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Background
Proliferation of malignant plasma cells is a strong adverse prognostic factor in multiple myelo-
ma and simultaneously targetable by available (e.g. tubulin polymerase inhibitors) and upcom-
ing (e.g. aurora kinase inhibitors) compounds.

Design and Methods
We assessed proliferation using gene expression-based indices in 757 samples including inde-
pendent cohorts of 298 and 345 samples of CD138-purified myeloma cells from previously
untreated patients undergoing high-dose chemotherapy, together with clinical prognostic fac-
tors, chromosomal aberrations, and gene expression-based high-risk scores.

Results
In the two cohorts, 43.3% and 39.4% of the myeloma cell samples showed a proliferation
index above the median plus three standard deviations of normal bone marrow plasma cells.
Malignant plasma cells of patients in advanced stages or those harboring disease progression-
associated gain of 1q21 or deletion of 13q14.3 showed significantly higher proliferation indices;
patients with gain of chromosome 9, 15 or 19 (hyperdiploid samples) had significantly lower
proliferation indices. Proliferation correlated with the presence of chromosomal aberrations in
metaphase cytogenetics. It was significantly predictive for event-free and overall survival in
both cohorts, allowed highly predictive risk stratification (e.g. event-free survival 12.7 versus
26.2 versus 40.6 months, P<0.001) of patients, and was largely independent of clinical prognos-
tic factors, e.g. serum β2-microglobulin, International Staging System stage, associated high-risk
chromosomal aberrations, e.g. translocation t(4;14), and gene expression-based high-risk
scores.

Conclusions
Proliferation assessed by gene expression profiling, being independent of serum-β2-
microglobulin, International Staging System stage, t(4;14), and gene expression-based risk
scores, is a central prognostic factor in multiple myeloma. Surrogating a biological targetable
variable, gene expression-based assessment of proliferation allows selection of patients for risk-
adapted anti-proliferative treatment on the background of conventional and gene expression-
based risk factors.

Key words: gene expression profiling, multiple myeloma, proliferation, survival, risk-adapted
treatment, risk score.
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Introduction

Multiple myeloma is an incurable malignant disease of
clonal plasma cells which accumulate in the bone marrow
causing clinical signs and symptoms related to the dis-
placement of normal hematopoiesis, formation of oste-
olytic bone lesions, and production of monoclonal pro-
tein.1 Malignant plasma cells of most newly diagnosed
patients are characterized by a low proliferation rate. This
rate increases from early to advanced stage plasma cell
dyscrasia to relapsed disease2,3 and is one of the strongest
adverse prognostic factors.3-7 “Traditional” methods for
assessing proliferation in myeloma, i.e. 3H-thymidine
uptake,3,8 bromodeoxyuridine uptake,9-11 flow-cytometric
cell-cycle analysis using propidium iodide6 or assessment
of Ki-67 expression,12 did not find widespread use. This is
mainly due to the not negligible effort involved in these
methods, and the assumption that similar groups of
patients could be identified either by conventional prog-
nostic factors, e.g. the International Staging System (ISS) in
combination with lactate dehydrogenase (LDH), or by
gene expression-based risk scores.13,14 Whereas gene
expression-based assessment of proliferation15-18 is avail-
able for large cohorts of patients, it has been hampered by
the less proven association with proliferation as a “biolog-
ical” variable, as well as the assumed coverage by conven-
tional and novel prognostic factors as stated above.
Consequently, proliferation has never been the focus of an
analysis in a large cohort of patients considering its associ-
ation with clinical prognostic factors, chromosomal aber-
rations, and novel gene expression-based high-risk
scores.3-7 Although these other factors allow risk stratifica-
tion, “proliferation” is of special interest, as it can be tar-
geted by available treatments (e.g. tubulin polymerase
inhibitors) and upcoming therapeutic treatment options
(e.g. aurora kinase inhibitors)18.
In this study, we first explored gene expression-based

proliferation assessment to allow determination of prolif-
eration of primary myeloma cell samples in a clinical set-
ting. Subsequently, we examined the prognostic relevance
of proliferation in two independent cohorts of myeloma
patients treated with high-dose chemotherapy and autol-
ogous stem cell transplantation and its potential relation
with current risk factors, i.e. serum β2-microglobulin
(B2M), ISS, LDH, presence of the translocation t(4;14)19
and gene expression-based high-risk signatures.13,14

Design and Methods

Patients and healthy donors
Patients presenting with previously untreated multiple myelo-

ma (n=298) or monoclonal gammopathy of unknown significance
(n=23) at the University Hospitals of Heidelberg, Germany, and
Montpellier, France, and 14 healthy donors were included after
written informed consent in this study approved by the institu-
tional ethics committees (#229/2003). Patients were diagnosed and
staged and their response to treatment was assessed according to
standard criteria.20-23 Two hundred and nine non-selected patients
underwent frontline high-dose chemotherapy with 200 mg/m2

melphalan and autologous stem cell transplantation. Survival data
were validated by an independent cohort of 345 patients treated
within the total therapy 2 protocol.24 The patients’ clinical param-
eters and treatment schedules are presented in Online
Supplementary Table S1.

Samples
An overview of the samples studied is given in Online

Supplementary Table S2. Bone marrow plasma cells,18 peripheral
CD27+ memory B cells,25 and polyclonal plasmablastic cells26 were
generated as described previously. The XG lines were generated at
INSERM U847 as previously reported,27-29 the human myeloma
cell lines U266, RPMI-8226, LP-1, OPM-2, SK-MM-2, AMO-1, JJN-
3, NCI-H929, KMS-12-BM, KMS-11, KMS-12-PE, KMS-18,
MM1.S, JIM3, KARPAS-620, L363 and ANBL6 were purchased
from the German Collection of Microorganisms and Cell Cultures
(Braunschweig, Germany) and the American Type Cell Culture
(Wesel, Germany), respectively, and cultured as recommended.

Interphase fluorescence in situ hybridization 
Online Supplementary Table S2 gives an overview of the probes

used. Analyses were performed on CD138-purified plasma cells18

and the presence of clonal/subclonal aberrations as well as the
absolute number of chromosomal aberrations present were
defined as described.30 The score of Wuilleme et al.31 was used to
assess ploidy. The percentage of malignant plasma cells was surro-
gated by the highest percentage of all tested chromosomal aberra-
tions within this sample.

Gene expression profiling 
Gene expression profiling (GEP) was performed as report-

ed.18,32,33 Labeled cRNA was hybridized to U133 A+B GeneChip
microarrays (Affymetrix, Santa Clara, CA, USA) for the
Heidelberg/Montpellier group 1 (HM1), and U133 2.0 plus arrays
for the Heidelberg/Montpellier group 2 (HM2) according to the
manufacturer’s instructions. Expression data for myeloma cell
samples are deposited in ArrayExpress under accession numbers
E-MTAB-316 (HM1, Affymetrix U133 A+B chips), E-MTAB-317
(HM2, U133 2.0 chips), E-GEOD-2658 and Gene Expression
Omnibus GSE4581 [the latter two for total therapy 2 data (Little
Rock group, LR) and molecular class association, respectively].

Measurement of proliferation of primary myeloma cells
by propidium iodine
The plasma cell labeling index, i.e. the percentage of myeloma

cells in S-phase, was determined as described previously.18

Statistical analysis
Details of the statistical analysis, including the calculation of the

gene expression-based proliferation indices by Bergsagel et al.15

(GEP-B), Shaughnessy et al.17 (GEP-SH) and Hose et al.18 (GPI), are
provided in the Online Supplementary Design and Methods.

Results

Gene expression-based assessment of proliferation 
All three gene expression-based proliferation indices

showed comparable correlations with the labeling index of
primary myeloma cells assessed by propidium iodide stain-
ing [n=66, rs=0.42 (GPI), Online Supplementary Figure S1,
rs=0.48 (GEP-SH), rs=0.52 (GEP-B), all P=0.001] and strong
correlations between each other: rs=0.98 (GPI:GEP-SH),
rs=0.96 (GPI:GEP-B), rs=0.94 (GEP-SH:-B), all P=0.001. The
unsupervised clustering based on the genes in the respec-
tive indices split into two branches, one containing normal
bone marrow plasma cells, memory B cells and about half
of the myeloma patients, the other containing all prolifer-
ating plasmablasts and myeloma cell lines, clustering
together, as well as the other half of the myeloma patients.
Myeloma cell samples in this branch showed a prolifera-
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tion signature that resembled, to a variable degree, that of
plasmablasts or myeloma cell lines (Figure 1). A similar dis-
tribution was found if only myeloma cell samples were
clustered (Online Supplementary Figure S2). In the following,
results are shown for the GPI, as this index gives the best
prognostic information (Figure 2, Online Supplementary
Figure S3). The corresponding results for the other indices
are depicted in Online Supplementary Figures S4 and S5.
The GPI is significantly higher for myeloma cells than

for normal plasma cells or non-proliferating memory B
cells, but significantly lower than for proliferating plas-
mablasts or myeloma cell lines (P<0.001 in HM1, P=0.001
in HM2, Figure 3). A significant stage-dependent differ-
ence in GPI was found between myeloma cells from
patients with early disease (monoclonal gammopathy of
undetermined significance and Durie-Salmon stage I mul-
tiple myeloma) and those with advanced disease (Durie-
Salmon stage II and III multiple myeloma) (P<0.001 in
HM1, P=0.02 in HM2, Figure 3). The same observations
held true for the other two indices (Online Supplementary
Figure S5). In our series and the LR-data set, 43.3% and
39.4%, respectively, of all myeloma cell samples showed
a GPI above the median plus three standard deviations of
normal plasma cells, and thus a similar fraction of previ-
ously untreated patients (Figure 4). A comparable percent-
age of patients was identified using the other two indices
(GEP-B 43.6% and 31.3%, GEP-SH 39.3% and 37.4%
above the median of normal donor plasma cells in our and
the LR-data, respectively).

Association of proliferation with chromosomal 
aberrations and molecular subgroups 
Of the aberrations investigated by interphase FISH,

samples with a gain of 1q21 showed a significantly higher
GPI than samples without this gain (HM2 P<0.001, LR
P=0.001) and, likewise, samples with a deletion of 13q14.3
showed a significantly higher GPI than samples without
the deletion. A gain of 9q34, 15q22, 19q13 or 11q23 was
associated with a significantly lower GPI (Online
Supplementary Table S3). Neither the absolute number of
chromosomal aberrations (median 3.0 each, n=175
patients, 8 interphase FISH probes tested) nor the presence
of subclonal aberrations tested by interphase FISH was
significantly different between myeloma cells showing a
GPI above or below the median. However, patients within
the LR-group with the presence of any chromosomal aber-
ration, as detected by metaphase cytogenetics, showed a
significantly higher GPI than patients without any chro-
mosal aberration (P<0.001). 
The only GEP-based group with a significantly higher

median GPI was the “proliferation” group within the
molecular classification of the UAMS (University of
Arkansas for Medical Sciences). Patients with GPIhigh were
found throughout the entities in all GEP-based classifica-
tions (Online Supplementary Figure S6). The likely explana-
tion for this is that progression to a proliferative state can
develop within all the molecular entities. This in turn
makes it necessary to assess proliferation alongside the
GEP-based classifications.

Proliferation and other conventional prognostic factors 
As a single continuous variable the GPI was significantly

predictive for event-free and overall survival in both
groups (HM2 and LR). The same held true for a GPI above
versus below the median in myeloma cells (GPIhigh/low, HM1,

HM2, LR; Figure 1, Online Supplementary Figure S4). By
delineating a “high-proliferation group” above the median
and two standard deviations, three significantly different
proliferation groups could be distinguished (Figure 2B,
Online Supplementary Figure S3B, Online Supplementary
Table S4). The same held true if the thresholds of the HM2
group were applied to the LR data normalized with the
docval-package (see Online Supplementary Design and
Methods, Online Supplementary Figure S7). 
It is interesting to note here that we initially started with

the hypothesis that high-risk as defined by proliferation
would be captured either by gene expression-based high-
risk scores or conventional factors, especially B2M and
LDH. As expected, B2M and LDH each allowed the delin-
eation of a group of patients with an adverse prognosis
within the LR cohort investigated here. When using the
cut-offs used in the ISS, i.e. B2M 3.5 mg/dL and 5.5 mg/dL,
in each case three groups of patients with significantly dif-
ferent overall survival rates (after 60 months: 73% versus
58.4% versus 45.8%, P<0.001) and event-free survival
(70.7 versus 42.7 versus 32.6 months, P<0.001) were delin-
eated. B2M was significantly higher only in the GPIhigh-
group (P=0.03), (B2M 2.7, 2.95 and 4 mg/dL in the GPIhigh,
GPImedian and GPIlow groups, respectively). The median LDH
concentration was significantly higher in the GPImedian (172
U/l, P<0.001) and GPIhigh (234 U/l, P<0.001) groups than in
the GPIlow group (146 U/L). The same held true for LDH in
terms of event-free survival (62.6 versus 18.5 months,
P<0.001) and overall survival (after 60 months, 68.9 % ver-
sus 30.5 %, P<0.001, using an optimal threshold of  LDH
>249 U/L calculated by maximum log-rank statistics).
When combining LDH and B2M [group 1, B2Mhigh (>3.5
mg/dL), LDHhigh (>249 U/L); group 2, only one of the two
factors elevated; group 3, both factors high], three groups
of patients with significantly different event-free survival
(18.1 versus 41.8 versus 72.8 months, P<0.001) and overall
survival rates (after 60 months: 24.4% versus 56.1% versus
75.4%, P<0.001) could be delineated. Despite LDH show-
ing a correlation with GPI (r=0.38, P<0.01), of the GPIhigh-
(27 patients) and LDHhigh / B2Mhigh-risk groups (27 patients),
only seven patients (i.e. 26%) overlapped. One possible
reason is that the GPI is a surrogate for the integral median
of proliferation of the respective myeloma cell population,
independently of the total number of myeloma cells,
whereas the serum LDH is dependent on the LDH produc-
tion of a single myeloma cell times the number of myelo-
ma cells.
In a multivariate model, the GPI remained a prognostic

factor independent of the main clinical factors used for risk
stratification, i.e. B2M or ISS stage, which also showed
prognostic value as single variables (Figure 2C,D, Online
Supplementary Figure S3C,D, Table 1). In a Cox model with
GPI and translocation t(4;14), both factors remained inde-
pendently prognostic. The same held true if B2M was
added (Online Supplementary Table S4).

Gene expression-based proliferation indices 
and expression-based high-risk scores 
The gene expression-based high-risk scores of

Shaughnessy et al.13 (Shaughnessy-HR) and Decaux et al.14

(Decaux-HR) both significantly delineated a group of
patients with an adverse risk (HM1, HM2 and LR; Figure
2F,G, Online Supplementary Figure S3F,G, Online
Supplementary Table S4A). The Shaughnessy-HR score was
also significant as a continuous variable (event-free sur-
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vival: HM2, P<0.001, LR, P<0.001; overall survival: HM2,
P<0.001, LR P<0.001). An interesting question here is the
overlap between patients identified as being at high risk
by GPI and those at high risk according to the expression-
based high-risk indices: in a Cox-model tested with either
the Shaughnessy-HR or the Decaux-HR (both as
dichotomized variables), the GPI as a continuous or
dichotomized variable was mostly independently predic-
tive for event-free and overall survival in our and the LR-
data (Online Supplementary Table S4B) despite being signif-
icantly higher in high-risk patients than in low-risk ones
(Shaughnessy-HR, P= n.a., P<0.001, P<0.001 and Decaux-
HR P=0.005, P<0.001, P<0.001, for HM1, HM2 and LR,
respectively). Likewise, there was only a partial overlap
between patients identified as high risk by the HR-scores
and the GPIhigh (Table 2). This is also reflected by the limit-
ed number of genes within the HR-indices showing a cor-
relation with the GPI, i.e. 10/70 and 5/70 genes of the
Shaughnessy-HR score and 1/15 and 1/15 genes of the
Decaux-HR score correlated with an rP greater than 0.8
with the GPI in the HM2 and LR, respectively (Online
Supplementary Table S5). Taken together, some of the genes
in the risk scores are associated with proliferation, and
there was a partial overlap of patients identified as high
risk by the HR-scores and the GPI. The likely explanation

is that the HR-scores are derived from an association of
genes in “high risk” patients, i.e. patients with a short
overall survival. As patients with highly proliferative
myeloma cells (or high GPI) have a very adverse progno-
sis, it can be expected that features of the gene expression
of these patients (namely proliferation genes) are also
present in the high-risk score.  

Overlap of high-risk scores 
The percentages of patients identified as “high-risk” by

conventional prognostic factors, genetic markers, gene
expression-based risk scores and the GPI and the overlap
of the respective groups of patients are shown in Table 2. 

Discussion

Gene expression-based assessment of proliferation 
Current gene expression-based proliferation indices

have been constructed in different ways: genes used in the
indices by Shaughnessy’s group17 and Bergsagel et al.15

were selected simply for the fact of being “associated with
proliferation” with only one gene overlapping between
these two indices, whereas our index was constructed by
selecting proliferation genes (in terms of gene ontology)
differentially expressed between proliferating malignant
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Figure 1. Unsupervised hierarchical clustering of normal bone marrow plasma cells (dark green), polyclonal plasmablastic cells (yellow),
memory B cells (light green), myeloma cell lines (red) and myeloma cells (white). Clustering based on (A) the GPI of Hose et al., (B) the index
of Shaughnessy’s group and (C) the index of Bergsagel et al. The data for the HM2-group are shown (see Online Supplementary Design and
Methods for details).
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(myeloma cell lines; “malignant proliferation”) as well as
non-malignant cells (proliferating plasmablastic cells;
“benign proliferation”) and non-proliferating, non-malig-
nant cells (normal plasma cells and memory B cells),18
therefore having a less arbitrary biological definition
(Table 1 shows the genes in the three indices and Online
Supplementary Table S6 provides a comparison). Despite

these methodological differences, all three indices correlat-
ed reasonably well with proliferation as determined by
propidium iodide-staining (Online Supplementary Figure S1)
and showed a very strong correlation with each other.
Thus in the following, results are discussed for the GPI
only. All results obtained with the GPI are in agreement
with published findings: normal plasma cells and plasma

Proliferation in multiple myeloma
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Figure 2. Prognostic value of proliferation. Event-free (EFS) and
overall survival (OS) for treated patients in our series (HM). (A)
GPIhigh (red) versus GPIlow (black) delineates significantly different
survival. (B) Model comprising GPIlow (black), GPImedium (blue) and
a high proliferation group (GPIhigh, red). Prognostic relevance of
(C) β-2-microglobulin >3.5 mg/dL, (D) ISS-stage, (E) presence of
t(4;14), and the high-risk scores of (F) Shaughnessy et al. and
(G) Decaux et al.
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cells of almost all patients with monoclonal gammopathy
of undetermined significance do not show measurable
proliferation in vitro.2,34 A significantly higher but still low
proliferation rate is found in most patients with newly
diagnosed myeloma.2,34 In our series (HM) and the LR one,
about 40% of all myeloma cell samples had a GPI above
the range of that of normal bone marrow plasma cells plus
three standard deviations (Figure 4). Considering the den-
sity plot, boxplot and unsupervised clustering (Figures 1, 3
and 4, Online Supplementary Figures S2 and S5), prolifera-
tion values were continuously distributed with a small
fraction of patients’ myeloma cells showing a cell-line-like
proliferation rate. 

Association of proliferation with chromosomal aberra-
tions, gene expression profiling-delineated groups of
multiple myeloma, and D-type cyclin expression 
The total number of aberrations as detected by inter-

phase FISH was not significantly different in myeloma
cells with a high or low GPI, so there is no indication that
proliferation drives chromosomal aberrations, or vice versa.
Nevertheless, proliferation in our series was associated
with chromosomal aberrations related to disease progres-
sion, i.e. gain of 1q21 and deletion of 13q14.3.35-37 At the
same time, of all chromosomal aberrations supposedly
connected with etiological groups in myeloma, only chro-
mosomal gains associated with hyperdiploidy (i.e. chro-
mosomes 5, 15 and 19) were associated with a significant-

ly different (lower) proliferation rate, whereas neither
t(4;14) (despite its association with deletion of 13q14) nor
t(11;14) was associated with a different rate of prolifera-
tion. 
Within gene expression-based classifications of myelo-

ma (e.g. molecular classification of myeloma, TC-classifi-
cation),17,38-40 the only group showing a significantly higher
proliferation rate (GPI) was the “proliferation group” with-
in the molecular classification (Online Supplementary Figure
S6).17 Nevertheless, in all groups, patients’ samples with
high GPI could be found (Online Supplementary Figure S6). 
D-type cyclin expression, a hallmark of myeloma,38,39,41

was not associated with proliferation, in perfect agree-
ment with its function as a “threshold sensor” triggering
G1-entry.42
Collectively, these data indicate that myeloma cells in all

etiological groups can proliferate, i.e. proliferation is a bio-
logical factor independent of etiology. 

Proliferation is a continuous prognostic variable 
Of note, the GPI was developed as a surrogate of a bio-

logical variable, without any input of prognostic informa-
tion. Proliferation as assessed by plasma cell labeling
indices using 3H-thymidine-incorporation,3 DNA/CD38
double-staining6 or a BrdU-based technique7,10,11 has fre-
quently been shown to be of strong prognostic relevance.
Here, proliferation as a continuous variable was similarly
prognostic, in terms of event-free and overall survival, in
all cohorts of patients (Online Supplementary Figure S4).
This was the case if two groups were distinguished by val-
ues above or below the median, or if three groups were
formed by additionally delineating a “high proliferation”
group as suggested by the distribution of proliferation
(Figure 4). The model remained prognostic when the
thresholds from the HM2 group were used for individual
*cel-files of the LR-group, normalized with the respective
parameters of HM2 (Online Supplementary Figure S7; Online
Supplementary Design and Methods). Using a model based
on log-rank testing to define optimal thresholds of the
GPI, different cut-offs for event-free survival and overall
survival appeared in each cohort, which could not be
explained by the existence of defined “proliferation
groups”. Likewise, considering the biological reasoning
above, we interpret proliferation as a continuous prognos-
tic variable that can be dichotomized or divided into three
ranges for clinical risk assessment. 

Proliferation is an independent prognostic variable 
The GPI is, therefore, independent of the most promi-

nent clinical risk factors, i.e. ISS stage and B2M concentra-
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Figure 4. Distribution of proliferation.
Distribution of the GPI for newly-diag-
nosed patients within our series (HM1
and HM2; n=298) and the Little Rock-
data (LR; n=345). Horizontal bars
indicate the median GPI plus three
standard deviations of normal plas-
ma cells (BMPC) and the high prolifer-
ation group (HR) defined as the medi-
an GPI of myeloma cell samples plus
two standard deviations. 0 50 100 150 200 250

GPI
-100 0 100 200 300 400 500 600

GPI

MB
C

PP
C
BM
PC
MG
US MM

I
MM
II
MM
III
HM
CL

MB
C

600

500

400

300

200

100

GPI HM1 GPI HM2

400

300

200

100

PP
C
BM
PC
MG
US MM

I
MM
II
MM
III
HM
CL

0 100 200 300 400 500
GPI

GPI LRGPI HM2GPI HM1

HR

0.020

0.015

0.010

0.005

0.000

0.006

0.004

0.002

0.000

0.010

0.008

0.006

0.004

0.002

0.000

HR HRBMPCBMPCBMPC

Pr
ob
ab
le
 d
en
si
ty
 fu
nc
tio
n

Pr
ob
ab
le
 d
en
si
ty
 fu
nc
tio
n

Pr
ob
ab
le
 d
en
si
ty
 fu
nc
tio
n

Figure 3. Gene expression-based proliferation index of memory B cells
(MBC), polyclonal plasmablastic cells (PPC), normal bone marrow
plasma cells (BMPC), myeloma cells (MMC) and myeloma cell lines
(HMCL). MMC samples are subdivided into monoclonal gammopathy
of undetermined significance (MGUS) and multiple myeloma (MM)
I/II/III according to Durie-Salmon stage. Significant differences
between BMPC and other samples are indicated by one asterisk (*),
and between early (MGUS/MMI) and late (MMII/III) stages by two
asterisks (**).



tion, each being prognostic as a single variable (Online
Supplementary Table S4B). This independence of B2M is in
agreement with published data from Greipp et al.4,5 Given
the lack of association, it is not surprising that the GPI is a
significant prognostic factor independent of t(4;14). This
independence also remained when the Cox model addi-
tionally included B2M (Online Supplementary Table S4). An
interesting question is to what extent proliferation is inde-
pendent of gene expression-based high-risk scores. Like
the proliferation index, the scores of the UAMS
(Shaughnessy-HR)13 and the Francophone Myeloma

Intergroup (Decaux-HR)14 are prognostic as single vari-
ables using the published thresholds or tested as continu-
ous variables (Figure 2F,G, Online Supplementary Figure
S3F,G, Online Supplementary Table S4). Tested together
with the proliferation index, a certain degree of independ-
ence was found, partly depending on which variable was
tested as a continuous variable (Online Supplementary Table
S4). However, given the partial overlap of genes and the
correlations between the risk scores and the GPI, a certain
interdependence is not surprising (Tables 1 and 2). In the
larger LR-cohort, the Shaughnessy-HR score was inde-
pendently prognostic if tested with t(4;14), B2M, and GPI
in a multivariate model (Online Supplementary Table S4B).
Thus, the GPI, presence of t(4;14), B2M concentration and
the risk score seem to carry complementary prognostic
information. 

“High-risk” groups of patients assessed by GPI
or other scores 
As described above, we initially started with the

hypothesis that “high-risk” status, as defined by prolifera-
tion, could be captured either by gene expression-based
high-risk scores or conventional factors, especially B2M
and LDH. This, however, was not the case (see results for
LDH and B2M and Table 2 depicting the overlap of the
respective risk assessments). This finding is a strong argu-
ment for assessing proliferation in clinical settings, along-
side these clinical prognostic factors, chromosomal aberra-
tions, and GEP-based risk stratification.

Gene expression-based assessment of proliferation 
in a clinical setting 
As “traditional” means of assessing proliferation have

not found widespread clinical use, why should a gene
expression-based approach? There are various reasons. (i)
Proliferation is a central independent risk factor in myelo-
ma, with only partial overlap with other “high-risk
scores”, and thus of high clinical interest (Table 2). (ii)
Proliferation is unique due to the fact that it is not only an
adverse prognostic factor and, therefore, enables risk-
adapted treatment, but it can also be directly counteracted
by anti-proliferative treatment. Within the context of clin-
ical trials, compounds such as mitotic inhibitors, e.g.
inhibitors of aurora kinase18 or Eg5-Kinesin,43 could be
added in a personalized manner to the standard treatment
regimens of patients selected due to a high GPI, with the
hypothesis that this would result in higher response rates
in these patients. Likewise, it is tempting to speculate that
these patients might benefit from prolonged maintenance
treatment after high-dose therapy and autologous stem
cell transplantation. This issue will be addressed within
the recently started phase III MM5 trial of the German
Myeloma Multicenter Group (EudraCT No. 2010-019173-
16). (iii) GEP can be performed routinely and is done in
more than 80% of therapy-requiring patients in our insti-
tutions, and thus allows assessment of proliferation within
large patient cohorts alongside high-risk scores. This, in
turn, overcomes the need for additional laborious investi-
gations on the background of limited numbers of malig-
nant plasma cells available, and allows the assessment of
proliferation from data already acquired. 

Conclusion
Proliferation of malignant plasma cells, assessable by

gene expression-based proliferation indices, is a central
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Table 1. Genes incorporated
within the gene expression-
based proliferation indices
(GPI) and high-risk scores.
Our GPI comprises genes
associated with the central
cell-cycle machinery, i.e.
cyclins B1 (CCNB1), B2
(CCNB2) and A2 (CCNA2).
Cyclin A2 mediates, together
with CCNE1/2 in association
with CDK2, S-phase entry;
CCNA2, CCNB1 and CCNB2,
in association with CDK1/2,
mediate mitotic entry. The
main functions of cyclin-A
(together with cyclin-E) are
DNA replication and cen-
tromer-duplication, of cyclin-
A additionally mitosis, where-
as B-type cyclins act only on
mitosis. Likewise, the mitotic
regulators Aurora-kinases A
(ARKA) and B (ARKB) and
their associated proteins
TPX2 and survivin (BIRC5)
can be found in the GPI. The
GPI further includes mem-
bers of the spindle-check-
point (e.g. BUB1, BU1B,
CDC20). Additional genes
comprise the proliferating
cell nuclear antigen (PCNA)
and the gene coding for Ki-
67 (MKI67). Genes overlap-
ping with the GPI of
Bergsagel et al. are depicted
in dark gray (additionally
present in this index: TYMS,
TK1, KIAA101, TOP2A,
TRIP13), those with the index
by Shaughnessy’s group in
medium gray (additionally
present in this index: TOP2A,
ANAPC7, CDCA1). No gene is
present in all three indices.
Genes also present in the 70
(17) gene high-risk score of
Shaughnessy et al. are
depicted in dark orange. No
gene overlaps with the 15-
gene high-risk score of
Decaux et al.



biological and prognostic factor in multiple myeloma,
independent of B2M, ISS-stage, high risk-associated chro-
mosomal aberrations, and gene expression-based risk-
scores. Information on the GPI would enable the use of
directly anti-proliferative treatment to be limited to
patients showing an increased GPI, in turn providing the
means for a personalized, risk-adapted, tailored treatment
approach.
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Table 2. Delineation of “high risk” patients by the respective variable and scores. In each row, first the percentage of high-risk patients as iden-
tified by the respective factor is given. The next fields give the percentage of patients who are also identified by the other factors. Example: GPI
identifies 7.7% of patients as high-risk, 21.4% of whom are also identified by the presence of t(4;14) as high-risk. GPI, gene-expression based
proliferation index; HR, high-risk score; ISS, International Staging System; LDH, lactate dehydrogenase; t(4;14), presence of a translocation
t(4;14); del 17p, deletion of 17p13. 

% GPI Shaughnessy-HR Decaux-HR ISS LDH t(414) del17p NONE 
(as high risk) high of others

GPI high 7.7 --- 68.8 68.8 50.0 56.3 21.4 28.6 18.8
Shaughnessy-HR 18.7 28.2 --- 35.9 25.6 35.9 43.8 18.8 21.9
Decaux-HR 12.4 42.3 53.8 --- 38.5 42.3 26.1 18.2 31.8
ISS 17.0 22.9 28.6 28.6 --- 51.4 13.0 22.7 36.4
LDH 20.2 19.0 33.3 23.8 42.9 --- 12.5 17.4 26.1
t(4;14) 17.5 10.0 46.7 20.0 10.0 10.0 --- 17.9 35.7
del17p 10.2 11.1 22.2 14.8 18.5 14.8 19.2 --- 57.7
None 22.7 --- --- --- --- --- --- --- ---
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