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Genome-wide DNA methylation profiling predicts relapse
in childhood B-cell acute lymphoblastic leukaemia

Although the five-year survival of childhood acute lympho-
blastic leukaemia (ALL) exceeds 80%, a group of patients
presents poor prognosis due to early relapse (van den Berg
et al, 2011). To date, treatment strategies have been defined
by cytogenetically-based subtype categorization. However,
ALL patients without chromosomal translocations associated
with poor prognosis lack diagnostic markers that would
allow specific therapies to be developed. DNA methylation
alteration is a frequent event in cancer and is potentially very
useful in the diagnosis, prognosis and prediction of drug
response (Rodriguez-Paredes & Esteller, 2011). Hence, we
attempted to characterize childhood B-ALLs without Phila-
delphia (BCR-ABLI) and MLL translocations on the basis of
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the DNA methylation profile of more than 450 000 CpG
sites with the aim of providing a means to improve the accu-
racy of prognosis and treatment strategies. All the obtained
DNA methylation data have been deposited in the Gene
Expression Omnibus (GEO) database in the following link:

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
token=Dbfsbfcigsakcuty&acc=GSE39141

We derived genome-wide DNA methylation profiles of 29
childhood B-ALL patients and four normal B-cell samples
(NBC) using the Infinium 450 K DNA methylation Bead
assay (450 K) (Deneberg et al, 2011). Twenty-five patient
samples were obtained at the time of diagnosis (including 10
cytogenetically normal, eight hyperdiploid, five pseudodiploid
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Table I. Clinical characteristics of the B-ALL samples

Number of patients 29
Age, years; median (range) 4.0 (1-2-17)
<1 year (%) 0 (0)
1-10 years (%) 21 (72)
>10 years (%) 8 (28)
Sex
Male (%) 15 (52)
Female (%) 14 (48)
White blood cell count
<50 x 10°/1 (%) 23 (79)
>50 x 10°/1 (%) 4 (14)
Unknown (%) 2 (7)
Cytogenetic abnormality
High Hyperdiploidy (51-81 chromosomes) (%) 8 (28)
Pseudodiploidy (%) 6 (21)
Normal (%) 12 (41)
No result (%) 3 (10)
Treatment protocol
SHOP/LAL 99 (%) 14 (48)
SHOP/LAL 2005 (%) 11 (38)
Not specified (%) 4 (14)
Median follow-up (years) 6-5
Relapse
Yes (%) 5 (17)*
No (%) 24 (83)

*Four out of five samples taken at relapse.
SHOP/LAL, Sociedad Espafiola de Hematologia Pediatrica /Leucemia
Aguda Linfoblastica.

and two unclassified samples) and four samples at disease
relapse (Table I). Profiling varying 11 112 CpG sites
(SD>0-25) within all samples analysed clearly distinguished
healthy B-cell specimens from B-ALL patient samples
(Fig 1A).

Overall, B-ALL samples had a significantly greater variance
in DNA methylation level than NBC samples (Wilcoxon test,
P < 0-01) with 11% and 56% showing a standard deviation
greater than 0-05% in healthy and ALL samples, respectively
(Fig 1B). We further noted that most of the variation in ALL
samples was a loss of DNA methylation located outside of
the CpG rich (CpG island; CGI) context (62%, SD>0-05).
However, the highest variance (SD > 0-25) was DNA hyper-
methylation found within the CGI context (Fig 1C, Fig S1),
consistent with previous results obtained with lower coverage
platforms (Milani et al, 2010).

To obtain closer insight into the nature of variant sites, we
determined differentially methylated CpG sites (dmCpGs)
between healthy and cancer specimens (Table S1). We identified
3,414 dmCpGs, 88-:2% (3,014) and 11-8% (400) of which
respectively lost and gained DNA methylation in cancer
samples (Fig 1D; Fig S2). Despite the predominantly hypome-
thylated dmCpGs, CGIs in gene promoters significantly gained
DNA methylation at dmCpGs (Wilcoxon test; P < 0-01).
Interestingly, the CGIs flanking CpG-poor regions (CpG island
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shores) were hypomethylated in ALL samples (Wilcoxon test;
P < 0-01), consistent with previous studies identifying both
regions as being highly variable in different cancer types,
including leukaemia (Milani et al, 2010; Irizarry et al, 2009).

Analysing variant CpG sites in an unsupervised manner,
we identified two clearly distinct DNA methylome profiles
in B-ALL patients (Fig 1A). While 14 samples (ALL-1)
displayed highly aberrant methylation levels compared with
the control, 15 samples (ALL-2) showed close similarities to
healthy B-cells. Most strikingly, the five with disease-relapse-
associated samples were all present in ALL-2 (5/15; X2 test,
P < 0-01), presenting a signature with a significant associa-
tion between DNA methylation and disease-free survival
(log-rank Mantel-Cox test, P < 0-01; Fig 1E) and suggesting
a possible application in future therapy strategies by taking
into account epigenetically defined groups as previously
suggested (Milani et al, 2010).

Considering the presence of distinct DNA methylation
subtypes in childhood B-ALLs and their potential application
in clinical practice, we extracted a DNA methylation profile
represented by 20 661 dmCpGs that distinguished the two
groups (Table S2). In total, we detected 17 182 hypo- and
3 479 hypermethylated CpG sites in ALL-2 compared with
ALL-1, respectively; differing in variance and associated with
unique genomic features (Fig 1F-H). Confirming the signa-
ture in a 10-fold cross-validation model (area under the
curve: 89-5), we concluded that the signature reliably
detected both B-ALL subtypes and is thus an important tool
for future disease diagnosis.

In order to determine the affected biological and disease-
associated pathways, we analysed the gene ontology (GO) of
hyper- and hypomethylated CpG sites located in gene pro-
moters. We noticed an enrichment (GO, level 5) of genes
related to lymphocyte (including B-cell) differentiation in
672 gene promoters presenting higher methylation level in
ALL-2 (false discovery rate [FDR]<0-05, Table S3). These
genes include FOXPI, TCF3, BLNK, CD79A, RAGI and
RAG2, also associated with chromosomal translocations in
ALLs and mutation in B-cell maturation-defective syndromes.
We suggest that defects in the B-cell differentiation process
display a unique property of samples present in ALL-2.

The 2 608 genes associated with promoters showing less
methylation in ALL-2 were highly enriched in developmental
genes (FDR<0-05), including 97 HOX genes (Table S4). From
the epigenetic point of view, developmental genes are associ-
ated with the Polycomb (Pc) complex and are marked by the
histone modification H3K27me3. Interestingly, 43% (281 out
of 654) of Polycomb target genes (PcTG) displayed lower
methylation in ALL-2 gene promoters and were significantly
enriched compared with promoters gaining methylation (X*
test, P < 0-01) (Lee et al, 2006). Accordingly, we found 24%
(2181 out of 9052) of hypomethylated CpG sites associated
with and significantly enriched in the Polycomb histone
mark H3K27me3 (X2 test, P <0-01, Fig S3) (Ernst et al,
2011). Taken together, the GO and PcTG analyses suggest
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Fig 1. Genome-wide DNA methylation profile of B-cell ALL patients. (A) Unsupervised hierarchical clustering of four normal B-cell donors (yel-
low) and 29 ALL patients (orange) using CpGs with standard deviation>0.25. The cytogenetic subtypes and disease recurrence is indicated. (B)
Comparison of variability at 436,346 CpG sites across normal B-cell (NBC) and B-ALL (ALL) samples. (C) Variability of methylation levels across
CpG sites within CpG islands (CGI) and outside CpG islands (non-CGI). (D) Box plot displaying the distribution of B-values of total, promoter,
islands in promoters and shores in promoters associated with differentially methylated CpG sites of B-ALL versus NBC samples. Significance is
indicated by an asterisk. (E) Kaplan-Meier curve showing time to relapse of patients in B-ALL group 1 (ALL-1) and group 2 (ALL-2). Biopsies
from four of the five patients that recurred were taken at the time of relapse. (F) Variability of DNA methylation levels in differentially methylat-
ed CpG sites in groups ALL-1 and ALL-2. (G) Hierarchical cluster of 20 661 differentially methylated CpG sites between B-ALL groups ALL-1
and ALL-2. (H) Genomic distribution of the 17 182 hypomethylated and 3 479 hypermethylated CpGs sites in ALL-2 compared with group ALL-
1 with respect to functional genomic distribution (promoter, gene body, 3'UTR and intergenic) and CpG content (CpG island, shore, shelf and

open sea).

that hypomethylation of genes involved in developmental
processes are a unique feature of patient samples present in
ALL-2. Hypermethylation of PcTG (Deneberg et al, 2011)
has been previously identified as good prognostic markers in
acute myeloid leukaemia patients, supporting the predictive
potential of DNA methylation signatures in leukaemia. In
addition, overexpression of HOX genes has been related to
oncogenic transformation (Bach et al, 2010) and an increase
in stem cell self-renewal (Ross et al, 2012) in leukaemia
cells.

Overall, genome-wide screening of DNA methylation in
normal B-cells and primary B-ALL samples revealed distinct
profiles, but most importantly defined two previously
unknown B-ALL subtypes. Furthermore, we hypothesize that
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epigenetic changes mediate an undifferentiated stem cell-like
phenotype of a newly identified B-ALL subtype that is possibly
associated with drug resistance, resulting in disease relapse and
presenting a signature of potential clinical use in the future.
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Additional Supporting Information may be found in the
online version of this article:

Fig S1. DNA methylation level in different genomic features.
Fig S2. Differentially methylated CpG site (dmCpG) between
B-cell (NBC) and B-ALL (ALL) samples.

Fig S$3. Relative number of hyper- and hypomethylated dif-
ferentially methylated sites between ALL-1 and ALL-2 consid-
ering their overlap with loci occupied by different histone
marks, H2A.Z and CTCF.

Table S1. 3,414 differentially methylated CpG sites compar-
ing healthy B-cells and B-ALL samples.

Table S2. 20,661differentially methylated CpG sites compar-
ing B-cell group ALL-1 and ALL-2.

Table S3. Gene ontology analysis of hypomethylated gene
promoters in group ALL-2.

References

Bach, C., Buhl, S., Mueller, D., Garcia-Cuéllar,
M.-P., Maethner, E. & Slany, R.K. (2010) Leuke-
mogenic transformation by HOXA cluster genes.
Blood, 115, 2910-2918.

van den Berg, H., de Groot-Kruseman, H.A., Damen-
Korbijn, C.M., de Bont, E.S.J.M., Schouten-van
Meeteren, A.Y.N. & Hoogerbrugge, P.M. (2011)
Outcome after first relapse in children with acute
lymphoblastic leukemia: a report based on the
Dutch Childhood Oncology Group (DCOG)
relapse all 98 protocol. Pediatric Blood ¢ Cancer,
57,210-216.

Deneberg, S., Guardiola, P., Lennartsson, A., Qu,
Y., Gaidzik, V., Blanchet, O., Karimi, M.,
Bengtzén, S., Nahi, H., Uggla, B., Tidefelt, U.,
Hoéglund, M., Paul, C., Ekwall, K., Dohner, K. &
Lehmann, S. (2011) Prognostic DNA methyla-
tion patterns in cytogenetically normal acute
myeloid leukemia are predefined by stem cell
chromatin marks. Blood, 118, 5573-5582.

Ernst, J., Kheradpour, P., Mikkelsen, T.S., Shoresh,
N., Ward, L.D., Epstein, C.B., Zhang, X., Wang,
L., Issner, R., Coyne, M., Ku, M., Durham, T.,

© 2012 Blackwell Publishing Ltd

Kellis, M. & Bernstein, B.E. (2011) Mapping and
analysis of chromatin state dynamics in nine
human cell types. Nature, 473, 43-49.

Irizarry, R.A., Ladd-Acosta, C., Wen, B., Wu, Z,
Montano, C., Onyango, P., Cui, H., Gabo, K,
Rongione, M., Webster, M., Ji, H., Potash, J.B.,
Sabunciyan, S. & Feinberg, A.P. (2009) The
human colon cancer methylome shows similar
hypo- and hypermethylation at conserved tis-
sue-specific CpG island shores. Nature Genetics,
41, 178-186.

Lee, T.I., Jenner, R.G., Boyer, L.A., Guenther, M.
G., Levine, S.S.,, Kumar, R.M., Chevalier, B.,
Johnstone, S.E., Cole, M.F., Isono, K., Koseki,
H., Fuchikami, T., Abe, K., Murray, H.L.,
Zucker, J.P., Yuan, B., Bell, G.W., Herbolsheimer,
E., Hannett, N.M., Sun, K., Odom DT, O.A,,
Volkert TL, B.D., Melton DA, G.D., Jaenisch, R.,
Young, R.A. (2006) Control of developmental
regulators by Polycomb in human embryonic
stem cells. Cell, 125, 301-313.

Milani, L., Lundmark, A., Kiialainen, A., Nordlund,
J., Flaegstad, T., Forestier, E., Heyman, M.,

Jonmundsson, G., Kanerva, J., Schmiegelow, K.,

British Journal of Haematology, 2013, 160, 404-418

Soderhill, S., Gustafsson, M.G., Loénnerholm,
G. & Syvénen, A.-C. (2010) DNA methylation
for subtype classification and prediction of
treatment outcome in patients with childhood
acute lymphoblastic leukemia. Blood, 115, 1214
—1225.

Rodriguez-Paredes, M. & Esteller, M. (2011) Can-
cer epigenetics reaches mainstream oncology.
Nature Medicine, 17, 330-339.

Ross, K., Sedello, A.K., Todd, G.P., Paszkowski-
Rogacz, M., Bird, A.W., Ding, L., Grinenko, T.,
Behrens, K., Hubner, N., Mann, M., Waskow,
C., Stocking, C. & Buchholz, F. (2012) Poly-
comb group ring finger 1 cooperates with
Runxl in regulating differentiation and self-
renewal of hematopoietic cells. Blood, 119,
4152-4161.

Sandoval, J., Heyn, H., Moran, S., Serra-Musach,
J., Pujana, M.A., Bibikova, M. & Esteller, M.
(2011) Validation of a DNA methylation micro-
array for 450,000 CpG sites in the human gen-
ome. Epigenetics, 6, 692-702.

409



