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Abstract

T-cell acute lymphoblastic leukemia (T-ALL) corresponds to a lineage of the commonest
childhood cancer — ALL. Childhood T-ALL 5-year overall survival is around 80%, still 10%
behind B-ALL’s. This is explained by the fact that B-ALL has a classification with well-
defined prognostic and therapeutic implications; on the contrary, T-ALL still lacks a
comprehensive genomic classification, which ultimately lead to increased

chemoresistance and worse survival.

The objective of the current work is to systematically review the literature in what
regards the known T-ALL subgroups, which are based on the enrichment for particular

oncogenic transcription factors.

These T-ALL subgroups are based on deregulated transcription factor (TF) genes, a
hallmark of T-ALL, with these being - TAL1, TAL2, TLX1, TLX3, HOXA, LMO1/LMO2,
LMO2/LYL1 and NKX2-1. By reviewing the different genetic background of each
subgroup, new therapeutics can be tailored to specific genetic abnormalities that
characterize a determined groups — e.g. inhibition of PI3k pathway in TAL1+; inhibition
of JAK-STAT pathway in HOXA+; and inhibition of the fusion protein NUP214-ABL1 in

TLX1+, for instance.

In addition, the host laboratory identified a new transcription factor with impact on T-
ALL (CASZ1), which is a TAL1 target and also behaves as an oncogene. CASZ1 has been
shown to mediate its oncogenic action by increasing cell growth and viability through

the PI3K pathway. My contribution to this work is also included in the present work.

The literature review and scientific experiments reported herein are aligned in their
focus on transcription factors with relevance for the biology of T-ALL and in the evidence

proposing the tackling of PI3K pathway in TAL1+ T-ALL cases.
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Resumo
A Leucemia Linfoblastica Aguda de células-T (LLA-T) corresponde a uma linhagem do

mais comum cancro da infancia — LLA. A sobrevivéncia das criangas com LLA-T ronda os
80%, ainda 10% atras da LLA-B. Isto é explicado pelo facto de que a LLA-B tem uma
classificacdo com implicagdes progndsticas e terapéuticas bem definidas; pelo contrario,
a LLA-T, carece de uma classificagdo gendmica com validade progndstica que leva a uma

maior quimiorresisténcia e pior sobrevivéncia dos doentes.

O objetivo do presente trabalho é rever sistematicamente a literatura no que toca aos
varios subgrupos de LLA-T baseada em fatores de transcricdo (FT) oncogénicos

especificos.

Estes subgrupos sdao baseados na desregulacdo de FT cruciais na LLA-T, sendo estes -
TAL1, TAL2, TLX1, TLX3, HOXA, LMO1/LMO2, LMO2/LYL1 e NKX2-1. Ao rever-se o
diferente panorama genético de cada um destes subgrupos, novas terapéuticas poderao
ser desenhadas por forma a reverter as anomalias genéticas que os caraterizam, como
por exemplo —inibicdo da via PI3k em TAL1+; inibicdo de JAK-STAT em HOXA+; e inibicdo
da proteina de fusdo NUP214-ABL em TLX1+.

O laboratério, onde o trabalho experimental foi desenvolvido, identificou um novo FT
(CASZ1) alvo de TAL1 que também se comporta como um oncogene. Este gene provou
mediar a agao oncogénica de TAL1 ao aumentar a viabilidade e crescimento celular

através da via PI3K. O meu contributo para este trabalho esta aqui incluido.

Deste modo, a revisao e trabalho experimental estdo alinhados no foco dado aos fatores
de transcricdo como sendo relevantes para a biologia de LLA-T e na evidéncia que

propde a inibicdo da via PI3K em T-ALL do subgrupo TAL1+.
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Leucemia Linfoblastica Aguda de células-T; Fatores de Transcrigdo; Vias oncogénicas;
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REVIEW

Search Method: In August and September 2021, we searched on PubMed for reviews
with the following MeSH Terms — “Precursor cell lymphoblastic leukemia lymphoma”
and “transcription factors” published between 2015 and 2021. From those 95 obtained
results we analysed a group of reviews that focused mainly on T-ALL. When a mutation
or experiment were mentioned on those reviews, we went back to the original research

article that initially conducted the described experiment.

ALL
Acute lymphoblastic leukemia (ALL) is the commonest childhood cancer (Roberts &

Mullighan, 2015). ALL is a malignant clonal disease that develops when a lymphoid
progenitor cell becomes genetically altered through somatic changes and undergoes
differentiation arrest and uncontrolled proliferation. These malignant cells will then

proliferate in the bone marrow, blood and extramedullary sites.

Epidemiology

ALL has an estimated incidence of 1.6 per 100 000 population and 80% of its cases
happen in children (National Cancer Institute, 1975-2013). Two different lineages of ALL
are described: T-cell (T-ALL) and B-cell (B-ALL). T-ALL represents 10-15% of paediatric
and 20-25% of adult cases of ALL in Europe, the United States and Japan, being more
prevalent in males than in females (72% VS 28%) (DeAngelo, 2005).

Clinical features

Most of the clinical manifestations of ALL reflect the accumulation of lymphoblasts
within the bone marrow, peripheral blood and extramedullary sites. Marrow failure
signs include anemia, thrombocytopenia and leukopenia. B-symptoms (fever, weight
loss, night sweats) are part of the unspecific presentation of ALL leading to the need of
a broad differential diagnosis. Extramedullary site infiltration manifests as —
lymphadenopathy, hepatosplenomegaly, meningismus (due to CNS infiltration) and
mediastinal mass. Moreover, children typically appear with bone pain (Terwilliger &

Abdul-Hay, 2017).



Diagnosis

Diagnosis is established by the presence of 20% or more lymphoblasts in the bone
marrow or peripheral blood. Bone marrow aspirate and/or biopsy are sent for
morphology, flow cytometry (T-cells are CD3+ and negative for B-cell markers and MPQO)
and cytogenetic testing to both confirm the diagnosis and classify patients in different
risk categories. Lumbar puncture with cerebrospinal fluid (CSF) analysis is standard of
care at the time of diagnosis to evaluate for CNS involvement, which occurs in 5-8% of
patients. Laboratory evaluation (LE) includes differential blood count and peripheral
blood smear to evaluate the other hematopoietic cell lineages, coagulation profiles and
serum values such as uric acid, calcium, phosphate and lactate dehydrogenase to

evaluate a possible tumour lysis syndrome. (Alvarnas et al., 2015).

Treatment

ALL treatment consists in chemotherapy schemes in 3 phases —induction, consolidation
and long-term maintenance. Induction includes vincristine, corticosteroids and an
anthracycline. L-asparaginase and cyclophosphamide may be added depending on the
protocol that is followed by the cancer centre. Intratechal methotrexate and cranial
radiation are added if CNS infiltration is positive. After induction some high-risk (age >
35 or white blood cells >100*10°) patients with a matched-donor may undergo Allo-SCT
(Stem Cell Transplant). If not, a consolidation and maintenance regimes may be started,

the latter usually lasts 2-3 years. (Terwilliger & Abdul-Hay, 2017).

Childhood B-cell ALL (B-ALL) has a 5-year patient survival over 90-95%, in opposition T-
ALL’s 5-year survival rate is still behind at 80-85% (Teachey & Pui, 2019b). In adults, the
ALL (B and T-lineage) survival rates stagnated in 55% (Todeschini et al., 1998). B-ALL
classification has reached a consensus with prognostic and therapeutic implications
since genetic alterations can be combined with clinical variables to risk stratify patients
into prognostic groups, while T-ALL still lacks a comprehensive classification, because
none of its common alterations have been shown to predict outcome independently
(Teachey & Hunger, 2013). Only Minimal Residual Disease (MRD) of > 10 (fraction of
leukemic cells by PCR) after induction/consolidation defines a clear unfavourable

prognosis (Teachey & Pui, 2019a). T-ALL patients are usually older, more frequently



black (two populations associated with worse outcomes) and have a higher probability
of relapse, CNS infiltration and chemotherapy resistance (Pieters et al., 2016) (Belver &

Ferrando, 2016).

T-ALL
To sum-up, T-ALL, also called precursor T-cell acute lymphoblastic leukemia, is a disease

that arises from T lymphoblasts at varying stages of differentiation. Leukemia and
Lymphoma overlap in terms of clinical presentation, however, the term lymphoma is
commonly applied when there less than 20% of bone marrow involvement in

conjunction with the detection of a mass lesion.

Once the diagnosis is suspected, the clinical doctor must proceed with the diagnostic
procedures explained previously, while being reminded that most patients initially
require transfusion support, treatment of infections and correction of metabolic

imbalances, such as hyperuricemia.

Despite the relatively good survival with the existing therapies, two challenges remain:
death from toxicity, but also to improve the rationality that is still lacking, and the risk

stratification compared to B-ALL (Table 1.).

B-lymphoblastic leukemia/lymphoma

B-lymphoblastic leukemia/lymphoma with recurrent genetic abnormalities

B-lymphoblastic leukemia/lymphoma with iAMP21

B-lymphoblastic leukemia/lymphoma, BCR-ABL1-like

B-lymphoblastic leukemia/lymphoma with t(1;19)(q23;p13.3);TCF3-PBX1

B-lymphoblastic leukemia/lymphoma with t(5;14)(g31.1;932.3) IL3-IGH

B-lymphoblastic leukemia/lymphoma with hypodiploidy

B-lymphoblastic leukemia/lymphoma with t(12;21)(p13.2;922.1);ETV6-RUNX1

B-lymphoblastic leukemia/lymphoma with t(v;11923.3); KMT2A rearranged

B-lymphoblastic leukemia/lymphoma with t(9;22)(g34.1;q11.2);BCR-ABL1

B-lymphoblastic leukemia/lymphoma with hyperdiploidy

B-lymphoblastic leukemia/lymphoma, NOS

T-lymphoblastic leukemia/lymphoma

Table 1. Adapted from the 2016 revision to the World Health Organization classification

of myeloid neoplasms and acute leukemia.



The transcription factor oncogenes that help explain the genetic and survival differences

in T-ALL will be reviewed here.

GENETICS
The genetic alterations are part of a multistep process which involves the creation of

oncogenic pathways that alter cell growth, proliferation, survival and differentiation
during thymocyte development (Campos-Sanchez et al., 2011). Therefore, T-ALL may

develop in any step from the bone marrow migration to intrathymic development.

T-cell Lymphocyte Development

In the bone marrow, uncommitted haematopoietic precursors develop into either B or
T cell lineages depending on the different transcription factors expressed. Notch-1, a
member of the Notch family, is activated in lymphoid progenitor cells by the ligands
Jagged/Delta-like family, expressed on the surface of thymic epithelial cells, and
collaborates with a transcription factor called GATA-3 to commit developing
lymphocytes to the T lineage (Bommhardt et al., 2004). The thymus, which is the primary
site of T cell development, is where developing T cells undergo T cell receptor (TCR)
rearrangement. The lymphoid double-negative (DN; CD4-CD8-) progenitors enter the
thymus at the cortico-medullary junction. These double-negative thymocytes can be
subdivided into four stages of differentiation based on the expression of CD44 and CD25:
DN1, CD44+CD25-; DN2, CD44+ CD25+; DN3, CD44-CD25+; and DN4, CD44- CD25-. As
cells differentiate into DN3 cells they express the pre-T cell receptor (pre-TCR), which is
composed of an invariable pre-TCRa chain and a rearranged TCRpB. Pre-TCR signalling
induces marked proliferation of DN4 cells and promotes their maturation to the
CD4+CD8+ double-positive (DP) stage of differentiation. As T cells stop proliferating,
they rearrange their TCRA gene (encoding TCRa). The expression of a complete TCR
composed of TCRB and TCRa chains enables the interaction of DP thymocytes with
major histocompatibility complex (MHC) expressed on the surface of thymic epithelial
cells. Active recognition of MHC by the TCR results in a survival signal (positive selection)
and commitment of the T cell towards the CD8+ or the CD4+ lineage, depending on

whether it recognizes MHC class | or MHC class Il, respectively. However, a strong
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interaction between the TCR and MHCs loaded with self-peptides in the medulla induces
apoptosis (negative selection). Single-positive CD4+and CD8+ cells that survive negative
selection leave the thymus and populate the peripheral lymphoid organs (Abbas, 2007)
(Belver & Ferrando, 2016).

Immunophenotype

Thymocyte development spectrum has been associated with various gene expression
profiling categories. Across this spectrum, three main T-ALL immunophenotypes have
been described: early T-cell precursor (CD4-CD8-), early cortical stage thymocyte
(CD4+CD8+CD1a+) and late cortical stage thymocyte (CD4+CD8+CD3+). (A. A. Ferrando
et al., 2002). Early T-cell precursor (ETP)-ALL are close related to hematopoietic stem
cells and myeloid progenitors, and their pattern of mutations overlaps with acute
myeloid leukemias (AML). Since ETP-ALL has such a different genetic background,
another immunophenotypic classification could be seen - ETP-ALL, near-ETP-ALL and

non-ETP-ALL (Y. Liu et al., 2017).

Through Genome-wide Analysis (transcriptome, whole exome sequencing, single-
nucleotide polymorphism microarray), eight genetic subgroups based on the
deregulation of nine different transcription factor oncogenes have been defined - TAL1,
TAL2, TLX1, TLX3, HOXA, LMO1/LMO2, LMO2/LYL1 and NKX2-1. These recent genetic
patterns are closely related to the previously stated immunophenotypic classification.
ETP-ALL s characterized by LMO2/LYL1 deregulation. Early cortical thymocyte leukemias
are primarly associated with translocations resulting in aberrant expression of TLX1,
TLX3, NKX2-1 and HOXA. Late cortical leukemias usually overexpress TAL1 with either
LMO1 or LMO2 (A. Ferrando, 2018) (Y. Liu et al., 2017).

11



ETP Near-ETP Non ETP

Subtype Total
N % N % N %
HOXA 27 3 15,80% 2 8,30% 22 15,10%
LMO1 1 0 0,00% 0 0,00% 1 0,70%
LMO2 7 1 5,30% 0 0,00% 6 4,10%
LMO2/LYL1 13 7 36,80% 2 8,30% 4 2,70%
NKX2-1 11 0 0,00% 0 0,00% 11 7,50%
TAL1 52 2 10,50% 10 41,70% 40 27,40%
TAL2 7 0 0,00% 1 4,20% 6 4,10%
TLX1 19 1 5,30% 0 0,00% 18 12,30%
TLX3 33 4 21,10% 7 29,20% 22 15,10%
NA 19 1 5,30% 2 8,30% 16 11,00%
Total of
. 189 19 24 146
patients

Table 2. Adapted from the article The genomic landscape of pediatric and young adult

T-lineage acute lymphoblastic leukemia (Y. Liu et al., 2017)

Despite these efforts, the immunophenotype and genetic classification still lack
prognostic or treatment response predictive value. Yet, these recent genetic insights will
be of crucial importance to develop targeted therapies (Lato et al., 2021). In contrast to
B-ALL, where certain genetic abnormalities (e.g. ETV6-RUNX1 and high hyperdiploidy —
50% B-ALL patients) are clearly associated with good treatment prognosis (90% 5-year
overall survival), in T-ALL the prognosis is uncertain (Pieters et al., 2016). Only ETP-ALL

has been described as having poor prognosis (Richard-Carpentier et al., 2019).

T-ALL genetic landscape is marked by the transcriptional activation of several
protooncogenes, submicroscopic deletions of cancer suppressor genes, epigenetic
deregulation, ribosomal dysfunction, altered RNA stability, cell-cycle dysregulation, and
disordered signaling pathways — e.g. NOTCH1/FBXW?7, PI3K/Akt/mTOR, RAS/MAPK, and
IL7R—-JAK-STAT (Gianni et al., 2020). In-depth characterization of all the T-ALL landscape
goes over the purpose of the current work. Therefore, we will focus on the previously

described transcription factor oncogenic subgroups and how they can be targeted.
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TRANSCRIPTION FACTOR-BASED CLASSIFICATION

Transcription factors (TFs) are proteins capable of binding DNA in a sequence-specific
manner and regulate transcription of target genes. TFs represent around 8% of human
coding genome and are responsible for processes that specify cell types, control specific
pathways and drive cell differentiation. Over 1600 proteins may be classified as TFs,
which are organized in different families based on the DNA-binding domain or motif
(DBD) similarities (Lambert et al., 2018). DBDs are a wide range of protein structural
forms that make the recognition of DNA sequences possible through the identification
of longer sequences — promoters, enhancers and silencers. TFs act by recruiting
cofactors involved in chromatin and nucleosome remodelling and modification of
histones and other proteins. Therefore, they may act as either activators or repressors,

or both, depending on the context of the transcription (Weirauch & Hughes, 2014).

Multiple families of TFs can be described, with four being important in the context of T-
ALL - C2H2 zinc finger, Homeobox, bHLH (helix-loop-helix) and basic leucine zipper (bZIP)
(Lambert et al., 2018). All the TFs that define the different T-ALL subgroups belong to

one of these families.

Since TFs can modulate the transcription of many DNA sequences, its mutations are
described as being highly deleterious, especially in cancer. In T-ALL, the nine previously
described transcription factors behave as oncogenes. They can be overly expressed
through multiple mechanisms —translocations (e.g. juxtaposition of T-cell receptor and
oncogenes), insertions in non-coding regions and duplications. The mechanisms that
drive oncogene activation and how they can be targeted will be described here. The
review of the underlying mechanisms of deregulated TF expression is of crucial

importance to pave the way for a rational risk-stratification in T-ALL.

Crucial TFs that do not define T-ALL subgroups
NOTCH-1 [cytogenetic band of the gene that encodes the TF (cb): 9934.3]

NOTCHL1 is a class | transmembrane glycoprotein that functions as a ligand-activated

transcription factor. Its activating mutations are present in at least 60% of T-ALL cases
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(Y. Liu et al., 2017). Within the hematopoietic system, NOTCH signaling plays a crucial
role in T-cell lineage specification since its inhibition results in T-cell development failure

and B-cell development ( Xiaoyu L, 2011).

The NOTCH signaling pathway induces a transcriptional program in T-ALL responsible for
the up-regulation of genes involved in anabolic cell growth and metabolism, being MYC,
another key oncogenic TF, a major direct target. This pathway also regulates the
expression of proteins involved in cell cycle progression, such as Cyclin D3 and cyclin-
dependent kinases 4 and 6 (CDK4 and CDK6) and induces the activation of PI3K/Akt
pathway through the up-regulation of HES1 and consequent transcriptional

downregulation of PTEN (Oliveira et al., 2017).
Leucine-zipper

This TF family belongs to the basic superfamily, the same as bHLH family. Both have a
basic a-helical DNA-contacting region. What differentiates them is the dimerization

interface, this one being a leucine zipper instead of a HLH (Weirauch & Hughes, 2014).
MYB (cb: 6g23.3)

MYB oncogene encodes a leucine zipper family TF and corresponds to the second most
frequently mutated oncogene, after NOTCHI1, that is not associated with a T-ALL
subgroup — 5.8% (not included in Table 2 since it does not define a subgroup) (Y. Liu et
al., 2017). This suggests that MYB drives oncogenic pathways in multiple stages of T-cell
maturation, thereby not being associated with a specific immunophenotype. Its over-
expression may be a result of amplification, t(6;7)(q23;932) translocation or even

duplication (Gianni et al., 2020).

MYB is implicated in proliferation, survival and differentiation of hematopoietic
progenitor cells, being turned-off as maturation occurs. Its overexpression is associated
with a very rare form of T-ALL in children younger than 3 years-old (median of 2.2)

(Clappier et al., 2007).
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MYC (cb: 8924.21)

The MYC oncogene encodes a leucine zipper transcription factor that functions as a
keymaster regulator of cell growth and proliferation and is broadly involved in the

pathogenesis of human cancer (Dang, 2012) .

MYC is a mediator of NOTCH1-induced transformation, therefore they both collaborate
to activate a common transcriptional program controlling leukemia cell growth and

metabolism — mainly through mTOR (Chan, 2007).

TFs that define T-ALL subgroups

Homeobox family — HOXA, NKX2-1, TLX1, TLX3

Homeobox (HOX) genes encode a group of strongly conserved TFs involved in cell
lineage specification, body patterning and embryonic organogenesis. Part of the HOX
genes encode a 60 aminoacid residue polypeptide, called homeodomain - the DNA-
binding domain. One of the many HOX gene subclasses are HOXL and NKL. HOXA genes
like HOXA 9, 10 and 11 belong to the former, while NKX2-1, TLX1 and TLX3 are amongst
the latter subclass (Holland et al., 2007).

HOXL subclass - HOXA (cb — 7p15.2)

HOXA genes can be deregulated in T-ALL due to chromosomal translocations and

inversions that relocate HOXA gene closer to TCRB/G loci (Soulier et al., 2005).

The HOXA mutation contributes to T-ALL in part because of its statistically significant co-
occurrence with JAK3 mutations. A recent study showed that HOXA9 overexpression in
co-operation with JAK3-activating mutations lead to leukemia through STAT5 increased
activation thereby enhancing its transcriptional activity. This fact elucidates why HOXA+
T-ALL subgroups are enriched in JAK-STAT mutations. Targeting JAK-STAT pathway in
HOXA+ T-ALL has emerged as a rational approach which proved to be effective. Dual
inhibition with Ruxolitinib (JAK kinase inhibitor) and PIM1 kinase (downstream target of
JAK-STAT pathway) inhibitor (AZD1208) have proven to provide strong therapeutic

benefit ex and in vivo (de Bock et al., 2018).
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HOXA10 and HOXA11l can be aberrantly expressed
due to a chromosomal inversion [inv(7)(p15g34)] which drives their transcriptional

upregulation (Speleman et al., 2005).
NKL subclass - TLX1 (cb —10g24.31), TLX3 (cb —5g35.1) and NKX2-1 (cb —14q13.3)

TLX1, TLX3 and NKX2-1 form, as all the other previous TFs oncogenes, distinct subgroups
of T-ALL characterized by their over-expression. The t(10;14)(q24;911) translocation
places TLX1 under the control of TCRA/D gene enhancers and results in TLX1
overexpression. On the other hand, the t(5;14)(q35;932) translocation places TLX3
under the control of T-cell regulatory elements near the BCL11B locus (Gianni et al.,
2020), while the NKX2-1 inversion to the TCRA gene and the translocation
1(7;14)(q34;q913) to the TCRB locus drive the overexpression of NKX2-1 (Homminga et
al., 2011).

TLX1+ and TLX3+ typically display an early cortical phenotype, even though TLX3+
subgroups may also characterize some ETP-ALL phenotypes. NUP214-ABL1, a common
fusion protein in T-ALL, is almost exclusively present in TLX1/3 subgroups. TLX1 and
NUP214-ABL1 have been shown to cooperate in the development of aggressive
leukemias (Quintas-Cardama et al., 2008). Targeting this aberrant protein with tyrosine
kinase inhibitors has proved to be effective in a few T-ALL patients (Deenik et al., 2009).
While, similar to HOXA genes, both are rich in JAK-STAT pathway mutations, they show
different oncogenic pathway activation. TLX1+ is enriched in NOTCH1 mutations, while
TLX3+ cases have common epigenetic mutations (Y. Liu et al., 2017). These subgroups
have revealed new potential lines of treatment — NUP214-ABL1 inhibition using
inhibitors of ABL1 kinase in TLX1+ and epigenetic modulators in TLX3+ — that are yet to

be clinically explored.

NKX2-1 expressing cases show a TLX1-like gene expression signature and development
arrest (Homminga et al., 2011). However, the two subgroups have differences. NKX2-1+
cases commonly display LEF1 mutations, while, on the other hand TLX1+ are enriched in

mutations affecting BCL11B and MYC expression (Y. Liu et al., 2017).
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Zinc-finger family - LIM-domain only (LMO)

LMO are proteins that belong to the Zinc-finger family of TFs (Cassandri et al., 2017).
These proteins do not bind DNA directly but contain cysteine-rich motifs in the LIM
domains, which are responsible for protein-protein interactions. LIM domains behave
as bridges responsible for the formation of leukemogenic transcription complexes in

conjunction with bHLH family TFs (Gritz et al., 1998).
LMO1 (cb — 11p15.4) and LMO2 (cb — 11p13)

LMO1/2 are activated mostly because of chromosomal translocations t(11;14)(p15;q11)
and t(11;14)(p13;q11), respectively, that juxtapose the coding regions of these genes to
the regulatory regions of the TCR loci. LMO1/2 may also be upregulated through other
types of genetic alterations. LMO1 up-regulation can also be driven by a mutation at the
promoter that creates a binding site for MYB. While, LMO2 can be upregulated as a
result of noncoding mutations in the promotor and also because of small deletions

(Gianni et al., 2020).

LMO2, as TAL1L, is also a regulator of early stages of hematopoiesis at the level of
pluripotent stem cell. The two genes are co-expressed in erythroid progenitors forming
transcriptional complexes, thereby suggesting the synergy of these proteins (Valge-
Archer et al.,, 1994). Likewise, LMO2 and TAL1 have been shown to also act
synergistically by contributing to leukemogenesis in T-ALL through the formation of
transcriptional complexes (see next) that disrupt the balance between heterodimer

formed by TAL1 and an E-protein (Rabbitts, 1998).

LMO TFs that are aberrantly expressed mainly present in two distinct phenotypes — late
cortical and ETP. TAL1 mutation with either LMO1 or LMO2 are characteristically
associated with late cortical immunophenotype. On the other hand, ETP-ALL are
enriched in both LMO2 and LYL1 mutations (Y. Liu et al., 2017). Even though TAL1 and
LYL1, both bHLH TFs, drive leukemogenesis by acting synergistically with LMO2, the
differentiation arrest in the thymocyte development is different (McCormack et al.,
2013). This demonstrates the complex genetic landscape of T-ALL, because the same

immunophenotype can have different driving mutations (late cortical - LMO and TAL1)
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but also that the same aberration can be present in different immunophenotypes (LMO2

— late cortical and ETP).

bHLH family - TAL1, TAL2, LYL1

The basic Helix-loop-Helix (bHLH) family is a large superfamily of TFs. It is characterized
by a HLH motif of 60 aminoacids that dimerize with other bHLH TFs forming homo or
heterodimers. The bHLH may be divided in class A or | which are ubiquitously expressed,

while class B or Il are expressed in a tissue specific manner (Skinner et al., 2009).
TAL1 (cb —1p33)

Last but not least, the TAL1 gene (also known as stem cell leukemia, SCL) encodes a class
[ bHLH transcription factor that heterodimerizes with a class | E-protein (E2A and HEB
tumor suppressor genes) that binds DNA in specific sequences called E-boxes (Hsu et al.,
1994). It is overexpressed in around 60% of T-ALL patients, whose immunophenotype is
typically described as late cortical thymocyte, as previously explained (Belver &
Ferrando, 2016). On the contrary, TAL1 transgenic mice remain in DN thymocyte stage,
showing a discrepancy relative to T-ALL patients. This may suggest that mouse studies
may not reflect accurately the TAL1 impact in human disease (A. A. Ferrando et al., 2002)

(O’Neil et al., 2001).

TAL1 is widely characterized as a critical regulator of hematopoiesis since it is normally
expressed in hematopoietic stem cells, while its expression is repressed once cells
commit to B or T-cell lineages during development (Mouthon et al., 1993). Since it is
responsible for the expression of genetic programs crucial for hematopoietic cell
differentiation, TAL1 is regarded as a “master” TF. TAL1 being a “master” TF is mostly
explained because of its association with super-enhancers (SE), clusters of large, potent
enhancer regions marked by Histone H3 lysine 27 acetylation (H3K27ac) (Whyte et al.,
2013).

Leukemogenesis may be induced by TAL1 through various chromosomal
rearrangements. In 11% of cases a translocation occurs juxtaposing the promoter region

of TCR to the TAL1 locus (Begley et al., 1989). In 30% of cases a deletion places the TAL1
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coding region under the influence of the promoter of the upstream gene SIL, generating
the fusion SIL-TAL1 (Aplan et al., 1990). A heterozygous somatic mutation has been
recently described which introduces binding motifs for the MYB transcription factor in a
precise noncoding site. MYB binds to this site and recruits H3K27ac and up-regulates

leukemogenic TFs, like TAL1 (Mansour et al., 2014).

TAL1 behaves as a transcriptional complex by forming oncogenic core regulatory circuits
(CRCs). Through ChIP-seq studies, TAL1 has been shown to interact with other
transcription factors in a wide downstream regulatory transcriptional network. RUNX1,
GATA3 and LMO2 are among the transcription factors that form a CRC. These CRCs are
regulatory loops that reinforce and stabilize gene expression in leukemic cells (Saint-
André et al., 2016) and the genes involved in the CRCs, like GATA3 and LMO2, form the
TAL1 complex. Therefore, TAL1 forms a multimeric complex with other TFs leading to an

oncogenic reprograming that reinforces itself through CRCs (Sanda & Leong, 2017).

In contrast to what happens in normal T-cell development (TAL1 downregulation), TAL1
is upregulated by previously described mechanisms in T-ALL. E-protein dimers (codified
by the E2A tumor suppressor gene) are dominant in normal T-cells, however, this ectopic
expression of TAL1 changes the heterodimer balance which will eventually lead to TAL1
complex formation. Therefore, E2A genes will be less available to transcribe their target

genes and T-cell differentiation will be arrested (Griitz et al., 1998) (Correia et al., 2016).

The disruption of the CRC induced by TAL1 is one way of blocking leukemogenesis, and
therefore, a potential therapeutic target for T-ALL. THZ1, a CDK7 inhibitor, has been
shown to have a potent antiproliferative activity on T-ALL by affecting the transcriptional
program of RUNX1. RUNX1 is a downstream target of TAL1 involved in the CRC with a

prominent role in TAL1+ leukemic cells. (Kwiatkowski et al., 2014).

Another way of tackling TAL1-induced leukemogenesis is by inhibiting signalling
pathways commonly activated in TAL1+ T-ALL cases. TAL1+ T-ALL are enriched in PI3K
pathway mutations, such as in PTEN and PIK3R1. Loss of PTEN results in constitutive
activation of AKT-mTOR signalling axis, promoting cell cycle progression. Despite the
multiple studies with PI3K inhibitors showing anti-leukemic activity, no study has

approached this question in a TAL1+ T-ALL subgroup directly (Paganelli et al., 2019).
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TAL1-related genes — TAL2 (cb —9qg31.2) and LYL1 (cb — 19p13.13)

TAL1, TAL2 and LYL1 have highly homologous bHLH domains and therefore have a
common mechanism regarding malignant potential. TAL2 and LYL1 are over-expressed
in T-ALL due to t(7;9)(q34;932) and t(7;19)(q34;p13) translocations, respectively, that
juxtapose the oncogenes with the transcriptional element of T-cell receptor beta-chain.

(Xia et al., 1991) (Mellentin et al. 1989).

Overexpression of TAL-related oncogenes synergistically cooperates with LIM-only
domain TFs (described above) through the formation of transcriptional complexes,

which drive leukemogenesis (Griitz et al., 1998).

NEXT STEPS — Unraveling CASZ1, a novel TF in T-ALL

This review has briefly elucidated the importance of genomic analysis to identify the
mechanisms that drive malignant transformation in different T-ALL subgroups. Examples
like inhibiting RUNX1 and PI3K pathways in TAL1+, JAK3-STATS5 pathway in HOXA+ and
NUP214-ABL1 in TLX1/3+ offer us new opportunities for a more rational design of
tailored therapies for this still not so well characterized disease. It has been proved that
there is still much work to be done in order to better stratify risk and improve patients
overall survival accordingly. The next step would be to design genetic models that mirror
the different T-ALL subgroups so that new therapies may be tested in mouse models and

in vitro with the ultimate goal of creating clinical trials for license approval.

In accordance with the next proposed step in T-ALL genomic landscape study,
preliminary data from the host laboratory identified a new TAL1 transcriptional target,
a zinc-finger TF called CASZ1. This gene has two splicing forms (Zhihui Liu et al., 2006) —
CASZ1a and CASZ1b and has been documented to have a role in other types of cancer
either behaving as a tumor suppressor (neuroblastoma and hepatocellular cancer) or as
an oncogene (ovarian cancer) (Z. Liu et al., 2011; C. Wang et al., 2012; J. L. Wang et al.,
2018). Preliminary laboratory data suggest that only CASZ1b may have an impact on T-
ALL progression, since it is over-expressed in T-ALL patient samples when compared to

control healthy thymocytes.
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SCIENTIFIC EXPERIMENT

Bearing in mind the previous review and CASZ1’s relation to the major T-ALL oncogene
TAL1L, it is of crucial importance to unravel its functional role in T-ALL cells and ultimately
discover ways to target CASZ1 potential oncogenic role in this malignancy. Thus, the
main purposes of this work were to study the impact of CASZ1 overexpression and to

discover how to tackle its oncogenic potential.

Materials and Methods

Cell lines. The Human T-ALL cell line Loucy (control and with CASZ1b overexpression)
was maintained in RPMI medium supplemented with 10% FBS (RPMI-10) and split every
2-3 days. The murine cell line BaF3 (control and with CASZ1b overexpression) was
maintained in RPMI10 and supplemented with 2% conditioned media from WEHI-3B, a
myelomonocytic leukemia cell line that secretes IL3.

Western blot. Cell lysates were prepared, and equal amounts of protein were separated
by 12% SDS-polyacrylamide electrophoresis. The proteins were transferred onto
nitrocellulose membranes and immunoblotted with the antibodies described below.
After immunoblotting with the primary antibody, immunodetection was performed
using HRP-conjugated anti-mouse or anti-rabbit IgG with appropriate reagent for
detection.

Cell Survival and growth. Determination of cell viability was performed by flow
cytometry analysis of forward scatter (FSC) versus side scatter (SSC) distribution using a
LSR Fortessa-2 flow cytometry (Becton—Dickinson, Mountain View, CA, USA). The host
laboratory previously confirmed that this strategy accurately measures lymphoid cell
viability. Cell counts were determined by extrapolating the number of live cells (within
the FSC/SSC gate described above) acquired in a fixed volume (40ul) that is analyzed in
the flow cytometer Highthroughput Sampler (HTS).

Statistical analysis. Differences between populations were calculated using either a

One-way or Two-way ANOVA, when appropriate (p<0.05 was considered significant).
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Results
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Figure 1. CASZ1b promotes cell survival and cell growth via PI3K-Akt signalling pathway. BaF3 cell experiment
under three conditions — empty (CASZ1b-) without IL3 (green); CASZ1b without IL3 (red); empty with IL3 ( ). (&)
CASZ1b mRNA relative expression. Cell growth (b) and cell viability (c) on a 6-day time-course experiment. (d)
Western-blot showing the phosphorylated and total protein levels of the indicated PI3K-Akt signalling effectors.

As shown in figure 1 (a — ¢) CASZ1b overexpression in BaF3 cells, an IL3-dependent
murine cell line, mimics the effect of IL3 on cell survival and cell growth. This shows that
CASZ1b transforms growth factor-dependent cells and makes them become growth
factor-independent. This is the behavior of an oncogene. This effect on cell survival and
cell growth of CASZ1b was concomitant with the activation of the PI3K-Akt signaling, as
shown by the increased phosphorylation of its downstream effectors like Akt, GSK3f

and S6 (figure 1d).
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Figure 2. CASZ1b overpression rescues T-ALL cell viability. (a) CASZ1 mRNA relative expression. (b) Loucy cell
survival experiment in complete medium (R10) or in serum-deprived (RO) conditions at 24h. (c) Loucy cells cultured
with Dactolisib in RO conditions at 24h. (red — CASZ1; black — empty) * p value < 0.05
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As demonstrated in Figure 2b CASZ1b over-expression has no impact on the survival of
Loucy cells when compared to control (Empty) cells in regular medium (R10). However,
CASZ1b has a statistically significance impact on viability under stress conditions (serum
starvation). From figure 2c we can infer that PI3K signaling pathway inhibition with
Dactolisib (a dual PI3K-mTOR inhibitor) might be important to decrease the viability and
proliferation of a T-ALL cell line over-expressing CASZ1. CASZ1 improves viability
(compare first and second column), however, as we increase dactolisib’s concentration
in the medium the oncogenic potential of CASZ1 is further and further abolished. On
figure 2c, two-way ANOVA multiple comparison tests between all concentrations of
dactolisib (columns 3, 4, 5 and 6) and RO CASZ1 + (column 2) were statistically significant
as between RO with and without CASZ1 (column 1).

Considering the transcriptomic data, the BaF3 experiments (figure 2d) and these results,
it is fair to assume that at least part of the potential oncogenic effect of CASZ1b is via

the PI3K signaling pathway.

Conclusions

Our experiments have shown that CASZ1b transforms BaF3 cells and this associates with
activation of PI3K-Akt signalling pathway in a murine cell line — BaF3. With this in mind,
a dual PI3K-mTOR inhibitor — dactolisb — was tested in a human T-ALL cell line with
overexpression of CASZ1. Our results suggest that Dactolisib might be useful to promote

the death of Loucy cells with CASZ1 overexpression.

LIMITATIONS

The current review and scientific experiment are believed to have achieved the
proposed goals in a complementary way. Despite this fact, the review could have
benefited from including a deeper analysis of the TFs that may act as tumour
suppressors, such as RUNX1 (also behaves as an oncogene), GATA3, LEF1 and ETV6.
Even though we believe this thorough analysis would have deviated us from the main
target, they were mentioned along the way, apart from ETV6. Regarding the scientific

experiment, to better characterize the impact of CASZ1 on T-ALL biology, we believe in
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vivo models and a characterization of CASZ1 transcriptional program could be future

steps.

FUTURE DIRECTIONS

The main statement this work ought to make is that a deeper understanding of the
genetic programs underlying the development and maintenance of T-ALL will allow

more rational and tailored therapeutics in T-ALL depending on its subgroups.

Undoubtedly, the future will go in this direction, since even though T-ALL is one disease,
the paths that lead T-cells to the same ending (blasts) are genetically distinct. In vivo
models that allow testing of new therapeutics before applying them to humans could
have a greater development and implementation in research and then in clinical

practice.

Toxic and conventional therapies like chemotherapy with the previously introduced — L-
asparaginase, cyclophosphamide, vincristine and anthracycline, will tend to be
substituted, or at least complemented, by targeted therapies that may hopefully
increase survival and decrease toxicity. The PI3K pathway emerges as a new and rational
target that is why PI3K pharmacological inhibitors have ongoing clinical trials (CT), such
as everolimus+HyperCVAD (CT identifier NCT00968253) chemotherapy and

everolimus+multi-agent chemotherapy (CT identifier NCT01523977).

Initially a pathologist in a hospital cellar, Sidney Farber became the father of
chemotherapy through pioneering leukemia research and fundraising with Mary Lasker.
Dr. Farber has inspired generations and proved that with big dreams, small players can
achieve greatness. CASZ1 and TAL1 may be small genes in hematology genetics,
however, they have knocked on the doors of a brave new world of targeted therapeutic
rationality. Maybe someday we can prove Voltaire wrong, but the time has not come

yet.

24



References

Alvarnas, J. C., Co-Chair, /, Hopkins, J., Aoun, P., Kuhn Ballen, K., Barta, S. K., Boyer,
M. W., Burke, P. W., Cassaday, R., Castro, J. E., Coutre, S. E., Damon, L. E.,
Deangelo, D. J., Douer, D., Greer, J. P., Johnson, R. A., Jude, S., Kantarjian, H.
M., Liu, A., ... Smith, C. (2015). Acute Lymphoblastic Leukemia NCCN Guidelines
® NCCN Acute Lymphoblastic Leukemia Panel Members. Journal of the National
Comprehensive Cancer Network Text Cont, 13, 1258.

Aplan, P. D., Lombardi, D. P., Ginsberg, A. M., Cossman, J., Bertness, V. L., & Kirsch,
I. R. (1990). Disruption of the human SCL locus by “illegitimate” V-(D)-J
recombinase activity. Science, 250(4986), 1426-1429.
https://doi.org/10.1126/science.2255914

Begley, C. G., Aplan, P. D., Daveyt, M. P., Nakahara, K., Tchorz, K., Kurtzberg 1, J.,
Haynes 1, B. F., Cohenll, D. 1, Waldmannt, T. A., & Kirsch, I. R. (1989).
Chromosomal translocation in a human leukemic stem-cell line disrupts the T-cell
antigen receptor 6-chain diversity region and results in a previously unreported
fusion transcript (differentiation/karyotype/SCL gene/hemopoietic development). In
Proc. Nati. Acad. Sci. USA (Vol. 86).

Belver, L., & Ferrando, A. (2016). The genetics and mechanisms of T cell acute
lymphoblastic leukaemia. Nature Reviews Cancer, 16(8), 494-507.
https://doi.org/10.1038/NRC.2016.63

Bommbhardt, U., Beyer, M., Hiunig, T., & Reichardt, H. M. (2004). Review Molecular and
cellular mechanisms of T Cell development. CMLS, Cell. Mol. Life Sci, 61, 263—
280. https://doi.org/10.1007/s00018-003-3224-3

Campos-Sanchez, E., Toboso-Navasa, A., Romero-Camarero, |., Barajas-Diego, M.,
Sanchez-Garcia, I., & Cobaleda, C. (2011). Cell Cycle Acute lymphoblastic
leukemia and developmental biology A crucial interrelationship.
Www.Landesbioscience.Com Cell Cycle, 3473, 3473-3486.
https://doi.org/10.4161/cc.10.20.17779

Cassandri, M., Smirnov, A., Novelli, F., Pitolli, C., Agostini, M., Malewicz, M., Melino,
G., & Raschella, G. (2017). Zinc-finger proteins in health and disease. Nature
Publishing Group, 3. https://doi.org/10.1038/cddiscovery.2017.71

Clappier, E., Cuccuini, W., Kalota, A., Crinquette, A., Cayuela, J. M., Dik, W. A,
Langerak, A. W., Montpellier, B., Nadel, B., Walrafen, P., Delattre, O., Aurias, A.,
Leblanc, T., Dombret, H., Gewirtz, A. M., Baruchel, A., Sigaux, F., & Soulier, J.
(2007). The C-MYB locus is involved in chromosomal translocation and genomic
duplications in human T-cell acute leukemia (T-ALL), the translocation defining a
new T-ALL subtype in very young children. Blood, 110(4), 1251-1261.
https://doi.org/10.1182/blood-2006-12-064683

Correia, N. C., Arcangeli, M. L., Pflumio, F., & Barata, J. T. (2016). Stem Cell
Leukemia: How a TALented actor can go awry on the hematopoietic stage.
Leukemia, 30(10), 1968-1978. https://doi.org/10.1038/leu.2016.169

Dang, C. V. (2012). MYC on the path to cancer. Cell, 149(1), 22-35.
https://doi.org/10.1016/j.cell.2012.03.003

de Bock, C. E., Demeyer, S., Degryse, S., Verbeke, D., Sweron, B., Gielen, O.,
Vandepoel, R., Vicente, C., Bempt, M. Vanden, Dagklis, A., Geerdens, E.,
Bornschein, S., Gijsbers, R., Soulier, J., Meijerink, J. P., Heindniemi, M., Teppo,
S., Bouvy-Liivrand, M., Lohi, O., ... Cools, J. (2018). HOXA9 cooperates with
activated JAK/STAT signaling to drive leukemia development. Cancer Discovery,

25



8(5), 616—-631. https://doi.org/10.1158/2159-8290.CD-17-0583

DeAngelo, D. J. (2005). The treatment of adolescents and young adults with acute
lymphoblastic leukemia. Hematology / the Education Program of the American
Society of Hematology. American Society of Hematology. Education Program,
123-130. https://doi.org/10.1182/asheducation-2005.1.123

Deenik, W., Beverloo, H. B., van der Poel-van de Luytgaarde, S. C. P. A. M., Wattel, M.
M., van Esser, J. W. J., Valk, P. J. M., & Cornelissen, J. J. (2009). Rapid complete
cytogenetic remission after upfront dasatinib monotherapy in a patient with a
NUP214-ABL1-positive T-cell acute lymphoblastic leukemia. Leukemia, 23(3),
627—629. https://doi.org/10.1038/leu.2008.318

Ferrando, A. (2018). Can one target T-cell ALL? In Best Practice and Research:
Clinical Haematology (Vol. 31, Issue 4, pp. 361-366). Bailliere Tindall Ltd.
https://doi.org/10.1016/j.beha.2018.10.001

Ferrando, A. A., Neuberg, D. S., Staunton, J., Loh, M. L., Huard, C., Raimondi, S. C.,
Behm, F. G., Pui, C. H., Downing, J. R., Gilliland, D. G., Lander, E. S., Golub, T.
R., & Look, A. T. (2002). Gene expression signatures define novel oncogenic
pathways in T cell acute lymphoblastic leukemia. Cancer Cell, 1(1), 75-87.
https://doi.org/10.1016/S1535-6108(02)00018-1

Gianni, F., Belver, L., & Ferrando, A. (2020). The genetics and mechanisms of T-cell
acute lymphoblastic leukemia. Cold Spring Harbor Perspectives in Medicine,
10(3). https://doi.org/10.1101/cshperspect.a035246

Gritz, G. G., Bucher, K., Lavenir, I., Larson, T., Larson, R., & Rabbitts, T. H. (1998).
The oncogenic T cell LIM-protein Lmo2 forms part of a DNA-binding complex
specifically in immature T cells. EMBO Journal, 17(16), 4594—-4605.
https://doi.org/10.1093/emboj/17.16.4594

Holland, P. W., Anne Booth, H. F., & Bruford, E. A. (2007). Classification and
nomenclature of all human homeobox genes. https://doi.org/10.1186/1741-7007-
5-47

Homminga, I., Pieters, R., Langerak, A. W., de Rooi, J. J., Stubbs, A., Verstegen, M.,
Vuerhard, M., Buijs-Gladdines, J., Kooi, C., Klous, P., van Vlierberghe, P.,
Ferrando, A. A., Cayuela, J. M., Verhaaf, B., Beverloo, H. B., Horstmann, M., de
Haas, V., Wiekmeijer, A. S., Pike-Overzet, K., ... Meijerink, J. P. P. (2011).
Integrated Transcript and Genome Analyses Reveal NKX2-1 and MEF2C as
Potential Oncogenes in T Cell Acute Lymphoblastic Leukemia. Cancer Cell, 19(4),
484-497. https://doi.org/10.1016/j.ccr.2011.02.008

Hsu, H.-L., Huang,’, L., Tsou Tsan, J., Funk, W., Wright, W. E., Hu, J.-S., Kingston, R.
E., & Baer, R. (1994). Preferred Sequences for DNA Recognition by the TALI
Helix-Loop-Helix Proteinsug) in 100-,u reactions (2 h at 37°C), using T3 or T7
RNA polymerase in. In MOLECULAR AND CELLULAR BIOLOGY.
https://journals.asm.org/journal/mcb

Kwiatkowski, N., Zhang, T., Rahl, P. B., Abraham, B. J., Reddy, J., Ficarro, S. B.,
Dastur, A., Amzallag, A., Ramaswamy, S., Tesar, B., Jenkins, C. E., Hannett, N.
M., Weng, A. P., Brown, J. R., Benes, C. H., Marto, J. A., Young, R. A., & Gray, N.
S. (2014). Targeting transcription regulation in cancer with a covalent CDK7
inhibitor. Nature, 8(11). https://doi.org/10.1038/nature13393

Lambert, S. A., Jolma, A., Campitelli, L. F., Das, P. K., Yin, Y., Albu, M., Chen, X,
Taipale, J., Hughes, T. R., & Weirauch, M. T. (2018). The Human Transcription
Factors. Cell, 172(4), 650-665. https://doi.org/10.1016/j.cell.2018.01.029

26



Lato, M. W., Przysucha, A., Grosman, S., Zawitkowska, J., Lejman, M., & Ortega-
Gutiérrez, S. (2021). Molecular Sciences The New Therapeutic Strategies in
Pediatric T-Cell Acute Lymphoblastic Leukemia.
https://doi.org/10.3390/ijms22094502

Liu, Y., Easton, J., Shao, Y., Maciaszek, J., Wang, Z., Wilkinson, M. R., Mccastlain, K.,
Edmonson, M., Pounds, S. B., Shi, L., Zhou, X., Ma, X., Sioson, E., Li, Y., Rusch,
M., Gupta, P., Pei, D., Cheng, C., Smith, M. A., ... Mullighan, C. G. (2017). The
genomic landscape of pediatric and young adult T-lineage acute lymphoblastic
leukemia. Nature Publishing Group, 49(8). https://doi.org/10.1038/ng.3909

Liu, Z., Yang, X., Li, Z., McMahon, C., Sizer, C., Barenboim-Stapleton, L., Bliskovsky,
V., Mock, B., Ried, T., London, W. B., Maris, J., Khan, J., & Thiele, C. J. (2011).
CASZ1, a candidate tumor-suppressor gene, suppresses neuroblastoma tumor
growth through reprogramming gene expression. Cell Death and Differentiation,
18(7), 1174-1183. https://doi.org/10.1038/CDD.2010.187

Liu, Zhihui, Naranjo, A., & Thiele, C. J. (n.d.). CASZ1b, the Short Isoform of CASZ1
Gene, Coexpresses with CASZ1a during Neurogenesis and Suppresses
Neuroblastoma Cell Growth. https://doi.org/10.1371/journal.pone.0018557

Liu, Zhihui, Yang, X., Tan, F., Cullion, K., & Thiele, C. J. (2006). Molecular cloning and
characterization of human Castor, a novel human gene upregulated during cell
differentiation. Biochemical and Biophysical Research Communications, 344(3),
834—844. https://doi.org/10.1016/j.bbrc.2006.03.207

Mansour, M. R., Abraham, B. J., Anders, L., Berezovskaya, A., Gutierrez, A., Durbin, A.
D., Etchin, J., Lee, L., Sallan, S. E., Silverman, L. B., Loh, M. L., Hunger, S. P.,
Sanda, T., Young, R. A., & Look, A. T. (2014). An oncogenic super-enhancer
formed through somatic mutation of a noncoding intergenic element. Science,
346(6215), 1373-1377. https://doi.org/10.1126/science.1259037

McCormack, M. P., Shields, B. J., Jackson, J. T., Nasa, C., Shi, W., Slater, N. J.,
Tremblay, C. S., Rabbitts, T. H., & Curtis, D. J. (2013). Requirement for Lyll in a
model of Lmo2-driven early T-cell precursor ALL. Blood, 122(12), 2093-2103.
https://doi.org/10.1182/blood-2012-09-458570

Mouthon, M., Bernard, O., Mitjavila, M., Romeo, P., Vainchenker, W., & Mathieu-
Mahul, D. (1993). Expression of tal-1 and GATA-binding proteins during human
hematopoiesis. Blood, 81(3), 647—655.
https://doi.org/10.1182/blood.v81.3.647.bloodjournal813647

notch mtor 2.pdf. (n.d.).
notch t-all.pdf. (n.d.).

O’Neil, J., Billa, M., Oikemus, S., & Kelliher, M. (2001). The DNA binding activity of
TAL-1 is not required to induce leukemia/lymphoma in mice. Oncogene, 20(29),
3897-3905. https://doi.org/10.1038/sj.0nc.1204519

Oliveira, M. L., Akkapeddi, P., Alcobia, I., Almeida, A. R., Cardoso, B. A., Fragoso, R.,
Serafim, T. L., & Barata, J. T. (2017). From the outside, from within: Biological and
therapeutic relevance of signal transduction in T-cell acute lymphoblastic
leukemia. Cellular Signalling, 38(June), 10-25.
https://doi.org/10.1016/j.cellsig.2017.06.011

Paganelli, F., Lonetti, A., Anselmi, L., Martelli, A. M., Evangelisti, C., & Chiarini, F.
(2019). New advances in targeting aberrant signaling pathways in T-cell acute
lymphoblastic leukemia. Advances in Biological Regulation, 74(August), 100649.

27



https://doi.org/10.1016/j.jbior.2019.100649

Pieters, R., De Groot-Kruseman, H., Van Der Velden, V., Fiocco, M., Van Den Berg,
H., De Bont, E., Egeler, R. M., Hoogerbrugge, P., Kaspers, G., Van Der Schoot,
E., De Haas, V., & Van Dongen, J. (2016). Successful therapy reduction and
intensification for childhood acute lymphoblastic leukemia based on minimal
residual disease monitoring: Study ALL10 from the Dutch Childhood Oncology
Group. Journal of Clinical Oncology, 34(22), 2591-2601.
https://doi.org/10.1200/JC0.2015.64.6364

Quintas-Cardama, A., Tong, W., Manshouri, T., Vega, F., Lennon, P., Cools, J.,
Gillland, D., Lee, F., Cortes, J., Kantarjian, H., & Garcia-Manero, G. (n.d.). Activity
of tyrosine kinase inhibitors against human NUP214-ABL1-positive T cell
malignancies. https://doi.org/10.1038/leu.2008.80

Rabbitts, T. H. (1998). LMO T-cell translocation oncogenes typify genes activated by
chromosomal translocations that alter transcription and developmental processes.
www.genesdev.org

Richard-Carpentier, G., Kantarjian, H., & Jabbour, E. (n.d.). Recent Advances in Adult
Acute Lymphoblastic Leukemia. https://doi.org/10.1007/s11899-019-00503-1

Roberts, K. G., & Mullighan, C. G. (2015). Genomics in acute lymphoblastic leukaemia:
Insights and treatment implications. In Nature Reviews Clinical Oncology (Vol. 12,
Issue 6, pp. 344-357). Nature Publishing Group.
https://doi.org/10.1038/nrclinonc.2015.38

Saint-André, V., Federation, A. J., Lin, C. Y., Abraham, B. J., Reddy, J., Lee, T. I,
Bradner, J. E., & Young, R. A. (2016). Models of human core transcriptional
regulatory circuitries. https://doi.org/10.1101/gr.197590.115

Sanda, T., & Leong, W. Z. (2017). TAL1 as a master oncogenic transcription factor in
T-cell acute lymphoblastic leukemia. In Experimental Hematology (Vol. 53, pp. 7—
15). Elsevier Inc. https://doi.org/10.1016/j.exphem.2017.06.001

Skinner, M. K., Rawls, A., Wilson-Rawls, J., & Roalson, E. H. (2009). Basic Helix-Loop-
Helix Transcription Factor Gene Family Phylogenetics and Nomenclature.
https://doi.org/10.1016/j.diff.2010.02.003

Soulier, J., Clappier, E., Cayuela, J. M., Regnault, A., Garcia-Peydr6, M., Dombret, H.,
Baruchel, A., Toribio, M. L., & Sigaux, F. (2005). HOXA genes are included in
genetic and biologic networks defining human acute T-cell leukemia (T-ALL).
Blood, 106(1), 274—286. https://doi.org/10.1182/blood-2004-10-3900

Speleman, F., Cauwelier, B., Dastugue, N., Cools, J., Verhasselt, B., Poppe, B., Roy,
N. Van, Vandesompele, J., Graux, C., Uyttebroeck, A., Boogaerts, M., De
Moerloose, B., Benoit, Y., Selleslag, D., Billiet, J., Robert, A., Huguet, F.,
Vandenberghe, P., De Paepe, A., ... Hagemeijer, A. (2005). A new recurrent
inversion, inv(7)(p15q34), leads to transcriptional activation of HOXA10 and
HOXA11 in a subset of T-cell acute lymphoblastic leukemias. Leukemia, 19, 358—
366. https://doi.org/10.1038/s).leu.2403657

Teachey, D. T., & Hunger, S. P. (n.d.). Predicting relapse risk in childhood acute
lymphoblastic leukaemia. https://doi.org/10.1111/bjh.12442

Teachey, D. T., & Pui, C. H. (2019a). Comparative features and outcomes between
paediatric T-cell and B-cell acute lymphoblastic leukaemia. The Lancet Oncology,
20(3), e142—e154. https://doi.org/10.1016/S1470-2045(19)30031-2

Teachey, D. T., & Pui, C. H. (2019b). Comparative features and outcomes between

28



paediatric T-cell and B-cell acute lymphoblastic leukaemia. In The Lancet
Oncology (Vol. 20, Issue 3, pp. e1l42—e154). Lancet Publishing Group.
https://doi.org/10.1016/S1470-2045(19)30031-2

Terwilliger, T., & Abdul-Hay, M. (2017). Acute lymphoblastic leukemia: a
comprehensive review and 2017 update. Blood Cancer Journal, 7, 577.
https://doi.org/10.1038/bcj.2017.53

Todeschini, G., Tecchio, C., Meneghini, V., Pizzolo, G., Veneri, D., Zanotti, R., Ricetti,
M. M., Solero, P., Aprili, F., & Perona, G. (1998). Estimated 6-year event-free
survival of 55% in 60 consecutive adult acute lymphoblastic leukemia patients
treated with an intensive phase Il protocol based on high induction dose of
daunorubicin. In Leukemia (Vol. 12).

Valge-Archer, V. E., Osada, H., Warren, A. J., Forster, A., Li, J., Baer, R., & Rabbitts,
T. H. (1994). The LIM protein RBTN2 and the basic helix-loop-helix protein TAL1
are present in a complex in erythroid cells. Proceedings of the National Academy
of Sciences of the United States of America, 91(18), 8617-8621.
https://doi.org/10.1073/pnas.91.18.8617

Wang, C., Liu, Z., Woo, C.-W., Li, Z., Wang, L., Wei, J. S., Marquez, V. E., Bates, S.
E., Jin, Q., Khan, J., Ge, K., & Thiele, C. J. (2012). Tumor and Stem Cell Biology
EZH2 Mediates Epigenetic Silencing of Neuroblastoma Suppressor Genes
CASZ1, CLU, RUNX3, and NGFR. https://doi.org/10.1158/0008-5472.CAN-11-
0961

Wang, J. L., Yang, M. Y., Xiao, S., Sun, B., Li, Y. M., & Yang, L. Y. (2018).
Downregulation of castor zinc finger 1 predicts poor prognosis and facilitates
hepatocellular carcinoma progression via MAPK/ERK signaling. Journal of
Experimental and Clinical Cancer Research, 37(1), 1-15.
https://doi.org/10.1186/s13046-018-0720-8

Weirauch, M. T., & Hughes, T. R. (2014). A catalogue of eukaryotic transcription factor
types, their evolutionary origin, and species distribution. In Sub-Cellular
Biochemistry (Vol. 52, Issue April 2011). https://doi.org/10.1007/978-90-481-9069-
03

Whyte, W. A., Orlando, D. A., Hnisz, D., Abraham, B. J., Lin, C. Y., Kagey, M. H., Rahl,
P.B., Lee, T. I, & Young, R. A. (2013). Master transcription factors and mediator
establish super-enhancers at key cell identity genes. Cell, 153(2), 307-319.
https://doi.org/10.1016/j.cell.2013.03.035

Xia, Y., Brown, L., Ying-chuan Yang, C., Tsou TSAN, J., SICILIANOt, M. J., Espinosa
li, R., Le Beaux, M. M., Baer, R. J., & Anderson, M. D. (1991). TAL2, a helix-loop-
helix gene activated by the (7;9)(q34;932) translocation in human T-cell leukemia
(chromosome translocation/hellx-oop-helix protein) (Vol. 88).

National Cancer Institute. SEER cancer statistics review, 1975-2013:Leukemia, annual
incidence rates (acute lymphocytic leukemia).

Abbas, A. K., Lichtman, A. H., & Pillai, S. (2007). Cellular and molecular immunology
(6th ed.). Philadelphia: Saunders Elsevier.

Mellentin JD, Smith SD, Cleary ML. lyl-1, a novel gene altered by chromosomal
translocation in T cell leukemia, codes for a protein with a helix-loop-helix DNA binding
motif. Cell. 1989 Jul 14;58(1):77-83.

29



