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KEY PO INT S

�WGS describes IgM-
MM as predominantly a
pre–germinal center
malignancy and pro-
vides molecular differ-
ences to WM.

� High BCL2/BCL2L1
ratio and high
expression of CD20 and
Bruton tyrosine kinase
in IgM-MM provide
potential for targeted
therapeutic options.

Immunoglobulin M (IgM) multiple myeloma (MM) is a rare disease subgroup. Its differenti-
ation from other IgM-producing gammopathies such as Waldenstr€om macroglobulinemia
(WM) has not been well characterized but is essential for proper risk assessment and treat-
ment. In this study, we investigated genomic and transcriptomic characteristics of IgM-
MM samples using whole-genome and transcriptome sequencing to identify differentiating
characteristics from non–IgM-MM and WM. Our results suggest that IgM-MM shares most
of its defining structural variants and gene-expression profiling with MM, but has some
key characteristics, including t(11;14) translocation, chromosome 6 and 13 deletion as well
as distinct molecular and transcription-factor signatures. Furthermore, IgM-MM transloca-
tions were predominantly characterized by VHDHJH recombination-induced breakpoints, as
opposed to the usual class-switching region breakpoints; coupled with its lack of class
switching, these data favor a pre–germinal center origin. Finally, we found elevated
expression of clinically relevant targets, including CD20 and Bruton tyrosine kinase, as
well as high BCL2/BCL2L1 ratio in IgM-MM, providing potential for targeted therapeutics.
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2. Determine driver mutations in IgM-MM compared with non-IgM-MM, WM, and healthy donor plasma cells
3. Identify which IgM monoclonal gammopathy of undetermined significance has the potential to progress to IgM MM or WM
4. Identify therapeutic targets in IgM-MM, according to this genomic and transcriptomic study
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Introduction
Immunoglobulin M (IgM) multiple myeloma (MM) is a rare condi-
tion with an estimated incidence of ,0.5%.1 Its differentiation
from more common IgM-producing plasma cell (PC) disorders,
chiefly Waldenstr€om macroglobulinemia (WM), is challenging but
essential because of distinct treatment modalities and prognoses.2

Recent advancements in molecular techniques have shed light on
the genomic characteristics and unique genetic alterations of MM
and WM3,4; however, comprehensive profiling has not yet been
performed for IgM-MM. This study investigates genomic and tran-
scriptomic characteristics of IgM-MM through whole-genome
(WGS) and transcriptome sequencing of IgM-MM cases, compar-
ing them to non–IgM-MM, WM, and healthy donor PC.

Study design
All MM patient samples and deidentified clinical data were col-
lected after written informed consent. We performed and com-
pared WGS on CD138-sorted myeloma cells from 15 IgM-MM,
211 non–IgM-MM, and 55 WM patient samples, and transcrip-
tomic data from 15 IgM-MM, 30 non–IgM-MM, 35 WM, and 3
healthy donor PCs. We analyzed WGS data with Mutect2, Fac-
ets, and Manta, and RNAseq analysis with Salmon, and R (sup-
plemental Methods, available on the Blood Web site).

Results and discussion
VDJ-t(11;14)
We first evaluated the WGS data for structural variants and
observed that all patients with IgM-MM harbored a
t(11;14)(q13;q32) translocation that fused immunoglobulin super-
enhancers with CCND1 (Figure 1A). Sixty percent of t(11;14)
translocations in IgM-MM involved VH-DH-JH regions on IGH
(Figure 1B), compared with only 25% of non–IgM-t(11;14)-MM
that predominantly involved immunoglobulin switch regions

(Figure 1C-D). None of the WM samples featured any transloca-
tion (Figure 1E).

Chromosomal copy-number variation
IgM-MM displayed copy-number variation patterns similar to
those reported in non–IgM-MM (Figure 1F; supplemental Figure
1). We observed clonal changes involving del13q and del6q in
67% and 40% of patients with IgM-MM, respectively, with 1q21
and 6p gains in 40% of 15 patients. Subclonal events involving
del16q were observed in 47%, with del1p and del17p in 1
patient each. Del6q and del13 were the only events that were
more frequently observed in IgM-MM vs non–IgM-MM and
non–IgM-t(11;14)-MM (P , .05).5 It is interesting to note that
del6q occurred in .31% of WM and is associated with progres-
sion from IgM monoclonal gammopathy of undetermined signif-
icance (MGUS) to WM.6

Driver mutations
Previously described MM driver mutations7 involving KRAS,
NRAS, BRAF, CCND1, and DIS3 were also encountered in IgM-
MM (Figure 1G). We have observed a high frequency of clock-
like signature in IgM-MM and WM compared with non–IgM-MM
and high APOBEC in IgM-MM compared with WM, suggesting
an alternate mechanism in these groups (supplemental Figure
2).8 Matched RNA-seq variant allele frequency (VAF) was linearly
correlated with genome-called VAF for other mutations, sug-
gesting a lack of impact on transcription, except for CCND1,
which displayed a disproportionate expression of the mutant
allele (supplemental Table 1). Interestingly, MYD88 mutation, a
hallmark of WM observed in 95% to 97% of patients with WM,4

was detected in 1 IgM-MM sample; however, it was a subclonal
S219C mutation and not the usual L265P variant observed in
WM.9

RNA-seq data from IgM-MM displayed elevated expression of
transcripts relevant to MM-associated proteins, including CD38,
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Figure 1.
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CD138, BCMA, and SLAMF7 (Figure 2A), as well as t(11;14)-spe-
cific proteins, including CCND1, CD20, CD23, and CD79A
(Figure 2B). Furthermore, CD56 and CD117 are highly
expressed in MM but low or absent in IgM-MM and WM (Figure
2C). Gene set enrichment analysis showed upregulation of MYC
target genes in IgM-MM compared with both non–IgM-MM and
WM (Figure 2D; supplemental Figure 3; supplemental Tables 2
and 3).

Unsupervised hierarchical clustering using differentially
expressed genes between MM and WM revealed a closer
molecular homology of IgM-MM to non–IgM-MM compared
with WM (Figure 2E). We identified 230 genes unique to IgM-
MM and WM and differentially expressed from MM (Figure 2F;
supplemental Figure 4). A similar analysis using only
B-cell–specific transcription factors10–12 showed separation of
WM and MM and preferential clustering of IgM-MM with
non–IgM-MM (Figure 2G; supplemental Figure 5). WM was
noted to have closer homology to peripheral memory and ger-
minal center (GC) B cells compared with MM, including IgM-
MM, which appeared to have a more mature phenotype. It
appears that IgM-MM has an intermediate phenotype compared
with non–IgM-MM, contrasted with WM, which retains a fully
immature signature with upregulated PAX5, MYC, and BCL-6
and downregulated PRDM1, XBP1, and IRF4. WM is theorized
to originate from peripheral memory B cells, marginal zone cells,
or GC B cells,13–15 which was observed in the unsupervised clus-
tering (Figure 2G).

IGH translocations have been observed in .40% of patients
with MM, most frequently involving CCND1 on chromosome 11
(15% to 20%).16 It has been suggested that different mecha-
nisms in B-cell development are responsible for breakpoints
generated on the IGH locus. In fact, the majority (.60%) occur
within the switch-region upstream of IGH constant genes, gener-
ated through class-switch recombination in mature B cells in
GCs.17 A fifth of t(11;14) translocations, however, are thought to
be generated through VH-DH-JH recombination, occurring earlier
at the pro–B-cell stage in the bone marrow (BM).17 All of the
IgM-MM samples showed CCND1 translocation, the most prob-
able MM initiating event in this subgroup, and 60% of these
appear to originate from VH-DH-JH recombination, suggesting
their occurrence in the BM at pre-GC progenitor level. Also,
although IgG/IgA-MM displayed evidence of class switch recom-
bination (CSR) with deletions between the IGHM switch region
and IGHG/IGHA switch regions, most IgM-MM samples (73%)

had no such alterations. It is interesting to note that 2 IgM sam-
ples appear to have acquired the t(11;14) translocation during
CSR but failed to class switch, which could explain their persis-
tence in the IgM state, and perhaps even more intriguing, 4
samples appear to have fully classed switched and acquired the
t(11:14) translocation during CSR, yet the translocated allele is
inactivated through an unclear mechanism and the cells exclu-
sively produce IgM. Although both IgM-MM and WM share the
same precursor condition, namely IgM-MGUS, the presence of
t(11;14) and del13 coupled with the lack of MYD88 mutation at
a precursor level may serve as predictors for progression of
MGUS to IgM-MM as opposed to WM.18

Clinically relevant targets
Three clinically relevant upregulated targets, BCL-2, CD20, and
Bruton tyrosine kinase (BTK), were identified in IgM-MM (Figure
2H). We have confirmed that all 15 patients with IgM-MM are
t(11;14), and all express CD20 at the RNA level. This is in line
with reported CD20 expression in t(11;14)-MM.19 Moreover,
using immunoperoxidase and in situ hybridizations as well as
flow cytometric methods, we have confirmed CD20 and cyclin
D1 expression in CD1381 PCs with monotypic cytoplasmic reac-
tivity for l light chain and IgM heavy chain in BM from a patient
with IgM-MM. This provides the rationale for use of rituxan in
patients with IgM-MM. BTK inhibitors, such as ibrutinib, are very
effective in treating WM,20 but have only shown modest activity
in MM.21 BTK expression was significantly higher in IgM-MM
and WM compared with non–IgM-MM, indicating a possible
role for BTK inhibitors in IgM-MM. Finally, both IgM and non–-
IgM-t(11;14)-MM had elevated levels of BCL-2, which is a known
predictor of venetoclax efficacy.22 Interestingly, the higher
BCL2/BCL-XL and BCL2/MCL1 ratios observed in IgM-MM com-
pared with non–IgM-t(11;14)-MM may suggest even better sen-
sitivity to venetoclax in this group of patients.23 Although
certainly not unique to IgM-MM, CD38, BCMA, and SLAMF7
are well-established targets for treatment in MM, and given their
high expressions in IgM-MM, similar responses are expected in
this subgroup.24,25 To date, clinical data are lacking, and further
investigations are needed to fully understand the potential role
of these drugs in treating IgM-MM.

In summary, we here describe a molecular and transcriptomic
landscape of IgM-MM, which both identifies its origin at an early
stage of PC differentiation and provides clues for a selective
therapeutic targeting.

Figure 1. Cytogenetic abnormalities in IgM-MM. (A) Translocations in 15 patients with IgM MM. All 15 samples (each circos plot represents 1 patient) from newly
diagnosed patients with IgM-MM had t(11;14) translocation (shown in red). Other translocations are shown with black links. Chromosomes from chr1 to chrY are ordered
clockwise. (B) Patients with IgM (n 5 15) displaying t(11;14) translocations involving predominantly DJ genes and deletions suggestive of VDJ recombination. Only 4
patients had deletions suggestive of class-switch recombination, and 6 had translocations involving class-switch regions. The IgH region is shown on the left side of the
panel, and the CCND1 region is shown on the right side. IgH region genes and switch regions are color coded. Translocations (inner links) are also color coded by their
classes. (C) Patients with IgG (n 5 20) with t(11;14) translocations involving DJ genes and class-switch regions and deletions suggestive of VDJ recombination and class
switch to IgG subtype. (D) Patients with IgA (n 5 4) displaying t(11;14) translocations involving DJ genes and class-switch regions and deletions suggestive of VDJ
recombination and class switch to IgA subtype. (E) WM samples (n 5 55) displaying deletions suggestive of VDJ recombination, and 4 patients displaying class switch-
ing to IgG and IgA. None of the WM samples had translocation involving IgH region. (F) Copy-number alterations (CNA) in non–t(11;14)-MM samples (n 5 165), non-
2IgM-t(11;14) samples (n 5 36), IgM-MM samples (n 5 15), and WM samples (n 5 55). For each group gain (green) and deletion (red), frequencies are shown (y-axis).
Regions that are statistically different between IgM-MM vs non2IgM-t(11;14)-MM or IgM-MM vs WM or both are color coded, and significant alterations are highlighted
(P , .05). (G) Oncoplot of coding and noncoding mutations in MM driver genes for IgM (n 5 15) and non2IgM-t(11;14) (n 5 43) patients. Significant differences for cod-
ing mutations in each gene are marked with an asterisk on the left side and for noncoding mutations on the right side. Immunoglobulin type of each patient is shown
at the bottom with color codes (green for IgM, orange for IgG, red for light chain only, blue for IgA, and turquoise for IgD). Mutation types are also shown in each cell
with color codes explained at the bottom. IGL, immunoglobulin light chain; 39UTR, 39 untranslated region.
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Figure 2. Gene expression profiles. (A) IgM-MM shows similar transcript expression of key MM proteins. (B) IgM-MM shows similar transcript expression of key
t(11;14) MM proteins. (C) IgM-MM–specific transcript expression shows low levels of CD56 and CD117. (D) MYC gene set enrichment analysis and transcript levels show-
ing upregulation in IgM-MM compared with non–IgM-MM. (E). Clustering of protein coding genes differentially expressed between non–IgM-MM and WM, showing
preferential clustering of IgM-MM subtype with other MM samples and suggesting a unique transcriptional signature in this subgroup. (F) Volcano plot of differentially
expressed genes between IgM-MM and non–IgM-MM with similarly differentially expressed genes between WM and non–IgM-MM labeled. (G) Heat map of
B-cell–specific transcription factors expression profiles showing preferential clustering of IgM-MM subtype with other MM samples and separation in IgM-specific signa-
ture, and closer homology between WM and immature B cells. (H) Expression levels of clinically relevant genes. FC, fold change; NS, not significant.
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