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A B S T R A C T   

Epigenetic modifications in neurodegenerative disease are under investigation for their roles in disease pro-
gression. Alterations in acetylation rates of certain Parkinson's disease (PD)-linked genes have been associated 
with the pathological progression of this disorder. In light of this, and given the lack of disease-modifying 
therapies for PD, HDAC inhibitors (HDIs) are under consideration as potential pharmacological agents. The 
neuroprotective effects of pan-HDACs and some class-specific inhibitors have been tested in in vivo and in vitro 
models of PD, with varying outcomes. Here we used gene co-expression analysis to identify HDACs that are 
associated with human dopaminergic (DA) neuron development. We identified HDAC3, HDAC5, HDAC6 and 
HDAC9 as being highly correlated with the DA markers, SLC6A3 and NR4A2. RT-qPCR revealed that mRNA 
expression of these HDACs exhibited similar temporal profiles during embryonic mouse midbrain DA (mDA) 
neuron development. We tested the neuroprotective potential of a number of class-specific small molecule HDIs 
on human SH-SY5Y cells, using neurite growth as a phenotypic readout of neurotrophic action. Neither the class 
I-specific HDIs, RGFP109 and RGFP966, nor the HDAC6 inhibitor ACY1215, had significant effects on neurite 
outgrowth. However, the class IIa HDI, LMK235 (a HDAC4/5 inhibitor), significantly increased histone acety-
lation and neurite outgrowth. We found that LMK235 increased BMP-Smad-dependent transcription in SH-SY5Y 
cells and that this was required for its neurite growth-promoting effects on SH-SY5Y cells and on DA neurons in 
primary cultures of embryonic day (E) 14 rat ventral mesencephalon (VM). These effects were also seen in SH- 
SY5Y cells transfected with HDAC5 siRNA. Furthermore, LMK235 treatment exerted neuroprotective effects 
against degeneration induced by the DA neurotoxin 1-methyl-4-phenylpyridinium (MPP+), in both SH-SY5Y cells 
and cultured DA neurons. Treatment with LMK235 was also neuroprotective against axonal degeneration 
induced by overexpression of wild-type (WT) or A53T mutant α-synuclein in both SH-SY5Y cells and primary 
cultures of DA neurons. In summary, these data show the neuroprotective potential of the class IIa HDI, LMK235, 
in cell models of relevance to PD.   

1. Introduction 

Parkinson's disease (PD) is a common, progressive neurodegenera-
tive disease (Poewe et al., 2017). While both genetic and environmental 
factors have been implicated in PD, the aetiology of the sporadic cases is 
not fully understood (Kalia and Lang, 2015). The progression of PD 
pathology is associated with loss of dopaminergic (DA) neurons in the 

midbrain of the substantia nigra (SN), and their projections to the 
striatum, accompanied by accumulation of intracellular inclusions of 
misfolded α-synuclein in Lewy bodies (Spillantini et al., 1997). The 
presence of these inclusions may alter several cellular mechanisms, 
including mitochondrial dynamics, axonal transport, microglial ho-
meostasis and the ubiquitin proteasome system (Rocha et al., 2018). 
Post-mortem studies have shown that one year after PD diagnosis, 30% 
of SN DA neurons have been lost, with a 50–70% reduction in DA 
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innervation of the striatum (Beach et al., 2008). This, along with evi-
dence from several other studies, shows the importance of axonal 
degeneration as an early pathogenic event in the development of PD 
(O'Keeffe and Sullivan, 2018). A study by Chu et al. demonstrated dra-
matic decreases in axonal transporter proteins in α-synuclein-positive 
nigral neurons in samples from early-stage PD patients, suggesting that 
dysfunction of axonal transport has a critical role in the pathology of 
sporadic PD (Chu et al., 2012). Another study found that induced 
pluripotent stem cells (iPSCs) generated from a PD patient carrying the 
A53T α-synuclein mutation developed evidence of neurite degeneration, 
such as swollen varicosities and spheroid inclusions (Kouroupi et al., 
2017). In addition to these effects on α-synuclein and axons, other al-
terations of epigenetic mechanisms have been found in PD models and 
may contribute to the pathogenesis of this disease (Labbe et al., 2016). 

One key epigenetic mechanism is the process of histone acetylation. 
Histone acetylation is regulated by the action of two classes of enzymes, 
histone acetyltransferases (HATs) and histone deacetylases (HDACs), 
which regulate chromatin remodelling through the addition or removal 
of acetyl groups on histone tails, respectively (Kurdistani and Grunstein, 
2003). PD patients have an abnormal pattern of histone acetylation in 
genes related to histone degradation, autophagy, aging and DNA repair 
mechanisms, when compared to controls (Mazzocchi et al., 2020; van 
Heesbeen and Smidt, 2019). Moreover, overexpression of nuclear- 
localised α-synuclein in the SH-SY5Y cell line promoted cell death that 
could be rescued by the administration of pan-HDAC inhibitors (Kon-
topoulos et al., 2006). That study also found that α-synuclein co-localises 
in the nucleus with histone 3, preventing its acetylation in vivo (Kon-
topoulos et al., 2006). These data suggest that an imbalance of HAT- 
HDAC homeostasis may be involved in the molecular pathology of PD 
(van Heesbeen and Smidt, 2019). 

This evidence for dysregulation of histone acetylation in PD has led 
to the emergence of HDACs as potential drug targets. HDACs can be 
targeted by pharmaceutical agents called HDAC inhibitors (HDIs), 
which are classified as either pan-HDIs or inhibitors of specific classes of 
HDACs. There are four classes- Class I which includes the Zinc- 
dependent enzymes HDAC1, HDAC2, HDAC3 and HDAC8, Class IIa 
which includes HDAC4, HDAC5, HDAC7, HDAC9, Class IIb (HDAC6 and 
HDAC10), Class III (also called SIRT1-7), which are NAD+ dependent 
enzymes, and Class IV which includes only HDAC11 (de Ruijter et al., 
2003; Yang and Seto, 2007). Recently, studies have reported that 
treatment with pan-HDIs exacerbated 1-methyl-4-phenylpyridinium 
(MPP+)-induced neurotoxicity in SH-SY5Y cells, whereas HAT activa-
tion promoted their survival (Choong et al., 2016; Hegarty et al., 2016a). 
HDIs have been examined as potential therapeutic agents for PD, how-
ever it is not yet clear which of the HDACs should be targeted for optimal 
therapeutic effect. Pharmacological inhibition of the Class I HDACs, 
namely HDAC1 and HDAC2, has been reported to attenuate MPP+- 
induced toxicity in SH-SY5Y cells and 1-methyl-4-phenyl-1,2,3,6- 

tetrahydropyridine (MPTP)-induced death of DA neurons in mice in 
vivo (Choong et al., 2016). Others have shown that Tubastatin A and 
MS275, which block HDAC1 and HDAC2, ameliorated MPP+-induced 
motor impairment in a zebrafish model of PD (Pinho et al., 2016). In 
contrast, Park et al. demonstrated that siRNA-mediated inhibition of 
HDAC1 and HDAC2 exacerbated MPP+-induced death of SH-SY5Y cells, 
while overexpression of these Class I HATs was neuroprotective (Park 
et al., 2016). A role for HDAC3 in PD has been suggested by a study 
showing that PTEN-induced putative kinase 1 (PINK1) mutations, which 
are linked to autosomal recessive PD, can enhance the activity of HDAC3 
in suppressing neuronal death via apoptosis (Choi et al., 2015). A role for 
Class II HDACs in PD has also been suggested from studies conducted on 
animal models. Cultured DA neurons from wild-type (WT) α-synuclein 
or A53T mutant α-synuclein transgenic mice, or from control transgenic 
mice treated with MPP+, displayed increased DA neuronal death which 
was coupled with nuclear accumulation of HDAC4 in vitro; this was also 
confirmed in vivo in α-synuclein transgenic mice treated with MPTP (Wu 
et al., 2017). Other evidence for HDAC4 as a potential target for PD 
therapy came from a study on iPSC-derived dopamine neurons from a 
PD patient, which revealed that HDAC4 acted as a repressor of a set of 60 
genes that were significantly upregulated or downregulated compared 
to age-matched controls (Lang et al., 2019). Another Class II HDAC, 
HDAC5, has been found to be upregulated in 80 distinct samples from 40 
different brain regions of adult mice, following methamphetamine- 
induced neuronal death (Hourani et al., 2008). Inhibition of HDAC5 
and HDAC9 has been reported to be neuroprotective in both MPP+ and 
α-synuclein cell models of PD (Collins et al., 2015; Mazzocchi et al., 
2019). Collectively, these studies suggest that upregulation and/or nu-
clear accumulation of class IIa HDACs may be detrimental to DA neu-
rons. A role for the Class IIb HDAC, HDAC6, has been suggested by a 
study showing that HDAC6 overexpression can rescue misfolded protein 
accumulation that occurs as a result of autophagy activation in a 
Drosophila transgenic model of PD (Pandey et al., 2007). 

Collectively, these studies suggest roles for various classes of HDACs 
in PD neuropathology; thus, it is important to identify which class is the 
most appropriate to target for neuroprotective therapy. In this study, we 
investigated the effects of several class-specific HDIs in two cell models 
of PD. We used neurite outgrowth as a phenotypic readout of the neu-
rotrophic effects of these agents, since axonal degeneration is an early 
pathological event in PD. 

2. Methods 

2.1. Gene co-expression analysis of human SN 

Human SN from healthy controls (GSE:60863) (Ramasamy et al., 
2014) gene expression data were analysed using R2 Genomics Analysis 
and Visualization Platform1. Pearson correlation and Bonferroni 

Abbreviations 

α-syn α-synuclein 
AAV adeno-associated virus 
acH3-K9.K14 histone acetylated lysine 9, lysine 14 
BMP bone morphogenetic protein 
BMPR1B bone morphogenetic type 1 receptor 
CaMK Ca2+/calmodulin-dependent protein kinase 
DA dopaminergic 
DRG dorsal root ganglion 
HAT histone acetyltransferase 
HDAC histone deacetylase 
HDIs HDAC inhibitors 
iPSC induced pluripotent stem cell 

LDH lactate dehydrogenase 
mDA midbrain DA 
MPP+ 1-methyl-4-phenylpyridinium 
MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 
NaB sodium butyrate 
PD Parkinson's disease 
PINK1 PTEN-induced putative kinase 1 
PKD protein kinase D 
shRNA short hairpin RNA 
siRNA short interfering RNA 
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TH tyrosine hydroxylase 
VPA valproic acid  
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multiple comparison tests were used to assess which HDACs were 
significantly co-expressed with SLC6A3 and NR4A2 genes, two markers 
of DA neurons. All gene expression data are presented as log2 expression 
values. 

2.2. Cell culture 

The two cell models used in this work were SH-SY5Y cells (ATCC; 
CRL-2266) and primary cultures of embryonic day (E) 14 rat ventral 
mesencephalon (VM). The SH-SY5Y cell line is an extensively-used 
model of human DA neurons (Xicoy et al., 2017). These cells were 
grown in Dulbecco's Modified Eagle Medium Nutrient Mixture F-12 
(DMEM/F-12), supplemented with 10% foetal bovine serum (FBS), 100 
nM L-Glutamine, 100 U/ml Penicillin, 10 μg/ml Streptomycin (all 
Sigma), in a humidified atmosphere containing 5% CO2 at 37 ◦C. No 
differentiating agent was applied, since SH-SY5Y cells develop clear 
neurites when cultured at low density and the use of a differentiating 
agent can cause them to be less susceptible to the effects of MPP+
(Cheung et al., 2009). Primary cultures of E14 rat VM (from the Bio-
logical Service Unit, University College Cork) were prepared as previ-
ously described (Hegarty et al., 2016c) under license with full ethical 
approval. After dissection, the VM tissue was dissociated following 
enzymatic treatment and cells were plated in poly-D-lysine-coated 24- 
well plates (Sigma) in DMEM/F-12 media supplemented with 1% 
penicillin/streptomycin (Sigma), 1% L-glutamine (Sigma), 2% B27 
(Invitrogen) and 1% FBS. Where indicated, cells were pre-treated for 30 
min with 1 μg/ml of the bone morphogenetic type 1 receptor (BMPR1) 
inhibitor, dorsomorphin (Sigma), which is known to inhibit BMPR1B 
receptors (Yu et al., 2008). Class I HDIs, RGFP109, RGFP966, Class-IIa 
HDIs, LMK-235, TMP-269 and Class IIb HDI ACY1215 (Cayman) were 
added at concentrations ranging from 0.001–0.1 μM, as indicated in 
each figure, with or without 1 mM MPP+, a DA neurotoxin widely used 
as an in vitro PD model (Chun et al., 2001), or pre-treated with 1 μg/ml 
dorsomorphin for 30 min. Where indicated, E14 VM cultures were 
plated at a density of 1.0 × 105 cells per well of a 24-well plate and 
transduced with 4 μl AAV2/6-GFP or 3.84 μl of AAV2/6-α-Synuclein to 
achieve a multiplicity of infection (MOI) of 2.0 × 105. Cultures were 
then treated daily with 20 nM of LMK235, commencing 5 days after viral 
infection (delayed treatment). The experimental endpoint was 10 DIV. 

2.3. Plasmid transfection 

SH-SY5Y cells were transfected using the TransIT-X2® Dynamic 
Delivery System (Mirus Bio) according to the manufacturer's in-
structions. Briefly, SH-SY5Y cells were seeded at a density of 1.5 × 105 

cells per well of a 24-well plate at 1 DIV. Where indicated, cells where 
transfected with 500 ng of pcDNA3-EGFP, a gift from Professor Doug 
Golenbock (Addgene plasmid # 13031; http://n2t.net/addgene:13031; 
RRID: Addgene_13031) or 500 ng of EGFP-alphasynuclein-wild-type 
(Addgene plasmid # 40822; http://n2t.net/addgene:40822; RRID: 
Addgene_40822) or 500 ng of EGFP-alphasynuclein-A53T (Addgene 
plasmid #40823; http://n2t.net/addgene:40823; RRID:Addg-
ene_40823) both gifted by Prof. David Rubinsztein (Furlong et al., 
2000). Where indicated, cells were also transfected with 500 ng of GFP 
Cignal reporter (Qiagen CCS-017G). Cells were subsequently treated 
with 0.1 μM of TMP269 or LMK235 for 72 h, or 1 μg/ml Dorsomorphin 
for 24 h. For siRNA experiments, cells were co-transfected with pcDNA3- 
EGFP and with 25 nM of commercially available Silencer® pre-designed 
siRNAs targeting HDAC5 (siHDAC5) or scrambled control siRNA (siSCR) 
(ThermoFisher). 

2.4. Virus preparation 

Expression plasmids for α-synuclein and GFP were kindly gifted by 
Dr. Eilis Dowd (National University of Ireland, Galway) and Professor 
Deniz Kirik (Lund University, Sweden). Adeno-associated viral 2/6 

vectors (AAV) were generated by Vector Biosystems Inc. (Philadelphia, 
USA), driven by a synapsin-1 promoter and enhanced using a wood-
chuck hepatitis virus post-transcriptional regulatory element (WPRE). 
The final viral titres for AAV2/6-α-synuclein and AAV2/6-GFP were 5.2 
× 1013 gc/ml and 5.0 × 1013 gc/ml, respectively. 

2.5. Immunocytochemistry, cell labelling and analysis of neurite growth 

To image SH-SY5Y cells for neurite length analysis, cells were fluo-
rescently labelled by incubation in the vital dye calcein AM (1:1000 
Invitrogen) for 1 h at the end of the three-day culture period. For pri-
mary cultures, DA neurons were identified by immunocytochemical 
staining for TH. Cell culture plates were fixed for 15 min using 4% 
paraformaldehyde. Following 3 × 5 min washes in 10 mM phosphate- 
buffered saline – Triton X-100 (PBS-T) (0.02% Triton X-100 in 10 mM 
PBS), cultures were incubated in 5% bovine serum albumin (BSA) in 10 
mM PBS-T for 1 h at room temperature. They were subsequently incu-
bated with the following primary antibodies: TH (Millipore MAB318; 
1:200); α-synuclein (Millipore 36/008; 1:2000); Smad1/5/9 (Abcam 
ab66737; 1:200); phospho-Smad 1/5/9 (Cell Signalling 13820S; 1:200) 
or AcH3 K9-K14 (Santa Cruz sc-33361; 1:200), diluted in 1% BSA in 10 
mM PBS at 4 ◦C for 16 h. Following 3 × 5 min washes in 10 mM PBS-T, 
cultures were incubated in 594-conjugated Alexa-Fluor® secondary 
antibodies (Invitrogen; 1:500 A11005 or A11012) in 1% BSA in 10 mM 
PBS prior to 3 × 5 min washes. All stained cultures of SH-SY5Y cells and 
of E14 VM neurons were imaged using an Olympus IX71 inverted mi-
croscope. For analysis of neurite growth in all cultures, five non- 
overlapping images were captured from each well in each experi-
mental group and 135–350 cells were analysed per group, as indicated 
in the figure legends. Neurite growth was measured by opening each 
image in Image J, and manually tracing the length of a given neurite 
using the trace function in Image J. Where indicated, the fluorescence 
intensity of individual cells was measured by densitometry using Image 
J analysis software. 

2.6. Quantitative real-time PCR (RT-qPCR) 

The levels of Hdac3, Hdac5, Hdac6 and Hdac9 mRNAs in embryonic 
and neonatal DA neurons of mouse VM (E10-P1) were quantified by RT- 
qPCR relative to a geometric mean of mRNAs for the housekeeping 
enzymes, glyceraldehyde phosphate dehydrogenase (Gapdh), succinate 
dehydrogenase (Sdha) and hypoxanthine phosphoribosyltransferase-1 
(Hprt1), as previously described (Hegarty et al., 2017). Briefly, 5 μl of 
RNA from the midbrain was reverse transcribed for 1 h at 45 ◦C using the 
AffinityScript kit (Agilent, Berkshire, United Kingdom) in a 25 μl reac-
tion volume, following the manufacturer's instructions. 2 μl of cDNA was 
amplified in a 20 μl reaction volume using Brilliant III ultrafast qPCR 
master mix reagents (Agilent Technologies) with 150 nM of primers and 
300 nM of dual-labelled (FAM/BHQ1) hybridization probes specific to 
each of the cDNAs (MWG/Eurofins, Ebersberg, Germany) using the 
Mx3000P platform (Agilent). The PCR primers were: Hdac3 forward: 5′- 
GTG TCC TTC CAC AAA TAC-3′ and reverse: 5′-GCA CAT TGA GAC AAT 
AGT A-3′; Hdac5 forward: 5′-TCC CTC CTA CAA ATT GCC-3 and reverse: 
5′-GGT GAT CTC AAC TGC TCT C-3′; Hdac6 forward: 5′-CTG ACT ACA 
TTG CTG CTT TC-3′ and reverse: 5′-CCA CCA AGA CCA GTT GAG-3′; 
Hdac9 forward: 5′-CGT CTC CAT CCT ACA AGT A-3′ and reverse: 5′-CTC 
CTC TCT GCC ACT TTC-3′. Dual-labelled probes were: Hdac3: 5′-FAM- 
CCA CTC TCT GCT CCA ACT TCA TAC A-BHQ1-3′; Hdac5: 5′-FAM-CCC 
TAT GAC AGC CGT GAT GAC T-BHQ1-3′; Hdac6: 5′-FAM-CTG CCA GTT 
GCC TCG GAG TT-BHQ1-3′; Hdac9: 5′-FAM TAA CCT GGA CCG CAC 
CTT CAA BHQ1-3′. 

2.7. LDH assay 

The lactate dehydrogenase (LDH) colorimetric assay (Thermo Fisher) 
was used to determine the effects of different HDIs on toxicity/cell 
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viability. Briefly, cultures were treated with class-specific HDIs for 3 DIV 
and the culture medium was collected and centrifuged at 1000 rpm for 5 
min at room temperature at the end of the three-day culture period. LDH 
activity was measured following the manufacturer's instructions and 
absorbance was measured using a plate reader (Tecan Sunrise) at A450. 

2.8. Western blot 

Western blot analysis was carried out as previously described 
(Crampton et al., 2012). Cells were lysed in radioimmunoprecipitation 
assay (RIPA) buffer (50 μl RIPA per 1 × 106 cells) consisting of 50 mM 
Tris-HCL, 150 mM NaCl, 1% Triton X-100, 1 mM EDTA, 1 mM sodium 
fluoride, 1 mM sodium orthovanadate, 1 μg/ml leupeptin and 1 μg/ml 
pepstatin for 1 h on ice. Total protein concentration was determined 
using Pierce BCA Protein Assay Kit (Thermo Fisher). Equal concentra-
tions of protein samples were diluted 1:1 with 5× Laemmli loading 
buffer (126 mM Tris-HCl, 20% glycerol, 4% SDS, 0.02% bromophenol 
blue) containing 2.5% β-mercaptoethanol and analysed by SDS-PAGE 
(Bio-Rad, CA, USA). The membrane was incubated in Tris-buffered sa-
line containing 0.05% Tween (TBS-T) and 5% BSA to block non-specific 
antibody binding for 1 h at room temperature, before being incubated in 
primary antibodies against AcH3 (1:1000; rabbit polyclonal IgG; Santa 
Cruz) and β-actin (1:500; mouse polyclonal; Sigma) diluted in 1% BSA in 
10 mM PBS overnight at 4 ◦C with constant agitation. The membrane 
was washed, incubated for 1 h with peroxidase conjugate antibody 
(1:2500; Promega) and staining was detected by enhanced chem-
iluminescence (GE Healthcare). Protein expression was normalised to 
Ponceau staining by densitometry using ImageJ. 

2.9. Statistical analysis 

Statistical analysis was performed using GraphPad Prism 8 (©2020 
GraphPad Software, CA USA). All data are presented as the mean ± SEM 
of the number of experimental replicates rather than the number of cells. 
Statistical differences were analysed using Student's t-test, one-way 
ANOVA or two-way ANOVA as appropriate, with the post-hoc test as 
indicated in the figure legends. 

3. Results 

3.1. Co-expression analysis implicates specific HDACs in midbrain DA 
neuron development and function 

We first investigated whether any of the HDAC subtypes were 
significantly co-expressed with markers of human DA SN neurons. This 
approach is based on the hypothesis that a positive co-expression cor-
relation can reflect a functional association (Homouz and Kudlicki, 
2013) (Fig. 1A). To investigate this, we used data from human SN 
dataset (GSE: 60863) (Ramasamy et al., 2014) and performed a Pearson 
correlation with Bonferroni post hoc analysis, demonstrating that 
HDAC3, HDAC5, HDAC6 and HDAC9 display positive correlations with 
the DA neuronal markers SLC6A3 and NR4A2 (Fig. 1B). To gain further 
insight into the potential roles of these HDACs in DA neurons, we used 
RT-qPCR to quantify the expression of their mRNAs during embryonic 
development of the mouse VM. We discovered that Hdac3 (Fig. 1C), 
Hdac5 (Fig. 1D), Hdac6 (Fig. 1E) and Hdac9 (Fig. 1F) mRNA levels 
increased in the developing VM from E10 to reach a peak at E12-E14. 
Following this peak of expression, the levels of all four of these Hdac 
mRNAs decreased markedly between E14 and E16, after which expres-
sion levels remained approximately stable until birth. 

3.2. Class-specific HDAC inhibitors 

In this study, we evaluated the neurotrophic potential of individual 
HDIs based on their structure and their abilities to selectively inhibit 
specific HDAC subtypes in SH-SY5Y cells, which express HDAC3, 
HDAC5, HDAC6, and HDAC9 (Supplementary Fig. 1). For Class I HDAC 
inhibition we used RGFP109, a pimelic diphenylamide small molecule 
which inhibits HDAC1 and HDAC3 with an IC50 of 60 nM and 50 nM, 
respectively (Rai et al., 2010). As a second inhibitor of Class I, we choose 
RGFP966, which inhibits HDAC3 specifically with an IC50 of 0.08 μM 
and does not have any effects on other HDACs up to a concentration of 
15 μM (Thaler and Mercurio, 2014). For inhibition of Class IIa HDACs, 
we firstly examined LMK235, a highly selective inhibitor of HDAC4 and 
HDAC5 with an IC50 of 11.9 nM and 4.22 nM, respectively (Marek et al., 
2013). The second Class IIa-specific HDI examined, TMP269, inhibits all 

Fig. 1. Co-expression analysis implicates specific HDACs in midbrain DA neuron development and function. 
(A) Schema showing the experimental approach. Raw data were derived from data set GSE60863 and analysed using the R2 microarray platform. (B) Pearson 
correlation analyses between each HDAC and SLC6A3 and NR4A2 (markers of DA neurons) in the human SN with the r and Bonferroni-corrected p-values shown in 
parentheses. (C–F) RT-qPCR of mRNA levels of (C) Hdac3, (D) Hdac5, (E) Hdac6 and (F) Hdac9 in the mouse midbrain from E10 to P1, relative to the levels of the 
geometric mean of three reference mRNAs; Gapdh, Sdha and Hprt1. Data are presented as the mean ± SEM from3 to 6 from separate animals at each time point. 
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subtypes, HDAC 4,5,7 and 9 with an IC50 of 126, 80, 36, and 9 nM, 
respectively (Lobera et al., 2013). To inhibit Class IIb HDACs, we used 
the HDAC6-specific inhibitor, ACY1215 (Ricolinostat) which has an IC50 
of 4.7 nM (Santo et al., 2012). For a full summary of the pharmacological 
HDIs used in this study, see Table 1. 

3.3. Class I HDAC inhibitors do not affect neurite growth or survival in 
SH-SY5Y cells 

We first examined the effects of class I-specific HDIs on neurite 
growth and cell viability in SH-SY5Y cells. To do this, SH-SY5Y cells 
were treated daily with increasing concentrations (0.001–0.1 μM) of 
RGFP109 (a HDAC1 and HDAC3 inhibitor) or RGFP966 (a HDAC3 se-
lective inhibitor) (Table 1) for 72 h. We first evaluated the potential of 
each molecule to increase the levels of histone acetylation, using 
immunocytochemical staining for histone acetylation (acH3-K9.K14) as 
a readout of HDAC inhibition. We found that RGFP109 resulted in a 
significant increase in acH3-K9.K14 at a concentration of 0.1 μM, 
whereas RGFP966 induced a significant increase in acH3-K9.K14 at all 
tested concentrations (Fig. 2a, d). We next examined the effects of these 
molecules on neurite growth and cell viability, as readouts of neuro-
trophic action. Treatment with RGFP109 or RGFP966 for 72 h did not 
promote neurite growth at any concentration tested (Fig. 2b, e). We also 
carried out an LDH assay to examine the effects of RGFP109 or RGFP966 
on cell survival. Treatment with RGFP109 or RGFP966 for 72 h had no 
significant effect on cell viability (Fig. 2c,f). Collectively, these data 
show that, despite an increase in acH3-K9.K14 levels, small molecule 
inhibitors of HDAC1 and/or HDAC3 do not affect basal neurite 
outgrowth or cell viability in SH-SY5Y cells. 

3.4. Class IIa HDAC inhibitors promote neurite growth in SH-SY5Y cells 

We next examined the effects of the class IIa-specific HDIs, LMK235 
(a HDAC4/5 inhibitor) and TMP269 (a HDAC9 > HDAC7 > HDAC5 >
HDAC4 inhibitor) (Table 1) on neurite growth and cell viability in SH- 
SY5Y cells. To do this, SH-SY5Y cells were treated daily with 
increasing concentrations (0.001–0.1 μM) of LMK235 or TMP269 for 72 
h. Treatment with LMK235, but not with TMP269, resulted in a signif-
icant increase in acH3-K9.K14 (Fig. 3a, d, g). To confirm the effect of 
LMK235 on acH3-K9.K14 levels, we carried out Western blotting which 
showed that LMK235 treatment led to a significant increase in acH3-K9. 
K14 (Supplementary Fig. 2). We next examined the effects of LMK235 
and TMP269 on neurite growth. Interestingly, both compounds led to 
significant increases in neurite growth (Fig. 3b, e, h). LDH assays 
confirmed that, while there were no significant differences in cells 
treated with LMK235 compared to control cells, those treated with 
TMP269 at a concentration of 0.01 μM had significantly lower levels of 
LDH (Fig. 3c, f). Collectively, these data show that the HDAC4/5 in-
hibitor, LMK235, and also the pan-class IIa HDAC inhibitor TMP269, 
increase acH3-K9.K14 levels and promote neurite growth in SH-SY5Y 
cells. 

3.5. The HDAC6-specific inhibitor ACY1215 does not affect acetylation 
levels, neurite outgrowth or cell viability in SH-SY5Y cells 

We next examined the effect of HDAC6-specific inhibition using 
ACY1215, despite the fact that HDAC6 overexpression has previously 
been demonstrated to have a beneficial effect in Drosophila neurode-
generative models (Pandey et al., 2007). To do this, we examined the 
effects of the HDAC6-specific inhibitor, ACY1215 (Table 1), on neurite 
growth and cell viability. SH-SY5Y cells were treated daily with 
increasing concentrations (0.001–0.1 μM) of ACY1215 for 72 h. We 
found that ACY1215 treatment had no effect on acH3-K9.K14 levels 
(Fig. 4a, d). This was not surprising given that previous reports 
described the main function of HDAC6 as a regulator of tubulin acety-
lation rather than histone acetylation/deacetylation (Hubbert et al., 

Table 1 
Names and structures of the HDAC inhibitors used in this study.  

Name IUPAC name HDAC 
class 
specificity 

IC50 
HDACs 
subtype 
(μM) 

Chemical structure 

RGFP109a N-[6-(2- 
aminoanilino)-6- 
oxohexyl]-4- 
methylbenzamide 

Class I HDAC1 
= 0.060f 

HDAC3 
= 0.050f 

RGFP966b (E)-N-(2-amino-4- 
fluorophenyl)-3-[1- 
[(E)-3-phenylprop- 
2-enyl]pyrazol-4-yl] 
prop-2-enamide 

Class I HDAC3 
=

0.008g 

LMK235c N-[6- 
(hydroxyamino)-6- 
oxohexoxy]-3,5- 
dimethylbenzamide 

Class IIa HDAC4 
=

0.012h 

HDAC5 
=

0.004h 

TMP269d N-[[4-(4-phenyl-1,3- 
thiazol-2-yl)oxan-4- 
yl]methyl]-3-[5- 
(trifluoromethyl)- 
1,2,4-oxadiazol-3- 
yl]benzamide 

Class IIa HDAC9 
= 0.023i 

HDAC7 
= 0.040i 

HDAC5 
= 0.10i 

HDAC4 
= 0.13i 

ACY1215e N-[7- 
(hydroxyamino)-7- 
oxoheptyl]-2-(N- 
phenylanilino) 
pyrimidine-5- 
carboxamide 

Class IIb HDAC6 
= 0.005j 

a PubChem Database. CID=56654642. https://pubchem.ncbi.nlm.nih. 
gov/compound/rg2833 (accessed on Apr. 24, 2020). 

b PubChem Database. CID=56650312, https://pubchem.ncbi.nlm.nih. 
gov/compound/rgfp966 (accessed on Apr. 24, 2020). 

c PubChem Database. CID 71520717, https://pubchem.ncbi.nlm.nih. 
gov/compound/lmk-235 (accessed on Apr. 24, 2020). 

d PubChem Database. CID 53344908, https://pubchem.ncbi.nlm.nih. 
gov/compound/tmp269 (accessed on Apr. 24, 2020). 

e PubChem Database. CID=53340666, https://pubchem.ncbi.nlm.nih.go 
v/compound/Ricolinostat (accessed on Apr. 24, 2020). 

f M. Rai, E. Soragni, C.J. Chou, G. Barnes, S. Jones, J.R. Rusche, J.M. Got-
tesfeld, M. Pandolfo, Two new pimelic diphenylamide HDAC inhibitors induce 
sustained frataxin upregulation in cells from Friedreich's ataxia patients and in a 
mouse model, PLoS One 5(1) (2010) e8825. 

g F. Thaler, C. Mercurio, Towards selective inhibition of histone deacetylase 
isoforms: what has been achieved, where we are and what will be next, Chem-
MedChem 9(3) (2014) 523–6. 

h L. Marek, A. Hamacher, F.K. Hansen, K. Kuna, H. Gohlke, M.U. Kassack, T. 
Kurz, Histone deacetylase (HDAC) inhibitors with a novel connecting unit linker 
region reveal a selectivity profile for HDAC4 and HDAC5 with improved activity 
against chemoresistant cancer cells, Journal of medicinal chemistry 56(2) 
(2013) 427–36. 

i M. Lobera, K.P. Madauss, D.T. Pohlhaus, Q.G. Wright, M. Trocha, D.R. 
Schmidt, E. Baloglu, R.P. Trump, M.S. Head, G.A. Hofmann, M. Murray- 
Thompson, B. Schwartz, S. Chakravorty, Z. Wu, P.K. Mander, L. Kruidenier, R. 
A. Reid, W. Burkhart, B.J. Turunen, J.X. Rong, C. Wagner, M.B. Moyer, C. Wells, 
X. Hong, J.T. Moore, J.D. Williams, D. Soler, S. Ghosh, M.A. Nolan, Selective 
class IIa histone deacetylase inhibition via a nonchelating zinc-binding group, 
Nat Chem Biol 9(5) (2013) 319–25. 

j L. Santo, T. Hideshima, A.L. Kung, J.C. Tseng, D. Tamang, M. Yang, M. Jarpe, 
J.H. van Duzer, R. Mazitschek, W.C. Ogier, D. Cirstea, S. Rodig, H. Eda, T. 
Scullen, M. Canavese, J. Bradner, K.C. Anderson, S.S. Jones, N. Raje, Preclinical 
activity, pharmacodynamic, and pharmacokinetic properties of a selective 
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2002). Despite this, we assessed the effect of ACY1215 on neurite 
growth. We found that ACY1215 did not increase neurite growth at any 
of the tested concentrations (Fig. 4b, e). LDH assay showed that 
ACY1215 treatment had no significant effect on cell viability (Fig. 4e). 
Collectively, these data show that the small molecule HDAC6 inhibitor, 
ACY1215, had no effect on acH3-K9.K14 levels, neurite outgrowth and 
viability in SHSY5Y cells. 

3.6. The effects of LMK235 on neurite growth require BMP-Smad 
pathway activation in SH-SY5Y cells 

We next sought to explore the potential mechanisms underlying the 
beneficial effects of LMK235. We hypothesised that these effects may be 
mediated through activation of the BMP-Smad signalling pathway, as we 
have previously shown that this pathway is required for promoting 
neurite growth following HDAC5 inhibition (Mazzocchi et al., 2019). 
Firstly, SH-SY5Y cells were transfected with a Smad-GFP reporter 

construct to quantify Smad-dependent transcription and then cells were 
treated with 0.1 μM of LMK235 for 24 h. We found that LMK235 
treatment resulted in a significant increase in GFP fluorescence intensity 
compared to the control (Fig. 5a, b). To confirm this, we treated SH- 
SY5Y cells with 0.1 μM of LMK235 for 24 h and then immunocyto-
chemically stained for pSmad1/5 as a readout of activation of the BMP- 
Smad pathway. The 24 h time point was used to minimise the potential 
for negative feedback inhibition of the pathway and because we found 
that 72 h treatment with dorsomorphin adversely affects cell viability 
(data not shown).We found that LMK235 treatment resulted in a sig-
nificant increase in pSmad1/5, which was prevented by co-treatment 
with dorsomorphin, a small molecule known to block BMP pathway 
activation (Yu et al., 2008) (Fig. 5c). Similar findings were also seen in 
cultures transfected with siRNAs targeting HDAC5 (Supplementary 
Fig. 3). To confirm these findings in DA neurons, we next treated pri-
mary cultures of E14 rat VM for 24 h with 0.02 μM of LMK235, a con-
centration which has previously been used in primary neuronal cultures 
(Trazzi et al., 2016), and immunocytochemically stained them for TH 
and pSmad1/5. Densitometry analysis revealed that LMK235 treatment 
led to a significant increase in pSmad1/5 levels in TH+ neurons, which 
was prevented by dorsomorphin (Fig. 5d). To determine whether the 
effect of LMK235 on neurite growth was mediated through the BMP- 

HDAC6 inhibitor, ACY-1215, in combination with bortezomib in multiple 
myeloma, Blood 119(11) (2012) 2579–89. 
All information in this table is from the National Center for Biotechnology In-
formation (NCBI) (https://pubchem.ncbi.nlm.nih.gov). 

Fig. 2. Class I-specific HDAC inhibitors promote histone acetylation but do not affect neurite growth in SH-SY5Y cells. Graphs of (A, D) acetylated histone H3 levels 
(acH3-K9.K14), (B, E) neurite length and (C, F) LDH activity as a readout of cell viability of SH-SY5Y cells cultured either without HDI's or treated daily with the 
indicated concentrations of the HDIs RGFP109 or RGFP966 for 72 h. All data are presented as the mean ± SEM as a percentage of the control of n = 3 experiments. ** 
p < 0.01; *** p < 0.001 vs. control (0 μM group). One-way ANOVA with post hoc Fishers LSD test. (G, H) Representative photomicrographs of control SH-SY5Y cells 
and SH-SY5Y cells treated with increasing concentration of RGFP109 (0.001–0.1 μM) showing (G) immunocytochemistry for acH3-K9.K14 and (H) SH-SY5Y cells 
stained with the vital fluorescent dye Calcein-AM to visualise neurites. Scale bar = 25 μm. 
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Smad pathway, we examined neurite growth in SH-SY5Y cells and E14 
VM cultures treated with LMK235 with or without dorsomorphin and 
found that dorsomorphin inhibited the neurite growth-promoting effects 
of LMK235 in SH-SY5Y cells (Fig. 5e) and in DA neurons (Fig. 5f). 
Collectively, these data show that LMK235 activates the BMP-Smad 
pathway and is required for the beneficial effects of LMK235 on neu-
rite growth. 

3.7. LMK235 protects against MPP+-induced neurotoxicity in SH-SY5Y 
cells and E14 VM primary cultures 

Since LMK235 was the only compound to increase acH3-K9.K14 
levels and to promote neurite growth, but had no adverse effects on 
cell viability, we next examined whether LMK235 could protect against 
the detrimental effects of MPP+ on neurite growth. Firstly, we treated 
SH-SY5Y cells with 1 mM MPP+ and cultured them with or without 0.1 
μM LMK235 for 72 h. We found that LMK235 treatment partially rescued 
MPP+-induced reductions in neurite length (Fig. 6a). We sought to 
confirm these findings in DA neurons. To do this, we treated primary 
cultures of E14 rat VM with 1 mM MPP+ with or without 0.02 μM of 
LMK235 for 24 h. MPP+ and LMK235 were added simultaneously. We 
found that, while MPP+-induced degeneration resulted in significant 

reductions in neurite length (Fig. 6b, d) and in the numbers of DA 
neurons per field (Fig. 6c, d), LMK235 protected against MPP+-induced 
degeneration (Fig. 6b–d). Collectively these data show that a small 
molecule inhibitor of HDAC4/5 can protect against MPP+-induced 
degeneration in SH-SY5Y cells and DA neurons. 

3.8. LMK235 protects against AAV2/6-α-Synuclein-induced 
neurodegeneration in SH-SY5Y cells and E14 VM primary cultures 

While MPP+ treatment models the oxidative stress-induced changes 
in PD at the cellular level, PD in patients is characterised by the accu-
mulation of α-synuclein. Therefore, we next examined whether LMK235 
could protect against the detrimental effects of WT or A53T-α-synuclein. 
To do this, SH-SY5Y cells were transfected with a Control-GFP plasmid, 
or a plasmid expressing GFP-tagged A53T α-synuclein (αSynA53T-GFP) 
or WT α-synuclein (αSyn-GFP) and then treated with 0.1 μM of LMK235 
for 72 h. Cultures were fixed and stained for acH3-K9.K14 to quantify 
histone acetylation, while images of GFP-positive cells were used for 
analysing neurite growth. Neurite length analysis showed that LMK235 
treatment protected against the detrimental effects of αSynA53T-GFP on 
neurite growth (Fig. 7a). Moreover, LMK235-treated αSynA53T-GFP- 
expressing cells had higher levels of acH3-K9.K14 (Fig. 7b). In similar 

Fig. 3. Class IIa HDAC inhibitors promote histone acetylation and neurite growth in SH-SY5Y cells. Graphs of (A, D) acetylated histone H3 levels (acH3-K9.K14), (B, 
E) neurite length and (C, F) LDH activity as a readout of cell viability of SH-SY5Y cells cultured either without HDI's or treated daily with the indicated concentrations 
of the HDIs LMK235 or TMP269 for 72 h. All data are presented as the mean ± SEM as a percentage of the control of n = 3 experiments. ** p < 0.01; *** p < 0.001 vs. 
control (0 μM group). One-way ANOVA with post hoc Fishers LSD test. (G, H) Representative photomicrographs of control SH-SY5Y cells and SH-SY5Y cells treated 
with 0.1 μM LMK235 showing (G) immunocytochemistry for acH3-K9.K14 and (H) SH-SY5Y cells stained with the vital fluorescent dye Calcein-AM to visualise 
neurites. Scale bar = 25 μm. 
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Fig. 4. The Class IIb HDAC6 inhibitor ACY1215 does not promote histone acetylation or neurite growth in SH-SY5Y cells. Graphs of (A) acetylated histone H3 levels 
(acH3-K9.K14), (B) neurite length and (C) LDH activity as a readout of cell viability of SH-SY5Y cells cultured either without HDIs or treated daily with the indicated 
concentrations of the HDI ACY1215 for 72 h. All data are presented as the mean ± SEM as a percentage of the control of n = 3 experiments. * p < 0.05 vs. control (0 
μM group). One-way ANOVA with post hoc Fishers LSD test. (G, H) Representative photomicrographs of control SH-SY5Y cells and SH-SY5Y cells treated with 0.1 μM 
ACY1215 showing (D) immunocytochemistry for acH3-K9.K14 and (E) SH-SY5Y cells stained with the vital fluorescent dye Calcein-AM to visualise neurites. Scale bar 
=25 μm. 

Fig. 5. LMK235 induces Smad activation, which is required for its effect on neurite growth in SH-SY5Y cells. (A) Schema and representative photomicrographs and 
(B) graph of GFP expression (as a measurement of Smad-dependent transcription) in SH-SY5Y cells transfected with a Smad-GFP reporter construct and treated with 
0.1 μM LMK235 for 24 h. (C) Graph showing densitometry of phospho-(p)Smad1/5 staining in SH-SY5Ycells at 24 h when treated daily with either vehicle or 0.1 μM 
LMK235, with or without pre-treatment with 1 μg/ml dorsomorphin. (D) Graph showing densitometry of phospho-(p)Smad1/5 staining in E14 rat VM cultures at 24 
h when treated with either vehicle or 0.02 μM LMK235, with or without pre-treatment with 1 μg/ml dorsomorphin. (E) Graph showing neurite length analysis in SH- 
SY5Y cells treated with either vehicle or 0.1 μM LMK235 for 24 h, with or without pre-treatment with 1 μg/ml dorsomorphin. (F) Graph showing neurite length of 
TH-positive DA neurons in primary cultures of E14 rat VM cultured either with or without 0.02 μM of LMK235 for 24 h, with or without pre-treatment with 1 μg/ml 
dorsomorphin. All data are presented as the mean ± SEM as a percentage of the control of n = 3 experiments. * p < 0.05; ** p < 0.01; *** p < 0.001 vs. control or as 
indicated; n.s. = not significant. One-way ANOVA with post hoc Fishers LSD test. Scale bar = 100 μm. 
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experiments with WT α-synuclein, LMK235 treatment also protected 
against the detrimental effects of αSyn-GFP on neurite growth (Fig. 7c). 
There were no significant differences in acH3-K9.K14 levels, but a trend 
towards an increased level was observed (Fig. 7d). Finally, we sought to 
determine if LMK235 exerted beneficial effects on cultured DA neurons 
with an established α-synuclein burden. To do this, primary cultures of 
E14 rat VM were transduced with AAV-GFP or AAV-αSyn vectors. This 
led to strong expression of human WT α-synuclein at 5 days post- 
transduction in cultures transduced with AAV-αSyn (Fig. 7e). At 5 
days post-transduction, cultures were cultured for a further 5 DIV with 
or without daily treatment of 0.02 μM of LMK235. An analysis of neurite 
growth revealed that AAV-αSyn resulted in a significant reduction in DA 
neurite length compared to the AAV-GFP control group, which was not 
seen in AAV-αSyn cultures treated with LMK235 (Fig. 7f). Collectively, 
these data show that LMK235 protects against α-synuclein-induced 
degeneration of DA neurons in vitro. 

4. Discussion 

Despite the many studies that have focused on the connection be-
tween PD and the processes of histone acetylation/deacetylation, the 
exact role of individual HDACs in PD pathology is still largely unknown. 
In this context, pan-HDIs have been extensively studied as potential 
therapeutic agents for PD (Dietz and Casaccia, 2010; Hegarty et al., 
2016b). However, there have been several contrasting results, suggest-
ing that some HDACs may have potential neuroprotective roles (Kidd 
and Schneider, 2011; Mazzocchi et al., 2019; Paiva et al., 2017), while 
others may exacerbate the neurodegenerative state (Harrison et al., 
2019; Wang et al., 2009). Furthermore, given that distinct HDACs are 
expressed in different cells and tissues, a lack of specificity in targeting 
HDAC subtypes may lead to side effects. In this study, we performed co- 
expression analysis to verify whether any HDAC subtypes were signifi-
cantly correlated with DA markers of human SN, to explore possible 
functional correlations. We found that the expression of HDAC3, 5, 6 
and 9 was positively correlated with that of the DA markers. We then 
confirmed that all of these HDAC subtypes were expressed at the mRNA 
level in developing embryonic mouse DA neurons, with these expression 
patterns suggesting potential roles in midbrain DA (mDA) axonal 
growth. Next, we examined the effect of class-specific HDAC inhibition 

using a range of pharmacological inhibitors to separately assess the ef-
fects of the class-specific HDIs, RGFP966, RGFP109, LMK235, TMP269 
and ACY1215, on cell survival and neurite growth. We found that only 
class IIa inhibition resulted in increases in neurite growth and in histone 
acetylation. In addition, LMK235, which is an inhibitor of HDAC4 and 
HDAC5, protected both SH-SY5Y cells and cultured DA neurons from the 
toxic effects of MPP+. The reductions in neurite growth induced by 
overexpression of WT and A53T α-synuclein in SH-SY5Y cells, and of WT 
α-synuclein in cultured DA neurons, were also prevented by LMK235. 
Finally, we found that the beneficial effects of LMK235 were mediated 
by activation of the BMP-Smad signalling pathway. 

Firstly, we examined the effects of class-I HDIs RGFP109 and 
RGFP966 on the levels of histone acetylation and neurite outgrowth. We 
found a dose-dependent increase in acetylation of histone 3 levels after 
treatment with RGFP109, while RGFP966 induced increases at all of the 
concentrations tested. These increases in histone acetylation induced by 
RGFP109 or RGFP966 were not coupled with increases in neurite length. 
In agreement, a study on dorsal root ganglion (DRG) neurons found that 
HDAC3 genetic or pharmacological inhibition increased levels of acet-
ylation of histone 3 after spinal cord injury in vivo (Hervera et al., 2019). 
However, in contrast to our findings, that study also showed that inhi-
bition of HDAC3 induced increases in axon length. A ChIP seq of histone 
3 lysine 6 (H3K9) demonstrated that HDAC3 is involved in the regula-
tion of regenerative pathways (Hervera et al., 2019). On the other hand, 
in support of our finding, another study demonstrated that class-I- 
specific inhibitors PCI-34051 and MS-275 had no effect on neurite 
growth or branching after 24 h treatment of SH-SY5Y cells (Collins et al., 
2015). 

Secondly, we examined the ability of the class-IIa HDIs, LMK235 and 
TMP269 to increase histone acetylation and promote neurite growth. 
We found that both compounds induced increases in neurite length that 
were coupled with increases in H3 acetylation. In agreement with this, a 
previous study found that class IIa inhibition using the class IIa HDI, 
MC1568, promoted axon growth in both mDA and sympathetic neurons 
in vitro (Collins et al., 2015). In further support of these findings, our 
previous study used short interfering RNA (siRNA) to show that inhi-
bition of HDAC5 or HDAC9, but not of HDAC4 or HDAC7, induced 
neurite outgrowth in both SH-SY5Y cells and cultured DA neurons 
(Mazzocchi et al., 2019). In the same study it was also confirmed that 

Fig. 6. LMK235 protects against MPP+-induced neurotoxicity in SH-SY5Y cells and E14 VM primary cultures. (A) Graph showing neurite length of SH-SY5Y cells at 
72 h when cultured with or without 1 mM MPP+ and supplemented daily with either vehicle or 0.1 μM LMK235. Graphs of (B) neurite length and (C) neuron number, 
and (D) representative photomicrographs of tyrosine hydroxylase (TH)-positive DA neurons in primary cultures of E14 rat VM at 72 h cultured either with or without 
1 mM MPP+ and supplemented with either vehicle with or 0.02 μM of LMK235. MPP+ and LMK235 were added simultaneously. All data are presented as the mean ±
SEM as a percentage of the control of n = 3 experiments. ** p < 0.01; *** p < 0.001 vs. control or as indicated; One-way ANOVA with post hoc Fishers LSD test. Scale 
bar = 100 μm. 
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class IIa-specific inhibition using MC1568 led to an increase in histone 3 
acetylation levels (Mazzocchi et al., 2019). Moreover, a study by Sugo 
et al. demonstrated that shRNA-mediated inhibition of HDAC9 led to a 
significant increase in dendritic length and complexity of branching in 
cultured cortical neurons (Sugo et al., 2010). In support of our findings, 
Cho et al. reported that HDAC5 nuclear export is essential for regener-
ation of DRG neurons after injury, both in vitro and in vivo (Cho et al., 
2013). Interestingly, HDAC5 nuclear export after injury resulted in an 
increase in acetylation of histone 3 (Cho et al., 2013). This suggests that 
the beneficial effects of HDAC5 inhibition may not be cell type-specific 
and could be triggered using specific pharmacological inhibition. 

We next examined the ability of the HDAC6-specific inhibitor 
ACY1215 to increase the level of histone 3 acetylation and neurite 
growth. We found that ACY1215 had no significant effect on the levels of 
histone acetylation or on neurite growth. In contrast with our findings, 
Tapia et al. found that inhibition of HDAC6 using either short hairpin 
RNA (shRNA) or Tubacin, a HDAC6-specific pharmacological inhibitor, 
suppressed axon formation and delayed elongation in cultured murine 
hippocampal neurons (Tapia et al., 2010). However, these effects of 
HDAC6 may be cell type-specific, as another study used both pharma-
cological and genetic-mediated inhibition of HDAC6 and reported an 
increase in neurite outgrowth in cultured cortical neurons (Rivieccio 
et al., 2009). In this study, it was also reported that the increases in 
neurite length were coupled with increases in acetylation of α-tubulin, 

but not of histone substrates (Rivieccio et al., 2009). This was confirmed 
by Guo et al. who demonstrated that HDAC6 inhibition using ACY1215 
mainly increased α-tubulin acetylation levels which ameliorate axonal 
transport defect in iPSCs derived from amyotrophic lateral sclerosis 
patients (Guo et al., 2017). These data collectively suggest that the main 
target of HDAC6 is α-tubulin homeostasis to affect axonal transport but 
not axon outgrowth. 

Having shown the beneficial effects of LMK235 on neurite growth, 
we next examined the potential mechanisms that may underlie the 
neurite growth-promoting effects of LMK235. We found that the bene-
ficial effects of LMK235 on neurite growth were mediated by activation 
of the BMP-Smad pathway. In accordance with this, previous reports 
have shown that the pan-Class IIa HDI, MC1568, increased p-Smad1/5/ 
8 levels in a time-dependent manner and led to the activation of the 
canonical BMP-Smad pathway (Collins et al., 2015). In additional sup-
port, our previous study showed that MC1568 administration induced 
an increase in SMAD1 and BMP2 transcript expression in SH-SY5Y cells. 
In addition, we found that both pharmacological and genetic inhibition 
of HDAC5 increased neurite growth via activation of the BMP-Smad 
pathway (Mazzocchi et al., 2019). Furthermore, Taniguchi et al. per-
formed a study on HDAC5 binding sites using ChIP-seq, and showed an 
association of HDAC5 with the BMP2 promoter region, confirming that 
HDAC5 could control the expression of BMP2, a BMP-Smad pathway 
activator (Taniguchi et al., 2017). 

Fig. 7. LMK235 protects against AAV2/6-α-Synuclein-induced neurodegeneration in SH-SY5Y cells and E14 VM primary cultures. (A-–D) Graphs showing (A, C) 
neurite length and (B, D) the relative levels of acetylated histone 3 (acH3.K9.K14) of SH-SY5Y cells at 72h when treated daily with 0.1 μM LMK235 or vehicle and 
transfected with a plasmid overexpressing (A, B) ⍺-synuclein (⍺SynA53T-GFP) or (C, D) wild-type ⍺-synuclein (⍺Syn-GFP). Cells were transfected with a GFP- 
expressing plasmid as a control. (E) Representative photomicrographs showing human ⍺-synuclein staining (red) in TH-positive DA neurons (green) in primary 
cultures of E14 rat 5 days post transduction with an AAV vector carrying the WT human ⍺-synuclein gene (AAV-⍺Syn). Control cultures were transduced with AAV- 
GFP. (F) Graph showing neurite length of DA neurons in primary cultures of E14 rat VM at 10 days post-transduction with AAV-GFP or AAV-⍺Syn. In a delayed 
treatment paradigm, where indicated, cultures were treated with either vehicle or 0.02 μM LMK235 daily from days 5–10. All data are presented as the mean ± SEM 
as a percentage of the control of n = 3 experiments. * p < 0.05; ** p < 0.01; *** p < 0.001 vs. control or as indicated; One-way ANOVA with post-hoc Fisher's LSD test. 
Scale bar = 50 μm. 
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We next tested the neuroprotective effects of LMK235, a specific 
HDAC4/5 inhibitor, in in vitro models of PD. We found that LMK235 
protected axons from MPP+-induced degeneration of both SH-SY5Y and 
cultured DA neurons. In support of this, a previous study reported that 
the pan-class IIa inhibitor, MC1568, protected against MPP+-induced 
reductions in axonal length and branching in cultured DA and sympa-
thetic neurons (Collins et al., 2015). Previous studies have also reported 
that the pan-HDIs, sodium butyrate (NaB), valproic acid (VPA) and 
SAHA, protected against MPP+-induced toxicity in an in vitro model of 
PD (Kidd and Schneider, 2010). Importantly, we also found that 
LMK235 protected axons from neurodegeneration caused by over-
expression of WT or A53T α-synuclein. In accordance with this, a study 
by Kontopoulos et al. (2006) demonstrated that α-synuclein localised in 
the nucleus directly inhibits acetylation of histone 3, by physically 
interacting with histones both in vitro and in vivo. Furthermore, Paiva 
et al. (2017) found that NaB, a pan-HDI, reversed the reduction of his-
tone acetylation levels caused by WT α-synuclein overexpression in 
LUHMES cells. In support of this, we previously demonstrated that 
siRNA-mediated inhibition of Class IIa HADCs, HDAC5 and HDAC9 
protected against α-synuclein-induced reductions in neurite growth 
(Mazzocchi et al., 2019). Collectively, these data suggest that the neu-
roprotective effects exerted by pan-HDIs may be mediated by HDAC4/5 
inhibition. 

Interestingly, a link between Smad activation and class IIa HDACs 
has previously been reported (Jensen et al., 2009). That study found that 
treatment of C2C12 cells with BMP2 induces class IIa HDAC nuclear 
export, with a significant effect on HDAC7. Shuttling of HDAC7 from the 
nucleus to the cytoplasm, mediated by activation of PKD and CaMK, 
which induce HDAC7 phosphorylation and consequent nuclear export, 
induced a negative regulation of the Runx2 transcription factor, sug-
gesting that HDACs and Smad interaction can influence several cellular 
process (Jensen et al., 2009). Collectively, these data, together with our 
studies, shows the potential of HDIs as therapeutics for PD and high-
lights the need for further research on class-specific HDI inhibition. In 
particular, these findings show that Class IIa inhibitors induce neuro-
trophic effects on DA neurons which may be applicable to neuro-
protective and neurorestorative strategies to treat PD. 

In conclusion, we have demonstrated that pharmacological inhibi-
tion of Class IIa HDACs, using LMK235, induces neurite outgrowth and 
protects axons from neurodegeneration through activation of the BMP- 
Smad signalling pathway, in cellular models of PD. These data confirm 
HDAC5 as a potential therapeutic target for PD, with a particular focus 
on early axonal degeneration. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.mcn.2021.103642. 
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