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SUMMARY

Treatment of pediatric acute lymphoblastic leuke(BL) is increasingly successful,
achieving cure rates of over 80%. Early identifimatof patients with high risk for relapse has
led to improved outcome, however, two third of gats encountering relapse were initially
stratified into low-intermediate risk groups. Thiemtification of better upfront prognostic
factors remains an important challenge in childhAad.

In this thesis, gene expression profiling (GEP) wpplied to different research approaches
aiming to dissect subgroups and to find novel thewsic targets in B cell precursor ALL
(BCP ALL).

Among BCP ALL, the patients lacking major genomibe@ations (B-others)
represent the subgroup that is most in need ogpthdinvestigations in order to indentify new
prognostic factors and improve of risk stratifioati To advance biological knowledge of B-
others we performed an integrated study of gene reord coding RNAs expression and
genetic aberrancies.

Chapter 1 reports a study on profiling by gene esgion arrays of 145 Italian B-others BCP
ALL patients and in a representative subcohortadfgmts microRNAs (miRNASs) expression
profiling and genome-wide DNA copy number variatemmalysis. In this study we found that
25% of ltalian B-others patients fits in a groughminique signature and is associated to a
favourable outcome. MicroRNAs expression profilio§ this group revealed an unigque
mMiRNAs signature characterized by over expressfdmsa-miR-125b, -125b-2*, -99a, -100, -
125a-3p and has-miR-491-5p. Over expression ofalusiR-125b-2 in region 21921.1 goes
along with over expression of genes in the samencbsomal region. Genome-wide analysis
excluded copy number alteration of the 21921.1amrgi

The frequent involvement of human chromosome 2B} aberrations in ALL (e.g.
hyperdiploidy (HD), t(12;21) or iAmp21) and the olvement of the 21921.1 region suggest
a direct and functional contribution of Hsa21l genesthe malignant transformation of
hematopoietic cells. There for there is high ies¢in studying ALL in children with Down
Syndrome (DS), where trisomy 21 is constitutionatl avhere the incidence of ALL is
approximately 20-fold higher than in the genergbydation.

In Chapter 2 is presented a study of genomic aisabysa large group of DS ALLs that
characterizes molecular abnormalities specificif ALL group.



Gene expression analysis revealed that DS ALL isighly heterogeneous disease not
definable as a unique ALL subtype with an enrichhnedfDNA damage and BCL6 responsive
genes suggesting B-cell lymphocytic genomic insitgbiSurprisingly, only a single Hsa21
gene,SON was included in the DS ALL signature and it wasyoslightly upregulated.
Furthermore gene expression data suggested tha&LDSand HD ALL are very different
leukemias, reflecting the fundamental differencetsvieen constitutional and acquired trisomy
such as the developmental stage in which the tysorours and the fact that a constitutional
trisomy is present both in the leukemia cells antheir microenvironment.

The study further revealed that 62% of the DS Alimples were characterized by aberrant
expression of the type | cytokine recepBRLF2 Two kind of aberrations involvinGRLF2
were identified: a cryptic translocation involvil@H@ andCRLF2in the pseudoautosomal
region (PAR1) of the sex chromosomes and a deletitnn PAR1. This aberration resulted
in the P2RY8-CRLFZusion and leads to overexpressionGRLF2 Furthermore a novel
activating somatic mutation, F232C,@RLF2was identified. We demonstrated that CRLF2
and mutated JAK2 cooperate in conferring cytokindependent growth to pro-B cells
suggesting that the DS ALL children witiRLF2 aberrant expression may benefit from
therapy blocking the CRLF2-JAK2 pathway.

Since CRLF2 aberrations were found also among non DS patiemdsfurther analyzed the
incidence and prognostic impact of this potentelvmarker in BCP ALL Italian patients
enrolled into the AIEOP-BFM ALL2000 study.

Chapter 3, presents the study of a representatifiert of 464 non DS BCP ALL patients
that was analyzed for the expression levelSCBALF2 and for the occurrence &ERLF2
rearrangements.

In this study we found that tHR2RY8-CRLF2Zearrangements in association with 20 times
over expression oCRLF2 identifies BCP ALL patients with a very poor prags and,
among them, an important subset of patients cuyretriatified in the intermediate risk need
to be considered for treatment adaptation.

Investigating the pathways highlighted by GEP asialyand testing drug effects
require a substantial availability of leukemia géas. Primary ALL samples are difficult to
culturein vitro and currently available cell lines poorly refl¢tteé heterogeneous nature of the
disease. Mouse xenotransplantation models areftheneidely used fom vivotesting and to

amplify the number of leukemia cells to be usedvemious analyses.



In Chapter 4 study we assessed the capability nbgmafted samples to recapitulate their
respective primary leukemia, and we investigatecethwr the murine microenvironment
selects for leukemia initiating cells leading tobalk tumor markedly different from the
diagnostic patient sample. We analysed the geneessipn profiles of 7 primary paediatric
ALL samples at diagnosis as well as of their reBpecxenograft leukaemia samples after
serial primary, secondary and tertiary passagésimNOD/SCID/huALL transplant model.
In this study we demonstrated that the NOD/SCIDMuAransplant model recapitulates the
primary human leukaemia, mimics the features ofghary malignancy and retains these
characteristics over serial passages without sefefdr a subclone of the initial leukaemia.
Chapter 5 reports on a study that investigategtagtment properties of 50 pediatric ALL
samples transplanted into NOD/SCID mice. Time tdkéamia (TTL) was determined for each
patient sample engrafted as weeks from transpteonert leukemia.
The study shows that short TTL was strongly assediavith high risk for early relapse,
identifying a new independent prognostic factore Thgh risk phenotype is reflected by a
gene signature that identified patients with eadlapse in an independent patient cohort.
Gene expression profiling revealed a set of gesseciated with this aggressive phenotype
providing a potential strategy to identify thesghirisk patients. Most importantly, pathways
involving mTOR regulating cell growth were idengifi, providing targets for alternative
therapeutic strategies for these high risk patients

Concluding, ten years after its introduction in emematology, GEP constitutes to be
a valuable research tool, efficacious in subtypscaliery, biomarkers identification and

discoveries of deregulated molecular pathways.






RIASSUNTO

La cura della leucemia linfoblastica acuta (ALL)j smigliorando con successo,
raggiungendo un tasso di guarigione che va ol8@28. L’identificazione precoce dei pazienti
con alto rischio di ricaduta ha portato ad un migimento generale delitcome tuttavia,
due terzi dei pazienti che incorrono nell’eventeidaduta vengono inizialmente stratificati in
gruppi a basso rischio o rischio intermedio. L'itcazione di migliori fattori prognostici
rimane un’importante sfida nelle ALL pediatriche.

In questa tesi, lo studio del profilo di espressi@enica € stato applicato a diversi
approcci di ricerca, con lo scopo di individuarét@gruppi e trovare nuovi target terapeutici
nelle ALL a cellule precursori B (BCP ALL)

Tra le BCP ALL, i pazienti privi delle aberraziogenomiche piu riccorrentiB¢
otherg rappresentano il sottogruppo che piu necessitastddi approfonditi, tesi ad
identificare nuovi fattori prognostici e miglioral® loro stratificazione nelle classi di rischio.
Per aumentare le conoscenze biologiche riferitgr@po deiB-others € stato eseguito uno
studio integrato di espressione genica, espresgibneon coding RNAs e analisi delle
aberrazioni genetiche.

Il Capitolo 1 riporta lo studio medianteicroarraysdi espressione genica di 145 pazienti
Italiani affetti da BCP ALL e, in una sotto-coon@ppresentativa, lo studio dell’'espressione
dei microRNAs (miRNAs) e l'analisi di variazione BINA copy numberestesa all'intero
genoma.

Da questo studio € emerso che il 25% dei pazieaiahi di tipo B-othersrientrano in un
gruppo con unaignaturespecifica e sono associati ad autcomefavorevole. Lo studio del
profilo di espressione dei miRNAs rivela in quegtappo una specificaignaturedi miRNAs
caratterizzata dalla sovra espressione di hsa-ra8®,1-125b-2*, -99a, -100, -125a-3p e has-
miR-491-5p. La sovra espressione dduster miR-125b-2 nella regione 21g21.1 e
accompagnata dalla concomitante sovra espressi@ie gdni nella stessa regione
cromosomica. Le analisi sul genoma hanno portatesatudere la presenza di alterazioni di
DNA copy numbenella regione 21921.1.

Il frequente coinvolgimento di aberrazioni a caridel cromosoma 21 nelle ALL
(come nel caso di iperdiploidia (HD), t(12;21) omfa21) e il coinvolgimento della regione
21921.1, suggeriscono un diretto e funzionale dauitv dei geni nel cromosoma 21 alla

trasformazione maligna delle cellule ematopoieticAequesto proposito c’€é un grande



interesse nello studio delle ALL nei bambini affefilla Sindrome di Down (DS), nei quali la
trisomia 21 e costituzionale e per i quali I'inaida di ALL &€ approssimativamente 20 volte
maggiore che nel resto della popolazione.

Nel Capitolo 2 viene presentato uno studio di angenomica di un grande gruppo di DS
ALL che mira a caratterizzare le anomalie molecadpecifiche di questo gruppo di ALL.
L’analisi di espressione genica ha rivelato ch®& ALL sono leucemie molto eterogenee,
non definibili come un unico sottotipo di ALL, cam arricchimento di geni rispondenti al
signallingdi BCL6 e di risposta al danno al DNA, che suggmiun’instabilita genomica dei
linfociti B. Sorprendentemente, solamente un gepadenente al cromosoma BON é
compreso nellsignaturedelle DS ALL e risulta solo debolmentg-regolato. Inoltre, i dati
di espressione genica suggeriscono che le DS Ale EID ALL sono leucemie molto
diverse, riflettendo le differenze fondamentali tii@omia costituzionale e acquisita, quali lo
stadio di sviluppo nel quale la leucemia insorgé fatto che la trisomia costituzionale e
presente sia nelle cellule leucemiche che nel rarotmente.

Lo studio ha inoltre rilevato che il 62% delle D3.IAsono caratterizzate da un’aberrante
espressione del recettore per le citochine di tipbRLF2 Due tipi di aberrazioni che
coinvolgonoCRLF2 sono state identificate: una traslocazione cm@ptle coinvolge il locus
IGH@ e CRLF2 nella regione pseudoautosomale PAR1 dei cromossessuali e una
delezione in PAR1. Queste aberrazioni danno ludigofermazione del trascritto di fusione
P2RY8-CRLFZhe determina la sovra espression€RBLF2 Inoltre una nuova mutazione
somatica attivante, F232C, {DRLF2 é stata identificata. E’ stato dimostrato che CRIgF2
JAK2 mutato cooperano nel conferire capacita déata indipendente da citochine a cellule
pro-B suggerendo che i bambini affetti da DS e Aldn un’espressione aberranteGRLF2
possono trarre beneficio da terapie mirate a blectpathwaydi CRLF2-JAK.

Dal momento che le aberrazioni a caric@C&LF2sono state trovate anche tra i pazienti non
affetti dalla Sindrome di Down, é stata analizzkitecidenza e I'impatto prognostico di
guesto potenziale nuovo marcatore nei pazieniattacon BCP ALL arruolati nello studio
AIEOP-BFM ALL2000.

Il Capitolo 3 presenta lo studio di una coorte rappntativa di 464 pazienti con BCP ALL
non affetti da DS che e stata analizzata per lessgione diCRLF2 e per la presenza di
riarrangiamenti a carico @RLF2

Da questo studio € emerso che il riarrangiam@2Y8-CRLF2n associazione con la sovra

espressione dCRLF2 (di almeno 20 volte maggiore che nel resto detlarte), identifica



pazienti con una prognosi molto sfavorevole egsi, un inportante sottogruppo di pazienti
attualmente stratificati nella classe di rischidermedia e che necessitano di essere
considerati per un adeguamento della terapia.

Per investigare pathwaysemersi dalle analisi di espressione genica e g&are
I'effetto dei farmaci € necessaria una grande digpkita di cellule leucemiche. Le cellule da
leucemia primaria sono difficili da coltivane vitro e le linee cellulari attualmente disponibili
non riescono a riflettere la natura eterogeneaadutlattia. Per questo motivo i modelli di
xenotrapianto in topo sono ampiamente usati sidgsetudioin vivo che per amplificare il
numero di cellule leucemiche da usare nelle varadisi.

Nello studio riportato nel Capitolo 4 & stata Jedfa la capacita delle cellule leucemiche
ottenute da xenotrapianto di ricapitolare la laspettiva leucemia primaria ed e stata valutata
la possibilita di una selezione da parte del micidoi@nte murino per particolari cellule
“inizianti” la leucemia che portino ad una massaduale marcatamente diversa da quella dei
pazienti alla diagnosi. E’'stato analizzato il piofdi espressione genica di 7 ALL primarie
pediatriche alla diagnosi e le rispettive cellldademiche ottenute da xenotrapianto dopo un
primo, un secondo ed un terzo passaggio serialenadello di trapianto di leucemia umana
in topo NOD/SCID/huALL.

In questo studio é stato dimostrato che il modeiltvapianto NOD/SCID/huALL ricapitola la
leucemia primaria umana, mima le caratteristiche tdmore primario e ne trattiene le
caratteristiche durante i passaggi seriali senigzis@are per un sottoclone della leucemia
primaria iniziale.

Il Capitolo 5 riporta uno studio che ha investigigroprieta di attecchimento di 50 ALL
pediatriche trapiantate in topi NOD/SCID. Il temgoattecchimentoTime To Leukemia
TTL) e stato determinato per ogni campione atteocim termini di settimane trascorse dal
trapianto alla manifestazione della leucemia.

Lo studio ha mostrato che un breve TTL e fortemeass®ociato con un alto rischio di ricaduta
precoce, costituendo di fatto un nuovo marcatoogpostico indipendente. Il fenotipo di alto
rischio e riflesso in unaignaturein grado di identificare pazienti incorsi precoeste
nell’evento di ricaduta in una coorte di pazientlipendente. Lo studio di espressione genica
rivela una serie di geni associati con questo fpaaggressivo, mettendo a diposizione una
potenziale strategia per identificare i pazientiaitd rischio. In modo ancora piu importante,

pathwaysche regolano la crescita cellulare e che coinvadgmTOR sono stati identificati,



indicando deitarget per strategie terapeutiche alternative per i pdizi@d alto rischio di
riaduta.

Concludendo, dieci anni dopo la sua introduzionencoematologia, lo studio del
profilo di espressione genica si conferma essenegaiido strumento di ricerca, efficace nella
scoperta di nuovi sottotipi, nell’individuazione dtiomarcatori e nel portare alla luce

pathwaysmolecolari deregolati.
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INTRODUCTION

ACUTE LYMPHOBLASTIC LEUKEMIA

Acute lymphoblastic leukaemia (ALL) is a clonal igaknt disease of the bone
marrow, that originates from lymphoid progenitoflceften carrying specific genetic and
epigenetic alterations and characterized by anrmagtation of blast cells resulting in the
suppression of normal haematopoiesis and infiiratif various extramedullary sites. ALL is
the most common pediatric cancer, accounting faqyuarter of all malignancies among
children aged < 15 years. This potentially catgdtro disease was once fatal in four-fifths of
patients, but thanks to the introductiuon of riskected treatment and improved supportive
care clinical outcome has improved remarkably awer past 50 years. Today the 5-year
event-free survival rate for ALL is approximatel@9 in children receiving protocol-based

therapy in the developed countfies

B CELL PRECURSOR ALL

The majority of ALLs are of B-cell lineage in botthildren ( >80%) and adults
(>75%Y" 3. In B cell precursor ALL (BCP ALL) blast cells amegarded as malignant
counterparts of normal B-cell precursors.

Current approaches of risk assessment rely on abe&wumf key clinical and laboratory
findings such as the initial leukocyte count, agaliagnosis and early treatment response.
Children aged 1-9 years have a better outcomeitifi@amts and adolescents. Leukocyte count
is a continuous variable, with decreasing countgezoing a better outcorfie

The most informative prognostic factor is the res®to early treatment, as determined by
measurements of the rate of clearance of leukeatis tom the blood or bone marrow. This
estimate of minimal residual disease accounts far drug sensitivity or resistance of
leukemic cells and the pharmacodynamics of the grughich is affected by the
pharmacogenetics of the hdsElow cytometric profiling of aberrant immunophéyge
markers and polymerase chain reaction amplificatiofusion transcripts or antigen-receptor
genes, which are at least 100-fold more sensitivan t conventional morphological
determinants, have allowed minimal residual dise¢asbe detected at very low levels (<

0.01%). This provides a useful means to identifijepes at very low or high risk of relapse



Minimal residual disease can be measured by themutechniques in nearly all patients, and
has become a key factor for risk stratificatiorildhood ALL.

In spite of treatment and risk stratification impement, 20% of children with ALL
ultimately relapse, and cure rate after relapsehemonly 25% to 40%. Very high remains
the interest to understand the mechanisms of relapesnome-wide studies using matched
diagnosis and relapse samples from the same matiene shown that both sets of samples
are clonally related, and that the relapse clomesoften present as minor populations at
diagnosis, which suggests that they are selectedgltreatment. Indeed, many of the genetic
alterations that emerge in the dominant clone &pse involve genes that have been
implicated in treatment resistance (€CPKN2A/Bor IKZF1)" ® and gene expression studies
have identified a proliferative gene signature thaterges at relapse with consistent up-
regulation of genes, such as survivin, that couttide useful targets for novel therapeutic

intervention.

GENETIC ABNORMALITIES IN BCP ALL

Childhood acute leukemias have long been the Iestcterized malignancies from a
genetic viewpoint. In BCP ALL, individual chromosaim abnormalities are strong
independent indicators of outcome, especially dicate risk of relapsé

The most significant impact for risk stratificationfor treatment are
1(9;22)(q34;q11BCR-ABL1and rearrangements of th.L gene. In particular this applies to
t(4;11)(q21;923MLL-AFF1 (previously known asMLL-AF4) The prognosis of the other
MLL partners may become significant in the futuretipalarly among infants. The
detection of these two abnormalities provides tasidcriteria for the classification of high
risk groups, which is applied in all American angkr&ean protocols.

Other significant structural abnormalities inclutd?2;21)(p13;922FETV6-RUNX1
fusion, as well as t(1;19)(g23;p13.BPF3-PBX1fusion. However, these are not used in risk
stratification on all protocols. ThETV6-RUNX1fusion occurs in approximately 25% of
younger children with BCP ALL and these patientveh@an extremely good prognosis.
Among patients witlTCF3rearrangements, those willcF3- PBX1were originally regarded
as poor risk on some treatment protocols, but omlemo therapy they are classified as
standard risk ** In contrast the rare variant, t(17;19)(q22;p#B}f-TCF3 fusion, has a

dismal outcome on all theraptés



Intrachromosomal amplification of chromosome 21MiA21) consists of an abnormal
chromosome 2Wwith highly variable morphology between patientd amith a common
amplified region that in all cases includes RENX1gené™ ' 17 This abnormality was

originally described as poor risk factor® 20

, although the outcome has since been shown
to be protocol dependéht

Numerical cytogenetic abnormalities include: highypérdiploidy (51-65
chromosome$§, near-haploidy (24-29 chromosomes) and low hygoitip (31-39
chromosome$f' 2> High hyperdiploidy accounts for approximately 3@¥childhood BCP
ALL and is characterized by the gain of specificathosomes. It is associated with a good
prognosis in children. Near-haploidy and low hymaidy are rare, comprising <1% each of
childhood ALL. Their characteristic features are tjain of specific chromosomes onto the
haploid chromosome set and, in the majority ofgrdsi, the presence of a population of cells
with an exact doubling of this chromosome nurfibéBoth are linked to a poor outcome and
are used to stratify patients as high risk.

Translocations involvindGH@ at 14932 are emerging as a significant subgroup in
childhood ALL?" 28 2% 3%t is of interest that they occur more frequeniiyadolescents and,

although numbers are small, they appear to hawefamor outcome.

SUBMICROSCOPIC LESION IN BCP ALL

Recurring genomic aberrations that define leukemsidbtype are important in
leukaemia initiatio, but alone are insufficient to generate a fullki®emic phenotype,
indicating that cooperating oncogenic lesions aesgnt in leukaemia speciments. Although
additional mutations have been identified in a subsf cases, the full complement of
cooperating lesions and their distribution withine tknown genetic subtypes of ALL remain
to be defined. Recently Mullighan et al. publisreed@omprehensive study of copy number
change and loss of heterozigosity on more then&Q00pediatric patient¥.

Genomic studies identified a mean of 6.46 somatjwy number alterations per case, with
deletions two times more frequent than amplifiaagioThe frequency of genomic deletions
and amplifications varied significantly between Aklbtypes. Genomic gains were frequent
in B-progenitor ALLs with high hyperdiploidy, whilbeing rare in other B-progenitor ALL
subtypes. Deletions were more frequent, rangingn fsox deletions per case in some genetic
subtypes ETV6—RUNX1land hypodiploid ALL) to only a single deletion pegise inMLL-



rearranged ALL. In this study global genomic ingigband high mutational rate were
excluded as underlying mechanism in ALL.
The most notable observation was the identificattbrgenomic alterations in genes that
regulate B-lymphocyte differentiation in 40% of Begenitor ALL cases. The most common
targets of these genetic alterations weB#-1, PAX5andIKZF1 that have central roles in the
development of normal B ceffs Recurring deletions included 3p142HIT)*, 6q16.2-3
(including CCNQ®, 9p21.3 (two regions involvindCDKN2A® and MLLT3), 12p13.2
(ETVH*', 11923 (includindATM)*®, 13q14.2 RB1)* and 13g14.2-3 (including mir-16-1 and
mir-15af°. New identified deletion includetkZF3, LEF1, TCF3 and BLNK, encoding
regulators of B-cell development. Other deleted lwere BTG recently associated with
glucocorticoids resistande vitro*', andERG reported to occur exclusively in a subgroup of
BCP ALL associate to a favourable outcdfme

Recently, a cryptic translocation, t(X;14)(p22;q3@) t(Y;14)(p11;932), involving
IGH@ and CRLF2in the pseudoautosomal region (PAR1) of the seawmbsomes, and a
deletion within PAR1, giving rise to tHe2RY8-CRLFZusion, have been reporf&d** 4°4°.
These genomic alterations lead to overexpressicBRLF2 which has been defined as a
novel, significant abnormality in BCP ALLCRLF2 alterations, including activating
mutations of the CRLF2 receptor itself, are asdediawith activating JAK mutations
resulting in constitutive activation of the JAK-ST/Aignalling pathwa¥/* *®*°. Activation of
this pathway has been associated with a worse psigin adults and children with BCP
ALL **°*and has been highlighted as an important candj@dtevay for targeted therapy.

Improvement in the genetic lesion detection hastéethe definition of new ALL
subtype characterized by new recurrent aberratisnsh as patients with IAmMp2ERG
alteration or CRLF2 alterations (Figurel). Also these subtypes arereatly under
investigation, to elucidated their pathobiology amskociation with outcome. These new
recurrent aberrations reduce the group of gensticaldefined patients, called B-others, that
few year ago counted for 22% of APdand now are restricted to 78Further dissection of
B-others group are expected from the applicatiohshne@wv technologies such as next-

generation high-throughput sequencfhg
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Figure 1. Estimated frequency of genetic abnoriealiih ALL. Violet area are referred to T ALL abnualities,
other colours are referred to B ALL abnormalitiEsom Pui et al., 2011

THYMIC STROMAL LYMPHOPOIETIN AND CRLF2

Thymic stromal lymphopoietin (TSLP) is an epithijiaderived cytokine initially
identified in 1994 as a bioactive factor secretethe supernatants of a murine thymic stromal
cell line®®. TSLP is a four-helix bundle type 1 cytokine, @adlosely related to IL-7, with
which it shares an overlapping, but distinct, bgatal profile. TSLP exert its biological
activities by binding to a heterodimeric receptuattconsists of the IL-7 recepterchain (IL-
7Ra) and the TSLP receptor chain (TSLPR, also knowwrydskine receptor like factor 2,
CRLF2), which is closely related to the common ptoey chain {c). CRLF2 has low
affinity for TSLP, but in combination with IL-7&Rgenerates a high affinity binding site for
TSLP and triggers signalling(Figure 2).

TSLP mRNA is expressed predominantly by epithelial el the thymus, lung, skin,
intestine and tonsils as well as stromal cells amast cells, but is not found in most
hematopoietic cell types and endothelial G&IRE In contrast to the restricted expression of
TSLR CRLF2is more widely distributedCRLF2mRNA has been detected on many immune
cell types, including dendritic cells (DCs), T &lIB cells, mast cells, NKT cells and
monocytes as well as in tissues from heart, skebetescle, kidney and liver. This suggests
that TSLP can function on a broad range of cekesyp



TSLP exerts profound influence on the polarizatdwlendritic cells (DCs) to drive T helper

(Th) 2 cytokine production. It also directly prorastT cell proliferation in response to T cell
receptor (TCR) activation, and Th2 cytokine productt TSLP also supports B cell expansion
and differentiation. TSLP further amplifies Th2 a@lgine production by mast cells and NKT
cell’. TSLP plays essential roles in allergic/inflammmatskin and airway disorders, in

helminth infections, and in regulating intestimahiunity’*.
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Figure 2. Structure of the heterodimeric TSLP rémepnd the its cellular targets immune cells. TBLSgnals

via activation and phosphorylation of STAT5 (P-STATand other unidentified pathways (from He and &eh
2010§2

A recent work on primary CD4+ T cells establislied critical roles of JAK1 and JAK2 for
TSLP-mediated STAT5 activation. The phosphorylatioin JAK1 and JAK2 by TSLP
correlates with the ability of these JAKs to asateiwith IL-7Rx and CRLF2, respectively,
mediating the docking of STATS5 to IL-sRbut not CRLF2) within the receptor complex and
its phosphorylation (Figure 3). TSLP, to date,his bnly cytokine that uses the combination
of JAK1 and JAK2 to principally activate STAT5 peai$°.
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Figure 3. Schematic model for JAK-STAT signaling B$LP receptors. TSLP induces heterodimerization of
CRLF2 with IL-7Rux leading to activation of JAK1, JAK2, and STATS5adfin Rochmana et al., 20£6)

STATS AND JAK-STAT PATHWAY

Upon Jak-mediated phosphorylation, the STAT (signahsducer and activator of
transcription) transcription factors dimerize arahslocate to the nucleus where they regulate
transcription by binding to target genes. The STAfWdnscription factor consists of two
highly related isoforms, STAT5A and STAT5B, whiclneaencoded by separate genes.
STAT5A and STATS5B have distinct physiological fuiocts, as inactivation of Statba
interferes with terminal differentiation of the mamary gland, whereas deletion of StatSb
results in impaired body growth. However within thyenphoid system, the two STAT5
proteins fulfil largely redundant roles, as theiudbual loss of STAT5A or STAT5B has only
minor consequences for lymphocyte functon
When both STAT5S proteins are depleted, in the boagow of conditional Stat5—/— mice, B
cell development is arrested at the uncommittedgmeB cell stage, indicating that STAT5
is an essential mediator in early B cell developiffeff. Gain-of-function experiments have
implicated STATS in activating the expression of tperminal center (GC) B cell regulator
Bcl6 and in controlling the differentiation and fseinewal potential of human memory B
cell®. Late B cell development, memory B cell formati@amd plasma cell differentiation
appear largely unaffected in the absence of STAT5

STAT5 has also implicated in the pathogenesis ahdmu B cell precursor acute
lymphoblastic leukemia (B-ALL). Mutations in eithesf the two STATS5 genes have,
however, not be found in human B-A[L In contrast, distinct subsets of B-ALL contain
activating mutations in upstream signaling compémehthe JAK-STAT pathway that confer
constitutive STATS activation.

The BCR-ABL1 kinase (tyrosin kinase constitutivedgtive in t(9;22) ALL) leads to
constitutive activation of STATS and thus likelyntobutes to leukemogenesis by signaling



via the JAK-STAT pathway’ "2 Indeed, the BCR-ABL1 kinase is unable to ind@ukémia

in Stat5—/— mice, strongly arguing for an importaoie of STAT5 in the initiation of B-
ALL™ The constitutive activation of the JAK-STAT patiyv likely activates the
antiapoptotic Mcl-1 gene, which renders B-ALL cells growth-factor-ipgadent by
maintaining cell survival in the absence of locgokines. The STAT5-dependent expression
of Mcl-1 may also explain why STATS5 is continuously reqdifer maintaining the leukemic
state, as conditional Stat5 inactivation resultsdlh cycle arrest and apoptosis of malignant B
cells in a BCR-ABL1-dependent mouse leukemia niédel

The recent discovery of predominantly JAK2 and &K1 mutations in 20% of Down
syndrome-associated ALL (DS AL[Y) "® and 10% of high-risk pediatric B-ALL has
demonstrated that direct deregulation of the JAKWETpathway can also cause B cell
leukemia. Although most mutations are found ingeeudokinase or kinase domain of JAK2,
expression of mutant JAK2 alone is insufficientactivate STAT5 and thus to transform
cytokine-dependent cell lines to growth-factor ipeledenc€ . Moreover, JAK?2 is activated
by signaling through common b chain-containing pd.30D-containing cytokine receptors,
which are not normally associated with lymphocyevelopment. An explanation was
recently provided by the important discovery tlieg tytokine receptor gef@RLF2functions

as a proto-oncogene in 15% of adult and pediatv&LB. Notably, BCR-ABL1positive and
CRLF2overexpressing B-ALL share a common transcrippoofile with an enrichment of
the STAT expression signature, implying tkiRLF2overexpression supports aberrant JAK-
STAT activation in B-ALL. Importantly, all B-ALL cses with JAK2 mutations overexpress
CRLF2 suggesting that the CRLF2 protein functions aremsas cytokine receptor scaffold
for signaling of the mutant JAK2 proteins. Indeederexpression of normal CRLF2 together
with mutant JAK2 leads to STAT5 activation and éyte-independent growth of

hematopoietic progenitor cell lifés

CHROMOSOME 21 IN BCP ALL

Chromosome 21 anomalies play an important roleimnor development as acquired
somatic mutatiofs. Twenty-three % of all chromosomal abnormalities ALL involve
trisomies or tetrasomies of chromosome 21. Ninegycgnt of childhood ALL with
chromosome numbers >50 show trisomy or tetrasomp@lalso 30% of B-cell ALLs with a
chromosome number of 47-50 present with > 2 chsome 21 copidé



Other aberrations involving chromosome 21 in ALle dhe t(12;21) and the IAMP21, an
intrachromosomal amplification within the long aohchromosome 21, both involving the
RUNX1gene.

The RUNX1gene, located in 21922, is involved in many heipaitetic neoplasms.
RUNX1is a member of the core binding factor (CBF) fgmahd encodes a subunit of a
heterodimeric transcription factdRUNXL1is expressed in hematopoietic stem cells, asasgell
in differentiating myeloid and lymphoid célfs The RUNX1 gene is essential for normal
hematopoiesis as shown by analysi®RofNXtdeficient mic&*. RUNX1is often affected by
translocations in acute leukemias, with about 4@siocation partners having been reported
to date. However, also deletions, amplificatiorssreentioned above, and point mutations are
known to have a pathogenic effect in acute mye&nd acute lymphoblastic leukemia, in
blast crisis of chronic myeloid leukemia, in MDS)dain T-cell lymphomd8. In exon 1,
affected by the t(12;21) a high density of repetitAlu sequences mediating recombinations
is found®. Besides the somatiRUNX1 mutations, germline mutations have been found in
families with thrombocytopenia and a predispositido leukemia developmétit
Constitutional deletions in 21q affecting tR&INX1gene have been demonstrated in patients
with thrombocytopenia and also with developmenédag and mental retardatih

In Down Syndrome (DS), where trisomy 21 is constiy the risk of children to
develop ALL is 20-fold increaséd
In a recent work using the transchromosomic sygteouse embryonic stem cells bearing an
extra human chromosome 21 (HSA21)) De Vita eddamostrated that overdose of more
than one HSA21 gene contributes to the disturbah@arly haematopoiesis in DS, and that
one of the contributors is RUNX1. As the observedl-friven hyperproduction of
multipotential immature precursors precedes theurtdttion to lymphoid and myeloid
lineages, authors speculate that this could createditions of increased chance for
acquisition of pre-leukaemogenic rearrangementstiauis in both lymphoid and myeloid
lineages during foetal haematopoiesis, contributmghe increased risk of both leukaemia

types in DS°.



GENE EXPRESSION PROFILING

Today approaches in biomedical research often @mpigh throughput technologies in
comprehensive studies named genomics, proteomigsbolomics (etc.) that give a broad
overview of the investigated field. The “Omic” stesl disclose molecular correlation
networks that are the basis of normal and pathogatiular processes.

The power of genomics applying microarray techgglo lies in the numbers: tens of
thousands of genes are analyzed simultaneouslydhdut predetermined bias, novel genes
involved in disease processes can be discovergtis knowledge allows investigators to
develop not only new diagnostic markers but alsogpostic and disease progression

markers, ultimately leading to the prospect ofguatitailored therapy.

MICROARRAY TECHNOLOGY

Microarrays consist of numerous regularly spacedAQixobes which are immobilized on a
solid surface. The pool of transcripts in a givetignt sample is labelled with a fluorescent
dye and hybridized to the microarray. The fluoressegnal bound to the probe serves as an
indicator of the expression of the correspondiagdcript.

Several types of microarray platforms, commercaliby companies such as Affymetrixs,
Agilents, Codelinks (GE Healthcare) to name butwa dr produced by facilities of nonprofit
organizations (e.g. by the Stanford Functional Gaos Facilities, Stanford University, CA,
USA). The platforms differ in probe content, desgmd deposition technology, as well as
labelling and hybridizing protocos Different probe types include cDNA sequences ligu
several hundred base pairs in length), short (2378 DNA oligonucleotides (up to 16 per
gene of interest) or longer (60—80 mer) DNA oligoeotide probes. The probes can be
either contact-spotted using pins or deposited gusink-jet devices. Furthermore,
oligonucleotides can be synthesized in situ on atquwvafer (Affymetrix, High Wycombe,
UK). Labeling methods vary from in vitro transcribdiotinylated cRNA (stained with
streptavidin—phycoerythrin after hybridization) alirectly labeled cDNA targets with
incorporated fluorescently labeled deoxyribonuctiest. Finally, microarray procedures can
be carried out in one color (one labeled targetgoey, such as used by Affymetrix) or two
colors (two separately labeled targets for eachayamsed, for instance, by Agilent
Technologies, Palo Alto, CA, USX)
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Most laboratories use DNA-oligonucleotide microgsraf 25-60 nucleotide length as this
minimizes the risk of cross-hybridization and gueas a high level of specificiy .
Currently available commercial arrays have all heglcwhole transcriptome coverage.
Initially application of microarray technology hasned at evaluation of expression
of coding sequences of genes by assessment ofntlbend of RNA transcription (gene
expression profiling, GEP). Subsequently their e been extended to investigation of non
coding sequences e.g. microRNAs expression (miRIgAHiling). Another widespread
application was the quantification of gene dosagehe genomic DNA levéf allowing to
explore single nucleotide polymorphisms (SNPs) emgly number alterations (copy number
variations, loss of heterozygosity (LOH), and comymber neutral LOH due to uniparental
disomy UPD) in parallé€f. Currently available arrays incorporate up to ~®illion SNP or
copy number prob&% However, SNP analysis is not capable of diredtgntifying

reciprocal translocations which commonly occur in (Acute Leukemia).

DATA ANALYSIS

For interpretation of the large amounts of datangpegenerated by the analysis of the
expression of thousands of genes, sophisticateghuttional methods are needed (Table 1).

Data preprocessing include image analysis, noretadiz and data transformation.
Many image-processing approaches have been dedéi8pamong which the main
differences relate to how spot segmentation — rijsiishing foreground from background
intensities — is carried out. Another important-precessing step is normalization, which
allows comparisons between microarray experimemiistae control of extraneous variation
among experiments. Several normalization approataes been introduc&t, between them
robust multi-array average (RMA) and its modificati GCRMA, are often consider to
perform better than other methods, although thesmme controversy about which method is
best? RMA corrects arrays for background using a tramsfition, normalizes them using a
formula that is based on a normal distribution, asds a linear model to estimate expression
values on a log scale.

Much appreciated for data visualization is PCA{Eipal Component Analysis) that
reduces the dimensionality of array data to fet#is visualization and interpretation of large
data set$?,
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Classification algorithms are used either to digcavew categories within a data set
(class discovery; unsupervised classification) ssign cases to a given category (class
prediction; supervised classification).

Cluster-analysis algorithms for unsupervised cfacsgion group objects on the basis of some
sort of similarity metric that is computed for ooemore ‘features’ or variables. Hierarchical
cluster analysis graphically presents results frea diagram (dendrogram), and is probably
the most common unsupervised classification algaritn microarray analysis. Hierarchical
clustering is further used for a reduction of coexitly and the visualization of supervised
analyse®*. Non-hierarchical clustering methods divide theesa(samples or genes) into a
predetermined number of groups in a manner thatrmaas a specific function (for example,
the ratio of variability between and within cluser Cluster-analysis approaches entail
making several choices, such as which metric totasguantify the distance or similarity
among pairs of objects, what criteria to optimizedetermining the cluster solution, and how
many clusters to include in the solution. No comlsseor clear guidelines exist to guide these
decisions. Cluster analysis always produces cingtebut whether a pattern observed in the
sample data characterizes a pattern present jpoiglation remains an open questfdn
Supervised classification (often called ‘class gssient’, ‘prediction’ or ‘discrimination’)
entails developing algorithms to assign objecta fwriori defined categories. Algorithms are
typically developed and evaluated on a ‘trainingtadset and an independent ‘test’ data set,
respectively, in which the categories to which otgebelong are known before they are used
in practical applications. A common misconceptierthat the set of the most differentially
expressed genes will necessarily give the bestigtieal accuracy. The gene list that is
obtained from hypothesis testing does not necéggave the best prediction. No one method
for constructing prediction algorithms (e.g. sugpeector machines (SVMY® predictive
analysis of microarrays (PAMY, and k-top scoring pairs (kTS#) is widely accepted as
superior or optimaf®.

Inferential analyses are commonly used to idemtifierentially regulate genes among
two or more groups, parametic and non-parametsts tare used such as t-test, analysis of
variance (ANOVA), significance analysis of micraays (SAM)-°.

A list of differentially expressed genes that cangt a signature profile are accompanied by
a false discovery rate (FDRJ or a P-value corrected for multiple testing toegan idea of

how significant the findings actually are. The retness of the results should be tested by
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means of bootstrapping or leave-one-out cross-&ttid tests. Concerning the individual

genes, further validation experiments are mandatory

Software URL Software type Computer platform

Affymetrix MAS 5.0 http:/fwwwaffymetrix.comyindex. affx Commercial Windows

Bioconductor (using R) http:/fwww.bioconductor.org/ Free Windows, MacOS, Linux/\Unix
Cluster http:/rana.lbl.gov/ Free Windows

D Chip http:/www.dchip.org/ Free Windows

Genespring http:/www.silicongenetics.com/cgi/ SIG. cgifindex.smf Commercial Windows

GeneMaths www.applied-maths.com Commercial Windows

Genlab (using Matlab) http://www.genlab.tudelft.nl/ free Windows, MacOS, Linux/Unix
GCOS, DMT www.affymetrix.com/support/ Free Windows

Ingenuity www.ingenuity.com commercial Java application

LIB SVM www.csie. ntu.edu.tw/ ~ cilin/libsvm/ Free Linux/Unix

PAM http://www-stat.stanford.edu/ ~ tibs/PAM/ Free Excel/R under Windows/Unix
Rosetta Resolver http://www.rosettabio.com Commercial Windows

SAM http://www-stat.stanford.edu/ ~ tibs/SAM/ Free Excel Add-in

T4 http://www.tm4.org Free Windows

TreeView http://rana.lbl.gov/ Free Windows

URL: location in the WWW where more information can be found; software type: commercial or free software; Computer Platform: Operating
System necessary.

Table 1. Examples of software used for biostat$@malysis of microarray data (from Staal et%@QG)llZ.

STANDARDIZATION OF MICROARRAY DATA

Completeness of data annotation and specificatibriata processing and analysis are
requirements for repeatability of published micragrstudie$§™

With so many variables in place and moreover thodsaf raw data parameters to measure
and analyze, it has been realized that standaimlizand quality guidelines are neetféd
One of the first and very successful attempts hesnbthe requirements put forward in
MIAME (Minimum Information About a Microarray Expenent) by the Microarray Gene
Expression Data Societfy. MIAME mainly documents information about the esipeental
design, RNA extraction and labeling techniques el as array type used. Many journals (all
Nature Press journals including Leukemia) now rexjsiubmission of microarray data to
either of two databases emerging as the main pubdipositories: GEO (http://
www.nchi.nim.nih.gov/geo/) or ArrayExpress (httwwWw.ebi.ac.uk/arrayexpress). Recently,
different reports have been issued about crosfeptatcomparisons. The current consensus
indicates that for well-defined genes such compasgsare certainly possible provided
standardized protocols are strictly adhered®tdGuidelines are also been published arising

from experience of several study grotips
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CLASSIFICATION IN CANCER AND LEUKEMIA

«Here, a generic approach to cancer classificaticasdd on gene expression monitoring by DNA

microarrays is described and applied to human adatkemias as a test case. A class discovery pureed
automatically discovered the distinction betweemtacmyeloid leukemia (AML) and acute lymphoblastic

leukemia (ALL) without previous knowledge of thedagses. An automatically derived class predictaswble

to determine the class of new leukemia cas&¥’

Ten years ago, these phrases were written by Getubl. to present at the scientific
community the feasibility of cancer classificatibased solely on gene expression profiles
independent of previous biological knowledge. Thilestone work presented a class
discovery method effective in the distinction betweAML and ALL, as well as the
distinction between B-cell and T-cell ALL. Few yedater, Yeoh et al. demonstrated that
distinct expression profiles identified each of gregnostically important leukemia subtypes,
including T-ALL, E2A-PBX1 BCR-ABL, TEL-AML1, MLL rearrangement, and hyperdiploid
>50 chromosomes. In addition, another ALL subgrexgs identified based on its unique
expression profile. Furthermore Yeoh et al repothed gene expression profiling provides a
robust and accurate approach for the risk stratifia of pediatric ALL patients®. Since
than, in ALL of the B and T-lineage, several gengression-based classifiers for the

prediction of prognosis have been develdped**?>

THE MILE STUDY

The International Microarray Innovations in LeukenfMILE) *** Study Group was
formed in 2005 around the European LeukemiaNet (EitN11 laboratories across three
continents (seven from the ELN, three from the &bhiBtates, and one in Singapore).

The collaborative MILE study program was designe@dsess the clinical accuracy of gene
expression profiles (compared with current routdhagnostic work-up) of 16 acute and

chronic leukemia subclasses, myelodysplastic syndso(MDSs), and a so-called “none of
the target classes” control group that included nmalignant disorders and normal bone
marrow.

An exploratory retrospective stage | study was gie=il for biomarker discovery and

generated whole-genome expression profiles fromd3,patients with leukemias and

myelodysplastic syndromes (Figure 4). The gene esgion profiling—based diagnostic

accuracy was further validated in a prospectivesestudy stage of an independent cohort
of 1,191 patients. The stage | study achieved 9zZR&sification accuracy for all 18 distinct
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classes investigated (median specificity of 99.7%ypure 5). In stage Il, the observed
accuracy of the classifier prediction across alclE®ses was 88.1%. The accuracy increased
to 91.5% when focused on acute leukemias, repriegeait 14 distinct classes.

This is thus far the largest gene expression micagaprofiling study in hematology and
oncology, and clearly underlines the robust perforoe of this method and demonstrates the
possibility of completely standardized laboratompgedures combined with sophisticated
data algorithms.

MILE study provided the background for an integratiof the microarray technology in
routine diagnostics. The coming years thus shoelk & focus on the definition of clear
criteria for the performance of GEP analysis ingrdas with haematological neoplasms and
concentrate on the development of new diagnosgoriéhms incorporating GEP and the
clinical development of novel and more specific gfuThis will highly contribute to a
standardization and optimization of therapeuticigiens in patients with haematological

malignancie¥*

e TE——— |

Claszs:
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Figure 4. Supervised hierarchical clustering.Thpl@atory whole-genome clustering analysis wasqreréd

for all classes (C1 to C18 in ascending order)uditig 2,096 samples from stage |. For every class fhe top
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100 differentially expressed probes sets with #ngdst absolute values of t statistic were seledtked union of

these sets contained 3,556 probe sets used ituitering (from Haferlach et al., 20%6?.

C1: Mature B-ALL with t{8;14)
25 ] CZ: Pro-B-ALL with t{11g23)MLL
C3: c-ALL/Pre-B-ALL with t{9:22)
C: T-ALL
204 CE: ALL with t(12:21)
| C&: ALL with t(1;19)
= 154 6 2 & | 15 C7: ALL with hyperdiploid karyotype
= | C8: c-ALL/Pre-B-ALL without t{9;22)
‘S 7 |"| Co:  AML with t8;21)
< 104 o 3 me 1z C10:  AML with 15;17)
| C11: AML with inv(16)/t(16;16)
a c12: AML with t11023)/MLL
51 C13: AML with nermal kt.fother abn.
|J_|_ C14: AML complex aberrant karyotype
0 C1E: CLL
1274 16 c16:  CML
17 18 C17: MDS N
C18: MNon-leukemia/healthy controls

Figure 5. Exploratory margin tree analysis. Margae classification is a supervised multiclass suppector
machine classification method. The margin tree mogwas applied to the stage | data set of 2,086 kess,

characterized by their 18 class subtype labelst¢G218), and was based on 54,630 probe sets (frafarldch

etal., 2010526.

B-ALL, B-cell acute lymphoblastic leukemia; MLL, ralpid/lymphoid or mixed-lineage leukemia; pre, pnsor; c-ALL, childhood acute
lymphoblastic leukemia; T-ALL, T-cell acute lympHabtic leukemia; ALL, acute lymphoblastic leukemfeViL, acute myeloid leukemia;
kt., karyotype; abn., abnormality; CLL, chronic Ighocytic leukemia; CML, chronic myelogenous leukemVDS, myelodysplastic
syndrome.

GEP FOR RISK ASSESSMENT AND PREDICTION OFDRUG RESEO

A three gene classifier predictive for prognosis paediatric pre-B-ALL was
developed by Hoffmann et al. and were based omltitamine synthetas&{(UL), ornithine
decarboxylase antizyme inhibitohZIN), and immunoglobulin J chain@J) gene$?’. Kang
et al. investigated 207 children with high-risk Bepursor ALL. A 38-gene expression
classifier in combination with flow cytometric memsment of minimal residual disease
(MRD) were able to categorize children with higbkriALL into three groups with relapse-
free survival differing between 29% and 87% (p 80Q.)"*®
Assays to predict the response to specific ALL ttresnt approaches were also developed.
Hofmann et al. published a 95-gene classifier bebte to predict the sensitivity to the
tyrosine kinase inhibitor imatinib iBCR/ABL1 positive ALL'*. Holleman et al. tested
leukaemia cells from 173 children with ALL for intm sensitivity to steroids, vincristine,

asparaginase, and daunorubicine. The differentiedgressed genes were correlated with
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treatment outcomes in the original group of pasieartd an independent cohort of 98 children.
Following the assessment of differentially expresgenes being predictive for the single
compounds, a combined gene expression score prnedigsponse to the four compounds
was developed®

In 2009, Den Boer et al. has developed and validateew gene-expression classifier
that identifies the major subtypes of childhood Allith a high level of accuracy and
sensitivity. Importantly, they identified a new higsk subtype with a gene-expression
pattern similar to that of ALL cases containing B@R—ABL1gene fusion. ThiSsCR-ABL1
like subtype was characterised by abnormalitieB-oell development genefK¢ZF1, PAX5
VPREB1 TCF3 EBFJ) indicating a defective (pre)B-cell receptor siljng pathway=>".
Recently Harvey et al. correlated gene expressaba @ith genome-wide DNA copy number
abnormalities (CNAs) in a cohort of high risk BCR.IAchildren **2. He identified 8 gene
expression-based cluster groups that were als@ctesized by distinct patterns of genome-
wide DNA CNAs, 6 of these groups lacked any presiplknown cytogenetic lesion and 2
groups were also associated witififerent preclinical characteristics and treatmaumicomes.

In summary, microarray technology can represenighly useful adjunct to current
diagnostic algorithms in haematological malignascignese novel algorithms might combine
GEP with established PCR techniques either forigoation of microarray resuft®® or for
the selection of markers being appropriate for maiiresidual disease (MRD) monitoring
during follow-up>* %% Integration among GEP and microRNAs profiling damprove
classificatior’®® and knowledge of deregulated pathway involvedédiseasés’.

Another interesting option is the integration withext-generation high-throughput
sequenciniy®. Finally, the SNP microarray applicatidhwhich allows the most sensitive
detection of genetic gains or losses to date, miightcombined with GEP which clearly

detects the vast majority of reciprocal trans|amai*’

17



MICRORNA

MicroRNAs (miRNAs) are short strands of RNA (21-B8cleotides) that act as
regulatory molecules in eukaryotic cells by binditaya noncoding region within target
messenger RNAs (mRNAs), namely the 3’-untranslategion (3-UTR) and lead to
translational repression or mRNA degradation. Tglothis mechanism miRNAs regulate
self-renewal, differentiation, and division of eelia post-transcriptional gene silencitig
MiRNAs play important roles in many cellular proses such as developm¥&At stem cell

division*, apoptosi&™, diseast” and cancéf®.

BIOGENESIS AND FUNCTION

Canonical pathway for miRNAs biogenesis begins wiimscription of the encoded
genes by RNA polymerase Il. The majority of humaiRNAs are expressed from introns,
that are non-coding regions of the gendtheAn intron of about 400 nucleotides is excised
from the primary transcript and becomes the prinmaifgNA (pri-miRNA). The pri-miRNA
is then processed by the RNase Drosha into haigups about 70 nucleotides in length,
forming the pre-miRNA. The pre-miRNA is exported tioe cytoplasm by the nuclear
membrane protein Exportin-5. Once in the cytoplas®m,RNase Dicer completes processing,

forming mature miRNA¥® (Figure 6).
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Figure 6. MicroRNAs biogenesis and function (Frommerman and Wu, 2011§°,
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MiRNAs regulate gene expression by either inhilgititranslation or promoting
degradation of specific mMRNA transcripts. Postdraiptional gene silencing begins when a
mMIiRNA recruits RISC (RNA-induced silencing complewhich is a complex of proteins that
localizes the miRNA to its complementary target mfRNNucleotides 2—8 of the miRNA,
called the seed region (SR), must bind contiguotslg perfectly complementary sequence
on the target mMRNA. The binding sites for the miREied region lie in the 3'-UTR of the
MRNA, and the complementary sequence usually repeattiple times within the 3-UTR.
Whether an miRNA promotes degradation or represaeslation of its target mRNA likely
depends on the degree of complementary bindingrietfee seed regidr.

Degradation of the mRNA appears to occur when ¢dlggasnce beyond the seed region
of the miRNA is perfectly complementary to the rémrag region in the 3'-UTR of the
MRNA. This degradation involves deadenylation, geaag, and exonucleolytic cleavage of
the target mMRNA transcript, but the exact mechanism is still unknown.

Translational repression occours when there is mtished base pairs between the
mMiRNA and mRNA. MIRNAs repress translation via diint mechanisms either at the
initiation or elongation step of translation, basaa how they modulate the interaction
between the 5' cap and the 3' polyadenylated thithe mRNA®% Although the exact
mechanism is not well understood, translationareggion involves cytoplasmic mRNA-
processing bodies (P bodies) that house varioudeipso that control messenger
ribonucleoprotein (MRNP) complexé$ These mRNP complexes consist of mRNA and
repressor proteins, and they lack translationatidn factor$*. Thus, the localization of
target MRNAs to P bodies, and subsequent formatiothe mRNP complexes, inhibits

translation.

MICRORNA IN NORMAL HEMATOPOIESIS

In normal hematopoiesis, long-term reconstitutiegiatopoietic stem cells divide into
their short-term counterparts, which then give ri®e multipotent progenitors. These
multipotent progenitors differentiate into eithgmiphoid stem cells or myeloid stem cells; the
latter differentiation step is inhibited by miR-E8nd miR- 181a and activated by miR-223.
The differentiation of lymphoid stem cells into coron lymphoid progenitors is inhibited by
miR-146 and activated by miR-181 Common lymphoid progenitors then differentiat®in
T cells (activated by miR-150), B cells, and naltidler cells. Differentiation of myeloid

stem cells into common myeloid progenitors is it by miR-155, miR-24a, and miR-
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17**®. Common myeloid progenitors differentiation intither granulocyte—-macrophage
progenitors, inhibited by miR- 16, miR-103, and nrii®7, or megakaryotic-erythroid
progenitors. Granulocyte—macrophage differentiatido granulocytes is inhibited by miR-
223, while differentiation into monocytes is inhdd by miR-17-5p, miR-20a, and miR-
106&°>". Megakaryotic-erythroid progenitors differentiatiito either megakaryocyte
progenitors, which develop into platelets, or emyith progenitors, the formation of which is
inhibited by miR-24% Erythroid progenitors development into red blamdls is activated
from miR-451 and miR-16, or inhibited by miR-150iR¥l55, miR-221, and miR-23%" 1°°
(Figure 7).
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Figure 7. Regulation of hematopoiesis by miRNAsifitory effect shown with @) (From Zimmerman andi\W
2011)°

MICRORNA IN LEUKEMIA

Since miRNAs are critical for both stem cell deystent and cancer pathogenesis,
they are being examined for their regulatory rolesself-renewal, proliferation, and
differentiation of cancer ceff¥. MiRNAs have been shown to act as both tumor sgsurs,
which help control growth, and oncogenes, whichmmte rapid growtt?® Global inhibition
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of mIRNASs processing increased tumorigenicity armhgformation as reported in a recent
study"®®, which suggests their important regulatory rofeatidition, many cancer-associated
regions of the genome contain miIRNA gefiesAberrant miRNA levels, specifically an
overall downregulation, are present in many cancasscompared to their normal tissue
counterparts. Specific mMiRNAs expression patteragehbeen described in several cancers
and expression profiling of miRNAs has been shownbé a more accurate method of
classifying cancer subtypes than that of mRNA®Ithough it is not entirely clear if aberrant
MiRNASs expression is a cause or an effect of tieotigenic state, the significance of these
regulatory molecules in cancer is apparent.

A screening of deregulated microRNAs in ALL hasrbpeablished, providing a list of
microRNAs involved in leukemogenesis. The five ygéxpressed microRNAs in ALL were
mir-128b, mir-204, mir-218, mir-331 and mir-181b-The most commonly represented
microRNA in ALL is mir-128b with a fivefold diffenece compared to normal CD19+ B cells.
The second most highly expressed microRNA in ALImis-204. On the contrary, the five
microRNAs with the lowest expression levels are-h36b, mir-132, mir-199s, mir-139 and
mir-150'®’. The mir-17-92 cluster was found to be up-regalateALL and to antagonize the
expression of the pro-apoptotic protein BIM favagrithe survival of B-cell progenitdfé.

Mi et al. performed a large-scale genome wide ni&tAs expression profile assay and
identified 27 microRNAs that are differentially eegsed between AML and ALL. Among
them, mir-128a and mir-128b are significantly oegpressed, whereas let-7b and mir-223
are significantly down-regulated in ALL compared?lL **°.

MicroRNAs potential application as therapeutic agen target is of great importance.
The potential use of anti-microRNAs molecules, tedmantagomirs, locked nucleic acid
(LNA)-anti-miR oligonucleotides or anti-microRNA igbnucleotides, has been studied by
several groupdn vitro andin vivo and the first clinical trial applying anti-microsgents as
drugs has recently been launchéd "

The observation that microRNAs hypermethylation,iolvhresults in microRNAs down-
regulation, is associated with tumorigenesis raisede that methylated microRNAs could
represent a new target for hypomethylating therépyLL, for example, DNA methylation
results in downregulation of several microRNAs whileatment with 5-aza-2’-deoxycytidine
results in up-regulation of these microRNAs. Iniidd, methylation of microRNAs seems to
represent an independent prognostic factor assdcmith poor disease-free and overall

survivalt’> 173,
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Apart from their potential use as therapeutic agemicroRNAs may represent a useful tool
in predicting the clinical outcome of a diseaseewen identifying subgroups of patients at

high risk, who need more intensive therapy or alésow up*™* ">

OTHER NON CODING RNA: SNORNA AND SCARNA

Several other species of non-coding RNAs (ncRNA#)er than microRNAs, are
revealing their involvement in human disease. Betweahem, small nucleolar RNAs
(snoRNAs) and small Cajal body-specific RNAs (sc&RNhave been implicated in human
diseases and cané& "’

Since the 1990s, a vast collection of snoRNAs ikaeyotic cell have been found to be
involved in ribosomal RNA (rRNA) methylation andepslouridilatiori’® *”°- modifications
of pre-rRNA that results in the removal of extendgmhcer regions from the primary
transcript. Later in 2001, scaRNAs, was discovareduide modification in spliceosomal
small nuclear RNAs (sSnRNASY.

Based on distinct sequence motifs and sub-celloleations, sno/scaRNAs fall into three
major groups: box C/D snoRNAs, box H/ACA snoRNAsl acaRNA&S 182

Box C/D snoRNAs (SNORDs) share two short sequenai&fsnbox C (AUGAUGA) at the
5" ends and box D (CUGA) at the 3’ ends, respebtivewo imperfect copies of these boxes,
namely box C’ and box D’, have also been foundame box C/D snoRNAs. Immediately
upstream of box D and/or D’ is a 10-21 nt antiseglggnent complementary to targeted
RNAs'®. Both the AUGAUGA and CUGA box motifs and the aetise element play
essential roles in RNA methylation or proces&ifigeach methylation site exclusively pairs
with the fifth nucleotide upstream of box D or bidkin the complementary region between a
box C/D snoRNA and targeted RNA&.

Box H/ACA snoRNAs (SNORAs) contain two conservedjusnce motifs: a box H
(ANANNA, where N stands for any nucleotide) andox ACA (ACANNN), and two stem—
loops at 5’ and 3’ end, respectively. In the ingrioop of the one or two stems is an
appropriate bipartite guide sequence of 4—10 rds fibtrms a short ShoORNA-rRNA duplex
flanking the target sit&% The pseudouridylation site also obeys a spaaitgand it always
appears at 14-16 nts upstream of box H or ACA withe bipartite guide sequence of a box
H/ACA snoRNA®’ (Figure 8).

Different from the location of box C/D and box H/AGnoRNAs in the nucleoli, scaRNAs

accumulate within the Cajal bodies, conserved scileau organelles that are present in the
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nucleoplasm. Moreover, a scaRNA molecule, can pgsbeth box C/D and box H/ACA
sequence motifs, guiding both the methylation aseliouridylation of sSnRNAE,

A
5'- CUGA-3'
D' 5‘-I.‘[/GAUGA-3'
o
1 ~ n ' 3nt
5'- RUGAUGA-3 . i
N ] H ACA—3'
D
N v i
E 5'- CUGA-3' 5'- ANANNA-3'
5 3
B U
3 m 3 -
| D | ©

; 14-15 nt
5nt

Figure 8. Structural features of the two famili€sneodification guide snoRNAs. (A) Schematic secayda
structures of the C/D and H/ACA classes of eukacyshioRNAs, with indication of their conserved bowtifs
(in green and orange boxes, respectively) and segugacts complementary to the cognate RNA taast
termed antisense elements (thick blue lines). Tiwdentide targeted for modification is denoted byeflow
circle. For C/D snoRNAs (left), the 5'-3' termirsaiém allowing the formation of the box C/D struelumotif is
represented. (B) Canonical structure of each tfgrinle RNA duplex (From Bachellerie et al., 2062)

A link between snoRNAs and carcinogenesis was fepbrted by Chang et al, who found
that snoRNA h5sn2 was highly expressed in normahbbut its expression was dramatically
reduced in meningioma, suggesting a role for thes l@f snoRNA h5sn2 in brain
tumorigenesiS®. Recently, a homozygous 2 bp (TT) deletion in 8RJ50 was discovered
in prostate cancer cell lines and localized prestamor tissues, while the heterozygous
genotype of the deletion occurred more frequentlyvbmen with breast cancér 2 A
recent study has shown that a single microdeletieolving several snoRNA clusters (HBII-
85 and HBII-52) results in Prader—Willi syndromé&\(B), suggesting that loss of small RNAs
is a causal determinant of the disé&se

Furhermore, a role of snoRNAs in regulation of ralétive splicing of mMRNA has been
described™.
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Although studies are just emerging, ShoRNAs may pialfunction in the development and
progression of human malignancy and loss of smBAlARoci plays an important role in

human diseases.

24



MODEL SYSTEMS FOR LEUKEMIA STUDY

Understanding the complex molecular pathways leattndisease is critical for the
development of effective treatment regimes and hoveg targets. Due to research and
resource limitations associated with the use ahpry patient material, pre-clinical models

are essential to expand our knowledge of cancéodpraand for the evaluation of new drugs.

CELL LINES

Cell lines are monoclonal populations of immortatizells that are able to continually
proliferate in culture without undergoing seneseendhese continuous cell lines are
particularly useful in research settings as thegvide a virtually unlimited supply of
homogeneous cell material for genetic and biochahsitidies. Human cell lines are difficult
to develop even from cancerous tisstieslespite this apparent hindrance more than 1000
human hematopoietic cell lines have been genesatee the 1960s by setting up long term
cell culture from bone marrow (BM), peripheral d@b(PB) or pleural effusions of ALL,
AML or lymphoma patients® **” Whereas normal hematopoietic cells can only serii
vitro for days to weeks, these cell lines are able tdifprate continuously in culture while
preserving the majority of their characteristic ggnalterations and phenotypic features.

Cell lines carrying many of the key translocaticensd oncogenes implicated in human
leukemogenesis are established over the past yd#ren leukemic cell lines bearing an
oncogene of interest are not readily available,aliernate approach can be followed to
introduce this gene into a cell line and to chaare the effects on proliferation,
differentiation and intracellular signaliti

Cell lines derived from sources other than humanatepoietic malignancies have also been
used to study the functional consequences of omeogepression. For example, Ba/F3 cells
are an interleukin-3 (IL-3)-dependent pro-B celheli derived from mouse PB céfl$
Following the demonstration that BCR— ABL can corfiector independence to these cells,
they have been extensively used to examine thenpptend downstream signalling of this
and other activated tyrosine kinaS8s’** Though leukemic cell lines are often similarhe t
malignant blast population from which they wereidsd, the process of immortalization and
adaptation to continuous growih vitro likely involves the acquisition of a number of
genetic/ epigenetic chang&s Also, during the course of extended culture imoyifurther

differences (phenotypic and/or genetic) could dew&f. Together, these points emphasize
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that cell lines should not be considered as abs@qtivalents of their corresponding primary
cancers. Also, as cell lines are already fully sfarmed and immortalized, they cannot be
utilized to study the early events of leukemogenitiation and progression that lead to the
generation of leukemia stem cells. Together, thiesgations underscore the need to study
leukemia-associated oncogenes in a more relevalidlace context such as primary

hematopoietic stem and progenitor cell populations.

MURINE LEUKEMIA MODELS

To gain insight into the early events in leukemransformation, there is a need for
prospectiven vivo models. The mouse has proven to be an exceptyansdiful model system
that shares gross physiological, anatomical andmen similarities with humans and is
relatively easy to genetically manipulate. The mepproaches used for these studies are the
development of transgenic mice and retroviral taeion/transplantation.

The earliest transgenic mice were developed bydihect injection of exogenous DNA
cassettes encoding a gene of interest and a hegetd promoter into the pronuclei of
fertilized zygote®* ?°> The emergence of embryonic stem cell technoloay led to the
development of a second generation of transgente iy a ‘knock-in’ approaéf®. To date,
the most elegant means of generating transgenie bgiaring chromosomal translocations has
been developed by Rabbitts and colleaffliesin ‘translocator’ mice, chromosomal
translocations are generated de novo in a conditiomanner by Cre-mediated
interchromosomal recombination between loxP sitegneered at the breakpoint regions of
both partner genes.

An alternate approach for functionally characteggzileukemic oncogenes is BM
transduction/transplantation (BMT). Murine BM progfers are isolated, transduceg vivo
with an oncogene-carrying retrovirus, then charamtd for their effects on proliferation,
differentiation and self-renewal. The BM progenstazan also be transplanted back into
syngeneic recipients following transduction, enaplan assessment of their leukemogenic

potential in vivg®.
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XENOTRANSPLANTATION MODELS

Transplantation models are especially importantagsaying tumor cell malignancy
and migration capabilities, and are critical forentifying putative cancer stem cell
populations.

First experiments in which normal and leukemic hnrhamatopoietic cells were transplanted
into irradiated, athymic Nude (nu/nu) mice wereyopartially successful since these mice
still had antibody-producing B cells, complementd anatural killer (NK) cells that rejected
the human celf§®. The development of bg/nu/xid (BNX) mice by Andei@t al*'® and the
discovery of severe combined immune-deficient (SQtiice by Bosma and Carfot had a
dramatic effect on human xenotransplantation. THéXBmouse was constructed by
combining three recessive mutations, bg (beige), (mude), and xid (X-linked
immunodeficiency) to generate a more immune-deficieouse for human cells. SCID mice
are homozygous for a mutation in tiseid gene. Mutations in thecid gene result in
unsuccessful DNA rearrangement, preventing prodeattarrangement of immunoglobulin
and T cell receptor genes, resulting in T and B @eficiency. However, there is a residual
immunity in the form of NK cells, complement, and/atoid cells. Mice carrying thscid
mutation also have a generalized radiation repefeal that renders them twice as sensitive as
wild-type mice to ionizing radiation.

The SCID mouse model was greatly improved by theeld@ment of non-obese diabetic
(NOD)/SCID mice. Shultz et &}? created NOD/SCID mice by backcrossing theid
mutation onto the NOD/LtSz strain of mice. The rmawee have less residual immunity than
SCID mice since NOD mice have defects in the complg pathway and macrophage
function. NOD/SCID mice do not have autoimmune dtab since they lack T and B cells
due to the SCID mutation. Shultz et al. also reploat un-stimulated “clean” NOD/SCID
mice have lower levels of NK cells. As a result NSDID mice have higher levels of
engraftment both for normal and leukemic humarsaéhn SCID mice and more importantly
enable engraftment with lower cell doses, purifiadrmal CD34+ cells, and their
subpopulatiorfd® 1

Over the last 15 years, immune-compromised miceg lh@en the model of choice to
study morphological and biological characterisGéfuman cancers in vigd.

Following injection into immunodeficient mice, PB&BM cells from primary human ALLs
and AMLs are capable of growinm vivo and generating grafts which phenotypically

resemble the parent leukerlfa ?*” Interestingly, it has been found that poor pramo
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leukemia tend to robustly engraft immunodeficienten suggesting that a correlation exists
between xeno-engraftment potential and diseasessjgeness in humans %

The kinetics of engraftment reflects the human atise leading to bone marrow (BM)
infiltration, followed by migration to the spleeperipheral blood and other haematopoietic
organg?® #1

Xenotransplantation assays have also been extgnsiged to characterize the cell types
responsible for initiating leukemic growit vivo. These cells, operationally defined as SCID-
leukemia initiating cells (SL-ICs), provide evidenfor the existence of a phenotypically
distinct population of leukemia stem cells (LSAsgjsponsible for initiating and propagating
diseasen vivo®?,

It is important to note that the growth of humaunkiemic cells in xenotransplant recipients is
undoubtedly limited by residual elements of theipient immune system, the absence of
cross-species reactivity of some cytokines, anterihces between the murine and human
microenvironment. Together, these factors may lithé ability of some human leukemia
samples to successfully engraft, and also lead tanderestimation of the absolute frequency
of LSC*®,

Optimization of xenotransplantation assays has lweeloped during the past years and
newer strains of mice had been engineered. Theduttion of target deletion of thH2-
microglobulin gene within a NOD/SCID background é@aesulted in models with decreased
NK cell function better suited for studying the gression of disease&s More recently,
reports have demonstrated that a targeted delietittve y-common chain in NOD/SCID mice
(NSG mice) results in the elimination of residud Nell activity and provides an improved
environment for growth and development of humars@al %%

An alternate approach to render xenotransplanpiestis more ‘humanized’ could involve the
co-transplantation of human mesenchymal stem ¢BN4SCs) and human hematopoietic
cells into immunodeficient mice. Following intrase®us injection, hMSCs can contribute to
the hematopoietic microenvironment within the mousarrow, generating stromal cells,

osteoblasts, endothelial cells and other BM celes”.

OTHER IN VIVO MODELS

Alternative animal system has been proposed suclardaeae model. The out-bred dog

offers several advantages including dimensions lainto children and similar immune
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system&?® propensity toward the same genetic dis€aefiomology of genés’ compared
to humans.

In recent years, zebrafish have been proposedastaffective alternative to mammals such
as rodents and dog& Transgenic fish provide excellent models of tpastable T-ceff?

33 acute lymphoid leukemia that could be used foessiag drug efficady”.

and B-cel
Several studies demonstrate that transplanted neiakeells can engraft and perpetuate the

tumor in zebrafish models of leukerfita

PRIMARY HUMAN HEMATOPOIETIC CELLS

In vitro - To asses oncogenes in the appropriate cellubategt, experimental
protocols have been developed where genetic ‘aAis’induced in normal human primitive
hematopoietic cells by retroviral-mediated oncogewmerexpression, allowing for the early
steps of leukemogenesis to be effectively modé&fecHuman hematopoietic cells are
available in the form of adult BM, mobilized PBumbilical cord blood™.

In vivo - Leukemic oncogenes studied in the appropriatiileelcontext (primary
human hematopoietic cells genetically modified) assayed for their ability to initiate
diseasein vivo. Such studies are performed by transplantion oftbtzell populations
generated duringin vitro propagation of transduced human hematopoietics cell

transplantation of transduced cells immediateliofeing the infection pericd®.
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SCOPE OF THIS THESIS

Among the first genome-wide technologies to be bgerl, microarray-based gene
transcript profiling is extensively applied in bmoedical research. Since ten years, its
application in oncohematology aids researchersetply investigate the pathobiology of
hematologic malignancies.

Overall survival in pediatric B cell precursor asuymphoblastic leukemia (BCP
ALL) exceeds 80% on contemporary treatment regimeasertheless, the identification of

better prognostic factors and new therapeutic tanggnains an important challenge.

This thesis presents the application of gene egmesprofiling (GEP) for the study of
BCP ALL.

To improve biological knowledge of B-others, a groof BCP ALL poor in
parameters for risk assessment and lacking grasstigeaberration, an integrated study of
gene and non coding RNAs expression and geneticaatoges was performed. In this study |
searched for new subgroups characterization, eveleof deregulated pathways and
potentially new prognostic factors.

One of the focal points of my study is the rolecbfomosome 21 (Hsa2l) in the
development of BCP ALL. GEP was performed on gdagroup of ALL in patients with
Down Syndrome (DS ALL). The Study aimed to improkeowledge of the DS ALL
subgroup, and to compare its signature with thatayf DS ALL, particularly hyperdiploid
ALL with acquired trisomy 21.

Given the increasing application of mouse xenoptamation models foin vivo
testing and amplification of leukemia cells, GEBswemployed to asses whether xenograft
samples recapitulate their respective primary leu&e Finally, GEP of xenograft samples
was used to investigate biologic features of BCH. Alssociated to engraftment properties
and clinical parameters of the patients.

The thesis will discuss the findings of this resbaapproaches and their impact on
BCP ALL management.
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CHAPTER 1

MiR-125b-2 cluster is over expressed in a subgroupf pediatric BCP ALL

associated with a unique gene expression signatuaad favourable outcome

Elena Vendramini, Marco Giordan, Marta Galbiati,témella Lettieri, Silvia Bungaro, Daniela Silvesttiuca
Trentin, Emanuela Giarin, Barbara Michielotto, Anhaszl, Maria Grazia Valsecchi, Gianni Cazzaniga,

Giuseppe Basso, Geertruy te Kronnie.

UNDER SUBMISSION

ABSTRACT

In the pediatric B cell precursor acute lymphohtalktukemia (BCP ALL) scenery B-others
represent the subgroup needy of deeper investigatio find new prognostic factors and
improvement of risk stratification. Gene expresgoofile analysis identified among B-others
a group with a unique signature, recently assatitigavourable outcome and characterized
by the frequent occurrence BRGintragenic deletions.

In this study we profiled by gene expression arrbi45 Italian B-others BCP ALL pediatric
patients and found a unique signature in 24.8%atépts. This group shared a CRI of 12,3%
compared to 25,6% for the rest of the BCP ALL abh& GEP classifier was developed to
identify the patients with favourable outcome amdhched a sensitivity of 0.98 and a
specificity of 1. MicroRNAs expression profiling d¢iiis group revealed an unique miRNAs
signature characterized by over expression of h&adf5b, -125b-2*, -99a, -100, -125a-3p
and has-miR-491-5p. Over expression of cluster &##Bb-2 in region 219g21.1 goes along
with over expression of genes in the same chromabamegion, suggesting a direct
involvement of this region in the disease pathalggl Genome-wide analysis excluded copy
number alteration of the 21g21.1 region.

Our study adds new insight in the subgroup of Bemthwith favourable outcome on

deregulated genes and microRNAs and point to &péat role for 21g21.1 in leukemia.
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INTRODUCTION

Twenty-five percent of B cell precursor acute lyraplastic leukemia (BCP ALL), defined B-
others, lack genetic determinants of outchme

Gene expression profiling proved to be efficacianssubtype discovefyand several
subgroups were identified among B-others and aatastito different outcome, suggesting
intrinsic biological heterogeneity of B-others ttelé to clinical behaviodr* °

Fortunately, amelioration of prognostic tools ineiegent from genetic features, as the
detection of minimal residual diseases at day dfroved risk stratification of BCP ALL
overalf.

In line with the somatic mutation theory of cancgenome-wide analysis of genetic
alterations in ALL recently lead to finding of sulmmoscopic abnormalities, also in B-others,
that disrupt genes involved in B-cell developmemtd aplay an important role in
leukemogenesfs Frequently affected were genes involved in theeB-developmental
pathway such aBAX5 TCF3 EBF1, LEF1, IKZF1andIKZF3 or genes controlling cell cycle
progression such a8DKN2A CDKN1B and RBE. Recently reported is also tH2RY8-
CRLF2 fusion, caused by a cryptic translocation invalvilGH@ and CRLF2 in the
pseudoautosomal region (PAR1) of the sex chromosanéy a deletion within PAR1, and
leading to overexpression 6RLFZ" 10 1112

Genetic lesion are also reported to involve nonirgpdRNAs (ncRNAs) loci leading to
disruption of their regulative functions. MicroRN/MIRNA) genes are frequently located at
fragile sites and regions of copy number altera(@NA) associated with cancer in genétal
and a recent work estimated that ~70% of miRNAs laoated in regions of leukemia-
associated cytogenetic chantfedherefore, there is increasing oncology rese#mchtudy
MiRNAs and other classes of ncRNAs such as smallenlar RNAs (snoRNAs) and the
close related small Cajal body-specific RNAs (scaRN

MiRNAs, single stranded RNAs of 18-24 nucleotida® known to regulate gene expression
of targets mRNA’. MiRNAs are reported to play fundamental roleshematopoiesis,
hematopoietic malignancies acting as oncogenesumort suppressor gertésand to be
involved in epigenetic regulation in ALL MiRNAs are increasing their importance in cancer
management given they potential as molecular marfarcancer classification, prognostic

stratification and drug-response predictfon
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SnoRNAs and scaRNAs, 60-300 nucleotide long RRAare known to guide nucleotide
modifications respectively in ribosomal RNAs andaimuclear RNAs and snoRNA-related

machinery has already been implicated in humaradesand cancét

To improve biological knowledge of B-others we penfied an integrated study of gene and
NcRNAs expression and genetic aberrancies. Onerdadridrty-five patients with diagnosis
of BCP ALL lacking known genetic aberrations wereoffed by mRNA and in a
representative subcohort of patients we performdNAs expression profiling and genome-
wide DNA copy number variation (CNV) analysis. Weetised on a group of patients with a
unique signature previously describedand reported to be associated to freqUERG

intragenic deletiorfé and favorable outcorfié

PATIENTS AND METHODS
Cohort of patients

A cohort of 145 paediatric patients new diagnoskedcote lymphoblastic leukemia between
2002 and 2006 were included in the study. Patievegse routinely tested for recurrent
genomic aberrations and DNA index of blast celld &neated according with AIEOP ALL

2000 therapeutic protocol. The local ethics conewrit approved the study and informed

consent was obtained for all patients.

RNA and DNA preparation

DNA and RNA were isolated from bone marrow or peeral blood mononuclear cells
separated by Ficoll-Hypaque technique (Pharmaciapshla, Sweden), extraction were
performed either from fresh cells at time of diagjsoor from stored frozen diagnostic
material. DNA were isolated by Puregene Cell arssdié Kit (Qiagen Inc., Valencia, USA).
Total RNA were isolated by TRIZOL following manutacer instruction (Invitrogen, Paisley,
UK), quality control was done with the 2100 Bioayzadr using “Eukaryote total RNA Nano
Assay” (Agilent Technologies). All material wer@sd at -80°C.

Genes and miRNAs expression Arrays

Gene expression profile were performed on HG-U183 P.0 GeneChip(Affymetrix, Santa
Clara, CA, USA). First group of patients (103) werecessed for MILE study as previously
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described’. Second group of patients (42) were processetirgdrom 100 ng of total RNA
using GeneChip3'IVT express kit and protocol (Affymetrix, San®ara, CA, USA).

MiRNAs expression profile were performed on Mirnaag 1.0 GeneChip (Affymetrix,
Santa Clara, California). This array provides altof 7815 probe sets representing miRNAs
of 71 organisms (847 human miRNAs) annotated inblBe v.11 and 922 snoRNAs and
scaRNAs sequences. Total RNAu@l) were labelled using FlashTagkit (Genisphere,
Hatfield, PA) that use 3DNA Dendrimer technology.

For both platforms hybridization, staining and waghwere performed using protocols as
recommended by the manufacturer, stained chip seened on GeneChip Scanner 3000 7G
(Affymetrix, Santa Clara, California). Expressiofie$ (Affymetrix .CEL files) were
generated using the GCOS 1.4 or 1.2 and Affymetr@@neChip® Command Console®
Software (Affymetrix).

Affymetrix® Cytogenetics Whole Genome 2.7M Arraglysis

Diagnostic samples and their corresponding remssampleswere genotyped with
Affymetrix® Cytogenetics Whole Genome 2.7M Arr@dffymetrix®, Santa Clara, CA). This
array provides dense coverage, across the entimengg of the annotated genes, cancer
genes, MiRNA regions, and haploinsufficiency getiemks to high number of markers,
including 400,000 SNPs and 2.3 millions of non-pabyphic copy-number markers.
Therefore it enables to detect small aberratioag§jlosses) and copy number neutral loss of
heterozygosity (LOH) regions.

Briefly, 100ng of genomic DNA were amplified by amernight whole-genome amplification
reaction and purified by magnetic beads accordinghe manufacturer’s instructions. The
samples were then fragmented to generate smalD(kPproducts which were subsequently
biotin-labelled, denatured and loaded into theyatréfter hybridization the chips were than
washed, stained (streptavidin-PE) and scanned tisenGene Chip® Scanner 3000.

CEL files were generated using Affymetrix® Gene@igommand Console™ (AGCC)
v3.1 and analyzed by Chromosome Analysis SuiteyfAétrix®, Santa Clara, CA) software.

Quantitative assay of mature microRNA

MiRNAs expression data were validated measuringureaform amount of five interesting
miRNAs by TagMafi MicroRNA assays (Applied Biosystems, Foster CiBA, USA).
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MiRNAs tested were hsa-miR-125b (Assay ID 0004483a-miR-125b-2* (Assay ID
002158), hsa-miR-99a (Assay ID 000435), hsa-miRA4e{Assay ID 000379), hsa-miR-155
(Assay ID 002623). Control miRNA Assay U6 (RUN6Basvassessed as endogenous control
(Assay ID 001093). cDNA was generated by TagMan®@&rbdRNA Reverse Transcription
(RT) Kit (Applied Biosystems, Foster City, CA, USadarting from 10 to 50 ng of total RNA.
PCR was carried out with the 7900HT Fast Real T@R system (Applied Biosystems,
USA). Relative expression was calculated using dbmparative CT methdd and using
RNA sample from CD19+ cells (sorted from healthynalo bone marrow) as calibrator.
Graphpad Prism version 4 software program was taednalyses (GraphPad Software, La
Jolla, CA, USA).

Data analysis

Arrays have been normalized using robust multipieya average (RMAf. When data
belonged to different protocols batch effects wemmoved using Comi&t Unsupervised
analyses were based on hierarchical clusterindn (Buiiclidean distance and Ward’s method).
Heatmaps were used to highlight the associatiohsdas the clusterings and the expression
levels of the genes. The shrinkage apprBaetes used to assess differences in gene
expression levels between two groups of interesihgulocal false discovery rate as method to
control false positives. When this approach hadnbeelieved inaccurat® * we used a
permutation approach on filtered probe sets (fiierout probe sets with small variance
across samples; 90% of the probe sets removed)tests based on standardized rank sum
Wilcoxon statistics and we control false positivesth the method of Benjamini and
Hochberd'. Results from these two approaches were considegaificant if they had local
false discovery rate <0.05 or adjusted p-value050respectively. Fold change of probe sets
was calculated as the ration between the mean ssiprein Group land the mean expression
in Group 2.

To understand if Group 1 patients can be distifigedsfrom B-others patients on the basis of
their gene expression profiles a classifier waptathon the whole cohort. We used LAS$0
as prediction method. The method is implementethénpackage CM& which is available
through bioconductor (www.bioconductor.org). Prédit accuracy was assessed using 5 fold
cross validation (10 iterations) with stratifiedgaling. Hyperparameter tuning was carried

out using an inner loop of 3 fold cross validation.
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To identify putative miRNA-mRNA functional pairs, envintegrated miRNA and mRNA
expression data using Partek® Genomics Slisoftware, version 6.5 Copyright © 2010
(Partek Inc., St.Louis, MO, USA). The “combine noiRNA with they mRNA targets”
function were applied to identify the predictedgtr of most deregulated miRNAs between
the most deregulated mRNA. TargetScan (Releasé*mm)l MicroCosm were choosen as
algorithms for miRNA target prediction. For gendsmatt were up-regulated in Group 1
patients, we searched for targeting miRNAs thaevkwn-regulated, andce versamRNA
target predicted by both algorithms were furthenfemed in a third prediction algorithm
Pictar®.

Representation of Gene Ontology (GO) terms was @etrusing the Onto-Express tdol
functional gene interactions were investigated g@isinPathway-Express tool
(http://vortex.cs.wayne.edu/projects.htm) and Gen8et Enrichment  Analysis
(http://'www.broadinstitute.org/gsea/index.jsp).

Presence of putative CpG islands at 5’ of intengstjenes were investigated by use of CpG
Plot software (http://www.ebi.ac.uk/Tools/embosgfapt/index.html) using following
setting: 300bp for scan window, 50 for %GC thredhd.6 for Obs/Exp ratio.

Statistical analysis

Cumulative Relapse Incidence (CRI) were estimatgdtie Kaplan-Meier method; the

starting point of the observation time was the adtdiagnosis, first relapse were considered
as event. Graphpad Prism version 4 software progras used for analyses (GraphPad
Software, La Jolla, CA, USA). To assess associatlmetween patients features, Chi-Square

test was applied and corrected for multiplicityBynferroni-Holm method.

RESULTS
Study cohort

We have studied 145 specimens at diagnosis of BQPpatients that lack known genomic
aberrations or hyperdiploid karyotype (DNA indexdd) named B-othe?$ Patients in the
cohort (53,8% male, 46.2% female) were prevaleptynger than ten years (74.5%) and
presenting low WBC count (74.2%). Most patients evetassified as good prednison
responders (82.4%), had intermediate risk grougsdiaation for MRD at day 15 and day 78

(44.7% and 61% respectively) and were assignedtéomediate risk protocol strata (52.4%)
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(Tab.1). Thirty-one patients (21.4%) experienced or more relapse events. Most of relapse
events occurred in patients with intermediated diglssification to indicate the need of new

prognostic factors to improve risk assessment otligrs BCP ALL patients.

Identification of unique signature among B-others

To improve molecular biological knowledge of B-atheBCP ALL we performed gene
expression profiling of an initial cohort of 103tjeats.

In a class discovery approach, unsupervised higiaaiccluster analysis identified a subgroup
of patients (24.3%, Group 1) that clustered sepbrdtom the rest of the cohort (Group 2).
To explore the distinction between these two grobpsh groups were compared to
genetically defined BCP ALL subtypes using respectjene expression signatures (Table S-
IV, Den Boer et al., 2009). In Group 2 patientshhigeterogeneity was observed, identifying
patients with BCR-ABL llike, TEL-AMLZlike or hyperdiploid-like signatures (Suppl. Fi 1
Contrary, Group 1 patients didn’t share signatwfegenetically defined subtypes suggesting
distinct biological features in this group.

To confirm the recurrence of patients with Groufedtures among B-others an additional set
of 42 patients was profiled. Again, unsupervisegtdrichical cluster analysis divided patients
in a smaller cluster of 26.2% (11) patients (Grduy and a larger cluster with remaining
patients (Group 2’). Unsupervised hierarchical tdusanalysis on the merge of the two
cohorts (145 patients) resulted in two clustersretadl Group 1 and Group 1’ patients cluster
together (Group 1), revealing to belong to thensa biological subtype, distinct from the
other patients (Group 2”).

Class comparison analysis, using shrinkage T statlsetween groups in the first cohort, in
the second cohort and in the merged cohort (Grodplor 1"vs. Group 2, 2' or 2”
respectively), generated three gene lists thateshtire majority of probe sets 254. (49 most
deregulated probe sets are listed in Suppl. TabHis uniformity of gene expression levels
of Group 1 and Group 1’ patients, allowed to coesitiem as an unique subtype (referred as
Group 1 in the further analysis), distinct from tither patients (referred as Group 2 in the
further analysis), with an overall incidence of 4. (36 out 145) among the Italian BCP
ALL B-others cohort (Fig.1).

The Group 1 signature shared several probe sdtsanbvel ALL subgroup (named “cluster
6”) recently described by Harvey and colleaguesaicgohort of high-risk pediatric BCP
ALL *. Fifty-two out of 100 most deregulate probe set<luster 6 signature (Table S14,
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Harvey et al, 2010° are also found in our Group 1 signature (254 prséts). Only a fifth
(22) were found between the 49 most deregulatdd (fesange >1.5 or <1/1.5) probe sets in

the Group 1 signature.

Development of a classifier for Group 1 patients

All 145 patients were used to construct a clagsibadentify Group 1 patient®\pplying the
LASSO on all the available probe sets we identiieclassifier of 79 probe sets (Tab.2). The
discriminative ability of the classifier was assabsusing the misclassification rate as
performance measure. Considering the outer loopsscrealidation we obtained a
misclassification rate of 0.0062 (sensitivity 0.98)d specificity 1). All patients were
correctly identified using this classifier.

Gene ontology analysis

Gene ontology of Group 1 up-regulated genes redeateichment in structural constituents
of ribosomes, RNA and protein binding and insulecaptor binding amondlolecular
Functionscategories; traslational elongation, rRNA proaegsind insulin-like growth factor
receptor signalling pathway amomjological Processcategories; Ribosome and Nucleus
amongCellular Componentategories. Group 1 down-regulated genes reveaechment in
purinergic nucleotide receptor activity G-protemupled, SH3 domain binding and GTPase
activator activity amondMolecular Functionscategories; puscle development and positive
regulation of I-kappaB kinase/NF-kappaB cascade rgnfiological Processcategories;
Plasma membrane, Integral to plasma membrane, K&jgten, Extracellular region and

Endoplasmic reticulum membrane amd@gjlular Componentategories.

Group 1 patients features and outcome in Italiahard

Compared to Group 2, Group 1 had a prevalent feroaleposition (63,9% vs. 40.4%),
prevalence of low WBC count (88.8% vs. 69.9%), miotermediate risk stratified patients
for MRD at day 15 (56.6% vs. 40.8%) and day 78 4%d.vs. 57.4%) and more patients
assigned to intermediate risk protocol strata ®&3.8s. 48.6%)(Tab.1b). However, Chi-
Square test failed to found significant associatmetween Group 1 and other clinical
parameters (WBC, age, gender, prednison responsBD Mtratification and risk

stratification).
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Cumulative relapse incidence (CRI) of Group 1 pdasigs lower then in rest of the cohort
(12.3%+£5.9 vs. 25.6%=4.2, 4/36 vs.27/109 relapsé®)wing an important trend but not
statistically significant (Fig.2a). Comparing Grodppatients with the three risk strata of
Group 2 the CRI differences are significant (Fig.28pparently Group 1 patients show a
clinical behaviour similar to standard risk patgerdgven if they were originally majorly
stratified as intermediate risk.

Group 1 patients share a microRNA signature witbrexpression of the miR-125b-2 cluster

MiRNAs expression profile analysis was performed2gnBCP ALL patients of the study
cohort, 8 Group 1 patients and 16 Group 2 patiértie miRNAs expression data refer to
both mature and immature forms of miRNAs in the gla® Unsupervised cluster analysis on
847 human microRNAs probe sets clustered Group tlerga separately from Group 2
patients (Fig.3a). Class comparison analysis (Wood resulted in a list of 18 deregulated
MiRNAs (adjusted p-value <0.05) (Tab.3a, Fig.3c). AIRNAs belonging to miR-125b-2
cluster (has-miR-125b, -125b-2*, -99a, let-7c) wewer-expressed in Group 1 patients, all
but one (miR-let-7c) had a fold change >1.5. Quatite RT-PCR confirmed the
overexpression of the mature forms of miRNAs bgltm the miR-125b-2 cluster in Group 1
patients (Suppl. Fig 2a.).

Other top ranked miRNAs were hsa-miR-100, hsa-n#Bat3p and has-miR-491-5p up-
regulated in Group 1, with a fold change greatenth.5, and has-miR-132* down-regulated
in Group 1 with a fold change smaller then 1/1.&t @ssayed by gRT-PCR).

Integration of MiIRNA and mRNA data using three idist prediction algorithms separately,
allowed to find several targets of deregulated mRNamong deregulated mMRNAs. The
merge of results from the 3 algorithms agreed om prediction: UGP2 (UDP-glucose
pyrophosphorylase 2), down-regulated in Group 1 radicted to be target of miR-92a (up-
regulated in Groupl).

Interestingly, unsupervised cluster analysis on @@22an snoRNAs and scaRNAs probe sets
showed tight clustering of Group 1 patients (Fig.3b class comparison analysis detected a
list of 103 differentially expressed probe setgystd p-value < 0.05, 20 probe sets with fold
change >1.5) most of thse probe sets are locatethe 15q11.2 region (Tab.3b, Fig.3d).
Although the function of these non-coding RNA malles is largely unknown, this finding

suggests a considerable role in the biology oféeuk cells.
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21921.1 region with a specific regulation in Grolupatients

We focused our attention on chromosome 21 wherentife-125b-2 cluster host gene
C210RF34 is mapped. Parallel GEP analyses on paterestigated for miRNAs expression
using class comparison analysis between Group 1Gaadp 2 on 672 probe sets located on
chromosome 21 identified several differentially eegsed genes (18 probe sets, adjusted p-
value <0.05, 3 probe sets with fold change >1.5n0Ag up-regulated genes in Group 1
patients were identifiedC210RF34 PRSS7andC210RF91mapping close to each other into

a 2.5 Mb region in 21g21.1. This finding suggesspecific involvement of 21g21.1 region in
the pathobiology of Group 1 leukemias (Fig.4, Tab.4

Genomic region upstreanC210RF34 annotated sequence (ENSG00000215386) was
investigated for the presence of putative CpG ddanusing CpGPlot software
(http://www.ebi.ac.uk/Tools/emboss/cpgplot/indemht Only one putative CpG site 216 bp
long and localized 50kb up-stream @R210ORF34was found. Size and position of this CpG
site discourage the hypothesis of an epigeneticlaign via DNA methylation of the
C210RF34locus, however further investigations might bastdered to completely exclude
such regulation.

MIR155HG (MIR155 host gene) resulted down-regulated in @raupatients compared to
group 2 but gRT-PCR analysis revealed no differanceexpression of the mature form of

miR-155 between the two groups (suppl. Fig.2b).

Genome-wide analysis identified ERG deletions antamogip 1 patients

Genome-wide copy number analysis was performed GnoBip 1 patients to investigate the
genomic features specifically related to the gemesmiRNAs expression profiles.

No aberrations i€210RF34ocus in 21g21.1 region were found. Deletions lavgy IKZF1
(2/8) andCDKN2A/B(2/8) locus were found (Suppl. Tab.2).

In 4 out 8 patients (50%) an intragenic deletionERG (v-ets erythroblastosigirus E26
oncogene homolog) was fourideletions, always found in heterozygosis, exterfde@dbout
50 Kb, included exons 6-11 (transcript variant 21 N004449) of ERG (Suppl. Fig.3) This
kind of ERG intragenic deletion was earlier described by Mbtn and colleagues in their
study using Affymetrix GeneChip Human Mapping 50kéi 240, 50K Xba 240 and 250K
Sty array8® *> Our finding is in accordance with Harvey et mporting 8ERG deleted
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patients out of 21 (38%) on a similar grétipNo differences inERG expression were

observed between Group 1 and Group 2 patients.

ERG intragenic deletion is associated to distiree expression profile

In a class comparison analysis comparing Grougtignga sharindeRGdeletion and Group 1
patients withouERG deletion we found a sub-signature (440 probe Heltrs0.05, 56 probe
sets with fold change >1.5 or <1/1.5) (Suppl. Tab.3

Gene set enrichment analysis demonstrated dowrategy in patients witiERG intragenic
deletion, of genes involved in immune systems, aigmansduction and regulation of
apoptosis. Furthermore, down-regulated genes werehed for gene sets down-regulated in
hematopoietic and leukemic stem cells and genedsets-regulated irRUNX1-RUNX1T1
fusion gene (1(8;21)(g22;922)%inceRUNX1-RUNX1Tfusion gene promotes an increase in
stem/early progenitors by favouring self-renewatrodifferentiatiofi* the genes enrichment

suggest a more immature features of blast celpgiients with the&ERGintragenic deletion.

DISCUSSION

The occurrence of relapse events in BCP ALL B-ahmtients initially stratified into low-
intermediate risk groups underscore the need terbehderstand the biology of the disease
and the urgency of new prognostic factors to imprthe risk assessment.

In this study gene expression profiling permittedidentify among B-others a group of
patients (Group 1) with a unique signature distiinot those of genetically defined BCP
ALL subtypes.

Signature was similar to that of a BCP ALL groumemtly associated to frequeBRG
intragenic deletions and to a favorable outcomejisti among a cohort of high risk stratified
BCP ALL patient®”. In our study, Group 1 patients had heterogenesisctassification and
most of them belong to the intermediate risk cl@sen the absence of an association with a
specific risk strata, we developed a more apprgagproach to investigate Group 1 features
in the contest of an unselected B-others cohodeéd, the COG and AIEOP study show
only 20% overlap among the most deregulated pretseds the two signature likely to be due
to major differences in cohort composition.

In two independent Italian cohorts, Group 1 codrite 25% of B-others (5% of B ALL) and

was associated to a favorable outcome (CRI 12.3%+% classifier of 79 probe sets,
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identify Groupl patients with a sensitivity of 0,98 specificity of 1 and a misclassification
rate of 0.0062.

The Group 1 GEP signature, found through shrink@igstatistics, included among up-
regulated probe sets genes known to be associatetinior suppressionPCDH17,
CABLES) or to be anti-angiogenic factors such ANGPT2 whereas genes known to be
involved in cell migrationN'TSE ECM1Y) or to be pro-angiogenic factors suchBagP2 and
CTGF, were found among up-regulated probe sets. Thigasire suggests that bone marrow
cells interactions with their microenvironment ntiglontribute to the favorable outcome in
Group 1.

Newly found in this study, Group 1 patients shaaadigque microRNAs expression signature
of which the top ranked up-regulated miRNAs (hs&+hR5b, hsa-miR-125b-2*, hsa-miR-
99a, hsa-miR-100, hsa-miR-125a-3p and has-miR-491ase known to be involved in
hematopoietic malignancies and other cancers.

MiR-125b, largely studied in hematopoietic maligoias, is reported to be highly expressed
in pediatric AML particularly in patients with theanslocationrPML-RARA®, is involved in
the translocation t(2;11)(p21;923) in AML and mydyeplasid’ and in the translocation
t(11;14)(q24;932) in B-AL[2.

In vitro experiments demonstrated that miR-125b mlagk the process of differentiation of
primary human CD34+ cells and leukemic cell linds&0 and NB4)”. In vivo experiments
on mice, over-expressed miR-125b promoted maligiransformation and suggested a role
of miR-125b in the differentiation process of lynathand myeloid lineagd%

Regarding cellular regulations, it has been regabthat miR-125b negatively regulates p53
and many proteins in the p53 pathway resultingihikiition of apoptosfs” *% furthermore, a
recent study showed that miR-125b overexpressionfec® p53 independent survival
advantagén vitro in TEL-AML1ALL cell lines™.

How overexpression of miR-125b , with pro-tumorigesnd pro-proliferative behaviour well
describe in leukemia, could be associated to faldaroutcome found in this study needs to
be addressed in future studies.

Below we discus some recent finding involving detated miRNAs in solid cancer even if a
recent work suggested that solid cancers and lelakeray have different oncogenic miRNAs
networks”.

Mir-125b and miR-100 are reported to be down-retgalan oral scuamous cell carcinoma

tumors and to decrease cells proliferation in VitrMiR-99a and miR-100 are reported to be
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potential tumor suppressor genes in prostate canhdeurthermore, genomic region that
hosting these miRNAs (21g21.1 and 11q) are fredy@miolved in copy number losses and
proposed as tumor suppressor locus in various salider typ&' >® .

Two separate studies, on adrenocortical tumors loeds and clear cell ovarian cancer,
showed that miR-100 and miR-99a overexpressiorbitthmTOR signalling at mRNA and
protein level, increasing the sensitivity of thiells to mTOR inhibitor RADO001
(everolimus§®

The hypothesis of mTOR pathway inhibition in Grolppatients is supported by down-
regulation of three genedBNP2 CTGH reported to be related by mTOR signalling:
inhibition of mMTOR pathway are reported to impdie BMP2 expression in osteobla$ts
CTGF is regulated by the mTOR pathway and expressiamedses after treatment with
mTOR inhibitors in fibrobla&t.

We reported that two miRNAs minor strand formsdatalled “passenger”) had deregulated
expression and, in the case of miR-125b-2*, théindislevels of the mature miR-125b-2*
were also confirmed by gRT-PCR, among the two ptigroups. Only few information is
available on minor strand forms but is has beergestgd that miRNAs guide strand and
passenger strand expressions regulation migtindependerit.

Integration of mMiIRNAs and mRNAs data failed to itsnconsiderable correlations. Only
one MIRNA—mMRNA target association were identified he miRNA/mRNA involved were
only slightly deregulated. This finding could suggthat deregulated miRNAs act mainly at a
post-trascriptional level, without impairing tranigt amount.

Notably, Group 1 patients shared also an uniqueasize of snoRNAs. The most of
differentially expressed probe sets are up-regdlate Group 1, and between those with
greater fold change there are many snoRNAs belgnginHBII-85 cluster in the 15g11.2
region. Although studies are just emerging, involeat of SnoRNAs in cancer has been
observe® °® ®"and loss of snoRNA clusters HBII-85 and HBII-52 16q11.2 region is
reported to results in Prader-Willi syndrome (PW/Syuggesting that deregulation of small
RNA loci plays an important role in human disease.

Focusing on miR-125b-2 cluster (miR-125b-2, miR-98ad miR-let-7¢c) hosted in
C210RF340on chromosome 21, we directed our attention toralaisome 21 genes expression
and found three genes up-regulated in Group 1 matieompared to Group Z210RF34
PRSS7and C210RF9]) that map close to each other into a 2.5 Mb regiofl1g21.1. This
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finding suggested a specific involvement of theZIld locus in the pathobiology of Group 1
leukemia.

Genome-wide DNA copy number analysis failed to cleéderrations in the 21g21.1 region
in Group 1 and this region are not reported to bketdd in gener&l. Two out of eight
patients hadCDKNZ2A/B deletions and other two hddZF1 deletions, recently associated
with a very poor outcome in B-cell-progenitor Af%LIn view of the overall good outcome of
Group 1 the latter observation suggests that inctrgext of the Group 1 gene expression
signature the deleterious effect of tl&F1 mutation may be counter balanced.
ERGintragenic deletions, already described as exatusi this group', were identified in 4/8
Group 1 patients. Group 1 patients carryifigG intragenic deletion had a specific signature
respect the remaining Group 1 patients and seeravieal a more immature phenotype of
leukemic blasts.

Taken together these finding extend the insighmimlecular features of Group 1 patients
calling for further research on role of deregulagehes and small ncRNAs, and add

magnitude to the contribution of chromosome 2Zkirkemia pathobiology.
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TABLES

60

FEATURES N %
All patients 145 100
Age
1-5Yrs 66 455
6-9 Yrs 42 29
>10 Yrs 37 255
Gender
Male 78 53.8
Female 67 46.2
WBC (x1000/uL)
<20 89 74.2
20-100 16 13.3
>100 15 12.5
Unknown 25 -
MRD D15
HR 25 26.6
MR 42 447
SR 27 28.7
Unknown 51 -
MRD D78
HR 17 12.5
MR 83 61
SR 36 26.5
Unknown 9 -
Prednison Response
Good 108 82.4
Poor 23 17.6
Unknown 14 -
Final Protocol Strata
HR 34 23.8
MR 75 52.4
SR 34 23.8
Unknown 2 -
Relapse events 31 21.4

Table 1A. Clinical data of 145 B-others patientsha study cohort.




FEATURES GROUP 1 GROUP 2
N % N %

All patients 36 100 109 100
Age

1-5Yrs 12 33.3 54 495

6-9 Yrs 15 41.7 27 24.8

>10 Yrs 9 25 28 25.7
Gender

Male 13 36.1 65 59.6

Female 23 63.9 44 40.4
WBC (x1000/uL)

<20 24 88.9 65 69.9

20-100 2 7.4 14 15.05

>100 1 3.7 14 15.05

Unknown 9 - 16 -
MRD D15

HR 2 8.7 23 324

MR 13 56.5 29 40.8

SR 8 34.8 19 26.8

Unknown 13 - 38 -
MRD D78

HR 5 14.3 12 11.9

MR 25 71.4 58 57.4

SR 5 14.3 31 30.7

Unknown 1 - 8 -
Prednison Response

Good 27 81.8 81 82.7

Poor 6 18.2 17 17.3

Unknown 3 - 11 -
Final Protocol Strata

HR 8 22.2 26 24.3

MR 23 63.9 52 48.6

SR 5 13.9 29 27.1

Unknown 0 - 2 -
Relapse 4 11.1 27 24.8

Table 1B. Clinical data of Group 1 and Group 2 gras.
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Probeset ID Gene Symbol Probeset ID Gene Symbol
227289 at PCDH17 201200 _at CREG1
205656_at PCDH17 224374 _s_at EMILIN2
228863 _at PCDH17 1569362_at ALCAM
1554343 _a_at STAP1 239826_at
209602_s_at GATA3 219789 at NPR3
240758 _at 226043 _at GPSM1
219489 s _at NXN 38918 at SOX13
203329 _at PTPRM 211148 _s_at ANGPT2
206756_at CHST7 227358 _at ZBTB46
1552398 _a_at CLEC12A 1563113_at UBR4
202409 at IGF2 /I/ INS-IGF2 205423 _at AP1B1
239956_at 213272_s_at TMEM159
225613 _at MAST4 236501 _at SALL4
235146_at 244509 at GPR155
202747 _s_at ITM2A 226499 at NRARP
233038_at 1553863_at C10orf64
209603 _at GATA3 205054 _at NEB
233225_at 203448_s_at TERF1
234196 _at 229677 _at SLC39A3
206067_s_at WT1 200753_x_at SFRS2
215146_s_at TTC28 219790 s_at NPR3
225611 _at MAST4 241545 _x_at
235968 _at CENTG2
235343 _at 236760_at AMMECR1
209959 at NR4A3 214716 _at BMP2K
232227 _at 203110 _at PTK2B
231600 _at CLEC12B 201034 _at ADD3
213058_at TTC28 201753_s_at ADD3
207978 _s_at NR4A3 201752_s_at ADD3
205572_at ANGPT2 37170_at BMP2K
225369 _at ESAM 201029_s_at CD99
242664 _at 221558_s_at LEF1
229091 s_at CCNJ 230069 _at SEXN1
223627 _at MEX3B 228555 _at CAMK2D
229661 _at SALL4 220952_s_at PLEKHAS
219470 _x_at CCNJ 203066_at GALNAC4S-6ST
1569401 _at CLEC12A 209781 _s_at KHDRBS3
227329 at ZBTB46 227486_at NT5E
219227 at CCNJL 205289 _at BMP2
231357 _at CLEC12B 205290_s_at BMP2

Table 2. All 79 probe sets in the classifier foro@ 1 patients (misclassification rate 0.0062, iseityg
0.9764286, specificity 1). Group 1 up-regulatedbgreets in white cells, Group 1 down-regulated ersdts in

grey cells.
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Probeset ID Locus PvalueBH Meaanroup MeanZGroup Fold Change
hsa-miR-125b-2-star_st | 21qg21.1 0,002 5,126 0,943 5,437137879
hsa-miR-99a_st 21g21.1 0,002 8,819 2,156 4,091059018
hsa-miR-100_st 11924.1 0,017 4,440 1,387 3,201542161
hsa-miR-125h_st 21g21.1; 11g24.1 0,015 9,926 3,845 2,581418873
hsa-miR-125a-3p_st 19913.41 0,016 3,506 1,500 2,338077591
hsa-miR-491-5p_st 9p21.3 0,031 3,589 1,592 2,254831889
hsa-miR-126_st 9934.3 0,002 10,025 6,981 1,436036194
hsa-miR-1275_st 6p21.31 0,035 7,449 6,046 1,232153294
hsa-miR-181d_st 19p13.13 0,022 7,056 5,975 1,180886865
hsa-let-7c_st 21g21.1 0,029 11,243 9,729 1,155527216
hsa-miR-181a_st 1g32.1; 9933.3 0,035 12,940 12,454 1,039073506
hsa-miR-92a_st 13931.3; Xg26.2 0,015 12,466 12,063 1,033381857
hsa-miR-24_st 9922.33; 19p13.13 0,035 9,442 10,234 0,922549142
hsa-miR-15b_st 3025.33 0,002 8,183 9,006 0,908572506
hsa-miR-155_st 21921.3 0,003 8,695 10,239 0,849219966
hsa-miR-27a_st 19p13.13 0,035 5,789 7,061 0,819789015
hsa-miR-625_st 14923.3 0,022 5,550 7,016 0,790995143
hsa-miR-132-star_st 17p13.3 0,035 3,720 5,710 0,651573502

Table 3A. MicroRNAs probe sets differentially expsed between Group 1 and Group 2 patients (18 [me&tise
p-value BH<0.05). In white cells are highlightedipe sets whit fold change >1.5 and <1/1.5 (7 pszts).

Probeset ID Locus Gene name SNCRNA Pvalue| Mean Mean Fold
type BH Group 1l | Group 2 Change

HBII-85-16_x_st 15q11.2 | SNORD116-16 C/D box 0,002 348 0,422 3,184689209
HBII-85-22_x_st 15911.2 | SNORD116-22 C/D box 0,004 667 0,603 2,762666942
HBII-85-17_x_st 15911.2 | SNORD116-17 C/D box 0,002 888 0,753 2,499964778
HBII-85-11_st 15911.2 | SNORD116-11 C/D box 0,004 53,2 1,353 2,404718552
HBII-85-15_x_st 15911.2 | SNORD116-15 C/D box 0,003 ,998 0,837 2,383175437
HBII-85-24_x_st 15q11.2 | SNORD116-24 C/D box 0,010  ,70D 0,786 2,164138837
HBII-85-14_x_st 15911.2 | SNORD116-14 C/D box 0,004 498 0,709 2,11231288
HBII-85-23_x_st 15911.2 | SNORD116-23 C/D box 0,003 494 2,243 2,002199542
HBII-438A_s_st 15911.2 | SNORDI109A C/D box 0,004 3,88 1,961 1,981941656
HBII-85-21_x_st 15911.2 | SNORD116-21 C/D box 0,012 418 0,717 1,977340673
HBII-13_st 15q11.2 | SNORD64 C/D box 0,016 2,955 6,62 | 1,81711441°
HBII-13_x_st 15q11.2 | SNORD64 C/D box 0,018 2,673 500, 1,781780056
ENSG00000212326_st | 2p32.2 ENSG00000212326 0,004 1,557 0,875 1,7788737[14
U47_st 1¢25.1 SNORD47 C/D box 0,030 1,224 0,707| 732639669
mgu6-77_st 17p13.1 | SNOR10 C/D box 0,004 1,552 0,909  1,707226125
HBII-296B_st 17p13.3 | SNORD91B C/D box 0,01y 1,083 ,640 1,69255785
ACAL7_st 9g34.3 SNORA17 Ec/fy}CA 0,003 2,762 1,699 1,625896083
ENSG00000201199_s st 11g21 SCARNA9 0,035 1,386 0,869 1,595609089
U53_st 2p23.2 SNORAS3 C/D box 0,002 4,007 2,573 551373998
U35B_st 19913.33 | SNORD35B C/D box 0,00p 2,382 1,556 1,530867912

Table 3B. Small Nucleolar RNAs probe sets diffeiaiyt expressed between Group 1 and Group 2 pati@ft
probe sets whit fold change >1.5, p-value BH<Q.05)
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ProbesetID | Gene Symbol Locus PvalueBH | Mean Group 2 | Mean Group 1 | Fold change
207638 _at PRSS7 21g21.1 0,00784| 3,210666667 7,0561875| 2,197732818
239999 at C2lorf34 21g21.1 0,00336 3,08116 5,8805875| 1,908562846
1561777 at 0,00336| 3,164166667 5,1216875| 1,618652884
217269 s at | PRSS7 21g21.1 0,027328 5,67718 7,7922| 1,372547638
211018 at LSS 21922.3 0,01176| 4,766053333 6,4779125| 1,35917751
202245 at LSS 21g22.3 0,0096 | 7,528153333 9,72| 1,291153297
230631 s _at | LOC100288432|21g22.3 0,01269333| 4,508073333 5,772075| 1,280386226
220941 s at |C21orfol 21g21.1 0,00448 | 6,514433333 8,2515625| 1,266658522
1559901 s at|C21lorf34 21g21.1 0,00504 | 3,176813333 3,6618625| 1,152684189
205663 _at PCBP3 21922.3 0,03957333 5,33284 5,89105| 1,104674057
237853 x_at |KRTAP10-12 21g22.3 0,03957333 | 5,224766667 5,65915| 1,083139279
1555265_at | ABCC13 21g11.2 0,02429538 | 3,379313333 3,2197875| 0,952793418
206409 at TIAM1 21g22.11 0,020832| 5,141586667 4,506825| 0,876543622
244822 at GART 21g22.11 0,027328 6,3064 5,216 | 0,827096283
243091 at 0,02429538| 6,811766667 5,5249625| 0,81109098
229437 at MIR155HG 21921.3 0,02138182| 8,777066667 6,6219375| 0,754459064
213135 at TIAM1 21g22.11 0,00784 | 7,660826667 5,66915| 0,740018049
207267 _s_at | DSCR6 219g22.13 | 0,03957333 4,95624 3,4152625| 0,689083358

Table 4. All 18 chromosome 21 probe sets diffeediytiexpressed among Group 1 and Group 2 in 23 rARN

profiled patients. (18 probe sets, p-value BH<Q.0%bwhite cells are are highlighted probe setstidgid change

>1.5 (3 probe sets).
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Figure 1. Unsupervised hierarchical cluster of Beo$ patients on 5463 most variable probe setst &ahort
(103 patients) Group 1 patients (brown) clusterasately from the rest of the cohort, Group 2 (bl(&).
Second cohort (42 patients) Group 1’ patients (@earluster separately from the Group 2’ patielight blue)
(B). In the merge of the two cohorts (145 patieB&)patients belonging to Group 1 and 1’ groupeghédher

(Group 1) separately from the major group (Grdip.
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Figure 2. Cumulative relapse incidence in B-othmaisort. All 145 patients grouped by Group 1 (4/8&psed)
and Group 2 (27/109 relapsed) (A). Group 1 patientapared to the three risk strata of Group 2 pegtie high
risk (HR), intermediate risk (IR) or standard ri¢8R). Two patients missing risk classification were
excluded.(B).
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Figure 3A-B. Dendrograms representing unsupervisiedarchical clustering of 24 patients on 847 human
MiRNAs probe sets (A) and 922 non coding RNAs prséis (B). Of note: outlayer of Group 2 in clusteis

not the same sample as outlayer of Group 2 inali&tBlue: 8 Group 1 patients. Yellow :16 Groupalients.

Figure 3C-D. Heatmaps of 24 patients clustered &ulifferentially expressed miRNAs probe sets (CJ an
103 differentially expressed non coding RNAs prakés (D). Blue: 8 Group 1 patients. Yellow :16 Grdl
patients.
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SUPPLEMENTARY TABLES

Probeset ID | Gene Symbpl Locus Mean Group 1 Mean Group2 Fold change
228863_at PCDH17 13921.1 10,199659513,034441389 3,361297254
227289 at PCDH17 13921.1 9,9891711473,0935746064 3,229006059
231600_at CLEC12B 12p13.2 6,6704109173,060136294 2,179775761
205656_at PCDH17 13g21.1 10,079689374,778343703 2,109452564
233038_at NA 7,264057469 3,53511874§ 2,054827006
1556592_at NA 6,768821494 3,33735406 2,028199997
242664 _at NA - 6,148296319 3,036717919 2,024651793
1555579 _s at| PTPRM 18p11.2 10,0959057%,0582364564 1,995933934
240758 _at NA - 8,091554566 4,189554188 1,931364103
230537_at NA 8,211870135 4,2816893f  1,91790423
235146_at TMCC3 8,154497698 4,253015635 1,917344867
215146_s_at TTC28 22g12.1 8,412849067,401768495 1,911242964
202409_at NA 11p15.5 7,7233176P3 4,05166622 1,906207785
233225_at NA - 7,526831417 3,972423707 1,894770541
239956_at NA - 8,5850012242 4,576454203 1,875906724
204066_s_at AGAP1 2p24.3-p24{1 10,22457p05,48646815] 1,863598171
234196_at NA 8,40479604 4,613411514 1,821817979
203329_at PTPRM 18p11.2 8,7220992094,980196244 1,751356529
213058_at TTC28 22ql12.1 8,688285894,995905055 1,739081467
231357_at CLEC12B 12p13.2 5,6662402033,27835491§ 1,728379125
205572_at ANGPT2 8p23.1 7,3041805674,241827074 1,721942089
1552398 _a_at| NA 12p13.2 9,241583625,397668044 1,712143753
237261_at ANGPT2 5,939539081 3,48958435§ 1,702076371
228698_at SOX7 9,918084242 5,835775813 1,699531401
243478 at NA - 5,550755796  3,2853678 1,689538625
1569401 _at CLEC12A 12p13.2 5,8458504183,467963338 1,685672494
209602_s_at GATA3 10p15 9,2560656135,507246145 1,680706722
235968_at AGAP1 2p24.3-p24]1 6,9408518331,198187024 1,653297314
206067_s_at WT1 11p13 9,0201415445,473515719 1,647961202
1556593 s at| NA 7,74699879 4,835014862 1,602269907
206756_at CHST7 Xp11.23 9,1804974935,774717867 1,589774203
236034 _at ANGPT2 6,1560163Y9 3,903360214 1,577106914
1554343 _a_at| STAP1 4q13.2 11,1946561F,225371277 1,549353757
1558621_at CABLES1 18g11.2 6,6536833954,300257637  1,547275524
209603_at GATA3 10p15 8,0747686B815,237582794 1,541697573
225613 at MAST4 5¢12.3 8,752815864 5,67821749 1,541472457
226489_at TMCC3 12922 8,0346508735,241863208 1,532785301
215177 _s_at ITGAG 2¢31.1 10,678784947,114637029 1,500959908§
220389_at CCDC381 11g14.2 4,1019456174 6,74011192§ 0,608587165
224994 at CAMK2D 4926 4,311148724 7,148539093 0,603081086
225688 _s_at | PHLDB2 3q13.2 4,379150809 7,435351177 0,588963548
209101_at CTGF 6023.1 5,68791341 9,79756193§ 0,580543756
213385_at CHN2 7p15.3 3,955488668 6,829099899 0,579210837
231042_s at | NA 4926 2,97550664 5,142268304 0,578636987
227486_at NT5E 6q14-g21 4,910139039 8,60181182§ 0,57082614
202242_at TSPAN7 Xpll.4 4,034017414 7,266420323 0,555158831
205290_s_at | BMP2 20p12 5,458800893 10,19819154 0,535271462
205289 _at BMP2 20p12 4,867660875 9,3384622 0,521248656
203939 _at NT5E 6q14-g21 4,48837163¢§ 8,72760175] 0,514273199

ST 1. Forty-nine most deregulated probe sets iru@to (Ifdr <0,05; fold change >1.5 and <1/1.5). Wtlaells
are up-regulated probe sets in Group 1 and gréy @eWwn-regulated probe sets in Group 1.
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Patients code Copy Number State ER%Q;%Q:WC
IKZF1| CDKN2A/CDKN2B | C210RF34
Pts.1 2 2 2 Yes
Pts.2 1 2 2 Yes
Pts.3 2 1 2 No
Pts.4 2 0 2 No
Pts.5 1 2 2 No
Pts.6 2 2 2 Yes
Pts.7 2 2 2 Yes
Pts.8 2 2 2 No

ST 2. Copy Number Variations data of 8 Group legoés. CNS 2=wild type, CNS 1=heterozygous lo$¢SC

0O=homozygous loss.

Mean ERG Mean Non

Probeset ID Gene Symbol Locus deleted ERG deleted Fold change
229459 at FAM19A5 chr22q13.32 79,107 33,9795| 2,328080166
229057 _at SCN2A chr2g23-g24 85,02725 38,5485 | 2,205721364
237094 at FAM19A5 chr22q13.32 79,4605 39,71275| 2,000881329
224520 s_at BEST3 chr12ql14.2-g15 75,4525 37,8105| 1,995543566
228740 _at 65,18625 33,18675 1,96422518
203440 _at CDH2 chri8qll.2 79,551 41,0885| 1,936089173
213994 s at SPON1 chri1p15.2 68,4875 37,056 | 1,848216213

chrXg21.33-

205347_s_at TMSL8 g22.3 87,85875 48,07775| 1,827430568
213993 at SPON1 chrl1p15.2 58,889 33,35925| 1,765297481
229233 _at NRG3 chr10g22-g23 80,4225 46,03125 1,74712831
219855 _at NUDT11 chrXp11.22 91,1535 52,29175| 1,743171724
229085_at LRRC3B chr3p24 85,435 49,964 1,70993115
228108 _at 67,98125 40,95475| 1,659911244
216623 x_at TOX3 chri6ql2.1 100,9225 60,98225| 1,654948776
214774 x_at TOX3 chri6q12.1 102,70725 62,46975 1,64411175
226974 _at NEDD4L 66,1775 40,31375| 1,641561502
230928 _at 94,214 57,7995 1,6300141
1558388 a_at |--- 79,82625 49,234 | 1,621364301
215108 x_at TOX3 chri6q12.1 100,058 61,84175| 1,617968444
203131 _at PDGFRA chr4q11-g13 113,469 70,78175| 1,603082716
228776_at GJC1 chr17g21.31 74,793 48,283 | 1,549054533
225627_s_at CACHD1 chrip31.3 76,09725 49,405 | 1,540274264
229655 _at FAM19A5 chr22q13.32 89,3415 58,10525| 1,537580511
217901 _at DSG2 chri8ql2.1 63,9495 41,8515| 1,528009749
205114 s_at CCL3 chrl7ql1l-g21 63,45525 95,13775| 0,666982875
202912 _at ADM chrilpl5.4 65,16625 98,21 | 0,663539864
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205767 _at EREG chr4q13.3 38,86525 58,599 | 0,66324084
206115 _at EGR3 chr8p23-p21 55,9575 84,72375| 0,660470057
201888 s at | IL13RA1 chrxq24 45,703 69,28475| 0,659640108
215087_at C150rf39 chr15q24.2 47,92575 72,923| 0,657210345
212769 at TLE3 chr15q22 46,26025 70,6465 | 0,654813048
201893 x_at | DCN chr12g21.33 52,3525 80,35575| 0,651509071
1557905 s at | CD44 chrl1p13 67,10925 103,27625| 0,649803319
203949 at MPO chri7g23.1 63,95475 98,57825| 0,648771407
210916 s at | CD44 chri1p13 65,12725 100,51125| 0,647959805
205997 at ADAM28 chrgp21.2 36,87475 56,987 | 0,647073017
207341 _at PRTN3 chr19p13.3 46,0915 71,72025| 0,642656711
230127 at 46,65 73,05975| 0,638518473
242907 _at 56,60125 89,0195| 0,63582979
238865 _at LOC132430 chr4q28.3 55,56225 89,06925 | 0,623809564
226099 at ELL2 chr5q15 56,43475 90,6215 | 0,622752327
1565868 _at CD44 chrl1p13 50,028 81,09975| 0,616869966
229221 at CD44 chrl1p13 53,9435 88,079| 0,61244451
204490 s at | CD44 chrl1p13 60,5885 99,35025 | 0,609847484
211612 s at | IL13RA1 chrXq24 40,751 67,1025| 0,60729481
210895 s at | CD86 chr3g21 41,2795 68,07825| 0,606353718
209606 _at PSCDBP chr2ql1.2 68,3435 112,75225| 0,60613868
209835 x_at | CD44 chrl1p13 59,27525 98,43175| 0,602196446
203948 s at | MPO chri7g23.1 51,631 85,8015 | 0,601749387
212014 x_at | CD44 chri1p13 59,26675 98,752 | 0,600157465
225612 s at | B3GNT5 chr3g28 48,4095 81,0375| 0,597371587
227697 at SOCS3 chr17g25.3 49,26725 84,7175| 0,581547496
214146 s at | PPBP chrdq12-q13 44,39175 84,23875| 0,526975412
227140 at 37,98875 74,814 | 0,507775951
231911 at KIAA1189 chr2q24.1 40,497 85,34 | 0,474537146
205899 _at CCNA1 chr13g12.3-q13 | 36,93525 89,704 | 0,411745853

ST 3. Differentially expressed probe sets amongu@rbpatients with and witho&@RG intragenic deletions (56

probe sets, Ifdr<0.05). Twenty-four probe sets hitevcells are up-regulated (fold change >1.5) thirtly-two

probe sets in grey cells are down-regulated (folahge <1/1.5) iERGdeleted patients.
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SUPPLEMENTARY FIGURES
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SF 1. Group 2 patients clustered on 20 probe smts §lenetic defined ALL subgroups (Table S-IV, [Boer et
al., 2009). Pink label for Hyperdiploid-like samgpjdight blue label foBCR-ABLlike samples, violet label for
ETV6-RUNX1like samples.
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SF.2. Results from qRT-PCR analysis of expressfanaiure miRNAs. MiRNAs in miR-125b-2 cluster (miR-
125b, miR-125b-2*, miR-99a and miR-let-7c) are esgpressed in Group 1 patients (A). MiR-155 is not

differentially expressed among two groups (B).
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SF 3. Chromosome Analysis Suitéew. IntragenicERG deletion in 21g22.3 region shared by 4 out of 8
investigated Group 1 patients. Deletions, alwaymébin heterozygosis, extended for about 50 Kbludwed
exons 6-11 (transcript variant 2, NM_004449)BIRG Sample reppresented by green line show two addili
amplifications: one gain between exons 4-5 andgaie at 5’ ofERG (including exon 1). Copy number state
(CNS) of 21g22.13-g22.2 region are shown: CNS 2¢wipe, CNS 1=heterozigous loss, CNS 0=homozigous
loss, CNS >2= gain.
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CHAPTER 2

Down Syndrome acute lymphoblastic leukemia: A higlyl heterogeneous
disease in which aberrant expression of CRLF2 is asciated with mutated
JAK2 — a report from the iBFM-Study Group
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ABSTRACT

We report gene expression and other analyses tidate the molecular characteristics of
acute lymphoblastic leukemia (ALL) in children wilown Syndrome (DS). We find that by
gene expression DS ALL is a highly heterogeneossatdie not definable as a unique entity.
Nevertheless, 62% (33/53) of the DS ALL sampleslyaeal were characterized by high
expression of the type | cytokine recepBRLF2caused by eithdgH@ translocations or by
interstitial deletions creating chimeric trans@ipPRY8-CRLF2In 3 of these 33 patients a
novel activating somatic mutation, F232C @RLF2 was identified. Consistent with our
previous research, mutations in R683J8K2 were identified in 10 specimens (19% of the
patients) and interestingly all 10 had higiRLF2 expression. CRLF2 and mutated Jak2
cooperated in conferring cytokine independent ghotet BaF3 pro-Bcells. Intriguingly the
gene expression signature of DS ALL is enrichechidNA damage and BCL6 responsive
genes, suggesting the possibility of B-cell lymphmcgenomic instability. Thus DS confers
increased risk for genetically highly diverse ALW&th frequent overexpression &fRLF2
associated with activating mutations in the recepself or inJAK2 Our data also suggest
that the majority of DS children with ALL may beitefrom therapy blocking the CRLF2-
JAK2 pathways.
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INTRODUCTION

Children with Down Syndrome (DS) have a higher rateacute lymphoblastic leukemia
(DSALL). DS ALLs are mostly of B-cell precursor (B¢ origin and similar in the age of
diagnosis and immunophenotype to high hyperdip(el®) or TEL-AMLL ALLs,' the two
most common genetic subtypes of childhood ALL. @Gitleat these cytogenetic abnormalities
are less frequent in DS Alithe existence of unique collaborating somatic jierevents in
DS ALL, similar to theGATAlmutation in DS-AMKL® has been postulated. We and others
reported the presence of somatic activating mutatia JAK2 in approximately 20% of DS
ALL.*® Similar mutations are present in about 10% of frigk ALL in non-DS children
corresponding to approximately 3% of unselectettihbod ALLs! We hypothesized that the
mutated JAK2 may cooperate with a type | cytokieeeptor that is aberrantly expressed in
DS ALL.4 To characterize additional molecular abmalities in DS ALL, we performed
genomic analysis of a large group of DS ALLs. Thiwlysis reveals, next to a striking
heterogeneity of these leukemias, an aberrant ssiore of the cytokine recept@RLF2in
62% of the patients, associated with somatic aitiganutations inJAK2 or in the receptor

itself.

MATERIAL AND METHODS
Patient Samples.

RNA and DNA were derived from diagnostic bone marsamples of children with DS and
BCP ALL enrolled on treatment protocols with amimhed consent and approval of local and
national ethic committees. Samples were anonymiaethe study. Patients' clinical data is
described in supplementary tables 1S and 2S. 7hesfe patients werancluded in our
previous publication describing tdAK2 mutations in DS ALL.4 The study was approved by
the Israeli Health Ministry Ethic committee, appab¥# 920070771.

Genomic Studies.

RNA processing and hybridization to Affymetrix arsawas performed according to
manufacturer instructions and as previously pubtiéii Only specimens containing more
than 70% blasts were included. There were foursa#saobtained by different teams as

summarized in Table 1. AIEOP (Associazione Itali@imaatologia Oncologia Pediatrica) is
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the main dataset used for gene expression anabgsigprising 97 diagnostic ALL samples:
25 DS ALL, and 72 non DS ALL samples, describedable 1. The additional three datasets
were utilized for validations. The primary gene eegsion data files have been deposited in
NCBIs Gene Expression omnibus (GEO, http://www.mdhi.nih.gov/geo/) GEO Series
accession number GSE17459. Genomic DNA from 42ndistic bone marrow ALLs and 34
paired remission samples were genotyped with Aftymé&eneChip Human Mapping 100K
set (Affymetrix, Santa Clara, CA) according to thmeanufacturer’s directions. See
supplementary files for details.

Mutation analysis was performed as we previouslycdbed*'' CRLF2 (NM_022148.2)
primers are described in Table 3S. Quantitativé-treee-PCR (qRT-PCR) was performed
using Applied-Biosystems TagMan® Gene-Expressiorsafss CRLF2 Hs 00845692,
GAPDHHs_99999905) according to the manufacturer's iostmus. Each sample was run in
triplicate. The endogenous control gene W&$*DH

Fluorescence In-Situ Hybridization (FISH)r detection oflGH@-CRLF2translocation or
the presence of a microdeletion upstrear@®LF2was performed as descridéd

Flow Cytometry analysi¢Becton-Dickinson Canto-ll, FlowJo software) wasfpened on
primary cryopreserved ALL cells after the first eéransplantation in Nod/LtSzScid I¢2ull
mice. Antibodies used were anti-CRLF2 (Abcam cldrie3, ab48482), goat anti-mouse
Alexa Fluor 488 (Invitrogen), anti-IL7RA Alexa 64€D127, BD clone HIL-7R-M21), anti-
CD19 PE (AbD-Serotec, clone LT19, MCA1940) and 7EAfAbD-Serotec). All samples
were gated on the viable (7-AAD negative) and lenike(CD19 positive) population before
analysis of CRLF2 and IL7RA. For the calculation @¢lta MFI (mean fluorescence
intensity), background non-specific staining wasleated in populations gated by CD19,
comparing tubes with or without anti-CRLF2 antibexli This background MFI was similar to
the MFI of CRLF2 negative populations in normal lamblood.

Plasmid constructionThe FLAG-mJAK2 wild-type and R683S were cloned irtoe
PHRSINCSGW lentivirusll which carries SFFV promoterd an emerald-GFP reporter.
pMX-Puro-hCRLF2 was used as a template for the ig¢ioa of CRLF2 mutations by site-
directed mutagenesis (QuikChangeTM-II-XL, Stratagen

Cell lines

BaF3 cells were cultured in RPMI-1640 containingdlfetal calf serum and 10% WHEI-3B

conditioned media as a source of interleukin 3eP@tl BaF3 cells were transduced with
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pMX-Puro-hCRLF212 anéCRLF2expressing cells were selected with puromycig(al).
Parental BaF3 and BaF3-CRLF2 cells were transducttdthe appropriatdak2 expressing
vector and GFP-positive cells were sorted by flgtometry 3-4 days later.

BaF3 proliferation assays and Western blotting wprsformed as descrive befdre.
Antibodies used were anti-JAK2 (C-20, Santa Cranfj-STAT5, antiphospho-JAK2 Tyr-
1007 (Cell Signaling), anti-phospho-STAT5 Tyr-694Epitomics), anti-hTSLPR
(AF981)(R&D Systems), anti-FLAG-M2 and antitubulin (Sigma- Aldrich).

Pharmacological inhibition of JAK2 BaF3 cells exgsimg Jak2 R683S and BaF3/CRLF2
cells expressing wt or R683S Jak2 were culturetiouit cytokines in different concentrations
of JAK inhibitor | (Calbiochem, La Jolla, CA, USAXontrols were BaF3/EpoR cells
expressing BCR-ABL. Viable cells were counted aftérh. Data from three independent
experiments were combined for analysis. We caledléhe normalized viability by dividing

the cell number at each inhibitor concentratiortti®/cell number with vehicle alone.

Bioinformatics

Gene expression preprocessing is described in Sugpitary Methods.

Combining probesets of the same gdner those genes that were represented by mone tha
one probe-set, we used, when needed, a combingionedure to create a single
representation of a gene's expression (Supplenyesizthods).

Gene Set Enrichment Analysis (GSER)e first ingredient of GSER is a list of genes,
ranked by some attribu#, ordered from low to high values &f The second ingredient is a
set of genesS that are a subset &f. GSEA aims at answering if the membersSoare
randomly distributed along the ranked listor if they are skewed towards one of the sides
For details see Supplementary Methods"and

Refining DS ALL profile geneslhe preliminary DS ALL profile gene list, that was
constructed using the AIEOP data set was narrowechdising GSEA’ to selecigenes that
show consistent expression pattern in at leastdiMbhe other three datasets (Table 1). We
used the up-regulated members of the preliminanADIS genes as our s&(see above) and
the genes of one of the other three experimentstitotedL. The genes ol were ordered
according to their differential expression in DSsus the rest of the samples (see Refining
DS ALL profile genes in Supplementary Methods). Pinecess was repeated for each of the

three datasets and for the down-regulated genekJing for each case genes that were
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identified as consistently up (or down) regulatedhe AIEOP dataset and the other dataset
tested (Figure 2A).

RESULTS
Marked heterogeneity of DS ALLSs revealed by unsigest gene expression analysis.

We first explored the extent of similarity betweB® ALLs and other defined BCP ALL
genetic subtypes using in the analysis the 150Bepsets with the highest standard deviation
among the AIEOP samples. Two unsupervised anadygaithms were used: SPIN (Sorting
Points Into Neighborhood$§,that places samples with similar expression msfitear each
other (Figure 1A), and PCA (Principal Component Ke&, MATLAB 7.4 software) (Figure
1B). Both gave similar results. In agreement witevipus studie$® unsupervised analysis of
gene expression tends to group the pediatric Althpdas according to their genetic subtypes.
As can be seen in the Euclidian distance matrixigure 1A, the ALL subgroups that are the
most homogenous (exhibiting high similarity of sa@spof the same subtype) &8A-PBX1
positive ALL andMLL-AF4 positive ALL, followed byTEL-AML1 positive ALL. HD-ALL
samples are also grouped together, but are rdlatmere distant from each other than the
above mentioned samples. AlthouBICR-ABLALLSs are clustered together, they are less
homogeneous, consistent with previous repSrtdn contrast, DS ALLs are very
heterogeneous (Figures 1A, 1B). About half are gedutogether, relatively close to both
BCR-ABLand HD-ALL. However even here, individual DS sanspdee more separated from
each other than a typical pair of samples withendther ALL subtypes (Figures 1A,1B). The
other half are grouped with other ALL subtypes: sith TEL-AMLJ, six with HD, two with
BCR-ABLand one wittrE2A-PBX1 Of these 15 DS ALLs only three carried the chreomal
translocation of the subtype of ALL to which the anost similar (on&2A-PBX1 two TEL-
AML1) and only one DS ALL sample was found to be aldd. Hven the five DS ALL
samples with somatic mutationsJAK2 (blue boxes below Figure 1A, black circles at Fegur
1B) are not clustered together. This unsupervisatk gexpression analysis reveals that DS
ALLs are markedly less homogenous than the othdr génetic subtypes. It suggests that
DS is apredisposing conditioto several genetic subtypes of B-cell precursor $land that

unlike the myeloid leukemia of DS should not besidared as a unique molecular entity.
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Genomic analysis of DS ALL

We performed 100K SNP-array analysis of 34 pairegribsis and remission samples (15
DS, 9 HD- and 10TEL-AML ALLs, Supplementary Methods). Copy number and lofss
heterozigosity (LOH) analyses (Supplementary Fig@Beand Table 10S) generally confirm
previous reports-®that deletions are more common in DS @ -AML1compared with HD
ALLs. The frequency of deletions in genes regutatimormal B-lymphoid development
(supplementary table 9S ) in DS ALL was 53%, slighigher than the 40% reported for of
BCP ALL.} Recently, deletions in thé&ZF1 gene were reported in the majority of patients
with BCR/ABLand 'BCR/ABLIike" ALL.*®° Since most of these deletions involve only a
subset of exons (most commonly exons 4-7), the 188IR platform is inadequate to detect
these abnormalities. Therefore 38 additional diagondS ALL specimens were screened for
IKZF1 deletions by PCR analysis as previously repafiedonoalleliclKZF1 deletions were
identified in nine patients (24%) (Supplementarybl@a8S and Figure 3S). Thus the
frequency of deletions in B-cell differentiationrgss, includingKZF1, in DS ALL is similar

to other norBCR-ABLsubtypes of BCP ALL.

DS ALLs gene expression profile.

We hypothesized that despite their heterogeneig/ADLs share a common gene expression
signature. We reasoned that by comparing the gepeession in DS ALL to the relatively
similar groups, HD an@EL-AML1, we could potentially isolate the “DS ALL” charadstics
from the other ALL characteristics that might benigar between these groups. In addition,
the analysis was done in a way that only geneshtiierentiate DS fronrTEL-AML1 and
from HD ALLs are depicted. The fact thaEL-AML1 and HD ALLs have dissimilar
expression profiles (denoted by dark red entriefigure 1A) helps to identify genes that
characterize DS ALL, and not one of the groups kictv it is compared. We first identified
probe-sets that had significant differential expr@s in DS ALL samples, compared to both
HD andTEL-AML1ALLs in the AIEOP dataset (Supplementary Method)s "preliminary
DS ALL profile" consisted of 792 genes upregulatewtl 535 genes downregulated in DS
ALL. To check consistency with each of the otheeéhgene expression datasets ("BFM",
"ICH" and "IL"), we performed GSE?A separately on each of the three. A representative
enrichment analysis is shown in Figure 2A; heregbees are ordered according to their DS
ALL differential expression in the ICH dataset (ds#&s the list, see Methods)and the 535
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genes downregulated in DS ALL are used as theSsée¢sted for enrichment. Six such

analyses showed significant enrichment of the miekry gene lists (both up and down-

regulated) obtained from AIEOP, in the other thosgasets (Table 2). We refined our

AIEOP-based lists by including only genes that skdwonsistent expression patterns in at
least two of the three other datasets. The "refd8dALL profile genes" (Figure 2B) consists

of 152 up and 199 downregulated genes (Tables dSah

Pathway analysis and BCL6 signature

To identify molecular pathways that showed difféi@nexpression in the refined DSALL
profile we interrogated the DAVID database of GeBatology functional categori&s
Constituent genes of 8 pathways were significafithise Discovery Rate, FDR < 10%) over-
represented in the DS ALL expression profile (Tabland Supplementary Table 6S). The
most enriched pathway (p=5x%10-4) is "Response té\ [@Ddmage stimulus": Ten of the 341
genes assigned by DAVID to this pathway are downetgd and 6 are upregulated in DS
ALL. One of the upregulated genesBEL6 with a mean fold change of 1.46 in DS ALL
compared with non DS ALL (Table 4S). BCL6 is a seniption factor primarily expressed in
mature B-cells at the germinal centers, wherecilifates g affinity maturation by repressing
the DNA damageresponse. It is also a known oncogene in diffusgeld-cell lymphomas
(DLBCLs).?2*

To search for evidence for BCL6 activity in the BEL gene expression profile, we used the
Oncomine (http://www.oncomine.ofg)database, in which cancer gene expression sigrsatur
derived from different expression analyses areegt@s Molecular Concept Maps (MCMs).
These are lists of differentially expressed geretsvéen two logical groupings of normal or
malignant human tissue or cell lines. We tested 8Clirect targets and each of the 24
Oncomine MCMs that involve BCL6 (Table 7S) for etwnent in DS ALL up and down-
regulated genes, and eight of these 25 gene gpagsed at False Discovery Rate (FEIRY
15% (Table 4). These include the target genes of6BC genes modified by ectopic
expression of BCL6 in lymphoblastoid B-céflsind the gene expression signature of B-cell
lymphomas with oncogenic activation of BCt%6.Hence the targets and pathways
downstream to BCL6 in lymphomas and mature B-calle modified in the DS ALL

expression profile.
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Aberrant expression of the cytokine receptor CRIcH2S ALLsS

We have previously hypothesized that a cytokineptar may be aberrantly expressed in DS
ALL and cooperate with JAK2 carrying the "lymphoidiutation in R683. Examination of
the DS ALL expression signature (Table 4S) revehkst the third most differentially
expressed gene I€RLF2 (cytokine receptor-like factor 2,;TSLPR located at the
pseudoautosomal region of the sex chromosomes. efssctdd in Figure 3A, increased
expression ofCRLF2 was noted in 23 (62.1%) DS ALLs out of 37 samplest twere
hybridized to U133 family of arraySCRLF2is not represented on the Exon Arrays used in
the "IL" dataset), compared with other ALL subtyp€RLF2 expression along DS ALL
versus all other ALL subtypes vielded ttest P valoé 3.7x10", 2.2 x10', 5.6 x10° for
AIEOP, BFM and ICH datasets, respectively. CRLFZnswn to dimerize with IL7RA to
form the heterodimeric receptor for TSLP (thymimstal lymphopoietin}® While CRLF2is
aberrantly expressed in DSALLs (Figure 3A), expas®f IL7RAIs similar in the different
ALL subtypes (Figure 3B).

To validate the findings of the expression arrayd # analyze additional DS ALL samples
we measured the expressionGRLF2by gRT-PCR in 32 patients (Figure 3C). Microarray
data was available for 16 of these cases. The gBR-€bnfirms theCRLF2expression levels
seen in the arrays (Pearson correlation=0.85, 040.0n two patient€RLF2expression was
analyzed in RNA derived from diagnostic and renaisdbone marrows (BM) and was seen
only in the diagnostic sample. In one patient amM@RLF2 expression levels were seen in
BM samples from diagnosis and relapse (Supplemerigure 2S). Altogether, 33 out of 53
(62.3%) DS ALL patients analyzed by either gRT-P©R Microarrays overexpressed
CRLF2 The surface expression of the CRLF2 protein viss &erified on 4 samples by flow
cytometry (Figure 3D). IL7RA is also expressed te teukemic blasts independent of
CRLF2 expression.

Recently Russell et Bireported aberrant expressionGRLF2caused by either chromosomal
translocations to théGH@ locus or interstitial deletions upstream G&LF2 juxtaposing
CRLF2with the P2RY8regulatory elements in about 5% of childhood ALLs. examine if
the increasedCRLF2 expression in our specimens was caused by the sgmmemic
aberrations, 12 available diagnostic DS ALL samplesrexpressinCRLF2were analyzed
by FISH (Figure 4A)IGH@ translocations were seen in 4 specimens andiiti@rdeletions

in 7. In the remaining sample (#DS-32 Table 2S)yinich the CRLF2 expression level was
just above the threshold, the FISH pattern of CRlappeared normal. Further evidence
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supporting the presence of the deletions is pravidg a statistically significant inverse
correlation betwee@RLF2andP2RY 8expression (p=0.02, Figure 4B).

To test if the deletion caused a fusion betweerP2RRY8and CRLF2we performed RT-PCR
with primers derived from both genes (table 3Sjrakscript fusing the first non-coding exon
of P2RY8and the first exon o€RLF2 prior to the ATG was detected in the two DS pdsien
with the deletion detected by FISH but not in tla¢ignt with the IgH@ translocation (Figure
4C). A similar chimeric transcript was describedaisingle patient with splenic lymphoma,
fusing P2RY8to SOX5resulting in overexpression of SOX5We extended the analysis and
identified the chimeric transcript in seven of Jients with overexpression GRLF2and in
none of 8 samples with no expressionCRLF2 (Table 2S). Thus, consistent with the FISH
findings™, the interstitial deletion is more common than Iji¢@ translocation.

To explore the effect of CRLF2 on gene expressiencampared the 30% of DSALLs with
the highesCRLF2expression and the 30% of DS ALL with the lowERLF2expression in
the AIEOP database. Only 5 probe-sets passed FE3R%f withCRLF2being one of the 5
(Table 5). This is consistent with the finding tletmples that over-expre€RLF2 (red
marks under Figure 1A) do not cluster separataynfDS ALLs that do not expre€&RLF2
Interestingly, theéGJ gene which differentiate these two groups (Foldhgea36.4, Table 5) is
also the most differentiating gene between DS Abd aon DS ALL in our datasets (Table
4S).

Clinical significance of CRLF2 expression in DS ALL

Clinically, children with high/medium expression@RLF2were diagnosed younger (table 6)
than children with no/low expression GRLF2(5.56 vs. 9.87 yrs, p=0.004). No significant
differences between the two groups regarding teei or WBC count at diagnosis were
found. Patients expressitgRLF2tended to have a lower probability for event fraevival

(Supplementary Figure 4S, p=0.12 log-rank test).

Cooperation between JAK2 R683 mutations and CRIbe2rant expression

Among the 53 DS ALL samples for whi€@RLF2expression was available, 10 had somatic
mutations in JAK2 R683. We identified chimerid?2RY8-CRLF2transcripts in three
additional patients witlJAK2 R683 mutations (Table 2S). Thus all mutations oeclin
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specimens with aberrant expressiorC&LF2,supporting our initial hypothesis that CRLF2
may act as type | cytokine receptor for mutated dAK

To examine if CRLF2 and mutated JAK2 cooperate,gererated BaF3 cells that express
hCRLF2 (BaF3-CRLF2) and transduced both BaF3 and3BaRLF2 cells with wild-type
mJak2-FLAG R683S njak2-FLAG and empty vector. As depicted in Figure 5A thess
synergism between CRLF2 and both wt Jak2 and R&&&&ted Jak2, with the best cytokine
independent growth observed in cells expressing ERaAnd the mutated Jak2. These
functional effects on cell growth are reflectedpiotein analysis of the JAK-STAT pathway
(Figure 5B). Interestingly, despite identical lesyeff CRLF2 at the time of transduction, the
levels of CRLF2 were consistently higher in ceflsnsduced with Jak2 compared to empty
vector or parental cells. Examination of STAT5 alak2 phosphorylation five hours after
cytokine withdrawal reveals that when CRLF2 wasregped, phosphorylation levels in cells
transduced with wt Jak2 were increased, while rngk was observed in the already high
phosphorylation levels in cells expressing the negtalak2. The marked advantage in
cytokine independent growth rate of cells co-exgires CRLF2 and R683S Jak2 despite
similar STAT5 phosphorylation may indicate the ilwament of additional signalling
pathways.

To test if the cells expressing CRLF2 and/or eitiveror R683 mutated Jak2 depend on
activated JAK-signaling, we incubated BaF3 cellsnsduced with the different vectors
cultured without IL3 in the presence of differemincentrations of JAK inhibitor 1 (Figure
5C). Although BaF3 cells transduced with CRLF2/yake more sensitive to the inhibitor
compared with the control cells expressing BCR-AB2=0.04, ANOVA), the cells
expressing CRLF2 and mutated Jak2 were the leasitise.

Activating mutations of CRLF2 in DS ALL

To identify additional events leading @RLF2activation we screened 87 diagnostic DS ALL
samples for mutations iICRLF2 (Figure 6). In addition to polymorphisms V136M and
V244M that were present also in remission sampteksia healthy controls, we identified in
three patients a somatic mutation replacing phémyilae 232, located at the
juxtamembraneous domain, with cysteine (F232C).0Bea data was available for one of the
patients (#DS-97) who displayed tiR2YR8-CRLF2transcript. Although F232C induced
constitutive STAT5 phosphorylation in cytokine depd BaF3 cells (Figure 6E) it did not

provide a consistent survival advantage; While muyrthe first few days after cytokine
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withdrawal more cells expressing F232C CRLF2 wéinee a&ompared with cells expressing
wt CRLF2, at day 7 almost all BaF3 cells were dd€adt shown). To examine the

collaboration with wt Jak2, BaF3 cells stably exsieg wt Jak2 were transduced with
retroviral vectors expressing either wt CRLF or FR3CRLF2 (Figure 6D, E). In the

presence of exogenous wt Jak2, there was aboegriiffold increase in the growth rate of
cells expressing the mutant CRLF2 compared witrsghexpressing wt CRLF2 (p=0.02,
paired t-test). Together these observations demaiaghat the F232C CRLF2 activates JAK-
STAT signaling and cooperates with JAK2 to provilgnificant growth advantage in a

cytokine deprived environment.

DISCUSSION

Here we report the results of a genome wide stud{p® ALL based on a dataset of
unprecedented size. Unexpectedly, the moleculangifipe obtained by gene expression
profiling is strikingly less homogeneous in DS Athan any of the common genetic subtypes
of childhood BCP ALLs. However, despite this hetgnoeity, we describe a major feature
that is shared by up to two-thirds of the patieritse aberrant expression of the wt or mutated
cytokine recepto€RLF2and its association with mutationsJAK2

That DS ALL is less uniform than the specific DS@dated myeloid leukemia has been
suggested by a large cytogenetic study performeth®yiBFM-SG? However, neither that
study, nor the genomic analysis reported here a@vipusly'® explain the level of
inhomogeneity in gene expression. Even those DSsAtHat clustered together were not
similar to each other. Such heterogeneity suggisis unlike the common aberrations of
childhood ALL (TEL-AMLY, Hyperdiploidy,E2A-PBX1etc), constitutional trisomy 21 is not
a typical initiating event. Rather, DS is a predspg condition to multiple genetic subtypes
of BCP ALLs.

To identify genes and pathways common to DS ALLshage generated a DS ALL gene
expression signature, exploiting the advantageawiny several datasetSRLF2is one of the
three genes most differentiating between DS andD®mLLs. Confirming the expression of
CRLF2RNA and protein in DS ALLs and extending these olmtons to patients for whom
array data was not available, we observed increagpdession ofCRLF2in 62% of 53
patients with DS ALL. These data are corroboratgdhe recent report describing IGH@
translocations or interstitial deletions upstreanCRLF2in 5% of non selected childhood
ALL, and in 35 of 68 DS ALL (52%) consecutively etled in UK treatment protocd($
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We report that the interstitial deletion resultgusion transcript in which the first non-coding
exon of P2YRS8fuses to the coding region QRLF2 thereby drivingCRLF2 expression by
the P2YR8promoter. A similar mechanism was reported in alsirpatient with splenic
lymphoma andP2YR8-SOXZusior* and is reminiscent of the comm@iL-SCL (STIL-
TAL1) rearrangement in T-AL¥. Cloning of the genomic breakpoints is required to
determine if, likeSIL-SCLthe deletion is caused by aberrant V(D)J activity.

Although we do not have genomic data for@RLF2expressing samples, the FISH and RT-
PCR results of 17 out of 33 specimens overexprgs€RLF2 the inverse correlation
betweenCRLF2andP2YRY &xpression and the similar frequencyGRLF2overexpression
in our and Russell's et'&ltwo independent cohorts, suggest that most, ifatiptaberrant
CRLF2expression is caused by genomic rearrangements.

CRLF2 dimerizes with IL7RA to form the receptortttymic stromal-derived lymphopoietin
(TSLP), an epithelial derived cytokine that playsrade in inflammation and lymphoid
development? **3*°The expression df.7RAon the leukemic blasts suggest that some of the
aberrantly expressed CRLF2 may interact with IL7&Ad form a TSLP receptor on the
leukemic cells. However we also demonstrate thatF2Rcooperates with Jak2 to transform
BaF3 cells lacking expression of IL7RA (Figure S5AdaSupplementary Figure 5S). This
suggests that CRLF2 may act independently of IL7Rdssibly through homo-dimerization
similar to other type | cytokine receptors.

We report an unusual cooperation between CRLFZatapically expressed wt Jak2 in BaF3
cells, a phenomenon not observed with other typgtdkine receptors such as EPOR or
TPOR. CRLF2 is an atypical type | cytokine receptimait contains only one of the two
"boxes" that mediate binding of JAK enzymes ang @mle tyrosine in its C-terminal domain.
Hence it is a weak activator of JAK236. This maplain the requirements for higher levels
of Jak2 for activation of the Jak-Stat pathwayetestingly the levels of CRLF2 were higher
in the presence of ectopically expressed wt or tadtalak2. Positive regulation of the
expression of a type | cytokine receptor by JAK# @agk2 was previously reportéd>® Thus
one mechanism by which Jak2 may cooperate with @R&By increasing the expression of
the latter.

We observed two acquired events associated withnitreased expression GRLF2 The
most common event is activating "lymphoid" somateitation in JAK2 All DS ALLs
specimens witdAK2 mutations in our series and in the cohort repopteussell et & had

aberrant expression dERLF2 strongly implying that CRLF2 is the cytokine rpter
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cooperating with R683 mutated JAK2. Indeed, in Baly®kine weaning assays, only the
combination of CRLF2 and mutated Jak2 lead to aispleytokine independent growth,
demonstrating for the first time that these twot@irts cooperate in providing growth and
survival advantage.

The second less common event is an activating rootah CRLF2 Weinstock et &f
reported an E40G activating somatic mutatiolCRLF2in a single patient with adult BCP
ALL. We now found that 3 of the 33 patients with BEL overexpressingCRLF2 have a
somatic mutation replacing phenylalanine in thetgmembrane position 232 by cysteine.
This mutation caused constitutive phosphorylatib® BATS5 associated with robust cytokine
independent growth of BaF3 cells ectopically tramsdi with wt Jak2. Introduction of
cysteines in this region in the erythropoietin pgoe, another type | cytokine receptor
signaling through JAK2, caused its constitutivevation by enhancing ligand independent
dimerization®*

Although several scenarios may be possible, a nadd® model (Figure 7) is that the
overexpression o€RLF2is the first event occurring in about 60% of DS Aphtients. The
expanded pre-leukemic clone then acquires additigeaetic aberrations, among them an
activating mutation iRJAK2 or CRLF2 or thus far unidentified events that may involve th
JAK-STAT pathway. This model explains three key eslaations: (a) All samples with
mutatedJAK2 and the only evaluable patient with muta@@LF2also had aberrant CRLF2
expression (b) ManZRLF2overexpressing samples do not have mutatialAik2(c) In one
reported patient 10 an aberr&@RLF2genomic rearrangement was present at diagnosig whil
mutant JAK2 was present only in the relapse sample.

The most intriguing question is why there is a deain10-fold increase in genomic lesions
causingCRLF2overexpression in DS (60% in DS ALL compared withh B sporadic ALL)
and how this relates to trisomy 21? Only a singéa21 geneSONwas included in the DS
ALL signature and it was only slightly (1.3) upréatied (see Table 4S). Indeed we found no
major difference in the gene expression from tisomnic chromosome 21 between DS ALL
and HD-ALL (data not shown). Yet our data suggéiség DS ALL and HD-ALL are to a
great extent different leukemias. There are obvidusdamental differences between
constitutional and acquired trisofiysuch as the developmental stage in which thentyso
occurs and the fact that a constitutional trisomytiesent both in the leukemia cells and in

their microenvironment.
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Regardless the role of the constitutional trisoowy, data generates an intriguing hypothesis.
We observe a significant enrichment in DNA damagd &epair genes in DS ALL and
identify increased expression and clear "footpriof" BCL6 in these leukemias. BCL6
regulates the germinal center B cell maturatiomough its effects on the DNA damage
response. Recent studies by Muschen“dsalggest for the first time a role for BCL6 in BCP
ALL. We speculate that DS may predispose to ALLotlgh B cell lymphocytic specific
genomic instability involvindBCL6. The signatures of BCL6 and the DNA damage respons
pathway may be related to previous reports on iregagellular response to DNA damage in
DS* and to the increased prevalencdgi@ chromosomal translocation in DS A’L*> At
present, however, it is impossible to determindné&BCL6 signature precedes or follows the
CRLF2 rearrangements. As high expressionGR2LF2 blocks B cell differentiatiotf, one
cannot exclude the possibility that it causes atbgmental arrest of the preleukemic cell in a
stage in whiclBCL6is active. Distinguishing between these two hypséisewill require the
identification and study of pre-leukemic cells mldren with DS.

Finally our data imply that therapeutics targeti®K-STAT signaling may be of potential
benefit to the majority of DS ALLs not limited ontp those with mutated JAK2. Although
we demonstrate that BaF3 cells co-expressing CRitfemutated Jak2 are more susceptible
to JAK inhibitor 1 than cells transformed with BGBL, they were relatively resistant in
comparison with cells transformed only with mutaték2. This preliminary observation
requires further testing in primary leukemic cells.may indicate that targeting other
pathways activated by CRLF2 or the utilization oftiaCRLF2 specific antibodies will
synergize with JAK2 inhibitors in treatment of DI.IAand non-DS ALL with aberrant
CRLF2expression.
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TABLES

Table 1. Description of the gene expression dataswlyzed

Dataset No. DS ALL | HD | TEL- Other platform
Symbol samples AML1
AIEOP 97 25 26 29 E2A-PBX1 | Affymetrix
6 MLL HG- U133 Plus 2.0
7BCR-ABL
ICH 15 6 5 4 Affymetrix
HG- U133 Plus 2.0
BFM' 7 7
Affymetrix
+ StJud® | 29 12 |17 HG-U133A
IL 27 11 10 6 Affymetrix
Exon 1.0 ST

* |L is partially overlapping with AIEOP (5 DS ALLgnd BFM (4 different DS ALLS). Abbreviations: AIEOP
Associazione Italiana Ematologia Oncologia PediatriCH — Institute Child Health; BFM — Berlin Fidart
Munster; IL- Israel

Table 2. GSEA for genes of the DS ALL expressigmature, identified from the AIEOP dataset, in ¢hother
datasets

DS ALL up-regulated

genes ES (enrichment score) Nominal p-value FDRIlgev
ICH dataset 0.437993 0.01002 0.008979
IL dataset 0.361621 0.035124 0.022851
BFM dataset 0.344479 0.001996 0.009101
DS ALL down-regulated

genes
ICH dataset -0.50601554 0.005617978 0.012959
IL dataset -0.5008136 0.01192843 0.006397
BFM dataset -0.55240697 0.001976285 0.001131
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Table 3. Gene ontology pathways over-representétkinlifferential DS ALL signature. For details sable 6S

Gene Ontlology Group SizZeP Value | FDR
GO:0006974~ response to DNA damage stimulysl6 | 0.000503| 0.77%
G0:0006397~ mRNA processing 13 | 0.001857| 2.80%
G0:0015031~ protein transport 24 | 0.00216 | 3.30%
G0:0008104~ protein localization 26 | 0.002438| 3.70%
GO0:0046907~ intracellular transport 24 | 0.002913| 4.40%
G0:0065003~ macromolecular complex assembl20 | 0.003825| 5.80%
G0:0051649~ establishment of cellular localizati®®i7 | 0.005078| 7.60%
G0:0043067~ regulation of programmed cell degfl® | 0.006188| 9.10%

Table 4. Enrichment of BCL6 related gene expressignatures and direct targets in DS ALL profilengs
(FDR < 15%).

Oncomine "Molecular Concepts" enriched in| Size P-value Q-value
DS ALL up-regulated genes
EREB Lymphoblastoid CellLine BCL6
transfection top 10% over-expres$éd 17 | 0.003733 0.06533
Ramos Burkitt Lymphoma CellLine BCL6 Pest
mutant top 5% under-expressed in Anti 1G# 11 | 0.01138 0.09962
Lymphoma BCL6 break top 5% over-expressed 11 | 0.01866 0.1291
Lymphoma BCL6 break top 10% over-expressedl7 | 0.02213 0.1291
BCLS6 direct targets 11 0.02951 0.1291
Oncomine "Molecular Concepts" enriched in
DS ALL down-regulated genes
Lymphoma BCL6 break top 10% under-
expressed 36 | 7.89x1¢ | 0.00209
EREB Lymphoblastoid CellLine BCL6
transfection top 10% under-expres$ed 26 | 0.00011 0.00209
Lymphoma BCL6 break top 5% under-expre$sed®0 | 0.001007 0.009569
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Table 5. CRLF2 differentiating genes. List of sttitially significant differentiating genes (FDR 3p%etween 8
DS ALL samples with highesSERLF2 expression and 8 DS ALL samples with lowERLF2 expression in
AIEOP dataset. The fold change value is betweemigs@n expression in the two groups

Gene Fold
Probe set Id] Symbol Description Band | change
212592 at |1GJ immunoglobulin J chain 4913.3| 36.4
208303 _s_at CRLF2 cytokine receptor-like factor 2 isoform 1]  Xp22.83.4B
244871 s at USP32 ubiquitin specific protease 32 17923|2 2.77
221523 s at RRAGD Ras-related GTP binding D 60915 0.551
208765 _s_at HNRNPR 1p36.12 | 0.716

Table 6. Clinical and diagnostic characteristicpatients with DS ALL with high/medium expressidnGRLF2

vs. low/no expression @RLF2

No/low CRLF2 | High/mediumCRLF2 value
expression (n=20) expression (n=33) b
Male 11 17 a
Sex Female 9 16 1
'\("Seg)“ 9.87 (1.21) 5.56 (0.67)
Age (years)—y = 0.004
11.62 (1.74-18.7 4.06 (1.99-20.22)
(range)
White blood| Mean
cell count at (SE) 41613 (8733) 39792 (9738) 0302
diagnosis | Median 23900 (2400- '
(celliul) (range) 130000) 18930 (1500-259000)
JAK2 R683 Yes 0 10 a
mutations No 20 22 0.008

@ According to Fisher's exact test
® According to Mann-Whitney U test
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FIGURES

Figure 1. Unsupervised analysis of the AIEOP datase
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(A) Samples’ Euclidian distance matrix. The cdloeach entry (i,j) represents the Euclidian distahetween
the expression profiles of samples i and j. It wasasured after centering and normalization of earhple’s
expression, using 1500 probe sets with highestlataindeviation. The samples are ordered by SPIRgaboth

the xaxis and y-axis. The color bars next to bodsaepresent the different ALL subtypes, listedtanright of

the Figure. The blue marks at bottom specify DS Addmples with mutant JAK2 (J2m), and the red marks
specify samples with higBRLF2expression levels (CRLF2) (see results sectio@RhF2).

(B) Projection of all samples onto the first thigdnciple components of the expression. AbbreviaioDS:
Down Syndrome ALL; J2m: Down Syndrome ALL with mtgd JAK2 R683; HD: High Hyperdiploid; TEL:
TEL-AML1; BCR: BCRABL; E2A: E2A-PBX1; MLL: MLL-AF4;
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Figure 2. DS ALL gene expression profile.
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(A) GSEA analysis on ICH data set. Genes are cfkettom of panel, gray) according to their expi@s in
DS ALL samples vs. the rest of the samples, by GSEMhg the default parameters. The members oha get
S (here - the set of 535 genes down-regulated i\DIS AIEOP data) are tested: are they randomlyriisted
in the ranked gene list, or primarily found at thp or bottom. Occurrences of members of the geh& sn the
ranked gene list are shown as vertical black ladesve the ranked signature. The green curve aneryppxis
represent the enrichment score (ES) as a funcfisheonumber of ranked genes tested for enrichraégene
set S. See Supplementary Methods for full detaés.

(B) Expression levels of the genes from the refiB&l ALL lists, measured on the AIEOP dataset. 4&1H@
sets that belong to the refined DS ALL profile gdiets are centered and normalized. Values for @adiwidual
case are represented by a color, with red repriegetiéviation above the mean and blue represedgwvgation
below the mean. The colors along the x-axis reptetbe different ALL subtypes, listed on the rigifithe plot.

Abbreviations: DS: Down Syndrome ALL; HD: High Hypkploid; TEL: TEL-AML1; BCR: BCR-ABL; E2A:
E2A-PBX1; MLL: MLLAF4;
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Figure 3.CRLF2expression in DS ALL.
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(A) CRLF2expression in the AIEOP (i), BFM (ii), ICH (iii)adasets. The y-axis represe@RLF2Log basis 2
expression. The x-axis represents the different Auhtypes. Each point corresponds to a sampleblBio& line
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in each ALL subtype is th€RLF2 mean (Log basis 2) expression in this subtype. figight of the blue
rectangle in each ALL subtype is the measured stahdeviation ofCRLF2(Log basis 2) expression. DS ALL
versus all other ALL yielded t-test P values of<d.@-11, 2.2 x10-7, 5.6 x10-5 for AIEOP (i), BFM)(@nd ICH

(iii), respectively. Abbreviations: DS: Down Syndne ALL; HD: High Hyperdiploid; TEL: TELAML1; BCR:
BCR-ABL; E2A: E2A-PBX1; MLL: MLL-AF4;

(B) IL7RA expression in the AIEOP (i), BFM (ii), K (iii) datasets. There are no statistically sigpaifit
differences between DS and non DS ALLs.

(C) Verification of CRLF2 expression levels by qRT-PCR. Bars represent gRR-ERLF2 expression levels
(left Y-axis- fold change relative to patient #D3-1the lowesICRLF2 expresser). Rhombuses represent gene
expression array€RLF2 expression levels (right Y-axis- Log basis 2). Rmtspatients with JAK2 R683
mutation; Blue bars- patients with CRLF2 F232C riatasee Figure 6; "Rem'€RLF2 levels of available
remission samples (patients #DS- 19 and #DS-20QNT'- Control- CRLF2 expression levels in peripheral
white blood cells of healthy donors.

(D) CRLF2 and IL7RA protein expression on the scefaf DS ALL leukemic blasts. Left panel — Deltaane
fluorescence intensity of the signal detected byftytometry using specific anti-CRLF2 antibodiesnpared

to background unspecific staining (see Methodsjlicating an apparent association between the JAK2
mutational status and the level of expression oLEERon DS ALL blasts.; right panel — Dot plot of dw
representative CRLF2 and IL7RA co-stainings. IL7RAhighly expressed on leukemic blasts independént
JAK2 mutational status and level of CRLF2 exprassioall cases examined. wt: wild-type, mut: mujdt:

heterozygous, hom: homozygous.

Figure 4. Genomic analysis of CRLF2 aberrations.

CRLF2

PZRYE

(A) FISH analysis of DS ALL expressinGRLF2 (i-ii) IGH@-CRLF2 translocation, patient # DS-85: (i)
Metaphase showing a positive result with the LSH@ break-apart rearrangement probe (Abbot Molegular
normal chromosome 14 (yellow arrow) derived chroomos 14 (red arrow), derived X chromosome (green
arrow). (ii) Interphase nucleus from the same patig/bridized with the homegrow@RLF2 probe showing a

split signal pattern, 1R1G1F confirming its invaivent in the translocation [1 fusion signal (yellawow), 1
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red signal (red arrow) and 1 green signal (greeawdj. (iii-iv) CRLF2 microdeletion, patient # DS-82 (iii)
Interphase nucleus hybridized with the IGH@ probevwsng the normal OROG2F signal pattern 38 configni
the presence of two normal copies of IGH@. (ivetphase nucleus from the same patient hybridiz¢i tive
homegrownCRLF2 probe showing the deletion of the green portiothefprobe [1 red signal (red arrow) and 1
fusion signal (yellow arrow)] denoting the presenta centromeric interstitial deletion.

(B) CRLF2 and P2RY8expression in DS ALL samples. Centered and nomedliog basis 2 expression of
CRLF2andP2RY8along DS ALL samples in AIEOP data set. Valuesefach individual case are represented
by a color, with red representing deviation abdwermean and blue representing deviation below #enmThe
samples are sorted using SPIN. Pearson correlagiweenrCRLF2andP2RY8-0.45 (P = 0.02),

TEAGTGACCACGEC TTGCAAGCTGETGECTGECCCCCOGAGTCCC
GEECTCTGAGGCACGGCCETCGACT TAAGCGTTGCATCCTGTTAC

CTGEAGACCCTCTGAGCTCTCACCTGCTACTTCTGCCGCTGCTTC

L J
| TGCACAGGCATGEGGCEECTGGT TCTGCTGTGGEGAGCTGCC
CRLFZRO1 I
GGATGGCTTTGGEGCAAGGAGGAGCAGCA

GAAGGAGTACAGATTCAGATCATCTACTTCAATTTAGAAACCGTG

CAGGTGACATGGAATGOCAGCARATACTCCAGGAC CARACCTGACT
CRLF2R03

I
TTCCACTACAGATTCAACGETGATGAGGCCTA
TTCTCCAGGAAGGTCACACTTCGGGGTGCCTCCTAGAC
CRLF2RO2
GCAGAGCAGCGAGACGACATTCTCTA

GCACCCCGITTITCACCGCRARGTCGCTGGATGGTTTATTACT

cC
I CRLE2 JL3RA ASMTL P2RYS
4—l T el | ."_'.;I
oL SLC2546
CRLF2 "~ P2RY3 -
| exvﬁl exil exd | 91;3| ex2| exl e::l
.‘—I
i PaRYEFU! ii

GGERAGGECAGOCGTCTGOOGCOCACGAACACCTTCTCAAGCACTT A B C

123B123B1238

474

219
bp

390
bp

(C) Detection of tha?2RY8-CRLFZXusion transcript. (i) schematic

representatiorthaf deletion break point

region at the telomeric end of chromosome X/Y vgtne locations. The dashed lines represent thengeno

deletion leading to the fusion of the first non itmdexon ofP2RY8and to the first (coding) exon &RLF2
(iRT-PCR experiments on cDNA of DS patients. karl-3 DS diagnostic ALL samples (#DS93, #DS82 with
FISH determined deletion and #DS92 with FISH deteedh IgH@ translocation, respectively) lane 4: EBlan
The three patient samples were positive for ABL Eioption (not shown). Primer sets used are: PZ9RY8
FO01/CRLF2R01; B)P2RY8F01/CRLF2R02; C)P2RY8F01CRLF2R03 shown on the sequence on the left
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(il). Chimeric transcripts are present in the finsb lanes of each set. (ii)Nucleotide sequencihthe largest
PCR fragment confirming the fusion transcript; icat lines indicate exon boundries, the arrowhewsticates
the P2RY8-CRLF2Zranscript junction. As seen the fusion is jusstogam to the ATG 0€CRLF2 Reference
sequences are respectivéli2RY8001 (ENST00000381297) 39 a@RLF2001 (ENST00000400841). Boxed

sequence around the transcript junction is reptedéan the electropherogram on the right lower ¢ide

Figure 5. Functional significance of CRLF2 expressi

Jak2 R683S CRLE?2 = .
-= BaF3-CRLF2 B
Jak2 wt

A 0 B
=~ BaF3-CRLF2 Jak2 R683S
"] -#- BaFJ Jak2 R683S
% EV JakZwt  Jak2 REB3E
..g - BaF3-CRLF2 Jak2 wt L3 +
P -#- BaF3 Jak2 wt szm_ ° + - - i T %
rd |
— —
—~ BaF).CRLF2EV Jak2 :"‘"" = - ‘« .
- BaF3EV
p—Jak2 p— - -
STATS X R —E—2—% 8 A
C 2004 i . l
= -+ BaF3-EpoR p-STATS -
| BCR-ABL
g ) — BaF3-CRLF2
2 3 Jak? R683s FLAG “-'l -
® 1008 - BaF3
3
kS
[]
n

Q-tUDUTIN [

00 04 02 03 04 05
Jak Inhibitor | (uM)

(A) Cytokine withdrawal assay of BaF3 and BaF3-ERlIcells infected with either empty vector (EV), use
FLAG-Jak2 wild-type (wt) or mouse FLAG-Jak2 R68Esror bars represent SE.

(B) Constitutive activation of the JAK-STATS pathywén BaF3 and BaF3-CRLF2 cells expressing mouse
FLAG-Jak2 wild-type (wt) or R683S, after 5 hoursaytokines deprivation. "IL3+" are cells harvestdter 5
hours of interleukin 3 deprivation followed by 15mutes of interleukin 3 stimulation.

(C) Effect of JAK inhibitor | on growth of BaF3 delexpressing Jak2 R683S and BaF3-CRLF2 cells exjmg
either wild-type Jak2 or Jak2 R683S.
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Figure 6. Mutations of CRLF2 in patients with Dogyndrome-associated acute lymphoblastic leukemia.
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(A) Example of sequences depicting the F232C in ERIThe F232C (arrowed) is present at diagnosisibtt

in remission. The wild-type sequence denotes positdof both nucleotides and amino-acids.

(B) Expression of CRLF2 F232C mutation. Examplegved patients- in one (i) both alleles, wild-typada

mutated, are expressed, while in the other (iiy diné mutated allele is expressed. 40

(C) Schematic presentation of CRLF2. “SP”- Signaptide, “EC"- Extra-cellular region, “TM"- trans-

membrane region, “Cy”- cytoplasmic region. Numhiedicate amino-acids position.
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(D) Cytokine withdrawal assay of BaF3 cells staleiypressing wild-type mouse FLAG-Jak2, that were
transduced with either wild-type human CRLF2 or Bun€RLF2 F232C. Error bars represent SE.

(E) Constitutive activation of the JAK-STAT5 pathyvim BaF3 cells expressing wild-type mouse FLAGZ2Jak
and either wild-type human CRLF2 (wt) or human CRLF232C (F232C), after 5 hours of cytokines
deprivation. IL3 + are cells harvested after 5 oaf interleukin 3 deprivation followed by 15 miest of

interleukin 3 stimulation.

Figure 7. CRLF2 in DS ALL — a model.
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Increased CRLF2 expression caused by genomic aioerris followed by progression event consisting of
activating mutations in CRLF2, in JAK2 or othereadttions in yet unidentified kinases. The percesgag the
figure are approximations based on combinatiomefdata in our manuscript and in Russell et al.10

For all supplementary materials see:

http://bloodjournal.hematologylibrary.org/cgi/contéull/blood-2009-08-235408/DC1
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CHAPTER 3

Combined P2RY8-CRLF2 Fusion andCRLF2 Overexpression As a New
Marker of Poor Prognosis for Children with intermediate risk BCP ALL

Chiara Palmi, Elena Vendramini, Daniela SilvedBiulia Longinotti, AnnaMaria Di Meglio, Daniela Bon,
Emanuela Giarin, V Rossi, Anna Lezl, Grazia Fa8dyia Bungaro, Shai Israeli, Giuseppe Basso, Aadre

Biondi, Maria Grazia Valsecchi, Valentino Conteedgtruy te Kronnie, Gianni Cazzaniga.

UNDER SUBMISSION

ABSTRACT

Purpose

Treatment of pediatric BCP ALL is increasingly sessful, achieving cure rates of over 80%.
However, relapse is still the most frequent adveksnt, occurring mostly in patients initially
stratified as at intermediate risk emphasizing tieed for upfront identification of these
patients. Recently, overexpression and geneticraiimms related toCRLF2 have been
proposed as new markers for the identification aifgmts with poor prognosis. We analyzed
the incidence and prognostic impact of these patienew markers in BCP ALL Italian
patients enrolled into the AIEOP-BFM ALL2000 study.

Patients and Methods

A representative study cohort of 464 non DS andPion BCP ALL patients from the AIEOP
ALL-2000 cohort was analyzed for the expressiorelewfCRLF2and for the occurrence of
CRLF2rearrangements. Positive patients were analyzedA&2 and CRLF2 mutations and
for recurrenDNA copy numbevariations

Results

In 22 out of 464 samples (4,7%)RLF2 expression levels were 20 times higher than the
overall median, and these patients had a cumulatoidence of relapse of 37,1% compared
to 15,2% in the rest of the cohort. TGRLF2related genetic aberrancies were more frequent
in CRLF2overexpressed patients (50% vs 3.5%) and the presaP2RY8-CRLFZusion
gene strongly contributes to the adverse outcome4@8%). Among Intermediate risk
patients with high levels o€RLF2, the P2RY8-CRLF2rearrangements occurred with a
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frequency of 53% and this association significardntributed to the reduced EFS for
patients with RLF2andP2RY8-CRLF2earrangements (37.5%).

Conclusion

The P2RY8-CRLFZearrangement in association with 20 times overesgion ofCRLF2
identifies BCP ALL patients with a very poor progi®and identifies an important subset of

patients currently stratified as intermediate rggktients that need to be considered for
treatment adaptation.
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INTRODUCTION

Despite cure rates of more than 80%, the prognaisishildren with acute lymphoblastic
leukaemia (ALL) who relapse after treatment is oryound 30% Therefore, the
identification of better upfront prognostic factoesnains a formidable challenge in childhood
ALL.

Genetic alterations have been identified as keyofacin the pathogenesis of Afland
provide essential diagnostic and prognostic halsidhat have been incorporated in risk
stratification of patient for treatméniMoreover, genetic alterations are suggestedfaving
the potential for the development of targeted theusic approaches.

Recently, in a subset of BCP ALL patients withomown chromosomal aberrations new
genomic abnormalities have been reported that wevtiie pseudoautosomal region (PAR1)
of the sex chromosomes, leading to dereguld@®lF2 signaling. These abnormalities
include small deletions within PAR1 as well as slanations of this region with the IGH@
locus on chromosome 14 Several studies provided evidence for the mestiaasis of the
overexpression oERLF2 as a consequence of these chromosomal abnoasaliihne PAR1
deletion juxtaposes the first non-coding exo®P2RY 8to the first exon oCRLF2,leading to
CRLF2 expression driven by the promoter B2RY8 whereas translocation of the PAR1
region to the IGH@ locus bringSRLF2 under the control ofGH@ enhancer elements.
ElevatedCRLF2expression was further associated wi#K2 andCRLF2point mutation$ &,
Interestingly, CRLF2 overexpression correlated with poor outcome irhitigk BCP ALL
patients.

Here we present data on the incidence and progniogpact of CRLF2 pathway aberrations
andCRLF2overexpression at diagnosis and relapse in 464 BPltalian children treated
on the AIEOP-BFM ALL2000 protocaol.

CRLF2 aberration seems to represent a new prognostikemar childhood BCP ALL, and
inhibition of CRLF2-JAK2 signaling has the potehtia become a therapeutic approach for
this subgroup of patients.

PATIENTS AND METHODS
Patients

B Cell Precursor Acute Lymphoblastic Leukaemia (B8BL) patients enrolled in the

AIEOP (Associazione ltaliana Ematologia Oncologiedigtrica Group) ALL 2000 study
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from February 2003 to July 2005 were included ia gtudy cohort. Patients with Down
Syndrome and patients with t(9;22) were excludadgbosis was made according to standard
cytomorphology, cytochemistry and immunophenotygiteria®. Diagnostic bone marrow
specimens were available for 464 BCP ALL patieats] relapse specimens were available
for 34 patients of the study cohort. DNA and RNArevesolated from mononuclear cells and
cDNA was synthesized according to standard metlgydn{ed). Data on routinely tested
recurrent genomic aberrations and DNA index oftbtals was available for most patients.
The local ethics committees approved the studyiaftdmed consent was obtained for all
patients.

The 464 patients cohort has a balanced gender gy prevalence of patients below 5
years of age and a prevalence of low WBC count ,G@&iell/ul). The majority of patients
were good prednisone responders (93.6%), more hibHrof the patients were intermediate
risk by PCR-MRD (60.2%) and included on intermegliask final protocol strata (64,7%).
Clinical characteristics of the study cohort (Taltleand cumulative incidence of relapse
(Supplementary Figure.1) were representative ferthtire AIEOP-ALL 2000 study cohort.

Protocol stratification

Definition of patients risk groups was as it folewrhe high-risk group included patients
with any of the following criteria: t(4;11) or MLAF4; prednisone poor responsel (000
blasts/uL on day 8 peripheral blood after 7 dayprefdnisone and one dose of intrathecal
methotrexate on day linability to achieve clinical remission after Indion; high burden
(>10°) of PCR-MRD at day 78. The standard-risk groupuided patients who lacked high-
risk criteria and tested negative by PCR-MRD pented by using two sensitive markers
(>1x10% at both day 33 and day 78. The intermediate-gisiup included the remaining
patients, and those not evaluated by PCR-MRD. PGMvas detected by real-time
quantitative polymerase chain reaction (RQ-PCRj)eckptor gene rearrangements, in bone
marrow samples collected at the end of inducticespk TP1 (day 33), and TP2 (day 78); data
were interpreted according to published guidefihes

Quantitative expression of CRLF2

CRLF2transcript levels on diagnostic and relapse sampére analyzed using the TagMan
Gene Expression Assay Hs00913509 sl (Applied Biesys Foster City, CA, US); the
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housekeepingsUS genetranscript was tested as an internal control bypgisihe Universal
Probe Library (UPL) system (Roche Diagnostics, Basawitzerland), following the
manufacturers’ instructions. Each cDNA sample (2R§A equivalent) was tested in
duplicate.Relative gene expression (indicatedfalsl changg was quantified by the ™'
method? The DDCt were calculated subtracting the medfa@ DCt of all (n=464) tested

patients at diagnosis to the DCt of each sample.

CRLF2 rearrangements

The presence of the fusion transc@RY8-CRLFas resulting from the PAR1 deletion, was
analyzed by RT-PCR wusing primers designed in thest fiexon of P2RY8 (5'-
GGACAGATGGAACTGGAAGG-3) and the third exon of CRLF2 (5'-
GTCCCATTCCTGATGGAGAA-3’). PCR product was approxirely 511bp.

Fluorescence in situ hybridization (FISH) on intepe nuclei was performed on 24
diagnostic samples, using the Vysis UGH Dual Color Break-Apart Rearrangement Probe
(Abbott Molecular) and the CEP® Chromosomes EnutierédProbes DNA FISH Probe to
detect chromosome X (Abbott Molecular). The nuatere counterstained with DAPI (4’, 6-
diamino-2-phenylindol). Results were recorded usiag fluorescence Leica DMRB
miscroscope fitted with a 100x/1.30 oil objecti@CD camera and digital imaging software

from Metasystem (ISIS, FISH imaging system).

Other genetic aberrations

High Resolution Melting (HRM) analysis was perfodrte identify JAK2 mutations in exon
16 on 160 samples at diagnosis and 60 at relapsg tiee High Resolution Melting Master
and the LightCyclét 480 (Roche Diagnostics), following the manufaatsrénstructions.
DNA from a pool of peripheral blood buffy coat oédity donors was used as wild type
reference, while DNA from the MUTZ5 human cell lifBSMZ), carrying R683G Jak2
mutation was used as a positive control. All tlegifnents with abnormal melting profile were
sequencedlhe PCR products wedoned by the Zero Blunt® PCR Cloning Kit (Invitrem)
following the manufacturer’s instructions and theeqguenced using th&BI-3130 Genetic
AnalyzerinstrumentiApplied Biosystems)

Patients positive foOERLF2 overexpression and/@RLF2rearrangements at diagnosis were

analysed foDNA copy numbevariationsof the gendKZF1, frequently deleted in BCP ALL
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patients, by Multiplex Ligation-dependent Probe Aifigation (MLPA) technique,using
100ng of DNA andthe Salsa MLPA kit P335-A3 ALL-IKZF1 kit (MRC-Holfad,
Amsterdam, the Netherlands)ccording to the manufacturer’s instructions. Sasf ALL
pediatric patients in complete remission were wsedild type controls. The fragments were
separatedvith the ABI-3130 Genetic Analyzanstrument(Applied Biosystems) and data

analysed using the Coffalyser software (http:/folga.com/coffalyser).

Statistical analysis

To analyze patients’ clinical outcome in relatianthe various parameters analyzed in this
study, a statistical method was used that calcildte development of relapse over a period
of time. The Relapse Cumulative Incidence (CRIyvesrwere estimated by the Kaplan-Meier

method; the starting point of the observation tinas the date of diagnosis.

RESULTS
CRLF2 expression and genomic aberrations at diaignos

CRLF2 expression evaluated by RQ-PCR on 464 pediatriLB-patients at diagnosis
ranged from 0.01 to 800 fold change compared tatezall median value. In particular, 111
cases (24.0%) were 3 times higher than the me@&nases (14.6%) 5 times higher, 39 cases
(8.5%) 10 times higher and 22 (4.7%) cases 20 timgker than the median value. The
comparison of Event Free Survival (EFS) and Cunuddncidence of Relapse (CIR) of each
subgroup (see below and supplementary figure 2livel to the ‘rest’ showed a significant
difference only for theCRLF2 >20 times expression group which was here after dame
“hiCRLF2” . HICRLF2 patients had a mean age of 5.9 years (mediarad®mean WBC of
14,144 cell/ul (median 8,245 cell/ul) at time chginosis.

The P2RY8-CRLF2earrangement was detected in 22/365 cases o{@@db), and in 10 out
of 20 cases within theiCRLF2group (50.0%). Patients carrying the fusion geag & mean
age of 5.9 years (median 4.9) and mean WBC of BLcél/pl (median 11,150 cell/pl) at
time of diagnosis.

The IGH@ translocations were identified by FISHwWo samples out of 24 tested; samples
tested had variable CRLF2 expression; withinhil@RLF2 group one out of eight (negative
for P2RY8-CRLF2)vas positive for the translocation (Fig. 1A). Fourteen patiest®wed
additional chromosomes X and/or 14, and three pistiead a deletion of the IGH@ locus.
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All hiCRLF2 patients were negative for the recurring chromaadotranslocations t(4;11),
t(9;22) and t(12;21), while 3/1ZRLFZ2low expressing,P2RY8-CRLF2positive patients
(25.0%) carried the t(12;21) translocation. All PAReleted patients had DNA index <1.16,
while 5/22hiCRLF2patients were classified as high hyperdiploid.

In 5/157 cases (3.2%) we observed JAK2 mutation® (R683G, one R683S and two
insertion mutations). In particular 3/5 mutationsrevidentified inhiCRLF2 patientsP2RY 8-
CRLF2 positive 1/5in a hiCRLF2 patientP2RY8-CRLFZegativeand 1/5 in aCRLF2low
expressing patie®2RY8-CRLF2ositive. TheCRLF2F232C mutation was detected in two
hiCRLF2patients, positive foP2RY8-CRLFand forlIKZF1 deletions (Fig 1B and 1C).

No significative differences in the frequency ofad®ns inIKZF1 gene was found in patients
positive or negative fOCRLF2overexpression ané2RY8-CRLF2earrangement (Fig 1C ).

Prognostic impact of the CRLF2 gene overexpressiahagnosis.

Eight out of 22hiCRLF2 patients (36,4%) experienced relapse. Kaplan-Meyewival
analysis at 5 years revealed an inferior EFS (62186 vs. 82.6% 1.8, P=0.05) and
increased CIR (37.1%=10.5 vs. 15.2% 1.7, P=0.02hilCRLF2patients (Figure 2 A-B).

Prognostic impact of the P2RY8-CRLF2 fusion gerdiagnosis.

Nine out of 22 patients (40.9%) carrying the fusgame experienced relapse. Kaplan-Meyer
survival analysis at 5 years revealed an inferie£57.2%+10.9 vs. 83.5% +2, P=0.004) and
increased CIR (42.8%+10.9 vs. 14.5% 1.9, P=0.@@1patients carrying the2RY8-CRLF2
fusion gendFigure 2 C-D).

Outcome and risk group

Considering the unfavourable outcome associate@RaF2deregulation in our and other
studies, we analyzed the prognostic valueC&LF2 over expression and PAR1 deletion
within Intermediate risk (IR) patients, the subgrvaaf AIEOP ALL2000 patients with higher
absolute number of relapses and lack of indepermteghostic markers.

Seventeen out 300 (5.6%) patients stratified asdéRCRLF2expression 20 times higher than
the median (hiCRLF2). Thirteen out of 219 (5.95%@rev defined as IR by PCR-MRD
stratification. These patients had a consideraligpdr CIR (42.5%+12.3 vs. 18.3% +2.3,
P=0.04) with respect to IR patients with CRLF2 lovepression (<20 fold) (Figure 3A).
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Incidence of PAR1 deletion on IR patients was 16229 (6.5%) (12/219, 5.5% IR by PCR-
MRD stratification), and was associated to incrdaséIR (61.1%+12.9 vs. 17.6% 2.6 ,
P=0.0001) (Figure 3B).

Prognostic impact of the combined P2RY8-CRLF2 fugene and CRLF2 overexpression at
diagnosis.

These finding suggested to further investigate wintthe studied features had the strongest
impact on outcome on the entire patients cohortie®s presenting the fusion gene and
concomitant over expression GRLF2had a mean age of 6,1 years (median 5,5) and mean
WBC of 9,010 cell/ul (median 6,415 cell/ul) at timkdiagnosis. Patients carrying the fusion
gene withouCRLF2over expression had a mean age of 5 years (m8gBarmand mean WBC

of 32,395 cell/pl (median 28,545 cell/ul) at tinfed@agnosis.

In Figure 3 we report the CIR of PAR1 deleted gras stratified byCRLF2 expression
(37.5%16.1 in CRLF2 (>20 fold change) vs. 75% +12.5 @RLFX20 fold change,
P=0.24, Figure 3C) and CIR &@RLF2 over expressed patients stratified by presence of
PARL1 deletion (37.5%%16.1 in PAR1 deleted vs. 9894 in PAR1 non-deleted, P=0.03,
Figure 3D). Taken together, these data indicate ttiea combined presence of bd@iRLF2
over expression and PAR 1 deletion influence pateimcome and should both be taken into

account when determining prognosis in BCP ALL pate

CRLF2 expression and genomic aberrations at relapse

Thirty-four out 62 consecutive patients with medufl relapse were analyzed fGRLF2
expression andP2RY8-CRLF2rearrangement, 25 faCRLF2 mutations and 41 fodAK2
mutations. Samples at relapse showed a median G&lDBLF2expression two times higher
than the respective samples at diagnosis (2.82.48). Two out 33 relapse cases (6%) are
placed in thehiCRLF2 group, and one of these was positive @RLF2 overexpression
already at diagnosis (Fig. 4A).

Interestingly, the relapse sample with the higheRLF2 expression level was the only
sample positive for bothP2RY8-CRLF2rearrangement andlAK2 mutation (L681-
1682insLR). Two P2RY8-CRLF2positive patients at diagnosis lost the rearrangenae

relapse and nale novofusion genes were detected in the other 30 relapses.CRLF2
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mutations remained stable at relapses, while JAK@ations were lost in 1/36 patients at
relapse (2.8%) and acquired in 2/36 cases (5.6%g). 4C).

DISCUSSION

The improvement of cure rate among BCP ALL in récarars was been strongly related to
the amelioration of risk assessment and establishrok effective prognostic factor. The
recent finding ofCRLF2 aberrations suggests an association with unfabtei@tcome and
an additional value as new prognostic marker. Tion g&#ormation on incidence, outcome
associations and signalling deregulation in retatmCRLF2aberrations, more study on other
patient cohorts and in distinct therapeutic costast¢ need.

In this study CRLF2expression has been investigated in a representahort of BCP ALL
Italian patients. We found a great variability@RLF2 expression, ranging from 0.01 to 800
fold change compared to the overall median valuely @he group with highelCRLF2
expression, named@RLF2 (>20 fold change, 5% of patients) was associated tmfarior
outcome compared to the rest of the cohort, inwitk previous finding’.

The P2RY8-CRLFZearrangement, reported to leadQBLF2 overexpression, was detected
in 6% of patients (concordant with data reporteds@nman patients treated on the same BFM
protocol, or in a english cohort treated on MRC ALL97 pastb'®), and this group had an
inferior outcome compared to the non rearrangecemist Interestingly more than 50% of
P2RY8-CRLF2vere not associated @RLF2overexpression.

Comparing the prognostic impact GRLF2 overexpression and PAR 1ldeletion separately or
in combination, we assessed that combined presdrmah CRLF2over expression and PAR
1 deletionindentified patient with a very inferior outcome.

Moreover, the majority of patients belonging toe tiCRLF2 group or PAR1 deleted group
were stratified as IR and were associated to ariorf outcome compared to the rest of IR
stratified patients. This finding support the tyilof CRLF2aberrations as prognostic marker
to improve risk assessment among IR stratifiedepédi

Further investigation are required to enlighten theechanisms leading t€CRLF2
overexpression in patients without PAR 1 deleti¢imanslocation involvinglGH@ locus
seems to explain only the minority of the case$3oAhe absence @RLF2overespression
in PAR1 deleted patients in 50% of patients and gheicular contribution to outcome

requires further investigations.
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Concluding, theCRLF2-P2RY 8earrangement in association with 20 times overession of
CRLF2identifies BCP ALL patients with a very poor pragms and identifies an important
subset of patients currently stratified as interiatedrisk patients that need to be considered

for treatment adaptation.
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TABLE

Analyzed Not Analyzed
FEATURES N % N % P-value
All patients 464 100 1245 100
Age
1-5Yrs 300 64,66 793 63,69
6-9 Yrs 95 20,47 231 18.55 031
>10 Yrs 69 14,87 221 17,75
Gender
Male 239 51,51 661 53,09 0,56
Female 225 48,44 584 46,91
WBC (x1000/uL)
<20 327 70,47 865 69,48
20-100 105 22,63 316 25,38 023
>100 32 6,9 64 5,14
Traslocations
MLL
pos 7 1,51 122 9,9 0,86
neg 464 98,49 1108 90.1
Unknown 0 15 -
TEL/AML1
pos 92 20,81 242 22,34
neg 350 79,19 841 77,66 0,51
Unknown 22 - 162 -
DNA Index
<1.16 336 77,60 862 76,3%
>1.16 97 22,40 267 23,685 0,60
Unknown 31 - 116 -
MRD D78
HR 7 1,93 77 8.09
MR 218 60,22 508 53,36 0,0001
SR 137 37,85 367 38,56
Unknown 102 - 293 -
Prednison Response
Good 434 93,94 1144 91,95
Poor 28 6,06 100 8,05 0.17
Unknown 2 - 2 -
Final Protocol Strata
HR 35 7,54 170 13,66
MR 300 64,66 722 57,99 0,0015
SR 129 27,8 353 28,3b

Table.1 Clinical and biological features of patgeenrolled in AIEOP ALL 2000 study from February030to
July 2005 grouped by analyzed and non analyzeldeiptesent study. Patients with Down Syndrome atie it
with t(9;22) were excluded.
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C DIAGNOSIS Total P2RY8-CRLF2 IgH@-CRLF2 CRLF2 mutations JAK2 muta tions IKZF1 deletions
CRLF2 expression (f.c.) 220 22/464 (4.7%) 10/20 (50%) 1/9 (11.1%) 2/22 (9.1%) 4/22 (18.2%) 5/22 (22.7%)
CRLF2 expression (f.c.) <20  449/464 (95.3%)  12/345 (3.5%) 1/17 (5.9%) 0/27 (0%) 1/135 (0.7%) 1/12 (8.3%)
P2RY8-CRLF2 positive 22/365 (6.0%) - 0/1 (0%) 2/14 (14.3%) 4/21 (19.05%) 4/21 (19.0%)
P2RY8-CRLF2 negative 343/365 (94.0%) - 2/24 (8.3%) 0/31 (0%) 1/121 (0.8%) 1/12 (8.3%)
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Figure 1.CRLF2 expression reported as fold change on median ssipre value of the cohort. Expression
ranged from 0.01 to 800 fold change (A). AssocratinetweenCRLF2 expression>20 fold change and
investigated genomic aberrations. In bright bluend tested forP2RY8-CRLF2(B). Table of genomic
aberrations investigated in the study cohort asdltg stratified byYCRLF2expression and PAR1 deletion (C).
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Figure 2. Event free survival at 5 years from d@gis of study cohort grouped BRLF2expression range: <20
fold change an&20 fold change (A). Cumulative incidence of relaps® years from diagnosis of study cohort
grouped byCRLF2 expression range: <20 fold change a2@ fold change (B). Event free survival at 5 years
from diagnosis of PAR1 deletion investigate pasegtouped by presence or absence of fusion §meY8-
CRLF2 (C). Cumulative incidence of relapse at 5 yearsfrtiagnosis of PAR1 deletion investigate patients

grouped by presence or absence of fusion §2iY8-CRLFZD).
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Figure 4. Log-log plot ofCRLF2 expression value for 34 paired diagnosis and seldpspecimens<CRLF2
expression at relapse were double on median theedpdiagnostic samples (median fold change = 2s70.35)

(A). Paired diagnosis-relapse data of genomic akiens investigated (B).
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CHAPTER 4

High fidelity of gene expression profiles in seriapediatric
NOD/SCID/huALL

Manon Queudeville, Elena Vendramini, Marco Giord@ayah M. Eckhoff, Giuseppe Basso, Klaus-Michael

Debatin, Gertruuy te Kronnie, and Lider H. Meyer.

UNDER SUBMISSION (Brief Report)

ABSTRACT

Acute leukemia is supposed to arise from particalasclones within the bulk of leukemia
cells. We analyzed the gene expression patternriofapy pediatric acute lymphoblastic
leukemia (ALL) samples at diagnosis and compareemtho their respective xenograft
leukemias after serial transplantation into NODASQhice. After first passage in the
NOD/SCID mouse, immunophenotype and gene expregsaldites were highly similar to the
diagnostic leukemia, with minor differences arisifigm the presence of normal human
hematopoietic cells in primary patient material. risfover, both expression profile and
phenotype remained stable after secondary andarerpassages. We conclude that the
NOD/SCID/huALL model recapitulates the primary humaukemia in the mouse and does
not select for a subclone of leukemia initiatindlscéeading to a bulk tumor with a gene
expression distinct from the profile at diagnosis.
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INTRODUCTION

Primary childhood ALL samples are difficult to awlé in vitro and currently available cell
lines poorly reflect the heterogeneous nature ef disease. Mouse xenotransplantation
models are therefore widely used forvivo testing and to amplify the number of leukemia
cells to be used for various analy$eBo date, it remains unclear as to what extent the
xenografted samples recapitulate their respectiagoy leukemia. Although a consistent
immunophenotype of leukemia cells grown in immumopoomised mice has been shown in
the past”, this does not exclude the possibility that theimaimicroenvironment selects for
leukemia initiating cells with a specific gene exgsion profile which consequently could

lead to a bulk tumor markedly different from diagrso

STUDY DESIGN

Patients leukemia cell samples were obtained &ifermed consent was given. The study
was approved by the institutional ethical revievasband carried out in accordance of the
Declaration of Helsinki. Animal studies were contucaccording to national animal welfare
law and approved by the appropriate authority. Bosgic leukemia samples (n= 7) were
obtained from pediatric ALL patients and were tasted intravenously into unconditioned
NOD/SCID mice (Charles River Laboratories). At niasiation of disease, cell suspensions
from spleen and bone marrow were isolated and durtimalyzed. Leukemia cells were
stained with monoclonal antibodies and appropriatdype controls and analyzed on an
LSRII (BD Biosciences). RNA was isolated from leoka samples using a standardized
procedure (RNeasy Kkit, Qiagen). Gene expressiorlyg@isawas performed using the
Affymetrix HG-U133 Plus 2.0 oligonucleotide microays and Affymetrix protocols.

The quality parameters included percentage of ptesdled probe sets (mean 25,909, 47.4%,
std 1,045) and the ratio of intensities of 3' pohbe 5' probes for the housekeeping gene
GAPDH (mean 1.01, std 0.003). Statistical analyses werformed in R (http://www.R-

project.org).

RESULTS AND DISCUSSION

Patient characteristics are summarized in tableAlleukemia samples transplanted resulted
in overt leukemia of the recipient NOD/SCID-micattwhigh percentages of human leukemia

cells both in spleen and bone marrow (BM) (table.iBowever, mice transplanted with
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samples #1, #3 and #7 developed high percentadesk@mia cells in peripheral blood (PB),
while mice transplanted with #2, #4, #5 and #6 @nésd leukemia-related symptoms with
less than 15% human cells in PB. These clinicalufes were stable over secondary and
tertiary transplantation. Interestingly, the primgratients of #1, #3 and #7 also displayed
higher total blast counts in PB at diagnosis thha other patients. Additionally, the
immunophenotypes from diagnosis remained stabkr a#rial passages (Figure 1A). Gene
expression profiles (GEPSs) of diagnostic matenal g&enograft samples were analyzed after
primary, secondary and tertiary transplantationamnunsupervised clustering analysis of all
samples, the matching xenograft samples all cledtéghtly together, while the diagnostic
samples of all the B-cell precursor ALL samplesstdued closer to each other than to their
derived xenograft samples (Figure 1B). To clarififfelences between diagnosis and
xenograft passage we performed a class comparisagses of the 7 diagnostic versus the 7
primary xenograft samples, resulting in 231 genpsegulated at diagnosis and 23 genes
upregulated in the xenografts. The high numberesfeg upregulated at diagnosis is due to
presence of normal PB or BM cells in primary patigamples as (i) 64% of the genes can be
attributed to blood cells of various lineages, afig immunophenotyping shows
disappearance of CD45-positive non-leukemic celierathe first xenograft passage.
Consistently, CD14- and glycophorin A- expressiantbe leukemia cells (flowcytometry:
n=7, mean 2.5% and 8.3%) was also detected by ulatémn of the corresponding genes
CD14andGYPA indicating presence of erythroid and myeloid<@ll the diagnostic samples
while absent in xenografts. However, when comgafmnimary to secondary or tertiary
passages, no significant differences in GEP warado

When performing unsupervised clustering of diagh@sid first xenograft passages only, we
found that all diagnostic samples cluster togethih their respective xenograft samples
(Figure 1C). Clonal identity was furthermore comfed by consistent classification according
to MILE>, SNP profiles or gene fusions in selected san(glgsp. Table S1).

Systematic differences in expression levels of primtumors and xenografts appear largely
to be due to the presence of normal hematopoiefis n the diagnostic sample. Similar
results were seen by others when comparing the @BRgnostic liver tumors to the profiles
of the respective xenograftsAnother study comparing primary neuroblastoma tismand
derivative cell lines found that stromal contamim@at of primary tumors is a major
contributing factor in underestimation of loss etérozygosity and copy numbérslowever,

stromal cells in the xenotransplanted samples wbaldf murine origin and presumably not
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be detected by the array which is insensitive taimeuRNA due to differences in the 3’
sequence of homolog murine and human genes.

Furthermore, genes differentially regulated betwBeand xenograft passages separated an
independent cohort of 30 ALL diagnostic sample® it clusters: one cluster grouping
samples with low leukemia infiltration in the BM (B%) in contrast to the second cluster
comprising patients with a high proportion of blestis (>96%). Interestingly, samples with a
lower percentage of leukemia cells show expresgiofiles similar to those at diagnosis (D)
(Figure 1D).

The 23 genes upregulated in xenograft samples aaahpa diagnosis are mainly involved in
cell cycle regulation and mitosis and have beencri@sd in connection with cancer
subtypes$:*® Their upregulation might therefore be an indicatba high proliferative state in
general and argue towards a more aggressive pateftthe engrafted leukemia cells but
alternatively could also simply be due to the theit the xenograft samples are pure leukemic
blasts and do not contain up to 15% of non-cycheglthy bone marrow cells as do the
diagnostic samples.

A study comparing a large panel of pediatric camderthe tumor type of origin concluded
that characteristic expression patterns of primamynors were maintained in the
corresponding xenografts in the majority of sampéesl that xenografts more closely
resemble primary tumors than cell lines. But thedgtdid not compare xenografts to the
matching diagnostic sample, as the xenograftsanstbhdy were not related to the diagnostic
samples analyze.Similar results were seen analyzing small celgluancer xenografts, cell
lines derived from these as well as secondary xafisgfrom the cell lines showing that
xenografts were much more similar to primary tunargene expression level than cell lines
or secondary xenografts.

It is widely accepted that transcriptional simitgnieflects the overall biology of the cancer,
as seen in gene expression profiling studies amari pediatric ALL**® Our study show
that the NOD/SCID-model recapitulates the primamynhn leukemia, reflects the inherent
variability of different ALL and closely mimics thieatures of the primary malignancy and,
most importantly, retains these over serial passage

Our data moreover have implications for the curieatie of the nature of leukemia stem
cells. The results seem to exclude the possibdityselection of a specific subclone of
leukemia initiating cells in the NOD/SCID-model,atbng to a distinct GEP from its
diagnostic counterpart. The data rather suppoentefindings that SCID-repopulating cells
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reconstitute the original bulk tum&tWe conclude that monitoring 7 leukemias different
origin and leukemia characteristics there is naesyatic influence of xenotransplantation on

the GEP between diagnosis and xenopassages inotsem
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TABLES

Table 1. Clinical characteristics of primary patisamples and xenograft samples

sample immuno- cyto- gender age [yrs] WBC leukemia total leukemia leukemia
phenotype genetics [1,000/pl1] cells PB cell count PB cells BM
[%] [1,000/u1] [%]
#1 cortical T-ALL t(10;14) m 12 36,5 45.5 16,6 92.
#2 common ALL neg. f 8.8 17,1 57.5 9,8 97.5
#3 pro-B ALL t(4;11) f 0.7 164,4 81 133,2 90
#4 pre-B ALL t(9;14) m 3.6 10,0 47 47 91.5
#5 pre-B ALL 1(9;22) f 5.6 14,9 71 10,6 98
#6 common ALL neg. m 16 9,3 86.5 8,0 92.5
#7 pro-B-ALL t(11;19) m 0.8 31,5 91 28,7 n. a.

(A) Clinical characteristics of the 7 patients aaghosis, the leukemia subtypes representing tmenem
immunophenotypic subtypes of childhood ALL (prospumon- and pre-B ALL as well as one T- cell preours
ALL). Three of the patients displayed high whitedd cell counts (WBC) at diagnosis (#1, #3 and #hile
the others had normal (#4 and #6) or only mildywated (#2 and #5) leukocyte counts (PB indicatemberal

blood; BM, bone marrow; m, male; f, female).

sample xenograft human leukemia total cell count spleen human leukemia cells human leukemia cells
passage cells BM [%] [*10°cells] spleen [%] PB [%]
#1 X1 82 200 92 55
X 84 300 89 40
X3 86 920 79 22
#2 X1 87 180 89 5
X 86 270 89 2
X3 91 200 94 7
#3 X1 92 100 94 44
X 85 342 93 45
X3 87 340 92 48
#4 X1 70 19 87
X 81 26 82 2
X3 85 13 74
#5 X1 83 340 88
X2 80 815 92 12
X3 86 330 96 12
#6 X1 74 200 88 14
X2 84 360 77 12
X3 83 320 86 12
#7 X1 87 260 89 55
X2 84 260 88 60
X3 86 300 87 58

(B) Features of the leukemia- bearing mice at ayogfter primary (X), secondary (¥ and tertiary (%)

transplantation. The values represent mean valfiescomice. The total cell count from spleen wasessed
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after cell isolation by density gradient centriftiga. The percentages of human leukemia cells wssessed by

flow cytometry, by staining human CD45, human CDtd@nan CD7 and human CD4 and murine CD45 (Ly-5).

FIGURES
Figure 1. Immunophenotype and gene expression I@ramain stable after serial

transplantation

A
D
X1
CD7
Xz
X3

v

CD45

(A) Immunophenotypic analysis of leukemia cellsd@tgnosis (D) and after primary ()X secondary (¥ and
tertiary (%) transplantation. The expression of the typicakéamia surface markers analyzed (shown here: CD7
for T- cell precursor ALL and CD19 for B- cell prgsor ALL, both against CD45) remained constantrove
several passages in the NOD/SCID mice, while thel®positive non-leukemic cells present at diagnosis

disappeared after the first xenograft passage.
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(B) Unsupervised hierarchical clustering of all gdes using a filter on variance 90% (Ward’'s method,
Euclidean distance). The cortical T- ALL and theidkd xenografts cluster separately (#1, red), eviil the
diagnostic B- cell precursor ALL samples clustegether (D), although their derived xenograft sammé
cluster correctly with each other £X5).
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(C) Unsupervised hierarchical clustering of diagimo@) and primary xenograft ()X samples using a filter on
variance 90% (Ward’'s method, Euclidean distance)this analysis the diagnostic sample always disste

together with it’s derived primary xenograft sample
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(D) Clustering of independent cohort of ALL diagtiosamples selected by very high (>95%) or low08j
bone marrow blasts invasion. Samples were clustesen) 254 differentially expressed genes amongdéL.
Supervised analysis separates high blasts invasiomples from others. Low blasts invasion sampl@9%s)
showed expression profiles similar to those at miats (D), indicating that different gene expresdi@tween
diagnostic samples and their respective xenograftlikely to be due to the presence of a higher bemof

residual healthy bone marrow cells in diagnostioas.
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SUPPLEMENTARI TABLE

ST 1. Confirmation of clonal identity in serial >agraft passages

sample type MILE Identical fusion
classifier SNPs gene PCR
[%]

#1 D C4 D — Xi:99.8 NA

X1 C4 D - X3:97.8 NA

X C4 X1~ X3:99.8 NA

X3 C4 NA
#2 D Cc8 D - X1:99.9 NA

X1 c8 D — X3 99.9 NA

X2 C8 X1- X530 99.9 NA

X3 c8 NA
#3 D c2 MLL/AF4

X1 Cc2 ND MLL/AF4

X c2 MLL/AF4

X3 Cc2 MLL/AF4
#4 D c8 D — Xi: 99.8 NA

X1 Cc8 D —X3:99.9 NA

X C8 X1~ X3 99.9 NA

X3 c8 NA
#5 D C3 ND

X1 C3 ND ND

X2 C3 ND

X3 C3 ND
#6 D Cc8 NA

X1 C3 ND NA

X C3 NA

X3 C3 NA
#7 D c2 ND

X1 Cc2 ND ND

X c2 ND

Xs c2 ND

MILE-classification, percentage of similarities BNP-analysis (Affymetrix Genome-Wide Human SNP 6.0
Array) between diagnostic and xenograft samples moditoring for the presence of the diagnostic dosi
transcript. MILE classes: C1= mature B-ALL with;{{8) C2= MLL/pro-B ALL, C3= B-ALL with BCR/ABL,
C4= T-cell precursor ALL, C5= B-ALL with TEL/AML1,C6= B-ALL with t(1;19), C7= B-ALL with
hyperdiploid karyotype, C8= all other B-ALL.
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CHAPTER 5

Early Relapse in Pediatric ALL is identified by Time To Leukemia in
NOD/SCID mice and is characterized by a gene signat involving survival

pathways

Lader Hinrich Meyer, Sarah Mirjam Eckhoff, Manon €udeville, Johann Michael Kraus, Marco GiordanaJan
Stursberg, Andrea Zangrando, Elena Vendramini, A@ricke, Martin Zimmermann, Andre Schrauder,
Georgia Lahr, Karlheinz Holzmann, Martin Schrapp@&jseppe Basso, Karsten Stahnke, Hans Armin Kestler

Geertruy te Kronnie, Klaus-Michael Debatin.
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ABSTRACT

Summary

We investigated engraftment properties and impagbatient outcome of 50 pediatric acute
lymphoblastic leukemia (ALL) samples transplanteid INOD/SCID mice. Time to leukemia
(TTL) was determined for each patient sample etggahs weeks from transplant to overt
leukemia. Short TTL was strongly associated withhhiisk for early relapse, identifying a
new independent prognostic factor. This high ribknotype is reflected by a gene signature
which upon validation in an independent patientarbfN=197) identified a high risk cluster
of patients with early relapse. Furthermore, thlgnaiure points to independent pathways,
including mTOR, involved in cell growth and apopsoshe pathways identified can directly
be targeted thereby offering additional treatm@miraaches for these high risk patients.
Significance

Treatment of pediatric ALL is increasingly succegsfchieving cure rates of over 80%.
Relapse is associated with poor outcome, howewemidgority of relapsed patients is initially
stratified into low risk groups based on currematification markers. This emphasizes the
need for additional factors for upfront identifiat of high risk patients. In this study we
describe a strong association of the engraftmeahqiype found in a series of transplanted
primary pediatric ALL cells in a mouse in vivo modend early patient relapse. Gene

expression profiling revealed a set of genes astatiwith this aggressive phenotype
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providing a potential strategy to identify thesghirisk patients. Most importantly, pathways
regulating cell growth are identified, providingdats for alternative therapeutic strategies.
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INTRODUCTION

Acute lymphoblastic leukemia (ALL) is the most fuemt malignant disease in children and
adolescents. Although intensification of multiagehemotherapy regimens and advances in
supportive care have lead to improvement of remmssiduction and long term survival over
the last decades presently achieving cure ratesaf80%, about 20% of the patients suffer
from relapse associated with an inferior progn¢%i8]. Particularly, in 10% of all patients
relapse occurs at early time points associated avghbstantially reduced survival of 5% or
less [4-6]. Stratification of patients into thera@gimens of different intensity is based on the
individual risk for relapse by using prognosticttas including cytogenetics and response to
therapy to define different risk groups (high-ri$kR and non-high risk, non-HR) [1, 7, 8].
Leukemia cell clearance in response to steroidrreat is evaluated and has been used as a
prognostic marker for almost 20 years demonstraitifgrior survival for prednisone poor
responding (PPR) patients [1, 2, 9-11]. In additidatection of residual leukemia cells at
submicroscopic levels after remission inductionrdpg (minimal residual disease, MRD)
qualifies for HR-treatment [12-16]. Early identditton of patients with high risk for relapse
has led to improved outcome. However, two thirdspafients encountering relapse were
initially stratified into non-HR groups|[2]. Thisntitation of prognostic factors emphasizes the
need to identify novel parameters which ideallyoateflect the functional biology of the
disease for the development of molecular based stsitification and identification of
therapeutic targets.

While leukemia cells cannot sufficiently be cultdire vitro, xenograft-models can overcome
these limitations. Transplantation of primary lenka cells into NOD/SCID mice results in
recipients exhibiting leukemia recapitulating thentan disease [17-20]. We adopted the
NOD/SCID/huALL model and report for the first tintleat rapid development of leukemia in
NOD/SCID mice engrafted with primary ALL cells i®aracteristic for patients with early
relapse. Furthermore, we identified a gene sigedturrelapse pointing to pathways involved
in regulation of cell growth and survival. The safure was applied on an independent patient
cohort and identified a high risk cluster of patgewith early relapse.
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RESULTS
NOD/SCID/huALL

Leukemia cells isolated from diagnostic samples®fpediatric de novo B-cell precursor
(BCP) ALL patients were transplanted onto NOD/SGtiice (1x1G cells per recipient).

Recipient mice were investigated regularly for presence of leukemia and sacrificed at
manifestation of disease. Leukemia was confirmeddbgection of a high percentage of
human leukemia cells in the peripheral blood ofitliee and infiltration of bone marrow and
spleen by leukemia cells using flowcytometry. Ofsabnples, 29 led to manifestation of overt
leukemia during the observation time of 20 weekslavR1 transplants did not manifest
disease within this time. Engraftment of leukemiaswalso monitored in different organ
compartments at different time points. As exemgtififor two samples, leukemia was
consistently first detected in bone marrow and espl®llowed by the occurrence of ALL

cells in peripheral blood (Fig. 1A).

TIME TO LEUKEMIA (TTL)

When we analyzed leukemia engraftment of differemmples we observed a prominent
difference in time elapsing from transplantatiomtanifestation of leukemia. Rapid onset of
leukemia related morbidity was observed in somepéasn(4, 5, 6, 8 and 9 weeks after
transplant) in contrast to other samples giving tis leukemia after a substantially longer
period of time (12 to 26 weeks). No onset of leuleewas observed between 9 and 12 weeks
after transplant suggesting distinct engraftmeminpotiypes of different leukemia cell samples.
The time from transplant to leukemia was defined'Eme To Leukemia’ (TTL) and
guantified for each leukemia sample. A thresholdl@fweeks was used to distinguish the
rapid from the slow engraftment phenotype, a TTUess than 10 weeks was designated
TTLS""and longer time periods were classified as ¥*fI(Fig. 1B).

Additional cutoff points representing intervals # and 21 weeks (Supp. Fig. SF 1) and
leukemia characteristics (ALL-BFM high risk stratdtion, TEL/AML1 fusion, prednisone
poor response, age, and white blood cells at dsighwere tested to divide the cohort. Age
(unfavorable: 0-1 and above 9 years; favorable:yg&s) and hyperleukocytosis at diagnosis
(above or below 50 white blood cells [1000/ul]) evetassified according to St. Judes Total
Therapy Study XIIIB protocol criteria [21]. Time twert leukemia (in the recipient mice) and

relapse free survival (of the patients) were comgabetween the subgroups divided
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according to the different cutoff points and pratneent and clinical response features by
Kaplan Meier analysis and log-rank test. Resultthgalues were adjusted for multiplicity
(Bonferroni’'s method) with the most distinct gromgi according to the lowest adjusted
significant P value. The 10 weeks cutoff point veli®wn to be most discriminatory with
respect to engraftment and relapse free survivggSTab. ST 1A and B).

Of the 50 samples transplanted, 21 samples digxgandn vivo to substantial cell numbers
within the observation time. Leukemia manifestatiafier week 20 was not analyzed
systematically in our study. However, two leukemigese followed up for a prolonged time
and showed disease manifestation with a TTL ofrd644 weeks, suggesting that eventually
all of the transplanted leukemia cell samples leadvert leukemia if the observation time is
long enough. The samples showing no overt leukeahiaveek 20 were included into the
TTL"" group.

STABILITY, CONSISTENCY AND INDEPENDENCY OF THEHHENOTYPE

Time to leukemia (TTL) was in all cases assesstat &nsplantation of 1x1®f primary
patient leukemia cells. Sets of primary leukemiangl@s obtained at diagnosis were
transplanted in parallel (1xiGcells) and TTL was assessed for both recipienteaxh
leukemia sample. Similar TTL values were observethiw the replicates of 21 primary
leukemia samples (Supp. Tab. ST 2A). Furthermor® fkeukemia samples obtained at
relapse were transplanted as replicates and cothparthe respective matching diagnosis
samples. Similar TTL values were also observedther replicates of the relapse samples.
Moreover, similar time to leukemia was seen commgadiagnosis-relapse pairs (Supp. Tab.
ST 2B), indicating stability of the TTL phenotypeea at leukemia relapse.

We also analyzed the consistency of TTL in subsequecipients. Leukemia cells of
diagnostic patient samples and the consecutive graftopassages were transplanted in
parallel onto secondary and tertiary recipientsigishe identical dose of 1x18ells for each
recipient. TTL was assessed for both recipientsach passage and similar TTL values were
observed constantly within the replicates. Thud, pfienotypes did not change and remained
TTLS"" or TTL" between diagnosis and consecutive passages iNGH®SCID/huALL
model (Supp. Tab. ST 2C).

Also later passages were investigated. Represemtagnograft samples for T and
TTLS™" as characterized upon initial transplantation tbé diagnostic sample, were

retransplanted onto primary, tertiary 8t @cipients. The dose of 1x16ells per recipient as
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used throughout the study recapitulated the TTLnphge of the respective leukemia
remaining stable also after up to 5 passages {Elgand Suppl. Tab. ST 2D).

We also addressed whether the TTL phenotype mighhftuenced by varying numbers of
cells transplanted. Higher numbers of Tf{.leukemia cells (3x10cells per animal) did not
accelerate engraftment, nor did a decrease ofncelibers (1x19 1x1@ cells per mouse)
prolong TTL"*" demonstrating that the TTL phenotypes are lariedependent from cell
numbers transplanted and represent an intrinsiorieaf the individual leukemia (Fig. 1C
and Suppl. Tab. ST 2D).

TTL AND PATIENT OUTCOME

Six patients exhibited TT°" and 44 TTI°", Five of these 6 TTi"*" patients encountered
medullar relapse within 24 months after diagnodikis corresponds to the expected
proportion of about 10% of very high risk/earlyagsing patients.

We analyzed relapse free survival of the patientosg leukemia cells were used for
transplant. Patients whose transplanted cells sth@vETL" phenotype revealed a marked
superior relapse free survival compared to $¥Lpatients. Most interestingly, all relapses of
the patients characterized by T occurred early within the first two years afteagtiosis
(Fig. 2A). Thus, the TTi"™" phenotype is characteristic for patients at highk for early
relapse.

Since the majority of relapse patients originatesmf the low risk groups we analyzed
whether time to leukemia (TTL) identifies patiem$o would encounter an early relapse
despite stratification into low risk groups. Thenef, the analysis was focused on the non-

high risk group patients (N=43; TT1°" n=4, TTL°" n=39). A clear inferior relapse free

Lshort Ehort

survival of TT patients was observed, all 4 non-HR patients chariaed by TT
developed early medullar relapse within 24 montlier adiagnosis (Fig. 2B). This
demonstrates that TTL is associated with patietdame independent of risk stratification.

21 leukemia samples did not lead to leukemia inrdegpients within the observation time
and were therefore included into the T°Mf.group. We also analyzed whether this non-
engraftment subgroup would be associated with indigpatient outcome. Most importantly,
the group of patients whose leukemia cells upaomspkant did not lead to leukemia within 20
weeks observation exhibited further increased sopeglapse free survival, even achieving

100% survival in the non-HR group (Fig. 2C and D).
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A superior relapse free survival was also obseifeohly patient samples leading to overt
leukemia (all risk groups, N=29; non- high risk gps, N=25) were analyzed and patients
whose leukemia cells did not engraft were excluded). 2E and F). Furthermore, a
significant correlation of TTL (mouse model) andnission duration (patients) was observed
analyzing engrafted samples of relapsed patier#t9,(Hll risk groups; N=7, non- HR groups)
(Fig. 2G and H).

In summary, the TTL phenotype is highly associatepatient survival, i.e. TT{""identifies
early relapse patients and T is characteristic for superior relapse free swavif up to

100%, irrespective of stratification into risk gpsu

PROGNOSTIC IMPACT OF TTL

Different prognostic factors have been implemeinedifferent treatment protocols to stratify
patients based on their individual risk. We comgatiee prognostic impact of TTL to
established prognostic factors: poor leukemia delhrance in response to steroid treatment
(prednisone poor response, PPR) , hyperleukocytbgkly elevated white blood cell counts
> 50 [1000/ul] in the peripheral blood at diagnpsiad unfavorable age (age at diagnosis
below one and above nine years) were included [BY].multivariate Cox’s regression,
TTLS"" patients exhibited an 45-fold increased risk felapse in contrast to no significant
elevated risk for patients with prednisone poompoese, high white blood cell count at
diagnosis or unfavorable age in this cohort (Tab. 1

Also in comparison to additional thresholds to defee TTL (16 and 21 weeks), TTL"
defined by the 10 weeks cutoff was the most sigaift prognostic factor (Supp. Tab. ST 3).
Genetic alterations are common in pediatric ALL amdht be associated with favorable or
unfavorable outcome and are therefore used fotntea stratification. The presence of
BCR/ABL or MLL/AF4 fusion genes qualify for HR stification [2, 14]. In the group
studied, one patient was positive for MLL/AF4 anigptayed a TTE"" phenotype. No
BCR/ABL positive patients were included. TEL/AMLLsion is associated with favorable
outcome [7]. Most interestingly, all 19 TEL/AML1 pitive patients showed T1T9. In
addition, only 1 of the 50 patients included irstetudy met criteria for MRD based high risk
stratification. However, this patient was high ritkatified due to prednisone poor response
and showed TTE". Pre- treatment characteristics and responserésasuch as age, gender,
peripheral leukocyte count at diagnosis and achmeve of remission at the end of induction
therapy (day 33) are not associated with '#¥lor TTL"*"(Tab. 2).
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TTL IS CONFIRMED IN AN INDEPENDENT LEUKEMIA SUBSET

To evaluate the significance of the TTL phenotyreindependent subset of cell bank BCP
ALL samples (4 pairs matched for age, gender amd fisk group classification either
showing early relapse or not) were transplantedlyb&lapse patients always revealed a
shorter TTL than patients with late or no relapsewever, transplant of one frozen cell bank
sample derived from an early relapse patient shavidrderline’ TTL of 13 weeks (Suppl.
Fig. SF 2A). TTL was significantly associated witte time from diagnosis to relapse

(remission duration) (Suppl. Fig. SF 2B) confirmihg prognostic value of TTL.

GENE EXPRESSION ANALYSIS OF XENOGRAFT LEUKEMIA

To gain insight into molecular mechanisms respdesifor distinct in vivo leukemia
proliferation gene expression profiles were analymsing a human whole genome array
approach. ALL cells isolated from leukemia beariegipients (TTI" or TTLS"™Y were
investigated. Cytogenetic abnormalities leadingugion genes and involving transcription
factors are recognized by specific transcriptionfifgs [22] and might overcast other
differences in gene regulation. Therefore, theymishas been focused on xenografts derived
from patients without known gene fusions and alsfficient follow up time (N=12, TTE""
n=5, TTL°"Y n=7) (Suppl. Tab. ST 4A and B). The expressionfile® were analyzed
employing a model-free shrinkage estimate of thiéamae across genes ranking the data set
(“shrinkage t” statistic [23]). 73 genes (88 probets) were identified to be differentially
regulated between TFI°"and TTL" (FDR < 5%), 51 genes up-regulated and 22 down-
regulated in TTE™" (Fig. 3A and Tab. 3). Among the probe sets with tighest fold
changes two genes involved in regulation of mTOghaling were identifiedDDIT4L and
RHEB DDIT4L codes for DNA-damage-inducible-transcript-4-like,molecule negatively
regulating mTOR. Consistent with this function .(iiehibiting mTOR, a central molecule
regulating cell proliferation and surviva)DIT4L is up-regulated in TTE" (inhibition of
mTOR) and down-regulated in TH°" (lack of mTOR inhibition).RHER coding for the
positive mTOR regulator Ras homolog enriched inrpnaas identified to be up-regulated in
TTLS"™" leukemia by two probe sets. In line with its mT@&ivating function RHEB was

found to be up-regulated in TTl°%early relapse leukemia.
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In addition, two genes coding for molecules invdime regulation apoptosis were identified
displaying high fold change€?DE4A and DAPK1 (Tab. 3). The type 4 cyclic AMP
phosphodiesterase PDE4A down-regulates cAMP leledsling to impaired apoptosis
sensitivity. In line,PDE4Ais up-regulated in TT1"*Vearly relapse leukemi@APK1 codes
for the pro-apoptotic death associated protein d@nand is, congruent with its apoptosis
sensitizing effect, highly expressed in TF#good prognosis leukemia.

DIFFERENTIAL REGULATION OF IDENTIFIED GENES IN XEGRAFT ALL

The differential regulation of transcripts iderddi in gene array analysis was analyzed by
quantitative RT-PCR. ALL xenograft samples (N=2418 used for array analysis and n=12
without analyzed gene profile; no known gene fusjom=9 TTLE"" n=15 TTL°"Y) were
analyzed. A significant differential regulation BDE4A DDIT4L and RHEB in TTLS""
versus TTI° leukemia was confirmed (Fig. 3B, C and D). Addittly, alsoFRAP1coding
for mTOR was analyzed and itself found to be sigaiftly up-regulated in TT"°" (Fig. 3E).
Moreover, transcript levels of the mTOR regulatbiBIT4L, RHEB and FRAP1itself were

also highly associated with TTL (Suppl. Tab. ST 6).

APPLICATION OF THE XENOGRAFT SIGNATURE ON AN INDEBENT PA-TIENT
COHORT

To corroborate the relevance of the specific exguoes profile identified in xenograft
leukemia samples the TTL signature was applied pntfiles of an independent cohort of
pediatric BCP ALL patients (N=197, samples isolag¢dliagnosis; Supp. Tab. ST 5) who
have also been treated according to a BFM-basetbqmio (AIEOP-LLA-2000). This
independent set of patient profiles was analyzeth wespect to the best distinction into
subgroups according to the signature by a clusierber estimation procedure for k-means
via repeated clusterings on re-sampled versiorteeotlata including a correction for random
partitions [24]. Based on the 88 probe sets, tviusb clusters were identified within the 197
patients (Supp. Fig. SF 3A).

Most importantly, patients grouped into the TR cluster displayed a significantly inferior
relapse free survival in contrast to patients eltisg with the TTL°" profile (log-rank test, P
= 2.5 e-4) (Fig. 3F).
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A CLASSIFIER BASED ON THE TTL SIGNATURE IDENTIFIESRLY RELAPSE
PATIENTS

The TTL"" phenotype and corresponding expression signatersteongly associated with
early relapse leukemia. For this reason we alstyaze@d, whether based on the TTL profile a
classifier could be obtained to identify early psa patients. A classifier was generated by
conjunction of threshold decisions on different ggmsing a set covering machine (SCM)
with data dependent rays [25, 26]. Starting from whole signature of 88 probes sets, the
SCM reduced the number of genes employed in thésidacto a set showing best early
relapse prediction. Utilizing 20 probe sets (inehgdRHEB andDAPKZ; Suppl. Fig. SF 3B)
all early relapse patients were identified in tlaéignts. The set was refined to further improve
the robustness yielding a subset of 5 probe seigp{SFig. SF 3C). Applying this rule to the
197 patients all 26 early relapse cases are ddtgdi@0% sensitivity) with an overall
classification accuracy of 75%. Cross-validatinga(le-one-out) this classifier achieved a

sensitivity of 77% and an accuracy of 72%.

CELL DEATH IS PREDOMINANTLY INDUCED IN Tf" BUT NOT TTI°" LEUKEMIA
CELLS

An activated PDIT4L*/RHEB""FRAPI"") mTOR pathway was found to be characteristic
for the TTLS"" phenotype. Additionally,PDE4A™" was also associated with T¥E"
leukemia. Inhibition of mMTOR or PDE4A might therefosuccessfully target TTITearly
relapse leukemia (Fig. 4A and 5A). Xenograft ALLngaes (TTL"" or TTL"Y isolated
from recipient mice with overt leukemia were treat@ith either the mTOR inhibitor
rapamycin or the phosphodiesterase inhibitor rahpand cell death was analyzed. Cell death
was found to be increased uper vivorapamycin treatment in most TY" (activated
mTOR pathway) ALL cells but not in TT" (DDIT4L"") leukemia samples (Fig. 4B).
Treatment with rolipram also showed a strongercéfie the TTE" (PDE4A" samples in
contrast to TTI°"? (PDE4A"™) leukemia cells (Fig. 5B).

These first data on primary pediatric ALL showingeffect of both inhibitors predominantly
on TTLS""leukemia samples point to a potential use as tsfgedirected therapy in patients

at high risk for early relapse.
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DISCUSSION

We identifiedin vivo proliferation of de novo BCP ALL cells transplagitemto NOD/SCID
mice to be of prognostic and predictive value fatignt outcome. While slow engraftment
(TTL""9) is associated with favorable outcome, L is found in patients with poor
prognosis. This biological phenotype is associatdth a distinct cellular phenotype
characterized by a specific gene signature idangfearly relapse patients and pointing to
pathways regulating cell proliferation and apogosi

Consistent with previous reports, leukemia cellsgrafted in our model of
NOD/SCID/huALL retained the immunophenotypic anithicil characteristics of the primary
leukemia [17-19, 27] and the proportion of leukemedls in peripheral blood correlated with
infiltration in different organs [17, 20]. The olged engraftment phenotype remained stable
not only upon transplant of identical cell numbefshe same leukemia sample but was also
consistent during consecutive passages.

Intriguingly, we found a most significant corretati of in vivo leukemia growth and overall
patient outcome (ALL-BFM therapy). Patients whosekkemia cells showed a short time to
overt leukemia in the recipient animals (T relapsed early within 24 months while still
on therapy, a feature repeatedly shown to be assdciwith poor outcome [4, 5]. Most
relapses occur in non-high risk patients initialggponding to treatment [2] indicating that
these patients are not identified by the curreratifitation strategies. When we focused our
analysis on this low risk group only, we also okisdra clear cut inferior survival of TTI"
patients in this non-HR patient group. A putativ@gmostic impact ofin vivo leukemia
growth on patient outcome was investigated in abemof studies, so far with conflicting
results. This might be explained by the small nhumiifepatients studied, the use of less
permissive recipients or because leukemia cells fpatients at relapse were used [17, 28-
30].

Pretreatment characteristics such as age, whitdhbtell count at diagnosis but also initial
treatment response were not significantly assatiat#h increased relapse risk. Most
importantly, patients with short TTL had a 45-fofetreased relapse risk demonstrating the
power of TTL as independent prognostic factor. TAML1- fusion is associated with
favorable outcome [7], concordantly with this alEITAML1 positive patients (N=19)
exhibited TTL°" in our xenotransplant model. One T patient included in our study was
high risk stratified based on MRD, all 5 TYE" patients with available information were not

detected by MRD as high risk. Impaired reductionleikemia cells after treatment as
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assessed by MRD is likely to be due to resistabespite relapse, TTI" patients are not
characterized by poor treatment response. By ttansipg different numbers of TP and
TTL"" leukemia cells we found that engraftment propsriéee indeed intrinsic to the
leukemia cell itself and are retained independenflyhe cell number transplanted. Also,
NOD/SCID/huALL established from cryopreserved lauke cells in the test set showed an
identical correlation of TTL and time to relapseNBD/SCID/huALL established from fresh
samples in our study. These results are in lind wliservations showing the engraftment
ability to be an inherent property also of AML edltansplanted [31, 32].

Whole genome expression analysis was used to d¢her&c specific profiles and/or
functionally relevant pathways associated with Tié& phenotype. We identified a signature
of 73 genes (FDR < 5%) differentially regulated TAL'™" and TTL"" xenografts and
applied this signature onto gene expression arirays an independent cohort of 197 ALL
patients analyzed with the same platform and tdebte a similar risk adapted BFM type
protocol. According to the TTL signature the patsealustered robustly into two subgroups
with an inferior relapse free survival of the T signature group.

Interestingly, based on the TTL profile a classifi@s obtained precisely identifying all early
relapse patients of the independent cohort. Althosignatures associated with treatment
response and also early relapse in pediatric Al¥eHazeen previously reported [22, 33-37],
this is to our knowledge the first report on a dem tool robustly identifying this very high
risk group of early relapse patients. Importantlyese findings also point to activated
pathways associated with poor outcome indicatirditimhal therapeutic targets.

Mammalian target of rapamycin (mTOR) is a cent@lvdstream switch integrating diverse
pathways involved in cell growth and survival [3BIDIT4AL negatively regulates the mTOR
pathway inhibiting cell growth and facilitating teleath [39] and is highly expressed in
TTL"" suggesting a more efficient control of mTOR in thibgroup. Vice versa, leukemias
showing down-regulateBDIT4L might lack repression of mTOR thereby exhibitirffL ™"
and impaired outcome.

Most interestingly, RHEB, directly binding to theT@R complex and thereby enabling
MTOR activation [40] was identified in the TTL sanre by two probe setRHEBis up-

regulated in TTE™"

accounting for increased activation of the mTORhway. Furthermore,
also up-regulation oFRAP1 (mTOR) itself, was strongly associated with a shBFL
underlining the relevance of this pathway posiyvetgulating cell proliferation for early

relapse leukemia.
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Taken together, the TTI°" phenotype is characterized BDIT4LY/RHEB""/FRAPT'"
indicating an activated mTOR pathway in the Tfllearly relapse leukemias. These results
have important therapeutic implications since thevated mTOR pathway can be directly
targeted inhibiting growth of TT°" leukemia. Rapamycin and related mTOR inhibitors
have been shown to inhibit leukemia growth and aedapoptosis in BCP- ALIn vitro and

in vivo alone or in combination with established chematpeutic drugs [41-44] and
similarities of drug associated signatures idegdifirapamycin to induce glucocorticoid
sensitivity in ALL cells [45]. In fact, TTE"" leukemias were more sensitive éa Vvivo
rapamycin treatment than TP19 samples. The individual xenograft leukemias showed
heterogeneous sensitivities suggesting additionathanisms responsible for the TTL
phenotype. Indeed, additional genes involved in gebliferation and apoptosis were
identified in the TTL signature.

PDE4A down-regulates cAMP levels leading to impaipoptosis sensitivity [46] and
consistently with this function was found to be regulated in TTE"" leukemia. Inhibition

of PDE4A activity using compounds like rolipram wied in increased glucocorticoid
sensitivity and apoptosis in leukemia cells [47-4@atment of xenograft leukemia samples
with rolipram in fact induced cell death predomitiaim TTLS""leukemia cells.

DAPK1, a tumor suppressor gene whose expression isblpstpigenetic silencing in a
number of different tumors including hematopoieti@alignancies [50-54] codes for a
serine/threonine kinase which positively regulat@soptosis and suppresses tumor
progressionn vivo [55-57]. Consistent with these repo\PK1 was identified to be down-
regulated in TTE"" suggesting that TTH" cells evade from cell death by loss of this pro-
apoptotic regulator. Along this line, we previousiported that deficient apoptosis signaling
via the intrinsic pathway is a feature of poor progjs in primary pediatric ALL and AML
[58, 59]. In contrast to its pro-apoptotic and turaoppressing function, up-regulatedPK1
expression was reported in pediatric ALL samplssstant tain vitro prednisolone treatment
[60]. However, TTL is independent of glucocorticoibsistance with 5 of 6 TT°" patients
being prednisone good responders indicating treetigraftment phenotype of primary ALL
cells reflects constitutional hallmarks of the leoka.

Taken together, the proliferative capacity of pniynALL cells in NOD/SCID mice appears
to reflect intrinsic properties of the leukemialsednd determines relapse in pediatric ALL.
TTLS""is characteristic for early relapse patients asmbaiated with a specific gene profile.

The biological impact of our observations in th@otansplant model could be demonstrated
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in an independent group of patients and led totifiestion of distinct pathways involved in
regulation of cell growth and apoptosis which cantéwrgeted by well known drugs such as
rapamycin. Thus, our NOD/SCID/huALL model provides powerful tool to identify
prognostic factors in acute leukemia at a cellaad molecular level leading to rational

targets for therapeutic intervention strategies.

EXPERIMENTAL PROCEDURES

Detailed information with respect to methods andtemals used is available in the

supplementary appendix.

PATIENTS AND LEUKEMIA SAMPLES

Leukemia samples were obtained at diagnosis frothiapee de novo BCP ALL patients
enrolled into the ALL-BFM 2000 study protocol [2f the AIEOP LLA 2000 study protocol
[61] after informed consent was given. Both studies performed in accordance to the
Declaration of Helsinki and registered at httpidiclltrials.gov (ALL BFM 2000:
NCT00430118 and AIEOP LLA 2000: NCT00613457).

NOD/SCID/huALL AND TIME TO LEUKEMIA

Animal studies were approved by the appropriatdaity. Patient samples were isolated
from diagnostic specimens and consisted of morae 8@%6 leukemia cells. Unconditioned
NOD/LtSz-scid/scid mice were transplanted by ingrsaus injection of 1x10cells per
recipient throughout the study. As an exceptioffecBnt numbers were injected if the impact
of the cell dose was analyzed. TTL was determimmedefich patient sample transplanted as
weeks from transplant to clinical leukemia mandgésin. ALL cells were detected and
leukemia confirmed in peripheral blood, bone marmvepleen by flowcytometry [17]. Mice
without evidence for disease at week 20 after piams were killed and absent leukemia

infiltration of spleen or bone marrow confirmed leakemia.

GENE EXPRESSION AND STATISTICAL ANALYSIS

Gene expression analysis was carried out on xeftogukemia samples with sufficient
follow up time and negative for known cytogenetimarmalities (N=12; TTE"*" n=5 and

TTL"°" n=7) isolated from recipients with overt leukemixpression profiles of the
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validation cohort (N=197) were obtained from diago specimens from patients treated
according to the AIEOP LLA 2000 protocol. Expressivas analyzed using the Human
Genome U133 Plus 2.0 Array platform. Gene expressi@roarray files (Affymetrix .CEL
files) were generated using the GCOS 1.4 or 1.Bvaoé (Affymetrix). Arrays have been
normalized using robust multiple-array average (RNBR]. Expression data were analyzed
using Bioconductor package for R (v2.11.1). Dataehbeen deposited in NCBI's Gene
Expression Omnibus (GEO) database (http://www.nthinih.gov/geo) and are accessible
through GEO Series accession number GSE13576.

Differentially expressed genes have been calculaydtie shrinkage T-statistic [23]. Multiple
comparison results were controlled by maintainiriglse discovery rate of less than .05 [63].
The signature of 88 differentially expressed pramts was applied to profiles of 197
independent BCP ALL patients. A robust clusteringtimod based on the K-means algorithm
has been applied to estimate the correct numbeusfers in this data set [24]. Kaplan-Meier
analysis has been performed of relapse free surinvthe two clusters obtained from the
cluster analysis. Classification into TY2" and TTL°" classes was computed with a set
covering machine algorithm [25, 26] and a leave-oanemethod has been used to validate the
classifier.

All other statistical analyses were carried outngsEPSS 11.0 software (SPSS, Munich,
Germany) or ‘R’ (v. 2.11.1) [64]. P- values of &.Were considered significant in all tests

carried out in this study.

EXVIVO TREATMENT OF XENOGRAFT LEUKEMIA

Leukemia cells were isolated from recipient aninmedsdescribed and incubated with either
rapamycin (10 and 100 nM) or rolipram (10 and 100) (diluted in dimethyl sulphoxide
(DMSO) or DMSO alone and cell viability was assésbty flowcytometry (forward/side

scatter criteria). Specific cell death was caladads described previously [65].
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FIGURES

Figurel. Distinct engraftment properties of NOD/BEIUALL
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A In vivo expansion of leukemia cells in different organ pamments of recipients over time. Two
NOD/SCID/huALL samples (TTI™" light grey; TTL®" dark grey) were transplanted into recipient nfite3
per group) and the proportions of huCD19 positivd_Aells were detected in bone marrow (rhombs, edbtt
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lines), spleen (squares, dashed lines) or peripbéwad (triangles, solid lines) by flowcytometripata points
represent mean values of the proportions of huGik®tive cells (the standard error of the meamdkciated if

> 1%). Infiltration of leukemia was first observéd bone marrow and spleen followed by appearance in
peripheral blood.

B Distinct differences in TTL of all transplantageafted (N=29) are observed. Each data point semts the
mean TTL in weeks for every individual leukemiansplanted (n=2 recipients). Some samples leadstade
within a short period of time (TTI®* n=6, mean 6.8 weeks) in contrast to samples stippuéukemia
manifestation after a longer time period (7%, n=23, mean 19.0 weeks; T- test P< .001). (See Sispp. Fig.
SF 1 and Supp. Tab. ST 1).

C. TTL is independent of cell numbers transplani@D/SCID/huALL (N=4) with either a TTE™ (25 or 18
weeks) or TTE™" (9 weeks) phenotype were re-transplanted ontoesutet recipients injecting 1x3,ax1C,
1x10 or 3x10 cells per animal (n=2 per group) showing a stdfle phenotype independent of the amount of

cells transplanted. (See also Supp. Tab. ST 2).
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Figure 2. Superior relapse free survival of P¥patients
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A. Relapse free survival (RFS) of patients withL1 or TTL"" phenotypes (for A-F P values by log-rank
test). Superior RFS of TT" patients (all RG; N=50; TT" n=44; TTL5"°"'n=6; P= 2.9 e-10);

B. but also in the group of non-high risk (non-Hé®atified patients only (N=43; T119 n=39, TTL"" n=4;
P=3.0 e-13).

C. Additionally, the non-engraftment subgroup {aakemia manifestation within 20 weeks post-traasf)!
was considered separately and compared to™®Tand TTL™" resulting in an even more marked RFS of
patients with non-engraftment in the whole riskugrgN=50; non-engrafter n=21; TI% n=23; TTL5""" n=6;
P=1.5 e-9).
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D. In the non-HR patient group even 100% RFS waseoved (N=43; non-engrafter n=18; Tf n=21;
TTLS"™"n=4; P= 1.5 e-12).

E. Analysis of the group of patients whose samptegrafted. Superior relapse free survival for F¥lpatients
(N=29; TTL®" n=23; TTL"" n=6; P= 1.8 e-6) and

F. non-HR patients (N=25; T19 n=21; TT"" n=4; P= 7.9 e-8).

G. TTL correlates to remission duration in ALL ieats. Spearman correlation of TTL (mouse) to tfinogn
diagnosis to relapse (remission duration) of reddgsatients; all risk groups (N=9, rho=.731, P3) &nd

H. non-HR patients (N=7, rho=782, P= .04). (Sse &8upp. Fig. SF 2).

Figure 3. The TTE"™signature is associated with poor outcome
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A. Signature of 88 differentially regulated pradeds (73 genes; “shrinkage t” statistic, FDR < %%Jenograft
leukemia. Unsupervised cluster analysis of xendggamples according to the TTL signature showing tw

clusters of TTI°" and TTL5"xenograft leukemia samples.
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B to E: Differential expression of genes identifisdthe TTL signature in xenograft ALL samples (M52
TTLS""n=9, TTL" h=15) and additionally dfRAP1(coding for mTOR). Wilcoxon rank sum test, BDE4A
P=.018; CDDIT4L: P=.003; DRHEB P=.003.; and EFRAP1 P=.001.

F. Significant inferior relapse free survival @tg@nts of an independent BCP ALL patient cohort @97) who
cluster with the TTE"" profile. Clustering into two groups according te tTTL signature as determined by
cluster number estimation analysis (See also StigpSF 3 and Supp. Tab. ST 4, 5 and 6).

Figure 4. mTOR as potential therapeutic targefft""Tearly relapse leukemia
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A. TTLS™"is characterized by an activated mTOR pathBPIT4L""/RHEB""/FRAP1T"") serving as
potential target for directed therapy of Tf{early relapse leukemia.
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B. mTOR inhibition increases cell death predomtlyaim TTLS"" leukemia. Specific cell death of xenograft

ALL upon ex vivotreatment with rapamycin (10 nM, white; 100 nMadk columns) for 24, 48 or 72 hours.

Time points with >90% spontaneous cell death werteamalyzed (n.a.). Data are given as mean ofidatds

with standard deviation.

Figure 5. Inhibition of PDE4A induces cell deatlegominantly in TTEYearly relapse leukemia
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A. Predominant effect of phosphodiesterase intibibn TTI"Vearly relapse leukemia associated with high

PDEA4A.
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B. PDEA4A inhibition increases cell death predomthain TTL"" leukemia. Specific cell death of xenograft
leukemia samplesx vivoincubated with rolipram (10 uM, white; 100 uM, btacolumns) for 24, 48 or 72
hours. Time points with >90% spontaneous cell deethe not analyzed (n.a.). Data are given as méan o

triplicates with standard deviation.
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TABLES

Table 1. Prognostic relevance of TTL

N=50 n P risk ratio (relapse)

T 6 6.25 e-5 45.08 6.98 — 290.94
PPR 6 .05 5.61 .99 - 31.70
unfavorable age 18 A1 3.34 76 -14.73
hyperleukocytosis 16 .51 1.68 .36 —7.86

Multivariate analysis on relapse free survival (Gegression, N=50) including different risk factofsrLs""

phenotype, prednisone poor response (PPR), hyfedgtosis (leukocyte count at diagnosis higher tBan

[1000/ul]), and unfavorable age (0-1 and > 9 yedEk)confidence interval. (See also Supp. Tab3%T

Table 2. Patient characteristics of de novo BCP Abhmples transplanted.

Table 2 A. categorical variables

total TTL" " TTLS™"

N % N % N %
total 50 100 44 100 6 100
gender female 26 52 23 52 3 50
male 24 48 21 48 3 50
prednisone good 44 88 39 89 5 83
response (PR) poor 6 12 5 11 1 17
immunophenotype pro-B ALL 1 2 0 - 1 17
c-ALL 36 72 33 75 3 50
pre-B ALL 13 26 11 25 2 33

fusion gene TEL/AML1 19 38 19 44 0 -

BCR/ABL 0 - 0 - 0 -
MLL/AF4 1 2 0 - 1 17
MLL/ENL 2 4 1 2 1 17
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no 26 52 22 50 4 66

not done 2 4 2 4 0 -
minimal residual  MRD-HR 1 2 1 2 0 -
disease (MRD) MRD-non-HR 41 82 36 82 5 83

no MRD available 8 16 7 16 1 17
final risk groups non-HR 43 86 39 89 4 67

HR 7 14 5 11 2 33
Table 2 B. continuous variables

total TTL Y TTL™" T-test
N range | mean| N range mean N range | mean P
age 50 | 0-193 | 6.7 | 44 | 0.3-19.3 | 6.8 6 0-10.7 | 6.3 | .815
WBC at diagnosis 50 |1.7-272| 47.0 | 44 | 1.7-272 | 40.5 6 7.7-264 | 95.0 | .224
[1000/ul]
PB blast cells at 47 0-96 53.3 | 42 0-96 53.1 5 0-94 55.3 | .908
diagnosis [%]
WBC at day 8 [1000/ul] 50 0.5- 372 | 44 | 0.5-31.7 | 385 6 1-75 | 28.3 | .427
31.7

PB blast cells at day 8 49 | 0-59.5 8.0 43 0-59.5 8.3 6 0.5-24 6.0 .600
[%]
BM blast cells at day 33 | 47 - 0 43 - 0 4 - 0 -
(%]
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Table 3. Gene signature associated with the TTInptype

up-regulated in TTL

short

down-regulated in TTL

short

probe set gene symbol FC probe set gene symbol FC
204735_at PDE4A 3,480 227798 _at SMAD1 -5,526
226736_at CHURC1 2,072 210993 s_at SMAD1 -5,441
229814 _at NA 1,821 203139 _at DAPK1 -4,497
236443_at NA 1,638 228057_at DDIT4L -3,809
222556_at ALG5 1,345 217800_s_at NDFIP1 -3,409
226643_s_at NUDCD2 1,301 202973 x_at FAM13A -2,754
213409_s_at RHEB 1,247 227376 _at GLI3 -2,427
206508_at CD70 1,194 217047 _s_at FAM13A -2,216
208844 _at VDAC3 1,188 206142 _at ZNF135 -1,798
244110 _at MLL 1,110 1559005_s_at CNTLN -1,781
223479 s_at CHCHD5 1,070 212158 _at SDC2 -1,605
221995 s_at MRP63 1,050 200998 s_at CKAP4 -1,361
214395 x_at EEF1D 1,046 213955 _at MYOZ3 -1,313
229525 _at THOC7 1,023 224151_s_at AK3 -1,208
217426_at NA 1,017 200644 _at MARCKSL1 -1,128
233924 s_at EXOC6 1,009 201016_at EIF1AX -1,062
227364 _at NA 0,995 205191 _at RP2 -1,039
1553690_at SGOL1 0,993 201019 s_at EIF1AP1 -1,038
223210 _at CHURC1 0,975 201017 _at EIF1AX -0,986
235878_at TAF1B 0,878 219351 _at TRAPPC2 -0,938
204084 _s_at CLN5 0,854 216929 x_at ABO -0,804
227352_at C190rf39 0,851 208655_at NA -0,786
216554_s_at NA 0,846 214678 x_at ZFX -0,783
226259 _at EXOC6 0,843 221002_s_at TSPAN14 -0,753
209276_s_at GLRX 0,824 213864_s_at NAP1L1 -0,681
203270_at DTYMK 0,823 1564129 a_at NA -0,650
203554 x_at PTTG1 0,821 1556102_x_at LOC389906 -0,598
233380_s_at RUFY1 0,821 - - -
235063_at C200rf196 0,819 - - -
218064 _s_at AKAPSL 0,795 - - -
221598 s_at MED27 0,785 - - -
219324 at NOL12 0,777 - - -
223481_s_at MRPL47 0,759 - - -
218556_at ORMDL2 0,756 - - -
225901_at PTPMT1 0,746 - - -
226070_at C9orf142 0,726 - - -
204839_at POP5 0,723 - - -
205345_at BARD1 0,708 - - -
218102_at DERA 0,702 - - -
224815 _at COMMD7 0,673 - - -
207877_s_at NVL 0,662 - - -
203528_at SEMA4D 0,659 - - -
205642 _at CEP110 0,653 - - -
1554482_a_at SAR1B 0,652 - - -
217958_at TRAPPC4 0,644 - - -
1553984 s at DTYMK 0,639 - - -
222894 x_at C200rf7 0,638 - - -
212491 _s_at DNAJCS8 0,635 - - -
218996_at TFPT 0,627 - - -
1553957_at ZNF564 0,627 - - -
223048_at SDHAF2 0,620 - - -
217959 s_at TRAPPC4 0,620 - - -
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201214 s_at  PPP1R7 0,618 - - -
201452_at RHEB 0,599 - - -
209103 s_at  UFDIL 0,597 - - -
204335_at CCDC94 0,589 - - -
217692_at MAGOH2 0,579 - - -
201716_at SNX1 0,570 - - -
218080_x_at  FAF1 0,555 - - -
201762_s_at  PSME2 0,520 - - -
221915 s_at  RANBP1 0,519 - - -

Differentially regulated genes comparing " and TTL°" xenograft expression profiles (88 probe sets, 73
genes) identified by “shrinkage t” statistic, FDR5%. Fold change (FC) is given as logarithm (b3seidbe

IEm

sets up-regulated in TPL" (n=61, 51 genes) display a positive, down-regdigimbe sets (n=27, 22 genes) a

negative FC value.
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SUPPLEMENTARY FIGURES

SF 1 (referring to: Fig. 1B): Analysis of additidtlaresholds to discriminate TTL phenotypes
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Alternative cutoff points to 10 weeks (dotted linegre analyzed: intervals without leukemia manitsh at 16
(dashed line) and 21 weeks (solid line) were aolditily used to divide the cohort comparing timeoteert

leukemia between the resulting subgroups (Suppleaneiiable ST 1).

SF 2 (referring to: Fig. 2): TTL is confirmed inradependent subset of transplanted leukemia samples
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A. Four patient pairs (N=8 cell bank leukemia sassplmatched for age, gender and risk groups bhereit
relapsed early within 24 months after diagnosis4(repen rhombs) compared to late or no relapse, (sait!
rhombs) were transplanted. Samples of early rethpatients showed a significantly shorter TTL imirast to
late or non relapsing patients (Mann- Whitney $t,t@=.021).

B. Nonparametric correlation (Spearman’s rho) ®f.Tand remission duration of relapsed patients| Gahk

samples, non-HR (N=5, rho= .9, P=.04).
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SF 3 (referring to: Fig. 3): Cluster number estioatanalysis and generation of a classifier basethe TTL

signature
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A. Cluster number estimation was performed basethe k-means cluster algorithm via repeated dlingje on
resampled versions of the data using a parallelimgdementation (McKmeans [1]). Clusterings are paned
pairwise via the MCA index and corrected for randeamtitions [1]. The boxplots show the distributioh4950
pairwise comparisons (100 clusterings) of two paris for the cluster case (red) and for the rangoototype
case (blue) for an assumed number of groups betv?eemd 10. According to the TTL signature (88
differentially regulated probe sets) two robuststdus were identified in the 197 patient cohorthwihis

algorithm.
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B. Based on the genes identified in the TTL sigrea{xenograft ALL samples) a classifier was getegtraising
a set covering machine with data dependent raysc@yunction of different threshold decisions based
subsets of genes of the TTL signature a decisida identifying early relapse patients was obtain€de

classification of 197 patients of the independeftart according to threshold decisions is based snbset of
20 genes of the TTL signature includiRGHEBandDAPKL On the y-axis the decision threshold is depidted
each gene (x-axis). For each sample the decisiomade if the corresponding expression levels aovaleach
threshold (‘red u’). For axes with an asterisk tieeision rule has to be multiplied by -1. Blue fimepresent
early relapse samples passing all threshold desisidack dashed lines represent profiles of paemples not

meeting all 20 decision thresholds.
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C. Further refinement of the classifier with inesed cross-validation performance. Classificatibril®/

patients of the independent cohort according testiold decisions based on a subset of 5 probefstts TTL

signature (sensitivity: 100%, accuracy: 75%; creaiédation (leave-one-out) accuracy: 72%, sens$itivi 7%).
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SUPPLEMENTARY TABLES

ST 1 (referring to: Fig. 1B): Discrimination of temto leukemia (TTL) into subgroups according tdfedént

classifiers.
distinction of times to overt N mean 95% ClI incidence | adjusted P rank
leukemia by TTL fraction value
[weeks]

cutoff 10 TTL<10weeks | 6 6.8 5.1-85 1
weeks TTL > 10 weeks | 23 19.0 17.3-20.7 |1 3.084063 e-10 1
cutoff 16 TTL<16weeks | 12 | 10.2 8.0-12.3 1
weeks TTL > 16 weeks | 17 | 20.9 196-223 |1 2.880554 e-9 2
cutoff 21 TTL<21weeks | 23 | 144 122-166 |1
weeks TTL>21weeks | 6 24.3 23.0-256 |1 7.834243 e-5 3
age unfavorable 9 12.6 9.5-15.6 1

favorable 20 | 183 155-210 |1 .003135248 4
ALL-BFM high risk 4 10.5 4.7-16.3 1
risk groups | non- high risk 25 17.4 151-19.7 |1 .00977492 5
TEL/AML1 | absent 17 13.7 10.7-16.7 |1
fusion * present 11 | 20.6 184-229 |1 .02374496 6
prednisone | poor 3 12.0 49-19.1 1
response good 26 |17.0 146-194 |1 .07074063 * 7
hyperleuko | > 50 [1000/ul] 14 ] 153 121-185 |1
cytosis < 50 [1000/l] 15 |17.6 143-209 |1 1615348 % 8

* TEL/AMLL fusion was not available for n=1 patient; * not significant.
A. Different cutoff points and leukemia characstds were used to group the cohort of engrafteétdmia

samples (N=29). Time to overt leukemia was compaetdieen the respective subgroups (e.g. cutoff d€ke:

TTL < 10 weeks versus TTL > 10 weeks) by Kaplan@fainalysis and log rank test.
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impact on patient outcome N mean 95% ClI incidence | adjusted P rank
(RFS) according to RFS fraction value
[months]

cutoff 10 TTL<10weeks | 6 12.1 51-19.1 .833
weeks TTL > 10 weeks | 44 35.4 31.5-39.3 | .114 2.879047 e-10 1
cutoff 16 TTL<16 weeks | 12 | 16.3 9.8-22.8 .583
weeks TTL > 16 weeks | 38 37.8 34.0-415 | .079 4.955158 e-7 2
cutoff 21 TTL<21weeks |23 | 27.1 20.6 -33.6 | .391
weeks TTL > 21 weeks | 27 37.3 32.8-41.9 | .037 .001137039 3
TEL/AML1 | absent 29 275 21.9-33.0 | .310
fusion present 19* | 39.0 34.0-44.0 | .052 .01967564 4
hyperleuko | > 50 [1000/ul] 16 | 29.0 20.7-37.4 | .375
cytosis < 50 [1000/ul] 34 34.3 29.8-38.9 | .118 .02825113 5
prednisone | poor 6 25.6 9.9-41.2 .500
response good 44 33.6 29.4-37.8 | .160 .03264534 6
age unfavorable 18 | 27.1 19.0-35.1 |.333

favorable 32 35.6 31.5-40.0 | .125 .03617227 7
ALL-BFM high risk 7 24.6 11.3-379 | .429
risk groups | non- high risk 43 | 33.9 29.7-38.1 | .163 .05821112 * 8

* TEL/AML1 fusion was not available for n=2 patients; * not significant.

B. Different cutoff points and leukemia charactcis were tested to separate the cohort of dtideia samples
analyzed (N=50) with respect to impact on patieatcome. Relapse free survival (patients) was coeatpar
between the respective subgroups (e.g. cutoff 1€kseTTL < 10 weeks versus TTL > 10 weeks) by Kapla

Meier analysis and log rank test.
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ST 2 (referring to: Fig. 1C): Stability and consisty of the TTL-phenotype.

no. subtype TTL [weeks] | TTL [weeks] | mean TTL [weeks]
recipient 1 recipient 2

D1 pre-B 4.0 4.3 4.1
D2 pro-B MLL/AF4 6.1 6.1 6.1
D3 pro-B MLL/ENL 51 7.7 6.4
D4 pre-B 6.6 6.6 6.6
D5 pre-B 8.4 8.4 8.4
D6 pre-B 8.7 8.9 8.8
D7 pre-B 8.9 8.9 8.9
D8 pre-B 9.0 9.0 9.0
D9 c-ALL 11.9 119 11.9
D10 pre-B 12.3 12.3 12.3
D11 pre-B 12.6 15.1 13.9
D12 c-ALL TEL/AML1 15.1 16.4 15.8
D13 Cc-ALL 17.4 17.9 17.6
D14 pre-B 18.0 18.4 18.2
D15 Cc-ALL 19.0 191 19.1
D16 Cc-ALL 20.1 22.0 211
D17 c-ALL TEL/AML1 21.0 21.7 214
D18 c-ALL TEL/AML1 20.3 23.4 21.9
D19 c-ALL TEL/AML1 25.9 25.9 25.9
D20 c-ALL 24.4 27.6 26.0
D21 pre-B TEL/AML1 26.0 26.3 26.1

A TTL of primary patient samples obtained at diagjadD) transplanted in parallel onto two recipge(tx1d

cells per transplant).

no. subtype TTL [weeks] | TTL [weeks] | mean TTL [weeks]
recipient 1 recipient 2

D1 pre-B 4.0 4.3 4.1

R D1 pre-B 3.6 3.7 3.6

D3 pro-B MLL/ENL 51 7.7 6.4

R D3 pro-B MLL/ENL 5.0 5.0 5.0

B. TTL of primary patient samples obtained at diagjs (D) or relapse (R) transplanted in parall@bawo

recipients (1x10cells per transplant).
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no. subtype TTL [weeks] | TTL [weeks] | mean TTL [weeks]
recipient 1 recipient 2

D3 PO pro-B MLL/ENL 51 7.7 6.4
D3 P1 pro-B MLL/ENL 4.9 6.0 5.4
D4 PO pre-B 6.6 6.6 6.6
D4 P1 pre-B 7.6 7.9 7.7
D4 P2 pre-B 5.9 5.9 5.9
D5 PO pre-B 8.4 8.4 8.4
D5 P1 pre-B 6.1 7.9 7.0
D10 PO | pre-B 12.6 15.1 13.9
D10 P1 | pre-B 15.6 18.6 17.1

C. Consistency of TTL phenotypes between diagremsisfollowing passages in the NOD/SCID/huALL model
TTL of primary patient samples obtained at diagadgrimary recipients, P0) and of consecutive sdapn(P1)

or tertiary (P2) recipients. Each leukemia sampkes wransplanted in duplicates injecting 1x1@lls per

recipient.
no. cell number injected | transplantation of cells | TTL [weeks]
isolated from
TTL®91 | 1x10' diagnosis 25 (= TTL °")
1x10° 1™ recipient (PO) >16
1x10° 1™ recipient (P0) > 16
1x10’ 1™ recipient (P0) > 16
3x10" 1™ recipient (PO) > 16
TTL®92 | 1x10’ diagnosis 18 (= TTL °")
1x10° 6" recipient (P5) >16
1x10° 6" recipient (P5) > 16
1x10’ 6" recipient (P5) 16
3x10" 6" recipient (P5) 16
TTL™T1 | 1x107 diagnosis 9 (=TTL °°%)
1x10° 3" recipient (P2) 8
1x10° 3" recipient (P2) 8
1x10’ 3 recipient (P2) 7
3x10" 3" recipient (P2) 6
TTL™2 | 1x107 diagnosis 9 (=TTL °°%)
1x10° 6" recipient (P5) 7
1x10° 6" recipient (P5) 5
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1x10’ 6" recipient (P5) 5
3x10" 6" recipient (P5) 5

D. Independency of the TTL phenotype on cell dasé consistency in following passages.

ST 3 (referring to: Tab. 1): Prognostic impact dfatent classifiers including different thresholdisfining TTL.

N=50 n adj. P risk ratio (relapse) Cl

cutoff 10 weeks 6 1.42 e-5 26.58 6.04 - 116.90
cutoff 16 weeks 12 1.05e-4 16.73 4.03 - 69.43
cutoff 21 weeks 23 .013 13.87 1.75-109.90
hyperleukocytosis 16 .041 3.76 1.06 - 13.30
PPR 6 .048 3.93 1.01-15.21
unfavorable age 18 .050 3.57 1.00 - 12.72

Univariate analysis (Cox’s regression) on relapee survival (N=50) including different TTL- thresildls: 10,
16 and 21 weeks and different risk factors: premtréspoor response (PPR), hyperleukocytosis (leukomyunt
at diagnosis higher than 50 [1000/ul]), and unfabée age (0-1 and > 9 years). CI: confidence iterv

ST 4 (referring to: Fig. 3A): Patient charactedstof xenograft samples used for gene expressialyss.
Table A. categorical variables

total TTL"" TTLS"
N % N % N %

total 12 100 7 100 5 100
gender female 3 25 3 42 0 -

male 9 75 4 58 5 100
prednisone response good 12 100 7 100 5 100
(PR)
immunophenotype B-cell precursour 12 100 7 100 5 100

ALL
fusion gene no 12 100 7 100 5 100
risk groups (RG) non-HR 12 100 7 100 5 100
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early relapse/event * no 58,4 7 100 -
yes 41.6 0 - 100
NOD/SCID passage PO 50 4 58 40
P1 8.3 1 14 -
P2 8.3 1 14 -
P3 16.8 1 14 20
P4 8.3 0 - 20
P6 8.3 0 - 20
* follow up time > 24 months, n=1 patient died while on therapy.
Table B. continuous variables
total TTLP T T-test
N range | mean range | mean range | mean P
age 12 |1.4-156| 7.9 2.00-156| 7.5 1.4-152| 8.4 .8
WBC at diagnosis 12 1.2- 42.6 1.2-71.8 | 34.3 10.5- 54.2 5
[1000/pl] 132.0 132.0
PB blast cells at 12 {1.0-97.0| 645 1.0-97.0 | 57.5 39.5- 39.5 4
diagnosis [%] 94.0
WBC at day 8 [1000/ul] 12 | 0653 | 2.0 1.0-41 | 20 0.6-5.3 | 2.1 9
PB blast cells at day 8 [%]| 12 | 0-34.0 5.5 0-34.0 6.6 0-7.0 4.1 .6
BM blast cells at day 33 12 - 0 - 0 - 0 -
(%]
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ST 5 (referring to: Fig. 3B): Patient charactecistdof the AIEOP-LLA cohort.
(Patients diagnosed from January 2004 to Decen(i@8)2

N %
total 197 100
gender female 93 47.2
male 104 52.8
infant leukemia 11 5.6
immunophenotype B-cell precursour ALL 197 100
genetic abnormalities ~ MLL- rearrangement 17 8.6
BCR/ABL- fusion 8 4.1
TEL/AML1- fusion 50 25.4
t(1;19) 12 6
hyperdiploid karyotype 23 11.7
prednisone response poor 32 16.3
good 162 82.2
not available 3 15
risk group HR 46 23.4
non-HR 146 74.1
not available 5 25
relapse total 40 20.3
< 24 months (early) 26 13.2
> 24 months (late) 14 7.1

ST 6 (referring to: Fig. 3B-E): Gene expressiomdfOR regulators is associated with TTL.

N=24 B P exp(B) 95% CI of exp(B)
PDE4A 1.355 .0674 3.879 .907 - 16.59
DDIT4L -2.808 .0324 .0603 .0046 - 0.790
RHEB 7.417 .0005 1664 25.82 - 107 258
FRAP1 5.833 .0016 3415 9.176 - 12 709

Univariate analyses (Cox’s regression) on time gokémia (TTL) according to gene expression levéls o

PDE4A DDIT4L, RHEB and FRAP1 (quantitative RT-PCR analyses; N=24 xenograft das)p
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SUPPLEMENTARY EXPERIMENTAL PROCEDURES
PATIENTS AND LEUKEMIA SAMPLES

All diagnostic leukemia samples included in ourdgts were obtained before treatment from
pediatric de novo B cell precursor (BCP ALL) ALLtgnts. All patients were enrolled and
treated according to the ALL-BFM 2000 study protoj@) or the AIEOP LLA 2000 study
protocol [3] after informed consent was given. trifawere included but treated according to
the Interfant-99 protocol [4]. Both studies arefpened in accordance to the Declaration of
Helsinki and registered at http://clinicaltrialsgdALL BFM 2000: NCT00430118 and
AIEOP LLA 2000: NCT00613457). Diagnosis and diageasxf relapse were accomplished
following the protocols’ criteria. The immunophepoe was assessed according to standards
of the European Group for the Immunological Chamazation of Leukemias (EGIL) [5].
Patients with B- cell precursor leukemia (pro- Bimemon and pre- B ALL) were included in
this study. Patients are divided in high risk- (H&t)non-HR groups. The stratification is
based on different prognostic factors such as respto treatment and genetic characteristics
known to be associated with poor outcome. High sBhtification is based on poor initial
response to treatment (prednisone poor responsarefaf reduction of peripheral leukemia
cells after 7 days of prednisone systemically ameliotrathecal dose of methotrexate) or non-
achievement of remission on day 33 as well as jpaea of translocations t(9;22), t(4;11) or
fusion of BCR/ABL or MLL/AF4, respectively [2, 6].7In addition minimal residual disease
(MRD) is analyzed by detection of leukemia- clonpedfic immunoglobulin gene
rearrangements [8, 9]. Patients with high levelM&D on day 78 of therapy are assigned to
the HR- group [10]. Patients showing none of the kiReria are classified as non- high risk.
The patient characteristics are summarized in Talsled Supplementary Tables ST 4 and ST
5.

XENOTRANSPLANT MODEL OF PEDIATRIC LEUKEMIA

All experimental animal studies were conducted ediog to the national animal welfare law
(Tierschutzgesetz) and were approved by the apiptepauthority (Regierungsprasidium
Tubingen, Germany, experiment number 775). NOD/SQNBDD/LtSz-scid/scid) mice
(Charles River Laboratories, Research Models andic&s, Germany) were kept in a
pathogen-free environment. Autoclaved water andl fa@re provided without restriction.

Patient leukemia cells were isolated by densitydigrat centrifugation (Biocoll separating
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solution; Biochrom AG, Germany) from diagnostic bomarrow aspirates or peripheral
blood. Cells were washed in Hank’s balanced salutism (HBSS, Gibco Invitrogen,

Germany) with 2% FCS. All samples used for transpleonsisted of more than 90%
leukemia cells. Unconditioned NOD/SCID mice [11] ith a median age of 10 weeks were
transplanted by injection into the lateral tailrveif 1x10 cells per recipient throughout the
study. As an exception, different numbers of leuieeoells were injected in the experiment

analyzing the impact of the cell dose.

DETECTION OF LEUKEMIA ENGRAFTMENT

After transplant blood samples were evaluated extjuat 2 weeks intervals for the presence
of human leukemia cells. About 50 pl of periphdsmlod were taken from the tail vein and
analyzed for human leukemia cells by flow cytomefiys]. Briefly, heparinized blood
samples (Liquemin, Hoffman-La Roche, Grenzach-Wyhléermany; 500 U per 50 ul
blood) were stained with allophycocyanin (APC)- jogated anti- human B-cell antigen
(CD19) and phycoerythrin (PE)- conjugated anti- imeileukocyte common antigen (Ly-5)
(both BD Bioscience, Heidelberg, Germany) and arelyby multiparameter flow cytometry
(FACSCalibur flow cytometer and cell quest softwaf®D Bioscience, Heidelberg,
Germany). The proportion of human CD19- positivePBdeukemia cells was calculated
reflecting the leukemic burden in the mouse asrdeest [13, 14]. At autopsy cell suspensions
from spleen and bone marrow were prepared. Spisgmetwas minced and strained through
nylon cell sieves (70 um, Falcon, BD Bioscienceiddiberg, Germany). Bone marrow cells
were isolated flushing the femoral cavity with PB8ononuclear cells were isolated by
density gradient centrifugation (Biocoll separatsajution; Biochrom AG, Berlin, Germany)

and subsequently analyzed by multiparameter flowrogtry as described above.

MANIFESTATION OF LEUKEMIA

After transplant the general condition and wellAgepf the mice was examined regularly.
Manifestation of disease was assessed by clinigak =of overt leukemia such as severely
impaired general condition, lethargy, ruffled fundaimpaired posture. Time to leukemia
(TTL) was determined for each patient sample trEamépd as weeks from the date of
transplant to the date of clinical manifestation tbé disease. Upon clear evidence for

leukemia related morbidity, mice were killed andogsy was performed. Leukemia was
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confirmed detecting leukemia cells in bone marr@pleen and peripheral blood. Mice
without evidence for disease and without eviderarehuman leukemia cells in peripheral
blood analyzed at week 20 after transplant werdedkilAutopsy was performed and absent

leukemia cell infiltration of spleen or bone marroanfirmed no overt leukemia.

RNA PREPARATION AND GENE EXPRESSION DATA

Gene expression analysis was carried out on xeftoguakemia samples with sufficient
follow up time and negative for known cytogenetimarmalities (N=12; TT#""" n=5 and
TTL"" n=7) which were isolated from recipients with dvesukemia. Cell suspensions
containing more than 90% leukemia cells as estithbyeflowcytometry were prepared from
infiltrated spleens of leukemia bearing mice. RNAaswisolated using a standardized
procedure (RNeasy kit, Qiagen, Hiden, Germany)failhg the manufacturers instructions.
Expression analysis was performed using the Humamof®e U133 Plus 2.0 Array
(Affymetrix, Santa Clara, USA). 2 ug of total RNAeve labeled using the GeneChip® One-
Cycle Target Labelling Assay Kit (Affymetrix) acabng to the manufacturer’s instructions.
After hybridization on a Hybridization Oven 640 ¢(etrix) arrays were stained and
washed in a FS 450 Fluidics Station (Affymetrixjdye imaging on an Affymetrix GeneChip
3000 scanner.

Primary patient leukemia cells were isolated fromgdostic specimens obtained from
patients treated according to the AIEOP LLA 200Mtgcol. Patients with available
information on early relapse (minimal follow up 8n24 months) and material obtainable at
diagnosis were included (N=197). Preparation of R gene expression analysis was
carried out using an Human Genome U133 Plus 2.8yAwffymetrix, Santa Clara, USA) as
described previously [15]. Gene expression miceyaffiles (Affymetrix CEL files) were
generated using the GCOS 1.4 or 1.2 software (Adtyix). For each gene expression profile
a detailed data quality report has been generaiedefine the overall quality of each
experiment. The quality parameters that were mogutdesides cRNA total yield and cRNA
A260/A280 ratio included: (i) background noise (&@ue), (ii) percentage of present called
probe sets, (iii) scaling factor, (iv) informatiabout exogenou8acillus subtilis control
transcripts from the Poly-A control kit (lys, pher, and dap), and (v) the ratio of intensities

of 3’ probes to 5’ probes for a housekeeping g&®¥RDH).
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Raw data have been deposited in NCBI's Gene ExprefSmnibus (GEO) database
(http://www.ncbi.nlm.nih.gov/geo) and are accessithirough GEO Series accession number
GSE13576.

QUANTITATIVE RT-PCR

To validate the array result, we performed quatitgareal-time PCR foPDE4A DDTIAL,
RHEB and additionallFRAP1 We used random hexamer priming and Superscrygrse
transcriptase (both Invitrogen, Karlsruhe, Germanyyenerate cDNA. PCR was carried out
on a LightCycler (Roche Diagnostics, Mannheim, Gary) using the LightCycler Fast Start
DNA Master SYBR Green | kit as described by the afacturer’'s instructions (Roche,
Mannheim, Germany). Real-time PCR conditions waréHdows: 95°C for 10 minutes, then
45 cycles of 95°C for 10 seconds, 65°C for 10 sdscnd 72°C for 20 seconds. Melting
curve analysis and product sequencing were peribtmeerify the amplification specificity.
Relative transcript levels were determined by amamative threshold cycles for amplification
(CT) method with normalization t6BP, HPRT and GAPDH . The most stably expressed
control genes were determined independently usieyddm [16] and Normfinder [17]. The
primer sequences are as follows (s indicating seasantisense’):

PDE4A-14s: 5-GCAGTGTTCACGGACCTGGAGATTCTCGC-3',

PDE4A-16a: 5'-GCGGTCGGAGTAGTTATCTAGCAGGAGGACCCC-3,

DDIT4L-1s: 5'-CGAGCGCGCAGGCCCCCGCGAAC-3,,

DDIT4L-3a: 5-GGGTCAGTTTCTCAGGGACAAGGACCTTTG-3

RHEB-1s 5-CCGGAAGATCGCGATCCTGGGCTAC-3',

RHEB-6a: 5’-CCATATGCAGGTCTTTCTTATTCCCAACCAACATAATAG>-3;
FRAP1-31s: 5-CAACTCCACCAGCAGTGCTGTGAAAAGTGGAC-3,,

FRAP1-34a: 5-GTACTGGATAACCTCCTCCAGCTCGGACAGC-3;;

TBP-2s: 5'-GAGGAAGTTGCTGAGAAGAGTGTGCTGGAG-3,,

TBP-3a: 5-GTCAGTCCAGTGCCATAAGGCATCATTGG-3;;

HPRT1-3s: 5-GAGATGGGAGGCCATCACATTGTAGCCCTC-3/,

HPRT1-4a: 5'-CTCCACCAATTACTTTTATGTCCCCTGTTGACTGGTE:

GAPDH-8s: 5'-CAGAACATCATCCCTGCCTCTACTGGC-3',

GAPDH-9a: 5-GGTCTTACTCCTTGGAGGCCATGTGGG-3'.
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EXVIVO TREATMENT OF XENOGRAFT SAMPLES

Leukemia cells were isolated from recipient animpiesenting with overt leukemia as
described above. Cells were incubated followingndéad culture conditions in RPMI 1640
(Life Technologies, Eggenstein, Germany) suppleetntith 10% fetal calf serum (FCS;
Sigma Chemicals, Deisenhofen, Germany), togetheh \genicillin, streptomycin, and
glutamine (Biochrome, Berlin, Germany) at 37°C ianfidified air/5% CQ. Cells were
treated with either rapamycin or rolipram diluteddimethyl sulphoxide (DMSO, all Sigma
Chemicals, Deisenhofen, Germany) at concentratidrisd and 100 nM (rapamycin) or 10
and 100 pM (rolipram) or with DMSO alone. Viabilibf leukemia cells was assessed by
flowcytometry according to forward and side scatteiteria. Specific cell death was
calculated as described previously [18]: 100 x éxpental dead cells [%] - dead cells in
DMSO control [%]) / (100% - dead cells in DMSO can{%]).
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CONCLUSIONS

Acute lymphoblastic leukaemia (ALL) is the most coon and the most successfully
treated malignancy in children, with long-term suaV rates reaching 75-80% as the result of
tailored treatment strategfesdowever, up to a quarter of children suffer aureence of the
disease and the outcome for these patients rerdaimaf > 4 Notably, many relapses occur
in low risk stratified patients, who initially prest with favourable prognostic featutes
indicating the need to improve the identificatioh patients at increased risk of treatment
failure.

Many studies have demonstrated that gene expregmiofiles (GEP) can aid
classification and risk stratification in ACL"® ® % 1! GEP was successfully applied to study
the mechanism related to drug resistance, to preeéponse to therapeutic compounds, to
find biomarkers for monitoring of minimal residudisease. Using Gene Ontology tools
information coming from thousand of genes permiutmlerstand many biological nuances
specific of leukemia subgroups. GEP technologylessn also extended to the study of small

RNA expression offering a much wider vision on gaioregulation related to diseases.

In this thesis, GEP was applied to several reseapgimoaches aiming to dissect the

heterogeneity and to find novel therapeutic targe® cell precursor ALL (BCP ALL).

In BCP ALL, individual chromosomal abnormalitiegeatrong independent indicators
of outcomé? and lead to disruption of genes involved in thgutation of B-lymphocyte
differentiation. Twenty-five percent of BCP ALL aslack major genetic aberrations such as
balanced chromosomal translocations or aneuplaidg,are general known as B-ottars*

15 In the last few years improvement in researchistsach as FISH, GEP and analysis of
genome-wide DNA copy number alterations have ledh® discovery of new recurrent
genetic lesions. Chromosome 21 amplification (iAdjpare found in 2% of ALLCRLF2
aberrations regard 6% of ALL amtRG aberrations occur in 7% of ALL. These aberrations
are found for the major part among B-others BCP Addd recently these recurrent lesions
are employed to define new ALL subtypes reducirg tthe group of B-others to 7% of
ALL . with exception of iAmp21, that is a defined suhgr associated to unfavourable

outcome the other two subgroupSRLF2 aberrations andERG deletions) are not yet
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extensively studied. The incidence &fRLF2aberrations remains to be defined and type of
rearrangements involvinCRLF2 prognostic impact associated to different abrmmat
(overexpressioin or different rearrangements) aedeglulated pathway involved in the
disease are currently subject of collaborative isgidAlso dissection of patients wittRG
aberrancies are ongoing. Patients in this groupeperted to share gene expression profiles
and to present a truncated form of ERG protein,dbuthe genetic level only a subgroup of
patients carries arERG intragenic deletions. Together these open isdedsme to regards
B-others as a large heterogeneous group wheresuletype are under investigation.

A consistent number of relapses currently occuthénB-others group indicating the
need for new biological insights and treatmentapifor these patieris Gene expression
profiling of B-other groups confirmed their heteemic nature and revealed that some
subgroups signatures resemble those of geneticafined groups (such aBCR-ABL,
suggesting for common deregulated pathways.

Twenty-five percent of B-others patients (5% of B@LL) fitted in a group with
favourable outcome and a unique signature assdciatérequentERG intragenic deletion.
MicroRNAs expression profiling revealed in this gpo an unique miRNAs signature
characterized by over expression of hsa-miR-125P5b-2*, -99a, -100, -125a-3p and has-
miR-491-5p. Integration of data from gene and miRNpofiling revealed over expression of
MIiRNAs and genes in 21g21.1 chromosomal region.o@®enwide analysis excluded copy
number alterations of this deregulated region. Uai@f this group a specific snoRNAs
expression profile with up regulation of many snag®Nn 15q11.2 locus was observed.
These findings confirm GEP efficacy in the classcdvery, underscore involvement of
MIRNASs in the diseases and the portent of a gemtNAiI integrated research approaches.
Further investigations are need to elucidate the od miR-125b-2 cluster in BCP ALL,
testing its employments as class marker and tesaske association with favourable outcome
(miR-125b-2 was also found up-regulatedEiiV6-RUNXIBCP ALL, a subtype associate to
favourable outcont®) . Further it will be great interest to dissebe trole for 21g21.1
chromosomal region, not previuosly reported to &egulated in leukemia.

Actually, human chromosome 21 (Hsa2l) is frequemtiyolved in ALL genomic
aberrations (e.g. hyperdiploidy (HD), t(12;21) Amip21), and the high incidence of ALL in
children with Down Syndrome (DS) reinforce the hymsis of a directly and functional
contribution of Hsa21 genes to the malignant tramsétion of hematopoietic cells. However,

gene expression data shows large differences bet®& ALL and HD ALL leukemias,
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reflecting the fundamental differences between tn®nal and acquired trisomy and
suggesting distinct ways of Hsa21 involvement. Geicoanalysis of a large group of DS
ALLs reveals highly heterogeneity of the group, amdenrichment with DNA damage and
BCL6 responsive genes suggests the possibility -o&IBlymphocytic genomic instability

among the causes leading to leukemia in constitatisisomy 21.

Two-thirds of the DS ALL patients shared the abstrraxpression of the cytokine
receptorCRLF2and data on cooperation between CRLF2 and mut#®&@ dn conferring
cytokine independent growth to pro-B cells sugdkat the DS ALL children wittCRLF2
aberrant expression may benefit from therapy blogkine CRLF2-JAK2 pathway.

A recent work on primary cells have establisheal ¢htical roles of JAK1 and JAK2 for
TSLP-mediated STATS5 activatibh The GEP data on enrichment in BCL6 responsive gen
(activated by STAT®) and the finding in patients with higBRLF2 expressing of a
signature similar tdCR-ABL1patients (BCR—ABL1 kinase constitutively activat€AS5)

are in line with a constitutional STAT5 activatiand underscore the power of GEP to catch
the biological features of disease.

Further investigation of incidence and prognostipact of CRLF2aberrations in non-
DS ALL patients enrolled into the AIEOP-BFM ALL200fudy revealed that thR2RY 8-
CRLF2rearrangement in association with 20 times overesgion ofCRLF2identifies BCP
ALL patients with a very poor prognosis and, amdngm, an important subset of patients
currently stratified in the intermediate risk. Ihetlight of this result, combineB2RY 8-
CRLF2 fusion and CRLF2 overexpression will be proposed as a new markepaur
prognosis for children with intermediate risk BCBLA

Developing the issues above and going forward ocegigated pathways investigation
will require the use of model studies such as maxenotransplantation a valid tool for
amplifying leukemia cells and for in vivo testing imhibitors. The GEP study on the
NOD/SCID/huALL transplant model proved its capapilio recapitulate the primary human
leukaemia, mimicking the features of the primary ligrancy and retaining these
characteristics over serial passages without seteébr a subclone of leukaemia initiating
cells. Furthermore, gene signatures reflecting fdetures of those xenotransplants that
showed rapid engraftment attitude, identified astdu of early relapsed patients in an
independent cohort. Gene expression profiling stdof rapid engraftment revealed a set of
genes associated with this aggressive phenotypadprg a potential strategy to identify

patients with high risk of early relapse. Most intpatly, pathways regulating cell growth
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were identified. Indeed, xenotransplants that slibvepid engraftment are characterized by
an activated mTOR pathwaPDIT4Llow/RHEBhigh/FRAPigh) andex vivotreatment of
xenograft cells with mTOR inhibitor showed to inase cells death. In line with the
involvement of mMTOR pathway in aggressiveness bé disease, there is the finding of
overexpression of mMiRNAs (miR-100 and miR-99a)Wrto inhibits mTOR signalling in the
group associated to a favourable outcome. Furthermmo this group down-regulation of
genes related to mTOR signalling are observed. makgether this finding suggest that
MmTOR pathway could provide targets for alternatiierapeutic strategies for high risk

patients.
Concluding, ten years after its introduction in @mematology, GEP continues to be a

valuable research tool, efficacious in subtype aliscy and leading researchers to discover

deregulated pathways and biomarkers identificatidBCP ALL.
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