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DNA lesions generated by endogenous and 
exogenous sources

Ciccia and Elledge, Molecular Cell, 2010;

Tubbs and Nussenzweig, Cell, 2017

 Oxidative DNA damage is inevitable endogenous 
DNA lesions 

 ~12,000 AP sites and ~55,000 SSBs per 
mammalian cell each day



Oxidative DNA damage and DNA repair 
(BER & SSBR) pathways
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DNA single-strand break (SSB)

 How is SSB repair and signaling 
regulated?

DNA base 
damage

3’
5’

SSB

DNA sugar 
damage

Abortive 
Top1

DNA 
replication 

stress

Stalled 
transcription 

program

Excessive 
PARP 

activation

Subcellular 
localization:
1) Nucleus 
2) Mitochondria
3) etc.

Cancer Heart failureNeuro-
degenerative 

diseases

Genome Instability

Nassour et al., Nat Commun, 2015;
Higo et al., Nat Commun, 2017;
Caldecott, Nat Rev Genetics, 2008;
Hossain et al., Int J Mol Sci, 2018



The DNA damage response (DDR) pathway

DNA damageDNA replication stress

Signals

SensorsATR

TransducersChk1

Effectors

Cell cycle 
arrest

Apoptosis/
Senescence

Transcription DNA damage
repair

Adapted from Zhou and Elledge, Nature, 2000;

Blackford and Jackson, Mol Cell, 2017



The complexity of DDR

2007

1997

Haper and Elledge, Mol Cell, 2007;

Saldivar, Cortez, and Cimprich, Nat Rev Mol Cell Biol, 2017

2017



Targeting ATR DDR for cancer therapies
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Reaper et al., Nat Chem Biol, 2011;
Yap et al., J Clin Oncol, 2020;

Wengner et al., IJMS, 2020;
Lucking et al., J Med Chem, 2020

VE-821

original
reports

Phase I Trial of First-in-Class ATR Inhibitor
M6620 (VX-970) as Monotherapy or in
Combination With Carboplatin in Patients
With Advanced Solid Tumors
Timothy A. Yap, MBBS, PhD, FRCP1,2; Brent O’Carrigan, MBBS, PhD1; Marina S. Penney, PhD3;
Joline S. Lim, MBBS, MRCP, MMed, MCI, FAMS1; Jessica S. Brown, MD, PhD1; Maria J. de Miguel Luken, MD, PhD1;
Nina Tunariu, FRCR, MRCP, MDRes, MBBS1; Raquel Perez-Lopez, MD, PhD1; Daniel NavaRodrigues, MD, PhD2; Ruth Riisnaes, FIBMS2;
Ines Figueiredo, BSc Hons2; Suzanne Carreira, PhD2; Brian Hare, PhD3; Katherine McDermott, MA3; Saira Khalique, MBChB4;
Chris T. Williamson, PhD4,5; Rachael Natrajan, PhD4; Stephen J. Pettitt, PhD4,5; Christopher J. Lord, DPhil4,5; Udai Banerji, MD, PhD1,2;
John Pollard, BSc Hons, PhD6; Juani ta Lopez, MB, BChir, MRCP, PhD1; and Johann S. de Bono, MB, ChB, FRCP, MSc, PhD, FMedSci1,2

VE-822 
(M6620/VX-970/ 
Berzosertib)

Berzosertib
Ceralasertib



Functions of APE1 in genome integrity

Tell et al., Cell Mol Life Sci, 2010;
Li and Wilson, Antioxid Redox Signal, 2014



Targeting APE1 in the treatments of human diseases

Qian et al., Drug Des Dev Ther, 2014;
Wang et al., Invest New Drugs, 2020;

Mijit et al., J Cell Signal, 2021;
Caston et al., Drug Discovery Today, 2021

Phase I (NCT03375086): A Study of APX3330 in Patients With 
Advanced Solid Tumors (APX3330). 19 participants, open-label, 
dose-escalation to determine safety and tolerability.

Phase II (NCT04692688): Study of the Safety and Efficacy of 
APX3330 in Diabetic Retinopathy (ZETA-1). Placebo-controlled 
double-masked, randomized in 100 participants

 Redox function
 DNA repair
 RNA metabolism?
 CIPN? 
 DDR?

~1,500 APE1 papers in PubMed



Function and mechanisms of 
APE2 in genome/epigenome integrity

Johnson et al., Genes & Dev, 1998; Hadi and Wilson, Environ Mol Mutagen, 2000; Tsuchimoto et al., Nucleic Acids Res, 2001; Ide et al., Blood, 2004; Burkovics et al.,
Nucleic Acids Res, 2009;  Guikema et al., J Immunol, 2011; Willis et al., PNAS, 2013; Stavnezer et al., PNAS, 2014; Wallace et al., PNAS, 2017; Lin et al., Mut Res, 2021

APE2 (AP endonuclease 2, APEX2, APN2)
~73 APE2 papers in PubMed



APE2 is a synthetic lethal target 
in BRCA1/2-deficient cells

Li…Lee, and Niu, Nat Struct Mol Biol, 2019;
Yan Nat Struct Mol Biol, 2019;

Mengwasser…Elledge, Mol Cell, 2019;
Álvarez-Quilón...Williams, and Durocher, Mol Cell, 2020;

Fleury…Arnoult, Mol Cell, 2023

Mechanism:
Base excision repair (BER)?

Mechanism:
Resolution of 3’-blocked ends?

Mechanism:
Resolution of 3’-flap structures?



APE2

APE1 APE1: Bro, I was 
discovered first. I 
can do everything 
(~1,500 papers in 
PubMed).

APE2: Really? Maybe I 
can do something that 
you don’t (~70 papers in 
PubMed).
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NLS   Redox                       EEP

XL APE1
EEP                                PIP    Zf-GRF
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The Xenopus LSS and HSS/NPE systems

Lebofsky et al., Methods Mol Biol, 2009;
Willis et al., JoVE, 2012;

Cupello et al., Int J Dev Biol, 2016

LSS: Low-speed supernatant
HSS: High-speed supernatant
NPE: Nucleoplasmic extracts

LSS

LSS

HSS

NPE
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APE2 is required for the hydrogen peroxide-induced 
Chk1 phosphorylation in Xenopus LSS system
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APE2’s PCNA interaction and exonuclease activity 
are important for its role in OS-induced ATR DDR
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Zf-GRF is a unique motif in 
DNA/RNA metabolism proteins

Zack Berman
Graduate student 

Yunfeng Lin
Postdoc/Research 
Assistant Professor

Wallace et al., PNAS, 2017

Dr. Scott William
NIH/NIEHS



Crystal structure of APE2 Zf-GRF motif and its 
ssDNA association

RCSB PDB: 5U6Z

Wallace et al., PNAS, 2017



APE2 Zf-GRF motif is important for its exonuclease 
activity and OS-induced ATR DDR
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Two critical questions:
1. Hydrogen peroxide may 

generate different types of 
oxidative DNA damage. What 
happens for any defined SSB 
structures?

2. How is ssDNA generated at 
SSB site in the first place? 
How is APE2 recruited to SSB 
site? 



Establishment of a cell-free DNA SSB repair and 
signaling technology

SSB
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As expected, the 
SSB plasmid is 
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SbfI treatment

Liping Bai
Postdoc

Yunfeng Lin
Postdoc/
Research 
Assistant 
Professor

 Does a single SSB trigger a DDR 
pathway activation?

 What is the molecular mechanism of 
SSB-induced DDR pathway?

Lin et al., Nucleic Acids Res, 2018



A defined SSB structure triggers Chk1 
phosphorylation in the HSS system
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APE2 Zf-GRF interaction with PCNA C-terminus is 
critical for SSB-induced ATR DDR in HSS system 
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ATR and APE2 are essential for SSB repair

Lin et al., Nucleic Acid Res, 2018;
Cupello et al., Biochem J, 2019
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Molecular mechanisms of 
DNA SSB repair and signaling by APE2
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Willis et al., PNAS, 2013;
Wallace et al., PNAS, 2017;

Lin et al., Nucleic Acids Res, 2018;
Cupello et al., Biochem J, 2019

Next questions:
1. Bioinformatics analysis of APE2 

expression in cancer vs normal cells?
2. How does APE2 contribute to cancer 

etiology? Is APE2 a driver or passenger 
of cancer?

3. Can APE2 be targeted for cancer 
treatment?



APE2 overexpression in 
multiple myeloma (MM) and liver cancer

Kumar…Munshi, Shammas, Blood Cancer J, 2018;
Zheng et al., World J Clin Cases, 2020
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myeloma; MM: multiple myeloma; REL: relapsed 



Physiological significance of APE2 in 
genome integrity and cancer etiology

Akram Hossain
Graduate student

Katie Jensen
Graduate student

Dr. Xinghua Shi
Temple University

 ~17% frequency of genomic 
alterations in APE2 in 14 
cancer types (n=21,769, 
TCGA)

 117 somatic mutations in 12 
cancer types

Jensen et al., Sci Rep, 2020



APE2 mRNA is overexpressed in tumor tissue and 
correlates with other DNA repair/DDR proteins
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APE2-KD led to decreased ATR DDR, increased gamma-H2AX, 
and decreased cell viability in pancreatic cancer cells

Hossain et al., Frontiers Cell Dev Biol, 2021
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Targeting APE2 for cancer therapy 
via first-known compound inhibitor Celastrol

Hossain et al., Frontiers Cell Dev Biol, 2021
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Cisplatin-induced APE2 upregulation leads to 
acute kidney injury (AKI)

Hu et al., Cancer Res, 2021

2020

Dr. Jianjun Zhao
Cleveland Clinic



Cisplatin induces APE2 upregulation and AKI, which is 
recapitulated by APE2-OE transgenic mice

Hu et al., Cancer Res, 2021



APE2 transgenic mice lead to cell death and 
mitochondrial fragmentation and instability

Hu et al., Cancer Res, 2021



APE2

Summary 1 – APE2

 1. APE2 and its nuclease activity 
and Zf-GRF motif are required for 
the OS-induced ATR DDR.

 2. APE2 and its exonuclease 
activity is required for the SSB-
induced ATR DDR and SSB 
repair.

 3. Function of APE2 in ATR DDR 
and AKI can be targeted for 
cancer treatment.

Willis et al., PNAS, 2013;
Wallace et al., PNAS, 2017;

Lin et al., Nucleic Acids Res, 2018;
Hossain et al., In J Mol Biol, 2018;

Cupello et al., Biochem J, 2019;
Yan, Nat Struct Mol Biol, 2019;

Jensen et al., Sci Rep, 2020;
Hossain et al., Frontiers Cell Dev Biol, 2021;

Hu et al., Cancer Res, 2021;
Lin et al., Mutat Res Rev, 2021;

McMahon, Zhao, Yan, NAR Cancer, 2023
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Molecular mechanisms of 
DNA SSB repair and signaling
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Willis et al., PNAS, 2013;
Wallace et al., PNAS, 2017;

Lin et al., Nucleic Acids Res, 2018;
Cupello et al., Biochem J, 2019

Question:
How is ssDNA generated at SSB site 
for APE2 activation? 

Hypothesis:
APE1 may play a direct role in 
SSB repair and signaling?



APE1 is required for APE2 recruitment 
to SSB sites but not vice versa
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Recruitment of APE2 to SSB sites 
requires APE1.
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However, APE2 is dispensable for APE1 
recruitment to SSB sites.

Lin et al., Nucleic Acids Res, 2020
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APE1 senses and binds to SSB structures
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APE1 recognizes SSB structure preferentially 
and may dissociate from gap (~1-3nt) structure.  
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Lin et al., Nucleic Acids Res, 2020



APE1 exonuclease activity is important for SSB-
induced DDR pathway and SSB repair
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D306A: exo-deficient but endo-proficient

Lin et al., Nucleic Acids Res, 2020



What are the molecular mechanisms of 
SSB-induced ATR-Chk1 DDR?

Lin et al., Nucleic Acids Res, 2018;
Lin et al., Nucleic Acids Res, 2020;

Caldecott, Trends Cell Biol, 2022
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A two-step mechanism of 
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The ATR/ATRIP complex is recruited to ssDNA via 
the RPA-ATRIP interaction

Zou and Elledge, Science, 2003;
Lee, Kumagai, Dunphy, Mol Cell, 2003;

Unsal-Kaqmaz and Sancar, Mol Cell Biol, 2004;
Bomgarden…Cimprich, J Biol Chem, 2004;
Kim, Kumagai, Dunphy, J Biol Chem, 2005;

Ball, Mayers, Cortez, Mol Biol Cell, 2005;
Namiki and Zou, PNAS, 2006

Hypothesis:
APE1 plays a critical role in ATRIP 
recruitment to ssDNA via a non-
catalytic function.

Question:
What protein brings ATRIP to 
ssDNA in an RPA-independent 
manner for ATR DDR?



APE1 is required for the recruitment of ATRIP 
onto RPA-ssDNA in Xenopus

Lin et al., eLife, 2023



APE1 protein interacts with ssDNA 
in a length-dependent manner

Lin et al., eLife, 2023



APE1 interacts with ATRIP protein and RPA complex

Lin et al., eLife, 2023



APE1 is sufficient for ATRIP recruitment to ssDNA in vitro, and 
required for ATRIP recruitment to ssDNA in Xenopus egg extracts

Lin et al., eLife, 2023

ED: 
E95Q-D306A



APE1 displays two distinct distinct binding sites 
for RPA complex

Lin et al., eLife, 2023



APE1 recruits ATRIP to ssDNA in an RPA-dependent 
and -independent manner for ATR DDR

Zou and Elledge, Science, 2003
Lin et al., eLife, 2023



Biomolecular condensates by 
liquid-liquid phase separation (LLPS) in nucleolus

Feric,…Brangwynne, Cell, 2016;
Lafontaine ,…Brangwynne, Nat Rev Mol Cell Biol, 2021;

https://breakthroughprize.org

 FC: Fibrillar Center
 DFC: Dense Fibrillar 

Component (FIB1)
 GC: Granular 

Component (NPM1)



Molecular mechanisms of 
nucleolar DNA damage response

Kruhlak et al., Nature, 2007;
Kumar et al., Cell, 2014;

Sokka et al., Nucleic Acids Res, 2015;
Sanji et al., Nat Commun, 2020;
Velichko et al., J Cell Biol, 2021;

Frattini et al., Mol Cell, 2021;
Li et al., Nucleic Acids Res, 2022;
Li and Yan, Trends Cell Biol, 2023
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APE1 is important for the oxidative stress-induced 
ATR DDR in mammalian cells

Li et al., bioRxiv, 2022;
Li et al., Nucleic Acids Res, 2022
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What is the role and mechanism 
of APE1 in DDR in the nucleoli?
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Overexpression of YFP-APE1 but not YFP triggers 
ATR DDR in mammalian cells
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Li et al., bioRxiv, 2022;
Li et al., Nucleic Acids Res, 2022



APE1 forms liquid-liquid phase separation 
(LLPS) in vitro to activate ATR

BF                    YFP

LLPS Buffer +
WT His-APE1-YFP

PANC1 nuclear extracts

WT                  △NT33YFP

His-APE1-YFP

Scale bars = 50μm

Li et al., bioRxiv, 2022;
Li et al., Nucleic Acids Res, 2022
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Overexpressed APE1 is translocated to the nucleoli to 
activate ATR DDR in cancer but not normal cells
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Li et al., bioRxiv, 2022;
Li et al., Nucleic Acids Res, 2022



APE1 is a previously unidentified 
direct activator of the ATR kinase
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Li et al., bioRxiv, 2022;
Li et al., Nucleic Acids Res, 2022
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W119 in hAPE1 is critical for direct activation of 
ATR kinase by APE1

Li et al., bioRxiv, 2022;
Li et al., Nucleic Acids Res, 2022



APE1-OE-induced nucleolar ATR DDR compromises 
pre-rRNA transcription and impairs cell viability
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Li et al., bioRxiv, 2022;
Li et al., Nucleic Acids Res, 2022



A working model for the multiple mechanisms of 
APE1 in the ATR DDR in cancer cells
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Li et al., bioRxiv, 2022;
Li et al., Nucleic Acids Res, 2022



Summary 2 – APE1

 1. APE1 and its exonuclease activity 
is required for SSB repair and 
signaling.

 2. APE1 interacts with and recruits 
ATRIP to ssDNA in an RPA-
dependent/-independent manner for 
ATR DDR via a non-catalytic function.

 3. APE1 assembles biomolecular 
condensates to promote the ATR-
Chk1 DDR in nucleolus in cancer but 
not normal cells. Lin et al., Nucleic Acids Res, 2020;

Ha et al., J Biol Chem, 2020;
Lin et al., eLife, 2023;

Li et al., Nucleic Acids Res, 2022;
Li and Yan, Trends Cell Biol, 2023
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