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Abstract:
Objective Testing for the Janus activating kinase 2 (JAK2) V617F mutation is important for diagnosing and

treating myeloproliferative neoplasms (MPNs). Recently, urine cell-free DNA (ucfDNA) was reported to be

useful for detecting tumor-specific gene mutations in several solid tumors. However, its utility in detecting

such mutations in hematological malignancies has not yet been assessed. In this study, we assessed whether

or not the JAK2 V617F mutation could be detected in ucfDNA and whether or not its positivity rate in

ucfDNA was associated with the JAK2 V617F allele ratio of peripheral blood cells in patients with MPN.

Methods The JAK2 V617F allele ratio of genomic DNA from peripheral blood cells was determined using

quantitative polymerase chain reaction (qPCR) or droplet digital PCR (ddPCR). ucfDNA was subjected to

ddPCR. The correlation between the JAK2 V617F mutation positivity rates of blood-derived DNA and those

of ucfDNA was assessed.

Materials Twelve patients with polycythemia vera and 12 patients with essential thrombocythemia were en-

rolled. Ethylenediaminetetraacetic acid-treated peripheral blood (100 mL) and 15-30 mL of fresh urine were

used.

Results The JAK2 V617F mutation was detected in the ucfDNA from all 20 JAK2 V617F mutation-positive

patients. In addition, the JAK2 V617F mutation positivity rate of ucfDNA was correlated with the JAK2
V617F allele ratio of blood-derived DNA, including in both estimated glomerular filtration rate (eGFR)

groups (patients with an eGFR �50 or <50 mL/min/1.73 m2).

Conclusion Our results indicate that ucfDNA is a valuable tool for diagnosing and monitoring MPN. Given

these findings, other disease-specific gene mutations in hematological malignancies may also be detectable in

ucfDNA.
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Introduction

Polycythemia vera (PV) and essential thrombocythemia

(ET) are types of myeloproliferative neoplasms (MPNs),

which are hematological malignancies resulting from ac-

quired genetic alterations in hematopoietic precursor cells in

the bone marrow (1, 2). Over the past decade, many causa-

tive genetic mutations have been identified in MPN (1).

Among these genetic mutations, the Janus activating kinase

2 (JAK2) V617F mutation is found in 92% of PV patients

and 55% of ET patients (1). Positivity for this genetic muta-
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tion is a diagnostic criterion for these conditions (3). In ad-

dition, a high JAK2 V617F allele burden in peripheral blood

cells has been reported to be associated with an increased

risk of thrombosis in PV patients (4). Thus, testing for the

JAK2 V617F mutation provides clinically important informa-

tion for therapeutic intervention and diagnoses.

Recent advances in nucleotide technology have allowed

the detection of low levels of mutation-containing tumor-

derived DNA in the blood, cerebrospinal fluid, and

urine (5, 6). The detection of genetic mutations using bodily

fluids (i.e. in a “liquid biopsy”) has been widely applied to

cancer diagnostics and monitoring. In solid tumors, it has

been reported that tumor-derived genetic mutations can be

detected using urinary cell-free DNA (ucfDNA), including

lung, uroepithelial, pancreatic, and colon cancers (7-10).

However, little is known about the diagnostic applications of

ucfDNA in hematopoietic tumors (11).

In the present study, we detected the JAK2 V617F muta-

tion in urine samples obtained from patients with PV or ET

using the droplet digital polymerase chain reaction (ddPCR)

method to develop non-invasive diagnostic or monitoring

tests for these diseases. We compared the results of this

technique with the mutated allele burden in the peripheral

blood cells.

Materials and Methods

Patients

This study was approved by the Wakayama Medical Uni-

versity Ethics Committee (No. 3817) and conducted in ac-

cordance with the Declaration of Helsinki. Twenty patients

positive for the JAK2 V617F mutation were enrolled in this

study after providing their written informed consent. Four

patients negative for the JAK2 V617F mutation were also

enrolled. All patients were diagnosed with PV or ET at

Wakayama Medical University Hospital and visited our hos-

pital between March and May 2023 for routine follow-up.

Urine samples from five healthy volunteers were used as

controls.

DNA preparation

Genomic DNA was isolated from 100 μL of EDTA-

treated peripheral blood using a DNeasy kit (Qiagen,

Hilden, Germany) according to the manufacturer’s instruc-

tions. Urine was collected from five healthy volunteers, in

addition to PV and ET patients. Urine was collected during

outpatient visits (the time of which varied), but samples

were not collected from the first urine in the morning. A to-

tal of 15-30 mL of fresh urine was then centrifuged at 1,600

×g for 10 min at room temperature within 3 h of collection.

After centrifugation, the supernatant was separated into 10-

mL samples and stored at -80°C. When fresh urine could

not be processed within 3 h, 500 μL of urine preservation

solution (StreckⓇ Urine Preserve; Streck, La Vista, USA)

was added to 10 mL of urine at room temperature before

storage. Within five days of the StreckⓇ Urine Preserve be-

ing added to the urine sample, the urine was centrifuged,

and the supernatant was stored.

After thawing at 37°C, the supernatant was centrifuged at

16,000×g at 4°C. Subsequently, ucfDNA was extracted from

5 mL of the supernatant using a QIAampⓇ MinEluteⓇ

ccfDNA Midi kit (Qiagen, Hilden, Germany) according to

the manufacturer’s protocol. Finally, ucfDNA was eluted in

25 μL TE buffer. The amount of ucfDNA was quantified us-

ing a Qubit 4 fluorometer (Thermo Fisher Scientific,

Waltham, USA) according to the manufacturer’s protocol.

The ucfDNA concentration was calculated as the ucfDNA

content in nanograms per milliliter of urine.

ddPCR

ucfDNA was analyzed for the JAK2 V617F mutation us-

ing ddPCR (QX200 system; Bio-Rad Laboratories, Hercules,

USA). The ddPCR primers used for detecting JAK2 V617F

were purchased from Bio-Rad (Unique Assay ID: dHsaMDV

27944642). The ddPCR assays were conducted according to

the manufacturer’s protocol. In brief, 20 μL of ddPCR reac-

tion solution was prepared by adding 10 μL of ddPCR Su-

permix and 1 μL of ddPCR mutation assay mixture to a

maximum of 2 ng of ucfDNA. The ddPCR mutation assay

consisted of wild-type and JAK2 V617F mutation probes la-

beled with HEX and FAM fluorochromes, respectively. A

droplet was then generated from the reaction mixture using

a QX200 droplet generator (Bio-Rad Laboratories). The

droplet was then cycled as follows: denaturation at 95°C for

10 min, followed by 40 reaction cycles (94°C for 30 s and

55°C for 1 min), and a final cycle at 98°C for 10 min. The

plate was incubated overnight at 12°C to stabilize the drop-

lets (12). Droplet fluorescence was assessed using a QX200

droplet reader. DNA isolated from HEL cells (purchased

from the Japan Bioresearch Bank, Izumisano, Japan), which

are known to possess the JAK2 V617F mutation, was used

as a positive control. ddPCR data were analyzed using the

QuantaSoft software program (version 2.0; Bio-Rad Labora-

tories). The JAK2 V617F mutation positivity rate was calcu-

lated as follows: JAK2 V617F mutation-positive droplets/

(JAK2 V617F mutation-positive droplets+wild-type positive

droplets) (13). As reported previously, we defined a positive

JAK2 V617F mutation as a fractional abundance of

>0.1% (14).

Estimation of the JAK2 V617F allele ratio of gDNA

derived from blood

To estimate the JAK2 V617F allele ratio in the blood, we

performed quantitative PCR (qPCR) using 100 ng of

genomic DNA obtained from the peripheral blood cells of

each JAK2 V617F mutation-positive patient. The allele ratio

was calculated based on the melting curve as previously de-

scribed (15). JAK2 V617F allele ratio results were not ob-

tained from a melting curve assay for two patients for whom

blood samples were not collected during the study period.

Instead, the results obtained at the diagnosis were used to
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Table.　Clinical Characteristics of JAK2 V617F Mutation-pos-
itive Patients Whose Urine Cell-free DNA was Tested.

Characteristics Total (n=20)

Median age (range) 72.5 (49-85)

Male, n (%) 6 (30)

Disease

Polycythemia vera, n (%) 10 (50)

Essential thrombocythemia, n (%) 10 (50)

Progression to secondary myelofibrosis, n (%) 3 (15)

Therapy, n (%)

Hydroxyurea 12 (60)

Ruxolitinib 5 (25)

Anagrelide1 2 (10)

No therapy 2 (10)

Laboratory data at urine sample collection

White blood cell count (/μL) 8,880±828

Red blood cell count (×104/μL) 359±24

Hematocrit (%) 36.1±2.1

Platelet (×104/μL) 44.4±6.7

Serum creatinine level (mg/dL) 0.96±0.08

Estimated glomerular filtration rate (mL/min/1.73 m2) 53.7±3.4

Median urinary pH (range) 6 (6-6.5)

Urine specific gravity 1.013±0.001

Laboratory data are shown as the mean±SEM (except urinary pH).

1One patient received a combination of hydroxyurea and anagrelide.

assess the ratio in one case, and a ddPCR analysis of DNA

extracted from the blood was used to assess the ratio in the

other case.

Statistical analyses

All data are reported as the mean±standard error of the

mean (SEM), unless otherwise noted. An unpaired t-test was

used to determine the significance of intergroup differences

in ucfDNA concentrations. The correlation of JAK2 V617F

mutation positivity between blood-derived DNA and

ucfDNA was evaluated using Pearson’s correlation coeffi-

cient. p values of <0.05 were considered statistically signifi-

cant. All statistical analyses were performed using the Excel

(Microsoft, Redmond, USA) or GraphPad Prism 9 software

programs (GraphPad Software, San Diego, USA).

Results

Patient characteristics

Twenty patients positive for JAK2 V617F mutations were

included in this study, and 10 were diagnosed with PV,

while 10 were diagnosed with ET (Table). Three (15%) pa-

tients developed secondary myelofibrosis. Twelve patients

received hydroxyurea, and five received the JAK1/2 inhibitor

ruxolitinib. The mean white blood cell count at urine collec-

tion was 8,880±828/μL. The mean serum creatinine level

and estimated glomerular filtration rate (eGFR) were 0.96±

0.08 mg/dL and 53.7±3.4 mL/min/1.73 m2, respectively.

Nine patients (45%) had an eGFR of <50 mL/min/1.73 m2.

StreckⓇ Urine Preserve solution was used to collect urine

samples from 10 patients (50%).

Four patients negative for the JAK2 V617F mutation were

also analyzed. Two of these patients were diagnosed with

PV, and two were diagnosed with myelofibrosis that devel-

oped from CALR mutation-positive ET.

ucfDNA concentration

The mean ucfDNA concentration in all PV or ET patients

was 25.5±7.7 (range: 0.7-119) ng/mL, whereas the mean

ucfDNA concentration in the healthy volunteers was 2.0±0.8

(range: 0.6-4.2) ng/mL (Supplementary material). The mean

ucfDNA concentrations were 28.3±10.4 and 22.7±11.7 ng/

mL in the patients with PV and ET, respectively (p=0.72)

ng/mL. There was no significant difference in the ucfDNA

concentration between the patients with an eGFR of <50

and those with an eGFR of �50 (eGFR <50 group: 26.3±

12.6 vs. eGFR �50 group: 24.9±9.9; p=0.93, Fig. 1a). There

was also no significant difference in the ucfDNA concentra-

tion between the samples that were and were not collected

using StreckⓇ Urine Preserve solution (p=0.44).

JAK2 V617F detection in ucfDNA

ddPCR detected no JAK2 V617F mutation-positive drop-

lets in any of the 5 healthy subjects. In contrast, JAK2
V617F mutations were detectable using ucfDNA in all 20

patients with the JAK2 V617F mutation. Although four pa-

tients had ucfDNA concentrations of <1 ng/mL, ddPCR still

detected the JAK2 V617F mutation in these patients

(Fig. 1b). No mutation-positive droplets were detected in

any of the four JAK2 V617F mutation-negative patients

(Supplementary material).

A comparison of the allele ratios of blood-derived

DNA and positivity of ucfDNA for the JAK2 V617F

mutation

The correlation of the JAK2 V617F mutation positivity

rates between DNA derived from blood and ucfDNA was

assessed (Fig. 1c). The JAK2 V617F mutation positivity rate

of ucfDNA correlated with the JAK2 V617F allele ratio in

blood-derived DNA (r=0.66). The coefficient of correlation

between the JAK2 V617F positivity rate of ucfDNA and the

JAK2 V617F allele burden of blood-derived DNA was 0.65

and 0.73 in patients with PV and ET, respectively

(Fig. 2a, b). There was a positive correlation between the

JAK2 V617F allele ratio in blood and the JAK2 V617F posi-

tivity rate of ucfDNA in both eGFR groups (Fig. 2c, d).

Discussion

This study showed that a hematopoietic tumor-specific ge-

netic mutation, JAK2 V617F, could be detected in urine

samples using ddPCR. In addition, the JAK2 V617F muta-

tion positivity rate of ucfDNA was correlated with the JAK2
V617F allele frequency in the blood. The JAK2 V617F posi-
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Figure　1.　(a) Urine cell-free DNA (ucfDNA) concentrations in JAK2 V617F mutation-positive pa-
tients with an estimated glomerular filtration rate (eGFR) of <50 or ≥50 mL/min/1.73 m2. (b) Repre-
sentative scatterplots of JAK2 V617F mutation detection in ucfDNA using digital droplet polymerase 
chain reaction (ddPCR). In this sample, the ucfDNA concentration was 0.9 ng/mL. Although the 
ucfDNA concentration was <1 ng/mL, the JAK2 V617F mutation was detectable. Blue droplets: JAK2 
V617F mutation-positive; green droplets: JAK2 wild-type. (c) Correlation of JAK2 V617F mutation 
(%) positivity between blood-derived DNA and ucfDNA among all JAK2 V617F mutation-positive 
patients.
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tivity rate of ucfDNA and the JAK2 V617F allele ratio of

blood were correlated in both patients with eGFR values <

50 and �50 mL/min/1.73 m2.

The detection of tumor-specific genetic mutations in the

urine has been reported in solid tumors (7-10). Hematologi-

cal tumor cells are found in the peripheral blood and may

proliferate near blood or lymphatic vessels. ucfDNA is fil-

tered into urine from the blood by the renal glomerular ap-

paratus (16). Therefore, the amount of cell-free DNA de-

rived from hematological tumors excreted in urine would be

greater than the amount of cell-free DNA derived from solid

tumors excreted in urine, suggesting that ucfDNA may be

useful for detecting hematological tumor-specific mutations.

However, there is little published information on the detec-

tion of genetic mutations in urine samples from patients

with hematological tumors (11).

The detection rates of mutations in ucfDNA derived from

solid tumors, such as lung, pancreatic, and colorectal can-

cers, have been reported. A previous study on patients with

epidermal growth factor receptor (EGFR) mutation-positive

non-small-cell lung cancer showed that the sensitivity of

such EGFR mutations for detecting non-small-cell lung can-

cer was 67-72% (7). Another study reported KRAS muta-

tions in ucfDNA in 48% of patients with pancreatic ductal

adenocarcinoma (9). In patients with colorectal cancer, the

sensitivity of detecting KRAS mutations in ucfDNA for diag-

nosing colorectal cancer was reported to be 33.3% (17). To

our knowledge, only one study has detected genetic muta-

tions in ucfDNA obtained from patients with hematological

malignancies (18). That study detected the myeloid differen-

tiation primary response gene 88 (MYD88) L265P mutation

in primary central nervous system lymphoma (18). MYD88
mutations were detected in the ucfDNA of 75% of patients.

Our study showed that the JAK2 V617F mutation was de-

tected in the ucfDNA of all PV and ET patients that pos-

sessed this mutation. These results suggest that the detection

rate of tumor-specific gene mutations using ucfDNA may be

higher in hematological malignancies than in solid tumors.

The JAK2 V617F variant allele frequency (VAF) is associ-

ated with outcomes, including thrombosis and myelofibrotic

progression in PV (4). In addition, a reduction in the JAK2
V617F VAF was found to be associated with hematological

response in PV patients treated with interferon (19). Thus,

information about not only the presence or absence of the

JAK2 V617F mutation but also the mutation positivity rate

is required during the treatment of PV. However, no previ-
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Figure　2.　Correlation of JAK2 V617F mutation (%) positivity between blood-derived DNA and 
ucfDNA among JAK2 V617F mutation-positive patients with polycythemia vera (PV) (a), essential 
thrombocythemia (ET) (b), an eGFR of <50 mL/min/1.73 m2 (c), or an eGFR of ≥50 mL/min/1.73 m2 
(d).
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ous studies of ucfDNA have reported correlations between

VAF in plasma and the ucfDNA mutation positivity rate. We

observed a positive correlation between the JAK2 V617F

mutation positivity rate for blood-derived DNA and the

JAK2 V617F mutation positivity rate for ucfDNA. Thus, our

study suggests that urine can be used to monitor hemato-

logical malignancies in which tumor cells are typically

found in bone marrow and blood cells.

ddPCR allows the detection of small amounts of mutated

ucfDNA. As shown in Fig. 1c, the JAK2 V617F mutation

was detectable in ucfDNA from PV and ET patients whose

ucfDNA concentrations were <1 ng/mL. Our results suggest

that ddPCR can detect disease-specific mutant genes in the

urine of patients with hematological malignancies, even if

the ucfDNA concentration is low.

Most ucfDNA originates from cfDNA in the plasma,

which is subjected to glomerular filtration by the kidneys.

Therefore, the glomerular filtration rate may affect the de-

tection sensitivity of mutated genes in ucfDNA. Indeed, pre-

vious studies on solid tumors reported that the detection

sensitivity of mutated genes in ucfDNA in patients with a

creatine clearance rate (CCr) �70 mL/min was significantly

lower than that in patients with a CCr <70 mL/min (9, 17).

In our study, the JAK2 V617F mutation was detectable in all

patients using ucfDNA, regardless of the renal function. In

addition, the JAK2 V617F positivity rates of blood and

ucfDNA were correlated, even among patients with an

eGFR �50 mL/min/1.73 m2. Thus, the effect of the renal

function on mutation detection may be less important when

detecting tumor-specific mutations in ucfDNA in hemato-

logical malignancies than solid tumors. Further investiga-

tions are needed to determine whether or not tumor-specific

genetic mutations are more easily detected in ucfDNA in he-

matological malignancies than in solid tumors, regardless of

the renal function, owing to the large number of tumor cells

in the blood.

Urinary tests are noninvasive and easily repeated. To ob-

tain plasma-derived cfDNA, blood must be collected in an

expensive cfDNA collection tube. In contrast, urine-derived

cfDNA samples can be collected simply by patients urinat-

ing at home. Therefore, this approach has merit in clinical

practice. However, the use of such tests for analyzing ge-

netic mutations appears to be limited, as ucfDNA is more

quickly degraded than that found in the serum (20). Our

study showed that urine samples could be used to detect the

JAK2 V617F mutation for two hours after collection, with-

out any preservation methods being required. A previous

study showed that ucfDNA yields were unchanged by delay-
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ing sample processing for up to 45 min after urine collec-

tion in healthy volunteers (21). Furthermore, that study also

demonstrated that the fragment size distribution of ucfDNA

was unaffected for up to four hours before the addition of

preservatives (21). Our present study suggests that cfDNA

derived from urine can be utilized in routine clinical practice

to detect mutations using ddPCR in patients with hemato-

logical malignancies. In addition, StreckⓇ Urine Preserve so-

lution allows urine samples to remain unprocessed for sev-

eral days. In our study, urine was collected during outpatient

visits, the times of which varied. The ucfDNA fragment size

distribution of the first void is reported to be similar to that

of subsequent voids (21). In all of our patients, the JAK2
V617F mutation was detected in ucfDNA, suggesting that

this gene mutation may be detectable in ucfDNA extracted

from urine collected from patients with hematological ma-

lignancies, regardless of the time at which the urine is col-

lected. The extraction of ucfDNA may be simpler than that

of plasma-derived cfDNA.

In addition to the non-invasiveness of ucfDNA analyses,

such analyses may be less markedly affected by foreign sub-

stances, such as cells and proteins, than blood-derived

cfDNA analyses (16, 22). This may reduce the detection of

clonal hematopoiesis-related mutations and facilitate the de-

tection of mutated genes in tumor-associated

cfDNA (11, 23). These advantages may facilitate the analy-

sis of ucfDNA in addition to blood-derived cfDNA, even in

patients with hematological malignancies.

Several limitations associated with the present study war-

rant mention. First, this was a single-center study with a

small sample size. Second, the specificity of the ucfDNA

mutation detection test could not be determined, as muta-

tions were detected in all cases. Third, mutations in ucfDNA

were only evaluated using ddPCR. Direct sequencing was

not performed because the amount of cfDNA was low.

In conclusion, our study confirmed that JAK2 V617F

could be detected in urine using ddPCR. Our results indicate

that ucfDNA is a valuable tool for diagnosing and monitor-

ing patients with MPN. These findings suggest that other

disease-specific gene mutations in hematological malignan-

cies can be detected using ucfDNA. A comparison of

genomic mutations found in the blood and urine might be

useful for understanding residual clones after therapeutic in-

tervention in patients with hematological malignancies.
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