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Simple Summary: Peripheral T cell lymphomas (PTCLs) comprise 10–15% of all non-Hodgkin
lymphomas, and are more aggressive with worse prognosis. Due to their rarity and significant
molecular abnormalities, the pathogenesis of PTCLs is not well understood. The expressions of
NOTCH1, GATA3, and c-MYC have been linked to a poorer prognosis in PTCL, and are implicated
in downstream processes. The aims of this review are to elucidate the role of NOTCH1, GATA3, and
c-MYC in patients with PTCLs to provide additional information about the disease’s pathogenesis and
to investigate the master regulator between these genes that will provide a basis for new therapeutic
strategies and improve PTCL patients’ survival rates. NOTCH1 greatly influences the progression,
pathogenicity, and development of PTCLs. Because NOTCH signalling does not rely on enzymatic
signal amplification, and all Notch ligands and receptors include extracellular domains that are
essential for receptor binding and activation, making them accessible to circulating therapies and
targeting for different therapeutic strategies.

Abstract: Lymphomas are heterogeneous malignant tumours of white blood cells characterised by
the aberrant proliferation of mature lymphoid cells or their precursors. Lymphomas are classified
into main types depending on the histopathologic evidence of biopsy taken from an enlarged
lymph node, progress stages, treatment strategies, and outcomes: Hodgkin and non-Hodgkin
lymphoma (NHL). Moreover, lymphomas can be further divided into subtypes depending on the
cell origin, and immunophenotypic and genetic aberrations. Many factors play vital roles in the
progression, pathogenicity, incidence, and mortality rate of lymphomas. Among NHLs, peripheral
T cell lymphomas (PTCLs) are rare lymphoid malignancies, that have various cellular morphology
and genetic mutations. The clinical presentations are usually observed at the advanced stage of
the disease. Many recent studies have reported that the expressions of NOTCH1, GATA3, and
c-MYC are associated with poorer prognosis in PTCL and are involved in downstream activities.
However, questions have been raised about the pathological relationship between these factors in
PTCLs. Therefore, in this review, we investigate the role and relationship of the NOTCH1 pathway,
transcriptional factor GATA3 and proto-oncogene c-MYC in normal T cell development and malignant
PTCL subtypes.
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1. Introduction

Lymphoma is a blood cancer that affects mature lymphocytes causing them to aber-
rantly proliferate and accumulate in the lymph nodes and throughout the lymphatic
system [1]. Lymphomas are classified into two main types: Hodgkin (10% of cases), and
non-Hodgkin lymphomas (NHL) (90%). NHL involves a heterogeneous group of over 60
lymphoproliferative malignancies with diverse patterns of behaviours and responses to
treatments. NHL subtypes are defined based on the cell of origin either B lymphocytes (B
cells, representing around 86% of NHL) or T cells and natural killer (NK) cells (T and NK
cells, representing around 14%) [1–3]. Hodgkin lymphomas are primarily diagnosed based
on the presence of Reed–Sternberg cells [4], whereas NHL is much less predictable than
Hodgkin lymphoma, and its prognosis depends on the histologic type, clinical prognostic
factors, and treatment received [5]. NHL was the 12th most frequent cancer in males and
females worldwide with an estimated 544,352 new cases and 259,793 new deaths in 2020 [6].

Peripheral T cell lymphoma (PTCL) is a heterogeneous group of mature T and NK
neoplasms that consists around 29 different subtypes according to the WHO Classifica-
tion [1].PTCLs comprise about 10–15% of all NHLs and have aggressive behaviours and
poor prognosis, more than most B cell NHLs [7]. Blood tests (including a full blood count
and serum biochemical analysis), radiographic tests, and tissue biopsy are all part of the
clinical evaluations. The pathologists face a difficult challenge in making a tissue diagnosis
of PTCLs as the distinction between PTCLs are far-ranging in terms of cellular composition,
morphological features and immunophenotypes. In addition, certain characteristics of
various diseases overlap significantly, and not all diseases are linked to specific mutations.
Furthermore, because of the rarity of and insufficient experience in diagnosing the disease,
a number of reactive T cell lymphoproliferation can be misinterpreted as cancer. As a
result, before rendering a final evaluation, pathology data must be incorporated consider-
ing the clinical [8]. The pathogenesis of PTCL mainly involves the dysregulation of TCR
signalling pathways, interaction with the non-neoplastic tumour microenvironment and
neoplastic transformation induced by viruses and chronic inflammation. In addition, PTCL
oncogenesis includes gene mutations and cytogenetic abnormalities, such as chromosomal
translocations, insertions, and deletions, which result in fusion proteins, constitutive acti-
vation, hyperactivation, and gene loss. The processes by which neoplastic lymphocytes
mediate such a diverse variety of biological behaviours are based on a decrease in tumour
cell immunogenicity and regulation of environmental signals and non-neoplastic cells. For
tumour cell immunogenicity reduction, the expression of several costimulatory and regula-
tory proteins, including human leukocyte antigen class I and class II complex components,
members of the B7 system (CD28), intercellular adhesion molecules (CD58 and LFA-1), and
surface or intercellular regulators of apoptosis, can help PTCLs evade antitumor immune
responses. T cell lymphoma can also evade immunological recognition by suppressing
the immune response to proapoptotic stimuli. This effect is mediated by specific onco-
genic events, such as the deregulation of extrinsic apoptotic pathways (Fas/FasL- and
TRAL/TRAIL-receptor pathways), overexpression of antiapoptotic regulatory proteins
(FLIP and AIP) and upregulation of the antiapoptotic and immune regulatory protein
CD47 [9].

Immune escape strategies mainly depend on shaping the tumour microenvironment
to promote neoplastic cell proliferation. Therefore, soluble mediators, such as cytokines and
chemokines, are produced in T cell lymphomas. The cytokine milieu is a crucial grantor in
lymphomagenesis. For example, PTCL-GATA3-enriched lymphomas induce the expression
of T helper 2 cell (Th2) cytokines (interleukin [IL]-4, IL-5, and IL-13), PTCL-TBX1-enriched
cases induce the overexpression of Th1-related molecules (IFNγ, CXCL12, CCL2, CCL3,
CCL6, and CCL11), and TFH-enriched cases induce the expression of related molecules
(CXCL13, IL-10, IL-2, IL-6, IL-17, and IL-8 angiogenesis) [10]. These soluble mediators also
have an impact on the non-neoplastic microenvironment’s cellular constitution. PTCLs
encompass a variety of non-neoplastic cells that play an important role in lymphomage-
nesis, including B and T lymphocyte subsets, tumour-associated macrophages (TAMs),
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eosinophils and endothelial cells. To reduce the antitumor immune responses, PTCLs
selectively recruit non-neoplastic lymphocyte cells including regulatory T cells (Tregs)
that play a significant role in these consequences. Adaptively induced Tregs have long
been thought to play a role in oncogenesis by obstructing innate and acquired immune
responses [11].

In PTCLs, all of the Treg subtypes have been addressed; for example, PTCL, NOS
and anaplastic T cell lymphoma (ALCL) all have suppressor Tregs, but tumour-killing
Tregs are linked with ENKTL subsets [12]. By targeting antitumor effector cells, PTCL cells
can also govern cytotoxic immune responses. The aberrant expression of the immune-
regulatory surface protein PD-L1 (B7-H1, CD274) blocks TCR-related signals, inhibiting
effector T cell activation [13]. PD-L1 expression has been found to be higher in a variety of T-
cell lymphomas, including AITL, ATLL, ALCL (anaplastic lymphoma kinase [ALK]-positive
and -negative), ENKTL, MF, Sézary syndrome and PTCL-not otherwise specified (PTCL-
NOS) [14–16]. TAM content is linked to poor prognosis, suggesting that this regulator has
a direct role in tumour growth and progression [17]. Additionally, TAMs have an alternate
tumorigenic (M2) phenotype that enhances the release of immune-modulatory cytokines
(IL-10 and TGFα), the synthesis of proangiogenic factors and the expression of PD-L1
on the surface. Gene expression profile and whole-genome sequencing have revealed
additional information that is valuable not only in recognising the various subtypes but
also in giving insight into the pathogenies of PTCL [18]. Furthermore, mutational analyses
are currently being used in clinical trials of new drugs to assess the various indicators
of responses to enhance therapy decisions, such as using CD30-directed antibody drugs,
CD25, CCR4 tag, PI3 kinase inhibitors, JAK/STAT inhibitors, and ALK inhibitors. In
addition, extensive epigenetic dysregulation affects processes, such as the mutation in
epigenetic regulators of KDM6A, MLL2, TET2, and DNMT3 that govern genes in signalling
pathways, such as ZAP70, CHD8, APC, and TRAF3 [19]. Gene expression studies of PTCL-
NOS have identified two prognostic groups, each with a different presumed cell of origin.
GATA3 and its target genes (CCR4, IL18RA, CXCR7, IK) are expressed at high levels, and
they are assumed to come from Th2-like cells and have poor prognosis. Additionally,
GATA3 is considered as a master regulator of Th2 cell differentiation. Conversely, the
expression of transcription factors TBX21 and EOMES, as well as their target genes (CXCR3,
IL2RB, CCL3, IFN), are linked to a favourable outcome, and TBX21 is considered as a
master regulator of Th1 cell differentiation. A small subset of TBX21-expressing PTCL
with poor prognosis expresses cytotoxic markers and particular cytokine transcripts, such
as CXCR3 and CXCL12, and has been linked to CD8+ cytotoxic cells [20,21]. Scientists
explored the possible association between the presence of c-MYC, GATA3, and a high level
of Ki-67 expression in PTCL patients to confirm whether the GATA3-positive subgroup
of tumours is enriched in MYC and proliferative gene signatures compared with other
groups. The results showed significant positive associations between c-MYC expression
and the presence of both Ki-67 and GATA3, but no significant association between Ki-67
and GATA3. Furthermore, in the PTCL-NOS subgroup, a significant positive correlation
was observed between c-MYC expression and the presence of both Ki-67 and GATA3.
Enforced GATA3 expression in normal T cell development transforms double positive (DP)
thymocytes into a pre-malignant state that is highlighted by elevated c-MYC expression,
with subsequent stimulation of NOTCH1 signalling, which contributes to the establishment
of malignant transformation [22]. The mRNA and protein expression of GATA3 had an
inverse relationship with TBX21. In addition, GATA3 and TBX21 showed that GATA3 has
poor overall survival compared with TBX21. The IFNα/β/γ regulated gene signatures,
CD8+ T cell profile and NF-kB pathway signatures were significantly higher in the TBX21
subgroup than in the GATA3 subgroup, which had marginally higher mTOR- and MYC-
related gene signatures and significantly higher PI3 Kinase-induced gene signatures [23].

In addition, extensive epigenetic dysregulation affects all these processes [19]. Recent
studies have reported the role of NOTCH1, and the relationship of c-MYC and GATA3
expression with poor prognosis in PTCL [22,24]. c-MYC deficiency results in a drastic
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reduction in T cell proliferative capacity and cell growth [25]. There is also an emerging
concept using GATA3 as a marker for the cell of origin in the diagnosis of PTCL-NOS as
it predicts a worse prognosis [19]. In addition, NOTCH1 controls essential processes that
are required for T cell development cell, growth, proliferation, differentiation, and apopto-
sis [22]. Therefore, understanding the key regulators of normal T cell development would
facilitates the understanding of the lymphomagenesis of PTCLs. This review concentrates
on the roles of NOTCH1, GATA3, and c-MYC in PTCLs. It is hoped that this review will be
able to connect the relationship of these elements that affect the behaviour of PTCL, provide
additional information in its pathogenesis and explore the master regulator between these
genes to provide a basis for future therapeutic strategies and enhance the survival rates of
PTCL patients.

2. Development and Regulation of T Cells

T cells are essential in controlling the immune response in the fight against infections
and tumours. For example, tumour and virally infected cells are killed by the action of
cytotoxic CD8 T Cells and their subtypes; CD4 T cell modulate the action of innate and
adaptive cells (B and T cells) by secreting different types of cytokines that are necessary for
the proliferation and differentiation of CD4 T cells into subsets of helper T (Th) cells: Th1,
Th2, Th17, and Treg cells. As a result of antigenic and mitogenic stimulations, T cells go
through a series of events that include cell activation, expansion, and differentiation [26].

There are numerous transcriptional and growth factors that regulate T cell differen-
tiation and activation, and each subset of T cells has their own appropriate and master
transcriptional factors (Figure 1).

The development of T cells occurs in the bone marrow (BM) and thymus (Figure 2a).
Committed lymphoid progenitors (Lin− Sca1low c-Kit low IL7Rα+ FLT3+) [27,28] migrate
from the BM to the thymus, where naïve T cells become functional and self-tolerant
through positive selection in the thymic cortex and negative selection in the thymic medulla
(Figure 2b). T cell development in the thymus undergoes three distinct phases based on
NOTCH signalling pathways: NOTCH-dependent pre-committed (phase 1), NOTCH-
dependent T-lineage committed (phase 2) and NOTCH-independent pre-TCR dependent
(phase 3) phases (Figure 2c) [29]. In phase 1, because of the dense NOTCH ligands in the
thymic cortical environment, the NOTCH pathway is activated once ETPs (c-Kithigh Lin−)
enter the thymus. As a result, the NOTCH signalling pathway, in addition to transcription
factors (Zeb1, Gata3, E2a, Tcf1, Bcl11b, etc.) and cytokines, play a critical role in controlling
the fate of cell specification by regulating cell proliferation, differentiation, apoptosis, and
survival [30,31]. Thymus stroma cytokines initiate the expression of some genes, such
as GATA3, Hes1, and Tcf by activating the NOTCH signalling pathway. In addition to
RUNX1, these genes promote the expansion of pre-commitment precursor and turn on the
transcriptional repressor Bcl11b in the late DN2a [32]. Phase 2 of T cell development begins
after the T cell has passed through cell commitment and is marked by slow proliferation
and NOTCH-dependent and TCR rearrangement. As a result of the expression of Bcl11b,
cells that have the potential to differentiate to non-T cell fates will be excluded [33]; DN2b
cells downregulate c-Kit and become desensitised to IL-7 receptor (Il-7R) signalling by the
mechanism mediated by E protein, and their survival is strictly NOTCH-dependent [34,35].
The NOTCH-dependent and E protein-dependent genes, such as recombination activating
gene 1 (Rag1), Rag2, Ptcra (encoding pre-TCR), and Cd3e (encoding CD3), are expressed
at their highest levels during the development of DN2b stage into DN3a stage [36–38].
After cells gain the ability to receive signals through the pre-TCR, the cells undergo a
transition from NOTCH-dependent to NOTCH-independent in the early stages of phase 3
T cell development. However, cells still require NOTCH signals until they pass through
β-selection [39]. Afterwards, NOTCH target genes become downregulated, whilst IL-7R
is highly expressed [39] and become DN3b and then DN4 cells. Furthermore, by partially
supporting chemokine signalling through CXCL12/CXCR4, DN4 cells enter a phase of
extremely rapid proliferation, which is critical for complete phenotypic differentiation at
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the next stage [40–42]. In the final process of T cell differentiation, the cells not only express
CD4 and CD8 co-receptors but also upregulate the expression of new transcription factors,
including IKZF3 (Aiolos) and RORγt, to allow for the silencing of the double negative
(DN)-specific factors, such as ERG and HES1 [42,43].
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in response to the activation of specific intracellular INF-γ and IL-12 receptor pathways, that are
mediated by STAT1 and STAT4, respectively; (a.2) Th2 cells are induced in response to mainly IL-2
and IL-4 receptor ligation and activation of STAT5 and STAT6 pathways, respectively; (a.3) Th17 cells
are induced in response to activation of intracellular pathways of IL-6 or IL-21, and TGF-β receptors,
and their activation mediated through STAT3 pathway for IL-6 or IL-21, and SMAD2/3 pathway for
TGF-β; (a.4) Th22 cells are induced in response to IL-6 and TNF-α receptor ligation and activation of
STAT3 pathways that lead to induction of Th22 master transcription factor AhR (the aryl hydrocarbon
receptor); (a.5) Regulatory T cells (Treg) are induced in response to the activation of intracellular
pathways of IL-2 and TGF-β receptors, that are mediated by STAT5 pathway for IL-2 and SMAD2/3
pathway for TGF-β; (a.6) Th9 cells are induced in response to activation of intracellular pathways
of IL-4 and TGF-β receptors, that are mediated by STAT6 pathway for IL-4 and SMAD2/3 pathway
for TGF-β; (a.7) T follicular helper (Tfh) cells are induced in response to activation of intracellular
pathways of IL-6, IL-12, IL-21, and Activin A receptors, that are mediated by STAT3 pathway for
Interleukins receptors, and SMAD2/3 pathway for Activin A receptor; (b) T cell receptor (TCR) CD8
bind with major histocompatibility complex class I (MHCI); (b.1) Tc1 cells induced in response to
activation of intracellular pathways of INF-γ and IL-12 receptors, that are mediated by STAT1 and
STAT4, respectively. As a result of STATs pathway activation, they lead eventually to induction of
master transcription factor ECOMES and T-bet that encoded by the Tbx21 gene, production of INF-γ,
reinforces the Tc1 polarization, creating a positive feedback loop, and suppresses the alternative
differentiation programs; (b.2) Tc2 cells induced in response to mainly IL-2 and IL-4 receptor ligations,
and activation of STAT5 and STAT6 pathways, respectively. Appropriate STATs signalling leads to
induction of master transcription factor GATA3, Tc2 polarization, antagonizes Tc1 polarization, and
cytokines produced includes IL-4, IL-5, and IL-13, as well as effector molecules, such as granzymes
and perforin; (b.3) Tc17 cells are induced in response to activation of intracellular pathways of IL-6
or IL-21, and TGF-β receptors, that is mediated by STAT3 pathway for IL-6 or IL-21 and SMAD2/3
pathway for TGF-β; (b.4) Tc22 cells are induced in response to activation of intracellular pathway IL-6
and TNF-α receptors, that are mediated by STAT3 pathway; (b.5) Tc9 cells are induced in response
to activation of intracellular pathways of IL-4 and TGF-β receptors, that were mediated by STAT6
pathway for IL-4 and SMAD2/3 pathway for TGF-β.
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Figure 2. Niche of T cell selection and development. (a) In bone marrow (BM) hematopoietic stem
cells differentiate to multipotent progenitor (MPP) that subsequently derived to subset called early
lymphoid progenitors (ELP) or lymphoid primed multipotent progenitors (LMPP). LMPP differentiate
into further downstream developmental stages, common lymphoid progenitor (CLP) that migrates
from the bone marrow compartments into thymus through blood stream via the action of chemokines,
cell adhesion molecules, and CCL25/CCR9, CCL19-CCL21/CCR7 receptors; (b) Cortical DP cells that
express αβTCR interacting with MHC molecules presenting on edoncortical thymic epithelial cells
(cTECs), receive critical survival signals that are required to further process of differentiation. In other
words, T cells election and acquisition of MHC restrictions referred to as positive selection. Double
positive (DP) cells begin expressing the chemokine receptor CCR7 and migrate to the thymic medulla.
In the medulla, TCRs-DP T cells interact with antigen-presenting cells, such as mTECs and dendritic
cells, and differentiate into CD4 or CD8 single-positive (SP). The interactions of high-affinity T cells
TCRs to self-peptide MHC, normally result in either deleted of autoreactive cells by apoptosis that
referred to negative selection or destined to become regulatory T cells through undergoing agonist
selections; (c) Phases of early T cell development. ETPs in thymus undergo three distinct phases
based on the status of T lineage commitment and NOTCH dependency; (c.1) Thymus stroma secrets
cytokines that act as transcriptional factors include IL-7, FLT3, and cKit. These cytokines initiate the
expression of some genes, such as GATA3, Hes1, and Tcf, through activation of NOTCH signalling
pathway; (c.2) these genes beside RUNX1 promote expansion of pre-commitment precursor as well as
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turn on transcriptional repressor Bcl11b in the late DN2a; (c.3) T cell passes from cell commitment and
characterized with NOTCH-dependent, slow proliferation and TCR rearrangement. BCL11B turns on
leads to c-Kit down-regulation, IL-7R signalling desensitization by E proteins, and DN2b cells survival
become strictly NOTCH-dependent. E protein-dependent genes are recombination activating gene 1
(Rag1), Rag2, as well as Ptcra (encoding pre-TCRα), Cd3e (encoding CD3), and TCRβ (or TCRγ and
TCRδ) gene rearrangement; (c.4) Achieved V(D)J rearrangement for the TCRβ gene, express pre-TCR
and the cells proceed to the DN3b stage after completion of β-selection, followed by transition into
DN3/4 and cells gaining ability to receive signals through pre-TCR, transition from Notch-dependent
to Notch-independent and leads to rapidly turning off Notch target genes and IL-7R expression;
(c.5) Cells transition into DP (CD4+ CD8+); (c.6) TCRα gene in DP rearrangement differentiates into
SP cells, expressing αβTCR, by the action of chemokine signalling, such as CXCL12/CXCR4, and
up-regulation of new transcription factors; IKZF3 (Aiolos) and RORγt.

3. NOTCH1 Signalling Pathways in T Cell Development and PTCLs

The NOTCH s pathway is highly conserved in mammals and plays an important
role in regulating many developmental processes and in the maintenance of tissue home-
ostasis [44]. In normal T cell development, NOTCH controls the cell fate by regulating
cell proliferation, differentiation, apoptosis, and survival [45]. The early stage of T cell
differentiation is promoted by NOTCH signalling through the DN (CD4−CD8−) stage [46].
Through correlation with pre-TCR signalling, NOTCH mediates the transition into DP
(CD4+ CD8+) stage [47]. In addition, NOTCH takes part in pre-TCR expression, TCRβ gene
rearrangement, αβ versus γδ T cell decision, and the generation and migration of γδ T cells
during T cell development [48]. There are four NOTCH receptors (NOTCH 1, 2, 3, and
4), consisting of heterodimeric transmembrane structure that are synthesised as a single
protein which degrade proteolytically in the Golgi apparatus by furin-like protease at site
S1 during transport to the cell surface [49]. NOTCH receptors in the extracellular domain
contain 29–36 epidermal growth factor-(EGF-)like repeats (36 in NOTCH1 and NOTCH2,
34 in NOTCH3, and 29 in NOTCH4) that interact with NOTCH ligands (Delta-like 1 [DL1],
DL3, DL4, Jagged1, and Jagged2). NOTCH-ligand interaction leads to the proteolytic
cleavage of the transmembrane-intracellular domains of the receptors through ADAM
metalloprotease, and the γ-secretase complex to generate an intracytoplasmic molecule of
NOTCH (ICN). ICN then translocates into the nucleus, interacts with RBPJ DNA binding
protein, and induces the targeted genes [50,51]. Moreover, the regulation of NOTCH sig-
nalling is mediated by NOTCH rapid degradation via proteasomal degradation of FBXW7,
which is an E3 ubiquitin ligase that recognises PEST domain of ICN1, and finally leads
to the termination of NOTCH1 signalling [52,53]. Furthermore, NOTCH regulates the
expression of transmembrane receptors that operate upstream in the JAK/STAT and PI3K
pathways, which are present in T lymphocytes, such as IL-7R, insulin-like growth factor
1 receptor, and pre-T cell antigen receptor alpha (PTCRA). These receptors play vital roles
in the development of the early T cell, and their expressions are down-regulated through
the course of differentiation [54,55].

In the hematopoietic system, NOTCH1 is strictly required for the commitment of
primitive hematopoietic progenitors to the T cell lineage [56]. NOTCH1 signalling is
identified in the pathogenesis of T-acute lymphoblastic leukaemia/lymphoma (T-ALL)
by the activation of NOTCH1 mutations in over 60% of T-ALLs; examples include the
heterodimerisation (HD) domain mutation of NOTCH1 found in 20% of T-ALLs, which
leads to ligand-independent receptor activation [57]. PEST domain mutations, on the
other hand, are detected in 15% of T-ALLs and result in increased ICN1 stability, which
aberrantly prolongs NOTCH1 activation. Mutations in the FBXW7 gene account for 20% of
T-ALL cases, and because FBXW7 mutations are linked to NOTCH1 PEST mutations, they
increase ICN1 protein stability. Furthermore, because FBXW7 mutations are implicated in
the degradation of other key oncoproteins, such as MYC, JUN, MCL1, and Cyclin E, they
may be linked to additional oncogenic activities [58–65].
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NOTCH1 is involved in T-ALL with translocation at t(7;9)(q34;34.3) and suggest that
the rearranged form of human NOTCH homolog functions contributes to the transforma-
tion or progression in some T cell neoplasms [66]. The human NOTCH1 gene’s C-terminal
region of EGF repeat 34 is positioned adjacent to the TCR promoter/enhancer in the
t(7;9)(q34;34.3) translocation, resulting in the up-regulated expression of NOTCH1, that
termed with translocation-associated NOTCH (TAN1) homolog [67]. As the recurrent
chromosomal rearrangement of t(7;9)(q34;34.3) in human T-ALL is so rare that it accounts
for less than 1% of the factors that play a role in the disease pathogenesis, scientists initially
thought that NOTCH has a minor role in T-ALL pathogenesis. However, many recent
studies found that more than 50% of human T-ALLs showed NOTCH1 mutations in the
extracellular HD and/or the C-terminal PEST domain that induce its functions. In addi-
tion, activating mutations of NOTCH1 and its genes that modulate intracellular NOTCH1
turnover have been found in T-ALL mice models [57,59,60].

Some experimental evidence indicates that NOTCH pathways play a role in T-NHL
development, for example, NOTCH1 expression is elevated in mouse γ-radiation-induced
thymic lymphomas, whereas NOTCH2 expression is markedly decreased, suggesting that
NOTCH2 inactivation is involved in T-NHL [68]. Furthermore, transgenic mice expressing
NOTCH3′s constitutively active intracellular domain revealed a significant increase in
thymocytes at the late DN cell stage, leading to T cell leukaemia/lymphoma [69]. NOTCH4
is expressed in both CD34+ and CD34− populations in human BM cells. Experimentally,
after Notch4-intracellular domain (Notch4-IC)-transduced cord cells were transplanted into
mic, immature T cell engraftment was significantly greater, whereas B cell development
was blocked. These findings suggest that NOTCH4 activation leads to increased stem cell
activity, diminished differentiation, and altered lymphoid development [70].

NOTCH ligands also play an important role in the development, survival, and
pathogenicity of T-NHL. By using immunohistochemistry (IHC) in classical Hodgkin
disease and ALCL patient samples, Jundt F and his colleagues found that NOTCH1 pro-
teins are highly expressed. Interestingly, Jagged1, a Notch1 ligand, is not only expressed in
tumour cells but also in bystander cells neighbouring tumour cells that lead to activated
NOTCH1 through homotypic or heterotypic cell–cell interactions, resulting in activated
NOTCH1 and a dramatic increase in the growth of tumour cells, preventing cell apoptosis
and affecting the tumour microenvironment [71,72]. NOTCH1 is expressed in nodal and
cutaneous ALCL primary tumour tissues via an interaction with its ligand Jagged1 on
ALCL cells which promotes tumour cell proliferation while preventing apoptosis [71,72].
Delta-like 4 is a NOTCH ligand that contributes to the regulation of NOTCH activity in
endothelial cells during physiological and tumour angiogenesis [73]. The expression of
Delta-like 4 in the tumour microenvironment and increased NOTCH3 signalling in tumour
cells are related to the escaped of human T-ALL cells from dormancy [73]. However, Delta-
like 4 neutralization suppresses tumorigenesis through reducing endothelial cell-mediated
activation of NOTCH3 signalling in T-ALL cells [73].

NOTCH activation in T-ALL and T-NHL has stimulated the interest in using NOTCH
signalling suppression as a therapeutic target in both diseases. The best agents to achieve
this objective appear to be gamma secretase inhibitors (GSIs), which mediate the proteolytic
cleavage that is crucial for NOTCH activation. However, most of T-ALL cell lines with
NOTCH1 mutations, do not react to GSI treatment [74]. The loss of PTEN, which is tran-
scription factor found in the endothelium and is required for NOTCH-mediated cell cycle
arrest, has been identified as a key event leading to GSI resistance to NOTCH inhibition [74].
HES1 causes NOTCH1 to downregulate PTEN, resulting in Akt pathway upregulation, as
the Akt pathway promotes survival and growth in response to extracellular signals. PTEN-
deficient/GSI-resistant T-ALL cells move from NOTCH1 to Akt as their oncogene of choice
and are extremely susceptible to Akt pathway inhibitors [75]. Cyclin D3 is a direct target
of NOTCH1 in peripheral and leukemic T cells that promote cell cycle progression and
proliferation [76]. The expression of cyclin D3 and its catalytic partners cyclin-dependent
kinase (CDK) 4 and CDK6 rescues the T-ALL cell lines DND-41, HPB-ALL, and T-ALL1
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from G1 arrest caused by GSI [76]. Interestingly, cyclin D3 and CDK4 are overexpressed in
NOTCH-dependent T cell lymphomas, indicating that cell-cycle inhibitors and GSI should
be used together to treat T cell lymphomas [76]. Studies on primary PTCL biopsies showed
that PTCL expresses the NOTCH1 receptor in vivo and exhibits evidence of NOTCH path-
way activation, as proven by the nuclear localisation of active NOTCH1 in some cases [77].
This finding, along with the fact that NOTCH pathway genes are rarely mutated in PTCL,
suggests that NOTCH signalling in PTCL might be mediated by mechanism other than
DNA structural lesions, such as epigenetic deregulations or ligand-mediated activation
from the microenvironment.

Furthermore, the inhibition of NOTCH by pharmacological blockers or small-interfering
RNA causes apoptosis at advanced stages in primary cutaneous CD30 T cell lymphoprolif-
erative diseases (primary cutaneous anaplastic large cell lymphoma and lymphomatoid
papulosis), Sézary syndrome, and mycosis fungoides [72,78–80].

4. Roles of GATA3 in Normal T Cell Development and PTCLs

GATA family members play an important role in the proliferation and differentiation
of hematopoietic and non-hematopoietic cells [81]. There are six members of the mam-
malian GATA family (GATA1 to GATA6), all of which include two zinc-finger motifs that
are assumed to have arisen through gene duplication [82]. GATA family members have two
distinct expression patterns: haematopoietic factors (from GATA1 to GATA3) and endoder-
mal factors (from GATA4 to GATA6). GATAs include one or two C2-C2-type zinc-finger
motifs, which interact with the GATA DNA sequence that is found in the regulatory regions
of many genes included in targeted cells; for example, GATA3 protein binds to regulatory
regions of genes that are necessary for Th2 differentiation and development [83,84], NK cell
differentiation and function [85,86], Treg function [87], and differentiation and maintenance
of type-2 innate lymphoid cells (ILC2) [88].

GATA3 is expressed not only in the immune system but also in the embryonic and adult
tissues, such as the adrenal glands, kidneys, central nervous system, inner ear, hair follicles,
skin, and breast tissue in mice, with conditional knockout of GATA3 (Figure 3a) [89]. In
immune cells, GATA3 functions as a master regulator of Th2 differentiation. It has also been
found to be crucial for early T cell commitment, β-selection, and CD4+ T cell development
and differentiation [90]. Gene targeting experiments revealed that GATA3 is essential in
early T cell development. The experiments the GATA3 gene was targeted through inserting
a lacZ reporter by homologous recombination in embryonic stem (ES) cells (Figure 3b).
Antisense oligonucleotides to Gata3 (ASO-GATA3) revealed that CD3+ cells appearance
block in foetal thymic organ culture and thus provided initial evidence that GATA3 acts
after thymic entry (Figure 3c) [91].

GATA3 is crucial in determining T cell precursor fates to eliminate B cell potential
in DN stages 1 and 2 [92]. Determining the distributional binding site of GATA3 within
variable stages of CD4+ CD8+ provided evidence that GATA3 regulates different target
genes at different stages of development [93,94]. Conditional deletion of GATA3 using
the Cre-loxp system in DN and DN2 cells revealed that Gata3-deficient thymocytes fail to
undergo β-selection and DN2 transition to DN3, respectively (Figure 3d) [84,95]. GATA3-
deficient cells fail to generate T cells in chimeric mice which emphasize that GATA3 is
required for the expansion of T cell progenitors and control of subsequent proliferation [84].

The overexpression of GATA3 in T cells during development in thymic lymphoma
directs DP cells towards CD4 lineage, enhances lymphoma development, and increases thy-
mocytes size in CD2-Gata3 transgenic mice (Figure 3e). The developed monoclonal thymic
lymphomas are CD3+, CD4+, and CD8+/low, suggesting a DP origin [95]. The enforced
GATA3 expression in DP cells of thymic transgenic mice T cells results in a premalignant
state, and the cells showed increased size and C-MYC protein expression [22]. These cells
also expressed higher levels of Hes1, a transcription factor that is a target of NOTCH1
signalling, revealing that NOTCH signalling may play a role in malignant transformation
in GATA3 overexpressing cells, potentially through c-MYC, which considered a direct target
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of NOTCH1 in T lymphoblastic leukaemia/lymphoma [22]. However, the relationship of
GATA3 to other genes involved in T-ALL development in humans and mice, including
the basic-helix-loop-helix (bHLH) proteins c-MYC, Tal1, and E2A; LIM-only domain pro-
teins (Lmo1 and Lmo2); and the heterodimeric transmembrane receptor NOTCH1, is still
unknown [96].
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development, inducing GATA3 conditional knocking out in mouse model, and check gene expression
of other functional genes; (b) Inserting LacZ reporter for inducing GATA3 conditional knocking out
in mouse model and chimeric mice generation; (c) Antisense oligonucleotide used for block ability of
GATA3 gene to make proteins; (d) Cre-loxp system used for GATA3 conditional deletion of GATA3 in
DN and DN2; and (e) Thymic lymphomas in transgenic mice used for enforce GATA3 expression
during T cell development, and GATA3 conditional knocking out in mouse model.

R. W. Hendriks and Scripture-Adams, D.D. expressed the effect of GATA3 on different
stages of T cell development through GATA3 gene targeted by inserting a LacZ reporter
through homologous recombination in embryonic stem (ES) cells and reducing GATA3 at
specific point by using RNA interference and conditional and full deletion (Figure 4). The
results revealed that the highest GATA3 expression in DN2b cell that pass from commitment
stage and have lower expression of c-kit [95–97].
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Figure 4. Expression of GATA3 during T cell development. Four-color intracellular detection of
GATA3 in early DN thymocyte subsets from B6 adult mice they showed GATA 3 protein levels during
T cell development besides defined subset expression of c-Kit, CD44, and CD25.

The GATA3 protein is initially low in the early T cell precursor (Kithigh CD44+ CD25)
population of adult C57BL/6 mice. GATA3 levels marginally change as cells begin to
express CD25 (‘DN1 25low’) but increase three-fold once CD25 is turned on to become
DN2a (Kithigh CD44+ CD25+). When DN2b (Kit lower) newly committed cells are separated
from uncommitted cells by Kit expression levels [98], DN2b (Kit lower) exhibits the highest
levels of GATA3 protein and RNA. Before β-selection, the expression of DN3 cells (Kitlow
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CD44low CD25+) is low, with the lowest expression in a separate fraction of DN3 cells with
no detectable Kit expression (DN3 Kit−). Beginning with β-selection in T cells, GATA3
protein levels rise again in cells entering β-selection (DN3 25low) and through the DN4
stage (Kitlow CD44low CD25low), but subsequently fall when the cells reach the DP (CD4+

CD8+) stage [99]. In the DN2 and DN3 stages, RNA levels, similar to protein levels, rise
considerably.

5. c-MYC Roles in Normal T Cell Development and PTCLs

The c-MYC proto-oncogene, which is located on chromosome 8q24, is a basic helix-
loop-helix leucine zipper (b/HLH/LZ) that regulates a diverse range of cellular functions,
such as cell cycle, cell growth, survival, cellular metabolism and biosynthesis, adhesion,
and mitochondrial function [100]. c-MYC is considered an essential global transcription
factor regulating 10%–15% of all human genes, therefore c-MYC is tightly regulated at the
transcriptional and translational levels [101,102]. Normally, c-MYC mRNA and c-MYC
protein have very short half-lives in normal cells [103–105]. c-MYC needs appropriate
positive regulatory signals because their proteins levels are low and insufficient to promote
cellular proliferation [106]. In leukemogenesis, c-MYC has been recognised as a crucial
direct downstream target gene of NOTCH1. NOTCH1 rescues T-ALL cells treated with GSI,
although the overexpression of c-MYC is sufficient to rescue most human T-ALL cell lines
from GSI-induced growth arrest [107].

The inhibition of NOTCH1 induces cell cycle arrest, reduces c-MYC mRNA levels,
and prevents NOTCH1-mediated direct activation of c-MYC, which is crucial for leukemic
cell survival [108]. The responsive region (TTCCCAA) of the c-MYC promoter localised
between−195 and−11 bp binds NOTCH1 and its downstream effector CSL, result in upreg-
ulation of c-MYC at the mRNA and protein levels in malignant and non-malignant intracel-
lular Notch1(ICN1)-overexpressing cells [109,110]. The deletion of c-MYC at the CD4+CD8+

stage of T cell development prevents tumour formation induced by NOTCH1 [111]. To
investigate the role of c-MYC in leukemogenesis, a previous study altered NOTCH1 at
the transmembrane domain after insertion mutagenesis in c-MYC transgenic mice, and
revealed the high expression of truncated NOTCH1 RNAs and proteins [112].

6. NOTCH1 as a Bridge between GATA3 and c-MYC in T Cell Development

NOTCH1 promotes IL-4 expression in CD4+ T cells which upregulate GATA3 through
the signal transducer and activator of transcription 6 (STAT6) cascade of the JAK/STAT
pathway [113]. The absence of NOTCH1 signals leads to diminished GATA3 expres-
sion [113]. NOTCH1 acts in parallel with GATA3 to synergistically activate IL-4 expression,
as shown in GATA3-deficient foetal liver HPC, which demonstrated an impairment in T
cell specification [113,114]. As a result, NOTCH1 signalling is insufficient without GATA3
in the specification of T cell fate, and GATA3 and the intracellular region of NOTCH1 are
essential in both T cell fate and development, and neither can use it alone [114].

c-MYC expression is induced directly through NOTCH1, and the inhibition of NOTCH1
leads to cell cycle arrest, apoptosis, and reduced c-MYC levels [108]. In T-ALL and NOTCH1-
induced transformation, MYC upregulation plays a key role in NOTCH1 oncogenic activ-
ity [115]. c-MYC is a direct downstream target of NOTCH1 that contributes to the growth of
T-ALL cells [108]. NOTCH signalling is required to maintain c-MYC expression in primary
murine thymocytes at the DN3 stage of development [107].

In mouse tal1 tumour cell lines, leukaemia growth/survival remains dependent on the
NOTCH1-c-MYC pathway; accordingly, the oncogenic functions of c-MYC and NOTCH1
have been established and a direct connection between NOTCH1 and c-MYC was revealed.
Therefore, this finding supports the previous studies that found c-MYC to be a direct
transcriptional target gene of the NOTCH1 pathway in T-ALL and c-MYC levels to mediate
T cell transformation [116].
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7. Conclusions

Many factors play vital roles in the progression, pathogenicity, incidence, and mor-
tality rate of lymphoma. By exploring the factors that contribute to the development of
lymphomas, we can direct the therapy to improve the overall survival rate and decrease
the progression and development of lymphoma. NOTCH1 plays an important role in the
regulation of GATA3 expression and c-MYC. Generally, after TCR ligation, IL-4-mediated
activation of STAT6 through tyrosine phosphorylation plays an important role during Th2
cell differentiation and induction of GATA3. GATA3 is essential for early T cell commit-
ment, β-selection, and the development and differentiation of CD4+ T cells. In addition
to GATA3 a master transcription factor of Th2 differentiation, other transcription factors,
including Zeb1, NFAT, NF-κB, and AP-1 family members play an important role in T cells
differentiation. Moreover, in phase of T cell development, NOTCH signalling not only
activates typical NOTCH target genes such as Hes1, but also begins the activation of T cell
specification factor coding genes, such as GATA3 and Tcf7 (encoding TCF1 protein). The
presence of a NOTCH/CSL binding site in the 3′ of the Il4 gene suggests that NOTCH
signalling may directly control IL-4 production. Additionally, the NOTCH/CSL complex
binds to the GATA3 gene’s distal promoter.

Experimentally, enforced GATA3 expression in DP thymic T cells resulted in a pre-
malignant state, and the cells showed the increased size and C-MYC protein expression.
In addition, these cells had higher levels of the transcription factor Hes1 suggesting that
NOTCH signalling might play a role in malignant transformation in GATA3-overexpressing
cells, presumably via c-MYC, which is a direct target of NOTCH1 in T lymphoblastic
leukaemia/lymphoma.

NOTCH1 and c-MYC control two transcriptional pathways with shared target genes
that work together to govern the proliferation of primary T cells. The inhibition of NOTCH1
induces cell cycle arrest, reduces c-MYC mRNA levels, and inhibits NOTCH1-mediated
direct activation of c-MYC, which is required for leukemic survival. Furthermore, the
NOTCH/CSL complex binds to the responsive element (TTCCCAA) of the c-MYC pro-
moter that upregulates c-MYC in malignant and non-malignant ICN1-overexpressing cells
at the mRNA and protein levels. Meanwhile, the deletion of c-MYC at the CD4+CD8+
stage of T cell development prevents tumour formation induced by NOTCH1. In leuke-
mogenesis, studies have found that c-MYC is a crucial direct downstream target gene of
NOTCH1. NOTCH1 rescues T-ALL cells treated with GS, although the overexpression of
c-MYC rescues most human T-ALL cell lines from GSI-induced growth arrest. Interestingly,
GATA3-positive tumours had higher levels of c-MYC and proliferation gene signatures
than other PTCLs.

Therefore, these data suggested that compared with GATA3 and c-MYC, NOTCH1
greatly influences the progression, pathogenicity, and development as well. In addi-
tion, NOTCH1 reveals a wide area for using different therapeutic strategies; for example,
NOTCH signalling does not rely on enzymatic signal amplification like other signalling
pathways, but rather on interactions between pathway components [117]. Thus, cellular
regulatory mechanisms can precisely control signal intensity. Another critical characteristic
is that the active form of NOTCH in the nucleus has a short half-life, which is critical
for dynamic modulation of NOTCH signalling [118]. All Notch ligands and receptors
include extracellular domains that are essential for receptor binding and activation, mak-
ing them accessible to circulating therapies. To validate this prediction, through using
Ingenuity Pathway Analysis, which is a Web-based software application from QIAGEN,
and entering available data between these genes, it was predicted that down-regulation
of NOTCH1 gene will lead to the downregulation of GATA3 and c-MYC, whereas the
up-regulation of NOTCH1 leads to the up-regulation of these genes (Figure 5). Therefore,
these findings support that NOTCH1 is more influence than other two genes in T cell
non-Hodgkin’s lymphoma.
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8. Future Directions and Therapeutic Targets

At present, the most common therapies for PTCLs are combinations of chemotherapy
regimens, such as CHOP (cyclophosphamide, doxorubicin, vincristine, and prednisone),
CHOEP (etoposide, vincristine, doxorubicin, cyclophosphamide, and prednisone), and
brentuximab vedotin (Adcetris) in combination with cyclophosphamide, doxorubicin, and
prednisone for CD30-expressing PTCLs. Usually, these regimens are provided with a high
dose, especially after autologous stem cell transplant, because most PTCL patients relapse
faster [7]. As a result of using these regimens, most PTCL patients face haematologic and
non-haematologic toxicities that cause serious side effects, such as neutropenia, infectious
complications, thrombocytopenia, septic shock and even death [119]. Although it was first
described in classical Hodgkin’s lymphoma (cHL) and ALCL, CD30 expression is confined
to medium/large active B and/or T-lymphocytes in normal or inflamed tissues [120,121].
The selective and dense CD30 expression on lymphomatous cells makes it an attractive
target for drug-conjugated antibody-directed treatment, as their expression was reported
previously in refractory cHL and later confirmed in animal models on ALCL [122,123]. In
patients with CD30+ lymphomas, clinical studies with an unconjugated CD30-targeting
monoclonal antibody (cAC10, SGN-30) showed safety but modest response rates. There-
fore, laterally CD30-targeting monoclonal antibody bind with a monomethyl auristatin
E to increase potency, selectivity, and led to delivery of cytotoxic agents to tumour cells
(ADCs) [124]. Another therapeutic strategy used for targeting CD30+ lymphoma is by using
chimeric antigen receptor T-cell immunotherapy (CAR-T). This can be accomplished by
cloning CD30 extracellular fragment gene sequences from PTCL patients’ tumour tissues
into a plasmid vector and expressing the CD30 antigen. Then, CD30 single-chain antibody
fragment (scFv) will be created by using CD30+ monoclonal hybridoma cells generated
from CD30 antigen-immunised mice [125]. Bispecific T-cell engager (BiTE) antibodies have
the ability to redirect target cell lysis through T cells, trigger T lymphocyte killing in the
presence of target cells (tumour cells), and allow T cells to lyse target cells [126,127]. The
design of BiTE for CD30+ lymphoma cells will assist in directing the therapy and fighting
lymphoma in a reliable way. Additionally, modifying the NOTCH pathway might be a
useful tool for managing the transformed state of malignant lymphatic cells, potentially
resulting in a novel treatment strategy. Therefore, the findings of this review will facilitate
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in exploring the controlling role of NOTCH1 amongst other genes in PTCL progression
and development in order to be used in enhancing the overall survival rate and treatment
plans, such as immunotherapy (CAR-T), ADCs and BiTE antibodies targeting against the
NOTCH1 gene. In addition, the most common method used for investigating the expression
levels of these genes is IHC of PTCL tissue, which provides an easy way for monitoring the
efficiency of the newly designed targeted therapy.

Author Contributions: Conceptualization, M.J.A.-K., F.A.H. and M.F.J.; writing—original draft
preparation, M.J.A.-K.; writing—review and editing, F.A.H. and M.F.J.; visualization, A.M.A., A.A.
and O.M.A.-S.; supervision, M.F.J. and F.A.H.; funding acquisition, F.A.H. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was funded by UNIVERSITI SAINS MALAYSIA, grant number (RUI) 1001/
PPSP/8012247.

Acknowledgments: Figures 1–4 were created with BioRender.com.

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

References
1. 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]

2. Arber, D.A.; Orazi, A.; Hasserjian, R.; Thiele, J.; Borowitz, M.J.; Le Beau, M.M.; Bloomfield, C.D.; Cazzola, M.; Vardiman, J.W.
The 2016 revision to the World Health Organization classification of myeloid neoplasms and acute leukemia. Blood 2016, 127,
2391–2405. [CrossRef] [PubMed]

3. Swerdlow, S.H.; Campo, E.; Harris, N.L.; Jaffe, E.S.; Pileri, S.A.; Stein, H.; Thiele, J.; Vardiman, J.W. WHO Classification of Tumours
of Haematopoietic and Lymphoid Tissues; International Agency for Research on Cancer: Lyon, France, 2008; Volume 2.

4. Pileri, S.A.; Ascani, S.; Leoncini, L.; Sabattini, E.; Zinzani, P.L.; Piccaluga, P.P.; Pileri, A., Jr.; Giunti, M.; Falini, B.; Bolis, G.B.; et al.
Hodgkin’s lymphoma: The pathologist’s viewpoint. J. Clin. Pathol. 2002, 55, 162–176. [CrossRef] [PubMed]

5. PDQ Adult Treatment Editorial Board. Adult Non-Hodgkin Lymphoma Treatment (PDQ®). In PDQ Cancer Information Summaries;
National Cancer Institute: Bethesda, MD, USA, 2021.

6. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN
Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J. Clin. 2021, 71, 209–249. [CrossRef]
[PubMed]

7. Satou, A.; Bennani, N.N.; Feldman, A.L. Update on the classification of T-cell lymphomas, Hodgkin lymphomas, and histio-
cytic/dendritic cell neoplasms. Expert Rev. Hematol. 2019, 12, 833–843. [CrossRef]

8. De Leval, L. Approach to nodal-based T-cell lymphomas. Pathology 2020, 52, 78–99. [CrossRef]
9. Pizzi, M.; Margolskee, E.; Inghirami, G. Pathogenesis of Peripheral T Cell Lymphoma. Annu. Rev. Pathol. 2018, 13, 293–320.

[CrossRef]
10. De Leval, L.; Rickman, D.S.; Thielen, C.; Reynies, A.d.; Huang, Y.-L.; Delsol, G.; Lamant, L.; Leroy, K.; Briere, J.; Molina, T.J.B. The

gene expression profile of nodal peripheral T-cell lymphoma demonstrates a molecular link between angioimmunoblastic T-cell
lymphoma (AITL) and follicular helper T (TFH) cells. J. Am. Soc. Hematol. 2007, 109, 4952–4963. [CrossRef]

11. Sakaguchi, S. Naturally arising CD4+ regulatory t cells for immunologic self-tolerance and negative control of immune responses.
Annu. Rev. Immunol. 2004, 22, 531–562. [CrossRef]

12. Kim, W.; Jeon, Y.K.; Kim, T.; Kim, J.E.; Kim, Y.; Lee, S.-H.; Kim, D.-W.; Heo, D.S.; Kim, C.-W. Increased quantity of tumor-
infiltrating FOXP3-positive regulatory T cells is an independent predictor for improved clinical outcome in extranodal NK/T-cell
lymphoma. Ann. Oncol. 2009, 20, 1688–1696. [CrossRef]

13. Karwacz, K.; Bricogne, C.; MacDonald, D.; Arce, F.; Bennett, C.L.; Collins, M.; Escors, D. PD-L1 co-stimulation contributes to
ligand-induced T cell receptor down-modulation on CD8+ T cells. EMBO Mol. Med. 2011, 3, 581–592. [CrossRef] [PubMed]

14. Kasprzycka, M.; Marzec, M.; Liu, X.; Zhang, Q.; Wasik, M.A. Nucleophosmin/anaplastic lymphoma kinase (NPM/ALK)
oncoprotein induces the T regulatory cell phenotype by activating STAT3. Proc. Natl. Acad. Sci. USA 2006, 103, 9964–9969.
[CrossRef]

15. Wilcox, R.A.; Feldman, A.L.; Wada, D.A.; Yang, Z.-Z.; Comfere, N.I.; Dong, H.; Kwon, E.D.; Novak, A.J.; Markovic, S.N.; Pittelkow,
M.R.; et al. B7-H1 (PD-L1, CD274) suppresses host immunity in T-cell lymphoproliferative disorders. J. Am. Soc. Hematol. 2009,
114, 2149–2158. [CrossRef] [PubMed]

16. Jo, J.-C.; Kim, M.; Choi, Y.; Kim, H.-J.; Kim, J.E.; Chae, S.W.; Kim, H.; Cha, H.J. Expression of programmed cell death 1 and
programmed cell death ligand 1 in extranodal NK/T-cell lymphoma, nasal type. Ann. Hematol. 2017, 96, 25–31. [CrossRef]
[PubMed]

http://doi.org/10.1182/blood-2016-01-643569
http://www.ncbi.nlm.nih.gov/pubmed/26980727
http://doi.org/10.1182/blood-2016-03-643544
http://www.ncbi.nlm.nih.gov/pubmed/27069254
http://doi.org/10.1136/jcp.55.3.162
http://www.ncbi.nlm.nih.gov/pubmed/11896065
http://doi.org/10.3322/caac.21660
http://www.ncbi.nlm.nih.gov/pubmed/33538338
http://doi.org/10.1080/17474086.2019.1647777
http://doi.org/10.1016/j.pathol.2019.09.012
http://doi.org/10.1146/annurev-pathol-020117-043821
http://doi.org/10.1182/blood-2006-10-055145
http://doi.org/10.1146/annurev.immunol.21.120601.141122
http://doi.org/10.1093/annonc/mdp056
http://doi.org/10.1002/emmm.201100165
http://www.ncbi.nlm.nih.gov/pubmed/21739608
http://doi.org/10.1073/pnas.0603507103
http://doi.org/10.1182/blood-2009-04-216671
http://www.ncbi.nlm.nih.gov/pubmed/19597183
http://doi.org/10.1007/s00277-016-2818-4
http://www.ncbi.nlm.nih.gov/pubmed/27696202


Cancers 2022, 14, 2799 17 of 21

17. Lin, Z.-X.; Bai, B.; Cai, Q.-C.; Cai, Q.-Q.; Wang, X.-X.; Wu, X.-Y.; Huang, H.-Q. High numbers of tumor-associated macrophages
correlate with poor prognosis in patients with mature T-and natural killer cell lymphomas. Med. Oncol. 2012, 29, 3522–3528.
[CrossRef] [PubMed]

18. Iqbal, J.; Liu, Z.; Deffenbacher, K.; Chan, W.C.J.B.P.; Haematology, R.C. Gene expression profiling in lymphoma diagnosis and
management. Best Pract. Res. Clin. Haematol. 2009, 22, 191–210. [CrossRef]

19. Zain, J.M. Aggressive T-cell lymphomas: 2019 updates on diagnosis, risk stratification, and management. Am. J. Hematol. 2019, 94,
929–946. [CrossRef]

20. Piccaluga, P.P.; Fuligni, F.; De Leo, A.; Bertuzzi, C.; Rossi, M.; Bacci, F.; Sabattini, E.; Agostinelli, C.; Gazzola, A.; Laginestra, M.A.
Molecular profiling improves classification and prognostication of nodal peripheral T-cell lymphomas: Results of a phase III
diagnostic accuracy study. J. Clin. Oncol. 2013, 31, 3019–3025. [CrossRef]

21. Iqbal, J.; Amador, C.; McKeithan, T.W.; Chan, W.C. Molecular and genomic landscape of peripheral T-cell lymphoma. In T-Cell
and NK-Cell Lymphomas; Springer: Berlin/Heidelberg, Germany, 2019; pp. 31–68.

22. Van Hamburg, J.P.; de Bruijn, M.J.; Dingjan, G.M.; Beverloo, H.B.; Diepstraten, H.; Ling, K.W.; Hendriks, R.W. Cooperation
of Gata3, c-Myc and Notch in malignant transformation of double positive thymocytes. Mol. Immunol. 2008, 45, 3085–3095.
[CrossRef]

23. Iqbal, J.; Wright, G.; Wang, C.; Rosenwald, A.; Gascoyne, R.D.; Weisenburger, D.D.; Greiner, T.C.; Smith, L.; Guo, S.; Wilcox,
R.A.; et al. Gene expression signatures delineate biological and prognostic subgroups in peripheral T-cell lymphoma. J. Am. Soc.
Hematol. 2014, 123, 2915–2923. [CrossRef]

24. Manso, R.; Bellas, C.; Martín-Acosta, P.; Mollejo, M.; Menárguez, J.; Rojo, F.; Llamas, P.; Piris, M.A.; Rodríguez-Pinilla, S.M.
C-MYC is related to GATA3 expression and associated with poor prognosis in nodal peripheral T-cell lymphomas. Haematologica
2016, 101, e336. [CrossRef] [PubMed]

25. Belver, L.; Yang, A.Y.; Albero, R.; Herranz, D.; Brundu, F.G.; Quinn, S.A.; Perez-Duran, P.; Alvarez, S.; Gianni, F.; Rashkovan,
M.; et al. GATA3-Controlled Nucleosome Eviction Drives MYC Enhancer Activity in T-cell Development and Leukemia. Cancer
Discov. 2019, 9, 1774–1791. [CrossRef] [PubMed]

26. Zhang, N.; Bevan, M.J. CD8(+) T cells: Foot soldiers of the immune system. Immunity 2011, 35, 161–168. [CrossRef] [PubMed]
27. Perry, S.S.; Wang, H.; Pierce, L.J.; Yang, A.M.; Tsai, S.; Spangrude, G.J. L-selectin defines a bone marrow analog to the thymic early

T-lineage progenitor. Blood 2004, 103, 2990–2996. [CrossRef] [PubMed]
28. Ghaedi, M.; Steer, C.A.; Martinez-Gonzalez, I.; Halim, T.Y.F.; Abraham, N.; Takei, F. Common-Lymphoid-Progenitor-Independent

Pathways of Innate and T Lymphocyte Development. Cell Rep. 2016, 15, 471–480. [CrossRef] [PubMed]
29. Yui, M.A.; Rothenberg, E.V. Developmental gene networks: A triathlon on the course to T cell identity. Nat. Rev. Immunol. 2014,

14, 529–545. [CrossRef] [PubMed]
30. Artavanis-Tsakonas, S.; Rand, M.D.; Lake, R.J. Notch signaling: Cell fate control and signal integration in development. Science

1999, 284, 770–776. [CrossRef]
31. Almotiri, A.; Alzahrani, H.; Menendez-Gonzalez, J.B.; Abdelfattah, A.; Alotaibi, B.; Saleh, L.; Greene, A.; Georgiou, M.; Gibbs,

A.; Alsayari, A.; et al. Zeb1 modulates hematopoietic stem cell fates required for suppressing acute myeloid leukemia. J. Clin.
Investig. 2021, 131, e129115. [CrossRef]

32. Kueh, H.Y.; Yui, M.A.; Ng, K.K.; Pease, S.S.; Zhang, J.A.; Damle, S.S.; Freedman, G.; Siu, S.; Bernstein, I.D.; Elowitz, M.B.; et al.
Asynchronous combinatorial action of four regulatory factors activates Bcl11b for T cell commitment. Nat. Immunol. 2016, 17,
956–965. [CrossRef]

33. Li, L.; Leid, M.; Rothenberg, E.V. An early T cell lineage commitment checkpoint dependent on the transcription factor Bcl11b.
Science 2010, 329, 89–93. [CrossRef]

34. Agata, Y.; Tamaki, N.; Sakamoto, S.; Ikawa, T.; Masuda, K.; Kawamoto, H.; Murre, C. Regulation of T cell receptor beta gene
rearrangements and allelic exclusion by the helix-loop-helix protein, E47. Immunity 2007, 27, 871–884. [CrossRef] [PubMed]

35. Wojciechowski, J.; Lai, A.; Kondo, M.; Zhuang, Y. E2A and HEB are required to block thymocyte proliferation prior to pre-TCR
expression. J. Immunol. 2007, 178, 5717–5726. [CrossRef] [PubMed]

36. Georgescu, C.; Longabaugh, W.J.; Scripture-Adams, D.D.; David-Fung, E.S.; Yui, M.A.; Zarnegar, M.A.; Bolouri, H.; Rothenberg,
E.V. A gene regulatory network armature for T lymphocyte specification. Proc. Natl. Acad. Sci. USA 2008, 105, 20100–20105.
[CrossRef]

37. Schwartz, R.; Engel, I.; Fallahi-Sichani, M.; Petrie, H.T.; Murre, C. Gene expression patterns define novel roles for E47 in cell cycle
progression, cytokine-mediated signaling, and T lineage development. Proc. Natl. Acad. Sci. USA 2006, 103, 9976–9981. [CrossRef]
[PubMed]

38. Welinder, E.; Mansson, R.; Mercer, E.M.; Bryder, D.; Sigvardsson, M.; Murre, C. The transcription factors E2A and HEB act in
concert to induce the expression of FOXO1 in the common lymphoid progenitor. Proc. Natl. Acad. Sci. USA 2011, 108, 17402–17407.
[CrossRef] [PubMed]

39. Maillard, I.; Tu, L.; Sambandam, A.; Yashiro-Ohtani, Y.; Millholland, J.; Keeshan, K.; Shestova, O.; Xu, L.; Bhandoola, A.; Pear, W.S.
The requirement for Notch signaling at the β-selection checkpoint in vivo is absolute and independent of the pre–T cell receptor.
J. Exp. Med. 2006, 203, 2239–2245. [CrossRef] [PubMed]

40. Kreslavsky, T.; Gleimer, M.; Miyazaki, M.; Choi, Y.; Gagnon, E.; Murre, C.; Sicinski, P.; von Boehmer, H.J.I. β-Selection-induced
proliferation is required for αβ T cell differentiation. Immunity 2012, 37, 840–853. [CrossRef]

http://doi.org/10.1007/s12032-012-0244-6
http://www.ncbi.nlm.nih.gov/pubmed/22562823
http://doi.org/10.1016/j.beha.2009.05.001
http://doi.org/10.1002/ajh.25513
http://doi.org/10.1200/JCO.2012.42.5611
http://doi.org/10.1016/j.molimm.2008.03.018
http://doi.org/10.1182/blood-2013-11-536359
http://doi.org/10.3324/haematol.2016.143768
http://www.ncbi.nlm.nih.gov/pubmed/27151990
http://doi.org/10.1158/2159-8290.CD-19-0471
http://www.ncbi.nlm.nih.gov/pubmed/31519704
http://doi.org/10.1016/j.immuni.2011.07.010
http://www.ncbi.nlm.nih.gov/pubmed/21867926
http://doi.org/10.1182/blood-2003-09-3030
http://www.ncbi.nlm.nih.gov/pubmed/15070675
http://doi.org/10.1016/j.celrep.2016.03.039
http://www.ncbi.nlm.nih.gov/pubmed/27068476
http://doi.org/10.1038/nri3702
http://www.ncbi.nlm.nih.gov/pubmed/25060579
http://doi.org/10.1126/science.284.5415.770
http://doi.org/10.1172/JCI129115
http://doi.org/10.1038/ni.3514
http://doi.org/10.1126/science.1188989
http://doi.org/10.1016/j.immuni.2007.11.015
http://www.ncbi.nlm.nih.gov/pubmed/18093539
http://doi.org/10.4049/jimmunol.178.9.5717
http://www.ncbi.nlm.nih.gov/pubmed/17442955
http://doi.org/10.1073/pnas.0806501105
http://doi.org/10.1073/pnas.0603728103
http://www.ncbi.nlm.nih.gov/pubmed/16782810
http://doi.org/10.1073/pnas.1111766108
http://www.ncbi.nlm.nih.gov/pubmed/21972416
http://doi.org/10.1084/jem.20061020
http://www.ncbi.nlm.nih.gov/pubmed/16966428
http://doi.org/10.1016/j.immuni.2012.08.020


Cancers 2022, 14, 2799 18 of 21

41. Tussiwand, R.; Engdahl, C.; Gehre, N.; Bosco, N.; Ceredig, R.; Rolink, A. The preTCR-dependent DN3 to DP transition requires
Notch signaling, is improved by CXCL12 signaling and is inhibited by IL-7 signaling. Eur. J. Immunol. 2011, 41, 3371–3380.
[CrossRef]

42. Janas, M.L.; Varano, G.; Gudmundsson, K.; Noda, M.; Nagasawa, T.; Turner, M. Thymic development beyond beta-selection
requires phosphatidylinositol 3-kinase activation by CXCR4. J. Exp. Med. 2010, 207, 247–261. [CrossRef]

43. Hosokawa, H.; Rothenberg, E.V. Cytokines, Transcription Factors, and the Initiation of T-Cell Development. Cold Spring Harb
Perspect. Biol. 2018, 10, a028621. [CrossRef]

44. Kelliher, M.A.; Roderick, J.E. NOTCH Signaling in T-Cell-Mediated Anti-Tumor Immunity and T-Cell-Based Immunotherapies.
Front. Immunol. 2018, 9, 1718. [CrossRef] [PubMed]

45. Artavanis-Tsakonas, S.; Matsuno, K.; Fortini, M.E. Notch signaling. Science 1995, 268, 225–232. [CrossRef] [PubMed]
46. Laky, K.; Fowlkes, B.J. Notch signaling in CD4 and CD8 T cell development. Curr. Opin. Immunol. 2008, 20, 197–202. [CrossRef]
47. Huang, E.Y.; Gallegos, A.M.; Richards, S.M.; Lehar, S.M.; Bevan, M.J. Surface expression of Notch1 on thymocytes: Correlation

with the double-negative to double-positive transition. J. Immunol. 2003, 171, 2296–2304. [CrossRef] [PubMed]
48. Garbe, A.I.; von Boehmer, H. TCR and Notch synergize in alphabeta versus gammadelta lineage choice. Trends Immunol. 2007, 28,

124–131. [CrossRef] [PubMed]
49. Blaumueller, C.M.; Qi, H.; Zagouras, P.; Artavanis-Tsakonas, S. Intracellular cleavage of Notch leads to a heterodimeric receptor

on the plasma membrane. Cell 1997, 90, 281–291. [CrossRef]
50. Rebay, I.; Fleming, R.J.; Fehon, R.G.; Cherbas, L.; Cherbas, P.; Artavanis-Tsakonas, S.J.C. Specific EGF repeats of Notch mediate

interactions with Delta and Serrate: Implications for Notch as a multifunctional receptor. Cell 1991, 67, 687–699. [CrossRef]
51. Ntziachristos, P.; Tsirigos, A.; Van Vlierberghe, P.; Nedjic, J.; Trimarchi, T.; Flaherty, M.S.; Ferres-Marco, D.; da Ros, V.; Tang, Z.;

Siegle, J.; et al. Genetic inactivation of the polycomb repressive complex 2 in T cell acute lymphoblastic leukemia. Nat. Med. 2012,
18, 298–301. [CrossRef]

52. Kopan, R.; Ilagan, M.X. The canonical Notch signaling pathway: Unfolding the activation mechanism. Cell 2009, 137, 216–233.
[CrossRef]

53. Le Borgne, R.; Bardin, A.; Schweisguth, F. The roles of receptor and ligand endocytosis in regulating Notch signaling. Development
2005, 132, 1751–1762. [CrossRef]

54. Sundaram, M.; Greenwald, I.J.G. Suppressors of a lin-12 hypomorph define genes that interact with both lin-12 and glp-1 in
Caenorhabditis elegans. Genet. Soc. Am. 1993, 135, 765–783. [CrossRef] [PubMed]

55. Kooijman, R.K.; Scholtens, L.E.; Rijkers, G.T.; Zegers, B.J. Differential expression of type I insulin-like growth factor receptors in
different stages of human T cells. Eur. J. Immunol. 1995, 25, 931–935. [CrossRef] [PubMed]

56. Tanigaki, K.; Honjo, T. Regulation of lymphocyte development by Notch signaling. Nat. Immunol. 2007, 8, 451–456. [CrossRef]
[PubMed]

57. Weng, A.P.; Ferrando, A.A.; Lee, W.; Morris, J.P.t.; Silverman, L.B.; Sanchez-Irizarry, C.; Blacklow, S.C.; Look, A.T.; Aster, J.C.
Activating mutations of NOTCH1 in human T cell acute lymphoblastic leukemia. Science 2004, 306, 269–271. [CrossRef]

58. Malyukova, A.; Dohda, T.; von der Lehr, N.; Akhondi, S.; Corcoran, M.; Heyman, M.; Spruck, C.; Grandér, D.; Lendahl, U.;
Sangfelt, O. The tumor suppressor gene hCDC4 is frequently mutated in human T-cell acute lymphoblastic leukemia with
functional consequences for Notch signaling. Cancer Res. 2007, 67, 5611–5616. [CrossRef]

59. O’Neil, J.; Grim, J.; Strack, P.; Rao, S.; Tibbitts, D.; Winter, C.; Hardwick, J.; Welcker, M.; Meijerink, J.P.; Pieters, R.; et al. FBW7
mutations in leukemic cells mediate NOTCH pathway activation and resistance to gamma-secretase inhibitors. J. Exp. Med. 2007,
204, 1813–1824. [CrossRef]

60. Thompson, B.J.; Buonamici, S.; Sulis, M.L.; Palomero, T.; Vilimas, T.; Basso, G.; Ferrando, A.; Aifantis, I. The SCFFBW7 ubiquitin
ligase complex as a tumor suppressor in T cell leukemia. J. Exp. Med. 2007, 204, 1825–1835. [CrossRef]

61. Clurman, B.E.; Sheaff, R.J.; Thress, K.; Groudine, M.; Roberts, J.M. Turnover of cyclin E by the ubiquitin-proteasome pathway is
regulated by cdk2 binding and cyclin phosphorylation. Genes Dev. 1996, 10, 1979–1990. [CrossRef]

62. Inuzuka, H.; Shaik, S.; Onoyama, I.; Gao, D.; Tseng, A.; Maser, R.S.; Zhai, B.; Wan, L.; Gutierrez, A.; Lau, A.W.; et al. SCF(FBW7)
regulates cellular apoptosis by targeting MCL1 for ubiquitylation and destruction. Nature 2011, 471, 104–109. [CrossRef]

63. Sugimoto, K.; Himeno, M.J.B. Biotechnology, Biochemistry. Casein kinase II site of human centromere protein B (CENP-B) is
phosphorylated in vitro. Biosci. Biotechnol. 1992, 56, 1174–1175. [CrossRef]

64. Tan, Y.; Sangfelt, O.; Spruck, C. The Fbxw7/hCdc4 tumor suppressor in human cancer. Cancer Lett. 2008, 271, 1–12. [CrossRef]
[PubMed]

65. Wei, W.; Jin, J.; Schlisio, S.; Harper, J.W.; Kaelin, W.G., Jr. The v-Jun point mutation allows c-Jun to escape GSK3-dependent
recognition and destruction by the Fbw7 ubiquitin ligase. Cancer Cell 2005, 8, 25–33. [CrossRef] [PubMed]

66. Ellisen, L.W.; Bird, J.; West, D.C.; Soreng, A.L.; Reynolds, T.C.; Smith, S.D.; Sklar, J. TAN-1, the human homolog of the Drosophila
notch gene, is broken by chromosomal translocations in T lymphoblastic neoplasms. Cell 1991, 66, 649–661. [CrossRef]

67. Li, X.; von Boehmer, H. Notch Signaling in T-Cell Development and T-ALL. ISRN Hematol. 2011, 2011, 921706. [CrossRef]
[PubMed]

68. Lopez-Nieva, P.; Santos, J.; Fernandez-Piqueras, J. Defective expression of Notch1 and Notch2 in connection to alterations
of c-Myc and Ikaros in gamma-radiation-induced mouse thymic lymphomas. Carcinogenesis 2004, 25, 1299–1304. [CrossRef]
[PubMed]

http://doi.org/10.1002/eji.201141824
http://doi.org/10.1084/jem.20091430
http://doi.org/10.1101/cshperspect.a028621
http://doi.org/10.3389/fimmu.2018.01718
http://www.ncbi.nlm.nih.gov/pubmed/30967879
http://doi.org/10.1126/science.7716513
http://www.ncbi.nlm.nih.gov/pubmed/7716513
http://doi.org/10.1016/j.coi.2008.03.004
http://doi.org/10.4049/jimmunol.171.5.2296
http://www.ncbi.nlm.nih.gov/pubmed/12928374
http://doi.org/10.1016/j.it.2007.01.004
http://www.ncbi.nlm.nih.gov/pubmed/17261380
http://doi.org/10.1016/S0092-8674(00)80336-0
http://doi.org/10.1016/0092-8674(91)90064-6
http://doi.org/10.1038/nm.2651
http://doi.org/10.1016/j.cell.2009.03.045
http://doi.org/10.1242/dev.01789
http://doi.org/10.1093/genetics/135.3.765
http://www.ncbi.nlm.nih.gov/pubmed/8293978
http://doi.org/10.1002/eji.1830250411
http://www.ncbi.nlm.nih.gov/pubmed/7737296
http://doi.org/10.1038/ni1453
http://www.ncbi.nlm.nih.gov/pubmed/17440450
http://doi.org/10.1126/science.1102160
http://doi.org/10.1158/0008-5472.CAN-06-4381
http://doi.org/10.1084/jem.20070876
http://doi.org/10.1084/jem.20070872
http://doi.org/10.1101/gad.10.16.1979
http://doi.org/10.1038/nature09732
http://doi.org/10.1271/bbb.56.1174
http://doi.org/10.1016/j.canlet.2008.04.036
http://www.ncbi.nlm.nih.gov/pubmed/18541364
http://doi.org/10.1016/j.ccr.2005.06.005
http://www.ncbi.nlm.nih.gov/pubmed/16023596
http://doi.org/10.1016/0092-8674(91)90111-B
http://doi.org/10.5402/2011/921706
http://www.ncbi.nlm.nih.gov/pubmed/22111016
http://doi.org/10.1093/carcin/bgh124
http://www.ncbi.nlm.nih.gov/pubmed/14976135


Cancers 2022, 14, 2799 19 of 21

69. Bellavia, D.; Campese, A.F.; Alesse, E.; Vacca, A.; Felli, M.P.; Balestri, A.; Stoppacciaro, A.; Tiveron, C.; Tatangelo, L.; Giovarelli, M.;
et al. Constitutive activation of NF-κB and T-cell leukemia/lymphoma in Notch3 transgenic mice. EMBO J. 2000, 19, 3337–3348.
[CrossRef]

70. Vercauteren, S.M.; Sutherland, H.J. Constitutively active Notch4 promotes early human hematopoietic progenitor cell maintenance
while inhibiting differentiation and causes lymphoid abnormalities in vivo. Blood 2004, 104, 2315–2322. [CrossRef]

71. Jundt, F.; Anagnostopoulos, I.; Forster, R.; Mathas, S.; Stein, H.; Dorken, B. Activated Notch1 signaling promotes tumor cell
proliferation and survival in Hodgkin and anaplastic large cell lymphoma. Blood 2002, 99, 3398–3403. [CrossRef]

72. Kamstrup, M.R.; Ralfkiaer, E.; Skovgaard, G.L.; Gniadecki, R. Potential involvement of Notch1 signalling in the pathogenesis of
primary cutaneous CD30-positive lymphoproliferative disorders. Br. J. Dermatol. 2008, 158, 747–753. [CrossRef]

73. Indraccolo, S.; Minuzzo, S.; Masiero, M.; Pusceddu, I.; Persano, L.; Moserle, L.; Reboldi, A.; Favaro, E.; Mecarozzi, M.; Di
Mario, G.; et al. Cross-talk between tumor and endothelial cells involving the Notch3-Dll4 interaction marks escape from tumor
dormancy. AACR 2009, 69, 1314–1323. [CrossRef]

74. Palomero, T.; Sulis, M.L.; Cortina, M.; Real, P.J.; Barnes, K.; Ciofani, M.; Caparros, E.; Buteau, J.; Brown, K.; Perkins, S.L.; et al.
Mutational loss of PTEN induces resistance to NOTCH1 inhibition in T-cell leukemia. Nat. Med. 2007, 13, 1203–1210. [CrossRef]
[PubMed]

75. Palomero, T.; Dominguez, M.; Ferrando, A.A. The role of the PTEN/AKT Pathway in NOTCH1-induced leukemia. Cell Cycle
2008, 7, 965–970. [CrossRef] [PubMed]

76. Joshi, I.; Minter, L.M.; Telfer, J.; Demarest, R.M.; Capobianco, A.J.; Aster, J.C.; Sicinski, P.; Fauq, A.; Golde, T.E.; Osborne, B.A.
Notch signaling mediates G1/S cell-cycle progression in T cells via cyclin D3 and its dependent kinases. Blood 2009, 113, 1689–1698.
[CrossRef] [PubMed]

77. Kamstrup, M.R.; Biskup, E.; Gjerdrum, L.M.; Ralfkiaer, E.; Niazi, O.; Gniadecki, R. The importance of Notch signaling in
peripheral T-cell lymphomas. Leuk. Lymphoma 2014, 55, 639–644. [CrossRef]

78. Kamstrup, M.R.; Gjerdrum, L.M.R.; Biskup, E.; Thyssing Lauenborg, B.; Ralfkiaer, E.; Woetmann, A.; Ødum, N.; Gniadecki, R.
Notch1 as a potential therapeutic target in cutaneous T-cell lymphoma. Blood 2010, 116, 2504–2512. [CrossRef]

79. Kamstrup, M.R.; Biskup, E.; Gniadecki, R. Notch signalling in primary cutaneous CD30+ lymphoproliferative disorders: A new
therapeutic approach? Br. J. Dermatol. 2010, 163, 781–788. [CrossRef]

80. Van Der Fits, L.; Qin, Y.; Out-Luiting, J.J.; Vermeer, K.G.; Whittaker, S.; Van Es, J.H.; Tensen, C.P.; Vermeer, M.H. NOTCH1
signaling as a therapeutic target in Sezary syndrome. J. Investig. Dermatol. 2012, 132, 2810–2817. [CrossRef]

81. Katsumura, K.R.; Bresnick, E.H.; Group, G.F.M. The GATA factor revolution in hematology. Blood 2017, 129, 2092–2102. [CrossRef]
82. Dovat, S.; Ronni, T.; Russell, D.; Ferrini, R.; Cobb, B.S.; Smale, S.T. A common mechanism for mitotic inactivation of C2H2 zinc

finger DNA-binding domains. Genes Dev. 2002, 16, 2985–2990. [CrossRef]
83. Ting, C.-N.; Olson, M.C.; Barton, K.P.; Leiden, J.M. Transcription factor GATA-3 is required for development of the T-cell lineage.

Nature 1996, 384, 474–478. [CrossRef]
84. Pai, S.Y.; Truitt, M.L.; Ting, C.N.; Leiden, J.M.; Glimcher, L.H.; Ho, I.C. Critical roles for transcription factor GATA-3 in thymocyte

development. Immunity 2003, 19, 863–875. [CrossRef]
85. Vosshenrich, C.A.; Garcia-Ojeda, M.E.; Samson-Villeger, S.I.; Pasqualetto, V.; Enault, L.; Richard-Le Goff, O.; Corcuff, E.; Guy-

Grand, D.; Rocha, B.; Cumano, A.; et al. A thymic pathway of mouse natural killer cell development characterized by expression
of GATA-3 and CD127. Nat. Immunol. 2006, 7, 1217–1224. [CrossRef] [PubMed]

86. Samson, S.I.; Richard, O.; Tavian, M.; Ranson, T.; Vosshenrich, C.A.; Colucci, F.; Buer, J.; Grosveld, F.; Godin, I.; Di Santo, J.P.
GATA-3 promotes maturation, IFN-gamma production, and liver-specific homing of NK cells. Immunity 2003, 19, 701–711.
[CrossRef]

87. Wang, Y.; Su, M.A.; Wan, Y.Y. An essential role of the transcription factor GATA-3 for the function of regulatory T cells. Immunity
2011, 35, 337–348. [CrossRef] [PubMed]

88. Hoyler, T.; Klose, C.S.; Souabni, A.; Turqueti-Neves, A.; Pfeifer, D.; Rawlins, E.L.; Voehringer, D.; Busslinger, M.; Diefenbach, A.
The transcription factor GATA-3 controls cell fate and maintenance of type 2 innate lymphoid cells. Immunity 2012, 37, 634–648.
[CrossRef] [PubMed]

89. Ho, I.-C.; Pai, S.-Y. GATA-3-not just for Th2 cells anymore. Cell Mol. Immunol. 2007, 4, 15–29.
90. Ho, I.-C.; Tai, T.-S.; Pai, S.-Y. GATA3 and the T-cell lineage: Essential functions before and after T-helper-2-cell differentiation. Nat.

Rev. Immunol. 2009, 9, 125–135. [CrossRef]
91. Hattori, N.; Kawamoto, H.; Fujimoto, S.; Kuno, K.; Katsura, Y. Involvement of transcription factors TCF-1 and GATA-3 in the

initiation of the earliest step of T cell development in the thymus. J. Exp. Med. 1996, 184, 1137–1147. [CrossRef]
92. García-Ojeda, M.E.; Klein Wolterink, R.G.; Lemaître, F.; Richard-Le Goff, O.; Hasan, M.; Hendriks, R.W.; Cumano, A.; Di Santo, J.P.

GATA-3 promotes T-cell specification by repressing B-cell potential in pro–T cells in mice. Blood 2013, 121, 1749–1759. [CrossRef]
93. Wei, G.; Abraham, B.J.; Yagi, R.; Jothi, R.; Cui, K.; Sharma, S.; Narlikar, L.; Northrup, D.L.; Tang, Q.; Paul, W.E.; et al. Genome-wide

analyses of transcription factor GATA3-mediated gene regulation in distinct T cell types. Immunity 2011, 35, 299–311. [CrossRef]
94. Zhang, J.A.; Mortazavi, A.; Williams, B.A.; Wold, B.J.; Rothenberg, E.V. Dynamic transformations of genome-wide epigenetic

marking and transcriptional control establish T cell identity. Cell 2012, 149, 467–482. [CrossRef] [PubMed]

http://doi.org/10.1093/emboj/19.13.3337
http://doi.org/10.1182/blood-2004-01-0204
http://doi.org/10.1182/blood.V99.9.3398
http://doi.org/10.1111/j.1365-2133.2007.08427.x
http://doi.org/10.1158/0008-5472.CAN-08-2791
http://doi.org/10.1038/nm1636
http://www.ncbi.nlm.nih.gov/pubmed/17873882
http://doi.org/10.4161/cc.7.8.5753
http://www.ncbi.nlm.nih.gov/pubmed/18414037
http://doi.org/10.1182/blood-2008-03-147967
http://www.ncbi.nlm.nih.gov/pubmed/19001083
http://doi.org/10.3109/10428194.2013.807510
http://doi.org/10.1182/blood-2009-12-260216
http://doi.org/10.1111/j.1365-2133.2010.09915.x
http://doi.org/10.1038/jid.2012.203
http://doi.org/10.1182/blood-2016-09-687871
http://doi.org/10.1101/gad.1040502
http://doi.org/10.1038/384474a0
http://doi.org/10.1016/S1074-7613(03)00328-5
http://doi.org/10.1038/ni1395
http://www.ncbi.nlm.nih.gov/pubmed/17013389
http://doi.org/10.1016/S1074-7613(03)00294-2
http://doi.org/10.1016/j.immuni.2011.08.012
http://www.ncbi.nlm.nih.gov/pubmed/21924928
http://doi.org/10.1016/j.immuni.2012.06.020
http://www.ncbi.nlm.nih.gov/pubmed/23063333
http://doi.org/10.1038/nri2476
http://doi.org/10.1084/jem.184.3.1137
http://doi.org/10.1182/blood-2012-06-440065
http://doi.org/10.1016/j.immuni.2011.08.007
http://doi.org/10.1016/j.cell.2012.01.056
http://www.ncbi.nlm.nih.gov/pubmed/22500808


Cancers 2022, 14, 2799 20 of 21

95. Hendriks, R.W.; Nawijn, M.C.; Engel, J.D.; van Doorninck, H.; Grosveld, F.; Karis, A. Expression of the transcription factor
GATA-3 is required for the development of the earliest T cell progenitors and correlates with stages of cellular proliferation in the
thymus. Eur. J. Immunol. 1999, 29, 1912–1918. [CrossRef]

96. Derbinski, J.; Schulte, A.; Kyewski, B.; Klein, L. Promiscuous gene expression in medullary thymic epithelial cells mirrors the
peripheral self. Nat. Immunol. 2001, 2, 1032–1039. [CrossRef] [PubMed]

97. Scripture-Adams, D.D.; Damle, S.S.; Li, L.; Elihu, K.J.; Qin, S.; Arias, A.M.; Butler, R.R.; Champhekar, A.; Zhang, J.A.; Rothenberg,
E.V. GATA-3 dose-dependent checkpoints in early T cell commitment. J. Immunol. 2014, 193, 3470–3491. [CrossRef]

98. Yui, M.A.; Feng, N.; Rothenberg, E.V. Fine-scale staging of T cell lineage commitment in adult mouse thymus. J. Immunol. 2010,
185, 284–293. [CrossRef]

99. Hernández-Hoyos, G.; Anderson, M.K.; Wang, C.; Rothenberg, E.V.; Alberola-Ila, J.J.I. GATA-3 expression is controlled by TCR
signals and regulates CD4/CD8 differentiation. Immunity 2003, 19, 83–94. [CrossRef]

100. Dang, C.V.; O’Donnell, K.A.; Zeller, K.I.; Nguyen, T.; Osthus, R.C.; Li, F. The c-Myc target gene network. Proc. Semin. Cancer Biol.
2006, 16, 253–264. [CrossRef]

101. Spencer, C.A.; Groudine, M. Control of c-myc regulation in normal and neoplastic cells. Adv. Cancer Res. 1991, 56, 1–48. [CrossRef]
102. Knoepfler, P.S. Myc goes global: New tricks for an old oncogene. Cancer Res. 2007, 67, 5061–5063. [CrossRef]
103. Herrick, D.; Ross, J.J.M. The half-life of c-myc mRNA in growing and serum-stimulated cells: Influence of the coding and

3′untranslated regions and role of ribosome translocation. Mol. Cell Biol. 1994, 14, 2119–2128. [CrossRef]
104. Hann, S.R.; Eisenman, R.N. Proteins encoded by the human c-myc oncogene: Differential expression in neoplastic cells. Mol. Cell

Biol. 1984, 4, 2486–2497. [CrossRef] [PubMed]
105. Ciechanover, A.; DiGiuseppe, J.A.; Schwartz, A.L.; Brodeur, G.M. Degradation of MYCN oncoprotein by the ubiquitin system.

Prog. Clin. Biol. Res. 1991, 366, 37–43. [PubMed]
106. Miller, D.M.; Thomas, S.D.; Islam, A.; Muench, D.; Sedoris, K. c-Myc and cancer metabolism. Clin. Cancer Res. 2012, 18, 5546–5553.

[CrossRef]
107. Weng, A.P.; Millholland, J.M.; Yashiro-Ohtani, Y.; Arcangeli, M.L.; Lau, A.; Wai, C.; Del Bianco, C.; Rodriguez, C.G.; Sai, H.; Tobias,

J.J.G.; et al. c-Myc is an important direct target of Notch1 in T-cell acute lymphoblastic leukemia/lymphoma. Genes Dev. 2006, 20,
2096–2109. [CrossRef] [PubMed]

108. Sharma, V.M.; Calvo, J.A.; Draheim, K.M.; Cunningham, L.A.; Hermance, N.; Beverly, L.; Krishnamoorthy, V.; Bhasin, M.;
Capobianco, A.J.; Kelliher, M.A. Notch1 contributes to mouse T-cell leukemia by directly inducing the expression of c-myc. Mol.
Cell Biol. 2006, 26, 8022–8031. [CrossRef]

109. Nie, L.; Xu, M.; Vladimirova, A.; Sun, X.H. Notch-induced E2A ubiquitination and degradation are controlled by MAP kinase
activities. EMBO J. 2003, 22, 5780–5792. [CrossRef]

110. Li, X.; Gounari, F.; Protopopov, A.; Khazaie, K.; von Boehmer, H. Oncogenesis of T-ALL and nonmalignant consequences of
overexpressing intracellular NOTCH1. J. Exp. Med. 2008, 205, 2851–2861. [CrossRef]

111. Satoh, Y.; Matsumura, I.; Tanaka, H.; Ezoe, S.; Sugahara, H.; Mizuki, M.; Shibayama, H.; Ishiko, E.; Ishiko, J.; Nakajima, K.; et al.
Roles for c-Myc in self-renewal of hematopoietic stem cells. J. Biol. Chem. 2004, 279, 24986–24993. [CrossRef]

112. Girard, L.; Hanna, Z.; Beaulieu, N.; Hoemann, C.D.; Simard, C.; Kozak, C.A.; Jolicoeur, P. Frequent provirus insertional
mutagenesis of Notch1 in thymomas of MMTVD/myc transgenic mice suggests a collaboration of c-myc and Notch1 for
oncogenesis. Genes Dev. 1996, 10, 1930–1944. [CrossRef]

113. Fang, T.C.; Yashiro-Ohtani, Y.; Del Bianco, C.; Knoblock, D.M.; Blacklow, S.C.; Pear, W.S. Notch directly regulates Gata3 expression
during T helper 2 cell differentiation. Immunity 2007, 27, 100–110. [CrossRef]

114. Hozumi, K.; Negishi, N.; Tsuchiya, I.; Abe, N.; Hirano, K.i.; Suzuki, D.; Yamamoto, M.; Engel, J.D.; Habu, S. Notch signaling is
necessary for GATA3 function in the initiation of T cell development. Eur. J. Immunol. 2008, 38, 977–985. [CrossRef] [PubMed]

115. Sanchez-Martin, M.; Ferrando, A. The NOTCH1-MYC highway toward T-cell acute lymphoblastic leukemia. Blood 2017, 129,
1124–1133. [CrossRef] [PubMed]

116. Sharma, V.M.; Draheim, K.M.; Kelliher, M.A. The Notch1/c-Myc pathway in T cell leukemia. Cell Cycle 2007, 6, 927–930.
[CrossRef] [PubMed]

117. Guruharsha, K.; Kankel, M.W.; Artavanis-Tsakonas, S. The Notch signalling system: Recent insights into the complexity of a
conserved pathway. Nat. Rev. Genet. 2012, 13, 654–666. [CrossRef]

118. Andersson, E.R.; Lendahl, U. Therapeutic modulation of Notch signalling—are we there yet? Nat. Rev. Drug Discov. 2014, 13,
357–378. [CrossRef]

119. Choi, E.-J.; Hong, J.Y.; Yoon, D.H.; Kang, J.; Park, C.-S.; Huh, J.; Chae, E.J.; Lee, Y.; Ryu, J.-S.; Suh, C. Treatment outcomes
of dose-attenuated CHOP chemotherapy in elderly patients with peripheral T cell lymphoma. Blood Res. 2017, 52, 270–275.
[CrossRef]

120. Chiarle, R.; Podda, A.; Prolla, G.; Gong, J.; Thorbecke, G.J.; Inghirami, G.J.C.i. CD30 in normal and neoplastic cells. Clin. Immunol.
1999, 90, 157–164. [CrossRef]

121. Werner, B.; Massone, C.; Kerl, H.; Cerroni, L. Large CD30-positive cells in benign, atypical lymphoid infiltrates of the skin. J.
Cutan. Pathol. 2008, 35, 1100–1107. [CrossRef]

122. Falini, B.; Flenghi, L.; Aversa, F.; Barbabietola, G.; Martelli, M.; Comeli, P.; Tazzari, P.; Broe, M.; Stein, H.; Dürkop, H. Response of
refractory Hodgkin’s disease to monoclonal anti-CD30 immunotoxin. Lancet 1992, 339, 1195–1196. [CrossRef]

http://doi.org/10.1002/(SICI)1521-4141(199906)29:06&lt;1912::AID-IMMU1912&gt;3.0.CO;2-D
http://doi.org/10.1038/ni723
http://www.ncbi.nlm.nih.gov/pubmed/11600886
http://doi.org/10.4049/jimmunol.1301663
http://doi.org/10.4049/jimmunol.1000679
http://doi.org/10.1016/S1074-7613(03)00176-6
http://doi.org/10.1016/j.semcancer.2006.07.014
http://doi.org/10.1016/s0065-230x(08)60476-5
http://doi.org/10.1158/0008-5472.CAN-07-0426
http://doi.org/10.1128/mcb.14.3.2119-2128.1994
http://doi.org/10.1128/mcb.4.11.2486-2497.1984
http://www.ncbi.nlm.nih.gov/pubmed/6513926
http://www.ncbi.nlm.nih.gov/pubmed/1648744
http://doi.org/10.1158/1078-0432.CCR-12-0977
http://doi.org/10.1101/gad.1450406
http://www.ncbi.nlm.nih.gov/pubmed/16847353
http://doi.org/10.1128/MCB.01091-06
http://doi.org/10.1093/emboj/cdg567
http://doi.org/10.1084/jem.20081561
http://doi.org/10.1074/jbc.M400407200
http://doi.org/10.1101/gad.10.15.1930
http://doi.org/10.1016/j.immuni.2007.04.018
http://doi.org/10.1002/eji.200737688
http://www.ncbi.nlm.nih.gov/pubmed/18383037
http://doi.org/10.1182/blood-2016-09-692582
http://www.ncbi.nlm.nih.gov/pubmed/28115368
http://doi.org/10.4161/cc.6.8.4134
http://www.ncbi.nlm.nih.gov/pubmed/17404512
http://doi.org/10.1038/nrg3272
http://doi.org/10.1038/nrd4252
http://doi.org/10.5045/br.2017.52.4.270
http://doi.org/10.1006/clim.1998.4636
http://doi.org/10.1111/j.1600-0560.2007.00979.x
http://doi.org/10.1016/0140-6736(92)91135-U


Cancers 2022, 14, 2799 21 of 21

123. Tazzari, P.L.; De Totero, D.; Bolognesi, A.; Testoni, N.; Pileri, S.; Roncella, S.; Reato, G.; Stein, H.; Gobbi, M.; Stirpe, F.J.H. An
Epstein-Barr virus-infected lymphoblastoid cell line (D430B) that grows in SCID-mice with the morphologic features of a CD30+
anaplastic large cell lymphoma, and is sensitive to anti-CD30 immunotoxins. Haematologica 1999, 84, 988–995.

124. Doronina, S.O.; Toki, B.E.; Torgov, M.Y.; Mendelsohn, B.A.; Cerveny, C.G.; Chace, D.F.; DeBlanc, R.L.; Gearing, R.P.; Bovee, T.D.;
Siegall, C.B.J.N.b. Development of potent monoclonal antibody auristatin conjugates for cancer therapy. Nat. Biotechnol. 2003, 21,
778–784. [CrossRef] [PubMed]

125. Wu, Y.; Chen, D.; Lu, Y.; Dong, S.-C.; Ma, R.; Tang, W.-y.; Wu, J.-q.; Feng, J.-F.; Wu, J.-Z. A new immunotherapy strategy targeted
CD30 in peripheral T-cell lymphomas: CAR-modified T-cell therapy based on CD30 mAb. Cancer Gene Ther. 2022, 29, 167–177.
[CrossRef] [PubMed]

126. Mack, M.; Riethmüller, G.; Kufer, P. A small bispecific antibody construct expressed as a functional single-chain molecule with
high tumor cell cytotoxicity. Proc. Natl. Acad. Sci. USA 1995, 92, 7021–7025. [CrossRef] [PubMed]

127. Solimando, A.G.; Ribatti, D.; Vacca, A.; Einsele, H. Targeting B-cell non Hodgkin lymphoma: New and old tricks. Leuk. Res. 2016,
42, 93–104. [CrossRef] [PubMed]

http://doi.org/10.1038/nbt832
http://www.ncbi.nlm.nih.gov/pubmed/12778055
http://doi.org/10.1038/s41417-021-00295-8
http://www.ncbi.nlm.nih.gov/pubmed/33514882
http://doi.org/10.1073/pnas.92.15.7021
http://www.ncbi.nlm.nih.gov/pubmed/7624362
http://doi.org/10.1016/j.leukres.2015.11.001
http://www.ncbi.nlm.nih.gov/pubmed/26818572

	Introduction 
	Development and Regulation of T Cells 
	NOTCH1 Signalling Pathways in T Cell Development and PTCLs 
	Roles of GATA3 in Normal T Cell Development and PTCLs 
	c-MYC Roles in Normal T Cell Development and PTCLs 
	NOTCH1 as a Bridge between GATA3 and c-MYC in T Cell Development 
	Conclusions 
	Future Directions and Therapeutic Targets 
	References

