samples. Such SNP arrays are useful in determining if 
copy neutral loss of heterozygosity (cnLOH) is present in samples, which is previ-
ously not detectable by other cytogenetic techniques. Copy-number and SNP arrays 
can be combined in a single platform to allow for assessment of copy number vari-
ants (CNVs) and LOH (Fig. 19.5b). Microarrays combining CNA and SNP probes 
are, therefore, able to provide high-resolution “virtual karyotype” with added 
cnLOH data that enable surveillance of the entire human genome for chromosomal 
aberrations (Fig. 19.5c). Various techniques and technologies have been applied to 
microarrays to allow the platform to interrogate different starting materials, such as 
DNA, messenger RNA (mRNA) expression, microRNA, protein–DNA complexes, 
and epigenetic modifications. DNA microarrays are highly customizable and cus-
tom arrays can be developed easily, allowing for customized, targeted platforms for 
research or clinical uses.

Microarrays are powerful tools that can be employed in the assessment of chro-
mosomal losses and gains in the setting of myeloid neoplasia. The technique is 
capable of defining the chromosomal positions of gains and losses much more pre-
cisely than karyotype or FISH. Such information can leverage information on gene 
position to identify specific genes that are gained or lost in a given sample. SNP 
arrays are able to identify cnLOH in samples that appear karyotypically normal 
[56, 57], suggesting genes and genomic regions that may be important to disease 
pathogenesis. Automated instrumentation and software tools allow users to process 
the incredible amounts of data that can be generated by a microarray, but often the 
knowledge of specific regions that appear to have CNVs or LOH remains to be 
characterized. The technique is also not able to identify structural rearrangements 
that can commonly be identified using karyotype or FISH techniques, although 
some modifications may allow detection of balanced translocations [58]. The plat-
form is sensitive to the proportion of sampled cells that possess the abnormal 
genomic complement, typically exceeding 20% of the sampled cells, limiting the 
use of the technique in evaluating subclonal populations or assessment of minimal- 
residual disease (MRD). While the technology is capable of identifying SNPs, it is 
not feasible to resolve all possible specific single-nucleotide mutations possible in 
a neoplastic genome. DNA microarrays, as currently available, complement other 
genomic techniques and offer a more granular interrogation of the genome than 
karyotype or FISH studies.

 Massively Parallel Sequencing

At the turn of the century, the first descriptions of massively parallel sequencing 
were published [59, 60]. Although these were different in approach and chemistry, 
their commonality was the ability to sequence millions of short DNA sequence 
reads, in parallel, without requiring a priori knowledge of the sequence. This tech-
nology has since been termed, massively parallel or “next-generation sequencing” 
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(NGS). These techniques rely on fragmentation of the DNA to be sequenced and 
ligation of common DNA sequences, which then allows amplification and enrich-
ment of the sequences after a single DNA molecule isolation step, which are anal-
ogous to techniques used in shotgun sequencing approaches. Simultaneous 
sequencing of millions of small fragments of DNA is then accomplished in a 
parallel fashion, generating billions of bases of sequence data. The massive 
amount of short-read data require advanced computational approaches to assem-
ble the data and align the sequences against the reference human genome, which 
was one product of the Human Genome Project. From the initial descriptions of 
the techniques in a research setting, the technology has evolved and become com-
mercialized by multiple entities. NGS techniques have also proliferated, with 
numerous adaptations of the methods to allow for diverse applications, and with 
the maturation of the systems, there has been a rapid adoption of the techniques in 
research and clinical laboratories. As costs continue to decrease and analysis tools 
become more sophisticated, these techniques continue to find new uses and 
increasingly compete to displace some established techniques in clinical and 
research applications.

Of the published methods that have been employed in both research and clinical 
laboratories, there are several that have been widely used that warrant description. 
These approaches include sequencing by synthesis, pyrosequencing, sequencing by 
ligation, and semiconductor sequencing [61, 62]. Improvements in these techniques 
continue to occur and most certainly, new technologies will augment these 
approaches, such as demonstrated by recent advancements of third-generation tech-
nologies utilizing nanopore technologies. Each platform has strengths and limita-
tions that must be considered. A brief description of these approaches is included 
below. However, this represents only a survey of the technologies and should not be 
considered a comprehensive review (Table 19.1).

In general, techniques that are widely used have the key common steps: isolation 
of genetic material, fragmentation of the genetic material into specific size ranges, 
ligation of sequence adapter molecules with known sequence (“barcodes”), enrich-
ment for sequences of interest, massively parallel sequencing, bioinformatics 
pipeline data analysis, variant calling, and variant annotation. The use of bar-coded 
sequences, simply strings of nucleotides, allows for multiple samples to be 
sequenced together, with individual sequences attributed to specific samples through 
assessment of the barcode sequences through a demultiplex algorithm.

An innovation that allowed the use of NGS technologies was the implementa-
tion of bioinformatics pipelines that made the analysis of billions of bases of 
sequencing data a manageable task. These data analyses pipelines generally consist 
of multiple, separate, computer programs, which are linked together using addi-
tional programs such that sequence data can flow from one program to another or 
be analyzed for different features by different programs, either in a serial or parallel 
manner. After demultiplexing to separate and assign sequencing reads to respective 
samples through the use of sample-specific barcodes, individual sequences can be 
aligned against a reference genome that allows for the identification of variants 
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using bioinformatics programs referred to as variant callers (Fig. 19.6). In addition 
to programs that can identify single nucleotide changes from the reference sequence, 
additional computational approaches have been developed to detect insertion/dele-
tions (indels), copy number variants (CNVs), and other structural alterations such 
as translocations [63]. Comparison studies have demonstrated that CNVs identified 
using some NGS assays show equivalency with results obtained using karyotype 
[64] or microarray [65], suggesting the possibility that NGS may be able to gener-
ate results similar to these well-established platforms.

Research groups and software developers are constantly producing new soft-
ware packages and modifying existing programs to allow for improved perfor-
mance and addition of new algorithms when possible. The cost of computational 
software, hardware, and the necessary technical expertise to implement such data 
analysis approaches is a critical consideration when developing and supporting 
NGS-based assays that should be considered from the outset [66]. While the hard-
ware and software infrastructure required to support bioinformatics pipeline data 
analyses is a significant expense, the costs associated with maintaining the raw data 
acquired from NGS assays can quickly eclipse the initial sequencing expense, as 
the raw data can exceed hundreds of gigabytes per batch. Thus, it is not only a chal-
lenge to deal with the initial bolus of data but special consideration must be made 
for long-term storage of data because if such data are to be maintained over a long 
period of time as the resources for maintenance may exceed the initial cost of gen-
erating the data [67]. Researchers and clinical laboratories must therefore thor-
oughly evaluate and optimize their data analysis and storage methods. As this 
technology transitions from research laboratories to clinical laboratories, the 
pathology and laboratory medicine professionals who will most likely be respon-
sible for clinical implementation and interpretation of such methods will require 
new skills and training programs in order to provide safe and effective tests for 
patient care [68, 69]. Although new training programs will enhance the abilities of 
new professionals, the wide range of experience in professionals who have previ-
ously completed training will likely benefit from decision support systems that can 
aid in the selection, interpretation, and reporting of genomic tests, as well as treat-
ment decisions [70–72].

 Commonly Used Platforms for Next-Generation Sequencing

Multiple platforms have been developed to take advantage of the concept of mas-
sively parallel sequencing. Although multiple different approaches have been com-
mercialized, the field has consolidated into a few dominant platforms. New 
sequencing technologies are always in development that promise to offer advan-
tages over current technology, but are still in their infancy in comparison. In this 
next section, the main sequencing platforms used in current clinical testing and 
research are described, including several platforms that were previously widely 
employed and may be encountered in the literature.
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Fig. 19.6 (a) Schematic showing the alignment of numerous short DNA sequencing reads to a 
template. Note the overlap in sequence from multiple short-read length fragments with often 
unique start and stop sites. When numerous fragments overlap at a given position, low-frequency 
variants may be identified in a small subset of the reads. Conversely, when there is low coverage of 
a given region of DNA, rare variants may not be detected because they represent the minor popula-
tion of the sample. (b) Screen capture of clinical next generation sequence data as displayed using 
the Integrated Genomics Viewer (Broad Institute, Cambridge, MA, USA). The highlighted base is 
a variant that is identified in the TP53 gene (p.G279E, NM_000546.5:c.836G > A)

E.Q. Konnick and D. Wu



387

 Sequencing by Synthesis (Solexa/Illumina)

The sequencing-by-synthesis (SBS) method, pioneered by Solexa, is a hybrid 
method combining fluorescent dideoxy Sanger sequencing and solid surface 
sequencing by synthesis [73, 74]. The use of fluorescently labeled, reversible dide-
oxy terminators [75] allows for the sequence-data acquisition to be decoupled from 
the sequencing chemical reaction. In this method, denatured DNA fragments with 
ligated adapters are flowed across a glass substrate (“flow cell”) with oligonucle-
otides complimentary to the adapter molecules added to the DNA of interest during 
the library preparation stage. If the concentration of the sequencing library is cor-
rect, individual DNA molecules become spatially distributed on the flow cell, 
which will allow accurate interrogation at the sequencing stage. The attached 
sequences are then amplified in place using PCR such that products of the reaction 
are also attached to the solid substrate via the capture oligonucleotides, thus form-
ing cluster of identical DNA fragments generated from the same initial library 
DNA fragment. Postamplification, fluorescently labeled, reversible terminators are 
added in bulk to the flow cell, a single base is incorporated into each bound mole-
cule, and the residual reagent is washed away. The fluorescently tagged bound 
DNA molecules are excited via a laser, and digital imaging is used to scan the flow 
cell and identify incorporated bases in each DNA cluster based on fluorescent sig-
nal. After imaging, the reversible terminator is then cleaved from the captured 
DNA molecules, allowing for the incorporation of another fluorescently labeled 
nucleotide on the next cycle. Depending on the instrument, reagents, and DNA 
quality, the cycle can be repeated up to 150–300 times and then the unique indices 
are sequenced to establish the identity of each imaged cluster. After removing the 
sequencing products from the first round, a second round of amplification allows 
the sequencing of the captured molecule from the reverse direction and the confir-
mation of the identity of the cluster by sequencing a second index. A critical inno-
vation of this technology was the decoupling of the enzymatic sequencing synthesis 
reaction from the acquisition of base identity, which allows for huge arrays of DNA 
library molecules to be sequenced simultaneously. This method has been shown to 
be susceptible to decreased read depth with increasing GC content [76–78] and 
may be susceptible to bias introduced via the multiple PCR amplifications utilized 
at different steps in the method [79]. Comparisons of available technologies have 
suggested that the SBS method has the highest sequencing throughput per batch 
coupled to the lowest error rates [80]. The need for specialized hardware and optics 
to identify the sequencing products, stability of the reagents, and the complicated 
fluidics has been cited as potentially limiting the read length and accuracy of the 
method [81]. Improved engineering, hardware upgrades, and innovation of soft-
ware are likely to continue to improve the performance of this approach in the 
future. Currently, this technology dominates many of the research and clinical 
methods that have been used to evaluate the spectrum of variation that occurs in the 
neoplastic disease.
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 Semiconductor-Based (Ion Torrent)

Semiconductor-based sequencing also relies on the combination of a solid substrate 
combined with numerous individual reactions targeting individual DNA molecules. 
In this method, microscopic reaction wells have been created with a semiconductor 
at the base of the reaction chamber. After DNA library preparation, the reaction 
device is flooded with droplets containing single strands of DNA [82]. Subsequently, 
the reaction device is sequentially treated with a single nucleotide, and if a given 
nucleotide is incorporated into a nascent strand of DNA, a hydrogen ion is liberated 
as part of the reaction. The released hydrogen molecule is then detected using a 
sensitive ion sensor located in the individual reaction well. A unique aspect of this 
design is that base incorporation is not limited to a single nucleotide, such that in the 
case of a homopolymer repeat region, multiple nucleotides will be incorporated in a 
single cycle. Such incorporation of multiple nucleotides results in a corresponding 
increase in the number of released hydrogen atoms, which then result in a propor-
tionally greater electronic signal detected by the sensor. This aspect of the method 
can cause difficulty in assessing the true number of nucleotides within a homopoly-
mer region and can result in a false-positive determination of insertion–deletion 
(indel) events. Nevertheless, numerous approaches have been developed to decrease 
the incidence of false-positive indel calls in commonly used bioinformatics pipe-
lines, which may be useful in clinical laboratory settings [83–85]. A potential 
advantage that is often cited is the possibility of semiconductor sequencing to 
decrease in cost and improve in performance because the core technology is able to 
leverage the scale and infrastructure of the semiconductor industry [86]. Comparisons 
of semiconductor NGS methods to alternative technologies have demonstrated 
higher throughput than other methods [85].

 “Third-Generation Sequencing” Sequencing Methods

The majority of currently available NGS approaches that are in wide research and 
clinical use require one or more amplification steps where the nucleic acid sequences 
of interest are enriched before the actual sequencing reaction. This reliance on 
amplification prior to sequencing can have consequences such as bias and sequenc-
ing artifacts, which may limit the applicability in some situations. Additionally, the 
current generation of technologies in common use relies on interrogation of rela-
tively short DNA sequences, which can hinder the evaluation of classes of mutation 
that are important in the setting of neoplasia, such as structural rearrangements or 
assignment of variants to a pseudogene. These factors have led to the development 
of computational methods to aid in the detection of such alterations [87–89]. 
Currently, several methods are available that sequence individual nucleic acids 
using approaches that allow contiguous sequence read lengths of several thousand 
kilobases or more. Although these methods have lower throughput compared to the 
commonly used platforms, it appears that fewer long-read sequences may result in 
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improved assemblies compared to short-read sequencing at higher depths [90, 91]. 
Additionally, these so-called third-generation sequencing technologies have been 
suggested to potentially further decrease sequencing costs [92], reduce bias in 
sequenced regions due to elimination of amplification steps, and improve sequenc-
ing of high GC-content DNA sequences [93]. In order to maximize the length of 
individual DNA molecules derived from a sample, high-quality samples and high- 
quality DNA extraction techniques must be employed in order to maximize the 
strengths of long-read nanopore sequencing approaches.

A major drawback of common NGS methods is the necessity for amplification of 
the source DNA prior to DNA sequencing. This approach can lead to amplification 
artifacts and biased coverage of the genome related to the G–C content or local 
structural properties of specific DNA sequences. Current NGS technologies pro-
duce relatively short reads, with median sequence lengths ranging from 100 to 300 
base pairs (bp) for some methods (such as those by the manufacturer, Illumina) and 
up to 700 bp for the approach championed by the technology by 454. Short sequence 
reads are in general more difficult to align to a reference genome, especially in 
regions of high homology or in the context of pseudogenes [94, 95]. While 
 short- length DNA sequencing may work approximately equally well with fresh or 
formalin- fixed, paraffin-embedded (FFPE) tissues, long-read sequencing of thou-
sands of bases is unlikely to be successfully accomplished using the fragmented and 
lower-quality DNA found in clinical tissues due to formalin fixation. Use of abun-
dant, high-quality DNA as is commonly found in hematological samples may make 
this sequencing approach an attractive research and diagnostic sequencing method 
in the near future.

 Single-Molecule, Real-Time Sequencing

Pacific Biosciences (PacBio) has developed a single-molecule sequencing method 
that utilizes a sequencing-by-synthesis approach combined with a zero-mode wave-
guide that allows for real-time sequencing of individual DNA molecules, which has 
been termed “single molecule, real time (SMRT)” sequencing [96]. The method 
uses small wells that have a diameter less than the wavelength of light chosen for 
interrogation (zero-mode waveguide) [97], where a DNA polymerase is bound to 
the bottom of each well. Nucleotides, each labeled with a different fluorophore, are 
added to the wells, and individual nucleotides are incorporated into a complemen-
tary DNA strand. As the fluorophore is released with each nucleotide addition, the 
zero-mode waveguide is used to detect the fluorophore released from the incorpo-
rated base, and thus the sequence within each waveguide is measured in real time.

SMRT sequencing does not require amplification prior to sequencing and has 
been reported to reduce compositional bias compared to other sequencing technolo-
gies [98], with median DNA sequence length reported in thousands of nucleotides, 
with substantial fractions of the DNA sequences greater than 10,000 base pairs [99]. 
Additionally, the lack of a DNA amplification step offers the potential for a shorter 
time between DNA extraction and sequence generation [100]. Such long-read 
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sequencing technology offers the potential of resolving pseudogenized genetic 
sequences [101], resolution of variant phasing, haplotype resolution, structural rear-
rangement determination, and indel identification [102, 103], all of which are prob-
lematic using short-read techniques.

The major drawback cited when describing SMRT sequencing is the relatively 
low accuracy of approximately 85% [99, 100], with indel errors predominating. 
Methods combining data from multiple sequencing modalities have been demon-
strated to improve accuracy, albeit with increased costs and algorithm complexity 
[96, 104]. SMRT sequencing accuracy has also been demonstrated to improve when 
the same DNA molecule is sequenced multiple times within the same SMRT cell 
using a technique called “circular consensus sequencing” (CCS) [105, 106]. The 
principle of CCS is that by decreasing the length of the sequencing insert, the same 
DNA molecule will be sequenced multiple times, improving the overall accuracy of 
the consensus sequence because the sequencing errors occur randomly. Platform 
improvement and error-reduction optimization are ongoing.

 Nanopore Technologies

Nanopore sequencing of DNA uses techniques in which DNA molecules are 
passed through artificial nanoscale pore composed of organic or nonorganic mol-
ecules, and the DNA sequence order is determined based on electrical or other 
signals that are generated during passage of the DNA molecule through the pore 
[107–110]. In most nanopore methods, DNA passing through the nanopore results 
in changes in ion current, with multiple parameters impacting the measured cur-
rent, with each nucleotide impacting the ion flow in such a way that the sequence 
can be gleaned from the measurements [111]. Similar to SMRT technology, these 
techniques offer the possibility of rapid progression from sample preparation to 
sequence generation, long sequencing reads, low cost and high speed with com-
pact instrumentation [112].

Nanopore sequencing is based on the concept that single stranded nucleic acid 
(DNA or RNA) molecules can be forced through a biological pore by electrophore-
sis or other mechanisms in a linear fashion, with the determination of individual 
base composition at a specific position detected by a change in ionic current while 
the molecule is moving through the pore. Pores are created so that a detection mech-
anism is able recognize signals generated by different bases and a unique signal is 
generated corresponding to the sequence. Multiple different materials and designs 
for the nanopore have been developed, with differences in construction of the pore 
influencing the speed and accuracy of the sequencing process. Currently, the two 
classes of pore materials are solid state and protein based, each with different 
strengths and weaknesses. Protein nanopores are created from membrane protein 
complexes composed of alpha-hemolysin or Mycobacterium smegmatis Porin A 
(MspA) [107, 108, 111], while solid-state nanopores are created using synthetic 
materials. One theoretical advantage of synthetic materials is the possibility of cus-
tomizing pore configurations specific to given applications, allowing for potentially 
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more stable chemical, mechanical, and thermal properties. Nanopore technologies 
are currently undergoing extensive ongoing development and testing and offer dif-
ferent performance characteristics that are still undergoing evaluation. In addition to 
the important nature of the pore materials and construction, precise control of the 
transport of the single-stranded nucleic acid through the pore is critical for accurate 
sequence determination, and multiple enzymes such as polymerases and exonucle-
ases have been evaluated for this use [108].

Read lengths for some applications have been shown to be ~10 kb [113], but 
error rates for the technology have been shown to range between 5% and 8% for 
insertions, deletions, and substitutions for some methods [114]. Some evaluations 
of early instruments and chemistries have indicated that only a fraction of the 
sequencing reads are able to be mapped to the reference sequence of a known 
sequencing target [115]. These factors limit the current standalone, direct utility of 
the technologies in the diagnostic setting, but can be used as a method to generate a 
scaffold sequence that can be combined with other sequencing methods. Some anal-
yses have suggested that accuracy can be improved through increasing the read 
coverage of individual sequenced molecules [116]. The methods may also require 
bioinformatics tools specific to nanopore sequencing [85].

 Summary

Although SMRT and nanopore sequencing technology have been available in select 
laboratories for several years, there is limited data on the use of such techniques in 
the setting of hematological malignancies and particularly in the clinical laboratory 
[117]. The currently described technologies capable of sequencing single-molecule 
nucleic acids with long-read techniques offer attractive features that would be use-
ful in both research and diagnostic applications in myeloid neoplasia. Contiguous 
sequencing reads capable of routinely resolving tens of kilobases of sequence would 
be useful in the setting of indels and structural rearrangements, which are encoun-
tered in myeloid neoplasia. Additionally, the ability to resolve the phase of muta-
tions, haplotypes, and discriminate between real and pseudogenes could potentially 
impact our understanding of myeloid neoplasia and diagnosis. Although there are 
methods that promise improved accuracy, the current techniques are hampered by 
high error rates. The possibility of using combinations of sequencing technologies 
to use strengths of one technique to offset the weaknesses of another is appealing 
but will require new software solutions to merge data from different platforms and 
produce a unified output. Currently, the main limitation of these techniques that 
limits their widespread use is the high error rates in sequenced DNA. Technological 
improvements may yield improvements in accuracy and strategies have been devel-
oped to increase the sequencing accuracy of individual molecules but such accuracy 
often comes at the expense of read length. Developments in these technologies and 
their successors warrant special attention and consideration for the potential scien-
tific and diagnostic uses for these techniques in the setting of myeloid neoplasia 
should be considered in the future.
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 Other Technologies Present in the Literature

Although there are several varieties of next-generation sequencing technologies that 
are in common use, multiple other technologies were commercialized and exten-
sively used in the literature. While some technologies have faded from use or even 
been discontinued by the manufacturer, large amounts of data were generated using 
these techniques and studies using them may be encountered not only in older work 
[118, 119] but in recently published studies as well [120].

 Pyrosequencing Sequencing by Synthesis (454/Roche)

Key aspects of the 454 sequencing method include emulsion PCR and pyrosequenc-
ing. As part of the sequencing library preparation, target DNA is ligated to primers 
where one primer is linked to a biotin molecule. During library preparation, indi-
vidual molecules of DNA are captured on streptavidin beads within picoliter emul-
sions of oil and reagents for PCR (emulsion PCR) [121]. After clonal amplification 
of the target DNA bound within a given droplet, the resulting clonal products are 
deposited on custom microtiter plate (“picotiterplate”) with wells ~29 μm in diam-
eter, with millions of clonal sequences deposited across a single plate. Sequence 
determination is done through the use of pyrosequencing technology, where indi-
vidual nucleotides are sequentially added, and if a given nucleotide is incorporated 
into the nascent DNA strand, pyrophosphate (PPi) is released into the milieu of the 
microwell. Also present within the reaction mixture is the enzyme luciferase, which 
uses the PPi as a substrate to generate light for detection allowing inference of the 
incorporated nucleotide at a given position [122]. Similar to the semiconductor NGS 
methods used on the Ion Torrent platform, an increased signal is generated when 
homopolymer tracts are encountered because a chain-termination strategy is not 
employed. As such, uncertainty in homopolymer length is a common occurrence in 
this method, and computational methods have been developed to address this issue 
[80, 83, 84]. The pyrosequencing method is capable of producing large amounts of 
long, high-quality sequencing reads, and this technology has been described to 
produce read lengths that are longer than many other NGS technologies but less 
than the maximum sequence lengths generated using traditional Sanger techniques 
[61]. Further, this method had lower throughput than other systems [80, 123] and a 
higher cost-per-base [123]. The platform was purchased by Roche Diagnostics in 
2007 and manufacturer support was scheduled to be discontinued in 2016.

 Sequencing by Oligonucleotide Ligation and Detection (SOLiD)

Similar to other NGS library preparation methods, SOLiD relies on single nucleic 
acid targets isolated for subsequent clonal enrichment. In SOLiD, magnetic beads 
are used to isolate a single target sequence per bead, and emulsion PCR is used to 
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amplify DNA to increase the number of copies of the unique target DNA bound to 
each bead as well as incorporate adapter sequences into the amplified DNA. 
Postamplification, PCR products are covalently bound to a glass slide for subse-
quent DNA sequencing. Using primers specific to the adapter sequences incorpo-
rated in PCR, the captured DNA is sequenced by using a set of four fluorescently 
labeled, two-base probes, which compete to be ligated to the sequencing primer. 
The fluorescence is measured to determine the incorporated probe, and the fluores-
cent molecule is released and the process is repeated. Following a series of ligation 
cycles, the extension product is removed and the template is reset with a primer 
complementary to the n−1 position for a second round of ligation cycles. This pro-
cess is repeated multiple times for each adapter, allowing for each base to be inter-
rogated in multiple independent ligation reactions by different primers [124]. This 
approach obtains specificity by interrogating every first and second base in each 
ligation reaction [125] and redundancy through interrogation by multiple ligation 
probes. The SOLiD method has been reported to have difficulty with palindromic 
sequences [126] and has been claimed to have decreased susceptibility to homo-
polymer tracts. This technology has been described to have intermediate throughput 
and costs compared to other NGS methods [123].

 Scale of Sequencing

Each of these sequencing-based methods is capable of being used on multiple 
scales. Briefly, the scales of next-generation sequencing are whole genome, exome, 
and targeted panels (Fig. 19.7). Applications used extensively by research groups 
include sequencing an entire genome for identification of alterations with potential 
clinical importance [127]. Whole-genome sequencing (WGS) has the advantage of 
relatively unbiased sequencing, the capability of detecting CNVs across the genome, 
and the ability to identify genetic changes that would be missed by more targeted 
methods. However, WGS generally has lower overall coverage of individual bases, 
requires additional instrumentation and bioinformatics resources compared to other 

Fig. 19.7 Linear scale approximating the number of base pairs analyzed in different scales of 
molecular diagnostic testing using single-site assays, limited exon targeting assays, amplicon- 
based NGS panels, comprehensive NGS panels using hybrid capture designs, whole-exome and 
whole-genome approaches. Note that typical target-capture NGS designs capture several orders of 
magnitude more base pairs than amplicon panels
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methods, and thus, is generally more expensive to produce data. Multiple groups 
have used WGS to understand the evolution of individual neoplasms over time [128, 
129]. While such studies may be useful to help identify individual mutations associ-
ated treatment response or failure, the breadth of data generated from such studies 
is unlikely to prove cost effective in routine clinical use at the present time.

Exome-level sequencing utilizes multiple techniques to isolate the coding 
regions of genes, most frequently utilizing hybrid-capture techniques where anti-
sense oligonucleotides are used to enrich for the sequences of interest [130, 131]. 
Whole- exome sequencing (WES) offers the potential advantage of overall high-
sequencing depth compared to WGS because the targeted DNA represents a much 
smaller fraction of the total genomic DNA, with decreased reagent and bioinformat-
ics costs; however, the cost of the reagents needed to isolate the exonic DNA can be 
expensive and adds complexity to the sample library preparation. As a result of the 
relative decreased cost of sequencing and increased depth, many studies have been 
undertaken to evaluate exomes of hematopoietic neoplasms. Studies using whole-
exome sequencing, like studies employing WGS, often identify known driver muta-
tions, show evidence of clonal evolution through therapy, and identify new mutations 
that arise over time [132, 133]. Although the cost of exome sequencing and the 
ability to utilize the necessary bioinformatics pipelines are within the reach of many 
groups, routine exome sequencing may be in limited clinical use for the evaluation 
of neoplastic disease due to the more manageable data that are generated using 
targeted gene panels.

Utilizing techniques similar to WES, targeted gene sequencing panels can utilize 
hybrid capture techniques [65, 134] or a more limited coverage can be obtained 
using ligation-probe or PCR-based amplification techniques [135–138]. Such tar-
geted techniques allow for greater sequencing depth in specific genes of interest, 
potentially allowing for greater sensitivity in detecting minor clonal components. 
Total assay costs may be less than WES and WGS because of the limited coverage 
allowing for the use of smaller scale sequencers, multiplexing of multiple samples, 
and less resource-intensive bioinformatics pipelines than those used in WES and 
WGS. One potential advantage of using a limited set of genes is the understanding 
that the significance of individual mutations may be more achievable than variants 
detected in more expansive platforms. When comparing hybrid capture methods 
against amplicon-based enrichment techniques, the ability to detect CNVs, large 
indels, and translocations may be greater in target-capture techniques due to the 
less-specific genomic enrichment using such techniques and the availability of 
numerous software packages that can be incorporated into the data analysis pipeline 
after sequence acquisition [87, 89, 139–141]. Numerous examples of custom- 
developed methods targeting specific genes related to myeloid neoplasia are 
described in the literature. Most methods describe the ability to detect mutations 
that are commonly encountered in myeloid neoplasia [142, 143], with hybridization- 
capture enrichment techniques often noting the ability to detect large structural rear-
rangements and translocations [144]. Although amplicon-based NGS panels 
typically are not designed to detect larger indels or CNVs, several bioinformatics 
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approaches have been developed that appear to glean such information from such 
assay designs [145, 146].

Assessment of the mutational spectrum of myeloid neoplasia has become a com-
mon tool in clinical care of patients and in the research setting. While techniques 
such as WGS and WES are of interest to researchers, their use in routine clinical 
care is not currently clear and limited. In contrast, the use of targeted gene panels 
offers the benefits of sequencing a more focused set of genomic targets, resulting in 
greater sequencing depth, lower cost, and potentially easier path to demonstrate 
clinical utility.

 Emerging Techniques and Applications

The previously described technologies and techniques have been applied to numer-
ous scientific and clinical problems and have found acceptance in the diagnostic 
workup, prognostication, and therapy prediction of myeloid malignancies. 
Additional technologies and applications have been described and are currently 
undergoing evaluation for their use in clinical applications. It is unknown if any of 
the techniques or applications described will ultimately be found in routine use in 
the evaluation of myeloid neoplasia, but general understanding of the conceptual 
basis and early scientific data may be useful to practitioners as they encounter such 
techniques in the literature.

 Minimal Residual Disease Detection

It is increasingly being appreciated that minimal residual disease (MRD) detection 
by conventional means, such as flow cytometry, is useful for following the response 
to treatment and for identifying high-risk patients who are beginning to relapse. In 
some situations, treatment decisions that impact patient outcome may be made 
based on the MRD test results [147], making accurate and timely results very 
important in clinical care. Current clinical approaches for detecting MRD and sup-
plementing morphologic examination and cytogenetic studies in myeloid neo-
plasms include flow cytometry [148], RT-PCR [48–51], and PCR assays [149]. 
While understanding of flow cytometry and PCR are common in many clinical 
laboratories, application of these methods to MRD detection requires some exper-
tise to properly design these assays and interpret the results in order to ensure stan-
dardization for comparison of results. As such, such assays are often limited to 
larger commercial reference laboratory and academic institutions. The development 
of new laboratory approaches for minimal residual disease detection may result in 
improved techniques that may be less reliant on pathologist expertise to determine 
the MRD status.
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Several promising approaches exist that may prove useful in adapting new 
techniques to MRD analysis, including deep mutation scanning of many different 
possible genetic mutations [150, 151] and deep sequencing of specific recurrent 
mutations that are observed in a subset of patients [152–154].

Many myeloid neoplasms have recurrent abnormalities and mutational profiles 
that show remarkable consistency between individuals [155]. Some studies have 
evaluated diagnostic methods that are specific to these unique genomic signatures of 
specific neoplasms, potentially allowing specific laboratory methods to be used to 
assess MRD in patients with neoplasms harboring these genetic lesions [155]. An 
example of using a recurrent mutation to monitor MRD with next-generation 
sequencing has been described in the setting of NPM1-mutated AML [152], which 
represents ∼60% of AML cases with a normal karyotype. In this example, 
 amplification and sequencing of exon 12 of NPM1 allowed detection of low-burden 
AML disease that was shown to be capable of detecting mutant cells down to 
approximately 0.001% of a mixture, using next-generation sequencing. Compared 
to allele- specific PCR approaches, a priori knowledge of the patient’s NPM1 muta-
tion allele is not needed. Next-generation sequencing of NPM1 mutations also 
showed the potential of identifying subclonal heterogeneity within a given sample, 
offering the possibility of tracking clonal evolution of the neoplastic populations 
over time. Such an approach to MRD detection offers the potential for a more sim-
plified approach to MRD monitoring that does not require the extensive expertise 
needed for flow cytometry assessment of MRD or the complexity of performing 
multiple allele-specific quantitative PCR approaches. It is, however, critical to rec-
ognize that with highly sensitive NGS methods, there is a possibility of sample-to-
sample or amplicon contamination that must be addressed, and careful precautions, 
such as those used in viral molecular diagnostics, must be taken to limit the possibil-
ity of such events [156]. Clinical laboratories will also have to determine if main-
taining and performing complex assays that are specific to only a subset of their 
patient population is a feasible operation from the standpoint of cost and turn-
around time. Finally, the clinical significance of such low-level persistent or recur-
rent disease will need to be studied to determine if such methods are appropriate.

An alternative approach to neoplasm subtype specific assays is to identify the 
most common genes mutated across many myeloid malignancies and then design a 
method that is capable of identifying the majority of mutations in those genes. By 
expanding the pool of possible genetic targets, there is the possibility that the pres-
ence of multiple mutations will increase the specificity of the analysis, as well as 
potentially increase the sensitivity through the elimination of false-negative results. 
Such methods propose a more flexible approach, which could allow the MRD anal-
ysis to include novel mutations or to identify populations evolving from the original 
leukemic clone. Approaches have been described that are approximately tenfold 
more sensitive than Sanger-sequencing-based methods for detection of genetic vari-
ants, and was highly concordant multiple laboratories [150, 151]. While these 
results indicate that sensitive assays can be implemented across multiple laborato-
ries and achieve comparable results, such methods are currently less sensitive than 
typical state-of-the-art multidimensional flow cytometric techniques used to mea-
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sure MRD. Identifying patient-specific mutations early in disease and then using 
deep-sequencing of the mutated regions has been suggested to approach the sensi-
tivity of flow cytometric methods [154], but such a strategy requires multistep, 
patient-specific evaluation methods and may lack the flexibility of the more general-
ized methods or may be relatively costly with limited sensitivity. Additionally, 
deep-sequencing methods using amplicon approaches run the risk of introducing 
PCR artifacts in early amplification cycles that could mimic, by chance, previously 
identified mutations, resulting in false positive results.

With all proposed methods for detecting MRD, the hope is that such approaches 
could shorten the window period between the recurrence of a neoplasm and the abil-
ity of laboratory techniques to detect disease relapse. Additional studies need to 
evaluate not only the analytical sensitivity and specificity of these methods, but 
whether clinical benefit is enhanced. While initial studies evaluating MRD in mul-
tiple laboratories have shown good concordance of results [150], additional work 
will need to demonstrate that such concordance continues, if such methods are 
brought into common practice, especially if other methods of MRD analysis are not 
available for confirmatory testing. With all approaches, it must be remembered that 
persistent, nonleukemic hematopoietic clones may present in any given patient and 
that such clones will share many mutations common with truly neoplastic leukemic 
populations, and that such populations may persist over time [157, 158], and even 
after initial chemotherapy treatment [159].

 Methods to Increase Accuracy of Deep Sequencing

Application of conventional NGS techniques to the ultrasensitive deep-sequencing 
techniques, such as identification of MRD, is hampered by the inability to resolve 
very small populations of mutant genetic changes from errors introduced by ampli-
fication or sequencing. One approach that has been suggested to remedy this prob-
lem is duplex sequencing, which proposes a method to identify the source of each 
individual amplicon in a sequencing reaction, allowing for the identification of arti-
facts that are present in only one strand of an amplification reaction [160]. A second 
comparable approach uses single molecular tagging to permit detection of rare vari-
ants beyond the traditional limits due to error-correction [160–162]. Through incor-
poration of additional random sequence “barcodes” to the primers for specific 
sequence targets, the providence of individual amplicons can be ascertained, such 
that artifacts can be excluded through the comparison of specific sequencing prod-
ucts. This method works by grouping individual sequences into sequence families 
that have the same barcodes identifier in common, which are then compared against 
other reads within the family to remove individual errors through creation of an 
error-corrected consensus sequence. Descriptions of this technique claim to allow a 
single mutation to be identified among 1 × 107 wild-type sequences, and a study 
using a similar approach in the setting of preleukemic clonal hematopoiesis in 
patients who later developed treatment-related myeloid neoplasms demonstrated 
the ability to identify 1 abnormal sequencing read in 10,000 [161]. These methods 
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offer the potential to detect mutations related to residual or incipient diseases 
with much greater sensitivity than currently available flow cytometric or nonerror- 
corrected NGS MRD methods.

Error-correction NGS methods will require adjustments in bioinformatics pipe-
lines between the sequence demultiplexing and alignment steps, in addition to syn-
thesis of primer sequences incorporating the random sequence barcodes. The depth 
of sequence at a given position will need to be high, so that there is adequate sam-
pling of the available primers, which will require either more sequencing through-
put or fewer targets so that sufficient sequencing depth can be achieved. Ultimately, 
the necessity for such error-correction methods in NGS MRD applications will be 
highly dependent on the clinical need and utility for such ultrasensitive monitoring 
of mutant populations and the lack of alternative methods to increase the fidelity of 
the sequence calls. Although there are ample data supporting the utility of clinical 
MRD assessment in the setting of myeloid neoplasia, there are many factors that 
may limit wider clinical adoption of current methods [163, 164]. The necessity for 
such error-correction methods in NGS MRD applications will be dependent on the 
clinical context and will be incumbent on the laboratory to demonstrate the enhanced 
analytic sensitivity will translate to enhanced clinical care. Nevertheless, the ability 
to probe and evaluate for ultrarare mutations beyond standard limits of detection 
will likely be important in the future [161, 165].

 Single Cell Sequencing

As NGS has become a common research tool, many groups have applied this toward 
the analysis of the clonal evolution of hematopoietic neoplasms. Some studies have 
demonstrated that the acquisition of mutations is likely to occur over the evolution 
of the neoplasm [166] and in response to treatment [159]. In many of these studies, 
the presence of unique or evolving mutations acquired by neoplastic clones within 
the larger leukemic population is inferred from the variant allele fraction (VAF), the 
measure of the proportion of sequencing reads with a mutation versus the total num-
ber of reads (mutation and wild-type) at a particular loci as determined by bulk 
sequencing of diseased tissue. However, this assumption may not be correct. 
Development of new approaches, including analysis of flow-cytometric cell sorted 
cells, has allowed a refinement of this understanding through the ability to sequence 
individual neoplastic cells in order to compare the genetic aberrations present in 
those cells compared to the bulk neoplasm.

Current single-cell sequencing techniques potentially require special preserva-
tion and handling of the sample material and currently require whole-genome 
amplification of the individual genomes [167]. Such an approach offers an unprec-
edented, granular assessment of the mutations within individual leukemic cells, but 
requires specialized expertise and is susceptible to incorporation of artifacts from 
whole-genome amplification [168, 169].
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The evaluation of individual neoplastic cells has revealed that the mutation 
spectrum within leukemic subpopulations is more nuanced than previously appreci-
ated [170]. In one study, individual AML cells were shown to possess FLT3 and 
NPM1 mutations in both heterozygous and homozygous states and were distributed 
across multiple, distinct clonal populations [170]. Although these observations give 
insight into the disease process, it is currently unknown if there is a clinical benefit 
to monitoring of this mutational heterogeneity in clinical samples, although it is 
readily conceivable that such evaluation at the single-cell level could identify clones 
that may be resistant to therapy and thereby could provide information to guide 
treatment decisions. This emerging technique, however, will require additional 
study and evaluation of clinical usefulness in order to determine the potential clini-
cal benefits and establish feasibility of implementation in the clinical environment.

 Expression Profiling

Expression profiling of AML has provided scientific insight into the implications of 
the altered genetic makeup of leukemic cells [171]. Such profiling has revealed that 
some neoplasms may have different subtypes that are distinguished by expression 
profiling [172]. Transcriptional profiling has even been done at the single-cell level 
for myeloid cells, demonstrating that individual cells have expression profiles indi-
cating a distinct lineage without overlap [173]. Some recent studies have suggested 
that alterations in expression may have prognostic significance [174–177] but these 
analyses have not yet been widely translated into routine clinical practice.

 RNA-SEQ

RNA-seq is a modification of NGS in which the starting template is RNA from the 
patient sample and not DNA. RNA-seq has been proposed as a useful complemen-
tary technology to conventional diagnostic techniques because of the ability to 
detect complex genomic events and splice-site alterations that may not be as readily 
identifiable by other techniques [178]. RNA-Seq may be useful at identifying novel 
or unexpected translocations that may be clinically or diagnostically relevant but 
not readily identifiable by standard techniques [179, 180]. RNA-seq has demon-
strated that differential expression of genes can be detected in different cell types 
related to disease entities [181] or discerning between closely related clones that 
have different characteristics [182]. RNA-seq may be useful in identifying splice- 
site changes or variants that may not be detectable by other means [183–185]. 
Research uses for RNA-seq include identification of mechanisms of drug resistance 
in the setting of myeloid neoplasia [186], but its utility in a routine clinical environ-
ment is yet unproven. While there are potential advantages of using RNA-seq, such 
as more efficient detection of the impact of epigenetic changes, splice-site changes 
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and structural rearrangements, the ability to analyze these parameters requires 
 specialized informatics tools [187, 188]. Some limitations of RNA-seq include the 
starting substrate is more labile than DNA and thus is technically more difficult with 
which to work, and, at the present time, offers few advantages over complimentary 
methods. As such, it currently is uncertain if RNA-seq will prove a useful additional 
to the clinical armamentarium but will most certainly be useful in research. New 
approaches for RNA-seq include the ability to profile transcriptomes of tens of 
thousands of single cells [189, 190]. This technology provides unprecedented gran-
ularity and insight into the different cell populations that may be present in normal 
and disease [173, 191] and is likely to provide insight into the complexity of clonal 
competition and evolution in hematologic neoplasms.

 Epigenetics

Epigenetic modifications are reversible alterations to DNA or histones of a cell that 
impact gene expression without altering the underlying genetic sequence of the cell. 
Many genes involved in the epigenetic modification of the genome have been identi-
fied to be mutated in myeloid disorders and have been the subject of intense study 
[192–195]. Further work has suggested that genes involved in epigenetic modifica-
tion may be useful as prognostic markers in the setting of myeloid neoplasia [196, 
197] and studies investigating the use of therapies targeting aberrant epigenetic 
modification have been published [198, 199]. The relationship between individual 
disease entities, genomic mutations in genes related to epigenetics, and the conse-
quences of the mutations are under active investigation [200]. Tools for the evalua-
tion of epigenetic alterations in myeloid neoplasia in clinical settings are available 
[201] but it is unknown if the information provided by such methods will add infor-
mation to what is already captured through the extensive analysis that is currently 
applied to many individuals with myeloid malignancies [202]. As with many other 
laboratory techniques, the clinical utility of the approach will need to be evaluated 
to determine if there is meaningful added clinical benefit.

 Confounding

As next-generation sequencing was applied in different clinical arenas, it became 
unexpectedly apparent that many of the mutations commonly associated with 
myeloid neoplasia can be detected in individuals without evidence or involvement 
of a myeloid malignancy. The detection of these mutations confounds routine clini-
cal laboratory testing as the presence of such mutations does not necessarily indi-
cate the presence of disease as currently defined or understood. In such situations, 
additional clinical testing could be unnecessary and may result in misdiagnosis. 
Studies examining the prevalence of hematopoietic mutations in otherwise healthy 
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populations have shown that the incidence of mutations in genes commonly associated 
with myeloid neoplasms appears to increase with age [157, 158, 203]. In these indi-
viduals, a small percentage of the individuals with age-related hematopoietic clones 
appear to develop hematological neoplasia, with individuals with a larger propor-
tion of the cells in the peripheral circulation harboring such mutations having an 
increased risk. Other studies have demonstrated that some mutations in hematopoi-
etic cells arise in patients with other types of cancer, often after the selective pres-
sure of chemotherapy [204]. While the emergence of hematopoietic clones is not 
uncommon, the incidence of hematopoietic neoplasia in such settings appears to be 
uncommon based on retrospective studies [205, 206]. Some authors have termed 
this phenomena, “clonal hematopoiesis of indeterminate potential,” or as abbrevi-
ated, CHIP [206]. Additional studies evaluating the future risk for neoplastic disease 
and the recommendations for reporting, screening, and monitoring of such clonal 
populations will need to be developed.

As another example, new approaches to prenatal diagnosis evaluating genomic 
CNVs in cell-free DNA (cfDNA) have also reported several instances of inadvertent 
detection of maternal neoplasia in pregnant women undergoing routine screening 
[207]. It is conceivable that assays evaluating either fetal or neoplastic cfDNA may 
be capable of detecting CNVs and mutations that are originating in hematopoietic 
cells. Awareness of the possibility may be sufficient to identify ancillary methods 
that may be useful in resolving the observed data, but additional tools may be useful 
in the future to help resolve these situations. For example, recent work has demon-
strated that the cell-of-origin of cfDNA fragments can be ascertained based upon 
nucleosome signatures of the detected DNA molecules [208], potentially allowing 
for the discernment not only of the variants associated with neoplasia, but also the 
cell of origin (i.e., hematopoietic or nonhematopoietic in nature). Incorporation of 
such methods into cfDNA screening and monitoring methods will help to ensure 
that detected mutations are appropriately classified and understood.

These examples together highlight the importance of open communication 
between clinicians and laboratory pathologists. Indeed, awareness of these potential 
confounders of sequencing data obtained from advanced diagnostic tests will help 
physicians and scientists appropriate counsel providers and patients.

 Conclusions

The determination of the diagnosis and prognosis of myeloid neoplasia is greatly 
facilitated by advanced laboratory techniques that have been employed to dissect 
the underlying molecular lesions related to the malignancy. The classification of 
myeloid neoplasia has become more granular, specific, and detailed as the avail-
able laboratory techniques and biological understanding of the diseases have 
advanced. Laboratory techniques such as karyotype, FISH, PCR, Sanger sequenc-
ing, and microarray remain the mainstay of current clinical diagnostic laboratories, 
but are now often complemented by massively parallel sequencing. Due to the 
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comprehensive nature of NGS, it is conceivable that this technology may replace 
some of the more traditional methods for molecular cytogenetic analysis. As NGS 
has proliferated in scientific and clinical applications, new permutations have been 
proposed that may aid in improvements in clinical care, if analyses of clinical util-
ity bear out. As these new technologies and tools continue to mature, new opportu-
nities will arise to allow greater scientific understanding and potential for improved 
clinical care. Through knowledge of the laboratory methods that are currently in 
clinical use, the strengths and limitations of the different approaches will be impor-
tant to consider.
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