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Abstract

High-throughput DNA sequence analysis was used to screen for TET2 mutations in bone marrow-

derived DNA from 239 patients with BCR-ABL-negative myeloproliferative neoplasms (MPNs). 

Thirty-two mutations (19 frameshift, 10 nonsense, 3 missense; mostly involving exons 4 and 12) 

were identified for an overall mutational frequency of ~13%. Specific diagnoses included 

polycythemia vera (PV; n=89), essential thrombocythemia (ET; n=57), primary myelofibrosis 

(PMF; n=60), post-PV MF (n=14), post-ET MF (n=7) and blast phase PV/ET/MF (n=12); the 

corresponding mutational frequencies were ~16, 5, 17, 14, 14 and 17% (P=0.50). Mutant TET2 

was detected in ~17 and ~7% of JAK2V617F-positive and -negative cases, respectively (P=0.04). 

However, this apparent clustering of the two mutations was accounted for by an independent 
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association between mutant TET2 and advanced age; mutational frequency was ~23% in patients 

≥60 years old versus ~4% in younger patients (P<0.0001). The presence of mutant TET2 did not 

affect survival, leukemic transformation or thrombosis in either PV or PMF; a correlation with 

hemoglobin <10 g per 100 ml in PMF was noted (P=0.05). We conclude that TET2 mutations 

occur in both JAK2V617F-positive and -negative MPN, are more prevalent in older patients, 

display similar frequencies across MPN subcategories and disease stages, and hold limited 

prognostic relevance.
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Introduction

The recent descriptions of JAK2V617F, JAK2 exon 12 and MPL515 mutations in 

myeloproliferative neoplasms (MPNs) underline JAK-STAT as the signaling pathway of 

interest in these diseases.1–9 However, despite the fact that the expression of these mutations 

in mouse hematopoietic stem cells induces MPN phenotype,10–14 their precise pathogenetic 

contribution in human disease has not been clarified. First, neither JAK2 nor MPL mutations 

are always found in patients with MPN and, when present, they are not necessarily specific 

to a particular clinicopathological entity.15–17 Second, although JAK2/MPL mutations 

contribute to MPN pathogenesis and phenotypic determination, there is growing evidence 

that suggests an additional role for mutant allele burden, host genetic factors and for the 

presence or absence of other coexisting mutations.11,18–22 For example, the presence of a 

JAK2 mutation appears to be essential for, but not specific to, the polycythemia vera (PV) 

phenotype, which is also characterized by a higher mutant allele burden, compared with that 

seen in other MPNs, including essential thrombocythemia (ET).23,24 Similarly, mutant MPL 

often overshadows JAK2V617F when the two coexist, and this scenario is usually associated 

with primary myelofibrosis (PMF) or ET.19,22 These observations underscore the 

complexity of pathogenetic mechanisms in MPN and the need for identifying additional 

molecular alterations, in tandem with clinical correlative studies.

In a recent communication, Delhommeau et al.25 showed that TET2 (TET oncogene family 

member 2), a putative tumor suppressor gene located in the minimal loss-of-heterozygosity 

(LOH) region of chromosome 4q24 in patients with myeloid malignancies, harbored the 

loss-of-function mutations that coexisted with JAK2V617F and sometimes predated its 

acquisition. The authors screened 181 JAK2V617F-positive patients with PV, ET or PMF, 

and documented an overall mutational frequency of ~14%. They also showed clonal 

involvement of both multipotent and committed myeloid progenitors and increased 

engrafting capacity, observed in nonobese diabetic–severe combined immunodeficient 

(NOD–SCID) mice, of TET2-mutated human hematopoietic stem cells from MPN patients. 

Following this seminal observation, we have reported an even higher TET2 mutational 

frequency of 29% in patients with systemic mastocytosis (SM),26 and also documented the 

mutation in a spectrum of myeloid neoplasms, Including myelodysplastic syndrome and 

chronic myelomonocytic leukemia.27 In SM, mutant TET2 segregated with KITD816V, 
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occurred in both indolent and aggressive SM variants, was significantly associated with 

monocytosis, and did not appear to affect survival.26 The purpose of this study was to 

confirm the prevalence of TET2 mutations in JAK2V617F-positive MPN, estimate 

mutational frequency in the absence of JAK2V617F and during different disease stages and 

establish clinical and laboratory correlates in the context of PV, ET or PMF.

Materials and methods

After approval by the institutional review board, the Mayo Clinic database of adult MPN 

patients (age ≥18 years) was reviewed to select consecutive patients with BCR-ABL-negative 

classic MPN representing different disease stages and in whom stored bone marrow (BM) 

cells were available for DNA extraction and mutation analysis. As such, our study 

population included patients with PV, ET, PMF, post-PV MF, post-ET MF and acute 

myeloid leukemia (AML) arising from antecedent PV, ET or MF. Diagnoses were 

established on the basis of the 2001 World Health Organization (WHO) criteria.28 Mutation 

screening for JAK2V617F (reverse transcriptase PCR), JAK2 exon 12 mutations and 

MPLW515L/K were performed using BM-derived cells, according to previously published 

methods.29,30 In patients who were alive, every attempt was made to update follow-up 

information by means of a questionnaire/telephone call sent to both patients and their 

primary doctors, and the ‘date of last contact’ reflected this time point, and not the last time 

they were seen at the Mayo Clinic. All BM specimens were either collected or reviewed at 

our institution to ensure accuracy of diagnosis. The management mostly consisted of what 

was considered at the time as ‘standard’ therapy and reflected the individual physician’s best 

clinical judgment. All parameters used for statistical analysis, except for those addressing 

prognosis (for example, survival, leukemic or fibrotic transformation and thrombosis), were 

those obtained at the time of diagnosis and before any therapeutic intervention.

High-throughput DNA sequence analysis was used to screen for TET2 mutations in BM-

derived DNA. M13-appended gene-specific primers were designed to amplify and sequence 

all coding exons of all isoforms of TET2, including TET2 isoform A (NM_001127208–2002 

amino acids) and TET2 isoform B (NM_017628–1165 amino acids). PCR primers were 

designed to amplify and sequence <500 bp amplicons, and overlapping PCR amplicons were 

designed for all exons >400 bp to ensure complete coverage. For each PCR reaction, 20 ng 

of genomic DNA was used for PCR amplification using a Duncan Water Bath Thermal 

Cycler, followed by magnetic bead purification (SPRI, Agencourt Bioscience, Beverly, MA, 

USA). Bidirectional sequencing was performed using ABI 3730 capillary sequencers 

(Agencourt Bioscience) as described previously.31 Missense and nonsense mutations were 

detected in bidirectional sequence traces using a Mutation Surveyor (Softgenetics Inc., State 

College, PA, USA). All traces were reviewed manually and with the Mutation Surveyor for 

the presence of frameshift mutations. Frameshift and nonsense mutations were annotated 

according to the predicted effects on TET2-coding sequence using TET2 isoform A as the 

predominant isoform.

All frameshift and nonsense mutations were scored as pathogenic TET2 mutations on the 

basis of the observation that we have not observed germline frameshift/nonsense mutations 

in >500 paired tumor and normal samples. Nonsynonymous mutations were first compared 
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with published SNP data (dbSNP, http://www.ncbi.nlm.nih.gov/projects/SNP), such as 

previously annotated SNPs, were not considered pathogenic mutations. Missense mutations 

that were not included in the published SNP database were annotated as somatic mutations 

on the basis of published data showing that these are somatic mutations25 or sequence 

analysis of paired tumor/normal MPN/MDS samples that showed that these mutations are 

present in tumor and not in matched normal DNA. Samples with missense alleles that were 

neither in dbSNP nor could be shown to be somatic in paired samples were censored from 

analysis. We, therefore, classify samples as ‘TET2-wt’ if the sample was wild-type in all 

coding exons of TET2, and as ‘TET2-mutant’ if the sample contained a frameshift, nonsense 

or proven somatic missense mutation.

The statistical procedures used were conventional, and all data were analyzed by using 

StatView (SAS Institute, Cary, NC, USA). All P-values were two-tailed and statistical 

significance was set at the level of P<0.05. Continuous variables were summarized as 

medians and ranges. Categorical variables were described as count and relative frequency 

(%). Comparison between categorical variables was performed by Chi-squared statistics. 

Comparison between categorical and continuous variables was performed by either the 

Mann–Whitney U-test or the Kruskal–Wallis test. The association of variables selected from 

univariate analysis was explored using logistic regression models. Survival curves for 

patients with and without TET2 mutation were constructed by Kaplan–Meier method taking, 

the interval from the date of diagnosis to death or last contact, and compared using the Log-

rank test.

Results

A total of 239 patients with BCR-ABL-negative classic MPN were included in this study: PV 

(n=89), ET (n=57), PMF (n=60), post-PV MF (n=14), post-ET MF (n=7) and blast-phase 

PV/ET/MF (n=12). Among the latter were four patients with post-PV AML, four with post-

ET AML and four with post-PMF AML. The overall (n=239) TET2 mutational frequency 

was ~13% and included 32 mutations that most frequently involved exons 4 and 12: 19 

frameshift, 10 nonsense and 3 missense (Table 1). None of the mutations were associated 

with a karyotypically apparent 4q24 rearrangement. Disease-specific mutational frequencies 

were ~16% in PV, ~5% in ET, ~17% in PMF, ~14% in post-PV MF, ~14% in post-ET MF 

and ~17% in blast-phase PV/ET/PMF (P=0.50). All 239 study patients were also screened 

for JAK2V617F; TET2 mutations occurred in 5 (~7%) of 75 JAK2V617F-negative versus 27 

(~17%) of 164 JAK2V617F-positive cases (P=0.04). The corresponding figures after 

excluding chronic and advanced phases of PV (excluded because of their almost invariable 

association with a JAK2 mutation) were 8 and 15% (P=0.17). However, the JAK2V617F 

allele burden did not correlate with the presence of mutant TET2 (n=108; P=0.95). 

Information on MPLW515L/K status was available in 73 patients, and the five mutation-

positive cases as well as two other patients with JAK2 exon 12 mutations did not carry 

mutant TET2.

Considering all 239 study patients, both mutant TET2 (P<0.0001) and JAK2V617F 

(P=0.008) clustered with older age. This was also true when analysis was restricted to ET, 

PMF or their advanced stages (n=132; P=0.001 and 0.05, respectively); as pointed out in the 
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above paragraph, chronic and advanced phases of PV were excluded in the latter analysis 

because of their almost perfect association with a JAK2 mutation. The association between 

JAK2V617F and older age remained significant or near significant, when TET2-mutated 

patients were excluded from either the overall analysis (n=207; P=0.03) or the analysis 

restricted to ET, PMF or their advanced stages (n=117; P=0.08). However, a multivariable 

analysis of all 239 study patients, which included mutational status, age and sex as 

covariates, showed an independent association only between the presence of mutant TET2 

and advanced age; mutational frequency was 23% in patients ≥60 years of age versus 4% in 

younger patients (P<0.0001).

Accurate clinical correlative studies of novel mutations in MPN require separate analysis of 

patients with ‘chronic phase’ PV, ET or PMF. Accordingly, the clinical features (Table 2) 

and events presented during the course of disease (Table 3) for PV, ET and PMF were 

reviewed in the context of their TET2 mutational status. As the number of TET2-mutated 

patients with ET was small (n=3), we did not attempt a formal comparison between mutated 

and unmutated ET cases. However, as is evident from Tables 2 and 3, it is reasonable to 

mention that the three TET2-mutated ET patients were older compared with their unmutated 

counterparts, and were followed up for 19 to 144 months without fibrotic or leukemic 

transformation. Table 4 lists the P-values during statistical comparison of relevant clinical 

and laboratory features in PV and PMF, and shows the lack of convincing evidence for 

specific genotype–phenotype correlates, with the one exception of a significant association 

between the presence of mutant TET2 and a hemoglobin level of <10 g per 100 ml in PMF. 

Table 5 provides a comprehensive account of pre- and post-disease transformation details in 

PV, ET or MF patients who underwent conversion into the fibrotic or leukemic phase of 

their disease. Once again, there was no overt evidence to suggest that mutant TET2 

influenced disease duration before or after fibrotic or leukemic transformation. Finally, 

Kaplan–Meier survival curves between TET2-mutated and -unmutated patients with either 

PV (Figure 1) or PMF (Figure 2) were not significantly different.

Discussion

The TET family of proteins share highly conserved regions, but their biological function is 

not known. TET1 is short for ‘ten–eleven translocation 1′ and was the name given to a novel 

gene located at chromosome 10q22, which was identified as the fusion partner of MLL 

during an AML-associated chromosomal translocation, t(10;11)(q22;q23).32 Subsequent 

genomic database exploration identified two homologous human proteins that were 

accordingly designated as TET2 and TET3. It is interesting that TET2 is located at 

chromosome 4q24, which is a breakpoint that is also involved in other AML-associated 

translocations: t(3;4)(q26;q24), t(4;5)(q24;p16), t(4;7)(q24;q21) and del(4)(q23q24). In 

2005, Viguie et al.33 suggested that these 4q24 rearrangements occurred in multipotent 

myeloid–lymphoid progenitor cells, and by using BAC clones and fluorescent in situ 

hybridization, were able to show a 0.5-Mb commonly deleted region that accompanied the 

4q24 breakpoint.33 In 2008, Delhommeau et al.25 reported acquired LOH/deletions at 

chromosome 4q24 in patients with MPN, and identified TET2 as the gene of interest 

contained within the minimally deleted/homozygosed region.
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TET2 has multiple isoforms, including TET2 isoform A (NM 001127208–2002 amino acids) 

and TET2 isoform B (NM 017628–1165 amino acids); notably, many of the somatic 

mutations identified to date are observed in coding sequence specific to isoform A. TET2 

isoform A spans ~133 kb, including 12 exons, and is predicted to encode a protein of 2002 

amino acids. At the time of this study, the function of TET2 in normal and malignant 

hematopoiesis has not been fully elucidated; however, the enhanced engraftment of TET2-

mutant MPN patient cells in NOD–SCID mice suggests that TET2 might be involved in 

self-renewal pathways relevant to hematopoietic transformation.25 Delhommeau et al.25 

subsequently sequenced TET2 in 181 JAK2V617F-positive patients with PV, ET and PMF, 

and discovered frameshift, nonsense and missense mutations in ~14% of the patients.25

The TET2 mutational frequency observed in this study (~17%) among JAK2V617F-positve 

MPNs is remarkably similar to that reported by Delhommeau et al.25 In addition, our study 

shows the occurrence of the mutation in JAK2V617F-negative MPN, perhaps at a lesser 

frequency (~7%). This apparent segregation of mutant TET2 with JAK2V617F is similar to 

the association between mutant TET2 and KITD816 V, which was seen in our recent report 

involving SM patients.26 However, the latter observation is confounded by the fact that 

KITD816V is present in more than 90% of patients with SM and that KITD816V negativity 

in our above-cited report probably resulted from the use of inadequately sensitive mutation 

screening assay (PCR sequencing), and therefore represented a low mutant allele burden 

rather than a true absence of the mutation.34 Similarly, in this study, multivariable analysis 

revealed that the association between mutant TET2 and JAK2V617F was fully accounted for 

by a strong and independent association between the former and advanced age. In this 

regard, it is to be recalled that both JAK2V617F and mutant MPL515 are also more 

prevalent in older patients with MPN.22,30,35,36 Furthermore, this study showed that the 

higher prevalence of JAK2V617F in older patients was not accounted for by the presence of 

mutant TET2. Collectively, these observations support the concept of ‘genetic instability’ in 

MPN, and underscore the importance of accounting for age during clinical correlative 

studies concerning MPN-associated mutations. Whether or not differences in the mutational 

profile of young and older patients with MPN will translate into varied responses during 

targeted therapy remains to be seen.

In this study, TET2 mutational frequencies were not significantly different across MPN 

subcategories or specific disease stages. In this regard, as discussed above, the apparently 

lower incidence of TET2 mutation in ET patients (~5%) may have been related to their 

younger age range (vide supra). Furthermore, although the numbers involved were too low 

to allow making statistically valid conclusions, it is reasonable to mention that the pre- and 

post-disease transformation time intervals among informative patients with ET, PV or PMF 

were not overtly different to suggest an influence from mutant TET2 (Table 5). These 

observations lessen the possibility that mutant TET2 emerges or disappears over time and, 

coupled with the absence of significant correlations between the presence of mutant TET2 

and survival or leukemic transformation, at least in PV and PMF, undermine the potential 

value of the mutation as a prognostic tool. These data also suggest the possibility that there 

are additional genetic or epigenetic events that target TET2 or other genes in related 

pathways in TET2 wild-type patients.
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There were no evident mutational hotspots detected either in this study or in our earlier 

report on SM.26 The TET2 mutations were spread over several exons and regions of the 

gene, and most resulted in either frameshift or stop codon alterations. Such changes usually 

result in truncated translation, and therefore inadequate production of a potentially tumor 

suppressor protein. Such a scenario would be consistent with the aforementioned 

observations from Delhommeau et al.,25 which indicated, in a subset of MPN/MDS patients, 

biallelic inactivation of TET2 observed because of biallelic mutations, deletion of the 

remaining wild-type copy or somatic isodisomy for mutant TET2. When we compared the 

results from our two successive TET2 mutation studies involving PV/ET/MF and SM 

patients, respectively, we noticed that none of the former, but 5 of the 12 TET2-mutated SM 

patients displayed more than one TET2 mutation.26 Multiple TET2 mutations in the same 

patient were also infrequent in our other patients with chronic myelomonocytic leukemia, 

myelodysplastic syndrome or acute leukemia.27 These observations need to be extended 

through an analysis of copy number and zygosity using SNP arrays to assess the relative 

frequency of homozygous TET2 inactivation because of mutation, deletion and LOH in the 

different myeloid malignancies. If this observation was to be validated by SNP array 

analysis and through an analysis of additional patient cohorts, it would suggest that biallelic 

inactivation of TET2 is more common in some diseases, such as SM, than in others, such as 

JAK2V617F-positive MPN.

Unlike the case with JAK2V617F,37 the presence of mutant TET2 did not appear to 

significantly influence leukocyte or platelet count in patients with PV or PMF. Hemoglobin 

level in PV or JAK2V617F allele burden in mutation-positive MPN patients was also not 

affected. Similarly, unlike the case with SM,26 the presence of mutant TET2 in PMF did not 

correlate with monocytosis. At the same time, the association between mutant TET2 and 

anemia in PMF did not escape our attention. However, because of the relatively small 

number of patients studied, we prefer to postpone additional comments regarding genotype–

phenotype correlates, and instead recommend that these data be treated as preliminary. For 

now, we can reasonably conclude that TET2 mutations are even less specific than 

JAK2V617F in the context of myeloid malignancies, occur in the presence or absence of 

other MPN relevant mutations and are more likely to be detected in older patients. Larger 

studies including an adequate number of TET2-mutated patients are needed to properly 

assess not only the prognostic relevance of mutant TET2 by itself, but also its potential 

prognostic interaction with other MPN-associated molecular markers. In the latter, it is 

interesting to glean from Table 5 that all TET2-mutated patients who have undergone 

fibrotic or leukemic transformation also carried JAK2V617F.
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Figure 1. 
Survival curves for 89 patients with polycythemia vera stratified by their TET2 mutational 

status (14 mutated and 75 unmutated patients).
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Figure 2. 
Survival curves for 60 patients with primary myelofibrosis stratified by their TET2 

mutational status (10 mutated and 50 unmutated patients).
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Table 1

TET2 mutation details in 32 patients with myeloproliferative neoplasms

Exon Nucleotide change Consequence Mutation type Diagnosis JAK2V617F
mutational status

Age Sex

4 370_delC Frameshift Frameshift PV Pos. 69 F

4 3990_4000delAAGTCGTTAT Frameshift Frameshift PV Pos. 65 F

4 1726 C>G S509X Nonsense PV Pos. 76 M

4 2568 C>T Q790X Nonsense PV Pos. 66 M

4 3081_3082insacagcagcaaacacagcaaccccaa Frameshift Frameshift PV Pos. 51 M

4 2946 C>T Q916X Nonsense PV Pos. 52 F

8 266 C>A S1291X Nonsense PV Pos. 60 M

11 411 C>T R1465X Nonsense PV Pos. 61 F

12 699_delA Frameshift Frameshift PV Pos. 74 F

12 1233_1243delCTGACATTGGG Frameshift Frameshift PV Pos. 77 M

12 484_485insT Frameshift Frameshift PV Pos. 84 F

12 209 C>T R1516X Nonsense PV Pos. 72 M

12 537_538delAG Frameshift Frameshift PV Pos. 81 M

12 722 C>T Q1687X Nonsense PV Pos. 66 M

4 2036_2037insG Frameshift Frameshift PMF Pos. 63 M

4 3509_3510delTT Frameshift Frameshift PMF Pos. 58 M

4 1142_1145delTTCC Frameshift Frameshift PMF Pos. 78 M

7 331 A>T D1242 V Missense PMF Neg. 60 F

7 370_371insA Frameshift Frameshift PMF Neg. 64 M

10 231 C>T R1358C Missense PMF Pos. 69 M

11 301_delA Frameshift Frameshift PMF Neg. 74 M

12 640 T>G Y1659X Nonsense PMF Neg. 56 M

12 1423_1424inscatggcttggctctttgggaagccaaa Frameshift Frameshift PMF Pos. 60 F

12 272 C>T Q1537X Nonsense PMF Pos. 70 M

4 438 C>T Q80X Nonsense ET Neg. 80 M

7 384_delA Frameshift Frameshift ET Pos. 77 M

12 1044_1048delCTAAT Frameshift Frameshift ET Pos. 51 F

4 1171_delA Frameshift Frameshift Post-PV MF Pos. 69 M

12 1281 T>C I1873T Missense Post-PV MF Pos. 74 M

4 1671_delC Frameshift Frameshift Post-ET MF Pos. 66 M

4 1137_1140delACCT Frameshift Frameshift Post-ET AML Pos. 68 M

4 2655_2656insA Frameshift Frameshift Post-PV AML Pos. 62 F

Abbreviations: AML, acute myeloid leukemia; ET, essential thrombocythemia; Neg., negative; PMF, primary myelofibrosis; Pos., positive; PV, 
polycythemia vera.
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Table 4

P-values during univariate analysis correlating the presence of TET2 mutations with clinical and laboratory 

features at presentation and follow-up

Polycythemia vera
(total n=89; TET2

mutated=14)

Primary myelofibrosis
(total n=60; TET2

mutated=10)

Older age 0.04 0.15

Sex 0.19 0.23

JAK2V617F mutational
status

0.17 0.72

Hemoglobin level 0.96 (n=86) NA

Hemoglobin <10 g per
100 ml

NA 0.05 (n=45)

Leukocyte count 0.83 (n=85) 0.16 (n=45)

Leukocyte count <4 or
>30×109/l

NA 0.27 (n=45)

Leukocyte count
>25×109/l

NA 0.53 (n=45)

Platelet count 0.79 (n=86) 0.89 (n=45)

Platelet count
<100×109/l

NA 0.64 (n=45)

Monocyte count
<1×109/l

NA 0.64 (n=45)

Circulating blast count
≥1%

NA 0.83 (n=45)

Hypercatabolic
symptoms

NA 0.56 (n=45)

Spleen size 0.78 (n=86) 0.86 (n=45)

Pruritus 0.64 (n=72) NA

Arterial thrombosis at
diagnosis

0.23 (n=87) NA

Arterial thrombosis at
follow-up

0.25 (n=84) NA

Venous thrombosis at
diagnosis

0.43 (n=87) NA

Venous thrombosis at
follow-up

0.63 (n=84) NA

Leukemic transformation 0.61 0.43

Fibrotic transformation 0.79 NA

Follow-up period 0.82 0.08

Survival 0.86 0.16

Abbreviation: NA, information either not available or not applicable.

Numbers in parenthesis denote the number of informative patients.
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