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Introduction

Seminal papers over the past four decades have described phenotypic driver muta-
tions, such as BCR-ABL1, JAK2, MPL, CALR, KIT and CSF3R, in subsets of myelopro-
liferative neoplasms (MPN). These mutations affect cytokine signaling or regulation,
and result in malignant hematopoiesis.1-3 Such discoveries and the accompanying bio-
logical insights have resulted in successful therapeutic approaches for many people
diagnosed with MPN, in particular chronic myeloid leukemia (CML), myelofibrosis
(MF) and systemic mastocytosis (SM).4-6 The greatest advance has been in CML, with
a significant proportion of patients being able to achieve a major molecular response
(MMR or MR3; BCR-ABL1 ≤0.1% on the International Scale) following treatment
with an ABL1-tyrosine kinase inhibitor (TKI), leading to these patients having lifes-
pans indistinguishable from those of the general population, although the time by
which this response milestone should be reached remains controversial.7 Qualified
success with significant symptomatic benefit and modest gains in survival have also
been achieved in people with MF and SM, following treatment with JAK inhibitors
and KIT inhibitors, respectively.6 Some of these achievements have been facilitated
by the rational integration of next-generation sequencing (NGS) assays, high-sensi-
tive polymerase chain reaction (PCR) assays on DNA or RNA (sensitivity 0.01%-
0.1%), and single-cell analyses, in efforts to improve personalized treatment
approaches.8 Such efforts have opened a new era of precision medicine for diverse
malignancies in which relatively non-specific and often toxic drugs are being replaced
by safer and better tolerated agents whose mechanism of action is precisely defined,
and for which the treatment algorithm is guided by individual genetic information.
Here we examine how molecular testing in MPN can shape diagnosis, monitoring,
and treatment algorithms and enable more precise early identification of targeted
therapy resistance, particularly in CML (Figure 1). We also discuss the potential
impact of persistent or new clonal hematopoiesis on the molecular testing of individ-
uals with MPN and the potential impact on measurable residual disease. This manu-
script describes some of the current highlights and challenges related to genetic test-
ing in MPN in 2021.

Clinically validated tests for detecting and monitoring BCR-ABL1 and
KIT mutations 

For patients with CML, a qualitative reverse transcriptase PCR, conducted at diag-
nosis on peripheral blood cells, enables precise identification of BCR-ABL1 tran-
scripts. Once TKI therapy has commenced, quantitative reverse transcriptase PCR,
which adheres to the well-established International Scale, is used for sensitive and
accurate monitoring of the levels of BCR-ABL1. However, this has inherent limita-
tions with regard to its lower limit of detection and quantification of BCR-ABL1 tran-
scripts, problems which became important as TKI that were more powerful, com-
pared to imatinib, were developed.9 This, in turn, affected the definition and identi-
fication of deep molecular response (DMR), defined as a greater than 4 (MR4), 4.5
(MR4.5) or 5 (MR5) log reduction in BCR-ABL1 transcripts on the International Scale,
below the standardized baseline (Figure 2). DMR is now recognized to be of consid-
erable clinical importance to prospectively identify patients likely to remain in remis-
sion after discontinuing TKI therapy. Indeed, several current CML guidelines advo-
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cate the use of a sustained DMR, for at least 2 years, to
select patients for consideration of TKI cessation.10,11
At present, there are several tests in the clinic for the

detection and monitoring of BCR-ABL1 transcripts, some of
which have not been validated robustly; furthermore, they
show considerable interlaboratory variations and variable
levels of sensitivity. With the current focus on treatment-
free remission (TFR), the importance of using analytically
and clinically well-validated tests, preferably approved by
regulatory bodies, is being recognized. As an illustration,
three recently US Food and Drug Administration (FDA)-
approved tests appear to perform better than the ‘standard’
quantitative reverse transcriptase PCR tests and may have
greater appeal for monitoring very low levels of BCR-ABL1
transcripts. Indeed, it is of interest that over a decade ago,
learning from the earlier lessons following the introduction
of DNA PCR for BCR-ABL1 and the harmonizing the
International Scale BCR-ABL1 transcript measurements,
Goldman and colleagues in London, instigated a patient-
specific DNA-based method of detection and quantification
of an individual patient’s CML clone.12,13 This method
involved the rapid identification of BCR-ABL1 fusion junc-
tions by targeted NGS, coupled with the use of a dPCR plat-
form, in patients with very low-level molecular residual dis-
ease.. The first FDA-approved test (Asuragen Inc., Austin,
TX, USA) is performed with a manufactured kit that can be
used on several thermal cyclers, although the FDA approval
specifies a specific machine.14 The second approved test is
the Cepheid cartridge technique (Cepheid, Sunnyvale, CA,
USA), which is attractive given its simplicity and short turn-
around time.15 More recently, a water-oil emulsion droplet
technology, developed by Bio-Rad (Bio-Rad Laboratories
Inc., Hercules, CA, USA), known as digital droplet PCR,
was approved by the FDA.16 The digital droplet PCR assay
has recently been tested in studies evaluating the feasibility
of discontinuing TKI therapy safely in patients with CML
who had been in DMR for >2 years.17 The studies docu-
mented that, compared with quantitative reverse transcrip-
tase PCR, digital droplet PCR was better at forecasting the

success of TKI discontinuation. Digital droplet PCR tech-
nology has several advantages over quantitative reverse
transcriptase PCR tests that rely on exponential amplifica-
tion to estimate the target amount. The digital droplet PCR
assay relies on a binary endpoint (yes or no), which is much
more lenient to poor RNA quality and inhibitors. The BCR-
ABL1 transcript level is estimated using Poisson distribution
based on the number of positive droplets. The Cepheid test
is particularly suitable for analysis of smaller sample batch-
es analyzed frequently; for larger batches of samples tested
infrequently, the Asuragen or Bio-Rad platforms might be
more cost-effective. The use of DNA for CML monitoring
is difficult, specifically because the breakpoint on chromo-
some 9 is vast compared with the ‘small’ breakpoint cluster
region on chromosome 22. There are techniques to find the
breakpoint using a series of BCR and ABL primers. Once an
amplification product has been generated, it can be
sequenced, with patient-specific primers generated for sub-
sequent PCR amplification of the BCR-ABL1 breakpoint.
However, there may be new technologies that will make
breakpoint detection much faster. Breakthroughs in ‘real-
time’ sequencing, such as Pacific Bioscience and Nanopore
technology, which can read exceeding long sequences at
breathtaking speeds, potentially allow BCR-ABL1 break-
point detection to be performed with a single sequencing
run.8
In CML, there are two variants of the BCR-ABL1 tran-

script, depending on whether the break in BCR occurs in
the intron between exons e13 and e14, or in the intron
between exons e14 and e15.6 A break in the former intron
yields an e13a2 mRNA junction and a break in the latter
intron yields an e14a2 junction. Most patients have tran-
scripts with features of either e13a2 or e14a2, but occasion-
al  patients have both transcripts present in their leukemia
cells. The prognostic significance of the precise type of
BCR-ABL1 transcript is now being increasingly recognized
in efforts to achieve DMR and potential TFR following suc-
cessful TKI treatment. Earlier studies in patients treated
with imatinib had suggested that patients with e14a2 tran-

Figure 1. Treatment response and potential uses of emerging technologies for
diagnostics, monitoring and mutation testing in chronic myeloproliferative
malignancies. At diagnosis, methods can be used to quickly identify breakpoints
useful for designing monitoring assays, as well as other mutations that might
influence the initial response to treatment with a tyrosine kinase inhibitor. RNA-
sequencing can be used to assay specific genes and pathways associated with
early response. Single-cell genetics can be used to identify potentially trouble-
some complex heterogeneity and populations with a resistance signature.
During therapy, digital and DNA polymerase chain reaction analyses can be
used as more sensitive determinants of deep molecular response, and next-gen-
eration sequencing can be used to identify mutations in patients without a deep
response who appear to be relapsing. RNA-seq: RNA-sequencing; NGS: next-
generation sequencing; MRD: measurable residual disease; ITH: intratumoral
heterogeneity; PCR: polymerase chain reaction. (Adapted with permission from
Radich JP et al.7) 



scripts had deeper and faster responses compared to those
with e13a2 transcripts.18 Subsequently, Baccarani and col-
leagues observed lower response rates and inferior out-
comes following nilotinib treatment in patients with e13a2
transcripts.19 These investigators also noted a relationship of
transcript type with age and gender. More recently, a French
study, led by Genthon and colleagues, also documented
deeper and faster responses, in terms of achieving MR3 and
MR4, in patients expressing e14a2 compared with those
expressing e13a2 transcripts.20 The differences in clinical
outcomes based on transcript subtype has so far only been
investigated in small studies and this issue needs to be
assessed prospectively in larger cohorts receiving any of the
five currently licensed TKI treatments for CML. A study of
20 patients who were in TFR for longer than 1 year, having
achieved sustained MR4.5 following treatment with TKI,
suggested the potential importance of the lineage of meas-
urable residual disease as a potential predictive biomarker
of TFR outcome.21 The investigators, Pagani and colleagues,
used fluorescence-activated cell sorting of CML cells known
to express BCR-ABL1 mRNA, granulocytes, monocytes, B
cells T cells and natural killer cells; BCR-ABL1 DNA PCR
was used to investigate the lineage of these residual CML
cells. The observation of BCR-ABL1 DNA being present
only in B- and T-lymphocytes begs the question of the
CML cell lineage contributing to the success of TFR. The
study could not, however, establish the absence of CML
stem cells (CD34+38–26+) in a cohort of patients in TFR with
undetectable BCR-ABL1mRNA transcripts, which are con-
sidered to account for the loss of TFR in such patients.22
Regardless, larger studies assessing the lineage of measura-
ble residual disease in TFR patients are warranted.
In patients with SM, the identification and quantification

of the KITD816V mutation in hematopoietic stem and pro-
genitor cells, as well as mature mast cells, by highly sensi-
tive (sensitivity <0.01%) and specific assays, such as allele-
specific oligonucleotide quantitative PCR and digital
droplet PCR, allows an accurate diagnosis.23-26 This informa-
tion is also useful for risk stratification, complementing con-
ventional biomarkers such as serum tryptase level and per-
centage of bone marrow infiltration by mast cells, and may
be used for monitoring patients receiving treatment. More
recently, the use of targeted NGS panels for the characteri-

zation of associated gene mutations, such as SRSF2, ASXL1
and RUNX1, has improved prognostication and has led to
the development of novel prognostic scoring systems to
optimize clinical management.27

Testing for BCR ABL kinase domain mutations
Mutation testing for BCR-ABL1 kinase domain mutations

and the co-existence of subclones in general can be assessed
by a variety of technologies. In general, the more sensitive
the test, the more complex and expensive it is. Sanger
sequencing has a low error rate but a poor sensitivity of
only 10-20%. In contrast, NGS has a better sensitivity of
roughly 1% and is useful for the identification of com-
pound mutations.28 However, the error rate associated with
the library amplification and preparation can be up to one
in a 1,000 base pairs, particularly when sequencing from
mRNA, which relies on the error-prone reverse transcrip-
tase. Barcode correction techniques may improve this, but
the best technique may be so-called duplex sequencing,
which is novel in that it sequences both DNA strands, dra-
matically reducing the error rate since mutations are only
called if the complementary base change is seen on the
other strand. Indeed, recent reports suggest that low fre-
quency mutations that are detected by NGS but have
unpredictable clinical courses (e.g., disappear spontaneous-
ly in some patients) may represent artifacts from the error
rate inherent in NGS.29 Soverini and colleagues recently con-
ducted the first prospective, ‘real-world’ assessment of
NGS-based BCR-ABL1 knockdown mutation testing com-
pared with Sanger sequencing in a large cohort of consecu-
tively studied CML patients in whom TKI had failed or
who were in the ‘warning’ category described by the
European Leukemia Net (ELN) guidelines.30 The researchers
demonstrated the importance of low-level mutations,
defined as mutations with a variant allele frequency of 3-
20%, and their clinical relevance (Figure 3). These observa-
tions are the basis for guiding genomic-based personalized
therapies for CML further, in particular through the identi-
fication of high-risk individuals prior to the ELN ‘warning’
stage. These tests should also improve the efficiency and
safety of clinical trials designed to reduce the risk of blast
transformation in patients who respond suboptimally to
TKI. Important challenges now are to improve sensitivity
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Figure 2. The International Scale
for quantitative reverse transcrip-
tase polymerase chain reaction
analysis of BCR-ABL1 transcripts.
IRIS: International Randomized
Study of Interferon and STI571;
MMR: major molecular response;
MR4, MR4.5 and MR5: 4-, 4.5-
and 5-log reductions, respectively,
from the IRIS standardized base-
line; Ph: Philadelphia chromo-
some; RT-qPCR: quantitative
reverse transcriptase polymerase
chain reaction.



further, reduce the turnaround time and lower the costs,
which remain high.

Intratumoral heterogeneity

Studies of hematologic malignancies as well as diverse
solid tumors have revealed a surprising amount of intratu-
mor heterogeneity, i.e., the finding of multiple, related
clones rather than one uni-clonal monolith. Thus, the kinet-
ics of disease progression, response and relapse follow the
rules of Darwinian selection. Many neoplasms, including
CML, MF and advanced SM, have been found to exhibit
greater clonal complexity than previously thought, as new
myeloid mutations have been found in these diseases.31 For
example, Jawaher and colleagues identified the emergence
of the KIT D816V mutation as a distinct and late event in
patients with multi-mutated advanced SM.32
Trying to map intratumor heterogeneity by the sequenc-

ing of bulk populations is limited by the simple fact that
one is sequencing the average mutation frequency of all the

cells from various clones. New technologies allow for the
sequencing of RNA (e.g., 10x Genomics) or DNA (e.g.,
Mission Bio) from single cells. Major advantages of single-
cell technologies include the higher resolution offered to
understand the types of cells present, to detect rarer cell
populations and to study their function (inferred by RNA
expression) or clonal structure (inferred by mutation pat-
tern). Disadvantages, other than the financial costs, are that
each cell is a ‘one and done’ experiment. Furthermore, it can
be difficult to determine real signal versus experimental
noise, which is especially problematic with RNA, for which
simple factors such as time from sample acquisition to
experiment can influence gene expression. 
Recent work using single-cell RNA-sequencing has gar-

nered considerable novel insight into normal and aberrant
hematopoiesis, cell-cell interactions, characterization of
bone marrow and immune (non-clonal) cells as well as tis-
sue stroma and leukemia-initiating cells.33-36 This technology
enables detection and characterization of intratumor het-
erogeneity and provides much needed granularity to key
issues, including acquisition of individual or specific combi-
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Figure 3. Comparison between Sanger
sequencing and next-generation
sequencing – the NEXT-in-CML study.
(A) Percentage of patients positive for
mutations, as determined  by Sanger
sequencing (SS) and by next-generation
sequencing (NGS). Among patients pos-
itive for mutations by NGS, 31 (13.1%)
had high-level mutations only (≥20%;
detectable by SS too); 29 (12.3%) had
both ≥1 high-level mutations and  ≥1
low-level mutations (≤20%; detectable
by NGS only); 51 (21.6%) had only low-
level mutations. A low-level T315I  muta-
tion was detected in ten patients; 59
additional patients had ≥1 low-level
mutations known to be associated with
resistance to imatinib or second-gener-
ation tyrosine kinase inhibitors other
than the T315I mutation (Y253H;
E255K/V; V299L; F317L/V/I/C;
F359V/I/C). The remaining ten patients
had only low-level mutations with an
unknown resistance profile and/or not
listed in the COSMIC database. (B)
Patients positive for one or multiple
mutations as assessed by SS versus
NGS. CML: chronic myeloid leukemia;
pts: patients; IMA: imatinib; DAS: dasa-
tinib; NIL: nilotinib; BOS: bosutinib.
(Adapted, with permission, from
Soverini S et al.30).
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nations of somatic mutations or proteins expressed by cel-
lular subtypes and mechanisms of relapse or treatment
resistance. As an illustration, the use of single-cell-level
sequencing in a study of MF, conducted by Psaila and col-
leagues, revealed megakaryocyte-biased hematopoiesis
with megakaryocyte progenitors demonstrating distinct
inflammatory and metabolic signatures, and increased
expression of the surface antigen G6B (MPIG6B) on MF
stem cells and progenitors (Figure 4).36 These findings raise
the possibility of new therapies for MF, which could target

the MF clone and MF-associated fibrosis. In CML, insights
into the intratumoral heterogeneity of CML stem cells has
revealed subgroups with distinct molecular signatures that
are resistant to TKI.34 Furthermore novel molecular path-
ways related metabolism and the bone marrow microenvi-
ronment are being deciphered. Patients with advanced SM,
in particular those with an associated hematologic malig-
nancy, often have multilineage involvement by KIT and
multimutated clones, which are associated with a poorer
prognosis.27 Additionally, through single-cell analysis,

Figure 4. Single-cell -omics demonstrate a trajectory for megakaryocyte-biased hematopoiesis in myelofibrosis. (A–D) Force-directed graphs (FDG) for aggregates
of all control + myelofibrosis (MF) cells (A), MF only (B), control only (C), and control + down-sampled MF dataset (D). In (D), the left graph shows the lineage signature
gene score and in the right graph cells are colored according to the donor type (healthy donors, blue; MF patient, red). Gene expression trajectories are visualized
by superimposing the expression scores of lineage signature gene sets on the FDG. Gray cells represent uncommitted hematopoietic stem and progenitor cells or
cells with expression of more than one lineage signature. (Published, with permission, from Psalia B, et al.36)
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Grootens and colleagues identified KIT 816V in early SM
stem cells and progenitors, suggesting that this biomarker
may not be restricted to the mast cell lineage.37 In the same
study it was observed that the mutation frequency was
100% in mature CD45RA+ mast cells.

Screening for clonal hematopoiesis of 
indeterminate potential 

NGS-based genetic analysis of large unselected popula-
tions assessing acquisition of somatic mutations has provid-
ed evidence of age-related clonal expansion of recurrent
mutations in known oncogenes in hematopoietic stem and
progenitor cells in the absence of overt hematologic malig-
nancies, a condition termed clonal hematopoiesis.38 The
somatic mutations that define clonal hematopoiesis tend to
be similar to those found in hematologic malignancies, such
as ASXL1, DNMT3A, RUNX1, JAK2, TET2, SF3B1 and oth-
ers, with a variant allele frequency >2% in subjects without
cytopenias or a history of a myeloid neoplasm. The muta-
tions are typically present in circulating granulocytes,
monocytes, and natural killer cells; they can also affect B
cells and, rarely, T cells. Clonal hematopoiesis is considered
to represent the early steps of leukemogenesis and is asso-
ciated with an increase in the risk of myeloid and lymphoid
malignancies of 0.5% to 1.0% per year.39 Evidence from ret-
rospective case-control studies supports the role of clonal
hematopoiesis in therapy-related myeloid neoplasms, too.40
The mutations can also be associated with acquired drug
resistance. Somewhat surprisingly, clonal hematopoiesis is
also associated with a pro-inflammatory state and an
increased risk of various non-hematologic diseases, in par-
ticular cardiovascular disease, attributed to genes that are
involved in regulating inflammation and accelerating ather-
osclerosis.41,42 Interestingly, Hameisterr and colleagues
recently investigated whether clonal hematopoiesis might
affect the course of COVID-19 in hospitalized older
patients who had tested positive for SARS-CoV-2 infection
and found no significant association.43
Although it is recognized that people with clonal

hematopoiesis develop MPN at a higher rate than those
without mutations, the precise impact of clonal
hematopoiesis on the prognosis and treatment of MPN is
an enigma.44 An important challenge is, therefore, to assess
the clinical relevance of clonal hematopoiesis at the time of
diagnosis of MPN and assess its potential prognostic value,
in particular in the transformation to acute leukemia and in
treatment resistance. The presence of clonal hematopoiesis
may also affect the ‘real-world’ situation in people with
CML, MF and SM who have been treated ‘successfully’,
including those who have undergone allogeneic stem cell
transplantation, when such mutations could be donor-
derived and influence the assessment of measurable resid-
ual disease.45 Genomic studies, in particular those involving
single-cell sequencing, are being increasingly integrated into
the investigation of MPN at diagnosis and transformation,
which also raises the question of which genes should ideal-
ly be included in the NGS panel. Furthermore, we are
beginning to fathom the complexity of the cancer tissue
ecosystem and how this is affected by different features,
such as the cells’ metabolism and how it co-opts normal
genes, stromal and immune cells within the microenviron-
ment, among other variables. In this regards the recent
work of Van Etten, Krause and others on the specific, tar-

getable interactions with the microenvironment in people
with imatinib-resistant CML is important.46 Despite the
therapeutic advances in CML, MF and SM, the outlook for
people whose disease transforms remains bleak and high-
lights the need for suitable prognostic scores to identify
those at high risk of progression who may benefit from
more intensive initial treatments, including allogeneic stem
cell transplantation. 

Future prospects

We have clearly made significant progress by examining
MPN through genetics and physiology, by the unprecedent-
ed application of ‘-omics’ technology, ultrasensitive
sequencing technology and single-cell genomics. Such
approaches have arguably enhanced our understanding of
chronic myeloproliferative malignancies, and the character-
ization of the underlying intratumor heterogeneity and the
ability of the neoplastic clone to evolve and adapt has been
recognized as a principal challenge for targeted treatments
and immunotherapies.47 The different genetic tests in MPN
clinics have undoubtedly improved our ability to monitor
patients effectively and have refined diagnostic risk stratifi-
cation.48 For CML patients, they also enhance the probabil-
ity of TKI cessation and achieving TFR; for patients with
MF and SM, they are complementary to the  World Health
Organization 2016 diagnostic criteria and help in navigating
treatment decisions. These tests also allow for a better
selection of targeted agents to be tested in subgroups with
variant somatic mutations. Nevertheless, much work
remains. For example, we have little understanding of the
cell-intrinsic and -extrinsic mechanisms underpinning the
transformation of MPN into acute leukemia, or the mecha-
nisms of resistance to the newer inhibitors, to mention a
few.49 The emerging picture is complex but has created a
platform upon which to build novel therapeutic approach-
es.
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