
Abstract. Background/Aim: We have yet to understand why
JAK2-positive myeloproliferative neoplasms (MPN) patients
manifest different phenotypes despite harboring JAK2
mutations and what drives secondary transformations.
Patients and Methods: Using targeted sequencing, we
analyzed mutational status of 17 polycythemia vera (PV), 16
essential thrombocythemia (ET), 8 primary myelofibrosis
(PMF) patients who tested positive for JAK by polymerase
chain reaction. Results: The somatic mutations in JAK2
influence the clinical behavior of the disease. We found that
ASXL1 or EZH2 mutation acquisition after JAK2 leads to PV,
while ASXL1 mutation acquisition before JAK2 leads to ET
or PMF. Mutations in TP53, ASXL1, and splicing genes are
associated with the prognosis of MPN. PMF was more
frequently associated with splicing mutations, while PV was
more closely related to mutations in chromatin modifiers. The
presence of these mutations influenced hemogram at MPN
diagnosis. Conclusion: Each subtype of MPN harbors distinct
patterns of somatic mutations and acquisition order, while
mutations in TP53, ASXL1, and splicing genes may be
associated with the prognosis of MPN.

Polycythemia vera (PV), essential thrombocythemia (ET),
and primary myelofibrosis (PMF) comprise the three major
subgroups of BCR-ABL1 negative myeloproliferative

neoplasms (MPN) (1). The discovery of the JAK2 V617F
mutation (2) has allowed for development of novel
therapeutic agents and has encouraged the efforts towards
molecular diagnostics for MPN. Such efforts have provided
evidence of clonality and mutational events preceding the
acquisition of JAK2 V617F, and of the presence of recurrent
mutations in genes distinct from JAK2 including
myeloproliferative leukemia virus oncogene (MPL) (3) and
calreticulin (CALR) (4). Despite the better understanding of
the disease, however, certain questions remain unanswered.
For example, we cannot yet understand why JAK2 positive
MPN patients manifest different phenotypes despite
harboring JAK2 mutation as a common denominator.
Another unsolved issue is the secondary transformations. To
this end, we carried out this study to provide a better
understanding of the genetic background of JAK2-positive
MPN in selected patients. 

Patients and Methods 

Patient samples. This study was carried out at Seoul National
University Hospital during the period between May 2010 and April
2016. Patients diagnosed with MPN by cytomorphological
evaluation of their bone marrow samples according to WHO
criteria, negative for BCR-ABL1 fusion as assessed by polymerase
chain reaction (PCR) and positive for JAK2 V617F by PCR were
deemed eligible for analysis. 

Next generation sequencing. A total of 47 target genes providing
diagnostic information in myeloid malignancies were selected based
on the literature: CALR, MYC, ETV6, CEBPA, MLL, BRCA2, MPL,
SETBP1, PTPN11, ARID1A, ARID2, ATM, BCOR, CTNNA1,
EPHB1, FANCA, LRP1B, MEN1, KMT2D, MSH2, NF1, PHF6,
PTCH1, RB1, SMARCA4, SUZ12, SH2B2, IKZF1, JAK2, NRAS,
KRAS, FLT3, CBL, RUNX1, NPM1, TP53, TET2, ASXL1, EZH2,
IDH1/2, UTX, DNMT3A, U2AF1, ZRSR2, SF3B1, and SRSF2.
Targeted sequencing was performed with a customized design:
TruSeq® Custom Amplicon (Illumina, San Diego, CA, USA) using
the MiSeq® sequencing platform (Illumina). TruSeq Custom
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Amplicon is a fully integrated end-to-end amplicon sequencing
solution, including online probe design, assay and sequencing.
Online probe design was performed by entering into the Design
Studio software (Illumina) the 47 genes. Once the design was
completed, TruSeq Custom Amplicon kit produced the required
targeted amplicons with the necessary adapters and indices for
sequencing on the MiSeq® system without any additional
processing. Library preparation and sequencing runs were
performed according to the manufacturer’s procedure. Quantified
libraries were sequenced using the 2×150 bp configuration (300
cycles) and run on V2 sequencing flow cell. The final targeted
sequencing panel consisting of 2228 amplicons covering 47 genes
was produced. The mean coverage depth was 1056X. 

After sequencing reads were produced, raw de-multiplexed reads
from the MiSeq® sequencer were aligned to the reference human
genome (UCSC build hg19) using the Burrows-Wheeler Aligner
(BWA) (5), running in paired-end mode. To ensure a good call
quality and to reduce the number of false positives, samples
underwent Base Quality Score Recalibration (BQSR), using the
Genome Analysis Toolkit (GATK) (6). Putative somatic variant calls
were detected with VarScan 2 (7) and subsequently filtered to
exclude non-somatic calls, with an allelic fraction less than 1%, or
with a read depth less than 10. Variant calls were annotated with
biological information using ANNOVAR (8). Mutations were
annotated with the 1000 Genomes project, dbSNP (version 138) and
Catalogue of Somatic Mutations in Cancer (COSMIC), version 68.
We only focused on mutations with exon-based region and filtered
out all synonymous and unknown genes after annotation. The
validity of the somatic mutations was checked against the publicly
accessible COSMIC v68 database and functional interpretation was
performed using SIFT 1.03, PolyPhen 2.0 and ClinVar. Single-

nucleotide polymorphisms (SNP) were annotated according to
NCBI dbSNP database. 

The temporal sequence of mutation acquisition was surmised
based on the variant allele frequency (VAF) values. We have
inferred the heterogeneity of each samples using the
inferHeterogeneity function and validated them with Sciclone R
package. Using a computational method that efficiently identifies
the genetic composition of subclones through a variation Bayesian
mixture model (VBMM), spatial patterns of tumor evolution were
identified. Sciclone and inferHeterogeneity identify the number and
content of subclones by analyzing the variant allele frequencies
distribution of single nucleotide variants (SNVs) including somatic
variations across samples.

Statistical analyses. Differences between groups were assessed
using Student’s t-test or one-way analysis of variance for continuous
variables, and Pearson chi-square test for categorical variables, as
indicated. The overall survival (OS) and transformation free survival
(TFS) curves were estimated using the Kaplan–Meier method. OS
was defined as the time from MPN diagnosis to death or the last
follow-up. TFS as the duration from the date of diagnosis to disease
transformation or death. All data were analyzed using the Statistical
Package for the Social Sciences software (IBM® SPSS®Statistics,
version 22.0). p-Values of <0.05 were considered to indicate
statistical significance. 

Ethics approval and consent to participate. The study was conducted
in compliance with all national and international ethical standards for
research with humans and for research using radiopharmaceuticals.
This study was conducted according to the Declaration of Helsinki
and was approved by the institutional review board of Seoul National

ANTICANCER RESEARCH 39: 6273-6282 (2019)

6274

Table I. Baseline characteristics of the enrolled patients. 

                                                                                                     Total                                       PV                                     ET                               PMF

Total (N, %)                                                                                   41                                         17                                       16                                   8
Male (N, %)                                                                             19 (46.3)                               6 (35.3)                              8 (50.0)                         5 (62.5)
Age (median, range)                                                              63 (35-79)                            66 (45-76)                         62 (35-79)                     58 (46-66)
Laboratory findings at diagnosis (mean, ±SD)
  Hemoglobin (g/dl)                                                                15.0 (3.1)                             17.5 (2.2)                          13.9 (2.0)                      12.1 (3.0)
  Platelet (103/μl)                                                                     657 (466)                             489 (279)                          943 (542)                      439 (350)
  WBC (103/μl)                                                                       16.8 (22.9)                           15.8 (13.9)                        20.2 (33.6)                     12.5 (8.9)
IPSS risk group (N, %)
  Low                                                                                        14 (34.1)                                   NA                                     NA                             3 (37.5)
  Intermediate-1                                                                       19 (46.3)                                   NA                                     NA                             2 (25.0)
  Intermediate-2                                                                        8 (19.5)                                    NA                                     NA                             3 (37.5)
  High                                                                                             0                                         NA                                     NA                                  0
D-IPSS risk group (N, %)
  Low                                                                                         3 (37.4)                                    NA                                     NA                             3 (37.4)
  Intermediate-1                                                                        4 (50.0)                                    NA                                     NA                             4 (50.0)
  Intermediate-2                                                                        1 (12.5)                                    NA                                     NA                             1 (12.5)
  High                                                                                             0                                         NA                                     NA                                  0
Secondary transformation (N, %)
  Total                                                                                       7 (17.1)                                3 (17.6)                               1 (6.3)                          3 (37.5)
  Acute leukemia                                                                            4                                           1                                         0                                     3
  Myelofibrosis                                                                              3                                           2                                         1                                   NA

PV: Polycythemia vera; ET: essential thrombocythemia; PMF: primary myelofibrosis; SD: standard deviation; WBC: white blood count; IPSS:
International Prognostic Scoring System; D-IPSS: Dynamic International Prognostic Scoring System; NA: not applicable.  
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Figure 1. Distribution and frequency of mutations. (A) Distribution of mutated genes is shown on a single sample level. Each column represents
one patient sample. PV: Polycythemia vera; ET: essential thrombocythemia; PMF: primary myelofibrosis. (B) Patients were grouped by the number
of mutated genes per person.



University Hospital (IRB No. H-1605-152-768) and patients gave
written informed consent before being enrolled. 

Results 
Baseline characteristics and distribution of mutations. A total
of 41 MPN patients, consisting of 17 PV, 16 ET and 8 PMF,
with a median follow-up duration of 39.2 months (range=1-118
months) were analyzed for this study (Table I). During follow-
up, 4 secondary leukemias (9.8%) and 3 secondary
myelofibrosis (sMF) transformations (7.3%) were documented. 

Apart from JAK2, 8 genes ASXL1 (n=8), KMT2D (n=7),
TET2 (n=6), MSH2 (n=5), CALR (n=4), NPM1 (n=4),
SETBP1 (n=4), ARID2 (n=4) were mutated in more than
10% of the analyzed MPN patients (Figures 1A and 2A). As
such, when grouped by functional pathways there were many

patients harboring mutations in chromatin modification
genes (Figure 2B). No mutations were found in the genes
ETV6, MYC, SMARCA4, UTY, NRAS and IKZF1. 

Subgroup analysis. When the MPN subgroup-specific
mutation profiles were analyzed, we found that splicing
genes (SF3B1, SRSF2, ZRSR2 and U2AF1) were more
frequently mutated in PMF, followed by ET and none in PV
patients (Figure 3A). In PMF patients with splicing gene
mutation, these splicing mutations seem to occur after JAK2
V617F mutation. Also, these patients had significantly higher
hemoglobin (mean±SD=14.5±1.2 vs. 10.5±2.6 g/dl, p=0.035)
and platelet (mean±SD=717.2±275.6 vs. 260.5±248.4
×103/μl, p=0.049) count at MPN diagnosis compared to
those without splicing mutations (Table II). 
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Figure 2. Mutation patterns. (A) Number of patients carrying mutations in the respective genes are shown. (B) Mutated genes grouped by functional
pathways. Tumor suppressor genes include TP53 and PHF6; Myeloid TF includes RUNX1 and CEBPA; splicing includes U2AF1, ZRSR2, SRSF2,
and SF3B1; DNA methylation includes TET2, IDH1/2, and DNMT3A; Chromatin modifiers include ARID1A, ARID2, KMT2D, KMT2A, SUZ12,
KDM6A, ASXL1, EZH2, and BCOR; Activated signaling include JAK2, and KRAS.



On the other hand, mutations in epigenetic regulators were
significantly more frequent in PV. Specifically, when
epigenetic regulators were divided into chromatin modifiers
and DNA methylators, there were no differences in DNA
methylation gene mutations across MPN subgroups while
PV patients harbored more mutations of genes involved in
chromatin modification compared to ET (p=0.085) and PMF
(p=0.008) (Figure 3B). 

Among PV patients, those with ASXL1 mutation had
significantly lower hemoglobin count at MPN diagnosis
compared to those without (15.2±1.8 g/dl vs. 18.2±1.8 g/dl,
p=0.013, Table II). These patients also had more thrombotic
events compared to PV patients without ASXL1 mutation

(p<0.001). More specifically, among ASXL1 mutated PV
patients, 2 patients had cerebrovascular infarctions around
the time of PV diagnosis, 1 had symptomatic portal vein
thrombosis 2 years after diagnosis and 1 had past history of
myocardial infarction. Overall, males harbored more ASXL1
mutations (p=0.022). 

Temporal sequence of mutations. When the temporal
sequence of somatic mutation acquisition was considered, it
appeared that PV patients acquired ASXL1 [mean variant
allele frequency (VAF) 25.9%] or EZH2 (VAF 31.5%)
mutations after JAK2 V617F mutation (mean VAF 55.6% for
AXL1, 50.8% for EZH2), while ET and PMF patients
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Figure 3. Subgroup specific mutation patterns. (A) Mutation frequency of splicing genes. (B) Mutation frequency of epigenetic regulator genes.
Epigenetic regulator genes are subdivided.



acquired ASXL1 (mean VAF 44.1%) or EZH2 (VAF 41.5%)
mutations prior to JAK2 V617F (mean VAF 26.1% for
ASXL1, 28.4% for EZH2) (Figure 4). 

Prognostic implications of mutations. To analyze the
clinical implications of mutations on prognosis, we first
examined the impact of the number of mutations other than
JAK2 V617F on survival and transformation and found that

the number of somatic mutations did not play a significant
role in the reduced overall survival (no additional
mutations vs. one or more additional mutations, p=0.440)
or increased risk of secondary transformation (no
additional mutations vs. one or more additional mutations,
p=0.296). Next, we analyzed the role of JAK2 V617F
allelic burden on survival and found that those with higher
allele burden (>50%) did not show propensity towards
secondary transformation (p=0.468). Males were
associated with shorter overall survival (p=0.042). When
patients were analyzed per mutation, we observed that
patients with TP53 mutation had shorter overall survival
(p=0.039, Figure 5A). None of the patients harboring a
TP53 mutation experienced secondary transformation, thus
transformation-free survival was not analyzed. As shown
in Figure 5B, splicing gene mutations were associated with
reduced overall survival (p=0.028) and increased risk of
secondary transformation (p=0.035). In addition, we found
that patients with ASXL1 mutation showed trends toward
decreased overall survival (p=0.086, Figure 5C) and
significantly increased the risk of secondary transformation
(p=0.014, Figure 5C). 

Secondary transformations. The mutational landscapes of 7
patients who experienced secondary transformation are
presented in Table III. Notably, 2 of the PMF patients
harbored an ASXL1 mutation and one had a SRSF2 mutation.
On the other hand, all the patients who transformed into sMF
harbored at least one mutation in a tumor suppressor gene. 
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Table II. Specific mutations and their clinical implications. (A)
Additional splicing gene mutation acquisition in JAK2 positive primary
myelofibrosis is associated with higher hemoglobin and platelet count
at diagnosis. (B) Additional ASXL1 mutation in JAK2 positive
polycythemia vera is associated with lower hemoglobin count at
diagnosis. Data presented as mean (±standard deviation). 

A                         Splicing mutation     No splicing mutation      p-Value

Hb (g/dl)                   14.5 (1.2)                      10.5 (2.6)                 0.035
Plt (103/μl)              717.2 (275.6)                260.5 (248.4)             0.049
WBC (103/μl)           14.7 (9.6)                      10.2 (8.8)                 0.513

B                          ASXL1 mutated               No ASXL1              p-Value

Plt (103/μl)              376.5 (304.2)                523.6 (274.6)             0.374
WBC (103/μl)           25.6 (28.3)                    12.7 (4.0)                 0.431

Hb, hemoglobin; Plt, platelet; WBC, white blood count.

Figure 4. Temporal sequence of mutation acquisition and clinical phenotypes.
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Figure 5. Survival curves stratified by the mutational status. (A) Overall survival between patients carrying TP53 mutations (n=2) versus patients
without TP53 mutations (n=39), p=0.039. (B) Survival curves for patients with splicing mutations (n=6) versus those without splicing mutations
(n=35). Left, overall survival (p=0.028) and right, transformation free survival (p=0.035). (C) Survival curves of patients carrying ASXL1 mutations
(n=8) versus patients without ASXL1 mutations (n=33). Left, overall survival (p=0.086) and right, transformation free survival (p=0.014).



Discussion

Several genes have been proposed as diagnostic or
prognostic markers for MPN in the past few years (2-4). In
this study we selected JAK2 V617F positive patients to
investigate the roles of somatic mutations other than the so-
called driver mutations in MPN. 

As expected, the 3 MPN subgroups showed a different
mutational spectrum at their chronic state. Notably, the group
of analyzed splicing genes consisting of U2AF1, ZRSR2,
SRSF2, and SF3B1 was most frequently mutated in PMF
(Figure 3A), less frequently in ET, and none in PV.
Mutations in genes involved in splicing are best known to be
involved in myelodysplastic syndrome (MDS) pathogenesis
(9, 10). MPN are known to share genetic mutations with
MDS, but the reason for the phenotypic differences between
these two disease entities remains unclear. Our findings
suggest that PMF is more closely related to MDS than other
MPN subgroups, which can also account for the higher risk
of secondary leukemia in PMF compared to ET or/and PV.
Also, possibly the triggering mutation at the hematopoietic
stem cell level and the sequence of mutation acquisition may
result in phenotypic differences. In previous studies, SRSF2
has been shown to play a role in secondary leukemia
development from both MDS (11) and PMF (12). Aberrant
function of mutated SRSF2 is associated with mis-splicing
of multiple additional genes (e.g. RUNX1) that are implicated
in the pathogenesis of AML (13). Likewise, one of the PMF
patients experiencing secondary leukemia transformation in
our cohort also harbored SRSF2 mutations (Table III). This
again reinforces our suggestion that PMF is closely related
to MDS, and the secondary leukemic transformations arising
from PMF and MDS may share similar pathophysiology. 

In the context of secondary leukemia transformation of
PMF, another gene that deserves attention is ASXL1. Loss

of function mutation of ASXL1 results in loss of polycomb
repressive complex 2 (PRC2)-mediated gene repression of
known leukemogenic target genes (14). The possibility of
non-overlapping contributions of ASXL1 and JAK2 in
myeloid transformation has been suggested by Abdel-Wahab
et al. (15). Similarly, Vannucchi et al. (12) reported that
leukemia-free survival was negatively impacted by ASXL1
mutation in PMF patients, while Engle et al. (16) showed
expansion of ASXL1 clones upon transformation of PMF to
secondary leukemia. Also, in our cohort, 2 of the 3 PMF
patients experiencing secondary leukemia transformation
harbored ASXL1 mutation. Furthermore, ASXL1 mutations
were associated with shorter transformation-free survival
(p=0.014, Figure 3C). All in all, although the number of the
patients harboring these mutations was small in our cohort,
our results, nonetheless, support the role of SRSF2 and
ASXL1 in secondary leukemia transformation of PMF as has
been shown in previous reports (12, 14-16). 

Interestingly, the JAK2 V617F allele burden and the
number of mutations per patient did not seem to play a role
in the prognosis of patients. Whether JAK2 allele burden
truly plays a role in the transformation of chronic MPN, and
if so, the cutoff of JAK2 allele burden has been a debatable
topic yet to be settled (17, 18). We used the cutoff of 50%,
and found that it did not play a role in transformation but we
cannot draw a definitive conclusion because the number of
transformed patients was too small and heterogeneous in
nature. As for the number of mutations per patient and the
lack of correlation to prognosis, careful interpretation is
warranted as our results are based on targeted sequencing
data of highly pre-selected genes rather than the whole
genome or exome.    

Although sMF occurs as part of the natural history of ET
and PV, with rates of transformation ranging from 5-10% in
ET and 10-15% in PV (19), MF transformation of MPN is
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Table III. The mutational landscape of the 7 patients experiencing secondary transformation.

MPN                           TFS   # mut    JAK2                                                   AML driver                                                              Tumor suppressor
                                   (mo)                allele 
                                                          burden   ASXL1   EZH2   KMT2D   TET2   SRSF2   U2AF1  TP53    NPM1   FANCA    LRP1B   ARID2   RB1

Secondary AML                                                                                                                                                                     
PMF                            56         4          52           50                                                                                                              47                                           
PMF                             9          3           9            49                                                                                                                                                             
PMF                            12         3          71                                                                     39                                                                                                   
PV                               24         5          51           37          32                                                                   14                                                                        

Secondary MF                                                                                                                                                                        
ET                                7          4          42                                        15           52                        27                                                                     50           
PV                               57         6          58           17                                        55                                                  19                            14                           
PV                               23         2          55                                                                                                                                                                          50

The numbers in each box represents allele burden in VAF. MPN: Myeloproliferative neoplasm; TFS: transformation free survival; mo: months; mut:
mutation; AML: acute myeloid leukemia; PMF: primary myelofibrosis; PV: polycythemia vera; MF: myelofibrosis; ET: essential thrombocythemia. 



somewhat less understood compared to acute leukemia
transformation of MPN. A recent study from the AGIMM
group (20) has shown that the molecular landscape of sMF
is different from that of PMF and suggested that unknown
mutational events might contribute to the disease
progression. There were 3 sMF patients in our cohort and
except for the fact that all of them had mutations in tumor
suppressor genes, there were no common grounds to
establish a distinctive pattern. 

The effect of the mutation order in MPN has been shown
to alter clinical features and clonal evolution (21, 22).
Focusing on ASXL1, EZH2 and JAK2, we found that ASXL1
or EZH2 mutation acquisition after JAK2 leads to PV, while
ASXL1 mutation acquisition before JAK2 leads to ET or
PMF (Figure 2). It is interesting to note that both ASXL1 and
EZH2 are key regulators of PRC2, and are known to play a
role in MPN initiation and disease progression (14). As such,
the difference in temporal sequence of epigenetic regulators
mutation acquisition may determine the phenotype of JAK2
positive MPN, and also explain the natural disease course of
each MPN subtype. For example, as ASXL1 deletion is
associated with defective hematopoietic stem cells self-
renewal properties leading to profound cytopenias and
dysplasias, this sequence of mutations may explain why ET
is more closely related to pre-fibrotic PMF. Our results alone
are underpowered due to the small number of patients
included, but taking into consideration that our findings are
in agreement with a recent report from Grinfeld et al. (23)
who showed that in ET JAK2 is commonly a secondary
event while in PV it is an earlier event, we can hypothesize
that these results are at least corroborative in nature and thus
deserve scientific recognition. 

Also, among PV patients, ASXL1 mutation was associated
with lower hemoglobin, platelet and higher WBC count at
PV diagnosis. This finding is in agreement with the recent
report that ASXL1 mutation is correlated with features of
PMF, such as increased reticulin fibrosis and reduced
myeloid erythroid ratio (24). Meanwhile, splicing genes
mutated PMF were associated with higher hemoglobin,
platelet and WBC count at PMF diagnosis. It would be
interesting to see if these subgroups of patients represent
masked PV and pre-fibrotic MF. 

The obvious limitation of our study is the small number of
patients included. Another pitfall of our study is the lack of
sequential samples to actually track the clonal evolution at
various stages of MPN clinical course trajectory. However, the
value of our study lies in that it contains adequate scientific
clues to inspire future studies regarding the genetic landscape
of MPN. Given that our study mainly concerned East Asian
patients, a larger scale study of a similar population should
ensue for further corroboration of our results. 

In conclusion, our findings provide a better understanding
of JAK2 positive MPN and its genetic backgrounds. Although

the scale is small, we also provide evidence that each subtype
of MPN harbors distinct patterns of somatic mutations and
acquisition order, and that mutations in TP53, ASXL1, and
splicing genes may be associated with the prognosis of MPN. 
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