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Abstract

Multiple myeloma is the second most common lymphoproliferative disorders, characterized by
aberrant expansion of monoclonal plasma cells. In the last years, thanks to novel next generation
sequencing technologies, multiple myeloma has emerged as one of the most complex
hematological cancers, shaped over time by the activity of multiple mutational processes and by
the acquisition of key driver events. In this review, we describe how whole genome sequencing is
emerging as a key technology to decipher this complexity at every stage of myeloma development:
precursors, diagnosis and relapsed/refractory. Defining the time windows when driver events are
acquired improves our understanding of cancer etiology and paves the way for early diagnosis and
ultimately prevention.
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INTRODUCTION

Multiple myeloma is the second most common lymphoproliferative disorders, characterized
by aberrant expansion of monoclonal plasma cells. Historically, multiple myeloma has been
thought to arise in the germinal center, where key initiating driver events are acquired.(1-3)
The pre-malignant clone immortalized by these events then migrates to the bone marrow,
where it expands and may be recognized clinically as monoclonal gammopathy of
undetermined significance (MGUS) or smoldering multiple myeloma (SMM), which is
detectable in virtually all patients, years to decades before the diagnosis of multiple
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myeloma.(4, 5) These multiple myeloma precursors can be detected using serum protein
electrophoresis in up to 3% of the normal population above 60 years old. On average, the
risk of progression from these precursors to MM ranges from 1% to 10% per year.(6, 7) The
trajectory towards MM can be understood as an evolutionary process, where driver events
accumulate over time conferring a competitive advantage to individual subclones,
progressively shaping the genomic landscape and clinical phenotype (Figure 1).(8-11)
Determining when and where these events are acquired is critical to design strategies for
prevention of multiple myeloma, which, despite considerable improvements in treatment,
remains incurable in the majority of patients.

In this review, we summarize the essential role of next generation sequencing in defining
how the multiple myeloma genome is shaped over time.

BEFORE NEXT GENERATION SEQUENCING

For many years the understanding of multiple myeloma pathogenesis relied upon
cytogenetic approaches such as metaphase cytogenetics of cell lines or interphase
Fuorescent In-Situ Hybridization (FISH) and gene expression microarrays of patient
samples.(1-3) These approaches allowed the identification of recurrent translocations
involving the /GH locus and key oncogenes which were overexpressed as a consequence,
including CCND1, CCNDZ, CCND3, MMSET, MAF, MAFB and MAFA.(12-16) These
structural events are present in all cells, during all phases of cancer development (i.e.,
precursor disease stages, newly-diagnosed MM and relapsed MM), and are considered
initiating events (Figure 1).(17) The acquisition of these translocations are believed to be
linked to aberrant AID activity in the germinal center, introducing DNA double strand
breaks (DBS) in the /GH locus, which are then joined to another DBS occurring elsewhere
in the genome.

Genome-wide SNP arrays used to map recurrent copy number abnormalities highlighted the
complex landscape of recurrent aneuploidies (i.e., copy number abnormalities, CNA) in
multiple myeloma. Of note, more than 60% of multiple myelomas have a karyotype
characterized by multiple trisomies involving the odd numbered chromosomes.(1-3) This
“hyperdiploid” profile is observed in similar proportions between MM and precursors, and
has a mutually exclusive pattern with the main /GH translocations (though exceptions do
occur), suggesting an early etiologic role.

Several cytogenetic and structural variants events have been historically linked to poor
outcome [e.g. t(4;14)(MMSET;IGH) and del17p13 (7P53)] and have been integrated in
clinical/biological prognostic scoring systems.(18) Many of these features are still associated
with poor outcomes despite the introduction of novel drug combinations.(19, 20)

THE NEXT GENERATION SEQUENCING REVOLUTION

In the last 8 years, our understanding of the clinical and biological landscape of multiple
myeloma has rapidly changed. The introduction of novel agents dramatically improved
survival, (19) raising two important questions: “what is the best front-line combination
therapy” and “how can we develop a patient-specific precision medicine”. In parallel to
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these clinical improvements, the introduction of next generation sequencing has significantly
expanded the landscape of recognized “driver events” involved in multiple myeloma
pathogenesis. In addition to the /GH translocations and recurrent aneuploidies, a large
catalogue of novel drivers has been described, including recurrent translocations (i.e. MYC)
and single nucleotide variants (SNVs).(21-25) Some of these new drivers have been
associated with prognosis, but their real impact in the therapeutic decision process and in
predicting disease progression remains unclear.(8, 11, 22—-24, 26-30)

These biological advances have been mostly based on targeted and whole exome sequencing
(WXS) approaches, intrinsically limited by their focus on the coding part of the genome and
unable to fully capture important features such as structural variants (SVs) and copy number
abnormalities (CNAs). In contrast, whole genome sequencing (WGS) can interrogate the full
repertoire of SNVs, CNVs, and SVs distributed throughout the entire genome.(31) Using
such WGS to investigate the genomic profile of a longitudinal series of 30 MM patients, we
recently found that the MM genome is characterized by a large number of SVs not
detectable using exome sequencing.(22, 29) Furthermore, we identified several distinct
patterns of complex structural events, including chromoplexy, templated insertions and
chromothripsis (Figure 2).(32) Chromothripsis also has an important prognostic role, being
associated with poor outcomes.(33) A recent study investigating the landscape of
translocations in multiple myeloma within 795 newly-diagnosed patients with available low
coverage long insert WGSs, revealed 20 recurrent hotspots, including novel driver genes.
(21) Interestingly, patients with translocations involving /GL were characterized by poor
outcome. These recent investigations suggest that a comprehensive characterization of SVs
using WGS data can expand the catalogue of drivers and improve the risk stratification of
myeloma patients.

While, in a standard cytogenetic/SNP array/exomes investigation, each aneuploidy is
counted as single event, using SVs we can link different chromosomal aberration to the same
structural event, highlighting how multiple known drivers can be deregulated at the same
time. This provides a strong oncogenic drive in a single molecular event and can potentially
lead to rapid changes in clinical behavior and punctuated evolution.

TIMELINE OF DRIVER EVENTS IN MULTIPLE MYELOMA

Next generation sequencing has created an unprecedented catalogue of multiple myeloma
driver events, but it still unclear when each of these events exert their role in the natural
history of myeloma progression. The selective advantage provided by these events could be
limited either to the phase of cancer development (e.g. initiation, pre-clinical expansion or
treatment-resistance), or may be important during the entire cancer life history. This critical
question can be answered by reconstructing the chronological order of acquisition of driver
events.

Novel computational tools allow to reconstruct the natural history of cancer evolution. These
tools are based on the idea that cancers are shaped by the accumulation of drivers and the
activity of different mutational processes over time that determine the ultimate behavior of
the disease. To estimate the timeline in which driver events are acquired, we rely on the
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cancer cell fraction (i.e. number of cells carrying a distinct alteration; CCF) of different
alterations across large cohorts of patients.(22, 24, 34) This has revealed that trisomies of the
odd numbered chromosomes and gain of chromosome 1q have high CCF and are usually
clonal, suggesting their acquisition during the early phases of cancer development. In
contrast, recurrent deletions (e.g. del13q, dellp, dell4q and del16q) and non-synonymous
mutations in driver genes have a heterogenous landscape, with a significant proportion only
being present in a minor sub-clonal fraction, suggesting a late role.(22, 24, 34)

In multiple myeloma, more than 50% of all mutations are clonal (i.e. trunk of the
phylogenetic tree).(35) These events are usually considered as a common group of early
events; however, they may reflect the sum of multiple selection events over time (Figure 1).
CCF is no longer helpful in reconstructing the timeline of these events, because they are all
detectable in 100% of the tumor cells. Recently, a new computational approach to define the
relative order of driver events among clonal somatic variants has been presented. This relies
on the fact that when an allele is duplicated, all the genomic events acquired until that point
will also be duplicated (Figure 3). Thus, while their cancer cell fraction will be always
100%, the variant allele frequency (VAF) of the duplicated mutations will change from 50%
to 66%, now being present on two out of the three alleles. Conversely, all the other clonal
mutations acquired after the gain, or before the gain on the minor allele, will have a VAF of
33%. Applying this concept on multiple myeloma WGS data, we have shown that it is
possible to estimate the relative timing of driver events in multiple myeloma. Interestingly,
in a significant fraction of hyperdiploid patients, the final karyotype is the sum of multiple
independent events over time. We also found a subset of patient with whole genome
duplication, usually associated with relapse and poor outcome, consisting of a complete
duplication of most of the alleles.(22, 36-38) Combing the molecular time and CCF-based
approaches, we can divide multiple myeloma driver events for each patient in early (clonal
pre-gain), intermediate (clonal post-gain) and late (subclonal) (Figure 3). Applying this
workflow to a large WGS cohort of MM patients will reveal in which time window each
driver event was acquired, potentially revealing the main evolutionary trajectories of disease.

MUTATIONAL PROCESSES IN MULTIPLE MYELOMA

The SNV catalogue of each cancer represents the sum of the activity of multiple different
mutational processes over time. Each of these processes leaves a characteristic mutational
signature in the cancer genome, which is defined by the DNA damage and repair processes
involved.(39-41) Considering the bases 5’ and 3’ of each mutated nucleotide, we can
generate a classification system based on 96 classes (i.e. 6 possible SNVs * 16 possible
trinucleotide contexts). Applying mathematical approaches such as non-negative matrix
factorization, we can extract the main components, or signatures, which could potentially
reflect a distinct mutational process.(39, 40, 42, 43) More than 50 mutational signatures
have been reported and linked to the specific intrinsic and extrinsic exposures .(39) In
multiple myeloma, different whole exome studies showed the importance of an APOBEC
signature (SBS2 and SBS13), present in a significant fraction of patients.(8, 26, 28)
APOBEC is a deaminase whose physiological function is largely unknown. Interestingly,
high APOBEC mutational burden is associated with MAFA stranslocation and poor outcome.
(26, 28) Two additional signatures have been identified in whole exome data using de novo
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extraction approaches: SBS1 and SBS5 (Figure 4a). These two processes were defined as
being “clock-like” due to their association with cell ageing and their constant activity over
time in both normal and tumor cells.(42)

Differently from WXS, WGS has the potential to define the entire mutational catalogue
acquired by the major cancer clone (Figure 4b). Thanks to this comprehensive approach,
four additional mutational processes have now been identified in multiple myeloma: SBS8,
SBS9, SBS18 and SBS-MM1.(29, 41, 44). These signatures are mostly active during late
replication time, heterochromatin and non-coding regions.(29, 41, 44) SBS8 has been
described in solid and hematological cancers, but its etiology is largely unknown. SBS18 has
been linked to oxidative stress(39) and has been identified in only a small fraction of MM
patients. SBS-MM1 has been recently reported to be a consequence of exposure to the
mutagenic activity melphalan; one of the most commonly used therapies in MM.(44)
Despite the strong mutagenic activity of melphalan, its impact on tumor evolution remains
unknown. SBS9 is a characteristic mutational signature of post germinal center B-cell
cancers, which has been linked to AID exposure in the germinal center and somatic
hypermutation of the immunoglobulin loci.(39-41, 45-47)

Reconstructing the timeline of mutational signature activity in multiple myeloma in several
recent studies, we have developed a two-step model for multiple myeloma development.(29,
44) The early phase is characterized by high AID activity, persisting for some time after
disease initiation, indicating prolonged GC exposure. Drivers that are linked to the GC-
phase are /GH-translocations, multiple independent trisomies and chromosomal gains, the
first 19 gain, and mutations in driver genes involved by the off-target AID activity. The late
evolutionary phase is characterized by low or absent AID activity, indicating that the
malignant clone has become GC independent. SBS8, SBS18 and APOBEC, having been
largely absent in the GC-phase, become increasingly active in the late phase. In particular,
APOBEC has been shown to play a critical role in subclonal diversification after the
emergence of the most common recent ancestor and is associated with non-synonymous
mutations. There is however one group of patients where this model does not fit, defined by
MAFR MAFB translocations and high APOBEC mutational burden.(26, 28) Our data
suggests that APOBEC has been highly active from the earliest evolutionary phase in these
patients, while the AID mutational signature is barely detectable, indicating a different
evolutionary trajectory where the tumor becomes GC independent right after the initiation.
This history is in line with the known aggressive clinical course of these patients and with
the low prevalence of MAA MAFB translocations and high APOBEC among MM
precursors.(48)

CONCLUSION

Multiple myeloma and its precursors represent a unique setting where we can explore the
chronological order of drivers. The understanding of these evolutionary trajectories will have
a major impact to determine when and how patients should be treated. MM precursors can
be detected up to 6% of the healthy population older than 65 years.(49) The clinical
management of these entities is still based on disease burden-based prognostic scores where
high-risk groups are defined by high disease burden. From a genomic perspective, in most of
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these patients, transformation to multiple myeloma has already occurred, and the time to
progression reflects the time that the dominant clone needs to expand and become

sy

mptomatic. Understanding the key drivers involved in progression of multiple myeloma

precursors has the potential to identify high-risk patients before the clonal expansion,

en

abling strategies to prevent disease development. Integration of comprehensive genomic

profiles with established clinical biomarkers will allow the generation of multi-stage
prediction models to define the optimal therapy for each patient.
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PRACTICE POINTS

. Whole genome sequencing can identify all known genomic drivers in multiple
myeloma
. The multiple myeloma life-history is shaped over time by the acquisition of

drivers and the activity of different mutational processes.

. APOBEC mutational burden and complex structural variants are emerging as
new potential markers for high-risk multiple myeloma
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RESEARCH AGENDA

. Large cohorts of whole genome and transcriptome data at different stage of
multiple myeloma evolution will reveal the key evolutionary trajectories.

. Defining these trajectories will open new avenues of research into cancer
etiology and prevention.
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Figure 1.

Multiple myeloma pathogenetic model.
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Figure 2.
Three classed of complex events observed in multiple myeloma.
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Figure 3.
The methodological workflow to reconstruct the chronological order of driver events in

multiple myeloma.
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Figure 4.
Multiple myeloma mutational signature landscape. The 96-classes mutational profile from
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