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Abstract 
Background: The JAK2 46/1 (“GGCC”) haplotype, is an inherited genetic variation within the JAK2 
gene locus that has become a focal point in research related to oncogenesis, particularly in 
myeloproliferative neoplasms (MPNs). Methods: We conducted a narrative review of landmark 
discoveries in hematological malignancies and JAK2, focusing its role on oncogenesis, risk 
stratification, and drug resistance in MPNs. Results: This haplotype spans several polymorphisms 
within the JAK2 gene. It has been found to increase susceptibility to a variety of hematologic cancers, 
especially when linked with the somatic JAK2 V617F mutation, which results in the alteration of the 
JAK/STAT pathway, which is particularly essential for hematopoiesis. The “GGCC” part is 
characterized by four SNPs, with the G allele of the rs10974944 SNP in this haplotype correlated with 
MPNs progressing to myelofibrosis. Moreover, the G allele seems to be crucial for the predisposition 
to onco-drug resistance onset. Conclusion: Identifying the 46/1 haplotype in patients may not only 
enhance risk stratification for JAK2-driven cancers but also guide more effective, personalized 
therapeutic strategies to overcome resistance. Thus, this review aims to describe current knowledge 
about the JAK2 46/1 haplotype as a marker for diagnosis and the prediction of disease outcome.  

Keywords: JAK V617F mutation; JAK2 haplotype GGCC_46/1; myeloproliferative neoplasm;  
onco-drug resistance; risk stratification 
 

1. Introduction 

Myeloproliferative neoplasms (MPNs) are cancerous conditions characterized by the abnormal 
proliferation of bone marrow and blood cells, affecting precursors of white blood cells, red blood 
cells, and platelets to varying extents. According to the 2008 World Health Organization (WHO) 
classification of hematopoietic neoplasms, MPNs are categorized into eight distinct disease types [1]. 

They are typically differentiated from acute myeloid leukemia by having fewer than 20% 
myeloblasts in the blood and bone marrow. Additionally, MPNs are distinguished from other non-
acute myeloid neoplasms by the absence of significant morphologic dysplasia and a pattern of 
hematopoiesis, evidenced by increased peripheral blood cell counts, splenomegaly, or both. This 
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contrasts with the ineffective hematopoiesis (characterized by a cellular bone marrow but reduced 
peripheral blood cell counts) and dysplasia seen in myelodysplastic syndromes (MDS) [2,3]. 

Three primary MPN categories—polycythemia vera (PV), essential thrombocythemia (ET), and 
primary myelofibrosis (PMF)—are variably associated with mutations in the Janus Kinase 2 (Jak2) 
gene [4]. 

Consequently, testing for Jak2 mutations has become a standard component of evaluating 
patients with persistently elevated peripheral blood counts, organomegaly, unexplained thrombosis, 
or other symptoms indicative of MPN. Additionally, a smaller subset of disorders classified by the 
WHO under myeloproliferative/myelodysplastic neoplasms—conditions exhibiting overlapping 
features of both MPNs and myelodysplastic syndromes—also appear to be linked to Jak2 mutations 
[5]. 

Recent findings have shown that JAK2 V617F is associated with a specific haplotype, the 
germline GGCC (46/1) haplotype, especially in MPNs. 

The Jak2 46/1 haplotype, also known as the GGCC haplotype, is an inherited genetic variation 
within the Jak2 gene locus that has become a focal point in research related to oncogenesis, 
particularly in MPNs and in associated drug resistance [6]. 

This haplotype spans several polymorphisms within the Jak2 gene and has been found to 
increase susceptibility to a variety of hematologic cancers, especially when linked with the somatic 
JAK2 V617F mutation, which results in the gain of function of the protein and the resulting alteration 
of the JAK/STAT pathway, which is essential for various cellular processes, particularly 
haematopoiesis. The “GGCC” part is characterised by four single nucleotide polymorphisms (SNPs); 
it has been shown that the G allele of the rs10974944 single nucleotide polymorphism of this 
haplotype is correlated with MPNs progression to myelofibrosis (MF) and certain resistance-related 
clinical parameters [7]. Identifying the 46/1 haplotype in patients may not only enhance risk 
stratification for Jak2-driven cancers but also guide more effective, personalized therapeutic strategies 
to overcome resistance. Thus, the aim of this review is to describe current knowledge about the Jak2 
46/1 haplotype as a marker for diagnosis and the prediction of disease outcome. 

2. Myeloproliferative Neoplasms 

MPNs are clonal blood diseases characterized by the overproduction of differentiated peripheral 
blood cells in the bone marrow, resulting in an increased risk of thrombosis, progression to medullary 
fibrosis, or secondary leukemic transformation [8–13]. In 1951, William Dameshek coined the term 
“myeloproliferative disorders”, which was later renamed by the World Health Organization (WHO) 
“myeloproliferative neoplasms” [1]. 

Hematopoietic stem cells (HSCs), produced in bone marrow, are immature cells with the ability 
to self-renew and differentiate in all mature blood cell types.  

These cells can take two distinct paths at the progenitor stage, becoming myeloid or lymphoid 
stem cells. The first gives rise to T, B, and natural killer (NK) cells, while the second to 
megakaryocytes, erythrocytes, granulocytes, or macrophages [14]. The bone marrow environment, 
growth factors, and transcription factors are essential for a normal hematopoietic process. In MPNs 
an abnormal proliferation of one or more terminal myeloid cell lines in the peripheral blood gives 
rise to the pathology. In particular, PV, ET, and PMF are the classic MPNs. The myeloid lineage 
overproduces granulocytes, platelets, and erythrocytes [15]. This classification of MPNs is based on 
changes in blood cell counts and hematopoietic lineages in the bone marrow, which exhibit 
hyperplasia (an increase in the number of cells) and dysplasia (an abnormal development or growth 
of cells) [16]. 

PV is characterized by erythrocytosis, with morphologically normal cells. Patients with PV have 
higher thrombotic and haemorrhagic predisposition; moreover, there are cumulative risks of the 
evolution of the pathology into leukaemia or risk for fibrotic progression [17]. 

The primary characteristics of ET are thrombocytosis in the peripheral blood and an increase in 
the number of mature megakaryocytes, the precursor cells of platelets, in the bone marrow. 
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Thrombotic events account for more than 20% of the complications associated with ET, representing 
a major risk of this pathology. The aim of treatments available nowadays is to minimize the risk of 
thrombosis and/or bleeding [18]. 

Otherwise, MF refers to the formation of fibrosis in the bone marrow. MF can also derive from 
PV or ET [16]. The most characteristic features include bone marrow fibrosis (reticulin/collagen), 
aberrant inflammation with cytokine overexpression, anemia (resulting from ineffective 
erythropoiesis), hepatosplenomegaly, extramedullary hematopoiesis (EMH), constitutional 
symptoms (such as fatigue, night sweats, and fever), cachexia, leukemic progression, and shortened 
survival [19]. Approximately 20% of patients with PMF develop leukemia. Many others die from co-
existing conditions, including cardiovascular complications and cytopenia-related issues like 
infections or bleeding [20–22]. 

Mutations in three key genes primarily drive these conditions: Jak2, calreticulin (Calr), and 
myeloproliferative leukemia oncogene (Mpl). These mutations abnormally stimulate hematopoietic 
cell activity, leading to increased cellular proliferation and growth, which regrettably contributes to 
the progression of MF [16]. Therefore, one of these mutations is often associated with the pathology. 
For example, the Jak2 mutation is found in approximately 90% of patients, making it a strong 
diagnostic indicator [19]. 

3. Role and Regulatory Mechanism of Wild Type JAK2 

The Jak2 gene is located on chromosome 9p24.1 that encodes a non-receptor tyrosine kinase. The 
Jak2 gene comprises 142,939 base pairs (bp) and contain the following components: a promoter region, 
25 exons, 25 introns, and a terminator region. Alternative splicing produces three isoforms of the 
JAK2 protein, generating seven transcripts ranging from 6900 to 7000 bp [12]. In mammals, there are 
four members of the JAKs protein family: JAK1, JAK2, JAK3, and TYK2. JAKs proteins are composed 
of an N-terminal FERM (four-point-one, ezrin, radixin, moesin) domain, an Src homology 2 (SH2) 
domain, a kinase-like pseudokinase domain (JH2) and a C-terminal tyrosine kinase domain JH1 
(Figure 1). 

 

Figure 1. Schematic representation of the JAK2 (Janus Kinase 2) protein: it is composed of several functional 
domains. The N-terminal FERM domain encompasses the JAK homology (JH) regions JH7, JH6, and part of JH5. 
The adjacent Src homology 2 (SH2)-like domain spans part of JH5, JH4, and most of JH3. The C-terminal region 
includes the pseudokinase domain (JH2), and the tyrosine kinase domain (JH1). 

The FERM domain is composed of JAK homology (JH) domains JH5, JH6, and JH7; this domain 
binds noncovalently to the juxtamembrane sequence of the cytokine receptor, which includes two 
segments [23,24], Box1 and Box2, respectively characterized by proline-rich sequences and a 
hydrophobic segment. Moreover, this domain is involved in the intracellular regulation of the JAK 
activity. 

The SH2 domain lacks phosphotyrosine binding activity. The name of the tyrosine kinase 
derives from the two kinase domains JH1 and JH2 because it refers to the double face of the Roman 
god Janus, a god of transitions or doorways. The first domain (JH1) encodes a tyrosine kinase (TK), 
while the second one (JH2) works as a pseudokinase (PK) because it lacks many of the conserved 
residues that are essential for phosphotransferase activity. 
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4. JAK/STAT Pathway and V617F Mutation Involvement in MPN 

JAK proteins are involved in the JAK/STAT pathway, an important signalling pathway 
downstream of cytokine receptors [25]. Cytokines are involved in numerous hematopoietic and 
immune functions, making this pathway essential for various cellular processes, particularly 
hematopoiesis [26,27]. Many different cytokines can activate the same JAK, which can be associated 
with multiple cytokine receptors, and in some cases, cytokine stimulation can enhance this 
association [25]. 

For instance, JAK2 associates with many homodimeric receptors, such as the erythropoietin 
receptor (EpoR), thrombopoietin receptor (TpoR/MPL), the growth hormone receptor (GHR), and the 
heterodimeric receptors, including the GM-CSF (Granulocyte-Macrophage Colony-Stimulating 
Factor) and interleukin-3 receptors (IL-3R), which share a common beta subunit (βc) [28]. 

Jak2 is highly expressed in hematopoietic cells and is critical for hematopoiesis, like Jak3, which 
is especially expressed in lymphoid lineage cells [27]. Instead, Tyk2 is also detected in non-
hematopoietic tissues, including the liver, lung, and intestine, where it participates in immune and 
inflammatory responses. 

JAK2 plays a critical role in the JAK/STAT pathway [10], where the binding of the hormone, 
interferons (IFNs), interleukins (ILs), colony-stimulating factors, cytokines, and growth factors leads 
to receptor dimerization. 

Ligand’s binding activates the phosphorylation of tyrosine residues of the cytoplasmic domain 
of the receptor and the phosphorylation of JAK2 themselves. It induces receptor rearrangement that 
allows the transphosphorylation of the activation loop located on the JH1 domain, causing JAK2 
activation [29]. There are approximately 20 residues of tyrosine involved in this phosphorylation, 
which originates from cytokine activation [30].  

The activation loop is the part in which the major autophosphorylation of the JAK protein, a 
prerequisite for catalytic activation, occurs. This site includes all JAK tandem tyrosine residues; for 
instance, in JAK2, there are Tyr1007 and Tyr1008 [31]. Moreover, other Tyr residues phosphorylated 
could enhance or downregulate JAK2 activity. The activation mechanism by Tyr1007- Tyr1008 
phosphorylation is not yet fully understood in all cases; for instance, it has been demonstrated that 
phosphorylation of Tyr119 in the FERM domain of JAK2 regulates its association with the Epo receptor 
[32]. Otherwise, in the absence of cytokine activation, JAK2 is phosphorylated on Ser523, which 
negatively controls JAK2 activity [33].  

After activation, the docking site becomes available and can attach signalling proteins, such as 
STAT (Signal Transducer and Activator of Transcription). Two STAT proteins, phosphorylated on a 
conserved tyrosine residue at the C terminus, dimerize, dissociate from the receptor, and go to the 
nucleus, where they regulate gene expression; in fact, they bind DNA and activate the transcription 
of the target gene. Their binding site is typically located in specific regions, such as the enhancer, 
promoter region, or first intron of the target gene. 

Considering that JAK/STAT pathway is fundamental in hematopoiesis [26], its alteration leads 
to many blood diseases. A genetic polymorphism of Jak2, the mutation V617F, has been associated 
with MPNs [13]. It occurs in nearly 95% of patients with PV, and in 50-60% of patients with ET and 
PMF [26].  

JAK2 V617F is a somatic mutation, not present in the germline DNA of patients, acquired in the 
hematopoietic compartment, and characteristic of hematopoietic cells [10]. This mutation consists of 
the substitution of valine for phenylalanine at codon 617 of JAK2, resulting in a gain-of-function effect 
for this gene [10,12].  

There are three main hypotheses about the physiopathological mechanism after the mutation.  
The first current of thought states that constitutive activation of the pseudokinase (JH2) domain 

drives to loss of inhibitory function that this dominion exercises over the active (JH1) kinase domain. 
The roles of the JH2 domain, in fact, are to maintain a low basal activity of JAK when there are no 
cytokines and to facilitate JAK activation upon binding to the receptor when cytokines are present 
[34]. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 9 September 2025 doi:10.20944/preprints202509.0801.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202509.0801.v1
http://creativecommons.org/licenses/by/4.0/


 5 of 20 

 

The second hypothesis concerns the possibility that changes in JH2 conformation are responsible 
for kinase domain activation. The V617 mutation, which is mutated to Phe, could influence the 
neighbouring F595, a residue positioned in the αC helix of JH2, in a specific manner. The specific 
conformation of the αC helix is fundamental for kinase domain activation [35].  

The last hypothesis focuses on the direct activation of the JH1 domain via an SH2-JH2 linker 
[36]. V617F is one of three mutations known to be concentrated in 3 regions of JH2; V617F is encoded 
by exon 14 and it is present in the majority of MPNs, while mutation on the exon 16 is associated with 
B-cell leukemia and in 4% of PV cases it has been found a mutation in the linker between SH2 and 
JH2 domain, encoded by exon 12 [34]. These findings demonstrate the importance of the JH2 domain 
in regulating this pathway.  

In any case, the outcome of each of these hypotheses is the same: after the constitutional 
activation of JAK2, subsequent downstream activation of STAT occurs (Figure 2). 

 

Figure 2. Physiological and pathological conditions mediated by JAK2 signalling and hypotheses on the role 
of the V617F mutation. The figure compares the physiological condition (A) with the pathological one (C). In 
panel B) is represented the wild-type JAK2, characterized by the inhibitory activity of JAK2 pseudokinase (JH2 
domain) on JH1.  A) In normal conditions, upon ligand (in the figure represented by the orange triangle) 
binding to the transmembrane receptor, this undergoes dimerization, activating the associated tyrosine kinase 
JAK2. Activated JAK2 phosphorylates specific tyrosine residues on the receptor, generating docking sites for 
STAT proteins. Once recruited, STATs are subsequently phosphorylated by JAK2, dimerize, and translocate into 
the nucleus, where they regulate the transcription of target genes like Socs3, Il8 and Mcl1. C) V617F mutation in 
the JAK2 JH2 domain induces constitutive activation of the JAK/STAT pathway regardless of the presence of the 
ligand. The pathogenic JAK2 constitutive activation is typical of some MPNs. Pathogenetic hypotheses include 
the functional impairment of the JH2 domain leading to a constitutive activation of JAK2 even in the absence of 
external stimuli (D), an alteration of the interaction with the F595 residue, which is located in the αC helix of the 
JH2 domain, which alters the helix’s structure (E), and an abnormal interaction between the SH2 and JH2 
domains in the SH2-JH2 linker (F). 

Otherwise, STAT proteins are signal transducers and activators of transcription. STAT family 
includes seven members: STAT1, STAT2, STAT3, STAT4, STAT5a, STAT5b, and STAT6. Their 
primary function is as transcription factors, so when they enter the nucleus, they regulate the 
expression of cytokine-responsive genes [37]. 
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Mainly STAT3 and STAT5 are activated upon the mutation of JAK2 [38]. For instance, 
constitutive activation of STAT5 has been associated with leukemic transformation [39]. Moreover, 
high levels of STAT5 and STAT3 phosphorylation have been observed in PV patients, while in ET 
patients, STAT3 is highly phosphorylated, whereas STAT5 exhibits decreased phosphorylation 
levels. Ultimately, in PMF patients, both STAT3 and STAT5 exhibit low phosphorylation levels. Thus, 
in this cascade, a specific cytokine activates a specific JAK, which in turn activates a specific STAT. 
Therefore, some proteins dampen cytokine signalling at the different levels of this pathway. For 
instance, the SOCS (Suppressors Of Cytokine Signalling) family inhibits this cascade through 
negative feedback [40]. For example, SOCS1-7 and the cytokine-inducible SH2-containing protein 
(CIS) act by recruiting ubiquitin ligases (E3) to target JAK2 for degradation, whereas SOCS3 directly 
inhibits JAK2’s kinase activity via complex formation [5]. 

Thus, when V617F mutation is present, hematopoietic cells undergo transformation into 
cytokine-independent growth. Therefore, processes like tumorigenesis, tumor progression, and the 
resulting inflammation are promoted [12,41].  

So, this paragraph demonstrated the importance of the JAK/STAT pathway dysregulation in 
hematological malignancy and the JAK2 V617F mutation role in cancer susceptibility. Recent findings 
have shown that JAK2 V617F is associated with this specific haplotype, the germline GGCC (46/1) 
haplotype, especially in MPNs [12,41].  

5. Jak2 GGCC 46/1 Haplotype Discovery and Pathophysiology 

Haplotype 46/1 was first discovered by Jones et al. [6] in their study, 142 patients identified as 
having a homozygous V617F mutation were found to share an identical haplotype in approximately 
77% of cases, or 109 patients. A haplotype is a group of genetic variations present on the same 
chromosome. These variants are not easily separable by recombination and tend to be inherited 
together as a unit. They are in linkage disequilibrium, which is proof of a shared ancestry of the 
chromosomes.  

These results indicate that the homozygous V617F mutation is not random, in fact it occurs on a 
specific Jak2 haplotype. This haplotype is present in approximately 45% of the general population 
[42], and other studies have confirmed its association with the V617F mutation [12,41]. 

The 46/1 haplotype includes a segment called “GGCC” that encompasses the most frequently 
mutated Jak2 exons: exon 14 (mainly the V617F mutation), exon 12 (mutations and deletions), and, to 
a lesser extent, exons 13 and 15 [42].  

This haplotype includes a set of genetic variations that map a region of 250–280 kb and are 
distributed along chromosome 9p.24.1, which covers the Jak2, Insl6, and Insl4 genes [12,41,43]. The 
last two genes are generally not transcribed in the hematopoietic system [44].  

The differences in the considered region are contained in sites of single-base genetic alterations 
known as single-nucleotide variants (SNVs), which contribute to interindividual and heritable 
differences in complex phenotypes [22].  

The “GGCC” part encompasses the region between intron 10 and intron 15 of the Jak2 gene, 
characterized by four single-nucleotide polymorphisms (SNPs): rs3780367 in intron 10, rs10974944 in 
intron 12, rs12343867 in intron 14, and rs1159782 in intron 15. All these SNPs are in complete linkage 
disequilibrium, which means they are inherited together. “GGCC” part is called this way not because 
it is reached in GC sequences, but because it contains four single-nucleotide polymorphisms, and 
they replace three thymidines (T) and one cytosine (C) with two guanosines (G) and two cytosines, 
creating the pattern called “GGCC” (Figure 3) [42]. 
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Figure 3. Schematic representation of 46/1 haplotype’s localization on chromosome 9p.24.1: In position 9.24.1 
there is 46/1 haplotype, which encompasses three genes: Jak2, Insl6 and Insl4. The GGCC part is a specific region 
of this haplotype, which is tagged by 4 SNPs. 

A novel hypothesis associates the GGCC haplotype with dysregulation in inflammatory and 
myelomonocytic responses, possibly due to the increased expression of the other two genes covered 
by the haplotype, Insl6 and Insl4. They increase their expression in the medullary stromal cells, where 
they are produced; consequently, these cells produce excessive amounts of proinflammatory 
cytokines. 

In addition to inflammation, other events such as splenomegaly and splanchnic vein thrombosis 
have been associated with 46/1 [12,41].  

Another influence of the haplotype is exercised on the expression of Insl6 and Insl4 in medullary 
stromal cells, causing proinflammatory and promyeloid activity of cytokines. This mechanism 
facilitates the survival of the mutated clone [45]. 

Interestingly, several individuals in an Australian family with familial MPN, identified with 
germline Retinoblastoma-binding protein 6 (Rbbp6) variants, also carried the Jak2 46/1 haplotype [46]. 
This suggests these germline predisposing variants may act additively or synergistically to promote 
MPN development. It means that the presence of each variant independently contributes to the 
overall risk of developing MPN or that their combined effect is greater than the sum of their 
individual effects. 

Jak2 expression appears to be unaffected by the 46/1 haplotype [6,47]. There are two hypotheses 
explaining the mechanism by which the Jak2 46/1 haplotype influences the development of MPNs. 
The “hypermutability” hypothesis suggests that the Jak2 46/1 haplotype makes the genetic region in 
which it is located more genetically unstable and more susceptible to replication errors and genetic 
damage [11,48,49]. The “fertile soil” hypothesis postulates that hematopoietic stem cells (HSCs) 
carrying the 46/1 haplotype have a selective advantage. This means that these cells might proliferate 
or survive better than other HSCs, creating a more “fertile” environment for the development of 
mutations and subsequent clonal expansion [43]. 

It is important to note that these two hypotheses are not mutually exclusive and could both 
contribute to the risk of MPNs. 

The frequency of the Jak2 haplotype GGCC_46/1 in the healthy population is approximately 24%, 
whereas in patients with the JAK2 V617F mutation, it is found in 40–80% of cases [50]. So, Jak2 
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haplotype GGCC_46/1 is preferentially associated with JAK2 V617F mutation, but not exclusively 
[43]. This haplotype accounts for approximately 28% of the population-attributable risk of developing 
an MPN [6]. 

This haplotype precedes the acquisition of the JAK2 V617F variant and has also been identified 
as one of the factors that increases the risk of familial MPNs by more than five times [12,41].   

Remarkably, the “GGCC” haplotype is tagged by rs10974944, a SNP in which a cytosine is 
replaced with a guanosine. Therefore, the C allele is the common allele, whereas the G allele 
represents the variant that confers risk for MPNs. At the same time, the heterozygous condition is 
C/G. 

rs10974944 has been long studied in populations from Brazil, Japan, and China. 
What has become evident is that this is strongly associated with JAK2 V617F-positive MPN patients 
compared to controls [51]. 

This association has been demonstrated in a study carried out by Kilpivaara, which identified 
the rs10974944 variant (C/G) in the Jak2 gene, revealing that it can predispose to JAK2 V617F-positive 
MPNs. Moreover, his studies demonstrated that the rs10974944 (G) allele may predispose to the 
acquisition of the JAK2 V617F somatic variant on the same strand [52]. 

In addition, the C-allele is associated with ET [53]. At the same time, other studies have 
demonstrated a prevalence of the heterozygous haplotype CG in patients with PMF and PV [54]. 

That is why the JAK2 46/1 haplotype in patients with MPNs could become a potential biomarker 
for the early diagnosis of the pathology.  

6. Jak2 Haplotype 46/1 and Onco-Drug Resistance Onset 

6.1. MPN Treatments and Therapies 

MPNs are generally an indolent pathology. The treatments aim to prevent complications. 
Therapies used in treatment include cytoreductive therapy, which utilizes Oncocarbide, also known 
as hydroxyurea (ATC: L01XX05). Following the National Cancer Institute definition, hydroxyurea is 
an antimetabolite that inhibits DNA synthesis and may kill cancer cells, but it may also make them 
easier to kill with radiation therapy (National Cancer Institute). So, it is a cytostatic agent that acts 
like an anti-cancer drug. It is a ribonucleotide reductase inhibitor that does not interfere with RNA 
or protein synthesis [55].  

In the last years, many advancements in MPN treatment have been made, largely thanks to the 
discovery that different cytokines trigger the same response, acting on the same receptor subunit or 
the same intracellular signalling mediator, and thanks to the finding of some molecules able to cross 
the cell membrane and to reach their target specifically. These advancements led to the discovery of 
JAK selective inhibitors [56].  

Different types of drugs have been investigated, and some problems have emerged: the V617F 
mutation has been found outside the ATP-binding pocket of JAK2, so the JAK inhibitor that targets 
this ATP-binding pocket can block both the mutated form of the protein and the wild-type one. This 
process could affect the treatment, resulting in myelosuppressive adverse events post-therapy. 

One of the most used drugs is Jakavi, a selective inhibitor of JAK1 and JAK2 [57]. This type of 
drug acts on the JAK-STAT pathway, reducing the phosphorylation and leading to reduced cellular 
proliferation and induction of apoptosis [58].  

Jakavi (ruxolitinib) is particularly indicated for the treatment of splenomegaly and other 
symptoms in adults with PMF, or MF that develops after PV or ET [59]. Otherwise, Fedratinib 
(TG101348) is a selective JAK2 inhibitor that can induce apoptosis in cell lines with the V617F 
mutation [60,61]. They are both “type I” inhibitors, which means that they bind and stabilize the 
kinase-active conformation of JAK2. In contrast, “type II” ATP-competitive inhibitors do the same 
but with the inactive conformation of the protein [62]. 

Regarding PV, hydroxyurea (Oncocarbide) is the first-line treatment for high-risk patients [63]. 
For low-risk patients, it is used if blood counts increase, symptoms are severe, or there is 
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splenomegaly or intolerance to phlebotomy [64]. If hematocrit exceeds 45%, therapy switches to 
ruxolitinib (Jakavi), which is crucial for controlling hematocrit and reducing splenomegaly [65]. 

Oncocarbide is also used with patients affected by ET as first-line treatment. In this case, the 
cytoreductive therapy is changed to Jakavi if the hematocrit level increases or patients show 
leucocytosis or thrombocytosis. 

For low-risk ET patients (those who are younger, have no other risk factors, and do not have 
extreme thrombocytosis), treatment may involve low-dose aspirin or simply observation [66]. 
Extreme thrombocytosis (platelet count> 1×10^6/L) is a concern due to increased bleeding risks [64]. 
High-risk patients typically receive cytoreductive therapy, with hydroxyurea as the first-line 
treatment. If patients develop resistance or intolerance to hydroxyurea, anagrelide, or ruxolitinib 
(Jakavi) may be used as an alternative. In any case, rigorous control of cardiovascular risk factors is 
recommended for all patients [66]. At least, in ET, doctors can prescribe up to a maximum of 1,5-2 g 
of Oncocarbide per day to decrease platelet levels. If the level increases, therapy must be changed. 
Splenomegaly is another parameter considered. If the spleen dimension increases in patients who 
undergo treatment with Oncocarbide, it could be a sign of drug resistance.  

For MF patients, hydroxyurea is the first-line treatment, effectively halving splenomegaly in 
about 40% of cases, with benefits lasting roughly one year [67]. Myelosuppression and painful 
mucocutaneous ulcers are common side effects. If patients become refractory to hydroxyurea (e.g., 
hematocrit above 45%) [68] or experience symptomatic splenomegaly, treatment should switch to 
ruxolitinib [57] (Figure 4). 

 
Figure 4. Schematic representation of 46/1 haplotype correlation with symptoms related to onco-drug 
resistance onset in MPN patients: Patient diagnosed for MPN (in orange) undergoes treatment with 
Oncocarbide as first-line therapy. CC haplotype (in green) correlates with good disease outcome, with 
improvement of symptoms. Otherwise, CG or GG conditions (in red) are more often associated with patients’ 
worsening, leading to the onset of the symptoms related with the onco-drug resistance, such as hepatomegaly, 
splenomegaly, thrombocytosis and leucocytosis. In the last case, Jakavi is used as second-line therapy (in 
yellow). 

So, although many patients with MF have shown some improvement in the signs and symptoms 
after treatment with ruxolitinib, others are refractory to ruxolitinib, and a lot of them lose their 
response over time. At least, a possible prolongation of patients’ survival has been observed in other 
cases [69]. 
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6.2. Challenges and Drug resistance in MPNs 

The two considerable situations to evaluate for changing therapy are drug resistance and drug 
intolerance. The first manifests as splenomegaly, leucocytosis, thrombocytosis, or persistent anemia; 
hematological clinical signs, such as anemia, or extra-hematological clinical signs, including non-
melanoma skin cancers, characterize the second.  

Drug resistance in JAK2-associated cancers, particularly to JAK inhibitors like ruxolitinib, is a 
significant challenge in treating MPNs. The 46/1 haplotype has been implicated in influencing 
responses to these drugs, as well as the development of resistance, and various mechanisms have 
been hypothesized. 

The first hypothesis concerns an enhanced activation of signalling pathways. It has been 
demonstrated that if the haplotype enhances the V617F mutation, this alteration may lead to more 
robust activation of downstream signalling pathways, such as JAK-STAT. However, it can also 
increase MAPK activity, which plays a key role in promoting cell growth and survival. In this 
signalling network, MAPK activation, induced by JAK2-V617F, is, to some extent, also dependent on 
PI3K. Thus, because the resilience of the JAK2 and PI3K pathways may reduce the efficacy of JAK 
inhibitors, these pathways could be a potential therapeutic target for controlling abnormal cell 
growth in JAK2-V617F-positive diseases, potentially with alternative or combinatorial approaches 
[70]. 

Another hypothesis concerns the altered epigenetic landscape, as it has been confirmed that the 
V617F mutation induces epigenetic deregulation [71]. Epigenetic remodelling is essential in 
hematopoietic cells because it ensures their steady state, defined as the equilibrium between self-
renewal and proliferative gene expression programs, thereby guaranteeing the appropriate cell fate 
determination. Reversible modifications to chromatin structure, DNA methylation, and histone 
modifications are all epigenetic changes that influence gene transcription profiles [72]. 

In any case, substantial evidence suggests that the resistance to the JAK inhibitor may be a 
consequence of the reactivation of the JAK/STAT pathway through the heterodimerization of 
activated JAK2 and JAK1, or TYK2. This mechanism results in the activation of JAK2 in trans by other 
JAK kinases, increased JAK2 mRNA expression (which promotes the formation of heterodimers), and 
the ultimately resistance to JAK2 inhibitor–induced apoptosis. In these studies, the cessation of 
therapy with a JAK2 inhibitor results in  new sensitization of the resistant clone positive for the 
V617F mutation, leading to the conclusion that after a period of treatment interruption, patients 
resistant to JAK2 inhibitors may respond to retreatment with the same JAK2 inhibitor or with others 
[71]. 

Moreover, it has been demonstrated that JAK inhibition leads to alterations in the histone 
landscape, resulting in an increase in methylation and acetylation [73]. 

Alteration of the methylation landscape has been suggested to play a key role in the 
pathogenesis and leukemic transformation of MPNs [74].  

Several studies have suggested that the haplotype is associated with an increase in the 
expression of specific genes, including Jak2, Insl6, and Insl4. Therefore, this process results in DNA 
recombination, with the emergence of genetic variations or abnormal methylation of the promoter 
region too [12]. 

For instance, DNA recombination could be stimulated by unidentified intronic repeating DNA 
sequences in the 46/1 haplotype, which could, in turn, cause the overexpression of the Jak2 gene 
located on the recombined allele. The activation of Jak2 determines the transmission of signals derived 
from all the cytokines involved in myelopoiesis, resulting in the chronically excessive stimulation of 
this process. In conclusion, the excessive stimulation of mitosis in myeloid progenitors makes them 
more prone to making mistakes during replication, creating altered genes, such as Jak2 [42]. 

Additionally, the haplotype is expected to enhance cytokine production by bone marrow 
stromal cells through the overexpression of Insl4 and Insl6. This process may contribute to activating 
the constitutive JAK/STAT pathway, through the V617F mutation [42,44,75]. 
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To conclude, the 46/1 haplotype might affect gene expression patterns and methylation status in 
hematopoietic stem cells, promoting a survival advantage. This epigenetic advantage enables cells to 
bypass JAK inhibition, allowing them to adapt to the selective pressure exerted by JAK-targeted 
therapies. 

The last hypothesis regarding how the 46/1 haplotype influences responses to these drugs and 
resistance development concerns the susceptibility of cells harbouring the 46/1 haplotype to acquire 
additional mutations more readily in response to therapy, giving rise to drug-resistant clones. This is 
particularly problematic in MPNs, where clonal evolution is a known contributor to disease 
progression and treatment resistance. 

JAK2 V617F allele burden, or variant allele fraction (VAF), refers to the percentage of 
hematopoietic cells that carry this mutation. In this case, low clonal JAK2 V617F load is associated 
with a clonal hematopoiesis phenotype of indeterminate potential or ET, whereas high clonal load is 
associated with PV or post-PV myelofibrosis (MFP). High clonal loads of JAK2 V617F are associated 
with increased leukocyte counts, risk of myelofibrotic transformation, and risk of splenomegaly. 
Thus, this study demonstrates that hematopoietic cells with the JAK2 V617F mutation (commonly 
associated with the 46/1 haplotype) exhibit enhanced clonal evolution, which can drive disease 
progression and resistance to therapy. This evolution is a hallmark of MPNs, particularly in 
conditions such as MF [76]. Moreover, while direct evidence linking the 46/1 haplotype to drug 
resistance is limited, it has been associated with clinical markers of resistance and disease 
transformation, such as progression to MF. In one study, the G/G allele was observed in patients with 
resistance-related parameters (p = 0.002449) [7]. Interestingly, JAK2 mutations are most acquired in 
cis with the JAK2 predisposition haplotype, as demonstrated by many studies [6,11,52]. Furthermore, 
the 46/1 haplotype has been hypothesized to be associated with greater genomic instability, making 
cells more susceptible to accumulating additional mutations [12]. 

The unique role of the 46/1 haplotype in fostering mutation acquisition and drug resistance in 
JAK2-driven cancers suggests that it could be a predictive biomarker for susceptibility to certain 
cancers and responses to JAK2 inhibitors. Identifying patients with the 46/1 haplotype might allow 
for more personalized treatment strategies, such as using combination therapies. For instance, 
therapies combining JAK inhibitors with PI3K inhibitors have been evaluated, as mentioned earlier 
before [70]. 

Another possibility is to target both the JAK/STAT and BET pathways to improve response rates. 
The BET family comprises four proteins, BRD2, BRD3, BRD4, and BRDT, which are a group of 
transcriptional co-regulators. They can recognize acetylated lysines in histones. The BET inhibitors 
prevent them from binding these acetylated residues. BET proteins and JAK2 signalling can converge 
on the same transcriptional regulatory system, a key point in controlling the expression of specific 
genes, such as LMO2, which is expressed in progenitor cells from PV patients. It has been discovered 
that the combined action of two inhibitors may prevent the rise of JAK inhibitor-resistant clones. For 
instance, I-BET151 is effective against PV as the compound specifically targets homozygous JAK2 
V617F cells. In polycythemia, both JAK and BET inhibitors may overcome the problem of the first 
one, which do not induce a consistent reduction in the burden of JAK2 V617F-positive progenitor 
cells [57,77], and may increase the possibility of targeting the neoplastic cells while simultaneously 
reducing the risk of adverse side effects. 

In addition, Carreño-Tarragona et al. [78] have demonstrated another possible mechanism 
through which haplotype 46/1 can increase the risk of developing MPNs. The gene that encodes 
CD274/programmed death-1 receptor ligand (PD-L1) is also located at 9p24.1 and has a physical 
interaction with JAK2. It is overexpressed in MPN patients with the V617F mutation [79], and the 
degree of PD-L1 expression in CD34+ cells has been linked to JAK2 V617F mutational burden [80,81]. 
Thus, they have proven that haplotype 46/1 influences PD-L1 expression levels through a hypoxia-
mediated mechanism, whereby PD-L1 interacts with transcriptional regulatory elements within the 
Jak2 locus [78].  
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The Jak2 46/1 haplotype is a significant factor in both the development and therapeutic resistance 
of JAK2-associated hematologic cancers. Its association with the JAK2 V617F mutation highlights its 
role in cancer susceptibility, while its impact on signalling pathways and the epigenetic landscape of 
cells contributes to the development of drug resistance. Identifying the 46/1 haplotype in patients 
may not only enhance risk stratification for JAK2-driven cancers but also guide more effective, 
personalized therapeutic strategies to overcome resistance. Further research into its exact 
mechanisms may reveal additional targets for intervention, offering new hope for treating resistant 
hematologic malignancies. 

7. Jak2 Haplotype 46/1 and Risk Stratification 

A recent study has revealed that the 46/1 haplotype, specifically the G allele of the rs10974944 
SNP, appears to be associated with most symptoms related to the onset of onco-drug resistance. These 
clinical parameters include splenomegaly, hepatomegaly, thrombocytosis, and leucocytosis. In fact, 
the rs10974944 G allele, a tag for the JAK2 46/1 haplotype, has been shown to be significantly more 
prevalent in JAK2 V617F-positive patients, suggesting a germline predisposition that influences 
disease phenotype and clinical progression [52]. A Brazilian study found that MPN patients carrying 
the G allele exhibited higher hematocrit, hemoglobin, and platelet levels compared to non-carriers, 
correlating with clinical manifestations like splenomegaly and thrombocytosis [82]. 

In contrast, in C/G patients, a prevalence has only been found for hepatomegaly, suggesting a 
more limited role of this genotype in the full spectrum of resistance-associated features. Supporting 
this, a recent cohort study of drug-resistant MPN patients from Southern Italy found the C/G 
genotype in ~58% of resistant individuals, often displaying hepatomegaly, thrombocytosis, and 
leucocytosis, while the G/G genotype was underrepresented (~6%) and not significantly associated 
with resistance outcomes [7]. 

Thus, although no direct correlation between the GGCC_46/1 haplotype in G/G homozygosity 
and onco-drug resistance outcome has been statistically confirmed, the presence of the G/G genotype 
appears to be related to a clinical profile (e.g., splenomegaly and high blood cell counts) that could 
potentially favour the development of resistance-related conditions, possibly through chronic 
inflammation and clonal evolution mechanisms (Figure 4). 

More interestingly, this haplotype — specifically the G allele of rs10974944 — has also been 
associated with an increased risk of progression to myelofibrosis (MF), a more severe MPN 
phenotype. Several studies indicate that 46/1 carriers are more likely to harbour not only JAK2 
mutations but also MPL or CALR mutations, increasing the risk of fibrotic transformation and 
leukemic progression [11,58,83]. Moreover, recent insights from 3D chromatin structure studies 
suggest that the 46/1 haplotype may promote a PD-L1–mediated immunosuppressive niche, 
contributing to disease progression and treatment resistance [78]. 

Thus, this haplotype could serve as a crucial biomarker — not only for early diagnosis and risk 
stratification in MPNs, but also for monitoring resistant subclones and predicting long-term 
outcomes. Its identification may support the development of personalized therapeutic strategies 
aimed at preventing disease progression and drug resistance. 

8. Last Frontier: Epigenetic Therapies 

Epigenetic therapies, such as DNA methyltransferase (DNMT) or histone deacetylase (HDAC) 
inhibitors, could be investigated as adjuncts to standard JAK inhibition in patients with the 46/1 
haplotype, targeting the modified epigenetic landscape that might confer a survival advantage. 
DNMT and HDAC inhibitors induce DNA demethylation and histone acetylation, respectively, 
leading to the reactivation of silenced genes and dramatic morphological and functional changes in 
cancer cells [84]. One of the consequences of HDAC inhibition is the continuous activation of the 
STAT protein, involved in the JAK/STAT pathway [85,86]. For example, HDAC8 inhibitors modulate 
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the JAK/STAT pathway in patients with MPN [87]. It has been demonstrated that HDACi, when 
combined with JAK2i, inhibits the growth of breast cancer cells, leading to apoptosis [88,89]. 

Otherwise, DNMT can act on the JAK7STAT3 pathway, for instance, reducing its activation.  
DNMT inhibitors reverse DNA hypermethylation, which may lead to the reactivation of silenced 
tumor suppressor genes or negative regulators of the JAK/STAT pathway. For example, they can act 
on genes encoding SOCS proteins (Suppressors of Cytokine Signalling), which are key negative 
regulators of the JAK/STAT pathway. If these genes are epigenetically silenced in MPNs, DNMT 
inhibitors can restore their expression and dampen pathway activation [90].  

So, although JAK inhibitors primarily reduce symptoms, control splenomegaly, and improve 
quality of life, they do not fully eradicate the mutant clone or prevent disease progression to MF or 
acute myeloid leukemia (AML). Otherwise, DNMT inhibitors, such as azacitidine or decitabine, 
inhibit DNA methyltransferase enzymes, resulting in the hypomethylation of DNA. This process can 
reactivate silenced tumor suppressor genes and potentially reverse abnormal epigenetic changes that 
drive the disease [91]. 

This is the reason why combinatory treatments can be the driving discovery to more effective 
therapy. An in-depth analysis is necessary to investigate the potential side effects caused by their 
combination. For instance, in the case of JAKi combined with DNMTi, possible overlapping toxicities 
must be considered, because the cytopenia caused by both could limit their combined use.  

Moreover, further studies about patients’ genetics are required, to identify those who will benefit 
most from this combination. At least, ongoing research is evaluating the safety and efficacy of 
combining these therapies in MPNs. 

In recent years, the haplotype has been shown to have potential as a promising biomarker for 
various aspects of MPNs.  

Discovered as a genetic variant of the Jak2 gene, it has been shown to predispose individuals to 
the acquisition of the JAK2 V617F mutation, which results in the gain-of-function of the resulting 
protein, leading to constitutive activation of the JAK/STAT pathway in MPNs. 

Thus, numerous studies have been conducted to investigate the mechanism by which its 
presence causes this alteration, and its role in modifying the epigenetic landscape has emerged from 
these studies. 

9. Discussion 

The haplotype has been shown to predispose to the acquisition of V617F mutation, thus 
investigating its presence in the patient’s population helps clinicians to predict MPN onset. The 
potential of the haplotype as a predictive biomarker for the development of the MPNs, proposing its 
use for an early diagnosis of these pathologies, is that it allows non-invasive analysis, such as 
peripheral venous blood sampling and the consequent DNA extraction and analysis, to predict the 
outcome of the MPN and their therapies.  

Further analysis has been conducted to investigate its association with the onset of onco-drug 
resistance in patients with MPN who are positive for the V617F mutation. An association has been 
discovered between patients with the 46/1 haplotype, tagged by the rs10974944 SNP, where the G 
allele represents the risk allele, and those with most symptoms related to the onset of onco-drug 
resistance [7]. Consequently, it has been supposed that the presence of the 46/1 haplotype predisposes 
to thrombocytosis, leucocytosis, splenomegaly and hepatomegaly, characteristic symptoms of MPNs, 
which in turn lead to onco-drug resistance. Further studies are required to validate the association 
between the haplotype considered and the onset of onco-drug resistance itself.  

In addition, due to the narrow cardinality of the sample analyzed, these data must be confirmed 
by expanding the sample under study. If confirmed, this conclusion suggests another use of the 
haplotype as a promising therapeutic marker [70]. A new therapy can be used to directly target the 
haplotype, thereby preventing the consequences of its expression, such as the epigenetic landscape 
alterations, associated with the gain of the V617F mutation.  
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Nowadays, many therapies are in trials, alone or in combination. JAK inhibitors are most used 
as first and second-line therapies. To overcome the problem of the epigenetic landscape being 
modified in the presence of the JAK2 haplotype 46/1, epigenetic therapies, such as DNA 
methyltransferase (DNMT) or histone deacetylase (HDAC) inhibitors, have been proposed in 
combination with classical therapies [84,90]. The advantage of these epigenetic therapies is that they 
modulate the expression of genes involved in the JAK/STAT pathway, thereby regulating the 
pathogenic pathway upstream. It has become clear that haplotype identification offers a crucial 
advantage in therapy, not only because it may become a new therapy itself, but also because its 
identification enables the most efficient therapies, based on the patient’s genetics. 

Other studies are required to explore the balance between benefits and risks for the patients, 
considering the combination of their side effects to evaluate if the combination prevents or enhances 
them.  

At least, the haplotype is linked with the worsening of the MPNs. Although the narrow 
cardinality of the samples analyzed, the G allele of the 46/1 haplotype, tagged by the rs10974944 SNP, 
has been demonstrated to be associated with the evolution of PV or ET to a myelofibrotic condition 
[7]. These data suggest that early identification of haplotype in patients could help with disease 
management, converging on the conclusion that the GGCC haplotype could also serve as a biomarker 
for the evolution of the pathology.  

These results could help medical personnel predict the rise and evolution of MPNs, guiding 
them to better treatment, considering the increased possibility of evolution to MF in patients with 
this haplotype.  

All these discoveries together open the potential of personalized medicine based on the genetic 
profile of each patient. The potential of the haplotype is first to be easily detectable, thanks to 
techniques such as PCR or gel electrophoresis, which are used routinely in clinical laboratories. The 
knowledge of four different SNPs available to tag the haplotype makes the protocol easier to develop. 
In fact, many studies propose protocols for this analysis, such as those of Trifa et al. [9] that developed 
a simple and inexpensive PCR-RFLP assay for studying the Jak2 rs10974944 SNP, those of Pagliarini-
e-Silva S. et al. [51] that make some changes in Trifa’s protocol, to allow better visualization of the 
bands, or those of Perrone et al. [7] that is based on Trifa’s version. 

Another advantage of using the haplotype is in diagnosis, as the presence of the haplotype 
precedes the acquisition of the V617F mutation, which is typically used for confirming MPN 
diagnosis. Screening, including the 46/1 haplotype, could be an innovative example of early diagnosis 
for MPNs, allowing clinicians to intervene in a timely manner. 

The GGCC 46/1 haplotype could play a key role in developing new therapeutic strategies 
tailored to each patient’s genetics. Used alone or in combination with other therapies, it could 
decrease the side effects due to the broad spectrum of action of the therapies now available. Although 
an in-depth analysis of its therapeutic role is required, its monitoring could help clinicians predict 
the worsening of MPNs such as PV or ET. This could aid in selecting a therapy that considers the 
potential progression of MF. 

To sum up, the potential of the haplotype is unmistakable; therefore, further studies are 
necessary to evaluate its practical application. 

10. Conclusions 

The haplotype 46/1 is one of the major discoveries in hematological malignancies management, 
because it has been discovered as a novel marker for early diagnosis and risk-stratification in MPN. 

The haplotype 46/1 predisposes to the acquisition of the V617F mutation in MPN patients, 
representing an innovative target for early diagnosis. Moreover, it presents many advantages because 
it is easily detectable with non-invasive methods and it allows for personalized diagnostic 
approaches, based on the genetic profile of each patient. 
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In addition, many studies have demonstrated the role in leading to the onset of onco-drug 
resistance. This implies that it might be a useful predictive biomarker for an individual’s 
susceptibility to develop the symptoms typical of this condition. 

Nevertheless, this evidence must be validated by further studies, but it represents promising 
preliminary results for the inclusion of the haplotype in the field of personalized medicine. 

11. Future Directions 

Looking ahead, further investigations are warranted to bridge the existing knowledge gaps. A 
major limitation in the current literature is the lack of longitudinal data. In addition, the narrow 
cardinality of the sample analyzed is a consistent constraint for results’ validation, especially 
considering the low prevalence of the variable considered, the G allele, in the general population. 
Consequently, further studies should aim to extend the sample under study, maybe with multicentre 
research. 

Further elucidation of the epigenetic landscape of the haplotype may uncover novel therapeutic 
targets. Understanding these mechanisms could pave the way for novel diagnostic tools or 
therapeutic strategies, allowing a precise and quick management of patients with high risk-
stratification. 

Overall, these future directions hold great promise for enhancing our understanding and 
management of myeloproliferative neoplasms. 
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