I g
p LML e I

YA

Universita degli Studi di Padova

Dipartimento di Scienze Chirurgiche Oncologiche
Gastroenterologiche

Corso di Dottorato in Oncologia Clinica e Sperimentale e
Immunologia — XXXII ciclo

Therapeutic targeting of Hedgehog signalling
pathway in T-cell acute lymphoblastic
leukemia (T-ALL)

Coordinatrice: Chiar.ma Prof.ssa Paola Zanovello

Supervisore: Dr. Erich Piovan

Dottoranda: Deborah Bongiovanni






SUM M A R Y oo e e e e 1
RIASSUNTO oo 3
1. INTRODUCTION .ot 6
1.1 T-CELL ACUTE LYMPHOBLASTIC LEUKEMIA ......etuetineeeeeeeeeeeeeeenannnan,s 7
1.1.1  Molecular pathOGEnEesis .............uuuuuiieeeeereriiiiiiiiieeeeeeeeeeeeviiiannn 7
1.1.1.1 The genetic landscape of T-ALL ........cccoovviiiiiiiieeeenieeiiiiinnnnn. 7
1.1.1.2 Oncogenic signalling pathways ............cccceeeervirieeeriiineenennnnn. 9

1.1.2 T-ALL ClasSIfICAION ... eeneee et 15
1.1.3 Treatment Of T-ALL .....ouoniieiee e 17
1.1.3.1 Opportunities for targeted therapies...........ccoeeevvvveeeeeriiiineeennnnnn. 19

1.2. HEDGEHOG SIGNALLING PATHWAY ..outiiniintiiiie et eie e 23
1.2.1 Canonical pathway activation ..............ceeeeiviiieeeriiiineeeeiiiineeeeennen. 23
1.2.2 Hedgehog pathway activation and cancer:...........cccceeeeeerrervvvnnnnnn. 26
1.2.3. SHH signalling in T-cell maturation.............cc.ccoevveeeeriiinneenennnnn. 32
1.2.4. SHH signalling in hematological malignancies........................... 33

2. AIM OF THE THESIS ..o e, 36
3. MATERIALS AND METHODS ..o, 39
3.1 CELL LINES AND PRIMARY T-ALL XENOGRAFTS ...euvenineineeiaeaenaenannns 40
3.2 DRUG TREATMENTS ...ttt 41
3.3 CELL VIABILITY ASSAY .uituttutintintiatie ittt et e et eie e eaeaneenns 41
3.4 APOPTOSIS AND CELL CYCLE ANALYSIS .. ceuttutiutiee e 42

3 S PLASMIDS ..ot 42
3.6 RETROVIRUS PRODUCTION ....euiiiiee et 43



3.9 CELLULAR FRACTIONATION, IMMUNOPRECIPITATION ANALYSIS AND

PROTEIN HALF-LIFE DETERMINATION .. .uttttnttnttteee e eeeeeeenens 46
3.10 DUAL LUCIFERASE REPORTER ASSAY ..euententeeeeeeeeee e eeeeeeeeaaaaanas 47
3.1 1 STATISTICAL AN ALY SIS . u ettt ettt et e e eee e 48

RE UL T S .o 50
4.1 EXPRESSION OF HEDGEHOG PATHWAY COMPONENTS IN T-ALL.......... 51

4.2 ASSESSMENT OF THE EFFECTS OF HEDGEHOG INHIBITION ON T-ALL
CELLS IN VITRO .. ..eitttiuuuieeeeeeeeeeeitiieeeeeeeeeeeeeetaeeeeeeeeeeeeeaaaaaeeeeeeeeeraanes 58
4.3 GANT61 AND DEXAMETHASONE SHOW A SYNERGISTIC ANTI-LEUKEMIC
EFFECT IN VITRO .. .ccttiueettitiieeeeiiiieeeeetiieeeeeatieeeeetaanaeeeeasaneeeeasnnnaeeeasnnnnnns 61
4.4 DEXAMETHASONE IMPAIRS GLI1 FUNCTION........ceiviieeiiieeiiieeeiiee, 69

4.5 DEXAMETHASONE DOES NOT AFFECT GLI1 SUBCELLULAR

LOCALIZATION .. ettt 77
4.6 DEXAMETHASONE REDUCES GLI1 PROTEIN STABILITY ..vuvuvveveeieneennns 78
4.7 NR3C1 INTERACTS WITH GLI1 AND PROMOTES ITS ACETYLATION ...... 80
IS C U S STON ..ot 86
REFERENCES ... oo e e 94

LIST OF FIGURES ... oot 114
LIST OF T ABLES ..o e e 115

LIST OF ABBREVIATIONS .....ooiiiiiiiiiiiiiiiiiiiiiiiiiie 116






SUMMARY

T-cell acute lymphoblastic leukemia (T-ALL) is an aggressive hematological
tumour arising from the malignant transformation of T-cell precursors.
Notwithstanding intensified therapy, ~40% of adult and ~20% of pediatric
patients face a dismal prognosis due to primary resistance to treatment and
relapse, raising the need for more efficient and targeted therapies.

Hedgehog (HH) signalling is a major developmental pathway frequently
deregulated in cancer, for which a role in T-ALL i1s recently emerging. The
therapeutic targeting of HH signalling in T-ALL by specific inhibitors in vitro
and in vivo was shown to be partially effective when used as monotherapy and
seems to suggest an important role for the non-canonical activation of the
pathway (ie. independent of upstream Smoothened receptor). This non-
canonical activation of GLI1 transcription factor, the main HH downstream
effector, underscores the necessity of dissecting the complex regulatory
network upstream of GLI1 in T-ALL.

In this study, we evaluated gene and protein expression of HH pathway
components in T-ALL cell lines, patient-derived xenografts (PDX) and
Notchl-dependent T-ALL murine models, confirming their expression in the
majority of the tested samples. A significant fraction of T-ALL cell lines and
PDX-derived cells were sensitive to HH pathway inhibition by GANT61
(GLI1/2 inhibitor), much less so to cyclopamine (Smoothened inhibitor).
Interestingly, in a Notchl-induced T-ALL murine model, pharmacological
combinations targeting commonly deregulated oncogenic pathways in T-ALL
revealed a therapeutically relevant synergism between GANT61 and
glucocorticoids (GCs). Combined treatment of T-ALL cell lines and PDX-
derived cells with GANT61 plus Dexamethasone (Dexa) showed a synergistic
anti-leukemic effect, affecting both cell proliferation and survival. In order to

gain mechanistic insights of the found crosstalk between the HH pathway and
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the GC receptor pathway, we studied the impact of synthetic GCs on GLI1
function. GCs impaired GLI1 transcriptional activity in transfected HEK-
293T cells stably expressing the GC receptor; however, gene expression data
and Western blot analysis seemed to exclude a transcriptional effect of GCs
on GLI1, but rather suggested a post-translational mechanism of action. Cell
fractionation analysis did not reveal significant re-distribution of GLI1 upon
Dexa treatment, while GLI1 stability was shown to be impaired, revealing a
reduced protein half-life after treatment. Finally, GLI1 and the GC receptor
were shown to interact, with the GC receptor recruiting the acetyltransferase
PCAF and dissociating from the deacetylase HDAC1 upon Dexa treatment,
thus putatively leading to GLI1 hyperacetylation and reduced transcriptional
activity.

In conclusion, we demonstrated that HH pathway is active in a subset of T-
ALLs and the differential sensitivity to HH inhibitors suggests a ligand-
independent non-canonical mechanism of activation. We also collected
evidence of a crosstalk between the GC receptor and HH pathway, with the
GC receptor acting as a negative regulator of GLI1 transcription factor,

setting the therapeutic rationale for combining GLI1 inhibitors and GCs.



RIASSUNTO

La leucemia linfoblastica acuta a cellule T (T-ALL) ¢ un tumore ematologico
aggressivo che ha origine dalla trasformazione maligna dei precursori dei
linfociti T. Nonostante la chemioterapia intensiva, il ~40% dei pazienti adulti
e il ~20% dei pazienti pediatrici va incontro a prognosi infausta a causa di
resistenza primaria alla terapia o di recidiva, sottolineando la necessita di
terapie piu mirate ed efficaci.

La via di segnalazione di Hedgehog (HH), essenziale per il normale sviluppo
embrionale e dell’adulto, risulta essere frequentemente deregolata nel cancro e
recentemente ne sta emergendo un ruolo anche nella T-ALL. L’inibizione
mirata in vitro e in vivo della via di HH tramite specifici inibitori si € rivelata
parzialmente efficace nella T-ALL se usata come monoterapia, evidenziando
inoltre un ruolo importante dell’attivazione non canonica di HH, cioe
indipendente dal recettore Smoothened. L’ attivazione non canonica della via
a livello del fattore di trascrizione GLI1, il principale effettore a valle di HH,
indica la necessita di delucidare il complesso network di regolazione a monte
di GLI1 nella T-ALL.

In questo studio, abbiamo valutato l’espressione genica e proteica dei
componenti della via di HH nella T-ALL usando linee cellulari, cellule
derivate da paziente xenotrapiantate in topo (PDX, patient-derived
xenografts) e modelli murini Notchl-dipendenti, confermando la loro
espressione nella maggioranza dei campioni in esame. Una frazione
significativa delle linee cellulari e delle cellule derivate da PDX ¢ risultata
essere sensibile all’inibizione della via di HH tramite GANT61 (inibitore di
GLI1/2) e in minor misura tramite ciclopamina (inibitore di Smoothened).
Inoltre, in un modello murino di T-ALL Notchl-dipendente, combinazioni di

farmaci agenti su diversi pathway oncogenici comunemente deregolati nella
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T-ALL hanno evidenziato un sinergismo rilevante dal punto di vista
terapeutico fra GANT61 e i glucocorticoidi (GC). 1l trattamento combinato di
GANT®61 e desametasone (Dexa) su linee cellulari e cellule derivate da PDX
ha mostrato un effetto sinergico anti-leucemico, compromettendo
proliferazione e sopravvivenza cellulari. Al fine di avere un quadro piu
meccanicistico dell’interazione osservata fra la via di HH e la via di
segnalazione dei GC, abbiamo studiato l'effetto di GC sintetici sulla
funzionalita di GLI1. I GC hanno compromesso 1’attivita trascrizionale di
GLI1 in cellule HEK-293T stabilmente esprimenti il recettore dei GC;
tuttavia, 1 dati di espressione genica e proteica sembrano escludere un effetto
trascrizionale dei GC su GLI1, ma suggeriscono piuttosto un meccanismo
d’azione post-traduzionale. L’analisi tramite frazionamento cellulare non ha
evidenziato un’alterata distribuzione di GLI1 a seguito del trattamento con
Dexa, mentre la stabilita di GLI1 ¢ risultata essere compromessa, mostrando
una ridotta emivita della proteina dopo trattamento. Infine, GLI1 e il
recettore dei GC sono risultati interagire e il trattamento con Dexa ha
determinato un reclutamento della acetiltrasferasi PCAF e una dissociazione
della deacetilasi HDAC1 dal complesso, cosi promuovendo uno stato
iperacetilato e meno attivo di GLI1.

In conclusione, abbiamo dimostrato che la via di HH é attiva in un
sottogruppo di casi di T-ALL e la diversa sensibilita ai farmaci inibitori della
via suggerisce un possibile meccanismo di attivazione non canonico e
ligando-indipendente. Inoltre, abbiamo evidenziato un’interazione fra la via
dei GC e la via di HH, in cui il recettore dei GC agisce da regolatore negativo
del fattore di trascrizione GLI1, fornendo un razionale terapeutico per

combinazioni di inibitori di GLI1 e GC.
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1. Introduction

1.1 T-cell acute lymphoblastic leukemia

T-cell acute lymphoblastic leukemia (T-ALL) is an aggressive
hematologic tumor, accounting for 15% of pediatric and 25% of adult newly
diagnosed ALL cases [1]. Clinically, T-ALL patients present with diffuse
infiltration of the bone marrow by immature T-cell blasts, high white blood
cell counts, and mediastinal and central nervous system (CNS) involvement.
Compared to the more common B-cell lineage ALL (B-ALL), T-ALL is
associated with unfavorable prognosis, with higher rates of relapse [2].

T-ALL results from the malignant transformation and uncontrolled clonal
proliferation of an immature lymphoid cell committed to T-cell lineage. At the
molecular level, T-ALL is a heterogeneous disease, where a wide spectrum of
genetic lesions and micro-environmental factors cooperate to promote a
multistep leukemogenic process, altering normal cell growth, survival,

proliferation and differentiation during thymocyte development.

1.1.1 Molecular pathogenesis

1.1.1.1 The genetic landscape of T-ALL

Recent improvements in genome-wide profiling and sequencing studies
provided a more comprehensive view of major genetic aberrations involved in
T-ALL pathogenesis, identifying ~20 genes that are recurrently mutated.
Mutations do not occur randomly, but are grouped by clusters of frequently
associated or mutually exclusive genes [3]. The most prominent genetic
alteration in T-ALL (>70% of pediatric cases) is the deletion of the cyclin-
dependent kinase inhibitor 2A (CDKN2A) locus on chromosome 9p21
affecting the expression of pl6/INK4A and pl4/ARF tumor suppressor
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genes, which regulate cell cycle progression and p53-mediated apoptosis,
respectively [4,5].

Additional frequent and characteristic events of T-ALL are chromosomal
translocations of transcription factor genes to regulatory regions of T-cell
receptor genes, leading to the aberrant expression of rearranged proto-
oncogenes.

These transcription factors include:

- basic helix-loop-helix (bHLH) transcription factors: T-cell acute lymphoblastic
leukemia 1 (TALI1) [6], TAL2 [7], lymphoblastic leukemia associated
hematopoietic regulator 1 (LYL1) [8], and BHLHBI [9];

- LIM-only domain (LMO) transcription factors: LMO1 and LMO?2 [10]-[11];

- homeobox (HOX) transcription factors: T-cell leukemia homeobox 1
(TLX1/HOX11) [12], TLX3 (HOX11L2) [13], NK2 homeobox NKX2-1,
NKX2-2 and NKX2-5 [14,15], and homeobox A (HOXA) cluster [16];

- other proto-oncogenes. avian myelocytomatosis viral oncogene homolog

(MYC) [17] and myeloblastosis transcriptional activator (MYB) [18].

Deregulated transcription factors are associated with specific transcriptional
profiles that define distinct molecular T-ALL subgroups (TAL1/LMO; TLX1;
TLX3; HOXA subtypes).

Moreover, mutations and deletions in tumor suppressor genes such as Wilms
Tumor 1 (WT1), Lymphoid Enhancer Binding Factor 1 (LEF1), ETS Variant
6 (ETV6), B-Cell CLL/Lymphoma 11B (BCL11B), Runt Related
Transcription Factor 1 (RUNX1) and GATA Binding Protein 3 (GATA3)
contribute to the overall transcriptional deregulation of T-ALL [19-23].

In addition, several genes encoding epigenetic regulators and chromatin
modifiers are also recurrently mutated in T-ALL [24], including Enhancer of
zeste homolog 2 (EZH2), suppressor of zeste 12 homolog (SUZ12) and

embryonic ectoderm development (EED), the plant homeodomain factor gene
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PHF6, the histone demethylase 6A (KDM6A) and ubiquitin specific peptidase
7 (USP7).

1.1.1.2 Oncogenic signalling pathways

The genetic landscape of T-ALL pathogenesis is further complicated
by alterations in signalling pathways that are commonly shared across the
different molecular subgroups and crosstalk to promote disease progression
providing proliferative and survival advantages to T-ALL blasts. These
signalling pathways, which are crucial to normal T-cell development, control
a plethora of biological processes and offer numerous opportunities for
targeted therapies (see Paragraph 1.1.3.1). Deregulated signalling pathways in
T-ALL mainly result from cell intrinsic factors, such as genetic lesions in
critical signalling components, or as a response to cell-extrinsic micro-
environmental factors, such as nutrient availability, hypoxia, chemokines, and
growth factors [25].

An overview of relevant signalling pathways in T-ALL pathogenesis is shown

in Figure 1, adapted from Bongiovanni et al. [25]:
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Figure 1: Oncogenic pathways in T-ALL
Schematic representation of cell-extrinsic (blue), cell-intrinsic (red) or mixed factors (green)
contributing to T-ALL leukemogenic process. Adapted from Bongiovanni et al. [25]

NOTCHI pathway

Together with chromosomal rearrangements and loss of the CDKN2A locus,
the most important hallmark of T-ALL is the oncogenic activation of
NOTCHI1 signalling, with over 60% of T-ALL patients harboring activating
mutations in NOTCH1 [26]. The members of NOTCH protein family are
essential regulators of early T-cell fate specification and thymocyte
development [27]. NOTCHI1 activating mutations lead to the ligand-
independent release of the intracellular domain of NOTCHI1 (ICN), which
subsequently translocates to the nucleus where it acts as a transcription factor.

Alternatively, NOTCH1 mutations in the proline, glutamic acid, serine,

10
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threonine-rich (PEST) domain or inactivating mutations in F-box and WD
repeat domain containing 7 (FBXW?7) preserve ICN from ubiquitin-mediated
degradation by the proteasome [28]. NOTCHI1 can promote leukemia cell
growth via direct transcriptional upregulation of anabolic pathways, including
ribosome biosynthesis, protein translation and nucleotide and amino acid
metabolism [4]. Moreover, NOTCH1-mediated transcriptional upregulation of
MYC oncogene can further enhance these growth-promoting effects. In
addition, NOTCH directly regulates Interleukin-7-receptor (IL-7R) [29] and
Insulin-like growth factor (IGF1R) [30] genes, which both are important in T-
ALL mediating survival and proliferative signals to foster the leukemogenic

process.

PI3K/AKT/mTOR pathway

Phosphoinositide 3-kinase (PI3K)/AKT pathway is aberrantly activated in
>85% T-ALL cases [31]. Frequently, PI3K/AKT pathway is activated by
deletions or loss of function mutations in phosphatase and tensin homolog
(PTEN), a lipid phosphatase functioning as the main negative regulator of the
pathway [31,32]. In addition, PTEN can be inactivated by transcriptional
repression by NOTCH]1 target hairy and enhancer of split-1 (HES1), by casein
kinase 2 (CK2)-mediated phosphorylation or reactive oxygen species (ROS)-
induced oxidation [31]. Moreover, PI3K/AKT/mammalian target of
rapamycin (mMTOR) pathway is activated downstream of IL-7R signalling [33]
and IGFIR signalling [30]. Mutations affecting PTEN/PI3K/AKT pathway
are highly prevalent in TAL1" cases, suggesting that TAL1 over-expression
cooperates with mutations affecting the PI3K/AKT pathway (especially

PTEN inactivation) to promote T-cell transformation.

11
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IL-7R/JAK/STAT pathway

IL-7 is an essential cytokine for normal T-cell development and homeostasis,
promoting cell survival and cell cycle progression. In T-ALL, stromal cells of
the tumor microenvironment (z.e. thymus and bone marrow) secrete IL-7 and
favor disease progression [34,35]. Approximately 10% of T-ALL cases show
gain of function mutations in IL-7R, resulting in constitutive Janus
kinase/signal transducer and activator of transcription (JAK/STAT)
signalling [36]. Gain of function mutations in JAK1, JAK3, STATS5 have also
been detected in a variable fraction of T-ALL cases [21,37-39]. Mutations
affecting IL-7R/JAK/STAT pathway are particularly enriched in
TLX1/TLX3* and HOXA* T-ALL cases [36]. Moreover, IL7R is also a direct
transcriptional target of NOTCHI1, leading to hyperactivated IL7 signalling

cascade also in the absence of mutations in IL-7R, JAK or STAT genes [29].

RAS/MAPK pathway

Activating mutations in Kirsten/Harvey rat sarcoma viral oncogene
homologs (KRAS, HRAS) and protein phosphatase non-receptor type 11
(PTPN11) oncogenes have been described in 5-10% of T-ALL, in particular in
the early T-cell precursor ALL (ETP-ALL) subgroup (see Paragraph 1.1.2 for
T-ALL classification) [21]. In addition, cryptic deletions and/or mutations in
neurofibromin 1 (NF1) tumor suppressor gene, encoding a negative regulator

of Ras pathway, occur in 3% of T-ALL [40].

Chimeric ABLI fusion genes

Aberrant rearrangements of Abelson murine leukemia viral oncogene
homolog 1 (ABL1) tyrosine kinase occur in about 8% of T-ALL cases [41].
While breakpoint cluster region (BCR)-ABL1 fusion protein is a hallmark of
chronic myeloid leukemia (CML), it is exceptionally rare in T-ALL [42]. The

12
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most frequent and T-ALL specific ABL1 rearrangement is Nucleoporin 214
(NUP214)-ABL1 episomal amplification (6% cases) [43,44].

Additional pathogenic mechanisms reported to play a role in T-ALL as a
result of genetic lesions include altered ribosomal function through mutations
affecting ribosomal proteins (e.g. RPL5, RPL10, RPL22) [45] and altered
expression of oncogenic miRNAs (e.g. miR-19b, miR-20a, miR-26a, miR-92,
and miR-223) or long non-coding RNAs, such as leukemia-induced non
coding activator RNA 1 (LUNART1) [46].

The most common genetic lesions found in T-ALL patients are listed in Table

1, extracted from Belver et al. [4]:

Table 1: Genetic alterations in T-ALL

Gene Genetic lesion Frequency (%) Refs

Transcription factor oncogenes

TAL1 t(1;14)(p32;q11) 3 192
t(1;7)(p32;q34) <1 82
5 super-enhancer generating mutations 5 61,62
1p32 deletion 25 192

TAL2 t(7;9)(q34;932) 1 7

LyL1 t(7:19)(q34:p13) 1 8

BHLHB1 t(14:21)(q11.2;,922) 1 9

LMO1 *t(11;14)(p15;q11) 1 11,87
*t(7;11)(q34;p15)

LMO2 t(11;14)(p13;q11) 6 10
t(7;11)(q34;p13) <1 193
11p13 deletion 3 70

TLX1 1(10;14)(q24;q11) 5-10 (paediatric T-ALL) 24
* (7;10)(q35:q924) 30 (adult T-ALL) 89
* del(10)(q24q26)

TLX3 1(5;14)(q35:932) 20-25 (paediatric T-ALL) and 5 (adult T-ALL) 14

HOXA inv(7)(p15q34) 3 16,82
t(7:7)(p15;q34) 3 194

PICALM-MLLT10 1(10;11)(p13;q14) 5-10 86

KMT2A-MLLT1 (also  t(11;19)(q23;p13) 5 195

known as MLL-ENL)

SET-NUP214 9934 deletion 3 87

NKX2-1 *inv(14)(q11.2q13) 5 (paediatric T-ALL) 15

*inv(14)(q13q32.33)
* 1(7;14)(q34;q13)

13
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Ribosomal proteins and translation

RPL10 Mutation 6 (paediatric T-ALL) 161
RPL11 Inactivating mutation X 173
RPL5 Inactivating mutation 2 161
CNOT3 Mutation 10 (adult T-ALL) 161

BHLHB1, basic helix-loop-helix protein 1; CCND2, cyclin D2; CDKN, cyclin-dependent kinase inhibitor; CNOT3, CCR4-NOT
transcription complex subunit 3; DNM2, DNA methylase 2: EED, embryonic ectoderm development; EML1, echinoderm
microtubule associated protein like 1; ETV6, ETS variant 6; EZH2, enhancer of zeste 2; FBXW?7, F-box and WD repeat domain
containing 7; FLT3, fms related tyrosine kinase 3; GATA3, GATA binding protein 3; HOXA, homeobox A; IL7R, interleukin-7 receptor;
IRS4, insulin receptor substrate 4; JAK, Janus kinase; KDM6A, lysine-specific demethylase 6A; KMT2A, histone-lysine
N-methyltransferase 2A; LEF1, lymphoid enhancer factor 1; LMO, LIM domain only; LYL1, lymphoblastic leukaemia associated
haematopoiesis regulator 1; MLL, mixed lineage leukaemia; NF1, neurofibromin; NKX2, NK2 homeobox; NUP214, nucleoporin 214;
PHF6, PHD finger protein 6; PICALM; phosphatidylinositol-binding clathrin assembly protein; PTPN11, protein tyrosine
phosphatase non-receptor type 11; RB1, retinoblastoma 1; RPL, ribosomal protein; RUNX1, runt related transcription factor 1;
SUZ12, suppressor of zeste 12; T-ALL, T cell acute lymphoblastic leukaemia; TAL, T cell acute lymphocytic leukaemia; TLX, T cell
leukaemia homeobox; WT1, Wilms tumour 1; ZEB2, zinc finger E-box binding homeobox 2.

1.1.2 T-ALL classification

T-ALL arises from the malignant transformation of immature
progenitors primed towards T-cell development. As normal thymocytes
mature, they are characterized by a changing pattern of cluster of
differentiation (CD) markers; therefore, the constellation of CD markers in
lymphoblasts can suggest the maturational stage at which the transformation
occurs. Four immunophenotypic subgroups of T-ALL have been defined by
the European Group for the Immunological Characterization of Leukemias

(EGIL) [47,48]:

-pro-T (T-1): CD3*/CD7*/CD2/CDla/CD34""

-pre-T (T-1I): CD3*/CD7*/CD2*/CD1a/CD34""

-cortical T (T-1I1): CD3"/CD7*/CD2*/CDla*/CD34

-mature T (T-1V): CD3*/CD7*/CD2*/CDla/CD34 /membrane CD3".

The immature pro- and pre-T stages are double negative (DN) for CD4 and
CDS8 and the cortical T group is double positive (DP) for CD4 and CDS,

15
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whereas the mature T group is single positive (SP) for CD4 or CD8 [49].
While pro- and pre- T-ALL subgroups tend to have a worse outcome, cortical
and mature subtypes have a better prognosis [50].

Finally, the recently defined ETP-ALL, which accounts for 10% of pediatric
and 40-50% of adult cases [51], present unique immunophenotypic features,
which include lack of CDla, CD4 and CDS8 expression, weak CD5
expression, and expression of at least one myeloid and/or stem cell marker
[52]. Initially ETP-ALL was associated with a very dismal outcome; however,
in more recent studies intensified treatment strategies seemed to overcome the
poor prognosis [53].

The immunophenotypic T-ALL subgroups are associated with distinct
molecular subtypes showing unique transcriptional signatures, as a result of
deregulated expression of specific transcription factor oncogenes (see
Paragraph 1.1.1)

ETP-ALLs present an arrest at the earliest stages of T-cell differentiation and
1s associated with LYL1 overexpression. ETP-ALLs show a transcriptional
program closely related to hematopoietic stem cells and myeloid progenitors,
with predominant alterations in transcription factor genes regulating
hematopoietic and T-cell fate development, such as RUNX1, GATA3 and
ETV6 [52]. They have a lower prevalence of NOTCHI1 mutations and
frequently harbor mutations in genes commonly mutated in acute myeloid
leukemia such as isocitrate dehydrogenase (IDHI1), IDH2 and DNA
methyltransferase 3A (DNMT3A) and fms related tyrosine kinase 3 (FLT3)
[21,54,55].

Early cortical T-ALLs are arrested in the initial stages of cortical thymocyte
maturation and are typically associated with activation of the TLX1, TLX3,
NKX2-1 and NKX2-2 homeobox genes. They have the highest prevalence of
NOTCHI1 mutations and almost universally harbor deletions of the CDKN2A

locus [14,56]. TLX1 and TLX3 specific cooperating mutations include

16
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NUP214-ABL1 rearrangements and mutations in PHF6, WT1 and PTPN2
[51].

Late cortical leukemias typically present activation of the TAL1 oncogene,
together with altered expression of LMO1 or LMO2. Frequent mutations in
NOTCHI1 and CDKN2A, and a high prevalence of PTEN mutations and

deletions are also observed [56].

double negative (CD4° CD8") early cortical late cortical mature

TCRap’
coa!

AL L T-cell cDa,E034"  ¢pg- €D34° car o4

: commitment (FN\cow N\ conat psalection —o\(D1a* cDla® o4y, ot O3B
) ) Q\) (,/) _ Q 1 > +/- selection TCRos
Cor ChE e — co8 08 o3 Co8 cos* ~—"ps \

TCRyS-

selection o €03

cos*
@ @
€n3* TCRyS

03" TeRys:

PHENOTYPE

ETP-ALL

28
Sg TIX3 TIX1 TALL/TAL2
)
] 2 HOXA NKX2-1/NKX2-2 LMO1/LMO2
IL7R/JAK/STAT JAK3, IL7R, STATSS, 1ax1 PI3K/AKT/mTOR

PTEN, PIK3R1,
AKTL, PIKICA, PIKICD, AKT2

RAS/MEK/ERK INRAS, NF1, KRAS, BRAF, PTPNA

SIGNALING

NOTCH1 NOTCH1, FBXw?

Figure 2: Schematic representation of normal T-cell differentiation in humans in relation
to the different T-ALL molecular subgroups

Mutations that activate specific oncogenic signalling pathways are unequally enriched in T-
ALL subgroups. The size of the font indicates the frequency of aberrations. Adapted from De
Smedt ez al. [57].

1.1.3 Treatment of T-ALL

The current standard treatment for T-ALL consists of high dose multi-
agent chemotherapy, allowing 80% of pediatric and 40% of adult patients to
achieve long-term remission [4]. The therapeutic protocols are designed
according to risk stratification and criteria for treatment allocation are

response-oriented, with Prednisone response and minimal residual disease
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(MRD) analysis at different time points proven to be the strongest prognostic

factors for T-ALL [50,58].

The Associazione Italiana di Emato-Oncologia Pediatrica (AIEOP)-Berlin-

Frankfurt-Miunster (BFM) study group traditionally evaluates the peripheral

blood blast cell count after 7-day glucocorticoid pre-treatment to classify

patients as Prednisone Good Responders (PGR, <1000/l blasts on day 8) or
Prednisone Poor Responders (PPR, >1000/ul blasts), stratifying all PPR
patients to the high risk group of treatment protocols [59].

After the initial Prednisone cytoreductive pre-phase, therapy of T-ALL is

typically divided in three phases [59-62]:

Remission-induction phase: the primary goal is to eradicate >99% of the
initial bulk of leukemic cells and achieve a rapid hematological
recovery. Different combinations of drugs may be used, but they
generally include a glucocorticoid (Dexamethasone or Prednisone)
administered with vincristine, anthracyclines and l-asparaginase. For
children in high-risk groups or adults, an additional dose of
Cyclophosphamide (CPM) is typically added. As CNS involvement is
a major clinical problem for T-ALL patients, CNS prophylaxis by
intrathecal methotrexate (MTX) with or without cranial radiotherapy
1s usually started at induction and continued through the other phases.
Consolidation (intensification) phase: once remission 1is achieved,
intensification  treatment with risk-based combinations of
chemotherapeutics - including CPM, 6-Mercaptopurine (6-MP) and
Cytarabine (ARA-C)- helps eradicating residual leukemic blasts and
prevent the risk of relapse.

Maintenance- (continuation) phase: after consolidation, the patient is

generally put on a maintenance chemotherapy regimen for 2 years,
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which is based on high dose MTX and 6-MP, often along with pulses

of vincristine and steroids.

These aggressive regimens are often associated with acute toxicities and long-
term side effects affecting bone development, fertility and the CNS [63].
Moreover, limited therapeutic options are available for primary resistant and
relapsed patients, for which prognosis remains dismal.

Allogeneic hematopoietic stem cell transplantation is an option for persistent
T-ALL at later times of treatment and represents the only curative option for
the majority of relapsed/refractory cases [64,65].

While the treatment for relapsed B-ALL has been revolutionized by the recent
approval of blinatumomab [66], inotuzumab ozagamicin [67] and anti-CD19
chimeric antigen receptor (CAR) T-cell therapy [68], treatment for
refractory/relapsed T-ALL stalled since the approval of nelarabine in 2005
[69]. Indeed, Nelarabine, a pro-drug of ARA-G (9-beta-D-
arabinofuranosylguanine) specifically cytotoxic to T-lymphoblasts [70],

remains the only agent specifically approved for relapsed T-ALL to date.

1.1.3.1 Opportunities for targeted therapies

Progress in our understanding of crucial genes, signalling pathways
and molecular mechanisms underlying the pathobiology of T-ALL paved the
way for novel targeted therapies, including immunotherapies and a number of
small-molecule inhibitors targeting key drivers of the disease.

The most desirable target for T-ALL 1s NOTCHI1, which would allow a
therapeutic intervention in the over 60% of T-ALL patients harboring
activating NOTCH1 mutations [26]. Several strategies to inhibit NOTCHI1
signalling in T-ALL have been investigated, most notably gamma-secretase
inhibitors (GSI). GSI block the cleavage of NOTCHI1 from the cellular

membrane, thereby preventing translocation of ICN1 to the nucleus and
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NOTCH-mediated transcriptional activation [71]. Despite promising pre-
clinical data, clinical trials were disappointing due to limited clinical efficacy
and gastrointestinal toxicity. Moreover, several mechanisms of resistance to
GSI have been reported, including loss of PTEN, FBXW?7 mutations,
NOTCH-independent MYC activation and epigenetic regulations [65].
Nevertheless, glucocorticoids were shown to have a protective effect against
GSI-mediated gastro-intestinal toxicities [72], and in turn, GSI enhance the
response to steroids such as dexamethasone [73]. Alternative strategies to
target NOTCH1 pathway are being developed to improve selectivity and
reduce off-target effects, including specific NOTCHI1 inhibitory antibodies
[74,75], stapled peptides that target NOTCHI1 transcriptional complex [76],
inhibitors of NOTCHI1 target genes (e.g. IGFIR [30], HES1 [77], MYC [78])
and inhibitors of sarcoplasmic/endoplasmic reticulum calcium ATPase
(SERCA) channels impairing NOTCH1 receptor protein processing [79].

A second strategy targeting a central genetic driver of T-ALL is to block
deregulated cell cycle progression resulting from loss of the pl6/INK4A
tumor suppressor gene, which is present in about 70% T-ALL cases [4].
Palbociclib is an inhibitor of CDK4 and CDK6 which has been shown to
inhibit cell cycle progression of T-ALL cells in vitro and to inhibit disease
progression in vivo [80,81] and is now being investigated in phase I clinical
trials (INCT03515200, NCT03132454).

Another interesting therapeutic target is the PI3K/AKT/mTOR signalling
pathway, which 1s commonly constitutively activated in T-ALL, mainly via
loss of PTEN tumor suppressor. Inhibition of PI3K/AKT/mTOR signalling
pathway via different approaches - including pan-PI3K inhibitors, isotype-
specific PI3K§8/y inhibitors, AKT inhibitors, mTOR inhibitors or dual
PI3K/mTOR inhibitors - produced convincing pre-clinical data in T-ALL [82-
87], providing also multiple strategies to overcome resistance to

glucocorticoids, GSI and chemotherapy [32,84,87]. Clinical efficacy of these

20



1. Introduction

inhibitors proved to be disappointingly modest as monotherapy [88]; however,
ongoing clinical trials are evaluating mTOR inhibitors everolimus
(NCT01523977) and temsirolimus (NCT01614197) in combination with
chemotherapy in children with relapsed T-ALL.

Additionally, another signalling pathway aberrantly activated in T-ALL and
potentially targetable is IL-7R/JAK/STAT pathway, with several lines of
evidence showing a role not only in leukemogenesis, but also in modulating
steroid resistance [89-91]. JAK1/2 inhibition by ruxolitinib showed anti-
leukemic activity in ETP-ALL patient xenografts in vivo independent of the
presence of JAK/STAT mutations [92] and it is under investigation in
combination with chemotherapy for relapsed ETP-ALL patients
(NCT03613428).

Moreover, pharmacologic inhibition of the anti-apoptotic protein BCL-2 by
Venetoclax has been suggested as a valuable approach in immature subtypes
of human T-ALL, in particular in ETP-ALL, and it is now being evaluated in
combinatorial regimens in phase I and Ib/II clinical trials (NCT03181126,
NCT03504644).

As for immunotherapies, emerging approaches (NCT03081910,
NCT03690011) include CAR T-cells targeting CD5 (which 1s expressed by the
majority of T-ALL cells, but only by a subset of healthy T-cells), or CD7 prior
CRISPR/CAS9- mediated ablation of CD7 on CAR T-cells to prevent
fratricide effects [93,94]. Another potential target typically expressed on T-ALL
cells 1s CD38, which can be targeted by monoclonal antibody Daratumumab
[95] and is now under evaluation in combination with chemotherapy
(NCT03384654). Moreover, inhibition of the C-X-C motif chemokine
receptor 4 (CXCR4) decreases survival and proliferation of T-ALL cells in
vitro and impairs homing to the bone marrow in vivo [96]. A CXCR4 peptide
antagonist BL-8040 is now being studied in combination with nelarabine

(NCT02763384).
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A summary of selected ongoing clinical trials for relapsed T-ALL is shown in

Table 2, extracted from McMahon et al. [97]:

Table 2: Selected ongoing clinical trials for relapsed T-ALL

Study Target Ph.  Patients Intervention

Immunotherapeutic studies

NCT03384654 CD38 11 1-30 years old with R/R T- or B-ALL Daratumumab + chemotherapy
NCT03690011 CD7 I <75 years old with relapsed T-ALL or T cell lymphoma  CAR T cells targeting CD7
NCT03081910 CD5 I <75 years old with relapsed T-ALL or T cell lymphoma CAR T cells targeting CD5
NCT02763384 CXCR4 Ila  >18 years old with R/R T-ALL BL-8040 + nelarabine

Targeted agents
NCT03181126 BCL-2 I >4 years old with R/R T- or B-ALL Venetoclax + navitoclax + chemotherapy
NCT03504644 BCL2 Ib/Il =18 years old with R/R T- or B-ALL Venetoclax + liposomal vincristine
NCTO03132454 CDK4/6 I >15 years old with R/R T- or B-ALL Palbociclib in combination with sorafenib,

decitabine, or dex
NCT03515200 CDK4/6 I <21 years old with R/R T- or B-ALL Palbociclib + chemotherapy
NCT01523977 mTOR | 18 months-21 years old with relapsed T- or Everolimus + chemotherapy
Ph-negative B-ALL

NCT01614197 mTOR 1-21 years old with R/R T- or B-ALL Temsirolimus + ctoposide and cyclophosphamide
NCT03705507 MEK VII  All ages with R/R T- or B-ALL with Ras mutation Selumetinib + dex
NCT03613428 JAKI1/2 I 13-75 years old with R/R ETP-ALL Ruxolitinib + chemotherapy

Other
NCT02879643 Microtubule | 1-21 years old with relapsed B- or T-ALL Liposomal vincristine + chemotherapy
NCT02303821 Proteasome Ib 1-21 years old with R/R T- or B-ALL Carfilzomib + chemotherapy

Ph., phase; R/R, relapsed and/or refractory; CAR, chimeric antigen receptor; mTOR, mammalian target of rapamycin; ETP, early T-precursor; CDK,
cyclin-dependent kinase; dex, dexamethasone

In conclusion, huge progress has been made in the definition of the genetic
and molecular landscape underlying T-ALL pathogenesis in the past decades;
however, the therapeutic options for patients with relapsed/refractory T-ALL
are still limited. Improved understanding of oncogenic cell-intrinsic factors as
well as of aberrant signalling networks governing the interaction with the
tumor micro-environment will help identifying novel targets and develop

effective therapeutic strategies for T-ALL patients.
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1.2. Hedgehog signalling pathway

Hedgehog (HH) gene was originally identified by Nusslein-Volhard
and Wieschaus by genetic screening in Drosophila melanogaster for its role in
larval segmentation [98]. Shortly thereafter, three mammalian Hedgehog
ligands - Desert Hedgehog (DHH), Indian Hedgehog (IHH) and Sonic
Hedgehog (SHH) - were found, sharing with their fruit fly paralog a key
regulatory role in organogenesis, tissue regeneration and homeostasis. All HH
proteins, despite the shared downstream signalling machinery and partially
redundant function, differ for their expression patterns in various tissues [99].
Intriguingly, secreted HH ligands can trigger distinct cellular outcomes
according to their concentration in exposed cells as a result of spatial and
temporal gradients [100,101]. The regulation of the dorsoventral patterning of
the neural tube and the anteroposterior patterning of the limbs are examples
of the essential function of HH ligands as morphogens [102]. In line with its
role of master developmental regulator, defects in HH signalling can cause
severe congenital malformations, including holoprosencephaly, brachydactyly
and polydactyly [103]. HH is also a mitogen and survival factor for adult stem
cell populations across several tissues [104-106], thus it is of no surprise that
aberrant activation of the pathway was reported to play a role in the

tumorigenesis of different types of solid and hematological cancers [107].

1.2.1 Canonical pathway activation

HH ligands are synthetized as a precursor protein of ~45 kDa, which
undergoes auto-proteolytic cleavage generating a ~19 kDa amino-terminal
(HH-N) and a ~25 kDa carboxy-terminal (HH-C) peptide. While HH-C is
targeted to proteasomal degradation, HH-N is covalently modified by the
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attachment of a cholesterol moiety at its carboxyl terminus and of a palmitic
acid group at its N-terminus. The dually lipid-modified HH-N is finally
secreted and triggers signal transduction on recipient cells [101]. In absence of
HH ligands, the 12-pass transmembrane receptor Patchedl (PTCHI1) or its
homologous PTCH2, tonically repress the 7-pass transmembrane G protein-
coupled receptor Smoothened (SMO) and the signal cascade is kept inactive
[108,109]. While PTCHI1 is broadly expressed, PTCH2 is mainly restricted to
skin and testes [110]. In this OFF-setting, Kinesin-like protein 7 (KIF7)
facilitates the sequential phosphorylation of Glioma-associated oncogene
homologs transcription factors GLI2 and GLI3 by Protein Kinase A (PKA),
Casein Kinase 1 (CK1) and Glycogen Synthase 3B (GSK3-f). GLIs
hyperphosphorylation promotes the binding of -transducin repeat-containing
protein (BTrCP), leading to GLI ubiquitination and partial proteasomal
processing into truncated repressor forms (GLI2R and GLI3R), thus shutting
off target gene expression [111,112]. When HH ligands bind PTCH1, PTCHI is
internalized and degraded so that the repression over SMO is relieved [113].
SMO accumulates within the primary cilium and assumes an active
conformation allowing the initiation of the signalling cascade, by
antagonizing the inhibitory effect of PKA on GLI transcription factors [114].
Bypassing the PKA-induced proteolytic cleavage, full-length GLI proteins are
released from the negative regulator Suppressor of Fused (SUFU) [115], enter
the nucleus and activate gene transcription. A schematic representation of

canonical HH signalling pathway is shown in Figure 3.
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Figure 3: Overview of the canonical HH signalling pathway

In absence of HH ligands, PTCHI1 inhibits SMO and GLI2/3 proteins are phosphorylated
and processed into truncated repressor forms that prevent target gene transcription. Upon
ligand binding to the receptor complex formed by PTCH1 and its co-receptors (CDON, BOC,
GAS1), SMO accumulates in the plasma membrane of the primary cilium and promotes a
signalling cascade that culminates in the nuclear translocation of the full-length active form of
GLI1/2 transcription factors. Adapted from Briscoe and Thérond [116].

Mouse genetic studies showed that GLI2 is mostly a transcriptional activator
[117,118] and GLI3 is mainly a repressor [119,120], while GLI1 is a HH target
gene that exclusively functions as a transcriptional activator to amplify
existing HH signalling in a positive feedback loop [121]. Glil also triggers the
expression of different cell-specific target genes that mediate a plethora of
cellular responses, including differentiation and proliferation (e.g. Cyclin
D1/D2, Cyclin E, N-MYC), cell survival (e.g. BCL-2), self-renewal (e.g.
NANOG, SOX2), epithelial-mesenchymal transition and invasiveness (e.g.
SNAIL, CXCR4) [122,123]. In addition to PTCHI1, a number of co-receptors
can modulate HH pathway activation, including positive co-receptors (cell
adhesion molecule-related/downregulated by oncogenes CDON, brother of
CDO BOC, growth-arrest specific 1 GAS1) and the negative regulator HH

interacting protein (HHIP) [124]. Upon pathway activation, the expression of
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the negative receptors (PTCH1 and HHIP) is transcriptionally induced by
GLI1, while the expression of positive co-receptors (CDON, GAS1, BOC) is

repressed, ensuring a negative feedback loop to limit the signalling [122,125]

1.2.2 Hedgehog pathway activation and cancer:

The ligand-dependent SMO-mediated activation is by definition the
canonical mechanism of activation of HH pathway; however, a number of
ligand-dependent and ligand-independent non-canonical mechanisms (Fig. 4)
were reported in cancer, leading to an aberrant and persistent activation of
HH pathway in up to 25% of human tumors [126]. The role of HH signalling
In tumorigenesis 1s context-dependent and affects tumor cell behavior at
different stages, including self-renewal, survival, proliferation and metastasis,

as a result of the transcription of diverse target genes [122,123].

Ligand-dependent mechanisms

Three different ligand-dependent models (i.e. autocrine, paracrine, reverse
paracrine) have been proposed according to the role of the tumor
microenvironment in producing or receipting HH ligands, suggesting that
besides targeting the tumor directly, also inhibiting HH pathway in
neighboring stromal cells may be effective in the treatment of HH-dependent
cancers. Autocrine activation was described in breast, lung, pancreatic and
prostate cancer and results in cell autonomous HH signalling due to
overexpression of HH ligands [127,128]. In the case of paracrine activation, the
tumor cell produces HH ligands that signal to nearby stromal cells, which in
turn provide trophic cues to tumor cells [129,130], such as vascular endothelial

growth factor (VEGF), IL-6 and IGF. In hematological malignancies like B-
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cell lymphoma and multiple myeloma (MM), reverse paracrine activation
where stroma-derived HH ligand activates HH signalling within the tumor

was also reported [131,132].

Ligand-independent mechanisms

The initial link between HH pathway and cancer came from the observation
that patients with Gorlin Syndrome, an autosomal dominant disease
characterized by a predisposition to basal cell carcinoma (BCC) and
medulloblastoma (MB), harbor loss-of-function mutations in PTCH1[133].
High frequency inactivating mutations in PTCHI1 [134-137] and to a lesser
extent gain of function mutations in SMO [138,139] were described also in
sporadic BCC and MB patients and were proven to drive tumorigenesis in
BCC and MB murine models [139-141]. Albeit not sufficient to drive
tumorigenesis [142], germline and somatic mutations in the negative regulator
SUFU [143] and gene amplifications in GLI1 and GLI2 [144] were also

described in MB and glioma respectively.
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Figure 4: Mechanisms of HH pathway activation in cancer

1. Ligand independent activation: loss of function mutations in negative regulators (e.g.
PTCH1, SUFU) and gain of function mutations in positive regulators (e.g. SMO) of the
pathway lead to constitutively active signalling. 2. Ligand dependent autocrine activation:
augmented expression of HH ligands positively feedbacks onto the tumor cell and perpetuates
itself. 3. Ligand dependent paracrine activation: tumor-derived HH ligands activate HH
pathway in stromal cells to induce the production of soluble factors that sustain tumor growth
and survival. 4. Ligand dependent reverse paracrine activation: HH pathway is triggered in
tumor cells in response to stroma derived HH ligands. Adapted from Hui et al. [145].
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Non-HH signals and crosstalk with other oncogenic pathways

In cancer, multiple signalling pathways can be integrated inside the tumor cell
and directly or indirectly converge on the regulation of the three GLI proteins
in a SMO-independent fashion. SMO-independent transcriptional activation
of GLI1 is involved in the maintenance and progression of different neoplastic
malignancies, such as melanoma [146], prostate cancer [147], chronic
lymphoblastic leukemia (CLL) [148], lymphoma and MM [149]. Moreover, the
non-canonical activation of GLIs has also important therapeutic implications
for cancer treatment because it limits the efficacy of SMO antagonists.
Aberger et al. proposed the model of the “GLI code”, as a dynamic, integrated
and context-specific modulation of the balance between the repressor and the
activator functions of GLI transcription factors [150]. An increase in the
oncogenic load of the cell, in terms of loss of tumor suppressors (e.g. p53,
Numb), gain of oncogenes (e.g RAS, c-MYC, EWS/FLI1) or activation of
oncogenic pathways (e.g. PI3K/AKT, mTOR/S6K, EGFR, TGF-3, WNT,
RAS/MAPK) alter the homeostasis of this balance and favor a constitutively
ON state of HH pathway [125,151]. The impact on GLI modulation can result
either from a transcriptional regulation of GLI genes or from post-
translational modifications (e.g. phosphorylation, acetylation, ubiquitination)
that alter GLI protein function, affecting its transcriptional activity, protein
stability and localization [152]. These diverse mechanisms of non-canonical
activation of GLIs are thoroughly summarized in Table 3, extracted from

Pietrobono et al. [151]:
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Table 3: Mechanisms of non-canonical activation of GLI1

Upstream Regulator

RAS-RAF-MEK-ERK
MEK1/2-ERK1/2

MEK1/2-RSK2
MAPKKK/MEKK
MEKK1

MEKK2/3

PIBK/AKT/mTOR
AKT

mMTOR/SEK1
p70SEK2

TGFp

PKC signaling
PKCa

PKCS

aPKCu/n
DYRK family
DYRK1A

DYRK1B

DYRK2

Oncogenic drivers
EWS/FLI

SOX9
FOXC1
c-MYC
IKKB
SRF-MKL1
WIP1

Mechanism of action

Increases expression of Gli target genes; Gli1 required for
KRAS-driven transformation

Increases GLI1/2 transcriptional activity

Increases GLI1 nuclear localization

Induces GLI1 protein stability

Induces GLI2 protein stability

Promotes GLI2 nuclear localization and stabilization

Inhibits GLI1 transcriptional activity

Inhibits GLI1 transcriptional activity and protein stability through
SUFU

Increases Gli2 transcriptional activity

Increases GLI1 transcriptional activity and nuclear translocation
Enhances GLI1 protein stability

Prevents GLI degradation (GSK3p-dep.)

Enhances GLI1 activation preventing SUFU association
Prevents GLI1 degradation (GSK3p-dep.)

Increases GLI2 transcription (SMADS3-dep.)
Increases GLI2 expression
Stimulates GLI1 transcriptional activity (PCAF-dep.)

Reduces GLI1 transcriptional activity
Increases GLI1 transcriptional activity
Increases GLI1 transcriptional activity
Reduces GLI1 transcriptional activity
Enhances DNA binding and GLI1 transcriptional activity

Promotes GLIT nuclear translocation
Induces GLI1 degradation, mediated by F-actin and MKL1

Enhances GLI1 transcriptional activity
Induces GLI2 protein degradation

Induces GLI1 transcription

Prevents TrCP-mediated GLI1 degradation
Enhances GLI2 transcriptional activity

Enhances GLI1 transcription

Promotes GLI1 stability

Induces GLI transcription and enhances DNA binding

Enhances GLI1 transcriptional activity, nuclear localization and
protein stability
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Cancer/Cell type

KRAS-driven PDAC
mouse model

NIH3T3
Melanoma

PDAC

Gastric cancer
Colon cancer
LAC

Melanoma

PDAC

BCC

Multiple myeloma

MB
MB

NIH3T3

Melanoma

PDAC, ovarian cancer
ALCL

EAC

NSCLC

EAC

PDAC, BC

Colon CSC

PDAC

HEK-293T
Hep3B, NIH3T3
HEK-293T
Hep3B, NIH3T3
BCC

NIH3T3, HEK-293T

Lung carcinoma,
rhabdomyosarcoma

PDAC, MB
NIH3T3

Ewing sarcoma

Pancreatic CSC
Basal-like BC
Burkitt lymphoma
DLBCL

BCC

Melanoma
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Upstream Regulator

Tumor suppressors
p53

NUMB

SNF5
miRNAs
miR-324-5p
miR-361

miR-326
BET proteins
BRD4

BET

BET

HDAC
HDAC
HDAC class |

HDAC class Il
HAT

p300

PCAF

PRMTs
PRMT1
PRMTS

Mechanism of action

Inhibits GLI1 transcriptional activity, nuclear translocation and
protein stability

Promotes proteasome-dependent degradation of GLI1
(PCAF-dep.)

Interferes with DNA binding ability of GLI1 (TAFS-dep.)

Induces GLI1 ubiquitination and proteasome degradation

(ITCH-dep.)
Interferes with promoter occupancy of GLI1

Represses GLI1 expression
Represses GLI1 expression
Represses GLIT and GLI3 expression

Represses GLI2 expression

Increases GLI1/2 transcription

Upregulates Glit in murine CAFs
Promotes GLI occupancy on target promoters

Stimulates GLI1 nuclear localization and transcriptional activity
Increases DNA binding ability of GLI1 (HDAC1)

Transcriptional control of GLI2 (HDACE)

Prevents GLI2 recruitment to chromatin
Acts as GLI1 transcriptional cofactor
Promotes GLI1 ubiquitination and proteolysis

Enhances DNA binding ability of GLI1
Enhances GLI1 protein stabilization and nuclear translocation

Inhibits GLI1 expression through Menin1

Cancer/Cell type

Glioblastoma

MB

Rhabdomyosarcoma,
Osteosarcoma

MB

Rhabdoid Tumors

CGCPs

Prostate cancer
Retinoblastoma and
CSC

Ptch+/— MB CSC

BCC
MB
PDAC
PDAC

Multiple Myeloma
MB MB, murine BCC

MB

HEK-293T, NIH3T3
Glioblastoma, MB
MB

PDAC

C3H10T1/2,
HEK-293T, SCLC

Neuroendocrine tumors

ALCL, anaplastic large cell lymphoma, b-TrCP, b-transducing repeat-containing protein, BC, breast
cancer; BCC, basal cell carcinoma; BET, bromo- and extra-terminal domain; CAF, cancer-associated
Sfibroblats; CSC, cancer stem cells;, DLBCL, diffuse large B-cell lymphoma;, DYRK, dual-specificity
tyrosine phosphorylation-regulated kinase; EAC, esophageal adenocarcinoma; CGCPs, cerebellar granule
cell precursors;, GSK3b, glycogen synthase kinase 3b; HAT, histone acetyltransferase; HDAC, histone
deacetylase; LAC, lung adenocarcinoma, MEF, mouse embryonic fibroblasts;, NSCLC, non-small cell
lung cancer; PCAF, p300/CREB-binding proteinassociated factor; PDAC, pancreatic ductal
adenocarcinoma, PKC, protein kinase C; PRMT, protein arginine methyltransferases; SCLC, small cell
lung cancer; SUFU, Suppressor of Fused,
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1.2.3. SHH signalling in T-cell maturation

Among the numerous functions in organogenesis, SHH was reported to
regulate early stages of thymic development [153] and to have a role, though
controversial, in primitive and definitive hematopoiesis [154,155]. In the
thymus, SHH is expressed in epithelial cells of the medullary and subcapsular
regions and the cortico-medullary junction, while SHH-responsive cells can be
found both in thymic Iymphoid and stromal compartments [156,157].
Consistent with its morphogen function, the strength of SHH signal depends
on where cells are located in the thymus: SP cells in the medulla are closer to
SHH source, while early thymocyte progenitors, that are located closer to the
cortico-medullary junction, receive a weaker SHH stimulus [153]. Expression
of SHH pathway components varies during T-cell maturation: SMO
expression 1s highest in DN2, decreases gradually during maturation from
DN3 to DN4 subsets to become undetectable in DP populations, but it is
upregulated again in a small fraction of CD4 and CDS8 SP thymocytes
[156,158]. The same pattern of expression is seen also for GLI1 transcription
factor, confirming that DN cells and a proportion of SP cells are the actual
SHH-responsive cells in the thymus [153]. Studies of embryonic thymic
development in SHH- and GLI3- deficient mouse models have shown that
SHH signalling is essential for the homeostasis of DN subsets before pre-TCR
signalling, providing positive cues for differentiation, expansion and survival
at the transition from DN1 to DN2 stage [157,159]. Moreover, SHH signalling
shapes the T-cell receptor (TCR) repertoire selection [160], modulating TCR
strength and outcome according to the SHH concentration that the
developing thymocytes are exposed to while they move across the thymus. As
a matter of fact, Shh”~ mice show a stronger TCR signal and as result, an
increased CD4:CD8 SP cell ratio. Consistently, constitutive pathway

activation in transgenic mice by the N-terminally truncated form of GLI2
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(GLI2AN,) results in decreased TCR signal, thus impairing positive and
negative selection and reducing the CD4:CD8 ratio [160].

1.2.4. SHH signalling in hematological malignancies

Focusing on hematological malignancies, several works suggested a role
for HH pathway in a range of both myeloid and lymphoid disorders. Zhao et
al. and Dierks et al. demonstrated that - adopting two independent approaches
of SMO ablation in mice - HH signalling is active in BCR-ABL1" CML and
essential for disease progression. In both studies, SMO deletion was shown to
decrease the number of leukemic stem cells and to reduce the incidence and
delay the onset of leukemia [161,162]. Moreover, HH inhibition was shown to
be effective against CML in vitro and in vivo, either alone or in combination
with tyrosine kinase inhibitors (TKIs). Such therapeutic combinations of
SMO inhibitors and TKIs are now under evaluation in clinical trials [163].
Other evidence of the implication of HH signalling in cancer stem cell
maintenance in hematological tumors came from MM, where an inverse
paracrine mechanism of pathway activation was proposed, with the bone
marrow microenvironment acting as a source of HH ligands for MM
progenitors [131,164]. The complex nature of leukemic stem cell populations
also suggests that targeting HH pathway alone is unlikely to be successful.
Hoffmann et al. showed that SMO 1s completely dispensable in a form of
acute myeloid leukemia (AML) model; on the other hand, in 2018 the small
molecule SMO inhibitor Glasdegib was FDA-approved in combination with
low-dose cytarabine for newly diagnosed AML patients [165].

A contribution of HH signalling is now emerging also in T-ALL, with recent
studies showing that pathway components are expressed and signalling is
active in T-ALL cell lines and primary samples [155,166,167]. Rare somatic

mutations in HH pathway components were found in T-ALL patients,
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including truncating mutations in SMO (R726* and R763*) and missense
mutations in GLI1 (S538F) and GLI3 (G727R) [168]. More recently, Burns et
al. identified HH pathway mutations in 16% of childhood T-ALL cases, with
PTCHI1 being the single most commonly mutated gene. These PTCHI1
missense mutations did not have a prognostic value, but were associated to
resistance to induction chemotherapy and were shown to accelerate the onset
of NOTCHI1-induced T-ALL in a zebrafish model [167]. HH pathway was
also reported to be active in a subset of T-ALL cases through augmented
expression of SHH and IHH ligands and of GLI1 transcription factor,
suggesting that pathway-intrinsic mutational events are only partially
responsible for this activation [166]. Moreover, ectopic expression of HH
ligand in JAK3 mutant mouse model of T-ALL induced growth advantage,
higher infiltration rates, and thymic epithelial cell activation, indicating a
supportive role in leukemia development. However, Gao et al. found HH
signalling to be dispensable for NOTCHI1-induced leukemia induction and
progression [155]. The debated effects of SMO deficiency in normal
hematopoiesis [154] and leukemogenesis [155], together with the reduced
efficacy of SMO inhibitors (cyclopamine and GDC-0449) on cell line growth
with respect to GLI1 inhibitors [166,169], underscores the importance of non-
canonical SMO-independent modulation of HH signalling and the necessity
of dissecting the complex regulatory network upstream of GLII in discrete

tumor entities [170].
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Current efforts in T-ALL research are focusing on a deeper genetic and
molecular characterization of the disease to identify new therapeutic targets
for the development of effective treatment strategies for primary
resistant/relapsed patients.

HH signalling pathway was reported to be aberrantly activated in a variety of
solid and hematological tumors by ligand-dependent as well as by ligand-
independent mechanisms, contributing to tumour development and
progression, and cancer stem cell maintenance. Recently, rare somatic
mutations of HH signalling components were described in T-ALL and
approximately 20% of primary T-ALL samples were shown to express high
levels of GLI1 and HH ligands. Interestingly, therapeutic targeting iz vitro and
in vivo of HH pathway in T-ALL suggests that the inhibition of the signalling
at the level of GLII1 transcription factors, rather than at the level of SMO
receptor, might be more effective, emphasizing the importance of the non-
canonical activation of GLI1.

Given these premises, the overall purpose of this work was to characterize the
role of HH signalling and its therapeutic targeting in the pathogenesis of T-
ALL. We first evaluated the expression of pathway components in a panel of
T-ALL cell lines, patient-derived xenografts and Notchl-dependent murine
models and determined their in vitro sensitivity to HH inhibitors with distinct
mechanisms of action. In line with the literature, our data suggested a SMO
receptor-independent activation of HH pathway, prompting us to investigate
the interplay between HH signalling with other therapeutically relevant
deregulated pathways in T-ALL which contribute to the non-canonical
activation of GLI1. To this end, we further explored the newly observed
crosstalk between HH signalling pathway and the glucocorticoid receptor
pathway, with particular emphasis on the definition of its therapeutic

potential and the molecular mechanisms underlying the crosstalk.
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3.1 Cell lines and primary T-ALL xenografts

T-ALL cell lines were grown in RPMI-1640 medium (Euroclone)
supplemented with 10% fetal bovine serum (FBS; Gibco) and additives (1%
Ultra-Glutamine 200mM, 1% Sodium-Piruvate 100mM, 1% Hepes 1M, 1%
Penicillin-Streptomycin 10000 U/mL; Lonza) at 37°C in a humidified
atmosphere under 5% CO,. Human Embryonic Kidney—293T cells (HEK-
293T) were cultured in Dulbecco's modified Eagle's medium (DMEM,;
Euroclone), supplemented as described before.

For functional studies -other than cell viability assays- requiring
glucocorticoid treatment, DMEM and RPMI-1640 media were supplemented
with Charcoal-stripped FBS.

Primary T-ALL xenografts were previously established from our collaborator
Dr. Stefano Indraccolo (Istituto Oncologico Veneto - IOV, Padova, Italy)
from the bone marrow of newly diagnosed pediatric patients, with informed
consent according to the guidelines of the local ethics committee. For
xenografts establishment, 6- to 8- week-old Non-obese diabetic/severe
combined immunodeficiency interleukin 2 receptor gamma chain null
(NOD/SCID IL2Ry™") immunodeficient mice were intravenously injected
with 10x10° T-ALL cells. For short-term in vitro experiments, primary T-ALL
xenograft-derived cells were maintained in MEM-a GlutaMAX™ medium
(Gibco) with 10% FBS, 10% human serum (Gibco), hIL-7 (10ng/mL,
Peprotech), hSCF (50ng/mL, Peprotech), hFLT3-ligand (20ng/mL,
Peprotech) and Insulin (20nM, Sigma-Aldrich).
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3.2 Drug treatments

For in vitro studies, T-ALL cells were plated at a density of 0.25-
0.3x10°/mL in triplicate for each experimental condition in 24 well-plates.
Cells were treated with different doses of Dexamethasone (1nM-1uM),
GANT61 (5-40uM) and cyclopamine (1-20uM). For drug combination
screening, the following inhibitors were used in combination with 2.5uM
GANT61: DBZ (iNOTCHI1, 2.5-20nM), BEZ235 (imTOR, 2.5-20nM),
MK2206 (1AKT, 5-40nM), PF4708671 (iS6K, 1-10uM), H89 (iPKA, 1-5uM),
Vitamin D3 (5-10uM), PD98059 (iMAPK, 1-10uM), GSK650394 (iSGK, 1-
5uM). For functional analysis of HH pathway, cells were treated with
different concentrations of Dexa (10nM-1uM), RU486 (1-10uM), trichostatin
A (TSA, 1uM). Control wells were treated with an equivalent percentage of
DMSO (vehicle).

3.3 Cell viability assay

Cell viability was assessed by ATPlite Luminescence ATP Detection
Assay System (PerkinElmer), an ATP-monitoring system that indirectly
determines ATP concentration as an indicator of active cellular metabolism.
The system is based on the quantification of light emission from the ATP-
dependent oxidative reaction of luciferine substrate by the luciferase enzyme.
Briefly, 100uL of cell culture from each condition of a 24-well plate were
transferred in duplicate in a dark 96-well plate. Cells were then lysed at room
temperature in 50pl. of Mammalian cell lysis solution for 5 minutes.
Subsequently, 100uL of ATPlite substrate were added to each well and after 5
minutes of dark adaptation, luminescence signal was detected on a VICTOR

X5 Multilabel Plate Reader (Perkin Elmer).
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3.4 Apoptosis and cell cycle analysis

Evaluation of apoptosis was performed by flow cytometry following
cell staining with Annexin-V-FLUOS Staining Kit (Roche) and SYTOX™
Red Dead Cell Stain (Thermo Fischer) according to manufacturer
instructions.

Cell cycle analysis was performed by flow cytometry following Propidium
Iodide (PI) staining (Sigma-Aldrich).

Samples were analyzed on a FACSCalibur flow cytometer (BD Biosciences)
supporting Cell Quest software (BD Biosciences). All the analyses were
performed in triplicate. Flow cytometry data were analyzed with FlowJo™

Software (BD Biosciences).

3.5 Plasmids

To overexpress GLI1, the following plasmids were used: pcDNA3.1-
His-hGlil  (Riken), pBABEPuro-HA-GLI1 (Addgene), hGlil-flag3x
(Addgene), pcDNA3.1-GLI1-FLAG (a gift from Prof. Gianluca Canettieri,
University La Sapienza, Rome, Italy). To overexpress the glucocorticoid
receptor NR3C1, the retroviral construct pMSCV-HA-NR3C1 was used (a gift
from Prof. Adolfo Ferrando, Columbia University, New York, USA). pBJ5-
HDACI-FLAG, pCMVB-p300-myc and pCI-flag-PCAF (Addgene) constructs
were used to study GLI1 acetylation. pcDNA 3.1-empty (Addgene) and
pMSCV-puro (Addgene) were used as empty control vectors.

For constructs used in dual luciferase assays see Paragraph 3.9.
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3.6 Retrovirus production

Retroviral particles were generated by a transient three-plasmid vector
packaging system in HEK 293T cells transfected using JetPEI transfection
agent (Polyplus). Briefly, cells were plated in 10cm culture dishes and co-
transfected with a combination of the following vectors: (i) retroviral
packaging plasmid (2.7pg), encoding gag, pol and rev genes; (ii) the Vesicular
stomatitis virus G glycoprotein (VSV-G) envelop plasmid (300ng); (iii)
pMSCV-puro control plasmid or pMSCV-HA-NR3C1 overexpression
plasmid (3.5ug). 48 hours after transfection, viral supernatants were collected
and filtered, and then supplemented with hexadimethrine bromide (Sigma-
Aldrich) to a final concentration of 5ug/mL to infect HEK 293T target cells.
Infected cells were subjected to puromycin selection (1ug/mL; Sigma-Aldrich)
for 5-7 days.

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

Total RNA was extracted by acid guanidinium thiocyanate-phenol-
chloroform extraction method using TRIzol Reagent (Invitrogen) following
manufacturer instructions. cDNA was synthesized from 0.5-1pg of total RNA
using SensiFAST™ cDNA Synthesis Kit (Bioline). Real time RT-PCR
reactions were performed using SensiFAST™ SYBR® Hi-ROX Kit (Bioline)
and run on a ABI Prism 7900 Sequence Detection System (Applied

Biosystems). Relative gene expression levels were calculated using the 2-2ACt
method [171] and normalized against the expression of B-microglobulin and f3-
Actin housekeeping genes for murine samples or GAPDH and RPLI19

housekeeping genes for human samples. Primer sequences used for Real time

RT-PCR reactions are listed below.
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Table 4: Primer sequences for Real time RT-PCR reactions

SMO FW

GLI1 FW AGATGAATCACCAAAAAGGG
GLI1 RV ATATCACCTTCCAAGGGTTC
GLI2 FW TACCAGCAGATTCTGAGC
GLI2 RV CTCTGCTTGTTCTGGTTG
GLI3 FW CTTCTAATGAGGATGAAAGTCC
GLI3 RV ACCCATGGATCTCTTTCTTG
PTCH1 FW ATCCTGAAATCCTTCTCTGAC
PTCHI1 RV AGGAAATTCCGATCAATGAG
PTCH2 FW TCCAAGTATCACTCTATGGG
PTCH2 RV AATCATCCGCTCAATCATTC
SMO FW GAGAAGATCAACCTGTTTGC
Human SMO RV CATCTTGCTCTTCTTGATCC
HHIP FW TTAAGTGATTTCACAGGCTC
HHIP RV CTTGGTATGGAATAAGGCAC
SUFU FW TTCTCCAGAGGAATTCAAAC
SUFU RV CAACTGTTACACTGGAAGTC
SHH FW GAGCGATTTAAGGAACTCAC
SHH RV CCTTACACCTCCTGAGTCATC
IHH FW AGTTGATGCTGCTAAATTCC
IHH RV GAATGTCATACCTCAGAATGG
GAPDH FW GAAGGTGAAGGTCGGAGT
GAPDH RV CATGGGTGGAATCATATTGGAA
RPL19 FW CAGAAGATACCGTGAATCTAAG
RPL19 RV TGTTTTTGAACACATTCCCC
GLI1 FW TACCATGAGCCCTTCTTTAG
GLI1 FW TCATATCCAGCTCTGACTTC
GLI2 FW CAACGCCTACTCTCCCAGAC
GLI2Z RV GAGCCTTGATGTACTGTACCAC
Mouse |PTCH1 FW CAACCAAACCTCTTGATGTG
PTCHI1 RV CCTGCCAATGCATATACTTC
PTCH2 FW CAGATGTTGATTCAGACTGC
PTCH2 RV AATCCCAGGATTTCCCATAG

TAGGCTACAAGAACTATCGG
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SMO RV TCTTGATGGAGAACAGAGTC
HHIP FW GAAAGATTGTACGGAAGCTATG
HHIP RV ACCTCTCCTAATTCATCTTCTC
SHH FW GGGAAGATCACAAGAAACTC
SHH RV TTAACTTGTCTTTGCACCTC
IHH FW ACTACAATCCCGACATCATC
IHH RV CCCTCATAGTGTAAAGACTCC

f2-MICRO FW GTATGCTATCCAGAAAACCC
$2-MICRO RV CTGAAGGACATATCTGACATC
B-ACTIN FW GATGTATGAAGGCTTTGGTC
B-ACTIN RV TGTGCACTTTTATTGGTCTC

3.8 Western blot analysis

Total cell lysates were obtained in RIPA lysis buffer (Cell Signalling)
supplemented with phosphatase inhibitors (Protease Inhibitors Cocktail 2 and
Cocktail 3, Sigma-Aldrich) and protease inhibitors (cOmplete™ ULTRA
Tablets, Roche). Protein concentration was determined by Quantum Protein
Assay Kit (Euroclone) according to manufacturer instructions. For Western
blot analysis, protein lysates (20-30ug) were separated on 4-12% gradient
NuPAGE® Bis-Tris polyacrylamide or 3-8% gradient NuPAGE® Tris-
Acetate SDS-PAGE gels (Thermo Fisher) and transferred to nitrocellulose
membranes (Protran). Membranes were then blocked in 5% non-fat dry milk
in Phosphate Buffer Saline (PBS)-0.1% Tween 20 and incubated overnight
with primary antibodies. Primary antibodies were diluted either in 5% milk or
in 5% BSA in PBS-0.1% Tween 20 buffer, according to manufacturer
instructions. The following primary antibodies were used: rabbit a-GLI1 (Cell
Signalling), rabbit a-PTEN (Cell Signalling), rabbit a-SHH (C9C5, Cell
Signalling), rabbit a-SHH/IHH (Santa Cruz Biotechnology), rabbit a-SUFU
(Cell Signalling), rabbit a-NR3C1 (E20, Santa Cruz Biotechnology), rabbit a-
GILZ (Santa Cruz), rabbit a- B-actin (Cell Signalling), mouse a-tubulin o
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(Santa Cruz Biotechnology), rabbit a-Lamin B1 (Cell Signalling), rabbit o-
MAX (C-17, Santa Cruz Biotechnology), rabbit a-HA (Cell Signalling), rabbit
a-FLAG (Cell Signalling), mouse a-MYC (9E10, Santa Cruz Biotechnology),
rabbit a-acetylated lysine (Cell Signalling).

The morning after, membranes were washed in PBS-0.1% Tween 20 buffer
and incubated 1 hour at room temperature with HRP-conjugated goat anti-
rabbit or goat anti-mouse IgG (Perkin Elmer) diluted 1:5000 in 2% milk in
PBS-0.1% Tween 20 buffer. For signal detection, equal volumes of Western
Lightning® Plus ECL Enhanced Luminol Reagent Plus and Western
Lightning® Plus ECL Oxidizing Reagent Plus (Perkin Elmer) were mixed
together and added to the membranes. Images were acquired on a ChemiDoc
XRS Imager (Biorad) acquisition imagine system and analyzed with Quantity
One® 1-D analysis software and ImagelJ software (National Institutes of
Health., USA).

3.9 Cellular fractionation, immunoprecipitation analysis
and protein half-life determination

For cell fractioning analysis, nuclear and cytoplasmic fractions were
collected using Nuclear Extract Kit (Active Motif).
For Immunoprecipitation (IP) analysis, cells were lysed in Co-IP buffer
(50mM Tris pH 7.5, 150mM NaCl, 0.1% NP-40, 10% glycerol, ImM EDTA).
At least 3mg of whole cell lysates per sample were pre-cleared in Protein L—
agarose (Santa Cruz Biotechnology) at 4° for 30’. IP was performed overnight
with EZview™ Red anti-FLAG or anti-HA M2 Affinity Gel (Sigma-Aldrich)
at 4° under gentle rotation. The morning after, immunoprecipitates were
extensively washed at 4° in CO-IP buffer and eluted in NuPage LDS sample
buffer (Thermo Fisher Scientific) by heating 8’ at 95°.
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For protein half-life determination, cells were pre-treated for 18h with DMSO
or Dexa and cycloheximide (CHX) was added at a final concentration of
50pg/mL) to inhibit protein synthesis. Whole cell lysates were then harvested
at different time points and Western blot analysis was performed as previously

described.

3.10 Dual Luciferase reporter assay

HEK 293T cells were seeded at a concentration of 8x10* cells per well
in 24-well plates and transfected with 100ng of GLI1-expression plasmid or
pcDNA3.1 empty vector (Addgene) using JetPEI transfection agent
(Polyplus). 8x3'Gli-BS-delta51-Lucll vector (250ng, Riken), a Firefly
luciferase reporter plasmid carrying eight copies of the GLI-responsive
element, was used as reporter plasmid. For internal normalization of
transfection efficiency, cells were co-transfected with pGL4.74 [hRluc/TK]
plasmid (100ng, Promega), encoding Renilla luciferase. 24h after transfection,
cell culture medium was replaced with fresh complete DMEM medium.
When cells reached confluence, cell culture medium was switched to serum-
restricted DMEM (<2% FBS) and treatments were started for 24h. Luciferase
activity was measured 72h post-transfection by Dual-Luciferase Reporter®
assay kit (Promega). Briefly, transfected cells were gently rinsed from culture
medium with PBS and lysed for 15 minutes in 100uL of passive lysis buffer.
Cleared cell lysates (10pL/sample) were transferred to a 96-well plate and
Luciferase Assay Reagent (LAR II, 50uL/well) was added. Firefly luciferase
activity was detected on a VICTOR X5 Multilabel Plate Reader (Perkin
Elmer). Renilla luciferase activity was then measured adding Stop & Glo®

reagent (50uL/well).
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3.11 Statistical analysis

Unpaired two-tailed Student’s T-test was used for statistical
comparison between groups (*p<0.05, **p<0.01, ***p<0.001). Statistical
analyses were performed with GraphPad Prism software (GraphPad

Software).
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4.1 Expression of Hedgehog pathway components
in T-ALL

A recent study by Dagklis er al. provided evidence of HH pathway
activation in T-ALL, revealing ectopic expression of SHH, IHH and GLI1 in
a subgroup of T-ALL patients [166]. We therefore sought to confirm and
assess the expression of the main HH pathway members by quantitative Real-
Time RT-PCR in different T-ALL samples, including cell lines (n=14), PDX
samples (n=20) and Notch1-induced mouse models (n=8).

A panel of 14 cell lines (ALL-SIL, CUTLL1, DND41, JURKAT E6, HPB-
ALL, KOPTKI1, MOLT3, P12 ICHIKAWA, RPMI8402, PF382, HSB2,
MOLT4, CCRF-CEM, TALLI1) was considered for gene expression analysis.
In our T-ALL cell line panel (Fig. 5A) GLI1, the principal effector of HH
pathway outcome and conventionally considered as a mirror for pathway
activation, resulted overexpressed with respect to normal thymocytes in 79%
(11/14) of T-ALL cell lines. Interestingly, the other transcriptional activator
of HH pathway GLI2, which was not expressed by normal thymocytes, was
detected at low levels only in a minority of T-ALL cell lines, while the
transcriptional repressor GLI3 was expressed in all of them. Despite the
heterogeneous patterns of gene expression, a general upregulation in
transcript levels was observed also for GLI1 targets PTCH1 and HHIP.
Consistently, the expression of GLI1 transcript positively correlated with the
expression levels of PTCH1 (Fig. 5B). PTCH1 paralog PTCH2 was the only
target of GLI1 to be downregulated in T-ALL cell lines with respect to normal
samples. Other major HH pathway components like SUFU and SMO were
also overexpressed in T-ALL cell lines. Looking at HH ligands, SHH was
universally not expressed, with the only exceptions of CUTLL1 and DND41
cell lines, expressing very low levels of the ligand. On the other hand, THH
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ligand was expressed and generally downregulated in T-ALL cell lines in
comparison to normal thymocytes. However, no correlation was found
between IHH expression and GLI1 (Fig. 5C) or between IHH and GLI1 main
targets PTCH1 and HHIP (Fig. 5D), suggesting that T-ALL cell lines are not

subjected to autocrine HH activation.
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Figure 5: Transcripts of HH pathway components are aberrantly expressed in T-ALL cell
lines

A) Relative expression analysis by Real time RT-PCR of genes encoding HH pathway
components in T-ALL cell lines (n=14). Scatter dot plots show mRNA levels as log2-
transformed fold change (244°T) to normal human thymocytes (n=1). Dashed line indicates
normal human thymocytes expression levels. Results are presented with horizontal bars
indicating the median and error bars indicating interquartile range. RPL19 gene was used as
housekeeping gene. B-D) Correlation between expression levels of HH genes evaluated by
linear regression analysis and Pearson’s correlation test. (ns, p>0.05, * p<0.05, ** p<0.01)

Western blot analysis in selected cell lines (ALL-SIL, CUTLL1, DND4l1,
JURKAT E6, KOPTK1, RPMI8402, MOLT4, CCRF-CEM) confirmed the
expression of GLI1 protein, with a trend for higher expression in PTEN"
(DND41, CUTLL1, ALL-SIL, KOPTK1) versus PTEN~ (JURKAT E6,
MOLT4, RPMI8402, CCRF-CEM) cell lines (Fig. 6). Consistently, PTCH1
levels showed a similar trend as GLI1 protein levels, while SUFU protein was

homogeneously expressed amongst the tested cell lines. Further, in
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accordance with the transcriptional data, SHH ligand was not expressed in T-
ALL cell lines, whereas IHH was clearly detectable in its full-length precursor
form (IHH-FL), but much less so in its mature secretable form. Additional
HH pathway members were evaluated, but subsequently excluded due to poor

technical performance of primary antibodies (data not shown).
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Figure 6: Protein expression levels of HH pathway components in selected T-ALL cell
lines

Western blot analysis of selected HH pathway components in T-ALL cell lines. 3-Actin was
used as loading control. Lysates from HEK-293T cells and recombinant SHH protein (rfSHH)
were used as positive controls.
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Next, we evaluated the activation of HH pathway in cells derived from a
cohort of PDX (Fig. 7A), previously derived in our Institute from primary
leukemic patients. A similar trend to T-ALL cells lines was observed, with
GLII being overexpressed compared to normal thymocytes in most PDX
samples and GLI2 being detectable only in sporadic cases. The transcription
factor GLI3 and the membrane receptors PTCH1, PTCH2 and SMO were
variably expressed in all the tested samples. As for T-ALL lines, SHH was
completely absent, whereas IHH was expressed and mostly downregulated
compared to normal thymocytes. Among GLI1 targets, PTCH2 was the only
one to correlate with GLI1 and ITHH (Fig. 7B), while no correlation was
found for THH-GLI1 and IHH-PTCH1 (Fig. 7C), strengthening the

hypothesis of a mechanism of HH activation other than autocrine signalling.
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Figure 7: HH pathway components are aberrantly expressed in T-ALL PDX samples

A) Relative expression analysis by RT-PCR of genes encoding HH pathway components in
PDX samples (n=20). Scatter dot plots show mRNA levels as log2-transformed fold change
(244€T) to normal human thymocytes (n=4). Dashed line indicates median expression levels in
normal human thymocytes. Results are presented with horizontal bars indicating the median
and error bars indicating interquartile range. GAPDH and RPL19 genes were used as
housekeeping genes. B-C) Correlation between expression levels of HH genes evaluated by
linear regression analysis and Pearson’s correlation test. (ns, p>0.05, * p<0.05)

Finally, we assessed the expression of major mediators and targets of HH
signalling in two different Notchl-induced T-ALL murine models, previously
generated in our lab. One murine model (HD-APEST) is induced by an
activated form of NOTCHI1 that closely resembles human NOTCH1 mutated
alleles and carries a L1601P mutation in the heterodimerization domain
(HD), together with a deletion in the PEST domain. The other model of
murine NOTCHI1-induced leukemia (AE) is based on the over-expression of

the AE allele, presenting a deletion in the EGF-like domain. As shown in
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Figure 8, in both models we could detect HH pathway activation, with a
frequent upregulation of signalling components with respect to normal murine

thymocytes.
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Figure 8: HH pathway components are aberrantly expressed in Notchl-induced T-ALL
murine models

Relative expression analysis by RT-PCR of genes encoding HH pathway components in AE
(n=5) and HD-APEST (n=3) T-ALL murine models. Scatter dot plots show mRNA levels as
log2-transformed fold change (244°T) to normal murine thymocytes (n=5). Dashed line
indicates median expression levels in normal murine thymocytes. Results are presented with
horizontal bars indicating the median and error bars indicating interquartile range. -Actin
and B2-microglobulin genes were used as housekeeping genes.

Collectively our data suggest that, despite the absence or weak expression of
HH ligands, pathway components are expressed in T-ALL cells and most
importantly GLI1 transcription factor, the main signalling mediator, is

upregulated in T-ALL samples compared to their normal counterpart.
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4.2 Assessment of the effects of Hedgehog
inhibition on T-ALL cells in vitro

Since our expression data indicated a frequent upregulation of HH

pathway components in T-ALL, we next evaluated the sensitivity of T-ALL
samples to HH inhibition in vitro. We tested the effects as single agents of two
HH inhibitors, cyclopamine and GANT61, which block the signalling cascade
at two distinct levels. Cyclopamine is a natural steroidal alkaloid antagonizing
SMO receptor [172], while GANT61 is a small molecule acting downstream of
SMO which impairs the DNA-binding capacity of GLI1/2 transcription
factors [173]. We treated T-ALL cell lines and PDX-derived cells with a range
of concentrations of cyclopamine (1-20uM) and GANT61 (5-40uM) and
assessed cell viability by ATPlite assay.
After 72h of treatment, 1Csy values of GANT61 ranged from 11 to 45uM
(median ICs5,=18.8uM) for T-ALL cell lines (n=14, Fig. 9A) and sensitivity to
GANT®61 positively correlated with the expression levels of GLI1 transcript
(Fig. 9B). The effects of HH inhibition via GANT61 treatment were also
evaluated in cells derived from 17 PDX treated ex vivo. I1Cs, values from
Annexin V-FITC/Sytox Red staining experiments (Fig. 9A) after 48h of
GANT61 treatment confirmed a reduction in cell viability (median
IC5=21.1uM). As expected, higher GLI1 expression was associated with
higher sensitivity to GANT61 treatment also in PDX-derived cells (Fig. 9C).
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Figure 9: A subset of T-ALL cell lines and PDX samples are sensitive to HH inhibitor
GANT61

A) Drug sensitivity (represented as individual ICsy values) evaluated in T-ALL cell lines
(n=14) and PDX samples (n=17) treated in vitro with a range of concentrations of GLI1
inhibitor GANT61. Horizontal bars are medians for ICsy distributions. B-C) Correlation
between GLI1 gene expression and GANT61 sensitivity (ICsp) in T-ALL cell lines (B) and
PDX (C) evaluated by linear regression analysis and Pearson’s correlation test (* p<0.05, **
p<0.01).
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T-ALL cell lines (n=12) showed a modest sensitivity to cyclopamine
treatment (Fig. 10A), with ICs, concentrations ranging from 12 to 50 uM
(median 1C5=18.8uM). However, Tomatidine, an inactive structural
analogue of cyclopamine, exerted a comparable cytotoxic effect (median
IC5=13.1uM) on the tested cell lines, suggesting an off-target action of
Cyclopamine other than Smo inhibition (Fig. 10A). Moreover, response to

cyclopamine did not correlate with SMO expression levels (Fig. 10B).
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Figure 10: T-ALL cell lines are not sensitive to HH inhibition by cyclopamine

A) Drug sensitivity (represented as individual IC50 values) evaluated in T-ALL cell lines
(n=12) treated in vitro with a range of concentrations of SMO inhibitor cyclopamine or its
inactive structural analogue Tomatidine. Horizontal bars are medians for IC50 distributions.
B) Correlation between SMO gene expression and cyclopamine sensitivity (IC50) in T-ALL
cell lines evaluated by linear regression analysis and Pearson’s correlation test (ns p>0.05).
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4.3 GANT61 and Dexamethasone show a synergistic
anti-leukemic effect in vitro

Our data indicating relative insensitivity to SMO inhibition, together
with the mounting literature highlighting a role for non-canonical SMO-
independent HH activation in cancer, prompt us to investigate possible cross-
talks between HH signalling pathway and other commonly deregulated
oncogenic pathways in T-ALL. For this purpose, HD-APEST mouse-derived
cells were treated ex vivo with 2.5uM GANT61 in combination with a panel of
inhibitors targeting diverse oncogenic pathways. The exclusive dependence of
this T-ALL murine model on Notchl pathway makes it ideal for this type of
analysis, excluding the interference of confounding factors. As shown in
Figure 11, the pharmacological combinations under study revealed a strong
synergistic action between GANT61 and NOTCHI1 pathway inhibitor
dibenzazepine (DBZ), as well as between GANT61 and glucocorticoids
(GCs).

+ GANT61 2.5uM

‘A
iINOTCH1 (2.5-20nM)
GC (1-10nMm) ND
imTOR (2.5nM-20nM)
IAKT (5-40nM)
iIS6K (1-10uM
iPKA (1-5uM

)

)

VitD3 (5-10uM)

iIMAPK (1-10uM)
iISGK (1-5uM) ND

Combination Index
0.25 0.86 1.74

Figure 11: Signalling pathways modulating sensitivity to HH pathway inhibitor GANT61
Heatmap representation of combination indexes (CI) of inhibitors targeting commonly
deregulated pathways in T-ALL in combination with 2.5uM GANT61 in HD-APEST mouse-
derived cells. CI>1 indicates antagonism, CI<1 indicates synergism.
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Given the prominent function of GCs in the treatment of lymphoid
malignancies and the unfavorable prognosis of prednisone poor responders
among T-ALL patients [50,174], we further explored the potential crosstalk
between the HH pathway and the GC receptor (NR3C1, Nuclear Receptor
Subfamily 3 Group C Member 1) pathway.

Five T-ALL cell lines (CCRF-CEM, DND41, MOLT4, HSB2, CUTLL1),
differing for their sensitivity to GCs, were cultured in vitro with incremental
doses of Dexamethasone (Dexa, InM-1uM) alone or in combination with
10uM GANT®61. Cell viability analysis assessed by ATPlite after 48h (or 72h
where indicated) of treatment revealed that all the tested lines showed
enhanced cytotoxicity when treated with Dexa in combination with
GANT61, with respect to either drugs alone (Fig. 12). Indeed, all the tested
lines displayed a combination index value <1 for every drug combination,
confirming the synergistic activity of GANT61 plus Dexa, as shown in Table
5.
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Figure 12: GANT61 sensitizes T-ALL cell lines to Dexa treatment
Cell viability analysis in CEM-ATCC, DND41, MOLT4, HSB2 and CUTLL1 T-ALL cell

lines treated in vitro with DMSO (vehicle), Dexa (InM-1uM), GANT61 (10pM) or Dexa plus
GANT61. Results are shown as the meantSD. (ns, p>0.05, * p<0.05, ** p<0.01, ***

p<0.001)
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COMBINATION INDEX (ClI)

DEXA_‘A

CCRF-CEM 0.19 0.18 0.20
DND 41 0.18 0.07 0.90
MOLT 4 0.23 0.08 0.48
HSB2 0.69 0.52 0.54
CUTLLA1 0.20 0.48 0.63

Table 5: Combination index values (CI) for Dexa and GANT61 combinations in T-ALL
cell lines
CI>1 indicates antagonism, CI<1 indicates synergism.

Increased cytotoxicity of the combination treatment was also confirmed
evaluating apoptosis by Annexin V-FITC/Sytox Red experiments. As shown
in Figure 13, treatment for 72h with the combination Dexa plus GANT61
induced a more pronounced pro-apoptotic effect in comparison to single
drugs, both in CUTLL-1 cells and PDX cells (n=4). CI values for drug

combinations in PDX samples are shown in Table 6.
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Figure 13: GANT61 and Dexa induce a synergistic pro-apoptotic effect in cell lines and
PDX samples

Representative plots of Annexin V-FITC/ Sytox Red staining and quantification of cell
viability and apoptosis in CUTLL1 cells and PDX samples (#8, #11, #13, #39) treated in
vitro with DMSO as vehicle, Dexa only (10nM-1uM), GANT61 only (10-30uM) or
Dexa+GANT61. (ns p>0.05, * p<0.05, ** p<0.01, *** p<0.001).

COMBINATION INDEX (Cl)

P _A
G
ot [ | TE OB
e o 088
0.32 0.10 0.07
PDX 39 zgtm 0.10 0.03 0.02

Table 6: Combination index values (CI) for Dexa and GANT61 combinations in PDX-
derived cells
CI>1 indicates antagonism, CI<1 indicates synergism. D=Dexa, G=GANT61.

Finally, we evaluated by Propidium Iodide (PI) staining the effects of the
combination treatment on cell cycle regulation in PDX-derived cells (n=3). For one
of the tested samples (PDX #39), cell cycle analysis after 72h treatment revealed a
synergistic action of the combination Dexa plus GANT61 in inducing cell cycle
arrest at G1 phase, enhancing the already massive effect of single drugs alone. No
such prominent results were observed for PDX #8 and PDX #11, suggesting that in
these samples the observed reduced viability was a consequence of apoptosis

induction rather cell cycle arrest (Fig. 14).
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Figure 14: The combination of Dexa plus GANT61 predominantly exerts a pro-apoptotic
effect

Cell cycle analysis following PI staining in PDX samples (#8, #11, #39) treated in vitro with
DMSO as vehicle, Dexa only (10nM-1uM), GANT61 only (20-30uM) or Dexa+GANT61.
Stacked bars represent cell cycle phase distribution.
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4.4 Dexamethasone impairs GLI1 function

In order to gain mechanistic insights on the found synergistic anti-
leukemic action of the combination Dexa plus GANT61 -implying a crosstalk
between HH pathway and the NR3C1 pathway- we studied the effect of Dexa
on the modulation of HH signalling in T-ALL cell lines.

Selected T-ALL cell lines differing for their sensitivity to GCs were treated
with 1uM Dexa and the expression of GLI1 and its principal targets PTCH1
and HHIP were assessed by Western blot analysis (Fig. 15A) and Real time
RT-PCR (Fig. 15B) after 24h. The GC-sensitive DND41 cell line showed an
upregulation in transcript levels of GLI1 and its targets upon Dexa treatment,
while GLI1 protein was surprisingly downregulated. In the GC-resistant
CUTLLI cell line, GLI1 transcript was downregulated in response to Dexa,
while GLI1 protein levels and GLI1 targets were not consistently modulated.
Finally, the highly GC-resistant HSB2 cell line displayed a general
upregulation of GLI1 transcript and protein, which was also associated with

an induction of its targets.

A DNDA41 CUTLL1 HSB2

DMSO Dexa DMSO Dexa DMSO Dexa
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Figure 15: Dexa induces heterogeneous modulation of HH signalling targets

Western blot analysis (A) and Real time RT-PCR (B) of selected T-ALL cell lines treated for
24h with 1uM Dexa. 3-Actin was used as loading control in A. NR3C1 protein and GILZ
transcript were evaluated as controls for GC treatment. Relative expression is represented as
fold change (2:44°T) normalized to RPL19 housekeeping gene in panel B. Results are shown as
the mean+SD. (ns, p>0.05, * p<0.05, ** p<0.01, *** p<0.001)

Altogether, out data did not disclose a clear and coherent transcriptional effect
of Dexa-activated GC signalling on HH pathway, suggesting inherent genetic
heterogeneity of T-ALL cell lines may hinder further mechanistic studies. To
bypass this issue, we turned to a more versatile cellular system, HEK-293T
cells. To clarify the functional impact of GCs on GLI1 transcriptional activity,
we generated HEK-293T cells stably expressing HA-tagged NR3Cl1
(hereinafter referred to as 293T HA-NR3C1) and transiently transfected them
with a GLI-responsive reporter (8x3’Gli-BS-delta51-Lucll) together with
exogenous GLI1 or empty vector. After 24h treatment, we found that Dexa
(10nM-500nM) could repress promoter activation (Fig. 16A) in a dose-

dependent manner in these cells, while no effect was observed in control cells
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not expressing NR3C1 (293T pMSCV-puro). Western blot analysis did not

reveal a reduction in GLI1 protein levels, but rather an upregulation, as

shown in Figure 16B. GC treatment determined the downregulation of

NR3C1 protein, with the induction of the NR3Cl1 target gene GILZ.

Dexa-mediated repression of GLI1 activity was further validated by dual

luciferase reporter assay in 293T HA-NR3CI1 cells transfected with different

plasmids encoding GLI1, confirming a comparable negative effect on GLI1

function for every expression construct evaluated (Fig. 16C).
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Figure 16: Dexa negatively affects GLI1 transcriptional activity

Dual luciferase reporter assay (A) and Western blot analysis (B) of 293T cells expressing HA-
tagged NR3C1 or control plasmid (pMSCV-puro), transfected with GLI1 or empty vector and
treated with Dexa or DMSO (vehicle). Luciferase activity (calculated as relative Firefly
luciferase activity normalized against Renilla luciferase activity) is represented as fold change
to empty vector. B-Actin was used as loading control in panel B. Numbers indicate results of
densitometric analysis of GLI1 bands normalized to B-Actin. C) Dual luciferase reporter
assay of 293T HA-NR3Cl1 cells, transfected with different GLI1-expressing constructs or
empty vector and treated with Dexa or DMSO (vehicle). Relative luciferase activity for each
expression plasmid was normalized against DMSO-treated condition, set to 100%. 8x3’Gli-
BS-delta51-Lucll was used as a reporter plasmid in panels A and C. Results are shown as the
meantSD. (ns, p>0.05, * p<0.05, ** p<0.01, *** p<0.001).

In order to confirm the specific requirement for NR3C1 in Dexa-mediated
repression, we treated 293T HA-NR3C1 cells with GC antagonist
mifepristone (RU486, 1-10uM) alone or in combination with 100nM Dexa.
As shown in Figure 17, RU486 could reverse the negative effect of Dexa on
GLI1 transcriptional activity (Fig. 17A) and abolish the Dexa-induced
stabilization of GLI1 protein (Fig.17B). As expected, RU486 could also revert
the induction of NR3Cl1 target gene GILZ and the downregulation of NR3C1
protein following Dexa treatment (Fig. 17B).

Gene expression analysis by quantitative Real-time RT-PCR confirmed the
functional repression of GLI1 by Dexa, showing a downregulation of HH
target genes PTCH1 and HHIP, despite higher expression levels of GLI1 (Fig.
17C).
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Figure 17: RU486 reverts the effects of Dexa on GLI1 transcriptional activity

Luciferase reporter assay (A), Western blot analysis (B) and Real time RT-qPCR (C) of 293T
HA-NR3C1 cells transfected with GLI1 or empty vector and treated with Dexa, RU486 or
the combination Dexa+RU486. 8x3’Gli-BS-delta51-Lucll was used as a reporter plasmid in
panel A. Luciferase activity (calculated as relative Firefly luciferase activity normalized
against Renilla luciferase activity) is represented as fold change to empty vector. 3-Actin was
used as loading control in panel B. Numbers indicate results of densitometric analysis of
GLI1 bands normalized to B-Actin. GILZ protein and transcript were evaluated as control for
GC treatment. Relative expression is represented as fold change (244°T) to empty vector,
normalized to GAPDH housekeeping gene in panel C. Results are shown as the mean*SD.
(ns, p>0.05, * p<0.05, ** p<0.01, *** p<0.001)
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We also tested the fluorinated steroid Fluticasone (Flut, 10-500nM), which
was previously identified as a SMO agonist at very high doses by Wang ez al.
[175]; however, we detected the same transcriptional inhibitory effect as Dexa
treatment (Fig. 18A), which may indicate that Flut can a have a dual role in
regulating HH signalling, possibly depending on the dose and cell type.
Western blot analysis (Fig. 18B) showed an upregulation in GLI1 protein
after treatment with Dexa and Flut 10nM, while an upregulation in GLI1
protein levels was not observed for higher concentrations (100-500nM) of
Flut, despite the comparable effect on GLI1 transcriptional activity in the
functional assay. Interestingly, the induction of NR3C1 target GILZ mirrored
the effects seen on GLII1 protein levels. Indeed, there was a significant
induction of GILZ only after treatment with 10nM Flut, suggesting possible

activation of negative feedback loops at the highest doses used.
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Figure 18: Additional synthetic glucocorticoids can inhibit GLI1 function

Dual luciferase reporter assay (A) and Western blot analysis (B) of 293T HA-NR3C1 cells
transfected with GLI1 or empty vector and treated with 100nM Dexa, Flut (10-500nM) or
DMSO (vehicle). 8x3’Gli-BS-delta51-Lucll was used as a reporter plasmid in panel A.
Luciferase activity (calculated as relative Firefly luciferase activity normalized against Renilla
luciferase activity) is represented as fold change to empty vector. Results are shown as the
meantSD. B-Actin was used as loading control in panel B. Numbers indicate results of
densitometric analysis of GLI1 bands normalized to B-Actin. (ns, p>0.05, * p<0.05, **
p<0.01, *** p<0.001)

Collectively, our data suggest that a post-translational, rather than
transcriptional, mechanism might account for the observed Dexa-mediated
impairment of GLI1 function. As transcription factors, GLI proteins are in
fact subjected to alterations in their stability, subcellular trafficking and DNA
binding capacity, with major consequences on their final transcriptional

output.
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4.5 Dexamethasone does not affect GLI1 subcellular
localization

HH signalling activation leads to GLI1 translocation and accumulation
into the nucleus to regulate target gene transcription. We therefore
investigated if GLI1 distribution was altered upon Dexa treatment, as a
possible cause of its reduced functionality. Cell fractionation of 293T cells
stably expressing HA-tagged NR3C1 and HA-tagged GLI1 followed by
immunoblotting (Fig. 19, upper left corner) indicated a preferential nuclear
expression of GLI1 protein, but no changes in its distribution were observed
in response to 100nM Dexa treatment. Nevertheless, GLI1 protein levels were
upregulated in Dexa-treated cells in comparison to control, in agreement with
previous results. As expected, Dexa-activated HA-NR3C1 shuttled from the
cytoplasm to the nucleus, confirming the efficacy of the treatment. Next, we
evaluated GLI1 subcellular localization in DND41, CUTLL1, and HSB2 T-
ALL cell lines, expressing endogenous GLI1 and NR3C1. As for 293T HA-
NR3C1 cells, GLI1 expression was predominantly nuclear in all tested T-
ALL cell lines and no differences in its distribution between the cytoplasm
and the nucleus were observed upon 1uM Dexa treatment. (Fig. 19). Though
its distribution was not affected, the amount of GLI1 in the soluble nuclear
fractions (i.e. not chromatin bound) was decreased in DND41 and HSB2 T-
ALL cell lines upon Dexa treatment.

Interestingly, NR3C1 expression following Dexa treatment showed a marked
difference between 293T cells and T-ALL cell lines. NR3C1 expression was
repressed in 293T cells, while its expression was induced in all T-ALL cell

lines analyzed.
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Figure 19: GLI1 cellular distribution is not affected by Dexa

Western blot analysis after cell fractionation of 293T cells stably expressing HA-tagged
NR3C1 and HA-tagged GLI1 and T-ALL cell lines (DND41, CUTLL1, HSB2) treated with
Dexa or DMSO (vehicle). B-Actin and o-tubulin were used as loading controls for
cytoplasmic fractions, lamin Bl and MAX were used as loading controls for nuclear fractions.
C, cytoplasmic; N, nuclear.

4.6 Dexamethasone reduces GLI1 protein stability

To determine whether Dexa could interfere with GLI1 function by
altering its stability, we evaluated GLI1 protein half-life by cycloheximide
(CHX) pulse-chase experiments. 293T cells stably expressing both HA-tagged
NR3C1 and HA-tagged GLI1 were pre-treated with Dexa or DMSO (vehicle)
and protein expression was assessed by Western blot analysis after protein

synthesis inhibition with 50ug/mL CHX for the indicated time points. A
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general up-regulation in GLI1 protein levels in the presence of Dexa was
observed, however GLI1 protein degradation rate was higher in treated versus
untreated cells (Fig. 20). A similar accelerated turnover of GLI1 protein -
despite its higher expression levels - was also observed in Dexa-treated HSB2
T-ALL cell line with respect to vehicle-treated control cells.

Unlike GC-resistant 293T and HSB2 cells, the GC-sensitive DND41 T-ALL
cell line showed a downregulation in GLI1 protein levels in response to Dexa;

however, GLI1 stability was similarly affected.
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Figure 20: Dexa promotes GLI1 protein turnover

CHX pulse-chase experiment in 293T cells stably expressing HA-tagged NR3C1 and HA-
tagged GLI1 (upper panel) and in selected T-ALL cell lines (HSB2, mid panel; DND41,
lower panel), in the presence of Dexa or DMSO (vehicle). Lysates were harvested at indicated
time points and analyzed by Western blot analysis. NR3C1 protein was evaluated as control
for Dexa treatment. $-Actin was used as loading control. GLI1 protein levels (represented as
% to t=0) were quantified by densitometry analysis and normalized to B-Actin.
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4.7 NR3Cl1 interacts with GLI1 and promotes its
acetylation

As previously mentioned, post-translational modifications -namely

phosphorylation, acetylation, ubiquitination- play a key role in GLII
regulation and often are the result of the convergence of different signalling
pathways on GLI1, leading to its non-canonical activation.
First, we evaluated whether GLI1 and NR3Cl1 interacted in 293T HA-NR3Cl1
cells and DND-41 T-ALL cell line by immunoprecipitation (IP). 293T HA-
NR3CI1 cells were transfected with FLAG-tagged GLI1 and IP was performed
using an anti-FLAG antibody. Western blot analysis following IP revealed the
presence of HA-NR3C1 protein in FLAG-GLI1 immunoprecipitates,
suggesting a physical interaction between GLI1 and NR3Cl1 (Fig. 21A).
Moreover, IP of GLI1 protein complexes from DND41 T-ALL cell line
confirmed the interaction between endogenous GLI1 and NR3C1 (Fig. 21B).
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Figure 21: GLI1 interacts with NR3C1

Western blot analysis for NR3C1 after GLI1 IP in 293T cells expressing HA-tagged NR3C1
and Flag-tagged GLI1 (A) and in DND41 T-ALL cell line (B). Low and #kigh indicate shorter
or longer exposures of the same membrane.
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Next, we sought to evaluate the acetylation status of GLI1 upon Dexa
treatment as acetylation was described to inhibit the transcriptional activity of
both GLI1 and GLI2 preventing their target promoter occupancy [176-178].
Moreover, activated NR3C1 is reported to recruit histone acetyltransferases
(HATs) and histone deacetylases (HDACs) as transcriptional co-
activators/co-repressors to promoter sites [179,180].

IP of transfected GLI1 followed by probing with anti-acetylated lysine
antibody confirmed acetylation of GLI1 in 293T HA-NR3Cl1 cells, indicating
that GLI1 is acetylated under basal conditions and its acetylation is further

enhanced by Dexa treatment (Fig. 22).
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Figure 22: Dexa treatment enhances GLI1 basal acetylation

Western blot analysis of acetylated GLI1 (Ac-GLI1) after anti-FLAG IP in 293T HA-NR3Cl1
cells transfected with FLAG-tagged GLI1 (or empty vector), treated with DMSO, Dexa or
HDAC pan-inhibitor Trichostatin A (TSA) as positive control for acetylation. Acetylation of
a-tubulin (Ac-tubulin a) was evaluated as positive control for TSA treatment. B-Actin was
used as loading control. Low and high indicate shorter or longer exposures of the same
membrane.

In order to assess the functional consequences of acetylation/deacetylation on
HH signalling, we tested the effects of known modulators of GLI1 acetylation
- including the HATs p300 and p300/CBP-associated factor (PCAF), and the
histone deacetylase HDACI1- on GLI1-driven reporter activity. Interestingly,
dual luciferase reporter assays in 293T HA-NR3C1 cells transiently
transfected with GLI1 showed that overexpression of P300 and PCAF
determined the same inhibitory effect on GLI1 transcriptional activity as
Dexa treatment. By contrast, HDACI alone enhanced GLI1 transcriptional
activity, with Dexa reverting this effect, suggesting therefore a role for
acetylation behind the mechanism of Dexa-mediated impairment of GLI1

transcriptional function. As expected, HDACI1 in the presence of p300 or
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PCAF almost completely reverted the repressive actions of p300 or PCAF
(Fig. 23A).
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Figure 23: HDACI activates, while p300 and PCAF repress, GLI1 transcriptional activity
Dual luciferase reporter assay of GLI1-transfected 293T HA-NR3C1 and co-transfected with
histone deacetylase HDACI or histone acetyltransferases p300 and PCAF. 8x3’ Gli-BS-delta51-
Lucll was used as Firefly reporter plasmid. Relative luciferase activity was calculated as
Firefly luciferase activity normalized against Renilla luciferase activity and is represented as
fold change to empty vector. Results are shown as the meantSD. (ns, p>0.05, * p<0.05, **
p<0.01, *** p<0.001)

Next, to determine whether Dexa could alter the recruitment of acetylation
modulators to GLI1, we performed IP following 24h treatment with 100nM
Dexa in 293T HA-NR3Cl1 transiently co-transfected with GLI1 plus FLAG-
tagged HDACI1, FLAG-tagged PCAF or myc-tagged p300. In agreement with
previous studies [176,178,181], we could detect both FLAG-tagged HDACI1 and
FLAG-tagged PCAF in anti-HA immunoprecipitates, indicating their basal
physical association with HA-GLI1 (or HA-NR3C1) (Fig. 24A,B). Upon

Dexa treatment, a reduction in immunoprecipitated HDACI1 as well as an
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enrichment in immunoprecipitated PCAF were observed, consistent with our
hypothesis of activated NR3C1 as a promoter of GLI1 hyperacetylation.
Surprisingly p300, a well-described mediator of GLI1 acetylation, was not
detected as a GLI1 partner after IP under basal conditions and was not
recruited after Dexa treatment (Fig. 24C).

Interestingly, regardless of the opposite action on GLI1 function, both
HDACI1 and p300 upregulated GLI1 protein levels, with Dexa further

enhancing its expression.
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Figure 24: Dexa dynamically regulates the interaction between HDAC1 and PCAF with
GLI1

Western blot analysis of FLAG-tagged HDAC1 (A) and FLAG-tagged PCAF (B) after anti-
HA TP in 293T HA-NR3C1 cells transfected with HA-tagged GLI1. C) Western blot analysis
of myc-tagged p300 after anti-FLAG IP in 293T HA-NR3Cl1 cells transfected with FLAG-
tagged GLI1. B-Actin was used as loading control. Low and #igh indicate shorter or longer
exposures of the same membrane.
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HH signalling pathway is required for primitive hematopoiesis and plays a
key role at different stages of intrathymic T-cell development, regulating
thymocytes proliferation and differentiation. As other major developmental
pathways, HH signalling is found to be disrupted in several hematological
tumors. Indeed, despite the inability of HH pathway to initiate
leukemogenesis, it has been shown to contribute to tumor cell proliferation
and survival, as well as to cancer stem cell maintenance and chemoresistance.
Thus, HH inhibition might be an interesting therapeutic option not merely
restricted to a limited number of HH-dependent tumors, but also for a wider
range of hematological malignancies, including T-ALL. Despite the
substantial improvements over the years in T-ALL patients outcome, the
significant fraction of primary resistant and relapsed patients demands a
deeper characterization of the disease to identify novel therapeutic targets.

To address the hypothesis of HH pathway activation in T-ALL, we first
analyzed a panel of T-ALL cell lines, PDX samples and Notch1-depedent T-
ALL murine models for the expression of critical components of HH
signalling cascade.

We could detect a frequent overexpression of GLI1 transcription factor, the
main effector of HH pathway and conventional marker of signalling
activation, in the majority of examined T-ALL samples, in comparison to
normal thymocytes. Moreover, GLI1 expression positively correlated with its
transcriptional targets PTCH1 and PTCH2, confirming pathway activation.
Interestingly, while IHH ligand was expressed, though to a lesser extent with
respect to normal thymocytes, SHH ligand was almost universally absent in
our sample cohort. Also, no correlation was found between THH expression
and GLI1 or between IHH and HH targets. Unfortunately, our observations
could not be confirmed in primary T-ALL samples from the largest publicly
available RNA-seq dataset [182], as the arbitrary threshold set by the authors

to discriminate GLI1 expression from background noise virtually excluded all
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samples from analysis. Also, the absent or weak expression of HH ligands that
we observed seems to disagree with the autocrine activation loop proposed by
Dagklis et al. [166], which reported ectopic expression of SHH, IHH and GLI1
to account for HH activation in an independent group of T-ALL patients. The
high expression of the HH transduction machinery in our samples, including
membrane receptors PTCH1/2 and SMO, might rather suggest an inverse
paracrine activation of the pathway, with stromal cells secreting HH ligands
and T-ALL cells responding to the signal. However, iz vitro inhibition of HH
pathway at distinct steps of the signalling cascade highlighted a differential
sensitivity of T-ALL cells to HH inhibitors cyclopamine and GANT61,
hinting to a SMO-independent mechanism of HH activation. Indeed, the
SMO antagonist cyclopamine exerted a comparable cytotoxic effect as its
structural inactive analogue tomatidine, while GLI1/2 inhibitor GANT61
was shown to efficiently affect cell viability in both T-ALL cell lines and
PDX-derived cells, with GANT61 sensitivity positively correlating with GLI1
expression.

The relative insensitivity to SMO inhibition and the lack of evidence in the
literature of the presence of primary cilia - cellular organelles required for
SMO-mediated signal transduction- on T-ALL blasts, indicate that HH
pathway is likely activated at the level of downstream effector GLII,
bypassing SMO receptor in a ligand-independent fashion. This non-canonical
activation of GLI1 is frequently reported in cancer and hematological tumors
are no exception. The transcriptional deregulation characterizing the genetic
landscape of T-ALL, as well as the aberrant activation of oncogenic signalling
pathways, might converge on the regulation of GLI proteins, making the HH
cascade far more complex than the canonical axis linking HH ligands to GLI
proteins activation. These findings also have some attracting clinical
implications suggesting that GLI1 represents a preferential therapeutic target

in comparison to SMO. With this purpose, we performed pharmacological
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combination studies in wvitro in murine T-ALL-derived cells, screening
commonly altered signalling pathways. The joint targeting of HH pathway by
GANT®61 and the glucocorticoid receptor pathway by Dexa revealed a strong
synergism, which was further explored for its significant therapeutic potential,
as GCs are administered throughout T-ALL therapeutic regimen and GC-
responsiveness is a strong prognostic marker for T-ALL patients.

Intriguingly, Dexa and GANT61 were further shown to synergize in vitro in
human T-ALL cell lines and PDX-derived cells, with the combination of the
two drugs enhancing the cytotoxicity and pro-apoptotic effect of single drugs.
Dexa treatment on T-ALL cell lines did not reveal a clear transcriptional
effect on GLI1, inducing heterogeneous modulation of HH signalling, which
might reflect the genetic diversity of the tested cell lines and their different
degrees of sensitivity to Dexa treatment.

Mechanistically, we showed that synthetic GCs like Dexa and Fluticasone
could impair GLI1 transcriptional activity in 293T cells, and this repressive
effect required the GC receptor NR3C1. Considering the action of GANT61
on inhibiting GLI1 DNA binding, the capacity of Dexa to impair GLII
transcriptional function seems plausible in light of the synergistic therapeutic
effect of two drugs. These findings also agree with previous works showing
that Dexa impairs the proliferation of cerebellar neuronal precursors by
inhibiting SHH mitogenic effect [175,183,184], even if the mechanism was not
elucidated. The link between HH and GCs is gaining interest, with selected
GC compounds identified as SMO agonists promoting its accumulation in the
primary cilium (though not sufficient to trigger HH pathway by itself); while
some others (e.g. Budesonide and Ciclesonide) reported to impair ciliary
localization and to inhibit HH pathway [175,185]. In cell-based assays, Dexa
failed to compete for known SMO binding sites, but still was able to inhibit
HH pathway [186], in agreement with our findings. It is important to note that

in these works HH pathway modulation is presented as an off-target effect of
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GCs on SMO receptor, occurring at much higher concentrations than those
required for NR3C1 activation. This could explain the discrepancy observed
in the repressive effect of Fluticasone in our reporter assays with respect to its
putative role as SMO agonist reported by Wang et al. [175].

Gene and protein expression data in 293T HA-NR3CI1 cells after treatment
with Dexa indicated an increase in GLI1 transcript and protein levels
notwithstanding its reduced function, therefore suggesting a post-translational
mechanism of action. Indeed, the non-canonical activation of GLI1 may
result not only from transcriptional upregulation of GLI genes, but also from
various post-translational mechanisms altering GLI1 protein function at
multiple levels, including subcellular trafficking and stability [151].

Looking at cellular localization, we detected a marked nuclear accumulation
of GLI1 protein, which is line with active pathway, but we could not observe
any re-distribution upon Dexa treatment in none of the tested cell lines.
Further immunofluorescence analyses need to be performed to validate these
observations and confirm a lack of GLII1 cytoplasmic relocation following
Dexa treatment. Next, we showed that Dexa could affect GLI1 stability by
promoting an accelerated turnover of the protein, which interestingly
suggested a shared mechanism for both GC-sensitive and GC-resistant cell
lines. Further studies are required to confirm ubiquitination-mediated
degradation of GLI1 upon Dexa treatment and to potentially unveil if known
E3 ubiquitin ligases (e.g. ITCH, BTrCP, Cul3/SPOP [187-189]) or others are
responsible for this effect.

Subsequently, we focused our attention on GLI1 acetylation, as acetylation
was reported to be a key post-translational modification negatively affecting
GLI1 transcriptional activity [176-178]. Moreover, a proposed model for
NR3CIl-mediated transrepression suggests that NR3C1 and targeted
transcription factors participate in an interacting complex, thereby affecting

the transcription factor DNA-binding or altering the recruitment of co-
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activators/repressors, including HATs and HDACs, to the transcriptional
machinery [179,180].

We first demonstrated that GLI1 and NR3C1 physically interact both in
transfected 293T cells and endogenously in T-ALL cells. If the nature of the
interaction is direct or is indirectly mediated by a third adaptor, is yet to be
elucidated.

Next, we showed that Dexa could enhance GLI1 acetylation, and that GLI1
transcriptional activity was likewise impaired by Dexa treatment and by
overexpression of the HATs p300 and PCAF, with HDACI1 overexpression
reverting the observed repressive effects.

GLII and GLI2 are known to be acetylated at lysine 518 and 527 respectively,
with a major impact on their transcriptional output [176,177]. Moreover,
acetylation was recently suggested to be a nuclear event that enhances GLI1
retention in the nucleus by a chaperoning system that sequesters it to the inner
nuclear membrane [190]. On the other hand, HDACI1-mediated deacetylation
represents the transcriptional switch that promotes GLI transcriptional
activity [176]. Our IP experiments seem to suggest a model of action where
PCAF recruitment to GLI1 is enhanced upon Dexa treatment, while HDACI
1s released, thereby promoting a hyperacetylated and less active status of
GLI1 (Fig. 25). Interestingly, PCAF was previously reported to also possess a
E3 ubiquitin ligase domain that promotes GLI1 degradation [191], so it would
be tempting to speculate a role for PCAF in Dexa-induced instability of GLI1.
Surprisingly, we could not detect p300 as a GLI1 partner, which might reflect
a technical limitation due to inadequate overexpression of p300.

We acknowledge that our analysis was restricted to well-described mediators
of GLI1 acetylation, therefore we cannot exclude a role for other HATs being
recruited by NR3C1. These findings are currently being translated to T-ALL

cells and will require shRNA-mediated knock down approaches to confirm a
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role for these regulators on GLI1 acetylation/de-acetylation interplay in the
repressive action of GCs on GLI1.

In conclusion, we demonstrated that HH pathway is active in a subset of T-
ALLs putatively through a ligand-independent non-canonical mechanism of
activation. We also collected evidence of a crosstalk between the GC
signalling and HH pathway, highlighting a before undescribed role for
NR3C1 as negative regulator of GLI1 transcription factor, setting the

therapeutic rationale for combining GLI1 inhibitors and GCs.
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Figure 25: Proposed mechanism for the crosstalk between HH signalling pathway and the
glucocorticoid receptor pathway

In absence of GC ligand, HDACI deacetylase promotes a deacetylated and transcriptionally
active status of GLI1. Upon GC treatment, ligand-bound activated NR3C1 translocates to the
nucleus and favors the recruitment of PCAF acetyltransferase as well as the dissociation of
HDACI1 deacetylase. Acetylation impairs GLI1 transcriptional activity and possibly its
protein stability. Ac, acetylation; Ub, ubiquitination.
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CML chronic myeloid leukemia

CNS central nervous system

CPM cyclophosphamide

DN double negative

DP double positive

ETP-ALL early T-cell precursor ALL

ETV6 ETS variant 6

FBXW7 F-box and WD repeat domain-containing 7
FLTS3 fms related tyrosine kinase 3

GASI1 growth-arrest specific 1

GATA3 GATA Binding Protein 3
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List of abbreviations

GC glucocorticoid

GLI2R/3R GLI2/3 repressor forms
GSK3-B glycogen synthase 33

HAT histone acetyltransferase

HD heterodimerization domain

HDACT histone deacetylase

HESI hairy and enhancer of split-1

HH hedgehog

HH-C hedgehog carboxy-terminal

HHIP HH interacting protein

HH-N hedgehog amino-terminal

HOX homeobox

ICN intracellular domain of NOTCH1
IGF1R insulin-like growth factor

IL-7R interleukin-7-receptor

IP immunoprecipitation

JAK Janus kinase

KIF7 kinesin-like protein 7

LEF1 lymphoid enhancer binding factor 1
LMO LIM-only domain

LYL1 lymphoblastic leukemia associated hematopoietic regulator 1
MB medulloblastoma

MM multiple myeloma

mTOR mammalian target of rapamycin
MTX methotrexate

MYC avian myelocytomatosis viral oncogene homolog
NKX2 NK2 homeobox

NUP214 nucleoporin 214

PCAF p300/CBP-associated factor
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List of abbreviations

PDX patient-derived xenografts

PEST proline, glutamic acid, serine, threonine-rich domain
PGR prednisone good responders

PHF6 plant homeodomain factor gene 6

PI propidium iodide

PI3K phosphoinositide 3-kinase

PKA protein kinase A

PPR prednisone poor responders

PTCHI patchedl

PTEN phosphatase and tensin homolog

PTPN11 protein phosphatase non-receptor type 11
RAS rat sarcoma viral oncogene homologs
RUNXI1 runt related transcription factor 1

SMO smoothened

SP single positive

STAT signal transducer and activator of transcription
SUFU suppressor of Fused

TAL1 T-cell acute lymphoblastic leukemia 1
T-ALL T-cell acute lymphoblastic leukemia
TLX1/HOX11 T-cell leukemia homeobox 1
USP7 ubiquitin specific peptidase 7

WT1 Wilms Tumor 1

BTrCP B-transducin repeat-containing protein
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