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Abstract X-linked agammaglobulinemia (XLA) is clinically
characterized by reduced number of peripheral B cells and
diminished levels of serum immunoglobulins, and caused by
a mutation in the Bruton’s tyrosine kinase (BTK) gene, which
play a pivotal role in signal transduction of pre-B-cell receptor
(BCR) and BCR. B-cell precursor acute lymphoblastic leuke-
mia (BCP-ALL) is the most common malignancy in children,
and it may be associated with gene alterations that regulate B-
cell development. Here we described a first case of XLA as-
sociated BCP-ALL. The whole-exome sequencing revealed a
somatic mutation in MLL2 in the sample from the onset of
BCP-ALL. This study suggests that the alterations of BTK and
MLL?2 synergistically function as leukemogenesis.
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Introduction

X-linked agammaglobulinemia (XLA) is a primary immuno-
deficiency disease characterized by lack of peripheral B cells
and low levels of serum immunoglobulins; it is caused by a
mutation of the gene encoding Burton’s tyrosine kinase (BTK)
[1]. BTK functions downstream of multiple receptors in vari-
ous hematopoietic cells. It also plays a pivotal role in signal
transduction of pre-B-cell receptor (BCR) and BCR [1]. The
activation of pre-BCR and BCR, which results in signal cas-
cade of downstream molecules, is required for the development
of B cells, and BTK alterations impede the development of pro-
B cells beyond the early pre-B-cell stage to the later stage of
pre-B cells [2]. Indeed, XLA patients show severely reduced
numbers of mature B cells, whereas pro-B cells are present in
the bone marrow of patients with XL A in normal or increased
numbers [2]. B-cell precursor acute lymphoblastic leukemia
(BCP-ALL) is the most common malignancy in children, and
its pathogenesis is explained by the impairment of lymphoid
development and normal cellular functions, including cell cy-
cle regulation, tumor suppression and lymphoid signaling [3].
Genome-wide analysis has revealed alterations in genes that
regulate B-cell development in more than two-thirds of BCP-
ALL patients, including PAXS5, TCF3, EBF1, LEFI and IKZF 1
[4]. Recently, germline P4X5 mutations were identified in fa-
milial leukemias [5]. Given that impairment of lymphoid de-
velopment is related to leukemogenesis, there is a possibility
that XLLA patients have increased susceptibility to BCP-ALL.
This is an initial report of a BCP-ALL patient associated with
XLA, for whom whole-exome sequencing revealed an ac-
quired mutation in MLL2. This study was approved by the
ethics board of the University of Toyama.
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Material and Methods
Patient Report

The patient was a 10-year-old boy, who had contracted pneu-
mococcal meningitis at the age of 3 years and had suffered
from recurrent bacterial infections including otitis media. The
family history was unremarkable. The percentage of B cells
and serum immunoglobulin levels were markedly reduced (B
cells 0.3 %, IgG 7 mg/dl, IgA 3 mg/dl, IgM 30 mg/dl). At the
age of 6 years, the patient was diagnosed as having XLA with
a BTK c.1051A>G (p.R307G) missense mutation (Fig. 1a),
the pathogenicity of which has been reported in a public da-
tabase (SH2base: http://bioinf.uta.fi/SH2base/BTK.html).
Regular intravenous immunoglobulin (IVIG) replacement
therapy was started. When he was 10 years old, a routine
hematological study incidentally disclosed lymphoblasts in
the peripheral blood. His white blood cell count was 7.0%
10°/L with 15.0 % lymphoblasts, hemoglobin was 12.0 g/dL
and platelet count was 185,000/uL. Bone marrow aspiration
revealed hypercellular marrow, with 96.2 % lymphoblasts.
Flow cytometry revealed that the lymphoblasts were positive
for CD10 (99.7 %), CD19 (99.7 %), CD22 (97.9 %),
cy-CD79a (96.4 %), CD34 (99.8 %) and cy-TdT (95.4 %)
and HLA-DR (98.8 %) and negative for CD20, cy-Igpu chain,
Igu chain, Igk chain, IgA chain, and all of the T-lineage and
myeloid markers except CD2 (99.2 %). The karyotype was
normal, and real-time polymerase chain reaction detected no
major BCR-ABLI, minor bcr-abll, TCF3-PBX, MLL-AF4,
MLL-AF9, MLL-ENL, ETV6-RUNXI and SIL-TALI fusion.
The patient was diagnosed with BCP-ALL, and received che-
motherapy according to the Tokyo Children’s Cancer Study
Group (TCCSG) ALL L04-16 high-risk group protocol. He
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had a good clinical course, and the chemotherapy was just
finished. No severe complications occurred except for one
episode of febrile neutropenia.

Whole-Exome Sequencing

Whole-exome sequencing was performed to identify second-
ary genetic events. Paired leukemia cell DNA from bone mar-
row cells at diagnosis and control DNA from peripheral blood
mononuclear cells in remission were analyzed. Exome capture
was carried out using a TruSeq Exome Enrichment Kit
(ITlumina) according to the manufacturer’s protocol.
Massively-parallel sequencing was performed using a HiSeq
1500 platform (Illumina) with 100 bp-paired-end reads. Se-
quence reads were aligned to the human reference genome
using Burrows-Wheeler Aligner. SAMtools, Genome Analy-
sis Toolkit (GATK) and Picard Tools were used for down-
stream processing and variant calling. Calls with a read cov-
erage<5xwere filtered out, resulting in>96 % coverage for
the entire target region. Detected tumor-specific candidate var-
iants were further filtered using dbSNP137, Human Genetic
Variation Database (HGVD; http://www.genome.med.kyoto-
u.ac.jp/SnpDB/) and our in-house SNP database. As a result,
six tumor-specific variants were identified (Table 1). Among
these variants, a MLL2 ¢.8740delC (p.H2914£s) mutation was
considered a driver mutation, because it is an inactivating
mutation and the gene is reported to be recurrently inactivated
in diffuse large B-cell lymphoma (DLBCL) [6, 7]. For the
other five variants, we performed an extensive literature
search but could not find reports supporting their driver role.
We also evaluated 237 novel germline nonsynonymous vari-
ants that were not registered in SNP databases. However, even
with knowledge from genome-wide association studies of
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Fig. 1 BTK expression and its role in leukemogenesis. a Intracellular
BTK expression in CD14" monocytes evaluated by flow cytometry (BD
LSRFortessa'™ Cell Analyzer, BD Biosciences, San Diego, CA). Black
histograms indicate BTK expression (clone 10E10, OriGene
Technologies, Inc., Rockville, MD), and Gray histograms indicate
isotype control. BTK expression in the patient was reduced compared

well differentiated B cell
malignancies having BCR

with that in a normal control. b Two different roles of B7K in the
development of B-cell malignancies. Absence of BTK-dependent BCR
signals may promote the development of poorly differentiated B-cell
malignancies. Activated BTK-dependent BCR signals promote the
development of well-differentiated B-cell malignancies
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Table 1  Somatic variants detected in leukemia cells

Gene Effect CDS change Protein change Genotype Chromosome Cancer tissue in COSMIC*

GLT25D2 Missense c.1019G>T p.Gly340Val hetero 125 none

DNAH14 Missense c.2810C>A p.-Thr937Lys hetero 1q42 endometrium

DAPKI1 Missense c.3683C>A p-Leul230Ile hetero 9q34.1 endometrium, large intestine

MLL2 Frameshift ¢.8740delC p-His2914Thrfs hetero 12q12-q14 cervix, urinary tract, endometrium,
large intestine, lung, hematopoietic
and lymphoid

COG8 Missense c.284A>G p-Glu95Gly hetero 16q22.1 none

ALKBHG6 Missense c.16A>G p-Met6Val hetero 19q13.12 none

*Cancer tissue: > 5 % have the mutation in the Catalogue of Somatic Mutations in Cancer database

CDS coding sequence, COSMIC catalogue of somatic mutations in cancer

ALL and the Catalogue of Somatic Mutations in Cancer
(COSMIC) database [8], we could not identify possibly path-
ogenic variants except the BTK ¢.1051A>G mutation.

Discussion

It is tempting to hypothesize that a germline BTK mutation
and an acquired MLL2 mutation are sufficient to cause a leu-
kemic transformation in B lymphocyte precursors with defec-
tive maturation. The development of leukemia cells was
arrested just before the stage that required BTK. Previous
studies identified that several BCP-ALL cells have aberrant
expression of BTK caused by somatic mutations or aberrant
transcription of BTK [9]. It is noteworthy that many of these
observations were identified in MLL-rearranged ALL [9].
MLL? is a histone methyltransferase and its impaired function
results in aberrant DNA methylation. Haploinsufficiency of
MLL? is sufficient to drive molecular pathogenesis. A hetero-
zygous germline mutation results in a characteristic systemic
disorder named Kabuki syndrome [10], and the somatic MLL2
mutation observed in DLBCL is also heterozygous [6, 7].
However, the fact that our current knowledge about gene mu-
tations remains markedly limited and the possibility of the
existence of a fusion gene that we have not tested weaken
the hypothesis.

Of greatest interest was that BCP-ALL with an MLL2 mu-
tation occurred in a BTK-deficient patient whereas BTK in-
hibitor is effective in some DLBCL patients [11], most likely
having MLL2 mutation. According to our findings and previ-
ous reports, we suggest two different roles of BTK in the
pathogenesis of B-cell malignancies according to the degree
of their differentiation (Fig. 1b). Firstly, constitutively or ab-
errantly activated BTK-dependent signals from BCR can pro-
mote the development of well-differentiated B-cell malignan-
cies [12, 13]. Secondly, absence of BTK-dependent signals,
which result in developmental arrest of B cells, can promote
the development of poorly differentiated B-cell malignancies
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such as BCP-ALL. Our report provides the first evidence of a
germline BTK mutation and an acquired MLL2 mutation af-
fecting leukemogenesis, as well as a new insight into germline
mutations in leukemia development.
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