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Abstract. Over the past decade, we have witnessed significant advances in the molecular
characterization of systemic mastocytosis (SM). This has provided important information for a
better understanding of the pathogenesis of the disease but has also practically impacted the way
we diagnose and manage it. Advances in molecular testing have run in parallel with advances in
therapeutic targeting of constitutive active KIT, the major driver of the disease. Therefore,
assessing the molecular landscape in each SM patient is essential for diagnosis, prognosis,
treatment, and therapeutic efficacy monitoring. This is facilitated by the routine availability of
novel technologies like digital PCR and NGS. This review aims to summarize the pathogenesis of
the disease, discuss the value of molecular diagnostic testing and how it should be performed, and
provide an overview of present and future therapeutic concepts based on fine molecular
characterization of SM patients.
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Introduction. Mastocytosis is a rare neoplasm (SSM), and advanced SM variants (AdvSM), including

characterized by the expansion and accumulation in
different organs/tissues of clonal mast cells (MCs) that
can be recognized as morphologically and
immunophenotypically — abnormal.!  The clinical
presentation of mastocytosis is heterogeneous, with
various manifestations ranging from skin-limited disease
(cutaneous mastocytosis, CM) to extra-cutaneous
involvement (systemic mastocytosis, SM). CM is
frequent in the pediatric age but it can spontaneously
regress during puberty.>® In contrast, SM is generally
seen in adult patients and may be associated with
multiorgan dysfunction and shortened survival.* The
2016 World Health Organization (WHO) defined major
categories and variants of SM. Based on histological
criteria, clinical parameters, and organ involvement, SM
is divided into indolent SM (ISM), smoldering SM

SM with an associated clonal hematopoietic non-MC
disease (SM-AHN), aggressive SM (ASM) and MC
leukemia (MCL).> ISM is the most common subtype and
has a relatively benign prognosis,® although 5 to 10% of
ISM patients progress to SSM or AdvSM.”® SSM is
associated with an increased symptom burden, inferior
survival compared to ISM, and a much higher
transformation rate (15-20% for transformation to
AdvSM or acute leukemia).’ In addition, patients with
AdvSM have a reduced life expectancy.'”

Whereas treatment of ISM is generally palliative and
primarily directed towards preventing anaphylaxis and
the control of symptoms, treatment of AdvSM needs
cytoreductive therapy to ameliorate disease-related
organ dysfunction. For a long time, high-dose
chemotherapy possibly followed by transplant when
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feasible, interferon or cladribine have represented the
main options for AdvSM patients. The knowledge of the
driver lesion underlying the molecular pathogenesis of
SM has ultimately enabled the development of targeted
therapies. Despite the great hurdle represented by the
rarity of AdvSM patients, the tyrosine kinase inhibitor
midostaurin has recently been approved based on the
results of phase 2 clinical trial that lasted almost 10
years.!! Other investigational agents, like avapritinib and
ripretinib, are being evaluated. In addition, several
additional compounds with the same or even different
targets have been tested at the preclinical level.

In this review, we summarize the molecular studies
and acquisitions that have led to a better understanding
of the pathogenesis of SM, paving the way to the
development of targeted therapies. Moreover, we discuss
how the implementation of advanced molecular
technologies has recently refined the diagnostic and
prognostic algorithms and how molecular testing is
acquiring a pivotal role in treatment individualization.
Finally, we also provide an overview of a series of new
putative therapeutic targets, some of whom might find a
clinical translation, primarily via repurposing of already
approved agents.

Activating KIT Mutations Drive the Pathogenesis of
SM. SM is virtually always associated with somatic
gain-of-function mutations of the proto-oncogene c-KIT,
which encodes a transmembrane protein belonging to
type III tyrosine kinase receptors. KIT is expressed by
MCs, hematopoietic progenitor cells, germ cells,
melanocytes, and interstitial cells of Cajal in the
gastrointestinal tract.'”> KIT expression is down-
regulated upon differentiation of hematopoietic
progenitors into mature cells of all lineages, except in
MCs that retain high cell surface KIT expression levels.
The KIT receptor explicitly binds the stem cell factor
(SCF) cytokine, also known as the KIT ligand, steel
factor, or MC growth factor. The interaction between
KIT and its ligand leads to dimerization of the receptor
and activation of its intrinsic tyrosine kinase activity and
drives a variety of downstream signal transduction
pathways."® The transduction process involves different
players such as PI3 kinase, Src family kinases, the Ras-
Erk pathway, and JAK/STAT, resulting in cell
proliferation, survival, and migration. Aberrant
activation of the KIT receptor, caused by gain-of-
function mutations of the gene, is a frequent event in SM
and results in uncontrolled production and proliferation
of MCs. The first identification of somatic gain-of-
function mutations in the K/7 gene occurred in the HMC-
1 human MCL cell line. Two heterozygous point
mutations of K/T were revealed: a substitution of aspartic
acid with valine at residue 816 (KIT D816V) and a
substitution of valine with glycine at residue 560 (KIT
V560G). D816V and V560G are the prototypes of two
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Figure 1. Representation of KIT receptor structure and position
of the major mutations. The figure shows the receptor under its
monomeric form. The extracellular domain (ECD) (light blue) is
characterized by 5 Immunoglobulin (Ig)-like domains that contain a
ligand binding site for stem cell factor (SCF) and a dimerization site.
The cytoplasmic region contains a transmembrane domain (light
green) made by a single helix. The intracellular portion (dark blue)
contains an auto-inhibitory juxta-membrane domain (yellow) and a
kinase domain (orange) which is split into two parts: an ATP-binding
domain and a phosphotransferase domain, linked by a kinase insert.
On the left, two distinct categories of KI7T activating mutations are
reported: the 'regulatory type' mutations (with the V560G being the
most frequent), that are located in the juxta-membrane domain; and
the 'enzymatic pocket' mutations (best exemplified by the D816
mutations), that fall in the phosphotransferase domain. Though much
rarer, the first category of mutations can be addressed by a wider
spectrum of inhibitors, including imatinib. The second category of
mutations, in contrast, impacts on kinase conformation, thus can be
addressed, at present, only by midostaurin (approved) avapritinib and
ripretinib (investigational).

distinct categories of activating mutations, displaying
different oncogenic properties and sensitivity to tyrosine
kinase inhibitors (TKIs) (Figure 1)."* The first can
indeed be classified as an 'enzymatic pocket' mutation
since it falls in the activation loop at the entrance of the
enzymatic pocket. The activation loop serves as a sort of
molecular switch for kinase activity, and D816V turns it
permanently on. Given its strategic position with respect
to the enzymatic pocket, this mutation is an obstacle to
the binding of some TKIs, like imatinib. The second, in
contrast, belongs to the wider category of 'regulatory
type' mutations. It is located in the intracellular juxta-
membrane domain of the receptor, which has a critical
auto-inhibitory function; thus, it results in constitutive
kinase activation.
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'Regulatory type' mutations may also affect the
binding of substrates or signal transducing or regulatory
molecules, or induce ligand-independent dimerization
with subsequent autophosphorylation and activation of
the kinase. The greatest majority of SM patients,
irrespective of the WHO sub-type, display the D816V
mutation.*!> More rare variants like D816Y, D816F,
D816H, and D816I have occasionally been detected.
Less common (<5%) KIT mutations at other codons
(mostly belonging to the 'regulatory type' class) have
been reported.'®!” Rare germline KIT mutations
associated with familial mastocytosis have also been
reported, including F522C, A533D and K5091. For these
forms, the tyrosine kinase inhibitor imatinib offers a
valuable therapeutic option.'® Moreover, several non-
D816V mutations have anecdotally been reported in
MCL and mast cell sarcomas. Mital et al. reported one
case of MCL with a p.A502 Y503dup mutation in exon
9." Other studies conducted in patients with MCL and
mast cell sarcomas described KIT mutations at exon 10,
exon 11, and exon 13.2%22 Finally, children with CM
display missense KI/T mutations targeting exon 17 at
codon 816 but also several alterations in exons 8 and 9
involving the fifth Ig loop of the KIT extracellular
domain and leading to constitutive activation of the
receptor.?

The abnormal kinase activity of KIT has been
documented in other human malignancies such as germ
cell tumors, melanoma, GIST, and acute myeloid
leukemia (AML).+?7

The Role of KIT Mutation Detection in the Diagnostic
Workout of SM. The current WHO classification of
mastocytosis defines one major and four minor
diagnostic criteria for SM.°> The major SM criterion is the
presence of multifocal dense aggregates of MCs in bone
marrow (BM) or other visceral organs (at least 15
MCs/cluster). Minor SM criteria include: i) abnormal
morphology of MCs (>25%), ii) expression of CD2
and/or CD25 in MCs, iii) persistent serum tryptase
concentration >20 ng/mL, and iv) presence of the KIT
D816V point mutation in the BM or another
extracutaneous organ. If at least one major and one minor
or three minor SM criteria are fulfilled, the diagnosis of
SM can be established.

The European Competence Network on Mastocytosis
(ECNM) suggests an algorithm for patients with
suspected (systemic) mastocytosis and provides essential
technical guidelines for KIT mutation detection.? In The
case of suspected mastocytosis in an adult patient
without skin lesions and average or slightly increased
tryptase level, the presence of KIT D816V mutation may
be investigated at first in peripheral blood (PB). If the
D816V mutation is detected in PB cells, a BM
examination is recommended.” In adult patients with
suspected mastocytosis and documented = skin

| Suspected SM in adults |

NO YES
Complete staging
including BM
| 15t02530 ng/ml | [ >25-30 ng/ml | l
SM criteria
YES NO
KIT D816V in PB

NO/\ YES Systemic Cutaneous
mastocytosis mastocytosis

‘ Follow-up | | BM examination ‘

Figure 2. Flowchart for adult patients with suspected systemic
mastocytosis (SM). In adult patients with suspected SM without skin
involvement, the basal serum tryptase level is an important initial
screen parameter. In conditions of slightly increased tryptase level,
the presence of the KIT D816V mutation may be investigated at first
in peripheral blood (PB) provided that a highly sensitive test is
warranted. If the D816V mutation is detected in PB cells, a BM
examination is recommended. If the KIT D816V mutant is not
detectable in the BM and symptoms are non-specific, the patient will
be examined in the follow up. By contrast, if the D816V mutation is
detected in the BM and SM criteria are fulfilled, the diagnosis of SM
can be established. In adult patients with suspected mastocytosis and
documented skin involvement, a BM investigation is required. Based
on the presence or absence of criteria for SM, the final diagnosis will
be SM or cutaneous mastocytosis (CM).

involvement, a BM investigation is required. In the non-
availability of fresh BM aspirate sample, K/7 mutational
analyses can be performed on cells detached from BM
smears or a paraffin-embedded biopsy sample (Figure
2)‘30

In most SM patients, particularly ISM patients, the
MC burden, that is, the number of neoplastic MCs
infiltrating the BM, is very low. Moreover, mononuclear
cells (MNCs) from PB are almost invariably KI/T D816V
negative when investigated by low sensitivity techniques.
This means that sensitivity is crucial to avoid false-
negative results and misdiagnosis. Over the past few
years, substantial advances have been made to develop
more and more sensitive and accurate diagnostic assays.
Chronologically, the following techniques have been
proposed for KIT D816V mutation testing. They all have
advantages as well as disadvantages and differ in terms
of lower detection limit, target mutation(s), and
requirement of dedicated instrumentations: i) RT-PCR
plus restriction fragment length polymorphism (RFLP),
ii)) nested RT-PCR followed by denaturing high-
performance liquid chromatography (D-HPLC) of
amplicons, iii) peptide nucleic acid (PNA)-mediated
PCR, iv) ASO-gPCR on DNA or cDNA, v) droplet
digital PCR (ddPCR) and vi) Next-generation
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sequencing (NGS).

RT-PCR plus RFLP: it is a simple, cheap, and fast
technique that allows identifying the KIT D816V
mutation with a sensitivity of 0,05%. No dedicated
instrumentation is needed except for a thermal cycler and
an electrophoretic system. However, it is not quantitative,
and it does not allow the detection of D816 variants and
the identification of mutations at other codons.’!

Nested RT-PCR followed by D-HPLC of amplicons: this
assay allows detecting different K/7 mutations in the
same reaction.’? Nevertheless, it has a relatively low
sensitivity (0,5-1%), and it is not quantitative. Moreover,
it is time-consuming and needs expensive and not widely
available instrumentation (D-HLPC).

PNA-mediated PCR: it is the recommended method for
FFPE BM trephine biopsies.*! It allows detection of KIT
mutations at position 816 or in adjacent codons, but it is
not a quantitative assay, and it has an intermediate
sensitivity (0,1%).%

ASO-gPCR: it is a simple, fast, cheap, reliable, and
highly sensitive method (0,01%) that allows to detect and
quantitate K/7 D816V in different tissues and specimens
(BM, PB, and organ biopsies).***> However, it requires
standard curves for the quantitative assessment, thorough
validation, and possibly multi-laboratory standardization.

Droplet Digital PCR: it is a promising new method for
sensitive and accurate quantification of KI7' D816V with
a sensitivity of 0,01%.%¢ Moreover, ddPCR has been
shown to sensitively and reproducibly detect and
quantify KIT D816V in FFPE material.*’ In contrast to
ASO-qPCR, absolute quantification does not need a
standard curve; thus, it is more straightforward.
Commercial kits are available.

Next-generation sequencing (NGS): it has the lowest
sensitivity (1-5%), but it is the best remaining option to
study those patients who have no evidence of mutations
at codon 816. Commercial myeloid panels are available
that include several KIT hotspot exons among their target
genes. Such panels may also highlight the presence of
mutations in genes other than KIT, providing additional
prognostic information (see below).

Being by far the most common, the presence of a KIT
D816V needs to be investigated first. However, in the
case of D816V negativity, variants like D816Y, D816H,
etc., should be ruled out. If no mutation at all can be
identified at codon 816, more rare mutations in other KIT
exons (like those mentioned in the previous section)
should be investigated. A stepwise approach is thus
needed. For D816V detection and quantitation, ASO-
gPCR or ddPCR are the most frequent option. D816

ASO-gPCR/ddPCR

| KIT D816V

YES /\

NO

| KIT D816 Variants |
YES /\ NO

[ Whole KIT sequencing |

Figure 3. Proposed flowchart for KIT mutation analysis in SM,
taking advantage of all the currently available technologies.
Allele-specific oligonucleotide (ASO)-qPCR or droplet digital PCR
(ddPCR) need to be performed in first instance for KIT D816V
detection and quantitation. In confirmed D816V-negative patients,
D816 variants may be investigated using peptide nucleic acid (PNA)-
mediated PCR. If no mutation at all can be identified at codon 816,
mutations in other hotspot regions of the KIT gene may then be
assessed by Next Generation Sequencing (NGS).

variants in confirmed D816V-negative patients may be
investigated using PNA-mediated PCR. Mutations in
other hotspot regions of the K/T gene may then be
assessed by NGS (Figure 3).

Importantly, ASO-gPCR and ddPCR have also
shown the capability to detect the D816V mutation non-
invasively in the PB.**3"* Their potential for the study
of cell-free DNA is under investigation.

Prognostic Implications of KI7 D816v Allele Burden
Quantification and of Multilineage Involvement. For
the assessment of K/T D816V, quantitative methods are
desirable for several reasons. The measurement of KIT
D816V mutation percentage (the so-called ‘allele
burden') has prognostic significance and can also be
employed for monitoring treatment response and disease
progression. Recent studies show that the KIT D816V
allele burden is indicative of the WHO SM subtype and
correlated with the severity of the disease.**** Indeed,
patients with AdvSM show a significantly higher KIT
D816V mutation percentage compared to ISM and CM
patients, the latter showing the lowest KIT D816V allele
burden. The higher KIT D816V allele burden in AdvSM
may be associated with the presence of non-MC-lineage
cells harboring the KIT D816V mutation and could
explain why it is not always correlated with the number
of MC in BM biopsies, and it is only moderately
associated with serum tryptase levels. It is now well
known that some ISM and all AdvSM patients display a
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multilineage disorder whose characteristics are closely
related to the risk of disease progression.*! In fact, the
KIT D816V mutation is detected not only in bone
marrow MCs but also in myeloid and lymphoid
hematopoietic cell lineages, supporting the stem cell
origin of this disease starting from a hematopoietic
precursor with the ability for multilineage
differentiation.*>** The greater or smaller involvement of
non-MC-lineage cells harboring the KIT D816V
mutation reflects the risk of evolving to a more
aggressive subtype of the disease. Therefore, SM
patients with multilineage KIT D816V mutation have
been shown to have a higher probability of progression
compared to patients with MC-restricted KI/7 D816V !

The assessment of the KIT D816V allele burden also
has a remarkable potential in monitoring treatment
response. Hoermann et al. observed that in SM patients
with stable clinical course, there were not variations in
the KIT D816V allele burden, while advSM patients with
disease progression showed a marked increase.*’ In line
with this, Jawhar et al. used the measurement of KIT
D816V allele burden for monitoring midostaurin-treated
AdvSM patients. They showed that at month 6 of therapy,
a significant reduction >25% of the allele burden was the
strongest on-treatment predictor for improved survival.*®

The KIT D816V allele burden was also identified as
a prognostic factor regarding overall survival (OS), and
to the purpose, a cut-off of > or <2% mutant alleles was
used to define two distinct SM groups with different
survival times.*** The group under the cut-off level had
a significantly longer life expectancy compared to
patients over the 2% cut-off.

These findings are still under validation, but the wider
implementation of KI/T D816V allele burden assessment
in clinical practice holds the potential to improve
treatment and monitoring of patients with SM.

Molecular Alterations Additional to KIT Mutations.
The somatic KIT D816V mutation is undoubtedly the
major driver of SM pathogenesis. However, it is
detectable both in patients with ISM, who have a
relatively benign prognosis and in patients with AdvSM,
who are frequently characterized by rapidly deteriorating
clinical courses and poor outcomes. Furthermore, while
childhood-onset and adult-onset mastocytosis are both
associated with activating KI/7T mutations, the natural
history of the two conditions is quite different. Together
with experimental shreds of evidence suggesting that
KIT D816V alone is not a fully transforming
oncoprotein,*** this emphasized the importance of a
better understanding of SM pathogenesis. Prognostically
relevant mutations additional to KIT have now been
identified in AdvSM. These have been found to affect
genes encoding for epigenetic regulators (ASXLI,
DNMT3A, EZH2, TET?2), transcription factors (RUNX1),
signaling molecules (CBL, JAK2, KRAS, NRAS), or

splicing factors (SRSF2, SF3BI, U2AFI). These
mutations are not specific for SM but are frequently
detected in  myeloid  neoplasm, including
myelodysplastic syndromes (MDS), myeloproliferative
neoplasms (MPN), chronic myelomonocytic leukemia
(CMML), and acute myeloid leukemia (AML) where
they are often associated with poor prognosis and shorter
survival.’*? TET2 mutations are detected in 20-40% of
AdvSM patients.*® Evidence in mice suggests that the
cooperation between KIT D816V and the loss of function
of TET2 induces a transformation to a more aggressive
disease phenotype.*> Moreover, when TET2 mutations
are associated with DNMT3A mutations, the prognosis of
SM patients is severely impaired compared to those with
wild-type genes.*® Analogously to TET2, the presence of
other mutations additional to KIT may confer an adverse
prognosis compared with patients without such
abnormalities. Jawhar et al. were the first to observe that
in SM-AHN, the presence and number of mutated genes
within the SRSF2/ASXLI/RUNXI (S/A/R) panel was
associated with poor outcome and adverse clinical
characteristics.>® In particular, mutations in SRSF2 and
ASXLI were the most predictive adverse indicators
concerning OS. As expected, these mutations were
observed at a higher frequency in ASM-AHN and MCL-
AHN and at a lower frequency in ISM-AHN. Muiioz-
Gonzalez et al. suggested that, in addition to S/4/R gene
panel, somatic EZH2 gene mutations can be detected in
ISM patients who show a higher risk of disease
progression.>

Moreover, the overall response rate (ORR) and OS
were significantly higher in patients S/A/R™® than in
patients S/A/RP*. The Mayo Clinic group evaluated the
impact of ASXLI and/or CBL mutations and the
occurrence of >3 non-KIT mutations on the clinical
outcome of AdvSM patients and showed that they were
independently associated with inferior OS.%® Moreover,
based on clinical and molecular parameters (including
ASXL] mutations), Pardanani et al. proposed a
"mutation-augmented" prognostic scoring system to
stratify advSM patients into 3 subgroups: low-,
intermediate- and high-risk with significantly different
0S.”7 Alternative prognostic scoring systems that
include information about S/4/R profiling and other
molecular markers have been proposed, and others are
still under investigation.>*-¢!

KIT as Therapeutic Target. The clinical spectrum of
this disease is highly heterogeneous. The treatment
should be individualized and related to symptoms and
diagnosis of each patient. Therapy of CM is mainly
directed towards skin lesions.®” Anti-mediator drug
therapy for MC activation symptoms represents the
mainstay of treatment for symptomatic CM, ISM and
SSM however, it should be considered in all SM
patients.®* The goal is to regulate mediator secretion,
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keep allergies under control, and counteract
osteopenia/osteoporosis.  AdvSM  is  frequently
associated with organ damage, so cytoreductive therapy
has long been considered the best therapeutic strategy.
For a long time, interferon®%® and cladribine®’ %’ have
represented the main options for AdvSM patients.
However, the introduction of tyrosine kinase inhibitors
(TKIs) has revolutionized the prognosis and the outcome
of patients with AdvSM.” Several TKIs, such as
imatinib, nilotinib, and masitinib, have shown activity
against wild-type KIT. They belong to type II TKI
inhibitors, so they recognize only the inactive
conformation of the receptor and stabilize it. The
presence of mutations in the activation loop (like KIT
D816V) that result in a constitutively active
conformation of the receptor renders it inaccessible to
type Il inhibitors. Imatinib (IM) is currently approved by
the FDA for the treatment of ASM with WT KIT or with
unknown K/T mutational status. It demonstrated activity
against certain trans-membrane (F522C) and juxta-
membrane (V560G) KIT mutants.”'”> IM efficacy has
also been reported in a patient with familiar SM with KIT
K5091 mutation in the germinal line.'"® However, since
the major of SM patients harbor the K/T D816V mutation,
it has a limited role in the treatment of this disease.
Nilotinib was evaluated in phase II multicenter study of
SM patients with or without KIT D816V mutation.
However, it showed modest clinical benefit, observed
only in patients with WT KI7.* Masitinib showed a great
in vitro activity in ISM and SSM patients with WT KIT
or with KIT mutations outside the phospho-transferase
domain,”’¢ but it has yet to be tested in AdvSM. Type I
TKIs (able to bind both the active and the inactive form
of kinases) tested in SM include dasatinib, midostaurin,
and avapritinib. Dasatinib is a multikinase inhibitor that
showed in vitro activity against both WT KIT and KIT
activation loop mutants (KIT D816V/Y/F).”” It was also
shown to re-localize KIT D816V from the cytoplasm to
the cell surface. Interestingly, the extent of this re-
localization correlates with SM severity (AdvSM >
ISM).”® However, given its short half-life, it showed poor
in vivo effectiveness.” Midostaurin is another
multikinase inhibitor; currently, the only TKI approved
for the treatment of AdvSM. The encouraging results
related to the use of midostaurin in a patient with MCL3°
led to a multicenter phase II study (CPKC412D2213) of
midostaurin in 26 AdvSM patients. Results consisted in
an unprecedented overall response rate (ORR) of 69%
regardless of KIT mutational status, with 38% of Major
Responses (MR)(complete resolution of at least one
clinical(C)-finding such as cytopenias, osteolysis with or
without pathologic fractures, hepatosplenomegaly and/or
with impaired liver function and/or ascites, and
malabsorption).?! Starting from these data, a global
phase II trial (CPKC412D2201) was initiated to evaluate
the efficacy and safety of midostaurin in 89 AdvSM

patients.®> The ORR was 60% and was independent of
KIT mutation status and the number of previous
therapies. Almost half of the patients (45%) had an MR,
15% had a partial response. After the closure of this
study, a compassionate use program of midostaurin was
approved in France. ORR was 71%, with a median
response duration of 17 months.®® The most frequents
adverse effects of midostaurin are low grade (nausea,
vomiting, diarrhea), but also new or worsening grade 3
or 4 (neutropenia, anemia, and thrombocytopenia)
adverse events can be observed.

Finally, avapritinib is a type I kinase inhibitor that
selectively inhibits the activation-loop mutants of KIT
(exon 11/17, including KIT D816V). It is approved in the
USA for PDGFRA exon 18 mutant gastrointestinal
stromal tumors (GIST), and it is also in clinical
development for SM treatment. The phase I study
(Explorer; NCT02561988) in adult patients with AdvSM
has demonstrated potent antineoplastic activity of
avapritinib across all advSM subtypes with complete
(disappearance of all target lesions) and durable
responses.** The ORR was 77%; 74% of patients
maintained the response for at least 12 months.
Avapritinib was also showed to improve overall
symptoms of SM. Avapritinib is currently being
evaluated in an ongoing, double-blind, placebo-
controlled, phase II study (Pioneer), where ISM patients
with moderate or severe symptoms, refractory to >2 best
supportive care drugs, are enrolled.®® Most adverse
reactions of this drug are of grade 1 or 2.

Another agent under investigation is ripretinib (DCC-
2618). It is a type II kinase inhibitor designed to inhibit
the full spectrum of mutant KIT and PDGFRA. In
addition, it shows strong activity against activation loop
mutants, previously thought to be only achievable with
type I inhibitors.* Its efficacy and safety are being tested
in a Phase 1 open-label dose-escalation study
(NCT02571036) to treat AdvSM, GIST, and advanced
cancer.

Other Non-KIT Targets and Novel Agents. Several
studies have shed light on novel altered pathways
involved in the pathogenesis of SM. Under normal
conditions, SCF binds KIT receptor leading to its
dimerization and activation. This binding activates
several downstream signaling molecules involved in the
proliferation and survival of MCs, such as the
phosphatidylinositol triphosphate kinase (PI3K), the
Janus kinase (JAK)/signal transducers and activators of
transcription (STAT), and the rat sarcoma
(RAS)/extracellular signal-regulated kinases (ERK). The
presence of the KIT D816V mutation contributes to
divert these pathways leading to a malignant
transformation of MCs.

Baumgartner et al. showed that the SM-related
oncoprotein KIT D816V promotes STATS activation
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and phosphorylation and that pSTATS contributes to the
growth of neoplastic MCs.®” Moreover, STAT5 was
found to localize to the cytoplasm and to form a signaling
complex with PI3K,*® whose activation has been
described to be constitutively associated with D816V
KIT mutant.®* Once activated, PI3K activates its
downstream effector AKT promoting MCs growth and
survival. This evidence suggests that the STATS-PI3K-
AKT pathway plays an important role in the
pathogenesis of SM. Indeed, the knock-down of either
STATS or AKT activity resulted in growth inhibition of
KIT D816V+ neoplastic MCs.*® Therefore, drugs
targeting the STATS- PI3K-AKT axis should be
considered a potentially novel therapeutic approach in
SM patients. Another interesting strategy may be
targeting the JAK/STAT signaling pathway. Starting
from the evidence that there is often an increased
expression of JAK/STAT pathway components in SM,
Lasho et al. showed KIT D816V-mediated cell growth
decrease in MC cell lines treated with the JAK?2 inhibitor
TG101348.%°

One of the major pathways downstream PI3K is
represented by rapamycin (mTOR). It is a
serine/threonine kinase found in two protein complexes
called mTOR complex 1 (mTORC1) and complex 2
(mTORC2). PI3K is able to regulate the mTORCI1
pathway by the activation of AKT. Once activated, AKT
directly phosphorylates the negative regulator of mTOR,
leading to mTOR activation and phosphorylation of two
effector molecules: p70 ribosomal S6 kinase (p70S6K)
and eukaryotic initiation factor 4E-binding proteinl (4E-
BP1).°! The increased activation of the mTORCI
pathway, reported in neoplastic MCs lines and immature
MCs,”? seems to contribute to MCs dysregulated
proliferation and survival. Therefore, the inhibition of
mTORCI by rapamycin should be considered to contrast
this event. Indeed, it has been shown to block mTORC]1 -
dependent p70S6K phosphorylation.”! Moreover, the
dual PI3K/mTOR blocker NVP-BEZ235 showed
profound inhibitory effects on the growth of primary and
neoplastic MCs in vitro.”

In addition to KIT downstream effectors, other non-
KIT targets have been described as therapeutically
interesting. For example, MCL-1, a BCL-2 family
member with antiapoptotic properties, was expressed
constitutively both in neoplastic MCs of all SM variants
and MC leukemia cell lines HMC-1.1 (D816V negative)
and HMC-1.2 (D816V positive); furthermore, MCL-1
knock-down mediated by antisense oligonucleotides or
specific siRNA resulted in increased apoptosis and a
decreased survival of neoplastic MCs, showing
synergistic effects in combination with midostaurin and
other TKIs including nilotinib and imatinib.”* These data
indicate that MCL-1 may be a novel, potential target in
neoplastic MCs.

KIT D816V was also found to downregulate BIM

expression.”> BIM is a proapoptotic member of the BCL-
2 family that acts as a tumor suppressor in various
myeloid neoplasms.”®*® The KIT-targeting drug
midostaurin was able to induce BIM re-expression in
neoplastic HMC-1.1 and HMC-1.2 cells and to promote
growth inhibition in both subclones.” Moreover, in the
HMC-1 cell line, the use of the proteasome inhibitor
bortezomib was associated with a substantial increase in
BIM expression and induction of apoptosis. Indeed,
several studies have shown that phosphorylated BIM
degradation in neoplastic myeloid cells is usually
mediated by the proteasome.”’” In addition to
midostaurin and bortezomib, Aichberger et al. showed
that the pan Bcl-2 blocker obatoclax contributed to
inducing growth arrest and promoting apoptosis in
HMC-1 cells and had synergic effects with
midostaurin.”> In summary, BIM acts as a regulator of
the growth and survival of neoplastic human MCs.
Therefore, promoting BIM re-expression or targeting
antiapoptotic members of the Bcl-2 family, combined
with a KIT inhibitor, may be a novel, interesting
approach in AdvSM patients.

Finally, the loss of function of the SE7TD2 tumor
suppressor gene has recently been reported in AdvSM. %
It was already observed in various solid tumors and
hematologic malignancies of both myeloid and lymphoid
origin.!! The SETD2 tumor suppressor gene encodes the
only methyltransferase able to tri-methylate histone H3
on lysine 36 (H3K36Me3).!”> H3K36Me3 by SETD2 is
critical for the maintenance of chromatin structure and
transcriptional fidelity. Moreover, SETD2 plays pivotal
roles in RNA alternative splicing regulation, DNA
damage repair, and cytoskeleton protein
methylation.!?:1% SETD2 loss of function may be due to
biallelic missense or truncating mutations, as seen in
acute leukemias, or associated with monoallelic
deletions at chromosome 3p and mutations of the
remaining allele, as reported in clear cell renal cell
carcinoma (ccRCC). However, other mechanisms acting
at the transcript or protein level can be observed. In SM,
a new post-translational mechanism of SETD2 loss of
function has been described: both subclones of the
HMC-1 cell line and up to 80% of patients with AdvSM
displayed H3K36Me3 deficiency as a result of non-
genomic loss of function of SETD2, in the absence of
mutations or structural aberrations.!”” The extent of
H3K36Me3/SETD2 downmodulation was correlated
with disease aggressiveness (AdvSM>ISM). Proteasome
inhibition restored H3K36Me3 and SETD2 protein
expression, suggesting that a functional protein is
produced but rapidly degraded. Moreover, the treatment
with the proteasome inhibitor bortezomib resulted in
induction of apoptosis and reduced colony growth both
in the HMC-1 cell line and in primary neoplastic MCs
from patients with AdvSM. SETD?2 loss of function in
acute leukemias is often associated with chromosomal
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aberrations and activated gene expression in the mTOR
and Jak/Stat signaling pathways, contributing directly to
leukemogenesis in acute leukemias and SM. All these
data suggest that reverting SETD2 loss of function, in
combination with KIT-targeting drugs, could be a
promising therapeutic strategy to improve the prognosis
of AdvSM patients who do not respond to or relapse on
midostaurin. Further investigations into the mechanisms
leading to SETD2 altered turnover in SM and the
cooperative effects of KIT constitutive activation and
SETD?2 loss of function in AdvSM are warranted.

Conclusions and Future Perspectives. Over the past
decade, we have witnessed major advances in the
molecular characterization of SM. This has provided
important information for a better understanding of the
pathogenesis of the disease but has also practically
impacted the way we diagnose and manage it.

Sensitive and accurate assessment of K/7 mutation
status is critical for appropriate diagnostic and therapy.
Moreover, quantitation of K/7 D816V allele burden has
prognostic significance and can be employed for
monitoring treatment response and disease progression.
Cooperating mutations in genes other than KIT
contribute to the greater aggressiveness of the disease
and may provide additional prognostic information. Over
the past few years, substantial advances have been made
in developing more sensitive and accurate diagnostic
assays that have shown the capability to detect the KIT
D816V mutation percentage at very low levels (down to
0,001%), and non-invasively in the PB (ASO-qPCR,
ddPCR). Both these features are important, considering
that SM is generally underdiagnosed.

Moreover, a role for targeted NGS in identifying KIT
non-D816V mutants or mutations in other key myeloid
genes has been recently established. The same myeloid
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