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Abstract

Background/Objectives: The increasing sensitivity of molecular diagnostic techniques
has led to the frequent detection of low-level JAK2 V617F mutations in individuals with-
out overt myeloproliferative neoplasms (MPNs), creating uncertainty regarding their bi-
ological and clinical significance. This study aimed to evaluate the clinical relevance,
thrombotic risk, and hematologic evolution associated with low JAK2 V617F allele bur-
den. Methods: We conducted a retrospective single-center study including adult patients
tested for JAK2 V617F between January 2016 and December 2023. Patients with a variant
allele frequency (VAF) < 2% who did not meet WHO or 2022 International Consensus
Classification diagnostic criteria for MPN at baseline were included. Clinical characteristics,
laboratory parameters, molecular findings, thrombotic events, and longitudinal ou--comes
were analyzed. Results: Among two-thousand-three-hundred-seventy-two tested subjects,
55 patients (9.2% of JAK2-positive cases) harbored a low-level JAK2 V617F mutation (me-
dian VAF 0.35%). Over a median follow-up of 31.7 months, 12 patients (21.8%) progressed
to overt MPN. Baseline VAF was significantly higher in patients who evolved to MPN
compared to non-progressors. Thrombotic events occurred in 30.9% of patients and were
associated with higher VAF values irrespective of MPN diagnosis. Serial molecular analy-
ses showed stable persistence of the mutant clone over time. Conclusions: Low-burden
JAK2 V617F mutations represent clinically relevant clonal events associated with throm-
botic risk and potential disease evolution. These findings support the need for structured
clinical and molecular follow-up even in the absence of initial diagnostic criteria.
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1. Introduction
Insight into the molecular basis of Philadelphia-negative myeloproliferative neoplasms

(MPNs) was substantially advanced in 2005 through the independent identification of the
JAK2 V617F mutation by multiple research groups, an achievement that laid the foundation
for the current understanding of the molecular pathogenesis of these disorders [1–4]. The
JAK2 V617F mutation, located in exon 14 of the JAK2 gene, arises from a G > T substitution
at nucleotide 1849, resulting in a valine-to-phenylalanine change at codon 617. JAK2 en-
codes a non-receptor tyrosine kinase essential for cytokine receptor signaling, as these
receptors lack intrinsic catalytic activity and rely on associated intracellular kinases. Ligand
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binding induces receptor conformational changes that activate JAK-dependent signaling
cascades, including STAT transcription factors, the MAPK pathway, and the PI3K/AKT
pathway. Structural studies have shown that the V617F mutation disrupts the inhibitory
interaction between the JH2 pseudokinase and the JH1 catalytic domains, leading to en-
hanced kinase activity [5]. The overall effect is an enhanced enzymatic activity, providing a
biochemical basis for the hypersensitivity to cytokine stimulation that was hypothesized by
William Dameshek as a possible pathogenetic mechanism underlying myeloproliferative
neoplasms [6]. The JAK2 V617F mutation represents the most prevalent founding genetic
alteration in Myeloproliferative Neoplasms (MPNs) and is identified in more than 95% of
patients diagnosed with Polycythemia Vera (PV) as well as in approximately 50–60% of
those affected by Essential Thrombocythemia (ET) and Primary Myelofibrosis (PMF) [1–4].

Additional JAK2 gene mutations, including insertions and deletions predominantly
involving exon 12, have also been described and are associated with comparable activating
functional effects. These variants account for the small proportion of patients with Poly-
cythemia Vera (approximately 5%) who do not harbor the canonical V617F mutation [7].
The prognosis of PV patients harboring JAK2 exon 12 mutations does not appear to differ
from that of patients with the classic JAK2 V617F mutation [8].

In the 2008 World Health Organization (WHO) classification, identification of the
JAK2 V617F mutation was formally established as a major diagnostic criterion for
Philadelphia-negative Myeloproliferative Neoplasms (MPNs), including Polycythemia
Vera (PV), Essential Thrombocythemia (ET), and Primary Myelofibrosis (PMF). Subsequent
updates in 2016 and the more recent 2022 International Consensus Classification (ICC)
confirmed the central role of bone marrow morphology while incorporating molecular
markers as critical elements for establishing clonality, enhancing diagnostic accuracy, and
refining prognostic stratification [9–12].

Beyond the classical MPNs, JAK2 V617F has also been reported, albeit infrequently, in
other myeloid neoplasms such as chronic myelomonocytic leukemia (CMML), myelodys-
plastic/myeloproliferative overlap syndromes, systemic mastocytosis, and chronic neu-
trophilic leukemia [13].

Quantitative assessment of the JAK2 V617F allele burden, defined as the proportion
of mutant relative to total JAK2 alleles, has become a clinically relevant parameter. A
high allele burden (>50%) is typically associated with homozygosity for the mutation,
reflecting clonal expansion and correlating with an increased risk of thrombotic complica-
tions, particularly venous thromboembolism (VTE), in both PV and ET. More broadly, the
variant allele frequency (VAF) of driver mutations has been shown to correlate with disease
severity, clinical complications, and long-term outcomes, including durability of response
and risk of progression to myelofibrosis, thereby representing a marker of advanced dis-
ease biology [14–16]. In contrast, in PMF, a low allele burden (<20%) has been linked to
shorter overall survival, increased leukemic transformation, and more aggressive clinical
phenotypes [17,18].

From a biological perspective, allele burden reflects the proportion of hematopoietic
cells harboring the driver mutation and therefore serves as an indicator of clonal domi-
nance. In PV, patients with an allele burden > 50% frequently exhibit higher hematocrit
levels, reduced serum erythropoietin concentrations, and more marked myeloproliferation,
whereas those with an allele burden < 20% more often display indolent disease courses or
early, subclinical disease manifestations [19].

Advancements in allele-specific real-time quantitative PCR, digital droplet PCR
(ddPCR), and next-generation sequencing (NGS) have allowed for the detection of
JAK2 V617F mutant clones at very low frequencies—down to 0.01% of total alleles [20,21].
These high-sensitivity approaches have enabled the detection of low-level JAK2-mutated
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clones (VAF < 1%), even in individuals without overt hematologic abnormalities, thereby
reshaping the distinction between benign clonal expansion and neoplastic transformation.

Recent prospective studies indicate that small JAK2-mutant clones may persist over
time without inevitably progressing to overt MPN, particularly in older individuals. This
condition, encompassed within the spectrum of Clonal Hematopoiesis of Indeterminate
Potential (CHIP), is characterized by the presence of somatic mutations in genes such as
DNMT3A, TET2, ASXL1, or JAK2 that confer a selective advantage to hematopoietic stem
cells in the absence of cytopenias or morphological dysplasia [22,23].

The prevalence of CHIP increases with advancing age and is observed in approxi-
mately 10–20% of individuals older than 70 years. Despite its asymptomatic nature, CHIP
is associated with clinically relevant health risks; large genomic and epidemiologic studies
have shown that individuals harboring JAK2-mutated CHIP have a 2–4-fold higher risk
of cardiovascular and thromboembolic events, including stroke, myocardial infarction,
and venous thrombosis. These associations are thought to reflect the pro-inflammatory
phenotype of mutated myeloid cells, which promotes endothelial activation and contributes
to vascular dysfunction [24]. Furthermore, the presence of JAK2 V617F in CHIP has been
linked to accelerated atherosclerosis, progression of chronic kidney disease, and increased
all-cause mortality. Collectively, these observations underscore that JAK2 V617F functions
not only as a neoplastic driver but also as a multisystem pathogenic factor with significant
implications for both hematologic and cardiovascular health [25–28].

In light of these complexities, interpretation of a low allele burden requires careful
clinical context. Evidence from published studies, including the monocentric experience
reported by Perricone et al., suggests that a threshold of approximately 0.8% may help
distinguish true clonal myeloproliferation from reactive or CHIP-associated clones [19]. In
clinical practice, repeated testing and integration with bone marrow morphology, blood
counts, serum erythropoietin, and complementary mutation profiling (CALR, MPL, ASXL1,
etc.) are recommended. Serial VAF monitoring also provides insight into clonal dynamics,
distinguishing transient clones from expanding malignant ones; however, the optimal
timing, frequency, and clinical indications for molecular monitoring have not yet been
standardized and are not currently defined by international consensus guidelines.

Notably, reductions in JAK2 V617F VAF during cytoreductive or interferon therapy
have been associated with improved hematologic control; however, decreases in allele
burden alone should not be interpreted as a surrogate marker of molecular remission in the
absence of concordant histologic and clinical findings [29,30].

In summary, quantitative assessment of JAK2 V617F has progressed beyond its original
diagnostic role to become a multidimensional tool encompassing molecular characteriza-
tion, prognostic stratification, and evaluation of systemic risk. Careful interpretation is
particularly warranted in the context of low-level mutation detection, in order to prevent
overdiagnosis while allowing timely identification of early myeloproliferative evolution.
Multiple independent studies have documented the presence of JAK2 V617F in individuals
without overt hematologic disease, especially among older populations, indicating that
its detection is not exclusively linked to clinically manifest myeloproliferative neoplasms.
These observations raise relevant biological and clinical considerations, as longitudinal
cohort analyses have associated JAK2 V617F–positive clonal hematopoiesis with reduced
cancer-free survival and shorter overall survival (OS) [31–34]. Beyond hematologic malig-
nancies, the mutation has also been implicated in cardiovascular pathology, with specific
reports demonstrating a significant association between JAK2 V617F and myocardial in-
farction risk [35].

Over the past decade, the sensitivity of molecular diagnostic techniques has increased
substantially, allowing the detection of mutant clones with VAF below 1% through ad-
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vanced quantitative and digital PCR methodologies. While this technical progress has
broadened insights into the presence and behavior of low-level JAK2-mutant clones, their
exact clinical relevance remains incompletely defined.

In this study, we aimed to characterize the clinical and biological features, disease
phenotype, and outcomes of patients harboring low-JAK2 V617F allele burdens in the
absence of a confirmed diagnosis of MPN at baseline.

2. Material and Methods
This retrospective study included patients tested for the JAK2 V617F mutation at

the Hematology Unit of Azienda Ospedaliera Universitaria delle Marche (Ancona, Italy)
between January 2016 and December 2023. Clinical and laboratory data were retrieved
from electronic medical records. Eligible patients were ≥18 years old and had undergone
molecular testing for JAK2 V617F, with results falling within a gray-zone range, defined
as a variant allele frequency (VAF) < 2% but above the analytical sensitivity threshold of
the assay. At the time of initial evaluation, none of the patients fulfilled the World Health
Organization (WHO) diagnostic criteria for myeloproliferative neoplasms (MPN). Baseline
variables included hemoglobin level, leukocyte count, platelet count, serum erythropoietin
levels, JAK2 V617F VAF, and the occurrence of thrombotic events within one year of molec-
ular testing. Patients were subsequently followed to evaluate the development of MPN or
the occurrence of thrombotic complications. Thrombotic events were classified as arterial or
venous and further categorized according to their occurrence in typical or atypical anatomi-
cal sites. Clinical follow-up was performed according to routine hematologic practice, with
scheduled evaluations including clinical examination and complete blood counts every six
months during the first two years after detection of the mutation and annually thereafter,
unless earlier reassessment was clinically indicated. Molecular reassessment of JAK2 V617F
VAF during follow-up was performed when clinically required, particularly in the presence
of evolving hematologic abnormalities.

Genomic DNA was extracted from peripheral blood granulocytes using the QIAamp
DNA Blood Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer’s in-
structions. DNA concentration and purity were assessed spectrophotometrically, and
approximately 25 ng of genomic DNA was used for each PCR reaction. Qualitative de-
tection of the JAK2 V617F mutation was performed using the commercial allele-specific
TaqMan® probe-based assay ipsogen JAK2 MutaScreen Kit (Qiagen, Hilden, Germany; Cat.
No. 673213) following the manufacturer’s protocol. This assay employs two allele-specific
hydrolysis probes labeled with distinct fluorophores (FAM and VIC) designed to selectively
hybridize with the mutant (V617F) or wild-type (WT) allele. During PCR amplification, the
probe complementary to the target sequence is cleaved by the 5′–3′ exonuclease activity of
Taq DNA polymerase, resulting in separation of the reporter fluorophore from the quencher
and generation of a detectable fluorescence signal. End-point fluorescence discrimination
allows identification of samples carrying the wild-type allele, the mutant allele, or both.
Real-time PCR reactions were performed on Rotor-Gene 6000 or Rotor-Gene Q instruments
(Qiagen, Hilden, Germany) using a final reaction volume of 25 µL, consisting of 20 µL
reaction premix and 5 µL DNA template, according to the manufacturer’s instructions.
The analytical sensitivity of the qualitative assay is reported by the manufacturer to be
approximately 1% mutant allele burden.

Quantitative assessment of JAK2 V617F allele burden was performed using the ipso-
gen JAK2 MutaQuant Kit (Qiagen, Hilden, Germany; Cat. No. 673113), which employs
allele-specific primers and hydrolysis probes to selectively amplify the wild-type and
V617F alleles in two separate reactions. Each reaction contained 25 ng of genomic DNA in
a total reaction volume of 25 µL, and amplification was performed on the Rotor-Gene Q
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MDx 5plex HRM platform (Qiagen, Hilden, Germany) according to the manufacturer’s
cycling conditions. Real-time fluorescence monitoring during the exponential phase of
amplification enabled accurate quantification of mutant and wild-type alleles. The vari-
ant allele frequency (VAF) was calculated from the cycle threshold (Ct) values obtained
for the mutant and wild-type reactions using the ∆Ct method, as recommended by the
manufacturer. VAF was expressed as the percentage of mutant JAK2 copies relative to
total JAK2 copies, calculated as the ratio between the number of V617F copies and the sum
of V617F and wild-type copies multiplied by 100. Quantification was performed using
calibration standards and internal controls included in the commercial kit to ensure assay
accuracy and reproducibility. The analytical sensitivity of the quantitative assay is reported
to be approximately 0.1% mutant allele burden.

Categorical variables were compared using the Chi-squared test, while continuous
variables were analyzed using Student’s t-test, Mann–Whitney U test, or ANOVA, as
appropriate. All statistical analyses were performed using R (version 4.4.1, R Foundation
for Statistical Computing, Vienna, Austria) and SPSS software (version 28.0, IBM Corp.,
Armonk, NY, USA), with p-values < 0.05 considered statistically significant. All patients
provided written informed consent for participation in the study, which was conducted in
accordance with the Declaration of Helsinki and approved by the local ethics committee.
Informed consent was obtained from all subjects involved in the study. The study was
conducted in accordance with the Declaration of Helsinki and approved by the Regional
Ethics Committee of Marche (Comitato Etico Regionale delle Marche, CERM), Azienda
Ospedaliero Universitaria delle Marche (Ancona, Italy) (ID4387/2025).

3. Results
We tested 2372 subjects for JAK2V617F mutation due to clinical suspicion of hema-

tological malignancy. Overall, 1778 (74.9%) of the 2372 subjects that were tested for the
JAK2V617F mutation resulted negative for the mutation. A total of 55/594 (9.2%) patients
had a low (0.02–1.9750%, median 0.35%) VAF, with higher values observed in patients with
thrombocytosis compared to those with erythrocytosis (0.451% vs. 0.25%, p = 0.047). In
most cases (45 patients, 81.8%), VAF was below 1%, while only 2 (3.6%) patients had a VAF
above 2% (Figure 1).

Of the total cohort, 31 patients were tested for erythrocytosis, and the remaining 24 for
thrombocytosis. All patients, at the time of the initial JAK2 assessment, did not meet the
diagnostic criteria for myeloproliferative neoplasms (MPNs). Table 1 presents the data
from the patients’ initial evaluation.

During follow-up, patients were monitored with complete blood counts, clinical
assessments, and evaluation for other MPN driver mutations.

The median erythropoietin level was 5.4 mU/mL (range: 1–16.8). Among patients
with polycythemia, 51% had reduced erythropoietin levels below 5 mU/mL. At the time of
the reported quantitative JAK2 test, no patient met the criteria for MPN. Of the 31 cases
with erythrocytosis, 4 (12.9%) were ultimately diagnosed with polycythemia vera (PV),
and 1 case was diagnosed as pre-fibrotic myelofibrosis (PMF). The median hematocrit was
50.2% (range: 46.2–56.9). Ten cases required phlebotomy, and two patients underwent
cytoreductive therapy.

Among the 24 cases with thrombocytosis, 7 (22.5%) were diagnosed as essential
thrombocythemia (ET). The median platelet count was 564 × 109/L (range: 451–1475), and
3 out of 24 patients received cytoreductive therapy.
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Figure 1. Workflow from JAK2 V617F mutation testing to the identification of low-allele burden cases.
AB: allelic burden.

Table 1. Baseline characteristics of a cohort of 55 patients harboring the JAK2 V617F mutation in the
absence of WHO or 2022 ICC diagnostic criteria for myeloproliferative neoplasms.

Erythrocytosis (N tot = 31) Thrombocytosis (N tot = 24) p-Value

Median age (range) 65 (20–86) 63.5 (15–85) 0.3325
JAK2 VAF median (range), % 0.28 (0.02–1.98) 0.45 (0.02–1.50) 0.6570
EPO median (range), mIU/mL 3.8 (1–14.4) 6.4 (3.2–16.8) 0.0103
Hb level median (range), g/dL 17 (14.4–18.3) 13 (9.3–14.4) <0.0001
PLT level median (range), ×109/mL 237 (132–420) 564 (431–1475) <0.0001
WBC level median (range) ×103/mL 8820 (4100–1750) 7750 (4120–16,860) 0.5004
N/L ratio median (range) 2.27 (1.14–8.9) 4.11 (1.56–9.0) 0.1388
Follow-up median (range), months 32.53 (3.6–144.8) 23.61 (2.0–71.5) 0.0790
Development of an MPN, n (%) 5 (16.3) 7 (29.2) 0.2472
Development of thrombosis, n (%) 8 (25.8) 9 (37.5) 0.3944

The median time from the first quantitative JAK2 assessment to the onset of MPN
was 21.06 months (range: 9.2–43.6). When evaluating the VAF at onset, patients who later
developed an MPN had a higher median VAF (0.532%, range: 0.023–1.946) compared to
those without an MPN diagnosis (0.24%, range: 0.02–1.975; p-value = 0.02; Figure 2).

Sequential samples were collected in 27 out of 55 cases, and JAK2V617F was confirmed
in all patients. With a median follow-up of 31.7 months, the JAK2V617F clone remained
stable over time, with a VAF of less than 2% in all cases.

In the studied cohort, 17 patients (30.9%) experienced a thrombotic event, with a median
time of 4.34 months from the molecular assessment. In 8 cases, the thrombotic event was
concomitant with or occurred within the year preceding JAK2 testing. Specifically, there were
8 myocardial infarctions, 2 cases of critical limb ischemia, 2 pulmonary embolisms, 2 portal
vein thromboses, and 3 lower-limb venous thromboses. Among the patients with thrombosis,
52.9% had thrombocytosis. The rate of thrombosis in patients later diagnosed with MPN
was comparable to that in those without a diagnosis (25% vs. 32.5%, p-value: 0.57). However,
patients who developed thrombosis had a higher median JAK2 allele burden compared to
those who did not (0.44% vs. 0.23%, p-value: 0.038; Figure 3).
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Figure 2. Box plot of VAF in patients who subsequently developed an MPN versus those who did not.

Figure 3. Box plot of VAF in patients who subsequently developed a thrombosis versus those who
did not.
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4. Discussion and Literature Review
While detection of the JAK2 V617F mutation remains central to the diagnostic workup

of Philadelphia-negative MPNs, the increasing application of highly sensitive molecular
assays has led to the identification of low-allele burden mutations both in patients with
overt MPN and in individuals without clear hematologic abnormalities, thereby compli-
cating diagnostic and prognostic interpretation. In established MPNs, a low-JAK2 V617F
allele burden (VAF < 10%) does not necessarily reflect indolent disease; Perricone et al.
reported that 63% of patients with an allele burden ≤ 3% fulfilled WHO criteria for MPN,
and that all cases with VAF ≥ 0.8% subsequently evolved toward a definite neoplastic
phenotype, indicating that even minimal mutant allele fractions may represent early clonal
proliferation rather than reactive hematopoiesis [19]. Serial molecular assessment has
demonstrated that clone size is not static but may vary over time, showing either expansion
or regression, highlighting the dynamic nature of clonal hematopoiesis. Consistently, Nien-
hold et al. reported that in patients with an overall VAF ≤ 20%, the JAK2-mutated clone
was frequently enriched within erythroid or megakaryocytic compartments, suggesting a
late and lineage-restricted clonal expansion rather than diffuse hematopoietic involvement;
importantly, despite the low global allele burden, these clones retained biological activity
and clinical relevance, with survival outcomes comparable to those observed in high-VAF
MPNs [36]. In addition to overt neoplastic disease, JAK2 V617F mutations have been
described in patients presenting with thrombotic events despite normal peripheral blood
counts, posing a relevant diagnostic challenge. In this setting, Levraut et al. reported a low
mutation prevalence (2.65%) among 1135 patients; however, all individuals with VAF ≥ 2%
subsequently developed MPN-related features during follow-up, whereas those with lower
VAF values remained largely stable. Notably, splenomegaly emerged as the strongest inde-
pendent predictor of JAK2 V617F positivity (OR 43, 95% CI 4.7–389) [37]. These findings
support the concept that small JAK2-mutant clones in otherwise healthy subjects may
reflect an early phase of clonal hematopoiesis of indeterminate potential (CHIP), capable of
remaining quiescent or progressing toward overt MPN depending on selective pressures.
In a large retrospective analysis, Limvorapitak et al. evaluated 5079 individuals tested
over a six-year period and identified 189 JAK2 V617F-positive cases with VAF < 10%. No
significant differences in clinical outcomes were observed between patients with VAF < 2%
and those with VAF ranging from 2 to 10%, with similar rates of thrombosis (18% in both
groups), disease progression (<5%), and comparable five-year overall survival (81.0% vs.
81.7%) [38]. Interestingly, even in patients without a hematologic diagnosis, thrombotic
events occurred in approximately 20% of cases, suggesting that JAK2 mutation positivity,
irrespective of allele fraction, confers an intrinsic vascular risk.

Our data suggest that approximately 2.3% of patients tested for the JAK2 V617F
mutation because of suspected myeloproliferative neoplasms harbor a low-level mutation
(VAF < 2%) without meeting WHO or 2022 ICC diagnostic criteria for MPN. During follow-
up, a subset of these individuals developed overt MPN, accounting for up to 20% of
cases, while thrombotic events were observed in more than 30%, irrespective of a formal
MPN diagnosis. Although these rates appear higher than those expected in the general
population, cautious interpretation is warranted given the observational nature of the study.

Taken together, these observations suggest that low-burden JAK2 V617F mutations lie
along a biological continuum spanning clonal hematopoiesis and overt myeloproliferative
neoplasia, with implications for both hematologic evolution and vascular risk. Method-
ological advances have been crucial in shaping this concept; notably, Lu et al. showed
that chip-based digital PCR (cdPCR) provides a limit of detection of 0.08% and a limit of
quantification of 0.2%, surpassing conventional qPCR and allowing reliable identification
of very small mutant clones with potential for clonal expansion over time [39]. Despite
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these methodological advances, careful clinical interpretation remains essential, as the
detection of subpercent mutant clones does not in itself imply pathological transforma-
tion. Collectively, available evidence underscores the need for an integrated diagnostic
strategy combining molecular quantification, bone marrow morphology, and longitudinal
clinical assessment. Although no universally accepted pathogenic threshold has been
defined, VAF values in the range of 0.8% to 2% appear to be associated with clonal expan-
sion and an increased likelihood of phenotypic evolution. Accordingly, individuals with
low-level JAK2 V617F positivity—regardless of whether formal MPN diagnostic criteria
are met—should be considered for structured hematologic surveillance, assessment for
splenomegaly, and appropriate cardiovascular risk management, given that thrombotic risk
and survival outcomes do not substantially differ across the low-VAF spectrum. Overall,
low-burden JAK2 V617F mutations should not be viewed as incidental findings, but rather
as early molecular signals of potential disease evolution, warranting vigilant monitoring
and, in selected cases, preventive clinical strategies.
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