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a  b  s  t  r  a  c  t

Multiple  myeloma  (MM),  a  neoplasm  of plasma  cells,  is the  second  most  common  hematological  malig-
nancy.  Incidance  rates  increase  after age  40. MM  is  most  commonly  seen  in men  and  African–American
population.  There  are  several  factors  to  this,  such  as  obesity,  environmental  factors,  family  history,  genetic
factors and  monoclonal  gammopathies  of undetermined  significance  (MGUS)  that  have been  implicated
as potentially  etiologic.  Development  of  MM involves  a  series  of  complex  molecular  events,  including
chromosomal  abnormalities,  oncogene  activation  and  growth  factor  dysregulation.  Chemotherapy  is the
olecular aspects
rug resistance
argeted drug delivery

most commonly  used  treatment  strategy  in MM.  However,  MM  is  a difficult  disease  to  treat  because
of  its marked  resistance  to chemotherapy.  MM  has  been  shown  to  be commonly  multidrug  resistance
(MDR)-negative  at diagnosis  and  associated  with  a high  incidence  of  MDR  expression  at  relapse.  This
review  deals  with  the  molecul
possible new  applications  for o
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vercoming  drug  resistance.
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Table 1
Durie and Salmon staging system.

Criteria Measured myeloma cell mass
(myeloma cells in billions/m2)

Stage I (low cell mass)
All of the following:

• Hemoglobin value >10 g/dl
•  Serum calcium value normal or

<10.5 mg/dl
• Bone X-ray, normal bone

structure (scale 0) or solitary
bone plasmacytoma only

• Low M-component production
rates

IgG value <5.0 g/dl
IgA value <3.0 g/dl
Urine light chain M-component
<4 g/24 h

600 billion

Stage II (intermediate cell mass)
Fitting neither Stage I nor Stage II

600–1200 billion

Stage III (high cell mass)

•  One or more of the following:
• Hemoglobin value <8.5 g/dl
• Serum calcium value >12 mg/dl
• Advanced lytic bone lesions

(scale 3)
• High M-component production

rates
IgG value >7.0 g/dl
IgA value >5.0 g/dl
Urine light chain M-component
>12 g/24 h

>1200 billion

Subclassification
A:  Relatively normal renal function
(serum creatinine value
<2.0 mg/dl)
14 P. Mutlu et al. / Critical Reviews in O

. Introduction

Multiple myeloma (MM)  fits in the group of plasma cell disor-
ers characterized by neoplastic proliferation of plasma cells which
roduce and secrete monoclonal antibodies, usually IgG or IgA iso-
ypes (MacLennan, 1991). The monoclonal protein secreted by MM
lasma cells is immunoglobulin or a component of immunoglobu-

in which is called M-protein or paraprotein. Due to the mutations
n the genes that are responsible for immunoglobulin production in

yeloma cells, the normal antibody function of the immunoglobu-
in is lost. Excess M-protein accumulates in the bloodstream and/or
n the urine of the MM patients (Botallie and Harousseau, 1997; Kyle
nd Rajkumar, 2008; Palunbo and Anderson, 2011).

Plasma cells are the end-stage effector cells of the B-lymphocyte
ineage that produce and secrete antigen-specific antibodies
MacLennan, 1991). In contrast with the distribution of normal
lasma cells, MM plasma cells localize specifically within the
one marrow, produce M-protein and a number of cytokines
uch as interleukin (IL)-1�, tumor necrosis factor (TNF)-� and
onocyte–macrophage colony stimulating factor activating stro-
al  and accessory cells and also have osteoclast activating factor

OAF) activity leading to the typical punched out osteolytic lesions
Cozzolino et al., 1989; Mundy et al., 1974; Nakamura et al., 1989;
oss Garrett et al., 1987).

Bone marrow microenvironment of MM is well organized in
erms of adhesive properties and production of the cytokines for
rowth and differentiation of plasma cells. A number of cytokines,
ncluding IL-1� and M-CSGF, are released from plasma cells and
ctivate bone marrow stromal cells to produce IL-6, which stimu-
ates the proliferation of plasma cells (Caligaris-Cappio et al., 1992;
ernberg et al., 1991; Kishimoto, 1989; Klein et al., 1989; Nilsson
t al., 1990; Nordan and Potter, 1986; Zhang et al., 1989). Most
ecently, IL-6 has also been shown to enhance survival of MM
ells by inhibition of apoptosis triggered by corticosteroids, serum
tarvation and anti-Fas (Hulkkonen et al., 2001; Humphries et al.,
001; Sfrent-Cornateanu et al., 2006). Elevated IL-6 serum levels
re correlated with poor prognosis, higher tumor cell mass and also
steoclast activation in MM (DeMichele et al., 2003; Jerrard-Dunne
t al., 2003; Jones et al., 2001; Sawczenko et al., 2005; Snoussi et al.,
005).

Multiple myeloma patients usually present with bone destruc-
ion, hypercalcemia, renal damage, increased susceptibility to
nfections and anemia (Kyle and Rajkumar, 2008; Morgan et al.,
002). There are no established risk factors for MM other than gen-
er, age, ethnicity, family history of lymphatohematopoitic cancer
LHC) and monoclonal gammopathy of undetermined significance
MGUS). Annual risk of progression of MGUS to multiple myeloma
s approximately 1% (Ries et al., 2005).

. Epidemology

According to Multiple Myeloma Research Foundation, MM is the
econd most common blood cancer after non-Hodgkin’s lymphoma
nd represents approximately 1% of all cancers in white individ-
als and 2% of all cancers in black individuals (Multiple Myeloma
esearch Foundation, 2015).

MM occurs more frequently in men  than in women, and its
ighest incidence has been found in African–American population,
eing twice as high compared with white population. Incidence
ates for most European countries, white Americans and Canadi-

ns are similar. The lowest incidence of myeloma has been found
mong Asian individuals (American Cancer Society, 2005; Parkin
t al., 2002; Ries et al., 2005). Blacks may  be two times more likely
o develop multiple myeloma with respect to whites since they are
B: Abnormal renal function (serum
creatinine value >2.0 mg/dl)

more likely to have a precursor condition known as MGUS  (Cohen
et al., 1998; Landgren et al., 2006; Singh et al., 1990).

Increased risk for association between obesity and MM has been
reported in a few epidemiologic studies (Blair et al., 2005; Pan et al.,
2004). Findings for tobacco use and alcohol consumption do not
support a causal association with multiple myeloma (Brown et al.,
1992, 1997; Brownson, 1991; Mills et al., 1990; Nieters et al., 2006;
Pan et al., 2004; Vlajinac et al., 2003). Although the incidence of
MM is higher in males than in females, the studies suggest that
hormonal influences do not play a significant etiologic role in MM
(Altieri et al., 2004; Fernandez et al., 2003).

3. Prognostic factors and staging

Diagnosis of MM is confirmed according to the growth rate of
myeloma cells, production rate of monoclonal proteins and various
cytokines. In 1975, Durine/Salmon staging system was developed
as shown in Table 1 (Durie and Salmon, 1975). This is actually a
functional system which serves to evaluate the prognosis using var-
ious types of clinical and laboratory tests. Durine/Salmon staging
system is used worldwide since it provides the best direct correla-
tion between individual patient clinical features and it differs from
anatomic staging systems for solid tumors.

A new staging system was developed by the IMF-sponsored
International Myeloma Working Group in 2005. In this staging
system, serum �2 microglobulin and albumin levels provide a pow-

erful and reproducible three- ekleyelim stage classification (Grepp
and Durie et al., 2005). Myeloma can be further classified upon
genetic factors using molecular fluorescence in situ hybridization
(FISH) and cytogenetic analysis (Zojer et al., 2001).
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. Molecular features of multiple myeloma

Development of MM may  proceed via a multistep transforma-
ion process which involves a series of molecular events, including
hromosomal abnormalities, oncogene activation and growth fac-
or dysregulation as detailed below (Bottura, 1963).

.1. Chromosomal abnormalities

Aneuploidy is one of the common findings in MM.  The first
rognostically significant classification of MM was based on chro-
osome ploidy number; as hypodiploid group indicated poor

urvival, whereas hyperdiploidy is suggested to indicate good
rognosis (Smadja et al., 1995). Hyperdiploidy mostly involves
hromosomes 3, 5, 7, 9, 11, 15, 19, and 21 (Dao et al., 1994;
eWald et al., 1985; Sawyer et al., 1995) while hypodiploidy com-
only affects chromosomes 13, 14, 16, and 22 (Fonseca et al.,

004; Smadja et al., 2001, 1998). In general, hypodiploid kary-
types typically have translocations involving the immunoglobulin
eavy chain (IGH) at locus 14q32 (Fonseca et al., 2004; Smadja
t al., 2001, 1998). Translocation between chromosomes 11 and
4, t(11:14)(q13;q32), is the single most common chromosomal
bnormality in myeloma and involves bcl-1 oncogene. It is found in
bout 15% of patients and appears to be associated with a favorable
utcome (Bergsagel and Kuehl, 2005; Fonseca et al., 2009, 2002).

The second most common translocation is t(4:14)(p16;q32)
Chesi et al., 1998; Santra et al., 2003). This translocation involves

olf-Hirschhorn syndrome candidate 1 gene (WHSC1) and fibroblast
rowth factor receptor 3 (FGFR3), which is an oncogenic receptor
yrosine kinase gene (Kuehl and Bergsagel, 2002). The t(4:14) is
lso associated with a high prevalence of chromosome 13 mono-
omy and deletions also has been associated with poor survival
Avet-Loiseau et al., 2007; Fonseca et al., 2003; Gertz et al., 2005;
eats et al., 2003).

The t(14;16)(q32;q23) translocation is less commonly observed
ut has significant importance in clinical process. It juxtaposes the
GH (14q32) locus and c-MAF (16q23) locus and is found in approxi-

ately 6–7% of MM cases. This translocation is also associated with
oor outcome (Avet-Loiseau et al., 2007; Fonseca et al., 2009).

Secondary chromosomal aberrations are found during tumor
rogression and four of them are most often reported. Transloca-
ions and/or amplifications of the MYC  oncogene and Ig locus (8q24)
re involved in 45% of the patients and are known to be late-stage
vents in tumor progression (Bergsagel and Kuehl, 2001; Gabrea
t al., 2008). Aberrations, either complete monosomy or constitute
eletion of chromosome 13, and are found in about 50% of MM
atients (Tricot et al., 1995, 1997). Recent studies suggest that pro-
nostic significance of monosomy 13 may  be in a close association
ith the translocation t(4:14)(p16;q32) (Fonseca et al., 2009; Keats

t al., 2003). Deletion of 17p13 leads to the loss of heterozygosity of
P53 gene, which is a rare late-stage event being reported in 10% of
M patients (Corradini et al., 1994; Neri et al., 1993). The deletion

f 17q13 consistently correlates with a poorer outcome (Fonseca
t al., 2009, 2002). Most of the structural aberrations in MM occur
n chromosome 1. Deletions generally involve in 1p whereas ampli-
cations correspond to 1q (Le Baccon et al., 2001; Qazilbash et al.,
007).

.2. Oncogenes

Molecular mechanisms of lymphoid neoplasia can be divided
nto two categories, including activation of proto-oncogenes by

hromosomal translocations or point mutations and tumor sup-
ressor gene inactivation (Gaidano and Dalla Favera, 1992).

Proto-oncogene activation by chromosomal translocations is
ommon in lymphoid neoplasia. Translocation can have one of the
gy/Hematology 96 (2015) 413–424 415

two effects. At first, many translocations involve an antigen recep-
tor locus on one partner chromosome and a proto-oncogene on the
other. Secondly, translocations may  cause the formation of novel
fusion transcripts resulting in proto-oncogene activation. Activa-
tion of proto-oncogene leads to chimeric proteins displaying novel
biochemical properties distinct from those of wild type proteins
(Gaidano and Dalla Favera, 1992).

c-myc oncogene encodes a transcriptional factor stimulating B-
cell proliferation and repression of B-cell differentiation. These are
the important steps in the pathogenesis of human B-cell malignan-
cies. Moreover, c-myc was the first oncogene whose involvement
was evaluated in MM (Meltzer et al., 1987; Neri et al., 1989;
Selvanaygam et al., 1988). It is activated through a translocation
that juxtaposes it on chromosome 8 and the immunoglobulin genes
on chromosome 2, 14, or 22. Among them, t(8;14)(q24;q32) is a
more frequent one placing c-myc oncogene under the control of
immunoglobulin transcriptional enhancer regions (Gaidano and
Dalla Favera, 1992). Alterations in the c-myc locus were reported
in some of the studies (Meltzer et al., 1987; Neri et al., 1989;
Selvanaygam et al., 1988) but still appear uncommon in MM (Neri
et al., 1989; Palumbo et al., 1990; Paquette et al., 1990). Although
alterations within the myc appear uncommon, high incidence of
rearrangements (16%) was reported at the Moloney leukemia virus
integration-4 (MLVI-4) locus. This molecular lesion is correlated
with therapy resistance suggesting its involvement in late-stages
of oncogenesis (Palumbo et al., 1990).

The bcl-1 locus was initially identified as the breakpoint site on
chromosome 11 of the translocation t(11;14)(q13;q32), which is
detected in 50% of intermediate lymphocytic lymphomas (Raffeld
and Jaffe, 1991). It juxtaposes the immunoglobulin heavy-chain
locus on chromosome 14 with sequences from chromosome 11.
This rearrangement involves the regulation of cell cycle progres-
sion (Raffeld and Jaffe, 1991). However, its incidance appears to
be very low, t(11;14) is being the single most common recurring
translocation in cytogenetic studies of MM.  (DeWald et al., 1985;
Nishida et al., 1989; Paquette et al., 1990; Williams et al., 1991).

Translocation t(14;18)(q32;q21) joins the bcl-2 gene at its 3′

untranslated region to immunoglobulin heavy-chain sequences
resulting in bcl-2 deregulation, and it is the most frequent chro-
mosomal abnormality in B-cell non-Hodgkin’s lymphomas (Lee
et al., 1987). Constitutively, high levels of bcl-2 protein prevent pro-
grammed cell death (Hokkenberry et al., 1990). Although reports
about translocation t(14;18)(q32;q21) in MM are very rarely seen,
there are several studies determining overexpression of bcl-2 pro-
tein in MM patients (Durie et al., 1990; Durie, 1992; Hamilton et al.,
1991).

Increased levels of p53 mRNA and point mutations in exons
5 and 8 were previously detected in human myeloma cell
lines (Palumbo et al., 1989). The incidence of p53 mutations in
bone marrow samples of patients with plasma cell dyscrasias
ranges between 10 and 20%, which is generally associated with
advanced and aggressive forms of multiple myeloma (Portier et al.,
1992).

Rb1 gene is expressed in human hematopoietic cells and
is associated with the regulation of proliferation and terminal
differentiation (Benedict et al., 1990; Tang et al., 1992). Immunohis-
tochemical analysis demonstrated that, this protein is completely
absent in 17% of multiple myeloma patients (Palumbo et al., 1989).
On the other hand, activating mutations of N-RAS and K-RAS are
each present in about 15% of MM cases (Korde et al., 2011).

Even though many data have been accumulated on the molec-
ular lesions involved in myeloma pathogenesis, none of the

oncogenes and tumor suppressor genes that are examined was
changed in the vast majority of MM patients in contrast to other
neoplasms where a specific lesion is present in almost all cases.
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Table 2
Treatment strategies of MM.

I. Chemotherapy
II. High-dose chemotherapy with hematopoietic

stem cell transplant
III. Radiation
IV. Maintenance therapy
V. Supportive care
VI. Management of drug-resistance or refractory

disease
VII. New and emerging treatments

• Thalidomide, Revlimid® , next generation
ImiD, pomalidomide

• VELCADE® and next generation proteasome
inhibitors (carfilzomib, NPI-0052)

•  Doxil® (pegylated liposomal doxorubicin)

•  Mini-allo (non-myeloablative) transplant

•  Histone deacetylase inhibitors (vorinostat,
panobinostat)

• Monoclonal antibodies (elotuzumab)

Table 3
Commonly used chemotherapeutic drugs in MM.

Traditional drugs Novel agents

Melphalan (Alkeran®) Pegylated, liposomal doxorubicin (Doxil®)
Cyclophosphamide (Cytoxan®) Bortezomib (VELCADE®)
Prednisone (Prednisolone®) Thalidomide (Thalomid®)
Dexamethasone (Decadron®) Lenalidomide (Revlimid®)
Vincristine (Oncovin®)
Doxorubicin (Adriamycin®)

®
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.3. Bone marrow microenvironment and growth factors

The microenvironment of bone marrow has an important role
n the evolution of myeloma. Multiple myeloma develops in bone

arrow within close interaction with stromal cells such as myeloid
ells, monocytes, fibroblasts, osteoblasts, osteoclasts and vascu-
ar endothelial cells. Early in the disease, tumor cells are stromal
ependent. However, as the disease progresses and becomes more
ggressive, the myeloma cells become stromal independent (Kuehl
nd Bergsagel, 2002).

The interaction between bone marrow stromal cells and
yeloma cells can be either directly via sydecan 1 and very

ate antigen 4 (VLA-4) or indirectly by the secretion of soluble
ytokines, adhesion molecules, and growth factors. This commu-
ication is involved in pathogenesis of osteolytic lesions in the
isease since these mechanisms involve osteoclast activation and
steoblast inactivation (Barlogie et al., 2005; Hideshima et al.,
004).

Bone destruction and development of the osteolytic lesions are
requently seen in MM (Bataille et al., 1989). Receptor activator of
F-�B (RANK) is a transmembrane signaling receptor expressed by
steoclast cells. Binding of MM cells to BMSC results in increased
eceptor activator of NF-�B ligand (RANKL) expression. This causes
n increase in osteoclast activity through the binding of RANKL to its
eceptor, which is located on osteoclast precursor cells (Erlich and
oodman, 2005). There are also several other factors implicated in
steoclast activation, such as macrophage inflammatory protein-1a
MIP-1a), interleukin-3 (IL-3) and interleukin-6 (IL-6) (Roodman,
009).

Suppression of osteoblast activity is responsible for bone
estructive process and progression of myeloma. DKK1, which is
esponsible for suppression of osteoblast activity in MM,  is signifi-
antly overexpressed in MM patients with lytic bone lesions, (Tian
t al., 2003; Yaccoby et al., 2007).

IL-6 is a crucial cytokine and growth factor for plasmablastic
ells (Anderson et al., 1989; Herrmann et al., 1991; Kawano et al.,
988; Klein et al., 1989). Numerous cytokines including IL-6, GM-
SF, G-CSF, IL-11, IL-1 and TNF are produced in short-term cultures
f myeloma tumor tissue in about half of the MM patients (Carter
t al., 1990; Cozzolino et al., 1989; Facon et al., 1993; Klein et al.,
989; Zhang et al., 1990, 1992). Among these growth factors, IL-

 is the most important one since almost complete inhibition of
roliferation is achieved by anti-IL-6 monoclonal antibody (Zhang
t al., 1992).

Secretion of IL-6 from BMSC is upregulated by MM cell adher-
nce, CD40, TNF-�, VEGF, TGF-� and IL-1� (Dinarello, 2011).
dditionally, NF-�B plays an important role in IL-6 upregulation

Chauhan et al., 1997). After binding to its receptors, IL-6 triggers
he activation of MEK/MAPK, JAK/STAT3 and PI3K/Akt signaling
athways and induces proliferation of myeloma cells via activa-
ion of RAS/Raf/MEK-ERK signaling pathway (Hideshima et al.,
007, 2001). GM-CSF, IL-3 and IL-5 stimulate the proliferation of
yeloma cells indirectly by amplifying myeloma cells’ response to

L-6 (Weiss et al., 2009; Zhang et al., 1992).
Several cytokines such as IFN-� and TNF can stimulate growth

f myeloma cells by inducing autocrine production of IL-6 (Jourdan
t al., 1991). On the other hand, IFN-� is able to inhibit IL-
-dependent myeloma cell proliferation by downregulating the
xpression of � chain of the IL-6 receptor complex (Portier et al.,
993).

Insulin-like growth factor (IGF-1) which is secreted by BMSC
nd osteoblasts induces growth, survival and migration of MM cells

ia MAPK and PI3K/Akt signaling pathway (De Bruyne et al., 2010).
ctivation of Akt leads to activation of the anti-apoptotic proteins
uch as Bcl-XL and Bcl-2 (Pollak, 2008).
Busulphan (Myleran )
VP-16 (Etoposide®)
Cisplatin (Platinol®)

5. Treatment strategies in multiple myeloma

In the decision of MM treatment, one of the most important
parameters is to determine if treatment is required since patients
with MGUS and asymptomatic myeloma should be observed
closely rather than treated (Alexanian, 1980; Kyle and Greipp,
1980). Anti-myeloma treatment is recommended when symp-
tomatic myeloma has developed. It is reflected by an increase
in M-component and development of “CRAB” that refers to: Cal-
cium elevation; Renal problems; Anemia; or Bone issues (Brian and
Durie, 2015). There are different treatment protocols for MM  as
shown in Table 2.

5.1. Chemotherapy

Chemotherapy is the mostly preferred treatment strategy for
MM and it has different approaches, which are listed in Table 3.

In 1962, melphalan was  introduced as the first specific drug
for treatment of myeloma (Brian and Durie, 2015). Oral admin-
istration of melphalan and prednisone has remained a standard
form of therapy for almost 50 years (Huang et al., 1999). Treatment
with this regimen yields a response rate of about 50% with a few
complete remissions, an average remmission duration of approxi-
mately 18 months and a medium survival of 24–30 months (Oken,
1984). The reported 5-year survival rate is less than 20% (Bergsagel,
1988). However, melphalan can damage bone marrow stem cells

and obviously, it is not a good choice for the patients that are plan-
ning for stem cell harvest (Brian and Durie, 2015).

Due to the limitation and insufficient success of the standard
chemotherapy, a combination of multiple chemotherapeutic



ncolo

a
o
p
t
C
o
t
d
l
s

d
e
c
B
u
t
2

s
m
o
t
z
(
m
(
R
t
2

5
t

t
a
d
c
a
1

5

t
t

a

I

6

t
a

P. Mutlu et al. / Critical Reviews in O

gents began to be used in MM treatment. M-2  protocol consisting
f vincristine, nitrosourea carmustine, melphalan, cyclophos-
hamide and prednisone (VBMCP) is one of the best known among
he regimens which were devised at Memorial Sloan-Kettering
ancer Center in 1977. Later on, the Eastern Cooperative Oncol-
gy Group (ECOG) conducted a large randomized study comparing
he treatment of melphalan with VBMCP regimen. Results gathered
emonstrated that VBMCP induced a higher response rate (72%), a

arge response duration (24 months) and a slightly higher 5-year
urvival rate (26%).

In refractory and relapsing myeloma patients, vincristine,
oxorubicine and dexamethasone (VAD), cyclophosphamide and
toposide (Cy-E) and regimens consisting of etoposide, cisplatin,
ytarabine and dexamethasone were used (Alexanian et al., 1986;
allester et al., 1997). However, vincristine is no longer commonly
sed as a part of the VAD regimen, which was shown to be inferior
o bortezomib, doxorubicin and dexamethasone (Brian and Durie,
015).

In recent years, with the introduction of novel agents
uch as thalidomide, bortezomib and lenalidomide, treat-
ent approaches have changed on a vast scale. For the

lder patients or the patients who are not suitable for
ransplantation, melphalan/prednisone/thalidomide (MPT), borte-
omib/melphalan/prednisone (VMP), thalidomide/dexamethasone
TD) and lenalidomide/low-dose dexamethasone (RevloDex) regi-

ens are used (Brian and Durie, 2015). On the other hand Thal/Dex
TD), VELCADE®/Dex (VD), VELCADE®/Thalidomide/Dex (VTD) and
evlimid®/Low-dose Dex (RevloDex-Rd) are the regimens used for
he induction therapy for transplant candidates (Brian and Durie,
015).

.2. High-dose chemotherapy with autologous stem cell
ransplantation

High-dose chemotherapy is used as a part of transplanta-
ion schedules, either with total body irradiation or as a single
gent at very high dosage. High-dose melphalan and other high-
ose therapies such as high-dose cyclophosphamide or high-dose
yclophosphamide and etoposide with growth factor support are
lso used in relapsed and refractory patients (Dimopoulos et al.,
993; Huang et al., 1999; Lenhard et al., 1984).

.3. Radiotherapy

Radiotherapy is also used in the treatment of MM in addition
o chemotherapy. Radioactive cobalt-60 is extensively used in the
reatment of multiple myeloma (De Laeter et al., 2000).

Radiation therapy can be used in several ways in myeloma such
s;

I Local radiation therapy at higher doses, in addition to
chemotherapy in some cases, is used in the treatment of solid
tumors in bone or soft tissue.

II High-dose radiation to a larger part of the body can be used to
reduce tumor burden.

III Total body irradiation is used with high-dose chemotherapy
prior to stem cell transplantation.

V Local low-dose radiation is sometimes used as a palliative treat-
ment to relieve uncontrolled pain and to prevent or treat bone
fractures.

. Multidrug resistance in multiple myeloma
Multidrug resistance is the major problem for the effective
reatment of multiple myeloma to the conventional chemother-
py and/or radiotherapy, not all patients respond well and even in
gy/Hematology 96 (2015) 413–424 417

responding patients, either complete remissions are rare or relapse
occurs (Van Hoeven et al., 1990). Multiple myeloma has been shown
to be commonly MDR-negative at diagnosis and associated with a
high incidence of MDR  expression at relapse. There is a progressive
increase in the incidence of MDR  expression with increasing expo-
sure to chemotherapeutic agents (Dalton et al., 1989; Grogan et al.,
1993).

The emergence of drug-resistance in cancer cells is a major
complication for effective chemotherapy. In multidrug resistance,
cancer cells exhibit cross-resistance to a broad spectrum of struc-
turally unrelated drugs. Drug resistance can be either intrinsic
or acquired. In intrinsic drug resistance, cancer cells are insen-
sitive to chemotherapy at the beginning of treatment. However,
in acquired resistance, malignant cells are initially sensitive to
particular chemotherapy regimen but later become progressively
unresponsive to the same or different antitumoral drugs (Klappe
et al., 2004). Malignant cells may  exhibit genetic instability allow-
ing spontaneous generation of variant forms, which may  result in
drug resistance. Cancer stem cells (CSCs) in both solid and hema-
tologic malignancies are referred to as cancer initiating cells which
are resistant to chemotherapy due to their ability to self-renew,
differentiate and remain relatively quiescent features (Cairo et al.,
2010; Tan et al., 2010). There are several mechanisms of drug
resistance such as reduced intracellular drug accumulation, altered
drug distribution within the cell, modification of the drug target,
enhanced ability to repair drug damage and inhibiton of apoptosis
(Ueda et al., 1987). Overcoming drug resistance is very complicated
since when one mechanism of resistance is eliminated, cancer cells
can adapt and become resistant by another mechanism. Therefore,
it is necessary to adress multiple mechanisms in order to overcome
drug resistance completely (Dalton et al., 2002).

6.1. Differential expression levels of ABC transporter protein
family members

The main mechanism controlling MDR  is overexpression of
an ATP-dependent efflux pump known as P-glycoprotein (P-gp).
This protein is encoded by MDR1 gene and is the first known
member of ABC (ATP-binding cassette) transporter superfamily
(Raaijmakers, 2007). ABC transporters are responsible for the trans-
port of a wide variety of substrates including ions, phospholipids,
steroids, polysaccharides, amino acids and peptides across bio-
logical membranes (Ambudkar et al., 1999). It was  shown that
P-gp is overexpressed in drug resistant cancer cells and pumps
out the drugs by reducing their intracellular concentration. Other
members of transporter superfamily which are important in drug
resistance include multidrug resistance associated protein (MRP1),
breast cancer resistance protein (BCRP) and lung resistance related
protein (LRP) (Marie, 2001).

P-gp expression was not detected in de novo diagnosed MM
cases and in patients treated with melphalan (Grogan et al., 1993).
In MM,  P-gp overexpression was  shown to be associated with
vincristine, doxorubicine, etoposide and glucocorticoid resistance
(Dalton, 1997). In addition to P-gp, BCRP activity was  linked with
an unfavorable therapy outcome in MM (Turner et al., 2006). BCRP
was found to be expressed in the mitoxantrone-selected human
MM cell line 8226 (Ross et al., 1999). Recently, it has been reported
that bortezomib is a substrate for P-gp but not for the other drug
efflux transporters, and it dirrectly affects the expression and func-
tion of P-gp (O’Connor et al., 2013). However, this finding is not
supported by other studies (Wang and La, 2013). On the other
hand, it was shown that overexpression of P-gp is responsible for

the resistance to a new second generation proteasome inhibitor,
carflizomib (Hawley et al., 2013). MRP1 overexpression generally
was not detected in MM cells (Lynsenmeyer et al., 1992; Marie,
2001). LRP expression was detected in approximately half of MM
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atients and is associated with a poor response to melphalan-based
nduction chemotherapy (Lokhorts et al., 1996).

.2. Bone marrow microenvironment and cell adhesion

Bone marrow microenvironment (BMME) plays a critical role
n myeloma cell survival and environment-mediated drug resis-
ance (Anderson and Carrasco, 2011; Hideshima et al., 2007; Manier
t al., 2012). MM cells adhere to BMSCs or fibronectin leading to
aintaining cell proliferation, growth and invasion (Chauhan et al.,

996). Cell adhesion also has been shown to prevent cell death
hrough a number of mechanisms, such as soluble factor-mediated
rug resistance (SFM-DR) and cell-adhesion mediated drug resis-
ance (CAM-DR) (Meads et al., 2009). SFM-DR and CAM-DR usually
ork together within the bone marrow environment (Fig. 1) (Abdi

t al., 2013). SFM-DR can be explained by involvement of IL-6.
t has been shown to promote cell survival by enhancing adhe-
ion of myeloma cells to bone marrow and fibronectin, through
acrophage inflammatory protein-1�.  Macrophage inflammatory

rotein-1� is secreted by myeloma cells and was found to be ele-
ated in the bone marrow plasma of the majority of patients with
dvanced MM (Dalton et al., 2002). On the other hand, CAM-DR
s mediated by adhesion of myeloma cells to BMSCs or ECM pro-
eins by �1 integrins (Alberts et al., 2004). When myeloma cells
dhere to fibronectin, they become resistant to multiple drugs,
ncluding doxorubicin and melphalan (Dalton et al., 2002). How-
ver, different types of ECM components were altered in different
rug resistant MM cells. Integrin alpha L (ITGAL) and integrin beta

 (ITGB2) are highly expressed in vincristine resistant RPMI-8226
ells whereas they were both downregulated in prednisone resis-
ant subline. On the other hand, Laminin Gamma  1 (LAMC1) was
rastically overexpressed in prednisone resistant subline whereas

t was downregulated in its melphalan resistant variant. Fibronectin
 (FN1) gene was only upregulated in vincristine resistant RPMI-
226 cells. ADAM metallopeptidase domain 17 gene was only
pregulated in melphalan resistant subline. Additionally, colla-
en type XXI, alpha 1 (COL21A1) was drastically downregulated in
rednisone, melphalan and vincristine resistant sublines of RPMI-
226 MM cells (Mutlu et al., 2012). High levels of IGF-1 cytokine
as shown to be associated with bortezomib resistance (Kuhn et al.,

012). CAM-DR to doxorubicin, melphalan, vincristine, bortezomib
nd mitoxantrone have been induced in MM through adhesion to
N or BMSCs by VLA4 integrin (�4�1) and IEA-1 (Noborio-Hatano
t al., 2009; Schmidmaier et al., 2004).

.3. Deregulation of cell cycle and apoptosis mechanisms

Signaling molecules, scaffolds, complexes and mediators in a
arity of signaling pathways related to cell cycle and apoptosis
ould possibly mediate drug resistance (Abdi et al., 2013). The
alance between cell proliferation and apoptosis is a critical phe-
omenon both for development and normal tissue homeostasis.
eregulation of these processes in a normal cell resulted in cancer
nd also drug resistance phenotype during the treatment (Fotedar
t al., 1996).

Cell cycle progression is controlled by external and internal sig-
als. The events throughout the cell cycle are controlled by cyclins
nd cyclin-dependent kinases at the checkpoints on the cell cycle
Kaldis et al., 1998; Libermann et al., 1995). Cell cycle mediated drug
esistance, ekleyelim which is described as relative insensitivity to
hemotherapeutics owing to the position of the cells in the cell
ycle, is one of the other important problems during chemotherapy

Chan et al., 2000; Motvani et al., 1999). Cell cycle mediated drug
esistance was shown in several drug resistant cancer cell lines.
n vincristine resistant MM U-266 cell line, there were significant
ncreases in expression levels of various cyclin dependent kinases
gy/Hematology 96 (2015) 413–424

such as cyclin-dependent kinase 10 (CDK10), cyclin-dependent
kinase 3 (CDK3), cyclin-dependent kinase 4 (CDK4) and cyclin E2
(Mutlu et al., 2014). In addition, some of the cyclin dependent
kinase inhibitor encoding genes (BCCIP,  CDKN1A, CDKN1C, CDKN2B)
were downregulated in corticosteroid, vincristine and melphalan
resistant U-266 MM cells (Mutlu et al., 2014).

p53 tumor suppressor gene is responsible for the control of many
important mechanisms in the cell such as cell cycle, apoptosis,
autophagy and DNA repair (Saha et al., 2013). p53 is inactivated in
10–12% of MM cases (Avet-Loiseau et al., 1999; Chng et al., 2007)
resulting from either p53-DNA binding domain mutations or over-
expression of murine double minute 2 gene (MDM2) (Farnebo et al.,
2010). MDM2,  an E3-ubiquitin ligase, binds p53 to ubiquitinate and
targets it for degradation through ubiquitin/proteasome pathway
(Piette et al., 1997). Its overexpression is detected approximately in
58% of MM cases and generally is associated with resistance to vin-
cristine, doxorubicin and etoposide (Cocker et al., 2001; Elnenaei
et al., 2003; Rayburn et al., 2005).

NF-�B, an important transcription factor, has an important role
in MM pathogenesis, expansion and drug resistance (Anderson and
Carrasco, 2011; Demchenko et al., 2010). Recently, it has been
shown that mutations in some genes of NF-�B pathway result in
constitutive activation of NF-�B signaling making MM cells more
resistant to chemotherapy (Chapman et al., 2011; Keats et al., 2007).
The apoptotic function of bortezomib is partly explained by block-
ing canonical NF-�B pathway. However, in bortezomib resistance,
it induces the alternative non-canonical pathway (Fabre et al.,
2012). Bortezomib resistance may  also develop through protea-
some inhibitor resistant (PIR) pathway (Markovina et al., 2008).
NF-�B could also contribute to drug resistance through upregu-
lation of some anti-apoptotic Bcl-2 family proteins (Xiang et al.,
2011).

There is a balance between pro-apoptotic and anti-apoptotic
proteins following TNF-R1 and Fas activation in direct transduction
process of apoptosis. Caspases play the central role in apoptosis. It
was demonstrated that tumor necrosis factor alpha-induced pro-
tein 3 (TNFAIP3) and tumor necrosis factor receptor superfamily
member 10d (TNFRSF10) were downregulated in corticosteroid
resistant MM U-266 cells whereas tumor necrosis factor-inducible
gene 6 protein (TNFAIP6) and tumor necrosis factor alpha-induced
protein 8 (TNFAIP8) were upregulated in vincristine resistant cells
(Mutlu et al., 2014). Moreover, different types of effector caspases
(caspase 3, -6, and -7) were downregulated in corticosteroid, vin-
cristine and melphalan resistant U-266 MM cells indicating their
role in drug resistance (Mutlu et al., 2014). On the other hand, Bcl-
2 overexpression and Noxa/Bcl-2 protein interactions conribute to
bortezomib resistance in human lymphoid cells (Smith et al., 2011).

Alterations in the sphingolipid composition are also related to
anti-apoptotic behavior of multidrug resistant cells. Sphingolipids
including ceramide and sphingosine regulate the differentiation,
proliferation, apoptosis and drug resistance (Haimovitz-Friedman
et al., 1994). Ceramide accumulation inside the cell due to the
overexpression of ceramide synthase genes triggers apoptosis.
Overexpression of glycosylceramide appears to be a rather gen-
eral aspect of P-gp expressing MDR  cells (Klappe et al., 2004).
Glycosylceramide synthase overexpression was shown to enhance
resistance to doxorubicin and alterations of ceramide/sphingosine
1-phosphate was shown to be involved in the regulation of resis-
tance to imatinib in K562CML cells (Baran et al., 2007). In addition,
expression of glusosylceramide synthase mRNA in vincristine-
resistant KBV200 cells and imatinib resistant K562 cells was  shown
in association with multidrug resistance (Baran et al., 2011; Yang

et al., 2004). Ceramide metabolising genes altered in melpha-
lan resistance in favor to survive U-266 MM cells. Melphalan
resistant subline of U-266 tend to decrease ceramide level via
downregulating sphingomyelinase and ceramide synthase genes
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Fig. 1. Mechanisms of soluble factor-mediated drug resistance (SFM-D

hile upregulating sphingosine kinase and glucosyleceramide syn-

hase genes (Mutlu et al., 2014).

A recent study emphasizes the importance of autophagy pro-
ess in chemotherapy resistance. The study demonstrated that the
ellular process of autophagy may  allow cancer cells to recover
 cell-adhesion mediated drug resistance (CAM-DR) (Abdi et al., 2013).

and divide rather than die when faced with chemotherapeutic

agents. In autophagy, initially mitochondrial membrane breaks
down and proteins are released from mitochondria in a process
known as canonical death receptor-induced mitochondrial outer
membrane permeabilization (MOMP), which is considered as a
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it is necessary to adress multiple mechanisms to overcome drug
resistance. Development of new strategies in the targeted drug
delivery systems with the improvements in nanotechnology gained
20 P. Mutlu et al. / Critical Reviews in O

ommon marker of cell death. However, high autophagy allows
he cell to encapsulate and “digest” these released proteins before

OMP  can keep the cell wall and truly die. At last, cancer cells
ecover and continue to divide. On the other hand, autophagy
epends on target PUMA to regulate cell death. Specifically, when
UMA is suppressed, it does not matter if autophagy is inhibited
y the absence of communicating action of PUMA and cancer cells
ontinue to survive (Thorburn et al., 2014).

.4. Cross-resistance to radiation

Cobalt-60 gamma  radiation is also used in the treatment of
ultiple myeloma. MM patients sometimes receive radiotherapy

n addition to chemotherapy. Even combination of chemother-
py and radiotherapy can result in the emergence of clinical drug
esistance (Dalton and Jove, 1999). In the literature, it was  demon-
trated that vincristine-resistant RPMI-8226 and U-266 MM cells
id not show any cross-resistance when exposed to �-radiation
nd vincristine-resistant sublines were radiosensitive (Mutlu et al.,
011). In addition, the results of other studies showed that pacli-
axel enhanced tumor radio response (Choy et al., 1993; Klappe
t al., 2004; Liebmann et al., 1994; Milas et al., 1994). Both vin-
ristine and paclitaxel are chemotherapeutic agents that stabilize
icrotubule activity and arrest cells in G2-M phase. G2 and M

hases are the most radiosensitive phases of the cell cycle so
oth paclitaxel and vincristine have the potential as cell cycle spe-
ific radiosensitizers (Klappe et al., 2004). Conversely, prednisone
nd melphalan-resistant RPMI-8226 cells are cross-resistant to �-
adiation (Mutlu et al., 2011). The mechanisms responsible for the
ross-resistance between radiation and melphalan have been stud-
ed in human ovarian cancer cells and the results have revealed that

elphalan resistant cells have increased cellular levels of GSH and
re cross resistant to radiation. In addition, depletion of GSH levels
ed to a marked sensitization to irradiation (Milross et al., 1997).

There are not many reports which contributed to overcoming
adiotherapy resistance in MM.  However, it was demonstrated by
upiot et al. (2007) that Gemcitabine gives rise to radiosensitization
f LP1 and U-266 MM cells when combined with cobalt-60.

. Overcoming drug resistance in multiple myeloma

Cells exhibiting the MDR  phenotype can become responsive
o chemotherapy by treatment with MDR-reversing agents. These
gents come from a diverse group of drugs that includes several
embrane active agents, calmodulin antagonists, calcium channel

lockers, local anesthetics and cyclosporine (Sikic, 1993).
Inhibition of P-gp activity has become a major target in order

o overcome drug resistance. Several MDR  modulators have been
sed to reverse drug resistance in MM.  In the literature, verapamil
nd quinine were indicated to be the most commonly studied MDR
eversal agents that may  be used together with VAD regimen but
his combined therapeutic strategy resulted in significant cardiac
oxicity (Dalton et al., 1995; Fisher et al., 1996). Cyclosporine is
nother MDR  modulator that has been used together with the VAD
egimen. However, its addition to chemotherapy resulted in a high
ncidence of neurotoxicity and myelosuppression (Sonneveld et al.,
992b). PSC 833, an analogue of Cyclosporine D, appears to have a
igh binding affinity to P-glycoprotein but to be less toxic (Jonsson
t al., 1992; Sonneveld et al., 1992a).

NF-�B activity also induces chemotherapy resistance and the
nhibition of its activity could reverse the chemotherapy-resistant

henotype (Cusack et al., 1999). Arsenite has been shown to be a
otent NF-�B inhibitor (Kapahi et al., 2000). Arsenite can sensitize
yeloma cells to chemotherapy if it is used with other chemother-

peutic agents (Yang et al., 2003).
gy/Hematology 96 (2015) 413–424

Besides NF-�B, antiapoptotic proteins such as Bcl-2 and Bcl-
XL also contribute to the resistance of various chemotherapeutic
agents including cyclophosphamide, methotrexate, antracycline,
cytarabine and corticosteroids (Wuchter et al., 1999). Bcl-2 anti-
sense oligonucleotide (Bcl-2 ASO) was  shown to be quite effective
in sensitizing the drug-resistant MM cells (Gazitti et al., 2001).

Antiapoptotic effects of JAK-STAT3 signaling could be reversed
by applying a specific inhibitor of JAK family kinases, AG490.
Through inhibition of JAK-STAT signaling, expression of Bcl-XL can
be suppressed (Damiano et al., 1999).

New proteasome inhibitors such as Carfilzomib, Marizomib,
ONX 0912, MLN  9708; HDAC inhibitors; new ImiDs; kinase
inhibitors of mTOR, HSP90 and new antibodies against CS-1, CD38,
and IL-6 were shown to be very effective in combination with con-
ventional drugs (Gentile et al., 2013; Lonial et al., 2011; Misso et al.,
2013).

8. Targeted drug therapy approaches

Although the emergence of new drugs has revolutionized MM
therapy, almost all of MM patients eventually develop drug resis-
tance (Abdi et al., 2013). In recent years, with improvements in
nanotechnology, nanocarrier-mediated drug delivery has emerged
as a successful strategy to enhance delivery of therapeutics to the
tumor site (Matsumura and Maeda, 1986). This is also known as
targeted drug delivery providing differential distribution of drugs
to the tumor site while significantly reducing the overall toxic-
ity (Manish and Vimukta, 2011). Nanocarriers are the particles
with nanosize that can be fabricated from a multitude of mate-
rials in a variety of compositions including polymeric, liposomal,
dendrimeric and magnetic ones (Nune et al., 2009).

Magnetic nanoparticles, which can be targeted to the tumor site
in a magnetic field, have gained importance in cancer therapy in
recent years. They can be coated with different kinds of polymers,
readily modified with biocompatible coatings and loaded with
therapeutic agents (Gupta and Gupta, 2005; Sun et al., 2008). Fur-
thermore, conjugation of special targeting moieties such as sugar,
folic acid, biotin, antibody, peptide and growth factors to nanocar-
rier systems can lead to preferential distribution of the cargo in the
targeted tissue (Majoros et al., 2006, 2005).

Manifestation of these targeted drug delivery strategies in clini-
cal approaches is possible in near future and they are promising for
the complete treatment of relaps or drug resistant cases of many
cancer types including multiple myeloma.

9. Conclusion and future directions

Development of MM proceeds of numerous molecular events,
including chromosomal abnormalities, oncogene activation, and
growth factor dysregulation. Moreover, microenvironment of bone
marrow also plays an important role during the evolution of
myeloma. There are several treatment strategies for MM,  in
which chemotherapy is most commonly used one. However, the
emergence of drug-resistance during the treatment is a major
complication for the effective chemotherapy. On the other hand,
overcoming the drug resistance is very complicated. Therefore,
importance in recent years. As research progresses, there will be
opportunity for the manifestation of these targeted drug delivery
systems in clinical studies for the treatment of relaps and drug
resistant cases in MM.
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