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Introduction 
Multiple myeloma (MM) is characterized by prolifer-
ation of bone marrow plasma cells and secretion of 
monoclonal paraprotein or light chains in blood and/
or urine. It is an incurable disease, but novel medi-
cations introduced during recent years have led to a 
significant increase in progression-free survival and 
overall survival (OS).1,2 MM is consistently preceded 
by the precursor state of monoclonal gammopathy of 
undetermined significance (MGUS), which can prog-
ress to smoldering MM (SMM) and to MM requiring 
treatment.3 MGUS exists in 2.4% of the population 
older than 50 years, and it is more common in African 
Americans compared with Caucasian whites and Mex-
ican Americans.4 The onset of MGUS starts between 
age 30 to 40 years, and starts an average 10 years earlier 
in blacks. Approximately 0.5% to 1% of patients with 
MGUS and 10% of patients with SMM progress to 
MM each year.5,6 The risk of progression is higher in 
individuals who have a higher M-protein, non-IgG 
MGUS and a skewed free light chain ratio.5,7 Current 
risk scoring systems rely mainly on the overall burden 
of disease, and there is a lack of well-defined biological 
features that hold prognostic information. 

The pathogenesis of MM includes multiple genetic 
aberrations as well as changes in the bone marrow 
microenvironment that allow evolution and prolifera-
tion of malignant plasma cells. The genetic landscape 
in MM is complex and includes translocations, copy 
number variations (CNVs), and somatic mutations that 
affect several molecular pathways and cellular functions 
(Table). Additionally, the disease consists of a number 
of subclones that may vary in size and number through-
out the disease course. In this review, we focus on the 
current knowledge of genomic complexity and disease 
evolution in MM. 

 
Plasma Cell Development 
Plasma cells originate from B lymphocytes produced 

Multiple myeloma (MM) is a plasma cell malignancy, 
and although it is incurable in the majority of cases, 
survival has improved significantly with the introduc-
tion of novel agents in recent years. MM is consis-
tently preceded by the precursor state of monoclonal 
gammopathy of undetermined significance, which 
can progress to smoldering MM, and later to MM 
requiring treatment. Malignant transformation of plas-
ma cells occurs through a stepwise process involving 
multiple genetic hits, as well as close interaction 
with the bone marrow microenvironment, leading 
to deregulation and proliferation of plasma cells. The 
genomic landscape of MM is complex and involves 
various types of genetic aberrations and mutational 
processes. Early hits include immunoglobulin heavy 
chain translocations and hyperdiploidy, while second-
ary events include copy number variations and recur-
rent somatic mutations. With modern sequencing 
techniques, novel insights have been gained into the 
mutational landscape of MM. Studies using mainly 
whole-exome sequencing have identified a number 
of frequently mutated genes with oncogenic poten-
tial and mutations within certain signaling pathways. 
These studies have also revealed clonal heterogeneity, 
where competition among subclones contributes to 
tumor progression. The prognostic implication of these 
mutations and chromosomal aberrations is currently 
being redefined as more and more effective treatment 
regimens are used for patients with MM. In this re-
view, we focus on the complex genetic landscape and 
the mechanisms of disease evolution and progression 
in MM. 
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in the bone marrow. After initial rearrangement of the 
immunoglobulin heavy chain and light chain genes, the 
naïve B cells leave the bone marrow expressing imma-
ture immunoglobulins on their surfaces. After encoun-
tering an antigen, the B cells migrate to the germinal 
center of the lymph node for further maturation. The 
maturation process includes somatic hypermutation, 
which induces point mutations in the variable region of 
immunoglobulin heavy chain (IGH), resulting in highly 
specific immunoglobulins and class switch recombina-
tion, which enhances the affinity and specificity of the 
immunoglobulins.8-11 These processes require genetic 
editing through DNA double-strand breaks in IGH me-
diated by activation-induced cytidine deaminase (AID), 
an enzyme belonging to the apolipoprotein B mRNA 
editing enzyme, catalytic polypeptide-like (APOBEC) 
family.8 The maturation process results in production 
of plasmablasts, which are initial antibody-producing 
effector cells, and memory B cells. Terminal differenti-
ation of plasmablasts results in long-lived plasma cells 
with highly specific antibodies.8-10 

Neoplastic development of plasma cells in MM oc-
curs through a multistage process involving acquisition 
of genetic events and deregulation of plasma cells. The 
microenvironment plays an important role in pro-
moting the expansion of the premalignant and, later, 
malignant clones.12 As the disease evolves, the neoplas-
tic plasma cells and the subsequent overproduction 
of immunoglobulin heavy and light chains eventually 
lead to end-organ damage defined by the CRAB criteria 
(hyperCalcemia, Renal failure, Anemia, Bone lesions).13 

Genetic Landscape 
The genetic landscape in MM is complex and involves 
multiple types of genetic aberrations, such as transloca-
tions, CNVs, and somatic mutations.8 Initially, chro-
mosomal aberrations were assessed using metaphase 
cytogenetics, a technique that requires cell division 
in vitro, which may be challenging since plasma cells 
are slow-dividing cells. In addition, some of the more 
common translocations are cryptic and not captured by 
conventional cytogenetics. In clinical practice, fluo-
rescence in situ hybridization (FISH) is widely used to 
capture translocations and CNVs. This technique is 
labor-intensive, and findings are limited to the specific 
targeted probes used in each patient.14 With the devel-
opment of massive parallel sequencing, novel insights 
into the genomic landscape of MM have been gained. 

Chromosomal Translocations and Copy Number Variations 
The cytogenetic changes in MM can be broadly divided 
into 2 groups: IGH translocations and hyperdiploidy. 
IGH translocations occur during the genetic editing in 
the germinal center of the lymph node, where occasion-
ally the double-strand DNA is aberrantly rejoined.9 The 
IGH breakpoints tend to fall within certain preferred 
loci, and these translocations result in the juxtaposition 
of IGH and an oncogene.15 The oncogene is placed 
under the strong IGH enhancer and is overexpressed.8,15 
The most common IGH translocations are t(4;14), 
t(6;14), t(11;14), t(14;16), and t(14;20).15,16

Translocation 4;14 results in MMSET and FGFR3 
being overexpressed in 100% and 70% to 75% of cases, 

TABLE. Translocations and Somatic Mutations in Multiple Myeloma and Their Implications on Cellular Functions 
Translocations and Involved Genes Cellular Function 

t(4;14)(p16;q32)     MMSET and FGFR3/IGH MAPK pathway 

t(14;16)(q32;q23)   IGH/MAF

Cyclin D upregulation and promotion of cell cycling 
t(14;20)(q32;q11)   IGH/MAFB

t(6;14)(p21;q32)     CCND3/IGH

t(11;14)(q13;32)     CCND1/IGH

Somatic Mutations Cellular Function 

KRAS, NRAS, BRAF MAPK pathway 

CCND1, CCND3 Cyclin D upregulation 

TP53, ATM, ATR DNA repair 

TRAF3, CYLD, LTB, IKBKB, BIRC2, BIRC3, CARD11, TRAF3IP1 NFKB pathway

FAM46C, DIS3 RNA editing and regulation 

PRDM1, IRF4, LTB, SP140 B-cell maturation 

MAPK indicates mitogen-activated protein kinase; NFKB, nuclear factor kappa B.
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respectively. Upregulation of MMSET alters epigene-
tic gene regulation, and FGFR3 encodes for a tyrosine 
kinase receptor with oncogenic potential when up-
regulated or activated.15,17-19 Translocations between 
chromosome 14 and chromosomes 11 and 6, affecting 
the partner genes CCND1 and CCND3, respectively, 
result in upregulation of cyclin D proteins and promo-
tion of cell cycling.19,20 Furthermore, t(14;16) and t(14;20) 
affect MAF and MAFB, respectively, in which the 
downstream effects include upregulated expression of a 
number of genes, including CCND2.19,21-23 

Translocations t(4;14), t(14;16), and t(14;20) are 
considered high-risk aberrations and associated with 
adverse prognosis.21,24,25 Translocation 11;14 was pre-
viously considered to have an overall neutral effect; 
however, emerging data on t(11;14) implies that it may 
confer a worse-than-standard-risk prognosis.26 

Yet it is important to emphasize that these and other 
genetic subtypes have been designated as high risk in 
terms of survival among patients with these genetic 
markers (vs those without). Because clinical outcomes 
are highly dependent on the given treatment, in the 
future, many patients with genetic features that pre-
viously were considered to confer high risk will likely 
have the same outcome as  standard-risk patients. Thus, 
with better therapies the proportion of patients with 
poor outcomes will become smaller.27

Approximately 45% of patients with MM harbor 
IGH translocations, while approximately 40% have tri-
somies of the odd-numbered chromosomes 3, 5, 7, 9, 11, 
15, 19, and 21. The mechanism behind hyperdiploidy is 
less clear, but the acquisition of extra chromosomes is 
hypothesized to happen during one catastrophic mitosis 
rather than a step-wise gain of chromosomes.19 IGH 
translocations and hyperdiploidy are early hits and are 
both found already at the MGUS stage (Figure), and 
they are therefore not considered by themselves to be 
sufficient for development of MM.28,29

Secondary chromosomal events include 17p deletion, 
gain of 1q, deletion of 1p, and deletion 13q, of which 
the majority are associated with adverse OS.30,31 Many 
of the secondary CNVs are subclonal, indicating that 
they are acquired during the disease course rather than 
being founder events, in contrast to IGH translocations 
and hyperdiploidy.32 

Approximately 3% to 4% of patients with MGUS 
and SMM harbor MYC translocations, whereas 
MYC translocations are found in up to 15% to 20% of 
patients with newly diagnosed MM.32,33 When including 
patients who have gains of the MYC locus, up to 30% 
of patients have events involving MYC, making this 
one of the most common aberrations in MM.32 

Somatic Mutations
The introduction of massive parallel sequencing has al-
lowed high-resolution sequencing of large cohorts yield-
ing important new insights into the genetic landscape of 
MM. During the past 5 years, mainly through whole-ex-
ome sequencing, a number of frequently mutated genes 
have been reported. The most common mutations are 
found within the mitogen-activated protein kinase 
(MAPK) pathway: KRAS, NRAS, and BRAF are mutated 
in approximately 50% of patients with MM.34-37 Muta-
tions in KRAS and NRAS are mutually exclusive in the 
majority of cases, but they do coexist in 2% of patients.36 
Additional genes that are frequently mutated in MM are 
FAM46C, TP53, DIS3, IRF4, TRAF3, CYLD, RB1, SP140, 
LTB, MAX, EGR1, FGFR3 ATM, ATR, and more.35,36,38 
Of these, KRAS, NRAS, TP53, BRAF, FAM46C, and DIS3 
are generally considered to be driver mutations.10 These 
mutations affect various cell functions, such as MAPK 
and nuclear factor kappa B signaling, DNA repair mech-
anisms, and RNA editing.19,35,36,38

The genetic complexity and mutational burden increase 
as the disease progresses, but there is no genetic profile 
specific to MGUS, SMM, or MM.10,28,30,39 Disease evolution 
may occur either through gains of additional mutations or 
expansion of clones that are already present at an early 
disease stage, but that initially fall below the level of de-
tection.10,40 Interestingly, Mailankody et al41 found that 
the overall number of somatic mutations was similar 
between SMM and MM, but the pattern of mutations 
was different between the disease stages. In patients 
with MM, there were more mutations in genes that 
have been reported as frequently mutated and in driver 
genes, compared with patients with SMM. Further-
more, patients who had a good response to treatment 
had fewer mutations in these frequently mutated genes 
compared with those with a poorer response when 
treated with the modern combination treatment of 
carfilzomib/lenalidomide/dexamethasone.41

Mutational Processes and Altered Pathway Activity 
The overall mutation rate in MM is higher than in other 
hematologic malignancies, but lower than in many solid 
tumors.19,42 Several mutational processes and signatures 
are present in MM, with the most prominent mutation-
al signatures being 1, 2, 5, and 13, which are commonly 
signatures of aging and AID/APOBEC acitivty.43 Kataegis, 
a process of regional clustering of mutations close to trans-
location breakpoints, is also present in MM, both in IGH 
and MYC translocations.38 In 11% to 25% of patients, the 
partner gene on der(14) in an IGH translocation—CCND1, 
FGFR3, MAF, or MAFB—is hypermutated.32,38 

Thus, cellular pathways and functions can be altered 
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through different mechanisms, which may have addi-
tive effects. As an example, TP53 located on 17p may 
be inactivated through chromosomal arm deletion or 
inactivated though TP53 mutations.44 Another example 
may be the MAPK pathway, which is activated through 
mutations in KRAS/NRAS/BRAF, but can also be acti-
vated through translocation involving t(4;14) or FGFR3, 
leading to increased activity of the tyrosine kinase and 
downstream upregulation of the MAPK pathway.45 
There is also evidence of co-occurrence of gene–gene 
and gene–CNV aberrations where biallelic events (eg, 
17p deletion and TP53 mutation as well as 1p deletion 
and FAM46C mutation) are associated with a worse 
prognosis than if only 1 allele is affected.46 

Clonal Evolution 
In MM, there are, on average, 5 heterogeneous sub-
clones, and the disease is thought to progress through 
Darwinian evolution driven by competing subclones.35,38 
As with CNVs, mutations can be clonal or subclonal, 
and the subclones vary in size and distribution over 
the disease course in response to clonal competition 
and treatment.35,38,47,48 Bolli et al39 analyzed longitudinal 

samples in a subset of patients and described different 
patterns of progression: linear progression with the 
same clone present at relapse, branching progression 
with a new subclone appearing at relapse, or branching 
progression with a different dominant clone at relapse, 
with or without the initial dominant clone still present. 
Moreover, certain high-risk events (eg, 17p deletion, 
and mutations conferring treatment resistance, such as 
CRBN) are more common in relapse samples.19,48 

Clinical Implications 
The clinical staging system is currently based on labora-
tory findings (beta-2 microglobulin, lactate dehydroge-
nase, and albumin levels) and presence of high-risk IGH 
translocations and CNVs, t(4;14), t(14;16), or deletion 
17p.49 Presence of these aberrations can impact the clinical 
decision making in favor of more aggressive treatment.24 
As more and more targeted drugs are being developed, 
the mutational landscape will be increasingly important 
to assess in patients with MM. For instance, the BCL2 
inhibitor venetoclax has effect in relapsed/refractory 
MM harboring t(11;14), and ongoing studies with BRAF 
and MEK inhibitors are targeting the MAPK pathway for 

FIGURE. Disease Progression in Multiple Myeloma.

HRD indicates hyperdiploidy; IGH, immunoglobulin heavy chain; MGUS, monoclonal gammopathy of undetermined significance;  
MM, multiple myeloma; SMM, smoldering multiple myeloma.
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patients with mutations in BRAF, KRAS, and NRAS.50-52 
Furthermore, it seems logical to propose that future prog-
nostic markers/models—across hematologic malignan-
cies—likely will focus more on the genetic landscape of re-
sidual tumor cells posttherapy. Indeed, such observations 
have already been made in patients with acute myeloid 
leukemia (AML). Clearance of adverse genetic aberrations 
30 days posttherapy has been proposed to be one of the 
strongest favorable prognostic factors in AML.53 We and 
others are currently conducting such studies in plasma cell 
disorders to better define these dynamics in MM. 

Summary and Future Perspectives 
Detailed interrogation of the genetic landscape of MM 
and its precursor disease using modern sequencing 
techniques has revealed a complex genetic landscape, as 
well as interpatient and intrapatient spatial and temporal 
heterogeneity. Multiple genetic editing and mutational 
processes are in place, as well as Darwinian evolution 
through competing subclones. In this review, we  
focused on the genomic events of the tumor cells. None-
theless, the bone marrow microenvironment and the host 
immune system likely play a large role in the pathogenesis 
of MM. The understanding of interactions among the 
microenvironment and the tumor cells is, however, less 
developed and goes beyond the scope of this review. 

Despite the recent advances in genomic events in MM, 
areas of interest still exist where information is currently 
limited. First, the majority of sequencing studies have 
been cross-sectional and included heterogeneous patient 
populations. Thus, longitudinal studies with serial sam-
ples are needed to increase our knowledge on temporal 
relationships and clonal evolution, both in early disease 
as well as at relapse. Second, through assessment of gene–
gene, gene–CNV, and gene–treatment interactions in the 
era of modern combination treatments, we will be able to 
identify distinct molecular profiles and optimize treatment 
prediction models. As the availability and accuracy of 
the sequencing techniques and bioinformatic analyses 
increase, sequencing will be used to identify translocations, 
CNVs, and mutations and to monitor minimal resid-
ual disease, and it will eventually replace conventional 
cytogenetics and FISH.34,54 With additional high-resolu-
tion methods such as circulating tumor cells and cell-free 
DNA, the possibilities of assessing genomic profiles of 
plasma cell disorders throughout the disease trajectory will 
be increasingly accessible.55,56 In summary, accurate and 
available technologies will further increase our knowledge 
of molecular driver events. This, in turn, is essential for 
development of early and targeted treatments to improve 
patient outcomes in MM. 
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