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Abstract: Multiple myeloma (MM) is a genetically complex disease that results from a multistep 
transformation of normal to malignant plasma cells in the bone marrow. However, the molecular 
mechanisms responsible for the initiation and heterogeneous evolution of MM remain largely un-
known. A fundamental step needed to understand the oncogenesis of MM and its response to 
therapy is the identification of driver mutations. The introduction of gene expression profiling 
(GEP) in MM was an important step in elucidating the molecular heterogeneity of MM and its 
clinical relevance. Since some mutations in myeloma occur in non-coding regions, studies based on 
the analysis of mRNA provide more comprehensive information on the oncogenic pathways and 
mechanisms relevant to MM biology. In this review, we discuss the role of gene expression profil-
ing in understanding the biology of multiple myeloma together with the clinical manifestation of 
the disease, as well as its impact on treatment decisions and future directions. 
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1. Introduction 
Multiple myeloma (MM) is a genetically complex disease resulting from a multistep 

transformation of normal to malignant plasma cells in the bone marrow [1]. Its precur-
sors are believed to be monoclonal gammopathy of undetermined significance (MGUS) 
and smoldering multiple myeloma. However, while both lack the clinical features of or-
gan damage presence, such as hypercalcemia, renal insufficiency, anemia and bone le-
sions, they share some genetic mutations of symptomatic MM [2,3]. Further progression 
of the disease may lead to the proliferation of clonal plasma cells at sites outside the bone 
marrow, manifesting as extramedullary myeloma and plasma cell leukemia (PCL), both 
known to be very aggressive malignancies with inferior outcome [4].  

As MM occurs mainly in older patients, its treatment has gained prominence in to-
day’s aging population. Its annual incidence in the United States in 2020 was estimated to 
be as high as 4.5-6 cases per 100,000, with 32,270 new cases and 12,830 deaths reported 
[4,5].  
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In the era of molecular cytogenetic methodologies such as G-band karyotyping, 
fluorescence in situ hybridization (FISH), comparative genomic hybridization (CGH), as 
well as more advanced novel genetic techniques, such as single nucleotide polymor-
phism (SNP) arrays and next-generation sequencing (NGS), it has become possible to 
better understand the molecular background of myelomagenesis [6]. Multiple myeloma 
is a genetically heterogenous disease. The genetic alterations present in MM can be cat-
egorized into translocations, copy number abnormalities (CNAs) and point mutations 
[7,8]. The most important molecular mechanism underlying MM pathogenesis is thought 
to be immunoglobulin heavy chain (IgH) translocation [9]. Although the molecular 
mechanisms responsible for the initiation and heterogeneous evolution of MM remain 
largely unknown to date, the identification of driver mutations is fundamental to under-
stand the oncogenesis of MM and its response to therapy. However, the genetic land-
scape of MM is very complex, and distinguishing driver from passenger mutations is 
challenging. The somatic mutation rate of patients with multiple myeloma was reported 
to be approximately 1.6 mutations per Mb [10]. Certain genes, including KRAS, NRAS, 
TP53, FAM46C, DIS3 and BRAF have been reported to demonstrate frequent mutations 
in myeloma patients [11–13].  

The introduction of gene expression profiling (GEP) in MM was an important step in 
elucidating the molecular heterogeneity of MM and its clinical relevance. Initially ar-
ray-based studies, and more recently, those based on RNA sequencing (RNASeq), pro-
vided information on the transcriptomic background of myeloma, its clinical course and 
prognosis. Since some mutations in MM occur in non-coding regions,14 analytical ap-
proaches based on mRNA provide more comprehensive information on the oncogenic 
pathways and mechanisms relevant to MM biology. 

This present review discusses the role of gene expression profiling in understanding 
the biology of MM, together with the clinical manifestation of the disease, as well as its 
impact on treatment decisions and future directions for research. 

2. The techniques used for gene expression analysis 
The history of transcript profiling begins with early attempts of Northern blotting, 

reverse transcriptase quantitative PCR (RT-qPCR) and Sanger sequencing of the ex-
pressed sequence tags (ESTs), these being short nucleotide sequences generated from 
cDNAs [15–18]. Other early gene expression analysis techniques include serial analysis of 
gene expression (SAGE) [19] and DNA microarrays [20]. Both techniques are widely used 
for gene expression studies and novel gene identification. SAGE is based on a principle 
that an oligonucleotide sequence can uniquely identify a gene. It requires the isolation of 
mRNA and the generation of cDNA, from which unique small sequences (∼initially 10 
bp), i.e. tags, are generated using restriction enzyme digestion. The frequency of a spe-
cific sequence tag determines the relative abundance of the transcript. Over the years, 
variations of SAGE have been devised to identify tags more accurately by increasing tag 
length by even as much as 26 bp [21] DNA microarrays act by measuring the hybridiza-
tion of the labeled target cDNA strands to a sample with fixed probes [22]. Although the 
techniques mentioned have been widely used, they both have their limitations.  

The development of the high throughput sequencing RNA-seq technique has ena-
bled even better exploration of RNA biology. The popularity of RNA-seq is driven by its 
large number of applications with differential gene expression analysis being the most 
common one. The standard workflow of RNA-seq begins with RNA extraction. This is 
followed by purification of RNA from a sample since the isolated RNA is mostly ribo-
somal. The two most common techniques used for target enrichment are poly(A) capture 
for mRNA selection and ribosomal depletion. Following this, cDNA synthesis is per-
formed and an adaptor-ligated sequencing library is prepared. Finally, the cDNA library 
is amplified by polymerase chain reaction (PCR) using parts of the adapter sequences as 
primers. When the experiment is finished, the data analysis begins: aligning and/or as-
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sembling the sequencing reads to a transcriptome, quantifying reads that overlap tran-
scripts, filtering and normalizing between samples, and statistical modelling of signifi-
cant changes in the expression levels of individual genes and/or transcripts between 
sample groups [23,24]. 

Transcriptomic studies have provided important information regarding pathways 
and genes involved in myelomagenesis. Such gene expression profile (GEP) studies con-
stitute a reliable prognostic tool that has been independently validated by various mul-
tiple myeloma cooperative groups. However, in daily clinical practice, no consensus has 
evolved to integrate GEP in multiple myeloma care. 

3. Gene expression profile in multiple myeloma biology and prognosis 
Multiple myeloma is a genetically complex and heterogeneous neoplasm in which 

the concurrency of multiple genomic events results in tumor development and progres-
sion. MM exists as hyperdiploid and nonhyperdiploid forms, with different karyotype 
[25,26]. Its most important oncogenic mechanisms are believed to be oncogene activation 
by IgH translocations and oncogene mutations [27]. IgH translocations are present in up 
to 50% of patients, and mainly involve five chromosomal loci, 11q13, 6p21, 4p16, 16q23, 
and 20q11, which contain the CCND1, CCND3, FGFR3/NSD2, MAF, and MAFB onco-
genes [28]. 

The transcriptome of multiple myeloma has been evaluated in different patient co-
horts [29–32]. Studies based on GEP have been widely used to better understand the bi-
ology of MM by identifying the genes involved in the molecular pathogenesis of the 
disease and their clinical significance, to predict survival in multiple myeloma and to 
identify patients who will benefit from particular types of therapy. Some groups even 
made an attempt to compare the transcriptome of MM and primary plasma cell leuke-
mia: a more aggressive form of plasma cell dyscrasia [33]. Expression profiles of differ-
entially expressed genes are of critical importance and have provided insights into MM 
biology. These genes may relate to cell cycle, cell death, autophagy, kinome, stemness, 
cytogenetic abnormalities, chromosome 1, homozygous deletions, and immune subnet-
works [32,34–41]. 

GEP studies have led to the identification of Cyclin D family deregulation in MM 
and MGUS [42–44]. Deregulation of the cyclin D family (CCND1, CCND2, and CCND3) 
appears to be one of the key molecular events in the pathogenesis of MM [45]. It can re-
sult from the translocation of CCND1 or CCND3 with the IgH gene in the t(11;14) and the 
t(6;14), specific cyclin D amplifications, trisomies and other cytogenetic events. CCND2 is 
particularly overexpressed in t(4;14) and t(14;16) patients [30,42]. A proposed classifica-
tion based on CCND1 gene expression status and 14q32 translocations divides MM pa-
tients into eight different subgroups [44].  

Another attempt to use gene expression profiling in order to develop a prognosti-
cally relevant molecular classification of MM was made by Zhan et al. [46]. The findings 
indicated the presence of seven disease subtypes that were strongly influenced by known 
genetic lesions including c-MAF– and MAFB-, CCND1- and CCND3-, MMSET-activating 
translocations and hyperdiploidy, these being CD1 [(t(11;14)], CD2 [t(11;14) & t(11;16)], 
MS [t(4;14)], MF [t(14;16) & t(14;20)], hyperdiploid cluster (HY), low bone disease (LB), 
and proliferation-associated genes (PR). Zhan et al. also identified myeloid gene expres-
sion signatures but excluded them from profiling analyses [46]. Broyl et al. confirmed the 
findings made by Zhan et al. and identified three novel subsets of MM: the nuclear factor 
kappa light chain-enhancer (NF-kB) subgroup, the cancer testis antigen (CTA) subgroup 
characterized by high proliferation index, and the PRL3 subgroup characterized by 
up-regulation of protein tyrosine phosphatases PRL-3 and PTPRZ1 [47]. 

A review by Szalat et al. indicated the existence of 11 different molecular subgroups 
of MM based on transcriptomic studies [48]. A summary of this classification correlated 
with the clinical outcome is given in Table 1. Liu et al. combined data from whole genome 
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gene expression profiling microarrays and CytoScan HD high-resolution genomic arrays 
to integrate GEP with copy number variations (CNV); the findings highlighted certain 
molecular alterations in MM that were important for disease initiation, progression and 
poor clinical outcome. In particular, eight cytogenetic driver lesions essential to the de-
velopment and progression of myeloma were highlighted by the amplification of chro-
mosome 1q: they suggest that 1q gains and the upregulated ANP32E, DTL, IFI16, 
UBE2Q1 and UBE2T gene expression could be responsible for MM aggressiveness [49]. 
These findings support those of Shaughnessy et al., who found that most of the 
up-regulated genes mapped to chromosome 1q, and the down-regulated genes mapped 
to chromosome 1p; this suggests that disease progression may be influenced by changes 
in the transcriptional regulation of genes mapping to chromosome 1 [39]. However, 
studies based on different molecular methods have yielded conflicting findings consid-
ering 1q gain as an adverse prognostic factor. Some early studies suggest it has no 
prognostic value [50,51] while some latest reports suggest it may be associated with an 
inferior outcome [52–55]. 

Manasach et al. compared the value of retrospective GEP data with FISH criteria to 
identify high risk (HR) patients. They conclude that GEP identified more HR patients 
than FISH. Patients reclassified from standard-risk FISH to HR GEP presented with 1q 
amplification of equal to or over four copies [56]. Elsewhere, a multi-tissue transcrip-
tome-wide association study (TWAS) aimed at exploring MM biology by Went et al. [57] 
identified 108 genes at 13 independent regions associated with MM risk; all of these were 
within 1 Mb of known MM GWAS risk variants [58–61]. 

4. Gene expression profile and multiple myeloma prognosis 
Many different transcriptomic models for prognostication have been identified; 

however, none of them have been introduced into routine clinical practice. So far the re-
vised International Staging System (R-ISS) is still the first choice in MM management 
[62], and the older Durie-Salmon staging system is still used in some places [63]. Zhan et 
al. performed a microarray analysis on tumor cells from 532 newly diagnosed patients 
with MM in order to identify high-risk disease [31]. They report that high-risk groups 
presented a similar gene expression profile to human MM cell lines, whereas low-risk 
MM groups exhibited patterns identical to MGUS and normal plasma cells. After evalu-
ation of the 70-gene risk model in relapse samples of 51 out of 351 of the training cohort, 
high-risk scores associated with poor survival were found in 39 patients. Kuiper et al. 
identified a 92-gene signature (EMC-92) that proved to be an independent prognostic 
factor of survival [64]. More recently Decaux et al. proposed a risk stratification model 
based on 15 different genes and note that patients with high-risk MM were characterized 
by the overexpression of genes involved in multiple phases of the entire cell cycle [32]. 
Dickens et al. limited the prognostication to six genes [40]. Similarly, Botta et al. proposed 
a prognostic risk score based on only six genes: IFNG, IL2, LTA, CCL2, VEGFA, CCL3 
[41]. This list was acquired from a gene expression profiling dataset of MGUS, smolder-
ing MM and symptomatic-MM, and identified inflammatory and cytokine/chemokine 
pathways as the most progressively affected during disease evolution. 

Hose et al. propose that assessment of proliferation by GEP allows selection of pa-
tients for risk-adapted anti-proliferative treatment [65]. Liu et al. [34] constructed a mul-
tiple myeloma molecular causal network (M3CN) based on gene expression, copy num-
ber variation and clinical data to better understand MM tumorigenesis, progression and 
drug responses. The M3CN-derived prognostic subnetwork achieved demonstrated sat-
isfactory separation between different risk groups [34]. However, the most complex ap-
proach was proposed by Katiyar et al. [66], who identified unified potential signatures 
for MM based on genome-wide meta-analysis of differentially expressed genes (DEGs) 
and miRNAs (DEMs) in MM cells and normal plasma cells. The authors identified the top 
five most functionally-connected hub genes (UBC, ITGA4, HSP90AB1, VCAM1, VCP) 
using protein-protein interactions. 
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Table 1. The identification of 11 molecular subgroups using gene expression profiling. Adapted from Szalat et al. [48]. 

Prognosis Subgroup Cytogenetics Cyclin D expression Upregulated genes Downregulated genes frequency 
Lo

w
 ri

sk
 

CD1 t(11;14) CCND1 INHBE 

ETV1 

MACROD2 

CD9 

NOTCH2NL 

4-9% 

CD2 t(11;14) 

t(6;14) 

CCND1 

CCND3 

cd79a 

cd20 

CCND2 11-17% 

LB - CCND1 

CCND2 

EDN1 

IL6R 

SMAD1 

DKK1 

STAT1 

STAT2 

12-17% 

HY HD CCND1 TRAIL 

DKK1 

CCR5 

CCND2 

CD52 

TAGLN2 

CKS1B 

OPN3 

26-32% 

NF-κB HD CCND1 

CCND2 

CD40 

BCL10 

IL8 

TRAF3 

CCR2 

MAT2A 

11% 

PRL3 HD CCND2 SOX3 

PTP4A3 

PTPRZ1 

CD44 

DUSP6 

2-3% 

Myeloid - CCND1 

CCND2 

CD163 

CA1 

LIZ 

PRMT1 

DUSP5 

SMAD7 

12% 

H
ig

h 
ri

sk
 

MF t(14;16) 

t(14;20) 

CCND2 IL6R 

c-MAF 

MAFB 

DKK1 

CCND1 

6-10% 

MS t(4;14)  

1q gain 

CCND2 MMSET 

FGFR3 

PBX1 

CCND1 

DUSP2 

SYK PAX5 

15-17% 

PR 1q gain CCND2 

CCND1 

CCNB1 

MCM2 

CDC2 

BIRC5 

CCNB2 

AURKA 

CXCR4 

CD27 

11% 

CTA 1q gain CCND1 

CCND2 

Cancer testis antigen 

AURKA 

MALAT1 7% 

In addition, transcription factor regulatory networks were determined for five seed DEGs 
with four or more biomarker applications (CDKN1A, CDKN2A, MMP9, IGF1, MKI67) 
[66]. The above studies indicate, that DEGs may influence disease pathogenesis, clinical 
presentation and drug sensitivities in MM patients . 
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5. mRNA and drug resistance 
Despite recent advancements in the design of novel anti-myeloma drugs, the acqui-

sition of anti-cancer drug resistance is a major limitation of MM therapy. The mecha-
nisms underlying drug resistance are diverse and include both genetic and epigenetic 
abnormalities. The topic of drug resistance in multiple myeloma has been widely re-
viewed by Robak et al. [67]. However, for the purpose of this review, we would like to 
briefly mention the mechanisms associated with altered mRNA expression. 

Mitra et al. [68] developed a gene expression signature that predicts response spe-
cific to proteasome inhibitor (PI) treatment in MM on human myeloma cell lines 
(HMCLs). They created a 42-gene expression signature that could distinguish good and 
poor PI response in the HMCL panel, and could be successfully applied to four different 
clinical data sets on MM patients undergoing PI-based chemotherapy to distinguish 
between good and poor outcomes [68]. 

In a study of the functional role of ABCB1 overexpression in MM, Besse et al. [69] 
found this to be the most significant change in carfilzomib-resistant MM cells compared 
to bortezomib-resistant cells. This change enhances the P-glycoprotein-mediated export 
of therapeutic drugs. The authors identified nelfinavir and lopinavir as approved drugs 
that could overcome resistance to carfilzomib by modulating P-glycoprotein function 
[69]. In addition they observed that ABCB1 overexpression reduces the pro-
teasome-inhibiting activity of carfilzomib but not of bortezomib. 

Tang et al. [70] identified 2099 long non-coding mRNAs that were deregulated in 
exosomes of bortezomib-resistant patients. Of these, 78 mRNAs in drug re-
sistance-related pathways were enriched, with mammalian target of rapamycin, plati-
num drug resistance, the cAMP and phosphoinositide 3-kinase–Akt signaling pathways 
being key examples [70]. 

A recent study by Robak et al. [71] compared the mRNA expression of nine previ-
ously-described genes that may affect resistance to multiple myeloma (ABCB1, CXCR4, 
MAF, MARCKS, POMP, PSMB5, RPL5, TXN, and XBP1) by bortezomib-refractory and 
bortezomib-sensitive patients. The analysis was performed on 73 MM patients and 11 
healthy controls. It was reported that RPL5 was significantly downregulated in MM pa-
tients, and that POMP was significantly upregulated in MM patients refractory to 
bortezomib. A multivariate analysis found high expression of PSMB5 and CXCR and 
autologous stem cell transplantation to be independent predictors of progression-free 
survival, while high expression of POMP and RPL5 was associated with shorter overall 
survival [71]. 

6. mRNA in CAR-T cell therapy 
When reviewing the role of messenger RNA in the biology of multiple myeloma, it is 

important to include the latest achievement in the field of chimeric antigen receptor 
(CAR) T cell therapy. Despite the introduction of many novel therapeutic strategies, 
multiple myeloma remains incurable and requires continued intervention for disease 
control. However, a promising recent development is the design of an engineered T-cell 
product, Descartes-08, that transiently modifies a purified population of autologous 
CD8+ T-cells with anti-B cell maturation antigen (BCMA) CAR mRNA, as reported by 
Lin et al. [72]. Descartes-08 is engineered by mRNA transfection to express anti-BCMA 
CAR for a defined length of time. The mRNA is synthesized by in vitro transcription 
from a linearized DNA plasmid [72]. The development of this virus-free CAR-T cell 
technology has recently led to the initiation of the first clinical trial [73]. 

7. Conclusion 
Gene expression profiling studies provide important information regarding the bi-

ology of multiple myeloma and may serve as a tool to predict outcome and guide ther-
apy. In the era of personalized medicine, the future lies in enabling therapy to be chosen 
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based on the presence of specific mutations and gene expression profile. However, the 
complexity of the MM genome and transcriptome still requires further investigation. 

Abbreviations: 
BCMA - B cell maturation antigen  
CAN - copy number abnormality 
CAR - chimeric antigen receptor   
CGH - comparative genomic hybridization  
CNV - copy number variations   
CTA - cancer testis antigen  
DEGs - differentially expressed genes   
DEMs  - differentially expressed miRNAs 
FISH - fluorescent in situ hybridization 
GEP - gene expression profiling  
HMCLs - human myeloma cell lines  
HR - high risk  
HY - hyperdiploid cluster     
IgH  - immunoglobulin heavy chain  
LB - low bone disease  
M3CN - molecular causal network  
MGUS - monoclonal gammopathy of unknown significance 
miRNAs - MicroRNAs  
MM - Multiple myeloma  
NF-kB - nuclear factor kappa light chain-enhancer   
NGS - next-generation sequencing  
PAG - proliferation-associated genes  
PCL – plasma cell leukemia  
PCR - polymerase chain reaction  
PCR - polymerase chain reaction 
PCs – plasma cells  
PI - proteasome inhibitor  
qRT-PCR - quantitative real-time polymerase chain reaction  
R-ISS - revised International Staging System   
RNASeq  = RNA sequencing  
RT-qPCR - reverse transcriptase quantitative PCR   
SAGE - serial analysis of gene expression  
SNP - single nucleotide polymorphism  
TWAS - transcriptome-wide association study 
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