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Abstract: Peripheral T-cell lymphomas (PTCLs) are a group of diseases with a low incidence, high
degree of heterogeneity, and a dismal prognosis in most cases. Because of the low incidence of these
diseases, there have been few therapeutic novelties developed over time. Nevertheless, this fact is
changing presently as epigenetic modifiers have been shown to be recurrently mutated in some types
of PTCLs, especially in the cases of PTCLs not otherwise specified (PTCL-NOS), T follicular helper
(TFH), and angioimmunoblastic T-cell lymphoma (AITL). These have brought about more insight
into PTCL biology, especially in the case of PTCLs arising from TFH lymphocytes. From a biological
perspective, it has been observed that ten-eleven translocators (TET2) mutated T lymphocytes tend
to polarize to TFH, while Tregs lose their inhibitory properties. IDH2 R172 was shown to have
inhibitory effects on TET2, mimicking the effects of TET2 mutations, as well as having effects on
histone methylation. DNA methyltransferase 3A (DNMT3A) loss-of-function, although it was shown
to have opposite effects to TET2 from an inflammatory perspective, was also shown to increase the
number of T lymphocyte progenitors. Aside from bringing about more knowledge of PTCL biology,
these mutations were shown to increase the sensitivity of PTCLs to certain epigenetic therapies, like
hypomethylating agents (HMAs) and histone deacetylase inhibitors (HDACis). Thus, to answer the
question from the title of this review: We found the Achilles heel, but only for one of the Achilles.
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1. Introduction

Peripheral T-cell lymphomas (PTCLs) are a group of diseases in which the malignant
clone starts from a T lymphocyte that underwent T-cell receptor (TCR) rearrangement.
Currently, there are 29 entities of PTCL, as described in 2016 by the World Health Orga-
nization (WHO), with most of them having specific clinical presentation and therapeutic
management, which in turn reflects the heterogeneity of these diseases [1,2]. This, with the
addition of low incidence, leads to difficulty in researching these diseases and conducting
significant clinical trials on them. Nevertheless, there has started to be an increase in the
advancements made for PTCLs, with a particular focus on the recurrent epigenetic changes
that occur, especially in the case of entities in which the malignant clone started from a T
follicular helper (TFH) lymphocyte. These are represented mostly by angioimmunoblastic
T-cell lymphoma (AITL) and PTCL not otherwise specified (NOS) TFH variants. PTCL-NOS
has a high heterogenicity, with considerable differences from case to case in terms of their
clinical, pathological, and genetic characteristics, making diagnosis and treatment very
challenging. PTCL-NOS originates from mature T-cells, and the clinical aspects involve
enlarged lymph nodes, fever, fatigue, night sweats, weight loss, and sometimes skin rashes.
PTCL-NOS includes abnormal T-cell infiltrations in lymph nodes and proximal tissues,
with features that vary from case to case [3,4].
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AITL accounts for 30% of T/NK cell lymphomas, frequently diagnosed in middle-aged
and elderly patients. Clinical manifestations include generalized lymphadenopathy and
extranodal sites like the liver, spleen, or bone marrow. Moreover, laboratory evaluation
usually highlights elevated rheumatoid factors, positive anti-smooth muscle antibodies, and
other immune abnormalities; thus, patients show poor outcomes and less than three years
median survival [5–7]. AITLs have recurrent mutations in genes encoding TET2, IDH2 R172,
and DNMT3A, with some mutations being identified in non-tumor cells of patients with
AITL and even in some healthy donors; however, IDH2R172 and RHOAG17V mutations
are confirmed to tumor cells; all these may help in targeted therapy and personalized
therapeutical approaches [8–12].

PTCL-TFH includes cases of TFH lymphomas that do not have sufficient pathological
features to be included as AITLs; thus, some AITL features are common for PTCL-TFH,
like the diffuse proliferation of neoplastic cells, but without a pronounced inflammatory
background. The subtype is characterized by TET2, DNMT3A, and RHOAG17V mutations,
with a higher frequency of TET2, though without IDH2R172 mutations [3,13]. PTCLs
represent one out of ten non-Hodgkin lymphomas (NHLs) and a large proportion of
aggressive lymphomas. The most common subtype of PTCLs is represented by NOS in
North America and Europe, with a frequency of around 30%, while in Asia, NOS represents
the second most common subtype with 22% frequency [4,14].

PTCL-NOS risk factors include a family history of psoriasis, celiac disease, or other
hematological malignancies; moreover, other factors, such as long-term smoking, are risk
factors for all PTCLs [15,16]. It was observed that PTCL-NOS is frequently diagnosed
more than five years post-transplant with extranodal sites [17]. Furthermore, in Asia,
EBV-associated PTCL-NOS is very common and is associated with poor outcomes [18].

Because of the recurrent epigenetic changes in PTCL, there have been several clinical
trials testing hypomethylating agents (HMAs) or histone deacetylase inhibitors (HDACis)
in PTCLs, with impressive results being obtained [19,20].

Epigenetic alterations play an important role in the pathogenesis and development
of peripheral T-cell lymphoma due to the dysregulation of gene expression and cell sig-
naling [21]. At this moment, the first-line therapy for PTCLs is Cyclophosphamide+
doxorubicin+ vincristine + prednisolone (named CHOP) or other CHOP-like regimens;
however, most PTCLs are very aggressive and have poor clinical outcomes [22–24]. In
recent years, PTCLs have gained attention, and great advancements have been made in
understanding the pathology and developing novel therapies; thus, CHP with brentuximab
vedotin was approved as a frontline treatment [25].

Abnormal activity of the histone deacetylases (HDACs) affects gene expression and can
lead to the silencing of specific tumor suppressor genes or can activate specific oncogenes.
Several mutations in epigenetic modifying genes such as TET2, IDH2-R172, RHOA, IDH2,
or DNMT3A have been reported in PTCL cases, with DNMT3A, IDH2, and TET2 mutations
being the most frequent mutations identified in AITL and PTCL-NOS, and these are
associated with disease progression [10,26,27].

Because of these, we will further discuss the current knowledge of mutations af-
fecting epigenetic modifiers in PTCLs (Figure 1) and their current impact on therapeutic
management.

Epigenetic modifications are key for the development and progression of PTCL; DNA
methylation and histone modifications can lead to dysregulation in gene expression in
PTCL, where aberrant DNA methylation or histone acetylation can activate oncogenes,
promoting PTCL progression. Any epigenetic modification can serve as prognostic mark-
ers in PTCL and is not limited to this particular disease. Patterns in DNA methylation,
demethylation, and histone markers can be predictors of treatment response, and patient
overall survival or can be used to guide physicians to choose better therapeutic alternatives.
Current therapies target epigenetic regulators, and many of the epigenetic regulators were
evaluated in clinical trials to design and approve drugs that can restore normal epigenetic
patterns and inhibit tumor cell growth. Studies in this field reveal the fundamental biol-
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ogy of PTCLs and may pave the way for better-targeted therapies for aggressive cancers
like PTCLs.
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2. The Landscape of DNA Methylation and Epigenetic Modifiers

Normal (benign) DNA and cancer DNA have unique and different patterns of methy-
lation; tumor DNA has a lower percentage of methylated cytosine compared to normal
DNA [28]. The first described epigenetic modification in cancer cells was reported in 1983
when the Ehrlichs group demonstrated that the 5-methyl cytosine is replaced by unmethy-
lated cytosine [29]. Global hypomethylation of the genomic DNA was observed in several
types of cancers [30–33]; however, the CpG islands that are overlapping the promoters were
hypermethylated. The regional hypermethylation may occur in early tumorigenesis and
can be associated with tumor progression, serving as an indication for survival. Moreover,
the global hypomethylation of the DNA can be associated with tumor progression [34–36].

These differences in the grade of methylation between normal and tumor DNA are
exploited by researchers worldwide to determine if there are some methods to discriminate
between methylated and non-methylated DNA and to predict cancer evolution by analyz-
ing extracted DNA from both solid and liquid biopsy [37]. Thus, epigenetic modification
in the DNA and the methylation patterns can be used to predict tumor progression and
survival by evaluating the methylators and the DNA methylation grade.

The biological processes of DNA methylation and demethylation have key functions
in gene regulation and have a crucial impact on the development of cells [38]. The methy-
lation/demethylation usually occurs in CpG islands, and the process is modulated by de
novo DNA methyltransferases (DNMTs), which add the methyl group to the cytosine, and
ten-eleven translocators (TET), which are converting 5-mC (5-methylcytosine) into 5-hmC
(5-hydroxymethylcitosine), 5-fC (5-formylcytosine), and 5-caC (5-carboxycytosine) [39,40].
During the demethylation cascade, both 5-caC and 5-fC can be converted into normal
unmethylated cytosine, a process catalyzed by the thymine DNA glycosylase (TDG), which
allows base excision repair (BER) and the generation of unmethylated cytosine [40]. Since
the characterization of DNA structure in 1953 [41], it is well known that DNA contains four
nitrogenous bases: adenine (A), thymine (T), guanine (G), and cytosine (C), while the methy-
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lated cytosine is considered the “fifth base” of DNA [42]. The methylation/demethylation
process and its key players are depicted in Figure 2.
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Figure 2. The DNA methylation and demethylation mechanisms. Unmethylated cytosine becomes
5-methylcytosine under DNMT activity; therefore, TETs are responsible for 5-hydroxymethylcytosine,
5-formylcytosine, and 5-carboxycytosine production. TDG is responsible for the direct conversion
of 5-formylcytosine and 5-carboxycytosine into normal unmethylated cytosine, terminating the
demethylation cycle. DNMT—DNA methyltransferases; TET—Ten-eleven translocations; TDG—
thymine DNA glycosylase; BER—base excision repair. All chemical structures were designed using
MedChem Designer software version 5.5.

DNA methylation has a key role in cell biology; the process regulates gene expression
and is involved in monoallelic silencing and centromere stability [43]. It is one of the most
abundant and studied epigenetic modifications, and the methylation patterns seem to be
different in normal cells compared to tumor cells. In cancer, DNA global hypomethylation
events occur in key regions such as enhancers and promoters of critical genes, which lead
to overexpression of some oncogenes or downregulation of the expression of regulatory
genes [43].

The human genome contains around 28 million CpG sites, of which more than
two thirds are methylated in normal somatic cells. The CpG sites are not evenly dis-
tributed, as the bulk of the genome contains fewer CpG sites, while the rest are clustered in
CpG islands. The CpG islands are 500–1000 base pairs long, and usually, they are located in
the promoter regions of the genes [44]. The unmethylated CpG sites are a binding platform
for the transcription factors that control gene activity; thus, the methylation of the CpG
sites near a gene can silence the gene. DNA methylation levels in the enhancer’s region are
correlated with gene expression activity; thus, lower levels of methylation are associated
with increased transcriptional activity [45].

However, during tumorigenesis, normal epigenetic processes are disrupted. Thus,
DNA methylation patterns are modified. This aspect is characterized by global hypomethy-
lation with specific regional hypermethylation of the promoter’s CpG islands, commonly
associated with the silencing of specific tumor suppressor genes or genes that control cell
growth and proliferation [46]. Global hypomethylation in cancer reduces the genomic
stability of the cells as reduced DNMT1 levels have been indicated to facilitate a favorable
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environment for higher mutation rates and tumor development. Low DNA methylation is
also related to aberrant expression of oncogenes and transposable elements, resulting in
the deregulation of critical cellular processes that control cell growth, differentiation, and
proliferation [47,48].

DNMT3A and 3B are adding the methyl group to normal cytosine and generating
5-mC, while DNMT1 is propagating the modification following replication. In contrast with
the methylation process, other proteins are oxidizing the 5-mC and promoting demethyla-
tion [49,50]. To maintain the promoter CpG islands unmethylated and to keep the globally
hypomethylated DNA in normal cells, the DNA demethylation mechanism is crucial. The
5-hmC is the result of the first demethylation step, given the activity of TET proteins. As
DNMTs add methyl to the normal cytosine, TET proteins are responsible for demethylation
by oxidating 5-mC to 5-hmC [51]. Several studies evaluated the loss of TET proteins, and
the results highlighted an increased hypermethylation of the enhancers and promoters,
resulting in impaired cell development [52–54].

Oxidized methylcytosines and methylated cytosines are crucial in the maintenance of
the identity of each cell, and these modifications are part of the gene expression biological
processes that do not alter the DNA sequence. 5-mC patterns contribute to the cellular
identity and functions, silencing tissue-specific genes that should be inactive in other
tissues, while 5-hmC and other oxidized cytosines contribute to the gene expression dance
and DNA demethylation steps [55–57].

However, there are situations when DNA methylators such as DNMTs and TET
proteins suffer mutations, and the downstream-regulated pathways are significantly altered,
with reverberations in cell differentiation and developmental processes. Mutations in
DNMTs can induce abnormal DNA methylation patterns, silencing inappropriate genes
or activating unneeded genes that, in normal conditions, are silenced [58–60]. On the
other hand, mutations occurring in TET impact the demethylation process, and the results
are translated into an abnormal DNA methylation pattern commonly associated with
specific disorders, including leukemia and other types of cancer. Somatic mutations of
the DNMT3A gene were correlated with lower overall survival in patients with acute
myeloid leukemia, and dysregulation of the DNMTs in leukemia can contribute to disease
progression by silencing tumor suppressor genes [55,61]. Three TET proteins are involved
in 5-mC oxidation; thus, alterations in TET were found in various myeloid malignancies
and are related to an unfavorable prognosis [62].

In 2016, Lemonnier and his group highlighted that treatment with azacytidine can
sustain response in patients with AITL [63]. Treatment with the hypomethylating agents’
showed efficacy in myelodysplastic syndrome and acute myeloid leukemia, a response
that appears to correlate with IDH1/2, TET2, and DNMT3A mutations [64–66]. These
findings suggest that hypomethylating agents could act as an efficient therapeutic al-
ternative in PTCL-TFH. It was reported that patients suffering from AITL and chronic
myelomonocytic leukemia had a good outcome and reached remission after treatment with
azacytidine [67,68]. The study presented by Lemonnier included 12 patients with AITL
who received azacytidine, 9 with a positive response, 6 with a complete response, and 3
with a partial response, with an overall response rate of 75%. In 12 out of 12 patients, TET2
mutations were detected; 58% had 2 mutations, 33% had DNMT3A mutations, and 41%
had RHOA mutations, while only one had the IDH2 R172 mutation [63].

Mutations in DNMTs and TET genes, abnormalities in IDH2, and changes in his-
tone markers can change the epigenetic landscape and lead to abnormalities in cellular
development, which are also responsible for cancer development.

2.1. The Role of Ten-Eleven Translocations (TET)

Ten-eleven translocations are a group of enzymes represented by TET1, TET2, and
TET3, which are responsible for methylcytosine oxidation. TET acts by oxidizing 5-
methylated cytosines, generally from a CpG island to 5-hydroxymethyl cytosine, and
then plays a role in the next oxidation steps of the hydroxymethyl group to formyl and
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carboxyl, the latter step leading to a return to the demethylated cytosine conversion facili-
tated by the TGD/BER complex. Nevertheless, there are also studies discussing the role
of 5-hydroxymethyl cytosine as more than an intermediate in the demethylation process,
representing a proper epigenetic mark by itself [69,70].

Because of its physiologic activity, TET inhibition was correctly inferred to generate
global hypermethylation. This has been studied in acute myeloid leukemia (AML) in the
case of TET2 mutations, which have been shown to be generally represented by loss-of-
function mutations [62].

In mouse models, TET2 loss-of-function mutations have been shown to increase the
hematopoietic stem cell (HSC) pool, leading to an increased probability of malignant
transformation in both myeloid and lymphoid diseases. Myeloid diseases generated by this
model are represented by the most common entities, like AML, chronic myelomonocytic
leukemia (CMML), and myeloproliferative neoplasms (MPNs) [71].

The B-lineage lymphoid disease that occurs more frequently in this model is repre-
sented by diffuse large B-cell lymphoma; others show that TET2 can represent the first hit
leading to germinal center hyperplasia, and BCL2 overexpression represents the second
event in this model that leads to the formation of DLBCL [72].

The T-lineage lymphoid diseases that occur more frequently in TET2 mutant mice are
PTCLs, in which the cell of origin is represented by the TFH lymphocyte. More specifically,
AITL and PTCL-NOS TFH represent these diseases [73–75]. This was also confirmed in
the clinical scenario, as it has been shown that AITL and PTCL-NOS TFH are present in a
quarter to half of the cases of mutations in TET2 [10,76,77]. Clinically, it is not generally
considered that TET2 mutations influence the prognosis of PTCL. Nonetheless, it has been
shown that TET2 mutations correlate with high-risk prognostic factors like the International
Prognosis Index (IPI) and a platelet count under 150,000/µL [76]. Aside from PTCL that
occurred from a TFH lymphocyte, there have been studies showing that TET2 mutations can
also be present in adult T-leukemia/lymphoma (ATLL) [78] and in enteropathy-associated
T-lymphoma [76], although in a lower percent of cases.

One question that arises is: “Why are TET2 mutations associated with a TFH phe-
notype?”. The answer to this can be at least partially inferred from the role of TET2 in
T-cell polarization. More specifically, it has been shown that TET2 mutations repress the
expression of FOXP3 in Tregs, leading to a suppression of these cells and stimulation
of effector T-cells [79]. Moreover, the same article has shown that CD4+/FOXP3− cells
presenting a mutant TET2 have a higher probability of developing a TFH phenotype, a fact
that leads to the consideration that this might be one of the mechanisms that increases the
likelihood of developing AITL or PTCL-NOS TFH [79]. Others have also shown that TET2
mutations lead to FOXP3 destabilization in Tregs and an increase in IL17 secretion [80].
Nonetheless, it must be mentioned that conflicting studies show that TET2 deletion leads to
an inhibition of Th1 and Th17 polarization and cytokines associated with these states [81].

Therapeutically, PTCL subtypes presenting TET2 mutations or TET2 inhibition from
other causes could be thought of as having a sensitivity to hypomethylating agents (HMAs)
like azacytidine (AZA) and decitabine (DAC). This has also been shown in clinical trials,
with AZA presenting high efficacy in PTCL and, more specifically, in AITL [1,20,67]. Both
AZA and DAC have chemical structures like cytosine, with the main difference being that
their aromatic ring has one additional nitrogen, which replaces the carbon atom in the 5′

position where the methylation takes place (Figure 3). Thus, DNMT3A and DNMT3B are
unable to add the methyl group at the 5′ position, because the nitrogen atom has no more
free electrons to share [82–84]. Both AZA and DAC have the potential to treat peripheral T-
cell lymphomas because of their ability to target abnormal DNA methylation patterns. Some
subtypes of PTCLs respond better to hypomethylating agents than other subtypes; however,
the outcome has mixed results in clinical trials; some patients respond well to the therapy,
while others suffer because of the side effects. Thus, the safety and tolerability of these two
hypomethylating agents are important considerations when choosing hypomethylation
agent therapies in PTCLs. Studies are ongoing to optimize the use of hypomethylating
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agents in PTCL and to identify possible biomarkers and combination strategies that can
enhance the efficacy of the therapy.
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Figure 3. The mechanism of action of hypomethylating agents. Azacytidine (Az) and decitabine (D)
are incorporated into the DNA polynucleotide chain and replace 5-mC.

2.2. The Role of IDH2

Physiologically, IDH1/2 converts isocytric acid to α-ketoglutarate. It has been shown
in AML that IDH1 R132 and IDH2 R140 or R172 lead to the conversion of α-keto-glutarate
to 2-hydroxy-glutarate, which leads to the inhibition of TET2 with similar effects on the
methylation and transcription profiles [85]. These mutations can lead to abnormalities in
metabolic processes and may contribute to the progression and development of PTCL and
other types of cancer. Mutations in IDH2 can induce abnormal levels of 2-hydroxyglutarate,
a metabolite that can disrupt normal cellular metabolism; moreover, the metabolite is
responsible for DNA and histone demethylase inhibition, leading to aberrant methylation
patterns and modulating gene expression [86,87]. This equivalence between the two mu-
tations in AML is also seen because of the mutual exclusivity presented between these
mutations [85]. Conversely, in PTCL, the most common IDH1/2 alteration is represented
by IDH2 R172, with quite rare occurrences of the other pathogenic mutations in IDH1/2.
This mutation has been most commonly observed in AITL [88] and, interestingly, does
not present mutual exclusivity with TET2 mutations, showing that it might have other or
additional roles in AITL compared to AML [10,88,89]. Moreover, there was no association
between IDH2 R172 and clinical or pathologic features, which in the case of TET2 muta-
tions were observed [76], adding another argument for the differential impact of IDH2
R172 between AML and AITL. Also, it has to be considered that 2-hydroxy-glutarate has
the potential to inhibit other enzymes, like the Jumonju C-Domain histone demethylase
family [90,91], or through inhibition of PHD and upregulation of HIF1α [92]. Experimental
evidence on CD4+ T-cells and AITL patients shows that IDH2 R172 mutations not only
lead to an increase in 2-hydroxy-glutarate and hypermethylation of certain promoters but
also an increase in H3K27me3 marks [90].

From a therapeutic perspective, following the model of AML, IDH2 R172 could rep-
resent a potential target for IDH2 inhibitors, like Enasidenib, or could represent potential
targets for HMAs [93]. Nonetheless, these suppositions must be validated through clini-
cal trials.
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2.3. DNMT3A

DNMT3A is a de novo methyl transferase acting as a homotetramer on CpG islands,
generating a hemimethylated cytosine, followed by complete methylation by DNMT1 [94].
DNMT3A mutations are common in hematological malignancies such as acute myeloid
leukemia and myelodysplastic syndromes. Mutations in DNMT3A lead to overstimulation
of DNA methylation, altering the expression of genes involved in cell differentiation or
genes that regulate hematopoiesis. The impaired differentiation of the hematopoietic stem
cells can lead to the accumulation of immature cells and interfere with normal blood cell
production [94,95]. The most common variant mutation of DNMT3A, both in AML and
PTCL, is represented by R882, which has been shown to inhibit homotetramer formation,
leading to an 80% reduction in DNMT3A activity and a generalized hypomethylation [96].
In AML, DNMT3A mutations were observed to occur at frequencies between 20 and 30%
depending on the cytogenetic risk group, while in PTCL, it was observed that DNMT3A
mutations occur more frequently in AITL compared to other subtypes of PTCL, at approxi-
mately 30% of the cases with a significant overlap with TET2 mutations, while in PTCL-NOS
or PTCL-NOS TFH, they occur between 4 and 10% [3,10,11,89]. There are also authors
hypothesizing that DNMT3A/TET2 mutations represent a first hit, which is followed by a
second hit in RHOA/IDH2 on the path for the pathogenesis of AITL [97]. Although, as
mentioned before, TET2 mutations lead to a skewed generation of TFH cells, this is not the
case for DNMT3A mutations. It has been observed that DNMT3A inhibition leads to the
upregulation of FOXP3, leading to an anti-inflammatory effect [98]. Nonetheless, it has
been observed in a mouse model that DNMT3A deletion results in an accumulation of T-cell
progenitors in the thymus and lower apoptosis rates of these progenitors, with an increased
risk of developing T-acute lymphoblastic leukemia (T-ALL) [99]. Others have shown that
DNMT3A+/−mice have an increased risk of developing CD8+ lymphoma, with the second
event in these cases being modeled for p53 downregulation [100]. The study conducted by
Herek et al. highlighted that DNMT3A mutations define a cytotoxic subset in PTCL-TBX21
with prognostic value, clarifying the heterogenicity of PTCL-NOS [101].

2.4. Histone Marks

Histone marks have been known now for more than half a century, with more informa-
tion about these posttranslational changes being published every year. These marks have
various effects on gene transcription and chromatin accessibility, with several enzymes
implicated in managing these marks. They are broadly classified as writers (insert a mark),
readers (recognize a mark), and erasers (erase a mark) [102,103]. Mutations in histone
markers significantly alter gene regulation and disrupt epigenetic regulation. Mutations in
histone H3 change the amino acid residues, which are targets for methylation and other
modifications; thus, normal gene expression is disturbed [104,105]. Moreover, there are
histone modification enzymes that can undergo modifications, leading to dysregulated
gene expression patterns that can lead to cancer or other diseases [106,107]. Histone methyl-
transferases can suffer mutations resulting in abnormal histone methylation patterns, or
histone acetyltransferases can gain mutations that lead to gene silencing, processes that are
responsible for cancer development [108,109]. Taken together, all histone mark mutations
can dysregulate the epigenetic landscape and contribute to various diseases. Mutations
in these enzymes were observed to occur frequently in PTCL, more specifically in AITL
and PTCL-NOS TFH [110]. The genes most frequently observed to be altered in PTCL
are represented by KMT2D (H3K4 methyltransferase), KMT2A (H3K4 methyltransferase),
SETD2 (H3K36 methyltransferase), KDM6A (H3K27 demethylase), CREBBP (H3K18 acetyl-
transferase), EP300 (H3K18 acetyltransferase), and EZH2 (H3K27me3 reader) [111–114].
Wu et al. [115] described that gene fusion involving tumor protein 63 (TP63), which is
correlated with poor survival in T and B-cell lymphomas, is involved in tumor survival
through EZH2. The research group highlighted that mice expressing TBL1XR1:TP63, which
is the most common TP63 fusion, develop T-cell lymphomas and the fusion coordinates
the recruitment of nuclear receptor corepressor (NCoR)-histone deacetylase (HDAC3) and
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lysine methyltransferase 2D (KMT2D), which are necessary for fusion-dependent survival.
Furthermore, it upregulates MYC and polycomb repressor complex 2 (PRC2), which are
components of EZH2. Furthermore, one patient with TP63 rearrangement in lymphoma
showed a good response to valemetostat (EZH2 inhibitor), indicating that some fusions
can increase therapeutic vulnerability to EZH2 inhibitors. The distribution of chromatin
states for both EZH1 and EZH2 play a significant role in the global regulation of histone
methylation in aggressive lymphomas; thus, it is essential to inhibit them to achieve a good
outcome in EZH2 overexpression or EZH2 mutations in histone-modifying genes as well
as in precancerous cells that are affected by epigenetic disruptions [116].

From a survival perspective, patients harboring these mutations were shown to have
worse overall survival [111]. Nonetheless, these patients might also be the ones to benefit
the most from therapy with HDACi, which is approved as monotherapy in PTCL and, addi-
tionally, represents a good basis for forming doubled therapies for PTCL that have already
shown encouraging results [1]. There have been studies showing that these mutations,
although increasing the mortality risk, also increase the chance of a patient responding to
chidamide in the case of PTCL-NOS [111]. Others have shown that EZH2 mutations can be
found in ATLL and increase the chance of patients responding to epigenetic therapy [117].
Also, considering the previous chapter of the current review, an important therapeutic
strategy is represented by the combination of an HMA and an HDACi, which has been
shown to increase the interaction between KMT2D and PU.1, leading to an inhibition of
pERK, which is known to be upregulated in PTCL [118,119]. Moreover, this hypothesis
was confirmed in a phase 1 clinical trial, which has shown that azacytidine and romidepsin
have marked efficacy in PTCL [20].

3. Conclusions

Considering the latest advancements in the field of PTCL, it can be said that subtypes
of PTCL arising from a TFH lymphocyte can present sensitivity for therapies encompassing
an HMA and an HDACi. Nevertheless, it must be mentioned that the mutations discussed
in this review are not present as frequently in all subtypes of PTCL, in which case novel
approaches must be developed. Finally, to answer the question from the title of this review:
“We found the Achilles heel, but only for one of the Achilles”.

4. Further Directions

The characterization of specific mutations in epigenetic modifiers, such as DNMT3A,
IDH2, and TET, in histone markers and in different subtypes of PTCL is essential to un-
derstanding how these mutations affect the epigenetic landscape and gene expression.
Potential biomarkers associated with epigenetic modifier mutations are important for a
better prediction of the response to therapies, while a deep understanding of the functional
consequences of epigenetic modifier mutations on signaling pathways, tumor microenvi-
ronment, and gene expression may lead to the development of targeted therapies designed
for each abnormal modification. Finally, combinatorial therapies that target specific path-
ways or immune checkpoints need to be explored in a tight collaboration between clinicians,
researchers, and pharmaceutical companies to provide therapeutic alternatives in PTCLs.

Author Contributions: Conceptualization, A.-B.T. and A.B.; methodology, A.-B.T. and A.B.; valida-
tion, A.-B.T. and A.B; investigation A.-B.T. and A.B.; resources A.-B.T. and A.B.; writing—original
draft preparation A.-B.T. and A.B.; writing—review and editing, A.-B.T. and A.B.; visualization A.-B.T.
and A.B.; supervision, A.-B.T. and A.B.; project administration A.-B.T. and A.B., funding acquisition
A.-B.T. and AB. All authors have read and agreed to the published version of the manuscript.

Funding: A.-B.T. is supported by a national grant of the Romanian Academy of Scientists (Academia
Oamenilor de Stiinta din Romania) 2023–2024 contract number 15/11 April 2023, by an international
collaborative grant of the European Economic Space between Romania and Iceland 2021–2023:
‘Cooperation strategy for knowledge transfer, internationalization and curricula innovation in the
field of research education at the 3rd level of study–AURORA and by a grant awarded by the



Curr. Issues Mol. Biol. 2023, 45 8983

Romanian National Ministry of Research, Innovation, and Digitalization: PN-III-P4-ID-PCE-1957
PCE185/2021. AB was supported by PCD—no. 771/3/11 January 2023.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Marchi, E.; O’Connor, O.A. The rapidly changing landscape in mature T-cell lymphoma (MTCL) biology and management. CA

Cancer J. Clin. 2020, 70, 47–70. [CrossRef] [PubMed]
2. Swerdlow, S.H.; Campo, E.; Pileri, S.A.; Harris, N.L.; Stein, H.; Siebert, R.; Advani, R.; Ghielmini, M.; Salles, G.A.;

Zelenetz, A.D.; et al. The 2016 revision of the World Health Organization classification of lymphoid neoplasms. Blood 2016, 127,
2375–2390. [CrossRef] [PubMed]

3. Dobay, M.P.; Lemonnier, F.; Missiaglia, E.; Bastard, C.; Vallois, D.; Jais, J.P.; Scourzic, L.; Dupuy, A.; Fataccioli, V.; Pujals, A.; et al.
Integrative clinicopathological and molecular analyses of angioimmunoblastic T-cell lymphoma and other nodal lymphomas of
follicular helper T-cell origin. Haematologica 2017, 102, e148–e151. [CrossRef]

4. Weiss, J.; Reneau, J.; Wilcox, R.A. PTCL, NOS: An update on classification, risk-stratification, and treatment. Front. Oncol. 2023,
13, 1101441. [CrossRef]

5. Vose, J.; Armitage, J.; Weisenburger, D.; International, T.C.L.P. International peripheral T-cell and natural killer/T-cell lymphoma
study: Pathology findings and clinical outcomes. J. Clin. Oncol. 2008, 26, 4124–4130. [CrossRef] [PubMed]

6. Tokunaga, T.; Shimada, K.; Yamamoto, K.; Chihara, D.; Ichihashi, T.; Oshima, R.; Tanimoto, M.; Iwasaki, T.; Isoda, A.;
Sakai, A.; et al. Retrospective analysis of prognostic factors for angioimmunoblastic T-cell lymphoma: A multicenter coop-
erative study in Japan. Blood 2012, 119, 2837–2843. [CrossRef] [PubMed]

7. Satou, A.; Takahara, T.; Tsuzuki, T. Pathological and Molecular Features of Nodal Peripheral T-Cell Lymphomas. Diagnostics 2022,
12, 2001. [CrossRef]

8. Sakata-Yanagimoto, M. Multistep tumorigenesis in peripheral T cell lymphoma. Int. J. Hematol. 2015, 102, 523–527. [CrossRef]
9. Jaiswal, S.; Fontanillas, P.; Flannick, J.; Manning, A.; Grauman, P.V.; Mar, B.G.; Lindsley, R.C.; Mermel, C.H.; Burtt, N.;

Chavez, A.; et al. Age-related clonal hematopoiesis associated with adverse outcomes. N. Engl. J. Med. 2014, 371, 2488–2498.
[CrossRef]

10. Sakata-Yanagimoto, M.; Enami, T.; Yoshida, K.; Shiraishi, Y.; Ishii, R.; Miyake, Y.; Muto, H.; Tsuyama, N.; Sato-Otsubo, A.;
Okuno, Y.; et al. Somatic RHOA mutation in angioimmunoblastic T cell lymphoma. Nat. Genet. 2014, 46, 171–175. [CrossRef]

11. Palomero, T.; Couronné, L.; Khiabanian, H.; Kim, M.Y.; Ambesi-Impiombato, A.; Perez-Garcia, A.; Carpenter, Z.; Abate, F.;
Allegretta, M.; Haydu, J.E.; et al. Recurrent mutations in epigenetic regulators, RHOA and FYN kinase in peripheral T cell
lymphomas. Nat. Genet. 2014, 46, 166–170. [CrossRef]

12. Fujisawa, M.; Sakata-Yanagimoto, M.; Nishizawa, S.; Komori, D.; Gershon, P.; Kiryu, M.; Tanzima, S.; Fukumoto, K.; Enami, T.;
Muratani, M.; et al. Activation of RHOA-VAV1 signaling in angioimmunoblastic T-cell lymphoma. Leukemia 2018, 32, 694–702.
[CrossRef] [PubMed]

13. Miyoshi, H.; Sakata-Yanagimoto, M.; Shimono, J.; Yoshida, N.; Hattori, K.; Arakawa, F.; Yanagida, E.; Takeuchi, M.; Yamada, K.;
Suzuki, T.; et al. RHOA mutation in follicular T-cell lymphoma: Clinicopathological analysis of 16 cases. Pathol. Int. 2020, 70,
653–660. [CrossRef]

14. Bellei, M.; Nabhan, C.; Pesce, E.A.; Conte, L.; Vose, J.M.; Foss, F.; Federico, M. The Value and Relevance of the T Cell Lymphoma
Registries and International Collaborations: The Case of COMPLETE and the T-Cell Project. Curr. Hematol. Malig. Rep. 2015, 10,
448–455. [CrossRef] [PubMed]

15. Wang, S.S.; Flowers, C.R.; Kadin, M.E.; Chang, E.T.; Hughes, A.M.; Ansell, S.M.; Feldman, A.L.; Lightfoot, T.; Boffetta, P.;
Melbye, M.; et al. Medical history, lifestyle, family history, and occupational risk factors for peripheral T-cell lymphomas: The
InterLymph Non-Hodgkin Lymphoma Subtypes Project. J. Natl. Cancer Inst. Monogr. 2014, 2014, 66–75. [CrossRef]

16. Martinez, A.; Pittaluga, S.; Villamor, N.; Colomer, D.; Rozman, M.; Raffeld, M.; Montserrat, E.; Campo, E.; Jaffe, E.S. Clonal T-cell
populations and increased risk for cytotoxic T-cell lymphomas in B-CLL patients: Clinicopathologic observations and molecular
analysis. Am. J. Surg. Pathol. 2004, 28, 849–858. [CrossRef]

17. Swerdlow, S.H. T-cell and NK-cell posttransplantation lymphoproliferative disorders. Am. J. Clin. Pathol. 2007, 127, 887–895.
[CrossRef] [PubMed]

18. Kim, T.Y.; Min, G.J.; Jeon, Y.W.; Park, S.S.; Park, S.; Shin, S.H.; Yahng, S.A.; Yoon, J.H.; Lee, S.E.; Cho, B.S.; et al. Impact of
Epstein-Barr Virus on Peripheral T-Cell Lymphoma Not Otherwise Specified and Angioimmunoblastic T-Cell Lymphoma. Front.
Oncol. 2021, 11, 797028. [CrossRef]

https://doi.org/10.3322/caac.21589
https://www.ncbi.nlm.nih.gov/pubmed/31815293
https://doi.org/10.1182/blood-2016-01-643569
https://www.ncbi.nlm.nih.gov/pubmed/26980727
https://doi.org/10.3324/haematol.2016.158428
https://doi.org/10.3389/fonc.2023.1101441
https://doi.org/10.1200/JCO.2008.16.4558
https://www.ncbi.nlm.nih.gov/pubmed/18626005
https://doi.org/10.1182/blood-2011-08-374371
https://www.ncbi.nlm.nih.gov/pubmed/22308294
https://doi.org/10.3390/diagnostics12082001
https://doi.org/10.1007/s12185-015-1738-8
https://doi.org/10.1056/NEJMoa1408617
https://doi.org/10.1038/ng.2872
https://doi.org/10.1038/ng.2873
https://doi.org/10.1038/leu.2017.273
https://www.ncbi.nlm.nih.gov/pubmed/28832024
https://doi.org/10.1111/pin.12981
https://doi.org/10.1007/s11899-015-0291-0
https://www.ncbi.nlm.nih.gov/pubmed/26449717
https://doi.org/10.1093/jncimonographs/lgu012
https://doi.org/10.1097/00000478-200407000-00002
https://doi.org/10.1309/LYXN3RGF7D7KPYG0
https://www.ncbi.nlm.nih.gov/pubmed/17509986
https://doi.org/10.3389/fonc.2021.797028


Curr. Issues Mol. Biol. 2023, 45 8984

19. O’Connor, O.A.; Bhagat, G.; Ganapathi, K.; Pedersen, M.B.; D’Amore, F.; Radeski, D.; Bates, S.E. Changing the paradigms of
treatment in peripheral T-cell lymphoma: From biology to clinical practice. Clin. Cancer Res. 2014, 20, 5240–5254. [CrossRef]

20. O’Connor, O.A.; Falchi, L.; Lue, J.K.; Marchi, E.; Kinahan, C.; Sawas, A.; Deng, C.; Montanari, F.; Amengual, J.E.; Kim, H.A.; et al.
Oral 5-azacytidine and romidepsin exhibit marked activity in patients with PTCL: A multicenter phase 1 study. Blood 2019, 134,
1395–1405. [CrossRef]

21. Zhang, P.; Zhang, M. Epigenetic alterations and advancement of treatment in peripheral T-cell lymphoma. Clin. Epigenetics 2020,
12, 169. [CrossRef]

22. Armitage, J.O. The aggressive peripheral T-cell lymphomas: 2017. Am. J. Hematol. 2017, 92, 706–715. [CrossRef] [PubMed]
23. Sibon, D. Peripheral T-Cell Lymphomas: Therapeutic Approaches. Cancers 2022, 14, 2332. [CrossRef]
24. Bachy, E.; Camus, V.; Thieblemont, C.; Sibon, D.; Casasnovas, R.O.; Ysebaert, L.; Damaj, G.; Guidez, S.; Pica, G.M.; Kim, W.S.; et al.

Romidepsin Plus CHOP Versus CHOP in Patients With Previously Untreated Peripheral T-Cell Lymphoma: Results of the
Ro-CHOP Phase III Study (Conducted by LYSA). J. Clin. Oncol. 2022, 40, 242–251. [CrossRef]

25. Ngu, H.S.; Savage, K.J. Frontline Management of Nodal Peripheral T-Cell Lymphomas. Am. Soc. Clin. Oncol. Educ. Book 2023, 43,
e390334. [CrossRef] [PubMed]

26. Vallois, D.; Dobay, M.P.; Morin, R.D.; Lemonnier, F.; Missiaglia, E.; Juilland, M.; Iwaszkiewicz, J.; Fataccioli, V.; Bisig, B.;
Roberti, A.; et al. Activating mutations in genes related to TCR signaling in angioimmunoblastic and other follicular helper
T-cell-derived lymphomas. Blood 2016, 128, 1490–1502. [CrossRef] [PubMed]

27. Watatani, Y.; Sato, Y.; Miyoshi, H.; Sakamoto, K.; Nishida, K.; Gion, Y.; Nagata, Y.; Shiraishi, Y.; Chiba, K.; Tanaka, H.; et al.
Molecular heterogeneity in peripheral T-cell lymphoma, not otherwise specified revealed by comprehensive genetic profiling.
Leukemia 2019, 33, 2867–2883. [CrossRef]

28. Moisoiu, V.; Stefancu, A.; Iancu, S.D.; Moisoiu, T.; Loga, L.; Dican, L.; Alecsa, C.D.; Boros, I.; Jurj, A.; Dima, D.; et al. SERS
assessment of the cancer-specific methylation pattern of genomic DNA: Towards the detection of acute myeloid leukemia in
patients undergoing hematopoietic stem cell transplantation. Anal. Bioanal. Chem. 2019, 411, 7907–7913. [CrossRef] [PubMed]

29. Gama-Sosa, M.A.; Slagel, V.A.; Trewyn, R.W.; Oxenhandler, R.; Kuo, K.C.; Gehrke, C.W.; Ehrlich, M. The 5-methylcytosine content
of DNA from human tumors. Nucleic Acids Res. 1983, 11, 6883–6894. [CrossRef]

30. Ehrlich, M.; Woods, C.B.; Yu, M.C.; Dubeau, L.; Yang, F.; Campan, M.; Weisenberger, D.J.; Long, T.; Youn, B.; Fiala, E.S.; et al.
Quantitative analysis of associations between DNA hypermethylation, hypomethylation, and DNMT RNA levels in ovarian
tumors. Oncogene 2006, 25, 2636–2645. [CrossRef]

31. Wahlfors, J.; Hiltunen, H.; Heinonen, K.; Hämäläinen, E.; Alhonen, L.; Jänne, J. Genomic hypomethylation in human chronic
lymphocytic leukemia. Blood 1992, 80, 2074–2080. [CrossRef]

32. Lin, C.H.; Hsieh, S.Y.; Sheen, I.S.; Lee, W.C.; Chen, T.C.; Shyu, W.C.; Liaw, Y.F. Genome-wide hypomethylation in hepatocellular
carcinogenesis. Cancer Res. 2001, 61, 4238–4243.

33. Rodriguez, J.; Vives, L.; Jordà, M.; Morales, C.; Muñoz, M.; Vendrell, E.; Peinado, M.A. Genome-wide tracking of unmethylated
DNA Alu repeats in normal and cancer cells. Nucleic Acids Res. 2008, 36, 770–784. [CrossRef] [PubMed]

34. Brock, M.V.; Gou, M.; Akiyama, Y.; Muller, A.; Wu, T.T.; Montgomery, E.; Deasel, M.; Germonpré, P.; Rubinson, L.;
Heitmiller, R.F.; et al. Prognostic importance of promoter hypermethylation of multiple genes in esophageal adenocarcinoma.
Clin. Cancer Res. 2003, 9, 2912–2919.

35. Jackson, K.; Yu, M.C.; Arakawa, K.; Fiala, E.; Youn, B.; Fiegl, H.; Müller-Holzner, E.; Widschwendter, M.; Ehrlich, M. DNA
hypomethylation is prevalent even in low-grade breast cancers. Cancer Biol. Ther. 2004, 3, 1225–1231. [CrossRef] [PubMed]

36. Roman-Gomez, J.; Jimenez-Velasco, A.; Agirre, X.; Castillejo, J.A.; Navarro, G.; San Jose-Eneriz, E.; Garate, L.; Cordeu, L.;
Cervantes, F.; Prosper, F.; et al. Repetitive DNA hypomethylation in the advanced phase of chronic myeloid leukemia. Leuk. Res.
2008, 32, 487–490. [CrossRef]

37. Stefancu, A.; Moisoiu, V.; Desmirean, M.; Iancu, S.D.; Tigu, A.B.; Petrushev, B.; Jurj, A.; Cozan, R.G.; Budisan, L.; Fetica, B.; et al.
SERS-based DNA methylation profiling allows the differential diagnosis of malignant lymphadenopathy. Spectrochim. Acta Part A
Mol. Biomol. Spectrosc. 2022, 264, 120216. [CrossRef] [PubMed]

38. Villicaña, S.; Castillo-Fernandez, J.; Hannon, E.; Christiansen, C.; Tsai, P.-C.; Maddock, J.; Kuh, D.; Suderman, M.; Power, C.;
Relton, C.; et al. Genetic impacts on DNA methylation help elucidate regulatory genomic processes. Genome Biol. 2023, 24, 176.
[CrossRef]

39. Loyfer, N.; Magenheim, J.; Peretz, A.; Cann, G.; Bredno, J.; Klochendler, A.; Fox-Fisher, I.; Shabi-Porat, S.; Hecht, M.; Pelet, T.; et al.
A DNA methylation atlas of normal human cell types. Nature 2023, 613, 355–364. [CrossRef]

40. Cui, X.-L.; Nie, J.; Ku, J.; Dougherty, U.; West-Szymanski, D.C.; Collin, F.; Ellison, C.K.; Sieh, L.; Ning, Y.; Deng, Z.; et al. A human
tissue map of 5-hydroxymethylcytosines exhibits tissue specificity through gene and enhancer modulation. Nat. Commun. 2020,
11, 6161. [CrossRef]

41. Watson, J.D.; Crick, F.H.C. Molecular Structure of Nucleic Acids: A Structure for Deoxyribose Nucleic Acid. Nature 1953, 171,
737–738. [CrossRef] [PubMed]

42. Kumar, S.; Chinnusamy, V.; Mohapatra, T. Epigenetics of Modified DNA Bases: 5-Methylcytosine and Beyond. Front. Genet. 2018,
9, 640. [CrossRef] [PubMed]

https://doi.org/10.1158/1078-0432.CCR-14-2020
https://doi.org/10.1182/blood.2019001285
https://doi.org/10.1186/s13148-020-00962-x
https://doi.org/10.1002/ajh.24791
https://www.ncbi.nlm.nih.gov/pubmed/28516671
https://doi.org/10.3390/cancers14092332
https://doi.org/10.1200/JCO.21.01815
https://doi.org/10.1200/EDBK_390334
https://www.ncbi.nlm.nih.gov/pubmed/37262395
https://doi.org/10.1182/blood-2016-02-698977
https://www.ncbi.nlm.nih.gov/pubmed/27369867
https://doi.org/10.1038/s41375-019-0473-1
https://doi.org/10.1007/s00216-019-02213-2
https://www.ncbi.nlm.nih.gov/pubmed/31745615
https://doi.org/10.1093/nar/11.19.6883
https://doi.org/10.1038/sj.onc.1209145
https://doi.org/10.1182/blood.V80.8.2074.bloodjournal8082074
https://doi.org/10.1093/nar/gkm1105
https://www.ncbi.nlm.nih.gov/pubmed/18084025
https://doi.org/10.4161/cbt.3.12.1222
https://www.ncbi.nlm.nih.gov/pubmed/15539937
https://doi.org/10.1016/j.leukres.2007.07.021
https://doi.org/10.1016/j.saa.2021.120216
https://www.ncbi.nlm.nih.gov/pubmed/34364036
https://doi.org/10.1186/s13059-023-03011-x
https://doi.org/10.1038/s41586-022-05580-6
https://doi.org/10.1038/s41467-020-20001-w
https://doi.org/10.1038/171737a0
https://www.ncbi.nlm.nih.gov/pubmed/13054692
https://doi.org/10.3389/fgene.2018.00640
https://www.ncbi.nlm.nih.gov/pubmed/30619465


Curr. Issues Mol. Biol. 2023, 45 8985

43. Skvortsova, K.; Stirzaker, C.; Taberlay, P. The DNA methylation landscape in cancer. Essays Biochem. 2019, 63, 797–811. [CrossRef]
44. Lai, W.K.M.; Pugh, B.F. Understanding nucleosome dynamics and their links to gene expression and DNA replication. Nat. Rev.

Mol. Cell Biol. 2017, 18, 548–562. [CrossRef]
45. Heyn, H.; Vidal, E.; Ferreira, H.J.; Vizoso, M.; Sayols, S.; Gomez, A.; Moran, S.; Boque-Sastre, R.; Guil, S.; Martinez-Cardus, A.; et al.

Epigenomic analysis detects aberrant super-enhancer DNA methylation in human cancer. Genome Biol. 2016, 17, 11. [CrossRef]
46. Taberlay, P.C.; Achinger-Kawecka, J.; Lun, A.T.; Buske, F.A.; Sabir, K.; Gould, C.M.; Zotenko, E.; Bert, S.A.; Giles, K.A.;

Bauer, D.C.; et al. Three-dimensional disorganization of the cancer genome occurs coincident with long-range genetic and
epigenetic alterations. Genome Res. 2016, 26, 719–731. [CrossRef] [PubMed]

47. Zhang, Y.; Yang, L.; Kucherlapati, M.; Hadjipanayis, A.; Pantazi, A.; Bristow, C.A.; Lee, E.A.; Mahadeshwar, H.S.; Tang, J.;
Zhang, J.; et al. Global impact of somatic structural variation on the DNA methylome of human cancers. Genome Biol. 2019, 20,
209. [CrossRef] [PubMed]

48. Yi, K.; Ju, Y.S. Patterns and mechanisms of structural variations in human cancer. Exp. Mol. Med. 2018, 50, 1–11. [CrossRef]
49. Charlton, J.; Jung, E.J.; Mattei, A.L.; Bailly, N.; Liao, J.; Martin, E.J.; Giesselmann, P.; Brändl, B.; Stamenova, E.K.; Müller, F.J.; et al.

TETs compete with DNMT3 activity in pluripotent cells at thousands of methylated somatic enhancers. Nat. Genet. 2020, 52,
819–827. [CrossRef]

50. Mohan, K.N. DNMT1: Catalytic and non-catalytic roles in different biological processes. Epigenomics 2022, 14, 629–643. [CrossRef]
51. Verma, N.; Pan, H.; Doré, L.C.; Shukla, A.; Li, Q.V.; Pelham-Webb, B.; Teijeiro, V.; González, F.; Krivtsov, A.; Chang, C.J.; et al. TET

proteins safeguard bivalent promoters from de novo methylation in human embryonic stem cells. Nat. Genet. 2018, 50, 83–95.
[CrossRef]

52. Ito, S.; D’Alessio, A.C.; Taranova, O.V.; Hong, K.; Sowers, L.C.; Zhang, Y. Role of Tet proteins in 5mC to 5hmC conversion, ES-cell
self-renewal and inner cell mass specification. Nature 2010, 466, 1129–1133. [CrossRef]

53. Onodera, A.; González-Avalos, E.; Lio, C.-W.J.; Georges, R.O.; Bellacosa, A.; Nakayama, T.; Rao, A. Roles of TET and TDG in
DNA demethylation in proliferating and non-proliferating immune cells. Genome Biol. 2021, 22, 186. [CrossRef] [PubMed]

54. Tsiouplis, N.J.; Bailey, D.W.; Chiou, L.F.; Wissink, F.J.; Tsagaratou, A. TET-Mediated Epigenetic Regulation in Immune Cell
Development and Disease. Front. Cell Dev. Biol. 2021, 8, 623948. [CrossRef] [PubMed]

55. Moen, E.L.; Mariani, C.J.; Zullow, H.; Jeff-Eke, M.; Litwin, E.; Nikitas, J.N.; Godley, L.A. New themes in the biological functions of
5-methylcytosine and 5-hydroxymethylcytosine. Immunol. Rev. 2015, 263, 36–49. [CrossRef] [PubMed]

56. Song, C.X.; Szulwach, K.E.; Dai, Q.; Fu, Y.; Mao, S.Q.; Lin, L.; Street, C.; Li, Y.; Poidevin, M.; Wu, H.; et al. Genome-wide profiling
of 5-formylcytosine reveals its roles in epigenetic priming. Cell 2013, 153, 678–691. [CrossRef]

57. Turpin, M.; Salbert, G. 5-methylcytosine turnover: Mechanisms and therapeutic implications in cancer. Front. Mol. Biosci. 2022, 9,
976862. [CrossRef]

58. Liu, P.; Yang, F.; Zhang, L.; Hu, Y.; Chen, B.; Wang, J.; Su, L.; Wu, M.; Chen, W. Emerging role of different DNA methyltransferases
in the pathogenesis of cancer. Front. Pharmacol. 2022, 13, 958146. [CrossRef]

59. Zhang, J.; Yang, C.; Wu, C.; Cui, W.; Wang, L. DNA Methyltransferases in Cancer: Biology, Paradox, Aberrations, and Targeted
Therapy. Cancers 2020, 12, 2123. [CrossRef]

60. Sandoval, J.E.; Huang, Y.H.; Muise, A.; Goodell, M.A.; Reich, N.O. Mutations in the DNMT3A DNA methyltransferase in acute
myeloid leukemia patients cause both loss and gain of function and differential regulation by protein partners. J. Biol. Chem. 2019,
294, 4898–4910. [CrossRef]

61. Jiang, Y.; Dunbar, A.; Gondek, L.P.; Mohan, S.; Rataul, M.; O’Keefe, C.; Sekeres, M.; Saunthararajah, Y.; Maciejewski, J.P. Aberrant
DNA methylation is a dominant mechanism in MDS progression to AML. Blood 2009, 113, 1315–1325. [CrossRef] [PubMed]

62. Delhommeau, F.; Dupont, S.; Della Valle, V.; James, C.; Trannoy, S.; Massé, A.; Kosmider, O.; Le Couedic, J.P.; Robert, F.;
Alberdi, A.; et al. Mutation in TET2 in myeloid cancers. N. Engl. J. Med. 2009, 360, 2289–2301. [CrossRef]

63. Lemonnier, F.; Dupuis, J.; Sujobert, P.; Tournillhac, O.; Cheminant, M.; Sarkozy, C.; Pelletier, L.; Marcais, A.; Robe, C.;
Fataccioli, V.; et al. Treatment with 5-azacytidine induces a sustained response in patients with angioimmunoblastic T-cell
lymphoma. Blood 2018, 132, 2305–2309. [CrossRef] [PubMed]

64. Bejar, R.; Lord, A.; Stevenson, K.; Bar-Natan, M.; Perez-Ladaga, A.; Zaneveld, J.; Wang, H.; Caughey, B.; Stojanov, P.; Getz, G.; et al.
TET2 mutations predict response to hypomethylating agents in myelodysplastic syndrome patients. Blood 2014, 124, 2705–2712.
[CrossRef] [PubMed]

65. Emadi, A.; Faramand, R.; Carter-Cooper, B.; Tolu, S.; Ford, L.A.; Lapidus, R.G.; Wetzler, M.; Wang, E.S.; Etemadi, A.; Griffiths, E.A.
Presence of isocitrate dehydrogenase mutations may predict clinical response to hypomethylating agents in patients with acute
myeloid leukemia. Am. J. Hematol. 2015, 90, E77–E79. [CrossRef]

66. Metzeler, K.H.; Walker, A.; Geyer, S.; Garzon, R.; Klisovic, R.B.; Bloomfield, C.D.; Blum, W.; Marcucci, G. DNMT3A mutations
and response to the hypomethylating agent decitabine in acute myeloid leukemia. Leukemia 2012, 26, 1106–1107. [CrossRef]

67. Cheminant, M.; Bruneau, J.; Kosmider, O.; Lefrere, F.; Delarue, R.; Gaulard, P.; Radford, I.; Derrieux, C.; Hermine, O.; Lemonnier, F.
Efficacy of 5-azacytidine in a TET2 mutated angioimmunoblastic T cell lymphoma. Br. J. Haematol. 2015, 168, 913–916. [CrossRef]
[PubMed]

https://doi.org/10.1042/ebc20190037
https://doi.org/10.1038/nrm.2017.47
https://doi.org/10.1186/s13059-016-0879-2
https://doi.org/10.1101/gr.201517.115
https://www.ncbi.nlm.nih.gov/pubmed/27053337
https://doi.org/10.1186/s13059-019-1818-9
https://www.ncbi.nlm.nih.gov/pubmed/31610796
https://doi.org/10.1038/s12276-018-0112-3
https://doi.org/10.1038/s41588-020-0639-9
https://doi.org/10.2217/epi-2022-0035
https://doi.org/10.1038/s41588-017-0002-y
https://doi.org/10.1038/nature09303
https://doi.org/10.1186/s13059-021-02384-1
https://www.ncbi.nlm.nih.gov/pubmed/34158086
https://doi.org/10.3389/fcell.2020.623948
https://www.ncbi.nlm.nih.gov/pubmed/33520997
https://doi.org/10.1111/imr.12242
https://www.ncbi.nlm.nih.gov/pubmed/25510270
https://doi.org/10.1016/j.cell.2013.04.001
https://doi.org/10.3389/fmolb.2022.976862
https://doi.org/10.3389/fphar.2022.958146
https://doi.org/10.3390/cancers12082123
https://doi.org/10.1074/jbc.RA118.006795
https://doi.org/10.1182/blood-2008-06-163246
https://www.ncbi.nlm.nih.gov/pubmed/18832655
https://doi.org/10.1056/NEJMoa0810069
https://doi.org/10.1182/blood-2018-04-840538
https://www.ncbi.nlm.nih.gov/pubmed/30279227
https://doi.org/10.1182/blood-2014-06-582809
https://www.ncbi.nlm.nih.gov/pubmed/25224413
https://doi.org/10.1002/ajh.23965
https://doi.org/10.1038/leu.2011.342
https://doi.org/10.1111/bjh.13170
https://www.ncbi.nlm.nih.gov/pubmed/25312805


Curr. Issues Mol. Biol. 2023, 45 8986

68. Saillard, C.; Guermouche, H.; Derrieux, C.; Bruneau, J.; Frenzel, L.; Couronne, L.; Asnafi, V.; Macintyre, E.; Trinquand, A.;
Lhermitte, L.; et al. Response to 5-azacytidine in a patient with TET2-mutated angioimmunoblastic T-cell lymphoma and chronic
myelomonocytic leukaemia preceded by an EBV-positive large B-cell lymphoma. Hematol. Oncol. 2017, 35, 864–868. [CrossRef]

69. Branco, M.R.; Ficz, G.; Reik, W. Uncovering the role of 5-hydroxymethylcytosine in the epigenome. Nat. Rev. Genet. 2011, 13, 7–13.
[CrossRef]

70. Ko, M.; Huang, Y.; Jankowska, A.M.; Pape, U.J.; Tahiliani, M.; Bandukwala, H.S.; An, J.; Lamperti, E.D.; Koh, K.P.; Ganetzky, R.; et al.
Impaired hydroxylation of 5-methylcytosine in myeloid cancers with mutant TET2. Nature 2010, 468, 839–843. [CrossRef]

71. Chan, S.M.; Majeti, R. Role of DNMT3A, TET2, and IDH1/2 mutations in pre-leukemic stem cells in acute myeloid leukemia. Int.
J. Hematol. 2013, 98, 648–657. [CrossRef]

72. Dominguez, P.M.; Ghamlouch, H.; Rosikiewicz, W.; Kumar, P.; Béguelin, W.; Fontán, L.; Rivas, M.A.; Pawlikowska, P.; Armand,
M.; Mouly, E.; et al. TET2 Deficiency Causes Germinal Center Hyperplasia, Impairs Plasma Cell Differentiation, and Promotes
B-cell Lymphomagenesis. Cancer Discov. 2018, 8, 1632–1653. [CrossRef] [PubMed]

73. Muto, H.; Sakata-Yanagimoto, M.; Nagae, G.; Shiozawa, Y.; Miyake, Y.; Yoshida, K.; Enami, T.; Kamada, Y.; Kato, T.;
Uchida, K.; et al. Reduced TET2 function leads to T-cell lymphoma with follicular helper T-cell-like features in mice. Blood Cancer
J. 2014, 4, e264. [CrossRef] [PubMed]

74. Solary, E.; Bernard, O.A.; Tefferi, A.; Fuks, F.; Vainchenker, W. The Ten-Eleven Translocation-2 (TET2) gene in hematopoiesis and
hematopoietic diseases. Leukemia 2014, 28, 485–496. [CrossRef]

75. Shingleton, J.R.; Dave, S.S. TET2 Deficiency Sets the Stage for B-cell Lymphoma. Cancer Discov. 2018, 8, 1515–1517. [CrossRef]
[PubMed]

76. Lemonnier, F.; Couronné, L.; Parrens, M.; Jaïs, J.P.; Travert, M.; Lamant, L.; Tournillac, O.; Rousset, T.; Fabiani, B.; Cairns, R.A.; et al.
Recurrent TET2 mutations in peripheral T-cell lymphomas correlate with TFH-like features and adverse clinical parameters. Blood
2012, 120, 1466–1469. [CrossRef] [PubMed]

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

78. Shimoda, K.; Shide, K.; Kameda, T.; Hidaka, T.; Kubuki, Y.; Kamiunten, A.; Sekine, M.; Akizuki, K.; Shimoda, H.; Yamaji, T.; et al.
TET2 Mutation in Adult T-Cell Leukemia/Lymphoma. J. Clin. Exp. Hematop. 2015, 55, 145–149. [CrossRef]

79. Yue, X.; Lio, C.J.; Samaniego-Castruita, D.; Li, X.; Rao, A. Loss of TET2 and TET3 in regulatory T cells unleashes effector function.
Nat. Commun. 2019, 10, 2011. [CrossRef]

80. Nakatsukasa, H.; Oda, M.; Yin, J.; Chikuma, S.; Ito, M.; Koga-Iizuka, M.; Someya, K.; Kitagawa, Y.; Ohkura, N.; Sakaguchi, S.; et al.
Loss of TET proteins in regulatory T cells promotes abnormal proliferation, Foxp3 destabilization and IL-17 expression. Int.
Immunol. 2019, 31, 335–347. [CrossRef]

81. Ichiyama, K.; Chen, T.; Wang, X.; Yan, X.; Kim, B.S.; Tanaka, S.; Ndiaye-Lobry, D.; Deng, Y.; Zou, Y.; Zheng, P.; et al. The
methylcytosine dioxygenase Tet2 promotes DNA demethylation and activation of cytokine gene expression in T cells. Immunity
2015, 42, 613–626. [CrossRef]

82. Desjobert, C.; Carrier, A.; Delmas, A.; Marzese, D.M.; Daunay, A.; Busato, F.; Pillon, A.; Tost, J.; Riond, J.; Favre, G.; et al.
Demethylation by low-dose 5-aza-2′-deoxycytidine impairs 3D melanoma invasion partially through miR-199a-3p expression
revealing the role of this miR in melanoma. Clin. Epigenet. 2019, 11, 9. [CrossRef]

83. Buocikova, V.; Tyciakova, S.; Pilalis, E.; Mastrokalou, C.; Urbanova, M.; Matuskova, M.; Demkova, L.; Medova, V.; Longhin, E.M.;
Rundén-Pran, E.; et al. Decitabine-induced DNA methylation-mediated transcriptomic reprogramming in human breast cancer
cell lines; the impact of DCK overexpression. Front. Pharmacol. 2022, 13, 991751. [CrossRef]

84. Azevedo Portilho, N.; Saini, D.; Hossain, I.; Sirois, J.; Moraes, C.; Pastor, W.A. The DNMT1 inhibitor GSK-3484862 mediates global
demethylation in murine embryonic stem cells. Epigenetics Chromatin 2021, 14, 56. [CrossRef]

85. Montalban-Bravo, G.; DiNardo, C.D. The role of IDH mutations in acute myeloid leukemia. Future Oncol. 2018, 14, 979–993.
[CrossRef]

86. Du, X.; Hu, H. The Roles of 2-Hydroxyglutarate. Front. Cell Dev. Biol. 2021, 9, 651317. [CrossRef]
87. Liu, L.; Hu, K.; Feng, J.; Wang, H.; Fu, S.; Wang, B.; Wang, L.; Xu, Y.; Yu, X.; Huang, H. The oncometabolite R-2-hydroxyglutarate

dysregulates the differentiation of human mesenchymal stromal cells via inducing DNA hypermethylation. BMC Cancer 2021, 21,
36. [CrossRef] [PubMed]

88. Cairns, R.A.; Iqbal, J.; Lemonnier, F.; Kucuk, C.; de Leval, L.; Jais, J.P.; Parrens, M.; Martin, A.; Xerri, L.; Brousset, P.; et al. IDH2
mutations are frequent in angioimmunoblastic T-cell lymphoma. Blood 2012, 119, 1901–1903. [CrossRef] [PubMed]

89. Couronné, L.; Bastard, C.; Bernard, O.A. TET2 and DNMT3A mutations in human T-cell lymphoma. N. Engl. J. Med. 2012, 366,
95–96. [CrossRef] [PubMed]

90. Wang, C.; McKeithan, T.W.; Gong, Q.; Zhang, W.; Bouska, A.; Rosenwald, A.; Gascoyne, R.D.; Wu, X.; Wang, J.;
Muhammad, Z.; et al. IDH2R172 mutations define a unique subgroup of patients with angioimmunoblastic T-cell lym-
phoma. Blood 2015, 126, 1741–1752. [CrossRef]

https://doi.org/10.1002/hon.2319
https://doi.org/10.1038/nrg3080
https://doi.org/10.1038/nature09586
https://doi.org/10.1007/s12185-013-1407-8
https://doi.org/10.1158/2159-8290.CD-18-0657
https://www.ncbi.nlm.nih.gov/pubmed/30274972
https://doi.org/10.1038/bcj.2014.83
https://www.ncbi.nlm.nih.gov/pubmed/25501021
https://doi.org/10.1038/leu.2013.337
https://doi.org/10.1158/2159-8290.CD-18-1143
https://www.ncbi.nlm.nih.gov/pubmed/30510015
https://doi.org/10.1182/blood-2012-02-408542
https://www.ncbi.nlm.nih.gov/pubmed/22760778
https://doi.org/10.1016/j.ccr.2011.06.003
https://doi.org/10.3960/jslrt.55.145
https://doi.org/10.1038/s41467-019-09541-y
https://doi.org/10.1093/intimm/dxz008
https://doi.org/10.1016/j.immuni.2015.03.005
https://doi.org/10.1186/s13148-018-0600-2
https://doi.org/10.3389/fphar.2022.991751
https://doi.org/10.1186/s13072-021-00429-0
https://doi.org/10.2217/fon-2017-0523
https://doi.org/10.3389/fcell.2021.651317
https://doi.org/10.1186/s12885-020-07744-x
https://www.ncbi.nlm.nih.gov/pubmed/33413208
https://doi.org/10.1182/blood-2011-11-391748
https://www.ncbi.nlm.nih.gov/pubmed/22215888
https://doi.org/10.1056/NEJMc1111708
https://www.ncbi.nlm.nih.gov/pubmed/22216861
https://doi.org/10.1182/blood-2015-05-644591


Curr. Issues Mol. Biol. 2023, 45 8987

91. Xu, W.; Yang, H.; Liu, Y.; Yang, Y.; Wang, P.; Kim, S.H.; Ito, S.; Yang, C.; Wang, P.; Xiao, M.T.; et al. Oncometabolite 2-
hydroxyglutarate is a competitive inhibitor of α-ketoglutarate-dependent dioxygenases. Cancer Cell 2011, 19, 17–30. [CrossRef]

92. Koivunen, P.; Lee, S.; Duncan, C.G.; Lopez, G.; Lu, G.; Ramkissoon, S.; Losman, J.A.; Joensuu, P.; Bergmann, U.; Gross, S.; et al.
Transformation by the (R)-enantiomer of 2-hydroxyglutarate linked to EGLN activation. Nature 2012, 483, 484–488. [CrossRef]
[PubMed]

93. Ma, H.; O’Connor, O.A.; Marchi, E. New directions in treating peripheral T-cell lymphomas (PTCL): Leveraging epigenetic
modifiers alone and in combination. Expert. Rev. Hematol. 2019, 12, 137–146. [CrossRef] [PubMed]

94. Chaudry, S.F.; Chevassut, T.J. Epigenetic Guardian: A Review of the DNA Methyltransferase DNMT3A in Acute Myeloid
Leukaemia and Clonal Haematopoiesis. BioMed Res. Int. 2017, 2017, 5473197. [CrossRef] [PubMed]

95. Venugopal, K.; Feng, Y.; Shabashvili, D.; Guryanova, O.A. Alterations to DNMT3A in Hematologic Malignancies. Cancer Res.
2021, 81, 254–263. [CrossRef] [PubMed]

96. Russler-Germain, D.A.; Spencer, D.H.; Young, M.A.; Lamprecht, T.L.; Miller, C.A.; Fulton, R.; Meyer, M.R.; Erdmann-Gilmore,
P.; Townsend, R.R.; Wilson, R.K.; et al. The R882H DNMT3A mutation associated with AML dominantly inhibits wild-type
DNMT3A by blocking its ability to form active tetramers. Cancer Cell 2014, 25, 442–454. [CrossRef] [PubMed]

97. Fukumoto, K.; Nguyen, T.B.; Chiba, S.; Sakata-Yanagimoto, M. Review of the biologic and clinical significance of genetic mutations
in angioimmunoblastic T-cell lymphoma. Cancer Sci. 2018, 109, 490–496. [CrossRef] [PubMed]

98. Garg, G.; Muschaweckh, A.; Moreno, H.; Vasanthakumar, A.; Floess, S.; Lepennetier, G.; Oellinger, R.; Zhan, Y.; Regen, T.;
Hiltensperger, M.; et al. Blimp1 Prevents Methylation of Foxp3 and Loss of Regulatory T Cell Identity at Sites of Inflammation.
Cell Rep. 2019, 26, 1854–1868.e1855. [CrossRef] [PubMed]

99. Kramer, A.C.; Kothari, A.; Wilson, W.C.; Celik, H.; Nikitas, J.; Mallaney, C.; Ostrander, E.L.; Eultgen, E.; Martens, A.;
Valentine, M.C.; et al. Dnmt3a regulates T-cell development and suppresses T-ALL transformation. Leukemia 2017, 31, 2479–2490.
[CrossRef]

100. Haney, S.L.; Upchurch, G.M.; Opavska, J.; Klinkebiel, D.; Hlady, R.A.; Roy, S.; Dutta, S.; Datta, K.; Opavsky, R. Dnmt3a Is a
Haploinsufficient Tumor Suppressor in CD8+ Peripheral T Cell Lymphoma. PLoS Genet. 2016, 12, e1006334. [CrossRef]

101. Herek, T.A.; Bouska, A.; Lone, W.; Sharma, S.; Amador, C.; Heavican, T.B.; Li, Y.; Wei, Q.; Jochum, D.; Greiner, T.C.; et al. DNMT3A
mutations define a unique biological and prognostic subgroup associated with cytotoxic T cells in PTCL-NOS. Blood 2022, 140,
1278–1290. [CrossRef] [PubMed]

102. Allfrey, V.G.; Faulkner, R.; Mirsky, A.E. Acetylation and Methylation of Histones and Their Possible Role in the Regulation of
RNA Synthesis. Proc. Natl. Acad. Sci. USA 1964, 51, 786–794. [CrossRef] [PubMed]

103. Bannister, A.J.; Kouzarides, T. Regulation of chromatin by histone modifications. Cell Res. 2011, 21, 381–395. [CrossRef] [PubMed]
104. Wan, Y.C.E.; Liu, J.; Chan, K.M. Histone H3 Mutations in Cancer. Curr. Pharmacol. Rep. 2018, 4, 292–300. [CrossRef]
105. Lowe, B.R.; Maxham, L.A.; Hamey, J.J.; Wilkins, M.R.; Partridge, J.F. Histone H3 Mutations: An Updated View of Their Role in

Chromatin Deregulation and Cancer. Cancers 2019, 11, 660. [CrossRef]
106. Liu, R.; Wu, J.; Guo, H.; Yao, W.; Li, S.; Lu, Y.; Jia, Y.; Liang, X.; Tang, J.; Zhang, H. Post-translational modifications of histones:

Mechanisms, biological functions, and therapeutic targets. MedComm 2023, 4, e292. [CrossRef]
107. Sahafnejad, Z.; Ramazi, S.; Allahverdi, A. An Update of Epigenetic Drugs for the Treatment of Cancers and Brain Diseases: A

Comprehensive Review. Genes 2023, 14, 873. [CrossRef]
108. Yang, Y.; Zhang, M.; Wang, Y. The roles of histone modifications in tumorigenesis and associated inhibitors in cancer therapy.

J. Natl. Cancer Cent. 2022, 2, 277–290. [CrossRef]
109. Lu, Y.; Chan, Y.-T.; Tan, H.-Y.; Li, S.; Wang, N.; Feng, Y. Epigenetic regulation in human cancer: The potential role of epi-drug in

cancer therapy. Mol. Cancer 2020, 19, 79. [CrossRef]
110. Fernandez-Pol, S.; Ma, L.; Joshi, R.P.; Arber, D.A. A Survey of Somatic Mutations in 41 Genes in a Cohort of T-Cell Lymphomas

Identifies Frequent Mutations in Genes Involved in Epigenetic Modification. Appl. Immunohistochem. Mol. Morphol. 2019, 27,
416–422. [CrossRef]

111. Ji, M.M.; Huang, Y.H.; Huang, J.Y.; Wang, Z.F.; Fu, D.; Liu, H.; Liu, F.; Leboeuf, C.; Wang, L.; Ye, J.; et al. Histone modifier gene
mutations in peripheral T-cell lymphoma not otherwise specified. Haematologica 2018, 103, 679–687. [CrossRef]

112. de Mel, S.; Soon, G.S.; Mok, Y.; Chung, T.H.; Jeyasekharan, A.D.; Chng, W.J.; Ng, S.B. The Genomics and Molecular Biology of
Natural Killer/T-Cell Lymphoma: Opportunities for Translation. Int. J. Mol. Sci. 2018, 19, 1931. [CrossRef] [PubMed]

113. da Silva Almeida, A.C.; Abate, F.; Khiabanian, H.; Martinez-Escala, E.; Guitart, J.; Tensen, C.P.; Vermeer, M.H.; Rabadan, R.;
Ferrando, A.; Palomero, T. The mutational landscape of cutaneous T cell lymphoma and Sézary syndrome. Nat. Genet. 2015, 47,
1465–1470. [CrossRef]

114. Yi, S.; Sun, J.; Qiu, L.; Fu, W.; Wang, A.; Liu, X.; Yang, Y.; Kadin, M.E.; Tu, P.; Wang, Y. Dual Role of EZH2 in Cutaneous Anaplastic
Large Cell Lymphoma: Promoting Tumor Cell Survival and Regulating Tumor Microenvironment. J. Investig. Dermatol. 2018, 138,
1126–1136. [CrossRef] [PubMed]

115. Wu, G.; Yoshida, N.; Liu, J.; Zhang, X.; Xiong, Y.; Heavican-Foral, T.B.; Mandato, E.; Liu, H.; Nelson, G.M.; Yang, L.; et al. TP63
fusions drive multicomplex enhancer rewiring, lymphomagenesis, and EZH2 dependence. Sci. Transl. Med. 2023, 15, eadi7244.
[CrossRef]

https://doi.org/10.1016/j.ccr.2010.12.014
https://doi.org/10.1038/nature10898
https://www.ncbi.nlm.nih.gov/pubmed/22343896
https://doi.org/10.1080/17474086.2019.1583102
https://www.ncbi.nlm.nih.gov/pubmed/30782038
https://doi.org/10.1155/2017/5473197
https://www.ncbi.nlm.nih.gov/pubmed/28286768
https://doi.org/10.1158/0008-5472.CAN-20-3033
https://www.ncbi.nlm.nih.gov/pubmed/33087320
https://doi.org/10.1016/j.ccr.2014.02.010
https://www.ncbi.nlm.nih.gov/pubmed/24656771
https://doi.org/10.1111/cas.13393
https://www.ncbi.nlm.nih.gov/pubmed/28889481
https://doi.org/10.1016/j.celrep.2019.01.070
https://www.ncbi.nlm.nih.gov/pubmed/30759395
https://doi.org/10.1038/leu.2017.89
https://doi.org/10.1371/journal.pgen.1006334
https://doi.org/10.1182/blood.2021015019
https://www.ncbi.nlm.nih.gov/pubmed/35639959
https://doi.org/10.1073/pnas.51.5.786
https://www.ncbi.nlm.nih.gov/pubmed/14172992
https://doi.org/10.1038/cr.2011.22
https://www.ncbi.nlm.nih.gov/pubmed/21321607
https://doi.org/10.1007/s40495-018-0141-6
https://doi.org/10.3390/cancers11050660
https://doi.org/10.1002/mco2.292
https://doi.org/10.3390/genes14040873
https://doi.org/10.1016/j.jncc.2022.09.002
https://doi.org/10.1186/s12943-020-01197-3
https://doi.org/10.1097/PAI.0000000000000644
https://doi.org/10.3324/haematol.2017.182444
https://doi.org/10.3390/ijms19071931
https://www.ncbi.nlm.nih.gov/pubmed/29966370
https://doi.org/10.1038/ng.3442
https://doi.org/10.1016/j.jid.2017.10.036
https://www.ncbi.nlm.nih.gov/pubmed/29248547
https://doi.org/10.1126/scitranslmed.adi7244


Curr. Issues Mol. Biol. 2023, 45 8988

116. Yamagishi, M.; Hori, M.; Fujikawa, D.; Ohsugi, T.; Honma, D.; Adachi, N.; Katano, H.; Hishima, T.; Kobayashi, S.; Nakano, K.; et al.
Targeting Excessive EZH1 and EZH2 Activities for Abnormal Histone Methylation and Transcription Network in Malignant
Lymphomas. Cell Rep. 2019, 29, 2321–2337.e2327. [CrossRef]

117. Shah, U.A.; Chung, E.Y.; Giricz, O.; Pradhan, K.; Kataoka, K.; Gordon-Mitchell, S.; Bhagat, T.D.; Mai, Y.; Wei, Y.; Ishida, E.; et al.
North American ATLL has a distinct mutational and transcriptional profile and responds to epigenetic therapies. Blood 2018, 132,
1507–1518. [CrossRef] [PubMed]

118. Chakraborty, A.R.; Robey, R.W.; Luchenko, V.L.; Zhan, Z.; Piekarz, R.L.; Gillet, J.P.; Kossenkov, A.V.; Wilkerson, J.; Showe, L.C.;
Gottesman, M.M.; et al. MAPK pathway activation leads to Bim loss and histone deacetylase inhibitor resistance: Rationale to
combine romidepsin with an MEK inhibitor. Blood 2013, 121, 4115–4125. [CrossRef]

119. Jones, C.L.; Gearheart, C.M.; Fosmire, S.; Delgado-Martin, C.; Evensen, N.A.; Bride, K.; Waanders, A.J.; Pais, F.; Wang, J.;
Bhatla, T.; et al. MAPK signaling cascades mediate distinct glucocorticoid resistance mechanisms in pediatric leukemia. Blood
2015, 126, 2202–2212. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.celrep.2019.10.083
https://doi.org/10.1182/blood-2018-01-824607
https://www.ncbi.nlm.nih.gov/pubmed/30104217
https://doi.org/10.1182/blood-2012-08-449140
https://doi.org/10.1182/blood-2015-04-639138
https://www.ncbi.nlm.nih.gov/pubmed/26324703

	Introduction 
	The Landscape of DNA Methylation and Epigenetic Modifiers 
	The Role of Ten-Eleven Translocations (TET) 
	The Role of IDH2 
	DNMT3A 
	Histone Marks 

	Conclusions 
	Further Directions 
	References

