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INTRODUCTION
Multiple myeloma (MM) is a refractory hematological 

malignancy that occurs in many elderly patients.   With the 
use of proteasome inhibitors, such as bortezomib, and immu-
nomodulatory agents, such as thalidomide and lenalidomide, 
treatment outcomes have dramatically improved.1-3   In addi-
tion, new agents and various monoclonal antibodies that tar-
get proteins in MM cells continue to be developed and tested 
in clinical trials.   Reflecting the impact of these novel agents, 
the current clinical data show continued improvement in sur-
vival in patients with MM.4   Treatment regimens using these 
new agents have shown high efficacy rates and have pro-
longed not only progression-free survival (PFS), but also 
overall survival.5   Such improved treatment outcomes may 
be attributed to advances in understanding of onset and pro-
gression pathogenesis of MM at the molecular level, as well 
as the ongoing development of new drugs that target molecu-
lar abnormalities in myeloma cells.   However, MM is a dis-
ease with a complex pathogenesis that is characterized by 

complex heterogeneous cytogenetic abnormalities together 
with microenvironmental changes, leading to clinically 
diverse findings.6   Myeloma clones are heterogeneous 
among individual patients, and the clones have multiple 
intracellular signals with complex interactions.   Myeloma 
cell adhesion with the bone marrow microenvironment and 
contact signaling with niches are also involved.7  

Many myeloma cell proliferation signals have been iden-
tified, leading to the development of specific inhibitors as 
new treatment options.   Current treatment regimens include 
inhibitors of interleukin (IL)-6 downstream signals and 
molecular complexes, such as nuclear factor (NF)-κB, which 
are essential for myeloma cell proliferation.   Next-
generation drug candidates are also being developed, and are 
aimed at inhibiting pathways that play a role in myeloma cell 
proliferation, including the histone deacetylase (HDAC), 
WNT, PI3K (phosphoinositide 3-kinase)/AKT/mammalian 
target of rapamycin (mTOR), heat shock protein (HSP), p38/
mitogen-activated protein kinase (MAPK), NOTCH, and 
Hedgehog pathways.8 

MYELOMA CELL PROLIFERATION AND 
CYTOKINES

Cytokines produced in the bone marrow microenviron-
ment are directly involved in myeloma cell proliferation (Fig. 
1).   In addition, interactions between myeloma cells and var-
ious components of the bone marrow microenvironment are 
mediated through cell surface receptors, such as integrins, 
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cadherins, and selectins.   These cell adhesion molecules 
increase cell growth, proliferation, migration, adhesion, and 
drug resistance.8   Cytokines that mediate myeloma cell 
growth and proliferation include IL-6, insulin-like growth 
factor-1, vascular endothelial growth factor, and B-cell acti-
vating factor (BAFF).7 

BAFF is a key player in the interaction between myeloma 
cells and the microenvironment.9   BAFF is secreted by 
osteoclasts in the bone marrow microenvironment, and its 
signaling stimulates myeloma cell proliferation via BAFF 
receptors, transmembrane activator calcium-modulator and 
cyclophilin ligand interactor (TACI), and B-cell maturation 
antigen.   In particular, TACI gene expression level plays an 
important role in the interaction between myeloma cells and 
the bone marrow microenvironment, because BAFF is a 
ligand of TACI.   Binding of BAFF to TACI receptors on 
myeloma cells activates the NF-κB pathway, a crucial path-
way in the pathogenesis of MM.9   In addition, cytokines 
such as tumor necrosis factor (TNF)-α, transforming growth 

factor-β, macrophage inflammatory protein-1α, IL-6, IL-15, 
and IL-21 are important in myeloma cell proliferation.7 

Among these cytokines, IL-6 plays the most important 
role in myeloma cell proliferation and survival.7,8   The IL-6 
receptor (IL-6R) is a complex of IL-6Rα and glycoprotein 
(gp) 130.   IL-6 binds directly to IL-6Rα, followed by bind-
ing with gp130 and hexamer formation, resulting in Janus 
kinase (JAK) activation.   JAK phosphorylates gp130, fol-
lowed by activation of the JAK/signal transducer and activa-
tor of transcription 3 (STAT), p38/MAPK, and PI3K/AKT/
mTOR pathways.   Increases in IL-6 production, which is 
NF-κB dependent, occur at the transcriptional level following 
adhesion of myeloma cells with cells in the bone marrow 
microenvironment.7-11   More recently, IL-6 was reported to 
activate the JAK/STAT3 pathway and increase sensitivity to 
HSP inhibitors in myeloma cells.12   Although, theoretically, 
blocking any of these pathways should inhibit the signaling 
that increases myeloma cell proliferation, the pathways 
involved are multiple and complex (Fig. 1).  

 Fig. 1.  Signaling interactions between myeloma cells and the bone marrow microenvironment. Adhesion of myeloma cells to components 
of the bone marrow microenvironment, such as stromal cells, triggers cytokine-mediated cell growth, survival, and drug resistance.
OPG, osteoprotegerin; RANXL, receptor activator of nuclear factor κB ligand; VEGF, vascular endothelial growth factor; TNF, tumor necro-
sis factor; TGF, transforming growth factor; DKK, Dickkopf; CAMDR, cytokine adhesion-mediated drug resistance
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THE PI3K/AKT/mTOR PATHWAY AND 
INHIBITORS

PI3K-mediated signals are complex signal transduction 
systems that are activated by various cytokines.   However, 
stimulation of myeloma cell proliferation can be cytokine 
dependent or cytokine independent, and this activity corre-
lates with disease activity.   PI3KCA gene mutations are fre-
quently seen in tumors, such as breast cancer, and due to its 
oncogenic properties, PI3K is an important molecular target 
in the treatment of MM.13 The PI3K cascade is constitutively 
activated in myeloma cells, and most primary myeloma sam-
ples from patients with MM show activated AKT phosphory-
lation; therefore, inhibition of the PI3K/AKT pathway has 
been shown to contribute to the successful treatment of 
MM.14 

Activated PI3K activates AKT, phosphorylates down-
stream molecules such as mTOR, and controls cell prolifera-
tion and the cell cycle.   mTOR is a serine/threonine kinase 
that has been identified as a target molecule of rapamycin, 
and mTOR plays a central role in cell survival and division.   
This series of pathways, which is called the PI3K/AKT/
mTOR pathway, is important in cancer cell proliferation and 
is also involved in myeloma cell proliferation, survival, and 
drug resistance.15   AKT activation is observed in about 60% 
of MM patients; furthermore, phosphorylation of mTOR and 
its downstream molecules S6K (S6 kinase) 1 and 4E-BP 
(4E-binding protein) 1 has been reported.   In addition, AKT 
indirectly influences two important signaling pathways in 
MM for survival, NF-κB and p53.   NF-κB is indirectly acti-
vated by AKT via direct phosphorylation and activation of 
IκB kinase, resulting in degradation of IκB.16   p53 activity is 
mediated by the phosphorylation of the p53-binding protein 
murine double minute-2, resulting in degradation of the pro-
apoptotic tumor suppressor p53.16   NF-κB activation and the 
loss of p53 via activation of the AKT pathway may lead to 
overexpression of the anti-apoptotic protein, Bcl-2, which is 
involved in the proliferation of myeloma cells.

Perifosine

Perifosine is an oral synthetic alkylphospholipid that 
blocks the AKT, NF-κB, and JNK (Jun-amino-terminal 
kinase) signaling pathways and induces cell death of 
myeloma cells.17   Perifosine inhibits phosphorylation by 
blocking the translocation of AKT to the cell membrane.   In 
addition, perifosine activates the SAPK (stress-activated pro-
tein kinase)/JNK pathway via JNK phosphorylation, and acti-
vates extrinsic cell death receptor-dependent cell death 
pathways.18 

A multicenter phase I/II clinical trial of perifosine (KRX-
0401), bortezomib, and dexamethasone was conducted in 84 
patients with relapsed/refractory MM.   The overall efficacy 

rate was 41% (recurrence after bortezomib: 65%, bortezomib 
resistance: 32%).   Most adverse events were gastrointestinal 
and manageable, including nausea/vomiting (61%) and diar-
rhea (31%).   The median PFS was 25 months.19   Currently, a 
phase III randomized trial is ongoing to test the same combi-
nation in patients with relapsed/refractory MM previously 
exposed to bortezomib.

Other PI3K inhibitors 

Many PIK3 inhibitors are currently in development.   
GDC-0941, a highly specific inhibitor of class I PI3K, and 
BYL719, a specific inhibitor of PI3KCA, have been shown to 
have anti-tumor effects in MM.

mTOR inhibitors

mTOR is an intracellular serine-threonine kinase that reg-
ulates cellular proliferation, migration, and motility in many 
cancer cells.   In a phase II clinical trial, temsirolimus 
showed a 38% response rate in 16 patients with relapsed/
refractory MM.20   Everolimus (RAD001) has also been 
investigated in patients with MM as a single agent and in 
combination with lenalidomide.   However, no encouraging 
results have been reported.    

THE JAK/STAT PATHWAY AND INHIBITORS
IL-6 is the most important cytokine in myeloma cell pro-

liferation.   JAK/STAT signaling pathways are specifically 
activated by cytokines belonging to the gp130 family, such as 
IL-6.   Therefore, inhibitors of this pathway may play an 
important role in the treatment of patients with MM.   The 
effects of anti-IL-6-related signals in MM have been ana-
lyzed using monoclonal antibodies targeting both IL-6 and 
IL-6 receptors.   Siltuximab (CNTO 328), a chimeric human/
mouse-neutralizing monoclonal antibody against IL-6, has 
been shown to be effective in an in vivo mouse model of MM 
in combination with bortezomib and dexamethasone.21   
Clinical trials for relapsed/refractory MM are now ongoing.   
The combination of siltuximab and bortezomib may not show 
promising clinical results for relapsed/refractory MM.   
However, future therapeutic options involving a combination 
of siltuximab and other agents will be interesting.   Selective 
inhibitors have previously been unavailable, but low molecu-
lar-weight JAK1/2 and STAT3 inhibitors have been 
reported.22,23   However, these drugs have not been actively 
used in clinical practice.   Despite the importance of this sig-
naling pathway in MM, whether these inhibitors prove to be 
effective for MM remains to be determined.   
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NF-κB SIGNALS AND INHIBITORS
NF-κB is a transcription factor that is activated by many 

cytokines, such as TNF-α, IL-1β, and CD40, as well as che-
mokines and cell adhesion molecules.   NF-κB plays an 
important role in controlling expression of cytokines, cell 
adhesion molecules, and molecules involved in resistance to 
cell death.   NF-κB is activated in many types of cancer, 
including MM, and has received great attention as a molecu-
lar target for treatment.   In myeloma cells, many genes that 
are targets of NF-κB are highly expressed, suggesting that 
myeloma cells are dependent on bone marrow stromal cells, 
and that extrinsic signaling is important in MM.24,25   Bone 
marrow stromal cells produce extrinsic ligands, such as 
BAFF, and a proliferation-inducing ligand to stimulate BAFF 
receptors, TACI, and B-cell maturation antigen, which acti-
vate the NF-κB signaling pathway and provide a survival 
benefit to plasma cells.26   The NF-κB signaling pathway is 
affected by both activating and inactivating mutations in 
genes, such as TNF-receptor-associated factor (TRAF 2/3) 
and NF-κB-inducing kinase, as regulators of the non-canoni-
cal NF-κB signaling pathway.26   These mutations have been 
identified in 20% of patients with MM, resulting in activation 
of NF-κB signaling without ligands,24,25   and may contribute 
to the progression of the disease.    

Agents that inhibit NF-κB enhance the anti-MM effects 
of conventional chemotherapeutic agents.   Bortezomib, a 
proteasome inhibitor, has been developed and is now used 
clinically to treat MM.8   Bortezomib is thought to inhibit 
NF-κB activation by blocking proteasome degradation of 
IκBα (nuclear factor of κ light polypeptide gene enhancer in 
B-cells inhibitor α) and decreasing NF-κB nuclear transloca-
tion (canonical pathway).   Bortezomib activates the canoni-
cal NF-κB pathway in myeloma cells, and bortezomib used 
in combination with an IκB kinase β inhibitor has been 
shown to have a synergic effect on the growth inhibition of 
myeloma cells.27   In addition, other mechanisms involving 
inhibition of other pathways have also been reported 
recently.27,28   Crosstalk signaling has recently been reported 
between canonical  and non-canonical  pa thways . 29   
Subsequently, next-generation proteasome inhibitors with 
high efficacy, such as carfilzomib, ixazomib, and marizomib, 
have been developed and recently tested in clinical trials.8,30   
Carfilzomib was recently approved in the US for the treat-
ment of patients who were previously treated with at least 
two therapies, including bortezomib and immunomodulatory 
drugs.   Marizomib is an oral proteasome inhibitor with more 
potent NF-κB inhibitory activity compared with other protea-
some inhibitors.31   Distinct from bortezomib, marizomib 
blocks chymotrypsin-like, trypsin-like, and caspase-like pro-
teolytic activity of proteasomes, thus overcoming bortezomib 
resistance both in vitro and in vivo.31 

THE p38 MAPK PATHWAY AND INHIBITORS
p38 MAPK is a serine/threonine kinase that is phosphor-

ylated and activated by various environmental factors and is 
stimulated by inflammatory cytokines.32   p38 is structurally 
activated in myeloma cells, and this activity is involved in 
osteoclast and osteoblast activity as well as in osteolysis.   
SCIO-469 [indole-5-carboxamide, adenosine 5’-triphosphate 
(ATP) competitive inhibitor] is a selective inhibitor of p38, 
which together with the structural analog, SD-282 (indole-
5-carboxamide, ATP competitive inhibitor), reduces myeloma 
cell proliferation and enhances the activity of dexametha-
sone.33   SCIO-469 also inhibits TNF-α-induced adhesion of 
myeloma cells to bone marrow stromal cells that is mediated 
by various adhesion molecules.34   LY2228820, a well-known 
p38 MAPK inhibitor, enhances bortezomib cytotoxicity and 
improves bone lesions.35 

HSP90 SIGNALING AND INHIBITORS
HSP90 is a molecular chaperone that is important for pro-

tein stability and maintenance.   HSP90 is a chaperon of a 
wide variety of proteins, so when HSP90 function is blocked, 
stability of these proteins decrease, leading to protein dys-
function in cancer cells.36   Proteins chaperoned by HSP90 
include oncogenic kinases, receptors, and various transcrip-
tion factors that are involved in cell cycle control and signal-
ing.   HSP90 expression is elevated in myeloma cells com-
pared with normal plasma cells.   Other proteins chaperoned 
by HSP90 include AKT and MAPK, which are involved in 
myeloma cell survival and proliferation.   Thus, HSP90 is an 
important molecular target for treatment of MM.   

The HSP90 inhibitor tanespimycin (KOS-953), in combi-
nation with bortezomib, reduces myeloma cell proliferation, 
and a phase I/II trial of both drugs was conducted in patients 
with relapsed/refractory MM.37   The rationale for this combi-
nation was the up-regulation of stress response gene tran-
scripts.38   Little bortezomib-related peripheral neuropathy 
was reported in this study, and the overall efficacy was 27% 
(including a molecular response of 12%).   Adverse events in 
this study included diarrhea (60%), fatigue (49%), nausea 
(49%), thrombocytopenia (40%), and transaminase elevation 
(29%).37   Peripheral neuropathy of Grades 1/2 was seen in 
21% of patients, but no Grades 3/4 PN (peripheral neuropa-
thy) peripheral neuropathy was observed.37

WNT, NOTCH, AND HEDGEHOG PATHWAYS 
AND THEIR INHIBITORS

The Wnt, Notch, and Hedgehog molecules are involved 
in the proliferation of normal hematopoietic cells and cancer 
stem cells.39   Therefore, inhibitors targeting these molecules 
may provide even more effective treatment for MM.   
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Research aimed at the clinical use of such drugs is currently 
being conducted.   
 

Wnt inhibitors

The Wnt proteins are ligand glycoproteins that bind to the 
Frizzled (Fz) transmembrane receptor, and abnormal Wnt 
signaling has been reported in MM.   AV-65, a novel Wnt/
β-catenin inhibitor, inhibits myeloma cell proliferation.   
Myeloma cells secrete proteins such as Dickkopf and soluble 
frizzled receptor-like proteins that block Wnt signaling.   
Inhibition of osteoblast differentiation has also been reported.   
Wnt signals also play an important role in myeloma cell pro-
liferation and the formation of bone lesions.40

Notch inhibitors 

In many cells, Notch signaling, which occurs via in ter cel-
lu lar contact, is involved in apoptosis, cell proliferation, and 
the regulation of cell differentiation.   Notch signaling is also 
important in hematopoietic cell proliferation and differentia-
tion, as well as in the pathogenesis of hematopoietic tumors.   
Notch signaling is activated in MM and plays a role in cell 
proliferation, drug resistance, and osteolysis.   The Notch 
inhibitor MRK003 has been shown to inhibit myeloma cell 
proliferation in vitro.41   In addition, the Notch inhibitor 
DAPT increases bortezomib sensitivity.

Hedgehog inhibitors

Hedgehog signaling is involved in cell proliferation and 
differentiation, and in determining the fate of fetal cells.   
Hedgehog signal activation occurs in many cancer cells, 
including MM.42   LDE225, a newly synthesized smoothened 
antagonist, inhibits myeloma cell proliferation by blocking 
Hedgehog signaling.   This inhibitor may be promising for 
clinical use.

HDAC INHIBITORS
Histone acetylation affects DNA/chromatin structure, 

resulting in transcriptional activation of genes that are epige-
netically silenced by chromatin condensation.43   Histones 
control the activity of transcription factors, and this activa-
tion requires histone acetylation.   In other words, gene 
expression is regulated by controlling histone proteins.   
Control is mediated by histone acetyl transferase and HDAC, 
thereby controlling cell proliferation and differentiation.   
HDAC inhibition can reverse epigenetic silencing of genes 
that regulate cellular proliferation and survival.   Histone pro-
teins, which are the main structural component of chromatin, 
are divided into four classes.   Inhibition of HDAC activity 
arrests the myeloma cell cycle and induces cell dif fer-

entiation and cell death.44   HDACs are also divided into four 
classes; however, inhibitors are only available for class I and 
II HDACs.45,46   HDAC inhibition, by preserving or increas-
ing histone acetylation, results in amplification of transcrip-
tion factor activity.   In cancer cells, HDACs target not only 
histones, but also non-histone proteins, such as HSP90, 
STAT3, β-catenin, p53, murine double minute-2, c-Myc, Rel-
A, and phosphatase and tensin homolog (PTEN), the last of 
which is involved in the pathogenesis of MM.47,48   Following 
HDAC inhibition, many molecules involved in the cell cycle 
and DNA repair are acetylated.   

Panobinostat (LBH589)

Panobinostat is a nonselective HDAC inhibitor that inhib-
its class I, II, and IV HDACs at very low concentrations.49,50   
In an early phase II trial of 38 patients with relapsed/refrac-
tory MM who were previously treated with at least two 
drugs, including bortezomib, lenalidomide, or thalidomide, 
panobinostat alone produced a partial response (PR) in one 
patient and a minimal response in one patient.51  

A phase I/II study of panobinostat with melpharan for 
relapsed/refractory patients with MM was performed.   The 
maximal tolerance dose of panobinostat was 20 mg, and the 
overall response rate in this trial was 7.5% with Grade 3/4 
adverse effects, including thrombocytopenia (33.9%), neutro-
penia (30.5%), lymphopenia (22.5%), anemia (15%), hypo-
natremia (7.5%), increased creatinine (2.5%), and deep-vein 
thrombosis (2.5%).52   Subsequently, clinical trials were con-
ducted with combined use of panobinostat and other drugs.   
The PANORAMA 2 trial was a single-arm, phase II study of 
panobinostat with bortezomib and dexamethasone for 
patients who are refractory to bortezomib and who have 
received more than two prior therapies.53   Responses were a 
near complete response in one patient (1.8%), partial PR in 
18 patients (32.7%), and a minimal response in 10 patients 
(18.2%).   The median duration of response was 6 months, 
and median PFS was 5.4 months.   In a phase III trial 
(PANORAMA 1) using a combination of panobinostat and 
bortezomib for relapsed/refractory MM, no previously 
unknown adverse events were reported, and good clinical 
responses were achieved.54   In this trial, panobinostat plus 
bortezomib and dexamethasone significantly extended PFS 
compared with placebo plus bortezomib and dexamethasone 
(12.0 months vs. 8.1 months, p < 0.0001).   In another clini-
cal trial, a combination of panobinostat/ dexamethasone plus 
either bortezomib or lenalidomide was effective in reducing 
tumors and preventing the progression of bone lesions.   
From these results, panobinostat was recently approved in the 
US, EU, and Japan.   
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Vorinostat (SAHA)

Vorinostat, an inhibitor of class I and II HDACs, induces 
myeloma cell death and reduces IL-6 production by bone 
marrow stromal cells.55   Vorinostat induces expression of 
p21 and p53 in myeloma cells, inhibits molecules with cas-
pase inhibitory activity, inhibits proteasome activity, and 
induces cell death.55   In addition, vorinostat enhances the 
effectiveness of dexamethasone and immunomodulatory 
agents, such as thalidomide and lenalidomide.   In a phase I 
trial with vorinostat, lenalidomide, bortezomib, and dexa-
methasone, excellent results were achieved, with an efficacy 
(≥ PR) of 52%, and in particular, a complete response rate of 
28%.   The main adverse events were anemia, thrombocyto-
penia, diarrhea, fatigue, and cough.56   A global phase III 
study (VANTAGE 088) was performed in which relapsed/
refractory patients with MM were randomized to receive 
bortezomib and dexamethasone plus either vorinostat or a 
matching placebo.57   Vorinostat and bortezomib/dexametha-
sone produced a more potent response than placebo and bort-
ezomib/dexamethasone in terms of median PFS (7.6 months 
vs. 6.8 months, p = 0.01).   In an international, multicenter, 
open-label trial of vorinostat in combination with bortezomib 
in previously treated patients (VANTAGE 095), the combina-
tion of vorinostat and bortezomib produced an overall 
response rate of 17%.58

CONCLUSION
The complex signal transduction pathways required for 

myeloma cell proliferation are gradually being elucidated, 
and novel drugs that target these pathways are being devel-
oped for clinical use.   These strategies include treatments 
that target the JAK/ STAT, NF-κB, HDAC, PI3K/AKT/
mTOR, p38MAPK, HSP90, and Wnt/Notch/ Hedgehog path-
ways.   In addition, treatments that target the bone marrow 
microenvironment, hypoxia, angiogenesis, CD44, CXCR4, 
and integrins are also being investigated.   With the advent of 
novel drugs, such as bortezomib, lenalidomide, and thalido-
mide, survival in MM patients compared to the era of mel-
pharan/prednisolone treatment has been prolonged from 
approximately 3 years to more than 5 years.   Development 
of other new drugs that target diverse signaling pathways in 
myeloma cells is expected in the future.   More novel agents 
will target affected signaling pathways to provide new treat-
ment options for patients with MM, and are expected to fur-
ther improve treatment outcomes.   

ACKNOWLEDGEMENTS
This review manuscript was supported in part by grants 

from the Ministry of Education, Culture, Sports, Science, and 
Technology of Japan (KAKENHI No. 24591409) and the 

National Cancer Research and Development Fund (26-A-4).

CONFLICT OF INTEREST
The authors have no conflicts of interest to declare.

REFERENCES

 1 Harousseau JL: Ten years of improvement in the management 
of multiple myeloma: 2000-2010. Clin Lymphoma Myeloma 
Leuk 10:424-442, 2010

 2 Kumar SK, Rajkumar SV, Dispenzieri A, Lacy MQ, Hayman 
SR, et al.: Improved survival in multiple myeloma and the 
impact of novel therapies. Blood 111:2516-2520, 2008 

 3 Gay F, Larocca A, Wijermans P, Cavallo F, Rossi D, et al.: 
Complete response correlates with long-term progression-free 
and overall survival in elderly myeloma treated with novel 
agents: analysis of 1175 patients. Blood 117:3025-3031, 2011 

 4 Kumar SK, Dispenzieri A, Lacy MQ, Gertz MA, Buadi FK, et 
al.: Continued improvement in survival in multiple myeloma: 
changes in early mortality and outcomes in older patients. 
Leukemia 28:1122-1128, 2014

 5 Watanabe R, Tokuhira M, Kizaki M: Current approaches for the 
treatment of multiple myeloma. Int J Hematol 97:333-344, 2013

 6 Kuehl WM, Bergsagel PL: Multiple myeloma: evolving genetic 
events and host interactions. Nat Rev Cancer 2:175-187, 2002 

 7 Hideshima T, Mitsiades C, Tonon G, Ricgardson PG, Anderson 
KC: Understanding multiple myeloma pathogenesis in the bone 
marrow to identify new therapeutic targets. Nat Rev Cancer 
7:585-598, 2007 

 8 Misso G, Zappavigna S, Castellano M, De Rosa G, Di Martino 
MT, et al.: Emerging pathways as individualized therapeutic tar-
get of multiple myeloma. Expert Opin Biol Ther 13 (Suppl 
1):S95-S109, 2013 

 9 Hengeveld PJ, Kersten MJ: B-cell activating factor in the patho-
physiology of multiple myeloma: a target for therapy? Blood 
Cancer J 5:e282, 2015

 10 Mahindra A, Hideshima T, Anderson KC: Multiple myeloma: 
biology of the disease. Blood Rev 24 (Suppl 1):S5-S11, 2010 

 11 Hideshima T, Nakamura N, Chauhan D, Anderson KC: Biologic 
sequelae of interleukin-6 induced PI3-K/Akt signaling in multi-
ple myeloma. Oncogene 20:5991-6000, 2001 

 12 Kolosenko I, Grander D, Tamm KP: IL-6 activated JAK/STAT3 
pathway and sensitivity to Hsp90 inhibitors in multiple 
myeloma. Curr Med Chem 21:3042-3047, 2014 

 13 Samuels Y, Wang Z, Bardelli A, Silliman N, Ptak J, et al.: High 
frequency of mutations of the PIK3CA gene in human cancers. 
Science 304:554, 2004 

 14 Zöllinger A, Stühmer T, Chatterjee M, Gattenlöhner S, 
Haralambieva E, et al.: Combined functional and molecular 
analysis of tumor cell signaling defines 2 distinct myeloma sub-
groups: Akt-dependent and Akt-independent multiple myeloma. 
Blood 112:3403-3411, 2008 



26

New therapeutic approach in myeloma

 15 Steinbrunn T, Stühmer T, Gattenlöhner S, Rosenwald A, Mottok 
A, et al.: Mutated RAS and constitutively activated Akt delin-
eate distinct oncogenic pathways, which independently contrib-
ute to multiple myeloma cell survival. Blood 117:1998-2004, 
2011 

 16 Ghobrial IM, Witzig TE, Adjei AA: Targeting apoptosis path-
ways in cancer therapy. CA Cancer J Clin 55:178-194, 2005

 17 Hideshima T, Catley L, Yasui H, Ishituka K, Raje N, et al.: 
Perifosine, an oral bioactive novel alkylphospholipid, inhibits 
Akt and induces in vitro and in vivo cytotoxicity in human mul-
tiple myeloma cells. Blood 107:4053-4062, 2006 

 18 Keane NA, Glavey SV, Krawczyk J, O’Dwyer M: AKT as a 
therapeutic target in multiple myeloma. Expert Opin Ther 
Targets 18:897-915, 2014 

 19 Richardson PG, Wolf J, Jakubowiak A, Zonder J, Lonial S, et 
al.: Perifosine plus bortezomib and dexamethasone in patients 
with relapsed/refractory multiple myeloma previously treated 
with bortezomib: results of a multicenter phase I/II trial. J Clin 
Oncol 29:4243-4249, 2011 

 20 Farag SS, Zhang S, Jansak BS, Wang X, Kraut E, et al.: Phase 
II trial of temsirolimus in patients with relapsed or refractory 
multiple myeloma. Leuk Res 33:1475-1480, 2009 

 21 Hunsucker SA, Magarotto V, Kuhn DJ, Kornblau SM, Wang M, 
et al.: Blockade of interleukin-6 signaling with siltuximab 
enhances melpharan cytotoxicity in preclinical models of multi-
ple myeloma. Br J Haematol 152:579-592, 2011 

 22 Li J, Favata M, Kelley JA, Caulder E, Thomas B, et al.: 
INCB16562, a JAK1/2 selective inhibitor, is efficacious against 
multiple myeloma cells and reverses the protective effects of 
cytokine and stromal cell support. Neoplasia 12:28-38, 2010 

 23 Ramakrishnan V, Kimlinger T, Haug J, Timm M, Wellik L, et 
al.: TG101209, a novel JAK2 inhibitor, has significant in vitro 
activity in multiple myeloma and displays preferential cytotox-
icity for CD45+ myeloma cells. Am J Hematol 85:675-686, 
2010 

 24 Annunziata CM, Davis RE, Demchenko Y, Bellamy W, Gabrea 
A, et al.: Frequent engagement of the classical and alternative 
NF-κB pathways by diverse genetic abnormalities in multiple 
myeloma. Cancer Cell 12:115-130, 2007 

 25 Keats JJ, Fonseca R, Chesi M, Schop R, Baker A, et al.: 
Promiscuous mutations activate the noncanonical NF-κB path-
way in multiple myeloma. Cancer Cell 12:131-144, 2007 

 26 Brioli A, Melchor L, Walker BA Davies FE, Morgan GJ: 
Biology and treatment of myeloma. Clin Lymphoma Myeloma 
Leuk 14:S65-S70, 2014 

 27 Hideshima T, Ikeda H, Chauhan D, Okawa Y, Raje N, et al.: 
Bortezomib induces canonical nuclear factor-κB activation in 
multiple myeloma cells. Blood 114:1046-1052, 2009 

 28 Kikuchi J, Wada T, Shimizu R, Izumi T, Akutsu N, et al.: 
Histone deacetylases are critical targets of bortezomib-induced 
cytotoxicity in multiple myeloma. Blood 116:406-417, 2010 

 29 Fabre C, Mimura N, Bobb K, Kong SY, Gorgun G, et al.: Dual 
inhibition of canonical and noncanonical NF-κB pathways 

demonstrates significant antitumor activities in multiple 
myeloma. Clin Cancer Res 18:4669-4681, 2012 

 30 Mimura N, Hideshima T, Anderson KC: Novel strategies for 
multiple myeloma. Exp Hematol 43:732-741, 2015 

 31 Chauhan D, Catley L, Li G, Podar K, Hideshima T, et al.: A 
novel orally active proteasome inhibitor induces apoptosis in 
multiple myeloma cells with mechanisms distinct from bortezo-
mib. Cancer Cell 8:407-419, 2005 

 32 Cuadrado A, Nebreda AR: Mechanisms and functions of p38 
MAPK signaling. Biochem J 429:403-417, 2010 

 33 Vanderkerken K, Medicherla S, Coulton L, De Raeve H, 
Willems A, et al.: Inhibition of p38α mitogen-activated protein 
kinase prevents the development of osteolytic bone disease, 
reduces tumor burden, and increases survival in murine models 
of multiple myeloma. Cancer Res 67:4572-4577, 2007 

 34 Nguyen AN, Stebbins EG, Henson M, O’Young G, Choi SJ, et 
al.: Normalizing the bone marrow microenvironment with p38 
inhibitor reduces multiple myeloma cell proliferation and adhe-
sion and suppresses osteoclast formation. Exp Cell Res 
312:1909-1923, 2006 

 35 Ishitsuka K, Hideshima T, Neri P, Vallet S, Shiraishi N, et al.: 
p38 mitogen-activated protein kinase inhibitor LY2228820 
enhances bortezomib-induced cytotoxicity and inhibits osteo-
clastogenesis in multiple myeloma; therapeutic implications. Br 
J Haematol 141:598-606, 2008 

 36 Whitesell L, Lindquist SL: HSP90 and the chaperoning of can-
cer. Nat Rev Cancer 5:761-772, 2005 

 37 Richardson PG, Chanan-Khan AA, Lonial S, Krishnan AY, 
Carroll MP, et al.: Tanespimycin and bortezomib combination 
treatment in patients with relapsed or relapsed and refractory 
multiple myeloma: results of a phase 1/2 study. Br J Haematol 
153:729-740, 2011 

 38 Ria R, Reale A, Vacca A: Novel agents and new therapeutic 
approaches for treatment of multiple myeloma. World J 
Methodol 26:73-90, 2014 

 39 Takebe N, Harris PJ, Warren RQ, Ivy SP: Targeting cancer stem 
cells by inhibiting Wnt, Notch, and Hedgehog pathways. Nat 
Rev Clin Oncol 8:97-106, 2011 

 40 Oshima T, Abe M, Asano J, Hara T, Kitazoe K, et al.: Myeloma 
cells suppress bone formation by secreting a soluble Wnt inhibi-
tors, sFRP-2. Blood 106:3160-3165, 2005 

 41 Ramakrishnan V, Ansell S, Haug J, Grote D, Kimlinger T, et al.: 
MRK003, a γ-secretase inhibitor exhibits promising in vitro pre-
clinical activity in multiple myeloma and non-Hodgkin’s lym-
phoma. Leukemia 26:340-348, 2012 

 42 Davies FE1, Dring AM, Li C, Rawstron AC, Shammas MA, et 
al.: Insights into the multistep transformation of MGUS to 
myeloma using microarray expression analysis. Blood 
102:4504-4511, 2003 

 43 Kim TY, Bang YJ, Robertson KD: Histone deacetylase inhibi-
tors for cancer therapy. Epigenetics 1:14-23, 2006 

 44 Mitsiades N, Mitsiades CS, Richardson PG, McMullan C, 
Poulaki V, et al.: Molecular sequelae of histone deacetylase 



27

Kizaki M & Tabayashi T

inhibition in human malignant B cells. Blood 101:4055-4062, 
2003 

 45 Minucci S, Pelicci PG: Histone deacetylase inhibitors and the 
promise of epigenetic (and more) treatments for cancer. Nat Rev 
Cancer 6:38-51, 2006 

 46 Lane AA, Chabner BA: Histone deacetylase inhibitors in cancer 
therapy. J Clin Oncol 27:5459-5468, 2009 

 47 Choudhary C, Kumar C, Gnad F, Nielsen ML, Rehman M, et 
al.: Lysine acetylation targets protein complexes and co-regu-
lates major cellular functions. Science 325:834-840, 2009 

 48 Hideshima T, Anderson KC: Histone deacetylase inhibitors in 
the treatment for multiple myeloma. Int J Hematol 97:324-332, 
2013

 49 Catley L, Weisberg E, Kiziltepe T, Tai YT, Hideshima T, et al.: 
Aggresome induction by proteasome inhibitor bortezomib and 
alpha-tubulin hyperacetylation by tubulin deacetylase (TDAC) 
inhibitor LBH589 are synergistic in myeloma cells. Blood 
108:3441-3449, 2006 

 50 Maiso P, Carvajal-Vergara X, Ocio EM, López-Pérez R, Mateo 
G, et al.: The histone deacetylase inhibitor LBH589 is a potent 
antimyeloma agent that overcomes drug resistance. Cancer Res 
66:5781-5789, 2006 

 51 Offidani M, Polloni C, Cavallo F, Liberati AM, Ballanti S, et 
al.: Phase II study of melphalan, thalidomide and prednisone 
combined with oral panobinostat in patients with relapsed/
refractory multiple myeloma. Leuk Lymphoma 53:1722-1727, 
2012 

 52 Faiman B, Richards T: Innovative agents in multiple myeloma. 

J Adv Pract Oncol 5:193-202, 2014 
 53 Richardson PG, Schlossman RL, Alsina M, Weber DM, Coutre 

SE, et al.: PANORAMA 2: panobinostat in combination with 
bortezomib and dexamethasone in patients with relapsed and 
bortezomib-refractory myeloma. Blood 122:2331-2337, 2013 

 54 San-Miguel JF, Hungria VT, Yoon SS, Beksac M, Dimopoulos 
MA, et al.: Panobinostat plus bortezomib and dexamethasone 
versus placebo plus bortezomib and dexamethasone in patients 
with relapsed or relapsed and refractory multiple myeloma: a 
multicentre, randomised, double-blind phase 3 trial. Lancet 
Oncol 15:1195-1206, 2014 

 55 Mitsiades CS, Mitsiades NS, McMullan CJ, Poulaki V, 
Shringarpure R, et al.: Transcriptional signature of histone 
deacetylase inhibition in multiple myeloma: biological and clin-
ical implications. Proc Natl Acad Sci U S A 101:540-545, 2004 

 56 Siegel DS, Richardson P, Dimopolous M, Moreau P, Mitsiades 
C, et al.: Vorinostat in combination with lenalidomide and dexa-
methasone in patients with relapsed or refractory myeloma. 
Blood Cancer J 4:e182, 2014 

 57 Dimopoulos MA, Jagannath S, Yoon SS, Siegel DS, Lonial S, et 
al.: Vantage 088: Vorinostat in combination with bortezomib in 
patients with relapsed/refractory multiple myeloma: results of a 
global. Blood 124:811, 2014 (abstract)

 58 Siegel DS, McBride L, Bilotti E, Schmidt L, Gao Z, et al.: 
Vorinostat overcomes lenalidomide-dexamethasone and lenalid-
omide-bortezomib-dexamethasone resistance in relapsed/refrac-
tory multiple myeloma. Blood 116:3065, 2010 (abstract)


