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Simple Summary: Our cellular DNA is packaged tightly into a structure called chromatin, where
it is wrapped around specific proteins called histones. Histones can undergo modifications which
alter the structure of chromatin and allow processes that promote cell growth and survival. One such
modification of the histones, called acetylation, is controlled by a class of enzymes called histone
deacetylases (HDACs). Altered levels of HDACs have has been implicated in the development of a
variety of cancer types, but also HDACs have been suggested to play a role in the response of cancers
to radiotherapy treatment. Therefore, inhibitors of HDAC enzymes have been investigated for their
anti-cancer properties in combination with radiotherapy. In this review, we provide an up-to-date
summary on HDACs and their roles in human cells, along with evidence suggesting that HDAC
inhibitors can effectively increase the sensitivity of cancers to radiotherapy.

Abstract: In mammalian cells, genomic DNA is packaged with histone proteins and condensed into
chromatin. To gain access to the DNA, chromatin remodelling is required that is enhanced through
histone post-translational modifications, which subsequently stimulate processes including DNA
repair and transcription. Histone acetylation is one of the most well understood modifications and is
controlled by histone acetyltransferases (HATs) and histone deacetylases (HDACs). These enzymes
play critical roles in normal cellular functioning, and the dysregulation of HDAC expression in
particular has been linked with the development of a number of different cancer types. Conversely,
tumour cell killing following radiotherapy is triggered through DNA damage and HDACs can
help co-ordinate the cellular DNA damage response which promotes radioresistance. Consequently,
HDAC inhibitors have been investigated as potential radiosensitizers in vitro and in vivo to improve
the efficacy or radiotherapy in specific tumour types. In this review, we provide an up-to-date
summary of HDACs and their cellular functions, including in DNA damage repair. We also review
evidence demonstrating that HDAC inhibitors can effectively enhance tumour radiosensitisation,
and which therefore show potential for translation into the clinic for cancer patient benefit.

Keywords: DNA damage; DNA repair; HDAC; histone deacetylation; ionizing radiation; photons;
proton beam therapy

1. Introduction

In eukaryotic cells, genomic DNA is packaged into condensed chromatin. Nucleo-
somes are the basic units of chromatin and are formed from ~145-147 base pairs of DNA
wrapped around a histone octamer consisting of the core histone proteins H2A, H2B, H3
and H4 [1]. The nucleosomes are linked together by short (~20-90 base pair) segments of
linker DNA to form the beads-on-a-string primary chromatin structure (euchromatin) [2],
which folds into a higher-order structure of a 30-nanometre fibre (heterochromatin) [3]. This
then undergoes supercoiling during cell division to form the metaphase chromosomes seen
during mitosis and meiosis [4]. Pioneering research carried out in the 1960s identified that

Radiation 2022, 2, 149-167. https:/ /doi.org/10.3390/radiation2010011

https:/ /www.mdpi.com/journal/radiation


https://doi.org/10.3390/radiation2010011
https://doi.org/10.3390/radiation2010011
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/radiation
https://www.mdpi.com
https://orcid.org/0000-0002-5052-1125
https://doi.org/10.3390/radiation2010011
https://www.mdpi.com/journal/radiation
https://www.mdpi.com/article/10.3390/radiation2010011?type=check_update&version=1

Radiation 2022, 2

150

histone subunits can carry post-translational modifications (PTMs) [5], which can regulate
and remodel the chromatin structure. Since then, several different types of PTMs have been
identified, including histone acetylation, methylation, phosphorylation, SUMOylation and
ubiquitylation. These PTMs occur on the histone N-terminal tails that protrude outward
from the octamer structure [6] and are highly conserved in eukaryotes. The PTMs work
alone, but also through the recruitment of ATP-dependent chromatin remodelling com-
plexes, to influence the structure of chromatin [7]. Local changes in chromatin structure
allow the cell to perform DNA-dependent processes, including regulating gene expression
through transcription and stimulating DNA damage repair.

Histone acetylation is one of the most well understood histone PTMs. This modifica-
tion is strictly regulated by both histone acetyltransferases (HATs) and histone deacetylases
(HDACs). The HATs are divided into two main families based on sequence homology
and shared functional roles. The GenS-related-acetyltransferase (GNAT) family of HATs
acetylate the lysines of histones H2B, H3 and H4. They are distinguished from other HATs
by the presence of a bromodomain, and members of this family include GCN5, PCAF,
Hatl, and ATF-2. The MYST family of HATs is characterised by zinc finger and chromod-
omains. They acetylate histones H2A, H3 and H4, and include Tip60, MOZ, MORF and
HBOL1 [8]. The addition of acetyl groups to the N-terminal tails of the histones neutralises
the positive charge of the octamer, leading to less interaction with the DNA [9], making the
chromatin more accessible to the cellular transcription machinery to drive gene expression.
Gene expression can be switched off by the activity of HDACs, which remove the acetyl
groups and restore the strong interaction between the histone and DNA. In addition to
gene expression, histone acetylation and deacetylation has been implicated in regulating
DNA repair, in particular of DNA double strand breaks (DSBs) [10,11]. Indeed, a recent
in-depth study using ChIP-sequencing revealed numerous histone modifications at sites of
DSBs, but specifically that there were decreases in histone H4 lysine 12 (H4K12) acetylation
and increases in histone H2B lysine 120 (H2BK120) acetylation that define DSB repair
pathway choice [12]. Furthermore, the HAT Tip60 has been shown to bind to chromatin
at sites of DSBs and that the HAT cofactor Trrap is essential for hyperacetylation of H4
and recruitment of repair proteins including 53BP1, BRCA1 and RADS51 [13]. Histone
H4 lysine 16 (H4K16) acetylation catalysed by the HAT MOF has also been suggested to
promote DSB repair [14].

A significant number of cancer patients (~50%) receive radiotherapy (ionising radia-
tion; IR) during their treatment. Generally, conventional X-ray (photon) radiotherapy is
used to promote tumour cell killing. However, there is increasing utilisation of particle
ions, including proton beam therapy (PBT) that is a more targeted tumour treatment given
the low entrance radiation dose which increases along the track, and that then peaks at a
well-defined region known as the Bragg peak [15]. The Bragg peak therefore allows specific
tumour targeting and thus minimising the radiation dose delivered to surrounding healthy
tissues and organs at risk. Nevertheless, and despite the type of radiotherapy utilised,
these largely cause tumour cell death through inducing sufficient DNA damage in the cells.
Whilst DNA base damage and DNA single strand breaks (55Bs) predominate, particularly
with sparsely ionising (low linear energy transfer, LET) radiation such as X-ray and y-ray ir-
radiation, the formation of DSBs but also complex DNA damage (CDD) containing multiple
DNA lesions within close proximity are the major contributors to IR-induced cell death [15].
In fact, the higher the LET (such as with carbon ions), the greater the level and complexity
of the DNA damage which drives cell killing. Following the generation of DNA damage,
the cellular DNA damage response (DDR) is triggered which activates the base excision
repair (BER) pathway for the repair of simple base damage and SSBs [16], whereas DSBs
are repaired by either non-homologous end joining (NHE]) or homologous recombination
(HR) [17]. Interestingly, given the nature of the complexity within CDD, this is likely to
require multiple DNA repair pathways to resolve the damage although we have recently
demonstrated a critical role for proteins involved in SSB repair during resolving of CDD
induced by proton irradiation [18,19]. Given that chromatin compaction is tightly regulated
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by histone PTMs, such as acetylation, there are subsequently opportunities to combine
radiotherapy with drugs/inhibitors that target the enzymes controlling this phenotype. In
this case, the combinatorial treatment can lead to altered DNA accessibility and impact
on either DNA damage induction, DNA damage repair efficiency or the gene expression
profile thus increasing radiotherapy efficacy.

Here, we provide an up-to-date review on HDACs and their cellular roles particularly
in the DDR, along with reported evidence that HDAC inhibitors (HDACi) can enhance the
effectiveness of radiotherapy in tumour models.

2. Histone Deacetylases (HDACs)

The HDACsS are organised into classes I, II, III and IV based on function and sequence
homology. Classes I, IT and IV comprise the “classical’ Zn?**-dependent HDACs (Figure 1),
while class IIT contains NAD*-dependent sirtuins [20]. Class I, Il and IV HDACs share a
Zn?*-dependent catalytic HDAC domain whereas Class Il HDACs contain unique domains,
including nuclear localisation and export signals, which allow for movement between
the cytoplasm and nucleus [21]. Furthermore, class II HDACs also contain a binding
domain specific to the myocyte enhancement factor 2 (MEF2) transcription factor [22].
HDACS6 contains a zinc finger binding domain, while HDAC10 contains a leucine-rich
region. Sirtuins, the class IIl HDACs, are structurally distinct from classes I, II and IV.
They are homologous to the yeast silent information regulator 2 (Sir2) protein [23], and are
ubiquitously expressed in humans [24]. However, the sirtuins are not impacted by current
HDAC inhibitors, and are therefore not covered in detail in this review. An understanding
of their current cellular targets and roles of class I, II and IV HDACs as well as their
associations with tumour development (also summarised in Table 1), are detailed below.

Class HDAC Domains Details
wac  —y—
wacz  —y)—
Class I All contain the catalytic Zn?-
dependent HDAC domain.
woacs (R
moacs  — (N
wosct ——1 — w o
L) Contain unique nuclear
n m localisation and nuclear export
HDAC5 U L _—'— domains, allowing for movement
Ila between the nucleus and
HDAC7 _D_D -' cytoplasm. Also contain a
binding site for the MEF2
u L)
Contains 2 catalytic domains,
HDAC6 _—_— plus a zinc finger binding
J domain.
IIb
Contains a leucine-rich region as
HDAC10 __—-_ well as the catalytic domain.
Class IV HDAC11 _—_ Similar to class I'in that it only
contains the catalytic domain
_ﬁ;‘;:ﬁp"""““‘ catalytic HDAC [:] Zinc finger binding domain - Leucine-rich region I] MEF2 binding domain . Nuclear export signal D Nuclear localisation signal

Figure 1. The HDAC structures and domains. Class I, Il and IV HDACs all contain a zinc-dependent
HDAC domain. The class Ila HDACs also contain MEF2 binding domains, as well as nuclear
localisation and export signals. HDACS6 alone has a zinc finger binding domain, whereas HDAC10
has a leucine-rich region.

2.1. Class  HDACs
Localised to the nucleus, class lHDACs (HDAC1, HDAC2, HDAC3 and HDACS) have
been shown to act as a catalytic subunit in protein complexes that are heavily involved in

transcriptional repression [25]. They are important for maintaining correct gene expression
in various tissues of the body.
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2.1.1. HDAC1

HDAC1, along with HDAC?2, is part of the CoREST complex which ensures that
neuronal genes are transcriptionally silenced in non-neuronal tissues [26]. HDAC1 is also a
component of the BRG1-RB1-HDAC1 complex, which negatively regulates transcription
in resting neurons [27], and additionally targets the transcription factors SP1 and SP3
to regulate their function [28,29]. Furthermore, HDAC1 and HDAC2 can inhibit the
transcriptional activity of NF-«B, which is associated with the development of specific
cancers and autoimmune diseases [30]. In gastric cancer, HDAC1 overexpression has been
suggested as a prognostic marker [31], and a study has shown that HDAC1 is upregulated
in ~60% of cases [32]. In pancreatic cancer, HDAC1 appears to regulate the expression of the
transcription factor hypoxia-inducible factor-1« (HIF-1«), which promotes tumour survival
in reduced oxygen (hypoxic) conditions [33]. It was indicated that an increase in both
HDACT1 and HIF-1o expression was associated with poor prognosis in pancreatic cancer
patients. Upregulated HDAC1 has also been observed in colorectal cancer and prostate
cancer [31,34]. Similarly, higher levels of HDACI expression are correlated with invasion,
advanced stage disease and poor survival in hepatocellular carcinoma patients [35], while
a meta-analysis of lung cancer patients showed that HDACI1 expression is negatively
correlated with overall survival [36]. Interestingly, one study has shown that in breast
cancer, increased HDAC1 was linked to better survival and smaller tumour sizes [37].
Collectively, these data show a strong correlation between HDAC1 expression and the
development of specific tumour types.

2.1.2. HDAC2

HDAC?2 forms a repressive transcription complex in association with DNA methyl-
transferase 1 (DNMT1) and the DNMT1-associated protein 1 (DMAP1). This complex
functions during S-phase of the cell cycle to deacetylate histones following DNA replica-
tion [38]. Itis also involved in metastasis tumour antigen 1 (MTA1)-mediated transcriptional
co-repression of genes such as BRCA1, ESR1, TFF1 and CDKN1A, which are all linked to
development of several cancer types [39]. Furthermore, HDAC2 has been shown to increase
the DNA binding of the tumour suppressor protein p53, leading to increased inhibition of
proliferation and the induction of senescence [40]. Like HDAC1, an increased expression
of HDAC?2 has been observed in multiple cancer types. In cervical cancers, HDAC2 is
upregulated in the dysplasia transition region, and there is higher expression of HDAC2
during the polyp stage of carcinogenesis [41]. A retrospective study of gastric cancer
patients showed that HDAC2 upregulation was associated with reduced 3-year survival
rates [31]. In breast cancer, high HDAC2 expression is correlated with increased HER2
expression [42], and upregulation of HDAC1/2 has been linked to increased differentiation
and proliferation of prostate cancers [43].

2.1.3. HDAC3

HDACS3 is thought to be involved in the functioning of the BCL6 transcriptional repres-
sor through the deacetylation of histone H3 lysine 27 (H3K27) on gene enhancer elements.
The changes in acetylation of enhancer elements allows B cells to undergo rapid changes in
response to various cellular signals [44]. Moreover, HDAC3 is reported to interact with the
X-box-binding protein 1 (XBP1) to protect endothelial cells from oxidative stress via the
upregulation of AKT1 phosphorylation [45]. In acute promyelocytic leukaemia, HDAC3
has been shown to be involved in leukemogenesis through transcriptional repression in
a complex with N-CoR [46], and a deficiency of HDACS3 in hepatocellular carcinoma is
directly linked to the hyperacetylation of histone H3 lysine 9 (H3K9), leading to a loss of
DNA damage control and the transcription of tumour-related genes [47]. Furthermore,
HDACS3 has been associated with the proliferation and differentiation of colorectal cancer
cells [48], and it has been suggested that downregulation of HDAC3 can reduce colorectal
cancer proliferation [49]. In a study of 145 breast cancer patient samples, HDAC3 expres-
sion was correlated with negative expression of the oestrogen and progesterone receptors,
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and displayed a positive correlation with EGFR overexpression. High HDAC3 expression
was also linked to poor overall survival [50].

2.1.4. HDACS

HDACS has been implicated in the regulation of telomerase [51] and in tumour cell
survival [52]. Furthermore, HDACS8 has been shown to modulate the transcriptional
activity of oestrogen-related receptor o« (ERRa), which is involved in processes such as
glycolysis and oxidative phosphorylation [53]. In an expression study of HDAC1-11
in neuroblastoma, only HDACS expression was associated with tumour development.
HDACS expression correlated with advanced disease and metastasis, as well as poor
overall survival [54]. Furthermore, in breast cancer, HDACS expression has been shown
to be upregulated, and associated with dissemination of breast cancer cells and epithelial-
mesenchymal transition [55].

Table 1. Cellular targets of HDACs and associations with tumour development.

HDACClass HDAC Cellular Targets Tumour Association References
COREST transcriptional complex, Gastric, pancreatic, colorectal, prostate
I HDAC1 BRGI1-RB1-HDACI complex, SP1/3 h,e p atocell 16/11' lun bréfs A ’ [26-37,43,56]
transcription factors, NF-«B, HIF-1c p wan ung,
CoREST transcriptional complex, . .
HDAC2 DNMT/DMAP1, MTA1, p53 Cervical, gastric, breast, prostate [26,31,38-43]
HDAC3 BCL6, XBP1, AKT1, N-CoR Acute promyelocytic leukaemia, [44-50]
hepatocellular, colorectal, breast
HDACS8 Telomerase, ERRo Neuroblastoma, breast [51,53-55]
I HDAC4 HIF-1«, CDK Oesophageal, glioma, gastric, colorectal [57-62]
HDAC5 MEF2C, MTA1, ESR1, Rb, RARA Hepatocellular, colorectal, breast, lung [63-70]
HDAC6 ESR1, HIF-1, Aggresome Oral squamous cell carcinoma, ovarian, breast  [57,63,71-74]
HDAC? RARA, FOXP3, STAT3 Nasopharyngeal, lung, breast, gastric [64,75-79]
MEF2, C-Jun, Aldehyde Oral squamous cell carcinoma, lung,
HDAC Dehydrogenase 1A3 hepatocellular, breast [80-851
HDAC10 PTPN22, AKT, DNA Repair Lung, colorectal, ovarian [86-91]
1\Y HDAC11 ps3, cell cycle Pituitary, neuroblastoma, hepatocellular [92-94]

progression, glycolysis

2.2. Class I HDACs

Class I HDACs are divided into class I[Ta (HDAC4, HDAC5, HDAC7 and HDAC9) and
class IIb (HDAC6 and HDAC10). Class Ila HDACs are expressed in both the nucleus and
cytoplasm and have been shown to play critical roles in the regulation of MEF2 expression,
which is a vital protein in embryonic development [95,96]. Interestingly, the class Ila
HDACs have minimal enzymatic activity, and are dependent on a multiprotein complex
containing HDACS3 and a transcriptional corepressor, N-CoR/SMRT [97]. These proteins
also appear to be tissue-specific, given that they are expressed in the skeletal, heart, and
smooth muscle, as well as brain tissues [98].

2.2.1. HDAC4

Studies have shown that HDAC4 and HDACS6 are involved in the regulation of HIF-
lx transcription and are therefore implicated in tumour angiogenesis [57]. Furthermore,
HIF-1oc undergoes acetylation at lysines 532 and 674 resulting in HIF-1oc degradation or
transcriptional activity, respectively [99,100]. It appears therefore that HDAC4 is involved
largely in the hypoxic response, as further evidence demonstrates through a knockdown
of HDACH4 that this leads to increases in the response and adaptation of cancer cells to
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hypoxia, and alters HIF-1-mediated transcription of genes involved in glycolysis and
chemoresistance [101]. Overexpression of HDAC4 has been associated with higher tumour
grade, advanced clinical stage and poor survival in oesophageal squamous cell carcino-
mas, and was found to promote proliferation via the upregulation of cyclin-dependent
kinases (CDKs) [59]. The role of HDAC4 in proliferation has also been shown in glioblas-
toma [60], gastric cancer [61], and colorectal cancer where it promotes growth through p21
repression [62].

2.2.2. HDACS

HDACS5 has been demonstrated to actively repress the transcription of the myocyte
enhancer, MEF2C, which is involved in muscle maturation and vascular development [65].
Furthermore, HDACS is suggested to be involved in MTA1-mediated epigenetic regulation
of the oestrogen receptor 1 (ESR1) gene, which encodes a nuclear hormone receptor, and is
involved in cellular processes such as proliferation and differentiation [63]. HDACS5 has
also been shown to serve as a co-repressor of the retinoic receptor alpha (RARA), which
is involved in a variety of processes such as cell growth [64]. Studies have furthermore
demonstrated that HDACS5 may interfere with the function of the Rb tumour suppres-
sor gene to enhance tumourigenesis [66]. Overall, overexpression of HDACS5 has been
observed in multiple cancer types, including hepatocellular carcinoma, colorectal, breast,
and lung cancer, and is associated with tumour cell proliferation, invasion, and apoptosis
inhibition [67-70].

2.2.3. HDAC6

Similar to HDAC5, HDAC6 has been shown to be involved in the MTA1-mediated
regulation of ESR1 expression [63]. Another reported key role of HDACS is in the degrada-
tion of misfolded proteins. If misfolded proteins are too abundant to be degraded via the
chaperone refolding system, HDAC6 mediates their transport to a cytoplasmic juxtanuclear
structure called the aggresome [71]. HDAC6 has been shown to play a role in cancer cell
metastasis [102], and in oral squamous cell carcinoma a higher level of HDAC6 has been
linked to a higher primary tumour stage [74]. In ovarian cancer cell lines and tissues, levels
of HDAC6 were found to be higher in both high-grade and low-grade samples compared
to benign lesions and healthy ovarian cells [72]. Interestingly, HDAC6 mRNA levels have
been shown to be higher in patients with small, low histologic grade, hormone positive
breast cancers. HDACS6 levels were positively correlated with disease-free survival, and
high HDACS levels were associated with a better response to endocrine therapy [73].

2.2.4. HDACY

HDAC? has been implicated in angiogenesis, as silencing of the protein lead to an
alteration in morphology, migration and capillary forming abilities of endothelial cells
in vitro [103]. Similarly to HDAC5, HDACY? also acts as a corepressor of RARA, preventing
its binding to DNA [64], and HDAC? may play a role in transcriptional repression via
complex formation with the FOXP3 regulator protein, which is involved in controlling the
activity of regulatory T cells [76]. In nasopharyngeal carcinoma, lung cancer and breast
cancer, an upregulation of HDACY is associated with higher levels of proliferation and
thus disease progression [75,77,78]. Furthermore, HDAC? has been shown to deacetylate
and inhibit Stat3 expression in lung cancers to enhance tumourigenesis [75], and has been
associated with poor prognosis and metastasis in gastric cancer [79].

2.2.5. HDAC9

Unsurprisingly, and like other members of the class Il HDACs, it has been suggested
that HDACY is involved in angiogenesis [85]. HDAC9 repressed MEF2-dependent transcrip-
tion via the recruitment of HDAC1/3, which appears to inhibit skeletal muscle myogenesis
and may be involved in heart development [80]. Furthermore, HDAC9 has been shown
to repress c-Jun kinase activation, preventing downstream signalling through the MAPK
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pathway, which regulates a variety of processes in the cell, including proliferation, apopto-
sis and differentiation [82]. In oral squamous cell carcinoma, increased HDAC9 expression
enhances growth and cell cycle progression [84], whereas in lung cancer, tumour cells had
a decreased level of HDACY compared to healthy cells [83]. HDAC9 expression has also
been positively correlated with the number of dedifferentiation markers in a database of
hepatocellular carcinoma patients, and has been associated with aldehyde dehydrogenase
1A3 expression, a gene commonly mutated in hepatocellular carcinoma [81].

2.2.6. HDACI10

HDACI10 has been reported to play a role in DNA damage repair, through associations
with DSB formation and controlling expression of the DNA repair mismatch genes mihl
and msh2/6 [86,87], and promotes angiogenesis via the PTPN22/ERK signalling axis [88].
Furthermore, research suggests that HDAC10 regulates cell proliferation via the control
of AKT signalling [89]. HDAC10 has been shown to have high expression levels in lung
and colorectal cancer [87,89], and in ovarian cancer deletions of HDAC10 were linked to a
sensitivity to platinum therapy [90].

2.3. Class IV HDACs

HDACI11 is the only class IV HDAC. It is mainly expressed in the nucleus, and is
generally localised to the brain, heart, skeletal muscle and kidney tissues [104]. HDAC11
has been shown to display a negative correlation with p53 levels in pituitary tumours [94],
and studies in neuroblastoma cells have identified a role for HDACI1 in cell cycle progres-
sion [93]. A study in hepatocellular carcinoma suggested that HDAC11 can also regulate
cellular metabolic processes, such as glycolysis [92].

3. HDAGC:s in the Cellular DDR

Histone acetylation has been associated with the cellular DDR. In response to IR
induced DNA damage, the chromatin structure is altered to allow DNA repair factors access
to the DNA and repair the damage, followed by chromatin structure and integrity being
restored to its original state. HDACs have therefore been implicated in the maintenance of
dynamic acetylation equilibrium of DDR proteins [105].

3.1. Class ] HDACs

Class I HDACs, and particularly HDAC1 and HDAC2, have been associated with
the control of several key DDR proteins, including ATM, ATR and BRCA1, involved in
the signalling and repair of DSBs. Vorinostat, a pan-HDAC inhibitor, has been shown
to reduce the activation of ATM after induction of DSBs in a dose- and time-dependent
manner [106]. HDAC1 and HDAC2 have also been demonstrated to localise rapidly (within
5 min) to IR-induced DNA damage sites, then gradually dissociate until being no longer
visible (30 min after treatment). At the damage sites, HDAC1/2 are reported to regulate
the acetylation of histone H3 lysine 56 (H3K56), which decreases upon DNA damage. This
process is also sensitive to class I/II HDAC inhibitors [107]. In this study, it was also noted
that HDAC1/2 siRNA-mediated depletion led to hypersensitivity to IR and phleomycin.
DNA damage induced CHK1/2 and p53 phosphorylation was also higher in cells depleted
of HDAC1/2 compared to controls, and inhibition of HDAC1/2 enhanced the levels of the
DSB marker YH2AX. These observations suggest that HDAC1/2 impair DSB repair, and to
support this, it was shown that HDAC1/2-depleted cells have major defects in the NHE]
pathway. In particular, HDAC1/2 was demonstrated to influence the persistence of Ku70
and Artemis at the sites of DNA damage [107].

HDACS3 function has been shown to be vital for efficient DNA repair, specifically
of DSBs. The inactivation of HDAC3 in mouse embryonic fibroblasts (MEFs) increased
the sensitivity of the cells to doxorubicin, a topoisomerase II inhibitor, and to cisplatin
that generates DNA crosslinks [108]. These results suggest that DNA repair pathways are
inefficient when HDACS3 is absent. Furthermore, DNA damage sensitivity and repair data
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in this study suggested that the loss of HDAC3 impacts the DDR by targeting the chromatin
structure, as HDACS3 is not recruited to DNA damage sites, and HDAC3 inactivation
does not impact the localisation of other DDR proteins, such as RAD51, BRCA1, and
MRE11 [109]. HDACS3 inhibition has been shown to decrease global heterochromatin levels
in vivo and led to a 5-8 fold increase in the number of chromosomal breaks and gaps in
metaphase chromosomes. Thus, HDAC3 is thought to be crucial for maintaining genome
stability and contributes to efficient DNA repair.

3.2. Class I HDACs

It has been demonstrated that HDAC4 interacts with 53BP1 during the repair of
DSBs [110]. After treatment with IR, HDAC4 localised to nuclear foci in a dose-dependent
manner and this was evident early post-treatment (within 5 min) and peaked at 1 h. By
24 h post-IR, the number of HDAC4 foci had returned to background levels. The HDAC4
foci displayed similar kinetics to 53BP1 foci, and further investigation showed that HDAC4
and 53BP1 colocalise to sites of DSBs. Silencing of HDAC4 expression resulted in decreased
levels of 53BP1, and the reverse was also shown, suggesting that HDAC4 and 53BP1
contribute to the maintenance of the stability of each other. As expected, silencing of either
protein led to a reduction in 53BP1 foci following DNA damage, further suggesting that
HDAC4 is involved in the DDR following DSB induction.

HDACS6 has also been shown to play a regulatory role in the DDR via its interac-
tions with MutL homolog 1 (MLH1) and MutS protein homolog 2 (MSH2), two key DNA
mismatch repair proteins. HDAC6 was demonstrated to deacetylate MLH1 on lysines
33,241, 361 and 377, which prevents the formation of the MutLa-MutSa complex, thus
blocking the mismatch repair pathway [111]. HDAC6 has been reported to deacetylate
and lead to ubiquitination of the MSH2 protein, which reduces its stability [112]. Never-
theless, this evidence pinpoints an important role for HDACS6 in regulating the repair of
DNA mismatches.

HDAC9 and HDAC10 are thought to be important for the HR pathway of DSB repair.
It has been demonstrated that depletion of HDAC9/10 using siRNA significantly decreased
cellular HR activity, and sensitised cells to mitomycin C [113]. However, the mechanism by
which HDAC9 and HDAC10 influence HR is currently unclear.

4. HDAC Inhibitors in Enhancing IR Sensitivity

Due to their role in the regulation of chromatin but also in the cellular DDR, several
HDAC inhibitors (HDACIi) have been investigated for their impact on the radiosensitivity
of specific tumour models both in vitro and in vivo (also summarised in Table 2).

4.1. Valproic Acid (VPA)

Multiple studies have focused on the class | HDAC inhibitor valproic acid (VPA), a
branched-chain saturated fatty acid, which has been shown to induce radiosensitisation
in several cancer types. In colorectal cancer cells (LS174T and HCT116), p53-dependent
radiosensitisation was observed following treatment with 500 uM VPA for 16 h prior
to irradiation (up to 8 Gy y-rays; dose enhancement ratios, DER = 1.3-1.4) [114]. The
VPA treatment significantly increased the sub-G; population indicative of apoptosis in
the LS174T and HCT116/ p53+/ * cell lines but not in the HCT116/ p53’/ ~ cells, further
demonstrating the importance of p53 in radiation-induced cell killing. Immunoblotting
analysis revealed that levels of YH2AX were increased from 2-24 h with the combination
treatment in the p53-positive cell lines, suggesting that VPA treatment increases the levels
of IR-induced DSBs. The effects of VPA were also studied in vivo using nude mice with
HCT116-derived xenograft tumours treated with VPA (6 x 300 mg/kg) and IR (10 Gy),
either alone or in combination. This revealed that the combination treatment reduced
tumour growth of p53-containing xenografts but not those that were p53-negative. These
data are similar to another study conducted in oesophageal squamous cell carcinoma
cells (TE9, TE10, TE11 and TE14), where treatment with VPA (500 uM for 24 h) enhanced
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radiosensitivity (2-6 Gy X-rays) [115]. This was associated with increases in YH2AX levels
in cells 2 h post-IR (6 Gy), and interestingly in downregulation of the expression levels of
RAD?51 involved in HR repair of DSBs. Analysis of annexin V staining revealed that the
combined treatment of VPA and irradiation after 48 h led to increases in both early and
late apoptotic cells. However, this evidence was not further explored in in vivo studies to
further support that VPA acts to radiosensitise oesophageal tumours.

More recently, VPA (1 mM for 24 h) has been shown to increase the sensitivity of
thyroid cancer cells to y-radiation (1-8 Gy), although the relative effect was mild in TPC-1
cells (DER = 1.1) compared to WRO cells (DER = 1.3) [116]. Normal thyroid epithelial
cells (Nthy-ori 3-1) also displayed apparent increases in radiosensitivity (DER = 1.3). The
combination treatment did not appear to have a dramatic impact on cell cycle distribution
of TPC-1 and WRO cells compared to the irradiation alone, although there was some
evidence of increases of cell death (apoptosis and necrosis) with VPA pretreatment before
Y-ray irradiation (3 Gy; at 24 h and 48 h in the WRO and TPC-1 cells, respectively). As to
DSB damage and through YH2AX foci analysis, the combination treatment significantly
increased YH2AX foci numbers at 30 min and 4 h post-IR in both cell lines. Furthermore,
and similar to the study described above in oesophageal cancer cells, VPA treatment with
y-rays led to decreases in RAD51 protein levels post-IR (at 4 h).

4.2. Vorinostat

The non-selective HDACi vorinostat, which is a synthetic hydroxamic acid derivative
(also known as MK0683 or suberoylanilide hydroxamic acid, SAHA), like VPA, has been
shown to increase radiosensitivity of different cancers both in vitro and in vivo. Pretreat-
ment with vorinostat (2.5 uM for 24 h) led to increases in radiosensitivity of melanoma
(A375 and MeWo; DER = 1.4 and 1.3, respectively) and non-small cell lung cancer (A549;
DER =1.7) cells following y-rays (2-6 Gy) [117]. In A375 cells, the combination of vorinostat
(2.5-10 uM) and radiation (5 Gy) led to increased apoptosis compared to the HDACi alone,
and which appeared to be associated with decreased protein levels of Ku70, Ku86 and
RADS50. However, no quantitative analysis was completed to support the data significance.
YH2AX foci analysis showed that vorinostat (2.5 uM) plus y-irradiation (5 Gy) led to in-
creased DSB levels and persistence 30 min-24 h post-treatment compared to the radiation
alone, suggesting that this effect is responsible for the enhanced cellular radiosensitisation.
In another study, vorinostat (0.5 uM for 16 h) caused enhanced sensitisation of breast tu-
mour brain metastasis cells (MDA-MB-231-BR; DER = 1.3) as well as breast adenocarcinoma
(T47D; DER = 1.2) and ovarian adenocarcinoma (NCI/ADR-RES; DER = 1.5) cells following
X-ray irradiation [118]. In MDA-MB-231-BR cells, it was further shown that vorinostat
(1 uM) in combination with X-rays (2 Gy) led to significant increases in YH2AX foci 1-24 h
post-IR compared to irradiation alone suggesting defects in DSB repair. This was associated
with significant increases in mitotic catastrophe in the cells post-IR (at 72 h). Finally, mice
bearing MDA-MB-231-BR xenografts were found to exhibit significant tumour growth
delay when treated with vorinostat (50 mg/kg) before irradiation (3 Gy) compared to the
treatments alone. This provides evidence that vorinostat can act as a tumour radiosensitiser
both in vitro and in vivo.

The impact of vorinostat in radiosensitising colorectal cancer cells (HCT116, HT29,
KM20L2 and SW620) under conditions of both normoxia and hypoxic conditions has been
studied. All cells treated with vorinostat (1-2 uM for 18 h) were significantly sensitised
following a single dose of X-rays (5 Gy) in 1% hypoxia [119]. Similar observations were
seen for all cell lines irradiated under conditions of normoxia, although data specifically
using SW620 cells were not significant. Subsequently, in vivo experiments showed using
SW620 and HCT116-derived xenografts that the addition of vorinostat (daily injection of
100 mg/kg for four days prior to irradiation) enhanced tumour growth delay compared to
the treatments alone. Furthermore, addition of capecitabine (359 mg/kg) led to optimal
tumour growth delay. Whilst these results support that vorinostat acts a radiosensitiser of
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colorectal cancer cells and xenograft tumours, no mechanistic insight was performed to
understand the HDACi-induced radiosensitisation.

4.3. CUDC-101

CUDC-101 is a multitargeting small molecule inhibitor of HDAC1-10, but also epi-
dermal growth factor receptor (EGFR) and the HER2 receptor. Using pancreatic cancer
cell lines (MIA PaCa-2, Su.86.86 and T3M-4) treated with CUDC-101 (0.5 uM for 24 h),
this led to significantly reduced cell survival following either a 2.5 or 5 Gy dose of X-rays
compared to the treatment with CUDC-101 alone [120]. The radiosensitisation effect of
CUDC-101 was also demonstrated on 3D spheroid cultures of Su.86.86 and T3M-4 cells
treated with either 0.25 or 0.5 uM CUDC-101 with 5 Gy X-rays. To uncover the mechanism
behind radiosensitisation, it was shown in all three pancreatic cancer cell lines treated with
CUDC-101 (3 uM for 24 h) and X-rays (5 Gy) that this significantly reduced PARP-1 levels.
However, no impact on DSB repair via YH2AX foci analysis was observed. Increases in
the sub-G; component of cells was demonstrated with the combination treatment (using
doses of either 0.5 or 3 uM CUDC-101 with 5 Gy X-rays), suggesting increases in apoptosis
and which was further supported by decreases in the anti-apoptotic proteins survivin
and XIAP. Taken together, these results show that CUDC-101 is a potent radiosensitiser of
pancreatic cancer cells in vitro, and interestingly this study also showed that CUDC-101
was a more effective radiosensitiser than vorinostat. There is also evidence from a scientific
conference report in glioblastoma and breast cancer cell lines (U251 and MDA-MB-231,
respectively) treated with CUDC-101 (either 0.5 uM or 1 uM), that this enhances radiosensi-
tivity (DEF = 1.42) and is potentially related to delays in DSB repair and increases in mitotic
catastrophe [121]. However, to our knowledge, the data from this abstract has not been
reported in full.

4.4. Panobinostat

Panobinostat (also known as LBH-589 or Farydak) is a cinnamic hydroxamic acid
analogue and another non-selective HDACi. Panobinostat (2.5-15 uM for 24 h, dependent
on the cell line) has been shown to significantly reduce survival of prostate cancer cells
(PC-3 and LNCaP; DEF = 1.3 and 1.8, respectively) in response to photon irradiation
(2-8 Gy) [122]. Interestingly, increased radiosensitivity was not observed in normal prostate
epithelial cells (RWPE-1). The combination treatment led to increased numbers of prostate
cancer cells in subG; phase (2-72 h post-irradiation with 2 Gy), indicative of apoptosis.
This appeared to be associated with decreased activation of CHK1 and CHK?2, suggesting
a lack of cell cycle checkpoint activation. Additionally in the prostate cancer cells, there
was an increase in the levels of YH2AX with panobinostat and radiation (at 24 and 72 h
post-IR) compared to the radiation alone. Decreased BRCA1, BRCA2 and RAD51 foci
formation were observed with the combination treatment suggesting a deficiency in HR
repair of DSBs, although protein levels of Ku70 and Ku86 analysed by immunoblotting
were also supressed suggesting that NHE] activity may also be affected and responsible for
the enhanced cellular radiosensitisation.

In a more recent study, panobinostat (10 mg/kg for 6 h) has been shown to enhance
the response of X-ray irradiation (5 x 4 Gy) in bladder cancer (RT112-derived) xenografts
compared to the HDACI or radiation alone [123]. When delivered intravenously, panobino-
stat was demonstrated to preferentially accumulate in the xenografts relative to the plasma,
suggesting possible tumour cell specificity, although this was not observed where the drug
was administered intraperitoneally. This study was then expanded in vitro to investigate
the specificity of the HDAC. This revealed in bladder cancer cells (RT112, CAL29 and T24)
that panobinostat alone (50 nM for 24 h) led to decreases in gene expression and protein
levels of HDAC2 and HDAC?. However, variable decreases and increases in other HDACs
were observed which was cell-line dependent, but also these effects were not studied in
combination with IR. Nevertheless, an siRNA knockdown of HDAC1 and HDAC2 led to
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increased radiosensitivity of RT112 cells, suggesting these are the potentially important
targets for panobinostat.

4.5. Romidepsin

Romidepsin (also known as FK288, FR901228 or Istodax) is a bicyclic depsipeptide
antibiotic, and a class I-specific HDACi. There appears to be only a single study which has
analysed this as a radiosensitiser. In bladder cancer cell lines (RT112, MBT2 and HT1376),
romidepsin (0.4-2.5 nM for 24 h, dependent on the cell line) was effective at enhancing
cellular sensitivity to y-rays (2-6 Gy) [124]. Subsequently, the combination of romidepsin
(4 mg/kg) with y-radiation (6 Gy) was investigated in a RT112-derived xenograft model,
which revealed that the combination treatment was significantly more effective in reducing
tumour growth than the monotherapies alone. There was also some limited evidence
in RT112 cells that romidepsin led to an increased level of YH2AX immediately and 4 h
post-IR compared to the radiation only. Also, the efficiencies of HR and NHE] activities
were found to be reduced in romidepsin only treated cells using GFP reporter assays, but
which indicates that the HDACi induces radiosensitivity through deficiencies in DSB repair.

4.6. Mocetinostat

A single study involving the benzamide class I HDACi mocetinostat (also known as
MGCDO0103) has shown that the survival of bladder cancer cells (RT112 and T24) were
reduced by the HDACi (0.75-1.5 uM for 24 h, dependent on the cell line) in combination
with X-ray irradiation (2-8 Gy) [123]. Whilst direct comparative analysis was not performed,
it was suggested that radiosensitisation of both cell lines was less effective than with the
HDACi panobinostat. However, similar to panobinostat, mocetinostat appeared to cause
reductions in the protein levels of HDAC2, but also in the MRE11 exonuclease suggesting
that impaired DSB repair could be the mechanism behind the observed radiosensitisation.
Despite this, further evidence is required to support whether mocetinostat is an effective
radiosensitiser in bladder cancer and other tumour models.

4.7. Belinostat

Belinostat (also known as PXD101) is a hydroxamic acid-type non-selective HDAC],
and similar to romidepsin and mocetinostat described above, there is only a single report
describing this as a radiosensitiser. Belinostat (0.23 or 0.41 uM for 24 h) was demonstrated
to enhance the radiosensitivity of rhabdomyosarcoma cells (RD and RH3) to a single dose
of photon radiation (4 Gy) compared to the HDACi or IR alone [125]. Mechanistically, the
combination of belinostat with IR appeared to cause increases in YH2AX formation 24 h
post-IR compared to the radiation alone, although this was only observed in one of the cell
lines (RD). However, there were significant elevations in reactive oxygen species formation
in both rhabdomyosarcoma cell lines with the combination treatment. Additionally, there
was some data to suggest that belinostat in combination with IR supresses DNA-Pk and
BRCAT1 phosphorylation (3 and 24 h post-IR) compared to radiation alone. Finally, in vivo
experiments using RD and RH30-derived xenografts treated with belinostat (40 mg/kg
daily for 12 days) followed by photon irradiation (6 x 2 Gy) led to significant tumour
growth delay compared to either treatment alone. Collectively, these data confirmed
that belinostat is an effective radiosensitiser of rhabdomyosarcoma in vitro and in vivo,
although additional evidence is necessary to expand on these observations, particularly
using a broader range of tumour models.

4.8. Abexinostat

Abexinostat (also known as PCI-24781 or CRA-024781) is a hydroxamate-based pan-
HDACI], which has been demonstrated to induce radiosensitivity in cervical, colorectal
and non-small cell lung cancer cell lines. In the first study, SiHa cervical cancer (SiHa)
and colorectal cancer (WiDr) cells were treated with abexinostat (0.3 or 3 uM for 20 h
before and 4 h post-IR) in combination with X-rays (2-8 Gy), and which led to significantly
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reduced cell survival (DER = 1.5 and 1.2 for SiHa and WiDr, respectively) [126]. No
impact of the combination was apparent on normal fibroblasts. Interestingly, abexinostat
appeared to have no influence on the induction or rate of repair of DSBs through YH2AX
and comet assay analysis. In the second study, significantly enhanced radiosensitisation
of non-small cell lung cancer cell lines (A549 and H460) was observed with abexinostat
(0.4 and 0.7 uM in A549, 0.1 and 0.2 uM in H460 treated for 24 h) following y-radiation
(2-6 Gy) [127]. The degree of radiosensitisation was dependent on the dose of the HDACi
(DER = 1.3-1.7 and 1.2-1.9 for A549 and H460, respectively). Interestingly, significantly
enhanced radiosensitivity of the combination treatment was also observed under conditions
of severe hypoxia (0.1% oxygen), and where the impact of the HDACi was more pronounced
(DER = 2.3-2.4 and 1.7-3.2 for A549 and H460, respectively). Abexinostat alone (0.2 uM
for 24 or 48 h) in H460 cells was demonstrated to cause an increase in cellular apoptosis,
although this was not further elevated in combination with IR. In contrast to the previous
study, the combination treatment of abexinostat (0.2 uM) and y-radiation (4 Gy) in non-
small cell lung cancer cell lines was shown to cause delays in DSB repair as shown through
YH2AX and 53BP1 foci formation (24 h post-IR), compared to the treatments alone. There
were also indications that this led to significant decreases in the protein levels of MRE11,
RADS51 and NBS1. Finally, and using A549 and H460-derived xenografts, abexinostat
(25 mg/kg twice daily) and X-ray irradiation (3 x 2 Gy) caused a significant tumour growth
delay compared to the treatments alone. This provided evidence of abexinostat’s function
as an effective radiosensitiser both in vitro and in vivo for non-small cell lung cancer.

4.9. HDACi in Response to PBT

Currently, very little research has been performed examining the impact of HDACi
in response to PBT, which whilst being a more precision-targeted radiotherapy treatment,
displays significant biological uncertainties due to increases in LET at and around the
Bragg peak where the radiation dose is delivered. This can therefore alter the DNA
damage spectrum, particularly with increases in CDD formation, as well as the triggering
of alternate cell death mechanisms [15]. To date, only two studies have been reported
investigating the combination of either VPA or panobinostat with PBT on tumour models.
Firstly, in hepatocellular carcinoma cells (Hep3B) treated with VPA (1 mM for 3 h), this was
shown to enhance the sensitivity of cells to both photon and proton (230 MeV) irradiation
(2-6 Gy) [128]. The impact of protons alone was shown to be more effective than photon
irradiation (relative biological effectiveness, RBE = 1.08) which is close to that used in
clinical treatment. There were indications that PBT in combination with VPA enhanced the
numbers of cells arrested in G, /M phase of the cell cycle 24 h post-IR (6 Gy) compared to
photon irradiation, although this appeared to be alleviated at 72 h post-IR. However, it was
shown that the combination of PBT and VPA led to persistence of YH2AX levels and foci
24 h post-IR, compared to photons and VPA, and was also associated with an increase in
reactive oxygen species and apoptotic cells. Furthermore, using Hep3B-derived xenografts,
PBT (3 x 3 Gy) with VPA (3 x 300 mg/kg) was shown to be the most effective treatment at
supressing tumour growth compared to photons and VPA, or the treatments alone.

In another more recent study conducted by the same authors and using hepatocel-
lular carcinoma cells (Hep3B and Huh?), panobinostat (5 nM for 3 h) was shown to only
moderately enhance the radiosensitivity of cells in response to PBT (DER = 1.2-1.3) and
photon (DER = 1.1-1.2) irradiation (2-6 Gy) [129]. As for the previous study, PBT alone was
more effective than photon irradiation in these cells (RBE = 1.2-1.3). Significant increases in
reactive oxygen species with PBT or photons (6 Gy) in combination with panobinostat were
observed compared to the radiation or HDAC] alone. However, there was a suggestion
that the PBT-HDACi combination led to persistent levels of YH2AX foci (24 h post-IR) and
increases in apoptotic cells (72 h post-IR), compared to the photon-HDACi combination.
These results are interesting in the context of potentially enhanced effectiveness of HDACi
in combination with PBT on hepatocellular carcinoma cell models, although more expan-
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sive data is required, particularly expanding into other cancer types but also to explore the
potential contribution of LET and CDD to the phenotypic response.

Table 2. Evidence of enhanced radiosensitisation of tumour cells with HDAC inhibitors.

HDAC Inhibitor Target Radiosensitivity Impact Reference
Effectively radiosensitised colorectal cancer, oesophageal
Valproic Acid Non-Selective cancer and thyroid cancer cells to photons, and [114-116,128]
hepatocellular carcinoma cells to PBT
Vorinostat Non-Selective Increased sensitivity of melanoma, lung cancer, breast [117-119]
cancer, and colorectal cancer cells to photons
CUDC-101 HDAC1-10, EGFR, HER2 RaleSEI‘lSltlS?d pancreatic cancer, breast cancer, and [120,121]
glioblastoma cells to photons
Sensitised bladder cancer, hepatocellular carcinoma,
Panobinostat Non-Selective prostate cancer cells to photons, and hepatocellular [122,123,129]
carcinoma cells to PBT
Romidepsin Class 1 Increases the sensitivity of bladder cancer cells to photons [124]
Mocetinostat Class I Radiosensitised bladder cancer cells to photons [123]
Belinostat Non-Selective Sensitises rhabdomyosarcoma, cervical cancer and [125,126]

colorectal cancer cell lines to photons

5. Discussion

The HDACs are well known and characterised to play important roles in control-
ling vital DNA-dependent processes, including transcription and DNA damage repair.
Consequently, evidence determined to date has suggested that HDACs may be important
therapeutic targets for cancer therapy and particularly that HDACi’s can be used in combi-
nation with radiotherapy to exert a radiosensitising effect on a variety of cancer types to
suppress tumour growth. Indeed, there is promising evidence that non-selective HDACi’s
have the potential to be most effective due to their multi-targeting effects. For example,
VPA, vorinostat and panobinostat have been shown to be effective tumour radiosensitisers
both in vitro and in vivo. However, there is only limited evidence using the more selective
inhibitors, such as romidepsin and moectinostat, as radiosensitisers and therefore it is clear
that further experimentation is required with these inhibitors specifically to determine their
potential for eventual translation through to the clinic. Furthermore, it is evident that most
experimental data surrounding the mechanism of action of most HDACi’s in combination
with IR appears to centre on their impact relating to DNA damage repair, particularly the
efficiency of repair of DSBs through either NHE] or HR. This is understandable given that
the major critical target for IR leading to cell death is DNA. However, it is likely that HDACi
have more wide-ranging effects on DNA and chromatin structure, leading to impacts on
other cellular processes, including gene regulation, cell signalling and proliferation. It is
therefore important to gain a more comprehensive understanding of the way that potent
HDACi’s work at the molecular level in both tumour but also the associated normal cell
models to fully exploit their future therapeutic potential.

It is also apparent from the studies highlighted in this review that much of the research
to date has utilised immortalised tumour cell lines as models to study the effects of HDAC
inhibition on radiosensitivity. Whilst this is an appropriate starting point, expansion of
these data in the appropriate and relevant 3D tumour models, such as spheroids and
particularly patient-derived organoids that are a better representation of a tumour structure
and its response to treatment, are required. This can provide a more accurate insight into
the potential benefits of HDACi's in radiosensitising tumours and preventing their growth
or ultimately in driving tumour cell death. Additionally, these experiments should be
complemented with the relevant preclinical in vivo models (e.g., tumour xenografts) to
provide further evidence of their applicability for translation. Another important aspect,
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particularly in relation to solid tumours, is the impact of HDACi with radiotherapy on tu-
mour hypoxia, which is well established to play a significant role in driving radioresistance.
Only two studies to date, presented in the previous sections, have examined the impact of
specific HDACi’s under different hypoxic conditions and tumour cell models. Therefore, it
is clear from these studies that there is also scope for significant expansion, ideally directing
comparing the radiosensitising effect of HDACi under conditions of hypoxia (0.1-1%)
versus normoxia. This preclinical research must then work towards the ultimate goal of
providing optimal treatment strategies using radiotherapy for cancer treatment.

Another noticeable point to consider is that the majority of the studies investigating
HDAC!'s as tumour radiosensitisers have only been investigated for their effect in combina-
tion with conventional photon (X-rays or y-rays) radiation. However, with the increasing
use of particle beam therapy, such as PBT, which provide more targeted delivery of the
radiation dose to the tumour, this mode of radiotherapy should be examined for its ability
to radiosensitise the cancer cells in combination with HDACi’s. Ideally, these experiments
should be run in parallel with photon experiments to directly compare the efficacy but also
define the precise mechanism of action. Given that PBT, but more so heavy ions including
carbon, are associated with different biological effects due to the increased LET leading to
elevations in the induction and complexity of CDD, more research must be carried out to
fully understand the impact of HDACi with these different radiation types to appreciate
their potential benefit translationally.

6. Conclusions

In summary, research carried out to date both in vitro and in vivo have shown the
promising radiosensitising potential of HDACi’s in the treatment of a variety of cancer
types, particularly the non-selective HDACi’s such as VPA, vorinostat and panobinostat,
due to their multi-targeting effects. Evidence for the radiosensitising effects of the more
selective inhibitors, such as romidepsin and mocetinostat, is much more limited and
where further experimentation is required to determine their potential. Importantly, more
research must be carried out using the appropriate and relevant 3D tumour models and
environments (e.g. hypoxia) to investigate the ability of HDACi’s to radiosensitise the
tumour cells. Additionally, the impact of the HDACi’s should be explored using alternative
sources of ionising radiation other than conventional X-rays or y-rays, such as PBT and
heavy ions, which are increasingly being used in a clinical setting.
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