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Abstract
Histone deacetylases (HDAC) are enzymes that regulate the concentration of acetylated histones which, in turns, interact
with the bromodomain (BRD) of BET (Bromodomain and Extracellular domain) proteins to affect transcriptional activity.
Simultaneous blockade of both epigenetic players has shown synergistic effects in a variety of cancer cell lines. In this paper
we report the design, synthesis and activity of new dual inhibitors, obtained by adding a methyltriazole moiety to some
HDAC inhibitors carrying a benzodiazepine core, which were previously developed by us. An Alphascreen FRET assay
showed that the compounds were able to interact with BRD4-1 and BRD4-2 proteins, with some selectivity for the latter,
while the HDAC inhibiting properties were measured by means of an immunoprecipitation assay. The antiproliferative
activity was tested on C26 adenocarcinoma, SSMC2 melanoma and SHSY5Y neuroblastoma cells. Interestingly, both
compounds were endowed with antihyperalgesic activity in the mouse Spared Nerve Injury (SNI) model.
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Introduction

Epigenetics is defined as the study of the mechanisms
involved in the regulation of gene expression without
altering gene sequence [1]. The epigenetic code results from
the combined activity of different players, which write,
erase and read the structural modifications that affect
chromatin structure and regulate gene expression. Histone
deacetylase (HDAC) are among the best characterized
“erasers”. This family of enzymes removes the acetyl
groups from the histone lysine residues, contributing to
chromatin compaction and thus to gene silencing. HDAC
are divided into four different classes: class I, II, and IV
comprise 11 different Zn2+-dependent isoforms, while in
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class III (sirtuins) seven NAD-dependent isoforms are
described [2]. Five HDAC inhibitors (HDACi) have been
approved for hematological malignancies, but several others
are presently in clinical trials for different kinds of tumors
[3]. The pan inhibitor SAHA (Suberoylanilide hydroxamic
acid, Fig. 1) is the first HDACi approved for therapy.

The structure of HDACi can be generally divided into
three different components: a Zn2+-binding group, a
linker, and a cap. The most frequent Zn2+-binding group
is the hydroxamate moiety, as in SAHA; by chelating the
metal ion it blocks the enzymatic activity. The cap, which
occupies the entrance to the active site, is often an aro-
matic group of various size. The linker, which connects
the other two components, is a hydrophobic group of
variable length and composition [4].

Bromodomain and extra-terminal domain (BET) proteins
are able to enhance transcriptional activity by reading
acetylated histones through the bromodomain (BRD). BET
proteins comprise four different isoforms, BRD2, BRD3,
BRD4, and BRDT; each contains two tandem bromodo-
mains (BD1) and (BD2) [5]. BRD4 is the most investigated
member of the BET family; iBET762 and JQ1 (Fig. 1) are
examples of BRD4-selective inhibitors carrying a triazolo-
diazepine structure. The important role of BRD4 in key
transcriptional pathways made this protein an attracting
target for the development of anticancer agents [3, 6].

Several lines of evidence, mainly coming from studies on
hematological malignancies, have shown that the inhibition
of HDAC and BET proteins regulates the transcription of
common genes, such as, for instance,Myc and Bcl2. Indeed,
the co-administration of HDACi and BET inhibitors has
shown synergistic effects in hematological and solid tumors
(reviewed in [7]). On these bases, by applying the strategy
of polypharmacology, several compounds carrying both
pharmacophores for the simultaneous inhibition of HDAC
and BET proteins have been prepared and tested in a variety
of cancer cell lines (reviewed in ref. [3, 8, 9]).

While the clinical use of HDACi and BRD4 inhibitors as
antitumor agents is well established, in recent years these
targets have been proposed also for the development of
drugs for other therapeutic applications, such as neurode-
generative, neurological, cardiovascular, inflammation and

immune disorders [2, 10–13]. In particular, several evi-
dences support the role of epigenetic mechanisms in the
development of conditions such as neuropathic or chronic
pain, in which hyperalgesia can results from changes in the
expression of pain-related receptors or ion channels, leading
to cellular and tissue adaptation [14]. The ability of HDACi
to relief chronic pain is already established (reviewed in
[15]), and evidence of the involvement of BRD4 in noci-
ception has also been reported [16–19]. Some of our
research group have recently shown that the synergistic
effect of HDACi and BRD4 inhibitors is maintained in
animal models of neuropathic pain. Indeed, the co-
administration of SAHA and iBET762 was proven to be
significantly more effective than the single agents on allo-
dynia induced by spared nerve injury (SNI) in mice [20].
Since the anticancer chemotherapy is often associated to the
development of peripheral neuropathies [21, 22], we
speculated that the simultaneous blockade of HDAC and
BRD4 proteins could be further advantageous, because it
could combine the anticancer activity with a relief of
chemotherapy-induced neuropathic pain.

As a step forward, we designed dual HDAC–BRD4 inhi-
bitors as multitarget ligands, to be tested as anticancer and in
animal models of neuropathic pain. Our design started from a
series of HDACi, hydroxamates previously described by our
group (compounds 1–4, Fig. 2), carrying a saturated or
unsaturated chain as linker (as in SAHA and oxamflatin, Fig.
1), and a 5-phenyl-1,4-benzodiazepin-2-one moiety as cap;
the hydroxamate-linker moiety was attached to different
positions of the benzodiazepine core. These compounds
showed IC50 values in the micromolar range for HDAC
inhibition and interesting anticancer activity in different tumor
cell lines [23–27]. Later, it was found that rac-4 displayed
antihyperalgesic activity in a mouse model of neuropathic
pain [28]. Since it is reported in the literature that the addition
of a methyltriazole moiety to the benzodiazepine core could
introduce some affinity for the BRD domain [29], we did the
same modification on our molecules. Therefore, we designed
and prepared compounds 5 and 6 (Fig. 2) which contain both
the HDACi pharmacophore (the Zn-chelating hydroxamate
moiety at the end of a long chain, as in SAHA and oxam-
flatin) and the 1-methyl-6-phenyl-4H-benzo[f][1,2,4]triazolo

Fig. 1 Structure of selected
HDACi and BRD4 inhibitors
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[4,3-a][1,4]diazepine moiety typical of BRD4 inhibitors such
as iBET762. In compound 6, the NHCO group present in 3
and 4 has been replaced by an acetamide moiety, as in
iBET761, since this modification has been reported to
improve the properties of BRD inhibitors [30]. Both enan-
tiomers of compound 3 were active as HDAC inhibitors, but
with low eudismic ratios in the in vitro tests [26]. Thus, we
decided to prepare only S-6, because it is known that the R
enantiomers of JQ1 and iBET762 are devoid of affinity for
BRD4 [30, 31].

The new compounds were tested for their ability to
inhibit HDAC and BRD4, to reduce the growth of cancer
cells and to increase pain threshold in the mouse SNI
model. While this work was in progress, compounds with
structure similar to 6, deriving from hybridization of SAHA
and JQ1, were reported in the literature and tested as anti-
tumor agents [32].

Results and discussion

Synthesis of compounds 5 and 6

Compound 5 was prepared as reported in Scheme 1. The
reaction of 7-iodo-5-phenyl-1,3-dihydro-2H-benzo[e][1,4]
diazepin-2-one [23] with Lawesson reagent gave 7, which
was treated with hydrazine obtaining 8. The triazole ring
closure was accomplished using ethyl orthoacetate; 9 was
obtained in 41% yields. A Sonogashira reaction between 9
and N-[(tetrahydro-2H-pyran-2-yl)oxy]hex-5-ynamide 10,
prepared from 5-hexynoic acid and O-(tetrahydro-2H-
pyran-2-yl)hydroxylamine (Scheme 1B), afforded 11. The
protecting group was removed using HCl in dioxane,
obtaining 5 (SUM35) in 37% yields.

The synthetic pathway for the synthesis of 6 is reported
in Scheme 2. Methyl (S)-2-(2-oxo-5-phenyl-2,3-dihydro-

1H-benzo[e][1,4]diazepin-3-yl)acetate 13 was prepared
using the usual sequence for the synthesis of the benzo-
diazepine ring [26]: 2-aminobenzophenone was first reacted
with methyl (S)-3-(([(9H-fluoren-9-yl)methoxy]carbonyl)
amino)-4-chloro-4-oxobutanoate [33], and the intermediate
amide 12 was deprotected under basic conditions and
cyclized to 13 using acetic acid. The reaction with P4S10
gave 14, which was treated with hydrazine obtaining 15.
This compound was treated first with acetyl chloride and
then with acetic acid yielding methyl (S)-2-(1-methyl-6-
phenyl-4H-benzo[f][1,2,4]triazolo[4,3-a][1,4]diazepin-4-yl)
acetate 16. Basic hydrolysis gave the carboxylic acid 17
which was reacted with methyl 7-aminoheptanoate using
HATU as coupling reagent to give 18. Final treatment with
hydroxylamine under basic conditions gave the desired
product 6 (SUM52).

Properties of compounds 5 and 6

The Swiss-ADME (http://www.swissadme.ch/) tool was
used to predict the physicochemical properties and the
pharmacokinetic parameters of compounds 5 and 6. The
result are reported in Table S1 (Supplementary Informa-
tion). Both compounds are predicted to have high gastro-
intestinal absorption, but to be unable to cross the Blood
Brain Barrier. In order to avoid permeability problems, we
decided to use an intranasal route of administration. The
potential to inhibit the major human CYP isoforms was
anticipated to be high for 6 but not for 5.

Interaction with BRD4 and HDAC proteins

The ability of compounds 5 and 6 to bind to BRD4-BD1
and BRD4-BD2 was tested by Reaction Biology using an
Alphascreen FRET assay in comparison with (+)-JQ1
(Fig. 3). Compounds 5 and 6 were both able to inhibit the

Fig. 2 HDACi lead compounds
and designed HDAC–BRD4
dual inhibitors
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binding of the acetylated histone peptide, with different
potency, as 5 turned to be less potent than 6 on both
bromodomains. On BRD4-BD1 compound 5 showed a
half-maximum inhibitory concentration (IC50) value in
the low micromolar range (IC50 = 1.722 μM) while 6 was
about twice more potent (IC50 = 0.758 μM). On BRD4-
BD2 both compounds displayed higher potency, with 6
showing an IC50 value one order of magnitude lower than
5 (IC50 = 10.5 and 118 nM, respectively). Therefore,

both 5 and 6 displayed a preference for BRD4-BD2,
being, respectively, 14 and 72 times more active on this
bromodomain than on BRD4-BD1. The IC50 values for
(+)-JQ1, taken as reference, are in the same range with
respect to the literature values [31].

A fluorometric assay was first used to measure the ability of
compounds 5 and 6 to inhibit HDAC activity; however, the
intrinsic fluorescence of compound 6 precluded the determi-
nation of the IC50 value. So, both compounds were tested at

Scheme 1 Synthetic route to
compounds 5 (A) and 10 (B).
Reagents and conditions: (a)
Lawesson reagent, toluene,
reflux; (b) H2N-NH2, THF; (c)
triethyl orthoacetate, EtOAc,
p-toluensulfonic acid, reflux; (d)
N-((tetrahydro-2H-pyran-2-yl)
oxy)hex-5-ynamide 10, Pd
(PPh3)4, CuI, Et3N, 55 °C; (e)
HCl 4 N, dioxane; (f) O-
tetrahydropyranyl-
hydroxylamine, EDC, DMAP,
CHCl3

Scheme 2 Synthetic route to
compound 6. Reagents and
conditions: (a) (S) Fmoc-NHCH
(COCl)CH2COOMe, CHCl3,
60 °C; (b) (i) piperidine, THF;
(ii) AcOH, THF; (c) P4S10,
Na2CO3, 1,2-dichloroethane; (d)
H2N-NH2, THF, 5 °C; (e) (i)
CH3COCl, THF, 0 °C, (ii)
AcOH, reflux; (f) NaOH 1M,
THF/MeOH; (g) H2N-(CH2)6-
COOMe, HATU, Et3N, DMF,
RT; (h) NH2OH, KOH, MeOH
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10 μM using an immunoprecipitation assay, but only 20% of
HDAC activity inhibition was observed (Fig. 4, left). The
results were also confirmed measuring the tubulin acetylation
levels (Fig. 4, right).

Antitumor activity

The antitumor activity of compounds 5 and 6 was evaluated
in vitro, using two cell lines, C26 adenocarcinoma cells and
SSM2C melanoma cells. The treatment with the BET/
HDAC dual inhibitors caused a dose- and time-dependent
reduction of cell proliferation. In fact, as shown in Fig. 5A,
the concentrations of 40 and 60 μM were able to sig-
nificantly reduce cell proliferation at 24 h, whereas both
compounds were ineffective at 20 μM. Although the anti-
tumor effect was observed using both BET/HDAC dual
inhibitors, the two cell lines showed different sensibility to
the compounds. In fact, the antitumor effect reached the
maximum of 90% when SSM2C cells were incubated with
compound 6 for 24 h (Fig. 5A, left), whereas in the same
experimental conditions, this compound determined a

decrease of approximately 55% in the proliferation of C26
adenocarcinoma cells (Fig. 5A, right). In both cell lines,
compound 5 was less effective. Notably, both compounds
were less effective after long term incubation (48 h) either
when administered to SSM2C cells than C26 adenocarci-
noma cells (Fig. 5B), indicating a progressive loss of sta-
bility/effectiveness of the molecule in the cell medium.

To investigate the cellular effects of the compounds 5
and 6 in more detail, cell cycle was analyzed by TALI
cytometer. As reported in Fig. 5C, the treatment of SSM2C
cells with compound 5 (60 μM) or compound 6 (60 μM) led
to accumulation of cells in the subG0 phase paralleled by a
decrease of S phase and stronger reduction of G2/M-phase
fraction, indicating cell cycle inhibition and cell death. On
the contrary, the number of subG1/G0 phase cells was
significantly lower after treatment of C26 adenocarcinoma
cells with compound 5 or compound 6, paralleled by a
reduction of S phase (Fig. 5C). Compound 6, but not
compound 5, significantly negatively affects G2/M-phase
cell fraction.

The effect of the BET/HDAC dual inhibitors 5 and 6 was
evaluated also on the neuroblastoma cell line SHSY5Y. As
shown in Fig. 6 and in Fig. S1 (Supplementary Informa-
tion), similarly to the known inhibitor iBET762 (0.75 μM),
either compounds 5 (30 μM) and compound 6 (15 μM)
alone were able to reduce cell proliferation (~50%) (Fig. 6,
left). Notably, when SH-SY5Y cells were incubated with
iBET combined with compound 5 or compound 6 the
antiproliferative action of iBET was significantly decreased.
The increase in the expression level of the marker of cell
cycle arrest, the Cyclin-dependent Kinase Inhibitor p21,
observed either in cells treated with iBET and compound 6
alone, was also significantly decreased when the cells were
incubated with the two inhibitors together (Fig. 6, right). It
seems that boosting the interaction with BRD4 proteins
does not translate into an improvement in the anti-
proliferative activity, suggesting that a balanced inhibition
of both targets is crucial for an optimal effect.

6 
(SUM52)

5 
(SUM35) JQ1

Hill slope -0.67 -1.02 -0.95

IC50 (nM) 10.50 118.50 12.58

6 
(SUM52)

5 
(SUM35) JQ1

Hill slope -0.86 -0.92 -1.06

IC50 ( M) 0.76 1.72 0.023

Fig. 3 Inhibition curves on
BRD4-1 (left) and BRD4-2
(right) for 5 (SUM35, blue) and
6 (SUM52, red) in comparison
with (+)-JQ1 (green)

Fig. 4 Inhibitory activity of compounds 5 and 6 on HDAC. Left:
activity determined on HDAC1 using an immunoprecipitation assay.
SAHA (5 µM) was used as a control. Right: effect of 5 (SUM35) and 6
(SUM52) on tubulin acetylation, in comparison with Tubastatin A
(Tub.A) (10 µM). GAPDH was used for protein normalization
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Antihyperalgesic activity

The antihyperalgesic activity of 5 and 6 was investigated
by using the SNI model in mice. This model allows to
establish a persistent and significant mechanical and ther-
mal allodynia in the ipsilateral side (i; injured hind limb) of
SNI mice, compared to the contralateral side (c; uninjured
hind limb), starting from 3 days after surgery up to 28 days
[34]. Seven days post-SNI surgery, the dose–response
curve for compounds 5 and 6 has been performed on
thermal and mechanical allodynia (Table 1) using Har-
greave’s plantar test and von Frey filaments, respectively.
Both molecules have been administered 60 min before
testing, according to the results obtained in time course
experiment. In the plantar test, compound 6 showed

antihyperalgesic effects starting from the dose of 50 μM,
with a significant peak at the dose of 75 μM, while com-
pound 5 reversed the allodynia at higher doses (75 and
100 μM) in the ipsilateral side (Table 1). Similarly, in the
von Frey measurements, compounds 5 and 6 showed a
peak of effect at the dose of 100 and 75 μM, respectively
(Table 1). Both molecules lost their activity at higher
concentrations, highlighting a bell-shape curve.

A comparison of the antihyperalgesic activity of com-
pounds 5 and 6 against thermal and mechanical allodynia is
reported in Fig. 6. Compound 6 reduced the mechanical
allodynia with an efficacy ∼1.5-fold higher than compound
5 (Fig. 7b). This effect was not observed in the thermal
allodynia test, in which both molecules showed a similar
efficacy profile (Fig. 7a).
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Fig. 5 A Effect of compounds 5
and 6 on proliferation of SSM2C
cells (left) and C26 cells (right)
after 24 h incubation.
B Comparison of the effect of
compounds 5 and 6 on
proliferation of SSM2C cells
(left) and C26 cells (right) after
24 h and 48 h incubation.
C Effect of compounds 5 and 6
on cell cycle on SSM2C cells
(left) and C26 cells (right)
measured by means of TALI
cytometer, after 24 h incubation.
*p < 0.05 vs. controls
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Conclusions

In conclusion, we have synthesized and tested two dual inhi-
bitors (compounds 5 and 6), showing different interaction with

BRD4 bromodomains. Compound 6 was 2 and 11 times more
potent than 5 on BRD4-BD1 and BRD4-BD2, respectively.
Moreover, both molecules showed higher affinity on BRD4-
BD2 (14 and 72 times, respectively) than on BRD4-BD1.

Fig. 6 A Cell proliferation analysis. Cell counting of SHSY5Y neu-
roblastoma cell line (left) treated for 24 h in absence (vehicle) and/or in
presence of inhibitor iBET762 (0.75 μM), either compounds 5 (30 μM)
and compound 6 (15 μM). Data were means ± SEM of at least three
independent experiments performed in quadruplicate and were repor-
ted in the graph as percentage relative to untreated cells (vehicle) set as
100. One-way ANOVA test, *P < 0.05 vs. vehicle. B Expression
levels of the Cyclin-dependent Kinase Inhibitor p21 by Real-Time
PCR (right). Total RNA was obtained from SHSY5Y neuroblastoma

cell line treated for 24 h in absence (vehicle) and/or in presence of
inhibitor iBET762, either compounds 6. Total RNA was purified and
reverse transcribed as in Methods. Real-Time PCR was performed
using specific forward and reverse primers for P21. Data were pre-
sented as fold change (mean ± SEM) of at least three independent
experiments and were reported in the table as percentage relative to
untreated cells (vehicle). One-way ANOVA test, *P < 0.05; **P < 0.01
vs. vehicle; $P < 0.05 vs. compound 6

Table 1 Dose–response curve
for thermal and mechanical
antihyperalgesic activity of
compound 6 (SUM52) and
compound 5 (SUM35) in the
SNI model

Treatment Doses (µM) Thermal threshold (s) Mechanical threshold (g)

Contra Ipsi Contra Ipsi

Vehicle 10.52 ± 2.99 1.69 ± 0.58** 0.86 ± 0.19 0.20 ± 0.05**

6 (SUM52) 10 11.56 ± 3.17 1.76 ± 0.69** 0.86 ± 0.26 0.21 ± 0.07**

6 (SUM52) 50 10.63 ± 1.67 6.73 ± 1.01 0.89 ± 0.13 0.67 ± 0.09**

6 (SUM52) 75 10.80 ± 1.76 7.10 ± 0.72 0.85 ± 0.15 0.55 ± 0.10

6 (SUM52) 100 10.73 ± 2.77 3.30 ± 0.30* 0.89 ± 0.27 0.34 ± 0.09*

5 (SUM35) 10 8.33 ± 0.73 2.76 ± 0.85** 0.87 ± 0.26 0.17 ± 0.01**

5 (SUM35) 50 9.36 ± 1.72 2.80 ± 0.43** 0.80 ± 0.13 0.21 ± 0.09*

5 (SUM35) 75 8.93 ± 1.64 5.13 ± 0.71 0.98 ± 0.14 0.29 ± 0.11*

5 (SUM35) 100 8.66 ± 1.45 7.06 ± 0.77 0.87 ± 0.20 0.60 ± 0.20

5 (SUM35) 200 9.16 ± 0.99 4.13 ± 0.23* 0.89 ± 0.13 0.32 ± 0.08*

*p < 0.05; **p < 0.01 vs. contra (one-way ANOVA)

Fig. 7 Comparison of efficacy
between compound 6 (SUM52;
50 µM) and compound 5
(SUM35; 100 µM) for the
thermal (a) and mechanical (b)
allodynia (***p < 0.001; **p <
0.01 vs. VEH contra; °°°p <
0.001 vs. VEH ipsi; two-
way ANOVA)
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The compounds were able to inhibit nuclear HDAC only with
high IC50 values (>10 μM), while they were inactive toward
HDAC6. Their antiproliferative activity has been tested on
C26 adenocarcinoma and SSMC2 melanoma cell lines, on
which the compounds showed a significant activity at 40 and
60 μM concentration. On the neuroblastoma cell line SHSY5Y
compounds 5 and 6 reduced cell viability at, respectively, 30
and 15 μM. The concentration of the Cyclin-dependent Kinase
Inhibitor p21 was increased after treatment with compound 6.
Co-administration of iBET762 with either compound 5 or 6
reduced the antiproliferative effect, suggesting that the activity
on both targets should be balanced to obtain an optimal effect.
Both compounds were endowed with antihyperalgesic activity
when tested on thermal and mechanical allodynia in the mouse
SNI model, suggesting that dual HDAC/BRD4 inhibitors can
be effective to ameliorate neuropathic pain. This property
makes dual HDAC/BRD4 inhibitors promising adjuvant to
anticancer therapies in which painful neuropathies represent a
prominent side effect. Work is underway to improve the
inhibitory profile of compounds 5 and 6 and to test them in
models of chemotherapy-induced neuropathies.

Experimental

Chemistry

All melting points were taken on a Büchi apparatus and are
uncorrected. NMR spectra were recorded on a Brucker
Avance 400 spectrometer (400MHz for 1H NMR, 100MHz
for 13C). Chromatographic separations were performed on a
silica gel column by gravity chromatography (Kieselgel 40,
0.063–0.200 mm; Merck) or flash chromatography (Kie-
selgel 40, 0.040–0.063 mm; Merck). Yields are given after
purification, unless differently stated. When reactions were
performed under anhydrous conditions, the mixtures were
maintained under nitrogen.

ESI-MS spectra were obtained using a Varian 1200L
triple quadrupole system (Palo Alto, CA, USA) equipped
by Elettrospray Source (ESI). High resolution mass
spectrometry analyses were performed with a Thermo
Finnigan LTQ Orbitrap mass spectrometer equipped with
an electrospray ionization source (ESI). Analysis were
carried out in positive ion mode monitoring protonated
molecules, [M+H]+ species, and it was used a proper
dwell time acquisition to achieve 60,000 units of resolu-
tion at Full Width at Half Maximum. Elemental compo-
sition of compounds was calculated on the basis of their
measured accurate masses, accepting only results with an
attribution error <5 ppm and a not integer RDB (double
bond/ring equivalents) value, in order to consider only the
protonated species [35]. Compounds were named follow-
ing IUPAC rules.

7-iodo-5-phenyl-1,3-dihydro-2H-benzo[e][1,4]diazepine-2-
thione 7

7-Iodo-5-phenyl-1,3-dihydro-2H-benzo[e][1,4]diazepin-2-one
[23] (0.3 g, 0.83mmol) and Lawesson ragent (0.2 g,
0.50mmol) were heated in toluene (10mL) under reflux for
3 h, monitoring the reaction by TLC (hexane-ethyl acetate 1:1).
After removal of the solvent under vacuum, the residue was
purified by flash chromatography, yielding 7 with 92 % yield.
1H-NMR (DMSO-d6) (δ): 4.52 (bs, 2H, CH2C=S); 7.11 (d,
J= 8.8 Hz, 1H, H-8 or H-9); 7.35-7.53 (m, 6H, Ph+H-6);
7.89 (d, J= 8.8 Hz, 1H, H-9 or H-8); 12.72 (bs, 1H, NH) ppm.

8-Iodo-1-methyl-6-phenyl-4H-benzo[f][1,2,4]triazolo[4,3-a]
[1,4]diazepine 9

Compound 7 was solubilized in THF (10 mL) and treated
with 0.3 mL of hydrazine hydrate at room T until dis-
appearance of the starting material (TLC, CH2Cl2/MeOH/
NH3 93:7:03). The residue was treated with CH2Cl2 and
H2O; a solid precipitated which was collected, washed with
diethyl ether and dried, obtaining 0.21 g of 2-hydrazono-7-
iodo-5-phenyl-2,3-dihydro-1H-benzo[e][1,4]diazepine 8,
which was used as such in the following step: it was dis-
solved in ethyl acetate (10 mL), treated with triethyl
orthoacetate (0.6 mL, 6 eq) and a catalytic amount of
p-toluensulfonic acid, the mixture was heated under reflux
until disappearance of the starting material (about 30’; TLC,
CH2Cl2/MeOH/NH3 90:10:1). After cooling, the mixture
was diluted with ethyl acetate; a solid precipitated which
was purified by means of flash chromatography obtaining
the desired compound 9 (0.17 g, 76% yield). 1H-NMR
(CDCl3, δ): 2.61 (s, 3H, CH3); 4.08 (d, J= 12.8 Hz, 1H,
CHH); 5.46 (d, J= 12.8 Hz, 1H, CHH); 7.17 (d, J= 8.4 Hz,
1H, H-10): 7.33–7.41 (m, 2H, ar); 7.41–7.47 (m, 1H, ar);
7.47–7.54 (m, 2H, ar); 7.75 (s, 1H, H-7); 7.96 (dd, J= 8.4,
2.0 Hz, 1H, H-9) ppm. 13C-NMR (APT, CDCl3, δ): 12.31
(CH3), 46.30 (CH2), 91.92 (C-I), 124.81 (CH), 128.47
(CH), 129.31 (CH), 130.93 (CH), 133.41 (C), 138.58 (C),
140.48 (CH), 140.53 (CH), 150.06 (C), 155.05 (C), 167.76
(C) ppm. ESI-MS (C17H13IN4) 401.0 (M+H)+.

N-[(Tetrahydro-2H-pyran-2-yl)oxy]hex-5-ynamide 10

Commercially available 5-hexinoic acid (0.5 g, 4.46 mmol)
and O-(tetrahydropyranyl)-hydroxylamine (0.575 g, 1.1 eq)
were dissolved in CHCl3, EDCI (1.13 g, 1.3 eq) and DMAP
(0.055 g, 0.1 eq) were added and the mixture was left stir-
ring overnight at room T. The mixture was then partitioned
between H2O and CHCl3, the organic solvent was collected,
dried (Na2SO4) and the solvent was removed under vacuum
affording a residue which was purified by means of flash
chromatography. The title compound was obtained as an oil
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in 95% yields. 1H-NMR (CDCl3, δ, mixture of conformers):
1.49–1.88 (m, 8H, 4CH2); 1.94 (s, 1H, CH): 2.15–2.62 (m,
4H, CH2CO+CH2C≡); 3.55–3.62 (m, 1H, CHHO);
3.82–3.96 (m, 1H, CHHO); 4.75–4.93 (m, 1H, CHO); 8.45
(bs, 0.3H, NH); 8.64 (bs, 0.7H, NH) ppm. 13C-NMR
(MeOD, δ): 17.15, 18.02, 24.27, 24.82, 27.54, 31.20, 61.60,
68.92, 82.57 (C≡), 101.74 (CHO), 170.55 (CO) ppm. ESI-
MS (C11H17NO3) 234.0 (M+Na)+.

6-(1-Methyl-6-phenyl-4H-benzo[f][1,2,4]triazolo[4,3-a][1,4]
diazepin-8-yl)-N-((tetrahydro-2H-pyran-2-yl)oxy)hex-5-
ynamide 11

A mixture of 9 (0.16 g, 0.4 mml), 10 (0.13 g, 0.6 mmol), CuI
(0.009 g, 0.05 mmol), Pd(Ph)4 (0.0185 g, 0.16 mmol) in
Et3N (5 mL) was heated at 55 °C for 22 hr. After removal of
solvent, the residue is partitioned between ethyl acetate and a
saturated solution of NH4Cl. Drying (Na2SO4) and removal
of solvent gave a residue which was purified by flash
chromatography, obtaining the title compound in 40% yield.
1H-NMR (CDCl3, δ): 1.47–1.82 (m, 6H); 1.91 (p, J=
7.2 Hz, 2H); 2.18–2.29 (m, 2H, CH2CO); 2.45 (t, J= 7.2 Hz,
2H); 2.61 (s, 3H); 3.53–3.60 (m, 1H, CHHO); 3.82–3.92 (m,
1H, CHHO); 4.03 (d, J= 12.8 Hz, 1H); 4.90 (bs, 1H, CH);
5.46 (d, J= 12.8 Hz, 1H); 7.32–7.39 (m, 3H, ar); 7.41.7.46
(m, 2H, ar); 7.48–7.53 (m, 2H, ar); 7.63 (dd, J= 8.4, 1.6 Hz,
1H, ar); 8.31 (bs, 1H, NH) ppm 13C-NMR (MeOD, δ): 12.35
(CH3), 18.59 (CH2) 18.87 (CH2), 24.96 (CH2), 27.99 (CH2),
29.70 (CH2), 30.32 (CH), 46.34 (CH2), 62.62 (CH2), 79.44
(C), 92.11 (C), 123.22 (CH), 123.39 (C), 128.38 (CH),
129.25 (C), 129.35 (CH), 130.75 (CH), 132.65 (C), 134.35
(CH), 134.75 (CH), 138.91 (C), 153.12 (C), 155.12 (C),
168.61 (C) ppm. ESI-MS (C28H29N5O3) 484.2 (M+H)+.

N-Hydroxy-6-(1-methyl-6-phenyl-4H-benzo[f][1,2,4]triazolo
[4,3-a][1,4]diazepin-8-yl)hex-5-ynamide 5 (SUM35)

To a stirred solution of 11 (0.026 g) in dioxane (1 mL) HCl
(2 N, 0.11 mL) was added and the mixture left stirring at
room T for 1 h. The mixture was partitioned between
CH2Cl2 and NaHCO3 (saturated solution). Drying (Na2SO4)
and removal of solvent gave a residue which was purified
by flash chromatography (CH2Cl2/MeOH 8:2), obtaining
the title compound in 43% yield. 1H-NMR (MeOD, δ): 1.83
(p, J= 7.2 Hz, 2H); 2.19 (t, J= 7.2 Hz, 2H); 2.42 (t, J=
7.2 Hz, 2H); 2.63 (s, 3H); 4.18 (d, J= 13.2 Hz, 1H); 5.22
(d, J= 13.2 Hz, 1H); 7.32 (s, 1H, ar); 7.33–7.38 (m, 1H, ar);
7.40–7.49 (m, 3H, ar); 7.66–7.77 (m, 2H, ar) ppm.
13C-NMR (MeOD, δ): 10.55 (CH3), 18.10 (CH2) 24.25
(CH2), 31.34 (CH2), 45.25 (CH2), 78.77 (C), 91.84 (C),
123.75 (C), 123.96 (CH), 128.01 (CH), 129.12 (CH),
129.15 (C), 130.69 (CH), 133.21 (C), 134.37 (CH), 134.65
(CH), 138.85 (C), 151.46 (C), 154.99 (C), 170.27 (C),

170.78 (C) ppm. HRMS (m/z) calculated for [M+H]+ ion
species C23H22N5O2: 400.1768; found 400.1765.

Methyl (S)-2-(2-oxo-5-phenyl-2,3-dihydro-1H-benzo[e][1,4]
diazepin-3-yl)acetate 13

2-Amino-benzophenone (0.096 g, 0.5mmol) and methyl (S)-3-
(([(9H-fluoren-9-yl)methoxy]carbonyl)amino)-4-chloro-4-oxo-
butanoate [33] (1 eq) were mixed in CHCl3 and heated under
reflux for 3 h. After disappearance of the starting material
(TLC, CH2Cl2/MeOH 99:1), the residue was partitioned
between CH2Cl2 and NaHCO3 (saturated solution). Drying
(Na2SO4) and removal of solvent gave 12, which was used as
such in the following step: it was dissolved in THF, treated
with an excess of piperidine (12 eq) and left stirring at room T
for 1 h. Glacial acetic acid (20 eq) was added, and the mixture
was left stirring at room T for 2 h. The solvent was removed
and the residue partitioned between CH2Cl2 and H2O; the
organic layer was the washed with NaHCO3 (saturated solu-
tion). Drying (Na2SO4) and removal of solvent gave a residue
which was purified by flash chromatography (hexane/ethyl
acetate 1:1), obtaining the title compound in 83% yield.
1H-NMR (CDCl3, δ): 3.22 (dd, J= 16.8, 6.4 Hz, 1H); 3.47
(dd, J= 16.8, 7.6 Hz, 1H); 3.75 (s, 3H); 4.16 (t, J= 6.8 Hz,
1H); 7.10–7.16 (m, 1H); 7.19–7.22 (m, 1H); 7.30–7.37 (m,
3H); 7.38-7.42 (m, 1H); 7.45–7.52 (m, 3H); 8.43 (s, 1H, NH)
ppm. 13C-NMR (CDCl3, δ): 36.44 (CH2), 51.70 (CH), 60.26
(CH3), 121.41 (CH), 123.42 (CH), 127.45 (C), 128.16 (CH),
129.84 (CH), 130.35 (CH), 131.25 (CH), 131.82 (CH), 138.37
(C), 139.08 (C), 169.87 (C), 171.51 (C), 172.41 (C) ppm.

Methyl (S)-2-(5-phenyl-2-thioxo-2,3-dihydro-1H-benzo[e]
[1,4]diazepin-3-yl)acetate 14

Phosphorus pentasulfide (0.183 g, 0.4 mmol) and Na2CO3

(0.044 g, 0.4 mmol) were mixed with 1,2-dichlororethane
(3 mL) and stirred at room T for 2 h, then 13 (0.07 g,
0.23 mmol) was added and the mixture heated at 65 °C for
4 h. After cooling the solvent was removed and the residue
purified by flash chromatography (hexane/ethyl acetate 1:1),
obtaining methyl (S)-2-(5-phenyl-2-thioxo-2,3-dihydro-1H-
benzo[e][1,4]diazepin-3-yl)acetate 14 in 50% yield.
1H-NMR (CDCl3, δ): 3.45 (dd, J= 16.8, 6.8 Hz, 1H); 3.65
(dd, J= 16.8, 6.8 Hz, 1H); 3.72 (s, 3H); 4.37 (t, J= 6.8 Hz,
1H); 7.17-7.23 (m, 2H); 7.29–7.33 (m, 3H); 7.39-7.41 (m,
1H); 7.44–7.52 (m, 3H); 10.55 (s, 1H, NH) ppm.

Methyl (S)-2-(1-methyl-6-phenyl-4H-benzo[f][1,2,4]triazolo
[4,3-a][1,4]diazepin-4-yl)acetate 16

Compound 14 was treated with hydrazine (2 eq) in THF
maintaining the temperature below 15 °C. When the starting
material was consumed (TLC, CH2Cl2/MeOH/NH3 93:7:03),
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the solvent was removed and the residue treated with H2O and
extracted with CH2Cl2. Drying (Na2SO4) and removal of
solvent gave a residue (15) which was used as such for the
following step: it was dissolved in THF (5mL), the tem-
perature was cooled to 0 °C and acetyl chloride (1.05 eq) and
diisopropyl-ethylamine (1q) were added. After 1 h stirring at
low temperature, the solvent was removed under vacuum, the
residue was treated with glacial acetic acid and heated under
reflux for 0.5 h. Removal of the solvent gave a residue which
was purified by flash chromatography (CH2Cl2/MeOH/NH3

9:1:0.1) obtaining the title compound in 53% yield. 1H-NMR
(CDCl3, δ): 2.59 (s, 3H, CH3); 3.59 (d, J= 7.2 Hz, 2H, CH2);
3.71 (s, 3H, OCH3); 4.56 (t, J= 7.2 Hz, 1H, CH); 7.28–7.32
(m, 2H, ar); 7.36–7.48 (m, 6H, ar); 7.51–7.57 (m, 1H, ar)
ppm. 13C-NMR (CDCl3, δ): 12.22 (CH3), 36.77 (CH2), 51.85
(CH), 53.12 (OCH3), 123.41 (CH), 127.37 (CH), 128.21
(CH), 129.00 (CH), 129.30 (C), 129.48 (CH), 130.64 (CH),
131.64 (CH), 132.02 (CH), 133.41 (C), 138.85 (C), 150.60
(C), 156.42 (C), 167.74 (C), 172.08 (C) ppm.

(S)-2-(1-Methyl-6-phenyl-4H-benzo[f][1,2,4]triazolo[4,3-a]
[1,4]diazepin-4-yl)acetic acid 17

Compound 16 (0.141 g, 0.48mmol) was dissolved in 1:1
MeOH/THF (5mL), NaOH (2mL of a 1M solution) was
added, and the mixture was left stirring at room T for 2 h. After
consumption of the starting material (TLC, CH2Cl2/MeOH
93:7) 1M HCl was added dropwise until a white precipitate
was formed, which was filtered and dried. The title compound
was obtained in81% yield. 1H-NMR (CDCl3, δ): 2.70 (s, 3H,
CH3); 3.60 (dd, J= 16Hz, 6.8 Hz, 1H, CHH); 3.69 (dd, J=
16Hz, 7.2 Hz, 1H, CHH); 4.56 (t, J= 6.8 Hz, 1H, CH);
7.23–7.33 (m, 2H, aromatic); 7.34–7.46 (m, 6H, aromatic);
7.63-7.69 (m, 1H, aromatic) ppm. 13C-NMR (MeOD, δ):
10.41 (CH); 35.81 (CH2); 52.83 (CH); 123.82 (CH), 127.73
(CH),127.92 (CH), 128.20 (CH), 128.40 (CH). 129.20 (C),
129.32 (CH), 130.54 (CH), 131.62 (CH), 132.01 (CH), 133.03
(C), 138.79 (C), 156.61 (C), 168.94 (C), 173.09 (C).

Methyl (S)-7-(2-(1-methyl-6-phenyl-4H-benzo[f][1,2,4]
triazolo[4,3-a][1,4]diazepin-4-yl)acetamido)heptanoate 18

Compound 17 (0.11 g, 0.33mmol), methyl 7-aminoheptanoate
(0.063 g, 0.39mmol), HATU (0.15 g, 0.39mmol) and Et3N
(0.092mL, 0.66mmol) were dissolved in DMF (5mL) and left
stirring at room T overnight. After removal of the solvent under
vacuum, the residue was partitioned between brine and ethyl
acetate; the organic layer was collected and dried (Na2SO4),
then the solvent was removed under vacuum and the residue
purified by flash chromatography (abs EtOH/CH2Cl2/pet. ether/
NH3 65:340:60:8 as eluent) obtaining the title compound in
76% yield. 1H-NMR (CDCl3, δ): 1.21–1.28 (m, 4H); 1.45-1.61
(m, 4H); 2.22 (t, J= 7.6Hz, 2H, CH2CO); 2.59 (s, 3H, CH3);

3.14–3.28 (m, 2H, CH2N); 3.31 (dd, J= 14.0, 6.8 Hz, 1H,
CHH); 3.48 (dd, J= 14.0, 6.8 Hz, 1H, CHH); 3.62 (s, 3H,
OCH3); 4.56 (t, J= 6.8Hz, 1H, CH); 6.70 (t, J= 5.6 Hz, 1H,
NH); 7.27-7.30 (m, 2H, aromatics); 7.35-7.45 (m, 6H, aro-
matics); 7.58–7.64 (m, 1H, aromatic) ppm. 13C-NMR (CDCl3,
δ): 12.16 (CH3), 24.79 (CH2), 26.51 (CH2), 28.72 (CH2), 29.29
(CH2), 33.94 (CH2), 39.30 (CH2), 39.48 (CH2), 51.43 (CH),
53.83 (OCH3), 123.45 (CH), 127.40 (CH),128.19 (CH), 129.32
(C), 129.46 (CH), 131.43 (CH), 131.61 (CH), 131.99 (CH),
133.28 (C), 138.83 (C), 150.52 (C), 156.38 (C), 167.74 (C),
170.54 (C), 174.17 (C) ppm. ESI-MS m/z (C27H31N5O3) 474.1
[M+H]+, 496.1 [M+Na]+.

((S)-N-hydroxy-7-(2-(1-methyl-6-phenyl-4H-benzo[f][1,2,4]
triazolo[4,3-a][1,4]diazepin-4-yl)acetamido)heptanamide 6
(SUM52)

A solution of KOH (0.7 g, 12.5mmol) in MeOH (2mL) was
added dropwise to a solution of hydroxylamine hydrochloride
(0.58 g, 8.4mmol) in MeOH (3mL) at 0 °C. After stirring at
the same T for 0.5 h, the solution was filtered, compound 18
(0.119 g, 0.25mmol) was added and the mixture was left
stirring at room T for 1 h. The solvent was removed under
vacuum and the residue was purified by flash chromatography
(CH2Cl2/MeOH 9:1). A fraction was collected, consisting in a
mixture of the desired product and of the carboxylic acid
analogue; this mixture was partitioned between sat. NaHCO3

and ethyl acetate, the organic layer was collected, dried
(Na2SO4), the solvent was removed under vacuum affording
the title compound as a white solid in 25% yield. M. p. 169-
172 °C. 1H-NMR (CDCl3, δ): 1.20–1.70 (m, 8H); 2.14–2.20
(m, 2H, CH2CO-hydroxamate); 2.65 (s, 3H, CH3); 3.03–3.12
(m, 1H, NCHH); 3.28–3.47 (m, 2H, CHHCONCHH);
3.59–3.72 (m, 1H, CHHCO); 4.70–4.74 (m, 1H, CH);
7.30–7.78 (m, 9H, aromatic) ppm. 13C-NMR (CDCl3,
δ):12.07 (CH3), 24.67 (CH2), 27.79 (CH2), 28.70 (CH2),
29.69 (CH2), 32.02 (CH2), 38.90 (CH2), 53.79 (CH), 123.69
(CH), 127.69 (CH), 128.75 (CH), 129.38 (C), 129.55 (CH),
13.079 (CH), 131.72 (CH), 132.04 (CH), 133.01 (C), 138.71
(C), 150.81 (C), 156.82 (C), 168.07 (C), 170.45 (C), 171.23
(C) ppm. HRMS (m/z) calculated for [M+H]+ ion species
C26H31N6O3: 475.2452; found 475.2450.

FRET bromodomain binding assay

The reader assay is a binding assay using AlphaScreen tech-
nology FRET assay, and was performed by Reaction Biology
(www.reactionbiology.com). The biotinylated peptide binding
to the reader domain of His-tagged protein is monitored by the
singlet oxygen transfer from the Streptavidin-coated donor
beads to the AlphaScreen Ni-chelate acceptor beads. The
reagents, proteins and the applied experimental protocol is
reported below as provided by Reaction Biology.
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Reagent

Reaction buffer: 50 mM Hepes, pH7.5, 100 mM NaCl,
0.05% CHAPS, 0.1% BSA, and 1% DMSO (the final
DMSO concentration may different depending on com-
pound stock and test concentrations).

Bromodomain

BRD4-1: RBC Cat# RD-11-140: Recombinant Human
Bromodomain containing protein 4, bromodomain 1 (aa 44-
170; Genbank Accession # NM_058243), expressed in E.
coli with N-terminal His-tag. MW= 17.8 kDa.

BRD4-2: RBC Cat# RD-11-141: Recombinant Human
Bromodomain containing protein 4, bromodomain 2 (aa
349-460;Genbank Accession # NM_058243), expressed in
E. coli with N-terminal His-tag. MW= 15.7 kDa.

Ligand (C-term-Biotin)

Histone H4 peptide (1–21) K5/8/12/16Ac-Biotin.

Detection beads: PerkinElmer

Donor beads: Streptavidin-coated donor beads; Acceptor
beads: AlphaScreen Ni acceptor beads.

Reaction procedure

1. Deliver 2.5X BRD in wells of reaction plate except
No BRD control wells. Add buffer instead.

2. Deliver compounds in 100% DMSO into the BRD
mixture by Acoustic technology (Echo550; nanoliter
range). Spin down and pre-incubation for 30 min.

3. Deliver 5X Ligand. Spin and shake.
4. Incubate for 30 min at room temperature with gentle

shaking.
5. Deliver 5X donor beads. Spin and shake.
6. Deliver 5X acceptor beads. Spin and shake. Then

gentle shaking in the dark for 60 min.
7. Alpha measurement (Ex/Em= 680/520–620 nm) in

Enspire.

HDACs inhibition assay

HDAC assay

To test the inhibition activity of all compounds, we used
the HDAC1 Immunoprecipitation (IP) & Activity Assay
Kit (Catalog # K342-25; Biovision). To perform the
experiment, we used the protocol provided by the kit.

HCT-116 cell lines were plated in 6 wells and treated
with the compounds 5 and 6 at 10 µM for 12 h. After
incubation the media was removed and the cells were
washed with PBS (EuroClone) solution (2X). Then,
200 µl/well of Lysis Buffer with protease inhibitor was
added and the cells were scraped and incubated in ice for
30 min. After centrifugation at 10,000 × g for 10 min at
4 °C, the supernatant was collected. 100 µg of each
extract were incubated with 6 µl of Rabbit HDAC1
Antibody and Rabbit IgG and the volume was reached to
500 µl with PBS with protease inhibitors. After incuba-
tion at 4 °C overnight a rotary mixer, 25 µl of the protein-
A/G bead slurry, previously washed with PBS (2X), was
added to the samples and incubated for 1 h at 4 °C. The
beads were recovered after 3 washed with 1 ml PBS, by
centrifuging at 14,000 × g for ~10 s and used for
HDAC assay.

HDAC assay preparation

For each reaction, 168 µl Reaction Mix containing HDAC
Assay Buffer and HDAC Substrate was prepared, added to
the sample and to background control tube, and incubated at
37 °C for 2 h. SAHA was used as a positive control. To
measure the total HDAC activity, 3 µl of Positive control
was incubated with 4 µl HDAC Substrate in a final volume
of 180 µl with HDAC Assay Buffer. Then, 20 µl of the
Developer were added and incubated for 30 min at 37 °C.
The samples were centrifuged and 100 µl transferred in a
black flat plate. The fluorescence was read at Ex/Em= 380/
500 nm with Tecan M1000 plate reader.

Cell lines

HCT-116, colon cancer cells were propagated in Dulbec-
co’s Modified Eagle’s Medium (Euroclone, Milan, Italy)
with 10% fetal bovine serum (FBS; Euroclone), 2 mM
L-glutamine (Euroclone), and antibiotics (100 U/ml peni-
cillin, 100 mg/ml streptomycin; Euroclone).

Total protein extraction

HCT-116 cells were treated with the molecules for 24 h at
5 μM. Tubastatin A (Tub.A) was used as positive control at
10 μM. Then, the cells were harvested, washed with PBS
(2X) (Euroclone) and lysed in protein extraction buffer
containing H2O with 50 mM Tris HCl pH 8.0 solution,
5 mM EDTA, 1% NP40, 150 mM NaCl, 0.5% sodium
deoxycholate, 0.1% SDS, and 1X protein inhibitor protei-
nase. After incubation, for 15 min at 4 °C, the samples were
centrifuged at 13,000 rpm at 4 °C for 30 min, and the
supernatant was recovered. 40 μg of total protein, deter-
mined by a Bradford assay (Bio-Rad, Milan, Italy), were
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used for the Western blot. Antibodies used were: ac-Tubulin
(T5168; Sigma) and GAPDH (sc-47724; Santa Cruz
Biotechnology).

Antitumor activity

Dulbecco’s Modified Eagle’s Medium (DMEM), Nutrient
Mixture F-12 Ham, fetal calf serum (FCS), penicillin/
streptomycin and L-Glutamine were purchased from Sigma-
Aldrich (Milan, Italy); C26 murine colon carcinoma cells
and human neuroblastoma SH-SY5Y cells were obtained
from American Type Culture Collection (ATCC, Manassa,
VA, USA). High capacity cDNA-Reverse Transcription kit
and Syber Green Master Mix were from Life Technologies
(Eugene, OR, USA).

Tali Cell Cycle Kit was from Life Technologies (Eugene,
OR, USA).

Cell culture and treatments

C26 colon carcinoma cells were cultured in high-glucose
DMEM supplemented with 1% L-glutamine, 1% penicillin/
streptomycin and 10% fetal bovine serum (FBS) (growth
medium) and maintained in a humidified atmosphere con-
taining 5% CO2 at 37 °C, as suggested by the company [36].

SSM2C melanoma cells were isolated from two skin
metastases that were excised from the same individual 1 and
4 months after diagnosis, respectively. After dissociation
and filtration, cells were grown in high-glucose DMEM
with 10% FBS supplemented with 1% L-glutamine, 1%
penicillin/streptomycin as reported [37].

Human neuroblastoma SH-SY5Y cells were grown in
DMEM/HAM’s F-12 supplemented with 10% heat-
inactivated FBS, 1% L-glutamine and 100 U/mL peni-
cillin/streptomycin as described in ref. [38]. The cells were
maintained at 37 °C in a humidified incubator with 5% CO2

and 95% air.
Cell medium was changed every other day and the cells

were split (0.25% trypsin, 0.53 mM EDTA solution) when
they reached ~80% confluence. All treatments were per-
formed using cells at ~60–70% confluence.

For cell proliferation analysis by cell counting and for
cytometry analysis of the cell cycle distribution, cells were
incubated for the indicated time and concentration with
compound 5, compound 6 or IBET762.

Cell proliferation was determined by cell counting using
Burker camera. Specifically, cells were plated at a density of
15 × 104 cells/well in a 6-well plate in growth medium,
synchronized and treated as reported above. Cytometric
analysis was performed using The Tali® Image-Based Cyt-
ometer (Thermo Fisher Scientific), a 3-channel benchtop
assay platform that captures up to 20 images (fields of view)
per sample, automatically analyses the images with

sophisticated digital image-based cell counting and fluor-
escence detection algorithms [39]. The Tali® Cell Cycle Kit
was used to count living and dead cells and the percentage
of cells in each phase of the cell cycle. Aliquot of cells
(0.5–1 × 106) from each sample were collected and fixed
with ice-cold 70% ethanol in to a concentration of 1 × 106 to
−5 × 106 cells/mL. The samples were placed at least for a
night at −20 °C, then ethanol was removed and cells were
stained with propidium iodide incubating them at room
temperature for 30 min in the dark with the Tali®® Cell
Cycle Solution. Cell suspension (25 μL) was transferred in
the dedicated slide and cell cycle analysis was performed
using the Tali®® Image-Based Cytometer (Thermo Fisher
Scientific, Carlsbad, CA, USA). The percentage of cells in
each phase of the cell cycle was determined using FCS
Express Research Edition software (version 4.03; De Novo
Software, Morristown, NJ, USA).

Preparation of RNA and measurement of gene expression
by quantitative real-time polymerase chain reaction

p21 mRNA levels were quantified by real-time PCR in
human neuroblastoma SHSY5Y cells. Specific primers for
P21 and the housekeeping Glyceraldehyde-3-Phosphate
Dehydrogenase gene (GAPDH) were designed using the
program NCBI BLAST NUCLEOTIDE (Rockville Pike,
Bethesda, MD, USA). GAPDH mRNA represents the
endogenous control useful for the normalization of mRNA
concentrations. Total RNA was prepared using TRIzol
reagent (Thermo Fisher Scientific, Carlsbad, CA, USA).
Quantity and quality of the RNA extracts were quantified
using a Nanodrop (Thermo Scientific, Carlsbad, CA, USA).
First strand cDNA was synthesized in reverse transcription
reaction (20 μL) with 0.5 μg RNA by using the high capa-
city cDNA-Reverse-Transcription kit (Life Technologies,
Carlsbad, CA, USA). The reaction conditions were kept for
10 min at 25 °C, 120 min at 37 °C, 5 min at 85 °C. The
Real-Time PCR reaction was performed as described [40]
using cDNA 100 ng, 0.25 μM of each primer (Primers
stocks 100 μM, Sigma-Aldrich, Milan, Italy) and Power
SYBR Green PCR Master Mix (Life Technologies, Carls-
bad, CA, USA). The gene amplification was conducted in
an MIC (Diatech Pharmacogenetics, Jesi, AN, Italy): 95 °C
for 10 min, followed by 40 cycles at 95 °C for 30 s, 58 °C
for 30 s, 72 °C for 45 s, 95 °C for 15 s, 60 °C for 60 s, 95 °C
for 15 s and 60 °C for 15 s. The sequences of the primers are
here listed: GAPDH forward: 5′-GGCAAATTCAACGGC
ACAGTC-3′, GAPDH reverse: 5′-TCGCTCCTGGAAG
ATGGTG-3′; P21 forward: 5′-CTG GTG GCA GTG CTG
ACT G-3′, P21 reverse: 5′-GCT CTG CTC AGG GGA
CAT AC-3’. Both positive and negative controls were
included in the analysis. Relative P21 transcript levels were
calculated: fold= 2−ΔΔCt as reported [40] (ΔCt, difference in
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Ct between the target gene and the housekeeping one; ΔΔCt,
difference between the ΔCt of the interest sample and the
ΔCt of the reference one). mRNA levels in vehicle were
arbitrarily set to 100.

Presentation of data and statistical analysis

Results are expressed as mean ± SEM of at least three
independent experiments. Statistical significance was
determined by two-sided Student’s t test, with a value of
p < 0.05 considered significant. In multiple comparisons,
statistical significance was determined using ANOVA and
Newman–Keuls post-test, Pearson Index. Calculations were
performed using GraphPad INSTAT+ 3.3 software
(GraphPad, San Diego, CA, USA).

Antihyperalgesic activity

Animals and ethics approval

Male CD1 mice (24–26 g, 4 weeks old) from the Harlan
Laboratories (Bresso, Italy) were used. Mice were randomly
assigned to standard cages, with 4 to 5 animals per cage.
The cages were placed in the experimental room 24 h before
behavioral test for acclimatization. The animals were fed a
standard laboratory diet and tap water ad libitum and kept at
23 61 °C with a 12 h light/dark cycle, light on at 7 a.m.
Experiments were carried out in accordance with interna-
tional laws and policies (Directive 2010/63/EU of the
European parliament and of the council of 22 September
2010 on the protection of animals used for scientific pur-
poses; Guide for the Care and Use of Laboratory Animals,
US National Research Council, 2011). Protocols were
approved by the Animal Care and Research Ethics Com-
mittee of the University of Florence, Italy, under license
from the Italian Department of Health (410/2017-PR).

Animal studies are reported in compliance with the ani-
mal research: reporting of in vivo experiments (ARRIVE)
guidelines [41]. Protocols were designed to minimize the
number of animals used and their suffering.

Mice were sacrificed by cervical dislocation for removal
of spinal cord for in vitro analyses. The number of animals
per experiment was based on a power analysis and calcu-
lated by G power software. To determine behavioral para-
meters, each tested group comprised 8 animals.

Intranasal (i.n.) administration

For i.n. administration, mice were slightly anesthetized by
2% isoflurane inhalation and placed in a supine position
[42]. A 5 μl aliquots of solution (treatments or vehicle) was
slowly dropped alternatively to each nostril with a
micropipette tip.

Spared nerve injury (SNI)

Behavioral testing was performed before surgery to establish
a baseline for comparison with postsurgical values. Mono-
neuropathy was induced as previously described [34]. Briefly,
mice anesthetized with a mixture of 4% isoflurane in O2/N2O
(30:70 v/v) and placed in a prone position. The right hind
limb was immobilized in a lateral position and slightly ele-
vated. Incision was made at mid-thigh level using the femur
as a landmark. The sciatic nerve was exposed at mid-thigh
level distal to the trifurcation and freed of connective tissue;
the three peripheral branches (sural, common peroneal, and
tibial nerves) of the sciatic nerve were exposed without
stretching nerve structures. Both tibial and common peroneal
nerves were ligated and transacted together. A microsurgical
forceps with curved tips was delicately placed below the tibial
and common peroneal nerves to slide the thread (5.0 silk,
Ethicon; Johnson & Johnson Intl, Brussels, Belgium) around
the nerves. A tight ligation of both nerves was performed. The
sural nerve was carefully preserved by avoiding any nerve
stretch or nerve contact with surgical tools. Muscle and skin
were closed in two distinct layers with silk 5.0 suture. Intense,
reproducible, and long-lasting thermal hyperalgesia and
mechanical allodynia-like behaviors are measurable in the
non-injured sural nerve skin territory.2 The SNI model offers
the advantage of a distinct anatomical distribution with an
absence of co-mingling of injured and non-injured nerve
fibers distal to the lesion such as the injured and not injured
nerves, and territories can be readily identified and manipu-
lated for further analysis (i.e., behavioral assessment). The
sham procedure consisted of the same surgery without liga-
tion and transection of the nerves.

Nociceptive behavior

Animals were habituated to the testing environment daily
for at least 2 days before baseline testing. To evaluate onset
and progression of pain hypersensitivity, neuropathic mice
were monitored by measuring nociceptive responses every
30 min for 3 h before surgery or 3, 7, 10, and 14 days after
nerve surgery. Experiments were performed on post-surgery
day 14 when the pain hypersensitivity was well established.
Each mouse served as its own control, the responses being
measured both before and after surgery. All testing was
performed with a blind procedure.

Mechanical allodynia

Mechanical allodynia was measured using Dynamic Plantar
Anesthesiometer (Ugo Basile, Bologna, Italy), as previously
described [43]. The mice were placed in individual Plexiglas
cubicles (8.5 cmL, 3.4 cm H, and 3.4 cm B) on a wire mesh
platform and allowed to acclimate for ~1 h, during which
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exploratory and grooming activity ended. After that, the
mechanical stimulus was delivered to the plantar surface of the
hind paw of the mouse from below the floor of the test
chamber by an automated testing device. A steel rod (2 mm)
was pushed with electronic ascending force (0–5 g in 35 s).
When the animal withdrew its hind paw, the mechanical sti-
mulus was automatically withdrawn, and the force recorded to
the nearest 0.1 g. Nociceptive response for mechanical sensi-
tivity was expressed as mechanical paw withdrawal threshold
in grams. Paw withdrawal threshold was quantified by an
observer masked to the treatment. The mean paw withdrawal
threshold was calculated from 6 consecutive trials (each per-
formed every 30min) and averaged for each group of mice.

Hargreaves’ plantar test

Thermal nociceptive threshold was measured using Har-
greaves’ device and performed as previously described [44].
Paw withdrawal latency in response to radiant heat (infra-
red) was assessed using the plantar test apparatus (Ugo
Basile, Comerio, Italy). Each mouse was placed under a
transparent Plexiglas box (7.0312.5 cm2, 17.0 cm high) on a
0.6 cm thick glass plate and allowed to acclimatize for 1 to
2 h before recording. The radiant heat source consisted of an
infrared bulb (Osram halogen-bellaphot bulb, 8 V, 50W;
Osram, Italy) that was positioned 0.5 cm under the glass
plate directly beneath the hind paw. The time elapsed
between switching on the infrared radiant heat stimulus and
manifestation of the paw withdrawal response was mea-
sured automatically. The intensity of the infrared light beam
was chosen to give baseline latencies of 10 sec in control
mice. A cutoff of 20 s was used to prevent tissue damage.
Each hind paw was tested 2 to 3 times, alternating between
paws with an interval of at least 1 min between tests. The
interval between 2 trials on the same paw was of at least
5 min. Nociceptive response for thermal sensitivity was
expressed as thermal paw withdrawal latency in sec. All
determinations were averaged for each animal.
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