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Summary



Purpose: Plasma cell leukemia (PCL) is a very aggressive @and hematological
malignancy that can be distinguished into primgr?GL), originatingde novo, or
secondary (sPCL), arising as a leukemic transfaomatf multiple myeloma (MM).
Genomic and clinical differences between pPCL and kbave been demonstrated,
mainly based on retrospective studies. This studyg w&imed at investigating the
involvement of miRNAs in pPCL and their possibléat®nship with higher tumor
aggressiveness

Experimental design: MiRNA expression profiles were analyzed in highlysfied
malignant plasma cells from 18 pPCL cases included prospective clinical trial.
MiRNA expression patterns were evaluated in conspariwith a representative series
of multiple myeloma (MM) patients, in relation tbet most recurrent chromosomal
abnormalities (as assessed by fluorescénsgtu hybridization and single nucleotide
polymorphism-array analysis), and in associationhwglinical outcome. MIRNA
expression was also integrated with gene expresprofiles and computational
prediction of miRNA target genes in pPCL and MM sdas in order to identify
putative target genes of deregulated miRNAs. Thetfanal role of a few identified
mMiRNAs in plasma cell dyscrasia pathogenesis wasloeed by transfection of
synthetic pre/anti-miRNAs in multiple myeloma datles.

Results: We identified a series of deregulated miRNAs itCpR42 up- and 41 down-
regulated) in comparison with MM. Some of them,dabsn their reported functions or
putative target genes computed by integrative amglymight have a role in the
pathobiology of pPCL, such asR-21, that was found to promote vitro growth of
MM cell lines. As regards chromosomal aberratidhs, expression of some miRNAs
mapped to hot-spot altered regions was associatétd DNA copy number of the
corresponding genomioci; furthermore,TP53 deletion, a frequent cytogenetic lesion
in our pPCL cohort, was found associated with adref down-regulation amiR-34a,
whose tumor suppressor activity was demonstratethéfirst time also in the context
of MM. Finally, four miRNAs MiR-497, miR-106b, miR-181a* and miR-181b) were
identified having expression levels correlated wittatment response, and founR-
92a, miR-330-3p, miR-22, andmiR-146a) with clinical outcome.

Conclusions: Overall, this study provides insights into the gibke contribution of
mMiRNAs in the pathogenesis of pPCL and suggesigetarfor future therapeutic

investigations.



Introduction



Multistep transformation process from normal to malignant plasma

cells

Multiple myeloma (MM) is a genetically complex dise that is becoming more
common in today's ageing population. Myeloma betorig a group of related
paraproteinaemias that are characterized by anr@ahaclonal plasma cell (PC)
infiltration in the bone marrow (BM) (Greipgt al., 2005; Kyleet al., 2003). Various
distinct clinical phases of myeloma can be recagphi¢gTable 1, Figure 1), including
monoclonal gammopathy of undetermined significai®EsUS) and smouldering
multiple myeloma (SMM; also known as asymptomatigeloma). Although both of
these disease phases lack the clinical featuresyeloma, they share some of the
genetic features of myelomas that require treatn(iéylie et al., 2007). By contrast,
symptomatic multiple myeloma is defined by clinisginptoms and evidence of organ
damage. A characteristic feature of myeloma callthe requirement for an intimate
relationship with the bone marrow microenvironmevtgere plasma cells are nurtured
in specialized niches that maintain their long-tesunvival (Mitsiadeset al., 2006).
However, during the progression of the diseasenati@ells develop the ability to
proliferate at sites outside of the bone marrownifeating as extramedullary myeloma
(EMM) and plasma cell leukemia (PCL) (Palumbo anmtiérson, 2011). These cells
constitute the end stages in the multistep transition process from normal to
malignant plasma cells. Human MM cell lines (HMCLsyhich are presumed to
include most oncogenic events involved in tumotiation and progression of the
corresponding tumor, have been generated mainty &subset of extramedullary MM

tumors (Kuehl and Bergsagel, 2002).

Immortalization Malignant transformation Aggressive Invitro
Non-malignant accumulation stroma-independent growth proliferation

Normal MGUS Plasma cell leukemia Cellline

Figure 1 | Multi-step molecular pathogenesis of MM Progression through the different stages of
multiple myeloma.



Multiple Myeloma (MM)

Multiple myeloma is characterized by the accumalatof terminally differentiated
clonal PCs in the bone marrow, the production afianoclonal immunoglobulin (Ig)
detectable in serum and/or urine and the presengambone lesions (Gutierreat al.,
2007). Osteolytic bone lesions and/or compressi@ttires detected on routine
radiographs, magnetic resonance imaging (MRI),oonuted tomographic (CT) scans
are the most characteristic markers of end-orgamada in myeloma. Anemia
(occurring in 70% of patients), renal failure (5Q%hd hypercalcemia (25%) are the
other established markers of end-organ damagepfidsence of one or more of these
four markers that is felt to be related to the ulyiteg plasma cell disorder is required
for the diagnosis of the disease (Table 1) (Rajku2205).

Table 1 | Mayo Clinic diagnostic criteria for seleted clonal plasma cell disorders.

Disorder Disease definition

= Serum monoclonal protein < 3 g/dL

= Bone-marrow plasma cells < 10%

= Absence of end-organ damage such as lytic bonengsi
anemia, hypercalcemia, or renal failure

Monoclonal Gammopathy
of Undetermined Significance
(MGUS)

= Serum monoclonal protein (IgG or Ig&)3 g/dL and/or
Smoldering Multiple Myeloma (SMM; = Bone-marrow plasma cet 10%
asymptomatic multiple myeloma) = Absence of end-organ damage such as lytic bonengsi
anemia, hypercalcemia, or renal failure

= Bone marrow plasma celis10%

= Presence of serum and/or urinary monoclonal prdesioept
Multiple Myeloma (MM) in patients with true non-secretory multiple mye&m

= Evidence of lytic bone lesions, anemia, hypercalagor

renal failure

MM accounts for about 10% of all hematological eamsc(Kyle and Rajkumar, 2004;
Rajkumar and Kyle, 2005), and its age-adjusted alningidence in the United States is
almost 4 per 100,000 (Kylet al., 2004). MM remains an incurable disease, with a
median survival being around 3-4 years (rangingnfro 1 to > 10 years) and despite
some evidence for familial clustering, the effea$ genetic background and

environment remain to be clarified (Lynehal., 2005).

Cellular origin of myeloma cells

Post-germinal center (GC) B cells that have undegggroductive somatic
hypermutation, antigen selection, and IgH switchtag generate plasmablasts (PBs),
which typically migrate to the bone marrow microeamment that enables
differentiation into long-lived plasma cells (ShapEhelef and Calame, 2005). MM



cells are phenotypically similar to PBs/long-live€s, including a strong dependence
on the BM microenvironment for survival and growuehl and Bergsagel, 2002).
The immunophenotype of MM cells resembles thatasfmal, terminally differentiated,
long-lived BM PC (CD19CD20CD45CD138). In contrast to normal long-lived PCs,
MM tumors retain some potential for an extremelw late of proliferation, usually
with no more than a few per cent of cycling celistil advanced stages of MM
(Rajkumaret al., 1999).

Genetic architecture and disease progression

At the cytogenetic level MM genome is complex andrenreminiscent of epithelial
cancers than of more simple leukemias (Morgaal., 2012). Many of the genetic
lesions that lead to MM have been defined, and lvancategorized as inherited
variation, translocations, copy number abnormaljtienutations, methylation and
mMIiRNA abnormalities (Table 2).

- Chromosomal translocations

The study of chromosomal translocations that areegged by aberrant class switch
recombination (CSR) shows that various oncogenash(sscyclin D1 (CCND1),
CCNDg, fibroblast growth factor receptor 3 (FGFR3), multiple myeloma SET domain
(MMSET; also known a8HSC1), MAF andMAFB) are placed under the control of the
strong enhancers of the Igci, leading to their deregulation (Bergsagehl., 2005;
Gonzalezet al., 2007) (Table 2). Deregulation of the G1/S trhosiis a key early
molecular abnormality in myeloma, and the consistienegulation of a D-group cyclin
was first noted as a consequence of studying thR-@ten t(11;14) and t(6;14)
translocations, which directly dereguldB€ND1 and CCND3 respectively (Chesit

al., 1996; Shaughnessy, dt.al., 2001). Non-translocation-based up-regulatioa 6f-
group cyclin can also occur, and in the case @ 1@) this is modulated through MAF,
which up-regulatesCCND2 by binding directly to its promoter (Huet al., 2004).
Cases with t(4;14), which translocate&FR3 and MMSET at 4p16.3 to the IGH@
enhancers, also up-regulat€€ND2, but in this case the mechanism is uncertain
(Bergsagekt al., 2005). The “translocation and cyclin D (TC)” s$#fication is exactly
based on spiked expression of genes deregulatpdrbgry IgH translocations and the
universal over-expression @fclin D genes by either these translocations or another
mechanism (Bergsaget al., 2005; Hideshimat al., 2004).



Table 2 | Genetic events underlying the initiatiorand progression of MM to PCL

(Morgan et al., 2012).

Primary genetic events (% of tumors)

IGH@ translocations and genes affected
* t(4;14):FGFR3 andMMSET (11%)

* {(6;14):CCND3 (< 1%)
*1(11;14):CCND1 (14%)

* 1(14;16):MAF (3%)

* 1(14;20):MAFB (1.5%)

Hyperdiploidy

Secondary getie events (% of tumors)

Gains
* 1q:CKS1B andANP32E (40%)
«12p:LTBR
« 17g:NIK
Secondary translocations
* 1(8;14):MYC
* Other non-IGH@ translocations

» Trisomies of chr 3, 5, 7, 9, 11, 15, 19 and 2Epigenetic events

« Global hypomethylation (MGUS to MM)

» Gene-specific hypermethylation (MM to PCL)
Molecular hallmarks

* Immortalization

e G1/S abnormality @DKN2C, RB1 (3%), CCND1
(3%) andCDKN2A))

« Proliferation NRAS (21%),KRAS (28%),BRAF (5%)
andMYC (1%))

« Resistance to apoptosRI8K andAKT)

* NF«B pathway TRAF3 (3%),CYLD (3%) and
I-kB)

e Abnormal localization and bone diseadeKK1,
FRZB andDNAHS5 (8%))

e Abnormal plasma cell differentiationXBP1 (3%),
BLIMPL/PRDM1 (6%) andiRF4 (5%))

e Abnormal DNA repair TP53 (6%), MRE11A (1%)
andPARP1)

* RNA editing DIS3 (13%), FAM46C (10%) an
LRRK2 (5%))

 Epigenetic abnormalitiesUTX (10%), MLL (1%),
MMSET (8%), HOXA9 andKDM6B)

« Abnormal immune surveillance

* Abnormal energy metabolism and ADME ew
(absorption, distribution, metabolism and excrétion

Deletions

* 1p: CDKN2C, FAF1 andFAM46C (30%)
* 6q (33%)

* 8p (25%)

 119:BIRC2 andBIRC3 (7%)

« 13:RB1 andDIS3 (45%)

* 14q: TRAF3 (38%)

* 16g:CYLD andWWOX (35%)

* 17p:TP53 (8%)

The resultant classification identifies five grougigumors: TC1 tumors (18%) express

high levels of eithercyclin D1 (11q13) orcyclin D3 (6p21) as a result of an Ig

translocation; TC2 tumors (37%) ectopically expriess to moderate levels alyclin

D1 despite the absence of a t(11;14) translocati@8 @umors (22%) are a mixture of

tumors that do not fall into one of the other greupith most expressingyclin D2, but
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a few also expressing low levels@flin D1 or cyclin D3; TC4 tumors (16%) express
high levels ofcyclin D2, and alsdMMSET (and in most casdsGFR3) as a result of a
t(4;14) translocation; and TC5 tumors (7%) exptasshighest levels of cyclin D2, and
also high levels of eitheMAF or MAFB, consistent with evidence that both MAF
transcription factors up-regulate the expression og€lin D2. Other IGH@
translocations are seen in myeloma, but in conttaghe CSR-driven events, CSR-
independent translocations tend to occur latehéendisease process (Avet-Loisesu
al., 2001b; Showt al., 2000). The gene that is typically deregulatedsbgh events is
MYC, the deregulation of which may lead to a more eggve disease phase
(Nobuyoshiet al., 1991).

- Copy number abnormalities

Gains and losses of DNA, resulting in copy numbarations, are common events in
myeloma (Table 2). The high frequency and recurreature of focal loss of copy
number and loss of heterozygosity (LOH) suggesas e minimal deleted regions
contain tumor suppressor genes that are drivertgveading to the development and
progression of myeloma (Annunziaggal., 2007; Carrascet al., 2006; Walket al.,
2010). Most tumor suppressor genes require theivwagion of both alleles and thus
have either been identified by the study of homomggdeletions or through the
integration of mutational analysis with copy numbatus (Dickenst al., 2010). As
regards the loss of negative cell cycle regulatdosyn-regulation ofCDKN2C (which
encodes INK4C) by loss of chromosome 1p32 is ingmir(Dibet al., 2007), as is the
inactivation of CDKN2A (which encodes INK4A and ARF) by DNA methylation
(Gonzalez-Pa=zt al., 2007; Leonest al., 2008). Inactivation oRB1 also affects the
G1/S checkpoint and may occur as a result of the &d chromosome 13, which occurs
in 58% of cases; however, homozygous loss and mon#&tinactivation ofRB1 is
infrequent (Walkeet al., 2010). Other important regions of LOH includegXthe site
of theBIRC2 andBIRC3 genes), 16q (the site &YLD) and 1432 (the site GIRAF3)
(Annunziataet al., 2007; Keatst al., 2007). All of these genes are involved in the
nuclear factoxB (NF-«B) pathway, indicating that up-regulation of MB-signalling

Is important in myeloma. The other major classealurrent genetic abnormality that is
seen in myeloma is hyperdiploidy, which is assecatvith the gain of the odd
numbered chromosomes, including 3, 5, 7, 9, 11,1 and 21. Interstitial copy
number gains that are associated with increased ggpression or with activating

mutations in oncogenes represent another set ofefdrlesions that can lead to
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myeloma progression. A classic example of thisésamplification of chromosome 1q,
which harbours numerous potentially relevant onoeggfor exampleCDC28 protein
kinase 1B (CKSLB), acidic leucine-rich nuclear phosphoprotein 32 family, member E
(ANP32E), BCL -9 andPDzK1) (Walkeret al., 2010; Shaughnessy, 2005). Interstitial
copy number gains that may activate the #ff-pathway are also seen; these include
amplification ofNIK (also known asMAP3K14), TACI (also known ag§NFRS-13B)
andlymphotoxin beta receptor (LTBR) (Keatset al., 2007).

- Mutations

Whole-genome-based and whole-exome-based sequestcatggies have shown that
there are approximately 35 non-synonymous mutapeansnyeloma sample (Chapman
et al., 2011). There are few recurrently mutated genelIM, that are, for the most
part, known oncogenes. However, a few novel germe® been identified (such as
FAM46C in 13% of cases andIS3 in 11% of cases), and as the numbers of samples
analyzed increases, the incidence of recurrent gemé undoubtedly rise. This
observation is consistent with a hypothesis wheitis/the deregulation of pathways
that is pathogenically important, rather than tleeedulation of a specific gene. For
example, the high frequency of mutations in the GRrithway NRAS in 24% of cases,
KRAS in 27% of cases and@RAF in 4% of cases) indicates that the ERK pathway is
crucial for myeloma development and points to attrent strategy that has so far not
been harnessed. Deregulation of the PI3K pathwaslss important in myeloma,
although it is not frequently mutated (Chapnetal., 2011).

- Epigenetic changes

The most important epigenetic change that is relet@the pathogenesis of myeloma
is global DNA hypomethylation and gene-specific DXgpermethylation during the
transformation of MGUS to myeloma (Walker al., 2011). The most pronounced
DNA methylation change is seen in the 15% of pa&sievith the t(4;14) translocation,
whose myeloma samples have increased gene-spdoilé& hypermethylation
compared with myeloma samples of other cytogenstibgroups. This t(4;14)
subgroup over-expresseMIMSET, which encodes a histone methyltransferase
transcriptional repressor (Kiet al., 2008; Maranget al., 2008; Nimureaet al., 2009),
that mediates histone H3 lysine 36 (H3K36) methhgtgtand its deregulation leads to
global changes in histone modifications that pramaell survival, cell cycle
progression and DNA repair (Brit al., 2009; Kuoet al., 2011; Maranget al., 2008;

Martinez-Garciaet al., 2011; Peiet al., 2011). Other chromatin modifiers are also
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deregulated in myeloma, includinkysine-specific demethylase 6A (KDMB6A; also
known as UTX), KDM6B, mixed-lineage leukaemia (MLL) and homeobox A9
(HOXA9), but the full relevance of any resultant chromatiodifications needs further
validation (Chapmast al., 2011; van Haafted al., 2009).

- Other key genetic events

To date, no consistent mutation of DNA repair geina@s been identified in myeloma;
however, deletions of chromosome 17p occur in 8%asks at presentation, and this
frequency increases in the later stages of theaskéseThe key gene at this site is
thought to belP53, and mutations of this gene are associated witeased genomic
instability and impaired clinical outcomes (Avetiteauet al., 2010; Boydet al.,
2011; Lodeet al., 2010).

As regards microRNAs, various studies have produtaad that suggest a role for
mMiRNAs in both normal plasma cell development anthe pathogenesis of myeloma
(Lionetti et al., 2012).

Treatment

The treatment of MM has so far been unrelated topanticular molecular or genetic
feature. The cornerstones of conventional anti-ompel therapy have long been
alkylators and corticosteroids, more specificaliglonelphalan and prednisone (MP),
leading to a median post-treatment overall survi@®) of 3-4 years. Subsequently,
high-dose therapy followed by autologous stem watsplantation (ASCT) has been
introduced into standard practice as it prolongsvigal in comparison with
conventional chemotherapy (median OS 5-7 yearsal{Rft al., 2009; Rajkumar,
2009). However, over the last few years, the treatmof MM has changed
considerably as a result of drug development (Raadd., 2009): in particular, the
immunomodulatory drugs (IMiDs) thalidomide (Singleahl., 1999) and lenalidomide
(Rajkumar et al., 2005; Richardsoret al., 2006), and the proteasome inhibitor
bortezomib (Richardsoet al., 2003; Richardsost al., 2005), are effective in treating
newly diagnosed or relapsed myeloma (Rajkumar, R0&@d have further improved
overall and event-free survival. However, therestii a lack of effective therapies

targeting the deregulated biological pathways $jpedly associated with the disease.
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Plasma cell leukemia

Definition and epidemiology

PCL is the most aggressive presentation of the &§plasms and is characterized by
circulating PCs > 2x1lL in peripheral blood and a peripheral blood plasgtosis >
20% (Albarracin and Fonseca, 2011; Kglal., 1974) (Table 3).

Table 3 | Diagnostic criteria for plasma cell leukmia.

1. Plasma cells > 2xf0_ in peripheral blood
2. Plasma cells > 20% of blood leukocytes in periphgi@d

3. Primary plasma cell leukemia (pPCL): presentdeasovo leukemia
4. Secondary plasma cell leukemia (sPCL): progredsan a pre-existing multiple myeloma
International Myeloma Working Group (Internatiohdyeloma Working Group, 2003)

Primary PCL (pPCL) is defined as a malignant PQif@ration first diagnosed in the
leukemic phase, while secondary PCL (sPCL) cormdpoto the leukemic
transformation of a previously diagnosed multipigefoma, probably as a consequence
of clonal transformation (Table 3) (Internationay®&bma Working Group, 2003; Noel
and Kyle, 1987). Secondary PCL occurs as a proigress disease in 1 to 4% of all
cases of MM (Blade and Kyle, 1999). Altogether 66#a@ll PCL is pPCL (Jimenez-
Zepeda and Dominguez, 2006). In the United Stadkesincidence is approximately
0.02 to 0.03 cases per 100,000 population accayfimless than 0.2% of all leukemia
cases diagnosed from 1997 to 2002 (Yamamoto andliGao, 2008). As with MM,
PCL is more common in African Americans than Caiaes (Yamamoto and
Goodman, 2008). There appears to be a 3:2 malent@lé sex distribution in both
primary and secondary PCL (Albarracin and Fons2@al).

Clinical and pathologic features

As compared to MM, pPCL tends to be observed imgeu individuals. The median
age of diagnosis of pPCL is 55, a decade youngen the average age of MM
diagnosis (Tiedemand al., 2008). The median time to leukemic transfornratior
patients with MM who evolve to sPCL is 21 monthgeflemanret al., 2008). Patients
with pPCL present without a MM prodrome, and arearahterized by higher
prevalence of renal insufficiency and elevafgemicroglobulin as opposed to newly
diagnosed MM. Patients with sPCL are also frequerdfflicted with renal
insufficiency (Tiedemanmt al., 2008). In addition to the high number of cirding
PCs, extramedullary deposits at other sites aravemmin PCL. For instance up to 15%

of patients will have hepatomegaly, splenomegallymphadenopathy. An interesting
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feature of pPCL is that the majority of these indidals do not have clinical evidence
of overt bone destruction. Osteolytic lesions aogercommon in SPCL as they are also
more common in pre-existing MM (sPCL 53%rsus pPCL 18%) (Tiedemansdt al.,
2008). Because of extensive involvement of the bonagow, patients with PCL have a
higher prevalence of anemia and thrombocytopensadi@Sanzt al., 1999; Noel and
Kyle, 1987; Tiedemanst al., 2008). Likewise other laboratory parameters iséase
aggressiveness such as an elevated LDf3-aricroglobulin are common in PCL cases
(Garcia-Sanzt al., 1999; Tiedemand al., 2008) (Table 4).

Table 4 | Clinical and biological differences betwen PCL and MM (Tiedemannet al.,
2008).

Characteristic MM sPCL pPCL P
Patient number 439 39 41
Age (years) median 66 65.7 54.5 < 0.001
Extraosseous plasmacytoma % cases 6 22 0.21
Osteolytic lesions % cases 81 53 35 0.19
Splenomegaly % cases 8 18 0.29
Hepatomegaly % cases 11 32 0.04
WBC (x10/L) median 5.8 15.7 21.5 0.04
PB plasmacytosis (%) median 0 52 46 0.017
PB plasmacytosis (x2) median 0 6.3 7.2 0.19
Hemoglobin (g/dL) median 10.9 9.1 9.4 0.05
Platelets (x19L) median 242 53 98 0.05
Serum creatinine (mg/dL) median 1.2 1.4 1.9 0.03
Kappa (excl. non-secretors) % cases 66 58 42 0.24
Lambda (excl. non-secretors) % cases 34 42 58 0.24
PCLI median 0.4 3.0 1.4 0.47
BM plasmacytosis % BM 46 63 78 0.11

WBC: white blood cells; PB: peripheral blood; PCplasma cell labeling index; BM: bone marrow.

Genetics of PCL

- Ploidy

PCL usually has complex hypodiploid or pseudodgbl&aryotypes. In two of the
largest studies where informative karyotypes wdraioed in 34 and 38 patients with
PCL, most cases were non-hyperdiploid (NH-MM) cetisg mostly of complex
hypodiploid or pseudodiploid karyotypes (67 and 6@2pectively) (Avet-Loiseast
al., 2001a; Tiedemanet al., 2008). Very few patients with hyperdiploid MM -[MM)
karyotypes in PCL have been reported, a finding ¢toatrast with those published in
MM in which hyperdiploidy is observed in approxirabt 60% of patients (Blade and
Kyle, 1999; Taniwaket al., 1996).

13



- IGH translocations

Chromosome 14q32 translocations are found in at grember of pPCL and sPCL
patients (82-87%), as would be expected in NH-MMesa Based on the study by
Tiedemann and colleagues, in pPCL IgH translocatialmost exclusively involve
11913 CCND1), supporting a central etiological role, whilesSRCL multiple partner
oncogenes are involved, including 11913, 4pa6KR3/ MMSET) and 1623 NIAF),
recapitulating MM (Tiedemand al., 2008). Avet-Loiseau and colleagues described a
higher prevalence of t(11;14) and t(14;16) in PGLcampared with a stage Il MM
population (33 and 13%ersus 16 and 1%;P = 0.025 andP = 0.002, respectively),
although in his study the incidence of t(4;14) wentical (12%) (Avet-Loiseast al.,
2001a).

Genomic aberrations such as t(4;14), del(13ql14}lde), del(1p21) and 1921 gains
are adverse risk factors in MM but their significann PCL is unclear (as they usually
indicate more aggressive behavior which is ubiguaton PCL) (Avet-Loiseawt al.,
2007; Changt al., 2007; Changt al., 2005; Fonsecat al., 2004; Fonsecet al., 2006;
Shaughnessy, Jet al., 2007; Changet al., 2006; Hanamurat al., 2006). Recently,
Chang and colleagues investigated 41 PCL cases)@itoi detect chromosome 1q
amplifications and 1p deletions, and compared #reetic aberrations with those in 220
MM patients (Changet al., 2009).They report del(17p), del(13914), del(Dp2121
amplifications and t(4;14) were more frequent inLPt@an MM. Deletions of 1p21
were associated with 1g21 amplificatidgh=£ 0.03) and has a marginal association with
del(17p) P = 0.06). They showed patients with 1p21 deletioad & shorter OS than
those without such deletions (6@ sus 33.5 monthsP = 0.006) (Changt al., 2009).
Notably patients with t(4;14) had a shorter surlkittean those without t(4;14) (1.5
versus 21.6 monthsP = 0.003). The presence of del(13q14), del(17p);14) and
1921 amplification did not influence survival inighcohort. In a multivariate analysis
adjusting for all above genetic risk factors aslvasl C-reactive protein, calcium and
B2-microglobulin levels, only t(4;14) was an indegent predictor for a worse OB €
0.008); 1p21 deletions did not retain the progmosignificance P = 0.14) (Changet
al., 2009).

- Chromosome 13

In a series of 26 patients Garcia Sanz reporteetidal of chromosome 13 in 84% of
patients with PCLversus 26% for those with MM (Garcia-Saret al., 1999). In the
Mayo study loss of 13qg by FISH was found very comnmo pPCL (85%), more so
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than in MM (54%) P = 0.02); but with no difference in prevalence betw pPCL and
sPCL (Tiedemanret al., 2008). As would be expected in NH-MM Avet-Loigea
reported a high frequency of monosomy 13 (85%) {(Awmseauet al., 2001a).

- Deletions of 17p13 and P53 inactivation

Previous studies reported 17p13.1 deletion in MM &ste event found only in 10% of
patients (Fonsecet al., 2003), andl'P53 coding mutations in only 3% (Chreg al.,
2007). In the group of 80 patients reported by &rednn there was a prevalence of
deletion of 17p13.1, causing allelic lossTd##53, in 50% of pPCL and a remarkable
75% of sPCL. Moreover, functionally relevaf?53 coding mutations were identified
in 24% of PCL patients tested, contributing to bstantial prevalence of allelitP53
inactivation (by mutation or deletion) of 56% in @P and 83% in sPCL. Eleven
percent of pPCL and 33% of sPCL tumors showeddbiallnactivation ofTP53 with
simultaneous allelic deletion and mutation (Tiedemat al., 2008). Interestingly,
monoallelic or biallelic inactivation offP53 did not correlate significantly with
survival in sPCL, unlike MM, where del(17p13.1) ¢hicts adverse survival (Gertt
al., 2005; Lloverast al., 2004). Lack of correlation betwe@®53 status and survival
may reflect ubiquitous targeting of the TP53 pathweasPCL.

- MYC abnormalities and RAS mutation

Rearrangement d¥1YC was identified by FISH break apart in 33% of pPCL and
sPCL tumors and was complementedyC amplification or 3MYC translocations in
8 and 17% of patients, respectively (Tiedemahml., 2008). MYC rearrangements
were associated with a trend toward inferior OBRCL (median OS of 8.ersus 27.8
months without rearrangemenB;= 0.006). On the other hand, mutationKelRAS or
N-RAS at codons 12, 13 or 61, previously characterizeduactionally activating
(Bezieauet al., 2001; Ahujeet al., 1990; Ortegat al., 2006; Lianget al., 2006), were
found in 27% pPCL and 15% sPCL (Tiedemahal., 2008). Activating mutations of
RAS were associated with a trend toward poorer outcam@PCL @ = 0.069).
However, the prevalence &f- or N-RAS mutation in sPCL is comparable to that
reported in MM (21%) (Orteget al., 2006), suggesting little, if any, selective pae
for RAS activation in secondary leukemic transformatianfrMM.

Survival
PCL is extremely aggressive, associated with shumstival (7 to 11 months), with up
to 28% of patients dying within the first month eaftdiagnosis in different studies

(Avet-Loiseauet al., 2001a; Noel and Kyle, 1987; Tiedemaatral., 2008). Survival is
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even shorter when PCL occurs in the context oboeéry or relapsing MM. In one of
the largest series Tiedemaeiral. reported an overall survival of 1.3 months foC&P
and 11.2 months for pPCL (Tiedemasiral., 2008). Accurate prognostication of PCL
is hampered by the always low number of casesedydind the realization that the
disease is always associated with an adverse oatcost studies confirm that
predictable variables of disease progression predare aggressive course (Garcia-
Sanzet al., 1999). Garcia-Sanz showed in a very small sahas many variables
predict outcome, all of them associated with greaatenor bulk and cell proliferation
(Garcia-Sanzt al., 1999). Tiedemann could not find major prognostiplications for
the various genetic factors tested (Tiedemanml., 2008). Avet-Loiseau reported
longer survival, but still limited survival for pahts with a t (11;14) (12 monthB,=
0.001) (Avet-Loiseauet al., 200l1a), but other series have not reached simila
conclusions (Fonse@hal., 1998; Laiet al., 1998).

Treatment of PCL

Treatment of both pPCL and sPCL, as in MM, is aimnaégrolonging survival and
maximizing quality of life, as there are no recamu curative regimens (Avet-Loiseau
et al., 2001a; Hayman and Fonseca, 2001). In generdienps are treated with
aggressive induction therapy followed by ASCT imogl who are appropriate
candidates for this approach. Chemotherapy alornthasprincipal option for those
ineligible for ASCT. The best induction regimen f8€L is not known and there is
great variability in clinical practice. Several comations that include an alkylating
agent have been used as sole treatments of PCls andaction therapy prior to
anticipated transplant. Combinations that includelpimalan are generally avoided as
induction therapy in potential transplant candidate allow adequate stem cell
collection. Most patients need to be treated wiitd inost effective agents currently
available (Mustcet al., 2007; Benson, Jr. and Smith, 2007; Mugt@l., 2008) and
historic data with older agents show poor ratesooitrol. Patients with PCL have had a
median overall survival of 4 months when treatethwnelphalan plus prednisone
(Garcia-Sanzt al., 1999; Tiedemansmt al., 2008; Dimopoulost al., 1994). Multi-
agent infusional chemotherapy (e.g. vincristinexatabicin, plus dexamethasone)
results in a superior, yet still poor median ovesarvival of approximately 15 to 18
months (Garcia-Sanet al., 1999; Tiedemanmt al., 2008). Another study reported

similar results by showing a median OS of 6.8 meritr patients treated with VAD
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(vincristine, doxorubicin and dexamethasowe)sus 2 months for those who received
MP (P < 0.05) (Jimenez-Zepeda and Dominguez, 2006).

MicroRNAs

MicroRNAs (miRNAs) are small (18-24 nucleotidesyokitionarily conserved non-
coding RNAs that bind to the 3’'untranslated regioi R) of target mMRNAs and lead
to translation repression or mMRNA degradation (Amsb2004) (Figure 2).

L @

- translation repression - m@h

\\ \ /, - mRNA cleavage -

\\ w mRNA

\ RISC complex

1' \/ &

\ mature miRNA L

Figure 2 | MiRNA biogenesis(adapted from (Lionettt al., 2012)).

They are transcribed by RNA polymerase Il from geloeated in extra- or intragenic
genomic regions into primary precursors (pri-miRNAs different lengths. The
expression of intronic miRNAs largely coincides lwihat of their corresponding host
genes, thus suggesting that they share the samkat@y sequences (Baskerville and
Bartel, 2005; Kim and Kim, 2007). Pri-miRNAs areopessed into secondary
precursors that have a stem-loop structure (preNAS) of approximately 70
nucleotides that are subsequently translocatedhdocytoplasm by exportins, where
they are further processed into 18- to 24-nucleotilliplexes by the RNAase Il
enzyme DICERL1. Only one strand (guide strand)dsnporated as mature miRNA into
the RNA-induced silencing complex (RISC) that meskatarget RNA cleavage or
translational inhibition; the other (passengerarstr is degraded. The RISC leads to

MRNA cleavage whenever the complementarity betviekermature miRNA and the
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3'UTR of the target mRNA is perfect; when the coempéntarity is partial, it inhibits
protein translation. The major component of the QRIS the Argonaute 2 (AGO2)
protein, which has RNA cleavage activity and isoalsvolved in miRNA biogenesis
(Tsuchiya et al., 2006). Two thousand and forty-two human miRNAneg are
currently included in the Sanger miRNA registry RBase version 19, August 2012), a
database of miRNA sequences and annotations. AesméRNA can control the levels
of hundreds of different target genes, and multipliRNAs can regulate a single
MRNA. Various interactions have so far been desdiiland a number of databases of
the target genes of each of the known miRNAs are agailable (Sethupathgt al.,
2006). Moreover, a very large number of tools hbeen implemented as means of
predicting targets based on sequence affinity, lbading to the predicted interactions
that represent a strong basis for furtimevitro validation (Thomast al., 2010). There
is strong evidence indicating that miRNAs play imtpat roles in cell processes such
as proliferation, development, differentiation apbptosis (Schicked al., 2008), and

it is therefore not surprising that their expressi® profoundly deregulated in human
cancer (Calin and Croce, 2006; Esquela-KerscheiStéak, 2006). The first direct link
between miRNAs and cancer was highlighted by Cdliral., who found that the
minimal deleted region of chromosome 13914 in clorymphocytic leukemia (CLL)
contained the genes encodimiR-15a andmiR-16 (Calinet al., 2002), and that the two
miRNAs were down-regulated in over two-thirds of teses. Later, the same Authors
also demonstrated that the miRNAs target BCL2, iatiragpoptotic oncogene that is
often over-expressed in CLL (Cimmireb al., 2005). Evidence that miRNAs play a
causative role in tumorigenesis have accumulatedlIsg transcriptional deregulations,
epigenetic alterations, mutations, DNA copy numddenormalities, and defects in the
MiRNA biogenesis machinery are all mechanisms dmrting to miRNA deregulation
in cancer, either alone or in combination (Dehgl., 2008). In general terms, the over-
expression of mMiRNAs targeting one or more tumapsessor genes (TSG) can inhibit
anti-oncogenic pathways, whereas mIiRNAs defectsrapressing one or more
oncogenes may lead to a gain in oncogenic potefgsthermore, mutations in the
sequence of mature miRNAs or in the seed-matchgdesee of their target mMRNAs
can reduce or eliminate the repression, and swutitidwards other transcripts (Ventura
and Jacks, 2009). The oncogenic role of a numbariBNAs has been experimentally
demonstrated in various tumors, including hemaioldgnalignancies, as is the case of
the pro-tumorigenic clustaniR-17/92 (He et al., 2005),miR-155 (Eis et al., 2005),
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and miR-21 (Chanet al., 2005). Conversely, other miRNAs such as thoséeto?

family have tumor suppressor activity (Johngbal., 2007; Takamizawet al., 2004).

Global miRNA expression profiling studies have r@ee miRNA dysregulation in
virtually all types of cancer and highlighted thsefulness of miRNA profiling in
diagnosis and prognosis, and in predicting respdogherapy (Campst al., 2008;

Garzonet al., 2008; Lottermaret al., 2008; Luet al., 2005; Marcucciet al., 2008;
Schetteet al., 2008; Yuet al., 2008).

MicroRNAs in plasma cell dyscrasias

Aberrant miRNA expression in MM has been reportgd us and other groups,
demonstrating that miRNA deregulation characterihesprogression of the disease,
affects important pathways involved in MM cell swat and reflects the different MM
genetic subtypes (reviewed in (Lionedtial., 2012)). Furthermore, data obtained more
recentlyin vitro andin vivo provided a proof-of-principle that miRNA-basedatir@ent
has therapeutic activity in preclinical models oMVand support a framework for
development of miRNA-based treatment strategiedIM patients (Amodioet al.,
2012; Di Martino et al., 2012). To date, however, no information on mMiRNA

expression in pPCL has been reported.

As stated above, MM is characterized by profoungogac instability involving both
numerical and structural chromosomal aberrationsg. fst main contribution to the
study of the involvement of miRNAs in myeloma waggisely the identification of
specific patterns of miRNA expression in differemblecular subgroups of the disease.
In particular, we have provided evidence that thRMA transcriptional profiles of 40
MM samples significantly grouped patients accordmghe proposed TC classification
(Hideshima et al., 2004), particularly with regard to t(4;14) (TCé&nd MAF-
translocated (TC5) samples (gray and red branch&gure 3, respectively) (Lionetti
et al., 2009b).

In a supervised approach, the most striking findirgg the highly specific expression
of three clustered miRNA${R-99b, let-7e, andmiR-125a-5p) mapping to 19913.33 in
the t(4;14) cases (Figure 4).
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Figure 4 | Identification of mIRNA signatures characterizing TC classe (Lionetti et al., 2009b).
Heatmap of the differentially expressed miRNAs iMMatients stratified into th5 TC groups.

It has very recently been demonstrated thesemiRNAs are particularly abundant
hematopoieticstem cells (HSCs), and thmiR-125a mediates HS expansion when
expressed in primary cel(Guo et al., 2010a).MiR-99a, let-7c and miR-125b, which
are moderately ovezxpresse in the TC5 cases,elong to a paralogous cluster
21g21.1and it has been reported timiR-125b promotes Bymphocyte diversificatiol

in GCs by inhibiting th premature use of essential transcription factors HQ
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differentiation (Gururajaret al., 2010), thus suggesting a pathogenetic rolemidt-
125b associated with impaired expression. Interestingipne of the miRNAs
significantly discriminating the TC groups assoethtwith IGH translocations was
localized in the chromosomal regions specific fbe tcorresponding cytogenetic
abnormality, which suggests that mechanisms ott@n those directly deregulating
gene expression in translocation events may maelutlaRNA expression. We are
currently investigating the role that these miRNA®my have in MM cells, and
preliminary results have been also produced forcthster ofmiR-221 and222, more
expressed in TC4 and TC2 patients (hyperdiploid anth high expression of
CCND2): these miRNAs modulate the expression of p27emoin MM cells, thus
influencing directly the entry into S phase of t®#l cycle (Figure 5).
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Figure 5 | MiR-221/222 cluster modulatesp27 in MM, thereby directly affecting entry into S phase
(Lionetti et al., 9" Congress of the Italian Society of Experimentahtdelogy, 2010, Poster#081). (A)
Expression of p27 protein in U266, KMS34 and KMMl ¢ines transfected with pre-miR&1 and222
(U266 and KMS34), anti-miR221 and 222 (KMM1) and relative negative controls. Total cédiu
extracts collected at the indicated time pointeratitansfection were analyzed by Western blottisigg
an anti-p27 antibody, and-tubulin was included as a control for equal protéading (B) Flow
cytometric analysis of U266 cells 72h after trangfmn with pre-miR221 and222 or relative negative
control: the analysis showed an increase in presninsfected cells with an S DNA content. (C)
Significative negative correlation betweBA7KIP1 andmiR-222 levels in a dataset of 40 primary MM
patients. The red bars represent mature miRNA sspe (vertical axis on right side), and the spots
represent target gene expression (vertical axitefirside) Horizontal axis: patients samples ordere

according to increasing27KIP1 expression.

In our series of primary tumors the expressiorhese two miRNAs is anti-correlated

to that of the messenger p27, which is an important gene in MM, consideringttha
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the induction of its degradation is the mechanibnough which progression through
the cell cycle is promoted by CKS1B, whose genlecgated in the minimal region of
amplification in 1g21 and whose over-expressioassociated with lower survival in
patients at diagnosis (Chamgal., 2010); and the stabilization of p27 is one & th
mechanisms through which the proteasome inhibittasrease the proliferation of
myeloma cells (Hideshima&t al., 2003). Also the integrative analysis defining a
network of putative functional miRNA-target reguat relations, which was based on
computational target prediction and supported bRMA/MRNA expression data,
reinforced the suggestion that some of the miRNA&®zr@ntially expressed in IGH
translocated cases may play important roles inbibegy of MM PCs. As many as
five of the seven miRNAs associated with t(4;14yeveupposed to target CBFA2T2, a
nuclear repressor homologous to ETO that binde¢oMML1-ETO complex and may
play a role in hematopoietic differentiation (Friaiodla et al., 1998; Lindberget al.,
2005), and let-7e putatively targets PTPRE, a pasiegulator of osteoclast function
and a selective inhibitor of IL-6- and IL-10-induc@AK-STAT signalling (Chiusaroli
et al., 2004; Tanumat al., 2001) (Figure 6).
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Figure 6 | Predictive functional regulatory relationships (direct edges) between the miRNAs up-
regulated in t(4;14) cases (green nodes) and thetarget genes (orange nodesfLionetti et al.,
2009b). The network-based frame allows the visatitn of possible post-transcriptional co-regulated
groups of genes and groups of miRNAs sharing oneare target genes.
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The data generated in our cohort of patients areafig reflected in other MM series
(Lionetti et al., unpublished results): Figure 7, for example yghoncreased expression
of miR-125a-5p in almost all MM cases of the dataset of the Ursitg of Arkansas
over-expressindMSET (A) (Gene Expression Ominibus (GEO) Accession Nemb
GSE17306) (Zhowet al., 2010), and in MM patients with t(4; 14) of thataset of
Salamanca’s group (B) (GEO Accession Number GSEA6&5utierrezet al., 2010).
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Figure 7 | MiR-125a-5p over-expression in TC4 MM samples of independentadasets.(A) MMSET
and miR-125a-5p expression in 52 MM patients profiled on Affym&trU133 Plus 2.0 GeneChip
microarrays and Agilent Human miRNA Microarray Riatn V1, respectively (Zhowt al., 2010).
Normalized gene and miRNA expression data were ttaded from NCBI GEO database (Accession
number GSE17306). (BYliR-125a-5p expression in 60 MM samples profiled on TagMan-tbensity
arrays (Applied Biosystems) (Gutierret al., 2010) and classified according to the occurreote
t(4;14); miRNA expression data were downloaded froi@Bl GEO database (Accession number

GSE16558) and expressed a&'2after normalization based on the mean expressioRN44 and
RNU48.
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Aim of the study



To investigate the involvement of miRNAs in pPCLdateir possible relationship
with higher tumor aggressiveness, miRNA exprespiofiles were analyzed in highly-
purified malignant plasma cells from 18 pPCL untedapatients included in a
prospective clinical trial. MIiRNA expression patierwere evaluated in comparison
with a representative series of multiple myelomaA\atients, in relation to the most
recurrent chromosomal abnormalities (as assesséddygscencen situ hybridization
and single nucleotide polymorphism-array analysas)] in association with clinical
outcome. MiRNA expression was also integrated vgédme expression profiles in
pPCL and MM samples in order to identify putatiaget genes of deregulated
MIiRNAS.
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Materials and Methods



Patient samples

Bone marrow aspirates from pPCL patients were pbthiduring standard diagnostic
procedures. PPCL patients had been diagnosed ohatfis of previously described
criteria (International Myeloma Working Group, 2Q0@dbarracin and Fonseca, 2011)
and belonged to a national, multicenter pilot clitrial including 23 patients (12
males, 11 females; median age at diagnosis: 6@apge: 44-80 ys). This study was
aimed to evaluate safety and anti-tumor activityesfalidomide and dexamethasone
combination in previously untreated pPCL (RV-PCL38D, registered at
www.clinicaltrials.gov as NCT01553357) (Mustbal., 2011); in particular, enrolled
patients received lenalidomide at a dose of 25 mipid 21 days and oral
dexamethasone at 40 mg on days 1, 8, 15, and Zabbr 28-day cycle. After 4 cycles,
responding patients not eligible for ASCT continuedil 8 cycles of full-dose LD, if
tolerated, followed by a maintenance dose of siraglent lenalidomide equal to 10
mg/d on days 1-21 of each 28-day cycle. Patiersisareding after 4 cycles and eligible
for ASCT proceeded according to single Centre pkam¢ policy. Patients not
responding after 4 cycles or progressing during theéatment were considered off-
study. The primary endpoint was the response i@&erding to International Uniform
Criteria (van de Donlkt al., 2012; Birdet al., 2011); secondary endpoints were safety,
progression free survival (PFS) and overall sulvii@S): for PFS, subjects were
considered treatment failures at the time of pregjom or death from any cause; OS
was defined as time from the date of diagnosifi¢odate of death or last contact. PFS
and OS were measured over a median follow-up om®&ths. The description of
safety, efficacy and side effects of the treatméogether with a comprehensive
description of the clinical trial, is beyond theope of this work and will be treated
elsewhere (Mustet al., manuscript in preparation). All patients gaveithnformed
consent for molecular analyses.

PCs were purified using CD138 immunomagnetic miadbeMidiMACS, Miltenyi
Biotec, Auburn, CA). The purity of the positivelglected PCs>90%) was assessed
by means of flow cytometry.

High-density single nucleotide polymorphism (SNRgg analysis

SNP-array analysis was performed in 17 patientbl€@a A in the “Results” section).

MiRNA expression profiling

MiRNA expression profiling was performed in 18 @mit23 pPCL patients for whom

material was available (molecular and clinical daftthe 18 pPCL patients are reported
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in Table 5 A in the “Results” section). A series 3 MM, most of which were
included in our previous report, were also profilied global miRNA expression
(Lionetti et al., 2009b); patients were selected on the basibeif tepresentativeness
with respect to molecular characteristics. Overatie MM patients had t(11;14), seven
MMs t(4;14), two MMs t(14;16) and one MM t(14;20)he frequencies of the major
genetic lesions in MM patients were globally cotesis with those reported in literature
(Table 5 B); only del(17p) occurred in a slightlyner percentage (Sawyer, 2011).
Furthermore, miRNA expression profiling was perfedrnn normal control PCs (NCs)
obtained from 4 healthy donors.

Gene expression profiling analysis

Total RNA was available from 21 pPCL (Table 5 Atlwe “Results” section) and 36 of
the 39 MM patients profiled for global miIRNA expsés.

Fluorescencedn situ hybridization

Pathological samples from all patients were charamd by fluorescencen situ
hybridization (FISH) analysis for the presence bé tmain IGH@ chromosomal
translocations and for del(13q14), del(17pl13), 1g8®KN2C) loss and 1g21.3
(CKSI1B) gain aberrations, as previously described (Agreelal., 2009; Fabrist al.,
2005; Fabrist al., 2007). The cut-off levels considered were 10%fdigion or break-
apart probes and 20% for numerical abnormalitiss;eaommended by the European
Myeloma Network (EMN) (Roset al., 2012).

TP53 mutation analysis

TP53 mutation analysis was performed on genomic DNA ©bf pPCLs.
Oligonucleotide primers used to amplifiP53 exons 5-9 and polymerase chain
reaction (PCR) protocols were downloaded from tARC TP53 database website
(http://www-p53.iarc.fr/Download/TP53_DirectSequirty: IARC.pdf). The amplicons
were sequenced directly with sense and anti-semseens using the Big Dye
terminator v1.1 cycle sequencing kit in ABI PRISMO3automated sequencer (Applied
Biosystems, FosterCity, CA).

High-density SNP array analysis

Total genomic DNA was extracted using Wizard gerorpurification DNA kit
(Promega), then processed and hybridized on Affsimn&eneChip Human Mapping
250K Nspl arrays following the manufacturer’'s protocol (Affgtrix). Each sample
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was compared with a set of 48 normal Caucasian tgpidferences available on the
Affymetrix web site
(http://www.affymetrix.com/support/technical/sampiata/500k _data.affx).

Genotyping Console was used to extract raw DNA aogyber (CN) probability from
CEL files according to Affymetrix guidelines. CN sidhen estimated using circular
binary segmentation and normalized on FISH datagu3NAcopy andFBN packages

in R software, respectively, as previously desctip&gnelli et al., 2009; Moscat al.,
2010). Furthermore, DNA CN estimation using CD138gative bone marrow
population as normal counterpart (i.e., CD138+5%®as assessed by FACS analysis)
was performed in 8 patients. The thresholds fordkeatification of the gained and lost
genomic regions resulted as follows: inferred Cflsnore than 2.18, 2.52 and 3.41
corresponded to 3, 4 and 5 or more copies, whetdis of less than 1.75 and 1.34
corresponded to mono- and biallelic deletion. Teeagyping data have been deposited
at NCBI Gene Expression Omnibus repository (hitpwit.ncbi.nim.mih.gov/geo) and
are accessible through GEO Series accession nuUB&E89383.

MIRNA expression profiling

The total RNA extraction and quality assessmentewperformed as previously
described (Lionettet al., 2009a). Samples were profiled using the onerdelchnique
in accordance with the manufacturer’'s instructiams the Agilent Human miRNA
Microarray V2 (Agilent Technologies, Santa Clar&)Owhich consist of 60-mer DNA
probes synthesizad situ that represent 723 human and 76 human viral miRix#s
the Sanger miRBase (v10.1) (Lionedtial., 2009b). Expression values were extracted
according to procedures described in Agilent Feakxtraction Software version 10.1
manual. Non-human probes, miRNAs flagged as “absérd. expressed below
background levels) throughout the whole dataset raiRINAs expired according to
Sanger miRBase Release 15 (April 2010) were dischrdnd quantile normalization
was applied on raw data using teema.light package for Bioconductor. The data
were then converted to obtain positive values thinout the dataset, at a minimum
value of 1, and log2 transformed. The raw and nbze@ miRNA data are available
through GEO accession number GSE37053. DNAChip yxeal (dChip) software
(Schadtet al., 2001) was used to visualize the selected pradteahd to generate
hierarchical agglomerative clustering of the samplperformed using Pearson’s
correlation coefficient and average linkage as dc#ta and linkage metrics,

respectively, on those probes whose average charggression levels varied at least
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two-fold from the mean across the dataset; theshimie for significance of sample
enrichment was set & = 0.0005. Supervised analyses were carried outyLssimr
package for Bioconductor. The threshold for sigaifice (at a g-value of 0) was
determined by tuning th& parameter on the false discovery rate and coimtgothe g
value of the selected probe list. Enrichment amslys miRNA categories was
performed using TAM (Tool for Annotations of MicrdRs, V2,
http://cmbi.bjmu.edu.cn/tam).

The differentially expressed miRNAs were validatesihg an independent MM cohort
(GEO series GSE17306) (Zhetial., 2010) generated on Agilent Human microRNA
Microarray V1, including fifty-two MM patients ansvo healthy donors. To this aim, a
comprehensive dataset was generated including B€nsens from our pPCL cohort
and the fifty-two MM samples of the series GSE173(6antile normalization was
applied on the expression values of the 276 miRMfsesented on both platforms and
expressed in at least one sample of our seriessaiples passed the relative-log
expression (RLE) evaluation (namely, thd'2&d 75" percentile values required to fall
between -1 and 1, respectively), made to preveaesi possibly due to inter-cohort
analysis. Supervised analysis was carried out ubmgame approach (SAM, g-value =
0) applied in the proprietary series.

Gene expression profiling (GEP) analysis

Preparation of DNA single-stranded sense targdtrithigation to GeneChip® Gene 1.0
ST arrays (Affymetrix Inc., Santa Clara, CA) an@rsting of the arrays (7G Scanner,
Affymetrix Inc.) were performed according to maraifaer's protocols. Log2-
transformed expression values were extracted frdth flles and normalized using
NetAffx Transcript Cluster Annotations, Release(d2ne 2011) and robust multi-array
average (RMA) procedure in Expression Console so#w(Affymetrix Inc.). Non-
annotated transcript clusters were discarded. Xpeession values of transcript cluster
ID specific forloci representing naturally occurring read-through gcaiptions or
mapped to more than one chromosomal location wererarized as median value for
each sample. The data have been deposited at N@BE &xpression Omnibus
repository (http://www.ncbi.nlm.mih.gov/geo) anc accessible through GEO Series
accession number GSE39925. The differentially esqgé genes between pPCL and
MM cases were identified using the Significant A& of Microarrays software
version 4.00 as previously described (Agnellal., 2007). The functional annotation

analysis on the selected lists was performed usimgy Database for Annotation,
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Visualization and Integrated Discovery (DAVID) 6Ipol (U.S. National Institutes of
Health at http://david.abcc.ncifcrf.gov/).

Quantitative Real-Time PCR (Q-RT-PCR)

MicroRNAs. Selected mature miRNAs underwent Q-RT-PCR usingiMea®
microRNA assays (Applied Biosystems, Foster Cityd) Gn accordance with the
manufacturer’s protocol. All of the RNA samples werormalized on the basis of the
RNU48 TagMan® miRNA Assays-Control. The measuren@@niniRNA expression
was performed using ABI PRISM 7900HT Sequence DetecSystem (Applied
Biosystems). All the samples were run in duplicMéRNA expression was relatively
quantified using the %' method (Applied Biosystems User Bulletin No.2)! &ie
samples were run in duplicate. Data were expreaséi“' (Applied User Bulletin No.
2).

Protein-coding gene®ligo-dT-primed cDNA was obtained using the Highp&city

cDNA Reverse Transcription Kit (Applied Biosystem3jhe expression levels of
selected genes were analyzed in by means of Taghae Expression Assays and the
TagMan Fast Universal Master Mix were used accgrtiinmanufacturer’s instructions
(Applied Biosystems, Foster City, CA). GAPDH-spexipre-developed assay reagent
(PDAR) (Applied Biosystems) was used as internaitid. The measurement of gene
expression was performed using the StepOne ThewrtescfApplied Biosystems). All
the samples were run in triplicate. Data were esqed as 2"“' (Applied User Bulletin
No. 2).

DNA copy number/miRNA expression integrative analyis

To evaluate whether gene dosage effects coulddrgifigd for a specific miRNA, the
relationship between miRNA expression and the ieterCN of the corresponding
mMiRNA gene (according to NCBI36/hg18) was measurgdneans of Kendall's tau

test. The analyses were performed using approfRiataftware packages.

Integrative analysis for miRNA target identification

The integrated analysis of target predictions, mAR&hd gene expression data was
performed using scripts for R software developedun laboratory. In particular, we
assessed the correlation between the expressiarofiatl possible miRNA-gene pairs
in 18 cases of pPCL and 36 cases of MM, and fan samificantly anti-correlated pair

(using Pearson’s correlation coefficient and sgttihe threshold for Benjamini-
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Hochberg adjuste®-value at 0.05) we verified the existence of a mtedi targeting
relationship by 9 computational algorithms. Speaifly, queries were submitted to
miRecords (http://mirecords.biolead.org) and resulere retrieved for the following
databases: DIANA-microT, RNA22, NBmiRTar, MirTargetPicTar, miRanda, and
RNAhybrid; in addition, updated pre-compiled datassere downloaded from PITA
(http://genie.weizmann.ac.il/pubs/mir07/mir07_dathaul) and TargetScan
(http://www.targetscan.org/). Then, we selectedséhgenes predicted as targets by at

least 5 miRNA target prediction programs.

3’ UTR Reporter Assay

293T cells were plated at 600,000 cells per wek i well plate. The next day cells
were transfected with 30 nM of specific mirVana td®kmimics (Ambion) or pre-miR
negative control (Ambion), 3.Qg of pMir target firefly luciferase reporter plasimi
containing 3’ UTR sequences from the putative taggne of interest (Origene) and
0.1 pg of Renilla luciferase expression plasmid pRL-SV{Promega) using
Lipofectamine 2000 (Invitrogen). At 24 hrs postaséection cells were analyzed using
the Dual Luciferase Assay Kit (Promega) accordmghe manufacturer’s instructions.

Each sample was prepared in triplicate and theesekiperiment was repeated twice.

Survival analysis

The correlation between the expression levels oh éasted miRNA and OS or PFS
was tested using the Cox proportional hazards miod#ie globaltest function of R
software. Patients were stratified into two growmsng sliding thresholds on the
expression levels of the most significant miRNAgntified by globaltest, and the
groups identified by this approach were then tedt@dassociation with survival.
Survival analysis was conducted withrvcomp package in R software, using the
Kaplan-Meier estimator and log-rank test, @hdalues were calculated according to
the standard normal asymptotic distribution. Indelgmce between commonly used
prognostic factors and miRNA signatures was tegaag multivariate Cox regression
procedure ofurvival R package.

Cell lines

NCI-H929, U266, and SKMM1 MM cell lines were avéla within our research
network. RPMI-8226 MM cell line was purchased froistituto Zooprofilattico
Sperimentale (1.Z.S.L.E.R.). OPM1, DOX-6, and LRvVBM cell lines were kindly
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provided by Dr. Eduard Thomson (University of Teddedical Branch, Galveston,
TX, USA), MM1S was purchased by American Type CdtCollection, INA-6 was
provided by Dr. Renate Burger (University of ErlangNuernberg, Erlangen, Germany
(Burgeret al., 2001; Tassonet al., 2005)). Human BM stromal cells (BMSC) were
obtained by long-term culture of BM mononuclearIeglFulciniti et al., 2009;
Hamasakiet al., 2005; Neriet al., 2007). For co-culture, 1x1@CD138+ cells were
seeded on 5xfBMSCs, which had been cultured for 24 to 48 hau@s-well plates.
Cells were grown in RPMI medium containing L-gluiam (Gibco®, Life
Technologies, Carlsbad, CA) with the addition ofPd@etal bovine serum (Lonza
Group Ltd., Switzerland), 100 U/ml penicillin, ad@0 mg/ml streptomycin (Gibco®,
Life Technologies) at 37°C in a 5% g@tmosphere (Tassoreal., 2000; Tassonet
al., 2002). The IL-6 dependent INA-6 cell line wadtared in the presence of 2.5
ng/ml of human recombinant IL-6 (Sigma-Aldrich). tglcellulose colony assays
were performed in RPMI-1640 medium containing 1.a%thylcellulose (Stem Cell
Technologies) and 20% FBS. Colony formation wasestat day 14 after plating 2000
cells (SKMM1) or 1000 cells (RPMI-8226) in 18 weallates containing 1 ml of

methylcellulose medium.

I n vitro transfection of MM cells with synthetic pre-/antiimiRs

Synthetic pre- and anti-miRNAs and correspondingatige controls (miR-NC) were
purchased from Ambion (Applied Biosystems). A totaf 1x10 cells were
electroporated with scrambled (miR-NC) or synthgire- or anti-miR at a final
concentration of 100nmol/L, using Neon Transfect®ystem (Invitrogen) with 1050
V, 30 ms, 1 pulse. Cell transfection efficiency wagluated by flow cytometric

analysis of FAM-dye-labeled synthetic miRNA inhdifInvitrogen) transfection.

Apoptosis analysis
MM cells transfected with pre/anti-miR or scrambleequence were harvested and
treated with Annexin V/7-aminoactinomycin D (7-AABplution (BD Pharmingen) at

24, 48, and 72 hours, according to the manufactuirestructions.

Cell survival and proliferation assays

For cell viability analysis, 1.5xf0MM cells were plated in 6 well plates,
electroporated with pre/anti-miR or miR-NC, andrtHearvested and counted at 24-
hour intervals using a Trypan Blue-excluding viabé#ls assay. Each sample was run
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in triplicate. Alternatively, cell survival was duated by MTT assay in 96-well plates.
In brief, transfected cells were seeded at a deo$iix1d cells per well in 100 pl of
culture medium. Every 24 hours, 10 pl of 5 mg/ml M{Dimethyl thiazolyl diphenyl
tetrazolium, Sigma) reagent were added to each wedl cells were further incubated
for 4 h at 37°C. Then medium was removed, and 1@ PMSO (dimethyl sulfoxide)
were added to each well to dissolve the formazdre ®ptical density (OD) was
evaluated at wave length of 560 nm. Wells withaltsc(DMSO alone) were used as
blank, and experiments were repeated at least thmss. Data represent the mean +

SD of 3 independent experiments.

Cell growth was evaluated by BrdU proliferation aassElectroporated cells were
incubated for 4 hours in 6 well plates; after hatiwey, they were plated in 96 well
plates for BrdU proliferation assay. Cells were rded at 24 hours intervals. BrdU
uptake was measured every 24 hours by the DELFIApreliferation assay, and
luminescence was detected using a Victor 4 plaselere (Perkin Elmer. Waltham,

Massachusetts). Each sample was run at leasplicéitie.

Western blotting

SDS-PAGE and Western Blotting (WB) were performettoading to standard
protocols. Briefly, cells were lysed in lysis buffeontaining 15mM Tris/HCI pH 7.5,

120mM NaCl, 25mM KCI, 1mM EDTA, 0.5% Triton 100, KH&rotease Inhibitor

Single-Use cocktail (100X, Thermo Scientific). Wadiells lysates (50 mg per line)
were separated using 4-12% Novex Bis-Tris SDS-anrie gels (Invitrogen), electro-
transferred on Nitrocellulose membranes (Bio-Rah)d immunoblotted with the
mouse anti-CDK6 (Cell Signaling), anti-Bcl-2, apttubulin antibodies (Santa Cruz
Biotechnology), and the rabbit anti-TP53 antibo8girfta Cruz Biotechnology).

34



Results

35



Part |
Chromosomal alterations and miRNA expression profihg in
pPCL patients

Major cytogenetic aberrations andTP53 mutational analysis of pPCL

FISH analyses

The major chromosomal aberrations investigated IBHRN the prospective series of
23 pPCL patients are reported in Table 5 A. Spedllfy, translocations at 1432
involving IGH@ locus were detected in the large majority of cases @087%);
t(11;14) was the most frequent (9/23, 39.1%), t@&%;was identified in 7 cases
(30.4%), and t(4;14) was present in 3 patients (1L3e t(14;20) was present in one
of 21 investigated cases (4.8%). The t(6;14) wadyard in 17 cases, all of which
tested negative. Deletions of chromosome 13q weuwad in 17 patients (73.9%),
whereas del(17p13) in 8 patients (34.8%). Alteratiof chromosome 1 were analyzed
in 21 patients: 1p loss was identified in 8 ca8&1%) and 1q gain in 10 (47.6%); five
patients showed the concomitant presence of bahratibns. Overall, a contingency
analysis revealed highly significant inverse catieh between the occurrence of 1q
gain and of the t(11;14) (adjust&d= 0.006). In agreement with various published
retrospective pPCL series, consisting of a hetereges number of cases (Avet-
Loiseauet al., 2001a; Avet-Loiseast al., 2012; Changt al., 2009; Chiecchiet al.,
2009; Tiedemanmt al., 2008), in our series we found higher frequencie§14;16),
del(17p), t(11;14) and del(13q) as compared with B#hples, as illustrated in Table 5
B in comparison with the representative MM cohorbfied here for miRNA
expression (although statistical significance waisreached for t(11;14) and del(13q).

TP53 mutation analyses

We tested the frequency @P53 mutations in 17 cases (Table 5 A). Four patients
(4/17, 23.5%) showed a functionally relevant codimgtation in the DNA binding
domain critical for TP53 tumor-suppressing activitjhree of these cases were also
positive for 17p deletion and showed a missenseatiouat at exons 6 (1195T in PCL-
027) and 8 (R280K in PCL-018 and R273C in PCL-08&3pectively. The remaining
TP53-mutated patient (PCL-037) had an in-frame deletdéré nucleotides affecting
codons 155-156 in exon 5.
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Table 5 | Characteristics of patients. (A) Demogrdpic and molecular characteristics of the 23 pPCL pigents included in the study.

. del del 1q 1p . . . . . ) TP53 .
Patient | Age| Sex| PP type (13qF| 17pF| gain losé t(4;14) | 1(6;14) | t(11;14) | t(14;16) | t(14;20) | c-myc mutation SNP| miRNA | GEP
PCL-010 80 M IgGA - - - - - nd + - - nd nd N N Y

PCL-015 78 M BJx + - + - - - - + - nd wt Y N Y

PCL-017 68 F IgGk + + + + - - - + - + wit ¥ Y Y

PCL-019 67 F IgMk + + + + - - - + - - wit ¥ Y Y

PCL-021 48 M IgGA + - + - + - - - - - wit Y Y Y

PCL-023 60 M IgGk + + + + - nd - + - nd wit Y Y Y

PCL-025 64 F IgGk - - + + - - - - nd nd nd N N N

PCL-027 65 M BJA - + - - - - + - - - 1195T Y Y Y

PCL-029 51 M IgAA - - - - - - - + - - wit Y Y Y

PCL-032 65 F IgGk + - + - + - - - - nd wit Y Y Y

T

PCL-035 76 BJ« - - - - - - + - - - wit Y Y Y

PCL-037 72 M IgAA + - - - - - + - - - 466-471del6 Y Y Y

(%) 73.9%34.8% 47.6% 38.1% 13.0% 0.0% 39.1% 304% 4.8% 13.3%23.5%
20nly monoallelic deletiorf.CD138-negative counterpart available.




(B) Characteristics of pPCL patients and MM patiens analyzed for miRNA expressiorgsignificance of the difference of frequencies bew
pPCL and MM cases analyzéat miRNA expression assessed by Fisher’s exattrissnot significant).

Frequency in pPCL cases Frequency in the present MM series p Frequency in MM according to literature data

Genetic lesion pos/tested (%) pos/tested (%) value (Sawyeret al., Cancer Genetics 2011)
del(13q 17125 (74%) 22/3¢ (56%) ns 50%
del(17p) 8/2335%) 2/39(5%) 0.004 10%
1g gain 10/2X48%) 19/37(51%) ns 40%
del(1p) 8/21(38%) na 3096
t(11;14) 9/23(39%) 9/39(23%) ns 15%
t(4;14) 3/23(13%) 7/39(18%) ns 15%
t(14;16) 7/23(30%) 2/39 (5%) 0.01 6-7%
t(14;20) 1/21(5%) 1/39 (3%) ns 2%

®Morganet al., Nature Reviews Cancer 2012



MIRNA expression profiling in pPCL patients

MiRNA expression profiling was performed in 18 bkt23 pPCL patients included in
the protocol for which RNA material was availablable 5 A. Two hundred sixty-nine
MIRNAs were detected as expressed above backgileusts in at least one sample.
The hierarchical clustering of the samples basedhen46 most variable miRNAs
across the dataset is reported in Figure 8 A: tbapgings appeared unrelated to known
molecular characteristics as indicated above tregntegp. The supervised three-class
comparison of miIRNA expression between pPCL casesying different IGH@
chromosomal translocations identified seven difieedly expressed miRNAs, of
which three were associated with t(4;1#-7e, miR-135a and miR-148a), three with
MAF translocationsriR-7, miR-7-1* and miR-454) and one with t(11;14)n{R-342-
3p) (Figure 8 B). Notably, some of these miRNAs hdcealy been found in
association with specific molecular subgroups ppr@prietary dataset of MM patients
(Lionetti et al., 2009b).

Regarding numerical chromosomal alterations, gaifrike long arm of chromosome 1,
found in 8 cases, were not associated with theegplation of miRNA expression but
rather with the down-regulation of 5 miRNAs, ilet-7b, miR-152, miR-26b, miR-342-

5p andmiR-342-3p (Figure 8 C).MiR-342-3p also resulted from the aforementioned
multiclass analysis: this is compatible with thetfthat t(11;14) negative and positive
cases coincided almost exactly with those carrgngiot 1q gain, respectively (as
indicated by the above-named contingency analysifopned on all pPCL cases
included in the protocol). Interestingly, a simitattern was also found in MM patients
(Lionetti et al., 2009b). Conversely, comparison of miIRNA expm@ssbetween
patients with or without deletion of 13q or 1p dmdt identify any differentially
expressed mMIRNA at a significant level (data notovah). Patients carrying
chromosome 17p deletion over-expressed one miRMN&R-654-5p) at a significant
level (Figure 8 D). Thus, on the basis of theseestped approaches, we did not
identify any direct influence of chromosomal gagifdion on the expression of
mMiRNAs involved in each specific alteration. Thésim line with what was previously
observed in our MM dataset, where we were ablegilight a gene-dosage effect only
through a fine and pointwise correlation of the reggion of each miRNA gene with
the DNA copy number alterations of residiiogi (Lionettiet al., 2009b).

39



A
OODDOMDIO WO 00NN
NONrNrrrNONNOOO = NNM O
RIYIYRIYYQYRRQYRRQQQRR
SdIdIdIIII I
Ooo0oLOLOOLVLLOOLOLOLOOLOLOLOLOLOD
accoccodcocdcocccoocco0O
--------------- +++  (414)
P~ P~ OO PN .
e S e e R R s b dp i g 1(11:14)
R IRRRYeRYYY B t(14:16)1(14:20)
- o e e e e ) ]
OOOOOOLOOOLOLOOOOLOOO N
cCodcodcocceoeo _] hsa-miR-454
hsa-miR-7
F-t+t+ttrttt--+-+++++ del(13) il | hsa-miR-7-1"
++++- - - - - +--+-+ del(17p) N | nsa-miR-342-3p
o A n-++--- 1q gain hsa-let-Te
g- -t *H----N===== + del(1p) hsa-miR-135a
........... B8 -- (4:14) || hsa-miR-143a
------- - - k- -k xd 1(11:14)
EEE R O I R R t(14,16)A(14;20) c
- = " . ., S .
= ‘ H 23?.“—’5!':.3%3503-‘-"—‘133“-‘4
QIIYIVYIVYVIVVIIVUYDOR

. . - —
| — =
- - — Moo= ++++++++ 19 gain
. o L ++ t(414)
- T N = ---n- - - ---- - t(11;14)
I- - N opeyeep—— PR - 1(14:16)A(14;20)
= [ ] I -
- . 1 [ B nhsa-miR-26b
L - - " B hsa-miR-342-3p
-.* - - hsa-miR-342-5p
- O hsa-miR-152
- . 1 = O O hsa-let-7b
- = =
] L
— D
= =
- = QeRARRELGHARC2RRUN
- = — - RV ORQOORR0Q
wadewdddddddddddd
[/ Gaaacaacaccacaadad
-30 -20 10 0 10 20 30
----------- +++++++ del(17p)
-------- +++-------  t(414)
R T +++ t(11:14)
-+ttt - - - - - - ++++- - - t(14;16)2(14,20)
| "B hsamIR-654-5p
-30 12 -06 06 18 20

Figure 8 | MiRNA expression profiles in pPCL patients. (A) Hierarchical clustering of the samples
using the 46 most variable miRNAs. (B) Heatmap ifflecentially expressed miRNAs between pPCL
patients carrying t(4;14), t(11;14), or t(14;16)A(20). Differentially expressed miRNAs were idéad

by means of a SAM three-class analysis. MiRNA esgian of the pPCL case (PCL-020) not carrying
any IGH chromosomal translocation (and therefore inoluded in the analysis) is also shown. (C)
Heatmap of differentially expressed miRNAs betwgdPCL cases carrying or not 1q gain or (D)
del(17p). In all the heatmaps, patients are inrools, transcripts in rows. The color scale bar r&qrts

the relative transcript expression changes noredlizy the standard deviation, and the color chamges

each row represent transcript expression relatiteé mean across the samples.

Based on the high frequency (7/18) of 17p deletioaur pPCL panel and the known
involvement of miR-34a in TP53 pathway, in that TP53 inducesR-34 family

members which in turn target its inhibitor SIRT1g wvaluated the expression of this
MIiRNA in relation to this chromosomal lesion. Weurfid that, although at a less

stringent condition in the supervised analysis, d€jetion was actually associated with
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the down-regulation ahiR-34a (Wilcoxon rank sum teg? = 0.0173), as also observ
by Q-RT-PCR analysis cases for whom material was availaffearson correlatic

coefficient between QRT-PCR and microarray expression leveld.88) (Figure 9).

miR-34a
012
010+
0.084
0.06
0.04. Figure 9 | MiR-34a expression in relation to
' deletion of chromosome 17p in pPCL patients
0.02 Box plot of miR-34a expression as assessed
' _ quantitative RTPCR in pPCL patients with «
gonl mm—m—m—— without deletion of chromosome 17 Expression
; : Mt
del(17p) no del(17p) levels are given as’s".

However, based on available GEP data in pPCL sanSRT1 expression was n
significantly inversely correlated with that miR-34a, in all likelihood because tt
miR-34a regulation was demonstrated to act at a transhtivel Information on
TP53 mutations was also available f16 of these patients (TabfeA): interestingly,
almost all of the patients without any chromosomal alteratednthe short arm c
chromosome 1did not shov any TP53 mutation, while 3 of 6 cases with 17p delet
also had aTrP53 mutation; a trend of down-regulation of miB4a expression was
observed betweesamplescarrying both 17p deletion anfP53 mutation and thos
only carrying 17p deletion, althou statisticalsignificance was not reached i the
limited number of samples makes it difficult torfulatehypothese:

Other miRNAs known to be activated by TP53 butdifierentially expressed betwe:
patients with or without 17p deletion (i.e., otmembers omiR-34 family, miR-145,
miR-192, miR-215, miR-107) mostly had a very low/undetectable expressiopRCL
samples, with the exception miR-107. Furthermore, other miRNAs are known
positively or negatively affect the TP53 networkucls as, respective. the
aforementionedniR-192/215 (targetingMDM2 and cell cycle regulatory gen, miR-
372/373 (that targetLATS?, involved in a TP53elated positive feedback loc, the
liver-specific miR-122 (that promotes TP53 stability and transcriptionefivity by
moduating the expression (CCNG1), andmiR-29 family members (that -regulate
TP53 levels by directly suppressing the TP53 negategulators péa and CDC42);
andmiR-125b, miR-25, miR-30d, miR-504 (all directly targetingrP53 mRNA), miR-21
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(that can neutralize TP53 activities by targetingltiple critical components of the
pathway), andniR-155 (counteracting the action of TP53 by inhibiting taxpression
of TP53INP1). Interestingly, with the exception ofiR-29 family members, miRNAs
cooperating with TP53 were absent/poorly expressddle miR-21 was by far the
most expressed miRNA, and alsaR-25, miR-155, miR-125b and miR-30d were

among the most highly expressed miRNAs in pPCL epédi according to our

microarray analysis.

In vitro effects of enforced expression ahiR-34a in MM cells

Driven by these data and by the observation regoite the literature of the
hypermethylation oimiR-34a promoter in a small fraction of MM patients andl ce
lines, we decided to investigate the role of thi®RNA in MM, in collaboration with
the group headed by prof.Tassone of the UnivermsitfCatanzaro, with which our
laboratory is inserted within a “5X1000” AIRC proje aimed at the identification of
mMiRNAs as therapeutic targets in MM and CLL (Di Kiao et al., 2012).

Expression ofmiR-34a in MM cells

We first evaluatedniR-34a expression in a series of 11 HMCLs by quantitatt/e
PCR. Among these, 2 wild-typ&P53 cell lines (MM1S and NCI-H929) showed
significantly higher miR-34a expression as compawgth TP53-mutated HMCLs
(U266, SKMM1, RPMI-8226, INA-6, DOX6, KMS12-PE, ORMOPM2, and LRS5;
Figure 10 A). We next explored if the positic@R-34a-TP53 loop was functional in
MM cells. Specifically, we treated tHg°53 mutated SKMM1 and RPMI-8226 cells, as
well as theTP53 wild-type NCI-H929 cell line, with nutlin-3, whichlocks the TP53-
MDMZ2 inhibitory interaction and thereby induces tbepression of TP53-regulated
genes (Vassilewet al., 2004). As expected, nutlin-3 treatment inducadk-34a
expression inNMP53 wild-type cells (NCI-H929) but not iiP53-mutated SKMM1 and
RPMI-8226 cells, as evaluated by g-RT-PER<(0.05, Figure 10 B). Nutlin-3-induced
up-regulation omiR-34a in turn reduced expression wfR-34a canonical targets, such
as BCL2 and CDKG6 proteins. As expected, this effe@$ not demonstrable FP53-
mutated RPMI-8226 cells (Figure 10 C). These figdinsuggest thamiR-34a

expression is positively modulated by a functidoap in TP53 wild-type MM cells.
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Figure 10| MiR-34a expression and nutlin-3 response in
MM cell lines. (A) Q-RT-PCR analysis afiR-34a in two
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s3kDa [N i s mutated TP53. (B) Q-RT-PCR ofmiR-34a in nutlin-3-
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55 KDA e e— | — — LT byl . . .
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Biological effects ofmiR-34a transfection in MM cells

To evaluate the biologic effects wiR-34a, we transfected lowniR-34a MM cell lines
with syntheticmiR-34a or miR-NC (negative control) by electroporatiorherlanti-
proliferative effect induced byiR-34a in MM cells was evaluated by Trypan Blue
exclusion assay after synthetiniR-34a or miR-NC transfection. We observed a
significant growth inhibition inTP53-mutated SKMM1 P < 0.005, Figure 11 A),
RPMI-8226 P < 0.05, Figure 11 B), and OPMP k 0.005, Figure 11 C) MM cells.
On the other handlP53-wild type MM1S and NCI-H929 cells, where a funcia
TP53miR-34a loop is operative, were not inhibited byR-34a, although transfection
of antimiR-34a oligonucleotides indeed produced a growtimulus in these cells
(Figure 11 D and E). These data further confini®-34a role as a negative regulator of
MM cell growth in TP53-wild type cells, and strengthen the rationale afr o
experimental strategy of enforced expressionTib3-mutated MM cells. We next
investigated the induction of apoptosis by AnneXif7-AAD assay. An increase of
apoptotic cell death was observedTiR53-mutated cells following transfection with
miR-34a, but not with miR-NC, after 48 hours (Figure 1laRd G) that was more

evident in SKMML1 cells. In contrast, this effect svaot observed iTP53-wild-type
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cells (data not shown). To further explore the-di¥ effects induced byniR-34a, we

carried out a clonogenic assay to study the colimngation activity of transiently
transfected cells. We found a 45% and 20% redu¢@dNbl and RPMI-8226 colony

formation, respectively, 14 days after transfectigimgure 11 H). These findings

indicate thatmiR-34a inhibits clonogenic properties of MM cells.
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Figure 11 | MiR-34a has anti-proliferative activity and induces apoptais in MM cell lines. Average

+ SD values of 3 independent experiments are platelP values were calculated by 2-tailed Student t-
test. Cell growth analysis of SKMM1 (A), RPMI-822B), or OPM1 (C) cells transfected withiR-34a

or NC. P values at 48 and 72 h after transfection are,easpely: 0.01 and 0.005 for SKMM1; 0.001
and 0.05 for RPMI-8226; 0.006 and 0.008 for OPMgnEicant P values P < 0.05) are indicated by *.
Cell growth analysis of MM1S (D) and NCI-H929 (Ells transfected witimiR-34a inhibitor and NC.

P values: 0.04 and 0.002 for MM1S cells, and 0.0810and 0.0008 for NCI-H929 cells at 24, 48, and
72 h after transfection, respectively. Annexin VWAD analysis of SKMM1 (F) and RPMI-8226 (G)
cells after transfection with synthetic amiR-34a or NC. Results are shown as percentage of apoptoti
cells. (H) colony formation assay using RPMI-822@ SKMM1 cells. In all the experiment3,was<
0.03 comparingmiR-34a versus NC. A representative image ofiR-34a and NC SKMM1 colonies
shows homogeneous features of colonies formed dysfiected cells with miR-NC, whereas cells

transfected withmiR-34a form irregular heterogeneous colonies.
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Downregulation of validatedmiR-34a targets in MM cell lines

To investigate whether genes known to be regulbtethiR-34a were modulated by
exogenous synthetic mimics, we analyB€l 2, CDK6, andNOTCH1 mRNA levels
by g-RT-PCR inmiR-34a-transfected SKMM1 and RPMI-8226 cells. As shown in
Figure 12 A and B, we detected a significant doegufation ofCDK6 andNOTCH1
MRNA expression 24 hours after cell transfectionisTeffect occurred together with
down-modulation of CDK6 and BCL2 proteins evaluatgd Western blot analysis

(Figure 12 C and D). Altogether, these results shioat synthetiomiR-34a activity
modulates validated targets.
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Figure 12 | Molecular effects induced by transienexpression ofmiR-34a in MM cells. Q-RT-PCR

of BCL2, CDK6, andNOTCH1 after transfection with synthetiniR-34a or miR-NC in SKMM1 (A) and
RPMI-8226 (B) cells. The results are shown as ayenmRNA expression after normalization with
GAPDH andAACt calculations. Data represent the average + SPinflependent experiments. Western
blotting of BCL2 and CDK®6 protein in SKMM1 (C) ariRPMI-8226 (D) cells 24 and 48 hours after
transfection with synthetimiR-34a or scrambled oligonucleotides (NC). The protegding control was
y-tubulin. Experiments were conducted in triplicdi®R-34a effects on protein levels reached statistical
significance P < 0.05) at all time points.
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Influence of chromosomal abnormalities on mMIRNA expession:
evaluation of dosage effects by means of an integre genomic
approach

The influence on mMiRNA expression of the allelicbmances detected at DNA
genome-wide level was evaluated by performing aegmative analysis of mature
MIiRNA expression and the inferred DNA CN valuestlod corresponding miRNA
gene/s available for 16 of 18 pPCL cases (Tablg.5 A

SNP-array

The genome-wide profiles were investigated by SNRyain the 17 of the 23 pPCL
cases for whom DNA material was available (Tabl)5To confirm their estimation
based on public references, CN were also estimagigdy DNA from CD138 negative
BM populations available from eight patients. Withhe exception of point-wise
aberrant signals that were discarded from downstraaalyses, all the estimated CN
segments were concordant within £ 0.1 with thosaiobd comparing the eight tumor
samples against their normal counterparts (datammin), suggesting the accuracy of
the reported results. The analysis allowed thetifiestion of CN alterations (CNA) in
all cases, showing complete concordance with FI&ta.dA total of 454 aberrations
were detected with a median of 20 per sample (rafv@2). Losses were more
prevalent (273/454 CNAs; 60.1%), including mono29254, 50.4%) or biallelic
deletions (44/ 454, 9.7%). Of the remaining CNAB5 136.3%) were gains (3 or 4
copies), and 16 (3.5%) represented amplificati®@nsr(more copies). Chromosomes 1,
6, 8, 13, 14, 16, and 17 were the most frequeritgred in our series. In particular,
deletion of 13q was the most frequent alterati@1XZ, 76.5%) detected in our dataset,
with most cases (9/13, 69.2%) showing loss of thiéres long arm, while deletions
involving 17p were found in 6 patients (35%) leadito the definition of two
minimally altered regions: the larger (2.6 Mb), spag the 17p13.2-p13.1 region
including theTP53 gene, and the shorter (0.9 Mb) at 17p12.

DNA copy number/miRNA expression integrated analysi

Considering all miIRNA genes except those locatedloomosome X, the expression
of 23 miRNAs resulted to be significantly correthtevith DNA CN on different
chromosomes, being chromosome 13 (22%) and thé ahorof chromosome 1 the

most involved (22%) (Table 6 and Figure 13 for presentative example).
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Table 6 | MiRNAs whose expression in pPCL is signdantly positively associated with the
DNA copy number (CN) of the genomiclocus harboring the corresponding gene
(Kendall'st correlation, one-sided < 0.05).

i CN=1, CN=2, CN=3, CN=4, CN=5,

mMiRNA Chromosomal locatio
n n n n n

hsa-miR-197 1p13.3 4 11 1 / /
hsa-miR-186 1p31.1 3 13 / / /
hsa-miR-30e 1p34.2 3 12 / 1 /
hsa-miR-30e* 1p34.2 3 12 / 1 /
hsa-miR-30c 1p34.2 3 12 / 1 /
hsa-miR-29c* 1932.2 / 9 6 / 1
hsa-miR-28-5p 3028 1 13 2 / /
hsa-miR-103 5035.1 1 13 1 1 /
hsa-miR-148a 7p15.2 1 13 1 1 /
hsa-miR-210 11p15.5 / 14 1 1 /
hsa-miR-483-5p 11p15.5 / 14 1 1 /
hsa-miR-331-3p 12922 2 13 / 1 /
hsa-miR-15a 13q14.3 12 3 1 / /
hsa-miR-92a 13g31.3 9 6 1 / /
hsa-miR-19a 13g31.3 9 6 1 / /
hsa-miR-20a 13g31.3 9 6 1 / /
hsa-miR-20a* 13g31.3 9 6 1 / /
hsa-miR-342-3p 14932.2 3 12 / 1 /
hsa-miR-630 15924.1 1 14 / 1 /
hsa-miR-1225-5p 16p13.3 2 13 / 1 /
hsa-miR-140-5p 16g22.1 6 8 / 1 1
hsa-miR-22 17p13.3 5 11 / / /
hsa-miR-181d 19p13.12 / 13 2 1 /

®For miRNAs produced from distinct genondii, the expression of the mature miRNA was correlatiét the

DNA CN of each of these genomic locations. The ctussmal location of the genomlocus resulted to be
associated with mature miRNA expression is indicatdohg with the number of pPCL cases having therted

inferred DNA copy number of thébcus.

hsa-miR-15a
3.0 4 .
- 100
2.5 4 B0 . . .
Figure 13 | Representative significant
e e o | Lgg correlation between inferred DNA CN

values of 13g14.3 chromosomalocus

m—_— L 4p and miR-15a expression levels in pPCL.
' The bars represent mature miRNA
w0dl l l l J O 1% | 20 expression (right vertical axis), and the
' spots DNA CN values (left vertical axis).
oo~ O 3D — M- o @ M~ = 00wl o . . . .
cocooogg3d3SSE888E8 Horizontal axis: pPCLs by increasing CN
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Specifically, we identifiedmiR-15a at 13g14.3 and 4 members of the cluster-
17~-92 (i.e. miR-19a, miR-20a, miR-20a* andmiR-92a) at 13931.3 on chromosome 13
(12 and 9 cases showed one copy of the aforemedtigeanomidoci, respectively),
and five mature miRNAsniiR-30e, miR-30e*, miR-30c, miR-186 and miR-197)
encoded by genes mapped to 1p present in singheind or 4 patients respectively.
Two miRNAs MiR-210 and miR-483-5p) were encoded by genes mapped to the
cytoband 11p15.5 which was gained in one patiedtpgasent in four copies in a near-
tetraploid case showing the highest expression. FurthermdxepfCchromosome 16
was correlated with the expression of two miRNABR-140-5p and miR-1225-5p,
encoded respectively by genes mapped to 16922.hqafielically deleted in 6
patients) and 16p13.3 (present in one copy in @mopes). We also highlightedir-

22, mapped to 17pl3.3. Interestingly, specific CN/M#R expression correlations
found in the present series of pPCLs were prewountified by us in MM patients
and/or HMCLs: specificallymR-342-3p at 14g32.2 (whose gene was present in single
copy in 2 patients and in 4 copies in one patianty-20a, miR-20a*, miR-210 and
miR-140-5p were previously found to have a DNA CN-dependeqdression in our
series of 40 MM samplesiR-15a, miR-19a andmiR-22 were identified by applying
the same approach in a panel of 16 MM cell linesl the DNA CN of themir-30e
gene affected the expression of both mature predptR-30e andmiR-30e*) also in
cell lines and primary MM cases (Lionettial., 2009a; Lionettet al., 2009b).
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Part Il
MIRNA expression profiling of pPCL and MM patients

To determine whether the natural grouping of miRMRpression profiles might
distinguish PCs from NCs, MM and pPCL, we perforna@dunsupervised analysis of
our dataset including 4 NCs, 39 MMs, 18 pPCLs. Base the 76 most variable
mMiRNAs across the dataset, healthy donors repredgentlearly distinct transcriptional
entity, and all pPCL samples were grouped togetieng with 8 MM samples (Figure
14 A); interestingly, all the MM cases carrying4(16) or t(14;20) were included in the
pPCL cluster, whereas all but two of the t(4;14d &mo of the t(11;14) MM cases were
grouped in the MM main cluster. Prompted by thebseovations, we evaluated in
pPCL cases the expression of miRNAs previouslytifled as distinctive of MM TC
(translocation/cyclin D) groups (Lionett al., 2009b); notably, the overall pattern of
MIiRNA expression in pPCL was globally similar tathof the TC5 MM molecular
subgroup, regardless of the presence of MAF traasitins (Figure 14 B), with the
only exception of those miRNAs that strongly distnated MM TC4 casesmR-
125a-5p, miR-99b andlet-7e, which were found over-expressed also in t(4; ¢ ps).
The direct comparison of miRNA expression profietween pPCL and MM samples
by supervised analysis identified 42 up-regulated 41 down-regulated miRNAs in
the pPCL group (Table 7 and Figure 15 A).

The up-regulation omiR-155, miR-21, miR-142-3p, miR-142-5p andmiR-103 in pPCL
versus MM patients was confirmed by performing Q-RT-PCGRall samples for which
RNA was available (11 pPCL and 30 MM patients) (Bea correlation coefficients
between Q-RT-PCR and microarray-based expressiaisle= 0.97, 0.68, 0.65, 0.66
and 0.68, respectively).

The TAM enrichment analysis of miRNA categoriestbé list of 42 up-regulated
mMiRNAs identified as most significant (FDR < 15%}tover-representations of four
classes of miRNAs, namely miRNAs defined as oncBMAs or involved in immune
response, immune system or hematopoiesis (Figur&)13No enriched functional
category was found in the list of the 41 down-ratgd miRNAs.
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Figure 14 | MiRNA expression profiles in NCs, pPCland MM patients. (A) Dendrogram of the 4
NCs, 18 pPCL and 39 MM samples clustered accoririge expression profiles of the 76 most variable
identified as distinctive of MM TC groups (Lionett al., 2009b) in MM and pPCL patients. MM
patients are grouped on the basis of TC classificapPCL samples are ordered according to the IGH

miRNAs. Specific characteristics are enriched ilto@d sub-branches: pink, NC; grey, MM; blue, PCL,;
orange, t(14;16) or t(14;20) samples; green, t(4sknples. (B) Heatmap of the 26 miRNAs previously

translocation type.



Table 7 | Differentially expressed miRNAs in pPCL ompared with MM samples.

miRNA®® SAM score mMIRNA? SAM score
hsa-miR-21 7.34 hsa-miR-513b -5.75
hsa-miR-301a 5.13 hsa-miR-513a-5p -5.35
hsa-miR-374a 4.98 hsa-miR-494 -4.61
hsa-miR-330-3p 4.79 hsa-miR-513c -4.47
hsa-miR-454 4.71 hsa-miR-638 -4.06
hsa-miR-142-3p 4.68 hsa-miR-193b* -4
hsa-miR-155* 4.38 hsa-miR-1224-5p -3.61
hsa-miR-301b 4.29 hsa-miR-193a-5p -3.57
hsa-miR-140-5p 4.09 hsa-miR-222 -3.5
hsa-miR-18a 4.03 hsa-miR-145 -3.49
hsa-miR-99a 3.95 hsa-miR-23a* -3.46
hsa-miR-590-5p 3.95 hsa-miR-221 -3.4
hsa-miR-362-3p 3.94 hsa-miR-139-3p -3.37
hsa-miR-155 3.91 hsa-miR-423-5p -3.13
hsa-miR-7-1* 3.9 hsa-miR-1226* -3.08
hsa-miR-21* 3.47 hsa-miR-126 -3.05
hsa-miR-628-5p 3.32 hsa-miR-1225-5p -3
hsa-miR-20a* 3.22 hsa-let-7a -2.95
hsa-miR-18b 3.17 hsa-miR-572 -2.91
hsa-miR-19a 3.15 hsa-miR-671-5p -2.91
hsa-miR-29b-1* 3.1 hsa-miR-663 -2.89
hsa-miR-660 3.07 hsa-miR-765 -2.86
hsa-miR-424 2.93 hsa-miR-874 -2.84
hsa-miR-142-5p 2.81 hsa-miR-188-5p -2.8
hsa-miR-100 2.76 hsa-miR-370 -2.8
hsa-miR-103 2.59 hsa-miR-636 -2.77
hsa-miR-532-5p 2.56 hsa-miR-135a* -2.71
hsa-miR-181d 2.56 hsa-miR-345 -2.68
hsa-miR-7 2.54 hsa-miR-34c-3p -2.55
hsa-miR-26b 2.53 hsa-miR-1234 -2.52
hsa-miR-125b 2.53 hsa-miR-193b -2.47
hsa-miR-340 2.52 hsa-miR-221* -2.46
hsa-miR-374b 2.52 hsa-miR-1229 -2.46
hsa-miR-362-5p 2.49 hsa-miR-877* -2.38
hsa-miR-20b 2.48 hsa-miR-625* -2.34
hsa-miR-98 2.46 hsa-miR-324-3p -2.3
hsa-miR-551b 2.45 hsa-miR-96 -2.21
hsa-miR-181a* 2.33 hsa-miR-148a -2.19
hsa-miR-505* 2.3 hsa-miR-483-5p -2.17
hsa-miR-542-3p 2.27 hsa-miR-1228 -2.16
hsa-miR-210 2.18 hsa-miR-223 -2.14
hsa-miR-500* 2.15

2 MiRNAs are in bold whose trend of expression fronMMo pPCL was significantly maintained
(Jonckheere-Terpstra te$t,< 0.005) when considering the healthy contrBBIRNAs are in italic if
differentially expressed between pPCL from propmgtcohort and MM cases from GEO series
GSE17306°Up- and down-regulated miRNAs are ordered accortir§AM scores.
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Validation of miRNA differential expression between pPCL and MM in an
independent dataset

The differentially expressed miRNAs between pPCH &M patients were validated
using an independent MM cohort (GEO series GSE173d6ou et al., 2010)
generated on Agilent Human microRNA Microarray Mficluding fifty-two MM
patients and two healthy donors. To this aim, weegated a comprehensive dataset
including PC specimens from our pPCL cohort andfiftyetwo MM samples of the
series GSE17306; after verifying the absence afdsigpossibly due to inter-cohort
analysis, a supervised analysis was carried onguke same approach (SAM, g-value
= 0) applied in the proprietary series. Notably,ewlcomparing our pPCL cases with
MM cases of this independent dataset, we found 44a{80%) of the 51 miRNAs
belonging to our pPCL miRNA signature and represgénbn Agilent microRNA
Microarray V1 showed the same trend of differenéapression between pPCL and
MM (Table 7).

Modulation of miRNAs included in MM-pPCL signature throughout progression
from normal plasma cells to PCL

In addition, based on the hypothesis that the dém&ign of these miRNAs might be
compatible with the “strength” of neoplastic traorshation, we investigated whether
among the 83 differentially expressed miRNAs betwi and PCL a trend might be
identified in relationship with normal donors. Irgstingly, for 56/83 (approximately
70%) miRNAs differentially expressed between pP@Gd &M, the trend of expression
(increasing or decreasing) from healthy controlstough MM, to pPCL was
significantly maintained (Jonckheere-Terpstra tBsg 0.005, (Table 7 and Figure 15
C).

Oncogenic role ofmiR-21 in malignant plasma cells

The putative oncogenic role of some miRNAs overregged in pPCL, suggested by
the functional enrichment analysis and by conststemds of expression from normal
plasma cells to pPCL, was directly demonstratednid®-21 byin vitro experiments
performed in collaboration with the group headedPbgf. Tassone at the University of
Catanzaro. First of all, we evaluatetR-21 expression in HMCLs, and found variable
levels of expression; notably, we found > 3 foldrease inMiR-21 expression when
the IL-6-dependent INA-6 cells were cultured adhete hBMSCs.

53



To study the anti-MM activity omiR-21 inhibition, we transfected MM cell lines with
miR-21 inhibitors. By trypan blue exclusion cell countdaBrdU proliferation assay,
we found significantly decreased cell growth in MMl lines expressing higmiR-21
levels (KMS26, U266 and OPM2) (Figure 16 A and B).these cells, we also
observed reduction of cell survival by MTT assaig(ife 16 C). ConverselyniR-21
inhibitors did not affect cell proliferation or sival of MM cell lines with lowmiR-21
expression (NCI-H929, MM1S, RPMI-8226) (data naivsh).
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Figure 16 | Effects of ectopic expression ahiR-21 inhibitors in MM cell lines. (A) Trypan blue
exclusion growth curves were generated from KMS2866 and OPM2 cells transfected withR-21
inhibitors or scrambled controls (miR-NC inhibitpr¢B) BrdU proliferation assay was performed in
KMS26, U266 and OPM2 cells 48h after transfectiothwniR-21 inhibitors or scrambled controls. (C)
MTT survival assay was performed in KMS26, U266 @RIM2 cells 48h after transfection withR-21
inhibitors or scrambled controls. Averaged valueSExof three independent experiments are ploed.

values were obtained using two-tailed t test.

54



BMSCs in the human BMnilieu strongly support survival and proliferation of MM
cells. SincemiR-21 expression in INA-6 cell line was significantly leamced by
adherence of cells to hBMSCs, we next evaluatediiveheniR-21 inhibition could
overcome the supportive effects of the BM microemwnent. To this aim, we
evaluated the anti-tumor activity afiR-21 inhibition in a context closely resembling
the intramedullary stage of MM. Specifically, wdtaved IL-6-dependent MM cell line
INA-6 adherent to hBMSCs and enforced the expressfaniR-21 inhibitors in both
cell types. As shown in Figure 17 AR-21 inhibition affected viability of MM cells
to a similar extent as does hBMSCs deprivatMiR-21 inhibition was also observed
in INA-6 cells cultured in an IL-6-enriched cultumaedium (Figure 17 A). We
wondered whether this effect was duarid-21 inhibition directly in INA-6 cells, in
hBMSCs, or in both. Therefore, we investigated éfiects of miR-21 inhibition in
INA-6 cells co-cultured with non transfected hBMS$@ad found that the anti-tumor
effect was similar to that obtained wherR-21 inhibition was performed in both cell
types (Figure 17 B). In contrast, no effects websenved whemiR-21 was inhibited
only in hBMSCs adhering to INA-6 cells (Figure 17. B-rom these findings, we
conclude thamiR-21 inhibitors abrogate the supporting activity of hB&M on MM cell

lines.
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Figure 17 [MiR-21 inhibition antagonizes pro-survival effect of BMmilieu. (A) MTT assay of INA-6
cells cultured adherent to hBMSCs, in IL-6-enricteedture medium, or in IL-6-free culture medium.
The assay was performed 48 hours after transfeafooo-cultured cells withmiR-21 inhibitors or
scrambled controls (miR-NC inhibitors). (B) MTT agsof INA-6 cells cultured with hBMSCs was
performed 48 hours after either INA-6 cells or hBi&Swere independently transfected withR-21

inhibitors or scrambled controls.
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Part Il
Integrative MIRNA/GEP analysis for miRNA target

identification

To gain further insights into the function of diféatially expressed miRNAs between
pPCL and MM cases, we took advantage of the avkilabf gene expression data for
all 18 pPCL cases and 36 of the 39 MM patientsyaeal for miRNA expression for
performing an integrative analysis of miRNA and gexpression data combined with
MIRNA target prediction. This approach can onlynitifg putative target genes whose
regulation involves mRNA degradation rather thamstation repression. In particular,
we assessed the correlation between the expredatanof all possible miRNA-gene
pairs in 18 pPCL and 36 MM cases, and for eachifgigntly anti-correlated pair we
verified the existence of a predicted targetingatiehship by 9 computational
algorithms, then selecting those genes predictadrgets by at least 5 miRNA target
prediction programs. In this way, seventy-four istetally significant negative
correlations involving differentially expressed mMiRs and putative target genes were
computed (Table 8). These targeting relationshipeevexerted by 24 distinct miRNAs
(11 down- and 13 up-regulated) on 69 different gemad in 5 cases one gene was
anti-correlated with more than one miRNA. All thd Ppredicted interactions are
reported in Figure 18. Several anti-correlated gemere involved in biological
functions related to the regulation of cellular gmnent organization according to the
DAVID functional annotation tool. Interestingly, stoof these anti-correlated genes
were differentially expressed between these pPQLMN samples (as highlighted in
Table 8).
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Table 8 | Negative correlations involving differentlly expressed miRNAs between pPCL and MM patientand putative target transcripts.

microRNA® RefSeq ID Gene symbol® No. of algorithms predicting  Correlation microRNA? RefSeq D Gene symbol® No. of algorithms predicting  Correlation
the target gene coefficient the target gene coefficient
NM_001001342 BLOC1SZ" 5 052 NM_020818 GPAM" 7 058
NM_173809 BLOC1SZ" 5 0.52 NM_016395 PTPLADT* 5 -0.62
hsaetTa NM_0146861 FAMS538° 5 0.53 NM_003617 RGS5* 6 -0.54
NM_001017368 RFFL* 5 0.57 NM_003262 SEC62* 5 -0.54
NM_057178 RFFL* 5 0.57 NM_001859 SLC31A1* 5 -0.59
NM_006290 TNFAIP3* 5 0.54 NM_017919 ST 5 054
hsa-miR-330-3p NM_018837 SULF2* 5 -0.62
hsa-miR-1224-5p NM_017896 C20orf11 5 -0.53 NM_198596 SULF2* 5 -0.62
NM_007032 TRIOBP 5 -0.56 NM_006956 ZNF12 5 -0.53
NM_016265 ZNF12 5 -0.53
NM_000962 PTGS1 5 0.54 NM_001042510 ZNFT706* 6 -0.55
:m{g?gﬁl g;gi ’2 : 'g—:‘; NM_001042511 ZNF706* 6 055
hsa-miR-125b NM_001040454 5LC2646 5 -0.57 HM_o1609% ZNFroe ¢ 0%
NM_022911 SLC26A6 5 -0.57 NM_001083314 CHMP1A* 5 059
NM_022918 TMEM135* 6 0.52 NM 002768 CHMP1A® 5 059
hsa-miR-370 -
NM_003901 SGPL1 5 -0.52
hsa-miR-139-3p NM_015651 PHF19* 5 0.53 NM 007032 TRICEP 5 057
hsa-miR-140-5p NM_004717 DGKF 5 0.52 NM_004231 ATPOVIF 5 069
hsa-miR-18a NM_006699 MAN1A2* 3 0.52 :m-g;:ﬂg xgﬂzgz : :g-gg
NM_004232 socs# s 058 NM_020679 MIF4GD* 5 053
hsamiR-18b NM_153686 LCORL 5 0.59 floamiR-423:50 NM_000262 NAGA 5 -0.52
NM_003328 K 5 0.53 NM_001042368 RALGDS* 5 -0.56
NM_006266 RALGDS* 5 -0.56
NM_001077701 MIER1 5 0.52 NM_003564 TAGLNZ* 5 -0.53
hsa-miR-19a NM_001077703 MIERT 5 0.52
NM_020948 MIER1 6 0.52 NM_001031695 RBMg* 5 0.54
NM_001082576 RBMg* 5 -0.54
NM_001042546 ATPAFT* 5 0.52 hsa-miR-454 NM_001082577 RBMg* 5 -0.54
NM_022745 ATPAF1* 5 0.52 NM_001082578 RBMg* 5 -0.54
NM_138426 GLCCI1* 5 0.59 NM_004232 S0CSs4* 5 -0.52
hsa-miR21 NM_001013406 KRIT1* 5 0.54
sa-miR- NM_004912 KRIT1* 7 0.54 NM 030884 MAP4* 5 052
NM_194454 KRIT1* 7 0.54 heamiR.513b NM_001025247 TAFSL* 5 -0.55
NM_194455 KRIT1* 6 0.54 NM_005112 WDRT1* 5 -0.52
NM_194456 KRIT1* 7 0.54 NM_017491 WDRT1* 5 -0.52
NM_000125 ESR1 6 -0.52 hsa-miR-628-5p NM_001083962 TCF4* 5 -0.61
hsa-miR-222 NM_002862 PYGB 5 0.53
NM_015374 SUN2* 5 0.56 NM 001119 ADD1 5 052
hsa-miR-663 NM_014189 ADD1 5 -0.52
hsa-miR-223 NM_005909 MAP1B 5 0.55 NM_014190 ADD1 5 052
NM_001105 ACVR1* 7 0.52
NM_001080433 CCDCB5A 6 0.52 hsa-miR-7 N':;ﬂ“%}g%&fg ! C’:[?;f2 2 ggg
NM_001031695 RBMY 5 0.53 - ’
hsa-miR-301a NM_001082576 RBMY* 5 0.53 NM_017896 2001117 5 055
NM_001082578 REMS" 5 053 hsa-miR-765 NM_000195 HPS1* 5 052
NM_014309 REMO" 5 0.58 NM_030927 TSPANT4 6 -0.53
NM_004799 ZFYVEY" 5 0.52 -
hsa.miR-301b NM_018638 ETNKT* 5 0.54 sa-mmi NV 0v2403 Lare p Py
NM_003705 SLC25A12 5 0.52 - ’
NM_174916 UBRT* 5 052
NM_022763 FNDC3B 6 -0.53
. ANKRD4G* 5 62 NM_001023570 iacs1* 5 -0.54
NM 032012 CYorfs* 5 0.60 ) NM_001023571 [lelel:TM 5 -0.54
e iR 33023 NM_ 144718 cencs2* 5 054 hsa-miR-98 NM_014766 SCRN1 5 -0.56
P NM_001008493 ENAH 6 0.58 NM_052931 SLAMFE" 6 -0.52
NM_018212 ENAH & 0.58 NM_152527 SLC16A14 6 -0.57
NM_182705 FAM1018* 5 -0.55 #Up-regulated miRNAs in pPCL are in bold, down-regulated miRNAs in pPCL are in italic. "Differentially expressed genes

between the same pPCL and MM samples (SAM, g-value=0) are marked with an asterisk.



Target validation assays

We then performed a target validation assay foresofrthe anti-correlations found in
our analysis. To this aim, we focused on genes based on previous literature data,
might have potential involvement in plasma cellagsia, such aBCVRI/miR-301a
and miR-301b (Figure 19 A and B),SULF2/miR-330-3p and TNFAIP3/let-7a.
Interestingly, luciferase expression from the 3'UTdeéquence ofACVR1 was
suppressed by almost 20% (one-sided Student'd,tRes 0.002) in 293T cells co-
transfected with pACVR1 3'UTRmMiR-301a and miR-301b (Figure 19 C), while the
same approach did not confirm the putat8# F2/miR-330-3p and TNFAIP3/let-7a

anti-correlations (data not shown).
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Figure 19 | MiRNA/target anticorrelation in MM. Significant negative correlation ¢{CVRL mRNA
with (A) miR-301a and (B)miR-301b levels. The spots represent mature miRNA expras@oale on
right-sided vertical axis), and the grey bars repne target gene expression (scale on left-sideitak
axis) in the dataset of 36 MM and 18 pPCL patieHtwizontal axis: patient samples ordered according
to increasing miRNA expression. (C) Luciferase gsslaowing decreased luciferase activity in cells
transfected with preaiR-301a and premiR-301b compared to cells transfected with pre-miR negativ
control. All experiments were performed in tripieaResults were plotted as relative luciferasevigget

mean + standard deviation.

ACVR1 codes for the receptor of bone morphogenetic prode(BMP4), and was
recently reported to be increased in MM samplespaoed with normal controls and
correlated with the level of plasma cell infilti@ti (Grcevicet al., 2010). These data
provide an important basis for further validatioqperiments, necessary to determine
the actual occurrence of putative targeting refeimps and thus the final impact of

mMiRNA deregulation on gene expression.
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Part IV

Clinical relevance of miRNA profiles in pPCL

Finally, we evaluated miRNA expression in the canhtef clinical outcome of the
prospective and homogeneously treated series ol gi¥ents, including all cases
except one, lost at follow-up. Specifically, we atinto assess whether the occurrence
of a miRNA signature at diagnosis might be assediatith response to treatment,
PFS, or OS. Considering the primary end-point of stuwdy, we investigated the
dataset using stringent supervised analysis seekifegentially expressed miRNAs in
patients who failed to respond to frontline, plahnel-cycle therapy of
lenalidomide/dexamethasone (NR). The analysisdete identification of four mature
MIiRNAs (miR-106b, miR-497, miR-181b, and miR-181a*) up-regulated in non-
responder patients compared to responder ones,lyndmse with complete response
(CR), very good partial response (VGPR) and pargaponse (PR) (Figure 20). No
specific differentially expressed miRNA could badanced when PR, VGPR and CR
were considered as different classes of resportss.fihding will helpfully integrate
results on efficacy and side effects of the fingel treatment of

lenalidomide/dexamethasone in pPCL (Musital., manuscript in preparation).
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hsa-miR-181a* -2.279093613 -1.237107431 0.542806765 -2.357254344 0
hsa-miR-181b -1.75381027 -1.339388372 0.763701978 -2.530440185 0
hsa-miR-497 -1.746650119 -0.654268587 0.374584801 -1.573817862 1]
hsa-miR-106b -1.654248764 -0.802261123 0.48497006 -1.743832078 0

Figure 20 | MiRNAs associated with response to tré@ment in pPCL. (A) Heatmap of the four
differentially expressed miRNAs identified by sugsed analysis of pPCL patients stratified accagydin
to response rate (NRersus PR/VGPR/CR). (B) List of the four differentiallyxpressed miRNAs
identified by stringent supervised analysis between-responder and responder patients (SAM, g-value
= 0). MiRNAs are ordered according to the SAM sc@le the numerator and denominator of the

relative formula are also shown, together withftid-change and g-value.

Furthermore, we assessed the relationship betwaen @ the most variable miRNAs
across the dataset (i.e. those whose averageofati@ expression values on the mean
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was higher than 1.5) and either PFS or OS, reptiegethe secondary end-points of the
prospective protocol. Of the 114 most variable mMBNtwo reached a significant
correlation P < 0.01) with PFSriR-22 andmiR-146a, Figure 21 A and B), allowing

the division of samples into two groups with diéfat outcome.
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Figure 21 | MiRNAs associated with PFS and OS in gRL.. Kaplan—Meier estimated progression-free
survival curves fomiR-22 (A) andmiR-146a (B), and overall survival curves faR-92a (C) andmiR-
330-3p (D) in pPCL cohorts. The samples have been gudtiinto two groups (dashed line: high
expression; solid line: low expression) accordinghte thresholds on sorted expression profiles|dtht

to the highest hazard ratio.
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The expression of the two miRNAs retained indepaangefrom all the molecular
characteristics available, as well as from age, $®H levels, renal function and
hematologic parameters (Table 9 A and B). As reg@®®&, two miRNAs reached a
significant correlation with the clinical endpoifmiR-92a andmiR-330-3p) (Figure 21
C and D). In multivariate analyses, none of the mwilRNAs were independent of
patients being subjected to ASCT, indicating thas ttherapeutic approach points
definitively towards a more favorable outcome (Bal C and D). It is worth
mentioning that none of the cytogenetic aberratisas associateper se with PFS and
OS (Mosceet al., 2013). In particular, we evaluated whether trevalence of t(4;14),
t(11;14), MAF-related translocations, 1p loss, lajng del(13q14), and del(17p13)
correlated with the secondary endpoints of theiadintrial, namely OS and PFS.
However, none of the considered cytogenetic abhenstwas significantly associated
neither with OS nor with PFS (data not shown).
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Table 9. Multivariate analysis comparing each of tk four miRNA-models (A: miR-22, B:
miR-146a, C: miR-92a, D: miR-330-3p) with biological and molecular variables in pPCL
series.The model was available for all covariates with theeption of the cases (“nd”) in
which the occurrence of covariate was radicallyemsely correlated with being part of the
high-risk group (namely, for ASCT in OS analysis)whenever the configuration of survival
data versus covariates value in any group (i.e. the distrimtiof events) prevented the
calculation of hazard ratio model.

A B
covariates HR  1095%Cl up35%Cl P covariates HR  1095%Cl  up95%Cl P
miR-22 model 0.0 0.m7 0483  0.005 rmiR-146a model 8.469 1633 43.809  0.0M
del(13g) 2340 0,438 12,503 0.320 del(13g) 1719 0322 9162 0.526
miR-22 model 0112 0.022 0.561 0.008 miR-{46a model B8.342  1.606 43327 0.012
del(17p) 1.079 0295 3.941 0.909 del(17p) 0828 0215 3.188 0.754
miR-22 model  0.097 0018 0520  0.007 miR-146a model 7.988  1.524 41868  0.014
gain(1g) 0513 0,131 2007  0.338 gain(1g) 0637 0.168 2423 0.509
miR-22 model 0113 0.023 0570 0.008 miR-146a model 7.258  1.453 36.260 0.016
del(1p) 0714 0191 2668 0616 del(1p) 0837 0228 3.063 0.7585
miR-22 model 0067 0.010 0453  0.006 rmiR-{d4ba model 8121 1.545 42.681 0.013
t(11;14) 2470 0457 13356 0.294 t(11;14) 1111 0267 4627 0.885
miR-22 model 0093 0.0M6 0.561 0.omo rmiR-148a model 9243 1.524 26.113  0.016
t(4;14) 1.820 01165 20121 0625 t4,14) 1757 0159 19.444 0646
miR-22 model 0108 0.021 0550 0.008 miR-146a model 7570 1.503 3|14 0014
MAF translocations 08240  0.247 3878 0928 WAF translocations 1.295  0.361 4847 0.692
miR-22 model 0122 0.019 0779  0.026 miR-146a model B.277  1.064 .06 0.042
ASCT 0845 0.166 4290 0.839 ASCT 0648 0.136 3.100 0.557
miR-22 model 0143  0.030 0724 0018 miR-1d46a model 5771 1.179 28.244  0.031
Hb nd nd nd nd Hb nd nd nd nd
miR-22 model 0125 0.024 0643  0.013 rmiR-146a model 6902 1.341 38522 0.0
LDH 1.668  0.402 6927 0.481 LOH 1793 0441 7.288 0.414
miR-22 model 0117 0022 0E26 0012 miR-146a model B934 1.361 3536 0.020
creatinine 1173 0.295 4B58  0.821 creatinine 1857 0415 5.145 0.495
Cc D
covariates HR 1095%C1 up93%Cl P covariates HR  1095%C1  up95%Cl P
miR-92a model 28410 2214 364.543  0.010 miR-330-3p model 0087  0.014 0.563 0.010
del(13g) 8.326 0.5587 118.084 0117 del(13g) 3366 0328 34513 0307
miR-92a mode! 13060  1.452 117.459  0.022 FiR-3530-3p mode! 0117 0.021 0.658 0.015
del(17p) 0.663 0127 3.453 0.626 del(17p) 0944 0179 4.978 0.946
miR-92a model  9.896 1.101 83905z 004 FniR-330-30 mode! nd nd nd nd
gain(ly) 1.348 0.236 76323 0.737 gain(lg) nd nd nd nd
miR-92a modsl 11,080 1.260 97456 0.030 miR-330-3p model 0129 0.022 0.743 0.022
del{1p) 1.773 0.328 9576 0.508 del(1p) 1053 0193 5735 0.952
miR-92a model 11847 1.354 100165 0.025 iR-330-30 model nd nd nd nd
t(11;14) 0.899 0162 45991 0.903 t{11;14) nd nd nd nd
miR-92a model 9273 1.078 79757 0.043 miR-330-3p mode! 0144  0.026 0797 0.027
tid; 14) nd nd rd rid tid;14) nd nd nd rd
miR-92a model 12400 1.410 109.065 0.023 miR-3530-3p mode! 0118 0.021 0.666 0.015
MAF translocations 1.724 0.315 9.437 0.530 WMAF translocations 0989  0.182 5.360 0.950
miR-92a model 1372 0.124 15168  0.796 miR-330-3p model 1823 0.165 20199 0EB25
ASCT nd nd nd nd ASCT nd nd nd nd
miR-92a model  B.886 1.036 VBZ25  0.04B miR-330-3p model 0149 0.027 0.820 0.029
Hb nd nd nd nd Hhb nd nd nd nd
miR-92a model 12020 1.380 104724 0.024 miR-330-3p mode! 0118 0.021 0.657 0.015
LOH 1.378 0.247 7685 0.715 LODH 1022 0192 5.445 0.979
miR-92a model 11,349 1.309 95406  0.028 miR-330-3p mode! 0,109 0.018 0677 0.017
creatinine 1.249 0.221 7.062 0.502 creatinine 0786 0122 5.051 0.500
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Discussion
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In this study we reported a miRNA expression pragilanalysis of a series of pPCL
patients included in a prospective clinical trimhad at exploring efficacy and safety of
lenalidomide and dexamethasone combination as liingt therapy in previously
untreated patients. At the same time, pPCL samptdsded in the trial and for whom
material was available were subjected to FISH, tggrog and GEP analyses. MiRNA
expression patterns were evaluated in relationht rmost recurrent chromosomal
abnormalities and in comparison with a represerdgateries of MM patients,
identifying miRNAs that may contribute to explaletaggressive phenotype of pPCL,
based on their known or inferred functions fromegrative analysis of miRNA and
GEP data or om vitro functional analyses in HMCLs. Finally, we ideredi miRNAs

putatively involved in pPCL clinical outcome.

Chromosomal alterations and miRNA expression profihg in
pPCL patients

Existing studies have so far demonstrated that pRGaws the main molecular
characteristics of other plasma cell dyscrasiag.,(6GH@ translocations or 13q and
17p deletions). As regards chromosomal transloestidhose involving the 14932
locus and theCCND1, FGFR3/MMSET, or MAF partner genes have been reported
occurring in the majority of primary, as well as s®condary PCLs. Herein, we
identified the occurrence of IGH@ translocations~Bi7% of pPCL cases; such an
incidence overlaps with those reported by sevartias (Avet-Loiseawt al., 2001a;
Avet-Loiseauet al., 2012; Changt al., 2009; Chiecchiet al., 2009; Tiedemanst al.,
2008), confirming the widely accepted notion tHaHI@ translocations are almost an
ubiquitous event in PCL. However, the frequencyhef different types of partnéoci

still remains controversial and this is probablyated to the heterogeneous series
investigated or geographical factors, as alreadgssted by other Authors (Tiedemann
et al., 2008). Specifically, in our study the frequendyhe t(11;14) was approximately
40%, quite similar to that reported by some auth@eet-Loiseauet al., 2001a;
Chiecchioet al., 2009), but lower than that reported by otherbaii@ et al., 2009;
Tiedemannet al., 2008). As regards IGH@ translocations involvid@F gene, we
found higher frequency (30.5%) than those reporitedprevious works, where
incidence in pPCL was approximately 10-17% (Aveiseauet al., 2001a; Avet-
Loiseauet al., 2012) if not absent (Tiedemaaial., 2008), and almost identical to that
reported by Chiecchiet al. (Chiecchioet al., 2009). Finally, we found a 13%
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incidence of t(4;14), quite similar to an earlieport (Avet-Loiseaet al., 2001a) but
different from other studies in which it was fouaidhigher frequency (21-25%) (Avet-
Loiseauet al., 2012; Changt al., 2009) or completely absent (Chiecchbial., 2009;
Tiedemanret al., 2008). Concerning the impact of chromosomakaiiens on miRNA
expression, IGH@ translocations seemed to be lEsscmted with distinct miRNAs
profiles compared to what we observed in MM pasierglthough some miRNAs
deregulated in a similar manner have emerged: dpart |et-7e, over-expressed in
t(4;14) pPCL cases, other miRNAs were found updedgd (although at lower levels
of statistical significance) in this molecular gpoof pPCL in agreement with what
found in MM cases, i.aniR-125a-5p, miR-221, miR-221*, andmiR-222; likewise, also
miR-150 was up-regulated irMAF-translocated pPCL cases (FDR = 10%). An
interesting similarity was highlinted between miRN#Apression profiles of pPCL and
MM TC5 patients, suggesting further investigatiams whether pPCL might share
some clinico-biological features witMAF-translocated MM.

Regarding numerical chromosomal alterations, wdicoad the remarkable frequency
of del(13q) in pPCL which is higher than that reapdrin MM (Walkeret al., 2010).
We found this lesion in 17/23 (74%) patients; basedSNP-array data we confirmed
the loss of the entire chromosome in the majoritgases, with the exception of three
pPCLs showing relatively large interstitial deletsoencompassing the 1314 region.
Interestingly, several deregulated miRNAs in assomn with alterations involving the
corresponding genomioci were mapped to chromosome 13. In particular, thend
regulation ofmiR-15a in patients carrying chromosome 13 deletion igpafticular
importance given the frequency of this genomicdesn pPCL and the experimental
evidence that it may acts as a tumor suppressorimifalignant plasma cells (Hab
al., 2011a; Roccaret al., 2009). Roccaret al. indeed provided the first evidence of
the functional role omiR-15a andmiR-16 in MM by showing that the two miRNAs
regulate the proliferation and growth of HMCLs vitro andin vivo by inhibiting a
number of molecular pathways, such as those inngIKT3, ribosomal protein S6,
MAP kinases, and the N&B-activator MAP3K7IP3 (Roccaroet al., 2009).
FurthermoremiR-15a and miR-16 inhibit MM cell-triggered endothelial cell growth
and capillary formationn vitro and in vivo, and exert their anti-MM activity of
inhibiting migration and growth of MM cells eventine context of the BNmilieu, thus
overcoming the growth advantage normally confelngdM stromal cells. A possible

explanation of this finding resides in that the pngssion ofmR-15a/16 expression

66



(possibly mediated by IL-6 secretion) represents afinthe mechanisms through which
BM stromal cells provide survival support to MM leel Interestingly, Haoet al.
reported that melphalan and bortezomib treatmentgplatedniR-15a/16 expression
in MM cells, whereas the interaction of MM cellstivBMSCs inhibitedmiR-15a/16
expression and suppressed apoptosis of MM cellscedl by cytotoxic agents (Hab
al.,, 2011a; Haoet al., 2011b). These data strongly suggest the tumppressor
activity of miR-15a andmiR-16, although their role in disease development impry
MM patients and the impact of chromosome 13 datetia their expression remain
controversial (Table 10): in fact, the specific deregulation ofmiR-15a andmiR-16
(regardless of the status of chromosome 13) wast#réng point for Roccaro’s study
of their functional role in MM (Roccaret al., 2009), but Pichiorret al. found that
miR-15a (as well as other miRNAs mapped on 13q) was upladéed in MM PCs
versus healthy PCs (Pichioret al., 2008).

Table 10 |MiR-15a and miR-16 expression in MM (adapted from Lionettet al., Current
Cancer Drug Targets 2012).

Reference Platform Result
Pichiorriet al., Academic miRNA , .
PNAS 2008 microarray miR-15a up-regulated in MMersus healthy PCs.
Roccarcet al Liquid phase luminex miR-15a/16 down-regulated in relapsed/refractory MM
. microbead miRNA versus healthy PCs (absent in MM with del(13) and
Blood 2009 ” : . .
profiling down-regulated in those without deletion).
Lionettietal., Agilent miRNA miR-15a expression correlates with
Genes Chromosomes microarray V1 DNA copy number in HMCLs
Cancer 2009 y Py ’
Lionetti et al., Agilent miRNA miR-15a/16 expression unaffected by
Blood 2009 microarray V2 chromosome 13 status in MM.
Gutierrezet al., Appllﬁ_daBI:/(l);r)]/stems miR-15a down-regulated in MM with RB deletion
Leukemia 2010 an versus other MM or healthy PCs.
low-density arrays
Corthalset al., Appled ZlosEiEms miR-15a/16 up-regulated in MM than healthy PCs
TagMan h
Leuk. Res 2010 . independently of chromosome 13 status.
miRNA assays
Zhouet al., Agilent miRNA miR-15a/16 marginally up-regulated in MM
PNAS 2010 microarray V1 than healthy PCs.

Chietal.,
Biology Direct 2011

down-regulation of both miR-15a/16

LR TRy in del(13) cases.

Our group found a significant correlation betwebée expression omiR-15a and
alterations of the corresponding DNécus in HMCLs (probably due to miRNA over-
expression in aneuploid cell lines with more tham tcopies of chromosome 13)
(Lionetti et al., 2009a) but not in primary MM tumors, in whichlpthe expression of
miR-17 and miR-20a (13g31) was reduced in cases with 13q deletiononiti et al.,
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2009b). Other Authors have reported varying lewdlsniR-15a/16 (Corthalset al.,
2010) as well as omiR-17/92 (Chenet al., 2011) expression in MM patients,
regardless of chromosome 13 status. Finally, Geiest al. found that, likemiR-19a,
miR-19b andmiR-20a, miR-15a was down-regulated in the samples of patients/iceyr
theRB deletion alone in comparison with the normal P@las or the samples of MM
patients without this abnormality (Gutierrezal., 2010), and Chet al. reported the
down-regulation of botmiR-15a/16 andmiR-17/92 cluster in del(13) cases (Cé#ial.,
2011).

As regardamiR-17/92, copy number of chromosome 13 (although correlatigd the
expression of some of the miRNAs belonging to thester, i.e.mR-19a, miR-20a,
miR-20a* and miR-92a) was unlikely the only factor affecting its exps&Es in our
pPCL cohort; in fact we found that some miRNAs beiog to the cluster resulted
significantly over-expressed in pPCL compared to Mdkes independently of their
CN status. This appears to be in line with the regbevidence of the oncogenic
potential of this miRNA cluster, as also specifigalemonstrated in the context of
myeloma cells (Cheat al., 2011; Pichiorret al., 2008).

Our study confirmed the increased frequency®s3 deletion in comparison with that
reported in MM. Furthermore, we identified foliP53-mutated cases, three of which
associated with a gene deletion. Therefall8% of cases in our series showed biallelic
inactivation of TP53, similarly to that reported by other Authors (Ctukio et al.,
2009; Tiedemanset al., 2008). Interestingly, our data represent the Brvidence in the
context of plasma cell dyscrasias of a decreaspcesgion oimiR-34a in association
with TP53 abnormalities, as already found in other tumaushsas CLL (Mrazt al.,
2009): importantly, enforced expressionnaRR-34a in MM cell lines indicated the this
MiRNA exerts anti-myeloma activityn vitro. The high sensitivity offP53-mutated
MM cells is of interest, a¥P53 inactivation is a rare event at diagnosis, bbeitomes
common when intramedullary MM progresses to a dasgstant and more aggressive
phenotype, as well as in pPCL and sP8lggesting that the "biologically end-stage”
disease might benefit from therapies restoring TR&3 function throughmiR-34a
enforcement. Furthermore, SNP-array data showetb#iseof a large part of 17p in all
but one cases tested positive del(17p); this fapdsnreminiscent of what was reported
in CLL by our previous study (Fabrig al., 2008) suggesting that other important
tumor suppressor genes/miRNAs located in this regmay contribute to the tumor
development and expansion in pPCL. In this regamé, of the several down-regulated
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MIiRNASs in pPCL in association with the loss of twresponding genomioci that
have already been linked to cancer as having a rtisuppressor role wasiR-22
(Takataet al., 2011; Xiong, 2012), precisely mapped at chromusd7pl13.3 and
whose down-regulation was found associated withiteh@rogression free survival in
our pPCL cohort, as will be discussed in more tldtder. Other down-regulated
putative tumor suppressor miRNAs identified wemdR-331-3p (12922) (Guoet al.,
2010b),miR-342-3p (14932.2) (Wangt al., 2011a) andaniR-30e andmiR-30c (Wu et
al., 2009), these latter localized at chromosome h3xhother hot-spot altered region
as emerged from the DNA genome-wide analysis; dyendeed, the incidence of 1p
loss and 1q gain was ~40 and 50%, respectivelyciwisi only slightly higher than that
reported in MM by us and several other groups (Mgret al., 2009; Fabrist al.,
2007; Hanamurat al., 2006; Sawyer, 2011).

MIRNA expression profiling of pPCL and MM patients

The clustering of samples based on the expresdidheo76 most variable miRNAs
indicated a significant grouping of pPCL and MM essin two main branches,
respectively. The differences in miRNA expressiorofiies of MM and pPCL
highlighted by the unsupervised analysis were cordd by direct comparison of these
clinical entities: pPCL and MM patients were foutm differentially express 83
mMiRNAs, roughly half of which over-expressed in @reup with respect to the other.
It is worth noting that the expression of approxieha 70% of these mMIRNAS
maintained a statistically significant trend wh@msidering normal donors, reinforcing
the hypothesis that the deregulation of these miBRNAght be compatible with the
“strength” of neoplastic transformation. Furthereoup-regulated miRNAs in pPCL
were enriched in “onco-miRNASs”, such aBR-21, miR-155 (Faraoniet al., 2009; Tili

et al., 2009) and miRNAs belonging to the paralogousteltsmiR-17/92 and miR-
106a/863 (miR-18a, miR-19a, miR-18b andmiR-20b). In particularmiR-21 was found
over-expressed in the majority of cancer typesyaeal, acting as a cancer biomarker.
Its relevance in MM was first suggested by Lof#ell., who demonstrated thaiR-

21 transcription is controlled by IL-6 through a manlsm involving STAT3 and that
its ectopic expression gives independence fromlit&egrowth stimulus (Loffler et al.,
2007). More recentlymiR-21 inhibition was shown to have a synergistic anti-MM

effect with dexamethasone or doxorubucin (Wahgl., 2011b), and our preliminary
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data indicated that targetingiR-21 inhibits in vitro MM cell growth. Importantly,
miR-21 expression in MM cells was significantly enhandgdadherence of cells to
hBMSCs, and anti-MM activity omiR-21 inhibitors was exerted also in the context of
bone marrowmilieu, antagonizing the BMSCs protective role on MM ge(Blobally,
based on these findings, the increased expres$iomRs321 in pPCL compared with
MM patients seems to be closely related to thepaddence of the leukemic cells from
the bone marrow microenvironmeiR-17/92 functions pleiotropically during both
normal development and malignant transformatiorptomote proliferation, inhibit
differentiation, augment angiogenesis and sustalinsarvival, and its over-expression
has been observed in multiple tumor types (Odival., 2010). In addition to the initial
evidence of its important role in MM (Pichiorgt al., 2008), a recent study
demonstrated that MYC may inhibit MM cell apoptobig activating themiR-17/92
cluster, leading to the down-modulation of the ppmptotic protein BIM. Interestingly,
MM patients with higher expression aiiR-17, miR-20 or miR-92 had shorter PFS
(Chenet al., 2011). On the contrary, several miRNAs with low&pression in pPCL
compared with MM are thought to play a tumor suppoe role in various tumor types,
such asniR-663 (Panet al., 2010; Tiliet al., 2010),miR-193b (Xu et al., 2010; Cheret
al., 2010; Liet al., 2009a)miR-126 (Meister and Schmidt, 2010) atei-7a (Boyerinas
et al., 2010). Interestinglylet-7a has been reported to be repressed by, and in turn
repress, MYC (Boyerinagt al., 2010), and to be involved in the IL-6 pathwayefh

et al., 2007; lliopouloset al., 2009). Notably, high expression levelsmilR-142-5p,
miR-21, miR-125b, miR-103, miR-99a, miR-26b or members of the clustenR-17/92,
up-regulated in pPCL, were found to be associatigid @EP-defined high risk score in
MM patients (Zhotet al., 2010).

Several over-expressed miRNAs in pPCL also seebe teelated to immune response,
particularly the above mentionaiR-17/92 cluster (Oliveet al., 2010), miR-155
(Faraoniet al., 2009; Tiliet al., 2009) andniR-21 (lliopoulos et al., 2010; Sheedgt
al., 2010). SpecificallymR-155 and miR-21, known to share an important role in
tumorigenesis, may represent important links betwmeancer and inflammation, likely
through their relationship with the N pathway, known to promote their
transcription (Maet al., 2011). FurthermoraniR-301a, another up-regulated miRNA
in pPCL, has been demonstrated to be activatedFsyBN(Ma et al., 2011). BotmiR-
21, miR-155 andmiR-301a in turn affect the NReB pathway, leading to its activation
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or inhibition, in part dependent on the cellulantext (Li et al., 2009b; Maet al.,
2011) (Figure 22).

NF-kB
pathway

PTEN

| PDCD4 |
] hribition

induction

Figure 22 | Involvement in NF«xB pathway of some deregulated miRNAs in pPCLMiR-301a, miR-
155 and miR-21, up-regulated in pPCL, are transcriptionally aatdd by NF<B pathway and in turn
affect it. By controlling the expression tfK-epsilon and possiblyKK-beta, miR-155 limits NF«B
activation, constituting a negative feed-back lasfa et al., 2011); on the contraryniR-301la was
reported in solid tumors to down-reguldE-xB-repressing factor (Nkrf), thus creating a positive feed-
back loop for persistent NikB activation (Maet al., 2011). Experimental evidence in different celtul
contexts supports eitheiR-21 activating or inhibitory effect on NkB pathway (Liet al., 2009b; Maet
al., 2011).MiR-223, significantly down-regulated in pPCL, was shownniacrophages to negatively
affect the non-canonical NEB pathway through the targeting It€K-alpha (Ma et al., 2011).

Notably, gene expression profiling analysis of @aadet of pPCL and MM samples
including most of the patients analyzed for miRNRpeession profiling identified
several differentially expressed NdB- pathway associated genes between MM and
pPCL (Todoerti.et al., submitted). The repression of a member of dBFpathway,
IKK-alpha, has been reported also foiR-223 (Ma et al., 2011), a hematopoietic
specific miRNA involved in several types of leukenand solid tumordVir-223 was
down-regulated in our pPCL series and nonethelesssabsence has recently been
observed in extramedullary plasmacytoma (&ual., 2011); it was also found to
suppress cell proliferation by targeting IGF-1Ra(@ial., 2011), involved in motility
and invasiveness control in MM cells. Overall, thdsdings strongly suggest an
important role for deregulated miRNAs involved ifr4#B pathway in pPCL and may
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have implications for future therapeutic approagigegen, for example, the efficacy of
bortezomib, a drug which interferes with MB-pathway, in pPCL patients.

Clinical relevance of miRNA profiles in pPCL

We investigated whether specific miRNA signaturesild be associated with the
response rate after four cycles of therapy, whegtresented the primary endpoint of
the study. Interestingly, a four-miRNA signatunaiR-106b, miR-181a*, miR-181b and
miR-497) was found significantly up-regulated in non-resghag cases. Of note, both
miR-106b and miR-181b were reported to be up-regulated in MM cells coragao
healthy PCs (Pichioret al., 2008; Roccaret al., 2009) and associated with increased
MM GEP-defined risk score (Zhaat al., 2010) and, interestinglymiR-181a* was one
of up-regulated miRNAs in pPClersus MM cases; this finding makes this miRNA a
potential therapeutic target in pPCL.
Moreover, a further contribution to clinical progtication was represented by
identification of four additional miRNAs, the exgseon of which was associated with
pPCL cases with a worse outcome: in particulardihen-regulation omiR-22 and the
up-regulationmiR-146a implied shorter PFS, while down-regulation mfR-330-3p
and up-regulation ahniR-92a were accompanied by lower OS. InterestingiyR-146a
deregulation has been associated with the patheigené several human diseases,
including solid tumors and hematopoietic malignaaciand this miRNA is thought to
play an important role in the regulation of innatenune and inflammatory responses
through a negative feedback pathway involving t~(Labbaye and Testa, 2012; Ma
et al., 2011). This finding, together with previouslysdabed interactions between
deregulated miRNAs and NEB pathway, warrants further investigations to &ari
whether the miRNAs/NkB network may have a role in pPCL outcome. Notalnly,
our seriesmiR-22 was found significantly down-regulated in accomamwith allelic
loss of its residindocus at 17p13.3; howevei,P53 deletionper se was not associated
with PFS (data not shown), thus suggesting thabfa®ther than deletion of 17p may
affectmiR-22 expressionMir-22 has already been linked to cancer through itstipeta
tumor suppressor role; it is activated by TP53,psegses NkB activity and is
thought to repress the MYC binding proteins MAX andCBP and to be inhibited by
MYC itself (Takataet al., 2011; Xiong, 2012). As regardsR-92a, it is a member of
the above mentioned clust®rR-17/92, and its up-regulation in MM has been reported
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in comparison with normal PCs (Pichioati al., 2008), in relation to increased MM
GEP-defined risk score (Zhaati al., 2010), and in association with shorter PFS (Chen
et al., 2011). Considering that pPCL represents a hgh-clinical entity per se,
biological information at diagnosis could be helgiu guide clinicians in therapeutic
decisions; therefore, larger prospective seriepatfents would be required to better
elucidate the clinical relevance of miRNAs in pPCLs

Overall, our study represents the first attemptirteestigate the involvement of
mMiRNAs in pPCL, the most aggressive form of plag®ihdyscrasia, and our data may
contribute towards the development of functionglrapches to analyze the activity of
deregulated miRNAs and their possible role as nthexiapeutic targets.
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