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ABSTRACT  

In Acute Myeloid Leukemia (AML), the dysregulation of the Hh signaling is involved in the 

development and expansion of leukemic cancer cells and influences the response to 

therapeutic agents. Notably, the FDA approved only one Hh inhibitor (glasdegib) as a 

therapeutic strategy for AML treatment, and the majority of patients eventually relapse, 

underlying the urgency of discovering new therapeutic targets. One characteristic of the Hh 

pathway is its localization on the primary cilium membrane (PC), a microtubule-based 

organelle expressed by almost all non-proliferating mammalian cells. Indeed, centrosomes 

participate in a mutually exclusive manner in the formation of PC or mitotic spindle. Cancer 

cells, including AML cell lines, are characterized by a high rate of proliferation and fail to 

present the PC on their surface. Novel approaches to restore the PC on the surface of 

cancer cells are emerging, and most of them target the histone deacetylase HDAC6. Indeed, 

HDAC6 inhibition prevents the reabsorption of the PC and blocks cell proliferation. Since 

HDAC6 inhibitors (i.e., TubastatinA) are already used to treat other tumors, they might also 

be promising in AML treatment. In this work, analyzing the blood samples of 36 adult AML 

patients, we demonstrated that Hh target genes (GLI1, PTCH1), HDAC6, and the Multi-

Drug-Resistant genes (MDRs) ABCC1 and ASXL1 were more expressed than in healthy 

donors (HD). In addition, through in silico analyses, we verified that in AML patients the 

expression of Hh/HDAC6 and MDRs genes were positively correlated. We also detected the 

same genetic regulation in in vitro models of AML, as cell lines with higher Hh expression 

(U937 and THP-1) showed higher levels of HDAC6 and MDRs than cell lines with low Hh 

expression (NB-4 and OCI-AML2). We generated a zebrafish model with Hh hyperactivation 

through the injection of the shh mRNA to functionally investigate the effect of Hh/HDAC6 

dysregulation, and we confirmed the increased expression of hdac6 and MDRs. 

Moreover, in the zebrafish reporter line for the hematopoietic stem precursor cells (HSPCs) 

the Tg(CD41:GFP) line, we found that Hh hyperactivation induces the hyperproliferation and 

expansion of the HSPCs in the caudal hematopoietic tissue, a phenotype that resembles 

the expansion of leukemic blast of AML patients. Interestingly, we rescued this 

hematopoietic defect by treating the embryos with the HDAC6 inhibitor TubastatinA but not 

with the Hh inhibitor cyclopamine. By the generation of a zebrafish model carrying the 

overexpression of the human HDAC6 mRNA, we demonstrated that HDAC6 alone can 

induce the hyperproliferation of the HSPCs population and that this phenotype is specific 

as, through its inhibition, we rescued the hematopoietic defect. Since we observed that an 

increased proliferation rate elicited the expansion of HSPCs, we hypothesized an implication 
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of the PC. Indeed, we demonstrated that zebrafish HSPCs present the PC, therefore 

suggesting that HDAC6 controls HSPCs proliferation, through PC's stabilization on their 

surface. For the first time, we described a role for HDAC6 in HSPCs expansion and identified 

it as a promising target for AML patients. Indeed, HDAC6 inhibition was also efficient in 

reducing the viability of leukemic cell lines and HSPCs expansion in well-established AML 

zebrafish models, carrying the overexpression of genes frequently mutated in AML patients: 

NPMc+ and FLT3-ITD. Moreover, in these zebrafish models, we demonstrated the efficacy 

of combination therapy with the standard chemotherapeutic agent cytarabine and HDAC6 

inhibition.  

In conclusion, we identified a positive correlation between the Hh signaling, HDAC6 and the 

MDR genes in AML patients. In the zebrafish model, we reported that both Hh or HDAC6 

overexpression drive the hyperproliferation of the HSPCs population, a phenotype that is 

rescued only through HDAC6 inhibition. HSPCs hyperproliferation and the rescue through 

the specific HDAC6 inhibition, might be explained by alteration in the PC, that we described 

to present in the HSPCs. As reporter for Hh inhibition, we demonstrated that also HDAC6 

inhibition efficiently reduces the expression of MDR genes. Therefore, we hypothesize the 

use of HDAC6 inhibitor to counteract AML resistance mechanisms. Finally, we described 

that HDAC6 inhibition shows high potency in specific AML condition, and that can be a 

suitable target for the assessment of new combination therapies with standard 

chemotherapic agents.  
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DISCLOSURE OF RESEARCH INTEGRITY 

We performed the experimental plan under the fundamental principles of research integrity 
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open access journal. Also, preliminary results not shown in the thesis were included and 

fruitfully revised in the discussion section. 

All the decisions have been taken according to legal, ethical, and scientific understanding, 

carefully considering the implication of the research activity on the scientific community and 

society.     

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 6 

ABBREVIATIONS  

AGM: aorta-gonad-mesonephric 

AIRTUM: Associazione Italiana registro Tumori 

ALM: anterior lateral mesoderm 

AML: Acute Myeloid Leukemia 

ATO: Arsenic trioxide 

BCC: Basal cell carcinoma 

CD: Catalytic domain 

cebp1: CCAAT/enhancer binding protein 1 

CHT: Caudal hematopoietic tissue 

CLL: Chronic lymphocytic leukemia 

CYLD: cylindromatosis 

DHh: Desert hedgehog 

DISP: Dispatched 

ER: endoplasmic reticulum 

etsrp: ETS-related protein 

FAB: French-American-British 

GBM: Glioblastoma  

GLI-A: Glioma associated oncogenes active form 

Gli-R: Glioma associated oncogenes repressive form 

GLI: Glioma associated oncogenes  

GPCRs: G-coupled receptors  

HAAT: O-acyltransferase 

HAT: Histone acetyltransferases 

HDAC: Histone deacetylase 

HDACi: HDAC inhibitors 

Hh: Hedgehog  

HhC: C-terminal Hog domain 

HhN: N-terminal Hedge domain 

HSPC: Hematopoietic and progenitor stem cells 

ICM: intermediate cell mass 

IDH: Isocitrate dehydrogenase 

IHh: Indian hedgehog 

LC: leukemic cancer cells 



 7 

lmo2: LIM domain only 2 

MB: Medulloblastoma  

MDR: Multi-drug-resistance 

MM: Multiple myeloma  

mpeg1: macrophage-expressed 1 

NES: nuclear export sequence 

NLS: nuclear localization signal 

NPM1: Nucleophosmin1 

PC: Primary cilium 

PDAC: pancreatic adenocarcinoma 

PkA: Protein kinase A 

PLM: posterior lateral mesoderm 

PTCH: Patched 

RBI: Rostral blood island 

SE14: Serine/glutamate-rich repeat motif 

SHh: Sonic hedgehog 

SMO: Smoothened 

SUFU: Suppressor of fused 

TAD: transactivation domain 

TF: Transcription factors 

WHO: Word Health Organization 

ZnF-UBP: ubiquitin zinc-dependent domain 

ZNF: zinc-finger 
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INTRODUCTION 

1 THE HEDGEHOG SIGNALING 

1.1 Hedgehog signaling pathway: a general overview 

The Hedgehog (Hh) signaling pathway was firstly described in Drosophila melanogaster 

and, at least of some differences, is conserved among vertebrates (1). 

During normal development the Hh pathway plays pivotal roles in different processes 

controlling the expression of genes involved in cell cycle and proliferation, apoptosis and 

stem cell renewal (2). The abnormal activation of the Hh signaling has been linked to the 

development of different cancer forms such as medulloblastoma (MB), rhabdomyosarcoma, 

melanoma, basal cell carcinoma (BCC), glioblastoma (GBM), and breast, lung, liver, 

stomach, prostate, and pancreatic tumors (3) (4) (5). Moreover, as the Hh signaling is an 

important modulator of nervous system development, it is not surprising its link with the 

development of neurodegenerative disorders (6). 

Several mutations are responsible for the pathogenicity of these disease: loss-of-function 

mutations are mainly found in neurodegenerative disorders while those of overexpression 

are causative of tumors (7). However, the significance of these mutations in terms of 

silencing or upregulation of the Hh signaling, depends on which component of the Hh 

pathway is affected by the mutation. Indeed, differently from other molecular mechanisms, 

the pathway is composed of a series of inhibitory events (8) (Fig.1). When Hh ligands are 

not present, the transmembrane receptor Patched (PTCH) sustains the inhibition of the 

signaling by suppressing the activity of the G-coupled-receptor (GPCR) Smoothened 

(SMO). In this condition, the Suppressor of Fused (SUFU) and the protein kinase A (PkA) 

block the processing of the full-length form of the glioma associated oncogenes Gli2/3 

transcription factors (referred as GLI-fl) into their active forms (GLI-A). Once the Hh ligands 

bind to the receptor these inhibitory reactions are abrogated, promoting the formation of the 

GLI-A proteins that enter the nucleus and drive the transcription of target genes (9). 
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Fig.1: Overview of the Hh signaling pathway. When the Hh ligands did not bind the 

Patched (PTCH) receptors, the full-length form of the GLI family of transcription factors is 

processed and converted into the repressive forms (GLI-R) to inhibit the transcription of 

target genes. The binding of the Hh proteins PTCH relieves the Smoothened (SMO) 

inhibition, the signaling is transmitted toward the cells, and the proteins kinase A (PkA) and 

SUFU, are blocked. GLI transcription factors are not processed and, in their active forms 

(GLI-A) enter the nucleus and drive the transcription of target genes. 

 

Given the role of the Hh signaling pathway in both normal and pathological conditions, and 

because of the complexity of its signaling transduction, it becomes crucial to focus on its 

components and its regulation. 

 

1.2 Synthesis and secretion of the Hh ligands 

The activation of the Hh signaling pathway in D. melanogaster is mediated by the action of 

one secreted ligand while in vertebrates, three Hh proteins, named Desert Hh (DHh), Indian 

Hh (IHh), and Sonic Hh (SHh), drive the transmission of the signaling (10). SHh is the most 

studied among the vertebrate’s ligands, as it is involved in the morphogenesis and patterning 

of different organs (11). For instance, during embryogenesis, SHh controls the patterning of 

the left-right and dorso-ventral axis of the embryo, and the formation of the distal elements 

of the limbs (12).   
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The synthesis of the Hh ligands starts with the production of a 45 KDa precursor composed 

of two major domains: a secreted N-terminal Hedge domain (HhN) and a C-terminal Hog 

domain (HhC). The last shares features with the Inteins Family of protein and shows 

autocatalytic properties that are essential during the ligands’ maturation (13). Indeed, once 

synthetized, the Hh proteins are transported into the endoplasmic reticulum (ER) and Golgi 

apparatus, becoming the substrates of proteolytic processes and post-translational 

modification (13) (Fig.2). Into the ER, after removal of the signal peptide, the Hh proteins 

undergo to an autocleavage mediated by the HhC domain. The HhN domain results in a C-

terminus with an ester-linked cholesterol moiety and an N-terminus subsequently modified 

by the ER membrane-bound O-acyltransferase HAAT through the attachment of palmitate 

(14) (Fig.2). Together, these modifications generate dually lipidated and mature Hh ligands 

and are essential to ensure their correct transport inside and outside the cells and their 

signaling activity (15). However, these modifications increase the molecules’ hydrophobic 

properties indicating that Hh proteins do not simply cross the plasma membrane but are 

transported in a process mediated by membrane-associated proteins (Fig2). Indeed, the 12-

pass membrane protein Dispatched (DISP), and the Scube family of proteins cooperate to 

accomplish Hh secretion, recognizing different parts of the cholesterol moiety (9). Other 

mechanisms have been proposed to explain the Hh release ranging from lipoprotein or 

exosome-mediated release to multimers formation (9) (Fig.2).  

 

 

Fig.2: Synthesis and release of the Hh ligands.  The 45 KDa precursor of the Hh ligands 

is transported into the ER where the HhC domain mediates the cleavage of the protein. The 

HhN domain is released, attached to a cholesterol moiety and subsequently modified by the 
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HAAT enzyme through the bind of palmitate. The HhC domain is then proteolytically 

degraded via proteasome while the modified HhN domain reaches the plasma membrane 

where can be secreted through different mechanisms. 1) The ligands are release by the 

cooperative action of the transmembrane protein Dispatched (DISP) and SCUBE. 2) HhN 

monomers can associate to form soluble multimers that are then secreted by the cell. 3) 

HhN oligomers, which form spontaneously, can interact with the glypican inserted into the 

plasma membrane and assembled into lipoparticles. 4) HhN can be released through the 

exosomes. Modified from Briscoe et al (9).  

 

 

2 THE PRIMARY CILIUM 

2.1 The primary cilium structure and function  

The primary cilium (PC) is a subtle organelle found on the surface of almost all cell types. 

This structure is formed mainly in quiescent or non-proliferating cells (typically G0 or G1 

phase) (16). The cilium is anchored to the plasma membrane by the basal body, a structure 

derived from the mother centriole of the centrosome (17). Therefore, due to the role of the 

centrosome in the formation of the mitotic spindle, there is an inverse correlation between 

the presence of the PC and cell division (18). The basal body, composed of 9 triplets of 

microtubules, is the scaffold for the axoneme of the PC. Within the axoneme, / 

microtubules form a radial array of 9 doublets. Differently from motile cilia, the axoneme of 

the PC lacks the central pair of microtubules and the dynein motors, conferring to the 

structure its immobility (19).  

 

2.2 The Hh signaling transduction within the PC 

The PC in vertebrates sustains the Hh signaling transduction, as in the ciliary membrane 

are located all the components involved in the transmission of the signaling (20). The role 

of the PC in the Hh signaling transduction is reflected by the dynamic repositioning of the 

Hh components within the ciliary membrane. Indeed, in the absence of the Hh ligands, the 

PTCH receptors mainly localize in the membrane of the PC, SMO is retained in 

cytoplasmatic endosomes and the GLI transcription factors are converted into their 

repressive forms (9) (Fig.3). The 3D structure of the protein has clarified the molecular 

mechanism by which PTCH inhibits the signaling transduction. Cryo-electron microscopy 

sections revealed that PTCH contains a sterol-sensing-domain (SSD) that shares homology 

with proteins involved in the transport of cholesterol (21). Mutations in the SSD domain 
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completely abrogate the PTCH-mediated repression of SMO, suggesting that PTCH might 

inhibit the Hh signaling transduction modulating the abundance of sterol derivatives SMO 

activators (22). However, unlike other G-coupled receptors (GPCR), no ligand-binding 

function has been described for SMO even if some sterol-like molecules bind to its 

transmembrane domain, influencing its activity and stability (22). Cholesterol has been 

proposed as the putative SMO activator even if more detailed studies must be conducted. 

A different mechanism of inhibition suggests that PTCH might influence the movement of 

the endosomes through which SMO is trafficked or control the endosomes composition (13).   

Upon PTCH-mediated SMO inhibition, the entire pathway is kept-off and in the cytoplasm, 

the GLI transcription factors are post-translational modified by the action of different kinases. 

Indeed, when the Hh ligands are not present, the PkA is activated and, together with GSK3 

and CKI, triggers the phosphorylation of the full-length form of the GLI transcription factors 

(TF; GLI-fl) (23). These phosphorylation events generate a binding site for the TrCP protein 

which recruits the E3 ubiquitin ligase complex that, in turn, mediates the processing of the 

GLI-fl into their repressive forms (24). The relationship between PkA and Hh signaling is well 

established as the increase of PkA activity inhibits the signaling transduction while its 

downregulation exerts the opposite effect (25). In vertebrates, GPCR receptors regulate 

PKA activity. For instance, GPCR161 localizes into the PC membrane in the absence of the 

Hh ligands and stimulates the production of the cAMP, the main regulator of PkA activity 

(26). Another mechanism by which cells keep Hh signaling off is through the action of the 

Sufu protein. When the Hh ligands are not present, Sufu binds to GLI-fl proteins and 

sequesters them in a complex with the cilium kinesin-associated protein KIF7 (27), 

facilitating the phosphorylations exerted by the PkA. Moreover, SUFU competes with 

Importin-1 for the binding of the eventually present GLI-A forms, interfering with their 

transport into the nucleus (28). Interestingly, SUFU can also recruit the HDAC corepressor 

complexes inhibiting the transcription of Hh target genes (29). 
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Fig.3: Inhibition of the Hh signaling. In the absence of Hh ligands, Patched (PTCH) is 

inserted in the PC membrane and inhibits Smoothened (SMO), which is found in 

endosomes. GLI transcription factors (GLI-fl), anchored to the anterograde kinesin-like 

motor protein KIF7 are transported to SUFU and phosphorylated by the protein kinase A 

(PkA) and other kinases. GPCR161 receptor increases the production of cAMP at the 

primary cilia resulting in the activation of PkA. Once phosphorylated, GLI-fl are partially 

degraded by the TrCP complex into their repressive forms (GLI-R).  

 

Once bound by the Hh ligands, the cell undergoes to a redistribution of the Hh component 

within the PC (Fig.4), starting with the transport of PTCH into endosome and its degradation 

(30). The internalization and degradation of PTCH is an event mediated by glypicans as they 

enhance the stability of the Hh ligands. Indeed, mutations in these membrane components 

reduced Hh signaling potency (9). Interestingly, Hh ligands can also modulate PTCH activity 

without inducing its degradation (31). This dual regulation relies on structural evidence that 

indicates the ability of Hh proteins to bind simultaneously to two PTCH receptors, inducing 

their removal from the ciliary membrane and the degradation of one of them, whit the 

consequent block of the sterol transposing function of the second (30). The presence of a 

multimolecular complex also facilitates the binding of the Hh ligands to PTCH receptors. 

Indeed, in vertebrates, it has been demonstrated that this complex, which includes the Cam-

related/downregulated by oncogenes (CDO), the brother of CDO (BOC) and GA1 (growth 

arrest specific 1), increases the affinity of the Hh/PTCH interface (32). As PTCH is removed 

from the membrane of the PC, the G-protein coupled receptor SMO translocates into the 

ciliary membrane and drives the transmission of the signaling toward the cell (Fig.4). The 
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real mechanism of SMO activation is not entirely understood, even if evidence suggests that 

the active form of SMO is able to counteract PkA activity. This is accomplished through the 

Smo-mediated extrusion from the PC of the GPCR161 (33) (Fig.4). However, more detailed 

studies must be conducted to determine how SMO mediates the removal of GPCR16 from 

the ciliary membrane.  

Following Hh stimulation, the SUFU-GLI complexes moved to the tip of the PC where they 

dissociate, with the consequent release of the GLI-fl. Moreover, given its important 

regulatory role, SUFU is ubiquitinated and degraded via proteasome (34). With SMO 

activation, the GLI proteins, not phosphorylated by PkA and not processed by the TrCP 

complex, enter the nucleus and drive the transcription of Hh target genes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4: Activation of the Hh signaling. Once bound by the Hh ligands, the Patched (PTCH) 

receptor is internalized and degraded, while Smoothened (SMO) translocates in the cilium 

and counteracts PkA and SUFU activity. At the same time, the GPCR161 receptor is 

internalized with consequent reduction of the PkA activity. At the tip of the cilium, GLI-fl 

dissociates from SUFU and can enter the nucleus in its active form, driving the transcription 

of Hh target genes.  

 

Ultimately, the Hh signaling transduction regulates the GLI protein activity, changing the 

balance between the activator and repressor forms. GLI proteins belong to the GLI-Kruppel 

family of zinc-finger (ZNF) containing transcription factors (35). In vertebrates, three GLI 

proteins (GLI 1, GLI 2, GLI 3) have been identified and, although the DNA binding site shows 
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high similarity, they activate target genes in a context-dependent manner. For instance, 

epigenetic changes in the regulatory regions of target genes might affect the transcriptional 

output (36). All GLI TFs contain a nuclear export sequence (NES) and a nuclear localization 

signal (NLS) that mediate their nucleo-cytoplasmic shuttling (8) and a C-terminal 

transactivation domain (TAD). They also possess a SUFU-interacting domain responsible 

for SUFU-mediated cytoplasmic retention. GLI2 and GLI3 contain a second SUFU-

interacting site required to inhibit GLI transcriptional activity in the nucleus and a N-terminal 

repressor domain that allows them to function as both transcriptional activators and 

repressors, depending on the cellular context (12). Differently, GLI1 functions only as an 

activator, instituting, therefore a positive feedback-loop (13). 

 

2.3 Non canonical Hh signaling 

Besides the classical canonical ligand-PTCH-SMO axis, non-canonical mechanisms, which 

lead to the transcription of the Hh target genes independently to SMO, have been proposed. 

These mechanisms mainly derive from the activation of different oncogenic signaling, such 

as the RAS-RAF-MEK-ERK signaling pathways (37). Indeed, constitutive activation of MEK1 

increases the activity of GLI1 with consequent up-regulation of Hh target genes. This 

positive feedback depends on a region within the GLI1 proteins, able to sense the status of 

the ERK1/2 signaling (38). Moreover, a putative consensus site for MEK was identified in 

the N-terminus of GLI2/3 (39). The link between the non-canonical Hh and the RAS signaling 

pathways has been identified in different cancer forms. For instance, in human pancreatic 

adenocarcinoma (PDAC) cells, oncogenic kRAS increases GLI1 protein levels and activity, 

independently to the canonical Hh pathway (40). Similarly, the RAS pathway increases GLI1 

and GLI2 mRNA and protein levels in colon cancer cells (41). 

Also, the PI3K-AKT-mTOR signaling can enhance the Hh signaling transduction 

independently to SMO activation. Indeed, activation of PI3K-AKT signaling enhances GLI1 

protein stability in pancreatic and ovarian cancer and in anaplastic large cell lymphoma 

(ALCL), blocking GLI1 phosphorylation and degradation (42). In addition, this signaling 

increases GLI1 transcriptional activity and nuclear translocation in melanoma and prostate 

cancer, and glioma cells (37). 
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3 ACUTE MYELOID LEUKEMIA 

3.1 Acute myeloid leukemia: general features  

Acute Myeloid Leukemia (AML) comprises a group of hematological disorders characterized 

by the presence of genetic and epigenetic alterations in the hematopoietic and progenitor 

stem cells (HSPC) (43). These events lead to the accumulation of undifferentiated myeloid 

cells, named leukemic blasts, defective in their proliferation and differentiation processes 

(44). Despite the achievement of complete remission, most patients develop resistance to 

standard chemotherapies and relapse. 

AML can evolve in patients with hematological disorders (i.e., myeloid dysplastic syndrome) 

even though most cases appear de novo in healthy individuals (45).  

Depending on the etiology, genetics, immune-phenotype, and blasts morphology, there are 

different classification systems for AML. The last edition of the World Health Organization 

(WHO) classification published in 2017, classified AML into six categories: AML with 

recurrent genetic abnormalities; AML with myelodysplasia-related changes; therapy-related 

myeloid neoplasms; AML, not otherwise specified; myeloid sarcoma; and AML linked to 

Down syndrome (46). The genetic profile of AML blasts allows the stratification of patients 

into three classes according to favorable, intermediate, and unfavorable prognosis. Indeed, 

patients with t(8;21) (q22;q22) [RUNX1/RUNX1T1], inv(16)(p13q22) [CBFB/MYH11] and 

t(15;17)(q24;q21) [PML/RARA] show a good response to chemotherapy treatment with the 

achievement of complete remissions (47). On the contrary, patients with t(6;9)(p23;q34) 

[DEK/NUP214], inv(3)(q21q26) [RPN1/EVI1] and t(1;22)(p13;q13) [RBM15/MKL1] are poor 

responders to common chemotherapy agents, with consequent unfavorable prognosis (47).  

The advances in the next generation sequencing (NGS) identified mutations in new genes 

with a high impact on the prognosis of patients characterized by normal karyotypes, such 

as somatic mutation in the FLT3 and the NPM1 genes (48). FLT3 and NPM1 mutations are 

late-occurring events in the development of AML and can be considered as markers for de 

novo AML (49). Nucleophosmin1 (NPM1) is a ubiquitously expressed phosphoprotein that 

primarily localized at the nucleoli with continuous shuttling between the nucleus and 

cytoplasm (50).  AML-associated NPM1 mutations result in the aberrant cytoplasmic 

translocation of the protein (NPMc+) (51). The FLT3 gene encodes for a tyrosine kinase 

receptor that, during hematopoiesis, regulates several processes, including cell division and 

apoptosis (52). Normally inactive, in the presence of mutation, mainly the internal tandem 

duplication (ITD) in the juxtamembrane domain, the receptor is constitutively activated and 

drives the transmission of the STAT5 signaling, therefore, enhancing the expression of 
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genes that sustain cell proliferation such as Cyclin D1, c- MYC and p21 (53). Generally, the 

presence of the FLT3-ITD mutation is linked to poor prognosis, especially for younger (<60 

years) and female patients (54). In Italy, based on data published by AIRTUM (Associazione 

Italiana registro Tumori), it is possible to estimate over 2000 new cases of AML in adults 

(55). Worldwide, AML is only in 35-40% of patients under 60 years of age and only in 5–

15% of patients older than 60 years due to the appearance of multi-drug-resistance (MDR) 

mechanisms (56). Indeed, nearly 60% of elderly patients failed in inducing chemotherapy 

due to recurrence, and >85% of patients failed in treatment (56).   

 

3.2 Hh signaling in AML 

In hematological cancers, such as leukemia, Hh signaling drives the development and the 

expansion of leukemic cancer cells (LCs), sustaining their survival and proliferation (56). 

The presence of LCs is a significant problem in cancer management as they drive the 

emergence of resistance clones leading to disease recurrence (58). Increased expression 

of Hh signaling has been reported in AML cell line, and upregulation of Hh target genes 

(GLI1, PTCH1) and SMO has been observed in AML patients (59). 

Therefore, inhibition of the Hh signaling pathway may represent an attractive strategy for 

AML patients, and initial promising results have been obtained in in-vitro studies. Indeed, 

the SMO inhibitor cyclopamine sensitizes chemoresistant CD34+ cells to cytarabine, one of 

the chemotherapy agents currently in use (60). However, cyclopamine has poor solubility, 

low potency, and off-target effects, making it unsuitable for clinical use (61). For this reason, 

researchers are developing cyclopamine derivative, which use is currently under 

investigation (62). Promising results have been obtained in preclinical studies where new 

SMO inhibitors showed the ability to induce LCs differentiation by promoting cell-cycle 

progression from dormancy (63). However, in a phase IIb clinical trial, the treatment with the 

cyclopamine derivative vismodegib did not block disease progression (64). Other SMO 

inhibitors are currently tested in different clinical trials with interesting primary results.  

On the contrary, the use of GLI inhibitors has been tested only in preclinical studies, and 

their use in clinical trial has not been yet investigated (65). SMO inhibitor resistance 

mechanisms might be attributed to several causes ranging from acquired SMO mutations to 

SMO-independent GLI1 activation through the non-canonical Hh signaling (66). In the first 

case, mutations can both change the inhibitors-binding sites or induce allosteric changes in 

the SMO that lead to the constitutive activation of the protein (67). In the second case, 

various mechanisms sustain the SMO-independent GLI1 activation, such as atypical protein 
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kinases, the regulation of transcriptional activity, and the forced Gli1 nuclear localization 

(67). Whether Hh inhibition may be effectively used in the treatment of AML is under 

investigation.  Only one Hh inhibitor (glasdegib) has been approved by the FDA as a 

therapeutic strategy to counteract AML progression in combination with low doses of 

cytarabine (63). Therefore, the discovery of new therapeutic targets able to modulate the Hh 

signaling might improve the treatment of AML patients.  

One attractive structure to be targeted for the treatment of different tumors is the PC. Indeed, 

cancer cells, including AML cell lines failed to express the PC on their surface and present 

a high proliferation rate (68). Novel therapeutic approaches to restore PC on the surface of 

cancer cells, the so-called “ciliotherapy”, are now emerging. One of the key players in PC 

destabilization is HDAC6, a class IIb member of histone deacetylase (HDAC) family of 

proteins. The HDAC6-mediated deacetylation of -tubulin leads to PC disassembly by 

destabilizing axonemal stability and increasing the polymerization of the actin filaments (69). 

Interestingly, HDAC6 is overexpressed in several tumors such as GBM, multiple myeloma 

(MM), melanoma and colon cancers (70), and drugs to selectively prevent HDAC6 activity 

(i.e. TubastatinA) are currently in use (71). However, HDAC6 expression and its relationship 

with Hh signaling in AML has never been investigated so far. 

 

4 HISTONE DEACETYLASE FAMILY OF ENZYME  

4.1 HDAC family of proteins 

In mammals, the histone deacetylase (HDAC) family of proteins comprises 18 members 

grouped into four classes based on phylogenetic analyses and sequence homology to yeast 

protein orthologues (72). Class I (HDAC1, 2, 3, 8), class IIa (HDAC4, 5, 7, 9), and IIb 

(HDAC6, 10) and class IV (HDAC11) exert a Zn2+ dependent deacetylase activity (73). 

Instead, HDACs belonging from class III (Sirtuins 1-7) adopt a NAD+ dependent mechanism 

of action (72).  

The state of interaction between histones and DNA influences gene expression. This 

process in eukaryotes is modulated by the activity of both HDACs and histone 

acetyltransferases (HAT). As histone deacetylases enzymes, HDACs negatively modulate 

gene expression obstructing the access of the transcriptional machinery. Indeed, the HDAC-

mediated removal of the acetyl group recovers the positive charge on the lysine chains and 

restores the chromatin in a close conformation preventing the access of RNA polymerases 

and decreasing gene expression(74) (Fig.5). 
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Fig.5: Epigenetic control of gene expression. The acetylation (AC) of histone lysine by 

HAT, opens the chromatin structure and enables the binding of RNA polymerase II (RNA 

Pol II). On the contrary, the HDAC-mediated lysine deacetylation restores the closed 

chromatin conformation (left). Histones: dark green spheres; DNA: orange; lysine residues: 

gray tails. Modified from Zhang et al. 2021.  

 

Through this fine-tuned regulation, HDACs exert epigenetic control of gene expression. 

Alterations in the balance between HAT and HDAC activities result in the aberrant 

expression of specific genes and leads to the instability of the chromatin structure with the 

development of different human disease (72). Indeed, by altering the acetylated state of the 

chromatin, HDACs mainly influence the transcription of oncogenes and tumor suppressor 

genes (75). However, different human pathological conditions arise from an altered 

equilibrium between cytoplasmatic acetylated/non-acetylated proteins. Indeed, HDACs also 

regulate the deacetylation of different cytoplasmatic proteins, thereby influencing different 

biological processes and controlling cellular homeostasis (76).  

 

 

4.2 HDAC6 structure  
 
The HDAC6 gene (Xp11.23), codifies for the largest HDAC protein, with 1215 aminoacids 

rearranged in a structure that makes HDAC6 unique among all the other HDACs. Indeed, 

HDAC6 contains two catalytic domains, the CD1 and CD2, located at the N-terminal and the 

central region, respectively, and a ubiquitin zinc-dependent domain (ZnF-UBP) at the C-

terminus, which mediate the binding of ubiquitinated proteins (77) (Fig.6). Besides, HDAC6 

shows nuclear export signals (NES) and a serine/glutamate-rich repeat motif at the C 
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terminus, both responsible of the preferentially cytoplasmatic localization of the protein (77) 

(Fig.6). In this cellular compartment, HDAC6 mainly targets non-histone substrates, 

including α-tubulin, protein tau, cortactin, heat shock protein (HSP90), and peroxiredoxin 

(78). Therefore, HDAC6 plays a role in several biological processes such as cell movement, 

autophagy, apoptosis, and protein transport and degradation, which alterations have been 

linked to the development of different human diseases (79).  

 

 

Fig.6: HDAC6 domain organization. NES: nuclear export signal; CD: catalytic domain; 

SE14: serine/glutamate motif; ZnF-UBP: ubiquitin zinc-dependent domain.  

 

4.3 Major molecular processes regulated by HDAC6  

HDAC6 is the only deacetylase enzyme that preferentially resides into the cytoplasm and 

deacetylases different non-histone proteins therefore modulating a variety of biological 

processes.  

The α-tubulin was the first described HDAC6 substrate and through its deacetylation HDAC6 

regulates microtubules’ stability and function and impacts on cell movement and migration. 

Indeed, the deacetylation of α-tubulin by HDAC6 reduces microtubules stabilization and 

promotes cell migration (80). In line with this, the HDAC6 specific inhibition restores α-tubulin 

acetylation and reduces cell motility, while its overexpression in mammalian cells leads to 

tubulin hypoacetylation and promotes chemotactic cell movement (81). Interestingly, 

HDAC6 controls cell motility, also deacetylating the F-binding protein cortactin. Indeed, 

HDAC6 translocates to actin-enriched membrane ruffles where deacetylates cortactin and 

enables the polymerization of the actin filaments, favoring cell migration (82). On the other 

side, HDAC6 specific inhibition blocks the HDAC6 peripheral translocation and its binding 

with cortactin, reducing cell motility (82).  

Through its α-tubulin deacetylase activity, HDAC6 controls tubulin's binding with interacting 

partners such as the tumor suppressor cylindromatosis (CYLD) protein. CYLD regulates cell 

growth and division through its tubulin-mediated associations with microtubules. HDAC6, 

through the α-tubulin deacetylation, prevents CYLD activation and promotes cell division 

(83).  
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Notably, through the deacetylation of the α-tubulin and cortactin HDAC6 drives the 

disassembly and the resorption of the primary cilium (PC), therefore controlling Hh signaling 

transduction towards the cells and cell proliferation (84). 

HSP90 is another well-characterized HDAC6 substrate that modulates the recycling of 

misfolded protein. Indeed, HSP90 HDAC6-mediated deacetylation drives the activation of 

HSF1 and promotes the induction of molecular chaperone heat shock genes, including the 

gene-encoding HSP90 (85). Through this mechanism, HDAC6 acts as a pro-survival protein, 

protecting cells from apoptosis after stress induced by misfolded proteins.  

Interestingly, HDAC6 also plays a direct role in the degradation of misfolded proteins through 

the proteasome (UPS) or autophagic process (86). The degradation pathway of the 

polyubiquitinated proteins depends on the balance between HDAC6 and p97/VCP. Indeed, 

an excess of p97/VCP over HDAC6 promotes the dissociation of the polyubiquitinated 

proteins from HDAC6, ensuring their degradation through the proteasome system. On the 

contrary, an excess of HDAC6 drives their clearance through autophagy (87). Moreover, 

HDAC6 modulates the transport, microtubules-mediated, of the autophagosomes to the 

lysozymes and their fusion, recruiting and deacetylating the cytoplasmatic protein cortactin 

(88). 

 

4.4 HDAC6 inhibition in AML 

The use of the HDAC inhibitors (HDACi) for the treatment of different cancers relies on their 

ability to regulate gene expression through the induction of the acetylation of histone or non-

histone proteins that control cell cycle progression, apoptosis, and differentiation (75). 

However, most of the HDACi lack specificity for specific isoforms leading to off-target effects 

(89). For this reason, in recent years, scientists are currently testing the use of new 

therapeutic agents able to target specific HDAC isoform to reduce the development of 

adverse side effects. The generation of these new compounds is suitable for HDAC isoforms 

for which the crystal structure of the catalytic domain is available, such as HDAC6. However, 

little is known about the contribution of HDAC6 in the development or in the progression of 

AML. In 2005, expression analyses performed on AML samples showed that the expression 

levels of HDAC6 are at or around that of immature myeloid progenitor/blast cells (90).  

Moreover, the specific inhibition of HDAC6 with the selective ST80 inhibitor reduced the 

proliferation of patients’ blast and AML cell lines (91) In a combination setting with common 

therapeutic agents, another HDAC6 selective inhibitor named MPT0G211 reduced tumor 

growth affecting cell proliferation and induced cell death via apoptosis (92). These data 
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suggest that HDAC6 might play a role in the development or in the progression of AML and 

could represent an attractive target to be exploited.  

 

5 THE ZEBRAFISH (Danio rerio) MODEL 

5.1 Zebrafish hematopoiesis  

In vertebrates, hematopoiesis occurs in two distinct phases, defined as primitive and 

definitive hematopoiesis (93). The first is responsible for the generation of primitive 

erythrocytes and macrophages, while the second establishes self-renewal hematopoietic 

stem cells (HSCs), which give rise to all the hematopoietic lineages (94). In zebrafish, 

despite differences in the anatomical sites, the molecular mechanisms governing 

hematopoiesis are highly conserved, making it suitable for the study of the hematopoietic 

development both in physiological and pathological conditions (95).  

The anatomical sites of primitive hematopoiesis form during early embryonic development 

in two bilateral stripes of the lateral mesoderm: the rostral blood island (RBI) in the anterior 

lateral mesoderm (ALM) and the intermediate cell mass (ICM) blood islands which origin 

from the posterior lateral mesoderm (PLM) (Fig.7). The ICM locates nearly the notochord 

and is considered the zebrafish counterpart of the mammals’ extra-embryonic yolk sack 

blood islands. Around 10.5 hours post fertilization (hpf) the expression of the bHLH 

transcription factor stem cell leukemia (scl/tal1) in the PLM indicates the beginning of the 

primitive hematopoiesis (96). At the same time, cells of the RBI region start to express the 

ETS-related protein (etsrp/etv2), scl and the myeloid marker spi1b (97). Shortly after, 

etsrp/etv2 expression is detected in the PLM together with the expression of other 

hematopoietic genes such as LIM domain only 2 (lmo2), the vascular genes including GATA 

binding protein 2a (gata2a) and the ETS family member fli1a/b (97). From the stage of 12 

hpf, in the newly formed ICM, cells are progressively specified to the myeloid or erythroid 

fate, whit the expression of the spi1b and gata1a, respectively (98). Around 18 hpf, the cells 

of the RBI express the pan-leukocyte marker l-plastin (99) and myeloid markers, including 

both interferon regulatory factor 8 (irf8) (100) and the granulocyte progenitor marker 

CCAAT/enhancer-binding protein 1 (cebp1) (101). By 19 hpf, overlapping expression of the 

granulocyte marker myeloid peroxidase (mpx) and gata1a in cells within the PLM and later 

within the ICM may indicate a primitive myeloid-erythroid cell population (102). Finally, from 

the stage of 21.5 hpf, RBI-derived macrophages begin the expression of the colony-

stimulating factor receptor 1a (csf1ra/fms), the macrophage-expressed 1 (mpeg1), and other 

macrophage markers. At 24 hpf, granulocyte progenitors begin to differentiate, expressing 
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lysozyme C (lyz) and mpx (102). These last events represent the end of primitive 

hematopoiesis.   

The appearance of hematopoietic stem and progenitor cells (HSPCs) indicates the 

beginning of the definitive hematopoiesis, and in zebrafish, HSPCs are identified by the 

expression of the hematopoietic stem cell markers cmyb and runx1. These HSPCs arise 

from the ventral wall of the dorsal aorta, considered the anatomical counterpart of the 

mammal aorta-gonad-mesonephric (AGM) from the stage of 26 hours post fertilization (hpf)  

(95) (Fig.7). runx1 is the earliest marker of this cell population as embryos knocked-out for 

runx1 lack the formation of HSPCs (103). On the contrary, cmyb is believed to act 

downstream of runx1, and in its absence, HSPCs are correctly formed and specified but 

cannot exit from the ventral wall of the dorsal aorta (104). The induction of Runx1 and the 

formation of the first HSPCs depends on the activation of the Notch signaling. Indeed, in the 

Notch mindbomb mutants and in embryos treated with the γ-secretase inhibitor DAPT, 

HSPCs are not formed (105). In line with this, transient activation of Notch signaling by 

induction of the Notch intracellular domain leads to the upregulation of HSPCs budding from 

the AGM (105). Also, through the Wnt16 ligand, the Wnt signaling controls the formation of 

the HSPCs, as it drives the Notch ligands dC and dD expression in the somites surrounding 

the dorsal aorta (106). Once formed, through their budding from the wall of the arterial 

vessel, HSPCs enter the circulation via the axial vein and colonize different organs: the 

caudal hematopoietic tissue (CHT) by 2 days post fertilization (dpf), the thymus by 3 dpf and 

the kidney marrow at 4 dpf (102) (Fig.7). The transcription factor Scl mainly mediates the 

budding of HSPCs. Indeed, scl expression is required in the AGM to initiate the epithelial-to 

mesenchymal transition (107). Once reached the CHT, HSPCs give rise mainly to embryonic 

macrophages, neutrophile and monocytes. From the kidney marrow, considered the 

anatomical counterpart of the mammal bone marrow, myeloid and erythroid cells, 

thrombocytes, and B-lymphoid cells originate. The thymus is instead responsible for the 

maturation of T lymphoid cells (102). 
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Fig.7: Anatomical sites of zebrafish primitive and definitive hematopoiesis. On the top, 

representative stages of zebrafish embryos in which are labelled the anatomical sites of 

hematopoiesis. On the bottom, a timescale indicating the stage at which the anatomical sites 

are active during hematopoiesis. ALM: anterior lateral mesoderm; PLM: posterior lateral 

mesoderm; ICM: inner cell mass; RBI: rostral blood island; HE: hemogenic endothelium; 

CHT: caudal hematopoietic tissue; hpf: hours post fertilization; dpf: days post fertilization.  

 

5.2 Zebrafish as a model for AML 

The dynamic processes underlying hematopoiesis are well conserved in zebrafish, and it is 

not surprising that mutations in the zebrafish hematopoietic genes at the basis of human 

disorders successfully phenocopy the human disease phenotypes. Different models have 

been described concerning the zebrafish as a model for the study of AML. For instance, the 

overexpression of the AML1-ETO mRNA causes alteration in both erythropoiesis and 

granulopoiesis, a phenotype found in AML patients (108). In addition, the specific 

overexpression of NUP98-HOXA9 mRNA specifically in the myeloid compartment leads to 

the hyperproliferation of HSPCs and myeloid cells (109,110). Overexpression of the mutant 

form of NUCLEOPHSOMIN (NPMc+) in zebrafish embryos led to the expansion of primitive 

early myeloid cells, which was significantly enhanced in the absence of functional p53 (110). 

Similarly, in zebrafish embryos, overexpression of mRNAs expressing human FLT3-ITD or 

FLT3 with a mutation in the tyrosine kinase domain (FLT3-TKD) resulted in expansion and 

clustering of myeloid cells through activation of downstream signaling pathways (111). 
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Approximately 30% of cytogenetically normal AML cells carry mutations in the isocitrate 

dehydrogenase 1 and 2 (IDH1/2) genes (112). Also, for this mutation, the zebrafish model 

with forced expression of IDH genes shows increased myeloid progenitor cells and reduced 

myeloid differentiation (113).  

The zebrafish model helped in understanding the role of the main hematopoietic genes 

during definitive hematopoiesis. Indeed, loss-of-function mutations in RUNX1 are found in 

almost 10% of AML patients, and unfortunately, are associated with poor outcome (114). A 

zebrafish line harboring a truncated allele of runx1 (runx1W84X) is characterized by the block 

of definitive hematopoiesis, and the 20% of the embryos that reach the adult life showed a 

significant reduction of myeloid progenitor cells (115). In AML patients, also loss-of-function 

mutations in SPI1 (PU.1) has been associated with the onset and progression of the disease 

and in adult zebrafish carrying the hypomorphic pu.1 allele (pu.1G242D), there is an expansion 

of immature myeloid cells in the kidney marrow (116). Therefore, zebrafish AML models 

confirm the evolutionary conservation of molecular mechanisms behind definitive 

hematopoiesis, and prompted out the pathogenetic role of some genes (i.e. RUNX1 and 

PU.1) in AML development and progression.  

As described above, the clonal expansion of leukemic blast is also driven by the serial 

acquisition of different mutations. In line with this, in zebrafish, the forced expression of the 

fusion gene MOZ-TIF2, showed a low incidence of leukemic phenotype, indicating that 

additional mutations are needed to the development of AML in patients carrying the 

inv(8)(p11q13) chromosomal rearrangement (117).  
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AIM OF THE THESIS 

With this work we aim to decipher the Hh/HDAC6/MDR interplay in the field of acute myeloid 

leukemia (AML) to investigate if HDAC6 might represent a suitable therapeutic alternative 

for the treatment of AML patients.  

-We addressed this point starting with the characterization of the Hh/HDAC/MDR interplay 

in a cohort of adult AML samples.  

-We then moved to the generation of in vivo zebrafish models with Hh or HDAC6 

overexpression to decipher the molecular mechanism governing hematopoietic stem and 

progenitor cells (HSPCs) development.  

-We also isolated the HSPCs from zebrafish embryos to identify if this cell population present 

the PC as recently described for human bone marrow cells. Indeed, this structure could be 

responsible for the HSPCS expansion following Hh/HDAC6 hyperactivation in zebrafish and 

could be a suitable target for HDAC6 inhibition. 

-We performed Hh and HDAC6 specific inhibition in zebrafish embryos with Hh and HDAC6 

overexpression and in zebrafish models of AML carrying the overexpression of the NPMc+ 

and FLT-ITD transcripts. We also demonstrated in human AML cell lines the potentiality of 

HDAC6 inhibition.  

-Finally, as combination therapies based on the co-administration of HDAC inhibitors and 

chemotherapic agents are currently under investigation, we tested this combination setting 

administrating the chemotherapic agent cytarabine and the HDAC6 inhibitor in the zebrafish 

models of AML.   
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MATERIAL AND METHODS 

Patients  

All human material and derived data were used in accordance with the Declaration of 

Helsinki. The genetic profile of AML specimens, previously characterized for molecular 

aberrancies in accordance with specific clinical protocol requirements, is listed in the table 

below (table 1). Patients enrolled belong to different French-American-British (FAB) 

classification systems (118), excluding M3, therefore all patients were negative for 

translocation t(15;17). Bone marrows of healthy individuals were collected as control for 

gene expression assays, upon appropriate Informed Consent ASG-MA-052A approved by 

Azienda San Gerardo on may 8th 2012.  

 

 

Table 1: Features of AML patients. FAB: French-American-British classification. 

 

Zebrafish (Danio rerio) housing and maintenance 

Zebrafish embryos were raised and maintained under standard conditions according to the 

national guidelines (Italian decree March 4, 2014, n. 26). Embryos from AB and 

Tg(CD41:GFP) strains (119) were obtained by natural spawning, staged according to the 

reference guidelines (120) and raised at 28° C in E3 medium fish water (instant ocean, 0.1% 

methylene blue in petri dishes). From the stage of 24 hours post-fertilization (hpf) 0.003% 

1‐phenyl‐2‐thiourea (PTU, Sigma‐Aldrich, Saint Louis, MO) was added to the fish water in 

order to prevent pigmentation. Before manipulations, embryos were dechorionated and 
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anesthetized with 0.016% tricaine (ethyl 3‐aminobenzoate methanesulfonate salt; Sigma‐

Aldrich).  

 

Chemical treatments in zebrafish embryos 

TubastatinA (TubA; Sigma), cyclopamine (cyclo; Sigma) and cytarabine (AraC, Sigma) were 

dissolved in the Dimethyl sulfoxide (DMSO) vehicle. For the pharmacological treatments the 

drugs were directly added to the E3 medium fish water in a 24 multi-well containing a 

maximum of 15 embryos/well from the stage of 1.5 days post fertilization (dpf). The multi-

well was then incubated at 28°C until 2.5 dpf. Embryos were treated with different 

concentrations of the compounds alone or in combination in 1 ml final volume of E3 with 

PTU 1X. The doses used were 100 to 35 M of TubA and 5 M cyclo for single treatments 

or 50 M TubA and 2.5 M cyclo for combination therapies with 50 M AraC.  

 

Chemical treatments in AML cell lines  

OCI-AML2, U937, THP-1, and NB4 cell lines were originally obtained from ATCC/DSMZ 

repositories and since stored at the internal cell line bank at the Department of Experimental 

Oncology, IEO. Cell lines undergo regular authentication and mycoplasma testing. Cells 

were seeded at 10^4 cells/well in 96-well plates in 100 µl of growth medium and allowed to 

grow for 72 h prior to treatment commencement. Cyclopamine (cyclo) and TubastatinA 

(TubA) were dissolved in DMSO, diluted in the appropriate culture medium and added into 

plates, as indicated. The concentration range of both compounds has been determined 

based on published data and ranged between 0.6 M and 4.8 µM for cyclo (121) and 1.25 

M to 10 M for Tuba (122). 72 hours later, CellTiter-Glo assay (Promega) was performed 

as indicated in the manufacturer’s instructions and read on GloMax (Promega) plate reader. 

Cells treated with DMSO (0.2% in appropriate medium) were used as a control. 

 

mRNA synthesis and microinjection 

DH5a E.coli cells were transformed with T7TS-shh expression plasmid and processed 

through MIDIprep DNA extraction (Promega) according to the manufacture instructions.  The 

T7TS-shh expression plasmid was linearized with NotI (Promega) and the shh mRNA was 

in vitro transcribed and purified with the mMESSAGE mMACHINE T7 transcription kit 

(Invitrogen) following the manufactures instructions. For the synthesis of the human HDAC6 

mRNA we purchased bacterial stab transformed with the pCDNA3.1-HDAC6 plasmid 

(Addgene, Watertown, MA 02472; USA). After, inoculations, bacterial cells were processed 
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with MIDIprep DNA extraction (Promega) and the extracted pcDNA3.1-HDAC6 plasmid was 

linearized with KasI (Promega). The human HDAC6 mRNA was then in vitro transcribed and 

purified with the mMESSAGE mMACHINE T7 transcription kit (Invitrogen) following the 

manufactures instructions. Once synthesized, mRNAs were quantified through 

spectrophotometry (Nanodrop) and run on 1% agarose gel to assess the integrity of the 

material.   

4 nl of solution containing nucleases free water, the red phenol tracer (Invitrogen), and 200 

pg/embryo of the shh mRNA or 250 pg/embryo of the human HDAC6 mRNA was added into 

borosilicate needles and injected into 1 cell stage embryos of the Tg(CD41:GFP) line 

through the use of micromanipulator (Femtojet; Eppendorf). As a control, embryos were 

injected with the same amount of the red-fluorescent-protein (rfp) mRNA except when 

double immunofluorescence with a secondary red antibody was performed. 

 

Reverse transcription and real-time quantitative techniques (RT-qPCR)  

Total RNA was isolated from zebrafish embryos and cell lines using TRIZOL reagents (Life 

Technologies, Carlsbad, CA, USA) following the manufacturer’s instructions. After DNaseI 

RNase-free (Roche Diagnostics, Basel, Swizterland) treatment to avoid genomic 

contamination, 1 μg of total RNA was used as a template for the synthesis of cDNA using 

the “GoScript™” Reverse Transcription system (Promega, Madison, Wisconsin USA). 

Quantitative real-time polymerase reactions (RT-qPCR) were conducted in a total volume 

of 10 μl containing iQ SYBR Green Super Mix (Promega, Madison, WI, USA) using the 384-

well QuantStudio™ 5 Real-Time PCR System (Applied Biosystem, Whaltam, MA, USA). 

Genes of interest were normalized to rpl8 and beta-actin for zebrafish and to GAPDH and 

GUS for human cell lines and AML samples. In table 2, is reported the list of the primers 

used for the RT-qPCR.  

 

Primer Sequence (5’ – 3’) 

GLI1 HS FF AGT ACA TGC TGG TGG TTC AC 

GLI1 HS RR AGG TTT TCGA GGC GTGA GTA 

PTCH1 HS FF AGG TGC TAA TGT CCT GAC CA 

PTCH1 HS RR CCA CTG CCT GTT GTA CAT GT 

HDAC6 HS FF CTG GCT TGG TGT TGG ATG AG 

HDAC6 HS RR CTC CTG GAT CAG TTG CTC C 

ABCC1 HS FF ATG CAG AGG AGA ACG GGG T 
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ABCC1 HS RR CCT GCA CTG TCC GTC ACC 

ASXL1 HS FF TCA CGC TCA AGA AGG ATG CC 

ASXL1 HS RR CCC ACA GCT CTC CAC ATC AG 

GAPDH HS FF CAA CGA CCA CTT TGT CAA GC 

GAPDH HS RR CTG TGA GGA GGG GAG ATT CA 

GUS HS FF CGC CCT GCC TAT CTG TAT TC 

GUS HS RR TCC CCA CAG GGA GTG TGT AG 

gli1a zf FF ACA CAC TGA AAT CTC AGC CG 

gli1a zf RR GTC ATT ATT ATT GGC GCT CC 

ptch1 zf FF GGA GAA ACT CTG GGT AGA AG 

ptch1 zf RR CCT GAC GAG GCG TCT GTA TC 

asxl1 zf FF GTC GCT CTT CAC AGT CAG GG 

asxl1 zf RR CGT GTT CAC CGT TGA CCT TG 

abcc1 zf FF CGT GAG GAG ACA CAA CTG AG 

abcc1 zf RR AGT TGC AGT ACA CAG CCC TG 

hdac6 zf FF GCA GAG ACA CCT AAC CGT TC 

hdac6 zf RR CCA GCA GCC TCC AGA ACT AA 

cmyb zf FF GAC ACA AAG CTG CCC AGT TC 

cmyb zf RR GCT CTT CCG TCT TCC CAC AA 

rpl8 zf FF CTC CGT CTT CAA AGC CAA TG 

rpl8 zf RR TCC TTC ACG ATC CCC TTG AT 

-actin zf FF GCA CGA GAG ATC TTC ACT CC 

-actin zf RR GCA GCG ATT TCC TCA TCC AT 

 

Table 2: Primers used for RT-qPCR analyses. HS: Homo sapiens; zf: zebrafish 

 

Fluorescence activated cell sorting (FACS) analyses  

Embryo’s dissociation was performed as described in Bresciani et al. (2018) (123). FACS 

analysis were conducted on Tg(CD41:GFP) zebrafish embryos at 2.5 dpf as previously 

described (44). Flow cytometry acquisitions were performed using Attune NxT 

(Thermofisher). Analyses were done with Kaluza software from Beckman Coulter. Embryos 

of the wild-type AB strain were used to set the gate and exclude auto-fluorescence of cells. 

The gate for GFPlow/high cells was set on control Tg(CD41:GFP) DMSO-treated embryos to 

distinguish a GFPlow population representing around 0.2% of total cells, as previously 
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reported (44), and applied to all categories analyzed. Hematopoietic stem and progenitor 

cells (HSPC-GFPlow) sorting from Tg(CD41:GFP) 2.5 dpf zebrafish embryos was performed 

with FACSAriaIIU from BD and data analyzed with FACSDiva software. 

 

Immunofluorescence staining and image processing 

PTU-treated embryos belonging from the Tg(CD41:GFP) line were fixed overnight in 4% 

paraformaldehyde (Sigma-Aldrich) in Phosphate Buffer Saline (PBS) at 4 °C. After 2 hours 

in blocking solution at room temperature embryos were incubated with the primary 

antibodies mouse anti-GFP (1:1000, Sigma-Aldrich) and rabbit anti-3PH (1:200, Sigma-

Aldrich). The secondary antibodies were Alexa Fluor 488-conjugated goat anti-mouse IgG 

1:400 (A11008, Invitrogen Life Technologies, Carlsbad, CA, USA) and Alexa 546-

conjugated goat anti-rabbit IgG 1:400 (A11001 and A11010, Invitrogen Life Technologies). 

Staining was evaluated detecting GFP and/or 3PH fluorescence through confocal analyses 

(A1 HD25/A1R HD25 instrument, Nikon FRET-FLIM) provided by the UniTech nolimits 

NOxsz<LIMITS service (UNIMI department). For the count of proliferating HSPCs, confocal 

images were analyzed by ImageJ software. We selected the caudal hematopoietic tissue as 

region of interest (ROI) and set a common threshold for all the experimental group.  

 

Western blotting analysis  

Total proteins from AML cell lines or zebrafish embryos were extracted with Ripa buffer. 40 

µg of extracts were loaded in a 10% acrylamide/polyacrilammide gel and subjected to 

electrophoresis. Proteins were transferred onto polyvinylidene fluoride (PVDF) membranes 

that were incubated with blocking solution (BS) (5% skimmed powder milk in TBS containing 

0.1% TWEEN-20) for 1h at room temperature before overnight incubation at 4°C with 

primary antibodies: ac--tubulin (anti mouse 1:1000; Sigma-Aldrich) and total  -tubulin (anti 

rabbit 1:1000; Sigma-Aldrich) for AML cell lines and ac--tubulin (anti mouse 1:1000; Sigma-

Aldrich) and vinculin (anti mouse 1:6000; Sigma-Aldrich) for zebrafish samples. Membranes 

were then incubated over-night at 4°C with HRP-conjugated secondary antibodies in 

blocking solution. Protein bands were detected by using WESTAR ECL detection system 

(Cyanagen, Bologna, Italy). Images were acquired with the Alliance MINI HD9 AUTO 

Western Blot Imaging System (UVItec Limited, Cambridge, UK) and analyzed with the 

related software. 
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Statistical analyses  

All the statistical analyses were performed using the GraphPad (Prism) software (Version 

9.1.2). For RT-qPCR and FACS experiments, data were statistically analyzed applying One-

way analysis of variance (ANOVA) with Tukey post-hoc correction or Unpaired T-tests with 

Welch correction, defining P≤0.05 (*), P≤0.01 (**), and P≤0.001 (***) as statistically 

significant values. Data were analyzed using the comparative ΔΔCt method (124). For the 

correlation analyses in AML samples, we choose the Spearman correlation defining P≤0.05 

(*), P≤0.01 (**), and P≤0.001 (***) as statistically significant values. The count of the 

proliferation rate of HSPCs was obtained by the ratio HSPCs positive for the 3PH 

staining/total number of HSPCs and analyzed with One-way analysis of variance (ANOVA) 

with Tukey post-hoc correction considering P≤0.05 (*), P≤0.01 (**), and P≤0.001 (***) as 

statistically significant values. 
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RESULTS 

1. The expression of Hh and HDAC6 positively correlates in adult AML patients 

The interplay between the Hh signaling and HDAC6 has never been investigated in AML. 

Therefore, we evaluated the relation between the expression levels of HDAC6 and Hh target 

genes GLI1 and PTCH1 in a cohort of 36 adult AML patients. We found that the expression 

levels of both Hh targets and HDAC6 was significantly increased in AML samples in 

comparison to healthy-donors (HD) (Fig.8A-C). Moreover, though correlation analyses we 

demonstrated that the expression levels of GLI1 and PTCH1 positively correlated with that 

of HDAC6 (Fig.8D-E). Interestingly, also the expression of the Multi-Drug-Resistance (MDR) 

genes ABCC1 and ASXL1, which was upregulated in AML patients in comparison to HD, 

positively correlates with the expression of GLI1, PTCH1 and HDAC6 (Fig.8F-M).  

 

Fig. 8: Hh/HDAC6/MDRs correlation in AML patients in comparison to HD. A-C) Real-

time qPCR analyses of Hh signaling target genes (A) GLI1, (B) PTCH1 and (C) HDAC6 in 

a cohort of adult AML patients. D-E) Correlation analyses between the expression levels of 

HDAC6 and (D) GLI1 and (E) PTCH1. F-M) Real-time qPCR and correlation analyses of the 

Multi-Drug-Resistance (MDR) genes (F, G-I) ABCC1 and (J, K-M) ASXL1. A-C; F; J) 

Unpaired T-test with Welch correction. D-E; G-I; K-M) Spearman correlation. ***p<0.001; 

**p<0.01; *p<0.05. HD: healthy donor; AML: acute myeloid leukemia. Results are presented 

as mean ± SEM.  
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We confirmed these correlations in the TGCA LAML dataset by means of the GEPIA2 web-

tool (Fig.9). These data indicates that Hh signaling, HDAC6 and MDR genes are upregulated 

and positively correlated in AML patients and suggest that Hh and HDAC6 might contribute 

to the generation of the leukemic condition and resistance to chemotherapy.   

 

 

 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9: GEPIA2 correlation analyses: Hh/HDAC6/MDRs in LALM dataset. Correlation 
analyses between the expression levels of HDAC6 (HDAC6 TPM) and GLI1 and PTCH1 (2 
signature TPM). Spearman correlation. ***p<0.001. LAML: Acute Myeloid Leukemia; TPM: 
transcript per millions.  
 
 

2. In zebrafish, Hh hyperactivation elicits the expansion of the HSPCs 

To assess the functional role of the Hh/HDAC6 signaling during hematopoiesis, we 

overexpressed the shh mRNA in zebrafish embryos in order to generate an in vivo model 

with Hh hyperactivation. At the stage of 2.5 dpf we firstly verified that shh mRNA injection 

determined an increase of the Hh signaling target genes gli1a and ptch1 (Fig.10A-B). We 

also confirmed that this model recapitulates the genetic regulation found in our AML cohort 

as we detected enhanced expression of hdac6, abcc1 and asxl1 (Fig.10C-E). Through 

immunofluorescence (IF) analyses in the Tg(CD41:GFP) transgenic line expressing GFP 

protein in the hematopoietic stem and progenitor cells (HSPCs) we showed that shh mRNA 

injection elicited an expansion of this population in the caudal hematopoietic tissue (CHT) 

at the stage of 2.5 dpf when definitive hematopoiesis is well established, and enhances the 

expression of the HSPCs marker cmyb (Fig.10F-G).  
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Fig. 10: Hh/hdac6/MDRs expression and HSPCs expansion in the zebrafish model 
with Hh hyperactivation. Real-time qPCR analyses of Hh signaling target genes (A) gli1a, 
(B) ptch1, (C) hdac6 and the Multi-Drug-Resistance (MDR) genes (D) abcc1, and (E) asxl1. 
F) IF assays showing the HSPCs in the CHT (n=3) in Tg(CD41:GFP) control (rfp mRNA) 
and shh overexpressing embryos. G) Real-time qPCR analyses of cmyb expression. In all 
the analyses shh mRNA injected embryos were compared to rfp-mRNA control embryos. 
Unpaired T-test with Welch correction. ***p<0.001; **p<0.01; *p<0.05. Results are presented 

as mean ± SEM. Scale bar indicates 100 m. n indicates the number of embryos analyzed. 
CHT: caudal hematopoietic tissue.  
 

To investigate if the hematopoietic phenotype could be rescued by pharmacological 

inhibition of either Hh or Hdac6 we decided to treat shh mRNA overexpressed embryos with 

selective inhibitors, cyclopamine and TubastatinA respectively, addressing firstly their 

molecular validation.  

 

3. TubastatinA efficiently blocks the zebrafish Hdac6  

In order to select the proper dose of TubastatinA (TubA) to use for rescue experiments, a 

dose-response assay was performed. Embryos of the Tg(CD41:GFP) transgenic line were 

incubated with increasing concentration of the inhibitor from the stage of 1.5 day post 

fertilization (dpf). One day later, embryos were analyzed for the screening of morphologic 

defects. No significant differences in the axial body have been observed at all the doses 

n=4 

n=4 
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tested in comparison to embryos treated with the DMSO vehicle (Fig.11A). We also 

evaluated embryos survival at 1 day post treatment (dpt) and we did not detect an increase 

in embryos mortality even at the higher dose used (Fig.4B).  From these experiments, and 

according to data reported in Leyk et al. we selected 100 M as the working dose (125). 

Further we validated the HDAC6 inhibition by means of western blot assays. As expected, 

TubA treated embryos showed a significant increase in the level of the acetylated--tubulin 

in comparison to DMSO-treated control embryos (Fig.11C). We also performed a functional 

validation of the inhibitor analyzing the formation of the cilia in the pronephric duct, a region 

commonly used for the screening of defects in cilia formation (126). Accordingly, by means 

of immunofluorescence analyses with the acetylated-−tubulin antibody, we found that 

TubA treatment increased the length of the cilia in this region (Fig.11D).  

 

 

Fig. 11: Validation of HDAC6 inhibition in zebrafish. A) Morphological evaluation and B) 
survival of embryos treated with different doses of TubA. C) Western-blot analyses of the 

ac--tubulin levels and relative quantification. D) IF analyses of the cilia in the pronephric 
region and measurement of their length through the ImageJ software (n=3). Unpaired T-test 
with Welch correction. ***p<0.001. Results are presented as mean ± SEM. Scale bar 

indicates 5 mm in A and 100 m in D. n indicates the number of embryos analyzed; dpt: 
days post treatment; TubA: TubastatinA.  
 
 
All together, these data indicated that TubA has no toxic effect in our model system and 

efficiently blocks the deacetylase activity of the endogenous Hdac6 increasing the levels of 

the main Hdac6 target acetylated--tubulin. Moreover, TubA administration in vivo 
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modulated the ciliogenesis, a process in which HDAC6 has been described to play a pivotal 

role (127).  

 

4. Cyclopamine administration rescues the Hh hyperactivation in the zebrafish model 

with shh mRNA overexpression. 

According to a previous work of our group, we decided to use 5 M of cyclopamine as 

working dose (128). However, this dose has been administrated with a different procedure 

and we investigated if 5 M of cyclopamine was sufficient in blocking the Hh signaling 

transduction in our experimental setting and in the zebrafish model with Hh hyperactivation. 

Therefore, embryos of the Tg(CD41:GFP) transgenic line injected with the shh mRNA were 

incubated with 5 M of cyclopamine from the stage of 1.5 to 2.5 dpf. By means of RT-qPCR 

we verified that in shh mRNA overexpressed embryos and treated with 5 mM of cyclopamine 

the expression levels of the Hh signaling target genes (gli1a, ptch1) were significantly 

reduced in comparison to shh mRNA embryos treated with the DMSO (Fig.12A-B). These 

data indicated that in shh mRNA overexpressed embryos, 5 M cyclopamine efficiently 

rescued the Hh signaling hyperactivation.  

 

 

 

 

 

 

 

 

 
 
 
Fig. 12: Validation of the efficacy of Hh inhibition in the zebrafish model with Hh 
upregulation. Real-time qPCR analyses of the Hh target genes (A) gli1a, (B) ptch1 in 
controls (rfp-mRNA), Hh overexpressed (shh-mRNA injected), and cyclopamine treated 
embryos. ONE-way ANOVA with Tukey post hoc correction. ***p<0.001; **p<0.01; *p<0.05. 
cyclo: cyclopamine.  
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5. HSPCs expansion is rescued by HDAC6 specific inhibition.  

To evaluate the effects of drugs administration on HSPCs we treated Tg(CD41:GFP) shh 

mRNA injected embryos with 5 M of cyclopamine or 100 M of TubA from the stage of 1.5 

dpf and performed IF analyses one day later. We confirmed that shh mRNA injection 

determines a significant expansion of the HSCPs in comparison to control embryos injected 

with rfp mRNA and treated with the solvent DMSO (Fig.13A-B). Surprisingly, the increased 

number of HSPCs in the CHT of Hh overexpressing embryos, was not rescued by 

cyclopamine treatment (Fig.13C). On the contrary, we achieved the reduction of the HSPCs 

to levels comparable to the controls when shh mRNA embryos were treated with the HDAC6 

inhibitor (Fig.13D). The increase of the HSPCs in Hh overexpressing embryos and the effect 

of the pharmacological treatment were also quantified through FACS analyses on the 

GFPlow-CD41 cells (Fig.13E-F).  

To further characterize the effects of cyclopamine and TubA administration in Hh 

overexpressing embryos, we performed RT-qPCR analyses. As expected, the HSPCs 

marker cmyb was increased in shh mRNA injected embryos and only TubA administration, 

restored cmyb expression to levels comparable to the controls (Fig.13G). Cyclopamine did 

not elicited such reduction even though its administration efficiently achieved the inhibition 

of the Hh signaling as the target genes gli1a and ptch1 were significantly reduced (Fig.13H-

I). Interestingly, we found that TubA administration elicited an inhibitory effect on ptch1 

expression, suggesting a feed-back loop activity among them (Fig.13I). The expression of 

the multi-drug-resistance genes abcc1 and asxl1, increased in Hh overexpressing embryos, 

was instead reduced by both TubA and cyclopamine thus indicating that their expression is 

regulated by both Hh signaling and HDAC6 (Fig.13J-K).  
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Fig. 13: Effects of Hh and HDAC6 inhibition. A-D) Confocal images of the caudal 
hematopoietic tissue (CHT) of 2.5 dpf embryos (n=6) of the Tg(CD41:GFP) transgenic line: 
A) control embryos injected with rfp mRNA or with (B) shh mRNA and treated with (C) 
cyclopamine or (D) TubastatinA. E) FACS analyses of the GFPlow-CD41 cells and (F) 
quantification. G-K) RT-qPCR analyses of (G) cmyb, (H) gli1a, (I) ptch1 and the Multi-Drug-
Resistance genes (J) abcc1 and (K) asxl1. ONE-way ANOVA with Tukey post hoc 
correction. ***p<0.001; **p<0.01; *p<0.05; ns not significant. Results are presented as mean 
± SEM. Scale bar indicates 100 µm. cyclo: cyclopamine; TubA: TubastatinA. 
 

 

6. HSPCs expansion is due to their increased proliferation 

To determine if HSPCs expansion depended on an increased proliferation we performed 

phospho-histone H3 immunofluorescence analyses evaluating the proliferation rate of the 

HSPCs, indicated as the percentage of double positive HSPCs/3PH on the total of HSPCs. 

We found that Hh overexpressing embryos showed more proliferating HSPCs in the CHT in 

comparison to the control embryos (Fig.14A-B; E). The proliferation rate was reduced only 

when embryos were treated with TubA and not with cyclopamine (Fig.14C-D; E). These data 

indicate that the HSPCs expansion is due to an increase proliferation and that this process 

in mainly mediated by HDAC6.  
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Fig. 14: Hh mediated hyperproliferation and pharmacological treatments. A-D) 
Confocal images of the caudal hematopoietic tissue (CHT) of the Tg(CD41:GFP) zebrafish 
embryos at 2.5 dpf; (A) control embryos (n=5), (B) shh mRNA, and shh mRNA (n=6) treated 
with (C) cyclopamine (n=6) or (D) TubastatinA (n=7). Asterisks indicate the double GFP/3PH 
cells. (E) quantification of HSPCs proliferative rate. ONE-way ANOVA with Tukey post hoc 
correction. ***p<0.001; ns not significant. Results are presented as mean ± SEM. Scale bar 
indicates 100 µm. cyclo: cyclopamine; TubA: TubastatinA; n:number of embryos analyzed.  
 

7. HDAC6 drives HSPCs expansion in zebrafish  

To assess the functional role of HDAC6 in the HSPCs population we generated a zebrafish 

model with the overexpression of the human HDAC6 mRNA in Tg(CD41:GFP) embryos and 

evaluated the hematopoietic phenotype. We count the number of GFP+ HSPCs cell in the 

CHT od 2.5 dpf embryos and confirmed the expansion of the cell population in HDAC6 

overexpressing embryos in comparison to rfp mRNA injected controls (Fig.15A). Moreover, 

TubA administration rescued the hematopoietic defect confirming the specificity of the 

phenotype (Fig.15A). By means of IF analyses with the phospho-histone H3 antibody we 

found that the proliferation rate of the HSPCs was increased in HDAC6 overexpressing 

embryos, in comparison to uninjected controls embryos, and specifically reduced upon TubA 

administration (Fig.15B-E). These data identify HDAC6 as a player that controls the 

proliferation of the HSPCs in zebrafish.  
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Fig. 15: HDAC6 overexpression induces HSPCs hyperproliferation. A) Graph dot 
summarizing the number of HSPCs in the CHT of control rfp mRNA injected embryos, 
HDAC6 mRNA injected embryos and HDAC6 mRNA injected embryos treated with 
TubastatinA. B) Percentage of proliferating HSPCs in control embryos, HDAC6 mRNA 
injected embryos and HDAC6 mRNA injected embryos treated with TubastatinA. C-E) 
Confocal images of the caudal hematopoietic tissue (CHT) of the Tg(CD41:GFP) zebrafish 
embryos at 2.5 dpf; (C) control embryos (n=9), (D) HDAC6 mRNA (n=10), and (C) HDAC6 
mRNA (n=9) treated with TubastatinA. Asterisks indicate the double GFP/3PH cells. ONE-
way ANOVA with Tukey post hoc correction. ***p<0.001; ns not significant. Results are 
presented as mean ± SEM. Scale bar indicates 100 µm. TubA: TubastatinA; n: number of 
embryos analyzed.  
 

8. Zebrafish HSPCs present the primary cilium  

Cell proliferation is dependent on the presence/absence of the primary cilium on the cell 

membrane, and HDAC6 drives the disassembly of these structure through its -tubulin 

deacetylase activity (69). Therefore, HDAC6 might regulates HSPCs proliferation controlling 

the stability of the primary cilium. Notably, in zebrafish the primary cilium has been detected 

in the hemogenic endothelium prior to the developmental stage of 28 hpf  (129) but no data 

are described about the presence of the primary cilium in the HSPCs. By FACS-sorting 

HSPC-GFPlow cells from 2.5 dpf Tg(CD41:GFP) embryos ,we shoved the presence of the 
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primary cilium, labelled with the acetylated--tubulin antibody, in these cells (Fig.16). This 

data suggests that the rescue of the HSPCs expansion through TubA administration might 

depends on block of the cilium disassembly in these cell population.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.16: Primary cilium on zebrafish HSPCs.A-D) Immunofluorescence analyses of sorted 

HSPC-GFPlow cells: A) CD41 GFP; signal; B) acetylated -tubulin labelling the PC; C) DAPI; 
D) merge of the channels. Scale bar indicates 10 µm.  
 

9. HDAC6 inhibition reduces the viability of leukemic cell lines  

To investigate the effects of Hh/HDAC6 inhibition to human model, we decided to perform 

the pharmacological treatments on human myeloid cell lines. We performed RT-qPCR 

analyses on a sub-set of AML cell lines and chose four lines with different Hh expression 

and HDAC6 expression. In detailed, we selected the U937 and THP-1 cell lines which 

showed higher Hh and HDAC6 expression in comparison to the OCI-AML2 and NB-4 cell 

lines (Fig.17A-C). We also verified that the HDAC6 expression was inversely correlated to 

the levels of acetylated--tubulin, thus confirming that HDAC6 expression reflects HDAC6 

activity in these cells (Fig.17D). Moreover, we showed that also the expression of the MDR 

genes was higher in the U937 and THP-1 cell lines in comparison to the OCI-AML2 and NB-

4 cell lines (Fig.17E-F). All together, these data confirm in-vitro the presence of the positive 

correlation between Hh/HDAC6/MDRs. 
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Fig. 17: Hh/HDAC6/MDRs expression and effects of cyclopamine and TubastinA 
tadministration in the U937, THP1, NB-4 AML and OCI-AML2 cell lines. A-C) Real-time 
qPCR analyses of (A) GLI1, (B) PTCH1, (C) HDAC6, (D) ABCC1, (E) ASXL1. (D) Western-

blotting analyses of the ac--tubulin protein levels in comparison to the total -tubulin protein 
levels. E-F) Real-time qPCR analyses of (E) ABCC1 and (F) ASXL1G-H) Analyses of 
cytostatic and cytotoxic effect of cyclo and TubA in AML cell lines. G-H) Cell lines were 
treated for 72 hours with different concentration of (G) TubastatinA or (H) cyclopamine; 
DMSO at the higher dose was used as a control. CTG assay was used to assess the effect 
of the treatment on the cell viability. For Real-time qPCR ONE-way ANOVA with Tukey post 
hoc correction was performed. Instead, unpaired T-test with Welch correction was used for 
(G-H); for simplicity only data with p<0.05 are shown. ***p<0.001; **p<0.01; *p<0.05; ns not 
significant. Results are presented as mean ± SEM.  
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To exploit the effects of HDAC6 and Hh inhibition, we treated these cells with increasing 

concentrations of TubA and cyclopamine and evaluated their viability through the CTG 

luminescence assay, an indicator of metabolically active cells. We found that TubA 

decreased cell viability (Fig.17G), with higher efficacy in NB-4 cell lines, considered good 

responders due to their low Hh and HDAC6 expression. On the contrary, cyclopamine did 

not significantly impact on cell viability, apart with the higher dose we tested (Fig.17H). 

These data indicate that only HDAC6 inhibition significantly reduced leukemic cells viability, 

in line with what described in the zebrafish model.  

 

10. Hh and HDAC6 expression in NPMc+ and FLT3-ITD leukemic cell lines  

It has been described that AML patients carrying the FLT3-ITD mutation show the 

hyperactivation of the Hh signaling pathway in comparison to those carrying the wild-type 

FLT3 form (130). We selected the MV4.11 AML line with FLT3-ITD mutation to address if 

the Hh signaling hyperactivation was correlated to an increased HDAC6 expression and 

compare them to the OCI-AML3 cell line carrying the NPMc+ mutation. Through RT-qPCR 

analyses we verified that both Hh signaling target genes and HDAC6 were significantly 

increased in MV4.11 AML cell line in comparison to the OCI-AML cells (Fig.18A-C).  

 

 
Fig. 18: Hh/HDAC6 expression FLT3-ITD and NPMc+ AML cell lines. A-C) Real-time 
qPCR analyses of (A) GLI1, (B) PTCH1, (C) HDAC6, (D) ABCC1, (E) ASXL1. Unpaired T-
test with Welch correction ***p<0.001; **p<0.01. Results are presented as mean ± SEM.  
 

Our results confirmed that the Hh/HDAC6 genetic regulation is present also in specific AML 

condition and that both Hh signaling and HDAC6 expressions are significantly increased in 

the presence of FLT3-ITD mutation.  
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11. HDAC6 inhibition rescues HSPCs expansion in two zebrafish AML models 

We decided to test the effects of Hh or HDAC6 inhibition in two well-established zebrafish 

models of AML carrying the forced expression of the human NPMC+ and FLT3-ITD mRNAs. 

We verified, in line with what descried in literature, that their overexpression elicited the 

expansion of HSPCs in the CHT of 2.5 dpf Tg(CD41:GFP) (Fig.19A-B).  

 

 

Fig. 19: HDAC6 and Hh inhibition in the NPMc+ and FLT3-ITD zebrafish models of 
AML. A-E) Confocal images of the caudal hematopoietic tissue (CHT) of the Tg(CD41:GFP) 
zebrafish embryos at 2.5 dpf and quantification of the HSCs number (histograms). A) 
NPMc+ model, B) FLT3-ITD model, C) NPM1 model and D) FLT3 model. Embryos injected 
with the mutant (NPMc+ or FLT3-ITD) or the wild-type (NPM1 or FLT3) mRNAs were treated 
with TubastatinA or cyclopamine and compared to controls embryos injected with the rfp-
mRNA. In all models, 3 embryos were analyzed for each category. ONE-way ANOVA with 
Tukey post hoc correction. **p<0.01; **pz0.05; ns not significant. Results are presented as 
mean ± SEM. Scale bar indicates 100 µm. TubA: TubastatinA.  
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As expected, the overexpression of the wild-type forms (NPM1a and FLT3) did not induce 

HSPCs expansion in the CHT (Fig.19C-D). The administration of TubA reduced the number 

of HSPCs in both the NPMC+ and FLT3-ITD overexpressing embryos, while cyclopamine 

did not rescue the hematopoietic phenotype (Fig.19A-B). However, HDAC6 inhibition did not 

reduced the number of HSPCs in the CHT of the embryos with the overexpression of the 

wild-type forms (Fig.19C-D).  

These data confirmed the efficacy of TubA administration in the reduction of HSPCs and 

indicate that HDAC6 inhibition might be active only on proliferating HSPCs.  

 

12. Synergistic effects of TubA and cytarabine combination therapy in the zebrafish 

models of AML.  

The use of combination treatments is considered an attractive strategy for the treatment of 

several cancers, including AML. Therefore, we treated the AML zebrafish models with TubA 

and the chemotherapic agent cytarabine to assess if the combined administration might 

improve the HSPCs reduction. We performed the drugs administration in a combination 

setting selecting doses which did not rescue the HSPCs expansion: 50 M TubA and 50 M 

cytarabine. In both AML models, we found that TubA or cytarabine administration, which not 

diminished the number of HSPCs in the CHT when administrated singularly, significantly 

reduced HSPCs expansion in the combination setting (Fig.20A-B). Notably, we did not 

obtain any HSPCs reduction in the combination therapy based on cyclopamine (2.5 M) and 

cytarabine administration (Fig.20A-B). These analyses indicate that the administration of 

HDAC inhibitors might improve the antiproliferative activity of the coon chemotherapic 

agents.  

 

 

 

 

 



 47 

 
Fig. 20: Combination therapy in the NPMc+ and FLT3-ITD zebrafish models of AML A-
B) Count of the HSPCs in the caudal hematopoietic tissue (CHT) of the Tg(CD41:GFP) 
zebrafish embryos at 2.5. A) NPMc+ model, B) FLT3-ITD model. Embryos injected with the 

mutant NPMc+ or FLT3-ITD mRNAs were treated with 50 M cytarabine, 50 M 

TubastatinA, 2.5 M cyclopamine alone or in combination setting. ONE-way ANOVA with 
Tukey post hoc correction. ***p<0.001; **p<0.01; **pz0.05. Results are presented as mean 
± SEM. Scale bar indicates 100 µm. AraC: cytarabine; cyclo: cyclopamine; TubA: 
TubastatinA. n indicates the number of embryos analyzed.  
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DISCUSSION AND CONCLUSION 

Acute myeloid leukemia (AML) identifies a group of hematological malignancies 

characterized by the uncontrolled proliferation of immature myeloid cells. AML is currently 

curable only in 35-40% of patients under 60 years of age and only in 5–15% of patients older 

than 60 years (131), and nearly 60% of elderly patients fail in inducing chemotherapy due 

to recurrence, and >85% of patients fail in treatment (56). Leukemic blasts carry genetic and 

epigenetic changes causative of alterations in cell proliferation, cell death and differentiation 

(132). Even though the pathogenetic role of specific genetic alterations has been 

recognized, in most cases, the mechanisms at the basis of AML development are unknown. 

  

Among the pathways that are involved in AML insurgence there is the Hh signaling. 

Indeed, the hyperactivation of the Hh signaling supports the expansion of the leukemic 

blasts (57). Moreover, the activation of the Hh signaling pathway correlates with worst 

outcome in AML patients, conferring Multi-Drug-Resistance (MDR) to standard therapies 

(59) and decreasing event-free and overall survival (133). The mechanisms at the basis of 

MDR are only partially understood. To date, it has been demonstrated by in vitro studies 

using AML cell lines, that GLI1 upregulation confers resistance, reducing the efficacy of 

chemotherapy agents through UGT1A-mediated glucuronidation (134).  

Different clinical trials are testing the repositioning of Hh inhibitors from solid tumors 

to AML patients, such as the SMO inhibitors vismodegib and sonidegib. However, despite 

promising results in pre-clinical analyses, they showed minimal clinical efficacy in patients 

without improvement in the overall or median survival (135). Only one Hh inhibitor (gladegib) 

has been approved by the Federal Drug Administration (FDA) for the treatment of AML 

patients. Clinical trials demonstrated that glasdegib administration in combination with low 

doses of cytarabine significantly increases the overall survival of AML patients (136). The 

dissection of the Hh signaling transduction roles in the development of the leukemic 

condition might lead to the identification of new therapeutic targets to improve the treatment 

of AML patients.   

The hyperactivation of the Hh pathway leads to increased expression of target genes 

including those involved in the Hh signaling transduction such as GLI1 and PTCH1 (137). 

Therefore, to elucidate the Hh/MDRs interplay we analyzed their expression levels of Hh 

target genes and MDR genes in cohort of 36 adult AML individuals with AML. We excluded 

from the analyses patients’ samples carrying deletion or lacking the chromosome X in which 

there is the HDAC6 locus. In literature, expression analyses revealed that an increase in Hh 
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signaling leads to the increased expression of its downstream effectors SMO and GLI1 in 

AML cells, especially in radiation-resistance myeloid leukemia cells (59) (138). Accordingly, 

we described that in our cohort of AML patients, the expression levels of GLI1 and PTCH1 

and of the MDR genes ABCC1 and ASXL1 were significantly increased and positively 

correlated in AML samples in comparison to healthy donors. We verified the conservation 

of this regulatory network in zebrafish, as the hyperactivation of Hh signaling determines the 

increased expression of the zebrafish MDR orthologues abcc1 and asxl1. We confirmed the 

conservation of the Hh/MDR molecular circuit also in human AML cell lines, selecting those 

with high (U937, THP-1) or low (OCI-AML2, NB-4) Hh expression. Indeed, we detected 

higher MDR expression in the cell lines with higher Hh signaling in comparison to those with 

lower expression. 

To assess the functional role of the Hh signaling during hematopoiesis, we took 

advantage of the zebrafish model system. Indeed, zebrafish represents a robust model for 

studying hematopoiesis in both physiological and pathological conditions, as the molecular 

mechanisms and the cell populations underlying this process are evolutionarily conserved 

(102). Different signaling pathways have been described as crucial mechanisms for the 

formation of HSPCs (139). For instance, the Notch signaling pathway seems to positively 

regulates HSPCs expansion. Indeed, the HSPCs markers runx1 and cmyb, were 

significantly reduced in zebrafish embryos treated with the Notch inhibitor DAPT, or in the 

mindbomb mutants, while they are increased in the hsp70:gal4;uas:NICD overexpression 

system (102). Similarly, the overexpression of the Wnt inhibitor dkk1b results in the loss of 

runx1 expression in zebrafish embryos (106). The Hh signaling has already been described 

to play a role during definitive zebrafish hematopoiesis, as embryos mutant in the Hh 

pathway or treated with the Hh inhibitor cyclopamine fail to form HSPCs (140) Notably, cells 

of the hemogenic endothelium undergoes to epithelial-to-mesenchymal transition to 

generate HSPCs (103). This process in vertebrates, is tightly regulated by the Hh signaling 

transduction as it drives the expression of genes involved in this conversion such as FOXC2 

and the Snail family transcriptional repressor (141). Here, we described for the first time that 

the forced hyperactivation of the Hh signaling in zebrafish activates the hematopoietic 

cascade by inducing the hyperproliferation and the consequent expansion of HSPCs, a 

situation that recapitulates the increase of blast progenitors in AML patients.  

Different works indicated that Hh inhibition reduces viability of leukemic cells and 

sensitizes them to conventional chemotherapy (142); (143). We inhibited the Hh signaling 

through the use of cyclopamine which blocks the Hh signaling transduction targeting the 
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SMO receptor (61). The use of cyclopamine in the zebrafish model has been already tested 

and is efficient in reducing Hh signaling activation (144). In these works, cyclopamine is 

administrated from the early stages of development with doses ranging from 50 to 100 M 

The Hh signaling was significantly reduced with consequent morphological defects. Our 

group has already tested that low doses of cyclopamine (5 M) efficiently reduced Hh 

signaling transduction with minor effects on axial body formation (128). Therefore, we 

selected 5 M cyclopamine as the working dose for our experiments. Here we confirmed 

that cyclopamine efficiently reduces the expression of the of Hh target genes gli1a and ptch1 

and of the MDR genes also in a zebrafish model with forced activation of the Hh signaling. 

However, the administration of cyclopamine did not rescue the HSPCs expansion, 

suggesting that Hh inhibition is insufficient to restore the downstream molecular mechanism 

activated by its overexpression. The HSPCs expansion might be explained (and rescued) 

by other molecular mechanisms.  

Therefore, we hypothesized that the hematopoietic defect might depend on the 

activity of the histone deacetylase HDAC6. Indeed, the Hh/HDAC6 signaling has been 

already described in different cancer forms, such as glioblastoma and multiple myeloma 

(82), but no data are reported about HDAC6 involvement in AML. We demonstrated that 

HDAC6 expression is significantly increased and positively correlated with the Hh signaling 

and MDR genes in our AML cohort, in zebrafish embryos and in human AML cell lines. Thus, 

we proposed HDAC6 as a direct or indirect target of the Hh signaling in AML condition and 

suggested that its dysregulation might contribute to the generation of the leukemic condition 

and the insurgence of resistance mechanisms to chemotherapy.  

Different HDAC6 inhibitors are already used for the treatment of several cancer forms 

and most of them (i.e., TubastatinA) have been already tested in zebrafish (145). Here we 

described that HDAC6 is one player in HSPCs expansion, as the administration of the 

HDAC6 inhibitor TubastatinA counteracts the hyperproliferation of this cell population in the 

zebrafish model with Hh hyperactivation. In multiple myeloma and human pancreatic cancer 

cells it has been demonstrated that HDAC6 specific inhibition overcomes drug resistance 

mechanisms (146) (147). Similarly, we demonstrated that HDAC6 inhibition significantly 

reduces the expression of the MDR genes in the Hh-overexpressing zebrafish model. 

HDAC6 inhibition impacts also on the expression of the Hh components. Indeed, HDAC6 

specific inhibition leads to the reduction of Ptch1 at both mRNA and protein levels in 51A 

and SU-2 glioblastoma cell lines (148). In line with this observation, we found that HDAC6 

inhibition elicited an inhibitory effect on ptch1 expression.  
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The role of HDAC6 during hematopoiesis is still under investigation. For instance, it 

is known that HDAC6 regulates the formation of T cell lymphocytes and red blood cells 

(149). It was also demonstrated that HDAC6 has a critical role in platelet formation. Indeed, 

human-derived megakaryocytes in which HDAC6 was pharmacologically inhibited or 

downregulated, failed in the production of platelets (150). We performed the analyses of the 

hematopoietic phenotype on Hh overexpressing embryos using the Tg(CD41:GFP) line in 

which the expression of the reporter GFP is under the control of the CD41 promoter (119). 

In zebrafish, CD41 is expressed in both the HSPCs and in thrombocytes, the platelet 

precursors, with different GFP fluorescence intensity, low and high respectively (119). 

Through FACS analyses, we demonstrated that Hh hyperactivation elicited the HDAC6 

overexpression, the expansion of the HSPCs, and increased the thrombocytes population. 

Then, to test the specific effect of HDAC6 hyperactivation on hematopoiesis, we 

overexpressed the human HDAC6 mRNA in zebrafish and demonstrated the 

hyperproliferation of HSPCs. The expansion of this cell population is specifically caused by 

HDAC6 overexpression as we rescued the hematopoietic defect through HDAC6 specific 

inhibition. Interestingly, other members of the HDAC family are involved in hematopoiesis. 

Indeed, our group has already described the regulation of the HSPCs proliferation by 

HDAC8. Its overexpression in zebrafish embryos elicited the hyperproliferation and the 

expansion of the HSPCs, while its specific inhibition through the selective inhibitor PCI-3045 

determines the reduction of proliferation and increases apoptosis in HSPCs (132).   

In both Hh and HDAC6 overexpressing embryos we detected increased proliferation 

of the HSPCs suggesting an implication of the primary cilium (PC), the microtubules-based 

organelle in which the Hh signaling is transduced (20). Indeed, the assembly of the PC 

formation requires the rearrangement of the mother centriole into a basal body, therefore 

blocking the formation of the mitotic spindle with the consequent reduction in cell 

proliferation (68). Several works identified HDAC6 as a direct player in cell proliferation, as 

through it’s -tubulin deacetylase activity drives the disassembly of the PC (69). Cancer 

cells, defined by uncontrolled proliferation, fail to present the PC (151). For instance, it was 

demonstrated that the PC is only present on almost 40% of leukemic cells (152). Also, the 

link between the Hh signaling and the PC has been already described in literature. The 

wimple and flexo mice mutants which bear mutations in the PC intra-flagellar transport 

genes IFT88 and IFT172 lack in the formation of ventral neural cell types similarly to what 

described in mice lacking the Gli transcription factors (153) (154). Furthermore, in zebrafish, 
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the loss of PC leads to defects in Hh-dependent patterning similar to what was observed in 

the mice models (155).  

Taking advantage of the zebrafish Tg(βact:Arl13b–GFP/kdrl:mCherry/runx1:en-GFP) 

transgenic line, Zhibin Liu and colleagues described that cells of the hemogenic endothelium 

region of 28 hpf embryos present the PC (129). Here, by FACS-sorting analyses, we isolated 

the HSPCs from Tg(CD41:GFP) embryos and demonstrated that they presented the PC on 

their surface. It could be of interest to quantify the percentage of HSPCs that show the PC 

in Hh or HDAC6 overexpressing Tg(CD41:GFP)  embryos and the effects of HDAC6 

inhibition on this cell population. Although we were able to detect the PC in zebrafish HSPCs, 

in human HSPCs the PC is hard to identify, probably due to technical difficulties in labeling 

such a delicate structure (152). Therefore, we were not able to investigate the effects on PC 

of pharmacological treatments. However, to overcome this limitation, we demonstrated that 

HDAC6 inhibition impairs the process of ciliogenesis of another ciliated organ in zebrafish, 

the pronephric duct. Indeed, motile cilia of pronephros are longer than the PC and we can 

easy measure their length as well as their presence/absence. Zebrafish ciliated organs, such 

as the pronephric region or the optic vesicle, are used for the screening of defects in the 

process of ciliogenesis. For instance, Lars D. Maerz and colleagues, described the role of 

the origin recognition complex factors (ORC) in the process of ciliogenesis in zebrafish, 

analyzing the cilia of the optic vesicle (156).  

The blockade of HSPCs proliferation might also be explained by other mechanisms: 

the expression and localization of the CYLD protein involved in the processes of cell growth 

and division. Indeed, it has been demonstrated that CYLD-mediated HDAC6 inhibition 

reduces the rate of cytokinesis, therefore, delaying the cell cycle (82).  

To test the potentiality of HDAC6 inhibition in human models, we treated AML cell 

lines with high (U937, THP-1) or low (OCI-AML2, NB-4) Hh/HDAC6 expression and activity. 

In these cells, similarly to what was observed in the zebrafish models, we demonstrated the 

efficacy of HDAC6 inhibition in reducing cell viability, especially in AML cell lines 

characterized by low Hh/HDAC6 expression and activity, that, accordingly, represent good 

responders to HDAC6 inhibition. Our results strongly support the efficacy of HDAC6 

inhibition to counteract leukemic cell viability and are in line with previous works in which 

selective HDAC6 inhibition reduced AML cell viability and proliferation (91). To further 

address the role of HDAC6 in the reduction of MDR genes expression and its interplay with 

the Hh signaling, it could be interesting to evaluate the expression levels of HDAC6 and the 

effect of its inhibition in the myeloid HL-60 cell lines that acquired radio- and chemo-
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resistance (HL-60/RX and HL-60/ADR, respectively). Indeed, they express higher levels of 

the Hh receptor SMO and the effector GLI1 compared to chemo-sensitive cells (157). To 

date, we have no data showing the effect of HDAC6 inhibition on PC stabilization in AML 

cell lines. However, it has been demonstrated that the selective HDAC6 inhibition reduced 

the proliferation of leukemic cells through the stabilization of the PC on their surface (158).  

 As HDAC6, also HDAC8 targeted the PC. Indeed, through acetylation profile 

analyses performed on HDAC8 overexpressed embryos and those treated with the HDAC8 

specific PCI-3045 inhibitor, our group demonstrated that -tubulin, which is the main 

component of the axoneme of the PC, is also targeted by HDAC8 (159). Therefore, it could 

be interesting to assess if HDAC8 inhibition might stabilize the PC on the cell surface in the 

AML p53-null HL60 line. Indeed, in a recent work, Spreafico and colleagues (132) 

demonstrated that HDAC8 inhibition induces apoptosis in the THP-1 AML cell lines while 

HL60, which lacks a functional p53, remains blocked in G0/G1. This is the cell cycle phase 

in which the PC is formed (160). Interestingly, HDAC6 and HDAC8 present several overlaps 

such as the cytosolic localization, their overexpression and roles in leukemic conditions, the 

similarity in their active site structure (161), and their shared key substrate proteins (i.e. α-

tubulin) (159). Therefore, it could be interesting to evaluate the effects of HDAC6/HDAC8 

dual inhibition. The simultaneous inhibition of these HDACs isoform can be achieved with 

the co-administration of specific inhibitors or with small molecules able to target both 

isoforms. Indeed, we are currently testing the effects of new dual-acting small molecules, 

developed to specifically block the deacetylase activity of both HDAC6 and HDAC8. These 

compounds have been tested in in vitro AML cell lines and show high selectivity at low 

micromolar concentration. In zebrafish, we found that these compounds are well tolerated 

and do not induce neither morphological defects, nor increased embryos lethality when 

compared to the DMSO-treated control embryos. Moreover, we verified that these 

molecules, in vivo, efficiently enhance the levels of the acetylated-−tubulin. In the future, 

we will address the efficacy of these dual inhibitors on the HSPCs expansion in the Hh and 

HDAC6 overexpressed zebrafish embryos. 

 Recent reports, though the examination of gene expression data sets and primary 

AML specimens, indicated hyperactivation of Hh signaling through GLI2 overexpression in 

a specific category of AML patients carrying the FLT3-ITD mutation compared to those 

carrying the wild-type FLT3 form (130). Interestingly, our in silico analyses in the TGCA 

LAML datasets indicated that patients carrying the FLT3-ITD mutation show also higher 

HDAC6 expression than patients harboring another common mutation in AML: NPMc+ 
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mutation. FLT3 mutation represents the second-hit driver alteration that cooperates with 

other somatic mutations to ensure the AML progression and, therefore, is an attractive 

therapeutic target (162). Indeed, selective FLT3-ITD inhibitors are already available, and 

some of them have been approved by the Federal Drug Administration (163). Despite the 

potency and the specificity of FLT3 inhibitors, the insurgence of resistance mechanisms 

represents a significant challenge (164). The origin of these resistance mechanisms to these 

FLT3 inhibitors is under investigation, even though it has been demonstrated that also the 

wild-type form of FLT3 may contribute to resistance (165). To note, we have preliminary 

data indicating that human AML cells (MV4.11) carrying the FLT3-ITD mutation show higher 

expression and activity of HDAC6 in comparison to AML cells (OCI-AML3) with the NPMc+ 

mutation. Thus, HDAC6 inhibition might represent an attractive therapeutic strategy to be 

exploited for these patients. We addressed this point taking advantage of two well-

established zebrafish models of AML carrying the overexpression the human NPMc+ and 

FLT3-ITD transcripts (110) (111). As for Hh overexpressing embryos, also in zebrafish AML 

models we were able to block HSPCs expansion only by administrating the HDAC6 inhibitor 

TubastatinA and not with the Hh selective inhibition through cyclopamine. As a control and 

according to published data, by injecting the wild-type form of the human transcripts NPM1 

and FLT3 we did not detect the expansion of HSPC, nor the reduction of the HSPCs 

population upon TubastatinA administration. These results confirmed the specificity of the 

HDAC6 inhibitors to target cells that are specifically in active proliferation such as in AML 

models, without affecting the viability of normal cells (166). It is worth to note that in these 

zebrafish models of AML, we did not detect any significant differences in the expression of 

both Hh downstream genes and hdac6, thus describing for the first time that HDAC6 

inhibition might represent a therapeutic strategy to reduce cell proliferation even in 

conditions in which it is not overexpressed.  

Recently, HDAC inhibitors have been proposed alone or combination with other drugs 

that specifically target proteins that are aberrantly expressed or altered in AML patients. For 

instance, it has been demonstrated that HDAC8 inhibitors synergize with FLT3 inhibitors to 

reduce the proliferation of FLT3-ITD+ AML cells (167). Moreover, it has been demonstrated 

that the administration of arsenic trioxide (ATO) blocks HDAC6 activity and increases the 

acetylation of its target HSP90, leading to the proteasome degradation of the FLT3-ITD 

protein (168). Proteasome inhibitors (i.e., bortezomib), as well, induce FLT3-ITD 

degradation via autophagy in AML cell lines (169). However, the treatment with bortezomib 

did not induce a response in murine models of AML (170). The inhibition of HDAC6 in this 
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combination setting might represent a valuable strategy to be exploited. Indeed, another role 

of HDAC6 is to bind polyubiquitinated proteins leading to their degradation by autophagy 

(171). In the contest of AML, pre-clinical studies indicate that the inhibition of ubiquitinated 

protein degradation by the proteasome system exerts promising effects in reducing the 

survival of leukemic blasts (172). We speculated that the co-administration of proteasome 

and HDAC6 inhibitors may induce cellular stress and enhance apoptosis in AML, but the 

effects of this combination treatment have never been investigated. The use of the zebrafish 

model will improve the comprehension of these mechanisms. Indeed, Hh or HDAC6 

overexpression or inhibition in the Tg(CMV3:GFP) zebrafish line (173), which easily enables 

to follow in vivo the progression of the autophagic process, could give new insights of these 

processes. To date, we have already tested the effects of HDAC6 inhibition on the 

autophagic process in another tumor system overexpressing HDAC6: the glioblastoma cell 

lines U87 (174). Our preliminary data indicated that HDAC6 inhibition leads to the block of 

the autophagic process in U87 cells, impairing the fusion of phagosomes to lysosomes.  

  Current AML therapy is mainly based on the administration of cytarabine (AraC) and 

anthracyclines (i.e., daunorubicin) in the induction phase, followed by consolidation therapy 

during remission (63). Different treatments are under investigation also in clinical trials and, 

among them, combination therapies are at the leading edge of research. Most of these 

therapies combine the standard chemotherapic agents with pan-HDACs inhibitors. 

Unfortunately, due to the lack of isoform specificity, pan-HDACs inhibitors show pleiotropic 

side effects and did not significantly improve patient outcomes. For instance, two large 

phase II trials combining the administration of the chemotherapic agent azacytidine with 

pan-HDAC inhibitors (entinostat or vorinostat) failed to provide any survival benefit 

compared with azacytidine monotherapy (175). The future challenge for cancer treatment 

might be the administration of standard chemotherapic agents with HDAC inhibitors that are 

able to target specific HDAC isoforms. For instance, it was recently described that the co-

administration of the chemotherapic agent cytarabine and the HDAC8 selective inhibitor 

PCI-3045 synergistically reduces AML cell lines viability (132). Several reports (176) also 

pinpoint that the HDAC6 inhibitors show high potency in reducing cancer cell viability also 

at low micromolar concentration, and therefore are particularly suitable for combination 

therapies. For instance, the HDAC6 inhibitor ST80 significantly reduced AML cell viability at 

low concentration (1 M) (177). Moreover, HDAC6 specific inhibitors are already in use to 

treat solid cancers and result in sensitizing cells to chemotherapy (178). The rescue of the 

hematopoietic phenotype we obtained upon TubastatinA administration in zebrafish AML 
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and human AML cell lines, indicates that the repositioning of the already available HDAC6 

inhibitor in combination therapies might represent a therapeutic strategy for the treatment of 

AML patients. Indeed, we demonstrated the efficacy of the combination therapy based on 

the use of TubastatinA and the chemotherapic agents cytarabine in the NPMc+ and FLT3-

ITD AML zebrafish models. Through these experiments we demonstrated that in both 

models the co-administration of subcritical doses of the chemotherapic agents cytarabine 

together with the HDAC6 inhibitor, led to a significant reduction of the HSPCs population. In 

contrast, the combination therapy with the selective Hh inhibitor cyclopamine does not elicit 

such effect.  

 

In conclusion, in this work, we demonstrated that also in AML patients both Hh, HDAC6 and 

MDR genes are positively, correlated. Moreover, we confirmed that the Hh/HDAC6 genetic 

regulation is evolutionarily conserved and generates a pre-leukemic phenotype in zebrafish, 

as both Hh or HDAC6 overexpression induces the hyperproliferation and the expansion of 

the HSPCs population. This aberrant proliferation rate might depend on alteration on the PC 

that we describe to be present on HSPCs. In addition, as described for Hh inhibition, we 

demonstrated that also HDAC6 inhibition significantly reduces the expression of MDR genes 

allowing us to hypothesize the use of HDAC6 inhibitors to counteract resistance 

mechanisms in AML patients. We also described the potency of HDAC6 inhibition also in a 

condition in which it is not overexpressed such as in rescuing the HSPCs increase in 

zebrafish AML models NPMc+ or FLT3-ITD. Interestingly, HDAC6 inhibition is efficient also 

in combination therapies with chemotherapic agents.  

 

           Zebrafish represent a suitable model for the studying the effects of genetic alterations 

or pharmacological treatments on HSPCs. In fact, several transgenic lines are available and 

allow to follow in vivo the development of this cell population such as the Tg(cmyb:GFP), 

Tg(runx1:GFP) and the Tg(CD41:GFP) transgenic lines (102). This one, that we use for our 

work, is a well-established tool for to the detection of the HSPCs. An example of the 

potentiality of this transgenic for screening the effects of pharmacological treatments is 

described in the work of Mazzola et al (44). An example of the potentiality of this transgenic 

for screening the effects of pharmacological treatments is described in the work of Mazzola 

et al (44). In this work, the authors identified the molecular interplay between the mutated 

NPMc+ and the cohesin regulator Nipbl, but also their synergistic role in driving the hyper-

activation of the canonical Wnt/β-catenin signaling pathway specifically in HSPCs. Indeed, 
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they rescued the HSPCs expansion through the administration of the Wnt inhibitor 

indomethacin that is currently in trial for human therapy. 

 The small size and the abundance of embryos make zebrafish suitable for high-

throughput screenings (179). Here, we demonstrated that different signaling pathways can 

be easily modulated simply adding the pharmacological compound directly into the embryo 

medium. Moreover, the use of transgenic lines enables the rapid analyses of drug effects. 

Our work suggests that the combined use of zebrafish with human AML cell lines easily 

allows to carry out pharmacological treatments cutting the time and the cost of pre-clinical 

analyses. The generation of a zebrafish model of xenotransplantation could be a future step 

to study in vivo the effects of HDAC6 inhibition on cancer progression. Indeed, different 

studies demonstrated the potentiality of these models to comprehend the effects of 

pharmacological treatments on the major biological processes involved in cancer 

progression, such as tumor growth and cell migration (180). 
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 25 

ABSTRACT 26 

In Acute Myeloid Leukemia (AML), dysregulation of Hedgehog (Hh) signalling, one of the key 27 

regulators of cell differentiation, is involved in the development and expansion of leukemic cancer 28 

cells. Despite the achievement of response to chemotherapy, the majority of AML patients relapse 29 

and new therapeutic approaches are needed. We describe a positive correlation between Hh, 30 

HDAC6, and multidrug resistance genes in a cohort of adult AML patients and in a zebrafish model 31 

of Hh overexpression. Of note, Hh transduces through the membrane of the primary cilium, a 32 

structure presented by non-proliferating mammalian cells whose stabilization depends on the 33 

activity of HDAC6. In zebrafish Hh hyperactivation drives the increased proliferation of the 34 

hematopoietic stem and progenitor cells. Interestingly, this phenotype was rescued by the specific 35 

inhibition of HDAC6, but not of Hh, suggesting an involvement of the primary cilium in 36 

hematopoietic stem and progenitor cells. A reduction in vitality was obtained through HDAC6, and 37 

not Hh inhibition, in leukemic cell lines. Furthermore, using AML zebrafish models, we 38 

demonstrated the efficacy of combination therapy with the chemotherapeutic agent cytarabine and 39 

HDAC6 inhibition. Our findings open the possibility to reduce the proliferation of leukemic blasts 40 

through the inhibition of HDAC6 and cilium stabilization. 41 

ABSTRACT WORD COUNT: 200 42 

  43 
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INTRODUCTION  44 

The Hedgehog (Hh) pathway, one of the key regulators of vertebrate development, plays pivotal 45 

roles in different processes by controlling the expression of genes involved in cell proliferation, cell 46 

cycle, apoptosis and stem cell self-renewal 1,2. Differently from other molecular mechanisms, this 47 

pathway is composed of a series of inhibitory events: in the absence of the Hh ligand/s, the 48 

transmembrane receptor patched (Ptch) inhibits the activity of smoothened (Smo) 3. In this 49 

condition, suppressor of fused (Sufu) and protein kinase A (PkA) block the processing of the full-50 

length glioma associated oncogenes Gli2/3 into their active forms. The binding of the Hh ligand/s to 51 

the receptor abrogates these inhibitory reactions, promoting the formation of the Gli1 proteins that 52 

enter into the nucleus and drive the transcription of target genes 4.  53 

Hh signaling is also involved in the regulation of adult stem cell-maintenance and its aberrant 54 

activation is responsible for the pathogenesis of numerous cancers 5. In Acute Myeloid Leukemia 55 

(AML), the dysregulation of the Hh signaling is involved in the development and expansion of 56 

leukemic cells and in the response to therapeutic agents 6. Small molecule inhibitors targeting this 57 

pathway (i.e. cyclopamine) have been developed, and promising preliminary results were obtained 58 

in cancers that bear mutations in the Hh pathway 7. However, approximately half of the patients 59 

with Hh-dependent tumors show primary drug resistance or develop secondary drug resistance and, 60 

subsequently, tumor relapse 8. Notably, only one Hh inhibitor (glasdegib) has been approved by the 61 

FDA as AML therapeutic strategy, in combination with cytarabine 9. The discovery of new 62 

therapeutic targets that modulate the Hh signaling might improve the treatment and the survival 63 

chances of AML patients.  64 

One characteristic of the Hh pathway is its localization on the membrane of primary cilium (PC), a 65 

microtubule-based organelle expressed by almost all mammalian cells. There is an inverse 66 

association between the presence of the PC and cell proliferation: in dividing cells the PC is absent 67 

since the centrosomes participate in the formation of the mitotic spindle 10. In recent years, there has 68 

been more focus on the association between PC and cancer. For instance, AML cell lines failed to 69 
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express the PC on their surface and present a high rate of proliferation 11. Novel therapeutic 70 

approaches to restore PC on the surface of cancer cells, the so-called “ciliotherapy”, are now 71 

emerging 12. One of the key players in PC destabilization is HDAC6, a class IIb member of the 72 

histone deacetylase (HDAC) family of proteins. HDAC6-mediated deacetylation of alpha tubulin 73 

triggers primary cilium disassembly by destabilizing axonemal stability and increasing the 74 

polymerization of actin filaments 13. Interestingly, HDAC6 is overexpressed in several tumors such 75 

as glioblastoma, multiple myeloma, melanoma and colon cancer 14, and drugs that selectively 76 

prevent HDAC6 activity (i.e. TubastatinA) are currently in use 15. However, HDAC6 expression and 77 

its relationship with Hh signaling in AML has never been investigated so far. Here we provide 78 

evidence that in adult AML patients and leukemic cell lines, the expression of Hh positively 79 

correlates with that of HDAC6 and MDR resistance genes. Moreover, in a zebrafish model with Hh 80 

overexpression hdac6 expression was increased, with consequent expansion of the hematopoietic 81 

stem and progenitor cell (HSPCs) population. We demonstrated that the treatment of Hh 82 

overexpressing zebrafish embryos with the Hh inhibitor cyclopamine did not elicit a rescue in the 83 

HSPCs, while the use of the HDAC6 inhibitor TubastatinA efficiently restored the hematopoietic 84 

phenotype. Indeed, HDAC6 inhibition might stabilize the PC, which we found present on the cell 85 

membrane of HSPCs, leading to a reduction in proliferation rate. Moreover, we generated AML 86 

zebrafish models for two of the most frequent human mutations: Nucleophosmin1 (NPMc+) and 87 

FLT3-ITD 16–18. These AML models responded to HDAC6 inhibition alone or in combination with 88 

the common chemotherapeutic agent cytarabine. Our results demonstrate a positive correlation 89 

between Hh signaling and HDAC6 expression in blasts from AML patients, cell lines and in a 90 

zebrafish model, opening the possibility for strategies to modulate this pathway in combination with 91 

the agents currently in use in AML therapy.  92 

 93 

MATERIALS AND METHODS 94 
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Patients 95 

Diagnostic bone marrow samples from healthy subjects and 36 adult patients affected by AML were 96 

collected and characterized as described in Supplementary Materials. Patients’ material was 97 

collected after obtaining informed consent (protocol ASGMA-052A approved on May 8th, 2012 by 98 

Azienda San Gerardo). The clinical features of the participants are reported in Supplementary 99 

Table S1. Human material and derived data were used in accordance with the Declaration of 100 

Helsinki. 101 

 102 

Animals 103 

Zebrafish embryos were raised and maintained according to international (European Union 104 

Directive 2010/63/EU) and national (Italian decree n. 26 of March 4th, 2014) guidelines on the 105 

protection of animals used for scientific purposes, as described in the Supplementary Materials.  106 

 107 

Reverse transcription and real-time quantitative techniques (RT-qPCR) in human samples, 108 

cell lines and zebrafish 109 

Total RNA was extracted from human samples and whole zebrafish embryos using TRIZOL 110 

reagents (Life Technologies, Carlsbad, CA, USA), following the manufacturer’s protocol. 111 

Quantitative reverse transcriptase polymerase chain reaction (RT-PCR) experiments on human and 112 

zebrafish samples were performed using the 384-well QuantStudio™ 5 Real-Time PCR System 113 

(Applied Biosystem, Whaltam, MA, USA). Primers are listed in the Supplementary Table S2.  114 

 115 

Immunofluorescence staining and image processing 116 
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Immunostaining was performed as described in the Supplementary Materials. Primary antibodies 117 

were mouse anti-GFP (1:1000, Sigma-Aldrich) and rabbit anti-3PH (1:200, Sigma-Aldrich) and 118 

secondary antibody was Alexa Fluor 488-conjugated goat anti-mouse IgG 1:400 (A11008, 119 

Invitrogen Life Technologies, Carlsbad, CA, USA) and Alexa 546-conjugated goat anti-rabbit IgG 120 

1:400 (A11001 and A11010, InvitrogenLife Technologies). Staining was evaluated detecting GFP 121 

and/or 3PH fluorescence through confocal analyses (A1 HD25/A1R HD25 instrument, Nikon 122 

FRET-FLIM) provided by the UniTech nolimits NOxsz<LIMITS service (University of Milan).  123 

 124 

Fluorescence activated cell sorting (FACS) analyses  125 

Embryo dissociation was obtained as described 19. FACS analyses were performed as described in 126 

the Supplementary Materials. Flow cytometry acquisitions were performed using Attune NxT 127 

(Thermofisher). Analyses were done with Kaluza software from Beckman Coulter.  128 

 129 

mRNA synthesis and embryo microinjection  130 

Zebrafish shh mRNA was in-vitro transcribed from the T7TS-shh plasmid using the mMESSAGE 131 

mMACHINE T7 transcription kit (Invitrogen), after linearization with NotI (Promega). Human 132 

HDAC6 mRNA was in-vitro transcribed from the pCDNA3.1-HDAC6 plasmid (Addgene), using 133 

the mMESSAGE mMACHINE T7 transcription kit (Invitrogen) after linearization with KasI 134 

(Invitrogen). 200 pg/embryo of the shh mRNA or 250 pg/embryo of the human HDAC6 mRNA 135 

were injected into 1 cell stage embryos. As a control, embryos were injected with the same amount 136 

of rfp-mRNA except when double immunofluorescence with a secondary red antibody were 137 

performed.  138 

 139 

Chemical treatments in zebrafish embryos 140 
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TubastatinA (TubA; Sigma), cyclopamine (cyclo; Sigma) and cytarabine (AraC, Sigma) were 141 

dissolved in Dimethyl sulfoxide (DMSO). Pharmacological treatments were done in a 24 multi-well 142 

placing a maximum of 15 embryos/well from the stage of 1.5 days post fertilization (dpf) to 2.5 dpf. 143 

Embryos were treated with different concentration of the compounds alone or in combination in 1 144 

ml final volume of E3 with PTU 1X. The doses used were 100 to 25 μM of TubA and 5 μM cyclo 145 

for single treatments or 50 μM TubA and 2.5 μM cyclo for combination therapies with 50 μM AraC 146 

20.  147 

 148 

Chemical treatments in AML cell lines  149 

OCI-AML2, U937, THP-1, and NB4 cell lines were originally obtained from ATCC/DSMZ 150 

repositories and since stored at the internal cell line bank at the Department of Experimental 151 

Oncology, IEO, seeded and treated with cyclopamine and TubastatinA dissolved in DMSO as 152 

described in the Supplementary Materials.  153 

 154 

Western blotting analysis in AML cell lines  155 

Protein extracts were prepared, loaded and quantified as described in the Supplementary Materials. 156 

Primary antibodies were ac-α-tubulin (anti mouse 1:1000; Sigma-Aldrich) and total α-tubulin (anti 157 

rabbit 1:5000; Sigma-Aldrich), HRP-conjugated secondary antibodies. Protein bands were detected 158 

by using WESTAR ECL detection system (Cyanagen, Bologna, Italy). Images were acquired with 159 

the Alliance MINI HD9 AUTO Western Blotting Imaging System (UVItec Limited, Cambridge, 160 

UK) and analyzed with the related software. 161 

 162 

Statistical analyses  163 
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For RT-qPCR experiments, data were statistically analyzed applying One-way analysis of variance 164 

(ANOVA) with Tukey post-hoc correction or Unpaired T-tests with Welch correction, defining 165 

P≤0.05 (*), P≤0.01 (**), and P≤0.001 (***) as statistically significant values. Data were analyzed 166 

using the comparative ΔΔCt method. Both t- test and standard deviation (SD) values refer to data 167 

from triplicate samples. In zebrafish at least three different experiments were done for each 168 

analysis. The count of the proliferation rate of HSPCs was analyzed with One-way analysis of 169 

variance (ANOVA) with Tukey post-hoc correction considering P≤0.05 (*), P≤0.01 (**), and 170 

P≤0.001 (***) as statistically significant values. 171 

 172 

Data Sharing Statement 173 

The original contributions presented in the study are included in the article/Supplementary 174 

Materials. Other data that support the findings of this study are available from the corresponding 175 

author upon request. 176 

 177 

RESULTS 178 

Expression of Hh and HDAC6 positively correlates in adult AML patients 179 

Since the interplay between Hh and HDAC6 has never been characterized so far, we investigated 180 

the relation between the expression of HDAC6 and Hh target genes GLI1 and PTCH1 in a cohort of 181 

36 adult patients with AML. The expression of both Hh downstream targets and HDAC6 was 182 

significantly higher in AML patients compared with healthy donors (HD) (Fig. 1A-C). To gain 183 

insight into the association between Hh and HDAC6, correlation analyses were performed. In our 184 

patient cohort, the expression of GLI1 and PTCH1 positively correlated with HDAC6 (Fig. 1D-E). 185 

Also, the expression of the Multi-Drug-Resistance (MDR) genes ABCC1 and ASXL1 was 186 

upregulated in AML patients and their expression positively correlates with that of GLI1, PTCH1 187 
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and HDAC6, respectively (Fig. 1F-M). This correlation was confirmed in the TCGA LAML dataset 188 

using the GEPIA2 (Gene Expression Profiling Interactive Analyses) web-tool (http://gepia2.cancer-189 

pku.cn/) (Supplementary Fig. 1). Our data indicated that Hh and HDAC6 upregulation positively 190 

correlates with the leukemic condition and resistance to chemotherapy. 191 

 192 

Hh/HDAC6 overexpression in zebrafish embryos elicits HSPCs expansion that is rescued by 193 

HDAC6 specific inhibition. 194 

To assess the functional role of Hh/HDAC6 signaling on hematopoiesis, we generated a zebrafish 195 

model with Hh upregulation by the injection of the shh-mRNA. We confirmed that, as in human 196 

AML patients, the expression of Hh positively correlates with HDAC6 expression. Indeed, embryos 197 

injected with shh mRNA showed an increased expression of the Hh targets gli1a and ptch1 (Fig. 198 

2A-B), but of hdac6 and the MDR genes abcc1 and asxl1 as well (Fig. 2C-E). Next, we showed 199 

that shh-mRNA injection in the Tg(CD41:GFP) transgenic line expressing GFP protein in 200 

hematopoietic stem and progenitor cells (HSPCs; GFPlow) and thrombocytes (GFPhigh) 21, elicited an 201 

expansion of HSPCs in the caudal hematopoietic tissue (CHT) (Fig. 2F-G). To assess if the 202 

hematopoietic phenotype could be rescued by pharmacological inhibition of either Hh or HDAC6, 203 

embryos were treated with specific inhibitors: 5 μM cyclo for Hh and 100 μM TubA for HDAC6. 204 

We validated the efficacy of Hh inhibition by analyzing the expression of its target genes gli1a and 205 

ptch1, which was almost completely abolished following cyclo administration (Supplementary 206 

Fig. 2A-B). Moreover, we verified by western blot analyses that the HDAC6 target α-tubulin 22 was 207 

increased in the acetylated form following TubA treatment (Supplementary Fig. 2C-D). 208 

Accordingly, since acetylated α-tubulin stabilized cilia, we also showed that TubA treatment 209 

increased the length and stabilization of cilia in the pronephric duct, one of the ciliated organs of 210 

zebrafish embryo (Supplementary Fig. 2E-G) 23. 211 
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Interestingly, the increased number of HSPCs in the CHT of Hh overexpressing embryos, was not 212 

rescued by cyclo treatment (Fig. 2H). On the contrary, TubA treatment restored HSPCs expansion 213 

to levels comparable to the control (Fig. 2I). The increase of HSPCs in shh-mRNA injected 214 

embryos and the effects of drug treatments were also quantified by FACS analyses of the GFPlow-215 

CD41 cells (Fig. 2J).  216 

To further evaluate the effects of pharmacological treatments in Hh overexpressing embryos, we 217 

performed RT-qPCR on 2.5 dpf treated embryos. As expected, the expression of the HSPCs marker 218 

cmyb 24 increased following shh-mRNA injection (Fig 2K). Hh inhibition was efficiently achieved 219 

as the expression of Hh target genes gli1a and ptch1 was strongly reduced by cyclo administration 220 

(Fig. 2L-M). However, only TubA, but not cyclo, rescued the expression of cmyb (Fig 2K). On the 221 

contrary, the expression of MDR genes abcc1 and aslx1 was regulated by both Hh and HDAC6, as 222 

their increased expression in Hh-overexpressing embryos was reduced following both cyclo and 223 

TubA treatments (Fig. 2N-O). Interestingly, TubA treatment elicited an inhibitory effect on ptch1 224 

expression suggesting a feed-back loop activity among them (Fig. 2M). 225 

 226 

Zebrafish HSPCs expansion is elicited through HDAC6 activity 227 

To verify if the expansion of HSPCs was caused by an increased proliferation we performed 228 

phospho-histone H3 immunofluorescence analyses (P3H IF). Hh overexpressing embryos showed 229 

more proliferating cells in the CHT in comparison to the control (Fig. 3A-B). The proliferation rate 230 

(indicated as the percentage of double positive HSPCs/3PH on the total of HSPCs) was reduced 231 

only upon TubA treatment but not cyclo (Fig. 3C-E), suggesting that HDAC6 is involved in the 232 

self-renewal ability of HSPCs. To verify this hypothesis, we generated a zebrafish model 233 

overexpressing HDAC6 by injecting human HDAC6 mRNA, and we observed the expansion of 234 

HSPCs in the CHT of Tg(CD41:GFP) embryos at 2.5 dpf. As expected, the proliferation rate of 235 

HSPCs was also increased in HDAC6 overexpressing embryos in comparison to the controls and 236 
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the effects were rescued by the administration of TubA, confirming the specificity of the phenotype 237 

(Fig. 3F-I). 238 

Since cell proliferation is regulated by the presence/absence of primary cilium on the cell 239 

membrane, HDAC6 might regulate HSPCs proliferation through its stabilization. In zebrafish the 240 

presence of the primary cilium has been described in hemogenic endothelium prior to the 241 

developmental stage of 28 hpf 25. Here, by FACS-sorting the HSPC-GFPlow positive cells from the 242 

Tg(CD41:GFP) embryos at 2.5 dpf, we showed the presence of a primary cilium, labelled with 243 

acetylated α-tubulin antibody, in these cells (Fig. 3J-N).  244 

 245 

Inhibition of HDAC6 efficiently reduces proliferation of leukemic cell lines and HSPCs 246 

expansion in two AML zebrafish models  247 

To evaluate the effects of Hh and HDAC6 inhibition also in human myeloid cells, we selected four 248 

adult AML cell lines expressing different levels of Hh and HDAC6: the U937 and THP-1 cells lines 249 

showed higher Hh and HDAC6 expression and activity compared with the OCI-AML2 and NB4 250 

cell lines (Fig. 4A-C, F). We confirmed in-vitro the presence of a positive correlation between 251 

Hh/HDAC6/MDR resistant genes, previously observed in blasts from AML patients and zebrafish 252 

embryos (Fig. 4D-E). We treated these four AML cell lines for 72 hours with increasing 253 

concentrations of cyclo or TubA and evaluated their viability using CTG luminescence assay, an 254 

indicator of metabolically active cells. TubA decreased the viability of all cell lines (Fig. 4G), with 255 

higher efficacy in the OCI-AML2 and NB4, considered good-responders due to their lower Hh and 256 

HDAC6 expression in comparison with U937 and THP-1 cell lines (Fig. 4G). On the contrary, 257 

cyclo did not elicit significant effects on cell viability, apart with the higher dose we used, in line 258 

with what we observed in the rescue of the HSPCs phenotype in zebrafish (Fig. 4H). 259 

 260 
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We next generated well-established AML zebrafish models by introducing two of the most frequent 261 

mutations found in AML patients: NPMc+ and FLT3-ITD 26. Indeed, it has been previously reported 262 

that human NPMC+ and FLT3-ITD mRNA injection determines an increase of HSPCs in zebrafish 263 

embryos 16–18. On the contrary, the overexpression of the wild-type NPM1 and FLT3 mRNAs did 264 

not elicit such HSPCs expansion (Supplementary Fig. 3A-B). The inhibition of HDAC6 activity 265 

by TubA treatment reduced the number of HSPCs also in the NPMc+ and FLT3-ITD embryos. In 266 

accordance with the results obtained in Hh overexpressing embryos, the inhibition of Hh by cyclo 267 

treatment of AML zebrafish models did not rescue the hematopoietic phenotype (Fig. 5A-B).  268 

 269 

HDAC6 and cytarabine combination therapy shows synergistic effects in reducing HSPCs 270 

proliferation rate in zebrafish AML models 271 

We treated the AML zebrafish models with TubA and cytarabine (AraC) to assess if the combined 272 

administration of an HDAC6 inhibitor might improve the antiproliferative activity of a 273 

chemotherapeutic agent that is commonly used for the treatment of AML. Each compound was used 274 

at a dose that did rescue the AML phenotype. While subcritical doses of each compound did not 275 

diminish the number of HSPCs in both NPMc+ and FLT3-ITD-mRNAs injected embryos, 276 

combination therapy induced a significant reduction (Fig. 6A-B). Notably, similar results were not 277 

obtained with the combined inhibition of Hh and AraC, confirming that only the block of HDAC6 278 

activity recovers the HSPCs expansion (Fig. 6A-B).  279 

 280 

DISCUSSION 281 

Activation of the Hh pathway has been reported to promote cell proliferation in cancers, including 282 

leukemia. For instance, the expression levels of the Hh downstream targets were increased 27 in 283 

acute myeloid and acute promyelocytic leukemia patients compared to healthy donors 28. Notably, 284 

activation of Hh signaling in the granulocyte/monocyte compartment might induce AML 285 
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insurgence when combined to the FLT3-ITD mutation 29. In vitro, myeloid HL-60 cell lines that 286 

acquired radio- and chemo-resistance (HL-60/RX and HL-60/ADR, respectively), expressed higher 287 

levels of the Hh receptor SMO and the effector GLI1 in comparison to chemo-sensitive cells 30.  288 

We found that the expression levels of Hh downstream targets PTCH1 and GLI1 are increased in a 289 

cohort of 36 AML adult patients in comparison with healthy donors.  290 

Previous studies reported that the overexpression of HDAC6 also caused proliferation of malignant 291 

cells and induced resistance to chemotherapy in acute leukemia patients 31. In line with these 292 

observations, we found an increased expression of HDAC6 in AML patients that positively 293 

correlates to Hh signaling and the multidrug resistant genes ABCC1 and ASXL1. Previous studies 294 

reported that also the overexpression of HDAC6 causes proliferation of malignant cells and induced 295 

resistance to chemotherapy in AML and ALL patients 31. In line with these observations, we found 296 

an increased expression of HDAC6 in our AML patients’ cohort that is positively correlated to Hh 297 

signaling and the multidrug resistant genes ABCC1 and ASXL1.  298 

The role of Hh signaling in definitive hematopoiesis in zebrafish 32 has already been described, as 299 

embryos with mutations in the Hh pathway or treated with the Hh inhibitor cyclopamine lack 300 

HSPCs and rag1 positive cells in the thymus 32. Here, we described for the first time that the forced 301 

expression of Hh pathway in zebrafish activates the hematopoietic cascade by increasing the 302 

number of HSPCs, a situation that recapitulates the increase of blast progenitors in AML patients. 303 

Moreover, Hh over-activation determines an increased expression of hdac6, confirming in zebrafish 304 

the positive correlation of the two genes observed in AML patients and suggesting that HDAC6 is a 305 

direct or indirect target of Hh. Coherently, the overexpression of HDAC6 in zebrafish also induced 306 

the expansion of HSPCs through their hyper-proliferation. Although it has been previously 307 

demonstrated that the reduced expression of hdac6 resulted in the loss of HSPCs markers runx1 and 308 

cmyb 33, to our knowledge this is the first time that the overexpression of HDAC6 is linked to the 309 

hematopoietic phenotype in zebrafish. 310 
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Both Hh signaling and HDAC6 are inhibited with specific compounds that have been used in clinic. 311 

For instance, the inhibition of HDAC6 with drugs such as the pan-histone deacetylase inhibitors or 312 

the more specific HDAC6 inhibitors Tubacin and TubastatinA results in sensitization to 313 

chemotherapy both in-vitro and in patients 31,34. In our zebrafish models with Hh overexpression, 314 

pharmacological inhibition of HDAC6 reduces the number of HSPCs, while we did not obtain this 315 

rescue by inhibiting Hh, suggesting that its reduction is not sufficient to restore the downstream 316 

molecular mechanisms activated by its overexpression.  317 

Since we observed that expansion of HSPCs was provoked by an increase in their proliferation rate, 318 

we hypothesized an implication of the PC. It is known that HDAC6 inhibition prevents α-tubulin 319 

deacetylation and PC disassembly 15. This condition blocks cell cycle progression as the mother 320 

centriole is used to form the basal bodies of the PC and cannot be used for the assembly of the 321 

mitotic spindle 10. Therefore, an increase in HDAC6 activity contributes to PC destabilization and 322 

cell proliferation, while HDAC6 inhibition exerts opposite effects rescuing the over-proliferation of 323 

HSPCs observed in zebrafish embryos. We demonstrated that zebrafish HSPCs present a PC. While 324 

it has been already described that human blood and bone marrow cells present a PC that participates 325 

in Hh signaling, so far in zebrafish the PC had been identified only in hemogenic endothelium 25. 326 

This could be due to differences in the developmental stages analyzed or in the time-point of cell 327 

growth. PC in HSPCs has been identified only very recently, probably due to technical difficulties 328 

in the labelling of such a delicate and temporary structure. For instance, in human hematopoietic 329 

cell cultures, PC was identified only when cells grew to confluence and were serum starved 11.  330 

We demonstrated that selective HDAC6 inhibition is efficient both in zebrafish embryos and in 331 

established AML cell lines. We selected four AML cell lines with higher (U937, THP-1) or lower 332 

(OCI-AML2, NB4) Hh/HDAC6 expression and activity that, accordingly, represented poor or 333 

good-responders to HDAC6 inhibition. Then, we generated in-vivo AML zebrafish models 334 

overexpressing the NPMc+ and FLT3-ITD human transcripts. Only the inhibition of HDAC6 by 335 

TubA administration was effective in rescuing the cell viability and the expansion observed in AML 336 
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cell lines and HSPCs of AML zebrafish models respectively, while blockade of the Hh pathway was 337 

ineffective. The expansion of HSPCs in the AML models was not caused by the upregulation of Hh 338 

or HDAC6 as we did not find differences in their expression in NPMc+ and FLT3-ITD or wild-type 339 

NPM1 and FLT3 injected embryos. Although further analyses are necessary to better clarify this 340 

mechanism, we described for the first time that inhibition of HDAC6, also in a condition where it is 341 

not overexpressed, is efficient in blocking cell proliferation.  342 

New therapeutic approaches are needed for AML patients, especially for those insensitive to 343 

chemotherapy and with negative prognosis. Numerous treatments are under development or in 344 

clinical trials and, among them, combination therapy or drugs against novel identified targets are at 345 

the leading edge of research. Current AML therapy is based on cytarabine (AraC) and 346 

anthracyclines (i.e. daunorubicin) in the induction phase, followed consolidation therapy during 347 

remission 28. The inhibition of the Hh receptor SMO through glasdegib alone or in combination with 348 

low dose AraC, is under investigation in several clinical trials for AML 28 and improves overall 349 

survival when compared to chemotherapy alone. A novel dual HDAC/SMO inhibitor, named NL-350 

103 35, represents an attractive option for future therapeutic strategies 28. Concerning HDAC6, the 351 

specific inhibitor ST80 can be used at a low concentration (1 µM) and is advantageous in avoiding 352 

additive toxicity when used in combination with standard chemotherapeutic agents 34. We tested the 353 

possibility to inhibit HDAC6 in the NPMc+ and FLT3-ITD AML zebrafish models and found that 354 

the combined treatment with TubA/AraC is more efficient in reducing HSPCs expansion. The use 355 

of zebrafish as a powerful model for drug treatments and the quantification of HSPCs in the 356 

Tg(CD41:GFP) line would allow high-throughput screenings, cutting the cost and time of 357 

preclinical analyses. 358 

Our results highlight the relevance of the Hh/HDAC6 pathway in HSPCs expansion and propose a 359 

new pharmacological target for AML treatment.  360 
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 470 

 471 

FIGURE LEGENDS 472 

Fig. 1: Hh/HDAC6/MDRs correlation in AML patients in comparison to HD. A-C) Real-time 473 

qPCR analyses of Hh signaling target genes (A) GLI1, (B) PTCH1 and (C) HDAC6 in a cohort of 474 

adult AML patients. D-E) Correlation analyses between the expression levels of HDAC6 and (D) 475 

GLI1 and (E) PTCH1. F-M) Real-time qPCR and correlation analyses of the Multi-Drug-476 

Resistance (MDR) genes (F, G-I) ABCC1 and (J, K-M) ASXL1. A-C; F; J) Unpaired T-test with 477 
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Welch correction. D-E; G-I; K-M) Spearman correlation. ***p<0.001; **p<0.01; *p<0.05. HD: 478 

healthy donor’s samples; AML: acute myeloid leukemia samples. Results are presented as mean ± 479 

SEM.  480 

 481 

Fig. 2: Hh signaling overexpression in zebrafish, HSPCs expansion and cyclopamine and 482 

TubastatinA treatments. A-E) Real-time qPCR analyses of the Hh target genes (A) gli1a, (B) 483 

ptch1, (C) hdac6 and of the Multi-Drug-Resistance genes (D) abcc1 and (E) asxl1. F-I) Confocal 484 

images of the caudal hematopoietic tissue (CHT) of 2.5 dpf embryos (N=6) of the 485 

Tg(CD41:GFP)transgenic line: control embryos injected with rfp mRNA (F) or with shh mRNA 486 

(G)  and treated with cyclopamine (H) or TubastatinA (I). J) Quantification of the HSPCs 487 

population by FACS analyses of the GFPlow-CD41 cells. K-O) RT-qPCR analyses of (K) cmyb; (L) 488 

gli1a, (M) ptch1 and the Multi-Drug-Resistance (N) abcc1 and (O) asxl1. A-E) Unpaired T-test 489 

with Welch correction. F-O) ONE-way ANOVA with Tukey post hoc correction. ***p<0.001; 490 

**p<0.01; *p<0.05; ns not significant. Results are presented as mean ± SEM. Scale bar indicates 491 

100 µm. cyclo: cyclopamine; TubA: TubastatinA. 492 

 493 

Fig. 3: Hh/HDAC6 mediated hyperproliferation, pharmacological treatments and presence of 494 

primary cilium in zebrafish HSPCs. A-D, F-H) Confocal images of the caudal hematopoietic 495 

tissue (CHT) of the Tg(CD41:GFP) zebrafish embryos at 2.5 dpf; asterisks indicate the double 496 

GFP/3PH cells. GFPlow were HSPCs, GFPhigh were trombocytes: (A) control embryos (N=5), (B) 497 

shh mRNA, shh mRNA (N=6) treated with (C) cyclopamine (N=6) or (D) TubastatinA (N=7); (E) 498 

quantification of HSPCs proliferative rate. (F) control embryos (N=9) (G) HDAC6 mRNA (N=10) 499 

(H) HDAC6 mRNA and TubastatinA (N=9); (I) quantification of HSPCs proliferative rate. J-N) 500 

Immunofluorescence analyses of sorted HSPC-GFPlow cells: J) CD41 GFP; signal; K) acetylated α-501 

tubulin; L) DAPI; M) merge of the channels; N) higher magnification of a HSPC and primary 502 
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cilium. E, I) cyclo: cyclopamine; TubA: TubastatinA. ONE-way ANOVA with Tukey post hoc 503 

correction. ***p<0.001; **p<0.01; ns not significant. Results are presented as mean ± SEM. Scale 504 

bar indicates 100 µm (CHT) and 10 µm (sorted cells).  505 

 506 

Fig. 4: Hh/HDAC6/MDRs expression and cyclopamine and TubastinA treatments in the U937, 507 

THP1, NB-4 AML and OCI-AML2 cell lines. A-E) Real-time qPCR analyses of (A) GLI1, (B) 508 

PTCH1, (C) HDAC6, (D) ABCC1, (E) ASXL1. (F) Western-blotting analyses of the ac-α-tubulin 509 

protein levels in comparison to the total α-tubulin protein levels. G-H) Analyses of cytostatic and 510 

cytotoxic effect of cyclo and TubA in AML cell lines. G-H) Cell lines were treated for 72 hours 511 

with different concentration of (G) TubA or (H) cyclo; DMSO at the higher dose was used as a 512 

control. CTG assay was used to assess the effect of the treatment on the cell viability. ONE-way 513 

ANOVA with Tukey post hoc correction (A-E). Unpaired T-test with Welch correction (G-H); for 514 

simplicity only data with p<0.05 are shown. ***p<0.001; **p<0.01; *p<0.05; ns not significant. 515 

Results are presented as mean ± SEM.  516 

 517 

Fig. 5: Hh and HDAC6 inhibition in the NPMc+ and FLT3-ITD zebrafish models of AML. A-518 

B) Confocal images of the caudal hematopoietic tissue (CHT) of the Tg(CD41:GFP) zebrafish 519 

(N=3) with the forced expression of the human (A) NPMc+ or (B) FLT3-ITD mRNA treated with 520 

cyclo or TubA. Histograms represents the number of HSPC-GFP positive cells. cyclo: cyclopamine; 521 

TubA: TubastatinA. ONE-way ANOVA with Tukey post hoc correction. ***p<0.001; **p<0.01; 522 

*p<0.05; ns not significant. Results are presented as mean ± SEM. Scale bar indicates 100 µm. 523 

 524 

Fig. 6: Combination therapy in the NPMc+ and FLT3-ITD zebrafish models of AML. A-B) 525 

Quantification of HSPC-GFP positive cells in the region of the caudal hematopoietic tissue (CHT) 526 
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of Tg(CD41:GFP) transgenic embryos with forced expression of the human (A) NPMc+ or (B) 527 

FLT3-ITD mRNA, treated with subcritical doses of cyclo or TubA alone or in combination with 528 

AraC. cyclo: cyclopamine; TubA: TubastatinA; AraC: cytarabine. ONE-way ANOVA with Tukey 529 

post hoc correction. ***p<0.001; **p<0.01; *p<0.05; ns not significant. Results are presented as 530 

mean ± SEM. 531 

 532 
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SUPPLEMENTARY MATERIALS 25 
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NPM1 and FLT3-ITD, in addition to translocations t(9;22), t(8;21) and inv(16), in accordance to 28 
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specific clinical protocol requirements. Patients enrolled belong to different French–American– 29 

British (FAB) classification systems (FABs), excluding M3, therefore all patients were negative for 30 

translocation t(15;17). Bone marrow of healthy individuals were collected as controls for gene 31 

expression assays, upon appropriate Informed Consent ASG-MA-052A approved on May 8th 2012 32 

by Azienda San Gerardo (ASG). Clinical features have been reported in our previous study1. Human 33 

material and derived data has been used in accordance with the Declaration of Helsinki. 34 

Animals 35 

Zebrafish embryos were raised and maintained under standard condition according to the national 36 

guidelines (Italian decree March 4, 2014, n. 26). Embryos from AB and Tg(CD41:GFP) strains 2 37 

were collected by natural spawning, staged according to the reference guidelines 3 and raised at 28° 38 

C in E3 medium fish water (instant ocean, 0.1% methylene blue in petri dishes). From the stage of 24 39 

hours post-fertilization (hpf) 0.003% 1‐phenyl‐2‐thiourea (PTU, Sigma‐Aldrich, Saint Louis, MO) 40 

was added to prevent pigmentation. Before manipulations, embryos were dechorionated, and 41 

anesthetized with 0.016% tricaine (ethyl 3‐aminobenzoate methanesulfonate salt; Sigma‐Aldrich).  42 

Reverse transcription and real-time quantitative techniques (RT-qPCR) in human samples, cell 43 

lines and zebrafish 44 

Total RNA was isolated from human samples, cell lines and whole zebrafish embryos using TRIZOL 45 

reagents (Life Technologies, Carlsbad, CA, USA) following the manufacturer’s instructions. After 46 

DNaseI RNase-free (Roche Diagnostics, Basel, Switzerland) treatment to avoid possible genomic 47 

contamination, 1 μg of RNA was used as template for the synthesis of cDNA using the “GoScript™” 48 

Reverse Transcription system (Promega, Madison, Wisconsin USA). Quantitative real-time 49 

polymerase reactions (Real-time qPCR) were carried out in a total volume of 10 μl containing iQ 50 

SYBR Green Super Mix (Promega, Madison, WI, USA) using the 384-well QuantStudio™ 5 Real-51 

Time PCR System (Applied Biosystem, Whaltam, MA, USA). Genes of interest were normalized to 52 

rpl8 and beta-actin for zebrafish and to GAPDH and GUS for human AML samples and cell lines. 53 
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Primers used for qPCR analyses in human and zebrafish samples are listed in the Supplementary 54 

Table S2.  55 

Fluorescence activated cell sorting (FACS) analyses  56 

Embryos dissociation was obtained as described 4. Fluorescence-activated cell sorting (FACS) 57 

analyses were performed as described in the Supplementary Materials. FACS analysis were 58 

performed on Tg(CD41:GFP) zebrafish embryos at 2.5 dpf as previously described 1. Flow cytometry 59 

acquisitions were performed using Attune NxT (Thermofisher). Analyses were done with Kaluza 60 

software from Beckman Coulter. Embryos of the wild-type AB strain were used to set the gate and 61 

exclude auto-fluorescence of cells. The gate for GFP low/high cells was set on control 62 

Tg(CD41:GFP) embryos to distinguish a GFPlow population representing around 0.2% of total cells, 63 

as previously reported 1, and applied to all categories analyzed.  64 

 65 

Immunofluorescence staining and image processing 66 

PTU-treated embryos belonging from the Tg(CD41:GFP) embryos were fixed overnight in 4% 67 

paraformaldehyde (Sigma-Aldrich) in Phosphate Buffer Saline (PBS) at 4 °C. After 2 hours in 68 

blocking solution at room temperature embryos were incubated with the primary antibodies mouse 69 

anti-GFP (1:1000, Sigma-Aldrich) and rabbit anti-3PH (1:200, Sigma-Aldrich) and secondary 70 

antibody was Alexa Fluor 488-conjugated goat anti-mouse IgG 1:400 (A11008, Invitrogen Life 71 

Technologies, Carlsbad, CA, USA) and Alexa 546-conjugated goat anti-rabbit IgG 1:400 (A11001 72 

and A11010, InvitrogenLife Technologies). Staining was evaluated detecting GFP and/or 3PH 73 

fluorescence through confocal analyses (A1 HD25/A1R HD25 instrument, Nikon FRET-FLIM) 74 

provided by the UniTech nolimits NOxsz<LIMITS service (UNIMI department). For the count of 75 

proliferating hematopoietic stem and progenitor cells (HSPCs), confocal images have been analyzed 76 

by ImageJ software. We selected the caudal hematopoietic tissue as region of interest (ROI) and set 77 
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a common threshold for all the experimental group. The number of proliferating cells was obtained 78 

by the ratio HSPCs positive for the 3PH staining/total number of HSPCs. 79 

Chemical treatments in AML cell lines  80 

OCI-AML2, U937, THP-1, and NB4 cell lines were originally obtained from ATCC/DSMZ 81 

repositories and since stored at the internal cell line bank at the Department of Experimental 82 

Oncology, IEO. Cell lines undergo regular authentication and mycoplasma testing. Cells were seeded 83 

at 10,000 cells/well in 96-well plates in 100 µl of growth medium and allowed to grow for 72 h prior 84 

to treatment commencement. Cyclopamine (cyclo) and TubastatinA (TubA) were dissolved in 85 

DMSO, diluted in the appropriate culture medium and added into plates, as indicated. The 86 

concentration range of both compounds has been determined based on published data and ranged 87 

between 0.6 M and 4.8 µM for cyclo 5 and 1.25 M to 10 M for TubA 6.72 hours later, CellTiter-88 

Glo assay (Promega) was performed as indicated in the manufacturer’s instructions and read on 89 

GloMax (Promega) plate reader. Cells treated with DMSO (0.2% in appropriate medium) were used 90 

as a control.  91 

 92 

Western blotting analyses 93 

For zebrafish, at least 30 hpf anesthetized zebrafish embryos were used for protein extraction after 94 

chemical removal of the yolk with deyolking solution to avoid yolk protein contamination. Proteins 95 

were collected and prepared using 2 μl/embryo of RIPA buffer (50 mM Tris-HCl pH 7.4, 1% NP-40, 96 

150 mM NaCl, 0.25% sodium deoxycholate, 1mM EDTA, 1mM PMSF, protease inhibitors Roche). 97 

The lysate concentration was determined according to the manufacturer's instructions of the Quantum 98 

Micro BCA protein assay kit (Euroclone, Pero, MI, Italy). Electrophoresis analyses were done loading 99 

40 μg of proteins onto a 7.5% polyacrylamide gels. After the transfer, PVDF membranes were treated 100 

with blocking solution at room temperature for 1 hour prior to incubation with the primary antibodies: 101 

Vinculin (anti mouse 1:6000, Sigma-Aldrich), total -tubulin (anti rabbit 1:5000; Sigma-Aldrich) 102 
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and ac-alpha-Tubulin (anti mouse 1:1000; Sigma-Aldrich). After incubation with the HRP-103 

conjugated secondary antibodies for 1h at room temperature (mouse Santa Cruz Biotechnology, 104 

Dallas, TX, USA, rabbit Thermofisher, Waltham, MS, USA), the protein bands were detected using 105 

ECL detection systems (Cyangen, Bologna, Italy). Imaging acquisition has been done with the 106 

Alliance MINI HD9 AUTO Western Blot Imaging System (UVItec Limited, Cambridge, UK) and 107 

analyzed with the related software. Images were processed using the Adobe Photoshop (Microsoft 108 

Windows; macOS) software. 109 

 110 

 111 

 112 

 113 

 114 

SUPPLEMENTARY FIGURE AND LEGENDS 115 

 116 

 117 
 118 
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Suppl. Fig. 1 GEPIA2: Hh, HDAC6 and MDRs in LALM dataset. Correlation analyses between 119 

the expression levels of HDAC6 (HDAC6 TPM) and GLI1 and PTCH1 (2 signature TPM). Spearman 120 

correlation. ***p<0.001. LALM: Acute Myeloid Leukemia; TPM: transcript per millions.  121 

 122 

Suppl. Fig. 2 Validation of the efficacy of Hh and HDAC6 inhibition in zebrafish embryos 123 
trough cyclo and TubA administration respectively. A-B) Real-time qPCR analyses of the Hh 124 

target genes (A) gli1a, (B) ptch1 in controls (rfp-mRNA), Hh overexpressed (shh-mRNA injected), 125 

and cyclo treated embryos. C-G) TubA treatments (C) Survival/lethality of embryos treated with 126 

different doses of TubA, (D) Western blotting analyses for the HDAC6 target acetylated- tubulin 127 

(ac- tubulin) in DMSO and TubA treated embryos. (E-F’) Confocal images of the pronephric region 128 

of 2.5 dpf embryos stained for ac- tubulin in embryos treated with DMSO or TubA and (G) cilia 129 

length measurement. ONE-way ANOVA with Tukey post hoc correction (A-B). Unpaired T-test with 130 
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Welch correction (D,G). ***p<0.001; **p<0.01; *p<0.05; ns not significant. Results are presented 131 

as mean ± SEM. Scale bar indicates 100 µm. cyclo: cyclopamine; TubA: TubastatinA. 132 

 133 

 134 

Suppl. Fig. 3: Hh and HDAC6 inhibition in the NPM1 and FLT3 zebrafish embryos. A-B) 135 

Confocal images of the caudal hematopoietic tissue (CHT) of the Tg(CD41:GFP) zebrafish embryos 136 

at 2.5 dpf (N=3), with the forced expression of the human (A) NPM1 or (B) FLT3 mRNA treated 137 

with cyclo or TubA. Histograms represents the number of HSPC-GFP positive cells. cyclo: 138 

cyclopamine; TubA: TubastatinA. ONE-way ANOVA with Tukey post hoc correction. ***p<0.001; 139 

**p<0.01; *p<0.05; ns not significant. Results are presented as mean ± SEM. Scale bar indicates 100 140 

µm. 141 

 142 

 143 

 144 

 145 

 146 

 147 

 148 

 149 
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 150 

 151 

 152 

Supplementary Table S1 Clinical Features of patients' cohort 153 

 154 

Supplementary Table S2 Primers list 155 

Primer Sequence (5’ – 3’) 

GLI1 HS f FF AGT ACA TGC TGG TGG TTC AC 

GLI1 HS RR AGG TTT TCGA GGC GTGA GTA 

PTCH1 HS FF AGG TGC TAA TGT CCT GAC CA 

PTCH1 HS RR CCA CTG CCT GTT GTA CAT GT 

HDAC6 HS FF CTG GCT TGG TGT TGG ATG AG 

HDAC6 HS RR CTC CTG GAT CAG TTG CTC C 

ABCC1 HS FF ATG CAG AGG AGA ACG GGG T 

ABCC1 HS RR CCT GCA CTG TCC GTC ACC 

ASXL1 HS FF TCA CGC TCA AGA AGG ATG CC 

ASXL1 HS RR CCC ACA GCT CTC CAC ATC AG 

GAPDH HS FF CAA CGA CCA CTT TGT CAA GC 

GAPDH HS RR CTG TGA GGA GGG GAG ATT CA 
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GUS HS FF CGC CCT GCC TAT CTG TAT TC 

GUS HS RR TCC CCA CAG GGA GTG TGT AG 

gli1a zf FF ACA CAC TGA AAT CTC AGC CG 

gli1a zf RR GTC ATT ATT ATT GGC GCT CC 

ptch1 zf FF GGA GAA ACT CTG GGT AGA AG 

ptch1 zf RR CCT GAC GAG GCG TCT GTA TC 

asxl1 zf FF GTC GCT CTT CAC AGT CAG GG 

asxl1 zf RR CGT GTT CAC CGT TGA CCT TG 

abcc1 zf FF CGT GAG GAG ACA CAA CTG AG 

abcc1 zf RR AGT TGC AGT ACA CAG CCC TG 

hdac6 zf FF GCA GAG ACA CCT AAC CGT TC 

hdac6 zf RR CCA GCA GCC TCC AGA ACT AA 

cmyb zf FF GAC ACA AAG CTG CCC AGT TC 

cmyb zf RR GCT CTT CCG TCT TCC CAC AA 

rpl8 zf FF CTC CGT CTT CAA AGC CAA TG 

rpl8 zf RR TCC TTC ACG ATC CCC TTG AT 

beta-actin zf FF GCA CGA GAG ATC TTC ACT CC 

beta-actin zf RR GCA GCG ATT TCC TCA TCC AT 

 156 
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DISSEMINATION OF RESULTS 

We have disseminated the results of this project participating at national conferences to 

promote their divulgation to the scientific community. For instance, the work has been 

discussed in an oral session at the Zebrafish Italian Meeting that will take place in Naples 

on 9-11th February 2022. On this occasion I had the opportunity to meet with experts 

obtaining new stimuli for future studies related to my PhD project. 

According to the European Code of Conduct for Research Integrity, we have submitted our 

work, to a peer-review open access journal in the hematological field. We aim to share our 

results with experts in the field of acute myeloid leukemia, and the whole scientific 

community.   

short summary of the work/breve riassunto del lavoro  

English version: When altered, different molecular mechanisms drive the development of 

acute myeloid leukemia (AML). As the mechanisms governing hematopoiesis are 

conserved, in our research we used AML patients’ samples, the zebrafish model system 

and human leukemic cell lines to gain insight into the role of the hedgehog (Hh) signaling 

pathway and the histone deacetylase HDAC6 in leukemia. We found that they were 

overexpressed and positively correlated in AML patients and in human AML cell lines. Their 

forced expression in the zebrafish model determines the proliferation of hematopoietic and 

progenitor stem cells (HSPCs), a situation that mimic the augmented number of leukemic 

cells in AML patients. We found that zebrafish HSPCs present, as human blood cells, the 

primary cilium, a structure that when formed, blocks cell proliferation. We demonstrated that 

the specific HDAC6 inhibition reduced the number of zebrafish HSPCs and AML cell viability. 

We speculated that HDAC6 might stabilize the PC on cell surface therefore blocking cell 

proliferation. We also demonstrated that HDAC6 inhibition might be used in combination 

with the standard chemotherapic agents, identifying the HDAC6 inhibition as an attractive 

strategy for the treatment of AML patients.  

Italian version: Quando alterati, diversi meccanismi molecolari guidano lo sviluppo della 

leucemia mieloide acuta (AML). Poiché i meccanismi che regolano l'emopoiesi sono 

conservati, nella nostra ricerca abbiamo utilizzato campioni di pazienti affetti da AML, il 

sistema modello zebrafish e linee cellulari leucemiche umane per comprendere il ruolo della 

via di segnalazione di hedgehog (Hh) e dell'istone deacetilasi HDAC6 nella leucemia.  



 119 

Abbiamo osservato che la loro aumentata espressione correla positivamente nei pazienti 

con AML e nelle linee cellulari leucemiche. In zebrafish, la loro overespressione determina 

la proliferazione dei progenitori e cellule staminali ematopoietiche (HSPC), una situazione 

che ricapitola l’aumentato numero di cellule leucemiche nei pazienti AML. Abbiamo scoperto 

che le HSPCs di zebrafish presentano, come quelle umane, il cilium primario, una struttura 

che, una volta formata, blocca la proliferazione cellulare. Abbiamo dimostrato che l'inibizione 

specifica di HDAC6 riduce il numero di HSPC in zebrafish e la vitalità delle cellule AML, 

ipotizzando che l’inibizione di HDAC6 potrebbe stabilizzare il PC sulla superficie cellulare 

bloccando così la proliferazione cellulare. Abbiamo anche dimostrato che l'inibizione di 

HDAC6 può essere utilizzata in combinazione con gli agenti chemioterapici standard. 

Questo consentirebbe di ridurre il dosaggio dei chemioterapici e quindi diminuire gli effetti 

avversi.   
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