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Abstract
Precursor lymphoid neoplasms, namely acute lymphoblastic leukemias (ALL)
and lymphoblastic lymphomas (LBL), are characterized by an aggressive
proliferation of malignant progenitor B- or T-cells. To improve risk
classification at diagnosis, better prognostic and treatment stratifying
biomarkers are needed. Altered DNA methylation pattern is a hallmark of
neoplastic transformation, and has been employed as a molecular prognostic
and predictive marker in various cancers, including hematological
malignancies. Our research group previously identified a CpG island
methylator phenotype (CIMP) panel that classified pediatric T-ALL patients
into prognostic subgroups.
The aim of this thesis was to evaluate distinct DNA methylation signatures in
precursor lymphoid neoplasms, and to validate the prognostic value of CIMP
classification in separate patient cohorts. Additionally, the biological
mechanisms underlying the distinct CIMP methylation signatures in these
malignancies were investigated.
The prognostic relevance of CIMP classification was validated in an
independent Nordic cohort of pediatric T-ALL patients. Combination of CIMP
status with minimal residual disease (MRD) status, could further dissect the
high-risk MRD positive T-ALL patients into two CIMP subgroups with
significantly distinct outcomes. Furthermore, CIMP classification at diagnosis
was shown to predict overall survival in relapsed BCP-ALL patients. CIMP
methylation signatures were also identified in T-LBL patients, indicating a
broader relevance of CIMP based classification in lymphoid malignancies.
Investigating the biology behind CIMP methylation signatures showed the
association of CIMP status with the proliferative history of the leukemic cells. A
differential transcriptomic analysis revealed a correlation of CIMP subgroups
with known T-ALL drivers, as well as with novel genes in T-ALL biology.
Finally, we identified distinct DNA methylation patterns and genetic
aberrations in T-ALL and T-LBL that might contribute to the different clinical
presentation of these two diseases. In conclusion, we validated the prognostic
significance of CIMP methylation signature in precursor lymphoid
malignancies and identified transcriptomic profiles that associated with the
subgroups. DNA methylation is a strong candidate for further risk classification
in lymphoid neoplasms and our findings can contribute to the identification of
new potential targets for treatment.
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Populärvetenskaplig sammanfattning
Cancer är en samling av sjukdomar som har en gemensam egenskap av
okontrollerad och onormal tillväxt av celler i vår kropp. Hos barn är leukemi
(blodcancer) den vanligaste typen av cancer, där vita blodkroppar delar sig
okontrollerat i benmärg, lymfkörtlar och blod. Akut lymfatisk leukemi (ALL)
och lymfoblast lymfom (LBL) uppstår i de vita blodkropparna som kallas Tceller och B-celler.
I Sverige behandlas barn med ALL enligt ett gemensamt Nordiskt
behandlingsprotokoll (NOPHO ALL 2008), vilket har förbättrat överlevanden
så att nästan 85% av barn med ALL överlever. Men en del av barnen drabbas av
återfall och prognosen efter ett återfall är betydligt sämre. De moderna
behandlingsprotokollen bygger på en kombination av cellgifter (cytostatika),
som tyvärr medför både kort- och lång-siktiga biverkningar. Det är viktigt att
hitta markörer som kan identifiera hög och låg-risk-patienter redan vid
diagnos, så att behandlingens intensitet kan anpassas till riskgrupp. Det är
också viktigt att hitta biologiska egenskaper som kan förklara varför patienter
svarar olika bra på behandling och har olika risk för att få återfall. Ett mål med
denna avhandling var att hitta biologiska markörer som kan riskklassificera
patienter.
Epigenetiska mekanismer kan reglera hur gener uttrycks utan att förändra den
genetiska sekvensen. DNA metylering är en form av epigenetik mekanism som
genom kemisk modifiering av DNA kan förändra genuttrycket. Förändrade
DNA metyleringsmönster har tidigare kopplats till canceruppkomst. I denna
avhandling, har vi visat att olika DNA metyleringsmönster hos ALL/LBL
patienter kan skilja hög-risk från låg-risk patienter. Ett specifikt
metyleringsmönster, en så kallad CIMP signatur, har betydelse för att bedöma
risk för återfall och överlevnad hos barn med ALL. Vi kunde dessutom visa att
vuxna och barn med T-cells LBL också har sådana signaturer. Dessutom har vi
funnit biologiska egenskaper som kan kopplas till CIMP signaturer. Ett antal
tidigare kända gener, men även tidigare okända gener förändrade vid ALL
kunde kopplas till CIMP subgrupperna.
Denna studie bidrar med ny kunskap om klinisk och biologisk betydelse av
DNA metyleringsförändringar vid akut leukemi och lymfom. Förhoppningsvis
kan några av våra fynd ligga till grund för framtida utveckling av nya
behandlingsstrategier som botar fler och har färre biverkningar.
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5’- untranslated region

adj. p.val

Adjusted p-value
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B-cell precursor acute lymphoblastic leukemia
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Event-free survival

ETP

Early T-cell Precursor
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KMT2A rearrangements
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iv
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Minimal residual disease
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Mega base pairs
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Next Generation Sequencing
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p-value
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Polycomb repressive complex 1
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Polycomb repressive complex 2

Rlog
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Single nucleotide polymorphism
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T-cell acute lymphoblastic leukemia

T-LBL

T-cell lymphoblastic lymphoma

TCR

T-cell receptor

TSS1500

1500bp from transcription start site

TSS200

200bp from transcription start site

WBC

White blood cell count

WHO

World Health Organization

Δβ
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Introduction & Background
Hematopoiesis & Cancer
Hematopoiesis is the hierarchical system that sustains life-long development of
all blood cells. Pluripotent and self-renewing hematopoietic stem cells (HSC)
reside at the top of the hierarchy and differentiate into multipotent progenitors
that can generate specialized cells of either the lymphoid or the myeloid
lineage. The mature derivatives of the myeloid lineage include red blood cells,
granulocytes, monocytes and megakaryocytes while the lymphoid lineage gives
rise to T-cells, B-cells and natural killer cells.
Cancer, the perverse incarnation of neoplastic cells, remains as the second
leading cause of death, claiming nearly 9.6 million lives worldwide.
Hematological malignancies that include lymphomas and leukemias are
cancers of hematopoietic cells, affecting blood and lymphatic tissues. These
neoplastic disorders account for 12% of all cancer cases and are especially
prevalent in children (ages 0-19 years), comprising 42% of all childhood cancer
cases [1]. Hematological malignancies are classified by their cell of origin and
can be either myeloid or lymphoid. They are also broadly classified based on
the primary tissue involvement. Leukemia represents malignancies that mostly
affect bone marrow and are associated with malignant cells appearing in the
blood circulation. Lymphomas manifest more as solid masses, appearing
primarily in lymph nodes and other nodal tissues.
Like in all cancers, the precision of normal cell development and differentiation
is perturbed in hematological malignancies, either by a series of genetic or
epigenetic lesions. This provokes the uncontrollable, undifferentiated and
clonal expansion of hematopoietic cells, that overcrowd and impair the
hematopoietic and lymphatic tissue environment. Studying these oncogenic
cellular events in depth has revealed their downstream disruptive impact on
signaling pathways implicated in the regulation of cellular growth,
proliferation, survival, and differentiation.
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Precursor Lymphoid Neoplasms
Definition & Classification
Precursor lymphoid neoplasms, namely acute lymphoblastic leukemia (ALL)
and lymphoma (LBL), are malignancies that arise from undifferentiated,
immature precursors of the lymphoid lineage cells. Around 85% of childhood
ALL cases are B cell Precursor-ALL (BCP-ALL) [2] whereas T cell–ALL (T-ALL)
constitutes 10-15% of childhood cases [3]. In the current World Health
Organization (WHO) classification of hematological malignancies, T-cell
derived lymphoblastic neoplasms include T-cell ALL (T-ALL) and T-cell
lymphoblastic lymphomas (T-LBL) [4]. T-ALL and T-LBL are considered as
different manifestations of the same disease since both originate from immature
cells of the T-cell lineage and have overlapping immunophenotypic,
morphological and cytogenetic features. However, both of them differ in the
extent of bone marrow and peripheral blood infiltration [4]. T-ALL is
designated to cases with primary involvement in bone marrow and peripheral
blood whereas, in T-LBL, the undifferentiated blast cells localize to nodal or
extranodal tissues with reduced bone marrow involvement [5].

Acute Lymphoblastic Leukemia
Epidemiology & Etiology
Leukemia is comparatively a rare cancer diagnosis, comprising only 2.4% of all
cancer cases around the world [1]. However, it is the most common childhood
cancer with an incidence of 28.6% in pediatric malignancies (0-19 years of age)
and remains to be the leading cause of death by cancer in children [1]. The most
common subtype of childhood leukemia is acute lymphoblastic leukemia,
accounting for 75-80% of all pediatric leukemia cases [2]. Age-specific incidence
of childhood ALL shows a distinctive peak between 2 and 5 years, with a
discernible male predominance [3]. In pediatric T-ALL, the peak age of
incidence is however 9 years [3]. The incidence of ALL varies across geographic,
socio-economic and ethnic diversity with the higher frequency in Europe and
amongst Caucasians in the United States [6].
ALL pathogenesis, like all hematological malignancies, follows Knudson´s twohit model where a pre-leukemic cell harboring a mutation bursts into fullblown leukemia upon being hit by a second mutational event. Almost all of
these cancer-causing mutations are acquired rather than inherited. However,
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less than 5% of children with ALL have an inherited genetic predisposition such
as Down syndrome, Bloom syndrome, neurofibromatosis type I, Shwachman
syndrome and ataxia telangiectasia [6]. Despite extensive association studies,
not many environmental risk factors are established for ALL. In utero X-ray
exposure and post-natal radiation therapy has been, however, recognized as
predisposing environmental risk factors for ALL [3].

Clinical Features
Acute lymphoblastic leukemia is characterized by aggressive and rapid
proliferation of undifferentiated tumor cells in the bone marrow, leading to the
suppression of normal bone marrow function. Anemia, thrombocytopenia and
leukopenia are all prominent clinical features of ALL, causing increased
susceptibility to infections, frequent bleeding and recurrent fevers along with
bone pain and fatigue.
Increased infiltration of leukemic cells mainly in the lymph nodes, spleen and
liver, can cause lymphadenopathy, splenomegaly or hepatomegaly
respectively. Extramedullary infiltration of lymphoblasts in the central nervous
system (CNS) occurs in 10% of patients whereas a mediastinum mass, arising
from the thymus, presents in 50-60% of patients diagnosed especially with Tcell ALL [7].

Diagnosis & Classification
Morphological, cytogenetic and immunophenotypic examination of patient
material, including bone marrow aspirates or biopsy samples, is the basis for
accurate ALL diagnosis and classification. More than 25% of marrow
replacement by blast cells qualifies for ALL diagnosis regardless of lymph node
involvement or extra-medullary infiltration [8].
(i) Immunophenotypic Classification
Supplemental to the French-American-British (FAB) morphological
classification system [9], immunophenotypic analysis by flow cytometry and
immunohistochemistry is used to distinguish between BCP-ALL and T-ALL [4].
The immunophenotypic analysis of blasts cells is also used to characterize and
classify ALL according to different maturation stages of the leukemic cell
population, as proposed by European Group for the Immunological
Classification of Leukemias (EGIL) [10, 11]. However, ALL classification based
on different maturation stages does not affect therapy-related risk stratification
of patients in the current clinical setting.
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BCP-ALL is characterized by the expression of Terminal deoxynucleotidyl
transferase (TdT), CD19, cytoplasmic CD79a, CD22 and variable expression of
CD10, CD24, CD34 and CD45. Different maturation stages, of BCP-ALL defined
by EGIL classification are pro-B-ALL (CD19+, CD22+, CD79a+ and nuclear
TdT+), common B-ALL (CD10+) and pre-B-ALL (cytogenetic Igµ chain) [4].
In T-ALL, the blast cells express the T-cell lineage specific cytoplasmic CD3
marker. Additionally, the blast cells may have variable expression of CD7,
surface CD3, TdT, CD5, CD2, CD4 and CD8. The WHO classification recognizes
four stages of thymic differentiation namely Pro-T (CD4-, CD8-, CD2-, CD34+/-),
Pre-T (CD4-, CD8-, CD2+, CD1a-), Cortical T (CD4+, CD8+, CD1a+) and
Medullary T (CD4+/CD8+, surface CD3+) [8]. A novel subtype of T-ALL, early
T-cell precursor ALL (ETP-ALL) is also identified with the leukemic
immunophenotypic profile comprising one or more myeloid or stem cell
markers such as CD34, CD117, HLA-DR, CD13 or CD33 [12]. ETP-ALL accounts
for 10-13% of all childhood T-ALL cases and are associated with an inferior
outcome [13].
(ii) Cytogenetic Classification
Childhood ALL, specifically BCP-ALL, can be classified into biologically and
clinically relevant subgroups based on recurrent cytogenetic and genetic
aberrations. These recurrent aberrations include abnormal chromosomal copy
numbers (aneuploidy), translocations that result in an oncogenic chimeric
protein, or other genetic anomalies. However, around 30% of BCP-ALL cases
are unclassified because of unknown or non-recurrent genetic alterations.
High hyperdiploid (HeH) BCP-ALL is the most common subtype, occurring in
25-30% of childhood BCP-ALL cases. This genetic subtype is characterized by a
chromosomal modal number >50 and is generally associated with age younger
than 10 years [14]. With the most favorable outcome, childhood HeH ALL cases
frequently show nonrandom gains of chromosome 21 and may involve
trisomies for chromosomes 4, 14, 10, 6, 17, 18 and X [15, 16]. In 1% of childhood
BCP-ALL cases, the hypodiploid subtype, by contrast to HeH, is characterized
by reduced chromosomal modal number (≤45) and presents an unfavorable
prognosis [17].
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Figure 1. The frequency of cytogenetic and immunophenotypic subtypes in 764
Nordic pediatric ALL patients diagnosed between 1996-2008. Data retrieved from
Nordlund et al. 2013 [136].

Recurrent chromosomal translocations that characterize cytogenetic subtypes in
childhood
BCP-ALL
include
t(12;21)(p13;q22),
t(9;22)(q43;q11.2),
t(1;19)(q23;p13.3) and KMT2A rearrangements (KMT2A-r). With a very
favorable outcome, 25% of childhood BCP-ALL cases have t(12;21)(p13;q22)
translocation expressing ETV6-RUNX1 fusion transcripts [18]. ALL with
t(9;22)(q43;q11.2) BCR-ABL1 transcripts, also known as Philadelphia
chromosome-positive ALL, accounts for 2-5% of childhood BCP-ALL cases [14].
Discovery of tyrosine kinase inhibitors, for example, Imatinib has significantly
improved the outcome for BCR-ABL1 positive ALL patients, which were
initially classified as high-risk [19]. The t(1;19)(q23;p13.3) TCF3-PBX1
translocation is detected in ~3% of childhood BCP-ALL cases, and the current
intensified treatment protocols have vastly improved the poor prognosis,
previously associated with this particular genetic subtype [4, 20-22].
Rearrangements of KMT2A (11q23), also known as Mixed Lineage Leukemia
(MLL), occur in 5% of childhood ALL cases and are associated with the worse
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prognosis. KMT2A-r occur most commonly in infants (age <1 year) with ALL,
comprising 75% of cases. More than 80 different translocation partners have
been identified that form oncogenic fusion transcripts with the promiscuous
KMT2A gene, including AFF1 (AF4), MLLT1 (ENL), MLLT3 (AF9) and MLLT10
(AF10) as the most common partners [23].
Recently described recurrent cytogenetic events in BCP-ALL include dicentric
chromosome (9;20) (dic(9;20)) and intrachromosomal amplification of
chromosome 21 (iAMP21) [24]. The dic(9;20) subtype, accounting for 3% of
pediatric BCP-ALL cases, is characterized by the joining of chromosome 9p and
chromosome 20q to form a dicentric chromosome. The breakpoint in
chromosome 9 occurs within the PAX5 gene, which in turn forms fusion
proteins with multiple gene partners on chromosome 20 [25]. The iAMP21
subtype, occurring in 2% of cases of BCP-ALL, is characterized by leukemic
blasts containing several copies of the RUNX1 gene without the recurrent
ETV6-RUNX1 translocation [26]. Classified as high-risk ALL, the prognosis of
iAMP21 improved greatly with the intensification of treatment in the current
protocols [27].
Despite the numerous studies investigating the molecular landscape of T-ALL
and identifying recurrent genetic aberrations such as NOTCH1 activating
mutations or CDKN2A/B deletions, there are still no clinically relevant genetic
subtypes of T-ALL. It may be due to the lack of large clinical trial validating
studies or because there are limited standardized assays to measure these
alterations, which can result in conflicted prognostic values across different
studies.

Risk Stratification, Treatment & Survival
Attempts to treat childhood leukemia began immediately after the first time it
was clinically recognized in the 1850s [28]. Despite the efforts, initially
administered treatments rendered only transient benefits and patient survival
was dismal with a 5-year cure rate at merely 3-5% in the 1960s [6]. At present,
the 5-year overall survival (OS5yr) for ALL is around 90% in children [13, 29-31].
This remarkable improvement in ALL survival in children is an outstanding
milestone in cancer therapy. This achievement can be accredited to progressive
developments in multi-agent treatment protocols through collaborations, stem
cell therapy and advances in supportive care. The contemporary treatment
protocols include risk stratification of patients based on molecular features as
well as response to initial treatment, which is used to adjust treatment dosage
based on the risk stratification.
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An integral part of the modern treatment regimens is to distinguish high-risk
patients from low-risk patients and to adapt the extent of therapy intensity
according to the risk classification. This is to ensure that only patients classified
as high risk of therapy failure or relapse are treated with a high intensive
dosage of cytotoxic therapy and patients with a favorable outcome are not
subjected to overtreatment. Prognostic markers such as clinical features at
diagnosis, immunophenotype and cytogenetic profile of the leukemic clone and
early response to treatment are employed for effective risk stratification of ALL
patients in contemporary treatment protocols.
Age, white blood cell count (WBC) and CNS involvement are all essential
clinical parameters that can influence ALL patient survival at diagnosis.
Elevated WBC, patient age less than 1 year or more than 10 years and spread of
leukemia in CNS at diagnosis are factors that may contribute to a less favorable
prognosis [18, 32]. The primary immunophenotypic classification of the
leukemic clone is also associated with differential risk classification as pediatric
T-ALL patients are stratified as high risk compared to pediatric BCP-ALL
patients [3, 30, 33]. This difference can be attributed to the association of
unfavorable clinical markers with T-ALL, such as higher incidence of patients
older than 10 years of age, elevated WBC and the higher rate of CNS leukemia
[30].
Recurrent cytogenetic aberrations, as described before, are also significant
factors to determine the risk group of ALL patients and to predict the outcome.
The most favorable prognosis is associated with ETV6-RUNX1 translocations
and high hyperdiploidy (51-67 chromosomes). BCP-ALL with TCF3-PBX1
translocations and dic(9;20) confer an intermediate risk in the contemporary
clinical setting [22, 27, 34] while iAMP21, KMT2A rearrangements, Philadelphia
chromosome-positive, near-haploid (<30 chromosomes) or low hypodiploid
(30-39 chromosomes) BCP-ALL cases are associated with higher rates of
therapy resistance, relapse, and death [35, 36].
Response to initial therapy, measured as the minimal residual disease (MRD),
has emerged as an independent prognostic marker in ALL therapy. MRD is
measured by flow cytometry analysis or polymerase chain reaction (PCR) based
assays for detecting clonal Ig/TCR rearrangements, leukemia-specific
cytogenetic abnormalities and aberrant immunophenotypes at submicroscopic
levels [37, 38]. Sequential monitoring of MRD during therapy at specific time
points is used for assessing treatment efficacy and risk stratification in
childhood ALL treatment protocols [37, 39-42].
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The backbone of ALL combinational therapy protocols is built of discrete
phases including remission induction phase, intensified consolidation, and
maintenance therapy. The remission induction therapy, aimed to eradicate
>95% of leukemic blasts, is 4 weeks long and involves the administration of
corticosteroids (prednisolone or dexamethasone), vincristine, asparaginase, and
anthracyclines. Based on the post-induction risk classification, consolidation
and intensification therapy consists of 6-8 months of rigorous combinational
chemotherapy that is fashioned to “consolidate” the remission and to curb and
manage CNS leukemia for example, by intrathecal administration of
methotrexate. Low-intensity maintenance therapy is the final and the most
extended phase of treatment (averaging 2 years) consisting of therapy with
antimetabolites such as mercaptopurine and methotrexate.

Figure 2. Induction and post-induction risk stratification of pediatric ALL patients according to
NOPHO ALL 2008 protocol, adapted from Toft et al. 2013 [33]. The colored lines represent
different patient risk groups based on induction stratification at diagnosis. MRD, minimal
residual disease; WBC, white blood cell count, KMT2A-r, KMT2A rearrangements; HSCT,
hematopoietic stem cell transplantation.
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In the current Nordic Society of Pediatric Hematology and Oncology (NOPHO)
ALL2008 treatment protocol for Philadelphia chromosome negative ALL
patients aged 1-45 years [30, 33], the first risk stratification of ALL patients
occurs at diagnosis prior to induction therapy and is based on
immunophenotype of the leukemic blast cells and WBC in peripheral blood.
Patients with BCP-ALL and WBC <100 x 109/L are treated with normalinduction whereas T-ALL patients or patients with WBC ≥100 x 109/L are
subjected to high-risk induction (Figure 2) [33]. The post-induction risk
stratification categorizes patients that received normal-induction therapy as
standard risk (SR), intermediate risk (IR) or high risk (HR). Patients that
received the high-risk induction therapy are classified either as IR or HR. The
post-induction stratification is based on induction treatment response, i.e. MRD
status at day 29 (MRDday29), as well as cytogenetic aberrations in the leukemic
clone (Figure 2) [33].

Relapsed ALL
Despite the improvements in childhood ALL survival, 15-20% of patients, the
induction therapy fails or they succumb to relapse after achieving complete
remission [43]. As one of the leading causes for childhood mortality, relapsed or
recurrent ALL has a meager cure rate. However, over the last few decades,
developments in combinational therapy protocols comprising of intensive
chemotherapy, targeted medicines, and allogeneic HSCT, have made distinct
improvements to relapsed ALL survival, raising 5-year OS to over 50%[43].
Anatomical localization of the recurrent disease and time from primary
diagnosis to relapse are two most important prognostic factors that predict the
outcome for relapsed ALL patients [44, 45]. As defined by the Berlin-FrankfurtMünster (BFM) cooperation group, time for relapse can be categorized as very
early (within 18 months after diagnosis of primary ALL), early (between 18
months to 30 months after primary diagnosis) or late (>30 months after primary
diagnosis) [46]. Most frequently, the site for relapse is bone marrow, either
isolated or in combination with another site namely CNS or testes. Relapse
could also occur only in CNS, testes or less frequently, in other extramedullary
sites. A very early or an early relapse as well as isolated bone marrow relapse
carries the worse prognosis than late recurrence in the extramedullary sites [44,
47-49]. Cell lineage of the malignant clone also influences survival, with T-cell
immunophenotype conferring a negative impact on the outcome of relapsed
ALL patients [43].
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In the most recent relapsed ALL treatment protocols, risk stratification of
patients for therapy adjustment is initially based on the integration of the
aforementioned prognostic factors followed by secondary stratification based
on re-induction therapy response, measured as MRD [50-53].
The emergence of genome-wide interrogative methods, such as next- and thirdgeneration sequencing, have led to advancements in understanding the clonal
evolution and origin of relapse in ALL. Based on studies comparing genomic
and epigenomic landscapes between paired diagnostic and relapse samples,
several mechanisms have been identified and linked to driving leukemic
relapse. Relapsed cells can be present at primary diagnosis as a relatively
resistant minor clone that undergoes Darwinian selection after initial treatment
and proliferates post obliteration of the major diagnostic clone [54]. Most
commonly, a relapsed clone can originate from a pre-leukemic ancestor that
bears some but not all of the genetic mutations in the primary diagnostic clone,
thereby demonstrating a branched clonal evolution [55, 56]. It is only in a
minority of cases that the relapse is an entirely new, genetically distinct and
unrelated secondary leukemia [54].
Some genetic and epigenetic factors implicated in chemotherapy resistance are
associated with relapsed ALL, including mutations in genes NT5C2 [57],
CREBBP [58], NR3C1 [59], TP53 [60], SETD2 [61] and in the RAS pathway [62].
However, further integrative studies need to be conducted to identify potential
therapeutic targets for relapsed ALL.

T-Cell Lymphoblastic Lymphoma
The second most common subtype of Non-Hodgkin’s lymphoma (NHL) in
children is T-cell lymphoblastic lymphoma (LBL). The vast majority of LBL
cases is comprised of T-cell acute lymphoblastic lymphoma (T-LBL), amounting
to 90% of all LBL cases [8]. Both T-ALL and T-LBL represent lymphoid
neoplasms derived from malignant progenitor T-cells, arrested at defined
stages in the thymocyte development and are therefore classified together as TALL/T-LBL in the updated WHO classification of hematopoietic malignancies
[8]. There is a considerable number of overlapping clinical, morphological,
cytogenetic and immunophenotypic features between T-ALL and T-LBL, which
have been described as different manifestations of the same disease.
In childhood T-LBL, the incidence is highest between 7-10 years of age and is
more prevalent in males than females. In around 90% of T-LBL patients,
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malignant blasts primarily manifest as mediastinal tumor masses, often
accompanied by pleural or pericardial effusions [63, 64]. Involvement of
peripheral lymph nodes is also common in T-LBL, however, bone marrow and
peripheral blood involvement is very limited [8]. Also, CNS infiltration is
infrequent, occurring in 5% of T-LBL cases [64]. The T-LBL blasts cells are
immunophenotypically characterized using EGIL classification (described
before) that is based on the presence of T-cell lineage surface markers.
Additionally, like all NHLs, T-LBL undergoes tumor staging upon diagnosis
based on the St. Jude Children´s Research Hospital staging system [65], which is
based on the extent of tumor infiltration in different tissues. At diagnosis, a
large majority of patients (77%) are classified as stage III, while 20% are
classified as stage IV [64]. Most genomic and cytogenetic aberrations recurrent
in T-ALL also occur in T-LBL patients with similar frequencies. These include
activating NOTCH1 mutations, PTEN deletions, loss of heterozygosity at
chromosome 6q, oncogenic activation of PI3K-AKT signaling pathway and
translocations implicating TCR-genes and transcriptional factors.
In the current clinical setting with ALL-like chemotherapy protocols, improved
disease-free survival (DFS) at 73-90% and ~62% is reported in children and
adults with T-LBL, respectively [5, 66]. However, the prognosis is dismal for
relapsing patients, with survival rates of 10-30% [64]. Like for T-ALL,
prognostic markers that can predict outcome and relapse incidence are not
taken into account for treatment classification of T-LBL patients and the only
risk stratification of patients occurs at diagnosis based on the tumor stage
classification. A genetic T-LBL classifier has been proposed based on recurrent
genetic aberrations such as NOTCH1, RAS, PTEN mutations and deletions of
the 6q locus [5, 64]. This genetic classifier is currently under validation in a
larger cohort before it can be introduced in the clinical setting.
Despite the overlapping cellular properties, T-ALL and T-LBL have different
disease presentation, with limited infiltration of blast cells in the bone marrow
for the latter diagnosis. This difference in the clinical pattern has been
investigated by exploratory gene expression and cytogenetic analysis. Certain
cytogenetic events associated with T-LBL have been identified, such as 9q34
translocation t(9;17)(q34;q32) which correlated with the presence of mediastinal
mass and no bone marrow infiltration. Progression of T-LBL development over
T-ALL was shown in zebrafish models upon concomitant BCL-2 and Myc
overexpression [67]. This oncogenic cooperation was associated with activated
S1P1 regulation of adhesion molecule, ICAM1 in T-LBL, resulting in increased
cell-cell adhesion and autophagy but decreased intravasation by the tumor cells
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[68]. Moreover, gene expression profiling studies have revealed transcriptomic
differences between T-ALL and T-LBL, with the latter associated with an
upregulation of genes implicated in chemotaxis, cellular adhesion and
angiogenesis [69, 70]. However, none of the molecular and genetic
discrepancies identified between T-ALL and T-LBL are used to clinically
discriminate between the two diseases and arbitrary bone marrow infiltration
threshold is still used.
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Molecular Biology of T-ALL
Normal T-cell Development
T-cell acute lymphoblastic leukemia (T-ALL) is an aggressive, rapidly
proliferating incarnation of lymphoid progenitors that reside in the thymus and
are committed to the T-cell lineage. The malignant transformation of these
thymocyte precursors occurs at defined stages of T-cell development, which is a
tightly regulated system, escorted by successive rearrangements of T-cell
receptor (TCR) genes and a shifting mosaic of cell surface markers [71].
The earliest ancestors of the T-lymphocyte are long-term repopulating
hematopoietic stem cells (LT-HSCs) that appear in the mesoderm during early
stages of gestational period and after several weeks, migrate to the liver, which
remains as the primary site for lymphopoiesis until birth. After birth, the LTHSCs are found mainly in the bone marrow that prevails as the primary site for
hematopoiesis postpartum. The LT-HSCs differentiate into short-term
repopulating hematopoietic stem cells (ST-HSCs), which in turn generate the
common lymphoid progenitors (CLP) that are multipotent stem cells committed
to the lymphoid lineage [71-75].
The CLP is driven to the corticomedullary junction of the thymus via
chemotaxis. It is in the thymus that the development of T-lymphocytes
progresses to generate an armada of diverse, self-tolerant and combative Tcells, which will eventually migrate to the periphery organs of the immune
system. The thymic T cell maturation stages are tracked by monitoring the
expression profiles of cell surface proteins, called Cluster of Differentiation
(CD). It is specifically the absence or presence of CD4 and/or CD8 markers that
distinguish thymocytes in double negative (DN), double positive (DP), or single
positive stages [71, 73].
Thymic CLP, termed as the early thymic progenitor (ETP) cells, are double
negative (DN) for CD4 and CD8 markers, express hematopoietic stem cell
markers (CD117+ and CD34+) and are not yet fully committed to the T-cell
lineage as they still retain the potential to differentiate into B-cells, NK cells or
dendritic cells. Moreover, the T-cell receptor genes (TCR), namely TCRA
(TCRα), TCRD (TCRδ), TCRG (TCRγ) and TCRB (TCRβ) are in their germline
configuration. The Notch signaling pathway, abetted by other T-cell specific
transcription factors, is a crucial player in the regulation of T-cell lineage
commitment as well as in sustaining T-cell differentiation [73].
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The DN1 ETP thymocytes proceed to the cortex where they differentiate into
DN2 cells, characterized by the dual expression CD44+ and CD25+ markers. In
this stage, somatic rearrangement of TCR genes begins in an orderly scheme,
mediated by recombination enzymes; RAG1 and RAG2. The rearrangement of
TCR genes can either result in the formation of the more common αβTCR or the
rare δγTCR. In the DN2 stage, TCRδ and TCRγ are rearranged first, followed by
a partial rearrangement of the TCRβ gene. Commitment to the αβ lineage (β
selection) also occurs in this stage as the cells committed to δγ lineage diverge
off here [71, 73].

Figure 3. Stages of normal αβT-cell differentiation, adapted from Aifantis et al. 2008 [71]. HSC,
hematopoietic stem cell; MPP, multipotent progenitor; CLP, common lymphoid progenitor; DN,
double negative; DP, double positive; SP, single positive; ETP, early T-cell precursor; TCR, T-cell
receptor. Cells drawn by Amnah Azeem.

In the event of β selection, the transition from the DN2 to the DN3 stage is
marked by a complete commitment to the T-cell lineage, loss of CD44
expression, and by the emergence of the constitutively active pre-TCR complex
composed of a fully rearranged TCRβ, a pre-TCRα chain, and CD3 protein.
Here, Notch1 signaling is induced considerably, which in turn results in
increased cellular proliferation and progression to the DN4 stage of
differentiation, which is marked by a loss of CD25 expression. The double
positive (DP) stage is achieved by the up-regulation of both CD4 and CD8 cell
surface markers along with the expression of CD1a marker. It is during the DP
stage that pre-TCR complex is replaced with fully rearranged and functional
αβTCR [73].
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For DP thymocytes to progress to single positive (SP) CD4 or CD8 stages, they
must pass positive selection, which is based on the capacity of the DP
thymocytes to recognize and bind to self- major histocompatibility complexes
(MHC). In the medulla, SP CD4 and SP CD8 T-cells that bind to self-antigens
MHC are subjected to negative selection and the surviving, fully combative and
self-tolerant CD4+ (helper) or CD8+ (cytotoxic) αβTCR expressing T cells are
ready to embark on their journey towards secondary lymphoid organs [73].

Molecular Genetics of T-ALL
The multistep leukemic transformation of thymocytes results from a wide
gamut of genetic aberrations that perturb the precision of normal T-cell
development and provoke an uncontrollable, undifferentiated and clonal
expansion of immature blast cells. These oncogenic genetic lesions affect
signaling pathways implicated in the regulation of cellular growth,
proliferation, survival, and differentiation. The most prominent oncogenic
molecular events leading to T-cell transformation in T-ALL are described
below.

Chromosomal aberrations
(i) Translocations
Chromosomal translocations and rearrangements are observed in ~70% of TALL patients [6]. In 20-50% T-ALL cases, translocations involve strong
promoter or enhancer elements of one of the TCR gene loci, namely TCRα/δ
(located on chromosome region 14q11), TCRγ (located at 7p14) and TCRβ
(located at 7q34), juxtaposed to a transcription factor oncogene [71, 76]. These
aberrant translocations, which subsequently result in deregulated expression of
oncogenes, are a consequence of illegitimate recombination mediated by an
erroneous V(D)J recombinase machinery [77, 78]. The most common partners of
TCR-associated translocations in T-ALL are members of the (i) basic helix-loophelix (bHLH) family (TAL1, TAL2, LYL1, and OLIG2), (ii) LIM-only domain
family (LMO1, LMO2), and (iii) homeobox domain containing family (TLX1,
TLX3, NKX2-1, NKX2-2, HOXA9 and HOXA10) [14, 71, 78, 79]. These
transcription factors are implicated in normal T cell development and their
ectopic expression profiles have been identified as critical events in driving
thymocyte transformation [80].
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(ii) Fusion genes
Chromosomal translocations that do not involve the TCR gene loci are also
frequent in T-ALL. These translocations generate chimeric, fusion proteins that
have oncogenic properties. In 12-25% of pediatric T-ALL patients, a cryptic
interstitial ~90 kb deletion in chromosome region 1p23, generates the STILTAL1 fusion gene. This intrachromosomal deletion brings the TAL1 reading
frame under the direct control of its neighbor STIL gene promoter, resulting in
aberrant overexpression of TAL1 oncogene [81-83]. Like the TCR loci associated
translocations, STIL-TAL1 fusions are also a consequence of illegitimate V(D)J
rearrangements as STIL and TAL1 breakpoints contain recognition signal
sequences (RSS)-like elements, that are mis-targeted by the recombinase
machinery [78, 84]. So far, seven TAL1 breakpoints (taldb1-7) and three STIL
breakpoints (stildb1-3) have been identified, all of which except one result in the
fusion between STIL exon 1a and TAL1 exon4, encoding a fully functional
42kDa TAL1 oncoprotein [37].
In 20% of T-ALL cases, t(5;14)(q35;q32) rearrangement juxtaposes TLX3 to
BCL11B, resulting in the overexpression of TLX3 oncogene [85]. Other recurrent
fusion transcripts include t(10;11)(p13;q14)/CALM-AF10 (8%), NUP214-ABL1
(6%) and rearrangements involving KMT2A gene that occur in 10% of T-ALL
cases [81]. Studies based on next-generation sequencing have also identified
novel fusion genes associated with T-ALL pathogenesis including ZBTB16ABL1 chimeric protein [86] and translocations involving SPI1 gene [87].
(iii) Deletions
Deregulation of cell cycle control is a recurring hallmark in T-ALL, which is
achieved by biallelic deletions of the CDKN2A locus in chromosome region
9p21. CDKN2A, deleted in ~70% of T-ALL cases, transcribes the tumor
suppressors; p16INK4A and p14ARF [88]. The p16INK4A proteins block cell cycle
progression by directly inhibiting cyclin-dependent kinases (CDK4 and CDK6)
whereas p14ARF promotes cell cycle arrest and apoptosis by inhibiting MDM2,
which is a negative regulator of p53 [79]. The loss of chromosome arm 6q is also
a frequent abnormality in T-ALL, which occurs in 12% of T-ALL patients [89]. A
recent study described the oncogenic role of 6q deletions in T-ALL by
identifying two ribosomal tumor suppressor genes inactivated by the
haploinsufficiency at the 6q locus [90].
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Genetic alterations in signaling pathways
One of the most prominent hallmarks of cancer is the deregulation of cellular
signaling cascades by lesions in proto-oncogenes and tumor suppressor genes
[91].
In T-ALL, aberrant NOTCH1 signaling occupies the center stage in the leukemic
transformation of normal thymocytes. For normal lymphoid progenitors,
NOTCH1 signaling is indispensable during T-cell development as the activation
of the signaling cascade promotes commitment to the T-cell lineage as well as
cell growth and proliferation. The NOTCH1 transmembrane receptor is
expressed on the surface membrane of these uncommitted lymphoid precursors
amidst thymic epithelial cells that express NOTCH1 receptor ligands, namely
delta-like ligands (DLL1, DLL2, DLL4), Jagged 1 and Jagged 2. Upon ligand
interaction, the extracellular domains of the NOTCH1 receptor are cleaved by a
metalloprotease, ADAM10 and followed by transmembrane cleavage by γsecretase complex. Post cleavage, the intracellular active part of NOTCH1,
ICN1, dissociates and translocates into the nucleus where it regulates the
transcription of downstream target genes. This activated NOTCH1, ICN1,
contains proline glutamate, serine, and threonine (PEST) domain, which is
recognized by FBXW7 protein. Upon binding to the PEST domain, FBXW7
terminates ICN1 activity by proteasomal degradation, causing the negative
regulation of NOTCH1 activity [92].
NOTCH1 gain-of-function mutations occur in more than 60% of T-ALL cases
[79]. These mutations either result in a ligand-independent, constitutively active
NOTCH1 receptor or disrupt the negative regulation by truncating the PEST
domain. Moreover, FBWX7 is mutated in 8-30%T-ALLs, impairing the tumor
suppressor function of FBXW7 and hence, disrupting the negative regulation of
NOTCH1 [79, 88]. MYC, a target of NOTCH1, is also activated in NOTCH1
mutated leukemias and is known to enhance NOTCH1 transcriptional program
to elicit uncontrolled proliferation and survival [79, 93].
NOTCH1 activation also negatively regulates PTEN, through the activity of
MYC and HES1, another downstream target of NOTCH1 [94, 95]. The tumor
suppressor, PTEN is implicated in the phosphoinositide 3-kinases-AKTmammalian target of rapamycin (PI3K-AKT-mTOR) pathway, which is
essential for normal cellular growth and survival. PTEN deletions or loss-offunction mutations occur in 10-15% T-ALLs, causing the aberrant activation of
the oncogenic PI3K-AKT-mTOR pathway [96, 97].
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Activation of the JAK-STAT signaling cascade by the cytokine receptor, IL-7R is
required to promote cellular proliferation and cell cycle progression in early T
cell progenitors. Binding of interleukin 7 to IL-7R unleashes Janus kinases, JAK1
and JAK2 through transphosphorylation. The activated JAK1 and JAK2
phosphorylate and activate the transcription factor STAT5, which dimerizes
and translocates to the nucleus to confer transcriptional regulation of
downstream target genes that include anti-apoptotic BCL2 [74, 98]. In T-ALL,
activating mutations of oncogenes IL-7R, JAK1, JAK2 and STAT5 occur in ~30%
of T-ALL cases [98]. The constitutively active NUP214-ABL1 tyrosine kinase
also supplements the oncogenic activation of JAK-STAT pathway as well as the
RAS-MAPK pathway [98]. RAS-MAPK oncogenic pathway is further activated
in T-ALL as a consequence of mutations in RAS proteins, namely, H-RAS and
K-RAS, which occur in ~10% of T-ALL cases [79].

Modifications in epigenetic regulators
An important hallmark of tumorigenesis is compromised epigenetic machinery,
encompassing regulators of chromatin remodeling, histone modifications and
DNA methylation (described in Section 3). PHF6, a factor implicated in
chromatin remodeling, is inactivated by mutations and loss-of-function
deletions in 16% of male childhood T-ALL patients [99]. The polycomb
repressor complex 2 (PRC2; described in Section 3), composed of EZH2, EED
and SUZ12 transcriptional repressors, is disrupted in 25% T-ALL by loss-offunction mutations [79, 100, 101] while the histone demethylase, KDM6A
(UTX), is mutated in ~15% of T-ALLs [79]. KMT2A, the perpetrator of the
recurrent KMT2A rearrangements in T-ALL, has H3K4 methyltransferase
properties and regulates activation of transcription [23]. KMT2A
rearrangements are known to be associated with ectopic expression of HOXA
genes in T-ALL [102, 103]. Mutations in DNA methyltransferases, namely
DNMT3A, are more recurrent in adult T-ALL, occurring in 18% of patients and
are associated with arrest at the early immature stage of thymocyte
development [101, 104]. The DNMT3A mutational hotspot, arginine 882 (R882)
is recurrent in both T-ALL and acute myeloid leukemia (AML) and is correlated
with decreased methyltransferases activity [101].

Aberrant gene expression profiles
Studies based on gene expression profiling have identified T-ALL molecular
subgroups each characterized by ectopic expression of oncogenic transcription
factors [80, 88, 103, 105]. These molecular subgroups have distinct gene
expression signatures and are associated with different maturation stages in T-
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cell development (Figure 4) [80, 103, 105]. The largest T-ALL molecular
subgroup is defined by the ectopic expression of TAL1 and is correlated with
the immunophenotype characterizing mature, late cortical double positive
thymocytes (Figure 4) [80]. T-ALLs derived from early cortical thymocytes
(CD4+ CD8+ and CD1a+) are associated with ectopic expression of TLX1, TLX3,
and NKX2-1 transcription factors [80, 105]. T-ALL subgroup associated with
overexpression of LYL1 [80, 103] and MEF2C [105] have blast cells arrested at
the immature double negative thymocyte stage and resemble the early T cell
progenitor (ETP) phenotype [106].

Figure 4. T-ALL molecular subtypes correlating with differentiation arrest in specific
thymocyte development stages and association of subtypes with T-ALL mutational
landscape, adapted from Ferrando et al. 2002 [80], Belver et al. 2016 [79] and Soulier et
al. 2005 [103]. Cells drawn by Amnah Azeem.

TAL1 expression is crucial for normal hematopoiesis and is specifically
important for lineage commitment in several hematopoietic cells [83]. TAL1
expression is silenced during normal lymphocyte development, however, in
60% of T-ALLs TAL1 is ectopically overexpressed. Chromosomal aberrations
known to overexpress TAL1 in T-ALL include STIL-TAL1 fusion (in ~30%
TAL1+ T-ALLs) [82], and t(1;14)(p23;q11) translocation (in ~5% TAL1+ T-ALLs)
[107]. A recently uncovered mechanism for TAL1 overexpression is the
submicroscopic insertion upstream of TAL1 transcription start site, generating a

19

de novo binding site for MYB transcription factor [108, 109]. Upon binding of
this de novo regulatory motif by MYB, the existing repressive histone mark,
H3K27me3 upstream of the silent TAL1 is replaced by the open chromatin mark
H3K27ac, resulting in monoallelic overexpression of TAL1 [108, 109].
In T-ALL, TAL1 sequesters the transcription of E-proteins by forming
repressive complexes with LMO1 and LMO2 [88]. This repression of tumor
suppressor E-proteins, such as RAG1, RAG2, and PTCRA, disrupts the normal
T-cell differentiation pathways [83]. TAL1 also forms a positive auto-regulatory
circuit with other transcription factors namely GATA3, RUNX1, and MYB,
thereby targeting a number of cellular pathways that affect proliferation,
survival, differentiation and genomic instability [110].
HOX transcription factors that are frequently overexpressed in T-ALL include
TLX1, TLX3, NKX2-1, HOXA9, and HOXA10. In 5-10% of pediatric T-ALL,
TLX1 is overexpressed as a consequence of translocations with the TCRA/D
loci while TLX3 expressing pediatric T-ALLs are associated with the
t(5;14)(q35;q32) translocation [79]. TLX1 and TLX3 positive T-ALLs have
overlapping gene expression profiles and are frequently associated with loss-offunction mutations in PTPN2, WT1, PHF6 and BCL11B [99, 111-113]. NKX2-1 is
overexpressed in 5% T-ALLs by translocations with TCR loci and share gene
expression profiles with TLX1 and TLX3 [105]. HOXA9 and HOXA10 are
deregulated in 3% T-ALLs harboring translocations with TCRB and TCRG loci
[103]. Overexpression of HOXA genes is associated with ETP-ALLs and in TALLs expressing KMT2A-MLLT1, CALM-AF10 or SET-NUP214 fusion proteins
[79].
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Epigenetics & DNA Methylation
Epigenetics
The simplicity of the “central dogma” in molecular biology was challenged by
the emergence of epigenetics, a termed coined by Conrad Waddington in the
early 1940s. Even though the definition of epigenetics has evolved since its
conception, it can still be broadly described as the change in gene expression
without altering the underlying genetic sequence, with the change being stable
through mitotic and meiotic divisions. It is through the intricate epigenetic
mechanisms that a diverse array of phenotypes are derived from a single
genotype [114].

Epigenetic
complexes

mechanisms,

Histone

modifications

and

Polycomb

DNA compaction in the nucleus is achieved by DNA double helix strands (147
base pairs long) wrapped around octamers, which are composed of 4 histone
protein dimers (2 of each H2A, H2B, H3 and H4). These formations are called
nucleosomes and are separated by a 20 base pairs long linker DNA bound by
another histone protein, H1. Further folding of nucleosomes form the chromatin
fibers, which condense and coil to create the higher order chromosome
structures. Epigenetic alterations can render accessibility to genes for
transcription factors by modulating the chromosome configuration. The
chromatin can exist as transcriptionally silent, tightly wound heterochromatin
or as transcriptionally active, loosely coiled euchromatin (Figure 5). It is by the
interplay of epigenetic mechanisms, namely DNA methylation (described
below) and histone post-translational modifications, that chromatin states are
altered to regulate gene expression [115].
The configuration of chromatin states and DNA-chromatin interactions are
greatly affected by chemical modifications of histones, mostly by acetylation or
methylation of lysine residues at the N-terminal tails. Histone post-translational
modifications, namely H3K27ac, H3K4me3 and H3K14ac are associated with
active transcription whereas H3K27me3 and H3K9me3 marks are present on
transcriptionally silent gene promoters [116].
Trithorax group (TrxG) and Polycomb group (PcG) of proteins mediate the
chromatin configuration and consequent transcriptional regulation. These
proteins catalyze histone tail modifications and are essential for cellular
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differentiation and cell-fate decisions. The TrxG proteins are transcriptionactivating complexes that deposit the H3K4me3 or H3K36me3 mark on
transcriptionally active genes. In contrast, the PcG proteins occur in two
repressive protein complexes, known as PRC1 and PRC2. The PRC2 complex
catalyzes the methylation of H3K27 and is composed of several proteins
including enhancer of zeste 2 (EZH2), embryonic ectoderm development (EED)
and suppressor of zeste 12 (SUZ12) proteins. Canonical PRC1 is constituted of
H3K27me3-readers, e.g. the CBX proteins, along with a PCGF, RING1 and HPH
protein. Chromatin compaction upon PRC1 and PRC2 binding, especially at the
transcriptional start sites (TSS), renders the accessibility of transcription factors
and interferes with the activity of RNA Pol II and nucleosome remodelers,
SWI/SNF [116-118].

Figure 5. Schematic representation of prominent epigenetic mechanisms, DNA methylation and
histone tail modifications.
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DNA Methylation
DNA methylation is one of the most extensively studied epigenetic
mechanisms, characterized by the covalent addition of a methyl group at the 5carbon position of cytosine residue (5mC) that directly precedes guanine,
forming the CpG dinucleotide [119]. DNA methylation is catalyzed by the
action of DNA methyltransferases, DNMT1, DNMT3A and DNMT3B. DNA
methylation patterns are maintained by the action of DNMT1, which recognizes
and restores complete methylation of hemimethylated CpG sites on the
daughter strand after semi-conservative replication. DNMT3A and DNMT3B
enzymes methylate previously unmethylated CpGs, thereby administering de
novo methylation (Figure 6). Recruitment of DNMT3A and DNMT3B for de novo
methylation of target loci are mediated by DNMT3L, which escorts the de novo
DNA methyltransferases to inactive promoters that are enriched with the
repressive unmethylated H3K4 mark [120, 121]. DNA demethylation is a
dynamic, active process mediated by ten-eleven translocation protein (TET1-3)
that successively oxidize 5mC to 5-hydroxymethylcytosine (5-hmC), 5formylcytosine and finally to 5-carboxycytosine (Figure 6) [122].
Single base-resolution DNA methylation profiling by genome-wide methylation
arrays and next-generation sequencing, has led to great advancements in
illustrating the distribution of methylated and unmethylated CpG sites in the
human genome [123]. Majority of CpG dinucleotides (~80%) in the mammalian
genome are methylated and are mostly located in the satellite DNA sequences,
intergenic DNA, and transposable repetitive elements, such as long
interspersed nuclear elements (LINEs), short interspersed nuclear elements
(SINEs) and long terminal repeats (LTRs) [121, 124]. Hypermethylation at these
sequences contributes to the genomic stability by protecting them against the
detrimental transposon activity. This global hypermethylation also explains the
lower-than-expected frequency of CpG dinucleotides in the genome, as
methylated cytosine residues are prone to spontaneous deamination and are
readily converted to thymine over time.
Unmethylated genomic regions are enriched in CpG islands (CGI) that are 1-2
kb long sequences with a higher-than-expected frequency of CpG sites. DNA
methylation status of CGIs and the regions flanking CGIs (CpG shores) located
within the promoter and other regulatory regions, strongly correlates with
transcription of the downstream gene. Around 75% of promoters in mammalian
cells are within CpG islands (CGI), and unmethylated CGIs at transcriptional
start sites (TSS) correlate with open chromatin configuration and active
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transcriptional state of the downstream gene [122, 123]. Some mechanisms have
been reported that maintain the unmethylated state of CGIs and protect them
from de novo DNA methylation. CXXC-domain-containing proteins, namely
FBXL10 and Cfp1, bind to unmethylated CpGs in CGIs and recruit H3K4
methyltransferases which deposit the active histone mark, DNMT3B [124].
Long-term stable gene silencing, as in imprinted loci and X-chromosome
inactivation in females, is associated with hypermethylated CGIs. In some
promoters, transcriptional repression by DNA methylated CpG sites can be
caused by the steric hindrance of transcription factor binding by the presence of
methyl group in target motifs. Another mechanism is the recruitment of
methylated-CpG readers, namely methyl-CpG binding protein complex
(MeCP2) and methyl-CpG binding domain (MBD) proteins, which are
associated with repressive chromatin alterations [121, 124].

Figure 6. De novo methylation, maintenance methylation & demethylation processes: De novo
methyltransferase enzymes, DNMT3A/B, catalyze methylation of previously unmethylated
strands while maintenance methyltransferase DNMT1 ensures DNA methylation patterns are
preserved through semi-conservative DNA replication. Adapted from Li et al. 2014 [124].
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DNA Methylation Landscapes in Normal Hematopoiesis
Finely regulated epigenetic mechanisms are crucial for governing normal cell
development, cell-fate decisions and lineage commitment. A dynamic interplay
of gene expression changes, developmental signaling pathways and distinct
DNA methylation patterns are all known to steer the hierarchical, clonal
process of hematopoiesis, where a common hematopoietic stem cell (HSC) gives
rise to a multitude of mature, differentiated blood cells committed to their
destined lineage. Hematopoiesis is accompanied by high DNA methylation
plasticity especially during lineage-specification and a defined DNA
methylation signature is correlated to lineage as well as maturation or
developmental stage of cells [125].
In the initial stages of embryogenesis, DNA methylation patterns are erased in
the zygote before implantation except for the allele-specific DNA methylation at
imprinted centers. Upon implantation, there is a dramatic surge in bimodal de
novo methylation where the transposon and repeated DNA elements become
methylated and CpG islands remain unmethylated. Pluripotency of embryonic
stem cells (ESC) is compromised following post-implantation by de novo DNA
methylation of pluripotency genes such as Nanog and Oct-3/4 which are
subsequently inactivated. Generally, the promoters of the pluripotency genes
are enriched with “bivalent” domain, i.e. domains co-occupied by active
H3K4me3 and repressive H3K27me3 marks. These bivalent domains maintain
pluripotency by keeping critical developmental genes in a transiently repressive
state, which can be epigenetically switched to a fully active state upon lineageand differentiation-specific signaling [125].
Exploratory studies have delineated the dynamics of DNA methylation by
genome-wide methylation profiling of sorted hematopoietic cells corresponding
to the different lineage and maturation stage compartments in the
hematopoietic differentiation cascade [126-128]. These studies commonly show
the significant overlap of regions undergoing DNA methylation changes with
regions enriched for lineage-specific transcription-factor binding sites. This
indicates that DNA methylation orchestrates the differentiation routes by
regulating the activation and repression of lineage-specific transcriptional
programs. For instance, in cells committed for the lymphoid lineage, there is a
prevalent gain of methylation in binding sites for myeloid, erythroid or
megakaryocytic transcription factors such as TAL1, GATA2 or PU.1 [129]. This
prevents the activation of myeloid, erythroid or megakaryocytic transcriptional
programs in cells destined for the lymphoid fate. In contrast, cells committed to
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the T-cell lineage showed hypomethylation and subsequent transcriptional
activation of LCK that regulates T-cell receptor signaling [127].

Aberrant DNA Methylation in Acute Lymphoblastic Leukemias
Considering the significant role of DNA methylation in regulating cellular
differentiation and lineage commitment, a perturbed DNA methylation
landscape is not an unanticipated hallmark of cancer. A number of
malignancies, including hematological neoplasms, are associated with global
hypomethylation, and loci-specific CGI promoter hypermethylation, that leads
to genomic instability and silencing of tumor suppressor genes, respectively
[130]. These disease-associated ectopic DNA methylation profiles more
frequently, succeed a “first-hit” genomic mutation or event, delivering the
“second-hit” to maintain tumor progression [131] (The second hit of DNA
methylation).
In precursor lymphoid neoplasms namely acute lymphoblastic leukemia,
numerous studies have shown aberrant DNA methylation patterns, both in
targeted loci and in a genome-wide setting. Based on approaches that analyze
methylation levels at targeted sites, promoter hypermethylation in tumor
suppressor genes, such as CDKN2A/CDKN2B, C/EBPA, PAX5, FHIT and ABL1,
was shown to be associated with prognostic outcome and cytogenetic
subgroups in ALL [132-134].
With the advent of technologies interrogating DNA methylation profiles at a
genome-wide scale, alterations of the DNA methylation landscape in leukemia
have been studied extensively [135]. Array-based studies have shown that ALL
methylome is characterized by higher methylation in CGIs, compared to normal
reference T- or B-cells. This de novo hypermethylation occurs mainly in
“bivalent” promoters that are simultaneously occupied by active and repressive
histone marks in embryonic stem cells [131, 135]. These promoters are targets
for polycomb repressive machinery and are usually upstream of lineagecommitment genes, imperative for stabilizing normal cell differentiation and
development, which are the typical processes impaired in leukemias [136, 137].
As currently used methylation arrays target mainly CGIs, there is limited
understanding of global DNA methylation dynamics in array-based studies.
NGS-based techniques for interrogating genome-wide methylation patterns
have circumvented the coverage bias present in arrays. A study based on whole
genome bisulfite sequencing (WGBS) in two BCP-ALL patients of varying
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cytogenetic subtypes (High hyperdiploidy and ETV6-RUNX1) showed
increased CGI methylation in ALL compared to the normal B-cells [138]. In
addition, they also reported significant genome-wide hypomethylation in
leukemic cells, specifically in the hyperdiploid ALL patient that had 4.4% lower
overall methylation than the normal B-cells [138].

DNA methylation profiling in acute lymphoblastic leukemias
DNA methylation profiling in ALL patients has unveiled a number of specific
signatures that are associated with cytogenetic subtypes [138-141], genomic
alterations [140, 142] and/or prognostic relevance [136, 137, 140, 141, 143]. DNA
methylation-based heterogeneity has been observed in various solid cancers
[144, 145] as well as in myeloid leukemias [146] and reflects biological
differences that may have prognostic and therapeutic implications.
PCR-based DNA methylation profiling identified specific DNA methylation
signatures associated with ALL cytogenetic subtypes and these subtype-specific
DNA methylation profiles were accompanied by concordant transcriptomic
profiles [140]. Considering the unique methylation signatures associated with
cytogenetic subgroups in ALL, a methylation-based classifier has also been
developed by profiling >500 primary ALL diagnostic samples using genomewide methylation arrays [139]. This classifier, composed of 246 CpG sites, can
predict the well-characterized cytogenetic subtype of ALL including
hyperdiploidy, ETV6-RUNX1, KMT2A-r, TCF3-PBX1, dic(9;20), BCR-ABL1,
iAMP21, hypodiploidy and T-ALL [139]. ALL with recurrent KMT2A-r is
highly correlated with a distinct DNA methylation signature, which is
divergent from other ALL subtypes and is heterogeneous within the subgroup
as well [147]. This intra-subgroup heterogeneity is dependent on the fusion
partner that translocates with KMT2A [147]. Considering the histone
methyltransferase activity of KMT2A, profound DNA methylation aberrations
and chromatin remodeling is not an unexpected consequence of KMT2A
translocations in leukemia. This overall correlation of cytogenetic subgroups
and DNA methylation patterns indicates an interplay between genetics and
epigenetics.
DNA methylation landscapes have further been studied as prognostic
biomarkers in various cancers including hematological malignancies [140, 144146]. To describe the hypermethylated feature associated with a distinct
colorectal cancer subtype, the term CpG Island Methylator Phenotype (CIMP)
was introduced [148]. Since then, the term has been explicitly used to define
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different DNA methylation signatures identified in several malignances and
therefore, it lacks a universal definition. Similar to other hematological
malignancies and solid cancers, DNA methylation signatures with prognostic
relevance in ALL have been described in a few studies [136, 137, 140, 143].
However, to this date, no particular consensus has been established based on
these studies as they represent minimal overlap of CpG loci in their outcome
predicting models.
Borssén et al. [137] identified a CpG Island Methylator Phenotype (CIMP) in
pediatric T-ALL using genome-wide DNA methylation array analysis. CIMP
profile, defined by methylation levels in 1347 CpG sites, divided diagnostic
patient samples as either CIMP+ (high methylated) or CIMP- (low methylated).
CIMP- T-ALLs had the worst outcome with an estimated 5-year event-free
survival (EFS5yr) at 36% compared to 86% EFS5yr in CIMP+ subgroup [137]. This
CIMP profile, corresponding to 1038 genes, was enriched in polycomb targets,
and therefore depicted non-random DNA methylation differences between the
subgroups [137]. CIMP profiling has shown promising prognostic value in
pediatric T-ALL, however, the findings need to be reproduced and validated in
a larger, separate cohort before they can be considered for inclusion in future
therapeutic strategies. Also, to explore the practicality of targeted epigenetic
therapy in CIMP classified pediatric T-ALL, the biological mechanisms
underlying these distinct DNA methylation phenotypes need to be resolved.
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Aims
General Aim
Despite the dramatic improvements in the survival of pediatric ALL/LBL
patients, relapse is still frequent and has an inferior outcome. Moreover,
precursor lymphoid neoplasms, particularly T-ALL and T-LBL, have few
prognostic and treatment stratifying markers, which results in all patients
enrolled in high intensive treatment programs. The overall aim of the thesis was
to study DNA methylation signatures as candidate prognostic markers in
precursor lymphoid neoplasms and to investigate biological mechanisms that
characterize the distinct methylation phenotypes in these hematological
malignancies.

Specific Aims
Paper I
To validate the prognostic significance of DNA methylation-based CIMP
profiling in a Nordic cohort of pediatric T-ALL patients, both, as an
independent stratifier and in combination with MRD status at day 29.

Paper II
To evaluate the prognostic significance of T-ALL trained CIMP profiling in
pediatric BCP-ALL patients, both at primary diagnosis and after relapse.

Paper III
To investigate the biology behind CIMP subgroups in pediatric T-ALL by an
integrated methylomic, transcriptomic and genomic analysis.

Paper IV
To validate the presence of distinct CIMP profiles in T-LBL and adult T-ALL as
well as to identify DNA methylation and genetic differences between T-ALL
and T-LBL.
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Materials and Methods
Patient and Reference Materials
For all patient material analyzed in this thesis, informed consent from patients
and/or guardians was obtained in accordance with the Declaration of Helsinki
and regional and/or national ethics committee approved the studies.

T-ALL patients (Paper I, III & IV)
From 2008 to 2013, a total of 113 pediatric T-ALL patients (1-17 years of age)
were diagnosed and treated in the Nordic countries (Sweden, Finland, Iceland,
Lithuania and Norway) according to the combined NOPHO ALL 2008 protocol
[33]. Diagnostic bone marrow or peripheral blood samples of 65 patients and 3
remission samples (<5% blasts in the bone marrow) were retrieved from the
NOPHO biobank in Uppsala, Sweden.
Pediatric T-ALL diagnosis was based on morphological analysis and
immunophenotypic analysis by flow cytometry of bone marrow aspirates or
biopsies [33]. Clinical and follow-up data, including age at diagnosis, WBC,
EGIL immunophenotype classification, ETP status and MRD at day 29
(MRDday29), was retrieved from the NOPHO registry in May 2015. MRD
measurements were available for 61 patients and were quantified either by PCR
analysis of clonal TCR rearrangements (n=41) or by flow cytometry (n=20).
Immunophenotypic classification of pediatric T-ALL patients was based on
EGIL classification [10], and ETP status was based on the presence of HSC and
myeloid markers [12].
For paper IV, genomic DNA of 12 adult T-ALL patients (age >18 years),
extracted from diagnostic bone marrow samples, was obtained from the
Biobanken Norr.

Pediatric BCP-ALL patients (Paper II)
Paper II included 601 Nordic pediatric BCP-ALL patients (aged 1-17 years),
diagnosed between 1996-2008 and treated with the NOPHO ALL 1992 and 2000
protocols [149]. The diagnosis was based on morphology and
immunophenotype followed by cytogenetic characterization of the malignant
clone using fluorescent in situ hybridization (FISH), G-band indexing, flow
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cytometry or reverse transcriptase PCR. Recurrent cytogenetic aberrations
including aneuploidy, iAMP21, dic(9;20), KMT2A rearrangements and
translocations namely ETV6-RUNX1, TCF3-PBX1, and BCR-ABL1 were
reported. Risk classification of patients at initial diagnosis was based on
immunophenotype, cytogenetic aberrations, CNS involvement, WBC and
response to induction therapy as described previously [149, 150].
Clinical follow-up data was retrieved from NOPHO leukemia registry on June
2016 with the mean follow up of 115 months. The 601 diagnostic BCP-ALL
samples and 23 relapsed BCP-ALL samples were previously analyzed by
Illumina HumanMethylation450K array and DNA methylation data was
retrieved from the GEO repository (accession number GSE49031) [136].

T-LBL patients (Paper IV)
Diagnostic DNA samples from 7 adult (age>18 years) and 8 pediatric (age<18
years) T-cell acute lymphoblastic lymphoma (T-LBL) patients were collected
from Biobanken Norr, Sweden. The diagnosis was based on morphology,
cytogenetics and immunophenotype analysis and patients were classified as TLBL according to WHO guidelines [8].

Control samples (Paper I, III & IV)
Publicly available DNA methylation data of (i) sorted CD3+ T-cells (n=3) and
CD34+/CD38- HSCs (n=3) from healthy bone marrow tissues (GSE49618) [151],
(ii) peripheral blood samples from 78 healthy children (GSE36064) [152], and
(iii) normal bone marrow (n=7) and lymph node (n=5) tissues (GSE50192) [153]
were retrieved from GEO database and used as reference samples.
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DNA Methylation Analyses
Bisulfite conversion (Paper I, III & IV)
Bisulfite conversion of DNA is a prerequisite for many techniques that analyze
DNA methylation at single-base resolution. Treatment of denatured, singlestranded DNA with sodium bisulfite deaminates unmethylated cytosine
residues to uracil while 5-methylcytosines (5-mC) are unaltered. Upon PCR
amplification, uracil residues are replaced by thymines and a methylationspecific polymorphism is introduced in the resulting amplicon, which can be
quantified by downstream interrogative analysis (Figure 7).

Figure 7. Schematic describing the principle of bisulfite conversion. Sodium bisulfite treatment
changes unmethylated CpGs into Uracil, while methylated CpGs remain as Cytosine. Bisulfiteconverted Uracil residues are then amplified as Thymine in the subsequent PCR.

Genome-wide methylation array analysis (Paper I- IV)
A frequently used method for detecting DNA methylation at single-CpG site
resolution is genome-wide hybridization microarrays. We used Infinium®
Human Methylation 450K BeadChip (HumMeth450K) arrays (Illumina, San
Diego, CA, USA) to interrogate DNA methylation landscapes in bisulfite
converted DNA samples.
The main principle of the methylation arrays is to quantify the methylationdependent cytosine/thymine polymorphism introduced by the prior bisulfite
conversion of sample DNA. The HumMeth450K arrays analyze methylation
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levels at 485 764 CpG sites, out of which 41% are located in gene promoter
regions namely exon 1, 5’ untranslated regions (5’UTRs), and within 200bp
(TSS200) or 1500bp (TSS1500) upstream from the transcription start site (TSS)
(Figure 8). The remainder is located within intergenic regions, gene bodies and
3’UTRs. Based on the context of CpG content, the array coverage is composed of
30.9% CpG islands (CGIs), 23% CpG shores (up to 2kb apart from CGIs), 9.7%
CpG shelves (2-4kb apart from CGIs) and 36.3% isolated “open sea” CpGs [154].
The HumMethy450K array, unlike its predecessor 27K methylation array, is
comprised of two different chemical assays, namely Infinium I and Infinium II.
The Infinium I assay employs two probe types, one for each, unmethylated and
methylated allele whereas Infinium II technology uses one probe for both
methylated and unmethylated alleles and the methylation state is determined
after base extension step.

Figure 8. Coverage of gene-centric regions and CpG island
regions represented on the HumMeth450K arrays.
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For DNA methylation array analysis, the bisulfite converted DNA was whole
genome-amplified by random hexamer priming after which the amplified
products were fragmented, purified and denatured. The single strands were
then hybridized on to a beadchip where single-base extension with haptenlabeled ddNTPs was performed. The beadchips were then scanned using the
HiScan instrument (Illumina). Raw data containing fluorescent signal intensities
were extracted using GenomeStudio (Illumina). DNA methylation level of each
CpG site was given as average beta (avg.β) value, ranging from 0
(unmethylated) to 1 (fully methylated), and corresponding to the ratio of signal
intensity of the methylated probe to the total signal (sum of methylated and
unmethylated signal intensity). Preprocessing, including normalization and
filtration, was performed using R.
Before downstream methylation analysis, problematic probes namely i) probes
with detection p-value<0.05, ii) probes aligning to multiple loci, and iii) close
proximity (≤3bp away) to a known single nucleotide polymorphism (SNP),
were filtered out. Additionally, probes mapping to X and Y chromosomes were
also filtered out to evade gender bias. To adjust for the bias introduced by the
different bead types in HumMeth450K arrays, raw methylation data was
normalized using Beta Mixture Quantile Normalization (BMIQ) [155] method.
We used normalized and filtered DNA methylation data for the following
applications:
(i) CIMP classification (Paper I-IV)
CpG Island Methylator Phenotype (CIMP) panel was developed previously in a
separate cohort of pediatric T-ALL patients, using the 27K methylation arrays
[137]. This panel consisted of 1347 CpG sites that were the most variable
(standard deviation ≥0.3) within the T-ALL patient cohort [137].
T-ALL, T-LBL and pediatric BCP-ALL patients, analyzed by the HumMeth450K
arrays, were classified based on the T-ALL trained CIMP panel [137] which was
modified and reduced to contain 1293 CpG sites. This modification was because
some probes on the 27K arrays were absent from the updated 450K arrays and
because some were filtered out as they were in close proximity to a known SNP
or aligned to multiple loci.
To CIMP classify samples independent of clustering analysis, a threshold based
on the percentage of methylated (avg. β >0.4) CpG sites in the 1293 CIMP panel
(simplified as “CIMP methylation” in this thesis) was established. For T-ALL
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and T-LBL, patients with ≤40% CIMP methylation were classified as CIMPwhereas patients with >40% methylated CpGs in the CIMP panel were
classified as CIMP+. This threshold of 40% CIMP methylation was established
in Paper I to best represent hierarchical sample clusters [137] with the most
discriminating prognosis.
In pediatric BCP-ALL patients (Paper II), the threshold for CIMP classification
(40% CIMP methylation) was reduced to 25%, since almost 1/3 of the 1293
CIMP panel had little to no variation between BCP-ALL patients (Figure 10 in
the Results section).
(ii) Differential Methylation Analysis (Paper I, III & IV)
In paper III, differential methylation analysis was performed between pediatric
T-ALL (n=65) and normal sorted CD34+ cells to identify global de novo
methylation alterations in T-ALL. After normalization and filtration, delta beta
(Δβ) values of a total of 446 368 CpG sites were calculated for each T-ALL
sample using publicly available methylation data of sorted CD34+ cells as
reference. CpG sites with Δβ ≥0.4 were regarded as hypermethylated while Δβ
<0.4 were classified as hypomethylated sites in T-ALL.
In Paper IV, differential methylation analysis between T-ALL and T-LBL was
performed using ChAMP bioconductor package version 2.8.9 with default
parameters. Normalized, filtered and batch-effect corrected methylation data of
promoter-associated CpG sites (mapping up to 1500 bp upstream from the
transcription start site) was extracted for 77 T-ALL (65 pediatric and 12 adult)
and 15 T-LBL (8 pediatric and 7 adult) patients. Briefly, to avoid identifying
age-related DNA methylation differences, differential methylation analysis was
carried out firstly, between all T-ALL and T-LBL patients, secondly, between
adult T-ALL and T-LBL patients and lastly, between pediatric T-ALL and TLBL patients. From all three analysis, common differentially methylated CpG
sites (DM-CpGs), with an adjusted p-value (adj. pval) >0.05 and absolute Δβ
>0.3, were retained (n=634).
(iii) Epigenetic and mitotic age prediction (Paper III & IV)
Age-associated methylation alterations have been used to construct
mathematical models that use methylation levels at specific CpG sites to predict
biological age [156, 157]. Horvath´s multi-tissue age estimator [156], composed
of 353 CpGs, was used to predict epigenetic age (DNAm) of T-ALL and T-LBL
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patient samples. Another model, the mitotic clock, used methylation data of 385
specific CpGs to predict mitotic age in T-ALL and T-LBL patient samples [158].
(iv) Copy Number Variation Analysis (Paper III & IV)
Using Minfi R package [159] total intensities of methylation array probes were
imported to R and copy number variations (CNVs), i.e gains and deletions were
identified in T-ALL and T-LBL patient samples using the Conumee package
[160]. Complete remission samples were used as a reference and for every
sample, the threshold for identifying gains and deletions was established by
visual inspection. In Paper IV, CNV analysis was conducted in two different
genomic resolutions to identify recurrent deletions and gains in T-ALL and TLBL patients.

High Resolution Melting Analysis (Paper I & II)
HRM analysis is a PCR based melting technique that can distinguish DNA
samples based on their unique sequence-specific melting profiles. In
methylation sensitive HRM, the distinctive melting profiles are based on
methylation-dependent sequence changes introduced in the target locus by
bisulfite conversion. To determine the methylation status of the amplified loci,
the melting profiles of the loci in samples are compared with melting profiles of
methylated and unmethylated controls.
Methylation-sensitive high-resolution melting curve (HRM) analysis was used
to verify array-based DNA methylation in diagnostic T-ALL and BCP-ALL
patient samples. The HRM gene assays were designed to include candidate
CpG sites from the 1293 CIMP panel, selected on the basis of distinct variation
in methylation levels between the CIMP subgroups. Two separate HRM panels
were designed for T-ALL and BCP-ALL, each consisting of 6 target loci (100-210
bp long) that covered the selected CpG site from the array. The T-ALL HRM
panel included CpGs from EYA4, GATA4, KLF4, WNT3A, TFAP2C and IGFPB2
while the BCP-ALL panel included loci from EYA4, HOXB4, SMPDL3A,
FOXA1, ADAMTS1 and ATOH1. The annealing temperature for each primer
pair was optimized to maximize the sensitivity of the PCR reaction.
The assays were run with a standard curve prepared by mixing 100%
methylated DNA (reference DNA treated with M.SssI CpG methyltransferase
enzyme) with unmethylated DNA (from mitogen-stimulated P7/R2 primary
lymphoblast T-cell cultures) in different ratios to obtain distinct melting curves
at 0%, 33%, 66% and 100% methylation (Figure 9). For every sample, the
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methylation level at each target locus was estimated against the melting profiles
of the standard curve. HRM CIMP methylation was then calculated as the mean
of methylation levels at the 6 target loci in the respective HRM panels.

Figure 9. Normalized KLF4 melting curves: HRM methylation level of the sample
is determined by comparing the melting curve with the melting curves of
standards with known methylation levels.
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RNA Sequencing
RNA sequencing is replacing microarray technology in the latest years to
achieve base-pair-level resolution for transcriptomic studies. In addition to the
unbiased expression analysis of the transcriptome, applications of RNA
sequencing also include investigating alternative splicing, fusion detection and
mutation analysis. A typical RNA sequencing experiment entails fragmentation
of the total RNA, followed by reverse transcription to convert RNA fragments
into a cDNA library. This cDNA library is amplified to produce clusters of the
individual fragments, which are then ligated with adapters that can bind to
universal primers for sequencing using Next Generation Sequencing (NGS)
platforms.
For transcriptome analysis of 30 pediatric T-ALL patients in paper III, total
RNA was extracted by the ALLPrep DNA/RNA kit (Qiagen, Hilden, Germany)
and sent for RNA sequencing to the SNP&SEQ Technology Platform (SciLife
Laboratory, Uppsala, Sweden). RNA quality of the samples was confirmed at
the platform using Fragment AnalyserTM (Advanced Analytical Technologies,
USA).
Strand-specific sequencing libraries were prepared using the TruSeq Stranded
Total RNA kit with RiboZero-Gold treatment (Illumina) to ensure the depletion
of ribosomal RNA (rRNA) transcripts. RiboZero treatment uses biotinylated
probes to capture rRNA sequences and hybridize them onto beads. The beads
containing rRNA are pelleted and the rRNA-depleted, mRNA enriched sample
is recovered. The prepared libraries were subjected to paired-end sequencing on
HiSeq2500 (Illumina) generating 125bp long reads, with a depth of ~30 million
paired-reads per sample.
RNA-sequenced reads were used for the following applications:

(i) Differential expression analysis (Paper III)
For transcriptome expression analysis, the sequenced reads in FASTQ format
were preprocessed using the bcbio-nextgen pipeline. The preprocessing
included quality control, adapter trimming and alignment to the reference
genome (GRCH37/hg19). HTSeq was used to aggregate raw counts from reads
mapped to 57 905 features which were annotated by the biomaRt package.
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Bioconductor package DESeq2 [161] was opted for differential expression
analysis between pediatric CIMP subgroups in Paper III. DESeq2 algorithm
begins by estimating size factors by the median-by-ratio method that
normalizes gene counts for library size differences. It then estimates dispersion
parameters and uses to Wald´s negative binomial test to determine whether
genes are differentially expressed or not. The false discovery rate (FDR) is
controlled by Benjamini-Hochberg correction.
Differential expression analysis between CIMP+ T-ALL (n=18) and CIMP- TALL (n=12) samples was initiated by extracting features annotated as “protein
coding” (18692 features) from the HTSeq generated count matrix. Genes with
mean count <5 across samples were excluded to ensure that genes with little or
no expression were removed. This improves the performance of downstream
multiple testing adjustment in the differential expression analysis pipeline. By
calling the function deseq() and using CIMP- samples as the reference,
differentially expressed genes were extracted at the adjusted p-value cut-off at
0.1 (FDR 10%) and log2 fold change (LFC) >1 or <-1.

(ii) Fusion detection (Paper III)
For fusion transcript detection in 30 pediatric T-ALL patient samples,
FusionCatcher software [162] was used. In order to retain candidate fusion
genes, a series of filtration steps were performed. Briefly, dubious and false
positive fusions, i) supported by ≤4 paired-reads spanning the junction, ii)
annotated as “banned” or “healthy”, or iii) involving ribosomal genes and small
RNA were removed. Translocations between neighboring genes, such as STILTAL1 fusions, were verified by manually inspecting the junction track of BAM
files aligned to hg19 genome in Integrative Genomics Viewer (IGV).

PCR-based Methods
Relative telomere length measurement (Paper III)
Quantitative real-time PCR (qPCR) based method was used to measure relative
telomere length (RTL), as described before with some modifications [163]. RTL
values for each sample were determined by first calculating the ratio of
telomeric repeats copy number to single-copy gene (human Beta Globin)
number. This ratio in the samples was then divided by the ratio obtained by
analyzing the reference cell line CCRF-CEM, which was included in all the
runs.
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Tal1 fusion detection (Paper III)
STIL-TAL1 fusions were validated in 64 pediatric T-ALL with PCR
amplification of genomic DNA, using primers specific for the 1p32
microdeletion, resulting in the STIL-TAL1 fusion [40]. In a majority of cases with
the STIL-TAL1 fusion, a combination of the STIL breakpoint 1 (stildb1) is seen
with TAL1 breakpoint 1 (taldb1). Therefore, all samples were analyzed using a
forward primer encompassing the stildb1 and a reverse primer covering taldb1.
All except one, samples, which were positive for STIL-TAL1 fusion by RNAsequencing, were validated by PCR amplification. In the sample negative for
STIL-TAL1 fusion generated by taldb1, a different TAL1 breakpoint (taldb7) was
observed by manually investigating the fusion junction in IGV. By using a
separate set of primers [164], STIL-TAL1 fusion was validated even in the
taldb7+ sample.

Statistical Analyses
All statistical analyses were carried out in Statistical Package for the Social
Sciences software (SPSS Inc., Chicago, IL) unless otherwise stated and p-value
(p) <0.05 was considered statistically significant. Principal component analysis
(PCA) for multivariate modeling was conducted in SIMCA version 14.0
(Umetrics, Umeå, Sweden) using centrally scaled methylation or gene
expression array data (Paper IV).
Survival analyses were carried out using the Kaplan-Meier method and the
subgroups were compared using log rank test (Paper I & II). Estimates of eventfree survival (EFS), overall survival (OS) and cumulative incidence for relapse
(CIR) are given at 3 years in Paper I and at 5 years in Paper II. For overall
survival, all-cause mortality was the endpoint whereas the endpoint in CIR was
relapse. Multiple prognostic factors were analyzed using Cox´s proportional
hazard regression analysis and subsequent hazard ratios for overall survival
were estimated with 95% confidence intervals.
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Results & Discussion
DNA Methylation As A Prognostic Marker In Pediatric ALL
CIMP classification predicts relapse in pediatric T-ALL (Paper I)
The relevance of DNA methylation landscapes as prognostic markers have been
studied extensively in various cancers including hematological malignancies.
Prognostic significance of a DNA methylation CpG Island Methylator
Phenotype (CIMP) signature, was recently described in Swedish pediatric TALL patients treated with the former NOPHO ALL 1992 or 2000 protocols. This
CIMP panel was composed of 1347 CpG sites and was developed using the
predecessor of HumMeth450K arrays, the 27K methylation array [137].
To validate the prognostic value of CIMP profiling in the contemporary clinical
setting, DNA methylation analysis using HumMeth450K arrays was performed
in 65 out of 113 pediatric T-ALL patients, diagnosed between 2008 and 2013 in
the Nordic countries and treated with the NOPHO ALL2008 protocol [33]. The
analyzed and unanalyzed cohorts did not differ significantly in gender ratio,
age distribution, or outcome with an estimated 3-year overall survival (pOS3yr)
of 79% in both cohorts.
We used a reduced version (containing 1293 CpG sites) of the previously
defined CIMP panel [137], to classify the 65 T-ALL patients into either CIMP
low (CIMP-) or CIMP high (CIMP+) subgroup. Of the 65 analyzed T-ALL
samples, 25 (38.5%) were categorized as CIMP- (≤40% CIMP methylation) and
40 (61.5%) were categorized as CIMP+ (>40% CIMP methylation). Despite the
short follow-up time of 3 years from diagnosis, CIMP classification of T-ALL
patients had significantly strong prognostic relevance. The CIMP- subgroup
had an inferior prognosis with a cumulative incidence of relapse (pCIR3yr) of
29% while CIMP+ subgroup had a pCIR3yr of 6% (p=0.01).
This validated the prognostic impact of CIMP classification in an independent
cohort of pediatric T-ALL and verified the poor survival of CIMP- classified
patients as compared to CIMP+ patients.
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CIMP classification improves prognostic value of MRD in pediatric TALL (Paper I)
The updated NOPHO ALL2008 protocol includes MRD at day 29 (MRDday29)
status as a post-induction stratifying marker for T-ALL. After induction
therapy, patients with MRDday29 ≥0.1% are classified as high risk and are
subjected to intensified consolidation therapy [33].
MRD day29 status was available for 61 out of 65 T-ALL patients and was
measured by PCR (n=41) analysis of clonal TCR rearrangements or by flow
cytometry (n=20). MRDday29 based classification had strong prognostic relevance
with no relapse occurring in the low risk MRD day29 <0.1% subgroup (n=28)
whereas the MRD day29 ≥0.1% high risk subgroup (n=33) had pCIR3yr of 30%.
The CIMP status at diagnosis did not affect response to induction therapy, as
there was no significant difference in the distribution of MRDday29 based
subgroups between CIMP- and CIMP+. However, combination of CIMP class
at diagnosis with MRDday29 status dissected the high risk MRDday29≥0.1%
subgroup into two distinct subdivisions with significantly different prognosis.
CIMP- and high risk MRDday29≥0.1% patients (n=15) had the worst prognosis,
with pOS3yr of 45% and pCIR3yr of 50%, as compared to CIMP+ and high risk
MRDday29≥0.1%patients (n=18) that had pOS3yr of 83% and pCIR3yr of 12%.
Moreover, white blood cell count (WBC) at diagnosis, routinely used as risk
assessment for BCP-ALL patients but not for T-ALL [33], differed significantly
between CIMP based subdivisions of the high risk MRD≥0.1% subgroup.
Median WBC was significantly higher in CIMP- and high risk MRDday29≥0.1%
patients (241 x 109/L) when compared to median WBC in the CIMP+
subdivision of MRD≥0.1% group (72 x 109/L).
This showed that CIMP status at diagnosis could further refine and supplement
the corroborated and clinically practiced MRD-based risk stratification of TALL patients.

CIMP classification at diagnosis predicts outcome in relapsed pediatric
BCP-ALL (Paper II)
Prognostic relevance of the T-ALL trained 1293 CIMP panel (Paper I) was also
evaluated in Nordic pediatric BCP-ALL patients that were analyzed previously
by HumMeth450K arrays [136]. Using the CIMP panel, 601 BCP-ALL patients
were classified as CIMP- (n=175) or CIMP+ (n=426).
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A significant difference in the distribution of cytogenetic aberrations between
CIMP subgroups was observed. Recurrent cytogenetic aberrations including
t(9;22)/BCR-ABL1,
t(1;19)/TCF3-PBX1,
KMT2A-rearrangements
and
hypodiploidy (chromosomal modal number <45) that are known for their
unfavorable prognosis, were more frequent in CIMP- (21%) patients than in
CIMP+ (5%) patients. In contrast, CIMP+ patients had a significantly higher
frequency of favorable cytogenetic aberrations (t(12;21)/ETV6-RUNX1 and high
hyperdiploidy) (57% of CIMP+ cases), as compared to the CIMP- patients
(46%). Furthermore, estimated 5-year overall survival (pOS5yr) was significantly
inferior in CIMP- (85%) than in CIMP+ patients (92%; p=0.019). However, CIMP
classification at primary diagnosis was neither associated with cumulative
incidence of relapse (CIR) nor with event free survival (EFS). This indicated
that, though CIMP classification of pediatric BCP-ALL did not predict relapse at
diagnosis, it might confer prognostic information of survival after relapse.

Figure 10. CIMP classification in pediatric BCP-ALL patients. Unsupervised clustering of 601
BCP-ALL patients (columns) based on the avg.β values of 1293 CpGs (rows) is shown. The
heatmap further shows homogenous DNA methylation patterns across the patients in almost 1/3
of the CIMP panel, because of which threshold for CIMP classification was reduced from 40% (in
T-ALL) to 25% (in BCP-ALL).
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By further analyzing the relapsed patients (n=137) in our cohort, we
investigated the relevance of CIMP classification at diagnosis for predicting
survival after relapse. Of the relapsed patients, 42 were classified as CIMP- and
95 were classified as CIMP+ at diagnosis. Differential distribution of cytogenetic
aberrations between the CIMP subgroups remained significant for the relapsed
patients as well and the estimated overall survival after relapse was
significantly worse for CIMP- patients (33% pOS5yr) as compared to CIMP+
patients (65% pOS5yr).
The prognostic value of CIMP profiling at diagnosis for relapsed pediatric BCPALL was further assessed in relation to known clinical factors relevant for
relapse outcome. Risk classification at diagnosis, hematopoietic stem cell
transplantation (HSCT), time duration in complete remission 1 (CR1) and
anatomical site of relapse have all been identified as significant prognostic
factors for relapsed ALL [43]. Overall survival after relapse is typically inferior
in patients that (i) are not treated with HSCT after relapse, (ii) have very early
(<18 months from initial diagnosis) or early relapses (≥18months from initial
diagnosis to <6months after termination of initial therapy), (ii) are classified as
high risk (HR) at diagnosis, (iv) or have isolated bone marrow relapses (iBM)
[43].
In our cohort of relapsed BCP-ALL (n=137), patients initially classified as HR
(n=50) had a significantly worse overall survival (42% pOS5y) than patients
classified as standard risk/intermediate risk (SR/IR) (n=87) (63% pOS5y). The
CIMP status at diagnosis further stratified HR and SR/IR groups into
subgroups with diverging outcomes after relapse. The CIMP+/SR/IR subgroup
(n=64) had pOS5y of 69% while the CIMP-/SR/IR subgroup (n=23) had pOS5y at
45%. Similarly for the HR group, CIMP- classified patients (n=19) had pOS5y of
21% while in CIMP+ patients (n=31) the pOS5y was 56%. Moreover, CIMPclassification at diagnosis had a significantly dismal outcome for patients,
regardless if the patients were treated with HSCT or not.
Based on time from initial diagnosis to relapse and the anatomical site of
relapse, 137 relapsed patients were assigned to risk groups defined by
International Study for Treatment of Childhood Relapse ALL (IntReALL). BCPALL cases stratified as IntReALL standard risk (64.2%) had late relapses
(≥6months after termination of initial therapy) or early relapses without isolated
bone marrow (iBM) involvement. Patients with very early or early iBM relapses
were categorized as IntReALL high risk (35.8%). The CIMP- subgroup had a
significantly higher proportion of IntReALL high-risk patients as compared to
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CIMP+ subgroup (50% of CIMP- patients vs. 29% of CIMP+ patients, p=0.021).
Also, the CIMP status at diagnosis could further stratify the IntReALL high-risk
group into subgroups with significantly divergent prognosis (p= 0.023).
To validate the strength of CIMP classification at diagnosis as a prognostic
marker for relapsed BCP-ALL, Cox hazards analysis for survival after relapse
was performed with the aforementioned risk factors associated with relapse
outcome. IntReALL classification had the strongest impact on overall survival
(high-risk hazard ratio 3.79, p<0.001) followed by CIMP classification at
diagnosis (CIMP- hazard ratio 1.81, p= 0.036).
This demonstrated that for predicting survival for relapsed BCP-ALL patients,
CIMP classification at diagnosis could be used, both as an independent
prognostic marker or in combination with known risk factors for relapsed ALL.
The coherence of CIMP subtyping at diagnosis and relapse was shown in 23
BCP-ALL patients with available DNA methylation data at both time points.
Despite the increase in overall CIMP methylation at relapse, CIMP methylation
percentage at diagnosis was strongly correlated (spearman’s rho 0.825, p<0.001)
with CIMP methylation percentage at relapse. This showed that CIMP
methylation profiling at diagnosis was preserved in relapse and therefore,
could impact prognostic significance at relapse as well.

High Resolution Melting Curve analysis as an alternate method for
CIMP classification (Paper I & II)
High resolution melting curve (HRM) analysis, a PCR-based melting technique,
was used to verify array-based CIMP classification in T-ALL and BCP-ALL. The
potential of HRM as a clinically useful method to CIMP classify patient samples
was also assessed, since genome-wide methylation arrays, despite their widerange applications and extensive genomic coverage, can be expensive and
laborious to be used in clinical routine.
Pediatric T-ALL (n=63) and BCP-ALL (n=15) patient samples, previously CIMP
classified by HumMeth450K arrays (Paper I & II), were analyzed by HRM. Two
separate HRM panels, each consisting of 6 gene assays, were designed for TALL and BCP-ALL. HRM CIMP methylation, based on methylation levels at 6
target loci, was correlated with array-based CIMP methylation percentage in 63
pediatric T-ALL and 15 BCP-ALL patient samples. HRM CIMP methylation
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level correlated strongly with array-based CIMP methylation percentage in
both T-ALL (R2 = 0.866) and BCP-ALL patients (R2 = 0.782).
HRM-based CIMP methylation levels were thereby shown to correlate with
array-based CIMP methylation profiling (Figure 11). This verified the
occurrence of divergent methylation patterns at specific CIMP panel loci within
T-ALL and BCP-ALL using an alternative method than array. It was also
demonstrated that HRM analysis is a viable method for CIMP classification of
diagnostic samples in clinical routine.

Figure 11. Visualization of the correlation between HRM mean methylation percentage (y-axis;
determined by HRM analysis of 6 assays), and array-based CIMP classification (x-axis) in
pediatric T-ALL (Paper I) and BCP-ALL (Paper II).
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The Biology Behind CIMP Subgroups In Pediatric T-ALL
To unravel and comprehend the molecular intricacies behind DNA methylation
signatures, an integrative genomic, methylomic and transcriptomic analysis
was conducted in pediatric T-ALL patients.

Pediatric T-ALL CIMP subgroups have differential cellular replicative
histories (Paper III)
Methylomic landscape of the CIMP subgroups was investigated in 65 pediatric
T-ALL patients that were previously analyzed by HumMeth450K arrays (Paper
I). Genome-wide promoter methylation of all genes represented on the array
(n=19 298) was compared between the CIMP- (n=25) and CIMP+ (n=40) T-ALL
samples. As expected for tumor cells, both CIMP subgroups had significantly
higher genome-wide promoter methylation than the normal sorted CD34+ HSC
and CD3+ T-cells. However, the CIMP+ subgroup had significantly higher
genome-wide methylation than the CIMP- subgroup (p<0.001). To investigate
the differential burden of de novo methylation alterations in the CIMP
subgroups, hyper- and hypomethylated CpG sites in T-ALL samples were
identified using methylation profile of normal CD34+ HSCs as reference.
Number of acquired de novo methylation aberrations differed significantly
between the CIMP subgroups, with CIMP+ subgroup having a higher number
of hypermethylated CpG sites than the CIMP- subgroup. This demonstrated
that CIMP+ cells gain more DNA methylation aberrations than the CIMPsubgroup and thereby, have a more deviant DNA methylation profile than the
latter subgroup, whose methylome is similar to the normal cells.
Accumulation of DNA methylation alterations, particularly hypermethylation,
is associated with cellular proliferative history, as shown before [165] where
increased cellular population doublings was associated with accumulated
methylation alterations. It was further shown that the accumulated methylation
alterations overlapped with methylation aberrations acquired in CIMP+ T-ALL
[165]. The overlapped cellular-age-associated methylation changes and the
differential gain of methylation alterations in CIMP+ described above, led to the
conclusion that the CIMP+ T-ALL subgroup has undergone more cell doublings
and has an older replicative history than the CIMP- subgroup.
To further confirm the above findings, CIMP T-ALL subgroups were
characterized by proliferative and cellular aging biomarkers. Based on ageassociated methylation alterations, various methylation-based models have
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been constructed to predict chronological age [156, 157]. We used Horvath’s
multi-tissue age predicting model to predict epigenetic age (DNAm age) of the
65 pediatric T-ALL samples. The model predicted an accelerated DNAm age in
T-ALL when compared to the patients´ chronological age, which is in line with
previous studies reporting epigenetic age acceleration in tumor cells due to
increased rate of cellular proliferation [156, 157, 166]. Predicted DNAm age was
significantly different between the CIMP subgroups, with CIMP+ subgroup
predicted significantly “older” than the CIMP- subgroup (median DNAm age
152.8 years vs. 17.8 years, p<0.001). Since Horvath´s model does not claim to
predict mitotic age[156], we used another DNA methylation based model,
“epiTOC” to predict and compare cellular mitotic age of the T-ALL CIMP
subgroups. Predicted mitotic age was also different between the two
subgroups, with CIMP+ subgroup having significantly older mitotic age as
compared to the CIMP- cells (mean mitotic age 0.64 in CIMP+ vs. 0.27 in CIMP-,
p<0.001). Leukocyte telomere length has been profusely used as a marker to
measure cellular proliferative history. To validate the differences in cellular
replicative history between the two CIMP subgroups, relative telomere length
(RTL) was measured in the T-ALL samples. Median RTL was significantly
shorter in CIMP+ subgroup as compared to the CIMP-, reaffirming that CIMP+
samples had a longer replicative history than the CIMP- samples (median RTL
0.85 in CIMP+ vs. 1.13 in CIMP-, p=0.015).
By exploring the methylomic landscape and by applying predictive aging
models as well as telomere length measurements, profound differences in
cellular replicative history were demonstrated between the CIMP subgroups.

Differential expression analysis of CIMP subgroups (Paper III)
To delve deeper in the biology characterizing the CIMP subgroups, RNA
sequencing was performed in 30 (12 CIMP- and 18 CIMP+) out of the 65
pediatric T-ALL patients. Out of 13 674 protein-coding genes, with substantial
coverage across all samples, 764 differently expressed genes were identified
between the CIMP subgroups. None of the eminent epigenetic regulators,
including chromatin modifiers, DNA methyltransferase, or polycomb group
proteins, were implicated as differentially expressed. Genes with a significantly
higher expression in the CIMP- subgroup (n=216, LFC ≤ -1) were enriched in
mTORC2 (mammalian target of rapamycin complex 2) pathways while 548
genes with higher expression in the CIMP+ subgroup (LFC ≥ 1) were enriched
in cyclic-AMP (cAMP) and MAPK-ERK signaling pathways. A number of genes
not previously implicated in T-ALL, were differentially expressed between
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CIMP subgroups. The top most significant differentially expressed novel genes
included BEX1, PLXND1, PLCB4 and MYO18B. All of them have been
implicated in various cancers previously however they have not been
associated with T-ALL pathogenesis before.
Additionally, a number of known T-ALL oncogenic drivers including TAL1,
HOXA9, HOXA10, TLX3, NKX2-1 and MEF2C were differentially expressed
between the CIMP subgroups. TAL1, TLX3 and NKX2-1 were identified
amongst the top most significant differentially expressed genes. TAL1, a
member of the bHLH gene family, had a significantly higher expression in
CIMP- subgroup with LFC -4.1 while the two HOX transcription factors; TLX3
(LFC 12.2) and NKX2-1 (LFC 21.5) had higher expression in CIMP+ samples. In
previous studies, molecular subgroups of T-ALL, characterized by the ectopic
expression of bHLH transcription factors (TAL1, LYL1), LMO proteins (LMO1,
LMO2) and ANTP homeobox genes (TLX1, TLX3, NKX2-1, HOXA9 and
HOXA10), have been described [80, 103, 105]. By unsupervised clustering based
on the expression profiles of these oncogenic T-ALL drivers in 30 T-ALL
samples, a non-random distribution of CIMP methylation phenotype was
observed. Cluster defined by high TAL1 expression was enriched with CIMP- TALLs while CIMP+ T-ALLs exclusively enriched TLX3- and HOXA-expressing
clusters. Mutual expression of the HOX genes has been observed previously in
T-ALL molecular subgroups, indicating a potential overlap of T-ALL oncogenic
pathways driven by different HOX transcription factors [80, 103, 105].

TAL1 overexpression in CIMP- associated with promoter methylation
& translocations (Paper III)
The ectopic expression of transcription factors in T-ALL can be a consequence
of chromosomal aberrations, including translocations with TCR-genes or
generation of fusion transcripts. To further investigate the molecular differences
between the CIMP subgroups and to identify oncogenic translocations
associated with differential expression of T-ALL driver genes, RNA-sequencing
data was used to detect fusions in 30 T-ALL patient samples. Out of the 12
CIMP- patients analyzed, 6 had a STIL-TAL1 fusion, an intrachromosomal
translocation juxtaposing TAL1 gene with the promoter region of the
neighboring STIL gene. None of the 18 CIMP+ patients analyzed had the STILTAL1 fusion.
To validate the STIL-TAL1 fusions detected by RNA-sequencing and to verify
the association of STIL-TAL1 fusions with CIMP- T-ALLs in a larger cohort, the

49

presence of STIL-TAL1 fusions was investigated in 64 pediatric T-ALL samples
using PCR primers targeting the fusion region [40, 164]. By using primers
specific for the most common TAL1 deletion breakpoint, taldb1, 9 CIMP- TALLs out of 24 were positive for STIL-TAL1 fusion. All samples, except for one,
with STIL-TAL1 fusions detected by RNA-sequencing were verified. The
exception, upon close investigation, had a different TAL1 breakpoint, taldb7,
which was verified by PCR amplification with a different set of primers [164].
In total, 10 out of 24 CIMP- (42%) samples and 2 out of 40 (5%) CIMP+ samples
were positive for the STIL-TAL1 fusion, confirming that STIL-TAL1 fusion was
more frequent in CIMP- T-ALLs, even in a larger cohort.
However, not all TAL1 overexpressing CIMP- samples had TAL1 associated
translocations, supporting previous studies that claim TAL1 can be activated by
mechanisms other than chromosomal fusions [108, 109]. By an integrated
analysis of promoter methylation and gene expression, TAL1 gene had a
significant negative correlation (R2 =0.42) between promoter methylation and
gene expression, implicating the role of DNA methylation in regulating TAL1
expression. This has been shown previously where a negative correlation was
observed between methylation level at TAL1 promoter and gene expression
[137]. Epigenetic mechanisms regulating TAL1 expression have been identified
by others, that describe the replacement of repressive H3K27me3 histone mark
with the active H3K27ac mark in de-silenced TAL1 cells, as a consequence of
submicroscopic insertions upstream of TAL1 transcription start sites [108].
By analyzing methylation profiles at single-CpG resolution in 65 T-ALL
samples, we further demonstrated a differential methylation pattern in the
promoter region of TAL1 between CIMP- and CIMP+. The difference in
methylation was most evident in the TAL1 breakpoint region, with CIMPhaving less methylation than CIMP+ subgroup. This could explain the higher
frequency of STIL-TAL1 fusions in CIMP- subgroup since a sequence that is less
methylated is more vulnerable for illegitimate recombination [167].
TAL1 overexpression in CIMP- subgroup was thereby shown to be associated
with higher frequency of STIL-TAL1 fusions and lower promoter methylation.
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DNA Methylation Profiling Reveals Epigenetic And Genetic
Differences And Similarities Between T-ALL And T-LBL
Validation of CIMP classification in T-LBL and adult T-ALL (Paper IV)
To validate the presence of DNA methylation based CIMP subgroups in T-LBL
and adult T-ALL, T-LBL (8 pediatric and 7 adults) and T-ALL adult (n=12)
diagnostic patient samples were analyzed by HumMeth450K arrays. Using the
previously established CIMP panel consisting of 1293 CpG sites, the diagnostic
samples were CIMP classified. A total of 18 patients (8 adult T-ALL, 6 pediatric
T-LBL and 5 adult T-LBL), with CIMP methylation >40%, were classified as
CIMP+. The remaining 9 CIMP- patients, including 4 adult T-ALL, 2 pediatric
T-LBL and 2 adult T-LBL patients, had CIMP methylation ≤40%.
To investigate how the global DNA methylation patterns compared between TALL and T-LBL as well as between adult and pediatric patients, principal
component analysis (PCA) was performed in diagnostic T-ALL (65 pediatric
and 12 adults) and T-LBL (8 pediatric and 7 adults) patients along with
reference normal samples representing lymph nodes (n=5) and bone marrow
tissues (n=11). The PCA used avg. β values of all filtered CpG sites (n=397 316)
and showed no distinct separation between T-ALL and T-LBL. This was
expected considering the overlapping immunophenotype and morphological
features between the two diseases [64]. There was also no evident methylationbased disparity between adult and pediatric patients in the first and the second
principal components. However, the reference tumor-free lymph nodes and
bone marrow samples all clustered separately from the T-ALL and T-LBL
patients, showing large variations in the methylomic landscape between normal
tissues and malignant cells. A clustering pattern based on CIMP methylation
status was also observed, with the CIMP+ patients enriched in one cluster and
the CIMP- patients enriched in another. This reaffirmed and validated the DNA
methylation based heterogeneity within T-ALL and T-LBL.
Further investigation of the CIMP subgroups identified in T-LBL and adult TALL showed that CIMP subgroups in these diagnostic groups had similar
characteristics as the CIMP classification in pediatric T-ALL. T-LBL and adult TALL CIMP subgroups showed differences in replicative history with the CIMP+
subgroup associated with older predicted epigenetic and mitotic age than the
CIMP- patients. These CIMP subgroups also differed in the accumulation of
genetic aberrations, namely copy number gains and losses. Accumulation of
genomic aberrations are known to be associated with increasing cell population
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doublings [145]. Number of copy number variations (CNVs) analysed by
HumMeth450K arrays correlated with the CIMP methylation status in both TALL and T-LBL. CIMP+ T-ALL and T-LBL patients had a significantly higher
frequency of genetic aberrations when compared to CIMP- T-ALL and T-LBL
patients (3 and 13% in CIMP- T-ALL and T-LBL, respectively vs. 22 and 29% in
CIMP+ T-ALL and T-LBL respectively, p<0.001).
This verified CIMP-based DNA methylation heterogeneity in T-LBL and adult
T-ALL. Moreover, CIMP subgroups in T-LBL and adult T-ALL showed similar
differences in proliferative history, as seen in pediatric T-ALL CIMP subgroups.

Distinct DNA methylation signature and genetic variations between TALL and T-LBL
Despite the same cellular origin, T-ALL and T-LBL have distinct disease
localization and clinical manifestion of the malignanct blast cells. Compared to
T-LBL which is characterized by mediastinal mass, T-ALL is associated with an
increased bone marrow infiltration, and therefore the extent of bone marrow
involvement remains the most common approach to distinguish between TALL and T-LBL [8]. There is a lack of molecular markers that could distinguish
between the two diagnoses and that could be eventually be employed for
developing targeted therapeutic strategies. Also, not much is known about the
mechanisms that regulate differential localization of malignant blast cells in TALL and T-LBL.
To identify differences in the DNA methylation landscape between T-ALL
(n=77) and T-LBL (n=15), a three-step differential methylation analysis was
conducted to exclude age-associated methylomic differences. A total of 634
differentially methylated CpG sites (DM-CpGs) identified, were further
analysed by clustering to remove DM-CpGs that reflected CIMP heterogeneity.
A total of 128 out of 634 DM-CpGs were recognized as the most variable probes
between T-ALL and T-LBL. By PCA analysis, the methylation levels of the 128
DM-CpGs divided T-ALL and T-LBL as distinct clusters that did not reflect
variations based on age, CIMP status or tissue type. Transcriptomic profile of
110 unique genes corresponding to 128 DM-CpGs was investigated by
retrieving publicly available gene expression array data of pediatric T-ALL
(n=10) and T-LBL (n=20) patients [69]. Log transformed expression levels
(average signal), available for 100/110 genes [69] also separated T-ALL and TLBL as distinct clusters upon PCA analysis. By comparing the differential
methylation Δβ values in our cohort with corresponding gene expression
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differences (LFC) between T-ALL and T-LBL from the previously analysed
cohort [69], 63 genes were identified that had higher expression and lower
methylation in T-LBL. These genes were overrepresented by membraneassociated proteins and included EMP2, CSMD1 and CCN3 as the most
interesting candidates that differed between T-ALL and T-LBL. Therefore, a
DNA methylation signature with a corresponding transcriptomic profile was
identified, that could discriminate between T-ALL and T-LBL without reflecting
tissue-specific differences.
To explore the genetic landscape of T-ALL and T-LBL, HumMeth450K arrays
were employed for copy number variation (CNV) analysis. Deletions in 9p21.3
and 20q13.33 chromosomal regions were both recurrent in T-ALL and T-LBL.
However, gains in the 5p13.1-p15.33 (20% in T-LBL vs. 1% in T-ALL, p=0.013)
and deletions in 13q14.13-q14.3 (40% in T-LBL vs. 0% in T-ALL, p<0.001) were
significantly more frequent in T-LBL as compared to T-ALL. The 13q14.13-q14.3
deletions identified by the methylation arrays were validated by the CytoSNP850K arrays. Both arrays determined 13q14.2 as the minimal common deleted
region. This region is frequently deleted in B-cell chronic lymphocytic leukemia
as well as other hematological malignancies and may be implicated in the loss
of RB1 tumor suppressor gene [168, 169]. Deeper functional analysis of the
identified 13q14.2 deletion as well as the DNA methylation signature of 128
DM-CpGs, is required to illustrate their possible role in differential tumor
localization between T-ALL and T-LBL.
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General Discussion
Modern combinational therapies and patient risk stratification have paved the
road for remarkable improvements in survival of children afflicted with acute
lymphoblastic
leukemias
or
lymphoblastic
lymphomas.
However,
contemporary multi-agent cytotoxic therapy entails a harsh path of disease
prophylaxis, often associated with treatment-related toxicities. Despite the
rigorous treatment plans, a fraction of patients relapse within the first two years
of treatment and the prognosis of relapsed patients is quite dismal. Therefore, a
thorough and efficient classification system needs to be established to
distinguish between high-risk and low-risk patients at diagnosis, so that
intensity of treatment can be tailored according to the risk classification and
new therapeutic strategies can be developed.
DNA methylation, one of the most well characterized epigenetic mechanisms
for gene regulation, is altered in many diseases, particularly in cancer. Loss of
methylation, so called hypomethylation, in neoplastic cells contribute to the
development of cancer by increasing chromosomal instability and promoting
transposon activity [170]. On the other hand, hypermethylation of CpG islands
located within promoter regions can contribute to tumor progression by
silencing tumor suppressor genes. This neoplastic alteration in DNA
methylation patterns is implicated as a relevant hallmark of cancer and studies
have shown it´s potential as a candidate biomarker as well as a prognostic
marker in various cancers, including precursor lymphoid neoplasms [136, 137,
143, 171].

Clinical implications of DNA methylation signatures in precursor
lymphoid neoplasms
In T-ALL, recurrent genetic lesions, oncogenic translocations and ectopic
transcriptional landscapes have been identified. However, none of these factors
are currently used for therapy stratification. Based on the current treatment
protocols, T-ALL patients are risk stratified based only on induction therapy
response (MRDday29) as a definite prognostic and therapeutic relevance of the
aforementioned T-ALL associated characteristics is not yet established. This
may be due to the lack of consistency in measuring these oncogenic events
across different study groups that generates conflicts and opposing results.
Previously, a DNA methylation-based CIMP signature with prognostic
relevance was identified in Swedish pediatric T-ALL patients, that classified
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patients as either high methylated (CIMP+) or low methylated (CIMP-) [137].
We have validated the prognostic relevance of this CIMP signature in a separate
cohort of Nordic pediatric T-ALL patients and have shown inferior overall
survival as well as increased incidence of relapse in CIMP- patients (Paper I).
We further showed how CIMP classification identified extremely high-risk
patients, upon combination with an already established therapy-stratifying
marker, MRDday29 (Paper I). To this date, no other proposed DNA methylation
based prognostic marker in T-ALL has been replicated and validated in a
separate, independent cohort. Though another study previously proposed a
CIMP classification of T-ALL patients by PCR-based methylation analysis of a
panel composed of selected genes, no prognostic relevance was shown between
CIMP status and patient outcome [172].
We further verified the prognostic potential of the T-ALL trained CIMP panel in
a large cohort of 601 pediatric BCP-ALL patients (Paper II). Unlike T-ALL,
pediatric BCP-ALL is well characterized by clinical and cytogenetic markers
that are employed in present-day treatment schemes to risk stratify patients. We
reported a non-random distribution of cytogenetic groups between the CIMP
subgroups. Though CIMP classification did not predict the incidence of relapse,
overall survival was still significantly inferior for CIMP- classified patients
(Paper II). A similar study [130] identified a DNA methylation signature in 25
pediatric BCP-ALL patients and showed relapse associated with the
hypomethylated signature. Nordlund et al. [136] also previously showed
hypomethylated profile in less than 30 genes across all BCP-ALL cytogenetic
subtypes had an inferior outcome. A recent study that profiled 38 pediatric
BCP-ALL patients using MethylationEPIC arrays identified 7 CpGs that
correlated significantly with patient risk stratification. Prominent
hypomethylation in almost all of the identified sites was correlated with highrisk stratification of patients and poor prognosis [173].
Despite the stringent, meticulously designed therapy protocols and risk
stratification, relapse still occurs in 15-20% patients, with a dismal survival of
~55% [43]. Therefore, as in newly diagnosed ALL, it is equally crucial to
identify prognostic and risk stratifying markers that influence survival after
relapse. We further show that CIMP classification at diagnosis has prognostic
significance in relapsed BCP-ALL patients, and though, CIMP methylation
percentage increased at relapse, CIMP methylation percentage at primary
diagnosis still correlated strongly with the CIMP methylation at relapse in
matched patient samples from both time points (Paper II). A plethora of studies
have shown increased CpG island methylation in relapsed samples compared
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to diagnosis in relapsed ALL [136, 174]. Though no study to date has shown a
DNA methylation marker at diagnosis that can predict survival after relapse.
Previous studies have however shown how clinical and genetic characteristics
present at diagnosis can affect survival post relapse [47, 175].
In the contemporary clinical setting, the prognostic significance of CIMP
classification at diagnosis has thus been validated in T-ALL, primary BCP-ALL
and relapsed BCP-ALL. Even though we have shown that CIMP panel has
prognostic relevance both as an independent classifier or in combination with
other ALL patient stratifying markers, further clinical studies in larger cohorts
and longer follow-up times are still needed to integrate CIMP classification in
therapeutic strategies. Though the prognostic value of CIMP classification has
not been determined in T-LBL or in adult T-ALL yet, the presence of DNA
methylation heterogeneity has been confirmed in these related diagnoses (Paper
IV). Since T-LBL and T-ALL are considered different manifestations of the same
disease entity, it is not unexpected that the CIMP panel can also classify T-LBL
patients into subgroups with distinct DNA methylation profiles. The prognostic
relevance of CIMP classification in T-LBL remains unknown until evaluated in
larger cohorts.

Exploring the biology behind T-ALL CIMP signatures- the lessons
learned.
By investigating biological mechanisms underlying the identified DNA
methylation signatures in pediatric T-ALL, we have uncovered profound
methylomic, transcriptomic and genomic differences between the subtypes
(Paper III).
Epigenetic modifications, particularly of DNA methylation patterns, linearly
accompany biological ageing [156, 157, 166, 176] in the organism as well as
population doublings in cells [158, 165]. These age-associated epimutations have
been employed to develop DNA methylation based epigenetic age estimators
that incorporate specific CpGs sites to predict epigenetic or biological age [156158]. In line with previous studies that have shown accelerated epigenetic age
in cancer [166], T-ALL was also accompanied with higher epigenetic and
mitotic age than normal cells (Paper III). This can be reasoned by a significant
overlap between age associated DNA methylation alterations and the DNA
methylation perversions occurring in cancer [177]. We further reported
significant differences in the biological age of CIMP subgroups as estimated by
Horvath´s multi-tissue age predictor and Yang´s mitotic age predictor. Both T-
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ALL and T-LBL CIMP+ subgroups, boasted of older epigenetic and mitotic age,
with an increased accumulation of methylomic (Paper III-IV) and genomic
aberrations (Paper IV). This finding of differential cellular age between the
CIMP subtypes was corroborated by significant differences in the relative
telomere length (Paper III). The impact of differences in replicative history on
the prognostic value of CIMP classification can be only speculated at this time.
Wagner et al studied epigenetic age in light of different clinical parameters in
AML but found no correlation overall survival. However, in the same study,
older epigenetic age in esophageal carcinoma and glioblastoma had a better
overall survival [166]. In BCP-ALL, longer telomere length was shown to be
associated with an inferior outcome [178].
There have also been studies relating proliferation rate to chemotherapy
resistance in ALL. One of these studies characterized a dormant, therapyresistant subpopulation of cells in ALL that had relapse-inducing potential
[179]. These “stem-like” leukemia-initiating cells have few but not all genetic
perturbations to initiate a fully blown leukemia [180] and are more
chemoresistant, thereby retaining the precarious ability to induce a relapse
[181]. Since CIMP classification in T-ALL does not differentiate between
response to initial therapy, but is rather associated with higher incidence of
relapse (Paper III), this may be linked to differential number of leukemia
initiation cells in the primary disease.
Transcriptional subtypes in pediatric T-ALL are characterized by ectopic
expression of oncogenic transcription factors, including bHLH members (TAL1,
LYL1), HOX-genes (HOXA9, HOXA10, TLX1, TLX3, NKX2-1, MEF2C) and LMO
domain containing genes (LMO1, LMO2). Differential expression analysis
between CIMP subgroups revealed a correlation of these oncogenes with the
CIMP classification. CIMP- subgroup was associated with higher TAL1
expression whereas CIMP+ group was associated with higher expression in
HOX-genes (Paper III). TAL1 expression in CIMP- subgroup was associated
with higher frequency of STIL-TAL1 fusions as well as low methylation levels
at the TAL1 promoter (Paper III).
Considering the differences in the methylomic landscape and the differential
ectopic expression of transcription factors (Paper III), it can be argued that
CIMP signature is merely a reflection of the different cell of origin in CIMP+
and CIMP- T-ALL. It is an appealing postulation especially since transcriptomic
subtypes of T-ALL correlate with distinct thymocyte differentiation stages [80].
If we consider this reasoning to describe the CIMP phenomenon, CIMP- TAL1+
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group would mainly consist of mature T-ALLs, where the malignant blast cell is
supposedly arrested at the late cortical stage during T-cell differentiation.
However, the methylation profile of CpGs included in the CIMP panel did not
differentiate between the normal sorted CD34+ HSCs and CD3+ T-cells (Paper
III). The methylation landscape in CIMP- subgroup resembled the methylation
profile of normal references cells, regardless of their differentiation stage (Paper
III). Additionally, the CIMP status did not correlate with the
immunophenotype-based EGIL classification and therefore no association
between the CIMP phenotype and thymocyte differentiation stages could be
confirmed. This has been demonstrated before in a study where altered DNA
methylation landscape across all subtypes of BCP-ALL did not reflect
differentiation stages of normal B-cells [140].
It can be conflicting to conclude whether TAL1 aberrant expression drives the
CIMP- phenotype or is a consequence of low methylation property associated
with this high-risk subtype. In addition to chromosomal translocations,
epigenetic mechanisms have been shown to regulate aberrant TAL1 gene
expression in T-ALL previously [108, 109]. However, there is compelling
evidence that TAL1 perturbation usually precedes a “second hit” to drive
accelerated leukemogenesis. TAL1 has been shown to elicit epigenetic
modifications downstream by interacting with histone acetyltransferases (p300
and P/CAF), histone methyltransferases (hSET1), and chromatin modulators
(BRG1) [108, 182, 183]. Additionally, in TAL1/LMO2 induced leukemic murine
models, gain of activating NOTCH1 mutations as the proposed “second-hit”
accelerates leukemia transformation, and is associated with increased number
of leukemia-initiating cells [180, 184]. It can be therefore speculated that CIMPmethylation phenotype is a consequence of aberrant TAL1 expression followed
by a strong genetic driver mutation delivering the second-blow. The TAL1
subtype has also been associated with a poor prognosis that could be explained
by the associated upregulation of anti-apoptotic genes, which renders cells
resistant to chemotherapy [80].
On the other side of the coin, CIMP+ T-ALLs represents a more heterogeneous
and diverse transcriptomic profile, driven by aberrant expression of various
members in the HOX-gene family. Even though chromosomal translocations
implicating the transcription factors themselves were not identified (Paper III),
3 CIMP+ patients had KMT2A rearrangements. KMT2A translocations are more
frequent in the HOXA defined transcriptome subtype of T-ALL [103] and are
known to regulate expression of HOXA-genes [185-187].
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Future perspectives
An absolute imperative layer in T-ALL pathogenesis has been overlooked in
our quest to uncover the biology of CIMP signatures. Recent genome-wide
sequencing studies have suggested that between 10-20 protein-altering
mutations are present in T-ALL cells [188] and they largely encompass
epigenetic readers, writers and erasers. Even though we have analyzed somatic
variations in a number of known epigenetic regulators by targeted exome
sequencing (Paper III), we did not find any significant correlation between the
mutations identified and CIMP profiling. A more deeper and more thorough
sequencing with expanded coverage in a larger cohort that has corresponding
methylomic and transcriptomic data can resolve the cooperation of genetic
protagonists in this play of epigenetic heterogeneity.
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Conclusions
Paper I
•

The prognostic relevance of DNA methylation-based CIMP
classification of pediatric T-ALL patients at diagnosis was validated.
The CIMP- subgroup was associated with higher incidence of relapse
than the CIMP+ subgroup.

•

Upon combination with MRDday29 status, the CIMP classification at
diagnosis can further divide the high-risk MRDday29 positive T-ALL
patients into two subgroups with significantly distinct outcomes.

Paper II
•

The T-ALL trained CIMP panel could classify pediatric BCP-ALL
patients into prognostically relevant subgroups at diagnosis, with an
inferior outcome in the CIMP- BCP-ALL patients.

•

The CIMP status at primary diagnosis could predict overall survival
after relapse, both as an independent prognostic marker or in
combination with known risk factors for relapsed ALL.

Paper III
•

Profound differences in cellular replicative history were associated with
the pediatric T-ALL CIMP subgroups. The CIMP+ subgroup correlated
with features of longer proliferative history, namely, older predicted
epigenetic and mitotic age, accumulation of methylomic aberrations
and shorter relative telomere lengths than the CIMP- subgroup.

•

CIMP subgroups were associated with differential expression of known
T-ALL drivers (TAL1, TLX3, HOXA9 and HOX10) and some novel
genes in T-ALL biology (BEX1, PLXND1, PLCB4 and MYO18B). The
CIMP+ subgroup was associated with higher expression of HOX-genes
while the CIMP- subgroup was characterized by higher TAL1
expression, increased frequency of STIL-TAL1 fusions and lower TAL1
promoter methylation.
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Paper IV
•
•

•

The presence of distinct DNA methylation CIMP subgroups was
shown in T-LBL as well as in adult T-ALL.
CIMP subgroups in T-LBL and adult T-ALL also exhibited differences
in proliferative history and were associated with differential frequency
of genetic variations.
T-ALL and T-LBL can be distinguished by a DNA methylation
signature and have significantly different frequency of 13q14 deletions.

61

Acknowledgments
Nothing I have accomplished in this thesis would be possible without the valuable
contribution of the patients and their guardians, who truly deserve the utmost gratitude.
It was already at the age of 13 when I penned down my dream ambition to get a PhD before I
turn 30. Sofie, you made it come true (at least the first part). It was extremely brave of you to
accept me, a person literally and figuratively worlds apart from you, as your first true PhD
student. But I am utterly grateful that you did. It is because of your dedication, relentless
motivation and unfailing confidence in me, that I have come this far to actually achieving my
dream. I am grateful for all the guidance you have given me and have been a committed
mentor and supervisor. However, I do know that you expect me to more fluent in Norrlandska,
to be an early morning person and to be much more organized, but these things might take
another 5 years. I am also grateful for my co-supervisors, Magnus and Göran, for their support
and contribution to my development. Magnus, you have been upfront as an engaging cosupervisor, despite your other countless responsibilities. Your spontaneous ideas and
enthusiasm for science as well as your contagious laughter have been an absolute joy and
inspiration during our meetings. Göran, I gained a lot from you, especially from your critical
analysis ability and always asking the big question: what does it all mean? Truly, you all have
encouraged and educated me to become a better scientist and have helped me hone my critical
thinking skills.
Finding out early on that the main part of my PhD project would entail computer
programming, scripting and coding, I was not (to politely state) very much thrilled. For a
person completely ignorant in this field, I managed to become adequately knowledgeable, with
the unconditional help and support from Mattias and Pär. Pär, you graciously introduced me
to the world of mapping, pipelines, alignments and annotations. Basically, all the fancy
bioinformatic words I know, I know them from you. There were times when I was intimidated
by your vast knowledge, but your open-door policy and helpfulness guided me through this
period of crisis. Thank you!
All that I have learned in R programming is because of the undeniable R-guru, Mattias and I
am very grateful for all the R-lessons I got, almost every single day. I am also thankful to you
for being the rational voice to my breakdowns, for being a great listener (mostly because you
don´t have much to say) and for being there at the receiving end of my emotional outbursts
(maybe you didn´t have much choice in these matters considering we share an office).
However, after almost 5 years of hours-long conversations about everything between the earth
and Thor, including pink elephants, Terry Pratchett and the empty-chair syndrome, I can
safely regard you as ”one of the people I have met.”

Emma, I don´t think I would have asked for a better companion during my PhD than you. The
energy you brought, just by being there in the office was enough to motivate me. I am thankful
for all the emotional support I got from you and for all the fun times we shared, including our
lunch adventures and Vårruset, (which was my first ever 5K, even though I was second-last to
cross the finish line). I hope you have lots of EPIC years ahead of you, for you are rock and roll!!
I would further like to thank the previous members of the Degerman/Hultdin/Roos research
group for shaping and developing my research skills, as well as helping me during my PhD.

62

Magnus B, thank you for the discussions and I have to admit, I am still very intimidated by
your knowledge and photographic memory, Ulrika, for the engaging conversations and the
laughter, Linda K., for all the help and support, Helene, for being my first mentor in the lab
and in Swedish, and Susanne, for generously teaching me telomere length measurements and
for all the pleasant conversations we have had. I would also like to thank all our co-authors
and our collaborators in NOPHO and UCAN, especially Ulrika, Erik F and the AnnChristine Syvänen group in Uppsala.
The building 6M almost feels like home to me, and I would like to extend my gratitude for all
the warmth, support, and encouragement I have received from everyone, especially, from the
people on the second floor, including Rob, Alkwin, Maria B., Sofia E, Anna LB, Richard, Alexej,
Olena, Sa Chen, Samaneh, Ravi, Lennart, Karin, Kerstin, Sihan, Susanne and Pernilla, to name a
few. It is needless to say that without you, Terry, Clas, Ida, Carina, Åsa, Karin and Clara, none of
this would have been possible and I am grateful for all the help and support I could have,
especially during this stressful period! Thank you!
I truly began enjoying my time as a PhD student, thanks to Mona, Denise, Lee-Ann, Xingru, Isil,
Erik D, Erik B, Björn, Elin, Pramod, Karthik, Greg, Tommy, Britta, Carl, Max and other fellow PhD
students for those amazing times both at work and outside. It will be hard to forget all the
adventures we, the ‘Adrenaline medbio junkies’ had: from almost-fatal river rafting to nervewracking high rope adventure and the excruciatingly-painful paintball fight (Again, what were
we thinking?!).
There are not many who can boast as having friends who are more like family to you. Such are
the people I have met and grown to love and cherish in Umeå.

Manu, Nabil, Helena, William, Héléne, Massi, Ahmed, Sandhya, Cyrinne, Vicki & AnnaLena. I am sane because of you. I survived because of you. Life in Umeå would have been
incredibly dull and dark, if not for all of you. You have been an amazing support team! I
cherish every single moment we have spent together and I am grateful for everything, from our
intense game nights to our weekend adventures to our insane trips, including the trip to
Croatia, Abisko, Hemavan and not to forget, the memorable and painful ”road trip” from
Umeå to Skavsta and back in the rusty old Duchess.
And to my girls, especially Manu, Héléne and Helena, I am grateful for all the therapy and
venting sessions we have had, in shapes of brunch, Bridget Jones, baking and book clubs. I
thank you for all the adventures we have had and how you all supported and encouraged me! I
love you all and thank you for being the brightest lights in these darkest hours!!

Manu, you know I am not good with this sentimental stuff, but I have to acknowledge the
emotional support I got from you, both, tackling this PhD and life. You have been an amazing
companion and I am honoured that you have accepted me as your family! Thank you for
everything and I mean Everything!

Valia & Henrick, it is safe to say that you were my first closest friend-cum-family in Umeå.
You have supported me through thick and thin, and I thank you for being there for me, all the
way from when I was relatively new in Umeå to today. Valia, you have given me unconditional
support throughout and I cherish all the heartfelt conversations and fikas we have had. I have
always admired your brilliance and energy and I am very thankful we met!!

63

Leena & Sangram, I am grateful for all the hearty gossip sessions and the required dose of desi
dinners to cure homesickness. I would also like to thank others who have been there for me
during this stressful period: Chinmay, Linda, Bethie, Mariam, Gowthami, Ani, Geetanjali,
Asim, Damini, Radha, Aman and Jalal.
Without the support system of family and friends in Lahore, Pakistan, there is not much I
could have achieved.
My childhood friends from Lahore, Marebah, Zahra B, Mehak, Sabah, Sehrish, Arooj,
Mariam, Ayesha & Sara, I can say that it is always reviving when we meet and reminisce
about when life was much simpler. I cannot, of course, forget the mentors during my
undergraduate who not only supported my ambition to pursue a PhD, but also nurtured me
into becoming a better human being. I am forever in debt of my mentors, Ms. Fatimah and Dr.
Edveena, at Kinnaird College for Women.
My family. My backbone. The pillars that support the very ground I stand on today. I can not
begin to muster the words to thank all of you for your endless support and love. Fatima,
Mohammad, Hira & Rashmin. You all have shown considerable patience in having me as a
sibling which I am very grateful for and you have always stood by my decisions. I love you with
all my heart and I would never have asked for a better support system! Hira, for being my best
friend throughout and helping me snap out of my "phases," I love you and I thank you very
much! And also, thank you for drawing the Epigenetics figure for me. I appreciate the effort
you took to learn a little about what I do ;)

Amnah & Mahira, the bundles of immense joy in my life, my baby girls. Not a day goes by
when I don’t miss you. Amnah, thank you for drawing the T-cells in this thesis. I cannot wait
for you to get older and learn about what you drew for me :)

Ammi & Baba, nothing I write here can do justice to the sacrifices you have made not just for
me, but for all of us. There has never been a moment in my life when you have discouraged me
or my dreams. I am here achieving my goals because of you, and I am here because you have
fought for me and my right to attain my ambition. I am also grateful, that in troubled times,
you would simply say, come back home to us and that is what all one needs to know that they are
loved and have unconditional support. I love you Ammi & Baba, and I hope I can prove to be
worthy of all the blessings and love you have showered on me.
I would lastly like to remember those who were with me at the start of my journey but left
before I reached the end. I hope this thesis contributes to help find cure for the terrible disease
that took you. Anne, Chachu Khalid, I will always remember your unfailing support even till
the very end.

Mamu Sayyedain, you will be in my heart as my parent, always and forever.

Zahra

64

References
1.

2.
3.
4.

5.
6.
7.

8.

9.

10.

11.

Ferlay J, Ervik M, Lam F, Colombet M, Mery L, Piñeros M, . . . Bray
F. Global Cancer Observatory: Cancer Today. Lyon, France:
International Agency for Research on Cancer.; 2018 [updated Sept
2018. Available from: https://gco.iarc.fr/today.
Pui CH, Robison LL, Look AT. Acute lymphoblastic leukaemia.
Lancet. 2008;371(9617):1030-43.
Karrman K, Johansson B. Pediatric T-cell acute lymphoblastic
leukemia. Genes Chromosomes Cancer. 2017;56(2):89-116.
Wenzinger C, Williams E, Gru AA. Updates in the Pathology of
Precursor Lymphoid Neoplasms in the Revised Fourth Edition of
the WHO Classification of Tumors of Hematopoietic and Lymphoid
Tissues. Curr Hematol Malig Rep. 2018;13(4):275-88.
Cortelazzo S, Ferreri A, Hoelzer D, Ponzoni M. Lymphoblastic
lymphoma. Crit Rev Oncol Hematol. 2017;113:304-17.
Pui C. Childhood Leukemias. Third ed. Cambridge: Cambridge
University Press; 2012.
Attarbaschi A, Mann G, Dworzak M, Wiesbauer P, Schrappe M,
Gadner H. Mediastinal mass in childhood T-cell acute lymphoblastic
leukemia: significance and therapy response. Med Pediatr Oncol.
2002;39(6):558-65.
Swerdlow SH, Campo E, Harris NL, Jaffe ES, Pileri SA, Stein H,
Thiele J. WHO classification of tumours of haematopoietic and
lymphoid tissues Revised 4th edition ed. France: Lyon : International
Agency for Research on Cancer, 2017.; 2017.
Bennett JM, Catovsky D, Daniel MT, Flandrin G, Galton DA,
Gralnick HR, Sultan C. Proposals for the classification of the acute
leukaemias. French-American-British (FAB) co-operative group. Br J
Haematol. 1976;33(4):451-8.
Bene MC, Castoldi G, Knapp W, Ludwig WD, Matutes E, Orfao A,
van't Veer MB. Proposals for the immunological classification of
acute leukemias. European Group for the Immunological
Characterization of Leukemias (EGIL). Leukemia. 1995;9(10):1783-6.
Bene MC, Nebe T, Bettelheim P, Buldini B, Bumbea H, Kern W, . . .
Porwit A. Immunophenotyping of acute leukemia and
lymphoproliferative disorders: a consensus proposal of the
European LeukemiaNet Work Package 10. Leukemia. 2011;25(4):56774.

65

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

Coustan-Smith E, Mullighan CG, Onciu M, Behm FG, Raimondi SC,
Pei D, . . . Campana D. Early T-cell precursor leukaemia: a subtype
of very high-risk acute lymphoblastic leukaemia. Lancet Oncol.
2009;10(2):147-56.
Patrick K, Wade R, Goulden N, Mitchell C, Moorman AV, Rowntree
C, . . . Vora A. Outcome for children and young people with Early Tcell precursor acute lymphoblastic leukaemia treated on a
contemporary protocol, UKALL 2003. Br J Haematol.
2014;166(3):421-4.
Iacobucci I, Mullighan CG. Genetic Basis of Acute Lymphoblastic
Leukemia. J Clin Oncol. 2017;35(9):975-83.
Paulsson K, Forestier E, Andersen MK, Autio K, Barbany G,
Borgstrom G, . . . Group NLCS. High modal number and triple
trisomies are highly correlated favorable factors in childhood B-cell
precursor high hyperdiploid acute lymphoblastic leukemia treated
according to the NOPHO ALL 1992/2000 protocols. Haematologica.
2013;98(9):1424-32.
Paulsson K, Lilljebjorn H, Biloglav A, Olsson L, Rissler M, Castor A,
. . . Johansson B. The genomic landscape of high hyperdiploid
childhood acute lymphoblastic leukemia. Nat Genet. 2015;47(6):6726.
Safavi S, Paulsson K. Near-haploid and low-hypodiploid acute
lymphoblastic leukemia: two distinct subtypes with consistently
poor prognosis. Blood. 2017;129(4):420-3.
Terwilliger T, Abdul-Hay M. Acute lymphoblastic leukemia: a
comprehensive review and 2017 update. Blood Cancer J.
2017;7(6):e577.
Yu G, Chen F, Yin C, Liu Q, Sun J, Xuan L, . . . Xu D. Upfront
treatment with the first and second-generation tyrosine kinase
inhibitors in Ph-positive acute lymphoblastic leukemia. Oncotarget.
2017;8(63):107022-32.
Andersen MK, Autio K, Barbany G, Borgstrom G, Cavelier L,
Golovleva I, . . . Forestier E. Paediatric B-cell precursor acute
lymphoblastic leukaemia with t(1;19)(q23;p13): clinical and
cytogenetic characteristics of 47 cases from the Nordic countries
treated according to NOPHO protocols. Br J Haematol.
2011;155(2):235-43.
Bhojwani D, Yang JJ, Pui CH. Biology of childhood acute
lymphoblastic leukemia. Pediatr Clin North Am. 2015;62(1):47-60.

66

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

Felice MS, Gallego MS, Alonso CN, Alfaro EM, Guitter MR,
Bernasconi AR, . . . Rossi JG. Prognostic impact of t(1;19)/ TCF3PBX1 in childhood acute lymphoblastic leukemia in the context of
Berlin-Frankfurt-Munster-based protocols. Leuk Lymphoma.
2011;52(7):1215-21.
Meyer C, Burmeister T, Groger D, Tsaur G, Fechina L, Renneville A,
. . . Marschalek R. The MLL recombinome of acute leukemias in
2017. Leukemia. 2018;32(2):273-84.
Harewood L, Robinson H, Harris R, Al-Obaidi MJ, Jalali GR,
Martineau M, . . . Harrison CJ. Amplification of AML1 on a
duplicated chromosome 21 in acute lymphoblastic leukemia: a study
of 20 cases. Leukemia. 2003;17(3):547-53.
Forestier E, Gauffin F, Andersen MK, Autio K, Borgstrom G,
Golovleva I, . . . Group NLCS. Clinical and cytogenetic features of
pediatric dic(9;20)(p13.2;q11.2)-positive B-cell precursor acute
lymphoblastic leukemias: a Nordic series of 24 cases and review of
the literature. Genes Chromosomes Cancer. 2008;47(2):149-58.
Harrison CJ. Blood Spotlight on iAMP21 acute lymphoblastic
leukemia (ALL), a high-risk pediatric disease. Blood.
2015;125(9):1383-6.
Moorman AV, Robinson H, Schwab C, Richards SM, Hancock J,
Mitchell CD, . . . Harrison CJ. Risk-directed treatment intensification
significantly reduces the risk of relapse among children and
adolescents
with
acute
lymphoblastic
leukemia
and
intrachromosomal amplification of chromosome 21: a comparison of
the MRC ALL97/99 and UKALL2003 trials. J Clin Oncol.
2013;31(27):3389-96.
Piller G. Leukaemia - a brief historical review from ancient times to
1950. Br J Haematol. 2001;112(2):282-92.
Pui CH, Yang JJ, Hunger SP, Pieters R, Schrappe M, Biondi A, . . .
Mullighan CG. Childhood Acute Lymphoblastic Leukemia: Progress
Through Collaboration. J Clin Oncol. 2015;33(27):2938-48.
Toft N, Birgens H, Abrahamsson J, Griskevicius L, Hallbook H,
Heyman M, . . . Schmiegelow K. Results of NOPHO ALL2008
treatment for patients aged 1-45 years with acute lymphoblastic
leukemia. Leukemia. 2018;32(3):606-15.
Winter SS, Dunsmore KP, Devidas M, Wood BL, Esiashvili N, Chen
Z, . . . Hunger SP. Improved Survival for Children and Young
Adults With T-Lineage Acute Lymphoblastic Leukemia: Results

67

32.
33.

34.

35.

36.
37.

38.

39.

40.

From the Children's Oncology Group AALL0434 Methotrexate
Randomization. J Clin Oncol. 2018;36(29):2926-34.
Lee JW, Cho B. Prognostic factors and treatment of pediatric acute
lymphoblastic leukemia. Korean J Pediatr. 2017;60(5):129-37.
Toft N, Birgens H, Abrahamsson J, Bernell P, Griskevicius L,
Hallbook H, . . . Schmiegelow K. Risk group assignment differs for
children and adults 1-45 yr with acute lymphoblastic leukemia
treated by the NOPHO ALL-2008 protocol. Eur J Haematol.
2013;90(5):404-12.
Pang L, Liang Y, Pan J, Wang JR, Chai YH, Zhao WL. Clinical
features and prognostic significance of TCF3-PBX1 fusion gene in
Chinese children with acute lymphoblastic leukemia by using a
modified ALL-BFM-95 protocol. Pediatr Hematol Oncol.
2015;32(3):173-81.
Moorman AV, Enshaei A, Schwab C, Wade R, Chilton L, Elliott A, . .
. Harrison CJ. A novel integrated cytogenetic and genomic
classification refines risk stratification in pediatric acute
lymphoblastic leukemia. Blood. 2014;124(9):1434-44.
Cooper SL, Brown PA. Treatment of pediatric acute lymphoblastic
leukemia. Pediatr Clin North Am. 2015;62(1):61-73.
van Dongen JJ, Macintyre EA, Gabert JA, Delabesse E, Rossi V,
Saglio G, . . . Biondi A. Standardized RT-PCR analysis of fusion gene
transcripts from chromosome aberrations in acute leukemia for
detection of minimal residual disease. Report of the BIOMED-1
Concerted Action: investigation of minimal residual disease in acute
leukemia. Leukemia. 1999;13(12):1901-28.
van der Velden VH, Hochhaus A, Cazzaniga G, Szczepanski T,
Gabert J, van Dongen JJ. Detection of minimal residual disease in
hematologic malignancies by real-time quantitative PCR: principles,
approaches, and laboratory aspects. Leukemia. 2003;17(6):1013-34.
Cave H, van der Werff ten Bosch J, Suciu S, Guidal C, Waterkeyn C,
Otten J, . . . Vilmer E. Clinical significance of minimal residual
disease in childhood acute lymphoblastic leukemia. European
Organization for Research and Treatment of Cancer--Childhood
Leukemia Cooperative Group. N Engl J Med. 1998;339(9):591-8.
Pongers-Willemse MJ, Seriu T, Stolz F, d'Aniello E, Gameiro P, Pisa
P, . . . van Dongen JJ. Primers and protocols for standardized
detection of minimal residual disease in acute lymphoblastic
leukemia using immunoglobulin and T cell receptor gene
rearrangements and TAL1 deletions as PCR targets: report of the

68

41.

42.

43.

44.

45.

46.

47.

48.

49.

BIOMED-1 CONCERTED ACTION: investigation of minimal
residual disease in acute leukemia. Leukemia. 1999;13(1):110-8.
Coustan-Smith E, Behm FG, Sanchez J, Boyett JM, Hancock ML,
Raimondi SC, . . . Campana D. Immunological detection of minimal
residual disease in children with acute lymphoblastic leukaemia.
Lancet. 1998;351(9102):550-4.
Coustan-Smith E, Sancho J, Hancock ML, Boyett JM, Behm FG,
Raimondi SC, . . . Campana D. Clinical importance of minimal
residual disease in childhood acute lymphoblastic leukemia. Blood.
2000;96(8):2691-6.
Oskarsson T, Soderhall S, Arvidson J, Forestier E, Montgomery S,
Bottai M, . . . Oncology ALLrwg. Relapsed childhood acute
lymphoblastic leukemia in the Nordic countries: prognostic factors,
treatment and outcome. Haematologica. 2016;101(1):68-76.
Nguyen K, Devidas M, Cheng SC, La M, Raetz EA, Carroll WL, . . .
Group CsO. Factors influencing survival after relapse from acute
lymphoblastic leukemia: a Children's Oncology Group study.
Leukemia. 2008;22(12):2142-50.
Locatelli F, Schrappe M, Bernardo ME, Rutella S. How I treat
relapsed childhood acute lymphoblastic leukemia. Blood.
2012;120(14):2807-16.
Borgmann A, von Stackelberg A, Hartmann R, Ebell W, Klingebiel T,
Peters C, . . . Berlin-Frankfurt-Munster Relapse Study G. Unrelated
donor stem cell transplantation compared with chemotherapy for
children with acute lymphoblastic leukemia in a second remission: a
matched-pair analysis. Blood. 2003;101(10):3835-9.
Eckert C, Flohr T, Koehler R, Hagedorn N, Moericke A, Stanulla M, .
. . Schrauder A. Very early/early relapses of acute lymphoblastic
leukemia show unexpected changes of clonal markers and high
heterogeneity in response to initial and relapse treatment. Leukemia.
2011;25(8):1305-13.
Schroeder H, Garwicz S, Kristinsson J, Siimes MA, Wesenberg F,
Gustafsson G. Outcome after first relapse in children with acute
lymphoblastic leukemia: a population-based study of 315 patients
from the Nordic Society of Pediatric Hematology and Oncology
(NOPHO). Med Pediatr Oncol. 1995;25(5):372-8.
Raetz EA, Bhatla T. Where do we stand in the treatment of relapsed
acute lymphoblastic leukemia? Hematology Am Soc Hematol Educ
Program. 2012;2012:129-36.

69

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Eckert C, von Stackelberg A, Seeger K, Groeneveld TW, Peters C,
Klingebiel T, . . . Henze G. Minimal residual disease after induction
is the strongest predictor of prognosis in intermediate risk relapsed
acute lymphoblastic leukaemia - long-term results of trial ALL-REZ
BFM P95/96. Eur J Cancer. 2013;49(6):1346-55.
Saarinen-Pihkala UM, Parto K, Riikonen P, Lahteenmaki PM,
Bekassy AN, Glomstein A, Mottonen M. RALLE pilot: responseguided therapy for marrow relapse in acute lymphoblastic leukemia
in children. J Pediatr Hematol Oncol. 2012;34(4):263-70.
Paganin M, Zecca M, Fabbri G, Polato K, Biondi A, Rizzari C, . . .
Basso G. Minimal residual disease is an important predictive factor
of outcome in children with relapsed 'high-risk' acute lymphoblastic
leukemia. Leukemia. 2008;22(12):2193-200.
Einsiedel HG, von Stackelberg A, Hartmann R, Fengler R, Schrappe
M, Janka-Schaub G, . . . Henze G. Long-term outcome in children
with relapsed ALL by risk-stratified salvage therapy: results of trial
acute lymphoblastic leukemia-relapse study of the Berlin-FrankfurtMunster Group 87. J Clin Oncol. 2005;23(31):7942-50.
Mullighan CG, Phillips LA, Su X, Ma J, Miller CB, Shurtleff SA,
Downing JR. Genomic analysis of the clonal origins of relapsed
acute lymphoblastic leukemia. Science. 2008;322(5906):1377-80.
Bhatla T, Jones CL, Meyer JA, Vitanza NA, Raetz EA, Carroll WL.
The biology of relapsed acute lymphoblastic leukemia: opportunities
for therapeutic interventions. J Pediatr Hematol Oncol.
2014;36(6):413-8.
Bhojwani D, Burke MJ, Horton T, Ziegler DS, Sulis ML, Schultz KR, .
. . Chang BH. Investigating the biology of relapsed acute leukemia:
Proceedings of the Therapeutic Advances for Childhood Leukemia
& Lymphoma (TACL) Consortium Biology Working Group. Pediatr
Hematol Oncol. 2017;34(6-7):355-64.
Meyer JA, Wang J, Hogan LE, Yang JJ, Dandekar S, Patel JP, . . .
Carroll WL. Relapse-specific mutations in NT5C2 in childhood acute
lymphoblastic leukemia. Nat Genet. 2013;45(3):290-4.
Mullighan CG, Zhang J, Kasper LH, Lerach S, Payne-Turner D,
Phillips LA, . . . Downing JR. CREBBP mutations in relapsed acute
lymphoblastic leukaemia. Nature. 2011;471(7337):235-9.
Kuster L, Grausenburger R, Fuka G, Kaindl U, Krapf G, Inthal A, . . .
Panzer-Grumayer R. ETV6/RUNX1-positive relapses evolve from
an ancestral clone and frequently acquire deletions of genes
implicated in glucocorticoid signaling. Blood. 2011;117(9):2658-67.

70

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Hsiao MH, Yu AL, Yeargin J, Ku D, Haas M. Nonhereditary p53
mutations in T-cell acute lymphoblastic leukemia are associated
with the relapse phase. Blood. 1994;83(10):2922-30.
Mar BG, Bullinger LB, McLean KM, Grauman PV, Harris MH,
Stevenson K, . . . Armstrong SA. Mutations in epigenetic regulators
including SETD2 are gained during relapse in paediatric acute
lymphoblastic leukaemia. Nat Commun. 2014;5:3469.
Oshima K, Khiabanian H, da Silva-Almeida AC, Tzoneva G, Abate
F, Ambesi-Impiombato A, . . . Ferrando AA. Mutational landscape,
clonal evolution patterns, and role of RAS mutations in relapsed
acute lymphoblastic leukemia. Proc Natl Acad Sci U S A.
2016;113(40):11306-11.
Bassan R, Maino E, Cortelazzo S. Lymphoblastic lymphoma: an
updated review on biology, diagnosis, and treatment. Eur J
Haematol. 2016;96(5):447-60.
Burkhardt B, Mueller S, Khanam T, Perkins SL. Current status and
future directions of T-lymphoblastic lymphoma in children and
adolescents. Br J Haematol. 2016;173(4):545-59.
Murphy SB. Classification, staging and end results of treatment of
childhood non-Hodgkin's lymphomas: dissimilarities from
lymphomas in adults. Semin Oncol. 1980;7(3):332-9.
Reiter A, Schrappe M, Ludwig WD, Tiemann M, Parwaresch R,
Zimmermann M, . . . Riehm H. Intensive ALL-type therapy without
local radiotherapy provides a 90% event-free survival for children
with T-cell lymphoblastic lymphoma: a BFM group report. Blood.
2000;95(2):416-21.
Sekimizu M, Sunami S, Nakazawa A, Hayashi Y, Okimoto Y, Saito
AM, . . . Mori T. Chromosome abnormalities in advanced stage T-cell
lymphoblastic lymphoma of children and adolescents: a report from
Japanese Paediatric Leukaemia/Lymphoma Study Group (JPLSG)
and review of the literature. Br J Haematol. 2011;154(5):612-7.
Feng H, Stachura DL, White RM, Gutierrez A, Zhang L, Sanda T, . . .
Look AT. T-lymphoblastic lymphoma cells express high levels of
BCL2, S1P1, and ICAM1, leading to a blockade of tumor cell
intravasation. Cancer Cell. 2010;18(4):353-66.
Basso K, Mussolin L, Lettieri A, Brahmachary M, Lim WK, Califano
A, . . . Rosolen A. T-cell lymphoblastic lymphoma shows differences
and similarities with T-cell acute lymphoblastic leukemia by
genomic and gene expression analyses. Genes Chromosomes
Cancer. 2011;50(12):1063-75.

71

70.

71.
72.

73.
74.

75.
76.
77.

78.

79.
80.

81.

Raetz EA, Perkins SL, Bhojwani D, Smock K, Philip M, Carroll WL,
Min DJ. Gene expression profiling reveals intrinsic differences
between T-cell acute lymphoblastic leukemia and T-cell
lymphoblastic lymphoma. Pediatric blood & cancer. 2006;47(2):13040.
Aifantis I, Raetz E, Buonamici S. Molecular pathogenesis of T-cell
leukaemia and lymphoma. Nat Rev Immunol. 2008;8(5):380-90.
Scimone ML, Aifantis I, Apostolou I, von Boehmer H, von Andrian
UH. A multistep adhesion cascade for lymphoid progenitor cell
homing to the thymus. Proc Natl Acad Sci U S A. 2006;103(18):700611.
Shah DK, Zuniga-Pflucker JC. An overview of the intrathymic
intricacies of T cell development. J Immunol. 2014;192(9):4017-23.
Bongiovanni D, Saccomani V, Piovan E. Aberrant Signaling
Pathways in T-Cell Acute Lymphoblastic Leukemia. Int J Mol Sci.
2017;18(9).
Rothenberg EV, Moore JE, Yui MA. Launching the T-cell-lineage
developmental programme. Nat Rev Immunol. 2008;8(1):9-21.
Look AT. Oncogenic transcription factors in the human acute
leukemias. Science. 1997;278(5340):1059-64.
Larmonie NS, van der Spek A, Bogers AJ, van Dongen JJ, Langerak
AW. Genetic and epigenetic determinants mediate proneness of
oncogene breakpoint sites for involvement in TCR translocations.
Genes Immun. 2014;15(2):72-81.
Larmonie NS, Dik WA, Meijerink JP, Homminga I, van Dongen JJ,
Langerak AW. Breakpoint sites disclose the role of the V(D)J
recombination machinery in the formation of T-cell receptor (TCR)
and non-TCR associated aberrations in T-cell acute lymphoblastic
leukemia. Haematologica. 2013;98(8):1173-84.
Belver L, Ferrando A. The genetics and mechanisms of T cell acute
lymphoblastic leukaemia. Nat Rev Cancer. 2016;16(8):494-507.
Ferrando AA, Neuberg DS, Staunton J, Loh ML, Huard C, Raimondi
SC, . . . Look AT. Gene expression signatures define novel oncogenic
pathways in T cell acute lymphoblastic leukemia. Cancer Cell.
2002;1(1):75-87.
Graux C, Cools J, Michaux L, Vandenberghe P, Hagemeijer A.
Cytogenetics and molecular genetics of T-cell acute lymphoblastic
leukemia:
from
thymocyte
to
lymphoblast.
Leukemia.
2006;20(9):1496-510.

72

82.

83.
84.

85.

86.

87.

88.
89.

90.

91.
92.

93.

Aplan PD, Raimondi SC, Kirsch IR. Disruption of the SCL gene by a
t(1;3) translocation in a patient with T cell acute lymphoblastic
leukemia. J Exp Med. 1992;176(5):1303-10.
Sanda T, Leong WZ. TAL1 as a master oncogenic transcription factor
in T-cell acute lymphoblastic leukemia. Exp Hematol. 2017.
Zhang M, Swanson PC. V(D)J recombinase binding and cleavage of
cryptic recombination signal sequences identified from lymphoid
malignancies. J Biol Chem. 2008;283(11):6717-27.
Su XY, Della-Valle V, Andre-Schmutz I, Lemercier C, Radford-Weiss
I, Ballerini P, . . . Penard-Lacronique V. HOX11L2/TLX3 is
transcriptionally activated through T-cell regulatory elements
downstream of BCL11B as a result of the t(5;14)(q35;q32). Blood.
2006;108(13):4198-201.
Chen B, Jiang L, Zhong ML, Li JF, Li BS, Peng LJ, . . . Chen SJ.
Identification of fusion genes and characterization of transcriptome
features in T-cell acute lymphoblastic leukemia. Proc Natl Acad Sci
U S A. 2018;115(2):373-8.
Seki M, Kimura S, Isobe T, Yoshida K, Ueno H, Nakajima-Takagi Y, .
. . Takita J. Recurrent SPI1 (PU.1) fusions in high-risk pediatric T cell
acute lymphoblastic leukemia. Nat Genet. 2017;49(8):1274-81.
Van Vlierberghe P, Ferrando A. The molecular basis of T cell acute
lymphoblastic leukemia. J Clin Invest. 2012;122(10):3398-406.
Remke M, Pfister S, Kox C, Toedt G, Becker N, Benner A, . . . Kulozik
AE. High-resolution genomic profiling of childhood T-ALL reveals
frequent copy-number alterations affecting the TGF-beta and PI3KAKT pathways and deletions at 6q15-16.1 as a genomic marker for
unfavorable early treatment response. Blood. 2009;114(5):1053-62.
Gachet S, El-Chaar T, Avran D, Genesca E, Catez F, Quentin S, . . .
Soulier J. Deletion 6q Drives T-cell Leukemia Progression by
Ribosome Modulation. Cancer Discov. 2018;8(12):1614-31.
Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation.
Cell. 2011;144(5):646-74.
Sanchez-Martin M, Ferrando A. The NOTCH1-MYC highway
toward
T-cell
acute
lymphoblastic
leukemia.
Blood.
2017;129(9):1124-33.
Herranz D, Ambesi-Impiombato A, Palomero T, Schnell SA, Belver
L, Wendorff AA, . . . Ferrando AA. A NOTCH1-driven MYC
enhancer promotes T cell development, transformation and acute
lymphoblastic leukemia. Nat Med. 2014;20(10):1130-7.

73

94.

95.

96.

97.

98.
99.

100.

101.

102.

103.

104.

Palomero T, Dominguez M, Ferrando AA. The role of the
PTEN/AKT Pathway in NOTCH1-induced leukemia. Cell Cycle.
2008;7(8):965-70.
Palomero T, Sulis ML, Cortina M, Real PJ, Barnes K, Ciofani M, . . .
Ferrando AA. Mutational loss of PTEN induces resistance to
NOTCH1 inhibition in T-cell leukemia. Nat Med. 2007;13(10):120310.
Mendes RD, Cante-Barrett K, Pieters R, Meijerink JP. The relevance
of PTEN-AKT in relation to NOTCH1-directed treatment strategies
in T-cell acute lymphoblastic leukemia. Haematologica.
2016;101(9):1010-7.
Mendes RD, Sarmento LM, Cante-Barrett K, Zuurbier L, BuijsGladdines JG, Povoa V, . . . Meijerink JP. PTEN microdeletions in Tcell acute lymphoblastic leukemia are caused by illegitimate RAGmediated recombination events. Blood. 2014;124(4):567-78.
Girardi T, Vicente C, Cools J, De Keersmaecker K. The genetics and
molecular biology of T-ALL. Blood. 2017;129(9):1113-23.
Van Vlierberghe P, Palomero T, Khiabanian H, Van der Meulen J,
Castillo M, Van Roy N, . . . Ferrando A. PHF6 mutations in T-cell
acute lymphoblastic leukemia. Nat Genet. 2010;42(4):338-42.
Ntziachristos P, Tsirigos A, Van Vlierberghe P, Nedjic J, Trimarchi T,
Flaherty MS, . . . Aifantis I. Genetic inactivation of the polycomb
repressive complex 2 in T cell acute lymphoblastic leukemia. Nat
Med. 2012;18(2):298-301.
Peirs S, Van der Meulen J, Van de Walle I, Taghon T, Speleman F,
Poppe B, Van Vlierberghe P. Epigenetics in T-cell acute
lymphoblastic leukemia. Immunol Rev. 2015;263(1):50-67.
Armstrong SA, Staunton JE, Silverman LB, Pieters R, den Boer ML,
Minden MD, . . . Korsmeyer SJ. MLL translocations specify a distinct
gene expression profile that distinguishes a unique leukemia. Nat
Genet. 2002;30(1):41-7.
Soulier J, Clappier E, Cayuela JM, Regnault A, Garcia-Peydro M,
Dombret H, . . . Sigaux F. HOXA genes are included in genetic and
biologic networks defining human acute T-cell leukemia (T-ALL).
Blood. 2005;106(1):274-86.
Neumann M, Heesch S, Schlee C, Schwartz S, Gokbuget N, Hoelzer
D, . . . Baldus CD. Whole-exome sequencing in adult ETP-ALL
reveals a high rate of DNMT3A mutations. Blood. 2013;121(23):474952.

74

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.
115.

Homminga I, Pieters R, Langerak AW, de Rooi JJ, Stubbs A,
Verstegen M, . . . Meijerink JP. Integrated transcript and genome
analyses reveal NKX2-1 and MEF2C as potential oncogenes in T cell
acute lymphoblastic leukemia. Cancer Cell. 2011;19(4):484-97.
Zuurbier L, Gutierrez A, Mullighan CG, Cante-Barrett K, Gevaert
AO, de Rooi J, . . . Meijerink JP. Immature MEF2C-dysregulated Tcell leukemia patients have an early T-cell precursor acute
lymphoblastic leukemia gene signature and typically have nonrearranged T-cell receptors. Haematologica. 2014;99(1):94-102.
Begley CG, Aplan PD, Davey MP, Nakahara K, Tchorz K, Kurtzberg
J, . . . et al. Chromosomal translocation in a human leukemic stemcell line disrupts the T-cell antigen receptor delta-chain diversity
region and results in a previously unreported fusion transcript. Proc
Natl Acad Sci U S A. 1989;86(6):2031-5.
Navarro JM, Touzart A, Pradel LC, Loosveld M, Koubi M, Fenouil R,
. . . Nadel B. Site- and allele-specific polycomb dysregulation in Tcell leukaemia. Nat Commun. 2015;6:6094.
Mansour MR, Abraham BJ, Anders L, Berezovskaya A, Gutierrez A,
Durbin AD, . . . Look AT. Oncogene regulation. An oncogenic superenhancer formed through somatic mutation of a noncoding
intergenic element. Science. 2014;346(6215):1373-7.
Sanda T, Lawton LN, Barrasa MI, Fan ZP, Kohlhammer H, Gutierrez
A, . . . Look AT. Core transcriptional regulatory circuit controlled by
the TAL1 complex in human T cell acute lymphoblastic leukemia.
Cancer Cell. 2012;22(2):209-21.
Tosello V, Mansour MR, Barnes K, Paganin M, Sulis ML, Jenkinson
S, . . . Ferrando AA. WT1 mutations in T-ALL. Blood.
2009;114(5):1038-45.
Kleppe M, Soulier J, Asnafi V, Mentens N, Hornakova T, Knoops L, .
. . Cools J. PTPN2 negatively regulates oncogenic JAK1 in T-cell
acute lymphoblastic leukemia. Blood. 2011;117(26):7090-8.
Graux C, Cools J, Melotte C, Quentmeier H, Ferrando A, Levine R, . .
. Hagemeijer A. Fusion of NUP214 to ABL1 on amplified episomes
in T-cell acute lymphoblastic leukemia. Nat Genet. 2004;36(10):10849.
Nicoglou A, Merlin F. Epigenetics: A way to bridge the gap between
biological fields. Stud Hist Philos Biol Biomed Sci. 2017;66:73-82.
Shen H, Laird PW. Interplay between the cancer genome and
epigenome. Cell. 2013;153(1):38-55.

75

116.
117.
118.
119.
120.

121.

122.

123.

124.
125.
126.

127.

128.

129.

Aranda S, Mas G, Di Croce L. Regulation of gene transcription by
Polycomb proteins. Sci Adv. 2015;1(11):e1500737.
Di Croce L, Helin K. Transcriptional regulation by Polycomb group
proteins. Nat Struct Mol Biol. 2013;20(10):1147-55.
van Kruijsbergen I, Hontelez S, Veenstra GJ. Recruiting polycomb to
chromatin. Int J Biochem Cell Biol. 2015;67:177-87.
Robertson KD. DNA methylation and chromatin - unraveling the
tangled web. Oncogene. 2002;21(35):5361-79.
Ooi SK, Qiu C, Bernstein E, Li K, Jia D, Yang Z, . . . Bestor TH.
DNMT3L connects unmethylated lysine 4 of histone H3 to de novo
methylation of DNA. Nature. 2007;448(7154):714-7.
Edwards JR, Yarychkivska O, Boulard M, Bestor TH. DNA
methylation and DNA methyltransferases. Epigenetics Chromatin.
2017;10:23.
Baubec T, Schubeler D. Genomic patterns and context specific
interpretation of DNA methylation. Curr Opin Genet Dev.
2014;25:85-92.
Lister R, Pelizzola M, Dowen RH, Hawkins RD, Hon G, TontiFilippini J, . . . Ecker JR. Human DNA methylomes at base resolution
show
widespread
epigenomic
differences.
Nature.
2009;462(7271):315-22.
Li E, Zhang Y. DNA methylation in mammals. Cold Spring Harb
Perspect Biol. 2014;6(5):a019133.
Cedar H, Bergman Y. Programming of DNA methylation patterns.
Annu Rev Biochem. 2012;81:97-117.
Rodriguez RM, Suarez-Alvarez B, Mosen-Ansorena D, GarciaPeydro M, Fuentes P, Garcia-Leon MJ, . . . Lopez-Larrea C.
Regulation of the transcriptional program by DNA methylation
during human alphabeta T-cell development. Nucleic Acids Res.
2015;43(2):760-74.
Ji H, Ehrlich LI, Seita J, Murakami P, Doi A, Lindau P, . . . Feinberg
AP. Comprehensive methylome map of lineage commitment from
haematopoietic progenitors. Nature. 2010;467(7313):338-42.
Farlik M, Halbritter F, Muller F, Choudry FA, Ebert P, Klughammer
J, . . . Bock C. DNA Methylation Dynamics of Human Hematopoietic
Stem Cell Differentiation. Cell Stem Cell. 2016;19(6):808-22.
Tejedor JR, Bueno C, Cobo I, Bayon GF, Prieto C, Mangas C, . . .
Fernandez AF. Epigenome-wide analysis reveals specific DNA
hypermethylation of T cells during human hematopoietic
differentiation. Epigenomics. 2018;10(7):903-23.

76

130.
131.

132.

133.

134.

135.
136.

137.

138.

139.

140.

Sandoval J, Esteller M. Cancer epigenomics: beyond genomics. Curr
Opin Genet Dev. 2012;22(1):50-5.
Oakes CC, Martin-Subero JI. Insight into origins, mechanisms, and
utility of DNA methylation in B-cell malignancies. Blood.
2018;132(10):999-1006.
Zheng S, Ma X, Zhang L, Gunn L, Smith MT, Wiemels JL, . . .
Wiencke JK. Hypermethylation of the 5' CpG island of the FHIT
gene is associated with hyperdiploid and translocation-negative
subtypes of pediatric leukemia. Cancer Res. 2004;64(6):2000-6.
Shteper PJ, Siegfried Z, Asimakopoulos FA, Palumbo GA,
Rachmilewitz EA, Ben-Neriah Y, Ben-Yehuda D. ABL1 methylation
in Ph-positive ALL is exclusively associated with the P210 form of
BCR-ABL. Leukemia. 2001;15(4):575-82.
Wong IH, Ng MH, Huang DP, Lee JC. Aberrant p15 promoter
methylation in adult and childhood acute leukemias of nearly all
morphologic subtypes: potential prognostic implications. Blood.
2000;95(6):1942-9.
Nordlund J, Syvanen AC. Epigenetics in pediatric acute
lymphoblastic leukemia. Semin Cancer Biol. 2018;51:129-38.
Nordlund J, Backlin CL, Wahlberg P, Busche S, Berglund EC,
Eloranta ML, . . . Syvanen AC. Genome-wide signatures of
differential DNA methylation in pediatric acute lymphoblastic
leukemia. Genome Biol. 2013;14(9):r105.
Borssén M, Palmqvist L, Karrman K, Abrahamsson J, Behrendtz M,
Heldrup J, . . . Degerman S. Promoter DNA methylation pattern
identifies prognostic subgroups in childhood T-cell acute
lymphoblastic leukemia. PLoS One. 2013;8(6):e65373.
Lee ST, Muench MO, Fomin ME, Xiao J, Zhou M, de Smith A, . . .
Wiemels JL. Epigenetic remodeling in B-cell acute lymphoblastic
leukemia occurs in two tracks and employs embryonic stem cell-like
signatures. Nucleic Acids Res. 2015;43(5):2590-602.
Nordlund J, Backlin CL, Zachariadis V, Cavelier L, Dahlberg J,
Ofverholm I, . . . Syvanen AC. DNA methylation-based subtype
prediction for pediatric acute lymphoblastic leukemia. Clin
Epigenetics. 2015;7:11.
Figueroa ME, Chen SC, Andersson AK, Phillips LA, Li Y, Sotzen J, . .
. Mullighan CG. Integrated genetic and epigenetic analysis of
childhood acute lymphoblastic leukemia. J Clin Invest.
2013;123(7):3099-111.

77

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

Chatterton Z, Morenos L, Mechinaud F, Ashley DM, Craig JM,
Sexton-Oates A, . . . Wong NC. Epigenetic deregulation in pediatric
acute lymphoblastic leukemia. Epigenetics. 2014;9(3):459-67.
Marincevic-Zuniga Y, Dahlberg J, Nilsson S, Raine A, Nystedt S,
Lindqvist CM, . . . Syvanen AC. Transcriptome sequencing in
pediatric acute lymphoblastic leukemia identifies fusion genes
associated with distinct DNA methylation profiles. J Hematol Oncol.
2017;10(1):148.
Milani L, Lundmark A, Kiialainen A, Nordlund J, Flaegstad T,
Forestier E, . . . Syvänen AC. DNA methylation for subtype
classification and prediction of treatment outcome in patients with
childhood acute lymphoblastic leukemia. Blood. 2010;115(6):1214-25.
Evelonn EA, Degerman S, Kohn L, Landfors M, Ljungberg B, Roos
G. DNA methylation status defines clinicopathological parameters
including survival for patients with clear cell renal cell carcinoma
(ccRCC). Tumour Biol. 2016;37(8):10219-28.
Evelonn EA, Landfors M, Haider Z, Kohn L, Ljungberg B, Roos G,
Degerman S. DNA methylation associates with survival in nonmetastatic clear cell renal cell carcinoma. BMC Cancer. 2019;19(1):65.
Figueroa ME, Lugthart S, Li Y, Erpelinck-Verschueren C, Deng X,
Christos PJ, . . . Melnick A. DNA methylation signatures identify
biologically distinct subtypes in acute myeloid leukemia. Cancer
Cell. 2010;17(1):13-27.
Bergmann AK, Castellano G, Alten J, Ammerpohl O, Kolarova J,
Nordlund J, . . . Siebert R. DNA methylation profiling of pediatric Bcell lymphoblastic leukemia with KMT2A rearrangement identifies
hypomethylation at enhancer sites. Pediatric blood & cancer.
2017;64(3).
Toyota M, Ahuja N, Ohe-Toyota M, Herman JG, Baylin SB, Issa JP.
CpG island methylator phenotype in colorectal cancer. Proc Natl
Acad Sci U S A. 1999;96(15):8681-6.
Schmiegelow K, Forestier E, Hellebostad M, Heyman M, Kristinsson
J, Soderhall S, . . . Oncology. Long-term results of NOPHO ALL-92
and ALL-2000 studies of childhood acute lymphoblastic leukemia.
Leukemia. 2010;24(2):345-54.
Taskinen M, Oskarsson T, Levinsen M, Bottai M, Hellebostad M,
Jonsson OG, . . . Heyman M. The effect of central nervous system
involvement and irradiation in childhood acute lymphoblastic
leukemia: Lessons from the NOPHO ALL-92 and ALL-2000
protocols. Pediatric blood & cancer. 2017;64(2):242-9.

78

151.

152.

153.

154.

155.

156.
157.

158.

159.

160.

161.

162.

Cancer Genome Atlas Research N, Ley TJ, Miller C, Ding L, Raphael
BJ, Mungall AJ, . . . Eley G. Genomic and epigenomic landscapes of
adult de novo acute myeloid leukemia. N Engl J Med.
2013;368(22):2059-74.
Alisch RS, Barwick BG, Chopra P, Myrick LK, Satten GA, Conneely
KN, Warren ST. Age-associated DNA methylation in pediatric
populations. Genome Res. 2012;22(4):623-32.
Lokk K, Modhukur V, Rajashekar B, Martens K, Magi R, Kolde R, . . .
Tonisson N. DNA methylome profiling of human tissues identifies
global and tissue-specific methylation patterns. Genome Biol.
2014;15(4):r54.
Sandoval J, Heyn H, Moran S, Serra-Musach J, Pujana MA, Bibikova
M, Esteller M. Validation of a DNA methylation microarray for
450,000 CpG sites in the human genome. Epigenetics. 2011;6(6):692702.
Teschendorff AE, Marabita F, Lechner M, Bartlett T, Tegner J,
Gomez-Cabrero D, Beck S. A beta-mixture quantile normalization
method for correcting probe design bias in Illumina Infinium 450 k
DNA methylation data. Bioinformatics. 2013;29(2):189-96.
Horvath S. DNA methylation age of human tissues and cell types.
Genome Biol. 2013;14(10):R115.
Hannum G, Guinney J, Zhao L, Zhang L, Hughes G, Sadda S, . . .
Zhang K. Genome-wide methylation profiles reveal quantitative
views of human aging rates. Mol Cell. 2013;49(2):359-67.
Yang Z, Wong A, Kuh D, Paul DS, Rakyan VK, Leslie RD, . . .
Teschendorff AE. Correlation of an epigenetic mitotic clock with
cancer risk. Genome Biol. 2016;17(1):205.
Aryee MJ, Jaffe AE, Corrada-Bravo H, Ladd-Acosta C, Feinberg AP,
Hansen KD, Irizarry RA. Minfi: a flexible and comprehensive
Bioconductor package for the analysis of Infinium DNA methylation
microarrays. Bioinformatics. 2014;30(10):1363-9.
Hovestadt VZ, M. . conumee: Enhanced copy-number variation
analysis using Illumina DNA methylation arrays. R package version
1.9.0.
Love MI, Huber W, Anders S. Moderated estimation of fold change
and dispersion for RNA-seq data with DESeq2. Genome Biol.
2014;15(12):550.
Nicorici D, Satalan M, Edgren H, Kangaspeska S, Murumagi A,
Kallioniemi O, . . . Kilkku O. FusionCatcher - a tool for finding

79

163.
164.

165.

166.
167.

168.

169.

170.
171.

172.

173.

somatic fusion genes in paired-end RNA-sequencing data. bioRxiv.
2014.
Cawthon RM. Telomere measurement by quantitative PCR. Nucleic
Acids Res. 2002;30(10):e47.
Delabesse E, Bernard M, Landman-Parker J, Davi F, Leboeuf D,
Varet B, . . . Macintyre EA. Simultaneous SIL-TAL1 RT-PCR
detection of all tal(d) deletions and identification of novel tal(d)
variants. Br J Haematol. 1997;99(4):901-7.
Degerman S, Landfors M, Siwicki JK, Revie J, Borssén M, Evelönn E,
. . . Roos G. Immortalization of T-cells is accompanied by gradual
changes in CpG methylation resulting in a profile resembling a
subset of T-cell leukemias. Neoplasia. 2014;16(7):606-15.
Lin Q, Wagner W. Epigenetic Aging Signatures Are Coherently
Modified in Cancer. PLoS Genet. 2015;11(6):e1005334.
Breit TM, Wolvers-Tettero IL, van Dongen JJ. Lineage specific
demethylation of tal-1 gene breakpoint region determines the
frequency of tal-1 deletions in alpha beta lineage T-cells. Oncogene.
1994;9(7):1847-53.
Yi S, Li H, Li Z, Xiong W, Liu H, Liu W, . . . Qiu L. The prognostic
significance of 13q deletions of different sizes in patients with B-cell
chronic lymphoproliferative disorders: a retrospective study. Int J
Hematol. 2017;106(3):418-25.
Orlandi EM, Bernasconi P, Pascutto C, Giardini I, Cavigliano PM,
Boni M, . . . Cazzola M. Chronic lymphocytic leukemia with
del13q14 as the sole abnormality: dynamic prognostic estimate by
interphase-FISH. Hematol Oncol. 2013;31(3):136-42.
Herman JG, Baylin SB. Gene silencing in cancer in association with
promoter hypermethylation. N Engl J Med. 2003;349(21):2042-54.
Deneberg S, Grövdal M, Karimi M, Jansson M, Nahi H, Corbacioglu
A, . . . Lehmann S. Gene-specific and global methylation patterns
predict outcome in patients with acute myeloid leukemia. Leukemia.
2010;24(5):932-41.
Kraszewska MD, Dawidowska M, Larmonie NS, Kosmalska M,
Sedek L, Szczepaniak M, . . . Polish Pediatric Leukemia Lymphoma
Study G. DNA methylation pattern is altered in childhood T-cell
acute lymphoblastic leukemia patients as compared with normal
thymic subsets: insights into CpG island methylator phenotype in TALL. Leukemia. 2012;26(2):367-71.
Chaber R, Gurgul A, Wrobel G, Haus O, Tomon A, Kowalczyk J, . . .
Zawlik I. Whole-genome DNA methylation characteristics in

80

174.

175.

176.
177.

178.

179.

180.
181.

182.

183.

184.

pediatric precursor B cell acute lymphoblastic leukemia (BCP ALL).
PLoS One. 2017;12(11):e0187422.
Hogan LE, Meyer JA, Yang J, Wang J, Wong N, Yang W, . . . Carroll
WL. Integrated genomic analysis of relapsed childhood acute
lymphoblastic leukemia reveals therapeutic strategies. Blood.
2011;118(19):5218-26.
Choi S, Henderson MJ, Kwan E, Beesley AH, Sutton R, Bahar AY, . . .
Norris MD. Relapse in children with acute lymphoblastic leukemia
involving selection of a preexisting drug-resistant subclone. Blood.
2007;110(2):632-9.
Horvath S, Raj K. DNA methylation-based biomarkers and the
epigenetic clock theory of ageing. Nat Rev Genet. 2018;19(6):371-84.
Teschendorff AE, Menon U, Gentry-Maharaj A, Ramus SJ,
Weisenberger DJ, Shen H, . . . Widschwendter M. Age-dependent
DNA methylation of genes that are suppressed in stem cells is a
hallmark of cancer. Genome Res. 2010;20(4):440-6.
Borssen M, Cullman I, Noren-Nystrom U, Sundstrom C, Porwit A,
Forestier E, Roos G. hTERT promoter methylation and telomere
length in childhood acute lymphoblastic leukemia: associations with
immunophenotype and cytogenetic subgroup. Exp Hematol.
2011;39(12):1144-51.
Ebinger S, Ozdemir EZ, Ziegenhain C, Tiedt S, Castro Alves C,
Grunert M, . . . Jeremias I. Characterization of Rare, Dormant, and
Therapy-Resistant Cells in Acute Lymphoblastic Leukemia. Cancer
Cell. 2016;30(6):849-62.
Tan SH, Bertulfo FC, Sanda T. Leukemia-Initiating Cells in T-Cell
Acute Lymphoblastic Leukemia. Front Oncol. 2017;7:218.
Durinck K, Goossens S, Peirs S, Wallaert A, Van Loocke W,
Matthijssens F, . . . Van Vlierberghe P. Novel biological insights in Tcell acute lymphoblastic leukemia. Exp Hematol. 2015;43(8):625-39.
Hu X, Li X, Valverde K, Fu X, Noguchi C, Qiu Y, Huang S. LSD1mediated epigenetic modification is required for TAL1 function and
hematopoiesis. Proc Natl Acad Sci U S A. 2009;106(25):10141-6.
Hu X, Ybarra R, Qiu Y, Bungert J, Huang S. Transcriptional
regulation by TAL1: a link between epigenetic modifications and
erythropoiesis. Epigenetics. 2009;4(6):357-61.
Tremblay M, Tremblay CS, Herblot S, Aplan PD, Hebert J, Perreault
C, Hoang T. Modeling T-cell acute lymphoblastic leukemia induced
by the SCL and LMO1 oncogenes. Genes Dev. 2010;24(11):1093-105.

81

185.
186.
187.
188.

Collins CT, Hess JL. Role of HOXA9 in leukemia: dysregulation,
cofactors and essential targets. Oncogene. 2016;35(9):1090-8.
Hess JL. MLL: a histone methyltransferase disrupted in leukemia.
Trends Mol Med. 2004;10(10):500-7.
Hess JL. Mechanisms of transformation by MLL. Crit Rev Eukaryot
Gene Expr. 2004;14(4):235-54.
Zhang J, Ding L, Holmfeldt L, Wu G, Heatley SL, Payne-Turner D, . .
. Mullighan CG. The genetic basis of early T-cell precursor acute
lymphoblastic leukaemia. Nature. 2012;481(7380):157-63.

82

