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Abstract

Background: Lymphoblastic lymphoma (LBL) and acute lymphoblastic leukemia (ALL)
are categorized as the same entity under precursor lymphoid neoplasms in the World
Health Organization classification. However, compared to B-cell ALL, the molecular
genetic makeup of B-cell LBL remains to be understood, mainly due to its rarity. We
performed whole exome sequencing (WES) on seven patients with TCF3-PBX1-
positive B-cell LBL.

Methods: WES was performed using DNA extracted from tumor specimens and
paired blood samples at remission for six patients, and tumor-only analysis was per-
formed for one patient whose remission sample was not available. For one patient, a

relapsed sample was also analyzed.
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Results: KMT2D variants and 6q LOH were found as recurrent alterations. Somatic
variants of KMT2D were identified in three of the seven patients. Of note, the two
patients with heterozygous nonsense variant of KMT2D were at stage lll, without
bone marrow infiltration. 6g LOH was also identified in two others, out of the seven
patients. The common 6q deleted region of the two patients ranged from 6gq12 to
6g16.3. Both patients had bone marrow infiltration. Analysis of recurrent case also
revealed that the relapsed clone might be derived from a minor clone of the bone
marrow at diagnosis.

Conclusion: In this study, through WES for seven patients with TCF3-PBX1-positive
B-LBL, we identified KMT2D mutations and 6g LOH as recurrent alterations. In order
to elucidate the relationship between these recurrent alterations and disease specific-

ity or outcomes, further studies comparing with TCF3-PBX1-positive B-ALL are

required.

KEYWORDS

1 | INTRODUCTION

Lymphoblastic lymphoma (LBL) and acute lymphoblastic leukemia
(ALL) are categorized as the same entity under precursor lymphoid
neoplasms in the World Health Organization classification.! Recent
advances in genetic analysis technology revealed the genomic land-
scape of ALL, which contributes not only to understanding pathogen-
esis, but also to improvements in treatment outcome. However, in
spite of the resemblance in morphological and immunophenotypic
features between ALL and LBL, the molecular genetic makeup of LBL
remains to be understood, particularly for B-cell LBL, mainly due to its
rarity.

Recently, our group reported a case series of TCF3-PBX1-positive
B-LBL,> which suggested the potentially poor outcomes of
TCF3-PBX1-positive LBL. Previous studies in mice have shown that
TCF3-PBX1 needs to cooperate with additional gene alterations to
develop B-ALL3* We performed whole exome sequencing (WES) to
characterize genetic alterations in seven patients with TCF3-PBX1-
positive B-LBL, including five patients described in our previous report

and two additional patients.

2 | MATERIALS AND METHODS

2.1 | Patients and samples

This study was approved by the Ethics Committee at the National
Center for Child Health and Development (#1035), and the required
written informed consent was obtained from the parents and/or
guardians. The TCF3-PBX1 fusion was confirmed by the evidence of t
(1;19)(g23;p13.3), reverse transcriptase PCR,> fluorescent in situ
hybridization (FISH),® or RNA sequencing (Table S1). Bone marrow

6qg LOH, B-cell lymphoblastic lymphoma, KMT2D, TCF3-PBX1, whole exome sequencing

aspiration was performed from one side of the pelvic bones and bone
marrow was evaluated microscopically by pathologists. Seven patients
with the diagnosis of B-LBL with TCF3-PBX1 between 2013 and 2018
were enrolled retrospectively. WES was performed using DNA
extracted from tumor specimens at diagnosis and paired blood
samples at remission for six patients, and tumor-only analysis was per-
formed for one patient whose remission sample was not available. For

one patient, a relapsed sample was also analyzed.

2.2 | Whole exome sequencing

DNA was extracted using the QlAamp DNA Mini Kit or GeneRead
DNA FFPE Kit (Quiagen, Hilden, Germany) following the manufac-
turer's instructions. After fragmentation of the DNA to approximately
200 bp with advanced focused acoustics (Covaris), library construc-
tion was performed with a combination of SureSelect HumanAll Exon
Kit (Agilent Technology) and KAPA Hyper Prep Kit (NIPPON Genetics)
according to the manufacturers' protocols. Enriched fragment libraries
were then sequenced on an lllumina HiSeq 2500 in 101-bp
paired-end mode. A robust bioinformatics pipeline validated previ-
ously was used for alignment, variant calling, and analyzing copy

number variation (Supporting Information Methods).

3 | RESULTS

The genomic and clinical features for seven patients are summarized
in Table 1 and Table S1. The median age at diagnosis was 13 years
(range 5-16 years). Two patients were at stage Ill according to the
St. Jude classification for pediatric non-Hodgkin lymphoma (NHL).”
Five patients were at stage IV with bone marrow involvement by
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FIGURE 1 Genomic copy number alterations in the tumor specimen. Genomic copy number alterations were identified using whole-exome
sequencing followed by copy number calling. (A) A heatmap of the copy number ratio for each tumor specimen at diagnosis. The values for all
inferred segments are depicted by the color indicated on the right. (B) Scatter plots of the copy number ratio on 6q are shown. Each dot indicates
the value for the targeted region. Red lines represent the copy number segment inferred in the analysis. All positions shown in this figure were
based on GRCh37. (C), (E) Comparison of genomic alterations between diagnostic and relapsed specimens. (C) A heatmap of the genomic copy
number alterations in primary tumor and bone marrow at relapse in UPN4. All the inferred segments are color-coded by the indicated color
according to their copy number ratio. (D) Scatter plots of the copy number ratio around CDKN2A/B loci. Each dot indicates the value for the
targeted region. Red lines represent the copy number segment inferred in the analysis. All the positions shown in this figure were based on
GRCh37. (E) Scatter plots of the rate of the single nucleotide variants are shown, in which each dot indicates the variants identified in the bone
marrow specimen taken at initial diagnosis. In each panel, variant rates were compared between bone marrow at diagnosis and primary tumor at
diagnosis (left side) or bone marrow at relapse (right side), respectively. Dots on the x-axis indicate that any sequence read was not detected, or
that the variant rate was 0%, in the tumor specimen
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with TCF3-PBX1-positive B-LBL, we identified KMT2D mutations and
6qg LOH as recurrent alterations.

The KMT2D gene, also known as MLL2/MLL4, encodes a histone
H3 lysine 4 (H3K4) mono-methyltransferase on enhancer regions and
plays a crucial role in maintaining genomic stability.** Previous reports
demonstrated that the KMT2D gene acts as a tumor suppressor in var-
jous cancers.*? In pediatric B-ALL, KMT2D mutation was found in
6.2%, which was the most frequently mutated epigenetic regulator
and is considered to be the driver gene.r>*> Ueno H et al. also
reported that frequent involvement of KMT2D mutations were one of
characteristic of TCF3-PBX1-positive B-ALL and was a poor prognosis
factor for B-ALL.1®

Two of the three somatic mutations detected in our study were
the nonsense mutations affecting the catalytic SET domain, which is
responsible for H3K4 methyltransferase activity and maintaining
KMT2D protein stability (Figure $2).” Another is the missense muta-
tion that is located in the PHD domain, which recognize H4 tails on
nucleosomes and could be critical for KMT2D-catalyzed nucleosome
methylation.!” The missense variants in the PHD domain have been

reported in various tumors,'8-2°

suggesting an important carcinogenic
role as a tumor suppressor.” KMT2D mutations might cooperate with
TCF3-PBX1 to develop lymphoid tumor, but it is unclear why they
were lymphomas. Of note, the patients with nonsense variants of the
KMT2D had no bone marrow infiltration, which suggests that dysfunc-
tion of KMT2D might contribute to the lymphomatous features of
LBL, however further study is needed to clarify it.

Previous studies showed that 6g LOH occurred recurrently in lym-
phoid neoplasms in up to 9.0% of pediatric ALL cases, although its
impact on outcomes was unclear unlike T-LBL with 6g LOH, which is
associated with unfavorable prognosis.?*?*? The common deleted region
in our two patients overlapped the deleted region reported in cases of
T-LBL and ALL*?*% In T-LBL or T-ALL, GRIK2 (6q16.3), CASPSAP2
(6915-16.1), and EPHA7 (6g16.1) were reported as candidates for tumor
suppressor genes in this deletion region, but it is unclear whether they
are involved in the difference between LBL and ALL.24-2¢

This study has several limitations. First, due to the small sample
size and the short observation period, the precise prevalence of recur-
rent genomic alterations and the correlation between clinical features
and those variants were unable to be accurately assessed. Second, our
copy number analysis may have been underestimated due to the vari-
ability in the exon capture procedure and not evaluating the
intron area.

Ueno H et al. recently published on the landscape of B-ALL,?”
and found significant correlation between TCF3-PBX1 subtype and
alterations in RB1, PAX5, and PHFé. It is interesting that UPN3 who
was involved bone marrow had PHFé mutation besides KMT2D muta-
tion (Supporting Information Table S2). In conclusion, we found
KMT2D variants and 6q LOH as recurrent alterations in TCF3-PBX1-
positive B-LBL. In order to elucidate the relationship between these
recurrent alterations and disease specificity or outcomes, further stud-
ies with additional cases comparing with TCF3-PBX1-positive B-ALL

are required.
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