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Philadelphia-like (Ph-like) or BCR-ABL1–like B-cell precursor acute lymphoblastic leukemia (B-ALL) is
genetically heterogenous,1,2 with a gene expression profile similar to that of BCR-ABL11 ALL.3,4 It com-
prises 15% to 30% of B-ALLs, with a peak of incidence in young adults.5,6 The most commonly mutated
pathways are the ABL and JAK-STAT pathways with multiple rearrangements and lesions, which are
druggable with a variety of tyrosine kinase inhibitors (TKIs).7,8 Rarer and more heterogeneous alterations,
although often targetable with TKIs (eg, ETV6-NTRK3),9 may be missed by targeted genomic diagnostic
approaches. We describe a case of Ph-like ALL and a novel gene fusion identified by RNA sequencing
(RNA-seq) that juxtaposed exon 7 of G3BP2 with exon 11 of KIT and encoded a fusion protein retaining
the nuclear transport factor 2 domain of G3BP2 and the entire kinase domain of KIT. In hematological
malignancies, activating KIT mutations play a crucial role in systemic mastocytosis and acute myeloid leu-
kemia10; however, fusions have not been described in leukemia or in other tumors.

We report a 52-year-old White man with second relapsed B-ALL after chemotherapy and blinatumomab
(registered at www.clinicaltrials.gov as #NCT02013167).11 A bone marrow aspirate specimen obtained
at study entry in the INOVATE trial (#NCT01564784)12 was analyzed by RNA-seq, given the patient’s
therapeutic resistance to date. At relapse, the patient had 51% blast cells in bone marrow by flow cyto-
metric analysis. Of note, the patient was not treated with TKIs, and primary leukemia cells were not avail-
able for functional studies.

The fusion gene G3BP2-KIT was synthesized by the BioXp 3200 system (Codex DNA, Inc.) and cloned
into a GatewayVR -compatible cl20–murine stem cell virus–internal ribosome entry site–green fluorescent
protein (cl20-MSCV-G3BP2-KIT-IRES-GFP) lentiviral vector. The truncated (TR) transcript portion of KIT
fused to G3BP2 and coding for amino acids 560 to 976 (TR KIT 560-976AA) was amplified and cloned
(cl20–MSCV–TR KIT 560-976AA–IRES–GFP). These constructs and the empty vector (MIG) were
used for virus production and expression in interleukin-3 (IL-3)–dependent mouse hematopoietic Ba/F3
cells and IL-7–dependent ARF-null pre-B cells.13 Cell proliferation was examined in the absence and
presence of cytokines. Sublethally irradiated (550 rad) 8-week-old wild-type C57BL/6 female mice
underwent transplantation by tail vein injection of ARF-null pre-B cells expressing G3BP2-KIT or empty
vector. Leukemia development was monitored by retroorbital bleeding; moribund mice were euthanized,
and blood, bone marrow, and spleen samples were analyzed for evidence of leukemia by flow cytometry,
histopathology, and genomic sequencing. Full methods are provided in the data supplement.

This B-ALL sample was predicted to be Ph-like B-ALL using prediction analysis of microarrays (Ph score, 1)
and clustered with Ph-like B-ALL on t-distributed stochastic neighbor embedding analysis in our B-ALL
subtyping pipeline.14 Moreover, RNA-seq detected a chimeric fusion between exon 7 of G3BP2 (chromo-
some 4:76580296, hg19) and exon 11 of KIT (chromosome 4:55593611, hg19), juxtaposing the amino
acid residues 2227 and 560 of G3BP2 and KIT, respectively, and retaining the nuclear transport factor 2
domain of G3BP2 and part of the catalytic domain and the entire kinase domain of KIT (Figure 1A; supple-
mental Table 1). This fusion was not previously detected in larger cohorts of B-ALL cases.2,5,14 Although
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Figure 1. G3BP2-KIT fusion. (A) Schematic representation of wild-type G3BP2 and KIT and the chimeric fusion between exon (Ex) 7 of G3BP2 and exon 11 of KIT, juxtaposing the

first 227 amino acids (AAs) of G3BP2 and the C-terminus portion of KIT including AAs 560 to 976. The joined Exs from both G3BP2 and KIT are in red and bold. The dotted red lines

indicate breakpoint positions within Ex 7 and Ex 11 of G3BP2 and KIT, respectively. (B) Gene expression data forG3BP2 and KIT from RNA-seq visualized by the Integrative Genomics

Viewer showing overexpression of the KIT portion fused toG3BP2 (hg19). Electropherogram shows the fusion junction betweenG3BP2 and KIT. (C) Schematic representation of the viral

vector used to express fusion protein G3BP2-KIT and TR KIT (TR KIT 560-976AA) in Ba/F3 cell lines and ARF-null pre-B cells. (D) Cytokine-independent assays in Ba/F3 cells and ARF-

null pre-B cells expressing the chimeric transcriptG3BP2-KIT, the only portion of KIT fused toG3BP2 (encoding for AAs 560 to 976; TR KIT 560-976AA), or empty vector (MIG) cultured

without recombinant mouse IL-3 or IL-7. (E) Whole-cell lysates from GFP1 sorted Ba/F3 and ARF-null pre-B cells were subjected to protein capillary electrophoresis with the Jess

instrument (Protein Simple) with the following antibodies from Cell Signaling: KIT (#3074S), phosphorylated KIT (pKIT) Tyr719 (#3391S), pSTAT5 Tyr694 (#9359S), pSTAT3 Tyr705

(#9145S), pPLCg1 Tyr783 (#14008S), p44/42 MAPK (Erk1/2; #4695S), p4E-BP1 Thr37/46 (#2855S), and b-actin (#4970S). Borders are used for specifying different antibodies.
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Figure 2. Genetically engineered mouse models of G3BP2-KIT leukemia. (A) Kaplan-Meier survival curves of C57BL6 mice receiving ARF-null pre-B cell transplants

expressing G3BP2-KIT (after 14 days in culture without IL-7 [n 5 4] or within 48 hours after transduction [n 5 4]) or empty vector (MIG; n 5 5) and of secondary recipients

undergoing transplantation with cells from primary mouse tumors. Survival comparison was analyzed by log-rank test. (B) Spleen weight from primary and secondary recipient

mice with G3BP2-KIT and from control mice (MIG). The mean weight is shown by the horizontal line in the scatter dot plot, and the error bars represent the standard

deviations (SDs). (C) Dose-response curve of BaF3 cells expressing empty vector (MIG) or G3BP2-KIT fusion after 72 hours treatment with dasatinib, ponatinib, imatinib,

nilotinib, sunitinib, or avapritinib. The cells transduced with the empty vector were grown in media with recombinant mouse IL-3. Values are normalized to dimethyl sulfoxide

controls and represent means 6 SDs from 3 independent experiments performed in triplicate. (D) Left panel shows levels (means 1 SDs) of GFP1 cells in the peripheral

blood of C57BL6 mice receiving ARF-null pre-B leukemia cell transplants expressing G3BP2-KIT from 2 primary mouse tumor cohorts (a and b groups). In group a (n 5 5),

dasatinib (20 mg/kg daily) or vehicle (n 5 5) was started 1 week after transplantation; in group b, treatment started 2 weeks after transplantation. Right panel shows

Kaplan-Meier survival curves of mice in study treatment. IC50, 50% inhibitory concentration; ns, not significant.
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G3BP2 is ubiquitously expressed in the different hematopoietic line-
ages (supplemental Figure 1A), KIT is not normally expressed in
B-lymphoid cells14 (supplemental Figure 1B). Thus, the fusion drives
ectopic expression of the KIT transcript region fused to G3BP2 in B
cells, as demonstrated by RNA-seq (Figure 1B). Analysis of
sequence mutations detected few additional alterations, but not in
recurrently mutated genes in ALL, except for ETV6, RPL22, and
NT5C215 (supplemental Table 2), suggesting that the chimeric
fusion transcript may have been a sufficient leukemogenic driver
lesion in this patient. The fusion protein lacks the transmembrane
domain of KIT, and immunofluorescence analysis of transiently trans-
fected HEK293T cells showed a cytoplasmic localization (supple-
mental Figure 2A-B).

To investigate its oncogenic role, we cloned and expressed G3BP2-
KIT fusion transcript, TR KIT (TR KIT 560-976AA), or empty viral
vector in IL-3–dependent Ba/F3 (Figure 1C) and IL-7–dependent
ARF-null pre-B cells (Figure 1D). Only the cells expressing G3BP2-
KIT sustained cytokine-independent proliferation, suggesting that 59
G3BP1 is necessary to confer oncogenic properties to TR KIT, likely
by promoting KIT dimerization. Both Ba/F3 and ARF-null pre-B cells
expressing G3BP2-KIT, but not those transduced with empty vector,
showed phosphorylation of KIT, activation of JAK-STAT signaling with
phosphorylated STAT3 and STAT5, MAPK pathway activation with
phosphorylation of p44/p42 MAPK, and phosphorylation of phospholi-
pase C (Figure 1E; supplemental Figure 3). Notably, transplantation of
ARF-null pre-B cells expressing G3BP2-KIT in C57BL6 sublethally
irradiated mice resulted in the development of serially transplantable
B-ALL (Figure 2A), positive for B-cell lymphoid markers B220, CD19,
and PAX5 (supplemental Figure 4A-B). Tumors were characterized by
splenomegaly (Figure 2B) and multiorgan infiltration (supplemental
Figure 4C). Whole-exome sequencing did not detect pathogenetic
cooperating driver sequence mutations or copy-number changes
(supplemental Table 3), confirming that G3BP2-KIT is a necessary
and sufficient oncogenic driver alteration. Mouse leukemic cells
showed enrichment of genes involved in JAK/STAT signaling (eg,
CSF3R, IL2RA, CXCL3, IL10RA, and PIK3R5; supplemental Figure
4D-E), concordant with phosphorylation of STAT5 and STAT3 in
Ba/F3 and ARF-null pre-B cells expressingG3BP2-KIT (Figure 1E).

Activating mutations in KIT have been described in acute myeloid
leukemia, gastrointestinal stromal tumor, most cases of systemic
mastocytosis, and other tumors.10 They result in activation of the
receptor in the absence of ligand, playing a critical role in cell prolif-
eration and differentiation. In these tumors where KIT deregulation is
the driver oncogenic event, treatment with TKIs has been a suc-
cessful approach.16 Therefore, we next examined the effect of
kinase inhibition in Ba/F3 and ARF-null cell lines expressing
G3BP2-KIT. These cells showed sensitivity to a wide range of TKIs
with different specificities against KIT and the highest sensitivity to
the dual SRC/ABL inhibitor dasatinib (Figure 2C; supplemental Fig-
ure 5A). In vitro treatment resulted in cell death and loss of KIT
phosphorylation, indicating that constitutive activation of KIT is an
important oncogenic signaling pathway for this fusion (supplemental
Figure 5B). To confirm the efficacy of tyrosine kinase inhibition on
leukemia cells in vivo, the established genetically engineered models
of G3BP2-KIT–driven leukemia were randomized to receive dasati-
nib (20 mg/kg per day by oral gavage; n 5 10) or vehicle (n 5 10).
Dasatinib prolonged survival in the engineered fusion mouse cell
models, but it was not curative (Figure 2D).

G3BP2 is a member of the family of Ras-GTPase–activating SH3
domain–binding proteins, which includes 2 additional family mem-
bers, G3BP1 and G3BP3. These are RNA-binding proteins that are
ubiquitously expressed and, under extracellular stresses, bind to
untranslated regions of target transcripts and downregulate transla-
tion by either degrading the transcript or blocking ribosomal recruit-
ment.17 Recently, a chimeric G3BP1-PDGFRB fusion sensitive to
ABL1/PDGFRB kinase inhibition18 was described in a patient with
a myeloid neoplasm with eosinophilia.

In conclusion, these results identify KIT rearrangement as a driver
oncogenic alteration in leukemia and provide the rationale for thera-
peutic targeting with TKIs in KIT-rearranged Ph-like B-ALL.
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