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Multiple myeloma: a malignant proliferation of bone marrow plasma cells

Plasma cell: Ig-secreting, heavy-chian class
switched, terminally differentiated B-cell -1% of cancer

* 10% of hematological malignancies
» 2-4 cases/year/100.000

* Uncurable disease_ MS approximately 6 ys

Major issues

‘Myeloma looks homogeneous at microscope

j : *Survival outcome cannot be predicted at presentation
A .l l' . *High molecular heterogeneity
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What’s the relevance of molecular genetics in the

L L L
I

o0

L L L
L L
| I O D |
T 1T 17T
~]

~
~

risk stratification and targeting treatments of patients?
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Common cytogenetic findings in MM by FISH

Chromosome 13 abnormalities = 240-50%
= Monosomy
= Deletion 13
= 13q translocations

Hyperdiploidy = =50% (3,5,7,9,11,15,19,21)

Fonseca R, et al. Leukemia. 2009; 23: 2210-2221; Bergsagel et al, Blood 2013; Affer et al. Leukemia, 2014



Disease stages and timing of oncogenic events in Multiple Myeloma

Normal Smoldering
plasma cell MGUS Myeloma

Myeloma Extra-medullary
Plasma cell leukemia
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Molecular pathogenesis of Multiple Myeloma: two main models

Rare de novo MM
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Germinal center — MGUS — Intramedullary — Extramedullary
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Frequency of DNA copy number alterations in MMs by SNP-array

- gain Human Mapping
50K Xba SNPs
I toss Affymetrix

Agnelli et al. GCC 2009



t(14;16)
t(14;20)

Distinct molecular types of MM are associated with specific RNA expression profiles
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Specific microRNA expression profiles are associated with major

molecular MM groups
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Cancer Therapy: Preclinical Research
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Survival Has Improved...even for High Risk MM?

ISS Stage Criteria
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* How to integrate the molecular genetics for risk
stratification and treatment selection




MSMART 2.0: Classification of Active MM

20% 20% 60%
High-Risk Intermediate-Risk* Standard-Risk*f
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= t(14;16) yporaiplol
" t(14;20) = Cytogenetic " t(11;14)
= GEP Deletion 13 or " $(6;14)
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signature

* PCLI>3%
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* Note that a subset of patients with these factors will be classified as high-risk by GEP
TLDH >ULN and beta-2 M > 5.5 may indicate worse prognosis

* Prognosis is worse when associated with high beta-2 M and anemia

**t(11;14) may be associated with plasma cell leukemia

Dispenzieri et al. Mayo Clin Proc 2007;82:323-341; Kumar et al. Mayo Clin Proc 2009 84:1095-1110
v8 Revised and updated: Feb 2011
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GENETIC PROGNOSTIC MARKERS IN MYELOMA _ MRC MM IX
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Proportion of Patients

IMPACT OF COMBINED LESIONS
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SPOTLIGHT REVIEW

International Myeloma Working Group molecular classification of multiple myeloma:
spotlight review

R F()nseca , PL Ber;hsabel . Drach R Shaubhnessv , N Gutlerrez , K Stewart G Morban ", B Van Ness® " M Chesi', S vauelle ,
A Neri®, B Barlogie®’, WM Kuehl?, P Liebisch'®, F Davies®, S Chen-Kiang'" BGM Durie'?, R Carrasco'’?, Orhan Sezer'?, Tony
Reiman'®, Linda Pilarski'® and H Avet-Loiseau’

Table 1 FISH markers and association with outcome for patients with MM
Level FISH tests Testing Validation
frequency
Minimal proposed testing (essentid] testing)
Established markers 1(4;14)(p16;,932) Once Validated by several studies
t(14;16)(g32;923) Once
17p13 May be repeated
Expanded panel
Markers with modest Hyperdiploidy Once Weak effects when used
effects alone. The first two may
poriend a more favorable
outcome
t(11;14)(q13;932) Once
Chromosome 13 May be repeated
Other Other translocations Once Rare events and not
routinely tested
Chromosome 1 1qg amplification May be repeated Although conflicting studies
seem to predict outcome
1p deletion
aCGH derived 12p deletion
markers

5q amplification May be repeated Data not validated yet
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ORIGINAL REPORT

Revised International Staging System for Multiple Myeloma:
A Report From International Myeloma Working Group

Antonio Palumbo, Hervé Avet-Loiseau, Stefania Oliva, Henk M. Lokhorst, Hartmut Goldschmidt,

Laura Rosinol, Paul Richardson, Simona Caltagirone, Juan José Lahuerta, Thierry Facon, Sara Bringhen,
Francesca Gay, Michel Attal, Roberto Passera, Andrew Spencer, Massimo Offidani, Shaji Kumar,
Pellegrino Musto, Sagar Lonial, Maria T. Petrucci, Robert Z. Orlowski, Elena Zamagni, Gareth Morgan,
Meletios A. Dimopoulos, Brian G.M. Durie, Kenneth C. Anderson, Pieter Sonneveld, Jésus San Miguel,
Michele Cavo, S. Vincent Rajkumar, and Philippe Moreau

A B S T R A C T

Purpose

Thepclinical outcome of multiple myeloma (MM]) is heterogeneous. A simple and reliable tool is
needed to stratify patients with MM. We combined the International Staging System (ISS) with
chromosomal abnormalities (CA) detected by interphase fluorescent in situ hybridization after
CD138 plasma cell purification and serum lactate dehydrogenase (LDH) to evaluate their
prognostic value in newly diagnosed MM (NDMM).

Patients and Methods
Clinical and laboratory data frog patients with NDMM enrolled ontg™ 11 international trials

were pooled together. The K-adaptive partitioning algorithm was used
appropriate subgroups with homogeneous survival.

Results

ISS, CA, and LDH data were simultaneously available in 3,060 of 4,445 patients. We defined the
following three groups: revised ISS (R-ISS) | (n = 871), including ISS stage | (serum B,-
microglobulin level << 3.5 mg/L and serum albumin level = 3.5 g/dL), no high-risk CA [del(17p)
and/or t{4;14) and/or t(14;16)], and normal LDH level (less than the upper limit of normal range);
R-ISS 11l (n = 295}, including ISS stage Il (serum B,-microglobulin level = 5.5 mg/L) and high-risk
CA or high LDH level: and BR-ISS Il (n = 1,894

including all the other possible combinations. At a
median follow-up of 46 months, the 5-year OS rate was 82% in the R-ISS |, 62% in the R-ISS I,
and 40% in the R-ISS Il groups; the 5-year PFS rates were 55%, 36%, and 24 %, respectively.

Conclusion
The B-ISS is a simple and powerful prognostic staging system, and we recomnmend its use in future clinical

studies to stratify patients with NDMM effectively with respect to the relative nsk to their survival.

J Qin Oncol 33:2863-2869. © 2015 by American Society of Clinical Oncology
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Table 1. Standard Risk Factors for MM and the R-ISS

Prognostic Factor

Criteria

ISS stage
I

I
1

CA by IFISH
High risk

Standard risk
LDH

Normal
High

Serum B,-microglobulin < 3.5 mg/L, serum
albumin = 3.5 g/dL

Not ISS stage | or llI
Serum B,-microglobulin = 5.5 mg/L

Presence of del(17p) and/or translocation
t(4;14) and/or translocation t(14;16)

No high-risk CA

Serum LDH < the upper limit of normal
Serum LDH > the upper limit of normal

A new model for risk
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Palumbo et al, J Clin Oncol 2015
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* How to integrate the molecular genetics for risk
stratification and treatment selection

- What about “novel” agents?
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Treatment of multiple myeloma with high-risk cytogenetics: a
consensus of the International Myeloma Working Group

Pieter Sonneveld, Hervé Avet-Loiseau, Sagar Lonial, Saad Usmani, David Siegel, Kenneth C.
Anderson, Wee-Joo Chng, Philippe Moreau, Michel Attal, Robert A. Kyle, Jo Caers, Jens Hillengass,
Jesus San Miguel, Niels W. C. J. van de Donk, Hermann Einsele, Joan Bladé, Brian G. M. Durie,
Hartmut Goldschmidt, Maria-Victoria Mateos, Antonio Palumbo and Robert Orlowski

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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Treatment of multiple myeloma with high-risk cytogenetics: a
consensus of the International Myeloma Working Group

Pieter Sonneveld, Hervé Avet-Loiseau, Sagar Lonial, Saad Usmani, David Siegel, Kenneth C.
Anderson, Wee-Joo Chng, Philippe Moreau, Michel Attal, Robert A. Kyle, Jo Caers, Jens Hillengass,
Jesus San Miguel, Niels W. C. J. van de Donk, Hermann Einsele, Joan Bladé, Brian G. M. Durie,
Hartmut Goldschmidt, Maria-Victoria Mateos, Antonio Palumbo and Robert Orlowski

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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. . . Carfilzomib significantly improves the progression-free survival of
Carfilzomib, Lenalidomide, and Dexamethasone high-risk patients in multiple myeloma
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Novel proteasome Inhibitors: IXAZOMIB

Patients (Pts) with Relapsed and/or Refractory Multiple Myeloma_phase 3 study

ORR, % >VGPR, % >CR, % Median OFS, months
Placebo- Placebo- Placebo- Placebo-

IRd Rd IRd Ird IRd Rd IRd Rd HR

All patients 78.3% 715 48.1 39 11.7% 6.6 20.6 14.7 0.742%

Standard-risk 30 73 51 44 12 7 20.6 15.6 0.640*
patients

All high-risk 79% 60 45 21 12% 2 214 9.7 0.543
patients

Patients with

72 48 39 15 11* 0 214 9.7 0.596
del(17p)t

Patients with 1(4;14) 89 76 53 28 14 4 18.5 12 0.645

alone

*p<0.05 for comparison between regimens. *Alone or in combination with t(4;14) or t(14;18).
Data not included patients with t(14;16) alone due to small numbers (n=7).

In the IRd arm, median PFS in high-risk patients was similar to that in the overall patient
population and in patients with standard-risk cytogenetics

Moreau et al. ASH 2015
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Mutational Spectrum, Copy Number Changes, and
Outcome: Results of a Sequencing Study of Patients With
Newly Diagnosed Myeloma

No unifying mutation :
highly heterogeneous mutational
pattern and clonal variation

RAS genes frequently mutated (50/60%
Other frequently mutated genes up to
10%

Biological pathways analysis required
Histone modification ; RNA processing and protein
homeostasis; NF-KB signaling; MAP Kkinase;

DNA damage response
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RAS/BRAf mutations do not impact on PFS and OS
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IMPACT OF DNA REPAIR PATHWAY GENES IN MYELOMA
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81% and 90% of patients who both experienced relapse

and died prematurely are identified by this score

Walker et al., J Clin Oncol. 2015 aug 17. [Epub ahead of print]



Intraclonal diversity arises early in Myeloma
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MODEL OF CLONAL EVOLUTION IN CANCER
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Clonal evolution in Myeloma:
implication for high risk disease
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Models of clonal evolution in MM
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Patterns of Clonal Evolution in Multiple Myeloma:
whole-exome sequencing and single-cell genetic analyses
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Comparison of BRAF/NRAS/KRAS/DIS3/TP53/FAM46C mutation frequencies in MM

Targeted
WES WES WES sequencing
+C 0 :

BRAF 6.7% 6% 14.9% 10.6%
NRAS 19.4% 20% 25.4% 26.5%
KRAS 21.1% 23% 25.4% 32.6%
DIS3 8.6% 11% 1.5% 18.5%
FAM46C 5.6% 11% 11.9% 11.7%

TP53 3.0% 8% 14.9% 3.1%




BRAF/NRAS/KRAS/DIS3/TP53/FAMA46C mutations "' AM anc r»s; L

and/or del
DIS3 and/or
mut mut

14/132  35/132 43/132  24/130 ss/iso. 4/139 o125, 15/128

132 MMpatientsatonset  jggo; 2650 32.6%  18.5% e % 11.7%

0/16 3/16 7/16 3/16 sn6,  1/16 556 2/16

16 MM patients at relapse 0% 18.7%  43.7%  18.7% %  6.2% 312% 12.5%
| | 5/24 124  4/24 6/24 24, ©/2% . 1/24
24 primary PCL patients at onset 20.8% 4.2% 16.7% 250, 792% 67/2dsl(/:7p] 375% 4.2%
1/11 4/11  2/11 3/10 0. 2100 2710
11 secondary PCL patients 9.1% 36.0%  18.2% 30% %  20% 444 209
_100% del(17p
RAS/BRAF

KRAS

NRAS

BRAF II

_ low allelic frequency-mutation na




The RAS/MAPK is the most mutated pathway in Multiple Myeloma BRAF

Receptor tyrosine kinases

I
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RSK, MSK, MNK PI4K2 cMyc, ETS, Fos EIFAEBP HDACS
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Lipid Transcription
Bad Metabolism Factors
Survival

a

KRAS NRAS

Lionetti et al., Oncotarget. 2015 Jun 10. [Epub ahead of print]

KRAS BRAF

84

4

NRAS

Walker et al., J Clin Oncol. 2015 aug 17. [Epub ahead of print]



Number of patients

Molecular spectrum of BRAF mutations in plasma cell dyscrasias

Lionetti et al.,,

Oncotarget. 2015;6(27):24205-17.
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Variant allelic frequency and sequential analysis of BRAF mutation analysis:
Evidence of mutation in small sublones

Percentage of mutated sequencingreads
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Experimental evidence in Melanoma indicates that D594 mut are not able to activate BRAF
They are defined Dead Mutations and reported to be recurrentely concomitant to Ras mutation

Dead-BRAF mutations are able to activate MEK-ERK in a RAS-dependent manner

Sample BRAF NRAS KRAS

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

BRAF drugs MM-295_late D594N, 51.9% G12D, 100% wt

(G*t:j;f?nfﬁhﬁ)n MM-435 D594G, 22.2% Q61R, 29.9% wt
(DS94A/V, KA83M) MM-219 D594G, 7.8% wt G13D, 5.9%
e MM-140 D594N, 1.7% wt G12A, 14.8%

MM-411 D594G, 0.9% $87C, 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 DS94E, 4.7% wt wt

MM-036 D594N, 5.6% wt wt

Oncogenic RAS and Kinase-Dead BRAF Mutation
cooperate to induce melanoma in mice 5 out of 8 MM patients carrying a D594 dead-BRAF

mutation were mutated for RAS genes.

----- controls
- G12DKras

= . D594ABraf

G12DKras/

D594ABrgf

Lionetti et al.,
Oncotarget. 2015;6(27):24205-17.
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NRAS, KRAS and BRAF mutated MMs

show distinct transcriptional pattern

B NRAS-mutated patient
l KRAS-mutated patient
BRAF-mutated patient
l patient with more than one mutated gene
patient with mutation/s with an allele frequency of <20% 2
D wild-type patient
[ normal control

PC3

Lionetti et al.,
Oncotarget. 2015;6(27):24205-17.

PC1

Enrichment score (ES)

Ranked list metric (Signal2Noise)

00

0.1

02

-03

-0.4

-0.

o

Annex

A

Treatment of Vemurafenib on BRAF mutated U266 myeloma line

affects cell proliferation
B

24 h

6 h
0 uM 30 M

12 h
0 uM 30 uM

0OuM 30 um

— 140
s 120
g 120 T
100
S 100 - T \
E a0 T 80 -
=
S
= 60 \$7 60
E 40 20 |
= 20
E 2[] 4
3 0 ! ! ! ! \ )
0 B 12 24 48 T2 o -
hours Vemurafenib
0 pM 30 pMm
' aa% 656% | " hosan 7.42%
D‘ ln,
" w?® 24 h
w' w'
N 2% | a@ 495%
e - w’ ' w' " w’ - w0’ 1’ wt
" es% s01% | *©"h.ras 893%
w’ w’ -
ot W 48 h
| -\ &2
o™ 286% b0 B59%
o - w® wa’ ' lﬂ mb ' 1w IO. 1wt
"N 4% 402% | *"hesw% 14.40%
lU, lu,
o4
w? o 72 h
ma sg 283% ma ’4@ 923%
" w® - w® v’ wt " w® - w® v’ wt
>
T-AAD

GSEA enrichment plots of U266 vemurafenib-treated cells

Enrichment plot: MITOSIS

NES: -2.05
FDR g-val: 0.001

i

{LAIA MR

"1 (positively correlated)
Zero cross at 8361
‘0" (negatively conelated)
o 2,500 5.000 7500 10000 12500 15000 17.500  20.000

Rank in Ordered Dataset

~—— Enrichment profile — Hits Ranking metric scores

Enrichment plot: CROONQUIST_IL6_DEPRIVATION_DN

00
-0.1 ‘
02
031

04

Enrichment score (ES)

05

'NES: -2.42
'FDR g-val: 0

LT

1" (positively correlated)
Zero cross at 8361

-0.

‘0" (negatively corelated)
7.500 10000 12500  15.000
Rank in Ordered Dataset

-0.50

Ranked list metric (Signal2Noise)

o 2500  5.000 17.500 20,000

— Enrichment profile — Hits Ranking metric scores

=2
us
=1

BRAF

phERK

ERK tot

actin



DIS3, a catalytic component of the RNA exosomes

5° *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
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Variant allelic frequency and sequential analysis of DIS3 mutation analysis:

Evidence of mutation in small sublones

Percentage of mutated sequencing reads

Variant allele frequency
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DIS3 mutations and chromosomal abnormalities
Negative/Positive association with Hyperdiplody/non-Hyperdiplody

DIS3-mutated MM patients
7%

HD NHD
P value=0.0078

DIS3-mutated patients

P value=0.0018
W IGH trx

not rearranged IGH locus

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

Walker et al. J Clin Oncology, 2015



Clinical

Predictive Biomarkers and Personalized Medicine

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
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FAMA46C putative role in RNA editing
and metabolism

FAMA46C (391 aa long) is found on chromosome 1 at the
locus 1p12

FAMA46C contains one domain of unknown function,
DUF1693, and as such has been placed in the DUF1693

protein family.

This protein family has been established as a part of the
Nucleotidyltransferase superfamily .

Predicted as a cytosolic protein

FAMA46C is recurrently involved in translocation juxtaposing MYC with genes
harboring superenhancers with a role in B-cell biology or neoplasia
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Compendium of FAMA46C mutations in plasma cell dyscrasias
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Variant allelic frequency and sequential analysis of FAM46C mutation analysis:
Evidence of mutation in small sublones

FAM46C mutations during progression
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Variant allelic frequency and sequential analysis of TP53 mutation analysis:

Evidence of mutation in small sublones

Percentage of mutated sequencingreads
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CLONAL EVOLUTION IN MULTIPLE MYELOMA - CytoScan Affy array
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Detailed view of chromosome 17 aberrations in MM - sPCL
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_MM-281 : NON-SYN Mutations
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Genomic background in primary PCL

A Pilot Study of Lenalidomide and Dexamethasone
in Primary Plasma Cell Leukemia

(GIMEMA)
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Bortezomib, Doxorubicin, Cyclophosphamide,
Dexamethasone Induction Followed by Stem Cell
Transplantation for Primary Plasma Cell Leukemia: A
Prospective Phase II Study of the Intergroupe Francophone
du Myélome

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

Musto et al. , Leukemia 2014
Mosca et al., Am J Hematol, 2013
Todoerti et al., Clin Cancer Res, 2013

Lionetti et al., Clin Cancer Res, 2013

absence of hyperdiploid pattern in PPCL

Major genetic lesions do not evidence
significant impact in the clinical outcome
of PPCL patients enrolled in two recent
prospective trials

Best outcome observed in transplanted
patients



www.impactjournals.com/oncotarget/ Oncotarget, Vol. 6, No. 19

Whole-exome sequencing of primary plasma cell leukemia
discloses heterogeneous mutational patterns

CIFOLA et al. Oncotarget, 2015

Mutated pathways significantly enriched in mutated genes in pPCL suggest a role in leukemic
54 36 dissemination
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Mutations of DNA repair and cell cycle check-point genes in primary Plasma Cell Leukemia
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Copy Number Alterations in pPCLs: a WES based approach
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Most frequently biallelically affected genes

TP53 17p13.1 PCL-017 PCL-018 PCL-027 P(:33I6-0
DIS3 13922.1 PCL-019 PCL-036

MUC4 3929 PCL-017 PCL-019

BIRC2 11922 PCL-019 PCL-016

TRAF3 14q32.32 PCL-017 PCL-032

o mutation + deletion
o biallelic deletion

CIFOLA et al. Oncotarget, 2015



P53

Gene expression .
mutation

miRNA, LncRNA, epigenetic changes
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Genetic complexity, intraclonal
diversity and clonal evolution in

Myeloma
Maximise use of current drugs

Initial inter- and -
intra-clonal
heterogeneity

> Primary IgH translocations Darwinian type evolution
> Copy number aberrations - .
» Competition for bone marrow niches

> Mutations - X
> Epigenetic changes > Evasion of immune response

Secondary driver events

» MYC translocations
» Further driver mutations

Darwinian type evolution Relapse/

» Selective pressure by multi-agent Refractory
chemotheraphy . .

» Eradication of sub-clones and ; Eg)slzfset;tg;nto

potentially cure or .
» Selection of clones with strong drivers apoptosis

like bi-allelic events affecting TP53

Adapted from Weinhold et al. BLOOD
vol 128, sept, 2016, pag 1735
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