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Genetics of multiple myeloma: another heterogeneity level?
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Our knowledge of myeloma genetics re-
mained limited and lagged behind many
other hematologic malignancies because
of the inherent difficulties in generating
metaphases within the malighant plasma
cell clone. With the development of mo-
lecular techniques (microarrays and next-
generation sequencing), our understanding

has been highly improved in the past
5 years. These studies have not only con-
firmed the prevalence of wide heterogene-
ity in myeloma at the molecular level, but
has also provided a much clearer picture
of the disease pathogenesis and progres-
sion. Whether these data will enable im-
provements in the therapeutic approach is

still a matter of debate. The next improve-
ment will come from detailed analyses of
these molecular features to try to move from
a treatment fitted to every patient to indivi-
dualized therapies, taking into account the
complexity of the chromosomal changes,
the mutation spectrum, and subclonality
evolution. (Blood. 2015;125(12):1870-1876)

Introduction

Multiple myeloma (MM) is a heterogeneous hematologic malignancy
that occurs mainly in the elderly population (median age at diagnosis
~70 years). Because of major improvements in the general care of pa-
tients over the past 50 years, leading to a marked increase in longevity,
the incidence of MM is increasing worldwide. It is currently accepted
that all MM cases are preceded by an asymptomatic expansion of clonal
plasma cells, known as monoclonal gammopathy of undetermined
significance (MGUS), and smoldering MM (SMM)."? A fraction of
these individuals with MGUS or SMM will evolve to symptomatic
MM, but most of the MGUS cases will remain totally asymptomatic.
Symptomatic MM is clinically characterized by lytic bone disease,
anemia, hypercalcemia, renal failure, and susceptibility to bacterial
infections. Why some MGUSs will remain totally asymptomatic for
decades whereas others will evolve to overt MM is currently un-
known, but the main hypothesis is the occurrence of “malignant”
genetic events in evolving patients. To understand these events,
alarge amount of work has been dedicated to dissect the oncogenesis
of MM.

Cell of origin

Plasma cells represent the final differentiation stage of B cells. The first
steps of differentiation occur within the bone marrow. At the molecular
level, the first steps of this differentiation process are the rearrangements
of the heavy chain immunoglobulin (Ig) gene (/GH). This gene is a very
large gene (~2 Mb), presenting 4 major domains: the variability
domain (VH, containing more than 100 DNA segments), the diversity
domain (DH, containing 27 DNA segments), the joining domain
(JH, containing 6 DNA segments), and the constant domain (containing
9 DNA segments). The first rearrangements are DNA deletions com-
bining 1 DH segment to 1 of the 6 JH segments. These deletions are
supposed to be stochastic, independently of any antigen pressure. If
molecularly productive, the pro-B cell continues its differentiation by

combining this DH-JH segment with a VH segment. These rearrange-
ments are made and regulated by a specific recombinase enzyme, the
recombination activating genes (RAG), which recognizes specific
DNA motifs within the DH, JH, and VH segments. If these re-
arrangements are in frame, or “productive,” the pre-B cell will then
rearrange the light chain genes, IGLk and IGLA. It first attempts to
rearrange the IGLk gene. If productive, the mature B cell will then
be able to produce IgMk, which is expressed at the B-cell surface. If
unsuccessful (mainly by non—in-frame rearrangements), the B cell will
then rearrange the IGLA gene, leading to the production of an IgMA.
This process explains the disequilibrium in the type of B cells, two-
thirds expressing an IgMk at the membrane. These mature B cell will
then quit the bone marrow to colonize the secondary lymphoid organs
to continue its maturation. This second part of differentiation will
become antigen-dependent, in relationship with dendritic and T cells.
Within the germinal centers of the secondary lymphoid organs,
a second type of molecular rearrangement will occur, known as the
somatic hypermutation (SMH) process. Stochastic mutations will be
produced within the VDJ segment by a specific enzyme, activation-
induced deaminase. Only B cells with mutations improving the
specificity of the antibody for the antigen will survive, the others
dying via apoptosis. The last rearrangement process also occurs in
the secondary lymphoid organs and is known as the class switch
recombination (CSR). During this process, specific DNA segments
known as switch regions will be recombined on the dependence
of the activation-induced deaminase enzyme, with deletion of
the interswitch region DNA. The mature B cell will then express
a different Ig, either IgG, IgA, or IgE. Finally, these mature B cells
will either differentiate in memory B cells or in long-lived plasma
cells, which will return to bone marrow.

The oncogenic transformation in MM is thought to occur within
these secondary lymphoid organs. Several pieces of evidence support
this hypothesis (Figure 1). First, malignant plasma cells present a high
rate of somatic mutations, with no heterogeneity, suggesting that the
oncogenetic event occurred after the end of the SMH process, which
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Figure 1. B-cell differentiation. The first step of B-cell engagement is characterized
by an IGH DH-JH rearrangement, followed by a VH-DH-JH fusion. If “productive” (or
successful), these IGH rearrangements are followed by recombinations of the IGLk,
and/or IGLx genes. These DNA rearrangements take place within the bone marrow
and are totally antigen independent. The B cells then migrate to the secondary lym-
phoid organs where, within the germinal centers, they terminate their differentiation
through the SMH and CSR processes. This differentiation step is antigen dependent, in
cooperation with dendritic and T cells. The oncogenetic event is supposed to take place
after this long differentiation process, before the migration of the plasma cell to bone
marrow.
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physiologically takes place in the germinal centers of secondary
lymphoid organs. The second piece of evidence is the nature of the
monoclonal Ig, essentially IgG and IgA, rarely IgD or IgM. Here
again, the CSR process is supposed to occur in the germinal centers.
Finally, the molecular analyses of some of the oncogenic events,
and especially of recurrent chromosomal translocations involving
the IGH gene (see “Oncogenesis”), showed that the t(4;14) largely
involves the switch regions, suggesting errors during the CSR
process,>* whereas the t(11;14) may result from errors during the
SMH one.* A recent paper from the UK group suggested that some of
the /GH translocations may take place within the bone marrow
during the maturation /GH rearrangements.* This hypothesis is

Table 1. Controversial issues in genetics of MM
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somewhat controversial taking into account all the pieces of
evidence of a postgerminative tumor. One alternative hypothesis
could be the occurrence of RAG-mediated molecular errors during
a (re-)edition of the B-cell receptor. This second hypothesis (difficult
to demonstrate) would have the advantage of a unifying model
of oncogenesis. A recent study utilizing deep IgH sequencing in
myeloma cells demonstrated >4% of patients having 2 unrelated
clones with different VDJ rearrangements. This raises an intriguing
possibility of evolution of 2 independent clones at an earlier stage of
plasma cells before VDJ rearrangement. Additionally, a small pro-
portion of patients had related IgH clones suggesting continued SMH
(Table 1)

Oncogenesis

The current widely accepted model of oncogenesis describes 2 different
pathways.® The first one is represented by hyperdiploidy, which is
observed in up to 55% of the patients.”'! Of note, the gained chro-
mosomes are not random but involve specifically chromosomes 3, 5, 7,
9,11, 15, 19, and 21. When compared with another B-cell malignancy
(ie, childhood ALL), which also presents with hyperdiploidy, the nature
of the gained chromosomes is totally different.'> How can this striking
difference in 2 B-cell malignancies, 1 immature (ALL) and the other
mature (MM), be explained? Neither experimental demonstration nor
a hypothesis has been proposed so far to explain the pathogenetic role
of this observation. Hyperdiploidy is probably because of missegrega-
tion of chromosomes during mitosis. Do chromosomes have a specific
disposition on the mitotic plaque in MM as compared with ALL,
leading to gains of different chromosomes? No answer can be pro-
posed today. The second pathway is based on /GH translocations,
observed in ~40% to 50% of the patients and almost all the human
myeloma cell lines (HMCLs).'*'> Some of these 14g32 translocations

Assumption

Controversy

Hypothesis/question/exploration

The t(4;14) largely involves the switch regions,
suggesting errors during the CSR process.

The oncogenic transformation in MM is thought to
occur within secondary lymphoid organs.

Hyperdiploidy is probably because of
missegregation of chromosomes during mitosis.

Some of the 14932 translocations are recurrent.

Several subclones coexisting at the same time in
a single patient are similarly distributed in all
locations.

The subclone selection is under therapeutic
pressure.

Rare recurrent mutations observed only in
subclones include genes supposed to act as
drivers, such as NRAS, KRAS, and BRAF.

Some of the /IGH translocations may take place not
in secondary lymphoid organs but within the
bone marrow during the maturation IGH
rearrangements

More than 4% of patients have 2 unrelated clones
with different VDJ rearrangements.

The nature of the gained chromosomes in
hyperdiploidy is totally different between ALL
and MM.

The selectivity in the nature of 14g32 translocation
partners is not fully understood.

Several subclones coexisting at the same time in
a single patient have differential locations.

The subclone selection occurs in the natural
history of the disease, which includes growth
potential of the subclones or their interaction
with their microenvironment.

Driver mutations are not always expressed at the
RNA level.

Occurrence of RAG-mediated molecular errors
during a (re-)edition of the B-cell receptor.

Possibility of evolution of 2 independent clones at
an earlier stage of plasma cells before VDJ
rearrangement.

Do chromosomes have a specific disposition on
the mitotic plaque in MM as compared with ALL,
leading to gains of different chromosomes?

The vicinity of chromosomal domains of
chromosomes 14, 11, and 4 at certain times of
SMH or CSR.

Several aspirates/biopsies should be performed in
a single patient, ideally MRI- or PET-CT-guided
on focal lesions, with subsequent evaluation for
clonal content and subclone distribution

Data supporting both hypotheses. The only way to
answer this question would be to systematically
analyze the diagnostic and first relapse
specimens in a homogeneously treated cohort
of patients.

Need for future analyses at the protein level and to
define the role of some of the known DNA repair
mechanisms in inducing clonal change.

ALL, acute lymphoblastic leukemia; CT, computed tomography; MRI, magnetic resonance imaging; PET, positron emission tomography.
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are recurrent, others being apparently random.'® The mechanisms
have been described before, and the partner genes under dependence of
the strong /GH enhancers, leading to overexpression of the targeted
proteins. The most frequent one is the t(11;14)(q13;q32), observed in
15% to 20% of the patients and in 25% of the HMCLs.!” The t(11;14)
dysregulates the CCND1 gene, leading its overexpression. In fre-
quency, the second recurrent /GH translocation is the t(4;14)
(p16:;932), observed in 12% to 15% of the patients and 25% of the
HMCLs. This translocation is very peculiar in B-cell malignancies, by
disrupting and upregulating 2 genes, FGFR3 and MMSET/WHSC1,
creating a fusion transcript with this latter gene.'®'” FGFR3 is an
oncogene activated by mutations in several solid tumor types. Of
note, FGFR3 is upregulated only in 70% of the patients with the
t(4;14), because of an unbalanced translocation with loss of the
telomeric part of chromosome 4, bearing FGFR3.?°** This finding
suggests that the main molecular target of the translocation is
MMSET. MMSET is a methyl-transferase protein, and its upregu-
lation leads to methylation of several proteins in the genome.** Other
recurrent translocations are much more rarely observed, in <3% of
the patients, such as the t(14;16)(q32:;q23), which dysregulates the
MAF oncogene®**%; the t(14;20)(q32:q11), dysregulating the MAFB
oncogene>®; or the t(6;14)(p21:q32), which upregulates the CCND3
gene.27 Of note, the t(14;16), if rare in patients, is present in 25% of
the HMCLs, possibly because of its propensity to present as a plasma
cell leukemia in patients. This selectivity in the nature of 14q32 trans-
location partners is not fully understood. The major hypothesis is the
vicinity of domains of chromosomes 14, 11, and 4 at certain times of
SMH or CSR.

Besides these supposedly primary events, many other chromo-
somal rearrangements are present in the tumor plasma cells at the time
of diagnosis. The most frequent ones are monosomy 13 (45% of the
patients),?® duplication of the long arm of chromosome 1 (1q gains,
30% to 35% of the patients),” and different deletions involving the
1p, 69, 8p, 12p, 14q, 16q, 17p, or 20p chromosomal regions.*® All these
abnormalities have been known for a long time because they are visible
on the conventional karyotype. More recent data based on the com-
parative genomic hybridization (CGH) or single nucleotide poly-
morphism (SNP)-array technologies have revealed other important
chromosomal changes, especially homozygotic deletions. Several
of these double deletions target inhibitors of the nuclear factor kB
pathway, such as BIRC2/3 on chromosome 11, TRAF3 on chromo-
some 14, or CYLD on chromosome 16.3132 Another recurrent double
deletion is observed in a few percent of the patients on chromosome 1,
targeting the tumor suppressor CDKN2C gene.*® Molecular analyses
based on fluorescence in situ hybridization (FISH) or CGH/SNP-array
revealed frequent chromosomal changes (translocations, deletions,
duplications, insertions, and amplifications) in the 8q24 region.*
The molecular target of these rearrangements is the MYC oncogene,
which is a key factor of MM biology. These data may be the chromo-
somal substratum of the frequent MYC upregulation observed at the
RNA level in patients.

All these latter chromosomal changes are supposed to be secondary
events in the MM oncogenesis. The main reason supporting this hy-
pothesis is that most of them are often observed only in subclones, in
contrast to /GH translocations, which are usually present in virtually
100% of the plasma cells. Taken together, all these genomic data have
begun to enable us to build an oncogenetic model. Moreover, an impor-
tant aspect that we need to consider is the observed genomic changes
in MGUS/SMM and those acquired later with progression to active
myeloma. This model, proposed several years ago, has been recently
enriched by the subclonality concept (Figure 2; see “The subclonality
concept”).
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Figure 2. Oncogenetic model. Quickly after the oncogenetic event(s), differential
mutations occur, creating subclones. The 2 main oncogenetic pathways are the
“trisomy” pathway and the 14932 translocation pathway. Secondary events occur
later during evolution.

The subclonality concept

MM is a clonal malignancy characterized by the secretion of a mono-
clonal Ig or monoclonal free light chains. This dogma is (and will
remain) accurate. However, detailed analyses at the molecular level
have revealed a more complex situation. In 2012, 3 publications re-
ported a certain degree of heterogeneity within the tumor clone, by
comparing DNA abnormalities present at diagnosis and at relapse.>>~’
Based on SNP array or high-throughput sequencing, all 3 reports
demonstrated that the clone observed at relapse could be slightly
different from the one observed at diagnosis. In some cases, the
relapse clone presented more chromosomal/genetic changes, but on
the same background, representing a classical clonal evolution. More
strikingly, in some patients, the relapse clone presented pieces of
DNA, which were absent at the time of diagnosis. Because ex nihilo
creation of DNA is impossible, the conclusion of these studies was
that minor subclones, undetectable at diagnosis by classical methods,
were responsible for relapse. The DNA abnormalities defining these
subclones were mainly supposed to be secondary changes. However,
a study focused on the t(4;14), supposed to be a primary driver
genetic event, showed that this translocation could be present only in
a tiny minor subclone at diagnosis, but be the major clone at relapse,
and vice versa.*® Thus, the development of subclones is a very early
event in oncogenesis, probably soon after the cell transformation
(Figure 3). An unresolved question is whether several subclones
coexisting at the same time in a single patient have differential loca-
tions. This situation is well described in solid tumors, but no data are
currently available in MM. To address this issue, several aspirates
or biopsies should be performed in a single patient, ideally MRI- or
PET-CT-guided on focal lesions, with subsequent high-throughput
sequencing on all individual samples. Another unresolved question
is mechanism of selection of subclones. Does the selection occur
solely under therapeutic pressure, or does it occur in the natural
history of the disease, which includes growth potential of the sub-
clones or their interaction with their microenvironment? Actually,
data supporting both hypotheses exist. A first study based on SNP
array found that the large majority of “branching” evolutions (occur-
rence of a different subclone at the time of relapse) occur in patients
treated by a bortezomib-dexamethasone combination as compared
with a classical chemotherapeutic combination (vincristine-adriamycin-
dexamethasone), suggesting that vincristine-adriamycin-dexamethasone
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Figure 3. Subclonal evolution. Two different types of subclonal evolution can be
observed: a “linear” evolution with accumulation of genetic events (A) and a
“branching” evolution with early divergence of subclones with different mutations,
which are differentially selected during evolution (B).

displayed a broader activity on all subclones.* The second example came
from a single patient treated both frontline and at first relapse by a
lenalidomide-dexamethasone combination, with selection of differ-
ent subclones at both first and second relapses.37 The only way to answer
this question would be to systematically analyze the diagnostic and
firstrelapse specimens in a homogeneously treated cohort of patients.

Multiple myeloma: a single or multiple
disease?

Whatever way myeloma is analyzed (clinically, cytogenetically, or mo-
lecularly), it is a very heterogeneous disease. The question is whether
this heterogeneity hides several subentities of multiple myelomas.
Actually, there is at least 1 precedent in hematology with the molecular
dissection of diffuse large B-cell lymphomas (DLBCLs). Whereas this
type of lymphoma was identified as a single disease based on path-
ological features, the molecular analyses using gene expression pro-
filing (GEP) dissected the DLBCL in at least 3 subentities, the activated
B-cell type, the germinal center type, and the mediastinal type, mainly
defined by differences in cells of origin.****° This finding was not only
intellectual because it was later shown that these types of DLBCL
responded differently to various therapeutic schemas. The question
has been addressed in MM by several groups, and so far, we have
to recognize that this goal has not been reached. Using GEP and
nonsupervised analyses, 3 reports identified subgroups mostly driven
by chromosomal aberrations.*'** The first report identified 8 different
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subgroups, mainly based on the cyclin D gene expression and on the
different 14q32 recurrent translocations.*' This molecular classification
was refined in 2006, identifying 7 subclasses of myelomas.*> A
first class was defined by the translocation t(4;14), identified by
overexpression of the MMSET and/or FGFR3 genes. The second one
was defined by the upregulation of one of the MAF genes, related to
the translocations t(14;16) or t(14;20). Cases with CCNDI or
CCND3 upregulation [because of the translocations t(11;14) or t(6;
14)] clustered in 2 different groups, named CD1 and CD2. The CD2
group was characterized by CD20 expression. The fifth group was
characterized by hyperdiploidy. The 2 last groups were character-
ized by a low incidence of bone disease, according to a low dickkopf
WNT signaling pathway inhibitor 1 expression, whereas the last
group was characterized by high expression of genes involved in
proliferation. This molecular classification has been partially
confirmed by a study from the Haemato-Oncology Foundation for
Adults in the Netherlands group.** The “low bone disease” group
was not confirmed. In contrast, 3 other groups were identified: 1
group enriched by “myeloid” genes (that could be related to plasma
cell sorting problems); 1 group characterized by overexpression
of cancer testis antigen genes; and, finally, a group defined by
overexpression of positive regulators of the nuclear factor kB
pathway, which seems to be important in the MM oncogenesis.
Whether these subclasses define true MM subentities is not yet dem-
onstrated. Although various GEP-based signatures have been re-
ported to identify high-risk disease and predict prognosis, a recent
study suggests inability of GEP to predict response in myeloma.**
Another way to approach this question is to use CGH/SNP-array
analyses.*** Based on these analyses, several subgroups of patients
can be individualized. Apart from the hyperdiploid group (which ap-
pears also heterogeneous based on the trisomy combinations), some
subgroups can be identified, such as a group characterized by mono-
somies 13 and 14, with frequent 1p deletions, or another one char-
acterized by monosomy 13 and 1q gains (Figure 4). Whether these
subgroups represent different myeloma entities remains to be explored.
Finally, this question has been addressed by using massively par-
allel sequencing. This technique has been very successful in several
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Figure 4. MM subentities defined by SNP array. In this picture of 192 patients with
MM at diagnosis, several subgroups can be identified: monosomies 13 and 14 and
frequent 1p deletions (1); monosomies 13 and 1q gains (2); hyperdiploidy (3); and
within hyperdiploidy, patients with monosomies 13 and lack of trisomy 11 (4). Adapted
from Avet-Loiseau et al*® with permission.
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tumor types to identify unique gene mutations driving the oncogen-
esis of the disease. For instance, in hematology, this approach iden-
tified 2 malignancies that display an almost constant single gene
mutation (ie, MYDS88 in Waldenstrom macroglobulinemia46 and
V660E BRAF mutation in hairy cell leukemia®”). Three major papers
addressed the issue of the mutational landscape of MM using next-
generation sequencing (NGS).*-° The first study analyzed 38 patients
at different stages (diagnosis, relapse) and showed that the distribution
of mutations was widely variable between patients, confirming the
large heterogeneity observed at the clinical or biological level. No
common frequent mutation was observed.*® The median number
of mutations per genome was ~55 to 60, with a very large range
(21-488). When compared with other tumors, MM is in the middle,
between low-mutated tumors such as leukemias and highly mutated
carcinogen-induced tumors.*® Furthermore, all 3 reports showed that
only a few mutations are recurrent, such as NRAS and KRAS mutations.
Some other mutations are observed in a few percent of the patients, but
<30 genes are recurrently mutated in at least 5% of the patients. Of
note, many of these mutations are observed only in subclones, including
genes supposed to act as drivers (NRAS, KRAS, BRAF, for instance).**">°
These data have important implications for the treatment of patients
with specific B-Raf proto-oncogene or MAP kinase-ERK kinase in-
hibitors. Their therapeutic effect should be maximal only in cases where
these driver mutations are present in all tumor cells. Although some of
these mutations may provide sensitivity to specific targeted agents, such
as vemurafenib in patients with BRAF V60OE mutation in myeloma,
the functional impact of some of these mutations remains ill-defined.
Thus a larger mutation-directed therapeutic intervention study will need
to be performed to define their impact. Moreover, innovative methods
need to be developed to measure response, especially response that may
only be directed at the clones carrying the mutation.>' These data are
even strengthened by a recent observation that these supposed driver
mutations are not always expressed at the RNA level, highlighting the
need for future analyses at the protein level. > Some of these sequencing
studies have also further defined the subclonal content and their
evolution over time as well as defined potential mutational signatures
used during progression. These results have raised questions about
what ongoing mechanisms may be operative during clonal evolution.
Animportant need now is to define the role of some of the known DNA
repair mechanisms in inducing clonal change.>

Clinical implications

As demonstrated in most hematologic malignancies, genetic changes
play a major role in prognostication in MM. However, in contrast to
leukemias, no “good-risk” abnormalities have been described so far.
Among the high-risk chromosomal abnormalities, the most powerful
ones are del(17p), t(4;14), and del(1p32).5*>° These abnormalities
impact significantly both progression free survival and overall sur-
vival. Of note, these high-risk factors do not impact response to
therapy, including the del(17p), raising questions about the impact of
del(17p) on TP53. Mutational studies did show that TP53 mutations
are more frequent in patients with del(17p), but only in 30% to 40%
of them.®® Other chromosomal changes do impact survival, such
as 1q gains,®' del(12p),*° or t(14;16). However, their prognostic sig-
nificance is either low (1q gains) or not confirmed in all studies
[del(12p) and t(14;16)]. Regarding other recurrent chromosomal
changes, such as t(11;14) or hyperdiploidy, they are associated with
a standard risk, even though hyperdiploidy is probably heterogeneous
and may contain some good-risk combinations. So far, the identification
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of good-risk patients is essentially based on the absence of high-risk
genetic features, associated with a low B2-microglobulin level.®* In
an ongoing SNP-array study, we showed that genetic abnormalities
represent the major prognostic value, representing 75% of the overall
survival prediction. Preliminary analyses of NGS data did not suggest
that mutations display specific prognostic value, although larger
systematic studies are warranted to clarify this point, especially to detect
the role of subclonal variants of a number of mutations.

These DNA-based approaches and several studies analyzing GEP
have shown the ability to predict patient outcome.****%* Of note, all
these models are defined by various sets of genes with a very limited
number of genes in common. Whether these differences reflect dif-
ferences in the therapeutic schemas used to define the models or just
biomarkers is currently unknown. However, all these models are able to
predict patient survival, even though a recent study did show that GEP
was not able to predict response.** Similar findings were previously
reported with FISH, with high-risk patients presenting similar response
rates as standard-risk patients. Overall, efforts by our group and others
have defined the role of FISH and GEP in developing a prognostic
model, with limited initial contribution from NGS studies. Further
understanding of clonality and clonal evolution may improve these
models in future

Conclusion

Despite the use of the most promising genomic tools (GEP, SNP array,
and NGS), MM remains a very heterogeneous disease, with no unique
common mutation. The NGS studies in the past 5 years have charac-
terized the suclonality concept. Even though NGS data can be con-
sidered disappointing because they do not show common mutations
that could define subentities, they are nevertheless important because
they confirm the wide molecular heterogeneity of the disease and the
frequent occurrence of some supposedly “driver” mutations only in
subclones. This finding is important not only for our understanding of
the biology of these genes in MM, but also for the hope of targeted
therapies. It is clear that improvement in our understanding has been
incremental and not exponential with successive utilization of various
technologies and the molecular dissection of the disease, especially in
the demonstration of suclonality. The objectives of future studies will
be to analyze the 100 to 200 recurrent mutations (clonal or subclonal), in
homogeneously treated cohorts of patients, in order to understand their
significance in the evolution of MM, but also to learn how to deal with
them in order to propose the best treatment to patients.

Acknowledgments

This work was partially supported by the CAPTOR program, and
a National Institutes of Health, National Cancer Institute PO1 grant
(CA 100707-12).

Authorship

Contribution: All authors wrote the manuscript.
Conflict-of-interest disclosure: The authors declare no competing
financial interests.
Correspondence: Hervé Avet-Loiseau, IUCT-Oncopole, CHU,
Toulouse, 31059, France; e-mail: avet-loiseau.h @chu-toulouse.fr.

20z aunr zo uo isenb Aq jpd'0.81/951E8EL/0L8L/ZL/ST | /PA-B]0E/POOIq AU SUOKEDIgNdYSE//:d])Y WOl papeojumog


mailto:avet-loiseau.h@chu-toulouse.fr

BLOOD, 19 MARCH 2015 - VOLUME 125, NUMBER 12

References

GENETICS OF MULTIPLE MYELOMA 1875

Landgren O, Kyle RA, Pfeiffer RM, et al.
Monoclonal gammopathy of undetermined
significance (MGUS) consistently precedes
multiple myeloma: a prospective study. Blood.
2009;113(22):5412-5417.

Weiss BM, Abadie J, Verma P, Howard RS,
Kuehl WM. A monoclonal gammopathy precedes
multiple myeloma in most patients. Blood. 2009;
113(22):5418-5422.

Kuehl WM, Bergsagel PL. Early genetic events
provide the basis for a clinical classification of
multiple myeloma. Hematology Am Soc Hematol
Educ Program. 2005;2005(1):346-352.

Walker BA, Wardell CP, Johnson DC, et al.
Characterization of IGH locus breakpoints in
multiple myeloma indicates a subset of
translocations appear to occur in pregerminal
center B cells. Blood. 2013;121(17):3413-3419.

Martinez-Lopez J, Fulciniti M, Barrio S, et al.
Deep sequencing reveals oligoclonality at the
immunoglobulin locus in multiple myeloma
patients [abstract]. Blood. 2013;122(21).
Abstract 401.

Bergsagel PL, Kuehl WM. Molecular
pathogenesis and a consequent classification of
multiple myeloma. J Clin Oncol. 2005;23(26):
6333-6338.

Dewald GW, Kyle RA, Hicks GA, Greipp PR.
The clinical significance of cytogenetic studies in
100 patients with multiple myeloma, plasma cell
leukemia, or amyloidosis. Blood. 1985;66(2):
380-390.

Sawyer JR, Waldron JA, Jagannath S, Barlogie B.
Cytogenetic findings in 200 patients with multiple
myeloma. Cancer Genet Cytogenet. 1995;82(1):

41-49.

Lai JL, Zandecki M, Mary JY, et al. Improved
cytogenetics in multiple myeloma: a study of 151
patients including 117 patients at diagnosis.
Blood. 1995;85(9):2490-2497.

. Calasanz MJ, Cigudosa JC, Odero MD, et al.

Cytogenetic analysis of 280 patients with multiple
myeloma and related disorders: primary
breakpoints and clinical correlations. Genes
Chromosomes Cancer. 1997;18(2):84-93.

. Smadja NV, Bastard C, Brigaudeau C, Leroux D,

Fruchart C; Groupe Francais de Cytogénétique
Hématologique. Hypodiploidy is a major
prognostic factor in multiple myeloma. Blood.
2001;98(7):2229-2238.

Dastugue N, Suciu S, Plat G, et al. Hyperdiploidy
with 58-66 chromosomes in childhood B-acute
lymphoblastic leukemia is highly curable: 58951
CLG-EORTC results. Blood. 2013;121(13):
2415-2423.

Bergsagel PL, Chesi M, Nardini E, Brents LA,
Kirby SL, Kuehl WM. Promiscuous translocations
into immunoglobulin heavy chain switch regions in
multiple myeloma. Proc Nat/ Acad Sci USA. 1996;
93(24):13931-13936.

Nishida K, Tamura A, Nakazawa N, et al. The
Ig heavy chain gene is frequently involved in
chromosomal translocations in multiple myeloma
and plasma cell leukemia as detected by in situ
hybridization. Blood. 1997;90(2):526-534.

. Avet-Loiseau H, Li JY, Facon T, et al. High

incidence of translocations t(11;14)(q13;932) and
t(4;14)(p16;932) in patients with plasma cell
malignancies. Cancer Res. 1998;58(24):
5640-5645.

Fonseca R, Debes-Marun CS, Picken EB, et al.
The recurrent IgH translocations are highly
associated with nonhyperdiploid variant multiple
myeloma. Blood. 2003;102(7):2562-2567.

. Chesi M, Bergsagel PL, Brents LA, Smith CM,

Gerhard DS, Kuehl WM. Dysregulation of cyclin

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

D1 by translocation into an IgH gamma switch
region in two multiple myeloma cell lines. Blood.
1996;88(2):674-681.

Chesi M, Nardini E, Brents LA, et al. Frequent
translocation t(4;14)(p16.3;932.3) in multiple
myeloma is associated with increased expression
and activating mutations of fibroblast growth
factor receptor 3. Nat Genet. 1997;16(3):260-264.

Chesi M, Nardini E, Lim RSC, Smith KD, Kuehl
WM, Bergsagel PL. The t(4;14) translocation in
myeloma dysregulates both FGFR3 and a novel
gene, MMSET, resulting in IgH/MMSET hybrid
transcripts. Blood. 1998;92(9):3025-3034.

Santra M, Zhan F, Tian E, Barlogie B,
Shaughnessy J Jr. A subset of multiple myeloma
harboring the t(4;14)(p16;932) translocation lacks
FGFR3 expression but maintains an IGH/MMSET
fusion transcript. Blood. 2003;101(6):2374-2376.

Keats JJ, Reiman T, Maxwell CA, et al. In multiple
myeloma, t(4;14)(p16;932) is an adverse
prognostic factor irrespective of FGFR3
expression. Blood. 2003;101(4):1520-1529.

Hebraud B, Magrangeas F, Cleynen A, et al.
Role of additional chromosomal changes in the
prognostic value of t(4;14) and del(17p) in multiple
myeloma: the IFM experience. Blood. In press.

Martinez-Garcia E, Popovic R, Min DJ, et al. The
MMSET histone methyl transferase switches
global histone methylation and alters gene
expression in t(4;14) multiple myeloma cells.
Blood. 2011;117(1):211-220.

Chesi M, Bergsagel PL, Shonukan OO, et al.
Frequent dysregulation of the c-maf proto-
oncogene at 16923 by translocation to an Ig locus
in multiple myeloma. Blood. 1998;91(12):
4457-4463.

Hurt EM, Wiestner A, Rosenwald A, et al.
Overexpression of c-mafis a frequent oncogenic
event in multiple myeloma that promotes
proliferation and pathological interactions with
bone marrow stroma. Cancer Cell. 2004;5(2):
191-199.

Hanamura |, lida S, Akano Y, et al. Ectopic
expression of MAFB gene in human myeloma
cells carrying (14;20)(q32;q11) chromosomal
translocations. Jpn J Cancer Res. 2001;92(6):
638-644.

Bergsagel PL, Kuehl WM, Zhan F, Sawyer J,
Barlogie B, Shaughnessy J Jr. Cyclin D
dysregulation: an early and unifying pathogenic
event in multiple myeloma. Blood. 2005;106(1):
296-303.

Avet-Loiseau H, Attal M, Moreau P, et al. Genetic
abnormalities and survival in multiple myeloma:
the experience of the Intergroupe Francophone
du Myélome. Blood. 2007;109(8):3489-3495.

Hanamura |, Stewart JP, Huang Y, et al. Frequent
gain of chromosome band 1g21 in plasma-cell
dyscrasias detected by fluorescence in situ
hybridization: incidence increases from MGUS to
relapsed myeloma and is related to prognosis and
disease progression following tandem stem-cell
transplantation. Blood. 2006;108(5):1724-1732.

Avet-Loiseau H, Li C, Magrangeas F, et al.
Prognostic significance of copy-number
alterations in multiple myeloma. J Clin Oncol.
2009;27(27):4585-4590.

Annunziata CM, Davis RE, Demchenko Y, et al.
Frequent engagement of the classical and
alternative NF-kappaB pathways by diverse
genetic abnormalities in multiple myeloma.
Cancer Cell. 2007;12(2):115-130.

Keats JJ, Fonseca R, Chesi M, et al. Promiscuous
mutations activate the noncanonical NF-kappaB
pathway in multiple myeloma. Cancer Cell. 2007;
12(2):131-144.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Walker BA, Leone PE, Jenner MW, et al.
Integration of global SNP-based mapping

and expression arrays reveals key regions,
mechanisms, and genes important in the
pathogenesis of multiple myeloma. Blood. 2006;
108(5):1733-1743.

Affer M, Chesi M, Chen WD, et al. Promiscuous
MYC locus rearrangements hijack enhancers but
mostly super-enhancers to dysregulate MYC
expression in multiple myeloma. Leukemia. 2014;
28(8):1725-1735.

Magrangeas F, Avet-Loiseau H, Gouraud W, et al.
Minor clone provides a reservoir for relapse in
multiple myeloma. Leukemia. 2013;27(2):
473-481.

Keats JJ, Chesi M, Egan JB, et al. Clonal
competition with alternating dominance in multiple
myeloma. Blood. 2012;120(5):1067-1076.

Egan JB, Shi CX, Tembe W, et al. Whole-genome
sequencing of multiple myeloma from diagnosis to
plasma cell leukemia reveals genomic initiating
events, evolution, and clonal tides. Blood. 2012;
120(5):1060-1066.

Hébraud B, Caillot D, Corre J, et al. The
translocation t(4;14) can be present only in minor
subclones in multiple myeloma. Clin Cancer Res.
2013;19(17):4634-4637.

Alizadeh AA, Eisen MB, Davis RE, et al. Distinct
types of diffuse large B-cell lymphoma identified
by gene expression profiling. Nature. 2000;
403(6769):503-511.

Abramson JS, Shipp MA. Advances in the biology
and therapy of diffuse large B-cell lymphoma:
moving toward a molecularly targeted approach.
Blood. 2005;106(4):1164-1174.

Zhan F, Hardin J, Kordsmeier B, et al. Global
gene expression profiling of multiple myeloma,
monoclonal gammopathy of undetermined
significance, and normal bone marrow plasma
cells. Blood. 2002;99(5):1745-1757.

Zhan F, Huang Y, Colla S, et al. The molecular
classification of multiple myeloma. Blood. 2006;
108(6):2020-2028.

Broyl A, Hose D, Lokhorst H, et al. Gene
expression profiling for molecular classification of
multiple myeloma in newly diagnosed patients.
Blood. 2010;116(14):2543-2553.

Amin SB, Yip WK, Minvielle S, et al. Gene
expression profile alone is inadequate in
predicting complete response in multiple
myeloma. Leukemia. 2014;28(11):2229-2234.

Carrasco DR, Tonon G, Huang Y, et al. High-
resolution genomic profiles define distinct clinico-
pathogenetic subgroups of multiple myeloma
patients. Cancer Cell. 2006;9(4):313-325.

Treon SP, Xu L, Yang G, et al. MYD88

L265P somatic mutation in Waldenstréom’s
macroglobulinemia. N Engl J Med. 2012;367(9):
826-833.

Tiacci E, Trifonov V, Schiavoni G, et al. BRAF
mutations in hairy-cell leukemia. N Engl J Med.
2011;364(24):2305-2315.

Chapman MA, Lawrence MS, Keats JJ, et al.
Initial genome sequencing and analysis of
multiple myeloma. Nature. 2011;471(7339):
467-472.

Bolli N, Avet-Loiseau H, Wedge DC, et al.
Heterogeneity of genomic evolution and
mutational profiles in multiple myeloma. Nat
Commun. 2014;5:2997.

Lohr JG, Stojanov P, Carter SL, et al; Multiple
Myeloma Research Consortium. Widespread
genetic heterogeneity in multiple myeloma:
implications for targeted therapy. Cancer Cell.
2014;25(1):91-101.

20z aunr zo uo isenb Aq jpd'0.81/951E8EL/0L8L/ZL/ST | /PA-B]0E/POOIq AU SUOKEDIgNdYSE//:d])Y WOl papeojumog



1876

51.

52.

53.

54.

55.

CORRE et al

Andrulis M, Lehners N, Capper D, et al. Targeting
the BRAF V600E mutation in multiple myeloma.
Cancer Discov. 2013;3(8):862-869.

Rashid NU, Sperling AS, Bolli N, et al.
Differential and limited expression of mutant
alleles in multiple myeloma. Blood. 2014;
124(20):3110-3117.

Shammas MA, Shmookler Reis RJ, Koley H,
Batchu RB, Li C, Munshi NC. Dysfunctional
homologous recombination mediates genomic
instability and progression in myeloma. Blood.
2009;113(10):2290-2297.

Chang H, Sloan S, Li D, et al. The t(4;14)
is associated with poor prognosis in
myeloma patients undergoing autologous
stem cell transplant. Br J Haematol. 2004;
125(1):64-68.

Gutiérrez NC, Castellanos MV, Martin ML, et al;
GEM/PETHEMA Spanish Group. Prognostic and
biological implications of genetic abnormalities in
multiple myeloma undergoing autologous stem
cell transplantation: t(4;14) is the most relevant
adverse prognostic factor, whereas RB deletion

56.

57.

58.

59.

BLOOD, 19 MARCH 2015 - VOLUME 125, NUMBER 12

as a unique abnormality is not associated with
adverse prognosis. Leukemia. 2007;21(1):
143-150.

Gertz MA, Lacy MQ, Dispenzieri A, et al.
Clinical implications of t(11;14)(q13;932),
(4;14)(p16.3;932), and -17p13 in myeloma
patients treated with high-dose therapy. Blood.
2005;106(8):2837-2840.

Moreau P, Attal M, Garban F, et al; SAKK;
IFM Group. Heterogeneity of t(4;14) in multiple
myeloma. Long-term follow-up of 100 cases
treated with tandem transplantation in IFM99
trials. Leukemia. 2007;21(9):2020-2024.

Fonseca R, Blood E, Rue M, et al. Clinical and
biologic implications of recurrent genomic
aberrations in myeloma. Blood. 2003;101(11):
4569-4575.

Hebraud B, Leleu X, Lauwers-Cances V, et al.
Deletion of the 1p32 region is a major
independent prognostic factor in young patients
with myeloma: the IFM experience on 1195
patients. Leukemia. 2014;28(3):675-679.

60.

61.

62.

63.

Lodé L, Eveillard M, Trichet V, et al. Mutations in
TP53 are exclusively associated with del(17p) in
multiple myeloma. Haematologica. 2010;95(11):
1973-1976.

Fonseca R, Van Wier SA, Chng WJ, et al.
Prognostic value of chromosome 1g21 gain by
fluorescent in situ hybridization and increase
CKS1B expression in myeloma. Leukemia. 2006;
20(11):2034-2040.

Avet-Loiseau H, Attal M, Campion L, et al. Long-
term analysis of the IFM 99 trials for myeloma:
cytogenetic abnormalities [t(4;14), del(17p), 1q
gains] play a major role in defining long-term
survival. J Clin Oncol. 2012;30(16):1949-1952.

Decaux O, Lodé L, Magrangeas F, et al;
Intergroupe Francophone du Myélome. Prediction
of survival in multiple myeloma based on gene-
expression profiles revealed cell cycle and
chromosomal instability signatures in high-risk
patients and hyperdiploid signatures in low-risk
patients: a study of the Intergroupe Francophone
du Myélome. J Clin Oncol. 2008;26(29):
4798-4805.

20z aunr zo uo isenb Aq jpd'0.81/951E8EL/0L8L/ZL/ST | /PA-B]0E/POOIq AU SUOKEDIgNdYSE//:d])Y WOl papeojumog



