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The understanding of molecular events involved in multiple myeloma (MM) development

as well as of mechanisms underlying sensitivity/resistance to anticancer drugs has been

dramatically increased by the wide-spread use of modern technologies for genetic analysis,

global gene expression and proteomic profiling. Such analytical approaches, which are

presently supported by reliable bioinformatic tools, have depicted a new scenario for the

development of molecular-based anti-MM agents and for predicting clinical outcome. IgH

translocations or a hyperdiploid state are emerging as early genetic signatures of MM

which lead to deregulated expression of cyclin D. At present however, the major challenge

remains the definition of the potential role of cytogenetic techniques and molecular profil-

ing technologies in individual patient management. Here we will describe the prospective

potential and current achievements of such technologies which might produce major

advancements in the treatment of this still incurable disease.

� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Multiple myeloma (MM) is presently an incurable plasma cell

(PC) malignancy which involves 15 000 new patients per year

in US with a median expectation of life of 3–5 years and a

prevalence accounting for approximately 50 000 patients alive

annually. MM is characterized by accumulation of tumour

cells within the bone marrow (BM) and a heterogenous clini-

cal course, which can be often preceded by a premalignant

condition, defined monoclonal gammopathy of undeter-

mined significance (MGUS), and may progress to extramedul-

lary and/or disseminated disease. The pathophysiology of PC

disorders and specifically of MM appears strictly dependent

on the BM microenvironment as well as on the molecular
er Ltd. All rights reserved
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ork.
events which underline B-cell and PC differentiation.1,2 Cyto-

genetic techniques and molecular profiling technologies offer

valuable tools for the study of such processes and have

yielded new insights into basic molecular events underlying

the development of MM as well as into mechanisms of anti-

cancer drug sensitivity/resistance. Presently, a major chal-

lenge is how to translate the knowledge derived from these

studies into new diagnostic, prognostic and therapeutic

applications.

Here, we will describe the most recent findings which have

been achieved by the use of cytogenetic analysis and molecu-

lar profiling approaches and we will discuss their potential,

but still undefined role in the management of individual

MM patients.
.
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Table 1 – The most recurrent IgH translocations in MM are reported with overall prevalence, main molecular target and
prognostic impact

Translocation Prevalence Signature Prognostic relevance

(11;14)(q13;q32) 15–30% cyclin D1 upregulation Favourable

(4;14) 15–20% MMSET/FGFR3/cyclin D2 upregulation Unfavourable

(14;16) 2–10% c-maf/cyclin D2 upregulation Unfavourable

(6;14) 3–4% cyclin D3 upregulation Unknown
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2. Cytogenetic features of plasma cell
discrasias

Malignant PCs may carry multiple and complex chromosomal

abnormalities which are likely to be involved in the pathogen-

esis of PC diseases such as MGUS, smoldering MM (SMM), MM

and PC leukaemia. The onset of PC neoplasms may be charac-

terized by a low tumour burden (i.e. PCs ranging between 1%

to 30% of BM cellularity in most of the newly diagnosed

MGUS, SMM and MM) and low PC labelling index, indicating

a reduced mitotic rate.3 These characteristics have hampered

the identification and classification of chromosome abnor-

malities by conventional cytogenetics. Introduction of fluo-

rescence in situ hybridization (FISH) allowed the analysis of

abnormal karyotypes both in metaphases and interphases

providing a new tool for outcome prediction.4 Chromosomal

aberrations can be classified as numerical and structural.

2.1. Numerical anomalies

Monosomies, which usually involve chromosomes 13, 14, 16,

and 22, and trisomies (chromosomes 3, 5, 7, 9, 11, 15, 19, 21)

are commonly observed in PC discrasias.5,6 Accordingly,

investigators distinguish two main aneuploidy categories:

hyperdiploid, if the number of chromosomes is between 48

and 74, and non-hyperdiploid when the chromosomes num-

ber is less than or equal to 46/47 (hypodiploid and pseudohyp-

odiploid features, respectively) or more than 74 (near

tetraploid feature).7,8 These categories are also indicated by

the corresponding DNA index value as marker of ploidy. In

this case, the cut-off values are the following: hyperdiploid:

>1.05 < 1.75; non-hyperdiploid: <1.05 (hypodiploid) or >1.75

(near tetraploid); non-hyperdiploid abnormalities are associ-

ated with shorter survival.9–12

2.2. Structural anomalies

Translocations involving the immunoglobulin heavy-chain

(IgH) and light chain (IgL) genes are frequently present in PC

neoplasms. IgH translocations have been detected by FISH

analysis in nearly 50% of MGUS and SMM and up to 70% of

MM samples.13,14 IgL translocations have been less studied,

but the prevalence of IgL translocations in MGUS and MM is

10% and 20%, respectively.15

IgH translocations are thought to participate to disease

pathogenesis mainly through deregulation of transcription

factors and/or growth factor receptors, leading to down-

stream activation of cyclins D1, D2 and D3. The most recur-
rent IgH translocations are strongly associated with non-

hyperdiploid karyotypes and poor prognosis (Table 1).16

According to the partner chromosome, we can distinguish:

1) the translocation t(11;14)(q13;q32), which is an anomaly

characterized by the overexpression of the cyclin D117

and is associated with a good prognosis in MM patients

undergoing high-dose therapy (HDT) and stem cell sup-

port.18 The prevalence of this anomaly is estimated in

15–30% of MGUS and MM;19,20

2) the t(4;14), which implies upregulation of Multiple Mye-

loma SET domain (MMSET) and FGFR3 genes.21 MMSET is

likely to be involved in the progression of the disease,

although more data are needed to clarify its role. In some

cases, activating mutations of FGFR3 are present. These

data suggested that the inhibition of FGFR3 may be a

potential therapeutic strategy at least for a specific subset

of patients.22 Finally, down-stream activation of cyclin D2

has been observed in the presence of t(4;14).23 This trans-

location is associated with poor prognosis after HDT.24

The prevalence is 0–10% and 15–20% of MGUS and MM,

respectively;21,25

3) the t(14;16), which is a translocation associated with

upregulation of the transcription factor c-maf and cyclin

D2. This anomaly is variably detected in 2–10% of MM

patients;26

4) the t(6;14), which is a relatively uncommon translocation

(3–4% of MM),27 and it is associated with upregulation of

cyclin D3.28

Overall, IgH translocations may be considered as an early

immortalizing event, which confers survival and proliferative

advantage and probably stromal independence for the tu-

mour clone, as they are highly represented in PC leukae-

mias.29 However, this event would not be sufficient for

progression of disease, as MGUS patients may carry the trans-

location without further evolution. Several data suggest that a

secondary set of translocations and/or other chromosomal

anomalies (e.g.involving c-myc, RAS and p53) provide addi-

tional hits for transformation and expansion of the PC clone.

Such a scenario may clarify the pathways of transformation

in MM tumours with non-hyperdiploid karyotypes. Hyperdip-

loid MM does not usually show the main IgH translocations.

Hyperdiploid karyotype is likely to confer advantage to PC

clone through other mechanisms, such as chromosomal

duplication. Indeed, cyclin D1 expression has been observed

in absence of t(11;14) in MM patients carrying hyperdiploid

karyotypes and chromosome 11 polysomy.30
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2.3. Abnormalities involving chromosome 13

Monosomy and structural anomalies of chromosome 13 have

been initially described by conventional cytogenetics and

associated with shorter survival.31 A correct estimate of prev-

alence has been hampered because of the difficulty to obtain

metaphases. A prevalence of 30–55% in MM has been reported

by interphase FISH.32 The most recurrent abnormalities are

monosomy and interstitial deletions.33 A non-hyperdiploid

karyotype together with t(4;14) and t(14;16) or del(17)(p13.1)

has been associated to chromosome 13 anomalies.13 Conven-

tional cytogenetic techniques were not able to identify t(4;14)

and t(14;16) or del(17)(p13.1) in the presence of chromosome

13 anomalies. These abnormalities are often cryptic and can

be detected only by metaphase and/or interphase FISH.4 Re-

cent studies have shown that the presence of these chromo-

somal aberrations, particularly t(4;14) and t(14;16), affects

prognosis rather than the concomitant detection of chromo-

some 13 anomalies.4 Prognosis is different whether anoma-

lies of chromosome 13 were detected in metaphase or

interphase. Metaphase FISH have shown that chromosome

13 anomalies are identified together with t(4;14), t(14;16) or

del (17)(p13.1) in almost 60% of cases.4 In the same study,

interphase FISH revealed this association in 39% of cases.

These data clarify previous reports indicating that chromo-

some 13 anomalies have prognostic significance mostly in

abnormal metaphases, whereas their detection in interphase

only reveals a less stringent association with t(4;14)

and t(14;16) or del (17)(p13.1), which have a real prognostic

impact.

2.4. Other anomalies

Deletions in the p53 locus (17p13) and activating RAS muta-

tions have been described in 10% and 35–50% of MM patients,

respectively. The presence of these alterations is associated

with advanced stage and poor prognosis.13,34 Therefore, it

can be speculated that such anomalies play a critical role in

the progression of the disease.

2.5. Diagnostic work up for chromosomal abnormalities

Introduction of molecular techniques has changed the diag-

nostic work up in PC discrasias.4 Conventional cytogenetics

must be integrated by metaphase and interphase FISH. In-

deed, abnormal metaphases assessed by conventional cyto-

genetics or FISH often underline an active disease, with a

high mitotic ratio and a poor outcome. In the context of a

low mitotic ratio and tumour burden, interphase FISH can

help to discriminate patients carrying poor prognostic abnor-

malities and more likely to develop progressive disease.

Therefore, interphase FISH and ultimately PC FISH provide

additional tools to assess the outcome of these patients.

3. Gene expression profiling

The relative expression of tens of thousands of genes can be

analysed by microarray technologies, which have provided

novel powerful and reliable tools for the study of tumour cell

biology in the preclinical as well as in the clinical setting. New
tumour classifiers have been produced and prognostic models

based on microarray analysis have been developed in a vari-

ety of human tumours. This approach has led to important

advances in the understanding of biology of human lymphoid

malignancies.35

There are at least two major reasons which make MM an

interesting malignancy for gene expression studies. First,

MM is a clinically heterogenous disease, which individually

is associated with significant differences in survival and sec-

ond, genetic abnormalities underlying MM are very complex

and variable, making it difficult to correlate between these

molecular lesions and the clinical outcome. Pioneering stud-

ies using microarray by Zhan and coworkers identified novel

MM associated genes suggesting a gene-based classification

system for MM.36 Complementary DNA arrays led De Vos

and coworkers37 to important findings on the role of intercel-

lular signalling genes in the biology of malignant PCs. cDNA

microarray analysis has been used for the study of the genetic

changes underlying doxorubicin resistance in MM cells in vitro

and provided evidence that selection of doxorubicin-resistant

MM cells leads to changes in gene expression that reduce the

apoptotic response to death-inducing stimuli.38 Oligonucleo-

tide arrays provided important insights to clarify the antitu-

mour activity of dexamethasone (Dex) in MM. Particularly,

transient activation of genes involved in DNA repair is fol-

lowed by induction of apoptotic pathways and downregula-

tion of genes promoting growth and survival. Moreover,

mechanism of Dex-resistance have been elucidated in the

same study and data originally derived from cell lines have

been confirmed in primary cells, demonstrating the clinical

relevance of such findings.39 A further study from the Ander-

son’s group demonstrated that 2-methoxyestradiol (2ME2), an

estrogenic derivative with anti-MM activity, is able to modu-

late genes involved in Dex-resistance as well as genes encod-

ing heat shock family and ubiquitin-related proteins.40

Another study using DNA microarrays provided the first evi-

dence that transcriptional programs associated with the

immunoglobulin switch could be maintained through PC dif-

ferentiation. These findings have been achieved by compara-

tive analysis of IgA versus IgG-MM. Moreover, the authors

found several genes differentially expressed by j and k MM.

Interestingly, Mip-1a was overexpressed in the j subgroup

and these high levels of Mip-1a were correlated to active

MM bone disease.41 By global hierarchical clustering analysis

of microarrays data, Croonquist and coworkers found that

specific molecular signatures distinguish an intrinsic genetic

transformation event (N-Ras activation) and patterns derived

from both IL-6 and stromal cells cell contacts in the BM

microenvironment.42

The multistep progression of PC disorders has been ana-

lyzed by supervised analysis of microarray data comparing

normal PC vs MGUS vs MM cells. This approach led to the

finding that differences between MGUS and MM are smaller

than those between normal PCs and MM cells, or normal

PCs and PCs from MGUS, providing an important clue for

the understanding of the molecular development of the dis-

ease.43 Moreover, by oligonucleotide microarrays, the anti-

apoptotic activity of IL-6 on MM has been evaluated using

an IL-6 dependent MM cell line (INA-6). The authors found

that an anti-apoptotic system is operative in these cells,
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which is STAT-3 dependent.44 Gene expression profiling of

INA-6 cells has also been used to evaluate molecular events

triggered by agents that affect the IL-6 signalling pathway.

This approach led to the evidence that the combination of

the IL6-receptor superantagonist Sant7 and Dex, which re-

sults in synergistic in vitro and in vivo anti-MM activity,

down-regulates proliferation/maintenance and cell cycle con-

trol genes, while it upregulates pro-apoptotic genes.45 Munshi

and coworkers developed a novel approach for comparative

analysis of normal and malignant PCs. These authors per-

formed comparative microarray analysis of CD138+ normal

PCs and CD138+ MM cells derived from the BM of genetically

identical twins. Genes involved in cell survival pathway

(mcl-1, dad-1, caspase 8, and FADD-like apoptosis regulator

(FLIP)), oncogenes/transcriptional factors (Jun-D, Xbp-1, cal-

modulin, Calnexin, and FGFR-3), as well as genes related to

stress response and ubiquitin/proteasome pathway and ribo-

somal genes, were all highly expressed in MM cells from the

affected twin. On the other hand, the expression of RAD51,

killer cell immunoglobulin-like receptor protein, and apopto-

tic protease activating factor were downregulated in the same

cells.46 In a different study, gene expression analysis of MM by

DNA microarrays showed overexpression of Amphiregulin

(Ar), a growth factor of the erb family. Follow-up studies dem-

onstrated that Ar is indeed a growth factor for MM cells and

that targeting of erb family receptor is a potential novel and

unpredicted therapeutical approach.47 Bergsagel and cowork-

ers identified Cyclin D gene dysregulation as an early event in

the pathogenesis of MM. This evidences provided the idea

that eight TC (Translocation/cyclin D) groups arise from a very

early oncogenic step that results in the dysregulation of 1 of

the 3 cyclin D genes. These authors demonstrated that the fi-

nal expression profile, the biology and clinical course of MM

are correlated with these molecular phenotypic groups.48 In

a recent report, Agnelli and coworkers provided a further ef-

fort to the molecular classification of MM with additional

clues on the transcriptional profile linked to CCND1

amplification.49

All together, these studies provided important insights and

new achievements in the understanding of the biological

bases of MM progression and on molecular mechanisms of

anti-MM agents.

4. Proteomics
In the last 10 years, many technological advances for the

qualitative and quantitative characterization of protein mix-

tures have been reported. With respect to gene expression

profiling, proteomic analysis can give important complemen-

tary information, such as the direct readout of protein

expression levels and the mapping of post-translational mod-

ifications and protein-protein interactions. The progressive

introduction of proteomic approaches in cancer research is

expected to help improving the understanding of the molecu-

lar pathogenesis of cancer and to allow the discovery of novel

diagnostic and prognostic markers of disease.50 Proteomic

applications to MM research are reviewed here, preceded by

a brief introduction on the main currently available proteomic

technologies.
4.1. Proteomic technologies

As shown in Fig. 1, proteomic research can rely on a panel of

several different technologies. To date, none of these technol-

ogies has demonstrated clear superiority over others with re-

spect to parameters such as throughput, reproducibility and

sensitivity. Most importantly, none of them has demonstrated

the ability of achieving full, comprehensive proteome cover-

age of complex protein samples such as cell lysates, tissues

or body fluids. The proteomic tools described below can be

thus considered to yield complementary information.

Two-dimensional gel electrophoresis (2-DE) has been the

classical technique of choice for the separation of complex

protein mixtures. Its strengths are the unparalleled resolution

at the protein level, the efficacy in separating protein iso-

forms, and the capability of generating a proteome ‘‘snap-

shot’’ of immediate visual impact.51 Recent advances based

on the use of special fluorescence dyes, namely differential

gel electrophoresis (DIGE), has greatly improved its quantita-

tive accuracy,52 which has been historically one of the weak

points of the technique. One drawback of 2-DE is that the

Two-dimensional snapshot under-represents proteins which

are either highly hydrophobic or highly basic, or at the ex-

tremes of the molecular weight range. A second important

drawback is throughput: the technology is inherently not

suitable to full automation and lacks sufficient speed to

screen proteomes in high numbers. A third weak point ad-

dressed to 2-DE is that the identity of the protein spots de-

tected requires additional post-analysis steps, very

challenging to perform in high throughput, especially for

the low abundance analytes.

Matrix-assisted laser desorption ionization coupled to

time-of-flight mass spectrometry (MALDI-TOF MS) is a type

of mass spectrometric analysis which uses laser energy to

ionize biomolecules and bring them into the gas phase, where

the analyzer TOF can achieve their mass analysis and detec-

tion.53 MALDI-TOF is a fast and sensitive technique able to

analyze both small and large polypeptides. An important

drawback is its low dynamic range of detection (about two or-

ders of magnitude). Furthermore, the technique cannot easily

provide accurate quantification, even though the peak pattern

generated by MALDI-TOF can suggest quantitative changes in

protein/peptide abundance levels, provided that samples of

very similar composition are screened in a reproducible

way.54 An interesting clinical application of MALDI-TOF is

MS imaging, which can be used to profile proteins directly

in tissue sections.55

A variant of MALDI-TOF, which has been widely used in

biofluid clinical proteomics, is surface-enhanced laser

desorption ionization (SELDI-TOF).56 In this approach, clinical

samples are applied on chip surfaces tailored to capture spe-

cific analyte classes via chromatographic interactions (hydro-

phobic, ionic, affinity). After chip washing, bound substances

are analyzed by MALDI-TOF mass spectrometry. This ap-

proach has been extensively used to profile low molecular

weight proteins (<20 kDa) in serum samples, in the search

for diagnostic patterns of disease. SELDI-TOF has generated

a lot of expectations from the clinical research world, espe-

cially because of its high-throughput capability. Nevertheless,

several issues on the technology are still open.57 Main con-
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Fig. 1 – Overview of available technologies for clinical proteomics Proteomic analysis. Analysis of proteome can be performed

by different techniques. According to the source of the sample and the designed experimental approach, samples undergo a

pretreatment process (i.e, removing excess proteins if body fluids are analyzed, collecting only proteins from a specific

cellular compartment and/or digesting them), then they are analyzed by different methods: 2D gel electrophoresis. Proteins

are separated in a two dimensional gel and quantified by a fluorescent dye (DIfferential Gel Electrophoresis, DIGE);

Surface- Enhanced Laser Desorption Ionization (SELDI) coupled to Time-Of-Flight (TOF) Mass Spectrometry (MS). Samples are

bound to a chip by chromatographic interactions. Protein are then ionized by a laser and brought to a gas phase, where they

are separated and identified through mass spectrometry analysis; Single or multidimensional Liquid Chromatography

coupled to tandem Mass Spectrometry (LC-MS/MS). Peptides, derived from enzyme digested proteins, are separated by liquid

chromatography and then analyzed by Mass Spectrometry; and Protein arrays that provide potentially high proteome

coverage and high throughput.
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cerns are on its sensitivity of detection, accuracy of quantifi-

cation, and about its effective capability of generating repro-

ducible diagnostic patterns in different laboratories. In spite

of this general concern, attempts have been made to achieve

a good interplatform reproducibility in cooperative research

programs.58

An established gel-free, MS-based approach to qualita-

tively and quantitatively characterize complex protein mix-

tures is to perform direct enzymatic digestion, typically

using trypsin, and then to analyze the resulting peptide mix-

ture by single- or multi-dimensional liquid chromatography

coupled to tandem mass spectrometry analysis (LC-MS/

MS).59 The move from proteins to peptides has several advan-

tages: i) peptides can be more efficiently separated by liquid

chromatography; ii) tandem mass spectrometric analysis of

peptides can provide full sequence information and, many

times, characterize post-translational modifications (while
the same is usually not possible at the protein level); iii) ana-

lyte solubility is greatly enhanced by breaking down the intact

proteins, allowing the use of buffers more ‘‘friendly’’ to both

MS and chromatography respect to the ones required for pro-

tein analysis. Another advantage of this approach is that it

can give straightforward identification of detected species.

With the help of isotopic dilution, LC-MS/MS can also provide

accurate quantification of the analytes being measured. The

greatest drawback of this approach is its low throughput. In

fact, the great complexity generated by protein digestion

needs extensive chromatographic separations and thus long

analysis times. The technique is thus used at its best for the

thorough characterization of just a limited number of

samples.

Arrays of proteins or antibodies are indicated as emerging

proteomic technologies. Their potential for high-proteome

coverage and high-throughput analyses might represent a
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key advantage over competing approaches. Important draw-

backs of protein/antibody arrays are the difficulty of estab-

lishing general binding conditions for the proteins under

study, and the possible interference from macromolecular

complexes, not disrupted in the non-denaturing conditions

employed.

4.2. Proteomic applications to myeloma research

To date, still very few reports on the application of proteomic

technologies to the study of multiple myeloma have been pub-

lished. Concerning biofluid proteomics, for example, a single

work describing the use of SELDI-TOF in profiling sera from

MM patients has been recently reported.60 Thiswork was in fact

a study on systematic variability of SELDI-TOF experiments,

and described a method to detect and discard low quality spec-

tra generated by SELDI-TOF based on a correlation matrix.

Three data sets were used to validate this bioinformatics study,

one of which was a set of SELDI-TOF spectra acquired from 64

newly diagnosed MM patients, 36 of which showed evidence

of lytic bone lesions, while the remaining 28 patients carried

no lytic bone disease. Because the focus of the paper was on

the data analysis side, no discussion on potential biomarkers

for lytic bone disease originating from the study was reported.

Insights on potential clinical findings of this study might be the

object of a separate paper.

SELDI-TOF technology was also applied in a recent investi-

gation on the interaction between MM cells and osteoclasts.61

Secreted proteins from: i) osteoclasts, ii) MM plasma cells and

iii) co-cultured osteoclasts/MM plasma cells were profiled by

SELDI-TOF mass spectrometry. Protein profiling revealed a

remarkable increase of the signal from a 66 kDa protein in

the soluble proteins secreted from co-cultured osteoclasts/

MM plasma cells. The protein was subsequently identified

by running an enriched preparation on SDS-PAGE and then

by analyzing the corresponding gel band by mass spectrome-

try after in-gel digestion. Protein identification as chondroitin

synthase 1 (CHSY1) led to the formulation of a hypothesis

concerning its role in MM cells/osteoclasts interaction. It

has been proposed that CHSY1 directly modulates Notch sig-

nalling, known to be involved in interactions between MM

cells and their bone marrow microenvironment, by either

binding or post-translationally modifying Notch. The hypoth-

esis was supported by biochemical assays on Notch2 and

Notch1 activity in myeloma cells co-cultured with osteoclasts.

In the field of cellular proteomics, Fenselau62 reported the

use of MM cell lines in a study focused on the isolation and

characterization of the plasma membrane proteome. Their

method, based on the use of cationic colloidal silica, allowed

for an efficient enrichment of plasma membrane proteins

from cell lysates as demonstrated on the two model systems

used: breast cancer cell lines MCF-7 and MM cell lines RPMI

8226. After plasma membrane isolation, proteins were sepa-

rated on SDS-PAGE and protein bands were cut and in-gel di-

gested by trypsin. Protein identification was achieved by MS

analysis of the resulting peptide mixtures using either direct

infusion in the mass spectrometer by nanoelectrospray ioni-

zation or by performing nanoscale liquid chromatography in

order to separate the peptide mixture before tandem mass

spectrometric analysis (nanoLC-MS/MS). From the MM cell
lines, the direct MS approach yielded the identification of 47

proteins, 20 of which were previously reported as being lo-

cated in the plasma membrane. No analysis using the more

powerful nanoLC-MS/MS approach was performed on protein

digests from MM cell lines. On the contrary, nanoLC-MS/MS

analysis was employed for the characterization of plasma

proteins from MCF-7 cell lines, yielding a substantial increase

in protein identification (366 proteins in total, 155 of which

were reported to be located in the plasma membrane). The

method described by Fenselau could be used for comparative

proteomics studies aimed at quantitatively profiling the com-

position of this cellular component.

Antibody-based strategies have been used by Anderson to

perform proteomic analysis of myeloma cells. Their approach

relied on multiplexed immunoblotting as originally reported

by Zhang63 and it was focused on measuring the levels of abun-

dance of several proteins known to be involved in fundamental

cellular mechanisms. In a first study from same group,64 the

signalling state of MM cells was compared to the one of Wal-

denstrom’s macroglobulinemia (WM) cells. Significant overlap

between the proteomic profiles of the two cell types was as-

sessed. For example, the absence of expression of the germinal

centre kinase (GCK) protein was considered indicative of the

post-germinal centre ontogeny of both MM and WM cells. Pro-

teomic profiles were also acquired after cell treatment with

anti-tumour agents. Proteasome inhibitor PS-341 (bortezomib),

for example, was shown to influence the expression of very

specific proteins involved in regulation of proliferation and

apoptosis like DNA-PK. Interestingly, the demonstration of

the influence of PS-341 on defined biological pathways was

not in accordance with the assumption that PS-341 simply gen-

erates the accumulation of undegraded proteins in treated

cells. Furthermore, as reported in a separate paper from the

same group,65 PS-341 down-regulated the expression of several

proteins involved in DNA repair, confirming the observation

that PS-341 sensitizes MM cells to the action of DNA-damaging

chemotherapeutic agents. These authors reported the use of

multiplexed immunoblotting in another study focused on the

inhibition of insulin-like growth factor receptor (IGF-1R).66 In

this work, the profile of the signalling state of human myeloma

cells (MM-1S) in the absence or presence of IGF-1R inhibitors

was analysed. An increase in the molecular events linked to

apoptosis in cells treated with the inhibitors was demon-

strated. For example, these cells exhibited decreased levels of

phosphorylation of kinases and kinase targets in the PI-3K/

Akt pathway, and decreased intracellular protein levels of

Akt-1, p70S6K, Raf, Src, Bmx, IKK-a and PDK1.

An important advantage of proteomic technologies with re-

spect to gene expression profiling, lies in the possibility of

studying protein-protein interactions. This can ultimately give

insights into protein function. An interesting example of func-

tional proteomic work in MM research has been reported by

Chauhan and coworkers,67 who investigated resistance of

MM cells to Dex. Their investigation started from comparative

gene expression analysis of Dex-sensitive (MM.1S) and Dex-

resistant (MM.1R) MM cell lines. Among transcripts overex-

pressed in Dex-resistant cells, they focused their attention

on Heat Shock Protein-27 (Hsp-27). Hsp-27 showed a signifi-

cant up-regulation in Dex-resistant multiple myeloma

cells (MM.1R), confirmed by immunoblotting (6-7 fold
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overexpression at the protein level). In order to elucidate its

functional partners in Dex-resistant cells, the protein was

immunoprecipitated and the protein mixture resolved by

SDS-PAGE. A strong band of 41 kDa size was detected in the

immunoprecipitate from MM.1R cells, and identified as Actin

by in-gel digestion and MALDI-TOF peptide mass fingerprint-

ing. The importance of the anti-apoptotic effects of the Hsp-

27-Actin complex in MM.1R cells was probed by demonstrating

the correlation between disruption of the Hsp-27-actin interac-

tion andapoptosis in MM.1Rcells treatedwith 2ME2 and PS-341.

5. Perspectives

All the reported findings clearly underline the increasing

potential of cytogenetic techniques and molecular profiling

technology to improve the efficacy of anti-MM treatment.

The identification of critical steps in the development of

MM41,46,48,49 clearly defines new opportunities for the develop-

ment of molecularly designed anti-MM drugs. At the same time

the discovery of an anti-apoptotic role of HSP27-actin complex

in mediating resistance of MM cells to Dex suggests novel com-

binational therapeutic approaches.39,40 The prognostic rele-

vance of specific IgH translocations such as the t(4;14),

t(14;16), chromosome 13 deletion and loss of 17p13 might be

of major interest for patient stratification in prospective trials.

At present, a major point of discussion is whether cytoge-

netic techniques and molecular profiling technologies are

ready to be translated in the clinical patient management.

The translation of novel biomarkers from bench to bedside

outside of the research setting proved to be more difficult

than expected.68 This is most likely due to the still early

investigational phase of the molecular profiling technologies

as demonstrated by the increasing need and efforts for in-

ter-platform and inter-laboratory cross validation. Bioinfor-

matic tools for data management also need to be further

cross-validated. Moreover, gene expression data should ide-

ally lead to follow-up studies at the protein level in terms of

intracellular content, compartmentalization and functional

analysis. Finally, any biomarker, which might modify patient

management, needs validation in well-designed prospective

clinical studies. It is our opinion that more research is needed

for the translation of novel cytogenetic techniques and

molecular profiling technologies in the clinical setting. This

research is however ready to be performed and will be an

important framework for major and individualized advances

in the treatment of MM.
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