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ARTICLE INFO ABSTRACT

Keywords: Copper is a metal physiologically present in the brain that becomes neurotoxic at high concentrations; on the

Copper » other hand, pharmacological inhibition of Histone Deacetylases (HDs) or of Histone Acetyltransferases (HATS)

Eeuromfﬂmy reduce neuronal death caused by several neurotoxicants. Herein, we found that CuCl, (300 pM in SH-SY5Y cells
poptosis

or 100 uM in cortical neurons) determined apoptotic cell death, that was counteracted by the class IV HDs in-
hibitor Mocetinostat (MOCE) and by the HAT-p300 inhibitor C646, but not by the class I and II HDs inhibitors.
Interestingly, HD11 and HAT-p300 protein levels increased after both 12 and 24 h of CuCl, exposure and their
silencing partially limited CuCly-neurodetrimental effect. Furthermore, in CuCly-treated cells the transcriptional
factor Sp4 co-localized with HD11 on the promoter of anti-apoptotic gene BCL-W, determining histone H3 hypo-
acetylation, a marker of gene repression. Contrarily, Sp1l co-localized with HAT-p300 on the pro-apoptotic gene
BAX, determining histone H4 hyper-acetylation, a hallmark of transcriptional activation. In addition, siRNA
against Sp4 prevented HD11 binding on BCL-W promoter and its consequent down-regulation, whereas Sp1l
knocking-down, by reducing HAT-p300 interaction on BAX gene promoter counteracted its up-regulation.
Importantly, while the single knocking-down of Spl, Sp4, HD11 and HAT-p300 partially mitigated CuCl,-
induced cell death, the double-transfection of siRNAs for Spl and Sp4, or for HD11 and HAT-p300, completely
reverted the neurotoxic effect of CuCly. Collectively, we found that CuCly-induced neuronal apoptosis is deter-
mined by the binding of Sp1/HAT-p300 and of Sp4/HD11 transcriptional complexes on the BAX and BCL-W
gene, respectively, unraveling a new pathway involved in Copper-induced neurotoxicity.

Cortical neurons
Histone acetylation

1. Introduction

Copper (Cu?h plays an indispensable role in the physiology of the
human Central Nervous System (CNS); it’s a cofactor of several enzymes
and it contributes to the neurotransmitter biosynthesis, protection
against reactive oxygen species (ROS), cellular respiration, pigment
formation (Gaetke et al., 2014). As a consequence of its redox activity,
copper cellular uptake, storage and export must be tightly regulated in

* Corresponding author.
E-mail address: luigi.formisano@unina.it (L. Formisano).

https://doi.org/10.1016/j.neuint.2025.105973

order to prevent its overload (Zhong et al., 2024). Copper is also present
as an environmental pollutant, originating from both natural and
anthropogenic sources, and has a significant impact on human health
(Rehman et al., 2019). Moreover, copper is naturally present in foods
such as animal liver, nuts, legumes, fish, shrimp, and shellfish, whereas
dairy products contain low levels (Kolbaum et al., 2023). The total
copper content in the brain ranges from 3.1 pg/g to 5.1 pg/g (Joshi et al.,
2021), and the risk of peripheral neuropathy starts to increase when the
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dietary copper intake reaches or exceeds 0.889 mg/d (Wu et al., 2024).
Importantly, copper supplementation in the dietary is controversial:
indeed, it is relevant in patients with an acquired copper deficiency, i.e.
Menkes Syndrome (Tiimer and Mgller, 2010), whereas its overload in
the CNS can be neuro detrimental (Scheiber et al., 2014). Notably,
low-copper diet could be a preventive strategy for Alzheimer’s disease
(AD) (Squitti et al., 2014); copper accumulates in the hippocampus, that
is the main brain region involved in AD pathophysiology, leading to
memory and learning impairments in an in vivo model of brain copper
toxicosis (Pal et al., 2013). Furthermore, it has been found that the
blood-free copper pool was significantly increased in AD patients
(Squitti et al., 2005). At biochemical level, Amyloid precursor protein
(APP), B-site APP cleaving enzyme 1 (BACE1), Amyloid p (Ap), and
Tubulin-Associated Unit (Tau) proteins have been found to interact with
copper, thus contributing to dysregulate copper homeostasis in the brain
(Zhong et al., 2024). In particular, copper: (1) interacts with Ap and
reduces the expression of low-density lipoprotein receptor-related pro-
tein-1 (LRP1), thus enhancing neuroinflammation and Ap clearance
disorder (Ejaz et al., 2020) and (2) promotes tau hyperphosphorylation
and aggregation (Zubcic et al., 2020). In Amyotrophic Lateral Sclerosis
(ALS) patients, there are high levels of copper ions in the motor cortex
(Tokuda et al., 2009). Moreover, mutations in SOD1 protein, by
affecting copper ions metal binding properties, significantly disturbs its
native structure, which is closely related to the progression of ALS (Enge
et al., 2018). Notably, also in the brain of Huntington’s disease (HD)
patients, there are elevated copper levels (Hands et al., 2010). It has
been proposed that copper, by binding mutant huntingtin (mHTT),
promotes HTT fibril formation and oligomerization (Hands et al., 2010).
Among the cell death mechanisms induced by copper, apoptosis plays a
pivotal role. Indeed, Copper, by inducing the cleaved-caspase 3 activa-
tion (Kalita et al., 2017) and the release of cytochrome c, reduces cell
survival in rat cortical neurons and neuronal-like PC12 cells (Sun et al.,
2014), whereas in the hippocampus and frontal cortex of rat mimicking
Wilson disease apoptosis is activated by glutamate release and oxidative
stress pathways (Kalita et al., 2017). Furthermore, it has been reported
that epigenetic modifications, such as histone protein acetylation and
deacetylation, catalyzed by the Histone Acetylatransferase (HAT) and
Histone deacetylases (HDs), respectively, are involved in the mecha-
nisms by which neurotoxic agents, such as organic mercury, induce
apoptotic neuronal death (Guida et al., 2015, 2016). HD enzymes are
divided into four classes: the Class I (HD1-3 and HDS8); the Class II
(HD4-7, and HD9, 10); the Class III (SIRT1-7); and the Class IV (HD11)
(Seto and Yoshida, 2014), whereas HATs are classified into: type A and
type B. The interplay between HDs or HATs and the mechanisms leading
to toxicity following Copper exposure is corroborated by several evi-
dence. Indeed, it has been found that Copper at high or toxic levels: (1)
decreases histone H4 acetylation levels in yeast cells (Broday et al.,
2000), (2) increases the expression of HD4 and HD10 isoforms (Song
et al.,, 2009) and inhibits HAT activity in hepatic cells (Kang et al.,
2004). The recruitment of HDs and HATSs by specific transcription fac-
tors (TFs) allow these chromatin-modifying enzymes to regulate specific
genes. Among the TF, Spl and Sp3 proteins have been found to be
modulated under Copper-stressed conditions, indeed their protein levels
expression are influenced by Copper-replete or -depleted conditions in
lung cancer cells (Liang et al., 2012). Furthermore, Spl is an essential
transcription factor that serves as a Copper sensor, regulating Cu?*
homeostasis through the transcriptional control of key transporters and
interactions with other regulatory proteins (Fitisemanu and
Padilla-Benavides, 2024). There are four Sp isoforms: Sp1, Sp3 and Sp4
recognize the same Spl binding sequence with similar affinities
(Formisano et al., 2015), whereas Sp2 does not bind to DNA or activate
transcription when expressed in mammalian cell lines. Spl, Sp3, and
Sp4 can act as either activators or repressors of gene expression
(Formisano et al., 2015). At pharmacological level, HDs inhibitors, that
have been found neuroprotective against several neurotoxic agents, are
classified in: (1) pan-HDs inhibitors, such as Trichostatin A (TSA) and
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Sodium Butyrate (NaBu), and (2) class-selective HDs inhibitors, such as
MS-275, specific for HDs class I, MC-1568, specific for HDs class II and
Mocetinostat, specific for HDs class I and IV (Huang et al., 2019).
Accordingly, the pan-HDs inhibitor NaBu diminished Cu®"-induced
cytotoxicity by improving histone acetylation levels in leukemia cell line
(Lin et al., 2005). On the other hand, HATSs inhibitors can be divided
into: (1) bi-substrate inhibitors, (2) natural products and (3) synthetic
small molecules. Among these drugs, the synthetic small molecule C646
has been found able to reduce the amount of Tau and neurotoxicity in
culture rat neurons (Min et al., 2010). Over the years, the role of Copper
as an activator of apoptotic cell death has been investigated in several in
vitro models, such as murine neocortical neurons (Sheline et al., 2002),
cultured human neurons (Vanlandingham et al., 2005) and M17 human
neuroblastoma cells (Chan et al., 2008). More specifically, it has been
shown that mitochondria is a primary target of Copper-dependent
toxicity (Arciello et al., 2005). Mitochondria-dependent apoptosis is
regulated by the family of BCL-2 proteins, which finely balance the
preservation or the disruption of mitochondrial cell membrane perme-
ability. In particular, the anti-apoptotic members include: BCL-2, BCL-W
(also known as BCL2-L2), BCL-xL, and MCL-1, whereas, the
pro-apoptotic proteins are subdivided into: effector proteins (BAK and
BAX) and BH3-only members (BAD, BID, BIK, BIM, BMF, bNIP3, HRK,
Noxa, and PUMA) (Lomonosova and Chinnadurai, 2008). Regarding
these anti- and pro-apoptotic proteins, it has been found that
Copper-induced cell damage occurs via the reduction of BCL-2 and in-
crease of BAX in hippocampal neurons (Lu et al., 2022a).

Since the correlation between histone acetylation and CuCly-induced
apoptosis in neuronal cells has never been investigated, herein, we
aimed to identify which epigenetic modifier of histone protein acetyla-
tion, among HDs and HATs, are specifically involved in Copper-induced
neurotoxicity. Furthermore, we studied whether the transcription fac-
tors belonging to the Sp family are involved in this epigenetic mecha-
nisms, by recruiting specific HD or HAT isoforms, and their role to
modulate the pro-apoptotic gene BAX and anti-apoptotic gene BCL-2 in
SH-SY5Y cells and cortical neurons exposed to CuCls.

2. Results

2.1. CuCly-induced apoptotic cell death was partially prevented by the
class IV HD inhibitor Mocetinostat and HAT-p300 inhibitor C646 in SH-
SY5Y cells

SH-SY5Y neuroblastoma cells exposed to CuCl, at 100-500 pM for
24 h showed a reduction in mitochondrial activity starting at 300 pM, as
revealed by MTT analysis (Fig. 1A). Since 300 pM CuCl, damaged
approximately 50 % of cells, this concentration was chosen for all ex-
periments unless stated otherwise. To investigate the role of histone
acetylation/deacetylation in modulating CuCly-induced neuronal
death, cells were pre-treated with the inhibitors of: (1) class I HDs (MS-
275) (Formisano et al., 2015; Laudati et al., 2019), class II HDs
(MC-1568) (Guida et al., 2016; Laudati et al., 2019), class IV HDs
(Huang et al.,, 2019) (Mocetinostat: MOCE), and (2) HAT (C646)
(Formisano et al., 2015), at well-known neuroprotective concentrations.
MTT and LDH assay experiments demonstrated that the survival of
CuCl,-treated cells significantly enhanced when cells were pre-treated
with MOCE 70 nM and C646 20 uM (Fig. 1B and C). By contrast, any
neuroprotective effects were observed after MS-275 and MC-1568 pre-
treatments (Fig. 1B and C). In order to evaluate if the protective effect of
MOCE and C646 on cell viability could be due to changes in apopto-
tic/dead cell numbers, we analyzed CuCls-treated cells by using the
TaliTM Apoptosis assay kit-Annexin V Alexa Fluor® 488 and propidium
iodide. Specifically, Fig. 1D shows the percentage of live, dead and
apoptotic cells after each treatment. Notably, in CuCl,-treated cells the
percentage of apoptotic and dead cells was significantly higher
compared to CTL group, furthermore, pre-treatment with MOCE and
C646 was able to significantly reduce apoptotic and dead cells,



S. Ruggiero et al. Neurochemistry International 186 (2025) 105973

A CuCl, 24h B c
120- Heue, 150~ 80- - =
100
# ] #
—_ >~ 60
2 804 " & = 100- _ 3
»n = ®» O * 2
0 O ———— © [ u
® o 60 S — 2 a0
=° [ ) x
S = 407 s X 504 - o]
< = 201
20
0 T T T T T T 0 T T T T T T 0-
CTL Veh 100 200 300 500 CTL Veh MS MC MOCE C646 CTL Veh MS MC MOCE C646
uM  pM  pM M 1uM 1pM 70nM 20pM 1M 1uM 70nM 20pM
CuCl, 300uM/24h CuCl, 300pM/24h
D Live E H 80
100- 80
c . EDead " 1004 I
S g0 # Il Apoptosis S~ 80-
b=} ] -
© o 60 ['4
3 # 7] [ 60-
=] * © N
o 60+ 9o T° 404 *
S © 40- " ag
3 404 T 20 |
(&] 9 20 0 T T
xR 201 CTL siHD11
0 0 . : _ 120- T
CTL Veh 2ZVAD 100+
[ et | [ cuc,+veh | [cucl+MOCE| [cucl,+ce46 | < g0
Cucl, z5
€9 60-
cucl, cucl, S5 . *
e —— e —— O o -
F CTL CuCl,Veh MOCE G CTL CuCl, Veh C646 2 50
HD11 p300 T
— 39 KDa — 300 KDa 0 B
Acti Actin .
5 300 _ 80 .
> [ #
S . 3~ @ o -
S 200 =P 200 8
L0 T 0 2
£% °% e 40
& = 100 & =100 3
=< S - 20
(=] ®
I o
0 e T T T T
CuC|2 Veh MOCE cTL CuC|2 Veh 646 CTL siCTL siHD11 sip300
CuCl, CuCl, CuCl,

Fig. 1. Effect of CuCl,, alone or in combination with HD or HAT inhibitors, on cell survival and on HD11 and HAT-p300 expression in SH-SY5Ycells. (A)
Effects of 24 h exposure to CuCl, at 100, 200, 300, and 500 uM on cell death, as evaluated by MTTassay. Each bar represents mean =+ SD obtained from 4 independent
experimental sessions. *P < 0.05 vs CTL. (B, C) Effect of 300 pM CuCl;, at 24 h, alone or with 1 pM of MS-275 (MS) or MC-1568 (MC), 70 nM Mocetinostat (MOCE)
and 20 pM C646 on mitochondrial activity (B) and LDH release (C). Cells were pre-treated with epi-drugs for 2 h before CuCl, administration. Each bar represents
mean + SD obtained from 4 independent experimental sessions. *P < 0.05 vs CTL; #P < 0.05 vs CuCl,+ Vehicle. (D) Effect of 24 h of CuCl, at 300 uM, alone or after
2 h of pretreatment with MOCE or C646 on propidium iodide (PI) (index of dead cells) and Annexin V staining (index of apoptotic cells). Percentage of live, dead and
apoptotic cells after each treatment, determined by Tali® Image-Based cytometer. Each bar represents mean + SD obtained from 3 independent experimental
sessions. *P < 0.05 vs respective control group (CTL); #P < 0.05 vs CuCl,+ Veh. (E) Effect of 24 h of CuCl, at 300 pM, alone or in combination with ZVAD (200 pM)
on LDH release. Each bar represents mean + SD obtained from 4 independent experimental sessions. *P < 0.05 vs vehicle; *P < 0.05 vs CTL; #P < 0.05 vs CuCly+
Veh. (F, G) Representative western blotting of HD11 (F) and HAT-p300 (G) in SH-SY5Y treated for 24 h with CuCl, (300 uM), alone or after 2 h of pre-treatment with
MOCE (F) or C646 (G). Each bar represents mean + SD obtained from 3 independent experimental sessions. *P < 0.05 vs CTL; #P < 0.05 vs CuCl,. (H) RT-PCR for
HD11 and p300, in cells transfected for 48 h with siCTL, siHD11, and sip300 at a final concentration of 50 nM. Each bar represents mean + SD obtained from 3
independent experimental sessions. *P < 0.05 vs siCTL. (I) Effect of 24 h of CuCl, at 300 pM, alone or after transfection with siCTL, siHD11, and sip300 on LDH
release. Each bar represents mean + SD obtained from 4 independent experimental sessions. *P < 0.05 vs siCTL; #P < 0.05 vs CuCls.

compared to CuCly+Vehicle-treated cells (Fig. 1D). To further confirm blocking HD11 and HAT-p300 increase, respectively, limited CuCly-
the apoptotic nature of CuCly-induced cell death, LDH assay experiments induced apoptotic neuronal death.
demonstrated that CuCly-induced cell death was significantly prevented
by apoptotic inhibitor ZVAD 200 pM (von Coelln et al., 2001) (Fig. 1E).
Next, since MOCE and C646 were the only drugs able to limit CuCl,-
induced cell death, we evaluated the protein expression of HDAC11 and
HAT-p300, their respective targets, in CuCly-treated SH-SY5Y cells. As
shown in Fig. 1F and G, MOCE and C646 reverted CuCly-induced HD11
and HAT-p300 protein levels increase. As expected, HD11 and HAT-
p300 knocking-down by siRNAs transfection, that significantly
reduced HD11 and HAT-p300 mRNA expression of almost 70 %
(Fig. 1H), were both able to counteract CuCls-induced cell survival
reduction (Fig. 1I). These results indicated that MOCE and C646, by

2.2. Sp4/HD11 and Sp1/HAT-p300 complexes co-localized on BCL-W
and BAX gene promoters, respectively, in CuCly-treated SH-SY5Y cells

Since the epigenetic remodelers HDs and HATs are recruited to their
target regions by sequence-specific regulatory proteins (e.g. transcrip-
tion factors: TFs) and the TF Spl is known to regulate Copper homeo-
stasis (Song et al., 2008), we investigated in CuCl,-treated cells whether
Sp family members might interact with HD11 and HAT-p300. Notably,
among Sp isoforms, only Spl (Fig. 2A) and Sp4 (Fig. 2C), but not Sp3
(Fig. 2B), resulted significantly up-regulated after 24 h CuCl, exposure.
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Fig. 2. Sp4 and Sp1, by interacting with HD11 and HAT-p300, respectively, were involved in CuCl,-induced toxicity in SH-SY5Y cells. (A-C) RT-PCR for Spl,
Sp3, and Sp4 in cells exposed for 24 h to CuCl, (300 pM). Each bar represents mean =+ SD obtained from 3 independent experimental sessions. *P < 0.05 vs CTL. (D)
Representative Western blot showing immunoprecipitation between Sp4 and HD11 (upper panel) and between Spl and p300 (lower panel) in protein extracts from
cells in control conditions (CTL) or after CuCl, exposure. (E, F) Effect of 300 pM CuCl, at 24 h, alone or after transfection of siRNAs against Sp1, Sp4 and Sp3, on
mitochondrial activity (E) and LDH release (F). Each bar represents mean + SD obtained from 4/5 independent experimental sessions. *P < 0.05 vs CTL; #P < 0.05

vs CuCly+ siCTL.

Interestingly, immunoprecipitation experiments showed that Sp1 bound
with HAT-p300 (Fig. 2D, lower panel), but not with HD11 (data not
shown), whereas Sp4 interacted with HD11 (Fig. 2D, upper panel), but
not with HAT-p300 (data not shown). MTT and LDH experiments
demonstrated that CuCly-dependent cell death was significantly reduced
by transfection of siRNA against Sp1 and Sp4, but not by siRNA for Sp3
(Fig. 2E and F). Given that in SH-SY5Y cells CuCly-induced apoptosis
occur via the increase of the pro-apoptotic gene BAX and the decrease of
anti-apoptotic gene BCL-W (Xiang et al., 2021), we studied the effect of
Spl, Sp4, p300 and HD11 knocking-down on the mRNA and protein
levels of BCL-W and BAX. As shown in Fig. 3A and B, the effect of CuCly
to induce BCL-W down-regulation was blocked by siSp4 and siHD11, but
not by siSp1 and siHAT-p300. By contrast, Spl and HAT-p300 silencing
counteracted the effect of CuCly to increase BAX mRNA and protein,
while siSp4 and siHD11 had no effect (Fig. 3C and D). These results
indicated that in CuCly-treated cells, Sp4 and HD11 reduced the
expression of BCL-W, whereas Sp1 and HAT-p300 up-regulated BAX.

2.3. CuCly via Sp4 induced HD11 binding and hypoacetylation of histone
H3 within BCL-W promoter sequence, and via Sp1 caused HAT-p300
binding and hyperacetylation of histone H4 within BAX promoter sequence
in SH-SY5Y cells

We investigated in cells exposed to CuCly the involvement of: (1)
HD11 in Sp4-induced BCL-W reduction and (2) HAT-p300 in Spl-
induced BAX increase. As shown by ChIP analysis, HD11 binding to
the BCL-W promoter increased after 24 h of treatment with CuCly;

however, this binding resolved following transfection with siSp4,
siHD11 and pre-treatment with the class IV HD inhibitor MOCE
(Fig. 4A). Notably, siSp4 and siHD11 transfection or MOCE pre-
treatment in cells exposed to CuCly, were able to revert the deacetyla-
tion of histone H3, but not of histone H4, within the BCL-W promoter
(Fig. 4B and C). On the other hand, siSp1 and siHAT-p300 or the HAT-
p300 inhibitor C646 were all able to counteract: (1) the increased
binding of HAT-p300 (Fig. 4D) and (2) the consequent hyperacetylation
of the histone H4 on the BAX gene promoter sequence (Fig. 4E), while
they did not modulate histone H3 acetylation (Fig. 4F). These results
suggested that Sp4 with HD11, and Spl with HAT-p300 formed two
functional complexes on BCL-W and BAX promoter sequences, respec-
tively, after CuCly treatment.

2.4. Sp1/HAT-p300, by increasing the pro-apoptotic BAX, and Sp4/
HD11, by reducing the anti-apoptotic BCL-W, are involved in copper-
induced cell death in primary cortical neurons

To further validate our results, we investigated the role of Sp1/HAT-
p300 and of Sp4/HD11 transcriptional complexes on the BAX and BCL-
W genes in rat primary cortical neurons. Cells were exposed to different
concentrations of CuCly (1-1000 pM) for 24 h and a dose-related
reduction in cell survival was observed (Fig. 5A). Notably, CuCl, at
100 pM was able to reduce cell viability by about 50 %, therefore this
concentration was chosen for our further experiments. Interestingly, we
found that 2 h pre-treatment with MOCE at 70 nM and C646 at 20 uM
partially improved cell survival in cortical neurons exposed for 24 h
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Fig. 3. Effect of Sp1, Sp4, HD11 and p300 knocking-down on CuCl,-induced BCL-W down-regulation and BAX up-regulation in SH-SY5Y cells. (A-D) Effect
of siRNAs against Sp1, Sp4, and Sp3 on BCL-W and BAX mRNA and protein expression levels, as revealed by RT-PCR and Western Blot analysis, in cells exposed for
24 h to CuCl, (300 pM). Each bar represents mean + SD obtained from 3 to 4 independent experimental sessions. *P < 0.05 vs CTL. #P < 0.05 vs CuCly+ siCTL.

exposure to 100 pM CuCl,. Noteworthy, the concomitant administration
of MOCE and C646 completely prevented CuCl, neurotoxicity (Fig. 5B).
As expected, the effect of CuCl, in increasing Sp1l, HAT-p300, Sp4 and
HD11 protein levels occurred after 12 and 24 h exposure (Fig. 5C-F).
Moreover, the silencing by siRNAs transfection of Sp4 or HD11 were
able to prevent CuCly-induced BCL-W mRNA down-regulation (Fig. 5 G),
whereas the knocking-down of Spl or HAT-p300 blocked the effect of
CuCl; in increasing BAX mRNA (Fig. 5 H). Lastly, MTT assay revealed a
significant, but partial, increased survival following the single trans-
fection of siRNAs against each TFs or epigenetic remodelers, while the
combinations of siRNAs against Spl/Sp4 and HD11/HAT-p300
completely prevented the CuCly-induced neurotoxicity (Fig. 5 I).

3. Materials and methods
3.1. Reagents

All common reagents were purchased from Sigma. Synthetic oligo-
nucleotides were synthesized by Eurofins Genomic. The following siR-
NAs were used for human proteins: HDAC11 (siHD11) and p300
(sip300) (sc-106896, and sc-29431Santa Cruz Biotechnology), and Spl
(siSp1), Sp4 (siSp4) (Guida et al., 2017). To silence rat proteins, we used
siRNA for Spl, Sp4 and p300 (Formisano et al., 2015) HDAC11
(sc-156104 Santa Cruz Biotechnology) and p300 (S102989693, Qiagen).
For all the experiments, the siRNA CONTROL (siCTL) was from QIAGEN
(All Stars Negative Control siRNA, cod: 1027280). Culture media and
serum were purchased from Invitrogen. CuCly powder (cod: 818247)
was purchased from Sigma-Aldrich and dissolved in deionized water
stock solution (10 mM). The stock solutions of ZVAD, MS-275, MC-1568,

and C646 were already published and were used at non-toxic concen-
trations (Formisano et al., 2015; Guida et al., 2014; Laudati et al., 2019;
von Coelln et al., 2001) Mocetinostat (MOCE) (sc-364539; Santa Cruz
Biotechnology) stock solution (10 pM) and was used at 70 nM as already
published (Huang et al., 2019). All drugs were diluted in cell culture
medium; 0.1 % of dimethyl sulfoxide (DMSO) was the final concentra-
tion used as vehicle that did not cause cellular toxicity. Tali™ Apoptosis
Kit-Annexin V Alexa Fluor™ 488 & Propidium lodide was purchased
from Invitrogen (cat: A10788).

3.2. Cell cultures

SH-SY5Y human neuroblastoma cells were cultured as previously
reported (Laudati et al., 2019). CuCl, was diluted in culture medium at
different final concentration (100 pM-500 pM in SH-SY5Y cells and 1
pM-1000 pM in rat cortical neurons). To reduce the change of respon-
siveness occurring in cells at high passage, all experiments were con-
ducted in cultures containing cells between the 20th and 30th passages.
The experiments on primary rat cortical neurons were performed
following the experimental protocols approved by the Ethics Committee
of “Federico II” University of Naples. Briefly, primary neurons were
prepared from 17-day-old Sprague Dawley rat embryos (Charles River)
and used after 9-11 days (DIV 9-11). We used 4 pregnant rats and 30
embryos overall. The pregnant Sprague Dawley rats (E17) were anes-
thetized following the ethical guidelines. A midline laparotomy was
performed under sterile conditions to expose the uterus. The uterine
horns were carefully removed and placed in cold Ca®*/Mg?*-free PBS
with 30 mM glucose. Embryos were extracted, decapitated, and their
brains were rapidly dissected under a stereomicroscope. The glial
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Fig. 4. siSp4, siHD11 or MOCE prevented the histone H3 hypoacetylation on BCL-W promoter whereas siSp1, sip300 or C646 counteracted the histone H4
hyperacetylation on BAX promoter in CuCly-treated SH-SY5Y cells. (A-C) Chromatin immunoprecipitation with: (A) anti-HD11, (B) anti-acetyl H4 histone (C)
anti-acetyl H3 histone antibodies, followed by qPCR of BCLW promoter in cells exposed to CuCl; at 24 h, alone or with transfection of siRNAs against Sp4, HD11 or
pre-treated with MOCE. (D-F) Chromatin immunoprecipitation with: (D) anti-p300, (E) anti-acetyl H4 histone (F) anti-acetyl H3 histone antibodies, followed by
qPCR of BAX promoter in cells exposed to CuCl, at 24 h, alone or with transfection of siRNAs against Sp1, p300 or pre-treated with C646. IgG was used as negative
control. The CTL group immunoprecipitated with IgG was defined as 1.0 and was used to compare the other experimental groups. Each bar represents mean + SD
obtained from 3 independent experimental sessions. *P < 0.05 vs CTL. #P < 0.05 vs CuCly.

inhibitor Cytosine Arabinoside (2.5 pM) was added at the second day of
seeding to avoid glial contamination. The dissection was performed in
Ca2*/Mg?* free PBS containing glucose (30 mM). After 10 min of papain
incubation at 37 °C, the tissues were treated in Earl’s Balanced Salt
Solution with DNase (0.16 U/ml), BSA (10 mg/ml), and ovomucoid (10
mg/ml) in order to separate them. The neurons were cultured in
MEM/F12 with glucose, deactivated FBS (5 %), horse serum (5 %),
glutamine (2 mm), penicillin (50 U/ml), and streptomycin (50 pg/ml)
(Invitrogen). The neurons were then plated on plastic Petri dishes that
were previously pre-coated with poly-p-lysine (20 pg/ml). The cellular
density for: (1) MTT and LDH assays was of 1 x 100 cells/well in 24 well
plates; (2) qRT-PCR was 5 x 10° cells/plate in 60 mm plates; (3) Western
blot and ChIP was 15 x 10° cells/plate in 100 mm plates.

3.3. Drug treatment and siRNAs transfection

SH-SY5Y cells were pre-treated with anti-apoptotic inhibitor ZVAD
(200 pM) for 2 h diluted in fresh medium (1 % FBS); regarding HDACs/
HAT inhibitors, pre-treatment with MS-275 (1 pM), MC-1568 (1 pM),
MOCE (70 nM) or C646 (20 uM) was carried for 2 h in complete medium
(5 % FBS). After pre-treatments, cells were exposed to CuCl; (300 pM in
SH-SY5Y or 100 pM in rat cortical neurons) for 24 h. SH-SY5Y cells and
primary neurons were transfected with Lipofectamine 2000 (Thermo
Fisher, cod: 11668027), following manufacturer’s instructions. The ef-
ficiency of siRNAs transfection in SH-SY5Y cells was around 45 %, while
the efficacy of the other siRNAs against siSpl, siSp4 was already

reported in previous studies (Formisano et al., 2015).

3.4. MTT and LDH assay

MTT and LDH experiments were carried out as previously published
in SH-SY5Y cells and cortical neurons (Laudati et al., 2019). After 24 h
treatment with CuCly, alone or after pre-incubation with epi-drugs, MTT
(0.5 mg/mL) was added to each well, and the cells were further incu-
bated for 3 h at 37 °C with 5 % CO,. Next, the supernatants were
completely discharged and 100 pL of DMSO was added to each well to
dissolve the formazan products. The amount of LDH released into the
extracellular medium was quantified by using the Kit from Cayman (cod:
E-BC-K771-M) and following the manufacturer’s instructions. Cells
treated with 1 % Triton X-100 were used as the positive control in LDH
tests, and this value was indicative of 100 % cell death.

3.5. Cell death assay

To evaluate cell death, the Tali® Apoptosis kit - Annexin V Alexa
Fluor® 488 and propidium iodide (Invitrogen) were used according to
manufacturer’s instructions (Chen et al., 2010). Cells after 24 h incu-
bation with CuCly were washed twice with PBS, trypsinized, resus-
pended in complete medium and analyzed using the apoptosis assay Kkit.
Apoptotic cells showed green fluorescence, dead were yellow whereas
live cells showed no fluorescence. For the analysis, cells were resus-
pended in 1000 pl of annexin binding and further 5 ml of Annexin V
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Fig. 5. Effect of siRNAs against Sp1, Sp4, HD11 and HAT-p300 in preventing CuCl2-induced cell death in rat cortical neurons. (A) Effects of 24 h exposure to CuCl2
at 1-1000 pM on cell death, as evaluated by MTT assay. Each bar represents mean + SD obtained from 5 independent experimental sessions. *P < 0.05 vs CTL (B)
MTT assay showing the effect of MOCE (70 nM) and C646 (1 pM), singly or in combination, in neurons exposed to CuCl2 at 24 h. Each bar represents mean + SD
obtained from 5 independent experimental sessions. *P < 0.05 vs CTL; #P < 0.05 vs CuCl2 + Vehicle. (C-F) Representative Western blot of HD11, Sp4, p300, and
Sp1 in neurons treated for 12 and 24 h with CuCl2 (100 pM). Each bar represents mean =+ SD obtained from 3 independentexperimental sessions. *P < 0.05 vs CTL.
(G, H) Effect of siRNAs against: (G) Sp4 and HD11 on CuCl2 induced BCL-W mRNA reduction and (H) Sp1, and p300 on CuCl2-induced BAX mRNA up-regulation.
Each bar represents mean + SD obtained from 3 independent experimental sessions. *P < 0.05 vs CTL. #P < 0.05 vs CuCl2 + siCTL. (I) Experiments showing the
effect of siSp1 and siSp4, alone or in combination, and of siHD11 and sip300, alone or in combination, on the mitochondrial activity in CuCl2-treated neurons. Each
bar represents mean + SD obtained from 5 independent experimental sessions. *P < 0.05 vs CTL. #P < 0.05 vs CuCl2 + siCTL. A P < 0.05 vs siSp1, siSp4, siHD11 and

sip300 alone.

Alexa Fluor® 488 was added in a adark room for 15 miutes. After that.
cells were centrifuged at 1000 rpm for 5 min, resuspended in 100 ml of
ABB, and 1 ml of Tali™ PI was added, and incubated in the dark at room
temperature for 10 min. Samples evaluated analyzed with the Tali®
Image-Based cytometer and identified using a Tali® Image-Based Cy-
tometer (Invitrogen) and viable, apoptotic and necrotic cells were
expressed as the percentage in the population.

3.6. Western blot analysis and immunoprecipitation

Immunoprecipitation was performed as previously reported
(Formisano et al., 2015). Briefly, cells were collected in cold Phosphate
Buffered Saline (PBS; Sigma, Milan IT). The cell pellet was resuspended
in a RIPA lysis buffer (sc-24948, Santa Cruz Biotechnology) with 1X
protease inhibitor and incubated on ice for 30 min. The lysate was then
centrifuged at 12,000 rpm for 30 min at 4 °C to obtain proteins, for
which Protein Assay (Bradford Reagent, Biorad, #5000006) was used to
quantify protein extracts concentration. Then, 800 ug of protein was
immunoprecipitated overnight at 4 °C using 3 pg of the following anti-
bodies: (1) Anti-Sp4 (sc-645, Santa Cruz Biotechnology); (2) Anti-Spl
(cat. No. GTX01528, GeneTex); (3) Normal Anti-Rabbit IgG antibody
(Cat. No. GTX213110-01, GeneTex) as a negative control. The following
day, the immune complexes were precipitated by adding 30 pl of Protein
A/G PLUS-Agarose beads (sc-2003, Santa Cruz Biotechnology). The
immune-precipitates were then subjected to Western blot analysis for
HDAC11 and p300. Western blot analysis was performed as described
elsewhere (Formisano et al., 2015). Proteins were separated on poly-
acrylamide gels and transferred onto nitrocellulose membranes (Nitro-
cellulose Transfer Packs, Biorad, #1704158) using the Semi-Dry
TransBlot® System. Membranes were first blocked with EveryBlot
Blocking Buffer (Cat. 12010020, Bio-Rad) and then incubated overnight
at 4 °C in the blocking buffer with the following antibodies:
Anti-HDAC11 (PA5-11249, Invitrogen, 1:1000), Anti-p300 (Cat. No.
GTX30618, GeneTex, 1:1000), Anti-BAX (Cat. No. GTX10968, GeneTex,
1:500) Anti-BCL-W (SC-509 Santa Cruz Biotechnology, 1:1000) Anti-Sp1
(cat. No. GTX01528, GeneTex, 1:1000) Anti-Sp4 (sc-645, Santa Cruz
Biotechnology, 1:500). After incubation with primary antibodies,
membranes were washed with 0.1 % Tween 20 and then incubated with
secondary antibodies for 1 h at room temperature. The analysis and
quantification have been performed as already reported (G Laudati
et al., 2019).

3.7. qRT-PCR

Trizol Reagent (Sigma, cod: T9424) was used to extract total RNA
from cells in accordance with the vendor’s instruction. Using the
chemicals included in the Applied Biosystems™ High-Capacity cDNA
Reverse Transcription Kit (Thermo Fisher Scientific, cod: 4368814),
retrotranscription was performed on 2 pg of RNA in conformity with the
manufacturer’s directions and protocol (10 min at 25 °C, 2h at 42 °C, 5
min at 85 °C, oo 4 °C). The obtained cDNA samples were amplified in
triplicate by RT-qPCR with SYBR Green Real-Time PCR Master Mix
(Thermo Fisher, cod: 4309155) as it follows: heating 2 min at 50 °C,
denaturation 10 min at 95 °C, amplification and quantification 40 cycles
of 30 s at 60 °C, with a single fluorescence measurement. qRT-PCR data

were collected by using ABI Prism 7000 SDS software (Applied Bio-
systems).The expression of the genes of our interest was normalized to
the expression of the housekeeping gene encoding for L-19(Guida et al.,
2014) for human genes and HPRT (Formisano et al., 2015) for rat genes.
Variations in mRNA levels were displayed as the mean of the relative
quantification (RQ) values, that was determined as the threshold cycle
difference (ACt) between the reference and target genes (2-*“t = RQ).
Regarding human genes, the primers used are the following: HDAC11
(Zhong et al., 2024); p300 FW: 5' CCCCAGGGATGGGTTCTG 3’ p300 RV:
5 CTGGATGAGTTTGCGCTTCTC 3’; Spl FW: 5 TTGAAAAAG-
GAGTTGGTGGC 3’ Sp1 RV: 5 TGCTGGTTCTGTAAGTTGGG 3; Sp3 FW:
5 CCAGGATGTGGTAAAGTCTAS' Sp3 RV: 5 CTCCATTGTCTCATTTC-
CAG 3’; Sp4 FW: 5 CTGACCAACTCAGACAAGTGCAT 3' Sp4 RV: 5' GGA
CAC GAG CAG GCA ACT CT 3% BAX FW:
5'ACATGGAGCTGCAGAGGATGA 3' BAX RV: 5 TGAAGTTGCCGTCA-
GAAAACA 3' BCL-W FW: 5 GAGGATTGTGGCCTTCTTTGAGT 3' BCL-W
RV: 5 AGTCATCCACAGGGCGATGT3’. For rat genes, the primers used
are the following: BAX FW: 5’ GCAGACGGCAACTTCAACTG 3' BAX RV:
5" TGATCAGCTCGGGCACTTTA 3’ and BCL-W FW: 5 CCAGCATGC-
GACCTCTGTTT 3’ BCL-W RV: 5' CCCAGGTATGCACCCAGAGT 3’

3.8. Chromatin immunoprecipitation (ChIP) assay

Cells were cross-linked with 1 % formaldehyde and then glycine
(0.125 M), washed three times in cold PBS containing proteinase in-
hibitors and then collected in a buffer made of 50 mM Tris, pH 8.1, 1 %
SDS, 10 mM EDTA, and anti-protease mixture. Chromatin was then
fragmented by sonication (6 rounds of 10 s pulses at 50 % of potency)
into 200-500 bp fragments, using Bandelin Sonopuls HD 2070 ultra-
sonic homogenizer (Bandelin). 50 pg of chromatin lysates were incu-
bated overnight with 5 pg of the following antibody: p300 (Cat. No.
GTX30618, GeneTex, 1:200), HDAC11 (PA5-11249, Invitrogen, 1:500),
acetyl-histone H4 (Cat. No 06-866; 1:500 Sigma-Aldrich); acetyl-his-
tone H3 (Cat. No 06-599; 1:500 Sigma-Aldrich), normal rabbit or mouse
IgG were used as negative control. After immunoprecipitation, the DNA-
histone complex was collected with 40 pl of Protein A/G PLUS-Agarose
beads. After rotating for 2 h at 4 °C on a spinning wheel, the beads were
washed with: (1) high-salt buffer (0.1 % SDS, 1 % Triton X-100, 2 mM
EDTA, 20 mM Tris HCI pH 8.1, 500 mM NacCl); (2) low-salt buffer (0.1 %
SDS, 1 % Triton X-100, 2 mM EDTA, 20 mM Tris HCI pH 8.1, 150 mM
NaCl); (3) LiCl buffer (0.25 M LiCl, 1 % NP40, 1 % deoxycholate, 1 mM
EDTA, 10 mM Tris HCI pH 8.1). TE buffer (10 mM Tris pH 8.1 and 1 mM
EDTA) was used twice for the washing step held at room temperature.
The precipitated fragments were eluted with a buffer containing 1 % SDS
and 0.1 M NaHCO3. Amplification and quantification were performed as
previously reported (Laudati et al., 2019) and the results obtained were
normalized for the DNA input. The oligonucleotides used for the
amplification of immunoprecipitated DNA were already published
(Chen et al., 2010).

3.9. Statistical analysis

Data were analyzed by GraphPad Prism 5 software (Graph Pad
Software, Inc.). All bars in the figures represent the mean + S.D. Sta-
tistical differences between two experimental groups were analyzed
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with the Student t-test. Statistically significant differences between more
than two experimental groups were evaluated by one-way ANOVA,
followed by Turkey’s multiple comparison test. The number of inde-
pendent experimental replicates were indicated in each figure legend.

4. Discussion

The results of the present study showed that CuCly exposure
increased the expression of the epigenetic complexes Sp4/HD11 and
Sp1/HAT-p300 causing apoptotic death in neurons. Indeed, the activa-
tion of Sp4/HD11 reduced the expression of the anti-apoptotic gene
BCL-W, whereas Sp1/HAT-p300 caused an increase of the pro-apoptotic
gene BAX. Notably, preventing the formation of these two complexes
completely counteracted CuCly-induced apoptotic neuronal death.
These results are in accordance with Quiang et al. demonstrating that
copper induces apoptosis: (1) in hippocampal neurons by reducing the
expression of Bcl-2, and enhancing Bax (Lu et al., 2022b), (2) in
SH-SYS5Y by release of cytochrome ¢ from mitochondria, and caspase-3
activation (Hirashima et al., 2010). At pharmacological level, we
demonstrated that CuCl, neurotoxicity is partially prevented by the class
IV HDs inhibitor MOCE, and by the HAT-p300 inhibitor C646, thus
suggesting the involvement of the epigenetic eraser HD11 and epige-
netic writer HAT-p300 in CuCly-reduced neuronal survival. Indeed, we
found that siRNAs against HD11 and HAT-p300 reduced CuCly-induced
cell death, both in SH-SY5Y cells and in cortical neurons. Furthermore,
apoptotic cell death was the mechanism by which HD11 and HAT-p300
mediated cell death, indeed, MOCE and C646 are both able to reduce
CuCly-induced increase in Annexin V staining, a known marker of
apoptosis. These results are in accordance with the well-documented
role of MOCE and C646 in reducing cell death. Specifically, MOCE ex-
erts significant neuroprotection against the A toxicity in primary
neuronal cultures (Huang et al., 2019) and improved stroke-induced
motor deficits (Kannangara and Vani, 2017), whereas C646 reduces
apoptosis in prostate cell line by blocking HAT-p300 up regulation and
(Santer et al., 2011) and in SH-SY5Y cells after sevoflurane exposure
(Chen et al., 2021). Another interesting result is that CuCl, exposure
caused an interaction between HD11 and Sp4 and between HAT-p300
and Spl, and that these two specific epigenetic complexes are
involved in CuCly neurotoxicity. Notably, that Sp1 binds HAT-p300 has
already been reported; indeed, Sp1 and HAT-p300 perform cooperative
work in the transcriptional regulation of several genes (Lee and
Workman, 2007), such as 12(S)-lipoxygenase (Hung et al., 2006) and
p21 (Xiao et al., 2000), instead this is the first evidence showing that the
transcription factor Sp4 binds to HD11. Furthermore, we found that
transfection of siRNAs for Spl and Sp4 in cortical neurons ensured a
reduction in CuCly-induced neuronal death, indicating that these two
transcription factors are neurotoxic. Accordingly, Spl reduction is
neuroprotective in cellular and mouse models of Huntington Disease
(Qiu et al., 2006); whereas the overexpression of Sp4 caused neuronal
death in MeHg-treated cells (Guida et al., 2017). Another relevant aspect
of this paper is the characterization of a possible mechanism through
which the Sp4/HD11 and Spl/HAT-p300 protein complexes induce
apoptosis in neuronal cells after exposure to CuCly. Specifically, we
found in cells treated with CuCly: (1) a significant increase of the
pro-apoptotic BAX gene and protein expression, that was counteracted
by Sp1 or HAT-p300 knocking-down, and by C646 treatment, but not by
siRNAs for Sp4 or HD11 and MOCE treatment; and (2) a strong reduction
of the anti-apoptotic BCL-W mRNA and protein levels, that was pre-
vented by Sp4 or HD11 knocking-down, and MOCE treatment, but not
by siRNAs for Spl or HAT-p300 and C646 treatment. It is well docu-
mented that Sp1l and Sp4 can act as activators or repressors (Guida et al.,
2017). In the present study it has been demonstrated that Spl is a
transcriptional factor activating BAX, as already reported by others;
indeed, neuronal oxidative stress induce cell apoptosis by increasing Sp1
binding on BAX gene promoter sequence (Deniaud et al., 2006). By
contrast, that Sp4 isoform is a transcriptional repressor of BCL-W in
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neurons is apparently a new evidence, while it is known to repress
neuronal genes, such as neurotrophin-3 (Ramos et al., 2009). Our results
are in accordance with previous studies demonstrating the specificity of:
(1) C646 to modulate the acetylation status of H4 histone tails (Dancy
etal., 2012); (2) MOCE to induce H3 histone hyperacetylation via HD11;
in fact, HD11 restricts hepatitis B virus (HBV) replication by inducing
H3-, but not H4-deacetylation (Yuan et al., 2019). These results
prompted us to hypothesize that the HD11 inhibitor MOCE partially
reduces CuCly-induced cell death by preventing H3 histone deacetyla-
tion on the neuroprotective gene BCL-W, whereas the HAT-p300 in-
hibitor reduces CuCly-induced neurotoxicity by blocking H4 histone
hyper-acetylation on the neurotoxic gene BAX. The results obtained in
SH-SY5Y cells have been confirmed in cortical neurons, where we
demonstrated that the effect of CuCly to induce apoptosis occurs
through: (1) the transcriptional activation of BAX via Spl/HAT-p300
complex and (2) the transcriptional repression of BCL-W through
Sp4/HD11 complex. Furthermore, since Sp1, Sp4, HD11 and HAT-p300
silencing partially counteracted CuCly-induced cell death, whereas the
double knocking-down of Sp1 and Sp4 and of HD11 and HAT-p300 were
effective in completely preventing CuCls-induced apoptosis, it could be
hypothesized that the ratio between BAX/BCL-W is a critical step in
commissioning apoptosis. Indeed, in our experimental conditions we
found a concomitant BAX increase and BCL-W decrease, and treatment
with siRNAs for Spl and HAT-p300 and C646 limited the up-regulation
of BAX, but have any effect on BCL-W reduction. On contrary, siRNAs for
Sp4, HD11 and MOCE counteracted CuCly-induced BCL-W reduction,
but not BAX increase. These results indicate that only when equilibrium
of the ratio between pro-apoptotic (represented by BAX) and
anti-apoptotic (represented by BCL-W) genes is completely restored
there is an effective inhibition of apoptosis. A limitation of the current
study is that the experiments were conducted primarily using immor-
talized neuronal cell line such as SH-SY5Y and primary cortical neurons.
These cell types may not fully replicate the complex interactions that
occur in the brain, where different cell types, such as glial cells and
endothelial cells, play critical roles in the response to copper toxicity.
Future studies should be performed also in vivo to evaluate the activation
of the identified pathway. In conclusion, our findings suggest that CuCl,
induces apoptotic cell death by increasing BAX and reducing BCL-W
expressions in neuronal cells; specifically, this effect is determined by
the binding of Sp1/HAT-p300 and of Sp4/HD11 transcriptional com-
plexes on BAX and BCL-W promoters, respectively, thereby making
HDs/HATSs possible new molecular targets in the pathogenesis of brain
disorders linked to Copper overload. Furthermore, these results high-
light the potential for targeting the Sp4/HD11 and Spl/HAT-p300
complexes as therapeutic strategies for neurodegenerative diseases
associated with copper dysregulation. Given the involvement of copper
in neurodegeneration, the results could have broader implications for
neurological diseases where copper homeostasis is disrupted such as
Alzheimer’s, Amyotrophic Lateral Sclerosis and Huntington’s diseases.
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