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ABSTRACT

Histone/protein deacetylases play multiple roles in
regulating gene expression and protein activation
and stability. Their deregulation during cancer ini-
tiation and progression cause resistance to ther-
apy. Here, we review the role of histone deacety-
lases (HDACs) and the NAD+ dependent sirtuins
(SIRTs) in the DNA damage response (DDR). These
lysine deacetylases contribute to DNA repair by
base excision repair (BER), nucleotide excision re-
pair (NER), mismatch repair (MMR), non-homologous
end joining (NHEJ), homologous recombination (HR)
and interstrand crosslink (ICL) repair. Furthermore,
we discuss possible mechanisms whereby these
histone/protein deacetylases facilitate the switch be-
tween DNA double-strand break (DSB) repair path-
ways, how SIRTs play a central role in the crosstalk
between DNA repair and cell death pathways due to
their dependence on NAD+, and the influence of small
molecule HDAC inhibitors (HDACi) on cancer cell re-
sistance to genotoxin based therapies. Throughout
the review, we endeavor to identify the specific HDAC
targeted by HDACi leading to therapy sensitization.

INTRODUCTION

The contribution of posttranslational protein modification
by acetylation to the regulation of DNA repair is of ex-
panding interest. Here, we review the multiple levels of con-
trol that lysine deacetylases exert on the induction and re-
versal of genomic insult. Lysine deacetylases either depend
on Zn2+, such as class I histone deacetylases (HDACs),
comprising HDAC1, 2, 3 and 8, class IIA, comprising
HDAC4, 5, 7 and 9, class IIB, comprising HDAC6 and
10 and the class IV enzyme HDAC11, or they depend on
NAD+, a characteristic of the class III sirtuin like deacety-
lases SIRT1-7 (1). They remove acetyl-marks from lysines of

histones and non-histone proteins and thereby contribute to
widely diverse biological processes such as epigenetic regu-
lation of gene expression, protein stability, enzyme and tran-
scription factor activity and protein–protein interactions
(1). Due to the numeral targets of these lysine deacetylases,
they have been shown to play roles in apoptosis (2), differ-
entiation (3) and DNA repair (4), to name a few.

Lysine deacetylases are deregulated in numerous can-
cers (Table 1). Some HDACs are upregulated in colorec-
tal, stomach, oesophagus, breast, ovary, lung, pancreas,
thyroid, prostate, melanoma, neuroblastoma and oral can-
cers (5–28), while some SIRTs are upregulated in myeloma,
breast, liver and thyroid cancers (29–32). Downregula-
tion of HDAC4 in glioblastoma (33), SIRT1 and SIRT6
in colorectal cancer (34,35) and SIRT6 in pancreas can-
cer (35) has also been reported. Consequently, the dereg-
ulation of these deacetylases could contribute to cancer
formation/progression and the response of cancer cells to
genotoxin based therapeutics. The introduction of small
molecule HDAC inhibitors (HDACi) in cancer therapy has
already shown promise. Inhibition of HDACs has been
shown to abolish drug-resistance in cancer cells (36). In
support of this finding, HDAC inhibition sensitizes neu-
roblastoma cells to the genotoxins etoposide, melphalan,
carboplatin and vincristine (37), melanoma cells to temo-
zolomide, psoralen and UVA, fotemustine and ionizing ra-
diation (16,38,39), prostate cancer cells to bleomycin, dox-
orubicin, etoposide, hydroxyurea, cisplatin and ionizing ra-
diation (40,41), breast cancer cells to etoposide and ola-
parib (42,43) and head and neck cancer cells to cisplatin
(44). In addition, HDAC inhibition sensitizes squamous cell
carcinoma, non-small cell lung cancer, osteosarcoma, rhab-
domyosarcoma and cervical cancer cells to ionizing radia-
tion (45–48).

The causes ascribed for the sensitization of cancer cells
to genotoxic therapeutics by the inhibition of HDACs are
many and various. Firstly, and the topic of this review, ex-
posing cancer cells to HDAC inhibitors has been shown
to decrease the catalytic activity, as well as the expression
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Table 1. Expression of histone deacetylases in cancers

Histone deacetylase Upregulated in cancer Downregulated in cancer

Class I HDAC1 Colorectal (5–7), Stomach (5,8,9), Oesophagus (5,10), Breast
(5,11,12), Ovaries (5), Lung (5), Pancreas (5), Thyroid (5), Prostate
(13–15), Melanoma (16)

HDAC2 Colorectal (5,6,17–19), Stomach (5,20), Oesophagus (5), Breast (5),
Ovaries (5), Lung (5), Pancreas (5), Thyroid (5), Prostate (15),
Melanoma (16)

HDAC3 Colorectal (5), Stomach (5), Oesophagus (5), Breast (5,11), Ovaries
(5), Lung (5,21), Pancreas (5), Thyroid (5), Prostate (15)

HDAC8 Neuroblastoma (22)
Class IIA HDAC4 Colorectal (5), Stomach (5,23), Oesophagus (5), Breast (5,7), Ovaries

(5,24), Lung (5), Pancreas (5), Thyroid (5)
Glioblastoma (33)

HDAC5 Colorectal (7,25), Melanoma (26), Liver (27)
HDAC7 Colorectal (7)

Class IIB HDAC6 Oral (28), Melanoma (26)
Class III SIRT1 Skin (81), Colorectal (34)

SIRT6 Myeloma (29) Pancreas (35), Colorectal (35)
SIRT7 Breast (30), Thyroid (31), Liver (32)

of proteins, involved in the detection, removal and reversal
of DNA damage induced by genotoxic based chemothera-
peutics. HDACi, therefore, prevents the effective reversal of
DNA damage, the persistent damage interferes or prevents
cellular processes like transcription or DNA replication
and the cancer cell initiates a cell death mechanism. Sec-
ondly, overexpressed HDACs cause resistance by enhanc-
ing the detoxification of chemotherapeutic drugs in cancer
cells. This has been shown as HDAC overexpression leads
to more effective detoxification due to the HDAC2 and 4
dependent expression of the efflux pump p-glycoprotein.
Consequently, colorectal and lung cancer cells resist dox-
orubicin and etoposide, respectively, which could be re-
versed upon HDACi application (17,49). HDACi further-
more influence detoxification by decreasing the levels of glu-
tathione, thereby sensitising squamous cell carcinoma cells
to cisplatin (50), a known target of detoxification by glu-
tathione (51). Thirdly, as HDACs compact chromatin by re-
moving acetyl groups from histones, inhibition of HDACs
could theoretically open chromatin, thereby allowing ac-
cess of chemotherapeutic genotoxins to the DNA. HDACi
were shown to open up chromatin and increase the level of
DNA–protein crosslinks upon etoposide and camptothecin
exposure (52). The roles of HDACs in p-glycoprotein and
glutathione expression as well as their role in compacting
chromatin support a role for HDACi in influencing the
amount of DNA damage induced by a given concentration
of genotoxin. Additionally, HDACs increase the ‘barrier of
entry’ into death pathways such as apoptosis (53), which
means that upon HDACi less DNA damage is required for
triggering apoptosis. One protein that prevents the entry of
cells into apoptosis by inhibiting the catalytic activity of
caspases is survivin (54). HDAC2 stimulates the expression
of survivin (55) while HDACi decreases survivin expression
(56,57), which sensitizes cancer cells to anti-cancer drugs.

Here, we review how lysine deacetylases contribute to the
removal of DNA adducts as a mechanism dictating the cel-
lular response of cancer cells to DNA-damaging therapies.
The influence of HDACs and SIRTs on base excision re-
pair (BER), nucleotide excision repair (NER), mismatch re-
pair (MMR), DNA damage signalling, the choice between
DNA double-strand break repair pathways as well as their

role in non-homologous end joining (NHEJ), homologous
recombination (HR) and interstrand crosslink (ICL) repair
will be reviewed. This review, furthermore, discusses which
HDACs in the DNA damage response (DDR) are targeted
by HDACi and aims at increasing our understanding of the
complexity of the cellular processes lysine deacetylases play
roles in.

DNA repair

DNA repair plays a central role in protecting cells from the
damage induced by extracellular sources and intracellularly
generated DNA reactive molecules. By removing adducts
from DNA, or resealing DNA strand breaks, DNA repair
ensures the faithful propagation of the template for life
through generations. Unrepaired DNA damage leads to ge-
nomic instability, ageing, carcinogenesis and/or cell death.
HDACs and SIRTs play roles in preventing all of these end-
points, for example, SIRT6 deficiency increases genomic in-
stability, premature ageing and cancer formation (35,58,59).
As genotoxin-based cancer therapy specifically exploits the
fact that DNA damage induces cell death, and HDACs and
SIRTs are deregulated in cancer (Table 1), it is important
to understand the interplay between these deacetylases and
DNA repair. In the following sections, the literature demon-
strating the effect of lysine deacetylases on the expression
of, or catalytic activity of, DNA repair proteins will be dis-
cussed (Table 2).

Histone deacetylases and base excision repair

DNA base modifications can be cytotoxic, as some prevent
replicative polymerases from synthesizing DNA during S-
phase, or they can be mutagenic, because of base mispair-
ing during DNA synthesis. Modified DNA bases are ex-
cised by BER (60), which protects cells against these cy-
totoxic and mutagenic lesions. The base modifications ex-
cised by BER arise from spontaneous deamination (e.g.
uracil), base oxidization induced by endogenous ROS (e.g.
8-oxoguanine and thymine glycol) and base alkylation in-
duced by endogenous or therapy-induced alkylating agents
(e.g. N3-methyladenine and N7-methylguanine). In addi-
tion to damage removal, BER excises 5-formylcytosine and
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Table 2. Effect of HDACs and SIRTs on proteins involved in the DNA damage response and DNA repair

Deacetylase HDACi Influence on expression Influence on activity

Class I HDAC1 H3K56Ac (111), p53 (143,148)
HDAC2 p-Glycoprotein (17), RAD51 (16) H3K56Ac (111)
HDAC3 TIP60 (123)

Class IIA HDAC4 p-Glycoprotein (49)
Class IIB HDAC6 MSH2 (89)

HDAC10 MSH2 (90)
Class III SIRT1 TDG (63), APE1 (75), WRN (78),

XPA (83), TIP60 (124), p53 (149),
KU70 (171), NBS1 (179)

SIRT6 PARP1 (71), DNA-PKcs (173),
CtIP (181)

Trichostatin A (pan-HDAC
inhibitor)

BRCA1 (45), KU70 (46), KU80
(46), DNA-PKcs (46)

KU70 (41)

SAHA (pan-HDAC inhibitor) Glutathione (50), KU80 (47),
RAD50 (180), MRE11 (180),
RAD51 (47)

KU70 (41)

Sodium butyrate (Class I and IIA
HDAC inhibitor)

KU70 (39), KU80 (39),
DNA-PKcs (39)

Valproic acid (Class I HDAC
inhibitor)

FANCD2 (16), CHK1 (40),
BRCA1 (40), RAD51 (16,40)

MS-275 (HDAC1/2/3 inhibitor) FANCD2 (16,84), RAD51 (16) KU70 (41)
ACY-957 (HDAC1/2 inhibitor) H4K91Ac (112)

5-carboxylcytosine (61), the oxidation products of the epi-
genetic mark 5-methylcytosine and therefore play a role in
active demethylation during epigenetic regulation.

Repair by BER is initiated by excision of the mod-
ified base via hydrolysis of the N-glycosylic bond cat-
alyzed by damage specific DNA glycosylases that leave
an apurinic/apyrimidinic site (AP site) (60) (Figure 1A).
DNA glycosylases differ in their substrate and enzymatic
activity: the monofunctional uracil-DNA glycosylase or
the N-methylpurine-DNA glycosylase only contain glyco-
sylase activity, while bifunctional glycosylases such as 8-
oxo-guanine glycosylase also contain lyase activity, allow-
ing for the cleavage of the sugar–phosphate backbone 3′
to the AP site (62). The substrate specificity of the mono-
functional thymine DNA glycosylase (TDG) is regulated
via the deacetylase SIRT1 (63). Human SIRT1 is a nuclear
SIRT (64–66). The deacetylation of TDG by SIRT1 stimu-
lates active DNA demethylation as un-acetylated TDG ex-
cises 5-formylcytosine and 5-carboxylcytosine (61), while
acetylated TDG has a higher substrate specificity toward
5-fluorouracil (63), induced by the chemotherapeutic 5-FU
(Figure 1A). The low expression of SIRT1 in colorectal can-
cers (34) (Table 1), should, therefore, very likely contribute
to this cancer’s resistance to 5-FU.

Following excision of the base by glycosylases, AP sites
and single-strand breaks (SSBs) are bound by poly (ADP-
ribose) polymerase 1 (PARP1) (67,68), which modifies it-
self and the surrounding proteins in chromatin by cova-
lently attaching poly-ADP-ribose (PAR) chains in a process
termed PARylation. The negatively charged PAR chains,
derived from NAD+ (69), and PARP1 allows for the recruit-
ment of proteins required for BER (70). Extreme levels of
base modifications, subject to repair by BER, will trigger
cell death due to the PARP1-dependent catastrophic deple-
tion of NAD+ (53). Following the induction of tolerable
levels of base lesions, SIRT6 protects cells against these le-
sions by contributing to the activation of PARP1 (71,72).
Similar to SIRT1, SIRT6 is also found in the nucleus of

cells (65,73,74). Mouse embryonic fibroblasts and embry-
onic stem (ES) cells obtained from SIRT6-deficient mice
are more sensitive to methyl methanesulfonate (MMS) and
H2O2, that induce cytotoxic lesions like N3-methyladenine
and thymine glycol, respectively (58). Interaction of PAR
and PARP1 with X-ray repair cross-complementing pro-
tein (XRCC1) stimulates the BER factor AP-endonuclease
1 (APE1), which is required for the cleavage of the phos-
phate backbone of DNA 5′ to the monofunctional glyco-
sylases generated AP site, giving rise to an SSB (60). Upon
the induction of DNA damage, SIRT1 associates with, and,
deacetylates lysines 6 and 7 of APE1 (75) (Figure 1A). The
deacetylation of APE1 by SIRT1 stimulates its endonu-
clease activity by promoting its binding with XRCC1 and
protects cells against base lesions induced by MMS and
H2O2 (75). Following the cleavage by APE1, polymerase
� (POL�) inserts the new nucleotide (60). The RecQ pro-
tein Werner (WRN), which contains helicase and exonucle-
ase activity, stimulates POL� strand displacement during
the nucleotide insertion by its helicase activity (76). WRN
can be acetylated by the histone acetyltransferase p300 (77),
which causes its inactivation. SIRT1 counteracts this by
deacetylating WRN (78) and, therefore, stimulates the in-
sertion of the new nucleotide by POL� (79) (Figure 1A).
POL� additionally has phosphodiesterase activity, which
hydrolyzes unmodified 5′ ends, thereby making them a sub-
strate for DNA ligase III (LIGIII) that seals the ends (60).
Under these conditions, only one nucleotide is inserted and
is therefore referred to as short-patch BER. If the 5′ end is
modified (oxidized, reduced), polymerase � (POL�) or poly-
merase � continue inserting up to 10 nucleotides (60). The
exonuclease activity of WRN has been shown to play a role
in long patch BER (79). Here, the deacetylation of WRN
by SIRT1 also contributes to effective BER as the deacety-
lation of WRN stimulates its exonuclease activity (78) (Fig-
ure 1A). Long patch BER leads to the displacement of the
original strand by the newly synthesized strand, which is re-
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Figure 1. The role of histone deacetylases (HDACs) and SIRTs in the DNA damage response. Please refer to main text for detailed discussion. (A) Influence
of NAD+ dependent sirtuin (SIRT1) and 6 on base excision repair (BER). SIRT1 deacetylates thymine DNA glycosylase (TDG), AP-endonuclease 1
(APE1) and RecQ protein Werner (WRN), thereby contributing to the excision of base lesions and repair by the short and long patch repair pathways.
SIRT6 contribute to the activation of poly (ADP-ribose) polymerase 1 (PARP1). (B) The role of SIRT1 in nucleotide excision repair (NER). SIRT1
deacetylates xeroderma pigmentosum complementation group A (XPA), thereby contributing to the stabilization of the single-stranded DNA (ssDNA)
NER intermediate, which is important for transcription-coupled and global genomic repair. SIRT1 furthermore stimulate the expression of XPC. (C)
HDAC1, 2, 3 and SIRT1 mediate the effective activation of DNA damage signalling. HDAC1 and 2 deacetylate histone 3 (K56) and 4 (K16 and K91),
while SIRT1 and HDAC3 deacetylate TIP60. These deacetylations facilitate the effective activation of ataxia telangiectasia mutated (ATM) at double-
strand breaks (DSBs). (D) The role of HDAC1, 2, 3 and SIRT1 in the sealing of DSBs by non-homologous end joining (NHEJ). HDAC1, 2 and 3 and
SIRT1 deacetylate KU70. These deacetylations stimulate the detection of DSBs by the KU70/KU80 heterodimer and the activation of DNA-dependent
protein kinase catalytic subunit (DNA-PKcs).
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moved by flap endonuclease (FEN1) and the nick is sealed
by DNA ligase I (LIGI) (60).

The role of nuclear SIRTs in regulating BER via TDG
substrate specificity and APE1 and WRN enzymatic activ-
ity is telling as these deacetylases are NAD+ dependent (1).
As stated, the activation of PARP1 during BER leads to the
depletion of NAD+ due to the PARylation at the sites of
damage. The level of damage, and consequently, the level of
PARylation, will determine whether the cell has sufficient
NAD+ for the completion of repair by BER as very high
levels of DNA damage will deplete NAD+ and, therefore,
inhibit the catalytic activity of the SIRTs.

Histone deacetylases and nucleotide excision repair

NER removes 22–30 nucleotides surrounding a helix-
distorting DNA lesion (80). Examples of these bulky
lesions are ultraviolet light-induced cyclobutane pyrimi-
dine dimers and 6-4 pyrimidone photoproducts (6-4PP),
adducts formed by epoxide intermediates during detox-
ification of polycyclic aromatic hydrocarbons (e.g. (+)-
trans-benzo(a)pyrene 7,8,9 triol-N2-guanine) that are found
in tobacco smoke and food, and intrastrand crosslinks
formed by chemotherapeutics like cisplatin. Two NER
pathways have been described, namely global genome re-
pair (GG-NER), which removes bulky adducts independent
of transcription, and transcription-coupled repair (TC-
NER), which is limited to actively transcribed genes (62).
In GG-NER, xeroderma pigmentosum complementation
group C (XPC) binds to a small single-stranded piece of
DNA opposite the actual lesion caused by lesion-related im-
paired base pairing (Figure 1B) (80). The deacetylase activ-
ity of SIRT1 stimulates the expression of XPC (81), thereby
contributing to the initiation of GG-NER by XPC and the
protection of cells against ultraviolet light, platinum drugs
or other crosslinking agents (82).

Once XPC has bound, it recruits the multiprotein com-
plex transcription factor IIH (TFIIH) and its subunits XPB
and XPD mediate strand opening, unwinding as well as
lesion verification (80). Next, XPA and RPA stabilize the
structure and orchestrate the assembly of the XPG endonu-
clease responsible for the 3′ incision and the excision repair
cross-complementation group 1 (ERCC1)-XPF endonucle-
ase responsible for the 5′ incision (80). Here, the SIRT1
deacetylase has been shown to increase the interaction of
XPA with NER proteins by deacetylating it (83) (Figure
1B). ERCC1-XPF incises 5′ and XPG 3′ to the lesion, re-
spectively, releasing the DNA fragment containing the le-
sion (80). Nuclear SIRT1, therefore, plays a dual role in
promoting NER. Firstly, it stimulates lesion recognition
by promoting the expression of XPC on gene level (81)
and, secondly, it stimulates lesion excision by promoting the
assembly of NER endonucleases at the lesion site by the
deacetylation of XPA (83).

Apart from the role of SIRT1 in NER, the overexpressed
HDACs in melanoma cells (16,26) (Table 1) seem to also
play a role in stimulating NER, as HDAC inhibition by
sodium butyrate, an inhibitor of class I and class IIA
HDACs (84), inhibits removal of bulky lesions by NER in
these cells (38). Contrary to melanoma cells, HDAC in-
hibition with sodium butyrate in normal human fibrob-

lasts enhances NER upon UV irradiation (85). These seem-
ingly contradictory findings in cancer cells overexpressing
HDACs and normal cells with normal HDAC expression
illustrate the importance in determining the exact mecha-
nism whereby HDAC inhibitors modulate DNA repair of
different DNA lesions in different cell systems.

Histone deacetylases and mismatch repair

MMR corrects spontaneously occurring base mismatches
(62) and has been shown to play a role in trinucleotide
repeat (TNR) expansions (86). Lesions that do not fol-
low Watson–Crick base pairing are detected and bound by
either the MutS� heterodimer, comprised of MSH2 and
MSH6 or the MutS� heterodimer, comprised of MSH2
and MSH3 (62). MutS� detects mispairs while MutS�
detects insertion or deletion loops (87). MutS� not only
binds to post-replicative base mismatches but also to DNA
lesions such as O6-methylguanine, induced by methylat-
ing chemotherapeutics like temozolomide and dacarbazine,
paired with cytosine or thymine (88). Acetylation of MSH2,
by a hereto unknown mechanism, increases its stability and
therefore contributes to mismatch detection and effective
MMR. HDAC6 and 10 have been shown to deacetylate
MSH2 (89,90). HDAC6 is predominantly found in the cy-
toplasm of cells (91,92), but upon the induction of DNA
damage (89) or differentiation (93), a fraction of HDAC6
becomes nuclear. HDAC10 is found in both the cytoplasm
and the nucleus of the cell (94,95). Deacetylation of MSH2
by HDAC6 and consequent ubiquitination causes MSH2’s
degradation by the proteasome (89). HDAC6 may, there-
fore, suppress effective MMR mediated by MutS�. For
chemotherapeutic agents that induce O6-methylguanine in
DNA, MutS� activity and O6-methylguanine cytotoxic-
ity show an inverse relationship (96). The deacetylation of
MSH2 by HDAC6 and its proteasomal degradation de-
creases MMR activity and causes the resistance of cells to
this class of chemotherapeutics (89).

An example of insertions that are detected by MutS� is
trinucleotide repeat (TNR) expansions. TNRs (e.g. CAG)
are found in many genes. Below a certain number, these trin-
ucleotides are tolerated very well, but once they expand, the
polyglutamine tract, coded by the CAG repeats, can cause
the protein to aggregate. This invariably leads to TNR dis-
orders such as Huntington’s disease. MutS�, HDAC3 and
5 promote TNR expansions, very likely through a common
pathway (86,97).

Histone deacetylases and DNA damage signalling

Central players in the DDR are three phosphatidylinositol
3-kinase-related kinases, namely ataxia telangiectasia mu-
tated (ATM), ataxia telangiectasia and Rad3-related (ATR)
and DNA-dependent protein kinase (DNA-PK). The detec-
tion and initial remodelling of double-strand breaks (DSBs)
and stalled replication forks fulfil the following fundamen-
tal functions: (i) downstream checkpoint activation that
prevents cell cycle progression, (ii) recruitment of DNA re-
pair proteins that facilitate DSB repair by NHEJ or lesion
bypass in an HR and FA proteins dependent manner.

Strand breaks in the phosphate backbone of DNA, lead-
ing to DNA SSBs or DNA DSBs, are rapidly detected and
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bound by PARP1 (68,98) that leads to the PARylation of it-
self and proteins in the surrounding chromatin. SIRT6 pro-
motes the activation of PARP1 at DSBs and the repair of
DSBs by both NHEJ and HR (71,99). For DSBs, PARP1
and the PAR chains cause the recruitment of the nucleo-
some remodelling deacetylase (NuRD) complex (100,101)
and the polycomb group (PcG) proteins (101–103), all
of which are essential for the effective repair of DSBs
(100,102–104) (Figure 1C). The NuRD complex, comprised
of the deacetylases HDAC1 and 2, the histone-binding pro-
teins RbAp46 and RbAp48, the metastasis-associated pro-
teins (MTA1 or 2 or 3), the methyl-CpG-binding domain
protein (MBD3 or 2) and the chromodomain-helicase-
DNA-binding protein (CHD3 or 4), is recruited to the DSB
via CHD4 in a PARP1 dependent manner (100,101). CHD4
and NuRD are required for the subsequent steps in DSB
repair stimulated by the ring finger protein 8 (RNF8) and
RNF168 (105–107). HDAC1 and 2, which are exclusively
found in the nucleus of cells as they do not contain a nu-
clear export signal (108,109), deacetylate acetylated lysine
56 of histone 3 (H3K56Ac) (110,111) and acetylated ly-
sine 16 of histone 4 (H4K16Ac) (110) (Figure 1C). In ad-
dition, inhibition of HDAC1 and 2 increases acetylation of
histone 4 at lysine 91 (H4K91Ac) (112) (Figure 1C). De-
creased H3K56Ac, H4K16Ac and H4K91Ac deacetylation
due to the lack of or inhibition of, HDAC1 and 2 were
paralleled by decreased survival of cells upon the induc-
tion of DSBs (110,112), and HDAC1 and 2 could, there-
fore, promote DSB repair by removing histone marks at
DSBs. The PcG polycomb repressive complex 1 (PRC1)
contributes to the ubiquitination of histone H2A following
the induction of DSBs (103,113–115). Phosphorylation of
KREB-associated protein 1 (KAP1) by ATM relaxes the
chromatin structure and stimulates DSB repair (116) and,
therefore, play a role in the repair of DSBs in heterochro-
matin. Here, SIRT1 has been shown to play a role as it can
deacetylate KAP1 thereby positively regulating DSB repair
(117). HDAC1 and 2, therefore, play a central role in prepar-
ing the chromatin for the activation of the DDR via ATM
(118), while SIRT1 contributes to the repair of DSBs in het-
erochromatin (117).

The MRN complex, consisting of MRE11, RAD50 and
NBS1, is recruited to DSBs (119) (Figure 1C). MRE11 has
exo- and endonuclease activity, RAD50 has DNA binding
capabilities and NBS1 is responsible for shuttling the MRN
complex into the nucleus (120). The recruitment of the
MRN complex to DSBs requires PARP1 (98). ATM in com-
plex with the histone acetyltransferase (HAT) TIP60 is then
recruited to the DSB whereupon ATM becomes activated in
an acetylation-dependent autophosphorylation mechanism
(121,122). Two nuclear deacetylases (108), namely HDAC3
and SIRT1, have been shown to deacetylate TIP60, thereby
regulating its stability and activity (123,124) (Figure 1C).
Whereas the deacetylation of TIP60 by SIRT1 negatively
regulates its activity, at least in vitro (124), deacetylation
by HDAC3 stabilizes TIP60 thereby increasing its half-life
(123) and this might explain why HDAC3 is essential for
the maintenance of chromatin structure and genomic sta-
bility (125). ATM interacts with HDAC1 both in vitro and
in vivo and this interaction is stimulated by DSBs (126).
ATM further increases the activity of HDAC1 by activat-

ing protein phosphatase 1 (PP1), which dephosphorylates
HDAC1 (127). Once activated, ATM phosphorylates more
than 700 downstream targets (128), including checkpoint
kinase 2 (CHK2) (129), which plays a role in cell cycle pro-
gression, and histone 2AX (H2AX) and mediator of DNA
damage checkpoint 1 (MDC1) (130,131), which play roles
in DNA repair.

Apurinic/apyrimidinic sites, SSBs and bulky DNA
adducts block replicative DNA polymerases that leads to
the uncoupling of the polymerase from the replicative heli-
case and the formation of long stretches of single-stranded
DNA (ssDNA) at the stalled DNA replication fork (132).
These fragile structures are protected by replication pro-
tein A (RPA), and RPA bound to ssDNA then recruits
ATR complexed with ATR-interacting protein (133–135).
ATR is found in a complex with HDAC2 and CHD4, where
HDAC2 may contribute to chromatin remodelling and con-
sequently the downstream signalling of ATR (136). Impor-
tant downstream targets of ATR are checkpoint kinase 1
(CHK1) that plays a role in cell cycle progression, H2AX
and breast cancer 1 (BRCA1) (137) that contribute to DNA
repair and also facilitate the switch from NHEJ to HR
(138), among others. If the replication block cannot be by-
passed due to excessive amounts of damage, it collapses into
a DSB which is detected by ATM and DNA-PK (139). Inhi-
bition of the overexpressed class I HDACs in prostate can-
cer (13–15) by valproic acid decreases the E2F1-dependent
expression of CHK1 and BRCA1 (40) and could, therefore,
attenuate the protective role of the DDR in this cancer.

The kinases ATM, ATR, CHK2 and CHK1 phospho-
rylate p53, thereby preventing its proteasomal degrada-
tion mediated by the E3 ubiquitin–protein ligase MDM2
(140,141). p53 is also acetylated in a DNA damage-
dependent manner. The HATs PCAF and p300 acety-
late p53 at K382 and K320, respectively (142,143), in-
creasing its stability and DNA binding specificity. p53 is
a transcription factor that transcribes DNA repair genes
such as DDB2, XPC and POLH (144), cell cycle regu-
lating genes such as CDKN1A (145) and apoptosis genes
such as p53AIP1, PIG3, NOXA, PUMA and DR5 (146).
HDAC1, 2 and 3 directly interact with the p53 protein
(147), where HDAC1 modulates p53’s transcriptional ac-
tivity (148). SIRT1 deacetylates K382 of p53 thereby deac-
tivating it, and preventing the initiation of p53 dependent
apoptosis (149,150).

The role of histone deacetylases in the choice of DNA double-
strand-break repair pathways

Non-homologous end joining versus homologous recombina-
tion. The MRN complex initiates the process whereby
the cell regulates whether DSBs are repaired by NHEJ or
HR. Simply put, if end-resection of the DSB by MRE11,
CtBP-interacting protein (CtIP) and exonuclease 1 (EXO1)
occurs then HR repairs the DSB, otherwise, NHEJ re-
pairs it (151–154). ATM, bound to DSBs phosphorylates
H2AX (forming �H2AX) (130). The protein MDC1 binds
to �H2AX and in turn is also phosphorylated by ATM
(131). MDC1 serves as a scaffold for the E3 ubiquitin ligase
RNF8 that contributes to the ubiquitin signalling at H2A
(155,156) very likely in a mechanism relying on the linker hi-
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stone H1 (157). Ubiquitinated H2A then recruits RNF168
that amplifies the ubiquitin signal at sites of damage (158).
The ubiquitin binding protein Rap80/Abraxas along with
BRCA1 (159) and p53-binding protein 1 (53BP1) (160) are
recruited to this site. The recruitment of 53BP1 to the DSB
is mediated by the interaction of its methyl-lysine-binding
Tudor domain with H4K20me2 (161) and its carboxy-
terminal ubiquitination-dependent recruitment motif with
ubiquitinated H2A (K15) (160). 53BP1 prevents the end-
resection of DNA by MRE11, CtIP and EXO1 (162) in
an RAP1 interacting factor homolog (RIF1)-dependent
manner (163) and therefore 53BP1 stimulates NHEJ. The
binding of 53BP1 to H4K20me2 can be prevented by the
TIP60-dependent acetylation of H4K16 (164) and H2AK15
(165). Acetylation of H4K16 disrupts the interaction be-
tween H4K16 and Glu1551 in 53BP1 (164) while the acety-
lation of H2AK15 prevents this site from becoming ubiq-
uitinated by RNF168 (165). TIP60, therefore, stimulates
HR by preventing the localization of 53BP1 to DBSs (164).
HDAC1 and 2 deacetylate H4K16 (110), leading to the
stimulation of RNF8/RNF168-dependent ubiquitination
at the DSB (107) and repair by NHEJ (110). In addition
to the regulation of 53BP1 localization to the DSB by
acetylation/deacetylation, the inhibitory effect of 53BP1-
RIF1 on MRE11 can also be overcome in a cell cycle-
dependent manner. This is accomplished by the cyclin de-
pendent kinase (CDK)-dependent phosphorylation of CtIP
(166), leading to increased activity and BRCA1 binding.
BRCA1-CtIP is able to inhibit 53BP1, thereby allowing for
the end-resection by MRE11, CtIP and EXO1 (167) and
consequently for HR to occur (138). The pan-HDACi tri-
chostatin A has been shown to downregulate BRCA1 in
squamous carcinoma cells (45) thereby impeding the switch
from NHEJ to HR.

Histone deacetylases and non-homologous end joining

The re-ligation of two DNA DSB ends, induced by, for ex-
ample, ionizing radiation, occurs predominantly by NHEJ
(168) (Figure 1D) that does not require homology. It should
always be kept in mind that repair of DSBs occurs in
chromatin, and chromatin-modifying enzymes are there-
fore centrally involved in this process. Consequently, it
has been shown that the deacetylation of H3K56Ac and
H4K16Ac by HDAC1 and 2 stimulates repair by NHEJ
(110). Furthermore, knockout of Sirt7 in mice leads to
an increase in H3K18Ac levels and impaired NHEJ activ-
ity (169). The deacetylation of KAP1, a protein required
for the relaxation of the chromatin structure during DSB
repair, by SIRT1 also stimulates NHEJ (117). NHEJ is
initiated by the binding of a heterodimer, consisting of
KU70 and KU80, to the DSB ends, which protects the
DSB ends from degradation and attack from exonucleases
(170). The class I histone deacetylases HDAC1, 2 and 3 and
the class III SIRT1 have been shown to play a role in the
deacetylation of KU70 (41,171) (Figure 1D). Inhibition of
HDAC1, 2 and 3 in prostate cancer cells leads to increased
acetylated KU70 levels, decreased KU70 DSB binding, de-
creased DSB repair and increased sensitivity to DSB induc-
ing chemotherapeutics (41). The KU70/KU80 dimer serves
as a scaffold for subsequent NHEJ repair factors. Interac-

tion of KU70/80 with DNA-dependent protein kinase cat-
alytic subunit (DNA-PKcs) activates the kinase activity of
the complex, which allows for the autophosphorylation of
DNA-PKcs itself and the phosphorylation of downstream
NHEJ proteins (172). SIRT6 stabilizes and localizes DNA-
PKcs at the site of the DSB (173) (Figure 1D). In addi-
tion to its roles in deacetylating KU70 and TIP60, SIRT1
deacetylates HDAC1, thereby stimulating HDAC1 activity
and NHEJ repair (174). Inhibiting HDACs in non-small cell
lung cancer with the pan-HDACi trichostatin A (84) down-
regulates KU70, KU80 and DNA-PKcs thereby sensitis-
ing to ionizing radiation (46), while HDAC inhibition us-
ing the pan-HDACi SAHA (84) in osteosarcoma and rhab-
domyosarcoma cell lines downregulated KU80 that also
sensitized to ionizing radiation (47). Using the more spe-
cific HDACi sodium butyrate, that only inhibits class I and
class IIA HDACs (84), in melanoma cells the downregula-
tion of KU70, KU80 and DNA-PKcs and the sensitization
to ionizing radiation was still observed (39).

Histone deacetylases and homologous recombination

HR-mediated repair of DSBs (175) differs from NHEJ as
it makes use of homologous sequences preferably on sister
chromatids. It is therefore regarded as error free but limited
to the late S and G2 phase of the cell cycle. It essentially
contributes to the resolution of replication-coupled errors
like stalled replication forks and repairs one-ended DSBs re-
sulting from collapsed replication forks (176). HDAC3 has
been shown to be required for the resolution of replication-
coupled errors as knockout of Hdac3 in mice or inhibition
of HDAC3 in lymphoma cells decreases the cells’ ability to
deal with replication stress (177,178). As stated, HR is ini-
tiated by the end-resection of the DSB by MRE11, in com-
plex with RAD50 and NBS1, and CtIP (152,153). SIRT1
can deacetylate NBS1 (179), which could stimulate HR. In-
hibition of HDACs with the pan-HDACi SAHA downregu-
lates RAD50 and MRE11 in cancer cells thereby contribut-
ing to the inhibition of repair upon damage induction (180).
SIRT6 also promotes DNA end-resection as it deacetylates
CtIP (181). The deacetylation of CtIP by SIRT6 stimulates
HR, and, consequently, SIRT6 depletion sensitizes to chem-
ical agents like camptothecin and PARP inhibitors that
induce replication-dependent DSBs (181). End-resection
of the DSB by MRE11 and CtIP leads to 3′ overhangs
that can be extended by the 5′-3′ exonuclease EXO1 (154).
The resulting 3′ ssDNA ends are bound by RPA and as
SIRT6 promotes end-resection, SIRT6 depletion decreases
the amount of RPA coated single-stranded DNA at sites
of DSBs (181). Central proteins in HR are RAD51 and
its paralogs XRCC3, XRCC2, RAD51D, RAD51C and
RAD51B. RPA is displaced from the ssDNA by RAD51
with the help of breast cancer 2 (BRCA2) to form RAD51
filaments (182). Of interest, the expression of the HR pro-
teins SIRT6, RAD51, RAD51C, RAD52 and NBS1 de-
crease with a cell’s increasing replicative age, and is thought
to contribute to the senescence-related decrease in repair
efficiency by this pathway (183). Overexpression of SIRT6
prevents the loss of HR repair activity during this process
(183).
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The 3′ RAD51-nucleofilament then aligns with homolo-
gous regions of dsDNA followed by strand invasion of the
dsDNA and displacement of the complementary strand, re-
sulting in the displacement-loop (D-Loop). Inhibition of
class I HDACs by MS-275 or knockdown of HDAC2 de-
creases RAD51 expression and impedes HR in melanoma
cells (16). In osteosarcoma and rhabdomyosarcoma cells
the pan-HDACi SAHA caused downregulation of RAD51
(47) while in prostate cancer cells inhibition of class I
HDACs by valproic acid also decreased RAD51 expres-
sion, which the authors ascribed to a decrease in E2F1 pro-
moter binding following HDAC inhibition (40). An unex-
pected finding in the cervical cancer cell line HeLa was that
upon HDAC9 or 10 knockdown, HeLa cells showed de-
creased HR repair activity and became more sensitive to
mitomycin C, a chemical agent inducing DNA interstrand
crosslinks (184). Although a fraction of HDAC9 and 10 are
localized in the nucleus (92,94,95,185), we should state that
the mechanism whereby HDAC9 and 10 stimulate HR re-
mains unclear. The 3′ end of the (broken) invaded strand
can serve as a primer for DNA synthesis by POL� in associ-
ation with PCNA, which uses the intact homologous DNA
strand as the template. PCNA interacts with HDAC1 in hu-
man cells in vitro and a considerable fraction of PCNA and
HDAC1 co-localizes in the cell nucleus (186). The result-
ing HR structure can be resolved by either the synthesis-
dependent strand annealing pathway or the double-strand
break repair pathway (175,187,188).

Histone deacetylases and repair of interstrand crosslinks

The covalent joining of two strands of a DNA double he-
lix is induced by platinum-based drugs, cyclophosphamide,
mitomycin C and chloroethylating agents. ICLs are effec-
tive against cancer because they block RNA transcription
and DNA replication and therefore kill cancer cells due
to their high metabolic and replication rates. ICLs are de-
tected in any cell cycle phase by the NER protein XPC if the
crosslink distorts the DNA (189), or by CSB (190) if met by
RNAPII. The deacetylase SIRT1 might, therefore, facilitate
the detection of ICL due to it stimulating the expression of
XPC (81), which could lead to the resistance of cells to in-
terstrand crosslinkers like fotemustine (191). ERCC1-XPF
unhooks the ICL by an incision close to the lesion and gap
filling requires translesion synthesis (192). As the localiza-
tion of ERCC1-XPF to the DNA lesion is XPA-dependent,
and SIRT1 increases the interaction of XPA with ERCC1-
XPF (83), deacetylation of XPA by SIRT1 could contribute
to the unhooking of the ICL during repair. HDACs also
promote the NER-dependent removal of ICLs as sodium
butyrate decreases the repair rate of psoralen plus UVA-
induced ICLs (38).

ICL repair at stalled replication forks makes use of pro-
teins belonging to the Fanconi anaemia (FA) complemen-
tation group and they initiate replication-dependent re-
pair (192). The replication fork-encountered ICL is recog-
nized by FANCM, which mediates fork regression resulting,
most likely, in a chicken foot DNA structure (192). Next,
heterodimers of FANCD2 and FANCI are monoubiqui-
tinated by the FANCL subunit of the FA core complex
(FANCA, FANCB, FANCC, FANCE, FANCF, FANCG

and FANCL) (192). Monoubiquitinated FANCD2 recruits
nucleases that very likely promote dual incision and un-
hooking of the ICL by the structure-specific endonucle-
ases SLX4-SLX1, ERCC1-XPF and MUS81-EME1, as
well as the Fanconi-associated nuclease 1 (192). Expos-
ing melanoma cells to the HDACi MS-275, that inhibits
HDAC1, 2 and 3 (84), caused a transcriptional down-
regulation of FANCD2 and sensitized these cells to the
chloroethylating agent fotemustine (16). The unhooking of
the ICL allows for the HR-mediated restart of the repli-
cation fork that proceeds across the unhooked lesion with
the help of the translesion polymerases REV1 and poly-
merase � (POL� ) (192). The regulation of HR by SIRT1
(179), SIRT6 (181), HDAC9 and 10 (184) may, therefore,
play important roles in HR-mediated fork restart. Partial
support for this is found in the observation that HDAC9 or
10 knockdown sensitizes cells to the interstrand crosslinker
mitomycin C (184). Following fork restart, the unhooked
lesion is removed enzymatically by NER or spontaneously
by hydrolysis (192). Inhibiting class I and class IIA HDACs
with phenylbutyrate interferes with the FA pathway and
sensitizes head and neck cancer to cisplatin (44) in a to date
unknown mechanism, but might be due to the downregula-
tion of FANCD2, as seen upon inhibition of class I HDACs
in melanoma cells (16).

Histone deacetylases and DNA repair in cancer

The class I HDACs contribute to DNA damage signalling,
NHEJ and HR on multiple levels (Table 2). HDAC1 and
2 have a central role in preparing the chromatin surround-
ing the DSB for the activation of the DDR and sealing
of the DSB by NHEJ or HR. During the DDR, HDAC3
deacetylates TIP60 (123) that leads to the activation and
stimulation of ATM. HDAC2 and 3 play a hereto un-
defined role in how cells process replication blocking le-
sions (136,177,178). These deacetylases deacetylate p53
(143,147,148) and KU70 (41), thereby contributing to p53’s
and KU70’s respective transcriptional and DNA binding
activities. Apart from these direct deacetylation targets,
HDAC2, in addition, promotes the expression of RAD51
(16) a central protein involved in HR. In colorectal (5–7,17–
19), stomach (5,8,9,20), esophagus (5,10), breast (5,11,12),
ovaries (5), lung (5,21), pancreatic (5), thyroid (5), prostate
(13–15) and melanoma (16) cancers where these HDACs are
overexpressed, combining genotoxin based therapies with
small molecule inhibitors like sodium butyrate, valproic
acid, trichostatin A, SAHA or MS-275 could be of thera-
peutic advantage. Butyrate based HDACi have been shown
to sensitize melanoma cells (38,39) to interstrand crosslink-
ing agents and ionizing radiation, breast cancer cells to
etoposide (42) and head and neck cancer to cisplatin (44).
Valproic acid has been shown to sensitize melanoma cells to
alkylating chemotherapeutics and ionizing radiation (16,40)
while sensitizing prostate cancer cells to cisplatin and ion-
izing radiation (40). Trichostatin A sensitizes lung cancer
cells to ionizing radiation (46) and prostate cancer cells to
bleomycin, 5-FU and doxorubicin (41). MS-275 sensitizes
melanoma cells to alkylating agents, olaparib and ionizing
radiation (16) and prostate cancer cells to bleomycin, 5-
FU and doxorubicin (41), while SAHA sensitizes osteosar-
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coma and rhabdomyosarcoma cells to ionizing radiation
(47), prostate cancer cells to bleomycin, 5-FU and doxoru-
bicin (41) and breast cancer cells to olaparib (43).

In addition to the effect of the class I HDACs on DNA
repair, the class IIB histone deacetylase HDAC6 affects
MMR due to the HDAC6 mediated breakdown of MSH2
(Table 2). Overexpressed HDAC6 in melanoma cancers (26)
could, therefore, contribute to the resistance of this cancer
to methylating agent based therapies with dacarbazine and
temozolomide as these chemotherapeutics require an intact
MMR system to kill cells (193).

The deacetylation and resulting stimulation of the DNA
repair factors WRN (78), TDG (63), APE1 (75), XPA (83),
TIP60 (124), p53 (149,150), KU70 (41,171), HDAC1 (174)
and NBS1 (179) by the class III lysine deacetylase SIRT1
show the importance of this NAD+ dependent histone
deacetylase in the regulation of BER, NER, DNA damage
signalling, NHEJ and HR (Table 2). Another NAD+ depen-
dent histone deacetylase, namely SIRT6, deacetylates CtIP
(181) and contributes to the recruitment of DNA-PKcs to
DSBs (173) and the activation of PARP1 (71,99) and there-
fore plays a role in HR and NHEJ (71). BER, DNA damage
signalling, NHEJ and HR are initiated, at least in part, by
PARP1 as PARP1 binds to and is activated by SSBs (68),
AP-sites (67) and DSBs (98). The process of PARylation,
catalyzed by PARP1, consumes NAD+ and excessive levels
of DNA damage will, therefore, prevent the stimulation of
DNA repair by the NAD+ dependent histone deacetylases
SIRT1 and 6. These findings points to the tempting spec-
ulation that PARP1, SIRT1 and SIRT6 regulate a switch
between repairable DNA damage and cell death, as exces-
sive DNA damage triggers a necroptotic form of cell death
termed parthanatos (53).

The questions of how inhibition of histone deacetylases
cause the transcriptional repression of the DNA repair
genes BRCA1 (40,45), KU70 (39,46), KU80 (39,46,47),
DNA-PKcs (39,46), RAD50 (180), MRE11 (180), RAD51
(16,40,47), FANCD2 (16), CHK1 (40), FANCD2 (16,84) or
whether the underlying mechanism for this gene regulation
is cancer specific remains unresolved.

SUMMARY

It is clear that HDACs and SIRTs are involved in almost
every aspect of DNA repair. This ranges from the detec-
tion of, and signalling from, DNA lesions to the removal
or reversal of the damage. HDACs and/or SIRTs regulate
the expression, the activation and the degradation of key
factors involved in DNA damage signalling, excision repair,
strand break annealing and DNA replication block bypass
pathways, while the interplay between SIRTs, PARP1 and
NAD+ hints at a mechanism whereby a cell can differen-
tiate between repairable and unrepairable damage. Target-
ing these lysine deacetylases during cancer therapy should,
therefore, be ideal for sensitizing cancer cells to genotoxin
based chemotherapeutics.
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