








Figure 1. A, hierarchical clustering analysis of gene expression profiles of 21 pPCL cases. Samples are grouped according to the expression levels of the
1,145 most variable genes. Main molecular alterations are shown; black indicates occurrence. B, heatmap of the 47 differentially expressed genes
identified by multi-class analysis of 21 pPCL patients stratified into the 3 main IGH translocation groups. Visualization of the expression in multiple myeloma
samples is included. In the heatmap, the color-scale bar represents the relative gene expression changes normalized by the SD, and the color changes in
each row represent gene expression relative to the mean across the samples.
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normal subjects, MGUS, smoldering multiple myeloma,
newly diagnosed multiple myeloma, and PCL patients, all
profiled on the HG-U133A microarray chip. Of the public
available samples, 274 passed the quality controls applied
to prevent biases due to inter-cohort analysis. In this
dataset, we investigated the expression profiles of 360 of
the 503 differentially expressed transcripts represented on
the HG-U133A array, and tested whether a trend existed
in their expression levels through all the progressively
malignant stages of PC dyscrasia. We selected the 26 most
significant genes (Supplementary Fig. S4A) whose trend
in expression levels correlated with progressive disease.
Larger expression level spreads were observed in multiple
myeloma subgroups than in other stages, in line with the
well-accepted notion that multiple myeloma represents a
widely heterogeneous entity. However, no significant
associations were found between the expression levels of
the 26 genes and the molecular stratification of the
myeloma samples on the basis of the occurrence of IGH
translocations, with few marginally significant exceptions
(Supplementary Fig. S4B). In addition, we evaluated the
expression profiles of those 360 genes in 26 relapsed
multiple myeloma and 23 HMCLs. Notably, although
not included in the analysis, the trend of the expression
values of all the genes in HMCLs was concordant with
that observed in primary tumors, thus reinforcing the
suggestion that the deregulation of these genes (either
with increasing or decreasing pattern) is compatible with
the "strength" of neoplastic transformation. Among the
identified transcripts, it is worth mentioning the protea-
some-associated gene PSMD6 and the polycomb group
protein codifying gene EZH2, whose expression has been
associated with tumor burden in multiple myeloma (27).

Identification of transcriptional profiles with clinical
relevance in the definition of pPCL with poorer
outcome

Finally, the transcriptional features of pPCL were evalu-
ated in the context of the outcome data of the prospective
series of pPCL patients. In particular, we evaluated whether
theoccurrence of specific gene signaturemight be associated
either with response rate or OS. To this aim, we first
investigated the dataset for differentially expressed genes
in patients who failed to respond to frontline 4-cycle ther-
apy of LD. The analysis led to the identification of 3 genes
(YIPF6, EDEM3, and CYB5D2) able to distinguish nonre-
sponder patients from responders [i.e., complete response
(CR), very good partial response (VGPR), and partial
response (PR); Fig. 3]. When PR, VGPR, and CR were
considered separately, no specific differentially expressed
genes could be evidenced. The identified transcriptional
pattern will be helpful to integrate results on efficacy and
side effects of the first-line treatment of LD in pPCL.

Next, we assessed the relationship between each of the
1145 most variable genes across the pPCL dataset and OS,
using a statistical approach based on the linear regression
model in which the distribution of the response variable is
modeled as a function of the expression levels of each gene.
Of the 1145 genes, 27 reached ahighly significant correlation
(P < 0.01) with OS (Table 1). On the basis of this 27-gene
model, the 18 pPCL cases for whom follow-up information
was available could be divided into 2 groups, of 6 and 12
patients respectively, who showed different outcomes (Fig.
4A and B). This model retained independency from all the
molecular characteristics available (Table 2), as well as from
age, sex, lactate dehydrogenase (LDH) levels, renal function,
andhematologicparameters (datanot shown).However, it is

Figure 2. Hierarchical clustering analysis of gene expression profiles of 21 pPCL and 55 multiple myeloma cases. Samples are grouped according
to the expression levels of the 1,166 most variable genes. Main molecular alterations are indicated as black boxes, as well as the pPCL type in the
last lane.

Todoerti et al.

Clin Cancer Res; 19(12) June 15, 2013 Clinical Cancer Research3252

on April 15, 2021. © 2013 American Association for Cancer Research. clincancerres.aacrjournals.org Downloaded from 

Published OnlineFirst April 18, 2013; DOI: 10.1158/1078-0432.CCR-12-3461 

http://clincancerres.aacrjournals.org/


worth mentioning that none of the cytogenetic aberration
was associated per se with OS (12). It is also worth empha-
sizing that the 27-gene model was not independent of
patients being subjected to autologous stem cell transplan-
tation (ASCT), indicating that this therapeutic approach
points definitively toward a more favorable outcome.
We finally tested the independency of the 27-genemodel

fromother gene-riskmodels on the basis of gene expression
data described in multiple myeloma (28–30). Specifically,
to this aim, we first stratified the samples included in our
dataset according to the criteria defined by the UAMS 70-
and 17-gene models from Shaughnessy and colleagues
(30), the IFM 15-gene model by Decaux and colleagues
(28), and the UK 6-gene model by Dickens and colleagues
(29). Of them, only UAMS models effectively stratified
pPCL patients into 2 significantly different risk groups (data
not shown). Importantly, the 27-gene model retained sig-
nificant correlation with outcome against both UAMS and
other models (Table 2).

Discussion
In the present study,we reported a comprehensivemolec-

ular and transcriptional analysis of a series of pPCLspatients

included in a prospective clinical trial aimed at exploring
efficacy and safety of the LD combination as first-line
therapy in previously untreated patients. The analysis was
particularly aimed at identifying those transcriptional fea-
tures that may contribute to explain the aggressive pheno-
type of PCL, as well as at correlating their gene expression
profiles with the clinical outcome.

According to previous reports (2, 4–6), a high incidence
of the 14q32 translocations was found in our series of
pPCLs. The transcriptional analysis further supported that
the main IGH chromosomal translocations drive pPCL
patients clustering and are associated with specific signa-
tures, as it occurs in multiple myeloma. The combined
analysis of pPCL andmultiplemyeloma patients confirmed
that pPCLs and multiple myelomas clustered together in
specific IGH translocation groups, thus suggesting that the
transcriptional effects related to these translocations have
an impact that overcomes the signatures related to the
specific disease. Moreover, the supervised analysis revealed
that IGH translocations have transcriptional effects in pPCL
cases that actually resembled, in a virtually identical fash-
ion, those observed in multiple myeloma, identifying tran-
scripts that have been shown as direct or indirect targets of

Figure 3. Boxplot distribution of the
expression levels of the 3
differentially expressed genes
identified by supervised analysis of
pPCLpatients stratified according to
response rate. NR, nonresponder;
PR, partial remission; VGPR, very
good partial remission; CR,
complete remission.
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the translocations in multiple myeloma, as previously
described (14). Conversely, no association has been found
in our dataset between cytogenetic abnormalities and clin-
ical outcome. Therefore, occurrence of IGH translocations
in a very large fraction, if not almost the totality, of pPCL
cases was not conceivable to justify per se the more aggres-
sive phenotype of leukemic forms than the largemajority of
multiple myeloma.

We thus aimed our analysis at investigating the transcrip-
tional pathways differentially expressed inpPCLwith regard
to multiple myeloma condition. Of the 503-gene signature
identified, several genes have been identified as related to
cytoskeleton functions and Rho protein signaling pathway
(31–33), involved in cell adhesion/migration processes.
Our analysis also highlighted the involvement of NF-kB
pathway-associated genes, specifically acting as functional
regulators in NF-kB pathway or potentially responsive to
NF-kB transcriptional modulation. In particular, the RelB
subunit involved in NF-kB noncanonical pathway, whose
activation was found to be associated to the cell adhesion-
mediated drug resistance (CAM-DR) in multiple myeloma
(34), was upregulated in pPCLs as well as the inhibitory
subunits NFKBIE (IkBe) and NFKBIA (IkBa). In addition,

TRAF1, TRAF4, and TRAF5, members of the family of
TNF–receptor-associated factor with different roles in NF-
kB pathway, were expressed at higher level in pPCLs (35,
36). Overall, these considerations, together with the con-
current findings of higher NF-kB indexes in pPCL cases, are
suggestive and compatible withmore activated NF-kB path-
way and aggressive phenotype in pPCL. Conversely, a
limited, if not absent, discrepancy between pPCL and mul-
tiple myeloma has been identified, according to published
expression-based indexes (24–26), as regards proliferation.
This might be explained in that such indexes were mainly
derived by the comparison between primary tumors and
cell lines that might, therefore, account for more enhanced
proliferation activity in relapsed/refractorymyeloma, evolv-
ing to a more aggressive and uncontrolled leukemic pro-
gression. The transcriptional pattern of pPCL was recently
investigated by Usmani and colleagues, who characterized
the clinicobiological features of a series of pPCL patients,
partly included in the Total Therapy protocols trials (9),
suggesting that pPCL represents a highly significant adverse
feature of myeloma tumors in relationship with both OS
and PFS as well as CR duration. This was further supported
by the occurrence of high-risk variables (advanced age;

Table 1. List of the 27 genes with P < 0.01 in globaltest analysis of expression data and OS

Gene symbol Gene title Cytoband P-value
Corr with
survival

PECAM1 Platelet/endothelial cell adhesion molecule 17q23.3 0.0006 pos
MKX Mohawk homeobox 10p12.1 0.0020 pos
FAM111B Family with sequence similarity 111, member B 11q12.1 0.0021 neg
MCTP1 Multiple C2 domains, transmembrane 1 5q15 0.0022 neg
CALCRL Calcitonin receptor-like 2q32.1 0.0023 pos
C10orf10 Chromosome 10 open reading frame 10 10q11.21 0.0028 neg
FNBP1 Formin binding protein 1 9q34.11 0.0028 neg
EFEMP1 EGF-containing fibulin-like extracellular matrix protein 1 2p16.1 0.0030 neg
C3orf14 Chromosome 3 open reading frame 14 3p14.2 0.0031 pos
ALDH1L2 Aldehyde dehydrogenase 1 family, member L2 12q23.3 0.0032 pos
WARS Tryptophanyl-tRNA synthetase 14q32.2 0.0034 pos
SLC15A2 Solute carrier family 15 (Hþ/peptide transporter), member 2 3q13.33 0.0043 pos
FAIM3 Fas apoptotic inhibitory molecule 3 1q32.1 0.0043 neg
CPEB4 Cytoplasmic polyadenylation element binding protein 4 5q35.2 0.0048 neg
EDN1 Endothelin 1 6p24.1 0.0055 neg
PVALB Parvalbumin 22q12.3 0.0056 neg
LY86 Lymphocyte antigen 86 6p25.1 0.0058 neg
LAPTM5 Lysosomal protein transmembrane 5 1p35.2 0.0065 neg
RNU5D RNA, U5D small nuclear 1p34.1 0.0077 pos
PARP15 Poly (ADP-ribose) polymerase family, member 15 3q21.1 0.0079 neg
PLEKHF2 Pleckstrin homology domain containing, family F

(with FYVE domain) member 2
8q22.1 0.0085 neg

PDK4 Pyruvate dehydrogenase kinase, isozyme 4 7q21.3 0.0089 neg
TNFAIP3 Tumor necrosis factor, alpha-induced protein 3 6q23.3 0.0089 neg
FAM105A Family with sequence similarity 105, member A 5p15.2 0.0091 neg
CTH Cystathionase (cystathionine gamma-lyase) 1p31.1 0.0091 pos
HOOK1 Hook homolog 1 (Drosophila) 1p32.1 0.0092 pos
TCN2 Transcobalamin II 22q12.2 0.0094 neg
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abnormal albumin, LDH, and b2-microglobulin levels;
chromosome abnormalities, etc.) that undoubtedly confer
to pPCL a highly aggressive phenotype with very poor
outcome. They described a 203-gene signature, obtained
from 20 pPCL cases, that only in a minimal part (�15%)
overlapped with our 503-gene list. As possible explanations
to this finding, the new-generation arrays used in our
analysis (leading to only 125 transcripts commonly repre-
sented on the 2 platforms) and the different balance
between pPCL and non-pPCL samples in the 2 datasets
could be considered.Moreover, the authors did not provide
specific information on the molecular alterations (translo-
cations, deletions, and amplifications) of their cases; there-
fore,we couldnot exclude that different stratificationwithin
pPCL cases might affect the differential expression analysis.
Furthermore, their data were not available in public repos-
itories, which prevented any meta-analyses, validation, or
verification of similarities and differences between the 2
datasets.
On the basis of the list of differentially expressed genes

between pPCL and multiple myeloma, we took advantage
of a composite dataset from multiple institutions to inves-
tigate whether the modulation of expression levels of some
transcripts included in the 503-gene signature might be
correlated with progression in PC dyscrasias, provided that
the increased or decreased expression could be due to or
associated with features characterizing highly injured PCs
and/or aggressive clinical course. Among the26 geneswith a
significant trend (8 decreasing and 18 increasing) from
normal PC condition to PCL through the different forms

of PC dyscrasia, it is worth mentioning the methyltransfer-
ase EZH2, whose expression correlates with tumor burden
during multiple myeloma disease progression and which is
constitutive in IL–6-independent cell lines (27), and that
was among the most overexpressed genes associated with
the proliferation (PR) multiple myeloma subgroup in the
UAMS classification (26). Overall, the 26 genes identified
here showed significantmodulation in the expression levels
through the different progressive presentation of PC dys-
crasia and exhibited further enhanced expression levels in
HMCLs in line with the trend in primary tumors, thus
strengthening the putative involvement of these genes in
sustaining the intensity/aggressiveness of the neoplastic
phenotype.

A further finding of the present study was the identifica-
tion of distinct transcriptional signatures in groups of pPCL
that clearly showed different outcome. The 27 genes carry-
ing a highly significant correlationwithOSwere prevalently
upregulated (17/27, 63%) in the pPCL patients with the
poorest outcome. The occurrence of this peculiar pattern
is predictive of poorer OS, independent of the major cyto-
genetic alterations, hematologic parameters, and known
multiple myeloma gene-risk models. Conversely, the low-
risk signature is strongly associated with the ASCT proce-
dure, which points to a more favorable prognosis overall.
Further investigations on larger cohorts and validation sets
are warranted to better elucidate whether a specific tran-
scription pattern at diagnosis may be suggestive of the
eligibility of the patients to ASCT with consequently asso-
ciated better outcome. Interestingly, none of the 27 genes

Figure 4. A, heatmap of the pPCL samples clustered on the 27 genes identified by globaltest as significantly associated with OS. Molecular features are
indicated above the heatmap (black indicates occurrence). B, Kaplan–Meier curves of the 2 groups defined by the 27-gene model. The colors of the groups
correspond to those shown in the dendrogram in A.
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were recognized in known multiple myeloma high-risk
signatures (24, 28, 30), whereas only a minor fraction were
dispersedly included in the gene lists characterizing the 7
multiple myelomamolecular subgroups in the UAMS data-
base (26). Interestingly, the platelet/endothelial cell adhe-
sion molecule 1 (PECAM1), whose expression was most
significantly associated with OS, encoded a member of the
immunoglobulin superfamily involved in angiogenesis and
activation of integrins. Notably, a recent work described its
involvement in the lenalidomide effect in angiogenesis
inhibition and the interaction with cadherin 5 and b-cate-
nin, which is critical for endothelial cell cord formation
(37). It could be speculated that the lower levels of PECAM1
associated with more aggressive disease might lead to less
dependency ofmalignant PCs frommicroenvironment and
reduced substrates for drugs, such as lenalidomide, that
target microvessel formation.

The primary endpoint of the study was set to response
after 4 cycle of therapy; 6 patients failed to reach response;
the gene expression analysis highlighted 3 genes that clearly
distinguished nonresponders from responders (albeit at
different treatment response, from partial to complete) to
the treatment with LD. Little is known about the biological
role and the function of CYB5D2, EDEM3, and YIPF6,

which leaves open the investigation of these genes as puta-
tively involved in drug response or associated with PCswith
a resistant phenotype. Additional studies on larger cohorts
are warranted on this aspect.

Overall, our data suggest that pPCLmight not represent a
unique transcriptional and clinical entity, albeit clearly
distinguishable frommultiple myeloma on the basis of the
expression of a large signature, and provide insights for
further investigations of mechanisms underlying the biol-
ogy of aggressive forms of PC dyscrasia.
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