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Abstract
Background  T-cell acute lymphoblastic leukemia (T-ALL) represents a rare and clinically and genetically 
heterogeneous disease that constitutes 10–15% of newly diagnosed pediatric ALL cases. Despite improved outcomes 
of these children, the survival rate after relapse is extremely poor. Moreover, the survivors must also endure the acute 
and long-term effects of intensive therapy. Although recent studies have identified a number of recurrent genomic 
aberrations in pediatric T-ALL, none of the changes is known to have prognostic significance. The aim of our study 
was to analyze the cytogenomic changes and their various combinations in bone marrow cells of children with T-ALL 
and to correlate our findings with the clinical features of the subjects and their treatment responses.

Results  We performed a retrospective and prospective comprehensive cytogenomic analysis of consecutive cohort 
of 66 children (46 boys and 20 girls) with T-ALL treated according to BFM-based protocols and centrally investigated 
cytogenetics and immunophenotypes. Using combinations of cytogenomic methods (conventional cytogenetics, 
FISH, mFISH/mBAND, arrayCGH/SNP and MLPA), we identified chromosomal aberrations in vast majority of patients 
(91%). The most frequent findings involved the deletion of CDKN2A/CDKN2B genes (71%), T-cell receptor (TCR) 
loci translocations (27%), and TLX3 gene rearrangements (23%). All chromosomal changes occurred in various 
combinations and were rarely found as a single abnormality. Children with aberrations of TCR loci had a significantly 
better event free (p = 0.0034) and overall survival (p = 0.0074), all these patients are living in the first complete 
remission. None of the abnormalities was an independent predictor of an increased risk of relapse.

Conclusions  We identified a subgroup of patients with TCR aberrations (both TRA/TRD and TRB), who had an 
excellent prognosis in our cohort with 5-year EFS and OS of 100%, regardless of the presence of other abnormality or 
the translocation partner. Our data suggest that escalation of treatment intensity, which may be considered in subsets 
of T-ALL is not needed for nonHR (non-high risk) patients with TCR aberrations.
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Introduction
T-cell acute lymphoblastic leukemia (T-ALL) is a clini-
cally and genetically heterogeneous disease that consti-
tutes 10–15% of all newly diagnosed pediatric ALL cases 
[1, 2]. It is slightly more frequent in males than females 
[2] and is caused by the accumulation of genetic lesions 
that alter the mechanisms controlling normal T-cell pro-
liferation, differentiation, and survival during thymocyte 
development [3–5].

Historically, the outcomes for children with T-ALL 
were inferior to those for children with B-cell acute 
lymphoblastic leukemia (B-ALL). However, the devel-
opment of intensified T-ALL-focused protocols has sig-
nificantly improved the outcomes of these children [6], 
with a 5-year overall survival rate exceeding 80% [1, 7, 
8]. Despite the improved survival rates, ∼ 20% of patients 
relapse and die owing to acquired therapy resistance. The 
treatment of relapse is still clinically challenging [9–11], 
and current efforts are directed primarily toward early 
identification of high-risk children during treatment 
and the prevention of recurrent disease. Survivors also 
endure the acute and long-term effects of intensive toxic 
chemotherapy. Therefore, it is extremely important to 
identify those patients who might benefit from reduced-
intensity chemotherapy [12].

The cytogenomic abnormalities in pediatric T-ALL 
are heterogeneous and diverse [1], and they are cryptic 
on the cytogenetic level in ∼ 50% of cases. The most fre-
quent translocations involve the T-cell receptor (TCR) 
loci TRA/TRD (14q11) and TRB (7q34), leading to the 
overexpression of protooncogenes such as TLX1 (10q24), 
TAL1 (1p33), TAL2 (9q31), LMO1 (11p15.1), LMO2 
(11p13), HOXA (7p15), and MYC (8q24). Other chromo-
somal aberrations lead to the formation of fusion genes 
encoding abnormal transcription factors. These include 
the del(1)(p32), t(5;14)(q35;q32), t(10;11)(p13;q14), 
and 9q34 rearrangements, resulting in SIL::TAL1, 
TLX3::BCL11B, PICALM::MLLT10, and NUP214::ABL1 
fusions, respectively. Finally, deletions of tumor suppres-
sor loci are commonly found in children with T-ALL, 
with the deletion of the 9p21 locus (CDKN2A/CDKN2B 
genes) most frequently observed.

Although multiple recurrent genomic aberrations have 
been identified, none independently predict the out-
come of T-ALL and they are not used prospectively in 
risk stratification [4, 13–17]. Currently, the response to 
treatment, determined primarily by assessing the mini-
mal residual disease (MRD), is the strongest predictor of 
outcome for patients with T-ALL [7, 18, 19]. However, 
most relapses occur in patients who would be predicted 
to do well based on a favorable MRD response [1], so 
the search for predictive genetic or clinical markers in 
pediatric T-ALL is ongoing. Therefore, the aim of our 
study was to analyze the cytogenomic changes and their 
various combinations in 66 children with T-ALL treated 
according to Berlin–Frankfurt–Münster (BFM)-based 
protocols, and to correlate our findings with the clinical 
features of the subjects and their treatment responses.

Materials and methods
Patients
The bone-marrow samples of consecutive 66 children 
with T-ALL and their centrally investigated cytogenetics 
and immunophenotypes were examined in 1996–2017. 
The clinical characteristics and outcomes of the patients 
are summarized in Table 1. The study group included 46 
boys (69.7%) and 20 girls (30.3%) with a median age of 7.9 
years (range 1.1–18.3 years), treated according to BFM-
based protocols. Immunophenotypic data classified the 
patients into pre-T (n = 14), cortical-T (n = 28), mature-T 
(n = 19), and early-T groups (n = 2) based on the European 
Group for the Immunological Classification of Leuke-
mia (EGIL) criteria [20]. White blood cell (WBC) counts 
were 3.9–765.1 × 109/L (median 73.5 × 109/L). Forty-two 
patients were classified as non-high risk (nonHR) and 
21 as high risk (HR). Follow-up ranged from 0.3 to 298.6 
months (median 86.4 months). Of the 66 patients, 48 are 
living in first remission (CR1; 45 patients) or second com-
plete remission (CR2; three patients). Relapse occurred 

Table 1  Clinical characteristics
Patients
n (%)

Sex
  male
  female

46 (69.7%)
20 (30.3%)

Age at diagnosis (years)
  median
  range

7.9
1.1–18.3

Immunophenotype
  no further specified
  early-T
  pre-T
  cortical
  mature

3 (4.5%)
2 (3%)
14 (21.2%)
28 (42.4%)
19 (28.8%)

Risk group
  no data
  HR
  non-HR

3 (4.5%)
21 (31.8%)
42 (63.6%)

WBC (109/L)
  median
  range

73.5
3.9–765.1

Outcome
  CR1
  CR2
  exitus

45 (68.2%)
3 (4.5%)
18 (27.3%)

Follow up (months)
  median
  range

86.4
0.3–298.6

aHR: high risk; bnonHR: non-high risk; cWBC: white blood cell count; dCR1-first 
complete remission; eCR2-second complete remission
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in 17 patients and 18 children died. Thirteen patients 
underwent allogeneic stem-cell transplantation (four of 
them are living in CR1, three in CR2, and six patients 
died). Four children developed secondary malignancy 
(two secondary AML, one secondary MDS, and one glio-
blastoma). Samples from all patients were analysed with 
conventional cytogenetic analyses at the time of diagno-
sis. Retrospective or prospective molecular cytogenomic 
methods (fluorescence in situ hybridization [FISH]/
multicolor FISH [mFISH], multiplex ligation-dependent 
probe amplification [MLPA], array comparative genomic 
hybridization/single-nucleotide polymorphism [aCGH/
SNP]) were also used to detect cryptic aberrations or 
complex chromosomal rearrangements. Informed con-
sent for inclusion in the study was obtained from the 
patients’ parents or guardians.

Conventional cytogenetics
Bone-marrow samples were cultured for 24 and/or 48 h 
in MarrowGrow Medium (Cytogen, GmbH, Wetzlar, 
Germany) without stimulation. Chromosomal prepara-
tions were made with standard techniques using col-
cemid, hypotonic treatment, fixation, and G-banding. 
Twenty metaphases were analyzed per patient, if avail-
able. Chromosomal aberrations were described accord-
ing to the International System for Human Cytogenomic 
Nomenclature [21].

Molecular cytogenetics
To detect the most frequent known chromosomal 
changes, interphase FISH with commercially available 
locus-specific probes was used: CytoCell TCRAD Break-
apart, CytoCell TCRB (TRB) Breakapart, CytoCell TLX3 
Breakapart, and CytoCell TLX1 Breakapart probes (Cyto-
Cell, Cambridge, UK), Vysis LSI CDKN2A/CEP 9 FISH 
Probe Kit, and Vysis LSI BCR/ABL1 DC DF Transloca-
tion Probe (Abbott Molecular Diagnostics, Des Plaines, 
IL, US). At least 200 interphase nuclei were analyzed per 
probe.

An MLPA analysis with SALSA MLPA Probemix ALL-
IKZF1 (MRC-Holland, Amsterdam, the Netherlands) was 
used to detect deletions and amplifications of the IKZF1, 
CDKN2A/CDKN2B, PAX5, ETV6, BTG1, and RB1 genes 
when fixed material was available for DNA isolation 
(50/66 cases).

Complex chromosomal rearrangements were con-
firmed with multicolor FISH and multicolor banding 
using 24XCyte and XCyte color kits and an ISIS com-
puter analysis system (MetaSystems, Altlussheim, Ger-
many). In some cases, the aCGH/SNP technique, with 
the Sure Print G3 Cancer CGH + SNP 4 × 180  K Micro-
array (Agilent Technologies, Santa Clara, CA, US), was 
used to detect copy number changes.

Statistical analysis
Differences in overall survival (OS) and event-free sur-
vival (EFS) were assessed using the Kaplan–Meier 
method and the Mantel–Cox test. EFS was calculated as 
the time between the date of diagnosis and the date of any 
event that was defined as “relapse” or “second neoplasm” 
or “death”, whichever occurred first. Cases with no event 
were censored at the date of the last follow-up. OS was 
measured from diagnosis to death or the last follow-up.

Results
Cytogenomic analyses
Samples of all 66 children were analyzed using con-
ventional cytogenetic analyses. Informative karyotypic 
results were obtained in 58 (88%) cases, and 36 of these 
58 subjects (62%) were cytogenetically abnormal. Struc-
tural aberrations were found in most of these patients, 
whereas numerical abnormalities were detected in only 
four cases. Tetraploidy was confirmed in two patients 
and complex karyotypes (including three or more aberra-
tions) in seven cases.

Using FISH and other cytogenomic methods, chro-
mosomal aberrations were detected in 60/66 (91%) 
patients. The most frequent aberrations were deletions 
of the CDKN2A gene (in 47 [71%] patients), rearrange-
ments of TCR loci (TRA/TRD and/or TRB) in 16 (27%) 
children, and TLX3 gene rearrangements in 15 (23%) 
cases. Translocations involving the TRA/TRD locus were 
demonstrated in nine cases. In five of these patients, 
known recurrent chromosomal translocations were 
detected: t(8;14)(q24;q11), t(11;14)(p13;q11), t(1;14)
(p32;q11), and t(10;14)(q24;q11)x2, involving the onco-
genes MYC (8q24), LMO2 (11p13), TAL1 (1p32), and 
TLX1 (10q24), respectively. In the remaining four cases, 
the TRA/TRD rearrangements were cryptic. Of the 
five patients with rearrangements at the TRB locus, the 
partner chromosomes and oncogenes were identified in 
three cases: ins(1;7)(p32;q34q34), t(7;11)(q34;p13), and 
t(7;9)(q34;q32), affecting TAL1 (1p32), LMO2 (11p13), 
and TAL2 (9q31) gene, respectively. The simultaneous 
occurrence of TRA/TRD and TRB translocations was 
detected in two patients, in one of whom transloca-
tions t(1;7)(p32;q34) and t(11;14)(p13;q11) were found. 
In the second case, the TCR aberrations were part of a 
complex karyotype. The commonest fusion involving the 
TLX3 gene (BCL11B::TLX3), resulting from transloca-
tion t(5;14)(q35;q32), was detected in two patients. In the 
remaining 12 patients with a TLX3 gene rearrangement, 
the chromosomal partner was not identified because 
these aberrations were cryptic.

Other recurrent aberrations included deletions or 
amplifications involving the ABL1 (9q34) gene (8x), 
JAK2 (9p24) gene (5x), PAX5 (9p13) gene (4x), and 
ETV6 (12p13) gene (5x). In two of these cases, an 
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isochromosome of the long arm of chromosome 9 was 
detected, leading to the loss of 9p and the amplification 
of 9q. Karyotype of this patient analyzed by cytogenomic 
methods is shown in Fig. 1. In one case, a large deletion 
of the short arm of chromosome 12 was detected with 
conventional cytogenetic methods. In the remaining 
patients, the rearrangements of these genes were cryptic. 
The most frequent aberrations and their types are sum-
marized in Fig. 2.

All chromosomal changes occurred in various com-
binations and were rarely found as a single abnormality. 
However, TLX3 aberrations never appeared with rear-
rangements at TCR loci. Combinations of the most fre-
quent aberrations are show in Fig. 3.

Clinical features and outcomes
The clinical characteristics of the patients, stratified 
according to the results of conventional cytogenet-
ics and the most frequent chromosomal aberrations 
detected with cytogenomic methods, are summarized 
in Table  2. The level of MRD determined by IgH/TCR 
rearrangements with reverse transcription polymerase 
chain reaction (RT-PCR) is not shown as it was not 
available for all patients (MRD measurement using IgH/
TCR rearrangements was not involved in older treat-
ment protocols). There were no significant differences 
among the various cytogenetic subgroups and clinical 
factors such as sex, age, or WBC count. However, all 

children with rearrangements at TCR loci (TRA/TRD 
and TRB) were nonHR patients with cortical or mature 
immunophenotypes.

The associations between EFS or OS and particular 
cytogenomic aberrations were analyzed. The patients 
were divided into three groups based on conventional 
karyotyping: normal karyotype, abnormal karyotype 
(one or two aberrations), or complex karyotype (three 
or more aberrations). There were no significant differ-
ences between the various cytogenetic subgroups in 
EFS or OS. According to the commonest chromosomal 
abnormalities found with cytogenomic methods (TCR 
loci rearrangements, CDKN2A deletions, and TLX3 
translocations), the patients were stratified into group 
with or without the aberration. Significantly better EFS 
(p = 0.0034) and OS (p = 0.0074) were observed in chil-
dren with TCR locus rearrangements (TRA/TRD and/
or TRB), Fig.  4. There were no events in this group of 
patients. An analysis of CDKN2A deletions and TLX3 
aberrations showed that neither EFS nor OS differed sig-
nificantly in patients with and without these abnormali-
ties (CDKN2A pEFS = 0.81 and CDKN2A pOS = 0.8; TLX3 
pEFS = 0.46 and TLX3 pOS = 0.19). Because all patients 
with TCR rearrangements were nonHR, a separate sur-
vival analysis of these risk groups was performed. There 
was no significant difference in EFS between the HR 
and nonHR patients (p = 0.22). However, in the overall 

Fig. 1  Complex karyotype analyzed by mFISH (A), I-FISH: CytoCell TCRAD Breakapart Probe (B) and mBAND (C): 47,XY,+8,i(9)(q10),t(10;14)(q24;q11)
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Fig. 2  Cytogenomic profiles
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survival analysis, a difference was detected at the cut-off 
level for significance (p = 0.054).

Discussion
Recent studies of T-ALL biology based on contemporary 
cytogenomic assays have identified a number of recur-
rent lesions and clearly improved the characterization of 

pediatric T-ALL. However, these have altered neither risk 
stratification nor treatment because none of the identi-
fied changes is known to have prognostic significance 
under current treatment protocols [22, 23]. In the present 
study, we performed a comprehensive cytogenomic anal-
ysis of 66 children with T-ALL, and we correlated our 
findings with the clinical data and treatment responses. 
We identified the chromosomal alterations in the vast 
majority of patients (91%). As expected, the commonest 
findings involved the deletion of the CDKN2A/CDKN2B 
genes (71%), TCR locus translocations (27%), and TLX3 
gene rearrangements (23%). Patients in our cohort with 
TCR aberrations, either TRA/TRD or TRB, had excellent 
prognoses (pEFS = 0.0034 and pOS = 0.0074, with 5-year 
OS 100%). The clinical characteristics of the patients 
were consistent with those of previous larger series, with 
a median age of 7.9 years, male predominance, and a 
median WBC count of 73.5 × 109/L [24].

The range of genetic abnormalities in pediatric T-ALL 
is diverse, and multiple oncogenes and tumor suppres-
sor genes cooperate to alter the mechanisms control-
ling normal T-cell development. Despite this significant 
heterogeneity, most aberrations can be classified into 
two distinct categories. The first includes chromosomal 
translocations that arrest T-cell development at a specific 
maturation stage and are associated with a distinct gene 
expression signature. The second category includes dele-
tions and mutations that affect signaling and/or cell-cycle 

Table 2  Clinical data and outcomes according to the most frequent chromosomal aberrations
TLX3
n = 15/66

CDKN2A
n = 47/66

TCR
n = 16/66

fcyto aberrant
n = 29/66

gcyto complex
n = 7/66

hcyto nn
n = 22/66

Sex
  male
  female

12
3

34
13

11
5

22
7

4
3

16
6

Age at diagnosis
  median
  range

6.2
4.6–16.5

8.6
1.1–18.3

11.2
3.3–18.3

7.7
1.1–18.3

5.8
1.1–16.4

7.6
3.8–17.8

Immunophenotype
  no further specified
  early-T
  pre-T
  cortical
  mature

1
-
4
8
2

2
1
7
21
15

1
-
-
10
5

2
1
7
10
9

-
-
1
6
0

-
1
4
9
8

Risk group
  no data
  aHR
  bnonHR

-
7
8

3
11
33

1
-
15

3
9
17

-
1
6

-
10
12

cWBC (109/L)
  median
  range

81.2
6.8-765.1

96.1
4.7-765.1

37.45
3.9–511.0

96.1
5.8-765.1

54.1
16.0-205.0

71.6
3.9–726

Event 7 15 - 10 3 7
Exitus 7 12 - 8 3 6
5-year dOS (eSE) % 51.4 (13.4) 73.4 (6.63) 100.0 (-) 70.0 (6.13) 57.1 (18.7) 72.1 (9.71)
aHR: high risk; bnonHR: non-high risk; cWBC: white blood cell count; dOS: overall survival; eSE: standard error; fcyto aberrant: one or two chromosomal aberrations; 
gcyto complex: three or more chromosomal aberrations; hcyto nn: normal karyotype

Fig. 3  The Venn diagram showing combinations of the most frequent 
aberrations
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pathways and are often present in combination with 
chromosomal translocations [4, 16, 25, 26].

The first group includes rearrangements that juxtapose 
TCR genes and protooncogenes that encode pivotal tran-
scription factors. These aberrations are the main factors 
initiating the events in T-ALL carcinogenesis, whereas 
gene mutations and deletions are secondary and are 
important in clonal evolution and overt leukemia [24]. 
Consistent with previously published data [2, 24, 27], 
TCR rearrangements were the commonest chromosomal 
translocations in this series, detected in 27% of patients. 
The TRA/TRD and TRB genes were affected in nine and 
five patients, respectivelyA rare simultaneous occur-
rence of rearrangements at the TRA/TRD and TRB loci 
in one pathological clone was detected in two patients 
and both TCR genes targeted different T-cell oncogenes 
in these cases. Cauwelier et al. [28] have shown that as 
many as half of all TRB rearrangements and about one 
third of TRA/TRD rearrangements are not detected in 
karyotype analyses. Altogether, we did not detect the 
TCR aberrations with conventional karyotyping in seven 
patients. This could be explained by the distal localiza-
tion of the breakpoint loci on the partner chromosomes 
(especially for the TRB rearrangements) or by the pres-
ence of complex karyotypes in these cases. We suggest 
that nonleukemic cells were cultivated in some patients 
because these aberrations were only detected in inter-
phase nuclei. Given the published data, the prognostic 

significance of TCR rearrangements is generally unclear. 
However, according to some authors, the prognosis 
depends on translocation partner [29]. In most studies, 
aberrations involving the TLX1 and TAL1 genes were 
associated with favorable outcome [14, 29–32], while the 
prognosis of other TCR translocations was unknown [17, 
32–34]. Nevertheless, according to Nordic Study [24] of 
285 pediatric T-ALL cases, rare TCR aberrations includ-
ing t(X;14)(p11;q11), t(X;7)(q22;q34), t(1;14)(p32;q11), 
ins(14;5)(q11;q? q?), inv(7)(p15q34), t(8;14)(q24;q11), 
t(7;11)(q34;p15) and t(12;14)(p13;q11), were associated 
with poor prognosis. Although we found two of these 
aberrations in our cohort, i.e. t(1;14)(p32;q11) and t(8;14)
(q24;q11), all TCR rearrangements were associated with 
clinically favorable outcome (5-year OS of 100%) in this 
study.

The other common translocations included the TLX3 
gene, a homeobox gene that is not expressed in nor-
mal T-cell development [33]. These aberrations occur 
in around 20–25% of T-ALL, and the TLX3 gene is 
aberrantly activated by various cryptic translocations, 
including t(5;14)(q35;q32), which juxtapose TLX3 with 
BCL11B, a gene expressed during T-cell maturation [25, 
34, 35]. Consistent with these findings, we detected TLX3 
gene aberrations in 23% of the patients and demonstrated 
t(5;14) in two of them. Some alternative TLX3 aberra-
tions have been described involving the TRA/TRD locus 
[36]. However, in our cohort, no TLX3 rearrangements 

Fig. 4  Overall (A) and event free (B) survival of patients with (red) and without (green) TCR rearrangements
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involving TCR loci were detected, confirming the very 
rare occurrence of this abnormality (˂1% of cases). Con-
flicting data have been reported about TLX3 rearrange-
ments and prognosis. In some studies, patients with 
TLX3 aberrations had a poor prognosis, with 3-year sur-
vival rates of 45–50% [32, 37], whereas in other studies, 
TLX3 translocations were associated with an improved 
outcome or had no effect on the prognosis [5, 30, 38]. 
In our series, the 5-year EFS was 51.4%, which was the 
lowest EFS of all cytogenomic categories compared (see 
Table 2.). However, it did not differ significantly from that 
of patients without TLX3 rearrangements (p = 0.19). The 
data for TLX3-positive T-ALL leukemias are clearly vari-
able, possibly due to differences in treatment protocols, 
the sizes of cohorts, or the presence of additional genetic 
abnormalities.

In agreement with other studies [17, 27, 39, 40], 
CDKN2A/CDKN2B deletions were the most frequent 
cytogenomic aberrations detected (in 71% of patients). 
These genes exert a tumor suppressor effect, and their 
inactivation leads to uncontrolled neoplastic prolifera-
tion. We detected homozygous (biallelic) deletionsin 30 
of 47 patients. In the remaining 17 children, in whom 
the heterozygous (monoallelic) deletion was found, the 
inactivation of the second allele was probably by muta-
tion or epigenetic silencing by hypermethylation of the 
promoter, as previously described [41, 42]. The prognos-
tic value of the CDKN2A/CDKN2B gene deletion and its 
association with some clinical features are highly conten-
tious. Some authors have described a significantly lower 
survival rate, older age at diagnosis, or higher WBC 
count in patients with this deletion. However, other stud-
ies as well as ours have reported that the prognosis of 
patients with this deletion is unclear [42–44]. These cases 
probably formed a heterogeneous group of patients, with 
a number of other chromosomal aberrations. Moreover, 
the deletion of these genes is not restricted to T-cell leu-
kemia. Therefore, we assume that CDKN2A/CDKN2B 
aberrations reflect a general mechanism of cancer rather 
than a specific prognostic group of children with T-ALL.

A wide spectrum of deletions and amplifications of 
genes affecting crucial signaling pathways has already 
been described in pediatric T-ALL [13]. We detected the 
gain of the ABL1 gene in eight patients. Surprisingly, we 
detected no ABL1::NUP214 fusion in our cohort, which 
is described in ∼ 5% of T-ALL patients [45]. However, 
the assessment of ABL1 rearrangements in pediatric 
T-ALL is important because treatment with tyrosine 
kinase inhibitors is possible [22, 45]. We identified dele-
tions of the transcription factor genes ETV6 and PAX5 in 
five and four patients, respectively. Although these genes 
are involved primarily in B-cell proliferation and differ-
entiation, consistent with other studies, we suggest that 
the loss of their functions also plays a significant role in 

T-ALL [7, 46]. Advances in next-generation sequencing 
(NGS) have identified mutations in several genes that 
also play a significant role in the pathogenesis of T-ALL 
and could be used for stratifying patients with this rare 
and genetically heterogeneous disease. In particular, 
the mutational status of PI3K, NOTCH, FBXW7, PTEN, 
KRAS and RAS genes is likely to be of prognostic sig-
nificance and could update risk classification [15, 17, 47, 
48]. Although sequencing data are not available in this 
retrospective study, integrating comprehensive genomic 
testing, including chromosomal aberrations and muta-
tional profiles, is important for future research studies 
and subsequent risk stratification and tailoring of treat-
ment options. We detected cytogenomic aberrations in 
the vast majority of children in our cohort and showed 
that they occurred more often in various combinations 
than individually, confirming the multistep process of 
T-ALL pathogenesis. It is assumed that chromosomal 
aberrations initiate the process of carcinogenesis, but 
without accompanying copy number changes, they are 
not responsible for the formation of leukemic cells [13]. 
In our cohort, all changes occurred in various combina-
tions, although TLX3 rearrangements never occurred 
with TCR locus abnormalities. This corresponded to the 
different survival rates of patients with these two aber-
rations in our study. By contrast, the CDKN2A gene was 
deleted in all patients with PAX5 and JAK2 gene dele-
tions, which is consistent with other studies that have 
shown the statistically significant co-occurrence of these 
deletions [7, 49, 50].

Conclusion
In conclusion, we have demonstrated that pediatric 
T-ALL represents a rare and highly genetically heteroge-
neous disease. Although the outcomes of these children 
have improved significantly in recent decades, the sur-
vival rate after relapse is still extremely poor. Moreover, 
the survivors must also endure the acute and long-term 
effects of intensive toxic chemotherapy. Because there is 
no reliable biomarker to identify these groups of patients 
at the time of diagnosis, we used comprehensive cytoge-
nomic techniques to analyze bone marrow samples of 66 
children with T-ALL. In almost all patients, we found a 
number of genetic aberrations that occurred in various 
combinations. However, none of these abnormalities was 
an independent predictor of an increased risk of relapse. 
Nevertheless, we identified a subgroup of patients with 
TCR aberrations (both TRA/TRD and TRB), who had an 
excellent prognosis in our cohort (5-year OS of 100%). 
We hypothesize that escalation of treatment intensity, 
which may be considered in subsets of T-ALL is not 
needed for nonHR patients with TCR aberrations.
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