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Background and Objectives. Several molecular and
cytogenetic advances have suggested novel ther-
apeutic strategies that could help reach an eventu-
al cure for multiple myeloma (MM). 

Evidence and Information Sources. Identification
of novel, MM-specific molecular targets should pave
the way for drugs that can specifically attack the
neoplastic cells while sparing the normal ones.
Drugs that alter the marrow microenvironment
– such as bisphosphonates, proteasome inhibitors
(e.g. PS-341/LDP341), lactacystin or LLNV com-
pounds – induce apoptosis or G1 growth arrest and
alter the adhesion of MM cells to marrow stroma.
These drugs that modify the microenvironment have
a more solid scientific basis and may, therefore,
have more realistic implications in MM treatment.
Of these, novel vascular endothelial growth factor
(VEGF) inhibitors, such as SU5416 and SU6668,
block tumor-cell adhesion and could disrupt MM
cell proliferation. Similarly, tyrosine kinase inhibitors
(TKI) such as fibroblast growth factor receptor
(FGFR) inhibitors, may serve when the FGFR3 gene
is overexpressed due to the t(4;14)(p16.3;q32)
and/or is activated by point mutations. In cases
carrying the translocation and expressing the
IgH/WHSC1-MMSET hybrid transcripts, histone
deacetylase (HDAC) inhibitors could be useful, but
their possible clinical use needs to be supported by
more biological studies. Tumor necrosis factor α-
related apoptosis-inducing ligand (TRAIL) induces
apoptosis in MM cell lines and primary cells. The
proliferative signaling pathway of FGFR3 is mediat-
ed by Ras (Ras-activating mutations are frequently
found in MM), which presents a possible target for
farnesyltransferase inhibitors (used alone or in asso-
ciation with IFN-α).

Perspectives. In several of these options, preclinical
studies have proved encouraging, and clinical trials
are now getting underway.
©2001, Ferrata Storti Foundation
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Multiple myeloma (MM) affects terminally
differentiated B-cells (plasma cells) and
runs a progressive clinical course, the

median survival of patients treated with conven-
tional chemotherapy usually being 3 to 4 years.1
Most patients with MM have symptomatic disease
at diagnosis and require therapy. Recent advances
in the management of MM include the use of
high-dose chemo(radio)therapy followed by autol-
ogous or allogeneic transplantation of hematopoi-
etic stem cells.2 Although such strategies improve
the clinical outcome and lengthen survival, strin-
gently defined complete remission (CR) is achieved
in only 20-40% of patients, most of whom subse-
quently relapse.2-4

In the last few years, molecular biology studies
have provided new important insights into the
pathogenesis of MM. The precursor cell in MM
appears to be a cytoplasmic my+ B cell that has
undergone antigen selection and somatic hyper-
mutation in the lymph node, but which has not
yet switched isotype class.5,6

Several advances have been reported in MM,
mostly in the field of biological knowledge.  In par-
ticular, the survival and proliferation of MM cells
are largely dependent on a supportive microenvi-
ronment. Interleukin-6 (IL-6), present in the bone
marrow microenvironment, is known for its abili-
ty to support cell growth and protect MM cells
from the apoptotic effects of corticosteroids. 
Therapy targeting IL-6 (or its pathway), may be of
oncoming promise on MM cells. Furthermore,
angiogenesis is also prominent in the pathogene-
sis of MM. Vascular endothelial growth factor
(VEGF) is one of the important endogenous factors
that promote angiogenesis. An understanding of
the process of angiogenesis in myeloma is neces-
sary, because its inhibition offers promising prog-
nostic and therapeutic implications. In addition to
immunomodulatory and cytokine-modulatory
properties, thalidomide has antiangiogenic activ-
ity. It has been investigated in a number of cancers
including multiple myeloma. Its role has been best
explored in myeloma, in which, at daily doses of



100 to 800 mg, is remarkably active, causing clin-
ically meaningful responses in one-third of exten-
sively pretreated patients (Tosi et al. manuscript
submitted). It also acts synergistically with corti-
costeroids and chemotherapy in myeloma. 

The bisphosphonates provide effective therapy for
the skeletal complications of multiple myeloma.
Although the earliest bisphosphonates had poor
bioavailability and relatively low potency, newer
compounds such as pamidronate and zoledronic
acid have greater potency. Bisphosphonates block
the development of monocytes into osteoclasts and
are thought to promote apoptosis of osteoclasts.
These agents prevent osteoclasts from moving to
the bone surface and seem to inhibit the production
of bone-resorbing cytokines such as interleukin-6 by
bone marrow (BM) stromal cells. In addition, bis-
phosphonates seem to have a direct antimyeloma
effect by inducing apoptosis of malignant plasma
cells. 

Although cytogenetic analysis is only sometimes
successful, it has been demonstrated that translo-
cations involving the immunoglobulin (Ig) loci, pre-
dominantly involving the switch regions of the
heavy chain locus (IGH) at 14q32, are an almost
universal event in MM.6 A large array of chromo-
somal partners may be involved, including 4pl6.3,
6p25, 11q13, and l6q23, where the FGFR3 and
WHSC1/MMSET, MUM1/IRF4, cyclin D1 and c-MAF
putative target genes are located, respectively.7-12

Each of these genes can be structurally and/or
functionally deregulated by the translocation. Mul-
tiple partner chromosomes have been described.5,7,8

Some of the translocations have been cloned and
the oncogenes involved have been partially char-
acterized. For example, the translocation involving
the 4p16.3 breakpoints7-9 occurs 50-100Kb cen-
tromeric to the fibroblast growth factor receptor 3
(FGFR3) gene13 and within the 5' regions of a 
novel gene called WHSC1/MMSET.9,14

Microenviroment modifiers: bisphospho-
nates and proteasome inhibitors

MM cells accumulate in the BM microenviron-
ment, where they specifically adhere both to extra-
cellular matrix (ECM) proteins and BM stromal cells
(BMSCs).15 Subsequent changes in the profile of
cell-adhesion molecules are associated with migra-
tion of tumor cells into the peripheral blood dur-
ing progressive disease. One of the functional con-
sequences of their initial adhesion within the BM
microenvironment is that the MM cells are resis-
tant to apoptosis.  Bisphosphonates (such as zole-
dronic acid and ibandronate)16 (Table 1a), which

are also employed in current forms of MM thera-
py, block adhesion and could thus confer sensitiv-
ity to treatment by overcoming cell-adhesion-
mediated drug resistance.17

A further consequence of MM cell adhesion is
augmented transcription of IL-6 - which is both a
growth and survival factor for MM cells - leading
to high levels of secretion in BMSCs.18 The upreg-
ulation of IL-6 seems to depend partially on the
presence of the transcription factor NFκB.18 More-
over, tumor cell secretion of cytokines, such as
transforming growth factor β (TGFβ), further pro-
motes IL-6 transcription and secretion in BMSCs.19

Another promising therapeutic approach could
thus take advantage of the particular characteris-
tics of proteasome inhibitors. 

Proteasome inhibitors induce  apoptosis of tumor
cells even with accumulation of p21, p27 and Bax.20

These novel drugs have been shown to be capable
of inhibiting activation of NFκB21 and inducing
apoptosis22-24 in MM cells that are resistant to con-
ventional therapy. Indeed, recent studies suggest
that proteasome inhibitors such as PS-341/LDP341,
lactacystin or LLNV compounds20,25 could have a
role in inhibiting the NFκB-dependent upregula-
tion of IL-6 in BMSCs and the related paracrine
growth of adherent MM cells.24,25 Moreover, pro-
teasome inhibitors are synergistic with dexam-
ethasone, at least  in an asthma model.20 PS-341 in
particular has demonstrated marked in vivo anti-
tumor activity in several human and murine mod-
els, and is effective in both MM-derived cell lines
and primary MM cells.20 Phase I clinical tests on
PS-341 are nearing completion and its toxicity pro-
file appears acceptable.20

Tyrosine kinase (TK) inhibitors
Receptor TKs (RTKs)  are a family of enzymes that

play crucial roles in the proliferation, survival, dif-
ferentiation and metabolism of cells. RTKs can be
divided into several subfamilies. A large superfam-
ily of RTKs includes a series of growth factor recep-
tors, such as fibroblast growth factor receptors
(FGF-Rs), platelet-derived growth factor receptor
(PDGF-R) and vascular endothelial growth factor
receptor (VEGF-R) (Figures 1 and 2). All these RTKs
are commonly expressed on endothelial cells,
except for VEGF which exhibits more restricted
expression on endothelial cells than on other cell
types, and is not generally found on MM cells.

The FGF family of soluble growth factors are
structurally related proteins with a high heparin-
binding affinity that exhibit a variety of biological
functions following  binding to membrane FGF-Rs.
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Table 1a. Different categories of drugs and their mechanisms of activity and specificity.

Category: Microenviroment modifiers: bisphosphonates and proteasome inhibitors

Drug Mechanism of action

Bisphosphonates Block adhesion and could thus confer sensitivity to treatment by overcoming cell-adhesion-mediated 
drug resistance; induce tumor cell apoptosis16, 17

Zoledronic acid (ZOMETA) Inhibits osteoclast hyperactivity and induces tumor cell apoptosis
Ibandronate Blocks adhesion and could thus confer sensitivity to treatment, and inhibits osteoclast hyperactivity and 

induces tumor cell apoptosis

Proteasome inhibitors Induce apoptosis of tumor cells even with accumulation of p21, p27 and Bax20-25

PS-341/LDP341 Marked in vivo antitumor activity in several human and murine models20

Lactacystin Marked in vivo antitumor activity in several human and murine models25

LLNV Marked in vivo antitumor activity in several human and murine models25

Table 1b. Different categories of drugs and their mechanisms of activity and specificity.

Category: Tyrosine kinase (TK) inhibitors

Drug Mechanism of action

Quinazolines Inhibitors of EGF-R, Her-2,PDGF-R, VEGF-R, FGF-Rs and CSF-1R TKs27

SU9902 Inhibits VEGF-R and FGFR-I
SU9803 Inhibits VEGF-R and FGFR-I
ZD4190 Inhibits VEGF-R27

ZD6474 Inhibits VEGF-R28

Pyridopyrimidines Inhibit EGF-R, PDGF-R,  c-Src TKs, and FGF-Rs 
PD166285 Inhibits FGFR-I, PDGF-R and c-Src kinases28, 29

PD173074 Inhibits effect on FGFR-I30

STI571 (GLIVEC) PDGF-R, c-kit and ABL-specific TK inhibitor31

Table 1c. Different categories of drugs and their mechanisms of activity and specificity.

Category: Histone deacetylase (HDAC) inhibitors

Drug Mechanism of action

Depsipeptide FR901228 Histone deacetylase inhibition36

SAHA Histone deacetylase inhibition37

Table 1d. Different categories of drugs and their mechanisms of activity and specificity.

Category: TRAIL 

Drug Mechanism of action

Apo-2 ligand (Apo2L) Induces apoptosis in sensitive target cells like another TNF-family member, the Fas/APO-1/CD95 ligand (CD95L)48,49

(continue in next page)
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Table 1e. Different categories of drugs and their mechanisms of activity and specificity.

Category: VEGF inhibitors

Drug Mechanism of action

Thalidomide Anti-angiogenic agent in MM50-53

SU5416 Inhibitor affecting the VEGF-R RTK32

SU6668 RTK inhibitor associated with Flk-1, FGF-R1 and PDGF-R, and has been shown to inhibit  both VEGF- and FGF-dependent  proliferation32

Table 1f. Different categories of drugs and their mechanisms of activity and specificity.

Category: FTI inhibitors

Drug Mechanism of action

CAAX peptidomimetics, Inhibit tumor cell growth in vitro as well as in vivo55-57

farnesyldiphosfonate analogs
and bi-substrate analogs

SCH-66336 Inhibits  farnesyltransferase60

R115777 Inhibits  farnesyltransferase61

Figure 1. Receptor tyrosine kinases involved in MM growth.
The growth of MM plasma cells is dependent on growth fac-
tors derived from the tumor itself (autocrine stimulation) or
from the bone marrow microenvironment (paracrine stimu-
lation). Fibroblast growth factor (FGF) is secreted by bone
marrow stromal cells, leading to enhanced growth and sur-
vival. Vascular endothelial growth factor (VEGF), is secret-
ed both by BMSC and MM cells. VEGF and FGF can stimu-
late the branching, extension and survival of endothelial
cells, resulting in the formation of new blood vessels during
tumor angiogenesis.



FGF-Rs are expressed on many cell types and can
be grouped into four subtypes (FGF-R1 to FGF-R4).
The ability of the FGF-R to bind their  related mito-
genic FGFs leads to the activation of complex sig-
naling pathways.13,14

In MM patients a consistent involvement of
FGFR-3 in cell transformation has been suggested.
In the presence of the t(4;14) translocation found
in MM patients, the FGFR3 gene is overexpressed,26

and activating point mutations have been found in
the deregulated gene in some MM cell lines and
primary tumors.7,8,26 This suggests that the FGFR3
gene may play a critical role in the malignant
transformation and/or progression of MM. 

During the past decade, various small-molecule
FGF-R1 kinase inhibitors have been isolated as
potential therapeutic agents for solid tumors (Table
1b). With regard to the mechanism of action, most
of these agents compete for binding with ATP in
the vicinity of the intracellular catalytic core of
FGFRs: they include SU9902 and SU9803 by SUG-
EN, both exerting  a similar TK inhibition on either
VEGF or FGFR-1.  

With regard to specificity of action, most of these
TK inhibitors shared inhibitory activity with similar
receptors (such as FGFR-1 and FGFR-3) or classes
of receptors (but with different efficacy).  In this
regard, quinazolines were synthesized and found to
be inhibitors of EGF-R, Her-2, PDGF-R, VEGF-R,
FGF-Rs and CSF-1R TKs.27 Pyridopyrimidines were

found to inhibit EGF-R, PDGF-R, c-Src TKs, and FGF-
Rs. The quinazoline-derived compound ZD4190 was
found to inhibit VEGF-R but to be inactive against
FGF-R.27 In addition, ZD647428 – a compound more
compatible with once-daily oral dosing – exhibits
nanomolar inhibition of  VEGF receptors, but with
sub-micromolar potencies against EGF-R and FGF-
R1. This drug, which is currently being assessed in
phase I clinical trials for the treatment of solid
tumors, could be used in MM patients in the future.  

As with 4-phenylamido-quinazolines, pyridopy-
rimidines were first discovered as highly selective
and potent inhibitors of RTKs. These compounds
are selective for FGF-Rs and for EGF-R, PDGF-R,
and c-Src kinases. PD166285 exhibits nanomolar
inhibition of FGFR-1, PDGF-R and c-Src kinases.28,29

Modification of the substituents on core resulted
in inhibitors with different kinase selectivity pro-
files. For example, PD173074 exerts a strong and
selective inhibitory effect on FGFR-1 without
affecting other TK activities associated with PDGF-
R, EGF-R and c-Src. In particular, the compound
specifically inhibits FGF-stimulated growth and
formation of microcapillaries and has anti-angio-
genic and antitumor activity.30 It is therefore rea-
sonable to suppose that PD173074 will soon
become available for phase I clinical studies, as is
the case with STI571 – produced by Novartis as
GLIVEC®‚ an ABL-specific TK inhibitor (but STI571
is also effective at nanomolar concentrations on
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Figure 2. Receptor tyrosine kinases
regarded as candidate therapeutic
targets. RTKs share a common
structure with highly conserved
homology motifs. They all have an
extracellular domain with cystein-
rich or Ig-like motifs, and an intra-
cellular kinase domain. Some RTKs
(i.e., VEGF-R, PDGF-R, FGF-Rs, EGF-
R) have been strongly implicated as
therapeutic targets. Examples of
the synthetic inhibitors already
developed are indicated in red.



c-KIT and PDGFR) that has already entered clinical
studies in Philadelphia-positive chronic myeloid
leukemia patients.31

Recent data demonstrating that the deregulated
FGFR3 protein is involved in the MAPK activation
pathway point to the possibility of molecular-based
therapeutic approaches aimed at opposing the role
of FGFR3 in neoplastic processes. Although no spe-
cific FGFR-3 inhibitor have yet been reported, FGFR
inhibitors are widely considered to be good candi-
dates for the treatment of a subset of MM patients.
For example, 3-substituted indolin-2-one inhibitors
have been identified as inhibitors of various RTK
including VEGF-R, FGF-R, and PDGF-R;32, 33 these are
discussed in the section on VEGF which follows. 

Histone deacetylase (HDAC) inhibitors
The question of how post-translational modifi-

cation of histones – and particularly their acetyla-
tion – affects chromatin structure and transcrip-
tional regulation has attracted considerable atten-
tion. Many transcription activators form complex-

es with histone acetyltransferases, which are
thought to facilitate transcription by loosening the
interactions between histones and DNA.34,35 Vice
versa, the removal of acetyl groups from histones
is thought to cause tighter nucleosomal packaging
of DNA, and many transcriptional repressors inter-
act with HDAC, either directly or through adaptor
proteins. Such interactions have also been
described for transcription factors involved in
leukemias.35 The body of data highlighting the
importance of histone acetylation pattern disrup-
tion in the development of both solid and hema-
tological neoplasms suggests that HDAC inhibitors
could provide a promising new therapeutic oppor-
tunity (Table 1c).

In the context of MM, a possible target for HDAC
inhibitors is offered by the product of the
WHSC1/MMSET gene. This gene, which has been
proposed as a candidate for Wolf-Hirschhorn mal-
formation syndrome,13 is deregulated by the t(4;14)
in a subset of MM patients. The breakpoints on
4p16.3 fall within the 5' introns of the gene, result-
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Figure 3. Apo-2L/TRAIL-induced apoptosis. Molecular mechanisms underlying the pro-apoptotic action of TRAIL and other TNFαα
family members (see text for details).



ing in the formation of IgH/MMSET fusion tran-
scripts.14 The latter could provide a marker for the
identification of MM patients carrying the t(4;14)
translocation. Whereas WHSC1/MMSET is general-
ly expressed at relatively low levels in MM cell lines,
in the presence of the t(4;14) it tends to be overex-
pressed due to juxtaposition with powerful IgH
enhancers. WHSC1/MMSET is normally expressed in
early developmental stages, particularly in rapidly
growing tissues.9,13 The functional role of its protein
product is currently unknown. However, amino acid
sequence analysis has revealed the presence of a
SET domain, two zinc finger motifs and a PWWP
domain,14 all of which are usually found in proteins
involved in transcriptional regulation and/or chro-
matin remodeling. If WHSCH1/MMSET also turns
out to exert these functions, it could represent an
attractive target for HDAC inhibitors, such as
FR901228 (Depsipeptide)36 or SAHA.37

TRAIL
The recently cloned TNFα-related apoptosis-

inducing ligand (TRAIL)38-40 – also known as the
Apo-2 ligand (Apo2L) – has been found to induce
apoptosis in sensitive target cells as does another
TNF-family member, the Fas/APO-1/CD95 ligand
(CD95L),41-43 The two ligands share similarities in
terms of target selectivity and intracellular signal-
ing pathway(s). Recent results indicate that TRAIL
seems to complement the activity of the CD95 sys-
tem, as it allows otherwise resistant cells to under-
go apoptosis triggered by specific extracellular lig-
ands.44 Otherwise, TRAIL actively suppresses human
mammary adenocarcinoma growth in mice without
any of the strongly toxic effects associated with in
vivo use of TNF or the Fas ligand (CD95L).45 It thus
seems to be a more promising candidate for clini-
cal trials (Table 1d).

TRAIL can trigger apoptosis by binding specific
molecules termed death receptors (DRs), which in
turn activate caspase-8 and the caspase cascade.
The best-characterized DRs and their cognate lig-
ands include TNFR1/TNF-α, Fas/FasL, DR4/TRAIL-
R1, DR5/TRAIL-R2 and DR3/Apo3L45 (Figure 3). The
intracellular signaling that links TRAIL/DRs to cas-
pase-8 remains unclear. However, studies of Fas
and TNFR1 signaling pathways show that DRs bind,
through a stretch of 80 amino acids called the
death domain (DD), to the adapter protein FADD.46

This can occur either directly, as in Fas-induced
apoptosis, or indirectly, via another adapter pro-
tein named TRADD,47 as in TNFR1-induced apopto-
sis. FADD, in turn, interacts with caspase-8 via its
DD. This subsequently activates downstream effec-

tor caspases that lead to apoptosis, such as cas-
pases-3, -6, and -7.  TRAIL  was found to be a
potent inducer of apoptosis in primary MM cells
and also to be non-cytotoxic for hematopoietic
stem cells.48 The amount of  apoptosis correlated
with the time and dose of  TRAIL treatment.49 Pri-
or chemotherapy drives overexpression of DR4 and
DR5 on cells surface, thereby priming the effect of
TRAIL, which can thus be considered an attractive
candidate for sequential chemotherapy protocols. 

VEGF inhibitors
Recent studies suggest that adhesion of MM cells

to BMSCs upregulates VEGF secretion by BMSCs
and tumor cells.50-53 This increase in VEGF may par-
tially account for increased angiogenesis in human
myeloma BM. It is under evaluation whether VEGF
is also a growth and/or survival factor for MM cells
(but preliminary studies54 suggest that VEGF
induces MAPK activation and proliferation of some
MM cells, and that VEGF receptor inhibitors are
able to block tumor cell proliferation) (Table 1e).
Angiogenesis is critical for MM progression.52 In
recent years, considerable efforts in the develop-
ment of anti-angiogenic cancer drugs have been
directed at growth factors and growth factor
receptors involved in endothelial cell proliferation.
For instance, based upon its anti-angiogenic activ-
ity, thalidomide50-52 (as well as fumagilins) was
recently reported to be very effective in the treat-
ment of MM patients, including those refractory to
conventional therapy.52 Although thalidomide may
act as an anti-angiogenic agent in MM, the drug
(and/or its in vivo metabolites) has many other
potential mechanisms of action.53

Other efforts have been made to discover anti-
angiogenic drugs that target VEGF and one of its
receptors, VEGF-R2 (i.e. flk-1) as well as bFGF and
its receptor. Many small angiogenesis-inhibitor mol-
ecules have been identified.32 In particular, selective
inhibitors affecting the VEGF-R RTK (not expressed
on MM cells but expressed by BMSC) have been dis-
covered, including SU5416 and SU6668 (SUGEN San
Diego, CA, USA).  These two drugs are currently in
late and early clinical evaluations, respectively, for
the treatment of solid tumors. In addition, SU6668
was shown to be localized in the ATP binding sites
of the FGF-R1 catalytic core32 – and FGF-R1 is sim-
ilar to FGF-R3.  This suggests that SU6668 exerts
effects on both VEGF-R and FGF-R, two important
RTKs involved in the pathogenesis of MM. Indeed,
SU6668 has been identified as  an RTK inhibitor
associated with Flk-1, FGF-R1 and PDGF-R, and has
been shown to inhibit  both VEGF- and FGF-depen-
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dent  proliferation.32 It is now known that SU6668
is a potent antiangiogenic and antitumoral agent
capable of inducing regression of established tumors
in the hematopoietic NIH 3T3 cell line.54 Thus,
SU6668 appears to be another attractive candidate
for MM therapy (Table 2). 

FTI inhibitors
The proliferative pathway of FGFR3 is mediated by

Ras signaling.55-57 Furthermore, the Ras-activating
mutation is frequent in MM patients at diagnosis
and, even to a greater extent, in advanced disease.58

For these reasons, the Ras protein is another poten-
tial target for specific therapy59 – either alone or in
association with IFN-α –  in sensitive, refractory, or
relapsed MM patients. Membrane association of Ras
protein is required for its biological functions. The
critical step of Ras post-translational modification is
mediated by the cytosolic enzyme farnesyltrans-
ferase (Ftase), which catalyzes farnesylation on the
sulfur of the cysteine residue in the CAAX motif of
the Ras protein. New anti-tumor agents have been
designed which target this enzyme. Several potent
Ftase inhibitors (FTIs) have been described (Table 1f),
including both natural products and synthetic com-
pounds.59 They can be divided into three main class-
es, namely, CAAX peptidomimetics, farnesyldiphos-
fonate analogs and bi-substrate analogs.  These FTIs
are all potent inhibitors of tumor cell growth in vit-
ro as well as in vivo; potential candidates for clinical
treatment include SCH-66336 and R115777.60,61

However, the potential of FTIs, either alone or in
association with specific FGFR3 TK inhibitors or IFN-
α therapy, for the treatment of MM is currently
unknown.

Conclusions
Any or all these perspective therapies could offer

great promise for improving the outcomes of MM
patients.62,63 There is now much optimism about the
possibility of finding selective anticancer drugs that
should eliminate the cytotoxic effects associated
with conventional chemotherapy for MM. This hope
is based on the identification of various novel mol-
ecular targets that are MM-specific. This should pave
the way for drugs that can specifically attack the
neoplastic cells while sparing the normal ones. Thus
far, encouraging results have been obtained with
several of these novel agents only at the preclinical
level. This hope is based on the identification of var-
ious novel molecular targets that are MM specific.
(Table 2). The clinical phase is now getting underway.
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Table 2. Drugs already in clinical trials and biopharmaceutical companies involved in these trials.

Drug Status Manufacturer

Zd6474  Phase I Astrazeneca
Pd173074 Phase I Pfizer
Sti571 (Glivec) Phase III Novartis Pharma Ag
Fr901228 (Depsipeptide) Phase I Developmental Therapeutics Program, Division Of Cancer Treatment, National Cancer Institute
Saha (Suberoylanilide Hydroxamic Acid) Phase I Dewitt Wallace Research Laboratories
Zoledronic Acid (Zometa) Phase III Novartis Pharma Ag
Ibandronate (Bondronat) Phase I-II Roche
Ps-341/Ldp341 Phase II Proscript - Millenium
Apo2l/Trail Candidate for clinical trials Genentech - Immunex
Su5416 Phase III Sugen
Su6668 Phase I Sugen
Sch-66336 Phase I Schering-Plough
R115777 Phase I-II Janssen-Cilag



References

1. San Miguel JF, Blade Creixenti J, Garcia-Sanz R.
Treatment of multiple myeloma. Haematologica
1999; 84:36-58.

2. Martinelli G, Terragna C, Zamagni E, et al. Molecu-
lar remission after allogeneic or autologous 
transplantation of hematopoietic stem cells for
multiple myeloma. J Clin Oncol 2000; 18:2273-81.

3. Cavo M, Terragna C, Martinelli G, et al. Molecular
monitoring of minimal residual disease in patients
in long-term complete remission after allogeneic
stem cell transplantation for multiple myeloma.
Blood 2000; 96:355-7.

4. Lemoli RM, Martinelli G, Zamagni E, et al. Engraft-
ment, clinical, and molecular follow-up of patients
with multiple myeloma who were reinfused with
highly purified CD34+ cells to support single or tan-
dem high-dose chemotherapy. Blood 2000; 95:
2234-9.

5. Tosi P, Ronconi S, Zamagni E, et al. Salvage thera-
py with Thalidomide in multiple myeloma patients
relapsing after autologous peripheral blood stem
cell transplantation. Haematologica 2001; 86:409-
13.

6. Bergsagel PL, Chesi M, Nardini E, Brents LA, Kirby
SL, Kuehl WM. Promiscuous translocations into
immunoglobulin heavy chain switch regions in
multiple myeloma. Proc Natl Acad Sci USA 1996;
93:13931-6.

7. Richelda R, Ronchetti D, Baldini L, et al. A novel
chromosomal translocation t(4;14)(p16.3;q32) in
multiple myeloma involves the fibroblast growth-
factor receptor 3 gene. Blood 1997; 90:4062-70.

8. Chesi M, Nardini E, Brents LA, et al. Frequent
translocation t(4:14)(p16.3;q32.3) in multiple
myeloma is associated with increased expression
and activating mutations of fibroblast growth 
factor receptor 3. Nat Genet 1997; 16:260-4.

9. Chesi M, Nardini E, Lim RS, Smith KD, Kuehl WM,
Bergsagel PL. The t(4;14) translocation in myeloma
dysregulates both FGFR3 and a novel gene, MMSET,
resulting in IgH/MMSET hybrid transcripts. Blood
1998; 92:3025-34.

10. Stamatopoulos K, Kosmas C, Belessi C, et al. Mole-
cular analysis of bcl-1/IgH junctional sequences in
mantle cell lymphoma: potential mechanism of the
t(11;14) chromosomal translocation. Br J Haema-
tol 1999; 105:190-7.

11. Chesi M, Bergsagel PL, Shonukan OO, et al. Fre-
quent dysregulation of the c-maf proto-oncogene
at 16q23 by translocation to an Ig locus in multi-
ple myeloma. Blood 1998; 91:4457-63.

12. Iida S, Rao PH, Butler M, et al. Deregulation of
MUM1/IRF4 by chromosomal translocation in mul-
tiple myeloma. Nat Genet 1997; 17:226-30.

13. Thompson LM, Plummer S, Schalling M, et al. A
gene encoding a fibroblast growth factor receptor
isolated from the Huntington disease gene region
of human chromosome 4. Genomics 1991; 11:
1133-42.

14. Stec I, Wright TJ, van Ommen GJ, et al. WHSC1, a
90 kb SET domain-containing gene, expressed in

early development and homologous to a Drosophi-
la dysmorphy gene maps in the Wolf-Hirschhorn
syndrome critical region and is fused to IgH in
t(4;14) multiple myeloma. Hum Mol Genet 1998; 7:
1071-82.

15. Teoh G, Anderson KC. Interaction of tumor and host
cells with adhesion and extracellular matrix mole-
cules in the development of multiple myeloma.
Hematol Oncol Clin North Am 1997; 11:27-42.

16. Berenson JR. New advances in the biology and
treatment of myeloma bone disease. Semin Hema-
tol 2001; 38:(Suppl 3)15-20.

17. Damiano JS, Cress AE, Hazlehurst LA, Shtil AA, Dal-
ton WS. Cell adhesion mediated drug resistance
(CAM-DR): role of integrins and resistance to apop-
tosis in human myeloma cell lines. Blood 1999;
93:1658-67.

18. Chauhan D, Uchiyama H, Akbarali Y, et al. Multiple
myeloma cell adhesion-induced interleukin-6
expression in bone marrow stromal cells involves
activation of NF-κB. Blood 1996; 87:1104-12.

19. Urashima M, Ogata A, Chauhan D, et al. Trans-
forming growth factor β1: differential effects on
multiple myeloma versus normal B cells. Blood
1996; 87:1928-38.

20. Hideshima T, Richardson P, Chauhan D, et al. The
proteasome inhibitor PS-341 inhibits growth,
induces apoptosis, and overcomes drug resistance
in human multiple myeloma cells. Cancer Res 2001;
61:3071-6.

21. Palombella VJ, Rando OJ, Goldberg AL, Maniatis T.
The ubiquitin proteasome pathway is required for
processing the NF-κB1 precursor protein and the
activation of NF-κB. Cell 1994; 78:773-85.

22. Van Antwerp DJ, Martin SJ, Kafri T, Green DR, Ver-
ma IM. Suppression of TNF-α-induced apoptosis by
NF-κB. Science 1996; 274:787-9.

23. Beg AA, Baltimore D. An essential role for NF-κB in
preventing TNF-α-induced cell death. Science
1996; 274:782-4.

24. Wang CY, Mayo MW, Baldwin AS Jr. TNF- and can-
cer therapy-induced apoptosis: potentiation by
inhibition of NF-κB. Science 1996; 274:784-7.

25. Masdehors P, Omura S, Merle-Beral H, et al.
Increased sensitivity of CLL-derived lymphocytes to
apoptotic death activation by the proteasome-spe-
cific inhibitor lactacystin. Br J Haematol 1999; 105:
752-7.

26. Van Camp B. New insight into myeloma biology.
Haematologica 2000; http://www.haematologi-
ca.it/free/eha5_edu_vancamp.pdf.

27. Wedge SR, Ogilvie DJ, Dukes M, et al. ZD4190: an
orally active inhibitor of vascular endothelial growth
factor signaling with broad-spectrum antitumor
efficacy. Cancer Res 2000; 60:970-5.

28. Sun L, McMahon G. Inhibition of tumor angiogen-
esis by synthetic receptor tyrosine kinase inhibitors.
Drug Discov Today 2000; 5:344-53.

29. Mohammadi M, McMahon G, Sun L, et al. Struc-
tures of the tyrosine kinase domain of fibroblast
growth factor receptor in complex with inhibitors.
Science 1997; 276:955-60.

30. Mohammadi M, Froum S, Hamby JM, et al. Crystal
structure of an angiogenesis inhibitor bound to the

G. Martinelli et al.916

haematologica vol. 86(9):september 2001



FGF receptor tyrosine kinase domain. EMBO J 1998;
17:5896-904.

31. Druker BJ, Talpaz M, Resta DJ, et al. Efficacy and
safety of a specific inhibitor of the BCR-ABL tyro-
sine kinase in chronic myeloid leukemia. N Engl J
Med 2001; 344:1031-7.

32. Laird AD,  Vajkoczy P, Shawver LK, et al. SU6668 is
a potent antiangiogenic and antitumor agent that
induces regression of established tumors. Cancer
Res 2000; 60:4152-60.

33. Sun L. J Med Chem, in press.
34. Kim MS, Kwon HJ, Lee YM, et al. Histone deacety-

lases induce angiogenesis by negative regulation
of tumor suppressor genes. Nat Med 2001; 7:437-
43.

35. Ferrara FF, Fazi F, Bianchini A, et al. Histone de-
acetylase-targeted treatment restores retinoic acid
signaling and differentiation in acute myeloid
leukemia. Cancer Res 2001; 61:2-7.

36. Byrd JC, Shinn C, Ravi R, et al. Depsipeptide
(FR901228): a novel therapeutic agent with selec-
tive, in vitro activity against human B-cell chronic
lymphocytic leukemia cells. Blood 1999; 94:1401-
8.

37. Richon VM, Sandhoff TW, Rifkind RA, Marks PA.
Histone deacetylase inhibitor selectively induces
p21WAF1 expression and gene-associated histone
acetylation. Proc Natl Acad Sci USA 2000; 97:
10014-9.

38. Suda T, Takahashi T, Golstein P, Nagata S. Molecu-
lar cloning and expression of the Fas ligand, a nov-
el member of the tumor necrosis factor family. Cell
1993; 75:1169-78.

39. Wiley SR, Schooley K, Smolak PJ, et al. Identifica-
tion and characterization of a new member of the
TNF family that induces apoptosis. Immunity 1995;
3:673-82.

40. Pitti RM, Marsters SA, Ruppert S, Donahue CJ,
Moore A, Ashkenazi A. Induction of apoptosis by
Apo-2 ligand, a new member of the tumor necro-
sis factor cytokine family. J Biol Chem 1996; 271:
12687-90.

41. Suda T, Nagata S. Purification and characterization
of the Fas-ligand that induces apoptosis. J Exp Med
1994; 179:873-9.

42. Krammer PH, Dhein J, Walczak H, et al. The role of
APO-1-mediated apoptosis in the immune system.
Immunol Rev 1994; 142:175-91.

43. Nagata S, Golstein P. The Fas death factor. Science
1995; 267:1449-56.

44. Wen J, Ramadevi N, Nguyen D, Perkins C, Worthing-
ton E, Bhalla K. Antileukemic drugs increase death
receptor 5 levels and enhance Apo-2L-induced
apoptosis of human acute leukemia cells. Blood
2000; 96:3900-6.

45. Ashkenazi A, Dixit VM. Death receptors: signaling
and modulation. Science 1998; 281:1305-8.

46. Chinnaiyan AM, O’Rourke K, Tewari M, Dixit VM.
FADD, a novel death domain-containing protein,
interacts with the death domain of Fas and initiates
apoptosis. Cell 1995; 81:505-12.

47. Hsu H, Xiong J, Goeddel DV. The TNF receptor 1-

associated protein TRADD signals cell death and
NF-κ B activation. Cell 1995; 81:495-504.

48. Gazitt Y. TRAIL is a potent inducer of apoptosis in
myeloma cells derived from multiple myeloma
patients and is not cytotoxic to hematopoietic stem
cells. Leukemia 1999; 13:1817-24.

49. Gazitt Y, Shaughnessy P, Montgomery W. Apopto-
sis-induced by TRAIL AND TNF-α in human multi-
ple myeloma cells is not blocked by BCL-2. Cytokine
1999; 11:1010-9.

50. Singhal S, Melita J, Desikan R, et al. Antitumor
activity of thalidomide in refractory multiple
myeloma. N Engl J Med 1999; 341:1565-71.

51. Raje N, Anderson K. Thalidomide: a revival story. N
Engl J Med 1999; 341:1606-9.

52. Corral LG, Haslett PA, Muller GW, et al. Differential
cytokine modulation and T cell activation by two
distinct classes of thalidomide analogues that are
potent inhibitors of TNF-α. J Immunol 1999; 163:
380-6.

53. Hideshima T, Chauhan D, Shima Y, et al. Thalido-
mide and its analogs overcome drug resistance of
human multiple myeloma cells to conventional
therapy. Blood 2000; 96:2943-50.

54. Sun L, Tran N, Liang C, et al. Design, synthesis, and
evaluations of substituted 3-[(3- or 4-carboxy-
ethylpyrrol-2-yl)methylidenyl]indolin-2-ones as
inhibitors of VEGF, FGF, and PDGF receptor tyro-
sine kinases. J Med Chem 1999; 42:5120-30.

55. Lobell RB, Kohl NE. Pre-clinical development of far-
nesyltransferase inhibitors. Cancer Metastasis Rev
1998; 17:203-10.

56. Lebowitz PF, Prendergast GC. Non-Ras targets of
farnesyltransferase inhibitors: focus on Rho. Onco-
gene 1998; 17:1439-45.

57. Ogata A, Chauhan D, Teoh G, et al. IL-6 triggers cell
growth via the Ras-dependent mitogen-activated
protein kinase cascade. J Immunol 1997; 159:
2212-21.

58. Drach J, Kaufmann H, Urbauer E, Schreiber S, Ack-
ermann J, Huber H. The biology of multiple myelo-
ma. J Cancer Res Clin Oncol 2000; 126:441-7.

59. Reuter CW, Morgan MA, Bergmann L. Targeting the
Ras signaling pathway: a rational, mechanism-
based treatment for hematologic malignancies?
Blood 2000; 96:1655-69.

60. Adjei AA, Davis JN, Bruzek LM, Erlichman C, Kauf-
mann SH. Synergy of the protein farnesyltrans-
ferase inhibitor SCH66336 and cisplatin in human
cancer cell lines. Clin Cancer Res  2001; 7:1438-45. 

61. Karp JE, Lancet JE, Kaufmann SH, et al. Clinical and
biologic activity of the farnesyltransferase inhibitor
R115777 in adults with refractory and relapsed
acute leukemias: a phase 1 clinical-laboratory cor-
relative trial. Blood 2001; 97:3361-9.

62. Anderson KC. Strategies to improve the outcome of
stem cell transplantation in multiple myeloma.
Haematologica 2000; http://www.haematologi-
ca.it/free/eha5_edu_anderson.pdf

63. Harousseau JL. High dose therapy in multiple myelo-
ma. Haematologica 2000; http://www.haematolo-
gica.it/free/eha5_edu_harousseau.pdf

Molecular therapy for multiple myeloma 917

haematologica vol. 86(9):september 2001




