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Supplemental Figure 1: Comparison of miRNA expression in IgM-MGUS compared to
controls (A) and WM compared to controls (B). Dotted lines on volcano plot indicate
significance thresholds for fold change and false discovery rate (FDR). Red markers indicate
differentially expressed miRNA. Black markers indicate non-differentially expressed miRNA.

Created using GraphPad Prism.
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Supplemental Table 1: Pathways of interest between comparison groups and significant findings
with underlying mRNA and miRNA expression profile.

Pathway of
Interest

Comparison Group

Significant Findings

Cell Signaling

IgM-Gammopathies
to Normal Controls

Upregulation of multiple signaling pathways, including STATS3,
PIBK/AKT, JAK2 and RAC was observed in IgM-gammopathies
compared to controls. Several of these pathways have been previously
implicated in WM pathogenesis.? Upregulation of the STAT3 gene was
found to be commonly dysregulated in multiple pathways, which is a
predicted target of multiple downregulated miRNAs, including miR-20B
and miR-223. Previously, miRNA-223 downregulation has been
implicated in a positive feedback loop to induce IL-6 and IL-1B
production through targeting of STAT3 in macrophages.® Additional
genes implicated in these cell signaling pathways included, BCL2 which
was observed to be upregulated, and potentially epigenetically targeted
by miR-16, miR-17, miR-181 and miR-34, all downregulated. Of note,
BCL2 is a regulator of mitochondrial apoptotic pathways and is a critical
gene in WM pathogenesis induced through signaling of the MYD88 and
CXCRA4 activating mutations.*®

WM to IgM-MGUS

Multiple miRNA-based cell signaling pathways were observed to be
differentially activated comparing WM to IgM-MGUS. Importantly,
PTEN signaling was found to be activated in WM. The PI3K/AKT/mTOR
pathway and the phosphate and tensin homolog tumor suppressor
(PTEN) protein have been found to be crucial in cancer pathogenesis
and cell proliferation.2 Additionally, AKT has been demonstrated to be
constitutionally activated in WM.26 One of the implicated genes
underlying the PTEN pathway was FGFR3 which has been
demonstrated to lead to induction of proliferation in WM. Comparing
WM to IgM-MGUS, we found FGFR3 to be downregulated in WM and
a predicted target of the upregulated miRNA-194.7

Proliferation, and
Death Regulation

IgM-Gammopathies
to Normal Controls

Pathways involved in proliferation and death regulation were
dysregulated between IgM-gammopathies and normal controls and
between WM and IgM-MGUS. In IgM-gammopathies compared to
controls, apoptosis-related pathways were found to be downregulated.
Underlying multiple pathways was decreased expression of BCL2 and
STATS3, targeted by multiple miRNAs as specified above. In addition,
there was upregulation of FAS, which codes for the Fas cell surface
death receptor (FAS), a death receptor implicated in apoptosis.® FAS
was found to be targeted experimentally by the downregulated miR-21-
5p, which has previously been demonstrated to be involved in apoptosis
through PTEN/PI3K/AKT signaling.® The ferroptosis pathway, an iron-
dependent programmed cell death, was additionally found to be
differentially activated when comparing IgM-gammopathies to
controls.1® We additionally observed increased expression of the GPX4
gene in IgM-gammopathies, which is targeted by miR-1260a observed
to be downregulated. Previously, our group has demonstrated that
increased expression of GPX4 in WM plays a critical role in ferroptosis
by promoting cell survival and inhibiting apoptosis.!




WM to IgM-MGUS

Comparing WM to IgM-MGUS, alteration in inhibitor of DNA binding
(ID)-1 and high mobility group box 1 (HMGBL1) signaling pathways were
observed. The ID proteins are involved in the regulation of cell-cycle
progression and differentiation.’2 Underlying the ID1 pathway, we
observed downregulation of B-cell ymphoma 3 (BCL3) which is a target
of miR-19b, observed to be upregulated. BCL3 regulates tumor
development and progression and has been implicated in a number of
malignancies.'®* HMGBL1 is a non-histone chromosome-binding protein
that interacts with DNA to regulate transcription, replication and repair,
but is also secreted where it can act as a cytokine.** Among the altered
genes in this pathway, MAP2K3 was found to be downregulated and
targeted by the upregulated miR-19b. Mitogen-activated protein kinase
3 (MAP2K3) is a member of the MAPK family, which are regulators of
cell proliferation and have been found to be involved in WM
pathogenesis.®15 Other genes in the MAPK family genes found to be
upregulated included MAP4K1, which is a target of miR-143, observed
to be downregulated. This implicates miRNAs as potential regulators of
multiple MAPK genes in WM compared to IgM-MGUS, and more
broadly the PI3K/AKT/mTOR pathway which plays a key role in cellular
proliferation.

Cell Cycle
Regulation:
Alteration of

Cyclin-Dependent
Kinases

IgM-Gammopathies
to Normal Controls

Comparing IgM-gammopathies to normal controls, significant alteration
of cell cycle regulation pathways was observed. This included multiple
checkpoint control pathways, as well as pathways involved in
chromosomal replication. Underlying these pathways was the alteration
of multiple cyclin-dependent kinase (CDK) genes, including CDK1,
CDK6, CDKN1A and CDKN2B. Here, CDK1 and CDK6 were found to
be downregulated, while CDKN1A and CDKN2B were upregulated. The
differentially expressed miRNA (mRNA in bracket) which targeted these
CDK family genes included let-7D (CDK1), miR-24 (CDK1), miR-30e
(CDKS®), all of which were upregulated, and miR-32 (CDKN1A), miR-
590 (CDKN1A), miR-20a (CDKN2B), all which were downregulated.
The CDK family are protein kinases that regulate cell cycle
progression.1® CDK inhibitor 1A (CDKN1A) and CDK inhibitor 2B
(CDKNZ2B) are both inhibitors of cyclin and CDK complexes. Thus, we
observed a miRNA-based inhibition mechanism of CDK family genes in
IgM-gammopathies.

Metabolism

IgM-Gammopathies
to Normal Controls

In IgM-gammopathies compared to controls, alteration in the calpain
protease and HIFla regulation pathways involved in metabolism was
observed. Underlying these pathways included the downregulation of
PIK3C2B, found to be experimentally targeted by miR-30b and miR-
486, both upregulated. Additionally, we observed upregulation of
PIK3R2, targeted by miR-34a and miR-491, both downregulated.
PIK3C2B and PIK3R2 are members of the phosphoinositide 3-kinase
(PI3K) family, indicating the potential influence of miRNAs underlying
this pathway in IgM-gammopathies. PI3K family proteins are
demonstrated to regulate multiple facets of cancer development and
metabolism through regulation of nutrient transporters and metabolic
enzymes.l’




Cell Structure

IgM-Gammopathies
to Normal Controls

Alteration was additionally seen in multiple cytoskeleton pathways
(integrin, actin regulation and paxillin signaling) when comparing IgM-
gammopathies to controls. Multiple pathways had involvement of
PIK3C2B, ITGB2, ITGAL, MRAS, and RRAS, all of which were
upregulated. Underlying these mRNAs, we observed targeting miRNA
with corresponding downregulation, including miR-34a which targets
both MRAS and RRAS, miR-17 a target of ITGAL and miR-378 a target
of ITGB2. These genes have previously been demonstrated to have an
important function in the cytoskeleton, cell-cell structure, and the TME.
Integrin beta 8 (ITBG8) belongs to the integrin beta chain family and
plays a role in the integrin complex development which mediates the
cell-cell and cell-extracellular matrix (ECM). ITBG8 has also been
previously associated with glioblastoma angiogenesis and tumor cell
invasiveness.18 Integrin alpha L (ITGAL), interacts with ITGB2 to form
the integrin lymphocyte function-associated antigen-1 (LFA-1) which is
involved in intercellular adhesion and has previously been
demonstrated to be involved in WM.1®* M-RAS (Ras-related protein)
participate in actin cytoskeleton reorganization and through induction of
AKT, has been shown to be associated with cell survival.?® R-RAS,
another RAS-related protein, has been demonstrated to associate with
BCL-2.2t

Cytokine
Signaling
Pathways

WM to IgM-MGUS

MiRNA-based inactivation of multiple inflammatory and cytokine
signaling pathways in WM as compared to IgM-MGUS was observed.
A pathway of particular interest was interferon signaling. Interferons are
cytokines that have important roles in the regulation of biological
processes, inflammation and tumorigenesis.?2 Underlying the interferon
pathway was downregulation of multiple interferon-induced genes
(IFIT2, IFIT3, IFITM1) and STAT1. The most notable targets of these
interferon-induced genes were miR-32 (IFIT2, IFITM1), miR-146 (IFIT2,
IFIT3) and miR-155 (IFIT1), all of which were upregulated. Additionally,
underlying multiple inflammatory signaling and cytokine pathways was
upregulation of miRs-146a, 150, 194, all targets of STATL, observed to
be downregulated. Of relevance, miR-146a has been previously shown
to be an inhibitor of inflammatory cytokines, including IL-6.2% Signal
Transducer and Activator of Transcription (STAT) family proteins play
a crucial role in the transmission of interferon-stimulated genes and
cytokine signal transduction.22 Downregulation of multiple cytokines
signaling pathways involved in inflammation and the TME, along with
the targeting of the STAT family, indicates a possible miR-based
negative feedback loop to down-modulate inflammatory cytokine
signaling in WM compared to IgM-MGUS.




Alteration of the
Tumor
Microenvironment

WM to IgM-MGUS

In WM compared to IgM-MGUS, there was a significant alteration of
MMPs and FGF/FGFR family genes observed. Previously, MMPs have
been demonstrated to be important in tumor cell proliferation.2* They
function to degrade components of the ECM and have been implicated
in WM pathogenesis.1®25 MMP2, MMP8, MMP19 and MMP25, were
found to be downregulated, while MMP11 was found to be upregulated.
Underlying these MMP genes was implication of multiple miRNAs
(predicted target) including let-7e (MMP11) and miR-125a (MMP11)
which were downregulated, and miR-296 (MMP8), miR-6803 (MMP25)
and miR-20a (MMP2) which were upregulated. Conversely, the
FGF/FGFR family serves an important role in the structural regulation
of the TME.?8 In relation to the FGF/FGFR family genes, we observed
several members to be potentially epigenetically regulated by miRNAs.
FGF13, FGF7 and FGFR3 were all downregulated, predicted to be
targeted by miR-155 (FGF7 and FGF13), miR-16 (FGF7) and miR-194
(FGFR3), all which were upregulated. Previous investigations have
demonstrated the role of miR-155 in the regulation of the FGF axis in a
number of diseases.?” These findings indicate the potential miRNA-
based influence on the MMP and FGF/FGRF families and an epigenetic
mechanism for regulating the TME structure in WM.




Supplemental Table 2: LncRNA analysis with previously published IncRNA and antisense mRNA

analysis

InNcRNA Analysis

Significant Findings

Oncologic
INcRNA

IncRNAs that have been previously published and found to be differentially expressed in our
analysis included LINC00943, ENSG00000274987 and ENSG00000237481.28-30 | INC00943
has been demonstrated to regulate gastric cancer proliferation where it is aberrantly
overexpressed and acts via regulation of miR-101-3p.2° In our analysis, we found LINC00943
to be upregulated in WM, and additionally observed miR-101-3p (FC: 1.36; FDR: 0.06) to be
upregulated in WM compared to IgM-MGUS, with this finding approaching significance. In
patients with multiple myeloma (MM), IncRNA expression profiles from a database of 559
patients revealed four IncRNA were correlated with overall survival, including
ENSG00000237481.3° We additionally observed ENSG00000237481 to be upregulated in
patients with WM as compared to IgM-MGUS. Lastly, in an analysis of patients with lung
adenocarcinoma, assessment of immune-related IncRNAs revealed seven novel IncRNAs were
predictive of prognosis in patients, including ENSG00000274987.28 In our analysis, we similarly
found this IncRNA to be differentially upregulated in WM compared to IgM-MGUS.

Antisense and
Nearest Coding
MRNA Analysis:
Potential Role of
INcRNA in
Transcription
Regulation and
apoptosis

Several IncRNAs were found to be in proximity or antisense to genes responsible for
transcription and cell cycle regulation. This included ENSG00000274987 found to be
upregulated, which is the antisense INCRNA to KRAS. KRAS codes for the protein K-RAS, a
GTPase implicated in B-cell proliferation and cell signaling, that is commonly dysregulated in
lymphoid malignancies.?%2 MSTRG.11369 was found to be downregulated, which is the
antisense IncRNA to the gene RASSF6 which has previously been demonstrated to be
downregulated in WM. RASSF6 codes for Ras-associated domain family member 6 (RASSF6)
which is involved in cell cycle regulation and acts as a tumor suppressor.3® Additionally,
MSTRG.10284 was found to be downregulated, with SATB1 as the closest protein-coding gene.
SATB1 codes for special AT-rich sequence-binding protein-1 (STATB1), a chromatin organizer
and transcription factor which has been previously found to be downregulated in WM. 34

Next, assessing INCRNA with a nearest or antisense gene also differentially expressed on our
mMRNA analysis between WM and IgM-MGUS several targets of interest were found. Here,
upregulation of ENSG00000229418 was observed, which is the antisense INCRNA to the gene
DNTT, observed to be highly downregulated in WM (FC: -3.6; FDR: <0.005) compared to IgM-
MGUS. DNA nucleotidylexotransferase (DNTT) is a DNA polymerase expressed in immature
B and T lymphoid cells and previously has been found to be implicated in WM in relation to
V(D)J recombination.?® MSTRG.13296 is a IncRNA that was observed to be downregulated.
The nearest gene to MSTRG.13296 is BACH2, which was significantly downregulated in WM
(FC: -2.9; FDR <0.005) compared to IgM-MGUS. BACH2 is a B-cell transcription factor and
tumor suppressor that has been demonstrated to be associated with an indolent clinical
presentation in WM.3¢ We additionally observed the downregulation of MSTRG.3833. The
closest gene to MSTRG.3833 is HRK (FC: -2.4; FDR: <0.005) which was observed to be
downregulated in WM compared to IgM-MGUS. HRK codes for the activator of apoptosis
harakiri, which interacts with BCL-2 to regulate apoptosis, and has been previously
demonstrated to be dysregulated in WM.37:38
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