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T-cell acute lymphoblastic leukemia (T-ALL) results from deregulation of a number of genes via multiple
genomic mechanisms. We designed a comprehensive fluorescence in situ hybridization (CI-FISH) assay
that consists of genomic probes to simultaneously investigate oncogenes and oncosuppressors recur-
rently involved in chromosome rearrangements in T-ALL, which was applied to 338 T-ALL cases. CI-FISH
provided genetic classification into one of the well-defined genetic subgroups (ie, TAL/LMO, HOXA,
TLX3, TLX1, NKX2-1/2-2, or MEF2C ) in 80% of cases. Two patients with translocations of the LMO3
transcription factor were identified, suggesting that LMO3 activation may serve as an alternative to
LMO1/LMO2 activation in the pathogenesis of this disease. Moreover, intrachromosomal rearrangements
that involved the 10q24 locus were found as a new mechanism of TLX1 activation. An unequal distri-
bution of cooperating genetic defects was found among the six genetic subgroups. Interestingly,
deletions that targeted TCF7 or TP53 were exclusively found in HOXA T-ALL, LEF1 defects were prevalent
in NKX2-1 rearranged patients, CASP8AP2 and PTEN alterations were significantly enriched in TAL/LMO
leukemias, and PTPN2 and NUP214-ABL1 abnormalities occurred in TLX1/TLX3. This work convincingly
shows that CI-FISH is a powerful tool to define genetic heterogeneity of T-ALL, which may be applied as
a rapid and accurate diagnostic test. (J Mol Diagn 2020, 22: 629e639; https://doi.org/10.1016/
j.jmoldx.2020.02.004)
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T-cell acute lymphoblastic leukemia (T-ALL) is a rare leu-
kemia subtype, accounting for 15% of pediatric and 25% of
adult ALL cases.1 The disease is heterogeneous at the clinical
and biological level and, mainly in adults, is characterized by
a poor response to chemotherapy.2 In the updated World
Health Organization classification,3 T-ALL is defined only by
morphologic features and immunophenotype, without in-
clusion of molecular-cytogenetic criteria to classify patients
with T-ALL into specific genetic entities. However, gene
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Table 1 Clinical and Hematologic Characteristics of Patients With T-Cell Precursor Acute Lymphoblastic Leukemia

Characteristic Children (n Z 225) Adults (n Z 113) Total cohort (n Z 338) P value

Age, years*
Range 3e18 19e78 3e78 d
Median 10 35 15 d
Median 10 35 35 d

Sex
Male 168 82 250 d
Female 57 31 88 d

Phenotype 127 96 223 d
Typical 110 68 178 d
ETP-ALL 17 28 45 d

Total WBC count � 109/L 63 92 155 d
<100 � 109/L 32 72 104 d
�100 � 109/L 31 20 51 d

Classification 213 113 326 d
TAL/LMO 71 18 89 0.0007
HOXA 40 36 76 0.0061
TLX3 41 9 50 0.0092
TLX1 9 18 27 0.0005
NKX2-1/2-2 16 1 17 0.0083
MEF2C 1 1 2 d
Unclassified 35 30 65 d

Failed 12 0 12 d
Numerical changes 22 15 37 d
Imbalances 180 92 272 d

Triploidy or tetra-ploidy 3 1 4 d
Normal CI-FISH 10 3 13 d

*Fisher exact tests (SPSS version 20; IBM) were used to evaluate distribution of the main genetic groups according to age.
d, not applicable; CI-FISH, comprehensive fluorescence in situ hybridization; ETP-ALL, early precursor T-cell acute lymphoblastic leukemia; WBC, white blood cell.
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expression profiling has found that T-ALL comprises distinct
subgroups, according to the level of expression of (onco)
genes coding for transcription factors critical in hematopoi-
esis and/or T-cell development, maturation, and differentia-
tion [ie, TAL/LMO, HOXA, TLX3, TLX1, NKX2-1/2-2, and
MEF2C (type A abnormalities)].4e7 Furthermore, gene
expression profiling has also identified an immature gene
expression signature, which characterizes a specific subtype
of T-ALL, termed early T-cell precursor ALL (ETP-ALL). In
these cases, the leukemic blasts express myeloid or stem cell
antigens (ie, CD34/CD117, CD13, and/or CD33), whereas
they are negative for CD1a, CD4, and CD8, and negative or
weakly positive for CD5.8 Although ETP-ALL has common
immunophenotypic and expression markers, its genomic
background appears largely heterogeneous, with involve-
ment of multiple T-lymphoid and myeloid genes.8,9

In addition to type A abnormalities, integrated genomic
analysis has uncovered a number of additional aberrations,
including activating and inactivating mutations, chromo-
somal gains and losses, and balanced or unbalanced trans-
locations. These events, herein referred to as type B, involve
epigenetic factors, ribosomal proteins, and proteins that
belong to signaling pathways, such as JAK/STAT, RAS,
WNT, and PI3K/AKT.1,5,6,9e11 They occur nonrandomly in
close association with the primary genetic changes, indi-
cating that specific concurrent events are required for
630
leukemic development and expansion within each
group.10e15

Because of the large number of genes and the variability of
molecular mechanisms underlying their deregulation, more
than one technological approach is usually required for
complete genetic characterization of T-ALL. Thus, trans-
lation of biomolecular information into routine diagnostics
and clinical practice has remained challenging, and as a result,
comprehensive, prospective studies within clinical trials are
lacking. Nevertheless, genetic markers, especially if com-
bined with minimal residual disease quantification, may fine
tune individual risk stratification and assist in predicting
sensitivity to new drugs.16e25 The French group FRALLE20

found that persistence of minimal residual disease after in-
duction, together with unfavorable genetic characteristics,
including N/K-RAS mutations and PTEN alterations,
improved risk assessment. Other examples include MYC
translocations12 and the absence of CDKN2A deletions,21

which both appeared to identify high-risk T-ALL sub-
groups. Moreover, preclinical studies have highlighted that
deregulation of specificmolecular targets, such asNOTCH121

and JAK/STAT23 pathways and BCL2,24 PIM1,25 and IL7R26

oncogenes, predicted sensitivity to specific inhibitors.
The aim of this study was to design a comprehensive inter-

phase fluorescence in situ hybridization (CI-FISH) test as a
robust and comprehensive diagnostic molecular-cytogenetic
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tool to investigate known type A and recurrent type B genetic
changes. Validation in retrospective cohorts of pediatric and
adult patients enabled accurate genetic classification in 80% of
cases and identified targetable lesions in approximately 85%.

Materials and Methods

Study Cohort

A total of 338 patients with T-ALL, enrolled in the UK
(Medical Research Council) and Italian (Gruppo Italiano per
le Malattie Ematologiche dell’Adulto (GIMEMA)-Italian
Pediatric Hematology and Oncology Group) clinical trials,
were included in this study (Table 1). All patients or their
parents or guardians gave informed consent for sample
collection and molecular analyses, in agreement with the
Declaration of Helsinki. The study was approved by the local
bioethical committee (research project 3397/18). There were
225 children and 113 adults, with a male-female ratio of 2.8
(250 males and 88 females). According to the immunophe-
notype, 223 cases were classified as ETP-ALL/neareETP-
ALL (n Z 45) or noneETP-ALL (n Z 178) (Supplemental
Table S1). Previously identified NOTCH1/FBXW7 mutations
were present in 139 of 215 patients investigated. The panel of
genes involved in T-ALL were inferred from available gene
expression profile, molecular cytogenetics, and sequencing
data.4e6,9,10 CI-FISH studies were performed in a two-step
diagnostic algorithm (Figure 1).16,27

FISH Probes

DNA clones were selected to study 21 oncogenes, whose
genomic rearrangements were known to affect TAL/LMO,
HOXA, TLX1, TLX3, MEF2C, or NKX2-1 deregulation, for
classification of cases into these specific subgroups
(Supplemental Table S2). An additional 49 genomic clones
were chosen for investigation of genomic imbalances and/or
translocations that involved other T-ALLerelated genes and
loci (Supplemental Table S3). For each gene or locus,
The Journal of Molecular Diagnostics - jmd.amjpathol.org
clones were selected according to the type(s) of cytogenetic
abnormalities under investigation. Break-apart probe sets
were designed to study structural rearrangements, such as
translocations, tandem duplications, and inversions, that
involved promiscuous genes. To investigate deletions that
involved oncosuppressor genes, bacterial artificial chromo-
somes (BACs) and/or fosmids, spanning the entire or part of
a gene, was used (Supplemental Tables S2eS4).

To characterize the fusion partners of promiscuous genes,
for example, MLLT10 with PICALM, DDX3X, HNRNPH1,
or NAP1L1, NUP214 with SET, SQSTM1, or ABL1, NUP98
with RAP1GDS1 or PSIP1, and KMT2A with MLLT10,
MLLT1, ELL, AFF1, or AFDN, dual color dual fusion probe
sets were designed (Supplemental Table S4). A specific dual
color break-apart assay was designed (Figure 2, AeD) to
characterize TLX1 intrachromosomal rearrangements in six
patients (PGTALL106, PGTALL160, PGTALL195,
PGTALL209, PGTALL215, and PGTALL275). Commer-
cial probes were used to study centromeric regions of
selected chromosomes to rule out numerical chromosomal
changes. In all cases that harbored a monoallelic ETV6
deletion, CDKN1B, an oncosuppressor gene that mapped
800 Kb of centromeric ETV6, was also tested.

Directly labeled FISH probes were designed from BACs
(RPCI-11 Human Male BAC Library and Caltech BAC
CTB, CTC, and CTD Libraries), P1-derived artificial
chromosomes (PACs; RPCI-1 and RPCI-5; Human Male
PAC Library), and Fosmids (WIBR-2 Human Fosmid
Library; National Center for Biotechnology Information,
https://www.ncbi.nlm.nih.gov/genome/gdv; UCSC Genome
Browser, University of California, Santa Cruz, https://
genome.ucsc.edu, last accessed July 30, 2019).

Bacterial clones were cultured in Luria-Bertani medium
that contained antibiotics; plasmid DNA was extracted using
Qiagen Plasmid Midi Kit (Qiagen, Hilden, Germany) ac-
cording to the manufacturer’s instructions. DNA was labeled
with a Nick Translation Kit (Abbott Molecular, Des Plaines,
IL) using SpectrumOrange dUTP, SpectrumGreen dUTP,
and SpectrumAqua dUTP Vysis (Abbott Molecular). Dual or
Figure 1 Schematic representation of the
comprehensive fluorescence in situ hybridization
flowchart applied to diagnostic samples of T-cell
acute lymphoblastic leukemia. Cytogenetic pellets
can be obtained after direct or 24-hour culturing.
The first round provides information on type A
abnormalities and TR@ involvement in approxi-
mately 4 days; the second round detects additional
recurrent abnormalities (type B) in an additional 4
days. All tests are performed each time. BM, bone
marrow; PB, peripheral blood; TF, transcription
factors.
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triple color assays were designed by combining differentially
labeled probes into a ready-to-use working solution.

FISH Protocol

Briefly, after labeling, probes were resuspended in a 10%
dextran sulfate, 50% formamide, and 4� saline citrate hy-
bridization mixture with 20 mg of Human Cot-1 DNA Invi-
trogen (Fisher Scientific, Milano, Italy). Slides were prepared
from diagnostic peripheral blood (PB) and/or bone marrow
(BM) cytogenetic pellets, spotted in six to eight round areas
on each slide. Slides were pretreated in a Coplin jar with
protease solution [Dulbecco’s phosphate-buffered saline
(DPBS), 0.01 mol/L hydrochloride, and 0.01% pepsin] at
37�C for 30 minutes, rinsed with DPBS at room temperature
for 5 minutes, and fixed in DPBS, 4% formaldehyde, and
0.05 mol/L magnesium chloride at room temperaturefor 8
minutes. After a postfixation wash with DPBS, slides were
dehydrated through a cold ethanol series (70% to 85% to
100%) of 2 minutes each. Hybridization mix was applied to
slides (3 mL to each area), and areas were covered by a round
10-mm coverslip and sealed with rubber cement. Slides and
probes were co-denaturated on a hot plate at 76�C for 10
minutes, hybridized overnight in a moist chamber at 37�C,
and washed with 0.4� saline citrate and 0.3% Nonidet P-40
(Sigma-Aldrich, St. Louis, MO) at 74�C for 2 minutes and at
room temperature for 2 minutes. Slides were counterstained
with DAPI (0.5 mL 0.1% DAPI in 1 mL of Vectashield
mounting medium, Vector Laboratories, Burlingame, CA),
30 mL each slide. Between 120 and 200 nuclei were analyzed
using a fluorescence microscope (Olympus BX61, Olympus,
Milano, Italy). When available, abnormal metaphases were
analyzed using a highly sensitive CV-M4þCL progressive
scan camera (JAI, Copenhagen, Denmark) and the CytoVi-
sion image analysis software version 4.5.4 (Leica Micro-
systems, Wetzlar, Germany).
Abnormal hybridization patterns were i) split signal (one

fusion signal and separate green and red signals), ii) tandem
duplication/trisomy (three signals), iii) deletion/monosomy
(one signal), and iv) partial deletion (one fusion signal and
one orange or one green signal). The cut-offs for the
Figure 2 A: Schematic representation of the long arm of chromosome
10 with mapping of TLX1 and DNA clones used to define the breakpoints
(blue arrows) of paracentric inversions and cryptic deletions. B: Fluores-
cence in situ hybridization (FISH) in case PGTALL106 with paracentric
inversion. C: FISH in case PGTALL209 with a cryptic deletion. D: FISH in
case PGTALL275 with paracentric inversion and an accompayning deletion.
White arrows in BeD indicate the abnormal hybridization patterns. E:
Schematic representation of the short arm of chromosome 12 with map-
ping of LMO3 and of the clones used in a break-apart assay. F: FISH in case
PGTALL44 with LMO3 translocation (arrows indicate split green/orange
signals). G: Pie charts show the distribution of the six main genetic groups
according to the age (percentages were referred to the 261 classified cases
(ie, 178 children and 83 adults)) and to an immature phenotype [45 cases
with early T-cell precursor acute lymphoblastic leukemia (ETP-ALL)/
neareETP-ALL]. Original magnification, �100 (BeD and F). CEN, centro-
mere; TEL, telomere.
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false-positive detection of abnormal clones were set at the
upper values of abnormal patterns seen in 10 PB samples from
healthy donors, from scoring 200 nuclei for each sample.
Split, duplication, and trisomy patterns were considered to be
positive when found in �3% of interphase cells and mono-
somy, deletion, and partial deletion when found in �6%.
Because the atypical hybridization pattern with multiple sig-
nals (>5) was never observed in healthy controls, the cut-off
levels for amplification was set at �0.5%.

Statistical Analysis

The c2 and Fisher exact tests (SPSS version 20; IBM,
Armonk, NY) were used to analyze the distribution of type
A abnormalities according to age and phenotype and to
assess the correlation between recurrent type B aberrations,
the six main genetic subgroups, and phenotype.

Shallow Whole-Genome Sequencing

Shallow whole-genome sequencing (sWGS)28 is a low-
coverage next-generation sequencing technique that has
been designed to identify copy number variations. It was
performed to characterize cases PGTALL215 and
PGTALL2759 (Supplemental Table S1), which showed
atypical hybridization patterns with the break-apart assay for
the TLX1 gene, as previously described.28 The amplified
fragments were sequenced on the HiSeq 3000 (Illumina
Inc., San Diego, CA), according to the manufacturer’s in-
structions. The minimal number of reads per sample was set
qat 10 million (mean coverage of 0.4�). Using a bin size of
100 Kb, the R-Bioconductor package QDNAseq.hg1929

was applied to visualize the DNA copy-number profile
and call genomic aberrations. Each genome profile (line
view and chromosome view) was manually checked for
genomic abnormalities. All profiles were visualized using
the online tool ViVar (Center for Medical Genetics, http://
cmgg.be/vivar; last accessed July 30, 2019).30

Results

Rearrangements and Clonality

In a two-step diagnostic workflow (Figure 1), CI-FISH
detected 890 abnormalities in 325 of 338 cases (96%),
with a median and a mean of 3 per case (range, 1 to 8). No
chromosomal aberrations were identified in 13 cases that
displayed a normal hybridization pattern with all the CI-
FISH assays (Supplemental Table S1). Genomic imbal-
ances were prevalent, including 455 deletions, 56 duplica-
tions, and nine amplifications. A total of 49 trisomies were
detected, with the most frequent being gains of chromo-
somes 8 (n Z 17), 6 and 7 (n Z 6 cases each), 10 (n Z 5),
19 (n Z 4), and 4, 18, and 21 (n Z 3 each); only one
monosomy (chromosome 18) was identified (PGTALL202)
(Supplemental Table S1). Balanced and unbalanced
The Journal of Molecular Diagnostics - jmd.amjpathol.org
translocations accounted for 316 events and involved T-cell
receptors in 117 cases. Numerical aberrations, consistent
with triploidy and tetraploidy, were observed in four cases.
Clonal primary changes were observed in 15% to 97% of
cells, in agreement with the level of PB/BM leukemic
infiltration by morphologic analysis (data not shown). Sec-
ondary changes were detected in the main clone or sub-
clones at a varible percentage of 3% to 90%. In a single case
(PGTALL4) (Supplemental Table S1), a subclonal
NUP214-ABL1 amplification was detected in 0.5% of cells.

Type A Abnormalities

CI-FISH successfully classified 261 of 326 T-ALL cases
(80%) into one of the six established genetic categories,
whereas 65 cases remained unclassified (Table 1). In 12 cases
complete screening for abnormalities that involved primary
oncogenes was not possible because of the lack or poor
quality of samples, for example, low efficiency of CI-FISH
experiment (>20% of cells lacking hybridization signals),
insufficient material, and/or weak hybridization signals.

TAL/LMO was the most highly represented group,
comprising 89 positive cases. Genomic abnormalities clas-
sifying cases within the TAL/LMO group involved TAL1 (nZ
49), LMO2 (n Z 19), TAL2 (n Z 7), LMO1 (n Z 5), TAL1
and LMO1/2 (nZ 6), TAL1 and LMO3 (nZ 1), LMO3 (nZ
1) (Figure 2, E and F), and LYL1 with LMO2 (n Z 1)
(Supplemental Table S1). TheHOXA subgroup comprised 76
cases, harboring translocations ofMLLT10 (nZ 24), HOXA
(nZ 22), NUP214 (nZ 10), KMT2A (nZ 10), and NUP98
(n Z 9). In one case (PGTALL 30), both PICALM-MLLT10
and TRG-HOXA rearrangements were present (Supplemental
Figure S1). TLX3 rearrangements were found in 50 cases and
involved various partners: BCL11B (nZ 37),CDK6 (nZ 2),
or undetermined (n Z 11).

TLX1 was involved in balanced (n Z 23) or unbalanced
(n Z 4) rearrangements with TR@ (n Z 19) or non-TR@
partners (nZ 8). Six of the latter cases had intrachromosomal
rearrangements: a cryptic deletion (PGTALL215), paracentric
inversions (PGTALL106, PGTALL160, PGTALL195, and
PGTALL209), or paracentric inversion with accompanying
deletions (PGTALL275) (see below). Notably, all these intra-
chromosomal rearrangements resulted in the juxtaposition of
TLX1 close to regulatory sequences (chromosome 10:
92,668,000 to 92,770,000) located approximately 10 Mb
upstream of its 50 end (dbSuper, http://asntech.org/dbsuper/
index.php; EnhancerAtlas, http://www.enhanceratlas.org;
and VISTA Enhancer Browser, https://enhancer.lbl.gov; last
accessed July 30, 2019).

The 17 cases assigned to the NKX2-1 group harbored
translocations of NKX2-1 (n Z 15), NKX2-2 (n Z 1), or
MYB (nZ 1). Lastly, SPI.1 and RUNX1 translocations, both
underlying MEF2C overexpression,6 were detected in one
child and one adult, respectively.

Patients were allotted to the main categories based on age
(P< 0.001) (Figure 2G). The higher prevalence of TAL/LMO
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http://cmgg.be/vivar
http://cmgg.be/vivar
http://asntech.org/dbsuper/index.php
http://asntech.org/dbsuper/index.php
http://www.enhanceratlas.org
https://enhancer.lbl.gov
http://jmd.amjpathol.org


Table 2 Recurrent Secondary Changes in 338 Pediatric and Adult Cases of T-Cell Acute Lymphoblastic Leukemia

Gene/locus

Cases, no./total no. (%)

P value*Overall TAL/LMO HOXA TLX3 TLX1 NKX2-1/2-2 MEF2C

CDKN2AB 207/326 (63) 67 (77) 31 (42) 38 (81) 22 (85) 13 (76) 0 <0.001
CASP8AP2 41/324 (13) 21 (24) 8 (11) 1 (2) 2 (11) 3 (18) 0 0.06
TP53 9/165 (5) 0 6 (10) 0 0 0 0 NS
RB1 6/217 (3) 0 3 (5) 1 (5) 0 0 0 NS
PTEN 27/333 (8) 17 (19) 3 (4) 0 0 0 0 <0.001
PTPN2 22/331 (7) 0 3 (4) 9 (18) 8 (30) 2 (12) 0 <0.001
NUP214-ABL1 8/325 (2) 0 1 (1) 6 (12) 1 (4) 0 0 0.001
NF1 19/330 (6) 0 5 (6) 1 (2) 0 0 1 <0.001
SUZ12 19/330 (6) 0 5 (6) 1 (2) 0 0 1 <0.001
NOTCH1/FBXW7 139/215 (65) 21 (44) 38 (75) 22 (81) 12 (80) 15 (94) 2 <0.001
LEF1 24/313 (8) 9 (10) 1 (1) 2 (4) 0 5 (29) 0 0.003
MYC 15/306 (5) 9 (10) 2 (3) 1 (3) 1 (4) 0 0 NS
ETV6 15/264 (6) 0 5 (8) 1 (3) 5 (25) 0 0 0.004
WT1 14/259 (5) 0 7 (11) 5 (14) 1 (5) 0 0 0.005
BCL11B 9/271 (3) 1 (1) 2 (3) 0 2 (11) 3 (18) 0 0.012
IKZF1 6/214 (3) 0 1 (2) 2 (6) 0 1 (20) 0 NS
MYB 14/280 (5) 2 (3) 6 (10) 2 (6) 1 (4) 0 0 NS
TCF7 21/283 (7) 0 13 (21) 0 0 0 1 <0.001
DUP(9Q) 14/332 (4) 4 (5) 3 (4) 0 2 (7) 1 (6) 0 NS
Trisomy 8 17/306 (5) 3 (3) 2 (3) 2 (5) 4 (16) 0 0 NS
Trisomy 6 6/280 (2) 2 (3) 3 (4) 0 0 0 0 NS
Trisomy 7 6/318 (2) 4 (5) 1 (1) 1 (2) 0 0 0 NS

Although the table shows distribution of secondary changes in classified cases, the overall percentage was estimated on the total samples analyzed for each
gene or abnormality, including unclassified and undetermined cases. The percentage was rounded up if >0.5 and down if �0.5; the deletion of NF1 and SUZ12
was considered as a unique event because they were lost together in cases with del(17)(q11.2); NOTCH1/FBXW7 mutations are summed with the other sec-
ondary changes; privileged association and inverse correlations are in bold.
*c2 test.
NS, nonsignificant.
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(40% versus 22%; PZ 0.0007) and TLX3 (23% versus 10%;
P Z 0.0092) in children and of TLX1 in adults (5% versus
22%; P Z 0.0005) confirmed previous reports.1,5,11 Two
novel findings that emerged from this study were the signif-
icant association of the NKX2-1/2-2 group with childhood
(9% versus 1%; PZ 0.0083) and ofHOXAwith adult T-ALL
(44% versus 22%; P Z 0.0061). Correlating the genetic
groups with phenotypes, HOXA was the most highly repre-
sented group in ETP-ALL/neareETP-ALL (46.3% of cases;
P < 0.001) (Figure 2G).
Characterization of Intrachromosomal Rearrangements
of TLX1

The hybridization pattern of the TLX1 probe set RP11-108L7
(centromeric to TLX1) and RP11-107I14 (telomeric to TLX1)
(Supplemental Table S2) detected not only balanced TLX1
translocations but also two new rearrangements. Namely, in
cases PGTALL106 (Figure 2B), PGTALL160, PGTALL195,
and PGTALL209 (Figure 2C), the hybridization pattern was
consistent with a paracentric inversion, whereas in cases
PGTALL215 andPGTALL275 (Figure 2D), a cryptic deletion
was found at the centromeric side of the gene. In these two
latter cases, sWGS confirmed two different genomic losses at
10q23 and precisely indicated their smaller extent
634
(Supplemental Figure S2). The break-apart FISH probe set
(RP11-641A1 and RP11-703D23), specifically designed to
characterize the centromeric breakpoints of these intra-
chromosomal rearrangements (Figure 2A), showed that in-
versions and deletions shared the same breakpoint,
approximately 10 Mb centromeric of TLX1 that placed TLX1
close to known enhancer sequences (Figure 2, AeD).
Recurrent Type B Abnormalities and Their Distribution

Type B aberrations were detected in 229 of 262 classified
cases (87%), 53 of 65 unclassified cases (81%), and 11 of 12
cases (91%) for which screening for primary changes was
incomplete (Supplemental Table S1). Among them, 17
genomic rearrangements, including partial chromosomal
losses and gains or balanced translocations, and three
chromosomal trisomies were considered to be recurrent
because they were found in five or more cases (Table 2). An
unequal distribution of cooperating genetic defects was also
identified for the different genetic subtypes (Figure 3).
Chromosome Deletions

One or more deletions were found in 267 of 338 cases
(79%). Overall, the most frequently deleted genes and loci
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were CDKN2AB (63%), CASP8AP2 (13%), PTEN (8%),
LEF1 (8%), TCF7 (7%), PTPN2 (7%), NF1/SUZ12 (6%),
and ETV6 (6%) (Table 2). Deletions of CDKN2AB,
including monoallelic and/or bi-allelic, partial or complete,
were found in 76% to 85% of TAL/LMO-, TLX1/3-, and
NKX2-1/2-2- but only in 42% of HOXA- positive cases
(P < 0.001). Within the HOXA group, CDKN2AB deletions
were detected in 50% of noneETP-ALL and 31.5% of ETP-
ALL cases. Deletions of 6q were the second most frequent
losses (47 of 324 cases). Widely heterogeneous, they
involved chromosomal bands 6q14 to 6q23 and encom-
passed the oncosuppressor CASP8AP2/6q14 in 41 cases
(approximately 13%) (Supplemental Table S5). Loss of
CASP8AP2 was significantly associated with the TAL/LMO
group (P Z 0.01). PTEN deletions occurred in 8% of the
entire study cohort but were enriched within the TAL/LMO
subgroup in 19% of positive cases (P Z 0.05). ETV6 de-
letions co-occurred with CDKN1B deletions in all cases and
were significantly associated with TLX1, whereas PTPN2
deletions were enriched within the TLX1 and TLX3 groups.
Losses of LEF1 and BCL11B were highly recurrent in the
NKX2-1/2-2 subgroup. Lastly, genomic losses of TCF7 and
TP53 were exclusively found in the HOXA subgroup.

Gains or Amplifications and Trisomies

Recurrent genomic gains involved MYB and a 9q34 region
of variable size. Three copies of MYB were detected in 14
cases (5%), which resulted from tandem duplication (n Z
11) or large 6q duplications (n Z 3); dup(9)(q34) involved
NOTCH1, NUP214, ABL1, and/or TAL2 and showed no
specific association with the main genetic subgroups.
Unique recurrent amplifications involved the NUP214-
ABL1 fusion gene in 8 cases, seen as extrachromosomal
and intrachromosomal in five and three cases, respectively.
The NUP214-ABL1 rearrangement was found in highly
variable clone sizes, ranging from 0.5% to 100%, and was
confined to the TLX (TLX1 4% and TLX3 12%) and HOXA
(1%) categories.

Balanced Translocations

The most recurrent balanced translocations involved the
MYC oncogene [15 of 306 cases (5%)], with TR@ (n Z 7)
or non-TR@ (n Z 8) partners. Rare translocations and
rearrangements, occurring in <1% of cases, involved JAK2
(PGTALL50, PGTALL59, and PGTALL144), CCND2
(PGTALL63 and PGTALL172), and ETV6 (PGTALL69
and PGTALL234) (Supplemental Table S1).

Discussion

The CI-FISH assay was successfully applied in pediatric
and adult T-ALL and identified an abnormal signal pattern
in almost all cases (98%), allowing genetic classification in
80% of them. Compared with the single-nucleotide
The Journal of Molecular Diagnostics - jmd.amjpathol.org
polymorphism (SNP) array, CI-FISH was more accurate in
identification of small clonal and subclonal changes, thus
providing a more favorable approach for genetic classifi-
cation of T-lymphoblastic lymphomas, in which BM
leukemic infiltration is �25%.3 Moreover, SNP array
detection is limited to unbalanced rearrangements, charac-
terized by partial chromosomal gains and losses, whereas
CI-FISH clearly identified balanced changes that are unde-
tected by SNP array. However, an integrated approach that
included SNP array, with next-generation techniques, for
example, whole genome, exome, and RNA sequencing,
provided accurate genetic classification in 91% of childhood
T-ALL.10 Although sequencing approaches will likely
replace molecular cytogenetics in the future because it
provides information on the entire genomic landscape of
sequence variants, currently diagnostic laboratories are still
better equipped to perform FISH.

Besides detecting all known type A abnormalities, CI-
FISH unveiled new targets and new mechanisms of gene
deregulation by identifying cryptic chromosomal aberra-
tions, new TR@ rearrangements, and gene promiscuity. As
expected for early events, type A abnormalities were always
present in the main clone in a percentage of positive cells
consistent with the degree of BM and PB leukemic infil-
tration. Overall, 80% of cases were classified into one of the
six major genetic groups (ie, TAL/LMO, HOXA, TLX1,
TLX3, NKX2-1, and MEF2C ).4e8,10

The HOXA subgroup first emerged as being significantly
associated with adult T-ALL. However, here, its significant
association with the ETP-ALL and neareETP-ALL
phenotype was also confirmed (Figure 2G).5,31

Two additional significant associations were the known
association of TLX1 in adults and the newly emerged link
between the NKX2-1 subgroup and childhood T-ALL. Inter-
estingly, these two subgroups share a cortical thymocytic arrest
and a similar and overlapping gene expression profiling,6

suggesting that the two oncogenes mark closely related
leukemogenic entities occurring in distinct patient age groups.

Of interest, because the testing of primary oncogenes was
expanded to all four members of the rhombotin family of
cysteine-rich LIM domain genes, not only LMO1 and LMO2
but also LMO3 were found to be recurrently involved in
TRB translocations in T-ALL (Figure 2, E and F). LMO3
shares structural and functional homology with the other
family members and has been found to act as an oncogene
in neuroblastoma.32 Normally silenced in T-lymphocytes,
LMO3 has been already reported as a new leukemogenic
target in T-ALL, resulting from the t(7;12)(q34;p13) trans-
location that positions the TRB enhancer close to LMO3,
leading to its transcriptional activation.33 On the basis of the
structural similarities among the three members of the LMO
family,34,35 as well as the association of both LMO1/2 and
LMO3 with SIL-TAL1, cases with TRB-LMO3 were inter-
preted as likely belonging to the TAL/LMO group.

Another discovery was that approximately 30% of TLX1
rearrangements were independent of TR@ translocations.
635
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Figure 3 The heat-map shows the distribution of type B abnormalities according to the main genetic groups (TLX1 and TLX3 were grouped together; the
two cases of MEF2C-positive T-cell precursor acute lymphoblastic leukemia were not included). NA, not applicable.
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Most of these non-TR@ abnormalities involved paracentric
inversions and/or cryptic interstitial deletions that invariably
juxtaposed TLX1 to nearby regulatory sequences within
10q23. Of note, these cases shared the same 10q23 break-
points reported by Liu et al10 in approximately 29% of
pediatric TLX1-positive T-ALL cases, thus indicating that
intrachromosomal rearrangements are the second most
frequent mechanism underlying TLX1 transcriptional acti-
vation (Figure 2A).

Another noteworthy finding was the higher percentage of
HOXA-positive cases than previously reported in both
children5 and adults,36 probably because CI-FISH has the
capacity to detect translocations that involve the full range
of promiscuous genes leading to HOXA expression. Inter-
estingly, one HOXA-positive leukemia case was found to
carry two primary hits, PICALM-MLLT10 and TRG-HOXA,
within the same leukemic clone (Supplemental Figure S1).37

The novelty of this case lies in the involvement of the TRG
locus as a recurrent translocation partner of T-ALLerelated
oncogenes.38 The involvement of TRG should be tested for
future molecular-cytogenetic assays, especially to elucidate
as yet unknown mechanisms of gene deregulation and
prognostic biomarkers.
636
In keeping with the accepted model of a multistep
leukemogenic process, CI-FISH detected multiple type B
aberrations, confirming that accumulation of several ab-
normalities is necessary for disease progression and for
informing on specific associations among different coop-
erative events. Overall, at least one actionable pathway
was identified in approximately 85% of cases (Table 2 and
Figure 3). The most frequent rearrangements included
genes involved in cell cycle and apoptosis (CDKN2A,
CDKN1B, CASP8AP2, RB1, and TP53; 65%), WNT
(LEF1, MYC 13%), PI3K/AKT (PTEN 8%), JAK/STAT
(PTPN2, NUP214-ABL1 8%), and RAF/MEK/ERK (NF1
6%) signaling pathways or of the epigenetic complex
PRC2 (SUZ12 6%). Preferential associations were
corroborated between primary and secondary changes,
such as that of PTEN and MYC with TAL/LMO and
NUP214-ABL1 and PTPN2 with TLX1/3.9e15 Of interest,
previously unknown combinations, such as TCF7 and
TP53 deletions in HOXA-positive cases or LEF1 in the
NKX2-1 group, were demonstrated. Specific links were
also observed between secondary changes and an
immature phenotype. As expected, NOTCH/FBXW7
mutations and CDKN2AB deletions were
jmd.amjpathol.org - The Journal of Molecular Diagnostics
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underrepresented in the ETP-ALL and neareETP-ALL
group, which, on the other hand, had a high incidence of
TCF7, WT1, ETV6, RB1, NF1, and TP53 deletions
(Supplemental Table S6). In addition to genomic rear-
rangements, mutations of members and modulators of
the NOTCH pathway (NOTCH1 and/or FBXW7) were
detected in 65% of the cases. As previously reported by
Zuurbier et al,39 a significant lower frequency of
NOTCH1/FBXW7 mutations was found in cases
belonging to the TAL/LMO subgroup (Table 2), which,
on the other hand, showed a closer link with the PI3K/
AKT pathway (19% of PTEN deletions versus 8% in the
overall cohort, P Z 0.05).10,40

Taken together, these findings confirmed that the syner-
gistic effect of specific deregulated genes and pathways is
necessary for leukemia onset, maintenance, and progression,
suggesting that identification of multiple specific
targets,22e26,41 within the same leukemia sample, should be
considered for combinatorial therapeutic intervention.42e44
Conclusion

In T-ALL, genetic markers have not yet been integrated into
risk stratification and for treatment options as a comple-
mentary approach to the standard evaluation of minimal
residual disease. The translation of molecular findings into
clinical practice remains challenging because of the genetic
complexity and heterogeneity of T-ALL and the observation
that focusing on single markers can provide misleading
information.45

One major issue has been the identification of the most
convenient diagnostic approach for the detection of these
multiple heterogenous concurrent events in individual pa-
tients and to select the most reliable markers and pathways
to be exploited in treatment and monitoring. This study
highlighted CI-FISH as a powerful assay in the diagnostic
workup of pediatric and adult T-ALL and T-lymphoblastic
lymphoma. Coupled with targeted sequencing of recurrently
mutated genes, it provides comprehensive genetic diagnosis
of T-ALL for detection of actionable biomarkers in the
context of clinical trials.
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