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Background
Multiple myeloma is a life-threatening disease and despite the introduction of stem cell trans-
plantation and novel agents such as thalidomide, lenalidomide, and bortezomib most patients
will relapse and develop chemoresistant disease. Therefore, alternative therapeutic modes for
myeloma are needed and cancer-testis antigens such as MAGE-C1/CT7 and MAGE-A3 have
been suggested to represent a class of tumor-specific proteins particularly suited for targeted
immunotherapies. Surprisingly, the biological role of cancer-testis genes in myeloma remains
poorly understood.

Design and Methods
We performed the first investigation of the function of two cancer-testis antigens most com-
monly expressed in myeloma, MAGE-C1/CT7 and MAGE-A3, using an RNA interference-
based gene silencing model in myeloma cell lines. Functional assays were used to determine
changes in proliferation, cell adhesion, chemosensitivity, colony formation, and apoptosis
resulting from gene-specific silencing.

Results
We show that the investigated genes are not involved in regulating cell proliferation or adhe-
sion; however, they play an important role in promoting the survival of myeloma cells. Ac-
cordingly, knock-down of MAGE-C1/CT7 and MAGE-A3 led to the induction of apoptosis in
the malignant plasma cells and, importantly, both genes were also essential for the survival of
clonogenic myeloma precursors. Finally, silencing of cancer-testis genes further improved the
response of myeloma cells to conventional therapies.

Conclusions
Cancer-testis antigens such as MAGE-C1/CT7 and MAGE-A3 play an important role in pro-
moting the survival of myeloma cells and clonogenic precursors by reducing the rate of spon-
taneous and chemotherapy-induced apoptosis and might, therefore, represent attractive tar-
gets for novel myeloma-specific therapies.

Key words: cancer-testis antigens, gene function, RNAi, apoptosis, tumor immunology, multi-
ple myeloma, stem cell transplantation.
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Introduction

Multiple myeloma (MM), the second most common
hematologic malignancy, is a B-cell neoplasia character-
ized by the clonal proliferation of malignant plasma cells
in the bone marrow, with clinical consequences that
include anemia, lytic bone lesions, renal dysfunction,
hypercalcemia, hypogammaglobulinemia, and increased
risk of infection.1 Clinical remissions of MM are com-
monly achieved by high-dose therapy followed by autol-
ogous stem cell transplantation as well as by the admin-
istration of recently introduced drugs such as borte-
zomib, thalidomide, and lenalidomide. However, the
median survival has still not improved beyond 4-5 years,2
mainly because of the persistence of therapy-resistant
minimal residual disease eventually leading to relapse
and death in the vast majority of MM patients.
Accordingly, alternative therapeutic modes, which more
specifically and effectively target remaining myeloma
cells, are needed.
The development of therapies specifically aiming at

MM requires the identification of appropriate myeloma-
specific structures and cancer-testis (CT) antigens have
been suggested to represent a class of tumor proteins par-
ticularly suited for targeted therapies such as T-cell-medi-
ated immunotherapy.3 CT antigens are typically
expressed in a wide range of tumor types but not in any
healthy tissues other than testis and placenta; the expres-
sion of these antigens is regulated by epigenetic mecha-
nisms such as promoter methylation and histone acetyla-
tion.4 Among CT antigens, the melanoma antigen genes
(MAGE) represent the largest gene family. The original
MAGE genes included MAGE-A, -B, and –C, the so-called
CT-X-MAGE proteins, which are localized in clusters on
the X chromosome and encode proteins with 50 to 99%
sequence identity to each other.5 In addition, a number of
autosomal gene families named MAGE-D through
MAGE-L appear to be more widely expressed in normal
tissues.3 Generally, MAGE genes are defined by a shared
MAGE homology domain, a well-conserved domain of
about 200 amino acids.6 The MAGE homology domain
does not contain any regions with significant homology
with other known proteins, but it has been indicated that
this domain represents an important site for protein-pro-
tein interactions.7
CT antigen expression is a rare event in most hemato-

logic malignancies including leukemias and non-
Hodgkin’s B-cell lymphomas.8,9 However, MM probably
represents the malignancy with the richest CT antigen
expression of all human cancers and the two CT antigens
most frequently expressed in MM are MAGE-A3 and
MAGE-C1/CT7.10-15 MAGE-A3 is also expressed in a wide
variety of solid tumors. It is a cytoplasmic protein with a
molecular weight of 35 kDa16 which was discovered ana-
lyzing CD8+ T-cell reactivity of a cancer patient against an
autologous melanoma cell line.17 MAGE-C1/CT7 was
identified simultaneously by representational difference
analysis and serological analysis of recombinant cDNA
expres-sion libraries (SEREX).18,19 MAGE-C1/CT7 is about
800 amino acids longer than other MAGE proteins and
contains a large number of unique short repetitive
sequences in front of the MAGE homology domain.19 The
MAGE-C1/CT7 gene is located on band Xq26 whereas
the MAGE-A genes are located on Xq28.18-20 Like other
MAGE genes, MAGE-C1/CT7 is specifically expressed in

a variety of solid tumors, although less frequently than
MAGE-A3.19
As in the case of most solid tumors, expression of CT

antigens is increased in a coordinate manner in advanced
stages of myeloma10,11,21,22 and we have recently shown
that once CT antigen expression occurs in MM, it persists
throughout the whole course of the disease.22 These
observations point to a possible role of CT antigens in
promoting the progression of MM, an idea which is fur-
ther supported by recent microarray analyses showing an
association between CT antigen expression, including the
expression of MAGE genes, and a more aggressive course
of the disease as well as reduced survival.14,21,23 Compara-
ble results were described in a study focusing on the
expression of CT antigens belonging to the SSX gene
family in which the expression of these genes was relat-
ed to reduced overall survival of MM patients.24 Notably,
our findings and the observations of others indicate that,
of all CT antigens, the expression of MAGE-A3 and, par-
ticularly, of MAGE-C1/CT7, has the strongest impact on
the prognosis of myeloma.22,25
Although these collected data suggest that the expres-

sion of CT antigens might contribute to tumor progres-
sion, particularly in MM, their biological role in germ line
cells and malignancies remains poorly understood. In this
study, we performed the first investigation of the func-
tion of the two CT antigens most commonly expressed in
myeloma, MAGE-C1/CT7 and MAGE-A3, describing an
important role of these proteins in promoting the survival
of myeloma cells. We believe that targeting such proteins
might hit an Achilles’ heel of the malignancy leading to
an improved outcome or even cures following standard
therapy.

Design and Methods

Cell lines
Myeloma cell lines MOLP-8, RPMI-8226, KMS-12-BM, EJM;

IM-9, NCI-H929, OPM-2, and LP-1 were obtained from the
German Collection of Microorganisms and Cell Cultures
(DSMZ, Braunschweig, Germany). Cell lines Brown and SK-007
were provided by the New York branch of the Ludwig Institute
for Cancer Research. Lines were maintained in RPMI 1640 with
10% fetal calf serum (FCS) and penicillin/streptomycin.

Western blot
For some experiments myeloma cell lines were sorted based on

their expression of CD138 using a FACSAria cell-sorting system
(BD Biosciences, Heidelberg, Germany). Whole cell protein
extracts were prepared from cell lines and western blotting was
performed as previously described.26 For all target proteins ana-
lyzed, appropriate blocking studies were performed using recom-
binant proteins in order to confirm specificity of the staining.

Gene silencing using transfection with stealth 
RNA interference
BLOCK-iT fluorescein-labeled double-stranded DNA, scram-

bled control short interfering RNA (siRNA), and stealth siRNA
targeting MAGE-C1/CT7 or MAGE-A3 were purchased from
Invi-trogen (Karlsruhe, Germany). Myeloma cell lines were
transfected using Lipofectamine 2000 (Invitrogen) according to
the manufacturer’s recommendations and transfection efficiency
was determined by fluorescence microscopy using fluorescein-
labeled double-stranded DNA.
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3-(4,5-dimethylthiaxol-2-yl)-2,5-diphenyltetrazolium
bromide viability assay
Relative numbers of viable cells were assessed by a 3-(4,5-

dimethylthiaxol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay27 72 h after transfection with CT antigen-specific siRNA or
with scrambled control siRNA. Myeloma cells were cultured
overnight and subsequently treated with bortezomib or melpha-
lan 12 h before analyses. MTT was added to each well and cells
were incubated for 4 h. Absorbance was read at 570 nm using a
spectrophotometer.

Measurement of apoptosis
The terminal deoxynucleotidyl transferase dUTP nick end label-

ing (TUNEL) assay was done according to the manufacturer’s rec-
ommendations (Millipore, Billerica, MA, USA). Briefly, cells were
fixed in 1% paraformaldehyde, and frozen until staining at -20°C
using 70% ethanol. For staining, cells were incubated sequentially
in staining solution for 1 h, and propidium iodide/RNAse A solu-
tion for 30 min. For annexin V staining, cells were incubated with
annexin V-fluorescein isothiocyanate in annexin binding buffer.
Analysis by flow cytometry was performed within the next 3 h.

Colony formation assay
Myeloma cell lines Molp-8 and RPMI-8226 were plated at 1000

cells/mL of methylcellulose medium (StemCell Technologies,
Cologne, Germany) in a 6-well culture dish. Plates were incubat-
ed at 37°C and colonies consisting of more than 40 cells were
counted 7 to 10 days after the culture had been started.

Analysis of cell proliferation
Cell proliferation was measured by staining with carboxyfluo-

rescein diacetate succinimidyl ester (CFSE) or using a plate-based
system. Myeloma cells were pulsed with bromodeoxyuridine
(BrdU) and peroxidase-labeled anti-BrdU was added to the cells.
Resulting immune complexes were detected by a substrate reac-
tion, and absorbance was read at 450 nm. For FACS analysis,
myeloma cells were stained intracellularly with CFSE and CFSE-
related green fluorescence intensity was measured by flow cytom-
etry.

Cell adhesion assay
The myeloma cells were resuspended 72 h post-transfection in

RPMI-1640 + 0.2% bovine serum albumin (adhesion medium)
and were incubated for 30 min at 37°C. Cells were then resus-
pended in adhesion medium and were incubated for 4 h in 96-well
plates coated with fibronectin. Unbound cells were removed by
four washes and absorbance with Chromogen Substrate Solution
(Alpco, Salem, NH, USA) was read at 450/620nm.

Statistical analysis
Statistical analyses were performed using SPSS software. The

Mann-Whitney U test was used to calculate differences between
different experimental conditions. Differences were regarded sig-
nificant if the P value was less than 0.05.
The Design and Methods of the study are described in more

detail in the Online Supplementary Appendix.

Results

Cancer-testis antigens MAGE-A3/A6 and MAGE-C1/CT7
are constitutively expressed in multiple myeloma cell
lines and expression is specifically suppressed by
transfection with interfering RNA
We have previously described very frequent expression

of CT antigens in myeloma cell lines as well as in patients’
samples at the RNA level.10 As a prerequisite for the func-
tional analysis of MAGE-A3 and MAGE-C1/CT7 expres-
sion in MM, in this study we investigated the protein
expression of both genes in ten different MM cell lines.
Considering high sequence homology of MAGE-A pro-
teins, we first confirmed, in a western blot assay, specific
binding of antibody M3H67 to recombinant full-length
MAGE-A3 protein, but not to MAGE-A2, MAGE-A4, or
MAGE-A12 recombinant proteins (data not shown).
Recombinant MAGE-A6 protein was not available to us;
however, as MAGE-A3 and MAGE-A6 show 95% protein
sequence homology, binding of M3H67 to MAGE-A6
seems very likely and, therefore, the protein recognized in
the respective immunoassays was designated MAGE-
A3/A6. Western blot analyses revealed that MAGE-A3/A6
and MAGE-C1/CT7 were constitutively expressed in
every single cell line (Figure 1A) further supporting a func-
tional role of these genes in myeloma. A comparably high
transfection efficiency (70-80%) was generally achieved
using the MAGE-A3/A6- and MAGE-C1/CT7-expressing
cell lines Molp-8 and RPMI-8226; these two cell lines were,
therefore, preferably used for subsequent experiments.
Since MAGE-A3/A6 and MAGE-C1/CT7 were present

in all MM cell lines available to us, we could not investigate
the function of these genes transfecting them into MAGE-
negative MM lines. We, therefore, decided to perform
knockdown experiments using interfering RNA and
observed that two of the three siRNA constructs targeting
different sequences of the respective gene’s mRNA
showed a strong inhibitory effect leading to down-regula-
tion of MAGE-A3/A6 and MAGE-C1/CT7 protein expres-
sion (Figure 1B). The two respective siRNA constructs
showing an inhibitory effect were used in all subsequent
experiments and the effects of transfection of myeloma cell
lines Molp-8 and RPMI-8226 with one interfering RNA
(RNAi) and scrambled control RNAi, respectively, are
shown as examples in each figure. Knock-down efficiency
for both genes reached its maximum at 72 h after transfec-
tion and lasted for at least 7 days. Importantly, analyzing
whether silencing of MAGE-A3 or MAGE-C1/CT7 would
have an effect on other MAGE family members or non-
MAGE CT antigens, we found that RNAi transfection
specifically affected the expression of the target genes and
not the presence of other CT antigens such as MAGE-A4,
ropporin-1, or NY-ESO-1 (Figure 1C). However, knock-
down of MAGE-C1/CT7 seemed to have a slight down-
regulating effect on the expression of MAGE-C2/CT10, a
protein that shows a significant degree of homology with
MAGE-C1/CT7.28

Cancer-testis antigens MAGE-A3 and MAGE-C1/CT7
protect myeloma cells from undergoing spontaneous
apoptosis
Performing knockdown experiments we noticed a sig-

nificant growth delay in cultures of both myeloma cell
lines after transfection with both MAGE-specific RNAi
constructs. Performing a classical MTT assay we con-
firmed that the numbers of viable cells were significantly
lower in the cultures containing MM cells transfected with
MAGE-A3- and MAGE-C1/CT7-specific RNAi but not
with scrambled control RNAi (Figure 2A). In order to
determine whether this was due to an anti-proliferative
effect of gene knockdown or based on a pro-apoptotic
effect of MAGE silencing, we next performed a TUNEL
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assay to demonstrate the proportion of apoptotic cells in
cultures 72 h post-transfection. This assay revealed that,
compared to untreated cells and myeloma cells transfect-
ed with control RNAi, silencing of MAGE-A3 and MAGE-
C1/CT7 did indeed lead to the induction of spontaneous
apoptosis in the malignant cells (Figure 2B). Remarkably,
loss of the anti-apoptotic effect of MAGE-A3 and MAGE-
C1/CT7 resulted in rates of apoptosis as high as 80%
(Figure 2B). This finding was confirmed by microscopic

analysis of MM cells 72 h post-transfection (Figure 2C). In
order to determine whether MAGE genes had been effi-
ciently downregulated in viable cells we transfected cell
lines Molp-8 and RPMI-8226 with siRNA constructs spe-
cific for either MAGE gene. After 72 h we sorted viable
and apoptotic cells according to annexin V-staining by
FACS. Analyzing both populations by immunoblot we
detected high levels of both MAGE genes in viable cells
but no expression in apoptotic cells (Figure 2B). This sug-
gests that the survival of a minority of myeloma cells is
most likely based on the fact that not all cells could effi-
ciently be transfected with the MAGE-specific siRNA.
This idea is also supported by the average efficiency of
siRNA transfection, which we had determined earlier.
When we analyzed which factors might be involved in

mediating spontaneous apoptosis following knockdown
of MAGE-A3 and MAGE-C1/CT7, we observed specific
up-regulation of caspase-9 and caspase-12 expression
starting 48 h after transfection with gene-specific RNAi
but not with control RNAi (Figure 2D). Interestingly, we
did not detect upregulated expression of caspases 3 or 8,
pointing to a dominant role of the former factors in medi-
ating apoptosis in myeloma cells following silencing of
MAGE-A3 and MAGE-C1/CT7.

Cancer-testis antigens MAGE-A3/A6 and MAGE-C1/CT7
are expressed in clonogenic myeloma precursors and
protect them from apoptosis
It has long been suggested that in the case of MM, a

small number of cycling precursors generates and replen-
ishes a large number of non-dividing myeloma cells.
Dividing precursor cells are thought to be resistant to
chemotherapy and to be responsible for relapses com-
monly seen in this malignancy. Clonogenic precursors are
present in the patients’ bone marrow and also among
myeloma cell lines and can be sorted based on the fact that
they, in contrast to the bulk of malignant cells, do not
express surface molecule CD138.29 We analyzed the
expression of CT antigens in CD138-positive MM cells
and CD138-negative myeloma precursors sorted from
bulk cultures of cell lines Molp-8 and KMS-12-BM and we
found that both fractions strongly expressed MAGE-
A3/A6 and MAGE-C1/CT7 (Figure 3A). Importantly, fol-
lowing silencing of MAGE-A3/A6 and MAGE-C1/CT7 in
two different myeloma cell lines using two inhibitory
RNAi constructs, we observed a significantly reduced
number of cell colonies in a standard assay measuring
clonogenic growth of myeloma precursors (Figure 3B).
These results demonstrate that both MAGE genes not
only have a promoting effect on the survival of common
myeloma cells but also support anti-apoptotic effects in
myeloma precursor cells replenishing the bulk of myelo-
ma cells.

MAGE-A3 and MAGE-C1/CT7 promote multiple myelo-
ma growth mainly by preventing apoptosis and not by
promoting proliferation or cell adhesion
Next, we investigated whether effects on the prolifera-

tive function of myeloma cells or on their adhesion capac-
ity might contribute to the growth-promoting effect of
MAGE-A3 and MAGE-C1/CT7. CT antigens, such as
CAGE, promote the motility of tumor cells30 and it has
been shown that knockdown of CT antigens belonging to
the SSX family of genes in a melanoma cell line results in
reduced migratory capacity of the tumor cells.31 However,
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Figure 1. Cancer-testis genes MAGE-A3 and MAGE-C1/CT7 are con-
stitutively expressed in myeloma cells and transfection with inhibito-
ry RNAi results in gene-specific down-regulation of both proteins. (A)
ten myeloma cell lines were investigated for the expression of
MAGE-A3 and MAGE-C1/CT7 protein by western blot. β-actin (ACTB)
served as an internal control for protein quality and protein lysate
of normal human testis was used as a positive control. Notably, all
ten myeloma cell lines showed constitutive expression of both CT
antigens. (B) Myeloma cell lines Molp-8 (left column) and RPMI-
8226 (right column) were transfected using two RNAi constructs
specific for CT genes MAGE-A3 and MAGE-C1/CT7, respectively, or
with scrambled control RNAi. Treatment resulted in knockdown of
the expression of MAGE-A3 and MAGE-C1/CT7 protein in both cell
lines starting 48-72 h after transfection as indicated by
immunoblotting. Gene-silencing lasted at least until day 7 after
transfection. (C) Importantly, treatment with gene-specific RNAi only
affected the expression of the target genes and not the expression
of other CT antigens tested (MAGE-A4, Ropporin-1, NY-ESO-1). The
only exception was CT gene MAGE-C2/CT10, the expression of which
was suppressed following transfection with RNAi targeting MAGE-
C1/CT7. Comparable findings were observed following gene-silenc-
ing in cell line RPMI-8226 and using a second gene-specific RNAi
construct (data not shown). 
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performing an adhesion assay following silencing of
MAGE-A3 or MAGE-.C1/CT7 in the myeloma cell line
Molp-8 we did not observe any difference in adhesion
capacity between cells transfected with gene-specific
RNAi and cells transfected with control RNAi (data not
shown).
Analyzing the proliferative activity of myeloma cells

following knockdown of MAGE-A3 or MAGE-C1/CT7
(Figure 4) we observed only a slight suppressive effect of
gene-specific RNAi transfection on cellular growth.
However, we cannot completely rule out the possibility
that increased rates of apoptosis during the culture period
might have contributed to this effect on cell proliferation.
In agreement with this idea, we found that gating on non-
apoptotic cells in flow cytometry-based assay, myeloma
cells transfected with MAGE-specific RNAi or control
RNAi had both undergone multiple cell divisions at 72 h
after transfection (data not shown).

Targeting of MAGE-A3 and MAGE-C1/CT7 further
increases the therapeutic efficacy of conventional
modes of therapy for multiple myeloma
Resistance to conventional myeloma-specific therapies

represents a severe problem in this hematologic malignan-
cy. In order to explore whether MAGE-specific interven-
tions could complement established modes of therapy for
MM, we combined silencing of MAGE-A3 and MAGE-
C1/CT7 with chemotherapeutic treatment or application
of a ‘novel’ drug, namely the proteasome inhibitor borte-
zomib. A slight decrease of the relative number of viable
cells following transfection with scrambled control RNAi
was likely caused by an additional cytotoxic effect of the
lipofection reagent used in this assay. Nevertheless, we
observed that specific targeting of MAGE-A3 or MAGE-
C1/CT7 more than doubled the therapeutic efficacy exert-
ed by the cytotoxic agent melphalan (Figure 5A) or borte-
zomib (Figure 5B) alone in comparison to control RNAi.

Biological role of MAGE-C1/CT7 and MAGE-A3 in myeloma
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Figure 2. Silencing of CT genes MAGE-A3 or
MAGE-C1/CT7 exerts a strong pro-apoptotic
effect on myeloma cells. (A) Myeloma cell
lines Molp-8 (left column) and RPMI-8226
(right column) were transfected with two RNAi
constructs specific for CT genes MAGE-A3 or
MAGE-C1/CT7. Numbers of viable myeloma
cells transfected with RNAi specific for the tar-
get genes or of cells transfected with scram-
bled control RNAi were normalized to the
number of viable untreated cells. Silencing of
MAGE-A3 or MAGE-C1/CT7 resulted in signifi-
cantly decreased cell viability at 72 h after
transfection as indicated by an MTT assay.
Results show mean values [+ standard error
of means (SEM)] of three separate experi-
ments and asterisks indicate statistically sig-
nificant differences between untreated cells
and cells transfected with scrambled control
or one gene-specific RNAi (*P<0.05).
(B) Percentages of apoptotic cells in Molp-8
cultures were analyzed in a flow cytometry-
based TUNEL assay at 72 h after transfection
with RNAi specific for CT genes MAGE-A3 or
MAGE-C1/CT7. Bars indicate mean values
(+SEM) of three separate experiments.
Percentages of apoptotic myeloma cells trans-
fected with specific or scrambled control RNAi
were compared to those of untreated cells
and asterisks indicate statistically significant
differences (*P<0.05). Silencing of MAGE-A3-
or MAGE-C1/CT7, resulted in significantly and
specifically increased rates of apoptosis.
Histograms indicate findings of a representa-
tive experiment analyzing TUNEL expression in
cells transfected with control RNAi (gray area)
or gene-specific RNAi (black line). Cell sorting
according to annexin V-staining and subse-
quent immunoblot indicated that, in contrast
to the apoptotic population, viable cells
showed significant protein expression of either
target gene following specific siRNA transfec-
tion. Comparable findings were observed fol-
lowing gene-silencing in cell line RPMI-8226
(data not shown). (C) Microscopic analysis of
one representative experiment shows strong
expression of green fluorescence in TUNEL-
positive myeloma cells following silencing of
MAGE-A3 or MAGE-C1/CT7. (D) Increased
apoptosis in Molp-8 myeloma cells was
accompanied by an increased expression of
caspases 12 and 9, but not caspase-8 or cas-
pase-3, in a western blot assay at 72 h after
MAGE-A3 or MAGE-C1/CT7 knockdown. 
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These findings indicate that a MAGE-specific therapy
could represent an ideal adjunct to conventional modes of
therapy for MM, preventing recurrences and leading to
persistent responses in higher proportions of patients with
this disease.

Discussion

In this study we performed the first analysis of the func-
tion of CT antigens in MM. Observing that knockdown of
MAGE-A3/A6 and MAGE-C1/CT7 led to a reduced num-

ber of viable myeloma cells in the culture, we first asked
whether this might have been due to diminished tumor
proliferation after CT gene silencing. This seemed likely
since in vitro studies had indicated an association between
the expression of CT antigens, such as CAGE, and the
proliferation of cell lines derived from solid tumors.32,33 In
addition, recent findings had suggested that an increased
expression of MAGE-C1/CT7 or MAGE-A3 in MM
patients was associated with a higher proportion of prolif-
erating plasma cells in the bone marrow.11,15 Finally,
microarray analyses of MM samples had suggested an
association between CT antigen expression and the
expression of proliferation-associated genes.14 However,
although it proved technically difficult to assess the prolif-
eration of myeloma cells on the background of a strong
pro-apoptotic effect of MAGE-C1/CT7 and MAGE-A3
silencing, our results indicate that, if anything, both genes
only have a modest effect on cell proliferation. Similar
findings were observed in another study demonstrating
that suppression of MAGE genes had only slight effects on
cell cycle progression in a mast cell leukemia cell line.34
We show here that CT antigens, particularly MAGE-A3

and MAGE-C1/CT7, play an important role in protecting
myeloma cells from apoptosis. This finding is in agree-
ment with a study indicating that MAGE genes might act
as anti-apoptotic factors in melanoma.35 Furthermore, in a
murine myeloblast cell line MAGE-A3 was shown to bind
to pro-caspase-12 and inhibit its activation under condi-
tions of toxic stress to the endoplasmic reticulum, thereby
blocking activation of caspase-9 and downstream activa-
tion of caspase-3.36 The authors concluded that MAGE-A3
overexpression renders murine tumor cells resistant to
endoplasmic reticulum stress by suppressing the activa-
tion of caspase-12. However, it remained unclear whether
MAGE genes played any role in caspase regulation in
human cells.
Although preliminary, our results indicate that the pro-

apoptotic effect of MAGE silencing is related to capases -
12 and -9 also in human tumor cells. This observation is in
agreement with previous findings that MAGE-A3 does
not bind to any caspases other than caspase-12.36 While
we cannot definitely prove that downstream effector cas-
pase 3 is not induced at some point following knockdown
of MAGE-A3 and MAGE-C1/CT7, it might be that in
human myeloma cells the pro-apoptotic effect of MAGE
silencing is indeed independent of this otherwise central
caspase.
CT genes might theoretically interact with each other

and, accordingly, it was recently suggested that the CT
gene NY-ESO-1 is a binding partner for MAGE-C1/CT7.37
When we knocked down MAGE-C1/CT7 we did not
observe an effect on NY-ESO-1 expression in MM.
However, silencing MAGE-C1/CT7 had an effect on the
expression of MAGE-C2/CT10, a protein which shows
56% homology to MAGE-C1/CT7. Database analyses of
the RNAi sequences used did not support a direct inhibito-
ry effect of RNAi transfection on the expression of the sec-
ond member of the MAGE-C subfamily and, therefore, a
possible interaction between both genes should be inves-
tigated further.
A small fraction of MM cells usually escapes chemother-

apy and/or treatment with novel agents such as
bortezemib and thalidomide/lenalidomide and remains
present in the patient’s bone marrow despite a ‘complete
remission’. It has been hypothesized that CT antigens
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Figure 3. Silencing of CT genes MAGE-A3 or MAGE-C1/CT7 results
in a decreased outgrowth of myeloma precursors in a colony forma-
tion assay. Previous studies have shown that myeloma precursors
are also present in the bulk population of myeloma cell lines and
that these cells can be identified by their lack of CD138 expres-
sion.29 FACS-sorting CD138+ and CD138- subpopulations we show
here by western blot analysis that myeloma precursors derived from
cell lines Molp-8 and KMS-12-BM as well as conventional myeloma
plasma cells express MAGE-A3 and MAGE-C1/CT7 (A). In a clono-
genic growth assay, colonies of myeloma precursors were counted
7-10 days after culture initiation using myeloma cell lines Molp-8
(left column) and RPMI-8226 (right column) separately transfected
with two RNAi constructs specific for CT genes MAGE-A3 or MAGE-
C1/CT7, respectively (B). Bars indicate mean values (+SEM) of three
separate experiments. Numbers of colonies produced by myeloma
cells transfected with RNAi specific for the target genes or of cells
transfected with scrambled control RNAi were compared with
colony numbers in cultures with untreated cells and asterisks indi-
cate statistically significant differences (*P<0.05). Photos show
results of representative analyses. Silencing of MAGE-A3- or MAGE-
C1/CT7 resulted in significantly and specifically decreased out-
growth of myeloma precursors. 
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might contribute to therapy-resistance and persistence of
residual disease in human cancers. Accordingly, studies
have shown that expression of MAGE and GAGE genes in
cancer cell lines induces a chemotherapy-resistant pheno-
type in vitro26 and tumor expression of MAGE-A1 seems to
correlate with clinical responses to chemotherapy in gas-
tric cancer.38 Our finding of an additive effect of MAGE
knockdown on the cytotoxicity exerted by drugs used for
myeloma therapy, melphalan and bortezomib, indicates
that targeting CT genes might open a new therapeutic
route for patients with disease resistant to conventional
therapies.
Most malignancies probably arise from a rare popula-

tion of “cancer stem cells” having the ability to self-renew
and maintain the tumor. In the case of MM the malignant
plasma cells seem to arise from less differentiated cells
that resemble post-germinal center, CD138-negative B
cells.29 Novel anti-myeloma agents bortezomib and
lenalidomide inhibit malignant plasma cells but, at least in
vitro, have little activity against these myeloma precur-
sors.27 This differential activity may explain why these
compounds yield significant clinical responses but not
cures.39 Interestingly, it has been hypothesized that CT
genes, which are often heterogeneously expressed by only
few cells within the tumor mass, might represent a hall-
mark of cancer stem cells40 and we demonstrate here for
the first time expression of CT genes MAGE-A3 and
MAGE-C1/CT7 in CD138+ myeloma cells and their 138-
negative precursors.
Colony growth assays have previously been used to

assess the number and function of myeloma precursors
present in the tumor bulk since these precursors represent
an independent predictive factor for poor prognosis in
MM.41 We found that knockdown of CT genes MAGE-A3
or MAGE-C1/CT7 led to a significantly delayed out-
growth of clonogenic myeloma precursors. These findings

suggest that targeting CT antigens might not only have
the potential to affect fully differentiated myeloma cells
but might also contribute to eradicating their clonogenic
precursors in MM, a malignancy which is still incurable
due to inevitable relapse following standard therapy.
How could CT antigens be targeted in MM? Myeloma

is a malignancy which is thought to be controlled, at least
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Figure 4 Silencing of CT genes MAGE-A3 or MAGE-C1/CT7 only
exerts a minor influence on the proliferation of myeloma cells.
Proliferation of myeloma cell line Molp-8 following silencing of
MAGE-A3- or MAGE-C1/CT7 was assessed by a BrdU incorporation
assay. Proliferation was measured 72 h after transfection with RNAi
specific for the target gene or with scrambled control RNAi and
results were compared to untreated cells. Bars show mean values
(+SEM) of three separate experiments and asterisks indicate statis-
tically significant differences between untreated cells and scram-
bled control or gene specific RNAi (*P<0.05). 

Figure 5. Silencing of MAGE-A3- or
MAGE-C1/CT7 has an additive
effect on cell death when com-
bined with conventional myeloma-
specifif therapies. The myeloma
cell line Molp-8 was transfected
with two RNAi constructs specific
for CT genes MAGE-A3 (left col-
umn) or MAGE-C1/CT7 (right col-
umn) or with scrambled control
RNAi. Starting 72 h after transfec-
tion, myeloma cells were treated
with conventional myeloma-specif-
ic therapies melphalan (A) or
bortezeomib (B). Twelve hours
later, myeloma cell viability was
assessed by an MTT assay and was
normalized using untreated cells.
Results show mean values (+SEM)
of three separate experiments and
asterisks indicate statistically sig-
nificant differences between
untreated cells and scrambled con-
trol or gene-specific RNAi
(*P<0.05, **P<0.01). Comparable
findings were observed following
gene-silencing in the RPMI-8226
cell line and using a second gene-
specific RNAi construct (data not
shown). 
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to a certain extent, by the adaptive immune system, a
view which is supported by the fact that the therapeutic
effect of allogeneic stem cell transplantation is partly
mediated by donor-derived T cells and that infusions of
donor T cells are capable of inducing remission in relapsed
MM patients.42,43 We and others have recently shown that
spontaneous antibody and T-cell immunity against
MAGE-A3 and MAGE-C1/CT7 is present in patients with
MM10,44-46 and that the presence of such immunity might
be associated with an improved prognosis.44 Our finding
that immune responses against CT antigens are induced
by allogeneic stem cell transplantation10 suggests that
these tumor antigens might indeed represent natural tar-
gets for donor-derived allo-immune or even spontaneous
anti-myeloma immune responses. Collectively, these find-
ings indicate that T-cell-based immunotherapies might
represent one therapeutic route for effective targeting of
CT antigens. Importantly, immunization with MAGE-A3
protein has previously been performed in melanoma and
lung cancer patients and has proven to be safe, to be capa-
ble of evoking specific humoral and T-cell responses,47,48
and to have some clinical activity in patients in the adju-
vant setting.49 However, in addition to applying
immunotherapy directed against MAGE-C1/CT7 or
MAGE-A3 these genes might also be targeted by more
“immediate” therapeutic modes such as small molecules,
antisense oligonucleotides, or classical gene therapy.
While the exact molecular mechanisms mediating

effects of CT genes on myeloma cells still need to be elu-

cidated, our findings strongly suggest that MAGE-
C1/CT7 and/or MAGE-A3 are important for the survival
and progression of myeloma cells and maybe also of
other malignancies. Together with our previous observa-
tion that myeloma represents the malignancy with the
richest expression of CT antigens, the persistence and
prognostic relevance of CT gene expression in MM, and
the ability of CT antigens to induce spontaneous and
therapy-induced immune responses, our current study
provides a strong rationale for employing MAGE-
C1/CT7 and MAGE-A3 as therapeutic targets in MM.
We believe that such a strategy might prove particularly
fruitful when CT antigen-specific approaches are used in
a setting of minimal residual disease following conven-
tional myeloma therapy.
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