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ARTICLE INFO ABSTRACT

Keywords: Chronic Lymphocytic Leukemia (CLL) patients have a defective expression of the proapoptotic protein p66Shc
Chronic lymphocytic leukemia and of its transcriptional factor STAT4, which evoke molecular abnormalities, impairing apoptosis and wors-
péGShc_ . ening disease prognosis and severity. p66Shc expression is epigenetically controlled and transcriptionally
;P:&mhlbltors modulated by STAT4; epigenetic modifiers are deregulated in CLL cells and specific histone deacetylases
HDAC1 (HDAGs) like HDACI, are overexpressed. Reactivation of STAT4/p66Shc expression may represent an attractive
chlopynostat and challenging strategy to reverse CLL apoptosis defects. New selective class I HDAC inhibitors (HDACis, 6a-g)

blood malignancies were developed with increased potency over existing agents and preferentially interfering with the CLL-relevant
isoform HDACI, to unveil the role of class I HDACs in the upregulation of STAT4 expression, which upregulates
p66Shc expression and hence normalizes CLL cell apoptosis. 6¢ (chlopynostat) was identified as a potent HDAC1i
with a superior profile over entinostat. 6¢ induces marked apoptosis of CLL cells compared with SAHA, which
was associated with an upregulation of STAT4/p66Shc protein expression. The role of HDAC1, but not HDAC3, in
the epigenetic upregulation of STAT4/p66Shc was demonstrated for the first time in CLL cells and was validated
in siRNA-induced HDAC1/HDAC3 knock-down EBV-B cells. To sum up, HDACI inhibition is necessary to
reactivate STAT4/p66Shc expression in patients with CLL. 6¢ is one of the most potent HDAC1is known to date
and represents a novel pharmacological tool for reversing the impairment of the STAT4/p66Shc apoptotic
machinery.

Abbreviations: BCL-2, B-cell lymphoma 2; BTK, Bruton tyrosine kinase; CAP, surface recognition group; CLL, Chronic Lymphocytic Leukemia; DIPEA, N,N-Dii-
sopropylethylamine; DMSO, dimethyl sulfoxide; ESI, electron spray ionization; EtOAc, ethyl acetate; HBTU, hexafluorophosphate Benzotriazole Tetramethyl Uro-
nium; HDAC, histone deacetylase; IL-12, interleukin-12; NMR, nuclear magnetic resonance; PDB, Protein Data Bank; Ppm, parts per million; TLC, thin-layer
chromatography; ZBG, zinc-binding group.
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Fig. 1. Known HDAC inhibitors acting as antitumor agents in CLL and general structure of the target HDAC inhibitors 6a-g.

1. Introduction

Chronic Lymphocytic Leukemia (CLL) is the most common type of
leukemia in the elderly. The incidence of CLL is approximately 4.9 per
100,000 inhabitants per year, with a median age at diagnosis of 70
years, although 9.1% of CLL patients are younger than 45 years [1].
Current treatments include the B-cell lymphoma 2 (BCL-2) inhibitor
venetoclax and the monoclonal anti-CD20 antibody obinutuzumab.
Other options include monotherapy with Bruton tyrosine kinase (BTK)
inhibitors such as ibrutinib and acalabrutinib or chemoimmunotherapy.
This latter approach has several drawbacks, including a low efficacy in
cohorts of patients, the potential for the emergence of aggressive clones,
and a significant economic burden [2].

CLL is associated with the accumulation of CD5" B cells in peripheral
blood and lymphoid organs. The majority of patients carry at least one of
four typical chromosomal alterations, namely deletions in chromosomes
13 (del[13q]), 11 (del[11q]), 17 (del[17p]), or trisomy 12. Furthermore,
the genomic and epigenomic landscape shows abnormalities in patients
with CLL [3]. In particular, deletions and mutations in the TP53 gene are
found in approximately 10% of patients at the time of initial diagnosis,
resulting in an aggressive and often refractory phenotype with poor
response to therapies [4].

In CLL, aberrant accumulation of leukemic cells is mainly due to
impaired apoptosis, which has been partly ascribed to a profound defect
in the expression of p66Shc, a pro-apoptotic adaptor whose expression
in certain tissues is epigenetically regulated [5]. Impairment in p66Shc
expression contributes to prolonging leukemic cell survival by modu-
lating the balance of the BCL-2 family of apoptosis-regulating proteins

toward the pro-survival BCL-2 and BCL2L1 members [6,7].

The expression of p66Shc is regulated by the transcription factor
STAT4 [8], a crucial mediator of interleukin-12 (IL-12)-mediated
signaling [9]. Interestingly, STAT4 expression is also defective in CLL
cells, accounting for the p66Shc deficiency of CLL cells [8].

IL-12-dependent STAT4 activation or STAT4 reconstitution by tran-
sient transfection causes a coordinated increase in STAT4 and p66Shc
expression, which correlates with enhanced CLL cell apoptosis [8].
Hence, pharmacological strategies aimed at enhancing STAT4 expres-
sion in CLL cells may lead to upregulation of p66Shc expression and
reverse the apoptosis defects caused by p66Shc deficiency.

STAT4 expression is increased in Cutaneous T-cell Lymphoma cells
treated in vitro with the pan-HDAC inhibitor vorinostat (SAHA, 1, Fig. 1)
[10], suggesting that HDACs are promising and explorable molecular
targets to promote STAT4 expression.

Interestingly, both the expression and activity of the HDAC iso-
enzymes HDAC1 and HDAC3 (class I), and HDAC6 (class II) are
enhanced in CLL cells, and their aberrant activation has been related to
poor disease prognosis [11,12]. The critical implications of HDAC iso-
form overexpression and aberrant activation in CLL are witnessed by the
recent entry of the pan-HDAC inhibitor abexinostat (2, Fig. 1) in clinical
trials for T-cell lymphoma and CLL [13].

More recently, the treatment of Ep-TCL1 mice, a mouse model of CLL
[14], with the HDAC1/6 inhibitor ACY-738 (3, Fig. 1) led to a reduction
of immunosuppression and amelioration of disease outcome [15].
Moreover, the pan-HDAC inhibitors entinostat (4, MS-275-see Table 1
for ICsps) and mocetinostat (5, MGCD0103 HDAC1 ICsg = 150 nM)
(Fig. 1) have been found to promote CLL cell apoptosis.
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Table 1
Inhibitory activity of compounds 6a-g against tHDAC1, hHDAC6, hHDAC8 and hHDAC10 (as ICsp, nM).
Cpds Structure 1Cso (nM)
hHDAC1 hHDAC6 hHDACS8 hHDAC10
6a (@] 890 + 61 9.6 + 0.68 707 + 44 1116 + 76
J {
—
Cl N “OH
o
6b (0] (0] 1188 + 82 1077 + 73 3263 + 196 >10,000
_OH
aes
—
Cl N
6¢c 67 +£4 >10,000 >10,000 1149 £ 76
)N H NH,
Pz N
Cl N
(e}
6d o) 1) >10,000 NT NT NT
e
= NH
cl N 2
6e (@] >10,000 NT NT NT
J e N
—
o] N 2
O
6f (@] >10,000 NT NT NT
J {
—
Cl N
o
6g (0] >10,000 >10,000 >10,000 >10,000
(e}
Nn ﬁo
—
Cl N N
H OH
4 1231 + 83 >10,000 NT 3127 £ 231

Data are expressed as mean + SEM of three independent experiments performed in triplicate. Data in parentheses indicates inhibition at the 10,000 nM concentration.

Incubation time = 30 min. NT: not tested.

Hence, starting from the hypothesis that inhibition of HDACI,
overexpressed in CLL cells, may recover CLL cell apoptosis by normal-
izing STAT4/p66Shc expression, we herein describe the development of
a highly focused small set of HDAC modulators to achieve a significant
potency for class I HDAGCs, preferentially inhibiting the CLL relevant
isoform HDAC1, over other specific isoforms (HDAC6/8/10). We
moreover describe the identification of a novel pharmacological tool to
investigate whether HDACI inhibition could revert the STAT4/p66Shc-
dependent apoptosis defects in CLL cells from patients.

7-Chloroquinazolin-4(3H)-one was selected as a key surface recog-
nition scaffold to synthesize a small library of isozyme-selective HDAC
inhibitors (6a-g, Fig. 1, Table 1). 6a-g were tested in vitro to measure
their HDAC inhibition profile and were assayed in leukemic cells from
CLL patients to investigate their effect on the reactivation of the STAT4/
p66Shc apoptotic pathway.

2. Material and methods
2.1. General chemistry information

All reagents were purchased from commercial suppliers and used
without further purification. All moisture-sensitive reactions were per-
formed under a nitrogen atmosphere using oven-dried glassware and
anhydrous solvents. Flash column chromatography was carried out on
silica gel (Merck: Kieselgel 60, particle size 0.040-0.063 mm). Re-
actions’ progression was monitored by thin-layer chromatography
(TLC), carried out using glass-backed plates coated with Merck Kieselgel
60 GF254. Plates were visualized under UV light (at 254 nm) or by
staining with potassium permanganate, ninhydrin followed by heating.
'H NMR and '3C NMR spectra were recorded on a Varian 300 MHz
spectrometer using the residual signal of the deuterated solvent as an
internal standard. Coupling constants (J) are given in hertz (Hz). Split-
ting patterns are described as singlet (s), doublet (d), triplet (t), quartet
(q), and broad (br); the value of chemical shifts (5) are given in parts per
million (ppm). Mass spectra were recorded utilizing an electron spray
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ionization (ESI) Agilent 1100 Series LC/MSD spectrometer. Yields refer
to purified products and are not optimized.

2.2. Synthesis of compounds 8a,b

To a well-stirred solution of 7 (250 mg, 1.26 mmol) in acetone
(15 mL), methyl 4-(bromomethyl)benzoate (for 8a) or methyl 3-(bro-
momethyl)benzoate (for 8b), KoCO3 (867 mg, 6.28 mmol) and Nal
(188 mg, 1.26 mmol) were added. The mixture was stirred at 55 °C for
12 h. The mixture was then filtered, the solvent was removed and the
pure compound was crystallized from n-hexane.

2.2.1. Methyl 4-((7-chloro-4-oxoquinazolin-3(4 H)-yDmethyl)benzoate
(8w

Yellow solid, 96% yield. ESI-MS m/z 329 [M+H] ', 351 [M+Na]™. 'H
NMR (300 MHz, DMSO-dg) 6 8.63 (s, 1H), 8.11 (d, J = 8.5 Hz, 1H), 8.00
—7.85 (m, 2H), 7.76 (d, J = 2.0 Hz, 1H), 7.58 (d, J = 2.0 Hz, 1H), 7.46
(d, J = 8.4 Hz, 2H), 5.25 (s, 2H), 3.81 (s, 3H).

2.2.2. Methyl 3-((7-chloro-4-oxoquinazolin-3(4H)-yl)methyl)benzoate
(8b)

White solid, 93% yield. ESI-MS m/z 329 [M+H]*, 351 [M+Na]". 'H
NMR (300 MHz, CDCl3) & 8.21 (d, J = 8.6 Hz, 1H), 8.13 (s, 1H), 8.07 —
7.88 (m, 2H), 7.68 (d, J = 2.0 Hz, 1H), 7.55 (dt, J = 7.9, 1.5 Hz, 1H),
7.51 — 7.37 (m, 2H), 5.20 (s, 2H), 3.89 (d, J = 1.6 Hz, 3H).

2.2.3. 3-(4-Aminobenzyl)-7-chloroquinazolin-4(3H)-one (8c)
The compound was synthesized as previously reported; spectro-
scopic data are in agreement with those previously reported [16].

2.3. Synthesis of 3-((4-((7-chloro-4-oxoquinazolin-3(4H)-yl)methyl)
phenyl)amino)-4-methoxycyclobut-3-ene-1,2-dione (9)

To a well-stirred solution of 8c (275 mg, 0.96 mmol) in MeOH
(10 mL), dimethyl squarate (137 mg, 0.96 mmol) was added. The
mixture was stirred at 25 °C for 15 h. Then, it was filtered and the solid
was washed with water. Orange solid, 47% yield. ESI-MS m/z 396
[M-+H]". 'H NMR (300 MHz, DMSO-dg) § 10.75 (s, 1H), 8.61 (s, 1H),
8.12 (d, J = 8.5 Hz, 1H), 7.75 (d, J = 2.1 Hz, 1H), 7.57 (dd, J = 8.6,
2.1 Hz, 1H), 7.32 (q, J = 8.4 Hz, 4H), 5.12 (s, 2H), 4.34 (s, 3H).

2.4. Synthesis of compounds 6a,b

To a suspension of NH;OH-HCI (500 mg, 7.2 mmol) in MeOH (5 mL),
a solution of KOH (648 mg, 11.5 mmol) in MeOH (5 mL) was added at
0 °C and stirred for 30 min at 25 °C. Then, the solid residue was filtered
off and the filtrate was added to a mixture of 8a or 8b (250 mg,
0.76 mmol) in MeOH (5 mL). The resulting solution was stirred at 25 °C
for 12 h. After that, pH was neutralized by adding aqueous 6 N HCL
Solvents were removed under reduced pressure and the target com-
pound was purified through silica gel column chromatography, using a
mixture of CHCl3/MeOH/NH4OH (20:1:0.1) as the eluent.

2.4.1. 4-((7-Chloro-4-oxoquinazolin-3(4H)-yDmethyl)-N-
hydroxybenzamide (6a)

Orange solid, 24% yield. ESI-MS m/z 330 [M+H] . 'H NMR
(300 MHz, DMSO-dg) 6 11.18 (s, 1H), 8.63 (s, 1H), 8.12 (d, J = 8.6 Hz,
1H), 7.87 - 7.52 (m, 4H), 7.40 (d, J = 8.2 Hz, 2H), 5.21 (s, 2H). BcNMR
(75 MHz, DMSO-dg) 5 164.2, 160.0, 149.9, 149.5, 140.0, 139.5, 132.6,
129.1, 128.0, 127.6, 126.9, 120.9, 49.3.

2.4.2. 3-((7-Chloro-4-oxoquinazolin-3(4H)-yDmethyl)-N-
hydroxybenzamide (6b)

Yellow solid, 13% yield. ESI-MS m/z 330 [M+H]™. 'H NMR
(300 MHz, DMSO-dg) 6 11.22 (s, 2H), 9.03 (s, 1H), 8.64 (s, 1H), 8.13 (d,
J = 8.5 Hz, 1H), 7.93 — 7.25 (m, 6H), 5.21 (s, 2H).
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2.5. Synthesis of compounds 6c-f

To a well-stirred solution of 8a,b (395 mg, 1.20 mmol) in THF
(20 mL), aqueous NaOH (192 mg, 4.80 mmol) was added. The mixture
was stirred at 25 °C for 12 h. Then, the mixture was neutralized with 6 N
HCl and extracted with EtOAc. The organic layer was then dried, filtered
and evaporated under vacuum. Without any further purification, the
carboxylic acid (380 mg, 1.20 mmol) was solubilized in dry DMF
(15 mL) and suitable aniline (o-phenylendiamine for 6¢ and 6d, m-
phenylendiamine for 6e, aniline for 6 f) (0.8 eq.), HBTU (551 mg,
1.45 mmol), and TEA (673 pL, 4.84 mmol) were added. The resulting
mixture was stirred at 25 °C for 12 h. Then, it was treated with a satu-
rated solution of NH4Cl and extracted with EtOAc. The pure compound
was obtained after flash-column chromatography (eluent CHCl3:MeOH
20:1) and subsequent crystallization from ethanol.

2.5.1. N-(2-Aminophenyl)-4-((7-chloro-4-oxoquinazolin-3(4H)-yl)
methyl)benzamide (6¢)

Yellow solid, 73% yield. ESI-MS m/z 427 [M+Na]™.'H NMR
(300 MHz, DMSO-dg) 6 9.62 (s, 1H), 8.66 (s, 1H), 8.13 (d, J = 8.6 Hz,
1H), 7.93 (d, J = 8.1 Hz, 2H), 7.78 (d, J = 2.0 Hz, 1H), 7.59 (dd, J = 8.6,
2.1 Hz, 1H), 7.47 (d, J = 8.1 Hz, 2H), 7.12 (d, J = 7.7 Hz, 1H), 7.05 —
6.85 (m, 1H), 6.75 (dd, J = 8.0, 1.4 Hz, 1H), 6.57 (t, J = 7.8 Hz, 1H),
5.25 (s, 2H), 4.87 (s, 2H). 13C NMR (75 MHz, DMSO-dg) & 161.6, 160.0,
149.9, 149.5, 143.6, 140.3, 139.6, 134.5, 128.6, 127.9, 127.1, 123.5,
120.9, 116.7, 49.7.

2.5.2. N-(2-Aminophenyl)-3-((7-chloro-4-oxoquinazolin-3(4H)-yl)
methyl)benzamide (6d)

Light orange solid, 67% yield. ESI-MS m/z 404 [M+Nal*. 'H NMR
(300 MHz, DMSO-dg) & 9.66 (s, 1H), 8.66 (s, 1H), 8.14 (d, J = 8.6 Hz,
1H), 7.95 (s, 1H), 7.90 (d, J = 7.7 Hz, 1H), 7.76 (d, J = 1.9 Hz, 1H), 7.61
—7.53 (m, 2H), 7.47 (t,J =7.6 Hz, 1H), 7.11 (d, J = 7.6 Hz, 1H), 6.95 (t,
J=7.6 Hz, 1H), 6.75 (d, J = 7.9 Hz, 1H), 6.56 (t, J = 7.4 Hz, 1H), 5.23
(s, 2H), 4.85 (s, 2H). 13¢ NMR (75 MHz, DMSO-dg) 6 165.5, 160.1,
150.0, 149.5, 143.7, 139.5, 137.2, 135.4, 131.3, 129.1, 128.7, 127.9,
127.6, 127.5, 127.2, 127.0, 126.9, 123.5, 120.9, 116.6, 116.5, 49.4.

2.5.3. -(3-Aminophenyl)-4-((7-chloro-4-oxoquinazolin-3(4H)-yDmethyl)
benzamide (6e)

Brown solid, 41% yield. ESI-MS m/z 404 [M+Na]™. 'TH NMR
(300 MHz, DMSO-dg) 6 9.90 (s, 1H), 8.65 (s, 1H), 8.13 (d, J = 8.6 Hz,
1H), 7.85(d, J = 8.2 Hz, 2H), 7.77 (d, J = 1.7 Hz, 1H), 7.58 (dd, J = 8.6,
2.0 Hz, 1H), 7.46 (d, J = 8.2 Hz, 2H), 7.06 (s, 1H), 6.93 (t, J = 7.9 Hz,
1H), 6.83 (d, J = 8.1 Hz, 1H), 6.30 (d, J = 8.0 Hz, 1H), 5.25 (bs, 4H). 13C
NMR (75 MHz, DMSO-dg) 6 165.4, 160.0, 149.9, 149.5, 149.0, 140.2,
140.0, 139.5, 135.2, 129.2, 128.7, 128.4, 128.0, 126.9, 120.9, 110.3,
109.0, 106.6, 49.4.

2.5.4. 4-((7-Chloro-4-oxoquinazolin-3(4H)-yDmethyl)-N-
phenylbenzamide (6 f)

Yellow solid, 37% yield. ESI-MS m/z 390 [M+H]". 'H NMR
(300 MHz, Acetone-dg) 8 9.47 (s, 1 H), 8.23 (s, 1 H), 8.06 — 7.77 (m,
3 H),7.56 (dd, J = 34.1,8.2 Hz, 3 H), 7.34 (t,J=7.8 Hz, 2 H), 7.10 (t, J
=7.4Hz,1H),6.84(d,J=2.1 Hz, 1 H), 6.64 - 6.45 (m, 2 H), 4.64 (d, J
= 6.2 Hz, 2 H). 13¢ NMR (75 MHz, Acetone-dg) 6 168.4, 165.2, 151.4,
143.5, 139.5, 134.0, 129.3, 128.5, 127.5, 127.3, 123.5, 120.1, 120.0,
115.6, 114.8, 42.5.

2.5.5. Synthesis of 3-((4-((7-chloro-4-oxoquinazolin-3(4H)-yDmethyl)
phenylamino)-4-hydroxycyclobut-3-ene-1,2-dione (6 g)

To a well stirred solution of 9 (100 mg, 2.52 mmol), 6 N HCI (3 mL)
was added and the mixture heated at 90 °C for 14 h. Then, it was filtered
and the solid washed with water. Orange solid, 87% yield. ESI-MS m/z
380 [M-H]". '"H NMR (300 MHz, DMSO-ds) 5 10.37 (s, 1H), 8.60 (s, 1H),
8.12 (d, J = 8.6 Hz, 1H), 7.74 (d, J = 2.1 Hz, 1H), 7.57 (dd, J = 8.6,
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2.1 Hz, 1H), 7.34 (q, J = 8.6 Hz, 4H), 5.11 (s, 2H).!>C NMR (75 MHz,
DMSO-ds) & 188.8, 185.2, 171.6, 160.0, 149.8, 149.4, 139.5, 138.7,
131.6, 129.2, 128.7, 127.9, 126.8, 120.9, 119.4, 48.1.

2.6. Human HDAC inhibition assay

For the evaluation of their inhibitory activity, different concentra-
tions of the compounds were incubated in a low-binding black 96-well
plate with 30 ng of human recombinant HDAC6 (BPS Bioscience, San
Diego, CA, USA; Cat. # 50056), human recombinant HDAC1 (BPS
Bioscience; Cat. # 50051), human recombinant HDAC8 (BPS Bioscience;
Cat. # 50008), or 500 ng of human recombinant HDAC10 (BPS Biosci-
ence; Cat. # 50060) in an assay buffer composed of 25 mM Tris/HCI, pH
8.0, 137 mM NacCl, 2.7 mM KCl, 1 mM MgCl,, and 0.1 mg/mL bovine
serum albumin for 30 min at 37 °C. At the end of the incubation, the
deacetylation reaction was initiated by adding 200 pM of the fluoro-
genic acetylated HDAC substrate 3 (BPS Bioscience; Cat. # 50037) for
HDAC6, HDAC1 and HDACI0 assays, or of the fluorogenic HDAC sub-
strate class 2 A (BPS Bioscience; Cat. # 50040) for HDACS assays. After
30 min at 37 °C, the reaction was stopped by the addition of an HDAC
assay developer (BPS Bioscience; Cat. # 50060). Following an incuba-
tion of 15 min at RT, fluorescence was measured in an EnSight multi-
modal plate reader (PerkinElmer, Boston, MA, USA) with an excitation
wavelength of 360 nm and an emission wavelength of 450 nm.

2.7. Patients, healthy donors, and cell lines

Peripheral blood samples were collected from 19 treatment-naive
CLL patients. CLL was diagnosed according to the international work-
shop on CLL (iwCLL) 2008 criteria [1]. Primary human B cells from 16
buffy coats were used as healthy population controls. B cells were pu-
rified by negative selection using RosetteSep™ B-cell enrichment
Cocktail (StemCell Technologies, Vancouver, Canada #15063), fol-
lowed by density gradient centrifugation on Lympholyte (Cedarlane
Laboratories, The Netherlands) according to the manufacturer’s in-
structions. Primary B cells and Epstein-Barr Virus immortalized B cells
(EBV-B) were cultured in RPMI-1640 (Sigma-Aldrich, Darmstadt, Ger-
many) supplemented with 7.5% BCS (Bovine Calf Serum, Hyclone,
Logan, Utah, USA) at 37 °C in a humidified atmosphere with 5% CO,.

2.8. Cell treatments

The compounds were resuspended in sterile dimethyl sulfoxide
(DMSO, Merck, Darmstadt, Germany). Cells were treated in complete
medium with 1, 2.5 and 5 pM of the indicated compounds for 24 h at
37°C and 5% CO», and the control conditions contained the highest
amount of DMSO.

2.9. Nucleofection, RNA interference and luciferase assays

EBV-B cells were transiently transfected by nucleofection using ma-
terials supplied in the Amaxa Cell Line Optimization Nucleofector Kit ™
(Amaxa Biosystem, Cologne, Germany). 5 x 10° cells were suspended in
100 pL of Cell Line Nucleofector Solution V in an Amaxa-certified
cuvette. The esiRNAs used to silence HDAC1 (#EHU025841), HDAC3
(#EHUO035581) in EBV-B cells, as well as unrelated control RLUC
esiRNA (#EHURLUC) (200 ng/ 10° cells) were purchased from Sigma-
Aldrich and assays were carried out after 24 h. For luciferase assays, 5
x 10° B cells purified from CLL patients were transiently transfected
with 2.5 pg of the p66shc-luciferase reporter vector pGL4/p66Shc using
the Human B-cell Nucleofector Kit (Amaxa Biosystems, Cologne, Ger-
many) as described [8]. 6 h post-transfection, 1 x 10° cells were
resuspended in 1 mL complete medium and treated for additional 18 h
with 5 pM of the indicated compounds. Cells collected after treatment
were processed for luciferase assays using the fluoroscan microplate
reader Tecan Infinity Pro F200, as described [17]. The luciferase

Biomedicine & Pharmacotherapy 174 (2024) 116537

activity, normalized to the total protein amount quantified by IMarkTM
Plate Reader (BioRad) using the Quantum Protein assay kit (Euroclone,
#EMP14250), was expressed as Relative Luciferase Units (RLU). All
samples were performed in duplicate.

2.10. Apoptosis assays and flow cytometry

Apoptosis was measured after 24 h of treatment by flow cytometric
analysis of 1 x 10° cells co-stained with FITC-labeled Annexin V (Bio-
Legend, San Diego, California, USA, #640906) and Propidium Iodide
(PI, 0.5 ug/mL, Millipore, Burlington, Massachusetts, USA, #537059).
Data are expressed as percentage of Annexin V*/PT early apoptotic
cells. Activation of caspase-3 was measured by flow cytometry in 0.2 x
106 cells treated as above and then stained for 25 min with 5 pM Nuc-
View® 488 Caspase-3 Assay Kit (Biotium, #30029) [18]. Flow cytom-
etry was performed using a Guava Easy Cyte cytometer (Luminex
Corporation, Austin, Texas, USA).

2.11. RNA Purification and qRT-PCR

Total RNA was extracted using the RNA mini kit (Qiagen, Hilden,
Germany), and retrotranscription was carried out using the IScript cDNA
synthesis kit (Bio-Rad, Hercules, California, USA), as reported [19].
Real-time quantitative PCR (qRT-PCR) was performed in triplicate using
SSo Fast EvaGreenR SuperMix (Bio-Rad) according to the manufac-
turer’s instructions and a CFX96 Real-Time system (Bio-Rad). After an
initial denaturation for 3 min at 95°C, denaturation in the subsequent 40
cycles was performed for 10s at 95 °C, followed by 30-s primer
annealing at 60°C and a final extension at 72°C for 30 s. The results were
processed and analyzed using CFX Manager Version 1.5 software
(Bio-Rad). Transcript levels were normalized to HPRT1 (hypoxanthine
phosphoribosyltransferase 1), which was used as a housekeeping gene.
The primers used to amplify the cDNA fragments corresponding to
human transcripts are listed below:

gene Primer forward (5’-3") Primer reverse (5’-3")

HDAC1 GGAAATCTATCGCCCTCACA AACAGGCCATCGAATACTGG
HDAC3 TGTGATCGATTGGGCTGCTT TCTGATTCTCGATGCGGGTG

HPRT1 AGATGGTCAAGGTCGCAAG GTATTCATTATAGTCAAGGGCATATC
p66Shc TCCGGAATGAGTCTCTGTCA GAAGGAGCACAGGGTAGTGG

STAT4 TGCTGGCAGAGAAGCTTACA TAGCAACAGCCGTTCCTTCT

2.12. Histone extraction

1 x 107 CLL cells were harvested, washed twice with cold PBS, and
lysed in Triton Extraction Buffer (TEB: PBS containing 0.5% Triton X-
100 (v/v), 2 mM PMSF, 0.02% (w/v) NaN3) for 10 min on ice, with
gentle stirring. After centrifugation (10000 x g at 4 °C for 10 min), the
supernatant was removed, and the pellet was washed in TEB buffer and
centrifuged as before. Pellet was incubated overnight in 0.2 N HCl at 4°C
on a rolling table and neutralized with 2.0 M NaOH. Samples were
centrifuged at 16000 x g for 10 min at 4°C and supernatants were
collected.

2.13. Western blot

Cells (5 x 10° cells/sample) were lysed in 1% (v/v) Triton X-100 in
20 mM Tris-HCI pH 8, 150 mM NacCl, in the presence of a cocktail of
protease inhibitors (Calbiochem, Merck, #539134) and 0.2 mg/mL so-
dium orthovanadate (Merck, #S6508), for 5 min on ice. Protein and
histone extracts were quantified by Quantum Protein Assay Kit (Euro-
clone, Milan, Italy, #EMP014500) and denatured in 4x Bolt™ LDS
Sample Buffer (Thermo Fisher Scientific, Waltham, Massachusetts,
#B0007) supplemented with 10x Bolt™ Sample Reducing Buffer
(Thermo Fisher Scientific, #B009) for 5 min at 100°C. Proteins were
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Scheme 1. Synthesis of HDAC inhibitors 6a-g. Reagents and conditions: a) methyl 4-(bromomethyl)benzoate for 8a (1 eq.), methyl 3-(bromomethyl)benzoate
(1 eq.) for 8b, 1-(bromomethyl)-4-nitrobenzene for 8¢ (1 eq.), K2CO3 (2 eq.), Nal (1 eq.), 55 °C, 12 h, acetone (93-96% yield); b) Fe powder (10 eq.), NH4CI (10 eq.),
EtOH, 60 °C, 4 h; ¢) NH,OH-HCI (5 eq.), methanolic KOH (5 eq.), MeOH, 25 °C, 12 h (13-24% yield); d) i) NaOH (4 eq.), THF, HO, ii) o-phenylendiamine (0.8 eq.)
for 6¢ and 6d, m-phenylendiamine for 6e (0.8 eq.), aniline for 6 f (0.8 eq.), HBTU (1.2 eq.), TEA (4 eq.), dry DMF, 25 °C, 12 h (37-73% yield); e) dimethyl squarate

(1 eq.), MeOH, 25 °C, 15 h (47% yield); f) 6 N HCL, 90 °C, 14 h (87% yield).

resolved by SDS-PAGE (Life Technologies, Sarasota, Florida, USA,
#NWO04120BOX, #NW04125B0OX) and transferred to nitrocellulose (GE
Healthcare, Chicago, Illinois, USA, #9004-70-0). Immunoblots were
carried out using rabbit anti-acetyl-histone H3-K9/14 (Diagenode,
#C15410005), rabbit anti-histone H4 (Abcam, #ab10158), monoclonal
anti-tubulin, acetylated antibody (Sigma-Aldrich, #T6793) and anti-
actin  (Millipore, #MAB1501) primary antibodies. Secondary
peroxidase-labeled anti-mouse (#115-035-146) and anti-rabbit
(#111-035-003) antibodies were from Jackson Immuno-Research.
Labeled antibodies were detected using ECL kit (SuperSignal® West
Pico Chemiluminescent Substrate, Thermo Scientific), and immunoblots
were digitally acquired and analyzed using Alliance Q9-Atom chem-
iluminescence imaging system (Uvitec). Primary and secondary anti-
bodies are listed below.

Antibodies Host Source Cat. No Dilution
anti-actin mouse  Millipore MAB1501 1:10000
anti-acetylated mouse  Sigma-Aldrich T6793 1:2000
tubulin
anti-acetyl- rabbit Diagenode A381-004 1:1000
histone
H3-K9/K14
anti-histone H4 rabbit Abcam ab10158 1:1000
HRP-Goat goat Jackson 115-035-146 1:20000
anti-mouse ImmunoResearch
Laboratories
HRP-Goat goat Jackson 111-035-003 1:20000
anti-rabbit ImmunoResearch
Laboratories

2.14. Statistical analyses

Each experiment was performed >3 independent times. One-way
and two-way ANOVA tests with post-hoc Tukey correction and multi-
ple comparisons were used to compare multiple groups. One-sample
Wilcoxon tests were used where samples were compared to a known
standard value. Statistical analyses were performed using GraphPad
Prism (RRID:SCR_002798). Statistical significance was defined as: ****
p < 0.0001; *** p < 0.001; ** p < 0.01; * p < 0.05.

2.15. Computational details

2.15.1. Proteins and ligands preparation

Ligands were built in Maestro suite (Maestro release 2020-3,
Schrodinger, LLC, New York, NY, USA, 2020) using the available
drawing tools. Compounds were minimized using MacroModel program
(MacroModel release 2020-3, Schrodinger, LLC, New York, NY, USA,
2020) using OPLSAA 2005 as force field [20]. Solvent effects were
simulated by the GB/SA model with “no cutoff’’ for non-bonded in-
teractions. The PRCG technique with 5000 maximum iterations
(threshold for gradient convergence = 0.001) was used. The resultant
structures were treated by LigPrep application (LigPrep release 2020,
Schrodinger, LLC, New York, NY, 2020) to identify the most probable
ionization state at physiological pH value (7.4 &+ 0.2).

2.15.2. Molecular docking

Molecular docking studies were conducted using Grid-Based Ligand
Docking with Energetics (Glide) employing compounds and the protein
prepared as mentioned above [21], applying Glide standard precision
(SP) as a scoring function [22]. Energy grids were prepared using the
default value of the protein atom scaling factor (1.0 }o\) within a cubic
box centered on the crystallized ligand, introducing metal-coordination
constraints. The selected derivatives were docked into the selected
binding site using the default parameters. The number of poses entered
for post-docking minimization was set to 50. Glide SP scores were
evaluated. The interactions of compounds with the selected HDAC iso-
forms were assessed using the ligand-interaction diagram tool available
in Maestro suite. The docking protocol was validated by considering the
re-docking procedure using crystallized ligands. The presented docking
protocol correctly accommodated the reference ligands with a small
RMSD value of the docking pose with respect to the crystallized ligands.

3. Results and discussion
3.1. Development of compounds 6a-g

HDAC inhibitors consist of three essential elements: a surface
recognition group (CAP), a zinc-binding group (ZBG), and a connection
moiety among the last two elements, namely the linker (Fig. 1). In this
work, the nucleus of 7-chloroquinazolin-4(3H)-one was selected as a
CAP; it was further decorated with a benzyl linker, which was properly
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Fig. 2. Putative binding mode of 6¢ within the binding sites of RHDAC1 (panel A, green cartoon; PDB ID 4BKX) hHDAC6 (panel B, cyan cartoon; PDB ID 5EDU)
hHDACS (panel C, orange cartoon; PDB ID 3FOR), and zfHDAC10 (panel D, light blue cartoon; PDB ID 7U59). The residues in the active sites are represented as lines,
Zn?" is represented as a gray sphere. H-bonds are represented as black dotted lines. Pictures are generated by PyMOL (the PyMOL Molecular Graphics System, v1.8;
Schrodinger, LLC, New York, NY, USA, 2015), while ligand-interaction diagrams were generated by Maestro (Maestro Schrodinger, LLC, New York, NY, USA, 2015).

substituted in meta or para positions with hydroxamic acids, amino
benzamides or squaramic acid to obtain target compounds 6a-g (Fig. 1,
Table 1).

The synthesis of the new compounds (6a-g) was performed as
depicted in Scheme 1.

7-Chloroquinazolin-4(3H)-one (7) was reacted with methyl 4-(bro-
momethyl)benzoate, 3-(bromomethyl)benzoate or 1-(bromomethyl)-4-

nitrobenzene in the presence of potassium carbonate and sodium iodide
to obtain 8a-c, respectively. 8a and 8b were then converted into the
corresponding hydroxamic acids 6a and 6b by exposure to hydroxyl-
amine hydrochloride under basic conditions.

For the synthesis of 6¢ and 6d, methyl esters 8a and 8b were first
hydrolyzed into carboxylic acids that, without further purification, were
converted into the corresponding benzamides 6¢ and 6d, in the presence
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of o-phenylendiamine and HBTU/TEA as coupling reagents. For the
synthesis of 6e and 6 f, the carboxylic acid derived from the hydrolysis
of 8a, was treated with m-phenylendiamine or aniline under the same
conditions described for 6c,d to obtain 6e and 6 f, respectively. Finally,
for the synthesis of 6 g, the nitro derivative 8c was first reduced into the
corresponding aniline, which was treated with dimethyl squarate in
methanol to obtain intermediate 9. The latter compound was treated
with hydrochloric acid to obtain the target compound 6 g.

3.2. Invitro HDACs inhibition profile

6a-g were evaluated for their ability to inhibit a selected panel of
HDAC enzymes [23]. Our aim was to develop potent HDAC inhibitors to
evaluate their ability to revert apoptosis defects in CLL cells, focusing
our attention on class I enzymes. Specifically, we tested 6a-g against
hHDAC1, hHDAC6, hHDAC8, and hHDAC10 (Table 1). HDAC1 and
HDACS are class I nuclear HDACs, whereas HDAC6 and HDAC10 are
members of class IIB. While HDAC1 deacetylates histones and tran-
scriptional regulators, HDACS is fundamentally distinct from HDAC1-3
and is the only isoform for which the gene lies on the X chromosome.
Moreover, because of the similarities in the active sites of HDAC6 and
HDACS, discrimination between these two isoforms is challenging [24].
The selectivity issue among the different isoforms for HDACis is a crucial
point, and our screening was directed against a panel of enzymes to
identify class I selective inhibitors.

Regarding the value of screening molecules against the 11 HDAC
isoforms, it has been recently pointed out that the reliability of in vitro
enzymatic tests on all 11 HDAC isoforms is debatable [25]. For this
reason, our enzymatic platform was limited to HDAC1, HDAC6
CLL-relevant isoforms, and HDAC8 and HDAC10 (CLL non-relevant
enzymes) belonging to class I and IIB enzymes, respectively (Table 1).

Biochemical characterization of the new hits was preferentially
performed against CLL-relevant isoforms. In particular, regarding class I
enzymes (HDAC1-3,8) we performed biochemical assays of our hits
against HDAC1 and HDACS.

The first compound of the series 6a was decorated with a hydroxamic
acid in para position and, as expected, displayed an interesting nano-
molar inhibition profile against HDAC6 (ICsy = 9.60 nM) but also
against HDAC1 (ICsp = 890 nM) and HDACS8 (IC59 = 707 nM). The
corresponding m-substituted analog 6b showed weak inhibition profiles
against HDAC1, HDAC6, and HDACS, with ICs values > 1000 nM.

To obtain a potentially selective HDACI inhibitor, the hydroxamic
acid in the p-position of 6a was converted into an o-amino benzamide,
furnishing 6c, which showed an interesting ICso value of 67 nM against
HDAC1 and no significant inhibition against HDAC6 and HDAC8 (ICs50>
10,000 nM), whereas a micromolar inhibition potency against HDAC10
(ICs0 = 1149 nM) was detected. When the o-amino benzamide ZBG is
placed at the m-position of the benzyl ring as in 6d, no inhibition of
HDAC]1 was observed, as well as when the o0-amino benzamide of 6¢ was
converted into an m-amino benzamide, as in 6e. As a further SAR
investigation, a monodentate ZBG was proposed as in 6 f, but also in this
case the molecule was not able to inhibit HDACI, confirming that a
bidentate chelating group attached at p-position of the benzyl linker is
necessary to inhibit HDAC1 (6c).

Finally, the explorative compound 6 g, presenting a squarate moiety
as potential ZBG, was tested and showed limited ability to interact with
the HDACs of the screening panel. Entinostat (4) was tested under the
same experimental conditions and showed an HDAC1 ICsy in the
micromolar range, confirming compound 6c¢ as one of the most potent
HDAC1is known to date (Table 1).

3.3. Computational studies
CLL-relevant class I HDAC isoforms are HDAC1 and HDAC3 together

with class IIB HDAC6. These three isoforms are overexpressed in CLL
cells from patients. Among class I enzymes HDAC1 activity is highly
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deregulated and consequently, it is the target of our investigation.

To rationalize the high inhibitory potency of the structurally related
inhibitors 6a, 6b and 6¢ for HDAC1, HDAC6, HDAC8 and HDAC10
(Table 1), we docked them into available human enzymes crystal
structures available in the Protein Data Bank (PDB) [26] (Fig. 2).
Compound 6c¢ showed a preferential binding for HDAC1 over a panel of
selected isoforms (HDACS and class IIB enzymes). Docking output of this
compound with HDAC1, HDAC6, HDAC8, and HDAC10 isoforms high-
lighted the main features governing the preferential binding for HDAC1.
The output is shown in Fig. 2. The key actors in this context were the use
of a specific cap group combined with the o-amino benzamide as ZBG.
While the hydroxamic acid ZBG may confer a pan-inhibition profile with
molecules that cannot discriminate among class I and class II isoforms,
the o-amino benzamide ZBG could potentiate interaction with
CLL-relevant class I enzymes over i.e. HDAC6 (CLL-relevant) (see
Table 1). Among class I enzymes, o-amino benzamide ZBG is crucial to
obtain productive interactions with the HDAC1 binding site, maximizing
the contacts with the key residues of the catalytic site throughout a
bidentate coordination with the Zn?* ion. Furthermore, this group could
form H-bond with Gly149, Asp176, and Tyr303 residues.

Another key feature to potentiate HDAC1 binding is the benzyl
linker. While the pan inhibitor SAHA presents a flexible alkyl spacer, the
benzyl linker of 6c establishes a strong network of hydrophobic in-
teractions, being able to engage in three n-n stacking with Phel50,
His178, and Phe205. Finally, the cap group was selected to establish a
n-n stacking with Tyr204 (Fig. 2A). When docked into HDAC6 and
HDACS, 6¢, was not able to reach the metal centre and consequently, to
properly occupy the binding sites due to the presence of the o-amino
benzamide as ZBG. In fact, in HDAC6 (class IIB) and HDACS (class I), few
interactions with residues Tyr782 (HDAC6) and His180 and Lys202
(HDACS) were observed. This is reflected by the docking score values,
confirmed by the reduced affinity of 6¢ for HDAC6 and HDACS8 over
HDAC1 isoforms (Table 1, Fig. 2B,C) (6c GlideScore: HDAC1 =
—9.881 kcal/mol; HDAC6 = - 4.255 kcal/mol; HDAC8 = —3.998 kcal/
mol; HDAC10 = —8.221 kcal/mol). On the contrary, in HDAC10 cata-
lytic site the o-amino benzamide was correctly accommodated in the
binding site to coordinate the metal ion. Further contacts were observed
with the following residues: His137 (H-bond and =n-n stacking), Gly145
(H-bond), Tyr307 (H-bond), Phe204 (rn-n stacking), and Trp205 (rn-n
stacking). Also in this case the docking score was in agreement with the
observed inhibition potency in the low micromolar range. The
hydroxamic acid derivatives 6a and 6b did not show a remarkable
selectivity profile, except for 6a, which preferentially binds HDAC6 with
an inhibitory potency in the low nanomolar range. Compound 6b did
not discriminate among the isoforms of the panel, showing ICsq values in
the low micromolar range for HDAC1, HDAC6, and HDACS8, whereas
HDAC1O0 is less susceptible to the inhibition with 42% inhibition at
10 M (6a GlideScore: HDAC1 = -—8.927 kcal/mol; HDAC6 =
—9.385 kcal/mol; HDAC8 = —9.082 kcal/mol; HDAC10 = —9.280 kcal/
mol; 6b GlideScore: HDAC1 = —9.579 kcal/mol; HDAC6 =
—9.132 kcal/mol; HDAC8 = —8.560 kcal/mol; HDAC10 = —8.204 kcal/
mol). In summary, the attachment of o-amino benzamide as ZBG in p-
position of the benzyl linker is crucial for improving selectivity against
HDAC1. Compound 6c is one of the most potent HDAC1is known to date
and this hint will be pivotal for designing the next generation of selective
HDACLis.

3.4. HDAC inhibitory profile of newly synthesized compounds:
immunoblot analysis for the modulation of histone and non-histone
proteins in leukemic cells from CLL patients

Due to their specific HDAC inhibition profile, 6a-c were selected as
tools for the evaluation of their apoptotic profile in CLL cell-based as-
says. In particular, 6a was used to investigate the role of HDACS6,
whereas 6¢ was used to investigate the role of HDACI; finally, 6b was
used as a non-selective HDAC inhibitor. To determine whether the
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Fig. 3. Assessment of HDAC inhibitory activity of 6a-c against CLL-relevant proteins. A, B. Inmunoblot analysis of acetylated a-tubulin in postnuclear supernatants
(A) and acetylated histone H3-K9/14 in nuclear extracts (B) of leukemic cells isolated from peripheral blood of CLL patients (n=3) and treated for 24 h at 37°C with
5 UM 6a, 6b or 6¢ compounds. The stripped filters were reprobed with anti-actin and anti-histone H4 antibodies. Molecular weights (kDa) are indicated on the left of
the panels. The quantification of three independent experiments is shown on the right. Mean+SD. One-way ANOVA test with multiple comparison; p<0.0001, ****;

p<0.001, ***; p<0.01, **.

selected 6a, 6b, and 6¢c compounds displayed preferential inhibitory
activity among HDAGs, the acetylation levels of a-tubulin (non-histone
target of HDAC6 and partially of HDAC8) and H3-K9/14 (preferential
histone target of HDAC1) were analyzed in CLL cells by immunoblot
analyses. Leukemic cells isolated from the peripheral blood of CLL pa-
tients were treated for 24 h with either 5 pM 6a, 6b and 6c or with
DMSO (Fig. 3).

As shown in Fig. 3, compound 6a increased the acetylation levels of
a-tubulin (Fig. 3A), demonstrating its preferential inhibitory activity
toward HDAC6. On the other hand, acetylation of H3-K9/14, which
represents the preferential HDAC1 target, is mainly promoted by 6c,
thereby supporting its activity as HDAC1 inhibitor in CLL cells (Fig. 3B).
Interestingly, 6a also induced a slight increase in H3-K9/14 acetylation,
although its potency in promoting a-tubulin acetylation suggests that it
preferentially acts on HDAC6 (Fig. 3B). At the same concentrations, 6b
did not elicit acetylation of either substrate (Fig. 3), which is consistent
with its low potency and lack of selectivity toward the analyzed HDAC
enzymes (Table 1).

3.5. The HDACI inhibitor 6¢ reverts the apoptosis defect in leukemic cells
from CLL patients

Leukemic cells accumulate in both peripheral blood and lymphoid

organs of CLL patients due to defective apoptosis [27]. We assessed the
ability of HDACis 6a-c to normalize CLL cell apoptosis in vitro. CLL cells
isolated from the peripheral blood of CLL patients were treated for 24 h
with 1, 2.5 and 5 pM of 6a, 6b and 6¢, and apoptosis was quantified by
flow cytometric analysis of the percentage of Annexin V'/PI" cells
(Fig. 4). As a positive control, we used SAHA (1), whose pro-apoptotic
activity in CLL cells has been previously reported [28].

As shown in Fig. 4A, a 24 h treatment with 6a and 6b compounds did
not significantly affect apoptosis of CLL cells. On the contrary, treatment
with the potent HDACI inhibitor 6c significantly enhanced CLL cell
apoptosis in a dose-dependent manner (Fig. 4A). Of note, the pro-
apoptotic effect of 6¢ was more pronounced than that of the reference
pro-apoptotic pan-HDAC inhibitor 1 (Fig. 4A,B), suggesting that a
preferential HDAC1 inhibition is a promising strategy to overcome the
apoptosis defects present in CLL cells. Importantly, 6c only slightly
enhanced apoptosis of B cells isolated from the peripheral blood of
healthy donors (HD B), suggesting that this compound has a CLL cell-
specific pro-apoptotic effect (Fig. 4B). These results were confirmed by
the significantly enhanced activation of the effector caspase-3 in CLL
cells treated for 24 h with 5 pM 6c¢, but not 6a and 6b, as assessed by
flow cytometric analysis of cells stained with the fluorescent probe
NucView® 488 [18] (Fig. 4C). It is noteworthy that, according to the
data shown in Table 1, at the indicated concentrations the pro-apoptotic
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Fig. 4. 6¢ promotes apoptosis of CLL cells by enhancing STAT4 and p66Shc expression. A. Flow cytometric analysis of the percentage of apoptosis in leukemic cells
isolated from peripheral blood of CLL patients (n = 4) and treated for 24 h at 37°C with either 6a, 6b, 6c or 1 at the indicated concentrations. DMSO was used as
control. Apoptosis was calculated as the percentage of Annexin V*/propidium iodide (PI)" cells (n independent experiments > 5). B. Flow cytometric analysis of the
percentage of apoptosis in B cells purified from buffy coats of healthy donors (n > 3) and CLL patients (n > 3) treated for 24 h at 37°C with either 6¢ or 1 at 5 pM
concentration. DMSO was used as control. Apoptosis was calculated as the percentage of Annexin V*/PI cells (n independent experiments > 3). C. Flow cytometric
analysis of the percentage of active caspase-3" cells among B cells purified from buffy coats of healthy donors (n > 6) and CLL patients (n > 4) treated for 24 h at
37°C with 5 uM of the indicated compounds. DMSO was used as control. After treatment, cells were loaded for 25 min with 5 pM NucView® 488 active caspase-3
assay probe. Caspase-3 activation was calculated as the percentage of NucView® 4887 cells. D, E. qRT-PCR analysis of STAT4 D and p66Shc (E) in leukemic cells
isolated from peripheral blood of CLL patients (n = 4) and treated for 24 h at 37°C with 5 uM 6a, 6b, or 6¢c. DMSO was used as control. The relative gene transcript
abundance was determined on triplicate samples using the ddCt method and normalized to HPRT1 (n independent experiments > 4). F. Quantification of the
luciferase activity in CLL cells transiently transfected with p66shc-luciferase reporter vector and then treated for 18 h at 37°C with 5 uM 6a, 6b, or 6¢. Data are
expressed as relative luciferase units (RLU). Mean+SD. A-E, One-way ANOVA test with multiple comparison; F, Two-way ANOVA test with multiple comparison;
p<0.0001, ****; p<0.001, ***; p<0.05, *.
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activity of 6¢ might be in part mediated by HDAC10 inhibition. Despite
this, it is also well-known that HDAC10 inhibition could affect histone
H3 and a-tubulin acetylation only at high doses (> 100 pM) in cell-based
assays [29], due to a deacetylation preference for other substrates such
as polyamines [30]. Hence, the data reported in Fig. 3A,B and Fig. 4A
allow us to exclude the contribution of HDAC10 in the acetylation of
histone and non-histone proteins and in the pro-apoptotic effect of 6c,
which can therefore be considered a specific class I HDAC inhibitor.

3.6. HDACI inhibition by 6¢ (chlopynostat) restores STAT4 and p66Shc
expression in leukemic cells from CLL patients

We previously reported that the impaired apoptosis shown by CLL
cells is in part due to the defective expression of the pro-apoptotic
adaptor p66Shc and its transcription factor STAT4 [6-8]. Since the
pan-HDAC inhibitor SAHA (1) has been found to enhance STAT4
expression in lymphoma cells [10], we wondered whether the HDAC1
inhibitor 6¢c could restore CLL cell apoptosis by normalizing the
expression levels of both STAT4 and p66Shc. Leukemic cells isolated
from the peripheral blood of CLL patients were treated for 24 h with
5 pM 6a, 6b and 6¢, and the mRNA expression levels of STAT4 and
p66Shc were quantified by RT-PCR. As shown in Fig. 4, the expression of
both STAT4 and p66Shc were strongly enhanced in CLL treated with 6c,
but not with 6a and 6b (Fig. 4D,E).

Since STAT4 is the transcription factor of p66Shc [8], we assessed
whether 6¢ can influence the transcriptional activity of STAT4, therefore
accounting for the enhanced p66Shc expression (Fig. 4E). To this end,
leukemic cells isolated from the peripheral blood of CLL patients were
transiently transfected with a construct encoding the firefly luciferase
under the control of the p66shc promoter [8]. After 6 h, 5 pM 6a, 6b and
6¢ were added to culture media, and luciferase activity was measured
after 18 h. As shown in Fig. 4F, the STAT4-dependent luciferase activity
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was enhanced in CLL cells treated with 6¢, and not with 6a and 6b
(Fig. 4F), indicating that HDACI inhibition enhances STAT4 transcrip-
tional activity. Hence, preferential HDACI inhibition elicited by com-
pound 6c¢ promotes CLL cell apoptosis by normalizing the
STAT4/p66Shc proapoptotic axis.

To confirm that the pro-apoptotic effects of 6¢ are mediated by its
ability to inhibit the CLL-relevant member HDAC1 preferentially,
HDACI expression was depleted by siRNA-mediated silencing in the cell
line EBV-B, whose p66Shc expression is sensitive to STAT4 activation
(Fig. 5A) [8].

As shown in Fig. 5A, HDAC1-KD cells showed enhanced mRNA
expression of both STAT4 and p66Shc to levels comparable to those
observed in EBV-B cells treated with 6c (Fig. 5B). These data are
consistent with the notion that 6c promotes CLL cell apoptosis by
preferentially inhibiting HDAC1. To further confirm this hypothesis,
siRNA-mediated silencing of HDAC3, which, similar to HDAC1, belongs
to the class I family of HDACs and whose expression is upregulated in
CLL cells [12], was selected as a potential HDAC off-target. As shown in
Fig. 5, HDAC3 siRNA (Fig. 5C) did not promote STAT4 and p66Shc
expression, indicating that HDAC3 is not involved in controlling
STAT4/p66Shc-dependent CLL cell apoptosis (Fig. 5D).

4. Conclusion

Patients with CLL exhibit defective expression of the proapoptotic
protein p66Shc and its transcription factor STAT4. These defective fac-
tors induce several molecular abnormalities that impair leukemic cell
apoptosis and worsen the disease. Consequently, positive modulation of
p66Shc expression mediated by STAT4 activation in CLL cells may
represent an attractive strategy to normalize apoptosis defects and dis-
ease progression. Direct STAT4 activation is difficult to achieve, whereas
potentiation of STAT4 expression is a challenging task to be achieved by
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Fig. 6. HDAC1 inhibition for reversing the defective expression of STAT4/p66Shc in CLL.

modulation of nuclear enzymes. HDAC pan-inhibitors may positively
modulate STAT4 expression in cutaneous T-cell lymphoma [10],
although no data are available in CLL to date. This study elucidated the
role of highly selective class I HDAC inhibitors in potentiating
STAT4/p66Shc expression to reverse apoptotic machinery impairment
in primary CLL cells. Entinostat (4), recognized as an HDAC1 reference
inhibitor, has several drawbacks, including limited potency and selec-
tivity; consequently, we developed the new HDAC1 inhibitor 6c (chlo-
pynostat) as one of the most potent and selective class I HDAC inhibitors
known to date. 6¢ has been used as a valuable pharmacological tool to
unveil the role of class I HDAC inhibition in the positive modulation of
the STAT4/p66Shc proapoptotic pathway in B cells from patients with
CLL. In cell-based assays, 6¢ (chlopynostat) efficiently induces apoptosis
by reversing the defects in the STAT4/p66Shc proapoptotic machinery
via HDAC1 inhibition as confirmed in HDAC1-KD and not in HDAC3-KD
cells. We unveil the previously unrecognized direct involvement of
HDAC]1 in the impairment of the CLL apoptotic machinery and HDAC1
inhibition as a valuable strategy to reverse the defective expression of
STAT4/p66Shc in patients with CLL (Fig. 6).
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