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•  1% of cancer 

•  10% of hematological malignancies 

•   2-4 cases/year/100.000 

•  Uncurable disease_ MS approximately 6 ys 

Mul&ple	
  myeloma:	
  a	
  malignant	
  prolifera&on	
  of	
  bone	
  marrow	
  plasma	
  cells	
  	
  

abnormal	
  produc&on	
  of	
  a	
  monoclonal	
  
immunoglobulin	
  (M-­‐protein)	
  

Plasma cell: Ig-secreting, heavy-chian class 
switched,  terminally differentiated B-cell 

Major issues 
 

• Myeloma looks homogeneous at microscope 

• Survival outcome cannot be predicted at  presentation 

• High molecular heterogeneity 

What’s the relevance of molecular genetics in the  

risk stratification and targeting treatments of patients? 
 
 



Common cytogenetic findings in MM by FISH 
Translocations involving 14q32 
§ t(11;14)   Cyclin D1 
§ t(4;14)     FGFR3-MMSET 
§ t(14;16)   MAF 
§ t(14;20)   MAFB 

§ ≅40% 
§ 16% 
§ 15% 
§ 5% 
§ 2 

Chromosome 13 abnormalities 
§ Monosomy 
§ Deletion 13 
§ 13q translocations 

§ ≅40-50% 

17p deletions §  ≅8% 

Hyperdiploidy §  ≅50% (3,5,7,9,11,15,19,21) 

1q amplifications  
1p deletions 
C-MYC alterations (Trx, gain) 

•  ≅50% 
•  ≅35% 
•    50% 

Fonseca R, et al. Leukemia. 2009; 23: 2210-2221; Bergsagel et al, Blood 2013; Affer et al. Leukemia, 2014 
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Distinct molecular types of MM are associated with specific RNA expression profiles 
       

Mattioli et al. Oncogene,2005; Agnelli et al. JCO,2005 
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Cluster 125a 
Chr 19 

Specific microRNA expression profiles are associated with major 
molecular MM groups 
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Cancer Therapy: Preclinical

Synthetic miR-34a Mimics as a Novel Therapeutic Agent for
Multiple Myeloma: In Vitro and In Vivo Evidence

Maria T. Di Martino1, Emanuela Leone1, Nicola Amodio1, Umberto Foresta1, Marta Lionetti3, Maria R. Pitari1,
Maria E. Gallo Cantafio1, Annamaria Gull!a1, Francesco Conforti2, Eugenio Morelli1, Vera Tomaino1, Marco
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Kenneth C. Anderson7, Antonino Neri3, Pierosandro Tagliaferri1, and Pierfrancesco Tassone1,9

Abstract
Purpose:Deregulated expression of miRNAs has been shown in multiple myeloma (MM). A promising

strategy to achieve a therapeutic effect by targeting themiRNA regulatorynetwork is to enforce the expression

of miRNAs that act as tumor suppressor genes, such as miR-34a.

Experimental Design: Here, we investigated the therapeutic potential of synthetic miR-34a against

human MM cells in vitro and in vivo.
Results: Either transient expression of miR-34a synthetic mimics or lentivirus-based miR-34a-stable

enforced expression triggered growth inhibition and apoptosis in MM cells in vitro. Synthetic miR-34a

downregulated canonic targets BCL2, CDK6, and NOTCH1 at both the mRNA and protein level. Lentiviral

vector-transduced MM xenografts with constitutive miR-34a expression showed high growth inhibition in

severe combined immunodeficient (SCID) mice. The anti-MM activity of lipidic-formulated miR-34a was

further shown in vivo in two different experimental settings: (i) SCID mice bearing nontransduced MM

xenografts; and (ii) SCID-synth-hu mice implanted with synthetic 3-dimensional scaffolds reconstituted

with human bone marrow stromal cells and then engrafted with human MM cells. Relevant tumor growth
inhibition and survival improvement were observed in mice bearing TP53-mutated MM xenografts treated

with miR-34a mimics in the absence of systemic toxicity.

Conclusions: Our findings provide a proof-of-principle that formulated synthetic miR-34a has thera-

peutic activity in preclinicalmodels and support a framework for development ofmiR-34a–based treatment

strategies in MM patients. Clin Cancer Res; 18(22); 1–11. !2012 AACR.

Introduction
Multiple myeloma (MM) is the second most common

hematologic malignancy in Western countries. Despite
advances in the understanding of MM pathobiology and

development of novel therapeutic strategies, available treat-
ments fail to cure the disease in most cases (1–3). A variety
of genetic and epigenetic abnormalities characterizes the
MMmultistep transformationprocess occurring in thebone
marrow (BM), where the BM microenvironment (BMM)
plays a key supportive role for growth, survival, and drug
resistance of tumor cells (1, 4–6). All these alterations can
dramatically deregulate the plasma cell growth and the
network ofmolecular interactions within the human BMM.

miRNAs are small noncoding RNAs of 19 to 25 nt that
play a critical role in the posttranscriptional regulation of
gene expression (7, 8). As a result of imperfect pairing with
target mRNAs, they may cause repression of translation or
degradation of mRNAs. These small molecules are impor-
tant modulators of key regulatory cellular pathways and
may play a relevant role in tumorigenesis (9), as deregulated
miRNAs can act as oncogenes (Onco-miRNAs) or tumor-
suppressors (TS-miRNAs; refs. 10, 11). Therefore, miRNAs
have elicited a growing interest in the cancer research
community as new potential tumor cell targets (Onco-
miRNAs) or as new potential anticancer agents (TS-miR-
NAs), because of their ability to target multiple genes in the
context of signaling networks involved in cancer promotion
or repression (12). Specifically, miRNAs are variably
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Selective targeting of IRF4 by synthetic microRNA-125b-5p
mimics induces anti-multiple myeloma activity in vitro and
in vivo
E Morelli1, E Leone1, ME Gallo Cantafio1, MT Di Martino1, N Amodio1, L Biamonte1, A Gullà1, U Foresta1, MR Pitari1, C Botta1, M Rossi1,
A Neri2, NC Munshi3,4, KC Anderson3, P Tagliaferri1 and P Tassone1,5

Interferon regulatory factor 4 (IRF4) is an attractive therapeutic target in multiple myeloma (MM). We here report that expression of
IRF4 mRNA inversely correlates with microRNA (miR)-125b in MM patients. Moreover, we provide evidence that miR-125b is
downregulated in TC2/3 molecular MM subgroups and in established cell lines. Importantly, constitutive expression of miR-125b-5p
by lentiviral vectors or transfection with synthetic mimics impaired growth and survival of MM cells and overcame the protective
role of bone marrow stromal cells in vitro. Apoptotic and autophagy-associated cell death were triggered in MM cells on miR-125b-5p
ectopic expression. Importantly, we found that the anti-MM activity of miR-125b-5p was mediated via direct downregulation of IRF4
and its downstream effector BLIMP-1. Moreover, inhibition of IRF4 translated into downregulation of c-Myc, caspase-10 and cFlip,
relevant IRF4-downstream effectors. Finally, in vivo intra-tumor or systemic delivery of formulated miR-125b-5p mimics against
human MM xenografts in severe combined immunodeficient/non-obese diabetic mice induced significant anti-tumor activity and
prolonged survival. Taken together, our findings provide evidence that miR-125b, differently from other hematologic malignancies,
has tumor-suppressor activity in MM. Furthermore, our data provide proof-of-concept that synthetic miR-125b-5p mimics are
promising anti-MM agents to be validated in early clinical trials.

Leukemia advance online publication, 7 July 2015; doi:10.1038/leu.2015.124

INTRODUCTION
Multiple myeloma (MM) is a genetically complex malignancy from
the outset, with progressive acquisition of genetic lesions
mediating drug resistance and high disease burden.1 Despite
recent progress in the understanding MM pathobiology and the
availability of innovative drugs which have improved clinical
outcome, the disease eventually progresses to a drug-resistant
lethal stage (plasma cell leukemia)2–4 and novel therapeutic
strategies are therefore eagerly awaited. Indeed, one of the major
challenges in treating MM is its genomic and phenotypic
heterogeneity.5 Hence, an optimal therapy would target an
essential regulatory pathway shared by all disease subsets.6

Interferon regulatory factor 4 (IRF4) is a lymphocyte-specific
transcription factor.7 Interference with IRF4 expression is lethal for
MM cells, irrespective of their genetics, making IRF4 an ‘Achilles’
heel’ that may be exploited therapeutically.8 Specifically, IRF4 is
oncogenic and overexpressed when translocated to actively
transcribed genomic regions in some MM patients, but it also
has a survival effect in MM cells in the absence of translocations or
overexpression.7,8 A relevant IRF4 target gene is c-Myc,7,8 which
has a prominent role in the pathogenesis of MM.7,8 Another
downstream IRF4 effector is B-lymphocyte-induced maturation
protein-1 (BLIMP-1):9 indeed, knockdown of BLIMP-1 causes
apoptosis in MM cells. These findings suggest that IRF4 may
regulate MM cell survival through modulation of BLIMP-1.9

Moreover, it has been recently demonstrated that caspase-10

(casp-10) and cFlip genes are transactivated by IRF4: importantly,
the evidence that all MM cell lines require casp-10 and cFLIP for
survival led to the hypothesis that loss of the proteolytic activity of
the casp-10/cFlip heterodimer mediates MM cell death induced by
IRF4 knockdown.10 All these data indicate IRF4 as an attractive
therapeutic target in MM. However, efficient in vivo strategies
aimed at blocking IRF4 pathway are still lacking.
MicroRNAs (miRNAs) are small non-coding RNAs of 19–25

nucleotides, which regulate gene expression by degrading or
inhibiting translation of target mRNAs, primarily via base pairing
to partially or fully complementary sites in the 3ʹ untranslated
region (UTR).11 Targeting deregulated miRNAs in cancer cells is
emerging as a novel promising therapeutic approach,12–14

including in MM.15–34 In this scenario, replacement of tumor-
suppressor miRNAs by synthetic oligonucleotides (miRNA mimics)
offers a new therapeutic opportunity to restore a loss-of-function
in cancer, that has been an unmet need for drug developers.35

Here, we show that IRF4 expression is regulated by
microRNA-125b-5p (miR-125b-5p) in patient-derived MM cells
and MM cell lines. In most of these cells, enforced expression of
miR-125b-5p affects growth and survival, acting via IRF4 down-
regulation and impairment of its downstream signaling. Overall,
our findings demonstrate that miR-125b is a tumor suppressor in
MM, and provide the rationale for development of miR-125b-5p
mimics as novel therapeutics.

1Department of Experimental and Clinical Medicine, Magna Graecia University, Salvatore Venuta University Campus, Catanzaro, Italy; 2Department of Medical Sciences, University
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Introduction

Multiple myeloma (MM) is a hematologic malignancy 
characterized by abnormal proliferation of bone marrow plasma 
cells (PCs). Despite the recent huge progress in the understanding 
of MM biology1,2 and the availability of novel experimental 
platforms3-9 and agents10,11 that have significantly increased survival 
of MM patients,12 MM is still an incurable disease, and additional 
therapeutic strategies are urgently awaited. Pathogenesis of MM 
is a multistep process in which PCs undergo series of molecular 
and cellular changes within the human bone marrow (huBM) 
milieu, which supports growth, survival, and drug resistance 
of tumor cells. Constitutive genetic alterations of MM cells are 
relevant determinants of their biological behavior within the 
huBM11,13-16; on the other hand, epigenetic changes might also 
play an important role in MM pathogenesis and may drive initial 

steps in neoplastic transformation by reducing genome stability 
and regulating gene expression.17 The biochemical modifications 
that govern epigenetics are DNA methylation and post-
translational modifications of histone proteins.18,19 About 80% of 
CpG sites in mammalian cells are methylated, but both the CpG 
sites and their degree of methylation are unevenly distributed in 
the genome.20-22 CpG dinucleotides are mostly concentrated in 
small regions termed “CpG islands”, which are found in about 
55% of human gene promoters.22,23 Aberrant methylation of 
cytosine residues of tumor suppressor genes is the most studied 
epigenetic modification: in fact, it is well recognized that 
increased methylation of CpG islands of tumor suppressor genes 
is associated with transcriptional silencing.24 Aberrant patterns 
of hypermethylation are also detected in MM, where epigenetic 
inactivation of tumor suppressor genes is generally associated 
with an unfavorable prognosis; moreover, drug response and 
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Submitted: 08/13/2013; Revised: 09/20/2013; Accepted: 09/23/2013
http://dx.doi.org/10.4161/cc.26585

miR-29b induces SOCS-1 expression by promoter 
demethylation and negatively regulates migration 

of multiple myeloma and endothelial cells
Nicola Amodio1, Dina Bellizzi2, Marzia Leotta1, Lavinia Raimondi1, Lavinia Biamonte1, Patrizia D’Aquila2, 
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Epigenetic silencing of tumor suppressor genes frequently occurs and may account for their inactivation in cancer 
cells. We previously demonstrated that miR-29b is a tumor suppressor microRNA (miRNA) that targets de novo DNA 
methyltransferases and reduces the global DNA methylation of multiple myeloma (MM) cells. Here, we provide evidence 
that epigenetic activity of miR-29b leads to promoter demethylation of suppressor of cytokine signaling-1 (SOCS-1), a 
hypermethylated tumor suppressor gene. Enforced expression of synthetic miR-29b mimics in MM cell lines resulted 
in SOCS-1 gene promoter demethylation, as assessed by Sequenom MassARRAY EpiTYPER analysis, and SOCS-1 protein 
upregulation. miR-29b-induced SOCS-1 demethylation was associated with reduced STAT3 phosphorylation and 
impaired NF-κB activity. Downregulation of VEGF-A and IL-8 mRNAs could be detected in MM cells transfected with 
miR-29b mimics as well as in endothelial (HUVEC) or stromal (HS-5) cells treated with conditioned medium from miR-
29b-transfected MM cells. Notably, enforced expression of miR-29b mimics increased adhesion of MM cells to HS-5 and 
reduced migration of both MM and HUVEC cells. These findings suggest that miR-29b is a negative regulator of either 
MM or endothelial cell migration. Finally, the proteasome inhibitor bortezomib, which induces the expression of miR-29b, 
decreased global DNA methylation by a miR-29b-dependent mechanism and induced SOCS-1 promoter demethylation 
and protein upregulation. In conclusion, our data indicate that miR-29b is endowed with epigenetic activity and mediates 
previously unknown functions of bortezomib in MM cells.
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Survival Has Improved…even for High Risk MM? 
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•  How to integrate the molecular genetics for risk 
stratification and treatment selection 

ISS Stage Criteria 

I 
β2m < 3.5 mg/L  

& albumin ≥ 3.5 g/dL 

II Not stage I or III 

III β2m ≥ 5.5 mg/L 
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The number of adverse markers  
has an additive effect on overall survival 
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Supplementary Figure 9.  
ISS: Effect of ISS on PFS (L) and OS (M) and on its ability to predict early mortality and 
progression (R)  

t(4;14) and del(17p): Effect of the classic del(17p) and t(4;14) on PFS (L), OS (M) and on its 
ability to predict early mortality and progression (R).  

ISS-FISH: Effect of ISS and t(4;14) and del(17p) when combined on PFS (L) and OS (R), 
this improved the sensitivity of these 2 cytogenetic lesions in predicting early mortality and 
progression (R) 

 

Effect of ISS , t(4;14) and del(17), and ISS-FISH 
upon PFS and OS  and ability to predict early 
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respective median OS ranging from 22 to 60 months and from
16 to 30 months, and the t(11;14) [13%], which is associated
with a favorable prognosis (OS ! 5 to 10 years).2,8-10 More
recently, both the prevalence and prognostic significance asso-
ciated with MYC translocations (20%) has been realized (OS, 24
months).11,12 A further set of prognostic abnormalities are de-
fined by recurrent CNAs, the full spectrum of which have been
defined by genome mapping experiments.13 The clinically im-
portant CNAs include hyperdiploidy, associated with favorable
prognosis, and gain(1q), del(1p), del(17p), and del(12p) at
38%, 8.4%, 9.5%, and 8.9%, respectively, associated with ad-
verse prognosis.2,9

We used fluorescence in situ hybridization previously to
show that patients with more adverse cytogenetic abnormalities
have impaired clinical outcomes.2 It has become clear that the
value of these tests could be improved by identifying all the
prognostically important genetic abnormalities present. A key
technology with which to identify these abnormalities is whole-
exome sequencing plus a targeted pull-down of regions of in-
terest, which can identify structural variants and the spectrum
of mutations.14-16 In this study, we have used such an approach
on 463 presenting trial patient samples, and have used the data
generated to define both the pattern of mutations and how they
relate to survival. We have then combined this with the ISS to
generate a predictive score (ISS-MUT).

METHODS

Patient Samples
Samples were taken, after informed consent, from patients newly diag-

nosed with symptomatic myeloma and enrolled onto the National Cancer
Research Institute Myeloma XI trial (NCT01554852, CRUK/09/014). This is a
phase III, open-label trial in which patients were randomly assigned between
triplet immunomodulatory drug (IMiD) induction of either cyclophosph-
amide, thalidomide, and dexamethasone or cyclophosphamide, lenalidomide,
and dexamethasone. Patients with a suboptimal response were randomly
assigned to pretransplant treatment with a proteasome inhibitor triplet. Older
or less fit patients did not receive an autologous stem-cell transplant. All
patients subsequently underwent further random assignment to no main-
tenance, lenalidomide maintenance, or lenalidomide and vorinostat main-
tenance, as seen in the overview of the myeloma XI trial diagram (Fig 1).
PFS and OS were measured from initial random assignment, and the
median follow-up time was 25 months (range, 0.09 to 42.97 months). The
patient demographics are presented in the Data Supplement. The median
PFS was 26.6 months (95% CI, 23.6 to 29.9 months), and the 3-year OS rate
was 66% (95% CI, 60% to 73%).

Exome Sequencing and Mutation Calling
PlasmacellswereisolatedfrombonemarrowsamplesusingCD138"MAC-

Sorting (Miltenyi Biotech, Bisley, United Kingdom). DNA samples from both
tumor and peripheral blood were used in the exome capture protocol, as previ-
ously described.17 FastQC (version 0.10.0) was used for basic quality control of
Illumina paired-end sequencing data. Single-nucleotide variants were called using
MuTect (version 1.1.4; https://www.broadinstitute.org/cancer/cga/mutect). Copy
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Thalidomide does not overcome the high risk cytogenetics t(4;14), t(14;20), t(14;16), 

gain(1q), del(17p), del(1p32) in transplant eligible (TE) patients. Conclusive data for 

elderly and frail patients are not available. 

 

Lenalidomide partly improves the adverse effect of t(4;14) and del(17p) on PFS, but 

not OS, in TE patients. In non-TE patients, there are no data suggesting that the drug 

may improve outcome with HR cytogenetics. Pomalidomide with dexamethasone 

showed promising results in RRMM with del(17p) 

 
Bortezomib partly overcomes the adverse effect of t(4;14) and possibly del(17p) on CR, 

PFS, and OS. There is no effect in t(4;14) combined with del(17p) in TE patients. In non- 

TE patients, VMP may partly restore PFS in HR cytogenetics 
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Combining a proteasome inhibitor (Bortezomib) with lenalidomide and dexamethasone 

greatly reduces the adverse effect of t(4,14) and del(17p) on PFS in newly diagnosed MM 

patients (NDMM).  

Carfilzomib with lenalidomide and dexamethasone seems effective in patients with HR 

cytogenetics.However, with a few exception, most data were obtained in non randomized 

studies and long term follow-up has not been reported. 

 

NDMM with HR cytogenetics should be treated with the combination of a 

proteasome inhibitor with lenalidomide or pomalidomide and dexamethasone 
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Background
Lenalidomide plus dexamethasone is a reference treatment for relapsed multiple 
myeloma. The combination of the proteasome inhibitor carfilzomib with lenalido-
mide and dexamethasone has shown efficacy in a phase 1 and 2 study in relapsed 
multiple myeloma.

Methods
We randomly assigned 792 patients with relapsed multiple myeloma to carfilzomib 
with lenalidomide and dexamethasone (carfilzomib group) or lenalidomide and dexa-
methasone alone (control group). The primary end point was progression-free survival.

Results
Progression-free survival was significantly improved with carfilzomib (median, 26.3 
months, vs. 17.6 months in the control group; hazard ratio for progression or death, 
0.69; 95% confidence interval [CI], 0.57 to 0.83; P = 0.0001). The median overall sur-
vival was not reached in either group at the interim analysis. The Kaplan–Meier 
24-month overall survival rates were 73.3% and 65.0% in the carfilzomib and control 
groups, respectively (hazard ratio for death, 0.79; 95% CI, 0.63 to 0.99; P = 0.04). The 
rates of overall response (partial response or better) were 87.1% and 66.7% in the 
carfilzomib and control groups, respectively (P<0.001; 31.8% and 9.3% of patients in 
the respective groups had a complete response or better; 14.1% and 4.3% had a strin-
gent complete response). Adverse events of grade 3 or higher were reported in 83.7% 
and 80.7% of patients in the carfilzomib and control groups, respectively; 15.3% and 
17.7% of patients discontinued treatment owing to adverse events. Patients in the 
carfilzomib group reported superior health-related quality of life.

Conclusions
In patients with relapsed multiple myeloma, the addition of carfilzomib to lenalido-
mide and dexamethasone resulted in significantly improved progression-free survival 
at the interim analysis and had a favorable risk–benefit profile. (Funded by Onyx 
Pharmaceuticals; ClinicalTrials.gov number, NCT01080391.)
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The study protocol was approved by the institutional review boards of
participating institutions, and all patients provided written informed consent.

Cytogenetic subgroup assessments

Bonemarrow samples to quantify percentagemyeloma cell involvement and for
FISH to define cytogenetic risk status at baseline were collected at study entry,
and investigations performed at 2 central laboratories. FISH was performed on
sorted CD1381 plasma cells with probes used to detect t(4;14), t(14;16), and
del(17p). Patients were classified into cytogenetic subgroups. The high-risk
subgroup consisted of patients with genetic subtypes t(4;14) or t(14;16), or with
del(17p) as determined by the central laboratories. The standard-risk subgroup
consisted of all other patients with known baseline cytogenetic status, and the
unknown risk subgroup included patients who had a FISH assessment but for
whom the result of 1 ormoregenetic subtypeswasnot available.For the analysis
reportedhere, the stringent cutoff value of 60%for the proportion of plasma cells

with del(17p) was used to be consistent with the recommendations from the
International Myeloma Workshop Consensus Panel 2.14

Statistical analysis

Efficacy analyses were based on the ITT population (all randomly assigned
patients). The safety population included all patients who received at least 1 dose
of the study treatment.

The per arm distribution of PFS, including the median, was estimated for
each cytogenetic subgroup using theKaplan-Meiermethod.HRswere estimated
using Cox regression. P values are descriptive and unadjusted for multiplicity.

TheORRs for each treatment arm and cytogenetic subgroupwere calculated
as the proportionof patientswhohad abest overall responseof partial responseor
better (stringent complete response [sCR], complete response [CR], very good
partial response, or partial response) as their best response across the entire
treatment duration. A Clopper-Pearson 95% CI was calculated for each ORR.
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Figure 1. Kaplan-Meier estimate of PFS by cytoge-
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The study protocol was approved by the institutional review boards of
participating institutions, and all patients provided written informed consent.

Cytogenetic subgroup assessments

Bonemarrow samples to quantify percentagemyeloma cell involvement and for
FISH to define cytogenetic risk status at baseline were collected at study entry,
and investigations performed at 2 central laboratories. FISH was performed on
sorted CD1381 plasma cells with probes used to detect t(4;14), t(14;16), and
del(17p). Patients were classified into cytogenetic subgroups. The high-risk
subgroup consisted of patients with genetic subtypes t(4;14) or t(14;16), or with
del(17p) as determined by the central laboratories. The standard-risk subgroup
consisted of all other patients with known baseline cytogenetic status, and the
unknown risk subgroup included patients who had a FISH assessment but for
whom the result of 1 ormoregenetic subtypeswasnot available.For the analysis
reportedhere, the stringent cutoff value of 60%for the proportion of plasma cells

with del(17p) was used to be consistent with the recommendations from the
International Myeloma Workshop Consensus Panel 2.14

Statistical analysis

Efficacy analyses were based on the ITT population (all randomly assigned
patients). The safety population included all patients who received at least 1 dose
of the study treatment.

The per arm distribution of PFS, including the median, was estimated for
each cytogenetic subgroup using theKaplan-Meiermethod.HRswere estimated
using Cox regression. P values are descriptive and unadjusted for multiplicity.

TheORRs for each treatment arm and cytogenetic subgroupwere calculated
as the proportionof patientswhohad abest overall responseof partial responseor
better (stringent complete response [sCR], complete response [CR], very good
partial response, or partial response) as their best response across the entire
treatment duration. A Clopper-Pearson 95% CI was calculated for each ORR.
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inTable 3 and showed a striking differencewithORR in32%vs15% in
del(17p) and t(4;14), respectively. The median duration of response
was 5.5 months (95% CI: 0.9, —) overall, with 44% of patients
maintaining response beyond 8 months. Similarly to ORR, there was
a striking difference in duration of response between the del(17p)
and t(4;14), with a median of 8.3 months (1.8, —), with 67% still re-
sponding at 8 months vs 2.4 months (1;8), with only 25% at 8 months.

Interestingly, patientswho reacheda response, particularly aVGPR,
independently of the adverse FISH cytogenetic subgroup had an im-
proved TTP outcome in this study (supplemental Table 2). As such, it
might be a good surrogate marker for improved long-term outcome in
patients with adverse FISH cytogenetics.

TTP

At the cutoff of September 1, 2013, 33 patients (66%) had pro-
gressed. The primary end point wasmedian TTP, with the objective
to improve themedian TTP from 4months to 8months. Themedian
TTP of the studied cohort as a whole was 2.96 (95% CI: 2.7, 5.0)
months, with 22% of patients free of relapse at 8 months (Figure 2A).

We then sought to study TTP per cytogenetic feature, and we found
amarked difference between del(17p) and t(4;14). Themedian TTP
was 7.3 (2.7, 14.7) months, with 41% at 8 months vs 2.8 (1.9;4.0) and
12.4% at 8 months in del(17p) and t(4;14), respectively (Figure 2A).
ThemedianPFSwas very similar toTTP (2.8 [2, 4]monthswith 19.3%
at 8 months).

Variables to explain shorter TTP

As we observed a prolonged TTP for some patients across the 2
subgroups, del(17p) and t(4;14), we sought to identify the character-
istics that could explain, and in the future predict, differential sensitivity
to the combination of Pom-Dex in this specific population. Variables
that significantly explained the shorter TTP on univariate analysis,
independently of the adverse cytogenetic profile, are summarized in
supplemental Table 2. The cytogenetic profile, either del(17p) or
t(4;14), did not explain the shorter TTP. We then performed a mul-
tivariate analysis entering all variables based on selected P value# .15
on univariate analysis. We found that ISS3 (hazard ratio [HR]5 4.24;
95% CI: 1.33, 13.50; P 5 .014), time between initial diagnosis and

Figure 2. Survival end points for the cohort as
a whole and in either subgroup, deletion 17p or
t(4;14). Kaplan-Meier estimates (ITT, n 5 50). (A).
TTP. (B). OS.
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A B S T R A C T

Purpose
At the molecular level, myeloma is characterized by copy number abnormalities and recurrent
translocations into the immunoglobulin heavy chain locus. Novel methods, such as massively
parallel sequencing, have begun to describe the pattern of tumor-acquired mutations, but their
clinical relevance has yet to be established.

Methods
We performed whole-exome sequencing for 463 patients who presented with myeloma and were
enrolled onto the National Cancer Research Institute Myeloma XI trial, for whom complete
molecular cytogenetic and clinical outcome data were available.

Results
We identified 15 significantly mutated genes: IRF4, KRAS, NRAS, MAX, HIST1H1E, RB1,
EGR1, TP53, TRAF3, FAM46C, DIS3, BRAF, LTB, CYLD, and FGFR3. The mutational spectrum
is dominated by mutations in the RAS (43%) and nuclear factor-!B (17%) pathways, but
although they are prognostically neutral, they could be targeted therapeutically. Mutations in
CCND1 and DNA repair pathway alterations (TP53, ATM, ATR, and ZNFHX4 mutations) are
associated with a negative impact on survival. In contrast, those in IRF4 and EGR1 are
associated with a favorable overall survival. We combined these novel mutation risk factors
with the recurrent molecular adverse features and international staging system to generate an
international staging system mutation score that can identify a high-risk population of patients
who experience relapse and die prematurely.

Conclusion
We have refined our understanding of genetic events in myeloma and identified clinically relevant
mutations that may be used to better stratify patients at presentation.
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INTRODUCTION

Myeloma arises after the immortalization of a plasma
cell that subsequently acquires further genetic abnor-
malities, leading to an increasingly malignant pheno-
type.1 Although the treatment of myeloma has
improved, with increasing numbers of long-term sur-
vivors, there are still many patients with short
progression-free survival (PFS) and overall survival
(OS)times.2-4 It is important to identify thesehigh-risk
patients and to design trials aimed at improving their
outcome. Traditionally, prognosis has been assessed
using the international staging system (ISS),3,5 but for

individual patients, this is insufficient to direct treat-
ment. ISS can be improved by the addition of molecu-
larcytogeneticdata,2,3 butthisdoesnotdescribethefull
extent of the risk and could be improved by more
comprehensively describing the genetic features of the
disease and using it to define outcome.

The main clinically relevant molecular sub-
groups of myeloma are defined by the balanced
translocations into the immunoglobulin heavy
chain locus6-8 and copy number abnormalities
(CNAs). The translocation subgroups include the
t(4;14) [13%] and the t(14;16)/t(14;20) subgroups
(5%), which are associated with poor prognosis, with
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enrolled onto the National Cancer Research Institute Myeloma XI trial, for whom complete
molecular cytogenetic and clinical outcome data were available.

Results
We identified 15 significantly mutated genes: IRF4, KRAS, NRAS, MAX, HIST1H1E, RB1,
EGR1, TP53, TRAF3, FAM46C, DIS3, BRAF, LTB, CYLD, and FGFR3. The mutational spectrum
is dominated by mutations in the RAS (43%) and nuclear factor-!B (17%) pathways, but
although they are prognostically neutral, they could be targeted therapeutically. Mutations in
CCND1 and DNA repair pathway alterations (TP53, ATM, ATR, and ZNFHX4 mutations) are
associated with a negative impact on survival. In contrast, those in IRF4 and EGR1 are
associated with a favorable overall survival. We combined these novel mutation risk factors
with the recurrent molecular adverse features and international staging system to generate an
international staging system mutation score that can identify a high-risk population of patients
who experience relapse and die prematurely.

Conclusion
We have refined our understanding of genetic events in myeloma and identified clinically relevant
mutations that may be used to better stratify patients at presentation.
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INTRODUCTION

Myeloma arises after the immortalization of a plasma
cell that subsequently acquires further genetic abnor-
malities, leading to an increasingly malignant pheno-
type.1 Although the treatment of myeloma has
improved, with increasing numbers of long-term sur-
vivors, there are still many patients with short
progression-free survival (PFS) and overall survival
(OS)times.2-4 It is important to identify thesehigh-risk
patients and to design trials aimed at improving their
outcome. Traditionally, prognosis has been assessed
using the international staging system (ISS),3,5 but for

individual patients, this is insufficient to direct treat-
ment. ISS can be improved by the addition of molecu-
larcytogeneticdata,2,3 butthisdoesnotdescribethefull
extent of the risk and could be improved by more
comprehensively describing the genetic features of the
disease and using it to define outcome.

The main clinically relevant molecular sub-
groups of myeloma are defined by the balanced
translocations into the immunoglobulin heavy
chain locus6-8 and copy number abnormalities
(CNAs). The translocation subgroups include the
t(4;14) [13%] and the t(14;16)/t(14;20) subgroups
(5%), which are associated with poor prognosis, with
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Supplementary. Figure 10: CNSA: the number of CNSA identifies 4 prognostic groups with 
differential impact on PFS (L), OS(M) but fails to capture 41% of patient that progressed 
and 36% of patients that died prematurely (R). ISS-CNSA combining ISS and CNSA is a way 
forward and by identifying 3 prognostic groups with different PFS (L) and OS (M) but also 
identify 77% and 85% of patients that relapse and die prematurely (R). Mutation score: 
addition mutations to CNSA helps identify these populations better in terms of PFS (L) 
and OS (M) but still 34% and 27% of patients that relapse and die prematurely do not 
have any adverse features (R). ISS-mutations: combining ISS, mutation and CNSA 
identifies similar prognostic groups with different PFS (L) and OS (M) and detects 83% 
and 92% of patients that relapse and die prematurely respectively (R).  
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Supplementary Figure 2. Impact of RAS on PFS (A) and OS (B). Venn diagram 
representing the co-occurrences of the BRAF, KRAS and NRAS mutations (C). 
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Supplementary Figure 3: NF-κB	
  pathway	
  mutations. GC-NF-κB	
  mutated	
  genes	
  (A),	
  Effect	
  
on PFS (B) and OS (C) of NFKB mutations and B-cell mutational signature (D).:  
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Supplementary Figure 7. Impact on survival of CCND1 mutations both on the whole 
cohort and among the t(11;14) patients. The t(11;14) translocation did not have any 
prognostic impact on both PFS (A) and OS (B). Patients with a CCND1 mutation did 
significantly worse in terms of OS (D) but not PFS (C) than the whole cohort of patients. 
Among the t(11;14) patients similar results were seen in terms of PFS (E) and OS (F).  
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negative associations being found for higher ISS stages, creatinine
greater than 150 !mol/L, amp(1q), del(17p), MYC translocations,
t(4;14), del(13q), del(1p32), and del(12p) and positive associations for
hyperdiploidy (Table 1). Amp(1q) seemed to drive the prognostic
impact of gain(1q) (PFS: HR, 1.8; 95% CI, 1.2 to 2.76 [P ! .004]; and
OS: HR, 2.7; 95% CI, 1.6 to 4.5 [P ! .0002]; Figs 4A and 4B).
Del(1p32) variants (including deletions and mutations) had a
negative impact on OS (2-year OS, 62% [95% CI, 48% to 79%] v 81%
[95% CI, 77% to 85%]; P ! .001), but not on PFS (median, 22.8
months [95% CI, 17.6 months to "] v 26.7 months [95% CI, 24.0 to
29.9 months]; P ! .33).

For the first time, we are able to examine the impact of mutations
discovered in a nonbiased manner on survival within a large clinical
trial. We found that CCND1 mutations were associated with a nega-
tive impact on OS (2-year OS, 38.1% [95% CI, 14% to 100%] v 80%
[95% CI, 76% to 84%]; P ! .005; Data Supplement).

Inability to deliver an apoptotic signal was an important prog-
nostic marker. Del(17p) and TP53 mutations have a significant nega-
tive impact on outcome (Figs 4C and 4D and Data Supplement). ATM
mutations were associated with a trend toward impaired PFS (median,
15.4 months [95% CI, 8.67 months to "] v 26.6 months [95% CI, 24.0
to 30.0 months]; P ! .05) and impaired OS (2-year OS, 50% [95% CI,
30% to 84%] v 80.3% [95% CI, 76% to 84%]; P ! .01). ATR muta-
tions were seen in 1.5% of cases and have a similar impact on progno-
sis in terms of PFS (median, 23.9 months [95% CI, 10.35 months to"]
v 26.6 months [95% CI, 24.0 to 29.9 months]; P ! .3) and OS (2-year
OS, 67% [95% CI, 38% to 100%] v 80% [95% CI, 76% to 84%]; P !
.05). Combined, ATM and ATR mutations, and TP53 mutations and
del(17p) had a significant impact on both PFS and OS (Figs 4C to 4F
and Data Supplement). Mutations in ZFHX4 are associated with a

negative impact on PFS (median, 8.8 months [95% CI, 8.05 months to
"] v 26.9 months [95% CI, 25.0 to 30.2 months; P # .001), but not on
OS (2-year OS, 72% [95% CI, 54% to 96%] v 80% [95% CI, 76% to
84%]; P ! .5). NCKAP5, coding for a Nck-adaptor protein, was
associated with an adverse OS (Table 1 and Data Supplement).

Mutations in IRF4 had a positive impact on survival, with a trend
toward an improvement in PFS (2-year PFS, 71% [95% CI, 50% to
100%] v 54% [95% CI, 49% to 60%]; P! .09) and a significant impact
on OS (2-year OS, 100% v 79% [95% CI, 75% to 83%]; P ! .05; Fig
3B). Mutations in EGR1 had a positive impact on survival, with a trend
toward an improvement on PFS (median, 35.1 months [95% CI, 26.1
months to "] v 26.2 months [95% CI, 23.7 to 28.7 months]; P ! .14)
and a significant impact on OS (2-year OS, 100% v 78% [95% CI, 75%
to 83%]; P ! .04; Fig 3C).

In a multivariable analysis for PFS, ISS III, age older than 70
years, t(4;14), MYC translocations, TP53 variants, ATM and ATR
mutations, and ZFHX4 mutations remained independent prog-
nostic factors (Fig 5A). The apparent C-index was 0.67, with the
bootstrap resampling strategy suggesting an optimism of 0.02 (ie,
an internally validated C-index penalized for potential overfitting
of 0.65).

In a multivariable analysis for OS, ISS III, TP53 variants, CCND1
mutations, ATM and ATR mutations, amp(1q), and MYC transloca-
tions remained independent (Fig 5A). The apparent C-index was 0.65,
with the bootstrap resampling strategy suggesting an optimism of 0.06
(ie, an internally validated C-index of 0.59).

Cumulative Negative Impact of Mutations
We have previously shown that integrating ISS with CNSA is a

key determinant of prognosis.2 We further extended this to include
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than gain(1q) for both (A) progression-free survival (PFS) and (B) overall survival (OS). TP53 mutations and deletions are also associated with a significant negative impact
on (C) PFS and (D) OS. ATM and ATR mutations are associated with a worse outcome on both (E) PFS and (F) OS.
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negative associations being found for higher ISS stages, creatinine
greater than 150 !mol/L, amp(1q), del(17p), MYC translocations,
t(4;14), del(13q), del(1p32), and del(12p) and positive associations for
hyperdiploidy (Table 1). Amp(1q) seemed to drive the prognostic
impact of gain(1q) (PFS: HR, 1.8; 95% CI, 1.2 to 2.76 [P ! .004]; and
OS: HR, 2.7; 95% CI, 1.6 to 4.5 [P ! .0002]; Figs 4A and 4B).
Del(1p32) variants (including deletions and mutations) had a
negative impact on OS (2-year OS, 62% [95% CI, 48% to 79%] v 81%
[95% CI, 77% to 85%]; P ! .001), but not on PFS (median, 22.8
months [95% CI, 17.6 months to "] v 26.7 months [95% CI, 24.0 to
29.9 months]; P ! .33).

For the first time, we are able to examine the impact of mutations
discovered in a nonbiased manner on survival within a large clinical
trial. We found that CCND1 mutations were associated with a nega-
tive impact on OS (2-year OS, 38.1% [95% CI, 14% to 100%] v 80%
[95% CI, 76% to 84%]; P ! .005; Data Supplement).

Inability to deliver an apoptotic signal was an important prog-
nostic marker. Del(17p) and TP53 mutations have a significant nega-
tive impact on outcome (Figs 4C and 4D and Data Supplement). ATM
mutations were associated with a trend toward impaired PFS (median,
15.4 months [95% CI, 8.67 months to "] v 26.6 months [95% CI, 24.0
to 30.0 months]; P ! .05) and impaired OS (2-year OS, 50% [95% CI,
30% to 84%] v 80.3% [95% CI, 76% to 84%]; P ! .01). ATR muta-
tions were seen in 1.5% of cases and have a similar impact on progno-
sis in terms of PFS (median, 23.9 months [95% CI, 10.35 months to"]
v 26.6 months [95% CI, 24.0 to 29.9 months]; P ! .3) and OS (2-year
OS, 67% [95% CI, 38% to 100%] v 80% [95% CI, 76% to 84%]; P !
.05). Combined, ATM and ATR mutations, and TP53 mutations and
del(17p) had a significant impact on both PFS and OS (Figs 4C to 4F
and Data Supplement). Mutations in ZFHX4 are associated with a

negative impact on PFS (median, 8.8 months [95% CI, 8.05 months to
"] v 26.9 months [95% CI, 25.0 to 30.2 months; P # .001), but not on
OS (2-year OS, 72% [95% CI, 54% to 96%] v 80% [95% CI, 76% to
84%]; P ! .5). NCKAP5, coding for a Nck-adaptor protein, was
associated with an adverse OS (Table 1 and Data Supplement).

Mutations in IRF4 had a positive impact on survival, with a trend
toward an improvement in PFS (2-year PFS, 71% [95% CI, 50% to
100%] v 54% [95% CI, 49% to 60%]; P! .09) and a significant impact
on OS (2-year OS, 100% v 79% [95% CI, 75% to 83%]; P ! .05; Fig
3B). Mutations in EGR1 had a positive impact on survival, with a trend
toward an improvement on PFS (median, 35.1 months [95% CI, 26.1
months to "] v 26.2 months [95% CI, 23.7 to 28.7 months]; P ! .14)
and a significant impact on OS (2-year OS, 100% v 78% [95% CI, 75%
to 83%]; P ! .04; Fig 3C).

In a multivariable analysis for PFS, ISS III, age older than 70
years, t(4;14), MYC translocations, TP53 variants, ATM and ATR
mutations, and ZFHX4 mutations remained independent prog-
nostic factors (Fig 5A). The apparent C-index was 0.67, with the
bootstrap resampling strategy suggesting an optimism of 0.02 (ie,
an internally validated C-index penalized for potential overfitting
of 0.65).

In a multivariable analysis for OS, ISS III, TP53 variants, CCND1
mutations, ATM and ATR mutations, amp(1q), and MYC transloca-
tions remained independent (Fig 5A). The apparent C-index was 0.65,
with the bootstrap resampling strategy suggesting an optimism of 0.06
(ie, an internally validated C-index of 0.59).
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We have previously shown that integrating ISS with CNSA is a
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negative associations being found for higher ISS stages, creatinine
greater than 150 !mol/L, amp(1q), del(17p), MYC translocations,
t(4;14), del(13q), del(1p32), and del(12p) and positive associations for
hyperdiploidy (Table 1). Amp(1q) seemed to drive the prognostic
impact of gain(1q) (PFS: HR, 1.8; 95% CI, 1.2 to 2.76 [P ! .004]; and
OS: HR, 2.7; 95% CI, 1.6 to 4.5 [P ! .0002]; Figs 4A and 4B).
Del(1p32) variants (including deletions and mutations) had a
negative impact on OS (2-year OS, 62% [95% CI, 48% to 79%] v 81%
[95% CI, 77% to 85%]; P ! .001), but not on PFS (median, 22.8
months [95% CI, 17.6 months to "] v 26.7 months [95% CI, 24.0 to
29.9 months]; P ! .33).

For the first time, we are able to examine the impact of mutations
discovered in a nonbiased manner on survival within a large clinical
trial. We found that CCND1 mutations were associated with a nega-
tive impact on OS (2-year OS, 38.1% [95% CI, 14% to 100%] v 80%
[95% CI, 76% to 84%]; P ! .005; Data Supplement).

Inability to deliver an apoptotic signal was an important prog-
nostic marker. Del(17p) and TP53 mutations have a significant nega-
tive impact on outcome (Figs 4C and 4D and Data Supplement). ATM
mutations were associated with a trend toward impaired PFS (median,
15.4 months [95% CI, 8.67 months to "] v 26.6 months [95% CI, 24.0
to 30.0 months]; P ! .05) and impaired OS (2-year OS, 50% [95% CI,
30% to 84%] v 80.3% [95% CI, 76% to 84%]; P ! .01). ATR muta-
tions were seen in 1.5% of cases and have a similar impact on progno-
sis in terms of PFS (median, 23.9 months [95% CI, 10.35 months to"]
v 26.6 months [95% CI, 24.0 to 29.9 months]; P ! .3) and OS (2-year
OS, 67% [95% CI, 38% to 100%] v 80% [95% CI, 76% to 84%]; P !
.05). Combined, ATM and ATR mutations, and TP53 mutations and
del(17p) had a significant impact on both PFS and OS (Figs 4C to 4F
and Data Supplement). Mutations in ZFHX4 are associated with a

negative impact on PFS (median, 8.8 months [95% CI, 8.05 months to
"] v 26.9 months [95% CI, 25.0 to 30.2 months; P # .001), but not on
OS (2-year OS, 72% [95% CI, 54% to 96%] v 80% [95% CI, 76% to
84%]; P ! .5). NCKAP5, coding for a Nck-adaptor protein, was
associated with an adverse OS (Table 1 and Data Supplement).

Mutations in IRF4 had a positive impact on survival, with a trend
toward an improvement in PFS (2-year PFS, 71% [95% CI, 50% to
100%] v 54% [95% CI, 49% to 60%]; P! .09) and a significant impact
on OS (2-year OS, 100% v 79% [95% CI, 75% to 83%]; P ! .05; Fig
3B). Mutations in EGR1 had a positive impact on survival, with a trend
toward an improvement on PFS (median, 35.1 months [95% CI, 26.1
months to "] v 26.2 months [95% CI, 23.7 to 28.7 months]; P ! .14)
and a significant impact on OS (2-year OS, 100% v 78% [95% CI, 75%
to 83%]; P ! .04; Fig 3C).

In a multivariable analysis for PFS, ISS III, age older than 70
years, t(4;14), MYC translocations, TP53 variants, ATM and ATR
mutations, and ZFHX4 mutations remained independent prog-
nostic factors (Fig 5A). The apparent C-index was 0.67, with the
bootstrap resampling strategy suggesting an optimism of 0.02 (ie,
an internally validated C-index penalized for potential overfitting
of 0.65).

In a multivariable analysis for OS, ISS III, TP53 variants, CCND1
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tions remained independent (Fig 5A). The apparent C-index was 0.65,
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(ie, an internally validated C-index of 0.59).
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on (C) PFS and (D) OS. ATM and ATR mutations are associated with a worse outcome on both (E) PFS and (F) OS.
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poor prognosis mutations (MUT), including TP53, ZFHX4, CCND1,
and ATM and ATR and a novel CNSA, such as MYC translocations
and amp(1q). By using a CNSA-MUT score, we were able to identify
four different populations representing 50%, 33%, 11%, and 2% of
the population studied with increasingly poor PFS (one lesion: HR, !

1.7 [P " .001]; two lesions: HR, 3.4 [P " .001]; and three lesions: HR,
15.2 [P " .001]) and OS (one lesion: HR, 2.0 [P ! .002]; two lesions:
HR, 4.8 [P " .001]; and three lesions: HR, 9.6 [P " .001]). A high-risk
population can be identified comprising cases with two or more ad-
verse features representing 13% of patients who both experienced
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Fig 5. (A) Forest plot summarizing the
results of multivariable analysis. The inter-
national staging system-mutations (ISS-
MUT) identifies three prognostic groups
(group 1, ISS I and II with no copy number
and structural abnormality [CNSA] or mu-
tation; group 2, ISS III with no CNSA or
mutation or ISS I, II, and III with one CNSA
or mutation; group 3, two CNSAs or mu-
tations regardless of their ISS). It is an
efficient tool to identify independent prog-
nostic groups in terms of (B) progression-
free survival and (C) overall survival. (D) It
also identified 81% and 90% of patients
who both experienced relapse and died
prematurely. (E) The adverse features that
make up the hazard ratio (HR) group in the
ISS-MUT score comprise not only the tra-
ditional ISS–fluorescence in situ hybridiza-
tion lesions, t(4;14) and del(17p), but also
a variety of lesions previously not consid-
ered in the score that account for approx-
imately 60% of the lesions. LCI, lower CI;
NA, not assessed; Sign., significance;
UCI, upper CI.
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poor prognosis mutations (MUT), including TP53, ZFHX4, CCND1,
and ATM and ATR and a novel CNSA, such as MYC translocations
and amp(1q). By using a CNSA-MUT score, we were able to identify
four different populations representing 50%, 33%, 11%, and 2% of
the population studied with increasingly poor PFS (one lesion: HR, !

1.7 [P " .001]; two lesions: HR, 3.4 [P " .001]; and three lesions: HR,
15.2 [P " .001]) and OS (one lesion: HR, 2.0 [P ! .002]; two lesions:
HR, 4.8 [P " .001]; and three lesions: HR, 9.6 [P " .001]). A high-risk
population can be identified comprising cases with two or more ad-
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results of multivariable analysis. The inter-
national staging system-mutations (ISS-
MUT) identifies three prognostic groups
(group 1, ISS I and II with no copy number
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tation; group 2, ISS III with no CNSA or
mutation or ISS I, II, and III with one CNSA
or mutation; group 3, two CNSAs or mu-
tations regardless of their ISS). It is an
efficient tool to identify independent prog-
nostic groups in terms of (B) progression-
free survival and (C) overall survival. (D) It
also identified 81% and 90% of patients
who both experienced relapse and died
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make up the hazard ratio (HR) group in the
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Supplementary Figure 2. Impact of RAS on PFS (A) and OS (B). Venn diagram 
representing the co-occurrences of the BRAF, KRAS and NRAS mutations (C). 
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networks function to fully comprehend how patients may
respond to targeted drugs. They also highlight the importance
of genetic screening for patients, not only to identify those who
are likely to respond, but to exclude those who could experience
adverse effects and thereby ensure successful implementation
of personalized medicine.

EXPERIMENTAL PROCEDURES

Reagents
Expression vectors for epitope-tagged BRAF and CRAF have been described

(Wan et al., 2004). For western blotting the following antibodies were used:

rabbit anti-ppMEK1/2 and mouse anti-myc 9B11 (Cell Signaling Technology);

mouse anti-NRAS (C-20), rabbit anti-ERK2 (C-14), rabbit anti-ARAF (C-20),

mouse anti-BRAF (F-7) (Santa Cruz Biotechnology); mouse anti-Tubulin,

and mouse anti-ppERK1/2 (Sigma); mouse anti-CRAF (for western blotting)

(BD Transduction Laboratories). For immunoprecipitation, the following anti-

bodies were used: rabbit anti-myc (Abcam); rabbit anti-CRAF (C-20;Santa

Cruz Biotechnology); mouse anti-BRAF (F-7) (Ab from Santa Cruz Biotech-

nology). Calf intestinal phosphatase (CIP) was from New England Biolabs

(NEB). PD184352, sorafenib and PLX4720 were synthesized in-house; 885-A

was synthesized by Evotec AG (Abingdon, UK). All drugs were prepared in

DMSO. Synthetic routes are available on request.

Pan-RAF drugs,
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Figure 7. A Model of Paradoxical CRAF Activation
by BRAF
(A) In the presence of oncogenic RAS, BRAF is cytosolic,

where it maintains itself in an inactive conformation in

a manner that depends on its own kinase activity. CRAF

is recruited to the plasma membrane by RAS and activates

the pathway.

(B) When BRAF is inhibited by genetic or chemical means,

it is no longer autoinhibited and is recruited to the plasma

membrane by RAS, where it binds to CRAF. Although

BRAF does not itself signal, it can act as a scaffold to

enhance CRAF activity and consequently enhance sig-

naling through the pathway.

(C) Pan-RAF inhibitors hyperactivate CRAF because

they inhibit BRAF, but they simultaneously inhibit CRAF,

leading to paradoxical activation of CRAF without pathway

activation.

(D) T421NCRAF (T421N) escapes the paradoxical activation

by the pan-RAF inhibitors, because it no longer allows

them to bind, so is freely activated due to BRAF inhibition.

Cell Culture Techniques
Human cell lines were cultured in DMEM (A375, WM852,

HCT116, SW620, and PMWK) or RPMI (D04, MM485,

MM415, and WM1791c) supplemented with 10% fetal

bovine serum. For protein depletion, 3 3 105 D04 cells

were transfected with 5nM CRAF (50-AAGCACGCTTAG

ATTGGAATA-30 ) or NRAS (50-CATGGCACTGTACTCTTC

TCG-30) specific, or scrambled control (50-AAACCGTC

GATTTCACCCGGG-30) siRNA using INTERFERin as

recommended by the manufacturer (Polyplus Transfection

SA). For transient expression studies, D04 cells were

transfected using the Amaxa Nucleofector System as

recommended by the manufacturer (Lonza). COS-7 cells

were propagated, transfected, and extracted as described

(Wan et al., 2004). For generation of stable lines, D04

cells were transfected with pMCEF-FLAG-CRAF or

pMCEF-FLAG-T421NCRAF using Effectene as recommen-

ded by the manufacturer (Invitrogen) and selected in

G418 (1 mg/ml).

Cell lysates were prepared with NP40 buffer as described (Wan et al., 2004).

For immunoprecipitation, lysates were incubated with 2 mg BRAF F-7, 5 mg

CRAF C-20 or 2 mg rabbit anti-myc antibodies, captured on Protein G sephar-

ose 4B beads (Sigma) and analyzed by western blotting using standard

protocols. Specific bands were detected using fluorescent-labeled secondary

antibodies (Invitrogen; Li-COR Biosciences) and analyzed using an Odyssey

Infrared Scanner (Li-COR Biosciences). For CIP treatment, immunoprecipi-

tates were washed twice with NP40 lysis buffer, once in CIP buffer (50 mM

Tris-Cl [pH 7.5], 150 mM NaCl, 10 mM MgCl2, and 1 mM EDTA), and incubated

with CIP with or without 0.2 mM Na3VO4 and 7 mM EDTA. The immunoprecip-

itates were washed in CIP buffer and western blotted. Coupled RAF kinase

assays were performed with immunoprecipitated CRAF or BRAF as described

(Wan et al., 2004). Membrane fractionation was as described (Garnett et al.,

2005).

Transgenic Mice
Experiments were performed under Home Office license authority in accor-

dance with United Kingdom Coordinating Committee on Cancer Research

Guidelines (Workman et al., 1988) and with local Ethics Committee approval.

To activate CreERT2, mice were treated with four doses (10mg each) of topi-

cally applied tamoxifen as described (Dhomen et al., 2009). Genotyping was

performed by PCR. BrafLSL-D594A and BrafLox-D594A was analyzed as described

for BrafLSL-V600E and BrafLox-V600E respectively and Tyr::CreERT2 was analyzed

as described (Dhomen et al., 2009). KrasLSL-G12D was analyzed using primers

Cell 140, 209–221, January 22, 2010 ª2010 Elsevier Inc. 219
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Oncogenic	
  RAS	
  and	
  Kinase-­‐Dead	
  BRAF	
  Muta&on	
  
	
  cooperate	
  to	
  induce	
  melanoma	
  in	
  mice	
  

for the coincidence of these mutations in human cancer. Further-
more, we show that the BRAF inhibitors also hyperactivate this
pathway in growth factor stimulated cells, providing an explana-
tion of why kinase dead BRAF mutations are not always coinci-

dent with RAS mutations; presumably in some tumors the coop-
erating mutation is upstream of RAS.

Our results also suggest several potential mechanisms by
which resistance to RAF targeting drugs could develop in

(C) Myc-epitope tagged BRAF, T529NBRAF (T529N), or an empty vector control (EV) were transfected into D04 cells. After 48 hr the cells were treated with

DMSO (!) or 885-A (1 mM) for 4 hr. The endogenous CRAF was immunoprecipitated and the immunocomplexes were western blotted for myc-BRAF or endog-

enous CRAF. Myc-BRAF and endogenous CRAF levels in the cell lysates are also shown.

(D) Myc-epitope tagged BRAF, D594ABRAF (D594A), or an empty vector control (EV) were transfected into D04 cells. After 48 hr the myc-BRAF was immunopre-

cipitated (IP) and the immunocomplexes were western blotted for mycBRAF and endogenous CRAF. Myc-BRAF and endogenous CRAF levels in the cell lysates

are also shown.

(E) Myc-epitope tagged BRAF, D594ABRAF (D594A), or an empty vector control (EV) were transfected into D04 cells. After 48 hr the cells were treated with DMSO

(!), sorafenib (SF; 10 mM) or 885-A (1 mM) for 4 hr. The cells extracts were western blotted for myc-BRAF, phospho-MEK (ppMEK), phospho-ERK and total ERK2

(loading control). Note that ERK2 runs as a doublet due to the separation of the phosphorylated and nonphosphorylated protein.

(F) Myc-epitope tagged BRAF, K483MBRAF (K483M), D594VBRAF (D594V), D594ABRAF (D594A), or an empty vector control (EV) were transfected into D04 cells.

After 48 hr, the cells were treated with DMSO (!) or sorafenib (SF; 10 mM) for 4 hr. Cell extracts were blotted for myc-BRAF, phospho-MEK (ppMEK), phos-

pho-ERK (ppERK) and CRAF (loading control).

(G) D04 cells were treated with sorafenib (10 mM) for various times and CRAF kinase activity was measured. Data is for one assay performed in triplicate, with error

bars to represent standard deviations from the means. Inset: D04 cells were treated with sorafenib (SF) for 4 hr and CRAF was immunoprecipitated and western

blotted for S338 phosphorylation (pS338). CRAF levels in the lysate are shown as a loading control.

(H) D04 cells stably expressing flag-epitope tagged CRAF (CRAF) or T421NCRAF (T421N) were treated with DMSO (!), PD184352 (PD; 1 mM), sorafenib (SF; 10 mM)

or 885-A (1 mM) for 4 hr. The flag-CRAF was immunoprecipitated (IP) and the immunocomplexes were western blotted for endogenous-BRAF or flag-CRAF.

Endogenous BRAF, flag-CRAF and phosphorylated ERK (ppERK) levels in the cell lysates are also shown.
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Figure 5. Oncogenic Kras and Kinase-Dead
Braf Cooperate to Drive Tumorigenesis
(A) Diagrammatic representation of targeted

conditional BrafLSL-D594A allele used for D594ABraf

expression in mouse melanocytes. The endoge-

nous mouse Braf gene from exons 14–15 is

represented. Exon 15 is mutated to express
D594ABraf (15*). LoxP sites are represented by

triangles. The relative position of the wild-

type BRAF minigene (MG) comprising exons

15–18 of BRAF, the transcription terminator

(term) and the NeoR cassette are shown. Cre-

recombinase mediated removal of these regions

results in BrafLox-D594A, allowing expression of
D594ABraf.

(B) Photographs of the tails of tamoxifen-treated

wild-type (WTKras/WTBraf), Kras+/LSL-G12D;Tyr::

CreERT2+/o (G12DKras/WTBraf), or Kras+/LSL-G12D;

Braf+/LSL-D594A;Tyr::CreERT2+/o (G12DKras/D594ABraf)

mice.

(C) Kaplan-Meier plots showing disease free

progression of study mice. The controls consisted

of 12 tamoxifen-treated Tyr::CreERT2+/o mice;

10 ethanol-treated Braf+/LSL-D594A;Tyr::CreERT2+/o

mice and 6 ethanol-treated Kras+/LSL-G12D; Tyr::

CreERT2+/o mice. The experimental groups con-

sisted of 12 tamoxifen-treated Kras+/LSL-G12D;

Tyr::CreERT2+/o (G12DKras), 24 tamoxifen-

treated Braf+/LSL-D594A;Tyr::CreERT2+/o (D594ABraf)

mice, and 3 tamoxifen-treated Kras+/LSL-G12D;

Braf+/LSL-D594A;Tyr::CreERT2+/o (G12DKras/D594ABraf)

mice.

(D) Photographs of the feet of tamoxifen-treated

wild-type (WTKras/WTBraf), or Kras+/LSL-G12D;

Braf+/LSL-D594A;Tyr::CreERT2+/o (G12DKras/D594ABraf)

mice.

(E) Photograph showing a large tumor on the back of a tamoxifen-treated Kras+/LSL-G12D;Braf+/LSL-D594A;Tyr::CreERT2+/o (G12DKras/D594ABraf) mouse. The fur was

removed to reveal the lesion.

(F) Photomicrograph of a tumor from the back of a G12DKras/D594ABraf mouse. An area of ulceration is highlighted by the arrow.

(G) High magnification photomicrograph of a section of tumor showing atypical cells, conspicuous nucleoli (arrowheads) and nuclear pseudo-inclusions (arrows).

(H) High magnification photomicrograph of a section of tumor showing mitotic figures (arrows).

(I) Photomicrograph of a section of tumor subjected to immunohistochemical analysis with antibodies against Ki67 (MIB1).
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for the coincidence of these mutations in human cancer. Further-
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Dead-­‐BRAF	
  mutaJons	
  are	
  able	
  to	
  acJvate	
  MEK-­‐ERK	
  in	
  a	
  RAS-­‐dependent	
  manner	
  

Sample	
   BRAF	
   NRAS	
   KRAS	
  

MM-­‐295_early	
   D594N,	
  50%	
   G12D,	
  8.9%	
   wt	
  

MM-­‐295_late	
   D594N,	
  51.9%	
   G12D,	
  100%	
   wt	
  

MM-­‐435	
   D594G,	
  22.2%	
   Q61R,	
  29.9%	
   wt	
  

MM-­‐219	
   D594G,	
  7.8%	
   wt	
   G13D,	
  5.9%	
  

MM-­‐140	
   D594N,	
  1.7%	
   wt	
   G12A,	
  14.8%	
  

MM-­‐411	
   D594G,	
  0.9%	
   S87C,	
  45.5%	
   wt	
  

PCL-­‐026_early	
   D594N,	
  43.1%/E586K,	
  42.2%	
   wt	
   wt	
  

PCL-­‐026_late	
   D594N,	
  40%/E586K,	
  42.8%	
   wt	
   wt	
  

PCL-­‐028	
   D594E,	
  4.7%	
   wt	
   wt	
  

MM-­‐036	
   D594N,	
  5.6%	
   wt	
   wt	
  

5	
  out	
  of	
  8	
  MM	
  pa&ents	
  carrying	
  a	
  D594	
  dead-­‐BRAF	
  
muta&on	
  were	
  mutated	
  for	
  RAS	
  genes.	
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 Supplementary Figure 2: (A) Effect of Vemurafenib on the growth of U266 cells assayed by the trypan blue 
dye exclusion test. Cells at a density of 0.5×106/ml were cultured for 72 h with Vemurafenib at the concentration of 
30  μM.  The data are presented as the mean±s.e. of three independent experiments. 
(B) Bar graph representation of cell cycle of U266 cells treated with DMSO or with 30 μM  Vemurafenib  for  24,  
48, and 72 hours, including standard deviations. Dark grey are cells in G1 phase, black are cells in S phase, light 
grey cells in G2 phase. The data are presented as the mean±s.e. of three independent experiments. 
(C) Effect of Vemurafenib on the induction of apoptosis in U266 cells. Cells were cultured with Vemurafenib at 
the  concentration  of  30μM.  Cells  were  stained  with  FITC-annexin V (AN) and 7-amino-actinomycin D (7AAD) at each 
time point, and analyzed by flow cytometry. Represented data are from one experiment representative of two 
independent experiments. 
(D) Western blot analysis of U266 after 6-24 h of treatment with/without 30 μM  Vemurafenib. Cell lysates were 
analyzed for the expression of BRAF, phospho-ERK1/2 (Thr 202/Tyr 204), and total ERK1/2. 
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DIS3,	
  a	
  	
  cataly&c	
  component	
  of	
  the	
  RNA	
  exosomes	
  	
  
• DIS3 is the catalytic subunit of the RNA exosome, a macromolecular complex degrading 
RNA.  
• The eukaryotic exosome complex is built around a backbone of a 9-subunit ring devoid 
of any detectable catalytic activity  
• The RNA decay capability is supplied by two associated hydrolytic ribonucleases, Dis3 
and Rrp6.  
• Dis3 is both a 3’-5’ exonuclease and, as recently demonstrated, an endoribonuclease 
(Lebreton et al. 2008; Schaeffer et al. 2009).  
• Rrp6 is instead an exonuclease. The functional relationship between Dis3 and Rrp6 is 
unknown	
   G766	
  R780	
  

G833	
  	
  R847	
  

Bolli	
  et	
  al.,	
  Nature	
  Comm.	
  2014	
  

Walker	
  et	
  al.,	
  Blood	
  2012	
  Lohr	
  et	
  al.,	
  Cancer	
  Cell	
  2014	
  

Chapman	
  et	
  al.,	
  Nature	
  2011	
  

RNB	
  PIN	
  

R780	
  

DIS3	
  chrom.	
  13q	
  
5’	
   3’	
  



PIN RNB 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 

N
um

be
r o

f p
at

ie
nt

s 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 

M
1_

V1
6 

D
27

 
C

39
 

L4
8_

A
56

 

T9
3 R

10
8 

N
87

 

K
11

8 
H

11
9 

F1
20

 

G
13

8 

R
28

5 
D

29
0 

R
35

1 

T3
74

 

P4
12

 
R

41
8 

R
46

7 

S4
77

 

V5
04

 

Y5
31

 

S5
50

 

E6
26

 

E6
65

 
M

66
2 

A
75

1 

R
78

0 

E9
29

 

K
95

2 

12 

Lionetti et al., 
Oncotarget 2015 

Chapman et al., Nature 2011; 
Lohr et al., Cancer Cell 2014 

Bolli et al.,                      
Nature Commun 2014 

Walker et al., 
Blood 2012 

Weiβbach et al., 
BJH 2015  

D
48

8 

N
56

7 
H

56
8 

R
82

0 

R
78

9 
D

78
4 

T7
76

 

G
76

6 
H

76
4 

R
68

9 

E1
26

 

C
48

3 

D
48

7 

M
66

7 
A

67
0 

F7
75

 

A
67

5 

Walker et al., 
JCO 2015 

M
1I

 

E8
1 

T1
31

 

I2
75

 

L4
20

 
L4

34
 

S4
45

 

R
47

1 

D
48

5 

P5
41

 

G
52

7 
A

52
4 

E5
01

 

K
57

9 

L6
88

 L7
67

 
T7

73
 

15 
14 
13 

Y7
82

 

H
80

8 
C

81
4 

17 
16 

A
82

7 

Compendium	
  of	
  DIS3	
  mutaJons	
  in	
  plasma	
  cell	
  dyscrasias	
  

Lioneh	
  et	
  al.	
  	
  
Oncotarget.	
  2015	
  Sep	
  22;6(28):26129-­‐41	
  



Variant	
  allelic	
  frequency	
  and	
  sequen&al	
  analysis	
  of	
  DIS3	
  muta&on	
  analysis:	
  
Evidence	
  of	
  mutaJon	
  in	
  small	
  sublones	
  

Lioneh	
  et	
  al.	
  	
  
Oncotarget.	
  2015	
  Sep	
  22;6(28):26129-­‐41	
  

copy number chr 13= 2 del(13q14) 



DIS3	
  muta&ons	
  and	
  chromosomal	
  abnormali&es	
  
Nega&ve/Posi&ve	
  associa&on	
  with	
  Hyperdiplody/non-­‐Hyperdiplody	
  

	
  P	
  value=0.0018	
  

	
  P	
  value=0.0078	
  

number across the exome was determined using control–FREE copy number and
allelic content caller (FREEC) and cancer clonal fraction calculated.18

Molecular Cytogenetics
Translocations were called19 and manually curated. Simultaneously,

translocations were determined by quantitative reverse-transcriptase poly-
merase chain reaction.20 When not concordant, the data were examined and a
decision was made. Copy number changes were assessed by multiplex ligation-
dependent amplification using the SALSA P425-B1 probe mix (MRC-
Holland, Amsterdam, the Netherlands).21 The copy number at each locus was
estimated22 and determined, as previously described.23

Correlation Studies
Correlation between mutated genes and cytogenetic abnormalities using

Bayesian inference was determined using the program JAGS24 and the
R-interface Bayesmed (http://cran.r-project.org/web/packages/BayesMed/
index.html).25,26 The probability of the observed data under the null hypoth-
esis versus the alternative hypothesis or Bayes factor (BF) was computed. A BF
greater than 1 was considered significant. BFs of 1 to 3, 3 to 20, 20 to 150, and
greater than 150 were considered weak, positive, strong, and very strong
associations, respectively.27 Correlation coefficients were plotted using
corrplot (http://cran.r-project.org/web/packages/corrplot/index.html).28

Survival Analysis
Time-to-event analysis was performed in R29 using the survival30,31 and

coin32,33 packages. Differences between survival functions were tested using
the log-rank test. Hazard ratios (HRs) were estimated from Cox proportional
hazard regression. All statistical tests were two sided and evaluated at the 5%

level. The power to detect prognostic associations was estimated using
PowerSurvEpi (http://cran.r-project.org/web/packages/powerSurvEpi/
index.html).34 Multivariable stepwise variable selection was performed using a
standard backward-elimination approach, with P ! .05 taken as level of
significance for variable retention to estimate an apparent predictive ability
quantified using Harrell’s C-index. This predictive ability was then internally
validated with a bootstrap resampling strategy using the package root-mean-
square35 and the validate function, where the stepwise selection strategy was
also repeated. This analysis used 400 resamples and estimated an optimism-
corrected C-index. Further details may be found in the Data Supplement.

RESULTS

Significantly Mutated Genes and Altered Pathways
We identified 13 significantly mutated genes in the complete data

set (Appendix Table A1), including KRAS, NRAS, TRAF3, TP53,
FAM46C, DIS3, BRAF, LTB, CYLD, RB1, HIST1H1E, IRF4, and MAX.
The location of the mutations may be found in the Data Supplement.

The RAS/MAPK pathway is the most frequently mutated path-
way (KRAS " 21.2%, NRAS " 19.4%, BRAF " 6.7%), making up a
total of 43.2% of patients with NRAS and KRAS tending to be mutu-
ally exclusive, but co-occurring in 2% of patients. They had no impact
on survival (Data Supplement). The mean cancer clonal fractions for
KRAS, NRAS, and BRAF were 32%, 33%, and 25%, suggesting they
are associated with progression. The hotspots of mutation in KRAS
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Fig 2. Correlation between mutations
and recurrent cytogenetic abnormalities.
Intensity of color shade represents the
degree of correlation (blue, negative; red,
positive) as per scale. Only significant cor-
relations are represented on this plot, with
the nonsignificant correlations in white.
HRD, hyperdiploidy.
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in each of the three samples was normalized relative to the copy
number of the PRKCQ gene: 3F, 5¶-CCTGGGACAGCACTTTTGATGC-3¶;
PRKCQ 3R, 5¶-CACGGTGGTTTCAGAGATGAGGTC-3¶. Data evaluation
was carried out using the ABI 7500 SDS software (Applied Biosystems).

Mutational analysis. As tumor DNA is limited, whole genome
amplification was done using the Repli-g kit (Qiagen) with 25 ng of
input DNA. This approach was used in subsequent mutational analysis
studies. For mutational analysis, the coding region was analyzed
with primers designed to amplify exons of CDKN2C: CDKN2C 1F,
5¶-CCGGAGTCATTAACCAG-3¶; CDKN2C 1R, 5¶-AAATATGGCAAC-
CAACTAGG-3¶; CDKN2C 2F, 5¶-TTTTGGGCCCATTTAAGACGTTC-3¶;
CDKN2C 2R, 5¶-TAGGCACCAAGGTGGACGGGACA-3¶. PCR was done
with an initial denaturation at 94jC for 3 min, followed by 30 cycles
of 94jC for 30 s, 54jC for 30 s, and 72jC for 45 s. A final extension
of 72jC for 5 min concluded the PCR. The PCR products were puri-
fied using Ampure PCR clean-up beads (Agencourt Bioscience Corp.).

Products were sequenced directly using BigDye v3.1 (Applied Bio-
systems) on an ABI 3130xl Genetic Analyser (Applied Biosystems).
Fifty-three samples were sequenced for mutations in CDKN2C , of
which 9 were hemizygous, and 44 were diploid for this locus.

Methylation analysis. Genomic DNA (10 ng) was treated with
sodium bisulfite using EpiTect Bisulfite Kit (Qiagen). The fragment of
interest was amplified from bisulfite-modified DNA and sequenced as
described (27). As a positive control for methylation we used a Hodgkin
Lymphoma cell line, L-540, which was kindly provided by Dr. Sanchez-
Beato (CNIO, Spain).

Western blot analysis. Whole cell lysates were made by washing
10 ! 106 multiple myeloma HMCLs growing exponentially in cold PBS
followed by lysis in cell lysis buffer [50 mmol/L Tris-HCl (pH 7.5);
150 mmol/L NaCl; 1% (v/v) Triton X-100 + 0.5% (w/v) sodium
deoxycholate; 1 mmol/L EDTA; 1 mmol/L phenylmethylsulfonyl
fluoride] containing a cocktail of protease inhibitors (Roche Applied

Fig.1. Deletions of1p as determinedby SNParray.A, copynumber (CN) is shown in the gray panel to the right of the ideogram, where the line indicates theCNat the point on
the chromosome. Homozygous deletion is observed in1p32.3 in three cases (27, 66, and 71), hemizygous deletion is shown in case 29, and a sample without deletion of
1p32.3 is shown in case 32.B, the positions of deletions in individual samples are shown as black vertical lines to the right of the ideogram.The green arrow at1p32.3 indicates
the locationofCDKN2C andof BACRP11-278J17.The red arrowat1p12 indicates the locationof BACRP11-418J17. Cases 27, 66, and 71hadhomozygous deletion (blue line)
and case19 haduniparental disomy (UPD) of1p.C, FISHof chromosome1p. An example of normal FISH signal for BACs at1p32.3 and1p12 (case 22; left) and an example of
homozygous deletion at 1p32.3 with normal signal at1p12 (case 27; right). D, deletion of1p32.3 (CDKN2C) in the model of myeloma pathogenesis. MGUS, monoclonal
gammopathy of undetermined significance; SMM, smoldering multiple myeloma; MM, multiple myeloma.
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Mapping of Chromosome 1p Deletions in Myeloma Identifies
FAM46C at 1p12 and CDKN2C at 1p32.3 as Being Genes in
Regions Associated with Adverse Survival

Kevin D. Boyd1, Fiona M. Ross2, Brian A. Walker1, Christopher P. Wardell1, William J. Tapper2,
Laura Chiecchio2, GianPaolo Dagrada2, Zoe J. Konn2, Walter M. Gregory3, Graham H. Jackson4,
J. Anthony Child3, Faith E. Davies1, and Gareth J. Morgan1 on behalf of the NCRI Haematology
Oncology Studies Group

Abstract
Purpose:Regions on1pwith recurrent deletions in presentingmyelomapatientswere examinedwith the

purpose of defining the deletions and assessing their survival impact.
ExperimentalDesign:Genemapping, gene expression, FISH, andmutation analyses were conducted on

patient samples from the MRC Myeloma IX trial and correlated with clinical outcome data.

Results: 1p32.3 was deleted in 11% of cases, and deletion was strongly associated with impaired overall

survival (OS) in patients treated with autologous stem cell transplant (ASCT). In patients treated less

intensively, del(1)(p32.3) was not associated with adverse progression-free survival (PFS) or OS. The target

of homozygous deletions was CDKN2C, however its role in the adverse outcome of cases with hemizygous

deletion was less certain. 1p22.1-21.2 was the most frequently deleted region and contained the candidate

genesMTF2 andTMED5. Nomutationswere identified in these genes. 1p12wasdeleted in19%of cases, and
deletion was associated with impaired OS in univariate analysis. The target of homozygous deletion was

FAM46C, which was mutated in 3.4% of cases. When cases with FAM46C deletion or mutation were

considered together, they were strongly associated with impaired OS in the intensive treatment setting.

Conclusion: Deletion of 1p32.3 and 1p12 was associated with impaired OS in myeloma patients

receiving ASCT. FAM46C was identified as a gene with potential pathogenic and prognostic significance

based on the occurrence of recurrent homozygous deletions and mutations. Clin Cancer Res; 17(24);

7776–84. !2011 AACR.

Introduction

High-risk genetic lesions can be divided into primary
genetic events, namely, translocations involving the IGH
gene at 14q32, and secondary genetic events which usually
constitute chromosomal gains or deletions (1). IGH trans-
locations that have been associated with short survival in
myeloma include t(4;14), t(14;16), and t(14;20), whereas
structural chromosomal abnormalities that have been

shown to be important include deletion of 17p, involving
the TP53 gene, and gain of 1q (2–7). A prognostic model
incorporating these lesions with the International Staging
System (ISS) has been described which identified patients
with poor prognosis at diagnosis (8).

Deletion of 1p has been identified as a common recurrent
genetic event in myeloma that has prognostic significance
when detected by conventional cytogenetics (9, 10). Several
minimally altered regions on 1p have been identified,
including 1p32.3, 1p31.3, 1p22.1-1p21.3, and 1p12
(11). We have previously used an approach of focusing on
regions with recurrent homozygous deletions, as these are
usually small, pathogenically relevant, and allow for the
definition of critically deregulated genes (12).We described
recurrent homozygous deletions of 1p32.3 which incorpo-
rate two genes, CDKN2C and FAF1, with homozygous
deletion being associated with abrogation of expression of
bothof these genes (13, 14).We founddeletionof 1p32.3 to
be associated with impaired survival in 510 newly present-
ing patients treated intensively (14). In another study,
genome-wide correlation of CGH-defined genomic lesions
with survival identified 1p31-32 as the only factor inde-
pendently associated with prognosis in 131 patients treated

Authors' Affiliations: 1The Institute of Cancer Research, Haemato-oncol-
ogyResearchUnit, Division ofMolecular Pathology, London; 2University of
Southampton, Wessex Regional Genetics Laboratory, Salisbury; 3Clinical
Trials Research Unit, University of Leeds, Leeds; and 4University of New-
castle, Newcastle-upon-Tyne, United Kingdom

Note: Supplementary data for this article are available at Clinical Cancer
Research Online (http://clincancerres.aacrjournals.org/).

Corresponding Author: Gareth J. Morgan, The Institute of Cancer
Research,Haemato-oncologyResearchUnit, Division ofMolecular Pathol-
ogy, 15CotswoldRoad, Sutton, SurreySM25NG,UnitedKingdom. Phone:
442087224130; Fax: 442087224432; E-mail: gareth.morgan@icr.ac.uk

doi: 10.1158/1078-0432.CCR-11-1791

!2011 American Association for Cancer Research.

Clinical
Cancer

Research

Clin Cancer Res; 17(24) December 15, 20117776

on September 3, 2015. © 2011 American Association for Cancer Research. clincancerres.aacrjournals.org Downloaded from 

Published OnlineFirst October 12, 2011; DOI: 10.1158/1078-0432.CCR-11-1791 

codon. Two of the mutations occurred in samples with
hemizygousdeletionof 1p12,whereas 3didnot cosegregate
with either deletion or uniparental disomy.
The survival of patients with any abnormality of

FAM46C (incorporating loss of heterozygosity or muta-
tion) was compared with patients with normal FAM46C,
and we show that abnormal FAM46C was associated
with impaired survival (median OS 25.7 months vs.
51.3 months, P ¼ 0.004; Fig. 4). Although this effect was
most marked in patients treated intensively (median OS
24.4 months vs. not reached, P ¼ 0.005), a formal test for
interaction of pathway and del(1)(p12) was not signi-
ficant (x2 ¼ 3.08; df 1; P¼ 0.078) which does not support
there being the same differential survival impact in
patients treated intensively and nonintensively as was
evident in the analysis of 1p32.3. The survival impact
of del(1)(p12) was extended to the FISH data set of
378 patients and deletion was found to be weakly asso-
ciated with impaired OS (median OS 44.5 months vs.
53.0 months, P ¼ 0.0497). This association was not
significant in multivariate analysis when þ1q, del17p
and adverse IGH translocations [t(4;14), t(14;16), and
t(14;20)] were included as covariates.

The relative survival impact of del(1)(p32.3)
and del(1)(p12)
Hemizygous deletion are often large, so that 1p deletions

often encompass both 1p12 and del1p32.3. To assess the
relative contributions of these 2 regions to the adverse
prognostic signal, 372 patients with FISH results for both
1p12 and 1p32.3 were examined. 38 (10.2%) had del(1)
(p12) only, 18 (4.8%) had del(1)(p32.3) only and 30
(8.1%) cases had deletion of both regions. The 38 patients
with only del(1)(p12) were weakly associated with

impaired survival (median OS 40.9 months vs. 53.0
months, P ¼ 0.045), whereas there was a stronger associ-
ationwith short survival inpatientswithonly del(1)(p32.3)
(median OS 21.6 months vs. 51.6 months, P < 0.001). This
suggests that when deletion alone is being considered,
1p32.3 has the largest prognostic impact.

Discussion

In this analysis we identify genes and regions of 1p with
prognostic impact and potential pathogenic relevance.
1p32.3 underwent homozygous deletion in 5.3% of cases,
with the deletions affecting CDKN2C and also FAF1,
although the mapping data of other data sets suggest that
CDKN2C may be the key deleted gene (23). Deletions
detected by FISH were associated with impaired survival in
patients treated in the intensive armof theMyeloma IX trial,
but surprisingly the converse was true in patients treated
nonintensively, with deletion being associated with a mar-
ginal improvement inOS. Both these associations were true
inmultivariate analyses including other genetic lesions, and
we found no bias in confounding variables to explain this
effect. We examined this paradox in more detail to assess
whether this was related to patient therapy or patient age,
and the association of deletion with impaired survival was
only observed in patients receiving ASCT, suggesting that
del(1)(p32.3) may specifically impair the response to this
therapy. However, the low numbers of young patients not
autografted in the analysis means that age cannot be
completely discounted as a factor.

Although CDKN2C is likely to be the key deregulated
gene in caseswith homozygous deletion, it’s involvement in
the outcome of cases with hemizygous deletion was less
certain, as in these cases CDKN2C was not underexpressed,
and we have previously reported no evidence of allelic
silencing throughmethylation ormutation (13).Moreover,
low expression was not associated with short survival but
the converse was true, with high expression being linked to
impaired survival. This is consistent with previously
reported data showing that myeloma with high prolifera-
tion defined by a gene expression signature was associated
with highCKDN2C expression (23). It is possible, then, that
in patients with hemizygous deletion of 1p32.3, deletion of
other genes may play a role in the clinical outcome.
Although homozygous deletions were small and focal,
mapping analysis showed that hemizygous deletions are
often large and involve other regions, including 1p22.1 and
1p12.

1p22.1 was the most frequently deleted region in our
mapping data set and in the extended analysis of all publicly
available mapping data sets. However, the 2 candidate
genes that we had previously identified within this region
(MTF2 and TMED5) did not have convincing evidence that
downregulation adversely affected survival. Moreover, we
did not identify any mutations in these genes. Although it
remains likely that this region has pathogenic relevance, a
key deregulated gene within this region has not been
identified.
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Figure 4. OS of cases with any abnormality of FAM46C (incorporating
LOH and mutation) compared with cases with normal FAM46C.

Survival Impact of 1p12/FAM46C and 1p32.3/CDKN2C in Myeloma
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Ig loci partner oncogenes is through colocalization of active
enhancer elements with the oncogene, we examined the
remaining samples with rearrangements for the presence of
enhancer elements. We used data from two papers in which
binding sites of BRD4 and MED1, which occur at transcriptionally
active sites, enhancers and superenhancers in MM1.s cells had
been annotated using only enhancer sites on the assembled
derivative chromosome.23,24 As expected, the Ig loci breakpoints
were typically close to or within an enhancer/superenhancer
(minimum distance¼ 0, maximum distance¼ 26 kb) with the
exception of IGKC breakpoints, which were B292 kb from the
nearest superenhancer (Table 3). This discrepancy is likely owing
to MM1.s cells being a lambda light chain expresser that do not
express a kappa light chain. If a cell line expressing a kappa light
chain had been used in the analysis an enhancer may have been
detected much closer.

In order to determine whether there was an enrichment of
superenhancer sites in the vicinity of MYC breakpoints, we used
the genomic locations of superenhancers from a variety of the
cell types determined in Hnisz et al.23 There was a statistically
significant enrichment for breakpoints within 1 Mb of a
superenhancer in the MM1.s myeloma cell line and in CD19þ

B cells (P¼ 0.0049 and 0.041, respectively). No enrichment was
seen with enhancer locations in K562 cells, CD3þ T cells or

skeletal muscle myoblasts indicating a cell-specific enrichment for
superenhancers in the B-cell lineage.

The partner loci to MYC are also mostly related to myeloma
pathogenesis or B-cell biology (Table 3). In addition to the Ig loci,
partner genes of MYC rearrangements included FAM46C, KRAS and
CCND1. All of these genes are candidates in many genetic studies
of myeloma. FAM46C is deleted in B20% of samples and mutated
in B3% of samples.2,25 KRAS is mutated in 31% of samples and
CCND1 is overexpressed in t(11;14) accounting for B15% of
samples.26,27 In addition, XBP1 is involved in plasma cell
differentiation, the unfolded protein response and is mutated in
a low percentage of relapsed refractory myeloma.26,28 The genes
located next to breakpoints in the remaining samples may also be
active in B-cell biology or myeloma pathogenesis as recurrent
translocations are found near the CHST15 locus, which is known to
be involved in B-cell signaling,29,30 and FOXO3, which is involved
in B-cell development.31 Some rearrangements from these
samples are shown in Figure 2 to illustrate the colocalization of
superenhancers to MYC.

Impact on MYC expression
Previously published gene expression array data were available on
33 of the samples (Supplementary Table 2).2 We categorized the

Figure 2. MYC rearrangements result in superenhancer colocalization on the derivative chromosome. Superenhancer elements are colocated
near to MYC from a t(1;8) (top) or a t(8;22) (middle and bottom) where the partner chromosome gene (FAM46C, XBP1 and IGL, respectively) has
a known function in myeloma or B-cell biology.
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negative associations being found for higher ISS stages, creatinine
greater than 150 !mol/L, amp(1q), del(17p), MYC translocations,
t(4;14), del(13q), del(1p32), and del(12p) and positive associations for
hyperdiploidy (Table 1). Amp(1q) seemed to drive the prognostic
impact of gain(1q) (PFS: HR, 1.8; 95% CI, 1.2 to 2.76 [P ! .004]; and
OS: HR, 2.7; 95% CI, 1.6 to 4.5 [P ! .0002]; Figs 4A and 4B).
Del(1p32) variants (including deletions and mutations) had a
negative impact on OS (2-year OS, 62% [95% CI, 48% to 79%] v 81%
[95% CI, 77% to 85%]; P ! .001), but not on PFS (median, 22.8
months [95% CI, 17.6 months to "] v 26.7 months [95% CI, 24.0 to
29.9 months]; P ! .33).

For the first time, we are able to examine the impact of mutations
discovered in a nonbiased manner on survival within a large clinical
trial. We found that CCND1 mutations were associated with a nega-
tive impact on OS (2-year OS, 38.1% [95% CI, 14% to 100%] v 80%
[95% CI, 76% to 84%]; P ! .005; Data Supplement).

Inability to deliver an apoptotic signal was an important prog-
nostic marker. Del(17p) and TP53 mutations have a significant nega-
tive impact on outcome (Figs 4C and 4D and Data Supplement). ATM
mutations were associated with a trend toward impaired PFS (median,
15.4 months [95% CI, 8.67 months to "] v 26.6 months [95% CI, 24.0
to 30.0 months]; P ! .05) and impaired OS (2-year OS, 50% [95% CI,
30% to 84%] v 80.3% [95% CI, 76% to 84%]; P ! .01). ATR muta-
tions were seen in 1.5% of cases and have a similar impact on progno-
sis in terms of PFS (median, 23.9 months [95% CI, 10.35 months to"]
v 26.6 months [95% CI, 24.0 to 29.9 months]; P ! .3) and OS (2-year
OS, 67% [95% CI, 38% to 100%] v 80% [95% CI, 76% to 84%]; P !
.05). Combined, ATM and ATR mutations, and TP53 mutations and
del(17p) had a significant impact on both PFS and OS (Figs 4C to 4F
and Data Supplement). Mutations in ZFHX4 are associated with a

negative impact on PFS (median, 8.8 months [95% CI, 8.05 months to
"] v 26.9 months [95% CI, 25.0 to 30.2 months; P # .001), but not on
OS (2-year OS, 72% [95% CI, 54% to 96%] v 80% [95% CI, 76% to
84%]; P ! .5). NCKAP5, coding for a Nck-adaptor protein, was
associated with an adverse OS (Table 1 and Data Supplement).

Mutations in IRF4 had a positive impact on survival, with a trend
toward an improvement in PFS (2-year PFS, 71% [95% CI, 50% to
100%] v 54% [95% CI, 49% to 60%]; P! .09) and a significant impact
on OS (2-year OS, 100% v 79% [95% CI, 75% to 83%]; P ! .05; Fig
3B). Mutations in EGR1 had a positive impact on survival, with a trend
toward an improvement on PFS (median, 35.1 months [95% CI, 26.1
months to "] v 26.2 months [95% CI, 23.7 to 28.7 months]; P ! .14)
and a significant impact on OS (2-year OS, 100% v 78% [95% CI, 75%
to 83%]; P ! .04; Fig 3C).

In a multivariable analysis for PFS, ISS III, age older than 70
years, t(4;14), MYC translocations, TP53 variants, ATM and ATR
mutations, and ZFHX4 mutations remained independent prog-
nostic factors (Fig 5A). The apparent C-index was 0.67, with the
bootstrap resampling strategy suggesting an optimism of 0.02 (ie,
an internally validated C-index penalized for potential overfitting
of 0.65).

In a multivariable analysis for OS, ISS III, TP53 variants, CCND1
mutations, ATM and ATR mutations, amp(1q), and MYC transloca-
tions remained independent (Fig 5A). The apparent C-index was 0.65,
with the bootstrap resampling strategy suggesting an optimism of 0.06
(ie, an internally validated C-index of 0.59).

Cumulative Negative Impact of Mutations
We have previously shown that integrating ISS with CNSA is a

key determinant of prognosis.2 We further extended this to include
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negative associations being found for higher ISS stages, creatinine
greater than 150 !mol/L, amp(1q), del(17p), MYC translocations,
t(4;14), del(13q), del(1p32), and del(12p) and positive associations for
hyperdiploidy (Table 1). Amp(1q) seemed to drive the prognostic
impact of gain(1q) (PFS: HR, 1.8; 95% CI, 1.2 to 2.76 [P ! .004]; and
OS: HR, 2.7; 95% CI, 1.6 to 4.5 [P ! .0002]; Figs 4A and 4B).
Del(1p32) variants (including deletions and mutations) had a
negative impact on OS (2-year OS, 62% [95% CI, 48% to 79%] v 81%
[95% CI, 77% to 85%]; P ! .001), but not on PFS (median, 22.8
months [95% CI, 17.6 months to "] v 26.7 months [95% CI, 24.0 to
29.9 months]; P ! .33).

For the first time, we are able to examine the impact of mutations
discovered in a nonbiased manner on survival within a large clinical
trial. We found that CCND1 mutations were associated with a nega-
tive impact on OS (2-year OS, 38.1% [95% CI, 14% to 100%] v 80%
[95% CI, 76% to 84%]; P ! .005; Data Supplement).

Inability to deliver an apoptotic signal was an important prog-
nostic marker. Del(17p) and TP53 mutations have a significant nega-
tive impact on outcome (Figs 4C and 4D and Data Supplement). ATM
mutations were associated with a trend toward impaired PFS (median,
15.4 months [95% CI, 8.67 months to "] v 26.6 months [95% CI, 24.0
to 30.0 months]; P ! .05) and impaired OS (2-year OS, 50% [95% CI,
30% to 84%] v 80.3% [95% CI, 76% to 84%]; P ! .01). ATR muta-
tions were seen in 1.5% of cases and have a similar impact on progno-
sis in terms of PFS (median, 23.9 months [95% CI, 10.35 months to"]
v 26.6 months [95% CI, 24.0 to 29.9 months]; P ! .3) and OS (2-year
OS, 67% [95% CI, 38% to 100%] v 80% [95% CI, 76% to 84%]; P !
.05). Combined, ATM and ATR mutations, and TP53 mutations and
del(17p) had a significant impact on both PFS and OS (Figs 4C to 4F
and Data Supplement). Mutations in ZFHX4 are associated with a

negative impact on PFS (median, 8.8 months [95% CI, 8.05 months to
"] v 26.9 months [95% CI, 25.0 to 30.2 months; P # .001), but not on
OS (2-year OS, 72% [95% CI, 54% to 96%] v 80% [95% CI, 76% to
84%]; P ! .5). NCKAP5, coding for a Nck-adaptor protein, was
associated with an adverse OS (Table 1 and Data Supplement).

Mutations in IRF4 had a positive impact on survival, with a trend
toward an improvement in PFS (2-year PFS, 71% [95% CI, 50% to
100%] v 54% [95% CI, 49% to 60%]; P! .09) and a significant impact
on OS (2-year OS, 100% v 79% [95% CI, 75% to 83%]; P ! .05; Fig
3B). Mutations in EGR1 had a positive impact on survival, with a trend
toward an improvement on PFS (median, 35.1 months [95% CI, 26.1
months to "] v 26.2 months [95% CI, 23.7 to 28.7 months]; P ! .14)
and a significant impact on OS (2-year OS, 100% v 78% [95% CI, 75%
to 83%]; P ! .04; Fig 3C).

In a multivariable analysis for PFS, ISS III, age older than 70
years, t(4;14), MYC translocations, TP53 variants, ATM and ATR
mutations, and ZFHX4 mutations remained independent prog-
nostic factors (Fig 5A). The apparent C-index was 0.67, with the
bootstrap resampling strategy suggesting an optimism of 0.02 (ie,
an internally validated C-index penalized for potential overfitting
of 0.65).

In a multivariable analysis for OS, ISS III, TP53 variants, CCND1
mutations, ATM and ATR mutations, amp(1q), and MYC transloca-
tions remained independent (Fig 5A). The apparent C-index was 0.65,
with the bootstrap resampling strategy suggesting an optimism of 0.06
(ie, an internally validated C-index of 0.59).

Cumulative Negative Impact of Mutations
We have previously shown that integrating ISS with CNSA is a

key determinant of prognosis.2 We further extended this to include
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intercalating agents.33 In the scenario of relapse after Total Therapy,
multiagent chemotherapy could potentially cause harmful DNA
damage, increasing the likelihood of driver abnormalities within
resistant “units of selection,” which could therefore enhance relapse
risk. Indeed, we found significantly more mutations and an enrichment
for a novel signature, characterized by peaks at “C.T GCA” and
“C.T GCC” motifs at relapse. To our knowledge, this signature has
not been described previously and it certainly does not have the
classic features of alkylating agent or cisplatin exposure. However,
mutagenesis leading to relapse could also be driven by intrinsic
mechanisms (eg, aberrantAPOBEC activity). Although at presentation
our data confirmed the association of MAF translocations with in-
creasedmutational load and an “APOBEC signature,”13 data generated
at relapse, in 2 MF cases, showed the contribution of signature B
significantly dropped being consistent with the role of APOBECs
being less pronounced after evolution under the selective pressure
of treatment.

Alternatively, molecular aberrations detectable at relapse
may reflect subclonal heterogeneity at diagnosis with the selec-
tion of rare preexisting events during treatment. Recently a
“Big Bang model” has been put forward to explain the develop-
ment of colorectal cancer.34 This model postulates that most of
the detectable intratumor heterogeneity develops early after the

transition to an invasive tumor. According to our and other
recent data,3,5,8,9 the majority of driver events are subclonal
at presentation, consistent with “Big Bang dynamics” in MM
development. We postulate a model combining “Big Bang” and
Darwinian type of evolution (Figure 7). In this model, “Big Bang”
dynamics lead to the early establishment of intratumor heteroge-
neity, followed by Darwinian-type evolution in which treatment
can be thought of as a significant population bottleneck, after
which residual “units of selection” compete with each other and
normal hematopoiesis for access to an appropriate bone marrow
niche.

In conclusion, our study stresses the biological relevance of
del(1p),11q and del(17p),MYC translocations, andmutated driver
genes such as BRAF,NRAS,KRAS, and TP53 on the fitness level of
MM cells to survive multiagent chemotherapy. Mechanistically,
bi-allelic loss of tumor-suppressor genes is a crucial mechanism,
allowing units of selection to evade treatment-induced apopto-
sis with the acquisition of subsequent proliferative advantage
leading to their outgrowth. Using alternate therapies with different
mechanisms of action during the postinduction phase, especially
treatments that induce cell death via tumor-suppressor independent
pathways, would be predicted to overcome these mechanisms and
prevent relapse.
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A B S T R A C T

Purpose
Primary plasma cell leukemia (pPCL) is a rare and aggressive malignancy with a poor prognosis. With
conventional chemotherapy, patients typically die within 1 year. In all but one of the retrospective studies
reported to date, bortezomib and lenalidomide seem to improve survival. We conducted a prospective
phase II trial in patients with pPCL to assess the efficacy of an alternate regimen that combines standard
chemotherapy, a proteasome inhibitor, and high-dosemelphalan and autologous stem cell transplantation
(HDM/ASCT) followed by either allogeneic transplantation or bortezomib/lenalidomide maintenance.

Patients and Methods
Patients 70 years old and younger with newly diagnosed pPCL received four alternating cycles of
bortezomib, dexamethasone plus doxorubicin or cyclophosphamide. Peripheral blood stem cells
were collected from responding patients with , 1% of circulating plasma cells before HDM/ASCT.
As consolidation, young patients received a reduced-intensity conditioning allograft, whereas the
remaining patients underwent a second HDM/ASCT followed by 1 year of bortezomib, lenalidomide,
dexamethasone. The primary end point was progression-free survival (PFS).

Results
Forty patients (median age, 57 years; range, 27 to 71 years) were enrolled. The median follow-up was
28.7 months. In the intention-to-treat analysis, the median PFS and overall survival were 15.1 (95% CI,
8.4; -) and 36.3 (95% CI, 25.6; -) months, respectively. The overall response rate to induction was 69%.
One patient underwent a syngeneic allograft and 25 HDM/ASCT (16 of whom subsequently received a
reduced-intensity conditioning allograft and seven a second ASCT followed by maintenance).

Conclusion
In this prospective trial in patients with pPCL, we show that bortezomib, dexamethasone plus
doxorubicin or cyclophosphamide induction followed by transplantation induces high response rates
and appears to significantly improve PFS.

J Clin Oncol 34:2125-2132. © 2016 by American Society of Clinical Oncology

INTRODUCTION

Plasma cell leukemia (PCL) is a rare and ag-
gressive form of symptomatic myeloma, either
presenting as primary PCL (pPCL) in patients
given a new diagnosis or as secondary PCL in

patients with relapsed myeloma. PCL is defined
by the presence of $ 20% plasma cells in the
peripheral blood or an absolute plasma cell
count . 2 3 109/L.1,2 pPCL accounts for 2% to
4% of patients with myeloma.3-6 All but one of
the studies published so far have been small
retrospective analyses. Compared with myeloma,
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Figure 7. Model of multiple myeloma development
and relapse. We postulate a model combining the
recently introduced “Big Bang model”34 and Darwinian
type of evolution. According to this model, “Big Bang”
dynamics lead to the early establishment of intra-tumor
heterogeneity, followed by a Darwinian type of evolu-
tion in which different subclones acquire additional
aberrations and compete with each other and normal
hematopoiesis for access to an appropriate bone
marrow niche. Treatment can be thought of as
generating a significant population bottleneck, which
eradicates some subclones but may simultaneously
select for clones with strong driver events that increase
proliferation and resistance to apoptosis.
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