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To clarify the molecular mechanisms that participate in the formation of multiple myeloma
(MM) and to detect any tumor-related biomarkers, we performed proteomic analysis of
cellular protein extracts from MM cells and normal plasma cells. Plasma cells from nine
patients with newly diagnosed MM and nine healthy donors were purified by using antiCD138 based immunomagnetic bead-positive selection. The protein profiles of purified MM
and normal plasma cells were compared using 2-DE. We identified a total of 43 differentially
expressed proteins, and confirmed with Western blotting six proteins. The altered proteins
were analyzed using the software program Pathway Studio and the biological network can be
accessed via (http://life-health.jnu.edu.cn/pathway/pathway.html). Further functional studies
showed that annexin A1 knock down modestly induces lethality alone and potentiates the
effects of dexamethasone on both dexamethasone-sensitive and dexamethasone-resistant MM
cells. By correlating the proteomic data with these functional studies, the current results
provide not only new insights into the pathogenesis of MM but also direct implications for
the development of novel anti-MM therapeutic strategies and could lead to the discovery of
potential therapeutic targets. Future molecular and functional studies would provide novel
insights into the roles of these dysregulated proteins in the molecular etiology of MM.
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Introduction

Multiple myeloma (MM) is a clonal B-cell disorder in which
malignant plasma cells (PCs) expand and accumulate in the
bone marrow (BM), leading to cytopenias, bone resorption, and
the production (in most cases) of the characteristic monoclonal
protein [1]. It is the second most common adult hematologic
malignancy, and the most common cancer with skeleton as its
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primary site. It has an incidence of 19 900 new cases per year in
the USA, and accounts for 10% of hematologic malignancies
and 1% of all cancer deaths [2]. In China, the annual incidence
of MM is approximately one case per 100 000 persons [3].
MM remains incurable, but recent advances in cytogenetic
techniques and molecular profiling technologies have allowed
for advances in our understanding of disease pathogenesis,
identified novel therapeutic targets, allowed for molecular classification, and provided the scientific rationale for combining
targeted therapies to increase tumor cell cytotoxicity and abrogate drug resistance [4]. The current focus on RNA in expresThese authors contributed equally to this work.
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sion profiling has generated extensive datasets relating to MM,
but ultimately protein expression and PTM determine MM
formation. Thus, the molecular analysis of MM would greatly
benefit from a proteomics approach that combines the advantages of high throughput analysis (as in expression profiling)
and the focus on protein levels and modifications. Proteomics
offers excellent possibilities for determining the array of
proteins involved in the signalling pathways and regulatory
biology of PCs. Moreover, proteomics permits to identify
isoforms, co-translational modification and PTM of proteins,
which underlie different stages of MM formation [5]. There
were many reports that both normal and malignant PCs can be
purified to homogeneity from BM aspirates using anti-CD138based immunomagnetic bead-positive selection [6]. Thus, MM
represent a good model for proteome research because they can
be obtained as a pure cell population in high yield.
Proteomic techniques as a powerful research tool have
recently become available for large-scale protein analysis and
2-D PAGE is one of the most effective methods for the
simultaneous detection of diverse changes in protein
expression and the high-resolution separation of proteins [7].
In recent years, different proteomic approaches have been
performed investigating various aspects concerning MM [8].
Furthermore, proteomics has been a useful tool for identifying drug targets and therapeutic agents to treat MM [9, 10].
In the present study, using 2-DE coupled with anti-CD138based immunomagnetic bead-positive selection, we compared
protein expression profiles of MM and normal plasma cells
(NPC), and identified differentially expressed proteins that
might be crucial to the pathogenesis of MM. By correlating the
proteomic data with further functional studies, the current
results provide not only insights into the mechanism underlying MM formation but also direct implications for the
development of novel anti-MM therapeutic strategies and
could lead to the discovery of potential therapeutic targets.

2

Materials and methods

2.1 Cell lines and reagents
The human MM RPMI8226 and MM1.s cell line were
cultured in RPMI 1640 supplemented with 1% penicillin/
streptomycin, 1 mmol/L L-glutamine, and 10% FBS at 371C,
5% CO2 in air. Dexamethasone was purchased from Sigma
(St. Louis, MO, USA). All other reagents were purchased
from GE Healthcare (Uppsala, Sweden) unless otherwise
stated.

2.2 Patient samples
BM aspirates were obtained from nine patients with newly
diagnosed MM and nine healthy donors. Informed consent
was obtained in accordance with the institutional policies and
the Declaration of Helsinki protocol. Mononuclear cells
& 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 1. An example of flow cytometry report of CD138-enriched BM PCs. Antibodies used in individual FACS analyses are
indicated to the left and bottom of each FACS plot. The
percentage of cells in each gate window is indicated.

(including PCs) were isolated from BM biopsies by purification over a Ficoll-Paque (Amersham, Piscataway, NJ, USA)
gradient centrifugation. Briefly, BM aspirates (approximately
15 mL) were diluted 1:1 with prewarmed (371C) PBS and
overlaid onto 15 mL prewarmed Ficoll-Hypaque. After
centrifugation at 2000 rpm for 20 min at room temperature,
mononuclear cells were removed, washed again with PBS.
PC isolation from mononuclear cell fraction was performed
by immunomagnetic bead selection with monoclonal mouse
anti-human CD138 antibodies in association with LS
separation columns separation system (Miltenyi Biotec,
Bergisch Gladbach, Germany). The purity of the isolated PCs
was monitored by BD-FACScalibur flow cytometry (BD
Biosciences, San Jose, CA, USA) using CD1381/CD45 and
CD381/CD45 criteria [11]. PC purity of more than 95%
homogeneity was confirmed (Fig. 1).

2.3 2-DE
Purified PCs were washed three times with ice-cold washing
buffer (10 mM Tris-HCl, 250 mM sucrose, pH 7.0) and
transferred to a clean 1.5 mL Eppendorf tube. Cells were
lysed with a buffer containing 7 M urea, 2 M thiourea, 4%
CHAPS, and 1% DTT, 2% v/v IPG buffer 3–10 NL, 0.2 mg/
mL PMSF, and protease-inhibitors (Complete kit, Roche
Diagnostics, Germany). Cellular debris was removed by
centrifugation for 30 min at 13 200  g and at 41C. The lysis
supernatant was used for 2-DE. Protein concentrations were
determined using Bradford assay. All the samples were
stored at 801C before electrophoresis.
www.clinical.proteomics-journal.com
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2-DE was performed with Amersham Biosciences IPGphor
IEF System and Hoefer SE 600 (GE Healthcare) electrophoresis units using the protocol suggested by the manufacturer.
Briefly, total proteins (110 mg) were mixed up to 250 mL of
rehydration solution (8 M urea, 2% CHAPS, 20 mM DTT, and
0.5% IPG buffer) and run in IEF using a 13-cm immobilized
pH 3–10 nonlinear gradient IPG strips. The rehydration step
was carried out for 10 h at low voltage of 30 V. IEF was run
following a step-wise voltage increase procedure: 500 and
1000 V for 1 h each and 5000–8000 V for about 10 h with a total
of 64 kVh. After IEF, the strips were subjected to two-step
equilibration in equilibration buffers (6 M urea, 30% glycerol,
2% SDS, and 50 mM Tris-HCl pH 6.8) with 1% DTT w/v for
the first step, and 2.5% IAA (w/v) for the second step. The
equilibrated gel strip was placed on top of a 12.5% SDS-PAGE
gel and sealed with 0.5% agarose containing a little bromophenol blue. SDS-PAGE was performed for 30 min at a
constant current of 15 mA per gel and then 30 mA per gel until
the bromophenol blue reached the bottom of the gels.
Proteins were detected by a silver nitrate staining.

2.4 Image analysis
Analytical gels were scanned on an Image Scanner
(GE Healthcare) at 300 dpi with 12-bit gray scale levels in
tagged image file format, and images were analyzed using
the ImageMaster 2D Platinum (GE Healthcare). All gels in
the analyses were scanned with identical parameters. To
perform differential analysis of the 2-D gels with the
ImageMaster 2D Platinum software, the individual spots of
each gel were detected by their boundaries, and the spot
volume corresponding to the protein abundance was calculated automatically. Each spot intensity volume was
processed by background subtraction and total spot volume
normalization; the resulting spot volume percentage was
used for comparison. Manual editing of the gels was
necessary especially in the higher molecular weight region.
Proteins were classified as being differentially expressed
between the two types of samples when spot intensity
showed a difference of 42-fold variation in MM in
comparison to NPC. The normalized value for each protein
spot volume was used for comparison. One-tailed Student’s
t-test was used for statistically analyzing the data extracted
from comparison window of ImageMaster software that
displayed the normalized volumes for each protein spot. A
value of po0.05 was considered significant. Only those
spots that have statistical significance in differential
expression were excised from gels for analysis by MS.

2.5 Tryptic in-gel digestion and MALDI-TOF/TOF
analysis
Protein spots were excised and transferred into siliconized
0.5 mL Eppendorf tubes. Each gel piece was rinsed twice with
& 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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deionized water, destained in a 1:1 solution of 30 mM
potassium ferricyanide and 100 mM sodium thiosulfate and
then equilibrated in 50 mM ammonium bicarbonate to pH
8.0. After hydrating with ACN and drying in a Speed Vac
(Thermo Fisher Scientific, Waltham, MA, USA), the gel spots
were rehydrated in a minimal volume of trypsin (Promega,
USA) solution (20 mg/mL in 25 mM NH4HCO3) and incubated at 371C overnight. The supernatants were transferred
into a 200 mL microcentrifuge tube and the gels were extracted once with extraction buffer (67% ACN containing 2.5%
TFA). The peptide extract and the supernatant of the gel spot
were combined and then completely dried in a SpeedVac
centrifuge. Protein digestion extracts (tryptic peptides) were
resuspended with 5 mL of 0.1% trifluoroacetic acid and then
the peptide samples were mixed (1:1 ratio) with a matrix
consisting of a saturated solution of CHCA in 50% ACN
containing 0.1% TFA. Aliquots of 0.8 mL were spotted onto
stainless steel sample target plates.
Peptide mass spectra were obtained on an ABI 4800
MALDI TOF/TOF mass spectrometer (Applied Biosystems,
Foster City, CA, USA). All spectra were obtained using the
settings presented in the Supporting Information Table 1.
Data were acquired in positive MS reflector using a CalMix5
standard to calibrate the instrument (ABI4700 Calibration
Mixture). Mass spectra were obtained from each sample spot
by accumulation of 600–800 laser shots in an 800–4000 mass
range. For MS/MS spectra, the five most abundant precursor
ions per sample were selected for subsequent fragmentation
and 900–1200 laser shots were accumulated per precursor ion.
The criterion for precursor selection was a minimum S/N of
50. Both the MS and MS/MS data were interpreted and
processed by using the GPS Explorer software (V3.6, Applied
Biosystems), and then the obtained MS and MS/MS spectra
per spot were combined and submitted to MASCOT search
engine (V2.1, Matrix Science, London, UK) by GPS Explorer
software and searched with the following parameters: IPI
Human database (V3.36), taxonomy of Homo sapiens
(human), trypsin of the digestion enzyme, one missed cleavage site, partial modification of cysteine carboamido methylated and methionine oxidized, none-fixed modifications, MS
tolerance of 30–60 ppm, MS/MS tolerance of 0.2–0.3 Da.
Known contaminant ions (keratin) were excluded. Total of
69 012 sequences and 29 002 682 residues in the database were
actually searched. MASCOT protein scores (based on
combined MS and MS/MS spectra) of greater than 65 were
considered statistically significant (pr0.05). The individual
MS/MS spectrum with statistically significant (pr0.05) best
ion score (based on MS/MS spectra) was also accepted.

2.6 Protein categorization and network
construction
Differentially expressed proteins were classified based on
the PANTHER (Protein ANalysis THrough Evolutionary
Relationships) system (http://www.pantherdb.org), which is
www.clinical.proteomics-journal.com
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a unique resource that classifies genes and proteins by their
functions [12]. In the process, the PANTHER ontology, a
highly controlled vocabulary (ontology terms) by biological
process, molecular function, and molecular pathway, was
used to categorize proteins into families and subfamilies
with shared functions. Some proteins were annotated
manually based on literature searches and closely related
homologues.
The differentially expressed protein interaction network
was generated with Pathway Studio version 5.0 software
(Ariadne Genomis, Rockville, MD, USA) and Resnet 5 [13]
database were used. Common downstream targets or
upstream regulators of multiple proteins were identified by
using this software, which facilitated the process of selecting
key factors and potential mechanisms from the large
number of differentially regulated proteins.

2.7 Western blot analysis
Six proteins were selected for WB verification, which are
profilin-1, glutathione peroxidase 1, annexin A1, proteasome
subunit alpha type-5 (PSMA5), proteasome activator subunit
2 (PSME2), and proteasome subunit beta type-10 (PSMB10).
PCs purified from six newly diagnosed MM patients and six
healthy donors were used for Western blotting. Protein
extracts (25 mg) prepared with RIPA lysis buffer (50 mM
Tris-HCl, 150 mM NaCl, 0.1% SDS, 1% NP-40, 0.5%
sodium deoxycholate, 1 mM PMSF, 100 mM leupeptin, and
2 mg/mL aprotinin, pH 8.0) were resolved by a 10% SDSPAGE gel, and transferred onto a Immobilon-P PVDF
transfer membrane (Millipore, Bedford, MA, USA) by electroblotting. After blocking with 5% nonfat milk, the
membranes were probed with mouse anti-annexin A1
monoclonal, goat anti-profilin-1 polyclonal, goat anti-glutathione peroxidase 1 polyclonal antibody (Santa Cruz
Biotechnology, Santa Cruz, CA, USA), mouse anti-PSMA5
monoclonal (Enzo Life Sciences, Germany), mouse antiPSMB10 monoclonal, mouse anti-PSME2 monoclonal
(Abcam, Cambridge, MA, USA), and mouse anti-tubulin
monoclonal antibody (LabVision, Fremont, CA, USA). Blots
were then incubated with peroxidase-conjugated anti-mouse
or anti-goat IgG (KPL, Gaithersburg, MD, USA) for 1 h at
room temperature at a 1:3000 dilution and then developed
by using the SuperSignal West Pico kit (Pierce Biotechnology, Rockford, IL, USA).

knockdown was estimated by using Western blotting. From
this screen, Annexin A1 siRNA (50 -ACUCCAGCGCAAUUUGAUGTT-30 ) was chosen as the main siRNA with
the most efficient knockdown. The RNA sequence used as a
negative control for siRNA activity was: 50 -UUCUCCGAACGUGUCACGUTT-30 . All duplexes were dissolved in RNAsefree water to a final concentration of 20 mM. Dissolved siRNA
duplexes were aliquoted and stored at 201C.
In preliminary experiments, we optimized conditions for
the efficient transfection using FAM-labeled negative
control siRNA duplex. Streptolysin-O (SLO) (Sigma
Chemical, Poole, England) was used to reversibly permeabilize cells toward siRNA according to a recently revised
protocol [14]. Briefly, SLO was dissolved in RNAse-free water
to 1000 U/mL and activated with 5 mM DTT for 2 h at 371C,
and then checked for activity and frozen in aliquots at
201C until required. Cells for permeabilization were
washed and resuspended at 107 cells per 400 mL in serumfree RPMI 1640. SLO (10 U/106 cells) was added in the
presence or absence of 5 mmol/L siRNA and incubated at
371C for 10 min, during which cells were mixed twice. The
precise amounts of SLO required for optimal permeabilization and resealing were identified immediately prior to
each experiment by a dose–response optimization procedure. Resealing was achieved by the addition of 1 mL
prewarmed RPMI 1640 supplemented with 10% FCS, and a
further incubation at 371C for 20 min. Transfection efficiency and Annexin A1 protein knockdown was assessed 24
and 48 h postpermeabilization by flow cytometric analysis
and Western blotting analysis.

2.9 Growth inhibition assay
Cell growth inhibition was performed with CellTiter 96
AQueous One Solution Cell Proliferation Assay (Promega,
Madison, USA) according to manufacturer’s suggestions.
Briefly, after siRNA transfection, cells were seeded onto 96well plates at a density of 3  104 (MM1.S) or 6  103
(RPMI8226) cells per well and were cultured for 48 h with
varying concentrations of dexamethasone (0–10 mM). At the
end of the incubation, 20 mL of CellTiter 96 AQueous One
solution was added to each well, and the plate was incubated
for 1–4 h. The plates were read at 565 nm with 630 nm as a
reference using a Model E1 310 Autoplate reader (Bio-Tek
Instruments, Winooski, VT, USA).

2.8 siRNA for annexin A1 and transfection of siRNA

3

Annexin A1 RNA interference mediated by duplexes of
21-nucleotide RNA was performed in RPMI8226 or MM1.s
cells. The siRNA duplex targeted against annexin A1 and the
nonsilencing negative control siRNA duplex were purchased
from Shanghai GenePharma (Shanghai, China). For initial
screening of siRNAs, MM cells were transfected and the

3.1 Comparative proteomic analysis MM cells

& 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Results

To characterize the alterations in protein expression related
to MM, we performed 2-DE analysis and proteomic analysis
of cellular protein extracts from MM and NPC. For the nine
pair samples, we have performed a total of 18 2-DE experiwww.clinical.proteomics-journal.com
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ments. Figure 2 shows a pair of representative 2-D gel
images for whole cell proteins extracted from MM and NPC.
The proteomic maps of MM and NPC were compared with
ImageMaster 2D Platinum software to identify the protein
spot variations. Seventy-five differentially expressed proteins
that could be visualized with silver staining were excised
from the 2-D gels and identified by MALDI-TOF/TOF MS
followed by database interpretation. Altogether, 43 nonredundant proteins were identified successfully. Table 1 lists
the protein identities, together with their spot numbers,
molecular weights, pIs, p-value and fold differences. The
detailed information of all identified proteins was presented
in the Supporting Information Table 2. The detailed
experimental procedures and MS spectra of all identified
proteins have been deposited in the Proteomics Identifications Database (PRIDE) (http://www.ebi.ac.uk/pride) with
Accession No. 9241.

3.2 Functional categories and biological interaction
networking of identified proteins
To understand the biological relevance of the changes in
protein expression in MM, PANTHER classification system

Proteomics Clin. Appl. 2009, 3, 1348–1360

was used to classify the 43 identified proteins into different
functional groups as summarized in Fig. 3A and Table 1.
The PANTHER classification system revealed that the
proteins can be classified into 16 groups according to their
functional properties (Fig. 3A).
Bioinformatic analysis using Pathway Studio software
enabled the characterization of biological association
networks related to these differentially expressed proteins.
The proteins that could be networked were linked by various
relationships such as protein interactions, modifications and
regulation of expression. These relationships are color coded,
and the legends are provided next to the map. A website has
been created to host the network (http://life-health.jnu.
edu.cn/pathway/pathway.html). The website contains hyperlinks through which the information on the proteins and the
nature of their interactions with each other are provided. This
website should be useful for formulating testable hypotheses
to understand the function of potential diagnostic markers
and therapeutic targets of MM. By this approach, we identified some functional groups that may be altered in MM.
These include production of energy, calcium regulatory
protein, oxidoreductase, etc. Several proteins remained
orphans because there is insufficient information in the
database to link them to other proteins in the network.

Figure 2. 2-D gel maps of protein expression in MM and NPC. Arrows indicate the changed proteins that were successfully identified.
Proteins from the MM or NPCs were extracted and separated on a pH 3–10 NL IPG strip, followed by SDS-PAGE. After staining and image
analysis, the spots were analyzed by MALDI-TOF/TOF-MS instrument. The identified proteins, as labeled by number on the gel, are listed
in Table 1. Results were from one representative experiment out of nine.
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Spot no.: the spot identity on the 2-DE gel designated by the ImageMaster.
Protein description in the IPI_HUMAN database.
Accession number in the IPI_HUMAN database.
Score is 10Log(p), where p is the probability that the observed match is a random event; it is based on NCBInr database using the MASCOT searching program as
MALDI-TOF data.
e) The ratio of mean normalized values for the corresponding protein spot in MM cells to NPCs. Positive value: up regulation in MM cells; negative value: down regulation in MM cells.
a)
b)
c)
d)

0.00117
2.43
53452.9
IPI00003944

8.71

64

2.48E-06
2.87
48609.4
IPI00420108

9.01

185

0.0037
4.43
234
5.92
69321.5
IPI00745872

Transfer carrier protein
23
Isoform 1 of serum albumin
Transferase
39
Dihydrolipoyllysine-residue
Succinyltransferase component
Of 2-oxoglutarate
Dehydrogenase complex
52
Lipoamide acyltransferase
Component of branched-chain alpha
Keto acid dehydrogenase complex

Protein full nameb)
Spot no.a)

Table 1. Continued

Accession no.c)

Protein MW

Protein pI

Protein Scored)

MM/NPCe)

p-value
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3.3 Validation of differentially expressed proteins in
MM
To verify the differential expression of proteins in the
MM, we used western blot analysis to examine the expression of a selected panel of proteins, including profilin-1,
glutathione peroxidase 1, annexin A1, proteasome subunit
alpha type-5 (PSMA5), proteasome activator subunit 2
(PSME2) and proteasome subunit beta type-10 (PSMB10).
The Western blotting results showed the same pattern
of expression as obtained from 2-DE analysis. That is,
profilin-1 expression was significantly decreased, while
annexin A1, glutathione peroxidase 1 and all three proteasome subunits expression were significantly increased in
MM (Fig. 4).

3.4 Annexin A1 knock-down potentiates
dexamethasone-induced lethality of
dexamethasone-sensitive and dexamethasoneresistant human MM cells
To investigate the effect of annexin A1 inhibition in MM
cells and whether annexin A1 has a role in dexamethasoneinduced apoptosis, we used RNAi to reduce cellular annexin
A1 levels and examine the effect of annexin A1 knock down.
The effect of the annexin A1 siRNA in silencing the annexin
A1 gene in myeloma cells was examined by directly
measuring changes in annexin A1 protein levels. As shown
in Fig. 5A, transfection of cells with the annexin A1 siRNA
resulted in a significant decrease in the level of annexin A1
protein, whereas mock transfection with a random siRNA
had no such effect. This effect was specific because the
annexin A1 siRNA did not change the levels of tubulin
protein (Fig. 5A).
To determine whether annexin A1 knock down affects
viability of MM cells, we first studied MM1.S cells that are
sensitive to dexamethasone-induced killing. MM1.S cells
were transfected with annexin A1 siRNA for 48 h and
then monitored for viability. Under these experimental
conditions, annexin A1 knock down decreased viability by
7% (Fig. 5B). MM1.S cells also responded to 108 to
105 mol/L dexamethasone alone with loss of viability.
Moreover, annexin A1 knock down combined with dexamethasone resulted in a greater than additive loss of
MM1.S cell viability compared with that found with either
treatment alone, whereas mock transfection with a random
siRNA had no such effect (Fig. 5B). Similar studies
were performed on the dexamethasone-resistant RPMI8226
cells. RPMI8226 cells were transfected with annexin A1
siRNA for 48 h and the cell viability was decreased by
9%. For both cell lines, statistical analysis indicated
that the percentage of viable cells in ANXA1 siRNA-transfected cells was significantly lower than that of a random
siRNA-transfected group (po0.05). In contrast to MM1.S
cells, treatment of the RPMI8226 cells with dexamethasone
www.clinical.proteomics-journal.com
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Figure 3. Bioinformatics analysis of the differentially expressed proteins. (A) Pie chart
representations of the distribution of identified proteins
according to their molecular
functions. Categorizations were
based on information provided
by
the
online
resource
PANTHER classification system.
Some proteins were annotated
manually based on literature
searches and closely related
homologues.
(B)
Pathway
mapping of altered protein
expression
using
Pathway
Studio. Proteins identified in
Table 1 were imported into
PathwayAssist, and an interaction map was generated.
Shown are proteins that either
bound directly to another identified protein or to another
identified protein via one other
protein. Each node represents
either a protein entity or a
control mechanism of the
interaction. The legend of the
interaction network is summarized on the right of the figure.
The biological network can be
accessed via (http://life-health.jnu.edu.cn/pathway/
pathway.html).

alone at concentrations of 108 to 105 mol/L had little if
any effect on viability (Fig. 5C). However, the combination
of annexin A1 knock down and dexamethasone resulted in
cytotoxicity that was greater than that achieved with either
treatment alone (Fig. 5C). These findings indicate that
annexin A1 knock down modestly induces lethality alone
and potentiates the effects of dexamethasone on both
dexamethasone-sensitive and dexamethasone-resistant MM
cells.
& 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Discussion

As in most cancers, tumorigenesis of MM involves multiple
steps and factors [1]. The large-scale RNA-expression
analysis has generated extensive datasets relating to
tumorigenesis and classification of MM. Although the
transcriptome analysis of MM was instructive, it is clear that
the molecular mechanisms involved in MM formation
cannot be understood from the analysis of the transcriptome
www.clinical.proteomics-journal.com
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Figure 4. Western blot images for six proteins and internal
control protein tubulin. Western blotting shows changes in the
expression levels of profilin-1, glutathione peroxidase 1, annexin
A1, PSMA5, PSME2 and PSMB10 in MM (P) and NPC (N).

alone. Systematic comparison of changes in the protein
composition in MM and NPCs should provide clues for wide
studies of mechanisms that underlie the formation and
physiopathology of MM.
Results of comparative proteomic studies of human MM,
to our knowledge, are not yet available for the scientific
community. This study is the first to employ proteomic
technique to globally search for the dysregulated proteins in
MM. In this experiment, we carried out comparative
proteome analysis of MM and NPC with the aim to identify
clusters of proteins (and pathways) that showed differential
expression. A total of 43 differentially expressed proteins
were identified by MS, and differential expression levels of
six identified proteins (profilin-1, glutathione peroxidase 1,
annexin A1, PSMA5, PSME2, and PSMB10) in NPCs and
MM were confirmed by Western blotting, suggesting that
the proteins identified by proteomic approach are actually
differential expression proteins. Importantly, some of the
identified proteins have been previously seen in global gene
expression analyses [15].
The cytoskeletal proteins represented the largest group in
all identified proteins. The cytoskeleton is a highly complex
and dynamic system comprising structural proteins forming
polymers and several associated proteins with regulatory
functions. In addition to their well-known structural function, cytoskeletal proteins play important roles in cell
mobility and migration, immunological synapse formation,
and apoptosis. Tumor-associated changes in the cytoskeleton are well documented and even used in cancer diagnostics [16]. For example, profilin-1, a ubiquitously
& 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 5. Lethality of MM cells induced by ANXA1 knock down
alone and in combination with dexamethasone. (A) The knock
down of ANXA1 in MM cells was confirmed by Western blotting
analysis. (B) MM1.S cells with mock transfection(~) or with
random siRNA transfection(m) or ANXA1 knock down ( & ) were
treated with the indicated concentrations of dexamethasone for
48 h. The number (mean1SD of three replicates) of viable cells
was determined by MTT assay. (C) RPMI8226 cells with mock
transfection (~) or with random siRNA transfection (m) or with
ANXA1 knock down ( & ) were treated with the indicated
concentrations of dexamethasone for 48 h. The number
(mean7SD of three replicates) of viable cells was determined by
MTT assay.

expressed G-actin-binding protein, is found to be expressed
at a significantly low level in MM cells and also in human
breast cancer tissue and a variety of breast carcinoma cell
lines [17], pancreatic [18] and hepatic [19] carcinoma cells
compared to their normal counterparts. These interesting
www.clinical.proteomics-journal.com
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observations appear to suggest that loss of profilin-1
expression may have a general relevance in cancer
progression. Profilin-1 overexpressing breast cancer cells
failed to form tumors when xenografted subcutaneously in
nude mice, which suggested that profilin-1 could also be a
tumor-suppressor protein [20]. Profilin-1 also has been
implicated in a wide range of cellular activities including
proliferation, migration, endocytosis, mRNA splicing, and
gene transcription [21]. A large number of pathogen-based
model studies have implied profilin-1’s function in actinbased protrusion during cell migration [22]. Given these
findings, it is thus not clear why profilin-1 expression is
significantly downregulated in MM cells and many other
different types of cancer cells. We postulated that profilin-1
is a negative regulator of MM aggressiveness and perturbing
profilin-1 could be a good molecular strategy to limit the
aggressiveness of MM cells. Related to this postulate, we are
investigating how loss of profilin-1 expression affects the
motility of MM cells and the effects of overexpression of
either functional or ligand-binding deficient mutants of
profilin-1 on MM cell motility.
As shown in Fig. 4, three proteasome subunits, e.g.
proteasome subunit alpha type-5 (PSMA5), proteasome
activator subunit 2 (PSME2), and proteasome subunit beta
type-10 (PSMB10), were upregulated in MM cells. The
proteasome plays a pivotal role in the degradation of shortlived regulatory proteins, which are components of cell cycle
regulation, cell surface receptors, ion channels modulation,
and antigen presentation. It is believed that once the
disposal system fails to work, the substances, such as
regulatory molecules p53, NFkB, and Bax that promote
apoptosis, may accumulate to a high level harmful to the cell
[23, 24]. Overexpression of proteasomal proteins was
frequently associated with leukemia [25], renal carcinomas
[26], and breast cancers [27]. Multiple studies show that
proteasome inhibitors are more cytotoxic to proliferating
malignant cells than to quiescent normal cells [28, 29]. Our
findings suggest that the MM cells have altered proteasomal
proteins and higher dependency on the proteasomal
degradation processes. The results from this study would
provide new insights into the formation of MM and
mechanisms of proteasome inhibitor PS-341 (bortezomib)
on MM.
The expression of six oxidoreductases was increased in
MM samples: a value that testifies the relevance of this class
of proteins in the pathogenesis of MM. This class includes
cytochrome c oxidase, glutathione peroxidase 1 (GPX1), and
four kinds of dehydrogenases. It has been reported that
oxidative stress mediates various cellular responses, and that
the control of reduction/oxidation (redox) is fundamental in
maintaining the homeostasis of the whole organism [30].
Among these enzymes, glutathione peroxidase 1 plays an
important role in the detoxification of H2O2, antioxidant
defense of the vascular wall, and neural cells in response to
oxidative stress, and it is one of the most important antioxidant enzymes in humans [31, 32]. It is now well appre& 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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ciated that MM is characterized by enhanced production of
reactive metabolites of oxygen and nitrogen species [33].
Consistent with our findings, previous studies showed that
antioxidant enzymes activity, including GPX1, increased in
MM patients and decreased significantly after vincristine–adriamycin–dexamethasone therapy [34]. Therefore, we
speculate that upregulation of GPX1 may play significant
roles in pathogenesis of MM and could be used as the
potential drug targets.
Another large functionally related group contained some
calcium ion-binding proteins belonging to annexin and
S100 families. Three members of the S100 family were
significantly downregulated in MM and two members of the
annexin family were upregulated. Notably, previously
published gene expression profiling studies also showed the
downregulation of S100A9 and S100A12 genes at mRNA
level in MM cells [15]. Further experiments will be
performed to elucidate whether the downregulation of S100
proteins in MM cells is functionally important to benefit
carcinogenesis of MM. On the 2-D gel, S100A9 proteins are
represented by multiple spots. The multiple spots may
result from phosphorylation, glycosylation, or other PTMs.
Each of these isoforms could play a specific cellular role,
which waits for further functional investigations.
Interestingly, annexin A1 and annexin A11 were upregulated in MM cells. Both proteins belong to the same
subgroup of the annexin family. Annexins are calcium- and
phospholipid-binding proteins forming an evolutionary
conserved multigene family, with members of the family
being widely expressed in mammals [35]. The dysregulation
of annexin family members have been reported in numerous cancers and influence the patterns of cellular behavior,
such as cell proliferation, motility, invasiveness, and
signalling pathways, suggesting that annexins may play
important roles in tumor development and progression and
serve as potential biomarkers for the diagnosis and treatment of cancer [36]. Annexin A1, a 37-kDa protein, is
claimed to participate in cell transformation as well as in
inflammation, signal transduction, keratinocyte differentiation, apoptosis, and gene expression modulation [37–39].
The relationship between annexin A1 and the neoplastic
process may be derived from the fact that it is a substrate of
EGFR and other kinases involved in tumor development
[40]. ANXA1 has been shown to be upregulated in
pancreatic carcinoma [41], hairy cell leukemia [42], and skin
tumors [43]. In this study, we found that annexin A1 was
upregulated in MM by proteomic profile analysis, which was
further validated by the results of Western blot. Then, we
tested the effects of annexin A1 knock down on the growth
of MM cells and our results indicated that annexin A1 knock
down modestly induces lethality of MM cells. Based on
previous reports, ANXA1 influences dexamethasomeinduced changes in cell proliferation [44] and dexamethasome confers the resistance of human leukemic U937 cells
to tumor necrosis factor-induced apoptosis by upregulating
intracellular levels of annexin A1 and by facilitating a
www.clinical.proteomics-journal.com
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negative-feedback loop, which is activated upon stimulation
with tumor necrosis factor. High constitutive levels of
annexin A1 in leukemic blasts may protect them against
immune-mediated killing [45]. These reports prompted us
to investigate whether annexin A1 has a role in dexamethasome-induced changes in MM. Our results
demonstrate that annexin A1 knock down potentiates
dexamethasone-induced killing of both dexamethasonesensitive MM1.S and dexamethasone-resistant RPMI8226
MM cells. Knock down of annexin A1 appeared to modestly
induce lethality in MM cells, suggesting a possibility that
upregulation of annexin A1 may be part of the oncogene
addiction machinery that MM cells rely on for survival.
Together with the fact that RNAi-based annexin A1 knockdown potentiates the effects of dexamethasone on both
dexamethasone-sensitive and dexamethasone-resistant MM
cells, this notion implicates an attractive opportunity for
therapeutic development by inhibiting annexin A1. In
addition, because annexin A1 is upregulated in other
cancers, such as pancreatic carcinoma and hairy cell leukemia, development of small-molecule inhibitors of annexin
A1 may find broad therapeutic applications.
The proteome is a highly dynamic entity, being
constantly altered during the cell lifetime. Additionally,
changes in protein levels do not result exclusively from upor downregulation of their respective gene expression. It
could result from PTMs and different processing and/or
turnover rates. Therefore, the independent validation of
each protein identified here as a contributor to MM pathophysiology will be necessary. Once validated, MM biomarkers could also be potential targets for the development of
new MM therapies. Although more studies are needed, the
proteins identified here could potentially be biomarkers
and/or therapeutic targets for MM. In this study, proteomics
techniques and sampling scheme proved effective and
promising to identify proteins important to pathogenesis of
MM. Furthermore, similar to investigations in leukemia [46,
47], protein expression profiling is anticipated to result in
the identification of distinct and prognostically relevant
clinical subgroups of MM.
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