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Introduction

During normal T-cell development, early T-cell precursors
(ETPs) migrate to the thymus to differentiate into mature T
cells.1,2 T-cell acute lymphoblastic leukemias (T-ALL) repre-
sent malignant counterparts of thymocytes that have arrested
at specific developmental stages that are coupled to specific
patterns of T-cell receptor rearrangements.3 Developmental
arrest seems dependent on the presence of so-called “type A
mutations”, which activate either T-ALL oncogenes such as
TAL1, LMO2, TLX3, TLX1, NKX2-1/NKX2-2 or fusion pro-
teins that activate HOXA genes.4-6 For TLX oncoproteins, it
has recently been found that these can directly interfere with
TRA@ rearrangements by binding to ETS1 on the Eα
enhancer resulting in a block of active transcription, histone
modification-dependent chromatin opening and rearrange-

ments resulting in a developmental arrest.7

Various studies have identified T-ALL entities that arrest at
an extremely immature developmental stage. Using transcrip-
tome analysis, it was first described as the LYL1 subgroup
based on the appreciation of high LYL1 expression.8 Three
years later, the immature subgroup was also identified by
unsupervised cluster analysis and expressed an early thymo-
cyte profile.9 Coustan-Smith and co-workers identified the
ETP-ALL subtype that is characterized by a distinct ETP gene-
expression profile and immunophenotype.10,11 Using unsuper-
vised transcriptome analysis, in 2011 we described that
immature T-ALL cluster patients are characterized by
rearrangements of either MEF2C or MEF2C-regulating tran-
scription factors.6 Another immature T-ALL entity, described
in 2010, is characterized by absence of bi-allelic deletions of
the T-cell receptor gamma gene locus (TRG@) (and denoted as
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Three distinct immature T-cell acute lymphoblastic leukemia entities have been described including cases that
express an early T-cell precursor immunophenotype or expression profile, immature MEF2C-dysregulated T-cell
acute lymphoblastic leukemia cluster cases based on gene expression analysis (immature cluster) and cases that
retain non-rearranged TRG@ loci. Early T-cell precursor acute lymphoblastic leukemia cases exclusively overlap
with immature cluster samples based on the expression of early T-cell precursor acute lymphoblastic leukemia sig-
nature genes, indicating that both are featuring a single disease entity. Patients lacking TRG@ rearrangements rep-
resent only 40% of immature cluster cases, but no further evidence was found to suggest that cases with absence
of bi-allelic TRG@ deletions reflect a distinct and even more immature disease entity. Immature cluster/early T-cell
precursor acute lymphoblastic leukemia cases are strongly enriched for genes expressed in hematopoietic stem cells
as well as genes expressed in normal early thymocyte progenitor or double negative-2A T-cell subsets. Identification
of early T-cell precursor acute lymphoblastic leukemia cases solely by defined immunophenotypic criteria strongly
underestimates the number of cases that have a corresponding gene signature. However, early T-cell precursor acute
lymphoblastic leukemia samples correlate best with a CD1 negative, CD4 and CD8 double negative immunophe-
notype with expression of CD34 and/or myeloid markers CD13 or CD33. Unlike various other studies, immature
cluster/early T-cell precursor acute lymphoblastic leukemia patients treated on the COALL-97 protocol did not have
an overall inferior outcome, and demonstrated equal sensitivity levels to most conventional therapeutic drugs com-
pared to other pediatric T-cell acute lymphoblastic leukemia patients.
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ABD cases) possibly representing early maturation arrest
before the onset of T-cell receptor rearrangements.12 
ETP-ALL, as first described by Coustan-Smith and col-

leagues, predicts poor outcome for patients treated on St.
Jude (XIII, XIV and XV) or AIEOP ALL-2000 protocols.10
Although immature T-cell development arrest was identi-
fied as a poor prognostic factor for T-ALL before,13-18 that
study identified a uniform entity that expresses a gene sig-
nature like early thymic progenitor cells.10,11 In children,
the incidence of ETP-ALL is approximately 13% of all T-
ALL cases, but varies among different cohorts: St Jude
Children’s Research Hospital study (17 ETP-ALL out of
135 T-ALL patients), AIEOP ALL-2000 study (13 of 100
cases), COGP9404 and DFCI00-01 (14 of 40 cases), the
Tokyo Children’s Cancer Study group L99-15 (5 of 91
cases) and the Shanghai Children’s Medical Center study
(12 of 72 cases).10,11,19,20 ETP-ALL patients (as predicted by
the mouse ETP gene signature)10 that were treated on the
Children’s Oncology Group Study (COG) P9404 or Dana-
Farber Cancer Institute (DFCI) 00-01 protocols, or ETP-
ALL patients based on the ETP-ALL immunophenotype in
the Japanese L99-15 study or the Shanghai study, were
also related with poor outcome.12,19,20 For adult T-ALL
patients treated on German ALL multicenter study group
(GMALL) protocols, the incidence of immunophenotypic
ETP-ALL was 7.4% and was also associated with poor
outcome, like the inferior outcome for early T-ALL.21
Molecular analysis by whole-genome sequencing revealed
that most ETP-ALL cases harbor loss-of-function alter-
ations in regulators of hematopoietic and lymphoid devel-
opment (RUNX1, IKZF1, ETV6, GATA3 and EP300) or in
components of the polycomb repressor complex 2
(PRC2).11 The gene-expression profile includes many
genes that are expressed in both normal and malignant
hematopoietic stem cells, suggesting that ETP-ALL repre-
sents an immature leukemia with stem cell and myeloid
features.11,12 Accordingly, recurrent mutations in myeloid-
specific oncogenes (e.g. IDH1, IDH2, DNMT3A, FLT3,
NRAS), were identified in immature22 or ETP-ALL T-ALL
patients while having a low incidence of NOTCH1-acti-
vating mutations.11,23 At this stage, it remains unknown
whether ETP-ALL cases are related to the AML entity that
has C/EBPA hypermethylation with expression of T-lin-
eage markers and/or T-ALL mutations like NOTCH1
mutations.24,25
In the study of Gutierrez and co-workers, ABD T-ALL

was associated with a poor response to induction
chemotherapy, 5-year event-free survival and overall sur-
vival in pediatric T-ALL patients who were treated using
the COG P9404 or DFCI 00-01 protocol.12 Similar results
were described for ABD T-ALL in children treated on
Taiwanese TPOG-ALL-97/2002 protocols,26 as well as for
pediatric T-cell lymphoblastic lymphoma patients.27
In the present study, we investigated the extent to

which ETP-ALL, immature cluster T-ALL and ABD over-
lap by comparing gene expression and immunophenotyp-
ic profiles of the ETP-ALL and immature cluster cases and
determining the ABD status of these cases. Our findings
strongly suggest that, based on gene expression, ETP-ALL
and immature cluster T-ALL represent a single entity in
which ABD is a subgroup. Furthermore, classifying ETP-
ALL cases based purely on the previously proposed ETP
immunophenotype significantly underestimates the num-
ber of actual patients with an immature cluster/ETP-ALL
gene expression profile.

Methods

Patient samples 
For this study, we used diagnostic samples from 117 patients for

whom gene expression data were available. These patients had
enrolled in the Dutch Childhood Oncology Group (DCOG) ALL-
7/8 (n=19)28,29 and ALL-9 (n=26) protocols,30 together with 72
patients who were enrolled in the German Co-Operative Study
Group for Childhood Acute Lymphoblastic Leukemia study
(COALL-97).31 Seventeen COALL patients underwent bone mar-
row transplantation due to non-response to therapy at Day 29. T-
ALL was defined as being positive for TdT, CD2, cytoplasmic
CD3 (CyCD3) and/or CD7. The median follow-up times for the
DCOG and COALL patients were 63 and 52 months, respectively.
Each patient’s parents or legal guardian provided informed consent
to use excess diagnostic material for research purposes as
approved by the Institutional Review Board/Ethics committee of
the Erasmus MC Rotterdam and in accordance to the Declaration
of Helsinki. Leukemic cells were harvested from blood or bone
marrow samples and enriched as described previously.32  Enriched
samples contained over 90% leukemic cells. 

Statistical analysis
Statistical analysis was performed using the PASW Statistics 1

software program. Pearson’s χ2 test was performed to test for sta-
tistically significant differences in the distribution of nominal data;
if fewer than 5 patients were tested in the individual groups, the
Fisher’s exact test was used instead (as indicated in the correspon-
ding tables). Statistical significance for continuous distributed data
was tested using the Mann-Whitney U-test. Differences between
patient populations with respect to relapse-free survival (RFS) and
event-free survival (EFS) were tested using the log rank test. An
event for EFS is defined as relapse, lack of response to induction
therapy, death in remission due to toxicity, or the development of
a secondary malignancy. Two-sided P≤0.05 was considered signif-
icant.

Results

ETP-ALL, immature cluster (MEF2C), and ABD T-ALL
patients

We investigated whether immature T-ALL cluster cases
(15 cases), as previously identified using our unsupervised
clustering approach,6 displayed ETP-ALL or ABD imma-
ture features consistent with two previous studies.10,12 For
this gene expression cohort, made up of 117 pediatric T-
ALL patient samples, prediction analysis of microarrays
(PAM) predicted immature cluster cases as ETP-ALL based
on the 100, 200 or 500 most significant probe sets from the
human ETP-ALL gene signature11 (Online Supplementary
Table S1). Most significant up- and down-regulated probe
sets from the ETP-ALL gene signature are strongly
enriched as assessed by GSEA analysis in immature cluster
and non-immature cluster cases, respectively (Online
Supplementary Figure S1). By using PAM analysis, 13 of 15
immature cluster cases were consistently predicted as
ETP-ALL based on these ETP-ALL probe sets, while none
of the remaining 102 non-immature cluster cases were
predicted (P<0.001) (Online Supplementary Figure S2). This
implies that ETP-ALL and the immature cluster represent
single or strongly overlapping T-ALL entities (Table 1 and
Online Supplementary Table S2). Two out of 15 immature
cluster cases were not predicted by the ETP-ALL gene sig-
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nature. Seven patients (6%) were identified as ABD cases
based on the preservation of non-rearranged TRG@ loci as
detected by RQ-PCR12 (Table 1). Six of the 7 ABD cases
were immature cluster cases.6 and 5 out of these 6 also had
an ETP signature (Online Supplementary Figure S3). Thus,
approximately 40% (5 of 13 or 6 of 15) of immature clus-
ter/ETP-ALL cases have retained non-rearranged TRG@
loci. 

Relation to immunophenotype
ETP-ALL cases were originally defined by the absence of

both CD1 and CD8 (present in fewer than 5% of leukemic
cells), absent or weak expression of CD5 (in ≤75% of total
cells or ≥10-fold lower than in normal T cells), or the
expression of one or more of the markers CD117, CD34,
HLA-DR, CD13, CD33, CD11b and CD65 (in ≥25% of
total cells).10 We next defined whether ETP-ALL gene sig-
nature positive cases met with the immunophenotypic cri-
teria as originally proposed for ETP-ALL.10 In the present

study, historic flow cytometry data were not obtained on
the gated leukemic cell population and various markers
were missing, so we used a simplified ETP-ALL
immunophenotype as being CD1 negative, CD8 negative,
weak CD5 (≤75%) or CD5 negative with positive expres-
sion of CD34 or CD13/33.10 We identified only 5 samples
out of the 111 patients for whom both immunophenotype
and gene-expression data were available that had such an
immunophenotype, and only 3 of these 5 cases expressed
an ETP-ALL signature (P=0.01) (Table 2). Leaving out the
CD5 marker led to the identification of 10 out of 13 ETP-
ALL but also identified 11 out of 98 T-ALL cases that lack
an ETP-ALL gene expression signature (P=0.01) (Table 2).
We then investigated which other immunophenotypic

markers or combinations of them could be defined that
most strongly associates with cases expressing the ETP-
ALL gene signature (Table 2). This analysis showed that
these ETP-ALL cases strongly associated with absence of
CD4 expression in addition to absence of CD8. Inclusion
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Table 1. Characteristics of immature T-ALL, ETP-ALL (predicted ETP-ALL), ABD patients and patients that have an ETP-ALL immunophenotype.
Patient Study Unsupervised ETP-ALL ABD status ETP immunophenotype Cytogenetic Follow-up/ Follow-up

Group cluster by PAM including  excluding rearrangement event time
CD5 (≤75%) CD5 criteria (oncogene) (months)

n=15/117 n=13/117 n=7/117 n=5/111 n=21/111

9194 COALL97 immature ETP-ALL one copy retained yes yes Inv(7) (HOXA) long-term survivor 96
572 ALL-9 immature ETP-ALL both copies retained - yes RUNX1-AFF3 (MEF2C) long-term survivor 63
1524 COALL97 immature ETP-ALL both copies retained - yes ETV6-NCOA2 (MEF2C) long-term survivor 54
1964 COALL97 immature ETP-ALL both copies retained - yes MEF2C long-term survivor 46
10030 COALL97 immature ETP-ALL both copies retained NA NA unknown long-term survivor 82
167 COALL97 immature ETP-ALL deleted - yes unknown long-term survivor 80
321 COALL97 immature ETP-ALL deleted - yes unknown toxicity of therapy 9
491 COALL97 immature ETP-ALL deleted - - MEF2C long-term survivor 72
2130 COALL97 immature ETP-ALL deleted - yes unknown 2nd malignancy 27
9577 COALL97 immature ETP-ALL deleted - - BCL11B-NKX2.5 (MEF2C) relapse 23
2736 ALL-9 immature ETP-ALL deleted yes yes CALMAF10 (HOXA) relapse 19
1509 COALL97 immature ETP-ALL deleted yes yes CALMAF10 (HOXA) long-term survivor 54
2703 ALL-9 immature ETP-ALL deleted - yes unknown 2nd malignancy 18
2252 COALL97 immature - deleted - - BCL11B-PU.1 (MEF2C) long-term survivor 41
9105 COALL97 immature - one copy retained - - MYB toxicity after relapse 76

(+glioblastoma)
231 COALL97 TAL/LMO - one copy retained - - unknown long-term survivor 78
2750 ALL-9 TLX - deleted - yes CALMAF10 (HOXA) relapse 20
10111 COALL97 TAL/LMO - deleted - yes SIL-TAL (TAL1) long-term survivor 80
9858 COALL97 TLX - deleted - yes TLX3 relapse CNS 26
720 ALL-9 TLX - deleted - yes TLX3 long-term survivor 63
2780 ALL-8 TLX - deleted yes yes TLX3 long-term survivor 132
1753 COALL97 TAL/LMO - deleted - yes SIL-TAL (TAL1) long-term survivor 85
585 COALL97 TLX - deleted - yes TLX3 long-term survivor 70
9421 COALL97 TLX - deleted yes yes TLX3 relapse 8
1032 COALL97 TAL/LMO - deleted - yes unknown long-term survivor 62
1632 COALL97 TAL/LMO - deleted - yes unknown relapse 12
9963 COALL97 TAL/LMO - deleted - yes unknown 2nd malignancy 48

Immature, ETP-ALL, and ABD patients are depicted in bold. ETP-ALL, early T-cell precursor ALL; ABD, absence of bi-allelic deletions; for the chromosomal rearrangement analysis, one case has
TAL1 and LMO2 translocations and one case has TAL2 and LMO1 translocations. Unsupervised subgroups have been published before;6 ETP-ALL immunophenotypes for DCOG and COALL
cohort was based on <25% expression of CD1 and CD8, ≥25% expression of CD13, CD33 or CD34 with ≤75% CD5 expression.



of absence of CD4 expression in addition to absence of
expression of CD1 and CD8 but presence of expression of
CD34 and/or CD13/33 markers (i.e. CD1-, CD4/CD8 DN,
CD34/CD33/CD13+) predicted 10 out of 13 cases with an
ETP-ALL gene signature compared to only 6 out of 98 T-
ALL cases that lacked an ETP-ALL gene signature, result-
ing in 77% sensitivity and 94% specificity levels (Table 2).
This immunophenotype also strongly associated with the
immature cluster cases; 10 of the 15 immature cluster
cases had this immunophenotype compared to only 6 of
the 96 non-immature cluster cases (P<0.001; sensitivity
67%, specificity 94%) (Online Supplementary Table S3).
Also, 4 out of 7 ABD cases had such an immunopheno-
type compared to 12 out of 104 non-ABD patients
(P=0.008) (Online Supplementary Table S4).

Clinical and molecular-genetic features 
About half of predicted ETP-ALL patients were female,

but did not associate with age. White blood cell (WBC)
counts tended to be lower for both ETP-ALL cases and
immature cluster cases, and were significantly lower for
ABD cases (15x109 vs. 129x109 cells/L; P=0.002) (Table 3
and Online Supplementary Tables S3 and S4). Predicted ETP-
ALL patients lacked rearrangements in TAL1, LMO2,
TLX3, TLX1, MYB or NKX2-1/NKX2-2 genes (Tables 1
and 3). However, 3 of the 13 ETP-ALL cases had HOXA-
dysregulating events.9,33 These same 3 cases also represent
immature cluster cases and have an immature
immunophenotype with expression of the myeloid mark-
er CD33.6 MEF2C-dysregulating mechanisms (including
ETV6-NCOA2 (1 case), RUNX1-AFF3 (1 case), NKX2-5 (1
case) and PU.1/SPI1 (1 case) translocations) or an MEF2C
rearrangement (2 cases) were originally identified in 6 out
of 15 immature cluster cases.6 Five of these 6 cases
expressed the human ETP-ALL gene signature (Tables 1
and 3) (P<0.001). The PU.1/(SPI1) immature cluster case
was the only MEF2C-dysregulated case that was not pre-
dicted by the human ETP-ALL gene signature. No genetic
aberrations have been identified yet for 5 ETP-ALL cases.
With respect to other recurrent T-ALL mutations, the inci-
dences of NOTCH1-activating mutations
(NOTCH1/FBXW7) and PTEN/AKT mutations in the
immature cluster, ETP-ALL and ABD cases did not differ
significantly from other T-ALL patients (Table 3 and
Online Supplementary Tables S3 and S4). Similar results
were obtained with respect to PHF6 and WT1 mutations.
ETV6 and RUNX1 mutations, as previously associated
with early T-ALL22 or immunophenotypic ETP-ALL,11 were
only identified in 2 and one case out of 71 COALL-97 T-
ALL patients, respectively (data not shown), but none of
these mutant cases expressed an ETP-ALL gene signature.
The ETP-ALL cases in our cohort were associated with

high MEF2C, LMO2 and LYL1 expression levels
(P<0.0001, P<0.0001 and P=0.0002, respectively) (Figure
1A, C and D). LMO2 and LYL1 were previously identified
as direct target genes for MEF2C.6 MEF2C-dysregulating
events were identified in both ETP-ALL cases with and
without ABD characteristics: 3 ABD ETP-ALL cases had
MEF2C-dysregulating events compared to 2 non-ABD
ETP-ALL cases (Table 1). Cytogenetic defects underlying
the other 2 ETP-ALL cases with ABD-characteristics
include a HOXA case due to an inversion on chromosome
7 and an unknown case. Two other ABD cases did not
have an ETP-ALL profile: one had an MYB translocation
and had already been identified as an immature cluster

case whereas the other belonged to the TALLMO cluster
for which the underlying genetic defect remains unknown
(Table 1 and Online Supplementary Table S4). Linear Models
for MicroArray (LIMMA) data analysis revealed that no
genes were differentially expressed between the ABD and
non-ABD ETP-ALL cases, suggesting that these cases like-
ly represent a single disease entity. Although the expres-
sion of LYL1was higher in the ABD cases than in the non-
ABD ETP-ALL cases, significance was lost following cor-
rection for multiple testing. ERG1 or BAALC levels, previ-
ously linked to adult immature T-ALL/ETP-ALL and poor
outcome in some,34,35 but not all,36 studies were not signifi-
cantly elevated in our pediatric ETP-ALL series. 
Both pediatric and adult ETP-ALL cases are character-

ized by the expression of hematopoietic stem cell signa-
ture genes.11,12 ETP-ALL may, therefore, resemble a stem
cell-like leukemia with myeloid and lymphoid features.

Table 2. Immunophenotypic markers predicting for immature T-ALL cases with
an ETP-ALL gene expression profile.

ETP-ALL GEP
Immunophenotypic No Yes P Sensitivity Specificity
markers 

CD34+ (n=111)
Yes 26 8 0.021 62% 73%
No 72 5
CD33/CD13+ (n=111)
Yes 12 6 0.007# 46% 88%
No 86 7
CD34/CD33/CD13+ (n=110)
Yes 35 10 0.007 77% 64%
No 62 3
CD2+ (n=114)
Yes 83 9 0.27 69% 18%
No 18 4
CD5-/CD5weak (n=115)
Yes 13 4 0.1 31% 87%
No 89 9
CD1- (n=113)
Yes 51 11 0.011 92% 49%
No 50 1
CD4- (n=115)
Yes 29 13 <0.001 100% 72%
No 73 0
CD8- (n=115)
Yes 32 13 <0.001 100% 71%
No 70 0
CD4/CD8 DN (n=115)
Yes 14 13 <0.001 100% 86%
No 88 0
CD1-, CD8-, CD34/CD33/CD13+, CD5(≤75%) (n=111)
ETP-ALL immunophenotype 2 3 0,01 22% 98%
No ETP-ALL immunophenotype 96 10
CD1-, CD8-, CD34/CD33/CD13+ (n=111)
Yes 11 10 <0.001 77% 89%
No 87 3
CD1-, CD4/CD8 DN, CD34/CD33/CD13+ (n=111)
Yes 6 10 <0.001 77% 94%
No 92 3

Expression of (combinations of) immunophenotypic markers for predicted ETP-ALL cases versus
other T-ALL cases (all categories are also CD7+). GEP: gene expression profile. The number of
patient samples with available marker information and significance levels have been indicated.
#Log rank P value. 
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Consistent with this hypothesis, the gene signature of our
immature cluster6 (Online Supplementary Table S5) was sig-
nificantly enriched for genes (probe sets) that are
expressed in sorted hematopoietic stem cells, early ery-
throid precursor cells, and B-cell fractions as established
by Novershtern and co-workers37 (Online Supplementary
Table S6). Remarkably, genes that are typically down-reg-
ulated during normal T-cell development were enriched in
cases with the immature cluster signature. Also B-cell
genes were significantly enriched, possibly reflecting the
early status of ETP-ALL as an entity that has not yet com-
mitted to T-cell development. This is further strengthened
by strong enrichment of genes that are expressed in nor-
mal MMP-ETP-DN2A immature stages rather than genes
from later T-cell development stages beyond DN2B
(Online Supplementary Figure S4A and B). It was also report-
ed that ETP-ALL cases express myeloid signature genes.11,22

We, therefore, tested whether ETP-ALL cases would be
enriched for differentially expressed genes of AML cases
with hypermethylation or mutation of C/EBPA. Although
gene set enrichment (GSEA) results overall were not sig-
nificant, possibly due to the limited number of probe sets,
most of these up- or down-regulated signature genes were
strongly enriched in immature cluster/ETP-ALL cases
(Online Supplementary Figure S4C and D). These data con-
firm that immature cluster/ETP-ALL is a stem cell-like
leukemia that arises at the decision point between early
myeloid and lymphoid development.

Relation to outcome
ETP-ALL has been associated with extremely poor out-

come in several studies.10,12,19 Therefore, we investigated
the outcome of immature cluster/ETP-ALL patients in the
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Table 3. Overall clinical, immunophenotypic and molecular cytogenetic properties of predicted ETP-ALL and non-ETP-ALL patients.
ETP-ALL PAM prediction

No Yes
N. (%) or range N. (%) or range P Bonferroni-Holm alpha

Total 104 (89%) 13 (11%)
Clinical (n=117)
Gender -
Male 76 (75%) 7 (54%) 0.02# 0.0036
Female 28 (25%) 6 (46%)

Median age years 7.8 (1.5-17.8) 10.8 (3.7-16.4) 0.19* -
(range)
Median WBC 119 (2-900) 94 (2-435) 0.16* -
x109 cells/liter (range)
Chromosomal rearrangements (n=117)
TAL1/2/LYL1 (n=27) 27 (27%) 0 (0%) 0.037^

LMO1/2/3 (n=14) 14 (14%) 0 (0%) 0.36^

TLX3 (n=22) 22 (22%) 0 (0%) 0.12^

TLX1 (n=7) 7 (7%) 0 (0%) 1^

HOXA (n=10) 7 (7%) 3 (24%) 0.08^

MEF2C (n=6) 1 (1%) 5 (38%) <0.001^ 0.0031
NKX2-1/NKX2-2 (n=7) 7 (7%) 0 (0%) 1^

Unknown (n=26) 21 (21%) 5 (38%) 0.16^

Unsupervised T-ALL clusters (n=117)
TALLMO (n=53) 53 (51%) 0 (0%)
Proliferative (n=19) 19 (18%) 0 (0%)
Immature (n=15) 2 (2%) 13 (100%) <0.001 0.0031
TLX (n=30) 30 (29%) 0 (0%)
NOTCH1/FBXW7 status (n=112)
wild-type (n=42) 38 (38%) 4 (31%) 0.76
mutant (n=70) 61 (62%) 9 (69%)
PTEN/AKT status (n=113)
wild-type (n=92) 81 (81%) 11 (85%) 1
mutant (n=21) 19 (19%) 2 (15%)
PHF6 status (n=41)
wild-type (n=32) 29 (76%) 3 (100%) 1
mutant (n=9) 9 (24%) 0 (0%)
WT1 status (n=115)
wild-type (n=101) 88 (86%) 13 (100%) 0.36
mutant (n=14) 14 (14%) 0 (0%)

Unsupervised clusters were based on gene-expression signatures mainly representing known cytogenetic subgroups,6 with the TALLMO cluster consisting of patients with a TALLMO
gene signature, of which the various patients have a TAL1, TAL2, LYL1 or LMO1, LMO2 or LMO3 rearrangement. Patients from the proliferative cluster are primarily characterized by
an NKX2-1/NKX2-2 or TLX1 rearrangement. The immature cluster includes patients with high MEF2C expression and MEF2C dysregulating aberrations. The TLX cluster is comprised
of patients who are predominantly characterized by having HOXA or TLX3 rearrangements. Significant P-values are indicated in bold. The P values were calculated using the Fisher’s
exact test except as follows: *Mann-Whitney U test; #Pearson's χ2 test. ^The significance levels of ETP-ALL frequencies within the indicated cytogenetic subtypes were compared to
all other subtypes. ETP: early T-cell precursor; WBC: white blood cell count; the Bonferroni-Holm significance level for multiple testing correction is indicated. 



COALL-97 protocol: 72 of the 117 patients for which gene
expression signatures were available had been enrolled in
the COALL-97 protocol, and these 72 included 11 of the
15 immature cluster patients and 10 of the 13 predicted
ETP-ALL cases. Surprisingly, ETP-ALL patients were not
significantly different from the other T-ALL patients with
respect to relapse-free survival (5-year RFS 89±11% vs.
71±7%, respectively; P=0.31) or event-free survival (5-
year EFS 70±15% vs. 61±7%, respectively; P=0.66) (Figure
2). Moreover, no differences were detected in the 5-year
overall survival (OS) curves (data not shown). Also with
respect to the immature cluster cases, the ABD cases and
the cases with an ETP-ALL immunophenotype as defined
by our criteria, no differences in the RFS or EFS curves
were identified (Online Supplementary Figure S5A-C). For
ETP-ALL patients, high-dose cytarabine has been suggest-
ed to improve outcome of ETP-ALL patients.11 As the
COALL-97 protocol is a high-dose cytarabine-containing
treatment, this may be one of the reasons for the relatively

good outcome of ETP-ALL and ABD patients in this study
compared to other studies.10,12,19,26 However, we could not
demonstrate differential sensitivity levels to various drugs
including cytarabine for ETP-ALL patients in our in vitro
cytotoxicity assay (Online Supplementary Figure S6). 

Discussion

In this study, we found that 13 of our 15 previously
reported immature cluster cases6 are consistently predicted
by PAM based on the human ETP-ALL expression signa-
ture,10,11 strongly suggesting that ETP-ALL and immature
cluster cases represent a single entity. Consistent with pre-
vious observations,12 we found that ABD T-ALL patients
represent a subset of the immature cluster/ETP-ALL cases.
Six out of 7 ABD patients belong to the immature cluster,
where 5 out of 7 cases had an ETP-ALL signature. So,
approximately 40% of immature cluster cases retain non-
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Figure 1. ETP-ALL patients express high MEF2C, LMO2 and LYL1 levels but not ERG or BAALC. The expression of (A) MEF2C (probe set
239966_at), (B) LMO1 (probe set 206718_at), (C) LMO2 (probe set 204249_s_at), (D) LYL1 (probe set 210044_s_at), (E) ERG (probe set
1563392_at), and (F) BAALC (probe set 222780_s_at) was based on VSN normalized microarray gene expression data for ETP-ALL (gray
squares) and non-ETP-ALL cases (white squares). For the ETP-ALL subgroup, the ABD and non-ABD cases are indicated separately.
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rearranged TRG@ loci, and perhaps represent an even
more immature entity among immature cluster/ETP-ALL
cases. This entity may closely overlap with the FLT3
mutant adult ETP-ALL cases that fail to demonstrate mon-
oclonal TCR rearrangements38 in line with expected results
for ABD ETP-ALL patients. Although we identified some
genes using our microarray analysis that were differential-
ly expressed between the ABD and non-ABD immature
cluster/ETP-ALL cases (including higher levels of LYL1 in
ABD cases), none of these differences remained significant
after correcting for multiple testing. The total number of
ABD and non-ABD immature cluster/ETP-ALL patients in
our cohort may have been insufficient to reveal subtle dif-
ferences in gene expression levels. On the other hand, we
did not detect differences in oncogenic rearrangement
types between the ABD and non-ABD immature
cluster/ETP-ALL cases. We also found that both ABD-
ETP-ALL as well as non-ABD ETP-ALL entities are associ-
ated with MEF2C-dysregulating mechanisms, and both
entities lack TAL1, TLX1 and NKX2-1/NKX2-2 rearrange-
ments that were previously associated with other T-ALL
subgroups.6 A low white blood cell count was significantly
associated with both the ETP-ALL and ABD cases. Taken
together, based on expression profiles, genetic data and
clinical findings, ABD and non-ABD ETP-ALL cases seem
to reflect a single ETP-ALL entity. In line with other stud-
ies,11,12 immature cluster/ETP-ALL cases are enriched for
stem-cell gene signatures. ETP-ALL cases are also strongly
enriched for genes that are normally up-regulated in
MMP-ETP-DN2A immature T-cell subsets, but do not

express genes that are normally expressed in T-cell subsets
beyond the DN2B stage.39 Although overall enrichment
results for AML with inactivated C/EBPA expression25
were not significant, most of the up- or down-regulated
signature genes for that AML cluster were concordantly
up- or down-regulated in immature cluster/ETP-ALL
cases. Lack of significance may be due to the limited size
of the gene signatures. Alternatively, it may be due to the
fact that this cluster contains 2 AML entities of which only
C/EBPA-hypermethylated AML cases have T-ALL charac-
teristics.25 These data imply that immature cluster/ETP-
ALL in C/EBPA-hypermethylated AML cases may be
closely-related disease entities that need further investiga-
tion. To date, exome sequencing of ETP-ALL patient sam-
ples has identified mutations in genes that regulate
hematopoietic and lymphoid development, cytokine
and/or Ras signaling pathways and the polycomb repres-
sor complex 2 (PRC2), reflecting important chromatin-
modifying enzymes and myeloid-leukemia associated
oncogenes. In addition, there is a lower prevalence of
NOTCH1-activating mutations in ETP-ALL patient sam-
ples.11,21-23
Our immature cluster/ETP-ALL cases lack PHF6 and

WT1 mutations, and no differences were observed with
respect to the frequency of NOTCH1-activating muta-
tions or PI3K/AKT-activating events between the imma-
ture cluster/ETP-ALL cases and the other T-ALL cases. The
low incidence of ETV6 and RUNX1mutations may reflect
the lower incidence of mutations in children as compared
to adult leukemia patients.40 Although none of these muta-
tions have previously been explicitly associated with out-
come in our relatively limited number of patient samples,
additional mutation screens using an expanded series of
patient samples are required to determine whether our
immature cluster/ETP-ALL samples differ from the spec-
trum of mutations identified in the St. Jude’s and COG
patient samples.11,12 In contrast to adult T-ALL studies,34-36
we did not observe low ERG or low BAALC expression in
our immature cluster/ETP-ALL samples in line with results
for adult T-ALL patients that enrolled on GRAALL proto-
cols.36
With respect to our immature T-ALL cluster, we previ-

ously identified a variety of distinct genetic rearrange-
ments that result in the activation of oncogenes (e.g.
NKX2-5, PU.1, and MEF2C), RUNX1, or ETV6 fusion
products, all of which converge on the activation of
MEF2C.6 Although MEF2C seems to be activated in mul-
tiple immature cluster/ETP-ALL samples for which the
underlying genetic defect has not yet been identified,
some cases had low levels of MEF2C expression, suggest-
ing that alternate pathogenic pathways may also be affect-
ed in ETP-ALL. The expression of LMO2 and LYL1 was
significantly elevated in immature cluster/ETP-ALL sam-
ples, and both of these genes were previously identified as
direct target genes for MEF2C.6 Unlike previous findings,8
immature cluster/ETP-ALL patients lack LYL1 rearrange-
ments as assessed by FISH. The only LYL1-rearranged case
in our cohort has a TALLMO gene signature, consistent
with the high homology between TAL1 and LYL1 onco-
proteins.41
Coustan-Smith and colleagues originally described an

ETP-ALL immunophenotype that was associated with T-
ALL cases that were predicted by a mouse ETP-like signa-
ture.10 This immunophenotype includes multiple markers
and may, therefore, be less useful for identifying ETP-ALL
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Figure 2. ETP-ALL patients who were treated using the COALL-97 pro-
tocol were not associated with poor outcome. (A) Relapse-free sur-
vival (RFS) and (B) event-free survival (EFS) curves were generated
for the COALL pediatric T-ALL patients. Shown are the RFS and EFS
curves for ETP-ALL cases (black line) versus non-ETP-ALL cases (gray
line).6 Vertical tick marks represent individual cases for which no fur-
ther follow-up data is available. 

A

B

non-ETP-ALL
ETP-ALL

non-ETP-ALL
ETP-ALL

0 24 48 72 96 120
Time (months)

100

80

60

40

20

0

100

80

60

40

20

0
0 24 48 72 96 120

Time (months)

Re
la
ps

e-
fre

e 
su

rv
iv
al
 (%

)
Ev

en
t-f
re
e 
su

rv
iv
al
 (%

)



cases in retrospective studies for which, in general, rela-
tively fewer parameters are available. With respect to our
cohort, immunophenotypic parameters were measured on
the bulk of mononuclear cells following Ficoll gradient
centrifugation. The leukemic population may, therefore,
be contaminated with low numbers of normal cells. We
then set the positivity threshold for various markers to
25% or over. Using the immunophenotypic data, we char-
acterized ETP-ALL cases by a simplified ETP-ALL
immunophenotype, that apart from expressing CD7, also
expressed CD34 and/or myeloid markers CD13 and/or
CD33, no or weak (<75%) expression of CD5 in the
absence of CD1 and CD8. Only 5 of 117 patients were
identified in our study that met this criterion and only 3 of
these samples had an ETP-ALL gene signature. In the
study of Gutierrez et al.,12 only one of 14 cases as identified
by the mouse ETP-like gene signature has such an ETP-
ALL immunophenotype.10 Also in the original ETP-ALL
study of Coustan-Smith and co-workers,10 only 9 of the 14
initial cases that were identified using the mouse ETP gene
signature had a bona fide ETP-ALL immunophenotype. In
all of these instances, the current ETP-ALL immunopheno-
type may severly underestimate the actual number of
ETP-ALL cases that express an ETP-ALL gene signature.
For our cohort, the CD34+ and/or CD13/33+ , CD1– CD4–
and CD8– immunophenotype in addition to CD7 positivi-
ty most closely associated with cases that expressed the
human ETP-ALL gene signature, with a sensitivity level of
77% and a specificity level of 94%.
Predicted ETP-ALL patients based on the human ETP-

ALL gene signature who were treated on the COALL-97
protocol did not show a worse outcome in comparison to
non-ETP-ALL patients in contrast to some other stud-
ies.10,19-21 We also did not observe a worse outcome for
immature cluster cases, ABD patients and immunopheno-
typic ETP-ALL patients (regardless of the inclusion of CD5
data). As ETP-ALL cases express human hematopoietic
stem cell gene signatures and early myeloid-associated
gene signatures,11,22 treatment with high-dose cytarabine
as included in AML treatment protocols has been suggest-
ed to improve the outcome or to increase the cure rate of
ETP-ALL patients.11 High-dose cytarabine has been incor-
porated into the COALL-97 treatment protocol, and this

may explain the relatively good outcome in contrast to
various other studies.10,19-21 So far, in vitro cytotoxicity data
for various conventional therapeutic drugs, including
cytarabine, failed to reveal differences in sensitivity levels
for immature cluster/ETP-ALL compared to other T-ALL
patient samples.
In conclusion, the expression of the ETP-ALL gene sig-

nature and clustering in the immature T-ALL cluster fol-
lowing unsupervised cluster analysis are highly overlap-
ping and point to a single ETP-ALL entity with respect to
biology and genetics. We found no evidence to suggest
that ABD and non-ABD cases reflect distinct entities
among ETP-ALL cases. Different ETP-ALL patient popula-
tions may be identified based on immunophenotypic or
gene expression data (ETP-ALL gene signature) and could
explain differences in outcome between our and other
studies. In this study, samples with an ETP-ALL gene sig-
nature correlated best with a CD34/13/33+, CD1- and
CD4/CD8 double negative immunophenotype. ETP-ALL
cases in the COALL-97 study were not associated with a
poor outcome compared to other T-ALL cases. High-dose
cytarabine as incorporated in the COALL-97 protocol may
have improved the outcome for ETP-ALL patients.
Limited numbers of ETP-ALL cases have been investigated
in various studies so far. Better definitions for ETP-ALL
based on immunophenotypic and gene expression data
and clinical outcome require a systematic review as part of
a large international meta-analysis.
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