
Regular Article

LYMPHOID NEOPLASIA

Targetable kinase gene fusions in high-risk B-ALL: a study from the
Children’s Oncology Group
Shalini C. Reshmi,1,2,* Richard C. Harvey,3,* Kathryn G. Roberts,4,* Eileen Stonerock,1 Amy Smith,5 Heather Jenkins,1

I-Ming Chen,3 Marc Valentine,6 Yu Liu,7 Yongjin Li,7 Ying Shao,4 John Easton,7 Debbie Payne-Turner,4 Zhaohui Gu,4

Thai Hoa Tran,8 Jonathan V. Nguyen,8 Meenakshi Devidas,9 Yunfeng Dai,9 Nyla A. Heerema,2 Andrew J. Carroll III,10

Elizabeth A. Raetz,11 Michael J. Borowitz,12 Brent L. Wood,13 Anne L. Angiolillo,14 Michael J. Burke,15 Wanda L. Salzer,16

Patrick A. Zweidler-McKay,17 Karen R. Rabin,18 William L. Carroll,19 Jinghui Zhang,7 Mignon L. Loh,8,†

Charles G. Mullighan,4,† Cheryl L. Willman,3,† Julie M. Gastier-Foster,1,2,20,† and Stephen P. Hunger21,†

1Institute for Genomic Medicine, Nationwide Children’s Hospital, Columbus, OH; 2Department of Pathology, The Ohio State University College of Medicine,

Columbus, OH; 3University of New Mexico Cancer Center, Albuquerque, NM; 4Department of Pathology, St. Jude Children’s Research Hospital, Memphis,

TN; 5Comprehensive Cancer Center, The Ohio State University College of Medicine, Columbus, OH; 6Department of Cytogenetics and 7Department of

Computational Biology, St. Jude Children’s Research Hospital, Memphis, TN; 8Department of Pediatrics, UCSF Benioff Children’s Hospital and Helen Diller

Family Comprehensive Cancer Center, University of California, San Francisco, San Francisco, CA; 9Department of Biostatistics, University of Florida,

Gainesville, FL; 10Department of Genetics, University of Alabama at Birmingham, Birmingham, AL; 11Department of Pediatrics, University of Utah, Salt Lake

City, UT; 12Department of Pathology, Johns Hopkins University, Baltimore, MD; 13Seattle Children’s Hospital, Seattle, WA; 14Children’s National Medical

Center, Washington, DC; 15Department of Pediatrics, Medical College of Wisconsin, Milwaukee, WI; 16US Army Medical Research and Materiel Command,

Fort Detrick, MD; 17Department of Pediatrics, MD Anderson Cancer Center, Houston, TX; 18Department of Pediatrics, Baylor College of Medicine, Houston,

TX; 19Perlmutter Cancer Center, NYU Langone Medical Center, New York, NY; 20Department of Pediatrics, The Ohio State University College of Medicine,

Columbus, OH; and 21Department of Pediatrics, Children’s Hospital of Philadelphia and Perelman School of Medicine, University of Pennsylvania,

Philadelphia, PA

Key Points

• Ph-like ALL is characterized
by a diverse array of genetic
alterations activating cytokine
receptor and tyrosine kinase
signaling.

• Pediatric patients with Ph-like
ALL can be identified in real
time for effective treatment
stratification.

Philadelphiachromosome-like (Ph-like) acute lymphoblastic leukemia (ALL) is ahigh-risk

subtype characterized by genomic alterations that activate cytokine receptor and kinase

signaling. We examined the frequency and spectrum of targetable genetic lesions in a

retrospective cohort of 1389 consecutively diagnosed patients with childhood B-lineage

ALLwith high-risk clinical features and/or elevatedminimal residual disease at the end of

remission induction therapy. The Ph-like gene expression profile was identified in 341

of 1389 patients, 57 of whom were excluded from additional analyses because of the

presence of BCR-ABL1 (n 5 46) or ETV6-RUNX1 (n 5 11). Among the remaining 284

patients (20.4%), overexpression and rearrangement of CRLF2 (IGH-CRLF2 or P2RY8-

CRLF2) were identified in 124 (43.7%), with concomitant genomic alterations activating

the JAK-STAT pathway (JAK1, JAK2, IL7R) identified in 63 patients (50.8% of those with

CRLF2 rearrangement). Among the remaining patients, using reverse transcriptase

polymerase chain reaction or transcriptome sequencing, we identified targetable ABL-

class fusions (ABL1, ABL2, CSF1R, and PDGFRB) in 14.1%, EPOR rearrangements or JAK2 fusions in 8.8%, alterations activating

other JAK-STAT signaling genes (IL7R, SH2B3, JAK1) in 6.3% or other kinases (FLT3, NTRK3, LYN) in 4.6%, andmutations involving

theRaspathway (KRAS,NRAS,NF1,PTPN11) in 6%of thosewithPh-likeALL.We identified 8new rearrangement partners for 4 kinase

genes previously reported to be rearranged in Ph-like ALL. The current findings provide support for the precision-medicine testing

and treatment approach for Ph-like ALL implemented in Children’s Oncology Group ALL trials. (Blood. 2017;129(25):3352-3361)

Introduction

B-lineage acute lymphoblastic leukemia (B-ALL) is characterized by
recurring sentinel chromosome abnormalities that are important
markers for prognosis and treatment stratification and frequently
deregulate oncogenes or encode proteins that play a critical role in
leukemogenesis, some of which are viable therapeutic targets.1-3

Although long-term survival in childhood ALL now exceeds 85%,

several genetically defined subgroups continue to have poor survival.
One high-risk subtype is Philadelphia chromosome-like (Ph-like) or
BCR-ABL1–like ALL, defined by the presence of a gene expression
profile (GEP) similar to that of Ph1 ALL but lacking the canonical
BCR-ABL1 fusion.4-8 Ph-like ALL accounts for approximately 15%
of childhood B-ALLs, with the frequency increasing to 20% to 25%
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in adolescents and young adults, and is associated with a higher risk
of relapse and death.6,9-13 A majority of patients with Ph-like ALL
harbor somatic genetic alterations that activate kinase and cytokine
receptor signaling.6,9,11,14-16

Previous work by our group described the genomic landscape of
Ph-like ALL in children, adolescents, and young adults.6,14,15,17

Approximately 50% of patients with Ph-like disease overexpress
cytokine receptor–like factor 2 (CRLF2), resulting from a rearrange-
ment that fuses the immunoglobulin heavy chain locus (IGH) with
CRLF2 or, alternatively, an interstitial deletion within the pseudoau-
tosomal region of chromosome X/Y that fuses CRLF2 to the P2RY8
gene promoter.18-22 Approximately half of patients with CRLF2
rearrangements harbor activating point mutations of JAK1 or
JAK2.9,18,20,23,24 This subset may be amenable to targeted therapy
with JAK2 inhibitors, such as ruxolitinib, although response has
varied in preclinical studies of CRLF2-rearranged ALL.25,26 The
remaining patients with Ph-like ALL harbor a variety of kinase
alterations, including fusions involving ABL-class genes (ABL1,
ABL2, CSF1R, and PDGFRB) sensitive to ABL1 tyrosine kinase
inhibitors (TKIs) or rearrangements that create JAK2 fusion proteins
or truncating rearrangements of the erythropoietin receptor (EPOR)
that are sensitive to ruxolitinib in vitro.6,11,14,16,27,28 JAK2 inhibitors
have demonstrated efficacy in patients with myelofibrosis harbor-
ing JAK2 mutations29; however, clinical data regarding their effi-
cacy in patients with ALL harboring JAK-activating alterations are
limited.

Anecdotal reports describe substantial clinical responses to TKIs in
patients with Ph-like ALL and specific genomic rearrangements,
providing a compelling rationale for developing strategies to identify
such patients in real time and test TKI therapy in genetically defined
subsets.6,16,28,30 However, a wide variety of genomic alterations are
present in patients with Ph-like ALL, making diagnostic molecular
characterization complex. Our analysis of 1725 patients with B-ALL
identified multiple fusion partners for ABL1 (n 5 6), ABL2 (n 5 3),
PDGFRB (n 5 4), and JAK2 (n 5 10), some with different genomic
breakpoints producing distinct fusion transcripts,6 as well as 4 different
genomic rearrangements that produce an activated, truncated EPOR.14

Other studies have demonstrated awide variety ofABL-class and JAK2
fusions.31-33 Herein we describe the development of an algorithm for
genomic testing to identify Ph-like ALL and targetable kinase and
cytokine receptor alterations in B-ALL suitable for treatment stratifica-
tion. This algorithm was applied to an unselected cohort of 1389
consecutive patients with high-risk B-ALL enrolled in Children’s
Oncology Group (COG) clinical trials.

Methods

Patients and samples

We retrospectively studied 1389 consecutively enrolled, newly diagnosed
patients with B-ALL between 2010 and 2014. Samples were selected based on
availability of cryopreserved leukemia blasts from patients meeting eligibility
criteria for COG clinical trial AALL1131 (NCT01406756). The criteria for
enrollment in AALL1131 included National Cancer Institute (NCI) high-risk
status at diagnosis (age$10 years and/or initial white blood cell [WBC] count
$50 000/mL; 884 [64%] of 1339 patients). The remaining 36% of patients
(505 of 1389) analyzed had NCI standard-risk ALL (age,10 years and WBC
,50 000/mL) and were originally enrolled in COG AALL1131 at the time of
diagnosis (n5 37) because of central nervous system or testicular leukemia or
prior corticosteroid treatment. Alternatively, patients were enrolled in the COG
standard-risk ALL trial AALL0932 (NCT01190930) at the time of diagnosis
(n 5 468) and became eligible for COG AALL1131 at the end of induction

because of minimal residual disease (MRD) levels $0.01% (Figure 1).34,35

Because we were interested in identifying patients with new targetable kinase
fusiongenes amenable toprecision-medicine therapies,NCI standard-riskpatients
with known BCR-ABL1 (targetable fusion already known) or ETV6-RUNX1
fusions (known not to have targetable kinase fusion genes) were not included in
the samples selected for analysis. Patients with Down syndrome were also
excluded from these analyses. Patients and/or their parent(s)/guardian(s) provided
informed consent for clinical trial participation, banking, and future
research. All analyses were approved by the institutional review boards of
Nationwide Children’s Hospital, the University of New Mexico, and St.
Jude Children’s Research Hospital.

Identification of Ph-like ALL and genomic characterization

All patient caseswere analyzed using a TaqManLDApolymerase chain reaction
(PCR)assayona384-wellmicrofluidic card (supplemental Figure1, availableon
theBloodWeb site). TheGEP used to define Ph-likeALL by prediction analysis
for microarray36 was used to develop an 8-gene quantitative assay optimized to
identify patients with Ph-like disease with targetable kinase gene alterations.11,37

An integrated score between 0 and 1was generated from the 8-gene assay, with a
predictive score$0.5 considered Ph-like. Assays for expression of the 8 genes
involved in the LDA predictor (JCHAIN, SPATS2L, CA6, NRXN3, MUC4,
CRLF2,ADGRF1,BMPR1B)were performed in duplicate alongwith individual
reverse transcriptase PCR (RT-PCR) assays forP2RY8-CRLF2 (2 splice forms),
BCR-ABL1 (b2a2/b3a2 and e1/a2 isoforms), and ETV6-RUNX1 (4 isoforms).
Both BCR-ABL1 and ETV6-RUNX1 fusions were included on the LDA card
as validation for use in future prospective screening algorithms. Expression of
predictor and fusion genes was internally normalized to an endogenous control
gene (EEF2), and levels were expressed in units of DCt (predictor/fusion Ct –

EEF2 Ct). Patient cases of Ph-like disease that were BCR-ABL11 or ETV6-
RUNX11were excluded from further analysis because either a targetable kinase
lesion had already been identified (BCR-ABL1) or a targetable kinase fusion
had not been identified in comprehensive genome/RNA-sequencing analyses
of ETV6-RUNX1 ALL.38-40

Any patient case determined to have elevatedCRLF2 expression (CRLF2high;
defined asDCt#6 byLDA)was assessed forP2RY8-CRLF2 byTaqmanPCRon
the LDA card or for IGH-CRLF2 by fluorescence in situ hybridization (FISH).9

ThosewithCRLF2high were also assessed for the presence of a concomitant JAK1
or JAK2 mutation by Sanger sequencing.9 All identified coding variants were
confirmed to be somatic by comparison with matched remission DNA.

RT-PCR for kinase fusions

The remaining Ph-like CRLF2low patient cases were subject to multiplex and
singleplex RT-PCR assays for previously identified kinase fusions; 2mg of total
RNA isolated using TRIzol (Life Technologies, Carlsbad, CA) was used to
prepare complementary DNA (cDNA) with a High-Capacity cDNA Reverse
Transcription Kit (Life Technologies), and 2.5mg of cDNA (equivalent to 50 ng
of startingRNA)was used to test samples for previously identified kinase fusions
involving ABL1, ABL2, CSF1R, JAK2, NTRK3, and PDGFRB by RT-PCR
(supplemental Table 1).6,15

IL7R mutation analysis

IL7Rmutationswere analyzed in 173 Ph-like samples as previously described.41

These included patient cases that were LDA1 but were either negative by other
assays (eg, JAK mutational analysis, multiplex PCR fusion testing) or not
analyzed using RNA sequencing methods.

Detection of fusion transcripts by RNA kinome capture and

transcriptome sequencing

CRLF2low patient cases with no kinase gene fusion identified by multiplex or
singleplex PCR and CRLF2high patient cases without CRLF2 rearrangement
underwent RNA kinome capture and total-stranded whole-transcriptome
sequencing (RNAseq), performed in parallel. All identified fusions were
confirmed via bidirectional Sanger sequencing. RNA kinome capture and
sequencing were performed using an Agilent SureSelect RNA Kinome Capture
Kit (Agilent Technologies, Inc., Santa Clara, CA) including 612 genes (571
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kinases). Library preparation was performed using capture baits and RNA-
sequencing library preparation kits (Agilent Technologies or Illumina; New
England Biolabs, Inc., Ipswitch, MA) and sequenced using the Illumina HiSeq
2000. Fusion screening was accomplished by Geospiza GeneSifter (Geospiza,
Inc. [PerkinElmer], Seattle,WA)withChimeraScan.42,43RNAseqwasperformed
using the TruSeq library preparation on the Illumina HiSeq 2000 platform. To
detect kinase fusions, samples were analyzed using CICERO6 and Fusion-
Catcher.44 Sequence mutations were analyzed using the GATK pipeline.45

Genomic data have been deposited at the European Genome Phenome archive
accession EGAS00001001952. Sequencing metrics (supplemental Table 2) and
processing details are provided in the supplemental data.

Results

Identification of Ph-like ALL and clinical characteristics

Of 1389 patient cases analyzed, 341 (24.6%) had a Ph-like GEP by
LDA. Those with BCR-ABL1 (n 5 46; all NCI high risk) or ETV6-

RUNX1 (n511; allNCIhigh risk)were excluded fromfurther analysis.
The remaining 284 patient cases (20.4%) of Ph-like ALL, including
198 (22.4%) of 884 with NCI high-risk ALL and 86 (17.0%) of 505
withNCI standard-riskALL, thatmet eligibility criteria forAALL1131
underwent testing according to the algorithm (Figure 1; supplemental
Table 3). The sex distribution of patients with Ph-like ALL (57.4%
male) was similar to that of patients with non–Ph-like disease (55.0%
male; P 5 .473). Patients with Ph-like disease comprised a higher
proportion of those$10 years of age (25.8%) as compared with those
age ,10 years (16.7%; P , .0001) and had a significantly higher
diagnosticWBC count using a cutoff of 503 109/L (40.5% vs 30.4%;
P, .001), 1003 109/L (24.3% vs 13.8%; P, .001), or 2003 109/L
(8.5% vs 5.4%; P5 .049).

CRLF2 alterations

Among these 284 patient cases of Ph-like ALL, 155 (54.6%) were
CRLF2high, with P2RY8-CRLF2 in 63 (22.2% of those with Ph-like
disease) and IGH-CRLF2 rearrangement in 61 (21.5%). Among the 61
patient cases with confirmed IGH-CRLF2 fusions, 60 (98.4%) had a

AALL1131 (n=37)

NCI SR
age <10 years
WBC <50,000/ul
with CNS, testicular
or prior corticosteroid
treatment

Assessed by LDA (n=1389)

LDA positive (n=341)

Ph-like ALL (n=284)

Excluded (n=57)
  BCR-ABL1 positive (n=46)
  ETV6-RUNX1 positive (n=11)

Excluded (n=1048)
  LDA negative

AALL1131 (n=884)

NCI HR
age ≥10 years
WBC ≥50,000/ul

AALL0932 (n=468)

NCI SR
age <10 years
WBC <50,000/ul
with MRD ≥0.01% at
end induction without
t(9;22) or t(12;21)

CRLF2low (n=129)
delta CT>6

ABL1-class (n=33)
JAK2-R (n=13)
EPOR-R (n=10)
Other fusion (n=2)
P2RY8-CRLF2 (n=1)
FLT3 mut (n=9)
JAK-STAT mut (n=17)
Ras mut (n=12)
No kinase (n=30)
QNS (n=2)

CRLF2high (n=155)
delta CT≤6

IGH-CRLF2
(n=61)

P2RY8-CRLF2
(n=63)

Negative
(n=31)

ABL1-class (n=7)
JAK2-R (n=1)
EPOR-R (n=1)
Other fusion (n=0)
FLT3 mut (n=2)
JAK-STAT mut (n=1)
Ras mut (n=5)
No kinase (n=12)
QNS (n=2)

JAK1 mut (n=3)
JAK2 mut (n=22)
IL7R mut (n=1)
JAK1 mut +
IL7R mut (n=1)
Negative (n=34)

JAK1 mut (n=6)
JAK2 mut (n=24)
IL7R mut (n=6)
Negative (n=27)

Figure 1. Algorithm used for analysis of patient

cases. Testing pipeline developed for downstream char-

acterization of low-density array1 (LDA1) patient cases for

identification of specific genetic events to allocate sub-

groups for specific targeted therapies with ABL-class TKIs

and JAK inhibitors. CNS, central nervous system; HR, high

risk; mut, mutation; QNS, quantity not sufficient; R,

rearrangement; SR, standard risk.
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CRLF2 DCt#4, whereas 47 (74.6%) of 63 patient cases with P2RY8-
CRLF2 had CRLF2 DCt #4 (P 5 .0001). Overall, rearrangement of
CRLF2 was identified in 124 (80%) of 155 LDA1 CRLF2high patient
cases, with an overall frequency of 43.7% (124 of 284) in patient cases
of Ph-likeALL.Of the 124 patient cases ofCRLF2-rearranged disease,
63 (50.8%) harbored concomitant activating mutations in either JAK1
(n5 10), JAK2 (n5 46), or IL7R (n5 8). Notably, 1 patient harbored
activating alterations in both JAK1 and IL7R (Figure 2).

Additional kinase alterations in Ph-like ALL

The 160 patients with Ph-like disease without CRLF2 rearrangement,
including 129 with CRLF2low disease and 31 with CRLF2high disease
lacking CRLF2 rearrangement, were assessed for additional kinase
alterations, initially by RT-PCR for known fusions and, if negative, by
kinome capture andRNAsequencing (supplemental Table 1).6Of these,
35 had kinase fusions involving ABL-class genes, JAK2, or EPOR
identified byRT-PCR. Identification of other kinase fusions inRT-PCR-
negative patients was achieved primarily with RNA sequencing. Of the
30 patients with a fusion involving ABL-class genes, JAK2, or EPOR
identifiedbyRNAsequencing,kinomecapturewasperformed inparallel
in 27, with the kinase fusion identified in 16 of the 27, whereas 11 were
negative by kinome capture. Those not identified by kinome capture
included 2 new fusions (known kinases with new 59 partners) and 9
patients with IGH-EPOR rearrangement. Two patients with IGH-EPOR
identified by RNA sequencing were not tested using kinome capture.
Similarly, JAK-STAT–activating mutations were only identified by
RNA sequencing. Two patient cases with a kinase fusion identified by
kinome capture did not undergo further RNA sequencing (NUP153-
ABL1 and TNIP1-PDGFRB). Together, 113 of 156 patient cases with
Ph-like ALL without CRLF2 rearrangement (72.4%) with evaluable

material harbored a genomic alteration predicted to activate kinase or
cytokine receptor signaling(Figure3), including40withABL-class fusions
(ABL1, n5 17; ABL2, n5 4;CSF1R, n5 4; and PDGFRB, n5 15), 14
with JAK2 fusions, 11 with EPOR rearrangement, 1 each with anNTRK3
and LYN fusion, and 11 with an activating FLT3 mutation (10 internal
tandem duplications similar to those identified in acute myeloid leukemia
and 1 missense V579G mutation). We also observed sequence mutations
andcopy-numberalterations ingenesactivatingJAK-STATsignalingin20
patients, including IL7R (n 5 14), SH2B3 (n 5 7), and JAK1 (n 5 2).
Notably, 3 patients harbored a concomitant IL7R mutation and SH2B3
deletion, and 2 patients harbored an FLT3 internal tandem duplication
mutation with SH2B3 deletion. Nineteen patients harbored missense
mutations inRas pathwaygenes, includingKRAS (n511),NRAS (n56),
NF1 (n 5 1), and PTPN11 (n 5 1). One of the NRAS mutations was
identified in a patient with ZMIZ1-ABL1 and another in a patient with an
SH2B3missense mutation.We also identified 1 P2RY8-CRLF2 fusion by
LDA in a patient with CRLF2low gene expression (DCt, 7.4). Forty-two
patients cases with Ph-like disease (14.8%; including 12 [7.7%] of 155
CRLF2high and 30 [23.3%] of 129 CRLF2low; P, .001) lacked a kinase
alterationbyRNAseqanalysis,39ofwhichhadanLDAvalue#0.65.Four
patient cases lacked material for complete evaluation (supplemental
Figure 2).

All fusion-positive patient cases were confirmed to have in-frame
fusionof the59partner to the39kinasegene and retentionof the tyrosine
kinase domain of the 39 fusion partner. The 17 ABL1 fusions identified
included 5 known 59 partners (ETV6, NUP214, RANBP2, RCSD1,
andZMIZ1,with alternate breakpoints identified inETV6 andNUP214)
and 3 novel 59 partners: CENPC1, NUP153, and LSM14A; the 4
ABL2 fusions involved previously known 59 partners (RCSD1 and
ZC3HAV1). The 4 CSF1R fusions involved 1 known 59 partner
(SSBP2) and 1 novel partner (TBL1XR1); the 15 PDGFRB fusions
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Figure 2. Genetic alterations in patients with Ph-like ALL with CRLF2 rearrangement. (A) Genomic landscape of CRLF2 rearrrangements. (B) Protein plot of sequence

mutations in JAK1 and JAK2.
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included 1 previously known 59 partner (EBF1) and 3 novel partners
(ETV6, TNIP1, and ZMYND8). The 14 JAK2 fusions involved 8
different 59 partners, 5 of which were known (ETV6, SSBP2, BCR,
PAX5, and PCM1) and 3 of which were novel (RFX3, USP25, and
ZNF274), with alternate breakpoints identified in SSBP2, BCR, and
PAX5. We detected the previously reported ETV6-NTRK3 fusion in
1 patient and a GATAD2A-LYN fusion in another (Table 1; Figures 3
and 4). Although a majority of the fusions involved interchromosomal
translocations, several fusions could have arisen from interstitial
deletions within 1q24.2-q25.2 (RCSD1-ABL2), 5q14.1-q23.2 (SSBP2-
CSF1R), 5q32 (TNIP1-PDGFRB), 5q32-q33.3 (EBF1-PDGFRB),

9p24.1-p24.2 (RFX3-JAK2), 9p13.2-p24.1 (PAX5-JAK2), or
9q34.12-q34.13 (NUP214-ABL1).

In total, 238 (83.8%) of 284 patients with Ph-like ALL harbored a
genetic alteration activating kinase or cytokine receptor signaling.
Those with higher LDA values were more likely to have targetable
kinase alterations and particularly ABL-class fusions; 98% of patients
(50 of 51) with LDA values $0.8 harbored a CRLF2 rearrangement
(n528) or other kinase fusion (n522),whereas 30.2% (26of 86)with
LDA values between 0.5 and 0.59 harbored a targetable fusion
involving CRLF2 (n 5 21) or another kinase (n 5 5; P , .0001;
supplemental Figure 3). We observed differences in the spectrum and
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Figure 3. Genetic alterations in patients with Ph-like disease without CRLF2 rearrangement.

Table 1. Kinase fusions identified in Ph-like ALL

Kinase TKI Novel partners, n
Partners to

date, n
Patient cases in
current study, n

59 Fusion partners
in current study

ABL1 Dasatinib 3 12 17 CENPC,* ETV6, LSM14A,* NUP153,* NUP214,

RANBP2, RCSD1, ZMIZ1

ABL2 Dasatinib 0 3 4 RCSD1, ZC3HAV1

CSF1R Dasatinib 1 2 4 SSBP2, TBL1XR1*

PDGFRB Dasatinib 1 6 15 ATF7IP, EBF1, TNIP1, ZMYND8*

LYN Dasatinib 1 2 1 GATAD2A*

JAK2 JAK2 inhibitor 3 14 14 BCR, PAX5, PCM1, RFX3,* USP25,* ZNF274*

EPOR JAK2 inhibitor 0 2 11 IGH

NTRK3 TRK inhibitor 0 1 1 ETV6

*Indicates new 59 fusion partner identified.
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distribution of kinase alterations in the standard- vs high-risk cohorts
(supplemental Figure 4). Compared with the standard-risk cohort
eligible for AALL1131, patients with Ph-like ALL meeting NCI
high-risk criteria had a higher prevalence of CRLF2 rearrangement
(48.5% vs 33.7%; P, .02) and ABL-class fusions (17.7% vs 5.8%;
P5 .0087), with fewer Ras pathway alterations (3.0% vs 12.8%;
P5 .0044) and instances of no kinase alteration being identified
(9.1% vs 27.9%; P , .0001; Table 2).

Among the remaining 41 patient cases with available material for
RNAseq, 12harbored fusions inadditional genesnot involved inkinase
or cytokine receptor signaling, including MEF2D (n 5 4) and ETV6
(n5 2; supplemental Table 3).

Analysis of LDA-negative patient cases

To determine whether the screening algorithm in this study was
sensitive for detection of potentially targetable kinase fusions, we
analyzed patient cases with LDA values below the threshold of 0.5. Of
the 1048 LDA-negative patient cases, 6 had P2RY8-CRLF2 fusion
detected by LDA and 3 harbored IGH-CRLF2 detected by FISH. The
LDA values for these patient cases with CRLF2 rearrangement ranged
from 0.419 to 0.488, and all were CRLF2high with CRLF2 DCt values
ranging from 2.2 to 5.8. A total of 194 additional patient cases
underwent the multiplex/singleplex PCR panel (3 with LDA values

between 0.25 and 0.3 [all standard risk]; 132with LDAvalues between
0.40 and 0.449 [standard risk, n5 68; high risk, n5 64]; and 59 with
LDA values between 0.45 and 0.499 [standard risk, n5 31; high risk,
n 5 28]), and 63 patient cases underwent RNA sequencing (31 with
LDAvalues between 0.40 and 0.449 and 32 with LDA values between
0.45 and 0.499). The 194 patients analyzed had characteristics similar
to the 854 patients not tested, with respect to sex, Hispanic ethnicity,
age, and initial WBC count (P5 .299-1.0) but were more likely to be
NCI standard risk (P, .001). No potentially targetable kinase fusions
involving ABL1, ABL2, CSF1R, PDGFRB, JAK2, NTRK3, or EPOR
rearrangement were identified. We did identify 1 potentially targetable
fusion involving the fibroblast growth factor receptor 1 gene,HOOK3-
FGFR1, with an LDA value of 0.47. Other fusions identified in this
cohort included TCF3-PBX1 (n 5 4) and MEF2D (n 5 3) and 2
rearrangements each involving ETV6, PAX5, IGH, and NUTM1
(supplemental Table 4).

Discussion

Patients with Ph-like ALL have significantly inferior event-free and
overall survival, emphasizing the clinical importance of identifying
those who could potentially benefit from targeted therapy.4-6,10-12,15
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Figure 4. Karyotype ideogram summary of actionable gene fusions identified to date in adult and pediatric high-risk B-ALL. 39 Kinase gene partners are in bold.
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Here we determined the frequency of kinase-activating lesions in 1389
patients with B-ALL enrolled in or eligible for COG protocol
AALL1131 for high-riskALL identified as Ph-like by LDA (n5 284;
20.4%). Of note, wewere not able to assess outcome in these patients,
because these data were not yet mature and were not available for
analysis. It will be interesting to determine whether MRD-based
risk-directed therapy can salvage the poor outcome for these
patients, as has previously been reported for patients in St. Jude
clinical trials, although a number of patients with Ph-like ALL
in those trials underwent stem-cell transplantation because of
elevated MRD.46

We observed rearrangement of CRLF2 in 43.7% of patient cases of
Ph-likeALL,with similarprevalenceofP2RY8-CRLF2and IGH-CRLF2.
This differs from CRLF2 fusion partner ratios of 2.1:1 and 5:118,19 for
P2RY8:IGH reported in other studies18,19,47 and was likely a result of the
different ethnic composition andNCI risk stratificationof our study cohort
and the comprehensive FISH analyses performed.Of the 61 IGH-CRLF2
fusions identified, 56 (91.8%) occurred in NCI high-risk patients and 5 in
standard-risk patients. The frequency of self-declared Hispanic/Latino
ethnicity was 27.6% among the 1389 patients analyzed, 37.0% (106 of
284) among patientswith Ph-likeALL (P5 .0002 for Ph-like vs overall),
30.2%(19of63) amongpatientswithP2RY8-CRLF2, and59%(36of61)
among patients with IGH-CRLF2 (P 5 .0012 for P2RY8- vs IGH-
CRLF2). Similar to prior reports, point mutations of JAK2 or JAK1were
present in approximately half (45.2%) of those with CRLF2-rearranged
disease.6,9,15,20,23 Coexpression of genomic lesions causing CRLF2
overexpression and JAK1/2 mutations is transforming in vitro and
promotes lymphoid transformation.18,48 Regardless of JAK status,
cells with CRLF2 deregulation are frequently sensitive to JAK and
mTOR inhibitors, although variations in response have been
observed.25,49

Anadditional22.8%ofpatientswithPh-likeALLharbored targetable
kinase fusions involving ABL-class genes, JAK2, or EPOR (45.0% of
LDA1 CRLF2low patient cases and 5.8% of LDA1 CRLF2high patient
cases). Functionally, overexpressionof fusionproteins encodedbyABL1,
ABL2, CSF1R, or PDGFRB rearrangement phenocopies BCR-ABL1 in
vitro, with similar transforming capabilities and analogous sensitivity
to the ABL inhibitors imatinib and dasatinib.6,15 These data suggest that
patients harboring ABL-class fusions are candidates for testing ABL

inhibitors in combination with chemotherapy, an approach that has
revolutionized treatment of pediatric Ph1ALL.50-52 In addition, the novel
GATAD2A-LYN fusion is predicted to activate SRC signaling and also
respond to dasatinib31,53; functional studies are ongoing.

Other targetable genomic lesions in patients with Ph-like ALL
lacking CRLF2 rearrangement include JAK2 fusions and EPOR
rearrangement, both of which are sensitive to ruxolitinib in vitro
and in vivo, suggesting that small-molecule JAK inhibitors merit
testing in this Ph-like ALL subset.14,25,49 Other subgroups of Ph-like
ALL include patients who harbor activating sequence mutations or
copy-number alterations activating JAK-STAT signaling, including
IL7R, SH2B3, and JAK1 (collectively 6.3%). Preclinical studies
suggest the efficacy of JAK inhibitors should also be assessed in
patients harboring these JAK-STAT pathway alterations.25 Of note,
3.9% of patients with Ph-like disease in this study harbored FLT3-
activating alterations, with strong preclinical data suggesting US Food
and Drug Administration–approved FLT3 inhibitors are logical agents
to test in this subgroup.54 The remaining;15%of patientswithPh-like
disease had other genomic lesions that do not seem to target cytokine or
receptor signaling, with no obvious therapeutic implications.

The population of patients in this study was based on eligibility
criteria for the COGAALL1131 clinical trial, which included those
with NCI high-risk ALL and those with NCI standard-risk disease
with central nervous system or testicular leukemia, steroid
pretreatment, or MRD $0.01% at end of induction. This study
was not designed to assess the frequency of Ph-like ALL and kinase
alterations in an unselected cohort of patients with standard-risk
ALL. Despite this, we still observed significant differences in the
genetic characteristics of patients with Ph-like ALL based on initial
NCI risk stratification, even though 79.5% (66 of 83) of those with
Ph-like ALL with NCI standard-risk disease were MRD1 vs only
56.5% (108 of 191) of patients with high-risk Ph-like ALL. The
incidence of Ph-like ALL was modestly lower in the tested NCI
standard-risk patients compared with the NCI high-risk patients
(17.0% vs 22.4%; P 5 .019). This is likely because patients with
Ph-like ALL are older and tend to have higher WBC count at
diagnosis and are therefore more likely to present with NCI high-
risk features. In total, 10.9% of NCI high-risk patients had Ph-like
disease with CRLF2 rearrangement compared with 5.7% of tested

Table 2. Frequency of kinase alterations

Subgroup
NCI high risk

(n 5 884), n (%)
NCI standard risk,
(n 5 505), n (%)

Total (n 5 1389),
n (%)

P, high vs
standard risk*

Ph-like ALL 198 (22.4) 86 (17.0) 284 (20.4) .019

CRLF2 rearrangement 96 (10.9) 29 (5.7) 125 (9.0) .0012

IGH-CRLF2 56 (6.3) 5 (1.0) 61 (4.4) ,.001

P2RY8-CRLF2 40 (4.5) 24 (4.8) 64 (4.6) .89

CRLF2 rearrangement with JAK-STAT

mutation

46 (5.2) 17 (3.4) 63 (4.5) .14

CRLF2 rearrangement without JAK-STAT

mutation

50 (5.7) 12 (2.4) 62 (4.5) .0043

Non-CRLF2 102 (11.5) 57 (11.3) 159 (11.4) .93

ABL1-class fusions† 35 (4.0) 5 (1.0) 40 (2.9) .0012

JAK2 rearrangement 9 (1.0) 5 (1.0) 14 (1.0) .99

EPOR rearrangement 11 (1.2) 0 (0) 11 (0.8) .0095

Other kinase‡ 7 (0.8) 6 (1.2) 13 (0.9) .56

Other JAK-STAT§ 12 (1.4) 6 (1.2) 18 (1.3) .99

Ras 6 (0.7) 11 (2.2) 17 (1.2) .021

No kinase identified 18 (2.0) 24 (4.8) 42 (3.0) .0055

*Fisher’s exact test.

†ABL1-class: ABL1, ABL2, CSF1R, PDGFRB.

‡Other kinase: NTRK3, LYN, FLT3.

§Other JAK-STAT: IL7R, SH2B3, JAK1.
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standard-risk patients (P5 .0012; Table 2). There were similar overall
percentages of patientswithP2RY8-CRLF2 (4.5%ofhigh-risk and4.8%
of tested standard-risk patients); however, poor-prognosis IGH-CRLF2
status was much more common in high-risk than tested standard-risk
patients (6.3% vs 1.0%; P , .001). We also observed an increased
prevalence of other targetable kinase fusions in the high-risk vs tested
standard-risk cohort (6.3%vs1.0%).The frequencyof JAK2 fusionswas
similar between theNCI high-risk and tested standard-risk patients, with
increased frequencyofABL-class fusions (4.0%vs1.0%;P5 .0012) and
EPOR rearrangement (1.2% vs 0%; P5 .01) observed in NCI high-risk
compared with tested NCI standard-risk patients with ALL. Compared
with our previous report on unselected patients with NCI standard-
risk ALL, where Ph-like status was defined by prediction analysis for
microarray analysis of microarray data, the frequency of Ph-like ALL
was increased in our current selected standard-risk cohort (10%vs17%);
however, the frequency of targetable kinase fusions was similar in both
standard-risk cohorts (0.6%vs1.0%).6These data suggest that targetable
kinase fusions are less common in patients classified as having standard-
risk ALL based on initial NCI criteria of age and WBC count, even
among those with a poor initial response to therapy, and likely
help to explain the lower frequencies of these lesions reported by
some groups that have screened cohorts of unselected patients
with ALL.46

Given the ongoingdiscovery of new fusions andnew splice variants
of known fusions, screening with RT-PCR assays for known fusions
will not identify fusions with novel breakpoints or 59 fusion partners.
Themost comprehensive approachwould be to performunbiasedRNA
sequencing on all patient cases of ALL or on the subset of patient cases
defined as having a Ph-like GEP signature. This approach is currently
challenging, particularly for clinical trials involving large numbers of
patients frommultiple sites (.1800patientswithB-ALLare enrolled in
COG ALL trials by .200 centers per year), but will likely become
feasible as sequencing costs continue to decline and the speed of
bioinformatic analysis improves. We explored a kinome capture
RNA-sequencing approach in the current study but found that this
assay lacks significant cost and efficiency advantages over full
RNA sequencing.Other technologies thatmight be used include the
assay based on Nanostring (Seattle, WA) and a commercially
available anchored multiplex PCR assay (ArcherDx, Inc., Boulder,
CO) based on targeted next-generation sequencing with the
potential ability to detect any fusion associated with a 39 kinase
gene partner.

These data show that 20.4% of children, adolescents, and young
adults with B-ALL and high-risk clinical features as defined in this
study have Ph-like ALL defined by the LDA$0.5 threshold. Among
these patients, 83.8% had cytokine receptor– or kinase-activating
alterations, confirming and extending our previous observation that,
although Ph-like ALL has a complex range of genomic lesions, the
underlying alterations seem to be associated with a limited number of
pathways, including ABL-class and JAK-STAT signaling, that are
sensitive in vitro to US Food and Drug Administration–approved
TKIs and JAK small-molecule inhibitors.6,28 Although somewhat
complex, the LDA screening and downstream testing approach
we have developed and described in this study is feasible for screening
patients in the context of treatment stratification. Our data demonstrate
that theLDA threshold of 0.5 is robust,with only 1 of 194 patient cases
with an LDA value ,0.5 tested having a kinase fusion (HOOK3-
FGFR1). Similar to our prior reports,6,9,18,47 a small subset of patients
with CRLF2 rearrangement (9 [6.8%] of 133) did not have a Ph-like
GEP but did exhibit high CRLF2 expression. On the basis of these

results, we implemented the LDA assay and downstream testing
algorithm in COG AALL1131 in 2016. Patients with NCI high-risk
Ph-like ALL and ABL-class fusions are eligible to have dasatinib
added to their backbone chemotherapy regimen. Those patients with
Ph-like ALL and JAK-STAT pathway lesions, including CRLF2
rearrangement with or without JAK mutations, JAK2 fusions, EPOR
rearrangement, or IL7R rearrangement, are eligible to enroll in COG
AALL1521 (NCT02723994), in which ruxolitinib is added to
combination chemotherapy.

Acknowledgments

The authors wish to thank Erik Zmuda at Nationwide Children’s
Hospital for technical assistance and Joshua Stokes fromBiomedical
Communications at St. Jude Children’s Research Hospital for the pie
charts.

This work was supported by grants from St. Baldrick’s
Foundation (S.P.H., C.G.M., andM.L.L.) the Leukemia Lymphoma
Society (W.L.C., S.P.H., and C.G.M.), the National Institutes of
Health, National Cancer Institute (U10 CA 180886, U10 CA
180899, and P30 CA021765), and the National Institutes of Health,
National Institute of General Medical Sciences (P50 GM115279).
M.L.L. is the Benioff DistinguishedChair of Children’s Health. S.P.H.
is the Jeffrey E. Perelman Distinguished Chair in Pediatrics at the
Children’s Hospital of Philadelphia. K.G.R. is an American Society of
Hematology Scholar.

The opinions and assertions contained herein are the private
views of the authors and are not to be construed as the official policy
or position of the US Government, the Department of Defense,
the Department of the Air Force, or the US Food and Drug
Administration.

Authorship

Contribution: S.C.R., R.C.H., K.G.R., and S.P.H. prepared the
manuscript; E.S., A.S., H.J., I.-M.C., M.V., K.G.R., Y.S., D.P.-T.,
and Z.G. performed experiments; S.C.R., R.C.H., Y. Liu, Y. Li, J.Z.,
K.G.R., J.E.,M.D.,N.A.H.,A.J.C.,M. J. Borowitz, B.L.W.,C.G.M.,
C.L.W., and S.P.H. analyzed data; E.A.R., A.L.A., M. J. Burke,
W.L.S., P.A.Z.-M., K.R.R., W.L.C., M.L.L. and S.P.H. provided
patient samples; and all authors edited and approved the manuscript.

Conflict-of-interest disclosure: The Ph-like gene expression
classifier used in this work is covered in part by issued US Patent
#8568974 (inventors: C.L.W., R.C.H., and I.-M.C.; assignees:
STC.UNM and Sandia Corporation) and pending US application
#20140322166 (inventors: C.L.W., S.P.H., C.G.M., I.-M.C., K.G.R.,
and R.C.H.; applicants: STC.UNM, St. Jude Children’s Research
Hospital, and the Children’s Hospital of Philadelphia on behalf of the
Children’s Oncology Group).

ORCID profiles: R.C.H., 0000-0002-4904-9767.
Correspondence: Shalini C. Reshmi, Institute for Genomic

Medicine, Department of Pathology, Room C0839, 700 Children’s
Dr, Nationwide Children’s Hospital, Columbus, OH 43205; e-mail:
shalini.reshmi@nationwidechildrens.org; and Richard C. Harvey, 2325
Camino de Salud NE, CRF-107 (MSC 08-4640), Albuquerque, NM
87131; e-mail: rharvey@salud.unm.edu.

BLOOD, 22 JUNE 2017 x VOLUME 129, NUMBER 25 TARGETABLE KINASE FUSIONS IN HIGH-RISK B-ALL 3359

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/129/25/3352/1364378/blood758979.pdf by guest on 07 M

ay 2024

http://orcid.org/0000-0002-4904-9767
mailto:shalini.reshmi@nationwidechildrens.org
mailto:rharvey@salud.unm.edu


References

1. Hunger SP, Mullighan CG. Redefining ALL
classification: toward detecting high-risk ALL and
implementing precision medicine. Blood. 2015;
125(26):3977-3987.

2. Pui CH, Yang JJ, Hunger SP, et al. Childhood
acute lymphoblastic leukemia: progress through
collaboration. J Clin Oncol. 2015;33(27):
2938-2948.

3. Moorman AV, Enshaei A, Schwab C, et al. A novel
integrated cytogenetic and genomic classification
refines risk stratification in pediatric acute
lymphoblastic leukemia. Blood. 2014;124(9):
1434-1444.

4. Den Boer ML, van Slegtenhorst M, De Menezes
RX, et al. A subtype of childhood acute
lymphoblastic leukaemia with poor treatment
outcome: a genome-wide classification study.
Lancet Oncol. 2009;10(2):125-134.

5. Mullighan CG, Su X, Zhang J, et al; Children’s
Oncology Group. Deletion of IKZF1 and prognosis
in acute lymphoblastic leukemia. N Engl J Med.
2009;360(5):470-480.

6. Roberts KG, Li Y, Payne-Turner D, et al.
Targetable kinase-activating lesions in Ph-like
acute lymphoblastic leukemia. N Engl J Med.
2014;371(11):1005-1015.

7. Harvey RC, Mullighan CG, Wang X, et al.
Identification of novel cluster groups in pediatric
high-risk B-precursor acute lymphoblastic
leukemia with gene expression profiling:
correlation with genome-wide DNA copy number
alterations, clinical characteristics, and outcome.
Blood. 2010;116(23):4874-4884.

8. Ofran Y, Izraeli S. BCR-ABL (Ph)-like acute
leukemia-Pathogenesis, diagnosis and
therapeutic options. Blood Rev. 2017;31(2):11-16.

9. Harvey RC, Mullighan CG, Chen IM, et al.
Rearrangement of CRLF2 is associated with
mutation of JAK kinases, alteration of IKZF1,
Hispanic/Latino ethnicity, and a poor outcome
in pediatric B-progenitor acute lymphoblastic
leukemia. Blood. 2010;115(26):5312-5321.

10. Loh ML, Zhang J, Harvey RC, et al. Tyrosine
kinome sequencing of pediatric acute
lymphoblastic leukemia: a report from the
Children’s Oncology Group TARGET project.
Blood. 2013;121(3):485-488.

11. Roberts KG, Gu Z, Payne-Turner D, et al. High
frequency and poor outcome of Philadelphia
chromosome-like acute lymphoblastic leukemia
in adults. J Clin Oncol. 2017;35(4):394-401.

12. van der Veer A, Waanders E, Pieters R, et al.
Independent prognostic value of BCR-ABL1-like
signature and IKZF1 deletion, but not high CRLF2
expression, in children with B-cell precursor ALL.
Blood. 2013;122(15):2622-2629.

13. Boer JM, Koenders JE, van der Holt B, et al.
Expression profiling of adult acute lymphoblastic
leukemia identifies a BCR-ABL1-like subgroup
characterized by high non-response and relapse
rates. Haematologica. 2015;100(7):e261-e264.

14. Iacobucci I, Li Y, Roberts KG, et al. Truncating
erythropoietin receptor rearrangements in acute
lymphoblastic leukemia. Cancer Cell. 2016;29(2):
186-200.

15. Roberts KG, Morin RD, Zhang J, et al. Genetic
alterations activating kinase and cytokine receptor
signaling in high-risk acute lymphoblastic
leukemia. Cancer Cell. 2012;22(2):153-166.

16. Schwab C, Ryan SL, Chilton L, et al. EBF1-
PDGFRB fusion in pediatric B-cell precursor acute
lymphoblastic leukemia (BCP-ALL): genetic
profile and clinical implications. Blood. 2016;
127(18):2214-2218.

17. Zhang J, Mullighan CG, Harvey RC, et al. Key
pathways are frequently mutated in high-risk

childhood acute lymphoblastic leukemia: a report
from the Children’s Oncology Group. Blood. 2011;
118(11):3080-3087.

18. Mullighan CG, Collins-Underwood JR, Phillips LA,
et al. Rearrangement of CRLF2 in B-progenitor-
and Down syndrome-associated acute
lymphoblastic leukemia. Nat Genet. 2009;
41(11):1243-1246.

19. Cario G, Zimmermann M, Romey R, et al.
Presence of the P2RY8-CRLF2 rearrangement is
associated with a poor prognosis in non-high-risk
precursor B-cell acute lymphoblastic leukemia in
children treated according to the ALL-BFM 2000
protocol. Blood. 2010;115(26):5393-5397.

20. Russell LJ, Capasso M, Vater I, et al. Deregulated
expression of cytokine receptor gene, CRLF2, is
involved in lymphoid transformation in B-cell
precursor acute lymphoblastic leukemia. Blood.
2009;114(13):2688-2698.

21. Russell LJ, Enshaei A, Jones L, et al. IGH@
translocations are prevalent in teenagers and
young adults with acute lymphoblastic leukemia
and are associated with a poor outcome. J Clin
Oncol. 2014;32(14):1453-1462.

22. Attarbaschi A, Morak M, Cario G, et al;
Associazione Italiana di Ematologia ed Oncologia
Pediatrica (AIEOP)-Berlin-Frankfurt-Münster
(BFM) Study Group and National Cancer
Research Institute (NCRI)-Children’s Cancer and
Leukaemia (CCLG) Study Group. Treatment
outcome of CRLF2-rearranged childhood acute
lymphoblastic leukaemia: a comparative analysis
of the AIEOP-BFM and UK NCRI-CCLG study
groups. Br J Haematol. 2012;158(6):772-777.

23. Hertzberg L, Vendramini E, Ganmore I, et al.
Down syndrome acute lymphoblastic leukemia, a
highly heterogeneous disease in which aberrant
expression of CRLF2 is associated with mutated
JAK2: a report from the International BFM Study
Group. Blood. 2010;115(5):1006-1017.

24. Bercovich D, Ganmore I, Scott LM, et al.
Mutations of JAK2 in acute lymphoblastic
leukaemias associated with Down’s syndrome.
Lancet. 2008;372(9648):1484-1492.

25. Maude SL, Tasian SK, Vincent T, et al. Targeting
JAK1/2 and mTOR in murine xenograft models of
Ph-like acute lymphoblastic leukemia. Blood.
2012;120(17):3510-3518.

26. Mullighan CG, Zhang J, Harvey RC, et al.
JAK mutations in high-risk childhood acute
lymphoblastic leukemia. Proc Natl Acad Sci
USA. 2009;106(23):9414-9418.

27. Russell LJ, De Castro DG, Griffiths M, et al.
A novel translocation, t(14;19)(q32;p13),
involving IGH@ and the cytokine receptor for
erythropoietin. Leukemia. 2009;23(3):614-617.

28. Weston BW, Hayden MA, Roberts KG, et al.
Tyrosine kinase inhibitor therapy induces
remission in a patient with refractory EBF1-
PDGFRB-positive acute lymphoblastic leukemia.
J Clin Oncol. 2013;31(25):e413-e416.

29. Verstovsek S, Kantarjian H, Mesa RA, et al.
Safety and efficacy of INCB018424, a JAK1 and
JAK2 inhibitor, in myelofibrosis. N Engl J Med.
2010;363(12):1117-1127.

30. Kobayashi K, Miyagawa N, Mitsui K, et al. TKI
dasatinib monotherapy for a patient with Ph-like
ALL bearing ATF7IP/PDGFRB translocation.
Pediatr Blood Cancer. 2015;62(6):1058-1060.

31. Yano M, Imamura T, Asai D, et al. Identification of
novel kinase fusion transcripts in paediatric B cell
precursor acute lymphoblastic leukaemia with
IKZF1 deletion. Br J Haematol. 2015;171(5):
813-817.

32. Boer JM, Marchante JR, Evans WE, et al. BCR-
ABL1-like cases in pediatric acute lymphoblastic

leukemia: a comparison between DCOG/
Erasmus MC and COG/St. Jude signatures.
Haematologica. 2015;100(9):e354-e357.

33. Schinnerl D, Fortschegger K, Kauer M, et al. The
role of the Janus-faced transcription factor PAX5-
JAK2 in acute lymphoblastic leukemia. Blood.
2015;125(8):1282-1291.

34. Borowitz MJ, Devidas M, Hunger SP, et al;
Children’s Oncology Group. Clinical significance
of minimal residual disease in childhood acute
lymphoblastic leukemia and its relationship to
other prognostic factors: a Children’s Oncology
Group study. Blood. 2008;111(12):5477-5485.

35. Borowitz MJ, Wood BL, Devidas M, et al.
Prognostic significance of minimal residual
disease in high risk B-ALL: a report from
Children’s Oncology Group study AALL0232.
Blood. 2015;126(8):964-971.

36. Tibshirani R, Hastie T, Narasimhan B, Chu G.
Diagnosis of multiple cancer types by shrunken
centroids of gene expression. Proc Natl Acad Sci
USA. 2002;99(10):6567-6572.

37. Harvey RC, Kang HN, Roberts KG, et al.
Development and validation of a highly sensitive
and specific gene expression classifier to
prospectively screen and identify B-precursor
acute lymphoblastic leukemia (ALL) patients with
a Philadelphia chromosome-like (“Ph-like” or
“BCR-ABL1-like”) signature for therapeutic
targeting and clinical intervention [abstract].
Blood. 2013;122(21). Abstract 826.

38. Papaemmanuil E, Rapado I, Li Y, et al. RAG-
mediated recombination is the predominant driver
of oncogenic rearrangement in ETV6-RUNX1
acute lymphoblastic leukemia. Nat Genet. 2014;
46(2):116-125.

39. Zhang J, McCastlain K, Yoshihara H, et al; St.
Jude Children’s Research Hospital–Washington
University Pediatric Cancer Genome Project.
Deregulation of DUX4 and ERG in acute
lymphoblastic leukemia. Nat Genet. 2016;48(12):
1481-1489.

40. Gu Z, Churchman ML, Roberts KG, et al.
Genomic analyses identify recurrent MEF2D
fusions in acute lymphoblastic leukemia. Nat
Commun. 2016;7:13331.

41. Shochat C, Tal N, Bandapalli OR, et al. Gain-of-
function mutations in interleukin-7 receptor-a
(IL7R) in childhood acute lymphoblastic
leukemias [published correction appears in J Exp
Med. 2011;208(6):1333. J Exp Med. 2011;208(5):
901-908.

42. Maher CA, Kumar-Sinha C, Cao X, et al.
Transcriptome sequencing to detect gene fusions
in cancer. Nature. 2009;458(7234):97-101.

43. Maher CA, Palanisamy N, Brenner JC, et al.
Chimeric transcript discovery by paired-end
transcriptome sequencing. Proc Natl Acad Sci
USA. 2009;106(30):12353-12358.

44. Nicorici D, Satalan M, Edgren H, et al.
FusionCatcher: a tool for finding somatic fusion
genes in paired-end RNA-sequencing data.
bioRxivorg. https://doi.org/10.1101/011650.

45. McKenna A, Hanna M, Banks E, et al. The
Genome Analysis Toolkit: a MapReduce
framework for analyzing next-generation DNA
sequencing data. Genome Res. 2010;20(9):
1297-1303.

46. Roberts KG, Pei D, Campana D, et al. Outcomes
of children with BCR-ABL1–like acute
lymphoblastic leukemia treated with risk-directed
therapy based on the levels of minimal residual
disease. J Clin Oncol. 2014;32(27):3012-3020.

47. Chen IM, Harvey RC, Mullighan CG, et al.
Outcome modeling with CRLF2, IKZF1, JAK, and
minimal residual disease in pediatric acute

3360 RESHMI et al BLOOD, 22 JUNE 2017 x VOLUME 129, NUMBER 25

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/129/25/3352/1364378/blood758979.pdf by guest on 07 M

ay 2024

https://doi.org/10.1101/011650


lymphoblastic leukemia: a Children’s Oncology
Group study. Blood. 2012;119(15):3512-3522.

48. Wu SC, Li LS, Kopp N, et al. Activity of the
type II JAK2 inhibitor CHZ868 in B cell acute
lymphoblastic leukemia. Cancer Cell. 2015;
28(1):29-41.

49. Tasian SK, Teachey DT, Li Y, et al. Potent
efficacy of combined PI3K/mTOR and JAK or ABL
inhibition in murine xenograft models of Ph-like
acute lymphoblastic leukemia. Blood. 2017;
129(2):177-187.

50. Schultz KR, Bowman WP, Aledo A, et al.
Improved early event-free survival with imatinib
in Philadelphia chromosome-positive acute
lymphoblastic leukemia: a Children’s Oncology
Group study. J Clin Oncol. 2009;27(31):
5175-5181.

51. Schultz KR, Carroll A, Heerema NA, et al;
Children’s Oncology Group. Long-term follow-up
of imatinib in pediatric Philadelphia chromosome-
positive acute lymphoblastic leukemia: Children’s
Oncology Group study AALL0031. Leukemia.
2014;28(7):1467-1471.

52. Biondi A, Schrappe M, De Lorenzo P, et al.
Imatinib after induction for treatment of children
and adolescents with Philadelphia-chromosome-
positive acute lymphoblastic leukaemia
(EsPhALL): a randomised, open-label, intergroup
study. Lancet Oncol. 2012;13(9):936-945.

53. Tanaka H, Takeuchi M, Takeda Y, et al. Identification
of a novel TEL-Lyn fusion gene in primary
myelofibrosis. Leukemia. 2010;24(1):197-200.

54. Annesley CE, Brown P. The biology and targeting of
FLT3 in pediatric leukemia. Front Oncol. 2014;4:263.

BLOOD, 22 JUNE 2017 x VOLUME 129, NUMBER 25 TARGETABLE KINASE FUSIONS IN HIGH-RISK B-ALL 3361

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/129/25/3352/1364378/blood758979.pdf by guest on 07 M

ay 2024


