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Abstract
Lympho- and myeloproliferative neoplasms are a very heterogeneous group of haematological 
malignancies originating from a haematopoietic stem cell (HSC). In most of them, the neoplastic 
transformation is a result of the acquisition of molecular defects by HSC or progenitor cells, im-
pairing their proliferation, differentiation and maturation. Herein, the role of the Janus kinase-
-signal transduction and transcription activation (JAK-STAT) signalling pathway in the normal 
and neoplastic lympho- and myelopoiesis is presented. Particular attention is paid to the molecular 
aberrations of the JAK and STAT genes and their impact on JAK and STAT signalling pathway 
function and the mutation-driven mechanism of the lymphoid and myeloid cells neoplastic trans-
formation. In the Authors’ opinion, its early identification allows to incorporate the molecularly 
targeted drugs, including JAK-STAT pathway signalling inhibitors, to the therapeutic algorithm 
used and to improve the treatment results of lymphoid- and myeloid neoplasms.
Key words: lympho- and myeloproliferative neoplasms, Janus tyrosine kinases, signal  
transducer and activator of transcription proteins, molecular aberrations, malignant  
transformation
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Introduction

Haematopoiesis is a multi-stage and hierar-
chical process in which all types of blood cells are 
formed from marrow multi-potential stem cells. 
Each blood cell is derived from a multi-potential 
hematopoetic stem cell (HSC) [1]. The process 
of haematopoiesis is initiated by the division of 
HSCs; as a result, one daughter cell undergoes 
further differentiation, while the other remains 
in the pool of stem cells, ensuring self-renewal of 
the HSC population. The process of self-renewal 
and differentiation of HSC into daughter cells 
requires a suitable bone marrow microenviron-
ment, composed of adipocytes, endothelial cells, 

osteoblasts and fibroblasts. Also, cells resulting 
from haematopoiesis — osteoclasts and bone mar-
row macrophages [2–5], play an important role in 
this process. The capacity for self-renewal is the 
basic feature that distinguishes stem cells from 
their later developmental stages. The divisions of 
daughter cells lead to the formation of more and 
more mature forms, up to extremely differentiated 
forms without the ability to divide. Regardless of 
their ability for self-renewal, haematopoietic stem 
cells can differentiate in many ways. According to 
the current state of knowledge, the process of hae-
matopoiesis takes place within 11 major cell lines 
(Figure 1). HSC differentiation is a multi-stage 
process. During the first stage, HSC is transformed 
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into a multipotent progenitor (MPP), followed by 
the formation of common lymphoid progenitors 
(CLP) and common myeloid progenitors (CMP). 
The intensity of haematopoiesis within individual 
cell lines is controlled by the coordinated action of 
cytokines, transcription and epigenetic factors, and 
growth factors [6, 7]. A common precursor for all 
myelopoiesis is CFU-GEMM (colony-forming unit 
of granulocyte, erythrocyte, macrophage, mega-
karyocyte). Myelopoiesis stem cells gradually lose 
their ability to renew themselves, while retaining 
their multidirectional differentiation function. Under 
the influence of the cytokine game and the influence 
of the growth factors, CFU-GEMM transforms 
into targeted progenitor cells, and then the precur-
sors of the erythropoietic line — units that form 
large, early erythroid colonies (BFU-E), erythroid 
colony-forming units (CFU-E), eosinophilopoietic 
line — units forming eosinophilic colonies (CFU- 
-E), basophilopoietic line — basophilic colony form-
ing units (CFU-Baso), mast cell line — mast cell 
colony-forming units (CFU-mast), monocytopoietic 
line — monocytic colony forming units (CFU-M), 
megakaryopoietic line — mast cell colony-forming 
units (CFU-mast) and neutrophilopoietic line — 
granulocytic colony-forming units (CFU-G).

In the process of lymphopoiesis, the ability 
to differentiate precursor cells is fully preserved. 
The mechanism of proliferation and differentiation 
of B, T, and NK lymphocytes from lymphopoietic 
precursor cells (CLP) also depends on the num-
ber of environmental factors, including growth 
factors, cytokines, kinases (JAK, Kit-L), and sur-
face molecules, such as Notch-1. Notch-1 which 

in cooperation with GATA-3 is involved in the 
process of T lymphocytes differentiation via the 
receptor ab, plays an extremely important role in 
this process. The receptor for interleukin-7 (IL-7) 
(CD127, IL-7Ra) [8, 9] plays a special role in the 
early stages of B- and T-lymphocyte proliferation 
and differentiation. Its activation by IL-7 leads 
to phosphorylation of JAK1 or JAK3 kinase, and 
the activation of JAK1-STAT5 or JAK3-STAT5 
signal transduction pathway. It should be noted 
that activation of IL-7R simultaneously leads to 
the signal transduction along the PI3K-AKT and 
Ras-MAPK [10, 11] pathways. In the case of the 
IL-7 receptor, the JAK1 kinase is structurally and 
functionally related to the IL-7R subunita, and the 
JAK3 kinase to the gc subunit of the receptor [12]. 
The mechanism of cell signalling induced by thymic 
stromal lymphopoietin (TSLP) and interleukin-7 
(IL-7) via the IL-7 receptor is shown in Figure 2.

Cytokines involved in the process  
of lympho- and myelopoiesis

Cytokines and growth factors are glycopro-
teins that regulate the proliferation and differen-
tiation of progenitor cells. They also control some 
functions of mature blood cells [13]. Cytokines 
are primarily survival factors and act as growth 
factors in higher concentrations. It should be kept 
in mind that survival is regulated by so-called 
“deadly cytokines” which include tumour necrosis 
factor-alpha (TNF alpha). The most important fac-
tors acting on haematopoietic stem cells include: 
Kit ligand (KL) — the Steel factor, FMS-like ty-

Figure 2. The mechanism of cell signaling induced by thymic stromal lymphopoietin (TSLP) (A) and interleukin-7 
(IL-7) via the IL-7 receptor (B). Explanation of the abbreviations used; TSLP — thymic stromal lymphopoietin;  
IL-7Ra — interleukin-7 receptor subunit alpha; CRLF2 — cytokine receptor-like factor 2; JAK — Janus tyrosine kinase;  
STAT5 — signalling and transcription protein; SOCS — the suppressor of cytokine signalling; BCL2 — B-cell lymp-
homa 2 protein; MYC — MYC proto-oncogene; PIM1 — PIM-1 proto-oncogene; CISH — cytokine-inducible SH2-con-
taining protein; OSM — the oncostatin M gene encoding the sequence of a pleiotropic cytokine from the interleukin-6 
family

A B
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rosine kinase 3 ligand (FLT-3 ligand), as well as 
factors affecting multi-potential progenitor cells: 
the granulocyte-macrophage colony-stimulating 
factor (GM-CSF) — the factor that stimulates the 
formation of granulocytes and macrophages; the 
granulocyte colony-stimulating factor (G-CSF), 
interleukin 3 (IL-3) and interleukin 6 (IL-6). The 
factors involved in the maturation and differentia-
tion of targeted precursor cells include granulocytic 
growth factor (G-CSF), macrophage growth fac-
tor (M-CSF), interleukin 5 (IL-5), erythropoietin 
(EPO), and thrombopoietin (TPO) (Figure 3) [14].

The FLT3 receptor (fms-like tyrosine kinase 3)  
and the FLT3 ligand play a key role in the function-
ing of haematopoiesis. FLT3 plays an important 
role in initiating the expansion of early progenitor 
cells, and its proper function is essential not only 
for the maintenance of the HSC population but 
also for the growth of targeted common myeloid 
progenitor cells (CMP), granulocyte-monocyte 
progenitor (GMP) and macrophages and megakar-
yocyte-erythroid progenitor (MEP) cells [15–17].

The role of the JAK-STAT signalling 
pathway in lympho- and myelopoiesis

The course of both lympho- and myelopoiesis is 
dependent on the undisturbed interaction between 
cytokines and cytokine receptors on the surface of hae-
matopoietic stem cells, as well as the Janus receptor-
tyrosine kinase function, Janus tyrosine kinase-STAT 

protein interactions and STAT dimers/monomers 
binding the promoter sequences of target genes.

During the first stage, the binding of the cy-
tokine/growth factor to the target receptor leads 
to its dimerization/oligomerization and the recruit-
ment of JAK molecules. The JAK recruitment 
results in their phosphorylation by autophospho-
rylation and/or transphosphorylation mediated by 
another JAK molecule or another kinase from the 
tyrosine kinase family. An activated Janus kinase 
mediates phosphorylation of the target tyrosine 
molecule within the receptor. In this way, a docking 
site for the STAT molecules is created [18]. After 
the binding of the STAT molecule to the receptor, 
tyrosine phosphorylation occurs. The abovemen-
tioned process initiates the reorientation of STAT 
proteins and their homo- or heterodimerization. 
STAT dimerization is the result of an interaction 
between the SH2 domain on one STAT molecule 
and phosphorylated tyrosine on the other STAT 
molecule. After phosphorylation, STAT dimers 
translocate to the nucleus, bind to the target gene 
sequence via the DNA-binding domain, and initiate 
the process of transcription of target genes. The 
activity of STAT (except for STAT2) is controlled by 
serine-threonine kinases (e.g. ERK, p38, mTOR). 
The regulation of STAT activity is possible by 
serine phosphorylation in the transactivation do-
main (within the conserved PSMP motif) [19–21]. 
The conceptual structure of STAT3 and STAT5B 
molecules is shown in Figure 3 [14].

Figure 3. Cytokine-initiated cell signalling via the JAK-STAT pathway involved in haematopoiesis (acc. to [14]); IL — inter- 
leukin; IL-xR — the receptor for a specific (x) type of interleukin; GM-CSF — granulocyte-macrophage colony-
-stimulating factor; GM-CSFR — granulocyte-macrophage colony-stimulating factor receptor; G-CSF — granulo-
cyte colony-stimulating factor; G-CSFR — granulocyte colony-stimulating factor receptor; EPO — erythropoietin;  
EPOR — erythropoietin receptor; TPO — thrombopoietin; TPOR — thrombopoietin receptor; Gp130 — glycoprotein 130;  
bc — common beta chain; JAK — Janus tyrosine kinase; TYK — tyrosine-protein kinase TYK; STAT — signal trans-
ducer and activator of transcription protein; SOCS — suppressor of signal transduction by cytokines
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Proteins involved in the signal  
transduction along the JAK-STAT pathway

Janus tyrosine kinases
Cell signal transmission within the cell is 

complex and involves basic life functions, including 
cell cycle coordination. These processes involve 
protein kinases involved in the phosphorylation of 
several amino acids, including serine, threonine, 
histidine and tyrosine. So far, there have been 
distinguished two types of protein kinases — 
serine-threonine kinases and tyrosine kinases. The 
network of protein kinases is formed by mitogen-
-activated protein kinases (MAPK), extracellular 
signal-regulated kinases (ERK), epidermal growth 
factor receptor (EGFR), Src kinase proto-oncogene 
(src), Abelson tyrosine-protein kinase (ABL), fo-
cal adhesion kinase (FAK) and Janus family kinase 
[22]. The JAK family consists of the JAK1, JAK2, 
JAK3 and TYK2 kinases. The NH2 portion of the 
JAK kinases contains two essential motifs: the Src 
homology domain (SH2) and the FERM domain 
(Four-point-one, Ezrin, Radixin, Moesin). The 
first one consists of the JH3 region and the JH4 
domain. The FERM domain is involved in the 
binding of the kinase to the receptor, as well as 
to other proteins. It is also involved in the regula-
tion of the catalytic activity of JAK kinase [23].  
A characteristic feature of the Janus family kinases 
is the presence of domains with a high degree of 
homology: JH1 and JH2 [24]. The functional domain 
is the JH1 domain containing the YY motif within 
the activation loop. The JH2 domain (kinase-like 
domain), structurally similar to functional kinases, 
has no measurable biological activity, possibly 
due to the loss of formations responsible for the 
catalytic activity of the kinase and its binding to 
nucleotides [25–27]. However, the JH2 domain has 
a regulatory function concerning JAK2 and JAK3 
kinase activity [28–31]. The detailed mechanism of 
this interaction has been discovered thanks to the 
studies of the mutant form of JAK2 V617F kinase 
in patients with Philadelphia negative myeloprolif-
erative neoplasms. It has been shown in them that 
the presence of the V617F mutation abolishes the 
inhibitory effect of the JH2 domain on JH1, which 
results in the constant constitutive activity of JAK2 
V617F kinase in neoplastic cells [32].

STAT proteins
STAT (signal transducer and activator of 

transcription) family proteins are intracellular 
transcription factors mediating several cellular 
processes, including proliferation, differentiation, 

and their programmed death (apoptosis). STAT 
proteins are one of the major cell signal transduc-
ers in response to the action of various types of 
agonists on cell receptors, including growth factors, 
cytokines, and other protein ligands [33].

Some of them, including STAT5, have been 
shown to play a key role in cytokine-induced prolif-
eration, self-renewal and survival of HSC [34, 35]. 
The normal function of both JAK1 and JAK2 has 
also been shown to play a key role in maintaining 
HSC homeostasis. The in vivo experimental model 
showed that the deletion of Jak1 leads to changes 
in the self-renewal of HSC and disrupts the process 
of cell differentiation in both the lymphoid and my-
eloid lineage [36]. The knock-out of the Jak2 gene 
leads to even greater consequences. Its deletion 
leads not only to ineffective haematopoiesis but 
also to the death of the embryo [37, 38].

The STAT family includes seven proteins — 
STAT1, STAT2, STAT3, STAT4, STAT5a, STAT5b, 
STAT6. Each protein contains an N-terminal 
region, a coiled-coil domain, DNA binding do-
main, linker region, Src homology 2 domain and 
C-terminal transactivation domain [39, 40]. All 
STAT proteins share a common, highly conserved 
N-terminal region sequence. It consists of a hydro-
phobic core that participates in the attachment of 
STAT dimers to DNA [41]. The coiled-coil domain 
consists of approximately 180 amino acids mak-
ing up the 4 a-helices. They form a hydrophobic 
surface that allows STAT proteins to interact with 
other proteins [42]. The SH2 domain is responsible 
for the process of combining the STAT protein 
with phosphotyrosine of the activated JAK tyros-
ine kinase [21]. The structure of the DNA binding 
domain allows STAT proteins to bind to specific 
DNA sequences and thus act as transcription fac-
tors. Each STAT protein participates in different 
cellular processes. And so, STAT1 is involved in 
the expression of genes that determine the viability 
and survival of cells, as well as in the response of 
cells to pathogens, including Candida sp. [43, 44]. 
STAT2 is involved in signalling through the IFN- 
-a/b receptor. In response to the binding of the JAK 
tyrosine kinase with the interferon, there is formed 
STAT1-STAT2 heterodimer, to which the p48 
[interferon regulatory factor 9 (IRF9)] also binds. 
The resulting complex called ISGF3 (interferon 
stimulated gene factor 3) functions as a transacti-
vator because it cannot bind to the DNA structure 
itself [45, 46]. It plays a key role in the processes 
of growth of cellular differentiation, apoptosis and 
cell migration, as well as in the process of DNA 
methylation and nuclear chromatin modification 
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[47–49]. STAT4, STAT5A and STAT5B proteins 
play a slightly different role. STAT4 participates in 
the process of maturation and development of Th1 
cells. It also plays an important role in the initia-
tion of interferon-gamma synthesis, as well as the 
control of the expression of certain transcription 
factors [50, 51]. A different role is played by the 
STAT5A and STAT5B proteins, which show 90% 
homology in terms of the amino acid sequence. 
They participate in the control of cell growth and 
division, their specialization, and, at the end of 
their life, in their apoptosis [52]. STAT6 mediates 
signalling with the participation of IL-4 and IL-13. 
It plays an important role in the process of the im-
mune response of T lymphocytes and the formation 
of type 2 (Th2) lymphocytes [53].

STAT proteins are activated by phosphoryla-
tion of a single tyrosine at 701 position by activated 
JAK kinase [54]. As a result of tyrosine phospho-
rylation, individual molecules of the STAT protein 
form dimers through the interaction between the 
SH2 domain and the C-terminal transactivation 
domain [55]. In the case of the STAT1, STAT3, 
STAT4, STAT5A and STAT5B proteins, these are 
homodimers. In some cases, however, the forma-
tion of heterodimers (e.g. STAT1 and STAT2 as 
well as STAT1 and STAT3) occurs [56].

Phosphorylated STAT1 homodimers or 
STAT1/STAT2 heterodimers are translocated to 
the nucleus with the participation of importin-a5. 
This phenomenon has not been confirmed in the 
case of STAT1 monomers. STAT1 dimers bind to 
two 5a importin molecules, due to the presence of 
lysine-rich fragments of nuclear localization signals 
(NLSs) in the DNA binding domain. The presence 
of leucine at position 407 in the DNA binding do-
main is crucial for STAT1 protein transport into 
the nucleus. Its role is confirmed by the lack of 
STAT1 binding to importin-a5 in the presence 
of the Leu407Ala STAT1 mutation [57, 58]. The 
transport of STAT3 to the nucleus is independent 
of tyrosine phosphorylation. It is postulated that 
STAT3 is transported to the nucleus with the par-
ticipation of importin-a3 [59]. According to some 
authors, STAT1 and STAT3 are transferred to the 
nucleus with the participation of importin-a5 and 
importin-a7, and not importin-a3 [60]. It has been 
shown that STAT proteins can be recirculated, 
returning to the cytoplasm after their previous 
phosphatase-mediated dephosphorylation [61].

Studies on the Drosophila model have shown 
the existence of a non-classical JAK-STAT signal-
ling pathway. They confirmed the presence of non-
phosphorylated STAT proteins bound to the het-

erochromatin protein 1 (HP1) in the cell nucleus. 
The activation of STAT by phosphorylation results 
in the detachment of STAT from HP1, as a result 
of which HP1 detaches from heterochromatin, dis-
rupting its structure [62]. The non-phosphorylated 
STAT1, STAT3, STAT5 proteins can also move 
between the cytoplasm and the cell nucleus without 
the participation of transport proteins and cellular 
energy transfer processes [63]. Non-phosphoryl-
ated STAT proteins affect gene transcription in  
a different way than phosphorylated STAT pro-
teins. They bind to specific DNA sequences as 
monomers [64]. It has been postulated that they 
play an important role in type 1 interferon-initiated 
cell signalling, transcription and mRNA translation 
of interferon target genes [65].

JAK2 gene mutations
JAK2 V617F is the most common mutation 

in the Philadelphia negative MPNs. Its presence 
leads to the abnormal autoinhibition of Janus kinase 
2 and the constitutive activation of the JAK-STAT 
signalling pathway. This mutation is present in 
over 90% of PV cases, 35–45% of ET cases, and 
35–45% of PMF cases. Due to the different picture 
and clinical course of various JAK2 V617F positive 
MPNs, their role and importance in the pathogen-
esis of this group of diseases are currently being 
investigated [66]. An attempt at answering this 
question is the theory of the relationship between 
the content of the mutated allele and the course 
of the disease process. The variant allele fraction 
(VAF) expresses the mean content of the pathologi-
cal variant in the haematopoietic cell population. In 
most patients with ET, the variant allele fraction is 
low, namely 25% or lower. In patients with PV, the 
content of the abnormal allele is usually high (50% 
or higher). The most common defect in the Janus 
kinase 2 gene is the JAK2 V617F mutation resulting 
from a sequence change at position nt1849 GÆT 
in exon 14 of the JAK2 gene. Its presence leads to 
the conversion of valine to phenylalanine within 
the JAK2 kinase pseudokinase domain sequence. 
Its occurrence leads to inhibition of the kinase au-
toinhibition process, which results in constitutive 
activation of JAK2 kinase, regardless of changes 
in the conformation of the receptor as a result of 
interaction with the agonist. Constitutive activation 
of JAK2 results in excessive JAK-STAT signalling, 
initiating transcription of target genes involved 
in the proliferation and differentiation of myeloid 
precursor cells. The presence of JAK2 V617F was 
confirmed in haematopoietic stem cells (HSCs) 
and myeloid progenitor cells [31, 67–69]. Some 
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reports confirm the presence of the mutations 
also in the cells of the lymphoid lineage [70, 71]. 
The presence of mutations that interfere with the 
auto-inhibition of JAK2 kinase leads to an over-
activation of the JAK2-STAT signalling pathway 
via a range of cellular receptors, including the 
erythropoietin receptor (EPOR), the granulocyte 
colony-stimulating factor receptor (GCSFR), and 
the thrombopoietin receptor (myeloproliferative 
leukaemia protein; MPL). Many data indicate that 
the heterogeneity of MPN, both in terms of clinical 
and laboratory manifestation, as well as a different 
clinical course, is the result of the coexistence of 
other defects, modifying the course of the disease 
in individual cases. The clinical manifestation of 
the disease also appears to include the sequence of 
“acquiring” specific genetic defects by proliferating 
bone marrow stem cells, as well as the presence 
of germline defects preceding the transformation 
[72, 73].

Exon 12 mutations in the JAK2 gene also play 
an important role in the pathogenesis of MPNPh–. 
Their presence also disrupts the JAK2 kinase auto-
inhibition process. Most defects lead to amino acid 
substitutions within positions 536–547. Contrary 
to the JAK2 V617F mutation, their occurrence was 
described only in patients with PV (approx. 3%). 
Therefore, testing for their presence should be 
limited to patients who meet the PV criteria who 
are JAK2 V617F negative [74], and occasionally 
in patients with primary myelofibrosis [75]. In 
patients with the mutation present within exon 
12 of the JAK2 gene, the leukocyte and platelet 
counts are lower, as compared to patients with the 
JAK2 V617F mutation. This suggests that in PV 
patients, the presence of mutations within exon 12 
leads to increased proliferation of erythroid precur-
sors only. The mechanism of this phenomenon is 
unknown [76].

Genetic defects with the presence of JAK2 
and lymphoproliferative neoplasms

One of the manifestations of neoplastic trans-
formation of lymphocyte cells in patients with ma-
lignant non-Hodgkin’s lymphoma is the presence 
of gene mutations of the proteins in the JAK-STAT 
signalling pathway. Interestingly, their occurrence 
is typical of T-cell lymphomas. Thus, in patients 
with cutaneous T-cell lymphomas, several genetic 
aberrations involving the JAK1, JAK3, STAT3 and 
STAT5B genes have been described, significantly 
altering the JAK-STAT pathway of cell signalling. 
These include both auto-activating point mutations 

and fusion genes involving Janus kinases. So far, the 
presence of JAK1, JAK2 and JAK3 mutations has 
been confirmed in patients with acute lymphoblas-
tic leukaemia. In adult patients with T-ALL, their 
frequency was estimated at 16% [77].

The presence of the JAK1 gene mutation has 
been confirmed sporadically, most often in people 
carrying JAK3 or IL7R defects. Interestingly, 
these mutations were heterozygous in nature and 
concerned the regions coding for the FERM, SH2, 
pseudokinase and kinase domains [77].

Another typical example of the first group of 
disorders is the mutations of the Janus 2 kinase 
gene leading to amino acid changes at position R683 
(R683S, R683G and R683E). Their presence leads 
to a decrease in the stability of the JAK2 protein 
with a simultaneous significant increase in the 
kinase activity [78].

A typical example of a fusion defect is de-
scribed in the case of a CD4 positive T-cell lym-
phoma t(9;13;16) (p24;q34;p11) leading to the 
formation of the ATXN2L-JAK2 fusion gene and 
a chimeric ATXN2L-JAK2 protein responsible 
for constitutive signalling downstream along the 
JAK-STAT pathway [79]. Another example of 
changes affecting cell signalling via the JAK-STAT 
pathway is the confirmation of the presence of the 
STAT3-JAK2 fusion gene resulting from t(9;17)
(p24.1;q21.2) in 4 out of 5 patients with CD4 posi-
tive indolent T-cell lymphoproliferative disorder of 
the gastrointestinal tract (GI TLPD) [80].

STAT gene mutations

The presence of mutations of genes encoding 
proteins from the STAT family may lead to the loss 
of function or its duration, regardless of the gain of 
function. So far, the presence of the STAT mutation 
has been confirmed mainly in patients with lym-
phoproliferative diseases. Most often they concern 
the sequences coding the SH2 domains of STAT3 
and STAT5 genes and are of gain-of-function char-
acter. In individual cases, the presence of mutations 
of the mentioned genes within the DNA binding 
domain and the coiled-coil domain was confirmed. 
Their detailed overview is presented in Figure 4 
[81]. The most common of these defects is the 
STAT5B N642H mutation. Its presence has been 
confirmed in peripheral T-cell lymphoma (PTLC) 
[82, 83–85]. The presence of the defect stabilizes 
the formed STAT dimer which leads to an increase 
in the number of phosphorylated tyrosines and 
hyperactivation of STAT5B [86]. The reason for 
starting the research on the role of STAT protein 
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defects in oncogenesis was to demonstrate the 
constitutive activity of STAT1, STAT3 and STAT5 
in acute myeloid leukaemia cells [87, 88]. It also 
turned out that constitutive activation of STAT1 
plays a key role in promoting the growth of leu-
kaemic cells, and STAT5 in myeloid or lymphoid 
differentiation of leukaemic cells [89]. In the latter 
case, the presence of the STAT5A mutation leads to 
the formation and cellular accumulation of a stable 
tetramer as a consequence of the development of 
multilineage leukaemia [90]. Ser725 and Ser779, 
which are the phosphorylation sites of the STAT5A 
protein, seem to play a key role in this process [91]. 
The N-terminal fragment of STAT5A/B seems to 
play a similar role in the neoplastic transformation 
of B lymphocytes [92]. According to current data, 
STAT5A and STAT5B act as proto-oncogenes, 
participating in the processes of regulation of 
HSC proliferation and survival [93, 94]. STAT5A 
and STAT5B promote the transcription of many 
anti-apoptotic genes (Mcl-1, Bcl-2, Bcl-xl), D-type 

cyclins (D1, D2 and D3), receptor protein chains 
and cytokines [93, 95–97].

However, it is worth remembering that the 
activation of STAT5A/B may also be the result of 
excessive activity of upstream mutant tyrosine 
kinases, including JAK2 V617F, BCR-ABL, FLT3-
-ITD, and KIT D816V [100].

STAT gene mutations  
in lymphoproliferative neoplasms

In the case of the STAT3 gene, the described 
defects lead to an increase in the gain of func-
tion. The presence of the STAT3 mutation has 
been confirmed in T-LGL leukaemia, chronic NK 
lymphoproliferative disorder (CLPD-NK) and 
ALK-negative anaplastic large cell lymphoma 
[99, 100]. The STAT5A and STAT5B proteins 
participate in the activation of the transcription 
of anti-apoptotic genes. The STAT5A/B over-
expression may contribute to the disruption of the 
natural mechanisms of programmed cell death [81].  

Figure 4. The most common location of STAT3 and STAT5B mutations in patients with lymphoid and myeloid neo-
plasms (acc. to [81]). Explanation of the abbreviations used: N-TD — NH2 terminal domain; coiled-coil; D — coiled-
-coil domain; DNA-BD — DNA binding domain; SH2-D — Scr homology domain 2; TAD — transactivation domain;  
TLGL — T-cell large granular lymphocytic leukaemia; CTCL — cutaneous T-cell lymphoma; NKTCL — natural 
killer/T-cell lymphoma; ALK-ALCL — ALK-negative anaplastic large cell lymphoma; HS gdTCL — hepatosplenic T-cell 
lymphoma gd; PTCL-NOS — peripheral T-cell lymphoma, not elsewhere classified, MF — mycosis fungoides; GF — 
granuloma fungoides; EATL — enteropathy-associated T-cell lymphoma; T-PLL — T-cell prolymphocytic leukaemia; 
T-ALL — T-cell acute lymphoblastic leukaemia; DLBCL — diffuse large B-cell lymphoma; CEL-NOS — chronic eosino-
philic leukaemia not otherwise specified; MDS/MPN-U — myelodysplastic/myeloproliferative neoplasms unclassified; 
CMML — chronic myelomonocytic leukaemia; CNL — chronic neutrophilic leukaemia
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It is postulated that STAT5 mutations may be 
solely responsible for the neoplastic transforma-
tion of defective cells [93, 100, 101]. Autoactivat-
ing molecular defects concerns the STAT5B gene 
much more often than STAT5A. The cause of this 
phenomenon is unknown. Most of them are located 
within the SH2 STAT5B domain coding sequence. 
Their presence leads to the stabilization of the 
dimer form of STAT proteins [102]. The pres-
ence of STAT5B defects has been confirmed in 
NK cell/T-lymphocyte neoplasms [86], as well as 
in various forms of peripheral T cell lymphomas 
[103]. One of the recently published studies on the 
driver mutation confirmed the key importance of 
the STAT6 mutation also in patients with B-cell 
lymphoma. Their occurrence was confirmed us-
ing an integrated whole-genome analysis [104]. 
Mutations in the STAT3, STAT5B, JAK1, JAK2, 
and PTPN1 genes have also been documented in 
patients with classic Hodgkin’s disease, affecting 
cell signalling via the JAK-STAT pathway. Muta-
tions of the gene encoding the STAT6 protein, pre-
sent in approximately 1/3 of patients, functionally 
related to SOCS1, the main inhibitor of JAK-STAT 
signalling, seem to be of particular importance in 
this regard [105].

Defects involving STAT genes  
in myeloproliferative neoplasms

In recent years, data confirming the potential 
importance of the presence of STAT gene muta-
tions also in the pathogenesis of MPN have been 
presented. Current data confirmed the activation 
of the JAK-STAT pathway in patients with chronic 
myeloid leukaemia and MPNPh– as a result of the 
presence of defects other than STAT gene defects. 
In the first case, excessive activation of the JAK-
STAT pathway is the result of mainly constitutive 
activation of the BCR-ABL tyrosine kinase. In the 
case of MPNPh–, the STAT over-expression is the 
result of the presence of mutations in the JAK2 
genes that reduce the auto-inhibition of the kinase, 
mutations in the MPN gene responsible for auto-
activation of the MPL receptor, or mutations in the 
calreticulin (CALR) gene leading to a change in the 
location of the CALR protein and the formation of 
the auto-activating MPL receptor protein com-
plex. However, the occurrence of STAT5B N642H 
mutations associated with eosinophilia in MPNs 
[chronic eosinophilic leukaemia not elsewhere 
specified (CEL-NOS), hypereosinophilic syn-
drome] has been reported recently. The presence 
of this mutation has also been confirmed in patients 
with myelodysplastic syndrome/unclassified MPN 

(MDS/MPN-U), atypical form of chronic myeloid 
leukaemia (aCML) and chronic myelomonocytic 
leukaemia (CMML) [82]. The presence of the 
STAT5B N642H mutation was also confirmed in  
a patient with chronic neutrophilic leukaemia with 
progressively increasing leukocytosis and severe 
infectious complications. In the described case, its 
occurrence was accompanied by the presence of 
CSF3RT618I, ASXL1G942 fs defects [85].

Other gene defects responsible for  
the disruption of JAK-STAT signalling  

in patients with lympho-  
and myeloproliferative neoplasms

IL-7 receptor mutations alpha
Most of the described defects of the gene 

encoding the IL-7 subunit a of the IL-7 receptor 
are auto-activating mutations. Their presence has 
been confirmed in approximately 19% of patients 
with T-ALL and 2–3% of patients with the precur-
sor form of B-ALL [106–111].

CRLF2 receptor mutations
One of the described defects of the CRLF2 

gene is the gain-of-function type Phe232Cys mu-
tation. Its presence leads to receptor dimerization 
and cytokine-independent proliferation of defective 
cells [112, 113].

Calreticulin gene mutations
For the first time, the presence of mutations 

within CALR was independently confirmed by 
Klampf et al. and Nangalia et al. in 2013 [114, 115]. 
CALR is a protein with a pleiotropic function, 46 
kDa in size. The cellular location of calreticulin is 
the endoplasmic reticulum. Its presence has also 
been confirmed in the cytosol and the cell nucleus. 
The main biological function of CALR is the binding 
of calcium ions in the endoplasmic reticulum (ER) 
of muscle cells, in which it also plays a regulatory 
role in the process of muscle contraction [116]. 
Other functions of CALR include regulation of 
calcium-dependent cell signalling, electrical con-
ductivity, cell differentiation and division, as well 
as the processes of adhesion and apoptosis. The 
CALR structure consists of 3 domains: N-terminal 
globular domain, proline-rich domain (P domain) 
and highly negatively charged C-terminal domain. 
The proline-rich domain and the C-terminal domain 
are mainly involved in the binding of proteins to cal-
cium ions. While the N-terminal domain, together 
with the proline-rich domain, performs chaperone 
functions due to their proximity which enables 
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interaction with glycosylated and non-glycosylated 
proteins [117]. They are responsible for the qual-
ity control of the folding of most of the produced 
proteins in the lumen of the endoplasmic reticulum.  
A disruption of this process may be important in the 
pathogenesis of the Philadelphia negative MPNs. 
The specific KDEL amino acid sequence present 
within the C-terminal domain is responsible for 
the correct localization of the CALR protein in the 
ER lumen (protein retention due to the correct 
sequence of the localization domain) [118, 119].

The incidence of CALR gene defects in pa-
tients with ET is 25%, and in patients with PMF 
it is 35% [115]. Mutations of the CALR gene in 
patients with MPNPh– take the form of insertions 
or deletions located within exon 9 of the CALR 
gene, at the end of the coding sequence from the 
3’ side. Their occurrence leads to a change of the 
reading frame within the 3‘-terminal codons by –1 
or +2. The genetic changes result in the replace-
ment of the KDEL motif (ER retention signal) on 
the C-terminal part of the protein with a different 
mutant amino acid sequence [114, 115]. The two 
most common types of molecular defects in the 
CALR gene are a 52-nucleotide deletion (del52, 
a type-I mutation) and a 5-nucleotide insertion 
(ins5, a type-II mutation) [66]. The presence of 
the CALR gene mutation, as well as the JAK2 and 
MPL gene defects, leads to the transformation of 
the malignant myeloid stem cell and its excessive 
proliferation as a result of the activation of the 
JAK-STAT pathway. Presently, the mechanism of 
aberrant JAK-STAT pathway activation in these cases 
has been described. It postulates the formation of the 
CALRmut-MPL protein complex already within the 
ER, with the subsequent placement of the complex 
in the cell membrane of the precursor cells already in 
the form with the originally activated MPL receptor 
[120]. The proposed mechanism for activating the 
JAK-STAT pathway was confirmed by laboratory 
tests. These studies demonstrated the activating 
properties of the mutant CALR protein on MPL, 
resembling that of a natural agonist. The activity of 
the CALRmut protein is MPL depen dent, as both the 
activation of STAT5 induced by both CALR mutants 
and the cytokine-dependent growth of Ba/F3 cells 
require the presence of MPL [121]. The presented 
mechanisms of MPL-CALR interactions explain 
why mutations of the CALR gene lead to disease 
symptoms only in patients with ET and PMF. This 
phenomenon is the result of the possible occurrence 
of the described interactions only in progenitor cells 
of the megakaryocytic lineage expressing MPL.

Thrombopoietin receptor  
gene mutations (MPL)

Under physiological conditions, MPL plays 
a key role in the regulation of thrombopoietin-
mediated megakaryopoiesis. The TPO-dependent 
activity of MPL enables the maintenance of a con-
stant pool of megakaryopoietic progenitor cells in  
a feedback mechanism [122, 123]. The importance 
of the proper functioning of the MPL-TPO interac-
tion is confirmed by clinical observations made in 
patients with thrombocytopenia and/or bone mar-
row failure due to the presence of TPO or MPL 
defects [124, 125]. MPL is expressed in haemat-
opoietic stem cells and cells of the platelet-forming 
lineage. MPL is not necessary for the development 
of other cell lines [126].

The MPL protein belongs to the type I family 
of integrin receptors. Its ligand is thrombopo-
ietin [127, 128]. MPL consists of 3 domains. The 
extracellular domain is made of two cytokine re-
ceptors. Each of them has two fibronectin type III- 
-like domains [129]. The extracellular domain is 
responsible for the binding of thrombopoietin. The 
transmembrane domain is essential for anchoring 
the receptor to the membrane. The role of the 
intracellular domain is signalling by JAK2 kinases. 
This domain contains two box motifs that are re-
sponsible for the binding of JAK tyrosine kinases. 
MPL is present on the cell surface as a monomer 
or an unstable dimer [128, 129].

The presence of a mutation in the MPL gene 
encoding the receptor for thrombopoietin was 
confirmed in 5% of primary bone marrow fibrosis  
and 1% of essential thrombocythemia patients. 
Their presence, as in the case of the JAK2 V617F 
mutation, leads to cytokine-independent activa-
tion of the JAK-STAT pathway. The most com-
mon mutations in the MPL gene in patients with 
MPNPh– are those located within the W515L/R 
hotspot. In individual cases, the presence of other 
mutations, including W515A/G has also been 
described [130]. Most of the described defects 
in the MPL gene were identified within exon 10 
which encodes the receptor’s transmembrane 
domain [131]. Their presence leads to constitutive 
activation of the receptor without the participa-
tion of an agonist, and thus the thrombopoietin 
receptor-JAK-STAT signalling pathway [132, 
133]. The importance of the presence of defects 
located at position 505 in patients with MPNPh– 
is currently under evaluation. Their occurrence 
has been described in both familial and neoplastic 
thrombocythemia [132].
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Molecularly targeted therapy  
and mutations of JAK and STAT genes

The use of Janus 2 kinase inhibitors (ruxoli-
tinib, fedratinib) in the therapy of Philadelphia 
negative myeloproliferative neoplasms is currently 
the standard treatment for this group of diseases. 
Interestingly, the therapeutic effect of reducing the 
severity of cytokine symptoms and splenomegaly 
is obtained regardless of the presence of the JAK2 
gene mutation. This phenomenon is explained by 
the inhibition of excessive activation of the JAK-
STAT signalling pathway in patients with MPNPh–, 
irrespective of the presence of the Janus kinase 2 
defect.

Experience with the use of JAK inhibitors is at 
an early stage in clinical trials. In an ongoing phase 
2 clinical trial (CELTIC-1, NCT0402108), the over-
all response rate was assessed as 38% [134] in pa-
tients with relapsed refractory PTCL. Cerdulatinib, 
a competitive inhibitor of the SYK and JAK family 
kinases, is at a similar stage of Phase 2A research. 
In the evaluation of 38 patients with resistant PTCL 
and 22 patients with CTCL, the response rate was 
35% [135]. Another drug also evaluated in Phase 
2 clinical trials (NCT 03598959) in patients with 
extranodal natural killer/T-cell lymphoma (EN-
KTCL) is Tofacitinib (a JAK3 inhibitor) [136]. A 
molecule that may find potential application in the 
treatment of NK/T-cell lymphomas is a selective 
JAK3 inhibitor defined by the acronym PRN371. It 
exhibits potent inhibitory activity against JAK3 by 
binding to Cys909 at the ATP binding site [137]. 
Experimental studies evaluating the effect of JAK-
STAT inhibitors on g/d T lymphoma cells are also 
at the preliminary phase [138].

Summary

The presence of genetic defects within genes 
encoding components of the JAK-STAT signalling 
pathway is one of the basic mechanisms leading to 
the transformation of neoplastic precursor cells of 
lympho- and myelopoiesis. Currently, the assess-
ment of the presence of JAK2 gene mutations is 
a standard in the diagnosis of myeloproliferative 
neoplasms. Perhaps the assessment of mutations 
of other JAK and STAT genes will soon become a 
standard for the assessment of lympho- and my-
eloproliferative neoplasms, and the confirmation 
of their presence will be a requirement (criterion) 
for the diagnosis of their specific form. Demon-
strating the presence of the mutations within the 
JAK or STAT genes will probably also change the 

therapeutic approach in neoplastic lympho- and 
myeloproliferative diseases in the nearest future, 
with the increasing use of inhibitors of the Janus 
family kinases and STAT proteins.
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