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Abstract

Background: Few biological markers are associated with survival after relapse of B-cell precursor acute lymphoblastic
leukemia (BCP-ALL). In pediatric T-cell ALL, we have identified promoter-associated methylation alterations that correlate
with prognosis. Here, the prognostic relevance of CpG island methylation phenotype (CIMP) classification was
investigated in pediatric BCP-ALL patients.

Methods: Six hundred and one BCP-ALL samples from Nordic pediatric patients (age 1–18) were CIMP classified at initial
diagnosis and analyzed in relation to clinical data.

Results: Among the 137 patients that later relapsed, patients with a CIMP− profile (n = 42) at initial diagnosis had an
inferior overall survival (pOS5years 33%) compared to CIMP+ patients (n = 95, pOS5years 65%) (p = 0.001), which remained
significant in a Cox proportional hazards model including previously defined risk factors.

Conclusion: CIMP classification is a strong candidate for improved risk stratification of relapsed BCP-ALL.

Keywords: DNA methylation, BCP-ALL, Prognosis, CIMP, Relapse, Risk stratification

Introduction
Using modern contemporary chemotherapy protocols for
childhood acute lymphoblastic leukemia (ALL) with treat-
ment stratification based on cytogenetic features, immu-
nophenotype and early response through quantification of
minimal residual disease, the 5-year overall survival now
exceeds 90% [1]. Despite improved results of primary
treatment, relapse is still the most common consequence
from treatment failure, and less progress has been
achieved for therapy outcome after relapse with an overall
survival rate of ≈ 55% in the Nordic countries [2]. Few
well-defined risk factors apart from time to relapse exist at
relapse, which impedes risk stratification after relapse.
DNA methylation is a central epigenetic mechanism

and an increasing body of evidence highlights the

importance of epigenetics in cancer biology [3]. Pediatric
ALL has been extensively characterized from a DNA
methylation perspective, and the methylation pattern
has been shown to reflect both cytogenetic aberrations
and immunophenotype [4]. We have previously shown
prognostic relevance of promoter associated DNA
methylation in T-cell acute lymphoblastic leukemia (T-
ALL), where patients displaying a less methylated CpG
island methylator phenotype (CIMP−) profile, based on
a defined set of CpG sites, were associated with worse
prognosis than patients exhibiting a more methylated
CIMP+ profile [5]. This finding was subsequently
validated in a recent Nordic cohort of high-risk T-ALL
patients (MRD > 0.1% at day 29) [6].
Several studies have attempted to ascertain prognostic

relevance from DNA methylation status at diagnosis
from B-cell precursor acute lymphoblastic leukemia
(BCP-ALL) patients [7, 8]. The overlap of prognostically
relevant signatures in BCP-ALL thus far is low, probably
due to the influence on cytogenetic alterations on
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epigenetic signatures [8]. However, a general finding
from these studies is that when patients are dichoto-
mized based on DNA methylation status, a worse out-
come is observed in the group with lower DNA
methylation levels [7, 8].
In the present study, we aimed to specifically investigate

if the T-ALL trained CIMP profile also holds prognostic
relevance in BCP-ALL, potentially giving a broader clinical
relevance of the CIMP profile in acute lymphoblastic
leukemia in general. We used genome-wide DNA methy-
lation data from a large, well-characterized cohort of
BCP-ALL patients, to evaluate the prognostic relevance of
CIMP classification at diagnosis and relapse.

Materials and methods
This study included 601 well-characterized diagnostic
and 23 relapse pediatric BCP-ALL samples from
children (1–18 years) diagnosed in the Nordic countries
(1996–2008) and treated according to the NOPHO ALL
1992 and 2000 protocols [1]. DNA methylation data
from previously published Illumina HumanMethyla-
tion450K arrays (Gene Expression Omnibus repository
accession number GSE49031) [8] were used to classify
the BCP-ALL samples as CIMP+ or CIMP− based on
percentage of methylated CpG sites within the 1293
CpG site CIMP panel, originally defined in T-ALL
datasets [5, 6]. Approximately, 2/3 of the CpG sites in
the CIMP panel were relevant for BCP-ALL, and there-
fore the percentage of methylated CpG sites within the
panel separating the CIMP +/− subgroups was adjusted
for the BCP-ALL samples to > 25% and ≤ 25%, respect-
ively (Additional file 1: Figure S1). CIMP classification
was verified in DNA extracted from 15 patients by a six-
gene high-resolution melting (HRM) curve gene panel
(Additional file 1: Figure S2). Detailed description of ma-
terials and methods are provided in the Additional file 1.

Results and discussion
The 601 diagnostic pediatric BCP-ALL samples were
classified based on their DNA methylation phenotype (n
= 175 CIMP− and n = 426 CIMP+) and analyzed in
relation to clinical characteristics. The cytogenetic aber-
rations were non-randomly distributed among the CIMP
subgroups at diagnosis (p < 0.001) (Additional file 1:
Table S1). The CIMP+ group was enriched for favorable
cytogenetic subtypes, i.e., t(12;21)/ETV6-RUNX1 (88%
CIMP+) and HeH (63% CIMP+), whilst the CIMP− group
was enriched for patients with unfavorable cytogenetics,
i.e., t(1;19)/TCF3-PBX1 (83% CIMP−) and t(9;22)/BCR-
ABL1 (67% CIMP−) subtypes (Additional file 1: Table S1).
The overall survival was significantly lower in the CIMP−
group compared with the CIMP+ group (pOS5years 85% vs
92%, p = 0.019, Fig. 1a), but CIMP status at initial diagno-
sis of ALL was not associated with relapse (p = 0.520) or

event-free survival (p = 0.424) (Additional file 1: Table S1).
The fact that CIMP status did not predict pCIR5years, but
showed differences in pOS5years indicates differences in re-
sponse to relapse treatment between the CIMP groups.
Thus, we further analyzed all the relapsed cases in our

cohort separately (n = 137), of which 42 were classified
as CIMP− and 95 as CIMP+ at initial diagnosis. Patients
in the CIMP subgroups did not differ with regard to sex,
age, or white blood cell counts at primary diagnosis, but
there was a higher frequency of unfavorable cytogenetic
subtypes within the CIMP− group (Table 1, p = 0.021).
The prognostic relevance of CIMP status at primary

diagnosis was analyzed in relation to overall survival
after relapse. The CIMP− subgroup had a significantly
worse prognosis with an pOS5years of 33% after relapse,
as compared with 65% for the CIMP+ subgroup (p =
0.001) (Table 1, Fig. 1b). In line with our results,
previous studies in this and other cohorts have shown a
similar trend in inferior clinical outcomes in BCP-ALL
patients with less methylated phenotypes at diagnosis
[7–9]. However, to our knowledge, no other study has
demonstrated that this difference may be explained by
outcome after relapse.
To further investigate the prognostic relevance of

CIMP status at primary diagnosis for survival after re-
lapse, we integrated previously identified clinical factors
of relevance for relapse outcome. Even though current
ALL relapse protocols do not include cytogenetic aberra-
tions in risk stratification, we and others have shown
that high risk genetic aberrations at diagnosis have
prognostic significance even at relapse [2, 10, 11]. Initial
risk group classification at primary diagnosis is based on
age at diagnosis, immunophenotype, cytogenetic
aberrations, WBC, and CNS involvement (Fig. 1c) [12].
After relapse, patients initially classified and treated as
standard risk/intermediate risk (SR/IR) had an pOS5years
of 63%, in contrast to 42% in the high risk (HR) group
(p = 0.008). CIMP status could further separate the
prognosis in these groups, with worse prognosis for
CIMP- patients (p = 0.002, log-rank adjusted for initial
risk group). The CIMP+/SR/IR patients had an pOS5years
of 69% after relapse compared to 45% for SR/IR CIMP−
patients (p = 0.06) (Fig. 1c). This disparity was even more
pronounced in the HR group, where patients classified
as CIMP+ at diagnosis had an pOS5years of 56% after
relapse compared with only 21% for HR/CIMP− patients
(p = 0.016) (Fig. 1c). These results demonstrate that by
combining initial risk group and CIMP status at diagno-
sis, the patients with poorest prognosis after relapse can
be further stratified.
Hematopoietic stem cell transplantation (HSCT) treat-

ment might influence the OS, but the outcome depends
on initial risk group at primary diagnosis, with improved
OS in high-risk patients allocated for HSCT [2]. In our

Borssén et al. Clinical Epigenetics  (2018) 10:31 Page 2 of 7



Fig. 1 (See legend on next page.)
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cohort, the proportion of HSCT-treated patients after
relapse was similar in both of the CIMP groups
(Table 1). However, CIMP- status at diagnosis was as-
sociated with poorer outcome regardless if patients
were allocated to HSCT or not (p = 0.001, log-rank
adjusted for HSCT) (Fig. 1d).
Time in first complete remission and anatomic site of

relapse are two of the most important prognostic factors
in relapsed ALL and represent main stratifying factors
for relapse therapy [2, 13]. Expectedly, very early relapse
(< 18 months from primary diagnosis) had the worst
outcome in our cohort followed by early relapse (≥
18 months from diagnosis to < 6 months after comple-
tion of primary therapy) and late relapse (≥ 6 month
after completion of primary therapy) with a pOS5years at
26, 46, and 77%, respectively. The median time to re-
lapse did not differ significantly between the CIMP
groups, although there was a tendency towards relapse
sites. Isolated bone marrow relapse was more common
among CIMP− patients: 74% (31/42) vs 53% (50/95) in
the CIMP+ group (Table 1), but the difference did not
reach statistical significance (p = 0.077).
Finally, we assigned relapse risk groups based on a

combination of anatomical site of relapse and time to re-
lapse from initial primary diagnosis, as defined by the
International Study for Treatment of Childhood Relapse
ALL (IntReALL) into standard risk (late relapse and
early not isolated bone marrow iBM) or high risk (early
iBM and very early relapse) groups [2]. We found signifi-
cantly higher proportions (50 vs. 29%) of high risk char-
acteristics in the CIMP− patients compared with CIMP+
patients (p = 0.021) (Table 1). Importantly, CIMP status
at diagnosis could separate the prognosis in these risk
groups (p = 0.014, log-rank adjusted for combined site/
time risk classification), particularly in the high-risk
group (p = 0.023) (Fig. 1e).
We included CIMP status, age, sex, initial risk group

at diagnosis, HSCT status, and IntReALL risk classifica-
tion in a Cox proportional hazards regression analysis
for overall survival analysis after relapse. Although the
current IntReALL relapse risk grouping (p < 0.001, haz-
ard ratio (HR) high risk 3.79) holds the strongest prog-
nostic information, CIMP status at diagnosis (p = 0.036,
CIMP− HR 1.81) remained a significant prognostic
marker for survival at relapse (Table 2). Notably, when
including only IntReALL relapse risk class and CIMP

(See figure on previous page.)
Fig. 1 Kaplan-Meier overall survival analysis based on CIMP subgroups in BCP-ALL. Overall survival analysis in a 601 diagnostic BCP-ALL samples
CIMP classified at diagnosis. Follow-up time (months) from diagnosis to last follow-up. b–e One hundred and thirty-seven relapsed BCP-ALL samples
CIMP classified at diagnosis and stratified for c initial risk-group at primary diagnosis (SR/IR and HR), based on age at diagnosis, immunophenotype,
cytogenetic aberrations, WBC, and CNS involvement. d Hematopoietic stem cell transplantation after relapse (yes/no). e IntReALL (International Study
for Treatment of Childhood Relapse ALL) risk class (SR/HR) at relapse, based on site of relapse and time from diagnosis to relapse. Follow–up time
(months) from relapse to last follow up (b–e)

Table 1 Clinical characteristics of 137 relapsed pediatric
BCP-ALL patients that were CIMP classified at ALL diagnosis

Relapsed BCP-ALL patients CIMP−
n = 42

CIMP+
n = 95

p value

Sex male/female 28/14 51/44 ns

Age at primary diagnosis (months) 48 70 ns

(median, range) (16–185) (12–211)

WBC × 109/l at primary diagnosis 20,7 18,6 ns

(median, range) (2,2–269) (1,3–274)

Cytogenetics at primary diagnosis 0.021

Favorablea 18 (43%) 50 (53%)

Unfavorableb 11 (26%) 8 (8%)

Otherc 13 (31%) 37 (39%)

Initial risk group at primary diagnosisd ns

SR/IR 23 (55%) 64 (67%)

HR 19 (45%) 31 (33%)

Relapse sitee 0.077

Bone marrow isolated (iBM) 31 (74%) 50 (53%)

Combined (iBM and iEM) 6 (14%) 24 (26%)

Extramedullary (iEM) 5 (12%) 20 (21%)

Time to relapse (median, months) 29,5 35 ns

(Range) (5–124) (1–172)

Very early (VE) 11 (26%) 12 (13%)

Early (E) 16 (38%) 38 (40%)

Late (L) 15 (36%) 45 (47%)

IntReALL risk class at relapse
(relapse site/time to relapse)

0.021

Standard risk (L-iBM, iEM,
Comb, E-iEM, Comb)

21 (50%) 67 (71%)

High risk (VE-iBM, iEM,
Comb, E-iBM)

21 (50%) 28 (29%)

HSCT after relapse ns

Yes 15 (36%) 43 (45%)

No 27 (64%) 52 (55%)

pOS5years 0.33+/−0.08 0.65+/−0.05 0.001

ns not significant, WBC white blood cell count, SR/IR standard risk/
intermediate risk, HR high risk, HSCT hematopoietic stem
cell transplantation
aFavorable: t(12;21)(p12;q22), high hyperdiploidy (modal
chromosome number ≥ 50)
bUnfavorable: t(9;22)(q34;q11), t(1;19), MLL rearrangements (11q23),
hypodiploidy (modal chromosome number < 45)
cOther: non-stratifying or nonspecific cytogenetic aberrations
dDescribed in ref. [12]
eOne patient data missing
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status at diagnosis in the Cox regression analysis, both
factors were prognostically relevant for survival after re-
lapse; IntReALL relapse risk class (p < 0.001, high risk
HR 3.27) and CIMP status (p = 0.011, CIMP− HR 1.99)
(Additional file 1: Table S3). This further indicates that
CIMP status at diagnosis holds important molecular
phenotype information of the leukemic cells of relevance
for prognosis after relapse.
In order to investigate the concordance in CIMP status

between diagnosis and relapse samples we compared
CIMP status in 23 paired samples from patients with
available DNA at both time points. This analysis showed
an increased percentage of methylated CpG sites in the
CIMP panel at relapse compared to at diagnosis (median
39 vs 57%, p < 0.001, Fig. 2a). This was expected since ac-
cumulated hypermethylation as a consequence of prolifer-
ation has been observed in this material as the relapsed
clone(s) have likely undergone additional replication since
diagnosis [8]. Importantly, although CIMP methylation
increased at relapse, CIMP status at diagnosis was highly
correlated CIMP status in the relapsed ALL cells (Spear-
man’s rho 0.825, p < 0.001, Fig. 2b). Thus, justifying

measuring CIMP status at diagnosis. Although clonal se-
lection may occur at relapse, this data supports similar
epigenetic characteristics based on CIMP status at diagno-
sis and relapse.
The observation that our CIMP profile adds prognostic

information among relapsed BCP-ALL patients and high-
risk (MRD > 0.1% at treatment day 29) T-ALL patients [6]
makes our panel a potentially useful prognostic marker
for high-risk ALL patients that today lack biological
therapy stratifying markers. Therefore, upfront methyla-
tion array analysis at diagnosis could be implemented to
add epigenetic phenotype information (CIMP status) with
potential prognostic relevance, in addition, as a comple-
mentary method to support prediction of cytogenetic
subtypes [14]. Whether the prognostic relevance of CIMP
classification in BCP-ALL could be further improved by
including MRD status could not be addressed here since
MRD data was not available for the majority of patients,
and hence remains to be evaluated in replicative studies of
patients treated by contemporary protocols [15].
The biological mechanisms, i.e., genetic aberrations in

DNA methylation associated genes or oncogenes remain

Table 2 Cox’s proportional hazard regression analysis of risk factors for overall survival in relapse patients

Risk factor N Reference group HR

CIMP (−/+) (42/95) CIMP+ 1.81 (1.04–3.16) (*p = 0.036)

Sex (male/female) (79/58) Sex = female 0.95 (0.56–1.60)

Age at primary diagnosis (years) (137) 1.04 (0.97–1.10)

Initial risk group at primary diagnosis (SR/IR and HR) (87/50) Risk group = SR/IR 0.96 (0.53–1.76)

HSCT after relapse (no/yes) (79/58) HSCT = no 0.55 (0.32–0.97) (*p = 0.040)

IntReALL risk class (relapse site/time to relapse (SR/HR)) (88/49) Risk group = SR 3.79 (1.98–7.29) (*p < 0.001)

Fig. 2 CIMP methylation in paired diagnosis-relapse samples from BCP-patients. a CIMP methylation percentage in 23 paired diagnostic and
relapse samples from BCP-ALL patients. Mean values at diagnosis and relapse were compared by paired samples t test. b Scatter plot showing
spearman’s rho correlation between CIMP methylation percentage at diagnosis and relapse in 23 BCP-ALL patients
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to be investigated in relation to CIMP status in ALL.
Several mechanisms have been shown to influence the
epigenetic landscape of ALL cells and recurrent
mutations in genes involved in epigenetic regulation
have been reported [16, 17]. In a previous analysis of the
genes associated with the CpG sites in our CIMP panel,
an overrepresentation of transcription factors and poly-
comb repressive complex target genes was shown [5].
The genes in the CIMP panel were associated with
cAMP signaling, but the functional relevance of these
associations remains to be shown [5]. Future studies will
be needed further evaluate the biology underlying CIMP
subgroups.
To conclude, this study together with our recently

published study on T-ALL [6] indicates that CIMP
classification has the potential to separate high-risk
pediatric ALL patients and may confer important infor-
mation in clinical treatment decision-making.

Additional file

Additional file 1: Methods description, figures, and tables can be found
at the Clinical Epigenetics webpage. (DOCX 282 kb)

Abbreviations
ALL: Acute lymphoblastic leukemia; BCP-ALL: B-cell precursor acute lymphoblastic
leukemia; CIMP: CpG island methylator phenotype; HR/IR/SR: High/intermediate/
standard risk; HSCT: Hematopoietic stem cell transplantation; IntReALL: International
Study for Treatment of Childhood Relapse ALL; MRD: Minimal residual disease;
NOPHO: Nordic Society of Paediatric Haematolgy and Oncology

Acknowledgements
We thank all patients and parents involved, clinicians assisting in treatment
and data collection, and the NOPHO biobank.

Funding
Supported by grants from the Swedish Cancer Society, the Swedish Childhood
Cancer Foundation, the Medical Faculty of Umeå University, Lion’s Cancer
Research Foundation, Umeå University, Umeå Pediatric Clinic Research
Foundation, the Kempe foundations, Magnus Bergvalls Foundation, and Uppsala-
Umeå Comprehensive Cancer Consortium. Financial support was provided
through regional agreement between Umeå University and Västerbotten County
Council on cooperation in the field of Medicine, Odontology and Health. DNA
methylation analysis was performed by the SNP&SEQ Technology Platform in
Uppsala. The facility is part of the National Genomics Infrastructure (NGI) Sweden
and Science for Life Laboratory. The SNP&SEQ Platform is also supported by the
Swedish Research Council and the Knut and Alice Wallenberg Foundation.

Availability of data and materials
The datasets analyzed during the current study are available in the Gene
Expression Omnibus (GEO) repository, with accession number GSE49031.

Authors’ contributions
MB, MHu, JN, GL, EF, and SD conceived and designed the study. JN, JK, KS,
TF, JP, OGJ, MHe, and GL helped in the collection of samples/data. JN and
ZH performed the experiments. MB, JN, ZH, ML, PL, MHu, EF, and GL
analyzed the data. MB and SD wrote the first draft, and all authors
contributed to the final manuscript. All authors read and approved the final
manuscript.

Ethics approval and consent to participate
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.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Department of Medical Biosciences, Umeå University, Blg 6M, 2nd floor,
SE-90185 Umeå, Sweden. 2Department of Medical Sciences and Science for
Life Laboratory, Uppsala University, Uppsala, Sweden. 3Children’s Hospital,
Helsinki University Central Hospital, University of Helsinki, Helsinki, Finland.
4Department of Paediatrics and Adolescent Medicine, Rigshospitalet, and
Institute of Clinical Medicine, University of Copenhagen, Copenhagen,
Denmark. 5Department of Pediatrics, University of Tromsø and University
Hospital of North Norway, Tromsø, Norway. 6Pediatric Hematology-Oncology,
Children’s Hospital, Landspitali University Hospital, Reykjavik, Iceland.
7Department of Women’s and Children’s Health, Pediatrics, University of
Uppsala, Uppsala, Sweden. 8Childhood Cancer Research Unit, Department of
Women’s and Children’s Health, Karolinska Institutet, Karolinska University
Hospital, Stockholm, Sweden.

Received: 5 January 2018 Accepted: 28 February 2018

References
1. Schmiegelow K, Forestier E, Hellebostad M, Heyman M, Kristinsson J,

Soderhall S, Taskinen M. Long-term results of NOPHO ALL-92 and ALL-2000
studies of childhood acute lymphoblastic leukemia. Leukemia. 2010;24(2):
345–54.

2. Oskarsson T, Soderhall S, Arvidson J, Forestier E, Montgomery S, Bottai M,
Lausen B, Carlsen N, Hellebostad M, Lahteenmaki P, et al. Relapsed
childhood acute lymphoblastic leukemia in the Nordic countries: prognostic
factors, treatment and outcome. Haematologica. 2016;101(1):68–76.

3. Guillamot M, Cimmino L, Aifantis I. The impact of DNA methylation in
hematopoietic malignancies. Trends Cancer. 2016;2(2):70–83.

4. Nordlund J, Syvanen AC. Epigenetics in pediatric acute lymphoblastic
leukemia. Semin Cancer Biol. 2017;

5. Borssén M, Palmqvist L, Karrman K, Abrahamsson J, Behrendtz M, Heldrup J,
Forestier E, Roos G, Degerman S. Promoter DNA methylation pattern
identifies prognostic subgroups in childhood T-cell acute lymphoblastic
leukemia. PLoS One. 2013;8(6):e65373.

6. Borssén M, Haider Z, Landfors M, Noren-Nystrom U, Schmiegelow K, Asberg
AE, Kanerva J, Madsen HO, Marquart H, Heyman M, et al. DNA methylation
adds prognostic value to minimal residual disease status in pediatric T-cell
acute lymphoblastic leukemia. Pediatr Blood Cancer. 2016;63(7):1185–92.

7. Milani L, Lundmark A, Kiialainen A, Nordlund J, Flaegstad T, Forestier E,
Heyman M, Jonmundsson G, Kanerva J, Schmiegelow K, et al. DNA
methylation for subtype classification and prediction of treatment outcome
in patients with childhood acute lymphoblastic leukemia. Blood. 2010;
115(6):1214–25.

8. Nordlund J, Backlin CL, Wahlberg P, Busche S, Berglund EC, Eloranta ML,
Flaegstad T, Forestier E, Frost BM, Harila-Saari A, et al. Genome-wide
signatures of differential DNA methylation in pediatric acute lymphoblastic
leukemia. Genome Biol. 2013;14(9):r105.

9. Sandoval J, Heyn H, Mendez-Gonzalez J, Gomez A, Moran S, Baiget M, Melo
M, Badell I, Nomdedeu JF, Esteller M. Genome-wide DNA methylation
profiling predicts relapse in childhood B-cell acute lymphoblastic leukaemia.
Br J Haematol. 2013;160(3):406–9.

10. Issa GC, Kantarjian HM, Yin CC, Qiao W, Ravandi F, Thomas D, Short NJ,
Sasaki K, Garcia-Manero G, Kadia TM, et al. Prognostic impact of
pretreatment cytogenetics in adult Philadelphia chromosome-negative
acute lymphoblastic leukemia in the era of minimal residual disease. Cancer.
2017;123(3):459–67.

11. Roy A, Cargill A, Love S, Moorman AV, Stoneham S, Lim A, Darbyshire PJ,
Lancaster D, Hann I, Eden T, et al. Outcome after first relapse in childhood
acute lymphoblastic leukaemia - lessons from the United Kingdom R2 trial.
Br J Haematol. 2005;130(1):67–75.

Borssén et al. Clinical Epigenetics  (2018) 10:31 Page 6 of 7

https://doi.org/10.1186/s13148-018-0466-3


12. Taskinen M, Oskarsson T, Levinsen M, Bottai M, Hellebostad M, Jonsson OG,
Lahteenmaki P, Schmiegelow K, Heyman M. The effect of central nervous
system involvement and irradiation in childhood acute lymphoblastic
leukemia: lessons from the NOPHO ALL-92 and ALL-2000 protocols. Pediatr
Blood Cancer. 2017;64(2):242–9.

13. Nguyen K, Devidas M, Cheng SC, La M, Raetz EA, Carroll WL, Winick NJ,
Hunger SP, Gaynon PS, Loh ML, et al. Factors influencing survival after
relapse from acute lymphoblastic leukemia: a Children’s Oncology Group
study. Leukemia. 2008;22(12):2142–50.

14. Nordlund J, Backlin CL, Zachariadis V, Cavelier L, Dahlberg J, Ofverholm I,
Barbany G, Nordgren A, Overnas E, Abrahamsson J, et al. DNA methylation-
based subtype prediction for pediatric acute lymphoblastic leukemia. Clin
Epigenetics. 2015;7(1):11.

15. Toft N, Birgens H, Abrahamsson J, Bernell P, Griskevicius L, Hallbook H,
Heyman M, Holm MS, Hulegardh E, Klausen TW, et al. Risk group
assignment differs for children and adults 1-45 yr with acute lymphoblastic
leukemia treated by the NOPHO ALL-2008 protocol. Eur J Haematol.
2013;90(5):404–12.

16. Mullighan CG, Zhang J, Kasper LH, Lerach S, Payne-Turner D, Phillips LA,
Heatley SL, Holmfeldt L, Collins-Underwood JR, Ma J, et al. CREBBP
mutations in relapsed acute lymphoblastic leukaemia. Nature. 2011;
471(7337):235–9.

17. Zhang J, Ding L, Holmfeldt L, Wu G, Heatley SL, Payne-Turner D, Easton J,
Chen X, Wang J, Rusch M, et al. The genetic basis of early T-cell precursor
acute lymphoblastic leukaemia. Nature. 2012;481(7380):157–63.

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Borssén et al. Clinical Epigenetics  (2018) 10:31 Page 7 of 7


	Abstract
	Background
	Methods
	Results
	Conclusion

	Introduction
	Materials and methods
	Results and discussion
	Additional file
	Abbreviations
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

