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A B S T R A C T   

Lymphomas represent a heterogeneous group of cancers characterized by clonal lymphoproliferation. Over the 
past decades, frequent epigenetic dysregulations have been identified in hematologic malignancies including 
lymphomas. Many of these impairments occur in genes with established roles and well-known functions in the 
regulation and maintenance of the epigenome. In hematopoietic cells, these dysfunctions can result in abnormal 
DNA methylation, erroneous chromatin state and/or altered miRNA expression, affecting many different cellular 
functions. Nowadays, it is evident that epigenetic dysregulations in lymphoid neoplasms are mainly caused by 
genetic alterations in genes encoding for enzymes responsible for histone or chromatin modifications. We 
summarize herein the recent epigenetic modifiers findings in lymphomas. We focus also on the most commonly 
mutated epigenetic regulators and emphasize on actual epigenetic therapies.   

1. Introduction 

Lymphomas or lymphoid neoplasms are a heterogeneous group of 
cancers affecting the lymphatic system. They arise from a proliferation 
of B-cells, T-cells or cells of the innate lymphoid system (Natural killer 
(NK) cells, NK-like T-cells and γδ T-cells). The term lymphoma is most 
commonly used for mature or peripheral lymphoid cells neoplasms 
while precursor lymphoid neoplasms correspond to leukemia/lym-
phoma [1]. These lymphoproliferative disorders represent the fifth most 
common cancer worldwide. More than 100 different types of lym-
phomas exist, presenting different clinical characteristics and treatment 

procedures [1]. Lymphomas are broadly classified as Hodgkin’s lym-
phoma (HL) and non-Hodgkin’s lymphomas (NHLs). HL is a rare B-cell 
malignant neoplasm considered as one of the most curable cancers 
worldwide [2]. In adults, the most common NHLs are: diffuse large B- 
cell lymphoma (DLBCL), follicular lymphoma (FL), Burkitt lymphoma 
(BL), small lymphocytic lymphoma (SLL), peripheral T-cell lymphoma 
(PTCL) and anaplastic large-cell lymphoma (ALCL). For optimal man-
agement, it is important to correctly classify lymphomas according to 
the cell of origin and the tumor aggressiveness. Indeed, lymphomas’ 

nature and classification are used to guide therapeutic decisions. Hence, 
cytotoxic therapies are applied to treat aggressive high-grade 

Abbreviations: ABC-DLBCL, Activated B-cell like diffuse large B-cell lymphoma; AITL, Angioimmunoblastic T-cell lymphoma; ALCL, Anaplastic large-cell lym-
phoma; ATLL, Adult T-cell leukemia/lymphoma; C-ALCL, Cutaneous anaplastic large-cell lymphoma; BL, Burkitt lymphoma; CBCL, Cutaneous B-cell lymphoma; CLL, 
Chronic lymphocytic leukemia; CTCL, Cutaneous T-cell lymphoma; DLBCL, Diffuse large B-cell lymphoma; DNMT, DNA methyltransferase; DNMTi, DNA methyl-
transferase inhibitors; FL, Follicular lymphoma; GC-DLBCL, Germinal center B-cell like diffuse large B-cell lymphoma; HAT, Histone acetyltransferases; HDAC, 
Histone deacetylases; HDACi, HDAC inhibitors; HL, Hodgkin lymphoma; HMT, Histone methyltransferases; HMTi, Histone methyltransferases inhibitors; IDH, 
Isocitrate dehydrogenase; KAT, Lysine acetyltransferases; KDM, Lysine demethylases; MCL, Mantle cell Lymphoma; KMT, Lysine methyltransferases; MF, Mycosis 
fungoides; MFt, Mycosis fungoides tumor stage; NGS, Next-generation sequencing; NHLs, Non hodgkin lymphomas; PCLBCL-LT, Primary cutaneous diffuse large B- 
cell lymphoma- Leg type; PCFCL, Primary cutaneous follicle center lymphoma; PMBCL, Primary mediastinal B-cell lymphoma; PRC2, Polycomb repressive complex 2; 
PTCL, Peripheral T-cell lymphpma; SLL, Small lymphocytic lymphoma; SS, Sézary syndrome; TET, Ten-eleven translocation; tFL, Transformed follicular lymphoma. 
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lymphomas, while immunochemotherapies such as the anti-CD20 
combined to chemotherapy improved the treatment of B-cell lym-
phomas [3–5]. Targeted therapies against several cellular markers such 
as anti- CD30, CD52, CD158, CCR4 and BCL2 were developed and are 
currently used to treat lymphomas [6–11]. Recent achievements in the 
generation of CAR T-cells led to promising results in curing aggressive or 
refractory B/T-cell lymphomas [12]. However, there is a need for new 
combination therapies using cytotoxic agents, targeted therapies, im-
mune modulators or epigenetic modulators to define novel personalized 
therapies either as first line or second line treatments. 

In addition to the primary site, the cell of origin subtype and the 
differentiation stage, lymphomas’ classification also considers the 
presence of genetic abnormalities. Some types of NHLs are characterized 
by specific genetic abnormalities such as chromosomal translocation 
(for example t(8;14)(q24;q32) in BL and t(14;18)(q32;q21) in FL) or 
gene mutations (for example TP53 mutations or deletions in SLL). In 
parallel to genetic abnormalities, common epigenetic dysregulations are 
observed. They contribute either to tumor transformation; or appear 
initially in neoplasms lacking highly recurrent initiating genetic alter-
ations, like in most systemic peripheral T-cell lymphomas (PTCL) or 
cutaneous T-cell lymphoma (CTCL). This led to the expansion of 
epigenetic studies exploring the implication of new biomarkers [13]. 

The term “epigenetics” was coined by Conrad Hal Waddington in 
1942, in order to understand and describe cell differentiation [14]. 
Nowadays, epigenetics refers to gene expression changes that are not 
related to DNA sequence alterations but to the chemical compounds 
modifications as DNA methylation, histone modifications, and to non- 
coding RNAs expression such as microRNAs (miRNAs, miRs) [15]. 
Epigenetic modifications regulate broad DNA-based processes, as tran-
scription, DNA repair and replication. During gametogenesis, an epige-
netic reprogramming of the genome occurs. After zygote formation, 
paternal and maternal genomes undergo epigenetic changes that erase 
most of the parental epigenetics marks [16,17]. During early embryo-
genesis specific epigenetic marks happen and are maintained during the 
organism’s lifespan, thus mediating tissues’ functions by ensuring ge-
netic programming and cellular differentiation [18]. Changes in gene 
activities mediated by epigenetics were characterized over the years, 
and some epigenetic marks were reported as hallmarks of solid and 
hematologic malignancies including lymphomas. These hallmarks can 
be inherited, but interestingly many of them are reversible [19]. 

Over the years, the reversible status of epigenetic aberrations has led 
to the development of the promising field of epigenetic therapy [20]. 
Distinct patterns of DNA methylation, histone marks, miRNAs expres-
sion and recently long non-coding RNAs (lncRNAs) have been shown to 
be importantly involved in the maintenance of T-cells identity and the 
development of B-cells, suggesting that epigenetic modifications are a 

key mechanism in several types of lymphomas [21–24]. In this review, 
we highlight and focus on recent advances in our understanding of the 
most common epigenetic modifications and treatments in lymphomas. 

2. DNA methylation 

Cytosine methylation of mammalian genomic DNA, in the context of 
CpG islands, was the first epigenetic mark described in 1975. It is still 
considered as the most studied epigenetic modification of all time 
because it plays a major role in the control of gene expression in 
mammalian cells [25]. DNA methylation is associated with hetero-
chromatin formation and transcriptional repression such as genomic 
imprinting and chromosome X inactivation [26,27]. 

2.1. DNA methylation writers 

DNA MehylTransferases (DNMT), the enzymes that catalyze DNA 
methylation, are mainly classified into: DNMT1, DNMT3A and DNMT3B 
(Fig. 1) [28]. Each DNMT play a key role in the physiological hemato-
poiesis where DNA methylation is dynamically regulated (discussed in 
the following paragraphs) [29–32]. DNMT1 is called "maintenance 
DNMT" due to its role in methylating the unmethylated strand of newly 
generated hemimethylated DNA during cell division. DNMT3A and 
DNMT3B are called genome-wide "de novo DNMT" because they can 
methylate the unmethylated cytosines during embryogenesis. DNMT3A 
and DNMT3B are down-regulated in adult somatic cells, but are over-
expressed in diverse tumors [28,33–35]. In a wide variety of hemato-
logic malignancies including lymphomas, somatic mutations in the 
DNMT genes were identified [36]. 

2.1.1. DNMT1 
DNMT1 maintains 5mC status during cell proliferation. Indeed, when 

DNMT1 is non-functional, the hematopoiesis is suppressed and the 
lymphomagenesis is delayed. DNMT1 was reported to be implicated in 
the de novo methylation during tumorigenesis, playing a major role in 
the prevention and maintenance of the tumor phenotype in MYC- 
induced T-cell lymphomas [37]. In BL patients, DNTM1 is overexpressed 
emphasizing its pivotal role in BL pathogenesis beyond its role in normal 
B-cell differentiation [38–40], however some critiques could be 
addressed regarding the methods used in these articles especially in the 
choice of controls. 

2.1.2. DNMT3A 
Mutations in DNMT3A have been recurrently found in different he-

matopoietic diseases including T-cell lymphomas [25,41]. In T-cell 
neoplasms, a high frequency of bi-allelic mutations are observed, 

Fig. 1. Methylation (in blue) and demethy-
lation (in red) at the fifth position of cyto-
sine of CpG dinucleotides. DNMT3A and 
DNMT3B enzymes methylate the cytosine 
(5mC), and DNMT1 maintain the methyl-
ation during cell division. TET proteins 
promote demethylation by catalyzing the 
oxidation of 5mC into 5-hydroxymethylcyto-
sine (5hmC). IDH proteins promote Iso-
citrate transformation into α-ketoglutarate, 
which is essential for TET catalytic function. 
The final stage of the demethylation is 
mediated by the Thymine DNA Glycosylase 
(TDG), allowing excision and replacement 
with unmethylated cytosine. 
DNMT: DNA methyltransferases; IDH: Iso-
citrate dehydrogenase; TET: Ten-eleven 
translocation; 2-HG: 2-hydroxy-glutarate.   
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suggesting that a complete loss of DNMT3A is a critical event during the 
development of these neoplasms [25]. Hence, between 11 and 33% of 
angioimmunoblastic T-cell lymphoma (AITL) patients carry a DNMT3A 
loss-of-function mutation [42,43]. DNMT3A mutations co-occur with 
TET2 (Ten-Eleven Translocation 2) mutations at a high frequency (73%) 
especially in AITL and PTCL, suggesting an oncogenic cooperation be-
tween DNMT3A and TET2 mutations, involving cytosine methylation 
and demethylation processes [43]. In PTCL subtypes, such as AITL and 
follicular T-cell lymphoma, TET2 and DNMT3A mutations were 
observed first, in clonal hematopoiesis of indeterminate potential 
(CHIP) stage where a hematopoietic stem and progenitor cell (HSPC) 
acquire somatic mutations that confer a selective advantage, followed 
afterwards by either RhoA and/or IDH2 mutations (Fig. 2) [43–48]. 
DNMT3A mutations have also been observed in CTCL with a reduced or 
complete loss of expression in Sézary syndrome (SS), an aggressive 
subtype of CTCL [49,50]. 

2.1.3. DNMT3B 
DNMT3B is predominantly reported in BL. In nearly 86% of BL pa-

tients, DNMT3B is overexpressed. It contributes, with DNMT1, to the 
BL’s DNA methylation pattern [40]. While in BL, the overexpression of 
DNMT3B was proven to be a direct transcriptional target of the MYC 
oncoprotein and therefore considered as MYC-dependent, it was re-
ported in DLBCL as a prognostic factor associated with shortened sur-
vival and treatment resistance [51,52]. Additionally, an overexpression 
of all the DNMTs (DNMT3B, DNMT3A and DNMT1) was reported in BL. 

2.2. DNA methylation profiles 

In addition to somatic mutations in genes regulating the DNA 
methylation in lymphomas, different methylation profiles were 
described. Some of these latters were linked to disease severity [53]. 
Among tumor cells of the same tumor, "methylation heterogeneity" re-
fers to the differences in the methylation profiles and in the methylation 
levels. It increases with disease severity and it was shown to be associ-
ated with a poor outcome in FL, SLL and DLBCL [53–56]. Remarkably, at 
diagnosis the methylation heterogeneity can be used to distinguish good 
responders to treatment. Relapsed DLBCL patients showed therefore a 
higher degree of methylation heterogeneity at diagnosis compared to 
non-relapsed patients, suggesting a relapse-associated methylation 
signature in this lymphoma [54]. Interestingly, at relapse, the reduction 
of intra-tumor methylation heterogeneity evokes a clonal tumor cells 
selection, and sustains the idea that methylation heterogeneity is dy-
namic and can be used as a prognostic pre and post-treatment 
biomarker. Moreover, hypermethylation of SMAD1 (Small mothers 

against decapentaplegic homolog 1), a regulator of TGF-β, was found in 
chemoresistant DLBCL patients. The hypermethylation of SMAD1 was 
responsible for its silencing. SMAD1 reactivation and chemo-
sensitization were reestablished after exposure to a low dose of DNMT 
inhibitors, supporting the idea that in some lymphomas, more specif-
ically in DLBCL, DNA methylation can predict the response to treatment 
[57]. On the other hand, MGMT (O-6-Methylguanine-DNA Methyl-
transferase) promoter hypermethylation was reported to be associated 
with a significant increase in overall survival and progression-free sur-
vival in muti-treated DLBCL patients [58]. 

Global genomic methylation and gene specific methylation (or 
focalized methylation) were widely studied in lymphomas. For instance, 
in SLL, a disease similar to chronic lymphocytic leukemia (CLL) affecting 
lymph nodes, a global hypomethylation was described almost 30 years 
ago and was confirmed through the years [59,60]. In FL and DLBCL 
patients, a global genome hypomethylation with focalized hyper-
methylation of tumor suppressor genes (Fig. 3), such as KLF4 (Kruppel- 
like factor 4) or p16(INK4a) (Cyclin-dependent kinase inhibitor 2A) was 
described [61–66]. Similarly, in mantle cell lymphoma (MCL) several 
tumor suppressor genes including p15(INK4b) (Cyclin-dependent kinase 
inhibitor 4B), HOXD8 (Homeobox protein Hox-D8), MLF1 (Myeloid 
leukemia factor 1) and PCDH8 (Protocadherin-8), were reported to be 
hypermethylated and silenced [65]. In CTCL, malignant T cells present 
widespread promoter hypermethylation of tumor suppressor genes 
involved in cell cycle, DNA repair and apoptosis pathways, including 
BCL7a, PTPRG, and p73 [67]. Genome of SS cells is characterized by 
chromosomal instability with many numerical and structural chromo-
somal alterations due to extensive DNA hypomethylation [68,69]. In SS, 
126 hypermethylated gene promoters were identified including multiple 
established and potential tumor suppressors genes, such as the tumor 
suppressor GNMT (Glycine N-methyltransferase) and the regulator of 
hematopoietic stem cells proliferation G0S2 (G0/G1 switch gene 2) 
[69]. 

2.3. DNA methylation erasers 

The reversible status of DNA methylation or demethylation was 
identified after the discovery of the family of dioxygenases proteins TET 
(ten-eleven translocation). DNA demethylation is a dynamic process 
involving TET and IDH (isocitrate dehydrogenase) proteins. DNA 
demethylation plays important roles in the transcriptional activation of 
silenced genes (Fig. 1) [70–73]. Several studies showed that TET or IDH 
genes may be implicated in the tumorigenesis, since the inactivation of 
these latter can result in abnormal histone/DNA methylation patterns 
[74,75]. 

Fig. 2. Mutations in epigenetic regulators such as TET2/DNMT3A may cause aberrant differentiation and self-renewal in HPSC, leading to CHIP. At this oligoclonal 
hematopoiesis stage, additional mutations occur, such as mutations in IDH2 and/or RhoA, leading to lymphomagenesis. 
HSPC: Hematopoietic Stem and Progenitor Cell; CHIP: Clonal Hematopoiesis of Indeterminate Potential. 
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2.3.1. TET family members 
TET1, TET2 and TET3 have distinct expression patterns among 

different cell types [76]. Somatic mutations in these genes were reported 
in solid tumors, such as colorectal cancer, clear-cell renal cell carcinoma 
and metastatic castration-resistant prostate cancer [77–79]. While, 
TET1 and TET3 mutations are very rare in hematological malignancies 
[80], TET2 mutations were observed in a wide range of hematopoietic 
neoplasms including both myeloid and lymphoid malignancies [81–83]. 
Mutations in TET2 are mostly heterozygous and are either missense 
present in the C-terminal catalytic domain or nonsense/frameshift 
located in the N-terminal region leading thus to a premature truncation 
of the corresponding protein [84]. However, regardless their C-terminal 
or N-terminal position, these mutations have been associated with an 
advanced stage disease and a shorter progression-free survival in T-cell 
lymphoma [85]. The TET2 gene is among the most frequently mutated 
genes in the clonal hematopoiesis, but some studies showed that TET2 
mutations alone are not sufficient to induce a lymphoid transformation 
[86]. Additional supportive oncogenic events are essential to drive 
lymphomagenesis. Hence, mutations in JAK2, KRAS, NRAS, SRSF2, and 
in the epigenetic regulators EZH2 and DNMT3A have been found to 
coexist with TET2 mutations [87–89]. 

2.3.2. IDH2 
IDH2 mutations in AITL can indirectly inactivate the enzymatic ac-

tivity of TET, due to the conversion of α-ketoglutarate (α-KG) to the 
“oncometabolite” D-2-hydroxyglutarate (D2HG) [42,90]. Twenty to 
45% of AITL patients had a mutated IDH2. The mutation is almost 
exclusively present at the position p.R172 of the protein [42,91,92]. 
TET2 and IDH2 mutations are not mutually exclusive in PTCL including 
AITL [91,93]. It is suggested that IDH2R172 mutations participate to AITL 
pathogenesis displaying a unique gene expression profile in comparison 

to other PTCL-NOS (Not otherwise specified) subtypes [94]. Addition-
ally, AITL samples with IDH2 mutations displayed an important increase 
in H3K27me3 levels and DNA hypermethylation in gene promoters 
involved in T-cell receptor signaling and T-cell differentiation [94]. 
IDH2 mutations as a sole abnormality did not show any prognostic value 
in lymphomas [90]. 

2.4. DNA methylation conclusion 

Globally, mutations in genes responsible for DNA methylation and 
demethylation were reported in lymphomas leading to erroneous 
methylation patterns. These mutations can be commonly shared among 
different subtypes of lymphomas or specific to a unique subtype. Mu-
tations leading to an aberrant focalized DNA hypermethylation can 
silence tumor suppressor genes, and mutations leading to wide genomic 
DNA hypomethylation can cause genomic instability. A comprehensive 
evaluation of the therapeutic response to either chemotherapy or 
demethylating agents may help to predict which patients may respond 
to personalized therapies. 

3. Histone modifications 

The N-termini of the four core histones, H2A, H2B, H3 and H4, 
known as histone tails, extend out of the nucleosome and are susceptible 
to a range of post-translational modifications. The main modifications 
are methylation, acetylation, phosphorylation, glycosylation, ubiquiti-
nation and sumoylation (sumo: small ubiquitin-related modifier) 
[95–99]. These modifications do not only alter the overall compaction of 
chromatin but, also regulate genes expression in a highly coordinated 
manner. The histone tail modifications are controlled by specific en-
zymes that are reported to be implicated in hematological malignancies 
including lymphomas (discussed in the following paragraphs) [100]. 

3.1. Histone methylation 

Methylation on lysine (K) is associated with transcriptional activa-
tion or repression, depending on which residue is methylated and the 
degree of its methylation [101]. This mechanism is mediated by lysine 
methyltransferases (KMT or HMT) and lysine demethylases (KDM or 
HDM). Monomethylation of the histone H3 on lysine 4 (H3K4), on lysine 
36 (H3K36) and on lysine 79 (H3K79) is associated with transcriptional 
activation, while dimethylation and trimethylation of histone H3 on 
lysine 9 (H3K9me2, H3K9me3) and histone H3 on lysine 27 
(H3K27me2, H3K27me3) is associated with transcriptional repression 
(Fig. 4). 

3.1.1. Lysine methyltransferases 
KMT2 is a family of methyltransferases allowing H3K4 methylation 

and promoting transcription by inducing an open chromatin confor-
mation. Mutations in KMT2A (MLL1), KMT2B (MLL2), KMT2C (MLL3) 
and KMT2D (MLL2 or MLL4) were reported in hematopoietic neoplasms. 
Mutations in KMT2D were reported in 27% of Germinal Center (GC)- 
DLBCL and in 20% of Activated B-cell like (ABC)-DLBCL biopsies. 
KMT2D mutations generate a truncated protein lacking the entire C- 
terminal of conserved domains, and participate in malignant trans-
formation [102]. KMT2D is one of the most frequently mutated genes in 
FL (70% to 90%) and in DLBCL (30%) [102,103]. Mutations in KMT2D 
result in the loss of its enzymatic function leading to an impaired histone 
methyltransferase (HMT) activity. This facilitates lymphomagenesis by 
remodeling the epigenetic landscape of cancer precursor cells [104]. In 
FL, KMT2D mutation occurrence is an early oncogenic event underlying 
its role as a key player in the development of the "common progenitor 
cell" population [105–107]. Mutations involving the other KMT2 family 
members KMT2A, KMT2B and KMT2C are rare in lymphomas, with 
some missense mutations of unknown significance located outside their 
enzymatic domains [108]. 

Fig. 3. The dual role of DNA methylation in neoplastic transformation. Global 
DNA hypomethylation can lead to genomic instability, while focalized DNA 
hypermethylation can inactivate tumor-suppressor and DNA-repair genes. 
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3.1.2. EZH2 
EZH2 is the catalytic unit of PRC2 (Polycomb repressive complex 2), 

containing the SET (Su(var)3-9, Enhancer-of-zeste and Thritorax) 
domain which catalyzes the methylation of the H3K27 residue. EZH2 is 
the most frequently mutated PcG (Polycomb Group) member in hema-
tological malignancies [109]. It plays a dual role in hematological 
tumorigenesis. Indeed, EZH2 acts as an oncogene in Natural killer/T-cell 
(NKT) and B-cell lymphomas, while it acts as a tumor suppressor in T- 
cell acute lymphoblastic leukemia (T-ALL), myelodysplastic syndromes 
(MDS) and MDS/Myeloproliferative neoplasms (MPN) [110–113]. 
Morin et al. were the first to report mutations in this KMT leading to an 
increase of H3K27me3 levels in GC lymphomas [103,114]. EZH2 mu-
tations in FL cluster to 3 amino acid positions (Y641, A682 and A692) 
and are located within its catalytic domain SET [103,114–116]. EZH2 
mutations at tyrosine residue 641 (Y641) were found in ~20% of DLBCL 
patients, ~10% of BL patients and ~4% of primary mediastinal B-cell 
lymphoma (PMBCL) patients [117]. These gain-of-function mutations in 
EZH2 increase gene repression via H3K27 hypermethylation and result 
in repression of plasma cell differentiation signatures. Overexpression of 
EZH2 was also reported in NKT lymphoma and CLL/SLL [118,119]. 
Mutant EZH2 as a sole abnormality is not sufficient to induce lympho-
magenesis, but was shown to accelerate tumorigenesis driven by BCL2 
and MYC [120,121]. 

3.1.3. Lysine demethylases 
The roles of the KDMs in the course of some diseases remain largely 

unknown. However, mutations and deletions of KDMs were reported in 
lymphoid neoplasms. Approximately, 5% of DLBCL patients carry a 
mutated or deleted KDM2B, a gene with a H3K36 histone demethylase 
activity [102]. However, more information are needed regarding the 
function of KDM2B in cancers and whether its regulation is tumor and 
stage dependent [122] 

3.2. Histone acetylation 

Acetylation occurs on a lysine at different positions in the histone 
tail, leading to open chromatin structure and active transcription by 
allowing the binding of transcription factors. Acetylation of histone H3 
on lysine 9 (H3K9), lysine 14 (H3K14) and lysine 27 (H3K27) are among 
the most studied lysine acetylations. Lysine acetylation and deacetyla-
tion are controlled by histone lysine acetyltransferases (KAT or HAT) 
and histone deacetylases (HDAC), respectively. KAT includes CREBBP 
(CBP), EP300 (p300), KAT2B (PCAF), KAT5 (Tip60) and KAT6A (MOZ), 
while HDACs include HDAC1-11 and SIRT1-7 [123]. The 18 discovered 
HDACs are divided into four subclasses: I, II, III and IV. Class I (HDACs 1, 
2, 3 and 8) has an exclusive nuclear localization, class II (HDACs 4, 5, 6, 

7, 9 and 10) has a nuclear and cytoplasmic localization, class III includes 
SIRT family of proteins, and class IV (HDAC11) has an exclusive cyto-
plasmic localization [124,125]. The precise mechanism of HDACs in 
lymphomagenesis and especially in T-cell malignancies was investigated 
under the intervention of HDAC inhibitors, but it is still not fully 
elucidated. The oncogenic participation of some KATs and HDACs is 
discussed next. 

3.2.1. Histone acetyltransferases 
CREBBP (CBP) and EP300 (p300) are frequently mutated in B-cell 

lymphomas, mainly in DLBCL and FL. CREBBP mutations are found in 
40% of FL and 15~30% of DLBCL while EP300 mutations are found in 
around 5 to 10% of FL and DLBCL [108,115]. These alterations are 
usually monoallelic and lead to the inactivation of KAT coding domain, 
suggesting that KAT are haploinsufficient tumor suppressors in B-cell 
lymphomas. Also, the reduced KAT activity contributes to B-cell 
tumorigenesis [126,127]. CREBBP inactivating mutations exert pleio-
tropic effects on gene expression, probably mediated by defective BCL6 
and p53 activities through a reduced acetylation of these proteins 
(Fig. 5) and an impairment of plasma cell differentiation [126–129]. 
Deleterious CREBBP mutations (p.Q839* and p.S1207fs) were identified 
in CTCL and more specifically in SS [49]. CREBBP mutations were also 
found in 26% of patients with primary cutaneous diffuse large B-cell 
lymphoma-leg type (PCLBCL-LT) [130]. Germline mutations of 
CREBBP/EP300 are found in patients with Rubinstein-Taybi syndrome, 
that can contribute to the occurrence of some rare tumors including 
lymphomas in these patients [131]. Remarkably, CREBBP/ER300 defi-
ciency seems to exert a role predominantly in B-cell malignancies, while 
it is less frequent in solid tumors [132,133]. Recently, the CREBBP/ 
EP300 synthetic lethal interaction mechanism has been unveiled, paving 
the way to a potential targeting of CREBBP-mutated DLBCL/FL cells, 
using selective small inhibitors of CREBBP and EP300 [134]. 

3.2.2. Histone deacetylases 
Different HDACs were reported to play a role in the normal and 

aberrant differentiation of B and T-cells. HDAC-BCL6 complexes 
contribute to lymphomagenesis through deregulation of pathways 
involved in cell proliferation and survival [135]. In GC lymphomas, 
CREBBP mutations disable the acetylation process and result in an un-
opposed deacetylation by BCL6-SMRT-HDAC3 complexes of the “B-cell 
signaling” and “immune response” genes enhancers promoting lym-
phomagenesis [126]. HDAC7 was reported to have an anti-oncogenic 
effect and to be frequently under-expressed in B-cell malignancies 
including BL [136]. HDAC6 was differentially expressed in lymphomas, 
with a weak expression in B-cell lymphomas and an overexpression in T- 
cell lymphomas [137,138]. Additionally, HDAC6 inhibition showed 

Fig. 4. This Fig. shows the histone octamer (H2A, H2B, H3 and H4) with histone H3 acetylation (Ac) and methylation (Me) in lymphomas as well as the enzymes 
responsible for active (in blue) or inactive (in red) transcription. Histone acetylation is associated with active transcription, and is controlled by histone lysine 
acetyltransferases (KAT, or HAT) and histone deacetylases (HDAC). Histone methylation is associated with transcriptional activation or repression, depending on 
which residue is methylated and the degree of methylation. Histone methylation is controlled by histone lysine acetyltransferases (KMT, or HMT) and histone 
demethylase (KDM). 
DNMT: DNA methyltransferases; IDH: Isocitrate dehydrogenase; TET: Ten-eleven translocation. 
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evident antitumoral effect in MCL [139]. In DLBCL, the overexpressed 
HDAC1 was associated with a poor survival. To date, the available in-
formation showed that HDACs mutations and copy number alterations 
(CNAs) are not frequent in lymphomas. So far, HDAC1, HDAC4 and 
HDAC7 mutations or CNAs were reported in DLBCL patients 
[103,108,115,140]. 

3.3. Histone modifications conclusion 

To sum up, histone methylation and histone acetylation represent the 
most studied histone modifications in lymphomas. Mutations in genes 
regulating histone modifications were observed as well as an abnormal 
specific methylation or acetylation profiles. While the oncogenic role of 
some mutations was well demonstrated, only correlative data exist for 
other mutations, awaiting for functional research studies. Histone 
phosphorylation, glycosylation, ubiquitination and sumoylation remain 
not well explored in the field of tumorigenesis and precisely in lym-
phomageneis. So far, most of the studies were focused on the genes 
controlling the global histone modifications. Therefore, targeted studies 
focusing on specific genes expression that might be altered by histone 
modifications are needed to explain the dysregulations that are not 
caused by DNA mutations or methylation. 

4. MicroRNAs (miRNAs) 

The first discovery of miRNAs came in 1993 from two published 
papers describing a locus in Caenorhabditis elegans (C elegans) involved in 
the developmental timing of this species [141,142]. In 2001, Lee and 
Ambros identified further 15 C elegans miRNAs and used the miRNA 
term for the first time [143]. Since that time, more than 25,000 miRNAs 
have been identified in over 200 different species, including more than 
2,500 human miRNAs [144,145]. However, it is still debatable whether 
miRNAs regulation should be clearly classified among epigenetic regu-
lators or not. 

MiRNAs are small (21 to 25 nucleotides) non-coding RNAs, encoded 
by genes that are distributed throughout the entire genome. Many of 
them are located in non-coding regions; others are located within an 
intron or UTR (Untranslated region) of a coding gene [146]. MiRNAs 
regulate the post-transcriptional gene expression that is ensured by 
mRNA cleavage and degradation or translational repression. It is 

estimated that around two-third of human genes are directly regulated 
by miRNAs, suggesting that the latter are involved in most cellular 
processes [147]. Several recent studies showed that miRNAs are 
involved in normal and pathogenic hematopoiesis, including lympho-
magenesis [148–151]. They act as strong negative regulators of hema-
topoiesis by blocking important genes implicated in the final stages of 
cells differentiation [152]. In cancers, miRNAs can function as onco-
genes or tumor suppressors and they are named respectively onco-miRs 
and suppressor-miRs [153]. MiRNAs are considered as potential tumor 
biomarkers, as their expression levels can be used to classify tumors 
according to their diagnosis, subtypes and stages. But, so far no single 
miRNA identified can be used solely as a biomarker [154]. Deregulated 
miRNAs expression can be due to aberrant genomic gains or losses but 
alternatively to other epigenetic modifications such as DNA methylation 
(Fig. 6) [155–157]. MiR-124a was the first miRNA reported to be 
inactivated by DNA methylation [158]. 

4.1. Commonly deregulated MicroRNAs in lymphomas 

Over the years, many miRNAs expression profiles were reported in 
cancers and lymphomas but sometimes with a lack of reproducibility 
among studies. The most commonly dysregulated miR in lymphomas is 
the upregulated miR-155, also reported in all cancers [159–167]. The 
cluster miR-17~92 was upregulated in different lymphomas’ subtypes 
[161,163,168–171] while miR-150 was found downregulated 
[161,163,172–175]. Table 1 summarizes the upregulated and down-
regulated miRNAs in lymphomas, as well as their profiles and 
signatures. 

4.2. MicroRNAs in the subtypes of the same pathology 

MiRNAs can be differentially expressed among the different classi-
fications of the same pathology. For example, it has been reported that 
different subtypes of DLBCL, GC-DLBCL and ABC-DLBCL may be 
distinguishable by their miRNAs profiles, but others were not able to 
confirm these results. This might be explained by the different tech-
niques used and/or the interlaboratory low reproducibility in miRNAs 
quantification [168,176].While, ABC-DLBCL is associated with high 
expression of miR-21, miR-146a, miR-155, miR-221 and miR-363, GC- 
DLBCL express high levels of miR-17~92 cluster and miR-421 

Fig. 5. Monoallelic CREBBP (CBP) or EP300 (p300) mutations lead to the inactivation of KAT coding domain. Mutated CREBBP or EP300 result in reduced acet-
ylation of histone (H3) and non-histone proteins. And will participate in the lymphomagenesis by the activation of BCL6 and the repression of the tumor sup-
pressor p53. 
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[168,169,177]. Additionally in the t(14;18) negative subset of FL, the 
downregulation of miR-16, miR-26a, miR-101, miR-29c and miR-138 
was associated with changes in the expression of genes related to cell 
cycle, apoptosis and B-cell differentiation [178]. In the t(8;14) negative 
BL cases, miR-34b could be responsible for the overexpression of the 
MYC oncogene [179]. Furthermore, the differences between miRNAs 
profiles in ALK(+) and ALK(-) ALCL included an upregulation of miR- 
135b in ALK(+) ALCL cell lines and human samples, while the onco-
genic miR-155 showed a higher expression in ALK(-) ALCL 
[165,166,180]. 

4.3. MicroRNAs affecting the prognosis 

Correlative studies identified a great number of miRNAs that were 
found deregulated and implicated in the prognosis or the therapeutic 
response. Among them, miR-135a was the first miRNA reported to be 
associated with the survival outcome in HL disease through direct tar-
geting of JAK2. HL patients with low levels of miR-135a had a shorter 
disease-free survival compared to those with high levels of this miRNA 
[181]. In DLBCL, low expressions of the miR-27b and miR-34a were 
correlated to a poor prognosis, and miR-21 expression was proposed to 
be an independent prognostic factor in ABC and GC-DLBCL [182–185]. 
In FL, the downregulated miR-451 and the upregulated miR-338-5p may 
be used as biomarkers to predict the invasion of FL cells into the bone 
marrow [186]. After transformation of FL into a high-grade lymphoma, 
it is named transformed FL (tFL) [187,188]. In this transformation, two 
miRNAs were reported to be differentially expressed: miR-17-5p was 
found to be upregulated while miR-31 was downregulated [189]. In 
MCL, the downregulation of miR-223 and the upregulation of miR-20b 
and miR-18b correlated with more severe clinical features, while miR- 
15b was reported to be involved in the transformation to an aggres-
sive MCL [174,190–192]. In CTCL, the high levels of miR-155 and low 
levels of miR-200b may predict decreased overall survival [167]. 
Whereas, the deregulation of miR-106b-5p, miR-148a-3p and miR-338- 
3p predicted the disease progression in early stage Mycosis Fongoides 
(MF), a subtype of CTCL [193]. 

4.4. MicroRNAs conclusion 

Taken together, miRNAs profiling revealed numerous upregulated 
onco-miRNAs and downregulated suppressor-miRNAs. A low repro-
ducibility exists between single center studies presumably due to the use 
of different methodologies (Microarrays, PCR, RNA-Seq…), and the 
analysis of different tissues for the same subtype of lymphoma (cell lines, 
blood cells, serum, lymph nodes, fresh tumor biopsies or FFPE tissues). 

Therefore, multi-center studies focusing on miRNAs as biomarkers in the 
treatment of lymphomas might unveil promising information, as some 
miRNAs showed important correlations with drug resistance or 
sensitivity. 

5. Epigenetic therapies 

The first approved epigenetic drugs for clinical use were the in-
hibitors for DNMT in MDS and for HDAC in CTCL. Conversely, these 
drugs did not show any significant activity in solid tumors. Numerous 
new drugs targeting epigenetic modifications are presently under clin-
ical trials investigations for patients with hematological neoplasms 
including lymphomas. Here, we report previously approved epigenetic 
drugs and new promising drugs being tested (Table 2). 

5.1. DNA-methyltransferase inhibitors 

The first use of a DNA-methyltransferase inhibitors (DNMTi) goes 
back to the 1970s, when 5-azacytidine was used as a cytidine-analog- 
derived chemotherapeutic agent that was revealed to have pro-
nounced toxicity [194]. Years later, a revolutionary discovery was made 
when a low dose of 5-azacytidine was capable to reduce DNA methyl-
ation in cell culture and to induce severe phenotypic changes with less 
cytotoxic effects [195,196]. It was later shown that 5-azacytidine can be 
classified as an epigenetic drug that reduces global DNA methylation 
levels [195]. Since then, 5-azacytidine proved to be efficient particularly 
in patients with MDS. As a consequence, 5-azacytidine was the first 
epigenetic drug approved by the Food and Drug Administration (FDA) 
and used in cancer therapy [197,198]. 

On the molecular level, DNMTi incorporate into the DNA of prolif-
erative cells and target the DNMT1 leading to its proteasomal degra-
dation [199]. Therefore, the original methylation pattern is 
continuously lost during cell divisions. Increased evidences can explain 
the DNMTi anti-tumor effects: DNMTi can demethylate the promoters of 
aberrantly silenced tumor suppressor genes, initiating their reactivation 
[200]. DNMTi can also demethylate gene bodies, resulting in the 
downregulation of oncogenes [201], and DNMTi can activate the im-
mune system, either by the re-expression of dormant antigens or by the 
upregulation of endogenous retroviral transcripts [202,203]. 

On the clinical level, the efficacy of DNMTi (i.e. 5-azacytidine) in 
lymphoid neoplasms is less prominent than in MDS or acute myeloid 
leukemia (AML). While 5-azacytidine is still not approved for the 
treatment of AITL patients, a clinical trial reported prominent responses 
to 5-azacytidine not only in AITL patients with an associated myeloid 
neoplasm but also in 4 out of 7 AITL patients without a myeloid 

Fig. 6. This Fig. shows the different mechanisms that 
can regulate the maturation and the expression of 
miRNAs. Other than their own regulation and matu-
ration, upregulated or downregulated miRNAs can 
result from genetic alterations (copy number gains or 
losses, mutations or translocations), epigenetic mod-
ifications (DNA/histone methylation or histone acet-
ylation), transcription factors expression and even 
some other non-coding RNAs (ncRNAs) such as 
competing endogenous RNA (ceRNA).   
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Table 1 
Dysregulated miRNAs in lymphomas.  

Lymphomas Upregulated/ 
Downregulated 

Additional information MiRNAs (miRs) References 

HL  Upregulated  miR-155, miR-21, miR-24, miR-16, miR-17~92 cluster, miR-15b, miR- 
106a, miR-25, miR-93, miR-106b and miR-17-5p 

[161] 

miR-21-5p [232] 
miR-24-3p [233] 

Differently expressed  miR-135a [181] 
Downregulated  miR-150 and miR-17-3p [161] 

miR-124 [234] 
miR-34a and miR-203 [235] 

NHL ALCL Upregulated  miR-21, miR-27a and miR-135b [236] 
in ALK(+) ALCL miR-135b [180] 
in ALK(-) ALCL miR-155 [165,166] 

Downregulated  miR-342, miR-454 and miR-324 [236] 
in ALK(+) ALCL miR-16 [236] 

BL Upregulated  miR-19b-3p, miR-26a-5p, miR-30b-5p, miR-92a-5p and 
miR-27b-3p 

[237] 

miR-17~92 cluster, miR-196b and miR-219 [163] 
Downregulated  miR-23a, miR-29c, miR-140, miR-150, miR-155, miR-221 and miR-222 [163]  

miR-29 family (miR-29a, 29b and 29c) [40,173,238] 
miR-125b, miR-146a, miR-150 and miR-223 [173] 

in MYC translocation-positice BL miR-155 [173] 
in MYC translocation-negative BL mir-34b [179] 

CBCL Upregulated  miR-17~92 cluster [170] 
Downregulated in poor prognosis miR-150 and miR-155 [175] 

in PCFCL miR-9-5p, miR-31-5p, miR-129-2-3p and miR-214-3p [239] 
CTCL Upregulated  miR-155, miR-326, miR-663b and miR-711 [240] 

miR-130b, miR-142-3p [167] 
in CTCL of poor prognosis miR-155 [167] 
in MF miR-93-5p, miR-181a and miR-34a [241] 
in advanced MF miR-155, miR-146a, 146b-5p, miR-342-3p, let-7i, miR-17~92 cluster, 

106b~25 and 106a~363 clusters 
[171] 

in MFt miR-146a and miR-181a/b [231] 
in C-ALCL miR-155, miR-27b, miR-30c and miR-29b [242] 
in C-ALCL and MFt miR-155, miR-21 and miR-142-3p/5p [231] 
in SS miR-21, miR-214 and miR-486 [243] 

Differently expressed classifying patients into risk groups miR-106b-5p, miR-148a-3p and miR-338-3p [193] 
Downregulated  miR-200b, and miR-203 [167] 

in MFt miR-200ab/429 cluster, miR-10b, miR-193b and miR-23b/27b [231] 
in advanced MF miR-203 and miR-205 [171,240] 
in C-ALCL and MFt miR-141/200c [231] 

DLBCL Upregulated  miR-155 [162,244] 
miR-146a/b-5p [245] 
miR-21 [184] 
miR-34a-5p [246] 
miR-15a, 16, 17, 106, 21, 155 and miR-34a-5p [247] 
miR-18a, miR-15a, let-7c, and miR-24 [248] 

in advanced stage let-7b [248] 
in MYC rearranged DLBCL miR-27a and miR-24 [248] 
in ABC-DLBCL miR-21, miR-146a, miR-155, miR-221 and miR-363 [168,169,177] 
in GC-DLBCL miR-17~92 cluster and miR-421 [168,169,177] 
in treatment-unresponive tumors miR-21 and miR-197 [249] 
in treatment-responive tumors miR-19b, miR-20a and miR-451 [249] 
in chemoresistance miR-125b and miR-130a [250] 
in chemoresistance miR-125b-5p and miR-99a-5p [251] 

Downregulated  miR-34a [182] 
miR-27b [183] 
miR-323b-3p and miR-431-5p [246] 

FL Upregulated  miR-494 [252] 
miR-181 [247] 

predicting invasion into bone marrow miR-338-5p [186] 
in tranformed FL miR-17-5p [189] 

Downregulated in t(14;18) negative FL miR-16, miR-26a, miR-101, miR-29c and miR-138 [183] 
predicting invasion into bone marrow miR-451 [186] 
in tranformed FL miR-31 [189] 

MCL Upregulated  miR-106b, miR-93, miR-25, miR-124a, miR-155, miR-302c, miR-345, 
miR-373 and miR-210 

[174] 

in transformed MCL miR-15b [192] 
in MCL of poor prognosis miR-18b [191] 

Downregulated  miR-506 [253] 
miR-223 [190] 
miR-199a [254] 
miR-150 and miR-142-3p [174] 

in MCL of good prognosis miR-20b [174] 
NMZL Upregulated  miR-221, miR-223, and let-7f [252] 

Upregulated  miR-34b /miR-34c [255] 
(continued on next page) 
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association. This indicated that the effect of 5-azacytidine on AITL is not 
restricted to patients with associated myeloid neoplasm [204]. 
Currently, decitabine (5-aza-2’-deoxycytidine) is in phase 4 trial used as 
monotherapy in relapsed and refractory DLBCL (NCT03579082), and in 
relapsed or refractory T-lymphoblastic Lymphoma (NCT03558412). 
Decitabine is being investigated in few other trials whether alone or in 
combination with other drugs, as in a phase 2 trial in combination with 
SHR-1210 (PD-1 antibody) in relapsed or refractory HL 
(NCT03250962). The use of DNMTi as a monotherapy in lymphomas is 
still debatable, meanwhile several ongoing studies show that DNMTi in 
combination with standard chemotherapy could improve clinical 
response [205,206]. A new regimen called D-COP combining low dose 
decitabine with COP (Cyclophosphamide+Vindesine+Bonisone) is 
being tested as a treatment for relapsed and refractory DLBCL 
(NCT03494296). Another protocol is being tested in a phase 1/2 trial for 
relapsed or refractory PMBCL patients combining SHR-1210, GVD 
chemotherapy (Gemcitabine, Vinorelbine and Doxorubicine) and low 
dose decitabine (NCT03346642). Recently, new DNMTi with signifi-
cantly improved pharmacological properties were identified such as 
dicyanopyridine (DCP). These DNMTi are non-DNA-incorporating mol-
ecules generating extensive antitumor activity and more robust results 
in term of DNA methylation [207]. 

5.2. Histone methyltransferases inhibitors 

Among histone methyltransferases (HMT), EZH2 was considered as a 
promising therapeutic target. The interest in EZH2 as a target came from 
the identification of its activating mutations in FL and GC-DLBCL lead-
ing to an increased enzymatic activity. EZH2-PRC2 inhibitors were thus 
developed and showed encouraging results in clinical trials 
[117,208,209]. 

Tazemetostat (EPZ-6438, E7438), an orally administrated EZH2 in-
hibitor is showing very promising results in phase 1/2 clinical trial in 
advanced solid tumors, DLBCL, FL, tFL and PMBCL (NCT01897571). 
Data from this trial showed good clinical activity in FL and in DLBCL 
patients with both wild-type and mutated EZH2 [210]. A phase 2 trial is 
studying tazemetostat’s activity exclusively in mutated EZH2 patients 
with relapse or refractory B-cell lymphomas (NCT03456726). The “Epi- 
RCHOP” refers to the combination of tazemetostat and R-CHOP 
chemotherapy (Rituximab + Cyclophosphamide + Doxorubicin +
Vincristine + Bonisone) in phase 1/2 clinical trial in newly diagnosed 
DLBCL patients (NCT02889523). The “Epi-R-CHOP” trial was suspended 
following the development of a secondary T-cell lymphoma in one pe-
diatric case receiving tazemetostat in another study. Hence, the FDA put 
in 2018 a partial hold on the enrolment of trials investigating tazeme-
tostat. However, the hold was lifted allowing new enrollments to reopen, 
and a phase 2 “Epi-R-CHOP” trial is expected [211]. 

Recently, several novel EZH2 inhibitors molecules were developed 
and some of them are being tested in clinical trials. In phase 1 trials, two 
small molecules are being tested; CPI-1205 in patients with B-cell lym-
phomas (NCT02395601) and SHR2554 in patients with relapsed or re-
fractory mature lymphoid neoplasms (NCT03603951). Recently, a study 
was terminated in phase 1 clinical trial of GSK2816126 molecule 
showing modest anticancer activity at tolerable doses of this molecule in 
DLBCL, tFL, other NHLs and solid tumors (NCT02082977) [212]. More 
molecules are being tested clinically, such as PF-06821497 and MAK683 
in patients with FL and DLBCL (NCT03460977 and NCT02900651). 

5.3. Histone deacetylase inhibitors 

HDAC proved to interact, in the cytoplasm, with some proteins 
involved in carcinogenesis (such as p53) and showed to be involved in 
several cell functions such as cell cycle regulation, stress response, 
protein degradation, cytokine signaling and apoptosis [213–216]. Due 
to these findings, it was rational to consider HDAC as potential targets in 
the context of epigenetic therapies using HDAC inhibitors (HDACi). 

The failure of multi-agent chemotherapies in treating MFt and PTCL 
urged the search for novel therapeutical tools and strategies. This 
coincided with the discovery of first HDACi molecules: Vorinostat 
(Suberoylanilide hydroxamic acid, SAHA) and romidepsin. They rapidly 
emerged into clinical trials due to their anti-tumor activity and their 
efficacy in preclinical studies on T-cell lymphomas [217,218]. Vorino-
stat inhibits mainly HDAC class I and II, while romidepsin is specific to 
HDAC class I. Two clinical trials confirmed the safety and the clinical 
activity of vorinostat in the treatment of CTCL, leading to its approval in 
2006 for CTCL treatment [219–221]. This approval made vorinostat the 
second epigenetic drug to be approved for the treatment of a hemato-
logical malignancy [221]. Romidepsin’s efficacy was confirmed by two 
other clinical trials and resulted in FDA approval for the treatment of 

Table 1 (continued ) 
SLL/ 
CLL 

miR-92a [256] 
in patients who failed to achieve a 
complete response 

miR-155 [164,256] 

Downregulated  miR-15a /miR-16-1 [255,257] 
miR-129-2 [258] 
miR-9 family, mainly miR-9-3 [259] 
miR-181b [260] 
miR-150 [172,256]  

Table 2 
Epigenetic therapies in lymphomas.  

Drug/Agent Epigenetic 
effect 

Lymphoma Status 

Vorinostat HDACi CTCL Approved 
Romidepsin HDACi CTCL Approved 
Belinostat HDACi Relapsed/refractory PTCL Approved 
Decitabine DNMTi Relapsed/refractory DLBCL 

Relapsed/refractory T- 
lymphoblastic lymphoma 

Clinical 
trials 

Tazemetostat EZH2i (HMTi) DLBCL, FL, tFL and PMBCL Clinical 
trials 

CPI-1205 EZH2i (HMTi) B-cell lymphomas Clinical 
trials 

SHR2554 EZH2i (HMTi) Relapsed/refractory mature 
lymphoid neoplasms 

Clinical 
trials 

PF-06821497 EZH2i (HMTi) FL 
DLBCL 

Clinical 
trials 

MAK683 EZH2i (HMTi) DLBCL Clinical 
trials 

Entinostat HDACi ALCL 
AITL 

Clinical 
trials 

Panobinostat HDACi DLBCL 
CTCL 
MCL 
AITL 
PTCL 

Clinical 
trials 

Resminostat HDACi CTCL, MF, SS Clinical 
trials 

Abexinostat HDACi DLBCL 
FL 
MCL 

Clinical 
trials 

Mocetionostat HDACi DLBCL 
FL 

Clinical 
trials 

Cobomarsen miR-155 
inhibitor 

MF 
DLBCL 
ATLL 

Clinical 
trials  
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relapsed or refractory CTCL in 2011 [222]. In 2014, the HDACi beli-
nostat (PXD-101) was approved by the FDA for the treatment of patients 
with relapsed or refractory PTCL [223]. To date, the exact chromatin 
changes in CTCL patients treated with HDACi remain unknown. It has 
been shown that HDACi manipulate DNA accessibility in both CTCL and 
host CD4+ T cells, suggesting an impact on host immunity in patients 
[224]. 

Moreover, romidepsin and vorinostat are being further tested as 
monotherapy or in combination with other drugs in more than 50 and 70 
clinical trials, respectively. Other HDACi are being studied in several 
phase 1/2 trials for the treatment of B-cell or T-cell lymphomas, such as 
entinostat (MS-275), panobinostat (LBH589), resminostat (4SC-201), 
abexinostat (PCI24781), mocetionostat (MGCD0103) and others. Most 
of the HDACi failed to be efficient in DLBCL. In the light of these results, 
a genomic-based stratification approach in patients with B-cell lym-
phomas might be necessary prior to treatment. 

5.4. Targeting miRNAs 

As previously discussed, miR-155 is the most investigated miRNA in 
cancer. Several groups have hypothesized that miR-155 might be a 
therapeutic target in MF [225,226]. Consequently, Cobomarsen (MRG- 
106), a synthetic locked nucleic acid-modified oligonucleotide inhibitor 
of miR-155, was developed [227]. Recent studies demonstrated that 
Cobomarsen inhibits cell proliferation and induces apoptosis in MF and 
in human lymphotropic virus type 1 (HTLV-1+)-related CTCL [227]. 
Currently, it is being tested in three clinical trials in patients with MF, 
DLBCL, CLL or in adult T-cell leukemia/lymphoma (ATLL) 
(NCT02580552, NCT02580552, NCT03837457). 

6. Conclusion 

Among the epigenetic regulators identified so far, the vast majority 
have well-defined roles in normal lymphomagenesis, and their fine 
regulation is intimately involved in normal immune cells functions 
[228]. In lymphomas, epigenetic dysregulation correlated with disor-
dered lymphocyte functions [229], and different lymphomas’ specific 
epigenetic signatures were highlighted [148,167,168,230,231]. The 
epigenetic signature can define lymphomas’ molecular subtypes, and 
help to confirm the diagnosis or to predict the prognosis. 

Amid the broad types of epigenetic regulators, DNA methylation, 
remains the most studied epigenetic mark ever. However, during the last 
decade, researchers deployed efforts to focus on others epigenetic al-
terations such as histones modifications and miRNAs expressions. 
Notwithstanding the prompt growth of published data proposing miR-
NAs as biomarkers in lymphomas, we are still far from their clinical 
validation and implementation. Indeed, contradictory miRNAs bio-
markers signatures for the same pathology were reported, probably 
related to the lack of standard normalization approaches and to the 
abundance of single-center investigations. In order to establish accurate 
miRNAs signatures, it would be thus necessary to adopt multi-center 
studies together with standardized approaches. By following these 
methodological recommendations, pertinent epigenetic biomarkers 
with clinical relevance and potential therapeutic targets could be 
identified. 

7. Future considerations 

While targeting miRNAs remains more challenging at the clinical 
level, epigenetic therapy has already proven effective in the world of 
cancer including lymphomas. Practically, DNMTi, HMTi and HDACi are 
being used. Several drugs targeting epigenetic modifiers have demon-
strated evident activity with ongoing trials exploring new combinations 
among epigenetic drugs and chemotherapies or even immunotherapies. 
Regardless of the remarkable progress achieved in the field of cancer 
epigenetic therapies, further insights are needed into the biological 

consequences of epigenetic therapies as well as the identification of 
response mechanisms. This will improve our understandings in restoring 
the aberrant epigenome, in order to define personalized therapies. In 
conclusion, despite the new approved epigenetic treatments available 
nowadays, we are still in need of newer drugs and/or to define patients 
who will benefit from combination therapies, especially for those with 
aggressive lymphomas. Epigenetic modifications can alter the accessi-
bility of the transcription factors to their binding sites on the DNA 
sequence leading to an erroneous activation or silencing. The links be-
tween the transcription factors and the epigenetic modifications repre-
sent an exciting field to be investigated with attractive perspectives in 
the development of novel therapeutic approaches. 

8. Practice points  

• Frequent epigenetic dysregulations including DNA methylation, 
histone modifications and non-coding RNAs are reported in 
lymphomas.  

• Genetic alterations in the genes encoding for histone/chromatin 
modifiers are frequently responsible for the epigenetic alterations in 
lymphomas.  

• Epigenetic dysregulations can be specific to a certain subtype or 
commonly shared among different subtypes of lymphomas.  

• Epigenetic therapies such as DNMTi, HMTi and HDACi are used for 
the treatment of lymphomas. 

• New epigenetic therapies are currently being tested as mono-
therapies or in combination. 

9. Research agenda  

• Development of new epigenetic drugs especially for aggressive 
lymphomas.  

• Randomized clinical trials to evaluate new epigenetic drugs or new 
combinations with chemotherapies and/or immunotherapies. 

• Focalized studies on the interactions between the transcription fac-
tors and the epigenetic modifications. 
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[85] Lemonnier F, Couronné L, Parrens M, Jaïs J-P, Travert M, Lamant L, et al. 
Recurrent TET2 mutations in peripheral T-cell lymphomas correlate with TFH- 
like features and adverse clinical parameters. Blood 2012;120:1466–9. https:// 
doi.org/10.1182/blood-2012-02-408542. 

[86] Chiba S. Dysregulation of TET2 in hematologic malignancies. Int J Hematol 2017; 
105:17–22. https://doi.org/10.1007/s12185-016-2122-z. 

[87] Tefferi A. Mutations galore in myeloproliferative neoplasms: would the real 
Spartacus please stand up? Leukemia 2011;25:1059–63. https://doi.org/ 
10.1038/leu.2011.92. 

[88] Shih AH, Abdel-Wahab O, Patel JP, Levine RL. The role of mutations in epigenetic 
regulators in myeloid malignancies. Nat Rev Cancer 2012;12:599–612. https:// 
doi.org/10.1038/nrc3343. 

[89] Dominguez PM, Ghamlouch H, Rosikiewicz W, Kumar P, Béguelin W, Fontán L, 
et al. TET2 deficiency causes germinal center hyperplasia, impairs plasma cell 
differentiation, and promotes B-cell lymphomagenesis. Cancer Discov 2018;8: 
1632–53. https://doi.org/10.1158/2159-8290.CD-18-0657. 

[90] Cairns RA, Mak TW. Oncogenic isocitrate dehydrogenase mutations: mechanisms, 
models, and clinical opportunities. Cancer Discov 2013;3:730–41. https://doi. 
org/10.1158/2159-8290.CD-13-0083. 

[91] Sakata-Yanagimoto M, Enami T, Yoshida K, Shiraishi Y, Ishii R, Miyake Y, et al. 
Somatic RHOA mutation in angioimmunoblastic T cell lymphoma. Nat Genet 
2014;46:171–5. https://doi.org/10.1038/ng.2872. 

[92] Cairns RA, Iqbal J, Lemonnier F, Kucuk C, de Leval L, Jais J-P, et al. IDH2 
mutations are frequent in angioimmunoblastic T-cell lymphoma. Blood 2012;119: 
1901–3. https://doi.org/10.1182/blood-2011-11-391748. 

[93] Inoue S, Lemonnier F, Mak TW. Roles of IDH1/2 and TET2 mutations in myeloid 
disorders. Int J Hematol 2016;103:627–33. https://doi.org/10.1007/s12185- 
016-1973-7. 

[94] Wang C, McKeithan TW, Gong Q, Zhang W, Bouska A, Rosenwald A, et al. 
IDH2R172 mutations define a unique subgroup of patients with 
angioimmunoblastic T-cell lymphoma. Blood 2015;126:1741–52. https://doi. 
org/10.1182/blood-2015-05-644591. 

[95] Luger K, Richmond TJ. The histone tails of the nucleosome. Curr Opin Genet Dev 
1998;8:140–6. 

[96] Tessarz P, Kouzarides T. Histone core modifications regulating nucleosome 
structure and dynamics. Nat Rev Mol Cell Biol 2014;15:703–8. https://doi.org/ 
10.1038/nrm3890. 

[97] Sakabe K, Wang Z, Hart GW. Beta-N-acetylglucosamine (O-GlcNAc) is part of the 
histone code. Proc Natl Acad Sci U S A 2010;107:19915–20. https://doi.org/ 
10.1073/pnas.1009023107. 

[98] Weake VM, Workman JL. Histone ubiquitination: triggering gene activity. Mol 
Cell 2008;29:653–63. https://doi.org/10.1016/j.molcel.2008.02.014. 

[99] Shiio Y, Eisenman RN. Histone sumoylation is associated with transcriptional 
repression. Proc Natl Acad Sci U S A 2003;100:13225–30. https://doi.org/ 
10.1073/pnas.1735528100. 

[100] Prakash K, Fournier D. Evidence for the implication of the histone code in 
building the genome structure. Biosystems 2018;164:49–59. https://doi.org/ 
10.1016/j.biosystems.2017.11.005. 

[101] Zhang Y, Reinberg D. Transcription regulation by histone methylation: interplay 
between different covalent modifications of the core histone tails. Genes Dev 
2001;15:2343–60. https://doi.org/10.1101/gad.927301. 

[102] Pasqualucci L, Trifonov V, Fabbri G, Ma J, Rossi D, Chiarenza A, et al. Analysis of 
the coding genome of diffuse large B-cell lymphoma. Nat Genet 2011;43:830–7. 
https://doi.org/10.1038/ng.892. 

[103] Morin RD, Mendez-Lago M, Mungall AJ, Goya R, Mungall KL, Corbett RD, et al. 
Frequent mutation of histone-modifying genes in non-Hodgkin lymphoma. Nature 
2011;476:298–303. https://doi.org/10.1038/nature10351. 

[104] Zhang J, Dominguez-Sola D, Hussein S, Lee J-E, Holmes AB, Bansal M, et al. 
Disruption of KMT2D perturbs germinal center B cell development and promotes 
lymphomagenesis. Nat Med 2015;21:1190–8. https://doi.org/10.1038/nm.3940. 

[105] Green MR, Gentles AJ, Nair RV, Irish JM, Kihira S, Liu CL, et al. Hierarchy in 
somatic mutations arising during genomic evolution and progression of follicular 
lymphoma. Blood 2013;121:1604–11. https://doi.org/10.1182/blood-2012-09- 
457283. 

[106] Okosun J, Bödör C, Wang J, Araf S, Yang C-Y, Pan C, et al. Integrated genomic 
analysis identifies recurrent mutations and evolution patterns driving the 
initiation and progression of follicular lymphoma. Nat Genet 2014;46:176–81. 
https://doi.org/10.1038/ng.2856. 

[107] Pasqualucci L, Khiabanian H, Fangazio M, Vasishtha M, Messina M, Holmes AB, 
et al. Genetics of follicular lymphoma transformation. Cell Rep 2014;6:130–40. 
https://doi.org/10.1016/j.celrep.2013.12.027. 

[108] Schmitz R, Wright GW, Huang DW, Johnson CA, Phelan JD, Wang JQ, et al. 
Genetics and pathogenesis of diffuse large B-Cell lymphoma. N Engl J Med 2018; 
378:1396–407. https://doi.org/10.1056/NEJMoa1801445. 

[109] Woods BA, Levine RL. The role of mutations in epigenetic regulators in myeloid 
malignancies. Immunol Rev 2015;263:22–35. https://doi.org/10.1111/ 
imr.12246. 

A. Chebly et al.                                                                                                                                                                                                                                  

https://doi.org/10.1093/jnci/94.1.26
http://refhub.elsevier.com/S0268-960X(20)30132-6/rf0295
http://refhub.elsevier.com/S0268-960X(20)30132-6/rf0295
http://refhub.elsevier.com/S0268-960X(20)30132-6/rf0295
https://doi.org/10.1038/ng.2443
https://doi.org/10.1038/ng.2443
https://doi.org/10.1158/1078-0432.CCR-13-2175
https://doi.org/10.1158/1078-0432.CCR-13-2175
https://doi.org/10.1016/j.jmoldx.2014.03.003
https://doi.org/10.1038/ng.3413
https://doi.org/10.1016/j.leukres.2010.10.001
https://doi.org/10.1182/blood-2009-12-257485
https://doi.org/10.1182/blood-2009-12-257485
https://doi.org/10.1182/blood-2009-12-256446
https://doi.org/10.1200/JCO.2005.11.353
https://doi.org/10.1200/JCO.2005.11.353
https://doi.org/10.1158/0008-5472.CAN-07-6398
https://doi.org/10.1158/0008-5472.CAN-07-6398
https://doi.org/10.1016/j.jid.2016.03.042
https://doi.org/10.1126/science.1210944
https://doi.org/10.1126/science.1210597
https://doi.org/10.4161/cc.8.11.8580
https://doi.org/10.1038/cr.2011.23
https://doi.org/10.1158/1078-0432.CCR-12-1773
https://doi.org/10.1016/j.tig.2014.07.005
https://doi.org/10.1016/j.tig.2014.07.005
https://doi.org/10.1186/s13072-018-0228-7
https://doi.org/10.1186/s13072-018-0228-7
https://doi.org/10.1038/nature11282
https://doi.org/10.1038/nature11282
https://doi.org/10.1038/ng.2699
https://doi.org/10.1002/humu.22346
https://doi.org/10.1182/blood-2009-03-210039
https://doi.org/10.1182/blood-2009-03-210039
https://doi.org/10.1016/j.ccr.2011.06.003
https://doi.org/10.1111/cas.12484
https://doi.org/10.1111/cas.12484
https://doi.org/10.3324/haematol.2016.158428
https://doi.org/10.3324/haematol.2016.158428
https://doi.org/10.1016/j.molcel.2014.12.023
https://doi.org/10.1182/blood-2012-02-408542
https://doi.org/10.1182/blood-2012-02-408542
https://doi.org/10.1007/s12185-016-2122-z
https://doi.org/10.1038/leu.2011.92
https://doi.org/10.1038/leu.2011.92
https://doi.org/10.1038/nrc3343
https://doi.org/10.1038/nrc3343
https://doi.org/10.1158/2159-8290.CD-18-0657
https://doi.org/10.1158/2159-8290.CD-13-0083
https://doi.org/10.1158/2159-8290.CD-13-0083
https://doi.org/10.1038/ng.2872
https://doi.org/10.1182/blood-2011-11-391748
https://doi.org/10.1007/s12185-016-1973-7
https://doi.org/10.1007/s12185-016-1973-7
https://doi.org/10.1182/blood-2015-05-644591
https://doi.org/10.1182/blood-2015-05-644591
http://refhub.elsevier.com/S0268-960X(20)30132-6/rf0475
http://refhub.elsevier.com/S0268-960X(20)30132-6/rf0475
https://doi.org/10.1038/nrm3890
https://doi.org/10.1038/nrm3890
https://doi.org/10.1073/pnas.1009023107
https://doi.org/10.1073/pnas.1009023107
https://doi.org/10.1016/j.molcel.2008.02.014
https://doi.org/10.1073/pnas.1735528100
https://doi.org/10.1073/pnas.1735528100
https://doi.org/10.1016/j.biosystems.2017.11.005
https://doi.org/10.1016/j.biosystems.2017.11.005
https://doi.org/10.1101/gad.927301
https://doi.org/10.1038/ng.892
https://doi.org/10.1038/nature10351
https://doi.org/10.1038/nm.3940
https://doi.org/10.1182/blood-2012-09-457283
https://doi.org/10.1182/blood-2012-09-457283
https://doi.org/10.1038/ng.2856
https://doi.org/10.1016/j.celrep.2013.12.027
https://doi.org/10.1056/NEJMoa1801445
https://doi.org/10.1111/imr.12246
https://doi.org/10.1111/imr.12246


Blood Reviews xxx (xxxx) xxx

13

[110] Ntziachristos P, Tsirigos A, Van Vlierberghe P, Nedjic J, Trimarchi T, Flaherty MS, 
et al. Genetic inactivation of the polycomb repressive complex 2 in T cell acute 
lymphoblastic leukemia. Nat Med 2012;18:298–301. https://doi.org/10.1038/ 
nm.2651. 

[111] Zhang J, Ding L, Holmfeldt L, Wu G, Heatley SL, Payne-Turner D, et al. The 
genetic basis of early T-cell precursor acute lymphoblastic leukaemia. Nature 
2012;481:157–63. https://doi.org/10.1038/nature10725. 

[112] Ernst T, Chase AJ, Score J, Hidalgo-Curtis CE, Bryant C, Jones AV, et al. 
Inactivating mutations of the histone methyltransferase gene EZH2 in myeloid 
disorders. Nat Genet 2010;42:722–6. https://doi.org/10.1038/ng.621. 

[113] Nikoloski G, Langemeijer SMC, Kuiper RP, Knops R, Massop M, 
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[139] Pérez-Salvia M, Aldaba E, Vara Y, Fabre M, Ferrer C, Masdeu C, et al. In vitro and 
in vivo activity of a new small-molecule inhibitor of HDAC6 in mantle cell 
lymphoma. Haematologica 2018;103:e537–40. https://doi.org/10.3324/ 
haematol.2018.189241. 

[140] Wang P, Wang Z, Liu J. Role of HDACs in normal and malignant hematopoiesis. 
Mol Cancer 2020;19:5. https://doi.org/10.1186/s12943-019-1127-7. 

[141] Wightman B, Ha I, Ruvkun G. Posttranscriptional regulation of the heterochronic 
gene lin-14 by lin-4 mediates temporal pattern formation in C. elegans. Cell 1993; 
75:855–62. 

[142] Lee RC, Feinbaum RL, Ambros V. The C. elegans heterochronic gene lin-4 encodes 
small RNAs with antisense complementarity to lin-14. Cell 1993;75:843–54. 

[143] Lee RC, Ambros V. An extensive class of small RNAs in Caenorhabditis elegans. 
Science 2001;294:862–4. https://doi.org/10.1126/science.1065329. 

[144] Griffiths-Jones S, Grocock RJ, van Dongen S, Bateman A, Enright AJ. miRBase: 
microRNA sequences, targets and gene nomenclature. Nucleic Acids Res 2006;34: 
D140–4. https://doi.org/10.1093/nar/gkj112. 

[145] Kozomara A, Griffiths-Jones S. miRBase: annotating high confidence microRNAs 
using deep sequencing data. Nucleic Acids Res 2014;42:D68–73. https://doi.org/ 
10.1093/nar/gkt1181. 

[146] Rodriguez A, Griffiths-Jones S, Ashurst JL, Bradley A. Identification of 
mammalian microRNA host genes and transcription units. Genome Res 2004;14: 
1902–10. https://doi.org/10.1101/gr.2722704. 

[147] Friedman RC, Farh KK-H, Burge CB, Bartel DP. Most mammalian mRNAs are 
conserved targets of microRNAs. Genome Res 2009;19:92–105. doi:https://doi. 
org/10.1101/gr.082701.108. 
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ABSTRACT  48 

Cutaneous T-cell lymphomas (CTCL) are telomerase positive tumors expressing hTERT in which 49 

neither amplification nor promoter hotspot mutations could explain the hTERT re-expression. Since 50 

hTERT promoter is rich in CpG, we investigated the contribution of epigenetic mechanisms in its re-51 

expression. We analyzed hTERT promoter methylation status in CTCL cell lines, patient cells and 52 

healthy-donor’s cells. Gene-specific methylation analyses revealed a common methylation pattern 53 

exclusively in tumor cells, encompassing a hypermethylated distal region from -650bp to -150bp and 54 

a hypomethylated proximal region from -150bp to +150bp. Interestingly, the hypermethylated region 55 

matches with the recently described TERT Hypermethylated Oncogenic Region (THOR) reported to 56 

be associated with telomerase reactivation in many cancers, but so far not reported in lymphomas. 57 

Additionally, we assessed the effect on THOR of two histone deacetylase inhibitors (HDACi), 58 

romidepsin and vorinostat, both approved for CTCL treatment as well as a DNA methyltransferase 59 

inhibitor (DNMTi) 5-azacytidine, unapproved for CTCL. Overall, the findings reported here reveal a 60 

distinct methylation pattern of THOR in CTCL tumor cells and they suggest that THOR methylation 61 

is relatively stable even under epigenetic drugs' pressure.   62 



 

INTRODUCTION 63 

Cutaneous T-cell lymphomas (CTCL) encompass a heterogeneous group of rare T 64 

lymphoproliferative disorders, characterized by clonal proliferation of malignant T-cells involving 65 

the skin as a primary site. They include cutaneous anaplastic large cell lymphoma (C-ALCL), mycosis 66 

fungoïdes (MF) and Sézary syndrome (SS) (1). While most C-ALCL and MF have an indolent course, 67 

some MF may progress to a transformed tumor stage (T-MF) of poor prognosis. SS can be developed 68 

in a patient affected many years with MF, but it arises more frequently as erythroderma associated 69 

with a frank leukemic variant (2). Treatment of MF/SS can be very challenging especially in the 70 

aggressive forms of the disease. Several therapies are being used and the choice of the therapeutic 71 

agent is stage-dependent. It includes different drugs, such as: bexarotene, methotrexate, interferon-72 

alpha, histone deacetylases inhibitors (HDACi) or the recently introduced monoclonal antibodies such 73 

as mogamulizumab, brentuximab vedotin or IPH4102. While chemotherapies only allow short-lived 74 

responses, allogenic stem cell transplantation is the only curative option (3,4). 75 

In cancer cells, replicative immortality can be acquired due to telomerase reactivation driven 76 

by the acquisition of expression of the catalytic subunit of the human telomerase reverse transcriptase 77 

gene (hTERT) (5). The hTERT gene can be upregulated through genetic mechanisms including 78 

promoter’s mutations and less frequently gene amplifications or rearrangements (6) and through 79 

epigenetic mechanisms involving DNA methylation, histones modifications and non-coding RNAs 80 

effects (7–12). Recently, a 433-base pair sequence in hTERT promoter containing 52 CpG was 81 

reported hypermethylated in many cancers, but was not investigated in lymphomas (13). This region 82 

was named TERT Hypermethylated Oncogenic Region (THOR) and is known today to participate in 83 

telomerase activation when hypermethylated (13,14). Binding sites of three transcription factors are 84 

located in the THOR region: two transcriptional silencers WT1 (Wilms’ tumor 1) and MZF-2 85 

(myeloid zinc finger 2) and one transcriptional enhancer c-MYC that binds to an Enhancer box (Ebox) 86 

(15). 87 

In a previous work, our team reported that the telomerase is activated in CTCL with the 88 

absence of amplifications or rearrangements in the hTERT locus (16). In a complementary study we 89 

stated the absence of hTERT hot spot promoter mutations in these types of tumors (Ropio et al. In 90 



 

preparation). Since little is known about the mechanisms underlying changes during tumorigenesis 91 

(17) and since hTERT promoter epigenetic investigation was never reported in CTCL, we present 92 

herein a pioneer exploration of the epigenetic mechanisms that could contribute to hTERT re-93 

activation in CTCL. We evaluate THOR methylation status in CTCL cell lines and in SS patient-cells 94 

in comparison to healthy cells (CD34+ and CD4+lymphocytes). We explore THOR methylation 95 

under the pressure of a demethylating agent, unapproved for CTCL; and we describe the effect of 96 

clinically-approved HDAC inhibitors on THOR methylation status. 97 

 98 

MATERIALS AND METHODS 99 

Cell lines, SS patient-derived cells and cell culture 100 

Five CTCL cell lines were studied: Myla (T-MF) (kindly provided by Dr K. Kaltoft, 101 

Denmark), HuT78 (SS) (ATCC, France), Mac1, Mac2A and Mac2B (C-ALCL) (DSMZ, Germany). 102 

Cells were cultured in RPMI 1640 medium (Gibco, USA) supplemented with 10% of fetal bovine 103 

serum (Eurobio, France) and 100U/mL of penicillin and streptomycin (Gibco). Four SS patient-104 

derived cells (PDC) obtained from four SS patients (patients 1 to 4) were also investigated. They were 105 

cultured as previously described (18). All cell cultures were incubated at 37°C in a humidified 106 

incubator with 5% CO2. 107 

 108 

SS patients and tumor cells isolation 109 

Ten SS patients, 8 females and 2 males, with a median age of 69.5 years (range 52-93) were 110 

recruited to this study. The diagnosis was established in accordance with the criteria of the WHO-111 

EORTC (World Health Organization and the European Organization for Research and Treatment of 112 

Cancer) (1). All of them presented a B2 stage, eight a T4 stage, one a T3 stage and one a T2b stage. 113 

PDC were obtained from Patients 1 to 4 as mentioned above and fresh SS cells from patients 5 to 10. 114 

SS patients were blindly investigated by researchers who were not aware of the clinical management 115 

or the prescribed treatment for these patients. Peripheral blood mononuclear cells (PBMC) were 116 

isolated using Pancoll (Pan Biotech, Germany). Clonal TCRvβ was determined using IOTest® Beta 117 

Mark TCRVβ Repertoire Kit (Beckman Coulter, France). Cells were sorted manually according to 118 



 

the TCRvβ result or by using a BD FACSAriaTM II cell sorter (BD Biosciences, France). This study 119 

was carried out in accordance with the standards set by the Declaration of Helsinki. 120 

 121 

Controls and healthy donors 122 

Seven healthy age-matched donors were recruited from the Etablissement Français du Sang 123 

(EFS) in Bordeaux (DC 2015 2412-18PLER012). PBMC were isolated from peripheral blood 124 

samples, using Pancoll (Pan Biotech, Germany). CD4+ cells were manually sorted using CD4 125 

Microbeads human kit (Miltenyi Biotec, Germany), and separated into two pools: A (3 donors) and 126 

B (4 donors). Progenitor/stem cells CD34+ were collected from 20 healthy donors at the EFS and 127 

pooled together. 128 

 129 

Chemicals  130 

Drugs included in this study were two HDACi used to treat CTCL: romidepsin and vorinostat 131 

(Euromedex, France). Based on previous reports (19,20), 1x106 SS PDC (1, 2, 3 and 4) were exposed 132 

to romidepsin (10nM) or vorinostat (3µM) for 48h. For the demethylating agent, Hut78 cell line and 133 

SS PDC (2 and 3) were exposed to 3nM, 1.7nM and 2.3nM of 5-azacytidine, respectively, for 72h. 5-134 

azacytidine is a DNA methyltransferase inhibitor (DNMTi), not approved for CTCL treatment.  135 

 136 

DNA/RNA isolation and cDNA synthesis 137 

Genomic DNA was extracted using Quick-DNA Microprep kit (ZYMO Research, USA). 138 

Total RNA was isolated using the Direct-zol™ RNA MiniPrep kit (ZYMO Research). DNA and RNA 139 

concentrations were measured using the Nanodrop ND-1000 spectrophotometer. cDNA was 140 

synthetized from 100ng of RNA using the SuperScript II reverse transcriptase kit (Invitrogen, France). 141 

 142 

Locus-specific bisulfite sequencing 143 

Genomic DNA was bisulfite converted using the EZ-DNA Methylation kit (ZYMO Research). The 144 

region from -650bp to +150bp relative to the transcription start site (TSS) of hTERT was amplified 145 

by PCR using GO-Taq-G2-Hotstart (Promega, USA). Primers were bisulfite-specific and completely 146 



 

devoid of CpG sites as previously described (7,11). Forward and reverse primers sequences as well 147 

as PCR conditions are listed in supplementary table 1. Amplicon lengths were verified and PCR 148 

products were purified using Macherey-Nagel extraction kit. Purified amplicons were cloned into the 149 

p-GEMT easy vector system I (Promega) and then Competent E. coli (Promega) were transformed 150 

using the ligation product. Bacterial suspensions were enriched in SOC medium (New England 151 

Biolabs, USA). Colonies were grown overnight on LB (Luria-Bertani)-Agar containing 32μg/ml 152 

Xgal, 120μg/ml IPTG and 100μg/ml Ampicillin. After white colonies selection and checking the 153 

DNA insertion by PCR, colonies were incubated overnight for enrichment in LB medium with 154 

100μg/ml Ampicillin at 37°C under agitation. Plasmid DNA was isolated using Nucleospin plasmid 155 

kit (Macherey Nagel, Germany). Each sample was performed in duplicate. Ten to 30 clones were 156 

extracted and sequenced. DNA sequences were analyzed using ChromasPro software (Technelysium, 157 

Australia) and bisulfite images were obtained using QUMA (Riken, Japan, http://quma.cdb.riken.jp) 158 

(21).  159 

 160 

hTERT and WT1 expression analysis by quantitative real-time PCR (qRT-PCR)  161 

cDNAs were amplified by qRT-PCR using TakyonTM No Rox SYBR® MasterMix dttP Blue 162 

(Eurogentec, France) and the following primer sets: hTERT gene, forward primer: 5'-163 

GCATTGGAATCAGACAGCAC-3', and reverse primer: 5'-CCACGACGTAGTCCATGTTC-3', 164 

housekeeping gene TBP: forward primer: 5'-CACGAACCACGGCACTGATT-3', and reverse 165 

primer: 5'-TTTTCTTGCTGCCAGTCTGGA-3'. For Wilms' Tumor 1 (WT1) gene, qRT-PCR was 166 

performed using WT1 PrimePCR™ SYBR® Green Assay (Biorad, USA) according to the 167 

manufacturer’s instructions. qRT-PCR analyses were run on a Stratagene Mx3005P system (Agilent 168 

Technologies, USA). Each sample was performed in triplicate and the mean value was calculated. 169 

Values are expressed in arbitrary units (A.U.). 170 

 171 

Luciferase assay 172 

Luciferase assays were performed as previously described by Gazon et al. (22). Briefly, 293T 173 

cell line was used to set up the protocol, then HuT78 and MyLa cells were transfected with a plasmid 174 



 

DNA mixture containing 100 ng/µl of pGL3-hTERT-378-Luc reporter plasmid (23), 100 ng/µl of 175 

pActin-βgal and the indicated amount of pAD/WT1-IRES-nAMcyan (Gift from Edward McCabe, 176 

Addgene #29756). HuT78 and MyLa were electroporated using Gene Pulser Xcell Electroporation 177 

Systems (Biorad). Forty-eight hours post-transfection, cells were washed with cold PBS and then 178 

lysed in 1x passive lysis buffer (Promega). Luciferase and β-galactosidase assays were both 179 

performed in a Spark 10M multiplate reader (Tecan, Switzerland) with Genofax A, Genofax B kit 180 

(Yelen, France) and Galacto-Star kit (Life Technologies, USA), respectively, as described by the 181 

manufacturer. Each experiment was performed in triplicate and Luciferase activities were normalized 182 

for transfection efficiency based on β-galactosidase. 183 

 184 

WT1 ChIP-qPCR assay 185 

WT1 ChIP-qPCR assays were performed by Active Motif (USA). Briefly, WT1 ChIP-qPCR 186 

assay was performed using 30 μg of chromatin obtained from cultured cells (HuT78, SS PDC 1, 2 187 

and 3) or primary human T lymphocytes (Healthy CD4+ cells) and 8 μg of WT1 antibody sc-192 188 

(Santa Cruz Biotechnology, USA). qPCRs were performed using primer pairs (Supplementary table 189 

2) designed for the region of interest (hTERT -323) and for 2 positive controls (TAL1-2k and hTERT-190 

709). A negative control was also used, consisting of a primer pair that amplifies a region in a gene 191 

desert on chromosome 12 (Untr12). Data were normalized to the genomic DNA for the particular cell 192 

type.  193 

 194 

Telomerase activity by TRAP assay 195 

Telomerase activity was assessed in CTCL cell lines and SS PDC (1, 2, 3 and 4) using the 196 

TRAP assay (TRAPeze telomerase detection kit; S7700, Millipore). Protein extracts were used to 197 

extend a synthetic telomeric DNA by PCR amplification (1 cycle of 30°C for 30 min, followed by a 198 

telomeric PCR amplification: 95°C for 3 min, 2 cycles of 95°C for 20 sec and 49°C for 20 sec, 199 

followed by 30 cycles of 95°C for 20 sec and 60°C for 20 sec with signal acquisition) on a Stratagene 200 

Mx3005P system (Agilent Technologies). Each sample was run in duplicate with a control DNA. 201 

 202 



 

Statistical analysis  203 

 General statistical analyses were performed using the Mann Whitney test (GraphPad 204 

Prism, version 5). P values of less than 0.05 were considered statistically significant. 205 

 206 

RESULTS 207 

CTCL cell lines and SS patients’ tumor cells express hTERT 208 

Healthy controls CD4+ and CD34+ showed hTERT expression of 0.47 and 0.95 A.U. 209 

respectively (figure 1). Compared to healthy controls, CTCL cell lines expressed the highest hTERT 210 

levels (ranging from 2.7 to 8.2 A.U.) (figure 1). In SS PDC hTERT was expressed. While PDC 3 211 

showed hTERT expression level similar to cell lines (6 A.U), PDC 1, 2 and 4 showed hTERT 212 

expression levels in the same ranges of those of healthy controls 0.60, 0.88 and 0.50 A.U., respectively 213 

(figure 1). In SS patients’ fresh cells, hTERT was expressed at lower levels (0.07 to 0.12) than healthy 214 

controls (0.47 and 0.95), except for patient 10 with 0.60 A.U. (figure 1). Also, we found that hTERT 215 

expression correlated with telomerase activity in CTCL cell lines and in SS PDC with an R2 equal to 216 

0.7502 (Supplementary figure 1).  217 

 218 

THOR is methylated in CTCL cell lines and SS PDC 219 

A common hTERT promoter methylation pattern in CTCL cell lines and in SS PDC was 220 

revealed by locus-specific bisulfite sequencing (figure 2). This pattern comprises a hypermethylated 221 

distal region between -650bp and -150bp from the TSS; as well as a hypomethylated proximal region 222 

between -150bp and +150bp including the TSS and the ATG start codon. The hypermethylated region 223 

in CTCL cell lines corresponds to the recently identified region known as THOR (figure 2A). Among 224 

CTCL cell lines (figures 2B-F), HuT78 presented the highest levels of THOR methylation with an 225 

average of 87% (figure 2C), followed by MyLa with 83% (figure 2B) and Mac1 with 64% (figure 226 

2D). Mac2A (figure 2E) and Mac2B (figure 2F), compared to Mac1, showed lower THOR 227 

hypermethylation levels with an average of 49% and 45%, respectively. As in cell lines, SS PDC 1, 228 

2, 3 and 4, presented hypermethylated THOR levels: 73%, 67%, 50% and 53%, respectively (figures 229 

2G-J). On the contrary, THOR was hypomethylated in both healthy pools CD4+ (figures 2K and 2L) 230 



 

and CD34+ (figures 2M and 2N), 11% and 7.5% respectively. Moreover, compared to healthy cells, 231 

the THOR methylation level was significantly increased in all CTCL cell lines and in the studied SS 232 

PDC (P < 0.0001).  233 

 234 

THOR hypermethylation is a specificity of tumor cells 235 

In order to strengthen our findings regarding THOR methylation profiles in cultured CTCL 236 

cells, we studied the methylation status of hTERT promoter in fresh patient cells. For each patient, 237 

tumor cells (clonal TCRvβ positive cells) and normal cells used as individual controls (TCRvβ 238 

negative cells) were sorted and analyzed. Strikingly, THOR methylation levels were prevalently 239 

observed higher in tumor cells than in normal cells. A significant difference (P<0.0001) was observed 240 

in patients 5 (figure 3A), 6 (figure 3B), 7 (figure 3C), and 9 (figure 3E), with an average methylation 241 

level of 46%, 35%, 42% and 56% respectively in tumor cells, and 4%, 10%, 5% and 13% respectively 242 

in normal cells. A significant difference was also found in patients 8 (figure 3D) and 10 (figure 3F) 243 

(P=0.0455 and P=0.0079, respectively) with lower THOR methylation levels in tumor cells (15% and 244 

22.9%, respectively for tumor cells; and 6.5% and 11.5% respectively for normal cell). Figure 3G 245 

summarizes THOR methylation levels in the aforementioned six SS patients. In all healthy cells 246 

explored (CD4+, CD34+ and SS patients’ normal cells), THOR was hypomethylated with a 247 

methylation level ranging from 4 to 13% (figure 4). In our study, a cut-off value of 15% was used for 248 

SS patients which is quite similar to that of 16.1% used by Lee et al. (13).  249 

 250 

WT1 overexpression reduces hTERT activation  251 

Regarding the transcription factors’ binding sites on THOR, while the MZF-2 binding sites 252 

were hypermethylated in all tumor samples and the Ebox site was hypomethylated in almost all tumor 253 

samples (87%, 13/15 cell lines and patients); WT1 binding site presented different methylation levels 254 

between tumor samples (cell lines and patients). For this reason, we focused on WT1 and we assessed 255 

by qRT-PCR, the expression levels of WT1 in SS cells (Hut78 cell line and SS PDC). Interestingly, 256 

HuT78 and SS PDC 1, 2 and 3 expressed WT1 mRNA (supplementary figure 3A). WT1 protein 257 

expression was verified by Western blot analysis (supplementary figure 3B). Next, we evaluated the 258 



 

effect of WT1 overexpression on hTERT promoter in two aggressive MF/SS cell lines: MyLa and 259 

HuT78. We noticed in these latter that WT1 overexpression reduced significantly the hTERT 260 

activation in a dose-dependent manner (figure 5A): in MyLa: P<0.0001 with 10 and 20 μg of WT1 261 

while in HuT78: P = 0.0051 and 0.0026 with 10 and 20 μg of WT1, respectively. 262 

 263 

WT1 binding on hTERT promoter 264 

The obtained results pertaining to the WT1 overexpression and its impact on hTERT 265 

expression, urge us to evaluate the physical interaction between WT1 and hTERT promoter using a 266 

ChIP-qPCR approach. Since this assay requires important amounts of cells to be analyzed, SS PDC 267 

1, 2 and 3 were selected because these patients were epigenetic therapy free; and HuT78 was selected 268 

since it was the only SS cell line in this study. WT1 ChIP-qPCR results showed faint WT1 binding 269 

signals at hTERT -323 (a region of hTERT promoter located around -323bp from TSS) in HuT78 cell 270 

line and in all SS PDC studied (figure 5B). The pool of normal CD4+ cells, used as a normal control, 271 

also showed a faint binding of WT1 to the hTERT promoter region targeted in our study. In all cells 272 

investigated, no binding events were detected with the negative control primers (Untr12). 273 

Contrastingly, significant signals for WT1 binding were observed with the positive control primer 274 

pair TAL1 (-2k) in all SS PDC analyzed, showing an enrichment over background between 11 and 275 

19-fold whereas no signals were detected in the HuT78 cell line. In addition, the normal CD4+ 276 

control, HuT78 cell line and PDC (1, 2 and 3), did not present WT1 binding signals with the additional 277 

positive control hTERT -709. 278 

 279 

THOR hypermethylation is insensitive to HDACi 280 

Since two HDACi (romidepsin and vorinostat) are approved for CTCL treatment, without 281 

clear molecular investigations, we studied the effect of these two drugs focusing on hTERT expression 282 

in SS cells. hTERT expression decreased significantly (P<0.001) in SS PDC 1, 2 and 3 after 283 

romidepsin and vorinostat treatments (figure 6A). Surprisingly, in patient 4, hTERT expression was 284 

not altered the same way as in the other patients. In fact, hTERT expression increased slightly with 285 

romidepsin treatment and remained unchanged with vorinostat (figure 6A). Methylation levels of 286 



 

hTERT promoter in SS PDC 1, 2 and 3 showed weak changes between non-treated cells (NTC) and 287 

cells treated with either vorinostat or romidepsin (figure 6B). Indeed, after HDACi treatments 288 

methylation levels and profiles remained quite the same throughout the entire promoter. In patient 4, 289 

a slight decrease in THOR methylation status was observed only after romidepsin treatment in 290 

comparison with NTC, with a statistical significance of P= 0.00063. No particular methylation or 291 

demethylation of any CpG site was observed after romidepsin or vorinostat treatments 292 

(supplementary figure 4). 293 

 294 

THOR hypermethylation is insensitive to 5-azacytidine 295 

 Since HDACi did not exert any effect on THOR methylation in SS PDC, we analyzed the 296 

effect of the demethylating agent 5-azacytidine on hTRET expression and promoter methylation in 297 

HuT78 cell line and SS PDC 2 and 3. While hTERT expression decreased significantly after 5-298 

azacytidine treatment in SS PDC 2 and 3 (P<0.01) and in HuT78 (P<0.001) (figure 7A), the 299 

methylation status of hTERT promoter remained unchanged throughout the entire promoter, showing 300 

the same methylation levels and profiles: a highly methylated distal region and a poorly methylated 301 

proximal region (figure 7B). 302 

 303 

DISCUSSION 304 

Since hTERT gene promoter comprises dense CpG islands (figure 2A), several studies 305 

reported that its methylation is essential for its transcription (17,24,25). In Sézary Syndrome, a 306 

subtype of rare aggressive primary cutaneous T cell lymphomas, an epigenomic analysis revealed 307 

more than one hundred hypermethylated gene promoters, but hTERT was not mentioned among these 308 

genes (26). To examine whether hTERT promoter methylation is likely to be involved or not in hTERT 309 

expression, we carried out a pioneer epigenetic study using bisulfite Sanger sequencing in five CTCL 310 

cell lines, four SS PDC, six fresh SS patients’ cells and pools of healthy cells. Standard bisulfite 311 

sequencing is considered to be time-consuming, however the consistency of the results generated by 312 

this technique in gene-specific methylation studies overcome this inconvenience. Moreover, when 313 



 

compared to other global genomic bisulfite techniques, standard bisulfite sequencing shows the ability 314 

to detect, in the region of interest, the methylation status cell-by-cell of all consecutive CpGs (27).  315 

Our analyses identified a common methylation pattern in all analyzed CTCL tumor cells. 316 

This pattern encompasses a hypermethylated distal region from -650bp to -150bp and a 317 

hypomethylated proximal region from -150bp to +150bp. This dual methylation pattern was 318 

previously described in different pathologies (7,11,28). The hypermethylated region matches with the 319 

433-base pair region containing 52 CpGs and recently named TERT Hypermethylated Oncologic 320 

Region (THOR) (13,14). THOR is reported to be associated with telomerase reactivation in many 321 

cancers but it was not studied till now in cutaneous lymphomas. Our results, suggest that in CTCL 322 

the association between THOR methylation and hTERT expression is a prevalent phenomenon. 323 

Focusing on aggressive CTCL, freshly collected SS patients’ cells showed the same methylation 324 

profile seen in cell lines and PDC, allowing the exclusion of any possible artifact of cell culture. 325 

Nevertheless, THOR methylation is involved in hTERT reactivation in CTCL, without a direct 326 

correlation, in concordance with previous reports (13), suggesting the implication of additional 327 

"players" in this complex regulation, as for instance the hypomethylated proximal promoter region of 328 

hTERT (28). The observed hTERT expression levels in CTCL cells were earlier described as sufficient 329 

to promote the oncogenesis (16). In addition to THOR hypermethylation, other epigenetic 330 

mechanisms and/or cis/trans regulatory elements participating in hTERT re-expression in CTCL 331 

remain to be elucidated. Such studies would pave the way for understanding the exact biological role 332 

of THOR in hTERT re-expression.  333 

Furthermore, we observed that patients’ normal cells do not harbor a methylated THOR, 334 

supporting previously published results and confirming that THOR hypermethylation is an exclusive 335 

epigenetic mark of tumor cells that can be used as a hallmark of cancer cells (29). Our data emphasize 336 

also the complexity of hTERT gene expression and regulation. Indeed, THOR was observed to be 337 

hypomethylated in normal CD4+ and CD34+ cells while hTERT was expressed, suggesting that this 338 

expression in stem/progenitor and normal cells do not involve THOR methylation. 339 

Several TERT-activator transcription factors (TFs), as ETS, c-MYC, SP1 and NFkB, and 340 

TERT-repressive TFs, as WT1 and MZF-2, are known to bind to hTERT promoter (30,31). In acute 341 



 

promyelocytic leukemia, Azouz et al. showed that the methylation of the distal domain of hTERT 342 

promoter (including THOR) is associated with a decrease of WT1 binding to hTERT promoter and 343 

sustained hTERT expression (11). We, therefore, investigated the role of WT1 in the pathogenesis of 344 

CTCL. We verified that WT1 mRNA and protein are expressed in CTCL. WT1 expression levels did 345 

not seem to be affected by THOR methylation levels in HuT78 and SS PDC. Then we observed that 346 

WT1 overexpression reduced hTERT expression. Strengthened by this observation, we looked for the 347 

physical interaction between WT1 and THOR in SS cells. Our data suggest that hTERT modulation 348 

expression in CTCL may occur independently of WT1 binding to the THOR region. However, it is 349 

known that low expressed or low binding levels of some TFs constitute a challenge to be identified. 350 

Hence, further investigations are required in order to confirm whether, in CTCL, the binding of the 351 

downregulating TFs (WT1 and MZF-2) to THOR is methylation sensitive and whether other binding 352 

TFs might be present in this region.  353 

A link exists between DNA methylation and histone modifications. This link is mediated by 354 

a group of proteins with methyl DNA binding activity that localize to methylated DNA and recruit 355 

other protein complexes such as histone deacetylases (HDAC) and histone methyltransferases 356 

(32,33). Since the exact mechanism behind the effectiveness of HDACi treatments in SS patients 357 

remains unknown (34), we investigated first the methylation status of hTERT promoter using two 358 

HDACi treatments approved in MF/SS patients. Interestingly after in vitro HDACi treatments, hTERT 359 

expression levels decreased in all SS PDC, while methylation patterns of hTERT promoter including 360 

THOR remained unchanged, except for one PDC: patient 4, the only patient who had previously 361 

received romidepsin. This observation may suggest a possible drug resistance mechanism. In the other 362 

patients, THOR remained hypermethylated and hTERT proximal promoter encompassing TSS and 363 

ATG remained hypomethylated. In a previous study using vorinostat in non-small cell lung cancer, 364 

Li et al. observed a repression of the telomerase expression and a reduction of hTERT methylation 365 

levels near the TSS (around -200bp to +160bp), but THOR was not investigated (35). In our study, 366 

the TSS region was already hypomethylated and rationally cannot be more demethylated. Altogether, 367 

these data suggest that HDACi reduced hTERT expression only in patients who did not receive 368 

previous epigenetic therapies. Besides, we proved that other epigenetic drugs such as 5-azacytidine, 369 



 

a demethylating agent, did not exert a demethylation on hTERT promoter including THOR in SS, 370 

while it reduced hTERT expression. In other pathologies, it has been reported that hTERT expression 371 

decreased after treatments with demethylating agents and it was accompanied sometimes with a 372 

promoter demethylation, suggesting that the demethylation of hTERT promoter could be pathology-373 

dependent (36,37). Altogether, our results suggest that hTERT promoter in CTCL is resistant to 374 

epigenetic drugs, indicating that these drugs can alter hTERT expression in an indirect way. In the 375 

light of these observations, we report that the rapid and toxic effect of epigenetic drugs (HDACi and 376 

DNMTi) in CTCL does not affect the THOR methylation status.  377 

 378 

CONCLUSIONS 379 

Taken together, our findings strongly suggest that THOR hypermethylation is a hallmark of 380 

neoplastic CTCL cells associated with hTERT activation. Additionally, we propose that THOR 381 

hypermethylation might be used as a biomarker of cancer cells in SS patients. By adding CTCL to 382 

the list of tumors analyzed for THOR methylation, our findings represent a significant step forward 383 

towards a better understanding of the mechanisms involved in telomerase activation and its regulation 384 

by epigenetic drugs in this pathology. Our data provide a starting point for further investigations to 385 

assess relationships between THOR methylation status, hTERT expression and TFs binding to THOR 386 

in order to fully understand the sophisticated molecular mechanism of hTERT activation in CTCL. 387 

The advent of new gene-specific targeting tools (17) will help to establish causality between hTERT 388 

promoter DNA methylation and hTERT expression, paving the way to a better understanding of the 389 

clinical response to epigenetic drugs in CTCL patients with advanced-stage.    390 
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FIGURE LEGENDS 522 
 523 
Figure 1: hTERT expression in cell lines and patients’ cells. 524 
hTERT mRNA levels quantified by fluorescence real-time reverse transcriptase PCR in CTCL cell 525 
lines, in SS patient-derived cells (SS PDC), in SS patient cells (SS Patients) and in healthy CD4+ and 526 
CD34+ cells. hTERT mRNA levels were normalized to the expression of the TBP gene and expressed 527 
in arbitrary unit (A.U). TBP: TATA-box Binding Protein located on 6q27.  528 
 529 
Figure 2: hTERT gene promoter methylation including THOR in CTCL cells and healthy 530 
controls.  531 
(A) hTERT gene promoter including THOR (Chr5:1,295,321–1,295,753;GRCh37/hg19) containing 532 
52 CpG represented each by a vertical dash. (B to N) Methylation profiles of CTCL cells (red) and 533 
controls (blue): full black dots represent methylated CpGs whereas empty dots represent 534 
unmethylated CpGs. For CTCL cell lines: MyLa is represented in (B), HuT78 in (C), Mac1 in (D), 535 
Mac2A in (E) and Mac2B in (F). For SS PDC: PDC 1 is represented in (G), PDC 2 in (H), PDC 3 in 536 
(I) and PDC4 in (J). Healthy CD4+ controls: two pools are represented in (K) and (L). Normal 537 
stem/progenitor cells: two pools of normal CD34+ cells are represented in (M) and (N). 538 
 539 
Figure 3: hTERT gene promoter methylation including THOR in Sézary syndrome patient cells. 540 
Graph (A) to (F) showing the difference between methylation profiles of tumor cells (red) and normal 541 
cells (blue), in patient 5 (A), patient 6 (B), patient 7 (C), patient 8 (D), patient 9 (E) and in patient 10 542 
(F). Chart (G) showing THOR methylation levels in tumor (red) and normal (blue) cells in each of 543 
the 6 SS patients’ cells. THOR: TERT hypermethylated oncogenic region.  544 

 545 
Figure 4: THOR methylation status.  546 
The difference in THOR methylation averages between normal cells in blue and tumor cells in red in 547 
all cells studied.  548 
 549 
Figure 5: Effect of the transcription factor WT1 on hTERT promoter in CTCL. 550 
Graph (A) presents the results of luciferase assay showing the effect of empty vector (Mock), 10µg 551 
and 20µg of WT1 on hTERT promoter activation in HuT78 and MyLa cell lines. Graph (B) shows 552 
the results of ChIP-qPCR using a WT1 antibody targeting the TERT-323 region in SS PDC 1, 2, 3, 553 
HuT78 a SS cell line and healthy CD4+ (Control). SS PDC: Sézary Syndrome Patient-Derived Cells.  554 
 555 
Figure 6: HDACi treatments in Sézary syndrome patient-derived cells. 556 
Graph (A) shows hTERT expression in NTC, romidepsin and vorinostat -treated cells. Graph (B) 557 
shows THOR methylation % in NTC, romidepsin and vorinostat -treated cells. HDACi: Histone 558 
DeACetylases inhibitors; NTC: Non-Treated Cells. 559 
 560 
Figure 7: 5-azacytidine treatment in Sézary cells. 561 



 

Graph (A) shows hTERT expression in NTC and 5-azacytidine -treated cells. Graph (B) shows THOR 562 
methylation % in NTC and 5-azacytidine -treated cells. ATG: Start codon; NTC: Non-Treated Cells; 563 
SS PDC: Sézary Syndrome Patient Derived Cells; TSS: Transcription Start Site. 564 
 565 
SUPPLEMENTARY FIGURE LEGENDS 566 
 567 
Supplementary figure 1: Correlation between hTERT expression level and telomerase activity.  568 
hTERT mRNA levels and telomerase activity evaluated by TRAP assay are correlated in CTCL cell 569 
lines and SS PDC with R2 = 0.7502. CTCL: Cutaneous T-Cell Lymphomas; SS PDC: Sézary 570 
Syndrome Patients-Derived Cells.  571 
 572 
Supplementary figure 2: Correlation between THOR methylation status and hTERT 573 
expression level. 574 
Correlations and R2 coefficients between THOR methylation status and hTERT expression level in 575 
CTCL cell lines (A), SS PDC (B) and SS patients (C). CTCL: Cutaneous T-Cell Lymphomas; SS 576 
PDC: Sézary Syndrome Patients-Derived Cells; SS: Sézary Syndrome.  577 
 578 
Supplementary figure 3: WT1 mRNA and protein expression.  579 
(A) WT1 mRNA levels normalized to the expression of the TBP gene and expressed in arbitrary unit 580 
(A.U.) and (B) WT1 protein levels by western blot in HuT78 cell line, in SS PDC 1, 2 and 3 and in 581 
MCF7 as positive control using the stain-free technology. SS PDC: SS PDC: Sézary Syndrome 582 
Patients-Derived Cells. 583 
 584 
Supplementary figure 4: hTERT promoter methylation profiles after HDACi treatments. 585 
hTERT promoter methylation profiles of SS PDC 1, 2, 3 and 4 in NTC and in romidepsin or vorinostat 586 
–treated cells. HDACi: Histone DeACetylases inhibitors; SS PDC: SS PDC: Sézary Syndrome 587 
Patients-Derived Cells, NTC: Non-Treated Cells. 588 
 589 

















Supplementary table 1: hTERT Bisulfite PCR conditions and primers sequences 

Forward Primer 5’ GGTTTGTGTTAAGGAGTTTAAGT 3’ 
Reverse Primer 5’ CCAACCCTAAAACCCCAAAC 3’ 
PCR program 2 min: 94°C 

30s: 94°C 

30s: 58°C 

1min: 72°C 

 

35 cycles 

5min: 72°C 

 

Supplementary table 2: Primer sequences used for WT1 ChIP-qPCR 

Region Primer sequence Purpose 

hTERT -323 -F AGCGGAGAGAGGTCGAATC 
Region of interest  

hTERT -323 -R AGGGCCTCCACATCATGG 

hTAL1 -2k -F CAGAAGGGCAGCAAACAAAC 
Positive control 

hTAL1 -2k -R GTGTCCTGTTGGGCAGTGTG 

hTERT -709 -F GAGCAAACCACCCCAAATC 
Positive control 

hTERT -709 -R TCCATTTCCCACCCTTTCTC 

Untr12 
Active Motif Human negative 

control primer set 1, #71001 
Negative control 

 

 

  



SUPPLEMENTARY METHODS 

Western Blot 

Western Blot assay was performed according to the manufacturer’s recommendations (Bio-Rad, USA). 

Briefly, protein extracts from HuT78 cell line, SS PDC 1, 2 and 3 and MCF7 cell line (positive control 

expressing WT1, recommended by the manufacturer) in addition to All Blue Prestained Protein ladder were 

separated by SDS-PAGE on 8–16% TGX Stain-Free™ Protein Gels (Bio-Rad) for approximately 45 min 

at 150V in TGX buffer (Bio-Rad). Stain-free gels were activated by exposure to UV for 1 min. Proteins 

were transferred to nitrocellulose membranes (Bio-Rad) using the Bio-Rad Trans-Blot Turbo Transfer 

System for 7 min. Total proteins on membranes were detected using the Stain-free method. Membranes 

were blocked with TBST with 5% BSA for 1 hour. Membranes were then incubated with primary antibody 

(WT1 monoclonal antibody, Santa Cruz Biotechnology) diluted 1:500 in TBST with 5% BSA at 4°C 

overnight. Excess of primary antibody was removed by washing the membranes three times in TBST for 

10 min each. The secondary antibody (peroxidase-conjugated anti-mouse DyLight800) diluted 1:5000 was 

incubated with the membrane in TBST with 5% BSA for 1 hour. Excess of secondary antibody was removed 

by washing the membranes three times in TBST for 5 min each. Membranes were visualized using Bio-

Rad ChemiDoc™ Imager. Detection and quantification of bands’ intensities were done using Image Lab 

software (Bio-Rad). 
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INTRODUCTION

The myeloid zinc finger (MZF) protein family encompasses different transcription factors (TFs)
including the myeloid zinc finger protein 1 (MZF-1), also known as zinc finger protein 42 (ZNF42)
(Hromas et al., 1991). Assessing the role of MZF-1 in the granulocyte colony-stimulating factor
(G-CSF)-induced differentiation of neutrophil in mice, Murai et al. (1997) unexpectedly isolated
a novel MZF cDNA form that they named MZF-2. They suggested that MZF-1 and MZF-2 are
produced from a single gene by using two alternative transcription initiation sites (Murai et al.,
1997). The newly MZF-2 isolated was predicted to be longer than MZF-1. In this initial report by
Murai et al. (1997) the human and the murine MZF-2 (hMZF-2 and mMZF-2, respectively), were
predicted to have a 75.3% identity between their amino acids (aa) sequences. The hMZF-2 and
mMZF-2 proteins contain 13 zinc finger motifs each, which are identical to those reported in the
MZF-1 protein (Morris et al., 1994; Murai et al., 1997). It was also proposed that both hMZF-1
and hMZF-2 most likely recognize and bind to the same consensus sequences (5′-AGTGGGA-
3′ and 5′-CGGGGAGGGGGAA-3′) (Murai et al., 1997). In a complementary study, the same
authors investigated only the mMZF-2 form and evaluated its transcriptional regulatory ability in
myeloid cells (Murai et al., 1998). In this review, we question the actual existence of hMZF-2 as a
transcription factor involved in hTERT expression and regulation.

hMZF-2 and hTERT Gene
According to the above reports, the hMZF-2 protein was supposed to bind to the distal region of
the recently identified telomerase reverse transcriptase (TERT) hypermethylated oncogenic region
(THOR) (Figure 1). THOR epigenetic modifications were shown to be a crucial regulator of the
hTERT gene re-expression in solid tumors and leukemia (Lee et al., 2019) (Figure 1). Indeed, hTERT
expression, a limiting factor of the telomerase activity (TA), is elevated in 85 to 90% of human
cancers, thus promoting survival, proliferation, and invasion capacities of tumor cells (Ramlee
et al., 2016). hTERT can be regulated through the binding of TFs (either repressors or activators) to
its promoter region. MZF-2 was classified among the suppressors of the hTERT gene in human
and canine (Long et al., 2005; Kyo et al., 2008). Due to the lack of appropriate and validated
hMZF-2 antibodies, no chromatin immunoprecipitation experiments were done, and therefore,
the binding of MZF-2 to the hTERT promoter was reported only as a result of indirect in vitro
experiments. So far, Fujimoto et al. (2000) predicted that hMZF-2 can bind to 4 sites, all of them
being located on the hTERT promoter at positions −514, −543, −619, and −687 (Figure 1). Since
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FIGURE 1 | The promoter region of hTERT including the core promoter and the TERT hypermethylated oncogenic region (THOR). The transcription start site (TSS,

+1) and the translation start site (start codon ATG, +78) are indicated in addition to the binding sites for the “elusive” hMZF-2 (myeloid zinc finger-2) as predicted by

Fujimoto et al. (2000) as well as other common transcription factors, such as CTCF (CCCTC-binding factor), ETS (E26 transformation-specific or E-twenty-six), E-box

(enhancer-box, where Myc/Mad-family can bind), SP1 (specificity protein 1), AP-2 (activator protein-2), WT1 (Wilms’ tumor 1), and AP-1 (activator protein-1). The

location of the G-quadruplex structure that can be adopted by the hTERT promoter is also represented.

this initial report, these four binding sites were presented in
several figures of book chapters or review articles on telomerase
regulation, including recently published ones (Ducrest et al.,
2002; Pericuesta et al., 2006; Jafri et al., 2016; Lewis and Tollefsbol,
2016; ElHajj et al., 2017; Heidenreich and Kumar, 2017; Eitsuka
et al., 2018; Srinivas et al., 2020), without any additional
report that stated unambiguously the existence of hMZF-2 while
the presence of other regulators of the hTERT gene, located
further upstream of the transcription start site (TSS), were
clearly reported to influence the hTERT expression, such as the
activator protein 1 (AP-1), vitamin D (3) receptor (VDR), signal
transducer and activator of transcription 3 (STAT3), and nuclear
factor κB (NF-κB) (Ramlee et al., 2016).

hMZF-2 in the Databases
Blasting the forward and reverse primers (CCGGAGATGG
GTCACAGTCC and TTGCTGAACACCTTGCCAC) used by
Fujimoto et al. to amplify MZF-2 transcripts (Fujimoto et al.,
2000), we obtained very significant alignments with MZF-1
and its mRNA variants. Such findings can be explained by
the hypothesis that MZF-2 is transcribed from the same gene
as MZF-1 (Murai et al., 1997). Moreover, the human form
hMZF-2 sequence is still absent in the genomic and proteomic
databases, while the murine form remains to be validated.
In the UCSC Genome Browser on Human (genome.ucsc.edu),
the OMIM (omim.org), the NCBI (ncbi.nlm.nih.gov/gene),
and the Ensembl (ensembl.org) databases, only MZF-1 exists.
In the GeneCards database (genecards.org), a search for
“MZF-2” directs to the MZF-1 gene and to the biological
region LOC110806263 which refers to the TERT 5′ regulatory
region on the hTERT promoter and citing the paper by
Fujimoto et al. (2000). In the proteomic database UniProt
(uniprot.org), information concerning MZF-2 in mouse (Mus
musculus) is available under the label “experimental evidence at
transcript level,” but no information is indicated for the human
MZF-2 form.

DISCUSSION

In a recent review article published in 2020, Brix et al.
(2020) regrouped information on MZF-1 and its role in

regulating cancer invasion. They also discussedMZF-1 transcript
variants. They stated that the first MZF-1 isoform isolated and
characterized was believed to be the full-length MZF-1 (485 aa)
until the identification of the long isoforms (734 aa), named
MZF-2a in mouse and MZF1B/C in human (Brix et al., 2020).
Brix et al. defined hMZF-2 as the largest form of hMZF-1, or
“full-length hMZF-1” (Brix et al., 2020). However, the 734 aa
full-length hMZF1 (MZF1B/1C) differs in length from the 775 aa
hMZF-2 predicted initially by (Murai et al., 1997; Peterson and
Morris, 2000) (Supplementary Figure 1). As for the structural
domains in MZF, the SCAN domain that mediates interactions
between members of a mammalian subfamily of zinc-finger
transcription factors is shared between MZF-1 and mMZF-2
(uniport.org), while this information is not available for hMZF-2.

Herein, we summarize the available information regarding
MZF-2 published as original research articles (Murai et al., 1997,
1998; Fujimoto et al., 2000) and those published in review articles
(Ducrest et al., 2002; Pericuesta et al., 2006; Jafri et al., 2016;
Lewis and Tollefsbol, 2016; ElHajj et al., 2017; Heidenreich and
Kumar, 2017; Eitsuka et al., 2018; Srinivas et al., 2020). All the
published reports, as well as the search in genomic databases,
lead us to be doubtful about the real existence of the human
form hMZF-2. From these reports, it is not clearly demonstrated
whether hMZF-2 is another isoform of hMZF-1. Twenty-three
years after its discovery, data concerning hMZF-2 genomic or
proteomic sequences are still unpublished. No antibody against
the hMZF-2 protein is available. If it is true that hMZF-2 refers
to the full-length hMZF-1 as mentioned by Brix DM et al. in
2020, why is this information lacking in the genomic databases?
Most of the hMZF-2 original research articles were published
before the availability of a reference genome. However, we aimed
to highlight the lack of biological evidence that confirm the
existence of hMZF-2, functionally differentiate hMZF-2 from
hMZF-1, and unequivocally state its ability to regulate the hTERT
gene. Therefore, we urgently suggest that the four theoretical
hMZF-2-binding sites on the hTERT promoter should be no
longer assigned to this “elusive” transcription factor until further
clear experimental evidence is reported (Figure 1). Indeed, the
precise identification of the TFs’ binding sites on the promoter
of the oncogene hTERT would refine insights into the epigenetic
regulation of hTERT activity in cancer.
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that 5-azacytidine exerts an anti-tumor effect in SS cells, and that the downregulation of hTERT 30 

expression is associated with a decrease in the clonogenic capacity of SS tumor cells. 31 

KEYWORDS: Sézary Syndrome, Cutaneous T-cell lymphomas, 5-azacytidine, Epidrugs, 32 

Epigenetics, DNA methylation, hTERT, Telomerase.   33 



Int. J. Mol. Sci. 2019, 20, x FOR PEER REVIEW 3 of 11 

 

BACKGROUND 34 

 Telomerase activation through re-expression of the human telomerase reverse transcriptase 35 

(hTERT) is found in 85-90% of human cancers and is believed to play a crucial role in tumor cells 36 

replicative behavior and immortality [1,2]. While hTERT re-expression in cancer cells can be 37 

attributed to genetic alterations such as hTERT gene locus rearrangements, amplifications or promoter 38 

mutations; in cutaneous T-cell lymphomas (CTCL) these mechanisms fail to explain hTERT 39 

upregulation [3,4] (Ropio et al. Submitted). Recent studies, reported an association of hTERT 40 

promoter hypermethylation at a specific region named THOR (TERT Hypermethylated Oncogenic 41 

Region) with telomerase reactivation in various human cancers. This led to the assumption that THOR 42 

may be a molecular biomarker [5]. Since THOR was not yet investigated in CTCL, we decided to 43 

study its role and implication in this pathology and we came to a conclusion that THOR’s status could 44 

be a hallmark of cancer cells in CTCL (Chebly et al. Submitted).   45 

 Within the primary CTCL spectrum, Sézary syndrome (SS) is a rare and aggressive leukemic 46 

variant in which telomerase re-expression holds a crucial role in telomere maintenance and 47 

tumorigenic properties [4,6]. The lack of specific biomarkers for neoplastic cells in SS [7], makes 48 

telomerase expression a potentially promising therapeutically targetable biomarker. The treatment of 49 

SS is extremely challenging, with therapeutic options for first-line therapies including extracorporeal 50 

photopheresis or immunomodulating agents such as interferon-α. Second-line therapies involve 51 

targeted immunotherapies (anti-CD30, anti-CD52, anti-CCR4, anti-CD158k) and single/multiagent 52 

chemotherapies [7,8]. Although various treatments are available, most responses are partial and not 53 

sustainable except for allogeneic bone marrow transplantation [7,9]. Within this context, other 54 

therapeutic approaches have emerged. Hence, histone deacetylase inhibitors (HDACi) have been 55 
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shown to be of benefit for patients with hematological malignancies and particularly in CTCL [10]. 56 

Two HDACi, romidepsin and vorinostat, were approved by the Food Drug Administration (FDA) for 57 

the treatment of relapsed/refractory CTCL. Through histone deacetylation, HDACi can modulate 58 

DNA packaging, leading to an alteration in gene accessibility and therefore gene transcription. 59 

Besides HDACi, other DNA packaging modifiers are available such as DNA methyltransferase 60 

(DNMT) inhibitors, 5-azacytidine and 5-aza-2'-deoxycytidine (Decitabine, DAC). These DNMTi are 61 

FDA-approved for the treatment of myelodysplastic syndrome (MDS) and acute myeloid leukemia 62 

(AML), but not for CTCL. 63 

 In a previous study, we reported that 5-azacytidine reduced hTERT expression levels in SS cells 64 

in vitro, while maintaining THOR’s methylation status (Chebly et al. Submitted). Herein, we analyze 65 

the effect of 5-azacytidine on the clonogenic capacities of SS cells.  66 

 67 

RESULTS AND DISCUSSION 68 

 While focusing on SS, an aggressive leukemic form of CTCL, we investigated the effect of the 69 

hypomethylating agent 5-azacytidine on hTERT promoter methylation status and hTERT expression. 70 

Telomerase expression was detected in all SS samples analyzed, which is consistent with previous 71 

findings showing that SS are telomerase positive tumors [4] (Chebly et al. Submitted). The IC50 72 

values for 5-azacytidine in SS cells determined at 72h, were 3nM, 1.7nM and 2.3nM, in HuT78, L2 73 

and L4, respectively (Figure 1A). Consequently, cells were treated for 72h with 5-azacytidine using 74 

the calculated IC50 values. Compared to non-treated cells (NTC), hTERT expression levels dropped 75 

to 17%, 52% and 31% in 5-azacytidine treated HuT78, L2 and L4, respectively. This decline occurred 76 

with no change in the methylation status of hTERT promoter, in line with our previously reported 77 
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various cancer cells, including leukemia, colorectal cancer, uveal and skin melanoma [13–15], our 108 

data demonstrate a comparable effect on SS cells. Furthermore, SS treated cells showed a limited 109 

proliferative capacity concomitant with the decrease in hTERT expression while compared to NTC, 110 

suggesting a correlation between cell proliferation and hTERT expression. In a previously published 111 

work, we stated that the inhibition of hTERT expression in SS cells leads to dramatic cell death in 112 

vitro [4]. The correlation observed here, might be explained by an indirect effect of 5-azacytidine on 113 

hTERT expression, most probably through targeting of upstream genes or hTERT gene regulators or 114 

even histones modifications [16].  115 

 116 

MATERIALS AND METHODS 117 

One SS cell line HuT78 (ATCC, France) and two SS patient-derived cells (L2 and L4) [17] 118 

were investigated in this study. The diagnosis of both SS patients was established in accordance with 119 

the criteria of the WHO-EORTC (World Health Organization and the European Organization for 120 

Research and Treatment of Cancer) [18]. HuT78 was cultured in RPMI 1640 medium (Gibco, USA) 121 

supplemented with 10% of fetal bovine serum (Eurobio, France) and 100U/mL of penicillin and 122 

streptomycin (Gibco). Cells were cultured without antibiotics for 48h before 5-azacytidine treatment. 123 

L2 and L4 cells were cultured as previously described [17]. All cell cultures were incubated at 37°C 124 

in a humidified 5% CO2 incubator. 125 

 The half maximal inhibitory concentration (IC50) was determined at 72h using the luminescent 126 

cell viability assay CellTiter-Glo® (Promega, USA). Thirty million cells of HuT78, L2 and L4 were 127 

treated for 72h with the calculated 5-azacytidine IC50 value. hTERT expression level was verified by 128 

qPCR and the methylation status of hTERT promoter was tested by locus specific bisulfite 129 
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sequencing, as previously reported (Chebly et al. Submitted). SS cells colony-formation capacity 130 

(clonogenicity) was determined using soft agar assay, after releasing the 5-azacytidine pressure. 131 

Statistical analyses were performed by Mann Whitney test on GraphPad Prism software (version 8.4). 132 

P values of less than 0.05 were considered statistically significant. All analyses were performed in 133 

biological and technical replicates.  134 

   135 

CONCLUSION   136 

 Altogether, our data show that in vitro anti-tumor effect of 5-azacytidine is associated with 137 

massive cell death, deceleration of cell proliferation and decrease in tumor cells' clonogenic 138 

capacities. At hTERT gene level, 5-azacytidine treatment altered hTERT expression leading to a 139 

reduced expression along with a drop in tumorigenic capacities of SS cells in vitro. Our findings raise 140 

questions about the mechanism of action responsible for hTERT downregulation induced by 5-141 

azacytidine. This epidrug could have induced global demethylation resulting in an upregulation of 142 

genes involved in further repression of hTERT promoter; or could have altered histone conformation 143 

adopted on hTERT promoter, thus restricting accessibility of transcription factors to their binding 144 

sites.  145 
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ABSTRACT  22	

Romidepsin and vorinostat are histone deacetylase inhibitors (HDACi) approved for the treatment of 23	

Cutaneous T-cell lymphomas (CTCL) including Sézary syndrome (SS). The exact mechanisms of 24	

action of HDACi as well as the molecular responses to these drugs remain not well understood. 25	

Moreover, SS pathology is a telomerase positive tumor, in which the molecular mechanisms 26	

responsible for hTERT gene expression have not yet been fully uncovered. As gene reactivation could 27	

be induced by histones modifications, we analyzed the effect of romidepsin and vorinostat on hTERT 28	

expression along with histone marks dynamics in SS cell line and SS Patient derived cells. Our study 29	

confirms that HDACi can reduce hTERT expression as well as the clonogenic capacities of SS cells. 30	

Additionally, it suggests that H3K27ac histone mark, associated with active transcription, and 31	

H3K27me3 histone mark, associated with transcriptional repression, at hTERT promoter are deftly 32	

altered in response to HDACi treatments. Our data sustained previous reports on hTERT gene 33	

regulation showing that it is unique relatively to its peculiar roles in cells. The hTERT promoter region 34	

is remarkable; it does not behave or even respond to drugs in a simplistic way, highlighting the 35	

importance of identifying new targetable biomarkers that are implicated in hTERT regulation.  36	

 37	

KEYWORDS: Cutaneous T-cell lymphomas, Sezary syndrome, Histone modifications, HDACi, 38	

Telomerase, hTERT, THOR.   39	
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INTRODUCTION 40	

 Histone deacetylase inhibitors (HDACi) are a group of drugs that can inhibit the functional 41	

activities of histone deacetylases (HDAC) leading to an increased histone acetylation (1). Besides their 42	

direct roles in epigenetic regulations, HDACi have important roles in cancer cells, inducing cell death, 43	

apoptosis and cell cycle arrest (2,3). The first HDACi approved by the food and drug administration 44	

(FDA) were vorinostat (suberoylanilide hydroxamic acid, SAHA) in 2006 and then romidepsin 45	

(depsipeptide, FK-228) in 2009 both for Cutaneous T-cell lymphomas (CTCL) (4,5). To date, four 46	

HDACi were approved by the FDA (Romidepsin, vorinostat, panobinostat and belinostat) and they are 47	

mainly used for the treatment of selected hematological malignancies including CTCL, Peripheral T-48	

cell lymphomas (PTCL) and Multiple myeloma (4–7). These drugs are currently tested in additional 49	

hematological disorders and solid tumors (lung, breast and prostate cancers) as monotherapies or in 50	

combination with different drugs (demethylating agents, proteasome inhibitors or chemotherapies) (8). 51	

Since the exact mechanism of action and efficacy of HDACi is still unclear, the identification of novel 52	

biomarkers to predict the response to treatment is needed.  53	

 Sézary syndrome (SS) is a rare leukemic subtype of CTCL, characterized by the presence of 54	

clonal neoplastic T cells with cerebriform nuclei (known as Sézary cells) in the skin, lymph nodes, and 55	

peripheral blood (9). Although SS patients present an aggressive clinical course, available treatments 56	

provide partial and not durable responses, except for the allogenic stem cell transplantation (10). 57	

Chevret et al. reported that CTCL are telomerase positive tumors expressing hTERT, the catalytic 58	

subunit of the telomerase (11). In this pathology, emerging evidences suggested that epigenetic 59	

modifications could be the mechanism responsible for hTERT reactivation. Hence, TERT 60	

Hypermethylated Oncogenic Region (THOR) a 433bp region on hTERT promoter, and histone 61	

modifications on hTERT were reportedly associated with hTERT activation in a large number of 62	

cancers (12–14). Our team reported a pioneer investigation on THOR methylation status in CTCL 63	

cells, sustaining the implication of THOR in telomerase activity in cutaneous lymphomas (Chebly et 64	

al. submitted).  65	
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 In the current work, we explore the influence of two HDACi, romidepsin and vorinostat, on 66	

hTERT expression. Also, we analyze the dynamics of histone marks at the genomic level and on 67	

hTERT promoter as a consequence of HDACi treatments. Furthermore, we report the functional 68	

impact of romidepsin and vorinostat on SS cells' tumorigenic capacities in vitro.  69	

 70	

MATERIALS AND METHODS 71	

Cell lines, SS patient-derived cells and cell culture 72	

HuT78 a SS cells line (American Type Culture Collection, ATCC, France) were maintained in 73	

RPMI 1640 medium (Gibco, USA) supplemented with 15% of fetal bovine serum (Eurobio, France). 74	

SS patient-derived cells (Patient 1 and 2) were cultured as previously described (15). All cell cultures 75	

were incubated in a humidified incubator at 37°C with 5% CO2. 76	

 77	

Chemicals and IC50 determination  78	

Two HDACi were used: romidepsin and vorinostat (Euromedex, France). In order to treat SS 79	

cells with these drugs at the half maximal inhibitory concentration (IC50), 40,000 cells per well were 80	

plated in 96-well plates with romidepsin (ranging between 0.01 and 100 nM) or vorinostat (ranging 81	

between 0.001 and 50 µM), or without any drug. Plates were incubated for 48h at 37°C in a 82	

humidified incubator with 5% CO2. Cell viability was determined using the luminescent cell viability 83	

assay CellTiter-Glo® (Promega, USA). Luminescence levels were quantified using a FlexStation® 3 84	

(Molecular Devices, USA).  85	

 86	

RNA isolation, cDNA synthesis and hTERT expression by quantitative real-time PCR (qRT-87	

PCR)  88	

Total RNA was isolated using Direct-zol™ RNA MiniPrep kit (ZYMO Research). RNA 89	

concentrations were measured using Nanodrop ND-1000 spectrophotometer. cDNA was synthetized 90	

from 200ng of isolated RNA using SuperScript II reverse transcriptase kit (Invitrogen, France). 91	
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cDNAs were amplified by qRT-PCR using Takyon
TM

 No Rox SYBR® MasterMix dttP Blue 92	

(Eurogentec, France) using the following primer sets for hTERT gene: forward primer: 5'-93	

GCATTGGAATCAGACAGCAC-3', and reverse primer: 5'-CCACGACGTAGTCCATGTTC-3'. The 94	

housekeeping gene TBP was used for normalization: forward primer: 5'-95	

CACGAACCACGGCACTGATT-3', and reverse primer: 5'-TTTTCTTGCTGCCAGTCTGGA-3'. 96	

qRT-PCR analyses were run on a Stratagene Mx3005P system (Agilent Technologies, USA). Each 97	

sample was performed in triplicate and the mean value was calculated. Values are expressed in 98	

percentage relatively to Non-treated cells (NTC) (100%).  99	

 100	

Proteins extraction and western blot analyses 101	

Proteins were extracted from HuT78, SS Patient 1 and 2 (not treated cells (NTC) and romidesosin or 102	

vorinostat –treated cells) using RIPA buffer. Western Blot assay was performed according to the 103	

manufacturer’s recommendations (Bio-Rad, USA). Briefly, protein extracts from HuT78 cell line, SS 104	

Patient 1 and 2 in addition to All Blue Prestained Protein ladder were separated by SDS-PAGE on 8–105	

16% TGX Stain-FreeTM Protein Gels (Bio-Rad) for 45min at 150V in TGX buffer (Bio-Rad). Stain-106	

free gels were activated by exposure to UV for 1min. Then, proteins were transferred to nitrocellulose 107	

membranes for 7min using the Bio-Rad Trans-Blot Turbo Transfer System. Membranes were blocked 108	

with TBST and 5% BSA for 1 hour. Membranes were then incubated with primary antibodies (Histone 109	

H3K27me3 antibody, Histone H3K9me3 antibody, Histone H3K4me3 antibody, Histone H3K27ac 110	

antibody and Histone H3K9ac antibody, Active Motif, USA) diluted to 1:1000 in TBST with 5% BSA 111	

at 4°C overnight. Excess of primary antibody was removed by washing the membranes three times in 112	

TBST. Then, the membrane was incubated with the secondary antibody (peroxidase- conjugated anti-113	

rabbit DyLight800) diluted to 1:5000 in TBST with 5% BSA for 1 hour. Excess of secondary antibody 114	

was removed by washing the membranes three times in TBST. Membranes were visualized using Bio-115	

Rad ChemiDocTM Imager. Total proteins on membranes were detected using the Stain-free method. 116	

Detection and quantification of bands’ intensities were done using Image Lab software (Bio-Rad). 117	
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 118	

H3K27ac and H3K27me3 ChIP-qPCR assay 119	

H3K27ac and H3K27me3 ChIP-qPCR assays were performed by Active Motif. Briefly, 30 µg 120	

of HuT78, SS Patient 1 or SS Patient 2 chromatin as well as 4 µg of H3K27me3 antibody (Active 121	

Motif #39155) or 4 µg of H3K27ac antibody (Active Motif #39133) were used for the ChIP. In total, 122	

five primer sets were selected for the qPCR analyses targeting four regions upstream and one region 123	

downstream hTERT TSS (17). Two positive control primer pairs were used (GAPDH for H3K27ac 124	

and MYT1 for H3K27me3) as well as two negative control primer pairs (amplifying a region in a gene 125	

desert on chromosome 12 Untr12 for H3K27ac, and targeting the promoter region of the active gene 126	

ACTB for H3K27me3). The primer sequences are indicated in the supplementary table 1. 127	

 128	

Soft agar assay 129	

Soft agar assay was used to determine the colony-forming capacity of SS cells. This assay was 130	

carried out as described previously (11) with few modifications. Briefly, cells were IC50 treated 131	

during 48 hours. Their viability were check and an equal amounts of NTC or HDACi-treated cells 132	

(50,000 cells) were seeded in 6-well plates, in the soft agar “upper layer” containing the appropriate 133	

cell culture media free of HDACi treatment. Plates were incubated in a humidified incubator at 37°C 134	

with 5% CO2. All wells were screened daily by microscopy and the colonies were counted for each 135	

condition. Fresh culture media were added every 3 days. Each condition was performed in triplicate 136	

and the mean values of the number of colonies were calculated.  137	

 138	

Statistical analysis  139	

Data analyses were carried out using GraphPad Prism (version 8) (San Diego, USA). All of the 140	

experiments were performed at least three independent times. Comparisons between the different 141	

groups were analyzed by Mann Whitney test with P < 0.05 considered statistically significant. 142	

 143	
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RESULTS 144	

IC50 values using romidepsin and vorinostat in SS cells 145	

After 48h of treatment with either romidepsin or vorinostat, cell viability was determined. Drug 146	

concentrations causing 50% of cell death (IC50 values) were: for romidepsin 1.56 nM in HuT78, 1.85 147	

nM in SS Patient 1 and 21.40 nM in SS Patient 2; and for vorinostat 0.254 µM in HuT78, 0.830 µM in 148	

HuT78 in Patient 1 and 2.44 µM in Patient 2 (figure 1B). Following these results, 65 million cells of 149	

HuT78, Patient 1 and Patient 2 were treated either with romipedsin or vorinostat using the adequate 150	

calculated IC50 value, in parallel with NTC controls.  151	

 152	

hTERT expression level decreased after romidepsin and vorinostat treatments 153	

Forty-eight hours after romidepsin or vorinostat treatments the hTERT expression levels were 154	

examined. Values were normalized to the NTC hTERT expression level. Compared to NTC, the 155	

hTERT expression levels in HuT78 decreased of 37% with romidepsin and 36% with vorinistat (figure 156	

2). In SS Patient 1, hTERT expression levels diminished by 56% with romidepsin and 83% with 157	

vorinostat (figure 2). In Patient 2, hTERT expression levels were reduced by 84% with romidepsin and 158	

91% with vorinistat (figure 2). 159	

 160	

Global histone modifications after romidepsin and vorinostat  161	

In order to identify differential effects at the histone level, we examined selected histone marks based 162	

on their implication in hTERT functions. Five histone marks were explored: H3K27me3, H3K9me3, 163	

H3K27ac, H3K9ac and H3K4me3 using western blot analyses in SS cells after 48h of HDACi 164	

treatments (figure 3A). The common global effect was a significant fold-change increase for all the 165	

histone marks studied except for 3 conditions (Figure 3B). This increase was more pronounced for 166	

H3K9ac and H3K27ac histone marks (fold change varied from 2.4 to 744.7) and more significantly in 167	

SS Patient cells than in cell line. In order to give a straightforward message, all histone changes 168	

observed are presented in a table (figure 3B).  169	



8	

 170	

HDACi mediated H3K27ac and H3K27me3 patterns at hTERT promoter  171	

The active histone mark H3K27ac and the repressive mark H3K27me3 were studied by ChIP followed 172	

by qPCR targeting 4 regions on hTERT promoter (TERT-1102, TERT-773, TERT-323 and TERT-173	

233) as well as one region in hTERT gene (TERT+1310) (figure 4A). Among these regions, TERT-174	

323 and TERT-233 are located within THOR. Epidrugs’ effects appeared more pronounced in Patients 175	

cells than in HuT78 cell line. As shown in Figure 4, globally at all position investigated, the binding of 176	

the active histone mark H3K27ac was more sensitive to romidespsin than to vorinostat in all samples 177	

studied, with fold changes up to 3.9 with romidepsin compared to 2.7 with vorinostat. The same effect 178	

was observed for the repressive mark H3K27me3 in HuT78 and SS patient 1. Interestingly, the -233 179	

region located in THOR was more sensitive to epidrugs than all the other regions investigated on 180	

hTERT promoter, with an increase in both active H3K27ac and repressive H327me3 marks.  181	

 182	

Alteration of SS cells’ clonogenic capacities by HDACi 183	

Soft agar assay was used to evaluate the modifications in the clonogenic capacities of SS cells 184	

previously treated with romidepsin or vorinostat. In soft-agar wells, cells were cultured without any 185	

drug's pressure. HuT78 NTC were highly clonogenic with roughly 140 colonies per well between day 186	

7 and day 21; with a continuous increase in the size of the colonies (figure 5A and 5B), while the 187	

colonies observed in romidepsin and vorinostat -treated HuT78 cells were smaller in size and less 188	

numerous with almost zero colonies at day 21 (figure 5A). Among NTC conditions, SS Patients (1 and 189	

2) were less clonogenic than HuT78. NTC colonies of Patient 1 and 2 were around 42 colonies and 31 190	

colonies per well, respectively (figure 5A). Romidepsin and vorinostat -treated SS patient cells were 191	

not able to form colonies even at day 21 (0 to 1 colony per well were counted) (figure 5B).  192	

 193	

DISCUSSION  194	
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Our team previously demonstrated that DNA methylation at THOR on hTERT promoter is 195	

associated with telomerase reactivation in CTCL (Chebly et al. submitted). While, it is reported that 196	

DNA methylation can engage in crosstalk with other epigenetic pathways including histone 197	

modifications (18,19), the interplay between DNA methylation and histone modifications has not yet 198	

been fully explored (20). To unveil epidrugs’ molecular mechanisms on hTERT regulation, we 199	

previously investigated the effect of two HDACi (romidepsin and vorinostat) both approved for CTCL 200	

and we observed that these drugs can reduce telomerase expression in SS tumor cells without altering 201	

the methylation status of hTERT promoter (Chebly et al. submitted). Therefore, we carried an 202	

investigation of the dynamics of five histone marks at the global level and two histone marks at 203	

hTERT promoter in SS cells treated with HDACi. Also, we evaluated the functional impact of these 204	

two epidrugs on SS cells’ clonogenic capacities in vitro.  205	

We confirmed herein that hTERT expression falls in romidepsin or vorinostat -treated SS cells 206	

(Chebly et al. submitted). This decrease was accompanied with a drop in the clonogenic capacities of 207	

SS cells. The colonies formed by treated cells were less numerous and smaller in size. HDACi are 208	

known to impact the clonogenicity of cancer cells, such as the romidepsin in bladder cancer (21) and 209	

the vorinostat in polycythemia vera (PV) hematopoietic progenitors expressing JAK2
V617F

 (22). Our 210	

results obtained in SS cells are in accordance with these observations. Additionally, HDACi were 211	

reported to induce global acetylation, which is recognized as DNA damages leading to cell death in 212	

apoptosis-susceptible CTCL cells (23,24). This effect of HDACi can explain our observations 213	

regarding the lasting toxic effect of HDACi even after releasing the drug’s pressure, causing cell death 214	

in SS cells previously treated by HDACi. Besides, it was reported that hTERT exerts non-canonical 215	

functions in CTCL impacting the clonogenicity of tumor cells (11). Our present data support this 216	

observation and suggest a role for HDACi in reducing the clonogenic capacities of SS cells by 217	

reducing hTERT expression.  218	

 Five histone marks (active and repressive marks) were studied by western blot in romidepsin 219	

and vorinostat treated cells compared to untreated cells in order to evaluate the global changes of these 220	



10	

marks in SS: H3K27me3, H3K9me3, H3K27ac and H3K9ac and H3K4me3. An obvious increase in 221	

the acetylated histone marks H3K9ac and H3K27ac was observed in patient’s cells (up to 345 and 744 222	

fold changes). It is already known that H3K9ac and H3K27ac denote active regions at enhancers and 223	

promoters reflecting active gene transcription (25,26). The increase of these two acetylated marks 224	

observed in our study could be explained by the inhibition of the HDACs that are the main targets of 225	

the epidrugs HDACi (1). Interestingly, also methylated histone marks showed an increase after 226	

HDACi treatments, more pronounced in Patient 2. Our results illustrate the coordination between 227	

histone methylation and histone acetylation in response to HDACi (27), confirming that epigenetic 228	

regulation can affect various molecular elements to generate a specific response. 229	

 To unambiguously explore hTERT promoter histone marks, we looked at the dynamics of 230	

H3K27ac and H3K27me3 histone marks under the pressure of HDACi treatments. These two histone 231	

marks were previously reported to play a role in hTERT activation (13,14). High levels of H3K27me3 232	

at the hTERT promoter were found in telomerase-negative human primary cells (13), while H3K27ac 233	

is known to mark active enhancers, showing peaks that juxtaposed hTERT to strong enhancers 234	

elements in neuroblastoma (14). The H3K4me3 mark of active chromatin also was exhibited at hTERT 235	

promoter but in cancer cell lines carrying heterozygous promoter mutations (13). In SS, hTERT 236	

promoter is reported to be lacking of hotspot mutations (Ropio et al. Submitted). The hTERT promoter 237	

ChIP-qPCR investigation revealed changes in the active and repressive histone marks with romidepsin 238	

and vorinostat treatments. Overall after vorinostat treatment, the enrichment observed in the repressive 239	

histone mark H3K27me3 was more prominent than the changes observed in the H3K27ac active mark. 240	

Surprisingly, the active and the repressive histone marks were increased with both treatments, while 241	

hTERT expression was reduced suggesting a relation between epigenetic regulation and the global 242	

crosstalk. Among the hTERT promoter regions analyzed, only the -233 region seems to be recurrently 243	

sensitive to HDACi, indicating a possible role of this region in hTERT epigenetic regulation. The 244	

increase in H3K27ac and H3K27me3 levels might probably result in an alteration of the histones’ 245	

marks balance on hTERT promoter leading to a gene repression; or leaving the chromatin accessible to 246	
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a competition between activator and repressive transcription factors. These subtle changes seem to 247	

surpass a critical and important threshold for hTERT expression. Such physiopathological thresholds 248	

remain to be defined and explored. These features may represent the plasticity of the epigenetic 249	

regulation of hTERT in SS cells, confirming that epigenetic regulations under HDACi could be the 250	

result of a cascade and a coordination between several elements and/or pathways that can be drug-251	

dependent and cancer type-dependent (28). Furthermore, according to the outcomes of single agents 252	

HDACi or during guided combination therapies, there are still many aspects and effects to elucidate 253	

(29). In this context, the study of additional hTERT promoter histone marks might help to draw the full 254	

image of the epigenetic response to vorinostat and romidepsin in SS cells and would also help to 255	

understand the regulation of hTERT gene in cancer treatment.  256	

In conclusion, our findings suggest that HDACi treatments can reduce hTERT expression and 257	

consequently the clonogenic capacities of SS cells. While, HDACi can modify the protein expression 258	

of several histone marks at the genomic level, the H3K27ac and H3K27me3 at hTERT promoter seem 259	

to be subtly altered. These results confirm that hTERT promoter does not behave in a simplistic way 260	

(20) and suggest the implication of other “players” in the complex dynamic regulation of hTERT gene. 261	

Altogether, our study provides new insights regarding the regulation of hTERT expression by HDACi 262	

in SS cells. Also, it constitutes a basis towards more targeted epigenetic studies in order to unveil the 263	

mechanism of action of epidrugs in CTCL lymphomagenesis and to predict the response to epigenetic 264	

treatments. This prediction may facilitate the selection of patients that could benefit from epigenetic 265	

therapy.  266	

 267	

ABBREVIATIONS 268	

CTCL: Cutaneous T-cell lymphomas; HDACi: Histone deacetylases inhibitors; NTC: Non-treated 269	

cells; SS: Sézary syndrome; THOR: TERT hypermethylated oncogenic region; TSS: Transcription 270	

start site; WHO-EORTC: World Health Organization-European Organization for Research and 271	

Treatment of Cancer.  272	
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 368	

FIGURE LEGENDS 369	

 370	

Figure 1: IC50 values of romidepsin and vorinostat. 371	

Graphs showing cell viability results after 48h of different concentrations of romidepsin (A) or 372	

vorinostat (B) in HuT78 cell line, SS Patient 1 and SS Patient 2 cells. IC50 values are expressed in nM 373	

for romidepsin and µM for vorinostat.  374	

 375	

Figure 2: hTERT expression after romidepsin and vorinostat treatments.  376	

hTERT gene expression after 48h of romidepsin or vorinostat pressure in HuT78, SS Patient 1 and SS 377	

Patient 2 cells using quantitative PCR (qPCR). Results are represented as percentages of the 378	

expressions in Non-treated cells (NTC).  379	

 380	

Figure 3: Global analysis of histone modifications in SS cells.  381	

Western blot analyses with antibodies against repressive (H3K27me3 and H3K9me3) and active 382	

histone marks (H3K27ac, H3K9ac and H3K4me3) in HuT78 cell line, SS Patient 1 and SS Patient 2 383	

cells (A). Western blot analyses were done using the Stain-Free technology for normalization and 384	

quantification. Table (B) shows the increase in histone marks expressed in fold-change. L: Protein 385	

Ladder, N: non-treated cells, R: romidepsin treated cells and V: vorinostat treated cells. 386	

 387	

Figure 4: Chromatin analysis at hTERT gene.  388	

Chromatin immunoprecipitation (ChIP) was followed by quantitative PCR (qPCR) using five pairs of 389	

primers to amplify regions on hTERT gene (A) (TERT-1102; -773, -323, -233 and +1310) as well as a 390	

negative control (Untr12 for H3K27ac and ACTB-145 for H3K27me3) and a positive control 391	

(GAPDHpro for H3K27ac and MYT-1772 for H3K27me3) before (NTC) and after romidepsin and 392	

vorinostat treatments in HuT78 cell line, SS Patient 1 and SS patient 2. ChIP results of H3K27ac and 393	

H3K27me3 were normalized to the input values (B).   394	

 395	

Figure 5: Soft Agar assay in SS cells before and after romidpsin and vorinostat treatments. 396	

(A) Colonies formation in HuT78, SS Patient 1 and SS Patient 2 without treatment (NTC, black line) 397	

or after a previous 48h treatment with romidepsin (blue line) or vorinostat (red line). (B) Size and 398	

shape of the colonies in NTC, romidepsin- and vorinostat- treated cells after 3 weeks in Soft Agar.  399	

 400	
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Abstract

Background: Telomere shortening is linked to a range of different human diseases, 

hence reliable measurement methods are needed to uncover such associations. Among 

the plethora of telomere length measurement methods, qPCR is reported as easy to 

conduct and a cost-effective approach to study samples with low DNA amounts.

Methods: Cancer cells’ telomere length was evaluated by relative and absolute qPCR 

methods.

Results: Robust and reproducible telomere length measurements were optimized tak-

ing into account a careful reference gene selection and by knowing the cancer cells 

ploidy. qPCR data were compared to “gold standard” measurement from terminal 

restriction fragment (TRF).

Conclusions: Our study provides guidance and recommendations for accurate tel-

omere length measurement by qPCR in cancer cells, taking advantage of our exper-

tise in telomere homeostasis investigation in primary cutaneous T-cell lymphomas. 

Furthermore, our data emphasize the requirement of samples with both, high DNA 

quality and high tumor cells representation.

K E Y W O R D S

cancer, qPCR, southern blot, telomere length, tumor
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1 |  INTRODUCTION

Telomeres are highly conserved repetitive (TTAGGG)n DNA-

protein structures located at the ends of eukaryotic chromo-

somes.1,2 They have important functions in chromosomal 

stability and replication.3 Due to the “end replication prob-

lem” telomeric sequences shorten after every cell division, 

leading to replicative senescence, cell cycle arrest, or apopto-

sis.4,5 Telomere progressive shortening can potentially induce 

genetic instability and neoplastic transformation and may be 

counteracted by telomerase, an enzyme specialized in the 

elongation of telomeric ends.6 This enzyme is silenced in most 

somatic cells and expressed in about 90% of cancer cells.7 The 

remaining 10% of cancers activate an alternative telomere 

length mechanism known as ALT.8 The reexpression of telo-

merase allows cells to circumvent senescence and to achieve 

immortalization by maintaining functional telomeres.9 As 

protectors of chromosome ends, telomeres are involved in the 

pathogenesis and clinical progression of human diseases, in-

cluding cancer and a number of metabolic and inflammatory 

diseases.10-12 Considering the role of telomere length in bio-

logical homeostasis, there has been a growing interest in mea-

suring telomere length accurately and efficiently.13,14

A wide range of methods have been developed to measure 

telomere length, such as terminal restriction fragment (TRF) 

analysis by Southern blot, quantitative polymerase chain reaction 

(qPCR) amplification of telomere repeats relative to a single copy 

gene, and fluorescent in situ hybridization (FISH) to quantify 

telomere repeats in individual cells (interphase-FISH and flow-

FISH) or in individual arm chromosome (metaphase-FISH). The 

advantages and drawbacks of each method have been discussed 

in many reviews.15-19 TRF analysis was the first technique devel-

oped for telomere length measurement, and is often considered 

as the “gold standard” for all other techniques. In this procedure, 

genomic DNA is exhaustively digested by a cocktail of restric-

tion enzymes, resulting in short genomic fragments and longer 

uncut telomeres. Telomere fragments are then resolved by aga-

rose gel electrophoresis and detected by Southern blot using a 

labeled telomere probe. The average telomere length is deter-

mined by quantification of the intensity of labeled telomere DNA 

smear, compared to a DNA ladder with known fragment sizes 

in kilobases (kb). TRF analysis requires large amounts of DNA 

(0.5 to 10 μg) and has a maximum detection threshold of around 

20 kb because of the resolutive nature of agarose gel electropho-

resis.20,21 Nowadays, qPCR is the most commonly used method 

for assessing telomere length. qPCR is low cost, not very time 

consuming, is amenable to a high-throughput format and, unlike 

TRF assay, it can be performed with small quantities of DNA 

(less than 100 ng).22,23 In this procedure, telomere length is quan-

tified by comparing the amplification of the telomere product (T) 

to the amplification of a single copy gene (S). The T/S ratio yields 

a value that is proportional to average telomere length, allowing 

the determination of relative telomere length.24-27 Nevertheless, 

to obtain accurate, precise, and reproducible data, several factors 

should be considered.28,29

One of the main hurdles when studying cancer cells is the 

scarce biological material recovered which constraints molec-

ular biology analysis. Thus, qPCR approaches present a sub-

stantial advantageous tool for cancer cells’ telomere length 

evaluation. In this work, we aimed to compare and validate the 

applicability of qPCR when assessing telomere length in cancer 

cells, taking advantage of our expertise in telomere homeostasis 

investigation in primary cutaneous T-cell lymphomas (CTCL). 

CTCL are a heterogeneous group of lymphoproliferations in-

cluding entities with indolent, intermediate, and aggressive 

clinical behavior, in which we previously reported that telomere 

shortening was associated with disease aggressiveness.30

2 |  MATERIAL AND METHODS

2.1 | Cell lines

Five CTCL cell lines were analyzed in this study. Three cu-

taneous anaplastic large cell lymphoma (c-ALCL): Mac1, 

Mac2A, and Mac2B 31 (DSMZ), one transformed mycosis 

fungoïdes (T-MF): MyLa 2973,32 kindly provided by Dr K. 

Kaltoft (Aarhus, Denmark) and one Sézary syndrome (Sz): 

HuT78 33 (ATCC). They were cultured as suspension cells in 

Roswell Park Memorial Institute Medium (RPMI) 1640 media 

(Gibco) supplemented with 100U/mL penicillin, 100µg/mL 

streptomycin (Gibco) and 10% fetal bovine serum (Eurobio), 

except for HuT78 cells, which were supplemented with 20% 

fetal bovine serum. All cell lines were maintained at 37ºC with 

5% CO2 and regularly tested for mycoplasma contamination.

2.2 | Patients and healthy donors

Sz patients (n = 10, 51 ≤ age ≤86, mean age 71), were selected 

from the dermatology department of University Hospital 

Center (CHU) of Bordeaux, diagnosed according to the 
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criteria of the World Health Organization and the European 

Organization for Research and Treatment of Cancer (WHO-

EORTC).34 Healthy donors (n  =  21, 52  ≤  age ≤97, mean 

age 68) were recruited from both Etablissement Français du 

Sang (EFS), and CHU of Bordeaux, France. Peripheral blood 

mononuclear cells from Sz patients and healthy donors were 

isolated by PANCOLL® density gradient centrifugation 

(PAN-Biotech). Each patient gave a written consent.

2.3 | Conventional cytogenetics

MyLa, HuT78, Mac1, Mac2A, and Mac2B cells in the loga-

rithmic growth phase were incubated with Colcemid (Gibco). 

Cells were harvested and fixed according to the standard cytoge-

netic methods (KCl hypotonic treatment and ethanol-acetic acid 

fix Normapur 3:1 ratio). Fixed cells were spread on Superfrost 

glass slides (Thermo Scientific). Metaphases were treated for 

R-banding and then scanned on AxioImager Z1 (Zeiss) using 

Metafer software (MetaSystems). For each cell line, 5 to 10 

metaphases were analyzed using Ikaros karyotyping software 

(Metasystems). Karyotypes were assessed by a cytogeneticist and 

chromosomal formulas were written according to International 

System for Human Cytogenetic (ISCN) 2016 nomenclature.

2.4 | Multicolor Fluorescence in situ 
Hybridization (mFISH)

mFISH karyotype was carried out in accordance with suppli-

er's instructions using 24XCyte kit (MetaSystems) on cell lines 

and patient metaphase cells spreads. Cytogenetic preparations 

were performed as previously described.35 For each sample, 

nearly 20 metaphases were analyzed by means of ISIS soft-

ware for mFISH (MetaSystems). Chromosome abnormalities 

were defined according to ISCN 2016 recommendations.

2.5 | DNA Extraction

Genomic DNA was extracted, by a salt precipitation method 

adapted from Roylance et al.36 Briefly, about 3 to 5x106 

cells were washed with PBS. The pellets were resolved in 

nuclei lysis buffer (10 mM Tri-HCl/pH 8.2, 2 mM EDTA, 

400  mM NaCl) completed with 0.1% Nonidet P-40, 1/10 

RNAse A (10mg/ml) and proteinase K buffer solution (2mg/

ml proteinase K, 2mM EDTA, 1% SDS), prepared freshly 

prior to use. Suspensions were incubated overnight at 43°C. 

The DNA was precipitated with ethanol and then resolved in 

DNase-RNase free distilled water. DNA concentration was 

measured by Nanodrop 2000 spectrophotometer (Thermo 

Fisher Scientific) and its quality was further analyzed by 

classic agarose gel electrophoresis. The extracted material 

was maintained at 4ºC during quality assessment and qPCR 

analysis, otherwise it was stored at −20°C.

2.6 | Terminal Restriction Fragment 
telomere length measurement

Telomere measurement was carried out following the pro-

tocol of TeloTAGGG Telomere Length Assay Kit (Roche). 

Briefly, 1.5 µg of DNA was digested with Hinfl and RsaI en-

zymes. Digested samples were run on agarose gel and the tel-

omere fragments were then transferred to a nylon membrane 

Hybond-N+ (Amersham). DNA was fixed and a DIG-labeled 

telomeric probe was hybridized to the membrane. After a 

series of stringent washes and incubation with the second-

ary anti-DIG antibody, the telomeric DNA was detected by 

chemiluminescent imaging (ImageQuant LAS 4010, GE 

Healthcare). Images were analyzed using ImageJ software (IJ 

1.46r). Telomere content was calculated by the equation: TRF 

mean = ΣODi/Σ(ODi/Li), where ODi is the chemiluminescent 

signal and Li is the length of the TRF fragment at position i.

2.7 | qPCR relative telomere length 
measurement

Telomere length was calculated by a standard quantitative 

qPCR assay as previously reported.30 The normalizing con-

trol gene used was Kallikrein Related Peptidase 3 (KLK3), 

located at 19q13.33. Fifty nanograms of target DNA was 

added to a reaction containing the pair of primers (telomere 

or KLK3) and TakyonTM No Rox SYBR® MasterMix dTTP 

Blue (Eurogentec), in a total reaction volume of 25µl, ac-

cording to the manufacturer's instructions. PCR experiments 

were carried out on a Stratagene Mx3005P system (Agilent 

Technologies) and analyzed with MxPro 4.01 QPCR soft-

ware Stratagene (Agilent Technologies).

Primer sequences for both telomeres and KLK3 were as 

follows:

Telc 5'-TGTTAGGTATCCCTATCCCTATCCCTATCCC 

TATCCCTATCCCTAACA-3'.

Telg 5'-ACACTAAGGTTTGGGTTTGGGTTTGGGTTT 

GGGTTAGTGT-3'.24

KLK3-forward 5'-AGGCTGGGGCAGCATTGAAC-3'.

KLK3-reverse 5'-CACCTTCTGAGGGTGAACTTG-3'.

Telomere (2 cycles of 95°C for 20 sec and 49°C for 20 sec, 

followed by 30 cycles of 95°C for 20 sec and 60°C for 20 sec, 

with signal acquisition) and KLK3 (40 cycles of 95°C for 

20 sec and 60°C for 20 sec, with signal acquisition) reactions 

were run in separate 96-well plates.

Data were collected from triplicate reactions for each 

sample (cell lines, patients, and healthy donors). Triplicate 

values were accepted when the standard deviation of Ct was 
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below 0.5 among replicates. Results were calculated by the 

standard curve method.

2.8 | qPCR absolute telomere length 
measurement

Telomere length was calculated by means of Absolute Human 

Telomere Length Quantification qPCR Assay Kit (ScienCell). 

The kit provided a primer solution for telomere amplification 

and another one that recognizes and amplifies a 100 base pair 

region on human chromosome 17. This last primer solution 

was used as single copy reference (SCR). Twenty nanograms 

of target DNA was added to a reaction containing the pair of 

primers (telomere or SCR) and FastStart Essential DNA Green 

Master (Roche), in a total reaction volume of 20µl, according to 

the manufacturer's instructions. PCR experiments were carried 

out on a Stratagene Mx3005P system (Agilent Technologies) 

and analyzed with MxPro 4.01 QPCR software Stratagene 

(Agilent Technologies). Telomere and SCR reactions were 

run in the same 96-well plate and followed the same qPCR 

program setup (initial denaturation step at 95ºC for 10 min-

utes, followed by 32 cycles of 95°C for 20 seconds, 52ºC for 

20 seconds and 72°C for 42 seconds, with signal acquisition).

Data were collected from duplicate reactions for each 

sample (cell lines, patients, and healthy donors). Duplicate 

values were accepted when the standard deviation of Ct was 

below 0.5 among replicates. The provided reference genomic 

DNA sample with known telomere length in kilobases 

served as reference to calculate samples’ telomere length 

(2−∆∆Ct).  The final result represents the average telomere 

length per chromosome.

2.9 | Statistical analysis

Statistical analyses were performed on GraphPad Prism (ver-

sion 5.01) and included the calculation of mean, standard de-

viation of the mean, and P values by paired Mann-Whitney 

test (nonparametric t test). Correlations between different 

telomere length measurement methods were calculated using 

Pearson's Correlation and R2 coefficient of correlation and P 

values were reported. Four independent biological samples 

were analyzed for each cell line. Data obtained with cells 

from one sample were considered as one experiment (n). The 

significance level was set as P = .05.

3 |  RESULTS

3.1 | CTCL cells cytogenetic analysis

Cytogenetic investigation consisted of analyzing the karyo-

type for all cell lines (MyLa, HuT78, Mac1, Mac2A, and 

Mac2B). Thus, chromosomal rearrangements (Table S1) 

and ploidy (Table 1) were determined. HuT78 cell line was 

 

Diploid telomere 

length (kb) Ploidy

Corrected telomere 

length (kb)

Cell lines

Mac1 1.075 ± 0.035 Near-diploid 1.075 ± 0.035

Mac2A 4.452 ± 0.147 Near-diploid 4.452 ± 0.147

Mac2B 2.811 ± 0.093 Near-diploid 2.873 ± 0.095

MyLa 12.592 ± 0.416 Near-diploid 12.471 ± 0.412

HuT78 1.858 ± 0.061 Hypertriploid 1.279 ± 0.042

Mean     4.320 ± 0.143

Sz patients

1 2.819 ± 0.093 Near-diploid 2.819 ± 0.093

2 3.656 ± 0.121 Near-diploid 3.656 ± 0.121

3 5.559 ± 0.183 Near-diploid 5.559 ± 0.183

4 5.392 ± 0.178 Near-diploid 5.392 ± 0.178

5 2.930 ± 0.097 Near-diploid 2.930 ± 0.097

6 4.623 ± 0.153 Near-diploid 4.623 ± 0.153

7 2.077 ± 0.069 Near-diploid 2.077 ± 0.069

8 8.226 ± 0.272 Near-diploid 7.883 ± 0.260

9 3.387 ± 0.112 Near-diploid 3.462 ± 0.114

10 3.804 ± 0.126 Triploid 2.536 ± 0.084

Mean     4.094 ± 0.135

T A B L E  1  CTCL cells’ absolute 

telomere length estimated by absolute qPCR
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F I G U R E  1  CTCL cells’ telomere length assessment. (A) Relative telomere length measurement by a standard relative qPCR assay. (B) 

Cytogenetic analysis of CTCL cells (a) Conventional karyotype of a near-diploid cell and (b) mFISH of a hypertriploid karyotype (C) Absolute 

telomere length measurement (a) by qPCR and by TRF. The mean cell lines’ telomere length estimated by qPCR (4.320 ± 0.143 kb) was similar 

to that estimated by TRF (5.652 kb), P = .5040. (b) TRF blot. Arbitrary units (AU); Cutaneous T-cell lymphoma (CTCL); Deoxyribonucleic 

acid (DNA); Kilobases (kb); Nonstatistically significant (n.s.) Quantitative real-time polymerase chain reaction (qPCR); Sézary (Sz); Terminal 

restriction fragment (TRF)
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hypertriploid (77 to 81 chromosomes), all others cell lines 

were near-diploid. MyLa had 47 to 49 chromosomes, Mac1 

had 45 to 47, Mac2A had 45 to 46, and Mac2B had 44 to 45. 

Full chromosomal formulas are available in Table S1. For Sz 

patients, the complex karyotype was determined by mFISH. 

All Sz patients (1 to 9) were near-diploid, except patient 10 

who was triploid. 

4 |  CTCL CELLS TELOMERE 
LENGTH

4.1 | Relative and absolute telomere length 
measurements

We measured the relative and the absolute telomere length 

of Sz patients at one point and four independent biological 

samples for CTCL cell lines (Figure 1).

The relative telomere length was assessed by means of 

a standard qPCR method (Figure 1A), with a mean vari-

ation between measurements (inter-CV) of 13.6% and an 

individual sample variation (intra-CV) of 8.4%. Using this 

method, we were able to measure the telomere length of 9 

(out of 10) Sz patients, since we never succeeded to amplify 

neither the reference gene nor the telomeres for one patient 

(Figure 1A). In cell lines the absolute telomere length was 

assessed by qPCR (inter-CV of 6.7% and intra-CV of 2.5%) 

and by measuring the TRF length means (inter-CV of 6.3%) 

(Figure 1C). These two methodologies were applied only 

on cell lines due to the huge amounts of DNA required for 

TRF analysis, which was a limitating factor for analyzing 

Sz patients.

qPCR absolute telomere lengths were calculated consid-

ering cell ploidy: the average telomere length per chromo-

some was calculated by dividing the cell average telomere 

length over the number of chromosomes per cell (Table 1). 

With this absolute qPCR method we succeeded to calcu-

late the telomere length for all Sz patients (Figure 1Ca). 

Obtained results, using different telomere length measure-

ment methods, were concordant and allowed us to conclude 

that Mac1 and HuT78 presented the shortest telomeres, with 

stable telomere length variation between independent bio-

logical samples (Figure 1A and Figure 1Ca). Mac2A and 

Mac2B presented longer telomeres than HuT78 and Mac1, 

as well as more variability in their telomere length (Figure 

1A and Figure 1Ca). MyLa was the cell line with the longest 

telomeres among all the cell lines we studied, as well as the 

one with the highest variability in their telomere length mea-

surement (Figure 1A and Figure 1Ca). The mean cell lines’ 

telomere length estimated by qPCR (4.320  ±  0.143  kb) 

was similar to that estimated by TRF (5.652 kb), P = .5040 

(Figure 1Ca).

Telomere length results estimated by TRF correlated with 

results from relative (Figure 2A) and absolute (Figure 2B) 

qPCR approaches (R2 = 0.6254, P = .0194 and R2 = 0.8319, 

P = .0016, respectively). Telomere length estimation by qP-

CR-based assays (Figure 2C), strongly correlated with each 

other (R2 = 0.8738, P < .0001).

4.2 | DNA sample quality

When analyzing Sz patients’ telomere length, we observed 

the occurrence of an “outlier” far from patients’ average 

telomere length (Figure 3Aa). We verified samples' qual-

ity by agarose gel electrophoresis and we found that it was 

due to DNA degradation (Figure 3Ab). Thus, this patient 

was excluded from this study. This was further investigated 

in two cell lines, one with short telomeres and another one 

with long telomeres (Figure 3B). When DNA was degraded 

by heating (Figure 3Ba), the telomere lengths significantly 

increased (Figure 3Bb). We compared the KLK3 (reference 

F I G U R E  2  CTCL cells’ telomere length assays correlation. Telomere length results estimated by TRF correlated with results from relative 

qPCR (A) and with results from absolute qPCR (B). Telomere length estimation by qPCR-based assays correlated with each other (C). Arbitrary 

units (AU); Correlation coefficient (R2); Cutaneous T-cell lymphoma (CTCL); Kilobases (kb); Quantitative real-time polymerase chain reaction 

(qPCR); Terminal restriction fragment (TRF)
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gene) and telomeres Ct values of both cell lines. We ob-

served that the most remarkable difference between unde-

graded and degraded DNA was at the level of KLK3 gene 

Ct. Indeed, KLK3 gene Ct value increased in degraded DNA 

(Table 2).

4.3 | Sample’ tumor cell percentage

We observed that the telomere length of our Sz patient cohort 

(Figure 4A) was significantly shorter when compared with 

that of healthy lymphocytes (P = .0238). We then compared 

F I G U R E  3  Influence of DNA 

quality on telomere length measurement. 

(A) Sézary (Sz) patients’ (a) relative 

qPCR telomere length measurement and 

(b) patient samples marked in colored 

triangles DNA quality analysis by agarose 

gel electrophoresis. (B) Two cell lines 

(one with short telomeres and another with 

long telomeres) (a) DNA heat degradation 

confirmed by agarose gel electrophoresis 

and (b) their relative qPCR telomere length 

measurement. Telomere length of both cell 

lines significantly increased following DNA 

degradation (P = .0001 for short telomere 

cell line and P = .0037 for long telomere 

cell line). Arbitrary units (AU); Sézary (Sz); 

**P < .01; ***P < .001
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Ct 

(KLK3)

Ct 

average

Ct  

(Telomeres)

Ct 

average 2(-ΔCt)

Short 

telomere

not 

heated

24.00 23.95 24.05 24.09 0.90

23.89 24.13

heated 26.87 26.83 23.38 23.40 10.82

26.79 23.41

Long 

telomere

not 

heated

22.07 22.14 16.18 16.09 66.16

22.20 16

heated 24.06 24.17 15.33 15.26 483.36

24.28 15.18

T A B L E  2  Ct values for KLK3 and 

Telomeres of two cell lines following heat 

degradation
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the telomere lengths based on samples’ tumor cell percent-

age (Figure 4B,C). We observed that samples with more than 

50% of tumor cells (Figure 4B) had significantly shorter tel-

omeres than those of healthy lymphocytes (P = .0374), while 

telomere lengths of samples with less than 50% of tumor cells 

(Figure 4C) were not statistically different from those of lym-

phocytes from healthy donors (P = .1719).

5 |  DISCUSSION

In the present study we intended to evaluate and compare 

methods to ascertain telomere length in clinical samples 

using as a model Sézary syndrome disease, an aggressive 

CTCL subtype. We also aimed to identify putative factors 

interfering with an accurate evaluation.

We used a qPCR commercial kit to measure the abso-

lute telomere length of CTCL cells. As a commercial kit, 

it is assured to render results with high reliability, sensitiv-

ity, and reproducibility, and to reduce intra and interassays 

discrepancies.37 Furthermore, it allows obtaining telomere 

length in absolute kilobases, otherwise only possible by TRF 

analysis. TRF, although considered as the “gold standard” 

for telomere length evaluation, requires large DNA quantities 

which constraints its applicability to cancer study. We often 

do not have access to large amount of cells or genetic mate-

rial, so qPCR presents an advantageous tool.27.

The main hurdle in using qPCR-based techniques to ex-

plore cancer cells relies on the selection of an appropriate 

reference gene.27,29 Ploidy abnormalities and chromosome 

rearrangements are commonly associated with cancer de-

velopment, making it very likely to select a reference gene 

that is amplified or lost.38 Cytogenetic data allowed us to 

investigate chromosome 17 status of CTCL cells, and this 

information was important since the qPCR kit uses a 100 

base pair-long region on this chromosome as a reference. By 

cytogenetic data, we guaranteed (under the resolution limit 

of around 5MB), the selection of a stable reference gene for 

qPCR relative telomere length measurement, and we verified 

that the single copy gene reference proposed by the qPCR 

F I G U R E  4  Influence of samples’ 

tumor cell percentage on telomere length 

in comparison with healthy donors. (A.) 

Telomere length of Sz patients’ samples 

not sorted were significantly shorter when 

compared with that of healthy lymphocytes 

(P = .0238). (B.) Telomere length of Sz 

patients’ samples with more than 50% 
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(P = .0374). (C.) Telomere lengths of Sz 

patients’ samples with less than 50% of 
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kit is suitable for CTCL absolute telomere length measure-

ment. Karyotype information was furthermore essential to 

complement the advantages of telomere qPCR, as cell ploidy 

allowed the correct calculation of the average telomere length 

per chromosome (Table 1). This is particularly important be-

cause when studying cancer cells, the single telomere length 

measurement by itself has no biological meaning if not 

compared to the telomere length of a representative healthy 

population. Hence, the correct telomere length calculation is 

extremely important to assess and discover associations be-

tween telomere length and a certain disease. In this work, the 

majority of CTCL cell lines and Sz patients were near-dip-

loid, so the ploidy did not influence telomere length result. 

However, for HuT78 cell line and patient 10 that presented a 

near-triploid and a triploid karyotype, respectively, the ploidy 

correction factor influenced telomere length measurement 

(Table 1).

Regarding telomere length results obtained with the dif-

ferent measurement methods (Figure 1), the qPCR-based 

results, which specifically measures telomere sequences, 

are concordant with each other (Figure 2C). TRF analy-

sis, on the other hand, measures the telomeres including 

their subtelomeric region, which generally overestimates 

telomere length of around 1kb.18 Indeed, mean cell lines’ 

telomere length estimated by TRF (5.652 kb) is around 1kb 

greater than that estimated by qPCR (4.320  ±  0.143  kb) 

(Figure 1Ca).

Another crucial aspect of telomere length measurement is 

DNA quality. It is established that one of the primary requests 

for qPCR-based techniques in general, and for telomere qPCR 

in particular, is the use of DNA of high quality.29 Indeed, we 

verified that DNA degradation strongly influences telomere 

length measurements (Figure 3). Upon DNA degradation, we 

observed that the most remarkable difference, between un-

compromised DNA and degraded DNA, occurred at the level 

of KLK3 gene Ct (our reference gene) (Table 2). The number 

of cycles to obtain a detectable log-linear phase of amplifi-

cation increased upon DNA degradation, which means that 

we obtained less KLK3 product amplification in degraded 

samples. Consequently, as the telomere amplification did 

not significantly change, the ratio telomere/KLK3 decreased 

and this translated into longer telomeres (Table 2 and Figure 

3Bb). This is in contradiction with TRF method, where DNA 

degradation produces a bias toward shorter lengths.19 Thus, 

we emphasized the importance of regularly check samples’ 

DNA quality.

Finally, we reinforced the impact of analyzing samples 

with high percentage of tumor cells, as it can influence telo-

mere length evaluation relatively to healthy lymphocytes 

(Figure 4). On one hand, samples with more than 50% of 

tumor cells presented significantly shorter telomere lengths, 

compared to healthy lymphocytes. On the other hand, sam-

ples with less than 50% of tumor cells presented telomeres 

with no statistical difference from healthy lymphocytes. 

This corroborated our previous observations that short telo-

mere length is a characteristic of Sz tumor cells and that 

the surrounding nontumor cells present longer telomeres.30 

Therefore, the analysis of samples with high tumor cell pro-

portion will grant more precise results providing a way to ac-

curately distinguish unhealthy from healthy population. We 

further assured that the telomere length of Sz patients was not 

due to their advanced ages (Figure S1). Hence, we discrimi-

nated between natural telomere shortening and a pathological 

decrease, which is a hallmark of Sz cells.30

In conclusion, the increased utility of telomere length as-

sessment as a biomarker of cancer cells emphasized the im-

portance of accurate telomere length estimation.

Cancer cells accumulate genetic and chromosomal abnor-

malities and we do not always have access to a large amount 

of cells or genetic material to work with. The qPCR-based 

techniques used to assess telomere length can overcome 

these problems. Our results, limited by being performed in 

an uncommon disease which did not allow statistical power 

calculation, indicate that accurate measurements can only be 

obtained, with high tumor cell representation samples, unde-

graded DNA, well-defined cell ploidy, and a known chromo-

somal status.
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L’épigénétique comme modulateur de l’expression de hTERT dans les lymphomes T cutanés 

Résumé :  
Les lymphomes T-cutanés (CTCL) sont des tumeurs télomérase-positives exprimant hTERT, dans lesquelles ni 

l'amplification, ni les réarrangements, ni les mutations hotspots du promoteur peuvent expliquer la ré-expression du 

gène. Comme le promoteur de hTERT est riche en CpG, nous avons étudié la contribution des mécanismes épigénétiques 

dans sa ré-expression, puisqu’aucune étude à ce jour n’a été rapporté dans les CTCL. Nous avons analysé le statut de 

méthylation du promoteur de hTERT dans des lignées cellulaires, des cellules de patients ainsi que dans des cellules 

issues de donneurs sains. Nous avons également étudié la présence sur le promoteur de hTERT des histones H3K27ac et 

H3K27me3. Les analyses de méthylation spécifiques des cellules CTCL ont révélé un profil de méthylation 

caractéristique limité aux cellules tumorales, englobant une région distale hyperméthylée de -650 pb à -150 pb et une 

région proximale hypométhylée de -150 pb à + 150 pb, à partir du TSS. Ce double profil de méthylation observé sur le 

promoteur de hTERT est identique à celui observé dans d’autres types de tumeurs. La région distale hyperméthylée 

identifiée dans les cellules tumorales CTCL correspond à la région nommée récemment « région TERT oncogénique 

hyperméthylée » (THOR) et qui est rapportée associée à la réactivation de la télomérase dans les tumeurs, mais jusqu'à 

présent non rapportée dans les lymphomes. Nous avons évalué l'effet sur THOR de deux inhibiteurs d’histone 

désacétylases (HDACi), la romidepsine et le vorinostat, tous deux approuvés pour le traitement des CTCL ainsi que d'un 

inhibiteur de l'ADN méthyltransférase (DNMTi) 5-azacytidine, non approuvé pour les CTCL. Nos résultats obtenus à 

partir d’une cohorte limitée semblent suggérer, que la 5-azacytidine ne provoque pas la déméthylation de la région 

hyperméthylée du promoteur de hTERT alors que ce traitement s’accompagne d’une diminution de l’expression de 
hTERT et, fonctionnellement d’une baisse des capacités clonogènes des cellules. La romidepsine et le vorinostat 

modifient peu les marques d'histones H3K27ac et H3K27me3 présentes au niveau du promoteur hTERT. En conclusion, 

les résultats obtenus dans les cellules CTCL comparées à ceux de cellules saines confirment que la méthylation du 

promoteur de hTERT dans les cellules tumorales est particulière et spécifique à ces cellules, faisant de cette méthylation 

un biomarqueur de la cellule tumorale. De plus, ils révèlent que la méthylation du promoteur hTERT est relativement 

stable même sous la pression de thérapies épigénétiques, suggérant que la régulation de hTERT par ces thérapies s’opère 
en priorité de manière indirecte.  

Mots clés : Lymphomes cutanés, Syndrome de Sézary, Epigénétique, Méthylation de l’ADN, Histones, HDACi.  
 

Epigenetic modulation of hTERT expression in cutaneous T-cell lymphomas 

Abstract:  

Cutaneous T-lymphomas (CTCL) are telomerase-positive tumors expressing hTERT, in which neither amplification, nor 

rearrangement, nor promoter hotspot mutations can explain the re-expression of the gene. As the hTERT promoter is 

rich in CpG, we investigated the contribution of epigenetic mechanisms in its re-expression, since no studies to date 

have been reported in CTCL. We analyzed the methylation status of the hTERT promoter in cell lines, patients’ cells 

and in cells from healthy donors. We also studied the presence, on the hTERT promoter, of histones H3K27ac and 

H3K27me3. Methylation analyzes in CTCL cells revealed a characteristic methylation profile specific to tumor cells, 

encompassing a distal hypermethylated region from -650 bp to -150 bp and a proximal hypomethylated region from -

150 bp to +150 bp, relatively to the TSS. This dual methylation profile on hTERT promoter is identical to the profile 

seen in other types of tumors. The hypermethylated distal region identified in CTCL tumor cells corresponds to the 

region recently named “TERT hypermethylated oncogenic region” (THOR) and which is reported to be associated with 
telomerase reactivation in several tumors, but so far not reported in lymphomas. We evaluated the effect on THOR of 

two histone deacetylases inhibitors (HDACi), romidepsin and vorinostat, both approved for the treatment of CTCL as 

well as a DNA methyltransferase inhibitor (DNMTi) 5- azacytidine, not approved for CTCL. Our results, obtained from 

a limited cohort, seem to suggest that 5-azacytidine does not cause a demethylation of the hypermethylated region on 

hTERT promoter, while this treatment is accompanied by a decrease in the expression of hTERT and, functionally with 

a decrease in the clonogenic capacities of tumor cells. Romidepsin and vorinostat can slightly modify the H3K27ac and 

H3K27me3 histone marks present on hTERT promoter. In conclusion, the results obtained in CTCL cells compared with 

those of healthy cells confirm that hTERT promoter methylation is specific to CTCL cells, making this methylation a 

biomarker of tumor cells. Furthermore, they reveal that the methylation of hTERT promoter is relatively stable even 

under the pressure of epigenetic therapies, suggesting that the regulation of hTERT by these therapies can happen 

indirectly. 

Keywords: Cutaneous lymphomas, Sézary syndrome, Epigenetics, DNA methylation, Histones, HDACi. 
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