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Abstract The presence of JAK2 V617F is associated with

an inherited JAK2 46/1 haplotype, a risk factor for mye-

loproliferative neoplasms (MPN) in Caucasian populations.

Whether the JAK2 46/1 haplotype is also a risk factor in the

Chinese population is unknown. We assessed for the JAK2

46/1 haplotype and JAK2 V617F mutation in 225 MPN

patients and 226 controls using a tagged SNP rs12340895.

The allele frequencies of the JAK2 46/1 haplotype were

distinct among different subtypes of MPN patients. The

allele frequency was significantly higher in polycythemia

vera (PV), essential thrombocythemia (ET), and primary

myelofibrosis (PMF) than that in controls, with PV patients

having the highest allele frequency (0.58, P = 6.00E-15).

The distribution of rs12340895 genotypes in the JAK2

V617F mutated MPN patients was significantly different

from that in controls (P = 1.67E-15). The percentage of

GG genotype in controls was 2.2 %, but 31.0 % in JAK2

V617F-positive MPN patients. All the PV, ET, and PMF

patients with the GG genotype also exhibited the V617F

mutation. Compared to that of controls, the difference in

genotype distribution in PV patients was the most signifi-

cant (P = 4.83E-21), followed by ET (P = 2.07E-05)

and PMF (P = 1.99E-04). Our results suggest that the

JAK2 46/1 haplotype is a risk factor for MPN in the Chi-

nese population, and patients with GG genotype in

rs12340895 locus are susceptible to JAK2 V617F mutation.

Keywords JAK2 V617F � SNP � Myeloproliferative

neoplasms

Introduction

Myeloproliferative neoplasm (MPN) arises from the pre-

cursors of the myeloid lineage and represents a group of

diseases of the bone marrow, in which excessive cells are

produced. Somatic acquisition of genetic aberrations may

be one of the pathogenic mechanisms, and it is widely

believed that inherited genetic factors play an important role in

the development of MPNs [1, 2]; however, the underlying

molecular mechanisms remain to be determined.

Identification of the V617F mutation of the JAK2 gene

(JAK2 V617F) is a breakthrough in the understanding of

the molecular mechanisms of the majority of MPN diseases

[3–6]. JAK2 is a non-receptor tyrosine kinase involved in a

specific subset of cytokine receptor signaling pathways. In

the JAK-STAT signaling pathway, JAK2 is the key com-

ponent for the differentiation and survival of the myeloid

lineage [3–6]. The JAK2 V617F mutation renders bone

marrow cells hypersensitive to cytokine stimulation and

causes abnormal growth of hematopoietic stem cells,

consequently leading to myeloproliferative tumors. It has

been designated as a molecular marker for the diagnosis of

polycythemia vera (PV), essential thrombocythemia (ET),

and primary myelofibrosis (PMF) according to the latest

World Health Organization Classification of MPNs [7].

However, this somatic mutation (JAK2 V617F) cannot

explain the molecular mechanisms for the 5- to 7-fold
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increase of MPNs in the first-degree relatives of MPN

patients [8].

Recent studies clearly demonstrated that the presence of

JAK2 V617F is associated with an inherited JAK2 haplo-

type designated as ‘‘46/1’’ haplotype, and the JAK2 46/1

haplotype is a risk factor for myeloproliferative neoplasms

in Caucasian populations [3, 9, 10]. However, whether the

JAK2 46/1 haplotype is a risk factor in Chinese individuals

is unclear. To investigate the role of JAK2 46/1 haplotype

in Chinese MPN patients, we conducted a case/control

study in Chinese. Our data demonstrated that the JAK2

46/1 haplotype is also a risk factor for MPNs in the Chinese

population, and patients with the GG genotype in

rs12340895 locus are susceptible to JAK2 V617F mutation.

Materials and methods

Subjects

The current study was conducted at the Huashan Hospital

affiliated to Fudan University, China. Two-hundred and

twenty-five Chinese MPN patients aged 14–94 years (mean

age 54.3) were included. Among them, 70 had ET, 77 had

PV, 36 had PMF, 12 had chronic eosinophilic leukemia,

and 30 had chronic myeloid leukemia (CML). Patients

were diagnosed according to World Health Organization

criteria (2008). Two-hundred and twenty-six healthy vol-

unteers with mean age of 53.5 from the same demographic

area were recruited as controls. This study was approved by

the Ethics Committee of Huashan Hospital and conducted

in accordance with the declaration of Helsinki guidelines

for ethics in research. Written informed consent was

obtained from each patient prior to collection of the

specimens.

Genotyping

Genomic DNA was obtained from whole blood using a

QIAamp DNA Blood Mini Kit (Qiagen, Germany). Prim-

ers and unlabeled probes were designed by PRIMER 5

software and listed at Table 1. SNP rs12340895, which is

in complete linkage disequilibrium with JAK2 46/1 hap-

lotype [10], was used as a Tag SNP to examine the JAK2

46/1 haplotype. The PCR mix contained the following:

0.5 U Taq HS (Takara, Shiga, Japan), 2 ll 109 PCR

Buffer (Mg2? Free, Takara), 1.5 mM MgCl2 (Takara),

0.2 mM dNTP mixture (Takara), 0.05 lM 0895-F, 0.5 lM

0895-R, 0.5 lM 0895-probe, and 0.6 ll 19 SYTO 9 dye

(Invitrogen, Carlsbad, California). Melting analysis was

performed from 57 to 82 �C with 1 acquisition per 0.5

degree. The typical melting curves of each genotype were

presented at Fig. 1. JAK2 V617F mutation was detected as

previously described [11].

Statistical analysis

STATA 10.0 software was used for statistical analysis.

Differences in JAK2 46/1 haplotype, JAK2 V617F muta-

tion, age, and gender status between patients and controls

were evaluated using the Chi-square test. The association

between JAK2 46/1 haplotype and risk of MPNs was

estimated by odds ratios (ORs) and their 95 % confidence

intervals (95 % CIs) using logistic regression. When the

number of cases was low (n \ 40 or T \ 1), the proportion

of 46/1 alleles within each patient subgroup was compared

with corresponding controls using Fisher’s exact test

(2-tailed). According to Jones’ results [10], the ‘‘Generic

Chi-square test’ module of the ‘‘Java Applets for Power

and Sample Size’’ software (http://www.divms.uiowa.edu/

*rlenth/Power/) was used to ensure that the sample size to

meet the sample power was [0.80.

Results

Elevated frequency of JAK2 46/1 haplotype in MPN

patients

High-resolution melting analysis with unlabeled probes has

been widely used to genotype SNPs [12, 13]. This is a

convenient and reliable method for genotyping and easy

Table 1 Primers and probes for

rs12340895 and JAK2 V617F

mutation

The underlined bases are the

detected JAK2 SNP or JAK2
mutation

Sequence (50–30) Product length Modification

0895-F AGTCTAAAACCAAACTG 102 bp

0895-R TGGAAAATAGGGAAT

0895-probe CCTTTATTTTAGTGCCTCACAAAGTTTACAT C3

V617F-F AGCTTTCTCACAAGCATTTGG 150 bp

V617F-R TGACACCTAGCTGTGATCCTG

V617F-probe AAATTATGGAGTATGTTTCTGTGGAGACGAGA C3
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detection of the JAK2 46/1 haplotype that is equal to G

allele at rs12340895 locus. We observed three clear melt-

ing transitions corresponding to different genotypes,

showing unique probe melting patterns with respect to their

shape and/or Tm (Fig. 1). For each experiment, we inclu-

ded three positive genotypes that have been confirmed by

direct sequencing. In the controls, the JAK2 46/1 haplotype

frequency was 0.22. The JAK2 46/1 haplotype frequencies

among the subtypes of MPN patients were significantly

different, but all were significantly higher than that in

controls. PV patients had the highest frequency of the JAK2

46/1 haplotype. The JAK2 46/1 haplotype frequency in PV,

PMF and ET patients was 0.58 (P = 6.00E-15), 0.39

(P = 1.80E-03), and 0.36 (P = 5.59E-04), respectively

(Table 2). However, the JAK2 46/1 haplotype frequencies

in chronic eosinophilic leukemia (0.25, P = 0.721) and

Chronic myeloid leukemia (0.25, P = 0.588) patients were

similar to that of controls.

MPN patients demonstrated increased percentage

of GG genotype

To further dissect the role of JAK2 46/1 haplotype in MPN

patients, we analyzed the rs12340895 genotypes in MPN

patients and controls. Due to the similar JAK2 46/1 hap-

lotype frequency in CML and chronic eosinophilic leuke-

mia patients to that of controls, the data related to CML and

chronic eosinophilic leukemia patients were not analyzed

further. The number of MPN patients with CC, CG and GG

genotypes was 78 (34.7 %), 105 (46.7 %), and 42

(18.6 %), respectively. The number of controls with CC,

CG, and GG genotypes was 132 (58.4 %), 89 (39.4 %), and

5 (2.2 %), respectively (Table 3). There was no significant

difference in the distribution of rs12340895 genotypes

when grouped by age and gender (P [ 0.05) (Table 3).

The GG genotype coincided with JAK2 V617F

mutation in PV, ET and PMF patients

JAK2 V617F is considered as a clonal marker for the

diagnosis of PV, ET and PMF patients. To further analyze

the relationship between the JAK2 V617F mutation and the

JAK2 46/1 haplotype, we classified the MPN patients into

two groups according to the presence of the JAK2 V617F

mutation. The distribution of rs12340895 genotype in the

JAK2 V617F mutated MPN patients was significantly dif-

ferent to that of controls (P = 1.67E-15) (Table 3). The

percentage of the GG genotype in controls was 2.2 %;

Fig. 1 Typical melting curves

of each genotype from

rs12340895 locus

Table 2 Frequency of JAK2
46/1 haplotype in MPNs

patients

Number

of cases

Number

of 46/1

alleles

Number of

non-46/1

alleles

Frequency

46/1

P value OR (95 % CI)

PV 77 89 65 0.58 6.00E-15 4.88 (3.31–7.20)

ET 70 51 89 0.36 5.59E-04 2.04 (1.36–3.08)

PMF 36 28 44 0.39 1.80E-03 2.27 (1.30–3.95)

CML 30 15 45 0.25 0.588 1.19 (0.64–2.21)

Chronic eosinophilic

leukemia

12 6 18 0.25 0.721 1.19 (0.47–2.99)

Controls 226 99 353 0.22 – –

JAK2 46/1 haplotype in MPN
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however, it was 31.0 % in JAK2 V617F-positive MPN

patients. All of the PV, ET and PMF patients with the GG

genotype also contained JAK2 V617F mutation. Among

PV, ET and PMF, PV had more significant distribution

changes (P = 4.83E-21) followed by ET (P = 2.07E-

05) and PMF (1.99E-04). In the JAK2 V617F mutation-

negative MPN patients, the distribution of rs12340895

genotypes had no significant difference when compared to

controls.

Discussion

JAK2, a member of the Janus family of kinases, is located

on chromosome 9p24 and encodes a cytoplasmic tyrosine

kinase [14]. It is constitutively associated with the prolactin

receptor and involved in a specific subset of cytokine

receptor signaling pathways [15, 16]. The JAK2 V617F

mutation is a recently identified somatic mutation that is

involved in the majority of MPN diseases [3–6]. Currently,

it has been designated a major diagnosis criterion for PV,

ET and PMF [7]. Recently, it was reported that JAK2

V617F-associated disease is highly associated with a spe-

cific constitutional JAK2 haplotype, named the 46/1 hap-

lotype (also called GGCC haplotype) [3, 9, 10]. Tefferi and

Vainchenker [7] found that JAK2 germline genetic varia-

tion (46/1 haplotype) affects the disease susceptibility and

survival of PMF, regardless of V617F mutational status. In

support of this, Pardananai et al. [17] showed that JAK2

haplotype 46/1 confers susceptibility to develop ET inde-

pendently of V617F mutation. Furthermore, JAK2 46/1

haplotype was shown to be a marker of inappropriate

myelomonocytic response to cytokine stimulation, leading

to increased risk of inflammation, myeloid neoplasm, and

impaired defense against infection [18]. However, most of

the investigations if not all were conducted in Caucasian

populations. In this study, we found that the JAK2 46/1

haplotype is a risk factor for MPNs in the Chinese popu-

lation, and patients with GG genotype in rs12340895 locus

will be more susceptible to JAK2 V617F mutation.

The rs12340895 SNP and 46/1 haplotype are in com-

plete linkage disequilibrium (LD = 1). Thus, rs12340895

SNP can be used as a tag SNP to test if JAK2 46/1 hap-

lotype exists in patients [3, 9, 10]. Our findings in the

Chinese population presented here are consistent with early

reports in other populations. The JAK2 46/1 haplotype

frequencies in chronic eosinophilic leukemia (0.25,

P = 0.721) and CML (0.25, P = 0.588) patients are sim-

ilar to those in controls, suggesting that these two subtypes

of MPNs might be not associated with the JAK2 46/1

haplotype. The effect of the JAK2 46/1 haplotype in PV,

PMF and ET patients is dramatic, as the JAK2 46/1 hap-

lotype frequencies in PV (0.58, P = 6.00E-15), PMF

(0.39, P = 1.80E-03), and ET (0.36, P = 5.59E-04)

Table 3 The distribution of rs12340895 genotypes in MPNs patients

Number of

genotypes

Mean age

(year)

P value Male Female P value V617F

positive (%)

P value V617F

negative (%)

P value

MPN (total)

CC (78) 53 0.919 45 33 0.736 31 (0.40) 1.67E-15 47 (0.60) 0.279

CG (105) 51 55 50 0.399 58 (0.55) 47 (0.45)

GG (42) 59 19 23 0.880 40 (0.95) 2 (0.05)

PV

CC (18) 49 0.913 10 8 0.984 13 (0.72) 4.83E-21 5 (0.28) 1.000

CG (29) 51 21 8 0.178 25 (0.86) 4 (0.14)

GG (30) 62 14 16 0.945 30 (1.00) 0 (0.00)

ET

CC (25) 55 0.783 11 14 0.290 11 (0.44) 2.07E-05 14 (0.56) 0.246

CG (39) 50 18 21 0.199 21 (0.54) 18 (0.46)

GG (6) 55 2 4 0.567 6 (1.00) 0 (0.00)

PMF

CC (12) 60 0.719 8 4 0.649 7 (0.58) 1.99E-04 5 (0.42) 0.269

CG (20) 60 12 8 0.903 12 (0.60) 8 (0.40)

GG (4) 57 2 2 1.000 4 (1.00) 0 (0.00)

Control

CC (132) 52 – 73 59 – – – – –

CG (89) 56 52 37 – – –

GG (5) 61 3 2 – – –
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patient are significantly higher than that in controls. Taken

together, similar to other populations, the JAK2 46/1 hap-

lotype is a risk factor in PV, PMF, and ET patients in

Chinese population.

The JAK2 V617F mutation was found to be associated

with JAK2 46/1 haplotype, but the association and their

relationship are largely unknown. We previously demon-

strated that the percentage of the JAK2 V617F mutation in

PV, ET and PMF patients is 88.9, 54.5 and 63.6 %,

respectively [19]. In the present study, we investigated the

relationship between the JAK2 V617F mutation and JAK2

46/1 haplotype and found that the distribution of

rs12340895 genotypes in the JAK2 V617F mutated MPN

patients was significantly different to that in controls

(P = 1.67E-15). However, there was no significant dif-

ference in the rs12340895 genotypes in the JAK2 V617F-

negative MPN patients and controls (P = 0.279). These

results suggested that JAK2 46/1 haplotype mainly affected

JAK2 V617F mutated MPN patients. The risk factors

involved in the JAK2 V617F-negative MPN patients are

still under investigation.

Untreated PV patients homozygous for the JAK2 46/1

haplotype showed a progressive increase in the JAK2

V617F allele burden during the evolution of the disease

[20]. MPN patients with high burden of the JAK2 V617F

mutation displayed poor prognosis [21]. The significant

association between homozygous carriers of 46/1 haplo-

type and JAK2 V617F mutation was not unexpected. The

46/1 haplotype predisposes PV patients to bone marrow

fibrosis and affects the survival time of patients with idi-

opathic myelofibrosis [7]. In later disease stages MPN

patients could develop acute myeloid leukemia (AML).

Patients with the 46/1 haplotype have a higher possibility

of this transformation and infection, and will eventually

die. Thus, the JAK2 46/1 haplotype is helpful not only for

the screening of MPN, but also for the prediction of the

severity of the disease and outcome of the patients.

Unfortunately, in the current study, we were unable to get

the patient’s information before and after treatment, thus

could not recapitulate these findings. In the future, we will

increase the sample size to investigate the association

between JAK2 46/1 haplotype and prognosis of the MPN

patients.

In this study of Chinese MPN patients, we found that

almost all patients (95 %) with the rs12340895 GG geno-

type showed JAK2 V617F mutation, especially in PV, ET

and PMF patients (100 %). The percentage of the JAK2

V617F mutation in the GG genotype of MPN patients was

significantly higher than in CG (55 %) or CC (40 %)

genotypes. In contrast, Andrikovics et al. [22] demon-

strated that only 90 % GG genotype patients had the

V617F mutation. Other groups reported that the percentage

of the V617F mutation in GG genotype MPN patients was

around 77.8–82.8 % [7, 23]. These discrepancies might be

due to the differences in the size or ethnics descent of the

patient cohorts analyzed. Therefore, studies with a larger

number of Chinese patients should be conducted to clarify

the association between the JAK2 V617F mutation and the

JAK2 46/1 haplotype.

In conclusion, we reported that the JAK2 46/1 haplotype

is a risk factor for MPNs in Chinese population and

patients with GG genotype in the rs12340895 locus will

more frequently have the JAK2 V617F mutation when

compared to other genotypes.
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