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ABSTRACT

DNA single-strand breaks (SSBs) represent the most
abundant type of DNA damage. Unrepaired SSBs im-
pair DNA replication and transcription, leading to
cancer and neurodegenerative disorders. Although
PARP1 and XRCC1 are implicated in the SSB re-
pair pathway, it remains unclear how SSB repair and
SSB signaling pathways are coordinated and regu-
lated. Using Xenopus egg extract and in vitro re-
constitution systems, here we show that SSBs are
first sensed by APE1 to initiate 3'-5’ SSB end resec-
tion, followed by APE2 recruitment to continue SSB
end resection. Notably, APE1’s exonuclease activity
is critical for SSB repair and SSB signaling pathways.
An APE1 exonuclease-deficient mutant identified in
somatic tissue from a cancer patient highlighted the
significance of APE1 exonuclease activity in cancer
etiology. In addition, APE1 interacts with APE2 and
PCNA, although PCNA is dispensable for APE1’s ex-
onuclease activity. Taken together, we propose a two-
step APE1/APE2-mediated mechanism for SSB end
resection that couples DNA damage response with
SSB repair in a eukaryotic system.

INTRODUCTION

Representing ~10% of all DNA lesions in a genome, DNA
single-strand breaks (SSBs) are constantly generated due to
oxidative stress, DNA repair intermediates, and aborted en-
zymatic reactions (1,2). It is estimated that >10 000 SSBs
form in each mammalian cell per day under normal con-
ditions (3,4). SSBs can be repaired by a rapid global SSB
repair mechanism or alternatively via homologue-mediated
recombination or repair pathways (1,5). It is well docu-
mented that PARP1 and XRCCI1 are implicated in the SSB
repair pathway (6-9). Unrepaired SSBs compromise DNA
replication and transcription, leading to genome instability,
and have been implicated in cancer and neurodegenerative
diseases (1,10-12). However, it remains unclear exactly how

SSBs are sensed, signaled, and repaired in a coordinated
fashion.

To preserve genome integrity, AP endonuclease 1 (APE1)
plays essential roles in the repair of oxidative stress-induced
DNA damage, such as AP sites (13-15). APE1 exhibits
AP endonuclease, 3'-5" exonuclease, 3’-phosphodiesterase
as well as 3’ RNA phosphatase and 3’ exoribonuclease ac-
tivities (16-18). APEL1 is essential for early embryonic devel-
opment in mice, and with the exception of a tissue-specific
mouse B cell knockout line, APE1-null cells do not gener-
ally survive (19,20). In addition to its roles in redox-related
transcriptional regulation, APE] is critical for the base ex-
cision repair (BER) and nucleotide incision repair (NIR)
pathways (14,21). Because some APE1 mutations result in
deficiencies in both the endonuclease and exonuclease activ-
ities and some known APE1-specific inhibitors also inhibit
both functions, it is technically challenging to separate the
potential roles of these two activities of APE1 in maintain-
ing genome integrity, especially in mammalian cells. Thus,
it remains unclear whether APE1 plays direct roles in the
repair and signaling of SSBs and what significance APE1’s
exonuclease activity plays in the maintenance of genome in-
tegrity.

The Xenopus laevis egg extract system including low-
speed supernatant (LSS) and high-speed supernatant (HSS)
offers a unique opportunity for mechanistic studies in the
areas of DNA repair, the DNA damage response (DDR),
and other genome integrity assurance pathways (22-24).
Detailed approaches to prepare these LSS and HSS ex-
tracts have been described previously (25,26). In short, LSS
and HSS are prepared from fractions of Xenopus eggs af-
ter centrifugation with different speed. Chromatin DNA
can be added to LSS to recapitulate DNA replication in
mammalian cells, and DNA damaging agents can damage
DNA to trigger DNA repair and DDR pathways. Defined
DNA structures such as plasmid with defined damage can
be added to HSS for elucidating molecular details of DNA
repair and signaling pathways (27).

We recently demonstrated that an ATR-Chk1-mediated
DDR pathway is triggered via SSBs indirectly induced by
oxidative stress in Xenopus LSS system and that AP en-
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donuclease 2 (APE2) plays an essential role in this process
(28,29). We have also revealed that a site-specific plasmid-
based SSB structure triggers activation of an ATR-Chkl
DDR pathway in a APE2-dependent but replication-
independent manner in the Xenopus HSS system (30). Re-
cent data from budding yeast have revealed that APE2 is
critical for 3'-5 SSB end resection to suppress mutagene-
sis at sites of RNA misincorporation (31,32). Importantly,
APE2 has been proposed as a synthetic lethal target of
BRCAZ2 (33). Because APE2 is important for the continua-
tion, but not the initiation, phase of 3'-5 SSB end resection
(30,34), it remains unclear how APE2 recruitment and its
activity are regulated. In this work, we performed experi-
ments with Xenopus egg extract and nuclear extract from
cultured human cell line to provide evidence that APE1 is a
critical upstream regulator of APE2 and that it plays essen-
tial and distinct roles in the repair and signaling of SSBs in
eukaryotic systems.

MATERIALS AND METHODS

Experimental procedures for egg extracts and chromatin
preparation, SSB signaling technology and plasmid DNA
bound fraction isolation in Xenopus laevis

The Institutional Animal Care and Use Committee at
University of North Carolina at Charlotte approved the
care and use of X. /aevis. Sperm chromatin was prepared
and utilized according to methods described previously
(25,26,28,35). The preparation of Xenopus LSS and HSS
were described previously (25-27). Generally speaking, im-
munodepletion of target proteins in HSS and LSS was per-
formed with a similar procedure as previously described
(28-30,35). For APE1 depletion in HSS, 40 .l of HSS was
incubated with ~20 wl of ProteinA Sepharose beads (GE
Healthcare) coupled with 20 w1 of anti-APEI antibodies for
30 min at 4°C. Typically, three-round depletion is needed to
make ~20 .l of APE1-depleted HSS from 40 pl of HSS.

The SSB signaling experiment setup and DNA-bound
fractions from the HSS system have been described in more
details recently (24,30). Typically, 48 ul of HSS was supple-
mented with 12 pl of either control or SSB plasmid (see be-
low section for details) to a final concentration of 75 ng/pl.
After different incubation times at room temperature, the
10 pl of reaction mixture (i.e. HSS—plasmid mixture) was
added with sample buffer for immunoblotting analysis, and
the remaining 50 wl of reaction mixture was diluted with
200 wl of egg lysis buffer (250 mM sucrose, 2.5 mM MgCl,,
50 mM KCI, 10 mM HEPES, pH 7.7) for DNA-bound iso-
lation and analysis via immunoblotting analysis.

Preparation of plasmids and FAM-, Cy5- or biotin-labeled
DNA structures

The control (CTL) plasmid, SSB plasmid and DSB plasmid
was described previously (24,30). Briefly, pUCI19-derived
plasmid pS (designated as CTL plasmid) contains only one
recognition site of Nt.BstNBI. pS plasmid was catalyzed by
Nt.BstNBI and CIP (calf intestine phosphatase) to make
SSB plasmid, and by Sbfl and CIP to make DSB plasmid.
These plasmids were purified via QIAquick gel extraction
kit and phenol-chloroform extraction.

The CTL2 plasmid in Supplementary Figure S3F was
designated as pS2, which was derived from pcDNA3-YFP
with a point mutation C3912A to create another Nsil recog-
nition site. There is only one Nb.Bsml recognition site in
the pS2 (i.e. T3913-C3919). To prepare the SSB2 plas-
mid with a site-specific SSB between the G3914 and C3915
on + strand in Supplementary Figure S3F, the pS2 was
treated by Nb.BsmlI and dephosphorylated by CIP followed
by agarose gel purification and phenol-chloroform extrac-
tion. The SSB2 plasmid was verified by the generation of
two fragments (i.e. ~1300 and ~4800 bp) after Nsil diges-
tion, while one ~6000 bp product was generated from the
CTL2 plasmid after Nsil digestion. The pcDNA3-YFP was
a gift from Doug Golenbock (Addgene plasmid # 13033;
http://n2t.net/addgene:13033; RRID:Addgene_13033).

The 70bp FAM-labeled dsDNA structure was derived
from the nt 406-475 fragment within the pS plasmid.
Two complementary oligos (Forward Oligo #1: [FAM]-
5-TCGGTACCCGGGGATCCTCTAGAGTCGACC
TGCAGGCATGCAAGCTTGGCGTAATCATGGTC
ATAGCTGT-3'; Reverse Oligo #1: 5- ACAGCTATGA
CCATGATTACGCCAAGCTTGCATGCCTGCAGG
TCGACTCTAGAGGATCCCCGGGTACCGA-3) were
annealed by incubation at 95-100°C for 5 min followed by
natural cooling down at room temperature for ~30 min
to make the FAM-labeled dsDNA structure. The dsDNA
structure was treated with Nt.BstNBI and CIP to make
the dsDNA-SSB structure. The dsDNA-SSB structure
was purified from agarose via QIAquick gel extraction
kit and then phenol-chloroform extraction. To generate
the dsDNA-gap structure, the dSDNA-SSB structure was
treated with recombinant WT GST-APE1 in APE1 Reac-
tion Buffer (50 mM HEPES pH 7.4, 60 mM NaCl, 2 mM
MgCl, and 2 mM DTT) followed by phenol-chloroform
extraction and purification using a similar procedure
described previously (30,36). The FAM-labeled dsDNA-
SSB-biotin structure in Supplementary Figure S5D was
annealing of two complementary oligos (Forward Oligo
#1: see above; Reverse Oligo #1.2: biotin—-5-ACAGCTAT
GACCATGATTACGCCAAGCTTGCATGCCTGCA
GGTCGACTCTAGAGGATCCCCGGGTACCGA-3")
followed by Nt.BstNBI and CIP treatment as well as gel
and phenol-chloroform extraction.

The Cy5-SSB structure used in MST experiment in
Figure 3E was annealing of two complementary oligos
(Forward Oligo #1.2: Cy5-5-TCGGTACCCGGGGA
TCCTCTAGAGTCGACCTGCAGGCATGCAAGCT
TGGCGTAATCATGGTCATAGCTGT-3’; and Reverse
Oligo #1.2, see above) followed by Nt.BstNBI and CIP
treatment as well as gel and phenol-chloroform extraction.

The biotin—dsDNA structure used in Supplementary
Figure S6C was annealing two complementary strands
with biotin labels in 5'-side (Forward Oligo #1.3: biotin—
5-TCGGTACCCGGGGATCCTCTAGAGTCGACCTG
CAGGCATGCAAGCTTGGCGTAATCATGGTCAT
AGCTGT-3’; Reverse Oligo #1.2, see above). The biotin—
dsDNA structure was treated with Nt.BstNBI and CIP
to make the biotin—-dsDNA-SSB structure. The biotin—
dsDNA-SSB structure was purified from agarose via
QIAquick gel extraction kit and then phenol-chloroform
extraction. To generate the biotin-dsDNA-gap structure,
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the biotin-dsDNA-SSB structure was treated with recom-
binant WT GST-APE1 in APE1 Reaction Buffer followed
by phenol-chloroform extraction.

The 39-bp FAM-labeled dsDNA-AP structure was pre-
pared by annealing of two complementary oligos (For-
ward Oligo #2: [FAM]-5- TGCTCGTCAAGAGTTCGT
AA[THF]JATGCCTACACTGGAGATC-3'; Reverse Oligo
#2: 5-GATCTCCAGTGTAGGCATCTTACGAACTCT
TGACGAGCA-3'). The dsDNA-AP structure was treated
with DA GST-APEI1 in APEl Reaction Buffer followed
by CIP treatment, gel and phenol-chloroform extraction
to make the dSDNA-AP-SSB structure. The dsDNA-AP
structure was treated with WT GST-APE1 in APE1 Re-
action Buffer followed by CIP treatment, gel and phenol—
chloroform extraction to make the dsDNA-AP-gap struc-
ture. WT GST-APEI can cleave the dsDNA—-AP structure
and further resect it ~1-3nt into gapped structures (Sup-
plementary Figure S4B); in contrast, DA GST-APEI only
cleaves the dsDNA-AP structure without further end resec-
tion due to its exonuclease activity deficiency (Supplemen-
tary Figure S4D).

Cell culture and preparation of nuclear extract

U20S cells were purchased from ATCC, and cultured in
DMEM supplemented with 10% FBS. The nuclear extract
were prepared following the below protocol. Cells were
washed with phosphate-buffered saline (PBS) and resus-
pended in Solution A (20 mM Tris-HCI pH 7.4, 10 mM
NaCl, 3 mM MgCl,). After a 15-min incubation on ice,
Nonidet P-40 was added to a final concentration of 0.5%
and vortex for 10 s at highest setting. Then the samples were
spun at low speed (3000 rpm for 10 min) to separate cyto-
plasmic fraction and permeabilize nuclei. These nuclei were
recovered and lysed with Solution B (20 mM Tris—HCI pH
8.0, 150 mM NacCl, 2 mM EDTA, 0.5% Nonidet P-40, 0.5
mM Na3;VO,, 5 mM NaF, 5 wg/ml of Aprotinin and 10
wg/ml of Leupeptin). The nuclear extracts were isolated by
centrifugation at 13 000 rpm for 30 min.

Recombinant DNA and proteins

Recombinant pGEX-4T1-APEl was prepared by PCR
full length (corresponding to the nt 119-1069) Xenopus
APEI1(GenBank ID: BC072056; MGC:78928) with two
primers (Forward Oligo #3: 5-GGGGGGGATCCATG
CCCAAGAGAGGGAAGAAG-3’; Reverse Oligo #3: 5'-
GGGGGCTCGAGTTATATGGCCATCAAGAGTG-3)
and subcloned into pGEX-4T1 at BamHI and Xhol sites.
The nucleotide sequences of deletion mutants GST-APE1
are as follows AA 35-316, nt 221-1069; AA 101-316,
nt 419-1069; AA 101-200, nt 419-718; AA 201-316, nt
719-1069. Recombinant pCS2+MT-APE1 was prepared
by PCR Xenopus APE1 with two primers (Forward Oligo
#3.2:  5-GGGGGCCATGGAGATGCCCAAGAGAG
GGAAGAAG-3'; Reverse Oligo #3) and subcloned into
pCS2 + MT at Ncol and Xhol sites. QuikChange IT XL
Site-Directed Mutagenesis kit (Agilent) was utilized to
generate various point mutant recombinant plasmids.
Recombinant plasmids were prepared via QIAprep spin
miniprep kit following vendor’s standard protocol.
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pGEX-4T1-APE2, pGEX-4T1-APE2-ZF, pGEX-
4T1-APE2-ZF-C470A, pGEX-4T1-APE2-ZF-R502E,
pCS2+MT-APE2, pCS2+MT-APE2-AZF have been
described previously (28-30). GST- or His-tagged re-
combinant proteins were expressed and purified in
Escherichia coli DE3/BL21 following vendor’s standard
manual. Purified recombinant proteins were examined
on SDS-PAGE gels with coomassie staining. Myc-tagged
recombinant proteins were generated TNT SP6 Quick
Coupled Transcription/ Translation System (Promega)
with recombinant pCS2+MT-derived plasmids according
to vendor’s protocol.

Immunoblotting analysis and antibodies

Anti-Xenopus APEl antibodies were raised in rabbits
against purified GST-APE1 (Cocalico Biologicals). Anti-
Xenopus APE2 antibodies were described previously (28).
Antibodies against ATR, ATRIP, Rad9, Radl7, TopBP1
and RPA32 were kindly provided by Drs Karlene Cimprich,
Howard Lindsay, and Matthew Michael (35,37,38). An-
tibodies against RPA32 phosphorylation at Ser33 (Bethyl
Laboratories, Cat# A300-246A), Chk1 phosphorylation at
Ser345 (Cell Signaling Technology, Cat# 2348), Histone 3
(Abcam, Cat# ab1791), Chkl (Santa Cruz Biotechnology,
Cat# sc-7898), GST (Santa Cruz Biotechnology, Cat# sc-
138), His (Santa Cruz Biotechnology, Cat# sc-8036), Myc
(Santa Cruz Biotechnology, Cat# sc-40), PCNA (Santa
Cruz Biotechnology, Cat# sc-56), and Tubulin (Santa Cruz
Biotechnology, Cat# sc-8035) were purchased from vari-
ous commercially available vendors. Antibodies against hu-
man RPA32 (Thermo Fisher Scientific, Cat# MA126418)
and Chk1 (Cell Signaling Technology, Cat# 2360) were pur-
chased from available vendors. Immunoblotting analysis
was performed following procedures described previously
(28,30,35).

GST pulldown assays

For the GST-pulldown experiments, 5 wg of GST or GST-
tagged recombinant proteins, and 5 pg of either WT or
mutant His-tagged PCNA, or 20 .l of TNT SP6 reactions
containing various Myc-tagged recombinant proteins were
added to 200 .l of Interaction Buffer (100 mM NaCl, 5 mM
MgCl,, 10% (vol/vol) glycerol, 0.1% Nonidet P-40, 20 mM
Tris—HCl at pH 8.0). After an hour of incubation, an aliquot
of the mixture was collected as Input and the remaining
mixture was supplemented with 100 .l of Interaction Buffer
that contains 30 wl of glutathione beads. After incubation
with rotation for 1 h at room temperature or overnight at
4°C, bead-bound fractions were washed twice with Interac-
tion Buffer. Then, the input and bead-bound fractions were
examined via immunoblotting analysis as indicated.

Analysis of DNA repair products from the HSS system

The procedures of isolating DNA repair products of SSB
plasmid from the HSS system have been described with
more details recently (24,30). Briefly, after incubation of
SSB plasmid in the HSS, the reactions were resuspended in
nuclease-free water, extracted with phenol-chloroform, and
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precipitated by ethanol with the presence of sodium acetate
and glycogen. The resuspended and purified DNA repair
products were examined on agarose gel and stained with
ethidium bromide.

SSB end resection assays in the HSS system

As experiment design shows, various FAM-labeled DNA
structures were added to mock- or depleted HSS, which was
supplemented with WT/mutant Myc-tagged recombinant
proteins as indicated, respectively. After different times of
incubation at room temperature, reactions were quenched
with equal volume of TBE—urea Sample Buffer (Invitro-
gen), denatured at 95°C for 5 min. Samples were examined
on 18% TBE-urea gel and imaged on Typhoon 8600 and
viewed using ImageQuant software.

In vitro endo/exonuclease assays

For in vitro endonuclease assays, the dssSDNA-AP structure
was treated with different concentrations of purified recom-
binant proteins such as WT or mutant GST-APEI in APE1
Reaction Buffer. At indicated time intervals, 10 pl of en-
donuclease assay reaction was quenched with the addition
of 10 pl of TBE—urea Sample Buffer and immediately de-
natured at 95°C for 5 min. For in vitro exonuclease assays,
the dsDNA-SSB structure was treated with different con-
centrations of purified recombinant proteins such as WT or
mutant GST-APE! in APE1 Reaction Buffer at 37°C. After
different times of incubation, exonuclease assay reactions
were quenched with equal volume of TBE—urea Sample
Buffer and denatured at 95°C for 5 min. After a quick 10-
second spin, still-hot samples were resolved on 18% TBE—
urea PAGE gel. Gels were imaged with a Typhoon 8600 im-
ager (GE Healthcare) and analyzed using Imagel.

Electrophoretic mobility shift assays (EMSA)

For EMSA assays, different concentrations of purified re-
combinant proteins were incubated with 10 nM of various
FAM-labeled DNA structures in EMSA Reaction Buffer
(10 mM Tris pH 8.0, 50 mM NacCl, 0.2 mM TCEP, 5% glyc-
erol) at a final volume of 10 1 for 3 h at 4°C. Reactions were
resolved on a 4-20% TBE native gel at 4°C and imaged us-
ing a Typhoon 8600 imager (GE Healthcare).

Microscale thermophoresis (MST) assays

First, 50 nM of the substrate (i.e. Cy5-SSB substrate, see
Figure 3E) was mixed with different concentrations (15
times of 1:2 v/v series of dilutions with 25 pM as start-
ing concentration) of ligand protein (GST, GST-WT APEI
or GST-DA APE]I) in the Buffer A (80 mM NaCl, 20 mM
B-glycerophosphate, 2.5 mM EGTA, 0.01% NP-40 and 10
mM HEPES-KOH, pH 7.5). The mixtures were incubated
at room temperature for 15 min, followed by filling into indi-
vidual capillaries, respectively. Based on the absorption and
emission wavelength of the Cy5 (646/662 nm), ‘Red’ mode
of the Monolith NT.115 was chosen for the MST test.

DNA binding assays

For the biotin-dsDNA binding assays in Supplementary
Figure S6C, the biotin—dsDNA, biotin-dsDNA-SSB or
biotin-dsDNA-gap structure was coupled to Streptavidin
Dynabeads using the approach previously described (30).
Then beads were mixed with Myc-APEl in Buffer B (80
mM NaCl, 20 mM B-glycerophosphate, 2.5 mM EGTA,
0.01% NP-40, 10 mM MgCl,, 100 pg/ml BSA, 10 mM DTT
and 10 mM HEPES-KOH, pH 7.5). After incubation at
4°C for 30 min, aliquots of mixture were collected as Input,
and the beads were washed with Buffer A for three times.
The input and bead-bound fractions were analyzed via im-
munoblotting analysis.

RESULTS

APE] is required for APE2 regulation and activation of SSB-
induced ATR-Chk1 DDR pathway

The APEI1 protein contains an N-terminal nuclear local-
ization domain (NLS), a middle Redox domain, and a
C-terminal endonuclease/exonuclease/phosphatase (EEP)
domain (Supplementary Figure S1A). The APEl amino
acid sequence is highly conserved across frog, mouse and
human; and X. laevis APE] and human APEI share 66%
identity and 77% similarity (Supplementary Figure S1B),
suggesting that APE1 has evolutionarily conserved roles.
To investigate the role of APEI in genome integrity, we
first expressed and purified recombinant Xenopus wild type
(WT) GST-APEI protein (Supplementary Figure S2A).
The purified WT GST-APEI recombinant protein was used
to make custom anti-APEl antibodies. Our custom anti-
APEI antibody, but not prebleed, can recognize endoge-
nous APEI in Xenopus LSS and HSS, as well as recombi-
nant GST-APEI and Myc-APE]1 protein, but not control
TNT reaction without expression plasmid (Supplementary
Figure S2B and C). The custom anti-APE1 antibody can be
used to effectively deplete APE1 from Xenopus HSS (Figure
1A, Supplementary Figure S3A). Our recent study showed
that a defined SSB plasmid activates the ATR-Chkl DDR
pathway in Xenopus HSS (30). Notably, the SSB-induced
Chk1 phosphorylation was absent in APE1-depleted HSS
(Figure 1A, Supplementary Figure S3A), suggesting that
APEI1 plays an important role in the SSB-induced ATR-
Chk1 DDR pathway.

Several small-molecule APEIl-specific inhibitors have
been identified that target its AP endonuclease activity (e.g.
ARO03, APEI inhibitor 111 (APE1i III) and CRT0044876)
or its redox regulatory activity (e.g. E3330) (39-42). Im-
portantly, we found that AR03 and APEli III compro-
mised the SSB-induced Chk1 phosphorylation in the HSS
system (Figure 1B). We also found that the impairment
of SSB-induced Chk1 phosphorylation by AR03 treatment
was dose-dependent (Supplementary Figure S3B). Notably,
the compromised SSB-induced Chkl1 phosphorylation by
ARO03 was rescued by the addition of WT, but not DA,
GST-APEI protein in the HSS system (Supplementary
Figure S3C). Furthermore, we found that APEIli III and
ARO3 inhibited both the endonuclease and exonuclease ac-
tivities of recombinant Xenopus APE1 in vitro, whereas
CRT0044876 and E3330 had minimal effects on these activ-
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Figure 1. APE] is required for SSB-induced ATR-Chkl DDR pathway activation and APE2 recruitment to SSB sites, but not vice versa. (A) CTL or
SSB plasmid was added to mock- or APE1-depleted HSS. After incubation for 30 min, the DNA-bound fractions and total egg extract were examined
via immunoblotting analysis as indicated. (B) CTL or SSB plasmid was added to HSS supplemented with APELi III or ARO3 at a final concentration of
I mM. (C-D) CTL or SSB plasmid was added to mock-, APE1- or APE2-depleted HSS. The DNA-bound fractions and total egg extract at the indicated

timepoints were examined via immunoblotting analysis.

ities (Supplementary Figure S4A—-C). Because APE1’s en-
donuclease activity is dispensable for the generation of the
break in our plasmid-based experimental system, our obser-
vations suggest that APE1’s exonuclease activity is impor-
tant for SSB-induced DDR pathway activation in the HSS
system.

We recently demonstrated that hydrogen peroxide-
derived SSBs from chromatin DNA trigger the activation of
ATR-Chk1 DDR pathway in Xenopus LSS system (28,29).
We confirmed that the hydrogen peroxide-induced Chkl
phosphorylation was absent in APEI-depleted LSS (Sup-
plementary Figure S3D). Furthermore, addition of APE1i

IIT or AR03 compromised the hydrogen peroxide-induced
Chk1 phosphorylation in the LSS system (Supplementary
Figure S3E). These results in the Xenopus LSS system sug-
gest that APEL is important for activation of the ATR-
Chk1 DDR pathway by SSBs indirectly generated on chro-
matin DNA by hydrogen peroxide treatment.

To test whether the critical role of APE1 in SSB-induced
ATR activation is conserved in humans, we prepared nu-
clear extract from cultured human bone osteosarcoma
U20S cells and found that another plasmid carrying a de-
fined SSB site (designed as SSB2), but not the control plas-
mid (CTL2), triggered Chk1 phosphorylation and RPA32



1930 Nucleic Acids Research, 2020, Vol. 48, No. 4

phosphorylation in U20S nuclear extract (Supplementary
Figure S3F). Notably, addition of APEIli III or ARO3
compromised the Chkl phosphorylation and RPA32 phos-
phorylation induced by the defined SSB2 plasmid (Sup-
plementary Figure S3F). These observations suggest that
APEI’s exonuclease activity is critical for its function in
SSB-induced ATR DDR pathway in humans, representing
a conserved function of APE1 during evolution.

To dissect the underlying mechanism of APE1’s role in
SSB-induced DDR activation, we isolated the DNA-bound
fractions from the HSS and examined the abundance of
checkpoint proteins via immunoblotting analysis. Notably,
the recruitment of RPA32 to the SSB plasmid was com-
promised when APEI1 was depleted from the HSS (‘DNA-
bound’, Figure 1A), suggesting that APEI contributes to
ssDNA generation at the SSB site. Furthermore, the assem-
bly of a checkpoint protein complex that includes ATR,
ATRIP, and Rad9 on the SSB plasmid (but not on the CTL
plasmid) was compromised in APE1-depleted HSS (Figure
1A). The phenotype caused by APE1-depletion is very sim-
ilar to that caused by APE2-depletion (30); however, it is
intriguing that the presence of APE2 cannot compensate
for APE1 depletion (Figure 1A). We reason that APE1 may
play an indispensable upstream role for APE2’s function in
SSB signaling. In our analysis of the dependency between
APEIl and APE2 in SSB signaling, we found that APE2
recruitment to the SSB plasmid (but not to the CTL plas-
mid) was significantly compromised in APE1-depleted HSS
(‘DNA-bound’, Figure 1C). However, APE2 depletion had
no effects on APEI recruitment to the SSB plasmid or to
the CTL plasmid (‘DNA-bound’, Figure 1D). These ob-
servations provide direct evidence that APE1 plays a role
upstream of APE2 in the SSB-induced ATR-Chkl DDR
pathway but not vice versa in Xenopus HSS system.

APE]1 exonuclease activity is required for SSB signaling

To further determine the importance of APE1’s exonucle-
ase activity in SSB-induced DDR pathway activation, we
sought to identify exonuclease-deficient but endonuclease-
proficient APE1 variants from among several Xenopus
APE1 mutants (Supplementary Figure S1). It has been
demonstrated via in vitro exonuclease assays that human
APE]1 binds to a nick structure and removes 1-3 nucleotides
(nt) in the 3’5 direction (36), and that the human APE1
D308A variant in the catalytic EEP region (correspond-
ing to Xenopus APE1 D306A, designated as DA APEI],
Figure 2C) lacks 3'-5 exonuclease activity but retains its
AP endonuclease activity (43,44). It was reported that a
human APE1 variant carrying E96Q and D210N muta-
tions in the catalytic EEP region (corresponding to Xenopus
APE1 E95Q-D209N, designated as ED APE1, Supplemen-
tary Figure S1) is endonuclease-dead; however, it remains
unclear whether an APEI variant carrying C93A and C99A
mutations in the redox region (corresponding to Xenopus
APE1 C92A-C98A, designated as CA APEI, Supplemen-
tary Figure S1) is nuclease-proficient (45,46). Whereas WT
APEI1 had exonuclease activity indicated by the results of
an assay with a FAM-labeled dsDNA with a defined SSB
(designed as dsDNA-SSB), the ED, DA, and CA APEI1
mutants lacked exonuclease activity under the conditions

we tested (Figure 2A, Supplementary Figure S4D and E).
Furthermore, WT, DA and CA APEI, but not ED APEI,
were proficient for endonuclease activity in an assay with a
defined AP-mimicking tetrahydrofuran (THF)-containing
substrate (designed as dsDNA-AP) under the conditions
we tested (Figure 2B). Control experiment shows that no
noticeable change was observed for the binding of WT, DA
or CA APE] to the dSDNA-AP structure in EMSA assays
(Supplementary Figure S5A). Therefore, DA and CA APEI
are proficient for endonuclease activity but deficient in ex-
onuclease activity. Of note, the D306, C92 and C98 residues
in Xenopus APE1 share identity with human and mouse
APEI1 (Figure 2C, Supplementary Figure S1B).

To characterize the biological significance of APE1’s ex-
onuclease activity, we added back WT or DA Myc-tagged
APE1 to APEl-depleted HSS and found that WT APEI,
but not DA APE], rescued SSB-induced Chk1 phosphory-
lation (Figure 2D). This observation suggests that APE1’s
exonuclease activity is important for activation of the SSB-
induced ATR-Chk1 DDR pathway in the HSS system. Im-
portantly, WT APEI, but not DA APEI, rescued the re-
cruitment of RPA32, ATR, ATRIP, TopBP1 and Rad9 to
the SSB plasmid in APE1-depleted HSS (Figure 2D). Of
note, APE2 was recruited to the SSB plasmid when WT
APEI1 but not DA APEI was added back to APE1-depleted
HSS even though WT and DA APEl were similarly re-
cruited to the SSB plasmid (Figure 2E). These observations
indicate that APE1’s exonuclease activity is important for
APE2 recruitment to the SSB site. Taken together, our data
demonstrate that APE1’s exonuclease activity is critical for
APE2 recruitment and checkpoint protein complex assem-
bly onto SSB sites as well as for SSB-induced ATR-Chkl1
DDR pathway activation.

APEI1 recognizes and binds to SSB structures in vitro

Our observations so far suggest that SSBs may first be
sensed and recognized by APEl. To address this ques-
tion directly, we tested whether APE1 preferentially inter-
acts with SSB sites to generate a 1-3nt gap that in turn
leads to APEI dissociation or reduced interaction. We pre-
pared several defined FAM-labeled DNA structures, includ-
ing the dSSDNA-SSB, the dsDNA-AP, dsDNA with an AP-
site-derived SSB (designed as dsSDNA-AP-SSB), as well as
gapped structures derived from dsDNA-SSB or dsDNA-
AP-SSB (designated as dsDNA-gap or dsSDNA-AP-gap).
Upon addition of higher concentrations of purified recom-
binant WT GST-APE!l (~20-40 nM), significant mobil-
ity shifts of the dsSDNA-SSB structure were detected in an
EMSA assay, suggesting that APE] interacts with SSBs to
form DNA-protein complexes (Figure 3A). However, there
were almost no mobility shifts of the dSDNA and dsDNA-
gap structures with similar concentrations of WT GST-
APEI protein (Figure 3A). These results indicate that APE1
preferentially interacts with the defined SSB structure over
the dsDNA or dsDNA-gap structures. Furthermore, we
found that WT GST-APEI protein preferentially interacted
with the dsDNA-AP-SSB structure, which mimics the SSB
structure derived from an AP site (Figure 3B). The binding
of WT GST-APE]1 to the dsDNA-AP and dsDNA-AP-
gap structures was decreased to some extent in compari-
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son to its binding to the dSsSDNA-AP-SSB structure (Figure
3B). Control EMSAs demonstrated that GST alone did not
interact with any of the DNA structures (Supplementary
Figure S5B and C). In addition, neither DA APEI nor CA
APEI formed complexes with the dSDNA-SSB or dSsSDNA—
AP-SSB structure (Figure 3C and D), suggesting that direct
interaction between APEI and SSB structure is important
for APE1’s exonuclease activity in vitro.

In addition to the EMSA assays, Microscale Ther-
mophoresis (MST) approach was utilized to quantify the
binding of GST-tagged WT or DA APE1, or GST, to a Cy5-
labeled SSB substrate (designated as Cy5—SSB), which con-
tains a defined SSB in the middle, a Cy5 in the N-terminus
and a biotin in the C-terminus (Figure 3E). The Cy5 and bi-
otin labels on the termini of Cy5-SSB likely prevent recog-
nition and binding of its ligand protein to its DSB ends. The
MST analysis suggests that GST-WT APEI, but not GST-
DA APEI nor GST, can bind to the defined Cy5-SSB struc-
ture (Figure 3E). We repeated this experiment three times,
and found that the K4 of WT APEI interaction with the
defined Cy5-SSB structure was 2.89 4+ 0.10 wM. Taken to-
gether, our evidence using EMSA and MST assays indicates
that APE1 recognizes and preferentially binds to SSB struc-
tures in vitro.

APEl] is required for SSB end resection and SSB repair in the
HSS system

Next, we test whether APE1 is important for the end re-
section of several defined FAM-labeled DNA structures the
Xenopus HSS system. First, the 30-nt FAM-labeled ssDNA
within the dSDNA-SSB structure will be getting shorter
and shorter if such SSB structure is resected in the 35" di-
rection in the HSS system. After different incubation times
in the HSS, the dsSDNA-SSB structure was resected into
Type I resection products in the 3'-5" direction in the HSS
(Figure 4A), consistent with our recent studies (30). After
5- and 30-minute incubations in the HSS system, some re-
paired products of the dsDNA-SSB (labeled as ‘Repaired
products’) appeared at the expected size ~70 nt assuming
that the resected gap is filled and ligated (i.e., ~30 nt + 40 nt)
(lanes 3 and 4, Figure 4A). Importantly, the 3'-5 end resec-
tion and repair of the dSSDNA-SSB construct were almost
entirely absent in APE1-depleted HSS (Figure 4A, Supple-
mentary Figure S6A). Notably, addition of WT APEI, but
not DA APEI, rescued the impaired SSB end resection and
SSB repair in APE1-depleted HSS (compare lanes 10 and
13 with lane 7, Figure 4A). These observations suggest that
APET1’s exonuclease activity is important for end resection
and repair of the defined dSDNA-SSB structure in the HSS
system.

Second, we examined the role of APEI in the end resec-
tion of the dSDNA-AP-SSB structure, which contains a
3’-OH and 5'-deoxyribose phosphate derived from the AP-
mimetic dSDNA-AP structure. This substrate more mim-
ics SSBs that are intermediate products during the DNA
repair of AP sites. On denature urea gel, the dSSDNA-AP—
SSB structure appeared at ~20-nt size, as expected (lanes
1 and 2, Figure 4B), and was resected into shorter Type
I resection products (lanes 3 and 4, Figure 4B). Repaired
products of the dSSDNA-AP-SSB structure were observed
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at the expected size (~39-nt) after 5-min and 30-min incu-
bation in the HSS (lanes 3 and 4, Figure 4B). Consistent
to the observations of the dSDNA-SSB structure in Fig-
ure 4A, we found that the end resection and repair of the
dsDNA-AP-SSB structure were compromised in APE1-
depleted HSS (Figure 4B). Importantly, the presence of
APE2 in the APE1-depleted HSS could not compensate for
the deficiency in SSB end resection of the two defined SSB
structures (Figure 4A and B), further supporting APE1’s
role upstream of APE2. Taken together, our observations
using these two defined SSB structures in the HSS system
suggest that APEI is essential for the initiation step in 3'-5’
SSB end resection.

Furthermore, we tested the role of APEI in the repair
of a THF-modified AP-mimicking structure (i.e., dSDNA-
AP) in the HSS system. After incubation in the HSS system,
the dSsSDNA-AP structure (indicated as ~39-nt ‘AP-mimetic
substrate’) was catalyzed into an intermediate SSB struc-
ture (indicated as ~20-nt ‘APEl-endo product’) that was
then further resected into Type I resection products (~3-nt
to 10-nt) (lanes 2-5, Supplementary Figure S6B). Notably,
APEI depletion in the HSS resulted in defective SSB gen-
eration from the dsDNA-AP structure (lanes 6-9, Supple-
mentary Figure S6B), consistent with the notion that APE1
is the main AP endonuclease. Consistent with our recent re-
port (30), the Type I resection products were compromised
in APE2-depleted HSS (lanes 1013, Supplementary Figure
S6B).

After establishing the requirement of APE1 for SSB end
resection in the HSS system, we intended to test a direct
role of APE1 in SSB repair. After incubation in HSS, SSB
plasmid was converted from a nicked version into a circu-
lar version (‘nicked’ versus ‘circular’ in lanes 5-7, Figure
4C), suggesting that SSB is repaired in HSS. We found that
the repair of the SSB plasmid was compromised in APE1-
depleted HSS, suggesting that APE]1 is important for SSB
repair (compare lanes 5-7 and lanes 8-10, Figure 4C). Of
note, WT APEI1, but not DA APEI, rescued the SSB re-
pair deficiency in APE1-depleted HSS (compare lanes 11—
13 and lanes 14-16, Figure 4C). Our evidence demonstrates
a direct requirement for APE1’s exonuclease activity in SSB
repair. Furthermore, addition of APEli IIT or AR03 com-
promised the repair of the SSB plasmid in the HSS system;
in contrast, addition of E3330 or CRT0044876 had almost
no noticeable effects on the repair of the SSB plasmid (Fig-
ure 4D). Collectively, these results indicate that APE1 and
its exonuclease activity in particular are required for SSB
repair.

APE]1 interacts with APE2 and PCNA

Our data so far suggest that APEI plays an essential role in
the initiation stage of SSB end resection for SSB repair and
SSB signaling. APE2 exhibits robust exonuclease activity
but slower AP endonuclease activity under the tested condi-
tions (30,34,47,48). While APE2 is recruited to SSB sites via
its PIP box-mediated interaction with PCNA, APE2’s ex-
onuclease activity is fine-tuned by three distinct regulatory
mechanisms, including APE2’s Zf-GRF motif-mediated in-
teraction with ssDNA and two modes of APE2-PCNA in-
teraction (28-30,47). However, APE2 plays an important

role in the continuation but not the initiation stage of SSB
end resection (30). The next question is how SSB end resec-
tion is switched from APE1 to APE2 in HSS system.

First, we tested the possibility that APE1 may interact
with APE2 by reciprocal protein—protein interaction assays.
We observed that APEI did indeed directly interact with
APE2 in vitro (Figure 5A and B). Domain dissection exper-
iments revealed that the first 100 amino acids of APE1 were
dispensable for its interaction with APE2 (Figure 5C), and
that multiple interaction sites within the catalytic domain
of APE1 might mediate the APE2 interaction (Figure 5D).
Similar to WT GST-APE1, DA GST-APE] also interacted
with Myc-APE2 in vitro (Figure 5B). On the other hand,
the interaction with GST-APE1 was compromised when the
Zf-GRF motif is depleted in Myc-APE2 in in vitro GST
pulldown assays, suggesting that APE2’s Zf-GRF motif is
important for APE1 interaction (Figure SE). Furthermore,
GST-APE2-Zf-GRF but not GST interacted with Myc-
APEI, suggesting a direct interaction between APE1 and
APE2’s Zf-GRF (Figure S5F). Although the R502 and C470
residues within the APE2 Zf-GRF motif are critical for its
interaction with ssDNA and PCNA (29,30), WT, C470A
and R502E GST-APE2 Zf-GRF remained the similar ca-
pacity to interact with Myc-APEl, suggesting that APE1
interaction is another distinct feature of the APE2 Zf-GRF
motif (Figure 5F). It remains unclear whether the APE1-
APE2 interaction plays a direct role in APE2 recruitment
to SSB sites.

Because prior studies have shown that PCNA interacts
with APE2 for its recruitment and activation (28,30,47,49),
we intended to determine the potential role of PCNA in
APET1’s function in SSB repair and signaling. We found that
WT, DA and CA GST-APEI similarly interacted with His-
tagged PCNA in vitro (Supplementary Figure S7A). Similar
to WT PCNA, the mutant LI PCNA (L126A-1128A) inter-
acted with GST-APEI in vitro (Supplementary Figure S7B),
although LI PCNA containing mutations in its interdo-
main connector loop (IDCL) does not interact with the PIP
boxes of its interacting partners (30). These data suggest
that APE1 interacts with PCNA directly in vitro through a
non-canonical PIP box-mediated mechanism. Notably, the
addition of PCNA protein had almost no noticeable effects
on WT APEI’s exonuclease activity (Supplementary Fig-
ure S7C). Taken together, these observations suggest that
PCNA is dispensable for APE1’s exonuclease activity un-
der the conditions we tested, although PCNA interacts with
APEI1 and APE2 via different mechanisms.

Patient-derived APE1 mutants are deficient for SSB repair
and signaling

Lastly, we aimed to test whether patient-derived APE1 vari-
ants are defective for SSB repair and SSB signaling. A CBio-
Portal query of data from 75,020 cancer patients in 256
studies revealed ~99 different types of somatic alterations
in human APE]1, including missense mutations, truncations,
and deletions (Figure 6A) (www.cbioportal.org). In partic-
ular, F266L and F266Y mutations in APE1 were present in
a glioblastoma patient (Sample ID: TCGA-28-2506). Pre-
vious studies showed that the 3'-5" exonuclease activity of
human APEI F266C and F266A mutants are enhanced
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added to mock- or APE1-depleted HSS supplemented with WT or F264Y Myc-APEIl. After different incubation times, the DNA repair products were
isolated and analyzed on an agarose gel. (F) WT or F264Y Myc-APEl was added back to APE1-depleted HSS supplemented with CTL or SSB plasmid.
After incubation for 30 min, total egg extract were examined via immunoblotting analysis as indicated.

compared with that of WT APE1 (16,50). Human APE1
F266 corresponds to Xenopus APE1 F264 (Figure 6A). In-
triguingly, we found that the 3'-5" exonuclease activity of a
Xenopus APE] variant carrying a F264L or F264Y muta-
tion was significantly compromised, although F264L and
F264Y GST-APEI proteins were purified similarly to the
WT GST-APELI (Figure 6B, Supplementary Figure S2A).

On the other hand, the AP endonuclease activity of F264L
APE1 (but not that of F264Y APE1) was lower than that
of WT APEI1 (Figure 6C). Thus, our observations revealed
that a Xenopus APEI variant carrying the F264Y muta-
tion is deficient in exonuclease activity but proficient in
AP endonuclease activity under the conditions we tested,
highlighting the potential significance of APE1’s exonucle-



ase activity in cancer etiology. EMSAs demonstrated that
WT APELI (but not F264L APE1 or F264Y APE]) inter-
acts with the dsDNA-SSB structure in vitro (Figure 6D).
We obtained similar results in EMSAs with the dsSDNA-
SSB-biotin and dsSDNA-AP-SSB structures (Supplemen-
tary Figure S5D and E). These observations are consistent
with the idea that SSB recognition by APE1 as well as its
affinity for the SSB structure are important for its exonu-
clease activity.

What is the significance of the exo-deficient F264Y muta-
tion in APE1 functions? Notably, WT Myc-APE1, but not
F264Y Myc-APE]l, rescued the repair of the SSB plasmid in
APEIl-depleted HSS (Figure 6E). Furthermore, WT Myc-
APEL, but not F264Y Myc-APE]1, rescued Chk1 phospho-
rylation induced by the defined SSB structure in APEI-
depleted HSS (Figure 6F). These defects of the Xenopus
APEI1 F264Y variant in SSB repair and SSB signaling sug-
gest that the human F266Y variant may be involved in can-
cer etiology via similar defects in SSB repair and signaling.

DISCUSSION

The results of this work provide evidence that APE1 senses
and recognizes SSB sites to initiate SSB end resection. Thus,
we propose a two-step model for SSB end resection in SSB
repair and signaling (Figure 7): (Step 1) SSBs are first recog-
nized by APEL1 for the initiation of SSB end resection, and
(Step 2) APE2 promotes the continuation of SSB end resec-
tion. APE1 senses SSBs and is recruited to SSB sites inde-
pendently of APE2 (Figures 1-3). Next, APEI initiates end
resection in the 3'-5’ direction via its exonuclease activity to
create a small ssDNA gap that may lead to APE1 dissoci-
ation and APE2 recruitment (Figures 3 and 4). A distinct
Zf-GRF motif containing a CHCC Zn>*-binding site and
a conserved GRxF signature peptide in the C-terminus of
APE2 interacts with ssDNA to promote its 3'-5" exonucleas
activty and SSB end resection (28-30). Thus, the ssDNA re-
gion at the gap structure induced by APE1-mediated initia-
tion of SSB end resection may enhance APE2’s exonuclease
activity via a direct interaction with APE2’s Zf-GRF motif,
leading to the continuation of the 3'-5" SSB end resection.
Furthermore, APEI interacts with APE2 and PCNA, which
may also help the transition from APE1 to APE2 although
the exact mechanism remains unclear (Figure 5).

We recently proposed the new concept of SSB end resec-
tion for genome integrity, which is composed of SSB end
sensing as well as initiation, continuation, and termination
of SSB end resection (34). It appears that APE2 contributes
to the continuation but not the initiation of SSB end resec-
tion (30,34). We provide substantial evidence showing that
APE] senses SSBs to initiate SSB end resection via its dis-
tinct 3'-5" exonuclease activity. Importantly, APEI plays a
previously uncharacterized but essential role in SSB end re-
section upstream of APE2. Similar to the significance of 5'—
3’ DSB end resection for DSB repair and signaling (51,52),
APEl-mediated 3'-5 SSB end resection is also required
for SSB repair and SSB signaling via distinct mechanisms
though.

Our model suggests that APE2 may bind with a gap
structure. To directly this directly, we prepared a 70-bp ds-
DNA with biotin on 5-side of both strands (designated
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Figure 7. A two-step mechanism for SSB end resection in SSB repair and
signaling. Step 1: An SSB is recognized by APE1, which then initiates SSB
end resection in the 3/-5 direction to generate a small gap (this work).
Step 2: APE2 is recruited to the small gap likely via PCNA, and its ex-
onuclease activity is activated and enhanced via several distinct regula-
tory mechanisms (28-30). After this two-step SSB end resection, the ATR—
Chkl DDR pathway is activated and the SSB is eventually repaired. See
the text for more details.

as biotin-dsDNA), a SSB structure in the defined loca-
tion of the biotin—-dsDNA (designated as biotin-dsDNA-
SSB), and a gapped structure after biotin-dsDNA-SSB was
resected in vitro (designated as biotin-dsDNA-gap). We
then determined whether beads coupled with these biotin—
labeled substrates can pulldown recombinant Myc-APE2 in
a buffer in vitro. Interestingly, the recombinant Myc-APE2
was revealed on beads coupled with biotin-dsDNA-gap
and biotin—-dsDNA-SSB, but not just biotin-dsDNA nor
no DNA, suggesting that APE2 can bind to a gap or SSB
structure in vitro (Supplementary Figure S6C). This in vitro
observation is reminiscent of a previous study characteriz-
ing in vitro exonuclease of recombinant human APE2 pro-
tein using both SSB and gap structures (48). Future stud-
ies may use more quantitative approach to compare asso-
ciation and dissociation of recombinant APE2 to different
gap/SSB structures. Of note, APE2 cannot bind to the SSB
plasmid in the APE1-depleted HSS (compare lanes 10-12
to lanes 4-6 in ‘DNA-bound’, Figure 1C), suggesting that
APE2 binding to SSB site may be hampered by an unknown
mechanism in the HSS system.

Why does APE1 couple SSB repair with SSB signaling?
Prior studies have demonstrated that SSBs are detected
and sensed by PARP1 (6,8) and that SSBs are repaired
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by XRCC1-mediated repair pathway (1,7,9). However, nei-
ther PARPI nor XRCC1 is required for activation of SSB-
induced ATR-Chkl DDR pathway (30). We provide evi-
dence in this work that APE1 is required for both SSB repair
and SSB signaling (Figures 1-6). It has been demonstrated
that APE1 recognizes a 1-nt gap SSB structure to suppress
PARPI binding and activation in in vitro and mammalian
cell-based in vivo experiments (53) and that APE]1 facilitates
the dissociation of PARP1 from AP site and AP-derived
SSB structure (54). Furthermore, APE1 overexpression in
XRCCl-deficient cells can complement the defective repair
of oxidative stress-derived SSBs (55). These studies are con-
sistent with the significant role of APEI1 as an early sensor
of SSB for repair. In addition, it has been shown in non-
dividing cells that ATR DDR pathway is activated by SSBs
derived from UV-induced photolesions via APE1’s endonu-
clease activity (56). To the best of our knowledge, our study
is the first to provide direct evidence that APE1’s exonucle-
ase activity is required for SSB repair and signaling.

It is noted in Xenopus system that both APE1 and APE2
are engaged by the distinct SSB repair system to chew back
non-damaged correctly based paired DNA instead of hav-
ing a canonical SSB repair with a DNA polymerase and a
ligase. What would cells choose the canonical SSB repair or
the 3'-5" end resection-mediated SSB repair? We speculate
that cells may choose canonical SSB repair when the level of
SSBs is under sort of a threshold, and that cells may switch
to the 3'-5 end resection to trigger DNA damage check-
point for more time to repair SSBs when the level of SSBs is
above such threshold. Alternatively, cells may make choice
of different SSB repair pathways depending on the cell cycle
phase or the availability of repair proteins. It is interesting
to test these different scenarios using cultured cell systems
in future studies.

APEI plays essential roles in genome integrity via its AP
endonuclease activity and redox regulation of transcription
(14,57). In this work, we provide direct evidence showing
the significance of APE1’s exonuclease activity for SSB re-
pair and signaling. APE1 senses and processes SSB to initi-
ate SSB end resection via its exonuclease activity, suggesting
an indispensable role of APE1 for genome stability. In par-
ticular, we have characterized the phenotype of two APE1
variants (carrying either DA mutant or F266Y mutant) with
defective exonuclease activity but normal endonuclease ac-
tivity under the conditions we tested. Furthermore, a recent
study demonstrated that the increased exonuclease activity
of the human F266A APEI variant is due to a conforma-
tional change in its active site that occurs when it is com-
plexed with its DNA substrate (50). Future structural stud-
ies are needed to reveal the molecular details of how the
F264Y mutant impairs APE1’s exonuclease activity. In ad-
dition, our EMSA results show APE1’s preferential bind-
ing to two defined SSB structures in vitro (Figure 3A and
B), which was compromised in DA or CA APEI1 (Figure
3C and D). The deficiency of DA APE1 binding to SSB
structure was confirmed with another more quantitative ap-
proach MST assay (Figure 3E). A prior study showed that
human APE1 carrying D308A mutant bound to an incised
AP site-containing substrate in vitro in a similar fashion to
WT APEI (58). The discrepancy of this study with our ob-
servation may be because of different substrates or exper-

imental conditions. Consistent with our observations, an-
other study using molecular modeling revealed that D308A
APE]1 can’t make proper contact with DNA substrate (43).

Although both APEl and APE2 display exonuclease
activity, their regulation and activation are quite differ-
ent from each other. APE2 interacts with PCNA via two
distinct modes, which stimulates its exonuclease activity
(30,47,59). PCNA interacts with APEI1 directly; however,
PCNA is dispensable for APE1’s exonuclease activity (Sup-
plementary Figure S7), suggesting that PCNA plays differ-
ential role for the activation of APE1 and APE2 exonuclease
activity. Previous studies have shown that PCNA interacts
with APE1 and that they co-localize in nuclei (60,61). Fur-
thermore, APE1 also interacts with APE2 directly (Figure
5). Although the exact mechanism is unclear, we speculate
that APEI interacts with PCNA and APE2 to facilitate the
transition from the initiation to the continuation of SSB end
resection.

Because of its abnormal expression and subcellular local-
ization in numerous cancers, APE1 has been implicated in
the development of resistance to cancer chemo- and radio-
therapy; thus, APEI represents an emerging therapeutic tar-
get for the treatment of various cancers (57,62,63). The de-
ficiency of the patient-derived APE1 mutant (F264Y) for
SSB repair and signaling (Figure 6) highlights the poten-
tial role of APE1 exonuclease activity for cancer etiology.
Future work is needed to test this possibility directly using
mouse models.

Taken together, our findings in this study provide evi-
dence for the significance of APE1, and its exonuclease ac-
tivity in particular, in SSB repair and signaling. Therefore,
our research has shed new light on the significance of APE1
in the maintenance of genome stability.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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