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mechanisms by which BCL6 expression is upregulated in 
human AITL/PTCL, however, have not been elucidated. 
Here, we investigated the impact of TET2 mutations on 
methylation of BCL6 locus in human AITL/PTCL sam-
ples. Hypermethylation of the BCL6 locus was more fre-
quent in PTCL samples than B-cell lymphoma samples 
(PTCL vs B-cell lymphomas: 9/42 vs 0/35). PTCL samples 
with TET2 mutations were more frequently hypermethyl-
ated than those without TET2 mutations (PTCL with TET2 
mutations vs without mutations: 6/22 vs 0/17). BCL6 
expression in hypermethylated samples was higher than 
that in low methylated samples. Deregulated BCL6 expres-
sion caused by hypermethylation and TET2 mutations may 
result in skewed TFH differentiation and eventually con-
tribute to AITL/PTCL development in patients, as well as 
lymphoma development in Tet2 knockdown mice.

Keywords  Angioimmunoblastic T-cell lymphoma · BCL6 
expression · Follicular helper T cells · Hypermethylation · 
TET2 mutation

Introduction

Angioimmunoblastic T-cell lymphoma (AITL) is a dis-
tinct subtype of peripheral T-cell lymphoma (PTCL), hav-
ing specific clinical features, including generalized lym-
phadenopathy, high fever, skin rash, and autoimmune-like 
manifestations [1]. AITL tumor cells express proteins com-
monly found in follicular helper T cells (TFH cells) [1]. 
Among them, B-cell lymphoma protein 6 (BCL6) is of 
particular interest due to its role as a fate determinant of 
TFH cells [2, 3]. The mechanisms of BCL6 upregulation 
in AITL have not been clarified. Some peripheral T-cell 
lymphomas exhibit several features reminiscent of AITL, 

Abstract  BCL6, a master transcription factor for dif-
ferentiation of follicular helper T (TFH) cells, is highly 
expressed in angioimmunoblastic T-cell lymphoma (AITL) 
and peripheral T-cell lymphomas (PTCL) containing tumor 
cells with TFH features. TET2, encoding an epigenetic 
regulator, is frequently mutated in AITL/PTCL. We previ-
ously reported that Tet2 knockdown mice developed T-cell 
lymphomas with TFH features. Hypermethylation of the 
Bcl6 locus followed by BCL6 upregulation was thought to 
be the key event for lymphoma development in mice. The 
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having tumor cells with TFH features, i.e., BCL6 expres-
sion (nodal PTCL with TFH phenotype) [4–6].

We and others discovered specific genomic structures 
in AITL [7–9]. Loss-of-function mutations in Ten Eleven 
Translocation (TET2) was extremely frequent: 33–83% 
of AITL and 20–49% of PTCL-NOS. Mutations in ras 
homolog family member A (RHOA), isocitrate dehydroge-
nase 2 (IDH2), and DNA methyltransferase 3A (DNMT3A) 
were also found in 63–71, 20–45, and 26–33% of AITL 
and 17, 0, and 27% of PTCL-NOS, respectively [7–9].

TET2 gene encodes a methylcytosine dioxygenases, 
converting 5-methylcytosine (5mC) to 5-hydroxymethyl-
cytosine (5hmC), 5-formylcytosine (5fC), and 5-carboxyl-
cytosine (5caC) [10]. These modified cytosines regulate 
gene expression by mediating active and passive demeth-
ylation processes, and functioning as epigenetic marks 
[10]. Although impairment of catalytic activity by TET2 
mutations abrogates cytosine modification, it remains to 
be elucidated whether the methylation profiles are actu-
ally affected by TET2 mutations in human AITL samples. 
IDH2 mutants inhibit function of TET enzymes through 
production of hydroxyglutarate. IDH2-mutated PTCL 
samples were shown to display hypermethylation [11]. We 
previously reported that Tet2 knockdown mice developed 
T-cell lymphomas with TFH features, partially recapitu-
lating human AITL, at very long latencies [12]. Genome-
wide methylation analysis identified hypermethylation at 
intron 1 of Bcl6 locus, along with high expression of BCL6 
[12]. BCL6 expression was decreased as a consequence of 
demethylation process by treatment of a hypomethylating 
agent [12]. This study suggests that hypermethylation of 
Bcl6 may be a key event for development of T-cell lym-
phomas with TFH features in Tet2 knockdown mice.

Here, we clarify the methylation status of BCL6 locus in 
human AITL samples and the impact of TET2 mutations.

Methods

Patients and samples

Samples were obtained from 42 PTCL patients with AITL 
(n = 23) and PTCL-NOS (n = 19) (Supplemental Table 1), 
and 35 B-cell lymphoma patients with diffuse large B-cell 

lymphoma (DLBCL, n = 22) and follicular lymphoma (FL, 
n = 13) (Supplemental Table 2). These samples were used 
after approval by the local ethics committees in all the par-
ticipating institutes. Genomic DNA was extracted from 16 
fresh frozen samples using Puregene DNA blood kit (Qia-
gen) and 26 Periodate-Lysine-Paraformaldehyde (PLP)-
fixed frozen samples using FFPE tissue kit (Qiagen).

Bisulfite PCR

Extracted genomic DNA was subjected to bisulfite conver-
sion using an EpiTectPlus Bisulfite Kit (Qiagen) following 
the manufacturer’s instructions. PCR primers for CpG islands 
27 and 39 in BCL6 locus were designed by the Methyl Primer 
express software (Supplemental Table 3, Fig. 1). Three micro-
liters of DNA were used for polymerase chain reaction (PCR) 
under the following conditions: 94  °C for 1 min, 40 cycles 
of 94 °C for 30 s, 54 °C for 30 s, 72 °C for 1 min, and 72° 
for 2 min by ExTaq (Takara Bio) with each primer set. PCR 
amplicons were used for targeted methylation analysis.

Targeted methylation analysis

The libraries were made from bisulfite polymerase 
chain reaction (PCR) products using the Ion Plus Frag-
ment Library kit (Thermo Fisher scientific) as previously 
described [13]. Briefly, PCR amplicons were ligated to bar-
code adapters and P1 adapters, and then amplified. Quanti-
tation of the amplified libraries was performed by quantita-
tive PCR with the Ion Library Quantitation kit according 
to the manufacturer’s instruction (Thermo Fisher scien-
tific). The libraries were then subjected to high-throughput 
sequencing on Ion PGM according to the standard protocol 
for 300 base pair single-end reads (Thermo Fisher scien-
tific). Data were analyzed using Variant caller 3.4 (Thermo 
Fisher scientific). Hypermethylation was defined by the 
average methylation levels of 5.5% or higher.

Subcloning of PCR product

Bisulfite PCR products were subcloned using pGEM®-T 
easy vector system (Promega). Plasmid DNA was extracted 
from at least 12 colonies and subjected to direct sequencing 
on ABI 3130 (Thermo Fisher scientific).

27 39

Fig. 1   Genomic structure of the human BCL6 locus. Indicated are the two transcription start sites (arrows), the two CpG islands (27 and 39), 
and the exons (black rectangles)
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Immunohistochemical staining

Periodate-Lysine-Paraformaldehyde (PLP)-fixed frozen 
samples were cut in a cryostat at −22 °C into 5-μm sec-
tions and mounted on MICRO SLIDE GLASS (MATSU-
NAMI GLASS). Tissue sections were stained with mouse 
anti-human BCL6 (PG-Bbp 20010946, Dako) diluted 
1:75 and detected by Envison™+ Dual Link system-HRP 
(Dako). Then, tissue sections were counterstained with 
Hematoxylin (Mayer Hematoxylin, Muto Pure Chemical 
Co., Ltd) in 30  s at room temperature. After staining, tis-
sue sections were dehydrated with ethanol and enclosed 
using MOUNT-QUICK (DAIDO SANGYO). Images were 
obtained by OLYMPUS BX50 (OLYMPUS).

Statistical analysis

All data were analyzed using the SPSS software. Statisti-
cal significance was calculated using a Fisher’s exist test. p 
values <0.05 were considered statistically significant.

Results

Methylation of BCL6 locus in PTCL

To examine the methylation status of BCL6 locus in 
human AITL samples, methylation levels of BCL6 locus 
at the CpG islands 27 and 39 were determined by bisulfite 
sequencing followed by deep sequencing for 23 AITL 
and 19 PTCL-NOS samples. The methylation levels were 
higher than the cut-off value in 7 and 9 out of 42 samples 
at the CpG islands 27 and 39, respectively (Fig. 2; Supple-
mental Table  4, Supplemental Fig.  1). Methylation levels 
were not different between AITL and PTCL-NOS samples 
(AITL vs PTCL-NOS: CpG27, 5/23 vs 2/19, p =  0.428, 
CpG39, 7/23 vs 2/19, p =  0.149) (Supplemental Fig.  2). 
Hypermethylation of intron1 of BCL6 locus was previ-
ously reported in human B-cell lymphoma. In our cohort, 
the methylation levels were high only in 1 out of 34 B-cell 
lymphoma samples at the CpG island 27, while none of 
the B-cell lymphoma samples have hypermethylation at 

the CpG island 39 (Fig. 2; Supplemental Table 5). Hence, 
hypermethylation of BCL6 locus was more frequent in 
PTCL samples than B-cell lymphoma samples (PTCL 
vs B-cell lymphoma: CpG27, 7/42 vs 1/34, p  =  0.068; 
CpG39, 9/42 vs 0/35, p = 0.030).

Impact of TET2 mutations on methylation status 
of BCL6

We previously reported that CD4-positive splenic T cells 
of Tet2 knockdown mice exhibit hypermethylation of Bcl6 
locus [12]. To see the impact of TET2 mutations on BCL6 
locus, mutational status of TET2 was examined in 39 PTCL 
samples (23 AITL and 16 PTCL-NOS samples). Forty 
TET2 mutations were found in 22 out of 39 PTCL samples 
(AITL 30, PTCL-NOS 10, Supplemental Table  6. Twenty-
nine out of forty TET2 mutations were previously described 
[7]. Eleven TET2 mutations are in submission by Tran B. 
Nguyen, et al.). The methylation levels were high in 6 and 
8 out of 22 PTCL samples with TET2 mutations at the CpG 
islands 27 and 39, respectively. In contrast, the methylation 
levels were high in none and only 1 out of 17 PTCL sam-
ples without TET2 mutations at the CpG islands 27 and 39 
(Fig. 3). Thus, hypermethylation was more frequent in PTCL 
samples with TET2 mutations than those without TET2 
mutations (PTCL with TET2 mutations vs PTCL without 
TET2 mutations: CpG27, 6/22 vs 0/17, p = 0.027; CpG39, 
7/22 vs 1/17, p = 0.106). Among AITL, 5 out of 17 samples 
with TET2 mutations had hypermethylation, while none of 
the samples without TET2 mutations had hypermethylation 
(AITL with TET2 mutations vs AITL without TET2 muta-
tions: CpG27, 5/17 vs 0/6, p = 0.272; CpG39, 6/17 vs 1/6, 
p = 0.621, PTCL-NOS with TET2 mutations vs PTCL-NOS 
without TET2 mutations: CpG27, 1/5 vs 0/11, p =  0.217; 
CpG39, 1/5 vs 0/11, p = 0.217) (Supplemental Fig. 3).

Impact of IDH2 mutations on methylation status 
of BCL6

IDH2 mutations were reported to affect methylation status 
in human AITL samples [11]. Among 22 TET2-mutated 
PTCL samples, IDH2 mutations coexisted in five samples, 

Fig. 2   Methylation levels of 
BCL6 locus in PTCL samples 
and B-cell lymphoma samples. 
Comparison of methylation 
levels of BCL6 locus in PTCL 
samples and B-cell lymphoma 
samples. a CpG island 27, b 
CpG island 39
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while PTCL samples without TET2 mutations did not have 
IDH2 mutations (Supplemental Table 6). The methylation 
levels were high in one and two out of five PTCL samples 
with TET2 and IDH2 mutations at the CpG islands 27 and 
39. Meanwhile, the methylation levels were high in 4 out 
of 16 PTCL samples without IDH2 mutations at the CpG 
islands 27 and 39. Thus, IDH2 mutations did not have 
additional effect on BCL6 methylation status (PTCL with 
TET2 and IDH2 mutations vs PTCL with TET2 mutations 
and without IDH2 mutations: CpG27, 1/5 vs 4/16, p = 1; 
CpG39, 2/5 vs 4/16, p = 0.598) (Fig. 4).

Correlation between BCL6 expression and methylation 
status

BCL6 was highly expressed in mouse lymphoma sam-
ples with hypermethylation of BCL6 locus [12]. Thus, we 
examined the relationship between BCL6 expression and 
methylation status. All five PTCL samples with hypermeth-
ylation highly expressed BCL6 protein, while 6 out of 16 
PTCL samples without hypermethylation highly expressed 
BCL6 (PTCL with hypermethylation vs without hyper-
methylation, 5/5 vs 6/16, p = 0.045, Table 1).

Discussion

Here, we demonstrate that hypermethylation at intron1 of 
BCL6 is frequently observed in AITL and PTCL-NOS, 
especially when the samples have TET2 mutations. Fur-
thermore, BCL6 is highly expressed in hypermethylated 
samples.

Fig. 3   Methylation levels of 
BCL6 locus in PTCL samples 
with or without TET2 muta-
tions. Comparison of meth-
ylation levels of BCL6 locus in 
PTCL samples with or without 
TET2 mutations. a CpG island 
27, b CpG island 39
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Fig. 4   Methylation levels of 
BCL6 locus in PTCL samples 
with TET2 mutations with or 
without IDH2 mutations. Com-
parison of methylation levels of 
BCL6 locus in PTCL samples 
with TET2 mutations with or 
without IDH2 mutations. a CpG 
island 27, b CpG island 39
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Table 1   BCL6 expression levels and methylation levels (%) in PTCL 
samples

The list of BCL6 expression levels and methylation levels (%) in 
PTCL samples

−, negative (no evidence of positive cells); +, partially positive 
(5–20% positive cells)

++, positive (>20–40% positive cells); +++, highly positive (>40% 
positive cells)

Sample ID BCL6 expression CpG island 27 CpG island 39

PTCL59 ++ 2.0 2.2

PTCL60 − 1.8 1.8

PTCL61 − 1.7 2.0

PTCL63 ++ 6.4 16.6

PTCL67 ++ 1.7 1.6

PTCL74 − 1.4 1.5

PTCL75 +++ 2.0 1.6

PTCL77 ++ 9.8 17.9

PTCL78 +++ 1.0 1.2

PTCL80 + 2.6 2.2

PTCL121 ++ 57.0 75.6

PTCL122 + 1.8 3.5

PTCL123 ++ 2.0 2.5

PTCL127 − 1.7 1.8

PTCL129 + 1.0 1.3

PTCL131 − 2.1 3.2

PTCL136 +++ 7.8 29.7

PTCL138 +++ 1.1 1.0

PTCL142 +++ 27.0 50.8
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Some PTCL samples with TET2 mutations did not show 
hypermethylation. AITL and PTCL-NOS tumor tissues may 
contain not only tumor cells but also massive infiltration of 
inflammatory cells. Consequently, the methylation levels of 
tumor tissues may display lower than those of tumor cells. 
Allele frequencies of TET2 mutations are different among 
samples. Actually, the samples whose allele frequencies of 
TET2 mutations were low tended to have low methylation 
levels (data not shown). It would be a future study to exam-
ine the methylation levels in purified tumor cells.

BCL6 functions as a transcriptional repressor, composed 
of a BTB/POZ domain binding to repressor proteins and 
a zinc finger domain binding to DNA, respectively [14]. 
Physiologically, BCL6 has been well known to function as 
a key regulator for germinal center B cells [3, 14]. Recent 
studies highlight the functions of BCL6 in the develop-
ment and function of several subsets of T cells, including 
TFH cells [2, 3]. In parallel, BCL6 plays roles in transfor-
mation of these cells [3, 14]. The mechanisms of deregu-
lated BCL6 expression have extensively been studied in 
B-cell lymphoma [14]: chromosomal translocation between 
BCL6 and immunoglobulin heavy chain (IgH) or non-IgH 
loci results in upregulation of BCL6 expression under the 
regulatory regions of high transcriptional activity [15]. 
Gain of BCL6 locus is assumed to be involved in an early 
stage of tumor evolution by transient overexpression of 
BCL6 [16]. Somatic mutations targeting regulatory regions 
in exon-1 and intron-1 of BCL6 are also known to upregu-
late its expression [17]. In addition, it was first described 
in diffuse large B-cell lymphoma that hypermethylation of 
BCL6 intronic region leads to deregulated BCL6 expres-
sion through preventing engagement of enhancer-blocking 
transcription factor CTCF [18]. However, hypermethyla-
tion was quite rare in B-cell lymphomas in our study.

Deregulated BCL6 expression caused by hypermethyla-
tion as a consequence of TET2 impairment may result in 
skewed differentiation towards TFH cells. This may even-
tually contribute to human T-lymphomagenesis as were 
found in mouse lymphoma models.
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