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Multiple Myeloma is a genetically heterogeneous disease, arising and progressing through the appearance and
accumulation of a tangle of genomic aberrations. In the last decade, cheap and wide applicable sequencing technologies
allowed significant advantages in its biological knowledge. Here author focus on genomic events that drive plasma cell
disorders.
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| 1. Introduction

Multiple myeloma (MM) is a plasma cell disorder, accounting in term of prevalence for about 10% of hematological
malignancies. MM is a genetically heterogenous disease arising from the accumulation of genomic events over the years
[, The model of clonal progression from a pre-malignant stage of monoclonal gammopathy of uncertain significance
(MGUS) through an asymptomatic stage hamed smoldering multiple myeloma (SMM) to MM and plasma cell leukemia
(PCL) is well studied ERI4, The accumulation of mutations and chromosome abnormalities over the time ! favor us in
considering MM a model of cancer genesis and evolution.

The process of tumor genesis and progression is triggered by several recurrent events at the genome and chromosome
level. Some events typically occur at diagnosis, whereas others could be detected in most patients in late stages of the
disease 8. Furthermore, the concurrence of several and genetically heterogeneous subclones within MM cells—in a
context of selection pressure—complicates the interpretation of the genetic of the tumor for intrinsic spatial A& and
population heterogeneity [QLALL |y recent years, whole-exome (WES) and whole-genome sequencing (WGS) studies
highlighted the complex genomic aberrations underlying the pathogenesis of the disease [12[13](14]115]

| 2. Landscape of Genomic Damage in MM
2.1. Timing of Genome Aberrations in MM

MM has been studied by systematic analysis of target sequencing, WES, and single nucleotide polymorphisms (SNP)
array, to identify DNA aberrations recurring at high and intermediate frequencies, with the aim to appreciate pathogenetic

dysregulated pathways and potential therapy targets. The analyses revealed in MM a somatic mutation rate of 1.6
mutations per MB [LUL3I(14][16][17][18][19][20]21][22]

Plasma cell disorders are genetically heterogeneous diseases and their clonal progression occurs in sequential phases
(21, Hyperdiploid (HD) events are characterized by the acquisition of chromosome trisomy. Frequently, trisomy occurs in
chromosome 3, 5, 7, 9, 11, 15, 19, 21 828 Hp js the main event identified in early stage MM [, Non-HD events
occurring in early stage MM pathogenesis are characterized by the well-known translocations typically affecting the genes
encoding immunoglobulin (Ig) heavy chains (IGH), mainly t(4;14), t(6;14), t(11;14), t(14;16), and t(14;20) 2. HD MM
carries a lower prevalence of primary translocations, as opposed to non-HD MM. Due to their different pathogenesis, they
are recognized as the two main genetic subtypes of MM. Secondary events, detected generally in later stages, are
essential for tumor progression and consist of chromosomal translocations, copy-number variations (CNV) and single-
nucleotide somatic variations that affect several signaling pathways, cell-cycle regulators, and DNA-damage repair
mechanisms [,

Aktas Samur recently described the chronology of copy number aberrations in 164 MGUS and 336 newly diagnosed MM.
HD MM seems to originate from different events if compared with non-HD MM. In HD MM, CNVs are also clonal at the
MGUS stage, ratifying that these are early events leading to transformation of normal plasma cell to pathologic MGUS cell
but are not sufficient to generate MM proliferating cells. The proposed model of HD myeloma genesis and progression
suggests the initial gain of at least two copy of chromosome 9, 15, and 19 also present in the MGUS stage; some patients
then acquires trisomy of chromosome 6, or chromosome 18, or chromosome 21, while other patients lose chromosome



13 and/or gain 1qg (about 20% of patients show no additional CNVs). In non-HD MM, IgH translocations are the earliest
event, also identified in MGUS, and most patients do not accumulate other additional changes. In both groups, late
catastrophic genomic events can occur, leading to complex deletions, irrespective of initial aberrations 24, A mention must
be referred to TP53 aberrations. Both mutations of the TP53 gene and deletions of chromosome 17p13 containing the
TP53 gene are late events in MM history 2251, Deletion of 17p occurs with a frequency of about 9.5% in newly diagnosed
symptomatic MM patients, rising up to 50% in primary plasma cell leukemia and to 75% in secondary plasma cell
leukemia patients L9261 Similarly, TP53 mutations occur in 5-8% of newly diagnosed symptomatic MM patients, rising up
to 25% in PCL [28127[281[29130] Tp53 mutations usually appears after or concurrently with deletion 17p13 B, Conversely,
TP53 mutations are identified in one third of 17p deleted patients 21,

Damages arise in clone or sub-clone in MM. Early mutations in MM evolution are expected to be clonal. Mutations mostly
occurring at the sub-clonal level arise later in MM progression. Nevertheless, several driver gene mutations can be found
in MM at the sub-clonal level, underlining the heterogeneity of the cell population. For example, Bolli et al. identified sub-
clonal mutations of the driver genes KRAS, NRAS, TP53. TP53 was sub-clonal in 26.7% and clonal in 11% of case. No
significant differences were identified in prognosis when a mutation was identified at the clonal or sub-clonal level . Data
are lacking about clonal selection induced by treatment in MM. An analysis by Corre et al. evaluated 43 homogeneously
treated MM patients for mutational profiles at the time of diagnosis and at relaps 2. No specific or significant events in
mutational status were found after treatment neither at relapse. Every patient seems to evolve differently, with
chemoresistance and relapse driven by acquired mutations or selection of pre-existing subclones 22,

2.2. Mechanisms of DNA Damage in MM

In MM, genomic aberrations arise from various types of DNA damage (Figure 1). Nucleotide damage (ND) and single
strand breaks (SSB) hesitate in single base substitutions. Double strand breaks (DSB) often alter chromosome structure.
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Figure 1. Overview of genome aberrations in Multiple Myeloma (MM). DNA damage is a leitmotif in in multiple myeloma,
both at diagnosis and relapse. Nucleotide damages (ND) and single strand breaks (SSB) cause base substitutions that
alter proteins and cell function. Frequent point mutations of clinical significance occur in genes involved in DNA integrity
(in blue, e.g., TP53) and in cell cycle genes (in purple, e.g., KRAS). A DNA-level complex event named kataegis—a cluster
of hundreds to thousands of point mutation in less than few megabases—was occasionally described in multiple
myeloma. Double strand breaks (DSB) and complex genome events (CGE) widely alter genome and chromosome
structure. Other than classical karyotype events (i.e., sub-chromosome deletions and translocations), in multiple myeloma
were described chromothripsis, a one-step catastrophic event in which one or few chromosome were fragmented and
randomly rejoined, with casual gain and losses of DNA (blue and red in figure, respectively); chromoanasynthesis a sub-
chromosomal local cluster of duplications and triplications on one single chromosome (green clusters in figure);
chromoplexy, a series of chained, complex inter- and intra-chromosome translocations, involving 1 to 8 chromosomes,
with frequent loss of material at breakpoints. Alterations of ploidy and translocations are the 3rd category of genome
abnormalities in MM, and hyperdiploidy (HD) is the main alteration in chromosome number.

Mutational events as kataegis and complex genome events (CGE) were described in MM LUMLEIA7I18](19][20][21]{22]
Kataegis and, in general, “apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like” (APOBEC) family-related
signatures (a signature with C > T mutations in regions rich in 5-methyl-CpG and another one consisting C > T and C > G

mutations in TCN trinucleotide repeats, which results from overactivation of cytidine deaminase activity) were observed in
MM [BIILL19],



All the CGE described in MM, chromothripsis, chromoanasynthesis, and chromoplexy—also grouped together under the
name of chromoanagenesis—arise from DSB [E3l. SNP-microarray and WGS are able to identify these CGE also when
localized genomic aberrations are not detected by conventional cytogenetic and Fluorescent in situ hybridization (FISH)
analysis L3415 Genomics events bring a rapid genome variation and could also play a role in genome adaptive
evolution [28],

Alterations of ploidy and translocations are frequent as a result of a disfunction in control mechanisms in late mitosis 27
HD and translocations are the most common events historically described as driver events in MM.

Table 1 reports most frequent DNA damage events, as described in recent genomic studies.

Table 1. List of aberration deriving from genome or DNA damage in multiple myeloma, sorted by incidence or prevalence.
Some digits may vary from original studies due to rounding.

Aberration Incidence at Diagnosis Prevalence Citations

Single nucleotide variants

MAPK pathway (mostly kRAS,

40% (L0][11](38]
nRAS, BRAF)
NF-KB pathway 20% [10][11](38]
DNA-repair pathway 15% [38]
TP53 mut 2-4% 20-40% [27](38][39][40]{41]
Chromosome-level events
1q gain 31-37% [24][42][43]
+15 37% (43]
+9 36% (43]
+19 33% (43]
+5 33% (43]
+3 33% (43]
+11 25% [43]
+ 21% [43]
6p gain 15% [42](43]
+21 12% [43]

11q gain 10% [42]43]



+X 9% [43]

13q loss 59-60% [24](43]
16q loss 28-35% [42][43]
1p loss 24-30% [42]43)
149 loss 23-39% [24][42][43]
8p loss 22-25% [42]43]
6q loss 21-33% [42]143]
=22 18% (43]

16p loss 15% [42]

12p loss 13-15% [42][43]
-20 12% (43
del(17p) 7-10% 80% [40a1]4s]
Hyperdyploidy

Hyperdyploidy 50% [19][24][44][45][46]

Translocations

t(11;14)(q13;g32) IGH/CCND1 15% 19]
t(14;16)(g32;023) IGH/MAF 5% (19
t(6;14)(p21;g32) IGH/CCND3 1-2% 19]
t(14;20)(g32;912) IGH/MAFB 1% 19
translocations involving MYC 15-20% [19][47](48]

Rare and complex events

Kataegis 3% [19]
Chromothripsis 1-24% [15][18][20]

Chromoanasynthesis Anecdotical-19% Anecdotical [15][16](22]



Chromoplexy 4-11% 4% [15][17]18]
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