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MicroRNA and long non-coding RNA analysis in IgM-
monoclonal gammopathies reveals epigenetic influence 
on cellular functions and oncogenesis

Waldenström macroglobulinemia (WM) is a rare non-Hodgkin 
lymphoma that is often preceded by an IgM monoclonal 
gammopathy of undetermined significance (IgM-MGUS).1 
The factors underlying the malignant progression between 
these IgM-monoclonal gammopathies are poorly under-
stood, and the majority of attention has focused on pro-
tein-coding genes. One aspect that remains underexplored 
is the influence of the non-coding genome. Two families 
of non-protein-coding RNA that have been implicated in 
regulating an array of disease processes are microRNA (miR-
NA, miR) and long non-coding RNA (lncRNA).2,3 The primary 
aim of this study was to determine the role of non-coding 
RNA, specifically miRNA and lncRNA, in IgM-gammopathies 
and the pathways and genes they may regulate. This study 
demonstrated that miRNA and lncRNA are highly differen-
tially expressed between IgM-gammopathies and normal 
controls and specifically between WM and IgM-MGUS. 
Furthermore, pathway analysis showed miRNA-based epi-
genetic regulation of multiple cellular pathways including 
cell signaling and immune response in IgM-gammopathies.
This study included prospectively collected bone marrow 
samples from 28 subjects (17 with WM, 6 with IgM-MGUS, 
5 controls]. WM was defined as ≥10% bone marrow involve-
ment by lymphoplasmacytic lymphoma and a serum IgM 
monoclonal protein of any size as per Mayo Stratification 
of Macroglobulinemia and Risk-Adapted Therapy (mSMART) 
guidelines.1 Patients were included after treatment if at 
least 6 months had passed between the last therapy and 
sample collection with symptoms indicating active disease. 
IgM-MGUS was defined as <10% bone marrow involvement 
by lymphoplasmacytic lymphoma, a serum IgM monoclo-
nal protein <3 g/dL, and no signs/symptoms of active WM. 
Selection for CD19+ and/or CD138+ B cells was conducted. 
No clonality testing was performed. Next, total RNA was 
extracted, and analyses of miRNA, lncRNA and messenger 
RNA (mRNA) were performed.4 Differential expression be-
tween groups was evaluated and defined to be present if 
the fold-change in mRNA was >1 or <-1 and the fold-change 
in miRNA/lncRNA was >0.5 or <-0.5, with a false discovery 
rate <0.05. Subsequently, miRNA-mRNA target analysis 
was performed and differentially expressed miRNA-mRNA 
pairs with a correlated biological expression (i.e., either 
upregulated miRNA experimentally predicted to regulate 
downregulated mRNA or vice versa) were selected. Ingenuity 
Pathway Analysis was used to determine whether canonical 
pathways were implicated. LncRNA were further analyzed 
by assessing the nearest protein-coding gene or antisense 

protein-coding gene.
The baseline characteristics of the cohort are demonstrated 
in Table 1. Significant differences were seen in miRNA expres-
sion data and Figure 1 illustrates the comparisons between 
IgM-gammopathies and normal controls and between WM 
and IgM-MGUS. Online Supplementary Figure S1 shows the 
miRNA differential analysis between IgM-MGUS and controls 
and between WM and controls. In the comparisons of WM to 
IgM-MGUS and IgM-gammopathies to controls, there were 
18 miRNA that were commonly differentially expressed. Of 
these miRNA, five were found to be in the same direction 
of expression (4 upregulated, 1 downregulated), while 13 
demonstrated opposite expression patterns. Several miR-
NA that have been previously implicated in WM were also 
demonstrated to be differentially expressed in our cohort, 
including miR-155 and miR-192.5,6 Next, miRNA-based path-
way analysis revealed several aspects of oncogenesis that 
were implicated when comparing both IgM-gammopathies 
to controls and WM to IgM-MGUS. These included cell sig-
naling, metabolism, cytoskeleton, migration and adhesion, 
proliferation, immune response, and cell cycle regulation 
pathways (Figure 1A, B). A few pathways are discussed below, 
and a comprehensive analysis of implicated pathways along 
with underlying miRNA-mRNA pairs of interest is included 
in Online Supplementary Table S1. 
In the assessment of miRNA-based pathways in IgM-gam-
mopathies compared to normal controls, upregulation of 
signaling pathways, including STAT3, PI3K/AKT, JAK2 and 
RAC, was observed. Several of these pathways have been 
previously implicated in the pathogenesis of WM.7-9 Up-
regulation of the STAT3 gene was found to be commonly 
dysregulated, which is a predicted target of downregulated 
miRNA, including miR-20B and miR-223. Additional genes 
implicated in these signaling pathways included BCL2 which 
was observed to be upregulated, and potentially epige-
netically targeted by miR-16, miR-17, miR-181 and miR-34, 
all downregulated. Of note, BCL2 is a regulator of mito-
chondrial apoptotic pathways and is a critical gene in WM 
pathogenesis induced through signaling of the MYD88 and 
CXCR4 activating mutations.10 
Comparing WM to IgM-MGUS, significant inactivation of 
multiple inflammatory and cytokine signaling pathways 
was observed. A pathway of interest was interferon sig-
naling. Interferons are cytokines that have important roles 
in the regulation of biological processes, inflammation and 
tumorigenesis.11 Underlying the interferon pathway was 
downregulation of multiple interferon-induced genes (IFIT1, 
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IFIT3, IFITM1) and STAT1. The most notable targets of these 
interferon-induced genes were miR-32, miR-146, and miR-
155, all of which were upregulated. Additionally, underlying 
multiple inflammatory signaling and cytokine pathways was 
upregulation of miR-146a, miR-150, and miR-194, all targets 
of STAT1, observed to be downregulated. Notably, miR-146a 
has previously been shown to be an inhibitor of inflammatory 
cytokines, including interleukin-6.12 STAT family proteins play 
a crucial role in the transmission of interferon-stimulated 
genes and cytokine signal transduction.11 Downregulation of 
multiple cytokine signaling pathways involved in inflamma-
tion and the tumor microenvironment, along with targeting of 
the STAT family, indicates a possible miRNA-based negative 
feedback loop to down-modulate inflammatory cytokine 
signaling in WM compared to IgM-MGUS. 
Previously, our group published a multi-omics analysis 
demonstrating distinct pathway activationas well as metab-
olomic and clinical features in each of the clinical clusters 
of monoclonal gammopathies analyzed (C1, C2, C3).4 MiRNA 
analysis performed on these clusters revealed a distinct 
expression profile in each group (Figure 2A-C). Assessing 
the expression of miRNA of interest, we found that miR-155 
was upregulated in C1 and downregulated in C2. miR-155 
has previously been demonstrated to regulate WM cell 
proliferation and growth. This observation corresponds 
with our findings of patients in C1 having a more aggressive 

phenotype. In addition, we saw downregulation of miR-125 
in C1, compared to upregulation in C2. miR-125a acts via 
the nuclear factor-κB pathway and has been shown to be 
a tumor suppressor in B-cell malignancies.13 Pathway anal-
ysis additionally revealed alterations in immune response, 
cytokine signaling, cell cycle, senescence, and metabolism 
with opposite trends in C1 as compared to C2. These path-
ways overlapped with our previously published data based 
on protein expression.4

Next, assessment of lncRNA expression comparing WM 
and IgM-MGUS revealed 62 differentially expressed tar-
gets (24 upregulated, 38 downregulated) (Figure 2D). 
Several lncRNA found to be differentially expressed have 
been previously implicated in other malignancies (Online 
Supplementary Table S2). Our analysis next focused on  
lncRNA found to be in proximity of or antisense to coding 
genes. Here, we found a number of targets that regulate 
transcription and cell cycle regulation. Notable lncRNA 
included ENSG00000274987, which was found to be up-
regulated; this is the antisense lncRNA to KRAS, the gene 
that codes for the protein K-RAS, a GTPase implicated in 
B-cell proliferation and cell signaling, which is common-
ly dysregulated in lymphoid malignancies.14 Additionally, 
several nearest or antisense genes to lncRNA were also 
differentially expressed on mRNA analysis between WM 
and IgM-MGUS (Online Supplementary Table S2). This in-

Parameter
IgM-gammopathies 

N=23
WM  
N=17

IgM-MGUS  
N=6

P

Age at diagnosis in years, median (range) 63 (46-88) 61 (46-76) 70 (52-88) 0.29

Male sex, N (%) 15 (65) 11 (65) 4 (67) 0.93

Hemoglobin, g/dL, median (range) 12.7 (9.8-16.2) 12.7 (9.8-15.8) 12.3 (10.5-16.2) 0.81

Platelets, x109/L, median (range) 235 (95-512) 235 (96-512) 240 (95-338) 0.80

b2 microglobulin, mg/mL, median (range) 3.1 (1.4-5.9) 2.9 (1.4-5.9) 3.2 (2.5-5.0) 0.39

IgM, mg/dL, median (range)  1,340 (173-10,000) 1,460 (173-10,000) 533 (283-2,810) 0.16

BM involvement, %, median (range) 20 (0-80) 35 (5-80) 3.5 (0-5) <0.001

Abnormal FLC ratio, N (%) 6 (26) 4 (27) 2 (40) 1.00

MYD88 mutated, N (%) 14 (70) 11 (73) 3 (60) 0.57

CXCR4 mutated, N (%) 3 (15) 3 (20) 0 0.28

Dx to last FU in months, median (range) 80 (20-281) 87 (20-152) 47 (26-281) 0.62

Sample collection to 1st treatment in months, median (range) 1 (0-2) 1 (0-2) - -

Table 1. Clinical characteristics of all the patients with IgM-gammopathy who provided blood samples and a comparison between 
patients with Waldenström macroglobulinemia and IgM-monoclonal gammopathy of undetermined significance.

All values are for the time of sample collection. The group of IgM-gammopathies contained all samples from patients with Waldenström 
macroglobulinemia (WM) and immunoglobulin M-monoclonal gammopathy of undetermined significance (IgM-MGUS). MYD88 and CXCR4 mu-
tational data were available for 20 patients (15 with WM, 5 with IgM-MGUS). Only patients with WM progressed to first treatment after sample 
collection (N=10). Patients who received treatment prior to sample collection were censored from the calculation of time to treatment. N: 
number; BM: bone marrow; FLC: free light chain; Dx: diagnosis; FU: follow up.
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cluded ENSG00000229418, which is the antisense lncRNA 
to the gene DNTT, observed to be downregulated in WM 
(fold change: -3.6; false discovery rate <0.005) compared 
to IgM-MGUS. DNA nucleotidylexo-transferase (DNTT) is a 
DNA polymerase expressed in immature B and T lymphoid 
cells and has been implicated in WM in relation to V(D)J 
recombination.15

With the increasing recognition of non-coding genomics 
driving progression in lymphoid malignancies, the current 
study offers one of the first comprehensive analyses of 
both miRNA and lncRNA in IgM-gammopathies. The miRNA 
analysis comparing IgM-gammopathies to normal controls 
revealed that a significant number of miRNA were differ-
entially expressed, and diverse cellular functions were 

Figure 1. MicroRNA expression and pathway analysis in IgM-gammopathies. (A) IgM-gammopathy compared to control samples, 
(B) Waldenström macroglobulinemia compared to IgM-monoclonal gammopathy of undetermined significance (B). Dotted lines 
on the volcano plot indicate significance thresholds for fold change and false discovery rate. Red markers indicate differentially 
expressed microRNA (miRNA). Black markers indicate non-differentially expressed miRNA. Figure created using GraphPad Prism.
FDR: false discovery rate; miR: microRNA; IgM: immunoglobulin M; WM: Waldenström macroglobulinemia; MGUS: monoclonal 
gammopathy of undetermined significance. 
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seen to be potentially epigenetically mediated through 
miRNA-based pathways. These included signaling path-
ways such as PI3K/AKT/mTOR, and the JAK/STAT pathway, 
which are the source of important therapeutic targets in 
WM.7-9 Thus, miRNA may serve as important novel targets 
for therapy or may play an adjunctive role with currently 
available therapies targeting oncogenic pathways. Extend-
ing our previous multi-omics analysis which revealed three 
distinct clusters in IgM-gammopathies, the miRNA analysis 
of these clusters revealed that each cluster has a unique 
non-coding expression profile, highlighting their biological 
differences. Further exploration of how to better classify 
IgM-gammopathies based on biological differences, including 
both miRNA and lncRNA into this framework, may allow for 

better molecular differentiation of IgM-gammopathies and, 
ultimately, a more individualized patient approach. 
Currently, there are no reliable biological models to predict 
the progression from IgM-MGUS to marginal zone lympho-
ma, multiple myeloma, chronic lymphocytic lymphoma or 
WM. In this study, given that several differentially expressed 
miRNA and lncRNA were identified by comparing WM to 
IgM-MGUS, non-coding RNA may serve a novel predictive 
role. Future large prospective analyses with long-term fol-
low-up should be conducted to assess whether non-coding 
genomic signatures may help to indicate a higher risk of 
progression to malignancy. Additionally, by expanding our 
understanding of key non-coded RNA differences between 
IgM-MGUS and WM, these findings offer the potential to 

Figure 2. MicroRNA analysis by cluster and long non-coding RNA analysis comparing Waldenström macroglobulinemia to 
IgM-monoclonal gammopathy of undetermined significance. (A-C) MicroRNA (miRNA) expression analysis by cluster with pathway 
analysis and (D) long non-coding RNA (lncRNA) expression data comparing Waldenström macroglobulinemia to IgM-monoclonal 
gammopathy of undetermined significance with the top ten dysregulated lncRNA. The cluster pathways demonstrated were based 
only on concordant pathway analysis as compared to previously published protein-based pathway data. Dotted lines on the vol-
cano plot indicate thresholds for significance for fold change and false discovery rate. Red markers indicate differentially ex-
pressed miRNA/lncRNA. Black markers indicate non-differentially expressed miRNA/lncRNA. The table listing the top ten dys-
regulated lncRNA also presents the corresponding fold change, false discovery rate, chromosomal location and nearest gene. 
Figure created using GraphPad Prism. miR: microRNA; WM: Waldenström macroglobulinemia; IgM: immunoglobulin M; MGUS: 
monoclonal gammopathy of undetermined significance; FDR: false discovery rate.
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recognize novel therapeutic targets which may halt or slow 
the malignant progression between these two diseases. 
Overall, we report the key miRNA and lncRNA differences 
underlying both IgM-MGUS and WM and explore the role 
of non-coding RNA in the regulation of cellular pathways 
in IgM-gammopathies. Further investigation of non-coding 
RNA of interest with functional studies will certainly be 
needed to help to determine their exact biological roles. As 
an underexplored area of pathogenesis which likely drives 
many of the aberrantly regulated pathways, non-coding 
genomics will certainly provide novel therapeutic targets, 
help to classify patients better based on disease biology, and 
improve risk stratification for purposes of prognostication. 
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