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A B S T R A C T

We investigated the changes in chromosomal abnormalities in myeloproliferative neoplasm (MPN) patients
during long-term follow-up. In total, 28 MPN patients (22 with primary myelofibrosis and 6 with polycythemia
vera) were included. Among them, 25 patients underwent serial bone marrow (BM) biopsies during disease
progression, and 3 patients had cytogenetic abnormalities at initial diagnosis but lacked follow-up BM biopsies.
JAK2, CALR, and MPL mutation analyses were performed. Targeted sequencing analysis was conducted in 11
patients. Among the 28 patients, 21 (75.0%) had cytogenetic abnormalities either at diagnosis (8/26) or during
follow-up. The median time from the initial analysis to the appearance of additional cytogenetic abnormalities
was 8.4 years. Among the chromosomal abnormalities at initial diagnosis, trisomy 8 (3/26, 11.5%) was the most
frequent, followed by gain of 1q, del(20q), and del(9q) (each in 2/26). Among all chromosomal abnormalities,
including those that occurred during follow-up, the most frequent was del(20q) and +1q (8/28, 28.6%), fol-
lowed by del(6p) (14.3%) and trisomy 8 (10.7%). Del(20q) was more frequent in CALR-mutated patients (4/6,
66.7%) than in JAK2-mutated patients (3/19, 15.8%, P=0.016). The presence of cytogenetic abnormalities at
initial diagnosis was associated with poor prognosis. Cytogenetic evolution may provide interesting insights into
the disease course.

1. Introduction

Myeloproliferative neoplasms (MPNs) are clonal hematopoietic
stem cell disorders that are characterized by the proliferation of mye-
loid lineages. MPNs comprise the following three major disease entities:
polycythemia vera (PV), primary myelofibrosis (PMF), and essential
thrombocythemia (ET) [1]. MPNs are insidious diseases at early stages;
however, with progression of the disease, the disease ends in bone
marrow failure due to myelofibrosis or transformation to the blast
phase [1]. The importance of key driver mutations in JAK2, CALR or
MPL genes is well known in the pathogenesis of MPNs [2]. There are an
increasing number of mutations under extensive research for their im-
pact on the pathogenesis and prognosis of MPNs, including genes in-
volved in epigenetic regulation, splicing, and signaling [3]. The on-
going studies on genetic abnormalities of MPNs provide insights into
the emergence and progression of disease [2].

Meanwhile, cytogenetic abnormalities are detected in

approximately 14–20% of PV patients [4–6], 30% to 50% of PMF pa-
tients [7–11], and 5%–10% of ET patients [12,13]. There is no specific
MPN-defining cytogenetic abnormality; however, there are several re-
currently found chromosomal abnormalities, including del(20q), +8,
+9, +1q, and del(13q) [6,11]. These cytogenetic abnormalities have
been revealed to be associated with the prognosis of MPN patients and
incorporated into prognostic scoring systems of PMF. The previous
scoring systems of MPN, the international prognostic system (IPSS) [7]
and dynamic IPSS (DIPSS) [14], were modified to generate the DIPSS-
plus [15], which includes karyotype information for the stratification of
risk groups. The original DIPSS-plus system stratified cytogenetic risk
groups into two tiers, “favorable” and “unfavorable” [15]. The un-
favorable karyotypes included complex karyotypes, such as +8, −7/
7q-, i(17q), −5/5q-, 12p-, inv.(3) or 11q23 rearrangements. The
prognostic impact of cytogenetic abnormalities has been actively stu-
died, and a recent study from a large cohort of PMF patients suggested a
three-tiered cytogenetic risk model [11]. In addition to prognostic
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impact, data about cytogenetic abnormalities and their phenotypic and
molecular correlations have been accumulated. Studies on the asso-
ciation of cytogenetic abnormalities and several recurrent somatic
mutations of MPNs, such as JAK2, CALR, MPL, ASXL1, SRSF2, U2AF1,
and IDH1 and IDH2, have been performed [10,11].

Because the disease course of MPN is generally chronic, the tem-
poral changes and clonal architecture of somatic mutations and their
correlation with the disease course may provide valuable insights into
the pathogenesis of the disease. Several studies were performed on the
clonal evolution of somatic mutations and copy number variations
[3,8,16–18]. However, long-term follow-up data on cytogenetic
changes and their correlations with the molecular, hematologic, and
clinical characteristics of disease are limited, especially since the dis-
covery of novel mutations. In this study, we studied the changes in
chromosomal abnormalities in MPN patients during long-term follow-
up and investigated the correlation of the molecular and hematologic
characteristics of the disease.

2. Materials and methods

2.1. Patients

In total, 28 MPN patients, including 22 PMF patients and 6 PV pa-
tients, were included in this study. Among them, 25 patients were se-
lected for this study because they underwent serial bone marrow
biopsies and conventional karyotyping during disease progression over
a median of 12.3 years (range, 2.6–25.3 years). Three patients who did
not have follow-up bone marrow biopsy results were also included in
this study because they presented cytogenetic abnormalities at initial
diagnosis. The intervals of follow-up bone marrow biopsies were vari-
able among the patients, and the reasons for bone marrow biopsies
were also variable, such as suspicion of disease progression due to ag-
grevation of anemia and transfusion dependency, appearance of blasts
in peripheral blood or revisit of the patients after long-term follow-up
loss. Bone marrow biopsies were performed twice in 12 patients, 3
times in 9 patients, and 4 times in 4 patients. Among 12 patients in
whom bone marrow biopsies were performed twice, 2 patients under-
went follow-up bone marrow biopsies within 2 to 3 years of the initial
diagnosis, 2 patients within 7 years of initial diagnosis, and 8 patients
within 10 years of initial diagnosis. The information about the patients
is presented in Supplemental Table S1. The MPNs were diagnosed ac-
cording to the 2016 revised World Health Organization (WHO) classi-
fication criteria [1]. All the bone marrow specimens were reviewed by
two hematopathologists (S.Y.K. and M.K.) and the diagnosis and sub-
classification of MPN were reassessed according to the WHO 2016
criteria. Bone marrow fibrosis (MF) was assessed according to the
European consensus grading system on a scale of MF-0 to MF-3 [19]. At
the initial diagnosis, among 22 PMF patients, 4 patients had reticulin
fibrosis grade 2 or 3 and were classified as overt PMF, and the re-
maining 18 patients had grade 0 or 1 fibrosis and satisfied other criteria
for the diagnosis of PMF including megakaryocytic proliferation and
atypia; these patients were diagnosed as prefibrotic/early PMF. Fibrosis
was sequentially assessed in the follow-up bone marrow samples. The
following laboratory and clinical information was obtained for each
patient: dates of diagnosis and therapy initiation, age, sex, hemoglobin
levels, leukocyte count, platelet count, and conventional G-banding
cytogenetic analyses of bone marrow cells. Six patients whose muta-
tional analysis data were reported in a previous study were included in
this cohort [20]. Cytogenetic studies were performed as part of the
routine diagnostic work-up, and karyotypes were recorded according to
the International System for Human Cytogenetic Nomenclature (ISCN)
2016 [21]. This study complied with the Declaration of Helsinki. This
study was reviewed and approved by the Chungnam National Uni-
versity Hospital Institutional Review Board (Daejeon, Republic of
Korea).

2.2. Molecular analysis

Genomic DNA was extracted from either bone marrow aspirate
samples or peripheral blood of 21 patients. For 7 patients, JAK2 V617F
mutation-positive results were available from medical records. DNA
was extracted using the ExiPrep kit (Bioneer, Daejeon, Korea) according
to the manufacturer's instructions. For those patients who had gDNA
available, allele-specific PCR and pyrosequencing were performed for
JAK2 V617F analysis according to previously described methods
[20,22,23]. For 7 patients, JAK2 V617F mutation-positive results were
available from medical records; JAK2 V617F mutation analysis was
performed by allele-specific PCR and Sanger sequencing. Sanger se-
quencing, pyrosequencing, and fragment length analysis were per-
formed to detect the CALR exon 9 frame-shift mutation as described in a
previous study [20,24]. The results of the CALRmutational analysis of 6
patients for whom the CALR results were positive were reported in a
previous study [20]. For mutation analysis of the MPL gene, Sanger
sequencing of MPL exon 10 was performed as previously described
[24]. The PCR products were purified and sequenced using a BigDye
Terminator v3.1 cycle sequencing kit (Applied Biosystems; Thermo
Fisher Scientific, Inc., Waltham, MA) and an AB 3500 automatic se-
quencer (Applied Biosystems; Thermo Fisher Scientific, Inc.) using the
primers described. For eleven samples, next-generation sequencing
(NGS) was performed as a part of a targeted gene panel that included
138 genes for myeloid malignancies, including JAK2, MPL, CALR,
SRSF2, SF3B1, U2AF1, CSF3R, IDH1, IDH2, TP53, ABL1, and BCR. The
gDNA shearing, standard library production and hybridization were
performed by Celemics (Celemics Inc., Seoul, Korea), followed by
paired-end 150-bp rapid-run sequencing on an Illumina HiSeq 2500
platform (Illumina, San Diego, CA, USA). The raw data were mapped to
the reference genome (hg19). Variant analysis pipelines, annotation,
and filtering processes were performed as described in previous studies
[20,25]. For eleven samples with NGS data, additional copy number
analyses were performed with the CopywriteR software package [26]
using data from a normal peripheral blood sample as a control. Copy-
writeR is a tool for detecting copy number aberrations using targeted
sequencing data by exploiting the off-target sequencing reads. The copy
number analyses by CopywriteR were performed using R 3.5.1 (www.r-
project.org).

2.3. Statistical analysis

Fisher's exact test and the χ2 test were used to compare categorical
variables, and the Mann-Whitney U test was used for continuous vari-
ables. The overall survival (OS) and the time from the initial diagnosis
to when MF-2 or MF-3 bone marrow fibrosis was detected were esti-
mated using the Kaplan-Meier method, and differences between the
survival curves were analyzed using the log-rank test. Statistical ana-
lyses were performed using SPSS version 20.0 (SPSS Inc., Chicago, IL,
USA). P values< 0.05 were considered statistically significant.

3. Results

3.1. Chromosomal abnormalities and other characteristics

The clinical and laboratory characteristics of the 28 patients (22
PMF patients and 6 PV patients) are presented in Table 1. Bone marrow
cellularity and megakaryocyte counts were not significantly different
between PMF and PV patients. Among the 26 patients for whom the
initial karyotyping results were available, excluding 2 patients for
whom no metaphase data were available, 8 patients (30.8%) had cy-
togenetic abnormalities at diagnosis. Ultimately, chromosomal ab-
normalities were found in 21/28 patients (75.0%) either at diagnosis or
during follow-up. The median time from diagnosis to the detection of
the first cytogenetic abnormalities was 7.2 years (range,
0.0–24.4 years). Fifteen patients presented with the emergence of novel
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cytogenetic abnormalities either from normal karyotypes (13 patients)
or from abnormal karyotypes with single chromosomal abnormalities
(2 patients), and the median time to the detection of additional kar-
yotypes was 8.4 years (range, 3.6–24.4 years). Among 9 patients for
whom the follow-up cytogenetic data were available and who exhibited
either stable normal karyotypes (7 patients) or single chromosomal
abnormalities (2 patients) at diagnosis, the median duration of follow-
up with no clonal cytogenetic changes was 7.8 years (range,
2.6–19.5 years). There were 19 patients (67.9%) with JAK2 V617F
mutation, 6 patients (21.4%) with CALR mutations, 2 patients (7.1%)
withMPLmutations, and 1 patient (3.6%) without mutations. In total, 6
PV patients had JAK2 V617F mutations, 13 PMF patients (59.1%) had
JAK2 V617F mutations, and 6 PMF patients (27.3%) had CALR

mutations. At initial diagnosis, 4 PMF patients presented with MF-2 or
MF-3 bone marrow fibrosis. Ultimately, 24 patients (85.7%) had MF-2
or MF-3 bone marrow fibrosis during follow-up.

3.2. Chromosomal abnormalities and molecular abnormalities

Among the chromosomal abnormalities found in 8 patients who
presented abnormalities at initial diagnosis, the most frequent chro-
mosomal abnormality was trisomy 8 (3/26, 11.5%), and the gain of the
long arm of chromosome 1 (+1q), del(20q), and del(9q) were each
detected in 2/26 patients (%) (Table 2 and Fig. 1A). Seven patients
(87.5%) presented single chromosomal abnormalities, and 1 patient
presented multiple chromosomal abnormalities (47,XY,+1,der(1;7)

Table 1
Clinical and laboratory characteristics of the 28 patients with myeloproliferative neoplasms (MPNs).

Variable Total MPN
(n= 28)

PMF
(n=22)

PV
(n= 6)

P-value‡

Male/female (% male) 12/16 (42.9) 10/12 (45.5) 2/4 (33.3) 0.595
Age at diagnosis (years) 59.0 (34.8–80.5) 59.0 (36.6–80.5) 60.0 (34.8–65.4) 0.867
Hemoglobin (g/dL) 13.5 (7.1–20.6) 11.8 (7.1–20.6) 18.6 (15.1–19.4) 0.002
Leukocytes (×109/L) 11.68 (3.44–47.27) 11.27 (3.44–47.27) 13.43 (8.46–31.50) 0.401
Absolute neutrophils (×109/L) 7.85 (0.74–37.82) 5.13 (0.74–37.82) 8.85 (4.81–21.42) 0.314
Platelets (×109/L) 669 (16–1786) 776 (16–1786) 356 (134–756) 0.038
Circulating blasts (%) 0 (0–1) 0 (0–1) 0 (0–1) 0.316
BM cellularity (%) 83 (50–100) 83 (50–100) 78 (55–95) 0.754
Megakaryocytes per HPF in initial BM samplea 10.3 (1.2–25.0) 10.8 (1.2–25.0) 6.2 (4.0–16.0) 0.168
Megakaryocytes per HPF in follow-up BM samplea 8.0 (1.2–30.4) 8.9 (1.2–30.4) 5.5 (4.0–10.0) 0.218
Chromosomal abnormalities at initial diagnosis, n (%) 8/26 (30.8) 7/21 (33.3) 1/5 (20.0) 0.562
Chromosomal abnormalities at initial diagnosis or during follow-up, n (%) 21 (75.0) 16 (72.7) 5 (83.3) 0.595
Time from diagnosis to detection of chromosomal abnormalities (years) 7.2 (0.0–24.4) 6.0 (0.0–18.4) 11.2 (0.1–24.4) 0.137

No. of cases with additional chromosomal abnormalities were occurred during follow-up, n (%) 15 (53.6) 11 (50.0) 4 (66.7) 0.468
Time to detection of additional abnormal clones (years) 8.4 (3.6–24.4) 8.3 (3.6–18.4) 13.8 (3.7–24.4) 0.240
Time from initial diagnosis to chromosomal testing with no clonal change (years) 7.8 (2.6–19.5) 7.7 (2.6–19.5) 10.7 (10.7–10.7) 0.439

Mutations 0.306
JAK2 V617F mutation 19 (67.9) 13 (59.1) 6 (100)
CALR mutations 6 (21.4) 6 (27.3) 0 (0)
MPL mutation 2 (7.1) 2 (9.1) 0 (0)
Negative for JAK2, CALR, and MPL mutations 1 (3.6) 1 (3.6) 0 (0)

Reticulin fibrosis (MF 2-3) at initial diagnosis, n (%) 4 (14.3) 4 (18.2) 0 (0) 0.259
Progression of fibrosis in subsequence disease course, n (%)b 24 (85.7) 21 (95.5) 3 (50.0) 0.005
Progression to accelerated or blast phase, n (%) 4 (14.3) 3 (13.6) 1 (16.7) 0.851
Deceased, n (%) 7 (25.0) 7 (31.8) 0 (0) 0.111
Follow-up (years) 11.1 (0.2–25.5) 10.2 (0.2–20.9) 11.8 (1.1–25.5) 0.823

Data are presented as the median (range) for continuous variables and the number of cases (percentage) for categorical variables unless otherwise indicated.
Abbreviations: BM, bone marrow; HPF, high power field; MF, myelofibrosis; n, number; PMF, primary myelofibrosis; PV, polycythemia vera.

a Average megakaryocytes counted in 10 high power fields (400×) from bone marrow biopsies.
b The number of patients who presented with bone marrow fibrosis (MF 2-3 at the final follow-up test).
‡ P values were calculated using the χ2 test for categorical variables and the Mann–Whitney U test for continuous variables between the PMF and PV patient

groups.
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(q10;p10),+8[14]/46,XY[6]). Ultimately, 21/28 patients (75.0%)
presented cytogenetic abnormalities during the overall follow-up
period. Twelve patients (57.1%) had single abnormalities, 3 patients
(14.3%) had two abnormalities, 3 patients had three abnormalities, and
3 patients had ≥5 chromosomal abnormalities. Therefore, 6 patients
(28.6%) had complex karyotypes. The +1q and del(20q) abnormalities
were most frequently found (8/28 patients, 28.6%), followed by del(6p)
(4/28, 14.3%) and trisomy 8 and del(7q) (each in 3/28 patients,
10.7%). Approximately 25% of del(20q) and +1q appeared as sec-
ondary abnormalities, and approximately 75% of del(6p) appeared as
secondary abnormalities after the appearance of other chromosomal
abnormalities (Fig. 1B). The frequency of +1q was not significantly
different between JAK2- and CALR-mutated patients (4/19 vs 3/6;
P=0.169). Del(20q) was more frequent in CALR-mutated patients (4/
6, 66.7%) than in JAK2-mutated patients (3/19, 15.8%, P=0.016).
Two patients with CALR mutations presented del(20q) at initial diag-
nosis, and 4 patients developed del(20q) during disease progression.
The temporal changes in chromosomal abnormalities and percentages
of abnormal metaphases and JAK2 and CALR-mutant allelic burdens in
each patient are presented in Fig. 2. The metaphases with cytogenetic
abnormalities usually demonstrated an increasing trend over time, and
the bone marrow fibrosis progressed accordingly. In addition, the tar-
geted sequencing results of follow-up samples from 11 patients revealed
additional molecular abnormalities in 6 patients in genes including
ASXL1, TP53, and SF3B1 (in ≥2 patients) and CREBBP, U2AF1, MPL,
NRAS, GNAS, RUNX1 (each in 1 patient) (Supplemental Table S1).
These additional abnormalities had lower variant allele frequencies
(VAFs) than the VAFs of JAK2 or CALR. The copy number analysis of
off-target reads in the targeted sequencing data had variable results
according to each sample and each cytogenetic locus and were not
exactly matched with the G-banding karyotype results. However, the
initial cytogenetic abnormalities that were present in all the metaphases
tended to be matched with the copy number analysis results by Copy-
writeR (Supplemental Table S1). In Case 10, G-banding analysis showed
an abnormal karyotype of 46,XX,del(6)(q22),t(8;21)(q11.2;q22),del
(11)(p13) [20] in a follow-up sample. NGS analysis of these samples
revealed a JAK2 V617F VAF of 90.9%, which suggested uniparental
disomy. The two single nucleotide variants (SNVs) in exon 6 and exon
19 of the JAK2 gene had VAFs of 84.5% and 85.7%, which suggested
uniparental disomy in much of the JAK2 gene. The additional ASXL1
G646fs mutation had a VAF of 28.3%, which suggested that the ASXL1
mutation was a secondary abnormality. The copy number analysis of
NGS data demonstrated partial copy loss in 6q and 11p, which matches
the karyotype results, and copy loss in 12q, which was not a detectable
locus in the G-banding analysis (Fig. 3A). Although the total metaphase
analysis revealed cytogenetic abnormalities, copy number abnormal-
ities in 6q and 11p were partially observed (Fig. 3A). In Case 22, del
(20q) emerged as a clonal change, which was clearly observed in the
NGS data (Fig. 3B). In these samples, U2AF1 Q157R and SF3B1 K700E
mutations were observed with VAFs of 10.4% and 5.1%, respectively.

3.3. Prognostic impact of cytogenetic abnormalities

The OS of patients was investigated according to the presence of
chromosomal abnormalities at initial diagnosis and the presence of
overall chromosomal abnormalities either at diagnosis or follow-up
periods (Fig. 4). Both in the analysis of all patients and PMF patients,
the chromosomal abnormalities at initial diagnosis were associated
with poor OS (P values, 0.021 and 0.046, respectively; Fig. 4A and C).
However, the OS of patients who presented with chromosomal

abnormalities at any point in the follow-up period did not differ from
that of patients who persistently had normal karyotypes (Fig. 4B and
D). These results were the same as those for the progression of fibrosis;
the presence of chromosomal abnormalities at initial diagnosis was
associated with earlier bone marrow fibrosis (Fig. 4E); however, pa-
tients who presented with chromosomal abnormalities at any point
during the follow-up period did not have differences in the rate of fi-
brosis progression compared with patients with persistently normal
karyotypes (Fig. 4F). Patients with the chromosomal abnormalities of
del(20q) and del(9q) at initial diagnosis had worse OS than patients
with +1q, trisomy 8, and normal karyotypes at initial diagnosis
(P < 0.001), although the number of samples was very small (Fig. 4G).
The overall presence of specific chromosomal abnormalities during
follow-up was not significantly associated with OS (Fig. 4H).

4. Discussion

The prognostic impact of karyotype on MPN, especially on PMF, has
been investigated in many studies, and investigation of a large popu-
lation of patients resulted in the classification of karyotypic abnorm-
alities into unfavorable and favorable cytogenetic abnormalities
[7,14,15]. In the DIPSS-plus system for PMF, the unfavorable ab-
normalities included +8, −7/7q−, i(17q), inv.(3), −5/5q−, 12p− or
11q23 rearrangement, and all other abnormalities were considered fa-
vorable [9]. In a recently revised cytogenetic risk group, favorable cy-
togenetic abnormalities were normal karyotypes, sole 20q−, sole
13q−, sole +9, sole −Y, sole sex chromosome abnormality, and sole
chromosome 1 translocation/duplication. Cytogenetic abnormalities
with very high risk included single/multiple monosomy 7, inv.(3)/
3q21, i(17q), 12p−/12p11 abnormalities, 11q−/11q23 abnormalities,
and autosomal trisomies other than +8 or +9 [11]. In these risk
classifications, the chromosomal abnormalities at initial diagnosis were
assessed for their prognostic impact. However, molecular and cytoge-
netic abnormalities at initial diagnosis change over time in parallel to
the disease course of malignancies [18]. Because a patient can be di-
agnosed either at an early stage or at an advanced stage, the profiles of
cytogenetic abnormalities might be different according to the timing of
the disease course; consequently, the prognostic impact of cytogenetic
abnormalities might be different. In this study, to observe the clonal
evolution of cytogenetic abnormalities in each patient according to
their clinical and molecular profiles and phase of disease progression,
we investigated long-term changes in the cytogenetic profiles of several
individual patients. At initial diagnosis, only approximately 30% of
patients had cytogenetic abnormalities, and the frequency was not
significantly different between PV and PMF patients. Most patients with
chromosomal abnormalities had single abnormalities (87.5%). Cyto-
genetic abnormalities, including trisomy 8, del(20q), +1q, and del(9q),
were found in these patients. These abnormalities, except del(9q), were
well known and common cytogenetic abnormalities in MPN, and we
suggest that these abnormalities might be considered initial clonal cy-
togenetic changes in the pathogenesis of MPN. Subsequent analysis of
follow-up samples revealed that more patients with normal karyotypes
gained cytogenetic abnormalities, and additional cytogenetic abnorm-
alities appeared in patients who initially had single abnormalities.
Approximately 50% of patients had new cytogenetic abnormalities or
additional clonal changes. The +1q and del(20q) were present at high
frequencies during follow-up and at the initial diagnosis. They pre-
sented both as primary abnormalities and secondary changes that ap-
peared after the initial diagnosis. A recently published paper by Mar-
cellino et al. analyzed the data from a large cohort of 1294 MPN

Fig. 2. The percentage of metaphases with chromosomal abnormalities and the variant allele frequencies (VAFs) of JAK2 or CALR mutations are plotted according to
years after diagnosis for 12 patients (A–L) for whom mutation burden data were available and cytogenetic abnormalities were detected. The bone marrow fibrosis
results were presented as MF-0 to MF3, and the percentages of myeloid cells in the peripheral blood when cytogenetic and molecular testing was performed are also
presented.
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patients specifically focusing on +1q and abnormalities at chromosome
12 and 17, and showed that the frequency of del(20q) and +1q in MPN
were 7% and 6%, respectively [27]. In the study, +1q was shown to be
more prevalent in more advanced forms of MPNs than in early stage
MPNs such as PV and ET. These results are consistent with our results.

The timing of the clonal evolution of cytogenetic abnormalities was
variable in each patient. When the data from all patients was sum-
marized, additional chromosomal abnormalities after initial diagnosis
were detected after approximately 8 years in PMF patients and 10 to
13 years in PV patients. In addition to the increase in the number and
types of cytogenetic abnormalities over time, the proportion of meta-
phases with abnormal clones also tended to increase over the course of
the disease. Many patients had cytogenetic abnormalities in a portion of
metaphases when initially diagnoses; however, several years later,
when the disease progressed to overt bone marrow myelofibrosis or the
blast phase, almost all metaphases had cytogenetic abnormalities. A
previous study by Marcellino et al. presented a case with PV and
longitudinal data over the course of 16 years. This patient presented
with the additional gain of +1q 7 years after the initial diagnosis of iso
(9p) clone, and this timing was similar to the clonal change in our
summarized results.

Cytogenetic changes had a possible association with molecular ab-
normalities. There were no statistically significant differences in the
distribution of cytogenetic abnormalities at initial diagnosis among
JAK2- and CALR-mutated patients. However, when all cytogenetic ab-
normalities were considered in both the initial and follow-up samples,
del(20q) was significantly more frequent in patients with CALR muta-
tions than in patients with JAK2 mutations. In half the CALR-mutated
patients, del(20q) was gained as a secondary abnormality after the
appearance of other abnormalities. In previous studies on other myeloid
malignancies, del(20q) was reported to be associated with other ab-
normalities, such as in myelodysplastic syndrome (MDS) in which del
(20q) was frequently observed in U2AF1-mutated patients [25,28]. Our
results suggested a possible association between the CALRmutation and
the gain of del(20q) during the clonal evolution of malignant cells;
however, the number of patients was too small to obtain conclusive
results. A previous study reported that the JAK2 V617F mutation was
associated with +1q, and CALR or MPL mutations are rarely found in
MPN patients with +1q [27]. However, our results showed that there
were no statistically significant differences in the frequency of which

genes were mutated in conjunction with +1q, although the number of
patients was small for conclusive results.

The follow-up samples of a subset of patients were analyzed with
NGS, and molecular abnormalities including in JAK2, CALR, and MPL
were found in most tumor cells, with VAFs> 50%. In some samples,
uniparental disomy (copy neutral loss of heterozygosity) in the genetic
loci of the JAK2 gene was found, which is a well-known abnormality
involving JAK2 in MPNs [29]. In addition to these abnormalities, sev-
eral other molecular abnormalities, including in genes such as ASXL1,
TP53, and SF3B1, were also detected, and these molecular abnormal-
ities had lower VAFs, which suggests that these abnormalities occurred
after the initial molecular changes. However, the VAFs were estimated
in the whole peripheral blood and bone marrow, in which clonal cells
and non-clonal cells are variably mixed in each sample; therefore, the
estimation of VAFs may not accurately represent the true mutant allele
burden. When the NGS data were used for copy number analysis using
off-target reads analysis, these data were not perfectly matched with the
karyotyping results. In some patients with multiple cytogenetic ab-
normalities, the depth of copy number changes was different according
to the cytogenetic abnormalities, and an additional cytogenetic change
could be found.

When the prognostic impacts of cytogenetic abnormalities were
investigated, only the presence of cytogenetic abnormalities at initial
diagnosis was associated with shorter OS, and the appearance of cyto-
genetic abnormalities at any point in the follow-up period was not as-
sociated with OS. In addition, patients with cytogenetic abnormalities
at initial diagnosis presented earlier progression to fibrosis. Although
the number of patients was very small, the initial presence of del(20q)
or del(9q) was associated with worse OS than the initial presence of
partial trisomy 1q or trisomy 8. Because del(20q) is a generally favor-
able prognostic factor, our results were different than those in previous
studies. Because the number of patients was very small, the statistical
power might be limited. Among the initial cytogenetic abnormalities,
there were no abnormalities that belonged to the very high risk group,
and among the initial cytogenetic abnormalities with deletions, there
were more adverse prognostic effects than among the cytogenetic ab-
normalities with chromosomal gains. Among the total cytogenetic ab-
normalities that were found throughout the follow-up period, del(20q)
and partial trisomy 1q did not present significant prognostic differ-
ences.

Fig. 3. The off-target copy number analysis of next-generation sequencing (NGS) data in two patients presented (A) partial copy loss in 6q, 11p, and 12q, (B) and
copy loss of 20q.

Table 2
Cytogenetic abnormalities in the 28 patients with myeloproliferative neoplasms (MPNs) according to molecular abnormalities.

Variable Total MPN
(n= 28)

JAK2-mutated MPN total
(n= 19)

JAK2-mutated PMF
(n= 13)

CALR-mutated PMF
(n= 6)

P-value⁎

Chromosomal abnormalities at initial diagnosis, n (%) 8/26 (30.8) 6/17 (35.3) 5/12 (41.7) 1/6 (16.7) 0.394
trisomy 8 3/26 (11.5) 2/17 (11.8) 1/13 (7.7) 0 (0) 0.472
del(20q) 2/26 (7.7) 1/17 (5.9) 1/13 (7.7) 1/6 (16.7) 0.503
+1q 2/26 (7.7) 1/17 (5.9) 1/13 (7.7) 0 (0) 0.584
del(9q) 2/26 (7.7) 2/17 (11.8) 2/13 (15.4) 0 (0) 0.472
del(7q) 1/26 (3.8) 0 (0) 0 (0) 0 (0) 0.407

Chromosomal abnormalities either at initial diagnosis or during follow-up, n (%) 21 (75.0) 14 (73.7) 9 (69.2) 5 (83.3) 0.630
del(20q) 8 (28.6) 3 (15.8) 2 (15.4) 4 (66.7) 0.016
+1q 8 (28.6) 4 (21.1) 2 (15.4) 3 (50.0) 0.169
del(6p) 4 (14.3) 2 (10.5) 2 (15.4) 2 (33.3) 0.184
trisomy 8 3 (10.7) 2 (10.5) 1 (7.7) 0 (0) 0.407
del(7q) 3 (10.7) 1 (5.3) 0 (0) 1 (16.7) 0.369
del(6q) 2 (7.1) 1 (5.3) 1 (7.7) 1 (16.7) 0.369
del(9q) 2 (7.1) 2 (10.5) 2 (9.1) 0 (0) 0.407
del(3p) 2 (7.1) 1 (5.3) 1 (7.7) 1 (16.7) 0.369

Data are presented as the number of cases (percentage) unless otherwise indicated.
Abbreviations: MPN, myeloproliferative neoplasm; n, number; PMF, primary myelofibrosis; PV, polycythemia vera.

⁎ P values were calculated using the χ2 test between the JAK2-mutated and CALR-mutation PMF patients.

S.Y. Kim, et al. Blood Cells, Molecules and Diseases 77 (2019) 120–128

126



A B

C D

E F

G H

0

0.2

0.4

0.6

0.8

1

0 5 10 15 20 25

O
ve

ra
ll 

S
u

rv
iv

al

Years

P = 0.021

  Normal
  Abnormal

Chromosomal abnormalities at initial
diagnosis in all 28 MPN patients

0

0.2

0.4

0.6

0.8

1

0 5 10 15 20 25

O
ve

ra
ll 

S
u

rv
iv

al

Years

P = 0.435

  Normal
  Abnormal

Chromosomal abnormalities either at 
diagnosis or at follow-up in all MPN patients

0

0.2

0.4

0.6

0.8

1

0 5 10 15 20 25

O
ve

ra
ll 

S
u

rv
iv

al

Years

P = 0.046

  Normal
  Abnormal

diagnosis in 21 PMF patients

0

0.2

0.4

0.6

0.8

1

0 5 10 15 20 25

O
ve

ra
ll 

S
u

rv
iv

al

Years

P = 0.360

  Normal
  Abnormal

Chromosomal abnormalities either at
diagnosis or at follow-up in PMF patients

0

0.2

0.4

0.6

0.8

1

0 5 10 15 20 25

F
ib

ro
si

s-
fr

ee
 S

u
rv

iv
al

Years

P = 0.033

  Normal
  Abnormal

diagnosis in all 28 MPN patients

0

0.2

0.4

0.6

0.8

1

0 5 10 15 20 25

F
ib

ro
si

s-
fr

ee
 S

u
rv

iv
al

Years

P = 0.960

  Normal
  Abnormal

0

0.2

0.4

0.6

0.8

1

0 5 10 15 20 25

O
ve

ra
ll 

S
u

rv
iv

al

Years

P < 0.001

  +1q
 Trisomy 8
  del(20q)
 del(9q)
  No abnormality

diagnosis in all 28 MPN patients

0

0.2

0.4

0.6

0.8

1

0 5 10 15 20 25

O
ve

ra
ll 

S
u

rv
iv

al

Years

P = 0.608

  +1q
  del(20q)
  Other abnormalities
  No abnormality

Chromosomal abnormalities at initial

Chromosomal abnormalities at initial Chromosomal abnormalities either at

Chromosomal abnormalities either atChromosomal abnormalities at initial

diagnosis or at follow-up in all MPN patients

diagnosis or at follow-up in all MPN patients

Fig. 4. Overall survival of 28 myeloproliferative neoplasm (MPN) patients (A) according to the presence of cytogenetic abnormalities at initial diagnosis and (B)
according to the presence of chromosomal abnormalities either at diagnosis or at follow-up. Overall survival of the subgroup of 21 primary myelofibrosis (PMF)
patients (C) according to the presence of cytogenetic abnormalities at initial diagnosis and (D) according to the presence of chromosomal abnormalities either at
diagnosis or at follow-up. Fibrosis-free survival of 28 patients (E) according to the presence of cytogenetic abnormalities at initial diagnosis and (F) according to the
presence of chromosomal abnormalities either at diagnosis or at follow-up. Overall survival of all patients according to the presence of specific cytogenetic ab-
normalities either (G) at diagnosis or (H) at diagnosis or during the follow-up period.
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This study has limitations; it included a small number of samples
and was conducted in a single center. In addition, the follow-up diag-
nostic tests were not performed as prospective schedules, but they were
conducted when patients' laboratory data or clinical conditions were
changed and disease progression was suspected. Therefore, the timing
of follow-up tests was variable among patients, and the exact timing of
the gain of novel cytogenetic and molecular abnormalities could not be
investigated.

In conclusion, for many MPN patients, cytogenetic abnormalities
clonally evolved during disease progression and were associated with
the molecular characteristics. The association of cytogenetic abnorm-
alities with MPN pathogenesis and cytogenetic evolution may provide
interesting insights into the disease.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bcmd.2019.04.007.
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