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Summary 
 

An international collaborative study assessed the suitability of a panel of genomic DNA 

materials as the proposed World Health Organization 1st International Reference Panel for 

Genomic JAK2 V617F, NIBSC code 16/120, for use in the standardization of myeloproliferative 

neoplasm-associated JAK2 V617F genomic-based research and diagnostics. The panel comprised 

seven freeze-dried genomic DNA materials at a range of JAK2 V617F nominal values (as a 

percentage of total JAK2); 100% JAK2 V617F (NIBSC material code 15/164), 90% (15/246), 

30% (15/244), 10% (15/166), 1% (15/168), 0.1% (15/170) and 0% (15/172). Participants 

evaluated the materials using their routine diagnostic methods and against in-house controls 

(previously characterized patient samples and cell line-derived genomic DNAs), quality 

assessment materials or commercial materials. Where possible, results were reported 

quantitatively in order to assign a consensus value to each of the materials. Twenty nine 

laboratories in twenty countries performed thirty eight testing methods on the panel, of which 

thirty four reported quantitative data.  

Conclusions from this study indicated that all seven materials were suitable for use as reference 

materials in the genomic diagnosis of JAK2 V617F using allele-specific quantitative PCR (AS-

QPCR), digital PCR, allelic discrimination-based endpoint PCR (including AS-PCR, Amplification 

Refractory Mutation System-PCR (ARMS-PCR) and Matrix Assisted Laser Desorption/Ionization-

Time of Flight (MALDI-TOF) mass spectrometric analysis) and next-generation sequencing 

(NGS), with proposed consensus values of 100% JAK2 V617F (15/164), 89.5% (15/246), 29.6% 

(15/244), 10.8% (15/166), 1.00% (15/168), 0.03% (15/170) and 0% (15/172), the median values 

of all (statistically appropriate) quantitative methods. All collaborative study participants agreed 

with the proposed consensus values and approved the panel as the proposed WHO 1st 

International Reference Panel for Genomic JAK2 V617F (NIBSC panel code 16/120).  

 

Introduction 
 

Chronic myeloproliferative neoplasms (MPNs) is a disease group comprising polycythaemia 

vera (PV), essential thrombocythaemia (ET), primary myelofibrosis (PMF) and chronic myeloid 

leukaemia (CML). The Janus Kinase 2 (JAK2) mutation p. Val617Phe (c. 1849G>T; commonly 

abbreviated to V617F) was discovered in 2005 and determined to be present in approximately 

97% of patients with PV and 50 to 60% of patients with ET and PMF (reviewed in Langabeer et 

al., 2015). The mutation results in constitutive activation of JAK2 tyrosine kinase and increased 

blood cell production, and is established to be a primary molecular event causing PV (James et 

al., 2005). The JAK2 V617F protein is an obvious candidate for drug-targeting, with inhibitor 

drugs in ongoing development; ruxolitinib was US Food and Drug Administration-approved in 

2011 and European Medicines Agency-approved in 2012. It is therefore important to diagnose 

JAK2 V617F positive patients and monitor treatment response by the quantification of JAK2 

V617F. Indeed, the detection of JAK2 V617F is included in the World Health Organization 

(WHO) criteria for the diagnosis of MPN (Swerdlow et al., 2008). 

A JAK2 V617F molecular assay should be both specific for the mutation and at least sensitive 

enough to detect a 1% mutation burden, the clinically significant threshold for MPN diagnosis 

(Bench et al., 2013). However, with residual disease monitoring following treatments which can 

effectively reduce the mutation burden to zero, such as pegylated interferon-alpha-2a (Kiladjian 
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et al., 2008), the detection of JAK2 V617F at levels as low as 0.1% requires increasingly 

accurate and sensitive assays. There exist a number of methods for the quantification of JAK2 

V617F mutation burden, with variation in specificity and sensitivity (reviewed in Lippert et al. 

(2009) and Jovanovic et al. (2013)). Consultation with the JAK2 V617F diagnostics community 

revealed AS-QPCR to be an established method for many laboratories, including methods 

described in Lippert et al. (2006), Larsen et al. (2007), Denys et al. (2010) and the Ipsogen JAK2 

MutaQuant or MutaScreen kits (now Qiagen, Marseille, France; based on the principles of the 

method described in Lippert et al. (2006)), with digital PCR (including droplet digital PCR 

(ddPCR; BioRad, Hercules, CA, USA)) of increasing use (Kinz et al., 2015; Waterhouse et al., 

2016). Sequencing, by both Sanger and NGS methods is also utilized, as well as allelic 

discrimination-based endpoint PCR methods. External quality assessment schemes have 

highlighted the variation in sensitivity and specificity between laboratories and assays (Clark et 

al., 2012; Pallisgaard et al., 2013).  

The availability of JAK2 V617F primary standards should improve the quality of MPN genomic 

diagnostics by enabling the calibration of assays and kits, and the derivation of secondary 

standards for routine diagnostic use in determining testing accuracy and sensitivity, thus 

providing inter-laboratory comparison towards the harmonisation of JAK2 V617F testing. 

Currently there are no higher order reference materials available for JAK2 V617F (although the 

National Institute for Biological Standards and Control (NIBSC) has produced a CE-marked 

JAK2 V617F Genotyping Sensitivity Panel, which is not for calibration purposes).    

Ideally, the formulation for reference materials should be as close as possible to the usual patient 

analyte, cover the entire analytical process and be applicable to methods in use throughout the 

world. However, it is essential that the formulation be stable for many years, and that it is 

practically possible to produce batches of sufficient size to satisfy demand over a similar period 

of time. Additionally, it should ideally be possible to generate replacement standards from the 

same source material to ensure consistency in formulation and to minimize value drift. It would 

be impossible to obtain sufficient primary patient material to produce JAK2 V617F reference 

materials at both high quality and sufficient quantity. If the reference materials were to be 

provided as cultured cells from which genomic DNA could be extracted, the necessary inclusion 

of Epstein Barr virus (EBV)-transformed cells would classify the materials as of Human 

Pathogen Group 2, with shipping and handling biosafety implications. Moreover, since the 

process of DNA extraction from cultured cells is different from that of blood, the materials of 

cultured cells would not provide standardization for this step of the process in the most optimal 

way. Therefore, the reference materials are provided as high quality, pre-extracted genomic 

DNAs which verify the performance of the diagnostic detection step.  

The proposed WHO 1st International Reference Panel for Genomic JAK2 V617F (NIBSC panel 

code 16/120) is intended as a panel of primary standards or calibrants in DNA-based genotyping 

of JAK2 V617F using AS-QPCR, digital PCR, allelic discrimination-based endpoint PCR 

(including AS-PCR, ARMS-PCR and MALDI-TOF mass spectrometric analysis) and NGS. The 

panel comprises seven freeze-dried human genomic DNA materials produced by the combining 

of genomic DNA derived from JAK2 wild-type and JAK2 V617F cell lines, providing standards 

at a range of clinically relevant JAK2 V617F levels, expressed as JAK2 V617F as a percentage of 

total JAK2. JAK2 V617F percentage is currently the overwhelmingly usual  unit of clinical 

reporting and thus, the consenus values for these reference materials were also reported as such. 

Material 15/164 is the homozygous mutant genotype, nominally 100% JAK2 V617F; 15/246, 

15/244, 15/166, 15/168 and 15/170 encompass the range of clinically-relevant JAK2 V617F 
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levels (nominally 90%, 30%, 10%, 1% and 0.1%), with 15/172 as nominally 100% JAK2 wild-

type. The two cell lines from which the genomic DNA was extracted were derived from a 

healthy donor and an MPN patient, with the levels of JAK2 V617F not necessarily at 0% and 

100%, respectively, since low level mutations are found in many healthy donors, and similarly a 

patient may retain some wildtype gene copies. It is also notable that cell lines in culture are 

susceptible to genomic instability, which may affect JAK2 copy numbers. The dilution of one 

genomic DNA with another (here to prepare the intermediate percentages) is complicated by 

genomic DNA not always dissolving consistently due to its large molecular weight; dilutions by 

volume may not necessarily reflect the actual quantities of genomic DNA combined and thus the 

observed JAK2 V617F percentages may differ from those expected. Mutation levels were 

established in-house by ddPCR and indicated materials 15/172 and 15/164 to be 0% and 100% 

JAK2 V617F, resepectively, but a necessary part of a collaborative study was to confirm these 

percentages, along with those of the intermediate percentage materials. Therefore, the consensus 

values are the median values of all (statistically appropriate) quantitative methods performed in 

an international collaborative study involving 29 laboratories: 100% JAK2 V617F (15/164), 89.5% 

(15/246), 29.6% (15/244), 10.8% (15/166), 1.00% (15/168), 0.03% (15/170) and 0% (15/172). A 

total of 1,377 panels are available from NIBSC. The materials are endorsed by MPN&MPNr-

Euronet and European LeukemiaNet (Appendices I and II). These standards are intended for use 

in in vitro diagnostics and relate to BS EN ISO 17511:2003 Section 5.5. 

 

Aims of the Collaborative Study 
 

The study evaluated the panel of seven freeze-dried genomic DNA materials at a range of JAK2 

V617F levels in an international collaborative study involving laboratories using a variety of 

diagnostic genotyping techniques, thereby assessing the panel’s suitability as the WHO 1st 

International Reference Panel for Genomic JAK2 V617F, for use as a primary reference material 

in the calibration of secondary reference materials, kits and assays. Quantitative data derived 

from the collaborative study were used to establish a consensus JAK2 V617F percentage for each 

of the materials.     

 

Candidate Materials 
 

Seven materials were evaluated as candidates for the proposed WHO 1st International Reference 

Panel for Genomic JAK2 V617F. All materials were of freeze-dried, purified genomic DNA 

extracted from two cell lines of either JAK2 wild-type or JAK2 V617F genotypes, prepared as 

either the individual genomic DNAs or the genomic DNAs combined at different ratios. 

The (presumed) JAK2 wild-type ATDG102 lymphoblastoid cell line was established at NIBSC 

following EBV transformation of isolated monocytes from a whole blood sample provided by a 

consenting healthy donor. The JAK2 V617F positive cell line, UKE-1, was established from the 

peripheral blood of a consenting ET/acute myeloid leukaemia patient and donated to NIBSC for 

the development of JAK2 V617F standards by Professor Walter Fiedler, University Hospital 

Eppendorf, Hamburg, Germany (Fiedler et al., 2000). UKE-1 was subsequently confirmed to be 

homozygous for JAK2 V617F (Quentmeier et al., 2006). The instability of UKE-1 in culture, 

including the accumulation of multiple copies of JAK2 V617F , has been reported (Buors et al., 

2012) and thus its usefulness as a reference material has been queried. However, the JAK2 
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V617F copy number in the final UKE-1 DNA stock was verified as two copies per cell before 

preparation of the standards (by ddPCR data, see below), with the DNA preparations monitored 

for JAK2 V617F percentage by ddPCR throughout production. Both cell lines were tested and 

found negative for HIV1, HTLV1, Hepatitis B and Hepatitis C by PCR. Master and working cell 

banks were produced to ensure a continual future cell supply. Large-scale cell culture was 

carried out (in-house and at the European Collection of Cell Cultures, Public Health England, 

Salisbury, UK) and frozen cell pellets at 1 x 10
8 
cells prepared. Genomic DNA was extracted 

from the cell pellets using Gentra Puregene chemistry with a Gentra Autopure LS robot 

(Qiagen). The DNA extraction process involved RNAse treatment, protein denaturation, protein 

removal and 70% ethanol washing. The use of 70% ethanol is an established method for viral 

inactivation (Roberts & Lloyd, 2007). Additionally, genomic DNA extracted in-house using the 

same purification procedure from other EBV-transformed cell lines did not show EBV infectivity 

(Hawkins et al., 2010). However, these candidate materials should still be handled with care and 

according to laboratory safety precautions for biological materials. 

An in-house ddPCR protocol (using primers and probes developed by Christopher Campbell, 

West Midlands Regional Genetics Laboratory, Birmingham, UK) confirmed the homozygous 

JAK2 wild-type and homozygous JAK2 V617F genotypes of ATDG102 and UKE-1 genomic 

DNAs at 99.99% JAK2 wild-type and 100.00% JAK2 V617F, respectively, as well as the 

presence of two copies of each appropriate allele per cell, as verified by parallel ddPCR analysis 

of MRC-5 genomic DNA, the latter previously determined by pyrosequencing to be of two 

copies of JAK2 wild-type per cell (data not shown). Droplet digital PCR has a published limit of 

sensitivity of 0.1% JAK2 V617F (in approximately 40,000 JAK2 wild-type copies; BioRad 

online), and provides absolute quantification without the requirement of a standard curve. The 

two genomic DNAs were used individually to produce the nominally 100% JAK2 V617F (UKE-

1) and 0% JAK2 V617F (ATDG102) materials. The ATDG102 and UKE-1 genomic DNAs were 

also differently combined to produce five intermediate levels of JAK2 V617F at nominal values 

of 90%, 30%, 10%, 1% and 0.1%. Droplet digital PCR was used throughout the production of 

each material to verify or adjust the percentage to be as close to the nominal value as possible.        

Each of the genomic DNA materials was prepared at 10 µg/ml DNA concentration in 2.0 mM 

Tris, 0.2 mM EDTA with 5 mg/ml trehalose (Table 1). Aliquots of 0.5 ml were dispensed into 3 

ml autoclaved DIN glass ampoules (Adelphi Tubes, Haywards Heath, UK) using an automated 

AFV5090 ampoule filling line (Bausch & Strobel, Ilfshofen, Germany) whilst the bulk was 

continually stirred at a slow rate using a magnetic stirrer whilst at ambient temperature. The 

homogeneity of the fill was determined by on-line check-weighing of the wet weight of triplicate 

ampoules for every 90 ampoules filled, with ampoules outside the defined specification (0.500 g 

to 0.5300 g) discarded. The ampoules were partially stoppered with 13 mm Igloo stoppers 

(Adelphi Tubes) before the materials were freeze-dried in a CS15 (Serail, Argenteuil, France) to 

ensure long-term stability: the ampoules were added to the freeze-dryer at +4°C and cooled to -

50°C over 2 hours before freezing for 4 hours. A hard vacuum of 200 µbar was then applied for 

1 hour, followed by 50 µbar for a further hour. This pressure was maintained whilst the 

temperature was increased to -35°C over 1 hour, before holding for 30 hours. The temperature 

was increased to +30°C over 10 hours, before reducing the pressure to 30 µbar and holding for 

40 hours. The vacuum was then released and the ampoules back-filled using boil-off gas from 

high purity liquid nitrogen (99.99%), before stoppering in situ in the dryer and flame sealing of 

the ampoules. Measurement of the mean oxygen head space after sealing served as a measure of 

ampoule integrity. This was measured non-invasively by frequency modulated spectroscopy 
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(FMS 760, Lighthouse Instruments, Charlottesville, USA), based upon the Near Infra-Red 

absorbance by oxygen at 760 nm when excited using a laser. Controls of 0% and 20% oxygen 

were tested before samples were analysed to verify the method. Twelve ampoules were tested at 

random from each material; oxygen should be less than 1.14%. Residual moisture content was 

measured for the same 12 ampoules per material using the coulorimetric Karl Fischer method in 

a dry box environment (Mitsubishi CA100, A1 Envirosciences, Cramlington, UK) with total 

moisture expressed as a percentage of the mean dry weight of the ampoule contents. Individual 

ampoules were opened in the dry box and reconstituted with approximately 1-3 ml Karl Fischer 

anolyte reagent which was then injected back into the Karl Fischer reaction cell and the water 

present in the sample determined colourmetrically. Dry weight was determined for six ampoules 

per material weighed before and after drying, with the measured water expressed as a percentage 

of the dry weight. Residual moisture levels of less than 1% are typically obtained, but where the 

dry weight is low (as here) the moisture level can be higher, with the materials still expected to 

demonstrate long-term stability (as seen for the similarly prepared WHO 1
st
 International Genetic 

Reference Panel for Prader Willi & Angelman Syndromes, NIBSC code 09/140, which continues 

to demonstrate high stability seven years post-manufacture, including at elevated temperatures). 

Ongoing stability will be confirmed by accelerated degradation studies (see Degradation 

Studies). 

Upon reconstitution with 100 µl nuclease-free water, the DNA concentration was approximately 

50 µg/ml in 10 mM Tris, 1 mM EDTA with 25 mg/ml trehalose. Homogeneity of each fill was 

determined by analysis of ampoules from the beginning, middle and end of the filling process 

with quality and quantity of the freeze-dried genomic DNAs confirmed by 260/280 nm 

absorbance (Nanodrop, Thermo Fisher Scientific, Wilmington, DE, USA), Qubit HS 

fluorometric DNA quantification (Thermo Fisher Scientific), TapeStation electrophoresis 

(Agilent, Santa Clara, CA, USA) and ddPCR (Table 1 and Figure 1). The ddPCR evaluation also 

acted as a pilot study to determine the performance of the materials in this increasingly-used 

diagnostic technique. Microbiological results were negative for all seven materials. The 

ampoules are stored at -20°C at NIBSC under continuous temperature monitoring for the lifetime 

of the product. Shipping will typically be at ambient temperature, as studies have indicated the 

retained stability of the materials at elevated temperatures (4 months at +56°C, see Degradation 

Studies).  
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NIBSC code 15/164 15/246 15/244 15/166 15/168 15/170 15/172 

Nominal JAK2 

V617F % 
100 90 30 10 1 0.1 0 

Date filled 25/09/15 22/01/16 22/01/16 02/10/15 27/11/15 27/11/15 25/09/15 

Coefficient of 

variation of fill 

mass (%; n= 76 to 

132) 

0.703 

(114) 

0.7    

(84) 

0.44  

(76) 

0.69 

(112) 

0.4069 

(105) 

0.4057 

(103) 

0.280 

(132) 

Mean residual 

oxygen (%; n= 12) 
0.76 0.34 0.39 0.33 0.38 0.50 0.54 

Mean residual 

moisture after 

lyophilisation (%; 

n= 12) 

1.3208  0.8504  0.6159  1.21   2.54   1.7936  3.0439  

Mean dry weight 

(g; n= 6) 
0.0024  0.00249  0.00243  0.00217  0.00215  0.00214  0.0026  

Mean OD ratio 

260/280 nm (n= 9) 
1.89 1.90 1.82 1.90 1.93 1.93 1.88 

Mean DNA 

concentration 

(µg/ml; n= 9) 

42.44 56.67 54.67 43.52 52.09 48.80 48.07 

Mean TapeStation 

DNA integrity 

number (n= 3) 

9.37 8.67 9.13 9.53 9.50 9.43 9.50 

Mean pH (n= 2) 7.5 7.5 7.5 7.5  7.5 7.5 7.0 

Mean JAK2 

V617F % (ddPCR; 

n= 12 to 24) 

100.00 

(12) 

89.47 

(24) 

30.03 

(24) 

11.18 

(12) 

1.05  

(24) 

0.08  

(24) 

0.00  

(12) 

Coefficient of 

variation of JAK2 

V617F % (%; n= 

12 to 24) 

0.017 

(12) 

0.581 

(24) 

2.199 

(24) 

5.892 

(12) 

28.928 

(24) 

164.765 

(24) 
N/C 

Number of 

ampoules available 
2387 1396 1377 2386 2390 2387 2388 

Presentation Sealed, glass DIN ampoules, 3 ml 

Excipient Trehalose, 5 mg/ml in 2.0 mM Tris, 0.2 mM EDTA buffer 

Address of facility 

where material was 

processed 

NIBSC, South Mimms, Hertfordshire, UK 

Present custodian NIBSC, South Mimms, Hertfordshire, UK 

Storage 

temperature 
-20

o
C 
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Table 1. Production and testing summary for the seven materials of the proposed WHO 1st 

International Reference Panel for Genomic JAK2 V617F, NIBSC code 16/120. N/C, not 

calculated as all values were zero (n= 12). 

 

 

 
Figure 1. TapeStation analysis of the seven materials of the proposed WHO 1st 

International Reference Panel for Genomic JAK2 V617F. High quality genomic DNA as 

indicated by a high molecular weight band and the absence of lower molecular weight genomic 

DNA fragments, and as quantified by a high DNA integrity number (DIN), was apparent for all 

materials, demonstrating homogeneity of each fill. Lane 1, DNA ladder (catalogue number 5190-

6292, Agilent); lane 2, positive control (catalogue number G304A, Promega, Madison, USA); 

lane 3, negative control (in-house degraded genomic DNA); lanes 4-24, genomic DNA from 

ampoules at beginning, middle and end of each filled material as follows: 15/164 (nominal value 

100% JAK2 V617F), 15/246 (90%), 15/244 (30%), 15/166 (10%), 15/168 (1%), 15/170 (0.1%) 

and 15/172 (0%).  

 

 

Participants 
 

Thirty two laboratories were recruited to the collaborative study, predominantly through their 

membership to European LeukemiaNet and MPN&MPNr-EuroNet, publications on JAK2 V617F 

genomic diagnostics and the use of commercial kits (JAK2 MutaQuant or MutaScreen), ensuring 

coverage of all principal JAK2 V617F diagnostic techniques. Three laboratories were unable to 

proceed with the study due to import constraints; all remaining twenty nine laboratories 

participated in the study and returned data (Appendix III). Twenty countries were represented by 

the participants returning results, encompassing Europe, Asia, Africa, North America, South 

America and Australia. Each laboratory was assigned a code number (1 to 32) which does not 

reflect the order of listing in Appendix III. Where laboratories submitted data from more than 

one method, each method is referred to by an alphabetical suffix, for example 7a and 7b for 

laboratory 7 methods a and b.  

 

 

 

1   2    3    4   5     6    7   8    9    10  11  12  13  14   15  16   17  18  19  20  21  22  23  24
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Study Design 
 

Triplicate coded samples of the panel of seven genomic DNA materials (n= 21) were sent to each 

laboratory with instructions for reconstitution and storage. Participants were asked to perform 

their routine testing method(s) for the investigation of JAK2 V617F by testing the coded samples 

in groups of seven on three separate days, using different batches of reagents and/or different 

operators if possible, alongside in-house patient samples (or other control materials), where 

possible. Laboratories were asked to report quantitative results where possible, together with the 

clinical interpretation. Overall findings for each sample and raw data, for example QPCR Ct 

values or digital PCR counts, were to be returned, together with full details of the techniques 

used, any standards or controls used and reasons for failure of any of the samples tested.   

 

Collaborative Study Methods 
 

Eleven different principal methods were used by the twenty nine participants of the collaborative 

study (Table 2). Seven laboratories used two methods or method modifications (laboratories 7, 

12, 18, 20, 21, 23 and 30), whilst laboratory 15 used three methods, thereby giving a total of 

thirty eight methods. Quantitative data were reported for 34 methods; 4 methods reported 

qualitative data only (methods 3, 11, 21a and 29). Details of each method are provided in 

Appendix IV.   
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Principal Testing 

Method
Total

Larsen et al . (2007; AS-

QPCR)
5 7a 7b 10 15a 19 20a 22 23b 24 25 26 30a 13

Droplet digital PCR 

(BioRad)
12a 20b 21b 27 32 5

Lippert et al.  (2006; AS-

QPCR)
1 15b 23a 29 4

JAK2  MutaQuant or 

MutaScreen kit (AS-

QPCR)

2 9 11 15c 4

Denys et al.  (2010; AS-

QPCR)
17 18a 18b 3

QPCR (in-house) 8 13 28* 3

Baxter et al.  (2005; AS-

PCR)
3 31 2

Chen et al.  (2007; ARMS-

PCR)
21a 1

Next-generation 

sequencing (MiSeq; 

Illumina, San Diego, CA, 

USA)

12b 1

MassARRAY (Agena; San 

Diego, CA, USA) 
16 1

QuantStudio 3D digital 

PCR (ThermoFisher 

Scientific)  

30b 1

38

Participant Laboratory Code Number

Total
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Table 2. Methods used by collaborative study participants. Principal testing methods used in 

the detection of JAK2 V617F by participants in the collaborative study. Methods 29, 11, 3 and 

21a reported qualitative data (in bold); all other methods reported quantitative data.*Method 28 

was based on melt curve analysis.   

 

 

Results 
 

Expected Results 
 

The 21 blinded materials comprised triplicate samples of each of the 7 materials; NIBSC 

material code 15/164 (nominal value 100% JAK2 V617F), 15/246 (90%), 15/244 (30%), 15/166 

(10%), 15/168 (1%), 15/170 (0.1%) and 15/172 (0%; Table 3). 
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NIBSC 

code 
15/164 15/246 15/244 15/166 15/168 15/170 15/172 

Nominal 

JAK2 

V617F % 

100 90 30 10 1 0.1 0 

Sample 1        

Sample 2        

Sample 3        

Sample 4        

Sample 5        

Sample 6        

Sample 7        

Sample 8        

Sample 9        

Sample 10        

Sample 11        

Sample 12        

Sample 13        

Sample 14        

Sample 15        

Sample 16        

Sample 17        

Sample 18        

Sample 19        

Sample 20        

Sample 21        

Table 3. Collaborative study expected results. Participants tested 21 blinded samples which 

comprised triplicates of the 7 materials at the different nominal JAK2 V617F percentages. 

 

 

 

 

 



WHO/BS/2016.2293 

Page 13 

 

Results returned by Participants 
 

Quantitative Data 
 

Quantitative data were reported for 34 methods (for full data see Appendix V). Summary 

statistics determined from the means of the triplicate sample values for each method and material 

were calculated as mean, standard deviation (SD), coefficient of variation (CV), median and 

inter-quartile range (IQR; Table 4). As it appeared inappropriate to assume a normal distribution 

of results across all methods for some materials (see Figure 2), the median results were 

concluded to be the most appropriate summary statistic for each material. Summary statistics 

(mean, SD, CV and 95% confidence interval (CI)) calculated only from digital PCR methods (n= 

5 to 6; methods 12a, 20b, 21b, 27, 30b and 32) are also shown for comparison, as this was the in-

house method used during production, with these mean values showing excellent agreement with 

the median values determined from all methods (n= 27 to 34) and with those derived by in-house 

ddPCR testing of the final materials (Table 1).   

Exceptions to the derivation of these summary data are as follows: 

i. Results for material 15/246 (method 13), 15/244 (methods 5 and 21b), 15/166 (method 

28) and 15/168 (methods 23b and 31) were excluded as the variability in the triplicate 

sample values was noted to be particularly high i.e. the variance was more than ten-fold 

greater than the pooled variance across all other methods for the same material; 

ii. For method 15a, the laboratory itself highlighted the spurious result for sample 15 

(material 15/166) which was excluded before the calculation of a mean from the 

remaining two values (samples 4 and 11); 

iii. Where absolute values for all triplicate samples were not provided for a particular 

material; materials 15/168, 15/170 and 15/172 for method 16 (reported as below the limit 

of sensitivity of 5%); materials 15/170 and 15/172 for method 12b (reported as below the 

limit of detection of 1%); materials 15/170 and 15/172 for method 17 (reported as below 

the limit of sensitivity of 0.5%); material 15/170 for method 19 (reported as lower than 

the 0.3% JAK2 V617F standard used in the assay but not zero); material 15/170 for 

method 20a (for which signal was detected but the values were reported as below the 

quantification threshold which is based on JAK2 V617F copy number not %); materials 

15/170 and 15/172 for method 24 (where at least one of the three samples was reported as 

below the limit of sensitivity of 0.03%, with a mean value not possible to derive 

incorporating this ‘semi-quantitative’ value); material 15/172 for method 10 (reported as 

<0.01% for all samples); 

iv. For method 21b, sample 16 (material 15/168) could not be tested as the ampoule was 

broken upon arrival at the laboratory; thus the mean was calculated from the remaining 

two values (samples 5 and 10); 

v. For method 15b, the laboratory asked for the data for materials 15/170 and 15/172 to be 

excluded from analysis due to the high background noted for JAK2 V617F negative 

materials, making it difficult to distinguish between true negative and low level positive 

JAK2 V617F samples; 

vi. For method 1, no DNA was detected for sample 18 (material 15/172); thus the mean was 

calculated from the remaining two values (samples 7 and 8). 
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15/164 15/246 15/244 15/166 15/168 15/170 15/172

100% 90% 30% 10% 1% 0.1% 0%

1 99.99 88.57 32.97 12.16 1.15 0.02 0.01

2 100.00 90.17 31.37 11.73 1.03 0 0

5 99.78 87.00 4.99 0.53 0.01 0

7a 100.00 89.37 28.37 10.37 0.87 0.03 0

7b 100.00 88.87 28.80 10.83 0.97 0.03 0

8 72.60 67.26 21.48 8.37 0.75 0.02 0

9 99.98 93.34 45.11 16.69 2.27 0.10 0.03

10 100.00 89.67 25.00 8.63 0.66 0.02 <0.01

12a 100.00 89.56 29.56 10.97 1.07 0.05 0

12b 100.00 89.00 32.67 13.00 1.00 <1.00 <1.00

13 57.14 15.41 5.51 0.53 0.02 0

15a 99.95 94.57 45.04 18.80 1.80 0.08 0

15b 99.99 91.75 40.07 16.05 1.56

15c 99.97 87.42 26.55 9.86 1.08 0.06 0.01

16 100.00 91.67 41.67 21.33 <5.00 <5.00 <5.00

17 72.87 54.40 18.47 7.43 0.30 <0.50 <0.50

18a 80.70 72.57 22.93 8.90 0.64 0 0

18b 113.13 99.37 30.77 11.40 0.99 0* 0

19 99.47 75.17 14.10 3.67 0.37 <0.30 0

20a 100.00 90.00 29.33 9.23 0.80 <LOQ 0

20b 100.00 89.00 29.67 11.00 1.03 0.04 0

21b 100.00 89.47 10.64 1.01 0.03 0

22 99.70 89.60 30.10 10.90 1.04 0.06 0

23a 126.71 63.66 37.52 25.08 4.41 0.09 0.04

23b 107.97 65.40 37.35 25.49 0.07 0.01

24 99.90 90.83 28.30 9.80 0.79 <0.03 <0.03

25 99.66 92.01 36.99 14.17 1.26 0.05 0

26 99.00 93.67 31.67 12.00 0.93 0.10 0.07

27 100.00 89.60 28.96 10.83 1.00 0.05 0

28 100.00 90.60 27.01 0 0 0

30a 99.49 88.51 25.11 7.95 0.65 0.02 0

30b 100.00 89.67 29.87 10.47 1.06 0.04 0.02

31 45.47 47.60 16.93 7.07 0 0

32 99.82 89.47 30.00 11.17 1.07 0.05 0

All methods:

Mean 96.27 84.81 29.66 11.71 1.05 0.04 0.01

SD 14.72 12.10 7.70 5.05 0.76 0.03 0.02

CV (%) 15 14 26 43 72 80 228

Median 99.99 89.47 29.62 10.83 1.00 0.03 0.001

IQR 0.38 3.50 7.42 3.81 0.41 0.04 0.005

n 34 33 32 33 31 27 28

digital PCR only:

Mean 99.97 89.46 29.61 10.85 1.04 0.04 0.004

SD N/C 0.24 0.40 0.26 0.03 0.01 N/C

CV (%) N/C 0.3 1.4 2.4 3.0 18.8 N/C

95% CI N/C ±0.3 ±0.5 ±0.3 ±0.03 ±0.01 N/C

n 6 6 5 6 6 6 6

Method 

/Lab

Material (nominal JAK2  V617F %)
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Table 4. Summary data for quantitative methods in the collaborative study. Mean values for 

triplicate tested samples in all quantitative methods were derived and used to establish the overall 

mean and median values for each material. Methods for which no mean value could be 

appropriately determined for the triplicate tested samples (blank spaces) or (at least some of the) 

data for the triplicate tested samples were reported only ‘semi-quantitatively’ as below the 

assay’s limit of quantification (or similar; red values) were not used in the calculation of the 

summary statistics. *Data for method 18b and material 15/170 were added to the study after the 

collaborative study report was sent to the participants, and resulted in an adjustment of the 

overall median value from 0.04% to 0.03% JAK2 V617F. This was not considered a significant 

enough alteration to necessitate re-confirmation of the laboratories’ agreements to the consensus 

values. Summary data for digital PCR methods only (in bold) are shown for comparison with 

data for all methods. <LOQ, below the assay’s limit of quantification; N/C, not calculated, as 

mean values for the triplicate samples for five of the six methods was 100.00% or 0% (material 

15/164 or 15/172, respectively). 

 

 

 
Figure 2. Mean JAK2 V617F percentage values for triplicate tested materials in all 

quantitative methods in the collaborative study (n= 34, each represented by a blue 

diamond). For materials 15/168, 15/170 and 15/172, results reported as zero or below the 

assay’s limit of quantification (or similar; <LOQ) are captured as red triangles.   
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Consensus Value Assignment 
 

Using the overall median value for each of the seven materials, derived from the mean 

quantitative value of triplicate samples tested by all (statistically appropriate) methods (except 

where only two samples were used to derive the mean value; method 15a and material 15/166; 

method 21b and material 15/168; method 1 and material 15/72; n= 27 to 34), the proposed 

consensus value for each of the seven materials in the proposed WHO 1st International 

Reference Panel for Genomic JAK2 V617F is: 

i. 15/164: 100% JAK2 V617F 

ii. 15/246: 89.5% JAK2 V617F 

iii. 15/244: 29.6% JAK2 V617F 

iv. 15/166: 10.8% JAK2 V617F 

v. 15/168: 1.00% JAK2 V617F 

vi. 15/170: 0.03% JAK2 V617F 

vii. 15/172: 0% JAK2 V617F. 

These values will be reported in the Instructions for Use (Appendix VII), along with the IQR for 

each value. 

 

Qualitative Data 
 

Four methods reported qualitative data (methods 3, 11, 21a and 29; for full data see Appendix 

VI). These data could not be used in the derivation of the consensus values. However, they 

valuably demonstrate the acceptable performance of the panel with the techniques:  

i. Baxter et al. (2005; method 3); materials 15/164, 15/246 and 15/244 were reported as 

positive indicating a limit of detection between proposed consensus values 29.6% JAK2 

V617F (material 15/244) and 10.8% JAK2 V617F (material 15/166). The band intensity 

was noted to be stronger for samples 14 and 19 (material 15/164), samples 13 and 20 

(material 15/246) and sample 21 (material 15/244) than for sample 1 (also material 

15/164), sample 2 (also material 15/246) and samples 3 & 12 (also material 15/244) 

which could be interpreted as a higher JAK2 V617F allelic burden (although this was 

acknowledged to be a subjective interpretation); 

ii. JAK2 MutaScreen (method 11); materials 15/164, 15/246, 15/244 and 15/166 were all 

reported as positive, indicating a limit of detection between proposed consensus values 

10.8% JAK2 V617F (material 15/166) and 1.00% JAK2 V617F (material 15/168). In fact, 

the kit is provided with a 2% JAK2 V617F ‘cut-off sample’ which determines the limit of 

quantification of the assay, around which there is a ‘grey zone’ with samples falling 

within this region being reported as inconclusive (samples 10 and 16 of material 15/168); 

iii. Chen et al. (2007; method 21a); materials 15/164, 15/246, 15/244 and 15/166 were 

reported as ‘detected’ indicating a limit of detection between proposed consensus values 

10.8% JAK2 V617F (material 15/166) and 1.00% JAK2 V617F (material 15/168). This 

laboratory also analysed the samples by ddPCR (method 21b), and is developing this as 

an alternative diagnostic technique; 

iv. Lippert et al. (2006; method 29) without the use of a standard curve such that for a 

sample tested in the duplex assay, delta Ct (Ct JAK2 wild-type- Ct JAK2 V617F) of less 

than 5 is interpreted as positive, and more than 5 is negative. Materials 15/164, 15/246, 
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15/244 and 15/166 were scored as ‘detected’ indicating a limit of detection between 

proposed consensus values 10.8% JAK2 V617F (material 15/166) and 1.00% JAK2 

V617F (material 15/168).  

 

Testing carried out by Participants 
 

More than one batch of reagents were reported as used in fifteen methods. Similarly, testing was 

noted as carried out by more than one operator for fifteen methods. 

 

Standards and Controls used in the Study 
 

Where results were generated by the use of a standard curve (in QPCR), seven methods used in-

house prepared plasmids, six methods used samples obtained from the 2015 MPN&MPNr-

EuroNet JAK2 V617F quality assurance scheme, four methods used plasmids provided with the 

JAK2 MutaQuant kit and one laboratory used DNA ‘fragments’.  

The positive and negative controls used by participants were as follows: 14 methods used 

previously characterized clinical samples from patients and healthy controls; 9 methods used 

genomic DNA extracted from JAK2 wild-type or JAK2 V617F cell lines; 4 methods used 

plasmid controls provided with the JAK2 MutaQuant or MutaScreen kits; 1 method used DNA 

‘fragments’; 1 method used samples obtained from the 2015 MPN&MPNr-EuroNet JAK2 

V617F quality assurance scheme; 8 further methods also used control materials but did not 

specify the source. The use of no template control samples was also noted for 12 methods.    

 

Comments from the Participants 
 

Few laboratories provided additional comments concerning the collaborative study and 

materials. Three laboratories noted that the collaborative study instructions were clear and the 

study was well organized. One laboratory commented that this was a great effort to achieve 

standardization of results produced by molecular diagnostic laboratories in many different 

countries performing JAK2 V617F testing. One laboratory observed that the consensus value for 

material 15/170 (0.03% JAK2 V617F) may be a slight underestimation of the true value (see 

Discussion). One laboratory requested the inclusion of JAK2 V617F and JAK2 wild-type 

absolute copy numbers for each of the materials (as used in their calculation of an AS-QPCR 

standard curve based on ddPCR data), but with insufficient data from the collaborative study to 

be able to confidently derive such results, this was not considered appropriate at this time 

(although it could be added as supplementary data to the Instructions for Use at such time as 

sufficient data was generated). MPN&MPNr-EuroNet have noted that since the completion of 

the collaborative study, the Ipsogen JAK2 RGQ PCR kit CE (Qiagen; based on the principles of 

the method described in Larsen et al. (2007)) has begun to be utilized in diagnostic laboratories. 

NIBSC supports the idea of assessing the proposed WHO 1st International Reference Panel for 

Genomic JAK2 V617F with this kit, and adding supplementary data to the Instructions for Use, 

if appropriate.  

Five laboratories commented on the glass ampoules: these were noted to be less-preferable than 

plastic tubes, difficult to handle (with one laboratory reporting difficulty in removing the 

reconstituted genomic DNA from the ampoules), and a potential safety hazard due to risk of 
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breakage (one laboratory received a broken ampoule; one laboratory experienced the breakage of 

an ampoule on opening). These concerns are recognized, and NIBSC is accruing long-term 

stability data for genomic DNA stored in plastic tubes as a proposed alternative format. 

However, freeze-drying in glass ampoules which can be completely sealed is the currently 

preferred method for ensuring the long-term stability of WHO International Standards. 

No concerns were raised by any laboratory on the use of freeze-dried, purified extracted genomic 

DNA rather than patient material in any method, including laboratories which were utilising 

previously characterized patient samples as controls.  

 

Degradation Studies 
 

Accelerated Degradation Studies 
 

Multiple samples were reserved for in-house long-term accelerated degradation studies by 

storage at elevated temperatures (+37°C, +45°C and +56°C), as well as for real-time stability 

monitoring at -20°C. Preliminary samples were assessed after four months’ storage and 

demonstrated no apparent degradation at +56°C, -20°C or the baseline temperature of -150°C, as 

measured by electrophoresis (TapeStation; Figure 3), 260/280 nm absorbance (Nanodrop), DNA 

quantification (Qubit HS) and ddPCR (Table 5), with data comparable to that seen at the time of 

manufacture (Table 1 and Figure 1). The absence of degradation at elevated temperature resulted 

in the inability to predict loss of real-time stability. Assurance that the materials are suitable for 

shipping at ambient temperatures was provided. Samples will continue to be assessed on a 

regular basis (typically annually) to ensure ongoing long-term stability for the lifetime of the 

panel. Previous experience with similar genomic DNA reference panels has demonstrated 

ongoing real-time stability at least ten years post-manufacture. 
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Figure 3. TapeStation analysis of the seven materials of the proposed WHO 1st 

International Reference Panel for Genomic JAK2 V617F following 4 months’ storage at 

various temperatures. High quality genomic DNA as indicated by a high molecular weight 

band and the absence of lower molecular weight fragmented genomic DNA, and as quantified by 

a high DIN, was apparent for all materials, including at elevated temperature, indicating the 

absence of degradation. Lane 1, DNA ladder (Agilent); lane 2, positive control (Promega); lane 

3, negative control (in-house degraded genomic DNA); lanes 4-24, ampoules stored for four 

months at -150°C, -20°C or +56°C for each material as follows: 15/164 (nominal value 100% 

JAK2 V617F), 15/246 (90%), 15/244 (30%), 15/166 (10%), 15/168 (1%), 15/170 (0.1%) and 

15/172 (0%).  
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Table 5. Nanodrop, Qubit HS and ddPCR analyses of the seven materials of the proposed WHO 1st International Reference 

Panel for Genomic JAK2 V617F following 4 months’ storage at various temperatures. High quality genomic DNA as indicated 

by expected 260/280 nm absorbances, approximately consistent DNA concentrations and reproducible JAK2 V617F percentages, as 

measured by ddPCR, including at elevated temperature, indicated the absence of degradation in all materials. N/C, not calculated as all 

values were zero.  

 

 

 

  

-150 -20 +56 -150 -20 +56 -150 -20 +56 -150 -20 +56 -150 -20 +56 -150 -20 +56 -150 -20 +56

Mean OD 

ratio 260/280 

nm (n= 3)

1.88 1.89 1.86 1.88 1.87 1.87 1.86 1.85 1.87 1.92 1.93 1.92 1.94 1.91 1.80 1.89 1.85 1.90 1.92 1.90 1.84

Mean DNA 

concentration 

(µg/ml; n= 3)

49.43 47.67 54.47 55.67 56.00 57.67 55.83 56.00 57.93 45.27 48.47 47.73 50.67 51.00 54.60 46.47 47.53 52.40 44.00 45.07 55.47

Mean JAK2 

V617F % 

(ddPCR; n= 

4)

100.00 100.00 100.00 89.68 89.38 89.73 29.75 29.40 29.80 10.80 10.50 11.43 1.00 1.08 1.16 0.02 0.05 0.02 0.00 0.00 0.00

Coefficient of 

variation of 

JAK2  V617F 

% (%; n= 4)

0.000 0.005 0.005 0.627 0.392 0.816 4.001 1.496 1.194 4.000 3.390 1.313 33.586 15.611 7.478 130.31 22.222 77.170 N/C N/C N/C

Material code (nominal JAK2  V617F %), storage temperature (°C)

15/164 (100%) 15/246 (90%) 15/244 (30%) 15/166 (10%) 15/168 (1%) 15/170 (0.1%) 15/172 (0%)
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Post-Reconstitution Stability Studies 
 

End-users are recommended to use the materials on the day of reconstitution. However, in-house 

analysis determined reconstituted freeze-dried genomic DNA to be stable for at least four days at 

+4°C or two months at -20°C (Figure 4 and Table 6), with data comparable to that seen at the 

time of manufacture (Table 1 and Figure 1). 

 

 

 
 

Figure 4. Post-reconstitution analysis of the seven materials of the proposed WHO 1st 

International Reference Panel for Genomic JAK2 V617F by TapeStation. High quality 

genomic DNA as indicated by a high molecular weight band and the absence of lower molecular 

weight fragmented genomic DNA, and as quantified by a high DIN, was apparent for all 

materials, indicating post-reconstitution stability following 4 days at +4°C or 2 months at -20°C. 

Lanes 1 and 11, DNA ladder (Agilent); lanes 2 and 12, positive control (Promega); lanes 3 and 

13, negative control (in-house degraded genomic DNA); lanes 4 to10, reconstituted materials 

stored for four days at +4°C, and lanes 14 to 20 for two months at -20°C as follows: 15/164 

(nominal value 100% JAK2 V617F), 15/246 (90%), 15/244 (30%), 15/166 (10%), 15/168 (1%), 

15/170 (0.1%) and 15/172 (0%). 
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Table 6. Post-reconstitution analyses of the seven materials of the proposed WHO 1st International Reference Panel for 

Genomic JAK2 V617F by Nanodrop, Qubit HS and ddPCR. High quality genomic DNA as indicated by expected 260/280 nm 

absorbances, approximately consistent DNA concentrations and reproducible JAK2 V617F percentages, as measured by ddPCR, 

indicating post-reconstitution stability following four days at +4°C or two months at -20°C. N/C, not calculated as all values were 

zero.  

 

 

 

 

 

 

 

 

  

+4/4d -20/2mon +4/4d -20/2mon +4/4d -20/2mon +4/4d -20/2mon +4/4d -20/2mon +4/4d -20/2mon +4/4d -20/2mon

Mean OD ratio 

260/280 nm (n= 

3)

1.92 1.83 1.88 1.88 1.85 1.92 1.93 1.77 1.92 1.88 1.90 1.83 1.84 1.85

Mean DNA 

concentration 

(µg/ml; n= 3)

45.40 45.63 51.20 52.60 55.80 56.87 39.23 46.13 50.20 49.80 43.23 46.20 44.60 45.17

Mean JAK2 

V617F % 

(ddPCR; n= 4)

100.00 99.99 89.93 89.73 29.85 30.58 11.18 11.18 1.40 1.17 0.05 0.03 0.00 0.00

Coefficient of 

variation of 

JAK2  V617F 

% (%; n= 4)

0.000 0.017 0.700 0.293 5.136 2.728 5.388 5.288 16.415 21.040 118.314 89.994 N/C N/C

Material code (nominal JAK2  V617F %), storage temperature (°C)/time

15/164 (100%) 15/246 (90%) 15/244 (30%) 15/166 (10%) 15/168 (1%) 15/170 (0.1%) 15/172 (0%)
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Discussion 
 

The first International Genomic Reference Material was approved by the WHO Expert 

Committee on Biological Standardization (ECBS) in November 2004 and comprised a panel of 

three materials for the genomic diagnosis of Factor V Leiden. The same approach has been used 

at NIBSC for the subsequent preparation a range of other International Genomic Reference 

Materials including for Prothrombin Mutation G20210A, Factor VIII intron 22 inversion, Fragile 

X and Prader Willi & Angelman Syndromes. In the current study, a similar approach was 

adopted: well-characterized cell lines were established in order to assure a continual future 

supply of the same genomic DNA material, and following large scale cell culture and genomic 

DNA extraction, a panel of seven genomic DNAs was freeze-dried in ampoules to represent a 

range of clinically relevant JAK2 V617F percentages.   

Twenty nine laboratories participated in an international collaborative study to evaluate the 

suitability of the panel of genomic DNAs as the proposed WHO 1st International Reference 

Panel for Genomic JAK2 V617F, and reported data from thirty eight methods. The study was 

designed to determine the performance of the panel in a large number of laboratories using a 

variety of methods. In order to assess the consistency of the panel’s performance, participants 

were requested to carry out the study on three separate days and with different operators and 

batches of reagents where possible. Data from 34 quantitative methods were used to derive a 

proposed consensus JAK2 V617F percentage for each of the materials.  

All samples and their replicates performed well in the study, with most methods providing 

results which were close to each material’s median value (derived from all (statistically 

appropriate) quantitative methods) i.e. the proposed consensus values. However, there were 

some outlying results, including at high JAK2 V617F levels. The consensus value for material 

15/170 was lower than expected (by in-house ddPCR data) at 0.03% JAK2 V617F. It is noted 

that five of twenty seven methods reported a mean value of zero for material 15/170, which may 

be due to either the limit of detection of the assay or the reduced sampling frequency of a low 

level target. Results from digital PCR methods only (n= 6), all of which reported a value of 

greater than zero, showed a mean value of 0.04% JAK2 V617F (±0.01%; 95% confidence 

interval). Material 15/170 is clearly positive for JAK2 V617F when compared with material 

15/172 (0% JAK2 V617F), and thus is particularly relevant for low level residual disease 

monitoring. Such data emphasize the need for improved standardization (and sensitivity) of 

JAK2 V617F testing, which can be aided by the international availability of higher order 

reference materials for JAK2 V617F. 

 

Conclusions and Proposal 
 

The results of the international multi-centre study demonstrated that the following seven 

preparations are suitable for use as reference materials in laboratories carrying out genotyping of 

JAK2 V617F with the proposed JAK2 V617F percentages derived from the median values of all 

(statistically appropriate) quantitative methods as 15/164 (100% JAK2 V617F), 15/246 (89.5%), 

15/244 (29.6%), 15/166 (10.8%), 15/168 (1.00%), 15/170 (0.03%) and 15/172 (0%). All 

collaborative study participants (29 laboratories) agreed that the materials should be proposed as 

the WHO 1st International Reference Panel for Genomic JAK2 V617F, and agreed with all 

consensus values.  
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NIBSC would like to propose that the above seven materials be established as the WHO 1st 

International Reference Panel for Genomic JAK2 V617F (NIBSC panel code 16/120), for use in 

AS-QPCR, digital PCR, allelic discrimination-based endpoint PCR (including AS-PCR, ARMS-

PCR and MALDI-TOF mass spectrometric analysis) and NGS of JAK2 V617F, and intended for 

use by manufacturers for the calibration of diagnostic kits and by clinical and reference 

laboratories for the calibration of secondary standards used in routine diagnostic assays for JAK2 

V617F detection.  
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Appendix III. Collaborative Study Participants 
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Appendix IV. Details of the Methods used in the Collaborative 

Study 
 

Eleven principal testing methods for the detection of JAK2 V617F were used by participants in 

the collaborative study (Table 2). Further details provided by each of the laboratories were as 

follows:   

i. Larsen et al. (2007); AS-QPCR method with published limit of sensitivity of 0.1%. 

Twelve laboratories used this method, with laboratory 7 submitting two datasets, giving a 

total of thirteen methods. Specific comments for each of the methods were:   

a. Method 5: results were generated by reference to a standard curve; 

b. Methods 7a and 7b: results were generated by the use of deltaCt (method 7a) or a 

standard curve (generated from materials of the 2015 MPN&MPNr-EuroNet 

JAK2 V617F quality assurance scheme; method 7b). JAK2 V617F levels greater 

than 1% were considered positive, with 0.1%-3% considered ‘borderline’ and if 

this were a clinical sample, dependent on other clinical or laboratory data, with 

patient re-sampling suggested within a year; 

c. Method 10: the method was as further described by the Jovanovic et al. (2013) 

joint European LeukemiaNet/MPN&MPN-EuroNet study; 

d. Method 15a: results were generated by reference to a standard curve established 

from plasmid standards. Samples 7, 8 and 18 (material 15/172) were initially 

reported as negative; these qualitative results were revised to 0% JAK2 V617F in 

order to be used in the derivation of the consensus value. Current laboratory 

practice for clinical samples is to combine results from this Larsen et al. (2007) 

method with those from the Lippert et al. (2006) method (method 15b) for 

presentation to the clinician; 

e. Method 19: the method was as further described by the Jovanovic et al. (2013) 

joint European LeukemiaNet/MPN&MPN-EuroNet study. Results were generated 

by the use of a standard curve (generated from materials of the 2015 

MPN&MPNr-EuroNet JAK2 V617F quality assurance scheme), with the 0.3% 

JAK2 V617F material used as the limit of quantification; 

f. Method 20a: results were generated by reference to a standard curve established 

from plasmid standards calculated as JAK2 V617F copy numbers (rather than 

JAK2 V617F percentage); 

g. Method 22: results were generated by the use of a standard curve (generated from 

materials of the 2015 MPN&MPNr-EuroNet JAK2 V617F quality assurance 

scheme), with a theoretical limit of detection one log higher than the non-specific 

binding control for each performed assay (0.022-0.052% JAK2 V617F here), 

although the laboratory permitted the use of lower value data in this study for the 

derivation of the consensus values; 

h. Method 23b: results were generated by the use of a standard curve established 

from plasmid standards. Samples 6, 9 & 17 (material 15/170) and 7, 8, & 18 

(material 15/172) were initially reported as 0% JAK2 V617F, although these data 

were since revised to three decimal places to capture the difference between the 

two materials (reduced to two decimal places in Appendix V); 
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i. Method 24: results were generated by using Ct values to calculate both JAK2 

wild-type and JAK2 V617F allele numbers, from which the JAK2 V617F 

percentage was derived. The assay sensitivity was 0.03% JAK2 V617F; 

j. Method 25: results were generated by the use of a standard curve (generated from 

materials of the 2015 MPN&MPNr-EuroNet JAK2 V617F quality assurance 

scheme), with JAK2 wild-type and JAK2 V617F copy numbers determined for 

each of the standard curve samples by ddPCR, from which the JAK2 V617F 

percentage for each of the study samples could be derived;  

k. Method 26: results were generated by the use of a standard curve (generated from 

materials of the 2015 MPN&MPNr-EuroNet JAK2 V617F quality assurance 

scheme). Interpretation of clinical sample results would usually be left to the 

physician and should include other clinical parameters. For lower JAK2 V617F 

levels, follow-up testing would be proposed within three to six months; for 

therapy monitoring, testing would be proposed at two to three month intervals. 

For negative results, and guided by the physician, the laboratory would 

subsequently offer MPL, CALR and JAK2 12 exon analyses; 

l. Method 30a: results were generated by the use of a standard curve (generated 

from plasmids provided with the JAK2 MutaQuant kit). 

ii. Droplet digital PCR; published limit of sensitivity of 0.1% JAK2 V617F (in 

approximately 40,000 JAK2 wild-type copies; BioRad online). Four laboratories used the 

BioRad ddPCR Mutation Detection Assay for JAK2 wild-type and JAK2 V617F 

(methods 12a, 20b, 21b and 27); one laboratory used in-house developed primers and 

probes (method 32). Specific comments for each of the methods were:   

a. Method 12a: ddPCR is currently for research use only. Diagnostic samples at less 

than 1% JAK2 V617F would not be reported; if the sample was a follow- up 

sample for minimal residual disease monitoring where the patient had originally 

presented as JAK2 V617F positive and was either post-transplant or on therapy, a 

result of greater than 0.01% JAK2 V617F would be reported as this would have 

clinical significance. The method has been validated in-house to a limit of 

detection of 0.01% JAK2 V617F; 

b. Method 20b: ddPCR is not validated for clinical diagnostics. Two datasets were 

submitted for this method; these were considered as replicates from which the 

mean for each sample was derived as shown in Appendix V;     

c. Method 21b: no further comments; 

d. Method 27: the threshold above which droplets were considered positive was 

manually adjusted on a well-by-well basis or across an entire plate. A result of at 

least 10,000 total events (droplets per well) was considered acceptable. Less than 

10,000 total events would be considered on a case-by-case basis by looking at the 

amplitude of fluorescence and the droplet cluster pattern. Samples 16 (material 

15/168), 6, 9 & 17 (material 15/170) and 7, 8 & 18 (material 15/172) were 

initially reported as ‘not detected’, although these data were since revised to 

numerical data to capture the difference in JAK2 V617F levels between the 

materials; 

e. Method 32: primers and probes were developed by Christopher Campbell, West 

Midlands Regional Genetics Laboratory, Birmingham, UK. DNA was digested 

with HaeIII (compared with the BioRad recommended AluI). 
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iii. Lippert et al. (2006); AS-QPCR method with sensitivity of 0.15% (Lippert et al., 2009). 

Four laboratories used this method, with laboratory 29 reporting data qualitatively (see 

also Qualitative Data). Specific comments for each of the methods were:   

a. Method 1: in each assay, three DNA samples of known JAK2 V617F allele 

burden were tested, such that if the variation (in JAK2 V617F percentage) was 

greater than 2%, the assay would be repeated. Samples 6, 9 and 17 (material 

15/170) were initially reported as 0% JAK2 V617F, although these data were 

since revised to values greater than zero to capture the difference between this and 

material 15/172 (although for the latter, sample 7 was also revised to 0.01%); 

b. Method 15b: results were generated by reference to a standard curve established 

from plasmid standards. This method is currently being optimized by the 

laboratory due to the high background noted for JAK2 V617F negative materials, 

which make it difficult to distinguish between true negative and low level positive 

JAK2 V617F samples. Current laboratory practice is to combine results from this 

Lippert et al. (2006) method with those from the Larsen et al. (2007) method 

(method 15a) for presentation to the clinician; 

c. Method 23a: results were generated by the use of a standard curve established 

from plasmid standards. Samples 6, 9 & 17 (material 15/170) and 7, 8 & 18 

(material 15/172) were initially reported as 0% JAK2 V617F, although these data 

were since revised to three decimal places to capture the difference between 

materials 15/170 and 15/172 (reduced to two decimal places in Appendix V); 

d. Method 29: results were derived without the use of a standard curve such that in 

the duplex assaying of each sample, delta Ct (Ct JAK2 wild-type - Ct JAK2 

V617F) of less than 5 is interpreted as positive, and more than 5 is considered 

negative. 

iv. JAK2 MutaQuant or MutaScreen kit; AS-QPCR method based on the Lippert et al. 

(2006) method with a limit of detection of 0.061% JAK2 V617F for MutaQuant (a 

quantitative assay) and a 2% JAK2 V617F ‘cut-off sample’ which determines the limit of 

sensitivity of the MutaScreen (qualitative) assay. Three laboratories used the JAK2 

MutaQuant kit (methods 2, 9 and 15c); one laboratory used the JAK2 MutaScreen kit 

(method 11, see also Qualitative Data). Specific comments for each of the methods were: 

a. Method 2: results were generated by the use of a consensus standard, for which a 

new standard curve is tested in every four experiments and cumulated with the 

consensus standard curve. Samples 6, 9 & 17 (material 15/170) and 7, 8 & 18 

(material 15/172) were initially reported as negative for JAK2 V617F, although 

these data were since revised to be zero copies JAK2 V617F;   

b. Method 9: two sensitivity controls at 0.5% and 1% JAK2 V617F prepared from 

the kit-provided positive control diluted into the negative control were assayed 

with every run. The assay cut–off for a positive sample was 0.1% JAK2 V617F, 

with samples 6, 9 and 17 (material 15/170) at or sufficiently close to the cut-off to 

be considered negative (although numerical values were reported); 

c. Method 11: samples 10 and 16 (material 15/168) were reported as ‘inconclusive’ 

as results were close to the ‘grey zone’ (around the 2% JAK2 V617F cut-off 

sample for the MutaScreen kit); 

d. Method 15c: results were quantified relative to the kit-provided plasmid 

standards. Samples 7 and 8 (material 15/172) were initially reported as negative, 
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although these qualitative results were revised to 0% JAK2 V617F in order to be 

used in the derivation of the consensus value.  

v. Denys et al. (2010); AS-QPCR method using two reactions per sample to determine both 

total JAK2 and JAK2 V617F copy numbers through the use of a locked nucleic acid-

modified oligonucleotide to block JAK2 wild-type amplification in the second reaction. 

Two laboratories used this method, with laboratory 18 submitting two datasets, giving a 

total of three methods. Specific comments for each of the methods were:   

a. Method 17: results were generated by the use of a standard curve generated from 

plasmids. The method limit of detection was 0.5% JAK2 V617F. Results for 

samples 6, 9 & 17 (material 15/170) and 7, 8 & 18 (material 15/172) which were 

initially reported as ‘not detected’ were revised to <0.5% JAK2 V617F in order to 

indicate a more quantitative value; 

b. Methods 18a and 18b: methods differed by the use of a qPCR core kit 

(Eurogentec, Liege, Belgium; method 18a) or a Platinum qPCR Supermix (Life 

Technologies, Carlsbad, CA, USA; method 18b). Calibration with a 10% JAK2 

V617F standard was used to determine a conversion factor for the JAK2 V617F 

percentage for each assay. The limit of detection for both methods was 0.1% 

JAK2 V617F. Samples 6, 9 & 17 (material 15/170) and 7, 8 & 18 (material 

15/172) were initially reported as 0% JAK2 V617F for both methods, although 

these data were since revised to four decimal places to capture the difference 

between the two materials, although the values were low enough so as to remain 

at 0% JAK2 V617F when reduced to two decimal places. 

vi. QPCR (in-house); three laboratories used QPCR based methods which were established 

in-house. Specific comments for each of the methods were: 

a. Method 8: an AS-QPCR assay to determine both total JAK2 and JAK2 V617F 

copy numbers using an allele-specific reverse primer and TaqMan probes. Results 

were generated by the use of a standard curve generated from JAK2 wild-type and 

JAK2 V617F ‘fragments’. JAK2 V617F levels greater than 0.05% were 

considered positive, with weakly positive (clinical) samples (0.05% to 1% JAK2 

V617F) recommended for follow-up testing in six to twelve months, as well as 

CALR or MPL genotyping. Negative JAK2 V617F clinical samples would be 

recommended for CALR or MPL genotyping. Two datasets were submitted for 

this method; these were considered as replicates from which the mean for each 

sample was derived as shown in Appendix V; 

b. Method 13: a SYBR Green QPCR assay to determine JAK2 V617F levels by 

reference to human haematopoietic cell kinase (HCK) genomic levels. Results 

were generated by the use of a standard curve generated from plasmids for JAK2 

V617F and HCK. JAK2 V617F levels greater than 0.1% were considered positive; 

c. Method 28: a LightCycler PCR and probe dissociation analysis assay based on the 

methods of McClure et al. (2006) and Lay et al. (2006). Results are usually 

reported qualitatively. However, by calculating the area under the melt curve, a 

relative JAK2 V617F percentage quantification could be made (by reference to 

the total JAK2 melt curve area; Delegezer et al., 2007). Samples of nominally 1% 

JAK2 V617F and below (materials 15/168, 15/170 and 15/172) were reported as 

zero post-quantification.   
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vii. Baxter et al. (2005); AS-PCR method with sensitivity of 1-2% (Jones et al., 2005). Two 

laboratories used this method, with laboratory 3 reporting data qualitatively (see also 

Qualitative Data). Specific comments for each of the methods were:  

a. Method 3: used by the laboratory due to limited resources. Interpretation of the 

data in a ‘semi-quantitative’ manner was acknowledged to be somewhat 

subjective, particularly without the use of commercial control samples;  

b. Method 31: the published method was modified such that the reverse primer was 

FAM labelled, with JAK2 wild-type and JAK2 V617F fragments separated by 

capillary electrophoresis and the level of fluorescence of each fragment measured. 

JAK2 V617F percentage quantification was made relative to JAK2 wild-type 

levels. The method limit of detection was 1%. 

viii. Chen et al. (2007; method 21a); ARMS-PCR method with limit of sensitivity of 0.05-

0.1%. Results were reported qualitatively (see also Qualitative Data). This laboratory also 

analysed the samples by ddPCR (method 21b), and is developing this as an alternative 

diagnostic technique.  

ix. NGS (method 12b); amplicon-based NGS with libraries sequenced using MiSeq 300bp 

v2 cartridges on a MiSeq. Reads with a quality score of less than Q30 were excluded 

from the analysis. Percentage JAK2 V617F was calculated as (number of JAK2 V617F 

reads/number of total JAK2 reads) x100. The limit of detection was 1% JAK2 V617F.   

x. MassARRAY (method 16); JAK2 V617F mutations were detected using a multiplexed 

primer extension assay in conjunction with mass modified dideoxynucleotides (ddNTPs) 

and MALDI-TOF. JAK2 V617F percentage was calculated as the ratio of the area under 

the curve of the JAK2 V617F peak to the sum of all areas under the curve. Results were 

considered acceptable if the controls fell within the acceptable range of zero for the 

negative control and two standard deviations from the mean for the positive controls. 

Samples 5, 10 & 16 (material 15/168), 6, 9 & 17 (material 15/170) and 7, 8 & 18 

(material 15/172) were initially reported as 0% JAK2 V617F, although these data were 

since revised to less than 5% JAK2 V617F in recognition of the assay’s limit of detection 

of 5% JAK2 V617F. It is noted that for clinical samples, negative JAK2 results would not 

exclude an MPN diagnosis. 

xi. QuantStudio 3D digital PCR (method 30b); an array-based digital PCR platform with 

limit of sensitivity of 0.05% JAK2 V617F and limit of quantification of 0.1% JAK2 

V617F (Kinz et al., 2015). Samples were assessed with validated JAK2 TaqMan SNP 

Genotyping Assays (ThermoFisher Scientific). 
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Appendix V. Collaborative Study Results for Quantitative Methods 
 

 

1 14 19 2 13 20 3 12 21 4 11 15 5 10 16 6 9 17 7 8 18

1 99.99 99.99 99.99 82.69 91.24 91.79 34.66 31.64 32.61 12.28 11.95 12.24 1.14 1.25 1.07 0.01 0.02 0.03 0.01 0

2 100.00 100.00 100.00 90.80 90.90 88.80 30.80 33.30 30.00 9.40 14.50 11.30 0.90 1.00 1.20 0 0 0 0 0 0

5 99.79 99.75 99.80 87.71 83.70 89.58 23.52 67.94 22.28 6.06 0.48 8.42 0.59 0.44 0.55 0.02 0 0.01 0 0 0

7a 100.00 100.00 100.00 89.50 89.40 89.20 27.90 28.70 28.50 9.90 10.40 10.80 0.90 0.80 0.90 0.03 0.03 0.03 0 0 0

7b 100.00 100.00 100.00 89.00 88.90 88.70 28.30 29.20 28.90 10.30 10.90 11.30 1.00 0.90 1.00 0.03 0.03 0.03 0 0 0

8 74.07 67.83 75.88 66.73 65.04 70.01 20.78 21.22 22.44 8.22 7.83 9.05 0.72 0.69 0.84 0.03 0.02 0.03 0 0 0

9 99.99 99.97 99.98 92.08 94.89 93.05 48.42 45.55 41.35 17.71 17.69 14.67 2.08 2.48 2.26 0.11 0.09 0.11 0.04 0.01 0.05

10 100.00 100.00 100.00 89.00 90.00 90.00 25.00 26.00 24.00 8.10 8.30 9.50 0.58 0.65 0.75 0.01 0.02 0.02 <0.01 <0.01 <0.01

12a 100.00 100.00 99.99 90.10 89.56 89.01 30.28 28.78 29.63 10.60 11.48 10.82 1.12 1.16 0.92 0.04 0.07 0.03 0 0 0

12b 100.00 100.00 100.00 88.00 90.00 89.00 32.00 33.00 33.00 13.00 13.00 13.00 1.00 1.00 1.00 <1.00 <1.00 <1.00 <1.00 <1.00 <1.00

13 60.93 100.10 10.38 53.00 94.73 32.56 19.86 19.73 6.64 5.71 9.26 1.57 0.67 0.77 0.14 0.03 0.02 0.01 0 0 0

15a 99.96 99.93 99.96 95.22 94.35 94.15 48.58 42.90 43.65 21.13 16.47 1.77 1.82 1.80 0.05 0.09 0.10 0 0 0

15b 99.99 99.99 100.00 89.17 93.11 92.96 33.05 37.40 49.76 15.40 15.24 17.50 1.86 1.82 1.00

15c 99.96 99.98 99.98 88.76 87.87 85.64 27.88 25.21 26.57 10.58 8.85 10.16 0.94 1.11 1.19 0.05 0.08 0.05 0 0 0.02

16 100.00 100.00 100.00 93.00 91.00 91.00 37.00 45.00 43.00 17.00 25.00 22.00 <5.00 <5.00 <5.00 <5.00 <5.00 <5.00 <5.00 <5.00 <5.00

17 74.60 73.30 70.70 53.50 52.40 57.30 20.80 18.80 15.80 8.40 6.60 7.30 0.24 0.26 0.39 <0.50 <0.50 <0.50 <0.50 <0.50 <0.50

18a 81.30 76.10 84.70 69.10 73.00 75.60 23.50 23.90 21.40 8.60 9.00 9.10 0.56 0.61 0.74 0 0 0.01 0 0 0

18b 109.90 108.00 121.50 103.60 93.70 100.80 31.80 28.90 31.60 11.30 11.40 11.50 1.00 1.00 0.98 0* 0* 0* 0 0 0

19 99.30 99.60 99.50 73.10 78.80 73.60 15.80 12.80 13.70 3.80 3.50 3.70 0.30 0.40 0.40 <0.30 <0.30 <0.30 0 0 0

20a 100.00 100.00 100.00 91.00 88.00 91.00 30.00 27.00 31.00 8.30 9.40 10.00 1.00 0.70 0.70 <LOQ <LOQ <LOQ 0 0 0

20b 100.00 100.00 100.00 89.00 89.00 89.00 30.00 29.50 29.50 11.00 11.00 11.00 1.05 1.05 1.00 0.05 0.04 0.05 0 0 0

21b 100.00 100.00 100.00 89.53 89.27 89.62 80.60 29.90 29.80 10.61 10.50 10.80 0.94 1.08 0 0.03 0.05 0 0 0

22 99.70 99.70 99.70 89.40 89.50 89.90 31.00 29.90 29.40 10.50 11.00 11.20 1.10 1.02 1.00 0.04 0.03 0.10 0 0 0.01

23a 126.80 129.40 123.93 64.19 62.90 63.90 37.22 37.97 37.36 25.85 25.51 23.88 5.04 3.88 4.31 0.08 0.11 0.10 0.05 0.02 0.04

23b 109.30 107.88 106.72 66.48 64.53 65.19 37.99 37.28 36.78 25.72 25.53 25.23 3.08 2.26 0.90 0.06 0.07 0.09 0.01 0 0.01

24 99.90 99.90 99.90 90.40 90.90 91.20 29.30 28.00 27.60 9.80 10.40 9.20 0.70 0.79 0.87 0.03 0.03 <0.03 <0.03 <0.03 <0.03

25 99.67 99.66 99.66 92.15 92.31 91.56 36.94 39.82 34.22 14.35 14.42 13.74 1.26 1.30 1.21 0.06 0.05 0.04 0** 0 0

26 99.00 99.00 99.00 95.00 95.00 91.00 34.00 34.00 27.00 10.00 13.00 13.00 1.00 1.00 0.80 0.10 0.10 0.10 0.10 0 0.10

27 100.00 100.00 100.00 89.29 89.59 89.93 28.46 29.42 28.99 10.62 10.97 10.91 1.12 1.03 0.85 0.08 0.04 0.03 0 0 0.01

28 100.00 100.00 100.00 87.41 93.75 90.63 20.29 30.57 30.17 2.16 18.52 15.30 0 0 0 0 0 0 0 0 0

30a 99.37 99.50 99.59 88.30 88.21 89.02 24.21 25.26 25.87 8.24 8.46 7.15 0.72 0.64 0.58 0.01 0.03 0.01 0 0 0

30b 100.00 100.00 100.00 90.00 90.00 89.00 30.54 29.54 29.53 10.41 10.45 10.54 1.02 1.15 1.01 0.03 0.04 0.05 0 0 0.05

31 52.00 44.90 39.50 52.50 50.30 40.00 18.70 19.20 12.90 8.00 8.40 4.80 1.10 1.00 4.50 0 0 0 0 0 0

32 99.79 99.92 99.75 89.43 89.64 89.35 30.20 30.10 29.70 11.20 10.70 11.60 1.17 1.14 0.90 0.03 0.10 0.02 0 0 0

Method 

/ Lab

Material code (nominal JAK2  V617F %), triplicate sample codes

15/164 (100%) 15/246 (90%) 15/244 (30%) 15/166 (10%) 15/168 (1%) 15/170 (0.1%) 15/172 (0%)
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Results are reported to a maximum of two decimal places. Data were not available for: method 1 and sample 18 (no DNA was 

detected in the sample); method 15a and sample 15 (spurious result highlighted by the laboratory); method 15b and samples 6, 9, 17, 

7, 8 and 18 (the laboratory asked for the data these samples to be excluded from analysis due to the high background noted for JAK2 

V617F negative materials making it difficult to distinguish between true negative and low level positive JAK2 V617F samples); 

method 21b and sample 16 (the ampoule was broken upon arrival at the laboratory). Values highlighted in yellow were excluded from 

the derivation of summary data as the variability in the triplicate values was noted to be particularly high (variance more than ten-fold 

greater than the pooled variance across all other labs for the same sample). Values in red are those reported as below the assay’s limit 

of quantification (or similar) which could not be absolutely quantified but may not necessarily be zero; method 20a and samples 6, 9 

and 17 were reported as below the limit of quantification (<LOQ) which is based on JAK2 V617F copy number rather than JAK2 

V617F percentage. *Data for method 18b and material 15/170 were added to the study after the collaborative study report was sent to 

the participants. **Method 25 reported only 182 copies of JAK2 wild-type in sample 7, compared with 9961 and 9964 copies in 

samples 8 and 18, respectively (material 15/172; although all had zero copies of JAK2 V617F). 
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Appendix VI. Collaborative Study Results for Qualitative Methods 
 

 
Results were reported by the laboratories as either positive and negative, or ‘detected’ and ‘not detected’. For method 3, the band 

intensity was stronger for samples 14 and 19 (material 15/164), samples 13 and 20 (material 15/246) and sample 21 (material 15/244) 

than for sample 1 (also material 15/164), sample 2 (also material 15/246) and samples 3 and 12 (also material 15/244) which could 

mean a higher JAK2 V617F allelic burden (although this was acknowledged to be a subjective interpretation; highlighted in red). For 

method 11, the JAK2 MutaScreen kit is provided with a 2% JAK2 V617F ‘cut-off sample’ which determines the limit of quantification 

of the assay, around which there is a ‘grey zone’ with samples falling within this region being reported as inconclusive (inc.; samples 

10 and 16 of material 15/168). For method 21a, sample 16 arrived at the laboratory as a broken ampoule and was therefore not tested. 

 

 

 

 

 

 

 

 

  

1 14 19 2 13 20 3 12 21 4 11 15 5 10 16 6 9 17 7 8 18

3 positive positive positive positive positive positive positive positive positive negative negative negative negative negative negative negative negative negative negative negative negative

11 positive positive positive positive positive positive positive positive positive positive positive positive negative inc. inc. negative negative negative negative negative negative

21a detected detected detected detected detected detected detected detected detected detected detected detected
not 

detected

not 

detected

ampoule 

broken

not 

detected

not 

detected

not 

detected

not 

detected

not 

detected

not 

detected

29 positive positive positive positive positive positive positive positive positive positive positive positive negative negative negative negative negative negative negative negative negative

Method 

/Lab

Material code (nominal JAK2  V617F %), triplicate sample codes

15/164 (100%) 15/246 (90%) 15/244 (30%) 15/166 (10%) 15/168 (1%) 15/170 (0.1%) 15/172 (0%)
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Appendix VII. Proposed Instructions for Use 
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