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ABSTRACT

Base excision repair (BER) is the major cellular DNA
repair pathway that recognises and excises damaged
DNA bases to help maintain genome stability. Whilst
the major enzymes and mechanisms co-ordinating
BER are well known, the process of BER in chromatin
where DNA is compacted with histones, remains un-
clear. Using reconstituted mononucleosomes con-
taining a site-specific synthetic abasic site (tetrahy-
drofuran, THF), we demonstrate that the DNA damage
is less efficiently incised by recombinant AP endonu-
clease 1 (APE1) when the DNA backbone is facing
the histone core (THF-in) compared to that orientated
away (THF-out). However, when utilizing HeLa whole
cell extracts, the difference in incision of THF-in ver-
sus THF-out is less pronounced suggesting the pres-
ence of chromatin remodelling factors that stimulate
THF accessibility to APE1. We subsequently purified
an activity from HeLa cell extracts and identify this
as the E3 ubiquitin ligase, HECTD1. We demonstrate
that a recombinant truncated form of HECTD1 can
stimulate incision of THF-in by APE1 in vitro by his-
tone ubiquitylation, and that siRNA-mediated deple-
tion of HECTD1 leads to deficiencies in DNA damage
repair and decreased cell survival following x-ray ir-
radiation, particularly in normal fibroblasts. Thus, we
have now identified HECTD1 as an important factor
in promoting BER in chromatin.

INTRODUCTION

Reactive oxygen species (ROS) that are generated endoge-
nouslythrough cellular oxidative metabolism, but also by
exogenous sources such as ionizing radiation and environ-
mental toxins, cause a constant bombardment on our cel-
lular DNA. As a result, ROS can directly react with the
DNA molecule forming DNA base oxidation, base loss
(apurinic/apyrimidinic or AP sites) and DNA single and

double strand breaks (SSB and DSB). If the DNA dam-
age is left unrepaired, this can cause mutations and ulti-
mately has been linked to premature ageing, age-related
neurodegenerative diseases such as Alzheimer’s and Parkin-
son’s, and cancer. Remarkably, as a consequence of cellular
metabolism ∼10 000 DNA base damage events occur in ev-
ery human cell per day (1). These are usually corrected and
repaired in cells by the base excision repair (BER) path-
way, which is dedicated to excising damaged DNA bases
and replacing these with the correct undamaged nucleotides
(2,3). This pathway also repairs AP sites and SSBs and
plays a vital role in maintaining genome stability through
suppressing DNA damage accumulation, and in the pre-
vention of human disease development. Indeed, BER per-
forms a vital role in normal development and survival since
knockout mouse models, particularly of downstream fac-
tors involved in BER, display an embryonic lethal pheno-
type. Genome instability and an increase in sensitivity to
DNA damaging agents is furthermore evident following
siRNA-mediated knockdowns of key BER proteins in cul-
tured cells (4–7), further highlighting that BER is an es-
sential DNA repair process required for normal cellular
functioning.

BER is achieved in a co-ordinated manner by a specific
subset of enzymes. In the first step, the damaged DNA bases
are excised by damage specific DNA glycosylases, of which
11 human enzymes are currently known to exist. Gener-
ally, this creates an AP site which is recognised and incised
by AP endonuclease-1 (APE1). DNA polymerase � (Pol �)
then removes the 5′-deoxyribose phosphate (5′-dRP) moi-
ety, inserts the correct nucleotide into the repair gap and
DNA ligase III�-X-ray cross complementing protein 1 (Lig
III�-XRCC1) complex seals the DNA ends to complete re-
pair. Despite this knowledge of the BER process, little is un-
derstood about the mechanism of action in chromatin. The
building blocks of chromatin are nucleosomes, which con-
sist of ∼146 bp of DNA wrapped around a histone octamer
containing the histone proteins H2A, H2B, H3 and H4 (two
of each). In order for the cell to undergo DNA-dependent
activities, such as transcription and replication, the chro-
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matin structure has to be altered to enable enzyme acces-
sibility. This process is achieved by ATP-dependent chro-
matin remodelling factors (8). However post-translational
modifications, including acetylation, phosphorylation and
ubiquitylation, on the N-terminal tails of the histones aid
to recruit these enzymes as well as to stimulate chromatin
decondensation. Evidence suggests that DNA repair also
requires the induction of histone modifications, particularly
ubiquitylation (9), and that chromatin remodellers are nec-
essary to improve DNA damage accessibility and ensure an
efficient DNA repair process. Most of the evidence, how-
ever, has been centred around the recognition and repair
of DNA DSBs (10), in which ATM-dependent phosphory-
lation of H2AX and ubiquitylation of H2A and �H2AX
catalysed by the E3 ubiquitin ligases RNF8 and RNF168
are known to play prominent roles. Chromatin remodellers
including p400, NuRD and ALC1 are then thought to pro-
mote relaxation of chromatin and allow accessibility of the
DSB to DNA repair enzymes (11–13).

Specifically related to BER repair in chromatin, there is
now building evidence from in vitro biochemical assays em-
ploying reconstituted mononucleosome substrates contain-
ing DNA damage at specific sites, that the activities of re-
combinant BER proteins are retarded or inhibited by chro-
matin structure. This appears to be dependent on the po-
sition and orientation of the damage relative to the nu-
cleosome. For example, DNA glycosylases including uracil
DNA glycosylase (UDG) and endonuclease III homologue
(NTH1) can efficiently excise uracil and oxidative DNA
damage, respectively when the DNA backbone is outwardly
facing from the nucleosome, but are inhibited when the
DNA backbone is inwardly facing (14,15). Likewise, APE1
displays orientation-dependent differences in activities ver-
sus AP sites in mononucleosomes (16). Repair of a one nu-
cleotide gap by Pol � (17) and of a SSB by XRCC1-DNA
ligase III� (18) is also severely impacted when the dam-
age is placed within a mononucleosome. Therefore, chro-
matin structure greatly impacts the efficiency of BER by
preventing DNA damage accessibility and processing. Col-
lectively, these studies have highlighted that chromatin de-
compaction or remodelling is required, particularly for ster-
ically occluded DNA base damage in chromatin. Indeed,
there is evidence that purified SWI/SNF and RSC can in-
crease the activities of BER proteins on mononucleosome
substrates (19,20), and very recently FACT has also been
shown to assist in BER (21). Additionally, other factors
have been shown to be present in human cells that stimulate
DNA glycosylase activity on mononucleosomes, but these
have not been specifically identified (22). Therefore to date,
the identity of specific histone modifiers and chromatin re-
modelling enzymes stimulating BER in chromatin in vivo is
unclear.

In this study, we demonstrate that a synthetic AP site
(tetrahydrofuran, THF) with the backbone facing inwards
towards the histone core is refractory to incision by recom-
binant APE1, but can be more efficiently incised by APE1
present within human whole cell extracts. We have subse-
quently isolated and purified enzymatic activities that stim-
ulate APE1 activity on a mononucleosome substrate, and
now describe the E3 ubiquitin ligase HECTD1 as a new
player in the BER pathway which acts to promote histone

ubiquitylation and therefore increase DNA damage acces-
sibility within chromatin.

MATERIALS AND METHODS

DNA, oligonucleotides and plasmids

The pGEM-3Z-601 plasmid, Xenopus laevis histone (H2A,
H2B, H3 and H4) bacterial expression plasmids, the bacte-
rial APE1 expression plasmid and the mammalian expres-
sion plasmid for full length murine HECTD1 were kindly
provided by P. O’Neill, Prof K. Luger, Prof. G. Dianov and
Prof. I. Zohn, respectively. The C-terminal cDNA sequence
of murine hectd1 (amino acids 1762–2612) containing the
active E3 ligase HECT domain was recloned into pET28a
by ligation-independent cloning (23) to enable expression of
truncated murine HECTD1 protein (�N-HECTD1). Site
directed mutagenesis was used to generate the inactive E3
ligase mutant (C2579G) of the truncated HECTD1 pro-
tein (�N-mutHECTD1). Bacterial expression plasmids for
E1 conjugating enzyme (UBE1) and E2 conjugating en-
zymes (UbE2H, Cdc34a, UbE2D1, UbE2D2, UbE2D3,
UbE1E1, UbE2L3, UbE2L6 and UbE2C) were acquired
from Addgene (Teddington, UK). Recombinant ubiqui-
tin was purchased from Boston Biochemicals (Cambridge,
USA). IRDye 700/800–5′-labelled primers used to PCR
amplify the 256 bp 601 DNA, and oligonucleotides contain-
ing the synthetic AP site tetrahydrofuran (THF), were from
IDT Technologies (Leuven, Belgium).

Purification of recombinant proteins

Histone proteins were expressed in Rosetta2(DE3)pLysS
bacterial cells (Merck-Millipore, Watford, UK) and puri-
fied under denaturing conditions similar to that previously
described (24). In brief, individual histone proteins were
isolated from inclusion bodies from 500 ml bacterial cul-
tures and purified using a HiPrep 26/60 Sephacryl S-200
HR column (GE Healthcare, Little Chalfont, UK) in sep-
aration buffer (20 mM sodium acetate, pH 5.2, 7 M urea,
1 mM EDTA and 5 mM �-mercaptoethanol) containing
1 M NaCl. Fractions containing the histones were iden-
tified using 16% SDS-PAGE and Instant Blue (Expedeon
Ltd, Over, UK) staining and dialysed overnight in water
containing 2 mM �-mercaptoethanol. Histones were then
added to a Mono-S 5/50 GL column (GE Healthcare,
Little Chalfont, UK) in separation buffer containing 0.1
M NaCl, and proteins eluted using a 20 ml linear gradi-
ent with buffer containing 1 M NaCl. Fractions contain-
ing the histones were similarly identified using 16% SDS-
PAGE and Instant Blue staining and dialysed in water con-
taining 2 mM �-mercaptoethanol. Histones were concen-
trated using Amicon Ultra-15 centrifugal filter units (Milli-
pore, Watford, UK), protein concentrations measured us-
ing a Nanodrop ND-1000 spectrometer (Thermo Fisher
Scientific, Runcorn, UK) at a wavelength of OD 280 nm
and aliquots of H2A (2 mg), H2B (2 mg), H3 (2.25 mg)
and H4 (1.75 mg) frozen at −80◦C. The his-tagged pro-
teins �N-HECTD1, �N-mutHECTD1, APE1, E1 acti-
vating enzyme and E2 conjugating enzymes were overex-
pressed in Rosetta2(DE3)pLysS bacterial cells and purified
using HisTrap column chromatography (GE Healthcare,
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Little Chalfont, UK) using a gradient elution of imidazole
and an AKTA purifier FPLC system. Fractions containing
purified proteins were concentrated and buffer exchanged
using Amicon Ultra-15 centrifugal filters into storage buffer
(25 mM Tris–HCl, pH 8.0, 100 mM KCl, 12 MgCl2, 1 mM
EDTA, 17% glycerol and 1 mM DTT) prior to aliquoting
and storage at −80◦C.

Preparation of histone octamer

Each histone aliquot of H2A, H2B, H3 and H4 was dis-
solved to 2 mg/ml in unfolding buffer (20 mM Tris–HCl,
pH 7.5, 7 M guanidinium HCl, 10 mM DTT) on ice for
2 h, proteins were mixed together and a 1 mg/ml solution
created. Histones were dialysed in snakeskin dialysis tub-
ing (Thermo Scientific, Runcorn, UK) in refolding buffer
(10 mM Tris–HCl, pH 7.5, 2 M NaCl, 1 mM EDTA and
5 mM �-mercaptoethanol) for 6 h at 4◦C, overnight and
then for 4 h in fresh buffer. The dialysed histone octamer
was centrifuged at 23 000 × g for 20 min at 4◦C, the super-
natant collected and concentrated using Amicon Ultra-15
centrifugal filters to ∼400 �l. The octamer was loaded in
two batches (200 �l each) onto a Superdex 200 10/300 GL
gel filtration column (GE Healthcare, Little Chalfont, UK)
in refolding buffer. Fractions were analysed using 16% SDS-
PAGE and Instant blue staining, those containing the his-
tone octamer in the correct equimolar ratios were pooled
and concentrated using Amicon Ultra-15 centrifugal con-
centrators to ∼10 mg/ml, glycerol was added and the his-
tone octamer stored at −20◦C.

Preparation of DNA containing site-specific DNA damage

The DNA substrates were prepared as previously described
(25), but with modifications (see also Figure 1A). The 601
DNA sequence was amplified from the pGEM-3Z-601
plasmid using the following primers (5′-IRDye 700-
GCTCGGAATTCTATCCGACTGGCACCGGCAAG-
3′ and 5′-IRDye 800-GCATGATTCTTAAGACCGAGTT
CATCCCTTATGTG-3′). The 256 bp DNA was purified
using the QIAquick PCR purification kit (Qiagen, Manch-
ester, UK) and the central 20 bp region released following
digestion with Van91I and BglI (Thermo Fisher Scientific,
Runcorn, UK) overnight at 37◦C. The two fragments
(127 and 106 bp) were separated by 8% non-denaturing
PAGE, located using the Odyssey Image Analysis System
(LiCor Biosciences, Cambridge, UK), excised and purified
from the gel pieces by freezing these at −80◦C, incubat-
ing them in TE at 37◦C for 3 h, and then concentrating
the DNA using Amicon Ultra-0.5 centrifugal filters.
Oligonucleotides containing THF in one of two positions
(5′-phosphate-TTGGTGCXTTTAAGCCGTGC-3′ and
5′-phosphate-CGGCTTAAAYGCACCAACGC-3′; where
X is equivalent to the DNA backbone orientated out-
wardly facing away from the nucleosome (THF-out) and
Y with the DNA backbone orientated inwardly facing
towards the nucleosome (THF-in) were annealed in TE
buffer containing 200 mM NaCl by heating at 95◦C for 5
min and slow cooling to room temperature. The duplex
oligonucleotide (1.5-fold excess) containing the site-specific
THF was then annealed firstly to the 127 bp DNA using

T4 DNA ligase (Thermo Fisher Scientific, Runcorn, UK)
in ∼60 �l overnight at 4◦C, purified using the MinElute
Reaction Cleanup Kit (Qiagen, Manchester, UK), and
then a second ligation reaction containing ∼1.5-fold of the
106 bp DNA was performed in ∼80 �l overnight at 4◦C.
The 256 bp product was separated by 8% non-denaturing
PAGE and purified from the excised gel pieces as described
above.

Nucleosome reconstitution

Nucleosomes were reconstituted using salt dialysis. The 5′-
IRDye700/800-labelled 256 bp DNA containing the site-
specific THF site (5 pmol) was mixed with unlabelled 256
bp 601 DNA (75 pmol) and equimolar of purified histone
octamer (80 pmol) in 50 �g BSA, 2 M NaCl and 0.01% NP-
40 in a volume of ∼300 �l. This was then dialysed in 500
ml dialysis buffer (10 mM Tris–HCl, pH 7.4, 1 mM EDTA,
5 mM �-mercaptoethanol) containing 1.6 M NaCl for 1.5
h. The buffer was then sequentially replaced with dialysis
buffer containing 1.2, 0.8, 0.6 and 0.2 M NaCl for 1.5 h
each, and then with dialysis buffer containing 75 mM NaCl
overnight. The efficiency of nucleosome reconstitution was
examined on a 0.7% agarose gel containing SYTO-60 using
the Odyssey Image Analysis System to ensure at least 95%
complete before it was acceptable for use in in vitro assays.

In vitro BER assays

Reactions (10 �l) contained 50 fmol free or mononucleoso-
mal DNA containing the site-specific THF site, 0.7 pmol
GST-E1 activating enzyme, 2.5 pmol E2 conjugating en-
zyme (combination of 9 different E2s), 0.6 nmol ubiquitin
(Boston Biochemicals, Cambridge, USA) and 1 �g acety-
lated BSA in buffer containing 25 mM Tris-HCl (pH 8.0), 50
mM KCl, 2 mM ATP, 8.5 mM MgCl2, 0.5 mM EDTA, 8.5%
glycerol and 1 mM DTT. These were incubated in LoBind
protein tubes (Eppendorf, Stevenage, UK) for 1 h at 30◦C,
unless otherwise indicated, with agitation. Reactions were
stopped by the addition of 20 mM EDTA and 0.4% SDS
and the DNA extracted using phenol:chloroform:isoamyl
alcohol (25:24:1) and then twice with chloroform:isoamyl
alcohol (24:1). The DNA was precipitated using 2.5 vol-
umes ice-cold ethanol in the presence of 10 �g glycogen and
0.3 M sodium acetate (pH 5.2) at −80◦C for 1 h. The precip-
itated DNA was resuspended thoroughly in 10 �l TE buffer,
and then 10 �l formamide loading dye (95% formamide, 2.5
mg/ml bromophenol blue) added. Samples were heated for
5 min at 95◦C prior to analysis by 8% denaturing PAGE (7
M urea) and substrate incision quantified using the Odyssey
Image Analysis System.

Whole cell extract preparation, fractionation and im-
munoblotting

Whole cell extracts (WCE) were prepared as previously de-
scribed (26,27). WCE from 20 g HeLa cell pellets (Cil-
biotech, Belgium) was fractionated using column chro-
matography, and proteins present in active fractions from
the final Mono-Q chromatography were identified by tan-
dem mass spectrometry, as recently described (27,28). Fol-
lowing each chromatography stage, protein fractions were
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Figure 1. The incision of free DNA oligonucleotide substrates containing THF in two different orientations is similar by recombinant APE1 and HeLa
WCE. (A) The 601 DNA sequence was amplified by PCR using primers containing either a 5′-IR Dye 700 or 5′-IR Dye 800 termini, a central region was
removed by restriction enzyme digestion and replaced by a two-step ligation with a duplex oligonucleotide containing THF on the upper strand (THF-out)
or lower strand (THF-in). Full length 256 bp products from the final ligation (see representative figure) were separated and purified by non-denaturing
PAGE. Incision of free THF-out and THF-in substrates (50 fmol) by increasing amounts of recombinant APE1 (B–D) and (E–G) HeLa WCE incubated
for 10 min at 30◦C. Shown is the mean percent substrate incision ± S.D. from at least three independent experiments, and also representative images from
the respective gels.

analysed for in vitro BER activity using a free or mononu-
cleosome substrate and active fractions pooled for the next
chromatography step. Immunoblotting was performed as
described in the references above, using the Odyssey Im-
age Analysis System for protein detection and quantifica-
tion. Primary antibodies raised against APE1 were kindly
provided by Prof. G.Dianov, HECTD1 and Mule antibod-
ies were from Bethyl Laboratories (Montgomery, USA),
tubulin antibodies were from Sigma (Dorset, UK), Cul4A,
DDB1 and histone H2B and H4 antibodies were from Ab-
cam (Cambridge, UK), and histone H3 and H4 antibodies
were from Cell Signaling (London, UK).

Cell culture and RNA interference

HeLa cells or normal human lung fibroblasts (AG06173
or WI-38) were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine
serum, 2 mM L-glutamine, 1× penicillin–streptomycin and
1× non-essential amino acids at 37◦C in 5% CO2. siRNA

knockdown of HECTD1 (SMARTpool siGENOME; GE
Healthcare, Little Chalfont, UK) or using a non-targeting
control siRNA (AllStars Negative Control siRNA; Qia-
gen, Manchester, UK) were performed using Lipofectamine
RNAiMAX (Life Technologies, Paisley, UK) for 48 h.

Single cell gel electrophoresis (Comet) and clonogenic assays.

The alkaline comet assay for measurement of DNA sin-
gle strand breaks and alkali labile sites, as well as clono-
genic survival assays, were performed as recently described
(27,29). For comets, cells (50 per slide, in duplicate) were
analysed using the Komet 6.0 image analysis software (An-
dor Technology, Belfast, Northern Ireland) and % tail DNA
values averaged from at least three independent experi-
ments. For clonogenic assays, colonies were counted us-
ing the GelCount colony analyser (Oxford Optronics, Ox-
ford, UK), and surviving fraction was expressed as colonies
per treatment level versus colonies that appeared in the un-
treated control.
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RESULTS

THF-in mononucleosome substrate is inefficiently incised by
recombinant APE1

An increasing number of reports have demonstrated that
the efficiency of excision of DNA base damage by purified
BER proteins within a mononucleosome substrate is depen-
dent on positioning relative to the histone core, and pre-
dicted that BER requires chromatin remodelling to stim-
ulate repair of DNA base damage in sterically occluded
regions. However, a comparison of substrate cleavage by
recombinant BER proteins versus proteins present within
cell extracts where factors promoting histone modifications
and chromatin remodelling are present, has not been thor-
oughly analysed. We generated two fluorescently labelled
256 bp oligonucleotide substrates containing a site specific
synthetic AP site (tetrahydrofuran, THF) in the 601 DNA
sequence by molecular cloning (Figure 1A), similar to that
previously described (25). These two substrates when bound
with a histone octamer would generate mononucleosome
substrates containing the synthetic AP site where the DNA
backbone is either inwardly facing (THF-in), or outwardly
facing (THF-out) from the histone core (Supplementary
Figure S1).

In the first instance, the free DNA substrates were anal-
ysed for their ability to be incised by both recombinant
APE1, and APE1 present within HeLa WCE. We demon-
strate that the free THF-out substrate is slightly more ef-
ficiently cleaved by APE1 (∼1.7-fold on average) than the
free THF-in substrate (Figure 1B–D), indicating that there
is a slight sequence bias in recognition of the AP site in the
THF-out free DNA. The difference in cleavage of both sub-
strates by APE1 present in HeLa WCE however, was less
pronounced (Figure 1E–G). Xenopus laevis histone proteins
(H2A, H2B, H3 and H4) were individually expressed in Es-
cherichia coli and purified under denaturing conditions, re-
folded and histone octamer generated and purified using
gel filtration chromatography (Supplementary Figure S2).
The free DNA substrates were consequently bound with hi-
stone octamer to generate the respective mononucleosome
substrates (Figure 2A and B), in which the AP site is 10 bp
away from the nucleosome dyad. In order to compare the
relative efficiency of APE1 and APE1 present within HeLa
WCE to cleave these substrates, we quantified the levels of
APE1 present in WCE by quantitative immunoblotting. We
show that there is approximately 60 fmol APE1/�g HeLa
WCE (Figure 2C). On examination of THF-in versus THF-
out, we demonstrate that there is a clear difference in in-
cision of these two mononucleosome substrates by recom-
binant APE1, in which the THF-out is significantly (4–5-
fold) more efficiently cleaved than THF-in. Indeed incision
of THF-in reaches a maximum of ∼25% using >120 fmol
APE1 whereas ∼75% incision of THF-out is achieved us-
ing only 60 fmol APE1 (Figure 2D–F). This clearly demon-
strates that incision of an AP site by APE1 with the DNA
backbone facing inwards towards the histone core is signif-
icantly impeded. When using HeLa WCE, reactions were
supplemented with factors to support a number of his-
tone post-translational modifications, including phospho-
rylation (ATP), poly(ADP-ribosylation) (NAD) and ubiq-

uitylation (E1 activating enzyme, nine E2 conjugating en-
zymes and ubiquitin), but which would also support ATP-
dependent chromatin remodelling enzymes. We observed
that the difference in cleavage of the two mononucleo-
some substrates (THF-out and THF-in) by HeLa WCE is
still evident (∼1.4-fold on average), although this is signifi-
cantly less that that observed with recombinant APE1 alone
(∼4.2-fold on average). Indeed comparing 1 �g HeLa WCE
generates cleavage of ∼75% and ∼50% of THF-out ver-
sus THF-in, respectively (Figure 2G–I). It is important to
note, as mentioned above, that 1 �g HeLa WCE contains
the equivalent amount of ∼60 fmol recombinant APE1 and
that the same comparable level of incision of the THF-
out mononucleosome substrate was observed when com-
paring these data points. In contrast, the incision of THF-
in mononucleosome substrate by 1 �g HeLa WCE and 60
fmol recombinant APE1 is ∼4-fold different (∼50% ver-
sus 13%, respectively). Interestingly we discovered that ef-
fective incision of the THF-in mononucleosome substrate
by HeLa WCE is significantly dependent on supplement-
ing reactions with ubiquitin (Figure 2J, Supplementary Fig-
ure S3A and B), and further enhanced by addition of E1
and E2 enzymes that promote protein ubiquitylation (data
not shown). However, these factors had no impact on the
rate of incision of the THF-out mononucleosome substrate
(Figure 2K, Supplementary Figure S3C and D). Neverthe-
less, these findings support our hypothesis that incision of
an AP site within a mononucleosome substrate that is inac-
cessible to recombinant APE1 (THF-in), is more efficiently
incised by APE1 in WCE due to the presence of histone
modifiers and/or chromatin remodelling factors, largely in
a ubiquitylation-dependent manner.

Purification of factors promoting AP site accessibility

Given our evidence that factors are present within WCE
that are capable of stimulating APE1 activity on the THF-
in mononucleosome substrate, we utilized an unbiased ap-
proach using a purification scheme involving separation of
proteins in WCE by different ion-exchange and size exclu-
sion chromatography columns (Figure 3A) to purify and
identify these stimulatory factors. Protein fractions were
then examined for their ability to stimulate incision of the
THF-in mononucleosome substrate by recombinant APE1.
Since WCE contains endogenous APE1, we monitored for
the presence of APE1 by immunoblotting and also activity
of the purified fractions alone at several stages during the
purification procedure, to ensure that stimulatory factors
were being isolated rather than endogenous APE1 protein.
From the first chromatography stage through separation of
HeLa WCE via a Phosphocellulose column, the majority
of APE1 protein present in WCE eluted within the high salt
elution fraction (PC1000) in comparison to the low salt elu-
tion fraction (PC150), consistent with its high DNA bind-
ing affinity (Figure 3B). We attempted to immunodeplete
APE1 to minimise the background level of endonuclease
activity in the fractions but this was only successful from
HeLa WCE, and not from PC1000 (Figure 3B). However,
the presence of APE1 within the respective fractions was
consistent with the degree of activity of these alone against
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Figure 2. HeLa WCE more efficiently incises a THF-in mononucleosome substrate than recombinant APE1. (A, B) Mononucleosome DNA substrates
containing THF with the backbone inwardly facing (THF-in) or outwardly facing (THF-out) were prepared by salt dialysis following incubation of the
respective DNA substrates with histone octamer, and analysed by agarose gel electrophoresis. (C) Quantitative analysis of the levels of APE1 in HeLa
WCE by comparison against increasing levels of recombinant APE1 by immunoblotting. Incision of THF-out and THF-in mononucleosome substrates
(50 fmol) by increasing amounts of (D–F) recombinant APE1 and (G–I) HeLa WCEt. Shown is the mean percent substrate incision ± S.D. from at
least three independent experiments, and also representative images from the respective gels. Time course of incision of (J) THF-in and (K) THF-out
mononucleosome substrates (50 fmol) by HeLa whole cell extract (1.3 and 0.16 �g, respectively).

the THF-in mononucleosome substrate, in which only WCE
and the PC1000 fraction demonstrated significant incision
activity (Figure 3C, compare lanes 3–5) and where the activ-
ity of PC1000 was greatest due to the increased amount of
APE1 (Figure 3D, compare blue bars). The baseline activity
level of these fractions was then compared in the presence of
recombinant APE1, which alone generated ∼20% incision
of the THF-in mononucleosome substrate (Figure 3C, lane
2; Figure 3D, first red bar). We discovered that substrate
incision was increased by 14–22% using WCE and PC1000
fractions in the presence of recombinant APE1, which can
be attributed to the additional APE1 protein (Figure 3C,
compare lanes 6–8; Figure 3D, compare blue versus red
bars). However, incision activity was stimulated by ∼36%
using the PC150 fraction, demonstrating that factors im-
proving the accessibility of the THF-in mononucleosome
substrate to recombinant APE1 were largely present in this
fraction. In contrast, performing the same experiment using
the THF-in free DNA substrate revealed that the increase in
incision between the absence and presence of recombinant
APE1 was ∼20% using the WCE, PC150 or PC1000 frac-

tions (Supplementary Figure S4A and B). This is consis-
tent with the incision activity observed with APE1 only, and
demonstrates that factors stimulating APE1 within PC150
are specifically enhancing its incision towards the THF-in
mononucleosome substrate.

The PC150 fraction was subsequently separated by ion
exchange (Mono-Q) chromatography that yielded ∼80 pro-
tein fractions (Supplementary Figure S5A), which were ex-
amined in the presence of recombinant APE1 for stimula-
tion of activity against the THF-in mononucleosome sub-
strate. This analysis revealed the presence of three major
stimulatory activities (Figure 3E, blue line) that generated
substrate incision that was above the level observed using
recombinant APE1 only (20%; subtracted from the fraction
data to yield relative THF-in incision, indicative of chro-
matin remodelling activity). However, on analysis of the
fractions in the absence of recombinant APE1, a peak of
incision activity was observed in fractions 16–22 (Supple-
mentary Figure S5B and Figure 3E, red line), which was
attributable to the presence of residual endogenous APE1
as confirmed by immunoblotting for APE1 (Supplementary
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Figure 3. Stimulatory activities are present in HeLa WCE that enhance incision of THF-in mononucleosome substrate by recombinant APE1. (A) Purifi-
cation scheme for the isolation of stimulatory activities from HeLa WCE using column chromatography, finishing with mass spectrometry (MS) analysis
of active protein fractions. (B) Immunoblotting analysis of APE1 within WCE and fractions (10 �g) generated by low salt (PC150) and high salt (PC1000)
elution of proteins from Phosphocellulose chromatography. Fractions were also immunodepleted using APE1-specific antibodies (APE1 ID), although this
was only partially effective using the PC1000 fraction. (C, D) Incision of the THF-in mononucleosome substrate (50 fmol) by WCE, PC150 and PC1000
(0.16 �g) in the absence and presence of recombinant APE1 (60 fmol). (D) Shown is the mean percent substrate incision from two independent experiments,
along with the difference in THF incision by the extracts in the absence and presence of recombinant APE1. (E, F) Stimulation of APE1-dependent incision
of the THF-in mononucleosome substrate by fractionated proteins generated from Mono-Q chromatography. (E) Shown is the mean percent substrate
incision from two independent experiments in the absence (red line) or presence (blue line) of recombinant APE1, normalized to 0 after subtraction of
the incision observed with recombinant APE1 only (∼20%). (F) A representative image from the respective gels is shown highlighting the majority of the
stimulatory activities present in fractions 34–38 and 44–54. The respective control reactions performed in the absence of any fraction (Control) and with
APE1 only are indicated.

Figure S5C). We therefore focussed on the two remaining
stimulatory activities (designated Activity 1 and Activity 2)
which were present in fractions ∼34–38 and ∼44–54 (Fig-
ure 3F), respectively for further purification. Following size
exclusion (Superdex 200) chromatography of both activi-
ties (Supplementary Figure S6A and B), a relative increase
of ∼10–20% incision of the THF-in mononucleosome sub-
strate by recombinant APE1 suggestive of chromatin re-
modelling activity was observed using fractions 18–22 (Ac-
tivity 1; Figure 4A) and 18–24 (Activity 2; Figure 4B). This
purification stage revealed that the stimulatory activities
were equivalent to proteins of ∼400–600 kDa in molecular
weight. These activities were still retained following separa-
tion of protein fractions on a second ion exchange (Mono-
Q) chromatography column (Supplementary Figure S6C-
D), as shown in fractions 16–18 (Activity 1; Figure 4C) and
20–23 (Activity 2; Figure 4D) where a relative ∼26–32% in-
crease in THF-in incision was observed. Following this fi-

nal chromatography stage, highly purified protein fractions
were subsequently analysed by mass spectrometry in order
to identify potential candidate proteins. Given that we origi-
nally identified that accessibility to the THF-in mononucle-
osome substrate was largely dependent on factors support-
ing ubiquitylation (Figure 2J, Supplementary Figure S3A
and B), our particular focus was on the identification of E3
ubiquitin ligases present in the fractions as potential chro-
matin remodelling enzymes. Indeed, in the list of proteins
present in fractions from Activity 1 were the E3 ubiqui-
tin ligases HECT domain containing E3 protein ligase 1
(HECTD1) and C-terminus of Hsp70-interacting protein
(CHIP; Table 1), whereas in Activity 2 Mcl-1 ubiquitin lig-
ase E3 (Mule) and DNA damage-binding protein 1 (DDB1;
a component of the Cul4 E3 ligases; Table 2) were identi-
fied. We were subsequently able to show by immunoblot-
ting that the presence of HECTD1 aligns well with stimu-
latory activity observed in the final Mono-Q fractions pu-
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Figure 4. Purification and identification of HECTD1 and Cul4A-DDB1 complex as potential stimulators of incision of THF-in mononucleosome substrate
by recombinant APE1. (A–D) Stimulation of APE1-dependent (60 fmol) incision of the THF-in mononucleosome substrate (50 fmol) by fractionated
proteins generated from Activity 1 or Activity 2 by sequential (A and B) Superdex 200 and (C and D) Mono-Q chromatography, respectively. (A, B)
Positions of elution of known molecular weight protein standards are indicated above the fractions generated by gel filtration chromatography. Shown
below each figure is the mean percent THF-in substrate incision from two independent experiments, normalized to 0 after subtraction of the incision
observed with recombinant APE1 only (∼20%). Fractions from the final Mono-Q chromatography stage were also analysed by immunoblotting for the
presence of (C) HECTD1 and (D) Mule, Cul4A and DDB1 and are aligned with the THF-in mononucleosome activity profiles.

Table 1. Mass spectrometry analysis of selected proteins within Activity
1

Accession Description Mascot Score

P07900 Heat shock protein HSP90-alpha 3426
P08238 Heat shock protein HSP90-alpha 3379
P49736 DNA replication licensing factor

MCM2
652

P33993 DNA replication licensing factor
MCM7

645

Q9ULT8 E3 ubiquitin protein ligase HECTD1 591
Q9UNE7 E3 ubiquitin protein ligase CHIP 536

rified from Activity 1 (Figure 4C, lower panel), and that
Cul4A and DDB1 (but not Mule) aligns well with Activ-
ity 2 purified fractions (Figure 4D, lower panel). Given the
fact that Cul4A-DDB1 forms a scaffold for a large number
(>90) E3 ubiquitin ligases, and in the absence of an identi-
fied WD-40 repeat protein that provides E3 ubiquitin ligase
specificity, we focussed our attention on HECTD1 as a pos-
sible novel factor involved in stimulating BER activity both
in vitro and in vivo.

Identification of HECTD1 as an enzyme promoting AP site
accessibility

We firstly attempted to immunodeplete HECTD1 from
Mono-Q fractions containing the peak stimulatory activity

Table 2. Mass spectrometry analysis of selected proteins within Activity
2

Accession Description Mascot score

O15355 Protein phosphatase 1G 1581
Q7KZ85 Transcription elongation factor SPT6 1446
P49792 E3 ubiquitin protein ligase MULE 1041
Q86VP6 Cullin-associated NEDD8-dissociated

protein 1
241

Q16531 DNA damage binding protein 1 167

for APE1 (Figure 4C, fraction 16), however we were unable
to optimize this although a small depletion of the protein
did lead to a corresponding small decrease in stimulation
of incision of the THF-in mononucleosome substrate by re-
combinant APE1 (Supplementary Figure S7A–C). We next
focussed on purifying recombinant HECTD1 for utilization
in the in vitro BER assays. Using a mammalian expression
plasmid expressing murine HECTD1 (30), we recloned the
C-terminal cDNA sequence containing the E3 ubiquitin lig-
ase HECT domain (amino acids 1762–2610; Supplemen-
tary Figure S8A) into a bacterial expression plasmid. The
truncated protein (�N-HECTD1; ∼96 kDa) was overex-
pressed and purified from bacterial cells but was found to
undergo partial degradation to a protein of a slightly small
molecular weight (∼85 kDa; Figure 5A and Supplementary
Figure S8B and C). Nevertheless, we determined that �N-
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Figure 5. HECTD1 promotes incision of THF-in mononucleosome substrate by recombinant APE1 in vitro. (A) A C-terminal truncation of murine
HECTD1 (amino acids 1762–2610; �N-HECTD1) was overexpressed in bacterial cells and purified using His-tag chromatography. Shown is the total
protein as revealed by Instant Blue staining (left panel), as well as detection of the protein by immunoblotting using histag antibodies (right panel). (B–D)
Stimulation of APE1-dependent (60 fmol) incision of the THF-in mononucleosome substrate (50 fmol) by increasing amounts of (B) wild type �N-
HECTD1 and (C) catalytically inactive E3 ligase mutant �N-HECTD1 (C2579G; �N-mutHECTD1). (D) Shown is the mean percent substrate incision ±
S.D. from three independent experiments by �N-HECTD1/�N-mutHECTD1 in the absence and presence of APE1. The respective control reactions were
performed in the absence of any protein (Control) and with recombinant APE1 only. (E) In vitro ubiquitylation assays containing recombinant APE1 (5.9
pmol) in the presence of increasing amounts of �N-HECTD1 (2.8–14.1 pmol). Samples were separated by SDS-PAGE and analysed by immunoblotting
using APE1 antibodies, or with antibodies targeting HECTD1 (lower panel). (F, G) In vitro ubiquitylation assays containing histone octamer (2 pmol) in
the presence of increasing amounts of �N-HECTD1 (2.8–14.1 pmol). Samples were separated by SDS-PAGE and analysed by immunoblotting using (F)
histone H2B or (G) histone H3 antibodies. The respective control reactions (Control) were performed in the absence of any HECD1.

HECTD1 is able to significantly stimulate the activity of
recombinant APE1 against the THF-in mononucleosome
substrate from 20 to 57% (Figure 5B, lanes 3–6 and Fig-
ure 5D). In contrast, there was no impact of �N-HECTD1
alone on incision of the THF substrate (Figure 5B, lanes 7–
10 and Figure 5D). We also generated and purified an inac-
tive E3 ligase mutant (C2579G; previously reported (30)) of
�N-HECTD1 (�N-mutHECTD1; Supplementary Figure
S8D and E). We demonstrate that the bacterially expressed
and purified mutant protein, in comparison to the wild type
protein, is unable to stimulate APE1 incision of the THF-in
mononucleosome substrate (Figure 5C, lanes 3–6 and Fig-
ure 5D). This provides evidence that the E3 ubiquitin lig-
ase activity of HECTD1 is required for promoting THF-
in incision within mononucleosomes by APE1. Addition-
ally, we have also acquired evidence that HECTD1 is able
to stimulate the excision of an inwardly facing thymine gly-
col (TG-in) containing mononucleosome substrate from 24
to 60% by the DNA glycosylase endonuclease III homo-
logue, NTH1 (Supplementary Figure S9A–C), suggesting
that HECTD1 may be able to promote multiple stages of
BER.

To establish that HECTD1 is specifically targeting the
histones for ubiquitylation, we first checked that APE1 it-
self was not being ubiquitylated which is potentially in-
creasing AP endonuclease enzymatic activity. Whilst we ob-
served E2-dependent monoubiquitylation of APE1 in the
absence of HECTD1 in vitro (Figure 5E, lane 1), which
we have observed previously (31), an increasing presence
of �N-HECTD1 did not stimulate APE1 ubiquitylation
and in fact supressed E2-dependent monoubiquitylation at
the highest protein concentration (Figure 5E, lanes 2–4).
We then examined in vitro ubiquitylation of histone pro-
teins within the octamer, and reveal evidence that �N-
HECTD1 appeared to cause a modest increase in mono/di-
ubiquitylation of histone H2B (Figure 5F, lanes 2–4) but
more convincingly promotes histone H3 polyubiquitylation
(Figure 5G, lanes 2–4). No significant cross-reactivity of
the respective antibodies was observed in reactions in the
absence of the histone octamer (Figure 5F and G, lanes
5–8). Furthermore, we demonstrated that histones H2A
or H4 do not seem to be a target for ubiquitylation by
HECTD1 (Supplementary Figure 10A and B), although the
poor quality of the antibodies used does not allow us to fully
draw this conclusion. However, with the availability of the
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current data, this suggests that HECTD1 is promoting ac-
cessibility of APE1 to the THF-in mononucleosome sub-
strate through histone H2B/H3 ubiquitylation.

HECTD1 is required for efficient repair of DNA base damage
and SSBs

To examine the requirement for HECTD1 in promoting
BER in cells, we used siRNA to effectively deplete the cellu-
lar levels of the protein in AG06173 and WI-38 normal lung
fibroblasts, and also in HeLa cervical carcinoma cells versus
a non-targeting (NT) control siRNA (Figure 6A–C). Fol-
lowing treatment of cells with x-ray irradiation and examin-
ing the kinetics of DNA repair by the alkaline comet assay,
we show that depletion of HECTD1 caused a significant de-
lay in the repair of SSBs and alkali-labile sites versus NT
siRNA treated WI-38 and AG06173 cells. This is evidenced
by statistically significant higher levels of DNA damage in
WI-38 cells at 10–60 minutes post-irradiation (Figure 6D)
and in AG06173 at 30–120 min post-irradiation (Figure
6F). Repair of SSBs and alkali-labile sites in HECTD1 de-
pleted versus NT siRNA treated HeLa cells was also de-
layed, although this was only statistically significant at 120
min post-irradiation (Figure 6E). An absence of HECTD1,
versus NT control siRNA, also caused an elevation in the
levels of SSBs and alkali-labile sites in control, unirradiated
AG06173 cells (Figure 6F) suggesting a specific require-
ment for HECTD1 in the efficient processing of endogenous
DNA damage in these cells. We then measured radiosen-
sitivity of cells using clonogenic survival assays, although
were unable to achieve this in AG06173 cells as these do
not form defined colonies. However, we were able to show
significantly decreased survival of HECTD1 depleted WI-
38 cells compared to NT siRNA treated cells in response
to x-ray irradiation (Figure 6G and Supplementary Figure
S11A). In contrast, HeLa cells only showed a marked in-
crease in radiosensitivity of HECTD1 depleted cells versus
NT siRNA treated cells at a high dose (4 Gy) of x-rays (Fig-
ure 6H and Supplementary Figure S11B). This difference in
radiosensitivity of WI-38 versus HeLa cells in the absence
of HECTD1, appears to be reflected in the comet assay data
where there is a much greater dependency on HECTD1 for
efficient processing of SSBs and alkali-labile sites in normal
lung fibroblasts (Figure 6D-F). Additionally, HECTD1 de-
pleted WI-38 cells are also more sensitive to the cell killing
effects of hydrogen peroxide and methylmethanesulfonate
(MMS; Figure 6I and J, Supplementary Figure 12A and B)
that generate oxidative DNA base damage and DNA base
alkylation that is processed through BER. In summary, our
data now demonstrates the importance of HECTD1 in the
efficient processing of DNA base damage and SSBs through
the BER pathway which is required for maintaining cell sur-
vival in response to exogenous DNA damaging agents.

DISCUSSION

Our cellular DNA is subject to constant attack by ROS gen-
erated through cellular oxidative metabolism and by exoge-
nous sources such as ionizing radiation. BER plays a vital
role in repairing DNA base damage and SSBs, thus reduc-
ing the frequency of cellular mutations and ultimately in

preventing development of diseases, including cancer. The
major enzymes directly involved in BER are now well es-
tablished, although how the BER process is co-ordinated
within chromatin where the DNA is packaged with his-
tone proteins is not entirely understood. Accumulating bio-
chemical evidence has demonstrated that DNA base dam-
age, particularly with the DNA backbone facing inwards
towards the histone octamer, is less efficiently repaired by
recombinant BER proteins in vitro (reviewed in (32)). This
suggests that chromatin remodelling is required for efficient
DNA base damage processing within chromatin, particu-
larly in occluded regions of the DNA. Indeed, this is sup-
ported by evidence suggesting that the chromatin remod-
elling enzymes SWI/SNF and RSC can increase the activi-
ties of BER proteins on mononucleosome substrates in vitro
(19–21), although there is no significant evidence to date to
suggest that these enzymes function during BER in vivo.

In this manuscript, we demonstrate that a THF-in
mononucleosome substrate that is inefficiently incised by
recombinant APE1, is processed more effectively by APE1
present within HeLa WCE particularly in the presence of
factors supporting ubiquitylation (E1 and E2 enzymes, plus
ubiquitin). Using an unbiased screen utilizing fractionated
HeLa WCE, we subsequently purified the E3 ubiquitin lig-
ase HECTD1 as one of the major enzymes enhancing in-
cision of the THF-in mononucleosome substrate by APE1
in vitro. This was confirmed using purified recombinant
HECTD1 protein but not by an E3 ligase inactive mutant,
demonstrating the requirement for ubiquitylation in pro-
moting THF-in incision and we provide evidence that this
is potentially mediated via histone H2B/H3 ubiquitylation.
We also demonstrated that HECTD1 stimulates NTH1-
dependent excision of a TG-in mononucleosome substrate.
Furthermore, we show that HECTD1 is essential for effi-
cient repair of DNA base damage and SSBs, and in pro-
moting cell survival particularly in normal lung fibroblasts
following x-ray irradiation, H2O2 and MMS. Thereby, we
reveal HECTD1 as a new player in the BER process within
chromatin, where it acts to enhance repair of DNA damage
within occluded DNA regions.

HECTD1 is a 289 kDa protein and a member of the
HECT domain containing E3 ubiquitin ligases. HECTD1
was first characterized to target HSP90 for ubiquitylation
and control the cellular localization and secretion of the
protein necessary for regulation of the behaviour of cranial
mesenchyme cells (30). Following this study, HECTD1 was
reported to catalyse polyubiquitylation of the adenomatous
polyposis coli (APC) protein in HEK293 cells which was re-
quired for interaction with Axin, and that HECTD1 func-
tions as a negative regulator of Wnt/�-catenin signalling
(33). This was supported by the observed downregulation
of Wnt pathway activity in LN-229 and LN-428 glioblas-
toma cells overexpressing HECTD1, but also that the deu-
biquitylation enzyme USP15 was directly involved in sta-
bilization of HECTD1 (34). More recently, HECTD1 has
been demonstrated to negatively impact on endothelial–
mesenchymal transition in response to silicon dioxide in
MML1 mouse lung cells and to inhibit cell proliferation and
migration (35). Furthermore, HECTD1 has been shown
to promote ubiquitylation-dependent degradation of ACF7
and that HECTD1 depletion in T47D breast cancer cells
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Figure 6. HECTD1 controls the efficiency of DNA damage repair in response to ionizing radiation. (A) AG06173, (B) WI-38 or (C) HeLa cells were
treated with 40 nM non-targeting control siRNA (NT) or HECTD1 siRNA for 48 h and extracts analysed by immunoblotting with HECTD1 or tubulin
antibodies as a loading control. (D) WI-38, (E) HeLa or (F) AG06173 cells were treated with 40 nM NT control or HECTD1 siRNA for 48 h, irradiated
with 1.5 Gy x-rays and the levels of DNA single strand breaks and alkali-labile sites measured at various time points post-irradiation by the alkaline comet
assay. Shown is the % tail DNA±S.D. normalized to the levels seen immediately post-IR which was set to 100% from three independent experiments. *P <

0.05, **P < 0.02, ***P < 0.005, ****P < 0.001 as analysed by a two sample t-test. Clonogenic survival of (G) WI-38 or (H) HeLa cells after NT siRNA or
HECTD1 siRNA following x-ray irradiation. Clonogenic survival of WI-38 cells after NT siRNA or HECTD1 siRNA following (I) H2O2 or (J) MMS.
Shown is the mean surviving fraction ± S.E. from at least three independent experiments.

leads to increased ACF7 protein levels, enhanced epithelial–
mesenchymal transition and promotes tumour growth, sur-
vival and metastasis (36). Interestingly, the latter study
demonstrated a correlation of low HECTD1 protein expres-
sion and shorter disease-free survival in breast cancer pa-
tients, and low mRNA levels of hectd1 with reduced survival
in multiple cancer types, including breast, lung and brain.
The observations in our study that HECTD1 is required
to promote efficient repair of DNA base damage, would
also suggest that low HECTD1 levels could contribute to
increased mutagenesis and carcinogenesis, and increase the
likelihood of metastasis. Therefore we now highlight an es-
sential role for HECTD1 in the cellular DNA damage re-
sponse, which in addition to reports demonstrating roles in
controlling cell signalling, proliferation and migration, cu-
mulatively support the vital function that HECTD1 plays
in normal cell physiology.

There are a few unanswered questions we have yet to fully
address regarding the role of HECTD1 in promoting BER
in vivo. The first is the precise target for histone ubiquityla-
tion since our preliminary evidence, at least in vitro, would
suggest that HECTD1 can promote histone H2B mono/di-
ubiquitylation and to a greater extent histone H3 polyubiq-
uitylation. We have recently screened for changes in a num-
ber of histone post-translational modifications in response
to radiation of different ionization densities, but also fol-
lowing hydrogen peroxide (37). Whilst this analysis was lim-
ited to antibodies targeting site-specific modifications, gen-
erally we did not observe any dramatic changes in the kinet-
ics of these histone modifications (which included histone
H2B lysine 120, but also histones H2A and H2AX lysine
119 monoubiquitylation) in response to � -irradiation or ox-
idative stress. In fact acetylation and di/tri-methylation of
histone H3 were also relatively unchanged under these con-
ditions, suggesting that if histone H3 is a target for ubiq-
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uitylation by HECTD1 in response to DNA damage, then
there is no current evidence of any cross-talk between these
specific modifications. Therefore, our major immediate fo-
cus will be to identify and characterize the site-specific his-
tone modification targeted by HECTD1. A second question
is how HECTD1 is able to trigger histone ubiquitylation in
response to changes in DNA damage induced by endoge-
nous and exogenous agents, and whether this mechanism
is limited to just DNA base damage and SSBs. Given the
evidence described above, this sensing mechanism may po-
tentially involve regulation by USP15 although this enzyme
appears to be controlling stabilization of HECTD1 rather
than modulating its activity towards specific targets. There-
fore, we need to understand whether HECTD1 is directed
to sites of DNA damage, or whether the protein is actively
scanning along chromatin searching for changes or distor-
tions in the DNA. Thirdly, and related to that described
above, the specificity of HECTD1 in promoting the repair of
DNA damage particularly through the BER pathway needs
to be addressed. Our data demonstrating that HECTD1 is
able to promote both NTH1 and APE1 during DNA base
excision and strand incision, respectively in vitro as well as
the survival of WI-38 cells in response to x-ray irradiation,
H2O2 and MMS, would suggest that HECTD1 plays a gen-
eral role during BER. It would also suggest that HECTD1
is not recruited to DNA damage sites through interaction
with a specific BER protein, but rather through its associa-
tion with the chromatin and DNA damage itself. However,
the specificity of HECTD1 in stimulating BER needs to be
confirmed using multiple different DNA lesion-containing
mononucleosome substrates (e.g. DNA base damage, sin-
gle nucleotide gap and SSB) in the out and inwardly fac-
ing orientations relative to the histone core and the appro-
priate BER enzymes in vitro. Whether HECTD1 is respon-
sive to other types of DNA damage, such as bulky DNA le-
sions processed by nucleotide excision repair or DNA dou-
ble strand breaks, also needs examining. Nevertheless, these
questions are the focus of our current and ongoing investi-
gations.

Our purification strategy utilizing HeLa WCE also sug-
gested that a Cul4A-DDB1 containing complex may play
a role in promoting repair of DNA base damage within
mononucleosomes. It is well known that these proteins
along with Roc1 form a platform for a large number of E3
ubiquitin ligase complexes. In fact, the specificity of these
enzymes for target substrates is defined by a WD-40 re-
peat protein and that >90 such complexes exist (38,39). In-
deed, we recently demonstrated that serine–threonine ki-
nase receptor associated protein (STRAP) is an example of
one such protein that promotes ubiquitylation-dependent
degradation of polynucleotide kinase phosphatase and reg-
ulates oxidative DNA damage repair (40). Given the large
number of Cul4A-DDB1 E3 ligase complexes and their
multiple cellular roles making it difficult to interpret cellular
studies by targeting specifically Cul4A or DDB1, and in the
absence of an identified WD-40 repeat protein in our puri-
fied protein fractions, we have yet to further investigate this
observation. However, Cul4A–DDB1–Roc1 has previously
been demonstrated to ubiquitylate histone H3 and H4 in
response to UV irradiation, where it is required for nucleo-
some remodelling to enhance the repair of thymine dimers

(41). Therefore, we aim to further interrogate these purified
active fractions, through either additional protein purifica-
tion steps or via immunoprecipitation of the Cul4A–DDB1
complex, in order to identify by mass spectrometry the WD-
40 repeat protein which is specifically associated with the
core components. The impact of depletion of this specific
protein would then allow us to examine its specific role in
the cellular DNA damage response.

In summary, we have identified a crucial role for
HECTD1 in enhancing the repair of DNA base damage
and SSBs within occluded sites in chromatin. This has re-
vealed further evidence that BER can be stimulated via hi-
stone post-translational modifications and chromatin re-
modelling, specifically promoted by histone H2B/H3 ubiq-
uitylation by HECTD1, and which is required for an effi-
cient cellular DNA damage response and in promoting cell
survival in response to genotoxic stress.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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