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Abstract: Chronic myeloproliferative neoplasms (MPNs) are hematopoietic stem cell neoplasms
with driver events including the BCR-ABLI translocation leading to a diagnosis of chronic myeloid
leukemia (CML), or somatic mutations in JAK2, CALR, or MPL resulting in Philadelphia-chromosome-
negative MPNs with constitutive activation of the JAK-STAT signaling pathway. In the Philadelphia-
chromosome-negative MPNs, modern sequencing panels have identified a vast molecular landscape
including additional mutations in genes involved in splicing, signal transduction, DNA methylation,
and chromatin modification such as ASXL1, SF3B1, SRSF2, and U2AF1. These additional mutations
often influence prognosis in MPNs and therefore are increasingly important for risk stratification. This
review focuses on the molecular alterations within the WHO classification of MPNs and laboratory
testing used for diagnosis.
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1. Introduction

Myeloproliferative neoplasms (MPNs) are characterized by clonal proliferation of
hematopoietic precursors in the bone marrow. The WHO Classification of Tumours of
Haematopoietic and Lymphoid Tissues classifies these myeloproliferative neoplasms as
chronic myeloid leukemia, BCR-ABL1-positive (CML); chronic neutrophilic leukemia
(CNL); polycythemia vera (PV); essential thrombocythemia (ET); primary myelofibro-
sis (PMF); chronic eosinophilic leukemia (CEL); and MPN-unclassifiable (MPN-U) [1].
CML was the poster child for MPNss, first described by Dameshek in 1951, but it was not
until 1960 that the defining t (9;22) was identified as the driver by Nowell and Hunger-
ford [2—4]. Similarly, the diagnostic criteria for PV, ET, and PMF include the exclusion of
BCR-ABL1 as well. These three entities have overlapping morphologic features and thus are
together referred to as BCR-ABLI-negative myeloproliferative neoplasms or Philadelphia
chromosome-negative myeloproliferative neoplasms (Ph- MPNs) [1,5]. With the identifica-
tion of JAK2, which encodes Janus kinase 2, in Ph- MPNs, our understanding of the molec-
ular and genetic basis for these diseases has substantially improved [6,7]. Subsequently,
the identification of MPL and CALR mutations has further advanced our understanding
and diagnostic criteria [8-11]. In the past decade, with the emergence of new technologies
such as microarray-based gene expression profiling (GEP) and next-generation sequencing
(NGS), we have gained better insight into the molecular pathogenesis of chronic myeloid
neoplasms [12]. This exponential knowledge and increase in available data have helped in
the formation of specific algorithms for diagnosis and prognosis. This information has also
aided in personalized treatment plans, follow-up methodologies, and molecularly targeted
therapy [12]. In this review, we attempt to classify the different molecular alterations that
aid in the diagnosis and the prognostication of MPNs. After summarizing the molecular
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characterization of each entity, we also outline the different methodologies used in labora-
tory testing for these molecular alterations to highlight the role of the laboratory to aid in
the diagnosis, prognosis, and therapeutic approach.

2. Molecular Characterization of Myeloproliferative Neoplasms
2.1. Chronic Myeloid Leukemia, BCR-ABL1 Positive

CML is an MPN that is characterized by the clonal proliferation of myeloid elements
(predominantly granulocytes) resulting from a reciprocal translocation of the ABL gene
(located on chromosome 9) and the breakpoint cluster region BCR gene (located on chro-
mosome 22) [1,13]. This leads to the formation of the t(9;22)(q34.1;,q11.2) Philadelphia
chromosome or an abnormal chromosome 22, where the BCR-ABLI oncogene constitu-
tively encodes an oncoprotein with increased tyrosine kinase activity [3,13,14]. Depending
on the breakpoint location, transcription of different BCR-ABL1 mRNA transcripts is initi-
ated by the BCR-ABL oncogene [13]. In greater than 95% of patients with CML, the most
common transcript subtypes are e13a2 (also known as b2a2), el4a2 (also known as b3a2), or
simultaneous expression of both [15]. Multiple other transcript subtypes such as ela2, e2a2,
eba2, el9a2, ela3, el3a3, and el4a3 have been reported, but these occur sporadically [16,17].
These different subtypes of BCR-ABLI transcripts encode fusion proteins of different sizes
with tyrosine kinase activity and can result in different phenotypes. The most commonly
reported major breakpoint region p210 BCR-ABLI proteins are encoded by el3a2 and el4a2
mRNA transcripts, but the resulting p210 proteins have slightly different sizes and induce
slightly different phenotypes—patients with el4a2 transcripts have significantly higher
platelet counts compared to patients with the el3a2 transcript [18-20]. p230 BCR-ABL1 pro-
teins are encoded by the e19a2 transcript, and these patients present with more prominent
neutrophilic maturation and/or increased platelet counts. While p190 BCR-ABL1 proteins
(caused by the minor breakpoint and encoded by ela2 transcript) most frequently result
in Ph+ Acute Lymphoblastic Leukemia/Lymphoma, they can rarely be seen as the main
protein in CML. These patients present with monocytosis without basophilia, which can be
misclassified as Chronic Myelomonocytic Leukemia, and have a higher risk of progressing
to the lymphocytic blast phase [21,22]. It should also be noted that very low levels of the
p190 transcript can be found in typical p210 CML, caused by alternative splicing of the
BCR gene [23].

2.1.1. Tyrosine Kinase Inhibitors (TKIs) and Transcript Levels

Along with inducing different phenotypic features, different transcripts may also
have varying sensitivities to tyrosine kinase inhibitors (TKIs) [24]. Some small studies
have shown that ela2 transcripts are associated with a less favorable response to TKIs
with a faster rate of disease progression to blast phase with a less favorable response and
a faster disease progression [21,25,26]. In order to elucidate these findings, Gong et al.
analyzed the risk and frequency of blast transformation, response to treatment with TKIs,
and clinical outcomes in 2322 treated CML patients and corresponding transcripts, with
the intention to elucidate the differences between ela2 transcripts (p190) and the more
common p210 breakpoint [15]. They concluded that patients with this mRNA transcript
had a higher frequency of additional chromosomal abnormalities (ACA), significantly
worse survival, a shorter period to blast transformation (which was lymphoid or mixed
type), and a lower likelihood of achieving major molecular remission (MMR) after TKI
treatment when compared to patients with el3a2 and el4a2 (p210) transcripts. This
study also shows that the presence of ela2 can be considered as high risk and patients
would need additional therapy and close monitoring. Since both el3a2 and el4a2 are
only different by the presence of 25 additional amino acids in the latter, there have been
studies to further investigate the impact of each on clinical course, response to TKIs, and
overall survival. In a study of 105 patients by Hanfstein et al., clinical presentation and
response to treatment with and/or without TKIs were evaluated [20]. They observed that
patients with el4a2 presented with lower leukocyte counts and higher platelet counts when
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compared to patients with e13a2. In terms of molecular response, el4a2 patients showed a
faster response to TKIs when compared to patients with e13a2. Similar conclusions were
found by additional studies [27,28]. In a more recent study at MD Anderson Cancer Center
(MDACC), 481 patients were enrolled to assess the impact of transcript type on different TKI
therapies, which included imatinib (at two dosages) and second-generation TKIs, dasatinib,
and nilotinib [18]. The authors found that patients with e13a2 transcripts treated with lower
dose imatinib had the longest time to molecular remission when compared to treatment
with higher dose imatinib or second-generation TKIs. Patients with el4a2 transcripts who
were treated with second-generation TKIs achieved faster and longer-term cytogenetic and
molecular responses when compared to patients with el3a2 transcripts. On the other hand,
results were similar in patients with co-expression of e14a2 and el3a2 transcripts who were
either treated with low-dose imatinib, high-dose imatinib, or second-generation TKIs. They
hypothesized that since e13a2 has higher tyrosine kinase activity than el4a2 transcripts,
higher-dose imatinib and second-generation TKIs are better equipped to reduce tyrosine
kinase activity than low-/standard-dose imatinib [18].

2.1.2. ABL1 Kinase Domain Mutations

Since the advent of TKIs, the management and treatment of patients with CML have
significantly improved with dramatically reduced rates of stem cell transplantation [29].
TKI therapy is monitored by assessing BCR-ABL1 transcript level to achieve Major Molecu-
lar Remission [30]. Currently, the European LeukemiaNet (ELN) recommends the use of a
first-generation TKI (imatinib) as the first-line treatment [30,31]. However, emerging TKI re-
sistance has complicated long-term management of these patients. The most common cause
of first-generation (Imatinib) TKI resistance is the presence of ABL1 kinase domain (KD)
mutations, which include M244V, G205E, Q252H, Y253F /H, E255K/V, D276G, F311L, T315,
F317L, M351T, E355G, F359V, L384M, L387F, H396R /P, E459K, and F486S, but many other
missense mutations have been identified [29,32,33]. These mutations occur in leukemic
stem cells and are generally point mutations in the BCR-ABL1 kinase domain. T315I is
considered a gatekeeper mutation as it is resistant to all TKIs other than ponatinib [33].
Previously done by Sanger sequencing, currently, NGS is the preferred methodology for
resistance mutation detection, with better sensitivity [32].

If complete or deep molecular response (CMR), which is defined as BCR-ABLI tran-
scripts ranging from < 0.01% (MR?) to < 0.001% (MRJ), is not achieved or if the response
is suboptimal, it is imperative to assess for BCR-ABL1 KD mutations [34,35]. Similarly,
after initial treatment, it is recommended that these patients undergo NGS for mutational
testing as well. Resistance mutations are not as common in the chronic phase as in the
advanced phases and if any mutations are identified, treatment with next-generation TKIs
is initiated [34,35].

KD mutations account for about 30-90% of cases of TKI resistance [36]. In order to
understand any other causes of TKI acquired resistance, Schnittger et al. investigated
pan-myeloid markers in established cases of TKI-resistant CML using NGS. They observed
that the most common cause of primary TKI resistance was mutations in ASXL1, which
was already present in these patients at the time of CML diagnosis. They also noticed that
the ASXL1 mutational load in these patients correlated with BCR-ABLI transcripts. Other
genes identified were RUNX1, IDH1, and DNMT3A [36]. However, the impact of such
genes is not entirely elucidated [37].

2.1.3. Disease Diagnosis and Laboratory Monitoring

As outlined by ELN and the National Comprehensive Cancer Network (NCCN)
guidelines, the current gold standard to monitor treatment is the use of quantitative reverse-
transcriptase PCR (RQ-PCR) to quantify the BCR-ABLI transcripts periodically, starting
with 3-month intervals [30,31,34,38—40]. While monitoring is most often done in peripheral
blood, bone marrow cytogenetics are suggested by the NCCN guidelines at diagnosis, with
failure to reach response milestones, increase in BCR-ABLI transcript to >1%, or suggestion
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of loss of hematologic response [38]. Major molecular response (MMR) is achieved when
transcript levels are <0.1%, while a complete or deep molecular response is achieved
when transcript levels are <0.01%. The current recommendations are to test the patient
at 3-month intervals while on treatment with TKIs until MMR and subsequently CMR is
achieved [40,41]. This applies to 90-95% of CML cases with the Ph chromosome, which is
also detected with chromosomal analysis as well as using fusion probes in fluorescence
in situ hybridization (FISH) at the time of diagnosis [40]. However, 5-10% cases can have
variant t(9;22) which can either involve additional chromosomes or have cryptic gene
rearrangements, leading to the formation of BCR-ABL1 gene fusion [18]. Additionally,
some CML patients can also have ACA such as an additional Ph chromosome, trisomy
8, isochromosome 17q, trisomy 9, abnormalities of 3q26.2, or a complex karyotype [1,40].
Such abnormalities can arise both during the course of disease progression or during
therapy and warrants cytogenetic studies for accurate analysis. Such ACAs are in fact
included in the WHO 2017 criteria for defining the accelerated phase of CML and have
been shown to be independent prognostic factors to predict disease progression and overall
poor survival [18,42]. Just as RQ-PCR is used to monitor transcript levels during and after
therapy, cytogenetic studies can be used to monitor the level of Ph+ cells. This method
also helps detect any additional clonal abnormalities that may arise during the course of
therapy [41]. Some studies have shown that some new clonal abnormalities may not be of
clinical significance, but CML patients harboring additional chromosomal abnormalities
such as 7q deletions or monosomy 7q can indeed develop myelodysplastic syndrome
(MDS) or acute myeloid leukemia (AML) [43,44]. Thus, MRD during and after therapy
should include transcript detection by PCR (which can be either on bone marrow or
peripheral blood samples), karyotype/cytogenetic studies, and NGS in cases of suspected
KD mutations [40,41]. Kinase domain mutations are most commonly T315 mutations and
can be detected with a sensitivity of 20% by Sanger sequencing and approximately 3%
by NGS. Kinase domain mutational analysis should be assessed with loss of hematologic
response, >1-log increase in BCR-ABLI transcript levels, and loss of MMR, or if there is
disease progression to accelerated or blast phase [31].

2.2. Philadelphia Chromosome-Negative Myeloproliferative Neoplasms (Ph- MPN)

Ph- MPNs consist of three different entities, Essential Thrombocythemia (ET), Poly-
cythemia Vera (PV), and Primary Myelofibrosis (PMF), which are all characterized by
overproduction of differentiated cells of various lineages, which can typically be identified
in the peripheral blood [1,45]. All three entities have an increased risk of thromboembolic
complications—both venous and arterial, hemorrhage, and progression to acute myeloid
leukemia [1]. Even though these neoplasms each have distinct characteristics, clinically,
there can be much overlap, making the diagnosis challenging; both polycythemia vera and
essential thrombocythemia can progress into secondary myelofibrosis [1,45].

The genetic hallmark of Ph- MPN is the constitutive activation of the JAK-STAT
pathway [46,47]. Hematopoietic stem cells (HSCs) can acquire somatic driver mutations,
which leads to the formation of mutant proteins that affects the JAK-STAT pathway and
results in uncontrolled cell proliferation in all three lineages [12,46]. JAK2 is associated with
cytokine receptors such as erythropoietin receptor (EpoR), thrombopoietin receptor (TpoR),
and granulocyte-colony-stimulating factor receptor (G-CSFR) [12]. TpoR is encoded by the
myeloproliferative leukemia virus oncogene (MPL) and G-CSFR by Colony-Stimulating
Factor 3 Receptor (CSF3R). Driver mutations that affect this pathway are predominantly
JAK2 V617F and JAK2 exon 12 mutations, MPL mutations, CALR exon 9 mutations, and
mutations in CSF3R [8,9,45,48-53]. The most commonly implicated driver mutations in
MPNs are listed in Table 1. Other genes that function as negative regulators of the JAK-
STAT pathway have also been identified; however, in MPNs, these have been shown
to have lower frequency of inactivation [45]. Such negative regulators include SH2B3
(lymphocyte-specific adaptor protein or LNK) and CBL (casitas B-lineage lymphoma proto-
oncogene) [54-56]. Megakaryocytic differentiation and platelet production are further
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regulated by TPO and TpoR (MPL)/JAK2 axis. The main mutations affecting this pathway
are in MPL, THPO, and JAK2 [57].

Table 1. Most common driver mutations in MPNss.

Diagnosis
CML PV ET PMF CNL

BCR-ABL1 100% - - - -
JAK2V617F - >95% 50-60% 50-60% -
Gene JAK2 exon 12 - 3—4% - - _
CALR - - 25% 20-24% -
MPL - - 1-4% 8-10% -

CSFR3 - - - - 80-90%

2.2.1. Polycythemia Vera

PV presents with erythrocytosis in the peripheral blood and is suggested clinically by
hemoglobin levels greater than 16 g/dL in women and greater than 16.5 g/dL in men, along
with hyperplasia of all the marrow lineages resulting in panmyelosis, but may be most
morphologically apparent by increased megakaryocytes and erythroid precursors [1,45].
The presence of the JAK2 V617F mutation is diagnostic and is present in greater than
95% of cases; however, approximately 3—4% of cases are associated with various JAK2
exon 12 mutations, which are considered functionally similar, resulting in an increased
RBC production [5,46,58]. Rare cases that are JAK2-negative harbor either driver mu-
tations that activate the JAK-STAT pathway or non-driver mutations involved in DNA
methylation [46,58]. A small percentage of JAK2-negative cases have shown mutations in
genes involved in histone modification as well [46].

2.2.2. Essential Thrombocythemia

ET presents with platelet counts greater than 450 x 10° /L and morphologically
atypical megakaryocytes, with no or minimal increase in marrow cellularity [1,59]. Leuko-
cytosis and erythrocytosis are rare but have been reported. Patients generally present at
50-60 years of age (with another incidence peak at 30) with elevated platelet counts, but
since there are no genetic markers specific for ET, other causes of thrombocytopenia such
as inflammation/infection, PV /PMF, or other neoplasms have to be excluded as well. ET
in children is very rare but has been reported and must be distinguished from hereditary
erythrocytosis, which involves germline mutations in JAK2 or GSN (gelsolin gene) [1].

Genetically, 50-60% of ET patients harbor the JAK2 V617F (or functionally similar) mu-
tations, while 15-30% patients present with CALR and 1-4% have the MPL mutations [1,60].
However, up to 12% of cases are triple-negative for these driver mutations, but with the
advent of whole-exome sequencing, additional gain of function mutations in the MPL gene
have been identified [1,60].

2.2.3. Primary Myelofibrosis

PMF is the proliferation of bizarre megakaryocytes and myeloid hyperplasia within
the bone marrow, with evolving bone marrow fibrosis, until the overt stage where patients
present with leukoerythroblastosis and extramedullary hematopoiesis, predominantly in
the liver and spleen, resulting in hepatosplenomegaly [1]. Molecularly, approximately
50-60% of cases harbor JAK2 V617F mutations, 20-24% have CALR mutations, and 8-10%
have MPL mutations. However, about 12% of cases have none of these and are regarded as
“triple-negative”. With the increased use of NGS, multiple other cooperating mutations
in genes associated with myeloid malignancies have been identified, including ASXLI,
EZH2, TET2, IDH1, IDH2, SRSF2, and SF3B1 [1,61]. More recently, SRSF2, ASXL1, and
U2AF1-Q157 mutations have been shown to predict poor survival independent of other
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risk factors [61]. Multiple risk assessment models have been in use to assess prognosis
in PMF patients. The most commonly used model is the IPSS-R (international prognostic
scoring system), which is designed to be used at the initial time of diagnosis and uses
five independent factors to predict survival. DIPSS (dynamic IPSS) assigns additional
points to lower hemoglobin levels and classifies risk as low, intermediate, and high. More
recently, however, mutations have also been incorporated into developing three prognostic
models—mutation enhanced IPSS for patients 70 years or younger (MIPSS70), MIPSSv2
(MIPSS version 2.0), and genetically inspired prognostic scoring system (GIPSS). MIPSS70,
which is used in patients who are transplant-eligible, includes three genetic and six clinical
risk factors. The genetic variables include the absence of CALR type-1-like mutations,
the presence of high-risk mutations such as ASXL1, SRSF2, EZH2, IDH1, or IDH2, and
the presence of two or more high-molecular-risk mutations. MIPSSv2 uses mutations,
karyotypes, and clinical variables to assess prognosis. Additionally, this model uses U2AF1
Q157 as a high-molecular-risk mutation. Karyotype, very high-risk mutations, and the
absence of CALR type 1-like mutation and other clinical variables have been included
in this prognostic model [61]. GIPSS, on the other hand, exclusively uses karyotype and
mutations [62].

2.3. Driver Mutations in Ph- MPNs
2.3.1. JAK2 Mutations

JAK?2, located on the short arm of chromosome 9, encodes the non-receptor tyrosine
kinase Janus kinase 2 (JAK2) which is associated with cytokine receptors [48,63]. Upon
ligand (cytokine) binding, JAK2 is phosphorylated and activates downstream proteins
that are involved in the regulation of gene expression and cell proliferation [63]. JAK2
is an important mediator of erythropoiesis and is the most frequent gene implicated in
BCR-ABLI-negative myeloproliferative neoplasms [48].

The most common JAK2 mutation encountered in PV is the V617F somatic mutation in
exon 14, which results in the substitution of valine to phenylalanine at position 617 in the
pseudokinase domain [46—48,63]. This mutation results in a JAK2 conformational change
and causes cytokine-independent activation of the JAK-STAT pathway, which constitutively
activates downstream targets, resulting in uncontrolled clonal proliferation, and an increase
in predominantly normal red blood cells [48,63,64]. The JAK2 V617F mutation arises in a
multipotent hematopoietic stem cell and thus is present in all myeloid and lymphoid (B
and NK) cells, with a later rare presentation in T cells [46].

In JAK2 V617F-negative cases of PV, JAK2 exon 12 mutations have been identified [5,46,48].
These mutations consist of duplications or substitutions but are commonly in-frame in-
sertions or deletions [46,48]. The most frequently detected mutations are N542-E543del,
E543-D544del, and rarely K539L [46,48]. These mutations affect the amino acids between
the SH2 and pseudokinase domains, which leads to constitutive kinase activation [48].
Clinically, some studies have shown that patients with JAK2 exon 12 mutations are younger
and present with erythrocytosis, but have similar symptoms and rates of survival when
compared to patients with JAK2 V617F mutations [48].

JAK2 mutations are not specific for PV and can be identified in up to 60% cases of ET
and PMF [5,46,63]. Mitotic recombination can result in a copy-neutral loss of heterozygosity
(LOH) along a variable size region on 9p, which can be observed in both ET and PV [5].
However, the variant allelic frequency (VAF) is higher in PV (50%) when compared to
ET (25%) and 100% in post-ET or post-PV myelofibrosis [5]. This was also shown in
a study by Tiedt et al., where low JAK2 V617F expression levels correlated with an ET-like
phenotype, while high expression levels were shown to induce a PV-like phenotype in
mouse models [12,65]. JAK2 V617F can also be detected in the general population at very
low levels or in refractory anemia with ring sideroblasts and thrombocytosis (RARS-T) or
in clonal hematopoiesis of indeterminate potential (CHIP) [66-68].

Thrombotic complications, which include venous thromboembolism or arterial throm-
bosis, occur more commonly in about 12-39% of PV patients but can also be seen in a
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small percentage of ET patients [69]. In fact, up to 30% of PV cases are diagnosed after
myocardial infarctions [70]. Other serious events include abdominal vein thrombosis,
Budd—Chiari syndrome, and obstruction of portal, mesenteric, and splenic vascular sys-
tems. Factors implicated in this increased risk of thrombosis include age over 60 years
and any known history of thrombosis [1]. Other known complications are progression
to post-PV Myelofibrosis (MF) and acute myeloid leukemia (AML). Leukocytosis greater
than 15 x 10° /L and longer duration of disease are both implicated in predicting the risk
of post-PV MF, while leukocytosis (>15 x 10°/L) and advanced age are poor prognostic
factors implicated in progression to AML [1,71]. Multiple studies have tried to determine if
JAK2 V617F allelic burden influences the risk of thrombotic events, not just in PV but in
other BCR-ABLI-negative myeloproliferative neoplasms (Ph- MPNs) as well. A prospective
study by Passamonti et al. looked at JAK2-mutated cases of PV and compared allelic
burden with multiple factors such as hemoglobin concentration, WBC count, bone marrow
cellularity, size of spleen, and platelet counts. They analyzed the allelic burden in 320 cases
of PV with the JAK2 V617F mutation and found that higher allelic burden was directly
related to hemoglobin concentration, marrow cellularity, splenomegaly, and WBC counts
but inversely related to platelet counts. The study concluded that the JAK2 V617F mutant
allelic burden greater than 50% was significantly related to the risk of developing post-PV
MF but not to the risk of developing AML or thrombosis [71]. In contrast, in a retrospective
study by Borowczyk et al. in 2014, JAK2 V617F allelic burden in 126 patients with Ph-
MPN and the mutation was analyzed with the intention of assessing its role in the risk
stratification of future vascular complications. They quantified the allelic burden according
to percentages: levels >51% were considered homozygous for the mutation, and the highest
levels were found in patients with PV. They concluded that as allelic burden increased the
risk of venous thromboembolism increased as well. At allelic burden greater than 25%,
they observed a 7.4-fold increase in the risk of thrombosis as compared to patients with
<25% JAK2 V617F allelic burden [69].

2.3.2. CALR Mutations

CALR is the second most frequently mutated gene encountered in Ph- MPNs, although
these mutations have not been identified in PV patients [63]. CALR mutations were recently
discovered in 2013 by two separate studies that utilized whole-exome sequencing [8,9].
Both studies found recurrent mutations in CALR in 70-80% ET and PMF patients who were
negative for the two known driver mutations, JAK2 and MPL. In an early study by Klampfl
et al., amongst 1107 patients with MPN, CALR mutations were identified in 25% ET and
35% PMF patients, but not in PV patients or other myeloid neoplasms [8]. CALR, JAK2,
and MPL mutations are considered to be mutually exclusive; however, recently, few cases
with concurrent JAK2 V617F, MPL, and/or CALR mutations have been reported [72-76].

CALR, which encodes a highly conserved calcium-binding chaperone protein cal-
reticulin, is located on chromosome 19 [49]. Calreticulin is located on the endoplasmic
reticulum (ER) through the C-terminal ER-retention sequence KDEL, and it was hypothe-
sized that mutations implicated in ET and PMF affect the KDEL motif and subsequently
affect the protein’s localization on the ER; however, recent studies with exogenous mutated
CALR have shown that it retains localization to the endoplasmic reticulum showing that
there are other KDEL-independent mechanisms as well [49,63,77]. CALR has multiple
functions—maintaining calcium homeostasis and assisting in protein folding, cell adhe-
sion, immune response, and phagocytosis [63,77]. More than fifty different mutations, all
in exon 9, are implicated in ET (20-25%) and PMF (25-30%) [77]. Two specific mutations
account for about 80% of described subtypes: type 1, more common in Ph- MPN (53%),
a 52bp deletion (L367fs*46), and type 2, in about 32% cases, a 5bp insertion (K385{s*47).
Both of these result in the same C-terminal amino acid sequence [63,77]. Further, these mu-
tations result in mutant proteins with loss of negatively charged amino acids, which affects
the KDEL motif [77,78]. The remainder of CALR mutations in ET and PMF are classified as
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type 1-like or type 2-like, depending on their corresponding similarities in structure, extent
of amino acid deletions, and effect on the KDEL motif at the C-terminus [45,49,77].
Clinically, different mutations have distinguishing presentations as well. In one study
by Rumi et al., driver mutations in 1135 patients with either PV or ET were analyzed.
For CALR-driven ET cases, mutated calreticulin had a lower calcium-binding affinity and
showed a loss of the ER retention KDEL motif [79]. The allelic burden was calculated and
when compared to JAK2-mutated ET, CALR allelic burden was higher. Clinically, CALR-
mutated ET patients have much higher platelet counts (>1000 x 10°/L) and presented at a
younger age; however, their risk of thrombosis was lower than patients with JAK2 mutated
ET [79]. Similarly, patients with CALR-mutated PMF have been shown to have a more
indolent clinical course [76,78,80]. Further, PMF patients with CALR mutations have a better
overall survival when compared to JAK2- or MPL-mutated cases [8]. Tefferi et al. studied
254 PMF patients and concluded that patients with CALR mutations were younger, with a
higher platelet count, and presented with lower DIPSS-plus score; additionally, they were
also less likely to require blood transfusions for anemia or present with leukocytosis [76].

2.3.3. MPL Mutations

MPL mutations were the second driver mutations to be identified in JAK2-negative
MPNs [10,61,81]. Myeloproliferative leukemia virus (MPL) is located on chromosome 1p34
and consists of 12 exons that encode the 70kDa thrombopoietin receptor protein (TpoR) [57].
This receptor is a homodimer and is composed of three domains: the extracellular domain
binds thrombopoietin (TPO), transmembrane domain, and the intracellular domain, which
binds to JAK2, leading to phosphorylation of MPL and activation of multiple downstream
signaling pathways within the JAK-STAT pathway and affecting megakaryopoiesis [57,82].
Mutations in MPL have been associated with both thrombocytosis and thrombocytope-
nia [57]. The first MPL-activating mutation in exon 10, MPL W515L, was discovered in 2006
in a JAK2-negative ET/PMF [10,61]. MPL W515L mutation results from G to T substitution
at position 1544, leading to a leucine residue at codon 515 [57,63,77,82]. The presence
of tryptophan is part of an amphipathic environment in the junctional area between the
transmembrane and intracellular domains of TpoR [57]. This replacement leads to MPL
dimerization, inducing constitutive activity independent of TPO [83]. When MPL W515L
retroviral mouse models were bone-marrow-transplanted, Pikman et al. observed that
these mouse models presented with thrombocytosis, which was followed by myelofibrosis,
a similar evolution of disease observed in ET [10]. Other common mutations identified in
ET and PMF appear to cluster in exon 10 and affect the same W515 residue (W515K—second
most common, W515A, W515G, and W515R) [57,63,83]. Such activating mutations are
found in 1-4% ET and 5-10% PMEF patients [63,77,82]. However, MPL W515 mutations are
not only found in MPNss, they have also been described in RARS-T [84,85].

MPL variants outside of exon 10 have also been identified in sporadic MPN cases. Such
acquired mutations result in amino acid substitutions in either the extracellular (5204P/F,
E230G) or intracellular (Y591D/N, T119I) domains of the MPL/TpoR but have shown
a lower gain-of-function activity when compared to MPL W515L mutants [46,57,86,87].
These can also be associated with other acquired mutations in JAK2. Another rare somatic
mutation that has been reported in less than 1% of ET and PMF cases is MPL S505N, which
is part of the TpoR transmembrane domain, and the mutation leads to constitutive dimeriza-
tion of MPL/TpoR, leading to activation of the downstream signaling pathways [46,57,84].
This gain of function mutation was originally reported as a germline mutation implicated in
hereditary thrombocytosis [46,57,88]. Germline gain-of-function and loss-of-function muta-
tions in both MPL and THPO genes have been identified in hereditary thrombocytosis as
well as inherited thrombocytopenia [46,57]. Thrombocytosis with MPL or THPO germline
mutations are a result of gain-of-function mutations, which lead to defective MPL/TpoR,
either because of loss of signaling or impaired stability, which constitutively activates
the MPL signaling pathways. Similarly, thrombocytopenia results from loss-of-function
germline mutations and leads to no production of TPO or impaired binding of MPL to
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TPO, impairing the MPL signaling pathways and decreasing platelet production [57,89-92].
It is imperative to distinguish such familial /hereditary cases from sporadic mutations in
the MPL genes in cases of ET.

3. Molecular Diagnostics for Ph- MPNs

The current WHO classification of Ph- MPNs does not require the identification
of a driver mutation in order to make a diagnosis; however, they are typically a major
criterion because morphology and clinical presentation alone can overlap with reactive
myelopoiesis [93]. The presence of driver mutations with or without additional non-driver
somatic mutations, as listed in Table 2, along with relevant morphologic features, can
support the diagnosis of Ph- MPNs [63,93].

Table 2. Non-driver genes implicated in BCR-ABLI negative Myeloproliferative Neoplasms *.

Gene Function Prognostic Implication
ASXL1 Histone modification Also identified in age—rela’ﬁed clon'al hematopoiesis,
(Ch tin bindi tei CML and MPNs—associated with unfavorable
20q11 romatin binding protein) prognosis and rapid progression to AML
EZH2 Histone modification (loss of function of Implicated in Post-ET and Post-PV MF, unfavorable
7q35-36 H3K27 methyltransferase) prognosis in PMF
DNMT3A Somatic mutations identified in age-related clonal
DNA methylation (DNA methylase) hematopoiesis, CML and MPNs—associated with rapid
2p23 disease progression
IDH1/2 DNA methylation (converts isocitrate Implicated in disease progression
2q33.3/15q26.1 to a-ketoglutarate) p prog
. . Somatic mutations identified in age-related clonal
DNA methylat tial
TET2 N methyration (e%ssen 1a hematopoiesis, CML and MPNs—associated with rapid
in myelopoiesis) . .
4924 disease progression
SRSF2 - . Associated with progression to Myelofibrosis,
12g25.1 RNA splicing/spliceosome assembly downregulates EZH2, unfavorable prognosis in PMF
SF3B1 RNA splicing/spliceosome assembly Associated.with the Pre§ence of ringed .sideroblasts,
2g33.1 increased incidence of anemia
U2AF1 - . Associated with disease progression to AML,
21q22.3 RNA splicing/spliceosome assembly unfavorable prognosis in PMF
LNK . Implicated in disease progression, also found in familial
12q24 Negative regulator of JAK2 cases of erythrocytosis
TP53 Transcription factor (involved in cell cycle  TP53 associated with poor prognosis, also associated
17p13.1 regulation, DNA repair and apoptosis) with disease progression to AML (in <3% cases)
ETVe6 T " Also associated with disease progression to AML (in
ranscription factor o
12p13 <3% cases)
RUNX1 o o Also associated with disease progression to AML (in
Transcription factor (hematopoiesis) <3% cases), also seen in secondary AML (about
21q22.3 30% cases)
CBL Cytokine receptor in signal Implicated in AML progression (rare in PME, but found
11g23.3 transduction pathways in 10-15% secondary AML)
FLT3 Cytokine receptor in signal Implicated in AML progression (rare in PMF, but found
13q12 transduction pathways in 10-15% secondary AML)
NRAS . . Implicated in AML progression (rare in PMF, but found
1p13.2 MAPK signaling pathway in 10-15% secondary AML)
NF1 . . Implicated in AML progression (rare in PME, but found
17q11 MAPK signaling pathway in 10-15% secondary AML)

* Data adapted from Rumi and Cazzola (2017) and Vainchenker and Kralovics (2017) [5,46].
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3.1. Detection of Driver Mutations

Currently, there are no Food and Drug Administration (FDA)-approved detection
methods for driver mutations [94]. For JAK2 V617F mutations, the most commonly used
method is real-time allele-specific PCR (rt-PCR) [63,94]. The sensitivity of rt-PCR ranges
from 0.1 to 1%, but the specificity is 100% [63,93-97]. Quantitative PCR (qPCR) is preferred
over qualitative methods because of better reproducibility and the ability to monitor bur-
den [63,94]. Droplet digital PCR (ddPCR) is now used to accurately quantify mutants of
the target genes with very high sensitivity [98-100]. It has also been shown that about 10%
of the general population can have JAK2 V617F mutation when detected by rt-PCR [101].
However, not all these patients develop Ph- MPNs, and thus it may be difficult to distin-
guish patients with Ph- MPN and low allelic burden and healthy patients with low-level
JAK2 V617F mutations without any known clinical significance [102].

JAK2 exon 12 mutations are rare, and many of the mutations detected are of uncertain
clinical significance [103,104]. Hence, Sanger sequencing for these mutations has most
frequently been used; however, nested High-Resolution Melting (HRM) has been proposed
as an initial screening step before sequencing in order to characterize the mutations more
precisely [94,103-105].

CALR exon 9 mutations are more commonly detected by fragment analysis, which
has relatively high sensitivity and also evaluates mutant allelic burden [8,79,106,107].
Another commonly used screening technique is HRM analysis followed by either gPCR
or ddPCR [63]. However, Sanger sequencing is considered the most precise technique to
detect and determine the genotype of all the different mutations that can be detected in
positive samples. Another important issue is to realize that multiple single nucleotide
polymorphisms and in-frame germline mutations have also been identified, which can
be interpreted as driver mutations if they are not correctly characterized, highlighting
the importance of variant interpretation by experienced laboratorians [108]. Another
alternative method to detect CALR exon 9 mutations is the use of a standardized PCR-HRM
analysis method or fragment analysis combined with Tagman Real-Time quantitative PCR
(RT-qPCR) [109]. Even though next-generation sequencing (NGS) is considered to be the
most accurate method with a sensitivity of 2-5%, given the heterogeneity and the high
allelic burden of CALR mutations, such a sensitive method may not be necessary for driver
mutation detection in routine cases [63,94]. Nevertheless, Sanger sequencing remains the
most frequent and primary method of testing to detect mutations in exon 9 and their
corresponding specific sequence changes (insertions or deletions) [63].

The most frequent MPL mutations are detected in exon 10, and the methods of
detection for these mutations depend on targeted identification of the individual mutations
or sequencing of exon 10 entirely [63]. Identification of specific mutations would require
several assays to detect them individually using allele-specific qPCR (AS-qPCR), and
the analytical sensitivity reported by this method is the highest at 0.1-0.5% in multiple
studies [84,110-113]. A multiplexed AS-qPCR assay, which can detect the four most
commonly detected MPL mutations, namely W515L, W515K, W515A, andS505N, has been
developed [114]. The specificity for multiplexed AS-qPCR is 100% with the analytical
sensitivity approximating 2.5%. On the other hand, the advantage of sequencing the
entire exon, however, is that all known mutations as well as novel mutations can be
detected; however, the analytical sensitivity by this method has been reported to be
2-5% [110,114,115].

With the advent of genome-wide NGS, our understanding of the different genetic
alterations involved in human cancers has exponentially increased. NGS has several
advantages over traditional sequencing methods of detection as well. First, NGS is a
high-throughput method of analysis that can detect multiple different mutations in the
same run. Secondly, this mode of detection does not require high-input DNA /RNA
samples and also has much higher sensitivity (<1%). NGS can also detect many other
genomic deviations such as single-nucleotide variants (SNVs), insertions, deletions, and
copy number variations (CNV) with high accuracy. The gene fragments detected through
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different available NGS platforms are then compared to the human reference genome
through bioinformatics analyses [63,116]. Thus, NGS can detect known as well as novel
mutations in the gene panels that are tested.

3.2. Detection of Somatic/Acquired Non-driver Mutations or “Cooperating Mutations”

The vast majority of Ph- MPNs can be attributed to the three known driver mutations.
However, the heterogeneity of PH- MPNs cannot be explained by mutations in just these
three genes. Ph- MPNs have often been shown to contain at least one additional non-
driver mutation when samples were analyzed with NGS. Additional mutations have
been detected in about 50% of ET and PV patients and 80% of PMF patients [117,118]
These additional mutations, also termed cooperating mutations, increased in number as
disease progressed. Mutations identified were epigenetic regulators, which include DNA
methylation regulators (TET2, DNMT3A, and IDH1/2) and histone/chromatin modifiers
(ASXL1 and EZH?2), splicing factors (SRSF2, SF3B1, U2AF1, ZRSR2), signal transduction
factors (SH2B3/LNK and CBL), and transcription factors (TP53 and RUNX1) [46,93,117,118].
These mutations are not specific to MPNs and have been implicated in other myeloid
malignancies, including Myelodysplastic syndromes and AML as well. Some of these
mutations have also been reported in a small proportion (5%) of healthy adults, termed
Clonal Hematopoiesis of Indeterminate Potential (CHIP) [119]. These genes and their
prognostic implications are summarized in Table 2.

Delic et al. studied 100 cases of MPNs and concluded that splicing genes (SRSF2,
SF3B1, and U2AF1) were most frequently mutated in PMF [120] and were either rare or not
at all in ET and PV, respectively. Additionally, epigenetic regulator genes (ASXL1, EZH?2,
TET2, DNMT3A, and IDH1/2) were more frequently mutated in PMF patients than in ET or
PV patients. Out of these, ASXL1 and TET2 were associated with poor survival, which was
in accordance with other studies [121,122].

TET2 and DNMT3A play a key role in DNA methylation regulation by methylating
(DNMT3A) and the demethylating (TET2) at cytosine residues in the cytosine-guanine
(CpG) dinucleotide sequences [46,93,123]. TET2 was one of the first mutations to be identi-
fied in JAK2 positive MPNs and is identified in about 10-15% MPNs [123]. Some studies
have shown that patients with TET2 mutation have progressed to AML; however, other
studies have not shown a clear increase in the risk of thrombosis or overall poor sur-
vival in MPN patients [121,124,125]. DNMT3A mutations only occur in about 5-10% of
MPNs and mostly precede JAK2 or MPL mutations [126]. R882H is the most frequent
mutation encountered, and this mutation has been shown to induce myelofibrosis and
AML transformation when present with JAK2 V617F [126,127]. Both mutations result in
increased self-renewal of JAK2 mutated hematopoietic stem cells, thus playing a key role
in disease initiation; however, if they occur as secondary mutations, they aid in disease
progression [46]. Similar to TET2, patients with DNMT3A mutation first are more likely
to develop ET-like phenotype, while patients with JAK2 first are more likely to develop
PV-like phenotype [122,128]. IDH1/2 genes are also included in this group. Mutations
in these genes commonly occur at R132 (IDH1) or R140/R172 (IDH2) and result in the
inappropriate conversion of a-ketoglutarate to 2-hydroglutarate, leading to dysregulation
of downstream targets affecting leukemogenesis [129-131]. Such mutations have been
reported in about 5% of MPNs but in 20-25% MPNs in blast crisis/phase. This shows
that the presence of IDH1/2 mutations can predict progression to myelofibrosis and AML
transformation [93,129,132]. Within the histone modifiers, two frequently mutated genes
have been identified in PMF: ASXL1 and EZH2. ASXL1 or additional sex combs-like 1,
interacts with Polycomb group complexes (PgC), which are involved in histone modifica-
tions to continue gene expression [46,133,134]. Many studies have shown the importance
of ASXL1 in normal hematopoiesis, but along with TET2, this gene is the second most
common to be implicated in MPNs [46]. Most mutations identified in ASXL1 are frameshift
or nonsense mutation (exon 12) in the N-terminal, which results in a C-terminal truncated
protein that affects the subsequent binding of BAP1, which binds to chromatin and brings
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about additional epigenetic modifications [46,134]. Such mutations are found in 30—40%
PMEF patients and about 5-10% of PV/ET patients [93]. EZH2 encodes for a histone methyl-
transferase, which also interacts with the PgC and is normally involved in the suppression
of H3K27 trimethylation [46]. Loss of function mutations and cytogenetic abnormalities in
EZH?2 are commonly identified in 5-10% PMF patients, but such mutations have also been
identified in other myeloid malignancies [135-137]. Both ASXL1 and EZH2 mutations can
occur as early events in hematopoietic stem cells and can exist simultaneously in the same
clone. Patients with such double mutations presented with decreased hemoglobin levels
and increased WBC counts. Both mutations are also associated with an increased risk of
transformation to MF and AML, thus indicating a poor clinical outcome, especially when
present along with JAK2 V617F [137-140].

The second group of mutations involves spliceosome/splicing genes, which are de-
tected in 3-5% MPNs, with a higher frequency in PMF [117,141]. Genes implicated in MPNs
within this group are SF3B1, SRSF2, and U2AF1. Most documented mutations in this group
are heterozygous missense mutations, which lead to altered function and can affect RNA
splicing [5,142]. SF3B1 mutations have been reported in about 10% of MPNs, more com-
monly in PMF or Post-ET/PV MF [142,143]. This gene encodes for the largest subunits of
splicing factor 3b, the core component of spliceosomes [144]. Somatic mutations result in
altered splicing of pre-mRNA, which leads to an accumulation of functionally defective
proteins, phenotypically leading to cytopenias [5,145]. SF3B1 mutations have been largely
associated with myelodysplastic syndromes and are associated with the presence of ring
sideroblasts but have also been associated with disease progression to post-ET MF [143].
SRSF2 mutations have been reported in up to 20% of PMF [93]. This gene encodes for serine
and arginine rich splicing factor 2, which contains an RN A-recognition motif that facilitates
spliceosome assembly [146]. Mutations in this gene also result in the downregulation of
EZH2, which subsequently leads to myelofibrosis and overall poor survival [5,141,146,147].
U2AF1 is another gene that is involved in splice site recognition [148,149]. Mutations in
these genes have been associated with AML transformation in MPN cases [5,46].

Tefferi et al. compared the clinical and molecular features of 254 patients with PMF.
These patients were screened for ASXL1, EZH2, IDH1/2, SRSF2, and U2AF1. The mutational
frequencies of these cooperating genes were highest in ASXL1 (31%), U2AF1 (16%), SRSF2
(12%), SF3B1 (7%), EZH2 (6%), and IDH (4%) [76]. Based on their data, they concluded that
CALR-mutated patients have favorable prognostic features such as decreased anemia and
leukocytosis, while CALR-/ASXL1+ have decreased survival. They also identified that the
frequency of U2AF1 mutations was lower in CALR-mutated PMF cases but higher in CALR-
mutated ET cases, which may account for the opposing trends in anemia [8,9,53,150,151].
These results support the classification of ASXL1, SRSF2, EZH2, IDH1/2, and U2AF]1 as high-
risk mutations and their inclusion in the MIPSSv2 prognostic model for risk stratification
in PMF [61,76,152].

Another important gene that has been implicated in JAK2 negative PV cases is LNK,
which encodes for the lymphocyte adapter protein [153]. LNK (also known as SH2B3) plays
an important role as a negative regulator of the JAK-STAT and the TPO/MPL pathways
and thus can affect both erythropoiesis and megakaryopoiesis [153,154]. Most mutations
identified in this gene are missense mutations that primarily affect exon 2 but have been
reported in all exons. The result is the loss of negative regulation of the JAK-STAT pathway,
which may contribute to the clinical phenotype of erythrocytosis. Multiple studies have
found that LNK somatic mutations are present in JAK2 negative MPN cases, with an
increased frequency in ET and PMF [55]. LNK mutations have also been implicated in
idiopathic erythrocytosis and familial MPNs [54,153,155,156]. In an attempt to identify
this link between LNK mutations and familial cases of JAK-negative PV, 94 MPN families
were studied by Rumi et al. [156]. Whole-exome sequencing was applied to 16 families;
one patient with familial PV was found to be JAK2 mutation-negative, but LNK (E208Q)-
positive. When the remaining 93 families were scanned for this mutation using Sanger
sequencing, one other patient was also found to harbor this mutation. Germline testing
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then revealed that both patients carried the LNKE208Q mutation, but the family members
were negative for this germline mutation. Thus, it is recommended that patients with
JAK2-V617F and exon 12-negative PV be tested with LNK gene sequencing to find any
underlying germline causes for erythrocytosis [94,156].

Post-PV and ET myelofibrosis and progression to AML are known consequences of
MPNs. TP53 mutations have been identified in over 40% of cases of secondary AMLs; how-
ever, missense mutations in this gene are generally found to be early events [46]. TP53 and
DNMT3A mutations are more frequently identified in post-PV or post-ET cases [157,158].
Secondary AML have been associated with mutations in ASXL1, SRSF2, IDH1/2, CBL, and
LNK [46]. RUNX1 mutations can be found in about 30% of secondary AML cases and are
considered a late event [158].

Grinfeld et al. analyzed the mutational profiles of 2035 MPN patients and defined
eight genomic subclassification groups. They incorporated driver mutations, cooperat-
ing mutations, as well as clinical and laboratory data into the groups in order to create
personalized predictions of patient outcomes [159].

4. Chronic Neutrophilic Leukemia and CSF3R Mutations

Chronic neutrophilic leukemia (CNL) is defined by the WHO as absolute neutrophilia
without left-shift or dysplasia identified [1]. Up to 80-90% of CNL cases harbor mutations in
the CSF3R gene, which encodes for the granulocyte colony-stimulating factor (G-CSFR) [93].
Thus, this gene functions in neutrophil production and differentiation. As mentioned earlier,
G-CSFR is a cytokine receptor that is associated with JAK2. Any mutations in G-CSFR can
directly affect the JAK-STAT pathway and subsequent production and differentiation of
neutrophils [12,52,93]. Two mutations of clinical significance have been described: T618]I,
a point mutation in the CSF3R gene, located in the membrane region of exon 14, and
frameshift or nonsense mutation in exon 17, which results in the truncation of the protein’s
cytoplasmic tail [52]. The first mutation is a lot more common and activates the JAK-STAT
pathway. JAK2 inhibitor ruxolitinib can be used in these cases with good response [53]. The
WHO has included the presence of CSF3R mutation as one of the diagnostic requirements
to diagnose CNL. Other causes of reactive neutrophilia or myeloid neoplasms must be
ruled out before making this diagnosis.

In order to make the diagnosis, BCR-ABL1 fusion and driver mutations in JAK2, CALR,
and MPL must be ruled out. Mutations in CSF3R and rearrangements in PDGFRA, PDGFRB,
FGFR1, and PCM1-JAK?2 fusion have to be assessed as well. Cooperating mutations are
common in CNL as well. Approximately 50-60% cases have ASXLI mutations, while
30-40% case harbor SETBP1 [160,161]. Both mutations have been associated with disease
progression and poor survival, and SETBP1 has further been implicated in JAK2 inhibitor
resistance [161]. NGS can be used to evaluate the presence of CSF3R along with other
known mutations such as ASXL1 and SETBP1.

5. Chronic Eosinophilic Leukemia

Chronic eosinophilic leukemia, not otherwise specified (CEL, NOS), is a rare clonal
proliferation of eosinophils and their precursors, which accumulate in blood and marrow
and cause tissue damage secondary to the cellular infiltration and subsequent protein,
cytokine, and enzyme release. CEL, NOS does not have a specifically identified driver
mutation and therefore is a diagnosis of exclusion, where BCR-ABL1, PCM1-JAK2, ETV6-
JAK2, or BCR-JAK?2 fusions are absent, as are PDGFRA, PDGFRB, and FGFR1 rearrange-
ments [1]. Up to 28% of CEL, NOS patients have been shown to have somatic mutations
in myeloid-associated genes including KIT, ASXL1, U2AF1, EZH2, SETBP1, ETV6, and
CSF3R [162-164].

6. Summary and Conclusions

Due to the rapidly growing field of molecular technology and bioinformatics, our
knowledge about disease diagnosis, prognosis, and therapeutic options has increased
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substantially. Our proposed algorithm for molecular workup of MPNs and commonly
used methods are presented in Figure 1. With the easy availability and relatively low cost of
sophisticated molecular technologies such as NGS, the diagnostic and prognostic workup of
cases has changed dramatically from what it was less than a decade ago. Morphology and
is still an important factor in making an initial diagnosis; however, genetic profiling using
NGS or whole-genome sequencing has become increasingly important in the diagnosis
of challenging cases as well as adding prognostic information. The yield of clinically
significant information and actionable mutations has led to the assumption that such
methodologies will become increasingly important in routine diagnostics in the future.

Clinical + Morphologic evidence/suspicion of MPN
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Figure 1. Molecular workup for Philadelphia chromosome-negative myeloproliferative neoplasms.

This figure shows a proposed diagnostic algorithm for the presence of known driver
and non-driver mutations along with the method of detection. When there is a clinical
suspicion of MPN with morphologic evidence, the first step is to rule out BCR-ABL1
translocation. JAK2 V617F is the most common mutation identified in all three Ph- MPNs
and should be identified (or ruled out) using DNA-based quantitative assays. In PV, JAK2
V617F negative samples can then undergo high-resolution melt analysis (HRM) along with
Sanger Sequencing to detect JAK2 exon 12 mutations. In rare PV cases that are negative
for both above mutations, the next step would be to sequence the JAK2 gene and use
allele-specific quantitative PCR (AS-qPCR) or digital PCR (ddPCR) to detect any LNK gene
mutations. In JAK2 V617F negative ET and PMF cases, the next step is to identify MPL exon
10 and CALR exon 9 mutations. HRM with Sanger sequencing can be used for both, while
fragment analysis capillary electrophoresis can also be used for CALR mutation detection.
If both of these are negative as well, the next steps would include MPL gene sequencing
and NGS with a broad panel of non-driver genes. Alternatively, NGS panels that includes
the driver genes along with the non-driver genes can be used as well.
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