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Introduction. The identification of driver mutations in the JAK2, CALR, and MPL genes is a gold standard approach in the molecular diagnosis of patients with
Ph-negative myeloproliferative neoplasms (Ph-MPNs). However, such patients are characterized by a heterogenous genomic landscape. Standard molecular
genetic methods cannot be used to identify most somatic mutations, thus failing to provide a comprehensive understanding of the course and prognosis of
Ph-MPNs and to confirm the clonality of the disease in patients with triple-negative status. The next generation sequencing (NGS) technology allows simulta-
neous analysis of an extensive panel of genes and identification of both pathogenic and driver mutations.

Aim. To evaluate the possibility of using NGS to study the mutational status of patients with Ph-negative MPNs and to analyze the effect of identified patho-
genic mutations on patient survival.

Materials and methods. The study included 83 patients with polycythemia vera, essential thrombocythemia, and primary myelofibrosis aged from 19 to 85
years (the median onset age of 51 years). For all patients, sequencing was performed using a myeloid panel of 118 genes with an average reading depth of
1000x on MiSeq (lllumina, USA). The clinical significance of the mutations was determined using the COSMIC and Franklin databases. The survival rate was
analyzed using the Kaplan—-Meyer method followed by assessment of statistical significance using the Cox-Mantel test in the GraphPad Prism 8 environment.
Results. Pathogenic mutations in 23 genes were detected in 39 (46%) patients out of the total cohort of patients. The most frequent mutations were detected
in the ASXL1 gene in 25% of patients, which reduced event-free survival by 50.3% (Me = 7.83 years vs 15.75 years). The pathogenic mutations identified in
other genes combined with mutations in driver genes also decreased event-free survival compared to patients with isolated driver mutations. Two or more
pathogenic mutations significantly reduced event-free survival compared to patients with only one pathogenic mutation. The NGS method was also capable
of identifying pathogenic mutations in 8 out of 10 triple-negative patients studied, thus confirming the clonality of the disease.

Conclusions. The next-generation sequencing (NGS) method using a panel of 118 genes is an effective tool in identifying predictively significant mutations
important for selecting the most effective personalized therapy to achieve hematologic response.
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N3YHEHUE MYTALMOHHOI O NMPO®UIA BOJIbHbIX Ph-HETATUBHBbIMI
MUMENOMPOJIN®EPATUBHbIMA HOBOOBPA30OBAHNUAMW METOOM NGS

A.H. Knpuenko™, E.B. MoTbiko', E.B. Edppemosa’, [1.B. Kyctosa', T.H. TepT’, 1.B. Jlennaner’, B.A. LLlyaes?3, 1.C. MapTbiHkeBUY'
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BeepeHue. OnpepgeneHe gparBepHbix MyTaumn B reHax JAK2, CALR n MPL aBnaeTcs «30/10TbiM CTaHAAPTOM» B MONIEKYSIAPHOM ANarHOCTUKE NaLNEeHTOB
¢ Ph-MIMH. OgHako reHoMHbI fnaHawadT Taknx nauyeHToB reTeporeHeH, 1 cTaHaapTHbIE MONEKYNSPHO-reHeTUYeCKe METOAb! He MO3BOMSIOT BbIABUTL
OOMBLUMHCTBO COMAaTUYECKMNX MyTauuii 1 TeM CaMbiM He JAt0T MOHOMO NPeACTaBAeHns 06 0COBEHHOCTAX TedeHns 1 nporHose Ph-MIMH, a Takxxe He no-
3BONSIOT NOATBEPANTL KNOHANBHOCTL 3a601eBaHNs Y 60/bHbIX C TPOMHbBIM HEraTUBHbBIM CTaTyCOM. MeTo CeKBEHNPOBaHMs cnepytoLLero nokoneHns (NGS)
[laeT BO3MOXXHOCTb OHOBPEMEHHO MPOBECTN aHaNM3 OBLUMPHOM NaHeNM reHOB U BbISIBUTH Kak NMaToreHHble, Tak U ApanBepHble MyTaumn.

Llenb. OueHka BO3MOXHOCTL ncnonb3doBaHns NGS B 13ydeHun MyTaLMoHHOro ctatyca naumeHToB ¢ Ph-HeratvsHbiMn MIMH 1 aHanva BAnsHUS BbiSiBNEH-
HbIX MATOrEeHHbIX MyTaLWii Ha BbIXKMBAEMOCTb NaLEHTOB.

MaTepuanbl u metoabl. B nccnegoBaHne Obin BKOYEHbI 83 naumeHTa ¢ AMarHo3amMm «MCTUHHASA NONMMLUTEMUS», «3CCeHLManbHas TPOMOOoLUTEMYIS»
1 «NepBUYHbI Mrenodurbpos» B BodpacTte oT 19 no 85 net (MeamaHa Havana 3abonesaHus — 51 roa). Y Bcex nauyeHTOB CEKBEHMPOBAHNE BbINOSIHSANOCH
C MCNONb30BaHNEM MUENONAHOM NaHenn 13 118 reHos co cpeaHen rnybuHomn npodteHns 1000x Ha nprubope MiSeq (lllumina, CLUA). KnuHndeckas 3Haum-
MOCTb MyTauuin ycTaHaBnMBanach no 6asam gaHHbix COSMIC v Franklin. [ns aHannaa BbiKMBaeMOCTN UCNOfb30Banu meTon KannaHa — Meliepa ¢ oueH-
KOW CTaTUCTUHECKON 3HAYMMOCTHM C MOMOLLIO TecTa Kokca — MaHTena ¢ ncnonbdoBaHnem nporpammbl GraphPad Prism 8.

PesynbTtaTtbl. [aToreHHble MyTaumm B 23 reHax 6bin BbisBieHb! y 39 (46%) naumneHToB 13 obLero Yncna 6onbHbix. Hanbonee 1acto, y 25% naumeHTos,
MyTauum AeTekTnpoBanu B reHe ASXLT; oHM CHKanm 6eccobblTUiiHYIO BbbKMBaeMocTb Ha 50,3% (Me = 7,83 roga npotus 15,75 ropa). BeisiBneHHble naTo-
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reHHble MyTaummn B Apyrux reHax Co4eTaHHO C MyTaumsamm B ApaiBepHbIX reHax Takxke yxyaLlanu nokasarenn 6eccobbITUAHOM BbKMBAEMOCTM MO CpaBHe-
HUIIO C NMokasaTensiMv NauneHToB, MMEBLLNX M30NIMPOBaHHbIE ApariBepHble MyTaLmn. [1Be 1 60onee naTtoreHHble My Talmn 3HaYMMO CHXKaNM 6eCCOObITUNHYIO
BbDKMBAEMOCTb MO CPaBHEHWUIO C NauyeHTaMn ¢ 0AHOWM natoreHHon MyTauven. Metogom NGS Takke yaanoch BbIsiBUTb NaToreHHble MyTtaumm y 8 na 10
ncenefyemMblx NauyeHToB C TPUHEraTUBHBIM CTAaTyCOM U TaknuM 06pa3oM NOATBEPANTL KNTOHAIbHOCTL 3ab01eBaHns.

BbiBoAbl. MeTOA CekBeHVpoBaHus cnegytoLlero nokonenns (NGS) ¢ ncnonbsosaHnem naHenv 13 118 reHos aBnaeTcs aMOEKTVBHBIM MHCTPYMEHTOM B Bbl-
ABNEHUM MPOrHOCTUYECKM 3HAYUMbIX My TaLmi, BaxHbIX 41 nogdopa Hanbosnee athhekTUBHOM NepCoHaN3NpoBaHHOM Tepanmm, Mo3BONSIOLLEN AOCTUraTb
remMaTonorn4eckoro oTeera.

KnioueBble crnioBa: Ph-HeraTuBHble MyenonponmbepaTBHbie HOBOOGPa30BaHWsl; CEKBEHMPOBAaHME CNedyoLLEro NoKoIEeHs!; NaToreHHsle MyTauwmm; 6ec-
COBbITUHAS BbIXXMBAEMOCTb
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INTRODUCTION

BCR:ABL1-negative myeloproliferative neoplasms (Ph-
MPNSs) are clonal hematologic malignancies characterized
by excessive release of mature myeloid cells into the blood,
arising from a mutated hematopoietic stem cell [1, 2, 3].
Classic Ph-MPNs include polycythemia vera (PV), essential
thrombocythemia (ET), and primary myelofibrosis (PMF) [4].

Recent advances in molecular genetics have revealed
a common trigger mechanism in the pathogenesis of the
above diseases. This mechanism is based on constant ac-
tivation of the Janus kinase (JAK-STAT) signaling pathway
in the cell, through which information is transmitted from
external chemical signals to the nucleus, resulting in DNA
transcription and expression of genes involved in immuno-
genesis, proliferation, differentiation, apoptosis, and onco-
genesis [5]. Constant activation of the JAK-STAT signaling
pathway is related to mutations in the JAK2, CALR, and
MPL genes, referred to as driver mutations. Detection of
mutations in these genes has become an integral part of
the modern diagnostic algorithm for patients with MPNSs,
being included in current clinical guidelines. Deciphering
the pathogenetic mechanisms of Ph-MPN development
has contributed to the development and introduction into
clinical practice of targeted therapy for Janus kinase inhibi-
tors that block the intracellular JAK-STAT signaling system
[5].

At the same time, recent studies have revealed the het-
erogeneity of the genomic landscape of Ph-negative MPNSs.
Mutations were detected in genes responsible for different
functions within the cell, such as epigenetic regulation of
DNA methylation (TET2, DNMT3A and IDH1/2), histone/
chromatin modification (ASXL1, EZH2, SUZ12), RNA splic-
ing (SRSF2, SF3B1, U2AFT), signal transduction (SH2B3,
LNK, CBL, RAS, NF1) and transcription factors (TP53 and
RUNXT), and others [6-9]. Detection of these mutations
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possesses a diagnostic and prognostic value, allowing the
risk of disease progression to be assessed, the most ef-
fective treatment tactics to be selected, and the need for
hematopoietic stem cell transplantation to be determined.
Thus, the next generation sequencing (NGS) method for
simultaneous determination of the mutational status of a
large number of genes is acquiring particular significance
in the diagnosis of BCR::ABL1-negative MPNs in patients.

In this study, we aim to evaluate the feasibility of NGS
analysis in studying the mutational status of patients with
Ph-negative MPNs and to assess the impact of identified
pathogenic mutations on patient survival.

MATERIALS AND METHODS

Our study enrolled 83 patients (30 males and 53 females)
aged 19 to 85 years (with the median onset age of 51
years) undergoing hospital treatment in St. Petersburg and
Moscow, Russian Federation. The diagnosis of Ph-negative
MPN was previously established in all patients according to
the WHO criteria. Out of them, 47, 15, and 21 patients were
diagnosed with PMF, PV, and ET, respectively (Table 1).

All patients had been previously screened for mutations
in driver genes followed by detection of mutations in the
JAK2 gene (VB617F) in 54 cases (65%), CALR in 16 cases
(19%), and MPL in 3 cases (4%). Nevertheless, these genes
were included in the NGS panel of investigational genes for
use as internal positive controls. The group of patients with
ET and PMF without mutations in any of the driver genes
(so-called triple-negative patients) comprised 10 (14.7%)
patients of the total sample.

During the follow-up period, 14 patients showed phase
transition or leukemic transformation: seven patients diag-
nosed with PMF showed transformation to Acute Myeloid
Leukemia (AML); three patients with ET and four with
PV showed transformation to secondary myelofibrosis
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(Table 1). DNA isolation from peripheral blood samples was
performed with a QlAamp RNA Blood Mini Kit (Qiagen, the
Netherlands).

Identification of mutations in JAK2, MPL, CALR genes

Mutation in the JAK2 gene was determined with a reagent
kit for detection of V617F G/T mutation in JAK2 (Janus
kinase 2) gene (Syntol, Russian Federation). Mutations in
the CALR and MPL genes were determined by Sanger se-
quencing using a NANOFOR-05 genetic analyzer (Syntol,
Russian Federation). The following primers were used to
design DNA fragments:

MPL-F 5-TAGCCTGGATCTCCTTGGTG-3;

MPL-R 5-AGAGAGGTGTGACGTGCAGGAAGT-3’;
CALR-F 5-TGAGGTGTGTGTGTGCTCTGCCT-3;

CALR-R 5-AGAGACATTATTTGGCGCGCGG-3.

Next-generation sequencing

In all patients, sequencing was performed using a targeted
exon panel of 118 genes with an average read depth of
1000x on a MiSeq device (lllumina, USA). The indepen-
dently developed panel included key genes involved in
myeloid neoplasms [6-9]. For lllumina sequencing, librar-
ies were prepared from 200 ng of genomic DNA split into
300 bp fragments using a Covaris S2 focused ultrasound
system.

Fragmented DNA was transformed into DNA libraries us-
ing a KAPA Hyper Prep Kit (Roche, Switzerland). DNA librar-
ies were enriched using a Hyper Cap Target Enrichment kit
and a KAPA Hyper Exome Probes kit (Roche, Switzerland)
according to the manufacturer’s protocol. The MGlEasy
Circularization Module V2.0 (MGlI, China) was used to pre-
pare DNA libraries. Quantitative analysis of the library was
performed on a Quantus fluorimeter with a QuantiFluor®
dsDNA System kit (Promega, USA).

The lllumina Sequence Analysis Viewer software was
used as the sequencing analysis viewer. The quality of the
raw NGS data was assessed using the FastQC software in
the lllumina BaseSpace Sequence Hub. Sequencing data
were analyzed using a combination of two sequence align-
ment and variant calling applications also used in lllumina
Base eSpace Sequence Hub, DNA Amplicon and Pindel,
with a 3% allele frequency detection limit (VAF).

The clinical significance of mutations was determined
using the COSMIC, ClinVar and Franklin databases accord-
ing to the ACMG/AMP criteria. The KEGG database was
used for gene function annotation.

The Kaplan—-Meier method was used for survival
analysis, with statistical significance assessed using the
Cox-Mantel test. Statistical analysis was performed us-
ing GraphPad Prism 8 (GraphPad Software, La Jolla, CA,
USA).

RESULTS
Mutational status of driver genes

At least one of the driver mutations in the JAK2, CALR and
MPL genes was detected in 72 (87%) of the total number

Table 1. Patient cohort description

Main characteristics | Number of patients, n

Gender:

male 30

female 53
Age (Me), yr 19-85 (51)
Diagnosis:

Primary myelofibrosis (PMF) 47

Polycythemia vera (PV) 15

Essential thrombocythemia (ET), 21
Mutations in driver genes:

JAK2 54

CALR 16

MPL 3

Triple-negative status 10
Phase transition / Leukemic transformation:

PMF in acute myeloid leukemia 7

ET in secondary myelofibrosis 3

PV in secondary myelofibrosis 4

Table prepared by the authors using their own data

of patients diagnosed with Ph-negative MPN who partici-
pated in the study. This finding is consistent with the data
obtained by other molecular methods.

We detected a mutation in the JAKZ2 gene (V617F) in
27 (57.5%) patients diagnosed with PMF, a mutation in the
CALR gene in 12 (25.5%), a mutation in the MPL gene in
2 (4.2%) patients. Mutations in driver genes were not de-
tected in 6 (12.8%) patients (the so-called triple-negative
status). In all 15 patients with PV, a mutation in the JAK2
gene (V617F) was detected. In the JAK2 gene, only muta-
tion in exon 14 (V617F) was detected; mutations in exon
12 were not detected. In the MPL gene, mutations were
detected only in the W515 position. Two main types of mu-
tations were detected in the CALR gene: deletion of 52 nu-
cleotides and insertion of 5 nucleotides.

In the course of the study, 12 (57%) of 21 patients diag-
nosed with ET had a mutation in the JAK2 gene (V617F).
Mutations in the CALR and MPL genes were registered in 4
(19%) and 1 (5%) patients, respectively. At the same time, 4
(19%) patients were triple-negative.

Mutation profile of the studied patient cohort

Our NGS study of 118 genes found mutations in 39 (46%)
of 83 patients in 23 genes presented in Fig. 1. Moreover,
19 (49%) of 39 patients under observation showed one
pathogenic mutation, with two mutations being recorded in
7 (18%) patients and three or more mutations being noted
in 13 (83%) patients with Ph-negative MPNs. On average,
one pathogenic mutation was detected across the entire
cohort.
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Figure prepared by the authors

Fig. 1. Mutational profile of 83 patients with Ph-negative myeloproliferative
neoplasms

In the analyzed sample of patients, pathogenic muta-
tions were detected most often in the ASXL7 and TET2
genes, in 25% and 15% of patients, respectively. Mutations
in the SRSF2 and IDH1/2 genes were detected in 8% of
patients; DNMT3A — in 6%; U2AF1, PHF6, and TP53 —in
4% each; APC, EZH2, SF3B1, and KRAS — in 3% each.
Mutations in the ATRX, CBL, DDX3X, EP300, GATAZ2,
RUNX1, SETBP1, SUZ12, and ZRSR2 genes were detected
only in 1% of patients each (Fig. 1).

Among triple-negative patients, pathogenic mutations
were detected in 8 (80%) of 10 patients in seven different
genes. In this case, only one mutation was detected in four
of them; two patients had two mutations; and two patients
had three pathogenic mutations simultaneously. Mutations
in two genes combined SRSF2 and ASXLT were detected
in four patients with triple-negative status; a mutation in
IDHT gene was detected in two patients; mutations in the
RUNXT, TET2, NF1, and HRAS genes were detected in one
patient.

Table 2. Functions of the genes identified during NGS analysis

Gene functions Gene names

Chromatin (histones) modification ASXL1, ATRX, EZH2, EP300

SRSF2, U2AF1, SF3B1, PHF6,

RNA splicing DDX3X, ZRSR2

DNMTS3A, IDH1, IDH2, TET2,

DNA methylation suz12

Transcriptional factors RUNX1, TP53, GATA2

DNA replication SETBP1, APC

Signal transmission KRAS, CBL

Table compiled by the authors; annotation of the gene function was carried out
using the KEGG database
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Fig. 2. Impact of mutations in the ASXL1 gene on event-free survival of patients
with Ph-negative myeloproliferative neoplasms. The event was considered to
be phase transition, leukemic transformation, or death

Our study established pathogenic mutations in 23
genes, which were further analyzed using the KEGG data-
base to predict the functions of these genes. Most genes
(SRSF2, U2AF1, SF3B1, PHF6, DDX3X, ZRSR?2) are involved
in RNA splicing and DNA methylation (DNMT3A, IDH1, IDH2,
TET2, SUZ12). A smaller number of genes are responsible
for chromatin (histone) modification, DNA replication and
signaling within the cell; three genes act as transcription
factors (Table 2). The limited cohort of the patients included
in the study did not allow us to evaluate the impact of each
functional group on the prognosis of the disease course or
the efficacy of treatment therapy. Nevertheless, the analy-
sis using the KEGG database improved our understanding
of the molecular mechanisms underlying Ph-negative my-
eloproliferative neoplasms.

Genetic markers of leukemic transformation

On average, we detected two pathogenic mutations
in 14 patients with phase transition to secondary myelofi-
brosis or leukemic transformation. Mutations in the ASXL7
gene were detected in 9 (64%) patients; mutations in the
IDH1/2, DNMT3A, TET2 genes were detected in 3 (22%)
patients; mutations in SRSF2, SF3B1, TP53 genes were de-
tected in 2 (14%) patients; mutations in KRAS, SUZ12, PHF6
genes were detected in 1 (7%) patient.

Impact of identified mutations on event-free patient
survival

Our study showed a significant impact of the gene muta-
tion profile on event-free survival rates of patients. Thus,
mutations in the ASXLT gene were statistically significantly
associated (p = 0.0011) with a decreased event-free sur-
vival (median — 11.8 years and 15.75 years) (Fig. 2) in the
studied cohort of patients.

An analysis of the data presented in Fig. 3 found that the
combination of driver and any of the pathogenic mutations
(driver+, pathogenic+ group) was statistically significantly
associated with a decreased event-free survival compared
to the group of patients with exclusively driver mutations
(driver+, pathogenic- group) (median survival of 10 and
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Fig. 3. Impact of pathogenic mutations on event-free survival of patients with
Ph-negative myeloproliferative neoplasms

15.8 years). The worst prognosis was shown for patients
with triple-negative status and the presence of at least one
pathogenic mutation (driver-, pathogenic+ group) (median
survival of 6.9 years). For the group of patients in whom nei-
ther pathogenic nor driver mutations were detected (driver-,
pathogenic+), the median survival was not reached.

Figure 4 shows that the presence of two or more mu-
tations was also associated with a significantly decreased
event-free survival (p < 0.0001) (median survival of 7 and
13.17 years) compared to patients with fewer pathogenic
mutations. An analysis of NGS data showed that a higher
number of pathogenic mutations was associated with a
worse survival prognosis.

DISCUSSION

The pathogenesis of Ph-negative myeloproliferative neo-
plasms is based on mutations in the driver genes, includ-
ing JAK2, CALR, and MPL. Detection of mutations in these
genes is currently the basis of molecular diagnostics in
patients with suspected Ph-negative MPNs. Meanwhile,
recent studies have shown that the genetic landscape of
classical Ph-negative MPNSs is not limited only to mutations
in driver genes. A significant number of mutations in various
genes have been described as pathogenic for Ph-negative
MPNs, influencing the phenotype, course, and prognosis
of the disease. Rapid and reliable detection of such muta-
tions in a wide range of genes is not possible with routine
laboratory methods. In this regard, the NGS method, which
detects mutations simultaneously in a large number of
genes with high accuracy and sensitivity renders feasible.
At present, both in research and clinical practice, the di-
agnosis of patients with Ph-negative MPNs by NGS is per-
formed using various personalized and commercial panels
of genes [9-12]. In our study, the mutational status of pa-
tients with Ph-negative MPNs was investigated for the first
time using a personalized panel of 118 genes. This panel in-
cludes not only genes associated with Ph-negative MPNSs,
but also genes with mutations in other types of myeloid
neoplasms. Sequencing was performed in 83 Ph-negative
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Fig. 4. Impact of the number of pathogenic mutations on event-free survival of
patients with Ph-negative myeloproliferative neoplasms

MPN patients. The data analysis showed that mutations in
the JAK2, MPL and CALR genes, detected in patients by
standard laboratory methods, were successfully detected
in our conditions by NGS. This fact indicates the reliability
of the obtained sequencing data.

In our study, in addition to driver genes, mutations de-
fined as pathogenic were detected in 23 (20%) genes out of
118 studied; these mutations were found in 39 patients. In
comparison with our data, the researchers in [13] analyzed
a group of 197 patients by NGS using a targeting panel
and found pathogenic mutations in 35% of patients. At the
same time, mutations were detected in 27% of genes out
of 104 analyzed. The difference in the number of mutated
genes (20% and 27%) of the total number of genes can be
explained by the different set of genes used in targeting
panels of our work and that of Lundberg et al. [13].

The most frequent additional pathogenic mutations in
patients with different MPNs are found in the ASXLT gene
[8]. We also found that 25% of patients had a mutation
in this particular gene. The frequency of mutations in the
ASXL1 gene varies in different Ph-negative MPNs. Thus,
according to the data presented in [14-19], mutations were
found in 23-25% of cases in primary myelofibrosis and in
5-20% cases of essential thrombocythemia. In true poly-
cythemia, the frequency of mutations in the ASXL7 gene
was 3.5-11.8%. In our study, mutations were found in
26.6% of PMF patients, 14.2% of ET patients, and 16% of
PV patients.

Two pathways of mutagenesis involving the ASXL7 gene
are proposed in the clonal evolution of MPNs:

e pathogenic mutations may occur as a consequence of
driver mutations in the JAK2 and CALR genes in PMF;
e may be the primary triggering event preceding driver

mutations [20-22].

Numerous studies showed the effect of mutations in
the ASXLT gene on general, event-free survival and throm-
botic events in patients with Ph-negative MPNs [23, 24].
However, Guglielmelli et al. found that mutations in the
ASXLT gene reduced overall survival in patients with PMF
but not with secondary MF [25]. In addition, ASXLT muta-
tions impact the outcome of therapy with targeted drugs
and allo-HSCT [26]. Our study showed an association of
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dramatic reduction in event-free survival (median survival
of 7.83 vs 15.75 years, p = 0.0011) for all patients with and
without mutations in this gene.

Advances in genetics and molecular biology in recent
years have offered an improved description of the genet-
ic landscape of Ph-negative MPNs and identified genes
whose mutations have a negative impact on prognosis.
These include ASXL1, EZHZ2, IDH1, IDH2, SRSF2, and
U2AF1Q157. Such mutations, referred to as high-risk mu-
tations, have been included in various prognostic scales.
The number of mutations in these genes also affects
prognosis, namely, one pathogenic mutation led to a 1.7-
fold reduction in the median overall survival of patients,
two mutations led to a 4.7-fold reduction compared to pa-
tients without mutations in these genes (Me = 12.2 years,
Me = 7 years, Me = 2.6 years respectively, p < 0.0001)
for patients with myelofibrosis [27]. Our study, based on a
panel of 118 genes, showed that not only high-risk muta-
tions affect the survival of patients with MPNs. Indeed,
any pathogenic variants in combination with driver genes
(p = 0.0004) significantly reduced patient survival, with
both the presence of such a variant and their number be-
ing important. Patients with two or more mutations dem-
onstrated a significantly decreased event-free survival
compared to those with one mutation (p < 0.0001). Thus,
when carrying out a diagnosis of Ph-negative MPNs, at-
tention should be paid to analyzing the maximum possible
panel of genes, rather than the mutational status of only
six genes of high molecular risk.

Recent studies have demonstrated the importance of
the NGS method for characterizing the mutational pro-
file of triple-negative patients [28, 29]. Indeed, pathogenic
mutations in various genes were detected in 8 out of 10
such patients in our study cohort. The detection of mu-
tations in this group of patients allowed us to confirm
clonality and assess the risks of the disease course. It is
important to note that the absence of driver and patho-
genic mutations in patients with the confirmed diagnosis
of Ph-negative MPN allows us to distinguish them into a
separate cohort with the most favorable prognosis of the
disease course without leukemic transformation [12]. Not
all studies, however, identified such a group; thus, Huang
et al. identified pathogenic mutations in all 12 patients with
triple-negative status [12].

In addition to assessing disease prognosis, NGS is
a convenient tool for selecting target genes for targeted
therapy, targeting not only driver genes but also genes
with different functions (e.g., IDH1/2 and EZH2). Mutations
in these genes were also identified in patients from our
cohort. The IDH1/2 genes were mutated in 8% of patients,
and EZH2 in 3% of patients, which is consistent with the
data obtained by other researchers using standard mo-
lecular methods [8, 30].
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Somatic mutations across a wide range of genes were
detected in 80% of patients with PMF and 50% of patients
with ET/PV, affecting the course and prognosis of the dis-
ease [29]. In our patient group, we found pathogenic mu-
tations affecting prognosis in 46% of patients with PMF,
including patients with leukemic transformation. Risk fac-
tors that increase the likelihood of leukemic transformation
include, among others, mutations in various genes: IDH1,
IDH2, SRSF2, ASXL1 in primary myelofibrosis, in SRSF2,
IDH2, or RUNXT in polycythemia vera, in TP53, SRSF2,
EZH2, U2AF1, or RUNXT in essential thrombocythemia.
At the same time, it was shown that the time to leukemic
transformation decreases with the increase in the number
of pathogenic mutations in patients with Ph-negative MPNs
(p < 0.0001), which agrees with our findings of a greater
number of mutations in patients with disease transforma-
tion [12].

The detection of driver mutations has been a break-
through discovery in the diagnosis of myeloproliferative
neoplasms, which facilitates determination of the patho-
genesis of these diseases. At present, the introduction of
NGS analysis is substantially changing the perception and
approach to the diagnosis, risk assessment, and treatment
of patients with Ph-negative MPNs. Due to the possibility of
simultaneous search for mutations in many genes, NGS as-
sists not only in establishing the diagnosis and confirming
the clonality of the disease, but also in identifying groups of
patients with unfavorable prognosis and increased risk of
disease progression and transformation.

CONCLUSION

Thus, the application of NGS technology using a panel of
118 genes in the diagnosis of patients with Ph-negative
myeloproliferative neoplasms made it possible to study the
mutational profile of the disease, to confirm the clonality
of the disease in patients with triple-negative status, and
to identify pathogenic mutations significantly affecting the
results of patient therapy.

In our study, pathogenic mutations were detected in al-
most half of patients with Ph-negative MPNs in 23 genes.
Reduced event-free survival was shown for patients with
a combination of driver and pathogenic mutations. Two
or more pathogenic mutations in a single patient reduced
event-free survival compared to patients with a single mu-
tation. The most frequent molecular event in Ph-negative
MPNs was mutations in the ASXLT gene associated with a
decreased event-free survival of patients. An integrated ap-
proach to the diagnosis of Ph-negative MPNs using mod-
ern molecular genetic technologies will make it possible to
establish the diagnosis, assess the prognostic features of
the disease course, and select the most effective personal-
ized therapy.
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