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ABSTRACT

Histone deacetylases (HDACs) are enzymes involvedhe remodeling of
chromatin. In recent years, inhibition of HDACs haserged as a potential
strategy to reverse aberrant epigenetic changexiagsd with cancer. In fact,
HDAC inhibitors (HDACI) promote apoptosis, inducellccycle arrest and
differentiation of tumor cells, by mechanisms whreimain in part unknown. T-
cell acute lymphoblastic leukemia (T-ALL) is a pagic malignancy
characterized by clonal expansion of lymphoid proes. Although the majority
of pediatric T-ALL patients can be cured by currprdtocols, about one fourth of
patients has chemotherapy-resistant disease quseelafter therapy and novel
therapeutic approaches are required. In our stugy,analyzed the effects of
HDACi on seven transcription factors important inALL pathogenesis
(NOTCH1, NOTCH3, ¢c-MYB, TAL1, TLX1, TLX3 and LMO2)using both
established T-ALL cell lines and patient-derivedAL xenografts previously
obtained in our laboratory. In particular, we foedn transcription factors that
define specific T-ALL subgroups (TAL/LMO, TLX1, T™X3) and we included
members of the Notch family (NOTCH1 and NOTCH3) aniYB in view of
their transversal role in T-ALLnN vitro analysis highlighted transcriptional down-
regulation of C-MYB and TAL1, a post-translatiorguéation of NOTCH1 and
NOTCH3 and the regulation of the transcriptiondivity of TLX1 and TLX3
following HDAC inhibition. These biochemical effactvere linked to increased
apoptosis and impaired proliferation both in T-Atell lines and patients-derived
cells, partially dependent on NOTCH1 and NOTCH heéxt investigated the
vivo effects of the HDACI Givinostat in T-ALL xenografbelonging to specific
T-ALL subgroups. Interestingly, PD-TALL8 (TLX1) anBD-TALL16 (TLX3)
had better response to treatment compared to PD-T2ALand PD-TALL9
(TAL/LMO). In fact, Givinostat dramatically decresssleukemic cells infiltrating
the spleen and the bone marrow in TLX-driven xeafigr whereas this drug had
modest or minimal effects on TAL/LMO xenografts k€a together, these results
identify TLX1 and TLX3 T-ALL subgroups as potentiadandidates for

therapeutic treatment with HDACI such as Givinastat






RIASSUNTO

Le Istone Deacetilasi (HDACs) sono enzimi coinvalél rimodellamento della
cromatina. Negli ultimi anni € emerso come I'inibize delle HDACs potrebbe
essere utilizzata come strategia per ripristinakertata regolazione epigenetica
che si riscontra nei tumori. Infatti, gli inibitodelle HDAC (HDACI) inducono
apoptosi, arresto del ciclo cellulare e differeneato delle cellule tumorali, ma i
meccanismi molecolari alla base di questi fenonmgnangono poco chiari. La
leucemia linfoblastica acuta a cellule T (T-ALL) @n tumore pediatrico
caratterizzato dall’espansione clonale di progenilofoidi. Nonostante la
maggioranza dei pazienti pediatrici affetti da TtAsiano curati in modo efficace
utilizzando gli attuali protocolli terapeutici, ca un quarto dei pazienti manifesta
resistenza alla terapia o presenta ricadute e duemerge la necessita di nuovi
approcci terapeutici. In questo studio abbiamoianato gli effetti degli HDACI
nei confronti di sette fattori di trascrizione ingalti nella patogenesi della T-ALL
(NOTCHL1, NOTCHS3, c-MYB, TAL1, TLX1, TLX3 and LMO2tilizzando sia
linee cellulari stabilizzate, sia modelli murini di-ALL precedentemente
sviluppati nel nostro laboratorio a partire da welldi pazienti. In particolare, ci
siamo concentrati su fattori trascrizionali chenisfecano specifici sottogruppi di
T-ALL (TAL/LMO, TLX1 e TLX3) e abbiamo incluso né#nalisi due membri
della famiglia dei recettori Notch (NOTCH1 and NCHE) e c-MYB in virtu del
loro ruolo oncogenico in questa patologia. Le anah vitro hanno evidenziato
diversi meccanismi di regolazione dei vari fatta parte degli HDACi. TALL e
c-MYB risultano regolati a livello trascrizionaleNOTCH1 e NOTCH3
presentano una regolazione post-traduzionale ecas® di TLX 1 e TLX3, &
presente una regolazione diretta della loro capacitscrizionale. Gli effetti a
livello di proteina si legano all'induzione di apopi e all'inibizione della
proliferazione sia nelle linee cellulari, sia nettellule derivate da paziente e
risultano essere parzialmente dovute alla down-taachne di NOTCH1 e
NOTCH3. In seguito siamo andati ad indagare laostpin vivo del’HDACI
Givinostat in xenografts di T-ALL appartenenti asjbici sottogruppi genetici. E’
interessante notare che il trattamento ha avutoaggiore risultato nelle PD-
TALL8 (TLX1) e nelle PD-TALL16 (TLX3) rispetto all®®D-TALL12 e le PD-



TALL9 (entrambe TAL/LMO). Infatti, il trattamento o Givinostat negli
xenografts di tipo TLX determina una riduzione Gefiltrazione da parte delle
cellule leucemiche nella milza e nel midollo mengie effetti ottenuti negli
xenografts TAL/LMO risultano modesti o addirittunalli. In conclusione, i dati
ottenuti identificano i pazienti di T-ALL appartarte ai sottogruppi TLX1 e
TLX3 come potenziali candidati per il trattamentoseopo terapeutico con

HDACIi come il Givivhostat.



1. INTRODUCTION

1.1 T-CELL ACUTE LYMPHOBLASTIC LEUKAEMIA

1.1.1 Pathogenesis

T-cell acute lymphoblastic leukaemia (T-ALL) is @aplastic disorder of the
lymphoblast committed to the T-cell lineage. T-Atdpresents 15% of childhood
and 25% of adult ALL and is characterized by anawumofirable prognosis
compared to B cell ALL. Patients present high Isvef circulating blasts,
infiltration of bone marrow and spleen and, in saases, involvement of central
nervous system (Graux et al., 2006). T-ALL is thoutgp result from malignant
thymocytes that arise at defined stages of intratbyT-cell differentiation.
Transformation events occur in crucial steps ofnbgyte development and
determine an arrest at particular stages of northgimocyte development
(Aifantis et al., 2008). Sequential alterations jmoto-oncogenes, tumour-
suppressor genes, and microRNA genes could inv@weatopoietic stem cells or
their committed progenitors. These fundamental ghanalter key regulatory
processes in target cells by conferring an unlichitapacity for self-renewal,
altering the controls of normal proliferation, bkawg cell differentiation, and
promoting resistance to death signals (Pui, 2009).

Cytogenetic analysis of lymphoblasts reveals requrtransiocations that activate
a small number of oncogenes in 25-50% of T-ALL auarge proportion of T-
ALL shows a normal karyotype. The abnormal karyet/pfound in
approximately 50% of T-ALL cases (Table 1), howevare still less than the

percentage found in B-cell-lineage ALL cases (Aliaet al., 2008).

Cytogenetic abnormality Approximate frequancy Involved oncogenes or fusion genes
Translocations involving TCR genes on chromosomes 5% HOX11, HOX11L2, TALL, TALZ, LYL1, BHLHB1, MO,
Tq34 (TCRB and TCRG) and 14q11 (TCRA and TCRD) LMOZ, LCK, NOTCH1, cyclin D2
Abnormal expression 9-30% SIL-TALT fusion
Fusion gene formation 10% CALM=AF10 fusion

4-8% MLL fusions

6% ABLT fusions

Rare NUPYE fusions
Chromosomal deletions of 9p21 and bg Upto 65% (9p21) P15, P16

20-30% (6g) Unknown
Activating gene mutations 5 D=i1% NOTCH1, FLT3, NRAS
Gene duplications ~ 3% in T-ALL cell lines MYE

Table 1: Common cytogenetic abnormalities in T-ALL(Aifantis et al., 2008).



The most frequent genetic abnormalities can bealdivin:

Translocations involving the T cell receptor (TCRhout 40% of T-ALL
harbour chromosomal translocations juxtaposing aasgription factor,
important in thymocytes development, next to stromgulatory elements
(promoter and enhancer) located near to the Treekptor (TCRB)
gene on chromosome 7 or the T-cell receptor (TCRAD) locus on
chromosome 14. These chromosomal translocationsocanr during
thymocyte development as results of uncorrected T€&RRmbination and
lead to aberrant gene expression giving rise tellb that show abnormal
cell cycle control, proliferation and differentiati. The most frequent
translocations involve HOX genes (including HOXHOX11L2, also
known as TLX1 and TLX3 and HOXA) or genes coding footeins
interacting with E2A (TAL1, TAL2, LYL1, BHLHB1, LMQ and LMO2)
(Tosello and Ferrando, 2013).

Formation of chimeric protein with oncogenic propes Additional
genetic abnormalities in T cells from patients withALL include
chromosomal translocations that generate fusioregemmcoding new
chimeric proteins with oncogenic properties, sushh& SIL-TAL1 fusion
protein and fusion proteins that involve MLL, ABlahd NUP98.

Tumour suppressor deletionshe most common cryptic deletions in T-
ALL, leading to the loss of tumour suppressors,deietions of the INK4
(also known as CDKN2A) locus at chromosome 9p21licwitontains
genes encoding the cyclin-dependent kinase inhibitb6 and other
proteins important in regulation of the cell cy(hefantis et al., 2008).
Activating mutationsRecently, it has also been found that more th& 50
of T-ALL cases has activating mutations in the kegulator of T-cell fate
NOTCH1 (Weng et al., 2004). These activating matetiead to high
levels of NOTCH1 signalling and give a proliferati@advantage to the
cell, mainly due to secondary effects on key retpusaof cell cycle and
apoptosis (Palomero et al., 2006). Moreover, 15%T@&LL patients
harbour mutations or deletions in the ubiquitirag FBW?7, responsible
for NOTCHL1 ICD degradation, mimicking the effectdNmtchl mutations



(O'Neil et al., 2004). Other oncogenes that canseme activating
mutations are NRAS and FLT3.

Duplications. Recent studies have explored the importance of the
transcription factor c-MYB in T-ALL. In particulaa duplication of the
transcription factor c-MYB was identified in abd8fo of T-ALL patients
(Clappier et al., 2007; Lahortiga et al., 2007) andbout 30% of T-ALL

cell lines (Aifantis et al., 2008).

Moreover, altered expression or ectopic activatbriranscription factors in T-
ALL are reported, without evident cytogenetic ateons. Regarding this, it was
previously reported that also enforced expressibriNatch3-ICD is a potent
inducer of T cell leukaemia in mouse model and tRatch3 over-expression
characterizes human T-ALL, even if mutations insthlotch paralog have not
been reported (Bellavia et al., 2000; Screpardl.e2003).

1.1.2 Gene expression signatures identify differentT-ALL
subgroups

Careful analysis of clonal chromosomal abnormalitreleukemic blast cells had
a greater impact on the B lineage leukaemias timam oell acute lymphoblastic
leukaemia (T-ALL), whose pathogenesis and molecsiditypes remained, for
long time, largely undefined. In fact, the diffeteslinical outcome of T-ALL
patients reflects a molecular heterogeneity thatnot be appreciated using
conventional cytogenetic analysis. Gene expresanathysis using oligonucleotide
or cDNA microarrays have been used by several graag a novel tool for
delineating molecular pathways that drive the nmaig transformation of
developing thymocytes (Ferrando et al., 2002; Rasal., 2003; Soulier et al.,
2005; Yeoh et al., 2002). Some genetic abnormalibecur in a mutually
exclusive manner and have been defined as type tations. Type A mutations
involved driving oncogenes and, based on gene ssiae profiling, define four
main distinct genetic T-ALL subgroups: TAL1/LMO, K1, TLX3 and HOXA
(Table 2).



Subgroup Rearrangement Gene(s) T-cell arrest? Outcome Frequency (%)

TAL/IMO t(1;14)(p32;q11)/ TALI pre-ap/TCR-up [3,6,12,15,17,.83,84]  Good [9,12,14,85] 4 [6,12-14,16]
t(1;7)(p32:q34)/ 15 [6,12-14,16]
1p32 deletion
t(7;9)(q34;q32) TAL2 Unknown Unknown 1-2 [5]
t(11;14)(p15;q11)/ LMO1 Unknown Unknown 1-2 [5]
t(7;11)(q34:p15)
t(11;14)(p13:q11)] LMO2 immature/pre-of/TCR- af [17] Unknown 6[17,18]
t(7;11)(q34;p13)/ 3[17,18]
11p13 deletion
t(7;12)(g34;p12) LMO3 Unknown Unknown < 1][22]

TiX1 1(10;14)(q24;q11)/ TLX1/HOX11  immature/pre-=p [6,12,17,78,79,83] Good [9,80-82] 8[9,12]
t(7;10)(g34:;q24)

TIX3 t(5;14)(g35;q32)° TIX3/HOX11L2 immature/pre-=B/yd lineage [6,12,17] Poor [3,12,86,87] 24 [6-12]

No impact [9,88]
Good [97]

HOXA inv(7)p15q34)/ HOXA TCR-up or TCR-y5 [98] Undefined 3 [4,98,100]
t(7;7)(p15;q34)
t(10;11)(p13;q14) CALM-AF10 immature/y? lineage [12,99] Poor [12,99]
t(11;19)(q23;p13)° MLL-ENL immature|y lineage [29] Unknown 2-5[7,12,99]
9qg34 deletion SET-NUP214  immature/yd lineage [5] Unknown < 1][29]

3[5]

MYB t(6;7)(q23;q34) MYB Unknown Unknown 3[101]

ETP High LYL1 unknown immature Poor [3,75] 10 [3,4,75]
expression

Table 2: Genetic subgroups in paediatric T-cell acie lymphoblastic leukaemia (Meijerink,
2010).

The TLX3 and TLX1 subgroups are exclusively chadaeed by rearrangements
of the TLX3 and TLX1 oncogenes respectively. TLX@daTLX3 are over-
expressed in 10% and 30% of paediatric T-ALL, retipely, as a consequence of
chromosomal translocations. Genes bound by theseedimox transcription
factors are characteristically down-regulated, sstjgg that TLX1 and TLX3
primarily function as transcriptional repressorsphrticular, in neural stem cells
it has been demonstrated that TLX1 and TLX3 rechitone deacetylases
(HDACs) and form a silencing complex on target gepeomoter (Sun et al.,
2007). TLX1 and TLX3 are implied in T-cell matui@ti and, in particular, they
act as antagonists of physiological thymocyte déffiiation. In this regard,
TLX1/3 silencing in human T-ALL cell lines increaselifferentiation and cell
death, suggesting a differentiation arrest andadtidn of apoptosis. Moreover, T-
ALL patients harbouring TLX1/3 signature are chéedzed by early cortical
thymocytes, confirming their effect on T-cell difémtiation (Dadi et al., 2012). In
contrast to TLX1/3 subgroups, the TAL/LMO and HO>s&bgroups seem to be
characterized by the presence of various rearraegemaffecting several, but
functionally equivalent oncogenes. TAL1 and LMO2mally participate in the
same transcriptional complex that regulates thavigctof the important
E2A/HEB transcription factors (O'Neil et al., 200Fhis may explain why TAL1
or LMO2-rearranged T-ALL cases have highly similarnot identical gene



expression profiles. Mutations that are found inrenihan one genetic subgroup
are the so-called type B mutations (Table 3). Thesgations affect various
cellular processes, and include loss of cell cydhbitors p15 and p16, activation
of the NOTCH1 pathway, activating mutations in RAS pathway, mutations
resulting in the activation of the AKT pathway, drromosomal rearrangements

that result in fusion proteins with tyrosine kinasgivity (Meijerink, 2010).

Rearrangement Gene(s) Function Outcome Frequency (%)
Cell cycle defects 9p21 deletion] CDKNZAZB Cell cycle inhibitorfInhibitor HDM2 Unknown 70 [33.34]
hypermethylation
1{7:12)(q34;p13) CCND2 Cell cyele activator Unknown <1[102]
t{12:14)p13:q11)
NOTCH pathway {7:9)(q34;q34) NOTCH1 Self-renewal, differentiation GPR [49,50,53] <1]57,107]
T-cell commitment Reduced MRD [49.50]
Good [49,51,54,103]
Activating mutation® NOTCHI1 Poor [53,104] > 60 |37,56)
Inactivating mutation FBXW7 Proteasomal degradation no impact [17.50,52-54,105.106] 8-30 [35,36,55]
AKT pathway 10g23.31 deletion) PTEN Signal ransduction Poor [39]{no impact [39] B[39]
Inactivating mutation 17-27 [39.43]
Activating mutation AKT Signal transduction no impact [39] 2 39|
Activating mutation PIzK Signal transduction no impact [39] 7(39)
RAS pathway Activating mutation N/K-RAS Signal rransduction Unknown 4-10 [39-42]
17g11.2 deletionfmutation NF1 RAS inhibitor Unknown 3 (3839
Additional deregulation Duplication MYB Transcription factor Unknown 8-15 [101,109,110]
T-cell differentiation Inactivating mutations PHFS Tumor suppressor Mo impact [108] 16-38 [108]
Activation other episomal 9q34 amplification NUF214-ABL1 Signal transduction Poor [44] 4 [44.111]
tyrosine kinases No impact [111)
1{9;14)(q34;932) EML1-ABLT Signal transduction Unknown <1[113)
1{9:12)(q34:p13} ETV&-ABL1 Signal transduction Unknown <1[114]
{9:22)(q34;q11) BCR-ABL1 Signal transduction Poor [45] <1 [45]
1{9:12)(p24:p13) ETVE-JAK2 Signal transduction Unknown < 1[115)
Activating mutation FLT3 Tyrosine kinase receptor No impact {112} 2-4[112.116]

Table 3: Classification of common abnormalities in T-cell agte lymphoblastic leukaemia
(Meijerink, 2010).

Common aberrations found in T-ALL are NOTCH1 adiivg mutations that
occur in over 60% of the T-ALL leukaemias. Theseatians involve activating
mutations in NOTCHL1 itself or inactivating mutatsom the E3-ubiquitin ligase
gene FBXW?7. These mutations are found in all gersibgroups, although the
incidence of NOTCH1 activating mutations is relativ higher for TLX3-
rearranged cases, but lower within the TAL/LMO swlogp. NOTCH1 mutations
affecting the heterodimerization domain (HD) resita ligand-independent
release of the intracellular domain of NOTCH1 (ICDYyhich subsequently
translocates into the nucleus where it acts aaredription factor. Alternatively,
NOTCH1 PEST domain mutations or inactivating FBXWittations preserve
ICD from ubiquitin-mediated degradation in the padome. Interestingly,
although Notchl is a potent inducer of T-leukaeamd activating mutations are
founded in a high percentage of T-ALL patientss thincogene does not identify a

specific subgroup.



1.1.3 Treatment of ALL

Current therapies for ALL can cure more than 80%fufdren and fewer than
50% of adults with this haematological malignandyor this reasonnew
therapeutic approaches are required (Pui and EA%5). Children with ALL
are usually treated according to risk groups defimgboth clinical and laboratory
features. The intensity of treatment to achieveodmable outcome varies
substantially according to patients stratificati®isk-based treatment assignment
is utilized in children with ALL in order to spatenecessary intensive and toxic
treatment. Therapy of T-ALL is generally dividedtdnthree phases: (I)
remission/induction therapy followed by (ll) conisiaition/intensification therapy
and, finally, (1) maintenance/continuation tre&tmb. Certain ALL study groups,
such as the Children’s Oncology Group (COG), useaxe or less intensive
induction regimen based on pre-treatment factofsijewother groups give a
similar induction regimen to all patients. Factased by the COG to determine
the intensity of induction include immunophenotyped the National Cancer
Institute (NCI) risk group classification. The NGQisk group classification
stratifies risk according to age and white bloolli @&BC) count:

Standard risk - WBC count less than 50,000/ and age 1 to younger
than 10 years.

High risk - WBC count 50,0001 or greaterand/or age 10 years or

older.

In addition to this classification, ALL patientsrche stratified according to other

prognostic factors:

Patients characteristics.Central Nervous System (CNS) and testicular
involvement at diagnosis are adverse prognostitofacRegarding gender, the
prognosis for girls with ALL is slightly better that is for boys with ALL. This
could be explain by the occurrence of testiculdéapges among boys, but boys
also appear to be at increased risk of bone maarmivCNS relapse for reasons
that are not well understood. Down Syndrome ance rae also considered

prognostic factors in induction treatment.

10



Leukemic cells characteristics.Leukemic cell characteristics affecting
prognosis include morphology, immunophenotype (B-Abr T-ALL) and
cytogenetic/genomic alterations. Recurrent chrommadoabnormalities have

been shown to have prognostic significance, esiieaieB-precursor ALL.

Response to initial treatment.Long-term outcome is associated with
elimination of leukemic cells after initial treatmteand the level of residual
disease at the end of induction phase. Treatmepbnse is influenced by the
drug sensitivity of leukemic cells and host pharotgmamics and
pharmacogenomics. For this reason, early resporase dirong prognostic
significance. Leukaemia response is evaluated bginmail residual disease
(MRD) parameters that allow to monitored leukemgtiscin the bone marrow
using molecular features that are not expressatbbyal lympho-hematopoietic
cells (clonal rearrangement of immunoglobulin (E&d T-cell receptor
(TCR) genes and chromosomal abnormalities by P@R,ntarker profiles by
flow cytometric analysis). (Campana and Coustantgmi2012) and

http://www.cancer.gov/cancertopics/pdg/treatmenitéd L /HealthProfessional National

Cancer Institute web site).

Standard remission-induction therapy for newly d@sped childhood ALL
include a multidrug chemotherapy with vincristiwesticosteroid (prednisone or
dexamethasone), L-asparaginase and an anthracyddoxorubicin or
daunorubicin). Glucocorticoids were among the fasigs used in the treatment
of ALL and have remained essential components efaiby. Their cytotoxic
effect seems to be mediated through binding of agladicoid receptors and
consequent inhibition of cytokine production, atesn of the expression of
various oncogenes, and induction of cell cycle sarreand apoptosis.
Glucocorticoid resistance is an adverse prognostatof in ALL, and several
mechanisms have been reported (Inaba and Pui, .204@)goal of remission-
induction therapy is to eradicate more than 99%tha initial burden of
leukaemia cells and to restore normal haematoo{fsii and Evans, 2006)he
vast majority of children with ALL achieve complateorphologic remission by
the end of the first month of treatment. Howevhe presence of more than 5%
lymphoblasts at the end of the induction phasehserved in up to 5% of

children with ALL. Once complete remission (CR) hmeeen achieved, systemic
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treatment in conjunction with CNS-directed therdpjows. Standard treatment
options for CNS-directed therapy include intratecidlemotherapy (usually
methotrexate), CNS-directed Systemic Chemotheragdyia some cases, cranial
radiation. The intensity of the post-induction clogherapy varies considerably
depending on risk group assignment, but all paieetceive some form of
intensification after the achievement of CR andobefbeginning maintenance
therapy. Commonly used regimens for child-hood Aliclude high-dose

methotrexate with mercaptopurine, high-dose aspaaag given for an extended
period, and reinduction treatmentFinally, patients are subjected to
maintenance/continuation treatment in order to ielate residual leukaemia
cells. Patients with ALL require prolonged contitiaa therapy, at least two
years, and attempts to shorten this phase havdevepoor results in both
children and adults. The maintenance/continuatioerapy is based on the
combination of methotrexate and mercaptopurine ahtnated weekly and daily
respectively, with or without pulses of dexametimesand vincristine (Pui and
Evans, 2006).
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1.2 HISTONE DEACETYLASES (HDACS)

1.2.1 HDACs family: structure and functions

Transcription in eukaryotic cells is influenced IDNA organization in the

nucleus. In fact, DNA is packaged into chromatinhighly organized and

dynamic protein-DNA complex. The core subunit ofazhatin is the nucleosome,
composed of an octamer of four core histones, afH#3etramer and two

H2A/H2B dimers, surrounded by 146 bp of DNA. Locafomatin organization

iIs generally recognized as an important factor e tegulation of gene
expression. During activation of gene transcriptithe inaccessible structure of
DNA become available to DNA binding proteins thrbumodification of the

nucleosomes. Remodelling of chromatin is stronghfluenced by post-

translational modifications of the histones, such acetylation, methylation,
phosphorylation, poly-ADP  ribosylation, ubiquitiagion, sumoylation,

carbonylation and glycosylation. Compared with ot@difications, acetylation

of core histones is probably the best understopd tf epigenetic modification.
The balance between “open” and “close” chromatrmiis driven by two classes
of enzyme with different activities: histone acetyhsferases (HATS) transfer
acetyl groups to amino-terminal lysine residuekistones, which results in local
expansion of chromatin and increased accessibilitggulatory proteins to DNA,

whereas histone deacetylases (HDACSs) catalyze dhmwval of acetyl groups,
leading to chromatin condensation and transcriptio®pression (Fig.1l) (de
Ruijter et al., 2003).

Histone
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\'.\ ,/’
Activation of gene expression <= g

Fig.1: HDACs and HATSs opposite activities on chroméin condensation in the nucleus.
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Eighteen HDACs have been identified in humans, ey are subdivided into
two protein families: the Zii dependent classical HDAC family (class I, Il and
IV), and the ZA*-independent NAD+-dependent Sirtuins (class lIheTlassical
HDAC family consists of four classes based on theimology to yeast HDACSs,
their subcellular localization and their enzymatativities. The class | HDACs (1,
2, 3 and 8) are homologous to the yeast RPD3 protaen generally be localized
in the nucleus and are ubiquitously expressed nowa human cell lines and
tissues. Class Il HDACs (4, 5 ,6, 7, 9 and 10) shHaymologies with the yeast
Hdal protein and can shuttle between the nuclews tha cytoplasm. This
subgroup is further divide in class lla (4, 5, d&) and class Ilb (6 and 10). In
particular, HDACs 6 and 10 are found in the cyteplaand contain two
deacetylase domains. HDAC6 has unique substratsfisgg with an -tubulin
deacetylase (TDAC) domain specific for the cytostal protein -tubulin.
HDAC11 is the only member of the class IV HDACSs. shhares sequence
similarity with the catalytic core regions of batlass | and Il enzymes but does
not have strong enough identity to be placed ineeitlass. The class Ill HDACs
(SIRT1, 2, 3, 4, 5, 6 and 7) are homologues ofydst protein Sir2 and require
NAD+ for their activity to regulate gene expressinrresponse to changes in the

cellular redox status. (Table 4)(Bolden et al.,&00hiagalingam et al., 2003).

Classification Location Function
Zu:--depeulleui Class I HDAC1 Nucleus Participate in Sin3, NuRD (nucleosome remodeling and deacetylanion)
HDAC2 Nucleus and Co-REST complex
HDAC3 Nugcleus, Participate in SMRT (silencing mediator for retinoic acid and thyroid
rarely in hormone receptors). N-CoR (nuclear receptor co-repressor) complex
cytoplasm
HDACS Nucleus -
iClass IIa HDACH Nucleus, Interaction with SMRT/N-CoR. and the co-repressors BeoR (Bel-6-
cytoplasm wteracting co-repressor) and CtBP
HDACS Nucleus.
cytoplasm
HDACT Nucleus,
cytoplasm
HDAC? Nucleus. Muscle differentiation
cytoplasm
Class IIb HDACG Cytoplasm  Tubulin deacetylase
HDACI10 Nucleus, Recrutment other HDACs
cytoplasm
Class TV HDAC11 Nueleus.
cytoplasm
Zn*"-independent E‘lnss 111 SIRT1-7

Table 4: The classification of HDACs in mammals (Paet al., 2007).

14



1.2.2 Non-histone proteins as substrates of HDACs

Interestingly, despite the importance of HDACs e tregulation of genes
expression, genome-wide transcript profiling by noérays has indicated that a
relatively small percentage of genes (between 2% %#b) is influenced by
HDAC inhibition (Glaser et al., 2003; Johnstone dmcht, 2003) To this end,
recent studies focused their attention on HDACgeaalternative to histones.
Recent phylogenetic analyses of bacterial HDACgyssthat all four HDAC
classes preceded the evolution of histone prot@megoretti et al., 2004). This
suggests that the primary activity of HDACs maydirected against non-histone
substrates. At least 50 non-histone proteins ofwkndiological function have
been identified, which may be acetylated and sategrof HDACs. Non-histone
protein targets of HDACs include transcription @ast transcription regulators,
signal transduction mediators, DNA repair enzymes;lear import regulators,
chaperone proteins, structural proteins, inflamamatnediators and viral proteins
(Table 5) (Xu et al., 2007).

Function Proteins

DNA binding p53, e-Mye, AMLI, BCL-6, E2F1, E2F2,

transcriptional factors E2F3, GATA-1. GATA-2, GATA-3,
GATA-4, Ying Yang 1 (YY), NF-xB
(RalA/p65), MEF2, CREB, HIF-1x, BETAZ,
POP-1, IRF-2, IRF-7, SRY, EKLF

Steroid receptors Androgen receptor. estrogen receptor o.
glucocorticoid receptor

Transcription Rb. DEK. MSL-3. HMGI(Y)/HMGAL.

coregulators CtBP2, PGC-l«

Signaling mediators STATS3, Smad7, fi-catenin, IRS-1

DNA repair enzymes Ku70, WRN, TDG, NEIL2, FENI

Nuclear import Rchl, importin-27

Chaperone protein HSP90

Structural protein o-Tubulin

Inflammation mediator HMGBI

Viral proteins ElA, L-HDAg. S-HDAg. T antigen.
HIV Tat

Table 5: Non-histone substrates of HDACs (Xu et al2007).

Unlike other histone deacetylases with chromatmagelling activity, HDAC6
catalyzes deacetylation of cytoplasmic substraesh as -tubulin, Hsp90, and
cortactin. In particular, it has been demonstratedt HDACG6 inhibition
determines increased acetylation oftubulin (Zhang et al., 2003) and,
consequently, promotes the association of micrdagowith dynein and kinesin
motors, leading to increased motor processivity sextetory vesicle flux. These
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results show a potentially regulatory role for HD&\(@ endocytic cargo transport
(Gao et al., 2010; Reed et al., 2006). Moreoveg HDAC is implied in the

aggresome formation, an aggregate of ubiquitinatatsfolded proteins,

commonly found in neurodegenerative pathologies tantbur cells (Boyault et
al., 2007; Rodriguez-Gonzalez et al., 2008).

1.2.3 HDACSs as targets in cancer treatment

The fact that acetylation is a key component inrdgulation of gene expression
has stimulated the study of HDACs in relation te tiberrant gene expression
often observed in cancer. Cancer has traditionb#gn considered a disease
caused by genetic alterations such as gene mutatietetions and chromosomal
abnormalities, that result in the loss of functadriumour-suppressor genes and/or
gain of function or hyper-activation of oncogenemwever, there is growing
evidence that gene expression regulated by epigecieinges is also important
for the progression of cancer. Recent studies liamesed the attention on the
aberrant recruitment of HDACs by oncogenic DNA-hngd proteins, resulting
from chromosomal translocations. For example, tiheogenic PML-RAR,
PLZF-RAR and AML1-ETO fusion proteins induce acute promgglc
leukaemia(APL) and acute myeloid leukaemia (AML) bgcruiting HDAC-
containing complexes that constitutively repress ekpression of specific target
genes (Lin et al., 2001). In addition to aberradruitment of HDACs to specific
loci, altered expression of individual HDACs in taars has also been reported.
HDACL1 is over-expressed in prostate (Halkidou et2004), gastric (Choi et al.,
2001), colon, breast carcinomas (Zhang et al., ROA®DAC2 showed higher
expression in colorectal (Zhu et al., 2004), cealvand gastric cancer (Song et al.,
2005). Increased expression of HDAC3 is seen inrcalimours (Wilson et al.,
2006). HDACG6 over-expression is observed in breaster (Zhang et al., 2004).
Concerning haematological tumours, few works exauwhirthe differentially
expressed HDACs in ALL patients. In 2010 Morend &olleagues (Moreno et
al., 2010) identified HDAC3, HDAC7 and HDAC9 astmost over-expressed
HDACs in ALL patients and their altered expressiwas associated with poor

prognosis in childhood ALL. Similar results weretaibed by Gruhn et al. in
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2013 (Gruhn et al., 2013). In addition to the poers work, a correlation analysis
of HDAC expression with clinico-pathological paraers revealed that high
HDAC4 expression was associated with prednisoner-pgsponse in T-ALL
patients. Moreover, siRNA-mediated inhibition of MD4 sensitized a T-ALL
cell line to etoposide induced cell death.

At present, the relationships between aberrantessgpon of various HDACs and
cancer remain unclear; however, siRNA-mediated kdown of HDACs over-
expressed in different cancer cell lines decredsatur growth and improved
survival. Taken together, these data support tipotegis that altered expression
of HDACs could have an active role in tumour esgliphent and progression, and

highlight HDACs as attractive targets for therapeiurtervention.
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1.3 HDAC INHIBITORS (HDAC:I)

1.3.1 HDACI structure and classification

Epigenetic changes identified in tumours can beogenwide or more restricted
and can alter the expression or activity of a defiepigenetic regulatory protein.
These evidences provide a strong rationale for ube of epigenetic-based
therapies such as HDACI in cancer. A large numbestaucturally diverse
HDACI have been purified from natural sources artegtically produced, and at
least 11 drugs have entered clinical developmemAEi can be classified
according to their chemical structure into hydrosées, cyclic peptides,
benzamides and fatty acids (Marks, 2010), or adegrtb their specificity for

various HDAC classes.
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HDAC inhibitor Structure HDAC class Patency Clinical trials
specificity

Hydroxamic acids
Trichostacin & (T3A) H e [ n+ -

Vorinosmat (suberoylanilide " L v ni FDA-approved (2006),
hydroxamic acid, w phase 11, 1il

SAHA) a
Givinostat a L n Phase L Il
(ITF2357) o 0"‘;{“’"
los s
S
Abexinostar a nﬁH I, 1 ni+ Phase [, Il
(PCI-24781) W g
Hiv

) d

L]

A
Belinostac Q %59 o [ Tyl Phase [, Il
(PXD100) H e

H H
Panobinostat a LA I uM Phase I,
(LEHSES) “ ™

H

H
Resminostat " ,@/‘T’ L ALY uM Phase L Il
(45€-201) o

Quisinosmr * LI ] Phase |
(IN}-26481585) NTU”

H
Cyclic peptide

Depsipeptide I i FDA-approved (2009),
(romidepsing fz phase |11

Benzamides
Entinostat ‘?L I Tl Phase Il

{MS-275) s 7‘,@/\“
o
Mocetinoseat N HDAC] Myl Phaze L Il
(MGCD0103) N NJ‘H"\@YH e
0

Fatty acids
Walproic acid (VPA) HC L mH Phase [, II, Il
a
CH
H,C
Buryrate O L mi Phase Il

Table 6: HDACI classification by chemical structureand clinical trial use (Ververis et al.,
2013).

The inhibitory effect of a large number of HDAC ibtors is due to the Z
dependency of HDAC enzymes. In fact, many HDACichion by blocking
access to the active site of HDAC, in a reverstl@reversible manner. The first
HDACI discovered so far is TSA, a fermentation prodof Streptomyces.
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Originally TSA was used as an anti-fungal agent,|&ter it was assessed to have
potent proliferation-inhibitory properties in canceells. Today TSA is used
mainly as a reference substance in research fotynéeveloped HDACI (de
Ruijter et al., 2003).

1.3.2 Biological effects of HDACi on tumour cells

Treatment with HDACI induces tumour cell death, particular apoptosis,
differentiation and cell cycle arrest vitro andin vivo. In addition, activation of
the host immune response and inhibition of angiegesn might also have
important roles in HDACi-mediated tumour regressiorivo. HDACI selectively
induce apoptosis in tumour cells but not in thenmadr counterpart, implying a
therapeutic potential. In fact, normal cells arenegally more resistant than
tumour cells to the pro-apoptotic effects of HDACIinical trials and preclinical
experiments demonstrated that HDACi can have padetitancer activities at
concentrations that are minimally toxic to the h{@alden et al., 2006; Minucci
and Pelicci, 2006).

Although it is well known that HDACIi can kill tumoucells, the molecular
pathways that are responsible for this effect rana be fully elucidated. In
addition, the drug exposure times and doserfatitro assays can differ markedly
from those achievabl@ vivo. Given the pleiotropic biological effects of HDACI,
it is clear that the effects of these compoundsaasingle molecular pathway
cannot mediate apoptosis, cell cycle arrest arfdrdifitiation in all cell types. The
main molecular mediators implied in HDACI effecte éisted below.

Apoptotic pathways. HDAC inhibitors have been reported to activate
both the death-receptor and intrinsic apoptotidways. A large number
of studies has demonstrated that various TumourdsecFactors (TNF)
receptor super family members and their ligands temascriptionally
activated following HDACI treatment and numerousid&s correlate
HDACI-related apoptosis with induction of one or nmcextrinsic death
receptors and/or ligands in human leukaemia celtduding T-ALL cell

lines Jurkat (Rosato et al., 2003). Moreover, afgansic mitocondrial
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apoptotic pathway seems to play a role in HDACimpsis. In this regard,
HDACIi-mediated apoptosis in CEM-CCRF T-ALL cell déinthrough
intrinsic pathway is due to a selective activatowrinduction of apoptotic
proteins belonging to BH3-only proteins (Bim, BiddaBmf) (Ruefli et al.,
2001). At the same time, HDACI increase levels @&a&ive Oxygen
Species (ROS) and treatment with free radicals estgers suppress
apoptotic activity of these drugs in multiple myek® cell lines. In
particular, the HDACi SAHA causes an increase ie kkvel of Trx, a
major reducing protein, in normal cells but not tiansformed cells
(Ungerstedt et al., 2005).

Cell cycle arrest and differentiation. Treatment with HDACI is
associated with cell-cycle arrest at the G1/S. Thisften associated with
the p53-independent induction of CDKN1A, which paiss
hypophosphorylation of pRb (Sandor et al., 2000PA&i can also
mediate G2/M-phase arrest by activating a G2-pbheekpoint, although
this is a rare event compared with HDACi-inducedd&®Est. Inhibition of
the cell cycle is a necessary event in celluldedtintiation, and numerous
papers reported on HDACI-related induction of ddéfsiation in AML
cell lines and AML cells derived from patients (Bsinot et al., 2012;
Ryningen et al., 2007).

Tumour angiogenesis, metastasis and invasiordDACi have anti-
angiogenic, anti-invasive and immunomodulatoryvatodis in vitro andin
vivo that can contribute to the inhibition of tumourvd®pment and
progression. The anti-angiogenic properties of HDAGave been
associated with decreased expression of pro-angoggenes including
vascular endothelial growth factor (VEGF), bashrdblast growth factor
(bFGF), hypoxia-inducible factor-1(HIF1 ) (Sasakawa et al., 2003). In
addition, HDACi have been shown to down-regulatpression of the
chemokine (C-X-C motif) receptor 4 (CXCR4), whichimportant for the
homing of bone-marrow progenitor and circulatingl@helial cells to
sites of angiogenesis. Finally, HDACi have beenwshdo suppress
endothelial progenitor cell differentiation suppogt a role for HDACI in

suppressing neovascularization. The putative amdistatic effect of
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HDACi might be extended through suppression of matr
metalloproteinases (MMPs) (Liu et al., 2003).
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Fig.2: Schematic representation of anticancer effég of HDAC inhibitors (Ma et al., 2009).

Lee and colleagues investigated the selectivitythef HDACi Vorinostat in
inducing cell death in cancer cells, but not inmak cells (Lee et al., 2010).
Interestingly, Vorinostat was able to induce DNAulllz strand breaks (DSBs)
both in normal than in tumour cells. Normal celiscontrast to cancer cells repair
the DSBs despite continued culture with Vorinostht. transformed cells,
phosphorylated H2AX H2AX), a marker of DNA DSBs, increased with
continued culture with Vorinostat, whereas in ndrg#ls, this marker decreased
with time. Further, they found that Vorinostat stggsed DNA DSB repair
proteins (RAD50, MRE11) in cancer but not normdisceThe DNA damage is
associated with cancer cell death and this cafagxpn part, the selectivity of

HDACI in causing cancer cell death.

1.3.3 Combination therapy involving HDACI

In addition to their intrinsic cytotoxic propertiaden tested as a single treatment,
HDACi have been shown to induce additive cytotogitects when used in

combination with conventional anticancer therapms;h as chemotherapy and
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radiotherapy. Pre-clinical data in multiple canemil lines have shown the
synergistic effects of HDACi in combination withpmisomerase | inhibitors
(camptothecin, irinotecan, topotecan), topoisoneersinhibitors (epirubicin,
doxorubicin, etoposide, mitoxantrone) and other Dd#naging agents (cisplatin,
oxaliplatin, bleomycin) (Nolan et al., 2008). Coriag leukaemias, the HDACi
Panobinostat potentiated threvivo effects of vincristine and dexametasone in a
mouse model of human ALL (Vilas-Zornoza et al.,, 201 Regarding
radiotherapy, there is evidence that HDACi decrdhsecell’'s capacity to repair
ionizing-radiations (IR)-induced DNA damage, both the level of damage
signalling and by affecting the major DNA repairtipaays (Non Homologous
End Joining and Homologous Recombination), in mdifferent cell typesin
vitro. Tumour cells treated with various HDACI displasolonged resolution of
IR-induced H2AX foci, an indicator of impaired double strandedks repair,
which is due to impaired recruitment or lower quizgg of repair proteins
(Groselj) et al.,, 2013). For example, in a subcutasemouse model of acute
lymphoblastic leukaemia, treatment with Panobirtostaulted in an increase in

H2AX levels in tumour cells (Vilas-Zornoza et é&(012).

1.3.4 HDACI in clinical trials

Currently, there are over 80 clinical trials invgating more than eleven different
HDACI for both solid and haematological malignaisces monotherapies or in
combination with various other antitumor agents. pkesent, two HDACi —
Vorinostat (suberoylanilide hydroxamic acid, Zol®) and depsipeptide
(romidepsin, Istodax®) — received approval from tb& Food and Drug
Administration (FDA) for treatment of refractory tameous T-cell lymphoma
(CTCL), and more recently, depsipeptide has gakied approval for peripheral
T-cell lymphoma (PTCL). Many efforts have been madecreate chemically
distinct HDACI, with several ongoing clinical trgalin various malignancies,
many of them focused on haematological pathologesh as leukaemias,
lymphomas, and myelodysplastic syndromes. In pddrc Vorinostat was FDA-
approved in 2006 for CTCL, which previously couldtrbe treated by other

drugs. FDA approval was based on two phase Il adintrials with a 30%
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response rate in patients with CTCL. Vorinostat geerally well tolerated, with
adverse side effects including diarrhea, fatigue mausea (Duvic et al., 2007).
Similar responses have been observed in patierits reiapsed non-Hodgkin’s
lymphoma and mantle-cell lymphoma (Kirschbaum gt24111). Numerous phase
I and II clinical trials with HDACI in AML patientdhave been performeth a
phase | clinical trial, significant anti-leukaenaativity was observed in patients
with AML, and Vorinostat effectively inhibited HDAGctivity in peripheral
blood and bone marrow blasts, even if no corratabietween acetylated histone
H3/H4 and clinical response was found (Garcia-Manet al., 2008). Similar
results inadults with refractory and relapsed acute leukagntiaated with
HDACIi MS-275 have been reported. In a phase | @ihirial, treatment with MS-
275 induced increase in protein and histone H3/eRtydation, p21 expression,
and caspase-3 activation in bone marrow mononuctdk (Gojo et al., 2007). At
variance with the promising clinical responses e in patients with
haematological malignancies, response rates to HA&blid cancers have been
ineffective or modest. Studies in relapsed or mtfng breast, colorectal, or non-
small-cell lung cancer showed no response. (Bluotezia et al., 2008;
Vansteenkiste et al., 2008).

In addition to those mentioned earlier, some ofrttege recent HDACI that have
been tested in patients include Abexinostat, Gstat and Mocetinostat.

In conclusion, although average results of HDACicimical trials have been
modest, it is quite possible that subsets of pttieould have a great benefit.
Future studies are needed to identify possibleigtigd biomarkers of response to
HDACI.
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2. AIM OF THE STUDY

Several studies investigated bathvitro andin vivo effects of HDACI in T acute
lymphoblastic leukaemia (T-ALL). Most of these gtg] however, used
established T-ALL cell lines and they did not idgnwhether specific signalling
pathways are perturbed by HDACI. A better knowledfieghe molecular events
underlying HDACI effects will improve clinical apphtion of these drugs. In
particular, the characterization of specific HDAfargets among transcription
factors commonly de-regulated in T-ALL, could hetp identify subgroups of
patients more responsive to this treatment. Fa thirpose, we analysed the
effects of HDACI on transcription factors relevantT-ALL pathogenesis using
both established T-ALL cell lines and patient-dedv T-ALL xenografts
previously obtained in our laboratory. In particuleve focused on transcription
factors that define four genetic subgroups of T-Alrcluding TAL/LMO, TLX1
and TLX3. Furthermore, we included in our analysiembers of the Notch
family (NOTCH1 and NOTCHS3) and ¢c-MYB in view ofdln transversal role in
T-ALL. Finally, we strengthenedh vitro observations by using HDACi under
investigation in clinical trials in preclinical met$ of T-ALL. The long-term goal
of the project is to investigate the possibilitattitertain genetic subgroups of T-
ALL could be better candidates for therapeuticttresnt with HDACI.
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3. MATERIALS AND METHODS

3.1 T-ALL xenografts establishment

Primary T-ALL cells (PD-TALL) were obtained from be marrow of newly
diagnosed pediatric patients, according to the ejunds of the local ethics
committees. For xenografts establishment, 6- toe@ks-old mice were injected
intravenously (i.v.) with 10 x FOT-ALL cells in 300 pl of Dulbecco's Phosphate
Buffer Saline (PBS). T-ALL engraftment was monitréy periodic blood
drawings and flow cytometric analysis of CD5 and/Markers over a 5-month
period. NOD/SCID mice were purchased from CharleeiRWilmington, MA).
Procedures involving animals and their care conéarmwith institutional
guidelines that comply with national and internasiblaws and policies (EEC
Council Directive 86/609, OJ L 358, 12 Decembe@7)9 To test the effects of
Givinostat (ITF2357) on leukemia cells, NOD/SCIDcmiwere intraperitoneally
(i.p.) injected with Givinostat (25mg/kg) or PEG4800 (vehicle) 2 days after
leukemic cells injection and administered five daysveek. In all experiments,
mice were inspected twice weekly to detect eadpsiand symptoms of leukemia
and blood was drawn to measure T-ALL cell engraftime

3.2 NOTCH1 and FBW7 mutational analysis

Genomic DNA was extracted from T-ALL cells deriveilom xenografts with
Easy DNA kit (Life Technologies). NOTCH1 and FBWiutation analysis was
performed as describe in (Sulis et al.,, 2008; Thaonpet al., 2007) in
collaboration with Prof. Adolfo Ferrando (Dept. ofPediatrics, Columbia
University Medical Center, New York, USA).
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3.3 Cell lines andn vitro culture conditions

The T-ALL cell lines MOLT-3 and JURKAT were purclesfrom ATCC. DND
41 cell lines were kindly provided by A. Ferrand@o{umbia University). All T-
ALL cell lines were cultured in RPMI 1640 (EuroCkn Milan, Italy)
supplemented with 10% FCS (Fetal Bovine Serum, téfghnologies, Paisley,
UK), 10mM HEPES (Cambrex Bioscience, East RuthdifddJ), 1% Sodium
Pyruvate, 2 mM L-glutamine and 1% of antibioticiamtcotic mix (Life
Technologies). The human embryonic kidney epitimelicell line 293T was
purchased from ATCC and cultured in Dulbecco medifiEagle medium
(Euroclone), supplemented with 10% FCS, 10 mM HERES 1% of antibiotic-
antimycotic mix (Life Technologies, Paisley, UK)ifary T-ALL cells derived
from mice spleen were cultured in MEMmedium (Life Technologies)
supplemented with IL7, SCF, FTL3 (Peprotech, Ro¢kil, NJ) and human
insulin (Sigma Aldrich, Saint Luis, MO). T-ALL priary cells and cell lines were
culturedin vitro with RPMI/MEM alone (with the appropriate vehicle when
necessary), or plus the following: 500 nM thrictistad (Sigma Aldrich), 2 m
Givinostat (ITF 2357 - Italfarmaco, Milan, 1taly§00 mM cyclohexamide (Sigma
Aldrich), 20 M MG132 (Sigma Aldrich), 20 M chloroquine (Sigma Aldrich).
At the indicated time points, the cells were hat@sand processed for
assessment of cell viability, and RNA and proteidtraction.

3.4 RNA extraction, reverse transcription PCR (RT-FCR) and
quantitative RT-PCR (qRT-PCR)

Total RNA was isolated using TRIZbIReagent according to manufacturer's
instructions. cDNA was synthesized from 0.5 todlLof total RNA using Super
Script Il Reverse Transcriptase Kit. Reverse trapson was followed by
guantitative PCR using SYBR Green. mRNA PCRs wendopmed in an ABI
Prism 7900HT Sequence Detection System. All reagerte obtained from Life
Technologies. Results were analysed using th€t method with normalization

against 2-microglobulin expression. Primers used for g ROIRPanalysis was:

C-MYB-for: 5-ACCTAGCCCAAGGGTGAACA-3’;
C-MYB-rev: 5'-TCGAAGGATGACCAGTGGAA-3';
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CR2-for: 5-CTGCGGTTCAGTGTCCACAT-3;

CR2-rev: 5-GGTGAAGCCAAACATGCAAGC-3';

DTX-1-for: 5-GTGGGCTGATGCCTGTGAAT-3';

DTX-1-rev: 5-CGAGCGTCCTCCTTCAGCAC-3;

HES1-for: 5-GGCGGCTAAGGTGTTTGGAG-3';

HES-1 rev: 5-GGAAGGTGACACTGCGTTGG-3';

NOTCH1-for: 5'-GTCAAGCCAAATATGTCAGC-3'

NOTCH1-rev: 5-GCCGGATAAGGTGCCGGAG-3'

NOTCHS3-for: 5-CAAGGGTGAGAGCCTGATGG-3';

NOTCHS3-rev: 5'- GAGTCCACTGACGGCAATCC-3’;

pT -for: 5- ATGGTGGTGGTCTGCCTGGT-3’;

pT -rev: 5-AGTTGGTCCAGGTGCCATCC-3’;
2-microglobulin-for 5-TGCTGTCTCCATGTTTGATGTATCT-3'
2-microglobulin-rev: 5'-TCTCTGCTCCCCACCTCTAAGT-3'.

Expression levels of target genes in short ternatiment experiments were
analysed by Real Time Ready custom panels (Roclagnbstics, Penzberg,
Germany).

3.5 Gene Expression profiling and classification ofT-ALL
xenografts

Total RNA was extracted from the spleen using Tfizoeagent (Life

Technologies), according to the manufacturer’'srutsion. RNA concentration
was determined using NanoDrop ND-1000 Spectrophetem (NanoDrop

Technologies Inc, Wilmington, DE). The instrumemsovided the sample
concentration in ngl and the absorbance of the sample at 260nm andn280
The ratio (260/280) ranging from 1.8 to 2.1 indezhgood quality of RNA (ratio
< 1.8 means protein contamination and ratio > NARlegradation and truncated
transcripts). RNA quality and purity control wassessed with the Agilent
Bioanalyzed 2100 (Agilent Technologies, Waldbrongermany) using

“Eukaryote total RNA Assay”. To perform gene expgien experiments,
extremely high quality of total RNA was used.
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Only RNA samples that passed the high quality adstvere diluted to 100 ng in
a total volume of 3 | DEPC treated water to perform gene expression
experiments.In vitro transcription, hybridization and biotin labellingere
performed according to GeneChip 3'IVT Express kdtpcol (Affymetrix, Santa
Clara, CA). The Affymetrix GeneChip Scanner wasdugemeasure all intensities
of the signals of each probe set on the GeneCldpstores all signals in a .DAT
file (Raw image). Integrated software converts rallv signals into numbers,
which were stored in a .CEL file. All GEP profilased in these experiments were
assessed for their comparability and quality, usiifiigrent quality controls: Scale
Factor, number of present calls, internal prob&scBloly-A controls and the ratio
GAPDHY/ -actin 3'/5'.

Microarray data (.CEL files) were analyzed usingr@oand Expression Console
(Affymetrix). R-Bioconductor (Version 2.15.3) wasad to analyse the .CEL files
data. Supervised classification (PAM_predictive lgsia of microarrays) was
used to construct a predictive algorithm able w@ssify samples for the main
cytogenetic subgroupS ALLMO, TLX1, TLX3, HOXAthat characterize the T-
ALL. Predictive algorithm was developed on a “tiagi data set, where the
categories to which objects belonged were known andluated on an
independent “test” data set, in which objects wasgigned to previously defined
categories.

3.6 Retroviral vectors production

Viral vectors were generated using 293T cell lidas to their high transfection
capacity. In particular, cells were transientlynsfected with 3 plasmids using
calcium phosphate transfection method. The virators produced in this way,
belong to HIV-based vectors called SIN (self- inaing). Plasmids used for
viral production are listed below:
A plasmid coding the transgene of interest;
A packaging plasmid (gag-pol gpt), coding Hie¥gandpol genes;
pHCMV-G plasmid driving the expression of Vescicuktomatitis Virus
protein G (VSV-G). This protein of the envelopeoals to extend the
tropism of the virus.

Expression constructs used in this project:
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pPCEG and pNOTCH3 CEG: NOTCHS3 ICD retroviral ovepesssing
vectors;
PMIGRI and pNOTCH1l MIGRI: NOTCH1 ICD retroviral oke

expressing vectors.

3.7 Transduction of T-ALL cells

JURKAT cells were transduced with VSVG-pseudotypaT CH3-expressing or
NOTCH1-expressing retroviruses. Briefly, 1X1€ells were incubated at 37°C
O.N. with 1x16 virus particles and Protamine Sulfate. The dayrattells were

washed and cultured in fresh medium. After expanseells were analyzed for
high green fluorescent protein expression by flgtometry analysis and used for

caspase assay and western blot analysis.

3.8 Caspase assay

In rescue experiments, apoptosis was evaluated umegscaspase 3-7 activity
with CaspaseGlo 3/7 assay kit (Promega, Madisor), WHese members of the
cysteine aspartic acid-specific protease (casptsu)ly are key effectors of
apoptosis in mammalian cells. The assay providésmanogenic caspase-3/7
substrate, which contains the tetrapeptide sequeBMD, in a reagent optimized
for caspase activity. Adding a single Caspase-Gla&agent results in cell lysis,
followed by caspase cleavage of the substrate anérgtion of a luminescent
signal, produced by luciferase (Figure 3). Lumieese is proportional to the

amount of caspase activity present.

31



H

Z-DEVD-N S N~ -COOH
T~y
N S

Caspase-3/7 l

COOH

H,N S N
Q ><Y +ATP+0,
N s

UltraGlo™ Luciferase l
Mg:l

Z-DEVD- +

Fig. 3: Caspase-3/7 cleavage of the luminogenic stitate containing the DEVD sequence.
Following caspase cleavage, a substrate for lwas&e(aminoluciferin) is released, resulting in the
luciferase reaction and in the production of light.

3.9 MTS assay

Proliferation rate of T-ALL cells after HDAC inhition were measured using
CellTiter 96® AQueous One Solution Cell ProlifecatiAssay (Promega). The
MTS tetrazolium compound (Owen’s reagent) is biocedl by cells into a
colored formazan product that is soluble in tissukure medium (Figure 4). This
conversion is presumably accomplished by NADPH &DMN produced by

dehydrogenase enzymes in metabolically active .c€he quantity of formazan
product as measured by the absorbance at 490nmelyl proportional to the

number of living cells in culture.
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Figure 4: Structures of MTS tetrazolium and its formazan product.

3.10 Cytofluorimetric analysis

Anti-human FITC-conjugated CD5 and PE-Cy5-conjudateD7 antibodies
(Coulter, Fullerton, CA) were used for the detectimf T-ALL cells in blood,
spleen and bone marrow samples. Apoptosis was aedllby the Annexin-V-
FLUOS Staining Kit (Roche Diagnostics). To test #ffective transduction of T-
ALL cells with retroviral vectors, percentage okgn fluorescent protein (GFP)
positive cells was measured 48 h after transducbgncytometric analysis.
Indeed, both expression plasmids (N3 CEG, N1 MI@Rd control) have GFP
reporter gene. Samples were analyzed on BeckmaiiteCdtPICS-XL Flow
Cytometer (Coulter) or BD LSRIlI Flow Cytometer (BBlosciences, San Jose,
CA).

3.11 Western Blot analysis

Cells were resuspended in lysis buffer (NP-40 1%CNL50 mM, Tris HCI pH7.5
50 mM, EDTA 2mM, NaF, N&/O, and protease inhibitor cockta#nd lysates
obtained were quantified using Quantum protein gggairoclone). About 30g

of proteins were denaturated and loaded in a nubjigerylamide gel 4-12% (Life
Tecnologies). Separated proteins were transfermed2f h at 400mA on a
nitrocellulose membran€GE Health Care, Glattbrugg, Switzerlanbllembranes
were saturated O.N. at 4°C with PBS - 0,1% Tweéesfs - milk and then

incubated with primary antibody according to mawctifeer’s instructions.
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In this work, these primary antibodies were used:
Rabbit anti ACTIN (Sigma Aldrich);
Mouse anti TUBULIN (Sigma Aldrich);
Rabbit anti PARP (Cell Signalling, Danvers, MA);
Rabbit anti NOTCH3 (Abcam, Cambridge, UK);
Rabbit anti NOTCH1 C44H11(Cell Signalling);
Mouse anti c-MYB (Merck-Millipore, Billerica, MA);
Mouse anti c-MYC (Merck-Millipore);
Mouse anti Acetylated TUBULIN (Santa Cruz Biotechnologies, Dallas,
Texas);
Mouse anti TAL1 (Merck-Millipore);
Rabbit anti LMO2 (Abcam);
Rabbit anti TLX1 (Sigma Aldrich);
Mouse anti TLX3 (Sigma Aldrich);
Rabbit anti NOTCHL1 ICD Val1744 (Cell Signalling);
Rabbit anti p16 (Abcam).

Secondary antibodies (GE Healthcare) are conjugamgth horseradish
peroxidase. When reaction mix, containing Luminoins with peroxidase, the
substrate is oxidated resulting in emission of tligh 425nm. For detection,
Western Lightning plus ECL reagents (Perkin EInW#gltham, MA) were used.
The signal emitted by the reaction was acquiredaduisition imagine system
ChemiDoc XRS (Bio Rad, Hercules, CA).

3.12 Statistical analysis

Results were expressed as mean value + SD. Sfatistnalysis of data was
performed using Student's t-test or Mann-Whitnegt. teDifferences were
considered statistically significant when 0.05.
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4. RESULTS

4.1 Functional effects of HDAC inhibition in T-ALL cells

HDACI have moderate to strong therapeutic actiutyseveral haematological
malignancies and according to previous studies, BDare potent inducers of
apoptosis in leukaemia cells (Aldana-Masangkayl.et2@11; Vilas-Zornoza et
al., 2012). In order to investigate the therapegitential of HDACi in the
context of T-ALL, we treated with the pan-HDAC ibktor Tricostatin A (TSA)
0.5 M for 24 h a panel of established T-ALL cell linBND 41, MOLT3 and
JURKAT) and xenografts cells derived from primagukemic samples from
patients. The concentration of TSA was based odighdn data on leukaemia
cells in vitro (Chambers et al., 2003; Palermo et al., 2012). Wessfully
established mice xenografts and treated themvivo with HDACI. Briefly,
immunodeficient NOD/SCID mice were injected intrapasly with 1x10
cells/mouse derived from bone marrow of paediafriBLL patients. In order to
track tumour burden, regular blood drawings anaftybrimetric analysis were
performed to analyse the percentage of leukemils del circulation. At the
appearance of signs of illness, mice were sacdfidéhe leukemic cells were
collected from the spleen, infiltrated > 90%, arskdi forin vitro studies with
HDAC inhibitors.We chose to analyse the effects of HDACi on sevaografts
with distinct molecular and clinical phenotypestsas NOTCH1 mutation status,
genetic subgroup, prednisone sensitivity and MRBR (5ee table 7).
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sampleld | Agze {years) | Phenotype | MRD PGR/PPR | NOTCH1 status | FBW7 staus Genetic
risk subgroun
FO-TALLG 13 Tint MR FaR wt wt TAL/LMO
PD-TALLS 3 Tint MR FFR HD+PEST mut wh TLXL
PO-TALLY 9 EarlyT HR Deceased ut wh TAL/LMO
PD-TALLLO 10 Early T MR PGR HD mut. mut. MO
PO-TALLLZ 4 Early T MR PGR PEST mut. wh TAL/LMO
PO-TALLLG 5 T Wat MR FPR wt wt TLXZ
FD-TALLLS 18 Early T Relapse Relapse HD + TAD mut. muk. HD

Table 7. Paediatric T-ALL patients were classified for differentiation phenotype, risk
(according to the MRD classification) and responst therapy. All patients were aged between
3-16 years. Mutational status of NOTCH1 and FBW@ #dre genetic subgroup are also reported.
[MR= medium risk, HR= high risk; PGR= prednisoneodoresponder, PPR= prednisone poor
responder; HD= heterodimerization domain, PESTdimeeglutamic acid-serine-threonine-rich

domain, TAD= C-terminal transcription activationrdain]

Inhibition of HDACs exerted strong pro-apoptotid¢eets in all the cell lines and

T-ALL cells from xenografts tested (Fig.5). Thedéeets were not associated

with the mutational status of NOTCH of T-ALL ce(Big. 5B).
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Fig.5: HDACi-mediated induction of apoptosis in T-ALL cells. T-ALL cell lines (A) or
primary T-ALL cells(B) were treatedh vitro with TSA (0.5 uM) for 24 h. Induction of apoptosis
was measured by flow cytometric analysis of AnneXistaining (* P<0.05, ** P<0.01, *** P
<0.001, mean * SD of three independent experiments)
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To study the effect of HDAC blockade on prolifecatiin our cell contest, we
assessed MOLT3 proliferation rate using both a bwa assay (MTS) and cell
count. As shown in Fig.6, MOLT3 treated with TSAcdeased proliferation
compared to controls both at 24 h and 30 h. Lates points were not considered

due to the reduced viability of the cells.
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Fig 6: HDACI-induced inhibition of proliferation in MOLT3. MOLT3 were treated with TSA
(0.5 M). Cell number(A) and metabolic activityB) were assessed at 3, 8, 24 and 30 h
respectively by cell count and MTS assay (* P<0®$<0.01, *** P <0.001, mean = SD of three

independent experiments).
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4.2 HDAC inhibitor TSA down-regulates relevant T-ALL
transcription factors protein levels

In order to investigate the effect of HDACi on thepression of transcription
factors associated to T-ALL leukaemogenesis, th&LT-cell lines DND 41,
MOLT3 and JURKAT were treateth vitro with TSA 0.5 M. After 16 h of
treatment, whole cell lysates were extracted anadlyaed for the protein levels of
a selected panel of transcription factors (NOTCNOTCHS3, ¢c-MYB, TLX1,
TLX3, LMO1, LMO2 and TAL1) by western blot. Accunailon of acetylated
tubulin, a direct target of HDACG6, was used as adreut of HDAC activity
inhibition. As expected, treatment with TSA for h&esulted in the increase of
acetylated tubulin (Fig.7).

Interestingly, we observed that TSA decreased protevels of NOTCH1,
NOTCH3, c-MYB and TAL1 in all the cell lines teste@n the contrary, LMOZ2,
TLX3 and TLX1 levels were not significantly affedtéy HDAC inhibition (Fig.
7).

DND 41 MOLT3 JURKAT

TSA
TSA

NOTCH1

NOTCH3

c-MYB

ACTIN

LMO2

TAL1

TLXT | —

TLX3

AC. a TUB.

TUBULIN

Fig.7: Effects of HDACI on transcription factors relevant in T-ALL. DND 41, MOLT3 and
JURKAT were treated with TSA (0.5M) for 16 h and protein levels were analysed bytems
blot. The housekeeping protein ACTIN was used adifgy control. Tubulin acetylation was used
as a marker of HDAC inhibition.
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To confirm the results obtained, we treagedvivoT-ALL xenografts cells with
TSA. After 16 h of treatment, NOTCH1, NOTCH3, c-MYdhd TAL1 protein
level displayed a marked reduction, whereas TLX3XT and LMO2 expression
was not altered by TSA (Fig. 8)
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Fig.8: Effects of TSA treatment on transcription factors &pressed in primary T-ALL cells.
T-ALL cells were recovered from spleen of xenogrdftmice and were treatéa vitro with TSA
(0.5 M) for 16 h. Protein levels were analysed by westdot.
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4.3 Differential effects of HDAC inhibition on mRNA expression
of NOTCH1, NOTCH3 and c-MYB

To investigate whether the TSA-induced suppressifect at protein level was
associated with inhibition of transcription, we Bisad the mRNA levels of
NOTCH1, NOTCH3and c-MYB upon HDACI treatment. TAL1 was excluded
from this analysis, as its transcription has beeavipusly reported to be
suppressed by HDACI in ALL cells (Cardoso et aD12). Interestinglyc-MYB
MRNA displayed more than 80% reduction in all datles tested. On the
contrary, we obtained heterogeneous resultiNfOBTCH1andNOTCH3 In fact,
upon TSA-treatment mRNA expression of the two NOTG@éteptors was
significantly altered in DND 41 but not in MOLT3 @nn JURKAT cells (Fig.
9A). Similar results were obtained with three reprgative human T-ALL
xenografts (PD-TALL6, PD-TALL8 and PD-TALL9) (Fig9B). This result
suggests that NOTCH1 and NOTCH3 could be eithet-passcriptionally and/or
post-translationally regulated by TSA dependinghancell line analysed.
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Fig 9: Transcript levels of NOTCH1, NOTCH3and c-MYB in T-ALL cell lines after HDAC
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In line with western blot analysis, blockade of HOAactivity decreased the
expression of NOTCH target transcripts, suchpas, CR2 and DTX-1, thus
indicating attenuation of NOTCH signalling (Fig 10)
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Fig 10: NOTCH target genes expression after TSA tegment. T-ALL cell lines(A) or T-ALL
cells from xenograft$B) were treated with TSA (0.5M) for 16 h and mRNA levels of NOTCH
target genesp(l , CR2, DTX-1, HESlwere analysed by qRT-PCR (* P<0.05, ** P<0.01* &
<0.001, mean = SD of three independent experiments)
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4.4 Forced NOTCH1 and NOTCHS3 expression partially pevents
T-ALL cell death induced by HDAC inhibition

The transcription factors NOTCH1, NOTCH3 and c-M¥B: known to play a
fundamental role in cell death evasion (Lahortigale 2007; Lewis et al., 2007;
Sarvaiya et al., 2012; Zhou et al., 2011). Basedhisy we next investigated
whether down-regulation of these transcription destwas the basis of TSA-
induced apoptosis in T-ALL cells. To this aim, weabysed pro-apoptotic effects
of TSA upon forced expression of NOTCH1 or NOTCH3TI-ALL cells. We
transduced JURKAT cells with retroviral vectors vilig the expression of
NOTCH1 and NOTCHa3 intracellular domain (ICD), thenstitutively active form
of the transcription factor (Fig.11A). Forced exgwien of NOTCH1 and
NOTCHS3 significantly reversed the induction of afugis mediated by TSA in T-
ALL cells, measured by caspase assay and thealawed:unclived PARP (Fig.
11 B and C). These results suggest that HDACi pterapoptosis in T-ALL cells
partly via suppression of NOTCH1 and NOTCH3 acyiviSimilar rescue
experiments are undergoing with c-MYB.
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Fig. 11: Forced expression of NOTCH1 and NOTCH3 ICDreduced apoptosis in JURKAT
cells. A) JURKAT were transduced with a retroviral vectopmssing NOTCH1 or NOTCH3
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4.5 HDACi-mediated NOTCH3 down-regulation in T-ALL cells is
dependent on increased protein degradation

Several reports indicate that HDACi can induce ddgtion of oncogenes and
other cellular proteins by affecting protein stapil To test whether protein
degradation has a role in the effects of HDACi ed¥B and NOTCHS3 protein
levels, we treated MOLT3 cells with cyclo-heximid€HX), a well-known
protein translation inhibitor. The half-life of c¥B, which is roughly 8 h in
MOLTS cells, was not significantly altered by tneaint with TSA, indicating that
this HDACI lacks major effects on c-MYB protein siigty. In contrast, NOTCH3
protein levels decreased faster upon CHX treatnmetite presence of TSA (Fig.
12). This result indicates that HDACI affects NOT&protein stability, implying

a post-translational mechanism of regulation.
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Fig.12: HDACI increased NOTCH3 protein degradation. A) MOLT3 were treated with CHX
(500 M) or with CHX (500 M) and TSA (0.5 M). At 1, 5, 8 and 16 h protein levels of c-Myb
and NOTCH3 were analysed by Western Blot. A repriggive Blot is reported. C-MYBB) and
NOTCH3 (C) protein expression were measured by densitomatralysis and normalized to
ACTIN. The graphs represent the mean of three iedéent experiments (**p<0.01).
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4.6 HDACi-mediated NOTCH1 and NOTCHS3 protein down-
regulation in T-ALL cells is driven by lysosomal dgradation

In mammalian cells, two major protein degradati@ihgvays are known: the
proteasome, which degrades mainly cytosolic preteamd the lysosome, which
accounts for membrane proteins turnover (Claguelabd, 2010). To investigate
the molecular mechanism underlying increased NOT@diein degradation, we
treated MOLTS3 cells with proteasome or lysosomehimdrs. Protein levels of the
full-length  NOTCH receptors were rescued using tlggosome inhibitor
chloroquine (CHL), suggesting involvement of thedecytic pathway, whereas
the proteasome inhibitor MG132 had minimal effeats NOTCH1 full-length
levels and further reduced NOTCH3 full-length leveAs expected based on our
previous findings, lysosome inhibition did not affec-MYB protein levels
(Fig.13 A). To test inhibition of proteasomal adiyvby MG132, we treated
MOLT3 with MG132 and analysed protein levels of thenscription factor C-
MYC, which is normally degraded by proteasome. Rgeeted, C-MYC protein

levels increased after proteasomal inhibition (Ei§)B).
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Fig.13: Lysosome inhibitor impaired NOTCH1 and NOTCH3 protein degradation. A)

MOLT3 were treated with TSA 0.5M, CHL 20 M or MG132 20 M for 16 h and western blot

analysis were performed. Numbers below the bandisate densitometric analysis of NOTCH3

normalized to ACTIN. B) As control of MG132 activity, MOLT3 were treatedtivMG132 (20
M for 8 h) and c-MYC protein levels were analysgdaestern blot. FL, full length.
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4.7 Assessment of Givinostat effects on T-ALL cells vitro

We sought to confirm the anti-tumour activity of A Susing Givinostat, a pan-
HDACI under investigation in clinical trials. Giviistat has been tested in phase
Il clinical trials for several haematological malancies (including relapsed
leukaemias and myelomas), and has been grantedrogring designation in the
EU for treatment of systemic juvenile idiopathrthaitis and polycythaemia vera.
We first assessed the vitro activity of Givinostat on T-ALL cell lines and
primary T-ALL cells from xenografts. We treated IseWith Givinostat 2 m,
according to Italfarmaco’'s instructions. Similartp TSA, treatment with
Givinostat determined a substantial reduction ofTl®BI1, NOTCH3, c-MYB
and TAL1 protein levels. In contrast, LMO2, TLX1 cArmLX3 levels were
apparently not modulated (Fig.14). In additionsame cases we analysed protein
levels of p16INK, known as CDKN2A (Cyclin-dependémase inhibitor 2A), a
tumour suppressor protein, implicated in the retjutaof cell cycle. Both in T-
ALL cell lines and primary cells (Fig.12), p16 IN#otein levels increased upon

Givinostat treatment.
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Finally, T-ALL cell lines and primary cells treatesith Givinostat invariably
showed increased apoptosis and impaired cell grdgression (Fig.15).
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Fig.15: Givinostat increased apoptosis and impairegroliferation of T-ALL cells. T-ALL cell

lines(A) or primary T-ALL cells(B) were treatedh vitro with Givinostat (2 M) for 24 h. Levels

of apoptotic cells were measured by flow cytomednalysis of annexin V staining. (* P<0.05, **

P<0.01, *** P <0.001, three independent experime@$ MOLT3 were treated with Givinostat (2
M). At 3, 8, 24 and 30 h metabolic activity (amlimect reed-out of cells number) was analysed

by MTS assay (** P<0.01, three independent expanis)e
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4.8 Therapeutic effects of Givinostat in T-ALL xengrafts

We next asked whether primary samples belongirdifterent T-ALL subgroups
could respond differentially to long term treatmemith Givinostatin vivo,
considering its effect on the expression of relévaanscription factors. In
particular, for these experiments, we choose tH®wwmng four xenografts
belonging to different T-ALL genetic subgroups: FBLL12 (TAL-LMO), PD-
TALL9 (TAL-LMO), PD-TALLS8 (TLX1) and PD-TALL16 (TLX3). Since TAL-
LMO subgroup is the most represented subgroupAiI-it was easier to obtain
xenografts belonging to this subgroup. On the otmend, since none of the
xenografts established in our laboratory belongtheoHOXA subgroup, it was
not possible to study the influence of HDACI treatmhon this specific genetic
subset.

T-ALL cells were injected i.v. in NOD/SCID mice @x1® cells/mouse.
Givinostat (25mg/kg) or PEG400461 (vehicle) were administrated 5 days per
week and treatment started 2 days after cell ilgeciThe levels of blasts in the
blood, spleen and bone marrow were evaluated by figtometric analysis
(staining with anti-CD5 and anti-CD7, charactecstharkers used to identify
human T-ALL cells). At the appearance of signslioiess in control mice, both
groups were sacrificed and therapeutic response evakiated by analysis of
percentage of leukemic cells and levels of apoptimsbone marrow and spleen.

The experimental design is reported below.

The therapeutic effects of Givinostat were veryialde among the four
xenografts tested. PD-TALL8 and PD-TALL16 were bessponders to the

53



treatment while PD-TALL12 and PD-TALL9 showed resjpeely partial and no

measurable response. In particular, PD-TALL8 (TLX®ated mice displayed a
significant reduction in the percentage of CIxells in peripheral blood (Fig. 16
A) as well as in spleen and bone marrow at saeriffeig. 16 B) compared to
controls. Treated mice showed an increased in ap@pin the spleen and albeit
less prominent, in the bone marrow, consisting hit pro-apoptotic effects of
Givinostatin vitro (Fig. 16 C). At sacrifice, spleen size was complarabtreated

and control mice (Fig. 16 D).

Fig.16: Therapeutic effects of Givinostat in PD-TAIL8 xenografts (TLX1). A) Measurement
of circulating blasts by flow cytometry in the bthd@) Percentage of leukemic cells in the spleen
and bone marrow at sacrific€) At sacrifice, levels of apoptotic leukemic celtsthe spleen and
in the bone marrow were measured by annexin V liageand flow cytometric analysis (n=6
mice/group) (* P<0.05, ** P<0.01, *** P <0.001).

PD-TALL16 (TLX3) also responded well to treatmeAtso in this case, treated
mice displayed a significant reduction of circulgtiblasts and in the percentage
of infiltrating cells in spleen and bone marrowgRi7 A and B). Apoptosis levels

in spleen and bone marrow increased in treated emdewere associated with a

54



significant decrease in spleen weight (Fig.17 C BiadAs for PD-TALLS, the
effect of treatment was more pronounced in theespthan in the bone marrow.

Fig. 17: Therapeutic effect of Givinostat in PD-TALL16 xenografts (TLX3). (n=6 mice/group)
(* P<0.05, ** P<0.01, *** P <0.001).

Concerning PD-TALL12 (TAL-LMO), treatment with Givostat determined a
reduction over time of the percentage of CD7+ dellthe peripheral blood and a
modest albeit significant reduction of leukemicle@hfiltrating the spleen (from
80% to 30% of infiltrating cells). On the contrafyivinostat did not decrease the
level of infiltration of bone marrow, that was coanpble between treated and
control mice (Fig. 18 A and B). Evaluation of apags in T-ALL cells harvested

from the spleen of mice confirmed an increase ihdaath (Fig. 18 C).
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Fig. 18: Therapeutic effects of Givinostat in PD-TAL12 xenografts (TAL-LMO). (n=6
mice/group) (* P<0.05, ** P<0.01, *** P <0.001).

PD-TALL9, another leukaemia of the TAL-LMO subgrougdisplayed less
prominent effects compared to the other TAL-LMO cgraft PD-TALL12. On
one hand, HDAC inhibition delayed T-ALL cells enfjnaent, as indicated by the
significant reduction in the levels of CD7 positigells in the blood of treated
mice and by the decrease in spleen weight at ggcgbmpared to controls (Fig.
19 A and D). On the other hand, there was no diffee in the percentage of
infiltrating and apoptotic cells in the spleen @ahd bone marrow of treated mice
compared to controls (Fig. 19 B and C). TherefanePD-TALL9 Givinostat
modestly delayed infiltration of spleen and bonerroa by leukemic cells,
without affecting their viability.
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Fig.19: Therapeutic effects of Givinostat in PD-TAIL9 xenografts (TAL-LMO). (n=5
mice/group) (* P<0.05, ** P<0.01, *** P <0.001).

In conclusion, down regulation of TAL1 protein ircd by HDACIin vitro does
not appear to correlate with therapeutic respoosdeng-term treatmenh vivo in
TAL/LMO xenografts. On the other hand, TLX-driveanografts PD-TALL8 and
PD-TALL16 had better response to Givinostat, altftoneither TLX1 nor TLX3
protein levels were affected by HDAC inhibitars vitro. These results suggest
that TLX1/TLX3 T-ALL samples could be better respens to Givinostat.
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4.9 Short term treatmentin vivo using Givinostat

Since TLX 1 and 3 act as transcriptional repredsoming a complex with

HDACs, we investigated whether HDACi could modelatLX target genes

expression. For this purpose, we performed sleont-treatment in NOD/SCID

mice with Givinostat. For this experiment, we uglecte primary xenografts used
in the long-term treatment experiment. Briefly, T1Acells were injected i.v. in

NOD/SCID mice at 5x19 cells/mouse. Givinostat (25mg/kg) or PEG40@H

(vehicle) were administrated i.p once. The drug a@ministered when mice had
full-blown leukemia, meaning percentage of blastshie peripheral blood, bone
marrow and spleen exceeding 10%, 70% and 80%,cesply (Fig. 20-22).

Mice were sacrificed 6 h after treatment. Spleeth laone marrow infiltration by

T-ALL cells at sacrifice was very high and compdeabetween treated and
untreated mice (Fig. 20-22). The experimental sgttis represented in the

following schematic drawing:

Cells were obtained from the spleen of the micsaatifice and mRNA levels of
several TLX target genes were analysed by gRT-P@Rconfirm the efficacy of
HDAC inhibition in vivo, we measured the acetylated form dubulin (Fig. 20-

22).
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Fig. 20: Engraftment of PD-TALL8 cells in NOD/SCID mice. A) Leukaemia engraftment in

NOD/SCID mice was evaluated by peripheral blooduiltgs analysis at day 20, 27 and 32 after
T-ALL cells injection.B) Spleen and bone marrow were completely infiltratedacrifice 32 days
after leukemic cells injectiorC) Accumulation of acetylated tubulin, was measured as a reed-

out of HDAC activity inhibition by western blot ayais.

Fig. 21: Engraftment of PD-TALL16 cells in NOD/SCID mice
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Fig. 22: Engraftment of PD-TALL12 cells in NOD/SCID mice

We analysed expression levels of a panel of TL4tesl target genes including
ALDH1A1 (Rice et al., 2008)RUNX1, GBP5, PTPN14, PLXODella Gatta et
al., 2012) andCCR7 (Rakowski et al., 2011). Moreover, we assessed the
expression of several TAL1 and c-MYB target gemesluding TRIB2, STAT5A,
BIM1 andGATAZ2(Lorenzo et al., 2011; Sanda et al., 2012; Waldial., 2012)
and NOTCH target genes, includingR2, DTX1 and pT . Interestingly,
expression of several TLX-target genes was modillste¢reated mice compared
to controls. In particular, the most up-regulateshes in all xenografts analysed
were ALDH1A1, GBP5and CCRY7 confirming the effect of Givinostat on TLX
signalling. With regard to TAL1 and c-MYB-relatedrget genesSTATS5Awas
reduced in PD-TALL12 and PD-TALLS8, whereBM1 was down-regulated in
PD-TALL8. The NOTCH target genes most regulaiteditro (CR2, DTX1and
pT ) did not display significant reductions in mMRNA/ésin vivo (Fig. 23).
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Fig. 23: Evaluation of TAL1, c-MYB, NOTCH and TLX t arget genesexpression.T-ALL cells
were recovered from mice spleen and mRNA expressicreveral target genes were assessed in
PD-TALL8, PD-TALL16 and PD-TALL 12 (A, B and C) bgRT-PCR (n=6 mice/group) (*
P<0.05, ** P<0.01, *** P <0.001).
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5. DISCUSSION

In recent years, HDACi have emerged as candidate deigs for cancer
treatment. The therapeutic potential of HDACI stdnosgn their higher cytotoxic
activity against tumour cells compared with norroells. Although numerous
studies on HDACI have been published during the dasade, the mechanisms
underlying their anti-tumour effects are still stargially unknown. In particular,
the oncogenic pathways modulated by these compobade not been fully
elucidated. This lack of knowledge prevented soidantification of a subset of

patients who might be responsive to these drugs.

The goal of my project was to investigate the impaicHDAC inhibitors on
signalling pathways relevant in T-ALkn vitro and investigate whether this
knowledge might predict therapeutic efficacy ofsterugs in preclinical models
of T-ALL.

The first step was to evaluate the pro-apoptotit anti-proliferative effect of a
canonical HDACI (TSA)n vitro in T-ALL cell lines and in a panel of primary T-
ALL cells recovered from xenografts. TSA inducedtlevels of apoptosis in all
samples, a finding which was somewhat at odds with working hypothesis.
This effect was not associated with the genetigsuip of T-ALL, the NOTCH1
mutational status or other genetic features of geafts. Unfortunately, primary
cells from xenografts do not proliferate vitro, thus preventing the possibility to
measure anti-proliferative effects of TSA.

We next investigated the effect of HDACi on sevérahscription factors implied
in T-ALL pathogenesis (TAL1, LMO2, TLX1, TLX3, c-MB, NOTCH1 and
NOTCH3). Although some recent studies reported ¢ffects of HDACi on
individual transcription factors (TAL1 and NOTCH3Cardoso et al., 2011;
Palermo et al., 2012), this is the first comprehensvork which sets out to
analyse the effect of HDACI on key signalling pa#tys in T-ALL. Our results
disclosed regulation of several transcription festbdy various mechanisms,
including both transcriptional (in the case of TAlahd c-MYB) and post-
transcriptional (in the case of NOTCH) levels. &eswere further validated by
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measurements of expression levels of certain taggetes of the various
transcription factors. In the case of NOTCH, we xpeetedly observed TSA-
mediated induction of HES1, one of the most impurtaffectors of Notch

signalling. However, when we checked HES1 protawvels we found them
decreased after TSA treatment in both MOLT3 and DM#D cells (data not
shown). This observation could suggest the existeicompensatory circuits, in
which low HES1 protein levels up-regulate HES1 s$aiption. Concerning

TLX1 and TLX3, HDACI probably affect the represstomplex formation on

TLX target genes promoters, blocking HDACs activitius, protein levels were
not altered by HDACI, but there was a modulationtleé genes downstream
TLX1 and 3, detected by qRT-PCR in short-term expentsin vivo,as shown in

Fig. 23.

But are modulations of transcription factors esséihd the pro-apoptotic activity
of the drug? In the case of TALL, its contributimnHDACI-induced apoptosis
has been recently demonstrated in T-ALL by Cardsisal. (Cardoso et al., 2011)
To investigate this in the case of other transimpftactors modulated by HDACI,
we performed rescue experiments. We found that-expression of the active
forms of NOTCH1 and NOTCHS3 prevents apoptosis up8a treatment. This
result suggests a substantial contribution of NOTGHnalling in this
phenomenon, although it should be noted that T-Alells bearing NOTCH1
activating mutations had similar levels of apopcss NOTCH1 wild-type cells.
We are currently using a similar approach to inges¢ the role of c-MYB in
HDACI-induced cell death, considering the involvernef this oncoprotein in T-
ALL (Clappier et al., 2007; Lahortiga et al., 20@Bgrvaiya et al., 2012; Stenman
et al., 2010).

Furthermore, we investigated the mechanism undheylylne post-transcriptional
regulation of NOTCH1 and NOTCH3 by HDACI. Interesjiy, NOTCH1 and
NOTCH3 down-regulation upon TSA treatment was redclbby a lysosome
inhibitor, which suggests involvement of the endacpathway. This is in line
with a previous work that demonstrated an increag@otein degradation of the
Epidermal Growth Factor Receptor (EGFR) by the emgtio compartment
following treatment with HDACI. In this study, HDAGncreased microtubule
acetylation and accelerated microtubule-dependeswtement of EGFR-bearing
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vesicles to the lysosome by an HDACG6-mediated nmasha(Gao et al., 2010).
Alternatively, it could be that NOTCH1 and NOTCH3eahyperacetylated
following treatment with TSA and this might increasheir turnover. These
hypothesis, if confirmed, would indicate that theamanism of action is more
related to transcription factor rather than globgperacetylation, as recently
found in some experimental models (Christensenl.et?2814). With regard to
NOTCH receptors and HDACI, Palermo et al. recemtgmonstrated down-
regulation of NOTCH3 active ICD domain by TSA in M@3 cell line and in
NOTCH3 transgenic mice (Palermo et al., 2012).his paper, NOTCH3 ICD
acetylation is unbalanced by HDAC inhibition, leaglto increased ubiquitination
and proteasome-dependent degradation. Our resultsHDCAIi-dependent
NOTCH3 full length degradation by the lysosome adaovel mechanism of
NOTCH3 full-length regulation. Furthermore, in caxperiments the proteasome
inhibitor MG132 further decreased NOTCHS3 full-leingirotein levels. It will be
interesting to test apoptosis following treatmerthwiDACIi in combination with
MG132, considering their additive negative effeat NOTCH3 levels. In this
regard, previous papers reported synergistic effaxdt proteasome inhibitor
Bortezomib and HDACI in haematological malignancesh as B-cell precursor
ALL and CLL in vitro (Bastian et al., 2013; Dai et al., 2008)

To reinforce these findings we tested GivinostaE(2357), a pan-HDACIi now in
clinical trials. Induction of apoptosis and inhibit of proliferation upon
Givinostat treatmenin vitro were comparable to TSA and, once again, similar
levels of apoptosis were detected among the diffexenografts. Moreover,
Givinostat showed similar effects on transcriptfantors as TSA. Interestingly,
we found that p16INK - a well-known regulator oétbell cycle (Romagosa et al.,
2011) - was strongly up-regulated after Givinostaatment. This result is in
accordance with previous studies linking HDACI wityi to changes in the
expression of cell cycle regulatory genes (Fandglet2005; Siavoshian et al.,
2000) and is consistent with the anti-proliferataféect induced by HDACI in our
in vitro studies. This finding also shows that the decreasgrotein levels of
various transcription factors was not due to a gdized negative effect on gene
expression, as HDACI treatment clearly up-regulabedprotein levels of this cell

cycle inhibitor.
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Supported by thesén vitro results, we investigated th@ vivo activity of
Givinostat in a T-ALL mouse model developed in talvoratory. This systemic
model of T-ALL reproduces the natural history ofsttumour and it is an useful
tool to test the therapeutic activity of new drugge adopted short-term and long-
term treatments to analyse the biochemical andapieertic effects of Givinostat,
respectively.

Analysis of TLX-related target genes revealed umulation of ALDH1A1l,
GBP5, CCRY7in vivo following Givinostat administration. The modulaticf
these target genes at an early time point from @dministration suggests that
Givinostat blocks HDACs activity in the TLX-represscomplex. We also
detected modulation STAT5AandBIM1, two TAL1 and c-MYB target genes,
respectively, although these effects were not shhyeall the xenografts tested.
On the contrary, NOTCH target genes remained iabdristable upon Givinostat
treatment. Since NOTCH receptors are hypotheticiihyn-regulated by HDACI
through post-transcriptional mechanisms, it is fmssthat the relatively short
time from drug administration to sacrifice of thécen(6 h) was not sufficient to
reduce expression of NOTCH target genes.

Finally, we asked whether primary leukaemias bdlugpgo different T-ALL
subgroups could respond differentially to long tereatment with Givinostan
vivo. In our experiments, TLX-driven xenografts inclogliPD-TALL8 (TLX1)
and PD-TALL16 (TLX3) were the best responders twi@stat. Anti-tumour
effects were predominant in the spleen compared thi¢ bone marrow, perhaps
due to some features of the BM microenvironmenthsas hypoxia, which may
protect T-ALL cells from drug-induced apoptosis.eTRAL-LMO xenografts
(PD-TALL12 and PD-TALL9) had minor therapeutic resges to Givinostat.
Since TLX1/TLX3 are transcriptional repressors offedentiation through a
molecular complex involving also HDAC (Dadi et &012; Sun et al., 2007),
ongoing experiments are aimed at investigating greGivinostat may primarily

act by restoring cell differentiation.
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Fig. 24: Putative mechanism of action of HDACIi in TX-driven T-ALL xenografts. In normal
conditions, TLX1/3 recruit HDACs and form a silemgi complex on target genes promoter,
leading to transcriptional repression (top). UpoDRACi treatment, HDACs activity is impaired
and histones are hyperacetylated. Chromatin expansiassociated with increased expression of
TLX target genes that induce differentiation of TAcells.
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