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A B S T R A C T   

Huntington's disease (HD) is a neurodegenerative disorder caused by a CAG trinucleotide repeat expansion in 
exon 1 of the huntingtin gene. Emerging evidence shows that additional epigenetic factors can modify disease 
phenotypes. Harnessing the ability of the epigenome to modify the disease for therapeutic purposes is therefore 
of interest. Epigenome modifiers, such as histone deacetylase inhibitors (HDACi), have improved pathology in a 
range of HD models. Yet in clinical trials, HDACi have failed to alleviate HD symptoms in patients. This study 
investigated potential reasons for the lack of translation of the therapeutic benefits of HDACi from lab to clinic. 
We analysed histone acetylation patterns of immuno-positive nuclei from brain sections and tissue microarrays 
from post-mortem human control and HD cases alongside several well-established HD models (OVT73 transgenic 
HD sheep, YAC128 mice, and an in vitro cell model expressing 97Q mutant huntingtin). Significant increases in 
histone H4 acetylation were observed in post-mortem HD cases, OVT73 transgenic HD sheep and in vitro models; 
these changes were absent in YAC128 mice. In addition, nuclear labelling for acetyl-histone H4 levels were 
inversely proportional to mutant huntingtin aggregate load in HD human cortex. Our data raise concerns re-
garding the utility of HDACi for the treatment of HD when regions of pathology exhibit already elevated histone 
acetylation patterns and emphasize the importance of searching for alternative epigenetic targets in future 
therapeutic strategies aiming to rescue HD phenotypes.   

1. Introduction 

To date there are no disease-modifying treatments available for 
carriers of a penetrant mutant huntingtin allele who will inevitably 
develop HD motor, psychiatric and cognitive symptoms. For affected 
individuals with a CAG repeat range of 40–55 repeats, approximately 
50–60% of the variation in the age of symptom onset can be attributed 
to the length of CAG repeats in the disease-causing allele (Duyao et al., 
1993). Of the residual variance, approximately 2/5 can be explained by 
other genetic modifiers (Genetic Modifiers of Huntington's Disease, 
2015) and 3/5 attributed to environmental factors (Wexler et al., 
2004). This large environmental component is consistent with the 

variation observed in the age of onset, extent of cortical cell loss and 
symptom profiles between genetically identical twins with HD (who 
share identical CAG trinucleotide repeat expansions in the mutant 
huntingtin gene) (Friedman et al., 2005; Georgiou et al., 1999). This is 
further supported by studies of transgenic HD animal models showing 
that environmental factors have a substantial influence on the extent of 
neurochemical degeneration in the basal ganglia and on symptom 
progression (Glass et al., 2004; Spires et al., 2004). 

Transgenic HD models to date have generally demonstrated that 
epigenetic changes in the HD brain are linked with histone ‘hypoace-
tylation’ (Jiang et al., 2006; Sadri-Vakili et al., 2007). Histone acet-
ylation is maintained by the opposing actions of 2 sets of enzymes; 
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histone acetyltransferases which add acetyl groups and generally open 
the chromatin structure to facilitate transcription, and histone deace-
tylases which remove acetyl groups, making chromatin less conducive 
to transcription. HD rodent models exhibit restored histone acetylation 
levels and improved disease related outcomes in response to epigenome 
modifying drugs such as histone deacetylase inhibitors (HDACi) against 
Zn2+-dependent HDACs (Ferrante et al., 2003; Gardian et al., 2005;  
Hockly et al., 2003; Pallos et al., 2008; Sadri-Vakili and Cha, 2006;  
Steffan et al., 2001; Thomas et al., 2008). In addition, the inhibition of 
SIRT2 (NAD+-dependent HDAC) has been shown to promote nerve cell 
longevity and be neuroprotective in HD models through its effects on 
sterol biosynthesis and nutrient availability (Luthi-Carter et al., 2010;  
Valenza and Cattaneo, 2010). 

Furthermore it has been shown by some studies that activating 
transcription factor 2 (ATF2) (Pearson et al., 2005) and CREB binding 
protein (CBP) (Nucifora Jr et al., 2001; Steffan et al., 2000), which 
possess histone acetyltransferase (HAT) activity, are significantly down- 
regulated in HD. The consequent loss of their HAT activity would dis-
rupt the balance of the opposing actions of HATs/HDACs and may 
potentially be responsible for the histone hypoacetylation observed in 
HD models. Steffan and colleagues (Steffan et al., 2000) showed that 
mutant huntingtin sequestered and decreased CBP activity with direct 
consequences for the epigenome. Their transgenic Drosophila model 
exhibited marked histone hypoacetylation which corresponded with the 
CBP inactivation and transcriptional repression observed (Steffan et al., 
2000). They further demonstrated that HDAC inhibition prevented the 
toxicity and neurodegeneration induced by mutant huntingtin (Steffan 
et al., 2001) and proposed HDACi to be a novel target for HD therapy. 

Disappointingly, clinical trials testing HDACi in HD patients 
(Bachman et al., 1977; Hogarth et al., 2007; Lenman et al., 1976;  
Pearce et al., 1977; Saft et al., 2006; Shoulson et al., 1976; Symington 
et al., 1978; Tan et al., 1976) have not been successful in alleviating or 
modifying disease phenotypes. Off-target effects, complexity of the 
epigenome, and species and drug dosing differences are likely to con-
tribute to the lack of translation of this therapeutic approach, leading to 
the hypothesis that epigenetic variation may differ between different 
HD models and the human HD condition. To test this possibility we 
characterized global histone acetylation patterns in HD animal models – 
the YAC128 mouse model (McGregor et al., 2017) and the sheep (Ovis 
aries) OVT73 HD transgenic model (Jacobsen et al., 2010), and an in 
vitro PC12 cell model (Scotter et al., 2010), alongside post-mortem 
human brain tissue from control and HD subjects. 

2. Materials and methods 

2.1. Human tissue source 

All protocols used were approved by the University of Auckland 
Human Participants Ethics Committee (2008/279 and 011654) and all 
relevant permissions were obtained from the Brain Bank directorship 
for use of post-mortem tissue attained from the Neurological 
Foundation of New Zealand Human Brain Bank. Supplementary Table 1 
provides relevant clinical and pathological details on all post-mortem 
cases used in this study; where possible control and HD cases were 
matched for age, sex and post-mortem delay and blocks were obtained 
from the right cerebral hemisphere. For immunohistochemistry (IHC) of 
50 μm thick free-floating sections (cut from fixed-frozen tissues blocks) 
n = 9 control (mean age = 63 years, PM delay = 12 h, 5 female and 4 
male) and n = 12 HD (mean age = 59 years, PM delay = 15 h, 5 
female and 7 male) cases for motor cortex, sensory cortex, cingulate 
gyrus and n = 6 control (mean age = 63 years, PM delay = 12 h, 3 
male and 3 female) and n = 6 HD (mean age = 65 years, PM 
delay = 17 h, 2 male, 4 female) cases for cerebellum were used. 
Paraffin embedded middle temporal gyrus blocks from n = 27 control 
(mean age = 66 years, PM delay = 17 h, 19 male and 8 female) and 
n = 28 HD (mean age = 60 years, PM delay = 19 h, 19 male and 9 

female) cases were used to generate TMA18. Paraffin embedded motor 
cortex, sensory cortex, cingulate gyrus and cerebellum blocks from 
n = 7 control (mean age = 61 years, PM delay = 17 h, 3 male and 4 
female) and n = 7 HD (mean age = 67 years, PM delay = 15 h, 4 male 
and 3 female) cases were used to generate TMA16. Fresh frozen middle 
frontal gyrus blocks from n = 7 control (mean age = 62 years, PM 
delay = 17 h, 3 male and 4 female) and n = 7 HD (mean 
age = 59 years, PM delay = 17 h, 4 male and 3 female) cases were used 
to prepare protein lysates for Western blots and n = 8 control (mean 
age = 63 years, PM delay = 16 h, 3 male and 5 female) and n = 8 HD 
(mean age = 60 years, PM delay = 16 h, 4 male and 4 female) cases 
were used to extract RNA for subsequent NanoString analysis. 

2.2. Animal tissue source 

A transgenic sheep line was created by our research group as pre-
viously described (Jacobsen et al., 2010). The OVT73 sheep used in this 
study carry the full length mutant human HTT cDNA with 73 CAG re-
peats under the control of 1.1kB of the endogenous human promoter, 
flanked by the bovine growth hormone 3’UTR. Sheep used specifically 
for this study were from a 5.5-year-old all-ram cohort (Supplementary 
Table 2), these animals were euthanised, brains extracted and regions 
of interest were formalin fixed as previously described (Huntington's 
Disease Sheep Collaborative Research et al., 2013). All protocols used 
were approved by the University of Auckland Animal Ethics Committee 
(New Zealand) and the SARDI/PIRSA Animal Ethics Committee (Ap-
proval number 19/02). 

The YAC128 mice used in this study, carry the full length mutant 
human HTT gene with 128 CAG units under the control of the en-
dogenous mouse promoter and regulatory elements of the FVB/N 
background strain (Slow et al., 2003). Mice used for this study were 
from a 15-month-old (very late stage) mixed sex cohort (five wild-type 
(n = 2 male, n = 3 female), and six YAC128 (n = 2 male, n = 4 fe-
male). Animals were euthanised, the brains removed, dissected and 
cortical tissue immunolabelled as described previously (McGregor 
et al., 2017). All experimental procedures were pre-approved by the 
University of Auckland Animal Ethics Committee. 

2.3. Immunohistochemistry – free floating sections 

Tissue sections from cases listed in Supplementary Tables 1 and 2 as 
well as from wildtype and YAC128 mice (described in previous section) 
underwent immunohistochemical labelling using previously described 
methods (Narayan et al., 2015b; Waldvogel et al., 2006). Briefly, sec-
tions underwent antigen retrieval where applicable (for m1c2 labelling, 
sections were immersed in 99% formic acid for 7 min; for PANH4 la-
belling, sections were immersed in 4 M HCl for 1.5 h at RT); blocking of 
endogenous peroxidase (sections were immersed in solution containing 
1% H2O2 and 50% methanol for 20 min); incubation with primary 
antibodies (AcH4K5, K8, K12, K16, Upstate, 06–866, 1:10,000 v/v dilution 
for sheep and mouse sections, 1:20,000 v/v dilution for human sections; 
PANH4, Abcam, ab10158, 1:2000 v/v dilution for sheep sections, 
1:10,000 v/v dilution for human sections; polyQ aggregates, m1c2, 
Millipore, MAB1574, 1:50,000 v/v dilution for human sections; 
AcH3K9, K14, Upstate, 06–599, 1:1000 v/v for human sections; 
AcH2BK12, K15, Abcam ab1759, 1:5000 v/v dilution for human sections) 
for 48–72 h at 4 °C; incubation with corresponding anti-rabbit (Sigma, 
B7389, 1:2000 v/v dilution) or anti-mouse (Sigma, B7264, 1:1000 v/v 
dilution) secondary antibodies for 24 h at room temperature (RT); in-
cubation in tertiary regent ExtrAvidin (Sigma, E2886, 1:1000 v/v di-
lution) for 4 h at RT. To visualise staining, sections were fully immersed 
in 3,3′-diaminobenzidine solution (0.05% 3,3′-diaminobenzidine and 
0.01% hydrogen peroxide in 0.1 M phosphate buffer) until a brown 
reaction was visualized (5 min approximately). Tissue sections were 
washed between each step and all antibodies were prepared in im-
munobuffer containing PBS with 1% normal goat serum and 0.4 mg/mL 
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merthiolate). Sections were mounted onto charged glass slides and 
dried overnight at RT followed by dehydration using a series of in-
creasing alcohol concentrations and subsequent 100% xylene immer-
sion. DPX was used for coverslipping. 

2.4. Tissue microarray preparation and immunohistochemistry of paraffin 
embedded sections 

Tissue microarrays were prepared, labelled and analysed as de-
scribed previously (Narayan et al., 2015a; Narayan et al., 2015b). 
Briefly, paraffin-embedded tissue for brain regions of interest from HD 
and control cases were used as donor blocks on the Advanced Tissue 
Arrayer, model VTA-100 (Veridiam) to prepare recipient tissue micro-
array blocks containing 2 mm tissue cores. 7 μm thick sections were 
prepared using a sliding microtome and mounted onto charged glass 
slides. For immunohistochemistry, paraffin embedded sections were 
dewaxed in 100% xylene and rehydrated using a series of decreasing 
alcohol concentrations. Followed by antigen retrieval (slides were im-
mersed in 10 mM citrate buffer pH 6 and placed in pressure cooker at 
121 °C for 10 min), quenching of endogenous peroxidases, blocking 
(PBS containing 10% normal goat serum), primary antibody incubation 
(AcH4K5, K8, K12, K16, Upstate, 06–866, 1:5000 v/v dilution; AcH4K12, 
Abcam, ab61238, 1:2000 v/v dilution; PANH4, Abcam, ab10158, 
1:1000 v/v dilution), followed by biotinylated secondary antibody in-
cubation (Sigma, B7389, 1:2000 v/v dilution), ExtrAvidin incubation 
(Sigma, E2886, 1:1000 v/v dilution), and colour development using 
3,3′-diaminobenzidine solution intensified with 0.04% nickel ammo-
nium sulphate. Tissue slides were washed between each step. Slides 
were dehydrated using a series of increasing alcohol concentrations and 
subsequent 100% xylene immersion. DPX was used for coverslipping. 

2.5. Imaging and image analysis 

DAB-labelled free floating sections were imaged using the Nikon 
Eclipse E800 microscope, coupled with StereoInvestigator 7 (MBF 
Bioscience, 2007) software to enable grid-assisted randomized sam-
pling of images within layers II-V of cortical regions studied. A 
minimum of 10 brightfield transmitted light images were acquired per 
brain region, per case, using x20 objective. 

Immunolabelled tissue microarray slides were imaged using the 
VSlide Scanner (MetaSystems) equipped with MetaCyte acquisition 
software and stitching using previously published methods (Narayan 
et al., 2015b). Briefly, each slide was initially acquired with a x2 scan, 
stitched, digital threshold was used to identify individual TMA cores 
using the tissue microarray macro and the computed locations of each 
thresholded object was used to acquire 4 brightfield transmitted light 
images per core with x20 objective using automated imaging. 

MetaXpress (Molecular Devices, v5.3.05) image analysis software 
was used to analyse images in an objective, unbiased and automated 
fashion as previously described. User-defined parameters for cell size 
and intensity were applied consistently across all images within an 
experiment using the Cell Scoring algorithm and a ‘loop for all images 
in directory’ macro (Narayan et al., 2015b). 

2.6. Western blotting 

Protein lysates were prepared using a nuclear fractionation protocol 
adapted from Abcam Protocols. Briefly 50–60 mg of fresh frozen grey 
matter from the middle frontal gyrus were dounce homogenized (20 full 
strokes) in 750 μL Buffer A (10 mM HEPES, 1.5 mM MgCl2, 10 mM KCl, 
0.5 mM DTT, 0.05% NP40 pH 7.9 containing freshly added phosphatase 
and protease inhibitors). Lysates were transferred to Eppendorf tubes 
and centrifuged (3000 rpm for 10 min at 4 °C), pellet resuspended in 
1 mL of Buffer B (5 mM HEPES, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5 mM 
DTT, 0.3 M NaCl, 26% glycerol (v/v), pH 7.9) and each sample tritu-
rated with a 25 gauge needle and syringe (3 full strokes). Samples were 

held on ice for 30 min, then centrifuged (24,000 ×g for 10 min at 4 °C). 
The pellet contained the nuclear fraction of protein, this was re-
suspended in 200 μL of buffer B. Protein concentrations were de-
termined using the Bio-Rad DC Protein assay (Bio-Rad) according to 
manufacturer's instructions. Samples were diluted in Laemmli buffer 
(Bio-Rad, 161–0747, as per manufacturer instructions) with 2.5% 2- 
mercaptoethanol, all samples were heated (10 min at 70 °C), triturated 
again with 25 gauge needle and syringe (3 full strokes) and 7.5 μg 
protein was loaded per lane of 15-well NuPAGE 4–12% Bis-Tris protein 
gels (Invitrogen, NP0323) alongside 5 μL of Benchmark pre-stained 
protein ladder (Invitrogen, 10,748–010). Proteins were separated by 
electrophoresis at 150 V for 60 min using standard NuPAGE procedures. 

For fluorescent labelling and detection, proteins were transferred to 
Immobilon®-FL PVDF (Merck Millipore, IPFL00010) for 35 min at 
100 V using a Bio-Rad Mini PROTEAN system according to manu-
facturers' instructions. Total protein normalisation was performed by 
labelling membranes immediately after transfer in REVERT™ Total 
Protein Stain (LI-COR, 926–11,015) as per manufacturers' instructions. 
Membranes were imaged on the LiCOR imaging system (Odyssey CLx) 
in 700 nm and 800 nm channels. Membranes were incubated in stain 
reversal solution (100 mM NAOH, 30% Methanol, milliQ) for 5–10 min, 
rinsed in water and imaged again to ensure complete stain reversal. 
Double labelling for PANH4 and AcH4K5, K8, K12, K16 was then per-
formed. Briefly, membranes were incubated in Odyssey blocker (LI- 
COR, cat# 927–50000 diluted 1:1 in TBS), for 1 h, at 4 °C, in the dark 
with gentle agitation. Membranes were then incubated in first primary 
antibody (PANH4, Abcam, ab10158, goat anti-rabbit IgG, 1:2000 v/v 
dilution) prepared in blocking buffer (LiCOR cat# 927–50000 diluted 
1:1 in TBS, containing 0.05% Tween 20 and 0.1% SDS), overnight 4 °C, 
in the dark with gentle agitation. Membranes were washed 3× in wash 
buffer (TBS containing 0.1% Tween 20) and incubated in secondary 
antibody (IR dye 800CW Dky anti-Rabbit, LI-COR, cat# 925–32213, 
1:15,000 v/v dilution) for 1 h, 4 °C, in the dark with gentle agitation. 
Membranes were washed 3× in wash buffer and imaged with Odyssey 
CLx in 700 nm and 800 nm channels (to ensure bands were only visible 
in 800 nm channel). Membranes were then incubated in the second 
primary antibody pre-conjugated to Alexa 647 fluorophores (AcH4K5, 

K8, K12, K16, Abcam, ab223996 [EPR16606], lot# GR3210311-1, Alexa 
Fluor 647, 1:500 v/v dilution) for 1 h, 4 °C, in the dark with gentle 
agitation. Membranes were washed 3× in wash buffer and imaged with 
Odyssey CLx in 700 nm and 800 nm channels (AcH4K5, K8, K12, K16 bands 
were visible only in 700 nm channel and PANH4 bands were visible 
only in 800 nm channel). Protein signal was measured per lane for each 
respective marker and normalized to corresponding REVERT total 
protein signal for each lane, using LI-COR ImageStudio lite software. t- 
tests were used to analyse statistically significant differences between 
means of control and HD groups. 

For chemiluminescent detection, Western blotting, film develop-
ment and stripping, was carried out as described previously (Narayan 
and Dragunow, 2010). All antibodies were diluted in blocking buffer 
(5% w/v trim milk powder in TBS-T). The membrane was probed for 
AcH2AK5, K9, K13, K15, (Upstate, 07–376, 1:2000 v/v dilution) overnight 
at 4 °C, with gentle agitation, washed and incubated in secondary an-
tibody (donkey anti-rabbit, Amersham Pharmica Biotech, NA934V, 
1:2500 v/v dilution). After detection, membrane was stripped and re- 
probed for protein loading control (beta actin, Abcam, ab6276, 
1:20,000 v/v dilution; sheep anti-mouse secondary antibody, Amer-
sham Pharmica Biotech, NA931V, 1:10,000 v/v dilution). 

2.7. NanoString 

RNA was extracted from grey matter of fresh frozen middle frontal 
gyrus tissue samples (30–50 mg), using methods described previously 
(Rustenhoven et al., 2018). Briefly, tissue was homogenized in 1 mL 
TRIzol with 2 mm stainless steel beads (Qiagen) using the Tissuelyser II 
tissue homogenizer (Qiagen) for 4 min at 25 Hz. Samples were 
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centrifuged at 12,000 ×g for 2 min at 4 °C. 200 μL of chloroform was 
added to the supernatant and shaken vigorously for 15 s, incubated for 
2–3 min at RT and then centrifuged at 12,000 ×g for 15 min at 4 °C. 
The upper aqueous phase was collected and mixed with an equal vo-
lume of 70% ethanol. Subsequent steps were performed using the 
RNEasy kit (Qiagen) following manufacturer's instructions. DNAse I 
treatment was performed using components from the RNAqueous- 
Micro kit (Ambion) following manufacturer's instructions. RNA purity 
and concentrations were determined using Qubit and Bioanalyzer 2100 
(Agilent Technologies). Only samples with RIN > 5 were used for Na-
nostring. Samples were shipped on dry ice to the Otago Genomics Fa-
cility (Otago, NZ) for further QC and processing on the Nanostring N- 
Counter using a custom CodeSet that included 5 reference house-
keeping genes (ACTB, PGK1, POL1B, RPLP0 and RPL30) which were 
used for subsequent normalisation. All data passed QC, with no ima-
ging, binding, positive control, or CodeSet content normalisation flags. 
Background-corrected counts (mean + 1SD) normalized to the geo-
metric mean of both the positive controls (between lane hybridisation 
effects) and all nominated reference/housekeeping genes (RNA input 
effects) for all samples were used for graphs. t-tests were used to analyse 
statistically significant differences between means of control and HD 
groups. 

2.8. Culture and maintenance of PC12 cell lines and induction of huntingtin 
expression 

Stable PC12 cell clones were kindly gifted by Dr. Eric Schweitzer 
(Brain Research Institute, UCLA, Los Angeles, CA, USA). These express 
green-fluorescence protein (GFP) alone, or GFP-tagged N-terminal 
huntingtin protein, following induction with the insect steroid hormone 
tebufenozide (TFZ) (Aiken et al., 2004; Scotter et al., 2008; Suhr et al., 
1998). Cells were cultured in Dulbecco's modified Eagle's medium 
(DMEM, Invitrogen, containing high glucose (4500 mg/L), L-glutamine 
(4 mM), and sodium pyruvate (110 mg/L) and supplemented with 10% 
horse serum, 5% fetal bovine serum, 100 units/mL penicillin, 100 μg/ 
mL streptomycin, 25 mM HEPES, and 250 μg/mL geneticin to maintain 
stable plasmid integration. Cells were grown at 37 °C in a humidified 
95% air, 5% CO2 environment. Cells were seeded for experiments at 
20,000–35,000 cells/well, 100 μL/well, 4 wells per time point, in poly- 
L-lysine coated 96-well plates. Cells were induced to express mutant 
huntingtin with 1 μM TFZ inducer (Dow Agrosciences, Indianapolis, IN) 
for the indicated times before fixation in 4% paraformaldehyde. 

2.9. Immunocytochemistry, image acquisition and image analysis 

The acetylation of histone H4 was examined by im-
munocytochemistry. Fixed cells were incubated with rabbit α-Acetyl H4 
(Upstate 06866, 1:20,000 v/v dilution) in immunobuffer (IB-T; PBS 
with 1% goat serum, 0.2% Triton® x-100) at 4 °C overnight then rinsed 
3 × 10 min with PBS-T (PBS with 0.2% Triton® x-100). Secondary 
antibody (biotinylated goat α-rabbit, Sigma) was applied at 1:500 v/v 
dilution in IB-T for 3 h at room temperature then rinsed 3 × 10 min 
with PBS-T. Tertiary label (Extravidin peroxidase, Sigma) was applied 
at 1:250 v/v dilution in IB-T for 2 h at room temperature then rinsed 
3 × 10 min with PBS-T. Colour development was with 3,3′-diamino-
benzidine (DAB, Sigma) for 5–10 min, then cells rinsed again in PBS. 

Images of cells were acquired using a Discovery-1™ automated 
fluorescence microscope at 10× magnification from 4 sites per well 
using brightfield illumination. The Count Nuclei algorithm within 
MetaMorph™ image analysis software was used with inverted bright-
field images to analyse the intensity of histone staining per cell. 
Relative integrated staining intensity per cell was calculated by sub-
tracting the background integrated intensity (stained pixel area x 
threshold staining intensity) from the total integrated intensity, di-
viding by the number of stained cells, and normalising to that for un-
induced control cells. 

2.10. Statistical analysis 

GraphPad Prism (GraphPad Prism 7, CA, USA) was used to perform 
all statistical tests. Normality was determined for all IHC, Western blot 
and Nanostring datasets using the F test to compare variances. When 
variances were equal Prism unpaired t-tests were used, and when un-
equal Mann Whitney test was used. p  <  0.05 was considered sig-
nificant. Spearman correlations where r was > 0.6 with p  <  0.05 were 
considered significant. Correlations were considered differentially al-
tered between HD and control groups when Fisher z-transformation 
p  <  0.05. 

3. Results 

3.1. Significant increase in nuclear labelling for acetyl histone H4 in HD 
compared to control post-mortem brain 

In order to assess the levels of histone H4 acetylation (per nucleus) 
in an objective and unbiased manner, immuno-labelled free-floating 
sections from HD and control cases were analysed using a randomized 
sampling grid, automated imaging and analysis techniques and the 
parameter ‘integrated intensity per cell’ (II/cell) – which corresponds to 
level of AcH4 per cell nucleus was used for all subsequent figures 
(unless otherwise stated). The results demonstrated statistically sig-
nificant increases in AcH4 levels in the motor cortex (Fig. 1A–C, 9% 
increase; p  <  0.05), independent of changes in total histone H4 protein 
levels (Fig. 1D–F). 

Significant increases in AcH4 levels were evident in the sensory 
cortex (Fig. 1G–I, 11% increase; p  <  0.01), although a significant loss 
of total histone H4 levels were also measured in the sensory cortex 
(Fig. 1J–L, 33% decrease; p  <  0.001). No significant changes were 
observed in the cingulate gyrus or cerebellum brain regions of HD cases 
compared to controls (data not shown). 

To validate our observations of increased AcH4 levels in cortical 
sections and to extend to an additional number of cases we utilised a 
different experimental approach; tissue microarrays containing 2 mm 
cores sampled from paraffin-embedded middle temporal gyrus tissue 
blocks of control and HD cases (TMA18). Immuno-labelled sections 
were analysed using automated imaging and analysis methods. A sta-
tistically significant increase in histone H4 acetylation levels 
(Fig. 2A–C, 12% increase; p  <  0.05) was observed in HD cases com-
pared to controls, independent of any changes in total histone H4 levels 
(Fig. 2D–F). 

Further validation was performed using a different antibody raised 
against acetylated lysine 12 of histone H4 (AcH4K12) on an additional 
tissue microarray (TMA16; which featured 4 different brain regions 
from control and HD cases) and a statistically significant increase was 
found for HD cases compared to control in the motor cortex (56% in-
crease in total integrated intensity, p  <  0.05; students t-test, however 
changes in ‘integrated intensity per cell’ were not significant, data not 
shown). AcH4K12 changes in the motor cortex were independent of any 
changes in total histone H4 levels, however a significant decrease in 
PANH4 II/cell levels were observed in sensory cortex (21% decrease, 
p = 0.009, 2-way ANOVA with Bonferroni multiple testing, data not 
shown), consistent with changes seen in Fig. 1J–L. Western blot analysis 
(Fig. 2G–K) validated that the antibody used bound to protein bands of 
correct molecular weight (14 kDa) and showed no significant changes 
in AcH4 and total histone H4 levels in protein lysates prepared from the 
middle frontal gyrus region of HD and control cases. 

Examination of remaining core histones revealed significant in-
creases in AcH3 (at lysines 9 and 14) in HD cases (n = 8) compared to 
control cases (n = 6) with immunohistochemistry (p  <  0.001, 
Supplementary fig. 1) but not with Western blot analysis 
(Supplementary fig. 2) and no change was noted for H2B and H2A 
acetylation patterns (Supplementary fig. 3 and 4 respectively). 
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3.2. In vitro model of HD exhibits increased AcH4 levels and cellular 
toxicity when mutant huntingtin expression is induced 

PC12 cells induced to express 97Q huntingtin (htt) (exon 1 of htt 
with 97 CAG repeats) from pBWN plasmids (Aiken et al., 2004) using 
tebufenozide (TFZ) exhibited increased histone H4 acetylation patterns 

in a time-dependent fashion, with a statistically significant increase 
observed at 72 h (p  <  0.0001) compared to uninduced controls (0 h) 
or GFP-expressing controls (Fig. 3A–C). There was also a pronounced 
drop in cell number with 97Q htt expression and a previous in-
dependent study showed similar constructs causing comparable toxicity 
(Igarashi et al., 2003). 

Fig. 1. Quantification of histone H4 (at lysine 5, 8, 12, 16) acetylation in different cortical regions of control and HD cases. (A–C) Levels of histone H4 acetylation per 
nuclei are significantly increased in motor cortex and (D–F) sensory cortex of HD cases compared to control cases. These changes were independent of changes in 
total histone H4 protein levels in the motor cortex (G–I) however a statistically significant decrease was found in total histone H4 levels in the sensory cortex (J–L) of 
HD cases compared to control cases. Mean +/− SEM shown; t-test ⁎ indicates p  <  0.05; ⁎⁎ indicates p  <  0.01; ⁎⁎⁎ indicates p  <  0.001; scale bars depict 100 μm. 
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Fig. 2. Quantification of histone H4 (at lysine 5, 8, 12, 16) acetylation using tissue microarrays and Western blots. (A–C) Significant increase in AcH4 immuno- 
labelling in middle temporal gyrus (MTG) of HD cases compared to controls, independent of changes in total histone H4 levels (D–F), using tissue microarray 
(TMA18) slides. Western blot validation of AcH4 (G) and PANH4 (H) immuno-labelling and band optical density analysis relative to Total REVERT protein stain (I, 
used as protein loading control), revealed non-significant changes in AcH4 levels (J) and PANH4 (K) levels in protein samples isolated from middle frontal gyrus 
(MFG) grey matter in n = 7 HD cases compared to n = 7 control cases. Mean +/− SEM shown; t-test ⁎ indicates p  <  0.05; scale bars depict 50 μm. 
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3.3. AcH4 labelling in HD models (OVT73 transgenic HD sheep and 
YAC128 mice) is increased or unchanged 

Serial sections from the cerebral cortex of control and transgenic 
OVT73 HD sheep were immuno-labelled for AcH4 and PANH4 respec-
tively and processed with automated imaging and analysis. A statisti-
cally significant increase in nuclei labelled for AcH4 (Fig. 4A–C, 6% 
increase, p  <  0.05, t-test) in 5.5-year-old prodromal OVT73 cases 
compared to controls was observed, independent of changes in PANH4 
(Fig. 4D–F). However, no changes were observed in 15-month-old 
YAC128 mice compared to wildtype counterparts (Fig. 4G–I). 

3.4. Aberrant acetylation levels are associated with HD-related pathology 

Mutant huntingtin (HTT) aggregates were labelled in sections from 
the motor cortex region of HD cases to determine whether changes in 
histone acetylation were related to mutant HTT load. The integrated 
intensity per aggregate (II/agg) was significantly negatively correlated 
(Pearson r = −0.787; p  <  0.01) with AcH4 integrated intensity per 
cell (II/cell) measured in serial sections of corresponding cases 
(Fig. 5A–C) indicating that higher levels of histone H4 acetylation were 
associated with the presence of smaller and less densely stained mutant 
huntingtin aggregates. 

Furthermore, AcH4 levels were inversely correlated with the CAG- 
repeat length of the HTT disease-causing allele in HD cases 
(Supplementary fig. 5; Pearson r = −0.43, p  <  0.05), but not control 
cases. The relationship between AcH4 and Vonsattel Striatal HD grade 
was not significant (Supplementary fig. 6). 

3.5. Significant changes were observed in transcript levels of both a HAT 
and a HDAC in HD cases 

RNA samples were isolated from the middle frontal gyrus region of 
control and HD cases and were analysed for differential transcript ex-
pression between groups using a NanoString custom codeset which 
included 9 HATs and 12 HDACs. Statistically significant changes were 
observed for only 2 epigenome modifiers: the transcripts for HAT13a 
(Fig. 6A, 17% increase, p  <  0.05) and HDAC7 (Fig. 6B, 22% increase, 
p  <  0.05) were found to be significantly increased in HD cases com-
pared to controls. No changes were observed in the remaining 19 epi-
genetic modifiers (data not shown). 

4. Discussion 

Transcriptional dysregulation is an important early characteristic of 
HD, well documented in human HD brain samples (Hodges et al., 2006;  
Labadorf et al., 2018) and in a large number of different HD models 
(Ament et al., 2017; Hervás-Corpión et al., 2018). Based on the ob-
servation that downregulated genes are linked with bulk deacetylation 
of histones, (caused by the potential sequestration of molecules like 
CBP by mutant huntingtin (Steffan et al., 2000)) defective neuronal 
histone acetylation had been proposed as a cause for the transcriptional 
dysregulation observed in HD. For decades now, HDACi have been 
tested clinically, as a result of the promise they have shown in HD 
models, to rescue aberrant histone acetylation patterns and reverse 
transcriptional deficits (Ferrante et al., 2003; Hockly et al., 2003;  
Steffan et al., 2001). However, their therapeutic benefits have largely 
failed to transfer from lab to clinic (Hogarth et al., 2007; Lenman et al., 
1976) and aspects of the hypothesis that altered histone acetylation 
underlies transcriptional dysregulation remain controversial. 

Not all studies in HD models have confirmed that mutant huntingtin 
sequesters CBP (Obrietan and Hoyt, 2004; Yu et al., 2002), or that 
histone deacetylation corresponds to transcriptional changes (Klevytska 
et al., 2010; McFarland et al., 2012). For example, MacFarland and 
colleagues (McFarland et al., 2012) showed downregulated genes in the 
murine transgenic HD striatum were not always associated with hy-
poacetylation at corresponding gene loci. They also showed that HDACi 
treatment increased global histone acetylation, however the induced 
acetylation patterns at specific loci corresponded weakly to genes with 
altered expression (McFarland et al., 2012). In contrast, Sadri-Vakili 
et al. demonstrated that hypoacetylated histones were specifically as-
sociated with down-regulated genes and that HDACi treatment in-
creased the association of acetylated histones with previously down- 
regulated genes and corrected their transcript abnormalities (Sadri- 
Vakili et al., 2007). 

We report a statistically significant increase in histone H4 acetyla-
tion at lysine 5, 8, 12, 16 residues in 3 regions (motor cortex, sensory 
cortex, middle temporal gyrus) of post-mortem HD cases compared to 
neurologically normal age- and sex-matched control cases. The lack of 
changes seen in the cerebellum of HD cases are consistent with ob-
servations made by an independent research group (Yeh et al., 2013), 
where no statistically significant changes in histone acetylation patterns 
were observed in the cerebellum of n = 6 HD compared to n = 6 
control cases. Yeh et al., also reported no significant differences in 
acetylation patterns for all core histones in post-mortem rostral caudate 
nucleus of HD cases (n = 6) compared to neurologically normal control 
cases (n = 6), despite the significant cell loss in this region in HD cases. 
The changes we report, in cortical AcH4 levels were independent of 
changes in total histone H4 protein (however a significant decrease in 
PANH4 was measured in the sensory cortex of HD cases and may be 
linked with reports of histones being depleted from the nucleus and 
deposited in huntingtin aggregates/inclusion bodies (Ben Yehuda et al., 
2017; Hazeki et al., 2002)). 

Significant hyperacetylation was also observed in the 5.5-year-old 
transgenic OVT73 HD sheep brain compared to controls. These 

Fig. 3. Quantification of histone H4 (at lysine 5, 8, 12, 16) acetylation in an in 
vitro HD cell model. Compared to uninduced PC12 cells (A, 0 h), AcH4 levels 
and visible toxicity increased in a time-dependent fashion in PC12 cells induced 
to express 97Q htt, with a statistically significant AcH4 increase observed at 
72 h (BeC, 97Q htt, p  <  0.0001); 50 μm scale bar. Data shown are from one 
representative experiment (n = 3 for 97Q). 
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transgenic animals are outwardly indistinguishable from controls 
however several phenotypic differences are emerging with notable 
changes in their circadian clock (Morton et al., 2014), molecular 
changes including disturbances in metabolites involved in the urea 
cycle (Handley et al., 2017) and the presence of neuropil aggregates 
and neuronal intranuclear inclusions (Huntington's Disease Sheep 
Collaborative Research et al., 2013). The larger brain size, cortical 
ribbon complexity and longer life span of the transgenic HD sheep may 
contribute to the epigenetic landscape of this HD model being more 
representative of the hyperacetylation observed in our study in post- 
mortem HD. 

PC12 cells over-expressing a N-terminal huntingtin fragment re-
capitulate the late phases of Huntington's disease and had elevated 
AcH4 levels in our study. Previous reports using similar cellular sys-
tems, exhibit either no change in bulk histone H3 and H4 acetylation 
with Htt expression (Steffan et al., 2001) or report a reduction in global 
AcH4 levels (Igarashi et al., 2003; Lim et al., 2011). Bulk changes in 
histone H4 acetylation were absent in YAC128 mice expressing full- 
length human mutant huntingtin compared to wildtype counterparts in 
our study, consistent with findings from a comprehensive study by 
Guiretti and colleagues, which described an absence of bulk changes in 

all core histones in YAC128, as well as N171-82Q and R6/2 HD mouse 
models (Guiretti et al., 2016). Our findings however are in contrast to 
an earlier report of reduced AcH3 levels at 6 months in cortex and 
striatum, YAC128 mice compared to wildtype controls (Chiu et al., 
2011). 

Fragment models such as R6/2 mice, which express truncated por-
tions of Htt were not examined in our study, however several studies 
have shown that acetylation across core histones (Hockly et al., 2003;  
Stack et al., 2007) across different brain regions (Sadri-Vakili et al., 
2007) remains unchanged between wildtype and R6/2 HD mice, with 
only one report showing reduced AcH4 levels compared to wildtype 
controls (Ferrante et al., 2003). Similar discordance in bulk histone 
acetylation patterns between studies using N171-82Q mice has been 
reported (Chiu et al., 2011; Gardian et al., 2005; Klevytska et al., 2010;  
Valor et al., 2013) and are likely linked to differences in brain regions 
and cell types examined, methods used to analyse bulk changes and age 
of animals at culling. 

Interestingly, gene expression studies in mouse models of HD rarely 
mimic the transcriptome of human Huntington's disease (Burns et al., 
2015). The discordance between the histone hyper-acetylation ob-
served in our study of post-mortem HD brain and the hypo-acetylation 

Fig. 4. Quantification of histone H4 (at lysine 5, 8, 12, 16) acetylation in 2 in vivo HD animal model: OVT73 and YAC128. (A–C) Significant increase in AcH4 levels 
in OVT73 transgenic HD Sheep cortex were observed, independent of changes in total histone H4 levels (D–F). No significant changes in AcH4 were measured in 
YAC128 cortex compared to wildtype (G–I). Mean +/− SEM shown; t-test ⁎ indicates p  <  0.05; scale bars depict 100 μm. 
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observed in rodent models (Chiu et al., 2011; Ferrante et al., 2003;  
Gardian et al., 2005; Guiretti et al., 2016; Hockly et al., 2003; Klevytska 
et al., 2010; Sadri-Vakili et al., 2007; Stack et al., 2007; Valor et al., 
2013) is therefore not surprising and further highlights important 
species differences. The hyper-acetylation we describe also compli-
ments reports of pronounced transcriptional up-regulation of genes in 
HD brain (Agus et al., 2019; Al-Dalahmah et al., 2020; Labadorf et al., 
2015; Miller et al., 2016; Moss et al., 2017). 

Histone H4 hyperacetylation enhances the binding of transcription 
factors to nucleosomal DNA (Vettese-Dadey et al., 1996). Highly con-
served lysines (K) in the amino-terminal tail of histone H4 include: K5, 
K8, K12 and K16; the cumulative effect of acetylation of these key re-
sidues is generally associated with highly expressed genes (Dion et al., 
2005). Our data provide insight into the importance of examining 
global or nuclei-specific histone acetylation patterns, in addition to 
gene-specific changes, as studying the latter alone may misrepresent 

changes happening across the greater epigenetic landscape in HD. 
Global increases in histone acetylation induce extensive nuclear re-
organization, including large scale changes in the interaction between 
nuclear pore complexes and chromosomes (Brown et al., 2008). 

The development of technologies enabling high resolution mapping 
of specific genomic locations with altered histone acetylation patterns, 
have brought to light that the correlation between histone acetylation 
and gene expression is far more complex than initially anticipated. The 
vast majority of differentially acetylated histones for instance, map to 
inter- and intra-genic regions and are far more prominent there than at 
transcription start sites or within promoter regions (Valor, 2015). 
Further studies are required to conclusively draw links between histone 
acetylation patterns and the expression of non-coding RNAs, RNA 
polymerase II pausing, enhancer binding and recruitment and a myriad 
of other regulatory components. 

A lot of work is still required before we can fully understand how 
changes in histone acetylation patterns in HD brain affect the expres-
sion of trans- or long-distance loci and/or influence a cell's transcrip-
tional capacity and response to stress across different cell types. The 
impact of inflammation and the activation of specific subsets of glial 
cells on gene expression are increasingly reported (Agus et al., 2019; Al- 
Dalahmah et al., 2020; Labadorf et al., 2015; Miller et al., 2016; Moss 
et al., 2017) and highlight the need for future work examining epige-
netic modifications to incorporate a cell-type specific approach. Fur-
thermore, it is critical that future studies examine histone modifications 
in human and mouse model systems which more closely replicate the 
human HD mutation (i.e. iPS-derived neurons, knock-in mouse/sheep 
models). 

Our results raise important questions about the potential utility and 
benefit of HDACi-based treatments in the context of HD. If histone 
acetylation is increased as HD develops, further increases caused by 
HDACi treatment risk worsening disease outcomes. In addition, HDACi 
off-target effects and lack of specificity particularly in higher eu-
karyotes is a significant limitation therapeutically. One study has shown 

Fig. 5. Quantification of relationship between histone H4 (at lysine 5, 8, 12, 16) 
acetylation and mutant huntingtin aggregate load (using m1c2 antibody). 
Representative images of 2 HD cases are shown: HC85, m1c2 labelling (A) 
shows the presence of larger, more densely labelled aggregates (see arrow 
heads) and corresponding serial section shows fainter AcH4 labelling (B); 
whereas for HC72, m1c2 labelling (C) shows presence of smaller and less 
densely labelled aggregates and corresponding serial section has significantly 
darker AcH4 labelling (D). Significant negative correlation found between 
mutant huntingtin aggregate load and histone H4 acetylation levels. Larger 
aggregates (> 5 μm width) with more intense DAB labelling were associated 
with less histone H4 acetylation (E, Pearson correlation r = −0.787; p  <  0.01, 
n = 10). Scale bars depict 150 μm. 

Fig. 6. Significant increase in KAT13a (A) and KDAC7 (B) transcripts, in middle 
frontal gyrus of HD cases compared to control cases. Mean +/− SEM shown; t- 
test ⁎ indicates p  <  0.05. 
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that treatment with HDAC inhibitors alters the expression of approxi-
mately 9% of genes, with similar levels of genes being up-regulated as 
are down-regulated in response to HDACi treatment. Furthermore, 
genes that were specifically altered, rarely exhibited corresponding 
changes in histone acetylation at their promoters (Halsall et al., 2012). 
Alternative therapeutic approaches are required. In support of this view 
some studies suggest that the upregulation of sirtuins, NAD+ dependent 
HDACs, which act to reduce histone acetylation, can be neuroprotec-
tive. Activation of SIRT1 by agonist resveratrol (component of red 
wine) has been shown to rescue neuronal cells derived from an HD 
mouse model, from mutant huntingtin-induced cell death (Parker et al., 
2005) and another study has demonstrated that SIRT1 is a key regulator 
of energy and metabolic homeostasis and that administration of re-
sveratrol can improve mitochondrial function and protect against me-
tabolic disease (diet-induced obesity and insulin resistance) by acti-
vating SIRT1 and PGC1α (Lagouge et al., 2006). This could be 
particularly relevant to HD, as mutant huntingtin has been associated 
with compromised mitochondrial activity (Panov et al., 2002). Other 
SIRT1 activators such as oxazolo[4,5-b]pyridine require further in-
vestigation but could also hold therapeutic promise for HD (Bemis 
et al., 2009). 

The relationship between histone acetylation levels and the pre-
sence of mutant huntingtin inclusions was also investigated and we 
demonstrated that the presence of larger and more densely labelled 
mutant huntingtin aggregates, was associated with less histone H4 
acetylation in immunolabelled serial sections. Furthermore, in an in 
vitro cell model, histone H4 acetylation patterns and visible toxicity 
increased in a time-dependent fashion in PC12 cells induced to express 
97Q htt. 

The exact role of mutant huntingtin inclusions remains con-
troversial in the literature. In some instances, aggregate formation is 
found to protect against cell death (Kuemmerle et al., 1999), while in 
other instances the prevention of mutant huntingtin protein aggrega-
tion potentially provides a means of ‘molecular’ rescue (Muchowski 
et al., 2000). Furthermore, N-terminal transgenic rodent models such as 
R6/1, R6/2 and N171-82Q HD mice have abundant inclusions but are 
largely devoid of any cellular degeneration, yet these mice present with 
motor symptoms and premature death; suggesting that inclusion for-
mation per se does not confer cell death in these transgenic models at 
least (Rubinsztein, 2002). Full length transgenic animals such as 
YAC128 and BACHD have a relatively normal lifespan, develop disease 
phenotypes gradually, yet show some critical differences in HTT ag-
gregate formation and transcriptional dysregulation (Pouladi et al., 
2012). However it may be that the formation of mature aggregates may 
be a compensatory cell survival mechanism (Saudou et al., 1998) and 
that prevention of early oligomer formation could be protective given 
that protofibrillar intermediates are increasingly found to be linked 
with toxicity (Caughey and Lansbury, 2003). 

4.1. Conclusion 

Our data provide further explanation for the lack of translation of 
the therapeutic benefits of HDACi to human patients. In contrast to 
rodent models, we observe significant increases in global histone 
acetylation patterns in adult post-mortem HD brain compared to con-
trols. Similar changes were observed in pre-symptomatic transgenic 
OVT73 HD sheep brain, and in a cellular model. We emphasize the need 
for innovative strategies to manipulate and modify the epigenome in 
HD. 
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