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Genomic Studies Have Identified Multiple
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Abstract
The pathophysiology of Waldenström macroglobulinemia (WM), a

lymphoproliferative disorder characterized by lymphoplasma-
cytic bone marrow infiltration associated with serum IgM para-
protein, is rather unclear; however, progress has been made in
recent years to better determine the genetic profile of WM tumor
cells. Studies based on high-throughput genomic analyses—in-
cluding single-nucleotide polymorphism array (SNPa), array-
based comparative genomic hybridization, and, recently, whole-
genome sequencing— have improved deciphering some of the key
molecular pathways associated with WM. Beyond the discovery
of the myeloid differentiation primary response gene 88
(MYD88) L265P mutation, which will help greatly in the differ-
ntial characterization of WM from other B-cell low-grade lym-
homas, several other mechanisms of gene deregulation were
dentified and mapped that recurrently pointed out nuclear fac-
or– kappa B (NF-�B), breakpoint cluster region (BCR), and
oll-like receptor (TLR) signaling pathways as potential targets

or a better understanding of the physiopathology of WM and for
uture drug development. Herein, we summarize the current
nowledge of the genomic patterns of WM to highlight its
omplexity.

The clinical and biological presentation of Waldenström mac-
oglobulinemia (WM), a rare lymphoproliferative disorder char-
cterized by bone marrow infiltration of lymphoplasmacytic cells
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ssociated with serum IgM paraprotein,1,2 is highly heteroge-
neous. Although the underlying genetic basis remains to be iden-
tified in WM, high-throughput whole-genome techniques such as
array-based genomic hybridization, single-nucleotide polymor-
phism array (SNPa), and whole-genome sequencing have helped
improve the comprehensive analysis of WM genetic patterns, in-
cluding the identification of several genes involved in deregulated
pathways.3 We seek to summarize the various mechanisms of
deregulation at the genomic level currently identified in WM.

High-Throughput
Whole-Genome Techniques

Conventional cytogenetic (CC) analysis provided the first in-
sights into whole genome analysis of WM despite the low resolu-
tion of the technique and the low rate of proliferation of WM
cells.3-5 Since the use of immunostimulatory agents, several re-
urrent cytogenetic abnormalities have been reported in WM.4,5

Fluorescence in situ hybridization (FISH) had further improved
the rate of detection of cytogenetic abnormalities in WM, but
only for known targets and selected areas of interest.5 Overall,
nearly 50% of cases showed abnormalities by CC and/or FISH,4,5

including deletion 6q (50%), the most frequent abnormality in
WM,4 followed by deletion 13q14, deletion 17p, trisomy 18, and
trisomy 12 or 4, which were observed in �15% of WM cases.4,6

The trisomy 4 had only been described in WM across B-cell
disorders.4,7 Several rare chromosomal abnormalities were ob-
erved in WM, along with marginal zone lymphoma (MZL), such
s trisomy 3, trisomy 18, or deletion 7q and deletion 11q.8,9 The

incidence rate of chromosomal translocations is high in WM but
rarely involves IgH rearrangements.4,5

Array-based genomic hybridization first enhanced our under-
standing of the genomic complexity of WM. Eighty-three percent
of patients with WM had chromosomal abnormalities, with a
median of 3 abnormalities per patient.7 Overall, 16 recurrent

opy number changes were found that highlighted new candidate
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genes with delineation of minimal altered regions. Hence, 4 min-
imal deleted regions were identified in the 6q deletion, including
PRDM1 (formerly BLIMP1) and TNFAIP3 (tumor necrosis fac-
or alpha–induced protein 3). Interestingly, a gain on 6p was
dentified as a secondary event after the loss of 6q in 17% of
ases.7 Biallelic inactivation of TNFAIP3 by combining mutation
nd deletion was rare; however, TNFAIP3 haploinsufficiency was
escribed in a subset of patients with WM and deletion 6q.7

Inactivation of TNFAIP3, a tumor suppressor gene, resulted in
the constitutive activation of the nuclear factor– kappa B
(NF–�B) signaling pathway in WM.7,10 Rare mutations of

RAF3 (TNF receptor–associated factor 3), another NF-�B reg-
ulator, were described in this cohort.

SNPa was developed to combine genotyping and detection of
copy number alteration (CNA), allowing both analysis of hidden
chromosomal defects (microdeletions and/or microamplifications)
and detection of loss of heterozygosis. SNPa analysis confirmed de-
lineation of altered regions previously described, identified new cryp-
tic clonal chromosomal lesions, and showed a higher incidence rate
of �3 CNAs in symptomatic WM.11 Overall, CNAs were widely

istributed throughout the genome in 58% of patients, including in

Figure 1 High-Throughput Whole-Genome Techniques Have Ide
Alterations in Waldenström Macroglobulinemia (WM).
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MYD88 Mutation Identified by
Whole-Genome Sequencing

The most recent and certainly groundbreaking genomic abnor-
mality identified in WM was the discovery of a unique L265P mu-
tation on myeloid differentiation primary response gene 88
(MYD88) exon 5 in nearly 90% of WM cases (Figure 1).12,13

MYD88 is a protein adaptor through which most Toll-like receptors
(TLRs) (except TLR3) as well as interleukin (IL) 1 and IL-18 recep-
tors signal.14 The L265P mutation occurred in the Toll/IL-1 recep-
tor domain of MYD88, which consequently stabilized a complex
ontaining phosphorylated interleukin-1 receptor-associated kinase
IRAK)1/4, which promotes NF-�B and JAK-STAT3 signaling,

conferring a selective advantage in cell survival.14,15 The MYD88
utation might provide a potential biomarker for differentiating
M from other related entities such as MZL, in which MYD88

265P was detected in �10% of cases,9,13,16,17 although the inci-
ence rate of this mutation in IgM monoclonal gammopathy of
ndetermined significance remains to be determined. Somatic vari-
nts on AT-rich interactive domain 1A (ARID1A) in 17% of WM
ases were also identified and were associated with an increased dis-
ase burden. In addition, myeloid/lymphoid or mixed lineage leuke-
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MYD88 recently described in MZL.9,12 Mutations of CXCR4 were
also reported.12

In contrast with cytogenetic features, few recurrent mutations
were shared by WM and MZL, suggesting different molecular path-
ways involved in the physiopathology of these entities.9,12

Acquired Uniparental Disomy
Acquired uniparental disomy (UPD) corresponds to homologous

chromosome illegitimate recombination, leading to loss of a parental
allele and duplication of the remaining one, which can involve a
whole chromosome or a segment of a chromosome (partial UPD).
UPD arises through a number of mechanisms, including monosomy,
trisomic rescue, and incomplete segregation of chromosome and mi-
totic recombination.18 These regions with acquired UPD might har-
bor imprinted genes or loss of function alleles that may be important
for the pathogenesis of cancer. The existence of UPD was originally
suggested in WM with the observation of homozygous mutation of
the TRAF3 gene without deletion of the gene.7 Homozygous
MYD88 L265P mutation, suggesting UPD, was identified in �15%
of patients.12 The occurrence of UPD of various sizes was confirmed
nd mapped in WM using SNPa.11 Further studies are needed to

determine the genes that are deregulated by UPD and their impact in
the pathogenesis of WM.

Epigenetic Alteration
Epigenetic modifications, such as DNA methylation and histone

acetylation, are changes in gene expression that are not caused by
alterations in the DNA sequence.19 MicroRNA (miRNA) aberra-
tions, such as loss of miRNA-9*, may be responsible for the upregu-
lation of histone deacetylase HDAC4 and HDAC5 in WM cells20-22

and consequently induce hypoacetylated histone. In contrast, ge-
nome-wide methylation analysis has not been explored in WM to
date (studies ongoing), although DNA methylation plays a critical
role in the regulation of gene expression in many other B-cell lym-
phoproliferative disorders.

Understanding WM Cell Origin
The IgH variable region is commonly mutated in WM, but intra-

clonal variation is usually absent and can prevent an IgH switch from
occurring.23,24 WM is characterized by overrepresentation of
GVH3 genes and short CDR3 length.16,25 These features suggest

that WM cells are of post–germinal center B-cell origin, having been
submitted to antigen exposure and selection.

Conclusions
The initial understanding of the genetic background of WM was

drawn by gene expression profiling studies that have demonstrated
that WM is a true entity among B-cell lymphoproliferative disorders.
Interestingly, the study of DNA, 1 step backward, has in recent years
provided some valuable new information, leading to a marked evo-
lution in our knowledge of the molecular basis of WM pathogenesis
(Figure 1). A major breakthrough is undoubtedly the discovery of the

MYD88 L265P mutation, potentially the or a primary event in WM.
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High-throughput “omic” analyses of WM also improved decipher-
ing molecular pathways associated with WM progression and conse-
quently identified new potential therapeutic targets.
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