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of Burkitt leukemia that “have a phenotype of precursor B-cells,
with expression of terminal deoxynucleotidyltransferase, and
sometimes CD34, and absence of CD20 and surface immuno-
globulin expression. The reason for this aberrant phenotype

Introduction

The molecular hallmark of Burkitt lymphoma (BL) is a MYC
rearrangement involving as partner the IGH locus, in the form of
1(8;14)(q24;932), or less commonly the IGK or IGL locus, as t(2;8)

or 1(8;22), respectively.”? The tumor cells of BL, including its remains unclear.”*?333 Notably, the precursor B-cell immuno-

leukemic counterpart, typically display a germinal center B-cell
phenotype.® Nevertheless, the WHO Classification of Tumours
of Haematopoietic and Lymphoid Tissue notes infrequent cases
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phenotype and the clinical presentation of this possible BL
variant (termed herein “preBLL") would also be compatible with
classification as precursor lymphoid neoplasms, particularly preB



lymphoblastic leukemia/lymphoma (pB-ALL/LBL). Nevertheless,
IGH translocations are rare (~5%) chromosomal aberrations in
pB-ALL,** whereas IG-MYC rearrangements seem to be un-
derrepresented in pB-ALL series.

A subset of the preBLL cases described to date carries a (14;18)/
IGH-BCL2 translocation in addition to the IG-MYC translocation.*’
Therefore, initial presentation as primary preBLL has to be dif-
ferentiated from secondary evolution of a mature B-cell lym-
phoma to a precursor B-cell lymphoblastic lymphoma, which has
been described as a rare but recurrent mode of progression,
particularly in follicular lymphoma (FL).8?

To better characterize the molecular pathogenesis of primary
preBLL, as currently defined, we analyzed 12 primary cases and
1 cell line showing typical features, including MYC rearrangement
and immature immunophenotype, using a range of genomic and
epigenomic approaches.

Study design

In this retrospective study, we included 16 samples from 12
patients (for 3 patients, initial diagnosis [ID] and corresponding
relapse samples; for 1 patient, 2 samples at ID) with primary
preBLL defined as immunophenotype compatible with pB-ALL/
LBL, including expression of terminal deoxynucleotidyltransferase,
detection of IG-MYC translocation by conventional and/or mo-
lecular cytogenetics, and absence of a preceding or simultaneous
mature B-cell lymphoma. Clinical and immunophenotypical data
have been published for 4 of these cases.®'"'2 DNA was obtained
from 15 samples (11 patients). Moreover, a representative cell line
(380) was analyzed,' adding to a total of 13 patients. DNA was
subjected to whole-exome (6 samples from 5 patients) or whole-
genome sequencing (n = 1; cell line 380). Selected findings
(oreakpoint sequences and mutations) were validated by Sanger
sequencing or pyrosequencing. IGHV sequence analysis was per-
formed as described.™ For copy number analyses, we applied
the OncoScan CNV FFPE assay (n = 13), and for DNA methyl-
ation analysis, the HumanMethylationEPIC BeadChip array
(n = 2; supplemental Table 1; details provided in supplemental
methods).

Results and discussion

We collected tumor materials from 13 patients, including 1 cell
line (380), fulfilling the outlined criteria for primary preBLL;
11 samples derived from leukemic and 2 from nodal presentation.
In 6 cases, an L3/BL-like morphology was reported (Table 1).
Median age at diagnosis was 21 years (range, 3-75 years), and
the male/female ratio was 11:2. Three patients (cases 1, 4, and
11) developed a relapse from which samples were also analyzed.
IGH-MYC, IGK-MYC, and IGL-MYC translocations were present
in 10, 1, and 2 patients, respectively. Four of 13 preBLLs (cases
10-12 and cell line 380'3'%) had (molecular) cytogenetic evi-
dence for a concurrent t(14;18)/IGH-BCL2 translocation. Re-
markably, median age at diagnosis of those 4 preBLL cases was
18 years (range, 13-43 years), which argues against a trans-
formation of an occult FL. In line with this, the cell line 380 does
not harbor mutations in genes recurrently mutated in FL."®

The breakpoint junctions of the IG-MYC translocations could be
retrieved from 4 of 5 patients (5 of 6 samples) submitted to

exome sequencing (cases 1-4) and from the whole-genome data
of cell line 380 (supplemental Table 2). The IG-MYC breakpoint
junctions were identical in ID and relapse samples of cases 1 and
4. Junctions were verified by polymerase chain reaction-based
Sanger sequencing in 4 of 6 samples, and a junction could be
detected in the relapse sample of case 4 (Figure 1A; supple-
mental Figures 1-3). In all cases, the junctional sequences
indicated aberrant VDJ recombination at the IGH locus as
mechanism generating the IG-MYC translocation (details pro-
vided in supplemental data). The same held true for the IGH-
BCL2 translocation in cell line 380, as previously published!
(supplemental Figures 2 and 3; supplemental Table 3). Thus,
the translocation architecture suggests that the IG-MYC trans-
location in preBLL occurs in a premature B cell undergoing VDJ
recombination and not in a germinal center B cell undergoing
class switch or somatic hypermutation as in BL."®

The clonal IGH rearrangements from 7 of 14 samples (6 of
12 patients) were successfully amplified. A total of 5 of 7 samples
(5 of 6 patients) showed unmutated IGHV rearrangements
(<2% mutations), and none showed signs of intraclonal diversity,
pointing to ongoing somatic hypermutation (supplemental
Table 4). In line with this, the IGH rearrangement sequences
derived from ID and relapse samples of case 11 were identical
and lacked evidence of clonal evolution (supplemental Table 4).
Interestingly, in 2 of 6 informative patients, only an out-of-frame
rearrangement was obtained, and in 2 additional cases, an
originally productive rearrangement was rendered nonfunctional
by mutations within the IGHV genes. Remarkably, in 3 of 13 cases
(cases 10 and 12, cell line 380), we found evidence of involvement
of both IGH alleles in chromosomal translocations resulting from
the cooccurring IG-MYC and IG-BCL2 translocations (Figure 1B;
supplemental Table 5). These data indicate that clonal genomic
changes (out-of-frame V[D]J rearrangements and translocations
targeted into the VDM region of the IGH locus) target both alleles
of the IGH locus and hence prevent expression of a functional
B-cell receptor (BCR) in a substantial subset of preBLLs (supple-
mental Table 5). This is in contrast to the situation in BL in which
expression of a functional BCR and its signaling are important for
survival."?

Mining the whole-exome sequencing data, as detailed in “Study
design,” in the 5 primary samples from ID, we detected a median
of 77 (range, 64-108) potentially protein-changing variants. The
relapse of case 1 harbored 90 nonsynonymous exonic variants,
in contrast to 77 in the corresponding ID sample, with 70 var-
iants occurring in both (supplemental Figure 4; supplemental
Table 6). Strikingly, none of the genes recurrently mutated
in BL (=15% of BL patients; C.L,, KK., S.M.A., M. Rohde,
S. H. Bernhart, RW., D.H., UH.T., F. Raimondi, M. Kreuz,
S. M. Waszak, Z. Huang, L. Sieverling, N. Paramasivam, J.S.,
S. Sungalee, R. B. Russell, J. Bausinger, H. Kretzmer, O. Ammerpohl,
A. K. Bergmann, H. Binder, A. Borkhardt, B. Brors, A. Claviez,
G. Doose, L. Feuerbach, A. Haake, M.-L. Hansmann, J. Hoell,
M. Hummel, J. O. Korbel, C. Lawerenz, D. Lenze, B. Radlwimmer,
J. Richter, P. Rosenstiel, A. Rosenwald, M. B. Schilhabel, H. Stein,
S.S., P. F. Stadler, M. Szczepanowski, M. A. Weniger, M. Zapatka,
R. Eils, P. Lichter, M. Loeffler, P. Moller, L. Trimper, W.K,,
S. Hoffmann, RK,, B.B., M.S., R.S., manuscript submitted August
2018),2%22 including ID3, CCND3, or MYC, were recurrently
mutated in preBLL (supplemental Figures 5 and é). In contrast,
5 of 6 cases contained either NRAS and/or KRAS mutations,
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Figure 1. Genetic and epigenetic characterization of the preBLL samples. (A) Verification of IG-MYC breakpoint junctions retrieved from exome sequencing data by Sanger
sequencing in cases 1 and 3. Both breakpoints showed features of aberrant VDJ rearrangement, including localization within the VDJ region and occurrence of N nucleotides.
Details provided in supplemental Figure 1. (B) Summary of recurrent copy number aberrations (CNAs) and single-nucleotide variants (SNVs) identified by whole-exome
sequencing/whole-genome sequencing and OncoScan analysis. Of note is that only 1 preBLL case harbored a mutation (SMARCA4) in those genes recurrently mutated in BL
(overview provided in supplemental Figure 2). (C) Phylogenetic tree based on the DNA methylation pattern of 1404 CpG loci described to be differentially methylated during
B-cell development.?® In the analysis, 17 B-cell subpopulations from various differentiation states were included, which arranged themselves along the main trunk of the
phylogenetic tree according to their differentiation stadia. The 2 preBLL cases clustered with the pB-ALL/LBL samples??>?¢ near the precursor B-cell subpopulations, whereas
the BL samples were closer to the mature B-cell subpopulations. *Indicates that the NRAS mutation in case 4 differed between the ID and relapse samples. #Indicates that the
1g gain in sample 2 of case 10 occurred in comparison with sample 1 of case 10 in a subset of cells. DUP, duplication; n.a., not available.

which affected well-known mutational hotspots (supplemental
Figure 7). To further investigate, we performed targeted analysis
of NRAS codons 12 and 13 and KRAS codons 12 and 13 in
6 preBLLs not subjected to exome sequencing. Taken together,
7 of 12 analyzed cases (9 of 16 samples) carried NRAS and/or
KRAS mutations (Figure 1B; supplemental Table 7). Whereas muta-
tions of KRAS and NRAS are recurrent in pB-ALL/LBL, only 1(0.9%)
of 112 BLs harbored a RAS mutation in a recent study.'?
Interestingly, it has been shown that in MYC-driven B-cell lym-
phomas, RAS mutations are a mechanism to substitute for the
lack of BCR signaling,’? which might explain the independence
of preBLL from BCR signaling. In line with this, the ID sample
of case 3, as well as cell line 380, carried RAS mutations and
harbored IG alterations, likely inactivating the BCR function
(Figure 1B). Remarkably, ID and relapse samples of case 4, which
shared the identical IGK-MYC translocation, harbored different
NRAS mutations, indicating these occurred later than the MYC
translocation in clonal evolution (supplemental Figure 8).

Next, we analyzed the copy number profiles of 11 preBLL cases
(13 samples). Median number of CNAs in the 9 ID samples
was 4 (range, 1-11) (supplemental Table 8), demonstrating a low

genomic complexity in agreement with the conventional cyto-
genetics. The ID and relapse samples of case 11 showed exactly
the same CNA profile, whereas in case 1, an increase of genomic
complexity was reported in the relapse sample.'? The only highly
recurrent imbalance (>2 cases) was a gain in 1921.1-g44, pres-
ent in 7 of 11 preBLLs (minimal region chr1:144,936,742-249,
212,878 bp), which constitutes a common alteration in BL and
pB-ALL/LBL"'2? (supplemental Figure 9). Moreover, in cell line
380, we detected focal CNAs in 5933.3 and 13q14.2 affecting
EBF1and RB1, respectively (supplemental Figure 10). This might
point to a role of alterations in B-cell developmental genes in the
pathogenesis of preBLL similar to pB-ALL/LBL.2* We might have
missed such focal deletions in the primary preBLL samples be-
cause of the resolution of the imbalance mapping.

Finally, we compared the DNA methylation profile of 2
preBLLs with that of benign B-cell subsets as well as with BL
and pB-ALL/LBL samples of various subtypes (supplemental
Tables 9 and 10).2425 Focusing on loci becoming differen-
tially methylated during B-cell development,?® we showed
that preBLLs clustered with pB-ALL/LBL samples close to
the precursor B-cell populations. In contrast, BL samples
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clustered close to the germinal center B cells but apart from
preBLLs (Figure 1C).

In summary, by combined genomic and epigenomic profiling,
we provide evidence that primary preBLL resembles pB-ALL/LBL
rather than BL, not only with regard to immunophenotype but
also with regard to the B-cell maturation stage at which the
IG-MYC translocation occurred; the frequent lack of a productive
IGH rearrangement; the mutational landscape, with frequent
activation of the RAS pathway, mutations in B-cell develop-
mental genes, and absence of mutations in genes recurrently
altered in BL; and the DNA methylation pattern. Therefore, we
propose that although morphology and male predominance are
similar to those of BL-like disease, |IG-MYC-translocated pre-
cursor cell leukemias/lymphomas should be classified as a sub-
type separate from the group of preB lymphoblastic leukemias/
lymphomas with recurrent genetic abnormalities. The clinical
implications of these findings warrant additional studies.
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