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Alzheimer's disease (AD) and cancer are among the most devastating diseases of the 21st century. Although
the clinical manifestations are different and the cellular mechanisms underlying the pathologies are
opposite, there are different classes of molecules that are effective in both diseases, such as quinone-
based compounds and histone deacetylase inhibitors (HDAClIs). Herein, we investigate the biological effects
of a series of compounds built to exploit the beneficial effects of quinones and histone deacetylase
inhibition (compounds 1-8). Among the different compounds, compound 6 turned out to be a potent
cytotoxic agent in SH-SY5Y cancer cell line, with a half maximal inhibitory concentration (ICsg) value lower
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than vorinostat and a pro-apoptotic activity. On the other hand, compound 8 was nontoxic up to the
concentration of 100 uM and was highly effective in stimulating the proliferation of neural precursor cells
(NPCs), as well as inducing differentiation into neurons, at low micromolar concentrations. In particular, it

DOI: 10.1039/d4md00175¢c
was able to induce NPC differentiation solely towards a neuronal-specific phenotype, without affecting glial
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Introduction

Histone deacetylases (HDACs) are transcriptional regulators that
have attracted considerable attention in both chemical biology
and medicinal chemistry in the last thirty years." From a drug-
discovery perspective, they are one of the most druggable of the
epigenetic family, from which the identification of histone
deacetylase inhibitors (HDACIs) has raised great therapeutic
hopes. Although HDAC aberrant activity is associated with
multiple pathological conditions, to date HDACs have been
mainly related with tumor progression, and HDACIs have been
approved for treatments of T-cell ymphoma, multiple myeloma,
and breast cancer in combinatorial therapy.>” However, a recent
great deal of attention has been paid to the role of HDACs in
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regulating brain function, development, and degeneration.*
Particularly, HDAC2 overexpression has been shown to decrease
the dendritic spine density, synapse number, synaptic plasticity,
and memory formation;> for this reason, this isoform has been
proposed as a promising target for both cancer and
neurodegenerative disorders.® Similarly, while the expression of
HDAC6 has been initially linked to tumorigenesis and the
metastasis of cancer cells, increased HDAC6 expression has been
also found in postmortem brain samples from Alzheimer's
disease (AD) patients.”

Furthermore, HDAC6 has been shown to facilitate tau-
mediated toxicity® and HDAC6 inhibition has proven to be
effective also in in vivo models of AD.” As a consequence,
vorinostat, the first US Food and Drug Administration (FDA)-
approved HDAC drug, as well as AMXO0035, a fixed-dose
combination of HDACI sodium phenylbutyrate and
tauroursodeoxycholic acid, are being evaluated in clinical trials
for AD (NCT03056495 and NCT03533257). Thus, it appears that
HDACISs have potential against both AD and cancer, which are
among the most pressing therapeutic challenges worldwide.

In an intriguing and similar manner, quinone-based
molecules have been proven to exert beneficial effects as both
antiproliferative’®"" and neuroprotective agents.'* Quinones
have traditionally represented a major source of anticancer
compounds. These agents are unique among cancer
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therapeutics because of their capability to generate toxic free
radical species following catalyzed bioreduction of the
quinone moiety. For instance, daunomycin, doxorubicin,
mitomycin C, and mitoxantrone have been approved by the
FDA while many others are currently in clinical trials (e.g.,
lapachol, Fig. 1). More recently, quinone-based compounds
have shown interesting activities also in the context of
neurodegenerative diseases (NDs).'> For instance, Bolognesi
and coworkers reported that quinone-based compounds (e.g.,
memoquin in Fig. 1), being reduced to hydroquinones, can
act as radical scavengers and exhibit neuroprotective
effects.”* > Furthermore, vitamin K and its analogs bearing
the menadione moiety have shown neural differentiation-
inducing activity."®"” To note, these properties can be
modulated through proper medicinal chemistry.

In the present investigation, we sought to generate a set of
hybrid molecules by amalgamating HDACIs and quinone
molecular frameworks into new single molecules. We aimed
to develop molecules comprising the beneficial properties of
these chemical substructures and to explore their potential
against two of the most common chronic-degenerative
conditions, ie., cancer and NDs.
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Results and discussions
Drug design

To design this new class of compounds, we explored the
pharmacophoric model of HDACIs that comprises a zinc
binding group (ZBG), responsible for binding the Zn>" ion
located at the bottom of the catalytic site, a linker, and a CAP
group, usually an aromatic surface that can establish
additional interactions with the external surface of the
enzyme and strengthen target engagement. The CAP group is
highly permissive and, therefore, a vast array of chemotypes
have been reported. Due to the CAP modification tolerance,
moieties endowed with additional biochemical properties
have been employed, giving rise to dual inhibitors. Thanks to
this approach, several different HDAC-based multiple agents
have been developed as both antiproliferative and
neuroprotective  agents.'®'®  In  this  investigation,
naphthoquinone was selected as the CAP group. We were
inspired by the work of Chou et al.,”® who reported a class of
novel HDACIs bearing a naphthoquinone structure and
displaying a selective inhibition profile against HDACS6.
Indeed, naphthoquinone meets the structural requirements
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Fig. 1 Design strategy leading to the target compounds 1-8. Referring to the HDACs' pharmacophore features, the CAP group is colored in blue,

the linker in black, and the zinc-binding group in magenta.
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for a CAP group, namely a large aromatic surface capable of
establishing n-n and cation-n interactions and the presence
of groups able to establish hydrogen bonds with the
biological counterpart(s). In addition to the naphthoquinone,
we also considered menadione, which is present in several
vitamin K analogs, as it can also exert interesting biological
properties (Fig. 1).*"** Moreover, having a methyl group in
the a-position relative to the side substituent, it is not subject
to attack by the nucleophilic groups of proteins.

As for ZBGs, given the large availability of molecular
frameworks and their distinctive properties, we decided to
explore three different ones: hydroxamic acid, benzamide,
and mercaptoacetic groups. Hydroxamic acid, due to its high
affinity for Zn>", is found in the majority of reported HDACISs.
Other notable ZBGs include benzamide and its derivatives, as
in tucidinostat,*® and mercaptoacetamide (as in I reported by
Kozikowski's group), which confer superior neuroprotective
effects in cortical neurons compared to hydroxamates.>**°

Based on these considerations, we designed a new series
of hybrid compounds by combining naphthoquinone/
menadione with different ZBGs, specifically (Fig. 1):

1) compounds 1 and 2 bearing an alkylhydroxamic acid
functionality, as in vorinostat;

2) compounds 3 and 4 bearing a benzylhydroxamic acid
functionality, as in tubastatin;

3) compounds 5 and 6 bearing a benzamide functionality,
as in tucidinostat;

4) compounds 7 and 8 bearing a mercaptoacetamide
functionality, as in I.

Synthesis

Target compounds 1-8 were synthesized following the
procedure reported in Schemes 1 and 2. First, we synthesized
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the side chains, which were sequentially coupled with the
appropriate quinone. 6-Amino-N-(trityloxy)hexanamide was
synthesized following the procedure we have previously
developed,®® while for compounds 11, 13, and 16, the synthetic
procedure is reported in Scheme 1. For the synthesis of 11, we
started from the trifluoroacetamide derivative 9,%” which was
activated with EDCI/HOBT and then reacted with
Tetrahydropyranyl-protected hydroxylamine to furnish the
adduct 10. The latter was then subjected to basic hydrolysis to
give the primary amine 11. Similarly, 13 was synthesized starting
from the common intermediate 9, which underwent activation
with iso-butylchloroformate, followed by reaction with tert-butyl
(2-aminophenyl)carbamate®® to give 12. Basic hydrolysis
furnished the primary amine 13. For the synthesis of 16, we
started from the carboxylic acid 14, which was activated with
EDCI/HOBT and reacted with Boc-protected diaminobutane®® to
give 15, which was then deprotected through acidic hydrolysis.

The four different side chains 6-amino-N-((tetrahydro-2H-
pyran-2-yl)oxy)hexanamide,’® 11, 13, and 16 were reacted with
the appropriate 1,4-naphthoquinone or menadione to give
the adducts 17-24, which were then deprotected with TFA to
give the target compounds 1-8 (Scheme 2).

Being aware that the assessment of the cytotoxic effects
could offer the opportunity to classify our compounds as
antineurodegenerative or anticancer agents, we first
evaluated the cytotoxicity of the designed compounds. Then,
based on the obtained results, different in vitro and in cell
studies were carried out to elucidate the mechanisms of
action of the most promising compounds.

Cytotoxic effects in SH-SY5Y cells

As a first step, the target compounds 1-8 were evaluated for
their potential cytotoxic effects on the neuroblastoma SH-
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Scheme 1 a) 1. EDCI, HOBT, DMF, 0 °C, 30 min; 2. NH,OTHP, DMF, rt, 12 h; b) 1. IBCF, NMM, DMF, 0 °C, 30 min; 2. tert-butyl (2-aminophenyl)
carbamate, DMF, 12 h, rt; c) K;COs, MeOH/H,O, rt, 12 h; d) 1. EDCI, HOBT, DMF, 0 °C, 30 min; 2. NH,(CH;,)4sNHBoc, DMF, 12 h, rt; e) HCl 6N,

MeOH, rt, 12 h.
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Scheme 2 a) 6-Amino-N-((tetrahydro-2H-pyran-2-yl)oxy)hexanamide, EtOH, rt, 12 h; b) 11, EtOH, rt, 12 h; c) 13, SnCl,, EtOH, rt, 12 h; d) 16, EtOH,
rt, 12 h; e) TFA, DCM, rt, 12 h; f) TFA, EtsSiH, DCM, rt, 12 h.
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Fig. 2 Percentage (%) of SH-SY5Y viable cells after treatment with increasing concentrations of the tested compounds or vorinostat for 24, 48 or
72 h. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001 versus untreated cells, two-way ANOVA (Dunnett's post hoc comparison test).
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SY5Y cell line after 24, 48, or 72 h of treatment at
concentrations ranging from 0.1 to 100 pM. The HDACI
vorinostat was used as a positive control. Among all the
compounds, compound 6, characterized by menadione and
benzamide as ZBGs, exhibited the highest cytotoxicity. It
significantly decreased cell viability in a time- and
concentration-dependent manner (Fig. 2), displaying a half
maximal inhibitory concentration (ICsy) value of 1.56 uM
after 24 h, which was 32 times lower than that obtained for

Table 1
obtained by nonlinear regression

View Article Online
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vorinostat (Table 1). Compared to compound 6, its desmethyl
analog 5 was significantly less active, and its cytotoxicity was
comparable to that of vorinostat. Compounds 1-4,
characterized by the hydroxamic acid group as ZBGs, showed
moderate cytotoxic activity at all three times points. In
contrast, compounds 7 and 8, bearing a mercaptoacetamide
as the ZBG, were found to have the lowest cytotoxicity. As for
compound 8, in fact, at the highest concentration tested (100
M) the cell viability was about 70% at all treatment timings.

ICs values + SEM (standard error of the mean) of the target compounds 1-8 and vorinostat, following 24, 48, and 72 h treatment. Analysis

ICso (uM) + SEM

Compound Structure 24 h 48 h 72 h
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SO RRRe
H
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Regarding its demethylated form 7, similar results were
observed, although its ICs, value at 24 h of treatment was
significantly higher (Fig. 2 and Table 1).

Based on the toxicity data, it was interesting to note that the
cytotoxic effect did not significantly depend on the substitution
pattern on the quinone moiety, i.e., methyl versus desmethyl
compounds, but rather it had a strong dependence on the
nature of the ZBGs. In fact, although the most toxic compound
in the series carried the benzamide group, compounds
characterized by the presence of hydroxamic acid, either alkyl
or aryl, also showed some level of toxicity, albeit modest in
some The  compounds  characterized by
mercaptoacetamide ZBGs were essentially nontoxic, showing a
slight decrease in cell viability only at the 100 uM
concentration. These findings are perfectly in line with what
has been reported in the literature; indeed, Kozikowski et al
outlined that mercaptoacetamide derivatives are generally less
toxic in cortical neurons than the corresponding hydroxamic
acids.** Furthermore, the same study reported that
mercaptoacetamide-based inhibitors showed  greater
neuroprotective activity in cortical neurons subjected to toxic
stimuli than hydroxamic acid-based inhibitors.>*

Based on these results, we selected compounds 6 and 8
for further biochemical evaluations. In particular, compound
6 was evaluated for its ability to act as a potential anticancer
agent, while compound 8, due to its lack of cytotoxicity, was
evaluated for its potential use in the context of NDs. For both
compounds, we determined HDAC2 and HDAC6 in vitro
inhibitions, the ability to block HDAC activity in cells, and
the effects on oxidative stress.

cases.

HDAC2 and HDACG6 inhibitions

We evaluated compounds 6 and 8 for their ability to inhibit
HDAC2 and HDACS6. Indeed, despite these two isoforms
belonging to two different HDAC classes, and having
different cellular localization, both of them have implications
in cancer and AD.>®*'® As reported in Table 2, both
compounds were able to inhibit the activity of HDAC2 and
HDAC6 with an ICs, in the low micromolar range of
concentrations (compound 6: HDAC2: 2.10 + 0.02 uM,
HDAC6: 3.76 + 0.16 uM; compound 8: HDAC2: 25.19 + 1.89
uM, HDAC6: 30.05 + 0.16 uM). However, both compounds
showed no selectivity between the two isoforms. This was

Table 2 1Csq values of compounds 6 and 8 and vorinostat against the
HDAC2 and HDACG6 isoforms

IC50” (LM)
Compounds HDAC2 HDAC6
6 2.10 £ 0.02 3.76 £ 0.16
8 25.19 £ 1.89 30.05 £ 0.16
Vorinostat 0.12 + 0.01 0.16 + 0.02

“1Cs, values represent the concentration of inhibitor required to
decrease enzyme activity by 50% and are the mean of three
independent measurements + SEM.

2050 | RSC Med. Chem., 2024, 15, 2045-2062
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partially in contrast with the literature reporting that
mercaptoacetamide-based HDACIs display higher HDAC6
potency and selectivity over class I HDAC isozymes.>

To evaluate whether the in vitro inhibitory activities
translate into the intracellular inhibition of HDACs, further
in-cell-based assays for the selected compound 6 were
carried out. Western blotting analysis was performed using
the human neuroblastoma SH-SY5Y cell line to determine
the effects of compound 6 on the lysines acetylation levels
of histones H2/H3. Cells were treated with compound 6 at
a 5 uM concentration for 6 h. As can be observed in Fig.
S1,f compound 6 was able to induce a massive
hyperacetylation of histone H2/H3, indicating a clear in-cell
enzymatic inhibition.

Effects on oxidative stress

Quinone-based compounds, such as compounds 6 and 8, can
act as anti- or pro-oxidants depending on the specific set of
conditions. To evaluate the effect of the compounds on
cellular redox homeostasis, we treated human neuroblastoma
SH-SY5Y cells with 2 uM of compounds 6 and 8 for 24 h in
the presence or absence of the exogenous oxidative stress
inducer tert-butyl hydroperoxide (TBH). The effect of the
target compounds on both endogenous and induced
oxidative stress was assessed using the fluorescent probe
2',7'-dichlorofluorescin diacetate (DCFDA). After cleavage of
the acetate groups by intracellular esterases and oxidation by
intracellular reactive oxygen species (ROS), the non-
fluorescent H2DCF is oxidized by ROS to the highly
fluorescent 2',7'-dichlorofluorescein (DCF). Compound 6
showed a significant induction of oxidative stress compared
to the control, whereas compound 8 showed only a tendency
to increase ROS production. Furthermore, both molecules
did not show any protective effect against THB-induced
oxidative stress (Fig. 3).

The potential neuroprotective activity of compound 8 was
also evaluated by analyzing its ability to protect SH-SY5Y cells
from the cytotoxic effect caused by hydrogen peroxide (H,0,).
Pre-treatment with compound 8 at all concentrations (1-50
uM) did not rescue SH-SY5Y cell viability (Fig. 4). In addition,
the viability of cells pretreated with compound 8 at 50 pM
and exposed to H,0, was even lower than that of cells treated
with H,0, alone (28.2% versus 50.8%) (Fig. 4). This behavior
might be ascribed to the fact that the capacity of quinones to
exert their antioxidant activity resides in the hydroquinone
form. NAD(P)H quinone dehydrogenase 1 (NQO1) is an
inducible enzyme responsible for the reduction of natural
quinones to antioxidant hydroquinones.*® Interestingly,
NQOT1 levels are increased in AD patients.*”

To verify the antioxidant potential of 8 in H,0,-stressed
SH-SY5Y cells mimicking NQO1 overexpression, which is
typical of AD, they were treated with sulforaphane (SFN), one
of the most potent NQO1 inducers known to date.*
Surprisingly, no increase in the protective activity was
observed (data not shown). Similarly, we did not observe any

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Determination of effects on oxidative stress. A) Determination
of the ROS in SH-SY5Y cells treated with 2 uM of compounds 6 and 8
or vehicle (CTRL) using the fluorogenic probe DCFDA (n = 5). B)
Determination of the ROS in SH-SY5Y cells pretreated with
compounds 6 and 8 or vehicle for 24 h. Oxidative stress was induced
with 100 uM tert-butyl hydroperoxide for 30 min (n = 5). Data are
presented as the mean + s.e.m. (*p < 0.05, ****p < 0.0001 versus ctrl,
unpaired t-test with Welch's correction).
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Fig. 4 Percentage (%) of viable SH-SY5Y cells after pre-treatment with
compound 8 (1, 10, or 50 uM) for 24 h, treatment with H,O, (600 puM)
for 1 h, and 22 h recovery in drug-free complete medium. ****p <
0.0001 versus untreated cells, one-way ANOVA (Tukey's post hoc
comparison test).

change in the toxic activity of compound 6 in SH-SY6Y cells
pretreated with SFN (data not shown).

Overall, these findings suggest that compound 8 cannot
counteract the cytotoxic effect of the pro-oxidant agent H,O,
and, at higher concentrations, increases H,0,-induced
cytotoxicity.

Modulation of cell death by compound 6

To better explore the pharmacological potential of
compound 6 in cancer cells, we first analyzed its cytostatic
activity. After 72 h of treatment, no cell-cycle block was
recorded in the GO0/G1, S, or G2/M phases, indicating that
compound 6 did not exert any cytostatic effect. Of note,
compound 6 treatment increased the percentage of cells in

This journal is © The Royal Society of Chemistry 2024
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the sub-Gl-phase in a concentration-dependent manner:
from 28.03% at 1 uM concentration to 42.32% at 10 uM,
compared with 5.56% of untreated cells (Fig. 5a). The sub-
G1 population identifies cells with fragmented DNA.
Although DNA fragmentation is a crucial morphological
feature of apoptotic cell death, even necrotic cells could
have a fractional DNA content.’”*® Therefore, the increase
in cells in the sub-G1 phase indicates that compound 6
causes cell death, but this cannot prove apoptosis
involvement. Hence, to evaluate the pro-apoptotic activity of
compound 6, we examined caspase-3 activation and
poly(ADP-ribose) polymerase (PARP) cleavage, being two
crucial events in the final stage of apoptotic cell death.*
Treatment with compound 6 for 72 h increased caspase-3
activity 1.2-fold at 1 uM and 1.7-fold at 10 uM compared to
the untreated cells (Fig. 5b). Flow cytometry analysis also
indicated that compound 6 significantly decreased whole
PARP expression in a concentration-dependent manner, thus
indicating an increase in the expression of the cleaved
counterpart. In particular, whole PARP1 expression was
reduced by 44.81% and 56.81% at 1 and 10 pM,
respectively, after 72 h treatment (Fig. 5c). Taken together,
these results indicate that compound 6 induces apoptosis in
SH-SY5Y cells.

Role of ROS generation in the cytotoxic effect of compound 6

Since compound 6 increased ROS intracellular levels in SH-
SY5Y cells, we investigated whether the pro-oxidant behavior
of compound 6 may contribute to its cytotoxicity. Pre-
treatment with the antioxidant N-acetyl-L-cysteine (NAC)
increased the viability of SH-SY5Y cells treated with
compound 6 at 1 uM by 22.3% (Fig. 6), counteracting the
cytotoxic effect elicited by the hybrid derivative. In contrast,
the cytotoxic effect of compound 6 at 10 pM was not
mitigated, most likely due to the compound's higher toxicity.

Study of compound 8's cytotoxicity in human hepatoma cell
line (HepG2)

Hepatotoxicity would be of importance for the overall drug-
likeness of potential drugs, and particularly for compound 8,
as quinones are known for their hepatotoxicity.'* Thus,
experiments were performed in HepG2 cells (Fig. S27). After
24 h incubation at 1-100 pM, compound 8 showed no
significant toxicity up to 10 puM with a calculated ICs, of
25.52 M.

Effects of compound 8 on progenitor cells differentiation
into neuronal cells

In AD, neurons are the brain's cells that are largely damaged
and the connections within neuronal networks are also
interrupted. A potential strategy for modifying the course of
AD involves the utilization of small molecules able to induce
the proliferation and/or differentiation of neural progenitor
cells (NPCs), a potential source of new neurons, to
mitigate cognitive impairments and counteract
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for 72 h. *p < 0.05; ****p < 0.0001 versus untreated cells, one-way ANOVA (Bonferroni's post hoc comparison test).

neurodegeneration.’”"" In fact, NPCs are multipotent cells
that can generate neurons, astrocytes, and oligodendrocytes,
and quinone-based compounds, such as vitamin K
derivatives, as well as HDACIs, are known to induce the
differentiation of NPCs into neuronal cells.'®*>

Therefore, to investigate the effect of compound 8 on NPCs
proliferation and differentiation, experiments were performed
on an in vitro model of neurospheres (i.e., floating cultures of
NSCs and neuronal, astrocyticc, and oligodendrocytic
progenitors at different stages of maturation) derived from the
sub-ventricular zone (SVZ) of 8-months-old C57BL/6N wild-type

male mice (Mus musculus). For proliferation analysis,
I
R 100 0000 [ NAC2mM
2 p—
o
o Hekkk
Qo
S 50+
> [ F*kkk
’ ' | |
0= T T T
0 1 10

Concentrations (uM)

Fig. 6 Percentage (%) viable SH-SY5Y cells after pre-treatment with
NAC 2 mM for 1 h, and treatment with compound 6 at 1 or 10 uM for
24 h. ****p < 0.0001 versus untreated cells. °°°°p < 0.0001 versus
compound 6-treated cells, two-way ANOVA (Tukey's post hoc
comparison test).
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neurospheres were plated in suspension as single cells in the
presence of compound 8 (2.5, 5, 10, 25, 50 uM) or dimethyl
sulfoxide (DMSO) as the control. After 7 days in vitro (DIV),
while higher concentrations (25, 50 uM) were revealed to be
toxic, the lower 2.5 and 5 uM concentrations of compound 8
significantly increased the neurospheres number per well
(Fig. 7a and b) without affecting the neurospheres size
(Fig. 7a and c) compared to the control, suggesting a positive
effect in stimulating NPCs proliferation.

The
neurospheres proliferation (2.5 and 5 uM) were then selected
to assess the effect on the NPCs spontaneous differentiation.
To this aim, entire 7 days formed-neurospheres were plated

effective concentrations of compound 8 in

on a Matrigel matrix to allow adhesion, spreading, and
consequently differentiation, in the presence or absence of
compound 8. After 7DIV, cells were fixed and stained with

Nestin (NPCs specific marker),”® doublecortin (DCX,
immature neurons marker),”> DCX (immature neurons
marker),** Olig2 (oligodendrocytes progenitor

oligodendrocyte precursor cells [OPCs] marker),*> and GFAP
(astrocytes marker)*® for immunofluorescence analysis. As
shown, compound 8 at both 2.5 and 5 uM decreased Nestin"
and significantly increased DCX' cells compared to the
DMSO control (Fig. 8a-c) without affecting Olig2 and glial
fibrillary acidic protein (GFAP) expression (Fig. 8a, d and e),
indicating an induction of NPCs differentiation toward a
neuron-specific phenotype without affecting the OPCs and
astrocytes specification.

This journal is © The Royal Society of Chemistry 2024
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one-way ANOVA (Bonferroni's post hoc comparison test).

Discussion and conclusions

Since vorinostat FDA's approval in 2009, HDACIs have
been considered as key players in several drug-discovery
programs by both companies and academia. Indeed, due
to their mechanism of actions, ie., modulation of gene
expressions, they can be successfully used to treat many

This journal is © The Royal Society of Chemistry 2024

and various pathological conditions. Actually, although
vorinostat has been approved for the treatment of
cutaneous T-cell lymphoma, it has also entered clinical
trials for AD (NCT03056495) and drug-resistant epilepsy
(NCT03894826).

In the present investigation, we developed new hybrid
HDACIs by using quinones as a CAP group and employing
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different available ZBGs. In particular, as a CAP group we
focused our attention on naphthoquinone and its closely
related analog menadione. The choice of quinones as a CAP
group is based on their different pharmacological activities,
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including anti-AD and HDAC inhibitory properties."®*°
Indeed, the aim of this work was to depict the activity profile
of new hybrids obtained by merging selected quinones
moieties to different ZBGs.
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(a) Immunostaining and fluorescence intensity analysis with differentiation markers on 7DIV spontaneously differentiated neurospheres in

the presence of compound 8 (2.5 uM, 5 uM) or DMSO (control). Values are the mean *+ SD of 3 different fields acquired for each condition. 60x
objective; 20 um bar scale. ***p < 0.001, compared to DMSO control; one-way ANOVA (Bonferroni's post hoc comparison test).
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As ZBGs, we employed hydroxamic acid, benzamide, and
mercaptoacetic groups since they are present in some of
the most interesting HDACIs developed so far. The
preliminary results, based on cytotoxicity studies,
demonstrated that, in addition to the nature of the CAP
group, the biological activity could be modulated by varying
the nature of the ZBGs. This aspect was evident when
considering the opposite behavior showed by compounds 6
and 8, which shared the same CAP group, ie., menadione.
However, these two compounds differed by the ZBG:
compound 6 featured a benzamide, while compound 8
carried a mercaptoacetic group. Their opposite effects in
the cytotoxic assays were not surprising considering the
broad spectrum of activities that both quinones and
HDACIs can have. Compound 6 showed a marked cytotoxic
activity in neuronal SH-SY5Y cells, being more potent than
the reference compound vorinostat. Conversely, compound
8 demonstrated no neurotoxicity up to the highest
concentration tested (100 pM). Both compounds were then
characterized in terms of inhibitory activity toward HDAC2
and HDAC6 isoforms in vitro and in cells showing
comparable inhibitory activities. Conversely, despite having
the same quinone CAP group, compound 6 showed pro-
oxidant activity, while compound 8 showed no effect in
modulating ROS homeostasis. Considering the different
behaviors, both compounds were subjected to different
biological evaluations with the aim of disclosing their
anticancer and neuroprotective profile, respectively. We
indeed demonstrated that compound 6 exerted apoptotic
cell death and that its cytotoxic activity was partially
mediated by an increase in ROS production. On the other
hand, compound 8 was highly effective in inducing the
differentiation of NPCs into neurons, at concentrations in
the low micromolar range. In particular, it was able to
induce NPCs differentiation solely toward a neuronal-
specific ~ phenotype, without affecting glial cells
commitment, ie., OPCs and astrocytes. This is extremely
relevant as, at early stages, NDs are characterized by the
degeneration and death of neurons in specific brain areas,
often related to NPCs proliferation/differentiation
dysfunctions, making the replacement of degenerated
neurons difficult. However, compound 8 showed potential
hepatotoxicity, as its ICs, against HepG2 cells (25.52 uM)
was quite close to the concentrations at which it exerts its
neuroregenerative effects (2.5 and 5 uM). This is an issue
to be considered in the further optimization stage.

To sum up, we demonstrated that the combination of a
quinone moiety with a specific ZBG may produce HDACIs
with different biological properties. This finding was fully
demonstrated by depicting the activity profiles for two
selected compounds, namely 6 and 8. The obtained results
demonstrated that compound 6, characterized by
benzamide as the ZBG, was more effective than vorinostat
in inducing apoptotic death in neuroblastoma SH-SY5Y cell
lines. On the other hand, the conjugation of the quinone
moiety with the mercaptoacetamide group led to

This journal is © The Royal Society of Chemistry 2024
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compound 8, which was nontoxic up to a concentration of
100 pM and was characterized by its ability to induce
NPCs differentiation into neurons. The latter characteristic
is extremely interesting since the discovery of small
molecules able to affect the neural stem cells pool could
provide a source of new neurons able to replace
degenerated ones, counteracting cognitive impairment and
AD progression.*”

Therefore, compounds 6 and 8, albeit characterized by
opposite behaviors, emerged as interesting hit compounds
and are currently under in-depth biological characterization
in our laboratories.

Experimental section
Chemistry

All chemicals were purchased from Aldrich Chemistry
(Milan, Italy), Alfa Aesar (Milan, Italy), and FluoroChem
(Cambridge, UK) and were of the highest purity. The
solvents were analytical grade. Reaction progress was
followed by thin-layer chromatography on precoated silica
gel 60 F254 plates (Merck, Darmstadt, Germany).
Chromatographic separations were performed on 0.040-
0.063 mm silica gel 40 columns via the flash method
(Merck). The "H-NMR and "*C-NMR spectra were recorded
on a Varian Gemini spectrometer at 400 and 100 MHz,
respectively. Chemical shifts (d) were reported as parts per
million relative to tetramethylsilane, used as the internal
standard; coupling constants (J) are reported in Hertz
(Hz). Standard abbreviations indicating spin multiplicities
are given as follows: s (singlet), d (doublet), t (triplet), q
(quartet), and m (multiplet). Missing proton signals in
some spectra refer to NH or OH, which, in some
deuterated solvents, could be not detected. Low-resolution
and high-resolution mass spectra were recorded on a
VG707EH-F or a Xevo G2-XS QTof system, and
electrospray ionization (ESI), both in the positive and
negative modes. All the final compounds showed =>95%
purity by analytical HPLC. The compounds were named
following IUPAC rules as applied by ChemBioDraw Ultra
(version 19.0).

General procedure for the synthesis of compounds 1-6. To
a solution of the appropriate quinone in DCM, TFA (2 ml)
was added, and the mixture was stirred at room temperature
for 12 h. The solvent was removed under vacuum and the
residue was purified through flash chromatography
(demetalled silica) using as eluent a mixture of DCM/
methanol (from a 10:0 to 9:1 ratio) to give 1-6 as red-orange
oils.

6-((1,4-Dioxo-1,4-dihydronaphthalen-2-yl)amino)-N-
hydroxyhexanamide (1). Synthesized from compound 17
(0.170 g, 0.4 mmol). Obtained 0.093 g (75% yield). "H-NMR
(400 MHz, DMSO) § 1.26-1.32 (m, 2H), 1.48-1.59 (m, 4H),
1.95 (t, 2H, J = 7.4 Hz), 3.13-3.18 (m, 2H), 5.66 (s, 1H), 7.58
(brs, 1H), 7.69-7.73 (m, 1H), 7.80-7.83 (m, 1H), 7.92-7.98 (m,
2H), 8.65 3 (brs, 1H), 10.34 (brs, 1H); “*C-NMR (100 MHz,
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DMSO) J 24.85, 26.10, 27.03, 32.10, 41.77, 99.18, 125.30,
125.86, 130.39, 132.10, 133.21, 134.82, 148.50, 169.00, 181.18,
181.50; HRMS (ESI): C;¢H;oN,0, [M + HJ": caled 303.1345,
found 303.1289.
N-Hydroxy-6-((3-methyl-1,4-dioxo-1,4-dihydronaphthalen-2-yl)
amino)hexanamide (2). Synthesized from compound 18
(0.054 g, 0.1 mmol). Obtained 0.024 g (58% yield). "H-
NMR (400 MHz, DMSO) ¢ 1.20-1.29 (m, 2H), 1.45-1.58
(m, 4H), 1.98 (t, 2H, J = 7.4 Hz), 2.41 (s, 3H) 3.35-3.39
(m, 2H), 7.23 (brs, 1H), 7.71-7.75 (m, 1H), 7.81-7.85 (m,
1H), 7.92-7.99 (m, 2H), 8.51 (brs, 1H), 10.38 (brs, 1H);
C-NMR (100 MHz, DMSO) ¢ 12.20, 24.81, 26.50, 27.33,

31.98, 42.00, 101.12, 125.10, 125.77, 130.56, 132.19,
134.01, 134.75, 149.40, 169.32, 181.08, 181.43; HRMS
(ESI): Cy;H,N,O4 [M + HJ]: caled 317.1501, found
317.1489.

4-(((1,4-Dioxo-1,4-dihydronaphthalen-2-yl)amino)methyl)-N-
hydroxybenzamide (3). Synthesized from compound 19 (0.050
g, 0.1 mmol). Obtained 0.026 g (67% yield). "H-NMR (400
MHz, DMSO) § 4.49 (d, 2H, J = 8.0 Hz), 5.53 (s, 1H), 7.40-
7.42 (m, 3H), 7.69-7.73 (m, 2H), 7.81-7.82 (m, 1H), 7.88-
8.89 (m, 1H), 8.01-8.02 (m, 1H), 8.25 (brs, 1H), 9.01 (brs,
1H), 11.17 (brs, 1H); “C-NMR (100 MHz, DMSO) ¢ 46.21,
104.67, 125.22, 125.89, 126.95, 128.13, 131.32, 132.54,
132.89, 133.43, 136.32, 144.01, 147.12, 163.15, 182.17,
182.42; HRMS (ESI): C;sH 5N,0, [M + HJ': caled 323.1032,
found 323.1055.
N-Hydroxy-4-(((3-methyl-1,4-dioxo-1,4-dihydronaphthalen-2-
yl)amino)methyl)benzamide (4). Synthesized from compound
20 (0.070 g, 0.1 mmol). Obtained 0.027 g (48% yield). "H-
NMR (400 MHz, DMSO) § 2.00 (s, 3H), 4.80-4.82 (d, 2H, J =
8.0 Hz), 7.28-7.36 (m, 3H), 7.67-7.77 (m, 3H), 7.90-7.99 (m,
3H), 8.90 (brs, 1H), 11.15 (brs, 1H); *C-NMR (100 MHz,
DMSO) 6 10.38, 47.19, 111.70, 125.37, 125.65, 126.24, 127.12,
130.35, 131.36, 132.22, 132.55, 134.39, 143.93, 146.55, 164.11,
181.80, 182.05; HRMS (ESI): C,oH;,N,0, [M + HJ": caled
337.1188, found 337.1151.
N-(2-Aminophenyl)-4-(((1,4-dioxo-1,4-dihydronaphthalen-2-yl)
amino)methyl)benzamide (5). Synthesized from compound 21
(0.068 g, 0.1 mmol). Obtained 0.039 g (72% yield). "H-NMR
(400 MHz, CDCl;) ¢ 4.48-4.50 (d, 2H, J = 8.0 Hz), 5.80 (s, 1H),
7.06-7.08 (m, 2H), 7.19-7.23 (m, 3H), 7.42-7.44 (m, 2H),
7.62-7.66 (m, 1H), 7.72-7.76 (m, 1H), 7.80-7.82 (m, 2H),
7.86-7.93 (m, 3H), 8.07-8.10 (m, 2H); "*C-NMR (100 MHz,
DMSO) & 44.12, 102.98, 116.32, 120.03, 123.22, 126.78,
126.01, 126.55, 126.89, 127.12, 128.89, 130.26, 131.73, 132.88,
133.14, 133.64, 135.64, 145.17, 148.22, 161.24, 182.22, 182.56;
HRMS (ESI): C,4H,oN;0; [M + HJ': caled 398.1505, found
398.1527.
N-(2-Aminophenyl)-4-(((3-methyl-1,4-dioxo-1,4-
dihydronaphthalen-2-yl)amino)methyl)benzamide (6). Synthesized
from compound 22 (0.070 g, 0.1 mmol). Obtained 0.020 g
(34% yield). "H-NMR (400 MHz, DMSO) § 2.02 (s, 3H), 4.84-
4.86 (d, 2H, J = 8.0 Hz), 6.65-6.69 (m, 1H), 6.82-6.84 (m,
1H), 6.98-7.02 (m, 1H), 7.17-7.19 (m, 1H), 7.33-7.37 (m,
1H), 7.41-7.43 (m, 2H), 7.68-7.72 (m, 1H), 7.76-7.80 (m,
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1H), 7.86-7.95 (m, 4H), 9.69 (s, 1H); "*C-NMR (100 MHz,
DMSO) 6 10.41, 47.24, 111.84, 116.86, 117.38, 119.30, 123.28,
125.39, 125.66, 126.14, 126.48, 126.66, 128.07, 130.34,
132.24, 132.56, 133.07, 134.41, 144.31, 146.57, 165.18,
181.84, 182.06; HRMS (ESI): C,sH,,N;0; [M + HJ": caled
412.1661, found 412.1649.
General procedure for the synthesis of compounds 7 and
8. To a solution of the corresponding starting material in
DCM (10 ml), TFA was added until the reaction turned red,
and then Et;SiH was added until the color became like the
starting color again. The mixture was stirred at room
temperature for 12 h. The solvent was removed under
vacuum and the residue was purified through flash
chromatography (demetalled silica) using as eluent a mixture
of DCM/methanol.
N-(4-((1,4-Dioxo-1,4-dihydronaphthalen-2-yl)amino)butyl)-2-
mercaptoacetamide (7). Synthesized from compound 23
(0.190 g, 0.3 mmol). Obtained 0.059 g (55% yield). 'H-
NMR (400 MHz, DMSO) § 1.42-1.49 (m, 2H), 1.55-1.62
(m, 2H), 3.06-3.11 (m, 4H), 3.19 (s, 2H), 5.69 (s, 1H),
7.52-7.58 (m, 1H), 7.70-7.74 (m, 1H), 7.80-7.84 (m, 1H),
7.93-7.99 (m, 1H); "*C-NMR (100 MHz, DMSO) J 26.44,
29.88, 38.75, 42.55, 44.98, 101.45, 125.67, 125.88, 131.32,
132.44, 132.97, 134.77, 146.89, 167.88, 181.76, 182.21;
HRMS (ESI): C14H10N,03S [M + H]": caled 319.1116, found
319.1089.
2-Mercapto-N-(4-((3-methyl-1,4-dioxo-1,4-dihydronaphthalen-
2-yl)amino)butyl)acetamide (8). Synthesized from compound
24 (0.190 g, 0.3 mmol). Obtained 0.048 g (44% yield). "H-
NMR (400 MHz, DMSO) § 1.41-1.48 (m, 2H), 1.53-1.59 (m,
2H), 2.08 (s, 3H), 3.07-3.12 (m, 2H), 3.43 (s, 2H) 3.51-3.53
(m, 2H), 6.56-6.59 (m, 1H), 7.65-7.69 (m, 1H), 7.74-7.78 (m,
1H), 7.89-7.92 (m, 1H), 8.07-8.10 (m, 1H); *C-NMR (100
MHz, DMSO) ¢ 10.61, 26.19, 28.08, 38.60, 41.95, 44.06,
110.74, 125.33, 125.57, 130.23, 132.02, 132.72, 134.37, 146.56,
167.57, 181.56, 182.18; HRMS (ESI): C;,H,;N,0,S [M + H]":
caled 333.1273, found 333.1244.
N-((Tetrahydro-2H-pyran-2-yl)oxy)-4-((2,2,2-
trifluoroacetamido)methyl)benzamide (10). To a solution of
acid 9 (0.879 g, 3.55 mmol) in anhydrous DMF (10 ml), EDCI
(1.36 g, 7.1 mmol) and HOBT (0.480 g, 3.55 mmol) were
added and the mixture was stirred at 0 °C for 30 min.
O-(Tetrahydro-2H-pyran-2-yl)hydroxylamine (0.500 g, 4.27
mmol) was added and the resulting mixture was stirred at
room temperature for 12 h. Water was added and the mixture
was extracted with ethyl acetate (3 x 20 ml). The organic
layers were dried and evaporated to give a residue that was
purified through flash chromatography using as eluent a
mixture of petroleum ether/ethyl acetate (from 8:2 to 6:4).
Obtained 0.790 g (64% yield). '"H-NMR (400 MHz, DMSO) ¢
1.52-1.59 (m, 2H), 1.67-1.72 (m, 2H), 2.10-2.14 (m, 1H),
3.50-3.54 (m, 1H), 3.84-3.86 (m, 1H), 4.02-4.07 (m, 1H), 4.44
(d, 2H, J = 6.4 Hz), 4.99 (m, 1H), 7.36 (d, 2H, J = 8.4 Hz), 7.75
(d, 2H, J = 8.4 Hz), 10.05 (brs, 1H), 11.61 (brs, 1H).
4-(Aminomethyl)-N-((tetrahydro-2H-pyran-2-yl)oxy)benzamide
(11). To a solution of 10 (0.790 g, 2.29 mmol) in a mixture of

This journal is © The Royal Society of Chemistry 2024
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methanol/water in a 2:1 ratio, potassium carbonate was
added (0.946 g, 6.8 mmol) and the mixture was stirred at
room temperature for 12 h. The solvents were removed under
vacuum to give a residue that was purified through flash
chromatography using as eluent a
dichloromethane/methanol/aqueous 33% ammonia (9:1:0.1)
to give 11 as a colorless oil. Obtained 0.515 g (64% yield). 'H-
NMR (400 MHz, DMSO) § 1.53-1.58 (m, 3H), 1.72-1.74 (m,
3H), 3.50-3.54 (m, 1H), 3.83 (s, 2H), 4.03-4.08 (m, 1H); 4.99
(m, 1H), 7.42 (d, 2H, J = 8.4 Hz), 7.74 (d, 2H, J = 8.0 Hz); *C-
NMR (150 MHz, DMSO) § 18.77, 25.18, 28.37, 44.49, 49.03,
61.83, 101.42, 127.58, 127.72, 131.12, 146.02.

Tert-Butyl (2-(4-((2,2,2-trifluoroacetamido)methyl)benzamido)
phenyl)carbamate (12). To a solution of acid 9 (1.20 g, 4.80
mmol) in anhydrous DMF (10 ml) under a stream of
nitrogen, IBCF (0.68 ml, 0.716 g, 5.26 mmol) and NMM (0.58
ml, 0.533 g, 5.26 mmol) were added and the mixture was
stirred at 0 °C for 30 min. Tert-Butyl (2-aminophenyl)
carbamate (1 g, 4.80 mmol) was added and the resulting
mixture was stirred at room temperature for 12 h. Water was
added and the mixture was extracted with dichloromethane
(3 x 20 ml). The organic layers were washed with brine, then
dried and evaporated to give a residue that was purified
through flash chromatography using as eluent a mixture of
petroleum ether/ethyl acetate (8:2). Obtained 0.785 g (37%
yield). "H-NMR (400 MHz, DMSO) 6 1.13 (s, 9H), 4.85 (d, 2H,
J = 6.2 Hz), 7.17-7.19 (m, 1H), 7.32-7.35 (m, 2H), 7.38 (d, 2H,
J = 8.4 Hz), 7.81-7.92 (m, 3H).

Tert-Butyl  (2-(4-(aminomethyl)benzamido)phenyl)carbamate
(13). To a solution of 12 (0.785 g, 2.3 mmol) in 12 ml of
methanol/water (2:1 ratio), potassium carbonate was added
(0.953 g, 6.9 mmol) and the resulting mixture was stirred at
room temperature overnight. The solvent was removed in
vacuo and the resulting residue was taken up with CH,Cl, (20
ml) and washed with brine (20 ml x 4) to furnish 13 as a
yellow oil. Obtained 0.500 g (64% yield). "H-NMR (400 MHz,
CDCl;) 6 1.53 (s, 9H), 4.31 (s, 2H), 6.85 (brs, 1H), 7.14-7.16
(m, 1H), 7.19-7.23 (m, 2H), 7.41 (d, 2H, J = 8.8 Hz), 7.77-7.80
(m, 1H), 7.99 (d, 2H, J = 8.0 Hz), 9.34 (brs, 1H).

Tert-Butyl =~ (4-(2-(tritylthio)acetamido)butyl)carbamate (15).
To a solution of 14 (0.26 g, 4.48 mmol) in 10 ml of anhydrous
DMF under a stream of nitrogen at 0 °C, EDCI (0.791 g, 4.13
mmol) and HOBT (0.658 g, 4.88 mmol) were added and the
mixture was stirred for 10 min. After this, tert-butyl
(4-aminobutyl)carbamate (0.652 g, 3.75 mmol) was added
and the mixture was stirred at room temperature for 12 h.
Ethyl acetate and water were added and the organic layer was
washed with brine, then dried and evaporated to give a
residue that was purified through flash chromatography
using as eluent a mixture of petroleum ether/ethyl acetate (9:
1 to 7:3). Obtained 0.536 g (28% yield). "H-NMR (400 MHz,
DMSO) ¢ 1.42 (s, 9H), 1.45-1.52 (m, 4H), 2.62-2.77 (m, 2H),
2.84 (s, 2H), 2.95-2.99 (m, 2H), 7.07-7.32 (m, 15H).

N-(4-Aminobutyl)-2-(tritylthio)acetamide (16). To a solution
of 15 (0.536 g, 1 mmol) in methanol 10 ml, HCl,q 6N (6 ml)
was added and the mixture was stirred at room temperature

mixture  of
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for 12 h. Potassium carbonate was added until pH 8 and
then the solvent was removed under vacuum. The residue
was taken up with water and extracted with ethyl acetate (3 x
20 ml), the organic layers were washed with brine, then dried
and concentrated to give 16 as a yellow oil. Obtained 0.400 g
(quantitative yield). "H-NMR (400 MHz, DMSO) § 1.29-1.33
(m, 4H), 2.54-2.73 (m, 2H), 2.79 (s, 2H), 2.89-2.93 (m, 2H),
7.21-7.34 (m, 15H), 7.85 (brs, 1H).
6-((1,4-Dioxo-1,4-dihydronaphthalen-2-yl)amino)-N-
((tetrahydro-2H-pyran-2-yl)oxy)hexanamide (17). A solution of
6-amino-N-((tetrahydro-2H-pyran-2-yl)oxy)hexanamide (0.3 g,
1.3 mmol) and naphthoquinone (0.126 g, 0.8 mmol) in 15 ml
of ethanol was stirred at room temperature for 12 h. The
solvent was evaporated to give a residue that was purified
through flash chromatography using as eluent a mixture of
petroleum ether/ethyl acetate (8:2 to 5:5). Obtained 0.170 g
(55% yield). "H-NMR (400 MHz, DMSO) ¢ 1.27-1.33 (m, 2H),
1.49-1.57 (m, 7H), 1.70-1.76 (m, 3H), 1.98 (t, 2H, J = 7.6 Hz),
3.11-3.19 (m, 2H), 3.50-3.54 (m, 1H), 3.99-4.03 (m, 1H),
4.97-5.01 (m, 1H), 5.69 (s, 1H), 7.68-7.76 (m, 1H), 7.83-7.87
(m, 1H), 7.80-7.96 (m, 2H).
6-((3-Methyl-1,4-dioxo-1,4-dihydronaphthalen-2-yl)Jamino)-N-
((tetrahydro-2H-pyran-2-yl)oxy)hexanamide (18). A solution of
6-amino-N-((tetrahydro-2H-pyran-2-yl)oxy)hexanamide (0.35 g,
1.5 mmol) and menadione (0.156 g, 0.91 mmol) in 15 ml of
ethanol was stirred at room temperature for 12 h. The solvent
was evaporated to give a residue that was purified through
flash chromatography using as eluent a mixture of petroleum
ether/ethyl acetate (8:2 to 5:5). Obtained 0.210 g (57% yield).
'H-NMR (400 MHz, DMSO) 6 0.87-0.93 (m, 6H) 1.53-1.58 (m,
3H), 1.72-1.74 (m, 5H), 2.20 (s, 3H), 3.43 (t, 2H, J = 8.0 Hz),
3.50-3.54 (m, 1H), 4.03-4.08 (m, 1H); 4.97-5.00 (m, 1H),
7.53-7.58 (m, 1H), 7.64-7.68 (m, 1H), 7.97-7.99 (m, 1H),
8.06-8.08 (m, 1H).
4-(((1,4-Dioxo-1,4-dihydronaphthalen-2-yl)amino)methyl)-N-
((tetrahydro-2H-pyran-2-yl)oxy)benzamide (19). A solution of
compound 11 (0.100 g, 0.4 mmol) and naphtoquinone (0.095
g, 0.6 mmol) in 15 ml of ethanol was stirred at room
temperature for 12 h. The solvent was evaporated to give a
residue that was purified through flash chromatography
using as eluent a mixture of petroleum ether/ethyl acetate (8:
2). Obtained 0.05 g (31% yield). "H-NMR (400 MHz, DMSO) &
1.55-1.59 (m, 3H), 1.61-1.68 (m, 3H), 3.45-3.51 (m, 1H), 3.89
(s, 2H), 3.92-3.99 (m, 1H), 4.05-4.08 (m, 1H), 5.55 (s, 1H),
7.44 (d, 2H, J = 8.4 Hz), 7.67 (d, 2H, J = 8.0 Hz), 7.71-7.73 (m,
1H), 7.77-7.81 (m, 1H), 7.87-7.89 (m, 1H), 7.97-7.99 (m, 1H).
4-(((3-Methyl-1,4-dioxo-1,4-dihydronaphthalen-2-yl)amino)
methyl)-N-((tetrahydro-2H-pyran-2-yl)oxy)benzamide ~ (20). A
solution of compound 11 (0.350 g, 1.4 mmol) and
menadione (0.240 g, 1.4 mmol) in 15 ml of ethanol was
stirred at room temperature for 12 h. The solvent was
evaporated to give a residue that was purified through flash
chromatography using as eluent a mixture of petroleum
ether/ethyl acetate (8:2 to 5:5). Obtained 0.19 g (31% yield).
'"H-NMR (400 MHz, DMSO) ¢ 1.53-1.61 (m, 3H), 1.78-1.86
(m, 3H), 2.12 (s, 3H), 3.59-3.63 (m, 1H), 3.95-3.98 (m, 1H),
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4.73 (s, 2H), 5.6 (m, 1H), 7.26-7.32 (m, 2H), 7.56-7.58 (m,
1H), 7.63-7.67 (m, 1H), 7.73-7.75 (m, 2H), 7.96-7.99 (m, 1H),
8.02-8.05 (m, 1H).

Tert-Butyl  (2-(4-(((1,4-dioxo-1,4-dihydronaphthalen-2-yl)
amino)methyl)benzamido)phenyl)carbamate (21). A solution of
compound 13 (0.230 g, 0.67 mmol), naphthoquinone (0.071
g, 0.45 mmol), and SnCl, (0.006 g, 0.07 mmol) in 10 ml of
ethanol was stirred at room temperature for 12 h. The
solvent was evaporated to give a residue that was purified
through flash chromatography using as eluent a mixture of
petroleum ether/ethyl acetate (8:2). Obtained 0.10 g (45%
yield). "H-NMR (400 MHz, CDCIl,) & 1.50 (s, 9H), 4.47 (s, 2H),
5.77 (s, 1H), 7.18 (d, 1H, J = 6.8 Hz), 7.22-7.25 (m, 2H), 7.40-
7.43 (m, 2H), 7.62-7.66 (m, 1H), 7.72-7.76 (m, 1H), 7.83 (d,
1H, J = 8.4 Hz), 7.98 (d, 2H, J = 8.0 Hz), 8.04-8.10 (m, 2H),
9.22 (brs, 1H).

Tert-Butyl (2-(4-(((3-methyl-1,4-dioxo-1,4-dihydronaphthalen-
2-yl)amino)methyl)benzamido)phenyl)carbamate (22). A solution
of compound 13 (0.100 g, 0.29 mmol), menadione (0.050 g,
0.29 mmol), and SnCl, (0.006 g, 0.03 mmol) in 10 ml of
ethanol was stirred at room temperature for 12 h. The
solvent was evaporated to give a residue that was purified
through flash chromatography using as eluent a mixture of
petroleum ether/ethyl acetate (8:2 to 7:3). Obtained 0.07 g
(49% yield). 'H-NMR (400 MHz, DMSO) 6 1.56 (s, 9H), 1.98 (s,
3H), 3.85 (s, 2H), 6.66-6.69 (m, 1H), 6.79-6.82 (m, 1H), 6.99-
7.03 (m, 1H), 7.20-7.23 (m, 1H), 7.30-7.36 (m, 1H), 7.65-7.69
(m, 2H), 7.76-7.84 (m, 2H), 7.90-7.99 (m, 3H), 9.75 (brs, 1H).

N-(4-((1,4-Dioxo-1,4-dihydronaphthalen-2-yl)amino)butyl)-2-
(tritylthio)acetamide (23). A solution of compound 16 (0.200 g,
0.49 mmol) and naphtoquinone (0.078 g, 0.49 mmol) in 15
ml of ethanol was stirred at room temperature for 12 h. The
solvent was evaporated to give a residue that was purified
through flash chromatography using as eluent a mixture of
petroleum ether/ethyl acetate (8:2 to 5:5). Obtained 0.160 g
(58% yield). "H-NMR (400 MHz, DMSO) ¢ 1.36-1.42 (m, 2H),
1.49-1.56 (m, 2H), 2.75 (s, 2H), 2.96-3.00 (m, 2H), 3.13-3.16
(m, 2H), 5.68 (s, 1H), 7.22-7.35 (m, 15H), 7.53-7.56 (m, 1H),
7.70-7.74 (m, 1H), 7.80-7.84 (m, 2H), 7.95-7.99 (m, 2H).

N-(4-((3-Methyl-1,4-dioxo-1,4-dihydronaphthalen-2-ylJamino)
butyl)-2-(tritylthio)acetamide (24). A solution of compound 16
(0.280 g, 0.69 mmol) and menadione (0.119 g, 0.69 mmol) in
15 ml of ethanol was stirred at room temperature for 12 h.
The solvent was evaporated to give a residue that was
purified through flash chromatography using as eluent a
mixture of petroleum ether/ethyl acetate (8:2 to 6:4).
Obtained 0.070 g (18% yield). "H-NMR (400 MHz, DMSO)
1.32-1.39 (m, 2H), 1.44-1.53 (m, 2H), 2.15 (s, 3H), 2.93-2.98
(m, 2H), 3.32 (s, 2H), 3.33-3.41 (m, 2H), 7.11-7.27 (m, 15H),
7.57-7.62 (m, 1H), 7.61-7.69 (m, 1H), 7.78-7.85 (m, 1H),
7.89-7.96 (m, 2H).

Biology

HDAC inhibition in vitro assay. HDAC2 and HDAC6
isoforms were purchased from VinciBiochem (VinciBiochem,
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FI, Italy). White 96-well plates were purchased from Millipore
(Millipore Iberica S.A.U.). HDAC-Glo™ I/II Assay kit was
obtained from Promega (Promega Biotech Iberica, SL). A
bioluminogenic assay was used to monitor the activity of
HDAC2 and HDAC6 enzymes. A proluminogenic substrate
containing an acetylated lysine peptide sequence derived
from histone 4 conjugated to aminoluciferin was applied.
HDAC enzyme-mediated deacetylation of the lysine residue
facilitates luminogenic substrate susceptibility to specific
proteolytic cleavage by the enzyme contained in the developer
reagent.*®* The aminoluciferin product obtained from the
cleavage is a substrate for luciferase, and the amount of light
produced in this reaction is proportional to the enzyme
activities. The HDAC-Glo I/II assay reagent was prepared by i)
rehydration of the lyophilized HDAC-Glo I/II substrate (with
an acetylated peptide concentration of 100 uM) in 10 mL
HDAC-Glo I/II assay buffer and ii) the addition of 10 pL of
developer reagent (containing trypsin). The percentage
inhibition as well as the IC;, values for both the standard
inhibitor and compounds 1-8 toward each enzyme were
determined by diluting HDAC enzymes as appropriate, using
the HDAC-Glo I/II assay buffer. First, 25 pL of solution
containing the enzyme was dispensed into microtiter plates.
Then the same volume of HDAC-Glo I/II assay buffer in the
absence of the tested compounds (activity) and in the
presence of the inhibitors at desired concentrations was
added. After a 30 min incubation time at 37 °C, the
enzymatic reaction was stopped by adding 50 pL of developer
reagent prepared as reported previously. The microtiter plate
was mixed briefly through orbital shaking (500-700 rpm),
and luminescence was measured after 15 min using a
Victorx3 (PerkinElmer Waltham, MA, USA) plate reader. For
the inhibitor concentration-response experiments, the ICs,
values were calculated by fitting the duplicate data in
GraphPad Prism (version 9.0; GraphPad Software, La Jolla,
CA, USA).

Cell culture

The SH-SY5Y human neuroblastoma cell line was cultured in
Dulbecco’'s modified Eagle's medium (DMEM) supplemented
with 10% fetal bovine serum, 100 UI ml™ penicillin, 100 ug
ml™ streptomycin, and 40 pg ml™" gentamicin in a 5% CO,
atmosphere at 37 °C with saturating humidity. The human
hepatoma cell line (HepG2) was cultured in modified Eagle's
medium (MEM) supplemented with 10% fetal bovine serum,
100 UI ml™" penicillin, and 100 pg mI™* streptomycin in a 5%
CO, atmosphere at 37 °C with saturating humidity. The cell
viability and number were measured by the trypan blue
exclusion method.

Cell viability

SH-SY5Y cells were seeded in 96-well plates at a density of
0.75 x 10" cells per well. After 24 h of incubation, the cells
were treated with increasing concentrations (0.1-100 uM) of
all the tested compounds for 24, 48, or 72 h. SH-SY5Y cell
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viability was assessed using a spectrophotometric assay based
on 4-methylumbelliferyl heptanoate (MUH, Sigma Aldrich,
Merck, St. Luis, MO, USA) reagent. MUH generates the highly
fluorescent 4-methylumbelliferone due to its hydrolysis by
the esterases and lipases of viable cells. Thus, fluorescence is
proportional to cell viability. After treatment, the cells were
washed in phosphate buffer saline (PBS) 1x and resuspended
in PBS 1x containing MUH 0.01 mg mL™". After incubation in
the dark, for 30 min at 37 °C and 5% CO,, fluorescence (330
nm excitation; 450 nm emission) was detected using a Victor
X3 microplate reader (Perkin Elmer, Waltham, MA, USA). Cell
viability in percentage (%) was calculated normalizing the
fluorescence of the treated cells to that of the untreated
samples. To examine the ability of compound 8 to prevent
oxidative stress-induced cell death by H,0,, the cells were
pretreated with the tested compound (1, 10, or 50 uM) for 24
h, exposed for 1 h to H,O, (300 uM), and then incubated for
22 h in drug-free complete medium. In the other
experiments, the cells were pretreated with NAC (2 mM, 1 h
or SFN 2.5 uM, 24 h) and then treated with compound 6 (0.1,
1, or 10 uM) or 8 (1, 10, or 50 uM) for an additional 24 h.
HepG2 cells were plated at 1.5 x 10 cells per well in a 96-
well plate (Sarstedt, Milan, Italy). After 24 h, the cells were
exposed to different concentrations of compound 8 (ranging
from 0.010 uM to 100 uM) dissolved in complete DMEM
medium or vehicle. After a 24 h treatment period, the culture
medium was replaced with 0.1 mL of 3-(4,5-dimethylthiazolyl-
2)-2,5-diphenyltetrazolium bromide (MTT) solution (Sigma-
Aldrich, Milan, Italy) prepared in PBS at a concentration of
0.2 mg mL™", and the cells were incubated for 2 h at 37 °C in
5% CO, and a humidified atmosphere. After this time, the
MTT solution was removed and the formazan crystals were
dissolved in 100 pL DMSO and the plate was stirred for 30
min. Absorbance was measured at 570 nm using a multi-well
plate reader (Tecan, Minnedorf, CH). Data analysis was
performed using Prism GraphPad software (GraphPad
Software, version 6.0, San Diego, CA, USA). The results are
reported as the percentage of live cells compared to controls
treated with vehicle [mean + standard deviation (SD), n = 4].

Analysis of cell cycle

SH-SY5Y cells treated with compound 6 for 72 h were
collected, fixed with 70% ice-cold ethanol, and then
incubated with Guava Cell Cycle Reagent (Merck Millipore,
Burlington, MA, USA), containing propidium iodide. After
incubation for 30 min in the dark at room temperature, the
cells were analyzed by flow cytometry using a Guava EasyCyte
6-2L flow cytometer (Guava Technologies, Merck Millipore,
Darmstadt, Germany).

Detection of apoptosis

Analysis of caspase-3 activity. Caspase-3 activity was
determined using the Caspase 3 Colorimetric Protease Assay
kit (Enzo Life Sciences, Farmingdale, NY, USA), according to
the manufacturer's instructions. After 72 h of treatment with
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compound 6, the cells were collected, rinsed in PBS 1%, and
suspended in cell lysis buffer on ice for 10 min. After
centrifugation, the protein concentration was quantified
using the Bradford assay. Then, cellular lysates were
incubated for 2 h at 37 °C with 2x reaction buffer, containing
dithiothreitol (10 mM) and caspase-3 substrate (200 mM).
The substrate comprised a caspase-3-specific synthetic
tetrapeptide, DEVD (Asp-Glu-Val-Asp), conjugated with the
chromophore p-nitroanilide (pNA). When caspase-3 is
activated, the substrate is cleaved from the chromophore,
and the absorbance of free pNA can be measured
spectrophotometrically at 405 nm. The absorbance of
compound 6-treated cells was quantified using a Victor X3
microplate reader (Perkin Elmer) and caspase-3 activity was
expressed as the fold increase in treated cells compared to
the untreated samples.

Evaluation of poly (ADP-ribose) polymerase (PARP) protein
expression. After 72 h treatment with compound 6, the cells
were fixed in 4% paraformaldehyde and permeabilized using
90% cold methanol. The samples were then incubated with
PARP antibody (1:100, Invitrogen, Thermo Fisher Scientific,
Waltham, MA, USA), washed, and incubated with Alexa Fluor
488-labeled secondary antibody (1:200, Invitrogen). After
incubation, the cells were washed and analyzed via flow
cytometry with recording the mean fluorescence intensity
(MFI) values. PARP expression was indicated as the fold
change of MFI of the treated samples compared to that of the
control cells.

ROS determination

SH-SY5Y cells were seeded in 96-well plates at a density of 1 x
10" cells per well. After an incubation period of 24 h to allow
adhesion, the cells were exposed to vehicle or 2 uM
compounds for a further 24 h. The cells were then washed
with PBS and exposed to 10 upuM DCFDA (2,7-
dichlorofluorescein diacetate, DCFH-DA) in DMEM for 30
min. After washing again with PBS, fluorescence was
measured in each well using a plate reader (EnSpire,
PerkinElmer) with excitation and emission wavelengths of
485 nm and 535 nm, respectively. Oxidative stress was
induced in the cells by incubation with 100 pM TBH in PBS
for 30 min after incubation with DCFDA. Data shown are the
mean + standard deviation (SD) of the fluorescence signal
normalized to the protein content, determined by the Lowry
method. All experiments were performed in triplicate.

Histone post-translational modification

SH-SY5Y cells were seeded in a 10 cm dish at a density of 20
x 10" cells per cm”. After 48 h, cells were incubated for 6 h
with 5 puM compound or vehicle. Then, the cells were
harvested by trypsinization, washed with 10 mM sodium
butyrate in PBS, and the nuclei were isolated according to
Micheletti et al.*® In brief, a nuclear pellet was suspended in
0.1 mL ice-cold H,O, and concentrated H,SO, was added to
the suspension to give a final concentration of 0.4 N. After
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incubation at 4 °C for 1 h, the suspension was centrifuged
for 5 min at 14000g, and the supernatant was taken and
mixed with 1 mL of acetone. After overnight incubation, the
coagulate material was collected by microcentrifugation and
air-dried. This histone fraction was dissolved in 20 pL of
H,O0. Proteins were quantified using a protein assay kit (Bio-
Rad, Hercules, CA, USA). Histones were detected resolving
samples on a 15% gel in Tris/glycine buffer at 150 V for 90
min. Western blotting was performed in transfer buffer at
100 V for 1 h. The nitrocellulose membrane was incubated
with mouse anti-acetylated lysines (Millipore, Billerica, MA,
USA) primary antibodies for 1 h. After washing with PBS-
polyoxyethylene sorbitan monolaurate 0.1% (TWEEN 20) (St.
Louis, MO, USA), the membrane was incubated as before
with mouse secondary HRP-conjugated antibodies (GE
Healthcare, Chicago, Il, USA). After washing with PBS-TWEEN
20 0.1%, antibody binding was detected by an Amersham
ECL Plus Western Blotting Detection System (GE Healthcare,
Chicago, I, USA). Densitometry analysis was performed using
a Fluor-S Max Multilmager (Bio-Rad, Hercules, CA, US), and
relative quantification of the histone acetylation signals was
done by using a densitometric approach and normalized on
the H1 signal as a control.

Neurospheres cultures

NPCs were initially obtained by the SVZ microdissection of
8-months-old C57BL/6N wild-type male mice (Mus musculus),
as previously published.’® To perform the experiments,
neurospheres were cultured in suspension and passed every
week (5/7 days of growth). Cells were collected and pelleted
for 5 min at 1000 rpm, washed in PBS (0.9% NaCl in 50
mM phosphate buffer pH 7.4), and centrifugated again for
5 min at 1000 rpm. Spheres were dissociated through 5
min incubation in Accutase (Aurogene; Roma, Italy) at 37
°C, and basal DMEM F-12 was added to stop the reaction.
Following centrifugation for 5 min at 1000 rpm, single cells
were plated with a cell density of 5 x 10 cells per cm” in
35 mm dishes in neurospheres culture medium: DMEM-F12
(Gibco; ThermoFisher Scientific, Waltham, MA, USA)
supplemented with 2 mM glutamine, 10 pg ml™ insulin
from bovine pancreas (Sigma-Aldrich; St. Louis, MO, USA),
20 ng ml™" epidermal growth factor (EGF; PeproTech EC,
London, UK), 20 ng ml ™" fibroblast growth factor-2 (FGF2;
PeproTech), 1% N2 (ThermoFisher Scientific), 1% B27
(ThermoFisher Scientific), 10 units per ml penicillin, and 10
pg streptomycin.

Neurospheres proliferation

To investigate the effect of compound 8 on neurospheres
growth rate, neural precursor cells were plated 7DIV in
suspension in 96-well plates (5 x 10 cells per well) in the
presence of compound 8 (2.5, 5, 10, 25, 50 pM) in
neurospheres culture medium; the same volume of DMSO
was used as the control. One image per well was acquired
every day by using the Sartorius Incucyte® Live-Cell Analysis
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System and evaluated through the Brightfield Spheroid
Analysis Software Module. Only aggregates with areas larger
than 400 um* were considered for statistical analysis.

Neurospheres differentiation analysis

To assess the effect of compound 8 on NPCs differentiation,
30 neurospheres were plated on 13 mm glass coverslips in
complete DMEM F-12 medium in the presence of different
concentrations of the compound; DMSO was used as the
control. To allow stem cells adhesion, the coverslips were
previously incubated with Matrigel matrix (Corning; New
York, USA) at 37 °C for at least 3 h. After 7DIV, the
neurospheres were fixed 20 min with 4% PFA in PBS 0.1%
pH 7.4 and left in PBS until use. To perform the
immunostainings, the membranes were permeabilized in
0.1% Triton/PBS and aspecific sites were blocked for 1 h with
0.1% Triton/PBS and 5% normal goat serum (Sigma-Aldrich;
St. Louis, MO, USA). Cells were then incubated overnight at 4
°C with primary antibodies: anti-DCX (Abcam, Cambridge,
UK; Catff ab18723, RRID: AB_732011), GFAP (Dakopatts; Cat#
sc-33673, RRID: AB_627673), Olig2 (Santa Cruz
Biotechnology; Cat# sc-48817, RRID: AB_2157550), and Nestin
(Abcam; Cat#f ab22035, RRID: AB_446723). The next day, after
3 washes in 0.1% Triton/PBS, specific secondary antibodies
were added for 2 h at rt away from light: Donkey anti-Mouse
IgG Alexa Fluor 555 (Abcam; Catf ab150106, RRID:
AB_2857373), Goat anti-Rabbit IgG Alexa Fluor 555 (Abcam;
Cat# ab150078, RRID: AB_2722519). The primary antibodies
were diluted 1:500 and Alexa secondary antibodies 1:1000
in 0.1% Triton/PBS with 2% normal goat serum. Following 3
washes in 0.1% Triton/PBS and one with PBS, the nuclei were
stained with Hoechst 33258 (2 ug ml™, Sigma-Aldrich) for 5
min. Glass coverslips in PBS were mounted by using
Ultracruz Aqueous Mounting Medium with 4',6-diamidino-2-
phenylindole (DAPI, Santa Cruz Biotechnology, cat. no. sc-
24941) and stored at 4 °C in the dark until acquisition.
Neurospheres confocal images were obtained with Nikon EZ-
C1 microscope (60x objective) and the z-stack function (1024
steps and 1 um thickness layers; 40 total stacks). 3D image
reconstruction was performed using Fiji ImageJ2 software,
with the z-project plugin and selecting the sum stacks
function. The fluorescence intensity index was estimated as
the ratio of markers' positive cells intensity/total cells
fluorescence intensity stained with DAPI.

Statistical analysis

All results were expressed as the mean + SEM or SD of at
least 3 independent experiments. Statistical analyses were
performed using one- or two-way ANOVA and Dunnett, Tukey,
or Bonferroni tests as the post hoc comparison tests. ICs,
values (concentrations that inhibit 50% cell viability) were
calculated from the dose-response curve using the nonlinear
regression [log(inhibitor) versus normalized response]. The
statistical software GraphPad InStat 8.0 version (GraphPad
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Prism, San Diego, CA, USA) was used, and p-values < 0.05
were considered statistically significant.

Abbreviations

AD Alzheimer's disease

DCF 2',7'-Dichlorofluorescein

DCFDA 2"7'-Dichlorofluorescin diacetate
FDA Food and Drug Administration
HDACIs Histone deacetylase inhibitors
HDACs Histone deacetylases

NAC N-Acetyl-L-cysteine

NQO1 NAD(P)H quinone dehydrogenase 1
NDs Neurodegenerative diseases
NPCs Neural precursor cells

NSC Neural stem cells

PARP Poly(ADP-ribose) polymerase
SFN Sulforaphane

Svz Sub-ventricular zone

TBH Tert-Butyl hydroperoxide

ZBG Zinc binding group
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