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Claire Schwab,1 Kathryn Roberts,2 Judith M. Boer,3-5 Gudrun Göhring,6 Doris Steinemann,6 Ajay Vora,7 Christine Macartney,8 Rachael Hough,9

Zoe Thorn,10 Richard Dillon,11 Gabriele Escherich,12 Giovanni Cazzaniga,13 Brigitte Schlegelberger,6 Mignon Loh,14 Monique L. den Boer,3-5

Anthony V. Moorman,1 and Christine J. Harrison1

1Leukaemia Research Cytogenetics Group, Translational and Clinical Research Institute, Newcastle University, Newcastle upon Tyne, United Kingdom;
2Department of Pathology, St. Jude Children’s Research Hospital, Memphis, TN; 3Dutch Childhood Oncology Group, Utrecht, The Netherlands; 4Princess Máxima
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Philadelphia chromosome (Ph)-like/BCR-ABL1–like acute lym-
phoblastic leukemia (ALL; Ph-like ALL) defines a subgroup of
B-cell precursor ALL (B-ALL) lacking the BCR-ABL1 fusion, with a
similar gene-expression profile to BCR-ABL11 ALL and high risk
of relapse.1-3 Ph-like ALL represents a genetically heterogeneous
group, including a number of fusions, which involve the ABL-
class genes: PDGFRB/A, CSF1R, ABL1, and ABL2.4-6 Preclinical
studies have shown that leukemic cells from patients with these
fusions respond well to tyrosine kinase inhibitors (TKIs),4 which
has been confirmed in a number of patients, particularly those
with EBF1-PDGFRB fusions.7-10 Here, we focus on the genetic
and clinical features of a rare subset of ABL-class patients with
the SSBP2-CSF1R fusion. In particular, we reveal the diversity of
cytogenetic changes, giving rise to the fusion, highlighting that
awareness of these variants is important for its accurate de-
tection in light of TKI treatment options.

Patients in this study originated from 4 international study
groups in the United Kingdom, The Netherlands, Germany, and
the United States. All participating centers obtained local ethical
committee approval and written informed consent in accor-
dance with the Declaration of Helsinki. Demographic and clinical
details are summarized in supplemental Table 1 (available on the
Blood Web site). Cytogenetic analysis of diagnostic bone
marrow was performed in local laboratories. Interphase fluo-
rescence in situ hybridization (FISH) was carried out on the same
samples, using commercially available PDGFRB break-apart (BA)
probes. Involvement of SSBP2 and CSF1R was confirmed using
bespoke probes (supplemental Figure 1). Copy-number ab-
normalities (CNAs) were determined using single-nucleotide
polymorphism (SNP) arrays or array comparative genomic hy-
bridization (aCGH). Expression of the SSBP2-CSF1R fusions was
confirmed by reverse transcription–polymerase chain reaction
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(RT-PCR), whole-transcriptome (RNA sequencing [RNA-Seq]), or
targeted RNA-Seq. Patients were assigned to the Ph-like sub-
group according to results from low-density gene-expression
array card or gene-expression profiling using U133A/U133 Plus
2.0 microarrays (Affymetrix, Santa Clara, CA) and predictive
analysis of microarrays, as previously described.1,5,11

Here, we describe the variable genetic presentation among
16 B-ALL patients with fusion of SSBP2 at 5q14 to CSF1R at 5q33.
Genetic data are provided in supplemental Table 2. Significantly,
the fusion arose from a number of different abnormalities involving
chromosome 5.

Seven patients (#1-7) showed balanced translocations:
t(5;5)(q14;q33) (Figure 1A). In 4 of these cases (#1, #2, #3, #5),
FISH using a PDGFRB BA probe indicated the presence of a

rearrangement involving either PDGFRB or CSF1R, as both are
located in close proximity on the long arm of chromosome 5 (5q).
FISH analysis using in-house BA probes confirmed rearrangements
of theCSF1R and/or SSBP2 genes in 4 of these patients tested with
the PDGFRB BA probe (#1, #2, #3, #5), as well as 1 among the
remaining cases (#7) (Figure 1C-D; supplemental Figure 2). The pres-
ence of the fusion transcript, SSBP2-CSF1R, was confirmed in all 6 of
these cases tested by RT-PCR or RNA-Seq (supplemental Figure 3).

A single patient presented with a balanced paracentric inversion
of 5q, inv(5)(q15q33) (#8), who also expressed the SSBP2-CSF1R
fusion by RT-PCR.

Four patients (#9-12) showed duplication of 5q, dup(5)(q14q33),
either in their karyotype (#9, #10), and/or by aCGH (#11)/SNP
array (#9, #12). In 2 cases (#9, #11), FISH using BA probes for
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Figure 1. Karyograms, FISH, and SNP 6.0 profile of SSBP2-CSF1R1 patients. (A) Karyogram from the diagnostic bone marrow of patient 3 showing that both copies of
chromosome 5 are abnormal, consistent with the balanced translocation, t(5;5)(q14;q33). (B) Karyogram from the relapsed bone marrow of patient 9 showing that 1 copy of
chromosome 5 is abnormal, consistent with dup(5)(q14q33). (C-D) FISH using SSBP2 and CSF1R BA probes, respectively, confirming the balanced rearrangement in patient 1.
(E-F) FISH using SSBP2 and CSF1R BA probes, respectively, showing a partial duplication of both probes on the duplicated 5q in patient 9. (C-F) Original magnification 3100;
DAPI, SpectrumOrange and SpectrumGreen stain. (G) SNP array profile of chromosome 5 in patient 9, showing duplication of the long arm of chromosome 5, with breakpoints
in SSBP2 at 5q14 and CSF1R at 5q33. This duplication was conserved between diagnosis and relapse.
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PDGFRB/CSF1R and SSBP2 showed signal patterns consistent
with duplication (Figure 1E-F).

Arrays identified the breakpoints of the duplications in patients #9
and #11 to be located within SSBP2 and CSF1R (Figure 1B,G);
however, in patient #12, SNP array showed the proximal breakpoint
to be within SSBP2, whereas the distal breakpoint was telomeric of
CSF1R, as confirmed by FISH (supplemental Figure 4B). However,
despite both techniques indicating 3 intact copies of CSF1R, ex-
pression of the SSBP2-CSF1R fusion (e16-e12) was confirmed by
targeted RNA-Seq (supplemental Figure 4C), in linewith the 2 other
duplications tested by RT-PCR (#9, #11).

As previously shown by Boer et al,6 the SSBP2-CSF1R fusion in
patient #13, positive by FISH and RT-PCR, was associated with a
series of gains and losses along 5q, indicating that complex
rearrangements produced the fusion in this case.

The chromosomal rearrangement underlying the fusion was un-
known in 3 cases of SSBP2-CSF1R identified by RT-PCR (#14-16).

As expected, all cases tested (n5 10) showed a Ph-like gene-expression
profile. Among the 11 cases with SNP array/aCGH results, deletions of
IKZF1 were the most common secondary CNA (n 5 7).

Clearly, these 16 cases were highly selected; thus, to establish the
true incidence of SSBP2-CSF1R fusions among B-ALL, unbiased
FISH screening of the complete childhood ALL trial, UKALL2003,
comprising 2791 patients, found only a single case (#3) within the

B-other-ALL subgroup.12 Similarly, Boer et al6 reported only 2
patients with SSBP2-CSF1R fusion among a B-ALL cohort of 574
cases, confirming it to be extremely rare at an incidence of 0.1% to
0.5% in childhood B-ALL and 1% to 2% in Ph-like ALL.4,6,13

There was an equal gender distribution within the cohort. Me-
dian age was 10.5 years (range, 2-29 years) and median white
cell count was 17.93 109/L (range, 2.63 109/L to 301.83 109/L),
with 13 of 15 children classified as NCI high risk.

Although treated on a range of protocols, all patients achieved
complete remission (CR). Among 14 patients with avail-
able minimal residual disease (MRD) data, 7 remained positive
at the end of induction (EOI). Among 9 patients classified as
high risk by the National Cancer Institute (NCI) and treated on
the high-risk arms of their respective protocol, 5 remained
MRD1 at EOI.

The outcome of the cohort is shown in Figure 2. Six patients
remain alive in long-term first CR, whereas 3 patients relapsed
(#3, #4, #9). Relapse was not related to the type of chromosomal
abnormality. All 3 relapsed patients had been treated on high-
risk protocols at diagnosis, although only 2 (#3, #9) were MRD1

at EOI. Patient #3 relapsed on consolidation therapy, failed to
achieve CR2, and subsequently died. Patient #9 suffered an
isolated bone marrow relapse 1 month after the end of treatment.
She was treated according to the ALLR3 trial high-risk arm,
achieved CR2, and became MRD2 by day 35. Detection of the
SSBP2-CSF1R fusion prompted the addition of imatinib (400 mg
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Figure 2. Features and outcome for patientswith SSBP2-CSF1R fusions.Bar chart shows follow-up for patients inmonths to event or censoring. ‡Adult patient. †Karyotype at
relapse. *aCGH suggests chromothripsis. **No CNAs of chromosome 5 were observed by SNP array of patient 14, indicating likely balanced rearrangement. #Death without
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per day) to her regimen, with the intention ofmaintaining remission
until unrelated donor stem cell transplant. She died 11 weeks after
relapse from infection (Escherichia coli septicemia). The MRD2

patient #4 remains alive in CR2. It is of interest to note that MRD
values at EOI did not always correlatewith outcome, reinforcing the
variability in outcome for these patients.

This study has reinforced the rarity of SSBP2-CSF1R fusions
in childhood B-ALL and confirmed their restriction to the Ph-like
subgroup, and has highlighted the diversity of genetic mech-
anisms by which the SSBP2-CSF1R fusion may occur: through
translocation, inversion, duplication, or other complex rearrange-
ments involving 5q31;33. Although RNA-based techniques,
including RT-PCR and RNA-Seq, have accurately identified the
fusion in all cases tested, in view of its rarity, few study groups
have the resources to apply these techniques routinely. Thus,
for definitive accuracy of detection, an integrated genetic
approach, incorporating .1 technique, is preferable.

Unlike other ABL-class fusions, notably EBF1-PDGFRB,9 some
SSBP2-CSF1R1 patients responded well to risk-adapted therapy
and achieved long-term event-free survival.

Many clinical study groups now advocate the addition of TKI to
treatment schedules when a patient is identified with an ABL-class
fusion at diagnosis. Understanding the full range of genetic mech-
anisms generating these fusions to enable effective screening is
crucial. Larger collaborative studies are in progress to validate the
prognosis and treatment options for the range of ABL-class fusions.
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