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Genomic analysis of acute lymphoblastic leukemia -
insights from next generation sequencing

Acute lymphoblastic leukemia

A B S T R A C T

The genetic basis of ALL

Acute lymphoblastic leukemia (ALL) is the
commonest childhood tumor,1 and while the
majority of children with ALL enjoy long-
term disease free survival, relapse remains a
major problem, particularly in specific sub-
groups including infants and older individuals
with ALL. Thus, while ALL is considered one
of the “success stories” of modern cancer
therapy, there remains an urgent need to
understand better the biologic basis of leuke-
mogenesis and the determinants of treatment
failure and relapse, and ultimately, to identify
new targets and approaches for therapy.
This review addresses the hypothesis that
ALL is a genetic disease, and that in order to
advance cure rates for ALL, a comprehensive
understanding of the genetic basis of ALL is
required. It is possible, and even likely, that
some new treatments in ALL will derive from
complementary or orthogonal approaches –
such as high throughput gain- and loss-of-
function and/or synthetic lethal screens – that
may be performed with no knowledge of
underlying tumor genetics.2 However, the
insights obtained from genome-wide profiling
approaches in the last few years have trans-
formed our understanding of the biology of
ALL,3,4 and have already resulted in the iden-
tification of novel prognostic markers and
therapeutic targets,5-8 as well as providing cru-
cial new insights into other aspects of tumor
biology of broad relevance, such as the nature
of clonal heterogeneity,9 tumor evolution,9-11

and the role of tumor genetics in the cancer
stem cell hypothesis.12 Next generation
sequencing approaches may now be used to
profile large number of tumor genomes at a
tractable cost,13,14 and are already providing
important insights in acute leukemia not evi-
dent from “pre-sequencing” genetic profiling
approaches.15-20 Prior to discussing these find-
ings, this review will describe the insights and
limitations obtained from cytogenetic and
array-based profiling studies.

Cytogenetics of ALL

The majority of childhood B-progenitor and
T-lineage ALL cases are characterized by
gross numerical or structural genetic alter-
ations, including high hyperdiploidy,
hypodiploidy, and translocations that com-
monly activate, disrupt or perturb key tumor
suppressors, transcription factors, oncogenes,
and tyrosine kinases1,21,22 (Figure 1). It is also
well known that these alterations, with rare
exception (e.g., rearrangement of MLL) fail to
induce leukemia alone in experimental mod-
els, and may be present years before the onset
of leukemia, indicating that additional genetic
or epigenetic alterations must be present.
Moreover, the factors driving the acquisition
of several of these alterations (e.g., aneu-
ploidy) and the mechanism by which these
contribute to leukemogenesis are poorly
understood. Thus, while detection of the cyto-
genetic alterations is a mainstay of ALL diag-

Acute lymphoblastic leukemia (ALL) remains the commonest childhood tumor and the leading cause
of cancer death in children and young adults. Current therapies are mostly non-targeted and at max-
imal intensity, and novel approaches are required to improve cure rates and reduce toxicities. The last
decade has witnessed tremendous activity in the use of high-resolution genomic profiling approaches
to identify genetic alterations contributing to leukemogenesis and identify novel therapeutic targets.
In particular, microarray profiling of structural genetic alterations, coupled with gene expression pro-
filing and candidate gene sequencing has transformed ALL from a disease classified by karyotypic
analysis to one defined by constellations of gross and submicroscopic structural alterations and
sequence alterations. These novel alterations influence leukemogenesis, responsiveness to therapy and
in several instances, have identified entirely new therapeutic approaches. Moreover, these studies have
defined several novel disease entities. Second generation sequencing techniques are now being
employed to comprehensively identify all genetic alterations in leukemogenesis and examine the inter-
play between structural genetic alterations, gene expression, and epigenetic alterations. While these
studies are still in their infancy, they are already generating important insights into disease biology,
and are likely to transform our understanding of ALL. Recent insights from these studies and prospects
for the future will be discussed.



nosis and contemporary risk stratification approaches,
they are unable to explain all aspects of disease biology.

Microarray profiling of ALL

Initial studies profiling genomic aberrations in ALL
used microarrays to examine transcriptional profiles of
leukemic cells and demonstrated that known cytogenetic
subtype haves distinct transcriptional signatures; that
unsupervised hierarchical clustering could identify new
ALL subgroups; and that expression profiling could be
used to predict cytogenetic subtypes and outcome; out-
come.23-25 A limitation of these data was that identification
of novel submicroscopic genetic alterations and
rearrangements in ALL driving these signatures was diffi-
cult, or impossible from interrogation of gene expression
data alone.
These limitations, in part, were overcome with the
advent of microarray approaches to profile structural
genetic alterations in ALL, namely array-based compara-
tive genomic hybridization and single nucleotide poly-
morphism (SNP) microarrays. Since 2007, multiple
groups have performed detailed profiling of submicro-
scopic genetic alterations in large cohorts of both B-prog-
enitor and T-lineage ALL. These studies have been
reviewed in detail elsewhere26,27 but key points are
reviewed here.

ALL genomes harbor multiple submicroscopic genetic
alterations
The results of the microarray profiling studies performed
by multiple groups are remarkably consistent – both B-
and T-ALL genomes harbor focal recurring genetic alter-
ations that often involve a single gene or few genes 3,4,28-32

(Table 1). While experimental data confirming a role for
most of these alterations in ALL pathogenesis are limited,
several observations suggest these lesions are important in
leukemogenesis. Many of the genes involved encode pro-
teins with key roles in lymphoid development (e.g., PAX5,
IZKF1, EBF1, LMO2), cell cycle regulation and tumor
suppression (CDKN2A/CDKN2B, PTEN, RB1), and lym-
phoid signaling (BTLA, CD200, TOX). In addition, several
genes are involved by multiple types of genetic alteration,
including copy number alteration (with deletions being
more common than amplification in ALL), translocation,
and sequence mutation – examples include PAX5, WT1,
and PTEN.

ALL subtypes harbor distinct submicroscopic genetic
alterations
MLL-rearranged leukemias harbor very few additional
structural or sequence alterations.3,33 In contrast, subtypes,
such as ETV6-RUNX1ALL, and BCR-ABL1 ALL, harbor
more alterations, but the alterations are distinct between
subtypes, notably with IKZF1 alteration being a hallmark
of BCR-ABL1 lymphoid leukemia.

DNA copy number alterations define novel subtypes of ALL
One quarter of childhood ALL cases and a higher pro-
portion of adult cases lack a known recurring cytogenetic
alteration. Detailed cytogenetic/fluorescence in situ
hybridization and CGH/SNP array analyses have identi-
fied several novel subtypes of ALL. These include B-

progenitor ALL with intrachromosomal amplification of
chromosome 21 (iAMP21), which is associated with poor
prognosis;35-37 B-ALL with deletion of the ETS family
gene ERG;38 and B-ALL with rearrangement of CRLF2
(cytokine receptor-like factor 2, or TSLPR, thymic stro-
mal lymphopoietin receptor).6,7,39 The latter subtype of
ALL is notable for being particularly common in Down
syndrome associated ALL (DS-ALL), and in a subtype of
ALL with a gene expression profile similar to that of
BCR-ABL1 ALL (“BCR-ABL1-like”, or “Ph-like”
ALL).40 Moreover, CLRF2 alterations are commonly
associated with activating41 mutations in the Janus kinase
genes JAK1, JAK2, and JAK3 (most commonly at or near
JAK2 R683).6,7

Genetic alterations influence prognosis in ALL
Despite the diversity of novel submicroscopic genetic
alterations identified in ALL, remarkably few have been
found to influence treatment responsiveness and out-
come.40 One potential explanation is that many of these
studies have been underpowered and unable to detect
important associations. An alternative explanation is that
many alterations are important in establishing the
leukemic clone, but have no subsequent role in influence
treatment outcome. In contrast, other alterations may be
important in leukemogenesis, but also have key roles in
determining treatment outcome. Important examples of
this are the alterations identified in the transcriptional reg-
ulation of B-lymphoid development, which are present in
at least two-thirds of B-ALL cases.3,40 The most common-
ly involved gene, PAX5, is targeted by deletions, focal
amplifications, translocations, and sequence mutations in
over one-third of ALL cases, and emerging data indicate
that PAX5 haploinsufficiency contributes to the pathogen-
esis of ALL.42,43 However, PAX5 alterations are not associ-
ated with poor outcome in B-ALL.40 In contrast, deletions,
or sequence mutations of IKZF1, a gene that encodes
IKAROS, a zinc finger containing transcription factor
essential for normal lymphoid development are less com-
mon than alterations of PAX5, but are associated with a
dramatic increase in the risk of treatment failure and
relapse in ALL.40,44 Indeed, IKZF1 alterations are associat-
ed with at least two subtypes of very high risk ALL: BCR-
ABL1 lymphoid leukemia (either de novo or at lymphoid

| 2 | Hematology Education: the education programme for the annual congress of the European Hematology Association | 2012; 6(1)

17th Congress of the European Hematology Association

Figure 1. Frequency of cytogenetic subtypes of pediatric
ALL.



blast crisis of chronic myeloid leukemia (CML),4,34 and
BCR-ABL1-like ALL,40,45 discussed below.

ALL is commonly clonally heterogeneous
It has been recognized for many years that genetic alter-
ations in individual ALL patients may change over time,
most notably from initial diagnosis to relapse.46 However,
these original studies performed using cytogenetic analy-
sis were unable to perform a detailed analysis of focal
genetic alterations, and recent SNP array profiling of
matched diagnosis and relapsed ALL samples has clearly
shown that the majority of ALL cases exhibit substantial
changes in the nature of genetic alterations from diagno-
sis to relapse.9-11 These serial profiling studies have also
shown that relapse in ALL often arises from the emer-
gence of a minor subclone at diagnosis that harbors dis-
tinct genetic alterations from the predominant clone at
diagnosis. In some cases, the predominant clone at
relapse is identical to that at diagnosis, or appears com-
pletely different. More frequently however, the relapse
clone exhibits genetic evolution from the diagnostic
clone, or shares only some of the genetic alterations pres-
ent at diagnosis, while acquiring new changes. Coupled
with lesion-specific PCR backtracking confirming the
presence of these “relapse-acquired” lesions at diagnosis,
these findings provide compelling evidence in support of

the hypothesis that at diagnosis, patients harbor multiple
genetically distinct clones that share a common clonal
origin, that then respond differently to selective pressure
– here, anti-leukemic therapy. This has important clinical
implications, as among the lesions that may not be detect-
ed at diagnosis, yet emerge at relapse are alterations of
IKZF1. Thus, while many patients with IKZF1 alteration
at high risk of relapse may be identified by genomic pro-
filing of bulk leukemic samples by standard approaches,
others will require highly sensitive methods to identify
these alterations (which may be deletions or mutations) at
very low levels at the time of diagnosis. Moreover, the
full range of genetic alterations contributing to relapse
remains to be defined.

Sequence mutations contribute to the risk of relapse in ALL
Most recent studies of genetic alterations in ALL have
used microarrays that have several important limitations:
they do not provide nucleotide level resolution (current
SNP arrays have 2-3 million features that provide 500-
1000 base pair resolution); they do not directly identify
chromosomal rearrangements (although they may detect
focal DNA copy number alterations present at the break-
points of chromosomal rearrangements); and they do not
detect sequence mutations. Thus, how important are
sequence mutations in ALL? Candidate gene sequencing
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Table 1. Key genetic alterations in B-progenitor ALL. 

Gene Alteration Frequency Pathway and consequences of alteration Clinical relevance References

PAX5 Focal deletions, 31.7% of B-ALL Transcription factor required for 3,4,28

translocations, sequence B-lymphoid development. Mutations impair
mutations DNA binding and transcriptional activation

IKZF1 Focal deletions or sequence 15% of all pediatric B-ALL cases Transcription factor required for development 3

mutations of HSC to lymphoid precursor. Deletions and
mutations result in loss of function or dominant
negative isoforms

Over 80% BCR-ABL1 ALL and Associated with poor 4,34,66

66% CML in lymphoid blast crisis outcome

One-third of high-risk BCR-ABL1 Tripling in CIR 40,44,45

negative ALL

Inherited variants Increased risk of ALL 67,68

JAK1/2 Pseudokinase and kinase 18-35% DS-ALL and Constitutive JAK-STAT activation. Transforms 5,69-71

domain mutations mouse Ba/F3-EpoR lymphoid hematopoetic
cell line

10.7% High-risk BCR-ABL1-ALL 5

CRLF2 Rearrangement as IGH@- 5-16% pediatric and adult B-ALL, Associated with mutant JAK in up to 50% of cases. 6,7,39,72

CRLF2 or P2RY8-CRLF2 and >50% DS-ALL CRLF2 mutations and JAK mutations cotransforming 
resulting in overexpression in Ba/F3 cells and results in constitutive STAT

activation

� 14% pediatric high-risk ALL Associated with IKZF1 alteration and JAK Associated with poor 41,73

mutations outcome

CREBBP Focal deletion and sequence 19% of relapsed ALL. Also mutated Mutations result in impaired histone acetylation Mutations selected for at 8,74

mutations in non-Hodgkin lymphoma and transcriptional regulation relapse, and associated with
glucocorticoid resistance

CIR, cumulative incidence of relapse; CML, chronic myeloid leukemia; DS, Down syndrome. 



studies, in which genes have been selected for sequenc-
ing based on a priori knowledge of the role of a gene
product in lymphoid development, tumorigenesis, or the
knowledge that a gene is involved by structural genetic
alterations have identified multiple targets of mutation in
ALL (e.g., PAX5,3 IKZF1,4 LEF1, WT1,47 PTEN1, NF1)
but in general, have shown that DNA copy number alter-
ations are more common than sequence mutation in ALL.
Until recently, it has not been technically feasible to
examine very large numbers of genes, or all coding
genes, in large cohorts of ALL. However, several recent
studies have performed extensive sequencing of candi-
date genes or chromosomal regions in ALL and have pro-
vided compelling evidence that sequence mutations are
important in ALL, and that genome-wide sequencing is
warranted.
To extend our studies of the genetic basis of relapse in
ALL, we selected 300 genes for Sanger (PCR and capil-
lary) sequencing in 24 matched B- and T-lineage ALL
cases.8 Genes were selected based on the presence of
structural genetic alterations in individual genes or the
pathways in which the genes function, and prior evidence
from the literature and databases such as the Catalog of
Somatic Mutations in Cancer (COSMIC). This identified
multiple novel targets of somatic (tumor-acquired)
sequence mutations, but several findings were notable.
The frequency of sequence mutation was low (0-5 per
case). In addition, as observed for DNA-copy number
alterations, many presumed causal lesions present at
diagnosis were no longer evident at relapse, including
mutations in the Ras signaling pathway (NRAS, KRAS,
PTPN11, and NF1) and B cell development (PAX5,
although notably not IKZF1, deletions/mutations of
which were always preserved at relapse, or acquired as
new lesions). The singular most striking finding from
this study was a high rate of deletion and/or mutation in
CREBBP, encoding the transcriptional coactivators and
acetyltransferase CREB binding protein (also known as
CBP) in almost 20% of relapsed ALL cases. The muta-
tions identified are enriched in the histone acetyltrans-
ferase (HAT) domain, and were shown to attenuate the
normal HAT activity of murine Crebbp. Moreover,
CREBBP mediates the transcriptional response to gluco-
corticoid therapy, and the mutations were shown to dis-
rupt the normal transcriptional response to glucocorti-
coids. Thus, CREBBP mutations may represent an
important mechanism underlying treatment failure in
ALL, and may be targeted with agents that modulate the
level of histone acetylation in leukemic cells, such as his-
tone deacetylase inhibitors.
A second powerful example of the role of unbiased
sequence analysis of ALL arises from the work of Adolfo
Ferrando and colleagues, who sought to investigate the
basis of the sex bias of T-lineage ALL, which exhibits a
peak in incidence in older male children. This group cap-
tured coding DNA of genes located on the X chromo-
some in T-ALL followed by second generation massively
parallel sequencing of captured DNA using the SOLiD
platform.48 This identified a high frequency of deleterious
mutations in PHF6, which encodes PHD finger protein 6,
a zinc finger containing putative transcriptional factor
that is also mutated in the developmental disorder
Borjeson-Forssman-Lehmann syndrome.49 The role of
PHF6 alterations in T-cell leukemogenesis is unclear.

Genome sequencing of acute lymphoblastic
leukemia

These findings strongly suggest that sequencing the
genome of childhood ALL is likely to identify additional
important targets of inherited and/or somatic mutation.
This is now feasible with the falling costs of second gen-
eration sequencing, in which hundreds of thousands of
template molecules are sequenced simultaneously (mas-
sively parallel sequencing), resulting in the generation of
gigabases of sequence per sequencing run. Next genera-
tion sequencing may be used to sequence a variety of
nucleic acid templates to examine structural and coding
variation, gene expression, and epigenetic alterations.
Widely used approaches to examine coding variation in
cancer include whole genome sequencing, transcriptomic
sequencing, and exome sequencing. Exome sequencing
uses solid or liquid phase baits to capture coding exons to
profile coding variation selectively. As the exome repre-
sents only a small fraction of the genome, coding varia-
tion may be investigated in large numbers of samples for
a fraction of the cost of whole genome sequencing.
However, this approach is incapable of detecting all struc-
tural variations and translocations, which are a hallmark
of ALL. Sequencing of messenger RNA (transcriptome
sequencing or mRNA-seq) represents a powerful
approach to identify chromosomal rearrangements in can-
cer, as well as providing sensitive quantitative estimates
of gene expression and sequence mutation. Whole
genome sequencing (WGS), in which the entire genome
of a tumor (or non-tumor sample) is sequenced represents
the most comprehensive platform for analyzing cancer
genomes, but is the most demanding in terms of the
amount of sequencing and downstream analysis.
Moreover, while WGS provides a mechanism to identify
all genetic alterations in cancer, coverage of the genome
is not uniform and is influenced by factors, such as
regional GC content and the methods used to construct
sequencing libraries, perform sequencing, align data, and
detect variations. 
The utility of second generation sequencing approaches
in leukemia have been clearly demonstrated in acute
myeloid leukemia (AML), where several studies from the
Washington University Genome Institute have identified
novel mutations, notably those targeting epigenetic regu-
lators IDH1/2 and DNMT3A in AML, and more recently
characterized the mutation spectrum during disease pro-
gression and evolution in myelodysplasia and relapsed
acute myeloid leukemia.15-17,19 Several groups are now pur-
suing WGS, exome sequencing, and mRNA-seq in a vari-
ety of subtypes of ALL, and the first results of these stud-
ies have recently been described.

Whole genome sequencing of early T-cell
precursor ALL

In 2009, Dario Campana and colleagues at St Jude
described a subtype of T-ALL with an immature
imunophenotype, with expression of cytoplasmic CD3,
but lack of expression of CD1a and CD8, weak or absent
expression of CD5, and the aberrant expression of stem
cell and myeloid markers.50 The gene expression profile
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of these cases was distinctive and bore some similarity to
the published gene expression profile of the most imma-
ture murine thymic T cell progenitor,51 the early T-cell
precursor, a stage of maturation that retains the ability to
differentiate into non T-cell lineages. Hence this entity
was named early T-cell precursor ALL (ETP ALL) and
was notable for very poor outcome. Detailed microarray
profiling and candidate gene sequencing analysis docu-
mented genomic instability, with frequent large deletions
in a subset of ETP ALL cases, but otherwise no recurring
chromosomal translocation or sequence mutation was
identified. Indeed, ETP cases have a lower frequency of
lesions that are hallmarks of non-ETP T-ALL, such as
deletion of CDKN2A/CDKN2B (INK4/ARF) and activat-
ing mutations of NOTCH1.
To identify the genetic basis of ETP ALL, we per-
formed WGS of tumor and matched non-tumor DNA
from 12 children with ETP ALL, and coupled this with
comprehensive validation of all putative somatic and
structural variants identified by two parallel analysis
pipelines.18 Novel, recurrent, and known genetic alter-
ations were also examined in a recurrence cohort of 54
ETP and 42 non-ETP ALL cases by SNP arrays and
Sanger sequencing. The findings of this study, the first
whole genome sequencing study of ALL, were striking.
Despite the homogeneity in many of the clinicopathologic
features of ETP ALL, we did not identify a single unify-
ing genetic alteration, such as a recurring translocation. In
contrast, there was a marked diversity in the nature and
frequency of somatic sequence and structural alterations
in ALL. Some cases had few or no somatic structural vari-
ants, whereas other cases had a high burden of SVs, sev-
eral of which had the complex pattern of rearrangements
suggestive of a single cellular catastrophe termed “chro-
mothripsis”.52 Notable, two cases with this pattern had
concomitant sequence mutations of genes involved in
DNA repair, suggesting a causal link between these alter-
ations and chromothripsis.
Despite this genetic diversity, several themes emerged.
ETP ALL is enriched for mutations in three pathways:
loss of function alterations in genes regulating
hematopoietic and lymphoid development, activating
mutations driving Ras and/or cytokine receptor/JAK-
STAT signaling, and inactivating mutations in histone
modifying genes. Several groups have also identified
mutations in several of these genes/and pathways using
non-WGS approaches.53,54 Fifty-eight percent of ETP
cases (compared with 17% of non-ETP T-ALL cases) har-
bored loss of function or dominant negative mutations in
developmental genes, including RUNX1, IKZF1, ETV6,
GATA3, and EP300. Several of these genes are well-cre-
dentialed targets of mutation in hematopoietic malignan-
cies (e.g., RUNX1 in myeloid disorders and ETV6 and
IKZF1 in B-progenitor ALL) but have not previously
been implicated in T-ALL. The mutations in GATA3 were
novel and are logical, as GATA3 regulates egress from the
ETP stage of T lymphoid development to later stages of T
cell maturation.55 The mutations identified were clustered
in one of the DNA binding zinc fingers, have previously
identified in a multiorgan inherited developmental disor-
der, and shown to impair binding of GATA3 to its DNA
targets.56 Mutations known or predicted to activate signal-
ing were identified in 67% of cases (compared with 19%
of non-ETP T-ALL cases), including known activating

mutations in NRAS, KRAS, JAK1, NF1, and PTPN11, as
well as novel mutations in JAK3, SH2B3 (encoding LNK,
a negative regulator of JAK2 signaling)57-61 and IL7R,
encoding the interleukin 7 receptor. Several groups have
now identified mutations in IL7R in both T-lineage and B-
progenitor ALL.62,63 The mutations clustered in highly
conserved residues in the transmembrane domain are fre-
quently complex but always inframe, and usually intro-
duce a cysteine that results in constitutive dimerization.
The mutations result in constitutive JAK-STAT activation
and transformation of model cell lines to IL-7 independ-
ent proliferation, and importantly, this transformation is
abrogated by pharmacologic JAK inhibitors, such as rux-
olitinib, currently in use for other JAK-mutated disorders,
suggesting that patients harboring IL7R mutations may be
candidates for JAK inhibitor therapy.
An unexpected finding was a high frequency of muta-
tions in epigenetic regulators in ETP ALL, a finding con-
firmed by other studies. The most frequent targets of muta-
tion were genes encoding regulators of the polycomb
repressor complex 2 (PRC2) a H3K27 trimethylase that
normally induces transcriptional repression and antago-
nizes the transcriptional activating effects of MLL, a target
of rearrangement in ALL and AML, and an H3K4
trimethylase.64 The most commonly mutated gene was
EZH2, which encodes the catalytic component of the com-
plex. EZH2 is also mutated in follicular lymphoma, but in
contrast to the highly recurrent Y641 mutations observed
in FL that are gain of function,65 the mutations in T-ALL
occur in other sites in EZH2 and are predicted to disrupt
the catalytic SET domain and result in loss of function.
Although several of the targets of mutation are novel,
the pathways – hematopoietic development, signaling and
epigenetic regulation – are also frequently mutated in
AML. In addition, detailed comparison of the transcrip-
tional profile of ETP ALL to normal and leukemic
hematopoietic progenitors demonstrated highly signifi-
cant similarity to normal hematopoeitic stem cells and
granulocyte macrophage progenitor cells, as well as high
risk AML and ALL signatures, but not the normal human
ETP. Together, these genetic and transcriptomic findings
suggest that ETP arises from transformation of an imma-
ture hematopoietic stem or progenitor cell, and exhibits
greater similarity with AML cells than previously sus-
pected. These findings have important implications for
how therapy for ETP ALL might be improved, for exam-
ple with the addition of AML-directed therapy, the use of
targeted therapies against Janus kinases, or epigenetic
modulators. In addition, ongoing studies examining the
genetics and biology of other leukemias of ambiguous or
immature lineage (e.g., biphenotypic and bilineal
leukemia) will be of great interest.

Next generation sequencing of BCR-ABL1-like
ALL

Up to 15% of childhood B-progenitor ALL cases lack a
previously identified chromosomal rearrangement, but
exhibit a gene expression profile highly similar to that of
BCR-ABL1-positive ALL, and often have deletion/muta-
tion of IZKF1, which is also common in BCR-ABL1-
ALL.40,45 These cases commonly have a dismal prognosis
with current combination chemotherapy, and novel thera-
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peutic approaches are urgently required. Pre-NGS
approaches using microarrays and Sanger sequencing
identified CRLF2 rearrangement/mutation and JAK
mutations in up to half of “BCR-ABL1-like” ALL cases,
but the kinase-activating alterations in the remaining
cases were unknown.
In a collaborative study between the US National
Cancer Institute TARGET (Therapeutically Applicable
Research to Generate Effective Treatments) initiative and
multiple North American Institutions, we performed sec-
ond generation transcriptome sequencing (mRNA-seq)
and selected WGS in 12 BCR-ABL1-like cases, and iden-
tified a range of novel rearrangements, copy number
alterations, and sequence mutations activating kinase sig-
naling in all cases.20 These included rearrangements of
PDGFRB, ABL1, JAK2, and EPOR, as well as
deletion/mutation of SH2B3 and the IL7R. Several of
these alterations were studied in in vitro model systems
and shown to activate JAK-STAT signaling and result in
transformation that was attenuated with JAK or
ABL1/PDGFRB inhibitors. These results are preliminary
and much work remains to be done, including defining
the full range of kinase activating lesions in BCR-ABL1-
like ALL and examining the role of kinase inhibitors in
patients bearing these lesions, but these results provide
compelling initial data to support that these lesions drive
leukemogenesis, and that pathway-based screening
should be pursued at the time of diagnosis to identify
patients with Ph-like ALL and identify those patients that
may benefit from kinase inhibitor therapy.

Conclusions

The application of molecular profiling approaches con-
tinues to transform our understanding of the genetic basis
of childhood acute lymphoblastic leukemia. The studies
described above clearly emphasize the utility – but also
limitations of – microarray and candidate gene sequenc-
ing approaches, and provide proof of principal that next
generation sequencing is required to identify the full
repertoire of genetic alterations driving leukemogenesis
and treatment responsiveness in ALL. Thus far, very few
NGS analysis in ALL has been reported, but multiple
large efforts are in progress. At present, most studies are
focused on characterizing non-silent genetic variation in
leukemic genomes, but future studies characterizing both
coding and non-coding variation, and examining the rela-
tionship between genetic alterations, gene expression, and
epigenetic variations will be of great interest.
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