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ABSTRACT
Mutations in TET2, encoding one of the TET members responsible for the 

conversion of DNA cytosine methylation to hydroxymethylation (5-hmc), have 
been recently described in Human T-lymphotropic virus type 1-associated adult 
T-cell leukemia/lymphoma (ATLL). However, neither the amount of genomic 5-hmc 
in ATLL tumor cells nor TET2 expression has been studied yet. In this study, we 
analyzed these two parameters as well as the mutational status of TET2 in ATLL 
patients. By employing a direct in situ approach, we documented that tumor T cells 
infiltrating lymph nodes exhibit low level of 5-hmc compared to residual normal T 
cells. Furthermore, this 5-hmc defect was more pronounced in tumor T cells from 
acute patients than from chronic ones and correlated with reduced expression of 
TET2 protein. TET2 variations were found in 14 patients (20%), including 13 with 
aggressive forms. Strikingly, 9 of the 14 patients showed the same variation (SNP 
rs72963007), whose frequency in ATLL patients was significantly higher than that of 
an ethnically matched control population (13% vs. 5%). However, no reduction of 
5-hmc was found in PBMC from individuals possessing the variant rs72963007 TET2 
allele, as compared to wild-type individuals. In contrast, a robust correlation was 
observed between 5-hmc and the levels of TET2 mRNA. Finally, loss of 5-hmc and 
TET2 downregulation both correlated with poor survival. These findings demonstrate 
that ATLL progression coincides with loss of genomic 5-hmc and indicate that 
downregulation of TET2, rather than TET2 mutations, is the key mechanism involved 
in 5-hmc modulation during ATLL progression.
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INTRODUCTION 

Adult T cell leukemia/lymphoma (ATLL) is a rare 
and mature T cell malignancy with a very poor prognosis 
due to Human T-lymphotropic virus type 1 (HTLV-1) 
infection [1, 2]. Four subtypes have been described: 
two indolent forms (smoldering and chronic) and two 
aggressive forms (acute and lymphoma) that are resistant 
to most conventional therapies with an overall survival 
below one year [3, 4].

HTLV-1 encodes for two oncoproteins, Tax and 
HBZ, which both play a key role all along HTLV-1-
mediated T-cell transformation. The current model 
assumes that Tax, through its ability to trigger permanent 
T-cell proliferation and escape from apoptosis, is the 
main actor for initial T-cell lymphomagenesis and T-cell 
immortalization. On the other hand, HBZ, the only viral 
product with sustained expression in ATLL tumor cells, 
is believed to be involved in the proliferation and/or 
survival of the transformed clone (reviewed in [5, 8]). In 
addition, secondary events such as appearance of genetic 
and epigenetic alterations are believed to contribute as 
well to the generation of the malignant clone (reviewed in  
[9, 10]). Notably, hypermethylation of the viral promoter 
or cellular genes has been described in ATLL cells, with 
a positive correlation between the degree of abnormalities 
and the aggressiveness of the disease [11, 12].

In addition to genomic 5-methylation, which role 
in regulating gene expression has been well established, 
genomic 5-hydroxymethylation has more recently emerged 
as another epigenetic mark per se [13]. Conversion of 
5-methylcytosine (5mc) to 5-hydroxymethylcytosine 
(5-hmc) is catalyzed by members of the Ten-Eleven 
translocation (TET) family, comprising TET1, 2 and 3 
(reviewed in [14]). TET2 and TET3 are expressed in CD4+ 
T lymphocytes while expression of TET1 is very low in 
these cells [15]. Mutations in the TET2 gene have been 
found in a variety of myeloid disorders and in mature 
lymphoid malignancies [16–20] and have also been recently 
described in Japanese ATLL patients [21–23]. In mice, 
TET2 inactivation induces expansion of hematopoietic 
progenitor cells and pleiotropic abnormalities affecting both 
myeloid and lymphoid lineages and Tet2−/− mice develop 
diverse hematopoietic malignancies with long latency 
[24–26]. Noteworthy, heterozygous and homozygous Tet2-
deficient hematopoietic stem cells exhibit similar properties 
and Tet2+/− mice also develop hematopoietic malignancies, 
indicating haplo-insufficiency properties of TET2 [24–26]. 
TET2 mutations in humans are also mostly heterozygous 
and can occur early in the stem cell compartment or later 
during lymphoid development [25].

In this study, we examined for the first time the 
level of genomic 5-hmc and its link with TET2 mutation 
or expression in a cohort of ATLL patients suffering from 
either chronic or aggressive ATLL. We provide direct 
evidence that ATLL tumor cells display low global 5-hmc 

level as compared to normal T cells and that levels of 
5-hmc and TET2 further distinguish tumor T cells from 
acute patients from those of chronic patients. We also 
identified TET2 mutations especially in patients with 
aggressive ATLL but show that these mutations did not 
impact global 5-hmc level. These findings reveal on 
one hand that reduced genomic 5-hmc is a marker of 
ATLL aggressiveness and on the other hand that TET2 
downregulation rather than TET2 mutations is the main 
mechanism for 5-hmc loss in ATLL tumor cells.

RESULTS

In situ detection of 5-hmc and TET2 in ATLL 
tumor T cells 

No data are available to date regarding the level 
of genomic hydroxymethylation in ATLL tumors cells. 
To address this issue, immunohistochemistry (IHC) 
experiments were performed on lymph node biopsies 
from an acute or a chronic ATLL patient (Figure 1). As 
previously reported [27], variation in expression of the 
CD3 and CD7 T-cell markers can be used to discriminate 
normal T cells (CD3 high/CD7+) from tumor T cells 
(CD3dim/CD7-). Tissue sections were therefore stained 
for CD3 and CD7 as well as for genomic 5-hmc. 
Examination of the sections showed massive diffuse 
tissue infiltration by medium to large sized CD3dim 
CD7- T cells, comprising cells in mitosis (Figure 1, HE; 
see asterisks), in good agreement with a transformed 
phenotype. Residual smaller normal T cells strongly 
expressing CD3 and CD7 could also be detected in the 
lymph nodes. For each biopsy, strong 5-hmc staining was 
found in residual normal T cells while poor signal was 
observed in the predominant population of CD7- tumor 
cells. Interestingly, levels of 5-hmc appeared higher in 
tumor cells from the chronic patient as compared to tumor 
T cells from the acute patient (Figure 1, 5-hmc). 

Since TET2 is the main regulator of 5-hmc in 
hematological cancers [25], TET2 expression was also 
studied in lymph node biopsies (Figure 1, TET2). While 
the difference was less pronounced than for 5-hmc, 
lower TET2 staining was found as well in tumor T cells 
as compared to normal T cells, suggesting that TET2 
accounts, at least in part, for the variation in 5-hmc found 
between these two populations. Moreover, comparison 
between tumor T cells from the acute or chronic patient 
revealed that the TET2 staining mirrored the 5-hmc signals. 
Indeed, TET2 protein expression was barely detectable in 
tumor T cells from the acute patient while a significant 
TET2 signal was observed for the chronic patient.

These data demonstrate that, as compared to normal 
T cells, ATLL tumor T cells exhibit impaired genomic 
5-hydroxymethylation. Moreover, they suggest that a 
distinct 5-hmc/TET2 pattern may distinguish tumor T cells 
from acute patients from those from chronic patients.
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Quantification of 5-hmc level and TET2 
expression in acute versus chronic patients

To confirm the above finding, 5-hmc level and 
TET2 expression were quantified in PBMC from acute 
versus chronic patients by dot-blot experiments and 
RT-qPCR, respectively (Figure 2). Since epigenetic 
marks vary according to cell types, we normalized the 
contribution of residual normal blood cells in 5-hmc 
detection. Therefore, only samples containing more than 
70% of tumor cells were considered (see Supplementary 
Table S1). Moreover, no significant difference in proviral 
load was found between the selected samples from the 
two groups (Figure 2A), allowing direct comparison. 
A statistically significant reduction in 5-hmc was found 
in PBMC from acute patients (n = 13) in comparison 
to PBMC from chronic patients (n = 8) (p = 0.0046)  
(Figure 2B). In addition, a 2-fold reduction in TET2 mRNA 
was observed in PBMC from acute patients (n = 21) as 
compared to chronic patients (n = 8), and this difference 
was associated to a robust p-value (p = 0.0070, Figure 2C). 
Decreased TET3 mRNA expression was also observed 
but with a p-value on the border of statistical significance  
(p = 0.041, Figure 2D). TET1 mRNA expression was 
almost undetectable in PBMC from either HTLV-1 carriers 
or ATLL patients, while it was readily detected in tonsil 
B cells as described [28] (Supplementary Table S2), 
confirming that TET1 is barely expressed in PBMC [15]. 

These data confirm that genomic 5-hmc is reduced 
in acute versus chronic patients, which coincides with a 
highly significant downregulation of TET2 mRNA.

TET2 genetic variations in acute ATLL patients 

Recent studies have reported the presence of TET2 
mutations in ATLL patients from Japan [21–23]. However, 
whether TET2 mutations also exist in ATLL patients from 
other origins and whether they are specific for a clinical 

subtype of ATLL have not been investigated yet. To 
explore these issues, sequencing of TET2 was performed 
in a cohort of 71 ATLL patients from African origin 
and suffering from aggressive (acute and lymphoma) or 
indolent (chronic and smoldering) form of the disease 
(Table 1). TET2 mutations were found in 14 out of 71 
patients (20%), including 13/60 patients with an aggressive 
subtype (acute+lymphoma) and 1/11 patient with indolent 
subtype (chronic+smoldering) (Table 2 and Figure 3A). 
Interestingly, although classified as smoldering according 
to the Shimoyama classification [3], the latter patient 
(ATLL 06) had a poor outcome and rapidly progressed to 
a lymphoma subtype. 

Five patients (7% of the cohort), all with aggressive 
forms, had a specific TET2 mutation (Figure 3A and 
Table 1). Further analysis was only possible for 2 patients 
for which additional PBMC were available. For ATL 07 
(acute form), who presented a splice mutation at position 
c.4045-1 (Table 1), cell sorting was performed to separate 
the tumor cell population from normal blood cells (see 
Materials and Methods). The mutation was found in the 
CD3dim/CD4+ population, corresponding to tumor T cells, 
but not in the CD3high/CD4+; CD3high/CD8+ and CD14+ 

normal cell populations. For ATLL 19 (acute form), who 
presented a nucleotide deletion, sequencing was performed 
from PBMC obtained both at diagnosis and after complete 
remission and the TET2 deletion found at diagnosis was 
no more detected at remission. Therefore, at least in these 
two patients, the identified TET2 mutation is specific to the 
tumor cell population.

Strikingly, among the 14 ATLL patients with a 
TET2 mutation, 9 had a recurrent mono allelic nucleotide 
variation at position c.3595-4G > A (Chr.4: 106164642-
106164867) (Table 1). This variation, known as SNP 
rs72963007, is located 2 nucleotides upstream of the 
splice acceptor site of TET2 intron 5 (Figure 3A, lower 
part). To determine whether rs72963007 was a somatic or 
a germinal mutation, the mutated region was sequenced 

Figure 1: Assessment of 5-hmc level and TET2 expression in ATLL tumor T cells. Distribution of 5-hmC and TET2 in lymph 
node sections from ATLL patients detected by immunohistochemistry. Biopsies were colored with hematoxylin-eosin (HE) and stained with 
CD3 and CD7 to discriminate tumor T cells (CD3+/DIM CD7−) from residual normal T cells (CD3+ CD7+) as well as with the anti-5-hmc or 
anti-TET2 antibody. Positive staining appears as brown signal. Magnification ×400 (enlarged image ×2).
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Table 1: Details of the ATLL patients included in TET2 sequencing analysis
Namea Sex Age Subtype Sample type TET2 status

ATLL 01 Female 39 Acute Blood Wild-type
ATLL 02 Female 51 Chronic Blood Wild-type
ATLL 03 Female 33 Acute Blood Wild-type
ATLL 04 Male 31 Chronic Blood Wild-type
ATLL 05 Female 34 Acute Blood Wild-type
ATLL 06 Male 51 Chronic Blood rs72963007 (Intron 5)
ATLL 07 Female 59 Acute Blood Splice mutation (Intron 8)
ATLL 08 Male 58 Chronic Blood Wild-type
ATLL 09 Male 50 Chronic Blood Wild-type
ATLL 10 Male 48 Acute Blood rs72963007 (Intron 5)
ATLL 11 Male 27 Chronic Blood Wild-type

ATLL 13 Male 37 Lymphoma
Blood 

rs72963007 (Intron 5)
Lymph node

ATLL 14 Female 35 Acute Blood Wild-type
ATLL 15 Female 62 Acute Blood Wild-type
ATLL 16 Male 50 Acute Blood Wild-type
ATLL 17 Male 45 Lymphoma Blood Wild-type
ATLL 18 Male 56 Acute Blood Wild-type
ATLL 19 Male 63 Acute Blood Frameshift, p.Glu984Asnfs*23 (Exon 3)
ATLL 21 Female 69 Acute Blood Wild-type
ATLL 22 Female 69 Chronic Blood Wild-type
ATLL 23 Female 41 Chronic Blood Wild-type
ATLL 24 Female 42 Acute Blood Wild-type
ATLL 25 Male 53 Acute Blood Wild-type
ATLL 27 Female 46 Acute Blood Wild-type
ATLL 28 Female 54 Acute Blood Missense, p.Gln1414Lys (Exon 10)
ATLL 29 Female 50 Acute Blood Wild-type
ATLL 30 Male 64 Acute Blood rs72963007 (Intron 5)
ATLL 31 Female 45 Lymphoma Blood Wild-type
ATLL 33 Female 30 lymphoma Blood Wild-type
ATLL 38 Male 39 Acute Blood Wild-type
ATLL 40 Female 46 Acute Blood rs72963007 (Intron 5)
ATLL 41 Male 65 Acute Blood Wild-type

ATLL 42 Female 68 Lymphoma
Blood 

Wild-type
Lymph node

ATLL 43 Female 65 Lymphoma
Blood 

Wild-type
Lymph node

ATLL 44 Female 54 Lymphoma
Blood 

rs72963007 (Intron 5)
Lymph node

ATLL 45 Female 51 Acute Blood Wild-type
ATLL 46 Female 46 Lymphoma Lymph node p.Arg1383Gly Missense (Exon 10)
ATLL 47 Male 49 Lymphoma Lymph node Wild-type
ATLL 48 Female 64 Lymphoma Lymph node Wild-type
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from PBMC of three patients with a lymphoma subtype. 
As expected, no tumor T cells were found in the blood, as 
demonstrated by the absence of clonal TCR rearrangement 
and flow cytometry analysis. In each case, the rs72963007 
mutation was found in normal blood cells, strongly 
arguing for its germinal origin. 

The TET2 rs72963007 variation is not uniformly 
represented worldwide and its frequency varies with the 
ethnic origin. Frequency reaches ~ 5% in the African 
population but is less than 1% in the worldwide population 
(1000 genomes database). We then measured the frequency 

of the rs72963007 variation by sequencing the mutated 
region in 143 HTLV-1-infected carriers ethnically matched 
with the ATLL cohort. The frequency of rs72963007 in 
this control carrier population was 5%, similar to that of 
the African population. A statistically significant higher 
frequency was found when ATLL patients (aggressive and 
chronic forms) were compared to carriers (13% vs. 5%  
p = 0,0416, OR = 2,820; 95% CI, 1,004 to 7,921) 
(Table 3). This observation suggests that the TET2 
rs72963007 variation is a risk factor for developing ATLL, 
at least in the African population.

ATLL 49 Male 34 Lymphoma Lymph node Wild-type
ATLL 50 Male 47 Acute Lymph node p.Glu337* Nonsense (Exon 3)
ATLL 51 Male 35 Lymphoma Lymph node Wild-type
ATLL 52 Female 49 Acute Lymph node Wild-type
ATLL 53 Male 63 Acute Lymph node Wild-type
ATLL 54 Male 70 Lymphoma Blood Wild-type
ATLL 55 Male 47 Lymphoma Blood rs72963007 (Intron 5)
ATLL 56 Female 42 Chronic Blood Wild-type
ATLL 57 Male 47 Acute Blood Wild-type
ATLL 58 Female 28 Acute Blood Wild-type
ATLL 59 Male Acute Blood Wild-type
ATLL 60 Male 42 Acute Blood Wild-type
ATLL 61 Female 47 Acute Blood Wild-type
ATLL 62 Male 64 Acute Blood rs72963007 (Intron 5)
ATLL 63 Female 45 Smoldering Blood Wild-type
ATLL 64 Male 63 Lymphoma Blood Wild-type
ATLL 65 Male 54 Lymphoma Blood Wild-type
ATLL 66 Male 61 Acute Blood Wild-type
ATLL 67 Male 39 Smoldering Blood Wild-type
ATLL 68 Female 53 Acute Blood Wild-type
ATLL 69 Female 62 Acute Blood Wild-type
ATLL 70 Male 66 Lymphoma Blood Wild-type
ATLL 71 Male 66 Acute Blood Wild-type
ATLL 72 Female 34 Acute Blood Wild-type
ATLL 73 Female 57 Lymphoma Blood rs72963007 (Intron 5)
ATLL 74 Female 61 Acute Blood Wild-type
ATLL 75 Male 34 Acute Blood Wild-type
ATLL 76 Female 33 Lymphoma Blood Wild-type
ATLL 77 Male 68 Lymphoma Blood Wild-type
ATLL 80 Female 44 Acute Blood Wild-type
ATLL 81 Male 61 Acute Blood Wild-type
ATLL 82 Male 40 Acute Blood Wild-type

aAll patients were from African origin and were included at diagnosis. Except ATL 11 who received chemotherapy, all patients 
received no prior treatment.
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Link between 5-hmc and TET2 mutation or 
expression and impact on survival

The impact of harboring the rs72963007 
TET2 allele or a TET2 somatic mutation on genomic 
hydroxymethylation and TET2 expression in ATLL tumor 
T cells was next studied. No significant difference in 
genomic 5-hmc was found between PBMC from acute 
ATLL patients possessing the TET2 rs72963007 allele 
and PBMC from wild-type (wt) TET2 acute ATLL patients 

(Figure 3B, left panel). A similar result was obtained when 
the experiment was conducted with PBMC from HTLV-
1-infected carriers possessing or not the variant allele 
(Figure 3B, right panel). Moreover, PBMC from patients 
possessing the variant TET2 allele produced comparable 
level of TET2 transcript than wt patients (Figure 3C). 
Similar levels of 5-hmc were also found between PBMC 
from patients with the mutated c.4045-1G > A allele 
and wild-type patients (Figure 3D). These results are 
in agreement with a previous study showing that TET2 

Table 2: Frequency of TET2 mutations in ATLL patients
ATLL Cohort 

(n = 71) % Aggressive 
subtype % Chronic 

subtype %

Total patients with TET2 sequence 
variants 14 20 13 22 1 8

Patients with TET2 somatic 
mutations 5 7 5 8 0 0

Patients with SNP rs72963007 9 13 8 13 1 8

Figure 2: Levels of genomic 5-hmc and TET transcripts in acute versus chronic ATLL patients. (A) Comparison of proviral 
loads (PVL) between samples from acute (n = 18) or chronic (n = 8) patients. (B) Statistical analysis (Mann-Whitney test) comparing 
5-hmc levels between PBMC from acute (n = 13) or chronic (n = 8) patients. (C, E). Statistical analysis (Mann-Whitney test) comparing 
the level of TET2 (C) or TET3 (D) transcript in PBMC from acute (n = 21) or chronic (n = 8) ATLL patients. Bars represent mean values 
with standard error of the means. Patient details are presented in Supplementary Table S1.



Oncotarget7www.impactjournals.com/oncotarget

mutations do not always lead to detectable change in 
global genomic 5-hmc [29].

In contrast to what we observed for TET2 mutations, 
we found a significant correlation between the level 
of TET2 transcript and the amount of global 5-hmc for 
both acute and chronic patients (Figure 4A; r = 0.63,  
p = 0.0024) acute patients being essentially distributed 
among the low TET2/5-hmc values (Figure 4A, open 
circle) and chronic patients (closed circle) among the 
high ones. A weaker correlation with 5-hmc was found 
in the case of TET3 transcript (Figure 4B; r = 0.4856,  
p = 0.0256) transcript, confirming the main role of TET2 
in 5-hmc modulation. 

We finally questioned whether the levels of TET 
mRNA and 5-hmc have an impact on patient survival. As 
previously reported [4], survival was significantly lower 
in acute patients than in chronic patients (p = 0.0001; 
Figure 4C). Survival plot analysis revealed that both low 
expression of TET2 (Figure 4D) and low genomic 5-hmc 
(Figure 4F) also strongly correlated with poor survival 
(p = 0.0032 and p = 0.0023, respectively). In contrast, no 
significant difference in survival was found in the case of 
TET3 transcript expression (Figure 4E). Hence, both low 
TET2 mRNA expression and genomic 5-hmc represent 
markers of poor prognosis in the case of ATLL.

DISCUSSION

Genomic 5-hmc is now considered as a stable 
epigenetic mark often deregulated in cancers [13]. 
5-hmc reduction has been observed in solid tumors 
and hematological malignancies such as chronic 
myelomonocytic leukemia (CMML), acute myeloid 
leukemia (AML) and secondary AML (sAML) [30, 31]. 
Our study provides the first demonstration that reduced 
5-hmc is also a hallmark of ATLL tumor T cells. Indeed, 
using a direct in situ approach, we found that tumor T cells 
infiltrating lymph nodes display low level of 5-hmc while 

strong 5-hmc signals were observed in residual normal 
T cells. In addition, we documented a further 5-hmc 
reduction in tumor T cells from acute ATLL patients in 
comparison to chronic patients. This demonstrates that as 
previously reported for increased genomic methylation 
[11], reduction in genomic hydroxymethylation also 
correlates with the aggressiveness of ATLL.

A simple explanation could be that reduced 5-hmc is 
due to TET2 mutations. Indeed, recent studies reported TET2 
somatic mutations in ATLL patients from Japan (~10% of 
patients) [21–23]. Our present data show on the one hand 
that TET2 mutations also exist in ATLL patients from 
African origin and on the other hand, that they are especially 
detected in the aggressive subtype. Interestingly, one of the 
somatic TET2 mutations we found (c.4045-1G > A; ATL07) 
was previously identified in myelodysplastic syndromes 
[31]. Moreover, we found that the frequency of rs72963007, 
a germinal TET2 variation classified as a single nucleotide 
variation, was elevated in ATLL patients as compared to 
ethnically-matched HTLV-1-infected carriers. Of note, 
neither the rs72963007 mutation nor any other recurrent 
TET2 mutations was described in Japanese ATLL patients 
[21–23]. It remains to investigate whether this is due to 
a difference in the frequency of rs72963007 between 
Japanese and African populations. Another recent study 
reports high TET2 mutation frequency in ATLL, occurring 
in 32% (10/31) of ATLL samples from a Japanese cohort 
[22]. However, it should be stressed that mutations located 
outside the catalytic domains of TET2 were taken into 
consideration in this study, rendering difficult to conclude 
on their impact on TET2 function. 

Recent publications have shown that SNPs in 
cancer-related genes may predispose to lymphoid and 
myeloid disorders. Two studies recently described 
the association of two SNPs in the GATA3 locus with 
susceptibility, development and prognosis of acute 
lymphoblastic leukemia [32, 33]. Regarding TET2, a study 
reported the association of the rs4698934 TET2 SNP with 

Table 3: Frequency of the rs72963007 TET2 SNP in ATLL patients and ethnically-matched HTLV-
1 carriers

HTLV-1 Carriers ATLL patients
(aggressive + chronic)

Number of patients 143 71

Number of patients with the rs72963007 mutation 7 9

rs72963007 frequency 5% 13%

Odd Ratio (95% CI) 2.820
(1.004 to 7.921)

p-value 0.0416
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melanoma development whereas somatic mutations are 
rare in this disease [34]. Interestingly, the rs4698934 is, 
as the rs72963007 described here, located in an intronic 
region, [34]. Two other TET2 SNPs, rs2454206 and 
rs3733609, have been shown to be either a prognosis 
marker in pediatric acute myeloblastic leukemia or a 
predisposition factor in myeloproliferative neoplasm 
harboring JAK2V617F mutation, respectively [35, 36]. 
The prognostic impact of TET2 mutations was not 
apparent in our series, possibly owing to the extremely 
poor survival of ATLL. Indeed, the median survival for 

aggressive forms does not exceed 10 months. We observed 
that TET2 mutations were essentially restricted to patients 
with aggressive subtype of ATLL, except one patient who 
harbored an indolent subtype but rapidly progressed to an 
aggressive form. 

Little is known regarding the role of genetic 
predisposing factors in ATLL development. A large 
Japanese prospective study has shown that one of the major 
risk factor for developing ATLL is a family history of ATLL 
[37]. In this study, which includes 1218 HTLV-1 infected 
patients, the family history of ATLL was an independent 

Figure 3: TET2 mutations in ATLL patients and effect on genomic 5-hmc. (A) Position and nature of the TET2 mutations 
found in ATLL patients. The catalytic domain of TET2 including the two conserved domains (black boxes) are represented. The lower 
part shows the presence of the rs72963007 variation in one ATLL patient (ATLL 13). (B) Detection of genomic 5-hmc in PBMC from 
acute ATLL patients possessing (black frame, n = 2) or not (n = 3) the TET2 rs72963007 variation (left panel) or in PBMC from HTLV-
1-infected carriers possessing or not the rs72963007 variation (right panel). (C) Levels of TET2 transcript in PBMC from acute ATLL 
patients possessing (n = 7) or not (n = 22) the TET2 rs72963007 variation. Bars represent mean values with standard error of the means. 
(D) Detection of genomic 5-hmc in PBMC from one acute ATLL patients possessing the TET2 c.4045–1G > A mutation (black frame) as 
compared to two wt TET2 acute patients. Patient details are presented in Table 1 and Supplementary Table S1.
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risk factor for developing an ATLL with and hazard ratio of 
12.1 in the multivariate analysis, suggesting the implication 
role of genetic predisposing factors. One study has shown 
that specific HLA alleles predispose to ATLL development 
in the Japanese population. However, no predisposing SNP 
in cancer related genes has been identified to date for ATLL 
[38]. Our results indicate that the rs72963007 TET2 SNP 
can be considered as a predisposition factor for developing 
ATLL, notably the aggressive form.

While TET2 mutations have been described in 
ATLL patients, their direct impact on genomic 5-hmc in 
tumor cells was not evaluated. To address this issue, we 
performed DNA dot-blot experiments using fresh PBMC 
from ATLL patients or HTLV-1-infected carriers. We 

found that neither the rs72963007 nor the c.4045-1G > A 
TET2 variation resulted in 5-hmc reduction in ATLL tumor 
cells. These findings confirm that, even if they are found in 
patients, some TET2 mutations do not have a major impact 
on global genomic 5-hmc [29]. However, it could not be 
excluded that these TET2 mutations impact methylation 
of a restricted set of genes. Alternatively, mutations 
could prevent TET2 interactions with cellular partners 
also involved in the transformation process. Further 
investigations will be required to understand mechanisms 
linking TET2 mutations to ATLL development and 
aggressiveness.

TET2 mutations are only found in a minority of 
acute ATLL patients [21–23] while as shown here, all 

Figure 4: Correlation between 5-hmc level and TET expression and impact on survival. (A, B) Correlation between the 
level of TET2 (A) or TET3 (B) transcript and the level of genomic 5-hmc. Both acute (open circle) and chronic (closed circle) patients were 
considered for the analysis. (C) Survival of acute and chronic ATLL patients. Survival probabilities were estimated by the log-rank (Mantel-
Cox) test. Median survival was 5.3 and 63 months for acute and chronic patients, respectively. (D) Survival of ATLL patients (acute and 
chronic) according to the level of TET2 transcript. The threshold of 1.2 corresponds to the mean TET2 expression of the selected patients. 
Median survival was 6.9 and 49.5 months for acute and chronic patients, respectively. (E) Survival of ATLL patients (acute and chronic) 
according to the level of TET3 transcript. The threshold of 1.2 corresponds to the mean TET3 expression of the selected patients. Median 
survival was 7.75 and 28.7 months for acute and chronic patients, respectively. (F) Survival of ATLL patients (acute and chronic) according 
to the level of 5-hmc. The threshold of 0.3 corresponds to the mean 5-hmc values of the selected patients. Median survival was 4.8 and 36 
months for acute and chronic patients, respectively. Patient details are presented in Supplementary Table S1.
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acute ATLL patients show reduced genomic 5-hmc as 
compared to chronic patients. Importantly, we provide 
an explanation for this observation by showing that this 
5-hmc reduction coincides with the downregulation 
of TET2. Indeed, immunohistochemistry experiments 
allowed us to document that tumor T cells infiltrating 
lymph nodes from an acute patient express lower amount 
of TET2 protein than tumor T cells from a chronic 
patient. Furthermore, we showed that whatever their 
TET2 mutational status, tumor T cells from acute ATLL 
patients express less TET2 transcript than tumor cells 
from chronic patients and that, when all patients were 
considered, there is a strong positive correlation between 
the level of 5-hmc and the amount of TET2 transcript. In 
addition, we showed that both reduced TET2 expression 
and low genomic 5-hmc correlate with poor survival while 
survival is not affected by level of TET3. These results 
strongly suggest that the decrease in 5-hmc found in 
acute ATLL patients is the direct consequence of TET2 
downregulation. Taken together, these findings indicate 
that the main determinant for reduced 5-hmc in ATLL 
cells is not the appearance of inactivating TET2 mutations 
but rather the downregulation of TET2 transcript. In some 
tumor models, TET2 expression has been shown to be 
repressed via hypermethylation of CpG islands located in 
its genomic sequence [39]. Our preliminary data indicate 
no difference in the degree of methylation of the TET2 
CpG islands between acute and chronic patients (data 
not shown). Hence, the mechanism involved in TET2 
downregulation in acute ATLL patients remains to be 
elucidated. It would also be of great interest to compare 
how 5-hydroxymethylation affects the whole genome in 
tumor cells from acute or chronic ATLL patients. 

In conclusion, this study provides the first 
demonstration that defect in genomic hydroxymethylation, 
mainly due to TET2 downregulation, contributes to ATLL 
progression. 

MATERIALS AND METHODS

Patients and donors

This study was approved by the ethics committee 
(CPP Ile de France II) and all living patients gave written 
informed consent. Patients’ details and clinical features 
are summarized in Table 1 and Supplementary Table S1. 
Clinical data were collected retrospectively. Samples were 
obtained at diagnosis and, with the exception of ATLL-
11 who received chemotherapy; all patients received no 
prior treatment (Table 1). Depending on the patients, 
samples at different time points of the disease or samples 
from different tissues (blood and lymph node) collected 
at the same time point were analyzed (Table 1). HTLV-
1 carriers were all asymptomatic and were from French 
Guyana, French West Indies or West Africa, matching the 
ethnic origins of the ATLL patients. Tonsil B cells, used 

a positive control for TET1 mRNA expression [28], were 
kindly provided by Dr. Y. Richard (Institut Cochin, Paris).

Isolation of PBMC, cytometry and sorting

Peripheral blood mononuclear cells (PBMC) were 
obtained by centrifugation in Ficoll gradient and were 
immediately frozen after purification. The proportion of 
tumor cells was determined by cytometry analysis by 
counting the % of CD3dim, CD4+, CD25+, HLA-DR+ and 
CD7- T lymphocytes. 

For ATLL 07, cell sorting was performed after 
staining of PBMC with the following fluorescent primary 
antibodies: anti-CD3-PE, anti-CD4-Cy7, anti-CD8-APC 
and anti-CD14-FITC. Four populations were sorted: 
CD3high/CD4+; CD3high/CD8+; CD14+; and CD3low/CD4+ 
(tumor T cells). 

Gene sequencing

DNA extraction was performed using the Blood 
DNA Qiagen extraction kit. TET2 gene sequencing was 
performed as previously described [16–20]. Variations 
in the entire TET2 gene sequence that correspond to 
frameshift, nonsense or splice site mutations were 
considered. Missense mutations were considered only if 
they were located within the two conserved regions of 
TET2 (ranging from amino acids 1104 to 1478 and 1845 
to 2002, respectively) [20]. Categorical variables were 
compared between different groups by the Chi2-test using 
the GraphPad Prism 6 software. 

DNA dot blot

Dot blot assay was performed as follows. Briefly, 
genomic DNA samples were diluted in SSC buffer, 
denatured at 95°C for 10 minutes after addition of NaOH 
1,6 M and then loaded on a Hybond N+ nylon membrane 
(GE Health) using a 96-well dot-blot apparatus. After 
baking at 80°C for 10 min, the membrane was incubated 
overnight in blocking buffer containing 5% BSA and 
5% non-fat milk, and then incubated for 2 hours at 
room temperature with the anti-5-hmc rabbit polyclonal 
antibody (Active Motif #39769, 1:10.000) diluted in 
blocking buffer. Finally, the membrane was washed in 
PBS-Tween 0,1% and incubated with an HRP-conjugated 
rabbit secondary antibody in blocking buffer (1:5000, 
Promega, France). After incubation with the ECL plus 
detection kit (ThermoScientific), chemoluminescent 
signal was captured using a Fusion FX imager (Vilber 
Lourmat). To control sample loading, the membrane was 
stained with methylene blue post-immunoblotting. The 
signals for 5-hmc and input DNA were quantified using 
Image J and the levels of 5-hmc were normalized to input 
DNA. Images were processed using the Adobe Photoshop 
software. 
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To allow comparison between different experiments, 
DNA extracted from two PBMC from non-infected donors 
were included in each dot-blot and only experiments in 
which less than 20% of 5-hmc variation was found for 
these samples were selected. A value of 1 was given for 
the 5-hmc level of one the control PBMC and 5-hmc level 
of samples from ATLL patients was calculated relative to 
this value (relative genomic 5-hmc).

RNA extraction and RT-qPCR

RNAs were isolated from thawed PBMC with the 
“all PREP DNA/RNA mini kit” (Qiagen) according to 
the manufacturer’s instructions. Reverse transcription 
was performed with the “Maxima first strand cDNA 
synthesis kit” (Thermo scientific) according to the 
manufacturer’s instructions. TET2 mRNA expression 
was detected using the Roche Real time Ready 
assay ID 144583 and TET1 mRNA expression was 
detected using the following primers: forward primer 
AAGGGAGCCAACAAAAATGT/ reverse primer 
AGGACTCTGGGTTCTGAAAA. PCR were conducted 
using the following conditions: pre-incubation 95° 
10 min ×1, amplification ×45: denaturation  95° 10 sec, 
annealing 60° 30 sec acquisition, extension 72° 1 sec, 
cooling. Housekeeping genes EEF1G (forward primer 
AGATGGCCCAGTTTGATGCTAA/reverse primer GCT 
TCTCTTCCCGTGAACCCT or HPRT (forward primer 
TGACACTGGCAAAACAATGCA/reverse primer GGTC 
CTTTTCACCAGCAAGCT were quantified using the 
SYBR green method using the following conditions: pre-
incubation 95° 5 min x1; amplification x45: denaturation  
95° 10 sec; annealing 60° 10 sec; extension 72° 10 sec; 
acquisition, melting curve, cooling. The normalized 
relative quantity (NRQ) were calculated according to 

the following formula:
Ctct sample  ref 1 + Ct ref 2

2NRQ = 2
∆ ∆

∆ −
Mean 

NRQ were calculated from two independent experiments 
performed in triplicates.

Immunohistochemistry analysis

Tissues sections were colored with hematoxylin 
and eosin staining (HE) and immunohistochemistry 
was performed with the following antibodies: anti-CD3 
(Dako, polyclonal, 1/200), anti-CD7 (Novocastra, LP15, 
1/100), anti-5-hmc (Active Motif #39769, 1/10.000) and 
anti-TET2 (Abcam, ab124297, 1/100). All staining were 
performed with an automated Stainer Leica Biosystem 
Bond III.

Quantification of HTLV-1 proviral load

HTLV-1 proviral load was quantified by real-
time PCR using primers specific for the pX region (pX-
F; 5′-CAAACCGTCAAGCACAGCTT-3′ and pX-R;  
5′-TCTCCAAACACGTAGACTGGGT-3′) and the  

following probe: 5′ 6-FAM-TTCCCAGGGTTTGGA 
CAGAGTCTTCT-TAMRA-3′. Runs were performed in 
a 50 µL volume containing 1 µg of total DNA extract, 
primers and probe (a 200nM concentration of each), 1X 
PCR buffer (PlatinumQuantitative PCR SuperMix-UDG). 
Thermocycling conditions were 2 min at 50°C and 10 min 
at 95°C, followed by 50 cycles at 95°C for 15 sec and 60°C 
for 1 min. Quantification was standardized with the Tarl2 
cell line (HTLV-1, single proviral copy).  Albumin was 
used for normalization. The following primers: forward 
5′-GCTGTCATCTCTTGTGGGCTGT-3′ and reverse 
5′- AAACTCATGGGAGCTGCTGGTT-3′, respectively 
and probe: 5′-FAM-CCTGTCATGCCCACACAAATCTC 
TCC-TAMRA-3′. Results are expressed as HTLV-1 
proviral copies per 100 PBMCs.

Statistical analysis

Statistical analyses were conducted with the 
GraphPad Prism 6 software. Two-group comparison 
was performed with the Mann-Whitney test. Survival 
probabilities were estimated by the Kaplan–Meier method, 
and pairwise comparisons were made using a log–rank test. 
Statistical significance was defined for p-values < 0.05.

ACKNOWLEDGMENTS

We thank Dr Margottin-Goguet for helpful 
discussion and critical reading of this manuscript. We also 
thank Sébastien Jacques and Franck Letourneur from the 
GENOM’IC core facility of the Cochin Institute for their 
precious help in RT-qPCR analysis. 

CONFLICTS OF INTEREST

The authors declare no conflicts of interest.

GRANT SUPPORT

This study was supported by grants from the Institut 
National du Cancer (INCA PL Bio), INSERM (plan 
cancer) and Ligue Nationale contre le Cancer (Equipe 
labélisée OH and PD). AM was the recipient of a doctoral 
fellowship from INCA.

REFERENCES

1. Uchiyama T, Yodoi J, Sagawa K, Takatsuki K, Uchino H. 
Adult T-cell leukemia: clinical and hematologic features of 
16 cases. Blood. 1977; 50:481–92. 

2. Tsukasaki K, Hermine O, Bazarbachi A, Ratner L, 
Ramos JC, Harrington W Jr, O’Mahony D, Janik JE, 
Bittencourt AL, Taylor GP, Yamaguchi K, Utsunomiya A, 
Tobinai K, et al. Definition, prognostic factors, treatment, 
and response criteria of adult T-cell leukemia-lymphoma: 



Oncotarget12www.impactjournals.com/oncotarget

a proposal from an international consensus meeting. J Clin 
Oncol. 2009; 20;27:453–9

 3. Shimoyama M. Diagnostic criteria and classification of 
clinical subtypes of adult T-cell leukaemia-lymphoma. A 
report from the Lymphoma Study Group (1984–87). Br J 
Haematol. nov 1991; 79:428–37. 

 4. Katsuya H, Ishitsuka K, Utsunomiya A, Hanada S, Eto T, 
Moriuchi Y, Saburi Y, Miyahara M, Sueoka E, Uike N, 
Yoshida S, Yamashita K, Tsukasaki K, et al. Treatment 
and survival among 1594 patients with ATL. Blood. 2015; 
126:2570–2577. 

 5. Ma G, Yasunaga J, Matsuoka M. Multifaceted functions and 
roles of HBZ in HTLV-1 pathogenesis. Retrovirology. 2016; 
15; 13:16. 

 6. Mesnard JM, Barbeau B, Césaire R, Péloponèse JM. Roles 
of HTLV-1 basic Zip Factor (HBZ) in Viral Chronicity 
and Leukemic Transformation. Potential New Therapeutic 
Approaches to Prevent and Treat HTLV-1-Related Diseases.
Viruses. 2015; 7:6490–505. 

 7. Currer R, Van Duyne R, Jaworski E, Guendel I, Sampey G, 
Das R, Narayanan A, Kashanchi F. HTLV tax: a fascinating 
multifunctional co-regulator of viral and cellular pathways. 
Front Microbiol. 2012; 30:406. 

 8. Kfoury Y, Nasr R, Journo C, Mahieux R, Pique C, 
Bazarbachi A.The multifaceted oncoprotein Tax: subcellular 
localization, posttranslational modifications, and NF-κB 
activation. Adv Cancer Res. 2012; 113:85–120. 

 9. Yamagishi M, Watanabe T. Molecular hallmarks of adult T 
cell leukemia. Front Microbiol. 2012, 17:334. 

10. Nicot C.Tumor Suppressor Inactivation in the Pathogenesis 
of Adult T-Cell Leukemia. J Oncol. 2015; 2015:183590. 

11. Sato H, Oka T, Shinnou Y, Kondo T, Washio K, Takano M, 
Takata K, Morito T, Huang X, Tamura M, Kitamura Y, 
Ohara N, Ouchida M, et al. Multi-step aberrant CpG island 
hyper-methylation is associated with the progression of 
adult T-cell leukemia/lymphoma. Am J Pathol. 2010; 
176:402–15. 

12. Koiwa T, Hamano-Usami A, Ishida T, Okayama A, 
Yamaguchi K, Kamihira S, Watanabe T. 5′-long terminal 
repeat-selective CpG methylation of latent human T-cell 
leukemia virus type 1 provirus in vitro and in vivo. J Virol. 
2002; 76:9389–97.

13. Ye C, Li L. 5-hydroxymethylcytosine: a new insight into 
epigenetics in cancer. Cancer Biol Ther. 2014; 15:10–5.

14. Scourzic L, Mouly E, Bernard OA. TET proteins and the 
control of cytosine demethylation in cancer. Genome Med. 
2015; 7:9. 

15. Ito S, D’Alessio AC, Taranova OV, Hong K, Sowers LC, 
Zhang Y. Role of Tet proteins in 5mC to 5-hmc conversion, 
ES-cell self-renewal and inner cell mass specification. 
Nature. 2010; 466:1129–1133

16. Delhommeau F, Dupont S, Della Valle V, James C, 
Trannoy S, Massé A, Kosmider O, Le Couedic JP, 
Robert F, Alberdi A, Lécluse Y, Plo I, Dreyfus FJ, et al. 

Mutation in TET2 in myeloid cancers. N Engl J Med. 2009; 
360:2289–301. 

17. Langemeijer SMC, Kuiper RP, Berends M, Knops R, 
Aslanyan MG, Massop M, Stevens-Linders E, van Hoogen P, 
van Kessel AG, Raymakers RA, Kamping EJ, Verhoef GE, 
Verburgh E, et al. Acquired mutations in TET2 are common 
in myelodysplastic syndromes. Nat Genet. 2009; 41:838–42. 

18. Tefferi A, Lim KH, Abdel-Wahab O, Lasho TL, Patel J, 
Patnaik MM, Hanson CA, Pardanani A, Gilliland DG, 
Levine RL. Detection of mutant TET2 in myeloid 
malignancies other than myeloproliferative neoplasms: 
CMML, MDS, MDS/MPN and AML. Leukemia. 2009; 
23:1343–5. 

19. Kosmider O, Gelsi-Boyer V, Ciudad M, Racoeur C, 
Jooste V, Vey N, Quesnel B, Fenaux P, Bastie JN, Beyne-
Rauzy O, Stamatoulas A, Dreyfus F, Ifrah N, et al. TET2 
gene mutation is a frequent and adverse event in chronic 
myelomonocytic leukemia. Haematologica. 2009; 
94:1676–81. 

20. Lemonnier F, Couronné L, Parrens M, Jaïs JP, Travert M, 
Lamant L, Tournillac O, Rousset T, Fabiani B, Cairns RA, 
Mak T, Bastard C, Bernard OA, et al . Recurrent TET2 
mutations in peripheral T-cell lymphomas correlate with 
TFH-like features and adverse clinical parameters. Blood. 
2012; 120:1466–9. 

21. Kataoka K, Nagata Y, Kitanaka A, Shiraishi Y, 
Shimamura T, Yasunaga J, Totoki Y, Chiba K, Sato-
Otsubo A, Nagae G, Ishii R, Muto S, Kotani S, et al. 
Integrated molecular analysis of adult T cell leukemia/
lymphoma. Nat Genet. 2015; 47:1304–15. 

22. Yeh CH, Bai XT, Moles R, Ratner L, Waldmann TA, 
Watanabe T, Nicot C. Mutation of epigenetic regulators 
TET2 and MLL3 in patients with HTLV-I-induced acute 
adult T-cell leukemia. Mol Cancer. 2016; 15:15. 

23. Shimoda K, Shide K, Kameda T, Hidaka T, Kubuki Y, 
Kamiunten A, Sekine M, Akizuki K, Shimoda H, Yamaji T, 
Nakamura K, Abe H, Miike T, et al.TET2 Mutation in Adult 
T-Cell Leukemia/Lymphoma. J Clin Exp Hematop. 2015; 
55:145–9. 

24. Li Z, Cai X, Cai CL, Wang J, Zhang W, Petersen BE, Yang FC, 
Xu M. Deletion of TET2 in mice leads to dysregulated 
hematopoietic stem cells and subsequent development of 
myeloid malignancies. Blood. 2011; 118:4509–18. 

25. Quivoron C, Couronné L, Della Valle V, Lopez CK,  
Plo I, Wagner-Ballon O, Do Cruzeiro M, Delhommeau F,  
Arnulf B, Stern MH, Godley L, Opolon P, Tilly H, et al. 
TET2 inactivation results in pleiotropic hematopoietic 
abnormalities in mouse and is a recurrent event during 
human lymphomagenesis. Cancer Cell. 2011; 20:25–38. 

26. Moran-Crusio K, Reavie L, Shih A, Abdel-Wahab O, 
Ndiaye-Lobry D, Lobry C, Figueroa ME, Vasanthakumar A, 
Patel J, Zhao X, Perna F, Pandey S, Madzo J, et al. TET2 
loss leads to increased hematopoietic stem cell self-renewal 
and myeloid transformation. Cancer Cell. 2011; 20:11–24. 



Oncotarget13www.impactjournals.com/oncotarget

27. Kobayashi S1, Tian Y, Ohno N, Yuji K, Ishigaki T, 
Isobe M, Tsuda M, Oyaizu N, Watanabe E, Watanabe N, 
Tani K, Tojo A, Uchimaru K. The CD3 versus CD7 plot 
in multicolor flow cytometry reflects progression of 
disease stage in patients infected with HTLV-I. PLoS One. 
2013;8:e53728. 

28. Zhao Z, Chen L, Dawlaty MM, Pan F, Weeks O, Zhou Y, 
Cao Z, Shi H, Wang J, Lin L, Chen S, Yuan W, Qin Z, et al. 
Combined Loss of Tet1 and Tet2 Promotes B Cell, but 
Not Myeloid Malignancies, in Mice. Cell Rep. 2015 Nov 
24;13:1692–704. 

29. Ko M, Huang Y, Jankowska AM, Pape UJ, Tahiliani M, 
Bandukwala HS, An J, Lamperti ED, Koh KP, Ganetzky R, 
Liu XS, Aravind L, Agarwal S, et al. Impaired hydroxylation 
of 5-methylcytosine in myeloid cancers with mutant TET2. 
Nature. 2010; 468:839–43. 

30. Ko M, An J, Rao A. DNA methylation and 
hydroxymethylation in hematologic differentiation and 
transformation. Curr Opin Cell Biol. 2015; 37:91–101.

31. Papaemmanuil E, Gerstung M, Malcovati L, Tauro S, 
Gundem G, Van Loo P, Yoon CJ, Ellis P, Wedge DC, 
Pellagatti A, Shlien A, Groves MJ, Forbes SA,  et al. 
Clinical and biological implications of driver mutations in 
myelodysplastic syndromes. Blood. 2013; 122:3616–27

32. Perez-Andreu V, Roberts KG, Harvey RC, 
Yang W, Cheng C, Pei D,  Xu H, Gastier-Foster 
JES, Lim JY, Chen IM, Fan Y, Devidas M, Borowitz MJ, 
et al. Inherited GATA3 variants are associated with Ph-like 
childhood acute lymphoblastic leukemia and risk of relapse. 
Nat Genet. 2013; 45:1494–8. 

33. Perez-Andreu V, Roberts KG, Xu H, Smith C, Zhang H, 
Yang W, Harvey RC, Payne-Turner D, Devidas M, 
Cheng IM, Carroll WL, Heerema NA, Carroll AJ, et al. A 
genome-wide association study of susceptibility to acute 
lymphoblastic leukemia in adolescents and young adults. 
Blood. 2015; 125:680–6. 

34. Song F, Amos CI, Lee JE, Lian CG, Fang S, Liu H, 
MacGregor S, Iles MM, Law MH, Lindeman NI, 
Montgomery GW, Duffy DL, Cust AE, et al. Identification 
of a melanoma susceptibility locus and somatic mutation in 
TET2. Carcinogenesis. 2014; 35:2097–101. 

35. Kutny MA, Alonzo TA, Gamazon ER, Gerbing RB, 
Geraghty D, Lange B, Heerema NA, Sung L, Aplenc R, 
Franklin J, Raimondi SC, Hirsch BA, Konkashbaev A, et al. 
Ethnic variation of TET2 SNP rs2454206 and association 
with clinical outcome in childhood AML: a report from the 
Children’s Oncology Group. Leukemia. 2015; 29:2424–6

36. Shen XH, Sun NN, Yin YF, Liu SF, Liu XL, Peng HL, 
Dai CW, Xu YX, Deng MY, Luo YY1, Zheng WL, 
Zhang GS. A TET2 rs3733609 C/T genotype is associated 
with predisposition to the myeloproliferative neoplasms 
harboring JAK2V617F and confers a proliferative potential 
on erythroid lineages. Oncotarget. 2016; 7:9550-60. 

37. Iwanaga M, Watanabe T, Utsunomiya A, Okayama A, 
Uchimaru K, Koh KR, Ogata M, Kikuchi H, Sagara Y, 
Uozumi K, Mochizuki M, Tsukasaki K, Saburi Y, et al. 
Human T-cell leukemia virus type I (HTLV-1) proviral load 
and disease progression in asymptomatic HTLV-1 carriers: 
a nationwide prospective study in Japan. Blood. 2010; 
116:1211–9.

38. Yashiki S, Fujiyoshi T, Arima N, Osame M, Yoshinaga M, 
Nagata Y, Tara M, Nomura K, Utsunomiya A, Hanada S, 
Tajima K, Sonoda S. HLA-A*26, HLA-B*4002, 
HLA-B*4006, and HLA-B*4801 alleles predispose to adult 
T cell leukemia: the limited recognition of HTLV type 1 tax 
peptide anchor motifs and epitopes to generate anti-HTLV 
type 1 tax CD8(+) cytotoxic T lymphocytes. AIDS Res 
Hum Retroviruses. 2001; 17:1047–61.

39. Chim CS, Wan TS, Fung TK, Wong KF. Methylation of 
TET2, CBL and CEBPA in Ph-negative myeloproliferative 
neoplasms. J Clin Pathol. 2010; 63:942–6. 


