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The myeloproliferative neoplasms (MPN) are clonal, hematopoietic 
stem cell-derived diseases characterised by bone marrow proliferation 
of one or more of the myeloid cell lineages with the main subtypes 
being polycythemia vera (PV), essential thrombocythemia (ET), and 
primary myelofibrosis (PMF). The diagnosis and classification of these 
diseases is dependent on clinical, hematological, histo-morphological 
and increasingly, on molecular genetic findings [1]. In adults, the 
most commonly acquired mutation associated with MPN is the JAK2 
V617F, occurring in >95% of PV cases and in 50 - 60% of ET and 
PMF patients. This mutation disrupts the function of the intracellular 
JAK2 molecule that is required for normal hematopoietic cytokine 
signalling and has become a target for therapeutic intervention [2]. 
Alternative mutations of JAK2 within exon 12 can be detected in the 
majority of those remaining V617F-negative PV patients [3]. Several 
other genetic abnormalities have been described in MPN which occur 
at a much lower frequency than the JAK2 V617F. Mutations in MPL 
exon 10, which encodes the receptor for thrombopoietin, a major 
regulator of megakaryocyte and platelet development, are present in 
approximately 5% and 3% of PMF and ET patients respectively [4]. 
Recent whole exome sequencing studies of adult MPN patients have 
led to the discovery of insertion and/or deletion mutations in exon 9 
of CALR, a gene that encodes the endoplasmic reticulum-associated, 
calcium binding protein, calreticulin. These disease driving mutations 
of CALR result in a frame shift of the coding sequence, altered amino 
acid composition of the translated protein, and loss of the endoplasmic 
reticulum retention motif. CALR mutations do not occur in PV 
patients but are present in up to 80% of ET and PMF patients who 
are JAK2 V617F-and MPL-mutation negative [5]. Approximately 10% 
of adult ET and PMF patients have no evidence of these three driver 
mutation types and are termed “triple-negative” MPN. Supplementary 
“passenger” mutations may be acquired that can influence the initiation 
and evolution of the disease, however these mutations are not specific 
for MPN as they are also present in other myeloid malignancies such as 
myelodysplastic syndromes and acute myeloid leukemia [6].

Sporadic MPN are uncommon in children with an incidence 
approximately one hundred fold lower than that of adults suggesting 
an alternative aetiology of the disease in such cases [7,8]. In childhood 
MPN, the prevalence of the JAK2 V617F mutation is lower when 
compared to that in adults [9-11] with acquired mutations of MPL 
exceedingly rare [12]. Analysis of the more recently described CALR 
mutations in pediatric MPN cohorts has also revealed significantly 
lower mutation rates than in adult MPN, inferring differences in 
the molecular pathogenesis of these diseases in childhood [13,14]. 
Furthermore, the relatively high proportion of pediatric cases without 
evidence of one the three driver mutation types associated with adult 
MPN suggests such cases may not be clonal malignancies: this has 

significant implications for therapeutic intervention with cytoreductive 
agents [15]. 

Shedding further light on this issue, several groups have recently 
applied targeted sequencing of large panels of either myeloid- or 
cancer-associated genes to pediatric MPN, especially ET patients [16-
18] with each of these contemporary studies revealing insights into the 
mutational spectrum with the results summarized in Table 1. Karow 
et al. [16] analysed 43 pediatric MPN patients, most of whom had 
ET, by using capture-based targeted next-generation sequencing to 
simultaneously search for mutations in 104 hematopoietic malignancy-
associated genes. The JAK2 V617F and CALR mutations were found 
most frequently, however the frequency of mutations in genes 
implicated in epigenetic regulation (ASXL1, DNMT3A, EZH2, IDH1, 
and TET2) was significantly lower than that of 25% observed in adult 
MPN. Confirming previous studies, 30% of patients had no evidence of 
mutations in MPN-associated genes. A second study of 25 childhood 
ET cases employed targeted sequencing of 55 genes associated with 
myeloid malignancy [17]. Again JAK2 and CALR mutations were 
less frequent than in adult cohorts but somewhat conversely, ASXL1 
mutations were demonstrated in four cases (Table 1). Lastly, using 
a targeted deep sequencing assay of 585 cancer-related genes in five 
characterized childhood ET patients, Kucine et al. [18] identified 
mutations, in addition to the JAK2 V617F,  in genes involved in 
transcriptional regulation (NUP98, MED12, AR, and CEBPA) (Table 
1). Noticeably, each of these examinations has identified mutated co-
operating genes but with minimal inter-study cross-over, possibly 
representing differences in methodological approach and the size of 
the gene panels utilised. 

An interesting observation from these latter three studies is the high 
rate of co-occurrence of mutations in pediatric ET which suggests that 
children may have a more complex disease than adults thus reflecting an 
unstable genetic background: rapid acquisition of these mutations may 
account for the early onset of ET in children. While these approaches 
are highly informative and have the capability to identify targets that 
may be clinically actionable, these exon sequencing approaches may 
fail to identify abnormalities in non-coding regions. Sequencing of the 
5’ untranslated region of THPO, the gene that encodes the hormone 
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thrombopoietin which controls platelet production, has recently been 
shown to be of diagnostic value [19]. 

In conclusion, targeted sequencing of pediatric MPN patients has 
revealed some of the underlying complexity of co-operating mutations 
however these investigations will require confirmation in extended 
cohorts with functional validation of mutations. It must be remembered 
that the pathogenesis of MPN is not entirely dependent on genetic 
abnormalities but other causes, such as inflammation, are likely to play 
a major role [20]. The next World Health Organization classification 
of MPN is likely to include the presence of a clonal marker other than 
a JAK2, MPL, or CALR mutation as a minor criterion for diagnosis of 
ET or PMF [21], expediting the adoption of a targeted exon sequencing 
approach for a molecular genetic  diagnosis.
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Gene Mutation frequency
 Karow et al. 

[16]
ET (n=41)

 PV (n=2) Fu et al. [17]
ET (n=25)

Kucine et al. 
[18]
ET (n=5)

JAK2 V617F 8 (19.5%) 2 (100%) 6 (24.0%) 3 (60.0%)
CALR 4 (9.8%) - 1 (4.0%) -
MPL 1 (2.4%) - - -
IRF8 4 (9.8%) - - -
ASXL1 - - 4 (16.0%) -
NUP98 - - - 3 (60.0%)
CUX1 2 (4.9%) - - -
DNMT3A 2 (4.9%) - - -
EP300 2 (4.9%) - - -
EPOR 2 (4.9%) - - -
MYB 2 (4.9%) - - -
NF1 2 (4.9%) - - -
PTPRT 2 (4.9%) - - -
MED12 - - - 2 (40.0%)
PAX5 - - - 2 (40.0%)
AR2 - - - 2 (40.0%)
AKT3 1 (2.4%) - - -
FOXP1 1 (2.4%) - - -
IDH1 1 (2.4%) - - -
IFI30 1 (2.4%) - - -
JAK2 1 (2.4%) - 2 (8.0%) -
PIK3AP1 1 (2.4%) - - -
PIK3C2A 1 (2.4%) - - -
RBL2 1 (2.4%) - - -
SH2B3 1 (2.4%) - 1 (4.0%) -
FLT3 - - 1 (4.0%) -
U2AF1 - - 1 (4.0%) -
NRAS - - 1 (4.0%) -
MLL - - 1 (4.0%) -
GNAS - - 1 (4.0%) -
RUNX1 - - 1 (4.0%) -
WT1 - - 1 (4.0%) -
ZRSR2 - - 1 (4.0%) -
STAT5B - - 1 (4.0%) -
CEBPA - - - 1 (20.0%)
TERT - - - 1 (20.0%)
KRAS - 1 (2.4%) - -
PTPN11 - 1 (2.4%) - -
TET2 - 1 (2.4%) - -

Table 1. Mutations identified by targeted sequencing in pediatric myeloproliferative 
neoplasms [16-18]. ET: essential thrombocythemia; PV: polycythemia vera.
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