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A milestone in the understanding of the molecular char-
acteristics of leukemias was the use of gene expression
profiling (GEP) by microarray and the subsequent identi-
fication of specific signatures in different entities of acute
leukemia (1–7). The approach of these studies allowed us
to identify gene subsets discriminating between different
leukemia entities and these gene signatures can be used
for diagnostic purposes as well as for predicting clinical
parameters such as therapy response (8).

Beside their importance for clinical decision-making
established patient gene signatures do not necessarily

have any importance for underlying disease processes.
This controversial situation is due to the fact that micro-
array gene expression analyses studies are (i) comparing
various subclasses of leukemia to find genes that best dis-
tinguish between the considered groups and (ii) aiming
to identify specific combinations of genes that guarantee
reliability for diagnosis, rather than aiming to identify
biologically relevant genes. Another problem of compar-
ing leukemia subclasses by relative statistical analyses is
the large number of patient samples needed to identify
gene signatures with clinical significance. In case of
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MLL-rearranged leukemia patients, relatively uniform
signatures have been identified in different studies (1–7,
9), although analyzing patients harboring different MLL
fusion genes. Thus, the yet applied approaches tend to
define a minimum set of genes that can be used to dis-
criminate MLL-rearranged leukemia patients from other
leukemia entities.

Leukemia patients bearing MLL translocations, how-
ever, are quite heterogeneous and display acute lympho-
blastic leukemia (ALL) and acute myeloid leukemia
(AML) disease phenotypes. Moreover the large number
of different MLL translocation partner genes (10) ignores
important variability and may create difficulties in the
interpretation of results. Therefore, we decided to focus
only on a single subgroup of pediatric leukemia patients
that carry t(4;11) translocations. Based on our assump-
tions, we expected highly stable signatures that could be
further investigated by linking patients to clinical or
experimental data. By using this simple approach, a
t(4;11)-specific core signature was identified. Surprisingly,
the analyzed t(4;11) patients separated into two distinct
subgroups when linked to specific discriminators derived
from experimental data. Previous studies aiming to iden-
tify uniform signatures for MLL rearranged ALL
patients have presumably filtered away these novel signa-

tures. Thus, this new approach overcomes the concept of
class discovery and introduces the concept of heterogene-
ity within a single class of cancer patients.

Material and methods

Patient data

Twenty patients diagnosed with B cell precursor (BCP)
ALL between January 2005 and September 2008 were
included in this study. All samples were t(4;11)(q21;q23)
positive as revealed by molecular screening. Main
patients’ characteristics are summarized in Table 1. All
but one patient (P14) included in this study were part of
a larger cohort of samples analyzed by GEP during the
international ‘Microarray Innovation in LEukemia’
(MILE) study (11). All patients were randomly selected
from a larger cohort of BCP ALL patients. The only fur-
ther criteria was the availability of nucleic acids for fur-
ther analyses. Three normal bone marrow (BM1–BM3)
samples from pediatric patients were randomly chosen
and used as unselected control but included female and
male donors to avoid any gender-specific difference. Only
residual material from diagnostic procedures was used.
Nucleic acids were isolated from bone marrow and ⁄or

Table 1 Patient-specific parameters

Patient Gender

No. significant chip ID’S Discriminators used in the study

Comp vs. BM1 Comp vs. BM2 Comp vs. BM3 CDTG
HOXA
genes Infant Non-infant

BRX Introns
11 ⁄ 12

Recipr.
FuTx

P1 m 6356 6224 6388 3278 X X

P2 m 6505 5978 6267 3259 X

P3 f 6647 6204 6415 3524 X X n.d.

P4 f 5776 4784 6224 2837 X X X

P5 f 7109 6347 7411 3681 X X X

P6 f 6062 4414 6743 2856 X X X

P7 m 4156 3277 4980 2001 X X X

P8 f 3991 3361 4857 1970 X X X

P9 m 4357 3410 4926 1943 X X

P10 f 4243 3840 4606 2037 X X X X

P11 f 4300 3720 4938 2127 X X X

P12 m 6178 5210 6786 3139 X X X

P13 m 4923 4710 5285 2584 X X X

P14 m 7392 5687 8257 3442 X X X

P15 m 4843 3986 5473 2342 X X

P16 f 6315 5976 6540 3170 X X X

P17 f 6498 5830 7212 3390 X X X

P18 m 6237 5391 6908 3132 X X

P19 m 7723 6435 8408 4124 X

P20 m 6291 5811 6616 3294 X X n.d,

Mean 11:9 5795 5029 6262 2906 60% 55% 45% 35% 66%

Patients’ UPN and gender are shown on the left. Next consecutive threes lanes: the number of identified target genes after comparison to three

bone marrow samples of unrelated healthy individuals; consecutive lane 4: the number of identified CDTG’s for each patient. Consecutive lanes

5–9: discriminators used in this study: presence of HOXA gene transcripts, infant vs. non-infant, localization of the chromosomal breakpoint within

the MLL gene and presence of reciprocal AF4-MLL fusion transcript.

Trentin et al. t(4;11) pathobiology

ª 2009 John Wiley & Sons A/S 407



peripheral blood samples. Informed consent was
obtained from the parents or the legal guardians of both
the patients and control individuals.

RNA preparation, cDNA synthesis and RT-PCR experi-
ments

Total RNA was extracted from bone marrow mononu-
clear cells using TRIzol RNA isolation (Invitrogen, Kar-
lsruhe, Germany) followed by RNA purification on
RNeasy columns (RNeasy Mini Kit, Qiagen, Hilden,
Germany). The RNA quality was assessed on the Agilent
2100 Bioanalyzer (Agilent Technologies, Waldbronn,
Germany) and RNA concentration was determined using
the NanoDrop ND-1000 spectrophotometer (NanoDrop
Technologies, Inc., Wilmington, DE, USA). One micro-
gram of RNA was reverse transcribed with 200 Units M-
MLV reverse transcriptase (Invitrogen) and a mixture of
random hexamers (2.5 lm) and oligo dT primers (20 nm)
at 37!C for 30 min and 42!C for 15 min. RT-PCR exper-
iments were performed using standard conditions and
oligonucleotides specific for transcripts derived from the
MLLÆAF4 (MLL8Æ3 · AF4Æ5) and AF4ÆMLL fusion
genes (AF4Æ3 · MLL13Æ5). Oligonucleotide sequences
were: MLL8Æ3 (5¢-CCCAAAACCACTCCTAGTGAG-3),
MLL13Æ5 (5¢-CAGGGTGATAGCTGTTTCGG-3), AF4Æ3
(5¢-GTTGCAATGCAGCAGAAGCC-3), AF4Æ5 (5¢-ACT-
GTCACTGTCCTCACTGTCA-3).

RNA gene expression array analyses

Gene expression analysis was performed using the
Affymetrix HG-U133 Plus 2.0 oligonucleotide micro-
arrays. From each sample 2.0 lg of purified RNA were
converted by reverse transcription into double-stranded
cDNA (Roche Applied Science, Mannheim, Germany)
and then purified using the GeneChip Sample Cleanup
module (Affymetrix, Santa Clara, CA, USA). Then,
labeled cRNA was generated using the Microarray RNA
target synthesis kit (Roche Applied Science) and an in vitro
transcription labeling nucleotide mixture (Affymetrix).
The cRNA was then purified using the GeneChip Sample
Cleanup module (Affymetrix) and quantified using the
NanoDrop spectrophotometer. For the following frag-
mentation we used 11 lg of labeled cRNA. Hybridization,
washing, staining and scanning protocols were performed
on Affymetrix GeneChip instruments (Hybridization Oven
640, Fluidics Station 450Dx, Scanner GCS3000Dx respec-
tively), following the manufacturer’s instructions.

Data analysis

After scanning, absolute and comparison analyses were
carried out using the Affymetrix GeneChip Analysis

Suite 5.0 software. To determine differentially expressed
genes, comparison files were further filtered using the
Affymetrix Data Mining Tool 3.0 software. Filter criteria
for robustly up- and down-regulated genes included
change P-value < 0.0001 and change P-value > 0.9999.
Resulting CEL-files (P1-P20) were then compared to
CEL-files obtained from normal bone marrow (BM1–
BM3) of pediatric volunteers. The 3 resulting output files
(Table 1, lanes 1–3) were then compared to each other
and only genes found to be present in all three output
files were exported into a single file (Table 1, lane 4:
commonly deregulated target genes; CDTG1-20). All 20
CDTG files were imported into a relational database
program (FileMaker Pro 9) for further analyses. All
database entries – deriving from the imported CDTGs –
generated a data space of 10 692 gene entries. Each
patient was then assigned to the discriminators listed in
Table 1. Gene entries present in every patients were
automatically assigned by ‘1’ in a sorting field named
‘A’, whereas gene entries not present in every patient
were automatically classified by ‘0’ in the same sorting
field; a sorting routine asking for gene entries assigned
with number ‘1’ in sorting field ‘A’ was then used to
identify specific target genes. Similar procedures were
applied to the four discriminators, and gene entries pres-
ent ⁄ absent in a selected patient subgroup were assigned
with ‘1’ ⁄ ‘0’ in the respective sorting fields B, C, D, etc.
By combining these sorting routines (e.g. are there gene
entries assigned with ‘1’ in both sorting fields B and C, B
and D, C and D or B and C and D, etc.), specific associ-
ations were identified. The database program, including
all t(4;11) patient CDTGs, can be made available upon
request to interested researchers. It contains 39 different
files, including the main program, 20 patient data files
and a gene ontology. In order to use these program files
the FileMaker Pro 9 software (either Macintosh or PC)
will be required.

Heatmap generating subroutines

In order to find discriminating genes that allow to generate
a heatmap, gene entries were selected that are predomi-
nantly present in either subgroup (‘HOXA high’ vs.
‘HOXA low’) but less present or absent in the other group.
‘HOXA high’ gene entries were selected by a hit frequency
of at least 75% in the data files of the 12 ‘HOXA high’
patients, and present at a maximum of 25% in the ‘HOXA
low’ subgroup. Vice versa, ‘HOXA low’ gene entries were
selected against ‘HOXA low’ patients. If genes were pres-
ent in both subgroups, a difference in their mean value of
gene expression of at least 8-fold (log2 change ‡3) was
requested. A final routine was searching for genes
that were either up-regulated in one subgroup, while
down-regulated in the other subgroup or vice versa. By
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applying these three search algorithms, probe sets were
selected and exported into the R-program (http://
www.R-project.org). The R-program produced a heatmap
based on hierachical cluster analysis using the original
CEL-files and the defined probe sets.

Data interpretation

Gene names were used to screen the STRING-database
(string.embl.de). Potential functions were retrieved from
publications available in PUBMED (http://www.ncbi.
nlm.nih.gov).

Results

Molecular analysis of fusion gene transcripts

All t(4;11) patients were investigated for their property
to transcribe the reciprocal fusion genes MLLÆAF4 and
AF4ÆMLL. As exemplarily shown in Fig. 1, the investi-
gated t(4;11)-patients transcribed the MLLÆAF4 fusion
gene, whereas the reciprocal AF4ÆMLL fusion allele was
expressed only in 11 out of 18 analyzed samples. For
two patients, no analysis could be performed due to
insufficient amount of material. All PCR amplimers were
cut out from the gels and subsequently analyzed by
DNA sequencing in order to find the location of the
MLL breakpoint of each leukemia patient; this informa-

tion was implemented in our relational database and
used as one of the four independent discriminators in the
following analyses.

Comparison of t(4;11)-GEPs against 3 bone marrow
samples of healthy individuals

Pediatric leukemia patients bearing a t(4;11) transcloca-
tion and clinically classified as infant (n = 11) and non-
infant leukemias (n = 9) were used for investigations.
CEL-files of these t(4;11)-patients (P1–P20) were
obtained by hybridization experiments using HG-U133
Plus 2.0 microarrays (Affymetrix). Each patient CEL-file
was then compared to CEL-files of three unrelated nor-
mal bone marrow samples (BM1–BM3) by using the
GeneChip Analysis Suite 5.0 program for single compari-
son analysis. This led to the identification of differen-
tially expressed genes (P-value < 0.0001 or >0.9999).
The resulting three output files of each patient were then
analyzed for commonly deregulated target genes (CDTG)
– representing only those gene entries that were present
in all three output files. (see Table 1).

Analysis of CDTG1 to CDTG20 according to clinical
and molecular discriminators

CDTG1 to CDTG20 were imported into the relational
database program and assigned to the following discrimi-

Figure 1 Transcriptional analysis of investigated t(4;11) patients. RT-PCR analysis of a subset of analyzed patients. Upper left panel: transcripts

derived from the MLLÆAF4 allele; lower left panel: transcripts derived from the AF4ÆMLL allele; all PCR amplimers were sequenced to analyze pre-

cisely their exon compositions. The exact exon composition of all PCR amplimers was summarized in the displayed tables on the right. Some

faint PCR bands (e.g. in lanes P9 and P12) turned out to be PCR artifacts.
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nators: (1) HOXA gene overexpression (12–16); (2) the
clinical onset of disease (‘infant’ vs. ‘non-infant’ t(4;11)
leukemia patients); (3) the localization of the chromo-
somal breakpoint within the MLL breakpoint cluster
region (17); and transcription of MLLÆAF4 alone or of
both reciprocal fusion genes (18–20).

Sorting routines were then used to identify gene signa-
tures that are present in 100% of all patients and regu-
lated in the same direction (either up- or down-
regulated). This supervised approach revealed 186 gene
entries, termed the ‘core signature’ of t(4;11) patients
which are summarized in Table S1. Next we used the
four discriminators to identify further subsets of genes
related to the 20 t(4;11) patients.

First discriminator: HOXA gene overexpression
When analyzing the CDTG data sets for HOXA gene
expression, to our surprise, only 12 t(4;11) patients
exhibit ectopically up-regulated HOXA5, HOXA9 and
HOXA10 genes (P1, P6–P13, P16–P18), whereas 8
t(4;11) patients (P2–P5, P14, P15, P19, P20) displayed
a significant down-regulation of these genes when com-
pared to normal bone marrow signatures. The same
finding was also attained (Fig. 2A) using the original
CEL-files (P1–P20) normalized with affy package in R
(http://www.bioconductor.org). Since HOXC8 is known
to be an MLL target gene (21) we used the normalized
CEL-files to analyze for HOXC8 transcription expres-
sion. As shown in Fig. 2A, no significant differences in
HOXC8 gene expression were found between all inves-
tigated t(4;11) patients and control bone marrow
samples. Two genes known to be transcriptionally
activated in MLL-mediated leukemia, MEIS1 and
MEF2C, were also investigated by using the original
and normalized CEL-files (Fig. 2B). In all but one
patient (P6), both genes were transcriptionally activated
to a similar extent when compared to the normal con-
trols. Thus, the observed differences in HOXA gene
expression are separating the investigated t(4;11)
patients into two distinct subgroups, named ‘HOXA
high’ and ‘HOXA low’, that are characterized by the
differential expression of 102 and 321 genes respec-
tively. A heatmap (Fig. 3) was generated using the 57
most differentially regulated genes between ‘HOXA
low’ and ‘HOXA high’ patients, thereby confirming the
presence of two different patients’ subgroups within
our initial cohort of samples.

Second discriminator: age at diagnosis
Eleven patients were grouped into the ‘infant group’
(below 1 year of age) and nine patients were classified
into the ‘non-infant group’. The two groups of patients
are characterized by additional 182 and 196 genes respec-
tively.

Third discriminator: MLL breakpoint site
We used the sequence information deriving from
MLLÆAF4 fusion transcripts to determine the MLL
breakpoints in the MLL breakpoint cluster region.
Patients were either grouped into breakpoints within
MLL ‘introns 9–10’ or ‘introns 11–12’. Breakpoint distri-
bution also defined additional 98 and 254 gene entries
for chromosomal breakpoints localized in MLL introns
9–10 and 11–12 respectively.

Fourth discriminator: transcription of the t(4;11) fusion
alleles
Based on the results of the RT-PCR experiments, seven
patients expressed the MLLÆAF4 fusion allele alone,
whereas 11 patients expressed both. Two patients were
not investigated for AF4ÆMLL transcripts due to limited
material available for RT-PCR analysis. The sorting rou-
tine distinguished 260 and 87 additional gene entries that
were related to the expression of MLL-AF4 alone or the
presence of both fusion transcripts.

All the target genes related to the four biological dis-
criminating factors are summarized in Tables S2–S9.

Identification of association within the discriminator-
specific signatures

A relational database program allows to find associations
between discriminator-specific signatures; since all the
identified subsets were chosen by a 100% criteria (pres-
ent in every patient of a given subgroup), the question
was raised whether there is any cross-correlation between
these signatures. By testing any possible combinations
of the sorting routines, two strong correlations were
identified.

The first association comprised infant leukemia, dis-
playing low HOXA expression and breakpoints localized
in MLL introns 11 or 12 (Fig. 4A); the second one was
identified in non-infant leukemia, displaying high HOXA
expression and breakpoints within MLL introns 9 or 10
(Fig. 4B); all gene entries of the two associations are
summarized in Table S10 and S11.

Then, associations between the gene signatures identi-
fied in relation to the four discriminators have been
tested as shown in Table 2. Each of the six comparisons
was analyzed by Fisher’s exact test and the resulting
P-values have been corrected to control family wise error
rate (FWER) using Bonferroni’s method. Significant
adjusted P-values were found for the correlation between
the ‘Infant ⁄Non-infant’ ⁄ ‘HOXA low ⁄high’ signature
(P-value = 3.043)60), the correlation between ‘Infant ⁄
Non-infant’ ⁄ ‘breakpoint within MLL introns 11–12 ⁄
introns 9–10’ (P-value = 6.823)13) and the ‘HOXA
low ⁄high’ ⁄ ‘breakpoint within introns 11–12 ⁄ introns 9–10’
signatures (P-value = 1.337)33) respectively. Thus, the
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A

B

Figure 2 Normalized gene expression data of selected MLL target genes. Original CEL-files of all patients were loaded into the R-program, which

automatically normalizes all GEP data. Black bars represent patients with high HOXA gene expression; white bars represent patients with low

HOXA gene expression. (A) Normalized gene expression data for HOXA5 (213844_at), HOXA9 (209905_at; 214651_s_at), HOXA10 (213147_at;

213150_at) and HOXC8 (221350_at) are shown for all investigated patients, expressed by their normalized log2-change. Normalized bone marrow

expression data are shown as black horizontal lines with standard deviations (gray bars). (B) Normalized gene expression data for MEIS1

(1559477_at; 204069_at; 242172_at) and MEF2C (209199_s_at; 209200_at; 207966_s_at) are shown for all investigated patients, expressed by

their normalized log2-change. Normalized bone marrow expression data are shown as black horizontal lines with standard deviations (gray bars).
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defined associations are highly statistical significant and,
verify the presence of two independent subgroups within
the investigated t(4;11) patients. Finally, the expression
of the MLL fusion alleles, either MLLÆAF4 alone or
both fusion alleles, was significantly correlated to HOXA
gene expression (P-value = 0.0182).

Identified gene signatures and their biological
function: t(4;11) core signature

The relational database highlighted the presence of two
distinct subgroups with specific associations to clinical
and molecular parameters (associations 1 and 2). Never-
theless, these two subgroups shared a common core of
36 up-regulated and 150 down-regulated genes (Supple-
mental Table S1). Biological processes such as cell prolif-

eration, cellular growth, apoptosis and regulation of
transcription could be associated to the up-regulated
genes of the core signature. Genes involved in the regula-
tion of cell proliferation and growth are for example:
CTGF, CD72, BLK, IGF2BP3, MAP4 and SOCS2.

The connective tissue growth factor (CTGF) is a
growth factor for connective tissue and interacts with
VEGF and TGFß. It is a mediator of local angiogenesis,
it has been implicated in osteolytic metastasis by breast
cancer cells (22) and CTGF over-expression predicts
poor outcome in adult ALL patients (23). CD72 is pre-
sumably a prognostic marker of progenitor B-cell leuke-
mias (24) and associates with protein tyrosin
phosphatase SHP1 and stimulate the phosphorylation of
B Lymphoid Kinase (BLK) that is a Src-related kinase
and causes proliferation of B progenitor cells and
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Figure 3 Heatmap of gene entries that distinguishes between both identified t(4;11) leukemia patient subgroups. A heatmap was created by

using the open source R-program. Patients cluster according to the chosen gene entries into two independent groups, top: cluster analysis; right:

probe sets and corresponding gene names. Below: patients used in this study. Gene names marked in red are idiosyncratic for the ‘HOXA high’-

signature, while gene names marked in black belong to the ‘HOXA low’-signature. Up- and down-regulated genes of both subgroups were used.
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enhances responsiveness to Interleukin-7 (25). The insu-
lin-like growth factor 2 mRNA binding protein 3
(IGF2BP3, IMP-3) is an oncofetal protein expressed
during embryonic development and found to be ectopi-
cally expressed in some tumors. When IGF2BP3 is
knocked-down, a significant decrease of cell proliferation
was observed (26).

Microtubule-associated protein 4 (MAP4) is necessary
for increased microtubule polymerization and decreases
vinca alkaloid sensitivity (27). MAP4 is a downstream
target of p53. MAP4 binds to the heterotrimer SEPT2,
SEPT6 and SEPT7. The direct interaction of CDC2 ⁄
CyclinB with microtubules depends on MAP4, which
becomes phosphorylated at Ser696 and Ser787. Suppres-
sor of cytokine signaling 2 (SOCS2) are inhibitors of
JAK and TYK kinases. Overexpressed SOCS2 is highly

effective in blocking signaling from a large variety of dif-
ferent surface receptors, including the prolactin receptor,
growth hormone receptor, insulin-like growth factor 1
receptor and the insulin receptor. SOCS2 is also able to
block STAT1-, STAT3-, STAT5a- and STAT5b-medi-
ated signaling by interfering with JAK1, JAK3 and
TYK2. A variety of other receptors, like EPOR, EGFR,
CSFR, IL3R, IL6R, gp130, IL9R, IL10R and LEPR
may also be impaired in function by increased SOCS2
expression. Possibly, a block in signaling activity may
induce the activation of FOXO proteins able to establish
quiescence in t(4;11) positive ALL cells (28). Quiescent
cells are resistant to therapy, and therefore, may explain
the treatment difficulties and poor prognosis of these
patients.

Genes associated with the apoptosis pathway are for
example FAIM and SOX4; the Fas apoptosis inhibitory
molecule (FAIM) has been identified in Fas-resistant
B lymphocytes (29); further four SRY-box 4 (SOX4)
directly activates TLE3 and PUMA; SOX4 overexpres-
sion is associated with resistance against apoptosis lead-
ing to growth-transformation (30).

Finally, genes involved in transcription regulation pro-
cesses are for example JMJD1C, TFEB and MEF2C.
Jumonji domain containing 1C (JMJD1C) is a histone
H3K9 demethylase involved in the removement of
repressive histone signatures. Transcription factor EB
(TFEB) has been identified to be transcriptionally acti-
vated in t(6;11)(p21;q13) chromosomal translocations
and it has been related to renal cell carcinoma (31).
TFEB has DNA-binding and oligomerization properties
of a unique helix-loop-helix ⁄ leucine-zipper family and
binds directly to TFE3 (32). Both TFEB and TFE3 are
activated by LIF and regulate the E-Cadherin gene.
Myocyte enhancer factor 2C (MEF2C) is a B-cell
restricted transcription factor in lymphocytes (33). Trans-
activating activity depends on p38-mediated MAPK
phosphorylation. MEF2C binds to other MEF2 proteins,
to a variety of different HDACs (including HDAC4,
HDAC5, HDAC9), to GATA4, ID3, FOXH1, NKX2-5,
HAND1, HAND2, NFATC1, MYOD1, MYF5, MYF6,
MYOG and to different nuclear complexes like CARM1
or p300. Moreover, murine Mef2c significantly acceler-
ates myeloid leukemia induced by Sox4 (34).

Among the core down-regulated genes, we found a large
number of myeloid-specific genes (i.e. CD14, CD31, CD59,
CD163, CD302, FGR, MAFB, MNDA andMPO),MXD1,
MXL1, MKRN1, hTERT and FAS. MXD1 and MXL1
are negative regulators of the c-MYC protein and this find-
ing may suggest that active c-MYC cannot be counter-reg-
ulated appropriately. MKRN1 encodes a protein that
negatively regulates hTERT suggesting that hTERT is
active in t(4;11) leukemia cells. Finally, down-regulated
FAS may prevent extrinsic induction of apoptosis.

A

B

Figure 4 Cross-correlations between distinct subsets identified by

the discriminators. (A) Correlations between the subsets ‘HOXA low’,

‘Infant leukemia’ and ‘MLL breakpoint within introns 11 and 12’. Num-

bers represent the amount of gene entries overlapping between dif-

ferent subsets. The discriminators ‘Infant’ and ‘breakpoint distribution’

resulted in gene entries that are either completely or partially part of

the ‘HOXA low’ gene signature. (B) Correlations between the subsets

‘HOXA high’, ‘Non-infant leukemia’ and ‘MLL breakpoint within introns

9 and 10’. Numbers represent the amount of gene entries overlapping

between different subsets. The discriminators ‘HOXA high’ and

‘breakpoint distribution’ resulted in gene entries that are either com-

pletely or partially part of the ‘Non-Infant’ gene signature.
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Association 1: infant ALL with low HOXA expression
and breakpoints within MLL introns 11 ⁄12

This association was identified as common data set of
three different signatures and summarized in Table S10.
This association is comprised by 110 probe sets represent-
ing 21 up-regulated and 72 down-regulated genes. High-
est activation of transcription was found for PPP1R14A
(+13-fold), CAMK2D (+12-fold), KLRK1 (+10-fold),
LCN8 (+10-fold) and LOC144481 (+9-fold). Strongest
suppression of transcription was observed for PPBP
()340-fold), RWDD3 ()138-fold), SYNE1 ()112-fold),
MME ()107-fold) and CD36 ()96-fold).

Up-regulated PPP1R14A and CAMK2D are both
involved in IP3 and Ca2+ signaling pathways. SMC6 is
involved in DNA repair and checkpoint response. Over-
expressed BAALC has been identified as adverse risk fac-
tor in AML with normal cytogenetics and distinguishes
AML patients into a specific subgroup (35). It has been
proved to be expressed only in early hematopoietic pro-
genitor-cells able to differentiate into myeloid, lymphoid,
and erythroid pathways (36).

Among down-regulated genes we can distinguish again
several myeloid markers (i.e. BPI, CD36 and CEBPE),
CEACAM1, FAM129A, RHOU, ANXA1, MME and
PRAM1. The down-regulation of CEACAM1, FAM129A,
RHOU have already been described for solid tumors.
ANXA1 is a surface protein and its down-regulation
allows transmigration. MME is a negative regulator of
focal adhesion kinase signaling and blocks cell migration.
Thus, its down-regulation may allow migration of leuke-
mic cells. The PRAM1 protein is involved in B- and
T-cell signaling and was found to be down-regulated by
the PMLÆRARa fusion protein.

Many genes (i.e. LBR, MARCKS, MBOAT2, MCTP2,
S100A12 and TYROBP) coding for proteins involved in
different signaling pathways were also down-regulated,
and indicated that leukemic cells of this t(4;11) subpopu-
lation are presumably less actively signaling.

Association 2: non-infants with high HOXA expression
and breakpoints within MLL introns 9 ⁄10

This signature was identified as association between three
different signatures and is summarized in Table S11. This
association is comprised by 65 probe sets representing 13
up-regulated genes and 39 down-regulated genes. Highest
activation of transcription was found for LUZP1 (+191-
fold), PROM1 (+15-fold), PRO1073 (+9-fold),
LOC441108 (+8-fold). Strongest suppression of tran-
scription was observed for LPCAT2 ()38-fold), RRAGD
()35-fold), KCNE3 ()30-fold), SLC22A4 ()22-fold) and
APP ()22-fold). LUZP1 is a leucine zipper protein that
seems to be strongly over-expressed in this group. ATRX
is a chromatin remodeling factor. Dysfunctions of
ATRX are associated with myelodysplasia associated
with alpha-thalassemia (ATMDS) and somatic mutations
of the gene encoding the chromatin remodeling factor
ATRX cause an unexpectedly severe hematological phe-
notype (37). MEF2A associates again with HDAC4 and
shows a similar profile as MEF2C, mentioned above.
They regulate muscle and adipose tissue during states of
insulin deficiency by the regulation of the GLUT4 recep-
tor. MZF1 delays ATRA-mediated apoptosis in myeloid
cells (38). Moreover, MZF1 regulates the CD34 pro-
moter and interacts with FHL3 to suppress transcription.
MZF1 also induces N-Cadherin expression. Within the

Table 2 Comparison of discriminator-specific gene sets by statistical analyses

Discriminator
No. identified
genes HOX high HOX low Infant Non-infant

Brx introns
9 ⁄ 10

Brx introns
11 ⁄ 12 der11 alone der4 ⁄ 11

HOX high 102 102 0 0 102 65 11 64 9

HOX low 321 0 321 182 20 20 188 109 47

P-values – 0.000 0.000 0.018

Infant 182 0 182 182 0 20 110 79 34

Non-Infant 196 102 0 0 196 65 40 94 36

P-values 0.000 – 0.000 1.000

Brx introns 9 ⁄ 10 98 65 20 20 65 98 0 57 24

Brx introns 11 ⁄ 12 254 11 188 110 40 0 254 119 32

P-values 0.000 0.000 – 1.000

der11 alone 260 64 109 79 86 57 119 260 0

der4 ⁄ 11 87 9 47 34 28 24 32 0 87

P-values 0.018 1.000 1.000 –

For each of the four discriminator (HOXA high vs. HOXA low, infant vs. non-infant, breakpoint localization, and presence (absence of reciprocal

AF4-MLL fusion transcript), a distinct number of genes were identified. All identified gene sets were then compared to the other identified gene

sets by statistical analysis (Fisher’s exact test: resulting P-values were subsequently corrected to control family wise error rate (FWER) using

Bonferroni’s method). P-values for each of the six comparisons are shown in the center of each subset.

Number of overlapping genes between the discriminator-specific gene sets.
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down-regulated genes, FNDC3B normally exerts anti-
neoplastic activity, whereas the kinase SLK promotes
apoptosis via the activation of MAPK signaling. Thus,
down-regulation of these two genes may support malig-
nant cell growth.

Discussion

Acute Lymphoblastic Leukemia in infants (<1 year of
age) are characterized by a high incidence of translocations
involving the MLL gene. MLL rearranged ALL represents
an aggressive and difficult to treat subtype of ALL. By far,
the most common MLL translocation in ALL patients is
the chromosomal translocation t(4;11)(q21;q23), fusing the
MLL gene with the AF4 gene (10). As current therapies fail
in a large portion of these very young children (>60%),
novel genetic targets – against which innovative therapeu-
tic strategies may presumably be developed – are urgently
needed. Therefore, a firm understanding about the genes
able to induce and maintain the leukemic phenotype is
required. An attractive tool for this task are GEP experi-
ments using available microarray systems. Over the past
years, several gene signatures associated with MLL-rear-
ranged leukemias have been established (1–7, 9), which
have proven to be useful for the clinical classification of
this and other leukemias (8). However, the principle strate-
gies used in these studies does not necessarily allow to draw
conclusions on the pathology of MLL-rearranged leuke-
mia cells, because these studies aimed to establish a uni-
form gene signature able to discriminate the complex
MLL-leukemia entity from other leukemia subtypes.

Here, we report on a supervised approach that can be
performed to analyze GEPs from leukemia patients with
fewer patients and limited access to bioinformatic
resources. We used only very stable gene sets (CDTGs)
that were obtained by subtracting patient CEL-files
against normal bone marrow of unrelated healthy indi-
viduals. This step eliminated a pronounced number of
genes (!50%) and focuses predominantly on genes that
are not abundantly transcribed in normal marrow cells.
Moreover, normal bone marrow samples used in this
study derived from healthy individuals and were not
sorted for any specific hematopoietic compartment.
Thus, these pediatric control CEL-files represented all
hematopoietic compartments including stem cells, multi-
potent progenitors, but dominantly premature and
mature cells. Thus, the subtraction against normal bone
marrow cells presumably enriches for gene sets that rep-
resent more immature compartments.

Analyses of the resulting data sets by a relational data-
base program allowed to establish different gene signa-
tures. First, a ‘core signature’ was identified that was
present in every investigated t(4;11) ALL patient. This
core signature comprises 186 target genes and overlapped

with published data established for MLL-rearranged ALL
(HOXA9, DNTT, BLK and GUCY1A3) (2) and data
obtained from in vitro experiments when both t(4;11)
fusion proteins were transfected into murine fibroblasts
(CXCL1, CD302, PLAG1, ITGAM, QPCT, MGST1, CD1
and THBS1) (19). Additional overlaps were identified with
Polycomb repressor complex II ChIP-on-chip data (FLT3,
MAFB, TACSTD2 and CD14) (39), MLL target genes
(RABEF2, FHL1, SOCS2, MEF2C, HOXA9, EBF1,
RBMS1, ITGB2, RIOK3, PLEK, PHACTR2, FAS,
TNFAIP6, LGALS3, PLAG1, RAB27A, VAMP3, LCN2,
SLC40A1, EIF4E3 and TOB1) (19), and AF4 target genes
(CSRP2, HOXA9, EBF1, CCL20, IFIT20, CXCL1,
SNX10, SAMSN1, CTSS, PLEK, BLVRA, UCGC,
TNFAIP6, PLAG1, C3AR1, TNFAIP8 and PBEF1; Bur-
sen unpublished data).

Additional signatures were obtained when applying the
4 different discriminators used in this study (see Table 1).
The most intriguing finding was the identification of two
patients’ subgroups characterized by the differentHOXA5,
HOXA9 and HOXA10 gene transcription levels (see
Fig. 2A). Differences in transcription were in the range of
60- to 100-fold. By contrast, the HOXC8 gene was simi-
larly expressed in all investigated patients (see Fig. 2A).
Moreover, transcriptional levels of genes known to be
up-regulated in MLL-mediated acute leukemias, MEIS1
(except patient P6) and MEF2C, were transcriptionally
overexpressed in all patients (see Fig. 2B). Thus, the
applied method seems to be valid and led to results which
are in line with earlier findings.

The MEIS1 homeoprotein heterodimerizes with PBX
homeoproteins, and in conjunction with HOXA9, is
capable of inducing myeloid leukemias in mice (40). In
humans, co-expression of MEIS1 and HOXA9 has been
shown to be sufficient to immortalize hematopoietic pro-
genitor cells (41). MEIS1 and HOXA9 presumably exert
their transforming influence by activating a specific set of
target genes. Interestingly, Wang et al. demonstrated that
a dominant transactivated form of MEIS1 was able to
induce leukemic transformation even in the absence of
the HOXA9 protein. Moreover, the same study demon-
strated that MEIS1 is able to induce a particular set of
target genes, most of which were further activated by
enforced expression of HOXA9 (42). Among the MEIS1
target genes are FLT3 and SOX4 which were also identi-
fied as transcriptional activated target genes within
the ‘core signature’ (see Table S1), suggesting that
expression of FLT3 and SOX4 may be a consequence of
overexpressed MEIS1. Both FLT3 (a receptor tyrosine
kinase) and SOX4 (a HMG-box containing transcription
factor) are involved in leukemogenesis. High-level FLT3
expression in MLL rearranged leukemias is associated
with the constitutive activation of growth-promoting sig-
naling cascades and enhanced survival (43, 44). Mice
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receiving Sox4 virus-infected bone marrow cells were
shown to develop myeloid leukemia (34).

The separation of t(4;11) leukemia patients into a
‘HOXA high’ and ‘HOXA low’ argue for the notion
that the transcriptional activation of MEIS1 is an inde-
pendent genetic event that could be separated from the
ectopic activation of HOXA genes. With exception of
patient P6, MEIS1 indeed was highly transcribed in all
investigated patients. Based on the presented data, leu-
kemogenic transformation could then further enhanced
by two independent genetic programs: transcriptional
activation of HOXA genes (‘HOXA high’ patients) or
by an alternative pathway that does not require the
transcriptional activation of HOXA genes (‘HOXA low’
patients).

This is reflected by the two additional signatures apart
from the common ‘core signature’. The first signature
was found in infant ALL patients that display low
HOXA transcription signals and breakpoints localized
within MLL introns 11 and 12 (see Fig. 4A). This
patient-specific subset is characterized by 93 gene entries
(see Table S10). The second signature was identified in
non-infant ALL patients that display high HOXA tran-
scription signals and breakpoints localized in MLL
introns 9 and 10. This patient-specific subset is
characterized by 52 gene entries (see Table S11). These
signatures have presumably been overseen in the past
due to the applied algorithms. Since the first signature
has been identified in infants, whereas the other is char-
acteristic for non-infants, it is also plausible that they
reflect on a different origin of the malignant cells (e.g.
fetal liver vs. a bone marrow). These findings have to be
addressed in further studies aiming to dissect the
observed results.

In support of this notion, a recently established t(4;11)
cell line did not display activated HOXA genes (45). In
another in vitro study, HOXA gene expression dropped
to control levels when both t(4;11) fusion genes were
co-expressed in stably transfected cells in a doxycyclin-
dependent manner, although the MEIS1 gene was
strongly activated (19).

A critical view on core- and discriminator-specific sig-
natures (Tables S1–S11) revealed that many identified
genes were already classified either as tumor markers in
different malignancies (including solid tumors) or were
correlated with worse outcome. Beside these tumor
markers, genes coding for signaling proteins, surface
markers, cytoskeleton proteins and regulatory proteins
were identified. These candidate genes can now be
tested for their prognostic value or used in further
experiments to investigate their particular role in t(4;11)
leukemia.

Moreover, to the best of our knowledge, this is the
first time that a breakpoint-dependent gene signature

(!350 genes) has been identified. Breakpoints in MLL
intron 11 are frequently associated with infant ALL and
therapy-related leukemia (17). In these patients, the cod-
ing sequences of MLL exons 10 and 11 remain in the
MLLÆAF4 fusion transcript. By contrast, juvenile and
adult t(4;11) leukemia patients bear their chromosomal
breakpoints mostly in MLL introns 9 and 10, and thus,
amino acid sequences encoded by MLL exon 11 or exons
12 make part of the reciprocal AF4ÆMLL fusion tran-
script. Importantly, MLL exons 11–16 encode three
PHD fingers. Exons 11 and 12 encode portions of the
first and second PHD finger (see Fig. 5). This is in line
with recent findings claiming that PHD fingers may have
suppressive functions for clonogenic growth by influenc-
ing HOXA expression (46, 47). Chromosomal break-
points within MLL introns 11 or 12 will disrupt the
structure of the first and second PHD finger, and thus,
may cause misfolding of the resulting protein sequence
due to the high content of cysteine ⁄histidine residues
within this protein region. Thus, misfolded PHD
domains in the reciprocal AF4ÆMLL fusion protein may
not be able to suppress clonogenic growth. Only break-
points localized within MLL introns 9 and 10 will not
disturb the PHD finger domains. Therefore, it is quite
plausible that different breakpoints may influence the
biological consequences of the resulting t(4;11) fusion

Figure 5 PHD domains of the MLL protein. A potential structure of

the PHD finger domain 1–3 is shown. Exon borders are indicated.

Bold numbers reflect the distances between the cysteine and histi-

dine residues. The first cysteine of PHD finger 1 is amino acid 1467;

the last amino acid of PHD finger 3 is 1660 according to the full-length

MLL protein sequence (4.005 amino acids) encoded by 37 MLL

exons. Diverging numbers between exon 15 and 16 are due to alter-

native splicing, resulting in 3 or 14 amino acids omitted from the pro-

tein sequence. Missing exon 11 or 12 will presumably result in

misfolded PHD finger domains.
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proteins, which is presumably reflected by the identified
‘breakpoint signatures’.

In conclusion, this study has revealed several new
findings that allows to make novel predictions for
t(4;11)-mediated ALL. Our approach enabled us to
identify a core signature and two independent signa-
tures that define two subgroups within t(4;11) patients.
The main discriminator was the up- and down-regula-
tion of transcripts deriving from the HOXA5, HOXA9,
HOXA10 genes. Further analysis, e.g. on the clinical
behavior of both patient subgroups will presumably
provide novel insights into t(4;11) pathology, and if so,
define new molecular targets for further investigations.
Finally, linking gene expression data to experimental
or clinical informations seems to be a valid method to
investigate potential disease pathways and the use of a
relational database program could be a valuable tool
to analyze gene expression data, when only few
patients are available.
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