
Review

From MGUS to Multiple Myeloma, a Paradigm
for Clonal Evolution of Premalignant Cells
Niels van Nieuwenhuijzen1,2, Ingrid Spaan1, Reinier Raymakers2, and
Victor Peperzak1

Abstract

Multiple myeloma (MM) is a treatable, but incurable, malig-
nancy of plasma cells (PC) in the bonemarrow (BM). It represents
the final stage in a continuum of PC dyscrasias and is consistently
preceded by a premalignant phase termed monoclonal gammo-
pathy of undetermined significance (MGUS). The existence of this
well-defined premalignant phase provides the opportunity to
study clonal evolution of a premalignant condition into overt
cancer. Unraveling the mechanisms of malignant transformation
of PC could enable early identification of MGUS patients at high
risk of progression and may point to novel therapeutic targets,
thereby possibly delaying or preventing malignant transforma-

tion. The MGUS-to-MM progression requires multiple genomic
events and the establishment of a permissive BM microenviron-
ment, although it is generally not clear if the various microenvi-
ronmental events are causes or consequences of disease progres-
sion. Advances in gene-sequencing techniques and the use of serial
paired analyses have allowed for a more specific identification of
driver lesions. The challenge in cancer biology is to identify and
target those lesions that confer selective advantage and thereby
drive evolution of a premalignant clone. Here, we review recent
advances in the understanding of malignant transformation of
MGUS to MM. Cancer Res; 78(10); 2449–56. �2018 AACR.

Introduction
Multiple myeloma (MM) is a malignant growth of clonal

plasma cells (PC) primarily located in the bone marrow (BM)
and is the second most common hematologic malignancy (1).
Survival improved with the introduction of immunomodulatory
drugs and proteasome inhibitors in the previous decade, but the
current 5-year survival rate does not exceed 50% (2). MM repre-
sents the most important clinical manifestation in a spectrum of
PCdyscrasias, and it is unique in that it is consistently preceded by
a premalignant phase, termedmonoclonal gammopathy of unde-
termined significance (MGUS; refs. 3, 4). MGUS is defined as the
presence of monoclonal immunoglobulin (Ig) in blood or urine
(M protein), less than 10% clonal PC in the BM, and the absence
of myeloma-related end-organ damage (4, 5). MGUS is found in
3% of the population above the age of 50, and its prevalence
increases with age (5). The rate of progression fromMGUS toMM
is approximately 1% of patients per year, which means that the
majority of MGUS patients neither diagnosed nor progressed to a
symptomatic malignancy (3, 5). Some patients develop an inter-
mediate disease stage between MGUS and MM, termed smolder-
ing MM (SMM). SMM patients have an M protein level of more
than 30 g/L and over 10% clonal PC in the BM, but are asymp-
tomatic with regard to myeloma-related end-organ damage. Ten
percent of SMM patients progress to MM during the first 5 years

after diagnosis, after which the rate of progression declines (6). In
the final stages of the disease, MM cells can acquire the ability to
growoutside the BM,which is referred to as extramedullaryMMor
PC leukemia (Fig. 1).

Malignant transformation of a healthy cell into a cancer cell is a
multistep and multifaceted process. Advances in cancer biology
have stipulated that tumors are genetically heterogeneous and
that clonal evolution drives tumor progression (7). The existence
of a well-defined clinical spectrum of premalignant states that
defines MM provides the rare opportunity to study premalignant
cells in their clonal evolution, much like the progression of
colorectal adenomas into colorectal carcinomas has served as a
model for the malignant transformation of epithelial cells (8).
However, predicting progression of MGUS/SMM to MM remains
a challenge. Unraveling the mechanisms of malignant transfor-
mation of PCmight enable early identification of MGUS patients
at a high risk of progression and may point to novel early and
more precise therapeutic targets. Here, we review recent advances
in the understanding of MGUS-to-MM progression, as these
represent two ends on the spectrum between a benign premalig-
nant condition and an overt cancer. We show that multiple
mechanisms of MGUS-to-MM progression are universal princi-
ples in malignant evolution.

From Plasma Cell to MGUS
MGUS is believed to arise from post-germinal center (GC) PC

that have regained their capacity for proliferation. Two mostly
nonoverlappingmodes of pathogenesis can be discriminated that
are thought to initiate PC proliferation. First, approximately half
of bothMGUS andMM cases are hyperdiploid, usually with extra
copies of the odd-numbered chromosomes (typically 3, 5, 7, 9,
11, 15, 19, 21; ref. 9). Second,most nonhyperdiploidMGUS/MM
cases are characterized by a primary translocation involving the Ig
heavy-chain gene at 14q32 (4, 10). Themajority of translocations
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go unnoticed, except when an oncogene is juxtaposed near the
potent Ig-enhancers, most often involving cyclin D genes, MAF
transcription factors, or NSD2/FGFR3 (10). Less than 10% of
patients are nonhyperdiploid and are negative for known trans-
locations (11). Dysregulation of the G1–S cell-cycle transition via
overexpression of a cyclin D gene is present in both hyperdiploid
and nonhyperdiploid MM and is thought to be a common and
early initiating event inMMpathogenesis (12). Overexpression of
cyclin D genes has been reported in various solid tumors, includ-
ing breast cancer and melanoma, but overexpression is especially
implicated in the pathogenesis of lymphomas and is for example
considered to be the molecular hallmark of mantle cell lympho-
ma (13, 14).

Because the development of tumors generally requiresmultiple
hits, overexpression of cyclinD alone, either due to hyperdiploidy
or IgH translocations, is not sufficient for progression fromMGUS
to MM (4). However, these primary genetic events in myeloma-
genesis do have prognostic relevance upon diagnosis of MM.
Generally, hyperdiploid MM is associated with a better prognosis
thanMMwith a primary Ig translocation. Translocations t(14;16)
and t(4;14) especially confer a high risk of fulminant disease
(Table 1). Within the premalignant PC clone, secondary translo-
cations, copy-number variants (CNV), oncogenic mutations, epi-
genetic alterations, andmicroenvironmental changes drive clonal

evolution from MGUS to MM. Together, primary and secondary
events produce the cancer phenotype and are implicated in a
differential disease course, prognosis, and therapy response (4).

Copy-Number Variants
The number of mutations in cancer varies from only several to

many hundreds, whereby a hematopoietic malignancy generally
has less mutations than a solid tumor. Most of the genetic events
that are present in cancer are neutral mutations that have arisen
from genetic instability—so-called passenger lesions. The chal-
lenge is to identify and consequently target those genetic changes
that confer a selective advantage to the cancer clone and thereby
drive malignant evolution. A genetic event is considered a driver
lesion when (i) its associated gene(s) are recognized to play a role
in malignant pathophysiology, (ii) the lesion itself has been
associated with clonal expansion, and (iii) the frequency of the
event exceeds the normal backgroundmutation rate (15). Results
from knockdown and overexpression studies of genes in animal
and in vitro models confer extra weight to the status of potential
driver lesions.Most of the studies discussed here compare genetics
of PC from healthy donors and MGUS, SMM, or MM patients,
occasionally accompanied by animal studies. A more reliable
method to identify driver lesions is the use of sequential, paired
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Figure 1.

Clonal evolution of plasma cell dyscrasias. The malignant transformation of a post-GC B cell or plasma cell into MGUS and subsequently MM requires both
an initiating event and multiple secondary genetic events. Initiating events are broadly subdivided into IgH-translocations or hyperdiploidy. CNVs, mutations,
and epigenetic changes are secondary genetic events that characterize progression. In the continuum of disease stages, genetic lesions accumulate in the
tumor clone. Progression of MGUS to MM is promoted by a remodeling of the BM microenvironment. Clonal evolution is driven by clonal competition, the
tumor microenvironment, immune cells, and therapy regimens.
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MGUS–MMor SMM–MMsamples from the samepatient that has
progressed from one disease stage to another. We have tried to
include these studies when possible; however, the number of
completed studies and included patients is limited. In addition,
MGUS and SMM patients are often pooled. The advent of liquid
biopsies will allow for more convenient sequential sampling in
the near future (16).

Variations of gene-copy numbers are common to both solid
and hematologic cancers and are believed to contribute to tumor
growth. Examining several thousand cancer copy-number profiles
revealed 158 regions of somatic CNVs that are altered at signif-
icant frequency across multiple cancer types (17). CNVs are more
frequently found inMMthanMGUS, and there is a greatermedian
number ofCNVs in eachMMversusMGUSpatient (18). Although
CNVs can bemerely passenger events, someof themhave an effect
on MGUS progression and MM prognosis (11). In addition,
sequential sequencing of MGUS/SMM patients that progressed
to MM and MGUS/SMM patients that did not progress to MM
within follow-up revealed a greater number of CNVs at baseline in
patients that progressed to MM (19). Consistently, LOH was
much more frequent at baseline in patients that were about to
progress. This study suggests that the degree of genomic instability
is a driver of MGUS-to-MM progression itself. CNVs are generally
more frequent in patients with nonhyperdiploid MM, contribut-
ing to the worse prognosis of these patients (11).

Amplification of the chromosomal region 1q21 is the most
common chromosomal gain reported in MM, often occurring
concomitantly with the deletion of 1p. Gain of 1q21 is more
frequent inMM (40%) than inMGUS (25%; Table 1; ref. 18). It is
associated with a higher risk of progression to MM in MGUS
patients andwith apoor prognosis inMMpatients (11). Similarly,
the transformation from a myeloproliferative neoplasm to acute
myeloid leukemia is associated with amplification of chromo-

some 1q (20). Remarkably, 30% of the GEP-70 gene set that has
been shown to predict high-risk disease in MMmaps to chromo-
some 1 (21). Despite its high prevalence and relation with high-
risk disease, the oncogenes on 1q21 responsible for malignant
transformation are subject to debate. CKS1B was originally
proposed to be involved in disease progression, although a more
recent study found no association betweenCKS1B expression and
clinical parameters (22). Recently, ILF2 was identified as a poten-
tial oncogene in 1q21 amplification (23). ILF2 is involved inDNA
damage repair, and its overexpression enables genomic instabil-
ity, thereby enhancing MM cell survival and drug resistance. In
line, inhibition of ILF2 resulted in an increased frequency of
apoptosis in MM cells with a 1q21 amplification, designating
ILF2 as potential therapeutic target (23). In addition, multiple
other candidates are located on 1q21 that may contribute to
disease progression, including MCL1 and IL6R that are both
known to play a role in MM cell survival (4).

The frequency of 1p deletions in MM is approximately 30%,
opposed to only 6% in MGUS (Table 1; ref. 18). A majority of
patients have interstitial deletions, but removal of the entire short
arm has also been observed. Two tumor-suppressor genes linked
to the pathogenesis of del(1p) are CDKN2C and FAM46C (24).
Deletion of 1p32.3 (CDKN2C) increases from MGUS (5%) to
MM (15%) and is associated with adverse overall survival (25).
1p12 (FAM46C) was found to be deleted in 19% of MM patients
and also confers an impaired risk of survival. Its frequency of
deletion in MGUS is unknown (24).

Half of MM patients show loss of the complete chromosome
13, but it is more common in nonhyperdiploid MM (66%) than
in hyperdiploid MM (34%; Table 1; ref. 26). Its frequency in
MGUS is dependent on the concomitant presence of specific IgH-
translocations. Del(13) is almost equally frequent in MGUS and
MMwith t(4;14) and t(14;16) translocations, suggesting that it is

Table 1. Intrinsic drivers of malignant progression from MGUS-to-MM and their prognosis in MM

Type of event Potential oncogenes
Frequency in
MGUS (%)

Frequency
in MM (%)

Prognosis in newly
diagnosed MM

Initiating events
t(11;14) CCND1 12 19 c

t(12;14) CCND2 <1 <1 0
t(6;14) CCND3 0 1 0
t(14;16) MAF 3 4 d

t(14;20) MAFB 3 1 e

t(4;14) NSD2/FGFR3 9 13 d

Hyperdiploidy a 50 55 c

Secondary cytogenetic aberrations
Amp 1q CKS1B, ILF2 25 50 d

Del(1p) CDKN2C, FAM46C 6 40 d

Del(13) RB1 30b 70 f

Del(17p) TP53 1 12 d

Translocations 8q24 MYC 3–4 20 d

Oncogenic pathways
MAPK activation NRAS 36 33

KRAS <1 33
BRAF 27 19

MYC dysregulation MYC <1 67 d

Constitutive NFkB activation TRAF6, CYLD <1 20
aThe exact oncogenic mechanism of hyperdiploidy remains to be elucidated, but cyclin D1 is consistently overexpressed.
bThe frequency of del(13) inMGUS is dependent on concomitant presence of specificprimary IgH translocations. It is high in patientswith t(4;14), t(14;16), and t(14;20),
but low in t(11;14) and t(6;14).
cDenotes a positive impact on survival and 0 denotes no reported impact on survival. Source refs. 18, 36, 37, 41, 46.
dDenotes a negative impact on survival.
et(14;20) is associated with poor prognosis in MM, but correlates with quiescence in MGUS.
fThe prognosis of del(13) depends on the presence of specific IgH translocations.
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an early event in these patients (26). In contrast, del(13) is
practically absent in MGUS with t(6;14) and t(11;14) transloca-
tions but common in MM patients carrying either translocation
(40% and 67%, respectively), implicating del(13) in MGUS-to-
MM progression (26). The retinoblastoma (RB1) tumor-suppres-
sor gene is located on chromosome 13. Inactivation of RB1 is
associatedwith both initiation and progression ofmany solid and
hematopoietic cancers, including the progression to invasive
growth in prostate and bladder cancer and the progression to a
blast crisis in chronic myeloid leukemia (27). Experiments dem-
onstrated that complete loss of RB1 increased proliferation in
both MM cell lines and murine GC B cells, but was unable to
initiate malignant transformation by itself (28). Therefore, LOH
of RB1 in case of del(13) could potentially contribute to MGUS-
to-MM progression, although other genes located on chromo-
some 13 may also be involved.

Deletions of the short armof chromosome17 are uncommon in
MGUS, but 12% prevalence was reported in untreated MM (Table
1; ref. 18). Multiple studies have confirmed that del(17p) in MM is
associated with extramedullary disease and with very poor prog-
nosis (11). The prototypical tumor-suppressor gene TP53 is located
on the short armof chromosome 17 and functions to halt cell-cycle
progression and/or induce apoptosis in case of intracellular stress
following DNA damage. In addition, more recent studies have
recognized that p53 modulates its tumor-suppressing effects via
othermechanisms, including regulation ofmetabolism and autop-
hagy (29). Approximately half of all malignancies are affected by a
TP53 mutation, making it the most common genetic change in
humancancers (29).Mutations ofTP53have been reported in37%
of MM patients with del(17p), but are absent in cases without the
deletion. This suggests that haploinsufficiency of TP53 may be
important for disease progression directly, or that it increases the
probability for loss or mutation of the remaining allele (30).

Recurrent Mutations and Cell Signaling
Pathways

With the advent of gene expression profiling (GEP), molecular
subclasses were described for breast cancer based on distinctive
interpatient expression of gene clusters. Subsequently, molecular
subgroups were recognized in other cancers, including MM (31).
These molecular subgroups of MM were found to be already
present in MGUS (32), which is in line with the finding that
genetic differences between MGUS and MM are smaller than the
differential gene expression between healthy PC and MGUS cells
(33). Similarly, serial whole-exome sequencing (WES) analyses of
pairedMGUS–MMor SMM–MMsamples demonstrated thatmost
somaticmutations are present before the onset of clinicalMM (19,
34, 35). Nevertheless, the genetic complexity increases as MGUS
progresses toMM, and themutational load itself is associatedwith
poor prognosis (36, 37). Eight driver genes that are recurrently
mutated on progression from MGUS to MM have been identified
using next-generation sequencing (NGS): KRAS, NRAS, BRAF,
TP53, CCND1, FAM46C, IRF4, and LTB (37). A study using WES
reported the additional involvement of HIST1H1E and EGR1,
confirming the genetic heterogeneity of driver genes in MM
(36). These results correspondwith studies showing that all tumors
have a variable and increasing clonal heterogeneity during devel-
opment (7). In contrast, a more recent study does mention that
most frequent mutations including NRAS, KRAS, and HIS1TH1E
inMM are in fact already present inMGUS (35). Oddly, in 20% of

MM patients, no mutations in any of the aforementioned driver
genes were found, suggesting that currently unknownmechanisms
play a role in MM pathogenesis in these patients (37). Recent
WES studies of paired MGUS–MM or SMM–MM patient samples
confirmed the widespread intraclonal heterogeneity of MM (38).
In 10 patients, 82 different genes were gained or lost during
progression of MGUS to MM. Beyond the previously identified
driver genes, further potential genetic events of MGUS-to-MM
progression that were identified in this study include ICAM5,
DUSP27, HERPUD1, NOD2, and TOP2A (38). Surprisingly, the
comparisonof samples fromMGUS/SMMpatients that progressed
to MM with samples from patients that did not progress revealed
nodifference inmutational load (19). Inaddition,denovo acquired
mutations at progression to MM were rare in studies using paired
SMM–MM samples specifically (34, 35). Although preliminary,
these results indicate that the specific pattern of mutations drives
MMdisease progression, especially from SMM toMM.However, it
needs to be mentioned that purification of PC using markers
CD138 (and CD38) in abovementioned studies does not discrim-
inate between healthy and (pre)malignant PC. Because healthy PC
can constitute up to 2% of total leukocytes in the BM and MGUS
never exceeds 10%, there can be a substantial contamination of
healthy PC in the MGUS fraction.

An important feature of malignant cells is their acquired
independence from mitogenic signaling for cell proliferation,
which is often achieved by constitutive activation of one of the
cell signaling pathways. Whole-genome sequencing studies
showed that 40% to 60% of MM patients have mutations in
genes involved in the MAPK pathway, making it the most fre-
quently mutated pathway in MM (37). Recent studies using NGS
have shown that RASprotein familymutations accumulate during
disease progression, which is in line with earlier GEP results that
demonstrated increased expression of RAS proteins in MM com-
pared with healthy PC. NRAS and BRAF mutations that result in
their constitutive activation are found in both MGUS and MM
cells, whereas for KRAS, this is only the case in MM cells. Inter-
estingly, it was reported that only KRASmutations are associated
with downstream pathway activation in MM, whereas NRAS
mutations were not (Table 1; ref. 39). These findings with respect
to the MAPK pathway were recently confirmed by the aforemen-
tionedpairedMGUS–MMWES.Combined, these results suggest a
critical role for MAPK pathway signaling—and specifically
KRAS—in MGUS-to-MM progression.

Expression ofMYC induces pleiotropic downstream effects that
drive cell proliferation and is under strict regulation in healthy
cells. The activation ofMYC in cancer generally results from either
constitutive activation of one of the pathways regulating MYC
expression, or through chromosomal amplifications or transloca-
tions, where the latter is more commonly seen in hematopoietic
malignancies (40). MYC rearrangements involving chromosome
8q24 were detected by FISH in 3% of MGUS and 15% of newly
diagnosed MM patients, although a more recent study using
comparative genomic hybridization found these rearrangements
in almost 50% of MM cases (41). GEP of MYC showed MYC
activation in the majority of MM (67%), whereas little to no
activation was demonstrated in healthy controls and MGUS
(Table 1; ref. 42). Transgenic mice with constitutive overexpres-
sion of MYC in B cells develop post-GC PC tumors similar to
human MM (42). Suppression of the MYC-activating LIN28B/
let-7 axis significantly reduced tumor growth and prolonged
survival in a xenograft mouse model, thereby exposing a novel
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therapeutic target (43). Most MYC-driven MMmouse models are
generated on the C57BL/6 genetic background, and MYC activa-
tion is generally believed to be less important in mice with a
different genetic background. Nevertheless, enforced expression
ofMYC, together with IL6, does result in the outgrowth of malig-
nant PC in BALB/c mice (44). However, it is questionable whether
the level of MYC expression in these mousemodels is comparable
with the level of MYC expressed in MGUS/MM patients.

TheNFkB pathway regulates expression ofmany genes involved
in inflammatoryand immune responses.NFkBactivation in cancer
is common and can result either from intrinsic mutations of NFkB
pathway–related genes or from extrinsic signals from the tumor
microenvironment. Intrinsic activation is more commonly found
in hematopoietic cancers, whereas activation of NFkB by the
microenvironment is required as an antiapoptotic survival factor
for various types of solid cancers that arise from chronic inflam-
mation (45).Ordinarily, theNFkBpathway is activatedbyextrinsic
signals fromBM stromal cells in healthy PC,MGUS, andmostMM
cells. However, 17% of untreated MM have mutations that con-
stitutively activate part of the NFkB pathway (Table 1; ref. 46).
Intrinsic activation of NFkBmakesMMcells less dependent on the
BMmicroenvironment and thereby facilitates extramedullary pro-
gression. A recent study demonstrated that TRAF6, implicated in
regulating NFkB and MAPK signaling, is significantly overex-
pressed in patients with active MM compared with MGUS (47).
Inhibition of TRAF6 using a TRAF6-dominant–negative peptide
decreasedNFkB–related signaling, induced apoptosis ofMM cells,
and reduced MM growth (47).

Transcriptional silencing of genes by DNA methylation is an
important epigenetic method to regulate gene expression. Altera-
tions in DNAmethylation profiles are known to affect oncogenic
pathways and are thought to play a role in tumorigenesis.
Genome-wide hypomethylation was found to occur at the tran-
sition from MGUS to MM, accompanied by hypermethylation of
specific tumor-suppressor genes (48). This aberrant methylation
profilewas shown tobe auniversal characteristic formany types of
cancer (49). Global hypomethylation is believed to result in
genomic instability and thereby facilitates chromosomal rearran-
gements, whereas hypermethylation of tumor-suppressor genes
has been associated with aberrant activation of Wnt and JAK/
STAT3 signaling pathways in MM (50). One study reported that
methylation status regulates expression of only a few genes,
challenging clinical relevance of DNA methylation in MM (51).
However, another study has shown that changes in methylation
status of 195 tumor-suppressor genes are significantly associated
with adverse survival (52).

Clinical Predictors of Progression
A number of clinical risk factors are recognized that allow

stratification of the risk of MGUS-to-MM progression. These
parameters do not provide an account for underlying causes of
malignant progression, but have proven useful for predicting risk
of progression in individual patients (53). Important and easy to
determine parameters are based on the size of the MGUS clone:
both the percentage of BM PC and the baseline level and rate
of increased serum M-protein level predict progression to MM
(54, 55). Further risk factors include the heavy-chain isotype—
whereby the risk of progression is most prevalent for IgD and
greater for IgA/IgMMGUS than for IgG MGUS—serum free light-
chain (FLC) ratio, detection of focal lesions by MRI, and Bence

Jones proteinuria (53). Combining these parameters has led to
the development of models predicting progression of MGUS to
MM. The first model that was proposed uses the M-protein level,
heavy-chain isotype, and serum FLC ratio to stratify MGUS
patients in four groups from low risk to high risk of progression
over a 20-year disease course (56). Two othermodels are based on
the percentage of aberrant PC in the BM and either DNA aneu-
ploidy or development of M-protein level, both stratifyingMGUS
patients in three risk groups at 5 and 7 years after diagnosis,
respectively (54, 57). Similarmodels to predict risk of progression
have been developed for SMM (32).

Many of the genetic events that have been discussed above
impart an influence on an MGUS patient's risk of progression to
MM(Fig. 1). Itwas found that the aforementionedGEP-70 gene set
not only predicts high-risk disease in MM, but also independently
signifies a higher risk of MGUS-to-MM progression (32). The
combination of conventional clinical risk factors with genomic
predictors of progression, such as the GEP-70 risk score, was used
to identify new subsets of high-risk SMM patients that require
earlier therapy (32). Incorporation of genomic data in prediction
models of MGUS progression should lead to more accurate strat-
ification of high-risk MGUS patients in the near future. This may
allow for specific and early treatment and may thereby delay or
prevent clonal evolution of a premalignant lesion.

Tumor Microenvironment in Malignant
Progression

It has become increasingly clear that reciprocal interaction
between tumor cells and the tumor microenvironment plays an
essential role in the development of cancer (7). In solid tumors,
the establishment of tumor-associated stroma facilitates not only
tumor growth and progression, but also invasive and metastatic
growth (58). Similar to healthy PC, MM cells initially depend on
signals from the BM microenvironment for their survival (4).
Intricate interactions between MM cells and cells from the BM
microenvironment play an important role in MM proliferation,
survival, migration, and drug resistance (4, 59). The nature and
relevance of the microenvironment in MM have been described
extensively elsewhere, including the important role of bone and
immune cells in MM pathophysiology (60, 61). This is nicely
illustrated by recent studies where MGUS cells were shown
capable of progressive growth inmousemodels, and that immune
surveillance and extrinsic restraints from the endosteal niche are
involved in MGUS dormancy (62, 63). Here, we will primarily
discuss differences that have been found in BM stroma when
comparing MGUS and MM patients. It is believed that malignant
evolution of MGUS is mediated by structural and functional
alterations of the tumor-associated stromal cells, making the BM
microenvironment an active participant in malignant transfor-
mation and thus an interesting target for therapy in early disease
stages (Fig. 1; refs. 4, 59–61, 64).

Tumor-associated stromal cells are active participants in struc-
tural and functional remodeling and constitutive activation of
angiogenesis in a cancer microenvironment (58). Endothelial
cells (EC) in the microenvironment of solid tumors overexpress
genes related to the extracellular matrix (ECM), proliferation,
migration, and especially angiogenesis (58). Similarly, GEP of
BMEC inMGUS andMMpatients revealed differential expression
of 22 genes involved in resistance to apoptosis, ECM formation,
bone remodeling, cell adhesion, and angiogenesis, and thus
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implicates a functional transformation of BM EC in MGUS-to-
MM progression (65).

A proteomic analysis of fibroblast-like cells and ECM demon-
strated that ECM proteins, ECM receptors, and ECM-modulating
enzymes are progressively upregulated from MGUS to MM (59).
Two proteins, Annexin A2 (ANXA2) and Galectin-2 (LGALS2),
were identified in the BMECMofMMbutwere absent in BM from
healthy donors or MGUS patients (59). Remarkably, high expres-
sion of these proteins was associated with decreased overall
survival, suggesting that remodeling of BM ECM contributes to
a permissive tumor microenvironment (59).

Angiogenesis results in tumor growth via increased blood flow
and a greater supply of nutrients to tumor cells and is widely
recognized as vital to cancer progression (58). Angiogenesis in the
BMmicroenvironment was shown to increase during progression
from MGUS to MM and is associated with poor prognosis and
therapy resistance (66). Endothelial progenitor cells (EPC) medi-
ate angiogenesis in the BMmicroenvironment. It has been shown
that levels of circulating EPC are significantly higher in MM
compared with healthy subjects and MGUS patients (64). Target-
ing EPC with a VEGFR2 antibody in mice effectively delayed MM
growth only during early disease progression. In addition, the BM
microvessel density (MVD) in mice with spontaneous MM was
twice as high as in mice with MGUS and strongly correlated with
the level of monoclonal Ig in blood (67). In line with these
findings, it was found that MVD in BM of MGUS patients who
showed progression to MM at follow-up significantly increased
compared with MVD of patients with MGUS that remained
quiescent (67). Since the FDA approval of bevacizumab in
2004, many angiogenesis inhibitors, alone or in combination
with other drugs, have been introduced for the treatment of a
range of tumors. However, antiangiogenic therapy, monotherapy
especially, proves not to be as effective as was predicted (68).
Aforementioned results illustrate the need to further investigate
antiangiogenic drugs during early stages of malignant
transformation.

Concluding Remarks
The 5-year survival rate of MM patients does not exceed 50%,

notwithstanding recent therapeutic advances (2). Treatment of
MGUS patients before progression to MM is currently not con-
sidered beneficial. The high degree of genetic and molecular

heterogeneity makes it difficult to identify those patients who
are at imminent risk of progression and to decide on a choice of
therapy that outweighs the risks and costs. In an ongoing phase I
clinical trial, high-risk MGUS patients are being treated with anti-
CD38monoclonal antibody daratumumab, which, in contrast to
chemotherapy, is believed to be nonmutagenic (69). Further
delineating the molecular mechanisms that drive malignant
transformation may allow for a more precise definition of
high-risk MGUS and may lead to prevention or delay of MM
development by targeting specific signaling pathways involved in
disease progression. The efficacyof targeting actionablemutations
is hindered by clonal heterogeneity, highlighting further difficul-
ties in finding appropriate therapeutic regimens.

Existence of the well-defined spectrum of disease stages that
marks MM allows for research on the transformation of prema-
lignant cells. Sequential paired MGUS–MM sequencing is an
elegant method to study the genetics of MGUS-to-MM progres-
sion and should becomemore convenient with liquid biopsies in
the near future, yielding more precise data on the link between
genomic events andmalignant evolution (16). Ideally, this could
be extended tomonitoring virtually any premalignant lesion in its
progression toward overt cancer. Simultaneously, there is a need
to further characterize remodeling events of the tumor microen-
vironment during early stages of cancer. Novel and precise target-
ing of the BM microenvironment in MGUS should abrogate the
effect of stromal cells on tumor growth, survival, and resistance to
therapy, thereby preventing progression from MGUS to MM.
Rapid advances of genomic techniques to study premalignant
cells in their progression should enable identification and sub-
sequent targeting of driver events during clonal evolution in MM
and cancer in general.
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