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ABSTRACT
Background: Despite recurrent and activating mutations, including MYD88, CXCR4, ARID1A, KMT2D, and CD79B were iden-
tified, the genetic basis for Waldenström's Macroglobulinemia (WM) and the risk of progression of IgM MGUS to WM remain to 
be fully elucidated.
Methods: We investigated the mutation status of WM (n = 8), sWM (n = 7), and IgM MGUS (n = 5) patients, by performing high- 
throughput targeted AmpliSeq NGS on 117 target genes. Specifically, we analyzed the CD19+ cells from 15 WM/sWM patients 
and five IgM MGUS patients. We also analyzed the CD138+ cells from four WM/sWM patients and two IgM MGUS patients.
Results: We detected the classic mutation MYD88L265P in 93% of WM/sWM and in 60% of IgM MGUS patients. The 
CXCR4S338Ter mutation was identified in 26% of WM/sWM patients, whereas it was undetectable in IgM MGUS subjects. 
Interestingly, we identified new mutated genes, including WNK2 somatic mutations affecting 46% of WM/sWM patients, for 
which a recurrent allelic variant (V1635Ter) was observed in this cohort. Moreover, sequencing evaluation revealed recurrently 
frameshift or missense mutations involving NFKB2 (L473Afs) in 60% of IgM MGUS and 20% of WM/sWM, PTPN13 (P1546Tfs) 
in 20% of IgM MGUS and 7% of WM/sWM, CARD11 (S622del) in 20% of IgM MGUS and 20% of WM/sWM, KMT2C (I823T) in 
all IgM MGUS and 93% of WM/sWM, and ATM in 20% of IgM MGUS and 47% of WM/sWM patients.
Conclusion: In conclusion, we uncovered new insights into the mutational landscape of WM, depicting a more complex in-
volvement of the NF- kB pathway, and providing evidence of the recurrence of some variants (MYD88, IL17RB, NFKB2, ATM, 
CARD11, PTPN13, and WNK2) also in IgM MGUS.
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1   |   Introduction

Waldenström's Macroglobulinemia (WM) is an incurable B- cell 
neoplasm characterized by serum monoclonal immunoglob-
ulin M (IgM) and clonal lymphoplasmacytic cells infiltrating 
the bone marrow (BM). Smoldering WM (sWM) is the asymp-
tomatic/indolent form with a high risk of progressing to symp-
tomatic WM requiring treatment, whereas IgM monoclonal 
gammopathy of undetermined significance (IgM MGUS) is an 
early precursor stage of WM. IgM MGUS is an asymptomatic 
form with an overall risk of progression of 1.5%–2% per year and 
approximately 18% at 10 years to sWM or other lymphoprolifer-
ative disorders [1].

The molecular landscape of WM is primarily characterized by 
recurrent mutations in MYD88 (MYD88 Innate Immune Signal 
Transduction Adaptor) and CXCR4 (C- X- C Motif Chemokine 
Receptor 4) genes. MYD88 and CXCR4 mutations play a cru-
cial role in the diagnosis and prognostic stratification of WM 
patients and have therapeutic implications [1]. MYD88 L265P 
mutation prevalence varies from 54% to 87% in IgM MGUS [2, 3].

MYD88 somatic mutations trigger NF- κB (nuclear factor kappa- 
light- chain- enhancer of activated B cells) signaling pathway 
through BTK (Bruton Tyrosine Kinase) and IRAK1/IRAK4 
(Interleukin 1 Receptor Associated Kinase 1/Interleukin 1 
Receptor- Associated Kinase 4), leading to the activation of B cell 
proliferation [1, 4].

CXCR4 mutations are mainly considered a later subclonal event 
in a smaller number of WM patients (30%–43%) and IgM MGUS 
patients (17%–35%), respectively [5, 6]. These mutations primar-
ily activate RAS, Akt, and NF- κB signaling pathways, mediat-
ing B cell and plasma cell homing to the bone marrow [7]. IgM 
MGUS patients exhibit a significantly lower number of muta-
tions than WM patients, suggesting that multiple genetic events 
are required for progression into WM or other lymphoprolifer-
ative disorders [8]. In addition to genomic alterations, changes 
in the gene expression profiles of B cells and plasma cells in 
WM and IgM MGUS have been investigated by various research 
studies [9].

Recent advances in exploring the mutational profile of WM 
revealed additional genetic aberrations in some other genes. 
Among them, missense, nonsense, and frameshift muta-
tions in ATM (ATM Serine/Threonine Kinase), CARD11 
(Caspase Recruitment Domain Family member 11), CD79B 
(CD79b Molecule), NFKB2 (Nuclear Factor Kappa B Subunit 
2), PTPN13 (Protein Tyrosine Phosphatase Nonreceptor Type 
13), KMT2C (Lysine Methyltransferase 2C), KMT2D (Lysine 
Methyltransferase 2D), and ARID1A (AT- Rich Interaction 
Domain 1A) were described in WM patients [1, 2, 10–12].

Previous studies have focused on understanding transcrip-
tomic alterations by analyzing bone marrow clonal B cells and 
plasma cells in comparison to their normal cell counterparts. 
Gene expression changes could modulate the progression from 
IgM MGUS to WM [13–15]. Our previous research has iden-
tified a small transcriptome gene set signature demonstrat-
ing nine genes including HIST1H1B (H1.5 Linker Histone, 
Cluster Member), EZH2 (Enhancer Of Zeste 2 Polycomb 

Repressive Complex 2 Subunit), CHEK1 (Checkpoint Kinase 
1), LEF1 (Lymphoid Enhancer Binding Factor 1), ADAM23 
(ADAM Metallopeptidase Domain 23), RASGRP3 (RAS Guanyl 
Releasing Protein 3), ADRB2 (Adrenoceptor Beta 2), PIK3AP1 
(Phosphoinositide- 3- Kinase Adaptor Protein 1), and CDHR3 
(Cadherin Related Family Member 3), which showed similar 
expression levels between WM and IgM MGUS compared to 
healthy subjects (CTRLs). This could suggest a potential mo-
lecular signature that could predict the risk of progression from 
IgM MGUS to WM [16].

Despite the fact that several studies identified recurring muta-
tions in various genes and gene expression differences between 
WM and IgM MGUS patients, further investigations are needed 
to comprehensively understand the genomic and transcriptional 
landscape involved. Furthermore, the impact of the mutational 
status in the early stages of the disease and the underlying bi-
ological mechanisms responsible for the progression from the 
indolent to the symptomatic form are not fully understood at 
this time.

In this study, we conducted next- generation sequencing (NGS) 
sequencing of 117 target genes selected from those already 
known to be mutated in WM and IgM MGUS, as well as from 
other genes that have not been previously screened but sug-
gested in our previous transcriptome analyses on BM CD19+ 
and CD138+ cells of patients with WM and IgM MGUS.

2   |   Methods

2.1   |   Patients

We collected BM samples from 20 patients as follows: WM (n = 8), 
sWM (n = 7), and IgM MGUS (n = 5) patients, respectively. The 
clinical characteristics of these patients are presented in Table 1. 
We isolated mononuclear cells (MNCs) from the BM samples 
(volume ranging from 6 to 10 mL) using Ficoll density gradient 
centrifugation at 800 rpm for 20 min. Subsequently, BM CD19+ 
cells and CD138+ cells were isolated from the BM MNCs using 
Human CD19 MicroBeads and Human CD138 MicroBeads ac-
cording to the manufacturer's instructions (Miltenyi Biotec, 
Milan, Italy) [16]. The selected BM CD19+ and BM CD138+ 
cells were resuspended in 50 μL of RNAlater (Thermo Fisher 
Scientific, Milan, Italy) and stored at −80°C. DNA was extracted 
from both cell types using MagMax- 96 for Microarrays (Thermo 
Fisher Scientific) following the manufacturer's instructions. The 
quantification of DNAs was assessed on Qubit 4 fluorometer in 
combination with Qubit dsDNA HS Assay Kit (Thermo Fisher 
Scientific, #Q32854).

2.2   |   Next- Generation Sequencing

NGS for DNA analysis was performed on 20 patients by con-
ducting high- throughput targeted AmpliSeq NGS. The result-
ing Ion Ampliseq Assay (Thermo Fisher Scientific) targeted 
117 genes: 106 genes, including MYD88 and CXCR4 were tar-
geted by the On- Demand panel IAD205141, containing 3134 
amplicons and run on a 530 ion chip (provides around 15–20 
million reads) with a mean coverage of 7000X; 11 genes were 
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targeted by the MTO panel IAD204582_182, (as listed in 
Table S1), a second smaller panel, containing 478 amplicons, 
run on a 520 ion chip (provides around 6–8 million reads) with 
a mean coverage of 19,500. Some of the 117 genes were chosen 
based on the differentially expressed genes highlighted in our 
previous study [16].

This assay provides accurate detection of DNA variants using 
as little as 10 ng of input nucleic acid extracted from BM CD19+ 
or CD138+ cells. Library preparation was performed automated 
by Ion Torrent Chef System (Thermo Fisher Scientific) using the 
Ion Ampliseq Custom or Made- to- order 2x Primer Pool 1 and 2 

(Thermo Fisher Scientific) according to the Ion AmpliSeq Kit 
for Chef DL8 protocol, and templating was performed manually 
on the Ion Chef System kit (Thermo Fisher Scientific, #A34461). 
DNA libraries have been diluted to a concentration of approx-
imately 40 pM and then run on the chip 530 (Thermo Fisher 
Scientific, #A27763) or two libraries were pooled together in the 
same ratio and run on the chip 520 (Thermo Fisher Scientific, 
#A27761). Sequencing was performed on the Ion S5 System 
Instrument (Ion Torrent, Thermo Fisher Scientific). Sequencing 
results were preliminary analyzed using Ion Torrent Suite 
v 5.12.1. Data analysis was performed using integrated Ion 
Reporter Software for variant calling, and Ion Torrent Oncomine 

TABLE 1    |    Clinical characteristics of WM and IgM MGUS patients.

Variable Total (n = 20) WM (n = 15) IgM MGUS (n = 5)

Median age at diagnosis in years (range) 67 (46–79) 66 (46–79) 67 (65–74)

Sex, n (%)

Male 10 (50) 7 (47) 3 (60)

Female 10 (50) 8 (53) 2 (40)

Median % of bone marrow involvement (range) 22.5 (0–90) 30 (0–90) 2 (0–5)

M- protein level (g/dl) median (range) 1.15 (0.30–7.00) 1.20 (0.40–7.00) 0.40 (0.30–1.20)

Light chain

k, n (%) 12 (60) 8 (53) 4 (80)

l, n (%) 6 (30) 6 (40) 0 (0)

Both, n (%) 2 (10) 1 (7) 1 (20)

Hemoglobin (g/dL) median (range) 12.3 (6.6–14.7) 12.2 (6.6–13.7) 13.7 (12.3–14.7)

Beta2 microglobulin (mg/mL) median (range) 2.8 (2.0–6.5) 3 (2.0–6.5) 2.3 (2.0–2.4)

Lactate dehydrogenase (U/L, ULa 480) median (range) 165 (85–560) 165 (85–560) 179 (156–200)

Presence of BJb proteinuria, n (%) 8 (40) 7 (47) 1 (20)

Presence of immunoparesis, n (%) 4 (20) 4 (27) 0 (0)
aUpper laboratory limit.
bBence Jones.

FIGURE 1    |    Mutational landscape of IgM MGUS (a) and WM/sWM (b) patients obtained by high- throughput targeted sequencing. Graphical 
representation of the frequency of recurrently mutated genes obtained from NGS analysis, according to the cell fraction analyzed, CD19+ (orange) 
and CD138+ (blue) cells.
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Reporter. The resulting reports included detailed information 
about clinical trials, guidelines, and drug labels, as well as nar-
ratives describing the clinical context for the genes with detected 
variants. We examined MAFs for gene variants filtered by the 
software for each patient, comparing the frequencies of mutated 
genes in the BM CD19+ and CD138+ cells from WM/sWM and 
IgM MGUS patients.

3   |   Results

The mutational landscape of IgM MGUS and WM/sWM patients 
resulting from high- throughput targeted sequencing on CD19+ 
and CD138+ cells, highlighted genetic aberrations in multiple 
genes, including the previously described recurrent mutations 
in MYD88 (L260P alias L265P) found in 93% (14/15) of WM/
sWM patients and in 60% (3/5) of IgM MGUS subjects. The 
CXCR4 mutation (S338Ter) has been identified in 27% (4/15) of 
WM/sWM patients, exclusively within CD19+ cells, whereas it 
was absent in CD138+ cells of WM/sWM patients and in all IgM 
MGUS subjects. The mutational landscape of WM/sWM and 
IgM MGUS is summarized in Figure 1a,b.

Interestingly, we also identified new mutated genes, including 
WNK2 (WNK Lysine- Deficient Protein Kinase 2) somatic mu-
tations affecting 47% of WM/sWM patients (7/15), for which a 
recurrent allelic variant (V1635Ter) was observed (Figure 2).

Moreover, one IgM MGUS (MGUS_25) patient showed a so-
matic hypermutated phenotype for WNK2 in CD19+ cells but 
not in CD138+ cells (Table S2).

Furthermore, BCL9 (BCL9 Transcription Coactivator) muta-
tions were identified in 33% of WM/sWM patients (5/15), with a 
recurrent frameshift variant (P516Lfs) identified in 27% of WM/
sWM patients (4/15), exclusively in the CD19+ cell fraction. The 
BCL9 (P516Lfs) variant was also detected in the B cells of one 
IgM MGUS patient.

To be noted, KMT2C (also known as MLL3) exhibited a somatic 
hypermutated phenotype in both CD19+ and CD138+ cells with 
the KMT2C (I823T) allelic variant observed in all WM/sWM 
(15/15) and also in all IgM MGUS samples (5/5). The KMT2C 
mutations were not mutually exclusive with those involving 
KMT2D (mutated in 33% of WM/sWM patient and in one IgM 
MGUS patient) in our cohort of patients (Table S2). Moreover, se-
quencing evaluation revealed recurrent frameshift or missense 
mutations as follows: the NFKB2 mutation (L473Afs) was found 
in three of 15 WM/sWM patients, exclusively within the CD19+ 
cell fraction, and in three of five IgM MGUS subjects, within 
CD19+ cells (2 of 3) and CD138+ cells (1 of 3). The PTPN13 mu-
tation (P1546Tfs) was identified in one of 15 WM/sWM patients 
(CD19+ cells) and in one of five IgM MGUS subjects (CD19+ 
cells). The CARD11 mutation (S622del) was present in three of 
15 WM/sWM patients, within CD19+ cells (2 of 3) and CD138+ 
cells (1 of 3), and in one IgM MGUS subject, exclusively within 
CD19+ cells (Table S2).

In addition, we observed that ATM, NFKB2, and CARD11 be-
long to the NF- kB pathway (Kegg hsa 04064), along with 
MYD88. Furthermore, CXCR4, IL17RB, IL4R, TNFRSF10A, 
and TNFRSF13B are part of the Cytokine- Cytokine receptor 
Interactions Pathway (Kegg hsa 04060) (Figure 3). We listed all 
the mutated genes and the associated pathways in Table S3.

4   |   Discussion

The genetic framework outlined in this study offers a developing 
comprehension of the molecular mechanisms underlying the 
pathogenesis of WM. We investigated the genomic landscape by 
sequencing selected genes based on their known or possible role 
in WM. For this reason, we chose 117 genes from those which 
displayed known mutations in patients with WM and those with 
IgM MGUS, or those genes which were observed to be either up-
regulated or downregulated when comparing WM, IgM MGUS, 
and CTRLs [16].

FIGURE 2    |    WNK2 alteration in WM/sWM and IgM MGUS. Schematic shows the distribution of the identified WNK2 somatic mutations.
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In contrast to earlier genetic inquiries that documented singular 
genetic anomalies in WM, our research distinguished various 
recurring genetic abnormalities in WM and IgM MGUS.

The main goal was to ascertain the existence of genetic subtypes 
that include known mutations and uncover new genetic variants 
in both WM and IgM MGUS, hinting at a potential role in dis-
ease progression.

We previously investigated this cohort of patients through a 
transcriptome gene expression comparison among B cells from 
WM patients, IgM MGUS subjects, and healthy donors, which 
revealed several significantly differentially expressed genes 
(DEGs) (n = 2038). On the other hand, only 29 genes were iden-
tified as differently expressed by the gene expression profil-
ing analysis among the CD138+ cells from WM patients, IgM 
MGUS subjects, and CTRLs. These genes encoded molecules 
involved in adherent and gap junction, cell adhesion, p53 signal-
ing pathway, and calcium signaling pathway. Interestingly, we 
identified nine genes that displayed no significant differences 
in the expression levels between WM and IgM MGUS B cells 
compared to CTRLs [16].

In accordance with literature, we found that MYD88 L265P was 
present in 93% of patients with sWM/WM and in 60% of patients 
with IgM MGUS. The CXCR4 S338Ter mutation was detected 
exclusively in the CD19+ cells of 27% of sWM/WM patients, 
while it was absent in IgM MGUS patients.

Among the 117 sequenced genes, NGS analyses revealed new 
somatic mutations in genes that displayed mutations in previ-
ous studies: ATM, CARD11, CD79B, KMT2C, KMT2D, NFKB2, 
PTPN13, and WNK2 in patients with sWM/WM as well as in 
IgM MGUS cases  [2, 17–23] (Table  S2). ATM frameshift and 
missense mutations were detected in sWM/WM patients and 
in one patient with IgM MGUS. The somatic S622del mutation 
in CARD11 was found in sWM/WM patients and in one IgM 
MGUS patient.

We identified two previously described mutations, CD79B 
Y197N and CD79B Y197C, in one patient with sWM, and a new 
missense mutation, CD79 Y197S in a patient with IgM MGUS 
[1, 11, 12, 24, 25].

Interestingly, all sWM/WM and IgM MGUS patients displayed a 
hypermutated KMT2C profile in both CD19+ and CD138+ cells 
as shown in Table S2. Notably, the missense KMT2C Y987H was 
detected in the CD138+ cells of sWM/WM and IgM MGUS pa-
tients, and in the CD19+ cells of sWM/WM patients, while the 
frameshift mutation KMT2C Y987Ter was observed in CD19+ 
cells of one WM patient. As described in previous studies, mis-
sense and frameshift KMT2D mutations were highly recurrent 
in WM patients [2, 11, 26]. Our study revealed new KMT2D 
missense and frameshift mutations in patients with sWM/WM 
and in one patient with IgM MGUS. Interestingly, KMT2D and 
KMT2C mutations dysregulate H3K4 methylation, resulting in 
NF- κB activation [27].

FIGURE 3    |    Activation and dysregulation of NF- kB pathway in Waldenström Macroglobulinemia. In the schematic depicted, proteins encoded by 
corresponding genes identified as somatically mutated in this study are indicated in red, and it was found that they converge to activate the NF- kB 
pathway, which is predominantly involved.
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NF- kB is a multiprotein complex functioning as a transcription 
factor. The NF- kB signaling pathway regulates the survival of 
normal and malignant B cells by controlling the expression of 
cell death regulatory genes. In this pathological context of WM, 
various mutations and extracellular stimuli activate the NF- kB 
complex, influencing the transcription of target genes associated 
with cell survival and proliferation. The complex interaction of 
different molecular pathways contributes to the pathogenesis of 
Waldenström Macroglobulinemia, promoting the proliferation 
of B cells. Within NF- kB signaling pathway, we identified a re-
current frameshift mutation NFKB2 (L473AfsTer32) in sWM/
WM patients and in IgM MGUS patients both with and without 
MYD88 mutations.

In addition, we detected few PTPN13 missense mutations and a 
recurrent frameshift mutation P1546Tfs in CD19+ cells of one 
IgM MGUS patient and in one sWM/WM patient, respectively.

Our study focused on WNK2, previously described by Guerrera 
et al., as it was identified as a tumor suppressor gene regulat-
ing ERK1/2, a prosurvival pathway active in WM. The authors 
demonstrated transcriptional and protein upregulation re-
lated to MYD88 and CXCR4 mutations. Specifically, the over-
expression of spliced WNK2 might contribute to MYD88mut 
WM oncogenesis [28]. Our previous gene expression profiling 
studies revealed WNK2 upregulation in B cells of WM com-
pared to IgM MGUS and CTRLs [16]. In our mutational anal-
ysis, we identified new missense and frameshift mutations of 
WNK2 in both B cells and plasma cells of sWM/WM patients 
(Table S2). Interestingly, one patient with IgM MGUS exhib-
ited a somatic hypermutated phenotype for WNK2 in CD19+ 
cells (Table S2).

Additionally, we identified new somatic mutations in genes not 
previously described in WM and IgM MGUS namely IL17RB, 
IL4R, ADAM23, BCL9, TNFRSF10A (TNF Receptor Superfamily 
Member 10a), and TNFRSF13B (TNF Receptor Superfamily 
Member 13b).

Some authors demonstrated that IL17 induces significant WM 
cell proliferation [29]. We previously reported that IL17RB was 
upregulated in WM compared to IgM MGUS and CTRLs with 
high Fold Change (FC) [16]. Our mutational analysis revealed 
a new somatic mutation (L6V) in IL17RB within the CD19+ 
and CD138+ cells of one patient with IgM MGUS. Additionally, 
F278L and Q484Ter IL17RB mutations were identified in one 
sWM patient and in a WM patient, respectively.

As previously described, we confirmed that IL4R was downreg-
ulated in WM compared to IgM MGUS and CTRLs with high 
FC, but similar expression changes occurred between CTRLs 
and IgM MGUS [14, 16]. We detected two IL4R genomic variants 
in patients with sWM/WM.

Furthermore, NGS results revealed new ADAM23 (R9G) mis-
sense mutations in one IgM MGUS patient and in two WM/sWM 
patients. To the best of our knowledge, the role of ADAM23 in 
WM has not yet been elucidated, but the inactivation of this gene 
is associated with tumorigenesis in human cancers [30]. We pre-
viously observed the downregulation of ADAM23 in WM and 
IgM MGUS compared to CTRLs, but no significant differences 

in the expression levels were observed between WM and IgM 
MGUS [16].

As far as we know, BCL9 has not been previously associated 
with WM, but our analysis uncovered missense and frameshift 
mutations in both CD19+ and CD138+ cells of patients with 
sWM/WM and one IgM MGUS patient.

In this study, we also identified two new somatic mutations in 
TNFRSF10A and TNFRSF13B, both of which are involved in the 
cytokine–cytokine receptor interaction pathway, apoptosis, and 
p53 signaling pathway. In TNFRSF10A, the missense mutation 
G290R was found in B cells and plasma cells of one IgM MGUS 
patient, and the TNFRSF13B frameshift mutation V284A was 
present in B cells of one sWM patient.

Taken together, our findings highlight distinct patterns of muta-
tions affecting new genes belonging to active pathways in WM, 
such as NF- kappa B signaling pathway, JAK/STAT signaling 
pathway, cytokine–cytokine receptor interaction, P53 signaling 
pathway, and apoptosis.

However, it is important to acknowledge the limitations of this 
study, particularly the small number of patients with sWM/
WM and those with IgM MGUS, which represents a subgroup 
of patients previously investigated for transcriptome profil-
ing. On the other hand, we conducted NGS analysis, even in 
a limited number of patients, within B cells and plasma cells 
obtained from well- diagnosed patients with WM, sWM, and 
IgM MGUS.

As expected, CD138+ cells showed a lower number of variants 
and a reduced percentage of mutations. A larger NGS- based 
study of additional patients would be valuable to confirm these 
findings.

In conclusion, our study highlighted new mutated genes that 
could represent early or late event contributing to the transfor-
mation of IgM MGUS to WM. Further investigations into the 
significance of these newly identified somatic mutations in dis-
ease pathogenesis are merited, particularly in a broader cohort 
encompassing both patients diagnosed with WM and those with 
IgM MGUS.
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