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T he World Health Organization (WHO) 
grades tumours in four stages where 
grades I and II are benign tumours 

with a slower proliferation rate, grade III is 
malignant, with increased proliferation and 
histological features such as nuclear atypia 
while grade IV comprise malignant tumours that 
are highly proliferative with areas of necrosis 
and carry a very poor prognosis [1]. Paediatric 
high grade gliomas (pHGG) are a histologically 
heterogeneous group and distinct from adult 
gliomas with their unique epigenetic and genetic 
characteristics. pHGG include diffuse intrinsic 
pontine gliomas (DIPG) and gliomatosis cerebri  
which respond poorly to treatment and represent 
the leading cause of paediatric brain cancer 
mortality [2]. A 2010 report stated that the 
incidence of paediatric brain tumours did not 
change in the 20 years between 1986 and 2006, 
while in the 10 years before that, the incidence 
had increased [3]. 

Defects in chromatin remodelling appear 
to be central to the pathobiology of pHGG. 
Chromatin is comprised of nucleosomes, DNA 
wrapped around an octamer of core histones, 
compacted together to form a chromosome. The 

chromatin structure is unravelled and compacted 
to allow the transcription of genes as required. 
Post-translational modifications are changes in 
the DNA that affect gene expression without 
altering the sequence of base pairs, such as 
acetylation, methylation and phosphorylation, 
and are controlled through chromatin remodelling 
enzymes. 

Histone Deacetylases
Chromatin remodelling enzymes, such as histone 
acetyltransferases (HATs) and histone deacetylases 
(HDACs) modify the structure of the chromatin by 
the addition (HATs) or removal (HDACs) of acetyl 
groups (depicted in Figure 1) to lysine amino acids 
present at the N-termini. Addition of acetyl groups 
decreases binding affinity of the histones to the 
DNA backbone by neutralising the positive charge 
of amine groups located on the lysine and arginine 
amino acids [4,5]. Chromatin is able to relax and 
expand allowing room for transcription machinery 
to bind. Removal of acetyl groups increases the 
positive charge of the histone tails so encouraging 
binding affinity to the negatively charged 
phosphate groups on the DNA backbone, causing 
compression of the chromatin structure [4,5]. 
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Figure 1: Graphical representation of 
how histone deacetylases (HDACs) and 
histone acetyltransferases (HATs) effect 
chromatin structure and consequencely 
transcription. 
TM – transcription machinery
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HDACs are grouped in relation to 
their structure, cellular localisation and 
homology with yeast HDAC proteins. 
There are 4 zinc dependent groups; I, 
IIa, IIb and IV with group III containing 
nicotinamide-adenine-dinucleotise 
(NAD)-dependent sirtuins. Group I 
contains HDACs 1, 2, 3 and 8 and are 
homologous to Rpd3 (reduced potassium 
dependency 3), a yeast transcriptional 
regulator, group IIa, containing HDACs 4, 
5, 7, 9a and 9b and group IIb containing 
HDAC6 and 10 are homologous to Hda1 
(histone deacetylase 1) in yeast [6]. Group 
IV contains HDAC11, classed by itself as it 
is phylogenetically different from groups 
I and II [6]. Groups I, II and IV share the 
same enzymatic mechanism of action 
where the acetyl-lysine amide bond is 
hydrolysed when a zinc atom binds to 
the HDAC [6].

HDAC Function in Healthy 
Cells
HDACs are known to be required in 
many cellular processes on top of 
transcriptional regulation such as 
apoptosis, DNA damage repair, cell cycle 
control, autophagy, metabolism and 
senescence [7]. HDACs are expressed 
in the normal functioning brain [8] at 
differing levels dependent on cell type 
and function and are critical is learning, 
memory and neural development. 

HDAC Function in Neural 
Development
A 2009 study showed that when 
HDAC1 and 2 were deleted 
simultaneously, mice developed 
tremors associated with myelin 
deficiency [9]. There was complete 
loss of both oligodendrocyte 
precursor cell markers and mature 
oligodendrocyte markers in the spinal 
cord and brains of these mice too 
suggesting HDAC1 and HDAC2 are 
required for oligodendrogenesis and 
oligodendrocyte differentiation, yet 
the loss of HDAC1 and HDAC2 did not 
impact upon other neural cell types 
in the developing CNS [9]. However, 
another study using a similar model 
showed loss of HDAC1 and HDAC2 
caused mice to have smaller brains 
with a compacted cerebellum [10]. 
Defects were also found in the cortex, 
hippocampus and cortical laminar 
organisation [10]. Significant neuronal 
abnormalities were also observed and 

Purkinje cells did not migrate from the 
nuclei of the cerebellum, preventing 
normal cerebellar growth [10]. This 
study suggests HDAC1 and HDAC2 are 
essential in neural development. 

HDAC2 and 3 have been found to bind 
to genes associated with transcription 
regulation of differentiation and 
development in rat brain neural stem cells 
[11]. HDAC2 and HDAC3 were enriched 
at promoters of genes, associated 
with neuronal and oligodendrocyte 
differentiation [11]. Valproic acid, an 
HDAC inhibitor, was shown to promote 
oligodendrocyte differentiation and 
morphological changes such as formation 
of myelin plaque-like structures and an 
increase in oligodendrocyte radius when 
in combination with a thyroid hormone 
(T3) [11]. Data showed HDAC2 may be 
needed for SOX10 gene regulation, 
required for terminal oligodendrocyte 
differentiation, in early oligodendrocyte 
development [11]. HDAC3 has also been 
reported to repress neuronal genes 
and differentiation in embryonic neural 
stem cells [11] showing multiple roles for 
HDAC’s in neural development.

Class II HDACs have also been shown 
to be essential in the development of the 
brain.

HDAC6 was found to play a critical 
role in dendrite development through 
interaction with Cdc20 in neuronal 
centrosomes [12] and HDAC9 was 
shown to translocate from the nucleus 
to the cytoplasm with maturation of 
cortical neurons [13].  When replaced 
with a mutant HDAC9, total length of 
dendritic branches was significantly 
reduced suggesting HDAC9 is required 
for the proper development of these 
cells [13]. HDAC10 has been found to 
interact with the transcription factor Pax3, 
which is needed for normal neural crest 
development, among other processes [14].

Oligodendrocyte differentiation 
depends on HDAC activity to form 
morphological changes characterised as 
primary, secondary and tertiary branches 
[15]. Differentiating progenitors treated 
with HDAC inhibitors were unable to 
form branches [15]. Conversely, a 2004 
study found that the HDAC inhibitor 
VPA, promoted neuronal differentiation 
in foetal neural stem cell cultures [16] 
showing that potentially HDACs, and 
consequently HDAC inhibitors, can have 
both positive and negative effects on 
neural development dependent on timing 
and cell type. 

Neural Development and 
Brain Tumours
There is increasing evidence that gliomas 
in childhood could have multiple 
different cells of origin including 
neural stem cells, glial progenitor cells, 
oligodendrocyte progenitor cells and 
astrocytes [17]. Gliogenesis continues 
throughout the first year of life [18], 
precursor cells in the ventral pons 
peaks in neonates and at around age 
6 [19] and myelination continues to 
early adulthood [20,21,22]. The extent 
of neural proliferation throughout 
childhood increases the likelihood of 
a mutation, and subsequent tumour 
development, occurring. Aberrant 
proliferation of pontine-like precursor 
cells, is caused by dysregulation of 
neuronal activity during development 
and these express SOX2, nestin, Olig2 
and vimentin [19], also found to be 
expressed in DIPG, indicating that 
disruption of neurodevelopmental 
processes could lead to tumourigenesis. 
Epigenetics is crucial in regulating 
differentiation and thus it’s role in 
paediatric brain tumour development is 
indisputable [23]. 

Dysregulation of HDACs in 
Childhood Brain Tumours
Given the essential and critical roles 
of HDACs, it is not surprising that 
dysregulation of these proteins are 
implicated in tumourigenesis. Inhibitors 
of HDACs are in clinical trials for 
treatment of a variety of cancers but 
since there is rarely a ‘one size fits 
all’ solution and the consequences 
of incorrect dosages and compounds 
could arguably exacerbate the situation. 
Significant work is still required to 
understand what is happening in each 
tumour so it can be treated accordingly. 
HDAC5 and HDAC9 were found to be 
highly expressed at the mRNA level 
amongst prognostically unfavourable 
medulloblastoma patients, whereas 
HDAC4 and HDAC1 were found to be 
down-regulated [24]. Patients with 
high expression of both HDAC5 and 
HDAC9 had a lower survival probability 
than those who had high HDAC5 
or HDAC9 expression. Patients with 
low HDAC5 and HDAC9 expression 
had a significantly higher overall 
survival probability than either of the 
other groups [24]. These expression 
patterns also correlate with molecular 
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subgroups, with lower expression in 
the WNT and SHH groups and higher 
expression seen in groups C and D [24]. 

Therapeutic Potential of 
HDACs for Childhood Brain 
Tumours

HDAC Inhibitors
There are multiple types of HDAC 
inhibitors (HDACi). They have different 
structural characteristics and inhibit 
different HDAC isoforms. Some target 
just one HDAC, some a whole class of 
HDACs. HDACis can cause cell cycle 
arrest, differentiation or apoptosis both 
in vitro and in vivo [25]. The length of 
time, concentration and type of inhibitor 
used affects the number of genes 
detected with altered transcription [26]. 
It was only recently that the crystal 
structure of the interaction between 
HDAC8 and hydroxamate was solved 
[27] providing a greater understanding 
of the mechanism of action of HDAC 
inhibition. In this case, the hydroxamic 
acid inhibitor directly interacts with 
the zinc ion at the base of the catalytic 
pocket of HDAC8 [26].

Richon et al. (2000) showed increased 
numbers of cells arresting in G1 phase of 
the cell cycle with low concentrations 
of the HDACi, suberoylanilide 
hydroxamic acid (SAHA), with higher 
concentrations resulting in cells arresting 
in both G1 and G2 phase and decreased 
numbers of cells in S phase [28]. This 
is thought to be due to the induction 
of p21, one of the first genes to be 
switched on under HDAC inhibition, 
inhibiting cyclin dependent kinases 
(CDKs) which regulate G1 progression and 
G1/S, G2/M transitions [29].

Glioblastoma Multiforme
Although still not used as a standard 
mode of treatment, there are case reports 
of various HDAC inhibitors successfully 
treating, or managing, childhood brain 
tumours. In 2004 it was reported that a 
ten year old with a GBM in the pineal 
gland showed no evidence of tumour 
response using the German protocol 
for malignant gliomas in children (HIT-
GBM-C), which included partial surgical 
resection, radiotherapy and multiple 
chemotherapies. After 30 weeks, 
no response and an array of severe 
therapy-related side effects, treatment 
was switched to increasing dosages of 

Valproic acid (VPA), an HDACi normally 
used to treat epilepsy in children. After 
just 14 weeks, the tumour decreased and 
the child was back in school. Complete 
remission was seen at 10 months on MRI 
scans. Unfortunately, the child reduced 
the dosages due to drowsiness and the 
tumour relapsed at 16 months from the 
start of HDACi treatment [30].

Diffuse Intrinsic Pontine Glioma
A recent study found twelve out 
of sixteen DIPG cultures insensitive 
to traditional chemotherapeutics, 
demonstrated a concentration dependent 
decrease in viability and proliferation and 
increased cell death following treatment 
with the pan-HDACi, panobinostat [31]. 
Decreased expression of proliferation 
associated genes and the oncogene MYC 
was also observed [31]. Knockdown of 
HDAC1 or HDAC2 was shown to decrease 
viability of DIPG cells [31] supporting the 
notion that inhibition of certain HDACs 
can be beneficial in the treatment of 
DIPG. On top of this data, the study 
showed that the same positive effect 
happened in a DIPG xenograft mouse 
model where at just one week there 
was a significant reduction in tumour 
growth and treated mice had significantly 
prolonged survival [31]. 

Embryonal Brain Tumours
Embryonal brain tumours have been 
shown to have differing levels of 
sensitivity to HDACis. Proliferation 
in medulloblastoma cells has been 
decreased in response to an array 
of HDACis; Trichostatin A (TSA) 
and M344 proving most effective 
[32]. TSA was shown to significantly 
suppress proliferation in CNS PNET, 
medulloblastoma, ependymoma, GBM, 
and mouse neural progenitor cells, with 
GBM cells being the least responsive 
[33]. There was increased activation 
of cleaved caspase 3, a pro-apoptotic 
protein, and down-regulation of an anti-
apoptotic protein, Bcl-2, in CNS PNET 
and medulloblastoma cell lines. At 48 
hours of treatment, all cell lines showed a 
concentration-dependent increase in sub-
G0-G1 phase indicative of apoptosis [31].

Medulloblastoma
A 2011 study found that curcumin, derived 
from the plant Curcuma longa, inhibited 
HDAC4 and induced medulloblastoma 
cell death in a time and concentration-
dependent manner [25]. Treated cells also 

show an increase in caspase-3 cleavage 
and poly (ADP-ribose)polymerase (PARP) 
suggestive of apoptosis [25]. However, 
it is not clear if the increase in cleaved 
caspase-3 and PARP is related to HDAC4 
inhibition.

Another study on medulloblastoma 
demonstrated TSA decreased viability 
and induced apoptosis in cell lines. The 
HDACi up-regulated 714 genes some of 
which were involved in varying biological 
pathways such as angiogenesis, apoptosis, 
Ras, p53 and Wnt signalling cascades 
[34]. A tumour suppressor gene in 
medulloblastoma, DKK1, was found to be 
significantly down-regulated by 80% in 
cells but increased when treated with TSA 
[34].

In support of HDACi-induced cell death 
in medulloblastoma cells, Sonnemann et 
al. observed a concentration-dependent 
increase in cell death of medulloblastoma 
cell lines with three different HDACi 
compounds [35]. Caspase-3 and -9 
activation and a decrease in mitochondrial 
transmembrane potential suggest these 
compounds induce apoptosis in these 
cell [35]. Interestingly, if treated with 
concomitant ionizing radiation (IR), 
HDACis lead to cell death at 46-65% 
compared with 22% with IR alone [35]. 
The same theory was then tested with 
chemotherapeutics, which induced cell 
death in 29% of cells alone and 76% of 
cells when treated concomitantly with an 
HDACi [35]. However, this effect was only 
seen in some combinations of the drugs 
and the authors attribute this discrepancy 
to the difference in the mode of action of 
the cytotoxic agents.

Concomitant Therapy and 
Clinical Trials
Although many HDAC inhibitors have 
reached clinical trials for various different 
cancers, unfortunately there are relatively 
few involving childhood brain tumours. 
A phase I trial was, however, conducted 
with vorinostat in combination with 
temozolomide for relapsed or refractory 
primary brain or spinal cord tumours 
in children [36]. Sixteen of the original 
nineteen patients were evaluated at the 
end of the trial, three had stable disease 
in ependymoma, ganglioglioma and high 
grade glioma, one patient had a partial 
response in ependymoma and the rest 
had progressive disease [36]. No clear 
relationship was seen between dose and 
response [36]. This may be due to the 
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different types of tumour enrolled in 
the trial, as discussed earlier, the same 
treatment is unlikely to have the same 
effect across a variety of tumours. It 
is well known that temozolomide is 
ineffective in paediatric glioblastoma 
[37] for instance, but can be beneficial 
in other tumours and it has been 
discussed earlier; here how different 
types of HDACi work differently 
dependent on the tumour type [25,26]. 
A clinical trail led by the Pediatric 
Brain Tumour Consortium (Pediatric 
Brain Tumour Consortium PBTC-047) in 
America is now starting a Phase I trial 
treating children with progressive DIPG 
with 26 courses of panobinostat over 
2 years. With the previous in vitro and 
in vivo success discussed earlier [31], it 
is hoped the findings translate into the 
clinic as expected.

Discussion
It is clear there are still huge gaps in 
our knowledge in the mechanistic 
roles histone deacetylases play in 
these tumours and the more we 
discover, the clearer it is that each 
tumour has it’s own molecular 
signature that should be treated in a 
unique way. Since personalised therapy 
is still a way off, it is hoped that 
studies such as the ones discussed 
here, can enhance our understanding 
and ability to attack these tumours in 
novel and more effective ways.
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