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.  
 
 
You can't even begin to understand biology, you can't 
understand life, unless you understand what it's all 
there for, how it arose - and that means evolution. 
- Richard Dawkins 
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Abstract 

Acute lymphoblastic leukemia (ALL) is the most common childhood 
malignancy. Most ALL cases originate from immature B-cells (BCP-ALL) 
and are characterized by reoccurring structural genetic aberrations. These 
aberrations hold information of the pathogenesis of ALL and are used for 
risk stratification in treatment. Despite increased knowledge of genetic 
aberrations in pediatric T-cell ALL (T-ALL), no reliable molecular genetic 
markers exist for identifying patients with higher risk of relapse. The lack of 
molecular prognostic markers is also evident in patients with relapsed ALL. 
During the last decades, aberrant epigenetic mechanisms including DNA 
methylation have emerged as important components in cancer development. 
Telomere maintenance is another important factor in malignant 
transformation and is crucial for long-term cell survival. Like DNA 
methylation, telomere length maintenance has also been implicated to reflect 
outcomes for patients with leukemia.  

In this thesis, the prognostic relevance of DNA methylation and telomere 
length was investigated in pediatric ALL at diagnosis and relapse. The 
telomere length (TL) was significantly shorter in diagnostic ALL samples 
compared to normal bone marrow samples collected at cessation of therapy, 
reflecting the proliferation associated telomere length shortening. Prognostic 
relevance of TL was shown in low-risk BCP-ALL patients where longer 
telomeres at diagnosis were associated with higher risk of relapse.  

Genome-wide methylation characterization by arrays in diagnostic T-ALL 
samples identified two distinct methylation subgroups denoted CIMP+ (CpG 
Island Methylator Phenotype high) and CIMP- (low). CIMP- T-ALL patients 
had significantly worse outcome compared to CIMP+ cases. These results 
were confirmed in a Nordic cohort treated according to the current NOPHO-
ALL2008 protocol.  By combining minimal residual disease (MRD) status at 
treatment day 29 and CIMP status at diagnosis we could further separate T-
ALL patients into risk groups. 

Likewise, the CIMP profile could separate relapsed BCP-ALL patients into 
risk groups, where the CIMP- cases had a significantly worse outcome 
compared to CIMP+ cases.  From these data we conclude that DNA 
methylation subgrouping is a promising prognostic marker in T-ALL, as well 
as in relapsed BCP-ALL two groups where reliable prognostic markers are 
currently missing. By elucidating the biology behind the different CIMP 
profiles, the pathogenesis of ALL will be further understood and may 
contribute to new treatment strategies. 
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Populärvetenskaplig sammanfattning 
DNA metylering i akut lymfatisk leukemi 

Cancer är en okontrollerad tillväxt av genetiskt förändrade celler som inte 
respekterar kroppens spelregler. Risken att drabbas av cancer ökar med 
ålder men även barn kan drabbas av cancer. Till skillnad från de flesta 
cancertyper är akut lymfatisk leukemi (ALL) vanligare hos barn än vuxna. 
Vid ALL sker en okontrollerad tillväxt av en specifik typ av blodkroppar, så 
kallade lymfocyter. Det finns två typer av lymfocyter, B och T lymfocyter som 
båda är viktiga för människans immunförsvar. Varför ca 100 barn drabbas 
av leukemi varje år i Sverige är inte känt, däremot vet vi att specifika 
genetiska förändringar gör att cellens tillväxtkontrollmaskineri sätts ur spel 
och gör att leukemicellerna tränger undan produktionen av friska 
blodkroppar.  Genom studier av leukemicellernas olika genetiska 
förändringar (förändringar i arvsmassan) har man lärt sig att vissa 
förändringar är kopplade till en mer svårbehandlad sjukdom och dessa barn 
får en mer intensiv behandling. Detta gäller framför allt de barn som drabbas 
av B-cells leukemi. Hos barn med T-cells leukemi finns inte samma 
möjlighet, eftersom de återkommande förändringar man identifierat inte 
påverkar svaret på behandling i samma utsträckning som i B-cells leukemier. 
Även hos barn med återfall i sin sjukdom behövs bättre markörer för hur 
intensivt sjukdomen behöver behandlas.  

 
Under de senaste decennierna har ett nytt forskningsfält vuxit fram, 

epigenetik. Epigenetik beskriver hur DNAt är packat och strukturerat i 
cellen, vilket har betydelse för arvsmassans stabilitet och påverkar hur gener 
uttrycks. Studier har visat att den epigenetiska regleringen ofta är urspårad i 
cancerceller på ett sjukdomsspecifikt sätt. Epigenetiska förändringar kan 
antingen ske på de proteiner (histoner) som DNA strängen är upplindad på 
eller på själva byggstenarna (nukleotiderna) i DNA kedjan. Den mest 
studerade epigenetiska förändringen är DNA metylering, vilket är när en 
metylgrupp binds till cytosin, en av de fyra nukleotider som bygger upp 
DNA.  

En annan och viktig mekanism för cancercellers förmåga till överlevnad är 
att motverka kritiskt korta telomerer. Telomerer är ändstrukturerna på 
cellens kromosomer. Telomererna förkortas varje gång en cell delar sig och 
fungerar som en biologisk klocka för cellen. När telomererna blir kritiskt 
korta slutar cellen att dela på sig. För att kompensera förkortningen i celler 
som kräver konstant delning (exempelvis lymfocyter och stamceller) kan ett 
proteinkomplex, telomeras, förlänga telomererna. Att kunna bibehålla en 
adekvat telomerlängd är essentiellt för cancerceller som ständigt delar på sig. 
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Målet med denna avhandling var att kartlägga DNA metylering och mäta 

telomerlängd i akut lymfatisk leukemi och undersöka dessa faktorers 
prognostiska betydelse. Fokus har legat på att hitta nya markörer som 
avspeglar prognos, framför allt i grupper där det idag saknas bra markörer. 

 
Fyra delarbeten ingår i avhandlingen, i det första arbetet undersöktes 

telomerlängd och metylering av genen hTERT, som är en av de viktigaste 
komponenterna i telomeraskomplexet. I den första studien drog vi slutsatsen 
att patienter med långa telomerer hade en något ökad risk att få återfall i sin 
sjukdom. Dessutom såg via att frekvensen av metylering av hTERT genen 
skilde sig mellan olika undergrupper av leukemier. Resultaten från den 
första studien gjorde att vi ville göra en utökad studie av 
metyleringsmönstret i T-cells leukemier (T-ALL). T-ALL är en undergrupp 
av leukemier som historiskt sett haft en sämre prognos och där det har 
saknats bra markörer som kan förutsäga hur intensivt en patient behöver 
behandlas, vilket gjort att man betraktat alla T-ALL som högriskpatienter. 
Med hjälp av så kallade arrayer analyserades tusentals 
metyleringsförändringar samtidigt i ett och samma prov. I både delarbete II 
och III studerades T-ALL patienter. Vi visade att hos patienter med T-cells 
leukemi finns två grupper med skilda metyleringsmönster; en grupp med 
många DNA-metyleringsförändringar (en grupp som i avhandlingen kallas 
CIMP-hög) och en grupp med få metyleringsförändringar (CIMP-låg).   

I delarbete II analyserades patienter som behandlats för T-ALL mellan 
1992-2008. Vi såg att patienter med få metyleringsförändringar svarade 
mycket sämre på behandling medan patienter med många 
metyleringsförändringar i regel svarade mycket bra på behandling.  

I delarbete III verifierade vi våra resultat på patienter med T-ALL som 
behandlats med det nuvarande behandlingsprotokollet vilket använts sedan 
2008. Det nuvarande behandlingsprotokollet skiljer sig en del jämfört med 
det tidigare. Framför allt övervakar man numer behandlingssvaret genom att 
mäta hur mycket leukemiceller som finns kvar efter att den första 
behandlingsomgången givits. Patienter som har kvar mer än 0,1% 
leukemiceller ges då den mest intensiva behandlingen och betraktas som 
högrisk patienter. I delarbete III såg vi att de patienter som hade 
kvarvarande sjukdom efter första behandlingsomgången och dessutom var 
CIMP-låga hade en signifikant ökad risk för återfall. CIMP-hög 
metyleringsprofil var kopplat till ett mycket bra terapisvar trots kvarvarande 
sjukdom efter första behandlingsomgången. 

Slutligen analyserades data från 601 patienter med B-cells leukemi. Vi 
genomförde samma typ av metyleringsanalys som på T-ALL patienter. 
Resultaten visade att av de 137 patienter som fick återfall i sin sjukdom 
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överlevde 2/3 av alla som hade en CIMP-hög metyleringsprofil medan bara 
1/3 av alla med CIMP-låg profil överlevde.  

 
Den sammantagna slutsatsen från avhandlingen är att vi utifrån 

metyleringsmönstret kan förutsäga svaret på behandling i två grupper som 
tidigare saknat tillförlitliga biologiska markörer, det vill säga patienter med 
T-cells leukemi och patienter med B-cells leukemi som får återfall efter 
första behandlingen. Fynden är viktiga ur flera aspekter, dels att vi 
identifierar grupper som i regel svarar bra på behandling, då dessa patienter 
löper en risk att överbehandlas. Den andra viktiga poängen att identifiera de 
patienter som inte svarar på nuvarande behandling och därmed skulle kunna 
vara kandidater för nya behandlingsstrategier. Att vidare kartlägga vilka 
mekanismer som ligger bakom skillnaden i metyleringsmönstret kan även ge 
nya infallsvinklar på hur mer skräddarsydda behandlingar skulle kunna se 
ut.  
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5mC 5-Methylcytosine 
ALL Acute Lymphoblastic Leukemia 
BCP-ALL B-cell precursor ALL  
cBM Combined extra medullary and bone marrow relapse 
CD Cluster of differentiation 
CGI CpG island 
Ch Chromosome 
CIMP CpG island methylator phenotype 
CNS Central nervous system 
CpG Cytosine phosphate guanine 
CR Complete remission 
DMG Differently methylated gene 
DNMT DNA methyl transferase 
EFS Event free survival 
EM Isolated extra medullary 
ETP Early T-cell precursor phenotype 
HeH High hyperdiploid 
HR High risk 
HSC Hematopoietic stem cell 
iBM Isolated bone marrow 
IR Intermediate risk 
KDM2a-r Lysine demethylase 2A rearranged   
MRD Minimal residual disease 
NOPHO Nordic society of pediatric hematology and oncology 
OS Overall survival 
PCR Polymerase chain reaction 
PRC Polycomb repressive complex 
RTL Relative telomere length 
SR Standard risk 
T-ALL T-cell acute lymphoblastic leukemia 
TET Ten eleven translocation 

 

 



 

2 

Background 
Cancer 

Cancer is the result of accumulating lesions at the cellular level leading to 
transformation of a benign to a malignant cell. Malignant cells harbor 
certain hallmarks i.e. resisting cell death, sustaining proliferative signaling, 
evading growth suppressors, immortal replication, generating angiogenesis 
and the ability to invade and form metastasis [1].  These phenotypic changes 
often have genotypic explanations. Amplification of oncogenes sustains 
proliferative signaling, deletions of tumor suppressors evade growth arrest 
and mutations in DNA repair machinery components can cause genomic 
instability [1,2].  Different tumors often acquire specific spectra of genetic 
abnormalities, which is most evident in hematological malignancies. In 
leukemia, information about these structural genetic aberrations can be used 
as biomarkers for prognosis and enable stratification of patients into 
different treatment intensities [3].  

Transcription of genes does not occur on naked DNA but at the chromatin 
level.  Chromatin is formed by histones and DNA, and can undergo chemical 
modifications via, for example, addition of methyl groups that may influence 
gene expression without affecting the DNA sequence. Configuration of 
chromatin is also essential to maintain genomic stability, so just like genetic 
lesions epigenetic changes in cancer cells can drive expression of oncogenes, 
silence tumor suppressors and cause genomic instability[4].  

Hematopoiesis 

The hematopoietic system starts to develop early during embryogenesis in 
the yolk sac and specific tissues in the aorta, after which the process is 
relocated to the fetal liver. Finally, during the perinatal period hematopoiesis 
is translocated to the bone marrow where it persists throughout life [5].  

Hematopoiesis has a hierarchical structure, at the top of which lie 
hematopoietic stem cells (HSC). HSCs have the ability of both self-renewal 
and differentiation into more committed precursor cells. The number of HSC 
in the bone marrow is very low, the majority of which are in a quiescent state 
[6]. More committed precursor cells have made lineage decision into either 
common lymphoid precursor (CLP) cells or common myeloid precursor 
(CMP) cells. Further lineage commitment of CMP results in production of 
myeloid cells like erythrocytes, megakaryocytes, neutrophils and monocytes. 
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Lymphocytes arise from CLP, which can differentiate, into B-cells or T-cells 
as well as NK-cells [7].   

This classical view of a strict bifurcation between myeloid and lymphoid 
lineages is probably not accurate since there are progenitors with the ability 
to generate both T-cells, B-cells and granulocytes [7]. 

 

Acute Lymphoblastic Leukemia 

Epidemiology and etiology 

The first known case of childhood acute lymphoblastic leukemia (ALL) was 
described in 1850 in a 9 years-old girl. Today we know that ALL is the most 
common form of childhood cancer, accounting for almost 1/3 of all cancers 
in children. The incidence of malignancies among children in Sweden is 11,4 
cases /100 000 children/year equivalent to about 250-300 cases each year, 
of which 75-80 are ALL [8]. The incidence has been stable over the last four 
decades[9] .  

In a global perspective there are regional differences in ALL incidence. ALL 
is most common among Europeans and Caucasians of the United States of 
America (USA), and lowest among Indians and African Americans of the 
USA, indicating ethnically linked susceptibilities. Unlike most other types of 
cancer, ALL has a higher incidence among children than adults, with an 
annual incidence peak in 2-5 years-old children [10]. The etiology of 
childhood ALL is largely unknown. Some syndromes are associated with an 
increased risk of childhood-ALL. The most studied is Downs’s syndrome 
(DS), comprising 2% of all patients with ALL, in comparison with 0,01% in 
the general population. ALL in DS is associated with worse outcome 
compared to patients without DS [11].  Other rare genetic conditions with 
increased risk of developing ALL are Bloom´s syndrome, Nijmegen breakage 
syndrome and ataxia telangiectasia [12].   

Genome wide association studies have identified a handful of single 
nucleotide polymorphisms (SNPs) associated with increased risk for ALL. 
Identified SNPs are located in loci linked to ARID5B (AT-rich interaction 
domain), IKZF1 (IKAROS family zinc finger 1), CEBPE (CCAAT/enhancer 
binding protein epsilon), GATA3 (GATA binding protein 3) and CDKN2A–
CDKN2B (Cyclin dependent kinase 2 a and b) [13-15]. Of interest is that 
most of these genes are frequently deleted or mutated in ALL, and in the case 
of CDKN2A the risk allele is often the preserved copy in leukemic cells with 
loss of heterozygosity (LOH) of CDKN2A[16]. 
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Symptoms, diagnosis and treatment- a short overview 

ALL is an uncontrolled clonal expansion of malignant lymphocytes and 
without proper treatment the disease is fatal. Expansion of the malignant 
clone in the bone marrow eventually leads to repression of normal 
hematopoiesis. Hence, patients with ALL present signs including (i) a 
dysfunctional hematopoietic system like fever caused by the leukemia itself, 
(ii) prolonged or repetitive infections due to repressed immune function, (iii) 
paleness and fatigue reflecting repressed erythropoiesis, or (iv) even bruising 
as a sign of thrombocytopenia. Extra medullary involvement is common, 
blasts can infiltrate the central nervous system (CNS), spleen, liver, bone, 
testis and lymph nodes. The extra medullary spread can give rise to 
symptoms like limping, lymph node enlargement or more rarely 
compression of vessels or airways.  

 

When leukemia is suspected, a bone marrow biopsy/aspiration is performed. 
Samples are examined morphologically and classified according to the 
French-American-British (FAB) criteria [17].  Still, as the FAB criteria are of 
limited clinical significance, immunophenotypic classification and molecular 
genetics remain cornerstones in diagnosing and risk stratification of ALL 
[3,18]. 

 

When it comes to treatment, there are few counterparts in medical history 
with such an exceptional development than the treatment of childhood 
leukemia. This might seem odd given that very few new drugs have been 
introduced over the last 40-50 years. Vincristine, prednisone, methotrexate 
and mercaptopurine were already in use in the 1960's but with limited 
success. Instead real success was achieved by combining drugs together with 
increased knowledge about the importance of supportive care. Further, 
careful evaluation of treatment protocols and better insight in the biology of 
ALL has led to the ability to risk stratify patients into different treatment 
intensities[18].  

 

In the current Nordic protocol NOPHO ALL 2008 (Nordic Society of 
Pediatric Hematology and Oncology) the following three risk groups are 
defined: (i) standard risk (SR), (ii) intermediate risk (IR), and (iii) high risk 
(HR) [19]. Risk group stratification is important from several aspects. First, 
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to give tougher treatment to patients with high risk of disease relapse, and 
second not to over treat patients with a more favorable outcome. In NOPHO 
ALL 2008 and most other modern protocols, stratification is based on a 
combination of biological features of the leukemia i.e. immunophenotype 
and genetic aberrations, and response to treatment [18]. Treatment response 
is determined by detection of residual leukemic cells (Minimal Residual 
Disease =MRD) at certain time points during the treatment. MRD is 
analyzed by qPCR of leukemia-specific immunoglobulin (Ig) or T-cell 
receptor (TCR) –rearrangements or by detection of leukemia specific 
immunophenotypic patterns by flow cytometry [20,21]. If the bone marrow 
contains more than 0,1% leukemic cells at the end of induction (at treatment 
day 29) the patient is translocated to a higher risk group. Final risk 
stratification is determined after MRD analysis at day 79 [19]. 

All patients receive a cortisone based induction treatment, after which 
treatment is based on the risk groups to which the patient is allocated. SR 
and IR treatment have similar structure focused on antimetabolite 
treatment, but the IR arm includes extra cycles of antracylines and alkylating 
agents and includes more CNS directed therapy. High risk patients are 
treated with an intensive block-based regime, and is very different from SR 
and IR protocols. The high risk arm includes antracyclines and alkylating 
drugs and includes topoisomerase inhibitors. The total treatment time for all 
risk groups is about 2,5 years [19]. 

 

 
 
Figur 1. 
Schematic overview of the NOPHO ALL 2008 treatment protocol.  Treatment intensities are 

color-coded. Green represent standard risk (SR), yellow intermediate risk (IR) and red 
represent high risk (HR). Bars represent different treatment phases. Consol: Consolidation, 
DC1: Delayed intensification I & Consolidation II, MTI: Maintenance I, DC2: Delayed 
intensification II & Consolidation III (only IR), MT2: Maintenance II. Septagons marked A, B 
and C represent block treatment in HR. Blue arrowed squares represent time-points (treatment 
day) for bone marrow examination for risk stratifications.      
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Molecular basis of BCP-ALL 

Acute leukemia of B-cell origin account for 85-90% of all ALL cases in 
childhood. The leukemic  cells usually have a B-cell precursor phenotype and 
are characterized by recurrent structural genetic aberrations or 
chromosomal modal number abnormalities. These cytogenetic aberrations 
are almost mutually exclusive and of great importance not only from a 
biological perspective but also hold important clinical information. All 
modern treatment protocol utilizes this information for risk stratification 
[3,22].  

 

 

ETV6-RUNX1 

Translocation between chromosomes 12p13 and 21q22 is detected in about 
25% of all cases and by far the most common translocation in BCP-ALL, 
resulting in the fusion of genes ETV6 (ETS variant 6) and RUNX1 (Runt 
related transcription factor 1). ETV6-RUNX1 has to be considered a week 
oncogene based on a number of observations. Transgenic mouse models of 
ETV6-RUNX1 fail to develop full blown leukemia but generate maturation 
arrest in subpopulations of B-cells, which require additional oncogenic 
events to develop into an overt leukemia [23-25]. The same is observed in 
human samples, and additional genetic lesions are always detected in ETV6-
RUNX1 samples, such as deletion of PAX5 (Paired box 5) and RAS (Rat 
sarcoma) mutations or deletion of the remaining ETV6 copy. The 
cooperating oncogene that is involved in malignant transformation does not 
appear to influence the generally excellent outcome in ETV6-RUNX1 BCP-
ALL [26-28].  Occurrence of ETV6-RUNX1 has a distinct age peek around 2-

Figure 2. 
Pie chart representing 
distribution of cytogenetic 
and immunophenotypic 
subtypes in pediatric ALL. 
Data retrieved from a 
representative cohort of 
764 children diagnosed 
with ALL during 1996-
2008 in the Nordic 
countries (Nordlund et al 
Genome Biol 2013) 
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5 years of age but is a rear entity in adults, which is believed to reflect a 
prenatal origin of ETV6-RUNX1 [5].       

Hyperdiploid 

In 25% of BCP-ALL diagnostic samples a gain of 5-21 extra chromosomes 
(total 51-67 chromosomes) are observed, a karyotype denoted hyperdiploid. 
The non-random gain of chromosomes most frequently involves 
chromosomes 21, 6, X, 14, 4, 18 and 17 [22,29]. The underlying process is 
unknown but whole genome studies suggest that the increased modal 
number is the driving event, probably through dosage skewing of gene 
expression [30]. Hyperdiploid ALL cases lack signs of chromosomal 
instability otherwise seen in hyperdiploid solid tumors, and the most 
common mutations are in receptor tyrosine kinase pathways (RTK), like 
RAS.  Hyperdiploidy is most prevalent in young children with a peak around 
2-5 years of age and the prognosis is often favorable especially in younger 
children [31,32]. 

TCF3-PBX1 

TCF3-PBX1 is the product of a fusion between TCF3 (transcription factor 3) 
on chromosome 1q23 and PBX1 (PBX homeobox 1) on chromosome 19p13.3, 
initially identified as a group of children with inferior outcome. TCF3-PBX1 
translocation can be either a balanced (25%) or unbalanced (75%), in both 
cases the fusion transcript result in activation of PBX1 controlled genes. 
Intensified treatment in this group of patients has improved outcome 
significantly [33].  

TCF3 is occasionally involved in another fusion together with the HLF gene, 
and the outcome in this group of patients is extremely poor [34].  

KMT2A(11q23)-rearranged 

Lysine-specific methyl transferase 2a (KMT2A) also known as MLL (Mixed 
Lineage Leukemia) is a promiscuous translocation partner, over 80 different 
partners have been identified [35]. KMT2A rearrangement (KMT2A-r) is 
frequently seen in infant leukemia, a distinct entity with an aggressive 
disease course linked to high white blood cell count at diagnosis and high 
risk of relapse and death. Infant leukemia with KMT2A-r also exhibits very 
few reoccurring genetic abnormalities. About 80% of infant-ALLs are 
KMT2A-r whereas only about 3% of ALL in children over 1 year of age are 
KMT2A-r [36]. Although KMT2A-r do not have the same profound impact 
on outcome in non-infant BCP-ALL it is still regarded as a high risk leukemia 
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[36]. The molecular pathology of KMT2A is at least in part regulated through 
epigenetic changes and will be discussed later in this thesis.  

BCR-ABL1 

Breakpoint cluster region - ABL protooncogene 1 (BCR-ABL1) fusion, also 
known as Philadelphia chromosome (Ph+), is the archetype of leukemic 
translocations first discovered in 1960 [37]. BCR-ABL1 is detected in about 
3-5% of all pediatric BCP-ALL. The fusion results in constitutively active 
tyrosine kinase ABL1, driving the oncogenic process [38]. BCR-ABL1 is 
associated with older age at diagnosis and is more common in adults than in 
children [3]. The development of the BCR-ABL1 specific tyrosine kinase 
inhibitor (TKI) Glivec® has had a positive effect on the outcome in this group 
of patients who had a dismal prognosis in the pre-TKI era. However, Ph+ 
patients are still considered as a high risk subgroup [39,40].  

Intra chromosomal amplification of chromosome 21 

Intra chromosomal amplification of chromosome 21 (iAMP21) was first 
noted as an amplification of RUNX1, but was later shown to be the result of 
repeated breakage-fusion-bridges cycles [41]. Initially iAMP21 was 
associated with high risk of relapse, but intensified treatment has improved 
the prognosis [42]. Median age among iAMP21 patients is 9 years and has 
never been reported in adults over 25 years of age [41]. 

Other reoccurring genetic aberrations 

About 30% of all BCP-ALL cases are not assigned to any specific cytogenetic 
group, and they are often referred to as B-other. During the last ten years 
new molecular techniques have enabled discovery of recurrent 
submicroscopic lesions. Genes like IKZF1 (IKAROS family zinc finger 1), 
CRLF2 (cytokine receptor-like factor 2), PAX5 and ERG (ETS transcription 
factor) are frequently mutated or deleted, and they may hold prognostic 
information. However, results from different studies are conflicting [43]. The 
most promising marker is probably IKZF1 especially among B-other cases 
where it is associated with negative effect on outcome [44-46].  

Gene expression array analysis have also identified a molecular subgroup 
named BCR-ABL1-like. This group lacks the BCR-ABL1 translocations but 
has a similar gene expression signature as Ph+ cases. BCR-ABL1-like cases 
constitute a significant part of the B-other subgroup and are associated with 
worse prognosis. Different gene expression signatures to define this entity 
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exists but they are only partly overlapping, and currently not of clinical use 
[47]. 

Molecular basis of T-ALL 

T-cell phenotype in ALL has an uneven distribution both regarding age at 
diagnosis and sex. Among younger children 10% of ALL patients have a T-
phenotype, compared to around 30% among patients aged 18-45. 
Irrespective of age there is a male predominance [19,48]. Several genetic 
alterations cooperate in the malignant transformation of developing T-cells, 
resulting in differentiation block, loss of cell cycle control and activation of 
cell proliferation. 

 CDKN2 locus and NOTCH1 

The most frequent genetic alterations in T-ALL are deletions involving the 
CDKN2 loci and activating mutations of NOTCH1 signaling, both occurring 
in more than 50% of all cases [49,50].  

The CDKN2 locus is located on chromosome (ch) 9p21 and contain the gene 
encoding p14, which stabilize p53 and hence participate in DNA damage 
control. This locus also contains genes that encode p15 and p16 both 
involved in cell cycle control [51,52].  

The NOTCH1 gene is also located on chromosome 9 but at (9q34) and 
encodes a trans membrane receptor. Activation of the receptor initiates an 
intercellular signaling pathway that leads to activation of oncogenes like 
MYC (v-myc avian myelocytomatosis viral oncogene) and HES1 (hes family 
bHLH transcription factor 1) [53]. NOTCH1 signaling in T-ALL can also be 
achieved through inactivation of FBXW7 (F-box and WD repeat domain 
containing 7), a negative regulator of NOTCH1. Hence loss of FBXW7 also 
leads to activation of NOTCH1 signaling [52].  

Several studies have investigated the clinical impact of NOTCH1 activation 
showing no coherent results but it seems clear that NOTCH1 activation is not 
a negative prognostic factor [50,54]. 

T-cell receptor and other translocations  

Another common oncogenic event in T-ALL is translocations involving a T-
cell receptor (TCR) and an oncogene. The oncogene in question is usually 
placed under the control of either TCRB (7q34-35) or TCRD (14q11) leading 
to aberrant expression of the oncogene. TLX1 (T cell leukemia homeobox 1), 
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TAL1 (TAL bHLH transcription factor 1), TLX3 (T cell leukemia homeobox 
3) and LMO2 (LIM domain only 2) are the most frequent oncogenic 
transcription factors involved in rearrangement and are present in 5-25% of 
T-ALL cases and usually involve TCRD [55]. TAL1 expression can also be 
deregulated through non-TCR translocations. A deletion near the TAL1 gene 
in ch1p32 positions TAL1 under the control of the STIL (SCL/TAL1 
interrupting locus) promoter [52].  

KMT2A-r is sometimes detected in T-ALL, its impact on prognosis is not 
fully elucidated but might reflect a higher risk of treatment failure[56]. 

Molecular subgroups in T-ALL 

In a seminal paper by Ferrando et al it was shown that T-ALL could be 
divided into molecular subgroups based on gene expression profiles. These 
profiles were based on expression of oncogenes known to be involved in 
translocations as described above. They showed that some of the T-ALL 
samples lacked structural genetic rearrangements in the known locis but still 
overexpressed genes like TAL/LMO, TLX1, TLX3 or HOXA (Homeo box A 
cluster) [57]. The different subgroups reflect specific blocks during the 
course of T-cell development, where TAL1 or LMO over expression reflect a 
more mature cortical phenotype.  High TLX expression is linked to an early 
cortical immunophenotype and MEFC2 and LYL1 (Lymphoblastic leukemia 
associated haematopoiesis regulator 1) overexpression are linked to early 
stages of T-cell development [57,58](Figure 3).   

  

Figure 3.  
Molecular subgroups in T-ALL, overexpression of key transcription factor involved in T-
ALL development associate to block in specific maturation stages. MEF2C and LYL1 
driven leukemia are associated with an immature state, TLX overexpression is linked to 
an intermediate early cortical phenotype. TAL1 and LMO driven T-ALL associate with the 
most mature form of T-ALL. NOTCH1 activating mutations and CDKN2 deletions are 
more frequent in the more mature phenotypes. 
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Early immature T-cell precursor phenotype 

Especially the immature phenotype has gained considerable attention during 
the last years. In 2009, Coustan-Smith et al identified a subgroup of T-ALL 
patients with an early immature T-cell precursor (ETP) phenotype (CD4-, 
CD8- and CD1a-and expressed myeloid and stem cell markers). The ETP cells 
also had a gene expression pattern similar to early thymic progenitor cells 
and retained their ability to differentiate into a myeloid lineage [59]. In the 
first studies ETP patients had a very poor outcome making ETP-phenotype a 
promising stratifying marker in T-ALL treatment. Later studies have 
however failed to confirm the prognostic value of ETP [60,61]. 

 

Relapsed acute lymphoblastic leukemia 

Among children treated according the NOPHO ALL 2000 protocol 17% had a 
relapse as their primary event, an incidence at the level of “common” solid 
tumors like Wilms tumor or neuroblastoma [62].  An important issue at 
relapse is to establish whether the new leukemia is a relapse or a second 
leukemia. A relapse should exhibit the same genetic aberrations and 
immunophenotype as the initial leukemia.  

Time from initial diagnosis to relapse together with relapse localization are 
the most powerful prognostic factors when it comes to relapse [63]. As 
defined by the Berliner-Frankfurt-Munster study group (BFM) very early 
relapses are from diagnosis until 18 months after. Early relapses are from 18 
months after diagnosis until 6 months after cessation of therapy, the rest are 
classified as late relapses. The earlier relapse the worse prognosis [64]. 
Regarding relapse site, isolated bone marrow relapse (iBM) has the worst 
outcome, followed by combined extramedullary and bone marrow relapse 
(cBM), best outcome is seen in patients with isolated extramedullary relapse 
(EM). T- or B-cell immunophenotype also influence relapse outcome with 
worse prognosis in relapsed T-ALL [62,63].  Cytogenetic background has an 
impact on relapse treatment outcome where BCR-ABL1 is associated with 
inferior survival rate, at least for the pre TKI-era [65]. In a recent Nordic 
study of relapsed ALL patients between 1992 and 2012 were analyzed, OS 
ranged from 8% in T-ALL patients with very early relapse to 82% for for 
BCP-ALL with late EM relapses [62].   
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Epigenetics and DNA methylation 

The Epigenome 

DNA is organized at several levels in the cell and the basic organizing 
structure is the nucleosome, formed by two sets of the four core histones 
H2A, H2B, H3 and H4. One hundred and forty-seven DNA nucleotides are 
wrapped around each histone octamer and together they form the 
nucleosome. The different histone residues can undergo posttranslational 
modifications like methylation (one, two or tri methylation) and acetylation. 
The effect of a specific modification of DNA or histones is based on several 
factors including location in the genome (i.e. in promoter region of genes or 
in gene bodies), co-localization of other histone modifications and spatial 
organization of the chromatin in the cell [66]. Table 1 provides an overview 
of different modifications of histones and DNA. 
 

Genomic 
area 

Active state Bivalent state Inactive state 

Promoter H3K4 me2/me3 

H4 acetylation 

H3K4 me2/me3  

H3K27 me3 

H3K27 me3  

H3K9 me3 

DNA methylation 

Gene body H3K79me2  

H3K36me3 

DNA methylation 

 H3K9me2or3 

Enhancer  

Regions 

H3K4 me1  H3K9 me2/me3 

DNA methylation 

 

Table 1. 
Overview of chromatin signatures in relation to gene regulation. Me2 =di methylation  Me3 

=tri methylation 
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As seen in the table 1, bivalent genes have markers of both active and 
inactive transcription. Genes with bivalent markers are often involved in 
differentiation processes. In primitive cells like embryonic stem cells (ESC) 
or hematopoietic stem cells (HSC), repression of bivalent genes are mediated 
through Polycomb repressive complex 1 and 2 (PRC1 and PRC2)[67]. 
Enhancer of Zeste Homologue 2 (EZH2) is the catalytic component of PRC2 
responsible for maintaining H3K27me3. EZH2 forms a complex with 
Suppressor of Zeste 12 (SUZ12) and Embryonic Ectoderm Development 
(EED), both essential for the enzymatic activity of the complex [66,68]. 
PRC2 can interact with PRC1 thereby enabling ubiquitination of histone H2 
and further repress transcription and promote compacting chromatin.  
When the PRC complexes are depleted from lineage specific genes they can 
become actively transcribed and differentiation can proceed [66]. PRC 
occupancy of gene promoters also appears to protect from DNA methylation 
[69]. 
 

 

 

Figure 4. 
Schematic picture over nucleosome composition. Red circles represent DNA cytosine 
methylation, yellow triangles represent histone methylation and green triangles represent histone 
acetylation.    
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DNA Methylation and demethylation   

DNA methylation generally refers to addition of a methyl group to the 5th 
carbon atom in the cytosine base. Cytosines are almost exclusively 
methylated when followed by guanine, a unit referred to as CpG site. CpG 
methylation is an enzymatic process mediated by a group of methyl 
transferases. Five DNA methyl transferases (DNMT) have been identified, of 
which only the three DNMTs (DNMT 1, 3a and 3b) with enzymatic activity 
will be discussed here. DNMT1 is maintenance transferase, passing on the 
methylation pattern from mother to daughter cell. DNMT1 is recruited to the 
replication fork and copies an already existing methylation pattern by 
methylation of hemi-methylated DNA. DNMT3a and b are de novo 
transferases and can add new methyl groups to non- methylated CpG-sites. 
They are consequently independent of the template pattern (figure 5) 
[70,71]. 

 

  

 

 

 

Despite extensive research, the precise mechanism by which DNMTs are 
directed to specific targets for de novo methylation is unknown. However, it 
is a highly complex process influenced by DNA sequence recognition by 
DNMTs, the surrounding chromatin structure, interaction with transcription 
factors, guidance of long non-coding RNA and other factors [72,73].  The 
original model with strict grouping between de novo and maintenance 
transferases are now being questioned as it has been shown that different 
DNMTs cooperate in both de novo methylation and maintaining an already 
established methylation pattern [71,74].  

Figure 5. 
A. DNMT1 copy an already existing 

DNA methylation pattern when 
DNA is replicated, daughter cell 
(red) will inherit the methylation 
pattern from the mother cell 
(blue).White cycles represent 
unmethylated CpG and black 
circles methylated CpG 
 

B. Both DNMT3A and DNMT3B add 
methyl groups in non-methylated 
cytosine nucleotides, creating 
new methylation patterns  
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DNA methylation is both a stable and a dynamic process. Dynamics is 
seen during fertilization of the egg when both the oocyte and the 
spermatocyte methylation pattern are erased except for some repeat 
sequences and some imprinted regions [70,75]. This highly dynamic process 
is only observed during initial stages of early development, thereafter smaller 
but significant changes take place during physiological processes like 
differentiation and aging [76-78]. 

Demethylation of CpG sites has attracted much attention over the last 
decade. Demethylation can come about by different mechanisms. Passive de-
methylation is simply when DNA replication takes place in the absence of 
maintenance methylation systems i.e. DNMT1 (figure 6a).   

 

 

 

 
 
 

 

 

 

 

Active demethylation is a more complex process mediated through a family 
of enzymes named ten eleven translocated (TET), first discovered as a 
translocation partner of KMT2A [79].  There are 3 members of the TET 

Figure 6. 
A. DNA replication in the absence of DNA methyltransferaces resulting in loss of the 
existing DNA methylation pattern on newly synthesized DNA strands, a process 
known as passive DNA de-methylation. 
B. Enzymatic serial oxidation of 5mC mediated by TET. De-methylation can occur 
through passive replication dependent demethylation (DNMT1 is unable to recognize 
oxidized 5mC) or active demethylation through BER. Black circles represent 5mC, 
grey circles represent  oxidized 5mC, BER base excision repair . 

A 

B 
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family TET1-3: they can convert 5-methylcytosine (5mC) through successive 
oxidation to (i) 5-hydroxymethylcytosine (5hmC), (ii) 5-formylcytosine (5fC), 
and (iii) 5-carboxylcytosine (5caC). During this process all three forms of 
oxidized cytosines can be passively demethylated during replication, since 
oxidized forms of 5mC are not recognized by DNMT1. Furthermore, 5fC and 
5caC can be removed by base excision repair (BER) to generate a new 
unmethylated cytosine (figure 6b) [80,81].  But as always in biology, this 
seemingly straightforward process is complicated since it has become clear 
that the intermediate products exert biological functions of their own [82]. 

 

DNA methylation in the genome 

CpG dinucleotides have a lower than expected occurrence in the genome, 
this is because of spontaneous deamination of 5mC to thymidine (T). C to T 
transition is also the most common mutation in cancer cells [83]. CpGs are 
unevenly distributed over the genome.  The majority (70-80%) of CpG sites 
are scattered over the genome, enriched over repetitive regions and 
constitutively hypermethylated. In contrast 60-70% of all annotated genes 
have a much higher than expected CpG content in their promoter regions, 
clustered in so-called CpG islands (CGI)[84]. CGIs are enriched in proximity 
to transcription start sites (TSS) and usually unmethylated [83,85,86]. These 
differences indicate that both methylation state and location of CpG sites are 
of importance.  

The widespread hypermethylated CpG-sites throughout the genome are 
important for genomic stability. For example, mutations in the catalytic 
domain of DNMT3b as seen in ICF-syndrome (immunodeficiency, 
centromeric region instability and facial anomalies syndrome) lead to loss of 
5mC in centromeric repeats. ICF-cells display signs of chromosomal 
instability like anaphase bridges [86].  

Most research however has been focused on DNA methylation at promoters 
as regulator of transcription. CGI rich promoters have different architecture 
compared to promoters with low CpG content. CGI rich promoters usually 
lack TATA-boxes and are enriched for general transcription factors like SP1 
(Sp 1 transcripton factor), and are nucleosome depleted around transcription 
start site. RNA polymerase II (RNApolII) are bound to almost all promoter 
CGIs in embryonic stem cells even in non transcribed genes, indicating that 
unmethylated CGIs are transcriptionally permissive [83,85].  
Hypermethylation of CGIs in promoter regions are usually linked to long 
term silencing, for example in x-chromosome inactivation and imprinting (a 
phenomenon where parent of origin specific expression is controlled through 
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inactivation of the other allele)[87]. Promoter hypermethylation is probably 
a late event in gene regulation, locking down an already silenced gene [88]. 
Considering that only 10% of CGI promoters are methylated in healthy 
differentiated cells, and most cells only express about 50% of all genes, there 
is not a clear cut relationship between methylation and expression [89]. 

Further down the gene, in the gene body, an even more complex pattern 
exists between DNA methylation and gene expression. Gene bodies have a 
relatively low CpG content and most are hypermethylated.  Cytosine 
methylation is not associated with transcriptional silencing but instead with 
active transcription [90]. There are also CGIs within gene bodies, usually in 
an unmethylated state. Occasionally, when CGIs of gene bodies become 
hypermethylated they coincide with several feature of non-active chromatin 
like H3K9me3. Despite this, gene transcription still occurs. The fact that 
promoter methylation is associated with gene repression and that DNA 
methylation of gene bodies does not show the same inverse correlation 
indicate that 5Cm can block initiation of transcription but has little effect on 
transcriptional elongation [83].   

Gene transcription can also be regulated by enhancer elements. They are 
located outside promoter region at various distances up to mega bases from 
the promoter and act as regulators of transcription. Gene regulations by 
enhancers are usually mediated through recruitment of transcription factors 
at enhancer elements that then interacts with the promoter region. 
Enhancers are important to control tissue specific expression and chromatin 
signature of enhancers is correlated to its activity [91]. The exact role of CpG 
methylation at enhancers is still not known. Some studies however indicate 
that DNA methylation can modulate transcription factors binding at 
enhancers and thereby affect enhancer activity [92]. 
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DNA methylation in the hematopoietic system 

The stepwise differentiation from multipotent hematopoietic stem cells to 
mature hematopoietic cells from is a highly complex process, which at least 
in part is mediated by DNA methylation. DNMT1 deficient mice show 
skewing of lineage commitment, favoring myeloid differentiation [93]. Mice 
deficient for de novo methyltransferases DNMT3a and b on the other hand 
exhibit differentiation block and an increase in HSC renewal [94]. 
Manipulation of TET family members also disrupts normal hematopoiesis, 
but on the contrary to DNMT1, TET1 loss favors B-cell development [95]. In 
humans, DNMT3b mutation syndrome ICF includes immunodeficiency 
based on lymphopoietic defects mainly in the B-cell compartment [96].  

In normal B-cell development, dynamic DNA methylation changes take place 
as maturation proceeds from an uncommitted progenitor to a mature B-cell. 
Whole genome bisulfite sequencing of B-cells in different maturations stages 
have revealed distinct differences in their methylation pattern. Initially, 
between HSC and preB-cell stage some demethylation was observed, mostly 
in enhancer regions clearly enriched for binding sites of B-cell specific 
transcription factors. Later in development, as the B-cell moves along the 
maturation axis from a naïve B-cell to an antigen experienced germinal 
centered B-cell and the a mature B-cell, dramatic demethylation of primarily 
repeat structures and heterochromatin regions are observed. Significant 
hypermethylation is a rather late step in B-cell development and is mostly 
seen in plasma cells and predominantly affect PRC silenced genes [78]. The 
DNA methylation pattern established in the previous differentiation step is 
retained and passed on through differentiation, pointing towards a 
developmental epigenetic memory. 

Figure 7. 
Graphic overview over CpG distribution in a gene. Circles represent CpG sites, unfilled 
circles represent unmethylated CpG sites and filled circles represent methylated CpG 
sites.   
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In T-cell development, the initial step from progenitor cells with both 
myeloid and lymphoid potential to a T-cell committed progenitor 
(CD34+/CD1a+ to CD34+/CD1a-) is associated with de novo methylation. 
This gain in methylation is predominantly localized to CGIs but has little 
effect on gene expression.  During later developmental stages demethylation 
is the dominating feature. Demethylation is also more strongly correlated to 
gene expression. Of interest is that TCR maturation appears to be controlled 
in part by methylation. Important TCR signaling genes undergo concomitant 
demethylation and expressional up regulation. As in B-cell development 
DNA methylation changes accumulated throughout development [97].  

These data clearly indicate that DNA methylation pattern changes with 
differentiation of lymphocytes. DNA methylation changes also coincide with 
other physiological process like aging. Aging is associated with 
hypermethylation of PRC repressed genes and global hypomethylation in 
hematopoietic cells [98]. 

Epigenetics in leukemia 

As mentioned earlier, DNA methylation by itself can cause mutations 
through spontaneous 5mC deamination. Vice versa, mutations can also 
cause epigenetic changes. Sequencing studies has shown that mutations in 
epigenetic regulators are common in hematopoietic malignancies. DNMT1a 
and TET2 are frequently mutated in adult AML and T-cell lymphomas and 
both genotypes display distinct DNA methylation patterns [99-101]. 
Mutations in DNMT3A have also been detected in about 20% of adult T-ALL 
cases, and associate with immature phenotype and poor prognosis [102,103].  

Regarding pediatric ALL, the spectrum of mutations in epigenetic modifiers 
differ between different subgroups. CREB binding protein (CREBBP) has 
histone acetylation activity and is an important regulator in glucocorticoid 
response. CREBBP mutations are enriched in relapsed BCP-ALL especially 
among hyperdiploid cases [104]. Mutations in epigenetic regulators are even 
more common in T-ALL. All essential components of PRC2 are known to be 
mutated in T-ALL, and most frequently in ETP-ALL [105].  Mutations in the 
PRC2 complex are usually inactivating mutations, placing the PRC2 complex 
as a tumor suppressor but the exact mechanism through which PRC2 
inactivation contributes to T-ALL development is still not known. 
Surprisingly, considering the tumor suppressive role of PRC2, inactivating 
mutations in the KDM6A (Lysine demethylase 6A) gene has been detected in 
about 5% of all T-ALL patients. KDM6A is a specific histone H3K27 
demethylase and thereby exert the exact opposite function of PRC2. How 
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this paradox can be explained is not clear, but a possible explanation is that 
they exert their effect in different genomic regions [106,107]. 

Deregulation of chromatin modifiers can also occur through translocations. 
KMT2A activate transcription through its H3K4 methyltransferase activity 
and can also enhance transcription via histone H4 acetylation. In addition, 
KMT2A can also repress transcription as it interacts with PRC 
complexes[67]. In the translocated setting, the repressive function of KMT2A 
is lost and activation is further enhanced through interaction with DOT1L, 
responsible for H3K79 methylation [108]. KMT2A-r also protect Homeobox 
A9 (HOXA9) from de novo methylation and repression. HOXA9 is an 
important oncogene of KMT2A-r leukemia [35,109]. However, KMT2A-r 
does not only affect methylation status of HOXA9, but also influence global 
methylation pattern, a phenomenon KMT2A-r cases share with most other 
ALL subgroups. Several studies have examined the methylation landscape in 
ALL. A common denominator in all studies is that the genetic background of 
the leukemia is reflected in the methylation pattern [110-114]. Nordlund et al 
recently developed a cytogenetic/immunophenotypic classifier based on 
methylation pattern. Based on the methylation pattern of 246 CpG sites it 
was possible to accurately classify leukemic samples to specific cytogenetic 
subgroups [111].  

Most studies examining methylation pattern in ALL use array-based 
approaches and since arrays usually are CGI and promoter focused most 
studies are focused on these regions. In general, de novo methylation in ALL 
is located in CGIs both within and outside promoters and DNase 
hypersensitive regions (like nucleosome depleted regions around TSS). 
Regions hypermethylated in ALL are also enriched for sites with bivalent 
chromatin markers, and therefore enriched for PRC binding sites [110,111]. 
Demethylation of repetitive sequences genome wide is a hallmark of cancer 
cells and linked to genomic instability as described above, but these 
repetitive regions are poorly represented in methylation arrays. One study 
has used a whole genome bisulfite sequencing (WBS) approach to scrutinize 
the genomic distribution of DNA methylation in two patients, one with 
hyperdiploid ALL and one with ETV6-RUNX1. Demethylation was observed 
at repeat structures and in blocks associated with Lamina associated 
domains in the nuclear periphery. A similar trend is seen in array data from 
larger materials. Even though demethylation is seen in ALL (especially in 
hyperdiploid cases), global demethylation is less widespread in ALL 
compared to solid tumors [110].  

Some studies have investigated methylation patterns in relapsed ALL. BCP-
ALL appear to accumulate additional hypermethylations in the same 
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locations as at diagnosis i.e. CGI and bivalent marked promoters [111,115].  
In relapsed T-ALL hypomethylation of gene-associated CpGs appear more 
common than hypermethylation [116].    

 

Telomere length as a prognostic marker in leukemia 

In addition to genetic aberrations, telomere length has also been implicated 
as a prognostic marker in hematological malignancies [117]. The telomeres 
are tandem (TTAGGG)n DNA repeats at the end of chromosomes which are 
associated with specific telomere binding proteins. These telomeric 
structures have several essential functions. For example, they protect the 
chromosome ends from being recognized as chromosome breaks, and serve 
as a buffer of non-coding DNA. The DNA polymerase is unable to replicate 
the very distal part of the lagging strand and therefore some bases are lost 
each cell division. So without functional telomeres, there would be severe 
chromosomal instability and loss of genetic information in each cell cycle. 
Because critically short telomeres induces senescence, an irreversible growth 
arrested state, most somatic cells have limited replicative capacity [118].  
Stem cells and cells with high replicative needs (i.e. activated lymphocytes) 
express the enzyme telomerase. Telomerase is a reverse transcriptase 
enzyme complex, including the catalytic subunit- telomerase reverse 
transcriptase (hTERT) and the telomerase RNA template (hTR) subunit, that 
bind specifically to telomeres and elongate the chromosome ends by adding 
telomeric repeats. hTERT is also expressed in 90% of all cancer cells and is a 
hallmark of cancer and also a tempting target for cancer therapy [119]. In 
this thesis, telomere length and methylation of the hTERT promoter were 
analyzed in relation to cytogenetic aberrations and prognosis in ALL.    
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Aims 
General aim 

During the last decade epigenetics have developed into an important feel of 
research and its importance in health and disease has become apparent.  The 
general aim of this thesis was to find new epigenetic prognostic markers in 
childhood acute lymphoblastic leukemia. Our focus has been on subgroups 
of ALL patients where we today lack reliable stratifying markers. 

 

Specific aims 

Paper I 

The objective in paper I was to investigate the biological and clinical 
significance of telomere length and promoter methylation of the human 
telomerase reverse transcriptase gene in childhood acute lymphoblastic 
leukemia. 

  Paper II  

In   paper II   we   wanted to characterize   the   DNA   methylation pattern in 
diagnostic samples from pediatric T-ALL patients, using genome-wide 
promoter   focused   methylation   arrays   to find new prognostic markers for 
treatment outcome. 

 

Paper III 

In paper III we aimed to validate the prognostic value of the CIMP profile 
identified in Paper II in the most recent Nordic treatment protocol for T-
ALL. Specifically, we wanted to investigate whether CIMP could add 
prognostic value to MRD. 

 

Paper IV 

The aim of paper IV was to investigate the prognostic value of CIMP in a 
large cohort of BCP-ALL patients. 
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Materials and methods  

Patients 

In paper I, II and II mononuclear cells were separated from diagnostic bone 
marrow aspirates or peripheral blood at the time of diagnosis. All patients 
were between 0 to 17,9 years of age when diagnosed with ALL. Diagnosis was 
based on morphology, immunophenotyping, and cytogenetic analysis. The 
following structural cytogenetic aberrations were established by G-band 
karyotyping, fluorescence in situ hybridization, and/or PCR : ETV6/RUNX1, 
iAMP21, TCF3/PBX1, BCR/ABL, KDM2a and dic9;20. 

Paper I included 169 patients diagnosed with ALL between 1988 and 2006 at 
the Swedish regional pediatric oncologic centers in Umeå, Uppsala or 
Stockholm, Sweden. Remission samples were obtained at cessation of 
therapy from 40 of these 169 patients. Only patients treated according to 
NOPHO ALL protocols 1992 or 2000 were included in survival analysis. 
BCP-ALL patients with no high-risk features according to protocol were 
defined as low-risk in this study (n = 102). Median follow-up time in first 
complete remission was 58 months (range, 4−242 months). This study was 
approved by the ethical committee at Umeå University. 
 

Paper II. Between January 1, 1992 and June 30, 2008, 75 infants, children, 
and adolescents <18 years were diagnosed with T-ALL at the Swedish 
regional pediatric oncologic centers in Lund, Göteborg, Linköping and 
Umeå. 46 patients were treated according to the NOPHO ALL 1992 protocol 
and 29 patients according to the NOPHO ALL 2000 protocol. DNA from 
diagnostic samples where available from 43 out of 75 patients and thus 
analyzed by methylation arrays. The remaining 32 patients served as a 
control group to evaluate the representability of the patients available for 
DNA methylation analysis. This study was approved by the ethical 
committee at Umeå University. 
 

Paper III. Between July 2008 and March 2013, 113 children (age <18 years) 
were diagnosed in the Nordic countries with T-ALL and treated according to 
the common NOPHO ALL 2008 protocol. Sixty-five diagnostic bone 
marrow/peripheral blood samples were available in the NOPHO leukemia 
biobank in Uppsala, Sweden, and were analyzed for methylation status. 
MRD was monitored by PCR and/or flow cytometry. PCR analysis of clonal 
gene rearrangements was recommended for MRD quantification in T-cell 
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ALL and such MRD data were used when available (n = 41). However, if no 
PCR-based MRD was available, flow cytometric quantification of MRD [14] 
was used (n = 20). Four cases lacked both PCR and flow MRD data and were 
excluded from the survival analyses that included MRD. The regional and/or 
national ethics committees approved the study, and the patients and/or their 
guardians provided informed consent in accordance with the Declaration of 
Helsinki. 

Paper IV included 601 pediatric patients aged 1-18 years diagnosed with B-
cell precursor ALL (BCP-ALL) between years 1996 and 2008 in the Nordic 
countries and treated according to the common NOPHO ALL 1992 and 2000 
protocols as described earlier. Clinical follow up data was extracted from the 
NOPHO leukemia registry in June 2016 and the mean follow up time for 
patients was 115 months (range 0-221). The regional and/or national ethics 
committees approved the study, and the patients and/or their guardians 
provided informed consent in accordance with the Declaration of Helsinki.  

  

DNA methylation 
Several different techniques are available for DNA methylation analyzes. 

Most techniques rely on bisulfite treatment of DNA since no PCR primer or 
probes can discriminate between methylated and unmethylated cytosine (C) 
residues. During bisulfite treatment methylated C remains C whereas 
unmethylated cytosines are converted into uracil (U). During the next PCR 
step U is converted to thymidine (T).   
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In our studies DNA was bisulfite treated with the EZ DNA methylation kit 
(Zymo Research) according to manufacturer’s recommendations. 

Methy-Light 

In paper I diagnostic DNA samples from ALL patients, were 
bisulfite−treated and analyzed for methylation status of the hTERT promoter 
using quantitative MethyLight, a fluorescence-based real-time PCR method 
[120]. MssI (New England Biolab)-treated (generating genome wide 
methylation) leukocyte DNA, was used as reference sample and Alu 
repetitive sequences as control for DNA content in methylation-independent 
PCR reactions [121]. The analyzed hTERT promoter region corresponds to 
positions 10996 to 11111 of hTERT sequence AF128893 (Gene Bank). To 
determine if a sample was considered methylated or not, the following 
formula was used:  

 
𝑀𝑒𝑡 % = 100 ∙

!"#!"#$%& !"#$%"&!"#$%&

!"#!""#!!"# !"#$%"&!""#!!"#  !
   (1) 

where Met (%) is the percent methylated of the sample , Metsample the 
methylated reaction of the sample, MetMssI-ref the methylated reaction of the 
MssI-treated reference sample, Controlsample the control reaction of the 
sample and ControlMssI-ref l  the control reaction of the MssI-treated reference 
l sample. Samples were considered positive for methylation if percent 
methylated reference >10 . 

Figure 8. 
Illustration of DNA bisulfite 
treatment. Methylated 
cytosines are red and 
unmethylated cytosines are 
blue. During bisulfite 
treatment unmethylated 
cytosines are converted into 
uracil. Through PCR uracil is 
replaced by thymidine. 
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High Resolution Melting curve analysis 

High-resolution melting (HRM) assays were designed for a selection of six 
genes in the CIMP panel, representing CpG sites with distinct differences in 
methylation levels between CIMP subgroups. HRM was conducted by 
melting PCR products from 60 to 90°C, rising by 0.1° each step. A standard 
curve was prepared by mixing 100% methylated DNA (MssI treated) in 
different ratios with DNA from mitogen (wheat germ agglutinin) stimulated 
primary lymphoblast T-cell (theoretically 0% methylated mononuclear cells). 
The methylation level of each gene region covered in the HRM assay was 
estimated in relation to the standard curve, and a mean methylation level 
(%) of the six-gene HRM panel was calculated.  

 

DNA Methylation Arrays 

In paper I, genome-wide promoter methylation profiling was performed 
using the Illumina Infinium HumanMeth27K BeadArray (Illumina, San 
Diego, CA, USA). These arrays generate data for 27578 CpG nucleotides, 
corresponding to 14473 individual gene promoter regions. CpG nucleotides 
are preferentially located within CpG islands as defined by Takai and Jones 
relaxed criteria [84]. The methylation assay was performed according to the 
manufacturers instructions. Briefly, bisulfite converted DNA was fragmented 
and amplified with supplied reagents. Processed DNA was hybridized to the 
arrays. Each CpG site on the array was represented by two site-specific 
probes, one designed for the methylated allele and another for the 
unmethylated allele. Single-base extension of the probes incorporates 
labeled nucleotides, which subsequently was stained with a fluorescence 
reagent. The methylation level for a locus was determined by calculating the 
ratio (ß value) of the fluorescent signals from the methylated (M) vs. 
unmethylated (U) sites where: 

 ß = Max(M,0)/(Max(M,0)+Max(U,0)+100)    (2) 

ranging in theory from 0, corresponding to completely unmethylated, to 1, 
representing fully methylated DNA. 
 
In paper III and IV diagnostic T-ALL and BCP-ALL samples were analyzed 
by the HumMeth450K methylation array (lllumina) an upgraded version of 
the 27k array, covering 485,577 CpG sites. Bisulfite conversion and array 
analysis including preprocessing and normalization was performed. 
Normalization is necessary for the 450K array since two different 
chemistries are used. All CpG sites on the 27K array as described above, were 
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represented by two bead types (methylated and unmethylated), both beads 
utilize the same color channel for detection. For the 450k array a new type of 
chemistry was adopted in which a single bead type is used but two different 
color channels are applied for discrimination between methylated and 
unmethylated CpG sites. The fluorescence intensities were extracted using 
the Methylation Module (1.9.0) in the Genome Studio software (V2011.1). 
CpG probes that align to multiple loci in the genome or were located less 
than 3 bp from a known SNP were excluded. The methylation level (β value) 
of each CpG site ranged from 0 (no methylation) to 1 (complete methylation) 
as described above. The quality of each individual array was evaluated with 
built-in controls. Two replicate samples were included to assess inter-assay 
reproducibility (R2 = 0.97–0.99). 

Defining CIMP 

Paper II 

In paper II the first CIMP profile was generated based on HumMeth27k 
array data. All dataprocessing was performed in BeadStudio (Illumina inc.), 
no normalization was performed (as recommended by Illumina technical 
support). Initially, probes with failed detection in one or more arrays where 
excluded from further analyzes and to avoid sex bias, all CpGs located on the 
X or Y chromosomes were excluded. Analysis was subsequently restricted to 
the remaining 26436 CpG sites. In order to identify the most variably 
methylated probes within the T-ALL group a standard deviation ≥0.30 of the 
β-value across the samples was used as cut-off.  Euclidian distances were 
used for cluster generation. 

 

Paper III 

In paper III samples were analyzed by HumMeth 450K arrays, and CIMP 
classified according to the above described CIMP panel with slight 
modifications (normalized, filtered for CpG probes that align to multiple 
genomic locations or within 3 bp from a SNP, and like in paper II CpG sites 
located on X and Y chromosomes were excluded).   A total of 1,293 CpG sites 
of the original 1347 CpG sites in the CIMP panel were represented on the 
HumMeth450K arrays and remained after filtration. In order to standardize 
CIMP classification independent of clustering, a cut-off level for “percentage 
of methylated CpGs within the CIMP panel” was defined for the CIMP 
subgroups. Diagnostic T-ALL samples with >40% methylated CpG sites 
(each CpG site was considered methylated if the beta value was >0.4) were 
classified as CIMP positive, whereas samples with ≤40% methylated sites 
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were denoted CIMP negative. The cut-off was set to reflect the previously 
identified clusters to be the most discriminating with respect to prognosis. 

 
 

Paper IV 

HumMeth450K array data from 601 diagnostic BCP samples previously 
analysed by Nordlund et al [111](Nordlund et al Genome biology 2013) were 
downloaded from Gene Expression Omnibus (GEO) and preprocessed. 
Samples were classified according to our previously defined CIMP panel. The 
CIMP subgroups were defined based on percentage of methylated CpG sites 
(methylated CpG site defined as a ß-value›0,4) within the 1293 CpG site 
CIMP panel. Since approximately 1/3 of the CpG sites in the CIMP panel 
seemed to be methylated only in T-ALL samples the CIMP percentage 
separating CIMP low and CIMP high was empirically adjusted for BCP-ALL. 
Samples with ≤25% methylated CpG sites were classified as CIMP low, and 
samples > 25% methylated CpG sites were classified as CIMP high. 

 

Gene expression 

Total RNA was isolated from 17 frozen bone marrow samples and RNA was 
quality checked as described in paper II. RNA from each sample was 
amplified and biotinylated according manufacturers instructions. 
Biotinylated cRNA were hybridized to human HT12 Illumina Beadchip gene 
expression arrays (Illumina inc.) according to the manufacturer’s protocol. 
The arrays were scanned using the Illumina BeadArray Reader (Illumina). 
The Illumina GenomeStudio software was used for data analysis and 
normalization by the quantile algorithm. Genes with signals below 
background level were excluded from the analysis, and differentially 
expressed genes (2-fold) between CIMP subgroups were identified by fold 
change calculations.  

Telomere length 

Telomere length was measured by qPCR, as previously described [122]. 
Human beta-globin (HBG) was used as the single-copy gene. Briefly, the 
ratio of telomere repeat copy number to single-copy gene number was 
determined. Relative telomere length (RTL) were generated by dividing 
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sample values with the value of a reference cell line DNA (CCRF-CEM), 
included in all runs and loaded in the same amount as the unknown samples.  

 

Statistical analysis 

Methylation data analysis was carried out in the R environment (v2.15.0) or 
GenomeStudio as described in the respective study. The Statistical Package 
for the Social Sciences (SPSS Inc., Chicago, IL) software was used for the 
statistical analyses. Chi-square and the Mann-Whitney U tests were used to 
determine whether differences among subgroups existed for discrete and 
continuous variables, respectively.  Estimates of event free survival (EFS), 
overall survival (OS), and cumulative incidence of relapse (CIR) are given at 
5 years in paper I, II, IV and at 3 years in paper III and were calculated using 
the Kaplan-Meier method and subgroups compared using the log rank test. 
The significance limit for two-sided p-values was set to <0.05 in all tests. 
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Results and Discussion 

Telomere length and hTERT promoter methylation in ALL 
(Paper I) 

In the first study we investigated two aspects of telomere biology in 
childhood-ALL, telomere length and promoter methylation status of the 
catalytic component (hTERT ) of the telomerase complex. Previous studies 
from our lab have shown that telomere length has prognostic relevance in 
adult leukemia, e.g. chronic lymphocytic leukemia [122,123]. In paper I, 
telomeres length was analyzed by Tel-PCR in 169 diagnostic ALL bone 
marrow samples and 40 morphologically normal bone marrow samples after 
cessation of therapy. Patients were diagnosed in Umeå, Uppsala or 
Stockholm between 1988 and 2006. 

Telomeres were generally shorter in leukemic cells than in post treatment 
bone marrow cells, a feature ALL share with most other hematological 
malignancies [117]. T-cell leukemic samples had a tendency towards longer 
telomeres than BCP-ALL at diagnosis but the difference did not reach 
significance. Among BCP-samples, BCR-ABL1 cases had the shortest 
telomeres and had significantly shorter telomeres than both hyperdiploid 
and ETV6-RUNX1 leukemias (p=0,001 and p=0,002).  

 

To relate telomere length to outcome, BCP-ALL patients were divided into 
two risk groups, high and low risk based on treatment intensity. All patients 
included in survival analysis were treated according to the NOPHO ALL 1992 
and 2000 protocols. These protocols had similar backbones and patients 
treated by these protocols have comparable outcomes [32]. BCP-ALL 
patients with no high-risk features according to the protocol were defined as 
low-risk in this study, the rest were considered high risk. Among low risk 
patients, a telomere length over the mean value for the entire cohort was 
associated with inferior outcome (Figure 9).  
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Among high risk patients no difference in outcome was observed with regard 
to telomere length. The reason for this discrepancy could be explained by the 
short telomeres in BCR-ABL1, a subgroup with at the time very poor 
prognosis. Even though there are no other studies on telomere length in 
BCR-ABL1 positive ALL, several studies have analyzed telomere length in 
chronic myeloid leukemia (CML). Collectively, these studies have shown that 
CML cells have short telomeres and pronounced telomere shortening is 
observed in transition from chronic phase to blast crisis [124,125]. Short 
telomeres might even predict for inferior response to TKI treatment in CML 
[126]. 

The second aim of paper I was to characterize the methylation status of the 
core promoter of hTERT (147 samples were available for analyzes). In post 
treatment samples the analyzed region appeared completely unmethylated in 
line with other studies [127]. The frequency of hTERT hypermethylation 
differed between different ALL subgroups. In T-ALL and BCP-ALL patients 
positive for ETV6-RUNX1 translocation, the majority of samples were 
hypermethylated (65 and 63%, respectively), whereas all other subgroups 
had no or very few hypermethylated cases.  

The impact of DNA methylation on hTERT expression is complex and appear 
to be cell type specific [128]. We found higher levels of hTERT mRNA in 
BCP-ALL samples with unmethylated hTERT promoter when a small 

Figure 9. 

Relapse free survival in low risk BCP patients in relation to telomere length. Patients with 
longer telomeres (above mean telomere length (RTL=0,47) for the entire cohort) had 
inferior outcome (Borssen et al. Exp Hematol 2011). 
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subgroup with available RNA was analyzed (n=18). Methylation status had 
no obvious impact on outcome in BCP-ALL. But we made an interesting 
observation in the T-ALL patients in this study. Among T-ALL patients who 
had an unmethylated promoter more than half of the patients relapsed in 
contrast to patients with hypermethylated hTERT promoter among which 
only two out of twelve patients relapsed. 

 

CIMP profile as a prognostic marker in T-ALL (Paper II&III) 

Based on our observation in paper I we decided to investigate if DNA 
methylation could serve as a potential prognostic marker in T-ALL. DNA 
methylation as a prognostic marker has been widely studied in several types 
of malignancies. In 1999 Toyota et al. described a subset of colorectal cancer 
samples with distinct histology and hypermetylation of certain CpG sites, 
they also introduced a term to describe this epitype, CpG island methylator 
phenotype (CIMP). Later it was shown that colorectal CIMP tumors were 
associated with B-Raf proto-oncogene (BRAF) mutations and micro satellite 
instability (MSI) [120,129]. The term CIMP has later been used in other 
malignancies including leukemia. Although there is no universal definition of 
CIMP, it rather refers to a group of samples with a set of hypermetylated 
CpG sites [130]. 

In paper II we used the 27K Illumina methylation array, which interrogates 
over 27 000 individual CpG sites, mostly located in promoter regions of 
14473 genes. We analyzed a cohort of Swedish T-ALL patients treated 
according the NOPHO 1992 and NOPHO 2000 protocols. In both protocols 
T-ALL was classified as HR. Diagnostic samples from 43 patients were 
available for analysis.  Considering the small sample size, it was important to 
investigate if our available samples were representative regarding clinical 
outcome. We compared our cohort to the remaining patients treated 
according to the same protocol during the same time period at the same 
pediatric oncology centers (Umeå, Linköping, Gothenburg and Lund) were 
no diagnostic material was available for methylation analysis (n=32). No 
difference in outcome, sex, age or WBC at diagnosis where found between 
the two groups. 

When analyzing data from the methylation arrays we first removed all 
probes detecting CpG sites on the X and Y chromosome to avoid sex bias, an 
important step considering that DNA methylation is involved in X-
chromosome inactivation in females [131]. CpG sites with failed detection 
were also removed. After these steps 26436 CpG sites remained for analysis. 
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In order to find probes that were differently methylated within the T-ALL 
group, CpG sites where the β-value had a standard deviation ≥ 0,3 over all 
analyzed samples were selected. From these criteria we were left with a 
CIMP-panel of 1347 CpG sites associated to 1038 genes.  

Hierarchical clustering using Euclidian distance separated T-ALL samples 
into three groups. The hypermethylated and the intermediately methylated 
groups were co-analyzed as CIMP high (n=21). The third group had a 
methylation pattern similar to normal T-cells and normal bone marrow over 
the 1347 genes. This group was referred to as CIMP low (n=22).  

 

 
 

Among CIMP high patients, three out of 21 patients relapsed (14%) 
compared to 12 out of 22 CIMP low patients (55%). Both OS (86% vs. 45%, p 
= 0.02) and EFS (86% vs. 36%, p = 0.001) were significantly better in the 
CIMP high group. Since there was a lack of reliable prognostic/stratifying 
markers in T-ALL these results were very encouraging. However, patients in 
paper II were treated with older protocols, and probably had poorer outcome 
than T-ALL patients treated with more contemporary protocols. 
Furthermore, no minimal residual disease data were available for these 
patients and therefore we were unable to conclude the current prognostic 
value of CIMP in T-ALL.   

Figure 10. 

Heatmap over the 1347 most variable 
CpG sites in T-ALL (standard deviation 
≥0.30). High methylation levels are 
shown in red and low levels in green. 
The T-ALL methylation subtypes are 
marked in the figure as low, 
intermediate and high, and with the 
merged classification as CIMP− and 
CIMP+. The methylation status of three 
normal bone marrow samples and two 
stimulated primary T-cell lines are 
shown next to the hierarchical cluster 
(Borssén et al PLoS One 2012).  
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In paper III the aim was to verify our results in an independent cohort and to 
investigate the prognostic value of CIMP in the current NOPHO ALL 2008 
protocol. Diagnostic bone marrow samples or peripheral blood were 
retrieved from the NOPHO biobank in Uppsala. Samples from 65 out of 113 
patients diagnosed with T-ALL between 2008 and 2013 in the Nordic 
countries were available for analysis (57,5%).     

Outcome for patients included for analysis of DNA methylation did not differ 
to those not included. A 3-year OS was 79% for both groups.  

DNA methylation was analyzed using the 450K Illumina methylation arrays, 
an updated version of the 27k array covering 485 577 CpG sites.  CIMP-
classification was based on the same panel as in paper II with some 
modifications. A few of the 1347 CpG were not represented on the 450K 
array and hence not possible to include in the CIMP panel.  CpG sites located 
within 3bp from SNPs were also removed since it was at this point known 
that SNP variations can influence CpG methylation status. With these 
modifications 1293 CpG sites remained in the CIMP panel. To get a more 
stringent and reproducible CIMP classification, that did not rely on cluster 
analysis, we defined specific criteria to classify CIMP status. Cut off for CIMP 
high was set to more than 40% methylated (methylated defined as β > 0,4) 
CpG sites in the CIMP panel, and patients with ≤ 40% where classified as 
CIMP low. 

Twenty-five patients were classified as CIMP low and 40 as CIMP high. In 
general, OS3y appear to have improved with the NOPHO ALL 2008 protocol, 
now reaching 79%, but it´s important to remember that follow up time still 
was short. Despite the generally improved survival, CIMP status still 
predicted outcome. CIMP low patients had cumulative incidence of relapse 
(CIR) of 29% compared to only 6% among CIMP high patients.   

In the NOPHO ALL 2008 protocol, T-ALL is primarily stratified based on 
MRD at day 29.  If MRD is below 0,1% at day 29 patients are stratified for 
the IR arm, patients are otherwise allocated for HR treatment [19]. Despite 
the difference in survival between CIMP groups, the fraction of patients with 
MRD over 0,1% did not differ between groups. No relapses occurred among 
patents with MRD below 0,1% and all but two patients received IR 
treatment. By combining MRD status at the end of induction (day 29) and 
CIMP status we were able to separate MRD-based high risk patients into two 
groups with different clinical outcome. Among the 33 patients with MRD 
over 0,1% the distribution between CIMP high/CIMP low were 18/15. The 
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cumulative incidence of relapse after 3 years was 50% among CIMP low 
cases compared to 12% among CIMP high patients.  The OS was 83% vs 45% 
respectively. It appears as the combination of MRD and CIMP data has 
synergistic effect on outcome prediction.  

Integrated gene expression and DNA methylation (Paper II) 

In paper II we also examined the correlation between promoter methylation 
and gene expression. We performed gene expression array analysis (Illumina 
HT-12) on 17 T-ALL samples. A significant (Spearman correlation Rho=         
-0.260, p,0.001) inverse correlation was observed between promoter 
methylation and gene expression. 

By comparing the CIMP profile with a list of differently expressed genes 
(n=405) defined as 2-fold up/down regulated between the CIMP groups, 39 
genes were both differently methylated and differently expressed. The 
majority of these 39 genes showed a negative correlation between 
methylation and gene expression, i.e. high promoter methylation was 
associated with lower expression. One interesting finding was that TAL1 
gene expression was   negatively correlated (r2 = -0.611) with TAL1 promoter 
methylation level. Only 47% of the differently methylated genes (DMGs) 
where expressed above background level in the gene expression array, and 
therefore evaluation of a possible influence of promoter methylation on gene 
expression was not feasible for all genes.  

Enrichment analysis of CIMP profile 

To identify potential genes and cellular processes that were connected to the 
CIMP profile we used two bioinformatic tools, GeneGO Metacore software 
and DAVID Functional Annotation Tool.  

Our analysis of DMGs indicated an overrepresentation of genes associated 
with PRC 1 and 2 complexes. To further investigate this we compared 
previously published lists of PRC target genes identified in human 
embryonic stem cells and human embryonic fibroblasts [132,133] with our 
CIMP profile. A high proportion of genes (62%) in our list were identified as 
polycomb target genes, which were much higher than expected, indicating a 
preferential methylation of polycomb target genes. Even though the 27K 
array is slightly enriched for PRC target genes, there was a highly significant 
overrepresentation of polycomb target genes among the differently 
methylated CpG sites in T-ALL that could not be explained by the small array 
bias.  
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Focused analysis of cell processes and metabolic pathways revealed a large 
number of genes involved in ATP metabolism and cAMP signaling pathways 
to be differently methylated within the T-ALL group. The same pathways are 
also frequently hypermethylated in BCP-ALL, as shown in a study focused on 
HeH, ETV6-RUNX1 and B-other subtypes [134].  

ETP and DNA methylation (Paper II&III) 

In paper II no immunophenotype data was available to analyze whether ETP 
cases were overrepresented in the CIMP low group. ETP-ALL not only has a 
distinct immunophenotype but can also be identified by a distinct gene 
expression signature.  We compared expression data between CIMP low and 
CIMP high T-ALL from 17 of our patients in paper II where RNA was 
available [135].  The ETP expression signature did not discriminate CIMP 
high from CIMP low individuals. 

In paper III we were able to classify samples as immature or non-immature 
phenotype based on available immunophenotype data and ETP was defined 
according to Coustan-Smith et al [59]. No enrichment of ETP cases was 
found among CIMP low patients. 

CIMP as a prognostic marker in relapsed BCP-ALL (paper IV) 

Nordlund et al have previously analyzed a large cohort of BCP-ALL patients 
with the 450k Illumina methylation array. By applying the CIMP profile on 
the BCP-ALL data set we were able to analyze the prognostic relevance of the 
CIMP panel in BCP-ALL. We had to modify our definition of CIMP to some 
extent because of the number of differently methylated CpG sites was 
generally lower in BCP-ALL compared to T-ALL [111,112]. We defined two 
groups based on number of methylated CpG sites within our CIMP panel 
(methylated defined as a ß-value ›0,4) of 1293 CpG sites.  Samples with ‹25% 
methylated CpG sites were denoted CIMP low, if more than 25% of CpG sites 
were methylated the sample was classified as CIMP high. 

 A total of 601 diagnostic BCP-samples were analyzed for CIMP status, 
infants (age under 12 months) were not included since they constitute a very 
distinct entity with poor outcome. 175 patients were classified as CIMP low 
and 426 as CIMP high. Different cytogenetic subgroups were not evenly 
distributed between CIMP-groups. CIMP low were enriched for BCR-ABL1 
and TCF3-PBX1 positive cases and CIMP high were enriched for ETV6-
RUNX1 cases. The over all survival was significantly better among CIMP 
high patients although no difference was found concerning cumulative 
incidence of relapse (CIR). Considering the skewed distribution of 
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cytogenetic aberrations between CIMP-groups a difference in outcome is not 
surprising. But the fact that CIMP predicted OS better than CIR indicate that 
CIMP could hold information about response to relapse treatment. 

  Among the 601 analyzed samples 137 patients experienced relapse as their 
primary event, 42 were CIMP low, and 95 CIMP high. The most important 
prognostic factor at relapse is time in complete remission, the earlier relapse 
the worse outcome. Patients with very early relapse defined as within 18 
months of diagnosis had an OS of only 26% compared to 46% if relapse 
occurred between 18months after diagnosis to six months post treatment, 
late relapse had the best outcome with 77% survival rate. By grouping 
patients by both time to relapse and CIMP status six groups were generated. 
CIMP status had no impact on late relapses but CIMP low cases had 
significantly worse outcome among both very early and early relapses 
(Figure 11). 

  

Even though genetic aberrations are not taken into account at relapse (as 
stratifying factor) some studies have shown a significant impact of 
cytogenetic background at relapse as well [62,136]. Because of the skewed 
distribution of cytogenetic subgroups between CIMP groups we analyzed risk 
groups separately. CIMP low had inferior outcome among HR patients 
(p=0,016) but not for non-HR patients where 45 of 64 CIMP high patients 
remained in complete remission compared to 12 out of 23 among CIMP low 
patients  (p=0,06). The prognostic relevance of CIMP in predicting survival 
after relapse could not be explained by frequency of stem cell transplanted 
(SCT), since the proportion of SCT-treated individuals after relapse were 
similar in both CIMP groups.  

Figure 11. 137 relapsed BCP-ALL 
samples with combined CIMP 
status at diagnosis and time to 
relapse.  Time to relapse was 
classified as: very early (<18 
months from primary diagnosis), 
early (≥18 months from diagnosis 
to ≥6 months post treatment), 
and late (>6 months post 
treatment). Follow up time 
(month) from relapse to last 
follow up. 
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General discussion 

Modern treatment protocols have made tremendous progress in treatment of 
childhood leukemia and we can today offer curative treatment for most of 
our young patients. Success have at large been to offer increasingly tougher 
treatments. In fact, anyone who has ever visited a pediatric oncology ward 
knows that such treatments do not come without a cost. All children suffer 
from side effects from the treatment, one of which includes death. The aim of 
these studies was to find new potential prognostic markers to push the 
ability to pinpoint which patients need the toughest treatment but also as 
important to find subgroups that do not need intensified treatment. 

DNA methylation as a prognostic marker really gained momentum in the 
late 90s when CIMP was discovered in colon cancer [129]. The concept has 
translated to most tumor types including leukemia [137]. 

Earlier studies mostly used quite small sets of genes, often inspired by the 
CIMP-panel in colon cancer [138-141]. The introduction of array-based 
techniques paved the way for more detailed analysis and the use of cluster 
analysis to define groups with distinct methylation patterns [142-145].  

DNA methylation as a prognostic marker in ALL 

Several studies have characterized DNA methylation pattern in childhood 
ALL [111,113,146,147]. Regarding T-ALL few studies have investigated the 
relation between treatment response and DNA methylation. We clearly show 
in two independent cohorts that T-ALL patients can be divided into two 
distinct DNA methylation subgroups and that a CIMP low profile is clearly 
associated with inferior outcome. This is in contrast to earlier publications. 
Kraszewska et al examined the methylation pattern of a gene panel in 61 T-
ALL patients and found no prognostic significance of CIMP [148]. Some, but 
few, of the analyzed genes were	  overlapping with our profile, which could be 
one explanation why their results are different from ours. CCAAT/Enhancer 
Binding Protein Alpha (CEBPA) was included in both studies. In the Polish 
study CEBPA was never hypermethylated whereas four CpG sites localized to 
the CEBPA promoter were included in our CIMP profile and 
hypermethylated in most CIMP high cases. Terriou et al have also 
investigated the methylation status of CEBPA in T-ALL. They found a similar 
frequency of hypermethylation as we did, but did not specify any prognostic 
significance of DNA methylation [149]. From this we conclude that selection 
of regions and sites for CIMP profiling is of crucial importance.   
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 Numerous studies have examined the prognostic value of DNA methylation 
in other hematological and solid malignancies. Regarding ALL, Sandoval et 
al. investigated DNA methylation in a small group of BCP-ALL patients and 
employed a similar approach as we did. Similar to our results CIMP high 
patients had better prognosis than CIMP low patients. In contrast to our 
study on BCP-ALL, their profile was associated with higher risk of relapse 
[150]. Other studies have failed to find methylation patterns predictive of 
relapse [113]. A general finding from several groups is that the genetic 
background i.e. cytogenetic subgroup and immunophenotype of the 
leukemia has a profound impact on DNA methylation pattern. This 
phenomenon is important to take into account when examining DNA 
methylation as a prognostic marker in ALL since both cytogenetics and 
immunophenotype influence outcome. When we applied our T-ALL 
generated CIMP profile on BCP-samples, an enrichment of high-risk 
cytogenetic subgroups was seen in CIMP low, which explain the differences 
in survival when all patients are analyzed and not only relapse cases. 
Thereby limiting the utility of CIMP classification at diagnosis in BCP-ALL. 
Little is known about DNA methylation and relapse. In BCP-ALL there 
appear to be a general gain in methylation from diagnosis to relapse but 
there are large individual variations [115]. However, it should be noted that 
we base our findings on diagnostic samples and not on samples at the time of 
relapse. The fact that CIMP at first diagnosis reflect response to the second 
treatment is unexpected and the underlying mechanism is not known.  

Collectively, our data on both T-ALL and BCP-ALL, CIMP low phenotype 
seem to reflect a more aggressive leukemia with enrichment of other 
biological risk factors i.e. high WBC at diagnosis (in T-ALL), high-risk 
cytogenetics and very early relapse. 

 

Driver or passenger? 

As discussed earlier, DNA methylation can mediate silencing of tumor 
suppressors and thereby act as a driver in tumor development [4].  However 
numerous studies have shown that the correlation between gene expression 
and DNA methylation is rather weak and most methylated genes (up to 90%) 
are already silenced when they become methylated [151]. The lack of a clear-
cut correlation between gene expression and promoter methylation has 
paved the way for alternative explanations regarding DNA methylation 
changes in cancer. 
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Still some genes appear to be regulated at least in part by de novo 
methylation. CDKN2A is a classical tumor suppressor and as described 
above frequently mutated in both T-ALL and BCP-ALL [152,153]. 
Methylation of CDKN2A could serve as an alternative to deletion when it 
comes to leukemia pathogenesis, and there are animal models that support 
this hypothesis [154]. We found another interesting example in TAL1, even 
though not included in the CIMP panel, TAL1 showed a strong negative 
correlation to DNA methylation [155].  Since TAL1 is an oncogene and not a 
tumor suppressor, lack of methylation at the TAL1 promoter would facilitate 
TAL1 expression and promote oncogenesis. Other studies have shown that 
TAL1 overexpression (TAL1 overexpression as a result of STIL-TAL1 
translocation) is associated to high WBC at diagnosis, in analogy to CIMP 
low T-ALL. However, TAL1 overexpression does not appear to be a negative 
prognostic marker [156]. 

A second mechanism for deregulated DNA methylation has been well 
established in AML. Mutations in genes involved in DNA methylation, like 
DNMT3A, cause a distinct methylation phenotype with pronounced 
hypomethylation and is associated with inferior outcome [157](Ying et al. In 
a mouse model system, enforced expression of DNMT3B delayed malignant 
transformation, and upregulation of DNMT3B target genes are associated 
with inferior outcome in AML patients [158]. Mutations in genes involved in 
DNA methylation metabolism is uncommon in both pediatric T-ALL and 
BCP-ALL, but mutations in PRC related gens are prevalent especially in 
ETP-ALL [106]. Since the CIMP profile had no connection to maturation 
state in T-ALL and we noted a similar methylation pattern in both BCP-ALL 
and T-ALL it is unlikely that specific mutations in epigenetic regulators are 
responsible for the different CIMP phenotypes.  

During the last years it has become apparent that normal cells accumulate 
DNA methylation changes during aging and proliferation. It is even possible 
to predict age rather accurately in peripheral blood lymphocytes (PBL) based 
on methylation pattern [76,77].  This ageing phenotype is accelerated in 
cancer cells, cancer cells are predicted older than its normal counterparts. In 
AML for example cancer cells were predicted 10-20 years older than the 
chronological age of the patient [159]. Arguing that DNA methylation 
changes seen in leukemia is initiated before transformation and is 
accelerated by the increased proliferation associated with cancer 
development. 

 It is possible that CIMP high is in part a consequence of longer proliferative 
history. An observation supporting this is the overrepresentation of ETV6-
RUNX1, positive cases among CIMP high samples in BCP-ALL. ETV6-
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RUNX1 probably has a prenatal origin and therefor a, longer proliferative 
history, supporting the relation between proliferative age and DNA 
methylation pattern [5]. The fact that long telomeres in BCP-ALL was 
associated with inferior outcome also support a model where a more 
aggressive and treatment resistant leukemia undergoes fewer rounds of 
replication, and thereby less telomere attrition.  
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Conclusions 
 
Based on our findings we can draw the following conclusions 

Telomeres were shorter in morphologically normal bone marrow compared 
to diagnostic samples from ALL patients. Long telomeres at diagnosis was 
linked to inferior outcome among non high-risk ALL patients.  

 
Among T-ALL patients, two distinct methylation phenotypes exist. Patients 
with a CIMP low methylation profile more often have relapses and shorter 
overall survival. In combination with MRD, high risk patients can be 
stratified based on CIMP phenotype. 
 
In BCP patients with relapse, CIMP low phenotype is associated with inferior 
outcome among high risk patients. 
 
  

In summary we have developed a defined panel of genes that adds 
prognostic value in two groups of patients where we today lack reliable 
biological markers for treatment response. It will be very important to 
further investigate the biological processes that generate these distinct CIMP 
profiles.  
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