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Abstract 

Blood cancers encompass a group of diseases affecting blood, bone marrow or the 

lymphatic system, representing the fourth most commonly diagnosed cancer. Leukemias 

are characterized by a dysregulated proliferation of myeloid and lymphoid cells, with 

different rates of progression (acute or chronic). Among the chronic forms, hairy cell 

leukemia (HCL) is a rare disease and no drugs have been approved to date. On the other 

hand, acute myeloid leukemia (AML) is one of the most aggressive malignancies, with a 

low degree of survival especially in the case of FLT3-ITD mutations. Epigenetic 

modifications emerged as promising strategies for the treatment of blood cancers. 

Epigenetic modulators such as histone deacetylase (HDAC) inhibitors are increasingly 

used for targeted cancer therapy. New hydroxamic acid derivatives, preferentially inhibiting 

HDAC6 (5a-q), were developed and their efficacy was investigated in different blood 

cancers, including multiple myeloma (MM), HCL and AML, pointing out their pro-apoptotic 

effect as the mechanism of cell death. Among the inhibitors here described, 5c, 5g and 5h 

were able to rescue the hematopoietic phenotype in vivo using the FLT3-ITD zebrafish 

model of AML. 5c (leuxinostat) proved its efficacy also in cells from FLT3-ITD AML patients 

promoting a marked acetylation of α-tubulin compared to histone H3, confirming HDAC6 

as a preferential target for this new class of hydroxamic acid derivatives at the tested 

doses. 

 

Keywords: hairy cell leukemia, acute myeloid leukemia, HDAC inhibitors, FLT3, 

apoptosis, zebrafish, HDAC6 
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List of Abbreviations  

ALL, acute lymphocytic leukemia; AML, acute myeloid leukemia; CHT, caudal 

hematopoietic tissue; CLL, chronic lymphocytic leukemia; CML, chronic myeloid leukemia; 

CPP, coronary perfusion pressure; DCM, dichloromethane; ECG, electrocardiogram; ERG, 

electroretinogram; EtOAc, ethyl acetate; EtOH, ethanol; FLT3, FMS-like tyrosine kinase 3; 

H2O, water; HCL, hairy cell leukemia; HDAC, histone deacetylase; HR, frequency; HSPCs, 

hematopoietic stem and progenitor cells; ITD, internal tandem duplications; KOH, 

potassium hydroxide; LVP, left ventricular pressure; PBMCs, peripheral blood mononuclear 

cells; PQ, atrioventricular conduction time; pTSA: p-toluenesulfonic acid; QRS, 

intraventricular conduction time; QTc, corrected QT (action potential duration); RR, cycle 

length; TEA, triethylamine; TFA, trifluoroacetic acid; TKD, tyrosine kinase domain; ZBG, 

zinc binding group. 
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Blood cancers (BCs) encompass a heterogeneous group of hematological malignancies, 

affecting peripheral blood, bone marrow, or the lymphatic system. BCs have a high 

incidence with 14-19 new cases per 100,000 population in Western Countries, accounting 

for around 9% of all cases of cancers and represent the fourth most diagnosed cancer with 

a growing trend in the last decades.1,2  

Leukemias and lymphomas comprehend a plethora of malignancies characterized by 

uncontrolled proliferation of cells originating from myeloid and lymphoid lineages.3 

Prognosis varies based on disease aggressiveness related to clinical presentation, 

phenotypic and molecular signatures, typically resulting in poor survival rates for adult 

acute leukemias, or in more favorable outcomes for indolent lymphomas.4  

Leukemias are primarily classified based on progression rate (acute or chronic) and the 

specific blood cell lineages affected (myeloid or lymphoid), including acute lymphocytic 

leukemia (ALL), chronic lymphocytic leukemia (CLL), acute myeloid leukemia (AML), and 

chronic myeloid leukemia (CML).5  

CLL is the most common type of leukemia in the elderly and is associated with the 

accumulation of CD5+ B cells in peripheral blood and lymphoid organs.6 Conversely, hairy 

cell leukemia (HCL), a rare chronic B-cell lymphoma deriving from late-activated post-

germinal memory B-cells, is characterized by the presence of medium-sized mature CD5- 

lymphocytes with “hairy” projections in the bone marrow, spleen, and less frequently lymph 

nodes.7 Classical CLL and HCL can harbor somatic mutations in tumor protein 53 (TP53), 

with various frequencies, ranging from 0 to 27%.8 To date, there are no curative treatments 

for these clinical manifestations, as HCL patients are treated with cladribine-based 

regimens as first-line therapy, although the use of BRAF inhibitor vemurafenib in 

association with anti-CD19 monoclonal antibodies for the treatment of relapse/refractory 

HCL patients has been attempted.9  
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Moreover, inactivating coding variants of epigenetic enzymes have been identified in B 

cells from HCL patients, suggesting that these enzymes could have a potential therapeutic 

role in disease recurrence.10 Recurrence and high relapse rates point out the urgency of 

new treatments.11  

Among acute malignancies, AML is an aggressive BC with extremely poor 5-year survival 

and a high relapse rate, especially in those subjects who fail to achieve complete 

remission after induction therapy.12 AML is characterized by differentiation block and 

accumulation within the bone marrow of immature myeloid progenitor cells,13 that can 

harbor several genetic abnormalities favoring cell proliferation and survival, such as those 

in FMS-like tyrosine kinase 3 (FLT3) and TP53.14  

Specifically, one-third of AML patients have different FLT3 mutations: i) FLT3-TKD, a 

missense point mutation in a highly conserved region, i.e. the activation loop of the 

tyrosine kinase domain (TKD), found in approximately 7% of AML patients; ii) FLT3-ITD, 

internal tandem duplications (ITDs) of the juxtamembrane domain, found in 25% of AML 

patients. Patients with FLT3-ITD are classified as intermediate-risk AML, according to 2022 

European LeukemiaNet risk stratification system, and can specifically benefit from the use 

of FLT3 inhibitor (FLT3i) gilteritinib as monotherapy in relapsed/refractory AML15 or as 

maintenance therapy16 after hematopoietic stem cell transplantation.17,18 Therefore, 

mutational screening during the diagnostic process is crucial for an accurate assessment 

of disease prognosis. However, inhibitor-resistant FLT3 mutations can arise19 by on- or off-

target mechanisms, often recruiting downstream pathways like JAK/STAT and PI3K/Akt, 

with a consequent decrease in FLT3i efficacy.20 

Combination therapies have been attempted to overcome resistance with scarce efficacy 

and unpredictable drug−drug interactions causing cumulative toxicity.19 In addition, FLT3 

mutated cells could be eradicated by potentiating proteasomal or lysosomal degradation 

pathways, and by indirect mechanisms, conceivably mediated by epigenetic modifiers.21  
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HDAC inhibition in blood malignancies could afford sufficient therapeutic windows to 

achieve durable remissions by reversing cancer-associated epigenetic states. Noteworthy, 

AML cells show dysregulated HDAC activity and overexpress HDAC6.22 Hence, in FLT3-

ITD AML, HDAC inhibition decrease leukemic stem cell expansion23 and may induce the 

degradation of FLT3-ITD by disrupting the HDAC6/Hsp90/FLT3-ITD axis.24  

HDAC enzymes are categorized into four major families, based on their similarity, cellular 

localization, and enzymatic activities. Class I nuclear enzymes is represented by HDAC1, 

2, 3, and 8. Class II is split into two subfamilies: IIa which includes HDAC4, 5, 7, and 9; IIb 

which comprises HDAC6 and 10. Class IV includes only HDAC11. All enzymes are zinc-

dependent, except for Class III HDACs that possess NAD-dependent catalytic sites, 

consisting of seven proteins of the sirtuins family (SIRT 1-7).25,26  

Non-selective HDAC inhibitors (HDACis), like FK228 and panobinostat (1, Figure 1), 

induce proteasomal degradation of FLT3-ITD without FLT3i- associated relapse.27,28 The 

Food and Drug Administration has approved HDACis for myeloma and lymphoma (1 and 

SAHA 2, respectively, Figure 1). Due to toxicity issues,29 pan-HDACis have not been 

approved yet for AML (also FLT3 mutated) or HCL (only combinations of cladribine and 

SAHA/entinostat have been investigated with limited efficacy30). Indeed, non-selective 

HDACi tolerability needs to be considered, especially in older and frail or pediatric 

patients.31 

Specifically, side effects are generally associated with pan-HDAC inhibition in therapy, 

which could be, in turn, limited by targeting preferentially relevant isoforms in leukemic 

cells. HDAC5, 6 and 9 are overexpressed in AML tissues, while HDAC9 in HCL;22 

however, the physiopathological role of HDAC5 and HDAC9 is still under debate.32  

Recently, HDAC6 inhibition has been proven to be correlated to a reduced expansion of 

leukemic cells in vitro and in vivo, highlighting the possibility of lowering FLT3-ITD primitive 

leukemia cells without interfering with the physiological activity of FLT3 kinase.23 
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Figure 1. Known HDAC inhibitors and general structure of title compounds 5a-q. 

 

In the absence of approved drugs that confer tumor control in HCL and FLT3-ITD AML, 

there is urgency to identify new therapeutic tools to specifically eradicate the diseases. 

Zebrafish has emerged as a fascinating animal model for understanding the pathogenesis 

of human diseases and has proven to be a versatile and reliable in vivo experimental 

model to study hematological malignancies33 and to identify potential therapeutic tools.23  

Based on our previous experience in HDACi development,34,35 we designed a series of 

novel HDAC inhibitors (5a-q, Figure 1 and Table 1), characterized by specific 
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physicochemical properties, efficacious in MM and different leukemias, for in vivo testing in 

a zebrafish AML model.  

Herein, we report new HDACis (5a-q, Figure 1 and Table 1) preferentially targeting 

HDAC6, possessing a surface recognition group (CAP), a zinc-binding group (ZBG), and a 

connecting unit (LINKER).  

5a-q were designed exploiting the X-ray structure (PDB 6V7A) of compound 336 (Figure 1) 

in complex with zfHDAC6 with the help of computer simulations and considering the effect 

of specific structural features of 4 in blocking HDAC6 enzyme (Figure 1).34 

A green synthetic approach was applied to obtain both amine (5a-f) and urea derivatives 

(5g-q), tested on a panel of HDAC isoforms. To evaluate target engagement and 

anticancer profile, selected compounds were tested in cell-based assays using THP1 

(peripheral blood acute monocytic leukemia), K562 (chronic myeloid leukemia, CML), 

U937 (pro-monocytic histiocytic lymphoma), MEK1 (CLL), MOLT-4 (acute lymphoblastic 

leukemia) and NB4 (acute promyelocytic leukemia) cells, demonstrating induction of 

apoptosis as the mechanism of cell death. 

Moreover, a FLT3-ITD AML zebrafish model was employed for determining in vivo efficacy 

of compounds in terms of reduction of the hematopoietic stem cell expansion driven by the 

FLT3-ITD mutation, while HDACi-induced cell death mechanisms were studied in ex vivo 

FLT3-ITD AML cells and in vitro MM and HCL tumors. 

 

Table 1. Inhibitory activity of compounds 5a-q toward hHDAC6, hHDAC1, hHDAC10, 
HDAC3, HDAC5, HDAC8 and hHDAC11 (as IC50, nM). 

     IC50 (nM) 

Cpd  hHDAC6 hHDAC1 hHDAC10 hHDAC8 hHDAC3 hHDAC5 hHDAC11 

5a 

 

346 ± 24 NT
a
 NT

a
 NT

a
 NT

a
 NT

a
 NT

a
 

5b 

 

322 ± 21 NT
a
 NT

a
 NT

a
 NT

a
 NT

a
 NT

a
 

5c 

 

30 ± 2 1203 ± 87 4811 ± 302 2446 ± 165 2858 ± 153 
>10000 
(17%) 

5570 ± 358 
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5d 

 

104 ± 7 
>10000 
(42%) 

>10000 
(38%) 

NT
a
 NT

a
 NT

a
 NT

a
 

5e 

 

970 ± 68 NT
a
 NT

a
 NT

a
 NT

a
 NT

a
 NT

a
 

5f 

 

>10000 
(43%) 

NT
a
 NT

a
 NT

a
 NT

a
 -  NT

a
 NT

a
 

5g 

 

75 ± 6 2374 ± 148 3975 ± 211 3187 ± 214 1369 ± 93 
>10000 

(3%) 
5372 ± 308 

5h 

 

56 ± 4 4799 ± 273 5383 ± 332 5692 ± 339 1447 ± 87 
>10000 
(15%) 

3162 ± 221 

5i 

 

73 ± 5 4678 ± 294 5385 ± 284 NT
a
 NT

a
 NT

a
 NT

a
 

5j 

 

78 ± 6 5740 ± 378 2504 ± 146 7293 ± 480 NT
a
 NT

a
 NT

a
 

5k 

 

89 ± 7 639 ± 44 4448 ± 282 4425 ± 308 NT
a
 NT

a
 NT

a
 

5l 

 

5793 ± 342 NT
a
 NT

a
 NT

a
 NT

a
 NT

a
 NT

a
 

5m 

 

2689 ± 177 
>10000 
(22%) 

>10000 
(17%) 

> 10000 NT
a
 NT

a
 NT

a
 

5n 

 

2197 ± 174 NT
a
 NT

a
 NT

a
 NT

a
 NT

a
 NT

a
 

5o 

 

2822 ± 204 NT
a
 NT

a
 NT

a
 NT

a
 NT

a
 NT

a
 

5p 

 

3091 ± 221 NT
a
 NT

a
 NT

a
 NT

a
 NT

a
 NT

a
 

5q 

 

>10000 
(30%) 

NT
a
 NT

a
 NT

a
 NT

a
 NT

a
 NT

a
 

4 40.8 ± 1.51 5421 ± 268 NT
a
 2204 ± 198 5871 ± 376 

>10000 
(14%) 

695 ± 41 

Panobinostat 9.55 ± 0.67 63 ± 4 6.38 ± 0.47 NT
a
 NT

a
 NT

a
 NT

a
 

Tubastatin A (TUB) 31.0 ± 2.0 1940 ± 380 NT
a
 712 ± 94 NT

a
 NT

a
 NT

a
 

Each value is the mean of at least three determinations; results are expressed with ± 
standard error of the mean (SEM); aNT: not tested. 
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Results and Discussion 

Chemistry 

The target compounds 5a-q were synthesized as reported in Scheme 1. 

 

Scheme 1. Synthesis of compounds 5a-e, 5g-p and 5f,qa 

 

aReagents and conditions: a) methyl 4-formylbenzoate, pTSA, EtOH, 25 °C, 24 h, then 
NaBH3CN, 25 °C, 2 h (51–73%); b) methyl 4-(isocyanatomethyl)benzoate (for 8a-e, 12), 
methyl 3-(isocyanatomethyl)benzoate (for 9a-e), cyreneTM, N2, 25 °C, 6 h (50-80%); c) 
hydroxylamine hydrochloride, methanolic KOH, MeOH, 25 °C, 12 h (24-85%). 
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A simple protocol was set up for the synthesis of 5a-q starting from commercially available 

aryl-piperazines namely 1-(pyridin-2-yl)piperazine (6a), 2-(piperazin-1-yl)pyrimidine (6b), 

1-(4-nitrophenyl)piperazine (6c), 3-(piperazin-1-yl)phenol (6d), 1-(3,4-

dichlorophenyl)piperazine (6e). In particular, 6a-e were converted into derivatives 7a-e 

under reductive amination conditions in the presence of the acid catalyst p-toluenesulfonic 

acid (pTSA)38 and EtOH as a solvent. For the synthesis of the ureas 8a-e, the secondary 

amines 6a-e were treated with methyl 4-(isocyanatomethyl)benzoate in cyreneTM, a 

biodegradable aprotic dipolar solvent derived from cellulose biomass. 6a-e were converted 

into ureas 9a-e by reaction with 3-(isocyanatomethyl)benzoate under the above-described 

conditions. For the synthesis of final compounds 5a-e and 5g-p, intermediates 7a-e, 8a-e 

and 9a-e were treated with hydroxylamine hydrochloride under basic conditions. 

For the synthesis of compounds 5f and 5q, 1-benzylpiperidin-4-amine (10) was treated 

with methyl 4-formylbenzoate in reductive amination conditions to obtain amine 11. When 

10 was exposed to methyl 4-(isocyanatomethyl)benzoate as described before,37 urea 12 

was obtained. Ultimately, 11 and 12 were converted into the final compounds 5f,q after 

treatment with hydroxylamine hydrochloride under basic conditions(Scheme 1). 

 

Structure activity relationships (SARs), in vitro HDAC inhibition and molecular 

modelling studies  

The aim of this work was the identification of new small molecular entities preferentially 

inhibiting HDAC6. Analogues 5a-q were exposed to enzymatic studies on a panel of 

selected HDAC isozymes, with particular attention versus HDAC6, including HDAC1, 

HDAC8 and HDAC10 as primary off-targets. Because of key similarities in the active sites 

of HDAC6 and HDAC8, discrimination between these two isoforms could be challenging. 

We also evaluated the activity against HDAC3, HDAC5, and HDAC11 for selected 
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compounds and data were compared to those of reference 4 (Table 1). Our SAR 

investigation started with the modification of the CAP fragment of our reference 

spiroindoline-based inhibitor 3, recently co-crystallized within the zfHDAC6 binding site.36 

New compounds were designed in the attempt to form polar interactions with Ser531, as 

engaging interaction with this residue could improve selectivity for HDAC6.39 In fact, this 

serine has been reported to form crucial hydrogen bonds with HDAC6is, either acting as a 

donor40 or as an acceptor.41  

The 1-methylspiro[indoline-3,4'-piperidine] moiety of 3 was modified into a more polar and 

flexible 1-(pyridin-2-yl)piperazine fragment. Docking simulations (see SI for details) 

showed that the resulting compound 5a well fitted the active site of HDAC6 with its 

hydroxamic acid group able to chelate the zinc atom and its tail able to undertake 

favorable interactions with amino acids at the binding site opening. In particular, the 

protonated piperazine nitrogen closer to the benzoyl hydroxamic moiety formed a polar 

interaction with the side chain of Ser531 (Figure 2A), consistently with what had been 

reported for similar compounds.  

With an IC50 value of 346 nM (Table 1), in line with the potency reported for hit 3,36 

compound 5a emerged as a fair hit for the present investigation. In fact, similar structures 

with a phenyl ring replacing the pyridine one had been described in a patent dedicated to 

HDAC6 inhibitors.42 The introduction of an additional nitrogen atom into 5a led to the 2-

(piperazin-1-yl)pyrimidine derivative 5b with no significant gain in the inhibitory potency 

(HDAC6 IC50 = 322 nM, Table 1). Conversely, the replacement of the pyridin-2-yl 

substituent with a p-nitrophenyl system at the nitrogen atom of the piperazine ring gave 5c 

(leuxinostat), displaying an IC50 value of 30 nM toward HDAC6 and a good selectivity 

profile over HDAC1 (IC50 =1203 nM), HDAC3 (IC50 = 2858 nM), HDAC5 (IC50 > 10000 

nM), HDAC8 (IC50 = 2446 nM), HDAC10 (IC50 = 4811 nM) and HDAC11 (IC50 = 5570 nM) 

(Table 1). 
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Docking pose of 5c in complex with HDAC6 revealed the formation of an electrostatic 

interaction between the nitro group of 5c and the basic side chain of Arg636 (Figure 2B). 

This polar interaction, never described in previous works, led to a 10-fold improvement in 

the IC50 value with respect to 5a. In a similar direction, the insertion of m-hydroxyphenyl 

ring (5d) resulted in an IC50 value of 104 nM (Table 1), as hinted by the presence of an 

additional H-bond interaction between the -OH group and the -CO group of Asn645 side 

chain (Figure 2C). Conversely, juxtaposition on the 2-(piperazin-1-yl) nucleus with a 3,4-

dichlorophenyl ring, resembling the p-chloro derivative reported in a patent,42 was not 

tolerated, leading to an IC50 value of approximately 1 µM (5e, Figure 2C and Table 1). 

Also, a significant drop in the inhibitory potency was observed when 1-(pyridin-2-

yl)piperazine moiety of 5a was replaced by the 1-benzylpiperidin-4-amine of 5f, which 

failed in inhibiting HDAC6 also in the low micromolar range (Table 1).  
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Figure 2. Best docking pose for compounds 5a (panel A, green carbon atoms), 5c (panel 
B, light green carbon atoms), 5g (panel D, cyan carbon atoms), and 5i (panel E, orange 
carbon atoms) within HDAC6 binding site (gray carbon atoms and gray cartoons). HDAC6 
residues in proximity of the inhibitors and involved in Zn2+ (dark cyan sphere) chelation are 
also displayed. Panel C reports the superposition of the best docking pose for compounds 
5a (green), 5b (light blue), 5c (light green), 5d (light orange), and 5e (violet) within HDAC6 
binding site (gray carbon atoms and gray cartoons). Panel F displays the superposition of 
the best docking pose for compounds 5g (cyan), 5h (yellow), 5i (orange), 5j (pink), and 5k 
(purple) within HDAC6 binding site (gray carbon atoms and gray cartoons).  
 
Inclusion of the basic nitrogen atom of the 1-(pyridin-2-yl)piperazine moiety of 5a into a 

non-ionizable urea group, similar to what had been implemented in a different class of 

inhibitors, reported in a recent patent application,43 led to the 4-(pyridin-2-yl)piperazine-1-

carboxamide derivative 5g, which showed a 5-fold improvement in the IC50 value (HDAC6 

IC50 = 75 nM, Table 1). 

This can be explained by a docking model of 5g into the Zn2+ binding site of HDAC6, 

which showed that an alternative polar interaction with opposite polarity could be taken by 

the neutral carbonyl of the urea group with the side chain of Ser531 (Figure 2D). 

A series of 5g-analogs, in which the pyridine was replaced by a pyrimidine (5h), a p-

nitrophenyl (5i, displayed in Figure 2E), a m-hydroxyphenyl (5j) or a 3,4-dichlorophenyl 

ring (5k) showed inhibition of HDAC6 with similar potency and selectivity over the panel of 

tested enzymes. 5g and 5h were tested on 7 isoforms and showed a good selectivity for 

HDAC6 compared to other enzymes, similarly to 5c. Docking of these compounds into the 

HDAC6 binding site showed that the alternative H-bond interaction taken by the urea 

group induces a different orientation of the terminal aromatic group, which no longer points 

toward Arg636 nor Asn645, but interacts with the solvent bulk (Figure 2F). Thus, the 

effective polar interaction of the urea group guarantees good inhibitory potency to all these 

compounds and allowed to procced to further studies compounds 5g, 5h, 5j and 5k, 

avoiding the nitrophenyl group of 5c, which may be subject to metabolic reactions with the 

production of potentially toxic metabolites. Thus, detailed SAR exploration of this class of 
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HDAC6 inhibitors allowed the identification of several derivatives with a range of different 

physicochemical properties and metabolic liabilities.  

Finally change from para to meta position of the hydroxamic acid group (5l–5p) had a 

detrimental impact on inhibitory potency, showing that an efficient Zn2+ chelation can be 

achieved when the ZBG is placed at the para position of the phenyl ring. Finally, also the 

urea analogue of 5f, namely 5q, failed in inhibiting HDAC6. 

 

 

Viability assays and target engagement in cells 

Based on IC50 values versus HDAC6 and different selectivity profiles versus class I 

HDAC1, HDAC3 and HDAC8 members and class IIB member HDAC10 (Table 1), we 

selected compounds 5c, 5g, 5h, 5j, 5k and 5m as the most suitable to correlate 

biochemical inhibition with cellular potency and anticancer profile. Cellular experiments 

have been performed by using also known HDACis like SAHA (2), Tubastatin A (TUB) and 

PCI34051 (PCI) for comparison in different blood cancer cells. HDAC expression patterns 

in blood malignancies are heterogeneous, implying that the role of HDACs in leukemia 

may be related to global expression and specific expression patterns.22 In line with this, we 

selected different blood lineages including THP1, K562, U937 and MEK1 cells (Figure 3). 

The selected cell lines are dissimilar regarding both the stage of differentiation as well as 

the hematopoietic lineage that was interrupted by the illness.44 Moreover, the cell lines 

differ one another in HDAC isozyme expression and differ also in the HDAC relevance in 

the specific disease.22 Noteworthy, HDAC6 is rarely expressed in primary lymphoma, and 

shreds of evidence demonstrated its irrelevance as a therapeutic target in these lymphoid 

malignancies.45 Besides, acute leukemia cells NB4 and MOLT-4 showed increased levels 

of acetylated α-tubulin (non-histone substrate of HDAC6) compared to histone H3 (class I 

HDACs histone substrate) after a prolonged exposure to HDACis, while CLL MEK-1 cells 
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showed increased levels of acetyl histone H3, rendering this blood cancer highly 

responsive to class I (nuclear) HDACis.46  

On the other hand, CML K562 cells displayed an initial higher acetylated α-tubulin level 

which decreases after prolonged incubation, questioning the efficacy of HDACis in these 

blood cancer types.47 5c, 5g, 5h, 5j, 5k, and 5m target engagement was evaluated 

through western blot analysis measuring acetylation of relevant histone and non-histone 

proteins for HDAC1/HDAC3, HDAC6 and HDAC8 (acetyl histone H3/K9-K14, acetyl α-

tubulin and acetyl-SMC3, respectively). The effects on cell viability were interrogated at 

increasing concentrations (1, 10, and 50 μM) up to 72 h of incubation, in comparison to 

reference HDACis. As shown in Figure 3, the most interesting compounds proved to be 

5c, 5g, 5h, and 5k which showed a dose-dependent cytotoxic effect in cancer cells when 

compared with TUB and PCI, while SAHA showed a better antiproliferative effect, 

confirming that its pan-HDAC inhibitory activity is responsible of the strong decrease in cell 

viability. 



17 

Figure 3. Proliferation assay in THP1, K562, U937, and MEK1 cell lines on a time course 
of 24 , 48, and 72 h. 5c, 5g, 5h, 5k, 5j, 5m were tested at 1, 10, 50 μM and compared to 
CTR, TUB (10 μM), PCI (10 μM) and SAHA (5 μM). 
 

Of note, compound 5c, with a low selectivity profile (SIHDAC6/HDAC1 = 40) showed a 

comparable activity with the dual inhibitor 5k (SIHDAC6/HDAC1 = 7) (Table 1). 

The HDAC6is 5g and 5h displayed high cytotoxicity only at 10 and 50 μM. The inhibitor 5j, 

although presenting a nM inhibition potency versus HDAC6, showed a limited 

antiproliferative effect on the cancer cells of the panel (Figure 3). 

Interestingly, the m-substituted analogue 5m (displaying a micromolar inhibition potency 

versus HDAC6, Table 1) did not promote an appreciable dropdown in cell viability also at 

high concentrations (Figure 3). Furthermore, all the compounds showed limited 

cytotoxicity in MEK1 cells, except for compound 5k at 50 μM. To investigate the target 

engagement, 5c, 5g, 5h, 5k and 5m were examined for their ability to induce acetylation of 
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α-tubulin (substrate of HDAC6), histone H3 (substrate of HDAC1/HDAC3) and SMC3 

(substrate of HDAC8) (Figure 4).  

Cells were subjected to 24 h incubation with 10 μM of all the new compounds, including 

reference TUB and PCI, while SAHA was used at 5 μM. 

Target engagement was analyzed via western blotting assays. 

A significant acetylation of α-tubulin was observed in THP1 cells for all the compounds 

while only 5k (and SAHA, Figure 1) was able to induce acetylation of histone H3 (Figure 

4A), due to its potency against HDAC1 (5k, IC50HDAC1 = 639 nM, Table 1). 

Among the molecules of the panel only PCI was able to promote acetylation of SMC3, due 

to its specificity for HDAC8. Figure 4B pointed out that U937 cells were responsive to 

HDAC inhibition, with a comparable profile with that observed in THP1 cells (Figure 4A), 

highlighting the overexpression of these enzymes in myelocytic tissues. When K562 cells 

were analyzed for their ability to induce acetylation of histone and non-histone substrates 

(Figure 4C), a slight acetylation profile was observed. Also in this case, 5c, 5g-h, 5k 

induced a marked acetylation of α-tubulin, with 5k being able to markedly increase both 

the acetylation levels of α-tubulin and histone H3. Finally, MEK1 cells (Figure 4D) seem to 

be less responsive to the most potent HDAC6i 5c, while compounds 5h and 5k were able 

to promote acetylation of α-tubulin and SMC3. As shown in Figure 4A-D, 5m at the tested 

doses was not able to induce acetylation of α-tubulin presenting, although not statistically 

significant, only a slight acetylation of histone H3, in all the tested blood cancer cells. 
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Figure 4. Western blot analysis in THP1, U937, K562, and MEK1 cell lines. 5c, 5g, 5h, 5k, 
5j, 5m were used at 10 μM for 24h and 48h, and compared to CTR, TUB, PCI (tested at 
10 μM) and SAHA (5 μM). 
 

Therapeutic potential of new HDACis in acute human leukemia NB4 and MOLT-4 

cells: proapoptotic effect 

The HDAC6-sensitive NB4 and MOLT-4 leukemic cells were included in our screening 

panel (Figure 5) in order to evaluate the cell death mechanism (Figure 6) in comparison 

with the healthy human embryonic kidney HEK-293 cells (Figure S1). Increasing 

concentrations (1, 10, and 50 µM) of the compounds for 24, 48, and 72 h were assayed 

and TUB, PCI, and SAHA were used as reference HDACis at a concentration of 10 µM. In 

NB4 cells, a significant reduction in cell viability was observed for all the new compounds 

at 10 and 50 µM concentrations for the three incubation times, except for compound 5m 

which was not able to significantly reduce cell viability after 24 h of incubation (Figure 5A). 

At a concentration of 1 µM, no effect was observed after 24 h of treatment with the new 

compounds, while a significant reduction was observed after 48 h of incubation for 

compounds 5c, 5j, 5g, and 5k, and at 72 h for compounds 5c, 5g, 5j, 5k, 5h, and 5m. 

As evident from the IC50 values reported in the insert of Figure 5A, the most potent 

compounds were 5g and 5h after 72 h of incubation, molecules that preferentially bind 

HDAC6. 

In NB4 cells, reference compounds at 10 µM promoted a reduction in cell viability at all 

incubation times except for TUB at 24 h. In human acute lymphoblastic leukemia cell line 

MOLT-4, no significant effect was observed at a concentration of 1 µM, except for 5k (a 

dual HDAC6/HDAC1 inhibitor) at 72 h of incubation (Figure 5B). At concentrations of 10 

and 50 µM, all tested inhibitors, with the exception of 5m, significantly reduced cell viability 

at 24, 48, and 72 h. From the IC50 values reported in the insert of Figure 5B, the most 

potent compounds in MOLT-4 cells were 5c, 5g and 5k, while, again, weak efficacy was 
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observed for 5m.Among the reference compounds, only SAHA showed a significant effect 

in this cell line. 

 

Figure 5. Effect of the novel HDACis on NB4 (A) and MOLT-4 (B) cell viability. MTT assays 
were performed by incubating the cells with 1, 10, and 50 µM concentrations of novel 
compounds and 10 µM of the reference compounds TUB, PCI and SAHA for 24, 48, and 
72 h. Results are presented as a percentage of control for each incubation time and are 
expressed as the mean ± SEM of three independent experiments. The IC50 values of the 
novel HDACis and the percentage of cell viability for the reference compounds are 
reported in the inserts. *, p<0.05 and **, p<0.01 vs control. 
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These data highlight that TUB is not an interesting anticancer tool in leukemic tissues, 

pointing out the need for new selective HDACis with therapeutic potential in blood 

malignancies. In HEK-293 cells, used as reference healthy cells, a slight reduction of cell 

viability was observed with compounds 5c and 5g at 50 µM after 72 h of incubation. 

Among reference compounds, SAHA (10 µM) had significant effects on HEK-293 cell 

viability at 48 and 72 h after treatment (Figure S1). Induction of apoptosis after 24 h of 

treatment with the selected HDACis 5c, 5g and 5h (representative of the family as 

preferential HDAC6is) was investigated in NB4 and MOLT-4 cells through the evaluation of 

caspase 3/7 activation (Figure 6A-B).  

 

Figure 6. Activation of caspase 3/7 by selected compounds 5c, 5g, and 5h in NB4 (A) and 
MOLT-4 (B). Cells were treated with the indicated concentrations of the novel compounds 
for 24 hours, labeled with CellEvent Caspase-3/7 Green Detection Reagent and analyzed 
by flow cytometry. The panels on the left report representative flow cytometric overlay 
histograms of caspase 3/7 activation while the panel on the right reports the percentage of 
caspase 3/7 positive cells expressed as the mean ± SEM of three independent 
experiments. *, p<0.05 and **, p<0.01 vs control (grey bar). 
 

In NB4 cells, 5g and 5h significantly increased the percentage of caspase 3/7 positive 

cells both at 10 and 50 µM concentrations, while a significant effect was observed for 

compound 5c at 50 µM concentration (Figure 6A). In MOLT-4 cells, 5c and 5g significantly 
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induced apoptosis at a concentration of 10 µM, while all the tested compounds significantly 

activated caspase 3/7 at 50 µM concentration (Figure 6B). These data, collected at 10 

and 50 µM, indicate the possible engagement of different HDAC isoforms by the designed 

compounds. 

 

Therapeutic potential of new HDACis in multiple myeloma and hairy cell leukemia 

cells: induction of apoptosis 

In MM and B-cell lymphomas including HCL, HDAC6 is overexpressed through c-Myc 

signaling activation and upregulation of NF-κB, MAPK, and/or PI3K/AKT pathways, and its 

inhibition results in reduced tumor cell survival by promoting apoptosis and c-Myc 

downregulation.48  

The compounds 5c, 5g, 5h, 5j and 5k were tested in MM1.S (MM cell line), BONNA-12 

(HCL cell line), and in primary healthy peripheral blood mononuclear cells (PBMCs) 

(Figure 7B), at various concentrations for 24, 48 and/or 72 h, and cell metabolic activity 

was assessed by MTT assay and IC50 calculated (Figure 7A and Figure S2), as well as 

viability and apoptosis, which were assessed by Annexin-V-PI through flow cytometry. 

After 48 h treatment, the IC50 values were calculated, in particular compound 5g showed 

an IC50 value of 43.4 μM in MM.1S, 52.4 μM in BONNA-12, and 1.3 μM in healthy (3.01 μM 

at 72 h); similarly compound 5k showed IC50 values of 14.6 μM in MM.1S, 41.8 μM in 

BONNA-12, and 6.5 μM in healthy (15.96 μM at 72 h); for 5c IC50 was 18.4 μM in MM.1S, 

14.3 μM in BONNA-12, and 1.2 μM in healthy (2.5 μM at 72 h); lower values were 

assessed for compounds 5h with IC50 values of 1.3 μM in MM.1S, 10.3 μM in BONNA-12, 

and 6.3 μM in healthy (32.1 μM at 72 h); and for 5j with IC50 values of 4.9 μM in MM.1S, 

41.9 μM in BONNA-12, and 43.4 μM in healthy (2.5 μM at 72 h) (Figure 7A).  

Apoptosis assay displayed different impacts of each HDAC inhibitor on cell lines (Figure 

7B). Indeed, 5j did not exert any effect on BONNA-12 cells at different incubation times 
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and tested concentrations (all p > 0.05), while the viability of healthy primary cells 

significantly decreased at higher concentrations (50 μM) and longer incubation time (72 h), 

as well as MM.1S cell viability which was significantly lowered only at high concentrations 

(50 μM) and after at least 48 h incubation (all p < 0.05). Conversely, 5c displayed a 

significantly higher cytotoxicity already at 10 μM and after 24 h of treatment in MM.1S cell 

line (untreated vs 10 μM, p = 0.0352, p = 0.0018, and p < 0.0001, 24, 48 and 72 h of 

treatment), while cytotoxicity was observed only at higher concentrations (50 μM) in 

BONNA-12 cell line (untreated vs 50 μM, p = 0.0466 at both 24 h and 72 h of treatment) 

and in healthy PBMCs (untreated vs 50 μM, p = 0.0221 and p = 0.0006 at 48 h and 72 h of 

treatment). 
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Figure 7. Viability assay in MM.1S, BONNA-12 cells and healthy PBMCs at 48 and/or 72 h 
of treatment for 5c, 5g, 5h, 5j and 5k compared to CTR. 
 

Moreover, 5g did not exert any cytotoxic effects on BONNA-12 cells (all p < 0.05), while it 

significantly influenced viability of MM.1S cells at 10 μM only after 48 h of treatment 

(untreated vs 10 μM, p < 0.0001 at 48h and 72 h of treatment) and of healthy PBMCs at 10 

μM after at least 24 h of treatment (untreated vs 10 μM, p = 0.0005, p = 0.0039, and p < 

0.0001, at 24 h, 48 h and 72 h of treatment).  

An opposite behavior between MM and HCL cell line was observed for 5k. Indeed, MM.1S 

exhibited a high susceptibility to 5k starting from 10 μM and 24 h of treatment (all p < 

0.0001), while cell viability was surprisingly increased in BONNA-12 starting from 1 μM of 

5k and 24 h of treatment (untreated vs 1 μM, p = 0.0447; and untreated vs 10 μM, p = 

0.0023). Similarly to MM.1S cells, healthy PBMC viability was highly influenced by 5k with 

increased apoptosis at 10 μM starting from 24 h of treatment (untreated vs 10 μM, p = 

0.0005, p = 0.0039, and p < 0.0001, at 24 h, 48 h and 72 h of treatment). Among all HDAC 

inhibitors, 5h was the less effective compound, with no cytotoxic effect on BONNA-12 cells 

(all p > 0.05), and with some cytotoxic effects only at higher concentrations (50 μM) at 

longer incubation times in MM.1S (at 48 h and 72 h of treatment, all p < 0.0001) and in 

healthy PBMCs (at 72 h, p = 0.0160) (Figure 7B).  

According to these previous findings,48 we confirmed the pro-apoptotic effects of HDAC6 

inhibition in plasma cell disorders and B-cell neoplasms, especially in MM, likely because 

of a concomitant modulation of aggresomal pathway of protein degradation and unfolded-

protein response, highly altered in MM cells.49 Indeed, proteasome inhibitors are the 

hallmark in therapeutic treatment of MM patients, as neoplastic plasma cells produce large 

amounts of immunoglobulins that are degraded through misfolded/unfolded protein 

degradation mechanisms.50 
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HDAC6 binds to polyubiquitinated and coordinates the clearance of protein aggregates by 

modulating aggresome formation and their autophagic degradation through HSF1 and 

HSP90 activation.51 Therefore, HDAC6 inhibition in MM could induce cell death by directly 

promoting apoptosis and by indirectly interfering with protein degradation mechanisms.  

In more aggressive lymphomas, HDAC6 is highly expressed and mediates anti-apoptotic 

activities together with NF-κB signaling constitutive activation and Bcl-2 functions.48 

Conversely, in indolent B-cell neoplasia, such as follicular lymphoma, combination of 

HDAC6i A452 and ibrutinib leads to tumor cell apoptosis by downregulation of c-Myc and 

inactivation of Akt and ERK1/2 signaling.52 In autoimmune disorders, such as systemic 

lupus erythematosus, autoantibody-producing plasma cells and germinal center 

autoreactive B cells are highly affected by HDAC6 inhibition, with a complete abrogation of 

abnormal B cell activation and differentiation and modulation of cellular metabolism 

pathways, such as fatty acid and glucose oxidation mechanisms.53 From our results, 

HDAC6 inhibition seemed to exert more a cytostatic rather than a cytotoxic effect in HCL, 

likely because it might act more on B cell activation and differentiation, as occurring in 

systemic lupus, rather than pro-apoptotic trigger, as in aggressive lymphomas. 

 

The new HDAC inhibitors rescue the hematopoietic phenotype of the FLT3-ITD 

zebrafish model of AML 

After establishing that 5c, 5g and 5h preferentially interfere with HDAC6 displaying 

proapoptotic potential in different blood malignancies, we progressed our investigation 

protocol studying their efficacy in vivo using a zebrafish AML model with FLT3-ITD 

mutation.33 Prior to entering into in vivo experimentation, we confirmed the 

physicochemical properties of the new compounds in order to ascertain the possibility of 

administering these analogues to zebrafish in aqueous medium. The solubility and 

chemical stability of compounds 5c, 5g and 5h compared with 5k and TUB were 
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determined by HPLC methodology.54,55 Solubility and chemical stability were measured at 

pH = 7.4 (Table S1) after 24 h. The compounds were stable at pH = 7.4; in particular, 5c 

and 5h displayed stability > 99%. In terms of solubility 5c and 5h performed better than 

5g, 5k and TUB. The experimentally determined LogP values of 5c, 5g and 5h highlighted 

that they could be used in the zf AML FLT3-ITD(+) model (Table S1). 

We also evaluated the safety of the new inhibitors performing drug response assays in 

zebrafish embryos, which provide a suitable platform for high-throughput screening of new 

compounds. Since we were interested in defining the antileukemic profile of these 

compounds, we administrated the inhibitors from 1.5 days post fertilization (dpf), the 

developmental stages at which the leukemic phenotype is established in the AML zebrafish 

model, and evaluated the hematopoietic phenotype one day after the treatments.23  

Tg(CD41:GFP) embryos expressing GFP in hematopoietic stem progenitor cells 

(HSPCs)56 were exposed to different concentrations of 5c, 5g and 5h and one day after 

the treatments, embryos were examined. We found that all HDACis were well tolerated up 

to a final concentration of 100 μM, since no significant differences were observed in terms 

of embryos survival (Figure S3A) and body axis formation in comparison to the DMSO-

treated control embryos (Figure S4A-E).  

In addition, to further evaluate the effects of the compounds on embryo morphology and 

development, various parameters such as body length (Figure S4F), area of yolk (Figure 

S4G), pericardium (Figure S4H) and eye (Figure S4I) districts were measured. 

There were no significant differences in all the parameters investigated, when treated 

embryos were compared to the controls. In contrast, higher concentrations of tested 

compounds, negatively affect embryos survival (Figure S3B) and resulted in adverse 

effects, especially at the level of the pericardium (Figure S3C-F).  

From these experiments, we defined 100 μM as the working dose for each compound to 

be used for the assessment of the antileukemic profile. 
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After establishing the working dose, we tested the compounds’ efficacy in blocking the 

expansion of HSPCs, using the FLT3-ITD zebrafish model of AML (Figure 8). The FLT3-

ITD mRNA and, as a control, the FLT3 wild-type (WT) mRNA were injected into 1 cell 

stage embryos of the Tg(CD41:GFP) line. 

After the treatments, the expression of cmyb, another HSPCs marker,57 was examined at 

the level of the caudal hematopoietic tissue (CHT), the site of definitive hematopoiesis at 

this stage of development (Figure 8A). The increased cmyb expression detected in the 

CHT of FLT3-ITD overexpressing embryos (Figure 8B-C; G), was reduced when the 

embryos were treated with the different HDACis (Figure 8D-G).  

 

Figure 8. Effects of 5c, 5g and 5h on the HSPCs of FLT3-ITD zebrafish model of AML. 
A) Representation of the cmyb staining at the levels of the caudal hematopoietic tissue 
probe in embryos B) injected with FLT3-WT mRNA and treated with DMSO or C-F) with 
treated with J) DMSO or K) 100 μM 5c. L) Quantification of the area occupied by the GFP 
signal at the level of the CHT.  Scale bars indicate 100 mm. Data are presented as 
mean+/-standard deviation. Not-parametric ONE-Way ANOVA Kruskal Wallis multiple 
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comparison test with Dunn’s correction. Confidence interval (CI) 95%. ns indicates not 
significant values with p-values higher than 0.05; ***p<0.001; **p<0.01 and *p<0.05. n 
indicates the number of embryos analyzed.  
 

To further confirm that the reduced cmyb expression correlated to a decrease in the 

HSPCs expansion, we chose 5c as a paradigmatic molecule. 

The injection of the FLT3-ITD mRNA induced the expansion of the HSPCs in comparison 

to the control embryos injected with the FLT3 WT form (Figure 8H-I; L). 

The administration of 5c significantly rescued the HSPCs expansion of FLT3-ITD 

overexpressing embryos (Figure 8J-K). 

The expression of cmyb was also used as a read-out to evaluate the potential of a new 

combination treatment based on HDAC6 inhibitors and the selective FLT3 inhibitors 

gilteritinib, currently used in clinic practice for treatment of FLT3 mutated AML.58 We 

treated the embryos with the HDAC6 inhibitor 5c alone or in combination with gilteritinib 

from 2.5 to 3.5 dpf (Figure 9A), and 5c administration enhanced the gilteritinib-induced 

reduction in cmyb expression (Figure 9B-G). These results demonstrate that the new 

HDAC6 inhibitors may provide a valuable alternative to be exploited for AML treatment. In 

addition, our experiments support the use of our AML zebrafish model as a platform for 

high throughput screening of new combination setting.23,59  

 

New HDAC inhibitors show anticancer activity and therapeutic potential in AML-

FLT3 ITD patient samples 

The results of in vivo zebrafish investigation highlighted that all the compounds were able 

to rescue the HSPCs expansion of FLT3-ITD overexpressing embryos. Thus, we selected 

5c (leuxinostat) as a representative of the series to test its efficacy in ex vivo experiments 

using FLT3-ITD AML cells derived from two patients. 
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We first evaluated the acetylation levels of histone and non-histone proteins after 

treatment with 5c in normal and pathological conditions by WB analysis. 

 

Figure 9. 5c in combination setting with the FLT3 selective inhibitor gilteritinib. A) 
Treatments timeline and doses used. B-F) Whole-mount in situ hybridization (WISH) with 
the cmyb probe in 3.5 dpf embryos. B) injected with FLT3-WT mRNA and treated with 
DMSO or C-F) with FLT3-ITD mRNA and treated with C) DMSO, D) 100 μM 5c, E) 400 nM 
gilteritinib, F) 100 μM 5c and 400 nM gilteritinib. G) Quantification of the cmyb staining in 
the different categories. Scale bars indicate 100 μm. Data are presented as mean+/-
standard deviation. Normality of the distribution of the data was confirmed by Shapiro-Wilk 
test. ONE-Way ANOVA Tukey post hoc correction. Confidence interval (IC) 95%. not 
significant values with p-values higher than 0.05 were not shown; ***p<0.001; **p<0.01 
and *p<0.05. n indicates the number of embryos analyzed.  
 

Specifically, the acetylation levels of α-tubulin and histone H3K9/K14 were assessed after 

48 h of treatment with 5c or SAHA (clinically approved HDACi) at 10 μM (Figure 10A). 

After treatment, 5c significantly increased acetylation levels of α-tubulin in AML primary 

cells compared to untreated (p = 0.0128) and to positive controls (p = 0.0953) (Figure 
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10B,C), while no variations were observed in healthy PBMCs at tested concentrations (0, 

1, 10, and 50 μM) and incubation time 48 and 72 h (all p > 0.05) (Figure 10A and C). 

Conversely, no modifications were observed in AML cells for H3K9 acetylation, while only 

SAHA at 10 μM significantly induced the acetylation of H3K9/K14 in healthy PBMCs after 

48h of treatment (10 μM 5c vs 10 μM SAHA, p = 0.0200) (Figure 10D). These data 

underlined the differences between 5c and SAHA, mainly based on the different HDAC 

inhibition profile. 

Apoptosis was also tested by flow cytometry at 24 h and 48 h of treatment with 5c at 

various concentrations (0, 1, 10, and 50 μM) or SAHA at 10 μM (Figure 10E). In healthy 

PBMCs, percentages of apoptotic, pre-apoptotic, and dead cells significantly augmented at 

increasing doses and incubation times (all p < 0.0001). 

No variations were described in percentage of pre-apoptotic cells in AML at any 

concentration and time (all p > 0.05), while a slight increase in dead cells was observed at 

24 h treatment with 10 μM of 5c (p = 0.0389), with a corresponding decrease of apoptotic 

cells (p = 0.0103), confirmed also at 48 h of treatment (Figure 10E). 

In AML, HDAC6 can be overexpressed together with Hedgehog proteins and multi-drug 

resistance genes. Specifically, HDAC6 mediates leukemic cell expansion, and its inhibition 

can restore physiological HSPC phenotype in both NPM1 or FLT3-ITD AML models.23  

Here, we reported a proof-of-concept of therapeutic potential of HDAC6 inhibition in FLT3 

mutated AML B cells, as primary cells showed a typical HDAC6-mediated acetylation 

profile after 5c treatment that could ultimately lead to apoptosis and reduction of leukemic 

cell expansion, as documented in primary cells and zebrafish model, respectively.  

 

Effect of 5c on Langendorff perfused rat heart 

Along the trajectory for the development of a novel optimized hit we usually perform tox 

studies (cell-based, functional assays and in vivo). 
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While low cytotoxic profile has been reported in Figures S1-S2 (compounds 5c,5g,5h,5j, 

5k and 5m), and the scarce toxic potential has been determined in vivo in zebrafish 

(Figure S3-S4 (compounds 5c, 5g, 5h)), in this section we report experiments to evaluate 

cardiotoxicity.  

 

Figure 10. Efficacy of 5c in AML FLT3-ITD cells from two AML patients. A, B. Immunoblot 
analysis of acetylated α-tubulin in postnuclear supernatants and acetylated histone H3-
K9/14 in nuclear extracts of healthy cells (A) and leukemic cells (B) isolated from 
peripheral blood of FLT3-ITD AML patients. The stripped filters were reprobed with anti-
GAPDH antibody. Molecular weights (kDa) are indicated on the left of the panels. C,D) 
Quantification of three independent experiments for acetylated α-tubulin (C) and acetylated 
histone H3-K9/14 (D). Mean±SD. E) Flow cytometric analysis of the percentage of 
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apoptosis in B cells purified from buffy coats of healthy donors (n ≥ 3) and FLT3-ITD AML 
patients One-way ANOVA test with multiple comparison. In each blot, the Precision Plus 
Protein™ Kaleidoscope™ Prestained Protein Standard was added for each subject. 
The selected hit 5c was evaluated in terms of cardiotoxic potential, by measuring its effect 

on cardiac mechanical function and electrocardiogram (ECG) in Langendorff-isolated rat 

hearts, as previously described.60–62 Under control conditions, LVP and CPP values of 72.4 

± 9.2 and 53.6 ± 4.1 mmHg (n = 5), respectively, were obtained (Figure S5). Up to the 

highest concentration tested (50 μM), compound 5c did not affect either LVP or CPP 

(Figure S5), nor the surface ECG (Table S2). The present findings highlight that 5c was 

devoid of cardiac effects. 

 

Conclusion 

In this work, the development of new HDAC inhibitors (5a-q) has been reported. Some of 

them preferentially bind HDAC6, and their efficacy was tested in different blood cancer cell 

lines, including MM, CLL, HCL, and primary AML cells. These compounds interfered with 

cell viability of different leukemic cells, including THP-1, U937, K562, and MEK1 cells. In 

particular, our compounds promoted a marked acetylation of α-tubulin (a non-histone 

target of HDAC6) compared to histone H3 (an HDAC1-HDAC3 histone substrate) and 

SMC3 (a non-histone target of HDAC8). In HDAC6 sensitive NB4 and MOLT-4 cells, as 

well as in MM.1S and BONNA-12 cells, our molecules induced apoptosis as determined by 

caspases 3/7 cleavage experiments or by Annexin V/PI. In vivo, 5c, 5g and 5h rescued 

normal hematopoietic phenotype in zebrafish FLT3-ITD AML model and the selected 5c 

induced apoptosis in FLT3-ITD AML patients and a marked acetylation of α-tubulin 

compared to histone H3, indicating that at the tested doses, 5c preferentially interfered 

with HDAC6 functions. Therefore, this new class of inhibitors could effectively induce FLT3 

mutant cell apoptosis without affecting normal cell viability and without interfering with 

FLT3 kinase activities, consequently limiting potential side effects associated with direct 



34 

FLT3 inhibition. Furthermore, we provided additional evidence of a great clinical potential 

of HDAC inhibition in FLT3-ITD AML, and we investigated for the first time the efficacy of 

HDAC6 inhibitors in HCL. However, further in vitro and in vivo experiments are needed to 

translate our preliminary results into clinical practice.  

 

Methods 

Methods are reported in Supporting Information.23,36,56,63–76 
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Figure S1. Effect of the novel HDACis on HEK-293 cell viability. 
Figure S2. Cell viability assay in MM.1S, BONNA-12 and PBMCs. 
Table S1. Evaluation of the physicochemical properties of selected compounds 5c, 5g, 5h, 
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Figure S5. Effects of 5c on LVP and CPP in Langendorff-perfused rat hearts. 
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Synopsis 

New HDAC inhibitors have been prepared and tested in different blood cancer cells, 

including chronic and acute leukemias. 5c (leuxinostat) was identified as a promising tool 

for the treatment of FLT3/ITD AML, with in vivo and ex vivo efficacy.  

 


