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classification of tumors of hematopoietic and lym-

phoid tissues, myeloproliferative neoplasms (IMPN)
include chronic myeloid leukemia and the so-called
Philadelphia-negative myeloproliferative neoplasms, i.e.
essential thrombocythemia, polycythemia vera and pri-
mary myelofibrosis." Myeloproliferative features are also
observed in a group of disorders classified as myelodys-
plastic/myeloproliferative neoplasms (MDS/MPN).** This
category includes clonal myeloid neoplasms that at the
time of initial presentation have some features that support
a diagnosis of myelodysplastic syndrome (MDS), and other
findings more consistent with MPN. MDS/MPN include
chronic myelomonocytic leukemia (CMML), atypical
chronic myeloid leukemia (aCML), juvenile myelomono-
cytic leukemia JMML), and MDS/MPN, unclassifiable
(MDS/MPN, U). Of these latter unclassifiable conditions,
the best characterized is the provisional entity defined as
refractory anemia with ring sideroblasts associated with
marked thrombocytosis (RARS-T).

ﬁ ccording to the World Health Organization (WHO)

The genetic basis of MPN and MDS/MPN has been
broadly defined in the last ten years® and is summarized in
Table 1.

The unique JAK2 (V617F) mutation is found not only in
about 80% of all patients with a myeloproliferative neo-
plasm, but also in a fraction of patients with MDS/MPN,
including CMML and RARS-T.*” In CMML, the mutation
is detected in about 10% of cases and is significantly asso-
ciated with myeloproliferative features, including high
leukocyte and monocyte counts and splenomegaly.’
RARS-T is characterized by anemia with dysplastic, inef-
fective erythroid proliferation and bone marrow ring
sideroblasts, associated with high platelet count and pro-
liferation of large atypical megakaryocytes. JAK2 (V617F)
is detectable in about 50%-60% of patients.”® Occasional
patients with mutations in MPL or JAK2 exonl2 have
been reported.” The analysis of the mutant allele burden
suggests that the disease may result from a combination
of SF3B1 mutation, which usually occurs as an early
event and is responsible for myelodysplastic features and

Table 1. Genetic basis of myeloproliferative neoplasms and myelodysplastic/ myeloproliferative neoplasms.*

WHO classification Founding/subclonal driver somatic mutations

Myeloproliferative neoplasms (MPN)
Polycythemia vera (PV)

o JAK2 (V617F) in about 95% of patients

e JAK2 exon 12 mutations in about 5% of patients
e Subclonal mutations in “myeloid”* genes may be found in patients with advanced disease and may lead to
myelofibrotic or leukemic transformation

Essential thrombocythemia (ET)

© JAK2 (V617F) in about 60%-65% of patients

© MPL exon 10 mutations in about 5% of patients

® CALR exon 9 indels in about 20%-25% of patients

© About 5%-10% of patients do not carry any of the above somatic mutations

 Subclonal mutations in “myeloid”* genes may be found in patients with advanced disease and may lead to
myelofibrotic or leukemic transformation

Primary myelofibrosis (PMF)

e JAK2 (V617F) in about 60%-65% of patients

o MPL exon 10 mutations in about 5% of patients
e CALR exon 9 indels in about 20%-25% of patients

e About 5%-10% of patients do not carry any of the above somatic mutations
e Subclonal driver mutations in “myeloid” ¥ genes like ASXLI, DNMT3A, EZH2, IDHI/IDH2, SRSF2, or TP53 are
associated with a worse clinical course and higher risk of progression to blast phase or leukemic transformation

Myelodysplastic/myeloproliferative neoplasms (MDS/MPN)

Chronic myelomonocytic leukemia (CMML) e Somatic mutations of 7ET2, SRSF2, ASXLI and genes of the Ras pathway are the most frequent genetic lesions,
while mutations in other “myeloid” * genes, including JAKZ, are less frequently found

© Somatic mutations of SETBPI, ASXL1, TET2, EZH2 and genes of the Ras pathway are the most frequent genetic
lesions, while mutations in other “myeloid™ genes are less frequently found

e Founding somatic mutations of SF3B/ are found in 65%-90% of patients, depending on the diagnostic criteria
employed. Patients with SF3B7 mutation typically have a subclonal mutation of JAK2, MPL or CALR and thus have
a combination of myelodysplastic and myeloproliferative genetic lesions

Atypical chronic myeloid leukemia (aCML)

Refractory anemia with ring sideroblasts
associated with marked thrombocytosis
(RARS-T)

*Here we did not consider the genetic basis of juvenile myelomonocytic leukemia; for this, the reader is referred to a comprehensive review article by Loh.” ¢ “Myeloid” genes are those typically
mutated in myeloid neoplasms (see Cazzola et al.” for details).

- haematologica | 2014; 99(11)




ring sideroblasts, and JAK2 or /MPL mutation, emerging as
a subclone and conferring the myeloproliferative pheno-
type.”” Interestingly, occasional patients with typical
RARS were reported to acquire JAK2 (V617F) and develop
abnormal megakaryocyte proliferation and thromobcyto-
sis.’

Somatic mutations of CALR, the gene encoding calreti-
culin, were detected in 2013 through studies of whole
exome sequencing and targeted resequencing in patients
with essential thrombocythemia, primary myelofibrosis
and RARS-T."* These somatic mutations are mutually
exclusive with mutations in both JAK2 and AIPL. All
CALR mutations are insertions or deletions resulting in a
frameshift, and cluster in the last exon (exon 9) of the
gene. They generate a novel C-terminus of the mutated
protein and likely impair the calcium-binding activity of
calreticulin; exon 9 indels also cancel the endoplasmic
reticulum retention motif (terminal KDEL amino acid
sequence) of the protein. The available evidence suggests
that both impaired calcium-binding activity and cellular
dislocation within mutant megakaryocytes may play a
role in the abnormal platelet production that character-
izes patients carrying a somatic mutation of calreticulin.’
CALR exon 9 mutations are somatically acquired events
in familial cases of essential thrombocythemia or primary
myelofibrosis.”” The observation that outside essential
thrombocythemia and primary myelofibrosis somatic
CALR mutations are found only in patients with RARS-T
defines a strict relationship between mutant CALR and
thrombocytosis phenotype, and reinforces the opinion
that calreticulin mutations primarily affect the biology of
megakaryocytes.

Patients with essential thrombocythemia carrying a
CALR exon 9 mutation have very high platelet counts but
a relatively low risk of thrombosis, at least lower than
that of patients with JAK2 (V617F)."* In a study per-
formed by investigators of the Associazione Italiana per
la Ricerca sul Cancro (AIRC) Gruppo Italiano Malattie
Mieloproliferative (AGIMM) on 617 patients with pri-
mary myelofibrosis, we found that median overall sur-
vival was 17.7 years in CALR-mutant, 9.2 years in JAK2-
mutant, 9.1 years in MPL-mutant, and 3.2 years in triple-
negative patients.' These observations indicate that driv-
er mutations define distinct disease entities within
myeloproliferative neoplasms. Although more than 50
different CALR indels have been described, a 52-bp dele-
tion (type 1 mutation) and a 5-bp insertion (type 2) are
found in more than 80% of all CALR-mutant patients.
Interestingly, the frequency of type 1 mutation is signifi-
cantly higher in primary myelofibrosis than in essential
thrombocythemia, suggesting a specific role of this muta-
tion in myelofibrotic transformation.'*"

Haematologica has recently published a study by
Andrikovics et al.*® on myeloproliferative neoplasms with
calreticulin mutations. This study confirmed that calretic-
ulin mutations are found in about one-fourth of patients
with essential thrombocythemia or primary myelofibro-
sis and are associated with distinct clinical characteristics.
In particular, the study showed that patients with pri-
mary myelofibrosis carrying a CALR indel have a better
overall survival compared to those with JAK2 (V617F) or
triple-negative cases.

In this issue of Haematologica, Li et al.” report on a
study conducted in 357 Chinese with primary myelofi-
brosis. They detected CALR mutations in 21% of
patients, confirming previously reported frequencies in
Caucasian patients (Table 1). The difference was, howev-
er, that 27% of Chinese patients were triple-negative; a
percentage that is much higher than those previously
reported in Caucasian patients.*' It should be noted that
the same group of Chinese investigators had previously
reported a high frequency (20%) of triple-negative
patients in essential thrombocythemia.” The reasons for
these discrepancies may include differences in the diag-
nostic criteria or molecular approaches adopted, and eth-
nic differences. Ethnic differences would imply that cur-
rently unknown mutant genes are responsible for essen-
tial thrombocythemia or primary myelofibrosis in a con-
siderable proportion of patients of Chinese descent.
Another significant difference between the AGIMM
study’® and that carried out by Li et al.” regards the type
of calreticulin mutations detected. In the AGIMM study
on Caucasian patients with CALR-mutant primary
myelofibrosis, 72% had the 52-bp deletion (type 1 muta-
tion), 16% had the 5-bp insertion (type 2 mutation), and
17 (12%) carried other less frequent indels.”® A recent
French study also showed over-representation of type-1
CALR mutation (70%) and under-representation of type-
2 CALR mutation (13%) in primary myelofibrosis as
compared with essential thrombocythemia.” In the
study by Li et al,” by contrast, type-1 mutation was
found 32% and type-2 mutation in 64% of the PME
patients studied.

In summary, the identification of calreticulin mutations
has thrown light on the genomic landscape of myelopro-
liferative neoplasms, creating the basis for a molecular
classification of these disorders. Additional investigations
are now needed to define how somatic mutations, gene
expression, demographic data, clinical variables and
patient outcome are interconnected. A specific area of
research concerning somatic mutations of calreticulin is
the potential different biological and clinical effects of
type-1 and type-2 mutations.
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