5664-5677 Nucleic Acids Research, 2018, Vol. 46, No. 11
doi: 10.1093/narl/gky326

Published online 10 May 2018

APE1 deficiency promotes cellular senescence and

premature aging features

Mengxia Li'"f, Xiao Yang', Xianfeng Lu', Nan Dai', Shiheng Zhang', Yi Cheng’,
Lei Zhang', Yuxin Yang', Yie Liu2, Zhenzhou Yang', Dong Wang'" and David M. Wilson, IlI>”

Cancer Center of Daping Hospital, Third Military Medical University, No. 10 Changjiang Zhi Rd., Yuzhong Dist.,
Chongging 400042 China and 2Laboratory of Molecular Gerontology, National Institute on Aging, Intramural
Research Program, National Institutes of Health, 251 Bayview Blvd., Ste. 100, Baltimore, MD 21224, USA

Received November 13, 2017; Revised April 10, 2018; Editorial Decision April 11, 2018; Accepted April 23, 2018

ABSTRACT
Base excision repair (BER) handles many
forms of endogenous DNA damage, and

apurinic/apyrimidinic endonuclease 1 (APE1) is
central to this process. Deletion of both alleles of
APE1 (a.k.a. Apex1) in mice leads to embryonic
lethality, and deficiency in cells can promote cell
death. Unlike most other BER proteins, APE1 expres-
sion is inversely correlated with cellular senescence
in primary human fibroblasts. Depletion of APE1
via shRNA induced senescence in normal human
BJ fibroblasts, a phenotype that was not seen in
counterpart cells expressing telomerase. APE1
knock-down in primary fibroblasts resulted in global
DNA damage accumulation, and the induction of
p16/NK4a and p21WAF1 stress response pathways; the
DNA damage response, as assessed by y-H2AX, was
particularly pronounced at telomeres. Conditional
knock-out of Apex7 in mice at post-natal day 7/12
resulted in impaired growth, reduced organ size, and
increased cellular senescence. The effect of Apex1
deletion at post-natal week 6 was less obvious,
other than cellular senescence, until ~8-months of
age, when premature aging characteristics, such as
hair loss and impaired wound healing, were seen.
Low APE1 expression in patient cancer tissue also
correlated with increased senescence. Our results
point to a key role for APE1 in regulating cellular
senescence and aging features, with telomere status
apparently affecting the outcome.

INTRODUCTION

Cellular senescence is an irreversible cell cycle arrest that
can be initiated by various endogenous or exogenous fac-
tors, such as replication-induced telomere shortening, geno-
toxin exposure, or high expression of certain oncogenes.
Cellular senescence plays a role in several critical physio-
logical processes, such as development, tumor inhibition
and promotion, tissue repair, and aging (1,2). Hallmarks of
senescent cells include irreversible growth arrest, enlarged
morphology, increased activity of senescence-associated 3-
galactosidase (SA-B-gal), high levels of pl6™K4 and/or
p21WAF1 "and a senescence-associated secretary phenotype
(SASP) (3,4). Mechanistically, at least two major tumor
suppressor signaling pathways are involved in the initia-
tion of senescence: p16'™K4 /pRB and p21WVAF! /p53, both
of which can be triggered by a persistent DNA damage re-
sponse (DDR), highlighting the importance of DNA dam-
age and repair in the process (5). Notably, the accumulation
of DNA damage has been widely implicated in premature
aging, neurodegeneration and other diseases (6,7).

DNA base or sugar damage is one of the most common
forms of genetic alteration, likely contributing to the ge-
nomic instability observed during aging and in disease. Base
excision repair (BER) is a major pathway for removing ox-
idative or alkylative DNA lesions, playing a central role in
preserving genome integrity, particularly under conditions
of oxidative stress. BER is commonly initiated by one of a
collection of lesion-specific DNA glycosylases, which rec-
ognize a substrate base and cleave the N-glycosylic bond to
generate an apurinic/apyrimidinic (AP or abasic) site prod-
uct. The abasic site is then typically processed by an AP
endonuclease (APE1), which creates a single-strand break
with a 3’-hydroxyl priming group and a 5'-abasic fragment.
The resulting gap is filled and the 5'-terminus polished by
DNA polymerase f (POLB), prior to ligation by nuclear
DNA ligase 3a, which is mostly in complex with x-ray cross-
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complementing protein 1 (XRCC1) (reviewed in (8)). The
biological importance of BER is underscored by the fact
that deletion of the core BER enzymes leads to embryonic
lethality in mice (9,10).

It has been reported that BER proteins levels, as well
as their enzymatic activities and response to target lesions,
undergo age-associated changes (reviewed in (11)). These
changes have been shown to alter the repair kinetics and
lead to the accumulation of BER substrates or intermedi-
ates, such as abasic sites, in human fibroblasts and leuko-
cytes from old donors (12). Although the phenomenon of
age-associated BER alterations has been extensively stud-
ied, the participation of BER enzymes in the process of cel-
lular senescence remains mostly uncharacterized.

Previous studies have looked at correlations of APEI,
a core enzyme in the BER pathway and a transcriptional
modulator via its redox regulatory function (13), with the
development of senescence in various cell types. Heo et
al. reported reduced APEI1 levels in human mesenchymal
stem cells that underwent senescence, with overexpression
of APEI correcting this phenotype (14). APEl downregu-
lation was also observed in embryonic stem cells that had
senesced (15). Moreover, high APE1 expression has been
reported in breast cancer tumor-initiating cells, potentially
protecting these cells from irradiation-induced oxidative
stress and consequent senescence (16). Intriguingly, APEI,
but not POLB or XRCC1, was shown to impart this protec-
tive effect, implying a specialized role for APEI in regulat-
ing cellular senescence. Though APE1 has long been postu-
lated to be a critical player in cellular senescence, there have
been no causal studies examining the role of the protein in
this process. In the current study, we investigated the contri-
bution of APEI in mitigating cellular senescence in several
cultured fibroblast models, a novel APE1 knock-out mouse
model and human clinical samples.

MATERIALS AND METHODS
Cell culture

BJ, BJ-5ta, GM05565 and GM00969 primary human fi-
broblasts were obtained from American Type Culture Col-
lection (Manassas, VA, USA). Cells were cultured in Dul-
becco’s modified Eagle’s medium (HyClone Laboratories,
Logan, UT, USA) supplemented with 10% FBS (HyClone
Laboratories, Logan, UT), and were grown under normal
conditions in a 9.5% CO, atmosphere at 37°C.

Animal husbandry and treatment

Apex1ov/foxCre-ER* (Apex1~/~) mice were established at
the Model Animal Research Center of Nanjing University,
China (see Results). The mice were kept in a temperature-
controlled (22-25°C) environment with a 12-h light/dark
cycle in the Animal Centre of Daping Hospital, Third Mil-
itary Medical University and had free access to food and
water. All experimental protocols were approved by the Re-
search Committee of the Third Military Medical Univer-
sity. Tamoxifen was introduced by intraperitoneal injection
to induce Apex! gene deletion in two schedules: (a) mice
[Apex1~/~ and Apex1*/*Cre-ER" (Apex1*/"); unless oth-
erwise specified] were injected with tamoxifen (10 mg/ml

Nucleic Acids Research, 2018, Vol. 46, No. 11 5665

in corn oil with 10% ethanol) at post-natal day 7 and 12,
and specified end-points were measured at ~1 month; or (b)
mice (see above) were injected with tamoxifen (30 mg/ml
in corn oil with 10% ethanol) for five consecutive days
at ~6-8 weeks after post-natal development, and pheno-
types were evaluated up to ~10 months. PCR genotyping
was performed to determine the Apex/ exon 3 and Cre
status following tamoxifen treatment. Animal phenotypes
were evaluated by visual inspection every ~2 days after
completing the tamoxifen injection in regards to overall
size, skin and hair integrity, feeding habits and other ab-
normal behaviors. Apex! knock-out efficiency was verified
by western blot analysis after animals were sacrificed. For
analysis of fresh tissue, different organs were isolated af-
ter heart perfusion with phosphate-buffered saline (PBS),
whereas for fixed tissue, heart perfusion was performed with
4% paraformaldehyde. Fresh tissues were immediately pro-
cessed by frozen sectioning or protein extraction using lig-
uid nitrogen grounding and stored at —80°C. Fixed or-
gans were further fixed by soaking in 4% paraformaldehyde
at 4°C overnight, followed by automated tissue sectioning
(Leica, Wetzlar, Germany) in the pathology department.
Hematoxylin-eosin (HE) staining of tissue sections with a
thickness of 2 pum was carried out using an automated stain-
ing system (Leica, Wetzlar, Germany). For immunohisto-
chemistry, tissue sections with a thickness of 3—5 pm were
used. For wound healing, several different wounds, includ-
ing a simple knife incision or a round skin lesion, were intro-
duced on the back of mice with different genotypes imme-
diately after depilation. Regular observation of the wound
healing process was performed every day up to 15 days post-
incision. Wound healing and hair loss were assessed by the
naked eye (and photographed), and confirmed by HE stain-
ing of skin lesion samples.

APE1 shRNA knock-down

Lentiviral particles loaded with APE1 shRNAs were
packaged by co-transfection of the specific pLKO
shuttle vector (clone numbers: TRCNO0000007959 and
TRCNO0000007961, Sigma, St. Louis, MO, USA) with
pCMV-VSV-G and pCMV-dR8.2 dvpr (Adgene, Cam-
bridge, MA, USA) into 293T cells using XtremGENE HP
transfection reagents (Roche, Indianapolis, IN) according
to the protocol of (17). For APEI knock-down experiments,
packaged lentiviral particles were infected into human fi-
broblasts at the indicated passage number under selection
with 2.5 pg/ml puromycin (Sigma, St. Louis, MO). After
48-72 h, cells were harvested for protein expression level
determination or phenotype measurements.

DNA damage quantification

The level of AP sites was determined using the DNA Dam-
age Quantification Kit (Dojindo, Kumamoto, Japan). In
brief, genomic DNA was isolated and purified using the Ge-
nomic DNA Mini Kit (Invitrogen, Carlsbad, CA, USA).
The DNA solution (100 wg) was mixed with the ARP So-
lution and incubated for 1 h at 37°C, prior to purifying the
ARP-labelled DNA with a filtration tube. The ARP-DNA
was then diluted and mixed with DNA Binding Solution
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before being incubated in a 96-well plate at room temper-
ature overnight and subsequently processed according to
the manufacturer’s specifications. The O.D. of each well was
measured at 650 nm, and the number of abasic sites in the
sample was determined using a calibration curve.

To evaluate the level of general genome DNA damage,
long-range PCR was performed with Expand™ Long Tem-
plate PCR System (Roche, Indianapolis, IN, USA) as previ-
ously described (18). PCR of a 17.7-kb fragment located in
the 5" flanking region near the beta-globin gene (GenBank
Accession Number J00179) was conducted with the fol-
lowing primers: 5-TTGAGACGCATGAGACGTGCAG-
3" and 5-GCACTGGCTTAGGAGTTGGACT-3. PCR
conditions were as follows: denaturation for 1 min at 94°C,
followed by 16 cycles of 94°C for 15 s and 68°C (primer ex-
tension) for 10 min. An additional 8 cycles were then per-
formed as above, except 15 s were added to each cycle. A
final extension was performed at 72°C for 10 min at the
completion of the PCR profile. To ensure quantitative con-
ditions, a control reaction containing half the amount of
DNA template was included. The DNA concentration of
each PCR product was measured using the PicoGreen as-
say (Life Technologies, Waltham, MA, USA) according to
manufacturer’s protocol.

Telomeric PCR to detect replication-blocking lesions,
such as abasic sites, was performed as previously described
(19) with minor modifications. Genomic DNA was isolated
as above, and quantitative telomeric PCR was run on a
MiniOpticon™ system (Bio-Rad, Hercules, CA, USA). In
brief, a master mix [i.e., 10 pl Power SYBR Green master
mix (2x), 1 pl primer telomere-fwd (CGGTTTGTTTGG
GTTTGGGTTTGGGTTTGGGTTTGGGTT, 2 pM), 1
wl primer telomere-rev (GGCTTGCCTTACCCTTACCC
TTACCCTTACCCTTACCCT, 2 uM) and 4 pl H,O] was
prepared, mixed and briefly centrifuged. Next, 400 ng of ge-
nomic DNA was pipetted into each well of the PCR plate.
The plate was then sealed with optical clear film, centrifuged
briefly and stored at 4°C. Cycling conditions were: 10 min at
95°C, followed by 40 cycles of 95°C for 15's, 60°C for 1 min,
followed by a dissociation curve. Values were exported in
csv format, and used to calculate the relative amplification
in the scramble and shAPEI cells.

Protein extracts and western blot analysis

To prepare whole-cell extracts, cells or animal tissues were
homogenized in extraction buffer (50 mM Tris—HCI, 0.1%
sodium dodecylsulfate [SDS], 150 mM NaCl, 100 pg/ml
phenylmethylsulfonyl fluoride, 1 pg/ml aprotinin, 1% non-
idet P-40, and 0.5% sodium orthovanadate), incubated at
4°C for 20 min and centrifuged for 10 min at 10 500 x
g. The protein levels in the extracts were quantified us-
ing the DC protein assay (Bio-Rad, Hercules, CA). For
western blotting, whole-cell extracts (20 pg/lane) were re-
solved on 8-15% SDS-polyacrylamide gel and transferred
to a nitrocellulose membrane (0.45 pwm; Millipore, Bed-
ford, MA, USA) in 25 mM Tris-base, 190 mM glycine
and 20% methanol using a semidry blotter. Membranes
were blocked with 10% fat-free milk and 0.1% Tween
20 in Tris-buffered saline for 1 hr, and then incubated
with a primary antibody (with milk as above or 5%

bovine serum albumin for the phospho-specific antibodies):
APEI (ab137708, Abcam, Cambridge, MA, USA), XRCC1
(ab134056, Abcam, Cambridge, MA), POLB (ab26343,
Abcam, Cambridge, MA), OGGI1 (ab124741, Abcam,
Cambridge, MA), NTH1 (ab191413, Abcam, Cambridge,
MA), pl6!NK4A (Clone G175-1239, BD Bioscience, San
Jose, CA, USA), p21VAF! (ab107099, Abcam, Cambridge,
MA), y-H2AX (clone JBW301, Millipore, Billerica, MA,
USA), pS1981-ATM (cat# EP1890Y, Epitomics, Cam-
bridge, MA), pS2056-DNA-PKcs (ab18192, Abcam, Cam-
bridge, MA) and 53BP1 (Cat# EPR2172, Epitomics, Cam-
bridge, MA). The membranes were then incubated with
an appropriate horseradish peroxidase (HRP)-conjugated
secondary antibody (1:5000) (Pierce, Rockford, IL, USA).
The proteins were detected using an enhanced chemilumi-
nescence detection system (Pierce, Rockford, IL), and light
emission was captured on X-ray films (Kodak, Rochester,
NY, USA).

Flow cytometry

Cell apoptosis was measured using an Annexin V-
fluorescein isothiocyanate/propidium iodide staining kit
(BD Bioscience, San Jose, CA, USA) via flow cytome-
try. In brief, cells were plated in 96-well plates, incubated
overnight, and then divided into the control or test group.
After 24 hr of treatment, cells were harvested and washed
with PBS. The cell suspensions were then double-stained
with 50 pl of propidium iodide and 50 wl of Annexin V-
fluorescein isothiocyanate for 15 min at room temperature
while avoiding light. Apoptotic cells were determined by
flow cytometry in the Third Military Medical University
flow cytometry facility, and 10 000 events were recorded for
the analysis.

Immunofluorescence

Cells were grown on chamber slides, allowed to attach,
and fixed in 4% paraformaldehyde-PBS (w/v) at room
temperature for 15 min. Cells were permeabilized with
0.1% Triton X-100 in PBS (PBST) for 5 min, and then
blocked with 1% BSA at room temperature for 1 hr, fol-
lowed by overnight incubation with a primary antibody
against TRF2 (Cat# NB100-56506, Novus Biologicals, Lit-
tleton, CO, USA), yH2AX (clone JBW301, Millipore, Bil-
lerica, MA) or 53BP1 (Cat# 8296-1, Epitomics, Cambridge,
MA) at 4°C in a humidity chamber. Cells were washed the
next day with PBST on a rocking board for 15 min, and
then incubated with secondary antibodies (1:200 dilution)
for 1 hr at room temperature. Slides were washed again with
PBST, and counterstained with DAPI for 5 min to identify
the nucleus. Cells were mounted with anti-fade mounting
medium, images were captured using a LSCM (laser scan-
ning confocal microscope, Leica SP5, Germany), and image
processing was performed using the LAS X software (Leica
AG, Germany).

Immunofluorescence-fluorescence in
(FISH)

Cells were grown on a coverslip, fixed in 4% paraformalde-
hyde for 10 min at room temperature, then incubated in

situ  hybridization



0.5% Triton X-100 at room temperature for 30 min. The
coverslip was subsequently washed and incubated in block-
ing solution for 1 hr at room temperature. Cells were incu-
bated with primary antibody (rabbit polyclonal y-H2AX,
1:400 dilution; CST, Danvers, MA, USA) in blocking solu-
tion at room temperature for 1 hr, then washed with block-
ing solution and incubated with blocking solution contain-
ing DyLight 488 conjugated secondary antibody for 1 hr
at room temperature. The coverslip was again washed, in-
cubated in 4% paraformaldehyde for 10 min, washed in
ethanol series solutions, denatured at 85°C for 3-5 min,
hybridized with the PNA probe (Cy3-labelled CCCTAA;
Panagene, Korea) overnight at 37°C, washed and mounted
with DAPI stain, and finally visualized using confocal mi-
croscopy (Jena, Germany).

Tissue immunohistochemistry

Immunohistochemistry for the BER proteins was con-
ducted using the same antibodies as used during western
blotting (see above); a separate antibody was used to de-
tect the cell proliferating marker Ki-67 (Ca# ab16667, Ab-
cam, Cambridge, MA). In brief, sections from paraffin-
embedded tissues were incubated with the indicated pri-
mary antibody overnight at 4°C and then rinsed with PBS
and incubated with its associated HRP-conjugated sec-
ondary antibody for 30 min at room temperature. Sections
were rinsed with PBS and developed with diaminobenzidine
substrate, and then counterstained with haematoxylin for
nuclear staining. Positive staining was detected as a brown
color. A random 10 high power fields or at least 1,000 tu-
mor cells were counted, and the expression of the target pro-
tein was evaluated based on the following criteria: negative
(—): brown staining in <10% of the cell population; positive
(+): brown staining in >10% of the cell population; positive
(++): brown staining in >30% of the cell population; posi-
tive (+++): brown staining in >60% of the cell population.
Scoring was performed by two experienced pathologists in-
dependently, and any discrepancies were resolved by a third
pathologist to reach a final classification. Negative (—) and
positive (+) were defined as low expression, while positive
(++) and (+++) were defined as high expression.

SA-B-gal staining

B-Galactosidase activity was detected by using the Senes-
cence Cells Histochemical Staining Kit (Sigma, St. Louis,
MO). In brief, cells or frozen tissue sections were washed
twice with PBS. The wash solution was removed, and 2 ml
of Fixation Buffer was added and incubated with the sam-
ples for 5 min at room temperature. Cells or tissue sections
were washed twice with PBS, and 1 ml of the Staining Mix-
ture was added overnight at 37°C (without CO;), when the
cells or tissues were then stained blue. Samples were sealed
with parafilm to prevent drying out. Blue-stained cells were
then quantified relative to total cells, and percentage senes-
cence was determined. Based on analysis of 1000 tumor cells
from at least 10 random high-power fields, SA-B-gal stain-
ing was classified as either negative (—): blue—green staining
in <10% of the cell population or positive (+): blue—green
staining in >10% of the cell population.
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Telomere restriction fragment analysis

Genomic DNA extracted from BJ cells was digested with
Hinfl and Rsal for 10-15min in a 37°C water bath. Di-
gested genomic DNA was then separated in an 0.8% agarose
gel at 40 V for 20 hr and subsequently transferred to a nitro-
cellulose membrane using standard Southern blotting. Fol-
lowing overnight transfer, DNA was fixed to the membrane
by UV irradiation and then incubated with a **P[dCTP] la-
belled [TTAGGG]n telomere probe at 42°C for at least 4 hr.
Visualization was carried out on a Typhoon FLA Phospho-
rImager (GE Healthcare Bio-Sciences Pittsburgh, PA). The
average telomere length was determined in comparison to
the molecular weight standard using ImageQuant™ TL soft-
ware (GE Healthcare Bio-Sciences Pittsburgh, PA, USA).

Statistical analysis

All data were expressed as the mean + standard deviation.
Statistical analysis of data was assessed using the Student’s
t-test and one-way ANOVA with the software SPSS 13.0.
Differences with P < 0.05 were considered statistically sig-
nificant for both in vivo and in vitro experiments. Correla-
tion analysis between various BER protein levels and SA-
B-gal staining in cancer tissue was performed by Spearman’s
rank correlation test, and P < 0.05 was considered statisti-
cally significant.

RESULTS

Senescence of primary human fibroblasts results in altered ex-
pression of BER proteins

To investigate a potential role of BER in the process of
senescence, we employed an in vitro model that involves pro-
longed cultivation of primary human fibroblasts (20). As a
means of verifying the model, we stained cells for SA-B-gal,
a biomarker of senescence (representative images are shown
at passage 3 (P3), P30 and P50 in Figure 1A). Expectedly,
with an increase in passage number, we observed an increase
in the percentage of primary BJ fibroblasts that stained pos-
itive for SA-B-gal (Figure 1B). Using this model, we mea-
sured the levels of individual BER proteins at early, mid
and late passages—i.e. P3, P30 and P50, respectively—by
western blot analysis. These studies revealed that APE1 and
endonuclease three homolog 1 (NTH1) are reproducibly
downregulated during the process of senescence, whereas
the level of XRCCI1 significantly increased. POLB and 8-
oxoguanine DNA glycosylase 1 (OGG1) remained largely
unchanged during the extended culturing, based on three
independent replicates (Figure 1C and D).

Using the same methodology on hTERT (telomerase re-
verse transcriptase)-immortalized BJ fibroblasts (BJ-5ta),
we found that SA-B-gal staining remained low during con-
tinuous culturing in vitro (Supplementary Figure S1A and
B), consistent with prior evidence that hTERT expression
can suppress the development of senescence (21). Moreover,
all BER proteins remained stably expressed (or slightly in-
creased in the case of APE1) during culturing, indicating
that hTERT-mediated suppression of senescence preserves
normal BER protein expression in normal fibroblasts (Sup-
plementary Figure S1C and D). Collectively, our cell culture
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Figure 1. Senescence results in altered expression of BER proteins in primary human BJ fibroblasts. (A) Representative images of SA-B-gal staining at
P3, P30 and P50 in primary BJ fibroblasts. (B) Quantitation of the percentage of cells that has undergone senescence (SA-f-gal positive) at the indicated
passage number. (C) Expression of several BER proteins at P3, P30 and P50 as determined by western blot analysis. Increased pl6™NK42 expression is
consistent with a senescent phenotype. (D) Quantitation of expression of the indicated BER protein (after normalization to the B-actin loading control)
relative to the P3 group. In panels B and D, results are averages and standard deviations of three biological replicates. * P-value < 0.05, ** P-value < 0.01,

**% Poyalue < 0.001

models indicate that BER components may participate in or
be responsive to the process of cellular senescence in a way
that might be determined by telomere status.

APE]1 deficiency induces cellular senescence in an hTERT-
influenced manner

As APEI is downregulated during cellular senescence (Fig-
ure 1 and (14-16,22)), we examined whether knocking-
down APE] in early passage primary fibroblasts would
induce senescence. Specifically, we employed two dif-
ferent lentiviral particles loaded with APE1 shRNAs
[TRCNO0000007959 (#59) and TRCNO0000007961 (#61)] to
deplete APEI protein in three different normal primary fi-
broblasts. Through SA-B-gal staining, we found that infec-
tion of either APEl-specific lentiviral particle, but not the
scramble control, resulted in an increase in the percentage
of senescent cells in early passage BJ (virus infected at P2—
5), GM05565 (at P3-8) and GM00969 (at P10-15) primary
fibroblasts (Figure 2A and B). As clone TRCN0000007959

showed the most effective knock-down of APE1 (Figure
2C), we used this lentivirus for all subsequent APE1 deple-
tion experiments. Additional senescence markers, including
pl6™K4a and p21WAFT were assayed by western blotting
upon APE1 knock-down in the three primary fibroblasts.
These studies found that p16'™N&42 and p21 WAF! are elevated
in APE1-deficient cells, in comparison to the scramble con-
trols, suggesting that the p16™K 4 /pRB and p21WVAF! /p53
senescence pathways are both activated upon APE1 deple-
tion, although the degree to which varied among the differ-
ent cellular backgrounds (Figure 2C).

To more broadly assess the contribution of BER sub-
strates in inducing senescence, we examined the effect of
POLB or XRCC1 knock-down on senescence in the three
normal fibroblasts. Although POLB expression did not
change and XRCCI levels actually went up during the
senescence process (Figure 1C and D), we found that tar-
geted depletion of either POLB or XRCCI1 increased senes-
cence in the three cellular backgrounds (Figure 2D and
Supplementary Figure S2A). These data strongly implicate
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Figure 2. APEI knock-down results in increased cellular senescence in hTERT-negative fibroblasts. (A) Representative images of SA-B-gal staining in BJ
(at P2-5), GM05565 (at P3-8) and GM00969 (at P10-15) fibroblasts that were infected at the indicated passage number with an APE1-specific shRNA
[TRCNO0000007959 (#59) or TRCN0000007961 (#61)] or the scramble control. Sample analysis was conducted 48-72 hr post-infection. (B) Quantitation
of the percentage of cells that have undergone senescence in early passage fibroblasts following APE1 knock-down or scramble control. (C) The expression
of APE1, p16NK4a and p21WAF1 i the indicated scramble control (Scr) or APE1-knock-down (shAPE1) cell population, as determined by western blot
analysis. Following normalization of the indicated protein to B-actin, the relative expression level (specified below each) was obtained by comparing
knock-down to its corresponding scramble control. (D) Quantitation of the percentage of cells that have undergone senescence (SA-B-gal) in early passage
primary BJ, GM05565 and GM00969 fibroblasts upon shRNA knock-down of POLB or XRCCI. (E) Quantitation of the percentage of cells that have
undergone apoptosis in hTERT-negative (primary BJ) or hTERT-positive (BJ-5ta) cells following APE1 knock-down (shRNA, #59), in comparison to
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technical replicates each (panel E). * P-value < 0.05, ** P-value < 0.01
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BER and endogenous DNA damage as central factors in
regulating this outcome. However, in the case of POLB- and
XRCC]1-deficient fibroblasts, while p21WAF! was typically
elevated, p16™K4 remained mostly unchanged, suggesting
that distinct molecular steps give rise to cellular senescence
due to a defect in BER that require further investigation
(Supplementary Figure S2B).

Previous studies found that defects in the core BER en-
zymes, including APEI, primarily resulted in apoptosis in a
wide-range of cancer cell lines (e.g. HeLa cervical adeno-
carcinoma (23), A549 lung adenocarcinoma (24,25), SH-
SYSY neuroblastoma (26,27), T98G glioblastoma (28,29)
and PC12 pheochromocytoma (30,31)), which are hTERT-
positive (32). Since we observed that APE1 deficiency in-
duced senescence in hTERT-negative BJ cells (see above),
we explored the effects of APEI1 knock-down in the coun-
terpart hTERT-positive BJ-5ta fibroblasts (where APE1 ex-
pression was found to go unchanged with continuous cul-
turing; see above). These experiments revealed that in BJ-
Sta cells, APE1 deficiency markedly promoted apoptotic
cell death (Figure 2E), whereas no increase in apoptosis was
observed in primary BJ cells upon APE1 knock-down, im-
plying that APE1 defects can drive distinct cellular fates,
depending on hTERT expression and presumably telomere
status.

APE]1 deficiency promotes broad DNA damage accumulation
and a telomere-driven DDR

To measure DNA damage in the general genome or the
telomeric region, we used long-range PCR, which targets
a 17.7-kb fragment in the 5’ flanking region near the beta-
globin gene, or telomeric PCR, respectively. Both assays
are sensitive to replication (PCR)-blocking lesions, such
as strand breaks and AP sites. As shown in Figure 3, a
reduced PCR efficiency (reflective of higher DNA dam-
age) was observed in the general genome (~27%, panel
A) and at telomeres (~49%, panel B) in APE1-deficient
BJ fibroblasts (relative to scramble controls), indicating
that loss of APEI broadly leads to DNA damage ac-
cumulation. Using telomere restriction fragment analysis,
we observed that telomere length was not significantly al-
tered after APE1 knock-down (Figure 3C), despite the in-
creased levels of DNA damage. We also found by west-
ern blotting that several DDR-related proteins, includ-
ing phosphorylated H2A histone family, member X (7y-
H2AX), phosphorylated-Ser1981 ataxia telangiectasia mu-
tated (pATM), phosphorylated-Ser2056 DNA-dependent
protein kinase, catalytic subunit (pDNA-PKcs), and tu-
mor suppressor p53-binding protein 1 (53BP1), are gener-
ally hyperactivated in APEI-deficient primary BJ fibrob-
lasts (Figure 3D), reflective of a broad cellular DDR. When
APE1 was knocked-down in hTERT-expressing BJ-5ta cells
(where apoptosis was the major outcome; Figure 2E), there
was an increase in general genomic DNA damage (Supple-
mentary Figure S3A), while telomere damage and length re-
mained unchanged (Supplementary Figure S3B,C). In ad-
dition, APEl-deficient BJ-5ta cells exhibited specific ac-
tivation of y-H2AX and DNA-PKcs, and not pATM or
53BP1, relative to the scramble control (Supplementary
Figure S3D), likely reflecting an apoptosis-initiated cleav-

age and activation event, a conclusion in-line with the in-
creased apoptosis measured by flow cytometry (Figure 2E).

As previous reports showed a specific protective role of
APEI1 at telomeres (33), and in light of the hTERT-effects
reported above, we hypothesized that APE1 knock-down
might trigger a telomere-driven DDR. To test this idea,
we employed an immunofluorescence-FISH assay to eval-
uate co-localization of the DNA damage marker y-H2AX
and telomeric DNA (Cy3-labelled CCCTAA PNA probe)
in APEl-deficient BJ fibroblasts (Figure 3E). These stud-
ies revealed that there are significantly more cells harboring
>5 v-H2AX foci upon APE1 knock-down in comparison
to the scramble control population (83.8% versus 12.7%,
respectively; Figure 3F). In addition, a significant increase
(~3-fold) in the percentage of vy-H2AX foci that co-localize
with the telomeric DNA probe was observed in APEI-
deficient cells (Figure 3G). We also observed increased -
H2AX foci co-localizing with the telomeric marker TRF2
(telomere repeat-binding factor 2) in APEl-deficient BJ
fibroblasts (Supplementary Figure S4A). These collective
data are consistent with y-H2AX activation (and a con-
sequent DDR) occurring predominantly at the telomeric
region as a result of APE1 deficiency. Using a chromatin
immunoprecipitation (ChIP) assay followed by dot blot-
ting and probing with a telomeric sequence, we observed
APEI bound at telomeres (with or without hydrogen perox-
ide treatment; Supplementary Figure S4B), consistent with
a prior report detecting APE1 at telomeric regions (33).

Apex1 knock-out causes senescence in mice

To explore the role of APE1 (a.k.a. Apex1 in mouse) in var-
ious biological and pathophysiological phenomena, we es-
tablished an Apex! tamoxifen-inducible conditional knock-
out mouse model using the process overviewed in Supple-
mentary Figure S5. Specifically, a loxP site was inserted
both upstream and downstream of exon 3 of the ApexI
gene on chromosome 14 to eliminate protein production
following the administration of tamoxifen, which promotes
translocation of a transgenically-expressed Cre-ER (estro-
gen receptor) recombinase into the nucleus. To determine
the effect of early Apex! knock-out (before weaning) on
development and aging, the Apex119¥/1°*Cre-ER* (abbre-
viated Apexl~/~ hereafter) mutant and the Apex1*/*Cre-
ER™ (abbreviated Apex1*/* hereafter) control mice were in-
jected with tamoxifen at post-natal day 7 and then again
at day 12 (Figure 4A). The efficiency of gene knock-out
was assessed at day 28 by measuring Apexl protein ex-
pression in various tissues/organs from the surviving floxed
(Apex1~/7) and wild-type (Apex1*/*) animals (n = 4 mice
per group) via western blotting. As shown in Figure 4B, the
Apex] protein level was reduced by >95% in heart, skin,
lung and pancreas in the tamoxifen-treated Apex1~/~ ani-
mals relative to the Apex1*/* controls, with a trace amount
of Apex1 being visible in the brain and colon of the knock-
out animals at day 28. In contrast, although significantly
reduced, there remained a considerable amount of Apexl
protein in the kidney, liver and spleen of the Apexl=—/~
mice. Thus, while Apex! knock-out is quite efficient fol-
lowing tamoxifen exposure, there does exist variability in
the degree of Apex! deletion that is tissue/organ-specific in
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the current model. Tissue/cell-specificity of the tamoxifen-
inducible systems has been recognized for decades (see,
e.g. (34)), including in the CAGGCre-ER™ animal model
used here (The Jackson Laboratory; (35)), and likely stems
from variability in exposure to the inducing agent and the
efficiency of expression of the Cre-recombinase gene within
its unique nuclear/chromosome environment.

We note that 84% (21/25) of Apex1~/~ mice (i.e.,
Apex110¥/1XCre-ER™ treated with tamoxifen at days 7 and
12) died before weaning (day 28), as compared to 5%
(1/20) of Apex1fiox/floxCre-ER* animals not treated with
tamoxifen. The reasons for this dramatic increase in mor-
tality following early Apex/ deletion are under investiga-
tion, but likely stem from severe developmental and growth
defects, as previously seen in the germline knock-out an-

imals (36,37). Nevertheless, examination of the surviving
Apex1~/~ mice and the Apex1*™/* tamoxifen-treated con-
trols (n = 4 mice per group) revealed that the Apexl-
deficient animals were dramatically smaller in size in com-
parison to their age-matched wildtype counterparts (Figure
4C), as were most of the organs, including the heart, diges-
tive track, kidney, spleen and brain (Figure 4D), which were
found to exhibit a range in efficiency of target gene dele-
tion (Figure 4B). Furthermore, using SA-B-gal staining, we
found that cellular senescence is significantly elevated in the
skin (~100% ApexI gene deletion) and colon (~70% dele-
tion), especially in epithelial cells, of Apex]1~/~ mice rela-
tive to the Apex1*/* controls (Figure 4E). Furthermore, we
found no difference in TUNEL staining in these two organs
of Apex1*/* or Apex]~/~ mice, indicating that apoptosis
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was not obviously affected by reduced Apexl1 protein lev-
els (Supplementary Figure S6A,B). These data cumulatively
are consistent with our earlier observations using normal
human fibroblasts, and support the concept that APEI de-
ficiency can lead to a senescent phenotype.

We next examined whether gene knock-out at week 6
(post-weaning, by injecting tamoxifen for five consecutive
days; Figure 5A) had a noticeable long-term pathophysio-
logical consequence. As shown in Figure 5B, at 10-months
of age, the Apex|1 protein expression pattern among the var-
ious organs was essentially identical to that of the early
knock-out cohort (compare with Figure 4B). However, in
the situation here (i.e. tamoxifen treatment at week 6), the
phenotypic differences between Apexl~/~ and Apex1™/*
mice (n = 6 animals per group) were quite subtle, until at
least 8-months of age. In contrast to the early Apex! knock-
out cohort (Figure 4D), there were no significant differ-
ences in organ sizes between the two experimental groups
at 10-months of age, except for the larger spleen seen in the
Apex1~/~ mice (Figure 5C), possibly due to immunosup-
pression after Apex/ deletion. Nevertheless, Apex1~/~ mice
(n = 6) displayed notable hair loss (Figure 5D) and exhib-
ited impaired skin wound healing (Figure 5E), attributes of-
ten associated with aging.

In light of the premature aging features, we examined cel-
lular senescence in the skin and colon (again, organs with
slight differences in Apex/ gene deletion efficiency) of mu-
tant (Apex1~/7) and control (Apex1*/*) animals treated
with tamoxifen at week 6, employing SA-B-gal staining, as
well as an immunohistochemistry assay for Ki-67, a cellu-
lar marker for proliferation. Although SA-B-gal staining
can be spotted in Apex1*/* mice, it is significantly higher
in the epithelial cells of Apex]~/~ samples (n = 6 mice per
group) (Figure 5F and G). The DDR marker, y-H2AX, as
well as p16™K42 and p21WAF! “are all increased significantly
in the Apex1~/~ group (assayed by western blot, Figure SH
and I), again consistent with the findings for APE1-deficient
human fibroblasts. Indeed, we observed elevated pl6™NK42
and p21WAFl in the skin and colon of greater than 20
Apex1~/~ animals in comparison to Apex1*/* tamoxifen-
treated controls (unpublished observation). Since the major
DNA damage substrate of APE1 is the abasic site, we quan-
tified this lesion using an aldehyde-reactive probe (ARP)
assay (Figure 5J). These experiments found that AP sites
increased ~2-fold in the skin and colon of Apex1~/~ mice
in comparison to control animals. Collectively, our studies
indicate that DNA damage, such as abasic lesions, accumu-
lates in Apex1-deficient animals, leading to the activation of
a DDR and ultimately cellular senescence, as well as devel-
opmental or pathological consequences that are influenced
by the timing of gene deletion. However, it is important to
emphasize that our analysis does not clearly identify which
function of APEI (e.g. repair endonuclease or redox regu-
lation) is responsible for suppressing senescence.

Low APEI1 protein level is associated with senescence in clin-
ical samples

Given that APE1 deficiency leads to senescence in both hu-
man cell and mouse models, we examined relevant clinical
material for this correlative outcome. First, we established
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10 primary fibroblast cultures from excess skin removed
during plastic surgery. We then used the TRCN0000007959
lentiviral system to knock-down APE] in these fibroblasts
at passage 3-5 and measured senescence via the SA-B-gal
assay relative to the scramble control (Figure 6A). These
studies, collectively plotted in Figure 6B, further support
that knock-down of APEI in primary fibroblasts induces
cellular senescence.

Second, we assayed BER protein expression by immuno-
histochemistry and senescence by SA-B-gal staining in can-
cer tissue from 22 patients with breast, thyroid or glioblas-
toma malignancies (Supplementary Figure S7). We then
‘quantified’ the expression of NTH1, OGG1, APEI, POLB
or XRCCI1 as a degree of positive staining [i.e. 3 = high
(+++), 2 = medium high (++), 1 = medium low (+), or 0 =
low or negative (—); see Materials and Methods], and visu-
ally presented these expression results with respect to posi-
tive or negative SA-B-gal staining (Figure 6C). Notably, we
found that low staining for APE1, but not the other BER
proteins (or age), was associated with higher levels of tissue
senescence (1> = —0.432, P = 0.045; Supplementary Table
S1), further supporting a role for APE1 in mitigating this
biological outcome.

DISCUSSION

The free radical theory of aging proposes that the gradual
accumulation of oxidative damage plays a role in the dete-
rioration of cellular function and the aging phenomenon.
BER, which has a prominent responsibility in repairing ox-
idative DNA damage, has long been considered a major
protective mechanism against cellular senescence, a biologi-
cal outcome associated with aging. In our current study, we
show for the first time a causative relationship between de-
ficiency in APEI, an essential BER enzyme, and the emer-
gence of cellular senescence, in vitro, in vivo and in clinical
samples.

We observed that the APE1 protein level, unlike several
other BER proteins, was significantly reduced in a man-
ner that correlated with the extent of senescence in hTERT-
negative primary human fibroblasts during prolonged cul-
turing. We subsequently found that APE1 knock-down in-
duced cellular senescence in multiple primary skin fibrob-
last sources. Notably, previous studies have reported that
defects in the core BER enzymes, including APE1, mainly
result in apoptosis in a wide-range of cancer cell lines, which
are commonly hTERT-positive (as mentioned in the Results
section, see (23-32)). Since we observed that APE1 defi-
ciency induced senescence in hTERT-negative BJ cells, yet
promoted apoptosis in the counterpart hTERT-positive BJ
cells, we speculate that APE! deficiency drives two distinct
cellular fates dependent on hTERT expression and presum-
ably telomere status.

Previous work has demonstrated that APE1 deficiency re-
sults in telomere dysfunction, illustrated by significant and
persistent y-H2AX foci formation at telomeres, in human
U20S osteosarcoma epithelial cells, a line that harbors an
activated alternative lengthening of telomeres (ALT) path-
way, as well as in BJ-h'TERT fibroblasts and Hela cells,
which express hTERT (33). We observed the same telomeric
accumulation of y-H2AX foci in primary human fibrob-
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lasts, suggesting that APEI has a critical role in telomere
DNA protection in many different cell types. In addition, we
detected increased levels of two important senescent mark-
ers, pl6/NK4 and p21WAFL following APE1 knock-down
or knock-out, indicating that telomere-dependent and/or
DDR-induced senescence signaling pathways are activated
in APE1-deficient cells.

We found that APEI depletion resulted in the accumu-
lation of replication-blocking lesions (likely abasic sites) in
both telomeric and general genomic regions, yet increased
the DDR foci primarily at telomeres. Thus, our data sug-
gests that APE1 depletion triggers activation of the two ma-
jor pathways of cellular senescence (reviewed in (38)), likely
originating from telomeric defects. Consistent with a ma-
jor repair function at telomeres, we showed previously that
APELI exhibits a proficient incision activity at abasic sites
in the context of double-stranded telomeric repeats in vitro
(39). In addition, APE1 has been demonstrated to associate
with telomeric shelterin proteins, TRF2 and protection of
telomeres protein 1 (POT1), which enhance its AP endonu-
clease activity on abasic telomeric substrates in vitro (40,41).
As seen previously (33), we also found that APEI binds at
telomeric repeats, suggesting that APE1 routinely resides at
the telomere region to facilitate efficient repair. Notably, due
to their hexameric G-rich repeats and single-stranded na-

ture, telomeres accumulate higher levels of oxidative dam-
age than many regions in the genome (42-44).

Premature aging is observed in mice defective in path-
ways related to DNA damage repair, e.g. nucleotide excision
repair, the DDR, and telomere or mitochondrial genome
maintenance (45). Since mice that lack a core BER pro-
tein are embryonic lethal (36), it’s been difficult to address
the connection between BER defects and aging phenotypes.
In the study here, we created a whole-body inducible con-
ditional knock-out Apex! mouse model to examine the
link between Apex1 deficiency and various pathophysiolo-
gies. When gene deletion was induced early after birth (at
day 7/12), Apex1 deficiency resulted in increased mortal-
ity, likely driven by developmental/growth retardation (i.e.
reduced animal and tissue/organ size) and elevated senes-
cence. When Apex1 was deleted after weaning at week 6, we
observed no obvious growth defect up to 18-months with-
out manipulation. We did, however, observe at roughly 10-
months of age prominent age-related phenotypes, such as
hair loss and reduced wound healing, as well as increased
senescence in the colon and skin of Apex1~/~ animals. We
also note that when agitated, such as breeding under lower
temperature or depilating the back, Apex1 knock-out mice
displayed reduced survival or hair recovery, respectively
(manuscript in preparation). Thus, combined with the pre-
vious studies of Apex/ gene knock-out in mice (36,46-48),
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the encoded protein appears to be critical for embryonic
survival, post-natal development and healthy aging, yet may
be less vital for adult survival in unstressed conditions.

By examining the levels of APE1 and other BER pro-
teins in patient cancer tissue samples, we revealed a spe-
cific inverse correlation of APE1 expression with cellular
senescence. Elevated APEI has been reported to be asso-
ciated with various cancer types, including lung, colorec-
tal, breast, and glioblastoma etc., supporting an important
role for APEI in the carcinogenic process (reviewed in (13)).
However, there are portions of cancer tissue that exhibit
low or negative expression of APE1, and are frequently as-
sociated with good prognosis. Due to the tumor suppres-
sive effect of cellular senescence, our findings connecting
low APE1 expression with an increased senescent pheno-
type might explain this association. Thus, an interesting line
of investigation would be to determine the role of APEI in
oncogene-induced senescence, which is directly involved in
tumor suppression (49).

The discovery of SASP revealed a potential tumor pro-
moting effect of senescent cells (50). In particular, most of
the SASP-related secretion factors, including interleukins
6 and 8, matrix metalloproteinases, pro-neurogenic factors
and pro-angiogenic factors, have been shown to promote
the proliferation of precancerous and cancerous cells (51),
enhance invasion, and induce an epithelial to mesenchymal
transition in carcinoma cells (52). Interestingly, transcrip-
tion of some of the SASP factors has been shown previously
to be regulated by the redox function of APE1 (reviewed in
(13)), which might bring complexity to the possible roles of
APE] in the crosstalk between senescence and cancer. How
SASP is shaped in senescent cells induced by APE1 defi-
ciency is currently under investigation.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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