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Abstract

Waldenstrdm macroglobulinemia (WM) is a lymphoproliferative
disease characterized by a heterogeneous lymphoplasmacytic bone
marrow infiltrate and monoclonal immunoglobulin M production.
WM shows similarities in presentations with related B-cell malignan-
cies, sometimes making it difficult to distinguish them. To better
characterize the genetic basis of WM, we performed a comparative
genomic analysis with the related entities, lymphoplasmacytic lym-
phomas without monoclonal immunoglobulin M protein, marginal
zone lymphomas, chronic lymphocytic leukemia, and monoclonal
gammopathy of undetermined significance. Overall, WM shows a
very stable karyotype and shares most of the chromosomal abnormal-
ities with most of the indolent B-cell malignancies. Trisomy 4 is
unique to WM; however, no candidate genes have been identified in
the chromosome. Abnormalities that affect myeloid differentiation
primary response 88 (MYD88) - interleukin-1 receptor-associated
kinase 4 (IRAK4) and nuclear factor kappa B (NF-kB) signaling
pathways were found in a significant proportion of WM cases, which
suggest their relevance in the pathogenesis of the disease and opening
new avenues that may be a guide to design novel therapeutic
approaches.

Introduction

Genomic and transcriptomic analyses have significantly improved
our knowledge of the molecular basis of Waldenstrom macroglobu-
linemia (WM). Conventional cytogenetics and array-based compar-
ative genomic hybridization have shown deletion of chromosome 6q
in nearly half of patients with WM, followed by gains of chromo-
somes 3, 4, 18, 6p, and losses of 11q23 (ATM), 13q14 (MIRN15A/
16-1), and 17p (TP53), each one being found in 10% to 20% of
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WM cases.'® Massively parallel DNA sequencing has recently
showed that mutations in the myeloid differentiation factor gene 88
(MYD8S8) is close to a unifying event in WM, with activating muta-
tions in 90% of patients.” At the transcription level, gene expression
profiling identified interleukin 6 as the top upregulated hit in
WM.*? Furthermore, results of comparative expression profiling
suggest that WM clustered far more close to chronic lymphocytic
leukemia (CLL) than to multiple myeloma (MM).®

Although genetic analysis has provided certain understandings of
WM pathogenesis, there is not a complete clear distinction between
WM and related entities across B-cell neoplasias characterized with
similar clinical presentations. Thus, monoclonal gammopathy of un-
determined significance (MGUYS) of the immunoglobulin (Ig) M
type shares with WM the presentation of an elevated IgM secretion,
but the evidence of bone marrow infiltration by lymphoplasmacytic
lymphoma on a bone biopsy is characteristic of WM. Additional
entities to consider in the differential diagnosis include marginal
zone lymphoma (MZL), CLL, and MM. The aim of this study is to
summarize the high throughput genomic analyses our group per-
formed that compared large series of WM and related B-cell malig-
nancies to better dissect the genetic similarities and differences be-
tween these entities.

Materials and Methods

We analyzed 42 WM, 14 lymphoplasmacytic lymphomas (LPL)
without monoclonal IgM protein (IgM), 20 MGUS, 35 splenic
MZL, 20 nodal MZL, 46 mucosa associated lymphoid tissue
(MALT) lymphoma, and 52 CLL cases. The WM cell population
was enriched from bone marrow biopsy specimens by using anti-
CD19" immunomagnetic beads or by a concomitant positive selec-
tion by using anti-CD19™" and CD138". The MGUS cell popula-
tion was enriched by using anti-CD138" and CLL cells by using
anti-CD19™" beads. Overall, >90% purity was obtained in all sam-
ples after enrichment. In the non-IgM LPL, splenic MZL, nodal
MZL, and MALT lymphomas, tumor purity was estimated by the
percentage of CD20™" cells, including only cases with more than
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Figure 1

Comparison of the Median Number of Copy Number
Abnormalities (CNA) (surrogate of genomic

complexity) Between Waldenstrom
Macroglobulinemias (WM) and Multiple B-cell
Malignancies
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70% tumor purity. In addition, data from 45 mantle cell lymphomas
(MCL) and 240 MM (CD138™) were used as an outlier group for
comparative purposes.

Samples were analyzed with the Agilent 244K and Sureprint G3
microarray platforms (Agilent Technologies, Santa Clara, CA),
which posses 243,000 and 1 million probes spread around the ge-
nome, respectively. This approach allowed the detection of copy-
number abnormalities (CNA) found in at least 30% to 40% of tumor
cells. Data were analyzed by using Genomic Workbench (Agilent)
and Nexus (Biodiscovery) software. CNAs were only considered
when at least 2 consecutive probes showed the abnormality. Finally,
we eliminated copy-number polymorphisms from the analysis by
using a combination of our own data and the Database of Genomics
Variants (http://projects.tcag.ca/variation/).

Results and Discussion

Overall, 35 patients (83%) with WM have an altered genome, as
detected by array-based comparative genomic hybridization analysis,
with a median of 4 CNAs per case (range, 0-27)." By considering the
genomic complexity, WM samples are in the same range of CLL
samples (3 CNAs per sample; range, 0-32), SMZL samples (3 CNAs
per sample; range, 0-66), NMZL samples (3.5 CNAs per sample;
range, 0-35), and MALT lymphoma samples (4 CNAs per sample;
range, 0-18) but considerably lower than MCL (15 CNAs per sam-
ple), MGUS (15 CNAs per sample), and MM (20 CNAs per sample)
(Figure 1). Interestingly, the remaining LPL (non-IgM LPL) showed
a significantly higher genomic complexity than the WM-LPL, with a
median of 7 CNAs per sample (range, 0-44)."" Another indication of
the low complexity of the WM genome was the low prevalence of
biallelic deletions and high-level amplifications. Overall, in the entire
cohort of 42 patients with WM, we only found 3 biallelic deletions,
an amount that is usually observed in a single patient with MM.

Most of the recurrent abnormalities observed in WM are shared
with other B-cell malignancies. A summary of all abnormalities de-
tected per entity, type (gains and losses), prevalence, and chromo-
some location is shown in Figure 2. Deletion of chromosome 6q was
observed in 18 cases (42%), with 2 minimal deleted regions located

in 6q21 and 6q23, respectively. These regions include genes PRDM1
(6q21) and TNFAIP3 (6q23), which have been recognized as key
players in the pathogenesis of MZL, diffuse large B-cell lymphomas
(DLBCL), and Hodgkin lymphoma.''"'” The simultaneous pres-
ence of trisomies 3 and 18 was commonly found in WM and across
MZL entities. The same is observed with deletions on chromosomes
7932 and 11923 (ATM), which are recurrently affected in SMZL
and CLL, respectively' !> Deletion on chromosome 13 affects the
microRNAs MIRN15A and MIRNI16-1 on cytoband 13q14, similar
to CLL and SMZL,"*>18 but different from MM and NMZL,
where the entire chromosome 13 is usually lost. Deletion of 17p13,
which includes 7P53, has been found in nearly 4 patients (10%)
with WM"* and is common to most of B-cell neoplasias. Inactivat-
ing mutations of TRAF3 (located on cytoband 14q32.32) have sig-
nificant implications that lead to constitutive activation of nuclear
factor kappa B (NF-kB) pathways and are recurrent findings in 5%
of patients with WM." Increased activation in the NF-kB signaling
pathway has been observed in several B-cell tumors, such as MM,
DLBCL, MZL, and others.'>1?:2°

Interestingly, trisomy 4, which is identified in nearly 8 patients
(19%) with WM, seems to be unique in WM, not shared by any
other low-grade B-cell malignancies, including the non-IgM LPL
cases.”'! Moreover, trisomy 4 has occasionally been found to be
the sole genetic abnormality within patients with WM."® High-
resolution genomic studies have not been able to identify a min-
imal gained region or a candidate gene on chromosome 4. Although
the clinical implication of trisomy 4 is not well understood, analysis of
data suggests that 4q may play a role in increased susceptibility to
WM.?! In a genome-wide linkage analysis performed on 11 fam-
ilies identified as high risk for WM, high linkage was found on
cytoband 4q33-q34, which suggests both linkage and common
susceptibility between patients with IgM MGUS and patients
with WM.

The past few years have been of a marked evolution in our knowledge
of the molecular basis of WM pathogenesis. The incorporation of high-
throughput analyses to the study of WM has led to the discovery of a
plethora of genetic abnormalities and molecular pathways associated
with the disease.">””'" In this study we showed a comparative
genomic analysis of WM and related lymphomas, including non-IgM
LPL, MGUS, CLL, and MZL as well as more aggressive entities, for
example, MM. The analysis identifies a very stable karyotype in WM,
comparable with CLL and MZL, but showing lower complexity than
non-IgM LPL, MGUS, MCL, and MM.172223 The analysis across
entities exposes a similar scenario at the genomic level, with the presence
of a common group of CNAs shared by several or all of the entities, with
few WM-specific abnormalities.

Conclusion

The main challenge in the postgenomics era is to identify “Achilles
heels” to be exploited for drug discovery and to rapidly translate these
insights into novel therapeutic strategies for patients with WM. The
discovery of the very high prevalence of MYD88 mutations,” together
with the presence of recurrent abnormalities in 7NFAIP3 and TRAF3, !
confirms the central role of the MYD88-IRAK4 and NF-«B signaling
pathway in WM pathogenesis and provides promising avenues search-
ing for novel therapies to this still incurable disease.
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The Genomic Landscape of Waldenstrom’s Macroglobulinemia

Figure 2 An Overview of the Copy-Number Abnormalities Identified in Waldenstrom Macroglobulinemia (WM) Compared With
non-immunoglobulin (Ig) M Lymphoplasmacytic Lymphoma (LPL), Marginal Zone Lymphoma (MZL), and Chronic
Lymphocytic Leukemia (CLL). Recurrent Trisomy 4 Is Unique to WM and Not Found in non-IlgM LPL. Chromosomes 1 to

Y Are Represented From Left to Right. Light Gray Blocks Represent Chromosome Gains, Whereas Dark Gray Blocks
Represent Chromosome Losses. The Amplitude in Each Abnormal Region Represents the Frequency (%) of Each Copy-
Number Abnormality
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