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Abstract: Extramedullary multiple myeloma (or extramedullary disease, EMD) is an aggressive
form of multiple myeloma (MM) that occurs when malignant plasma cells become independent of
the bone marrow microenvironment. This may occur alongside MM diagnosis or in later stages
of relapse and confers an extremely poor prognosis. In the era of novel agents and anti-myeloma
therapies, the incidence of EMD is increasing, making this a more prevalent and challenging cohort
of patients. Therefore, understanding the underlying mechanisms of bone marrow escape and EMD
driver events is increasingly urgent. The role of genomics in MM has been studied extensively;
however, much less is known about the genetic background of EMD. Recently there has been an
increased focus on driver events for the establishment of distant EMD sites. Generally, high-risk
cytogenetic abnormalities and gene signatures are associated with EMD, alongside mutations in RAS
signalling pathways. More recently, changes in epigenetic regulation have also been documented,
specifically the hypermethylation of DNA promoter regions. Therefore, the focus of this review is to
summarize and discuss what is currently known about the genetic background of EMD in MM.
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1. Introduction

Multiple myeloma (MM) is the second most common blood cancer worldwide and
is characterized by the clonal proliferation of malignant plasma cells in the bone marrow
(BM) [1,2]. These plasma cells secrete a monoclonal immunoglobulin (Ig), often known
as M-protein, which can lead to organ dysfunction, anaemia, renal impairment, and bone
lesions. Unfortunately, MM is incurable as eventually all patients relapse, with a median
overall survival of 6 years [1,3]. MM is an extremely heterogeneous disease resulting
from the accumulation of genetic aberrations that give rise to oncogenic transformation.
MM is preceded by well-characterised pre-malignant-stage monoclonal gammopathy of
undetermined significance (MGUS) and smouldering MM (SMM), and each have their own
genetic background [4]. Progression to symptomatic MM is a result of clonal evolution,
and this can further drive patients to become refractory/relapse. In rare cases, patients
present with extramedullary disease (EMD), an aggressive form of MM that has become
independent of the bone marrow microenvironment and may infiltrate other organ systems.
EMD may occur alongside MM at diagnosis in around 7% of patients or manifest at later
stages of relapse in 6–20% [5]. EMD is considered to be a high-risk factor, with reports of
extremely poor prognosis of no more than 3 years in patients after autologous stem cell
transplant (ASCT) and less than 1 year in refractory patients [6,7].

When discussing EMD, it is important to acknowledge that there is controversy over
its precise definition. Some groups define it as only extraosseous soft tissue masses that
result from haematogenous spread (known as ‘extraosseous’ EMD) [7,8]. Alternatively, a
broader definition often used also includes bone-related (or paraskeletal) plasmacytomas,
also known as ‘osseous’ or ‘bone-related’ EMD [7,8]. Many studies have included both but
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typically classify them as two different subtypes for comparisons as, generally, extraosseous
EMD is associated with inferior prognosis [6,9]. Solitary plasmacytomas are explicitly
excluded from EMD definition as these can occur in the absence of MM diagnosis [8].
Additionally, plasma cell leukaemia (PCL) is an aggressive form of MM that appears when
the presence of clonal plasma cells in peripheral blood is greater than 20% [1]. However,
it is also excluded from the definition of EMD since it is characterized as a unique entity
with a defined clinco-pathological state and established treatment options [8]. EMD is most
often diagnosed using sensitive imaging techniques such as magnetic resonance imaging
(MRI) and positron emission tomography/computerised tomography (PET/CT) [8].

The introduction of new therapies for MM has been invaluable for improving patient
outcomes. However, emerging research suggests that, in the era of novel agents, the
incidence of EMD is still increasing, with an observed overall incidence rise from 6.3% of
MM patients in 2005 to 23.5% of MM patients in 2014 [5]. Despite the heterogeneity of MM,
we can stratify patients into various molecular risk subgroups by using cytogenetics or gene
expression profiling (GEP) [1,10,11]. Conversely, understanding the genetic background
and biology of EMD is only beginning, and most of the studies reported in the literature
used small patient cohorts. Cytogenetic abnormalities are present, and differences have
been observed between classic MM and EMD. In this review, we will summarize and
discuss the current understanding of the genetic background of EMD, where possible
distinguishing between the different types of EMD. A summary of the most relevant results
provided by the main genomic studies carried out in extramedullary myeloma is presented
in Table 1.

Table 1. Summary of the most relevant genomic studies performed to characterize extramedullary myeloma.

Study/Reference Patient Cohort Description Sample Type(s) Methodologies Results Summary

Billecke et al., 2013 [12]

36 MM patients, 17 with EMD
at diagnosis or relapse;

11 bone-related and
6 extraosseous

BM FISH High incidence of del(17p) in both
EMD groups compared to non-EMD.

Egan et al., 2013 [13]
One relapsed, refractory

patient with
extraosseous EMD

EMD WES, WGS, RNA-seq

Highly altered genome revealed. Of
note were mutations in ATM, KRAS,
NFKB2, and PSMG2. First report of

CRBN mutation in EMD and low
CRBN gene expression.

Sevickova et al., 2015 [14]
18 patients, 9 with

‘high-risk’ * MM and
9 with EMD

‘High-risk’ patients; BM
EMD patients; paired BM

and EMD cells
Quantitative PCR

Four GEP-70 genes deregulated in
EMD BM vs. high-risk MM BM

samples. Within patients with EMD,
nine genes were deregulated in EMD

tissue compared to BM.

Qu et al., 2015 [15]

Retrospective study of
300 patients, 41 of which had

EMD at diagnosis
or progression

BM FISH Del(17p13) and amp(1q21)
associated with EMD.

Besse et al., 2016 [16]

31 EMD patients either at
MM diagnosis or relapse,

15 bone-related,
16 extraosseous

Paired BM and EMD FISH

In unrelated samples, higher
incidence of t(4;14) in EMD

compared to BM. In paired samples,
gain(1q) was frequent in BM

and EMD.

Mithraprabhu et al.,
2018 [17]

One patient with relapse
extraossesous EMD

Paired EMD and PB
(several time-points) WES

ctDNA can be used to track EMD
progression and clonal evolution.

Both spatial and temporal
heterogeneity observed. NRAS

mutation observed at clonal and
subclonal levels.

Yao et al., 2018 [18] Two MM patients with
relapse EMD

Diagnostic BM, paired
relapse (BM and EMD), and
relapse PB for one patient

Methylation-specific PCR

SHP1 methylation detected in both
patients only at relapse. Evidence of
spatial methylation heterogeneity in

MM/EMD.

Smetana et al., 2018 [19] One MM patient with EMD
at relapse BM (diagnostic) Array-CGH, Targeted NGS

Patient presented with huge
chromothripsis of chromosome 18

and mutations in NRAS, RAF1,
TP53, CUX1 and POU4F1 before

progression to EMD.
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Table 1. Cont.

Study/Reference Patient Cohort Description Sample Type(s) Methodologies Results Summary

Liu et al., 2020 [20] 10 patients with EMD, 4 at
diagnosis and 6 at relapse

BM & EMD, paired
where possible

FISH, Targeted NGS,
SNP microarray

Gain(1q21) and del(1p32) common
in BM and EMD lesions. High
prevalence of RAS mutations

Long et al., 2020 [21]
10 MM patients without

EMD, 8 MM patients
with EMD

Paired BM, EMD & plasma Targeted NGS

ctDNA may be used for mutational
characterization of EMD. Evidence

of spatial heterogeneity between BM
and EMD/ctDNA.

Ryu et al., 2020 [22] 15 MM patients, 5 with EMD BM and EMD, paired
samples for three patients scRNA-seq, WES

RAS pathway mutations common in
BM and EMD samples.

Transcriptional alterations observed
in the cell cycle, glycolysis, oxidative
phosphorylation, proteasome, and

antigen presentation upon EMD
progression. Upregulated IL-6

signalling in EMD.

Kriegova et al., 2021 [23]
11 newly diagnosed MM

patients, 4 with
bone-related EMD

BM Whole-genome
optical mapping

Large intrachromosomal
rearrangements within chromosome

1 detected in all EMD patients.

Xia et al., 2022 [24]
30 patients with EMD; 19

bone-related and
11 extraosseous

Paired BM and EMD FISH

Higher frequency of genomic
aberrations in EMD tissue vs. BM.
Higher prevalence of gain(1q) and
P53 deletion in EMD, and higher in

bon-related EMD compared
to extraosseous.

Chen et al., 2023 [25] 3 relapsed MM patients with
bone-related EMD

Paired BM (diagnostic)
and EMD

RNA-seq, scRNA-seq,
microarray

Identified lncRNA NEAT1 as
upregulated in EMD and confirmed

its association with aggressive
disease in vitro.

Sun et al., 2023 [26] 3 patients with EMD at
progression (specifically ME) Matched BM, PB, and EMD scRNA-seq

Determined transcriptome changes
associated with EMD progression,

specifically plasma cell proliferation
and migration. Identified LILRB4

upregulation in ME compared to BM
and confirmed effects in vitro.

* High-risk defined as patients with relapse within 24 months of diagnosis. Abbreviations: MM—multiple
myeloma; BM—bone marrow; EMD—extramedullary disease; FISH—fluorescence in situ hybridization;
lncRNA—long non-coding RNA; ME—myelomatous effusion; NGS—next-generation sequencing; PB—peripheral
blood; PCR—polymerase chain reaction; scRNA-seq—single-cell RNA sequencing; SNP—single-nucleotide poly-
morphism WES—whole exome sequencing; WGS—whole genome sequencing.

2. Cytogenetic Abnormalities

Cytogenetic abnormalities are a hallmark of MM, with 90% of patients presenting
with such aberrations at diagnosis [27]. These occur due to chromosomal instability and
can both initiate disease and establish clonal evolution seeding with respect to bone mar-
row and, eventually, EMD sites [28]. The initiation of cytogenetic abnormalities is most
commonly attributed to trisomies of odd-numbered chromosomes (hyperdiploidy) and
translocations involving the IGH gene locus on chromosome 14q32. Secondary cytogenetic
events are more prevalent in later disease stages, and common examples include del(13),
del(17p13), gain(1q), and del(1p). These abnormalities can be detected using fluorescence
in situ hybridization (FISH) and may be used to guide patient prognosis. For example,
the Revised-International Staging System (R-ISS) incorporates the presence of high-risk
abnormalities, such as t(4;14), t(14;16), or del(17p), to stratify patients into three prognostic
groups [29]. The 5-year survival rates for R-ISS stages I, II, and III are 82%, 62%, and 42%, re-
spectively, highlighting the differential disease severity and prognoses for each patient [29].
Additionally, the Mayo Stratification for Myeloma and Risk-adapted Therapy (mSMART)
guidelines use several more genetic factors to guide genetic risk (Table 2) [30]. The overall
survival for high-risk MM patients is generally less than 3 years, whilst standard-risk
patients exhibit survival rates of 7–10 years [1]. Given the importance of cytogenetic events
in MM pathogenesis, most studies on EMD have aimed to establish their incidence in
this setting.
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Table 2. mSMART 3.0 classification of newly diagnosed Multiple Myeloma (MM).

Risk Classification Criteria

Standard-Risk
Trisomies
t(11;14)
t(6;14)

High-Risk

High-risk genetic abnormalities:

• t(4;14)
• t(14;16)
• t(14;20)
• del(17p)
• p53 mutation
• gain(1q)

R-ISS Stage III
High plasma cell S-phase
GEP: High risk signatures

Double-hit MM: Any two high-risk factors
Triple-hit MM: Any three high-risk factors

R-ISS—Revised International Staging System; GEP—gene expression profiling.

Generally, most studies have shown increasing cytogenetic complexity at EMD sites
compared to BM, demonstrating that EMD is an aggressive form of MM with defined clonal
evolutionary properties [16,24]. Specifically, many of these additional abnormalities are
high-risk, such as t(4;14), del(17p13), del(13) and chromosome 1 aberrations, in keeping
with the concept that high-risk cytogenetic features drive relapse not only in the bone
marrow but also at selective EMD sites. Besse at al. [16] used FISH to detect abnormalities
in paired samples from BM plasma cells and EMD sites for 12 patients. In these cases,
del(13q14) and 14q32 disruptions were more prevalent in BM sites compared to EMD, but
the frequency of genomic events was increased in patients at the time of EMD diagnosis
compared to samples collected previously. Moreover, in paired samples, gain(1q) occurred
in both BM and EMD plasma cells in 66.7% of all cases. However, when comparing
unrelated BM samples to the overall EMD samples, an increased frequency of t(4;14) was
observed in EMD [16]. Alternatively, a retrospective study showed no difference in the
prevalence of del(13q14) and t(4;14) in diagnostic BM aspirates collected from patients with
or without EMD; however, plasma cells from EMD sites were not assessed [15]. In this
study, there was a higher frequency of del(17p13) and amp(1q21) in EMD vs. non-EMD
(31% vs. 13% and 55% vs. 31%, respectively). The authors also reported cytogenetics for
patients who present with EMD at diagnosis (21 patients) vs. at relapse (8 patients), and
there were no significant differences between the two [15]. Another retrospective study
described that the presence of any IGH translocation, del(13/13q), and del(17) in BM at
diagnosis did not predict progression to EMD (neither osseous nor extraosseous) in a cohort
of 117 patients treated with bortezomib with or without lenalidomide [31]. However, the
authors did note that no patients with t(11;14) developed extraosseous EMD, and this
was also reported in an earlier study [32]. This corroborates the consensus that t(11;14) is
generally associated with standard-risk disease. Overall, studies such as these demonstrate
no unitive underlying genomic process accounting for the diverse and unpredictable nature
of EMD, likely indicating that deeper and broader genomic studies are required to truly
profile this form of MM.

Kriegova et al. [23] performed whole-genome optical mapping on BM plasma cells
in a small cohort of 11 newly diagnosed MM patients, 4 of which presented with bone-
related EMD. This method enabled the detection of large chromosomal rearrangements
as well as small structural variants and copy number variations. Strikingly, chromosome
1 abnormalities were present in all EMD patients and consisted of various intrachromosomal
rearrangements that resulted in copy number changes of genes, including recurrent regions
encompassed by del(1p32) and gain(1q21). Additionally, del(17p13) was detected in two
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of the EMD patients but not in any patients presenting without EMD, which is indicative
of a trend similar to that of other studies linking del(17p13) to EMD [12,23]. Promisingly,
where optical mapping revealed changes in common MM-associated regions, the FISH
results were able to confirm these findings in the majority of cases. Most of the studies
discussed did not explore del(1p32) despite it largely being considered a high-risk MM
abnormality [33,34]. Nevertheless, another study using a small cohort of EMD patients
revealed that del(1p32) and gain(1q21) were common occurrences both in BM plasma
cells and at EMD lesion sites, suggesting that chromosome 1 abnormalities may indeed
be an important factor [20]. Moreover, gain(1q) was associated with poor survival in
EMD patients, with the number of extra copies being proportional to worsened survival
rates [23,24]. Together these findings suggest chromosome 1 abnormalities may play a role
in the initiation and progression of high-risk EMD.

Chromothripsis is a catastrophic event involving a maximum of two chromosomes
whereby chromosomes are shattered and rejoined at random, resulting in tens to hundreds
of chromosomal rearrangements [35]. A recent WGS study revealed that 20–30% of newly
diagnosed MM patients have chromothripsis (higher than previously thought), and this
is an adverse prognostic marker [36,37]. Chromothripsis has also been proposed as a
prognostic marker in EMD; however, currently, it has only been described in one patient [19].
This patient presented with chromothripsis of chromosome 18 in BM plasma cells at
diagnosis. This consisted of six breakpoints including several deletions and amplifications,
with five to six copies of 18q21 detected [19]. 18q21 harbours many important genes
associated with haematological malignancies, including anti-apoptotic protein BCL-2. As
more in-depth genomic analyses are performed for EMD, more complex chromosomal
structural variations may be identified.

3. Altered Gene Expression

In the last decade, genomic risk-stratification in MM has started to incorporate gene
expression profiling (GEP) more routinely. GEP enables the identification of molecular
subgroups based on specific gene signatures, and our group has previously discussed some
of these in greater detail [10]. Although there are numerous gene signatures that have been
described, the two most commonly employed for MM risk stratification are the UAMS-
70/GEP-70 and SKY92 signatures [34]. Both signatures accurately identify around 10–15%
of MM patients as high-risk with poor predicted prognosis, and the detection of SKY92
using Affymetrix gene chip has been validated as an in vitro diagnostic test [10,34,38–40].
Additionally, patients classified as high-risk by these GEP tools are more likely to present
with high-risk cytogenetics [34]. There are very limited studies published on the gene
expression profile of EMD, but like with cytogenetic profile, it seems that MM patients
classified as high-risk by GEP are more likely to experience EMD.

A retrospective analysis of almost 2000 MM patients compared the baseline clinical
and molecular characteristics of patients who presented with EMD, either at diagnosis or
relapse, with patients without EMD [41]. It is not clear exactly what definition of EMD was
used. However, the risk subgroups were determined using GEP-70 and GEP-80 signatures
and revealed an association between EMD and high-risk disease [41]. In GEP high-risk
patients who received a transplant, 10.8% showed EMD within 5 years compared to only
2% in standard-risk [41]. It is important to note that most of the 70 genes making up GEP-70
are located on chromosome 1, with most upregulated and downregulated genes being on
1q and 1p, respectively [38]. Therefore, given the occurrence of gain(1q) and del(1p) in
EMD patients, it is not surprising that GEP-70 may predict EMD [20,24]. Additionally, this
study also used a gene expression-based centrosome index, which was first described by
Chng et al. [42]. Briefly, this uses the expression of four centrosome genes—CETN2, TUBG1,
PCNT1, and PCNT2—to predict centrosome amplification and poor prognosis [42,43]. A
high centrosome index was associated with the presence of EMD at diagnosis [41].

Sevcikova et al. [14] investigated the expression of a small subset of 15 genes included
in the GEP-70 signature in clinically high-risk MM patients who relapsed within 24 months
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of diagnosis compared to patients with EMD. Notably, four genes—CKS1B, CTBS, NADK,
and YWHAZ—were significantly altered in BM plasma cells in EMD patients compared
to MM [14]. Moreover, authors described changes in 9/15 genes when comparing EMD
tumour cells with paired BM plasma cells, signifying spatial heterogeneity within pa-
tients [14]. Despite identifying substantial differences in gene expression, no validation
studies were performed to determine their use as biomarkers for EMD. Additionally, it was
not explained why only these specific 15 genes were selected for investigation. In a recent
study, a microarray assay for long non-coding RNAs (lncRNAs) identified NEAT1 as highly
expressed in EMD plasma cells and showed that it was associated with gain(1q21) [25].
NEAT1 can regulate gene transcription in key processes, including DNA repair and the
cell cycle, and in this study, NEAT1 knockdown led to a reduction in the proliferation of
in vitro myeloma cell lines [25].

Ryu et al. [22] performed an in-depth genomic study combining exon sequencing, RNA-
sequencing, and single-cell RNA sequencing (scRNA-seq) to characterise extramedullary
progression. The group used single-cell approaches to elegantly decipher different immune
cell populations in MM; however, for the purposes of this review, this will not be discussed.
Interestingly, alterations in the transcription of several pathways were observed upon
extramedullary progression, and these included genes involved in the cell cycle, glycolysis,
oxidative phosphorylation, proteasome, and antigen presentation [22]. The transcriptome of
BM cells at relapse/refractory stage were more similar to the EMD samples than diagnostic
BM, suggesting that, in these cases, aggressive transformation occurred within the BM
initially [22]. Additionally, the transcriptional expression of IL-6 and the IL-6 receptor was
greater in EMD cells and refractory BM cells, suggesting that IL-6 signalling plays a role [22].
Similarly, Sun et al. [26] very recently used scRNA-seq to characterize the transcriptome of
various cell populations responsible for progression and metastasis in EMD. This group
focused on three patients with a specific form of extraosseous EMD known as myelomatous
effusion (ME), which manifests as plasma cells in bodily fluids such as pleural effusion
and ascites. Likewise, in their study, differences in immune cell populations were revealed
throughout BM, peripheral blood (PB), and EMD sites [26]. Differentially expressed gene
pathways enriched in EMD samples included oxidative stress, metabolic stress, protein
kinase regulator activity, and protein folding responses. From these analyses, leukocyte
immunoglobulin-like receptor subfamily B4 (LILRB4) was identified as upregulated in
extramedullary cells and could be a potential biomarker for such disease progression [26].
As more transcriptomic data are gathered for EMD in MM, we may move towards better
methods to understand this phenotype and enhance the potential to stratify patients at risk.

4. Mutational Landscape

MM patients also present with recurrent somatic mutations, most commonly RAS
pathway mutations such as NRAS, KRAS, and BRAF, which occur in around 40% of newly
diagnosed MM and typically result in activation of MAPK signalling [44]. TP53 mutations
are observed in a very small subset of newly diagnosed patients; however, incidence at
relapse is increased [45]. Additionally, studies have identified mutations in other genes such
as ATR, ATM, PTPN11, TRAF3, and IDH1/2 genes [44,46]. It is well known that progression
from pre-malignant MGUS through to symptomatic MM is a result of a clonal evolution
whereby the mutational landscape is shaped by the fitness of various subclones [4]. For
example, RAS mutations are often present at extremely subclonal levels at the SMM;
however, clonality is increased at the MM and relapse stages [4]. Additionally, whole
exome sequencing (WES) studies in paired MM samples from before and after treatment
revealed a change in clonal composition in 82% of patients, with increased incidence of RAS
and TP53 mutations being most common [28]. Given the impact of treatment pressure on
clonal evolution, it is possible that this is also contributing to the rising incidence of EMD.

In a patient presenting with multi-drug refractoriness and EMD relapse, whole genome
sequencing (WGS) was performed on the EMD neck mass in an attempt to find novel
therapeutic targets [13]. This revealed extreme genomic instability, including 271 nonsyn-
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onymous, somatic point mutations, including in KRAS and ATM and, for the first time,
CRBN, which has since been linked to drug resistance in many studies (usually resistance
to immunomodulatory agents) [47,48]. This reinforces the theory that EMD is extremely
high-risk and unresponsive to therapy.

De Haart et al. [49] performed next-generation sequencing (NGS) using a panel target-
ing 50 known oncogenes and tumour suppressor genes on 14 relapsed EMD patients. Where
possible, the authors compared tumour DNA from formalin-fixed, paraffin-embedded
(FFPE) diagnostic BM samples to relapse BM and soft tissue EMD samples. RAS muta-
tions were reported in 69% of the EMD samples, and in the majority of cases, an identical
mutation was already present at diagnosis, perhaps suggesting that it could be predictive
of eventual EMD [49]. Similarly, in another study, a female with aggressive EMD relapse
presented at diagnosis with a missense NRAS mutation [19]. Since then, several other
studies utilising targeted DNA sequencing have also reaffirmed the high prevalence of
RAS mutations in patients with EMD [20,22].

Overall, de Haart et al. [49] reported that TP53 mutations were associated with relapsed
samples from either extramedullary sites or BM; however, it should be noted that for several
of these patients, NGS could not be performed at diagnosis, thus potentially skewing this
result. Moreover, other studies have detected TP53 mutations at diagnosis in patients who
go on to relapse extramedullary [19]. One patient did not present with typical RAS or TP53
mutations but rather mutations in APC and ATM, which were detected in BM at diagnosis
and in their EMD lesion. Another patient presented with only a KIT mutation at diagnosis,
which remained present at relapse, alongside a KRAS mutation only in EMD cells. As
mentioned, ATM mutations have been observed in MM before and can lead to deregulated
DNA repair and genomic instability [50,51]. APC and KIT mutations were not previously
described in MM, and the authors do point out that, since healthy patient tissue was not
analysed, these may not be associated with pathogenesis [49].

Given the invasive nature of BM biopsies, an attractive alternative is the use of liq-
uid biopsies for mutational analysis. Long et al. [21] performed a small study on eight
EMD patients using paired samples from EMD tissue, BM, and circulating tumour DNA
(ctDNA) from plasma. Again, RAS and TP53 mutations were most commonly detected,
but interestingly, mutations found in EMD tissue were more concordant with those found
in ctDNA than in BM. This approach had been used previously by Mithraprabhu et al. [17]
to monitor and track disease progression in a patient with EMD, revealing significant
spatial heterogeneity and clonal evolution over a two-year period. Moreover, ctDNA
levels in blood were correlated with tumour burden [17]. Together, these findings suggest
that this non-invasive approach is adequate for the genetic characterisation of EMD and
could be used increasingly in the future, especially in cases where the EMD tumour is not
easily accessible.

5. Epigenetic Changes

Gene transcription is tightly controlled by epigenetic regulation (usually DNA methy-
lation and histone modifications) to either transcriptionally silence or express genes. There-
fore, in addition to gene-level alterations, epigenetic dysregulation can also contribute to
tumour heterogeneity and pathogenesis. Compared to gene expression and cytogenetics,
even less is known about the epigenome in extramedullary myeloma. However, what we
do know is that up to 53% of MM patients present with mutations in genes involved in
epigenetic regulation, and these have prognostic significance [52]. Moreover, Walker et al.
showed that differential CpG methylation patterns are correlated with the transition from
MGUS to MM and, likewise, to PCL [53]. Therefore, it is likely that epigenetic alterations
may also contribute to the presentation of EMD.

To date, only one study has directly investigated the epigenome of MM patients with
EMD. Yao et al. [18] presented a small study involving two MM patients who presented
without EMD but later relapsed both in BM and with bone-related EMD. The methylation
profiles of five disease-related genes (SHP1, CDK2NA, CDH1, CD56, and CXCR4) were
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determined in diagnostic BM plasma cells, as well as multiple relapse samples from both
BM and EMD sites. Interestingly, in diagnostic BM, there was no evidence of methylation
in any of the five genes; however, in the relapse samples this had changed. Notably,
SHP1 methylation was detected in both patients in EMD cells at relapse, suggesting it
may be a common factor in EMD progression. SHP1 hypermethylation has previously
been described in MM and can lead to the constitutive activation of JAK/STAT3 signalling
and disease progression [54,55]. Therefore, it is likely that a similar mechanism may also
contribute to BM escape and EMD progression. Additionally, in one patient, CDKN2A and
CDH1 methylation was also present at relapse [18]. Importantly, the authors note that the
methylation profiles differed between sites at relapse, with BM at relapse showing varying
gene methylation compared to relapse EMD in both patients, indicating epigenetic spatial
heterogeneity. Through Sanger sequencing of the unique CDR3 region of the IGH gene of
the diagnostic MM clone and EMD clone, the authors showed that the EMD had evolved
from the original MM, thus demonstrating a case of clonal evolution.

More recently, an interesting study by Farre et al. [56] developed a novel model to
study EMD. This study involved a patient-derived orthotopic xenograft (PDOX) from
cutaneous EMD plasma cells, which was used to study various aspects of EMD, including
genetics, epigenetics, and drug response. In addition to a highly disturbed genome, whole
genome methylome analysis revealed significant changes in CpG methylation in the EMD
PDOX model when compared to both normal plasma cells and malignant MM cells from a
published dataset. Consistent with Yao et al. [18], hypermethylation was associated with
EMD, with 89.6% of CpGs showing hypermethylation in EMD PDOX compared to the MM
dataset. However, it should be noted that the PDOX model was only representative of one
patient and, ideally, in the future, the use of larger cohorts would be beneficial. Additionally,
the PDOX model was compared to unrelated published samples rather than healthy or MM
cells from the patient it was derived from. Including this comparison would strengthen the
research findings. Additionally, comparing the PDOX methylome to that of the isolated
EMD cells alone would also account for any changes induced by the model itself.

Ultimately, there is still much to learn about how the epigenome may contribute to
EMD, and future studies should aim to determine whole epigenome status to identify
novel targets. Of the limited studies published in this area, both have focused only on
DNA methylation status since it is the most well-described epigenetic marker. However,
histone methylation and acetylation are also important markers that should be studied in
the future. Moreover, the use of histone deacetylase (HDAC) inhibitors for the treatment of
relapsed/refractory MM shows that epigenetic regulation can be a therapeutic target [57].

6. Conclusions and Future Directions

EMD in MM is an extremely high-risk factor with prognostic significance, and its
incidence is on the rise. The genomic and epigenomic background of EMD in MM is not
well-characterised, and the few studies performed to date have been relatively small in scale.
High-risk cytogenetic events and gene signatures are associated with EMD, with a high
prevalence of t(4;14), del(13) and del(17) and chromosome 1 abnormalities being reported
(Figure 1). However, precisely how these influence EMD pathogenesis is unknown. More-
over, there is a lack of consensus regarding which cytogenetic abnormalities are assessed
between clinical sites; thus, it is hard to directly compare results from different studies.
Likewise, different gene signatures may also be used for risk classification across studies.
Early studies indicate alterations in epigenetic regulation, specifically DNA hypermethyla-
tion. In the future, global epigenome status may reveal more specific information about
how the epigenome is altered in EMD and perhaps pave the way for use of demethylating
agents in this setting. Similarly, regarding somatic mutations, it is hard to compare studies
as most have opted for targeted panel approaches. In-depth genome-wide, comprehensive,
and combinational genetic sequencing approaches like those used by Ryu et al. [22] and
Smetana et al. [19] are necessary to really understand EMD; however, such studies come at
a large expense and are often not feasible, particularly for larger cohorts. As an alternative,
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liquid biopsy methods may help us to understand where BM and/or EMD biopsies are too
invasive [17,21].
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Figure 1. Current understanding of genetic abnormalities in extramedullary myeloma. Summary
of main genetic abnormalities described in EMD. Patients who relapse with EMD may present
at diagnosis with high-risk cytogenetic abnormalities, RAS mutations, high-risk gene signatures,
and potentially chromothripsis. Generally, upon relapse, the frequency of genomic abnormalities
is increased as clonal selection occurs and is higher in EMD lesions compared to BM. More high-
risk factors are present, and increased DNA hypermethylation may contribute to EMD. Spatial
heterogeneity may also occur, both between BM and EMD and various EMD lesions.

From reviewing the existing literature, we observed that a major discrepancy in
most studies is that genetic sequencing was performed only on BM plasma cells, mostly
at diagnosis but sometimes upon relapse. However, many studies lacked paired EMD
samples. Future studies should aim to perform genetic testing on cells from individual
EMD lesions as this will give the best insight into disease progression and clonal evolution,
particularly since some studies have reported spatial heterogeneity [17,18,58]. Moreover, if
patients present with multiple relapses, ideally, BM and EMD lesions would be sequenced
each time. There is also a scarcity of published studies comparing EMD at diagnosis
compared to those for EMD presenting at relapse; investigating this may also reveal
differences in pathogenesis. Given the evidence for spatial and temporal heterogeneity in
EMD progression, we propose that future work should aim to characterize the influence of
novel therapies on malignant clonal selection in the context of EMD.

Ultimately, research in the field of MM has been conducted with the aim of identi-
fying personalised, risk-adapted strategies; however, these are extremely lacking in MM
compared to other cancers. It is beyond the scope of this review to discuss treatment
approaches in depth; however, ultimately, there are no therapies specifically aimed at the
treatment of EMD. Moreover, little is known about how current therapies may influence
the development of EMD and its genetic and epigenetic composition. Hopefully, as more
genetic alterations are uncovered, some of these may translate into disease biomarkers and
therapeutic targets.

Author Contributions: R.M. conceived and wrote the manuscript, J.Q., P.M. and S.G. provided
reviewed and edited the manuscript. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Int. J. Mol. Sci. 2023, 24, 11259 10 of 12

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Rajkumar, S.V. Multiple myeloma: 2022 update on diagnosis, risk stratification, and management. Am. J. Hematol. 2022,

97, 1086–1107. [CrossRef] [PubMed]
2. Siegel, R.L.; Miller, K.D.; Wagle, N.S.; Jemal, A. Cancer statistics, 2023. CA Cancer J. Clin. 2023, 73, 17–48. [CrossRef] [PubMed]
3. Durie, B.G.M.; Hoering, A.; Abidi, M.H.; Rajkumar, S.V.; Epstein, J.; Kahanic, S.P.; Thakuri, M.; Reu, F.; Reynolds, C.M.; Sexton,

R.; et al. Bortezomib with lenalidomide and dexamethasone versus lenalidomide and dexamethasone alone in patients with newly
diagnosed myeloma without intent for immediate autologous stem-cell transplant (SWOG S0777): A randomised, open-label,
phase 3 trial. Lancet 2017, 389, 519–527. [CrossRef] [PubMed]

4. Manier, S.; Salem, K.Z.; Park, J.; Landau, D.A.; Getz, G.; Ghobrial, I.M. Genomic complexity of multiple myeloma and its clinical
implications. Nat. Rev. Clin. Oncol. 2017, 14, 100–113. [CrossRef]

5. Gagelmann, N.; Eikema, D.J.; Iacobelli, S.; Koster, L.; Nahi, H.; Stoppa, A.M.; Masszi, T.; Caillot, D.; Lenhoff, S.; Udvardy,
M.; et al. Impact of extramedullary disease in patients with newly diagnosed multiple myeloma undergoing autologous stem cell
transplantation: A study from the Chronic Malignancies Working Party of the EBMT. Haematologica 2018, 103, 890–897. [CrossRef]

6. Pour, L.S.S.; Greslikova, H.; Kupska, R.; Majkova, P.; Zahradova, L.; Sandecka, V.; Adam, Z.; Krejci, M.; Kuglik, P.; Hajek, R.
Soft-tissue extramedullary multiple myeloma prognosis is significantly worse in comparison to bone-related extramedullary
relapse. Haematologica 2014, 99, 360–364. [CrossRef]

7. Bhutani, M.; Foureau, D.M.; Atrash, S.; Voorhees, P.M.; Usmani, S.Z. Extramedullary multiple myeloma. Leukemia 2020, 34, 1–20.
[CrossRef]

8. Blade, J.; Beksac, M.; Caers, J.; Jurczyszyn, A.; von Lilienfeld-Toal, M.; Moreau, P.; Rasche, L.; Rosinol, L.; Usmani, S.Z.; Zamagni,
E.; et al. Extramedullary disease in multiple myeloma: A systematic literature review. Blood Cancer J. 2022, 12, 45. [CrossRef]

9. Batsukh, K.L.S.; Min, G.J.; Park, S.S.; Jeon, Y.W.; Yoon, J.H.; Cho, B.S.; Eom, K.S.; Kim, Y.J.; Kim, H.J.; Lee, S.; et al. Distinct Clinical
Outcomes between Paramedullary and Extramedullary Lesions in Newly Diagnosed Multiple Myeloma. Immune Netw. 2017,
17, 250–260. [CrossRef]

10. Black, H.; Glavey, S. Gene expression profiling as a prognostic tool in multiple myeloma. Cancer Drug Resist. 2021, 4, 1008–1018.
[CrossRef]

11. Saxe, D.; Seo, E.J.; Bergeron, M.B.; Han, J.Y. Recent advances in cytogenetic characterization of multiple myeloma. Int. J. Lab.
Hematol. 2018, 41, 5–14. [CrossRef] [PubMed]

12. Billecke, L.; Murga Penas, E.M.; May, A.M.; Engelhardt, M.; Nagler, A.; Leiba, M.; Schiby, G.; Kroger, N.; Zustin, J.; Marx, A.; et al.
Cytogenetics of extramedullary manifestations in multiple myeloma. Br. J. Haematol. 2013, 161, 87–94. [CrossRef] [PubMed]

13. Egan, J.B.; Kortuem, K.M.; Kurdoglu, A.; Izatt, T.; Aldrich, J.; Reiman, R.; Phillips, L.; Baker, A.; Shi, C.X.; Schmidt, J.; et al.
Extramedullary myeloma whole genome sequencing reveals novel mutations in Cereblon, proteasome subunit G2 and the
glucocorticoid receptor in multi drug resistant disease. Br. J. Haematol. 2013, 161, 748–751. [CrossRef] [PubMed]

14. Sevcikova, S.; Paszekova, H.; Besse, L.; Sedlarikova, L.; Kubaczkova, V.; Almasi, M.; Pour, L.; Hajek, R. Extramedullary relapse of
multiple myeloma defined as the highest risk group based on deregulated gene expression data. Biomed. Pap. Med. Fac. Univ.
Palacky Olomouc. Czech Repub. 2015, 159, 288–293. [CrossRef]

15. Qu, X.; Chen, L.; Qiu, H.; Lu, H.; Wu, H.; Qiu, H.; Liu, P.; Guo, R.; Li, J. Extramedullary manifestation in multiple myeloma bears
high incidence of poor cytogenetic aberration and novel agents resistance. Biomed. Res. Int. 2015, 2015, 787809. [CrossRef]

16. Besse, L.S.L.; Greslikova, H.; Kupska, R.; Almasi, M.; Penka, M.; Jelinek, T.; Pour, L.; Adam, Z.; Kuglik, P.; Krejci, M.; et al.
Cytogenetics in multiple myeloma patients progressing into extramedullary disease. Eur. J. Hematol. 2016, 97, 93–100. [CrossRef]

17. Mithraprabhu, S.; Sirdesai, S.; Chen, M.; Khong, T.; Spencer, A. Circulating Tumour DNA Analysis for Tumour Genome
Characterisation and Monitoring Disease Burden in Extramedullary Multiple Myeloma. Int. J. Mol. Sci. 2018, 19, 1858. [CrossRef]

18. Yao, Q.; Morgan, G.J.; Chim, C.S. Distinct promoter methylation profile reveals spatial epigenetic heterogeneity in 2 myeloma
patients with multifocal extramedullary relapses. Clin. Epigenetics 2018, 10, 158. [CrossRef]

19. Smetana, J.; Oppelt, J.; Stork, M.; Pour, L.; Kuglik, P. Chromothripsis 18 in multiple myeloma patient with rapid extramedullary
relapse. Mol. Cytogenet. 2018, 11, 7. [CrossRef]

20. Liu, Y.; Jelloul, F.; Zhang, Y.; Bhavsar, T.; Ho, C.; Rao, M.; Lewis, N.E.; Cimera, R.; Baik, J.; Sigler, A.; et al. Genetic Basis of
Extramedullary Plasmablastic Transformation of Multiple Myeloma. Am. J. Surg. Pathol. 2020, 44, 838–848. [CrossRef]

21. Long, X.; Xu, Q.; Lou, Y.; Li, C.; Gu, J.; Cai, H.; Wang, D.; Xu, J.; Li, T.; Zhou, X.; et al. The utility of non-invasive liquid biopsy
for mutational analysis and minimal residual disease assessment in extramedullary multiple myeloma. Br. J. Haematol. 2020,
189, e45–e48. [CrossRef] [PubMed]

22. Ryu, D.; Kim, S.J.; Hong, Y.; Jo, A.; Kim, N.; Kim, H.J.; Lee, H.O.; Kim, K.; Park, W.Y. Alterations in the Transcriptional Programs
of Myeloma Cells and the Microenvironment during Extramedullary Progression Affect Proliferation and Immune Evasion. Clin.
Cancer Res. 2020, 26, 935–944. [CrossRef]

https://doi.org/10.1002/ajh.26590
https://www.ncbi.nlm.nih.gov/pubmed/35560063
https://doi.org/10.3322/caac.21763
https://www.ncbi.nlm.nih.gov/pubmed/36633525
https://doi.org/10.1016/S0140-6736(16)31594-X
https://www.ncbi.nlm.nih.gov/pubmed/28017406
https://doi.org/10.1038/nrclinonc.2016.122
https://doi.org/10.3324/haematol.2017.178434
https://doi.org/10.3324/haematol.2013.094409
https://doi.org/10.1038/s41375-019-0660-0
https://doi.org/10.1038/s41408-022-00643-3
https://doi.org/10.4110/in.2017.17.4.250
https://doi.org/10.20517/cdr.2021.83
https://doi.org/10.1111/ijlh.12882
https://www.ncbi.nlm.nih.gov/pubmed/29971938
https://doi.org/10.1111/bjh.12223
https://www.ncbi.nlm.nih.gov/pubmed/23368088
https://doi.org/10.1111/bjh.12291
https://www.ncbi.nlm.nih.gov/pubmed/23480694
https://doi.org/10.5507/bp.2015.014
https://doi.org/10.1155/2015/787809
https://doi.org/10.1111/ejh.12688
https://doi.org/10.3390/ijms19071858
https://doi.org/10.1186/s13148-018-0597-6
https://doi.org/10.1186/s13039-018-0357-5
https://doi.org/10.1097/PAS.0000000000001459
https://doi.org/10.1111/bjh.16440
https://www.ncbi.nlm.nih.gov/pubmed/32191818
https://doi.org/10.1158/1078-0432.CCR-19-0694


Int. J. Mol. Sci. 2023, 24, 11259 11 of 12

23. Kriegova, E.; Fillerova, R.; Minarik, J.; Savara, J.; Manakova, J.; Petrackova, A.; Dihel, M.; Balcarkova, J.; Krhovska, P.; Pika,
T.; et al. Whole-genome optical mapping of bone-marrow myeloma cells reveals association of extramedullary multiple myeloma
with chromosome 1 abnormalities. Sci. Rep. 2021, 11, 14671. [CrossRef] [PubMed]

24. Xia, Y.; Shi, Y.; Chen, Z.; Zhang, J.; Zhu, Y.; Guo, R.; Zhang, R.; Shi, Q.; Li, J.; Chen, L. Characteristics and prognostic value of
extramedullary chromosomal abnormalities in extramedullary myeloma. Chin. Med. J. 2022, 135, 2500–2502. [CrossRef]

25. Chen, T.; Sun, Z.; Cui, Y.; Ji, J.; Li, Y.; Qu, X. Identification of long noncoding RNA NEAT1 as a key gene involved in the
extramedullary disease of multiple myeloma by bioinformatics analysis. Hematology 2023, 28, 2164449. [CrossRef]

26. Sun, Z.; Ji, J.; Li, Y.; Cui, Y.; Fan, L.; Li, J.; Qu, X. Identification of evolutionary mechanisms of myelomatous effusion by single-cell
RNA sequencing. Blood Adv. 2023. [CrossRef]

27. Avet-Loiseau, H.; Attal, M.; Moreau, P.; Charbonnel, C.; Garban, F.; Hulin, C.; Leyvraz, S.; Michallet, M.; Yakoub-Agha, I.;
Garderet, L.; et al. Genetic abnormalities and survival in multiple myeloma: The experience of the Intergroupe Francophone du
Myelome. Blood 2007, 109, 3489–3495. [CrossRef]

28. Misund, K.; Hofste Op Bruinink, D.; Coward, E.; Hoogenboezem, R.M.; Rustad, E.H.; Sanders, M.A.; Rye, M.; Sponaas, A.M.;
van der Holt, B.; Zweegman, S.; et al. Clonal evolution after treatment pressure in multiple myeloma: Heterogenous genomic
aberrations and transcriptomic convergence. Leukemia 2022, 36, 1887–1897. [CrossRef] [PubMed]

29. Palumbo, A.; Avet-Loiseau, H.; Oliva, S.; Lokhorst, H.M.; Goldschmidt, H.; Rosinol, L.; Richardson, P.; Caltagirone, S.; Lahuerta,
J.J.; Facon, T.; et al. Revised International Staging System for Multiple Myeloma: A Report From International Myeloma Working
Group. J. Clin. Oncol. 2015, 33, 2863–2869. [CrossRef]

30. Mikhael, J.R.; Dingli, D.; Roy, V.; Reeder, C.B.; Buadi, F.K.; Hayman, S.R.; Dispenzieri, A.; Fonseca, R.; Sher, T.; Kyle, R.A.; et al.
Management of newly diagnosed symptomatic multiple myeloma: Updated Mayo Stratification of Myeloma and Risk-Adapted
Therapy (mSMART) consensus guidelines 2013. Mayo Clin. Proc. 2013, 88, 360–376. [CrossRef]

31. Varga, C.; Xie, W.; Laubach, J.; Ghobrial, I.M.; O’Donnell, E.K.; Weinstock, M.; Paba-Prada, C.; Warren, D.; Maglio, M.E.;
Schlossman, R.; et al. Development of extramedullary myeloma in the era of novel agents: No evidence of increased risk with
lenalidomide-bortezomib combinations. Br. J. Haematol. 2015, 169, 843–850. [CrossRef] [PubMed]

32. Bink, K.; Haralambieva, E.; Kremer, M.; Ott, G.; Beham-Schmid, C.; de Leval, L.; Peh, S.C.; Laeng, H.R.; Jutting, U.; Hutzler,
P.; et al. Primary extramedullary plasmacytoma: Similarities with and differences from multiple myeloma revealed by interphase
cytogenetics. Haematologica 2008, 93, 623–626. [CrossRef] [PubMed]

33. Qazilbash, M.H.; Saliba, R.M.; Ahmed, B.; Parikh, G.; Mendoza, F.; Ashraf, N.; Hosing, C.; Flosser, T.; Weber, D.M.; Wang, M.; et al.
Deletion of the short arm of chromosome 1 (del 1p) is a strong predictor of poor outcome in myeloma patients undergoing an
autotransplant. Biol. Blood Marrow Transpl. 2007, 13, 1066–1072. [CrossRef]

34. Hanamura, I. Multiple myeloma with high-risk cytogenetics and its treatment approach. Int. J. Hematol. 2022, 115, 762–777.
[CrossRef]

35. Neuse, C.J.; Lomas, O.C.; Schliemann, C.; Shen, Y.J.; Manier, S.; Bustoros, M.; Ghobrial, I.M. Genome instability in multiple
myeloma. Leukemia 2020, 34, 2887–2897. [CrossRef] [PubMed]

36. Maclachlan, K.H.; Rustad, E.H.; Derkach, A.; Zheng-Lin, B.; Yellapantula, V.; Diamond, B.; Hultcrantz, M.; Ziccheddu, B.; Boyle,
E.M.; Blaney, P.; et al. Copy number signatures predict chromothripsis and clinical outcomes in newly diagnosed multiple
myeloma. Nat. Commun. 2021, 12, 5172. [CrossRef]

37. Magrangeas, F.; Avet-Loiseau, H.; Munshi, N.C.; Minvielle, S. Chromothripsis identifies a rare and aggressive entity among newly
diagnosed multiple myeloma patients. Blood 2011, 118, 675–678. [CrossRef]

38. Shaughnessy, J.D., Jr.; Zhan, F.; Burington, B.E.; Huang, Y.; Colla, S.; Hanamura, I.; Stewart, J.P.; Kordsmeier, B.; Randolph, C.;
Williams, D.R.; et al. A validated gene expression model of high-risk multiple myeloma is defined by deregulated expression of
genes mapping to chromosome 1. Blood 2007, 109, 2276–2284. [CrossRef]

39. Kuiper, R.; Broyl, A.; de Knegt, Y.; van Vliet, M.H.; van Beers, E.H.; van der Holt, B.; el Jarari, L.; Mulligan, G.; Gregory, W.;
Morgan, G.; et al. A gene expression signature for high-risk multiple myeloma. Leukemia 2012, 26, 2406–2413. [CrossRef]

40. Van Beers, E.H.; Huigh, D.; Bosman, L.; de Best, L.; Kuiper, R.; Spaan, M.; van Duin, M.; Sonneveld, P.; Dumee, B.; van Vliet, M.H.
Analytical Validation of SKY92 for the Identification of High-Risk Multiple Myeloma. J. Mol. Diagn. 2021, 23, 120–129. [CrossRef]

41. Usmani, S.Z.; Heuck, C.; Mitchell, A.; Szymonifka, J.; Nair, B.; Hoering, A.; Alsayed, Y.; Waheed, S.; Haider, S.; Restrepo, A.; et al.
Extramedullary disease portends poor prognosis in multiple myeloma and is over-represented in high-risk disease even in the
era of novel agents. Haematologica 2012, 97, 1761–1767. [CrossRef] [PubMed]

42. Chng, W.J.; Ahmann, G.J.; Henderson, K.; Santana-Davila, R.; Greipp, P.R.; Gertz, M.A.; Lacy, M.Q.; Dispenzieri, A.; Kumar,
S.; Rajkumar, S.V.; et al. Clinical implication of centrosome amplification in plasma cell neoplasm. Blood 2006, 107, 3669–3675.
[CrossRef] [PubMed]

43. Chng, W.J.; Braggio, E.; Mulligan, G.; Bryant, B.; Remstein, E.; Valdez, R.; Dogan, A.; Fonseca, R. The centrosome index is a
powerful prognostic marker in myeloma and identifies a cohort of patients that might benefit from aurora kinase inhibition. Blood
2008, 111, 1603–1609. [CrossRef]

44. Walker, B.A.; Boyle, E.M.; Wardell, C.P.; Murison, A.; Begum, D.B.; Dahir, N.M.; Proszek, P.Z.; Johnson, D.C.; Kaiser, M.F.; Melchor,
L.; et al. Mutational Spectrum, Copy Number Changes, and Outcome: Results of a Sequencing Study of Patients with Newly
Diagnosed Myeloma. J. Clin. Oncol. 2015, 33, 3911–3920. [CrossRef] [PubMed]

https://doi.org/10.1038/s41598-021-93835-z
https://www.ncbi.nlm.nih.gov/pubmed/34282158
https://doi.org/10.1097/CM9.0000000000002351
https://doi.org/10.1080/16078454.2022.2164449
https://doi.org/10.1182/bloodadvances.2022009477
https://doi.org/10.1182/blood-2006-08-040410
https://doi.org/10.1038/s41375-022-01597-y
https://www.ncbi.nlm.nih.gov/pubmed/35643867
https://doi.org/10.1200/JCO.2015.61.2267
https://doi.org/10.1016/j.mayocp.2013.01.019
https://doi.org/10.1111/bjh.13382
https://www.ncbi.nlm.nih.gov/pubmed/26032514
https://doi.org/10.3324/haematol.12005
https://www.ncbi.nlm.nih.gov/pubmed/18326524
https://doi.org/10.1016/j.bbmt.2007.05.014
https://doi.org/10.1007/s12185-022-03353-5
https://doi.org/10.1038/s41375-020-0921-y
https://www.ncbi.nlm.nih.gov/pubmed/32651540
https://doi.org/10.1038/s41467-021-25469-8
https://doi.org/10.1182/blood-2011-03-344069
https://doi.org/10.1182/blood-2006-07-038430
https://doi.org/10.1038/leu.2012.127
https://doi.org/10.1016/j.jmoldx.2020.10.010
https://doi.org/10.3324/haematol.2012.065698
https://www.ncbi.nlm.nih.gov/pubmed/22689675
https://doi.org/10.1182/blood-2005-09-3810
https://www.ncbi.nlm.nih.gov/pubmed/16373658
https://doi.org/10.1182/blood-2007-06-097774
https://doi.org/10.1200/JCO.2014.59.1503
https://www.ncbi.nlm.nih.gov/pubmed/26282654


Int. J. Mol. Sci. 2023, 24, 11259 12 of 12

45. Jovanovic, K.K.; Escure, G.; Demonchy, J.; Willaume, A.; Van de Wyngaert, Z.; Farhat, M.; Chauvet, P.; Facon, T.; Quesnel, B.;
Manier, S. Deregulation and Targeting of TP53 Pathway in Multiple Myeloma. Front. Oncol. 2018, 8, 665. [CrossRef] [PubMed]

46. Walker, B.A.M.K.; Wardell, C.P.; Ashby, T.C.; Bauer, M.; Davies, F.E.; Rosenthal, A.; Wang, H.; Qu, P.; Hoering, A.; Samur,
M.; et al. Identification of novel mutational drivers reveals oncogene dependencies in multiple myeloma. Blood 2018, 132, 587–597.
[CrossRef]

47. Bjorklund, C.C.; Kang, J.; Amatangelo, M.; Polonskaia, A.; Katz, M.; Chiu, H.; Couto, S.; Wang, M.; Ren, Y.; Ortiz, M.; et al.
Iberdomide (CC-220) is a potent cereblon E3 ligase modulator with antitumor and immunostimulatory activities in lenalidomide-
and pomalidomide-resistant multiple myeloma cells with dysregulated CRBN. Leukemia 2020, 34, 1197–1201. [CrossRef]

48. Sarah Gooding, N.A.-P.; Towfic, F.; Ortiz Estévez, M.; Philip, P.; Chamberlain, K.-T.T.; Flynt, E.; Hirst, M.; Rozelle, D.; Dhiman, P.;
Neri, P.; et al. Multiple cereblon genetic changes are associated with acquired resistance to lenalidomide or pomalidomide in
multiple myeloma. Blood 2021, 137, 232–237. [CrossRef]

49. De Haart, S.J.; Willems, S.M.; Mutis, T.; Koudijs, M.J.; van Blokland, M.T.; Lokhorst, H.M.; de Weger, R.A.; Minnema, M.C.
Comparison of intramedullary myeloma and corresponding extramedullary soft tissue plasmacytomas using genetic mutational
panel analyses. Blood Cancer J. 2016, 6, e426. [CrossRef]

50. Choi, M.; Kipps, T.; Kurzrock, R. ATM Mutations in Cancer: Therapeutic Implications. Mol. Cancer Ther. 2016, 15, 1781–1791.
[CrossRef]

51. Austen, B.; Barone, G.; Reiman, A.; Byrd, P.J.; Baker, C.; Starczynski, J.; Nobbs, M.C.; Murphy, R.P.; Enright, H.; Chaila, E.; et al.
Pathogenic ATM mutations occur rarely in a subset of multiple myeloma patients. Br. J. Haematol. 2008, 142, 925–933. [CrossRef]
[PubMed]

52. Caprio, C.; Sacco, A.; Giustini, V.; Roccaro, A.M. Epigenetic Aberrations in Multiple Myeloma. Cancers 2020, 12, 2996. [CrossRef]
[PubMed]

53. Walker, B.A.; Wardell, C.P.; Chiecchio, L.; Smith, E.M.; Boyd, K.D.; Neri, A.; Davies, F.E.; Ross, F.M.; Morgan, G.J. Aberrant global
methylation patterns affect the molecular pathogenesis and prognosis of multiple myeloma. Blood 2011, 117, 553–562. [CrossRef]
[PubMed]

54. Chim, C.S.; Fung, T.K.; Cheung, W.C.; Liang, R.; Kwong, Y.L. SOCS1 and SHP1 hypermethylation in multiple myeloma:
Implications for epigenetic activation of the Jak/STAT pathway. Blood 2004, 103, 4630–4635. [CrossRef]

55. Beldi-Ferchiou, A.; Skouri, N.; Ben Ali, C.; Safra, I.; Abdelkefi, A.; Ladeb, S.; Mrad, K.; Ben Othman, T.; Ben Ahmed, M. Abnormal
repression of SHP-1, SHP-2 and SOCS-1 transcription sustains the activation of the JAK/STAT3 pathway and the progression of
the disease in multiple myeloma. PLoS ONE 2017, 12, e0174835. [CrossRef]

56. Farre, L.; Sanz, G.; Ruiz-Xiville, N.; Castro de Moura, M.; Martin-Tejera, J.F.; Goncalves-Ribeiro, S.; Martinez-Iniesta, M.; Calaf, M.;
Luis Mosquera, J.; Martin-Subero, J.I.; et al. Extramedullary multiple myeloma patient-derived orthotopic xenograft with a highly
altered genome: Combined molecular and therapeutic studies. Dis. Model Mech. 2021, 14, dmm048223. [CrossRef]

57. Venney, D.; Greenfield, G.; Preston, P.; Mohd-Sarip, A.; Mills, K.I. Chapter 11—Epigenetic targeted therapies in hematological
malignancies. In Epigenet. Cancer Therapy, 2nd ed.; Gray, S.G., Ed.; Academic Press: Boston, MA, USA, 2023; pp. 213–236.

58. Rasche, L.; Chavan, S.S.; Stephens, O.W.; Patel, P.H.; Tytarenko, R.; Ashby, C.; Bauer, M.; Stein, C.; Deshpande, S.; Wardell, C.; et al.
Spatial genomic heterogeneity in multiple myeloma revealed by multi-region sequencing. Nat. Commun. 2017, 8, 268. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3389/fonc.2018.00665
https://www.ncbi.nlm.nih.gov/pubmed/30687640
https://doi.org/10.1182/blood-2018-03-840132
https://doi.org/10.1038/s41375-019-0620-8
https://doi.org/10.1182/blood.2020007081
https://doi.org/10.1038/bcj.2016.35
https://doi.org/10.1158/1535-7163.MCT-15-0945
https://doi.org/10.1111/j.1365-2141.2008.07281.x
https://www.ncbi.nlm.nih.gov/pubmed/18573109
https://doi.org/10.3390/cancers12102996
https://www.ncbi.nlm.nih.gov/pubmed/33076518
https://doi.org/10.1182/blood-2010-04-279539
https://www.ncbi.nlm.nih.gov/pubmed/20944071
https://doi.org/10.1182/blood-2003-06-2007
https://doi.org/10.1371/journal.pone.0174835
https://doi.org/10.1242/dmm.048223
https://doi.org/10.1038/s41467-017-00296-y

	Introduction 
	Cytogenetic Abnormalities 
	Altered Gene Expression 
	Mutational Landscape 
	Epigenetic Changes 
	Conclusions and Future Directions 
	References

