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Abstract: Multiple myeloma (MM) is a heterogeneous disease featured by clonal plasma
cell proliferation and genomic instability. The advent of next-generation sequencing allowed
unraveling the complex genomic landscape of the disease. Several recurrent genomic
aberrations including immunoglobulin genes translocations, copy number abnormalities,
complex chromosomal events, transcriptomic and epigenomic deregulation, and mutations
define various molecular subgroups with distinct outcomes. In this review, we describe the
recurrent genomic events identified in MM impacting patients’ outcome and survival. These
genomic aberrations constitute new markers that could be incorporated into a prognostication
model to eventually guide therapy at every stage of the disease.
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Introduction

Multiple myeloma (MM) is a hematologic malignancy characterized by the
proliferation of clonal plasma cells. The disease is virtually always preceded by
an asymptomatic stage named monoclonal gammopathy of undetermined signifi-
cance (MGUS) that subsequently can progress to smoldering myeloma and
eventually to symptomatic multiple myeloma.' MM is a heterogeneous disease
featured by various molecular subgroups with distinct outcomes. With the advent
of many efficient therapeutic options in the past decade, including immunomo-
dulators (IMiDs), proteasome inhibitors and monoclonal antibodies, patients’
outcome has significantly improved. The therapeutic decisions are based on
patient and disease characteristics. Intensive therapies are avoided in frail
patients, while more aggressive treatments are usually recommended for fit
patients and patients with high-risk disease. High-risk MM defines patients with
poor prognosis, early relapse or primary refractory disease and with shorter
survival. Identifying this subgroup of patients is critical to define the best
therapeutic strategy with currently available treatments and to develop new
therapeutic strategies.” Conversely, identifying standard-risk and good-prognosis
patients is also very important as it refers to patients with prolonged overall
survival that can potentially benefit from less intensive treatment. Therefore, risk
stratification has become a major field of research in MM considering its potential
impact on therapy. Current criteria defining high-risk myeloma include the
revised international staging system (R-ISS) that combines high serum LDH
and B2 microglobulin, low albumin levels and presence of any of 3 cytogenetic
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abnormalities (17p13 deletion, t(4;14) and t(14;16)).
However, this classification is not accurate to identify
all high-risk patients and does not identify good-
prognosis  patients.  Next-generation  sequencing
approaches have recently unraveled the complex geno-
mic landscape of MM and significantly changed our
understanding of myelomagenesis.> While few genomic
events are recurrent, such as immunoglobulin (Ig) genes
rearrangements along with other structural variants, no
universal event has been identified differentiating MM
from other malignancies like chronic myeloid leukemia®
or Waldenstrom macroglobulinemia® that are featured by
the Philadelphia chromosome #(9;22)(q34.1;q11.2)* and
MYDS88 L265P° mutation, respectively, for example. In
MM, on the contrary, multiple recurrent genomic events
have been discovered with distinct impact on disease
outcome, further expanding the disease heterogeneity.
The integration of DNA and RNA sequencing along
with epigenomic profiling provides new critical informa-
tion to improve current risk stratification in MM. We here
review the genomic events involved in myelomagenesis

and their impact on patients' overall survival.

Chromosome Abnormalities:
Hyperdiploid and Non-Hyperdiploid
MM

Conventional karyotyping and more recently fluorescent
in situ hybridization (FISH) studies identified cytogenetic
abnormalities in up to 70% of MM patients with two main
groups: hyperdiploid (HDMM) and non-hyperdiploid
myeloma (NHDMM).

HDMM is observed in 60% of MM and is character-
ized by trisomies of odd-numbered chromosomes 3, 5, 7,
9, 11, 15, 19 and/or 21.%” Duplication of odd chromosome
is an early event in myelomagenesis and is observed at
early stages of the disease, at MGUS and SMM stages.®
The mechanisms driving HDMM are largely unknown but
may relate to a single catastrophic mitosis rather than
serial gain of chromosomes over time.” HDMM have
been classically associated with standard risk and better
outcome in comparison with NHDMM.'*'" However,
recent studies have identified significant heterogeneity in
this subgroup, with trisomy 3 and 5 being associated with
significantly better overall survival, whereas trisomy 21 is
associated with worse outcome.” Moreover, the co-
occurrence of hyperdiploidy with additional genomic
events including light

immunoglobulin chain gene

translocations or focal deletions significantly impacts the
prognosis of patients with HDMM and is discussed below.

NHDMM entails hypodiploid, pseudodiploid, near-
tetraploid, tetraploid and hyperhaploid MM*'*'* and con-
stitutes about 40% of MM. NHDMM is associated with
recurrent immunoglobulin heavy chain gene (IgH) translo-
cations and is classically associated with worse outcome.
Tetraploidy is observed in up to 6% of newly diagnosed
MM and is an independent marker associated with signifi-
cantly shorter overall survival.'* Hyperhaploidy is another
subset of NHDMM where myeloma cells have 24-34
chromosomes with disomies of most odd number chromo-
somes 3, 5,7, 9, 11, 15, 19, 21 and chromosome 18, and
monosomies of all other autosomes resulting in clinically
13q and 16q and
17p."*131® This last-mentioned aberration is considered

relevant monosomies of 1p, 6q,

to drive the poor prognosis observed in the setting of
hyperhaploidy.

Both HDMM and NHDMM constitute two clear dis-
tinct entities, with distinct transcriptomic and mutational
profiles.'”'® However, each subgroup is also heteroge-
neous and can be impacted by additional genomic events.
For example, recurrent Ig heavy chain (IgH) translocations
are mainly observed in context of NHDMM, and only in
10% of HDMM, and Ig Lambda light chain (IgL) and
MYC translocations are mainly observed in HDMM.'?

Copy Number Variations (CNV)

Copy number variations (CNVs) correspond to loss of
heterozygosity (LOH), gain and loss of DNA at both
a focal level or at an entire chromosome arm level.
Similar to single nucleotide mutations, CNVs can be dri-
ver or passenger events, with highly recurrent CNVs likely
to be drivers. CNVs are frequent in MM and are observed
at an early stage of the disease.*'® Several CNVs have
been identified to be recurrent in MM with a frequency
greater than 10%.%° The most frequent focal gains are 1q,
6p, 11q gains, while the most frequent deletions are 1p, 6q,
8p, 13q, 14q, 16q and 17p deletions. Although these CNVs
are recurrent and involved in MM pathogenesis, their
detection do not impact overall survival with the exception
of 1q gain and 1p and 17p deletions, which have been
independently shown to negatively impact patients’ out-
come. As an example, del(13q) is found in about ~45-50%
of cases, and more commonly in NHDMM, but is not
associated with poor outcome.
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Chromosome Iq Gain

Duplication of the 1q21 region of chromosome 1 is
present in 35% of newly diagnosed MM patients.?!
Three copies of chromosome 1q21 is classified as gain
1921, while having 4 or more copies is classified as
amplification of 1q21. The 1q gain is the most frequent
recurrent chromosomal event that is an independent
poor-prognosis factor impacting both period free survival
(PFS) and overall survival (OS) as reported in several
independent cohorts.>' ?* Furthermore, presence of 4
copies or more of 1q is associated with the worst
outcome.'” Several oncogenes located in this region
have been involved in the mechanisms leading to poor
outcome, such as MCL1, IL6R, BCL9, CSKI1B, ILF2,
ANP32E or ADARI that are amplified/overexpressed as
a consequence of 1q gain. Resistance to proteasome
inhibitor, apoptosis and DNA damage repair deregulation
have been reported in that setting.”’

Chromosome |p Deletion

The 1p deletions are observed in 25% of newly diagnosed
MM patients and are associated with poor prognosis. Two
regions of the Ip arm are mainly affected, 1pl12 and
1p32.3, and are seen in 15% and 8% of patients,
respectively.’?® These deletions are independently asso-
ciated with poor outcome.”®*’ Several tumor suppressor
genes have been involved in the mechanisms driving poor
outcome, including CDKN2C, FAF1, MTF2 and TMEDS.

Chromosome 17 Deletion

Hemizygous deletion of the whole p arm (del(17p)) is one
of the CNVs that retained its adverse prognostic signifi-
cance for both PFS and OS in the current R-ISS risk
stratification” and is observed in about 6% to 10% of
NDMM patients.”*** The incidence increases to 25-50%
in primary plasma cell leukemia (PCL)/advanced stage
disease, to as high as 75% in secondary PCL, and is
associated with low hematological responses, early drug
resistance/relapse, extramedullary disease and central ner-
vous system involvement.”**%>! The underlying mechan-
ism is likely the loss of the guardian of genome gene,
TP53. Multiple studies including phase 3 randomized con-
trolled trials (RCTs) have confirmed the negative impact of
del(17p) on overall survival while using different thresh-
olds for the size of del(17p) clone ranging from a single
cell in ELOQUENT-2 trial,** 1.5-7.5% in the SWOG
S0777 trial,”> 60% in the ASPIRE trial®* and 5-50% in

TOURMALINE-MM trial*> It seems that del(17p) is
associated with worse prognosis (PFS and OS) irrespective
of the therapy and % fraction of clone alteration,*
although a heightened risk population is identified with

cutoff >55%.%7

Complex Chromosomal Events
Macro-scale complex chromosomal events include chro-
mothripsis, cyclo-templated insertions and chromoplexy.
These events have been reported to occur in both early
phases as well as at relapse potentially during one genetic
catastrophic event.>® Chromothripsis, also known as chro-
mosome shattering, is a complex process where large
segments of a chromosome undergo massive oscillations
by breaking into smaller pieces, rearranging and then
randomly rejoining, ultimately leading to an erroneous
new genomic configuration of a single or few
chromosomes.** This complex event has been captured
in early stages of myeloma development and occurs in
about 9-36% of cases.”®* Chromothripsis was found to
have an independent negative predictive effect on PFS
(HR: 1.42) and OS (HR: 1.81) and also has a strong
association with biallelic inactivation of TP53 (HR:
6.6).*' Chromoplexy includes copy number losses and
mostly co-occur with cyclo-templated insertions. This
leads to balanced double strand breaks, causing segmental
rearrangements of multiple sites of different chromosomes
(between 2 and 5) which have been implicated in myeloma
relapse/drug resistance in about 10% of cases.”® Templated
insertions have been reported to occur in about 19% of the
cases and have been reported in hijacking the enhancer
oncogenes like CCNDI and MYC.*' At least one driver
CNV is present in 47% of all chromothripsis, 42% of
and 28% of

insertions.*' The causes of these complex chromosomic

chromoplexy occurrences templated
events and their impact on overall survival remain to be

further investigated.

Recurrent Chromosomal Translocations

Normal B cells undergo affinity maturation and cell cycle
arrest to evolve from a naive B cell or centroblast to an
antibody-secreting plasma cell in the germinal centers
(GC). Affinity maturation is a complex mechanism that
includes somatic hypermutation and class switch recombi-
nation that have been involved in lymphomagenesis and
myelomagenesis. Activation-induced cytidine deaminase
(AICDA or AID) is a major actor in these processes and
generates double strand DNA-breaks at the variable region
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of both Ig heavy and light chain loci.** Aberrant recombi-
nations of these DNA breaks along with additional off-
target DNA lesions can lead to translocations across the
genome and drive tumorigenesis.***> Recurrent IgH trans-
locations referred to as primary IgH translocations are
detected in 40% of MM and are observed at early stages

of the disease'>?®

as they likely constitute primary driver
events. Additional translocations involving Ig light chains
and MYC locus have been more recently characterized and
are also considered to be driver events (Table 1).
Translocation t(11;14)(q13:q32) occurs in ~15-20%
of MM patients and corresponds to the juxtaposition of
CCNDI to the IgH enhancer region, leading to increased
cyclin D1 production.*®*” Interestingly, t(11;14) is more
frequent in IgM, IgE and non-secretory MM,*® and these
patients are more likely to have lymphoplasmacytic
morphology with CD20 expression and lambda light
chain isotype.”” CCNDI1 is an oncogene encoding for
cyclin D1, which is an activating regulatory subunit for
cyclin-dependent kinase (CDK) 4 and 6.°° These acti-
vated cyclin complexes (D-CDK) phosphorylate and
(Rb) protein,
a potent inhibitor of Gl to S phase progression.

inactivate retinoblastoma which is

D-CDK complex also inhibits cyclin-dependent kinase
inhibitor 1B (CDKIIB, also known as p27 and Kipl)

that inhibits other CDK complexes required at later

Table | Recurrent Translocations Observed in Multiple Myeloma

phases of cell cycle.’! The prognostic significance of t
(11;14) is neutral; however, when found associated with
an activating mutation of CCND1 (10%), it has been
associated with poor prognosis.*’ Studies have also
shown inferior response to the proteasome inhibitor
bortezomib and inferior outcomes in absence of expres-
sion of CD20, suggesting some heterogeneity in this
subgroup.‘“”sz’53 Nevertheless, patients with t(11;14)
have a high expression of BCL-2 and have high sensi-
tivity to BCL2 inhibitors such as venetoclax potentially
through a TP53-independent mechanism.>* >’
Translocation t(4;14)(p16.2:q32) is observed in ~11-15%
of MM patients and leads to the juxtaposition of fibroblast
growth factor receptor 3 (FGFR3) and multiple myeloma set
domain (MMSET) to the IgH enhancer region. While
MMSET is always overexpressed, FGFR3 is only overex-
pressed in 70% of t(4;14) MM depending on the breakpoint
site. FGFR3 is a tyrosine kinase that acts as an oncoprotein
activating the Ras-mitogen-activated protein kinase (MAPK)
pathway.*’ MMSET is a histone methyltransferase that
methylates histones into H3K36® and H4K20°° and signifi-
cantly impacts expression of multiple genes. MMSET has
also been involved in DNA damage repair responses by
hindering the recruitment of p53 binding protein 1
(53BP1).>° Translocation t(4;14) is overall associated with

adverse prognosis; however, this subgroup is heterogeneous.

Translocation Frequency % Partner
Immunoglobulin heavy chain (IgH) translocations
t(11;14)(q13:932) ~15-20% CCNDI
t(4;14)(p16.2:q32) ~11-15% FGFR3/MMSET
t(14;16)(q32:923) 5% c«-MAF
t(6;14)(p21:932) <2% CCND3
t(14;20)(q32:ql 1) <1% MAF-B
t(14; undefined) ~15% MYC
WWOX, B2M, ERF, RND3, JUN PAXS5, DPF3
Immunoglobulin light chain translocations
Light chain Kappa Translocations (IgK) 4.5% MYC
Light chain Lambda Translocations (lgL) 10% MYC
MAP3K 4, CD40, MAFB, TXNDCS5, CCNDI, CCND2, CCND3

MYC translocations
MYC ~15-23% IgL

IgH

IgK

FAM46C, TXNDCS5, FOXO3, BMP6, XBPI, CCNDI, CCND3
244 https: The Application of Clinical Genetics 2021:14
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DNA breakpoint, transcriptomic changes and additional
chromosomic events influence significantly patients' overall
survival such as del(13q14), del(1p32), del(17p) and >30
chromosomal structural changes.®®“* Several studies have
shown that use of proteasome inhibitor improves outcomes
of t(4;14) MM patients.**

Translocation t(14;16)(q32:q23) is seen in 5% of MM
patients and leads to overexpression of musculoaponeuro-
tic fibrosarcoma (c-MAF),*** a known transcription fac-
tor that upregulates the expression of multiple genes
including CCND2 by binding directly to its promoter.*’
Translocation t(14;16) is associated with high mutational
burden and a specific mutational signature linked to apo-
lipoprotein B mRNA editing catalytic polypeptide-like
(APOBEC) activity.*’ Despite these consistent genomic
patterns, the impact of t(14;16) on patient outcome has
been controversial with distinct effect observed across
distinct clinical trials.?®*7%%%7 Nevertheless, t(14;16) is
currently considered as a poor prognosis factor.

Translocation t(6;14)(p21:q32) is present in less than 2%
of MM patients and leads to juxtaposition of CCND3 to the
IgH enhancer region resulting in its upregulation.*”**? The
prognostic significance of t(6;14) is neutral.”

Translocation t(14;20)(q32:q11) is seen in less than 1%
of MM patients and leads to upregulation of the MAF gene
paralogue, MAF-B (musculoaponeurotic fibrosarcoma
oncology family, protein B) that increases the downstream
CCND2 activity. The t(14;20) MM has a distinct
APOBEC mutational signature driven by the upregulation
of APOBEC4 expression.*” Translocation t(14;20) is clas-
sically associated with a poor prognosis when detected in
newly diagnosed MM patients; however, some observation
showed that its presence at early stage (MGUS or SMM)
does not impact the time to progression to active disease,
suggesting this single event is not enough to drive the
disease.”’

Translocation t(14; undefined): based on FISH analy-
sis, 15% of IgH translocations happen with non-recurrent
partners. The t(14; undefined) has been associated with
a better outcome in comparison to t(11;14), t(4;14) and t
(14;16) and might be associated with better response to
bortezomib.*” These additional IgH partners, ahve been
identified using NGS and include mainly MYC, and less
frequently WWOX, B2M, ERF, RND3, JUN PAXS5, DPF3
and MTMR1.”>7*

Light Chain Translocations

Recurrent translocations involving kappa (IgK) and lambda
(IgL) light chains locus at chromosome 2 and 22, respec-
tively, are detected in 4.5% and 10% of newly diagnosed
MM, respectively.”>”> Nearly half (41%) of IgL transloca-
tions and most of IgK translocations involve MYC locus.
Other recurrent partners include MAP3K 14, CD40, MAFB,
TXNDCS5, CCNDI1, CCND2 and CCND3 but with lower
frequencies (1% to 7%). Importantly 80% of t(IgL) happen
in HDMM and define a subgroup of HDMM with poor
prognosis, with poorer overall survival and lower response
to IMiDs.”® Translocation t(8;22) is often associated with

IgL locus amplification seen in 80% of (8;22).

MYC Translocations

The 8q24 region is often subject to complex structural
variants including duplications, amplifications, templated
insertions, chromoplexy, chromothripsis and
translocations.”® This region includes the proto-oncogene
MYC, which is a basic helix-loop-helix (b HLH) transcrip-
tion factor that is involved in the pathogenesis of several
cancers. MYC translocations are found in about 15-23%
of newly diagnosed MM patients.**”* The most frequently
(range 16.5-3.5%) juxtaposed partner genes are IglL [t
(8;22)], IgH [t(8;14)], FAM46C, TXNDCS, IgK [t(2;8)],
FOXO03, BMP6 and more rarely XBP1, CCNDI and
CCND3.”> MYC translocations are often sub-clonal and
found in up to 20% of patients with SMM.”® In that setting,
it is an independent risk factor of progression to sympto-
matic MM.! Other MYC loci structural variants, such as
duplications, are also common in SMM and MM. Both
sub-clonality and increased frequency in more advanced
stages of the disease suggest that MYC translocations and
rearrangements contribute significantly to disease
progression.*””*7¢7® MYC translocations in particular
have been associated with kataegis which is a localized
pattern of hypermutation linked to the deregulation of
APOBEC-induced mutagenesis. It is hypothesized that
clusters of APOBEC-induced hypermutations aggregate
at the chromosomal rearrangement sites before the single
stranded DNA (ssDNA) gets repaired.”” MYC transloca-
tions are more frequently observed in HDMM tumors
(~65%)™ and are associated with a poor outcome, espe-

cially when they involve an IgL partner.*”-”
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Mutational Landscape

The advent of next-generation sequencing allowed deep
DNA sequencing studies in large cohorts of MM patients.
To date, more than one thousand myeloma genomes have
been sequenced and reported in the literature using either
targeted, whole-exome or whole-genome sequencing meth-
ods with distinct sequencing depth. While no universal
driver of the disease has been identified, several recurrent
mutations have been observed. KRAS, NRAS, DIS3,
FAMA46C, BRAF and TP53 have been found mutated in
20-23%, 19-20%, 1-11%, 6-11%, 6-12% and 8-12% of
newly diagnosed MM, respectively*®**5! (Table 2). More
strikingly, pathway analysis revealed that RAS/MAPK and
NF-kB pathways are recurrently mutated in 43% and 17% of

Table 2 Recurrent Mutations Observed in Multiple Myeloma

MM patients, respectively.* Interestingly, the distinct IgH
translocation subgroups are enriched for specific mutations
suggesting oncogenic dependencies. Thus, CCND1, IRF4,
LTB and HUWEI] are almost exclusively mutated in t
(11;14), while FGFR3, PRKD2, ACTG1, DIS3 on one
hand, and ATM, BRAF, MAF, TRAF2, EP300 and DIS3
on the other hand are almost exclusively mutated in t(4;14)
and t(14;16), respectively. However, the clinical impact of
these mutations in each MM subgroup is unclear.'” The only
recurrent mutations that significantly and negatively affect
patients’ outcome are those observed in p53 pathway (10%;
TP53, ATM, ATR). Mutations in IRF4 (3%) and PRDM1/
BLIMP1 (5%) tend to be associated with a favorable out-
come in patients treated with IMiDs based regimen. More

Gene Frequency Gene Function

KRAS 22% Kirsten-ras oncogene homolog, RAS/MAPK pathway

NRAS 17.5% N-ras oncogene, RAS/MAPK pathway

DIS3 10% Exosome endoribonuclease and 3'-5' exoribonuclease

TENT5C (previously FAM46C) 9.4% Terminal nucleotidyltransferase 5C, non-canonical poly(A) RNA polymerase
BRAF 8% B-Raf proto-oncogene, serine/threonine kinase, RAS/MAPK pathway
HUWEI 5.7% HECT, UBA and WWE domain containing E3 ubiquitin protein ligase |
TP53 5.7% Tumor protein P53

TRAF3 5.3% TNF receptor associated factor 3, NFKB pathway

EGRI 4.8% Early growth response |, transcription regulator

ATM 4.3% ATM serine/threonine kinase, cell checkpoint kinase

HI1—4 (previously HISTIHIE) 4% Histone linker

FGFR3 3.9% Fibroblast growth factor receptor 3

UBR5 3.9% Ubiquitin protein ligase E3 component N-recognin 5

PRKD2 3.5% Protein kinase D (PKD) family of serine/threonine protein kinase

CYLD 3.4% CYLD lysine 63 deubiquitinase, deubiquitinating enzyme, NFKB pathway
ACTGI 3.2% Actin gamma |, cell motility and in maintenance of the cytoskeleton
IRF4 3.1% Interferon regulatory factor, transcription factor

MAX 3.1% MYC associated factor X, transcription factor

KMT2C 3.1% Lysine methyltransferase 2C, epigenomic regulator

CREBBP 3.1% CREB binding protein, transcription factor

CCNDI 2.9% Cyclin DI, cell cycle

ARIDIA 2.8% AT-rich interaction domain |A, member of the SWI/SNF family, epigenomic regulator

Notes: Data from Walker et al.''*
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consistently, the overall mutational load positively correlates
with poorer outcome and is reported to be lowest in HDMM
and highest in t(14;16).*%

Mutational Signatures

Bayesian models analyzing the different 96 trinucleotide
possible combinations related to nucleotide changes allowed
determining mutational processes or signatures active across
cancer genomes.** In MM, an enrichment of C>T transitions
at CpG dinucleotides, which reflect deamination of methy-
lated cytosine to thymine, and the C>T transition associated
with C>A and C>G transversion in TpC context has been
consistently observed. C>T transitions at CpG dinucleotides
are observed in various malignancies like breast, pancreatic,
CLL, B cell lymphoma and myeloma and are thought to be
ubiquitous in these malignancies.*”** The very high fre-
quency of C>T transitions observed in myeloma is
a significant challenge to clearly evaluate its clinical impact.
However, it is possible that these changes, when occurring at
gene promoters, can impact methylation profile and contri-
bute to disease progression.'”**#* The latter process (C>T
transition associated with C>A and C>G transversion in
TpC context) was found to occur in clusters at specific
intervals in a phenomenon known as kataegis. Most recent
analysis of the mutational signature involved in myeloma-
genesis using whole-genome sequencing data in newly diag-
nosed MM samples revealed the role of age-related
signature contributing to 25% of the total mutational burden,
AID/APOBEC family of cytidine deaminases related signa-
ture involved in 5% of mutations, somatic hypermutation

(9%), DNA damage related pathways (16%) and unknown
processes (45%). These mutational signatures have different
weights depending on the stage of the disease, with
APOBEC related signature being more predominant at
advanced stages of the disease. APOBEC and DNA damage
related signatures predominantly contribute to sub-clonal
mutations as opposed to AID related signature that is more
frequently involved in clonal and driver mutations. This
suggests that AID is a critical actor of myeloma initiation,

while APOBEC contributes to the disease progression.”®%?

Double Hit and Multiple Hit

Myeloma

The accumulation of genomic aberrations is a hallmark
of cancer. In MM, the co-occurrence of few genomic
events is significantly impacting patients’ outcome and
define a very high-risk subgroup of patients. This is
exemplified by the double hit of TP53 located on 17p
chromosome (Figure 1). TP53 is a tumor suppressor
gene that is mapped to 17pl3.1 locus and encodes
a 53 kDa transcriptional regulator protein, p53.%° P53
silencing role has been involved in several cancers, as it
is involved in multiple vital cellular pathways including
cell cycle regulation, cellular stress, DNA damage repair
response and apoptosis. TP53 aberrations are seen in up
to 10% of MM at diagnosis. It includes single hit with
heterozygous deletion seen in ~6% of patients or mono-
allelic mutation in the DNA binding domain that are
seen in less than 1% of patients. Bi-allelic or double hit
events that include homozygous deletions, heterozygous

Wild Type Hemizygous Heterozygous >
(Normal) deletion mutation Double Hit

~6% NDMM <1% NDMM

AR

17p13.1
parm TP53WT
gam

~4% NDMM

AR AA

<1% NDMM <1% NDMM <1% NDMM

Monoallelic TP53 Bi-Allelic TP53 Bi-allelic TP53 | Monozygous
TPS3WTTP53 WT TP53WT Del 17p TP53mut Dell7p mut (LOH) dolatian
Figure | Chromosome 17pI3 and TP53 aberrations in multiple myeloma.
Abbreviations: WT, wild type; NDMM, newly diagnosed multiple myeloma; LOH, loss of heterozygosity; Del |7p, deletion 17p arm; mut, mutant.
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deletions associated with TP53 mutation, bi-allelic
mutation or mono-allelic mutation with LOH are seen
in up to 4% of patients and are associated with worse
clinical outcome.®' Of note, the vast majority of TP53
mutations occur in the context of heterozygous del
(17p).%® Frequency of double hit lesions affecting
TP53 increases with the stage of the disease and has
been reported in up to 15% of relapsed and refractory
MM patients.®” Other mechanisms of decreased expres-
sion of p53 in MM include overexpression of specific
microRNAs, TP53 promoter methylation and overex-
pression of MDM2.*%%% TP53 aberrations are often sub-
clonal, and clonality impacts on patients’ outcome.””
The impact of sub-clonal deletion 17p remains uncertain
as contradictory results have been reported. A report
from the myeloma XI trial that analyzed NDMM
patients (n=1777) with multiplex ligation-dependent
probe amplification (MLPA) showed that minor tumor
subclones with TP53 deletion are independently asso-
ciated with shorter OS. In this study, patients were
divided into three subgroups: low sub-clonal 17p dele-
tion identified by an MPLA <0.8 cutoff (equivalent to
10-20% sub-clonal tumor population), intermediate 17p
deletion clonality identified by MPLA >0.55 but <7
(equivalent to >50% clonal tumor fraction) and clonal
TP53 deletion identified by MPLA <0.55 (equivalent to
dominant clonal deletion 95-100%). All three groups
were individually associated with worse OS with HR
of 1.8, 2.9 and 2.2, respectively, in comparison to non-
del(17p) patients.”® Alternatively, in another large cohort
study using whole-exome sequencing data, comparable
OS and PFS were observed in del(17p) patients with
cancer cell fraction (CCF) <0.55 in comparison to non-
del(17p).*” The discordant results observed between the
two studies may be related to the different methods and
treatment received. Therefore, the sub-clonality thresh-
old of myeloma cell population with del(17p) conferring
a poor prognosis remains controversial at this time.
Nevertheless, CCF or clonal content >55% is constantly
associated with poor outcome.®’

In addition, co-occurrence of del(17p) with amplifica-
t(4;14)
outcome.'*® Presence of more than one high-risk

tion 1q or significantly worsens patient
abnormality is seen in less than 5% of newly diagnosed
MM including t(4;14), t(14;16), t(14;20), del(17p)/TP53
mutation, gain(1q), del(1p) and constitutes “double-hit” or
“multi-hit“ myeloma, associated with significantly poorer

prognosis.”’?? Similarly, coexistence of del(6q) and del

(1p32) with del(17p) significantly worsens the prognosis
of patients.®

Conversely, using a genomic scar score (GSS),
whole-genome sequencing studies have also identified
a subgroup of MM patients characterized by low GSS
(low mutational burden, specific mutation signatures
pattern and fewer structural variants) and a very good
overall survival.®® GSS is a score calculated from an
that CNV by
scarHRD-R-package”® as the sum of homologous

algorithm evaluates allele-specific
recombination deficiency—loss of heterozygosity (HRD-
LOH: number of 15-Mb-exceeding LOH regions which
do not cover the whole chromosome), large-scale transi-
tions (LST:

regions of at least 10 Mb, with a distance between

chromosomal breaks between adjacent

them <3 Mb) and number of telomeric allelic imbal-
ances (telomeAl: number Als that extend to the telo-
meric end of a chromosome). MM patients with low
GSS have a significantly superior outcome.™

Transcriptomic Profile

Multiple studies have identified several prognostic gene
expression signatures in newly diagnosed MM.’* Most of
these studies have identified a transcriptomic profile or
gene expression profile (GEP) featuring high-risk patients
as an independent prognostic factor. At least 8 studies
from major myeloma research groups including the Dutch-
Trial Group for
(HOVON),  the
Francophone du Myelome (IFM) and the University of
Arkansas for Medical Sciences (UAMS) have validated
distinct GEP as an independent prognosis factor in inde-

Belgian Cooperative Hematology

Oncology  Group Intergroupe

pendent large cohort of patients.”>” However, only very
few or no genes overlap between these signatures, suggest-
ing that each signature does not incorporate all high-risk
patients. Incorporation of RNA splicing, and non-protein
coding gene such as microRNA (miRNA) and long non-
coding RNA (IncRNA) expression has also been shown to

be useful to predict patient outcomes,’®’

even more
accurately than ISS, standard cytogenetic studies and pro-
tein-coding gene expression profile alone.”® However, the
lack of a uniform platform to perform transcriptomic pro-
filing remains an important challenge to incorporate GEP

as a prognosis marker in clinical practice to date.

Epigenomic Modifications
Epigenomic deregulation is a hallmark of MM at var-
ious levels. DNA methylation and histone modifications
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are essential mechanisms impacting on transcriptome
regulation.'® The role of histone modification is high-
lighted in t(4;14) MM in which MMSET, a histone
methyl transferase (HMT) involved in methylation of
H3K36 and H4K20,%° is universally overexpressed and
influences cell cycle progression, apoptosis, cell adhe-
sion, oncogenesis and DNA damage response.'®' In
addition, up to 24% of MM patients harbor at least
one potentially deleterious mutation in epigenomic reg-
ulator genes.'”? Additional epigenetic modifiers includ-
ing other overexpressed HMT have been shown to play
critical roles in MM. Thus, the overexpression of the
HMT PHD finger protein 19 (PHF19) and enhancer of
zeste homolog 2 (EZH2) is a strong predictor of poor
outcome.””'®* EZH2 is a component of the polycomb
repressive complex 2 (PRC2), which tri-methylates his-
tone H3 lysine residue 27 (H3K27me3) to repress gene
transcriptome related to stem cell self-renewal, cell
cycle checkpoints, metastasis and cellular differentia-
tion. Aberrant activity of EZH2 is regulated at multiple
levels driven by interleukin-6 especially in cell lines that
harbor K- and N-RAS mutations,'®* upregulation of NF-
kB pathway'®” and downregulation of several
microRNA (miRNA).'°® EZH2 also plays an important
role in t(4;14) and in case of mutation or loss of expres-
sion of the histone acetyl transferase UTX/KDMG6A,
which occurs in up to 5% of MM patients, representing
a possible therapeutic target in these settings. While
EZH2 inhibitors are in the pre-clinical stages and
include EPZ-6438, GSK126, UNC1999, OR-S2'%""'*
in myeloma, the recent FDA approval of tazemetostat
for relapsed refractory EZH2-mutated positive follicular
lymphoma is encouraging.

Future Perspective

High-throughput technologies have been increasingly
explored and include DNA-based studies (WGS, WES,
array comparative genomic hybridization, high density
SNP arrays) and RNA-based studies (RNA sequencing
and microarrays). These techniques have allowed identifi-
cation of recurrent mutations and affected pathways, muta-
tional signatures, clonal evolution, CNVs, protein-coding
gene (fusions, mutations, splicing, isoform expression,
gene expression) and non-coding gene expressions. Some
of these have already been shown to have clinical utility
for both risk stratification and personalized medicine

(Table 3). Detection of recurrent mutations may have
therapeutic implications for targeted therapies. NRAS
mutations in relapsing myeloma are associated with
lower response rate to bortezomib,''” while IRF4 muta-
tions are associated with better response to IMiD
therapy.®® Presence of V600E BRAF mutation can be
specifically targeted by vemurafenib.''' More accurate
risk stratification, based on transcriptomic studies, muta-
tional signatures and clonal shift harboring a high-risk
mutation or low GSS can be captured and guide clinicians
for utilizing more or less intensive treatment at induction,
consolidation and maintenance stages.''> With the advent
of efficient quadruplet regimens, BCMA targeting agents
including monoclonal antibodies and chimeric antigen
receptor T cells therapies in myeloma, identification of
accurate prognosis markers will be extremely important.
Major limitations for incorporating NGS to clinical prac-
tice currently relate to its availability and cost. The devel-
opment of standardized and widely available genomic
investigation methods is mandatory. Furthermore, the
dynamic nature of cancer genome requires serial genomic
evaluations over time to accurately prognosticate and iden-
tify potential therapeutic implications.

Conclusion and Perspectives

Multiple myeloma is a complex and heterogeneous
disease. Genomic studies have identified various mole-
cular subgroups and recurrent events involved in mye-
lomagenesis and impacting patients’ outcome. While
current risk stratification only include presence of del
(17p), t(14;14) and t(14;16), new genomic markers can
be incorporated to improve risk stratification and
potentially to guide therapy. These genomic markers
include high-risk markers (IgL and MYC transloca-
tions, high mutational burden and detection of double
and multi-hit myeloma) and good-prognosis hallmarks
(low mutational burden, low genomic scar score) at
diagnosis. In addition, integrating genomic alterations
associated with early progression at an early stage of
the disease (MYC rearrangements, DNA damage and
repair gene pathways abnormalities) will also be
important. The inclusion of these markers can signifi-
cantly improve patients’ management in the near fea-
ture. However, important challenges exist as it is
necessary to develop a broadly available platform
using high-throughput

sequencing technologies to
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Table 3 Recurrent Genomic Events Impacting Overall Survival in Newly Diagnosed Multiple Myeloma Patients

Standard Risk Genomic Events High-Risk
Aneuploidy
Hyperdiploid Non-hyperdiploid
Hyperhaploid
Tetraploid
Copy Number Alterations
Deletion 13q Deletion [1p32

Deletion 17p13 (CCF>55%)
|q amplification (24 copies)

Chromosomal Translocations

t(11;14): CCNDI (~15-20%)
t(6;14): CCND3 (<2%)
t(14;undefined) (~15%)

IgH translocations

t(4;14): FGFR3/MMSET (~I |-15%)
t(14;16): MAF (5%)
t(1420): MAFB (<1%)

MYC translocations t(8;lgl)
IgL translocations t(8;lgl)
Mutations
TP53

High mutational load

Mutational Signatures

Age APOBEC
Epigenomics
MMSET
EZH2
PHFI19

Transcriptomic

Low-risk gene expression signature

High-risk gene expression signature

Double and multi-hit

17p13 double hit
t(4;14) and del(17p)
del(17p) and del(lp)
t(4;14) and del(1p) or del(13q) or >30 chromosomal structural changes

Abbreviations: CCF, cancer clonal fraction; APOBEC, apolipoprotein B mRNA editing catalytic polypeptide-like; FGFR3, fibroblast growth factor receptor 3; MMSET,
multiple myeloma set domain; CCND |, cyclin DI; CCND 3, cyclin D3; c-MAF, musculo-aponeurotic fibrosarcoma; MAF-B, musculo-aponeurotic fibrosarcoma oncology

family-protein B; EZH2, enhancer of zeste homolog 2; PHFI19, PHD finger protein 19.

capture such genetic complexity and to take into
account the dynamic evolution of the disease which
requires serial evaluations to adjust therapy.
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