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Multiple  myeloma  (MM)  is  an incurable  plasma  cell  malignancy,  which  causes  a significant  morbidity
due  to organ  damage  and  bone  tissue  destruction.  In recent  years,  novel  drugs  have  become  available
for  MM  therapy  thanks  to a  more  deepened  knowledge  of this  disease’s  pathogenesis.  The  perspective
of  employing  targeted  therapies  has  considerably  changed  the  expectations  on  the  clinical  outcome  for
patients  affected  by  this  malignancy  and among  the  targetable  molecules  identified  for  MM  therapy
are  several  protein  kinases,  which  have  been  proven  to play  relevant  roles  in  supporting  malignant
plasma  cell  growth  by  regulating  critical  signaling  cascades  and  by sustaining  oncogenic  mechanisms.
Protein  kinase  CK2  (formerly  known  as  casein  kinase  2)  and  GSK3  (glycogen  synthase  kinase  3)  are
two  multifaceted  serine-threonine  kinases  whose  task  in  the  pathogenesis  of  malignant  cell  growth
is  increasingly  emerging  both  in  solid  and  blood  tumors.  In  hematologic  malignancies,  CK2  and  GSK3
TAT3
R stress/UPR response
one disease
argeted therapy

have  been  shown  to  play  an oncogenic  function  in  chronic  and  acute  leukemias  as  well as  in MM.  They
have  been  demonstrated  to act by impinging  on pivotal  signaling  pathways  that  control  malignant  clone
growth.  We  will herein  briefly  review  the more  recent  advancements  on the  role of  these  two  kinases
in regulating  the NF-�B,  STAT3  and  endoplasmic  reticulum  (ER)  stress/unfolded  protein  response  (UPR)
signaling  in  MM  and  discuss  the rationale  of  using  small  selective  inhibitors  as  a  therapeutic  strategy  to

hamper  the  growth  of  malignant  plasma  cells  or to  improve  the  MM-associated  bone  disease.

© 2012 Elsevier Ltd. All rights reserved.
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1. Introduction

Multiple myeloma (MM)  is a blood tumor arising from ter-
minally differentiated B lymphocytes, plasma cells, which grow
mainly in the bone marrow (BM). Due to the progressive accu-
mulation of malignant plasma cells, which produce monoclonal
immunoglobulins or parts of them (light chains), end-organ dam-

age often occurs in the bone, in the kidneys and in the bone marrow
[1].

dx.doi.org/10.1016/j.leukres.2012.10.016
http://www.sciencedirect.com/science/journal/01452126
http://www.elsevier.com/locate/leukres
mailto:francesco.piazza@unipd.it
dx.doi.org/10.1016/j.leukres.2012.10.016
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Although MM is a fatal disorder, in recent years notable pro-
resses have been achieved in the cure of this disease, mostly due
o the introduction of novel and effective drugs in the therapeu-
ic armamentarium. For instance, the discovery that proteasome
nhibitors and immunomodulatory drugs (iMIDs) caused MM cell
rowth arrest and their subsequent clinical employment have
hanged the clinical outcome of MM patients allowing to obtain

 prolongation of the overall survival.
Significant efforts are being carried out in order to identify the

ellular and molecular alterations underlying MM pathogenesis. As
 consequence, several pre-clinical studies as well as clinical trials
ave started with the aim of identifying more effective therapeutic
ombinations able to arrest MM cell growth [2,3].

It is now well established that malignant plasma cell growth
elies on cell intrinsic as well as cell extrinsic or external mech-
nisms. Since specific genetic lesions are associated with the
eregulation of signaling pathways in MM plasma cells [4],  based
n their characterization it is now possible to prognostically classify
M patients [5].  Overall, a central importance in MM pathogene-

is is displayed by perturbations of signaling cascades regulating
he balance between cell death and life. For instance, the deregu-
ation of Cyclin Ds, mostly D1 but also D2 and D3, is associated

ith a specific chromosomal translocation t(11;14) and/or specific
enomic alterations. Cyclin Ds over-expression leads to increased
ell cycle progression and proliferation. Also, the transcription fac-
ors c-Myc is deregulated in a substantial fraction of MM and it
eems that malignant plasma cells are addicted to c-Myc over-
unction. Last, the NF-�B transcription factor signaling pathway
s disrupted in approximately 20% of MM cases. Different kind of

utations affecting NF-�B regulating genes altogether may  con-
erge on the over-activation of this pro-survival signaling cascade
6].

Another very important pathogenic role is played by the
M microenvironment. In the BM malignant plasma cells take

rucial interactions with surrounding hematopoietic and non-
ematopoietic (stromal) cells as well as with the extracellular
atrix. Contacts between MM cells and the microenvironment

upport MM cell growth and provide a protective niche against
ytotoxic agents. It is increasingly clear that the MM BM microenvi-
onment exhibits distinct alterations, which concur to provide an
nflammatory/proangiogenic milieu that in turn favors malignant
lasma cell growth [5,7].

On the way to search for molecules involved in sustaining MM
ell growth others’ and our group analyzed the function of two
erine-threonine protein kinases, CK2 and GSK3 in MM.  These PKs
re ubiquitous, regulate several cellular processes and their loss in
ice is lethal.
CK2 is mostly a constitutively active kinase, even though

lso inducible, mainly by stress signals; GSK3, originally iden-
ified in the insulin-dependent signaling pathway as the kinase
hosphorylating the enzyme glycogen synthase, is a constitu-
ively active kinase, which is shut off in a signal-dependent
ashion by upstream cascades, in particular by the PI3K/AKT axis
8,9].

CK2 and GSK3 share a common feature, i.e. the ability to phos-
horylate several transcription factors, many of which are involved

n cell proliferation, differentiation and apoptosis. For instance,
oth CK2 and GSK3 can phosphorylate NF-�B cascade members,
romoting the activation of this pathway [10]. CK2 and GSK3
lso phosphorylate c-Myc and Myb, causing an increased activ-
ty of these transcription factors [11,12]. CK2 and GSK3 have also
een involved in the function of several developmentally regu-
ated hematopoietic-specific transcription factors and chromatin
odifiers [13].
Recently, a number of studies have described that both these

Ks can promote MM plasma cell growth by affecting critical
arch 37 (2013) 221– 227

signaling pathways and cellular mechanisms. We  will herein
review the current knowledge on the pathogenic roles of CK2 and
GSK3 in MM and discuss the possibility of using small selective CK2
and GSK3 inhibitors as therapeutic agents in the treatment of this
disease.

2. Protein kinase CK2: a master regulator of cell survival

Protein kinase CK2 is composed by the assembly of 2 catalytic
� and 2 regulatory � subunits, forming a tetramer �2�2. The alter-
native �′ catalytic subunit, encoded by a distinct gene, may also
take part in the generation of tetramers either �′2�2 or �′��2.
CK2 is a pleiotropic PK that has been demonstrated to be involved
in a multitude of different cellular processes [14]. Nevertheless,
despite its multitasking function in the cell, it has been possible
to describe a prevalent role for this kinase, i.e. the promotion of
cell survival and the protection against apoptosis [15]. Compelling
experimental evidence has provided data supporting this notion,
which, together with mouse models of CK2 over-expression and
the observation of high CK2 levels in several tumors, allowed pla-
cing CK2 among the master regulators of cell survival. CK2 can do
so by acting on a number of different mechanisms, all converging
to the final output of increased cell performance against several
stresses: DNA damage, oxidative stress, nutrient deprivation and
so forth. Therefore, due to its central role in sustaining cell sur-
vival, it is not surprising that CK2 has been found over-expressed
in many malignant solid and hematologic tumors [16]. Several
studies have demonstrated that CK2 may  sustain the oncogenic
phenotype by impinging on tumor suppressors and oncogenes.
For instance, CK2 regulates p53, PTEN, cMyc, Raf molecules, which
are all important and altered in malignant tumors. Key to note,
CK2 has been also shown to regulate signaling cascades, which are
often dysregulated in blood malignancies. In particular, the NF-�B
pathway, the PI3K/AKT and the Wnt/�-catenin signaling cascades
are profoundly influenced by CK2 activity [17]. However, most of
the studies up to now performed analyzed stabilized cell lines or
non-malignant cells. Thus data on CK2 regulation of these specific
oncogenic pathways in tissues and samples from cancer patients
are still poor and only recently they have been more robustly pro-
duced in solid and hematologic tumors. In particular, works on
the role of CK2 in blood tumors that have been performed in the
last years have allowed identifying this kinase as a central driver
of malignant blood cell pathogenesis as well as a potential thera-
peutic target in certain blood malignancies [17]. The first part of
this review will describe the findings on the pathogenetic role of
CK2 in MM.

3. Protein kinase CK2 in MM cell growth: role in the
regulation of the NF-�B and STAT3 signaling pathways

MM cells depend for their growth and survival on signals aris-
ing from intrinsic and extrinsic over-activated signaling pathways.
In other cell types, a number of myeloma-regulating signaling cas-
cades have been described to be variably influenced by the activity
of PK CK2. Our laboratory was  thus involved in studies aimed at
answering the question of whether CK2 could take part in the
pathogenesis of MM.  We  assumed that this kinase could regu-
late signals originating from growth factors as well as cytokine
receptors from the membrane to the nucleus of malignant plasma
cells.

First, we demonstrated that a fraction of MM patients as well

as stabilized MM cell lines displayed high levels of CK2, both CK2�
and CK2�. Also, the kinase activity of CK2, assayed against a specific
peptide, was  found higher in malignant plasma cells as compared
to normal bone marrow cells as well as B lymphocytes and plasma
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Fig. 1. CK2 action on the transcription factors NF-�B and STAT3 in MM. Protein
kinase CK2 influences (through not yet clarified mechansism) the activation and
transcriptional activity of NF-�B. It directly drives the phosphorylation of p65/RelA
at  Ser 529 and, indirectly, at Ser 536. CK2 also modulates the transmission of activa-
tion signals from the upstream kinases JAKs to STAT3, regulating the level of STAT3
phopsho Tyr 705 and Ser 727. NF-�B and STAT3 are central in tumor growth in MM
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esistance to chemotherapy, inflammation, angiogenesis and other processes.

ells. When MM cells were challenged with CK2 small chemical
nhibitors, such as tTBB (4,5,6,7-tetrabromo-1H-benzimidazole), its
erivative K27 (2-amino-4,5,6,7-tetrabromo-1H-benzimidazole)
nd IQA ([5-oxo-5,6-dihydroindole (1,2-a) quinazolin-7-yl]-acetic
cid), all of which function in a ATP-competitive manner, they
isplayed a significant amount of apoptotic cell death. Remark-
bly, normal cells (peripheral blood and bone marrow mononuclear
ells) were found much less sensitive to CK2 inhibition. This was
emonstrated both for MM cells lines and for MM cells isolated
rom the bone marrow of patients. Most importantly, the cytotoxic
ffect consequent to CK2 down modulation was present also in
NA interference experiments in which the CK2� catalytic subunit
as silenced in MM cell lines. The general mechanism whereby
K2 inactivation caused MM plasma cell apoptosis was the trigg-
ring of both the intrinsic and the extrinsic apoptotic pathways,
uggesting that this kinase lies upstream of critical survival mech-
nisms in malignant plasma cells. This viewpoint was strengthened
y the finding that potent growth factors for MM plasma cells like

nterleukin 6 (IL-6) and insulin-like growth factor I, were unable
o overcome the anti-proliferative effect of CK2 inhibitors. It was
lso shown that CK2 inhibitors were able to increase MM plasma
ell sensitivity to melphalan, a central conventional chemother-
peutic agent employed in the therapy of this disease. From a
echanistic standpoint, CK2 inhibition in MM cells caused per-

urbations of two pivotal molecules for MM cell growth, namely
he NF-�B and the STAT3 transcription factors. CK2 inhibition led
o a marked reduction of IL-6-stimulated STAT3 phosphorylation,
oth in Tyr705 and in Ser727. Moreover, CK2 inhibitors and CK2�
ilencing were associated to a diminished degradation of inhibitor
f NF-�B (I�B) protein at basal and TNF�-stimulated conditions
nd to a significant reduction of the NF-�B transcriptional activity,
s determined in luciferase assays. A physical interaction between
ndogenous CK2� and NF-�B p105 subunit was  also demonstrated
n MM cells. In this first report, CK2 was clearly implicated in MM

athogenesis and for the first time it was demonstrated that CK2
egulates central pro-survival signaling pathways in malignant B
ells [18]. In Fig. 1 is summarized the involvement of CK2 in NF-�B
nd STAT3 signaling in MM.
arch 37 (2013) 221– 227 223

4. Protein kinase CK2 in MM cell growth: role in the
regulation of the Hsp90 and the endoplasmic reticulum (ER)
stress/unfolded protein response pathways

A subsequent paper from our group demonstrated that CK2
might impinge on the response of MM plasma cells to unfolded
protein (UPR) and endoplasmic reticulum stress. This homeostatic
process has recently been implicated in the development, sur-
vival and malignant growth of B-lymphocytes and plasma cells
[5,19–21]. In this work, it has been shown that CK2 localizes not
only in the cytoplasm but also in the ER of normal and malig-
nant plasma cells and that the triggering of ER-stress stimulates
its kinase activity. Remarkably, we described that CK2 inhibition
with K27 or RNA interference of CK2� caused a stronger and ear-
lier apoptotic effect upon exposure of MM cells to the ER stressor
thapsigargin. CK2 was found to positively control the compensatory
IRE1�-XBP1 arm and negatively the proapoptotic PERK-eIF2� arm
of the UPR.

Based on these data and on previous work showing that CK2 con-
trols the assembly of the chaperone Heat shock protein 90 (Hsp90)
with its co-chaperone Cell division cycle 37 homolog (Cdc37) by
phosphorylating Cdc37 on Ser13, we looked at the functional inter-
action between CK2 and Hsp90 on the regulation of the UPR. Indeed,
Ser13 Cdc37 phosphorylation is instrumental for a proper recruit-
ment of Hsp90 client proteins, in particular protein kinases and
the disruption of Ser13 causes unfolding and altered maturation
of several proteins [22]. In MM cells, we found that the simulta-
neous inhibition of CK2 and Hsp90 was synergic in causing cell
death, both in vitro and in a mouse xenograft MM model, and pro-
duced more profound alterations of UPR pathways. In particular,
CK2 plus Hsp90 inhibitors caused a intense reduction of IRE1�
kinase levels in MM cells and, consequently, a lower extent of XBP-1
transcription factor mRNA splicing. Mechanistically, CK2 inhibition
was associated with reduced IRE1� levels in the cell and lower
levels of IRE1�/Hsp90/Cdc37 complexes [23]. The data produced
in this paper suggest that CK2 might act as a protective molecule
against ER stress and UPR by sustaining the homeostatic IRE1�-
XBP1 dependent arm of the UPR.

Other groups have also implicated the CK2/Hsp90/Cdc37 net-
work in MM cell survival. In the paper by Zhao et al. [24], the
flavonoid compound apigenin, a CK2 inhibitor, caused MM cell apo-
ptosis and perturbations of the Hsp90/Cdc37 axis which reflected
in decreased levels of Hsp90 client proteins, such as Akt, Rip1,
Raf1 and others. As a consequence, it was  found that apigenin
caused changes in the expression of antiapoptotic proteins Mcl1,
Bcl2, BclxL, XIAP, survivin. Also, in this work, it was demonstrated
a cooperative action between apigenin and Hsp90 inhibitor gel-
danamycin or histone deacetylase inhibitor vorinostat. Lastly, these
Authors reproduced the data we previously published showing
that CK2 inhibition impinged on the STAT3 and NF-�B path-
ways.

Key to note, other very recent reports have implicated CK2
in the ER stress response in other cell types. In prostate adeno-
carcinoma cells, Hessenauer et al. [25] demonstrated that CK2
inhibition with tTBB causes apoptosis and activation of the ER stress
response (specifically of the transcription factor CHOP), upregu-
lation of death receptor DR5 and sensitization to cell death by
apoptosis. More recently, another group showed that CK2 mod-
ulates XBP1 activation and upregulation of Bip/Grp78 in cultured
glial cells [26]. In Fig. 2 is depicted the involvement of CK2 in the
ER stress response and in protein homeostasis in MM and other
tumors.
Taken together, these data contribute to highlight the role of
CK2 in pivotal pathways that support MM cell growth and suggest
that CK2 inhibition could be a suitable strategy to be exploited in
association with other agents in the therapy of this disease.
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ellular protein kinases. CK2 phosphorylates Cdc37 on Ser 13 and tis modification d
rotiens. Among these are protein kinases which are essential for MM cell prolifera

. GSK3: from the involvement in a “sweet” pathway to a
itter role in cancer growth

Two distinct genes, GSK3� and GSK3�, which share homology
n most of the protein domains, encode GSK3. GSK3� and GSK3�

ight have common as well as different functions in the cell [27].
GSK3 was initially recognized as a regulative kinase of the

nsulin-glucose pathway. GSK3 phosphorylation of glycogen kinase
nd of initiation factor eIF2B causes inhibition of glycogen and pro-
ein synthesis. Upon insulin stimulation, AKT1 activation causes
SK3 phosphorylation on Ser9 (GSK3�)  and Ser21 (GSK3�)  and

ts inactivation. Consequently, glycogen and protein synthesis can
tart [28].

GSK3 is a peculiar kinase in that its activity is generally high in
esting cells and is down modulated upon exogenous stimuli, such
s growth factors, cytokines, hormones. Most of GSK3 targets are
nhibited upon phosphorylation and therefore inhibition of GSK3

ight result in the activation of a number of signaling cascades.
Over the years, GKS3 has been found to control impor-

ant developmental and cancer-associated pathways, such as the
nt/�-catenin, the Hedgehog and the NF-�B signaling cascades.

he role of GSK3 in Wnt  and Hedgehog cascades is overall of inhib-
ting the transmission of the signal, however, recent studies have
emonstrated a positive action of GSK3 in Wnt  signaling, suggest-

ng a dual regulatory role in this cascade [29,30]. Instead, studies in
SK3� knockout mice have shown that GSK3� is essential for the
ctivation of NF-�B upon TNF� in the hepatocytes and following
tudies confirmed this action also in other cell types [31].

The GSK3 substrates are many and multifold and they will not
e discussed here (a number of excellent reviews are available on
SK3 function).

By virtue of its effects on Wnt, Hedgehog and growth factor-
ependent signaling, the GSK3 role in cancer has been viewed as of a
umor suppressor. However, GSK3 has been described upregulated

n several solid tumors and its inactivation was shown to cause
ell death and reduced proliferation. It is worth mentioning that
SK3 has been shown to have an oncogenic role also in hematologic
ancers, in particular multiple myeloma, acute myeloid leukemias
Cdc37 association with Hsp90 and increases the affinity of Hsp90 towards its client
nd survival.

and chronic lymphocytic leukemias [13]. In these latter tumors,
the prosurvival role of GSK3 is exerted through different means.
However, it is important to note that GSK3 has also been found
directly or indirectly activated during apoptosis caused by many
agents targeting upstream pathways. Therefore it seems that its
role in malignant blood cell growth could be context and cell type-
dependent. In the next paragraphs we  will overview the role of
GSK3 in MM growth.

6. GSK3: pro-growth role in MM

A number of studies have investigated the expression and func-
tion of GSK3 in MM cells and the data so far available must
be considered early; nevertheless, they contributed important
insights to prompt a more detailed analysis of this kinase.

Initial reports showed that GKS3 inhibitors were able to cause
apoptosis of MM cell lines, causing dephosphorylation of forkhead
transcription factors FKHRL1and FKHR and activation of the cyclin
dependent kinase p27kip1 [32,33].

Another study analyzed in details GSK3-dependent regula-
tion of the transcription factors Maf  by GSK3. The Maf  family
is important in the pathogenesis of MM in that three genes are
the target partners of the IgH locus in chromosomal transloca-
tions: cMaf in the t(16;14), MafB in t(20;14) and MafA in t(8;14)
in approximately 5%, 2% and less than 1% of MM,  respectively
[6].  It is believed that Maf  controls cell differentiation and pro-
liferation. In this study, GSK3 was shown to be a chief kinase of
MafA at residues Ser49, Thr53, Thr57 and Ser61. This phosphor-
ylation was  shown to cause a reduced half-life of MafA because
of an accelerated ubiquitin-dependent proteasome degradation
of the transcription factor. However, GSK3-mediated MafA phos-
phorylation was  shown to stimulate Maf  transcriptional activity
by increasing the association of MafA with transcriptional coac-

tivators. Intriguingly, GSK3-mediated Maf  phosphorylation was
conserved in cMaf and MafB, two Maf  family members involved
in MM pathogenesis. The transforming activity of Maf  was demon-
strated to be dependent on GSK3. Remarkably, MM cell lines treated
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Fig. 3. Role of GSK3 in growth-promoting and bone metabolism pathways in
MM.  GSK3 supports MM survival and proliferation by acting in the malignnat plasma
cell as well as it may favor bone loss by acting in the microenivironment. In the
plasma cell, GSK3� phosphorylation of the transcription factors Maf could acti-
vates Maf-dependent transformation; GSK3� effects on Akt1, Mcl1 could influence
MM  cell survival and sensitivity to proteasome inhibitors; GSK3 stimulation of the
non-canonical NF-�B pathway may  have effects on MM cell behaviour through
NF-�B-dependent stimulation of growth, inflammation, angiogenesis. In the MM
microenvironment, GSK3 inhibtion of the Wnt/�-catenin pathway could impinge
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ith GSK3 inhibitors displayed a reduction of cMaf phosphoryla-
ion [34].

Our group analyzed in detail the expression and activation sta-
us of the two GSK3 subunit, � and � in MM [35]. We  found
bundant expression of both the GSK3 subunits, however, in some
M patients and in all the MM cell lines analyzed GSK3� lev-

ls were lower than those of GSK3�. Interestingly, GSK3� was
ore abundantly phosphorylated on Ser9 than GSK3� on Ser21

n normal B cells and malignant plasma cells whereas GSK3� was
airly more abundantly phosphorylated on Tyr279 than GSK3�
n Tyr217, indicating that GSK3� could be the prevailing active
soform in normal and malignant B cells. By using two  different
SK3 inhibitors (SB216763 and SB415286) we also observed that
SK3 inhibition caused MM cell proliferation arrest and apoptosis.
eduction of MM cell viability was also achieved upon siRNA-
irected downregulation of GSK3�, but not GSK3�. Surprisingly,

nstead, GSK3� downmodulation was associated with a higher sen-
itivity of MM cells to the cytotoxic effects of bortezomib. This latter
rug was responsible of GSK3� and � partial translocation into
he nucleus of MM cells preceded by Ser9 and 21 dephosphory-
ation. Noteworthy, GSK3 inhibition in MM cells was accompanied
y �-catenin and ERK1,2 activation, two events that must be rec-
nciled with the overall growth arrest seen. We  also observed that
SK3� knockdown caused a reduction of AKT Ser473 phosphory-

ation and, mechanistically, we proposed a model whereby GSK3�
ould interfere with two bortezomib targets, the AKT and Mcl1
athways [35].

Recently, an elegant study has provided additional important
vidence on how GSK3 could promote MM cell survival. In this
ork, Busino et al. demonstrated, in some MM cell lines and pri-
ary samples that the non canonical NF-�B pathway is rendered

veractive by the cooperation between Fbxw7�,  a member of the
-box family of proteins, which function as the substrate-targeting
ubunits of SCF (Skp1/Cul1/F-box protein) ubiquitin ligase com-
lexes, and GSK3. This cooperation is exerted on the physiological

nhibitor of the non canonical NF-�B pathway, p100. NF-�B activa-
ion requires that p100 is removed from the nucleus by exporting

echanisms and subsequent degradation (either proteasome-
ependent or through other mechanisms). p100 interaction with
bxw7� is mediated by GSK3-dependent phosphorylation on a
egron sequence encompassing Ser707. GSK3-mediated phosphor-
lation of Ser707 was shown to be mandatory for p100 binding
o Fbxw7� and for its degradation. This process was found to be
ndependent from NF-�B signaling, and to account for the basal
urnover of p100 in the cell. NF-�B competed with Fbxw7� for the
inding with p100. The importance of p100 degradation for proper
on canonical NF-�B signaling was underscored by the impairment
f NF-�B activation when a resistant p100 (with Ser707 mutated
o Ala) was overexpressed in cells. Remarkably, p100 was found

ostly cytoplasmic in human MM cells and the overexpression of
 stable p100 caused MM cell growth impairment, inhibition of NF-
B gene expression and MM cell apoptosis. Most remarkable was
he finding that GSK3 inhibitors caused MM cells apoptosis and that
his effect was in part dependent on the raised levels of p100 in the
ell [36].

We  can conclude that the studies quoted above have clearly
mplied GSK3 as a prosurvival kinase in malignant plasma
ells.

. GSK3 in MM-associated bone disease
The role of GSK3 could be, however, even more complex. Indeed,
he function of this kinase in bone developmental processes can be
xploited to modulate multiple myeloma-associated bone alter-
tions: the action of GSK3 on the Wnt/�-catenin pathway can
on  the ability of the pre-osteoblast to differentiate towards osteoblast and therefore
affecting MM-associated bone disease. Inibitors of GSK3 could have the dual effect
of  hampering MM cell growht and ameliorating bone disease.

profoundly impact on the maturation of the osteoblasts and osteo-
genesis. In MM this latter process is impaired by modifications
induced in the BM milieu,  and, among others, by the increased secre-
tion of soluble Wnt  inhibitors, such as Dickkopf-1 (Dkk1). Thus,
bypassing the block on the Wnt  cascade through the inhibition of
GSK3 could represent a suitable therapeutic strategy for promoting
the generation of new bone [37,38].

To prove this hypothesis a very interesting paper has shown
that inhibition of GSK3 can markedly reduce the myeloma-
associated bone disease in a mouse model. In this work, the GSK3�
inhibitor 6-bromoindirubin-3′oxime (BIO) was used. This com-
pound selectively inhibits GSK3� and in in vitro experiments it
was demonstrated to improve osteogenic differentiation. BIO was
able to enhance the in vivo deposition of bone in the mouse. More-
over, BIO inhibited bone destruction and caused tumor necrosis in
a xenotransplant model of myeloma bone disease. BIO also caused
MM cell apoptosis in vitro [39,40]. A diagrammatic scheme of GSK3
in the pathogenesis of MM is shown in Fig. 3.

8. Conclusions

The pathogenesis of MM is complex and driven by alterations
occurring in malignant plasma cells as well as in the MM microen-
vironment. Novel therapeutic approaches are designed to exert

anti-myeloma effects by acting on these two levels. The search for
molecular regulators of MM growth and survival is continuously
progressing. Protein kinases are central in the promotion of MM
cell growth [1]. The serine threonine kinases that we have herein
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iscussed are two novel recently identified regulators of MM biol-
gy. CK2 is a well-known survival regulator of malignant cells and
nly recently our group and others have implied it in the pathogen-
sis of hematologic malignancies. CK2 represents a very attractive
herapeutic target because it sustains the activation of multiple
ignaling pathways, which become “addicted” to its activity (a phe-
omenon defined “non-oncogene addiction”) [16]. Consequently,
s demonstrated by compelling experimental evidence, it would
e enough to taper down CK2 activity as much as to revert its
ver-activation to obtain malignant cell death with few alterations
n normal cells. To further support this concept are the data on
he in vivo efficacy and tolerability in human patients of the oral
K2 inhibitor CX4945 (developed by Cylene Pharmaceuticals, CA,
SA), currently under scrutiny in a phase I trial in MM and other
alignancies [41–43].
GSK3 is another novel player in the pathogenesis of MM and

ther hematologic malignancies. GSK3 also controls survival path-
ays, and its action could be inhibitory or stimulatory. For instance,

t is well known that GSK3 inhibits the Wnt/�-catenin pathway
r that this kinase counteracts the growth-promoting stimulation
ownstream growth factors and the PI3K/AKT cascade. On the other
and, the effects of GSK3 that strongly stimulates the NF-�B and c-
af  transcription factors have been demonstrated to account for

ts oncogenic role, at least in MM and other B-cell tumors, such
s B-CLL [13,44]. Since GSK3 activity in the cell is produced by
he two isozymes � and �, it would be of critical importance to
ursue studies that, by employing genetic or molecular biology
trategies, analyze individually the action of GSK3� and GSK3�, in
rder to dissect the distinct roles of the two isoenzymes. Clinically
vailable GSK3 inhibitors are under development in psychiatric dis-
rders [44], however, there is a reasonable skepticism regarding
heir use in cancer patients, given the tumor suppressor function
f this kinase on the Wnt/�-catenin and PI3K/AKT cascades. Never-
heless, Lithium Chloride, a mood-stabilizing agent, which is widely
sed in the clinic and is a GSK3 inhibitor, was never demonstrated
o cause an increased incidence of malignant tumors in patients,
hus arguing against the possibility that inhibition of GSK3 in vivo
ould favor tumor transformation. Moreover, it is logical to envi-
ion a clinical application of GSK3 and CK2 inhibitors not as single
gents but in combination therapies exploiting the effects of other
ynergizing drugs.

In summary, the serine-threonine kinases CK2 and GSK3 are
wo potential therapeutic targets in the cure of MM.  It is con-
eivable that strategies employing CK2 or GSK3 small specific
nhibitors, variably associated with conventional and novel agents,
ould prove in the future to be of benefit for MM patients.
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