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Abstract

Much has been learned regarding the biology and clinical implications
of genetic abnormalities in multiple myeloma. Because of recent advances
in the field, an International Workshop was held in Paris in February of
2003. This summary describes the consensus recommendations arising
from that meeting with special emphasis on novel genetic observations.
For instance, it is increasingly clear that translocations involving the
immunoglobulin heavy-chain locus are important for the pathogenesis of
one-half of patients. As a corollary, it also clear that the remaining
patients, lacking IgH translocations, have hyperdiploidy as the hallmark
of their disease. Several important genetic markers are associated with a
shortened survival such as chromosome 13 monosomy, hypodiploidy, and
others. The events leading the transformation of the monoclonal gam-
mopathy of undetermined significance (MGUS) to myeloma are still un-
clear. One of the few differential genetic lesions between myeloma and
MGUS is the presence of ras mutations in the latter. Gene expression
platforms are capable of detecting many of the genetic aberrations found
in the clonal cells of myeloma. Areas in need of further study were
identified. The study of the genetic aberrations will likely form the plat-
form for targeted therapy for the disease.

Introduction

Multiple and complex chromosomal abnormalities are present in
the clonal plasma cells (PCs) of multiple myeloma (MM; Refs. 1–3).
Using interphase fluorescence in situ hybridization (FISH), we now
know that chromosomal abnormalities are nearly universal and are
early events in the PC neoplasms (2–7). The biology associated with
these abnormalities and reported recurrent prevalence favors their
participation in the process of disease pathogenesis (8, 9). To review
the present status of our knowledge of the genetic basis of MM and to
identify areas in need of further study, a meeting was held in Paris,
France, in February 2003. This article reports on the discussions held
at this meeting.

The rekindled interest in the role of specific genetic aberrations in
the outcome of MM was sparked by reports showing clinical impli-

cations for karyotype abnormalities (1, 10–13). Much has been
learned, but a major challenge for the future will be the integration of
the available genetic information into a coherent model of disease
initiation and progression.

Biology of the Stages of the PC Neoplasms

MGUS. Monoclonal gammopathy of undetermined significance
(MGUS) is a stable premalignant PC tumor that can progress to
frankly malignant MM at a rate of 0.5–3% per year, depending on the
level of monoclonal immunoglobulin (14). Several clinical definitions
for MGUS have been proposed, but not one is universally accepted
(14). A recent publication has reached a clinical consensus definition
for these disorders (15). Although some definitions have inherent
clinical usefulness, much discussion occurred with regard to the best
biological definition of MGUS. It is easier to discern the clinical
differences (tumor mass, secondary effects) between MGUS and MM
than the intrinsic biological differences between the two states. That
being said, there are intrinsic properties (myc abnormalities, ras
mutations, p53 mutations) that appear to distinguish advanced MM, so
that what is missing are intrinsic differences that distinguish the tumor
cells of MGUS and early stages of MM. The detection of an abnormal
karyotype in MM is highly correlated with an elevated PC labeling
index and tumor burden, reflective of a higher mitotic rate, and also
with tumor burden as manifested by a higher bone marrow plasma-
cytosis (16).

MGUS is state of discrete expansion of a monoclonal population of
PCs. It has been accepted that this expansion should not exceed 10%
of the marrow cellularity, although significant variability of bone
marrow sampling exists (14, 17). It is generally accepted that a serum
monoclonal protein should be at a concentration of �3 g/dl (14).
Although this upper limit could be considered as too high for patients
with IgA MGUS, it was accepted that using a 3-g/dl for all patients is
appropriate. There is no minimal concentration currently required to
make the diagnosis of MGUS, and this has been traditionally dictated
by the sensitivity of the screening tests (i.e., electrophoresis versus
immunofixation, and so forth). Recent work has shown that the risk of
progression form MGUS to MM increases with increasing concentra-
tion of the monoclonal proteins (14).

Both MGUS and MM result from clonal proliferation and expan-
sion of PCs. It has been accepted that at least 5 � 109 need be present
for a monoclonal protein to be detectable in the serum, thus requiring
at least 30 cell doublings (18, 19). A 2log or 2–3log further expansion
is usually lethal (1–5 � 1012 cells). Therefore, considerable clonal
expansion occurs in both MGUS and MM, the former stabilizing
before producing clinical symptoms.

It was also recognized that more sensitive means to detect MM
complications could have clinical utility but will not be required to
include patients in biology studies of MGUS. For instance, although
magnetic resonance imaging may detect otherwise occult bone le-
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sions, this is usually not necessary for routine testing of patients. It
was also recognized that the best test for an accurate diagnosis of
MGUS (as compared with MM) is disease stability over a period of
time after detection (6–12 months; Refs. 7, 14, 17, 20–23). By
applying this criterion, a very small percentage of true MGUS with
progression to MM would be missed (�2%), but most cases of early
MM would be eliminated. The problem is that this criterion can only
be applied retrospectively, but having such information in relevant
publications would be of use for the interpretation of the data.

It is of critical importance to differentiate IgM-MGUS from other
isotype MGUS (non-IgM-MGUS; Refs. 14, 24). The former is only
rarely involved in transformation to MM and more commonly is
associated with Waldenström macroglobulinemia and other lympho-
proliferative disorders. In contrast, patients with IgG and IgA MGUS
are those at risk of evolution to MM (14). In studies addressing the
biology of MGUS and its relation to MM it is imperative to study only
those with non-IgM MGUS.

Asymptomatic MM or SMM. Smoldering MM (SMM) is an
intermediate entity between MGUS and active MM (25). Scant infor-
mation is available with regard to the biology and natural history of
SMM (17, 26, 27). Likewise, the biological differences between
MGUS and SMM are not well defined. It was agreed at the meeting
that SMM represents a modest proliferation of monoclonal PCs, but
that this proliferation does not interfere with normal bodily functions
of the patient. Commonly accepted criteria include having a bone
marrow plasmacytosis in excess of 10% but, in most cases, not
exceeding 30%. Most patients with SMM have a serum monoclonal
protein �3 g/dl, but the rate of immunoglobulin synthesis is variable
and not necessarily predictive of the marrow plasmacytosis (25).
Patients with SMM should not have any of the after complications
ascribed to the clonal PC proliferation: anemia, renal failure, bone
destruction, or hypercalcemia. There is a spectrum of patients with
SMM. Some patients probably represent early active MM and require
therapy shortly after diagnosis is made. On the contrary, other patients
can have prolonged periods of stability without treatment despite
moderate expansion of the monoclonal PCs.

MM. MM is clinically defined when a PC neoplasm results in
clinical complications (28). Most patients have evidence of marrow
infiltration (almost always �10% and more commonly �30% of the
bone marrow cellularity). MM is a heterogeneous disorder, and the
designation MM may encompass several related entities that share
the common characteristic of being composed of monoclonal PCs.

De novo MM has been proposed as a state in which patients have
MM without a known antecedent history of MGUS (29). In the
majority of cases, no screening before a diagnosis of MM has been
done and it is difficult to know at present whether only a fraction or
the majority of MM cases has a preexisting MGUS. However, some
epidemiology studies suggest that, in most cases with MM, a preex-
isting MGUS is almost always present (30).12 This is in need of
further study because it has clear implications for the full biological
understanding of the disease.

Bone Marrow Examination. A serious limitation for the clinical
care and understanding of MGUS and SMM has been the infrequent
collection of bone marrow samples in these patients. Because of the
imprecise correlation of the monoclonal protein concentration and the
clone burden of the bone marrow, it is difficult at present to determine
what is the natural history of patients with SMM. It is likely that at
least some historical patients diagnosed with MGUS who did not have
a bone marrow examination may in fact have SMM. It is possible,
then, that the actual rate of progression of true MGUS to MM may be

lower if one excludes patients with a �10% plasmacytosis of the bone
marrow. In some cases, the discontinuous nature of the infiltrates may
under (or over)-estimate the actual plasmacytosis. In other cases, the
clonal cells produce small amounts of the monoclonal protein, and
extensive marrow infiltrates are possible in patients with lower con-
centration monoclonal proteins. We suspect that progression from
MGUS to MM is not merely a stochastic process, but one for which
there is differential risk of progression, depending on the specific
molecular genetic abnormalities. We recommended obtaining bone
marrow examinations in all patients with suspected PC neoplasms for
their accurate diagnostic classification.

Methodologies

Methods of Sorting. Although multiple methods of sorting are
available to enrich PC populations, the most practical and widely
available is the one using CD138� magnetic microbeads (31). This
method appears to be reliable, although significant interuser variabil-
ity exists with regard to purity and yield. This method does not
distinguish normal and tumor PC. Although in some MM cases, cell
subpopulations may be negative for the surface marker CD138�

(likely apoptotic cells), the group accepted the positive sort fraction as
highly representative of the clone, and suitable for most genetic
studies (32). In slide-based assays, the immune-fluorescent detection
of immunoglobulin (usually light-chain)-restricted cells provides a
useful way of distinguishing tumor and normal PC from other kinds of
cells (e.g., as in cIg-FISH or FICTION; Ref. 33).

Conventional Cytogenetics. Understanding the biology of MM
genetics lagged behind other hematological malignancies because of
the low yield for karyotype abnormalities from MM bone marrow
samples (34). In most cases (50–70%), the karyotype reveals normal
metaphases that originate from the myeloid elements (1, 11, 12, 16,
34–38).

Even among patients with abnormal karyotypes, some of the most
important aberrations may be cryptic (39–41). For instance, the
t(4;14)(p16.3;q32) was not recognized as present in MM karyotypes,
even when it is seen in 15–20% of patients (39, 40). Likewise, the
t(14;16)(q32;q23) may be difficult to detect using G-banding without
the use of specialized techniques.

In contrast, the karyotype will be highly sensitive for the detection
of numerical chromosomal abnormalities (1, 11, 12, 34–38). Accord-
ing to this detection, patients can be accurately classified into the
specific ploidy categories (1, 11, 12, 34–38). The karyotype informa-
tion has been thought to be reliable for the detection of chromosome
13 abnormalities (�13) including interstitial deletion and monosomy.
The karyotype is limited in that it cannot describe possible heteroge-
neity within a population of clonal cells.

Metaphase Spectral Karyotype Imaging/Multicolor-FISH
(SKY/M-FISH) and CGH. In an effort to improve on the accuracy
of conventional karyotype analysis, other methods of investigation
have been attempted. Multicolor metaphase FISH has been used to
provide greater details of complex karyotypes (41–43). This tech-
nique is still limited by the need of the cell to undergo mitosis.
Another interphase technique is comparative genomic hybridization
(CGH). However, CGH allows only for the detection of net DNA gain
or loss and cannot detect balanced structural abnormalities, and it
needs to be done with purified cell populations. CGH has been used
to study MM, and several areas of recurrence have been identified
(44–47)

FISH. MM has also been successfully studied by interphase FISH,
because this is an assay that can be done in nondividing cells (2–6,
48–52). FISH has been applied for the study of trisomies/mono-
somies, �13 and 17p13.1 and translocations involving the immuno-12 Robert A. Kyle, personal communication, February 2003.
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globulin heavy-chain locus (IgH) and immunoglobulin �-light chain
locus (IgL-�). FISH signals are generally of lower intensity in the
clonal PCs as compared with other cellular elements of the bone
marrow.

Estimating the prevalence of chromosomal abnormalities, inter-
phase FISH is best done in purified cells (e.g., CD138� microbead
selection) or using simultaneous immunofluorescence (4, 7, 33, 49–
57). Both techniques are highly recommended for the study of MM,
but mandatory for the study of PC conditions with a low percentage
plasmacytosis (7, 20, 48, 58).

Translocations may be detected by either a “break apart” strategy
that detects any IgH translocation using probes that localize to the
variable and the constant IgH region (VH/CH; Refs. 7, 54;). Available
FISH probe strategies (59) make the interpretation of the VH/CH

strategy technically demanding and prone to false-positive errors. The
rearranged VH allele can result in weak FISH signals that may be
difficult to detect. Translocations can also be detected by a “fusion”
strategy that results in colocalization of FISH signals with probes for
the regions of interest (4, 7, 20, 49, 53, 54, 56). In this strategy, probes
localizing to chromosomes involved in translocations (e.g., 11q13 or
16q23) are cohybridized with probes that localize to 14q32 and are
labeled with a different fluorophore. The fusion of these probes is
considered indicative of a translocation. Because of the recently
recognized unbalanced nature of immunoglobulin translocations in
MM it is desirable to have FISH probes that enable a double fusion
strategy (60, 61).

The scoring criteria have been variable but a “cutoff” value of 10%
abnormal cells has been used by most groups, and FISH is regarded
as sensitive and highly specific for most assays. This number has been
derived from the repeated observations that the mean plus three SDs
is usually close to the 10% cutoff. It may be difficult to avoid skewing
toward the extremes when scoring FISH tests. That is, once observers
start seeing a common pattern for the FISH signal (normal or abnor-
mal), they are more likely to confidently ascribe subsequent scored
cells in the same diagnostic category. All FISH probes must be
validated using positive and negative controls. By using FISH, a
primary event should be detectable in nearly 100% of sorted cells.

Microarray Technology (RNA Gene Expression). The advent of
gene expression profiling has revolutionized the study of genetic
abnormalities associated with disease pathogenesis and clinical im-
plications (62–65). Gene expression profiling has been used for the
molecular classification of MM and to study its relation to preexisting
benign disorders. Most investigators now use fluorescent or radioac-
tive labeled cDNA or oligonucleotide arrays that enable the investi-
gator to simultaneously detect thousands of genes (62–66).

The study of gene expression profiling has initially focused on
purified PC populations but is quickly expanding to obtain a complete
picture of the bone marrow microenvironment (62–65). Recent stud-
ies have suggested that for some studies adequate RNA samples may
be obtained from samples that are appropriately collected and shipped
overnight to reference laboratories (31).13

Gene expression profiling carries the possibility that many of the
chromosome abnormalities currently detected only by other method-
ologies may also be detected using profiling methods. This will need
validation by the many research centers engaged in the study of MM
genetics. Although there currently are no specific clinical implications
associated with the use of gene expression profiling, it is quite likely
that, with additional follow-up information, specific prognostic fea-
tures will be identified (62–65).

Aneuploidy

Prevalence. MM is characterized by the frequent occurrence of
aneuploidy (1–3, 5, 6, 34, 35, 37, 38, 67).14 It was initially believed
that trisomies were more common than monosomies in MM, but the
opposite is true. The most common trisomies are 3, 5, 7, 9, 11, 15, 19,
and 21. The most common monosomies are 13, 14, 16, and 22. No
specific numerical chromosomal abnormality is constant or predictive
of disease progression. The prevalence of aneuploidy is independent
of stage (i.e., MGUS versus MM; Refs. 5, 21, 22, 36, 58, 68–70).
Globally, aneuploidy analysis segregates patients into four subcate-
gories: hypodiploid, pseudodiploid, hyperdiploid, and near tetraploid
(the last also referred to as the hypotetraploid; Refs. 11, 12, 38, 71).
The cutoff values for the different categories have varied but can
include the following: hypodiploid up to 44–45 chromosomes,
pseudodiploid 44/45 to 46/47 chromosomes, hyperdiploid greater than
46/47 chromosomes, and near tetraploid as 75 or more chromosomes
(11, 12, 38, 71). With the DNA index as marker of ploidy, the
following cutoff values have been used: hypodiploid �0.95, pseudo-
diploid 0.95 to 1.05, hyperdiploid �1.05, and near-tetraploid as close
to 2.0 but most commonly as �1.75 (67, 72–74).

Hyperdiploid versus Nonhyperdiploid MM. A detailed analysis
of numerical chromosome abnormalities in MM reveals specific pat-
terns of association (11, 12, 38). The near-tetraploid appear to repre-
sent 4N duplications that are often present with cells having pseudo-

13 H. Avet-Loiseau, personal communication, February 2003.
14 R. Fonseca, G. W. Dewald, G. J. Ahmann, R. J. Bailey, D. M. Larson, T. M.

Therneau, M. Børset, C. Seidel, J. D. Hoyer, S. V. Rajkumar, A. Dispenzieri, M. Q. Lacy,
J. A. Lust, T. E. Witzig, M. A. Gertz, R. A. Kyle, P. R. Greipp, and S. M. Jalal.
Aneuploidy is universal and clonally restricted in plasma cell dyscrasias, manuscript in
preparation.

Table 1 Prevalence and effect on survival of chromosome 13 abnormalities (�13)a

Authors
Total no. of

patients
% with

abnormality

Median overall survival Median progression-free survival
Independent
significanceMonths P Months P

Interphase FISHb

Fonseca et al., Ref. ? 325 54 34.9 0.021 24.7 0.03 Yes
51.0 33.0

Zojer et al., Ref. 83 97 46 24.2 �0.005 NA NA Yes
�60.0

Perez-Simon et al., Ref. 77 48 33 14.0 0.0012 NA NA Yes
60.0

Facon et al., Ref. 84 110 38 27.9 �0.0001 17.0 0.0005 Yes
65.0 33.0

Conventional cytogenetics
Tricot et al., Ref. 90 155 14c 29.0 0.001 22.0 0.001 Yes

�50.0 43.0
Desikan et al., Ref. 87 1000 16c 16.0 �0.001 NA NA Yes

44.0
a Chromosome 13 monosomy is detected in about 50% of abnormal karyotypes (same prevalence of that detected in interphase FISH). Because abnormal karyotypes are observed

in 15–30% of patients, this means that 13 monosomy by karyotype is usually observed in 7–15% of patients.
b FISH, fluorescence in situ hybridization; NA, not available.
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diploid or hypodiploid karyotypes (11, 12, 38). Because of this, the
near tetraploid have been classified together with the hypodiploid and
pseudodiploid MM as nonhyperdiploid MM (11, 12, 38). The nonhy-
perdiploid MM is characterized by a very high prevalence of IgH
translocations (�85%) whereas IgH translocations are less common
in the hyperdiploid MM (�30%; Refs. 38, 75, 76. The association is
primarily evident for the three main recurrent IgH translocations
(4p16.3, 11q13, and 16q23). Likewise, chromosome 13 monosomy is
more common in patients with nonhyperdiploid karyotype (38, 76). In
addition to IgH rearrangements, the hyperdiploid MM harbor, in
general, a lower prevalence of structural chromosome abnormalities
(median, 4.7 breaks per karyotype as compared with 8.7 breaks per
karyotype in the hypodiploid patients; Ref. 76).

What Occurs First: Aneuploidy or Translocations? It is not
clear whether IgH translocations or aneuploidy occurs first in the PC
neoplasms. Both genetic aberrations are seen in the very early stages
of the PC disorders and no clear pattern is evident. The high preva-
lence of �13 among patients with the t(4;14)(p16.3;q32) and t(14;
16)(q32;q23) suggests primacy for �13, but it is also possible that
these IgH translocations allow �13 to be “tolerated” by the cell
(4, 51).

Patterns of Involvement. The percentage of PCs harboring tri-
somies at any given time is variable and reflects ongoing genomic
instability (5, 22, 58, 69). Several studies have shown this in MM, but
additional work is needed for MGUS (5, 22, 58, 69). Preliminary
evidence suggests that greater heterogeneity is seen in MGUS and
may be reflective of less stability at this stage. Little information is
available with serial testing of patients with MM or MGUS. However,
two studies have shown the nonhyperdiploid and hyperdiploid cate-
gories are stable over time, although the various percentages of
specific trisomies suggest that individual chromosomes may drift
(67, 74).

Clinical Implications of Ploidy (Excluding �13). In some stud-
ies, the presence of certain trisomies (6, 9, and 17) was associated with
an improved survival (77), likely because of their association with the
hyperdiploid MM. Several groups have shown that ploidy category
has a significant impact on the prognostication of patients. Hypodip-
loid MM is associated with a shorter survival (11, 38, 72, 78–80).
Hypodiploidy has been found to supersede �13 as a prognostic
marker in some studies but not in others (11, 38, 80). When DNA
ploidy has been determined by DNA content, the prognostic implica-
tions are not seen because of the inability of the DNA index to
discriminate hypodiploid MM from pseudodiploid MM, and in most
cytogenetic studies, these two groups are pooled. Because the high-
risk IgH translocations seem to be overrepresented in patients with
hypodiploid MM, this may imply that some of the negative prognostic
effect of hypodiploidy in MM may be caused by the presence of these
adverse cytogenetic features (75, 76.

The finding of chromosome aberrations seen in myelodysplasia in
MM samples, within the PC clone, has been found to be associated
with a shorter survival. This is predominantly seen in patients with
prior therapy and might be therapy-induced

Chromosome 13 Abnormalities (�13)

Prevalence and Biology. �13 are highly prevalent in MM and
other PC disorders (20, 81, 82). �13 were originally detected in
�50% of patients with abnormal karyotypes, so that it was detectable
in 10–20% of all patients (37, 41, 42). The prevalence of �13 is the
same when these abnormal karyotypes have been studied by multi-
color metaphase FISH (e.g., SKY; Refs. 37, 41, 42). �13 were
originally not described in MGUS or SMM, probably because of the
difficulty in obtaining clonal metaphases.

With the use of interphase FISH, it is now clear that �13 will occur
in all stages of the PC neoplasms including MGUS and SMM (7, 20,
83, 84). The reported prevalence in MM is 30–55% when interphase
FISH has been applied (7, 20, 83, 84). The prevalence of �13 in MM
reported by the different investigators is by necessity linked to the
method of detection. Recent information suggests �13 are seen in
50% of patients (50).

Conflicting reports exist with regard to the actual prevalence of the
abnormality in MGUS (7, 20, 57, 85). Some report a substantially
lower incidence in MGUS as compared with MM (�25%; Ref. 20),
whereas others show near identical prevalence (�50%; Refs. 7, 57).
The former prevalence would imply that �13 may be involved in the
progression of MGUS to MM, whereas the latter strongly suggests
that �13 are initiation and not progression events. One group sug-
gested that the presence of �13 in MM may be related to whether MM
is de novo MGUS or associated with a transition from MGUS (29).
Detailed studies to resolve these discrepancies are needed.

Area of Deletion. The minimal area of deletion has not been
precisely mapped for chromosome 13 (52, 55, 86). In most cases these
abnormalities present monosomy of chromosome 13 (52, 55). How-
ever, available karyotypic data suggest that interstitial deletions, pre-
dominately involving band 13q14 are also observed (1, 37, 42, 86).
Two detailed FISH studies show that, in most cases (80–90%),
interphase FISH-detected �13 is representative of chromosome 13
monosomy, whereas the remaining 15% of cases have interstitial
deletions (52, 55). Bi-allelic deletions seem to be rare. Most of these
studies have not ruled out the possibility that other loci may be
involved in deletions in MM, even bi-allelic ones.

Percentage of Abnormal Cells in Patients with �13 (Heteroge-
neity?). The percent of abnormal PCs with �13 when tested by FISH
has shown various degrees of involvement according to the different
reported studies (52, 55, 83, 86). In some studies, the median per-
centage of abnormal PCs has been close to 90%, whereas in some
others it is closer to 75% (52, 55, 83, 86). It seems possible that these
interstudy differences reflect technical limitations. In any case, this
abnormality is present in most, perhaps all, of the tumor cells in most
of the MM tumors having this abnormality. Nonetheless, it remains to
be determined whether there are tumors with significant heterogeneity
that reflects ongoing clonal evolution. Clearly, additional studies,
including serial analyses, are needed to resolve this issue.

The situation is less clear in MGUS, in which the correct identifi-
cation of the clonal PCs is more difficult than in MM because of the
low fraction of PCs and the coexistence of the clonal tumor cells with
normal polyclonal PCs (7, 20, 57). Probably because of technical
reasons, the actual percentage of clonal PCs with �13 in MGUS is not
clearly defined.

Is it an Important Chromosome or Is it a Marker? Several
pieces of evidence suggest that �13 is not merely a marker of
hypodiploid variant MM but that rather its loss confers unique bio-
logical features to the cells, supporting their clonal expansion. Some
of the supporting facts include the following. Gene expression pro-
filing of patients with and without �13 is associated with very specific
patterns of genetic alterations (mostly down-regulation). At this time,
�13 have been reported by several groups as recurrent and in similar
proportions of patients (albeit with the aforementioned discrepancies
to be resolved; Table 1 and Refs. 52, 55, 83, 86). Chromosome 13 is
associated with very specific clinical implications (50, 83, 84, 87–89).
Although still being resolved, it appears there is evidence for clonal
selection of cells with �13. Lastly, chromosome 13 trisomy is ex-
ceedingly rare (1, 3, 42, 52, 55).

In contrast, other facts argue for the possibility that �13 may be
merely a surrogate marker of hypodiploid MM. Hypodiploid MM and
�13 are associated, but the associations are not absolute, and up to
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40% of MM with hypodiploidy will lack �13 (11, 38, 80, 89). Other
monosomies that are also associated with hypodiploid MM are also
associated with an inferior outcome in patients with MM (38). It
seems critical to distinguish the presence and prognostic significance
of 13 monosomy in hyperdiploid versus nonhyperdiploid MM to
better understand the specific role of this chromosome aberration,
independent of its association with ploidy status (89). Lastly there is
no specific genetic consequence identified in association with �13.

Clinical and Pathological Implications Including Prognosis. A
seminal observation in MM genetics was that deletions/monosomy of
chromosome 13 (�13) detected by karyotype were associated with a
shorter survival (10, 87, 90). Independent of the mode of treatment
(standard- versus high-dose chemotherapy) and the mode of detection
(karyotype versus FISH), �13 are associated with shorter survival and
lower response rates to treatment (13, 50, 77, 83, 84, 87, 88). The net
effect of �13 on prognosis, when �13 is viewed exclusively as a
prognostic factor, is greater when �13 is detected by karyotype than
when it is detected by interphase FISH (13, 50, 77, 83, 84, 87, 88).
This is because of the additive effects (to that already imposed by
�13) on prognosis contributed by the observation of abnormal met-
aphases, which indicate a larger tumor burden and a more proliferative
clone.

To determine the biological implications of a loss of chromosome
13, several groups have investigated the association of �13 detected
by FISH and standard clinical parameters. �13 are more frequently
associated with �-type light-chain, higher proliferation (PC labeling
index) and MM with lower serum monoclonal serum spike concen-
trations (50, 84, 91). They have also been associated with increased
angiogenesis in some studies (92) but not in others (50).

The retrospective comparison between the data published by the
Eastern Cooperative Oncology Group and the Intergroupe Franco-
phone du Myelome suggest that the net benefit of high-dose chemo-
therapy is much greater for patients who do not have �13 (detected by
FISH; Refs. 50, 84). In a single study, the administration of IFN-� to
patients with �13 resulted in shorter survival (50).

Translocations Involving the Immunoglobulin Locus

Prevalence in MGUS, MM, and HMCLs. Translocations that
involve both the immunoglobulin heavy-chain (IgH) and light-chain
(IgL) genes have been implicated as seminal events in the pathogen-
esis of some MMs (93, 94). Studies using FISH indicate that IgH
translocations are detectable in nearly 50% of MGUS or SMM tu-
mors, 55–70% of intramedullary MM tumors, 80% of primary PC
leukemia tumors, and nearly 90% of human MM cell lines (HMCLs;
Refs. 4, 53, 95). The similar prevalence of IgH translocations in
MGUS and SMM suggests that the result for MGUS is likely to be
valid despite the technical difficulties of accurately detecting IgH
translocations when a sample contains only a low percentage of tumor
cells. There is less information for IgL translocations, but limited
studies indicate that the prevalence of IgL-� translocations is �10%
in MGUS/SMM and �20% of advanced intramedullary MM tumors
and HMCLs (7). Translocations involving the IgL-� locus are quite

rare, occurring in only a small percentage of intramedullary MM
tumors.15 Two independent translocations that involve IgH and/or IgL
loci seem to occur only infrequently in MGUS, SMM, or intramed-
ullary MM tumors, but seem to be present in 5–10% of advanced MM
tumors and primary PC leukemia. Two (sometimes even three or four)
independent immunoglobulin translocations occur at a substantially
higher prevalence in HMCLs (9). It is unclear to what extent the
increased prevalence of single or multiple immunoglobulin transloca-
tions with disease stage reflects an accumulation of secondary immu-
noglobulin translocations during progression versus selective progres-
sion of tumors that have immunoglobulin translocations.

Diversity of Chromosomal Loci Involved in Immunoglobulin
Translocations. Unlike other B-cell tumors, for MM there is a
marked diversity of chromosomal loci involved in immunoglobulin
translocations (Table 2). Apart from 8q24 (c-myc), each of four loci
(oncogenes) are involved recurrently in 3% or more of MM tumors:
11q13 (cyclin D1), �15%; 4p16 (FGFR3 and MMSET), �15%;
16q23 (c-maf), �6%; and 6p21 (cyclin D3), � 4%. Although the
actual prevalence varies in different studies, together these loci are
involved in immunoglobulin translocations in �40% of MM tumors.
Other recurrent loci, including 20q11 (maf-B) and 6p25 (IRF-4/MUM-
1), occur less frequently, and have not been well characterized in large
studies. Approximately 20–30% of MM tumors have translocations
that involve other chromosome partners that occur at a prevalence of
1% or less (4, 53). Whether these represent primary translocations,
secondary translocations, or secondary rearrangements of primary
translocations is unknown. It will be important to determine the nature
of these chromosomal partners even though most will be nonrecurrent.
It is possible that the IgH locus, even after having sustained a
translocation, remains fundamentally unstable and prone to undergo-
ing additional chromosomal translocations.

IgH Translocations in MGUS. IgH translocations are early ge-
netic lesions because the prevalence in MGUS is nearly as high as in
MM (7, 20). The reported prevalence of the specific partners of IgH
translocations in MGUS and SMM, as compared with MM, is still
being elucidated (4, 53, 95). However, two principles seem apparent.
First, it appears that all IgH partners detected in MM are also seen in
MGUS. Second, the prevalence of specific partners may differ for
MGUS and MM, although this is an issue that is not yet fully resolved
(7, 53, 60, 91). The significance of these differences remains to be
determined.

Primary versus Secondary Immunoglobulin Translocations.
IgH translocations may be primary genetic events but some variants
will likely be progression events (i.e., secondary translocations; Ref.
8). It has been proposed that most primary immunoglobulin translo-
cations result from errors in B-cell-specific DNA modification pro-
cesses, mostly IgH switch recombination or less often somatic hyper-
mutation, and rarely, if ever, VDJ recombination. These translocations
are then predicted mostly to have translocation breakpoints within, or
very near, IgH switch or J regions. By contrast, secondary transloca-

15 W. M. Kuehl, personal communication, August 2003.

Table 2 Prevalence and clinical importance of IgH translocations

Abnormality MGUSa & SMM (%) MM (%) Up-regulated oncogenes Effect on prognosis

IgL translocations �20 �20 c-myc and others Unknown
IgH translocations 35–50 50–70 See below Mixed

t(4;14)(p16.3;q32) 2–10 15 FGFR3 and MMSET Adverse
t(11;14)(q13;q32) 15–30 16 Cyclin D1 and myeov Favorable
t(14;16)(q32;q23) 2–5 5 C-maf WWOX? Adverse
Cyclin D3, other or unknown, e.g., t(6;14)(p21;q32) Unknown 4 Cyclin D3, other Unknown
Other IgH 10–15 15–30 mafB, MUM1, others Unknown

a MGUS, monoclonal gammopathy of undetermined significance; MM, multiple myeloma; SMM, smoldering MM.
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tions would not involve B-cell-specific DNA modification processes,
which are not active in normal or tumor PCs. Translocations that
involve c-myc provide a paradigm for secondary immunoglobulin
translocations that occur late in pathogenesis (96, 97). In fact, the
c-myc translocations (which need not actually involve an immuno-
globulin locus) often include a number of the following distinguishing
features: absence in MGUS, heterogeneity within the tumor cell
population, karyotypic complexity manifested by unbalanced translo-
cations or insertions, and translocation breakpoints that are not within
or near IgH switch or JH regions. Although not yet documented, it
remains possible that some secondary translocations may occur rela-
tively early in pathogenesis and may, thus, be present homogeneously
even within most MGUS tumors. The chromosomal structural prop-
erties, translocation breakpoint sites, and mechanisms responsible for
involvement of the partner chromosomes in primary and secondary
immunoglobulin translocations remain unknown. Specifically, the
relation of these structural abnormalities with specific sites such as
fragile sites and telomeric ends of chromosomes remains to be eluci-
dated. Breakpoints at 16q23 appeared to be occurring in chromosomal
fragile sites (FRA16D; Refs. 98, 99).

Biological Significance of IgH Translocations. IgH transloca-
tions form plausible pathogenetic founder lesions in a multitude of
other B-cell neoplasms (100, 101). Likewise IgH translocations are
seen as likely culprits in the pathogenesis of some MMs because (a)
they are seen in most, if not all, clonal PCs in most MM and MGUS
tumors; (b) they are recurrent and have been reported at a similar
prevalence by several groups (4, 49, 51, 54); (c) they result in the
juxtaposition of the IgH enhancers next to oncogenes (8); and (d) IgH
translocations apparently are highly conserved during the process of
disease evolution, although little information is available.16

The influence of IgH enhancers appears to extend over a long
range. Oncogenes located hundreds of kilobases away from the en-
hancers have been found under the influence of cis transcriptional
up-regulation (40). This is particularly evident in the case of the cell
line KMS-11, in which cis up-regulation of c-maf is present, even
when the enhancer is close to 1 Mb away from the maf gene (40).
Because IgH enhancers are segregated into the two derivative chro-
mosomes, one or more oncogenes in each derivative chromosome can
be up-regulated (8).

Is There a Fundamental Difference for Tumors with and with-
out Immunoglobulin Translocations? Despite the similar charac-
teristics of MM tumors with and without immunoglobulin transloca-
tions, recent published and unpublished results now show a striking
association of the three major recurrent IgH translocations (4p16,
11q13, and 16q23) and nonhyperdiploid MM (75, 76. The prevalence
of these three recurrent translocations is low in hyperdiploid MM. By
contrast, immunoglobulin translocations not involving these three
recurrent partners occur with a similar, or even a somewhat higher,
prevalence in hyperdiploid compared with nonhyperdiploid MM. This
result implies two different mechanisms in the initial pathogenesis of
the disease. For most nonhyperdiploid tumors, IgH translocations may
represent the primary immortalizing event. By contrast, for most
hyperdiploid tumors, it is assumed that there is some other, yet-to-
be-defined immortalizing event, but possibly somehow related to the
acquisition of hyperdiploidy per se (11, 38).

Ploidy Category and IgH Translocations in MM. In Fig. 1, two
major groups of patients can be observed, but they have some over-
lapping features. The overlap is composed of patients with IgH
translocations and variable ploidy. Given the strong association of the
recurrent (primary) IgH translocations and the nonhyperdiploid vari-

ant, it is believed that this group is composed of patients with the
not-recurrent IgH translocations (secondary).

IgH Translocations and Bone Marrow Microenvironment In-
dependence. IgH translocations are highly prevalent in the human
MM cell lines, because �90% of them harbor such abnormalities (8,
94). IgH translocations are likewise nearly universal in patients with
primary PC leukemia (94, 102). The increased prevalence of IgH
translocations in each case seems related to an increased prevalence of
the t(11;14);t(4;14) and t(14;16) translocations. By contrast, the one-
third of MM tumors that ectopically express cyclin D1 without a
t(11;14)(q13;q32) are not represented by any HMCL. Virtually all
HMCLs are generated from primary PC leukemia or intramedullary
tumors that have progressed to an extramedullary phase. Together,
these observations suggest that IgH translocations can provide a
survival or proliferative effect that facilitates progression of MM to a
stromal independent, extramedullary phase.

Mechanisms of Oncogene Action: A Unique Mechanism or an
As-Yet-Undefined Common Mechanism? Although most translo-
cations up-regulate different kinds of oncogenes, it is possible that all
translocations converge in a pathway that ultimately leads to a block
in differentiation, increased cell survival, and increased cell prolifer-
ation. There is no common mechanism apparent from the possible
consequences of oncogenes up-regulated by the translocations. How-
ever, recent analyses derived from the gene expression profiling
suggest that, in virtually all MM tumors, including those with or
without an immunoglobulin translocation, at least one of the cyclin D
genes is expressed at a high level compared with normal PCs (103).
As a direct consequence of the immunoglobulin translocation, cyclin
D1 mRNA is expressed at very high levels in association with t(11;
14)(q13;q32), and cyclin D3 mRNA is expressed at very high levels
in association with the t(6;14)(p21;q32) (104) As an indirect conse-
quence of the immunoglobulin translocation, there is increased ex-
pression of cyclin D2 mRNA in tumors with either t(4;14)(p16.3;q32)
or t(14;16)(q32;q23). In more than one-third of MM tumors, there is
ectopic expression of cyclin D1 mRNA despite the apparent absence
of a t(11;14)(q13;q32). Because cyclin D1 is not expressed in normal
lymphoid cells, it is reasonable to conclude that there is dysregulation
of cyclin D1 expression, although we do not understand the mecha-
nism. Most of the remaining tumors express relatively high levels of
cyclin D2 mRNA, and only a small percentage of tumors express no
cyclin D1 and levels of cyclin D2 and/or cyclin D3 that are compa-
rable with normal PCs. It seems likely that the latter three groups of
tumors mostly are members of the hyperdiploid group of tumors.16 Rafael Fonseca, personal communication, February 2003.

Fig. 1. Ploidy category and IgH translocations in multiple myeloma (MM). MGUS,
monoclonal gammopathy of undetermined significance.
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Relationship of Translocation to Other Cytogenetic Abnormal-
ities. The t(4;14)(p16.3;q32) and t(14;16)(q32;q23), which are asso-
ciated with a very poor prognosis (60), are highly associated with �13
(4, 51), although it is not clear why there is such a tight association of
these IgH translocations with the deletion of chromosome 13. Given
the strong association of chromosome 13 monosomy with nonhyper-
diploid myeloma, it is not clear whether the poorer prognosis in
nonhyperdiploid myeloma is due to monosomy 13 or to nonhyper-
diploidy per se.

Cytogenetics versus RNA Arrays for Diagnosis of Immunoglob-
ulin Translocations. Traditional methods of detecting IgH translo-
cations include a karyotype analysis for the t(11;14)(q13;q32) and
interphase FISH methods for detecting t(4;14)(p16.3;q32) and t(14;
16)(q32;q23) or reverse transcription-PCR (105). Recent experiments
suggest that the majority of the recurrent IgH translocations will also
be detectable by gene expression profiling (62), with spiked patterns
of gene expression indicating the presence of a putative translocation.
It is important to remember that a sizable fraction of IgH transloca-
tions (up to 50% but still being defined) may represent unbalanced
IgH translocations. It is, therefore, imperative to consider spiked
patterns of genes involved in the two derivative chromosomes so as
not to miss the loss of a derivative chromosome (53, 60, 61).

t(11;14)(q13;q32)

Biology and Prevalence. The t(11;14)(q13;q32) results in ectopic
expression of cyclin D1 (106). The use of interphase FISH has now
conclusively established the prevalence of the abnormality at 15–20%
(4, 49). The t(11;14)(q13;q32) is readily detectable in the karyotype
(in patients with informative karyotypes; Ref. 107), as well as by
FISH and gene expression profiles (62). The t(11;14)(q13;q32) is also
seen in MGUS (15–30%) and light-chain amyloidosis (�50%; 7, 20,
48, 108). The biological consequences of t(11;14)(q13;q32) remain
unknown, although it has been shown that the MMs presenting this
translocation are unexpectedly less proliferative than others. The
slightly higher prevalence of the t(11;14)(q13;q32) in MGUS and
light-chain as reported by some groups, but not others, would suggest
its negative selection for evolution to MM (7, 48), but other data
suggest no difference (20).

Breakpoints and Mechanisms. The breakpoints at 11q13 are scat-
tered over at least 700 kb (109–113). In MM cell lines, high levels of
cyclin D1 cis expression are tightly linked to the presence of t(11;
14)(q13;q32), but positivity by immunohistochemistry may be de-
tected in up to 30% of patients (112, 114, 115). Up to 30% of patients
with the t(11;14)(q13;q32) may be negative for cyclin D1 by immu-
nohistochemistry, indicating the possible loss of the der11 (11,
14)(q13;q32). Similar observations have recently been made in pa-
tients with mantle cell lymphoma who lack expression of cyclin D1
(by RNA analysis) despite having the molecular gene expression
signature of the disease (114, 116). Although most IgH translocations
in MM occur at the time of isotype switching, the t(11;14)(q13;q32)
may involve nonswitch IgH loci and could be mediated via other
B-cell-specific mechanisms such as somatic hypermutation, and may
even be a secondary translocation in some cases (9).

Clinical Implications. Heterogeneous clinical implications for the
t(11;14)(q13;q32) had been reported until the advent of interphase
FISH (10, 107, 117). The t(11;14)(q13;q32) is associated with an
improved survival, which is especially apparent in patients treated
with high-dose chemotherapy and stem cell support (49, 91). There is
an association of the t(11;14)(q13;q32) with oligosecretory variant
MM, CD20 expression, and lymphoplasmacytic morphology (49, 91,
114, 118). It has been found in high prevalence in AL and IgM MM
and nonsecretory MM (48, 108, 119). Because of the overrepresen-

tation of the t(11;14)(q13;q32) in human MM cell lines, it seems
likely that, in some cases, the t(11;14)(q13;q32) is prone to result in
aggressive clonal growth if the needed secondary genetic aberrations
are also present or acquired (106).

t(4;14)(p16.3;q32)

Biology and Prevalence. The t(4;14)(p16.3;q32) is karyotypically
cryptic and was first detected because of the cloning experiments in
the human MM cell lines (39, 120). The translocation is seen in
15–20% of primary MM samples and in 25% of human MM cell lines
(39, 51, 91, 120, 121). The t(4;14)(p16.3;q32) can be detected by
interphase FISH or by reverse transcription-PCR detection of the
IgH-MMSET hybrid transcript (39, 120). In a minority of human MM
cell lines with t(4;14)(p16.3;q32), activating mutations of FGFR3,
akin to those of thanatophoric dwarfism, are detected (122–124).

The t(4;14)(p16.3;q32) has been detected in 10% of MGUS cases
by some investigators (7, 105, 125), whereas others have failed to
observe the abnormality in MGUS but did observe it among SMM
patients (4, 60). Other investigators have noted the abnormality in
patients (15%) with light-chain using the reverse transcription-PCR
strategy (125). When described in MGUS, the abnormality has been
found as insufficient for further progression to MM, because patients
may stay in stable MGUS phase for years (7, 105).

In almost all patients with the t(4;14)(p16.3;q32), there is coexist-
ence of �13, both in MM and MGUS (4, 51). It has been postulated
that because of this strong association, at least in some cases, �13
precede the translocation. However, it is also possible that the t(4;
14)(p16.3;q32) is permissive to the loss of chromosome 13, and that
the t(4;14)(p16.3;q32) antecedes �13.

Breakpoints and Mechanisms. The breakpoints at 4p16.3 are
centromeric to FGFR3 and dispersed over 200 kb, usually within the
5� introns of MMSET (39, 120). All of the cloned IgH translocation
breakpoints for the t(4;14)(p16.3;q32) are into switch regions (9). In
25% of MM with a t(4;14)(p16.3;q32), the translocation may be
unbalanced but apparently always at the expense of the loss of the der
(14) or, in some cases, retention of der (14) but with loss of FGFR3
expression (60, 61). The consistent persistence of MMSET suggests
that this may be the most important oncogene dysregulated by the
t(4;14)(p16.3;q32), even though the role of MMSET deregulation
remains unknown. On the other hand, there is no doubt that dysregu-
lation of FGFR3 becomes important if it acquires an activating mu-
tation late in tumorigenesis, and it is certainly possible that dysregu-
lation of both FGFR3 and MMSET are important initiating events.

Clinical Implications. The t(4;14)(p16.3;q32) is an unfavorable
prognostic factor for MM patients treated with either conventional or
high-dose chemotherapy (53, 60, 91). There is no difference in sur-
vival between t(4;14)� patients with or without FGFR3 overexpres-
sion (60). There is an association between the t(4;14)(p16.3;q32) and
more aggressive clinical features, but also with an IgA isotype and
�-light chain use (53, 91). There are available compounds that may
target the oncogenes involved in the IgH translocations in MM, and
one such compound being tested is PD173074.17 This agent inhibits
FGFR3 and is capable of blocking proliferation and inducing differ-
entiation plus apoptosis in some human MM cell lines with the
t(4;14)(p16.3;q32) that express FGFR3. The development of these
agents will pave the way for true targeted therapy of MM, and indicate
that additional avenues of therapy targeting MM IgH translocations
should be explored.

17 P. Leif Bergsagel, unpublished data.
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t(14;16)(q32;q23) and Other maf Translocations

Biology and Prevalence. The t(14;16)(q32;q23) is detectable in
2–10% of patients and in about 25% of MM cell lines (4, 40, 53). Cis
up-regulation of c-maf is transcriptionally up-regulated as a result of
this translocation (40). The t(14;16)(q32;q23) is difficult to detect by
conventional karyotypes but has been reported in 7% of MM patients
with abnormal metaphases studied by SKY (41). Other studies have
reported a very low prevalence of the abnormality in newly diagnosed
patients. Although some of the differences in the reported prevalence
exist and may be technical in nature, it is clear that, at least in a small
fraction of patients, the abnormality is seen at the time of diagnosis.
As is the case with the t(4;14)(p16.3;q32), the t(14;16)(q32;q23) has
also been described in MGUS by some, whereas others have failed to
observe it, and it is usually associated with �13 (7, 20).

Variant c-maf translocations also include the IgL-� locus in the
human MM cell line 8226 (9, 40). In addition to c-maf a small fraction
of patients and two human MM cell lines harbor translocations that
involve b-maf (126).

Clinical Implications. In one series of patients the t(14;16)(q32;
q23) was associated with a shorter survival among patients treated
with conventional chemotherapy (53).

Other IgH Translocations. An array of other chromosomal part-
ners has been detected in human MM cases (see above). One of these
other partners is cyclin D3 [t(6;14)(p21;q32); Ref. 104]. This trans-
location, which is present in about 3–4% of MM tumors, is also
detectable by interphase FISH, conventional cytogenetics, multicolor
metaphase FISH, and gene expression profile (42). There is no known
clinical or prognostic information for this translocation or as to
whether it is also seen in MGUS. Another IgH translocation that
involves chromosome 6 is the t(6;14)(p25;q32). It has been described
in human MM cell lines (127), and it results in transcriptional up-
regulation of the MUM1/IRF4 (128). The role and biology of this
translocation is less clear because it may be seen only in a fraction of
clonotypic cells and has not been adequately studied in primary MM
tumors.

Other Genetic Abnormalities

Ras Mutations. Activating Ras mutations have been noted in
35–50% of MM (129, 130) patients, and a similar fraction of HMCLs
(123).14 The prevalence of the mutations may increase somewhat with
advancing stages of the disease (129, 131–134). Most mutations
involve K- and N-ras at codons 12,13 and 61, but an atypical acti-
vating mutation of H-ras was identified in a fraction of cells from one
HMCL (135). With rare exceptions, it appears that a mutation occurs
in only one N- or K-ras allele in a single tumor cell, although there is
some evidence that subpopulations of MM tumor cells within an
individual can have different Ras mutations (129, 130). Tumors and
HMCLs with t(4;14)(p16.3;q32) can have activating mutations of
FGFR3 or Ras, but these events appear to be mutually exclusive,
suggesting that activating mutations of Ras or FGFR3 have a similar
effect (123). Ras mutations appear to be rare in MGUS, suggesting
that this is a molecular marker if not causative in the progression from
MGUS to MM for some tumors (130, 132). There is no available
information regarding the prevalence of ras mutations in SMM.
Mutations of K-ras, but not of N-ras, have been associated with
shorter survival (129). Treatment strategies addressing the constitutive
activation of ras are being explored.

Inactivation of p53(17p13). p53 inactivation by either deletion or
mutation seems to be a rare event in MM, and is restricted mostly to
the late stages of disease progression (136, 137). Deletions of 17p13
are detectable in 10% of patients and are associated with a shorter
survival (53, 136). Mutations of p53 have also been observed, with a

prevalence of 5% at diagnosis, 20–40% in advanced MM or PC
leukemia, and in �60% of HMCLs (138–141). Deletions of 17p13
seem to be rare in MGUS, and no systematic studies of p53 mutations
have been done in MGUS (142). There has been no systematic study
of other genes involved in the p53 pathway (p14/ARF, MDM2),
although one study reported an increased level of expression of the
p53 negative regulator MDM2(143).

Inactivation of Tumor Suppressors in the Rb Pathway. An
altered germ-line allele and subsequent inactivation of p16/INK4a
contribute significantly to the generation of plasmacytoma tumors in
BALB/c mice (144–146). Notably, MM tumor cells from one individ-
ual retained a defective germ-line p16/INK4a allele but lost the
normal allele, suggesting that this gene can function as a tumor
suppressor in MM (147). Methylation and presumptive inactivation of
p16INK4a is detectable in up to 40% of human MM, and seems to be
more prevalent with advancing stages of the disease (148–153).18

However, other reports show a similar prevalence of methylation in
MGUS and in MM (154). Methylation of p16 seems to be much more
common in extramedullary tumor and in HMCLs (149). In one study,
the presence of p16 methylation was associated with aggressive clonal
features, including a higher S phase and a shorter survival (153). The
p18/INK4c gene seems to be critical for enabling cessation of plas-
mablast proliferation and terminal differentiation to PCs (155). Bi-
allelic deletion of p18/INK4c occurs in about 30% of HMCLs, but
preliminary results suggest that bi-allelic deletion of this gene is much
less frequent in intramedullary MM (156).14 Inactivation of the Rb
gene by mutation or deletion seems to be a rare, late event in MM
(157, 158).

PTEN Mutations. Inactivation of PTEN, which negatively regu-
lates the phosphatidylinositol 3-kinase (PI3K)-mediated phosphoryl-
ation of AKT and BAD, inhibits apoptosis. Inactivating mutations of
PTEN were identified in two of eight HMCLs, and transfection of
normal PTEN into one of these HMCLs inhibited tumor formation in
mice (159, 160).

Myc. Because of the universal presence of c-myc translocations
involving IgH or IgL loci in the mouse plasmacytoma model, initially
it was thought that c-myc translocations were likely to occur in human
MM (161–166). However, careful analysis of abnormal karyotypes
revealed that translocations involving c-myc and an immunoglobulin
locus could be identified only in a small minority of patients (42). It
is now known that complex abnormalities of c-myc correlate with
advanced stages of the disease (96, 97). These complex karyotypic
abnormalities of c-myc are present in about 15% of MM tumors by
interphase FISH, and may be present in up to one-half of MM tumors
that generate abnormal karyotypes, and �90% of HMCL, consistent
with a late progression event. Some of the c-myc abnormalities are
simple reciprocal translocations involving c-myc and immunoglobulin
loci, most often IgH or IgL-�. Other c-myc abnormalities, either with
or without involvement of an immunoglobulin locus, involve complex
translocations and insertions that are unbalanced, can involve more
than two chromosomes, and can also include amplification, duplica-
tion, and inversion. Karyotypic abnormalities of L-myc (one HMCL)
and N-myc (one MM tumor) have also been observed. Importantly, all
informative HMCLs express L-myc (U266 HMCL) or only one c-myc
allele. In addition, although most MM tumors express c-myc, RNA
microarray analyses show occasional tumors that express N-myc but
no c-myc. Taken together, these data suggest the following hypothe-
sis: (a) in MGUS and early stages of MM, there is bi-allelic expres-
sion of c-myc, which is regulated by transcription factors determined

18 R. McClure, C. James, P. Kurtin, J. Winkler, G. Ahmann, N. Gonzalez-Paz, P.
Greipp, and R. Fonseca. Methylation and deletion of the p16 gene in plasma cell
neoplasms, manuscript in preparation.
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by intrinsic properties of the tumor cell and it responds to environ-
mental factors such as interleukin 6; (b) secondary, complex translo-
cations can dysregulate one allele of c-, N-, or L-myc, and thereby
contribute to more aggressive growth and perhaps stromal cell inde-
pendence. The mono-allelic dysregulation of myc does not necessarily
mean that the critical effect is higher levels of expression as opposed
to unregulated expression, although this remains to be determined.
The clinical and prognostic implications for myc abnormalities are
unknown, but likely will be negative for overall survival, given that
myc aberrations are suspected of representing late progression events
that are more frequent in the subset of tumors that generate abnormal
karyotypes, have a higher PC labeling index, and a relatively poorer
prognosis.

Conclusions and Recommendations

It is clear that, although we have learned much about the biology of
MM, many questions remain. All of the available data suggest that
IgH translocations are present in a majority (�50–60%) of tumors,
yet are not sufficient to exert the full malignant potential of the clone.
Although early dysregulation of cyclin D1, D2, or D3 may represent
a unifying event, it seems likely that two distinct pathways exist in the
pathogenesis of MM. One pathway appears to involve an early IgH
translocation that usually includes one of the four recurrent partners
(11q13, 4p16, 16q23, 6p21), and mostly is associated with a nonhy-
perdiploid chromosome content. The second pathway infrequently, if
ever, involves an early IgH translocation but mostly is associated with
a hyperdiploid chromosome content, perhaps a reflection of intrinsic
genetic instability, although we have virtually no understanding of this
pathway. The timing and nature of additional genetic events that are
involved in early pathogenesis is unclear. In addition, apart from a
possible role for ras mutations, the molecular events required for the
transformation from MGUS to MM are also unclear. Finally, although
a number of other abnormalities involving c-myc, p53, PTEN, and
various components of the Rb pathway have been identified in some
tumors, we still do not have a full picture of when these progression
events occur, as well as what other kinds of genetic and epigenetic
events occur during progression.

In addition to the aforementioned areas in need of further studies as
highlighted above the committee made the following recommenda-
tions:

(a) a global integration of the existing genetic, epigenetic, cytoge-
netic, and gene expression data are needed to formulate a coherent
model of disease initiation and progression;

(b) the generation of a comprehensive database that contains all of
this information is highly desirable; the database should be readily
accessible to all investigators with as much pertinent information as
possible.

(c) the experimental study of MM biology needs to carefully
consider that currently available human MM cell lines are derived
from the subset of patients with nonhyperdiploid MM and high
incidence of IgH translocations. There is a need to develop human
MM cell lines representative of patients without IgH translocations.
One such mechanism may be the perpetuation of cells in animal
models that are able to sustain viability and growth of these cells in a
bone marrow microenvironment. An alternative would be the genetic
modification of cells without IgH translocations with genes allowing
for their ex vivo and in vitro expansion;

(d) the study of myeloma according to levels of expression of cyclin
D1 needs to be explored further to develop a comprehensive model for
a molecular classification of the disease;

(e) while these models are developed, in vitro studies should
attempt to use a combination of cell lines that contains the diversity of

the IgH translocations. Only by including the spectrum of the IgH
translocations, will we be able to identify commonality and singulari-
ties of findings.

(f) to determine their role in tumor progression, comprehensive
analyses for N- and K-ras mutations need to be done on purified
MGUS, SMM, and MM tumors at different disease stages, and these
data need to be integrated with other clinical, cytogenetic, genetic, and
expression information. The study of other genes involved in the ras
pathways is also needed in MM;

(g) ongoing and future clinical trials should rapidly incorporate
methods of detection of the basic genetic and cytogenetic status of
patients being enrolled, with a distinct possibility (yet to be tested)
that gene expression profiling (and perhaps array CGH) will ulti-
mately eliminate the need for routine cytogenetics. This will improve
diagnosis and facilitate the interpretation of response to therapy and
survival analysis.
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Paz, N., Winkler, J. M., Kyle, R., Gertz, M., Witzig, T., Dispenzieri, A., Lacy, M.,
Rajkumar, S., Lust, J., Greipp, P., and Fonseca, R. Chromosome abnormalities
clustering and its implications for pathogenesis and prognosis in myeloma. Leuke-
mia (Baltimore), 17: 427–436, 2003.

39. Chesi, M., Nardini, E., Brents, L. A., Schrock, E., Ried, T., Kuehl, W. M., and
Bergsagel, P. L. Frequent translocation t(4;14)(p16.3;q32.3) in multiple myeloma is
associated with increased expression and activating mutations of fibroblast growth
factor receptor 3. Nat. Genet., 16: 260–264, 1997.

40. Chesi, M., Bergsagel, P. L., Shonukan, O. O., Martelli, M. L., Brents, L. A., Chen,
T., Schrock, E., Ried, T., and Kuehl, W. M. Frequent dysregulation of the c-maf
proto-oncogene at 16q23 by translocation to an Ig locus in multiple myeloma. Blood,
91: 4457–4463, 1998.

41. Sawyer, J. R., Lukacs, J. L., Munshi, N., Desikan, K. R., Singhal, S., Mehta, J.,
Siegel, D., Shaughnessy, J., and Barlogie, B. Identification of new nonrandom
translocations in multiple myeloma with multicolor spectral karyotyping. Blood, 92:
4269–4278, 1998.

42. Sawyer, J. R., Lukacs, J. L., Thomas, E. L., Swanson, C. M., Goosen, L. S.,
Sammartino, G., Gilliland, J. C., Munshi, N. C., Tricot, G., Shaughnessy, J. D., Jr.,
and Barlogie, B. Multicolour spectral karyotyping identifies new translocations and
a recurring pathway for chromosome loss in multiple myeloma. Br. J. Haematol.,
112: 167–174, 2001.

43. Rao, P. H., Cigudosa, J. C., Ning, Y., Calasanz, M. J., Iida, S., Tagawa, S., Michaeli,
J., Klein, B., Dalla-Favera, R., Jhanwar, S. C., Ried, T., and Chaganti, R. S.
Multicolor spectral karyotyping identifies new recurring breakpoints and transloca-
tions in multiple myeloma. Blood, 92: 1743–1748, 1998.

44. Avet-Loiseau, H., and Bataille, R. Detection of nonrandom chromosomal changes in
multiple myeloma by comparative genomic hybridization. Blood, 92: 2997–2998,
1998.

45. Cigudosa, J. C., Rao, P. H., Calasanz, M. J., Odero, M. D., Michaeli, J., Jhanwar,
S. C., and Chaganti, R. S. Characterization of nonrandom chromosomal gains and
losses in multiple myeloma by comparative genomic hybridization. Blood, 91:
3007–3010, 1998.

46. Gutierrez, N. C., Hernandez, J. M., Garcia, J. L., Canizo, M. C., Gonzalez, M.,
Hernandez, J., Gonzalez, M. B., Garcia-Marcos, M. A., and San Miguel, J. F.
Differences in genetic changes between multiple myeloma and plasma cell leukemia
demonstrated by comparative genomic hybridization. Leukemia (Baltimore), 15:
840–845, 2001.

47. Avet-Loiseau, H., Andree-Ashley, L. E., Moore, D., II, Mellerin, M. P., Feusner, J.,
Bataille, R., and Pallavicini, M. G. Molecular cytogenetic abnormalities in multiple
myeloma and plasma cell leukemia measured using comparative genomic hybrid-
ization. Genes Chromosomes Cancer, 19: 124–133, 1997.

48. Hayman, S. R., Bailey, R. J., Jalal, S. M., Ahmann, G. J., Dispenzieri, A., Gertz,
M. A., Greipp, P. R., Kyle, R. A., Lacy, M. Q., Rajkumar, V., Witzig, T. E., Lust,
J. A., and Fonseca, R. Translocations involving heavy-chain locus are possible early
genetic events in patients with primary systemic amyloidosis. Blood, 98: 2266–
2268, 2001.

49. Fonseca, R., Harrington, D., Oken, M., Kyle, R., Dewald, G., Bailey, R., Van Wier,
S., Henderson, K., Hoyer, J., Blood, E., Kay, N., Van Ness, B., and Greipp, P.
Myeloma and the t(11;14)(q13;q32) represents a uniquely defined biological subset
of patients. Blood, 99: 3735–3741, 2002.

50. Fonseca, R., Harrington, D., Oken, M., Dewald, G., Bailey, R., Van Wier, S.,
Henderson, K., Blood, E., Rajkumar, S., Kay, N., Van Ness, B., and Greipp, P.
Biologic and prognostic significance of interphase FISH detection of chromosome
13 abnormalities (�13) in multiple myeloma: an Eastern Cooperative Oncology
Group (ECOG) Study. Cancer Res., 62: 715–720, 2002.

51. Fonseca, R., Oken, M., and Greipp, P. The t(4;14)(p16.3;q32) is strongly associated
with chromosome 13 abnormalities in both multiple myeloma and monoclonal
gammopathies of undetermined significance. Blood, 98: 1271–1272, 2001.

52. Fonseca, R., Oken, M., Harrington, D., Bailey, R., Van Wier, S., Henderson, K.,
Kay, N., Van Ness, B., Greipp, P., and Dewald, G. Deletions of chromosome 13 in
multiple myeloma identified by interphase FISH usually denote large deletions of
the q-arm or monosomy. Leukemia (Baltimore), 15: 981–986, 2001.

53. Fonseca, R., Blood, E., Rue, M., Harrington, D., Oken, M. M., Kyle, R. A., Dewald,
G. W., Van Ness, B., Van Wier, S. A., Henderson, K. J., Bailey, R. J., and Greipp,
P. R. Clinical and biologic implications of recurrent genomic aberrations in my-
eloma. Blood, 101: 4569–4575, 2003.

54. Avet-Loiseau, H., Brigaudeau, C., Morineau, N., Talmant, P., Lai, J. L., Daviet, A.,
Li, J. Y., Praloran, V., Rapp, M. J., Harousseau, J. L., Facon, T., and Bataille, R.
High incidence of cryptic translocations involving the Ig heavy chain gene in
multiple myeloma, as shown by fluorescence in situ hybridization. Genes Chromo-
somes Cancer, 24: 9–15, 1999.

55. Avet-Loiseau, H., Daviet, A., Saunier, S., and Bataille, R. Chromosome 13 abnor-
malities in multiple myeloma are mostly monosomy 13. Br. J. Haematol., 111:
1116–1117, 2000.

56. Avet-Loiseau, H., Li, J. Y., Facon, T., Brigaudeau, C., Morineau, N., Maloisel, F.,
Rapp, M. J., Talmant, P., Trimoreau, F., Jaccard, A., Harousseau, J. L., and Bataille,
R. High incidence of translocations t(11;14)(q13;q32) and t(4;14)(p16;q32). Cancer
Res., 58: 5640–5645, 1998.

57. Konigsberg, R., Ackermann, J., Kaufmann, H., Zojer, N., Urbauer, E., Kromer, E.,
Jager, U., Gisslinger, H., Schreiber, S., Heinz, R., Ludwig, H., Huber, H., and Drach,
J. Deletions of chromosome 13q in monoclonal gammopathy of undetermined
significance. Leukemia (Baltimore), 14: 1975–1979, 2000.

58. Fonseca, R., Ahmann, G. J., Jalal, S. M., Dewald, G. W., Larson, D. R., Therneau,
T. M., Gertz, M. A., Kyle, R. A., and Greipp, P. R. Chromosomal abnormalities in
systemic amyloidosis. Br. J. Haematol., 103: 704–710, 1998.

59. Gabrea, A., Bergsagel, P. L., Chesi, M., Shou, Y., and Kuehl, W. M. Insertion of
excised IgH switch sequences causes overexpression of cyclin D1 in a myeloma
tumor cell. Mol. Cell, 3: 119–123, 1999.

60. Keats, J. J., Reiman, T., Maxwell, C. A., Taylor, B. J., Larratt, L. M., Mant, M. J.,
Belch, A. R., and Pilarski, L. M. In multiple myeloma, t(4;14)(p16;q32) is an
adverse prognostic factor irrespective of FGFR3 expression. Blood, 101: 1520–
1529, 2003.

61. Santra, M., Zhan, F., Tian, E., Barlogie, B., and Shaughnessy, J., Jr. A subset of
multiple myeloma harboring the t(4;14)(p16;q32) translocation lacks FGFR3 ex-
pression but maintains an IGH/MMSET fusion transcript. Blood, 101: 2374–2376,
2003.

62. Zhan, F., Hardin, J., Kordsmeier, B., Bumm, K., Zheng, M., Tian, E., Sanderson, R.,
Yang, Y., Wilson, C., Zangari, M., Anaissie, E., Morris, C., Muwalla, F., van Rhee,
F., Fassas, A., Crowley, J., Tricot, G., Barlogie, B., and Shaughnessy, J., Jr. Global
gene expression profiling of multiple myeloma, monoclonal gammopathy of unde-
termined significance, and normal bone marrow plasma cells. Blood, 99: 1745–
1757, 2002.

63. De Vos, J., Couderc, G., Tarte, K., Jourdan, M., Requirand, G., Delteil, M-C., Rossi,
J-F., Mechti, N., and Klein, B. Identifying intercellular signaling genes expressed in
malignant plasma cells by using complementary DNA arrays. Blood, 98: 771–780,
2001.

1555

MEETING REPORT



64. Tarte, K., De Vos, J., Thykjaer, T., Zhan, F., Fiol, G., Costes, V., Reme, T.,
Legouffe, E., Rossi, J. F., Shaughnessy, J., Jr., Orntoft, T. F., and Klein, B.
Generation of polyclonal plasmablasts from peripheral blood B cells: a normal
counterpart of malignant plasmablasts. [See comments.]. Blood, 100: 1113–1122,
2002.

65. Claudio, J. O., Masih-Khan, E., Tang, H., Goncalves, J., Voralia, M., Li, Z. H.,
Nadeem, V., Cukerman, E., Francisco-Pabalan, O., Liew, C. C., Woodgett, J. R., and
Stewart, A. K. A molecular compendium of genes expressed in multiple myeloma.
Blood, 100: 2175–2186, 2002.

66. Magrangeas, F., Nasser, V., Avet-Loiseau, H., Loriod, B., Decaux, O., Granjeaud,
S., Bertucci, F., Birnbaum, D., Nguyen, C., Harousseau, J-L., Bataille, R., Houlgatte,
R., and Minvielle, S. Gene expression profiling of multiple myeloma reveals
molecular portraits in relation to the pathogenesis of the disease. Blood, 101:
4998–5006, 2003.

67. Latreille, J., Barlogie, B., Johnston, D., Drewinko, B., and Alexanian, R. Ploidy and
proliferative characteristics in monoclonal gammopathies. Blood, 59: 43–51, 1982.

68. Zandecki, M., Bernardi, F., Lai, J., Facon, T., Izydorczyk, V., Bauters, F., and
Cosson, A. Image analysis in multiple myeloma at diagnosis. Correlation with
cytogenetic study. Cancer Genet. Cytogenet., 74: 115–119, 1994.

69. Zandecki, M., Lai, J. L., Genevieve, F., Bernardi, F., Volle-Remy, H., Blanchet, O.,
Francois, M., Cosson, A., Bauters, F., and Facon, T. Several cytogenetic subclones
may be identified within plasma cells from patients with monoclonal gammopathy
of undetermined significance, both at diagnosis and during the indolent course of
this condition. Blood, 90: 3682–3690, 1997.

70. Drach, J., Angerler, J., Schuster, J., Thalhammer, R., Jager, U., Geissler, K.,
Lechner, K., Ludwig, H., and Huber, H. Clonal chromosomal aberrations in plasma
cells from patients with monoclonal gammopathy of undetermined significance
(MGUS). Proc Am. Assoc. Cancer Res., 36: 144, 1995.

71. Smadja, N. V., Bastard, C., and Brgaudeau, C. Primary plasma cell leukemia and
multiple myeloma: one or two diseases according to the methodology [Letter;
comment]. Blood, 94: 3607–3609, 1999.

72. Greipp, P. R., Trendle, M. C., Leong, T., Oken, M. M., Kay, N. E., Van Ness, B.,
and Kyle, R. A. Is flow cytometric DNA content hypodiploidy prognostic in
multiple myeloma? Leuk. Lymphoma., 35: 83–89, 1999.

73. Orfao, A., Garcia-Sanz, R., Lopez-Berges, M. C., Belen Vidriales, M., Gonzalez,
M., Caballero, M. D., and San Miguel, J. F. A new method for the analysis of plasma
cell DNA content in multiple myeloma samples using a CD38/propidium iodide
double staining technique. Cytometry, 17: 332–339, 1994.

74. Latreille, J., Barlogie, B., Dosik, G., Johnston, D. A., Drewinko, B., and Alexanian,
R. Cellular DNA content as a marker of human multiple myeloma. Blood, 55:
403–408, 1980.

75. Fonseca, R., Debes-Marun, C., Picken, E., Dewald, G., Bryant, S., Winkler, J.,
Blood, E., Oken, M. M., Santana-Dávila, R., González-Paz, N., Kyle, R., Gertz, M.,
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