Leuk Lymphoma Downloaded from informahealthcare.com by Digestive Diseases Branch on 10/20/10
For personal use only

Leukemia & Lymphoma, 2010; Early Online, 1-12

REVIEW

informa

healthcare

Molecular and biologic markers of progression in monoclonal
gammopathy of undetermined significance to multiple myeloma

SHAM MAILANKODY"?, ESTHER MENA>, CONSTANCE M. YUANY,
ARUN BALAKUMARAN?®, W. MICHAEL KUEHL®, & OLA LANDGREN!

! Medical Oncology Branch, Center for Cancer Research, National Cancer Institute, National Institutes of Health, Bethesda,
MD, USA, 2Department of Internal Medicine, Washington Hospital Center, Washington, DC, USA, 3 Molecular Imaging
Program, National Cancer Institute, National Institutes of Health, Bethesda, MD, USA, 4 Flow Cytomerry Unit, Laboratory of
Pathology, Center for Cancer Research, National Cancer Institute, National Institutes of Health, Bethesda, MD,

USA,’ National Institute of Dental and Craniofacial Research, National Institutes of Health, Bethesda, MD, USA, and
SGenetics Branch, National Cancer Institute, National Institutes of Health, Bethesda, MD, USA

(Received 30 Fuly 2010; revised 10 September 2010; accepted 17 September 2010)

Abstract

Multiple myeloma (MM) is a malignant plasma cell dyscrasia localized in the bone marrow. Recent studies have shown that
MM is preceded in virtually all cases by a premalignant state called monoclonal gammopathy of undetermined significance
(MGUS). This review focuses on non-IgM MGUS and its progression to MM. Although certain clinical markers of MGUS
progression have been identified, it currently is not possible to accurately determine individual risk of progression. This
review focuses on the various biologic and molecular markers that could be used to determine the risk of MM progression.
A better understanding of the pathogenesis will allow us to define the biological high-risk precursor disease and, ultimately, to
develop early intervention strategies designed to delay and prevent full-blown MM.
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Introduction

Multiple myeloma (MM) is a malignant neoplasm of
bone marrow plasma cells. Clinically, it is character-
ized by skeletal lytic lesions, anemia, renal failure,
and hypercalcemia (Table I). In the United States,
it is the second most common hematologic malig-
nancy, with approximately 20 580 new cases diag-
nosed and about 10 580 deaths estimated in 2009
[1]. Despite significant advances in the treatment of
MM, it still has a high morbidity and mortality, as
reflected by an overall median survival of 4-7 years
[2,3].

Monoclonal gammopathy of undetermined signif-
icance (MGUS) is an asymptomatic premalignant
tumor affecting approximately 3% of Caucasians
over the age of 50 years, with a 1% average annual
risk for progression to a malignant tumor [4-6].

Interestingly, from a population perspective, MGUS
and MM show striking racial disparity patterns. For
example, both disorders are 2—3-fold more common
in African-Americans than in Caucasians [7]. In
contrast, a few studies from Japan have reported a
lower prevalence of MGUS in Asians compared to
Caucasians [8-10]. Furthermore, familial clustering
of MM has been described in case reports and
smaller studies. Recently, a large population-based
study based on the Swedish Multigenerational
Registry found a two-fold increased risk for MM
among 37 838 first-degree relatives of 13 896
patients with MM (compared with 151 068 first-
degree relatives of 54 365 matched controls) [11].
Using a similar study design, a three-fold increased
risk for both MGUS and MM was found among
14 621first-degree relatives of 4458 patients with
MGUS (compared to 58 387 first-degree relatives of
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Table 1. Criteria for diagnosis of MGUS, SMM, and MM.

Characteristic MGUS SMM MM
Serum M-protein <3 g/dL. >3 g/dLL Any level
Bone marrow PCs <10% >10% Any level

Clinical presentation Asymptomatic with no end
organ damage except for

amyloidosis in some patients

Asymptomatic with no end organ
damage except for amyloidosis
in some patients

End organ damage:
1. Lytic lesions

2. Anemia

3. Hypercalcemia
4. Renal failure

MGUS, monoclonal gammopathy of undetermined significance; MM, multiple myeloma; SMM, smoldering MM; PCs, plasma cells.

17 505 population-based controls) [12]. Taken
together, these observations support a role for
susceptibility genes in the causation of MGUS and
MM.

Although it has been known for some time now
that patients with MGUS have an increased risk of
progression to MM and other related malignancies
[6,7], it is only recently that two independent studies
have provided convincing evidence to show that
virtually all cases of MM are preceded by premalig-
nant MGUS [13,14]. Using the prospective Prostate,
Lung, Colorectal, and Ovarian (PLCO) Cancer
Screening Trial (which includes 77 469 healthy
men and women; age 55-74 years at baseline; and
with annual collection of blood samples, clinical
data, and prospective cancer surveillance), a total of
71 patients with MM (diagnosed during a 10-year
follow-up period after baseline) were identified.
Median age at MM diagnosis was 70 years; 4.3%
were African-Americans. Using available stored
prediagnostic serum for these 71 patients, MM was
found to be consistently preceded by MGUS [13]. In
parallel, another study utilized the Department of
Defense Serum Repository to evaluate 30 patients
with MM who underwent high-dose chemotherapy
and autologous stem cell transplant for MM at the
Walter Reed Army Medical Center, and who had
prediagnostic serum samples available [14]. Because
this study took advantage of stored samples from
individuals who served in the Army, the patients were
younger (median age 48 years), 97% were males, and
47% were African-Americans. Despite the fact that
there were differences with regard to study char-
acteristics, the results from the study based on the
Department of Defense Serum Repository were very
similar to those from the prospective PLCO Cancer
Screening Trial. In fact, 27 of the 30 (90%) patients
with MM had evidence of a preceding precursor state
(MGUS). Regarding the three patients with no
detectable MGUS preceding the diagnosis of MM,
one only had prediagnostic serum available at 9.5
years before diagnosis, and two were found to have
immunoglobulin D (IgD) MM (which is a MM

subtype with very low levels of monoclonal immu-
noglobulin secretion), and with sera available only
3 and 5 years before the diagnosis. Thus, these
two independent studies establish a central role for
MGUS on the pathway to MM.

Although MGUS is commonly referred to as a
single entity in the literature, indeed there are two
kinds of MGUS: lymphoid (or lymphoplasmacytoid)
MGUS, and plasma cell MGUS. About 15-20%
of MGUS cases secrete IgM, and mostly they have
a lymphoid or lymphoplasmacytoid phenotype.
By contrast, non-IgM (IgG > IgA > Ig light chain
only > IgD > IgE) cases of MGUS mostly have
a plasma cell phenotype. Typically, plasma cell
MGUS can progress to MM or related plasma cell
disorders, whereas lymphoid MGUS can progress
to Waldenstroém macroglobulinemia, lymphoma, or
other malignant lymphoproliferative disorders [15].
Furthermore, there is virtually no overlap of the
molecular genetic events responsible for the mole-
cular pathogenesis of the two kinds of MGUS,
suggesting that they are quite distinct biological
entities.

This review focuses on plasma cell MGUS, which
is defined by a serum M-protein concentration of
less than 3 g/dL, fewer than 10% of plasma cells in
the bone marrow, and with no end organ damage
(Table I). Although it mostly belongs to the plasma
cell MGUS category, primary amyloidosis is an
exception from the definition given above. In fact,
it is characterized by pathological deposits in various
tissues of monoclonal Ig light chain fragments
produced by MGUS that often include only a small
number of premalignant tumor cells. This review
does not focus on primary amyloidosis.

Current clinical markers of progression of
monoclonal gammopathy of undetermined
significance to multiple myeloma

It is important to keep in mind that the vast majority
of patients with MGUS will never progress to MM.
Unfortunately, at this time, we lack reliable markers
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to predict the risk of MM progression for individual patients with MGUS or SMM, the ratio of pheno-

patients with MGUS. Currently, the risk of progres- typically aberrant plasma cells (aPCs) to total bone
sion of MGUS is assessed by a few selected risk marrow plasma cells (BMPCs) at diagnosis allowed
factors. Basically, two major models for risk stratifi- the risk stratification of patients with MGUS and
cation have been proposed: one model by the Mayo SMM progression to overt MM (Figure 3). In their
Clinic and the other by the Spanish study group. study, patients with MGUS and SMM with >95%

The Mayo Clinic model (Figure 1) focuses on aPCs/BMPCs at diagnosis had a significantly higher
serum protein abnormalities. The following features risk of MM progression [18]. Furthermore, on
are considered as adverse risk factors: non-IgG multivariate analysis, >95% aPCs/BMPCs, DNA
isotype, M-protein concentration > 1.5 g/dL, and aneuploidy, and immunoparesis were found to be
an abnormal serum free light chain (FLC) ratio independent predictors of MM progression [18].
(normal reference 0.26-1.65) [6,15]. In the Mayo More specifically, for patients with MGUS with no,
Clinic model, at 20 years of follow-up, patients with one, or two risk factors (>95% aPCs/BMPCs and
MGUS with all three risk factors on average have an DNA aneuploidy), the risk of progression at 5 years
absolute risk of MM progression of 58%; for MGUS was 2%, 10%, and 46%, respectively [Figure 3(A)].
patients with two, one, and none of these risk factors, For patients with SMM (risk factors: >95% aPCs/
the corresponding absolute risk is 37%, 21%, and BMPCs and immunoparesis), the corresponding

5%, respectively [Figure 1(A)] [16]. For patients numbers were 4%, 46%, and 72%, respectively
with asymptomatic or smoldering MM (SMM), the [Figure 3(B)] [18].

risk factors for progression are serum M-protein Taken together, these studies emphasize the fact
concentration >3 g/dL, bone marrow plasma cells that the risk of MM progression varies greatly among
>10%, and an abnormal free light chain ratio. The individuals diagnosed with MM precursor disease.
cumulative risk of progression at 10 years with one, Clearly, we need better markers to define high-risk
two, and three of the risk factors was 50%, 65%, and (versus low-risk) MGUS/SMM and to better predict
84%, respectively [Figure 1(B)] [17]. individual risk of MM progression.

The Spanish study group model uses multipara-
metric flow cytometry of bone marrow aspirates to
differentiate aberrant from normal plasma cells [18]
(Figures 2 and 3). Plasma cells characteristically
express CD138 and intense (bright) CD38. The
features of aberrant plasma cells include decreased Karyotypic analyses are informative for MM and
CD38 expression, expression of CD56, and the sometimes SMM tumors (Figure 4). Yet, karyotypic
absence of CD19 and/or CD45 (Figure 2). In 500 analyses are rarely informative for MGUS because of

Genetic abnormalities in monoclonal
gammopathy of undetermined significance and
multiple myeloma

A [ === Aistactors abnormal B”
S Any 2 factors abnormal o4
0
s Any 1 factor abnormal
2 = Berum M-spike <1.5 gm/dL, IgG Subtype and normal FLC ratio o) b (- J—
5 I
i P
. m P 66 g
£ o o
c 82 I
5 @ s —_
° S LI— £
H f
5 ¢
s = } -
8 j Il
-1 7 il
a0 r
Z /
2 Pooar
£ = A f
& ! Rel. Risk
risk factors
« —_— 81 1
S 114 19(12-29)
10 3 T8 40{28-8.1)
P < 001
[+]
I T T T T T T T T T
0 5 10 15 20 25 30 0 3 ] 15
Years Years of follow-up

Figure 1. The Mayo Clinic risk stratification model for progression of MGUS and SMM. (A) Risk factors for progression of MGUS are (1)
elevated serum M-spike (> 1.5 g/dL), (2) non-IgG MGUS, and (3) abnormal free light chain ratio (<0.26 or > 1.65). The corresponding
absolute risk of progression at 20 years of follow-up for patients with 3, 2, 1, and 0 of these risk factors is 58%, 37%, 21%, and 5%,
respectively. Reproduced from Blood by S. Vincent Rajkumar and others. Copyright 2005 by American Society of Hematology (ASH).
Reproduced with permission of American Society of Hematology (ASH) in Blood via Copyright Clearance Center. (B) Risk factors for
progression of SMM are (1) elevated serum M-spike (>3 g/dL), (2) bone marrow plasma cells >10%, and (3) abnormal free light chain
ratio (<0.125 or > 8). The cumulative risk of progression at 10 years of follow-up with 1, 2, and 3 of the risk factors is 50%, 65%, and 84%,
respectively. Reproduced from Blood by Angela Dispenzieri and others. Copyright 2008 by American Society of Hematology (ASH).
Reproduced with permission of American Society of Hematology (ASH) in Blood via Copyright Clearance Center.
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Figure 2. Flow cytometric immunophenotyping of plasma cells
from the bone marrow aspirate of a patient with SMM. CD138 (+)
CD38 bright (+) plasma cells are identified (gated in red) with
intermediate side scatter (SSC) properties (A, B). Both abnormal
and normal plasma cells are present. Abnormal plasma cells
(highlighted by gray ovals) exhibit abnormally diminished CD19,
CD45, and CD27 expression, with aberrant expression of CD56
and CD117 (C-F), and monoclonal cytoplasmic kappa light chain
expression (G, H).

the extremely low fraction of proliferating cells,
the relatively low numbers of plasma cells in the
marrow of patients with MGUS (by definition
< 10%; typically 3-5%), and the even lower number
of monoclonal plasma cells recovered in bone
marrow aspirates (often <0.5%). However, inter-
phase fluorescence i situ hybridization (FISH) can
detect the numbers of chromosome and chromoso-
mal rearrangements in non-dividing cells, and con-
sequently is a useful tool to study chromosomal
aberrations in tumor cells from patients with MGUS,
SMM, and MM, especially when applied to purified
plasma cells [19,20] (Figure 5). Several molecular
and chromosomal genetic changes have been identi-
fied in patients with MGUS and MM. These changes
occur at different stages of disease progression and
may serve as potential markers of disease progression
(Figure 6). For MM tumors, the chromosome
content identifies two major tumor groups, each
constituting approximately 50% of tumors: the
hyperdiploid (HRD) group (48-74 chromosomes)
is associated with recurrent trisomies, particularly of
chromosomes 3, 5, 7, 9, 11, 15, 19, and 21; and the
non-hyperdiploid (INHRD) group (fewer than 48
and/or more than 74 chromosomes) includes tumors
with hypodiploid, pseudodiploid, or near tetraploid
chromosome number. Significantly, primary translo-
cations involving the immunoglobulin heavy chain
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Figure 3. The Spanish PETHEMA study group risk stratification model for progression of MGUS and SMM. (A) The model for MGUS on
the basis of the percentage of immunophenotypically aberrant PCs within the BMPC compartment (<95% aberrant PCs, score of 0; >95%,
score of 1) and DNA index: aneuploid (score of 1) or diploid (score of 0). The risk of progression at 5 years with scores of 0, 1, and 2 is 2%,
10%, and 46%, respectively. (B) The model for SMM was built on the basis of the percentage of immunophenotypically aberrant PCs within
the BMPC compartment (<95% aberrant PCs, score of 0; >95%, score of 1) and the presence (score of 1) or absence (score of 0) of
immunoparesis. For patients with SMM, the risk of progression at 5 years with scores of 0, 1, and 2 is 4%, 46%, and 72%, respectively.
Reproduced from Perez-Persona et al., Blood 2007;110:2586-2592 [18].
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Figure 4. G-banded karyotype from a patient with smoldering myeloma showing two balanced translocations. One involves the entire short
arm of chromosome 1 and the distal long arm of chromosome 8, with a break in band 8q24.1, presumably in c-myc. The second involves the
short arm of chromosome 6 and the distal long arm of chromosome 14, with a break in band 14932, presumably in IgH. (Image kindly
contributed by Diane C. Arthur, MD, Laboratory of Pathology, National Cancer Institute, Bethesda, Maryland.)

(IgH) locus at 14q32 [e.g. t(11;14), t(4;14), t(14;16),
t(6;14), and t(14;20)] are present in about 70%
of NHRD tumors but only 10% of HRD tumors [21—
25]. Chng et al. have developed an interphase FISH-
based trisomy index, using a cut-off of two trisomies
within a three-chromosome combination (chromo-
somes 9, 11, and 15) that is highly specific for
hyperdiploid MM [19]. When the index was applied
to 28 patients with MGUS and SMM who had
normal karyotypes, 40% of the cases were identified
as hyperdiploid. Using a similar approach, Chiecchio
et al. found that 72/189 (42%) of MGUS, 70/
127(63%) of SMM, and 223/388 (57%) of MM
cases were hyperdiploid [20]. For both studies the
prevalence of hyperdiploidy was similar, albeit some-
what lower in MGUS compared to MM tumors, and
therefore likely occurs early in the disease evolution
of most tumors (Figure 6). Chiecchio er al. also
examined the prevalence of other specific chromo-
somal abnormalities in patients with MGUS, SMM,
and MM. The prevalences of three primary IgH
rearrangements [t(6;14), t(11;14), and t(14;16)]

were found to be very similar in all three groups,
suggesting that primary IgH translocations probably
represent an early genetic event in myelomagenesis.
This result is consistent with previous results indi-
cating that most primary IgH rearrangements occur
as a result of an aberrant IgH switch recombination
event in germinal center B cells [26]. The prevalence
of chromosome 13 deletion in MGUS differs in a
number of studies; some have found the frequency of
this deletion to be much lower in MGUS (~25%)
when compared to MM (~50%) [25,27], while
others have reported a similar rate of nearly 50%
[28,29]. Of note, Chiecchio er al. [20] reported that
the occurrence of chromosome 13 deletion in
MGUS (25%; 47/185) vs. MM (47%; 136/395)
was related to the presence of specific IgH transloca-
tions. For both MGUS and MM tumors, chromo-
some 13 deletion was present in approximately 90%
and 70%, respectively, of tumors with t(4;14) and
t(14;16). However, for tumors with t(11;14) or
t(6;14), chromosome 13 deletion was present in
<5% of MGUS cases but approximately 40% of
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Figure 5. Interphase FISH analyses of MM. (A) Fusion signals for
t(4;14)(p16;932). IgH probes in green and MMSET/FGFR3
probes in red. Two fusion signals indicated by yellow arrowheads
likely identify der(4) and der(14) but could represent two copies of
der(4). (B) Extra copies of three chromosomes in a hyperdiploid
tumor. Three copies of chromosome 5 (green) and chromosome 9
(circled) and four copies of chromosome 15 (red). (C) Two copies
of chromosome 17 (green) and deletion of one copy of P53 (red).
(D) Loss of one copy of chromosome 13/13q. In all four panels,
the cytoplasm is blue due to immunostaining of Ig-kappa or Ig-
lambda expressed by the tumor plasma cells. Reproduced with
permission from Swerdlow et al., World Health Organization
classification of tumors of haematopoietic and lymphoid tissues. Lyon:
IARC; 2008.

MM cases. They hypothesized that in patients with
MGUS with t(11;14) and t(6;14), the occurrence of
chromosome 13 deletion may indicate transition to
MM.

Another possible genetic marker for progression of
MGUS to MM is the presence of a RAS mutation.
Rasmussen et al. have shown that the combined
prevalence of activating K- plus N-RAS mutations
is much higher in malignant MM (31%) than in
premalignant MGUS (5%) [30]. Combining various
studies that examined the prevalence of RAS
mutations in MM and MGUS, there is a similar
prevalence (about 15% each) of K- and N-RAS
mutations in MM, whereas K- and N-RAS muta-
tions were detected in none and 4/57 (7%) of MGUS
[30-32; M. Kuehl, unpublished data]. While the
occurrence of activating RAS mutations in MGUS is
neither necessary nor sufficient (at least for N-RAS)
for conversion to MM, the apparently unique
occurrence of K-RAS mutations in MM suggests a
causal role in the transition from premalignant
MGUS to malignant MM in some instances. Finally,
Chesi er al. have reported that MYC up-regulation is

a possible mechanism for progression from MGUS
to MM both in the Vk+ MYC mouse model and in
human tumors [33]. In further support of these
findings, using gene expression profiling (GEP) data
from 44 patients with MGUS and 359 with MM, the
median MYC expression was found to be three-fold
higher in the patients with MM (versus MGUS)
despite extremely low proliferation indices in both
MGUS and MM [34; M. Kuehl, unpublished data).

Taken together, although many of the above-
mentioned markers have been identified in patients
with MGUS, and the prevalence of some markers has
been reported to differ between MGUS and MM,
currently it is unknown whether any markers are
associated with an excess risk of progressing from
MGUS to MM. Importantly, at this time no
systematic study using serial samples (from the
same patient over time) has been conducted to
formally address the role of these genetic markers in
predicting disease progression in patients with
MGUS/SMM.

Gene expression profiling

An increasing number of studies have been using
GEP to delineate pathogenesis and prognosis in
human malignancies [35]. In MM, GEP has also
been used to identify distinct molecular subgroups
[36-39]. Recently, some investigators have at-
tempted to identify GEP signatures that might
predict progression of MGUS to MM [34,40].
More specifically, Zhan er al. [34] first identified 52
genes with differential expression levels across
normal plasma cells, MGUS, and MM; of these, 41
exhibited a progressive increase in expression levels
along the transition from normal plasma cells to
MGUS to MM, and four exhibited a progressive
reduction in expression from normal plasma cells to
MGUS to MM. In their study, they analyzed the
expression patterns of these genes and classified the
patients into four groups which they labeled as
follows: MM-like MGUS, non-MM-like MGUS,
MGUS-like MM, and non-MGUS-like-MM. Based
on their observations, they speculated that the
patients with MM-like-MGUS may have an in-
creased risk of progression, and that they may benefit
from a closer clinical follow-up and possibly early
therapeutic interventions. This is a hypothesis that
has not been formally tested. Interestingly, it was also
reported that the patients with MGUS-like-MM had
a longer survival despite having lower rates of
complete remission. However, a potential explana-
tion of this finding might be that there was a
significant contamination of non-MGUS-like MM
tumor cells with monoclonal plasma cells, normal
plasma cells, and even other kinds of cells. Clearly,
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Figure 6. Stages in myelomagenesis: molecular and genetic changes in the evolution from MGUS to MM. Genetic changes in plasma cells
tumors can be categorized into four groups based on the timing of the acquisition. Early changes occur in pre-germinal B cells prior to the
occurrence of MGUS, and these include primary IgH translocations, cyclin D dysregulation, hyperdiploidy, and deletion 13 in a subset of
patients. Intermediate changes might occur during the transition from MGUS to MM and include K-RAS and FGFR3 mutations, MYC up-
regulation, and deletion 13 in a subset of patients. MYC rearrangements involving immunoglobulin loci, and also p53, p18, and Rb
inactivation are late events. Secondary translocations and NFxB activating mutations do not seem to occur at a specific stage of the disease.

Del, deletion; 1°, primary; 2°, secondary; IgH, immunoglobulin H.

the most important conclusion from these studies is
that, currently, GEP profiles cannot clearly distin-
guish MGUS and MM tumor cells. Based on the
abovementioned data, in our opinion, the strongest
findings are that the GEP profiles of MGUS and
MM tumor cells are more closely related to one
another than either kind of tumor cell is to normal
plasma cells.

Ria er al. recently reported GEP results of bone
marrow endothelial cells in five patients with MM
and five with MGUS [41]. They detected 22 genes
that were differentially expressed in the two groups;
14 genes were down-regulated and eight genes were
up-regulated in MM when compared to MGUS.
Based on small numbers, the study suggested that the
MM endothelial cells were functionally different
from the MGUS endothelial cells, and characterized
by an over-angiogenic phenotype. Due to the

restricted numbers, the study did not have statistical
power to assess whether different phenotypes of
marrow endothelial cells in MGUS are associated
with the risk of MM progression.

Taken together, importantly, one has to keep in
mind that GEP analysis of MGUS has inherent
problems. First, the percentage of plasma cells is low
(by definition <10%), so there is significant con-
tamination with other kinds of cells despite selection
of CD138+ cells on magnetic beads. Second, in
patients with MGUS—unlike in those with MM—
monoclonal plasma cells are likely to be significantly
contaminated with normal plasma cells (due to the
relatively low percentage of monoclonal plasma cells
in MGUS). Until we have better processing methods
and better assays, one has to be very cautious when
interpreting GEP analyses of plasma cells selected by
CD138 expression from patients with MGUS.
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MicroRNA profiling

MicroRNAs (miRNAs) are small (about 22 nucleo-
tides long), single-stranded RNA molecules that
regulate gene expression [42,43]. It is now known
that miRNAs can act as tumor suppressors or proto-
oncogenes [44], and that they are misregulated in
most human cancers. Subsequently, several studies
have shown that miRNAs could potentially be used
as markers of malignant disease in a wide variety of
cancers [45]. Pichiorri er al. described that a
characteristic miRNA signature differentiates plasma
cells of patients with MGUS from healthy plasma
cells [46]. With respect to normal CD138+ plasma
cells, they found 41 miRNAs to be up-regulated
and seven to be down-regulated in MGUS. The most
up-regulated miRNAs in MGUS were miR-21,
miR-181a, known to have a role in B and T cell
differentiation [47], and the oncogenic cluster miR-
106b~25, in particular miR-93, miR-106b, and
miR-25. Also, analysis of PCs in patients with
MM and myeloma cell lines revealed up-regulation
of 60 and down-regulation of 36 miRNAs when
compared to CD138+ healthy controls. Similar to
the signature observed in MGUS, miR-21 and the
miR-106a~92 cluster were found to be up-regu-
lated in subjects with MM and MM cell lines.
However, unlike MGUS, miR-32 and the cluster
miR-17~92 (in particular miR-19a and b) were
significantly up-regulated only in MM samples, thus
suggesting a possible role in the progression of
MGUS to MM. These results suggest the possibility
of using the miRNA expression pattern as a
potential biomarker of disease progression in pa-
tients with MGUS. As stated above, in the future
there is a need for prospective studies using serial
samples (from the same patient over time) to
address the role of miRNAs in predicting MM
progression.

Gene promoter methylation

DNA methylation is an epigenetic process of
methylating specific CpG dinucleotides in the
genome. These ‘CpG islands’ are usually associated
with the promoter region, and their methylation
usually is inhibitory for gene expression. Aberrant
gene promoter methylation is therefore a potential
mechanism for silencing tumor suppressor genes
[48]. Methylation specific polymerase chain reaction
(MS-PCR) followed by DNA sequencing can iden-
tify the methylated CpG dinucleotides.

Takahashi er al. have shown that the methylation
index (MI) in patients with MM is comparable to
other hematologic malignancies but is significantly
higher than in patients with MGUS [49]. A restricted

number of studies have been conducted to assess
the role of promoter methylation in patients with
MGUS and MM. Based on small numbers, P16
(which is a member of the INK4 family of tumor
suppressor genes involved in the INK4/cyclin D1/
RB cell cycle pathway); E-cadherin (which mediates
Ca’"-dependent intercellular adhesion); DAPK
(which is a pro-apoptotic serine/threonine Kkinase);
hMLH-1 (which is involved in DNA repair); and
SOCS-1 (which is part of the JAK-STAT pathway)
have been shown to be methylated with increased
frequency in MM when compared to patients with
MGUS in prior studies [50-53]. However, based on
small numbers, there are considerable differences in
terms of the genes that are methylated in the various
studies. For example, one study found that there is
significant difference in the p16 methylation status in
MGUS and MM [50], while others have shown that
there is no such difference [51-53]. Clearly, addi-
tional studies, especially with serial samples from the
same individual, are needed to confirm these findings
and to assess their role in relation to the risk of MM
progression.

Molecular imaging

Based on current diagnostic criteria, the absence of
end organ damage including skeletal lesions is a
prerequisite for diagnosis of MGUS and SMM.
However, the presence or absence of end organ
damage is also dependent on the type of laboratory
and imaging studies used. The presence of lytic
lesions indicates a diagnosis of MM. Table II lists the
conventional imaging studies that are currently used
in the management of MM. The standard of care to
screen for bone lesions in these patients is a whole-
body skeletal survey. However, with the advent of
newer molecular imaging techniques including posi-
tron emission tomography/computed tomography
(PET/CT) using novel MM-specific tracers, in the
future it will likely become easier to identify lytic
lesions at an earlier stage. Consequently, early
detection of lytic lesions by the use of molecular
imaging techniques may well enable us to identify
patients with precursor disease who are at an
increased risk of developing full-blown MM.
Fluorodeoxyglucose (FDG)-PET/CT is a func-
tional imaging study that has been used in a variety of
clinical settings. For example, FDG-PET/CT can
detect bone marrow/myelomatous involvement with
a quite high sensitivity and specificity (Figure 7). At
our institution, the radiation exposure for FDG PET/
CT is about 1.6 REM. In a patient with MM, a single
examination with FDG-PET/CT can detect and
distinguish between intramedullary and extramedul-
lary lesions [54]. A small study of 49 patients with
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Table II. Comparison of standard imaging modalities in MM.

Radiological detection of

Osteolytic Bone marrow Extramedullary

Modality lesions focal lesions disease Advantages Disadvantages
Metastatic Yes No No Widely available Poor sensitivity
bone survey Historical standard Poor interobserver reliability
Poor tolerance by patients
(multiple positions, long duration)
Computed Yes No No Very sensitive for Relatively high radiation dose
tomography osteolytic lesions
No repositioning
Rapid test

Better assessment for
pathologic fracture risk

MRI No Yes No Very sensitive for bone
marrow focal lesions
No radiation exposure

PET/CT Yes Yes Yes Widely available

High cost

Not widely available

Long duration of exam
Limited fields of view
High cost

Limited sensitivity in spine

MM, multiple myeloma; MRI, magnetic resonance imaging; PET/CT, positron emission tomography/computed tomography.

Figure 7. FDG-PET/CT imaging in a 65-year-old gentleman with SMM. Patient had no lesions on skeletal survey. Left panel shows a CT
scan of the patient’s right lower extremity with a lytic lesion in the right distal femur. Centre panel shows PET image which demonstrates
increased 18F-FDG uptake at the corresponding region. 18F-FDG-PET also shows two additional areas of increased uptake likely
representing early lytic changes. Right panel is a composite image derived from the CT scan and FDG PET images.

plasma cell malignancies (six patients with MGUS) magnetic resonance imaging (MRI) [55]. In this
described increased sensitivity in detecting bone study, two out of the six patients with MGUS were
lesions that were otherwise undetectable by con- found to have positive FDG-PET/CT; however, both
ventional imaging techniques, including CT and these patients also had a separate malignancy in
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addition to MGUS (one patient had a thyroid cancer
and the other had an intestinal tumor). It is therefore
unclear whether the FDG-PET/CT positivity was
related to MGUS or to the other malignancies.

18F_fluoride (18-F) is a positron emitting, bone
seeking radiotracer that was originally developed
for clinical use in the 1960s; however, it fell out of
favor due to production logistics and the availability
of cameras to generate satisfactory images [56].
This radiotracer is the most sensitive agent for
detection of skeletal metastases, when compared to
99mTc_methyl diphosphonate (99mTc-MDP) bone
scintigraphy, and it has the advantage of detecting
both osteoblastic and osteolytic activity [57]. The
18-F uptake occurs, as expected, at the margins of
the lytic lesions. This can be nicely correlated with
focal bone abnormalities on the fused CT. Thus,
18-F PET/CT appears to be a promising modality
for identifying sites of osteolysis in MGUS/MM. To
our knowledge, at this time, no studies have been
conducted to evaluate the efficacy of 18-F PET/CT
in identifying early skeletal lesions in patients with
MGUS.

One hypothesis to explain the transition from
premalignant to malignant states is that there is an
‘angiogenic switch’ that results from cumulative
genetic damage leading to an imbalance of pro- and
anti-angiogenic factors, creating an adequate micro-
environment for a tumor to grow [58]. Dynamic
contrast-enhanced MRI (DCE-MRI) is a non-
invasive imaging technique that can be used to derive
quantitative parameters that reflect microcirculatory
structure and function in imaged tissues. The process
of angiogenesis has been shown to be of great
importance for development, growth, and prognosis
in solid as well as hematologic malignancies [59,60].
In MM, increased angiogenesis results in changes of
microcirculation in bone marrow. Hillengass ez al.
recently examined 222 patients (60 patients with
MGUS, 65 patients with asymptomatic MM, and 75
patients with newly diagnosed symptomatic MM)
and 22 healthy controls with DCE-MRI of the
lumbar spine [61]. They found a gradual increase
of microcirculation from early stages of disease to
full-blown MM. More interestingly, they found that
in patients with MGUS and a low-intensity pattern of
microcirculation, there was lower bone marrow
plasmacytosis. One patient with MGUS/SMM with
a pathologic DCE-MRI pattern developed a progres-
sion to MM 6 months after the DCE-MRI. The
study identified a subset of patients with MGUS with
an abnormal microcirculation pattern; these patterns
correlated with increased plasmacytosis in the bone
marrow. Future studies are needed to assess whether
DCE-MRI can be used as a method to predict MM
progression in patients with MGUS.

Conclusions and future directions

Recent studies have shown that MM is consistently
preceded by a precursor state (MGUS). Despite this
fact, little is known about the molecular and biologic
markers that help identify patients with MGUS with
a high risk of progression.

From a clinical standpoint, the identification of
appropriate biologic and molecular markers is crucial
to identify patients with MGUS who have a high risk
for progression. This will aid in determining a closer
clinical follow-up of such high-risk patients and
possible early therapeutic interventions. It may also
be possible to use some or all of these markers to
determine the choice of therapy and response to
therapy in patients with full-blown MM. Eventually,
these markers can aid clinicians in determining the
prognosis, treatment, and survival in patients with
MGUS/MM.

From a research perspective, the development of
better biologic and molecular markers will improve
our understanding of the molecular pathways
involved in disease progression in patients with
MGUS/MM. This will help us not just in under-
standing the biology of plasma cell dyscrasia but also
in identifying newer therapeutic targets and novel
treatments for the treatment of these diseases.
For example, it is known that all cancer cells carry
mutations. Some of these mutations confer a
selective clonal growth advantage to the cells and
thereby act as ‘drivers’ of myelomagenesis. With the
completion of human genome sequencing it is now
possible to identify all somatic mutations in indivi-
dual cancer genomes [62—-64]. Future studies looking
at the genome sequences in a patient with MGUS
who subsequently develops MM may reveal impor-
tant information about the pathogenetic pathways
involved in disease progression and also identify
novel markers of progression.

Declaration of interest: This work was supported
by the Intramural Research Program of the National
Cancer Institute of the National Institutes of Health.

References

1. Jemal A, Siegel R, Ward E, Hao Y, Xu J, Thun M. Cancer
statistics, 2009. CA Cancer J Clin 2009;59:225-249.

2. Kristinsson SY, Landgren O, Dickman PW, Derolf AR,
Bjorkholm M. Patterns of survival in multiple myeloma: a
population-based study of patients diagnosed in Sweden from
1973 to 2003. J Clin Oncol 2007;25:1993-1999.

3. Kumar SK, Rajkumar SV, Dispenzieri A, et al. Improved
survival in multiple myeloma and the impact of novel
therapies. Blood 2008;111:2516-2520.

4. Kyle RA, Therneau TM, Rajkumar SV, et al. Prevalence of
monoclonal gammopathy of undetermined significance.
N Engl ] Med 2006;354:1362—-1329.

RIGHTS



Leuk Lymphoma Downloaded from informahealthcare.com by Digestive Diseases Branch on 10/20/10

For personal use only.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

. Kyle RA, Rajkumar SV. Monoclonal gammopathy of un-

determined significance. Br ] Haematol 2006;134:573-589.

. Kyle RA, Therneau TM, Rajkumar SV, et al. A long-term

study of prognosis in monoclonal gammopathy of undeter-
mined significance. N Engl ] Med 2002;346:564-569.

. Landgren O, Gridley G, Turesson I, et al. Risk of monoclonal

gammopathy of undetermined significance (MGUS) and
subsequent multiple myeloma among African American
and white veterans in the United States. Blood 2006;107:
904-906.

. Bowden M, Crawford J, Cohen HJ, Noyama O. A compara-

tive study of monoclonal gammopathies and immunoglobulin
levels in Japanese and United States elderly. ] Am Geriatr Soc
1993;41:11-14.

. Parkin DM, Whelan SL, Ferlay J, Teppo L, Thomas DB.

Cancer incidence in five continents, Vol. VIII. Lyon: IARC;
2002.

Iwanaga M, Tagawa M, Tsukasaki K, Kamihira S, Tomonaga
M. Prevalence of monoclonal gammopathy of undetermined
significance: study of 52 802 persons in Nagasaki City, Japan.
Mayo Clin Proc 2007;82:1474-1479.

Landgren O, Linet MS, McMaster ML, Gridley G, Hem-
minki K, Goldin LR. Familial characteristics of autoimmune
and hematologic disorders in 8406 multiple myeloma patients:
a population-based case—control study. Int J Cancer 2006;118:
3095-3098.

Landgren O, Kristinsson SY, Goldin LR, et al. Risk of
plasma-cell and lymphoproliferative disorders among 14 621
first-degree relatives of 4458 patients with monoclonal
gammopathy of undetermined significance (MGUS) in
Sweden. Blood 2009;114:791-795.

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

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

Kyle RA, Therneau TM, Rajkumar SV, et al. Long-term
follow-up of IgM monoclonal gammopathy of undetermined
significance. Blood 2003;102:3759-3764.

Rajkumar SV, Kyle RA, Therneau TM, et al. Serum free light
chain ratio is an independent risk factor for progression in
monoclonal gammopathy of undetermined significance. Blood
2005;106:812-817.

Dispenzieri A, Kyle RA, Katzmann JA, et al. Immunoglobulin
free light chain ratio is an independent risk factor for
progression of smoldering (asymptomatic) multiple myeloma.
Blood 2008;111:785-789.

Perez-Persona E, Vidriales MB, Mateo G, et al. New criteria
to identify risk of progression in monoclonal gammopathy of
uncertain significance and smoldering multiple myeloma
based on multiparameter flow cytometry analysis of bone
marrow plasma cells. Blood 2007;110:2586-2592.

Chng W], Van Wier SA, Ahmann GJ, et al. A validated FISH
trisomy index demonstrates the hyperdiploid and nonhyper-
diploid dichotomy in MGUS. Blood 2005;106:2156-2161.
Chiecchio L, Dagrada GP, Ibrahim AH, et al. Timing of
acquisition of deletion 13 in plasma cell dyscrasias is
dependent on genetic context. Haematologica 2009;94:
1708-1713.

Fonseca R, Debes-Marun CS, Picken EB, et al. The recurrent
IgH translocations are highly associated with nonhyperdiploid
variant multiple myeloma. Blood 2003;102:2562-2567.
Debes-Marun CS, Dewald GW, Bryant S, et al. Chromosome
abnormalities clustering and its implications for pathogenesis
and prognosis in myeloma. Leukemia 2003;17:427-436.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Molecular markers of progression in MGUS 11

Smadja NV, Fruchart C, Isnard F, et al. Chromosomal
analysis in multiple myeloma: cytogenetic evidence of two
different diseases. Leukemia 1998;12:960-969.

Saez B, Martin-Subero JI, Guillen-Grima F, et al. Chromo-
somal abnormalities clustering in multiple myeloma reveals
cytogenetic subgroups with nonrandom acquisition of chro-
mosomal changes. Leukemia 2004;18:654-657.

Smadja NV, Leroux D, Soulier J, et al. Further cytogenetic
characterization of multiple myeloma confirms that 14q32
translocations are a very rare event in hyperdiploid cases.
Genes Chromosomes Cancer 2003;38:234-239.

Kuehl WM, Bergsagel PL. Multiple myeloma: evolving
genetic events and host interactions. Nat Rev Cancer
2002;2:175-187.

Avet-Loiseau H, Facon T, Grosbois B, et al. Oncogenesis of
multiple myeloma: 1432 and 13q chromosomal abnormal-
ities are not randomly distributed, but correlate with natural
history, immunological features, and clinical presentation.
Blood 2002;99:2185-2191.

Fonseca R, Bailey R], Ahmann GJ, et al. Genomic abnorm-
alities in monoclonal gammopathy of undetermined signifi-
cance. Blood 2002;100:1417-1424.

Konigsberg R, Ackermann J, Kaufmann H, et al. Deletions of
chromosome 13q in monoclonal gammopathy of undeter-
mined significance. Leukemia 2000;14:1975-1979.
Rasmussen T, Kuehl M, Lodahl M, Johnsen HE, Dahl IM.
Possible roles for activating RAS mutations in the MGUS to
MM transition and in the intramedullary to extramedullary
transition in some plasma cell tumors. Blood 2005;105:317—
323.

Bezieau S, Devilder MC, Avet-Loiseau H, et al. High
incidence of N and K-Ras activating mutations in multiple
myeloma and primary plasma cell leukemia at diagnosis. Hum
Mutat 2001;18:212-224.

Chng WJ, Gonzalez-Paz N, Price-Troska T, et al. Clinical and
biological significance of RAS mutations in multiple myeloma.
Leukemia 2008;22:2280-2284.

Chesi M, Robbiani D, Sebag M, et al. AID-dependent
activation of a MYC transgene induces multiple myeloma in
a conditional mouse model of post-germinal center malig-
nancies. Cancer Cell 2008;13:167-180.

Zhan F, Barlogie B, Arzoumanian V, et al. Gene-expression
signature of benign monoclonal gammopathy evident in
multiple myeloma is linked to good prognosis. Blood
2007;109:1692-1700.

Nevins JR, Potti A. Mining gene expression profiles: expres-
sion signatures as cancer phenotypes. Nat Rev Genet 2007;8:
601-609.

Shaughnessy JD Jr. Global gene expression profiling in the
study of multiple myeloma. Int ] Hematol 2003;77:213-225.
Zhan F, Tian E, Bumm K, Smith R, Barlogie B, Shaughnessy
J Jr. Gene expression profiling of human plasma cell
differentiation and classification of multiple myeloma based
on similarities to distinct stages of late-stage B-cell develop-
ment. Blood 2003;101:1128-1140.

Shaughnessy JD Jr, Zhan F, Burington BE, et al. A validated
gene expression model of high-risk multiple myeloma is
defined by deregulated expression of genes mapping to
chromosome 1. Blood 2007;109:2276-2284.

Anguiano A, Tuchman SA, Acharya C, et al. Gene expression
profiles of tumor biology provide a novel approach to
prognosis and may guide the selection of therapeutic targets
in multiple myeloma. J Clin Oncol 2009;27:4197-4203.
Zhan F, Hardin ], Kordsmeier B, et al. Global gene expression
profiling of multiple myeloma, monoclonal gammopathy of
undetermined significance, and normal bone marrow plasma
cells. Blood 2002;99:1745-1757.

RIGHTS LI N Kdx



Leuk Lymphoma Downloaded from informahealthcare.com by Digestive Diseases Branch on 10/20/10

For personal use only.

12

41.

42.

43.
44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

S. Mailankody et al.

Ria R, Todoerti K, Berardi S, et al. Gene expression profiling
of bone marrow endothelial cells in patients with multiple
myeloma. Clin Cancer Res 2009;15:5369-5378.

Lee RC, Feinbaum RL, Ambros V. The C. elegans hetero-
chronic gene lin-4 encodes small RNAs with antisense
complementarity to lin-14. Cell 1993;75:843-854.

Bartel DP. MicroRNAs: genomics, biogenesis, mechanism,
and function. Cell 2004;116:281-297.

Zhang B, Pan X, Cobb GP, Anderson TA. microRNAs as
oncogenes and tumor suppressors. Dev Biol 2007;302:1-12.

Chan JA, Krichevsky AM, Kosik KS. MicroRNA-21 is an
antiapoptotic factor in human glioblastoma cells. Cancer Res
2005;65:6029-6033.

Pichiorri F, Suh SS, Ladetto M, et al. MicroRNAs regulate
critical genes associated with multiple myeloma pathogenesis.
Proc Natl Acad Sci USA 2008;105:12885-12890.

Chen CZ, Li L, Lodish HF, Bartel DP. MicroRNAs
modulate hematopoietic lineage differentiation. Science
2004;303:83-86.

Jones PA, Baylin SB. The fundamental role of epigenetic
events in cancer. Nat Rev Genet 2002;3:415-428.

Takahashi T, Shivapurkar N, Reddy J, et al. DNA methylation
profiles of lymphoid and hematopoietic malignancies. Clin
Cancer Res 2004;10:2928-2935.

Chim CS, Liang R, Tam CY, Kwong YL. Methylation of p15
and pl6 genes in acute promyelocytic leukemia: potential
diagnostic and prognostic significance. J Clin Oncol 2001;19:
2033-2040.

Seidl S, Ackermann J, Kaufmann H, et al. DNA-methylation
analysis identifies the E-cadherin gene as a potential marker of
disease progression in patients with monoclonal gammopa-
thies. Cancer 2004;100:2598-2606.

Martin P, Garcia-Cosio M, Santon A, Bellas C. Aberrant gene
promoter methylation in plasma cell dyscrasias. Exp Mol
Pathol 2008;84:256-261.

Stanganelli C, Arbelbide J, Fantl DB, Corrado C, Slavutsky I.
DNA methylation analysis of tumor suppressor genes in
monoclonal gammopathy of undetermined significance. Ann
Hematol 2010;89:191-199.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Bredella MA, Steinbach L, Caputo G, Segall G, Hawkins R.
Value of FDG PET in the assessment of patients with
multiple myeloma. AJR Am ] Roentgenol 2005;184:1199—
1204.

Adam Z, Bolcak K, Stanicek J, et al. Fluorodeoxyglucose
positron emission tomography in multiple myeloma, solitary
plasmocytoma and monoclonal gammapathy of unknown
significance. Neoplasma 2007;54:536-540.

Grant FD, Fahey FH, Packard AB, et al. Skeletal PET with
18F-fluoride: applying new technology to an old tracer. J Nucl
Med 2008;49:68-78.

Even-Sapir E, Metser U, Flusser G, et al. Assessment of
malignant skeletal disease: initial experience with 18F-
fluoride PET/CT and comparison between 18F-fluoride
PET and 18F-fluoride PET/CT. J Nucl Med 2004;45:272—
278.

Folkman J, Watson K, Ingber D, Hanahan D. Induction of
angiogenesis during the transition from hyperplasia to
neoplasia. Nature 1989;339:58-61.

Moehler TM, Ho AD, Goldschmidt H, Barlogie B. Angio-
genesis in hematologic malignancies. Crit Rev Oncol Hematol
2003;45:227-244.

Munshi NC, Wilson C. Increased bone marrow microvessel
density in newly diagnosed multiple myeloma carries a poor
prognosis. Semin Oncol 2001;28:565-569.

Hillengass ], Zechmann C, Bauerle T, et al. Dynamic
contrast-enhanced magnetic resonance imaging identifies a
subgroup of patients with asymptomatic monoclonal plasma
cell disease and pathologic microcirculation. Clin Cancer Res
2009;15:3118-3125.

Ley TJ, Mardis ER, Ding L, et al. DNA sequencing of a
cytogenetically normal acute myeloid leukaemia genome.
Nature 2008;456:66—72.

Mardis ER, Ding L, Dooling D], et al. Recurring mutations
found by sequencing an acute myeloid leukemia genome.
N Engl ] Med 2009;361:1058-1066.

Pleasance ED, Cheetham RK, Stephens PJ, et al. A
comprehensive catalogue of somatic mutations from a human
cancer genome. Nature 2010;463:191-196.

RIGHTS LI N Kdx



