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Why ask the sages about the beginning of Self, 

when it is it´s Culmination you seek. 
 

Exalt your Self to the skies so that before every Divine decree, 
the Divine himself will ask; what destiny do You wish for? 

 
-Allama Iqbal (translated) 
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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 T-
celler 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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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 two-
hit model where a pre-leukemic cell harboring a mutation bursts into full-
blown 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 T-
cell 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 normal-
induction 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-Frankfurt-
Münster (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 third-
generation 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 T-
ALL/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 LT-
HSCs 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 T-
cells, 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].  

  



 

15 

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 T-
ALL 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-loop-
helix (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 STIL-
TAL1 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 ZBTB16-
ABL1 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 γ-
secretase 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-AKT-
mammalian target of rapamycin (PI3K-AKT-mTOR) pathway, which is 
essential for normal cellular growth and survival. PTEN deletions or loss-of-
function 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-of-
function 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 
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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-of-
function 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 T-
ALLs 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 mechanisms, Histone modifications and Polycomb 
complexes 

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 transcription-
activating 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 5-
carbon 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), 5-
formylcytosine 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 lineage- 
and 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 lineage-
commitment 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 genome-
wide 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, 144-
146]. 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 T-
LBL 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, single-
stranded 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 methylation-
specific 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. Bisulfite-
converted 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 methylation-
dependent 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 hapten-
labeled 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 CIMP- 
whereas 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 T-
LBL 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 T-
LBL 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. 



 

38 

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- T-
ALL (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 STIL-
TAL1 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 RNA-
sequencing, 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 event-
free 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 T-
ALL 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 T-
ALL (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 T-
ALL 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 BCP-
ALL 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, CIMP- 
classification 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). BCP-
ALL 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 wide-
range 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 T-
ALL 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 CIMP- 
subgroup 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 age-
associated 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- T-
ALLs 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 STIL-
TAL1 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 



 

50 

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- T-
ALLs 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 CIMP- 
having 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 T-
ALL 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 methylation-
based 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 T-
ALL showed that CIMP subgroups in these diagnostic groups had similar 
characteristics as the CIMP classification in pediatric T-ALL. T-LBL and adult T-
ALL 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 T-
ALL 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 T-
ALL 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 T-
ALL 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 T-
ALL 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 T-
LBL 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 membrane-
associated 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 CytoSNP-
850K 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 high-
risk 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 [156-
158]. 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, therapy-
resistant 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 CIMP- 
methylation 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.  
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