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Abstract: Precursor B-cell acute lymphoblastic leukemia (B-ALL) is the most common type of leukemia
in children and young adults. Our understanding of the genetic basis of B-ALL has greatly improved in
recent years. Application of genomic profiling and sequencing has led to the identification of a clinically
important subgroup of B-ALL patients who are BCR-ABL1 negative, but exhibit a gene expression profile
similar to that of BCR-ABL1-positive ALL. This new subgroup has been referred to as BCR-ABL1-like
ALL. Like BCR-ABL1-positive ALL, BCR-ABL1-like ALL patients are in the high-risk category, associated
with poor outcome. The BCR-ABL1-like patients have a diverse range of genetic alterations that activate
tyrosine kinase signaling. The recurrent genetic changes include ABL class- or JAK pathway-associated
translocations and IKZF1 deletions. Herein, we review the recent progress in BCR-ABL1-like ALL, the
recurrent genetic alterations seen in these patients, and the therapeutic potential of targeting the identified
molecular changes.
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Introduction

Current World Health Organization (WHO) classi-
fication recommends that the diagnosis of hemato-
logic malignancies should be based on morphology,
immunophenotyping, clinical parameters, and in-
creasingly on the underlying genetic alterations [1].
Genetic and cytogenetic abnormalities have been
associated with unique biological, clinical, and prog-
nostic features and, accordingly, define subgroups
of hematologic malignancies. Specific genetic abnor-
malities have been used as independent predictors
of disease progression and survival and also to help
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the classification of challenging types of leukemia
[2].

Precursor B-cell acute lymphoblastic leukemia (B-
ALL) is the most common type of leukemia in chil-
dren and young adults. It is well-known that genetic
alterations are associated with clinical outcome. Hy-
perdiploidy and cryptic t(12;21) translocation result-
ing in ETV6-RUNX1 fusion are associated with a
favorable outcome. Hypodiploidy with less than 44
chromosomes, translocation t(9;22) leading to BCR-
ABL1 fusion, rearrangement involving MLL, and
intrachromosomal amplification of chromosome 21
are associated with high-risk clinical features or a
poor outcome [3, 4].

In this inaugural issue of Hematopathology, we
would like to briefly review recent progress in
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BCR-ABL1-like ALL. This progress defines a new
subgroup of B-ALL, and also provides therapeutic
promises to this high-risk subgroup of patients.

Genetic Basis

Genetic subtypes of ALL are used to determine risk
and treatment of childhood ALL. However, approxi-
mately 25% of precursor B-ALL cases are genetically
unclassified. In order to further improve prognostic
classification of ALL, Den Boer et al. [5] constructed
a classification scheme based on gene expression
profile in patients with newly diagnosed ALL. They
reported a new ALL subtype with a gene expression
profile similar to that of BCR-ABL1-positive ALL
that was similarly associated with a poor prognosis.
Significantly, the number of patients with BCR-ABL1-
like disease was more than five times the number of
BCR-ABL1-positive disease, representing the most
common subtype of ALL with poor prognosis.

Subsequent studies revealed that in BCR-ABL1-
like ALL, or Philadelphia chromosome-like (Ph-like)
ALL, harbor a diverse range of genetic alterations
that activate tyrosine kinase signaling [6, 7]. They are
characterized by activation of either the ABL class- or
JAK- associated signaling pathways. While the ABL
class kinases (ABL1, ABL2, CSF1R, and PDGFRB)
are products of fusion genes, the JAK pathway can
be activated through gene fusions, mutations, or
deletions, including rearrangements of JAK2, CRLF2,
EPOR, and mutations of JAK1, JAK2, JAK3, and IL7R
[8, 9].

ABL Class- and JAK Pathway- Associ-
ated Translocations

Genomic rearrangement through chromosome
translocation is the most common mechanism for
gene activation. Such translocation can lead to over-
expression of a gene with critical function through
fusion with a strong promoter or enhancer, or to
create a chimeric protein with a constitutive activa-

tion of a cytokine receptor or a kinase. In Ph-like
ALL, the ABL activating lesions are all fusion genes.
There are various ABL1 and ABL2 fusions leading
to constitutive activation of ABL class kinase [6, 7].
Two recurrent fusions leading to constitutive activa-
tion of cytokine receptors have also been reported in
Ph-like ALL. One is EBF1-PDGFRB, a fusion of early
B-cell factor 1 (EBF1) and platelet-derived growth
factor receptor beta (PDGFRB) [6, 7], resulting in the
loss of a B-cell differentiation factor and constitutive
activation of tyrosine kinase PDGFRB. The other is
CSF1R-SSBP2, a fusion of colony stimulating factor
1 receptor (CSF1R) and a single strand DNA bind-
ing protein 2 (SSBP2), involved in the regulation of
genomic stability and also a fusion partner of JAK2
[10].

Recurrent fusions involving the JAK signaling in-
clude CRLF2 and PAX5. About half of the Ph-like
ALL are characterized by abnormal expression of
CRLF2, which is caused by either translocation into
the immunoglobulin locus IGH or by fusion with the
upstream promoter of a constitutive expressed gene
P2RY8. This expression is often associated with addi-
tional activating mutations in CRLF2, IL7R, JAK1, or
JAK2 [6, 7]. JAK2 has many different fusion partners,
with JAK2 kinase domain retained and constitutively
activated in all the fusions. PAX5-JAK2 fusion is re-
current, leading to loss of differentiation factor PAX5
with activation of JAK2 [11]. Examples of reported
fusions resulted from ABL class- and JAK2 pathway-
associated translocations are summarized in Table 1.

IKZF1 Deletion

Deletion of IKZF1 gene in chromosome 7p has been
detected in a substantial proportion of patients with
Ph-like ALL, predominantly in patients without
other common recurrent cytogenetic abnormalities
[12]. IKZF1 encodes transcription factor Ikaros, with
essential roles in regulating lymphoid differentia-
tion [13]. Significantly, deletion of IKZF1 has been
identified as a predictor of a poor prognosis, associ-
ated with an increased risk of relapse and decreased
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Table 1: Examples of kinase rearrangements and potential targets in BCR-ABL1-like ALL

3’ Gene 5’ Gene Translocation Tyrosine Kinase Inhibitor

ABL class ABL1 ETV6 t(9;12) Dasatinib
rearrangements ABL1 NUP214 t(9;9) Dasatinib

ABL1 RCSD1 t(1;9) Dasatinib
ABL1 RANBP2 t(2;9) Dasatinib
ABL1 SNX2 t(5;9) Dasatinib
ABL1 ZMIZ1 t(9;10) Dasatinib
ABL2 PAG1 t(1;8) Dasatinib
ABL2 RCSD1 t(1;1) Dasatinib
ABL2 ZC3HAV1 t(1;7) Dasatinib
CSF1R SSBP2 t(5;5) Dasatinib
PDGFRB EBF1 t(5;5) Dasatinib
PDGFRB SSBP2 t(5;5) Dasatinib
PDGFRB TNIP1 t(5;5) Dasatinib
PDGFRB ZEB2 t(2;5) Dasatinib

JAK2 or EPOR JAK2 ATF7IP t(9;12) JAK2 inhibitor
rearrangements JAK2 BCR t(9;22) JAK2 inhibitor

JAK2 EBF1 t(5;9) JAK2 inhibitor
JAK2 ETV6 t(9;12) JAK2 inhibitor
JAK2 PAX5 t(9;9) JAK2 inhibitor
JAK2 PPFIBP1 t(9;12) JAK2 inhibitor
JAK2 SSBP2 t(5;9) JAK2 inhibitor
JAK2 STRN3 t(9;14) JAK2 inhibitor
JAK2 TERF2 t(9;16) JAK2 inhibitor
JAK2 TPR t(1;9) JAK2 inhibitor
EPOR IGH t(14;19) JAK2 inhibitor
EPOR IGK t(2;19) JAK2 inhibitor

CRLF2 CRLF2 IGH t(X/Y;14) JAK2 inhibitor
rearrangements CRLF2 P2RY8 t(X/Y;X) JAK2 inhibitor

Other NTRK3 ETV6 t(12;15) Crizotinib
rearrangements PTK2B KDM6A t(X;8) FAK inhibitor

TYK2 MYB t(6;19) TYK2 inhibitor

Note: Each listed fusion product preserves the kinase domain as its 3’ fusion partner. The tyrosine kinase inhibitors are known or
predicted to target the listed kinase in experimental models. Data are based on Reference [7].

event-free survival in pediatric B-ALL [12, 14, 15]. In
addition, deletion of IKZF1 is also a frequent event
in BCR-ABL1-positive ALL and also seen at the pro-
gression of chronic myeloid leukemia to lymphoid
blast crisis [16].

Mechanistically, experimental evidence has sug-
gested that loss of Ikaros activity arrests precursor B-
cells in the adherent, self-renewing, pro-proliferative
phase and promotes their transformation to a malig-
nant state [17, 18]. Moreover, the study by Joshi et al.

[17] has indicated a therapeutic approach for Ikaros-
deleted leukemia, through inhibition of integrin sig-
naling by focal adhesion kinase (FAK) inhibitors.

Targeted Treatment

Ph-like ALL is characterized by a gene-expression
profile similar to that of BCR-ABL1-positive ALL and
is associated with a poor prognosis. Discovery of
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genetic alterations involving ABL or JAK kinases in
Ph-like ALL has offered targeted treatment opportu-
nities with tyrosine kinase inhibitors going beyond
BCR-ABL1-positive leukemia. Extensive preclinical
studies have shown that activation of signaling path-
ways induced by specific translocations is sensitive
to tyrosine kinase inhibitors. Successful responses
of chemotherapy-refractory Ph-like ALL to tyrosine
kinase inhibitor therapy have also been reported
[7, 19, 20]. Clinical trials combining kinase inhibitors
with chemotherapy hold promise to further improv-
ing the treatment of Ph-like ALL. An ongoing Phase
2 clinical trial sponsored by M.D. Anderson Can-
cer Center compares the combination of Ruxolitinib
(JAK1/JAK2 kinase inhibitor) or Dasatinib (ABL-
kinase inhibitor) with chemotherapy in Ph-like ALL
patients [21].
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