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The t(4;14) translocation and FGFR3 overexpression in multiple
myeloma: prognostic implications and current clinical strategies
A Kalff and A Spencer

Multiple myeloma (MM) is a heterogeneous plasma cell disorder characterized by genetic abnormalities, including chromosomal
translocations, deletions, duplications and genetic mutations. Translocations involving the immunoglobulin heavy chain region
at chromosome 14q32 are observed in approximately 40% of patients with MM. Translocation of oncogenes into this region may
lead to their increased expression, contributing to disease initiation, disease progression and therapeutic resistance. The t(4;14)
translocation is associated with upregulation of the fibroblast growth factor receptor 3 (FGFR3) and the myeloma SET domain
protein. Patients with t(4;14) demonstrate an overall poor prognosis that is only partially mitigated by the use of the novel agents
bortezomib and lenalidomide; as such, an unmet medical need remains for patients with this aberration. Preclinical studies of
inhibitors of FGFR3 have shown promise in t(4;14) MM, and these studies have led to the initiation of clinical trials. Data from these
trials will help to determine the clinical utility of FGFR3 inhibitors for patients with t(4;14) MM and may pave the way for
personalized medicine in patients with this incurable disease.
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INTRODUCTION
Multiple myeloma (MM) is an incurable hematological disorder in
which malignant plasma cells accumulate in the bone marrow
and is primarily distinguished from other premalignant plasma
cell disorders, such as monoclonal gammopathy of unknown
significance or smoldering MM, by the presence of end-organ
damage as defined by the CRAB criteria: hypercalcemia, renal
impairment, anemia and bone disease.1 Although MM is
characterized by a range of genetic aberrations leading to hetero-
geneity in the patient population, the specific mechanisms
leading to the development of plasma cell disorders and
progression to symptomatic MM have not been fully elucidated.
Treatment options for patients with MM have improved
significantly within the past decade, resulting in improved
response rates and survival;2 however, a disparity remains for
patients with poor prognostic factors, including t(4;14). As has
been shown for other hematological malignancies,3 it is hoped
that patients with MM may similarly benefit from personalized
treatment strategies that target molecular mechanisms
contributing to their underlying disease.

MOLECULAR GENETICS OF MM
MM is characterized by significant molecular heterogeneity and
comprises two broad subtypes of disease that may reflect
different underlying oncogenetic pathways of evolution—one
characterized by chromosomal gains (hyperdiploidy) and the
other by structural changes (nonhyperdiploidy), most commonly
involving translocations of the IGH gene, located at 14q32.4–6

These translocations lead to the juxtaposition with and
subsequent dysregulation of putative oncogenes by immuno-
globulin heavy chain (IgH) control elements and have been

demonstrated to affect approximately 40% of patients with MM.7

The former and more frequently recognized abnormalities are
defined by recurrent chromosome gains that usually do not have
coexistent 14q32 translocations.8–10

These initial genetic insults are invariably followed by further
karyotypic instability that may result in further deletions and
secondary translocations and/or mutations.10 Characterization of
various genetic abnormalities among patients with MM and their
impact on prognosis has led to a disease-risk classification system
and suggested treatment recommendations.7

IgH translocations in MM
The IgH locus at 14q32 is transcriptionally active in B cells, and the
translocation of putative oncogenes to this region and their
subsequent dysregulated expression is considered a seminal
event in the pathogenesis of most B-cell malignancies, including
MM.11 Chromosomal translocations at 14q32 have been
implicated as early genetic lesions in the pathogenesis of some
cases of MM because of their presence in 35–50% of patients with
monoclonal gammopathy of unknown significance and smolder-
ing MM,10 although some variants may represent progression/
secondary translocations. There are several known translocations
of 14q32 with nonrandom partners, including the more commonly
observed t(4;14) and t(11;14) translocations (30% of patients
with MM) and the less common (p5% of patients) t(14;16),
t(6;14), t(8;14) and t(14;20) translocations (Table 1).11–17 These
translocations are associated with upregulation of oncogenes—
including D-type cyclins (cyclin D1, D2 and D3), MAF family
members (MafA, MafB and c-Maf), c-MYC, the myeloma SET
domain protein (MMSET) and the fibroblast growth factor receptor
3 (FGFR3)—and have been shown to influence patient prognosis
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(Table 1).7,18 Dysregulation of these genes and others not
specifically related to 14q32 translocations results in specific
gene-expression signatures that correlate with disease biology
and prognosis.5,19

Other genetic abnormalities in MM
In addition to 14q32 translocations, hyperdiploidy is a common
genetic abnormality in patients with MM and is typically
characterized by trisomy of odd-numbered chromosomes (3, 5,
7, 9, 11, 15 and 19),20 although the molecular basis for this is
currently unknown. As a group, patients with hyperdiploidy have
been recognized as having a better prognosis than the
nonhyperdiploid group.4,20

Both hyperdiploid and IgH translocation genetic events are
unified by the downstream upregulation of cyclins D1, D2 and/or
D3, which is then followed by further karyotypic instability.
Secondary chromosomal abnormalities, including deletions,
amplifications and additional translocations, may also adversely
affect outcomes.7 Deletions of chromosome 17p13 (the
chromosomal change associated with the poorest prognosis21)
and 13q14 have been observed in up to 10% and 50%,
respectively, of patients with MM, and both are associated
with a poor prognosis.7,22 Another important secondary event
correlating with disease progression is amplification of the long
arm of chromosome 1 (1q21). The amplification of 1q21 is absent
in patients with monoclonal gammopathy of unknown
significance but is observed in 43% of patients with newly
diagnosed MM and 72% of patients with relapsed MM23 and is
associated with a poor prognosis, particularly in the context of
other high-risk abnormalities, such as t(4;14) translocation.23

Somatic activating mutations of several oncogenes have also
been observed in MM, including FGFR3, NRAS and KRAS, and have
been correlated with clinical outcome.10

Despite the breadth of knowledge on the role of these
chromosomal aberrations in the prognosis of patients with MM,
there are currently no therapies that specifically target genes or
the pathways influenced by these genetic abnormalities. Data
from studies evaluating bortezomib and lenalidomide have
demonstrated that regimens with these novel agents are probably
more effective than more conventional therapeutic approaches in
patients with high-risk cytogenetic factors, but patients treated
with these agents develop resistance, and alternative, more
effective treatment strategies are urgently needed.24,25 The t(4;14)
translocation is one of the most prevalent IgH translocations in
MM, may be associated with ectopic expression of FGFR318 and is
associated with a poor prognosis.10 This review will focus on the
role of the t(4;14) translocation, the influence of this translocation
on FGFR3 expression and treatment strategies for patients whose
tumors harbor this chromosomal aberration.

THE T(4;14) TRANSLOCATION AND FGFR IN MM

Molecular characterization of the t(4;14) translocation

At the time of the discovery of the t(4;14)(p16.3;q32.2) transloca-
tion, the role of translocations involving the IgH locus at
chromosome 14q32 in B-cell malignancies was well characterized.
The karyotypically silent t(4;14) translocation, undetectable by
conventional cytogenetic analysis, was identified independently
by two groups utilizing southern blot analysis of cell line and
patient samples.18,26 The break points on chromosome 4 occurred
in a region mapping to the FGFR3 gene, which is 50–100 kb
telomeric to the 4p16 break points, and dysregulation of this gene
was noted in several of the samples analyzed.18,26

Subsequent to the initial observations, Chesi et al.27 reported
that another gene, MMSET, was also affected by the t(4;14)
translocation; the 4p16 break point occurs telomeric to and within
the 50 introns of MMSET, resulting in IgH/MMSET hybrid transcripts
and MMSET overexpression from endogenous promoters on
4p16 (Figure 1). From these studies, it was hypothesized that
dysregulation of both FGFR3 and MMSET contributes to neoplastic
transformation in MM with t(4;14). The t(4:14) translocation was
the first example of an IgH translocation that simultaneously
dysregulated two genes with oncogenic potential: FGFR3 on
der(14) and MMSET on der(4).27

The t(4;14) translocation is observed in approximately 15–20%
of patients with MM14,27 and is detected by interphase
fluorescence in situ hybridization or reverse transcriptase PCR.10

A majority of patients whose tumors harbor the t(4;14)
translocation also demonstrate deletion of chromosome 13q.12,28

Because of this strong association, it has been hypothesized that
deletion of chromosome 13q precedes the t(4;14) translocation in
the pathogenesis of MM.28 Indeed, these genetic aberrations have
been detected in patients with monoclonal gammopathy of
unknown significance and smoldering MM, as well as sympto-
matic MM, and it has recently been demonstrated that the
percentage of plasma cells that harbor the t(4;14) translocation or
13q deletion significantly increases with progression of disease,
thus suggesting that the clonal expansion of cells harboring such
aberrations may drive disease progression.29

The roles of FGFR3 and MMSET proteins in the pathogenesis of
MM remain elusive. Overexpression of FGFR3 protein occurs in
only approximately 70% of patients with the t(4;14) translocation;
however, MMSET is overexpressed in all cases.30,31 The MMSET
gene product is a histone methyltransferase; its function in both
normal cells and MM tumors has only recently been investigated.
Martinez-Garcia et al.32 reported that in an MM cell-line system
with the t(4:14) translocation, MMSET expression resulted
in methylation of histone 3 at lysine 36 along with changes in
chromatin structure. Pei et al.33 identified MMSET as a histone
methyltransferase with activity toward H4K420 when transfected
into human embryonic kidney cells. In this model, MMSET
regulated the recruitment of p53-binding protein (53BP1) to
sites of DNA damage. Together, these studies suggest a role for
MMSET in regulating DNA repair and overall gene expression,
which may be dysregulated in t(4;14) MM cells. Furthermore,
MMSET immunoreactivity has been detected in samples from a
variety of tumor types, suggesting it may be more broadly
involved in oncogenesis.34

Overexpression of both FGFR3 and MMSET has been implicated
in the specific changes in gene expression observed in plasma
cells as a result of the t(4;14) translocation. Although microarray
analysis of patient samples with the t(4;14) translocation not
unexpectedly identified FGFR3 and MMSET as the top two
overexpressed genes, the translocation also resulted in a specific
genetic signature characterized by perturbations in the expression
of several other genes.19 Overexpressed genes included the Wnt
receptors FZD2 and FZD8 and the oncogene PBX1.19 Although the
cadherin family member desmoglein 2 was also overexpressed,

Table 1. IgH translocations in patients with MM

Translocation Prevalence,
%

Upregulated
oncogenes

Prognosis

t(4;14)7 15 MMSET,
FGFR3

Unfavorable

t(14;16)7 5 MAF Unfavorable
t(14;20)7 1–2 MAF Unfavorable
t(8;14)7 2 MAF Unfavorable
t(11;14)7 15–17 Cyclin D1 Favorable/neutral
t(6;14)7 4 Cyclin D3 Favorable/neutral

Abbreviations: FGFR, fibroblast growth factor receptor; IgH, immuno-
globulin heavy chain; MM, multiple myeloma; MMSET, myeloma
SET domain protein. Data included in the table was obtained from
Stewart, et al.7 and references therein.
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N-cadherin and cadherin 7 were underexpressed as was the
adhesion molecule ICAM4.19 Of note, the t(4;14) translocation was
associated with overexpression of MMSET in all patient samples
analyzed, whereas overexpression of FGFR3 was observed in only
75% of cases.19,30 A small proportion of patients with the t(4;14)
translocation also have FGFR3-activating mutations, including
A1157G, A1987G, A761G and G1138A; however, overall these
mutations are rare, with a frequency of approximately 5% among
t(4;14) patients.35–37

There may be additional mechanisms by which FGFR3 is
dysregulated in MM that are independent of t(4;14) translocation.
Although rare, amplification of the FGFR3 gene has been observed
in MM cell lines and patients.38,39 Based on these data, FGFR3
may have a broader role in MM disease biology beyond its
juxtaposition and subsequent overexpression following
translocation to the IgH region. Furthermore, gene-expression
analysis of FGFR3 in addition to fluorescence in situ hybridization
analysis for t(4;14) will be necessary to account for patients who
may express FGFR3 independent of translocation or, conversely,
who lack overexpression of FGFR3 in the presence of t(4;14).

Biology of FGFR3
FGFR3 is one of four members of the FGFR family of
transmembrane tyrosine kinase receptors that are involved in
the intracellular signaling pathways. FGFR activation has been
shown to have a critical role in both embryogenesis and adults
with a pleiotropic range of sequelae, including cell proliferation
and survival, migration, differentiation and growth arrest.40

Signaling is mediated by 1 of the 18 FGF ligands, and ligand-
receptor specificity is controlled by differential cellular expression
of the receptors, secretion of cell-surface proteins that modulate
the interaction and alternative splicing of the receptors.40,41 FGF
ligands cause dimerization of FGFRs, which leads to activation and
phosphorylation of the intracellular tyrosine kinase domain. That,
in turn, leads to activation of the several key pathways implicated
in oncogenic signaling, including the mitogen-activated protein

kinase (RAS-RAF-MAPK), phosphatidylinositol 3-kinase (PI3K-AKT-
mTOR), phospholipase Cg (PLCg), protein kinase C (PKC) and signal
transducer and activator of transcription (STAT) pathways
(Figure 2).40 Because of the role that FGFR3 has in these critical
pathways, it is clear how genetic alterations of the receptor may

Figure 1. Chromosomal regions affected by the t(4;14) translocation. Schematic representations of the regions of chromosomes 4 and
14 that are involved in the t(4;14) translocation.

Figure 2. The FGFR and downstream pathways. Signaling pathways
activated by FGF ligand binding to FGFR include the mitogen-
activated protein kinase (RAS-RAF-MAPK), phosphatidylinositol 3-
kinase (PI3K-AKT-mTOR), phospholipase Cg (PLCg), protein kinase C
(PKC), and signal transducer and activator of transcription (STAT)
pathways. DAG, diacylglycerol; FGF, fibroblast growth factor; FGFR,
fibroblast growth factor receptor; JAK, Janus kinase.
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have oncogenic potential. Genetic alterations of the FGFR family
are observed in several cancers besides MM; these include FGFR1
amplification in breast cancer (10%), FGFR2 mutation in
endometrial cancer (12%) and FGFR3 mutation in bladder
cancer (50–60% invasive and 10–15% noninvasive).42–45

The intergenic t(4;14) translocation places the FGFR3 gene
under the control of the active IGH promoter and may result
in an increase in ligand-dependent and ligand-independent
signaling.37,46 This aberrant signaling can lead to activation of
the downstream pathways that drive disease progression. It was
demonstrated that overexpression of FGFR3 in the bone marrow
of mice led to the development of tumors, and antibody-based
targeting of FGFR3 in vitro has been demonstrated to be cytotoxic
in MM cells with the t(4;14) translocation.47,48 These data support
the contribution of aberrant FGFR3-expression translocation in the
disease pathology of t(4;14) MM.

Clinical impact of the t(4;14) translocation in MM
Overall, patients with MM treated with conventional therapies
experience a median survival of 3–4 years, and among patients
who undergo autologous stem cell transplantation, the median
survival is around 5–7 years.49 Higher stage of disease,
as determined by the International Staging System (ISS), which
uses the b-2 microglobulin and serum albumin, is associated with
shorter overall survival (OS).50 Currently, the ISS does not
incorporate cytogenetics in staging of disease; however, a large
body of evidence has demonstrated that cytogenetics influences
outcomes in patients with MM. Several studies have shown the
t(4;14) translocation as well as the MAF translocations t(14;16) and
t(14;20), usually detected by fluorescence in situ hybridization
rather than metaphase cytogenetics, are associated with an
overall poor prognosis for patients with MM.10,13,19,28,51,52 Deletion
of 17p13, which leads to inactivation of p53, is associated with an
extremely poor prognosis that has been shown to be independent
of the t(4;14) translocation.53 Deletion of chromosome 13 (when
detected by fluorescence in situ hybridization as opposed to
metaphase cytogenetics) was also thought to be associated with a
poor prognosis but is commonly found in patients with t(4;14),
t(14;16) and t(14;20);10,13,19 as such, it is now considered that
its apparent prognostic impact may actually be related to the
presence of coexisting genetic changes.22

On the basis of the data linking certain genetic abnormalities
with outcomes, several groups have now published prognostic
stratification guidelines incorporating cytogenetic factors to
determine disease risk. Stewart et al.7 describe a consensus
definition that classifies high-risk patients (25% of patients with
MM) as having any of t(4;14), t(14, 16), t(14;20), deletion of 17q13,
deletion of chromosome 13 by metaphase cytogenetics,

aneuploidy or a plasma cell labeling index of 43.0. The
remaining ‘good-risk’ patients lack these high-risk features but
may exhibit hyperdiploidy or translocations, including t(11;14) or
t(6;14). Stewart and colleagues suggest that a high-risk diagnostic
panel be performed on all patients newly diagnosed with MM to
make informed choices regarding therapeutic options, notably to
identify the poor-risk group in whom current therapies are
inadequate and the use of investigational agents should be
considered. The role of cytogenetics has also been analyzed in the
context of the ISS. A study by Neben et al.49 demonstrated
significant differences in progression-free survival (PFS) and OS
among patients classified as low, intermediate or high risk.
Patients were classified as low risk if they had they had ISS stage I
MM without the presence of deletion of 17p13 or t(4;14).
Intermediate-risk patients included ISS stage I patients with
deletion of 17p13 or t(4;14) and ISS stage II/III patients without
these poor prognostic cytogenetic markers. High-risk patients
included ISS stage II/III patients with deletion of 17p13 or t(4;14).49

Both these studies have clear implications for the implementation
of risk-adapted treatment strategies. Such risk-adaptive strategies
could include novel combinations, including chemotherapeutic
agents (melphalan and doxorubicin), novel agents (bortezomib,
lenalidomide and thalidomide) or investigational agents such
as second-generation proteasome inhibitors and immunomo
dulatory agents, deacetylase inhibitors or inhibitors of the FGFR3
receptor.

TREATMENT STRATEGIES AND OUTCOMES FOR PATIENTS
WITH T(4;14) MM
Patients with t(4;14) MM have a poor prognosis in comparison
with the MM population as a whole; however, factors including
stage of disease (newly diagnosed and relapsed/refractory) or type
of therapy may lead to differences in patient outcomes (Table 2).
In a recent study of patients with t(4;14) and ISS stage II/III
symptomatic MM, high response rates (93%) were observed
following high-dose therapy, but this did not translate into
prolonged PFS or OS.54 Patients with t(4;14) MM demonstrate a
shorter duration of remission51,55 and more aggressive relapses
characterized by renal failure, cytopenia and extramedullary
disease.7,54 It was concluded that the poor prognosis conferred
by the t(4;14) translocation was related to shortened PFS after
achieving an initial disease response to high-dose chemotherapy
combined with subsequent failure of salvage therapy, suggesting
resistance to alkylating agent-based treatment approaches
(Table 2).54,55 Therefore, the treatment of patients with MM
bearing the t(4;14) translocation represents a substantial
challenge.

Table 2. Outcomes of patients with t(4;14) MM across several clinical studies

Study t(4;14), %
(N total

patients)

Treatment PFS t(4;14)
patients,

mo

PFS all
patients,

mo

OS t(4;14)
patients,

mo

OS all
patients,

mo

Gertz et al.13 26 (153) HDT and ASCT 8.2a 17.8a 18.81 43.9a

Chang et al.51 15 (120) HDT and ASCT 9.9a 25.8a 18.31 48.1a

Reece et al.24 28 (102) Len/Dex 8.0b 7.1b 23.7 18.13
Avet-Loiseau et al.56 14 (184) Len/Dex 5.5a 10.6a 9.4a 15.4a

San Miguel et al.25 4c (682) Bort/Mel/Pred 19.8 21.7 Not
reachedd

Not
reachedd

Chang et al.57 6 (40) Bort 10.4 6.8 15.1 12.3
Pineda-Roman et al.58 10 (303) Bort/Thal/Dex Median data not presented
Avet-Loiseau et al.21 21 (507) Bort/Dex Median data not presented

Abbreviations: ASCT, allogeneic stem cell transplant; Bort, bortezomib; Dex, dexamethasone; HDT, high-dose therapy; Len, lenalidomide; Mel, melphalan; MM,
multiple myeloma; mo, months; OS, overall survival; PFS, progression-free survival; Pred, prednisone; Thal, thalidomide. aThese differences were determined to
be statistically significant. bReported as time to tumor progression. cPatients had t(4;14) or t(14;16) translocation. dOS measured for low-risk group; was not
measured for entire population.
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Implications for the clinical impact of risk-adapted treatment
strategies are not entirely clear. Although the introduction of
novel agents has led to improved outcomes in patients with
MM, particularly patients with relapsed/refractory disease,2 the
beneficial impact on outcomes in patients with t(4;14) MM
remains uncertain (Table 2). However, in several studies investi-
gating novel agents, available data suggest that the poor
prognosis conferred by t(4;14) (as well as by other poor-risk
cytogenetic abnormalities) may be partially overcome by the
newer agents, particularly bortezomib.13,21,24,25,51,56–58

Bortezomib in the treatment of t(4;14) MM
In the phase III Velcade as Initial Standard Therapy in Multiple
Myeloma: Assessment with Melphalan and Prednisone (VISTA) trial
evaluating melphalan and prednisone alone or in combination
with bortezomib in patients with newly diagnosed MM, the impact
of high-risk cytogenetics, as defined by the presence of a t(4;14) or
t(14;16) translocation or a 17p deletion, was analyzed.25 Among
patients who received bortezomib-containing therapy, response
rate, PFS and OS were similar in high-risk and the standard
cytogenetic profile groups.25 Another study, albeit with only 65
patients, showed that when relapsed/refractory MM was treated
with single-agent bortezomib, there were no statistical differences
in terms of outcome between patients with t(4;14) MM in
comparison with the entire population.57 The Total Therapy 3
trial evaluated the addition of bortezomib to the chemotherapy
regimen defined in the previous Total Therapy 2 trial, which
consisted of thalidomide and dexamethasone along with 4-day
continuous infusions of cisplatin, doxorubicin, cyclophosphamide
and etoposide in patients with newly diagnosed MM.59 Pineda-
Roman et al.58 demonstrated that in a subgroup of high-risk
patients defined by gene-expression profiling to have elevated
FGFR3 and MMSET levels, patients in the Total Therapy 3 study
demonstrated significantly better outcomes for OS, event-free
survival and complete response duration compared with patients
in the Total Therapy 2 trial (Table 2), suggesting that the
incorporation of bortezomib into multiagent approaches for this
subset of patients at diagnosis confers a survival advantage.

Consistent with these reports, a recent study by Avet-Loiseau
et al.21 of 507 patients with newly diagnosed MM found that
bortezomib and dexamethasone improved the outcome of
patients with t(4;14) compared with patients treated with
vincristine, doxorubicin and dexamethasone; however, the
presence of t(4;14) remained an adverse prognostic factor for
both event-free survival and OS. Patients with the t(4;14)
translocation had a reduced OS and an increased rate of relapse
at a median follow-up of 24 months (41% versus 31% without
t(4;14) translocation; P¼ 0.0178). The authors hypothesized that
the difference in results among the various trials may be related to
differences in patient numbers or duration of therapy, that is,
perhaps only the long-term administration of bortezomib as a
‘maintenance’ therapy is able to abrogate the poor prognosis of
t(4;14).21 Additional prospective studies are needed to more
clearly define the role of bortezomib in the treatment of patients
with t(4:14) MM.

Lenalidomide in the treatment of t(4;14) MM
Lenalidomide may also improve outcomes in patients with t(4;14)
MM; however, the evidence for this is less compelling. A
retrospective analysis by Reece et al.24 of patients with relapsed/
refractory MM treated with lenalidomide or lenalidomide plus
dexamethasone concluded that the time to progression and OS
was equivalent between patients with the t(4;14) translocation
and the entire population (Table 2). Furthermore, this was
supported by a matched-pair analysis to account for imbalances
in patient characteristics.24 However, these conclusions are in
contrast with a larger, more recent study by Avet-Loiseau et al.56 in

which patients also received lenalidomide plus dexamethasone.
In this study, both PFS and OS were lower among patients with
the t(4;14) translocation when compared with those without the
translocation. This study was also limited by the retrospective
nature of the analysis, and the authors attributed the differences
in the results to variations among the patient populations, again
highlighting the need for prospective studies.

Implementing risk-adapted treatment strategies for t(4;14) MM
The treatment of patients with high-risk cytogenetic factors
remains an area of unmet medical need. Although the develop-
ment of novel agents has resulted in improved outcomes in
these patients, there is a clear need for further improvement.
Risk-adapted treatment strategies would be applicable for
patients who present with high-risk factors and are exemplified
by the Mayo Stratification for Myeloma and Risk-Adapted Therapy
guidelines for the treatment of patients with MM, in which
patients with t(4;14) translocations, elevated b-2 microglobulin
and anemia are considered to have intermediate- or high-risk
disease. A bortezomib-containing regimen is recommended for
these patients.60

FUTURE DIRECTIONS IN THE TREATMENT OF MM WITH
T(4;14) TRANSLOCATIONS
Bortezomib and, to a lesser extent, lenalidomide have demon-
strated improved outcomes in patients with high-risk cytogenetic
abnormalities, including t(4;14), when compared with conven-
tional therapy, but other novel treatment approaches or
modalities may prove to be more effective. Of note, a recent
analysis of patients who received allogeneic stem cell transplant
with melphalan–fludarabine-based conditioning demonstrated
statistically similar rates of event-free survival and OS between
patients with t(4;14) translocations and the entire patient
population.61 This was in contrast with del(17p), which retained
its negative prognostic value. As discussed earlier, bortezomib-
based therapies have improved outcomes in patients with this
translocation, and bortezomib may overcome resistance mediated
by overexpression of FGFR3. A study in patients with relapsed MM
who received bortezomib salvage therapy demonstrated
equivalent time to progression and OS among patients with
FGFR3-positive tumors as confirmed by immunohistochemistry
compared with patients with tumors lacking FGFR3 expression.62

Agents that can interfere with or mitigate the effects of FGFR3
signaling are therefore of interest as a novel approach for the
treatment of t(4;14) MM.

Small-molecule tyrosine kinase inhibitors of FGFR3
There are several inhibitors of FGFR3 at various stages of clinical
development for the treatment of MM. Both small-molecule
inhibitors and monoclonal antibody-based approaches induce
cell-growth arrest and apoptosis in MM cell lines bearing the
t(4;14) translocation.48,63–68 Studies with the FGFR-specific tyrosine
kinase inhibitor SU5402 showed that it inhibited cell growth and
led to apoptosis in MM cells at micromolar concentrations.
Of note, although the MM cell line KMS11, which harbors an
activating mutation of FGFR3, was exquisitely sensitive to SU5402,
the K620 cell line, which does not express FGFR3, demonstrated
resistance.63 Furthermore, cell lines with t(4;14) and a concomitant
mutation of NRAS, upstream of ERK 1/2, were also resistant to
SU5402.63 Similar results were also observed in a study evaluating
the highly specific FGFR tyrosine kinase inhibitor PD173074.65 This
compound also demonstrated antimyeloma activity against
FGFR3-expressing cell lines and prolonged the survival of mice
in a KMS11 xenograft model.65 In contrast, the multitargeted
tyrosine kinase inhibitor PKC412, which is currently undergoing
evaluation for the treatment of FLT3-positive acute myeloid
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leukemia, demonstrated significant activity against both
FGFR3- and RAS-mutated myeloma cells.69

Dovitinib (TKI-258 and CHIR-258) is a potent multitargeted
tyrosine kinase inhibitor with nanomolar activity against the
vascular endothelial growth factor receptors 1–3, platelet
endothelial growth factor receptors a and b and FGFR1 and
FGFR3.64,70 Similar to the results observed with SU5402 and
PD173074, dovitinib demonstrated antimyeloma activity in t(4;14)
FGFR3-expressing cell lines and in both mouse xenograft and
orthotopic models of MM.64,67 As described for SU5402, cells with
NRAS mutations were resistant to TKI-258, thus demonstrating a
similar profile for these agents.65 A recent study with another
FGFR3 inhibitor, BIBF 1000, demonstrated that dexamethasone
could sensitize NRAS-mutant cell lines to FGFR3 inhibition.68 Based
on these early studies of dovitinib and early clinical results seen in
other tumors, a phase II study of dovitinib in patients with
relapsed or refractory MM is ongoing (NCT01058434).71 The results
of this trial will help to determine if tyrosine kinase inhibitors that
target FGFR3 demonstrate efficacy in patients with MM.

Monoclonal antibody inhibitors of FGFR3
Monoclonal antibody-based approaches have also been investi-
gated. The fully human monoclonal antibody PRO-001 inhibits
ligand binding to FGFR3 on t(4;14) MM cells. Preclinical studies
have shown that PRO-001 inhibits FGFR3 signaling, leading to
inhibition of cell growth and apoptosis in FGFR3 MM cells.66

However, in contrast with the tyrosine kinase inhibitors, the
KMS11 MM cell line, which bears the FGFR3 Y377C-activating
mutation, was resistant to PRO-011.66 Another FGFR3-specific
monoclonal antibody under evaluation, R3Mab, inhibits ligand
binding as well as causes changes to receptor confirmation.48

Furthermore, R3Mab was able to inhibit cell growth in an in vivo
xenograft model of the FGFR3-mutant cell line KMS11 through
antibody-dependent cellular cytotoxicity.48

CONCLUSIONS
Treatment options for patients with MM have improved
considerably over the past decade, resulting in survival rates that
surpass 10 years for some patients. These advances have also led
to improved outcomes for those with high-risk cytogenetic
abnormalities, such as t(4;14), when compared with conventional
therapeutic approaches, although these improvements are less
substantial for high-risk than for lower-risk patients. Clinical data
suggest that bortezomib and, to a lesser extent, lenalidomide may
partially overcome the poor prognosis conferred by the t(4;14)
translocation, although there are discrepancies among the
various studies, and prospective analyses are clearly needed to
determine the true impact of these agents on patients with this
abnormality.21,24,56,57

MM is a heterogeneous disease; however, treatment options
outside of clinical trials are currently limited to combinations of
bortezomib, thalidomide and its analogs (IMiDs, thalidomide and
lenalidomide), chemotherapy and steroids (dexamethasone, pre-
dnisone) with stem cell transplantation in eligible patients.
Although these agents are effective in the treatment of a majority
of patients with MM, a clear unmet need remains for high-risk
patients. The Mayo Stratification for Myeloma and Risk-Adapted
Therapy guidelines have provided an example of a personalized
therapeutic approach for the treatment of MM; however, among
the different risk groups, there remains a considerable degree
of heterogeneity.60 Molecular-based targeted therapeutic
approaches, analogous to those used in the treatment of other
diseases, such as breast cancer, may help to identify patient
subsets that derive benefit from novel investigational agents and
lead to the development of personalized therapeutic approaches.

The use of FGFR3 inhibitors for patients with t(4;14) MM
represents a potential targeted and personalized approach. Based
on the preclinical data, these therapies may benefit a subset
of patients with the t(4;14) translocation, particularly those
with increased expression of FGFR3 and absence of NRAS
mutations.63–65,67 Further research is needed to determine the
ideal therapeutic combination partners (for example, bortezomib,
IMiDs, chemotherapy and steroids), but early evidence suggests
that this class of agents synergizes with bortezomib and
dexamethasone.68 Based on the available data, FGFR3 inhibitors
should be investigated in clinical trials for patients with t(4;14)
translocations, both as monotherapy and in combination with
standard-of-care agents used in the treatment of MM. Carefully
designed clinical trials that incorporate biomarker analyses will be
needed to ultimately determine the ideal patient population that
will derive benefit from this novel approach.
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