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Summary

T-cell acute lymphoblastic leukemia (T-ALL) is aggressive hematologic tumor,
resulting from the transformation of T-cell progens. Activating mutations in
the NOTCHL1 ligand-activated transcription factorcogene are found in over
60% of T-ALL cases. Recently, several microRNAs éaveen shown to
cooperate with NOTCH1 in the pathogenesis of T-Allowever, little is
currently known on the microRNAs that are regulafeowing NOTCH1
inhibition. Thus, in view of future therapies thatay combine NOTCH1
inhibition with microRNA based therapy we pursuedstudy the microRNAs
regulated following NOTCH1 inhibition and their fctional role in T-ALL
pathogenesisiVe first generated a mouse model of NOTCH1-induee#temia,
that carries a NOTCH1 mutation recurrently foundhimman T-ALL patients
(L1601PAPEST), and inhibited NOTCH1 signalimg vivo by treating diseased
animals with a potent gamma secretase inhibitorADBhese NOTCH1-induced
T-ALL samples were subjected to miRNA profiling mgia mouse array (8X60K
release 19.0; Agilent) and, in parallel, gene essicm analysis using SurePrint
G3 Mouse Gene Expression v2 array (Agilent). TheQvahd NOTCH signatures
resulted strongly down-regulated following NOTCHuihibition by Gene Set
Enriched Analysis (GSEA) demonstrating the efficaypur experimental model.
Among the NOTCH1 down-regulated miRNAs, we found thiR-17-92 cluster,
previously reported to be highly expressed in T-Aédmples. Their regulation
was also confirmed in another mouse model of NOT-@tdliced T-ALL and in
human T-leukemia cells. Notably, we identified n8Ra-5p, miR-22a-3p and
miR-199a-5p to be significantly up-regulated follogg NOTCH1-inhibition
suggesting a putative role as tumor suppressofdOi CH1-driven leukemia.
Even if we can hypothesize that these miRNAS cqléy an important role in
murine T-cell leukemia, they resulted not expressechuman T-ALL cells.
Differently, miR-22a-3p resulted significantly upgulated following NOTCH1
inhibition both in mouse and human T-ALL cells. Mower, the overexpression
of miR-22a-3p inhibitedn vitro colony formation in T-ALL cell lines carrying

constitutive NOTCHL1 activation and significantimpaired tumor growtin vivo
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when overexpressed in human T-ALL cells, suggeséirtgmor suppressor role
for miR-22 in T-ALL downstream of NOTCH1. Meta-agsils from the human T-
ALL dataset already published showed, amongst itpeifeantly up-regulated
gene sets, targets of the microRNAs belonging & nthR-17/92 cluster. These
results are in accordance with our murine microRNiferential expression
analysis, in which we found components of miR-17(2ster to be strongly
down-regulated.

Moreover, using the same human dataset, we ran G&fainst the C3 sub
collection of mir targets in the MSigDB v6.0, inding additional gene sets with
putative targets of miR-22. Amongst the downregdagene sets, we identified
23 down-regulated genes that were consistentlyriboing to the negative
enrichment of all the three selected gene setsiBf28 targets. Amongst these
genes, we found the Peroxisome Proliferator-ActitatReceptor Gamma,
Coactivator 1 Beta (PGCB), that is involved in mitochondrial metabolism.
Notably, GSEA analysis, identified transcriptiorctfars significantly regulated
upon treatment with DBZ in human T-ALL cells, fimgj that the PPARG_01
gene set, containing targets of the PPARG transanigactor, was significantly
down-regulated in this context. PG@-Iesulted significantly down-regulated
following NOTCHL1 inhibitionin vivo in human PDTALL xenografts and in one
of three miR-22 overexpressing T-ALL cell linestednscription level. On the
other hand, the amount of PGC-1b protein was fotode very high and
insensitive to NOTCHL1 inhibition or miR-22 overegpsion.

In conclusion, we found that miR-22-3p was downdtated in T-ALL cells and
its expression level could be restored following MEH1 inhibition. miR-22-3p
over-expression affecteth vivo tumor growth, possibly altering homing to
supportive niches and so favouring disease progrgssupporting its tumor
suppressor role in NOTCH1-mutated T-ALL cells. Matalysis of NOTCH1
regulated genes in human T-ALL cell lines indicaR@EC-P as a putative miR-
22 target gene, whose expression appeared signlficeegulated only at the
transcriptional level, while protein level was falanaltered.

Thus, we are still investigating on the role of NCH1/has-miR-22/PPARG axis
because understanding the mechanism of action Bf22i3p in T-ALL cells

could be contribute to the successful treatmenTiLL, opening possibilities of
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future therapeutic interventions that may combin®TH1 inhibition with
microRNA based therapy.
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Introduction

1.1 T-cell Acute Lymphoblastic Leukemia

T-cell acute lymphoblastic leukemia (T-ALL) is aggaessive hematologic tumor
that accounts for 10%—-15% of pediatric and 20-25%dalt ALL cases [1,2], itis

about twice as prevalent in males as in femalesT3}LL clinical presentation

consist of elevated white cell counts in patiertool and haematopoietic failure,
associated with anemia, neutropenia and thrombpeyia. In addition, it can

include hyperleukocytosis with extramedullary inkehent of lymph nodes and
central nervous system and the presence of a ntiediasass, arising from the
thymus.

T-ALL results from the malignant transformation©fcell progenitors that cause
diffuse infiltration of the bone marrow by immatufecell lymphoblasts [4]. T-

cell transformation is characterized by accumulattbgenomic mutations, which
alter several oncogenes and tumor suppressor deadisg to disruption of the
normal pathways involved in T-cell development iaegdto uncontrolled cell

proliferation and cell cycle progression, diffeiatibn arrest and abnormal

cellular metabolism.

1.1.1 Molecular pathogenesis

T-ALL transformation shows a prominent role of NCHG a key T cell fate
specification and thymocyte development factort iteaactivated by oncogenic
gain-of-function mutations in over 60% of cases. [BJOTCH1 activating
mutations result in a ligand-independent releas¢hefintracellular domain of
NOTCH1 (ICN), which subsequently translocates nhbcleus where it acts as a
transcription factor. Alternatively, NOTCH1 mutat® in the proline, glutamic
acid, serine, threonine-rich (PEST) domain or iwvating mutations in the E3-
ubiquitin ligase gene F-box and WD repeat domaintaiaing 7 (FBXW?7)

preserve ICN from ubiquitin-mediated degradationtbg proteasome [6].In
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addition, in more than 70% of all T-ALL cases deletof the cyclin dependent
kinase inhibitor 2A  (CDKNZ2A) locus in chromosomanil 9p21 affecting the
pl6/INK4A and pl4/ARF suppressor genes which reagudall cycle progression
and p53 mediated apoptosis, respectively are prgggnNOTCHL1 activating
mutations are often found together with CDKN2A @dtens or chromosomal
translocations, resulting in aberrant expressiomlitierent transcription factors
involved in T-cell development. These transcriptfactors include basic helix-
loop-helix (bHLH) family members such as T cell sclymphocytic leukaemia 1
(TAL1), TAL2[ 8], lymphoblastic leukaemia associated haematopaiegidator 1
(LYL1)[9,10], BHLHB1[11], LIM-only domain (LMO) genes LMOL,
LMO2)[12,13], MYC[14], MYB[15], TANL1 [16], the T cell leukaemia homeobox
1(TLX1) and TLX3 [17,18], NK2 homeobox 1 (NKX2-1pd NKX2-2 [19] and
homeobox A (HOXA) [20], that can function as oncoge Moreover, genetic
alterations include transcription factor fusion ogenes such as
PICALM/MLLT10/CALM-AF10 [21,22], MLL-MLLTUMLL-ENL [23,24],
SET/NUP214 [25], NUP98-RAP1GDSL [26,27]; activation of signaling factors
driving proliferation such akCK [28], CCND2 [28-30], JAK1 [31], NUP214-
ABL1[32], EML1-ABL1[33] andNRAS[34].

Additional molecular alterations in T-ALL involvess-of-function mutations and
deletions in tumor suppressor genes such as Wilmsour 1 (WT1) [35];
deletions and mutations in tN&T1 gene are present in about 10% of T-ALLs and
are frequently associated with oncogenic expressidhe TLX1, TLX3, or HOXA
oncogenes [35,36]. Loss-of-function mutations imeottumor suppressor genes in
T-ALL include: monoallelic or biallelic deletionsnvolving the Lymphoid
Enhancer Binding Factor LEF1) locus and mutations in thd&eF1 gene, that are
present in about 15% of T-ALL cases [37]; ETS Viarié ETV6) mutations, a
transcriptional repressor strictly required for thevelopment of hematopoietic
stem cells, that produce truncated proteins withmidant-negative activity
[38,39]; loss-of-function mutations and heterozygokeletions of B-Cell Chronic
lymphocytic leukemia (CLL)/Lymphoma 11B BCL11B)[40]; loss-of-function
mutations in Runt-related transcription factorRUNX1), that can be found in
immature T-ALL samples, suggesting a tumor suppresse for RUNX1 in T-
cell transformation [41]; somatic GATA Binding Peat 3 GATA3) missense
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mutations, an important regulator of T cell diffietiation, cluster in the zinc
finger DNA-binding protein domain, and may be rasgble for an early block in
T-cell development [42].

Loss of tumor suppressor genes during T-cell tanshtion were identified in
other important signaling pathways: rat sarcomaalvioncogene homolog
(RAS)/MAPK [43], where cryptic deletions and/or ratibns are present in the
neurofibromatosis type INF1) gene, which encodes a negative regulator of the
RAS pathway, occur in 3% of T-ALL [44], and phosptginositol-4,5-
bisphosphate 3-kinase (PI3K) [45], where nonsemsissense mutations or
deletions of Phosphatase and Tensin homolog (PTENXritical negative
regulator of the PI3K-AKT signaling pathway, octarl0-20% of human T-ALL
cases [46].

Moreover, alterations in epigenetic regulators afdomatin modifiers are
reported in up to 25% of T-ALLs and involve the ymmb repressor complex 2
(PRC2) [47], including its core components embryonicoeerm development
(EED), Enhancer of zeste homolog 2 (EZH2) and seggur of zeste 12 homolog
(SUZ12), that mediates the repressive histone ldBdy27 trimethylation mark
[48]; KDM6A, which encodes a histone demethylase [49]; and 7USich
encodes a deubiquitinating enzyme [50].

In particular, NOTCHL1 activation was shown to sfieally induce loss of the
repressiveH3K27me3 mark by antagonizing PRC2 complex activity duringell
transformation, suggesting a dynamic interplay etw oncogenic NOTCH1
activation and loss of PRC2 function in the patmsge of T-ALL [47]. In
addition, mutations and deletions in PHD Fingert&iro6 PHF6) gene, which
has a putative role in chromatin modification, gmesent in about 16% of
pediatric and 38% of adult T-ALL cases[51].

Recently, Liu Y. et al. identified multiple new meldies of activation in known
T-ALL driver genes, including sequence mutationgofLeu; P44L) and
enhancer alterations that deregulate MYCN, preWousdentified in
neuroblastoma, novel rearrangements and mutatioMy’'8, rearrangements and

complex mutations of ZFP36L2, and novel TAL1 entgmutations [52].
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Classification of recurrent genetic alterations in T-ALL

Category Gene target Genetic rearrangement Outcome (ref.)
NOTCH1 pathway NOTCH1 1(7.9)(q34:p13) NA
Activating mutation Good (51, 129)

GPR (45, 49, 50)
No impact (48)

FBXW7 Inactivating mutation NA
Cell cycle defects CODKN2A/2B 9p21 deletion methylation Good (60)
CCND2 1(7:12)(q34;p13) NA
t(12;14)(p13,q11)
RB1 13q14 deletion No impact (33)
CDKN1B 12p13 deletion NA
Cell growth transcription factor MYC 1(8;14)(q24:q11) NA
tumor suppressors wr1 Inactivating mutation/deletion No impact (80)
LEF1 Inactivating mutation/deletion NA
ETV6 Inactivating mutation/deletion No impact (33)
BCL11B Inactivating mutation/deletion No impact (33)
RUNX1 Inactivating mutation/deletion No impact (33)
Poor (101)
GATA3 Inactivating mutation/deletion Poor (33)
Signal transduction PTEN Inactivating mutation No impact (106, 130)
10923 deletion Poor (33)
NUP214-ABL1 Episomal 9934 amplification Poor (108)
No impact (131)
EML1-ABL1 1(9;14)(q34;932) NA
ETV6-ABL1 1(9:12)(q34:p13) NA
BCR-ABL1 1(9:22)(q34:q11) Poor (132)
NRAS Activating mutation No impact (33)
NF1 Inactivating mutation/deletion No impact (33)
JAK1 Activating mutation No impact (33)
ETV6-JAK2 1(9;12)(p24:p13) NA
JAK3 activating mutation No impact (33)
FLT3 activating mutation No impact (33)
IL7R activating mutation No impact (33)
Chromatin remodeling EZH2 Inactivating mutation/deletion Poor (33)
Suz12 Inactivating mutation/deletion No impact (33)
EED Inactivating mutation/deletion No impact (33)
PHF6 Inactivating mutation/deletion No impact (81)

GPR, good prednisone response

Table1. Classification of recurrent genetic alterationsin T-ALL [4].

Over the last years it has become increasingly reppdhat RNA is involved in
various forms of gene regulation. While much emghaas been placed on the
role of small non-coding RNAs, such as miRNAs, INé&, and circular RNAS,
in post-transcriptional modes of gene regulatiomais become apparent that their
involvement in normal development and disease,udlioy cancer, are very
complex. In the context of T-ALL, Mavrakis and @dbues [53] identified a
cluster miR-17-92, composed of five microRNAs (mMiBb, miR-20a, miR-26a,
miR-92, and miR-223), that cooperatively suppresstavork of tumor suppressor
genes, includind®HF6, PTEN, BIM, andFBXW?7 in a NOTCH1-induced murine

bone marrow transplant model of T-ALL. Another waskowed how miR-19

10
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plays a crucial role in promoting leukemogenesiN@TCH1-induced T-ALL.
Notably, dual translocations that simultaneouskeafthe 17-92 cluster, where
miR-19 is located, and NOTCH, highlight the oncagemportance of this
interaction in T-ALL [54]. Moreover, using a mouseodel of T-ALL, it was
found that activated NOTCHL1 leads to repressiomd®-451 and miR-709 by
inducing degradation of the E2a tumor suppressdrichw transcriptionally
activates the genes encoding miR-451 and miR-70B-481, but not miR-709,
was conserved in humans. T-ALL patients, carryingiivating NOTCH1
mutations, were found to have decreased levelsiBf461 and increased MYC
levels in comparison with T-ALLs with wild-type NQ@IH1 [55].

Long non-coding RNAs (IncRNAs) have been reporteglay important roles in
the pathogenesis of some tumors, although thegrirothe pathogenesis of ALL
or other hematological cancers remains poorly dtaraed [56] Long non-
coding RNAs are transcripts with a length of atste200 nucleotides that lack
protein-coding potential [57]. They primarily aogether with chromatin modifier
enzymes, guiding chromatin remodelers to theirefasites, where they induce
protein conformational changes and thereby activeatetivate the interacting
protein complex [58]. Trimarchi and colleagues wire first to identify a set of
INcRNAs under control of aberrant NOTCH1 signalimg T-ALL [59]. In
particular, they identifiedlUNARL as an oncogenic InNCRNA, localized in the
nucleus, that is over-expressed in primary T-ALkgh higher expression in T-
ALL cases that harbor activati?dOTCH1 mutations. Another study showed how
in vitro knockdown olLUNARL significantly affected leukemic cell growth owing
to decreased insulin-like growth factor receptd@dK1R) signaling, suggesting
that NOTCH signaling is also able to shape the M&Randscape in this disease
[60]. These findings open the possibility that symeviously uncharacterized
transcripts are kegnodulators of cellular transformation, through theteraction

with oncogenic and tumor suppressor programs ikeleua.

11
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1.1.2 Classification of T-ALL

Acute Lymphoblastic Leukemias are an heterogenegusup of tumors
differentially classified depending on immunophempet cytogenetics, molecular
genetic abnormalities and clinical features inahgdiesponse to therapy.
T-cell markers are CD1la, CD2, CD3 (membrane andptgsm), CD4, CD5,
CD7 and CD8, while CD2, CD5 and CD7 antigens arekera of the most
immature T cells. The unequivocal diagnosis of TtAldepends on the
demonstration of surface/cytoplasmic CD3 [61]. Aduagly to the European
Group for Immunological Characterization of Leukam(EGIL), T-ALL is sub-
classified on the base of their immunophenotypeun subgroups [61,62]:
= pro-T EGIL TI, this immature subgroup is defined the expression of
CD3, CD7;
= pre-T EGIL TII, is defined by the expression of CD3D7 and CD2
and/or CD5 and/or CDS8;
= cortical T EGIL T-lll is characterized by CD1a pibgty;
= mature-T EGIL T-1V is characterized by the preseat€D3 and by the
absence of CD1a on the cell surface.
Finally, a novel subgroup called ETP-ALL (Early-TreBursor-ALL) present
characteristic immunophenotypic features, whicHude lack of CDl1a and CD8
expression, weak CD5 expression, and expressiat lefast one myeloid and/or
stem cell marker [63].
Molecular classification of T-ALL is associated kviunique gene expression
signatures that reflect thymocyte developmentaésarrat different stages of
differentiation. This classification identified &e clinically relevant biological
subgroups [64,65]:
 ETP-ALL present an arrest at the earliest stages-cé#ll differentiation
with lack of expression of both CD4 and CD8 andvslstem-cell-like and
myeloid-like features [63]. ETP-ALL show predomitigralterations that
disrupt the activity of important transcription fars regulating
haematopoietic and T cell-fate development, sucliREdX1, GATA3

and ETV6 and epigenetics regulators, such as rateitdehydrogenase 1

12
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(IDH1), IDH2 and DNA methyltransferase 3A (DNMT3Agnd mutations
that activate signaling factors, for example NRAS &ms related tyrosine
kinase 3 (FLT3) [66-68].

* T-ALLs arrested in the early stages of corticalntmgyte maturation show
an CD4+CD8+CDla+ immunophenotype [69] and reculyeptesent
mutations in NOTCH1 and loss of CDKN2A. These leules are
typically characterized by the activation of thanscription factors TLX1
and TLX3, NKX2-1 or NKX2-2 [1,70]. This subgroup rcalso contain
genetic alterations including the nucleoporin 21MUP214)-ABL1
rearrangement [4] and mutations in PHF6 [51], W3%] and protein
tyrosine phosphatase non-receptor type 2 (PTPN3) [7

» Late cortical leukemias present an arrest in mdaieecortical thymocytes
with CD4'CD8'CD3" immunophenotype. This subgroup typically present
activation of the TAL1 oncogene, together with @tk expression of
LMO1 or LMO2. These leukaemias also frequently showtations in
NOTCH1 and CDKN2A, and a high prevalence of PTENatons and
deletions [1].

The ETP-ALL subgroup initially associated with arywdnigh risk of remission
induction failure or relapse and significantly redd overall survival, appears not
to have such a dismal outcome following the impletaton of current treatment
intensification protocols [63,68,72,73]. On the estthand, T-ALLs with early
cortical thymocyte immunophenotype present a faafoler prognosis [2].

13
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ETP Early cortical Late cortical Mature

Q ’ Q___'
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NRAS, FLT3, ETVS, WT1, PHF6,
RUNX1,GATA3, NUP214-ABL1
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NOTCH1 and FBXW?7

del(9p22) CDKN2A loss

Figure 1. Oncogenic programmes and gene expression signatures define distinct molecular groupsof T-ALL [2].

In a recent study, Yu Liu et al. constructed a wekio link genetic alterations to
T cell developmental stages and T-ALL subgroupsisictering both gene—
subgroup and gene—gene correlations [52]. Frometheslyses the pattern that
emerged was consistent with a scenario where seddgpched genetic
alterations reflect genes critical for a specitage of T cell development. In fact,
mutations in the Janus kinase/signal transducer atidator of transcription
(JAK/STAT) or Ras signaling pathways, such as FLNRAS and JAK3 were
enriched in the LMO2/LYL1 and HOXA subgroups, whaéerations in PI3K
signaling pathway, for example PTEN and PIK3Riere enriched in the TAL1
subgroup, suggesting a transition from early T deNelopment to later stages.
USP7 alterations were enriched in the TAL1 subgroupile CCCTC-binding
factor (CTCF) alterations were prevalent in TLX3ses, while Dynamin 2
(DNM2) and PHF6 mutations were enriched in TLX1/T3 ¥ases, indicating that
epigenetic regulators are mainly involved in thdyegersus late cortical stages of
T cell development. Moreover, mutations in Ribosbfetein L5 (RPL5) and
LEF1 were most common in NKX2-1 cases, while changeBCL11B or MYC
were most common in TLX1 and RPL10 alterations wenrgched in the TLX3
subgroups. MYB, interleukin 7 receptor (IL7R) andBIlA were the most

14
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frequently mutated genes that were not associatgd @& unique subtype,
suggesting that they may drive signaling pathwaysnultiple stages of T cell

maturation.

1.1.2.1 Notch signaling pathway

Notch signaling is an evolutionarily conserved patiy, that has been extensively
characterized in many human systems as well asnmunodels. Notch signaling
controls many cellular functions including cell fdifentiation, proliferation and
apoptosis [74]. In thymus, Notchl is essentialdarly T cell fate specification
and thymocyte development [75,76].
The Notch proteins are heterodimeric Type | tramabrane receptors, which are
composed of (Figure 2):
- an extracellular domain containing Epidermal gitoactor (EGF)-like
repeats, that mediate interactions with ligandgueinegative regulatory
region (NRR) composed of three cysteine-rich LinNdteh repeats
(LNR), that prevent receptor activation in the aifesge of ligand and a
heterodimerization domain (HD);
- a single-pass transmembrane domain, which agstter with the
cytoplasmatic region as transcription factor;
- an intracellular region containing the PEST domiiat is targeted by
proteasomal degradation to terminate NOTCH siggalin
In mammals there are four members (Notch1-4) ofNb&ch family of receptors
and five Notch ligands (Delta-like 1, 3, 4 and Jad)d, 2). In the canonical Notch
signaling pathway Notch receptors, after bindinghwits ligands, undergo a
conformational change, that leads to the proteolytleavage of the
transmembrane-intracellular domain of the receffit@t, by an A Disintegrin And
Metalloprotease (ADAM), generating a truncated Moictermediate [77], and
subsequently by the -secretase complex [78]. This aspartyl proteasavels
Notch at a site within the cell membrane to reletse activated intracellular

15
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domains of Notch (ICN) into the cytosol. ICN tramsdtes to the nucleus where it
activates gene expression by association with CBEppressor of Hairless, Lag-
1 (CSL) repressor complex (CBF in vertebrates, $utHDrosophila, Lag-1 in C.
elegans; also known as RBB-jand coactivators of mastermind-like (MAML)
family to form transcriptional complexes [79,80].otdh signaling is tightly
regulated through the action of the E3 ubiquityasie, FBXW?7, which recognizes
the PEST domain and targets ICN with polyubiqutiova for proteosomal
degradation [80] (Figure 2).

Ligands

i y-aecrelase

onig : !

Dia cleavage S1/54
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Jaimﬂ_i. Receplors 2 NCD

Mmmcn 14 %ﬁ. A@gﬁ"'

\ \ Nucleus

St )
ADAM cleavage 52 f%&.‘

Targe! gend - imepy:
Cell membrane ' L}JRF
>

RO

Figure 2. The Notch signaling pathway [81]. Co-A indicates coactivator; Co-R, corepressor; BfML, Mastermind-
like protein 1.

The Notch signaling pathway is involved in hemaieps both in the generation
of cell diversity and in stem-cell maintenance [8Rptch is already active in
Hematopoietic stem cells (HSCs) in bone marrow tntain their capacity to
self-renewal [83]. Notch has a determinant rol@-cell lineage commitment and
in suppressing B-lymphocyte development. In faot, ¢onstitutive expression of
active Notchl in bone marrow (BM) progenitors cauggersistent block in early
B-cell differentiation and the increase of immat@®4+CD8+ (double positive;

DP) T cells [84]. Notch signaling simultaneouslyitoits dendritic cell potential
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in the spleen and in the lamina propria throughattesation of Notch2 [85]. The
pivotal role of Notch in T-cell fate continues imetthymus, where knockdown of
Notchl or inactivation of Notch pathway by RBP-hditional knockdownin
vivo induces the accumulation of B cells, in additi@nthe block of T-cell
development at an early stage [75,76]. In vitro eekpents demonstrated that
Notch signals are necessary at each of the thrgedmaible negative (CD4-CD8-
; DN) stages (DN1-3) [86] until th@-selection, which requires Notch/Delta
interaction for the differentiation of only TCé&j3-lineage thymocytes [87].
Consistenly, loss-of-function mutations or delesiorof Notch signaling
components have been linked to several human disgrdrom developmental
syndromes, such as Alagille syndrome, spondylotatsostosis, and cerebral
autosomal dominant arteriopathy [88], to adult okseases, such as Cancer and

Alzheimer’s disease [89].

1.1.2.2 Notchl signaling pathway in T-ALL

Activating mutations in the NOTCH1 ligand-activatadanscription factor
oncogene are found in over 60% of human T-ALLs s§Sgwhere they result in
high levels of NOTCH1 signaling. A recent reportngsan integrated genomic
approach in 264 T-ALL found an even higher freqyeaE NOTCH1 mutations
(=75%)[52]. The first identification of aberrant aettion of the NOTCHL1
signaling pathway in T-ALL showed rare t(7;9) (g%34.3) chromosomal
translocation which determined the expression obmstitutively active form of
NOTCH1 downstream of the TCRB promoter [90] (Fig8bg.

The most frequent mutations in NOTCH1 are HD matetj which are found in
approximately 40% of human T-ALLs. These mutatiaffect exons 26 and 27,
which encode the N-terminal and C-terminal comptsmenof the
heterodimerization domain, respectively (Figure B).normal conditions, in
absence of Notchl ligands the N-terminal and Cqtemsubunits of the HD

domain are closely associated with LNR repeats, clvhiprotect the
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metalloprotease S2 cleavage site, holding themthegg91l]. Most of these
mutations called HD mutations of class 1 (HD1) aseally single amino acid
substitutions and small in-frame deletions and rinmes (Figure 3c), which
reduce the stability of the LNR-HD complex, resudtiin ligand hypersensitivity
or ligand-independent Notch1l activation. The otireup of HD mutations class 2
(HD2) are composed of longer insertions locatedhat distal part of the HD
domain encoded in exon 27, which relocate the S@lloprotease cleavage site
out of reach of the protective LNR-HD complex, féag in high levels of
ligand-independent Notch1l activation [92] (Figus).3

Among LNR mutations there is the H1545P substtytihat induces a ligand-
independent increase in Notchl signaling, exposhmgy S2 cleavage site to
metalloprotease [91] (Figure 3d). Juxtamembraneaesipn mutants (JME
NOTCH1) consist of internal tandem duplicationgha 3' end of intron 27 and/or
in the proximal region of exon 28, distancing tH¢R-HD complex from the
membrane without altering the primary structureuway of its components (Figure
3f). The Activation of this alleles requires ADANMGy-secretase processing [93].
Another NOTCH1 mutational hotspot in T-ALL, present 20% to 25% of
patients, presents frameshift or nonsense nuckegstithstitutions, which generate
premature stop codons in the C-terminal region wods of the PEST domain
(Figure 3g). These alterations so-call&PEST impair degradation of the
activated Notchl by the proteasome, inducing irsgdalevels of activated
Notch1l signaling [94].

Similarly, FBXW7 mutations or deletions, found ir5% of T-ALL patients,
involving three critical arginine residues in F-baomain, impair Notchl
recognition [95]. However, FBXW7 mutations resutt have more diverse
biological effects in leukemogenesis than NOT@HAEST mutations, probably
because Fbxw7 has different targets including prsteinvolved in cell
metabolism, cell cycle progression and cell growtich as c-MYC, JUN, Cyclin
E and mTOR [96].

Notably, NOTCH1 HD mutations are present in abdafo2of T-ALLs and are
often found in association WItAPEST (15%) in cis [5] or FBXW7 [95]

mutations, inducing together ligand-independentivaton and impaired
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degradation of the activated receptor determiniagy\nigh levels of NOTCH1
signaling.

The levels of active Notchl are crucial to deteatenleukemogenesis. In vivo
strong Notchl alleles, such as HRPEST and HD2 mutations, drive ectopic T-
cell transformation; while the more common weak atiohs, such as HD1 and
APEST are inefficient to promote leukemia developimieat can accelerate tumor
progression collaborating with other leukemogeniengds, such as activation of
K-ras [97].
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Figure 3. Oncogenic formsof NOTCHZ1in T-ALL [98].

Notchl oncogene promotes T-cell leukemic develogmproviding essential
differentiation, proliferation, survival, and metdic signals. During T-cell
transformation, high levels of activated Notchlmnarine T-ALL models impair
T-cells maturation of DP cells into both CD4 and&mature single-positive (SP)
cells [99], in addition to inhibiting B-cell devgdment and promoting thymic-
independent T-cell development [84]. In fact, Notktectly regulates numerous
genes implicated in T-cell development such asTpeell antigen receptos
(PTCRA) [100], IL7R [101] and IGF1R [66,67]. Moresry Notchl directly up-
regulates genes of anabolic pathways and metaholisrtuding biosynthesis,
protein translation and nucleotide and amino acidtatmolism, mainly by
transcriptional up-regulation of c-Myc [102,103hi$ oncogene also mediates the
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positive regulation of mTOR by Notch [104]. Notekso alters the cell cycle
through the modulation of Cyclin D3 and Cyclin-degent kinase 4 and 6
(CDK4 and CDK®6) [105] and directly by the up-regida of Cyclin-dependent
kinase inhibitors CDKN2D and CDKN1B [106]. One dfet most well know
Notchl targets is enhancer of split 1 homolog (HEShis factor regulates cell
cycle progression and contributes to activationtted PI3K/Akt pathway by
transcriptionally down-regulating PTEN tumor sums@ expression. Notchl can
also activate the NkB pathway via up-regulation of the inhibitor of MB-
(IkB)kinase (IKK) [107] and crosstalks with the WNpAthway [108].

1.1.3 T-ALL treatment

T-ALL is an aggressive hematologic tumor for whlchited therapeutic options
are available for patients with primary resistantadapsed disease. Unfortunately,
the specific mechanisms mediating escape from plyedisease progression and
leukemia relapse are still largely unknown.
High dose multi-agent chemotherapy for two or thyears with or without
cranial radiation [109] is the current standardrapg for T-ALL. This treatment
is highly effective in the majority of childhoodukemias, reaching almost 85%
survival rates at ten years. Unfortunately, thereggjve regiments are very often
associated with acute toxicities and long-term -giffects at the level of bone
development, central nervous system and fertilliy7]. Moreover, at least 20%
of pedriatic and 40% of adult T-ALL patients [108&]ll risk relapse, and this is
associated with poor prognosis [109].
The current therapeutic treatment is composed ofreeth phases
(www.cancer.org/cancer/acute-lymphocytic-leukeméating/typical-treatment):
i.  Remission (or remission induction) phase: the gedb restore normal
haematopoiesis, eradicating more than 99% of thealinbulk of
leukaemic cells. Glucocorticoids are administermggkther with vincristine
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and asparaginase or with anthracycline (or bothghildren with high risk
leukaemia or in adults, a fourth drug is often reskd
ii.  Consolidation (intensification) phase: upon redtora of normal
haematopoiesis, the aim is to eradicate drug-eegideukemic cells to
reduce the risk of relapse.
lii.  Maintenance phase: patients undergo a continuathemotherapeutic
treatment for at least 2-2.5 years for the higk oisrelapse in T-ALL.
The success of ALL treatment depends on the effichcentral nervous system
directed therapy. Glucocorticoids were the firatigdr used for T-ALL treatment
for their cytotoxic effect on lymphoid progenitoells [110]. The elimination of
prophylactic cranial irradiation has put glucoocootds in a privileged position, as
they can penetrate the central nervous system ,[14d{ their efficacy is
undermined by the high risk of infectious diseases patients [112]. The
resistance to glucocorticoid treatment is ofteroasted with PTEN loss or AKT
activation, the mechanism driving this pathwayrispart due to the ability of
AKT to phosphorylate the glucocorticoid receptoteahg its intracellular
localization [113].
Allogenic haematopoietic stem cell transplantai®icontemplated in cases with
poor response to treatment or high risk of relafg$es treatment improves the
prognosis in adults having t(4;11) translocatidthaugh benefits in infants with
the same genotype are not confirmed. However,pitisedure is associated with
non-negligible morbidity and mortality risks [124].
Novel immunotherapeutic approaches against T-ALtlude bispecific-T-cell
engaging (BIiTEs) antibodies and chimeric antigezeptor (CAR)- modified T-
cells, that have two main aims: identification afraque target present on T-ALL
blasts and not on normal cells and fratricide, nmeathat CAR-modified T-cell
express their target on their own membrane leathng reciprocal destruction
between CAR T-lymphocytes [109].
In the last years several studies have elucidatederous genetic defects that
drive T-ALL, opening numerous opportunities for mple targeted therapies.
Therapy with tyrosine kinase inhibitors designedamet BCR-ABL, including
imatinib, dasatinib and nilotinib, which inhibitgiferation and induce apoptosis

in T-ALL cell lines [114], could be repurposed iRALL cases with documented
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mutations, which induce JAK/STAT or ABL1 inactivati [115]. BCR-ABL
translocations characterize approximately 6% ofitacand children with T-ALL
[32].

A number of inhibitors of JAK/STAT signaling are reently under clinical
development, and the determination of their clinieativity against JAK1
mutated T-ALL will be of great interest. Gain-ofirfction mutations in IL7R are
present in 10% of T-ALL cases and JAK1 or JAK3 gaiffunction mutations
cause cytokine-independent receptor activation J[Bb@ constitutive activation
of JAK/STAT signaling [31], respectively .

Pharmacologic inhibition of BCL-2 has been suggeshés a promising new
therapeutic strategy in immature subtypes of huma&iL, in particular in ETP-
ALL [117]. In fact, recent studies indicated anrgmsed sensitivity toward the
highly specific BCL-2 inhibitor ABT-199 and synesyic cytotoxic effects
between ABT-199 and conventional chemotherapesgticsently used in T-ALL
[118,119].

The constitutive activation of the PIBK/AKT/ mTORysal transduction pathway
through deletions or mutations in PTEN [120,121]PGfEN post-transcriptional
inactivation [122] suggests a novel therapeutigdatrnn T-ALL. The mTOR
inhibitor rapamycin showed promising results in glirecal models[123] and
might modulate glucocorticoid resistance in T-ALL2f], but inhibition of
MTOR can hyperactivate AKT by a feedback loop betwenTOR, PI3K, and
AKT [125]. Thus, dual PIBK/mTOR small-molecule ibkiors have been
evaluated and demonstrated to have cytotoxic &gtagainst T-ALL cell lines
and lymphoblasts obtained from primary human leukegratients [126].

Despite current T-ALL treatment results in favoralgrognosis, approximately
20% of children and 50% of adult patients relapgbiw5 years and have a poor
prognosis. Relapsed disease is associated witimdagochemotherapy resistance
and poor prognosis despite an intensified chemagtgrtic treatment [65].

In conclusion, the identification and molecular retaerization of new oncogenes
and tumor suppressors has uncovered several meoimnnvolved in the
pathogenesis of T-ALL and will aid in the designmbre effective combination

therapies for patients with poor prognosis.
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1.1.3.1 NOTCH1-targeted therapy

The identification of activating NOTCH1 mutations & large percentage of T-
ALL patients created enormous interest in develppiaw targeted therapies for
T-ALL and prompted the initiation of clinical trglto test the effectiveness of
agents blocking NOTCHL1 signaling [127]. Amongst #teategies proposed to
target the NOTCH1 pathway are [128]:

» inhibitors of the proteolytic cleavage of the tnamesnbrane NOTCH1
receptor by the presenilinfsecretase complex usingsecretase inhibitors
(GSls), alone or in combination with vincristine dexamethasone [129-
131]. y-secretase inhibitors are being evaluated in differclinical trials,
but unfortunately, this approach shows dose limitigastrointestinal
cytotoxicity due to goblet cell hyperplasia and logsponse rates [136].
Nevertheless, it seems that glucocorticoid treatrhas a protective effect
against gamma secretase inhibitor-induced gut ayicty. The main player
of this protective role has been identified in CZnds its absence leads to
the loss of enteroprotection even in the presericeramethasone [126].
Combination therapy based on glucocorticoids gsscretase inhibitors
shows high efficacy also in glucocorticoid resistarALL: normally the
transcriptional repressor HES1, upregulated by NBIC binds the
promoter of the glucocorticoid receptor resultinggiucocorticoid receptor
repression; thug-secretase inhibition can lead to glucocorticoidssgvity
by inhibiting this response [126}]-secretase resistance is often associated
with FBXW7 mutations, PTEN loss and consequent tittise activation
of PIBK/AKT pathway [93], therefore combinationdteents ofy secretase
inhibitors and PI3K-AKT-mTOR inhibitors have beemposed [101];

= specific antibodies for NOTCHL1, that bind the negategulatory region
(NRR) of the NOTCHL1 receptor [132,133]. The monaelo antibodies
against NOTCH1 ligand or receptor have shown amtial effects with
limited gastrointestinal toxicity [137];

» stapled peptides, such as SAHM1, that target th@ Gl transcriptional
complex [134];
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= therapeutic targeting of downstream NOTCH pathwaynmgonents, for
example the inhibition of IGF1R, a direct NOTCHIg&t gene, inhibits
growth and viability of T-ALL cells [135]; perhexile, an inhibitor of
HES1, a critical downstream component of NOTCHMhailigpg [136], used
in the treatment of angina, reverted the HES1 gegeature, evoking a
strong anti-leukemic responsevitro andin vivo [137];

» inhibition of sarcoplasmic/endoplasmic reticulum Icaan ATPase
(SERCA) channels with thapsigargin which impaire Hurface expression
of mature NOTCH1 protein with preferential supprassof mutant
NOTCHL1 receptors [138].

A recent review highlights that molecules suchhesBRD4 inhibitor S-Tert-
butyl2-(4-(4-chlorophenyl)-2,3,9-trimethyl-6H-thief8,2][1,2,4]triazolo[4,3-
a][1,4]diazepin-6-yl)acetate(JQ1), may provide ragportunities for blocking
oncogenic transcriptional networks [139] determitgdaberrant expression
of MYC [128]. MYC, a master transcriptional factmvolved in catabolism
and in numerous human cancers [140], controls greNvth downstream of
NOTCH1 and pre-TCR signaling in early T-cell deyeieent [141].

The recent identification of massive binding of NCH1 at a distal enhancer
near the MYC locus (NOTCH1-controlled MYC enhand&-Me)) has
formally established a direct role for NOTCH1 imtwlling MYC expression
[141-143], and raised interest in targeting thageesenhancers through the
use of BRD4 inhibitors also in T-ALL.
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1.2 microRNA

Non-coding RNA (ncRNA) have been shown to play aci&l role in post-

transcriptional gene regulation. Among ncRNAs them® the microRNAs

(miRNAs), which regulate target mRNAs for degradatior translational

repression. MiRNAs were first described in 1993 lbge et al. with the

identification in C. elegans of lin-4, which waslled as small temporal RNA
[144]. Subsequently, studies concerning let-7 slibtie wide conservation of
these RNAs across other species including humatt.[1

mMiRNAs are reported to regulate different biologigarocesses including
development, differentiation, and the homeostakisoth cells and organisms. In
view of this, it is plausible to infer that miRNAyskegulation may be implicated
in numerous disease states, including cancer [146].

Their discovery has added a new dimension to tlierstanding of complex gene

regulatory networks in humans cancer.

1.2.1 Biogenesis and mechanism of action

The sequences of miRNA are located within differgehomic contexts. The
majority of miRNA are derived from the intronic fegs of non-coding or
protein-coding genes, while some miRNAs are derifrech the exons of non-
coding genes [147]. Some mIiRNA loci are in closexpnity to each other to
cluster together and so they are generally tramsdrfrom a single polycistronic
transcriptional unit. However, the individual miRNAcan then be post-

transcriptionally regulated [148].

MIRNA biogenesis can be classified into two différeathways: canonical and

non-canonical mechanism.
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(A) Canonical miRNA biogenesis pathway: miRNA tramgtion is principally
performed by RNA Pol Il, although some miRNAs, sachviral ones [149], are
transcribed by RNA polymerase Il [150]. Differemanscription factors, such as
p53, MYC, ZEB1-2, and MYOD1 [147,151] and epigeaetiodifications, such
as DNA methylation and histone modifications [153n contribute to positively
or negatively regulate miRNA expression. The priynaanscript miRNA (pri-
mMiRNA) is several kilobases long and presents lataim-loop structures (33-
35bp), a terminal loop and single-stranded RNArragts at both ends [153].
The maturation of pri-miRNA into a hairpin shapexeqursor transcript (pre-
MiRNA) of about 65 nucleotides long is carry out tye nuclear RNase llI
Drosha together with its essential cofactor DiGeosgndrome critical region 8
protein (DGCRS), costituing the complex Micropraams[154,155]. Drosha is a
nuclear protein of about 160 kDa, that belongs tfaraily of RNase lll-type
endonucleases. It presents a dsRNA-binding dondsRED), that binds pri-
miRNAs through the indispensable interaction wittGCR8 (90 kDa), and
tandem RNase Ill domains (RIIIDs), that dimerizéramolecularly to form a
core, where the two RIIID (RIlIDa-b) cut thé 8nd 5 strand of the stem of pri-
MIiRNA, generating sticky ends with 8verhangs [154,155]. Drosha removes the
flanking segments and a 11 bp stem region to cagatpnversion of pri-miRNAs
into pre-miRNAs [156].

Following Drosha processing, pre-miRNA is exporietb the cytoplasm by
protein exportin 5, that forms a heterocomplex v@hP-binding nuclear protein
RanGTP [157,158]. Upon this translocation, GTP ydrblysed, resulting in the
disassembly of the complex and the release of tixenpRNA into the cytosol. In
the cytoplasm, pre-miRNA is processed by Dicer [15h RNase llI-type
endonuclease of about 200 kDa that, similarly todba, presents tandem RNase
[l domains, forming an intramolecular dimer to ate a catalytic centre [160].
Dicer also has a helicase domain to facilitate gattmn and processing of pre-
miRNA [161,162]. Dicer is regulated by the interantwith dsRBD cofactors:
TAR RNA-binding protein (TRBP) [163,164], that mddies the processing
efficiency and the length of mature miRNAs [165,L6&8nd/ or PKR activating
protein (PACT) [164,167]. The role of PACT is ndéar, but TRBP and PACT

were previously described as negative and positegulators of dsRNA-
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dependent protein kinase R (PKR), respectively [1&®wever, the relation
between the miRNA and PKR pathway is still unknovdicer cleaves pre-
mMiRNA near the terminal loop, liberating a small RNuplex [159] of about 21—
25 nt long , with each strand bearing a 5° monophate, 3’ hydroxyl group and
a 3’ 2-nt overhang. In more detail, human Dicerdsito the 5phosphorylated
end of the pre-miRNA and cleaves it 22 nucleoti@eay from the 5end through
its two basic pockets of PAZ domain, that are sitemdously occupied by thé 5
end and 3end of the pre-miRNA when the RNA has a two-nuiitkslong 3
overhang [169,170]. This structural arrangement mgylain at least in part the
preference of human Dicer for a two-nucleotide-lI8hgverhang structure.
Following Dicer processing, the small RNA duplexleaded onto an AGO
protein to form an effector complex called RNA-iced silencing complex
(RISC) [171]. The core component of RISC is a mendieArgonaute (AGO)
subfamily proteins. The AGO proteins are dividetbithree subclades: AGO,
PIWI and worm-specific AGO proteins (WAGOSs). Pratepf the AGO subclade
are ubiquitously expressed and associate with miRbiAsiRNAs, whereas PIWI
proteins are germ-cell-specific and interact witiRAs. RISC assembly is
composed of two main events: the loading of the RNlex and its subsequent
unwinding.

All four human AGO paralog proteins (AGO1-4) cardrporate both siRNA
and miRNA duplexes, with a preference for small RNéplexes with central
mismatches (nucleotide positions 8-11) [172].

Upon formation of the pre-RISC, composed of AGOt@res associated with
loaded RNA duplexes, the passenger strand is quigkhoved to generate a
mature RISC. The slicing-competent AGO proteindy &GO2 in humans, cut
the passenger strand if the duplex is matchedeatdinter [173,174], but in the
majority of cases, where miRNA duplexes have céntismatches, prevent
slicing (human AGO1, AGO3 and AGO4 do not haveesliactivity) [172,175],
the mismatches in the guide strand promote unwgndfmiRNA duplexes [176].
RISC loading is not a simple binding between miRMAplexes and AGO
proteins, but rather an active process that reg AP [177]; while the release of
the passenger strand is ATP-independent [176]. fiém shock cognate 70
(HSC70)/heat shock protein 90 (HSP90) chaperonepmuses ATP and
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mediates a conformational opening of AGO proteitos,permit the binding
between AGO proteins and dsRNA [178]. Unwindingtloé passenger strand
does not require ATP; maybe due to the releasehef dtructural tension
introduced with opening incurred upon binding toG@ proteins during RISC
loading [179].

Unwinding can be divided into slicer-dependent astider independent. As
previously stated, in humans only AGO2 has cleavagfévity and so it can
facilitate unwinding by slicing the passenger dsirgh77]. On the other hand,
most miRNA duplexes have central mismatches and tpresent slicer-
independent mechanism, in which mismatches in thdegstrand at nucleotide
positions 2—-8 and/or 12—-15 greatly enhance the noting efficiency by all four
AGO proteins [176,177].

The guide strand is determined during the AGO logditep by the balance of at
least three properties of a miRNA duplex [179]: #teicture; the 5’ nucleotide
identity, advancing 5'-terminal U [180]; and thertmodynamic [179]. Sometimes
the strand that is not favored can also be seletde@xample this has been noted
in studies which compare miRNA isoforms sequencenhfmultiple tissue [181].

Thus the strand selection may not be completeigt str

28



Introduction

,"" RNA POL I
| OV —
Ii - miRNA gene : T

\ pri-miRNA

\'\ MNucleus

N GO

——

Cytoplasm

miRNA:mIRNA®
AAAAR ﬂ 1 e 1
mRNA degradation mRMA cleavage

Figure 4. Canonical biosynthesis of miRNAs[182].

(B) On the other hand, the non-canonical pathwdymi®NA biogenesis are
mainly two:
|. bypass Drosha processing, for example, during emproduction [183], in
which the hairpin shaped pre-miRNAs are generagjechBNA splicing, or
in the cases of small RNAs derived from endogerstst hairpin RNAS,
which are generated directly through transcripfi84];
Il. bypass Dicer processing, in which pre-miRNA aredtly loaded into RISC
and miRNA maturation is obtained through the calgctivity of AGO2
and, subsequently, by exonucleases activity [185].
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Mature miRNASs, which are loaded into miRISC, meglitite post-transcriptional
silencing of mMRNAs presenting sequences, which faley or partially
complementary to the miRNA [186]. Most of miIRNA dat sites are located in
the 3' UTR rather than in the 5° UTR or ORF, maylexause active translation
will mechanistically impede RISC association wiinget mRNAs [187].

Usually, a target mRNA presents multiple bindintesifor the same mIiRNA,
such as for the HMGA2 repression, that dependendsudtiple target sites dét-

7 in the 3 UTR [188]. Moreover, different miRNAs can bind tkame target
MRNA, such as for the regulation of myotrophin (MN)Foy miR-375, miR-124
and let-7b, suggesting a cooperative microRNA @britt89]. The silencing of
MRNA is obtained by miRISC through two main waysgihdation or translation
repression. The mode of silencing depends pringiel two characteristics: the
isoform of AGO protein that incorporates the matard&RNA and the total or
partial complementarity between the miRNA and #asgét mRNA. Perfectly
complementary mRNA targets are cleaved by AGO,ibutumans only AGO2
has catalytic activity [190]; while, in the majgritof cases, partially
complementary and/or presence of other AGO proteitsce the recruitment of
additional protein partners to mediate silencing1]1 Among the AGO factor
partners, the Argonaute-bound GW182 plays a keg, ratting as scaffold to
assemble the multiprotein complex, composed of A@Gteins and silencing
effectors, such as the cytoplasmic poly(A)-bindprgtein (PABP) and with the
PAN2-PAN3 and CCR4-NOT deadenylase complexes [292],1

The translational repression of mMRNA targets by@®&an occur through multiple
mechanisms:

- mRNA deadenylation and turnover, which consist erhoval of the poly
(A) tail from mRNAs by recruitment of the CCR4-NOdeadenylation
complex, and subsequent degradation through obueleases [193];

- blocking of translation initiation, in which miRIS@rough GW182 proteins
prevent the binding of elF4E to the 5’ ends of apmRNAS, where it is
required for an elF3-elF4G-elF4AE interaction thacruits the 40S
ribosomal subunits to the cap [194]. Further, tabit translation initiation,
AGO?2 through its methylated Serminal structure (AG-cap) binding-like

motif, can also compete with elF4E for the intei@ciwith the cap [195].
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Moreover, AGO2 can interact with the antiassocratactor elF6 [196] and
prevent 60S subunit joining to translationally essged mRNAs [196,197];

- blocking of translation elongation, that results Hdyop-off from the
ribosome [198] or proteolysis of nascent peptidesng translation [199];

- localizing to processing bodies (P-bodies), specifiytoplasmic foci
containing mMRNA degradation enzymes, in which mRNskgets are
recruited by RISC [200].

These mechanisms of gene silencing are also prdposestepwise model, that
combines translational repression, deadenylatienoapping and '80-3" mRNA
degradation [201].

1.2.2 miRNAs in T-ALL

Numerous studies have demonstrated the fundamiempairtance of miRNA in
normal development, differentiation and growth cohtwith their deregulated
expression being reported in many human diseasdading cancer.

One of the mechanisms contributing to miRNA deragioh is the dysfunction of
mMiRNA biogenesis factors, such as DROSHA and DICER down-regulation
of these two key enzymes involved in miRNA biogesebas been reported in
several cancers, including ovarian, lung, and bremscers [202,203]. In addition,
other genes involved in mMIRNA processing have beaeported to be
downregulated in cancer, such as Exportin-5, thestgnts the export of precursor
mMiRNAs to the cytoplasm, inducing an entrapmenpreimiRNAS in the nucleus
[204]. Among the other mechanisms underlying ddieggd miRNA expression,
there is the transcriptional deregulation of gemasth as c-MYC and p53
transcription factors, which are known to reguldie transcription of a number of
MiRNA genes [205,206]. Moreover, single nucleofidéymorphisms (SNPs) are
found in mIRNA genes and sometimes affect theigéresis and/or alter their
target specificity [207]. Epigenetic changes, swash DNA methylation, can
modulate the transcription of miRNA genes in cander example the human
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RNA methyltransferase BCDIN3D, that O-methylates thonophosphate of pre-
mir-145 and pre-mir-23b, altering  Dicer activityesulted involved in
tumorigenesis of breast cancer [208]. Also copy bemmabnormalities of miRNA
genes contribute to miRNA deregulation in cancaechsas the deletion of miR-16
and miR15a present in 60% of Chronic Lymphocytickemia (CLL) patients
[204]. Finally, several miRNAs are regulated at tbeel of stability [209]. For
example, the human polyribonucleotide nucleotidylsferase 1 (PNPT1)
degrades certain mature miRNAs in human melano&wghout affecting pri-
or pre-miRNA levels [210].

Cancer is a multistep complex disease, in which NiR can function as
oncogenes or tumor suppressors. MiRNAs overexpressan down-regulate
tumor suppressors or other genes involved in ¢Bérdntiation, inducing tumor
formation through increased proliferation, angicgg@s, and invasion. In this
case, miRNAs are defined as oncogenes, while miRKN$ down-regulate
proteins with oncogenic activity, are defined asdu suppressors.

In T-ALL a miRNA network was identified, that inded both oncogenes and
tumor suppressors, involved in malignant T-celhsfarmation. Indeed, miR-19b,
miR-20a/93, miR-26a, miR-92 and miR-223 were regmbras multi-targeting
regulators of T-ALL tumor suppressors suclPagN, BIM, NF1, FBXW7, IKZF1
and PHF6, promoting leukemia developmeint vivo [53]. In particular, among
the targets of miR-19 action were genes that plakew role in lymphocyte
survival, such aBIM, encoding a pro-apoptotic Bcl2 protein and knoangét of
the 17-92 cluster,PRKAAl(encoding AMP-activated kinase), the tumour
suppressor phosphatagei2A and PTEN [54]. On the other hand, miR-193b-3p
was identified as a tumor-suppressor that target8 Mncogene, a leucine zipper
transcription factor essential for normal and nradigt hematopoiesis, and
implicated in T-ALL development [211]. Moreover, R#29, miR-31, miR-150,
miR-155, and miR-200 were reported as tumor sugpres whose inactivation
promoted leukemogenesis. Notably, miR-150, miR-Hsel miR-200 loss or
decreased expression induced Myb activation in T-Aamples. High mobility
group box transcription factor (HBP1) was foundo® a target of both miR-29
and miR-31, together with miR-155 and miR-200. Iddi&on, it was
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demonstrated that the reduced expression of thesertsuppressor miRNAs in
T-ALL cells was a consequence of NOTCH and MY Catton [212].

In a recent study, the comparison of miRNA profilgem CD34+ cells,

CD4+CD8+ DP thymocytes and T-ALL samples allowed tHentification of

unique MiIRNA expression signatures associated engtinct molecular subtypes
of human T-ALL, identifying several novel miRNAs tiputative oncogenic or
tumor suppressor functions in T-ALL. Of these, n#Rb5p, miR-222-3p and
miR-101-3p were significantly upregulated in themature T-ALL samples
compared to control CD34+ cells. On the other hahd, CD34+ cell subset
resulted characterized by high levels of miR-2p2®iR-146a-5p, mir-221-3p
and hsa-miR-126-5p with respect to CD4+CD8+ DPs¢ealihich presented up-
regulation of mIiR-16-5p, mMIiR-16-2-3p and miR-45Qkb-5These mMIRNAs

expression profiles most probably reflect the dpedi-cell maturation arrest
associated with the distinct molecular subtype3-#fLL. Notably, miR-222-3p

was significantly upregulated in the CD34+ subbat,its expression is higher in
immature T-ALLs. Similarly, miR-182-5p, hsa-miR-29p and hsa-miR-450b-5p
showed significantly higher expression in the TAekaRanged T-ALLs as
compared to their CD4+CD8+ DP normal counterparts.

Moreover, miR-486 both as miR-486-5p (reported axomiR in Down

syndrome myeloid leukemias) and miR-486-3p (knowté linked to erythroid
development downstream of MYB), was found to beertaghly expressed in T-

ALL samples compared to normal thymocytes [213].

1.2.2.1 miRNAs and NOTCH1

The highly conserved Notch signalling pathway rates different developmental
and homeostatic processes including cell prolifenat apoptosis, migration,
invasion, and angiogenesis. miRNAs have been regpaa play decisive roles in

Notch signaling pathway [214].
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In the context of T-cell leukemia, miR-19 was fouttdplay a crucial role in
promoting leukemogenesis in NOTCH1-induced T-ALL.otably, dual
translocations that simultaneously affect the 17e¢d#ster, where miR-19 is
located, andNOTCH, highlight the oncogenic importance of this intéi@c in T-
ALL. In addition, other mechanisms, for examplenseriptional activation by c-
Myc and Notchl, are common causes of the increasBd1l9 expression that is
observed in T-ALL specimens. Thus, miR-19 contmdsuto leukemogenesis,
regulating its target genes, such as BIM, encodimgo-apoptotic BCL2 protein
and target of the 17-92 cluster, and also PRKAALE tumour suppressor
phosphatases PP2A (subunit Ppp2r5e) and PTEN [&thbly, it was reported
that MYC, via miR-17-92 maintains a neoplastidesthrough the suppression of
specific genes, such as four epigenetic regulagenes Sin3b, Hbpl, Suv420hl,
and Btgland the pro-apoptotic protein Bim [215].

Recently, a study highlighted the importance of enalar tertiary structures of
the miR-17-92 primary transcript in modulating thaeiRNA processing
machinery. Although it does not totally explain th#erent patterns in expression
of miR-17-92 components, RNA-binding proteins magypa role in selectively
targeting and regulating miRNAs of the cluster dgmprocessing [216].

Another exciting study found that the use of anfRfi7-92 via intravenous
injection blocked tumor growth of allograft medudlastoma tumors in immune-
compromised mice, suggesting that future studieg peamit the safe application
of anti-miR-17-92 as a therapy and/or therapeuticnaant for cancer treatment
[217].

miR-451 and miR-709 have been identified as poseppressors that normally
inhibit the initiation and maintenance of mouse ddtdriven leukemogenesis
vivo. Using a mouse model of T-ALL, it was found thatieated NOTCH1 leads
to reduced levels of miR-451 and miR-709 by indgcitegradation of the E2a
tumor suppressor, which transcriptionally activates genes encoding miR-451
and miR-709. Both miR-451 and miR-709 were foundit@ctly repress Myc
expression. In addition, miR-709 directly repregbesexpression of Akt and Ras-
GRF1 oncogenes. However, only MiR-451, but not m{®,; was found to be
conserved in humans. T-ALL patients, carrying adiing NOTCH1 mutations,

were found to have decreased levels of miR-451inacased MYC levels in
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comparison with T-ALLs with wild-type NOTCH1, inditing that miR-451
influences MYC expression in human T-ALL bearM@TCH1 mutations [55].
Interestingly, a recent study found that Notch-ldmgs chemoresistance and
supports proliferation in lung adenocarcinoma c¢qlatly by repressing of miR-
451 through transcription factor AP-th addition, they found that MDR-1 is a
direct target of miR-451, suggesting a novel NdéhP-1/miR-451/MDR-1
signaling axis to use as a new therapeutic strateggmbination with Docetaxel
(DTX) for the treatment of DTX-resistant lung adeainoma [218].

Finally, the miR-223 was found to play an importesie in T-ALL both in mouse
and human T-ALL albeit with mixed results [219,220]}deed, after NOTCH1
inhibition through GSls, miR223 was found eithemdoegulated or upregulated
in different T-ALL cell lines. One of the studiedlentified miR-223 as an
oncogene regulated by Notch3. They showed that Madhch and NF-kB
represent novel coregulatory signals for miR-223%ression, being able to
activate cooperatively the transcriptional activity miR-223 promoter, in part
through a conserved RBPjk binding site. Moreovéryt observed that the
activation of miR-223 by NOTCH1 down-regulated FBXVéxpression in T-
ALL cell lines. In addition, they found the existenof an inverse correlation
between miR-223 and FBXW7 expression in a grouf-&LL patient-derived
GSI sensitivity in T-ALL cell lines resistant to G&eatment, suggesting that
miR-223 could be involved in regulating GSI sendi[219]. On the other hand,
it was reported that the expression of miR-223 dases after GSI treatment,
indicating that active Notch pathway signaling denggulated the expression of
miR-223. In addition, the IGF1R, previously repdrtas an important factor
involved in T-ALL cell growth and leukemia-initiaiy activity, resulted negative
regulated by miR-223.

It was also demonstrated that Notchl pathway sigmalan upregulate IGF1R in
T-ALL cells by binding with CSL and Mastermind-like to an IGF1R intronic
enhancer element, suggesting that Notch signalmigices IGF1R expression
directly by enhancing its transcription, and indihg¢ by repressing miR-223.
Although miR-223 increases total IGF1R protein Isysurface IGF1R protein

levels were unchanged, suggesting the activati@nasimpensatory mechanism to

35



Introduction

restore cellular homeostasis (recycling and/orsteithution between intracellular
pools and the cell surface), and no effect was rebdeon cell growth. These
results support the notion that miR-223 contribui@siIGF1R regulation, but
probably in concert with other genes and/or micréRNo alter T-ALL biology
[220].
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The discovery of activating mutations in NOTCH1 about 60% of cases
prompted scientists to direct efforts in the usg-sécretase inhibitors (GSI) as a
therapeutic options for a significant number of TtApatients. The use of GSI
was supported by studies that showed their effieaocytro inducing cell cycle
arrest in T-ALL cell lines [5]. Unfortunately, thieeatment of patients with GSI
showed minimal efficacy in early clinical trialsq2]. Following on these results,
many efforts have been focus on the developmemewf molecules that could
directly inhibit NOTCH1 or combination therapiesathcould synergize with
GSiIs. In order to develop molecular therapies ®inscombination with GSls, it
is imperative to better understand the downstreamchanisms mediating the
response to NOTCH1 inhibition. Recently, it haei reported that microRNAs
can play critical roles in the NOTCH signaling pa#ty. These microRNAs have
been discovered using different approaches, fromnmetye screenings to
microRNA profiling generated from the comparisonnofmal T cell subsets and
NOTCH1-driven leukemia. However, little is currgnkinown on the microRNAs
that are regulated in the contest of NOTCH1 infobit A study of Gusscott and
collaborators [220] analyzed the microRNAs reguat®ellowing NOTCH1
inhibition in JURKAT and P12 Ichikawa cell lineshd@y identified only a few
microRNAs regulated upon GSI treatment and amotigsse, the miR-223
resulted the most interesting in the context of O-Avathogenesis.

Our approach, made use of a mouse model of NOT@Hueed leukemia that
carries a NOTCH1 mutation recurrently found in hanTaALL patients. These
tumors were primarily driven by oncogenic NOTCHanstituting homogeneous
pool of samples, in contrast to human primary T-Alsamples that are
characterized by additional alterations and to hurmaALL cell lines that are
even more complex due to additional alteration&elthto prolongedn vitro

culture. In addition, we treated murine NOTCH1-ioed tumorsin vivo thus

recapitulating the biological effects derived frdme microenvironment.
The following principal aims were pursued:

e Generation of microarray profiles of genes and microRNAs in T-ALL
cellsfollowing in vivo inhibition of NOTCH 1.

39



Aim

To this end, we used a murine model of NOTCH1-ieduéeukemia,
obtained by retrovirus-mediated overexpression dfvated NOTCHL1
alleles in hematopoietic lineage negative {Liprogenitors. Forced
expression of NOTCHL1 in Lirprogenitors induce primarily ectopic T cell
development and subsequently T-cell leukemia [222)e used an
activated form of NOTCH1 that closely resembles AaomNOTCH1
mutated alleles: L1601RPEST allele that contains a mutation in the
heterodimerization domain (HD) and a deletion i@ BREST domain (HD-
APEST). We generated MicroRNA and gene expressioofilgs
downstream of NOTCH1 inhibition upan vivo treatment of secondary
tumors with a highly active GSI.

Functional validation of NOTCH1-regulated microRNAs and their
targetsin human T-ALL célls.

To this end, candidate microRNAs, that were sigaiiitly differentially
regulated upon inhibition of NOTCH1 signaling in use T-leukemia
cells, were selected among those that may havataresting role in the
pathogenesis of T-ALL. Thus, we examined their egpion in human T-
ALL cell lines and xenografts. In order to mechénaly link the role of a
putative microRNA to the biology of human T-ALL, wtested if
regulation of a specific microRNA could contribute® promote

leukemogenesis vitro andin vivo.
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3.1 Mouse models of NOTCH1-induced
T-ALL

NOTCH1-induced T-ALL tumors were generated in masepreviously described
[97]. Briefly, bone marrow cells were collectedrr®- to 12-week-old C57BL/6
mice (Charles River). Bone marrow progenitors (Liwere purified from bone
marrow cells by negative selection using magnetitirsg (Miltenyi). The cells
were cultured overnight in the presence of miL-8 (/ml), mIL-6 (10 ng/ml),
mFLT3L (50 ng/ml), mIL7 (100 ng/ml) and mSCF (50/md¢). The cells were
then washed, resuspended in retroviral superngéanpty vector or NOTCH1
L1601PAPEST or AE), placed in the same cytokine cocktail containing
polybrene (4.g/ml), and centrifuged at 1,290 g for 90 minutese&ond round of
spinoculation was performed the following day. Afteashing with PBS,
approximately 50x1D Lin/Scal/GFP cells were injected i.v. into lethally
irradiated (9 Gy) recipients (6—8-week-old C57BIdéale mice). Tumor bearing
mice were euthanized and primary tumor cells weteaeted from their spleens.
These tumor cells were then re-injected in subalgthrradiated mice (4 Gy) to
generatesecondary NOTCH1-induced T-ALL tumors. When theseenshowed
signs of leukemia development, groups of mice wanelomized and injected i.p.
with the potent GSIDibenzazepine (DBZ) (5mg/kg) or DMSO (vehicle) three
times every 8 hours. Each experimental group ctetief at least 3 animals.
After this treatment, mice were sacrificed and Ukkmia cells were isolated from
infiltrated spleens to perform molecular analygescedures involving animals
and their care conformed with institutional guideb that comply 205 with
national and international laws and policies (EE&uil Directive 86/609, OJ L
358, 12 206 December 1987All mice were monitored daily and animals
showing overt signs of disease or excessive welghs were euthanized

following Institutional Animal Care and Use Comragtguidelines.
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3.2 Plamids and constructs

pLenti-llI-RFP and pLenti-llI-GFP (m001, Applied &bgical Materials)
constructs were used as negative controls or Wwelséquence of pre-hsa-miR-22-
3p (mh12804, Applied Biological Materials) to owexpress the mature miRNA.
Migrl vector was kindly provided by Prof. Warren aPe(University of
Pennsylvania, Philadelphia, U.S.A). The Migrl-mCjdruc2 vector was
obtained by sub-cloning the fusion protein betwettie red mMCHERRY
fluorescent protein and the luciferase Luc2 proteto Clal and Ncol restriction
sites present in the Migrl vector, as already desdr[113]. Migrl vectors
expressingAE and HDAPEST (NOTCH1 L1601”APEST) mutant alleles were
kindly provided by Prof. Raphael Kopan (Washingtdniversity, St. Louis,
U.S.A) and Prof. J. Aster (Brigham and Women's pitay Harvard Medical
School, Boston, U.S.A.), respectively. The lentilivector expressing luciferase
FUW-Luc-mCherry-puro was a kind gift from A.L. Kur{§ediatric Department,
Columbia University Medical Center, New York, U.S.A

3.3 Retrovirus and lentivirus production

The production of retroviral and lentiviral pargésl was executed in human
embryonic Kidney (HEK) 293T cells. These cells wetated in 10 cm culture
dishes (5x10cells) and transfected with a combination of tbkofving vectors
(i) packaging plasmids (retroviral or lentiviral;721g) containingag, pol andrev
genes, (i) plasmid encoding the envelope g@resicular somatitis virus G
glycoprotein; VSV-G; 300ng), (iii) retroviral (MigRbased) or lentiviral (pLenti-
lI-RFP or pLenti-llI-GFP based) transfer plasmi@ (1g). 48 hours after
transfection, the viral supernatants were colleeatadl filtered. Infection of T-ALL
cells or Linprogenitor cells was performed by spinoculationilscevere

resuspended in medium containing virus and hexatimne bromide
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(Polibrené&, Sigma) and distributed 2x3@ells per well in 24 well platePlates

were then centrifuged at 2200 rpm for 90 minutesamm temperature and
subsequently placed over night at 37°C. Seventyftaars post infection, cells
were harvested and injected in mice or subjectgmuitomycin selection (1pug/ml;

Sigma) for 3-5 days or sorted using a Beckman @oslirter.

3.4 Microarray expression profiling

Total RNA from the spleens of NOTCH1 (HEREST) induced T-leukemia
bearing mice treated with DBZ (n=3) or DMSO (n=3snextracted using Trizol,
as previously described. RNA concentration was rdeted using NanoDrop
ND-1000 Spectrophotometer (NanoDrop Technologies). IThe instrument
provides the sample concentration inpd@hd the absorbance of the sample at the
wavelengths of 260nm and 280nm. The ratio (260/280ying from 1.8 to 2.1
indicated good quality of RNA (ratio < 1.8 indicatprotein contamination and
ratio > 2.1 RNA degradation and truncated tranggyipn addition, RNA quality
and purity was assessed with the Agilent BioanalyZ400 (Agilent
Technologies) and executed at CRIBI Biotechnologynt€r. Only RNA samples
that passed the high quality controls were usegddorm gene expression
profiling using SurePrint G3 Mouse GE 8x60K (Agti@rechnologies). This chip
allows the evaluation of the expression levels @ genes and 4578 IncRNAs.
MicroRNA expression profiling was performed usingouse miRNA 8x60K
release 19.0 (Agilent Technologies), that allowes ittentification of 1247 mouse
mMIiRNAs. Arrays scanning was performed using an édilmicroarray scanner
system (G2505C for gene and G2565CA for miRNA esgimn), following
manufacturer’s indications. Feature Extractionwsafe version 10.7.3.1 (Agilent
Technologies), with recommended settings (includthg optimal grid file,
028005 D _F 20100804 for gene and 046065 D F 20B21f22 miRNA
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expression microarrays) was used to quantify hytattbn signals and produce
QC reports and raw data for bioinformatic analyses.

3.5 Gene expression analysis methods

Bioinformatic analysis of gene expression microamata was performed in the
R/Bioconductor statistical environment using tmertia package [223]. Data were
pre-processed using the ‘Normexp’ background ctomeanethod with an offset
of 16 and the normalization between arrays was wrdcwith the quantile
method. Differential expression analysis was penft by linear model,
moderating the t-statistics by empirical Bayes rdtage. The Benjamini and
Hochberg’'s method [224] was used to correct fortiplel testing, using a strict
false discovery rate (FDR) cut-off of 0.01.

A gene set enrichment analysis (GSEA) was perfortoexvaluate the functional
significance of curated gene sets. Genes were dalbkaelecreasing moderated t-
statistics and GSEA pre-ranked was run with defpafameters. Gene sets in the
H collection of the Molecular Signatures Databadgd&igDB) v6.0, consisting of
50 hallmark gene sets [225], were tested for Sicamiice.

3.6 MiRNA microarray analysis methods

Raw data were loaded and preprocessed in the iRtisi&tenvironment using the
AgiMicroRna Bioconductor library [226]. Preprocessiwas performed using
RMA algorithm to yield a summary measure of therofRNA expression using a
linear model that accounts the probe affinity dffeds suggested by Lépez-

Romero [226,227] for microRNA arrays the backgrowoedrection was omitted,

46



Materials & Methods

as it can increase the false positive detectiofolof changes in low expressed
microRNAs. Differential expression analysis wasf@ened using the limma
Bioconductor package [223], followed by multiplestiag correction using the
Benjamini and Hochberg’s method [224] with FDR offtset at 0.10.

3.7 RNA extraction, reverse-transcription
and quantitative Real Time PCR
(qRT-PCR)

Total RNA was extracted by acid guanidinium thiatge-phenol-chloroform
extraction method using TRIzol Reagent followinghiacturers instructions.
cDNA was synthesized from 0.5 toud of total RNA using Super Script First-
Strand Synthesis System (Life Technologies). Reveenscription was followed
by RT-gPCR reactions, which were performed usingsB&ix SYBR Hi-ROX
Kit (Bioline) and then the ABI Prism 7900 Sequemetection System (Applied
Biosystems). Relative gene expression levels wdraied using theAACt
method [228] and normalizing with respectp@M gene. Primer sequences used

in the RT-qPCR are reported below:

Gene Sequence

murine DELTEX Forward 5-AGCTGGTGCCCTACATCATC-3
murine DELTEX Reverse 5-GATGGAGATGTCCATGTCGT-3
human DELTEX Forward 5-GTGGGCTGATGCCTGTGAAT-3’
human DELTEX Reverse 5-CGAGCGTCCTCCTTCAGCAC-3’
human PGC1p Forward 5-CTGTTTSTGCCTCCCTCACACCTC-3
human PGC1p Reverse 5-CTTCTTCCTCGTCTTCCTCCTCCT-3
murine p2M Forward 5-GTATGCTATCCAGAAAACCC-3’
murine p2M Reverse 5-CTGAAGGACATATCTGACATC-3’
human p2M Forward 5-AAGGACTCGTCTTTCTATCTC-3
human p2M Reverse 5-GATCCCACTTAACTATCTTGG-3
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On the other hand, to investigate microRNA expuesslevels, Reverse-
Transcription (RT) of RNA into cDNA was performedging miRCURY LNA
Universal RT microRNA PCR (Exigon). This reactionloas miRNA
polyadenylation and reverse transcription in alsimgaction step, simplifying the
procedure compared to systems that require mMiRNe&iBp first-strand
synthesis. This first step of universal reversedcaiption was followed by real-
time PCR amplification with locked nucleic acid (RNenhanced primers. The
MIRCURY LNA miRNA PCR Assay system is a miRNA-sgegi LNA-based
system designed for sensitive and accurate deteofioniRNAs by quantitative
real-time PCR using SYBR Green, which allows gyationtrol of the resulting
PCR amplicon by melting curve analysis.

The universal reverse transcription combined wittAkenhanced and melting
temperature (Tm) -normalized primers allows aceueatd reliable quantification
of individual miRNAs from as little as 1 pg of tbtRNA. It enables accurate
quantification of very low levels of miRNA withoydre-amplification given its
exceptional sensitivity and extremely low backgmbumaking it suitable for
many types of samples, including serum, plasmaoéimer biological fluids.
Relative microRNA expression levels were obtaineihg the AACt method
[228]. For normalization the following control pransets were used: U6 snRNA,
SNORD48 and hsa-miR-25-3p. In order to chooce llestandogenous reference
MIRNA that could be used also in human samples,seoniRNA microarray
data corresponding to 12 samples, 6 NOTCH1 AHREST (3 DBZ treated and 3
DMSO treated) and 6 NOTCHAE (3 DBZ treated and 3 DMSO treated), were
considered. Data were normalized all together usivy different methods: 1)
RMA normalization starting from the foreground sagn 2) quantile
normalization, starting from the BG subtracted algproduced by Feature
Extraction software together with the half optido ¢et at 1 the negative values).
MiRNAs were then ranked according to the variapibf their log-expression
across the 12 samples, leading to two differems,lisne for each normalization
method. The miRNA mmu-miR-25-3p was found amongniost stable miRNAs

in both lists and chosen as endogenous refererigBlAi
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Primer sequences used in the RT-gPCR are repagted/b

miRNA Target Sequence

hsa-miR-17-5p 5'- CAAAGUGCUUACAGUGCAGGUAG-3’
hsa-miR-18a-5p 5'-UAAGGUGCAUCUAGUGCAGAUAG-3’
hsa-miR-20a-3p 5'- ACUGCAUUAUGAGCACUUAAAG -3
hsa-miR-92a-3p 5'- UAUUGCACUUGUCCCGGCCUGU -3
hsa-miR-199a-5p 5'-CCCAGUGUUCAGACUACCUGUUC-3’
hsa-miR-34a-5p 5'-UGGCAGUGUCUUAGCUGGUUGU-3’
hsa-miR-22-3p 5'-AAGCUGCCAGUUGAAGAACUGU-3’
hsa-miR-25-3p 5'-CAUUGCACUUGUCUCGGUCUGA-3’

3.8 Cell lines and drug treatments

T-ALL cell lines were cultured in RPMI 1640 (Eurode) medium supplemented
with 10% fetal bovine serum, 1% Ultraglutamine, Na-Piruvate, 1% Hepes,
100U/ml penicillin G and 100ug/ml streptomycin (Lonza) at 37°C in a
humidified atmosphere under 5% €O

Forin vitro studies, cells were plated at a density of 0.3%I0F/mL in triplicate

in 24 well-plates, for each experimental conditioFhe potenty-secretase

inhibitor, Dibenzazepine (DBZ) was dissolved in DBI&@nd added to the culture
medium at the final concentration of 250nM. Contnalls were treated with an
equivalent percentage of DMSO (vehicle). After tits of treatment, cells were

pelleted and used to obtain RNA and protein lysates
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3.9 Cell viability assays

Cell viability analysis was performed by the biolaescent method Vialight plus
(Lonza) after 72h. The principle of this assayasdd on bioluminescent detection
of cellular ATP as a measure of cell viability. $hest consists in quantification
of light emission, produced by the oxidative reactof the Luciferase enzyme on
luciferin substrate, that require ATP. Briefly, 120of cell culture from each P24
well were transferred in duplicate in a dark 96iwshate and incubated for 5
minutes at room temperature. 0of Mammalian cell lysis solution was then
added and incubated for 15 minutes at room temyeraSubsequently, 100 of
ATPlite substrate was added to each well and &teninutes of incubation,
luminescence signal was detected with PerkinEImécsor plate reader.

3.10 Western blotting

Whole cell lysates were performed using Ripa BufgmM Tris-HCI (pH 7.5),
15mM NaCl, 1mM Na2EDTA, 1mM EGTA, 1% NP-40, 1% sodi
deoxycholate, 2.5mM sodium pyrophosphate, 1mM pbteerophosphate, 1mM
Na3VvO4, 1ug/ml leupeptin), supplemented with phasgde (NaF 50mM,
Na30V4 1mM) and protease inhibitors (Sigma), formBibiutes on ice. Lysates
were then centrifuged at 13000 rpm for 30 minute4°&, supernatants collected
and stored at -80°C until use. Samples were queahtitith the Micro BCA™
Protein Assay Kit (Thermo Scientific) accordingtanifacturers instructions. For
Western blotting, approximately @@ of proteins were separated on 4-12%
gradient NUPAGE® Bis-Tris poly-acrylamide or 3-8¥adjient NUPAGE® Tris-
Acetate SDS-PAGE gels (Life Technologies) and thesre transferred onto
nitrocellulose membranes (Protran). Membranes wsoeked in Dulbecco's
Phosphate Buffer Saline-0.1%Tween-20 (PBS-T) camgi 5% nonfat milk and
then incubated over night 4°C with primary antibodies. The following pany
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antibodies were used: arfiactin and anti-cleaved Notchl (Vall1744) from Cell
Signaling Technologies; anti c-myc (9E10), anttubulin from Santa Cruz
Biotechnology and anti PGC1-beta from Abcam. Thet meorning, membranes
were washed three times with PBS-T for ten minetesh, before incubation for 1
hour with the appropriate secondary antibodies ugatpd with horseradish
peroxidase (HRP). After the incubation with thes®tary antibody, three washes
of ten minutes each were performed before image uisitign. For
immunodetection,  nitrocellulose = membranes  were hated  with
chemiluminescence reagent, obtained by mixing eoqodlimes of Western
Lightning® Plus ECL Enhanced Luminol Reagent Plod ¥estern Lightning®
Plus ECL Oxidizing Reagent Plus (PerkinElmer). lemgvere acquired with
BioRad ChemiDoc XRS and analysed with Quantity Ode® analysis software.

3.11 Clonogenic assay

Colony forming unit (CFU) assays were performedplating in 35x10mm Petri
dishes an equivalent of 1000 T-ALL cells over-esgiag hsa-miR-22 or empty
vector control in 1ml of Methylcellulose Mediurmhis medium was composed
of 40% Methocult H4100 (Stemcell Technologies) eamihg 2.6%
methylcellulose in Iscove's Modified Dulbecco’s Nied (IMDM), 20% fetal
bovine serum and 40% RPMI 1640 medium, complemenath 1%
Ultraglutamine, 1% Na-Piruvate, 1% Hepes, 100U/emigillin G and 10Qug/ml
streptomycin (Lonza)Cultures were then incubated at 37°C in a humidifie
atmosphere of 5% CO2 in air. For each conditiaplitate dishes were prepared.
After 7, 14 and 21 days, colonies were countedgusin inverted microscope

(Leica) and a 60mm gridded scoring dish.
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3.12 Xenografts and in wvivo treatment
studies and imaging

Frozen T-ALL (PDTALL) xenograft cells were obtainém our collaborator
Dr. Stefano Indraccolo (I0V, Padova). After thawidgx10 viable T-ALL cells
(in 400 pl PBS)were injected intra-venous (i.v.) in 6-8 week ol®D.Cg-
Prkdc™® 112rg™"/SzJ (NSG) immunodeficient mice. Procedures invgvi
animals and their care conformed with institutiogaldelines that comply with
national and international laws and policies (EEGuil Directive 86/609, OJ L
358, 12 December, 1987).

The degree of T-ALL engraftment in mice was mortbby periodic blood
drawings and flow cytometric analysis of human CD&fen mice showed signs
of leukemia development, they were randomized amecied intraperitoneally
(i.p.) with either a potent GSIDibenzazepine (DBZ) (5mg/kg) or DMSO
(vehicle) for three times every 8 hours. Each expental group consisted of at
least n=3 mice. After this treatment, mice wererifiaed and T-leukemia cells
were isolated from fully infiltrated spleens to aiot RNA and protein lysates.

To evaluated thén vivo effects of miR-22-3p overexpressing, we transduted
ALL cell lines (MOLT-4 and JURKAT EG6), previouslyngineered to express
luciferase reporter gene (FUW-Luc-mCherry-puro otGR1-mCherry-Luc2),
with pLenti-1lI-GFP pre-hsa-mir-22 or an pLenti-BFP empty vector control.
MOLT-4 T-ALL cells expressing luciferase were geated by infected them with
FUW-Luc-mCherry-puro and subsequent selectianvitro with puromycin.
Subsequently these cells were transduced withtevikeh vector over-expressing
pre-hsa-mir-22 or the empty vector, and sorted gogen fluorescent protein
(GFP) expression by flow cytometry. On the othemcha]JURKAT T-ALL cells
were initially infected with MIGR1-mCherry-Luc2 andorted for mCherry
fluorescent protein. Subsequently these cells vienesduced with a lentiviral
vector over-expressing pre-hsa-mir-22 or the engtyiviral vector and selected
in vitro with puromycin.

Before the execution ah vivo experiments with the above mentioned cells, we

evaluatedin vitro the expression levels of the luciferase reporteregdo this
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end, selected/sorted cells (1R1¢ells) were collected and washed with PBS
before cell lysis using the passive lysis buffero(Rega). Cell pellets were lysed
in 100 pl of passive lysis buffer for 20 minutes @tom temperature.
Subsequently, cell lysates (10 pl per well) werdealdto a dark 96-well plate and
luciferase assay reagent (50 pl) was added towalthFirefly luciferase activity
was measured with VICTOR™ X5 Multilabel Plate ReadRerkin Elmer).

For in vivo experiments, we injected 5LMiR-22 over-expressing or control T-
ALL cells expressing luciferase i.v. into 6—8-weak- female immunodeficient
NOD.CgPrkdc™® 112rg™"M/SzJ (NSG) mice. After a 7 day window for tumor
engraftment, we evaluated disease progressiam ko bioimaging with than
vivo Imaging System IVIS Spectrum (Xenogen). Brieflgr imaging studies,
mice were anesthetized by isoflurane inhalation amected with D-luciferin
(Synchem) at 50 mg/kg intraperitoneum. After 5 nb@sufrom luciferin injection,
mice were imaged. Tumor bioluminescence was queatiby integrating the
photonic flux (photons/s) or total counts throughegion encircling each mouse
as determined by the LIVING IMAGES software pack@genogen).

All mice were monitored daily and animals showingex signs of disease or
excessive weight loss were euthanized followingitintsonal Animal Care and
Use Committee guidelines.

Further, the effects of miR-22-3p overexpressiorvivo were also evaluated
using the Kaplan-Meier analysis to determine th@aot on overall survival,
human CD45 analysis by flow cytometry in the peeightogether with spleen
and liver weights to evaluate disease burden.

3.13 Mouse Cell Depletion

To enrich the human cells upon xenotransplantatvesm,used the Mouse Cell
Depletion Kit (Miltenyi Biotec). Briefly, cells idated from infiltrated spleens
were resuspended in a specific buffer (PBS, 0.5%nleoserum albumin (BSA),
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pH7.2) and added to Mouse Cell Depletion Cocktedntaining monoclonal
antibodies conjugated with MicroBeads, which magady label mouse cells.
After incubation at 4°C for 15 minutes, the celsgension was loaded onto a
MACS Column, that was placed in the magnetic figlch MACS Separator, and
then the column was washed 2 times with the spedfiffer. Thus, the
magnetically labeled mouse cells were retained iwithe column, while the

unlabeled cells ran through to collect the enrichechan tumor cells.

3.14 Flow cytometric analysis

To evaluate the level of infiltration of the difeet mouse tissues by human T-
ALL cells we performed flow cytometry (FACS). Brigf cell suspensions were
stained with a specific mouse anti-human CD45 (Bidyphycocyanin (APC)

conjugated antibody according to manufacturer'druosons. Samples were
collected on a FACSCalibur (BD Biosciences) flowwaryeter, using Cell Quest

software (BD Biosciences).

315 NOTCH1 and FBW7 mutational
analysis

Genomic DNA was extracted from T-ALL cells derive®dm xenografts with
easy DNA kit (Life Technologies). NOTCH1 and FBWtation analysis was
performed as previously described [133].
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3.16 Meta-analysis

A large human T-ALL dataset (ArrayExpress accessiomber: E-GEOD-5827)
was selected for meta-analysis. Processed data la@ded in the R statistical
environment, log2-transformed, and differential gegxpression analysis was
performed using the Bioconductor limma package [223

Functional analysis was performed using gene sethenent analysis (GSEA)
v3.0 [229]. Differentially expressed genes werekeahby decreasing moderated
t-statistics and GSEA-Preranked was run with défpatameters against the ¢3
collection of the Molecular Signatures Database i08) v6.0, containing gene
sets representing potential targets of regulatign ttanscription factors or
microRNAs. Additional gene sets with putative tasgef miR-22 obtained from
different microRNA target prediction softwares (INA-microT-CDS,
TargetScan, miRDB) were included in a further asiglyperformed to identify

miR-22 targets significantly down-regulated follogiGSI treatment.

3.17 Statistical analysis

Results were expressed as mean value + standaiatide(SD). Statistical data
analysis was performed using Student's t-test (ailed, unpaired). Survival in
animal experiments was represented with Kaplan-Maieves and significance
was estimated with the log-rank test (Prism GraphP®ifferences were

considered statistically significant: *p<0.05, *@<01, **p<0.001.
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4.1 NOTCH1-induced leukemias are highly
sensitive to y-secretase in vivo

We generated a mouse model of NOTCH1-induced leigkewy retrovirus-
mediated overexpression of a constitutively actmweogenic mutant form of the
NOTCH1 receptor (L1601RPEST) in hematopoietic Linprogenitors (Figure
1A upper panel), as previously reported [97]. Fdre&pression of NOTCHL1 in
Lin™ progenitors induce primarily ectopic T cell devetmgmt and subsequently T-
cell leukemia [230]. In details, we used the ad¢gdaform of NOTCH1 L1601P-
APEST, that closely resembles humd®TCH1 mutant alleles and contains a
mutation in the heterodimerization domain (HD) aamdleletion in the PEST
domain (HDAPEST), inducing ligand-independent activation oé tteceptor
together with increased NOTCH1 activated proteiability. The NOTCH1
L1601PAPEST is considered a weak allele and transplanied, rdeveloped T-
ALL in 3-5 months with a 20% penetrance.

In this way, we obtained a homogenous model whecellTleukemia is highly
dependent on NOTCHL1 in contrast to human primaLL-samples that are
characterized by additional alterations and to hurmaALL cell lines that are
even more complex due to additional alterationkelthto prolongedn vitro
culture.

The NOTCH1-induced tumors (HRPEST) were treated with a potemt
secretase inhibitor (GSI) to block NOTCH1 signalirigyiefly, we generated
secondary NOTCHI1-induced T-ALL injecting primary c&l tumors into
isogenic irradiated hosts and, when mice showetssif leukemia development,
we treated them with 5mg/kg of a potent GSI, Dilzaepine (DBZ), for three
times every 8 hours. In parallel, we treated mict wehicle alone (DMSO) to
generate a control group (Figure 1A, lower pangte murine NOTCH1-induced
T-ALLs resulted sensitive to DBZ, as demonstratgdtoong down-regulation of
Deltex, a direct NOTCHL1 target gene, respect tackehreated mice (P<0.001;
Figure 1B).
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Figure 1. Treatment with a potent y-secretase inhibitors, Dibenzazepine (DBZ), induces NOTCH1 pathway
inhibition in vivo. (A) Schematic representation of the strategy dsedhe generation of primary T-ALL tumors by
retrovirus-mediated overexpression of a constiélyiactive oncogenic mutant form of the NOTCH1 ptoe (L1601P-
APEST) in hematopoietic lineage negative (Lin-) jmitprs (upper panel). Secondary NOTCH1-inducedLT-Avere
obtained by injecting primary T-cell tumors int@genic irradiated hosts; mice showing signs of éznia development,
were treated with vehicle only (DMSO) or with 5mg/kf a potent GSI, Dibenzazepine (DBZ), for thrimeets every 8
hours (lower panel). After this treatment, mice eveacrificed and T-leukemia cells were isolatednfiofiltrated spleens
to obtain RNA and protein lysates. (B) qRT-PCR wsial of Deltex, a direct target of NOTCH1 (*** P€01; data is
represented as Mean+SD. Assays were performeiplicates).

We further analyzed the global effect of NOTCHL ilnion using gene
expression profiling analysis, SurePrint G3 Mouge&X60K Agilent Microarray,
that allow the study of the regulation of 27000 eeand 4578 IncRNAs. For this
purpose, we extracted the RNA from the spleens@T®H1 induced T-leukemia
bearing mice treated with DBZ (n=3) or DMSO (n=83,previously described.
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Differential expression analysis showed 728 sigarftly down-regulated and 878
significantly up-regulated genes upon DBZ treatmgfDR<0.01), see
Supplementary Table 1 for the list of most diffdraify expressed genes ([FC|>4).
Functional analysis using Gene Set Enrichment Aml(GSEA) showed that the
MSigDB hallmark gene sets related to NOTCH sigriplamd MYC targets were
significantly down-regulated following NOTCH1 infiion (Supplementary
Table 2), as demonstrated in previous studies [T&, confirming the validity of

our experimental model.

4.2 Identification of differentially

expressed microRNAs following in vivo
NOTCH]1 inhibition

In parallel to gene expression analysis, the mu@I CH1-induced T-leukemia
samples were hybridized on mouse miRNA 8x60K miceas (release 19.0;
Agilent), that allow the determination of 1247 meusiRNAs. Microarray data
analysis of NOTCH1 HDAPEST tumors in the two experimental conditions
(treatment with DBZ or with DMSO) was performed tine R/Bioconductor
statistical environment (see Methods) and only aR®tAs with FDR<0.10 were
considered significant. Differential expression lgsia revealed 68 differentially
regulated microRNAs, of which 37 down-regulated 8thdip-regulated. At top of
the list of NOTCH1 down-regulated miRNAs we foursaeral components of the
miR-17-92 cluster (Supplementary Table 3 and Fi@))rgreviously reported as
highly expressed in T-ALL samples [53,54].

Amongst the up-regulated miRNAs we expected to finthtive tumor suppressor
mMiRNAs, that resulted lowly expressed in NOTCHluoed T-ALLs and
subsequently induced after DBZ treatment. Intemgbti we identified several

microRNAs that have been previously reported asotusuppressors in other
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malignancies, such as miR-22 [231] and miR-34a ;282 alternatively, linked
to NOTCHL1 signaling in other contexts, such asntiile-199a [233-235].
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Figure 3. Heat map of microRNAs significantly regulated following NOTCH1 pathway inhibition in vivo. MicroRNA

expression profiling was performed in three biotagireplicates of the same HEREST NOTCH1 T-cell tumors treateud

vivo with vehicle only (DMSO) or with 5mg/kg of a poteBSI, Dibenzazepine (DBZ), for three times everyd8irs. The
heat map shows the significantly differentially eegsed miRNAs (FDR < 0.10), ordered from the mastrdregulated
(top) to the most up-regulated (bottom) in DBZ-tegbvs.control.
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4.3miR-17-92 is repressed following
NOTCHI1 inhibition in human T-ALL

The miR-17-92 cluster, containing six individual RWNAs miR-17, miR-18a,
miR-19a, miR-19b-1, miR-19a, miR-20a and miR-92wlas previously reported
to be highly expressed in a murine model of NOT@htuced T-ALL [54], but
the extent of their specific regulation in humasAIL cells upon NOTCH1
inhibition has not been previously investigated.

In order to investigate this aspect, we treatefbdiht NOTCH1-mutated T-ALL
cell lines (KOPTK1, CUTLL1, HPB-ALL, DND41, PF382JURKAT ES6,
MOLT3, MOLT4, CCRF-CEM)in vitro for 72 hourswith 250nM of DBZ or
vehicle only (DMSO). We first assessed the efficafyNOTCHL1 inhibition
following DBZ treatment using western blot analy$is activated NOTCH1
(ICN1) and c-MYC. This analysis confirmed the dowegulation of intracellular
NOTCH1 (ICN1) and c-MYC, a direct target of NOTCHEigure 4A). In
addition, using gRT-PCR, we found that Deltex wé#so astrongly repressed
(P<0.001; Figure 4B).

We thus analyzed the expression of different corepts1 of the miR-17-92
cluster that resulted regulated in our murine niRMé& expression profiling
analysis: miR-17-5p, miR-18a-5p, miR-20a-3p and +9#&-3p. To this end, we
performed Exigon gRT-PCR analysis, that consista gingle, universal reverse
transcription reaction which serves as template siabsequent real-time PCR
amplifications. This real-time PCR is based on SYBFRen with use of LNA-
enhanced primers specific for the different miRNAs.

Two components of the 17-92-cluster resulted sicgmitly down-regulated in
several T-ALL cell lines after NOTCH1 pathway intibn (Figure 4.C-F). More
specifically, miR-20a-3p and miR-92a-3p resulteghgicantly down-regulated in
several cell lines (in 6 and in 5 out of the 9 T-tees analyzed, respectively),
indicating that these mIRNA may have an importaale rdownstream of
NOTCH1 in human T-ALL. Notably, the regulation dfet 17-92-cluster resulted
particularly relevant in CCRF-CEM, DND41, MOLT4 aR&382 cell lines while,
in other T-ALL cell lines (HPB-ALL, MOLT3, JURKAT & and CUTLL1), only
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one or two components of the 17-92-cluster wereledgd. On the other hand,

KOPTK1 cells showed modest up-regulation of the92+7cluster following
NOTCH1 inhibition.
Overall, these data showed that miR-17-92 clustenainly downregulated upon
NOTCHL1 inhibition in human T-ALL cells. However tabugh the role of the 17-
92-cluster downstream NOTCHL1 is relatively well Wwm the regulation of the

specific components appear variable and cell contependent.
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Figure 4. Down-regulation of miR-17-92 cluster after GSI treatment in human T-ALL cells. (A) Representative
Western blot of Intracellular NOTCH1 (ICN1) and dsect target, c-Myc, ilNOTCH1 mutated T-ALL cell lines, treated
in vitro with vehicle only (DMSO) or with 250nM of DBZ forZ7hours. (B) The same cell lines were investigéedhe
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regulation of Deltex, a direct target of NOTCH1{#<0.001). Data is represented as Mean + SD. Asgsaye performed
in triplicate. (C-F) qRT-PCR analysis (miRCURY LNA&AicroRNA; Exiqon) of miR-17-5p, miR-18a-5p, miR28p-and

miR-92a-3p upon DBZ treatment (250nM, 72 vitro in NOTCH1 mutated T-ALL cell lines (KOPTK1, CUTHL

HPB-ALL, DND41, PF382, JURKAT E6, MOLT3, MOLT4, CERCEM) (* P<0.05; *P<0.01; *** P<0.001)Data is

represented as Mean + SD. Assays were performeiblicate.

4.4 Validation of up-regulated microRNAs
upon NOTCH1 inhibition in T-ALL
cells

Among the putative tumor suppressor miRNAs, we tified miR-22a-3p, miR-
34a-5p and miR-199a-5p, which have not been studigde context of T-ALL
and NOTCHL1 inhibition.

In order to validate the regulation of these miRINAg extended our analysis to
additional HDAPEST T-tumors and to another model of murine NOTCH1
induced leukemia, that is based on the over-exjpresd theAE allele, presenting
a deletion in EGF-like domain and which developgkbruia in 8-12 weeks with a
100% penetrance. This model closely resembles humahL cases which
present translocation 6fOTCHL1 to the TCR locus [4,236]. Secondary transplants
were treated with DBZ, as previously describedHB-APEST T-tumors .

First of all, we confirmed the inhibition of NOTCHdathway inNOTCH1 AE T-
leukemia samples by western blot, that showed gtdomwn-regulation of ICN1
expression in DBZ treated cells compared to DMSfated cells (Figure 5A). In
addition, Deltex, a direct target of NOTCHL1, resdlisignificantly decreased, as
demonstrated by RT-gPCR (P<0.001; Figure5B). NOTG#htiibition in vivo
induced a significant up-regulation of miR-34a-5yhbin HDAPEST (P<0.001
and P<0.01, respectively in samples #1 and #2;r€i&C) and inAE samples
(P<0.01 and P<0.001, respectively in samples #l#ndrigure 5D). Similarly,
miR-199a-5p resulted significantly up-regulatedha different samples analyzed
after DBZ treatment (P<0.001, P<0.01, P<0.0land.®<@espectively in HD-
APEST #1 and #2 amsE #1 and #2; Figure 5D-E).
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Overall, the regulation of miR-34a-5p and miR-1%earesulted consistent across
different models of NOTCH1-induced leukemia, sugggsa role in murine
NOTCH-induced T-ALL.

However, their function could not be validated hre thuman setting due to
undetectable expression in human T-ALL cell lined aenografts both in basal

conditions and upon DBZ treatment.
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Figure 5. Up-regulation of miR-34a-5p and miR-199a-5p after GS| treatment in murine T-ALL. (A) Representative
Western blot of Intracellular NOTCH1 (ICN1) MOTCH1 AE tumors, treateth vivo with vehicle only (DMSO) or with 5
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Another interesting NOTCH1-regulated microRNA résdlthe miR-22a-3p. We
first validated the expression of miR-22-3p in adaial murine T-ALL tumors,
where it resulted significantly up-regulated upoBZDtreatment in both HD-
APEST (n=3 samples) (Figure 6A) and (n=5 samples) (Figure 6B) NOTCH1-
induced T-ALL samples.

We then assessed its regulation in human T-ALLsc@lheNOTCH1 mutated T-
ALL cell lines, KOPTK1, CUTLL1, HPB-ALL, DND41, PR®, JURKAT ES6,
MOLT3, MOLT4, CCRF-CEM, previously investigated fomR-17-92 cluster,
were tested for miR-22-3p expression upowitro DBZ treatment (250nM) for
72 hours. Amongst the different cell lines analyzed® found that miR-22-3p
resulted significantly up-regulated in 7 out ofél dines (Figure 6C).

In order to check whether this regulation coulebdlappen in patient samples, we
used different patient-derived T-ALL (PDTALL) xenadts, previously derived
in our Institute, that closely resemble primary TtAsamples. The samples have
been previously characterized for NOTCH1 and FBXWuntations (Table
1)[133]. To this end we expanded selected sampleamunodeficient mice NSG
and when mice showed signs of leukemia, we tretech with 5mg/kg of DBZ
for three times every eight hours. T-cell suspamsiwere obtained from spleens
of sick mice, that were subsequently systematicddipleted from murine cells
using magnetic beads. This allowed us to restrictaRNAs analysis to only the
human component, which resulted enriched from aBb%t to 97%, as shown by
flow cytometry analysis (Figure 6D). These tumotwed strongly down-
regulation of ICN1 upon DBZ treatment, confirmirfgetinhibition of NOTCH1
pathway (Figure 6E). Importantly, we found that RER3p was significantly up-
regulated upon GSI treatment in PDTALL samples frasent stronflOTCH1
alleles (PDTALL #25, #8 harbouring HRPEST mutations) or NOTCH1 and
FBXW7 mutations (PDTALL #46, #47). PDTALL #12 was axception because
miR-22 expression remained constant after DBZ itneat, despite a strong
mutation in NOTCH1 (HD-APEST). Differently, in xenografts with weak
NOTCH1 alleles (PDTALL #39, #11 having HD mutations) nm2R-3p was not
consistently regulated (Figure 6F). InterestingtidTALL #9 and #48, classified
as wild type for NOTCH1 and FBW?7, did not regulatetR-22-3p upon DBZ

treatment.
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Thus, the regulation of miR-22 expression upon N@&IGnhibition in human
PDTALL xenografts seems to depend on the NOTCH1 BBW7 mutational
status, with strong NOTCH1 signaling been assodiatéh modulation of miR-
22 expression following DBZ treatment, suggestimpssible interaction between
NOTCH1 pathway and miR-22.
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Figure 6. Up-regulation of miR-22-3p following y-secretase inhibitor treatment in NOTCH1-induced T-ALL. (A-B)

gRT-PCR analysis (miRCURY LNA microRNA; Exiqon) @hiR-22-3p upon DBZ treatmerin vivo in murine models of
NOTCH1-induced T-ALLs (HDAPEST andAE) (* P<0.05; ** P<0.01; *** P<0.001). Data is showas Mean = SD.
Assays were performed in triplicate. (C) The samalysis was performed in NOTCH1 mutated T-ALL clfles
(KOPTK1, CUTLL1, HPB-ALL, DND41, PF382, JURKAT EBYIOLT3, MOLT4, CCRF-CEM) after treatment with
250nM of DBZ for 72h (* P<0.05; **P<0.01; *** P<O@L). Data is represented as Mean * SD. Assays pefermed in
triplicate. (D) T-cell suspensions obtained frommtam T-ALL xenografts were systematically depleteshf murine cells
using magnetic beads (Mouse Cell Depletion Kitalow microRNA analysis of the human component. respntative
dot plots are shown. (E) Representative Westert blointracellular NOTCH1 (ICN1) in patient-derive@-ALL
(PDTALL), expanded in immune-deficient mice (NS@gatedin vivo with vehicle only (DMSO) or with 5mg/kg of DBZ
for three times every eight hours. (F) The PDTAILS, #9, #11, #12, #48, #18, #25, #39, #46, #47o¥ohg depletion of
murine cells, were investigated by gRT-PCR for r2lR3p expression. Data is represented as Mean #AS§ays were

performed in triplicate.

PDTALL NOTCH1 status FBW?7 status
8 HD-APEST mutation wild type
9 wild type wild type
11 HD mutation wild type
12 HD-APEST mutation wild type
18 JME mutation (exon 28) wild type
25 HD-APEST mutation wild type
39 HD mutation wild type
46 HD mutation mutated
47 HD mutation mutated
48 wild type wild type

Table 1. Characteristicsof T-ALL derived xenografts. List of patient-derived T-ALL (PDTALL), expanded immune-
deficient mice (NSG). NOTCH1 and FBXW7 mutationghtes are shown. Several of these xenografts haem b
previously described [133].
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4.5 miR-22-3p results down-regulated in T-
ALL cells respect to normal thymocytes

Our previous results showed that miR-22 was sigaifily down-regulated in
murine NOTCH1-induced T-ALL cells upon inhibitiorf dNOTCH1 signaling.
Importantly, this result was also confirmed in hunTaALL cells treatedn vitro
andin vivo with y-secretase inhibitors, suggesting a role of miRI2ZROTCH1-
induced leukemia, possibly as putative tumor suggme In addition, recent data
showed that miR-22 has potent antitumor effectadate myeloid cells (AML)
[231].

In this scenario, we explored the role of miR-22uman T-ALL cells. We first
analyzed the expression of miR-22-3p in human T-Apkecimens (n=16, T-ALL
cell lines) and we compared it with normal thymesytn=7). We analyzed a pool
of T-ALL cell lines, composed both of NOTCH1-wilgpe (LOUCY, TALL1)
and NOTCH1-mutated T-ALL (MOLT3, MOLT4, P12 ICHIKAW, JURKAT
E6, PF382, CUTLL1, ALL-SIL, KOPTK1, HPB-ALL, CCRFEM, KARPAS
45, KE 37, DND41, RPMI 8402, HSB2).

In accordance with the potential anti-tumor effegftsniR-22 in T-ALL, miR-22-
3p expression was significantly higher in normatiam thymocytes compared to
TALL cell lines (P<0.01; Figure 7A). Notably, th@®IUCY and TALLL1 cell lines,
which were wild type foNOTCH1, presented an opposite trend respect to normal
thymocytes (FC=2.18 and FC=0.18 respectively folUQY and TALL1). A
similar trend was observed in PDTALL samples (n=10)
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Figure 7. miR-22-3p results consistently downregulated in T-ALL cells compared to human thymocytes. (A-B) qRT-
PCR analysis (miRCURY LNA microRNA; Exiqon) of hssiR-22 basal expression in human TALL cell linesdlan
PDTALL samples, relative to human thymocytes (*30F01).

4.6 miR-22-3p  overexpression inhibits
colony formation in T-ALL cells

The miR-22 has been recently reported as a tumgpresasor miRNA in acute
myeloid leukemia (AML) [231]. We, thus, explored mhiR-22 could be a
potential tumor suppressor miR in NOTCH1-mutated\LI- cells, infecting
CCRF-CEM, JURKAT and MOLT4 T-ALL cells with the ph#-pre-hsa-miR-22
overexpressing vector. The expression of miR-22W3pT-ALL cells was
evaluated followingn vitro selection with puromycin. At the end of the satatt
all the T-ALL cell lines significantly overexpreskemiR-22 respect to control
cells infected with the empty vector, as shown bgrdgitative PCR, (P<0.001,;
Figure 8A). We analyzed cell viability in the T-ALkell lines which over-
expressed hsa-miR-22 both under normal and streksre conditions. The
viability of MOLT4 cells over-expressing hsa-miR-a@peared similar to control
cells both under normal culture conditions (48 &l hours) and following
glucose deprivation (48 hours), as shown in Fi@dBe Similar results were also
reported for JURKAT E6 and CCRF-CEM cells.

In AML, the expression of miR-22 showed a signifitanhibitory effect in
colony forming assays [231]. We thus performed cpldorming-unit (CFU)
assays, that have been widely used aga#itro method to monitor tumor cells
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growth and proliferation. We plated the miR-22 eegpressing and control T-
ALL cells in soft-agar medium (methylcellulose) atconcentration of 1000
cells/plate in triplicate. After 10-15 days, we kxded the number of colonies in
each of the replicate plates using an invertedascwpe. For this assay, JURKAT
E6, MOLT4 and CCRF-CEM cell lines were selected egivtheir high
transduction efficiency and their ability to forroloniesin vitro. We found that
miR-22 over-expression significantly affected cgldarmation in all the T-ALL
cell lines analyzed (P<0.05, P<0.001 and P<0.0fpetively in JURKAT E6,
MOLT4 and CCRF-CEM cells; Figure 8C). A represeartaimage of control or
miR-22 expressing CCRF-CEM cells is shown in FigBibe where it is possible

to appreciate that miR-22 over-expression affboth the number and the size of

the colonies.
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Figure 8. The over-expression of miR-22 in human T-ALL cells negatively affects growth in colony forming assays.
(A) gRT-PCR analysis (mMiRCURY LNA microRNA; Exiqon) bfka-miR-22 in NOTCH1-mutated T-ALL cell lines,
which were infected with a lentiviral vector oveqpeessing pre-hsa-miR-22 or with empty vector, anthjected to
puromycin selection (***, P<0.001). Data is repnmetsel as Mean + SD. Assays were performed in tapic (B)
Representative cell viabilitin vitro in MOLT4 T-ALL cells infected with vector empty €etor) or with vector over-
expressing pre-hsa-miR-22-3p, at different timentmi(48h and 72h) in normal culture conditions Hriganel) and
following glucose deprivation (left panel). Datarepresented as Mean + SD. Assays were performétplitate (C-D)
Effects of over-expression of hsa-miR-22 after EHysdin T cell lines in colony forming-unit (CFU) says using
methylcellulose-based medium (*, P<0.05; **, P<Q.®t, P<0.001). Data is represented as Mean + 8Bsays were

performed in triplicate; representative images 6&RE-CEM colonies at 14 days, obtained by an indenécroscope at
different magnification (10X and 20X).

4.7 miR-22-3p inhibits T-ALL cells growth
in vivo

Since miR-22 over-expression vitro determined a significant inhibitory effect
on colony forming assays affecting both affectihng humber and the size of the
colonies, we asked whether miR-22 over-expressiondcinfluencein vivo
growth of T-ALL cells.

We thus infected MOLT4 and JURKAT cells, previousliygineered to express
the luciferase reporter gene (Fuw-Luc-Cherry or RIGmCherry-Luc2), with
pLenti-l1lI-GFP pre-hsa-mir-22, that allowed us tmdy tumor progressiomn

VIVO.
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Cells expressing luciferase were infected withrdiW&ral vector over-expressing
pre-hsa-mir-22 or the empty vector as control. gbent selection was done
with puromycin or sorting cells for GFP expressiBoth MOLT4 and JURKAT
E6 cells overexpressed significant levels of miRr@2pect to control cells (the
empty vector), as shown by Exigon quantitative PQRgure 9A) and,
importantly, displayed similar levels luciferaseiaty, as shown by luciferase

assay (Figure 9B).

2

B)

1.5x108
[~ Nedul
Bl hsa-miR-22

1.0x10%

10 15 20 25

5.0x104

Luciferase activity

5

Relative miR-22-3p expression

0

JURKAT E6 ATCC MOLT4

Ctrl empty vector hsa-miR-22

Figure9. T-ALL cell lines stably expressing both miR-22 and luciferase. Human T-ALL cell lines expressing luciferase
were engineered to stably express hsa-miR-22 @maty vector (ctrl). (A) Exigon qRT-PCR of hsa-m2R-in T-ALL
cells, expressing hsa-miR-22 or an empty vectat) (€t*, P<0.001; Data is represented as Mean +. $Bsays were

performed in triplicate). (B) JURKAT T-ALL cells we tested for Luciferase signal respect to cortetis (untreated).

To generate tumors, we injected miR-22 overexpngsdfOLT4 cells (n=6;

5x10 cells/mouse) or MOLT4 cells infected with contnactor (n=6; 5x19

cells/mouse) in NSG mice. As previously describes used the luciferase
reporter gene system to quantifiy vivo tumor growth. After 7 days from
inoculation, we found that the luciferase actistgnal was significantly reduced
in mice injected with MOLT4 cells over-expressingahmiR-22 respect to the
control group (Figure 10A). At day 21 post injectianost of the mice of the
control group had lost weight, were sick and les$ve, indicating that the end-
point of the experiment had been reached. We tlagsifised the mice and
evaluated the level of the infiltration of humanALL cells in the peripheral

blood, staining cells with a specific antibody aghihuman CD45 and analyzing
samples by FACS analysis. This analysis revealatitie overexpression of miR-

22-3p significantly reduced the percentage of tuastis in the blood (**, p<0.01;
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Figure 10B). Coherently, measuring the weight ef $pleens and liver, we found
that the over-expression of hsa-miR-22 significamédduced their masses (***,

P<0.001; Figure 10.C-D). Overall, these data irtdiddhat the over-expression of
miR-22 in MOLT4 strongly affected tumor progressiamivo.
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Figure 10. miR-22 inhibitsMOL T4 T-ALL cellsgrowth in vivo. MOLT4 cells expressing luciferase were engineeoed t
stably express hsa-miR-22 or an empty vector (CEHese cells were injected to generate two diffegeoups: “Ctrl” and
“hsa-miR-22" (n=6). (A) Representative bioluminasce images of NSG mice at 7 days from the injectiod luciferase
activity quantification (***, P<0,001). (B) FACS aiysis of human CD45 expression in the periphdmddof NSG mice
(**, P<0.01). (C-D) Quantification of spleen anddr weights at the moment of sacrifice (***, P<0190

We next evaluated whether miR-22 overexpressiotdcaffiect overall survival.
We thus established two groups of mice, by injecthOLT4 cells, that express
hsa-miR-22 (hsa-miR-22 group, n=10) or empty ve¢@irl group, n=10). We
used bioluminescence to follow disease progresgitier 7 days, we observed a
significant reduction in bioluminescence signahiice over-expressing hsa-miR-
22 (P<0.01) respect to the controls, similarlytie previous experiment (Figure
11A). Importantly, the Kaplan-Meier curves showédttthe over-expression of
hsa-miR-22 was associated with a significantly eased survival (P<0.001;
Figure 11B).

These results further demonstrate that in T-ALLsckigh hsa-miR-22 expression

influences tumor progression, leading to sloweeak& progression.
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Figure 11. miR-22 over-expression increases survival in vivo. Human MOLT4 cells expressing luciferase were
engineered to stably express hsa-miR-22 or an ewgetpr (ctrl). These cells were injected in NS@enio generate two
different groups: “Ctrl” and “hsa-miR-22" (n=10A) Representative bioluminescence images in NS@ @i days from
the injection are shown, together with luciferastvity quantification (**, P<0,01). (B) Kaplan-Mer analysis of survival
in experimental groups.

We validated these results further using an additiocell line. Again, we
established two groups of mice, injecting eitheRKAT E6 cells expressing
luciferase, that express hsa-miR-22 (hsa-miR-22igrem=10) or empty vector

(Ctrl group, n=10). At 14 days, we observed a @inglffect, although less evident
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than in MOLT4 cells. In fact there was a signifita@duction in bioluminescence
signal in the mice injected with JURKAT E6 cellsemaexpressing hsa-miR-22
respect to mice injected with JURKAT E6 cells irtégt with control vector
(Figure 12).
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Figure 12. miR-22 over-expression inhibits JURKAT E6 T-ALL cells growth in vivo. JURKAT E6 cells expressing
luciferase were engineered to stably express hBa2Rior an empty vector (ctrl). These cells weljedted to generate
two different groups: “Ctrl” and “hsa-miR-22" (n=LQA) Representative bioluminescence images in 8¢ at 14 days

from the injection and luciferase activity quantiion (***, P<0,001).
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4.8 Meta-analysis of NOTCH1 regulated
genes in human T-ALL cell lines

A large already published human T-ALL dataset, aombg duplicate samples
from 7 T-ALL cell lines harboring activating mutatis in NOTCH1 treated with
GSI (CompE) or vehicle (DMSO) for 24 [102], waseszed for meta-analysis.
Gene set enrichment analysis (GSEA) was perforroeseé whether gene sets
containing targets of transcription factors or mi#&N(C3 collection in the
MSigDB v6.0) were significantly enriched in thetlisf differentially expressed
genes in human T-ALL cell lines. Interestingly, argothe significantly up-
regulated gene sets, we found the targets of tbeoRNAS belonging to the miR-
17/92 cluster. This result is in agreement with ningrine microRNA differential
expression analysis, presented in paragraph 2hiohvwe found components of
miR-17/92 cluster to be strongly down-regulatedistiexpecting an up-regulation
of their target genes. Moreover, among the downHetgd gene sets we found
numerous targets of the transcription factors M@ WMAX, both well known to
be involved in T-ALL. In fact, MYC was previouslyeported as a
developmentally regulated direct downstream taofélotchl that contributes to
the growth of T-ALL cells [102,103] and MAX, thahtagonizes the action of c-
myc, was reported to partially abrogate the groadiiantage of ICN1 transduced
cells [103].

Considering the crucial role of miR-22 in delayiMgALL developmentin vivo,
we performed further analysis on the human T-ALltadat exploited before
[102]. We ran GSEA against the C3 sub-collectiomdR targets in the MSigDB
v6.0, including also additional gene sets with puéatargets of miR-22 obtained
from different microRNA target prediction softwareSince miR-22 was up-
regulated in our experimental setting, we expeatgdcorrelated target genes and
focused our attention on down-regulated gene seitaming putative targets of
miR-22. None of them resulted significant. Thus,setected the three negatively
enriched gene sets obtained with the DIANA-microDSCsoftware, TargetScan
and miRDB for a leading edge analysis to deterntiree miR-22 targets that
resulted down-regulated upon NOTCHL1 inhibitionhie human T-ALL cell lines
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re-analyzed. We found 23 down-regulated genes thate consistently
contributing to the negative enrichment of all theee selected gene sets of miR-
22 targets (Supplementary Figure 1). Amongst tigeses, we found Peroxisome
Proliferator-Activated Receptor Gamma, Coactivatbr Beta PGC-10), a
component of the PGC-1 family, whose members arengt activators of
mitochondrial metabolism. Notably, in the GSEA asal run to discover targets
of transcription factors significantly regulatedomptreatment with GSI in human
T-ALL cells, we found a gene set containing targdtshe PPARG transcription
factor (PPARG_01 gene set) as significantly dowgulated (FDR=0.014),
indicating a possible crosstalk between miR-22 8RARG pathway in this

context.

4.9 Identification of PGC-1f as a putative
target of miR-22-3p

In view of the previous meta-analysis of NOTCH1lule¢ged genes in human T-
ALL cell lines, we focused orPGC-15 gene. The peroxisome proliferator-
activated receptoy (PPARy) coactivator-B (PGC-3) belongs to the family of
PGC-1 coactivators. The coactivators PGC-dnd PGC-f share sequence
similarities along their entire lengths and havesamilar expression pattern,
being highly expressed in tissues with amvaled mitochondrial energy
metabolism, such as heart, skeletal muscle andrbealipose tissue [237]. PGC-
1B sustains cell anabolism through de novo lipogenesihile PGC-& is
primarily involved in gluconeogenesis [237].

We thus evaluated the expression of P@dnlhuman PDTALL samples using
gRT-PCR. Interestingly, we found that PG@aas significantly down-regulated
upon DBZ treatmenin vivo in all theNOTCH1 mutated PDTALL (Figure.13A),
presenting both strong activatBtDTCHL1 alleles (PDTALL #25, #8, #12 with
HD-APEST mutations) or NOTCH1 and FBXW7 mutations (RDI #46, #47)
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and weak NOTCH1 alleles (PDTALL #39). PDTALL #11 (HDNOTCH1
mutation) was the only exception in which PGEekpression was not regulated
following NOTCH1 inhibition (Figure.13A). Next, wasked if overexpression of
hsa-miR-22 directly affected the expression of PIBCin human T-ALLs.
Among threeNOTCH1 mutated T-ALL cell lines (MOLT4, DND41, JURKAT E6
ATCC), which were infected with pLenti-pre-hsa-niR-overexpressing vector,
only MOLT4 cells showed a moderate but significR@C-1 down-regulation
compared to the control cells, infected with empgctor (Figure 13C). We
further analyzed PGCBlregulation at the protein level both in PDTALLS
following DBZ treatment and in T-ALL cell lines tha@onstitutively expressed
high miR-22 levels. Western blot analysis showeat AGC-PB protein resulted
highly expressed both in PDTALL and T-ALL cell Isehowever this expression
was not regulated following DBZ treatment or afterR-22 overexpression
(Figure 13B-D). In conclusion, PG brotein resulted abundant in T-ALL cells
and NOTCH1 inhibition or miR-22 overexpression weg a sufficiently strong

stimulus to modulate its expression at least in pheel of T-ALL cells we
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Figure 13. Down-regulation of PGC-1B in human T-ALL cells following GS| treatment or hsa-miR-22
overexpression. (A) qRT-PCR of PGCH, a putative miR-22 target gene, in human PDTALD #846, #12, #8, #25, #47,
#11 depleted from murine cells and treattedivo with DBZ or with vehicle only (DMSO) (* P<0.05; *P<0.01; ***
P<0.001). Error bars represent + SD of triplicatpegiments. (B) PDTALL #39, #46, #25, #8, #12 walso investigated
for the regulation of PGCRLprotein by Western blot after NOTCH1 inhibitioi€)(qRT-PCR of PGC{Lin NOTCH1
mutated TALL cell lines (MOLT4, DND41, JURKAT E6 AJC), which were engineered to stably express h&a24ior
an empty vector (ctrl) (* P<0.05; ** P<0.01; *** B001). Data is represented as Mean + SD. Assags pegformed in
triplicate. (B) NOTCH1 mutated TALL cell lines expressing s hsa-miR-22wrempty vector (ctrl), were investigated by
Western blot for the regulation of PG@-firotein.
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T-cell acute lymphoblastic leukemia (T-ALL) is aggaessive hematologic tumor
that accounts for 10%—-15% of pediatric and 25% dd@ltaALL cases. The
introduction of intensive combination chemotherapyotocols has led to
significant improvements in survival of this diseahowever, the aggressive
regiments are non-specific and very often assatiatgh acute toxicities and
patients suffer long-term side-effects.

Importantly, studies on oncogenic NOTCH1 resultecti@l not only for the high
NOTCH1 mutational rate (> 60%) in T-ALL but also chese y-secretase
inhibitors (GSIs) showed efficadwy vitro in numerous T-ALL cell lines [5]. In
this scenario, several studies have focused ond#wification of pathways that
could synergize with NOTCH1 oncogene in order &nitfy molecular therapies
to be used in combination with GSIs.

Among multiple and different functions of oncogendOTCH1, there are
increasing evidences of the crucial role of nonitgdRNAs in NOTCH-induced
leukemia. However, little is currently known on timécroRNAs that are regulated
following NOTCHL1 inhibition. Thus, the goal of thistudy was to analyze
NOTCH1-regulated microRNAs following NOTCH1 inhiiaih in T-ALL cells in
view of future therapies that may combine NOTCHA#ibition with microRNA
based therapy.

We first generated gene and microRNA expressiofilimgp of murine NOTCH1-
induced T-tumors treateth vivo with a highly active GSI. Gene expression
analysis showed numerous genes significantly degoalated and up-regulated
upon DBZ treatment. In particular, Gene Set EnriehinAnalysis (GSEA)
showed that the MSigDB hallmark gene sets relabe®l®TCH signaling and
MYC targets were significantly down-regulated feliag NOTCH1 inhibition, as
previously demonstrated [102,103], confirming tHigcacy of our experimental
model.

MicroRNA expression profiling showed several comgats of the miR-17-92
cluster at the top of the list of NOTCH1 down-resgatl miRNAS, in accordance
with previously studies, which demonstrated thisstdr is directly regulated by
NOTCH1 in the context of T-ALL [53,54]. Dual transhtions that
simultaneously affect the 17-92 cluster, where m#Ris located, and NOTCH1,
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highlight the oncogenic importance of this intel@ctin T-ALL. Notably, from
our analysis, the miR-19a resulted significantly-regulated upon NOTCH1
inhibition occupying the top position of our micrdR list, further supporting its
crucial role as oncomiR in NOTCHZ1-driven T-ALL [54]

Our data showed that the other members of the miH2lcluster (miR-17-5p,
miR-18a-5p, miR-20a-3p and miR-92a-3p) resultedegaty down-regulated
upon GSI treatment also in human T-ALL cells, evethe regulation of the
specific components appear variable and cell comntependent.

Moreover, also miR-181a-1-3p resulted significardiywn-regulated following
NOTCH1 inhibition, suggesting a putative role aga@miR in T-ALL. Our data
resulted in accordance with a previous study, whiezedeletion omir-181a-1/b-

1 expression inhibited the development of NOTCHtagene-induced T-ALL
by repressing multiple negative feedback regulationsnstream of NOTCH and
pre-TCR signaling pathways [238].

In addition, among the significantly up-regulatetRiMAs following NOTCH1
inhibition, we found miR-223-3p, supporting a pw study of Kumar V. and
collaborators, which reported that the expressiomi®-223 increases after GSI
treatment. Their results indicated that active N®Tgathway signaling down-
regulated the expression of miR-223, that in cancerdulate the expression of
IGFR1, which plays an important role in T-ALL cabuiting to leukemia-
initiating activity [220]. However, the regulatioof miR-223 in the context of
NOTCH1 leukemia resulted controversial [219,220Hded, miR-223 was found
highly expressed in T-ALL and positively regulattg NOTCH3/NOTCH1,
suggesting a complex modulation of miR-223 mainkg do the specific context
analyzed [219].

Along with the oncomiRs, we also identified a femteresting putative tumor
suppressor microRNA. For example, we found miR-@®®e significantly up-
regulated following NOTCHL1 inhibition. Our data azeherent with a previous
study that for the first time analyzed the role miR-709 in the context of
NOTCH1-induced leukemia. In the latter study, miB87resulted significantly
downregulated in murine NOTCH1-T-ALL respect tomat T-cells; in addition,

they found that miR-709 could inhibit the initiatiand maintenance of mouse
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NOTCH1-driven leukemogenesis vivo repressing Myc, a direct target of
NOTCH1, and Akt and Ras-GRF1 oncogenes [55].

Interestingly, we identified some novel microRNAg-negulated following
NOTCH1 inhibition: mmu-miR-34a-5p, mmu-miR-199a-&pd mmu-miR-22-3p.
miR-34a-5p is a highly conserved microRNA, that eged as a key tumor
suppressor in multiple tumor types [239-241], evknn CLL this miRNA
resulted overexpressed [242]. The miR-34a-5p appeparticularly interesting
because it entered in phase I clinical trials, vilida compound MRX34, composed
of a miR-34 mimic encapsulated in a lipid carrigd3], in patients with primary
liver cancer, small cell lung cancer, lymphoma, anema, multiple myeloma or
renal cell carcinoma. Another interesting microRN#as the miR-199a-5p
because it was reported as tumor suppressor imada@uenor types, such as head
and neck squamous cell carcinoma [233], hepatdaelkearcinoma [234] and
triple-negative breast cancer [235]. Although, wearfd a consistent modulation
of miR-34a-5p and miR-199a-5p in murine models &1L, their role in human
T-ALL cells was not further investigated due to atettable expression both at

basal conditions and upon NOTCHL1 inhibition.

Differently from miR-34a-5p and miR-199a-5p, the dutation of miR-22a-3p
upon NOTCH1 inhibition both in mouse and human TtAdells supported the
hypothesis that it acts as a tumor suppressor inothouse and human T-ALL
cells carrying NOTCH1 activation. Considering theslivestablished role of
NOTCH1 as transcriptional activator, it is plausilhat the regulation of miR-22
downstream Notchl is supported by a transcriptioeplessor that is directly
regulated by NOTCHL1. Interestingly, we identified Ntbox binding motif

element that can potentially mediate transcriptioepression via HES1, which
has already been shown to modulate several crifigdhways downstream
NOTCHL1.

In the last couple of years, miR-22 is emergin@ asucial regulator of neoplastic
progression. Initially, it was shown that miR-22eo&xpressing transgenic mice
were capable of developing a Myelodysplastic symdrowhich subsequently
progressed to acute myeloid leukemia (AML). Mechacally, miR-22

overexpression resulted in a significant downretiphaof Tet2 and consequently
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of its target genes [244]. Differently from thesesults, Jiang X and al.
demonstrated that the forced expression of miRi@afecantly suppressed AML
cell viability and growth in vitro, and substantially inhibited leukemia
development and maintenanicevivo [231]. According to these results, miR-22
targeted multiple oncogenes, including CRTC1, FLar&l MYCBP, and thus
represses the CREB and MYC pathways [231]. In Vi this data, another
study showed that miR-22 is a tumor suppressor MLAnduced by PU.1, an
important transcription factor of monocyte/macrogdadifferentiation, and
reintroduction of miR-22 in AML blasts relieved théferentiation block and the
inhibition of cell growth [245].

However, the role of miR-22 in cancer appears cemphd dependent on the cell
context. In fact, miR-22 was found to act as a tusuppressor miRNA in some
tumors, such as in gastric cancer [246] or in Eagphl squamous cell carcinoma
(ESCC), where its expression was much lower tham ith normal cells. More
specifically, miR-22 over-expression in ESCC cilés could significantly inhibit
cell proliferation, migration and invasion [247]n@he other hand, miR-22 was
defined as an onco-miRNA in other tumors, sucmdséast [248] and in prostate
cancer, where its inhibition via an antagomiR neght affected tumor cell
behaviorin vitro [249].

Our data suggest a tumor suppressor role for mie@Rmh T-ALL. In fact, miR-
22 resulted repressed in human TALL cell lines BRI ALL samples respect to
normal thymocytes, in accordance with the poterttiahor suppressor role of
miR-22 in T-ALL. Interestingly, Ghisi M. and collabators identified miR-22
amongst the microRNAs upregulated during normalell-development [250],
suggesting a different regulation of miR-22 betwaermal and leukemic T-cells.
In order to mechanistically link the putative raé mir-22-3p to the biology of
human T-ALL, we tested if its regulation could culmtite to affect the growth of
human T-ALL cellsin vitro. Our data showed that miR-22 up-regulation did not
affect growth and survival of T-ALL cells both undbasal and after stress
conditions (glucose deprivation). Conversely, oxpression of miR-22a-3p
inhibited in vitro colony formation, affecting both the number ane ¢ize of the
colonies, in T-ALL cell lines carrying constitutivlOTCH1 activation. This

result, is in accordance with a recent study of 42#Rin AML [231], which
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suggested a possible involvement of miR-22 as tusuppressor in leukemia
initiation. Moreover, miR-22-3p significantly impad tumor growthin vivo
when overexpressed in human T-ALL cells. We fourat the over-expression of
hsa-miR-22 induced a significant delay in tumomifation in mice, significantly
reducing the percentage of tumor cells in the blaod the size and the weight of
spleens and liver. Importantly, the Kaplan-Meierves showed that the over-
expression of hsa-miR-22 was significantly assedatith increased survival.
Overall, these data demonstrate that high hsa-r@iRffects tumor progression,
possibly reducing localization of leukemic cells gapportive niches (such as

bone marrow) and so leading to slower tumor growth.

Considering the crucial role of miR-22 in delayiMgALL developmentin vivo,
we performed a meta-analysis on a human NOTCH14euita-ALL dataset
previously published [102], including also additbrgene sets with putative
targets of miR-22 obtained from different microRNbkget prediction softwares.
Amongst the 23 down-regulated genes, which weresistantly contributing to
the negative enrichment of miR-22 targets, we fotlnedPeroxisome Proliferator-
Activated Receptor Gamma (PPARCoactivator 1 BetaRGC-15). PGC-B
belongs to the family of PGC-1 coactivators. TheCPL family, consisting of
PGC-Xi, PGC-B and PGC-1-related coactivator (PRC), plays a l#g m a
regulatory network governing the transcriptionalnttol of mitochondrial
biogenesis and oxidative metabolism as well amntbridant defense [251]. The
coactivators PGC+dl and PGC-f share sequence similarities along their entire
lengths and have a similar expression pattern,gbkighly expressed in tissues
with an elevated mitochondrial energy metabolisathsas heart, skeletal muscle
and brown adipose tissue [237]. PGEslstains cell anabolism through de novo
lipogenesis, while PGCel is primarily involved in gluconeogenesis [237].
Additionally, we ran a GSEA analysis to discovegéds of transcription factors
significantly regulated upon treatment with DBZhoman T-ALL cells and we
found the PPARG_01 gene set, containing targeth@®fPPAR transcription
factor, significantly down-regulated, indicatingpassible crosstalk between miR-
22 and PPARG pathway in this context. Of note, ah@-infammatory nuclear

receptor gamma (PPAR was found both downregulated and induced by
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NOCTH1 signaling in different contexts, suggestagariegated role of PPARG
pathway [252] [253].

Interestingly, among the significantly up-regulaigehe sets, obtained from the
previous GSEA analysis, we found targets of theroR®&As belonging to the
mMiR-17/92 cluster. This result supported the murmeroRNA differential
expression analysis, in which we found componefitshe miR-17/92 cluster
strongly down-regulated, confirming its key role if-cell leukemia
overexpressing NOTCH1. Moreover, among the downHetgd gene sets we
found targets of the transcription factors MYC aiéX, both well known to
have an involvement in T-ALL. MYC was previously poeted as a
developmentally regulated direct downstream taofélotchl that contributes to
the growth of T-ALL cells [102,103] and MAX, thahtagonizes the action of c-
myc, was reported to abrogate the growth advantdd€N1 transduced cells
[103].

Thus, we focused our attention on the role of P@@lassociation with miR-22
in the context of NOTCH1-induced T-ALL. PG@G-InRNA resulted significantly
down-regulated following NOTCHL1 inhibitiom vivo in PDTALL xenografts and
in one of three miR-22 overexpressing T-ALL celids. Notably, all of these
human T-ALL samples werdNOTCH1 mutated. Conversely, Western Blot
analysis of these same samples showed that this lev@GC-J protein were not
regulated either following NOTCHL1 inhibition or aexpression of miR-22-3p.
In conclusion, our results demonstrate P@Crdgulation at the transcriptional
but not at the protein level. One possibility thatld account for the discrepancy
found, could lie in the high levels of PG@-firotein present in the human T-ALL
samples analyzed and to the subsequent difficaltyetect small variations using
western blot analysis. Alternatively, the studytlis protein may require more
sophisticated analysis such protein fractionationd adetection of post-

translational modifications that may affect expiesdevels.

In conclusion, we found that miR-22-3p was downdtated in T-ALL cells and
its expression level could be restored following MEH1 inhibition. miR-22-3p
over-expression affecteth vivo tumor progression, reducing localization of

leukemic cells to supportive niches (such as bomerow) and so leading to
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slower tumor growth, confirming its putative tumsuppressor role in T-ALL.
Meta-analysis of NOTCHL1 regulated genes in humakiLI-cell lines indicated
PGC-B as putative miR-22 target gene, but overexpressiomiR-22 was not
sufficient to consistently determine PG@+hodulation.

We are currently investigating the putative NOTCOhéH.miR-22/PPARaxis and
additional putative miR-22 target genes, such ax Biad IGF1R, that have a
crucial role in the pathogenesis of T-ALL.
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List of abbreviations

ABL1
ADAM
AGO
ARF
BCL11B
bHLH
BITE
BM
CAR
CCND2
CD
CDK4
CDK6
CDKN2A
CFU
CLL
CSL
CTCF
DBZ
DGCRS8
DMSO
DNM2
DNMT3A
dsRBD
DTX
EED
EGF
EGIL

ESCC
ETP
ETV6

abelson murine leukemia viral oncogene hlmgd

A Disintegrin And Metalloprotease
Argonaute

ADP Ribosylation Factor

B-Cell CLL/Lymphoma 11B

basic helix-loop-helix
bispecific-T-cell engaging

bone marrow

chimeric antigen receptor
G1/S-specific cyclin-D2

Cluster of Differentiation
Cyclin-dependent kinase 4
Cyclin-dependent kinase 6

cyclin dependent kinase inhibitor 2A
Colony forming unit

Chronic Lymphocytic Leukemia
CBF1, Suppressor of Hairless, Lag-1
CCCTC-Binding Factor
Dibenzazepine

DiGeorge syndrome critical region 8
Dimethyl sulfoxide

Dynamin 2

DNA methyltransferase 3A
dsRNA-binding domain

Docetaxel

embryonic ectoderm development

Epidermal growth factor

European Group for Immunological Charactdiaa

of Leukemias
Esophageal squamous cell carcinoma
Early-T Precursor
ETS Variant 6



List of abbreviations

EZH2
FBXWY7
FLT3
GATA3
GFP
GSEA
GSlI
HBP1
HD
HEK
HES1
HOXA
HRP
HSC70
HSCs
HSP90
ICN1
IDH1
IDH2
IGF1R
IkB
IKK
IL7R
JAK
JAKS
JME
KDMG6A
LEF1
Lin-
LMO1
LMO2

enhancer of zeste homolog 2
F-box/WD repeat-containing protein 7
fms related tyrosine kinase 3

GATA Binding Protein 3

green fluorescent protein

gene set enrichment analysis

y-secretase inhibitor

High Mobility Group Box Transcription Factb

heterodimerization domain

human embryonic Kidney

enhancer of split 1 homolog
homeobox A

horseradish peroxidase

heat shock cognate 70
Hematopoietic stem cells

heat shock protein 90

intracellular domain of NOTCH1
isocitrate dehydrogenase 1
isocitrate dehydrogenase 2

Insulin Like Growth Factor 1 Receptor
inhibitor of NF«B
inhibitor of NF«B kinase
interleukin-7 receptor

janus kinase

janus kinase 3

Juxtamembrane expansion mutants
lysine-specific demethylase 6A
Lymphoid Enhancer Binding Factor 1
lineage negative

LIM-only domain 1

LIM-only domain 2
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INcRNA
LNR
LUNAR1

LYL1
MAML1
MDM
MIiRNA
MTPN
MYB
MYC
MYCN
NcRNA
NF1
NKX2-1
NKX2-2
NRAS
NRR
NUP214
NUP98
PACT
P-bodies
PBS-T
PGC-B

PHF6
PI3K
PICALM

PIK3R1
PKR
PNPT1

long non-coding RNA
Lin12-Notch repeats

Leukemia-Associated Non-Coding IGF1R Actwa
RNA 1

lymphoblastic leukemia-derived sequence 1
Mastermind Like Transcriptional Coactivatb
Modified Dulbecco’s Medium
microRNA
myotrophin
MYB Proto-Oncogene
MY C Proto-Oncogene
MYCN Proto-Oncogene
non-coding RNA
neurofibromatosis type 1
NK2 homeobox 1
NK2 homeobox 2
neuroblastoma RAS viral oncogene homolog
negative regulatory region
nucleoporin 214
nuclear pore complex protein Nup98-Nup96
PKR activating protein
processing bodies
Phosphate Buffer Saline-0.1%Tween-20

Peroxisome Proliferator-Activated Receptor
Gamma, Coactivator 1 Beta

PHD Finger Protein 6
phosphatidylinositol-4,5-bisphosphate 3dse

phosphatidylinositol binding clathrin asseimb
protein

Phosphoinositide-3-Kinase Regulatory St
protein kinase R

polyribonucleotide nucleotidyltransferase 1
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List of abbreviations

PPARy
PRC
PRC2
pre-miRNA
pri-miRNA
PTEN
PTPN2
RAS

RIIIDs
RISC
RPL10
RPL5
RUNX1

SD
SERCA

SNPs
SP
STAT

SUZ12
TAL1
TAL2
T-ALL
TLX1
TLX3
Tm
TRBP
USP7
UTR
VSV-G
WAGOs

peroxisome proliferator-activated receptor
PGC-1-related coactivator

polycomb repressor complex 2

precursor transcript miRNA

primary transcript miRNA

phosphatase and tensin homolog

Protein Tyrosine Phosphatase, Non-Recépfe 2
rat sarcoma viral oncogene homolog
RNase Il domains

RNA-induced silencing complex4

60S ribosomal protein L10

60S ribosomal protein L5

Runt-related transcription factor 1
standard deviation

sarcoplasmic/endoplasmic reticulum calcium
ATPase

single nucleotide polymorphisms
single-positive

signal transducer and activator of transaoipti
protein

suppressor of zeste 12 homolog

T cell acute lymphocytic leukaemia 1
T-cell acute lymphocytic leukemia 2
T-cell acute lymphoblastic leukemia
T-cell leukemia homeobox protein 1
T-cell leukemia homeobox protein 3
melting temperature

TAR RNA-binding protein
PRC2ubiquitin-specific-processing protéase
untranslated region

Vesicular somatitis virus G glycoprotein

worm-specific AGO proteins
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WT1 Wilms’ tumor protein
ZFP36L2 ZFP36 Ring Finger Protein Like 2
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A_51_P464703 Ccl8 4,12 2,04E-04 8,09E-03
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A_55_P2057283 ENSMUST00000103749 4,42 2,57E-04 9,28E-03

Supplementary Table 1. Significantly differentially expressed genes with |[FC|>4 following GSI treatment in
NOTCH1-induced T-ALL in vivo. Gene expression profiling using SurePrint G3 MoG&8x60K Agilent Microarray
was performed in three biological replicates of shene HDAPEST NOTCH1 T-cell tumors treatéd vivo with vehicle
only (DMSO) or with 5mg/kg of a potent GSI, Diberepine (DBZ), for three times every 8 hours. A) €erignificantly
down-regulated (FDR<0.01 and FC<-4). B) Genes fagmitly up-regulated (FDR<0.01 and FC>4).

A)
HALLMARK_MYC_TARGETS_V1 183 -2,56 0,00
HALLMARK_MYC_TARGETS_V2 57 -2,31 0,00
HALLMARK_E2F_TARGETS 185 -1,80 0,00
HALLMARK_NOTCH_SIGNALING 31 -1,79 0,00
HALLMARK_G2M_CHECKPOINT 183 -1,69 0,01
HALLMARK_DNA_REPAIR 136 -1,59 0,01
HALLMARK_WNT_BETA_CATENIN_SIGNALING 41 -1,57 0,01
B)
[smweser — —— —s= NS e
' HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITON 1% 273 0

HALLMARK_INTERFERON_GAMMA_RESPONSE 176 2,63 0
HALLMARK_INTERFERON_ALPHA_RESPONSE 83 2,53 0
HALLMARK_COAGULATION 131 2,31 0
HALLMARK_ANGIOGENESIS 35 2,31 0
HALLMARK_HEME_METABOLISM 178 2,22 0
HALLMARK_COMPLEMENT 183 2,13 0
HALLMARK_IL6_JAK_STAT3_SIGNALING 83 1,87 2,74E-04
HALLMARK_APOPTOSIS 153 1,87 2,44E-04
HALLMARK_MYOGENESIS 195 1,86 2,20E-04
HALLMARK_P53_PATHWAY 185 1,80 8,14E-04
HALLMARK_IL2_STAT5_SIGNALING 190 1,80 7,46E-04
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HALLMARK_CHOLESTEROL_HOMEOSTASIS 72 1,79 6,89E-04
HALLMARK_INFLAMMATORY_RESPONSE 197 1,79 7,16E-04
HALLMARK_APICAL_JUNCTION 185 1,76 8,90E-04
HALLMARK_PROTEIN_SECRETION 96 1,62 5,00E-03
HALLMARK_ADIPOGENESIS 186 1,62 4,70E-03
HALLMARK_UV_RESPONSE_DN 137 1,62 4,65E-03
HALLMARK_KRAS_SIGNALING_UP 190 1,50 0,017
HALLMARK_ALLOGRAFT_REJECTION 185 1,47 0,021
HALLMARK_BILE_ACID_METABOLISM 109 1,46 0,022
HALLMARK_REACTIVE_OXIGEN_SPECIES_PATHWAY 45 1,44 0,027
HALLMARK_APICAL_SURFACE 43 1,41 0,032
HALLMARK_TNFA_SIGNALING_VIA_NFKB 195 1,39 0,039
HALLMARK_XENOBIOTIC_METABOLISM 185 1,37 0,042

Supplementary Table 2. Functional analysisusing GSEA on the M SigDB hallmark collection of the MSigDB. A)
Gene sets significantly down-regulated. B) Geng sighificantly up-regulated.

PROBE miRNA FC p-value FDR
A_54_P1431 mmu-miR-19a-3p -1,74 2,00E-05 0,0018
A_54_P1266 mmu-miR-130b-3p -1,67 3,00E-05 0,0018
A_54_P3922 mmu-miR-20b-5p -2,01 4,00E-05 0,0018
A_54_P1305 mmu-miR-20a-5p -1,90 5,00E-05 0,0018
A_54_P1267 mmu-miR-19b-3p -2,09 5,00E-05 0,0018
A_54_P2476 mmu-miR-18a-5p -1,60 8,00E-05 0,0023
A_54_P3502 mmu-miR-17-3p -1,26 1,20E-04 0,0025
A_54_P2925 mmu-miR-467b-5p -1,29 1,30E-04 0,0025
A_54_P2285 mmu-miR-126-3p 1,27 1,40E-04 0,0025
A_54_P2098 mmu-miR-709 1,42 1,60E-04 0,0025
A_54_P00004585 mmu-miR-17-5p -1,39 1,70E-04 0,0025
A_54_P2405 mmu-miR-143-3p 1,29 1,70E-04 0,0025
A_54_P00002291 mmu-miR-128-3p -1,84 1,80E-04 0,0025
A_54_P2678 mmu-miR-363-3p -1,24 2,20E-04 0,0028
A_54_P00005485 mmu-miR-3096b-3p -1,50 3,00E-04 0,0036
A_54_P2496 mmu-miR-92a-3p -1,70 3,30E-04 0,0036
A_54_P2440 mmu-miR-301a-3p -1,27 3,70E-04 0,0038
A_54_P2982 mmu-miR-181d-5p -1,24 4,20E-04 0,0041
A_54_P00004988 mmu-miR-669f-3p -1,34 0,0010 0,0093
A_54_P4402 mmu-miR-1224-5p 1,43 0,0011 0,0093
A_54_P1342 mmu-miR-103-3p -1,23 0,0012 0,0096
A_54_P00002769 mmu-miR-466b-3p -1,28 0,0014 0,0111
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mmu-miR-223-3p
mmu-miR-5622-3p
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mmu-miR-378d
mmu-miR-466i-5p
mmu-miR-378b
mmu-miR-467a-3p
mmu-miR-146a-5p
mmu-miR-378a-3p
mmu-miR-29a-3p
mmu-miR-145a-5p
mmu-miR-27b-3p
mmu-miR-497-5p
mmu-miR-106b-5p
mmu-miR-342-3p
mmu-miR-5128
mmu-miR-20a-3p
mmu-miR-29¢-3p
mmu-miR-181c-5p
mmu-miR-25-3p
mmu-miR-1895
mmu-miR-155-5p
mmu-miR-199a-3p
mmu-miR-30e-5p
mmu-miR-574-5p
mmu-miR-130a-3p
mmu-miR-101b-3p
mmu-miR-5107-5p
mmu-miR-1187
mmu-miR-6366
mmu-miR-93-5p
mmu-miR-34a-5p
mmu-miR-26a-5p
mmu-miR-107-3p
mmu-miR-199a-5p
mmu-miR-10a-5p

mmu-miR-16-5p

0,0015
0,0017
0,0017
0,0019
0,0021
0,0024
0,0024
0,0025
0,0025
0,0025
0,0029
0,0030
0,0033
0,0039
0,0045
0,0053
0,0054
0,0055
0,0067
0,0068
0,0092
0,0097
0,0109
0,0116
0,0118
0,0126
0,0130
0,0133
0,0135
0,0153
0,0158
0,0161
0,0201
0,0215
0,0260
0,0266
0,0278
0,0281
0,0287
0,0293
0,0306
0,0309
0,0328
0,0333

0,0113
0,0121
0,0121
0,0129
0,0135
0,0139
0,0139
0,0139
0,0139
0,0139
0,0155
0,0155
0,0166
0,0190
0,0213
0,0239
0,0239
0,0239
0,0282
0,0282
0,0375
0,0385
0,0424
0,0439
0,0439
0,0460
0,0464
0,0464
0,0464
0,0515
0,0522
0,0522
0,0638
0,0670
0,0797
0,0803
0,0818
0,0818
0,0823
0,0827
0,0845
0,0845
0,0883
0,0883
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A_54_P2504 mmu-miR-322-5p 1,09 0,0342 0,0894

A_54_P1274 mmu-miR-148a-3p 1,09 0,0386 0,0993

Supplementary Table 3. MicroRNAs significantly regulated following NOTCH1 pathway inhibition in vivo.

MicroRNA expression profiling using mouse miRNA &6 microarrays (release 19.0; Agilent) was perfatnire three
biological replicates of the same HIREST NOTCH1 T-cell tumors treatéd vivo with vehicle only (DMSO) or with
5mg/kg of a potent GSI, Dibenzazepine (DBZ), forethtimes every 8 hours Bioinformatic analysis atee 68
significantly differentially expressed microRNAgith FDR < 0.10.

ASB6
IKZF4
Chorf24
EPB41L2
PPARGCI1B
NUS1
RMDN3
ZMYM4
ZDHHC16
TMEM33
TRUB1
MON?2
HIPK1
IPO7
MAX
CALCR
GPR107
CIITA
CHD9
ARRB1
ARHGEF12
MAT2A
PDSS1

TARGETSCAN signal
MIRDB signal
DIANA MICROT_CDS signal

“5m

H B

Supplementary Figure 1. Heat map of the 23 down-regulated genes that were consistently contributing to the
negative enrichment of the three selected gene sets of miR-22 targets. GSEA was run on the dataset of human T-ALL
cell lines treated with GSI (CompE) [102] agairtst {C3 sub-collection of miR targets in the MSigD&0; including
additional gene sets with putative targets of miReBtained from different microRNA target predictisoftwares. Three
negatively enriched gene sets of miR-22 targets,those obtained with the DIANA-microT-CDS softeail argetScan
and miRDB, were selected for a leading edge armlyBhe heat map reports the 23 genes that werestemty
contributing to the negative enrichment of the ¢hselected gene sets. Expression values are ratgéses colors, where
the range of colors (light blue, dark blue) shokestange of expression values (low, lowest).
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